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ABSTRACT

Synthesis and characterization of pyridyl/quinolyl imine ruthenium(ll) and
palladium(I1) complexes and their application in catalysis

L.D. Swartz
MSc dissertation, Department of Chemistry, University of the Western Cape

We report the successful syntheses of a family of tetradentate N-donor pyridyl and quinolyl-
imine ligands N1,N2-bis((pyridin-2-yl)methylene)ethane-1,2-diamine  (L1), NI1,N3-
bis(pyridin-2-ylmethylene)propane-1,3-diamine  (L2), N1,N4-bis(pyridin-2-ylmethylene)
butane-1,4-diamine (L3), N1,N2-bis((quinolin-2-yl)methylene)ethane-1,2-diamine (L4),
N1,N3-bis(quinolin-2-ylmethylene)propane-1,3-diamine  (L5) and N21,N5-bis(pyridin-2-
ylmethylene)pentane-1,5-diamine (L6). All the ligands were fully characterized by FT-IR, *H
and *C NMR, GC-MS, Elemental analysis, UV-Vis and TGA. We report for the first time
the thermogravimetric analysis of NI1,N2-bis((pyridin-2-yl)methylene)ethane-1,2-diamine
(L1) and N1,N2-bis((quinolin-2-yl)methylene)ethane-1,2-diamine (L4). The tetradentate N-
donor pyridyl and quinolyl-imine ligands were subsequently utilised to synthesise neutral
mononuclear and cationic homobimetallic ruthenium(Il) complexes and new bimetallic
palladium(ll) complexes using the appropriate metal precursors. The ruthenium(ll)
complexes were evaluated for the oxidative cleavage of styrene using a Sharpless biphasic
solvent system (CCl4:CH3CN:H,0) and sodium periodate (NalO,) as the cooxidant. The
bimetallic palladium(ll) complexes were evaluated for their catalytic activity towards the
standard Heck coupling reaction. The ruthenium(ll) catalysts exhibited efficient catalytic
activity, yielding conversions of 69-77%. The palladium(ll) catalysts showed an overall low
catalytic activity of 41-49 % conversion and analysed by GC.
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CHAPTER 1

1.0 Introduction

Chapter overview

This chapter gives a brief overview on the background of catalytic reactions, concentrating
specifically on the oxidative cleavage and Heck coupling reactions. This chapter also

includes the problem identification, research aims, objectives and approach.

1.1  Background

Catalytic reactions are an important topic in the field of organometallic chemistry, one of the
many catalytic reactions includes oxidative cleavage and Heck coupling. Some transition
metals have been investigated for their activities in olefin oxidation; as part of their
participation in catalysis from reported literature, ruthenium holds a prominent position in the
oxidation chemistry [1]. Oxidation reactions include the transformation of alcohols or olefins
to their corresponding carbonyl compounds and carboxylic acids, transformation of sulfides
to sulfoxides and the oxidation of olefins to epoxides. These type of reactions can follow
many reaction pathways such as free-radical autoxidation, oxidative cleavage of the double
bond, epoxidation, dihydroxylation, and Wacker-type oxidations. The ruthenium-catalyzed
oxidative cleavage of olefins can be carried out employing a catalytic amount of RuCl; or
RuO, with a variety of biphasic solvent systems such as CC1,/CH3;CN/H,0 [2], AcOEt/water
[3] and AcOEt/Me,CO/water [4], and co-oxidants; periodate [5], periodic acid [6], or
hypochlorite [7]. The oxidation of organic compounds with high selectivity is of extreme

importance in synthetic chemistry.

University of the Western Cape



The Palladium-catalyzed cross-coupling is the formation of new carbon-carbon or C-
Heteroatom bonds. Some of these reactions includes Negishi, Stille, Kumada, Hiyama,
Sonogashira, Suzuki and Heck reactions. The Pd-catalyzed cross-coupling reaction was first
discovered and developed by Prof. Richard Heck along with Akira Suzuki, and Ei-ichi
Negishi, for which they shared a noble prize in chemistry in 2010 [8]. The Heck cross
coupling reaction involves the organic transformation of the aryl halides and various
substituted olefins in the presence of a base to form organic olefinic compounds [9].
Throughout the years, efficient catalytically active palladium complexes with a variety of
ligands especially anchored to phosphine containing ligands have been developed. Most
recently nitrogen containing ligands have become the more preferred ligands in this type of
reaction [10]. The Heck reaction has found useful application in the fine chemical,
pharmaceutical industries and natural products. One of the natural products transformations

involves obtaining morphine from the morphine skeleton [11].

This study focused on the synthesis of N-donor tetradentate neutral mononuclear and cationic
homobinuclear ruthenium(1l) and bimetallic palladium(ll) catalysts for the oxidative cleavage

of styrene and the Heck coupling reaction of methyl acrylate.

1.2 Problem Identification, approach, research aims and objectives

Shoair et al. reported the unsuccessful oxidative cleavage of olefins to their corresponding
carboxylic acids by the catalyst system cis-[RuCl,(bpy).].2H20 in the presence of IO(OH)s

[12]. In Heck coupling reactions the ligand choice is one of the most important parameter.
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In general, phosphines and its derivatives is the ligand of choice, due to the ligands being
good stabilizers of the palladium in its zero oxidation state and accelerating the oxidative
addition of the catalyst to the substrate by increasing electron density around the metal centre
[13-14]. However, the phosphine ligands were reported to be prone to oxiditation and

air/moisture sensitive.

Therefore this MSc project aims at preparing N-donor tetradentate neutral mononuclear and
cationic homobimetallic ruthenium(Il) catalysts which will be subsequently tested for the
oxidative cleavage of styrene to its carboxylic acid analogue in a sharpless biphasic solvent
system containg the solvent acetontrile in the presence of a co-oxidant, since it has been
reported that CH3CN aids in the formation of carboxylic acids. We also sought to overcome
the drawbacks encountered with previous invented systems which include low overall
conversion by employing these bulky catalyst systems. The MSc project also aims at the
synthesis of N-donor tetradentate bimetallic palladium (1) catalysts for the Heck coupling
reaction, in order to overcome the drawbacks encountered with phosphine ligands. The use of
nitrogen containing ligands has proven to be friendlier in terms of cost and stability and can

potentially replace phosphine ligands in Heck reactions [15-17].

Therefore, the research aims and objectives include:

(i) Synthesis of N-donor tetradentate pyridyl and quinolyl-imine ligands.

(i1) Synthesis of Ru(ll) and Pd(ll) precursors.

(iii) Complexation of diimine ligands in (1) towards ruthenium(ll) and palladium

precursors(ll) in (11) to form catalysts.
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(iv) Characterisation of all synthesized ligands and complexes by various spectroscopic
techniques such as FT-IR, 'H NMR, *C NMR, GC-MS, UV-Vis and elemental

analysis.
(v) Oxidative cleavage of styrene by the synthesized ruthenium(ll) complexes
(vi)Heck coupling reaction of methyl acrylate by bimetallic palladium(ll) catalysts.

The summarized outline for the dissertation is depicted below:

Chapter 1 provides a general background on the oxidative cleavage and Heck coupling
reactions.

Chapter 2 provides comprehensive literature found with respect to the synthesis,
characterisation and application of pyridyl and quinolyl-imine complexes. Furthermore the
applications of ruthenium and palladium complexes in homogenous catalysis are highlighted
especially in the oxidative cleavage and the Heck coupling reactions.

Chapter 3 outlines the synthesis of tetradentate pyridyl and quinolyl-imine ligands,
ruthenium(Il) and palladium(Il) precursors and their respective neutral mononuclear and
cationic homobimetallic ruthenium(Il) complexes as well as the neutral bimetallic palladium
(1) complexes in preparation for the catalytic studies.

Chapter 4 discusses the results of the prepared tetradentate pyridyl and quinolyl-imine
ligands, ruthenium(I1) and palladium(Il) precursors and their respective neutral mononuclear
and cationic homobimetallic ruthenium(ll) complexes as well as the neutral bimetallic
palladium(Il) complexes.

Chapter 5 finally presents the preliminary results obtained for the oxidation of alkenes by the
ruthenium(ll) complexes, and the Heck coupling reactions of methyl acrylate with
iodobenzene catalysed by the palladium (1) complexes.

Chapter 6 lastly summarises the general conclusion and future prospects of the research.
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CHAPTER 2

2.0 Literature review

Chapter overview

This chapter first introduces Schiff base ligands, thereafter it shifts the focus to the synthesis
of diimine ligands and their transitional metal complexes
found in literature. These compounds form a major part of this dissertation. Lastly, we report
the catalytic activities of ruthenium(ll) and palladium(ll) catalysts found in literature.
Particular references are made to oxidative cleavage, transfer hydrogenation and Heck

coupling reactions since our complexes were applied in this type of reactions.

2.1  Schiff base complexes

2.1.1 Introduction

The Schiff bases were first described in 1864 by Hugo Boss and are a special class of ligands
resulting from the condensation reaction between a primary amine and an aldehyde or a
ketone in an organic medium [1]. The general formula of the resultant imines are RHC=N-R’
(figure 2.1 a), where R and R’ are alkyl, aryl, cyclo alkyl or heterocyclic groups which may
be variously substituted. These ligands are characterised by the azomethine group observed
as a carbon-nitrogen double bond, C=N, and possess selective and active sites by allowing
the fine tuning of the steric and electronic environment at the coordinated metal. Studies have
shown that the azomethine group have a lone pair of electrons in either p or sp® hybridized
orbital on the nitrogen, with considerable biological and catalytic importance and is involved
in binding with the metal ions [2]. A lot of researchers have showed great interest in Schiff
base complexes due to their ease of synthesis, high reactivity toward transitional metals,

possible variation of donor atoms and wide applications [3].
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Schiff base metal complexes are generally synthesised by the reaction of a Schiff base ligand
and a transitional metal, the reactions are normally carried out in an organic solvent, at room
temperature or refluxed under nitrogen conditions, using general schlenk line techniques.
There exists numerous types of Schiff base ligands which have been greatly expanded

beyond the scope of this study.

The diimine ligands are a family of Schiff bases, consisting of two or more nitrogen donor
sites. There exist three well known types of di-imine ligands, which include a di-imine, 8 di-
imines and y di-imines. Brookhart and co-workers were the first to report on the novel
cationic diimine Pd(ll) and Ni(ll) complexes [4a]. Following this discovery, recently
Nyamato et al. reported some imino-pyridine palladium (11) complexes as selective ethylene
dimerization catalysts producing mainly butenes [4b]. The diimine complexes have also been
used as catalyst precursors for many catalytic processes such as Heck and Suzuki coupling
reactions [5a-6a]. Potier et al. reported novel Pd(ll) complexes containing multifunctional
cyclodextrin-based N,N-bidentate ligands for the Heck coupling reaction. These novel Pd(Il)
water soluble complexes, exhibited efficient catalytic activity for the Heck reaction of aryl

iodides in an aqueous medium [5b].

While a series of water-soluble o diimine Pd(IT) complexes was reported by Zhou et al. for
the Suzuki reaction to efficiently catalysed arylbromide and arylboronic acid [6b]. The
pyridyl and quinolyl-imine ligands are typical examples of o di-imine ligands. Their
complexes are easily synthesized by reacting the imine ligands and a metal ion, thereby
forming stable complexes with different metals in various oxidation states [7-8]. A series of

stable novel a di-imine palladium (I1) complexes was reported by Sunjuk et al. [8b].
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The palladium (I1) complexes were synthesized by reacting the precursor PA(NCPh),Cl, with
their corresponding o di-imine ligands in acetone at room temperature. The successful
synthesises of the complexes were confirmed by their azomethine fragment using FT-IR and
'H NMR. The pyridyl and quinolyl-imine complexes are of great interest to us, since it
formed a major part of the success of the study. Below are a few examples of diimine ligands

(figure 2.1b).

R

S/

A dE X

N,N"Bis-(2-amino-benzyl)-ethane-1,2-diamine
N,N"-Bis-(1H-pyrrol-2- ylmethylene )-benzene-1,2-diamine

() (b) (I

Figure 2.1: (a) General structure of carbon-nitrogen double bond, C=N; (b) Example of
Diimine ligands (I-11) [9].

2.1.2 Pyridyl-imine complexes

Pyridyl-imine complexes consist of pyridyl-imine ligands and metal ions. The pyridyl-imine
ligands and their corresponding metal complexes are characterized by the C=N moiety, upon
coordination the C=N moiety is reported to shift either upfield or downfield in comparison to
the free ligand [10]. Pyridyl-imine ligands can be readily prepared by the Schiff base
condensation reaction of pyridinecarboxaldehyde and its derivatives with corresponding
amine in an alcoholic medium and using an anhydrous magnesium sulphate to remove the
water formed during the reaction. Their complexes can be easily prepared by reflux or at
room temperature by reacting pyridyl-imine ligands with most metal ions in a suitable

organic solvent.
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Ebralidze et al. investigated the structural variability in manganese (I1) complexes containing
N,N-bis(2-pyridinylmethylene)ethane and propane diamine ligands (figure 2.2a) [11]. The
manganese (Il) complexes were prepared by reacting the pyridyl-imine ligands with
manganese perchlorate hexahydrate in ethanol to yield the novel manganese complexes.
Solid-state magnetic susceptibility measurements as well as the DFT calculations confirm
that each of the manganese centers is high-spin where S = 5/2. The X-ray analysis of the
complex Mn,L'; (CIOy), confirmed the dinuclear nature and the complex has a distorted
trigonal-bipyramidal geometry while complex MnL(H20)2(ClO4), has an octahedral
geometry. Pandiyan et al. and co-workers reported a similar procedure for the synthesis of
their pyridyl-imine copper (I1) complexes, and subsequently a DFT and experimental studies
was carried out [12]. It was found that the copper complex of L1 has cis and trans

geometrical isomers.

Simple pyridyl-imine complexes can be tailored, by fine tuning their steric and electronic
environment. The diimine ligands bearing 2,2'-bipyridine (bipy) ligands led to the design of
numerous active Schiff base ligands. The coordination of bipy ligands is of a bridging type,
they form stable complexes due to the dn-pn* back bonding of the metal to the pyridine ring
and the chelating effect [13]. Choudhury and co-workers studied and reported new tris-
chelate ruthenium(ll) complexes diimine ligands bearing 2,2'-bipyridine ligands [13]. The
complexes with the general formula [RuLn (bipy) 3] [ClO4]-H,O [L = aryl (2-
pyridylmethylene) amine, n= 0-3] was synthesized by reacting cis-[RuCl,L?%] with
[Ag(bipy)2][CIO4] in ethanol and refluxed for 2 hours. The FTIR of these complexes
displayed a stretch at 1620 cm™ and 1100-1095 cm™ and 620 cm™ which were attributed to
the C=N moiety and ClO, respectively. The complexes also display a metal-to-ligand charge

transfer (MLCT) transitions in the visible range at 475nm.
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Cetinkaya et al. reported some ruthenium(ll) complexes with 2,6-pyridyl-diimine ligands
(pydim), these complexes were found to have efficient catalytic activity towards the
epoxidation of cyclohexene in the presence of the oxidizing agent, iodobenzene (PhlO) [14]
(scheme 2.1). Busa et al. reported neutral and cationic pyridyl-imine mono- and multinuclear
ruthenium(I1) complexes which exhibited efficient catalytic activity towards the oxidation of
1-octene [15]. The complexes were synthesized by the reaction of pyridyl-imine ligands and
RuCl,(dmso), in DCM at room temperature, using general schlenk line techniques and were
obtained in good yields. The complexes were characterized based on their HC=N moiety.
The *H NMR spectra of the ruthenium(I1) complexes showed a downfield shift in the HC=N

proton which was observed as a singlet compared to the free ligands.

Motswainyana et al. reported novel hemi-labile pyridyl-imine palladium complexes (figure
2.3) [16]. These complexes resulted in very low activities towards ethylene polymerisation
reactions. Radebe et al. reported similar novel thiophene linked imino-pyridyl Pd (I1)
complexes which were subsequently tested for Heck reactions (figure 2.3) [17]. Both
complexes were synthesized by the reaction of pyridyl-imine ligands and PdCl,(cod) or

PdCIMe(cod) in DCM at room temperature using general schlenk line techniques and

]

=N "N

Z X
L1

Figure 2.2: Structural variability in manganese (II) complexes of N,N’-bis(2-
pyridinylmethylene) ethane (and propane) diamine ligands [11].

obtained in good yield.
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1/2[RuCly(p-cymene)2 MeCN
Pydim > [RUCl-(L
O boMar [RuClp(L)] ———
EtOH, 78 C

Scheme 2.1: Synthesis of ruthenium(11) complexes with 2,6-pyridyl-diimine ligands [14].

X=0,Y=Cl,n=1(1);X=S,Y=Cl,n=1(C2) R=Me,n=1Y=Cl=Z=CI(Cl)
X=0,Y=Me,n=1(3);X=S,Y=Me, n=1(C4) R=Me,n=2Y=Cl=Z=CI(C2)
X=S,Y=Me,n=2(C5) R=Br,n=1,Y=Cl=Z=Cl (C3)

Figure 2.3: (a) hemi-labile imino-pyridyl Pd(11) complexes [16]; (b) thiophene linked
iminopyridyl Pd(Il) complexes [17].

2.1.3  Quinolyl-imine complexes

Similar to pyridyl-imine ligands above, the quinolyl-imine ligands can be prepared by the
Schiff base condensation reaction of a quinolinecarboxaldehyde derivative with amine, in an
alcoholic medium and using anhydrous magnesium sulphate to remove the water formed

during the reaction. Examples of some quinoline ligands are given below (figure 2.4).
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7-[(2-Hydroxy-phenylimino)-methyl]-quinolin-8-ol N,N'-Bis-quinolin-2-ylmethylene-benzene-1,2-diamine

M )

Figure 2.4: Examples of some quinoline derivative ligands.

Patra et al. reported the synthesis and characterisation of novel quinolyl-imine Ag (1)
complexes; the complexes were synthesized by the reaction of quinolyl-imine ligands and
AgCIlO, in acetonitrile while stirring at room temperature for 30 min [18]. The X-ray
diffraction and a number of spectroscopic measurements of the Ag (I) complexes revealed
that they form a pseudo-tetrahedral geometry around the metal centre. Prema et al. reported
the synthesis of four enantiomerically-pure bis(imine-quinoline) zinc complexes (figure 2.5).
The complexes was synthesized by refluxing or stirring the precursor, anhydrous
zinc(Il)chloride, at room temperature with their respective bis(imine-quinoline) ligands in a
suitable solvent (ethanol, methylene chloride, or toluene). They found that the bimetallic zinc
complexes have helical structures in the solid state, and prefer the M helical form [19]. Two
types of monodentate Pd(Il) complexes and a palladium(Il)/ruthenium(ll) heterodinuclear
complex (3), bearing 2-quinolyl-substituted (pyridine-2-carbonyl)hydrazine ligands was
reported by Mori et al. (Scheme 2.2) [20]. The first type of monodentate Pd(Il) complex was
a dichlorido complex (2), in which the zwitterionic HL’ is coordinated through the pyridine-
N and hydrazonato-N to act as a bidentate ligand. The other monodentate Pd (I1) complex is
where the anionic hydrazonate (L) is ligating through pyridine-N, hydrazonato-N and

quinoline-N to act as a tridentate ligand (1) (Scheme 2.2).
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Others reported the synthesis and applications of quinoline ligands and their complexes as
follows, Shiraishi et al. reported a quinoline—polyamine ligand bearing two end quinoline
fragments for the quantitative detection of Zn (Il) in water at pH 5-12 [21]. The ligand was
synthesized by the condensation reaction of diethylenetriamine and  2-
quinolinecarboxaldehyde followed by reduction with NaBH,. The ligands were reported to
exhibit both linear and stoichiometrical responses to Zn (1) at pH 5-12. Funaki et al. reported
a 2-quinolinecarboxylate-substituted ruthenium(ll) complex as a new type of sensitizer for
dye-sensitized solar cells [22]. The synthesis of the 2-quinolinecarboxylate-substituted
ruthenium(Il) complex occurred in two steps. First a 2-quinolinecarboxylate-substituted
ruthenium(Il) precursor (1) was synthesized by the reaction of 2-quinolinecarboxylic acid,
LiCl, and triethylamine with the precursor Ru(4.,4’,4’’-trimethoxycarbonyl-2,2":6’,2"’-
terpyridine)Cls in EtOH. The desired guinolinecarboxylate-substituted ruthenium(ll) complex
was then achieved by the hydrolysis of the ester groups of the terpyridine ligand and the
coordination of the thiocyanato ligand (NCS) towards the ruthenium atom using the precursor
Ru(4,4’,4”’-trimethoxycarboxnyl-2,2°:6°,2"’-terpyridine)(2-quinolinecarboxylato)Cl (scheme
2.3). The UV/Vis spectra of the complex revealed m—n* transtions and were reported to be
due to the coordinated ligands and the MLCT transition was observed at 518 nm. Leung et al.
reported a synthetic method of several tris(8-quinolinolato)ruthenium(I11)/(11) complexes,
resulting in yields of up to 75 % [23a]. A series of 8-Quionolinolato ruthenium(lll)
complexes were synthesized by heating varies 8-Quionolinolato derivatives with the starting
material Ru(acac); at 180 °C under argon for 24 hours. The synthesises of the various tris(8-
quinolinolato)ruthenium(I11) complexes, resulted in a higher yield of >75% compared to the
previously reported vyield which was 40% [23b]. The synthesized tris(8-
quinolinolato)ruthenium(I11) complexes, served as convenient precursors for the synthesis of

a series of tris(8-quinolinolato)ruthenium(1l) complexes.
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The synthesis of the tris(8-quinolinolato)ruthenium(ll) complexes containing m-acceptor
ligands such as pyridine, alkene, dimethylsulfoxide and diazadiene was achieved by the
reduction of RuQs;(Q= 8-quionolinolato) using Zn/Hg in the presence of the m-acceptor
ligands in refluxing EtOH. The geometry of the complexes was cis or trans or trans, cis

configurations.

2 ZnCl,

-
DCM, 48 hours

Q' (R)-12,70 %

(R)-8

Figure 2.5: Synthesis of the dinuclear Zn(ll) dichloride complexes of symmetric
Schiff-base with extended quinoline side arms [19].

— Cl Cl

N/
PdCI d
[PdClz(cod)] N

z
I/+\

Z,E(HL)
CH3CN \ /
(o]

[PACI(E-HLY] (2)

(@ NEt3
CH3CN

CH3CN

[Ruclz(PPhg)g]

DCM

Scheme 2.2: Palladium(11) mononuclear and palladium (I1)/ ruthenium(1l) heterodinuclear
complexes [20].
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2-quinolinecarboxylic acid

LiCl, EtzN, EtOH

Scheme 2.3: Synthesis of a 2-quinolinecarboxylate-substituted ruthenium(Il) complex [22].

2.2 Application of ruthenium and palladium complexes in homogenous catalysis

2.2.1 Ruthenium complexes in oxidation reactions

2.2.1.1 Introduction

Ruthenium chemistry holds a prominent position in catalysis and is employed in a variety of
catalytic reactions. This is due to the attractive properties which the metal possesses.
Ruthenium has an electron configuration of [Kr] 4d’5s', therefore compared to other
transitional metals ruthenium holds variable oxidation states from -2 in Ru(CQO)4 to +8 in
RuO,4 and each of these oxidation states has a preferred coordination geometry, such as
trigonal-bipyramidal and octahedral for Ru(0), (1) and (I11) respectively making it one of the
most explored metals [24]. Along with osmium they are the only elements which exhibit

octavalency.
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The element was first discovered in Kazan (capital of the Tatarstan Republic, Russian
federation) by Karl Karlovich Klaus (1796-1864) in 1844 and was the last of the six platinum
metals to be isolated [25]. Klaus was first to make RuQy,, trans-K;[Ru(OH),(O)s] as well as
RuCls/RuCls-xH,0. These materials serve as useful precursors for the synthesis of a variety
of ruthenium complexes for various catalytic reactions. Some of the catalysis application
includes reduction and oxidation reactions [26, 27], transfer hydrogenation [28] and carbon-
carbon bond formation [29]. The metal is specially important player in the ruthenium
oxidation chemistry. Below a more in depth account of oxidation reactions reported in

literature are discussed.

2.2.1.2 Oxidative cleavage

The oxo complex of ruthenium, RuQy4, was studied as an oxidant in this reaction by Djerassi
and Engle in 1953 [30]. Till today it is still the major and most powerful oxidant for oxidative
cleavage type reactions compared to its counterpart, OsO,4. The peruthenate ion, [RuO4]’, is
also more oxidising than [OsO4]". This is due to the element being in the second row of the
periodic table, therefore its outer electrons is more tightly bound than osmium and therefore
generally acts as the more stronger oxidant. Since this material is a strong oxidant, but toxic,
volatile and not easily handled, it is made in situ from standard starting materials such as
hydrated ruthenium chloride (RuCls-xH20) and ruthenium(lV) oxide (RuO,-xH,0O) with
aqueous sodium periodate (NalO4) [31], potassium periodate K(104) [32] or periodic acid
(IO(OH)s) [33] as co-oxidants. The first use of RuO, as a catalyst was by Pappo et al. in 1956
[34]. It was used in situ for the oxidation of cholest-4-en-3-one using a mixture of the catalyst
precursor RuO,/Pb(OAc)4/aq.AcOH which was also used for the alkyne oxidation of 1,2-

bis(1-acetoxycyclohexyl)ethyne which resulted in the formation of a diketone (scheme 2.4).
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Its utility for a variety of oxidative transformations has been recognized immensely since the

discovery of RuQ,.

RuO,/Pb(OAC)s/aq. AcOH

RuO,/Pb(OAc),/aq. AcOH

@

Scheme 2.4: The first catalytic oxidations by RuO, [34].

Later, Carlsen et al. reported an optimized system known as the sharpless system to the
traditional CCls-H,0O-104 system, which resulted in a sluggish and incomplete reaction [35].
The flaw in the system was reported due to the inactivation of ruthenium catalysts by
carboxylic acids through the formation of low-valent ruthenium carboxylate complexes. The
flawed system was improved by the addition of acetonitrile to disrupt the low-valent
ruthenium carboxylate complexes (scheme 2.5). To test their modified system, Carlsen and
co-workers synthesized a pz-oxo-triruthenium carboxylate complex, [(RusO(OAC)s(H203)"™
OAc]. The synthesized Ru(l11)/Ru(ll) mixed valence catalyst exhibited no catalytic activity
for the oxidation of 1-octene in the CC14-H,0-10, biphasic system, however when CH3;CN
was added, the oxidative cleavage of 1-octene resulted in the rapid formation of the pentanoic

acid product.
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The addition of acetonitrile to the traditional system was reported to disrupt the insoluble
low-valent ruthenium-carboxylate complexes causing the reactivation of the catalytic cycle.
The Sharpless system, CCl4-CH3CN-H,0 is a biphasic solvent system and is employed in the
presence of NalO,4 as a co-oxidant and ruthenium trichloride (RuCls) as the metal for the in
situ generation of the active RuO,4 species [35]. During their investigation Carlsen and
Sharpless reported that the electron-rich olefins such as cis 5-decene,1-decene and cis-
cyclooctene, citronellyl acetate are converted into carboxylic acids with high yields (75-89%)
(scheme 2.5). The oxidative cleavage of olefins results in the production of important
intermediates for the pharmaceutical and agrochemical industry and this Sharpless system

provides a framework for this type of reaction which has been widely explored.

CyH
4 9\/\C4H9 RUCI3,NaIO=4 C4Hg\/\ C4H9 CHO

CCly H0 80% 17%
C4H9\/\C ! RUC|3 ,NaIO=4 C4Hg COZH
49 ccl, ,H,0,CH;CN 580,
0

Scheme 2.5: Addition of acetonitrile to the traditional CC14/H,0 solvent system

Griffith et al. reported an optimised procedure for the catalytic cleavage of alkynes and
alkenes to carboxylic acids by ruthenium trichloride in the presence of the co-oxidant
periodic acid, 10(OH)s using the biphasic H,O-cyclohexane-CH3CN system by replacing
CCl, [36]. The oxidative cleavage of alkyne substrates such as 1-hexyne and 1-heptyne
resulted in yields of 60% for products pentanoic acid and hexanoic acid respectively. The
substrates 1-decyne and phenylacteylene gave yields of 75% for products 1-nonanoic acid

and benzoic acid respectively.
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Other reports of oxidative systems are as follows; Giddings et al. reported the optimization of
the system CC1,4/H,0 for the oxidation of octan-2-01 with sodium bromate as the oxidizing
agent in combination with RuO,-xH,0 and investigated factors that might influence the rate
of the alcohol oxidation [37a]. The factors included choice of ruthenium starting material, pH
variation of the aqueous phase, concentration of the oxidizing agent (NaBrOs) and the degree
of dispersion between the organic and aqueous phase. A test system was used to investigate
whether the starting materials RuCls-xH,O or RuO;-xH,0 was a good material to use in their
biphasic system for the efficient generation of the active species RuO, responsible for the
initiation of the catalytic cycle. Upon the investigation it was found the starting material
RuCls-xH,0O undergoes hydrolysis and air oxidation forming RuO;-xH,O. The reaction
mixture was also observed as orange instead of the usual yellow color. The NaBrOj
concentration was investigated and was varied in 2-10 fold excess than the alcohol substrate,
the resuts obtained from the t,s values revealed only a slight variation over a fivefold
increase in bromate concentration. From the results Giddings et al. concluded RuO,-xH,0
was an efficient ruthenium starting material, since RuO,-xH,O was found to be stable and
can be oxidized rapidly to the active RuO,4 species based on previous work [37b]. The
optimum pH range for the alcohol oxidation to occur with no formation of Br, was reported
at pH 5-8. Also when NaBrOs is in excess the rate of the alcohol oxidation was reported to be
independent on the NaBrOs; concentration. Daw et al. reported the selective oxidative
cleavage of olefins to aldehydes using the abnormal-NHC—Ru(Il) complex in an
EtOAC/CH3CN/H,O solvent mixture at room temperature. The catalytic oxidation of
electron-rich styrene derivatives resulted in the quantitative conversions to their
corresponding aldehydes, while electron-deficient styrenes gave lower yields of 92-94%.
Daw et al. also reported the catalyst displayed superior activity for highly functionalized

substrates derived from sugars and amino acids [38].
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Busa et al. investigated the oxidative cleavage of 1-octene with the reaction was carried out
in the biphasic solvent system CCl;-CH3CN-H,0 (1:1:2 v/v), and was carried out in our lab.
The catalytic systems were found to be active for the oxidative cleavage of 1-octene,
resulting in moderate to good yields [15]. A mechanism for the oxidative cleavage of olefins
was proposed by Shoair et al. using the catalyst system cis-[RuCl,(bpy),].2H,O/10(OH)s
(Scheme 2.6) [39]. The mechanism proceed as follows, the formed RuO, cleaves the alkene

to acid and subsequently converts into RuO,, and further oxidized to RuO, by excess

I0(OH)s.
IO(OH)s Ru V! DICARBOXYLIC ACID
1
HIO, & Ru ALKENE

Scheme 2.6: Catalytic cycle for oxidative cleavage of alkenes to acids by cis-
[RuCl,(bpy),].2H,0/10(0OH)s [39].

Other oxidative cleavage reactions include C-C triple bond cleavage. The catalytic oxidative

cleavage of alkynes can be classified into three categories namely, alkyne metathesis [40],

tandem reactions that involve the addition of an external organic compound to the alkyne

moiety and the subsequent retro-Mannich and retro-Diels-Alder reactions [41] and reactions

that do not require external organic promoters [42].
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Only a few successful examples in literature on carbon-carbon triple bond oxidative cleavage
via catalytic reactions exist [43a]. Oxidative cleavage of alkynes has been investigated by
employing ruthenium, rhodium and palladium catalysts. The metal vinylidene species has
been reported as the active species formed during the catalysed alkyne oxidation. Ruthenium
readily forms the metal vinylidene species in the presence of alkyne [44]. Datta et al. reported
the efficient catalytic cleavage of ethynyl alcohol into alkene and carbon monoxide by a
ruthenium catalyst coordinated to tris(1-pyrazolyl)borate), triphenylphosphine and

acetonitrile, TpRu(PPh3)(CH3CN).PFg (scheme 2.7) [43a].

OH
OH

catalyst + CO

\ toluene  \1e0 P
MeO —

1a 1b

Scheme 2.7: Transformation of ethynyl alcohol (1a) (100 °C, toluene, 16 h) into alkene in an
isolated yield of 33% [43a].

Herein Datta et al. details the transformation of ethynyl alcohols occurring in the absence of
organic promoters via the generation of a metal vinylidene intermediate and the isotope
mechanism involved (scheme 2.7). The yield of alkene and CO is further increased by

employing the Lewis acid, LiOTf (20 mol %).
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Scheme 2.8: Ru-catalyzed cleavage of carbon—carbon triple bonds of ethynyl alcohols [43a].

An isotope labelling experiment was done to elucidate the reaction mechanism (scheme 2.8).
They suggested a mechanism (scheme 2.8) which forms a ruthenium n' —alkynyl-hydride
species B via the proton migration of the initially formed ruthenium A-alkyne complex A
[45]. Species B undergoes ionisation via the elimination of the OH group in the presence of
the Lewis acid co-catalyst, LiOTf, to form the ruthenium-allenylidene intermediate C [46].
Furthermore, the counter attack by the hydroxide ion at the electrophilic C, of species C
resulted in the formation of the ruthenium-acyl species D [47], which underwent de-insertion
of carbon monoxide to induce the cleavage of the C-C bond derived from the alkyne moiety
forming the vinylruthenium hydride species E [47]. As a continuation of this work, but in
another study Shen et al. [43b] reported the efficient transformation of aryl and alkynyl
propargyl ethers into aryl and alkynyl ketones via cleavage of a carbon-carbon triple bond
using a ruthenium-catalyzed transformation. The Aryl and alkynyl propargyl ethers was
treated with water using the same catalyst, TpRuPPh3(CH3CN),PFs synthesised in the
previous study [43a].
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Shen group carried out the reaction in hot dichloroethane leading to the efficient removal of
the propargyl ether group, resulting in the production of aryl and alkynyl ketones. In the
study, the effect of the solvent and catalysts employed during the catalytic reaction was
carried out. The group reported that 1,2—dichloroethane was the most efficient solvent in the
introduction of the alkynyl ketone, with a yield of 83% except that the absence of water
resulted in only 36% yield. While the use of other solvents which includes CH3;CN, DME,
and benzene, EA, DMF and DCE was less effective only producing yields between 0-34%

and showed recovery of ether, which was the starting material.

2.2.2 Ruthenium complexes in reduction reactions

2.2.2.1 Introduction

Reduction reactions are important in industrial application for the production of perfumes and
fine chemicals which are important in the agrochemical and pharmaceuticals industry.
Reduction reactions involving metal hydride complexes are easily achieved by using the
common reducing reagents such as lithium aluminum hydride (LiAIH;) and sodium
borohydride (NaBH,4). The LiAlH4 is a more powerful reducing reagent than NaBH, and can
be use to reduce ketones, aldehydes, carboxylic acids, esters, amides, acid anhydrides and
chlorides; similarly NaBH, were often used to reduce ketones, aldehydes, or acid chlorides in
the presence of other reducible functional groups making it a selective reagent [48]. Despite
LiAIH, being powerful reducing reagent, it has numerous disadvantages such as being
explosive when in contact with even the slightest amount of moisture [49]. Sodium
borohydride reduces aldehydes and ketones in the presence of other functional groups such as
epoxides, esters, lactones, acids, nitriles or nitro groups [50]. Cook and co-worker’s reported
the reduction of the aldehyde moiety (1) using NaBH,4 and achieved an alcohol product (2) in

as much as 95% in yield (scheme 2.9).
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Scheme 2.9: Reduction of an aldehyde moiety by NaBH, [50].

Consequently the past few years has seen the shift from the above mentioned reducing
reagents to the ruthenium-catalysed hydrogenation reactions. The ruthenium-catalysed
hydrogenation reaction serve as a simpler and easier method for the reduction of saturated

compounds compared to the above mentioned, hazardous reducing reagents.

2.2.2.2 Ruthenium-catalysed transfer hydrogenation

There are two types of hydrogenation reactions namely direct hydrogenation and transfer
hydrogenation. The reaction involves the organic transformation of carbonyls to saturated
compounds. In comparison the former uses molecular hydrogen. The transfer hydrogenation
using hydrogen donors are more advantageous, due the addition of hydrogen coming from a
source other than gaseous hydrogen and can be considered as a more economical and
environmental friendlier reaction. The former method requires the use of expensive gaseous
hydrogen, the use of high pressures and hazardous reducing hydrides such as NaBH,4 and
LiAIH, [51]. The metal-catalyzed transfer hydrogenation reactions can be used to reduce
unsaturated compounds (unfunctionalized or functionalized olefins, ketones and aldehydes,
other carbonyl compounds, imines, nitriles, and nitro compounds) to their corresponding

saturated compounds by employing a hydrogen donor under appropriate conditions [52].
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A transfer hydrogenation of commercial Meerwein-Ponndorff-Verley process uses
stoichiometric amounts of AI(OiPr); to produce acetone and the alkoxides of the alcohols
desired from the reduction of ketones [53]. The widely used method for transfer
hydrogenation reactions is performed in a round bottom flask/schlenk tube under an
argon/nitrogen atmosphere, followed by analysis using GC/NMR [54-55]. Prakash et al.
reported the transfer hydrogenation reaction of glycerol in a round bottom flask, and the final

products were confirmed by *H NMR experiments [55].

The first catalytic hydrogenation found in the literature dates back to 1874, when von Wilde
et al. studied the reduction of acetylene and ethylene in the presence of platinum black [56].
However, only in 1912 did this type of reaction become popular when Sabatier et al.
developed the reaction between hydrogen and organic compounds to a universal reduction
method for which he received a Nobel prize in 1912 [57]. The ruthenium complex
[RuCl,(PPhg)s] was reported by Sasson and Blum much later in the 1970s to be active in the
biphasic TH of acetophenone with isopropanol at high temperature [58-60]. Later,
Chowdhury and Backvall reported an optimised procedure by employing a catalytic amount
of NaOH, this resulted in the [RuCl,(PPhs)s]-promoted reaction being 103—104 times faster

[61].

The hydrogen donor, catalyst loading and temperature parameters play an important role in
the optimisation of the reaction conditions. Here the hydrogen donor is the source of
hydrogen in a reaction which ranges from alcohols, hydrazines, cyclic olefins to formic acids
and its salts [62-65]. The donors’ “work™ is to transfer hydrogen to the surface of the

substrate. This function is activated by the metal complex as shown in equation 1 (eq 1).
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The hydrogen donor influences the activity and selectivity of the reduction. In principle any
compound can serve as a hydrogen donor as long as the oxidation potential is low enough for
hydrogen to be transferred under mild reaction conditions [66]. Typically the secondary
alcohol, 2-propanol is used for the reduction of ketones to alcohols due to favourable
properties; high selectivity, inexpensive, a good solvent for majority substrates and can be
easily disposed. Upon dehydrogenation 2-propanol converts to acetone which is
environmentally friendly. The uses of hydrogen donors are advantageous due to their ease to

handle, easily accessible and eco-friendly.

catalyst
DH +nA —» nAH+D

solvent eq (I)

The appropriate solvents are important media for transfer hydrogenation reactions. They
include NaOH and KOH among others. Numerous articles have reported how the type of
solvent employed during transfer hydrogenation reactions influences the yield of the product
[67]. It has been reported that the presence of the base facilitates the formation of a ruthenium
alkoxide by abstracting a proton from the alcohol, followed by a B-elimination to provide a

ruthenium hydride which is the active species in the reaction [68].

One of the earlier hydrogenation catalysts where gaseous hydrogen was employed is the
Cabtree and Wilkinsons catalysts (figure 2.6); they have long been used to hydrogenate a
variety of alkenes. The Rhodium (I) complex also known as Wilkinson’s catalyst,
RhCI(PPh3)s (scheme 2.10), discovered by Geoffrey Wilkinson in 1964 was the first highly
active homogenous hydrogenation catalyst [69a]. Equally R. Coffey discovered it

approximately the same time while working for ICI (Imperial Chemical Industries) [69b].
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RhC|3H20+PPh3Et_OH, RhCI(PPhs)5+Ph;P=0 + oxidised solvent

Scheme 2.10: Preparation of Wilkinson’s Catalyst

(a) (b)

Figure 2.6: (a) Wilkinson and (b) Cabtree and catalysts.

Wilkinson’s catalyst is used in the hydrogenation of olefins; the catalyst is compatible with a
range of functional groups, because the reaction mechanism does not involve a hydride ion
transfer. A shortfall of the catalyst is that the ethylene hydrogenation is not possible due to

the formation of a strongly bonded ethylene complex.

Transfer hydrogenation reactions are a prominent subject and have been well investigated,
the uses of Schiff base ligands in this type of reaction are well known. Numerous transfer
hydrogenation catalyst has been designed and developed over the past decades which
includes tridentate NNN,PNP, P,N,,NPN,NNP, PNO and tetradentate, NNNN, ligands [70-

76] anchored to transitional metals (figure 2.7).
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Figure 2.7: Examples of transfer hydrogenation polydentate ligands for Ru Catalysts [72a,

73b].

Great progress has been made on another hydrogenation process known as asymmetric
hydrogenations (ATH); this reaction is an important producer of chiral compounds, which are
important building blocks in the pharmaceuticals, agrochemicals, and fragrance industries
[77]. Literature reports the successful asymmetric transfer hydrogenation of ketones with
homogeneous ruthenium complexes especially bearing chiral phosphine ligands. Excellent
results were achieved by Noyori et al. [78], Béckvall et al. [79] and Xiao et al. [80]. Noyori,
received a Nobel Prize in 2001 for his outstanding work on asymmetric hydrogenation which
he shared with Knowles. Noyori introduced the BINAP-phosphine based chiral ligands in
1987 for which it was used in combination with ruthenium in ATH reactions (figure 2.8a)
[78]. The complex Ru(CH3COO),((R)-binap) (figure 2.8b) in the presence of HCI is used in
the ATH of functionalized or chelatable ketones, the (S) enantiomer Ru(CH3COOQ),((S)-

binap) produced the pharmaceutical drug Naproxen(figure 2.8c) [81].

A second generation catalyst RuCl,(binap/diamine) was designed by Noyori in 1995, below
the compound RuCl,((S)-binap)((S)-daipen) represents the catalyst precursor (figure 2.8c)
[82].
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Figure 2.8: (a) BINAP-phosphine based chiral ligands [78]; (b) Ru(CH3COO).((R)-binap)
[81]; (c) RUCIx((S)-binap)((S)-daipen) [81].

The second generation catalyst is employed for the ATH reaction of unfunctionalized or non-
chelatable simple ketones. Since its discovery Ru-BINAP catalysts and its derivatives has

played a vital role in ATH reactions [83].

In earlier work done by Noyori and co-workers, the asymmetric transfer hydrogenation of
aromatic ketones and imines employing a n°-arene ruthenium complex bearing a chiral N-
arylsulfonyl diphenyl ethylenediamine (DPEN) ligand, and using 2-propanol or HCOOH-
EtsN as hydrogen donor was also reported (figure 2.9) [84]. Since then a number of chiral
ruthenium, rhodium and iridium systems bearing chiral diamine, amino alcohol, or amino

acid derivative has been designed for the asymmetric transfer hydrogenation.

TSN— R\“ —ci

NH>
Ph

i
J

Figure 2.9: [RuCIl(n6-Arene)(N)-arylsulfonyl-DPEN)] [84].

30
University of the Western Cape



Noyori and co-workers also designed significant ruthenium(ll) complexes with chiral
diamine/diphosphine ligand containing an o-phenylene linker for the asymmetric transfer
hydrogenation of ketones [85 a]. The product was obtained in high yields for the diamine
ruthenium complex with 97% ee at 45°C, compared to the diimine/diphosphine ruthenium
(figure 2.10). The results indicated that the presence of the NH group on the complex had a
superior effect on the reaction. Noyori and group could not account for the results since both
complexes have similar geometrical parameters. They concluded the rate and
stereoselectivity for the catalytic reastion was affected by the bulkiness and electronic

properties of the ring substituent and also the alkyl group [85 a].

R

NS N N
\R|u/ H\R|u e
N AN
Ph, S Pn, br, ©  Bp,
R= -(CH,),. R= -(CHy)a.

@ —on () - (OHas

Figure 2.10: Chiral P,N,N,P Ru complexes [85].

Other significant transfer hydrogenation catalyst found in recent literature was reported by Li
et al. which included a successful asymmetric transfer hydrogenation reaction of various
ketones to chiral secondary alcohols with up to 99% conversion and up to 60% ee by a novel

chiral bidentate P,N-ruthenium(I1) complex (figure 2.11) [86].

—

Q,N/

NH cl

Ru——~PPh;

PPh,

Figure 2.11: Ru(ll) chiral bidentate P, N-containing ligands [86].
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Ruthenium(l11) bearing a (pyridyl)benzoazole ligand for the transfer hydrogenation of
ketones was reported by Ogweno group, they found out that during their investigation the
oxidation state of the metal centre, the nature of the ligand and the phosphine donor moiety
control the activities of the complexes (figure 2.12) [87]. From the study the catalyst bearing
ruthenium(Il) metal coordinated to PPhs ligands showed more activity than the trichloride

ruthenium(I1) complexes. The mechanism was described as involving ruthenium (11) hydride

=

S~ -
Ru
Cl
cl

species from the catalyst precursor.

Cl

Figure 2.12: Ruthenium(l11) containing (pyridyl)benzoazole catalyst [87].

As noted in numerous reported literatures the use of half-sandwich ruthenium complexes
containing n°-p-cymene or n°-benzene unit also form superior catalysts for asymmetric
transfer hydrogenation reactions. Fu et al. reported new ruthenium(ll) phosphine complexes
containing  dihydroperimidine  derived  phosphine  ligands,  (n®-CgHg)RUCI,[u-
(PPh,CH,N),CH,(C1oHg)JRUCIA(mP-CsHe) (1) and RuCla(PPhs)[(PPh,CH2N)2CH,(C1oHs) (2)
(Figure 2.13) [88]. Complex 1 (figure 2.13) exhibited efficient activity for the transformation
of ketones to alcohols in good yields and at mild reaction conditions. Whereas the ruthenium
phosphine complex (2) (figure 2.13) showed a lower initial activity however, the final
conversions of both complexes were almost the same [88]. It was reported complex 1 had
almost no catalytic activity after 2 hours, while complex (2) still showed high catalytic

activity. Complex (1) achieved a 98 % conversion for o-chloroacetophenone within 0.5 h.
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Figure 2.13: (n°-CgHg)RUCI,[p-(PPh,CH,N),CHa(C1oHg)JRUCI(1n°-CsHe) (1) and
RUClz(PPhg)[(PthCHzN)zCHz(CloHs) (2) in the TH of ketones [88]

2.2.3 Palladium-catalyzed cross coupling reactions
2.2.3.1 Introduction

Another important metal in our study was palladium, which was extracted by William
Wollaston in 1802 [89]. The metal was isolated when Wollaston et al. dissolved ordinary
platinum in aqua regia and a residue was deposited. Palladium is the most common used
precious metal for cross coupling reactions such as Heck and Suzuki to mention but a few.
These processes are especially dominated by the use of Pd(0) and Pd(Il) states. The
palladium-catalyzed arylation of unsaturated hydrocarbons for carbon-carbon forming
reactions is of interest to us. Below we report on some of the literature found on Heck

reactions.

2.2.3.2 Heck reaction

Heck coupling reactions is an important organic transformation involving the arylation of
unsaturated hydrocarbons for carbon-carbon forming reactions (scheme 2.11). Palladium
complexes have been reported to be good candidates for this type of reactions, especially

when anchored to phosphines and nitrogens [90].
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Generally the use of nitrogen ligands is preferred over phosphine ligands due to the
phosphines being easily decomposed, toxic and expensive [91]. The imino-pyridyl complexes

have been successfully applied in Heck reactions [17].

Scheme 2.11: Heck cross coupling reaction.

Pelagatti et al. reported the Heck coupling between iodobenzene and methyl acrylate by
investigating the catalytic activity of pyridyl-imine palladium(0) and palladium(ll) complexes
(scheme 2.11) [92]. The reactions were conducted in DMF at 80 °C with a complete
conversion of iodobenzene into trans-methylcynnamate observed within 2.5 h, with a TOF
value of 1253. The palladium (1I) complexes were found to be more active than their

analogous neutral palladium (0) complexes.

‘ / R1
N
=\
Pd——nN
R2
E
() PA(NN')Cl, (b) P(NN")(dmfu)
R1=H, R2=i-Pr 1 R1=H, R2=i-Pr 4
R1=Me, R2=i-Pr 2 R1=Me, R2=i-Pr 5
R1=H, R2=t-Bu 3 E =COOMe

Figure 2.14: PA(NN’) complexes [92].
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Motswainyana et al. investigated the activity of phenylene bridged binuclear bis(imino-
quinolyl) palladium (I1) complexes [93]. The complexes showed high activity towards methyl
and butyl acrylate with iodobenzene, the reactions were conducted in DMF at 80 °C. The
complexes exhibited the efficient arylation of methyl acrylate, resulting in good yields of
over 95% in 8 hours; and good selectivity for the formation of trans-methyl cinnamate in the
range of 90-94% [93]. Lee et al. evaluated amido-functinalized NHC Pd(0) and Pd(Il)
complexes for the Heck coupling between 4-chloroacetophenone and styrene in N,N-
dimethylacetamide (DMA\) to yield 4-acetylstilbene [94]. The catalytic activity was reported
to be low for both Pd(Il) and Pd(0) at low temperature; but by raising temperature from 120
to 140 °C yields of 96% and 99% were achieved. Srinivas et al. investigated the activity of
dicarboxyamidate/dipyridyl palladium complexes (scheme 2.12) [5]. The thermogravimetric
analysis of the complexes revealed they are very stable up to 350 °C. Under harsh reaction
conditions of 160 °C for 44 hrs, using the base, LIOH-H,O the complex 6a successfully
catalyzed arylation of 4-chlorotoluene and 4-methylstyrene of turnovers ca. 620 and a yield

of 74 %.

6a: R= CH,CgHs
6b: R= CHMe,

Figure 2.15: Dicarboxyamide/dipyridyl palladium complexes [5].
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2.3  Conclusion

Oxidative cleavage reactions have been studied for decades, and ruthenium complexes have
proven to be the superior catalyst precursors. Therefore considering the reported literature our
synthesized Ru(ll) complex was evaluated for oxidative cleavage of styrene. Following the
good results obtained from Busa et al. we extend the scope of his investigation by evaluating
an aromatic substrate i.e. styrene [15]. The Ru(ll) complexes synthesized during this MSc
was also intended to be evaluated for the transfer hydrogenation of ketones since it has been
reported that these type of complexes are good candidates for this type of reactions;
unfortunately due to the unavailability of GC, the reactions could not be carried out.
Ruthenium complexes coordinated to “hard” nitrogen and “soft” phosphorous-donor ligands
have been reported to form excellent catalysts towards transfer hydrogenation [95], but
recently nitrogen donor ligands are preferred over phosphorous-donor ligands due to it being
easily decomposed for this reason our synthesized tetradentate N-donor Ru(ll) complexes
would serve as good candidates to study the reaction conditions since our systems has not yet

been tested for these type of transformations to the best our knowledge.

The chapter also highlights on the Pd-catalysed Heck reaction, and the replacement of
phosphine ligands with nitrogen based ligands as an alternative are of greater demand and has
sparked great interest, since they are easily prepared, and stability in air and/or moisture and
lower costs are involved compared to phosphine. Therefore our synthesized tetradentate N-
donor Pd(11) complexes would serve as good candidates to study the reaction conditions since

our systems has not yet been tested for these type of transformations as far as our knowledge.
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CHAPTER 3

3.0 Experimental Section

Chapter overview

The chapter outlines the general conditions at which the synthesis of all the compounds were
carried out and the various special chemicals used in the study. This is followed by the
principles of the various spectroscopic techniques employed to characterise the tetradentate
pyridyl and quinolyl-imine Schiff base ligands and their corresponding metal complexes. A
detailed summary of the techniques is described below; the techniques include Fourier
transform infrared spectroscopy (FT-IR), Proton and Carbon Nuclear Magnetic Resonance
(*H NMR and ** C NMR), Ultraviolet-visible spectroscopy (UV-Vis) and Thermogravimetric
analysis (TGA). The chapter also details the synthesis of tetradentate diimine ligands,
synthesis of various ruthenium(ll) and palladium(Il) precursors and their coordinated neutral
monometallic, cationic homobimetallic and bimetallic ruthenium(ll) and palladium(ll)
complexes respectively and the catalytic studies used in the present study. Lastly, the chapter
provide full characterisation data for all the compounds which were obtained from various

spectroscopic techniques.

3.1 General

All manipulations were performed under nitrogen conditions, using a dual vacuum/nitrogen
line and general schlenk line techniques. Air/moisture-sensitive compounds were performed
in a nitrogen-filled glove box. All reagents were used as received, unless otherwise stated. All
solvents were distilled prior to use following the literature procedure [1] and stored with

activated molecular sieves in tightly sealed solvent bottles.
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Reactions progress and product mixture were monitored by thin layer chromatography (TLC)
on pre-coated alumina-gel plated in a suitable solvent system using the ascending technique

and the plates were viewed under a UV light.

3.2  Materials and Instrumentation

3.2.1 Chemicals

The following specialized chemicals purchased from Sigma Aldrich (South Africa) were used
in the study; Ethylenediamine (>99%), 1,3-diaminopropane (>99%), 1,4-diaminobutane
(=299%), 1,5-diaminopentane (97%), 2-pyridinecarboxaldehyde (98%), 2
quinolinecarboxaldehyde (97%), anhydrous magnesium sulphate (MgSO4) (>99%),
ruthenium(111) chloride hydrate (RuCls-xH,0), dimethyl sulphoxide (DMSO), palladium(Il)
chloride (PdCly) (99%), 1,5-cyclooctadiene (COD) (=99%), neutral aluminium oxide and
sodium periodate (NalOj) (99,8%), styrene (99%), carbon tetrachloride, methyl acrylate

(>99%) and iodobenzene (98%).

3.2.2 Instrumentation

The *H (400 MHz) and *C (100 MHz) NMR spectra were recorded on a Bruker spectrometer
at the University of the Western Cape, South Africa (Chemical science department) and on a
Bruker (*H NMR, 500 MHz; **C NMR, 200 MHz) spectrometer at Lund University, Sweden
(Physical chemistry department). The NMR spectrometers chemical shifts are given in &
values (ppm) using TMS as the internal standard. The deuterated chloroform (CDCls-d) and

dimethyl sulphoxide (DMSO-d6) were used as solvents.

The coupling constants are given in hertz (Hz). Elemental analyses for carbon, hydrogen and

nitrogen were determined on a Fissons EA 110 CHNS analyzer at the Microanalytic
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laboratory at the University of Cape Town, South Africa. Fourier transformation infrared
spectra (FT-IR) were recorded as Nujol mulls as neat films on NaCl plates or KBr pellets at
room temperature using a PerkinElmer Spectrum 100 FT-IR spectrometer in the range 450-
4000 cm™. Gas Chromatograph-Mass spectrometry (GC-MS) was recorded on an Agilent
Technologies 7820A GC 5977E MSD COLUMN: DB-5 (30 m). The samples were recorded
on a GC-FID with auto injector Agilent Technologies 7890 A on a HP-5, 30 m, 0.32 mm, 2
capillary column. The GC method applied throughout the analysis is as follows: the column
temperature was 40 °C at the beginning of the program and it was heated with a rate of 10
°C/min up to 150 °C, then it was kept at this temperature for 3 min. It was then heated with a
rate of 20 °C/min up to 200 °C. Throughout the analysis the injector and detector
temperatures were kept constant at 200 °C. Ultraviolet-visible spectroscopy was recorded on
a Nicolet evolution 100 (Thermo Electron Corporation, UK). Thermogravimetric analyses
(TGA) were recorded on a TGA 4000 PerkinElmer at the University of the Western Cape
(Pharmacy Department). Melting points were determined in open capillaries using SMP10

melting point apparatus.

3.3  Characterization Techniques

A brief overview of the principles of various spectroscopic techniques employed to confirm
the successful syntheses of the tetradentate pyridyl and quinolyl-imine ligands, various
ruthenium(Il) and palladium(ll) precursors and their coordinated mononmetallic and

bimetallic complexes are outlined below.
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3.3.1 Fourier transform infrared spectroscopy (FT-IR)

FT-IR is a sensitive, rapid inexpensive analytical vibrational spectroscopy technique; used to
determine both qualitative and quantitative features of molecules in organic or inorganic
samples. In the FT-IR spectrometer, the IR radiation usually excites molecules into a higher
vibrational state. The wavelength of light absorbed by a particular molecule is a function of
the energy difference between the at-rest and excited vibrational states. The FT-IR
spectrometer uses an interferometer to modulate the wavelength from a broad band infrared
source and measures the intensity of transmitted or reflected light as a function of its
wavelength [2]. The signal obtained from the detector is an interferogram, which must be
analyzed with a computer using Fourier transforms to obtain a single-beam infrared spectrum
(scheme 3.1). The spectra are obtained when the IR radiation is passed through the sample
and some of the infrared radiation is absorbed by the sample or transmitted [3]. The spectrum
contains absorption peaks which correspond to the frequencies of vibrations between the
bonds of the atoms making up the material creating a molecular fingerprint of the sample,
hence providing information about the functional groups present in compounds. The FT-IR
spectra are usually presented as plots of intensity versus wavenumber (cm™). A correlation

chart is available to identify the absorption peaks.

Fixed mirror
3

Beam) splitter Mowing mirror

[Source [Collimator | H I

Sample
compartment

|

Scheme 3.1: Diagram of FT-IR spectrometer [4].
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In this study the technique was used to characterise the diimine ligands to confirm the
formation of the imine (C=N) functional group and the disappearance of the carbonyl band
(1700 cm™) of the starting aldehyde. This technique was also used to investigate the
complexation of diimine ligands towards their corresponding metal complexes by

determining whether coordination occurred via the azomethine nitrogen.

3.3.2  Nuclear Magnetic Resonance (*H NMR and ** C NMR)

The NMR spectroscopy is a powerful, non-destructive dominant technique used for the
determination of organic compounds by identifying its carbon/hydrogen framework [5].

In the NMR spectrometer, the sample is immersed in a magnetic field and irradiated with
radio waves (scheme 3.2). The nuclei align with the external applied magnetic field, absorb
energy and change their orientation with respect to the field, i.e. to a higher energy state. The
absorption or emission of electromagnetic energy by the compound at characteristic
frequencies provides analytical information of a compounds unique structure. The *H NMR
technique provides information about the environment of a proton or group of protons
relevant to tetramethylsilane (TMS). The **C NMR is based on the same fundamentals as *H
NMR. However the spectrum does not show any splitting patterns it consists only of single
peaks, one for each carbon or each set of equivalent carbons in a molecule. Definitions are

available for the various spectral regions, identifying the various functional groups present in

a molecule.
Sample
Solution
Marth South
Magnetic FMagnetic
Fole Faole
Radio receiver )
(detectan |_’ | | '-I-R.F_ Oscillator

Recorder
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Scheme 3.2: Diagram of the NMR spectrometer [6].

3.3.3 Ultraviolet-visible spectroscopy (UV-Vis)

The UV-Vis spectroscopy is a quick, accurate and inexpensive tool employed for quantitave
analysis and provides limited qualtitative results [7]. The latter provides information on the
identity of certain compounds and the former estimate the amount of compound present in the
sample. In UV-Vis the sample (sample cell) and reference cell (scheme 3.3) are exposed to a
series of wavelengths of light derive from the spectrometer having an energy that matches a
possible electronic transition within the molecule, some of the light energy are absorbed as
the electron is promoted to a higher energy orbital in the ultraviolet and visible regions of the
electromagnetic spectrum [8]. The instrument generates a spectra based on the absorption of
radiation of the sample presented as a graph of absorbance (A) versus wavelength. The bands
observed are usually not specific enough to allow a positive identification of an unknown
sample, although this data may be used to confirm its nature deduced from its infrared
spectrum or by other techniques. A correlation chart has been set by the Joint Committee on
Nomenclature in Applied Spectroscopy. The wavelengths of light through the reference cell
and sample cell are defined by ly and | respectively (I= Intensity) this can expressed as
transmittance (T) (Eqn 3.2.1). If I is less than I,, then the sample has absorbed some of the
light, the computer then converts this into absorbance, A [9]. Lambert-Beer law is then
derived as Egn 3.2.2 which states that there is a linear relationship between absorbance and
path length at a fixed concentration [10], where ¢ is the molar extinction coefficient (&, L.mol’
'em™). However the linearity of the Beer-Lambert law is limited by chemical and
instrumental factors.

T=1UIp (egn 3.2.1)
A=-log T=-log I/1p=log I/lp=ebc (egn 3.2.2)
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Scheme 3.3: Diagram of UV-Visible spectrometer [9].
UV-Vis studies were performed on all the synthesized ligands and complexes to understand

their electronic transitions.

3.3.4 Thermogravimetric analysis (TGA)

The thermogravimetric analysis is a technique in which the mass of a substance is monitored
as a function of temperature or time as the sample specimen is subjected to a controlled
temperature program in a controlled atmosphere [11]. The technique is carried out by placing
the sample in a crucible that is supported by a precision balance (scheme 3.4). The crucible
resides in a furnace and is heated or cooled during the experiment. The temperature is
between 0.5 and 50 K/min the final temperature is usually very high 600 °C for organic
compounds and >1000 °C for inorganic compounds. The mass of the sample is monitored
during the experiment. A sample purge gas controls the sample environment. This gas may be
inert or a reactive gas that flows over the sample and exits through an exhaust. The
instrument generates a thermal curve, the X-axis can be displayed as time or temperature and
the Y-axis can be displayed as weight (mg) or weight percent (%). The graph display
information of loss of water, loss of solvent, loss of plasticizer, decarboxylation, pyrolysis,

oxidation, reduction and decomposition etc. [12].
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Scheme 3.4: Diagram of a TGA [13].

3.4  Synthesis of tetradentate pyridyl and quinolyl-imine ligands

The pyridyl and quinolylimine ligands (L1-L6) were synthesised based on literature work
done by Haddleton et al. [14], Chen et al. [15], and Cloete et al. [16]. The tetradentate
diimine ligands were synthesized by a Schiff base condensation reaction from the reaction of
2-pyridinecarboxaldehyde or 2-quinolinecarboxaldehyde and appropriate amine (1,2-
ethylenediamine, 1,3-diaminopropane, 1,4-diaminobutane and 1,5-diaminopentane) in a 2:1
ratio, using an alcohol medium and general schlenk techniques. The anhydrous sodium

sulphate (MgSQ,) was used to remove any water formed during the reaction.

3.4.1 N21,N2-bis((pyridin-2-yl)methylene)ethane-1, 2-diamine,L1

The synthesis of L1 was carried out by reacting 2-pyridinecarboxaldehyde (1.9 ml, 20 mmol)
with ethylenediamine (0.67 ml, 10 mmol) in a 2:1 ratio by a condensation reaction using
general schlenk techniques. The amine, ethylenediamine was dissolved separately in dry
methanol (MeOH) and was added drop wise to the stirred solution of 2-
pyridinecarboxaldehyde in dry MeOH, whilst the reaction mixture was cooled in an ice bath.
The reaction mixture was then refluxed for 3 hours. After the allotted time the solvent was
removed using a rotarvapor, an oily residue was obtained and redissolved in dichloromethane

(DCM) (20 ml).
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The product was extracted with H,O (10 x 20 ml portions) and the organic layer was dried
over MgSO., filtered and the solvent removed under reduced pressure using liquid nitrogen.
The ligand was further purified by dissolving in diethylether and cooling overnight at -5°C in
order to precipitate out any unreacted aldehyde. The product was filtered off, dried under
reduced pressure using liquid nitrogenand obtained as brown solids. Yield (2.30 g, 97%).
Molecular formula, C14H14N4. MP 50-53°C.

FT-IR (KBR), v /cm *:16470(C=N)imine, 15840(C=N)ring, 1564v(C=C).

'H NMR (500MHz, CDCls-d, 8ppm) & 8.63(d, H-6, *Ju.y 4.4 Hz): 8.42(s, H-7); 7.98(d, H-
3,%Ju.n 7.8 Hz); 7.73(t, H-4, %341 6.8 Hz); 7.30(t, H-5,%34.11 6.3 Hz); 4.07(s, H-8).°C NMR
(100MHz, CDCls-d), dppm = 61.3(CH,, C-8); 162.6(CHimine, C-7); 153.3(CHar, C-2);
148.4(CHp,, C-6); 135.4(CHapy, C-4); 123.8(CHay, C-5); 120. 4(CHp,, C-3).

Analytical data calc. for Ci4H14N4: C, 70.57; H, 5.92; N, 23.51. [M]": m/z = 239. Found:

70.20; 5.89; 23.88, [M]" = 237.

3.4.2 N1,N3-bis(pyridin-2-ylmethylene)propane-1,3-diamine,L2

The synthesis of L2 was carried out by reacting 2-pyridinecarboxaldehyde (3.8 ml, 40 mmol
with 1,3-diaminopropane (1.66 ml, 20 mmol) following the same synthetic procedure that
was performed for the above ligand. The product was obtained as low viscous brown oil.
Yield (4.6 g, 91%). Molecular formula, C15H16N4.

FT-IR (nujol), ¥ /cm %:16500 (C=N)irine, 15800(C=N)ring,14520(C=C).

'H NMR (400 MHz, CDClz-d, 3ppm) & 8.39(s, H-7); 8.61(d, H-6, *Ji. 4.7 Hz); 7.97(d, H-3,
334n 7.8 Hz); 7.71(t, H-4, 3441 7.0 H2); 7.28(t, H-5, %341 6.1 Hz ); 3.77(t, H-8, 234111 6.6H2);
2.14(q, H-9, *Jy.+ 6.9Hz). *C NMR (100 MHz, CDCls-d), sppm= 31.2(CH,, C-9); 58.6(CHs,
C-8); 161.9(CHimine, C-7); 154.1(Car, C-2); 120.8(CHar, C-3); 136.1(CHa;, C-4); 124.3
(CHar, C-5); 149,0(CHay, C-6).
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Analytical data calc. for CisHigN4: C, 71.40; H, 6.39; N, 22.21. [M]": m/z =253. Found: C,

71.88; H, 6.04; N, 20.48; [M]* =252.

3.4.3 N1,N4-bis(pyridin-2-ylmethylene)butane-1,4-diamine,L3

The synthesis of L3 was done by reacting 2-pyridinecarboxaldehyde (1.98 ml, 21 mmol) with
1,4-diaminobutane (1.87 ml, 25 mmol), following the same synthetic procedure as the above
ligands. The product was obtained as orange-brown solids. Yield (2.15g, 88%). MP 69°C-
72°C. Molecular formula, C16H1gNjs.

FT-IR (KBR), v /cm *:1639 v(C=N)imine, 1586 1(C=N)ying, 1566 v(C=C).

'H NMR (400MHz, CDCls-d, 8) & 8.62(d, H-6, *Ju.n 4.9 Hz); 8.37(s, H-7); 7.96(d, H-3, *Ju-+
8.3 Hz); 7.71(t, H-5, *Jy.n 7.4Hz); 7.28(t, H-4, 314 6.3 Hz); 3.72(m, H-8); 1.82(m, H-9).

3C NMR (200 MHz, CDCls-d), 8ppm=28.3(CH,, C-9); 61.1(CH,, C-8); 160.8(CHimine, C-7);
154.5(Cpy, C-2); 149.3(CHay, C-6); 136.4(CHp;, C-4); 124.5(CHar, C-5); 121.1(CHap,, C-3).
Analytical data calc. for CisHigN4: C, 72.15; H, 6.81; N, 21.04. [M] *: m/z = 267. Found: C,

71.36; H, 6.59; N, 19.88, [M] * =265.

3.4.4 N1,N2-bis((quinolin-2-yl)methylene)ethane-1,2-diamine,L4

The synthesis of L4 was carried out by reacting 2-quinolinecarboxaldehyde (3,1 g, 20 mmol)
with ethylenediamine (0.6g, 10 mmol), following the same synthetic procedure as for the
former ligands mentioned above. During the reaction an orange precipitate formed. After the
allotted time the solids were filtered off, washed continuously with diethyl ether and dried
under reduced pressure using liquid nitrogen. Yield 62%. Molecular formula C,,H1gN4. MP

113°C-116°C. FT-IR (KBR), ¥ /em %1642 v(C=N)imine, 1593 0(C=N)ing, 1500 v(C=C).
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'H NMR(400MHz, CDCls-d, &) & 8.61(s, H-11); 8.15(m, 8-H, H-7); 8.10(d, H-3, *JuH
8.3Hz); 7.8(d, H-9, 331y 7.6 Hz); 7.71(t, H-4, *Ju.py 7.3 Hz); 7.54(t, H-6, *Ju.n 7.2Hz); 4.17(s,
H-12).

¥C NMR (100 MHz, CDCls-d), sppm= 163.6(CHimine, C-11); 154.2(CHp;, C-10);
147.3(CHar, C-2); 136.1(CHar, C-5); 129.3(CHar, C-3); 129.1(CHar, C-4); 128.8(CHar, C-6);
127.3(CHar, C-9); 127.0(CHap, C-8); 118.0(CHar, C-7); 61.4(CH,, C-12).

Analytical data calc. for CpHigN,4: C, 78.08; H, 5.36; N, 16.56. [M] *: m/z =339. Found: C,

76.88; H, 4.86; N, 15.92.

3.4.5 N21,N3-bis(quinolin-2-ylmethylene)propane-1,3-diamine,L5

The synthesis of L5 was done by reacting 2-quinolinecarboxaldehyde with 1.3-
diaminopropane and refluxed overnight using the same procedure outlined above. Yield (2.16
g, 85 %). Molecular formula C3H0Na.

FT-IR (Nujol), v /cm:1620 v(C=N)imine, 15080(C=N)ying, 14520(C=C).

'H NMR (400 MHz, CDCls-d) & 8.62(s, H-11); 8.19(m, H-8, H-7); 8.14(d, H-3 3J,1.4 8.41
Hz); 7.85(d, H-9, 3Ju.r 7.9 Hz ); 7.75(t, H-4, *Ju.n 7.6 Hz); 7.59(t, H-6, *Ju.n 7.3 Hz); 3.92(t,
H-12, %34 6.3 Hz), 2.26(q, H-13, *Ju.4 6.5 Hz). °C NMR (100 MHz, CDCls-d), ppm=
162.9(CHimine, C-11); 154.8(CHar, C-10); 147.8(CHar, C-2); 136.6(CHar, C-5); 129.3(CHar,
C-3) 129.1(CHar, C-4); 128.8(CHar, C-6); 127.3(CHar, C-9); 127.1(CHayr, C-8); 117.8(CHar,
C-7); 46.0(CH,, C-12); 27.6(CH,, C-13). Analytical data calc. for Cy3HxN4: C, 78.38; H,

5.72; N, 15.90; [M] *: m/z = 353. Found: C, 77.23; H, 4.14; N, 14.33.
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3.4.6 N1,N5-bis(pyridin-2-ylmethylene)pentane-1,5-diamine,L6

The synthesis of L6 was done by reacting 2-pyridinecarboxaldehyde (3.7 ml, 39.0 mmol)
with 1,5-diaminopentane (2.26 ml, 19.50 mmol), the same synthetic procedure was
performed as the above ligands. The product was obtained as brown oil. Yield (4.02 g, 74%).
Molecular formula C17H20Na.

FT-IR (KBR), v /cm™:1648 v(C=N)imine, 1563 V(C=N)ring, 14790(C=C).

'H NMR (400MHz, CDCls-d, 8) & 8.63 (d, H-6, 3.1 3.7 Hz); 8.35(s, H-7); 7.95(d, H-3, 3.1
7.9Hz); 7.28(t, H-5, *Ju.n 5.5Hz); 7.71(t, H-4, *Ju.n 7.0HZ); 3.67(t, H-8, *Ju.n 6.4 HzZ); 1.78
(m, H-9); 1.47(m, H-10). *C NMR (200 MHz, CDCls-d), Sppm= 25.0(CH, C-10);
30.5(CHj, C-9); 61.4(CHj,, C-8); 161.8(CHimine, C-7); 154.6(CHar, C-2); 149.4(CHa,, C-6);
136.5(CHar, C-4); 124.6(CHapy, C-5); 121.2(CHay, C-3).

Analytical data calc. for Ci7Hy0N,: C,72.83; H, 7.19; N, 19.98. [M] *: m/z = 281; Found: C,

71.13; H,6.34; N,18.78 , [M] * =280.

3.5  Synthesis of ruthenium(ll) and palladium(I1) precursors

3.5.1 Dichlorotetrakis(dimethylsulfoxide)ruthenium(ll), RuCl,(dmso),

The ruthenium(ll) precursor RuCl,(dmso),, was synthesized by dissolving 2g of RuClz-xH,0
in 50 ml of ethanol according to literature procedure [17]. The reaction was refluxed for 3
hours under nitrogen, using general schlenk techniques. During the reaction a colour change
is observed from black to dark green. After the allotted time any unreactive materials is
filtered off. The solvent is removed on a rotary evaporator, and thick green oil is observed.
9ml DMSO is added to the reaction mixture and refluxed for another 2hours or more until
yellow solids is observed. This is followed by the addition of 60 ml acetone and stored in the
fridge overnight. The solvent was removed under reduced pressure using liquid nitrogen and

a yellow crystalline powder was collected.
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Yield 1.7245g. FT-IR (KBR), v/cm™: 1102 (S=O for S bonded DMSO), 921 (S=O for O

bonded DMSO), 3014, 2931, (C-H methyl) 655 and 418 (Ru-O and Ru-S).

3.5.2 Dichloro(p-cymene)ruthenium(Il)dimer, [RuCl,(p-cymene)],

The ruthenium(ll) dimer was synthesised by dissolving 2g of RuClz-xH,O in 100 ml of
anhydrous ethanol, followed by the addition of a-phellandrene (10 ml) (scheme 4.5)
following literature procedure [18]. The reaction was refluxed overnight under nitrogen,
using general schlenk techniques. A colour change is observed from black to dark green. The
solution is dried in vacuum to a volume of approximately 20ml and stored in the freezer (-
4°C) overnight. After the allotted time a red precipitate is filtered off, washed with cold
diethyl ether and dried in vacuum to yield a red crystalline powder. Yield 92%, Molecular
formula CyoHosClsRuU,, *H NMR (400MHz, CDCls-d, §); 5.48(d, 4H"®, Arcve); 5.35(d,

4H™', Arcye); 2.94 (sept, 2H",-CH); 2.18(s, 6H?, -CHa); 1.3 (d, 12H*%, -(CHy),.

3.5.3 Dichloro(1,5-cyclooctadiene)palladium (1), Pd(COD)ClI,

A suspension of PdClI, (5.00 g, 28.2 mmol) in dry methanol (150 ml) was treated with 1,5-
cyclooctadiene (COD) (10.4 ml, 84.6 mmol) and stirred for 48 h at room temperature [19].
During the allotted time a color changed was observed of the suspension from red to yellow.
The yellow air stable solid was filtered and collected, continually washed with methanol, and

dried under vacuum. Yield: 7.29 g (91%).

3.6 Synthesis of neutral mononuclear and cationic homobimetallic pyridyl/quinolyl-
imine ruthenium(11) complexes

3.6.1 dichloro-[N1,N2-bis((pyridin-2-yl)methylene)ethane-1,2-diamine]ruthenium(ll), C1
The synthesis of the ruthenium(ll) complexes followed reported procedures by Busa et al.
[21].
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To a stirring solution of ligand, L1 (0.41 mmol, 98.0 mg) in dry DCM, the precursor,
dichlorotetrakis(dimethylsulfoxide)ruthenium(ll) (0.41 mmol, 1985 mg) which was
dissolved separately in dry DCM was added dropwise. The reaction mixture was allowed to
stir overnight at room temperature under nitrogen. After the allotted time the volume of the
reaction mixture was reduced to 1/5th and neutral aluminium oxide was added, followed by
drying under vacuum. A dry neutral aluminium oxide column was packed with DCM. The
mobile phase used to elute the first moving blue band were a mixture of DCM and acetone
(10:1). The blue solution was collected and dried under vacuum for several hours. Yield: 70
%. Molecular Formula Cy;H14CioN4Ru. Solid, Purple-blue. FT-IR (KBR), v/cm*:1590
V(C=Nimine, 1454 v(C=C)ying. "H NMR (500MHz, CDCls-d) & 9.26(s, H-7); 9.20(d, H-6, J..
h 6.30 Hz); 7.89(t, H-4, 3Ju.n 7.48 Hz); 7.80(d, H-3, 3.y 7.60 Hz); 4.82(s, H-8).2*C NMR
(100MHz, CDCls-d), dppm = 63.1(CHp, C-8); 163.9(CHimine, C-7); 153.9(CHar, C-2);
150.1(CHay, C-6); 137.6(CHay, C-4); 125.9(CHay, C-5); 121.6(CHay, C-3).

Analytical data calc. for C14H14CioN4Ru: C, 40.99; H, 3.44; N, 13.66; [M] " m/z = 411;

Found: C, 41.23; H,3.52; N, 14.19.

3.6.2 dichloro-[(N1,N3-bis(pyridin-2-ylmethylene)propane-1,3
diamine]ruthenium(Il),C2

The synthesis of complex, C2 follows the same experimental procedure as outlined above.
The ligand, L2 was reacted with the precursor dichlorotetrakis(dimethylsulfoxide)
ruthenium(Il) at room temperature. Yield 64 %. Molecular formula CisH16Ci2N4Ru. Solid,
Purple-blue. FT-IR (KBR), ¥ /cm™: 15380(C=N)imine, 1454 v(C=C)ring. ‘H NMR(CDCls-d,
Sppm) & 9.45(d, H-6, Ju.4 5.24 Hz); 9.17(s, 7-H); 7.88 (m, H-3 and H-4); 7.64(m, H-5);

4.57(t, H-4, 33y 7.1 Hz): 3.77(m, H-2).
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3C NMR (200 MHz, CDCls-d), ppm= 33.2(CH,, C-9); 59.6(CH,, C-8); 162.3(CHimine, C-7);
154.5(Cayr, C-2); 121.1(CHa, C-3); 136.9 (CHa,, C-4); 124.6(CHp,, C-5); 149,9(CHp,, C-6).
Analytical data calc. for CisHi1sC2N4RU: C, 42.46; H, 3.80; N, 13.20; [M] *: m/z =425;

Found: C, 43.91; H, 4.10; N, 13.86.

3.6.3 dichloro-[N1,N4-bis(pyridin-2-ylmethylene)butane-1,4-diamine]ruthenium(l1l),C3

The synthesis of complex C3 follows the same experimental procedure as outlined above.
The ligand, L3 was reacted with the precursor dichlorotetrakis(dimethylsulfoxide)
ruthenium(Il) at room temperature. Yield: 73%. Molecular formula C;6H15CI;N4Ru. Solid,
Purple-blue. FT-IR (KBR), v /cm *:1597 v(C=N)imine, 1454 v(C=C)ying. '"H NMR (500MHz,
CDCls-d, 8) & 9.43(d, H-6, 3341y 5.2Hz); 8.96(s, H-7); 7.85(m, H-3 and H-4); 7.57(m, H-5);
4.73(m, H-8); 2.47(m, H-9). *C NMR (200 MHz, CDCls-d), Sppm= 29.0(CH,, C-9);
61.9(CH,, C-8); 162.1(CHimine, C-7); 154.7 (Car, C-2); 150.5(CHayr, C-6); 137.1(CHar, C-4);
124.7(CHar, C-5); 121.5(CHar, C-3). Analytical data calc. for Ci6H1sCIoNg4Ru: C, 43.84; H,

4.14; N, 12.78; [M] *: m/z = 439; Found:C,43.31; H,4.83; N,12.65.

3.6.4 dichloro-[N1,N2-bis((quinolin-2-yl)methylene)ethane-1,2-diamine]ruthenium(ll),C4

The synthesis of complex C4 follows the same experimental procedure as outlined above.
The ligand, L4 was reacted with the precursor dichlorotetrakis(dimethylsulfoxide)
ruthenium(Il) at room temperature. After the allotted time a dark green precipitate formed.

The precipitate was collected, continuously washed with dry DCM and dried under vacuum.
Yield: 80 %. Molecular formula C,,H1sCIoN4Ru. Solid, Green. FT-IR (KBR), V lem 1520
V(C=Nimine, 1443 v(C=C)ying. *H NMR(500MHz, CDCls-d) & 9.52(s, H-11); 8.91(d, H-3, *J..
1 8.0 Hz); 8.37(d, H-9, 33444 7.7 Hz); 7.90(m, H-8, H-9); 7.88(t, H-4, 3Ju.1 7.5 Hz); 7.39(t, H-
6, %Jun 7.4 Hz); 4.90(s, H-12).
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3C NMR (100 MHz, CDCls-d), dppm= 164.6(CHimine, C-11); 154.9(CHa,, C-10); 148.1
(CHar, C-2); 136.9(CHpar , C-5); 129.6(CHa;, C-3); 129.3(CHp, C-4); 128.9(CHa,, C-6);
127.5(CHar, C-9); 127.3(CHar, C-8); 118.5(CHar, C-7); 62.1(CH,, C-12). Analytical data
calc. for C,HigCIoNsRu: C, 51.77; H, 3.55; N, 10.98; [M] *: m/z = 511. Found: C,51.98;

H,3.67; N,11.03.

3.6.5 dichloro-[N1,N3-bis(quinolin-2-ylmethylene)propane-1,3-diamine]ruthenium(l1),C5
The synthesis of complex C5 follows the same experimental procedure as outlined above.
The ligand (L5) was reacted with the precursor dichlorotetrakis(dimethylsulfoxide)
ruthenium(Il) at room temperature. Yield: 64%. Molecular Formula C,3H2,Cl,N4Ru. Solid,
Green. FT-IR (KBR), v /cm*:1520 v(C=N)imine, 14420(C=C).

'H NMR (400 MHz, CDCls-d) & 9.50(s, H-11); 8.91(d, H-3, *Ju.4 8.4 Hz); 8.45(d, 9H, *Ju.+
7.9 Hz); 7.90(m, 8-H, 9-H); 7.85(t, H-4,*Jyy 7.6 Hz); 7.34 (t, H-6, %34y 7.3 Hz) 3.97(t, H-
12, 3Jun 6.4 Hz), 2.31(q, H-13, *Ju.n 6.0 Hz). *C NMR (100 MHz, CDCls-d), dppm=
163.5(CHimine, C-11); 159.2(CHar, C-10); 148.1(CHar, C-2); 136.8(CHar, C-5); 130.4 (CHar,
C-3) 129.8(CHar, C-4); 129.2(CHpr, C-6); 127.9(CHar, C-9); 127.6(CHar, C-8); 118.4 (CHar,
C-7); 46.6(CH,, C-12) 27.8(CH;, C-13). Analytical data calc. for C,3H2CIN4Ru: C, 52.68;

H, 3.84; N, 10.68; [M] *: m/z = 525; Found: C, 53.9; H, 3.72 ; N, 10.52.

3.6.6 Synthesis of cationic homobimetallic ruthenium(Il) complex,C6

The precursor [Ru(qB-p-PriCGH4Me)CI2]2 (0.191 g, 0.312 mmol) was stirred at room
temperature for 3 hours in ethanol, followed by filtering of any unreactive material. The
ligand (L3) (0.0830 g 0.312 mmol) in (5 ml) ethanol was added dropwise to the stirring
solution and allowed to stir overnight. After the allotted time the solution was filtered and the

filtrate was concentrated to approximately 10 ml.
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TIPFs was added to the reaction mixture and allowed to stir at room temperature for 3 hours,
a precipitate was observed to form almost immediately. The reaction mixture was stored in
the fridge (-4°C) overnight to completely precipitate out the product. The product was filtered
off, washed with diethyl ether and dried under reduced pressure. Yield 85 %. Molecular
Formula Cy;H1sCIFsN4PRu. Solid, Brown, MP 182-184°C. FT-IR (KBR), v/cm %1590 v
(C=N)imine, 1460 v(C=C)ing. "H NMR (400 MHz, CDCl5-d, dppm) & 5.83(t, *Jn.+ 6.3 Hz,
Arcye ); 6.10(dd, 4H, *Jun 6.3 Hz, Arcye); 8.10(m, 2Ju 5.7 Hz, Pyr); 8.19(m, 4H, 5H  3J,.
n 7.7 Hz); 8.66(d, *Ju.n 7.6 Hz); 9.46 (t, H-7, 3Ju.n 5.8 Hz). *C NMR (100 MHz, CDCls-d)
Sppm = 23.5, 22.6, 24,5 (CHs, Ccve); 166.23(CHimine, C-7); 156.1(Car, C-2); 123.1(CHar, C-
3); 135.2(CHa;, C-4); 132.3(CHar, C-5); 154.3(CHar, C-6); 128.6(CHa, C-7); 127.3(CHa,
C-8); 131.0(CHay, C-9); 131.2(CHa,, C-10).

Analytical data calc. for C,HisCIFgNsPRu: C, 51.77; H, 3.55; N, 10.98; [M] *: m/z = 838;

Found: C, 52.03; H, 4.02; N, 11.21.

3.7 Synthesis of neutral bimetallic Palladium (I1) pyridyl-imine complexes

3.7.1  dichloro-[N1,N2-bis((pyridin-2-yl)methylene)ethane-1,2-diamine]palladium(il),C7
The synthesis of the bimetallic palladium (Il) complexes followed reported procedures by
Sibanyoni et al. with some modification [22]. To a stirring solution of ligand, L1 (0.34 mmol,
80 mg) in dry DCM at room temperature the precursor, Dichloro(1,5-
cyclooctadiene)palladium(Il) (0.67 mmol, 191 mg) was added dropwise, upon addition the
solution changed from colourless to yellow. A precipitate was observed to form after 10
minutes of stirring. The reaction mixture was allowed to stir further for 4 hours, to ensure the
completion of the reaction. After the allotted time the reaction mixture was reduced to 1/5 th
followed by the addition of diethyl ether or hexane to further precipitate out the yellow solids

and dried under vacuum for several hours. Yield 70 %. Molecular Formula C14H14CaN4Pd>.
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Solid, yellow. FT-IR (KBR), v /cm™; 1588v (C=N)imine, V(C=N)ying, 1442 v(C=C). 'H NMR
(400 MHz, DMSO-dg) & 8.93(d, H-6, *Ju.n 7.2Hz); 8.76(s, H-7); 8.33(d, H-3, J4.n 6.1H2);
8.54(t, H-4, *Ju.n 6.4Hz); 7.28(t, H-5, %34 5.4Hz), 4.21(s, H-8). Analytical data calc. for
C14H14CILN4Pd,: C, 28.36; H, 2.38; N, 9.45 [M]": m/z = 593; Found: C, 26.55; H, 2.64; N,

8.72.

3.7.2  dichloro-[N1,N3-bis(pyridin-2-ylmethylene)propane-1,3-diamine]palladium(ll),C8
The synthesis of complex C8 follows the same experimental procedure as outlined above.
The ligand L2 was reacted with the precursor dichloro(1,5-cyclooctadiene)palladium(ll) at
room temperature. Yield 68%. Molecular Formula Ci5H16CI.N4Pd,. Solid, yellow, FT-IR
(KBR), v/cm ;1576 v (C=N)imine, 1438 v(C=C).

'H NMR (400 MHz DMSO-dg) § 8.94(d, H-6, >3 7.3Hz); 8.62(s, H-7); 8.41(d, H-3, *Jun
6.3Hz); 8.22(t, H-4, *Jy.q 6.2Hz); 7.62(t, H-5, *Ji.y 5.2Hz ); 3.82 (t, H-8, *Ju.n 7.3Hz); 2.16
(m, H-9). Analytical data calc. for CisH1sCloN4Pd,: C, 29.68; H, 2.66; N, 9.23; [M]": m/z =

607. Found: C, 30.69; H, 2.49; N,7.46.

3.7.3 dichloro-[N1,N4-bis(pyridin-2-ylmethylene)butane-1,4-diamine]palladium(l1),C9
The synthesis of complex C9 follows the same experimental procedure as outlined above.
The ligand, L3 was reacted with the precursor dichloro(1,5-cyclooctadiene)palladium(ll) at
room temperature. Yield: 76 %. Molecular Formula CiH1sCIoN4Pd,. Solid, yellow. FT-IR
(KBR), v/cm™; 1661 v (C=N)imine, 1480 v(C=C). *H NMR (400 MHz, DMSO-ds) & 8.93(d,
H-6, *Ju.n 5.6Hz); 8.63(s, H-7); 8.07(d, H-3 *Ju.4 6.5H2); 8.33(t, H-4, %3414 7.4Hz); 7.85(t, H-
5, 3Jn.u 6.5Hz); 3.71(m, H-8); 1.79(m, H-9).

Analytical data calc. for CisH1gCIoN4Pdo: C, 30.95; H, 2.92; N, 9.02; M]": m/z = 624;
Found: C,30.12; H,3.34; N,8.99.

61
University of the Western Cape



3.7.4 dichloro-[N1,N5-bis(pyridin-2-ylmethylene)pentane-1,5-diamine]palladium(l1),C10

The synthesis of complex C11 follows the same experimental procedure as outlined above.
The ligand, L6 was reacted with the precursor dichloro(1,5-cyclooctadiene)palladium(ll) at
room temperature. Yield:72%. Molecular Formula C;7H2N4Cl,Pd,. Solid, yellow. FT-IR
(KBR), ¥ /cm:1592 v (C=N)inmine, 14520(C=C).*H NMR (400 MHz, DMSO-dg) & 8.79(s, H-
7); 9.13(d, *Jn.n 8.1Hz); 8.26(d, *Jun 7.4Hz); 8.51(t, H-4, *Ju. 7.6HZ); 8.03(t, H-5, *J.ny
7.6Hz); 3.90(t, H-8, 3J4.n 5.2Hz); 1.98(m, H-9); 1.51(m, H-10). Analytical data calc. for
C17H20N4CloPd,: C, 32.15; H, 3.17; N, 8.82. [M] *: m/z =636 ; Found: C,32.75; H, 3.02;

N,7.25.

3.8 Procedure for the oxidative cleavage of styrene by pyridyl and quinolyl-imine
ruthenium(ll) complexes

The neutral and cationic mono- and homobimetallic ruthenium(Il) catalysts were evaluated
for the oxidative cleavage of styrene. The reaction was carried in a biphasic CCl;-CH3CN-
H,O (1:1:2 v/v) solvent system, using NalO4 as a co-oxidant. The oxidative cleavage of
styrene was carried out by the addition of styrene (0.556 mmol), catalyst (0.002782 mmol),
and NalO, (2.782 mmol) to the biphasic solvent system [CHsCN (5 cm®), CCl, (5 cm®), and
H,O (10 cm®)]. The reaction mixture was stirred at room temperature for 2 hours. After the
allotted time the reaction mixture was extracted with diethyl ether (3x10 ml), the organic

layer was evaporated under reduced pressure and analyse with FT-IR and *H NMR.
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3.9 Procedure for the Heck coupling reaction of iodobenzene with methylacrylate by
bimetallic Palladium (I1) complexes

The Heck reaction was carried out with iodobenzene, methylacrylate and triethylamine as a
base in a 1:1:1 ratio and added to a solution of the bimetallic palladium (II) catalysts (1 mol
%) in anhydrous DMF (10 ml) at 110 °C (scheme 2.1). Mesityline was used as an internal
standard and the reaction was heated for 24 hrs in a 50 ml flask equipped with a reflux
condenser and a magnetic stirring bar. The activity of the catalyst was confirmed by GC

analysis.
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CHAPTER 4

4.0 Results and Discussion

Chapter overview

This chapter gives a brief introduction to pyridyl and quinolyl-imine ligands as viable Schiff
bases as well as their ruthenium and palladium complexes. Thereafter we report and discuss
the results obtained for the characterization of pyridyl and quinolyl-imine ligands, ruthenium
(1) and palladium (1) metal precursors and neutral mononuclear and cationic homobimetallic
ruthenium(11) and bimetallic palladium(11) complexes by techniques like FT-IR, *H and *C
NMR, Elemental analysis, GC-MS and UV/Vis. The prepared ruthenium(ll) and palladium
(1) complexes will subsequently be tested as potential catalyst precursor for the oxidative

cleavage of alkenes and the Heck coupling reactions of methyl acrylate with iodobenzene.

4.1 Pyridyl and Quinolyl-imine ligands
4.1.1 Introduction

The targeted pyridyl and quinolyl ligands belong to a family of diimines [1]. The synthesis of
the N-donor pyridyl and quinolyl-imine ligands were carried out by the reaction of 2-
pyridinecarboxaldehyde/2-quinolinecarboxaldehyde with n-propylamine in a 2:1 ratio,
followed by the addition of MgSO, to quench any water formed during the reaction (scheme
4.1). The corresponding ruthenium(ll) and palladium(ll) complexes were synthesized by the
reaction of the ligands with their respective metal precursors RuCl,(dmso),, Pd(cod)Cl, or

[RuCl,(p-cymene)]..
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H,N NH, (i)

(iii)

i '
N - (CHZ)X\ i» é /

X=2
=3
=4

=5 | B

R"= N, H
O
| N
= L - H
(1) reflux, (it) dry MeOH, 4hours, (iii) anhydrous MgSO, N 0

Scheme 4.1: A synthetic pathway for pyridyl and quinolyl-imine ligands, L1-L6

The diimine ligands coordinate to the metals readily forming stable and active complexes.
The pyridyl and quinolyl-imine complexes were characterised by the functional group

carbon-nitrogen double bond, C=N.

Literature reports on the synthesis of pyridyl and quinolyl-imine ruthenium(Il) complexes are
rare as well as their catalytic activity towards the oxidative cleavage of olefins. Nonetheless a
number of literature reports on nickel and copper complexes are available [2, 3]. The pyridyl-
imine palladium (I1) complexes have been previously reported as active catalyst towards
Heck coupling reactions. Chen et al., reported the synthesis and characterization of 2-
iminopyridyl palladium dichloride complexes [4]. The complexes was synthesized by the
reaction of pyridyl-imine ligand and PdCI;(CH3CN), in dry DCM at room temperature. The
characterization of the complexes was confirmed by the presence of the C=N moiety in both
the 'H NMR and FT-IR spectra. The Heck reaction of arylbromides and olefins was
successfully achieved with the formation of two isomers when electron-rich substrates are

employed.
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Figure 4.2: FT-IR of N1,N2-bis((quinolin-2-yl)methylene)ethane-1,2-diamine, L4

Table 4.1: FT-IR data for tetradentate pyridyl and quinolyl-imine ligands, L1-L6

600

450.0

Ligand 1)(CzN)imine U(C:N)ring U(C:C)ring

cm’ cm? cm™
12 1647 1584 1564
L2P 1650 1580 1452
|32 1639 1586 1566
|42 1642 1593 1500
L5P 1620 1508 1452
L6P 1648 1563 1479

3Solids were recorded using KBR pellets, "Oils were recorded using nujol mulls on NaCl

plates.

University of the Western Cape

69



Fourier transform infrared spectroscopy was used to confirm the formation of the imine
functional group and the disappearance of the carbonyl band (1700 cm™) of the starting
aldehyde. The solids, ligands L1, L3 and L4 were recorded using KBr pellets and the oils
ligands L2, L5 and L6 were recorded using nujol mulls on NaCl plates. The IR spectra of the
pyridyl-imine ligands gave three strong stretching frequencies in the range 1639-1650 cm™,
1563-1586 cm™ and 1452-1566 cm™, which were assigned to the azomethine fragment, v(c=n)
vibration, the pyridine-ring v(C=N) and v(C=C) vibrations respectively. Ebralidze et al.
observed the azomethine C=N moiety in the range 1647-1649 cm™ for the free pyridyl-imine
ligands, which were reported to be in the range of previously reported values [6]. Radebe et
al. reported similar values for the C=N functional group in the range of 1635-1650 cm™ for
their pyridyl-imine ligands linked to a five-membered thiophene ring, the presence of both
the electron withdrawing and electron donating group in the thiophene ring gave the

stretching frequency at a slighlty higher wavenumber [7].

The quinolyl-imine ligands showed three stretching frequencies in the range 1620-1642 cm™,
1508-1593 cm™, 1452-1500 cm™ which were attributed to the azomethine fragment, v(c=n)
vibration, the pyridine-ring v(C=N) and v(C=C) vibrations respectively. The azomethine
fragment stretching frequencies of the quinolyl-imine ligands appeared at a lower frequency
compared to their analogues pyridyl-imines, due to the extra conjugation and an increase in
the electron delocalization (resonance) around the quinoline ring. Patra et al. observed a
strong frequency at 1643 cm™ for quinolyl-imine which were assigned to the C=N moiety,
the ligands was synthesised by using the aldehyde 4-quinoline-carboxaldehyde as the starting
material [8]. Busa et al. also reported a strong frequency at 1646 cm™ for quinolyl-imine
ligands which are in strong agreement with our reported values and in the range of previously

reported values [9].
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The absence of the C=0 band in the 1700 cm™ region, and the presence of the imine
functional group in the spectra of both pyridyl and quinolyl-imine ligands is a strong
indication of the successful condensation reaction between the starting aldehydes and primary
amines to yield the corresponding imines (scheme 4.1) [10]. The FT-IR spectra also show
bands in the 2845-2856 cm™ and 3042-3038 cm™ region which is attributed to the saturated
C-H of the aliphatic and the unsaturated -CH of the pyridine and quinoline ring respectively.

The FT-IR data of all the ligands appear within the range of reported literature [8, 9].

From table 4.1 a significant difference in the azomethine stretching vibration of the C=N
moiety for the pyridyl ligand L1 compared to the quinolyl ligand L4 was observed at 1647
cm?  and 1642 cm™ respectively. The two compounds differ in the starting aldehyde
employed during the synthesis of the ligands; for ligand L1 the aldehyde 2-
pyridinecarboxaldehyde was used whereas in L4 the aldehyde 2-quinolinecarboxaldehyde
was used. The differences in the C=N stretching frequency thus arise from an increase in the
conjugation of the quinoline ring in ligand L4 resulting in the lowering of the stretching
frequency. The spectra of pyridyl ligand L2 and quinolyl ligand L5 also gave a difference in
the stretching vibration of the C=N moiety at 1650 cm™ and 1620 cm™ respectively. Similar
to previously mentioned ligands the differences in the C=N stretching frequency arises from
the extra conjugation in the starting quinoline ring for ligand L5 compared to ligand L2,
resulting in the lowering of the stretching frequency. The spectra of pyridyl ligands L3 and
L6 gave a strong stretching frequency at 1639 cm™ and 1648 cm™ respectively. The above
mentioned ligands are structurally similar with the only difference is in the alkyl chain linker;

for ligand L3 four carbons seperates the pyridyl ring, whereas in ligand L6 five carbon atoms

sperates the pyridyl ring.
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The differences in the C=N stretching frequency is due to an increase in the alkyl chain for
ligand L6 compared to ligand L3, since stronger bonds exists in L6 more energy is required

to cause a vibration, hence arising in a shift to a higher wavenumber compared to L3.

9
/2 /N\/\/\/N\ x
N 7 8 10 N

L6

Scheme 4.2: A schematic representation of synthesised diimine ligands (L1-L6), with
numbering for NMR analysis
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4.1.3 *H NMR spectroscopic analysis of pyridyl and quinolyl-imine ligands

The following *H NMR spectra (figure 4.3 and 4.4) were obtained for pyridyl and quinolyl-
imine ligands. The *H NMR of the remaining ligands follows a similar spectral pattern and
are provided in Appendix 5-7. The *H NMR spectra of pyridyl/quinolyl-imine ligands were
recorded in CDCI; solutions at 25°C to probe the solution chemical environment. The

chemical shift values of the protons are summarized in table 4.2 and the proton numbering is

shown above in scheme 4.2.
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Figure 4.3: *H NMR of N1,N4-bis(pyridin-2-ylmethylene)butane-1,4-diamine, L3
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Figure 4.4: 'H NMR of N1,N2-bis((quinolin-2-yl)methylene)ethane-1,2-diamine, L4.

Table 4.2: *H NMR spectral data of tetradentate pyridyl and quinolyl-imine ligands L1-L86,

recorded in CDCl; at 25°C

Ligand HC=N(5 ppm) Aromatic protons(dppm) Methylene protons(éppm)
L1 8.42 7.30-8.63 (m,8H,Ar-H) 4.07 (s,4H)
L2 8.43 7.31-8.66 (m,8H,Ar-H) 3.83 (t,4H); 2.22 (q,2H)
L3 8.37 7.29-8.64 (m,8H,Ar-H) 3.72 (m,4H); 1.82 (m,4H)
L4 8.61 7.55-8.17 (m,12H,Ar-H) 4.17 (s,4H)
L5 8.62 7.59-8.19 (m,12H,Ar-H) 3.94 (t,4H); 2.29 (9,2H)
3.67 (t,4H); 1.78 (m,4H);
L6 8.35 8.63-7.28 (m,8H,Ar-H) 1.47 (m.2H)
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The ligands were characterised with *H NMR spectroscopy to obtain detailed information of
the ligands functional group and their chemical environment. The *H NMR spectra revealed
the azomethine proton (H-7) for pyridyl-imine ligands L1, L2, L3 and L6 as a singlet in the
range, 8.35-8.43 ppm. The azomethine proton appears more upfield (diamagnetic shift)
compared to their respective starting aldehyde, because there is an increase in the electron
density of the imine moiety, which shields the protons. The proton (H-6) is observed as a
doublet within the range 8.61-8.63 ppm and appears downfield (paramagnetic shift) due to
the electron withdrawing effect of the nitrogen of the pyridine ring H-6 experiences,
compared to the other protons. Proton (H-3) gave rise to a doublet and appears within the
range 7.96-7.98 ppm, the proton is shielded (diamagnetic shift) compared to (H-6), therefore
appear upfield [11]. Protons (H-4) and (H-5) appears in the range 7.28-7.73 ppm and gave
rise to triplets in the 'H NMR spectra. Ebralidze et al. reported the presence of the
azomethine proton for pyridyl-imine ligands in the 8.23-8.43 ppm region which was reported
to agree with previously reported values [6]. The azomethine proton (H-11) for the quinolyl-
imine ligands L4 and L5 is observed as a singlet at 8.35-8.62 ppm. Similar to the pyridyl-
imine ligands the quinolyl-imine ligands experiences an upfield shift compared to their
starting aldehyde, because there is an increase in the electron density in the imine moiety
which shields the protons. Munro et al., reported the azomethine peak as a singlet at 8.92 for
their quinolyl-imine ligand, the ligand was synthesized by using the starting aldehyde
isoquinoline-1-carbaldehyde giving rise to a different geometry compared to our synthesized
ligands [12]. A trend is observed in the *H NMR spectra of ligands L1 and L4, the methylene

protons appear as singlets at 4.07 ppm (H-8) and 4.17 ppm (H-12) respectively.
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The methylene protons of both ligands L1 and L4 were observed at a lower field and are now
deshielded compared to their starting primary amine; due to it now being adjacent to the
azomethine fragment the ligands experiences the strong electron withdrawing effect of the
azomethine nitrogen resulting in a decrease in the electron density around the methylene
group protons. Methylene group protons for ligands L2 appear as a triplet and quintet at 3.83
ppm (H-8) and 2.22 ppm (H-9) respectively, the former is assigned to the protons of the
terminal methylene group protons and the latter is assigned to the middle methylene group
protons of the trimethylene fragment. The terminal methylene group protons (H-8) is more
deshielded compared to the middle methylene group protons (H-9) due to the electron
withdrawing effect of nitrogen which decreases the electron density around the protons. The
observations made are similar to those reported elsewhere [6, 9]. The intensity of the triplet
was observed as twice of that of the quintet indicating that the two halves are magnetically
equivalent. The alkyl linker for ligand L3 appeared at 3.72 ppm (H-8) and 1.82 ppm (H-9)
respectively and was observed as multiplets. The peak at the lower field is assigned to the
methylene group protons (H-8) which is attached to the azomethine nitrogen resulting in (H-
8) being deshielded, the peak at a higher field is assigned to the terminal (H-9) methylene
group protons and is more shielded compared to (H-8). The peak intensity of (H-8) is slightly
higher than (H-9). Similar trends were observed by Busa et al. [9] and Pal et al. [13] for the
pyridyl and quinolyl-imines. The presence of the azomethine protons confirms the successful
synthesis of the diimines as well as the absence of the CHO peak at 10 ppm in the *H NMR
spectra of all the ligands. The absence of the CHO peak also confirms the purity of the
ligands. From table 4.2 a significant difference in the azomethine proton for the pyridyl
ligand L1 compared to the quinolyl ligand L4 was observed at 8.42 ppm and 8.61 ppm

respectively.
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The two compounds differ in the starting aldehyde used in the synthesis; for ligand L1 the
aldehyde 2-pyridinecarboxaldehyde was used whereas in L4 the aldehyde 2-
quinolinecarboxaldehyde was used. The differences in the azomethine proton is attributed to
the extra conjugation of the quinoline ring in ligand L4 resulting in the shift to a lower field
and is deshielded. The spectra of pyridyl ligand L2 and quinolyl ligand L5 also gave a
difference in the chemical shifts of the C=N moiety at 8.43 ppm and 8.62 ppm respectively.
Similarly the differences in the C=N chemical shifts arises from the extra conjugation and
delocalised p electrons in the starting quinoline ring for ligand L5 compared to ligand L2,
causing the protons to absorb at a lower magnetic field resulting in the azomethine proton
appearing at a lower field and deshielded compared to L2. The azomethine proton for
quinolyl-imine ligands L4 and L5 appear at a similar chemical shifts, since these ligands are
structurally similar and experiences the same magnetic field. The pyridyl-imine ligands L1
and L2 also appear at a similar chemical shift; again these ligands are structurally similar and
will therefore experience more or less the same magnetic field. The pyridyl-imine ligands L3
and L6 also appear at a similar chemical shift; again these ligands are structurally similar
with only a difference of one carbon atom in the alkyl chain and will therefore experience
more or less the same magnetic field. However the HC=N of the pyridyl-imine ligands L3
and L6 appear upfield compared to the previously mentioned pyridyl-imine ligands (L1, L2),
this could be due to the significant increase of the alkyl chain linker resulting in the ligands

being shielded. Also the conformational feature of L3 and L6 slightly differ from L1 and L2.
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4.1.4 C NMR spectroscopic analysis of pyridyl and quinolyl-imine ligands

The ligands were further characterised with the *C NMR spectroscopy. The following *C
NMR spectra (figure 4.5 and 4.6) are a typical example of the spectra obtained for pyridyl
and quinolyl-imine ligands. The other *C NMR spectra for the ligands are given in Appendix
8-10. The chemical shift values of the carbons are summarized in table 4.3. The *C NMR
spectroscopy assignment for ligands L1-L6 was carried out by means of chemical shift of the
relevant protons. The *C NMR spectra of pyridyl and quinolyl-imine ligands were recorded
in CDCl; at 25°C solutions to probe the solution structures. The carbon numbering is shown

above in scheme 4.2.
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Figure 4.5: 3C NMR of N1,N4-bis(pyridin-2-ylmethylene)butane-1,4-diamine, L3
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Figure 4.6: *C NMR of N1,N2-bis((quinolin-2-yl)methylene)ethane-1,2-diamine, L4

Table 4.3: ¥ C NMR spectral data of tetradentate pyridyl and quinolyl-imine ligands L1-L86,

recorded in CDCl3 at 25°C

Ligand CHimine(6 ppm) Methylene carbons(é ppm)

L1 162.6 (CHimine, C-7) 61.3 (CH,, C-8)
L2 161.9 (CHimine, C-7) 31.2 (CH,,C-9)

58.6 (CH_, C-8)
L3 160.8 (CHimine, C-7) 28.3 (CHy, C-9)

61.1 (CH,, C-8)
L4 163.9 (CHimine, C-11) 61.4 (CH,C-12)
L5 162.9 (CHimine, C-11) 46.0 (CH,, C-12)

27.6 (CH,, C-13)
L6 161.8 (CHimine, C-7) 25.0 (CH,, C-10)

30.5 (CH,, C-9)
61.4 (CH,, C-8)
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Further characterization of the synthesized pyridyl and quinolyl-imine ligands were carried
out using the *C NMR spectroscopy, the technique provided information about the
environment of the carbons in the compounds. The azomethine and methylene carbon signals
were observed in the range 161.8-162.6 ppm and 31.2-61.4 ppm respectively for pyridyl-
imine ligands. The azomethine and methylene carbons were observed in the range 162.9-
163.9 ppm and 27.6-61.4 ppm for quinolyl-imine ligands. The values are consistent with
those reported in literature [14]. Sibanyoni et al., reported the observation of the methylene
carbons in the range 25.02-61.54 ppm, while the azomethine carbons appeared downfield in
the range 161.14-161.77 ppm for their pyridyl-imine ligands [14]. The aromatic carbons of
the pyridine and quinolyl ring were observed in the 154.6-118.4 ppm region of the *C NMR

spectra.

The methylene group carbons for ligands L1 was observed at 61.3 ppm (C-8). Methylene
carbons for ligands L2 appeared at 58.6 and 31.2 ppm the former is assigned to the terminal
methylene carbons (C-8) due to a decrease in the electron density the carbons experience and
the latter is assigned to the middle methylene group carbons (C-9) of the trimethylene
fragment, the carbons are more shielded from the electron withdrawng effect of the
azomethine nitrogen. The tetramethylene fragment for ligand L3 appeared at 61.1 and 28.3
ppm respectively, the former signal at the lower field is assigned to the methylene group
carbons (C-8) attached to the azomethine nitrogen and the latter at a higher field is assigned
to the terminal (C-9) methylene group carbons. Methylene carbons for ligands L6 appeared at
61.4 ppm (C-8), 30.5 ppm (C-9) and 25.0 ppm (C-10) respectively; the carbon atoms (C-8)
attached to the azomethine nitrogen appeared more downfield compared to the terminal
methylene group (C-10) which is observed more upfield in the **C NMR spectra this is due to

a decrease in electron density C-10 experience.

80
University of the Western Cape



The methylene carbons (C-9) are observed at a lower chemical shift, since they are further
away from the azomethine nitrogen compared to C-10. Methylene carbons for quinolyl-imine
ligands appeared at 61.1 ppm (C-8) for L4, similar peaks appeared at 46.0 ppm (C-8) and
27.6 ppm (C-9) for L5. Similar observations were made by Sibanyoni et al. and Busa et al.,
the methylene group carbons were observed in the 25.02-61.54 ppm and 68.88 ppm for their
pyridyl-imine and quinolyl-imine ligands respectively [9,14]. The observation of the
azomethine carbon confirms the successful synthesis of the diimine ligands as well as the
absence of the starting aldehyde, CHO, peak in the range 190-200 ppm in all the **C NMR

spectra.

From table 4.3, again the chemical shift of the azomethine carbon for the pyridyl ligand L1
compared to the quinolyl ligand L4 was observed at 162.2 ppm and 163.9 ppm respectively.
The two compounds differ in the starting aldehyde employed during synthesis; for ligand L1
the aldehyde 2-pyridinecarboxaldehyde was used whereas in L4 the aldehyde 2-
quinolinecarboxaldehyde was used. The differences in the azomethine carbon thus arise from
an increase of the conjugation in ligand L4 resulting in the shift to the low field. The *C
NMR spectra of pyridyl ligand L2 and quinolyl ligand L5 gave a chemical shift at 161.9 ppm
and 162.9 ppm respectively. The differences in the HC=N chemical shift also arise from an
increase of the extra conjugation in the starting quinoline ring for ligand L5 compared to
ligand L2, resulting in the lowering of the chemical shift. Although, in general an increase in
conjugation has a very small effet on the chemical shift, a trend could still be observed in the
13C NMR spectra of the syntheized pyridyl/quinolyl-imine ligands. The spectra of pyridyl

ligands L3 and L6 gave a strong chemical shifts at 160.8 ppm and 161.8 ppm respectively.
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The above mentioned ligands are structurally similar with the only difference is in the alkyl
chain linker; for ligand L3 four carbons seperates the pyridyl ring, whereas in ligand L6 five
carbon atoms sperates the two pyridyl rings. The differences in the C=N chemical shift is due
to an increase in the alkyl chain for ligand L6 compared to ligand L3, similar to 'H NMR
spectroscopy, an increase in carbon substituents results in an increase of the chemical shift

and shift to low field.

4.1.5 Mass spectroscopic analysis of pyridyl and quinolyl-imine ligands

Mass spectroscopy was used to determine the molecular weight of the non-metallic based
compounds. The following mass spectrum (figure 4.7) is a typical example of the spectra
obtained for pyridyl-imine ligands. A summary of the calculated and found m/z values are
provided in table 4.4 below. The other mass spectra for the ligands are given in Appendix 11-
13. The mass spectra of the ligands were recorded in dicholoromethane at room temperature.

The general fragmentation patterns are shown in scheme 4.3.
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Figure 4.7: Spectra of N1,N5-bis(pyridin-2-ylmethylene)pentane-1,5-diamine,L6
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Table 4.4: Summary of mass spectra data for pyridyl and quinolyl-imine ligands L1-L6,
recorded in DCM at room temperature.

ESI-MS
Ligand [M+H]" (m/z)
Calculated (found)
L1 239 (237)
L2 253 (251)
L3 267 (265)
L4 -
L5 -
L6 281 (280)

Mass spectroscopy was used as a tool to determine the molecular weight of the compounds.
The molecular ion (M") fragments for the compounds L1, L2, L3 and L6 was calculated at
239, 253, 267 and 281, while the found M* values was observed at 237, 252, 265 and 281
respectively. The found M* values correlate well with the calculated molecular ion fragments
of the compounds. In the mass spetra of the compounds L1, L2, L3 and L6, a typical intense
signal at 92.1 m/z and 119.1 m/z were observed. The intense signal observed at 119.1 mz and
92.1 m/z reveals the loss of CgHgN and CgHgN™ respectively. Unfortunately attempts to
determine the mass spectrometry of L4 and L5 failed due their boiling points being too high;
the GC-MS machine used was only capable of operating up to a temperature of 300 °C. The
presence of the molecular peak ions were observed in the mass spectra for all the synthesized

ligands. A plausible fragmentation pattern of L1 is showed below (scheme 4.3).
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Scheme 4.3: Plausible fragmentation pathway for pyridyl-imine ligands.

4.1.6 Electronic absorption analysis of pyridyl and quinolyl-imine ligands
Ultraviolet-visible spectroscopy was used to identify the electronic transitions within the
compounds. The following UV/Vis spectra (figure 4.8 and 4.9) are typical examples of the
spectra obtained for pyridyl and quinolyl-imine ligands respectively. The summary of the
electronic transitions are provided in table 4.5 below. The other UV/Vis spectra for the
ligands are given in Appendix 14-17. The spectra of the ligands were obtained as DCM
solutions at room temperature, by using a spectrophotometer and were scan from 200-600
nm.
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Figure 4.8: UV/Vis of N1, N4-bis(pyridin-2-ylmethylene)butane-1,4-diamine, L3
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Figure 4.9: UV/Vis of N1,N2-bis((quinolin-2-yl)methylene)ethane-1,2-diamine, L4

Table 4.5: Electronic absorption data of pyridyl and quinolyl-imine ligands L1-L6, recorded
in DCM at room temperature.

Ligand Amax (NM)
L1 241, 327
L2 241, 268
L3 241, 268
L4 243, 285, 319,334,358
L5 234, 318
L6 242,270
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For all the pyridyl-imine ligands only two absorption bands were observed. The first band
observed as the maximum peak was in the region 241-242 nm and ascribed to the m—n*
charge transfer transition due to the intramolecular ligand transitions of the aromatic pyridine
rings [15]. A second peak was observed in the region 268-327 nm, which were assigned to
the n—n* transition of non bonding electrons present on the nitrogen of the C=N moiety
[16]. Similar transitions for the pyridyl-imine ligands were observed by Ebralidze et al. in the
range 235-236 nm and 271 nm and was assigned to the n—n* and n—n* transitions
respectively, the analysis of the ligands was conducted in EtOH and CH3CN [6]. In the
spectra of the quinolyl-imine ligands L4 and L5, the first band observed as the maximum
peak was in the region 234-241 nm and were attributed to the intramolecular ligand (n-n*)
transitions of the aromatic quinoline ring. A second peak was observed in the region 285 nm
and 318 nm for ligands L4 and L5, which were assigned to the n—n* transition of non
bonding electrons present on the nitrogen of azomethine. In the spectra of Ligand L4
numerous “shoulders” was observed at 319, 334, 358 nm and was assigned to intra-ligand
charge transfer bands. Asadi et al. and co-workers reported similar absorption bands for
quinolyl-imine ligands, the electronic transitions were observed in the 283-332 nm region and

were attributed to intra-ligand charge transfer bands [17].

From table 4.5 the quinolyl-imine ligands was observed to absorb at a longer wavelength in
the 243 nm region of the UV/Vis spectra compared to the pyridyl-imine ligands which was
observed in the 241 nm region, due to an increase in the delocalisation of the n-electrons and

extra conjugation of the quinoline ring.

86
University of the Western Cape



4.1.7 Thermogravimetric analysis of pyridyl and quinolyl-imine ligands

We report for the first time thermogravimetric studies for the ligands N1,N2-bis((pyridin-2-

yl)methylene)ethane-1,2-diamine  and

(N1,N2-bis((quinolin-2-yl)methylene)ethane-1,2-

diamine to the best of our knowledge. The following TGA spectra (figure 4.10 and 4.11)

were obtained for pyridyl and quinolyl-imine ligands L1 and L4.
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Figure 4.11: TGA of (N1,N2-bis((quinolin-2-yl)methylene)ethane-1,2-diamine,L4
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Figure 4.10: TGA of N1,N2-bis((pyridin-2-yl)methylene)ethane-1,2-diamine, L1
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Thermogravimetric analysis was used to investigate the thermal stability of the ligands with
variable temperatures. The TGA of the ligands was recorded using a small amount of sample
(0.4 mg) in a controlled atmosphere, under nitrogen, and at a programmed heating linear
rate of 10 “°C/min. The thermomogram of the pyridyl-imine ligand, L1 illustrates the weight
loss of the sample as the temperature is increased. The ligand appeared thermally stable until
the initial decomposition occurred at a temperature of 180°C, followed by a continuous
weight loss. The d half occurred at 232°C, when 50 wt % of the compound decomposed,
which corresponds to the loss of CgHgN with a molecular weight=119.6 g/mol. The molecular
fragment was also observed in the mass spectra of L1 (mz=119.6) (scheme 4.3). The whole
ligand becomes decomposed in a single step [18] and the final decomposition temperature
was observed at 288°C. The shape of the thermomogram (figure 4.10) suggests that moisture
escapes when the compound melts [19]. The ligand, L4 experienced an increase in weight of
approximately 10% until the temperature reached 122°C (figure 4.11). Literature reports that
an increase of weight might occur due to a chemical reaction between the compound and the
purged gas accompanied by the formation of volatile or non-volatile compounds [19]. The
initial decomposition occurred at approximately 122 °C with continuous weight loss. At
approximately 424 °C the d half occurred when 50 wt % of the compound decomposed,
which corresponds to the loss of Ci;HigN, molecular weight=170.21 g/mol. The final

decomposition of the L4 occurred at a temperature of 591 °C [19a].

4.1.8 Analytical and physical studies of pyridyl and quinolyl-imine ligands

The tetradentate pyridyl and quinolyl-imine ligands were prepared only differing in the
aldehyde and the backbone (number of CH, groups), which separates the imine. The ligands
were purified by the addition of diethyl ether and left overnight at -5°C to precipitate out any

unreacted aldehyde.
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All the synthesized ligands are soluble in common organic solvents such as DCM, CHCls,
DMSO, toluene, hexane, pentane, CH3CN and THF. The analytical data and physical data are

given in Table 4.6.

Table 4.6: Analytical and physical data of the compounds, L1-L6

Compounds | Molecular formula | Molecular | Yield% | MP(°C) | Colour | Physical
weight Appearance

L1 Ci4H14Ny 238.29 97 50-53 | Brown Solid
L2 CisHigN4 252.31 90 - Brown Oil
L3 Ci6H1sNy 266.34 88 69-72 | Brown Solid
L4 CxoHisNyg 338.41 62 113-116 | Orange Solid
L5 CasH2oNy 352.17 80 - Orange Qil
L6 C17H20N4 280.37 74 - Brown Oil

From table 4.6 the melting point increased from L1 to L3 for L1 the melting point was
recorded in the range 50-53°C, while for L3 the melting point was recorded in the range 69-
72°C. For the quinolyl-imine ligands a higher melting point was observed in the range 113-
116°C. The melting point of compounds is generally affected by factors such as
intermolecular forces, degree of symmetry and geometry of the compounds. Compounds with
weak intermolecular forces will have a lower melting point as less energy is needed to
overcome these forces. While compounds with stronger intermolecular forces (bulkier
structures) will have a higher melting point as more energy is needed to overcome these
forces. The melting point of the compounds were observed to increase from L1<L3<L4. This

may be due to the increase in the molecular weight of the compounds from L1<L3<L4.
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The melting point tests for all the prepared ligands were sharp, indicating a high purity. The
ligands were also observed to change from the solid to a crystalline form followed by

melting.

The above results also indicated that different colors and physical appearances were observed
with different reactions. The tetradentate diimine ligands (L1, L3 and L4) were obtained as
brown and orange solids in good to moderate yields 97%, 88 % and 62% respectively.
Ligands L2, L5 and L6 were obtained as low viscosity brown and orange oils respectively in
good vyields 90%, 80% and 74%. The quinolyl-imine ligands was observed at a longer
wavelength in UV/Vis spectra compared to the pyridyl-imine ligands, due to the effect of an
increase in the delocalisation and extra conjugation of the quinoline ring, thus also arising in
the observation of different colored ligands. The ligands were quite stable and only showed
signs of decomposition when stored at room temperature for prolonged periods (2 weeks).
Hence ligands were stored at -4°C. Furthermore the elemental analysis results are in close

agreement with the calculated values.

4.2  Ruthenium(l1) and palladium(l1) precursors

4.2.1 FT-IR spectroscopic studies of ruthenium(Il) and palladium(ll) precursors

FT-IR was used to confirm the successful syntheses of the transitional metal precursors. The
FT-IR spectra of precursors RuCl,(dmso,) and Pd(COD)CI; are provided in appendix 18-19,
both precursors were recorded in KBR. The FT-IR spectra obtained for Pd(COD)CI, showed

multiple strong absorption similar to the spectral data reported elsewhere [20].
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In the spectra of the precursor dichloro(p-cymene)ruthenium(ll) dimer, the aromatic protons
c,c’ appears downfield at 5.48 ppm compared to the protons b,b’and is observed as a doublet
and split by the neighbouring protons b. The protons b,b’ appear at 5.35 ppm and is observed
as a doublet, split by neighbours protons c. The septet observed at 2.94 ppm were assigned to
protons d, the protons are split by their neighbours e,e’. The chemical shifts observed as a
singlet and doublet at 2.18 ppm and 1.3 ppm were assigned to a and e and are split by protons
b and d respectively. The *H NMR spectra of RuCl,(dmso),; was recorded in D,O. The signal
observed at 3.5 ppm was assigned to H (CHs) protons and the signal observed at 2.60 ppm,
which was assigned to S-bonded and O-bonded DMSO. The results obtain from the *H NMR

spectra confirms the successfully syntheses of the precursors.

4.3  Pyridyl/quinolyl-imine ruthenium(ll) and bimetallic pyridyl-imine palladium
(11) complexes

The synthesis of the neutral mononuclear pyridyl/quinolyl-imine ruthenium(Il) complexes
(C1-C5) (scheme 4.5) followed the literature procedures [9]. The cationic homobimetallic
ruthenium(Il) complex, C6 (scheme 4.6) followed a similar synthetic procedure done by
Govender et al. [22]. The synthetic procedure for bimetallic pyridyl-imine palladium(ll)
complexes (C7-C10) (scheme 4.5) is similar to that reported by Sibanyoni et al. [14], with

some modification as described in chapter 3.

4.3.1 FT-IR spectroscopic analysis of pyridyl/quinolyl-imine ruthenium(ll) complexes and
bimetallic pyridyl-imine palladium(Il) complexes

The following FT-IR spectra (figure 4.13, 4.14 and 4.15) are typical examples of spectra
obtained for mononuclear pyridyl/quinolyl-imine ruthenium(ll) and bimetallic pyridyl-imine

palladium(I1) complexes respectively.
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The FT-IR spectra of the complexes were recorded using KBR pellets. The other FT-IR
spectra for the complexes are given in Appendix 20-24. A summary of the stretching

frequencies of the main functional groups is given in table 4.7.
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Figure 4.13: FT-IR for dichloro-N1,N2-bis((quinolin-2-yl)methylene)ethane-1,2-diamine-
ruthenium(I1),C4
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Figure 4.14: FT-IR for dichloro-N1,N2-bis((pyridin-2-yl)methylene)ethane-1,2-diamine-
ruthenium(Il),C1

93
University of the Western Cape



[——LDS Pd C7|

78

ES
]
5 72
@2
E \
w
c
S
a C=N,
imine
66 1588 cm’’
T T T T T
600 1200 1800

Wavenumber (cm™)

Figure 4.15: FT-IR for dichloro-N1,N2-bis((pyridin-2-yl)methylene) ethane-1,2-diamine-
palladium(Il),C7

Table 4.7: FT-IR data of pyridyl/quinolyl-imine ruthenium(ll) and bimetallic pyridyl-imine
palladium(I1) complexes.

Complexes Metal complex
v(c=n) cm™
C1 1590
C2 1538
C3 1597
C4 1520
C5 1520
C6 1590
C7 1588
C8 1576
C9 1598
C10 1592
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Infrared spectroscopy was used as a technique to determine whether the coordination of the
imine ligands towards the ruthenium(Il) and palladium(ll) precursors occurred to form the
desired complexes by observing the presence of the azomethine, v(C=N), functional group.
The FT-IR spectra of the neutral mononuclear pyridyl-imine ruthenium(Il) complexes C1, C2
and C3 displayed a strong stretching frequency in the range 1538-1597 cm™ which were
assigned to the azomethine fragment, v(c=n). The C=N vibration appears at a significant
lower frequency and underwent a red shift compared to the free ligands previously observed
in the range 1639-1650 cm™. Literature reports indicated this red shift is due to the reduction
of the electron density in the C=N bond arising from the electron flow from the ligand to the
metal centre [23]. Viswanathamurthi et al. reported similar values for the free imine ligands
in the range 1610-1630 cm™ and in the range 1610-1590 cm™ for their Ru(ll) tetradentate

Schiff base complexes containing triphenylphosphine or triphenylarsine ligands [24].

The FT-IR spectra of the quinolyl-imine ruthenium(ll) complexes displayed a strong
stretching frequency at 1520 cm™ attributed to the C=N moiety, a red shift was also observed
for these compounds arising from the electron flow from the ligand to the ruthenium metal.
The C=N moiety of the cationic homobimetallic ruthenium(Il) complex, C6 appeared at a

lower vibration of 1590 cm™ compared to the free ligand observed at 1639 cm™.

The bimetallic pyridyl-imine palladium(l1) complexes showed similar results, the azomethine
stretching frequency previously observed at 1639-1650 cm™ for the free ligands shifted to a
lower wavenumber in the range 1576-1598 cm™ indicative of a red shift, due to the electron

flow between the ligand and metal centre [25].
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Similar results were obtained by Moletsane et al. for the pyridyl and quinolyl-imine
palladium(11) dendrimers, a red shift was observed from 1648 cm™ to 1612 cm™ and 1640 cm’
! to 1596 cm™ for the pyridyl- and quinolyl-imine respectively [25]. Futhermore no
absorption bands were observed above 1620 cm™; which is the characteristic stretching

frequency for the uncoordinated imine ligand system.

In the FT-IR spectra of all the synthesized complexes, the red shift observed is due to a
decrease in the electron density around the C=N moiety arising from the electron flow from
the nitrogen to the d-orbitals of the metal centre resulting in the energy of vibration of the
functional group to decrease therefore the absorption bands were observed at a lower

frequency. Hence signifying coordination occurred via the azomethine nitrogen [26].

From table 4.7 a significant difference in the stretching vibration of the v(C=N) moiety for
the pyridyl-imine ruthenium(ll) complex C1 compared to the quinolyl-imine ruthenium(ll)
complex C4 was observed at 1590 cm™ and 1520 cm™ respectively. The two compounds
differ in the starting diimine ligand employed during the synthesis; for complex C1 the
pyridyl-imine ligand L1 was used whereas in complex C4 the quinoline-imine ligand was
employed. The differences in the C=N stretching frequency thus arise from an increase in the
conjugation of the quinoline ring in ligand L4 resulting in the lowering of the stretching
frequency. Again the spectra of the pyridyl-imine ruthenium(Il) complex C2 and quinolyl-
imine ruthenium(Il) complex C5 also gave a difference in the stretching vibration of the C=N

moiety at 1538 cm™ and 1520 cm™ respectively.
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Similar to the previously mentioned complexes the differences in the C=N stretching
frequency arises from an increase of the extra conjugation and delocalisation of the electrons
in the starting quinoline-imine ligand (L5) compared to ligand L2, resulting in the lowering
of the stretching frequency. The spectra of the monuclear pyridyl-imine ruthenium(ll)
complex, C3 gave a strong stretching frequency at 1597 cm™ while the cationic
homobimetallic ruthenium(ll) complex, C6 gave a stretching frequency at a lower
wavenumber of 1590 cm™. Since complex C6 has two metal centres and the presence of the
p-cymene rings, the reduction of the electron density around the C=N bond will be more

pronounce resulting in a lower wavenumber compared to its analogue compound C3.

432 H NMR and C NMR spectroscopy analysis of pyridyl/quinolyl-imine ruthenium
(11) complexes and bimetallic pyridyl-imine palladium(Il) complexes

The following *H NMR spectra (figure 4.16, 4.17 and 4.18) are typical examples of the
spectra obtained for pyridyl/quinolyl-imine ruthenium(Il) complexes and bimetallic pyridyl-
imine palladium(l1) complexes. The other *H NMR spectra for the complexes are given in
Appendix 25-27. The chemical shift values of the protons are summarized in table 4.8. The
'H NMR spectroscopy assignment for ligands (C1-C10) was carried out by means of
chemical shift of the relevant protons, and was assisted by comparison with the *H NMR
spectra obtained for the free pyridyl/quinolyl-imine ligands. The *H NMR spectra of neutral
mononuclear  pyridyl/quinolyl-imine  ruthenium(ll) complexes (C1-C5), cationic
homobimetallic ruthenium(1l) complexes (C6) and bimetallic palladium(ll) complexes (C7-
C10) were recorded at 25°C in CDCl;-d, CD30D and DMSO-d6 solutions respectively. The

proton numbering is shown scheme 4.3.
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Figure 4.18: 'H NMR for dichloro-[N1,N5-bis(pyridin-2-ylmethylene)pentane-1,5-

diamine]palladium(I1),C11.

Table 4.8:'H NMR spectral data of N-donor ruthenium(1) (C1-C6)® and palladium(Il)
(C7-C10)° Schiff base complexes, recorded at 25°C

Compounds HC=N (6ppm) Methylene protons (6 ppm)
C1 9.26 4.82 (s, 4H)
C2 9.16 4.57 (t, 4H); 3.77 (m, 2H)
C3 8.96 4.73 (m, 4H); 2.47 (m, 4H)
C4 9.51 4.90 (s, 4H)
C5 9.50 3.97 (t, 12-H); 2.31 (q, 13-H)
C6 8.94 2.29 (m, 4H); 2.13 (m, 4H)
Cc7 8.76 4.21 (s, 4H)
C8 8.62 3.82 (t, 4H); 2.16 (m, 2H)
C9 8.63 3.71 (m, 4H); 1.79 (m, 4H)
C10 8.79 3.90 (t, 4H); 1.98 (m, 4H); 1.51 (m, 2H)

a:Complexes (C1-C6) recorded in CDCls-d; b: Complexes (C7-C10) recorded in DMSO-d6.
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Further characterisation by 'H NMR was done to investigate whether the coordination
occurred and the successful synthesis of the proposed complexes. The *H NMR spectra of the
pyridyl-imine ruthenium(ll) complexes displayed the azomethine proton at a lower field in
the range 8.96-9.26 ppm compared to the free ligand which was previously observed in the
range 8.39-8.43 ppm. The results suggest the deshielding (paramagnetic shift) of the
azomethine proton due to the coordination of ruthenium towards the azomethine nitrogen.
Busa et al. and Pal et al. reported similar downfield shifts of the azomethine proton for the
pyridyl/quinolyl-imine ruthenium(ll) complexes in the range 8.4 ppm to 8.9-9.2 ppm upon
coordination with the ruthenium metal [9, 13]. The downfield shift observed in the *H NMR
spectra therefore confirms the coordination of the ruthenium metal via the azomethine
nitrogen of the imine ligands [27]. Bjernemose et al., also reported the coordination of the
ruthenium metal through the azomethine nitrogen for their Ru(ll) complexes containing

polypicolylamine ligands [27].

The HC=N moeity for quinolyl-imine Ru(ll) complexes underwent a very big shift downfield
in the range 9.50-9.51 ppm compared to their free ligand which was previously observed in
the range 8.61-8.62 ppm. El-Sonbati et al. prepared several new Schiff base complexes based
on the quinoline starting material, 7-formyl-8-hydroxyquinoline (oxine) with 2-aminophenol
or 2-aminopyridine [28]. EI-Sonbati and group also reported a downfield shift from 8.9 ppm
to 9.4 ppm in their quinoline Schiff base complexes and the coordination of the metal through
both the the oxygen atom of the deprotonated phenolic group and the azomethine nitrogen
resulting in the azomethine proton being deshielded [28]. In the *H NMR spectra of all the
synthesized complexes, a decrease in the peak intensity of the azomethine protons was also

observed; this effect is attributed to the coordination of the metal center.
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The methylene group protons and aromatic protons for the pyridyl and quinolyl-imine
ruthenium(I1) complexes also experiences a downfield shift compared to the free ligands, due
to the deshielding effect of the ruthenium metal coordinated to the ligand. The CH, group
protons for complexes C1 and C4 experienced a downfield shift to 4.82 ppm and 4.90 ppm
respectively and appear as singlets. A similar observation was made by Pal et al., and
suggests the two methylene groups of C1 and C4 are magnetically equivalent on an NMR
time-scale [9, 13]. The methylene group protons for complexes C2, C3, C4 and C5

experienced a downfield in the range 3.77-4.90 ppm.

The cationic ruthenium(Il) homobimetallic complex, C6 was only partially soluble in CDCl;-
d and CD30OD was used to further dissolve the sample hence two solvent peaks are seen in the
'H NMR spectrum. The azomethine proton (H-7) peak for the cationic homobimetallic
ruthenium(Il) complex was seen more downfield at 8.64 ppm compared to the free ligand
previously observed at 8.39 ppm. Govender et al. also reported a downfield shift of their
N,N-ruthenium(Il) arene functionalised poly(propylene-imine) dendrimer scaffolds in the
range 8-9 ppm [29]. The aromatic protons for the pyridyl-imine complex were also observed
downfield in the region 7.75-9.47 ppm (Appendix 1) while the aromatic protons for p-
cymene (CYE) were observed in the range 5.79-6.17 ppm. The presence of both the
CH(CHas)2cye group and the CH(CHs)ocye group appear at 1.06 ppm and 2.63 ppm
respectively, these functional groups were earlier noted in the '"H NMR spectra of the
precursor [RuCl,(p-cymene)], (figure 4.12) at 1.3 ppm and 2.18 ppm respectively. Hence it
is evident from this results no loss of the p-cymene moiety occurred. Rath et al. and
Lalrempuia et al. reported similar values for their p-cymene ruthenium(ll) Schiff base
complexes [30, 31]. Therefore we can conclude the successful synthesis of the cationic

homobimetallic ruthenium(1l) complex, C6.
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The solubility of some palladium(Il) complexes was weak and only partially soluble in
DMSO. The azomethine proton for pyridyl-imine bimetallic palladium(ll) complexes
appeared more downfield in the range 8.62-8.79 ppm compared to the free ligands, observed
in the range 8.35-8.43 ppm. This is due to the coordination of the palladium to the
azomethine nitrogen, resulting in the deshielding of the azomethine proton [32]. However the
'H NMR spectra of the palladium(ll) complexes only showed a slight downfield shift,
indicating that the palladium centre is weakly coordinated to the ligands. Similar results were
obtained by Ojwach et al. and Cloete et al. [33, 34]. Cloete et al. reported the synthesis of
mononuclear pyridyl-imine palladium(ll) complexes, the *H NMR spectra of the palladium
(11) complexes revealed a downfield shift from 8.25 ppm in the free ligand to 8.62 ppm for
the coordinated compounds. Cloete and group reported the downfield shift was due to the
coordination of the azomethine nitrogen through the metal atom. Ojwach et al. reported the
synthesis and characterization of substituted (pyridinyl)benzoazole palladium(ll) complexes,
the 'H NMR spectra of the complexes revealed a significant downfield shifts of the aromatic
and pyridyl protons suggesting the coordination of the palladium atom through the nitrogen

of the pyridine and benzoazole rings [34].

From table 4.8 a significant difference in the azomethine proton for the pyridyl-imine
complex C1 compared to the quinolyl-imine complex C4 was observed at 8.26 ppm and 8.51
ppm respectively. The two compounds differ in the starting ligand employed; for complex C1
the pyridyl-imine ligand was used whereas for complex C4 the quinoline-imine ligand L4
was used. The differences in the azomethine proton thus arise from an increase in the
conjugation of the quinoline ring in ligand L4 resulting in the shift to a lower field and

resulting in the azomethine proton for complex C4 being deshielded.
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The *H NMR spectra of pyridyl-imine complex C2 and quinolyl-imine complex C5 also gave
a difference in the chemical shift of the C=N moiety at 9.16 ppm and 9.50 ppm respectively.
Again, the differences in the chemical shift arises from the extra conjugation and delocalised
p electrons in the starting quinoline-imine ligand L5 compared to ligand L2, causing the
protons to absorb at a lower field and being deshielded compared to L2. The azomethine
protons for the complexes C3 and C6 appeared at similar chemical shifts of 8.96 ppm and
8.94 ppm respectively, this could be due to the starting ligands being the same. The slight
differences in the chemical shift could be reperesentative of the different gemoetries the two

complexes posses; C3 is a monuclear ruthenium complex and C6 is a bimetallic complex.

From the table the chemical shifts of the pyridyl-imine bimetallic palladium(ll) complexes
appeared at a high field compared to the pyridyl-imine ruthenium(ll) complexes. The
azomethine proton for complexes C7 and C10 appear at 8.76 and 8.79 ppm respectively,
whereas the *H NMR spectra of complexes C8 and C9 reveal the azomethine protons at 8.62
and 8.63 ppm respectively. The different chemical shifts obtained suggest that complexes C7
and C10 could have a similar conformation and complexes C8 and C9 have a similar

conformation.
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The relevant carbon assignments for the pyridyl and quinolyl-imine ruthenium(ll) complexes

are tabulated below (table 4.9).

Table 4.9: *C NMR spectral data of pyridyl and quinolyl-imine ruthenium(l1), recorded in
CDCl3 at 25°C

Complexes
CHimine (6 ppm) Methylene carbons (6 ppm)
C1 163.5 (CHimine, C-7) 63.3 (CHy, C-8)
C2
59.0 (CHy, C-8)
30.0 (CHy, C-9)
68.5 (CH,, C-8)
C4 165.2 (CHimine, C-11) 62.5 (CHy)
47.2 (CHy, C-12)
C5 164.6 (CHimine,C-11)
28.0 (CH,, C-13)
C6 166.5 (CHimine, C-7) 23.2, 23.6, 25,9 (CH3, Ccye)

Further characterization of the synthesized pyridyl/quinolyl-imine ruthenium(ll) complexes
was carried out using the *C NMR spectroscopy. The azomethine carbon and methylene
carbons signals were observed in the range 162.4-163.9 ppm and 30.0-63.3 ppm respectively
for mononuclear pyridyl-imine Ru(ll) complexes (C1-C3). The azomethine and methylene
carbons were observed in the range 164.6-165.2 ppm and 28.0-62.5 ppm for quinolyl-imine
complexes (C4-C5). The values are consistent with those reported in literature for the pyridyl
and quinolyl-imine complexes. Moletsana et al. reported a downfield shift in the azomethine
carbon for their pyridine/quinoline-imine palladium(ll) dendrimers from 154.1 ppm and

162.5 ppm for the free ligands to 155.0 ppm and 169.3 ppm for the dendrimers.
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In the case of our pyridine/quinoline-imine ruthenium(Il) complexes a downfield shift was
observed in the HC=N peak from 161.8-163.9 ppm for the free ligands to 162.4-165.2 ppm
for the complexes. The methylene group protons for ligands C1 was observed at 63.3 ppm
(C-8). Methylene carbons for ligands C2 appeared at 59.0 ppm and 31.9 ppm the former is
assigned to the carbon of the terminal methylene groups (C-8) and the latter is assigned to the
middle methylene group carbons (C-9) of the trimethylene fragment. The tetramethylene
fragment for ligand C3 appeared at 68.5 ppm and 30.0 ppm respectively, the former signal at
the lower field is assigned to the methylene group carbons (C-8) attached to the azomethine
nitrogen and the latter at a higher field is assigned to the terminal (C-9) methylene group
carbons. The methylene carbons for the quinolyl-imine complex C4 appeared at 62.5 ppm (C-
8), similar peaks appeared at 47.2 ppm (C-12) and 28.0 ppm (C-13) for C5. Similar
observations were made by Busa et al., their methylene group protons were observed in the
68.88 ppm region for their pyridyl/quinolyl-imine complexes [9]. The observation of the
azomethine carbon confirms the successful synthesis of the pyridyl/quinolyl-imine
complexes. The *C NMR spectra of all the binuclear palladium(Il) complexes gave relatively

poor poor quality spectra because of the poor solubility of the compounds.

From table 4.9, the chemical shift of the azomethine carbon for the ruthenium(ll)
pyridyl/quinolyl-imine complexes C1 and C4 was observed at 163.5 ppm and 165.2 ppm
respectively. The two compounds differ in the starting diimine ligand; for C1 the ligand L1
was used whereas in C4 the ligand L4 was used. The differences in the azomethine carbon
thus arise from an increase of the conjugation from the quinoline ring in ligand L4 resulting
in the shift to the low field. The * C NMR spectra of complexes C2 and C5 gave a chemical

shift at 162.4 ppm and 164.6 ppm respectively.
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The differences in the HC=N chemical shift also arise from an increase of the extra
conjugation in the starting quinoline ring for ligand C5 compared to ligand C2, resulting in
the observation of the chemical shift at a higher ppm. Although in general an increase in the
conjugation of the aromatic group has a very small effect on the chemical shift, a trend was
observed in the *C NMR spectra of the synthesized ruthenium(ll) pyridyl/quinolyl-imine
complexes. The spectra of the neutral mononuclear pyridyl-imine Ru(ll) complexes C3 and
cationic homobimetallic ruthenium(ll) complex C6 gave a strong chemical shifts at 163.9
ppm and 166.5 ppm respectively. The differences in the azomethine carbons chemical shift,
could be due to the azomethine carbon of complex C6 experiencing the electron withdrawing
effect of the substituent p-cymene ring on the ruthenium atom; resulting in a increase in the
paramagnetic deshielding effect and hence a larger chemical shift is observed in the spectra

of C6 compared to C3.

4.3.3 Electronic absorption analysis of pyridyl/quinolyl-imine ruthenium(Il) complexes and
bimetallic pyridyl-imine palladium(Il) complexes

The following UV/Vis spectra (figure 4.19, 4.20, 4.21) are a typical example of the spectra
obtained for mono- and cationic homobimetallic pyridyl/quinolyl-imine ruthenium(ll)
complexes and bimetallic pyridyl-imine palladium(ll) complexes respectively. The other
UV/Vis spectra for the complexes are given in Appendix 28-32. The UV-Visible spectra of
the mono- and cationic homobimetallic ruthenium(ll) complexes were recorded in
dicholoromethane at room temperature and the bimetallic palladium(ll) complexes were
recorded in DMSO, by using a Spectrophotometer and were scanned from 200-1200 nm. The
DCM solutions for the pyridyl-imine ruthenium(ll) complexes appeared purplish/blue in
color while the quinolyl-imine ruthenium(ll) complexes were observed as green solutions.

The cationic homobimetallic ruthenium(11) complex, C6 appeared as a yellow solution.
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The DMSO solutions were orange/yellowish for the bimetallic pyridyl-imine palladium(ll)

complexes. The electronic absorption spectral data collected using these solutions are

reported in Table 4.10.
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Figure 4.19: UV/vis of N1,N3-bis(pyridin-2-ylmethylene)propane-1,3-diamine-RuCl,,C2
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Figure 4.20: UV/vis of cationic homobimetallic ruthenium(l1) complex,C6
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Figure 4.21: UV/vis of dichloro-[N1,N2-bis((pyridin-2-yl)methylene)ethane-1,2-

diamine]palladium(Il),C7

Table 4.10: Electronic absorption data of pyridyl/quinolyl-imine ruthenium(Il)
complexes(C1-C6)? and bimetallic palladium(l1) complexes (C7-C10)°

Complex Amax (NM)
Cl 233, 267, 351, 592
C2 237, 280, 401, 613, 650
C3 230, 274,364,561, 602, 656
C4 249, 330, 651
C5 245, 325, 645
C6é 230, 272, 361, 414
C7 266,307,368, 699, 818
C8 283, 317
C9 283, 317
C10 283, 320

a:Complexes (C1-C6) recorded in DCM; b: Complexes (C7-C10) recorded in DMSO.

The ultraviolet-visible spectroscopy was used to investigate the electronic transitions for the

neutral mononuclear/cationic homobimetallic ruthenium(ll) complexes and bimetallic

palladium(Il) complexes. The electronic spectrum of the neutral mononuclear pyridyl-imine

ruthenium(ll) complexes (C1-C3) displays several bands in the range 230-656 nm. The

UV/Vis spectra are similar to those reported by Pal et al. who observed several bands in the

range 274-656 nm for their ruthenium(I1) pyridyl-imine complexes [9].

109
University of the Western Cape



The first strong peak observed in the range 230-237 nm were assigned to the n—n* charge
transitions of the pyridine ring. Similar peaks were reported to appear at Amax<340 nm and
attributed to the =—7* charge transitions [35-36]. Chen et al. reported the presence of the the
n—7* charge transitions at 330 nm for their free bipyridine and phosphine ligands present in
the dinuclear copper (1) complexes [35]. The band in the range 267-280 nm were assigned to
the n—* transition of the non bonding electrons present on the nitrogen of the C=N moiety,
this band was also observed in the UV/Vis of the free ligands. Similar observations were
made by Mketo et al. which observed this band in the 278-311 nm region for their
mononuclear pyridyl -imine copper (1) dendrimers [16]. The third new and weak bands in the
range 351-401 nm reflected a report by Pal et al. and were possibly due to intra-ligand
transitions [9]. The same observations were made by Choudry et al. for their diimine
bipyridine ruthenium(Il) complexes observed at 470 nm [37]. Several strong new bands were
also observed in the region above 500 nm due to the metal-ligand (Ru(dn)—L(n*)) charge
transfer transitions (MLCT). Complex 1 exhibits a high intense absorption peak at 592 nm.
Complex 2 exhibits a peak at 613 nm followed by a shoulder at 650 nm, whereas for complex
3 three peaks were observed at 561, 605 and 656 nm respectively. The multiple MLCT bands
observed are not uncommon for these types of compounds [37, 38]. Similar bands for the
neutral quinolyl-imine ruthenium(I1) have been reported. In the spectra of the quinolyl-imine
ruthenium(Il) complexes (C4-C5) a strong peak was observed in the range 245-249 nm
attributed to the m—m* charge transition of the quinoline ring. Similar transitions were
reported by Mketo et al. for their mononuclear quinolyl-imine copper (1) dendrimers [16].
The two peaks in the region 325-330 nm and 645-651 nm respectively were assigned to the
n—7* transition of the non bonding electrons present on the nitrogen of the C=N moiety and

the metal-to-ligand charge transfer (MLCT) transitions respectively.
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Again similar trends were observed for the cationic homobimetallic ruthenium(ll) complex,
C6. The UV/Vis displays a Amax peak at 230 nm which is attributed to the =—n* charge
transitions of the aromatic rings. A second peak was observed at 272 nm, which was assigned
to the n—n* transition of non bonding electrons present on the nitrogen of the C=N moiety.
The peak seen at 316 nm is due to intraligand transitions. The absorption band observed at a
lower energy of 414 nm is attributed to the metal-to-ligand charge transfer (MLCT)

transition.

The UV/Vis of the bimetallic palladium(ll) complexes was conducted in DMSO and was
only partially soluble. The bimetallic palladium(ll) complexes showed several absorption
bands in the range 266-818 nm. The first maximum band for the free ligands initially
observed in the range 241-243 nm, underwent a shift to a longer wavelength that was
observed in the 266-283 nm range. This band was seen at 266 nm for complex C7 and
attributed to the m—n* charge transitions of the pyridine. The m—=n* charge transition
appeared at 283 nm for complexes C8, C9 and C10. Again the second band found in the
range 307-320 nm were assigned to the n—n* transition of the non bonding electrons present
on the nitrogen of the C=N moiety, this band was also observed in the UV/Vis of the free
ligands. Several other bands were only observed for complex 7 at 368, 699 and 818 nm. The
band at 368 nm was attributed to the intraligand transitions. The expanded version of the
spectra for complex 7 showed two more bands at longer wavelengths at 699 nm and 818 nm
respectively and was attributed to the MLCT transitions [9]. The UV/Vis spectra of all the

synthesized compounds revealed a red shift.
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From table 4.10 the ruthenium(ll) quinolyl-imine complexes (C4-C5) was observed to absorb
at a longer wavelength in the UV/Vis spectra compared to the ruthenium(ll) pyridyl-imine
complexes (C1-C3), due to an increase in the delocalisation and extra conjugation of the
quinoline ring. Similar observations were made for the free pyridyl/quinolyl-imine ligands
(table 4.5). All the bimetallic pyridyl-imine palladium(Il) complexes (C7-C10) absorbed at a

longer wavelength compared to their respective free ligands.

4.3.4 Analytical and physical studies of pyridyl/quinolyl-imine ruthenuim(ll) and bimetallic
pyridyl-imine palladium(ll) complexes

Neutral mononuclear dichlororuthenium(Il) complexes (C1-C5) was synthesized by reacting
the precursor, [RuCly(dmso)s] and pyridyl/quinolylimine ligands in dry DCM. The
compounds were isolated using an alumina column affording the complexes of general

formula [RuLCl,].

The cationic homobimetallic ruthenium(ll) complex, C6 was synthesized by reacting the
ligand L3 with the dimer dichloro(p-cymene)ruthenium(ll) and TIPFg and left in the freezer
for 12 hrs to precipitate the product which was filtered and washed with ethanol (scheme
4.6). The bimetallic pyridyl-imine palladium(ll) complexes (C7-C10) were synthesized by
reacting the precursor Pd(cod)Cl, with pyridyl-imine ligands in a 2:1 ratio in dry DCM,
affording the complexes of general formula [Pd,LCl;]. The isolation of these compounds

generally depended on the choice of the transition metal employed.
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(i) RuCl,(p-cymene), rt,overnight,EtOH

(i) TIPFg,rt, 3hrs

Scheme 4.6: A synthetic pathway for the synthesis of complex, C6.

Table 4.11: Analytical and Physical Data of pyridyl/quinolyl-imine ruthenium(ll) and

Pyridyl-imine palladium(Il) complexes

Compounds h?olecular Mole_cular Yield% Colour Physical
ormula weight Appearance
C1 C14H14C;2N4RuU 410.26 70 Purple-blue Solid
C2 C15H16CIbN4Ru 424.29 64 Purple-blue Solid
C3 C16H1sCIl2N4RuU 438.32 73 Purple-blue Solid
C4 Ca2H1sCI2N4RuU 510.38 64 Green Solid
C5 Ca3H20CI2N4RU 524 .41 69 Green Solid
C6 Ca2H1sCIFgN4PRU 837 85 Brown Solid
C7 C14H14CIN4Pd; 592.94 70 Yellow Solid
C8 C15H16C14N4Pd; 606.97 68 Yellow Solid
C9 C16H15CI2N4Pd; 620.99 76 Yellow Solid
C10 C17H20N4Cl2Pd, 635.02 72 Yellow Solid
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The colours of the complexes varied with the nature of the transitional metal and ligand used.
During the electronic charge transfer from the the metals d-orbitals to the ligands molecular
orbitals to form the coordination bond, the metals degenerate d-orbitals (same energy level)
becomes non-degenerate and have different energy levels which can be explained by the
crystal field theory based on the d-electron configuration of the complexes. The excited
electronic state of this transition occurs in the visible region of the electromagnetic spectrum,
which produces the characteristic color of the complexes. The neutral mononuclear pyridyl-
imine ruthenium(l1) complexes (C1-C3) were isolated and obtained as purplish-blue solids in

moderately high yields.

The neutral mononuclear quinolyl-imine ruthenium(ll) complexes (C4-C5) were isolated and
obtained as green solids in moderately high yields. The compounds appeared to be air
sensitive and are soluble in less polar solvents such as CHCI; and CH,Cl, and the CH,Cl,
solution is blue. The cationic homobimetallic complex C6 was isolated as a brown solid with
a melting point in the range 182-184 °C, appeared air stable and is soluble in polar organic

solvents.

The bimetallic pyridyl-imine palladium(ll) complexes (C7-C10) were isolated as yellow
solids and continuously washed with DCM. The palladium(Il) complexes showed was only
partially soluble in DMSO and not in common organic solvents. All complexes were stored
under an inert atmosphere. The above results (table 4.11) also indicated that different colors
and physical appearances were observed with different reactions. The elemental analysis

results are in close agreement with the expected results.
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CHAPTER 5

5.0 Catalytic application of pyridyl and quinolyl-imine palladium and ruthenium
(1) complexes

Chapter overview

In this chapter the background on the oxidative cleavage reaction and the Heck coupling
reaction are outlined. Thereafter, the catalytic activity of the neutral mono- and cationic
homobimetallic ruthenium(ll) catalysts towards the oxidative cleavage of styrene is
discussed. The catalytic activity of the neutral bimetallic palladium(Il) catalysts towards the

arylation of methyl acrylate and iodobenzene is also discussed.

5.1 Ruthenium-catalyzed oxidative cleavage reactions

5.1.1 Introduction

Catalysis continues to be of great interest and has expanded tremendously since its discovery;
organometallic chemistry has specifically made a tremendous impact in the field, and has
prompted researchers to develop catalytic metal-based systems by moving away from
stoichiometric systems for various organic transformations. Ruthenium and palladium
organometallic compounds hold a prominent position in catalysis and are employed in a
variety of catalytic reactions. Some of these transformations include the oxidative cleavage
and the arylation of olefins known as the Heck cross coupling reaction. These types of

reactions are beneficial for the production of fine chemicals.

The oxidative cleavage reaction can simply be described as the ‘breaking’ of carbon-carbon

or carbon-hydrogen bonds, and the formation of new carbon-oxygen bonds [1].
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Previously the reaction was done by ozonolysis using O3 as the oxidising agent (scheme 5.1)
or with KMnQ,, but due to safety concerns and the high cost involved the reaction can also
now be performed catalytically; in the presence of the oxidants 104" or H,O, and ruthenium

complexes which form superior oxidation catalysts.

H _ o) 0
(i) Os
—_—
- (ii)H,0, )J\/
OH HO
Scheme 5.1: Oxidative cleavage of alkenes using Os.

The oxidative cleavage can occur in two main ways, which is the transformation of alkenes
into 1,2-diols followed by oxidative cleavage [2] and the direct cleavage of alkenes into a
variety of functionalized products [3a]. The direct cleavage of alkenes can be carried out with
catalytic amounts of transition metals such as ruthenium in the presence of a co-oxiant [3b,
3c]. Depending on the reaction conditions the oxidative cleavage of alkenes can either lead to
the formation of ketones, aldehydes or carboxylic acids. The oxo ruthenium complex, RuQy,
is the most powerful oxidant documented in literature [4]. Due to the toxicity of RuO, the
ruthenium-catalysed cleavage of alkenes are mostly done using the Sharpless procedure [5],
during which RuCl3-xH0 is used in a biphasic CCl4-CH3CN-H,0 solution in the presence of
NalO, as a co-oxidant. The reaction mechanism is described to occur via the formation of the

ruthenate (V1) ester intermediate (scheme 5.3) [6].
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IO(OH)s Ru V! DICARBOXYLIC ACID

1
HIO, £ Ru ALKENE

Scheme 5.2: Catalytic cycle for oxidative cleavage of alkenes to acids by cis-

[RUCI,(bpy)2].2H,0/10(OH)s [6].

Kanmani et al. reported the oxidative cleavage of styrene by a variety of ruthenium(ll)
perchlorate complexes using TBHP or H,0; as the oxidizing agents [7]. The oxidation of
styrene with TBHP resulted in the formation of both benzaldehyde and styrene oxide as the
major and minor product respectively, in the presence of oxygen the yield of benzaldehyde
was found to increase. While the use of H,O; as the oxidizing agent, resulted in the formation

of benzaldehyde selectively as the product though it was less than 10% in yield.

Several ruthenium complexes of nitrogen-containing ligands have drawn much attention as
oxidation catalysts and has been reported as follows; Murali et al. investigated the catalytic
oxidation activity of Tris[(benzimidazol-2-yl)-methyl]lamine ruthenium(Ill) complexes; it
was reported that allylic oxidation of cyclohexene was a more favourable reaction, while the
ruthenium catalyst effected the epoxidation reaction for the substrates cyclooctene and
styrene [8]. The epoxidation of styrene resulted in a higher TON in the presence of the

oxidising agent TBHP than m-CPBA.
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0 @)
OH
[Ru(ntb)/mntb)CIz] OH +
m- CPBA/TBHP

Scheme 5.3: Epoxidation of styrene [8].

Liu et al. reported the efficient oxidative cleavage of various alkenes to their respective a-
diketone counterparts using pyridazine-based N-Heterocyclic carbene dinuclear ruthenium
catalysts [9]. The oxidative cleavage of the alkene, (E)-1,2-diphenylethene, was carried out
using TBHP as the oxidising agent and CH3CN as the solvent at room temperature. This
resulted in formation of benzil with a 92% yield. Daw et al. reported the selective oxidative
cleavage of olefins to aldehydes by employing a catalytically active abnormal-NHC—Ru(II)
complex, [Ru(COD)(L1)Br,] [10]. The reaction was carried out in a biphasic solvent mixture,
EtOAc/CH3CN/H,0, using NalO4 as the co-oxidant at room temperature for 30 min. The
oxidative cleavage of styrene and electron-rich substituted styrene led to the quantitative
formation of benzaldehyde, while electron-deficient substituted styrene resulted in lower
yields of 92-94%. The mechanism was reported to occur via the formation of the high valent

Ru—oxo specie [10].

The following section discusses the results obtained for the selective oxidative cleavage of

styrene, using our nitrogen-based Ru (I1) complexes.
5.1.2 Oxidative cleavage of styrene

Based on previous work done by Busa et al. on the oxidative cleavage of straight alkenes,

particularly 1-octene we extend the scope of the study to the aromatic compound styrene.
The reaction was carried out in a biphasic sharpless system in the presence of the tetradentate

N-donor ruthenium(I1) catalysts and the co-oxidant NalO, (figure 5.1).
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Figure 5.1: Representation of neutral mononuclear and cationic homobimetallic (N,N) Ru(ll)
catalysts.

The neural mononuclear ruthenium(ll) catalysts C2 and C4, and cationic homobimetallic
ruthenium(Il) catalyst, C6 was evaluated for the oxidative cleavage of styrene and was
carried out in a sharpless biphasic solvent system involving tetrachloromethane, acetonitrile
and water (1:1:2 v/v) at room temperature for 2 hours and NalO,4 as a co-oxidant (scheme
5.6). The reaction progress and product formation were monitored by thin layer
chromatography (TLC). The product was identified using analytical techniques such as FT-IR

and *H NMR.
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X Ru-cat, NalOy4 OH

p

CCl4-CH3CN-H,0 (1:1:2 viv)

Ru=C2, C4, C6

Scheme 5.4: Schematic representation for oxidative cleavage of styrene

Under the reaction conditions and using the ruthenium(ll) mononuclear complexes C2 and
C4, a colour change from purple to yellow was observed after an induction period of 10 min.
While employing the homobimetallic complex C6, the reaction mixture resulted in a colour
change from colourless to pale yellow also after an induction period of 10 min. The colour
change observed was also reported by Busa et al. and is due to the formation of the active
ruthenium species, RuQy, involved in the reaction [11]. The oxidative product yields from
moderate to good with the major products being benzoic acid for all the catalysts evaluated.
The solvent, CH3CN, in the sharpless system facilitates in the selective formation of
carboxylic acids being favoured. All oxidation crude products were extracted with diethyl
ether (3x10 ml) and the organic layer was evaporated. The *H NMR and FT-IR spectroscopy
of the crude product confirmed the cleavage of styrene to benzoic acid. The final product was

obtained as white needle-like crystals. A summary of the results is given below in table 5.1.
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Table 5.1: Oxidative cleavage of styrene by ruthenium catalysts (C2, C4, and C6)

Entry Catalyst Temp (° C) Time (h) Yield %
[TO]

1 C2 RT 2 69 [139]

2 C4 RT 2 73 [146]

3 C6 RT 2 77 [155]

Reaction conditions: Reaction conditions: alkene (0.556 mmol), catalyst (0.00278 mmol, C-6), and periodic acid (2.78 mmol) were added
to a mixture of CCl,-CH3;CN-H,0 (1:1:2 v/v), stirring at room temperature for 2 h. TO = turnover = moles of the product/moles of the

catalyst.

The overall catalytic activity of the catalyst was moderate to good with the major product

being benzoic acid, for all the catalysts evaluated. After 2 hours the catalysts C2 and C4 gave

conversions of 69 % and 73% respectively. Under identical reaction conditions as the

previously mentioned catalysts, C6 gave the highest conversion of 77 % (entry 3). However

catalyst C2, exhibited the lowest overal catalytic activity (entry 1). The higher conversions of

catalysts C4 and C6 were attributed to the bulkiness of the structures in comparison to

catalyst C2.

5.1.2.1 FT-IR analysis of the oxidative cleavage product

The following FT-IR spectra (figure 5.1) is a typical example obtained for the oxidative

products and was recorded using KBR.
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Figure 5.2: FT-IR spectrum of the crude product of oxidation of styrene, after 2 hrs catalyzed
by complex, C6

The products formed by the oxidative cleavage of styrene were characterised with the Fourier
transform infrared spectroscopy to obtain detailed information of the functional groups and
their chemical environment. The FT-IR spectra of benzoic acid displays a band at 1648 cm™
which is attributed to the C=0 functional group, the C=0 frequency is observed to appear at a
lower frequency due to resonance with the phenyl ring. The C-O band at 1105 cm™ confirms
the presence of the carboxylic group. The OH (H-bonded) functional group is observed at
3380 cm™. Characteristic C-Hoop patterns were observed at 770 cm™ and 627 cm™
respectively. The absence of the shoulder bands in the region 2830-2695 cm™ supports that

the final product is a carboxylic acid rather than an aldehyde.

5.1.2.2 'H NMR analysis of the oxidative cleavage product

The crude products were further characterized by *H NMR and were recorded in CDCl;-d

solutions at 25°C. The *H NMR spectra showed the formation of the carboxylic acid.
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Figure 5.3: *H NMR spectrum of the crude product of oxidation of styrene, after 2 hrs
catalyzed by complex, C6

The products formed by the oxidative cleavage of styrene were characterised with the 'H
NMR spectroscopy to obtain detailed information of the functional groups and their chemical
environment. The protons a and a’ experiences the biggest shift at 8.09 ppm, since they are
more deshielded by the carboxylic group compared to protons b and b’. The presence of the
hydroxyl hydrogen could not be observed in the spectra which usually appears in the range
10-13 ppm, this could be due to the exchange of the proton with water since traces of water

was found in the *H NMR spectra.

5.2 Palladium-catalyzed Heck coupling reactions
5.2.1 Introduction

Heck coupling reactions is in contrast to oxidative cleavage. Whereas the latter destroys C-C

bonds, the former makes C-C bonds.
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The Heck coupling reactions involves the reaction of aryl halides and various substituted
olefins in the presence of a base to form organic olefinic compounds and was first reported by
Heck and Mizoroki in the early 1970°s independently [12,13]. The reaction is typically
carried out in the presence of palladium precursors such as Pd(OAc),, Pd,(dba)s, Pd(PPhs), or
PdCl,, a phosphine ligand such as PPhsz or PR3 and the base EtsN as a reducing agent. During
the reaction mechanism the catalytically active species Pd(0) is formed in-situ from the pre-
catalysts [12]. The choice of ligand plays a pivotal role in the synthesis of an efficient
catalytic active catalyst for palladium-catalyzed cross coupling reactions and effects the
oxidative addition and the elimination step of the catalytic cycle [14]. During the early years
the readily available PPh; was considered the ligand of choice, later Heck found that the tri-o-
tolylphosphine ligand had a better activity compared to [Pd(PPhs), [15]. The use of the
bidentate ligands is also documented in literature to accelerate the reductive-elimination step
in the catalytic cycle, resulting in an increase in the overall rate of the reaction and less
competition from the B-hydride-elimination side-product formation [16]. The rate of the
reaction is also effected by the aryl halide, in the order of 1 > Br ~ OTf >> C from fastest to
slowest rate; the degree of substitution of the olefinic compound. The Heck coupling reaction
has found useful application in the pharmaceutical industry and the synthesis of natural

products [17].

X + /\ L + Base.HX
R Base \

Scheme 5.5: Heck cross coupling reaction.
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The mechanism of the the Pd-catalyzed C-C coupling reaction proceeds as follows; the
oxidative addition of an organohalide (R-X) to the catalytically active Pd(0) complex occurs,

forming a trans palladium complex.

The next step follows the insertion of an olefin, into the newly formed palladium(ll) carbon
bond. This is followed by B-hydride elimination, resulting in the formation of the alkene
product and a palladium hydrido halide [18a]. The base then facilitates in the regeneration of
the active Pd(0) complex [18b, 18c]. Majority of palladium-catalysed Heck reactions are

reported to follow a similar catalytic cycle.

Pd(II)
Base.HX R-X
Pd(O) OXIDATIVE
REGENERATION ADDITION
Base
H—Pd——X R——pPdM—X

R
Z/\/ 4—\ /\
B -HYDRIDE X

ELIMINATION

\_< ‘\/ R_pdu»_

MIGRATORY /
INSERTION

Scheme 5.6: Mechanism for Heck coupling reaction.

Metallodendrimers have also been tested as catalysts for Heck coupling reactions. Krishna et
al. reported the catalytic activity of poly(ether-imine) Pd(I1) phosphine dendrimers [19]. The

complexes were air sensitive in the solution phase over an extended period.
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The catalytic activities of the catalysts were also reported to increase with an increase in the
generation number [19]. Smith et al. reported the efficient catalytic activity of the (propylene
imine)-iminopyridyl-palladium dendrimers used for the coupling reaction of iodobenzene
with methyl acrylate [20]. Moletsane et al. reported the arylation of styrene with iodobenzene
using iminopyridyl-palladium dendrimer (figure 5.4), which resulted in the arylation of

styrene with a 75% yield in only 7 hours [21].

Figure 5.4: Dendrimeric iminopyridyl-palladium complex, C3 [21].

The N-donor palladium complexes have also been tested as catalysts for Heck coupling
reactions. Nelana et al. reported the catalytic activity of some unconjugated di-imine
palladium catalysts for the arylation of methyl acrylate or butyl acrylate with iodobenzene
[22]. The palladium(Il) complexes were reported to exhibit a higher catalytic activity than
their analogous palladium(ll) dichloride salt. Radebe et al., reported the catalytic activity of
some novel thiophene linked imino-pyridyl Pd (II) catalysts for the arylation of methyl
acrylate, in the coupling of iodobenzene, 4-iodotoluene, and 1-iodo-4-nitrobenzene [23]. The
major Heck coupling products were reported as a-aryl products, trans-methyl cinnamate, at

50-60 yields in 2 hours.
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Figure 5.5: Unconjugated di-imine Pd(Il) complexes [22].

R=Me,n=1Y=Cl=2=CI(Cl)
R=Me,n=2Y=Cl=Z=CI(C2)
R=Br,n=1,Y=Cl=Z=Cl (C3)

Figure 5.6: Thiophene linked iminopyridyl Pd(I1) complexes [23].

Over the past decades a lot of progress has been made, although there are still a few
drawbacks encountered with the previously mentioned system one of which includes

selectivity and yield issues.

Following literature reports on the successful application and active palladium complexes
similar to the palladium N,N catalyst systems prepared during this research, we evaluated the
activity and scope of some of the prepared bimetallic palladium(1l) complexes. The following
section discusses the results of the palladium catalyst which is based on N-donor pyridyl-
imine ligands that has not yet been tested for these type of transformations as far as our

knowledge. These N-donor ligands are air/moisture stable and inexpensive.
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5.2.2 Arylation of methyl acrylate with lodobenzene

The bimetallic pyridyl-imine palladium(ll) catalysts, C9, C10 (figure 5.7) were evaluated for
the arylation of methyl acrylate with iodobenzene. The reaction was carried out using
iodobenzene with methyl acrylate in dry DMF at 110 C under reflux conditions for 24 hours
(scheme 5.7). Small amount of the sample was withdrawn at regular intervals during the
reacton time and diluted in DMF for GC analysis. A GC-chromatogram of the arylation of
iodobenzene, catalysed by complex C10 is given in Appendix 1. The Heck coupling product
yield was obtained based on the amount of the internal standard, mesitylene. The converted
substrate was calculated as a percentage of the initial substrate used and plotted against time
(figure 5.8). After the reaction time all the Heck coupling crude products were dissolved in
DCM and washed with water and dried over anhydrous magnesium sulphate. The reaction
was monitored by TLC and the coupling product was also characterized using the analytical

techniques *H NMR and FT-IR.

cl od

C10

Figure 5.7: Bimetallic pyridyl-imine Pd(Il) catalysts
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Scheme 5.7: Palladium(ll) catalyzed arylation of methyl acrylate with iodobenzene
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Figure 5.8: Conversion as a function of time for the arylation of methyl acrylate with
iodobenzene at 110 °C.

Under the reaction conditions using the bimetallic pyridyl-imine palladium(ll) catalysts C9
and C10 a colour change from orange to red was observed after an induction period of 5-10
min. While an induction period of 15 min was observed for catalyst C8. The colour change
observed was also reported by Radebe et al., and is due to the formation of the active Pd (0)
species when the catalysts are reduced from Pd (I1) by triethylamine [23]. The Heck coupling
product was obtained as moderate to good yields with the major products trans-methyl

cinnamate, for all the catalysts evaluated.
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The products were evaluated by GC and the *H NMR and FT-IR analyses of the crude
product also aided in the confirmation of the arylation of methylacrylate to trans-
methylcinnamate. The final crude product was obtained as deep maroon oil. A summary of

the results is given below in table 5.2.

Table 5.2: Conversions of iodobenzene during arylation with methyl acrylate

Entry Catalyst Temp (° C) Time (h) Conversion %
C8 110 24 41
C9 110 24 45
C10 110 24 48

Reaction conditions: iodobenzene (10 mmol); Methyl acrylate (10 mmol); EtsN (10 mmol); Catalyst (0.1mmol); Solvent: DMF (10 ml);
Determined by GC with mesitylene as internal standard.

The catalysts were found to have moderate catalytic activity of 45 % in average. All the
bimetallic pyridyl-imine palladium(ll) complexes successfully catalyzed the coupling of
iodobenzene with methyl acrylate. From the graph the catalytic acitivity of the catalysts
followed a similar trend. The catalysts exhibited very low conversion during the initial stages
of the reaction, with 15 %, 24 % and 26 % conversions in an hour for catalyst C8, C9 and
C10 respectively (table 5.2). After 24 hours the catalysts yield a conversion of almost 50%.
From the table catalyst C10 was found to be most active exhibiting the highest conversion of
48 % compared to C8 and C9 which resulted in 41 % and 45 % conversions respectively. A
trend was observed with the catalytic activity increasing from C8<C9<C10 this could be due
to an increase in the length of the alkyl chain linker from C8<C9<C10. Motswainyana et al.
reported imino-pyridyl nickel (11) catalysts only differing in their alkyl chain (methyl and
ethyl). The catalyst with ethyl linker resulted in an 85 % conversion compared to the

analogue catalyst with a methyl linker yielding an 80 % coversion [24].
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The longer the alkyl chain the more labile the catalyst precorsors. However, there was little
cooperative effect observed from the homometals suggesting that the metals need to be

different.

5.2.2.1 FT-IR analysis of the Heck coupling products

The following FT-IR spectrum (figure 5.9) is a typical spectrum obtained of the crude
product for the arylation of methyl acrylate and was recorded using nujol mulls on NaCl

plates.

[—— Methyl trans-cinnamate |
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Figure 5.9: FT-IR spectrum of the crude product of arylation of methyl acrylate, after 24 hrs
catalyzed by complex C8

The Heck coupling products were characterised with the Fourier transform infrared
spectroscopy to obtain detailed information of the arylation products functional group and

their chemical environment.
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The carbonyl stretch C=0 of a, B-unsaturated esters normally appears from 1730-1715 cm™,

but due to the conjugation the ester functional group is observed at a lower frequency of 1672

cm™. The presence of the C-O-C functional group is observed at 1075 cm™ and 1165 cm™.

5.2.2.2 'H NMR analysis of the Heck coupling products

The crude products were further characterized by *H NMR and were recorded in DMSO-d6

solutions at 25°C. The *H NMR spectra showed the formation of trans methyl cinnamate as

the regioselective major product.
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Figure 5.10: *H NMR spectrum of the crude product of arylation of methyl acrylate, after

24 hrs catalyzed by complex C8.
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The arylation products were characterised with the *H NMR spectroscopy to obtain detailed
information of the functional group and their chemical environment. The *H NMR spectra
revealed the presence of the vinylic protons, a, around 6.47 ppm with typical singlet chemical
shifts. The presence of the vinyl protons strongly indicated the formation of the a-aryl
product. The CH3 protons were seen at 3.54 ppm and observed as an intense singlet peak. The

aromatic proton was also observed in 7-7.5 ppm.

5.3 Conclusion

In conclusion we have successfully synthesized three mononuclear/bimetallic
pyridyl/quinolyl-imine ruthenium(ll) complexes and used them as catalyst precursors for the
oxidative cleavage of styrene. Three new bimetallic pyridyl-imine complexes were also used
as catalyst precursors for the Heck coupling reaction of iodobenzene with methyl acrylate.
The preliminary tests of the catalyst precursors for both oxidative cleavage and Heck
coupling reactions proved the catalyst can be employed for the above mention catalytic
reactions. In the oxidative cleavage, benzoic acid was formed from styrene and was
confirmed analytically. The catalytic activity of the pyridyl/quinolyl-imine catalysts during
the oxidative cleavage showed moderate to good overall activity. On the other hand, the Heck
coupling product trans-methyl cinnamate was formed from the coupling reaction of
methylacrylate with iodobenzene. The bimetallic pyridyl-imine catalysts showed low overall
activity during the Heck coupling reaction of iodobenzene, however the catalysts represents

some of the few palladium non-phosphine based catalyst.
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CHAPTER 6

6.0  Conclusion and Recommendations

Chapter Overview

This chapter outlines the main objectives achieved and discusses the catalytic activity of the
pyridyl and quinolyl-imine neutral monunclear and cationic homobimetallic Ru(ll) and
bimetallic Pd(I1) complexes towards oxidative cleavage of styrene and the Heck coupling
reactions of methyl acrylate with iodobenzene respectively. Lastly recommendations are

given to improve the catalytic activity of these complexes for future work.

6.1  General conclusion

In conclusion, a family of pyridyl and quinolyl-imine tetradentate Schiff base ligands (L1-
L6) were successfully synthesized by a Schiff base condensation reaction and fully
characterized by various spectroscopic techniques such as FT-IR, *H NMR spectroscopy, *C
NMR spectroscopy, mass spectroscopy, ultraviolet-visible spectroscopy, TGA and elemental
analysis. The ligands (L1, L3 and L4) were obtained as brown and orange solids in good to
moderate yields 97%, 88 % and 62% respectively. Ligands L2, L5 and L6 were obtained as
low viscosity brown and orange oils respectively as good yields 90%, 80% and 74%. The
successful synthesis of the ligands were confirm by the presence of the C=N moiety around
1620 cm™ in the FT-IR spectra. The successful imine formation was further confirmed by the
presence of the azomethine proton observed at around 8.35 ppm in the *H NMR spectra of
the ligands. The *C NMR spectra showed the presence of the imine carbons around 160.0
ppm. Analysis of the ligands by UV/Vis showed the presence of both the intramolecular
ligand transitions of the respective aromatic rings (m=—=*) and non-bonding (n—=*) charge

transitions around 234 nm and 268 nm respectively.
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The elemental analyses and mass spectra of the synthesized compounds were in good
agreement with the calculated C,H,N values and molecular weight m/z values respectively.
The structures of the prepared imines were also confirmed using GC/MS analysis. The TGA
thermomograms illustrated the initial decomposition of L1 at a temperature of 180°C and L4

at 122 °C.

The corresponding neutral mononuclear and cationic homobimetallic ruthenium(ll) (C1-C6)
and bimetallic palladium(Il) complexes (C7-C10) were successfully synthesized, by reacting
the pyridyl/quinolyl-imine ligands and the respective RuCly(dmso)s, RuCl,(p-cymene), or
PdCl,(cod) precursors respectively. The coordination of the ligands towards the metal
precursors occurred via the azomethine nitrogen of the lone pair electrons present and the
coordination behavior was determined using analytical techniques. The successful
coordination of the neutral mononuclear pyridyl/quinolyl-imine ruthenium(ll) complexes
(C1-C6) were confirm by a red shift of the C=N moiety absorption band to around 1520 cm™
in the FT-IR spectra. The successful coordination was further confirmed by the downfield
shift of the azomethine proton signal to around 8.94 ppm in the *H NMR spectra compared to
the free ligands. Analysis of the complexes by UV/Vis showed the presence of both n—m*,
n—7n* and MLCT charge transitions around 230 nm, 267 nm and at 414 nm and above 500
nm respectively. The MLCT bands observed in the UV/Vis spectra of the compounds is
attributed to the electron distribution from the metals dz-orbitals to the ligands =* orbitals
forming the coordination complexes. The successful coordination of the bimetallic pyridyl-
imine palladium(ll) complexes (C7-C10) was also observed to undergo a red shift to 1515
cm™. The successful coordination was further confirmed by the downfield shift of the
azomethine proton signal to around 8.79 ppm in the *H NMR spectra compared to their
corresponding free ligands. The elemental analysis of all the synthesized compounds were in

good agreement with the calculated C,H,N values.
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The differences in the chemistry of the pyridyl-imine and quinolyl-imine and their transition
metal complexes are of steric effects since there is little difference in basicities of the

pyridine and quinoline aromatic rings.

The pyridyl and quinolyl-imine palladium and ruthenium complexes were subsequently
tested as catalyst precursors towards the catalytic activity of Heck coupling reactions of
methyl acrylate with iodobenzene and the oxidative cleavage of styrene respectively. The
ruthenium(I1) catalysts exhibited efficient catalytic activity, yielding conversions of 69-77%.
The palladium(I1) catalysts showed an overall low catalytic activity of 41-49 % conversion
and analysed by GC. All the crude products were analysed by the analytical techiques *H

NMR and FT-IR.

6.2  Recommendations and future work

It is recommended that both functionalized cyclic and aliphatic alkenes also be evaluated for
the selective oxidative cleavage of C=C by the prepared pyridyl and quinolyl-imine
ruthenium(Il) complexes. The variation of the biphasic system, by especially replacing CCl,
with a more economic friendlier solvent. Crystal structures should be obtained for all the
synthesized compounds to better understand their chemical structures. The study of the Heck
coupling reaction can be expanded by investigating the scope of the substrate, such as the
effect of electron withdrawing/donating substrates on the catalytic activity of the catalysist
and optimization of the reaction time. In future pyridyl-imine ligands containg heterodonor
atoms (hemi-labile ligands) should as be investigate as a means of improving the catalytic
activity of the catalysts. Other parameters to be investigated and/or varied include the catalyst
loading, various bases and reaction temperature. The characterization of the transitional metal

complexes and catalytic products should also be carried out by ESI-Mass spectrometry.
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Appendix 1: FT-IR spectra for N1, N2-bis ((pyridin-2-yl) methylene) ethane-1, 2-diamine, L1
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Appendix 2: FT-IR spectra for N1,N3-bis(pyridin-2-ylmethylene)propane-1,3-diamine, L2
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Appendix 3: FT-IR spectra for N1,N3-bis(quinolin-2-ylmethylene)propane-1,3-diamine, L5
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Appendix 4: FT-IR for N1,N5-bis(pyridin-2-ylmethylene)pentane-1,5-diamine,L6

160

120

80

1000

T T T
2000 3000 4000

Wavenumber (cm™)

University of the Western Cape

143



1.00 1

0.85

D.50-
n.es
u,r:uz 7 ‘
0.754

0,70 I:
D65 ‘ N
D60 |

0.55+

0.50 -
0.454

Nomalized Imansity

0.40:
0.35:
D,30i
025:
D_m:
D,15:
D.1D:
D,ﬁ:

LDS44.85P warticalScaleFactor =

407

W
1=
=k
.
[

Chamical Shftdonm

Appendix 5: *H NMR for N1, N2-bis ((pyridin-2-yl) methylene) ethane-1, 2-diamine,L1
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Appendix 6: *H NMR for N1,N3-bis(pyridin-2-ylmethylene)propane-1,3-diamine, L2
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Appendix 7: "H NMR for N1,N5-bis(pyridin-2-ylmethylene)pentane-1,5-diamine,L6
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Appendix 8: *C NMR for N1, N2-bis ((pyridin-2-yl) methylene) ethane-1, 2-diamine,L1

University of the Western Cape

145



*LDE L2 NEW® 2 1 °C:\Usars\admin\Dasktop\leoni mms*

C1ICPD CDC1Y | O-\Bruker\TopSpind.2) LEZ800400 12 E
233 3 &2 2 2 -
38 3§ 38 g 8 i
TTYTOT T ; i s
4 9 e
s == 3 SI/\I = =
2 k-
6 I N/ 7/N N \N | I
1.2 i
-8
o1 6 _ i
.frll — 3-C |
I| s Yo/ [ 9-C
\ i | / v 1 [
| =
WJ -
J ‘ v L
- J ‘ " [ | J °
200 150 100 50 0 [ppm]
L. 13 J e .
Appendix 9: °C NMR for N1,N3-bis(pyridin-2-ylmethylene)propane-1,3-diamine, L2
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Appendix 10: *C NMR for N1,N5-bis(pyridin-2-ylmethylene)pentane-1,5-diamine, L6
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Appendix 11: Mass spectra for N1, N2-bis ((pyridin-2-yl) methylene) ethane-1, 2-diamine,
L1
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Appendix 12: Mass spectra for N1,N3-bis(pyridin-2-ylmethylene)propane-1,3-diamine, L2
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Appendix 13: Mass spectra of N1,N4-bis(pyridin-2-ylmethylene)butane-1,4-diamine, L3
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Appendix 14: UV/Vis spectra of N1,N2-bis((pyridin-2-yl)methylene)ethane-1,2-diamine, L1
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Appendix 15: UV/Vis spectra of N1,N3-bis(pyridin-2-ylmethylene)propane-1,3-diamine, L2
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Appendix 16: UV/Vis spectra of N1,N3-bis(quinolin-2-ylmethylene)propane-1,3-diamine, L5

University of the Western Cape

149



Appendix 17: UV/Vis for N1,N5-bis(pyridin-2-ylmethylene)pentane-1,5-diamine, L6
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Appendix 18: FT-IR spectra of precursor, RuCl,(dmso,)
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Appendix 19: FT-IR spectra of precursor, Pd(COD)Cl,
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Appendix 21: FT-IR spectra for dichloro-N1,N4-bis(pyridin-2-ylmethylene)butane-1,4-
diamine-ruthenium (11),C3
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Appendix 22: FT-IR for cationic homobimetallic ruthenium(Il) complex ,C6
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Appendix 23: dichloro-N1,N4-bis(pyridin-2-ylmethylene)butane-1,4-diamine palladium(ll),

C9
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Appendix 24: dichloro-N1,N5-bis(pyridin-2-ylmethylene)pentane-1,5-diamine palladium(ll),

C10
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Appendix 25: *H NMR for dichloro-N1,N4-bis(pyridin-2-ylmethylene)butane-1,4-diamine-
ruthenium(Il), C3
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Appendix 26: *H NMR for homobimetallic ruthenium(l1) complex, C6
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Appendix 27: H NMR for dichloro-[N1,N4-bis(pyridin-2-ylmethylene)butane-1,4-

diamine]palladium(ll), C9
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Appendix 28: UV/Vis spectra of Dichloro-N1,N2-bis((pyridin-2-yl)methylene)ethane-1,2-
diamine ruthenium(ll), C1
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Appendix 29: UV/Vis spectra of Dichloro-N1,N4-bis(pyridin-2-ylmethylene)butane-1,4-
diamine ruthenium (I1),C3
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Appendix 30: UV/Vis spectra of Dichloro-N1,N2-bis((quinolin-2-yl)methylene)ethane-1,3-
diamine ruthenium(ll), C4
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Appendix 31: dichloro-[N1,N3-bis(pyridin-2-ylmethylene)propane-1,3-
diamine]palladium(ll), C8
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Appendix 31: UV/Vis for dichloro-[N1,N4-bis(pyridin-2-ylmethylene)butane-1,4-
diamine]palladium(ll), C9
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Appendix 32: UV/Vis for dichloro-[N1,N5-bis(pyridin-2-ylmethylene)pentane-1,5-
diamine]palladium(Il), C10
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Appendix 33: GC-chromatogram of arylation of iodobenzene, catalysed by complex C8.
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