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Abstract 

 

N-(aryl) salicylaldimine ligands were prepared by the condensation of salicylaldehyde and 

aniline, 2,6 – dimethylaniline, 2,6 – diisopropylaniline  and N,N-diethyl-p-phenylenediamine 

to give the desired ligands in good yields (70 - 93 % yield). The synthesised ligands were 

characterised by NMR spectroscopy, FTIR spectroscopy, ESI mass spectrometry and 

elemental analysis. The purity of these ligands was determined by determining the meting 

points. Co(II) and Ru(II) complexes were prepared from Co(OAc)2.4H2O and [RuCl2(η
6
-p-

cymene)]2 to afford the N-(aryl) salicylaldiminato complexes Co1 – Co4 and Ru1 – Ru4 

with yields in the range 60 – 66 % and 90 – 97 %, respectively. These complexes were 

characterised by NMR spectroscopy, FTIR, ESI mass spectrometry, elemental analysis and 

TGA. The purity of these complexes was also determined by determining the melting point.  

The transfer hydrogenation of acetophenone was studied using 2-propanol as the hydrogen 

source and KOH as the base with the Ru (II) and Co (II) complexes as catalyst precursors. 

The catalytic activity of these complexes was evaluated using 
1
H-NMR and GC - MS. 

Preliminary studies were performed for 6 h at 82 
o
C and the conversion was evaluated using 

1
H-NMR. Due to the low catalytic activity of these complexes, the reaction time was 

increased to 48 h. Increasing the reaction time resulted in improvements in the conversion of 

the complexes. The catalysis was also evaluated at various temperatures to study the effect it 

has on the activity of the complexes. Temperature was found to not have a significant effect 

on the conversion. The ruthenium complexes were found to be active towards the transfer 

hydrogenation of acetophenone but the cobalt complexes were observed to have no catalytic 

activity in the transfer hydrogenation of acetophenone. 

The ruthenium complexes were investigated in an ionic liquid – organic biphasic system with 

the aim of separating the metal complexes in order to reuse the catalysts. Toluene was the 
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organic phase and [BMIM]BF4 was the ionic liquid which afforded a biphasic system. Three 

cycles were performed and the performance of Ru1 – Ru3 decreased with each cycle but 

Ru4 behaved differently as the performance increased with each cycle.  
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1.1 Introduction 

 

Saving the environment and its resources is of vital importance because life is dependent on 

these. There are a number of factors that impact the environment negatively and among these 

is the chemical industry.
1
 Wastes that are generated by the chemical industry are toxic and 

volatile and are thus harmful to the environment. The problem with wastes that are generated 

by the chemical industry can be solved by applying the principles of green chemistry. Green 

chemistry is also called sustainable chemistry and is defined as ‘a philosophy of chemical 

research and engineering that promotes the designing of products and processes that reduce 

the use and generation of hazardous substances’.
2
 This initiative helps in pollution 

prevention and industrial ecology. By applying the principles of green chemistry, chemical 

industries can then have less impact on the environment.
3
 

Current research that is being done to improve the sustainability and environmental impact of 

industrial processes includes the development of new catalysts.
1, 4

 It is desired that the newly 

developed catalysts be environmentally friendly and exhibit better catalytic activity than the 

existing ones. Improved activity and selectivity of the catalysts are key factors in improving 

the quality of the products produced and reducing the quantity of by-products, which also 

reduces waste production. It is also desired that the newly developed catalysts be renewable 

so that they can be regenerated and reused with minimal or no loss in activity or properties.
1
 

Optimizing synthetic methods is of vital importance to synthetic chemists for economical and 

ecological reasons. The aim of optimizing synthetic methods is to maximize efficiency and 

minimize production costs. It is ideal for the synthetic procedure to produce 100% yield and 

to have good selectivity.
5
  

Catalysts can be classified as homogeneous and heterogeneous depending on their interaction 

with the phase of reaction in which they are involved.
4
 In a homogeneous process the 
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reactants, products, and catalyst are all in one phase whilst in a heterogeneous process the 

reactants and products are in one phase and the catalyst is in a different phase.
6
 Industrially, 

heterogeneous processes are favoured because these systems allow easy separation of the 

catalyst from the products and reactants thus facilitating the recycling of the catalyst.
1
 Major 

disadvantages of heterogeneous processes, however, are that the molecular interaction of the 

catalyst with the substrate(s) is not well understood and these processes usually require harsh 

reaction conditions such as high temperature and pressure.
6
 Although homogeneous catalysts 

have disadvantages such as poor product/catalyst separation and poor thermal stability, they 

also have good advantages. These advantages include high activity and selectivity. In 

addition, the molecular structure of the catalyst is known, thus it can be fine-tuned for process 

optimization.
6
  Homogeneous processes produce high yields and they are performed under 

mild reaction conditions. These are desirable properties for an economical synthetic route. 

Also, the steric and electronic properties of these catalysts can be tuned by varying the metal 

centre, ligand or both. However; despite their good properties, the application of 

homogeneous catalysts in industry is very limited. This is because of the difficulty in 

separating the products from the reaction mixture, the need for volatile organic solvents and 

the recovery of the catalysts are disadvantageous in these processes.
5
 A convenient method of 

solving the problem of product/catalyst separation for homogeneous processes is the 

immobilization or anchoring of the catalysts on a support or in a solvent.
4
 

Immobilization of homogeneous catalysts combines the benefits of homogeneous and 

heterogeneous systems. Researchers have investigated various methods of immobilizing 

homogeneous catalysts. Some of these methods include anchoring the catalyst on polymer 

supports,
4
 zeolites,

7
 inorganic supports

7
 and biphasic systems.

4
 Biphasic systems make use of 

two immiscible liquids where the catalyst is soluble in the one solvent and the reactants and 

products are soluble in a second solvent. This strategy has been successfully employed 
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commercially in the Ruhrchemie/Rhône-Poulenc hydroformylation process. In this process a 

water-soluble catalyst is used, which is retained in the aqueous phase, while reactants and 

products are retained in an organic solvent.
8
  

Lately, there has been research focused on developing new methods which allow catalyst 

recovery and further having sustainable catalysts for organic transformations. One such 

example is hydrogenation reactions. These reactions are performed using H2 gas which is 

disadvantageous because it is flammable and requiring harsh conditions.
9-10

 Transfer 

hydrogenation, on the other hand, employs 2-propanol or formic acid as the hydrogen source, 

which are environmentally friendly, and it operates under mild reaction conditions. It is 

therefore regarded as a convenient method in large scale synthesis because it does not require 

high hydrogen pressure or the use of hazardous reducing agents.
10

 The objective of this 

chapter, therefore, is to outline the work done in transfer hydrogenation over the years as 

published in literature and the common transition metals used as active catalysts in the 

transfer hydrogenation of carbonyl compounds and heterogenised transition metal catalysts 

that have been developed for transfer hydrogenation processes. 

 

1.2 Transfer hydrogenation  

 

Transfer hydrogenation can be defined as the reduction of unsaturated organic compounds 

with the aid of a hydrogen source such as an alcohol in the presence of a catalyst.
11

 The 

transfer hydrogenation of carbonyl compounds to their respective alcohols is a fundamental 

molecular transformation. The asymmetric reduction of unsaturated compounds introduces 

new functionalities and stereogenic centres in the structure of organic compounds.
12-13

 

Transfer hydrogenation of ketones has been more extensively studied than aldehydes because 

aldehydes are more readily reduced than ketones in the transfer hydrogenation with 2-
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propanol. However, reducing aldehydes to primary alcohols is considered difficult because 

the catalytic transfer hydrogenation of aldehydes leads to side reactions which occur under 

basic conditions and thus the catalytic transfer hydrogenation of aldehydes is occasionally 

studied. On the other hand, the transfer hydrogenation of ketones using 2-propanol as the 

hydrogen source results in an acetone by-product being formed (Scheme 1.1.); which is 

readily removed.
12, 14

 

 

R

R'

O

+ R

R'

OH

+CH3

CH3

OH
KOH

CH3

CH3

O

catalyst

R = alkyl or aromatic group

R' = alkyl or aromatic group  

Scheme 1.1: General representation of the transfer hydrogenation reaction using 2-propanol 

as the hydrogen donor. 

The transfer hydrogenation process requires a source of hydrogen in order to reduce carbonyl 

compounds. Such sources include 2-propanol, formic acid, dihydropyrirdine,
15

 HCO2Na.
16

 

The most common used hydrogen sources, however, are 2-propanol and formic acid. 

2-Propanol is used as a hydrogen source because it has favourable properties such as stability, 

non-toxicity, environmentally friendly, easy to handle (bp = 82 
o
C), inexpensive and the 

ability to dissolve many organic compounds. 2-Propanol is oxidized to acetone during the 

reaction as depicted in Scheme 1.1.
12, 17

 The reduction of ketones by 2-propanol is a 

reversible process where the equilibrium is regulated by the oxidation potentials of the 

relevant carbinol/ketone couples and this reversibility is what prevents complete 
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conversion.
12

 When 2-propanol is used as the hydrogen donor, a base is required to activate 

the starting complex to catalysis. Sodium or potassium carbonates, hydroxides or alkoxides 

have been employed for this purpose at various concentrations.
12

  

Another common hydrogen donor for transfer hydrogenation is formic acid/trimethylamine 

(TEAF) which has been shown to be a better hydrogen donor than 2-propanol. This is due to 

the evolution of CO2 as shown in Scheme 1.2 which is generated in an open system and it is 

also inexpensive.
12-13

 TEAF also has a range of advantages such as its solubility with many 

solvents at 20 – 60 
o
C. It allows high substrate concentrations and it also results in high 

conversions in favouring the forward reaction. The use of TEAF, however, has some 

restrictions. The major disadvantage is that most of the complexes easily decompose in 

formic acid while some completely lose their catalytic activity. This was accounted to the fact 

that the acid inhibits one of the steps of the activation process that is promoted by the base.
13

 

Transfer hydrogenation can occur according to two mechanisms, i.e. direct hydrogen transfer 

or the hydridic route. The hydridic route is promoted by transition metals while the direct 

hydrogen transfer route is usually promoted by non-transition metals.
13

 

 

R1

R2

X

+ HCOOH + NEt3
catalyst

R1

R2

XH

+ CO2

X = O or NR  

Scheme 1.2: The transfer hydrogenation process using formic acid/trimethylamine couple as 

a hydrogen donor. 
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1.2.1 The direct hydrogen transfer route 

The mechanism of the direct transfer route was proposed by Meerwein-Ponndorf-Verley and 

is commonly referred to as the MPV reduction. Originally, in the MPV reduction aluminium 

isopropoxide was used as the promoter for the transfer of hydrogen from isopropanol to the 

ketone. This mechanism does not require metal hydride intermediates.
18

 The direct hydrogen 

transfer route proceeds via a complex wherein both the donor and the acceptor are bound to 

the metal and are held in close proximity as shown in Scheme 1.3. Once the substrate 

coordinates to the metal, it is activated towards the nucleophilic attack of the hydride. The 

metal provides the reactants with the correct orientation for the transfer of the hydride to be 

feasible.  

OH

+ R
1

R
2

O

O

C

M

H

O

C
R

2

R
1

O

+R
1

R
2

OH

-H
+

H
+

 

Scheme 1.3: The MPV reduction as proposed for the direct transfer route.
18

 

In the MPV reduction the carbonyl oxygen of the substrate and the oxygen of the alcohol are 

coordinated to the metal to afford the tetra-coordinated intermediate. The hydride is then 

transferred to the carbonyl via a pericyclic mechanism to afford the new alcohol and the new 

carbonyl.
19
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1.2.2 The hydridic route 

The hydridic route involves the interaction of the catalyst with the hydrogen donor to form a 

metal hydride, which is then followed by transfer of the hydride from the metal hydride to the 

substrate. Therefore, the donor and the acceptor interact with the metal at different stages of 

the reaction.
13, 20

 The hydridic route can further be divided into a dihydridic or a 

monohydridic route. In the dihydridic route (Scheme 1.4), the C-H and O-H from the 

hydrogen donor lose their identity when they are transferred to the ketone because they are 

scrambled between the carbon and the oxygen. The reason for their loss in identity has been 

explained to be due to the fact that these hydrogens become equivalent once they have been 

transferred to the metal to give the dihydride. In the monohydridic route, however, the C-H 

from the hydrogen donor still remains as the C-H in the product. The C-H hydrogen on the 

donor forms the hydride on the metal and then transfers to the carbonyl carbon of the 

substrate while the O-H from the donor adds to the carbonyl oxygen of the ketone 

substrate.
13, 18, 21

  

RuCl2(PPh3)3

RuH2(PPh3)3

Ru(H)(PPh3)3O

R

R
1

Ru(H)(PPh3)3O

Ru(PPh3)3

R R
1

O

OH

H R
1

OH

R

O

reductive el imination

- hydride

elimination

base

secondary alcohol 

 

Scheme 1.4: Catalytic cycle of the dihydridic route in transfer hydrogenation of ketones.
13
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In the dihydridic route, the two hydrogens from the alcohol are transferred to the metal to 

give the dihydride complex. The carbonyl is then coordinated to the metal dihydride species 

via π-coordination and one hydride is inserted to the carbonyl carbon to afford a C-H bond. 

The remaining hydride is inserted to the carbonyl oxygen to give an O-H bond and the 

product is released through reductive elimination. Coordination of the alcohol to the metal 

results in a metal hydride and the metal dihydride is regenerated by β-hydride elimination.
21

  

  

1.2.3 Homogeneous transition metal catalysts for transfer hydrogenation 

The transfer hydrogenation process is a widely studied metal catalysed homogeneous 

process.
22

 The transition metals that have been applied in this process include rhodium, 

ruthenium, iridium and some lanthanoid complexes.
23-25

 This section highlights the 

application of these transition metals in the transfer hydrogenation of carbonyl compounds.   

As reported by Malacea and co-workers dichlorobis(1,4-cyclooctadiene)diiridium, 

([Ir(COD)Cl]2, has been used as a pre-catalyst in the transfer hydrogenation of various 

ketones using 2-propanol as the hydrogen source in the presence of a variety of ligands. It 

was noted that the nature and structure of the chiral ligands had a significant effect on the 

activity and selectivity of the Ir(I) systems.
26

 Sakaguchi and co-workers reported on the 

activity of [Ir(cod)Cl]2/phosphine/Cs2CO3 system for the reduction of α,β-unsaturated 

carbonyl compounds in the presence of 2-propanol as the hydrogen source. In the case of an 

α,β-unsaturated ketone, it was noted that the iridium catalysts preferred to coordinate to the 

double bond than the carbonyl group.
27

 The [Ir(cod)Cl]2/dppp/Cs2CO3 (dppp = 1,3-

bis(diphenylphosphino)propane) combined system was reported to have accomplished the 

chemoselective transfer hydrogenation of unsaturated carbonyl compounds to saturated 

compounds. In a 1:1 reaction containing a mixture of a conjugated enone and a saturated 
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ketone using [Ir(cod)Cl]2/dppp/Cs2CO3 as the catalyst, the reduction of the α,β-unsaturated 

ketone was preferred over the saturated ketone.
27

 Although there is still room for 

improvement, it has been concluded that iridium catalyst systems are efficient in terms of 

activity and enantioselectivity in the transfer hydrogenation of ketones.
26

  

Rhodium catalysts have also been applied in the transfer hydrogenation of acetophenone. At 

room temperature and in the absence of base, no formation of 1-phenylethanol could be 

traced. However, at 82 
o
C and in the presence of base, conversion of >95 % was observed for 

the rhodium catalysts. Aydemir and co-workers reported on the activity of six synthesized 

rhodium catalytic systems (1 - 6) shown in Figure 1.1 that displayed high conversions. 

Optimization studies indicated that excellent conversions were obtained in reducing 

acetophenone to 1-phenylethanol when the substrate-catalyst ratio was 100:1 in 2-propanol at 

82 
o
C. It was also noted that the activity of the catalyst increased with an increase in the 

bulkiness of the ligand.
28

 Chiral rhodium complexes, i.e. Cp*RhCl[(R,R)-Tsdpen], were 

reported by Ikariya and Blacker to be highly reactive in the reduction of a variety of ring 

substituted α-chloroacetophenones. Using TEAF as the hydrogen source, the mixture with the 

rhodium catalyst proceeds the corresponding chiral alcohol with 96 % ee.
25
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Figure 1.1: Structures of [Rh((Ph2P)2NCH2-C4H3S)2]BF4 (1), [Rh((Ph2P)2NCH2-

C4H3O)2]BF4 (2), [Rh((Ph2P)2N-C6H4-R-(cod)]BF4 (3-4) and [Rh((Ph2P)2N-C6H4-R]BF4 (5-

6) complexes used to convert acetophenone to 1-phenylethanol.
28

 

Trivalent samarium compounds with bidentate and tridentate chiral ligands have been utilised 

in the transfer hydrogenation of ketones. Evans et al reported samarium species generated in 

situ by treating a dilithio salt of (R)-7 (Figure 1.2) with SmI3 mediated the reduction of aryl 

ketones.
29

 Ohno and co-workers reported that the enantioselectivity and the catalytic activity 

of the samarium species were sensitive to the purity of n-BuLi. It was also pointed out that 

the presence or absence of the salt is responsible for the catalytic activity of the lanthanoid 

compounds. Ohno and co-workers further anticipated that salt-free dinuclear compounds of 
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samarium with the chiral multidentate ligand (R)-8 (Figure 1.2) could display good catalytic 

activity for the transfer hydrogenation of aryl ketones. Salt-free samarium complex has also 

been applied in the transfer hydrogenation of acetophenone to obtain (R)-1-phenylethanol 

with 95 % enantioselectivity but with low conversion. It was also noted that the catalytic 

activity and enantioselectivity is also sensitive to the substituents of acetophenone. For 

halogenated acetophenone derivatives, the ortho-substituted derivatives were more readily 

reduced than the meta- and para-substituted derivatives with high enantioselectivities.
30

 With 

the application of lanthanoid catalyst systems, the enantioselectivity decreased with 

increasing atomic radii in the order La ≈ Ce < Nd < Pr << Sm.
30

   

N
Ph

OH

Ph

OH

N N

PhOHPh OH

Ph

OH OH

Ph

(R) - 7

(R) - 8  

Figure 1.2: Chiral multidentate ligands (R) - 7 and (R) – 8. 
30

 

Ruthenium (II) complexes are the most used catalysts for transfer hydrogenation of ketones. 

Ahmet and Osman reported on the application of ruthenium (II) complexes that bear 

pyridine-bridged triamine ligands as highly efficient transfer hydrogenation catalysts. They 

also reported on in situ generated catalytic systems of 2,6-bis-(5-thioxo-4,5-dihydro-1,2,4-

triazole-3-yl)pyridines and Ru(II) salts and they were found to be active in transfer 

hydrogenation yielding secondary alcohols with good conversions. It was noted that the 

catalytic activity decreased upon the introduction of bulky groups in the triazole fragment of 

the ligand due to steric effect (9(a - d) - 10(a - d)) (Figure 1.3).
31

 Furthermore, Aydemir and 
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co-workers reported on the activity of ruthenium (II)-arene complexes with functionalised 

phosphinites in the catalytic transfer hydrogenation (11 and 12 in Figure 1.3). These catalysts 

reduced acetophenone to the corresponding ((R), (S)-1-phenylethanol) in the presence of 

NaOH as the promoter. These catalysts displayed low conversion at room temperatures but 

upon increasing the temperature to 50 
o
C, high conversion and good enantioselectivity were 

observed.
24
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Figure 1.3: Structures of 2,6-Bis(4-substituted-5-thioxo-4,5-dihydro-1,2,4-triazol-3-

yl)pyridines (9a – 9d), Mannich bases (10a – 10d) and [C13H19N(OPR2-Ru(η
6
-p-

cymene)Cl2)2] (11 – 12).
24
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Apart from the metals mentioned above, iron has also been applied in the transfer 

hydrogenation of ketones. The advantages of using iron complexes in place of the platinum 

group metals in organic transformations are that they have low toxicity, low cost and are 

highly abundant. The iron complexes in Figure 1.4 that contain Cy and iPr substituents (13-

16) were deemed inactive while those containing ethyl substituents (17 and 18) were deemed 

active in the catalytic transfer hydrogenation of acetophenone. Complex 18, however, was 

observed to have a higher activity than complex 17 because of the Ph substituents on the NN-

linker backbone. Complexes 13 - 16 were inactive because there was too much steric bulk at 

the phosphorus donor atoms of the ligand. Although complex 18 had good activity, the 

enantioselectivity was poor. Lagaditis and co-workers concluded that the reason for this 

observation was because there is a degree of steric bulk that is required.
32

 Morris and co-

workers reported on the activity of the dihydrogen complex cis-

[FeH(H2){P(CH2CH2PPh2)3}]BPh4. This complex catalysed the transfer of hydrogen from 

cyclopentanol to benzylideneacetone and had good selectivity. This complex was also 

reported to have reduced 3-methyl-2-cyclohexenone to the unsaturated alcohol with 31 % 

conversion while it also reduced 72 % of 2-cyclohexanone to a mixture of the saturated and 

unsaturated alcohol. However, some of the α,β-unsaturated ketones were reduced at the C=C 

double bond which resulted in a saturated ketone as the product while other α,β-unsaturated 

ketones were not reduced at all. The iron complexes were shown to be attractive in transfer 

hydrogenation because of their low cost and low toxicity.
33
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17: R = Et; R' = H (S,S)-18: R = Et; R' = Ph  

Figure 1.4: Iron pre-catalyst used in the transfer hydrogenation of acetophenone.
32

 

  

1.2.4 Heterogenized transition metal catalysts for transfer hydrogenation 

Transfer hydrogenation is one method that can be accomplished with homogeneous and 

heterogenized catalysts.
34

 Studies concerning the immobilization of transition metal ion 

complexes on solid supports have been reported. It has been reported that the activity of the 

catalysts is dependent on the type of support; such as alumina, silica-alumina, and cation 

exchange resins. Supporting a metal complex may alter the property of the complex in a way 

that is beneficial for it.
35

 There are a number of ways to immobilize metal complexes, i.e. the 

use of inorganic supports, polymer supports, and biphasic systems.
35-36

 Immobilizing the 

chiral catalyst onto a solid support often affords good recyclability, but the enantio-selectivity 

is usually lower than in the homogeneous or biphasic cases.
37
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1.2.4.1 Inorganic supports 

Catalysts immobilised onto silica inorganic supports possess good advantages since they do 

not swell or dissolve in organic solvents and they also exhibit thermal and mechanical 

stability under the catalytic conditions.
38-39

 The application of silica as supports for the 

immobilization of homogeneous catalyst systems has been reported in literature. Sandee et al 

reported silica as a valuable support for transfer hydrogenation using ruthenium catalysts. 

When these catalysts were immobilized on a silica support they were observed to be slightly 

more active than the homogeneous analogues. This can be attributed to the physical and 

chemical properties of the support.
38

  

A NH-3-(trimethoxysilyl)benzyl-(1R, 2S)-norephedrine ligand was immobilized on silica 

(Scheme 1.5) and this silica loaded ligand was reacted with the (p-cymene)-ruthenium(II) 

chloride dimer (RuCl2(η
6
-p-cymene)). The ruthenium complex of the NH-3-

(trimethoxysilyl)benzyl-(1R, 2S)-norephedrine ligand immobilized on silica displayed good 

results in the transfer hydrogenation of acetophenone.
38

 This catalyst obtained a conversion 

of 20 % after an hour, which is two to three times faster than the homogeneous analogue. It 

was also noted that initially the rate was not completely dependent on the concentration of the 

substrate but at higher conversions, however, the rate was dependent on the concentration of 

the substrate. This observation was also noted for the homogeneous analogues. The effect of 

the inorganic support was investigated by performing a blank reaction i.e. a reaction in the 

absence of the ligand. When silica and RuCl2(η
6
-p-cymene) were mixed in the absence of the 

ligand, it was observed that the precursor adsorbs onto the silica and this was concluded by 

observing the change in colour. However, the reactivity of the Ru(II) species was negligible 

(0.2 % conversion). It was hence concluded that immobilization is not effective without the 

ligand.
38
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Scheme 1.5: Synthetic procedure for the immobilization of amino-alcohol ligands on silica.
38

 

In efforts to develop practical, efficient and highly recyclable catalytic systems, novel 

heterogenized ruthenium catalysts have been designed and synthesised by grafting a chiral 

TsDPEN derivative onto the surface of an amorphous silica gel and mesoporous silicas of 

MCM-41 and SBA-15 and they provided successful application for the asymmetric transfer 

hydrogenation of a series of ketones.
39

 

The synthesized ligands (Figure 1.5) were anchored onto amorphous silica gel and 

mesoporous silicas of MCM-41 and SBA-15. The heterogenized ruthenium complexes were 

afforded by reacting the supported ligands with [RuCl2(p-cymene)]2 in situ. Ru-21 (the 

complex of ruthenium and ligand 21, Figure 1.5) showed excellent catalytic activity (>99 % 

yield after 6 h) and excellent enantioselectivity (97 % ee). These results were not different 

from the ruthenium catalysts of ligands 19 and 20 (Figure 1.5). The immobilized catalysts 

were shown to be recovered by centrifugation and still maintained high enantioselectivity 

after the fifth use with minimal loss in activity. The loss in activity after five runs was 

accounted to the leaching of the Ru metal. Upon reducing the temperature, the 

enantioselectivity was increased to 98 % but the catalytic activity decreased to <99 % after 9 
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h while for the homogeneous catalyst a reaction time of 20 h was needed. However, upon 

increasing the temperature, the catalytic activity increased and the enantioselectivity 

decreased. A series of ketones were also chosen for the transfer hydrogenation using Ru-21 

under optimum conditions, i.e. 40 
o
C and s/c = 100:1. It was shown that Ru-21 gave high 

catalytic activity and good enantioselectivities for all the ketones when compared to the 

homogeneous catalyst.
39
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Figure 1.5: Structures of the (R, R)-TsDPEN ligand (19), the silica derivative of the (R, R)-

TsDPEN ligand (20) and the silica supported ligand (21).
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1.2.4.2 Polymer supports 

The use and relevance of polymers have evolved over the past half century. They have found 

use as supports in catalysis.
40-41

 A hydrophilic polymer-supported N-toluenesulfonyl-1,2-

diphenylethylenediamine (TsDPEN) ruthenium catalyst has been used as a successful method 

for asymmetric transfer hydrogenation of imines as reported by Haraguchi and co-workers.
42

 

Kann incorporated a pendant quaternary ammonium sulfate group onto the polymer backbone 

which rendered the polymer hydrophilic and applied the catalyst in the transfer hydrogenation 

of acetophenone in water. It was noted that using highly cross-linked polymers as the catalyst 

support afforded product in high yield.
42

 A ruthenium (II) complex was anchored to a 

polymer-bound ligand (Figure 1.6) and applied in the reaction of both aromatic and aliphatic 

epoxides and gave essentially complete conversion. The polymer-supported catalyst can be 

recycled up to ten times with no loss of catalytic activity.
42
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Figure 1.6: Structure of the chiral polymer supported (1,2-diamine monosulfonamide)-

ruthenium complex.
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The catalyst system consisting of Rh6(CO)16 and amines (Rh-amine catalyst system) has also 

been heterogenized to form a polymer-bound Rh-cluster complex that displayed good 

performance of recoverable and reusable catalysts. Mizugaki and co-workers reported the Rh-

amine catalyst system that could be heterogenized with POLYDMAP (Figure 1.7 (a)) as an 

aminated polystyrene support. This heterogenized catalyst could be recycled without loss of 

high activities and selectivities in the transfer hydrogenation of α,β-unsaturated aldehydes. 

Making use of a polymer-bound metal complex as a catalyst simplifies the process of 

purification of products.
43

 The Rh-amine catalyst was heterogenized by using POLYDMAP 

as the polymer support instead of 4-DMAP (4-(dimethylamino)pyridino) (Figure 1.7 (b)) as 

in the homogeneous case (POLYDMAP has a 4-DMAP moiety on the para-position of the 

styrene unit in the cross-linked polystyrene support).
43

  

NN

= crosslinked polystyrene

NN

(a) (b)

P

P

 

Figure 1.7: Structures of the  (a) POLYDMAP structure and (b) 4-DMAP structure.
43

 

In the homogeneous transfer hydrogenation, in order to obtain unsaturated alcohols in good 

yields, a large amount of 4-DMAP had to be used while for the heterogeneous transfer 

hydrogenation; only a small amount of POLYDMAP was used and produced good yields. For 

example, a low conversion of cinnamaldehyde was observed in the homogeneous case than in 

the heterogeneous case. The heterogenized rhodium catalysts can simply be separated from 

the reaction mixture by filtration. The polymer-bound Rh catalysts were recycled and still 

maintained good chemoselectivity even after the fourth cycle.
43
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1.2.4.3 Biphasic system 

Attempts have been made in developing biphasic processes for the homogeneous transfer 

hydrogenation catalysed by transition metal complexes. Geldbach et al studied ruthenium 

complexes (Figure 1.8) for the transfer hydrogenation of acetophenone in the absence and 

presence of an ionic liquid. Catalysts 24 and 25 were found to have been less active than their 

analogous 22 and 23 when tested in the presence of 2-propanol with 5 mol % KOH and in the 

absence of an ionic liquid. The 1-butyl-2,3-dimethylimidazolium hexafluorophosphate ionic 

liquid was introduced with the aim of immobilizing the catalysts and because it also forms a 

separate phase with 2-propanol and is also stable towards the base. At the start of the 

reaction, catalysts 24 and 25 were found to be in the ionic liquid phase but as the reaction 

progressed, leaching occurred and this was accounted to base-induced catalyst degradation. 

Reducing the amount of base to two equivalents reduced catalyst loss, i.e. from 22 % to 5 %. 

Catalysts 22 and 23, however, were found to be present in both phases; even at the beginning 

of the reaction. Catalyst loss for 22 and 23 is significantly higher than 24 and 25 which 

demonstrates the positive effect of the imidazolium tag. Geldbach et al also noticed that 

catalyst 24 deactivated quickly and thus the ionic liquid phase could not be re-used while 

catalyst 25 was stable for up to 72 hours and thus making ionic liquid recycling feasible. 

However, conversion drops from 80 % to 21 % in the fourth cycle.
37
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Figure 1.8: Ruthenium catalysts applied in transfer hydrogenation in the presence of an ionic 

liquid.
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Two TsDPEN-coordinated Ru (II) complexes were applied in the transfer hydrogenation of 

ketones in ionic liquids and they were reported to be some of the most effective catalysts that 

were developed by Noyori, Ikariya and co-workers. The asymmetric transfer hydrogenation 

of ketone 26 (Figure 1.9 (i)) in the presence of the two catalysts in the [bmim]PF6 and the 

[bmim]BF4 ionic liquids was performed. The ionic liquids were used because of their 

attractive properties such as the ability to stabilize a variety of transition metal catalysts and 

they allow for recycling of the catalysts. Catalyst 27 in the [bmim]PF6 gave 96 % conversion 

and was also effective in the reduction of other acetophenone derivatives 26a-e (Figure 1.9 

(i)) with conversions >75 %.
44
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Figure 1.9: Structures of (i) acetophenone derivatives converted to secondary alcohols and 

(ii) TsDPEN-coordinated Ru(II) catalysts 27.
44

 

An imidazolium salt was then attached to the TsDPEN unit in order to investigate the 

reactivity of 27 (Figure 1.9 (ii)) in the recyclable transfer hydrogenation of ketones with a 

formic acid-triethylamine azeotropic mixture as the hydrogen source. The design of the ionic 

liquid 28 is shown in Scheme 1.6. The recyclability of acetophenone 26a was tested with 27 

and 28 in the presence of [RuCl2(benzene)]2 (28-Ru) in [bmim]PF6 and they both gave good 

conversions. Catalyst 27 showed good conversion and enantioselectivity to the third cycle but 

the activity decreased from the fourth cycle while the ionic catalyst 28-Ru showed better 

results than catalyst 27. The reason for this is accounted to the immobilization of the 

imidazolium moiety in the ionic liquid phase. Both catalysts were found to be soluble in the 
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ionic liquid and they were easily recovered after extracting 1-phenylethanol by adding n-

hexane and the ionic liquid phase was recycled and reused for the next reaction.
44
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Scheme 1.6: The synthesis of the ionic liquid 28.
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1.3 Aim and objectives of this study 

 

The aim of this project was to study the catalytic activity of the Ru(II) and Co(II) 

salicylaldiminato metal complexes for the transfer hydrogenation of acetophenone using 2-

propanol as the hydrogen source. Another aim was to investigate the recyclability of these 

complexes by immobilizing the catalyst in an ionic liquid while products and reactants are in 

an organic phase. The catalytic performance of these complexes will be compared to 

determine if the nature of the solvent medium has an effect on the activity of the catalysts.  

The objectives of this study were to: 

1. synthesise and characterize salicylaldimine ligands. 

2. synthesise and characterize cobalt and ruthenium salicylaldiminato complexes. 

3. evaluate the performance of the metal complexes in the transfer hydrogenation of 

acetophenone. 

4. investigate the performance of active complexes in an ionic liquid – organic biphasic 

system. 
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2.1. Introduction 

 

Schiff bases are a class of ligands that are formed by the condensation of an active carbonyl 

group (either an aldehyde or ketone) and a primary amine. The condensation reaction results 

in an azomethine (-RC=N) functionality.
1-5

 These compounds fall in the class of ligands 

known as the salicylaldimines which are N, O- donors.
6
 

O

M

N O

N

R

R

M = metalR = aryl, alkyl

(a) (b)

OH

N R

R
1

 

Figure 2.1: General structure of (a) a salicylaldimine ligand and (b) a tetracoordinate metal 

complex derived from a salicylaldimine ligand. 

Salicylaldimine ligands (Figure 2.1 (a)) are readily synthesised and therefore their steric and 

electronic properties can be tuned easily by an appropriate choice of substituents.
7
 For 

example, by varying the R group on the azomethine functionality and by adding substituents 

(R
1
) on the phenolic ring. The chemistry of salicylaldimine ligands is important in 

coordination chemistry due to their ability to form stable complexes with a variety of 

transition metals and can be applied in different fields.
8
 The coordination sites of the ligands 

involve the phenolic oxygen and the imine nitrogen forming a six-membered chelate ring.
9
 

Salicylaldimine metal complexes (Figure 2.1 (b)) are well known for their easy synthesis, 

wide application, and their stability.
10

 The backbone substituents on the ligands play an 

important role in improving the catalytic behaviour and they allow altering of the 

salicylaldimine metal complex properties.
7, 11

 Metal complexes of manganese, copper, nickel, 
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ruthenium, zinc and chromium with a variety of salicylaldimine ligands can be used as 

catalysts for hydrogenation,
8
 epoxidation,

12
 carbonylation

8
 and hydroformylation

8
 reactions. 

Salicylaldiminato metal complexes have also shown significant biological applications.
2-3

 

This chapter focuses on the synthesis of salicylaldimine ligands and their Co(II) and Ru(II) 

metal complexes. The ligands and the metal complexes were characterized using a variety of 

techniques such as NMR spectroscopy, FTIR spectroscopy, mass spectrometry, elemental 

analysis and TGA. 

 

2.2 Experimental 

2.2.1 Materials and instrumentation 

All chemicals were of reagent grade and were used without further purification. All solvents 

were dried over the appropriate drying agent and distilled prior to use. The [RuCl2(η
6
-p-

cymene)]2 was prepared according to a literature procedure.
13

 
1
H-NMR and {

1
H} 

13
C-NMR 

spectra of the compounds in CDCl3 were obtained using a Bruker 300 MHz Ultrashield 

spectrophotometer, using tetramethylsilane as an internal standard. Infrared spectra were 

recorded on a Bruker Tensor 27 spectrophotometer. Elemental analysis was performed at the 

University of Johannesburg using a Thermoscientific Flash 2000 organic elemental analyser 

with an oven temperature of 65 
o
C and a reactor tube temperature of 900 

o
C with oxygen and 

helium being the carrier gasses. Thermogravimetric analysis (TGA) of the complexes was 

performed using a Pyris Stat 4000 analyzer with nitrogen and air as the purge gasses with a 

flow rate of 20 ml/min. 
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2.2.2 General procedure for the synthesis of salicylaldimine ligands 

The salicylaldimine ligands L1 - L4 were prepared using a modified literature procedure by 

Bhunora and co-workers.
14

 The methodology is described using L1 as an example. 

To a schlenck tube flushed with nitrogen gas was added salicylaldehyde (1.278 ml, 12.00 

mmol), formic acid (0.5000 ml), dry methanol (15.00 ml) and aniline (1.458 ml, 16.00 

mmol). The resulting orange-yellow solution was stirred at room temperature for 

approximately 15 h. After the elapsed time the solvent was evaporated using a rotary 

evaporator. The resulting orange-yellow oil was re-dissolved in dichloromethane (DCM) and 

sodium hydrogen carbonate was added to neutralize the formic acid. The sodium hydrogen 

carbonate was removed by filtration and the solvent of the filtrate was evaporated by using a 

rotary evaporator. The resulting oil was dried under reduced pressure which resulted in a 

yellow solid. The salicylaldimine ligands were obtained as yellow to orange solids with 

average yields of 70 - 93%. 

 

2.2.3 General procedure for the  synthesis of cobalt complexes Co1 - Co4 

The cobalt (II) complexes Co1 – Co4 were prepared as previously described in literature by 

van Wyk and co-workers.
15

 The synthetic procedure is described using Co1 as an example. 

Salicylaldimine ligand L1 (0.1972 g, 1 mmol), NaOH (0.04 g, 1 mmol) and dry methanol (20 

ml) were placed in a round-bottomed flask. The resulting yellow mixture was heated at 50 
o
C 

with stirring for approximately 30 minutes. Co(OAc)2.4H2O (0.1245 g, 0.5 mmol) was added 

and the resulting red-brown mixture was stirred at 50 
o
C for approximately 4 h during which 

a brown solid precipitated out. The reaction flask was placed in ice for approximately 15 

minutes to cool down the reaction mixture and the solid was isolated from the solution. The 

brown solid was dissolved in DCM in order to remove any salt present and the precipitated 
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salt was separated from the mixture by filtration and DCM was distilled by rotary 

evaporation. The resulting brown solid was dried under reduced pressure. The cobalt (II) 

complexes were obtained as brown solids with average yields of 60 - 66%. 

 

2.2.4 General procedure for the synthesis of ruthenium complexes Ru1 - Ru4 

The ruthenium (II) complexes Ru1 – Ru4 were prepared as previously described in literature 

by Rath and co-workers.
16

 The synthetic procedure is described using Ru1 as an example. 

To a round-bottomed flask was added the [RuCl2(η
6
-p-cymene)]2 (0.2028 g, 0.3312 mmol), 

ligand L1 (0.1828 g, 0.9269 mmol), Na2CO3 (0.1671 g, 1.577 mmol) and DCM (15.00 ml). 

The red-brown mixture was stirred at room temperature under a nitrogen atmosphere for 24 

h. After 24 h, the salt was filtered and the DCM was distilled by rotary evaporation. The red-

brown residue was concentrated in DCM and an excess amount of hexane was added upon 

which precipitation occurred. The mixture was filtered and the red-brown solid was dried 

under reduced pressure. The Ru (II) complexes were obtained as red-brown to orange-brown 

solids with average yields of 90 - 97%.  

 

2.3 Results and discussion 

2.3.1 Synthesis and characterisation of salicylaldimine ligands 

The ligands were prepared by Schiff base condensation using salicylaldehyde and an 

appropriate aromatic amine in the presence of formic acid as the catalyst as depicted in 

Scheme 2.1. Ligands L1, L3, and L4 were isolated as yellow to orange solids. This 

observation confirms literature observation.
14

 However, ligand L2 was isolated as an orange 
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oil but was observed as a solid in literature. The yields ranged from 70 - 93%. These ligands 

were found to show good solubility in a range of organic solvents. 

 

H

OH

O

+ NH2

R

R

R
1 N

OH

R

R

R
1

HCOOH

MeOH

L1: R = H, R
1
 = H

L2: R = CH3, R
1
 = H

L3: R = CH(CH3)2, R
1
 = H

L4: R = H, R
1
 = N(CH2CH3)2  

Scheme 2.1: Synthesis of salicylaldimine ligands.
14

 

 

2.3.1.1 
1
H-NMR spectroscopy studies of the salicylaldimine ligands 

The 
1
H-NMR data of the ligands are summarised in Table 2.1. For all the ligands, the HC=N 

proton was observed as a singlet in the range δ8.33 - 8.63 ppm which confirmed the 

condensation between salicylaldehyde and the amine. The aromatic protons of the phenolic 

moiety and the imine ring were observed as multiplets in the range δ6.52 - 7.53 ppm. The 
1
H-

NMR spectrum for L3 containing the isopropyl moiety showed a doublet at δ1.18 ppm for 

the CH3 protons and a septet in the range δ2.93 - 3.07 ppm for the CH protons. The methyl 

substituent of L2 was observed in the 
1
H-NMR spectrum as a singlet at δ2.20 ppm. For L4, 

the N-diethyl substituent displayed a triplet at δ1.19 ppm for the CH3 protons and a quartet at 

δ3.39 ppm for the CH2 protons. For all the ligands the OH proton was observed as a singlet 
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in the range δ13.09 - 13.83 ppm. The data obtained for the salicylaldimine ligands are in 

agreement with the NMR data observed for published ligands.
14

 

 

2.3.1.2 {
1
H} 

13
C-NMR studies of the salicylaldimine ligands 

The {
1
H} 

13
C-NMR results for the salicylaldimine ligands are summarised in Table 2.2. For 

all the ligands, the signal for the carbon of the imine moiety was observed in the range δ160 - 

166 ppm and the aromatic protons were observed in the range δ112 - 148 ppm. The signal for 

the carbon attached to the hydroxyl group was observed in the range δ156 - 163 ppm. The 

spectrum for the ligand containing the isopropyl moiety (L3) showed a signal at δ23 ppm for 

the CH3 carbons and a signal at δ28 ppm for the CH carbons. The spectrum for the ligand 

with the methyl moiety (L2) showed a signal at δ18 ppm for the CH3 carbons. The spectrum 

with the N-diethyl moiety (L4) showed a signal at δ12 ppm for the CH3 carbons and a signal 

at δ44 ppm for the CH2 protons. 

 

2.3.1.3 Infrared spectroscopy, elemental analysis and mass spectrometry studies of the 

ligands 

The IR results for the ligands are summarised in Table 2.3. Infrared spectroscopy showed a 

band at 2900 - 3000 cm
-1

 for all the ligands due to the O-H vibrational stretching which is in 

agreement to that observed by van Wyk et al.
15

 The ν(C=N) stretch was observed at a 

frequency range of 1612 - 1623 cm
-1

 for all the ligands. The presence of this band is 

confirmation that condensation between the aldehyde and the amine took place as was also 

observed in literature.
15

 The ν(C-O) stretch for the ligands was observed in the range 1268 - 

1279 cm
-1

.
15
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The elemental analysis and mass spectrometry results are summarised in Table 2.3. The 

elemental analysis data obtained for the ligands (L1, L3 - L4) were in agreement with the 

calculated values as depicted by the formulations in Scheme 2.1. The carbon composition for 

L2 had a difference of 7.83 %. The found value was lower than the expected value. The 

reason for the huge difference can be attributed to the fact that this ligand was obtained as an 

oil whereas it was reported as a solid in literature.
15

 The mass spectra of the ligands were 

obtained using ESI - MS. For L1 the parent ion peak was not observed, however, a fragment 

due to [M - H]
+
 is observed at m/z 196.3, L2 was observed as M

+
 at m/z 225.1, L3 was 

observed as M
+
 at m/z 281.4 and L4 was observed as [M + H]

+
 at m/z 269.5. 

The melting point of the solidified ligands was also investigated to confirm the purity of these 

ligands. L1 had a melting point of 50 – 52 
o
C and L3 had a melting point of 52 – 54 

o
C which 

are in agreement with literature.
15

 L4 had a melting point of 101 – 105 
o
C.

17
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Table 2.1: 
1
H-NMR

a
 chemical shifts δ (ppm) for the salicylaldimine ligands L1 - L4. 

 L1 L2 L3 L4 

OH 

 

 

HC=N 

 

 

Ar-H 

 

 

 

 

 

 

 

Ar-CH3 

 

 

CH(CH3)2 

 

CH(CH3)2 

 

 

N(CH2CH3)2 

 

 

N(CH2CH3)2 

13.18 

(br s, 1H)  

 

8.56 

(s, 1H)               

 

6.85-6.90 (td, 1H) 

6.95-6.98 (dd, 1H) 

7.19-7.21 (td, 1H)                     

7.22-7.24 (td, 2H)                           

7.27-7.35 (dd, 1H)                       

7.36-7.37 (dd, 1H)                                           

7.38-7.39 (td, 2H) 

 

- 

 

 

- 

 

- 

 

 

- 

 

 

-           

13.01 

(br s, 1H)              

 

8.25 

(s, 1H) 

 

6.84-6.90 (td, 1H) 

6.91-6.99 (m, 1H) 

6.96-6.99 (dd, 1H)                            

7.02 (d, 2H)                         

7.24-7.27 (dd, 1H)                                       

7.29-7.35 (td, 1H) 

 

 

2.12 

(s, 6H) 

 

- 

 

- 

 

 

- 

 

 

- 

 

13.08 

(br s, 1H) 

 

8.23 

(s, 1H)   

 

6.88-6.93 (td, 1H) 

7.00-7.03 (dd, 1H) 

7.12-7.13 (m, 1H)                              

7.16 (d, 2H)                             

7.27-7.28 (dd, 1H)                                            

7.30-7.39 (td, 1H) 

 

 

- 

 

 

2.88-2.97 

(m, 2H) 

1.10 

(d, 12H) 

 

- 

 

 

- 

13.84 

(br s, 1H) 

 

8.63 

(s, 1H) 

 

6.62-6.64 (dd, 2H) 

6.82-6.85 (td, 1H) 

6.91-6.93 (dd, 1H)                             

7.22 (d, 1H)                          

7.23-7.23 (dd, 1H)                                            

7.25-7.28 (m, 2H) 

 

 

- 

 

 

- 

 

- 

 

 

3.38-3.45 

(q, 4H) 

 

1.20 

(t, 6H) 
a Spectra obtained in CDCl3; br s = broad singlet; d = doublet; t = triplet; m = multiplet; q = quartet; dd = doublet of doublets; td = triplet of doublets 
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Table 2.2: {
1
H} 

13
C-NMR

a
 chemical shifts δ (ppm) for the salicylaldimine ligands L1 - L4. 

 L1 L2 L3 L4 

HC=N 

 

Ar-C 

 

 

 

 

Ar-CH3 

 

CH(CH3)2 

 

CH(CH3)2 

 

N(CH2CH3)2 

 

N(CH2CH3)2 

162.68 

 

117.27, 119.07, 

119.22,121.16,126.90, 

129.41, 132.28, 133.16 

 

 

- 

 

- 

 

- 

 

- 

 

- 

166.78 

 

117.36, 118.03, 118.83, 

119.01, 121.71, 124.98, 

128.27, 128.31, 128.38, 

132.20, 133.22, 148.22 

 

18.51 

 

- 

 

- 

 

- 

 

- 

166.63 

 

123.29, 125.50, 133.29, 

138.74 

 

 

 

- 

 

28.15 

 

23.56 

 

- 

 

- 

160.89 

 

112.02, 117.02, 118.78, 

122.48, 131.40, 131.85, 

156.88 

 

 

- 

 

- 

 

- 

 

44.59 

 

12.62 

a Spectra obtained in CDCl3 
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Table 2.3: Elemental analysis, mass spectrometry and FTIR data for the salicylaldimine ligands L1 - L4. 

Ligand  m.p. 

(
o
C) 

FTIR assignment (cm
-1

) Elemental analysis 

Obtained (Calculated) 

M
+
 (m/z) 

(calculated) 

Yield 

  ν(C=N) ν(C-O) %C %H %N   

L1 

 

 

 

L2 

 

 

 

L3 

 

 

 

L4 

 

50 - 52
 

 

 

 

 

- 

 

 

 

 

53 - 55
 

 

 

 

 

101- 

105 

 

1616               1276 

 

 

 

 

1623               1279 

 

 

 

 

1622              1277 

 

 

 

 

1612              1268 

 

78.76         5.73             7.15 

(79.16)       (5.62)           (7.10) 

 

 

 

72.14         6.60             6.16 

(79.97)       (6.71)           (6.22) 

 

 

81.59        8.72             4.94 

(81.10)      (8.24)           (4.98) 

 

 

76.54        7.37             9.98 

(76.08)     (7.51)          (10.44) 

196.3
a 

(197.23) 

 

 

 

225.1
 

(225.28) 

 

 

281.4
 

(281.38) 

 

 

269.5
b 

(268.35) 

93% 

 

 

 

91% 

 

 

 

75% 

 

 

 

70% 

a Represents m/z for the fragment [M - H]+  

b Represents m/z for the fragment [M + H]+  
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2.3.2  Synthesis and characterisation of cobalt salicylaldiminato complexes 

These complexes were prepared according to a literature procedure by reacting the 

salicylaldimine ligands with cobalt acetate tetrahydrate (Scheme 2.2) in a 2:1 mole ratio.
15

 

The presence of sodium hydroxide in the reaction aids in the deprotonation of the 

salicylaldimine ligand to assist coordination to the metal centre.
15

 The cobalt 

salicylaldiminato complexes were isolated as brown solids with yields in the range of 60 – 66 

%. The complexes were air and moisture stable and were found to be soluble in DCM and 

toluene as was observed for similar compounds reported by van Wyk et al.
15

 Complexes Co1 

and Co2 were also found to be soluble in methanol. 

 

+N

OH

R

R

R
1

MeOH

Co1: R = H, R
1
 = H

Co2: R = CH3, R
1
 = H

Co3: R = CH(CH3)2, R
1
 = H

Co4: R = H, R
1
 = N(CH2CH3)2

Co(OAc)2.4H2O

N
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O
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R
1

Co

NaOH

 

Scheme 2.2: Synthesis of Co(II) salicylaldiminato complexes.
15
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2.3.2.1 FTIR, mass spectrometry and elemental studies of the cobalt salicylaldiminato 

complexes 

The infrared spectroscopy results were compared to those of the ligands. In principle, 

coordination of the ligand to the metal centre occurs via the azomethine nitrogen and the 

phenolic oxygen.
15

 According to literature, if coordination did occur then the ν(C=N) stretch 

shifts to a lower frequency (an M - N bond has been formed) and the ν(C-O) stretch shifts to 

a higher frequency (an M - O bond has been formed).
15

 Tas and co-workers went on to 

explain that coordination through the azomethine nitrogen is expected to reduce the electron 

density in C=N bond and thus lower the ν(C=N) bond.
8
 This is what was observed in the IR 

spectra of the cobalt (II) complexes. The ν(C=N) and ν(C-O) bands in the IR spectra of the 

free ligands was observed in the range of 1612 - 1623 cm
-1

 and 1268 - 1279 cm
-1

, 

respectively. Upon coordination to Co(II), the ν(C=N) band in the IR spectra of the 

complexes shifted to the region 1602 - 1607 cm
-1

 and the ν(C-O) band shifted to the region 

1314 - 1324 cm
-1

. The IR data of the cobalt (II) salicylaldiminato complexes are summarised 

in Table 2.4.  

The mass spectra of the complexes were obtained using ESI - MS. The parent ions of these 

complexes were observed as M
+
. For Co1 the parent ion peak was observed at m/z 451, Co2 

at m/z 507, Co3 at m/z 619 and Co4 at m/z 593. A fragment due to the free ligand at m/z 269 

was also observed in the mass spectra of the Co4 complex. The elemental analysis data 

obtained for the complexes were in agreement with the calculated values as depicted by the 

formulations in Scheme 2.2. The mass spectrometry and elemental analysis results are 

summarised in Table 2.4. 
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Table 2.4: Elemental analysis, mass spectrometry and FTIR data for the cobalt complexes Co1 - Co4. 

Complex  m.p. (
o
C) FTIR assignment (cm

-1
) Elemental analysis 

Obtained (Calculated) 

M
+
 (m/z) 

(calculated) 

Yield 

  ν(C=N) ν(C-O) %C %H %N   

Co1 

 

 

Co2 

 

 

Co3 

 

 

Co4 

 

160 - 165 

 

 

 

215 - 219 

 

 

 

240 - 243 

 

 

 

260 - 265 

 

1606              1324 

 

 

 

1605              1321 

 

 

 

1602              1314 

 

 

 

1607              1323 

 

69.25          4.48             6.12 

(69.18)       (4.47)           (6.21) 

 

70.86          5.99             5.35 

(71.00)       (5.56)           (5.52) 

 

 

73.37         7.16             4.51 

(73.65)       (7.16)          (4.52) 

 

 

68.74         6.53             9.64 

(68.79)       (6.45)          (9.44) 

451.08 

(451.38) 

 

507.14 

(507.49) 

 

 

619.27 

(619.70) 

 

 

593.2 

(593.62) 

60% 

 

 

60% 

 

 

66% 

 

 

65% 
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2.3.2.2 TGA studies of the cobalt salicylaldiminato complexes 

Thermogravimetric analysis was performed to study the thermal stability of the cobalt 

complexes Co1 - Co4 (Figure 2.2). The decomposition profiles of these complexes were 

fairly similar. For the complex Co1, two steps were observed in the decomposition profile. 

The first stage of decomposition occurred at 100 
o
C with a mass loss of approximately 5 %. 

This loss is most likely due to the presence of water in the complex. The second stage of 

decomposition occurred at 300 – 480 
o
C with a mass loss of approximately 80 %. This loss is 

probably due to the loss of the ligands attached to the metal centre. Co2 had a two-step 

decomposition profile. The first stage of decomposition occurred at 100 
o
C with a mass loss 

of 10 %. This could have been due to the presence of two water molecules. The second stage 

of decomposition was observed at 300 – 480 
o
C with a mass loss of approximately 80 % 

which could be due to the loss of the ligands.  

For complex Co3, only one decomposition profile was observed at 300 – 460 
o
C with a mass 

loss of 95 % which is due to the loss of the ligands in the complex. Complex Co4 had three 

decomposition profiles. The first stage of decomposition was observed at 100 
o
C with 

approximately 5 % mass loss which is due to the presence of water in the complex. The 

second stage of decomposition occurred at 300 – 400 
o
C with a mass loss of 40 % which is 

due to the loss of one ligand but the N and O remain attached to the metal. The third stage of 

decomposition occurred at 410 – 490 
o
C with a mass loss of 45 % which is due to the loss of 

the remaining ligand. 

From Figure 2.2, it can be seen that Co3 and Co2 are slightly more stable than Co4 and Co1 

is also slightly more stable than Co4. Co1 appears to be the most stable of the cobalt 

complexes while Co4 is the least stable.  
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Figure 2.2: Thermogram of the TGA results of the cobalt complexes Co1 - Co4. 

 

2.3.3 Synthesis of ruthenium salicylaldiminato complexes 

These complexes were prepared according to a literature procedure by reacting the 

salicylaldimine ligand and the [(η
6
-p-cymene)RuCl2]2 (Scheme 2.3) in a 2:1 mole ratio.

16
 The 

ruthenium salicylaldiminato complexes were isolated as red-brown to orange-brown solids 

with yields in the range 90 – 97 %. They were characterized using techniques such as 
1
H-

NMR and {
1
H} 

13
C-NMR spectroscopy, mass spectrometry, FTIR spectroscopy, elemental 

analysis and TGA. These characterization techniques proved that the desired compounds 

were obtained. A solubility study was also performed and these complexes were observed to 

be soluble in general organic solvents like DCM. 
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Scheme 2.3: Synthesis of reduced Ru(II) salicylaldiminato complexes.
16

 

 

2.3.3.1  
1
H-NMR spectroscopy studies of the ruthenium salicylaldiminato complexes 

Complexation of the ruthenium dimer to the ligand to form the ruthenium complex was 

confirmed by proton NMR. Coordination of the N, O-chelating ligands to the metal centre is 

confirmed by the disappearance of the OH proton and the shift in the HC=N proton of the 

imine moiety.
17

 The HC=N proton of these complexes was observed as a singlet in the range 

δ7.348 - 7.694 ppm compared to the ligand which is observed in the range δ8.33 - 8.63 ppm 

and the aromatic protons for the ligands were observed in the range 6.62 – 7.39 ppm and 

were observed in the range 6.31 – 7.29 ppm. In Figure 2.3 below, (a) is the spectrum for 

ligand L1 where the HC=N proton was observed as a sharp singlet at 8.55 ppm and (b) is the 

spectrum for the ruthenium complex Ru1 where the HC=N proton shifted to 7.68 ppm from 
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8.55 ppm of the ligand as a result of complexation. This change in chemical shift is a 

confirmation of complexation. The aromatic protons of the free ligand (Figure 2.3 (a)) were 

observed to form combined multiplets but upon complexation, the multiplicity of these 

protons can be distinguished (Figure 2.3 (b)). 
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Figure 2.3: 
1
H-NMR spectra of (a) L1 and (b) Ru1 displaying the aromatic region and the 

chemical shift of HC=N for both compounds. 

For the dimer [(η
6
-p-cymene)RuCl2]2, the cymene ring protons were observed as two 

doublets in the range δ5.34 – 5.48 ppm as shown in Figure 2.4 (a). Upon complexation of 

[(η
6
-p-cymene)RuCl2]2 with the ligand, the cymene ring protons were observed as four 

doublets in the range δ4.12 - 5.35 ppm as observed in Figure 2.4 (b). Rath and co-workers 

also observed this and they attributed it to the fact that the complexes are unstable in the 

solution phase.
16

 



 

47 

 

DK54.1.001.esp

5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Chemical Shift (ppm)

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

N
or

m
al

iz
ed

 In
te

ns
ity (a)

(b)

Cl

Ru

Cl

Ru

Cl

Cl 3

5

2

4

CH3
1

6
CH3
8

CH3
7

CH3

CH3

CH3

O

N

Ru

Cl

3

5

2

4

CH3
1

6CH3
8

CH3
7

6

4, 5

2, 3

1

6

1
H2O

2435

DCM

H2O

7, 8

7, 8

 

Figure 2.4: 
1
H-NMR spectrum of the protons on the cymene ring in (a) the [(η

6
-p-

cymene)RuCl2]2 and (b) Ru1 compounds.  

 

For complex Ru2 the protons of the two methyl substituents appeared as two different signals 

at 2.20 and 2.50 ppm compared to the free ligand. On the free ligand (L2), the protons of the 

di-methyl groups appeared as one signal at 2.12 ppm. The (CH(CH3)2)2 on Ru3 also appeared 

as two individual multiplets in the range 3.06 - 3.15 ppm and 4.10-4.15 ppm. However, for 

the free ligand L3, the protons appeared as one multiplet in the range 2.88 - 2.97 ppm. The 

(CH(CH3)2)2 on the same complex appeared as two individual doublet of doublets at 0.93 - 

0.98 ppm and 1.28 - 1.31 ppm while for the free ligand they appeared as one doublet at 1.10 

ppm. 
1
H-NMR results of the ruthenium salicylaldiminato complexes are summarised in Table 

2.5. 
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2.3.3.2 {
1
H} 

13
C-NMR spectroscopy studies of ruthenium salicylaldiminato complexes 

The carbon of the imine moiety (C=N) was observed at δ163 - 165 ppm and the aromatic 

protons were observed at δ111 - 158 ppm. The carbon attached to the oxygen (C-O) was 

observed at δ164 - 167 ppm which shifted from δ156 – 163 ppm for the free ligand. The 

alkenes from the cymene ring gave signals at δ80 - 81 ppm and the alkyls gave signals in the 

region δ12 - 44 ppm. When comparing the protons on the cymene ring for [(η
6
-p-

cymene)RuCl2]2 and Ru1, a similar was observed as with 
1
H-NMR. Magnetic equivalence 

was observed in [(η
6
-p-cymene)RuCl2]2 because four signals rising from the cymene carbons 

were observed but for the complex, six different carbon signals were observed which 

confirms magnetic non-equivalence as was also observed in the 
1
H-NMR. Figure 2.5 shows 

the regions for the cymene carbons. The {
1
H} 

13
C-NMR results are summarised in Table 2.6. 
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Figure 2.5: {
1
H} 

13
C-NMR spectrum of the cymene ring carbon signals on (a) the Ru1 

complex and (b) the [(η
6
-p-cymene)RuCl2]2 dimer. 
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Table 2.5: 
1
H-NMR

a
 chemical shift δ (ppm) for the ruthenium complexes Ru1 - Ru4.  

 Ru1 Ru2 Ru3 Ru4 

HC=N 

 

Ar-H 

 

 

 

 

 

 

Ar-CH3 

 

CH(CH3)2 

 

 

(CH(CH3)2)2 

 

N(CH2CH3)2 

 

N(CH2CH3)2 

 

Cy-H 

 

 

Cy-CH3 

 

Cy-CH(CH3)2 

 

Cy-CH(CH3)2 

 

7.35 (s, 1H) 

 

6.33-6.38 (td, 1H), 6.87, 

6.90 (m, 1H), 6.92 (d, 1H), 

7.13-7.15 (td, 1H), 7.24, 

7.25 (dd, 1H), 7.26-7.28 

(td, 2H), 7.29-7.30 (td, 

2H) 

 

- 

 

- 

 

 

- 

 

- 

 

- 

 

4.12 (d, 1H), 4.92 (d, 1H), 

5.17 (d, 1H), 5.26 (d, 1H) 

 

2.05 (s, 3H) 

 

2.52-2.61 (m, 1H) 

 

1.04 (d, 3H), 1.09 (d, 3H) 

7. 35 (s, 1H) 

 

6.33-6.36 (td, 1H), 6.80-

6.81 (dd, 1H), 6.87-6.88 

(dd, 1H), 7.08-7.10 (dd, 

1H), 7.11-7.13 (td, 2H), 

7.14-7.16 (dd, 1H) 

 

 

2.20 (s, 3H), 2.50 (s, 3H) 

 

- 

 

 

- 

 

- 

 

- 

 

4.12 (d, 1H), 4.87 (d, 1H), 

5.06 (d, 1H), 5.29 (d, 1H) 

 

1.91 (s, 3H) 

 

2.66-2.71 (m, 1H) 

 

1.19 (d, 3H), 1.23 (d, 3H) 

7. 39 (s, 1H) 

 

6.33-6.36 (td, 1H), 6.74-

6.77 (dd, 1H), 6.87 (d, 

1H), 7.08-7.14 (td, 2H), 

7.21-7.23 (td, 1H), 7.24-

7.27 (dd, 1H) 

 

 

- 

 

3.06-3.15 (m, 1H), 4.10-

4.15 (m, 1H) 

 

0.93-0.89 (dd, 6H), 1.28-

1.31 (dd, 6H) 

- 

 

- 

 

4.16 (d, 1H), 4.85 (d, 1H), 

5.20 (d, 1H), 5.34 (d, 1H) 

 

1.88 (s, 3H) 

 

2.68-2.79 (m, 1H) 

 

1.19 (d, 3H), 1.38 (d, 3H) 

7.68 (s, 1H) 

 

5.25-5.27 (d, 1H), 6.31-

6.36 (td, 2H), 6.58 (d, 1H), 

6.84-6.87 (m, 1H), 6.91-

6.93 (dd, 1H), 7.10-7.15 

(td, 2H) 

 

 

- 

 

- 

 

 

- 

 

3.31-3.38 (q, 4H) 

 

1.13 (t, 6H) 

 

4.24 (d, 1H), 4.92 (d, 1H), 

5.19 (d, 1H), 5.25 (d, 1H) 

 

2.10 (s, 3H) 

 

2.54-2.6 (m, 1H) 

 

1.03 (d, 3H), 1.10 (d, 3H) 

a Spectra obtained in CDCl3; s = singlet; d = doublet; q = quartet; m = multiplet; dd = doublet of doublets; td = triplet of doublet 
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Table 2.6: {
1
H} 

13
C-NMR

a
 chemical shift δ (ppm) for the [(η

6
-p-cymene)RuCl2]2 and ruthenium complexes, Ru1 - Ru4. 

 Ru1 Ru2 Ru3 Ru4 

HC=N 

 

C-O 

 

CH3 

 

 

 

CH2 

 

CH 

 

Ar-C 

 

 

 

 

 

 

Cy-C 

 

165.25 

 

164.23 

 

17.42, 22.34 

 

 

 

- 

 

30.63  

 

118.16, 122.70, 123.73, 

126.93, 128.84, 135.37, 

135.53, 158.58 

 

 

 

 

80.30, 83.54, 86.51, 97.89, 

101.4, 114.23 

167.08 

 

165.62 

 

17.42, 18.70, 19.71, 22.14, 

22.34  

 

 

- 

 

30.63  

 

119.96, 122.02, 126.59, 

127.95, 129.20, 130.58, 

132.27, 134.96, 135.35, 

155.02 

 

 

 

81.51, 85.82, 87.80, 93.73, 

105.37, 114.39 

166.24 

 

165.56 

 

16.69, 20.44, 20.96, 21.50, 

22.22, 25.07, 

 25.69  

 

- 

 

26.43, 26.85, 29.57 

 

118.29, 120.92, 122.30, 

123.29, 124.28, 126.44, 

127.20, 128.02, 133.91, 

134.39, 140.58, 141.64, 

151.58 

 

 

80.67, 83.64, 86.63, 93.26, 

103.64, 113.47 

 

164.92 

 

163.28 

 

12.59, 14.21, 18.62, 21.06, 

21.73 

 

 

22.82, 30.38 

 

44.55 

 

113.99, 118.56, 122.51, 

124.52, 134.91, 135.11, 

146.63, 148.66 

 

 

 

 

81.00, 83.41, 86.68, 98.03, 

100.87, 111.10 

a Spectra obtained in CDCl3 
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2.3.3.3 FTIR, mass spectrometry and elemental analysis studies of the ruthenium 

salicylaldiminato complexes 

As observed for the cobalt salicylaldiminato complexes, the same shifts in the bands due to 

the functional groups were observed. The results obtained for the ruthenium complexes were 

in agreement with what was reported by Matsinha and co-workers.
18

 The ν(C=N) and ν(C-O) 

bands in the IR spectra of the free ligands was observed at frequencies of 1612 - 1623 cm
-1

 

and 1268 - 1279 cm
-1

, respectively. Upon coordination to Ru(II), the ν(C=N) band in the IR 

spectra of the complexes shifted to the region 1606 - 1608 cm
-1

 and the ν(C-O) band shifted 

to the region 1323 - 1330 cm
-1

. The FTIR results for the ruthenium complexes are 

summarised in Table 2.7.  

The mass spectra of the complexes were obtained using ESI - MS. The parent ion for Ru1 

was observed as M
+
 at m/z 466.4. For Ru2, the parent ion peak was not observed but a 

fragment due to [M - H]
+
 was observed at m/z 494.5. The parent ion for Ru3 was observed as 

M
+
 at m/z 551.6 and Ru4 was observed as [M + H]

+
 at m/z 539.4. Fragments due to the free 

ligands were also observed in the mass spectra of these complexes as was observed with the 

cobalt salicylaldiminato complexes. The results are summarised in Table 2.7. 

The elemental analysis data obtained for the complexes were in agreement with the 

calculated values as depicted by the formulations in Scheme 2.3. The agreement in values 

observed between the found and calculated values depict the purity of the complex. The 

results are summarised in Table 2.7. 
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Table 2.7: Elemental analysis, mass spectrometry and FTIR data for the ruthenium complexes Ru1 - Ru4. 

Complex  m.p. (
o
C) FTIR assignment 

(cm
-1

) 

Elemental analysis 

Obtained (Calculated) 

M
+
 (m/z) 

(calculated) 

Yield 

  ν(C=N) ν(C-O) %C %H %N   

Ru1 

 

 

Ru2 

 

 

Ru3 

 

 

Ru4 

 

220 - 225 

 

 

 

220 - 224 

 

 

 

235 - 237 

 

 

 

195 - 200 

 

1607           1330 

 

 

 

1607           1323 

 

 

 

1608           1323 

 

 

 

1606           1330 

 

59.08            4.98             3.57 

(59.15)          (5.18)          (3.00) 

 

 

60.22            5.56             3.28 

(60.70)          (5.70)          (2.83) 

 

 

62.76            6.23             2.24 

(63.20)          (6.58)          (2.54) 

 

 

60.10            6.08             5.47 

(60.26)          (6.18)          (5.21) 

466.4 

(466.97) 

 

 

494.5 

(495.02) 

 

 

551.6 

(551.13) 

 

 

539.4 

(538.09) 

90% 

 

 

97% 

 

 

94% 

 

 

95% 
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2.3.3.4 TGA studies of the ruthenium salicylaldiminato complexes 

Thermogravimetric analysis (TGA) was also performed on the ruthenium complexes Ru1 - 

Ru4. These complexes have similar decomposition profiles. The complex Ru1 had two 

decomposition profiles. The first stage of decomposition occurred at 200 
o
C with a mass loss 

of approximately 25 %. This mass loss could probably be due to the loss of the cymene ring. 

The second stage of decomposition was observed at 320 – 380 
o
C with a mass loss of 

approximately 45 % which is most probably due to the loss of the ligand. Ru2 had three 

decomposition profiles. The first stage of decomposition occurred at 100 
o
C with a mass loss 

of approximately 5 % which is due to the loss of a water molecule in the complex. The 

second stage of decomposition occurred at 200 – 300 
o
C with a mass loss of approximately 5 

% which is most probably due to the loss of the ligand and the third stage of decomposition 

occurred at 400 
o
C with a mass loss of 30 % due to the loss of the cymene ring.  

Complex Ru3 had two decomposition profiles. The first stage of decomposition occurred at 

280 – 300 
o
C with a mass loss of 50 % which is due to the loss of the ligand and the second 

stage of decomposition occurred at 300 – 410 
o
C with a mass loss of 25 % which is due to the 

loss of the cymene ring. The complex Ru4 had three decomposition profiles. The first stage 

of decomposition occurred at 250 – 260 
o
C with a mass loss of 25 % which is due to the loss 

of the cymene ring, the second stage of decomposition occurred at 300 
o
C with a mass loss of 

10 % which is probably due to the loss of the diethyl moiety of the ligand and the third stage 

of decomposition occurred at 430 
o
C with a mass loss of 35 % which is due to the loss of the 

remainder of the ligand.   

From Figure 2.6 it can be observed that Ru1 is the most stable of these ruthenium complexes 

and Ru2 is the least stable of these ruthenium complexes. It is also observed that Ru3 is more 

stable than Ru4.  
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Figure 2.6: Thermogram of the TGA data of the ruthenium complexes Ru1 - Ru4. 

 

2.4 Conclusion 

The salicylaldimine ligands were successfully prepared by the condensation of 

salicylaldehyde and aniline, 2,6 – dimethylaniline, 2,6 – diisopropylaniline,  and N,N-diethyl-

p-phenylenediamine to give the ligands L1 – L4. These ligands were obtained as yellow – 

orange solids with yields in the range 70 – 93 %. L2, however, was obtained as an oil instead 

of a solid. NMR spectroscopy, FTIR spectroscopy, ESI mass spectrometry and CHN 

elemental analysis were used to confirm that the desired ligands were obtained. 

The cobalt complexes were obtained by reacting the salicylaldimine ligands with 

Co(OAc)2.4H2O to give Co1 – Co4. These complexes were obtained as stable brown solids 

with yields in the range 60 – 66 % and FTIR spectroscopy confirmed coordination of the 
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ligand and cobalt acetate. The ruthenium complexes were also obtained by reacting the 

salicylaldimine ligands with [(η
6
-p-cymene)RuCl2]2 to afford Ru1 – Ru4. These complexes 

were obtained as red-brown to orange-brown solid with excellent yields in the range 90 – 97 

%. 
1
H-NMR spectroscopy confirmed the coordination of the ligands and [(η

6
-p-

cymene)RuCl2]2 by observing a change in chemical shift of the HC=N when compared to the 

free ligand. FTIR spectroscopy also confirmed the formation of the ligand. Other techniques 

used to characterise the cobalt and ruthenium complexes include ESI mass spectrometry, 

CHN elemental analysis and TGA.  
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CHAPTER 3 

CATALYTIC EVALUATION OF Co(II) AND 

Ru(II) SALICYLALDIMINATO COMPLEXES AS 

CATALYSTS IN TRANSFER HYDROGENATION 

OF ACETOPHENONE 
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3.1 Introduction   

Many ruthenium complexes have been reported to be efficient catalysts in the transfer 

hydrogenation of ketones and imines in the presence of 2-propanol and a base.
1-2

 Some 

examples of these complexes include the work done by Rath et al and Venkatachalam et al. 

Rath and co-workers reported on half-sandwich (η
6
-arene) ruthenium (II) complexes bearing 

an N, O-donor chelating Schiff base auxiliary ligand
5
 (Figure 3.1) and they concluded that the 

(arene) ruthenium (II) Schiff base complexes were active in the transfer hydrogenation of 

acetophenone. They also observed that introducing bulky substituents on the ligand backbone 

increased the activity of the catalyst to give conversions >90 %.
1
  

 

O N
H

Ru Cl

R

R
1

R
2

R = 
R

3

R
4

or

 

Figure 3.1: The (η
6
-Arene) ruthenium (II) complex used for the transfer hydrogenation of 

acetophenone.
1
 

Similarly, Venkatachalam and co-workers reported on the ruthenium complexes bearing 

N2O2 Schiff base ligands
2
 (Figure 3.2) and they concluded that the complex 

[RuCl(PPh3)(DHAphen)] performed efficiently in the transfer hydrogenation of a variety of 

ketones and gave moderate to good yields. Excellent conversions with this catalyst were 
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observed for five and six membered cyclic ketones, i.e. cyclopentanol gave 92% conversion 

and cyclohexanol gave 90 % conversion.
2
 

 

O

N N

OO O

O O

Ru

Cl

PPh3

 

Figure 3.2: Representation of the [RuCl(PPh3)(DHAphen)] complex.
2
 

 

One of the objectives of this project is to investigate the activity of cobalt complexes in the 

transfer hydrogenation process. Only a few cobalt systems have been reported for the transfer 

hydrogenation process. However, an example of the work done on cobalt complexes is 

reported by Wang et al. They reported on the use of cobalt complexes as catalyst precursors 

in the hydrogenation of ketones, aldehydes, imines, and α,β – unsaturated carbonyl 

compounds. One such example is the cobalt catalysts illustrated in Figure 3.3. Wang et al 

reported that this catalyst produced alcohol and imine products in good yields, under mild 

reaction conditions.
3
 It was also noted that when converting compounds like trans-4-phenyl-

3-buten-2-one and cinnamaldehyde, this catalyst reduced both the C=C and C=O bonds to the 

corresponding alcohols with yields >90 %. The mechanistic study of this catalyst in transfer 

hydrogenation was further investigated and it was observed that the cobalt–ligand 

cooperativity was not required for catalysis conducted by a cobalt-monohydride 

intermediate.
3
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Co

N
H

CH2SiMe3

PCy2PCy2

  

Figure 3.3: Cobalt complex that showed excellent catalytic activity in the hydrogenation of 

ketones, aldehydes, and imines with good yields.
3
 

Transfer hydrogenation is a homogeneous process which makes separating products from the 

reaction mixture a problem.
4
 It has, however, been established that the use of two-phase 

catalysis in water or high polar organic solvents is one approach to solving this problem.
5
 

Attempts have been made in developing biphasic processes for the homogeneous 

hydrogenation catalysed by transition metal complexes. According to Zhao and co-workers, 

aqueous – organic biphasic systems have been developed as a means to achieve product and 

catalyst separation.
6
 However, water as a solvent was observed to have some limitations and 

thus the disadvantages of the aqueous – organic biphasic system are that the ligands have to 

be modified in order to introduce water solubility of the catalyst, some of the organic 

substrates are immiscible in water thus resulting in low reaction rates and in most cases water 

has been found to be reactive with organometallic catalysts.
6
 However, introducing an ionic 

liquid to form an ionic liquid – biphasic system required no further modification of the 

catalyst system. Ionic liquids are also advantageous because of their favourable properties.
4, 6-

8
 

One of the objectives of this study is to investigate the use of an ionic liquid – organic 

biphasic system as a means to achieve separation of the catalyst and products from the 

reaction mixture. Ionic liquids have also been described as suitable reaction mediums in two-

phase catalysis because of their favourable properties.
6-7

 Suarez and co-workers reported on 
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the application of 1-n-butyl-3-methylimidazolium cations in the two-phase catalytic 

hydrogenation of cyclohexene with rhodium complexes. The product was easily removed 

from the reaction mixture by simple decantation while 98 % of the rhodium complexes was 

reported to remain retained in the ionic liquid.
5
 

In this chapter, the catalytic activity of the cobalt (II) and ruthenium (II) salicylaldiminato 

complexes is investigated for the transfer hydrogenation of acetophenone. The activity of 

these complexes is also investigated in the ionic liquid 1-butyl-3-methylimidazolium 

([BMIM] BF4). Reaction parameters for preliminary study were also performed to see if the 

reaction parameters had an effect on the performance of the catalysts.  

 

3.2 Experimental 

3.2.1 Materials and instrumentation 

All chemicals were of reagent grade and were used without further purification. All solvents 

were dried over the appropriate drying agent and distilled prior to use. [BMIM]BF4 was 

prepared according to a literature procedure.
9
 

1
H-NMR and {

1
H} 

13
C-NMR spectra of the 

compounds in CDCl3 were obtained using a Bruker 300 MHz Ultrashield spectrophotometer, 

using tetramethylsilane as an internal standard. GC-MS analysis was performed using an 

Agilent 7890 Gas Chromatograph with helium as the carrier gas. GC-MS conditions: oven 

temperature 40-120-130
o
C, flow rate 1.40 mL/min.  
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3.2.2. General procedure for the transfer hydrogenation of acetophenone 

To a round-bottomed flask was added the complex (0.05 mmol), KOH (0.125 mmol), 

acetophenone (5 mmol, 0.6 ml) and isopropanol (5 ml). The resulting brown mixture was 

stirred at the appropriate temperature under an inert atmosphere for the specified time. The 

reaction mixture was cooled and the catalyst precipitated from solution by the addition of 

petroleum ether (b.p = 30-60
o
C) (15 ml). An aliquot (5 ml) of the mixture was syringe-

filtered and 10 µl aliquot of the mixture was diluted with MeOH to a total volume of 40 ml. 

A 2 ml aliquot of this dilution was analysed with GC-MS. The remaining mixture was filtered 

by gravity filtration and the solution was neutralised using 1M HCl. The HCl layer was 

decanted and the petroleum ether layer was dried using anhydrous magnesium sulphate 

(MgSO4). The petroleum ether was distilled by rotary evaporation which resulted in a dark 

brown oily residue which was analysed with 
1
H-NMR using CDCl3. 

 

3.2.3 The development of a biphasic system for the transfer hydrogenation of 

acetophenone 

In a round-bottomed flask was added [BMIM]BF4 (5 ml), the catalyst precursor (0.05 mmol) 

and KOH (0.125 mmol). The mixture was stirred under an inert atmosphere at 8 2
o
C for 30 

minutes. To this solution was added acetophenone (5 mmol) and 2-propanol (5 ml) dissolved 

in toluene (10 ml). This resulted in a two-phase system. The mixture was stirred under an 

inert atmosphere at an appropriate temperature for a specified time. The reaction mixture was 

allowed to cool to room temperature upon which the two layers separated. The organic layer 

was decanted from the flask and 10 µl aliquot of the organic layer was diluted with MeOH to 

a total volume of 40 ml. A 2 ml aliquot of this dilution was analysed by GC-MS.  
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3.3 Results and discussion 

3.3.1 Transfer hydrogenation of acetophenone using Ru(II) and Co(II) salicylaldimine 

complexes 

The transfer hydrogenation of acetophenone was studied using complexes Ru1 - Ru4 and 

Co1 - Co4 (Figure 3.4) as catalyst precursors in the presence of 2-propanol as the solvent and 

hydrogen source and KOH as the catalyst activator. The catalyst:KOH:acetophenone ratio 

used was 1:2.5:100 for all the reactions, irrespective of the catalyst precursor used. All the 

reactions were performed under an inert atmosphere. Preliminary reactions performed with 

the ruthenium complexes at 82 
o
C for 6 h were analysed with 

1
H-NMR to establish if these 

complexes were active towards the transfer hydrogenation process. After the elapsed reaction 

time, petroleum ether (15 ml) was added to the reaction mixture to precipitate the complex. 

The mixture was gravity-filtered and neutralised with 1M HCl which was then decanted and 

the petroleum ether layer was dried using MgSO4. The petroleum ether layer was distilled by 

rotary evaporation to afford a dark brown oily residue which was analysed with 
1
H-NMR.  

The catalytic evaluation was done for all the ruthenium complexes and the 
1
H-NMR were 

obtained. A typical 
1
H-NMR of the reaction mixture after work-up is shown in Figure 3.5. 

Figure 3.5 (a) shows the spectrum of acetophenone and (b) shows the spectrum obtained after 

performing the catalytic experiment with Ru2. The 
1
H-NMR spectrum of acetophenone 

(Figure 3.5 (a)), we observed a signal that arises from the CH3 which gave a singlet at 2.42 

ppm and we also observed multiplets due to the aromatic protons in the aromatic region. In 

Figure 3.5 (b), a doublet was observed at 1.42 ppm, a quartet was observed at 4.80 ppm and 

multiplets due to the aromatic protons were observed in the aromatic region. This observation 

confirmed the conversion of acetophenone to 1-phenylethanol. However, the spectrum of 1-

phenylethanol showed trace amounts of acetophenone. The singlet was observed at 2.51 ppm 

and the aromatic protons were observed in the aromatic region. This is an indication that not 
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all of the acetophenone was converted to 1-phenylethanol. This was observed for all the 

ruthenium complexes.  
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Figure 3.4: The catalyst precursors (Ru1 - Ru4 and Co1 - Co4) used in the conversion of 

acetophenone to 1-phenylethanol. 
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Figure 3.5: 
1
H-NMR spectrum of (a) acetophenone and (b) reaction residue after using catalyst precursor Ru2 at 82 

o
C for 48 h. 
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GC-MS was used to quantify conversion of acetophenone in the experiments for all the 

complexes. An aliquot of the reaction mixture (5 ml) was syringe-filtered from which a 10 µl 

aliquot was diluted to a total volume of 40 ml using HPLC-grade MeOH. This solution (2 ml) 

was taken and analysed by GC-MS with an oven temperature range of 40 – 120 – 130 
o
C and 

a flow rate of 1.40 ml/min with helium as the carrier gas. Figure 3.7 shows GC-MS analysis 

of the reaction mixture obtained with Ru2. According to the GC chromatogram in Figure 3.7, 

(a) is the peak corresponding to 1-phenylethanol and (b) is the peak corresponding to 

acetophenone based on the GC-MS library as was confirmed by the acetophenone 

chromatogram. According to the data obtained from the GC, 1-phenylethanol was eluted 

before acetophenone. Figure 3.6 shows the GC chromatogram of acetophenone and it was 

observed that acetophenone is eluted at 7:24 (min:sec) as was observed in Figure 3.7. The 

percentage conversions were determined by calculating the area under the curve. The mass 

spectra obtained for the two compounds are shown in Figure 3.8 (A) and (B) and they 

correlate to what was obtained in the library.  

The conversion of acetophenone to 1-phenylethanol produces enantiomers giving the R and S 

configurations. The enantioselectivity of the catalyst was not investigated simply because the 

complexes used are not expected to be enantioselective because these complexes do not have 

a centre of chirality.  

 

Figure 3.6: GC chromatogram of acetophenone. 
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Figure 3.7: GC chromatogram of reaction aliquot when using Ru2 as the catalyst precursor 

at 82 
o
C for 48 h showing the elution of (a) 1-phenylethanol and (b) acetophenone 

  

 

 

 

Figure 3.8: Representation of (A) the mass spectrum of 1-phenylethanol (molar mass = 122) 

and (B) the mass spectrum of acetophenone (molar mass = 120) from the reaction aliquot 

when using Ru2 as the catalyst precursor at 82 
o
C for 48 h. 
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3.3.1.1 Catalytic studies performed with Ru(II) and Co(II) complexes 

The catalytic studies for the transfer hydrogenation process were performed with both the 

ruthenium and cobalt complexes. The data is shown in Table 3.1. The ruthenium complexes 

were found to be active in the transfer hydrogenation of acetophenone. However, the cobalt 

complexes were observed to not be active in the transfer hydrogenation of acetophenone. The 

catalytic experiments for all the complexes were performed for 6 h at 82 
o
C. It was observed 

that only Ru2 gave significant conversion. Increasing the reaction time to 48 h resulted in 

improvement in conversion for all the ruthenium complexes. However, Ru2 still remained 

the best performing catalyst. 

Table 3.1: The catalytic activity of the catalyst precursors in the transfer hydrogenation of 

acetophenone.  

 

 Entry  

 

Complex  

Conversion %
a 

6 h 48 h 

1 

2 

3 

4 

Ru1 

Ru2 

Ru3 

Ru4 

trace 

30 

trace 

trace 

13 

91 

6 

19 

Reaction conditions: Ru/Co cat (0.05 mmol), acetophenone (5 mmol), i-PrOH (5 cm3), KOH (0.125 mmol) 

a GC-MS conditions: oven temperature 40-120-130oC, flow rate 1.40 mL/min, carrier gas is helium. 

 

When comparing the performance of the ruthenium complexes to the cobalt complexes 

(Figure 3.9), it was observed that the ruthenium complexes were active catalyst precursors 

but the cobalt complexes still remained inactive. This observation was not unexpected since 

ruthenium complexes have been reported in literature to be active in the transfer 
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hydrogenation process while the cobalt complexes are rarely reported for this process. The 

cobalt salicylaldiminato complexes were, however, still tested for transfer hydrogenation with 

the aim of observing the effect that the salicylaldimine ligands would have on the activity of 

the cobalt complexes. 

Comparing the ruthenium complexes in transfer hydrogenation studied by Rath et al and 

Venkatachalam et al, it was observed that the ruthenium complexes prepared in this study 

had poorer performance. Rath and his co-workers studied the transfer hydrogenation of 

acetophenone under similar conditions (82 
o
C for 6 h) and they observed good conversions in 

the range 70 – 98 %.
1
 Similarly, Venkatachalam and his co-workers studied the transfer 

hydrogenation catalytic process at 80 
o
C for 1 h and they observed conversions in the range 

45 – 99%.
2
 It can, therefore, be deduced that the ligand backbone plays a significant role in 

the activity of the ruthenium complexes just as Rath et al attributed their percentage 

conversions to the nature of the ligand backbone.
1
  

 

Figure 3.9: The effect of time on the catalytic activity of complexes Ru1 - Ru4 and Co1 - 

Co4. 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Ru1 Ru2 Ru3 Ru4 Co1 Co2 Co3 Co4

%
 C

o
n

v
er

si
o
n

 

Complex 

Time studies at 82oC 

48 hours

6 hours



 

70 

 

3.3.1.2 The effect of temperature on the catalytic performance  

The catalytic performance of Ru2 and Co3 were studied at various temperatures to determine 

the effect that temperature has on the performance of these catalysts. The temperature effect 

was evaluated on Ru2 because this complex gave the highest catalytic activity. The 

temperatures investigated were 82 
o
C, 90 

o
C, 100 

o
C, 120 

o
C and 140 

o
C. The internal 

temperatures of the reaction mixtures were confirmed by measuring the temperature with a 

thermometer. These studies were performed for 6 and 48 h. The results obtained are based on 

single runs. The results are summarised in Table 3.2. The cobalt complex still remained 

inactive in the transfer hydrogenation of acetophenone. 

Table 3.2: Effect of temperature on the catalytic activity of complexes Ru2 and Co3. 

Complex  Time (h) Temperature (
o
C) % Conversion

a 

Ru2 

 

 

 

 

 

 

 

 

 

 

 

6 

 

 

 

 

 

48 

 

 

 

 

82 

90 

100 

120 

140 

 

82 

90 

100 

120 

140 

30 

32 

34 

27 

27 

 

91 

94 

95 

95 

67 

Reaction conditions: Complex (0.05 mmol), acetophenone (5 mmol), i-PrOH (5 cm3), KOH (0.125 mmol) 

a GC-MS conditions: oven temperature 40-120-130oC, flow rate 1.40 mL/min, carrier gas is helium. 

When comparing the effect of temperature on Ru2, a dramatic increase in conversion was 

observed when increasing the reaction time from 6 h to 48 h. When performing the catalysis 

for 6 h, it was observed that there was a slight increase in conversion for this complex when 

the temperature was increased from 82 
o
C to 100 

o
C and then a slight drop in the conversion 

when increasing the temperature from 120 – 140 
o
C. Increasing the reaction time to 48 h, a 
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slight increase was observed in the activity at when the temperature was increased from 82 – 

120 
o
C and then a drop in activity after increasing the temperature to 140 

o
C. The drop in the 

conversion of this complex is possibly due to the loss in activity.  

Some work reported on evaluating the effect of temperature includes that done by Shingote. 

This study investigated the effect of temperature on the transfer hydrogenation of 

acetophenone with [Ru(benzene)Cl2]2 as the complex and observed that increasing the 

temperature of reaction resulted in an increase in conversion.
10

 Therefore, we expected to 

observe a similar trend with our complexes but that was not what was observed.      

 

3.3.2. Catalytic studies using an ionic liquid – organic system in the transfer 

hydrogenation of acetophenone 

One of the objectives of this project was to study the possibility of separating the catalyst 

from the products and the re-use of the catalyst by developing a biphasic system. All the 

ruthenium complexes were studied in this system because they were observed to be better 

performing than the cobalt complexes in the transfer hydrogenation of acetophenone.  

It was observed that 2-propanol was miscible with the [BMIM]BF4 ionic liquid and did not 

form a two-phase biphasic system. Therefore, a range of organic solvents was tested with the 

ionic liquid and it was found that toluene was the only solvent that produced a two-phase 

system with [BMIM]BF4. The studies were therefore performed with toluene. This then 

resulted in a biphasic system with the catalyst in the ionic liquid phase and the substrates and 

products in the organic phase. It was observed after the elapsed reaction time that the organic 

phase was discoloured to the same colour as the ionic liquid layer meaning that the clear 

organic phase before the start of the reaction changed to the same colour as the organic layer 
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in the process of the reaction. This was reasoned to the fact that the catalyst leaches into the 

organic layer. 

The objective of these studies was to determine if we can recycle the catalysts and therefore 

three cycle experiments were performed. For cycle 1, the catalyst precursor (0.05 mmol) and 

KOH (0.125 mmol) were dissolved in [BMIM]BF4 (5ml) by stirring. Meanwhile, 2-propanol 

(5 ml) and acetophenone (5 mmol) were dissolved in toluene (10 ml). The toluene mixture 

was added to the ionic liquid mixture and the reaction was performed for 48 h at 82 
o
C. After 

the elapsed reaction time the organic layer was decanted and analysed with GC-MS. The 

second cycle was initiated by adding a fresh batch of the toluene mixture to the ionic liquid 

layer and the reaction was performed for 48 h and the organic phase was decanted and 

analysed with GC-MS. Cycle 3 was performed similarly to cycle 2. GC-MS analysis was 

performed by taking an aliquot (10 µl) of the decanted organic layer, diluting it with MeOH 

to a total volume of 40 ml from which 2 ml was extracted and analysed by GC-MS. The 

results are summarised in Table 3.3. 

 

Table 3.3: The effect of the ionic liquid on the catalytic activity of Ru1 - Ru4 

Complex  % Conversion  

 Cycle 1 Cycle 2 Cycle 3 

Ru1 

Ru2 

Ru3 

Ru4 

17 

42 

8 

trace 

3 

27 

3 

13 

trace 

17 

2 

61 

Reaction conditions: Ru cat (0.05 mmol); acetophenone (5 mmol); i-PrOH (5 cm3); KOH (0.125 mmol); toluene (10 cm3); 

[C4C1Im] BF4 (5 cm3); t=48 h; T=82oC 
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The complexes Ru1 – Ru3 behaved similarly in these studies. It was observed that the 

performance of these catalysts decreased from the first cycle to the third cycle. According to 

a study by Geldbach and co-workers, catalyst recycling was possible with their catalysts but 

the disadvantage was that it resulted in a decrease in the catalyst activity which was attributed 

to leaching of the catalyst
11

. In the experiments performed in this study, the decrease in 

activity of these catalysts with each cycle could be due to catalyst leaching. 

 Comparing the performance of catalysts Ru1 and Ru3 in the ionic liquid – organic biphasic 

system (Table 3.3) to reactions performed only in the organic solvent system, a slight 

increase in conversion in the first cycle is observed (Table 3.1). However, for Ru2 a dramatic 

decrease in the conversion was observed and this could be due to the nature of the ligand 

backbone. This, therefore, means that introducing the ionic liquid has an effect on the 

conversion of these catalysts. This observation is also shown in Figure 3.10. 

Catalyst precursor Ru4, however, behaved differently from the other ruthenium catalyst 

precursors because its activity increased with each cycle. This observation could be because 

the ionic liquid enhances the performance of Ru4 because of the nitrogen functionality on the 

ligand backbone as compared to the other complexes. It is possible that the ionic liquid 

retains the complex with each cycle.  However, there is no clear reason for this observation 

and therefore further investigation will have to be conducted. 
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Figure 3.10: The catalytic activity of the catalyst precursors when dissolved in the 

[BMIM]BF4 ionic liquid. 

 

3.4 Conclusion 

The catalytic activity of the ruthenium (II) and cobalt (II) salicylaldimine complexes was 

evaluated in the transfer hydrogenation of acetophenone to 1-phenylethanol. Temperature 

studies were performed to evaluate the effect it has on the performance of the catalyst 

precursors. It was expected that an increase in temperature would result in an increase in 

conversion for complexes; however, this expectation was not fulfilled because increasing the 

temperature did not have the expected effect on the performance of the complexes.  

The ruthenium complexes were observed to be active towards the transfer hydrogenation of 

acetophenone and the cobalt (II) catalysts were observed to have no activity. However, 

catalyst Ru2 was observed to have the best activity when compared to the other catalysts 

prepared in this study.  
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were suspected to leach into the organic layer because they were not retained in the ionic 

liquid. Ru4, however, behaved differently when compared to the other catalyst precursors. 

The reason for this is not clear which therefore needs further investigation. 
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CHAPTER 4 

Summary 

 

The salicylaldimine ligands (L1 – L4) were successfully synthesised and were obtained in 

good yields in the range 70 – 93 %. They were obtained as yellow to orange solids; however, 

L2 was obtained as an oil instead of a solid as was expected. CHN elemental analysis showed 

inconsistency in the carbon composition of L2 which is probably due to the presence of 

impurities in the compound. The cobalt complexes (Co1 – Co4) were successfully 

synthesised and they were obtained as stable brown solids with good yields in the range 60 – 

66 %. The ruthenium complexes (Ru1 – Ru4) were also successfully synthesised and were 

obtained as red-brown to orange-brown solids with excellent yields in the range 90 – 97 %. 

The formation of these complexes was confirmed by 
1
H-NMR spectroscopy by observing a 

change in chemical shift of the HC=N proton and the disappearance of the OH proton. It was 

also observed that the four cymene ring protons appeared as four doublets in the range δ4.12 

– 5.35 ppm for the complexes as compared to [(η
6
-p-cymene)RuCl2]2 where the four cymene 

ring protons were observed as two doublets. The characterisation techniques that were 

employed in characterising the synthesised ligands and complexes include NMR 

spectroscopy, FTIR spectroscopy, ESI mass spectrometry, CHN elemental analysis and TGA. 

The synthesised cobalt (II) and ruthenium (II) salicylaldiminato complexes were applied as 

catalyst precursors in the transfer hydrogenation of acetophenone using 2-propanol as the 

hydrogen source and solvent and KOH as the base. Preliminary reactions with all the 

synthesised complexes were performed for 6 h at 82 
o
C and the crude mixture was analysed 

with 
1
H-NMR spectroscopy and GC - MS. Upon increasing the reaction time to 48 h, a 

dramatic increase in the performance of the ruthenium complexes was observed. The 
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ruthenium complexes were observed to be active towards the transfer hydrogenation of 

acetophenone with Ru2 being the most active while the cobalt complexes were observed to 

have no activity.  

The catalytic performance was also investigated at various temperatures for the complexes 

Ru2 and Co3. The cobalt complex was still inactive in the transfer hydrogenation of 

acetophenone even at various temperatures. It was observed that an increase in temperature 

did not have any significant effect on the performance of the ruthenium complex. When the 

catalytic reactions were performed for 6 h, it was observed that the conversions of this 

complex increased when the temperature was increased for 82 – 100 
o
C; but increasing the 

temperature to above 100 
o
C resulted in a decrease in the conversion of this complex. When 

the catalytic reactions were performed for 48 h, the conversions of this complex was 

observed to increase when the temperature was increased from 82 – 120 
o
C; but increasing 

the temperature to 140 
o
C resulted in a decrease in the conversion of this complex. The 

decrease in conversion of the Ru2 is attributed to the possibility in the loss of the catalytic 

activity of the complex.   

All the ruthenium complexes (Ru1 – Ru4) were investigated in an ionic liquid – organic 

biphasic system. It was observed for Ru1 – Ru3 that there was an increase in the catalytic 

performance in the first cycle in comparison to the catalytic activity observed in the absence 

of the ionic liquid. The catalytic activity of these complexes was observed to have decreased 

in the second and third cycles. This observation was attributed to the possibility of catalyst 

leaching. Ru4, however, behaved differently from the other complexes. The catalytic 

performance of this complex was observed to increase with each cycle. This is probably 

because the ionic liquid enhances the performance of this complex. The performance of this 

complex, however, still needs to be further investigated.  
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Future work/recommendations 

 Investigate the effect of the ligand backbone on the catalytic activity of the complexes 

because the nature of the substituents on the backbone can have an effect on the 

activity of the catalyst precursors. 

 Investigate the performance of the complexes at 140 
o
C by repeating the reactions and 

observing if the same results are obtained. If the same results are obtained then further 

investigation on the drop in catalytic activity should be conducted. 

 Investigate the possibility of the catalyst precursors leaching from the ionic liquid 

phase to the organic phase which would better explain the loss in activity of the 

catalyst precursors with each cycle. 

 Further investigate transfer hydrogenation in the biphasic system and investigate the 

behaviour of Ru4 in the presence of the ionic liquid. Investigate why the activity of 

Ru4 increases with each cycle. 
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Appendix 
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1
H-NMR spectrum of salicylaldimine ligand L1. 
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13
C-NMR spectrum of salicylaldimine ligand L1.  
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FTIR spectrum of salicylaldimine ligand L1. 
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Mass spectrum of salicylaldimine ligand L1. 
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1
H-NMR spectrum of salicylaldimine ligand L2. 
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13
C-NMR spectrum of salicylaldimine ligand L2.  
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FTIR spectrum of salicylaldimine ligand L2. 

 

 C:\DATA\DAKALO\DK58.0          DK58          OIL 28/05/2015
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1
H-NMR spectrum of salicylaldimine ligand L3. 
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13
C-NMR spectrum of salicylaldimine ligand L3.  
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FTIR spectrum of salicylaldimine ligand L3. 
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1
H-NMR spectrum of salicylaldimine ligand L4. 
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13
C-NMR spectrum of salicylaldimine ligand L4.  
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FTIR spectrum of salicylaldimine ligand L4.  C:\DATA\DAKALO\DK72.0          DK72           SOLID 09/07/2015
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FTIR spectrum of cobalt salicylaldiminato complex Co1. 
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FTIR spectrum of cobalt salicylaldiminato complex Co2. 

 

 C:\DATA\DAKALO\DK66.0          DK66          SOLID 29/05/2015
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FTIR spectrum of cobalt salicylaldiminato complex Co3. 

 

 C:\DATA\DAKALO\DK51.0          DK51          SOLID 29/04/2015
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FTIR spectrum of cobalt salicylaldiminato complex Co4. 

 

 C:\DATA\DAKALO\DK19.0          DK19           SOLID 18/08/2014
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Mass spectrum of cobalt salicylaldiminato complex Co4.  
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1
H-NMR spectrum of ruthenium salicylaldimine complex Ru1. 
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13
C-NMR spectrum of ruthenium salicylaldimine complex Ru1. 
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FTIR spectrum of ruthenium salicylaldimine complex Ru1. 
 C:\DATA\DAKALO\DK54.0          DK54          SOLID 29/04/2015
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Mass spectrometry of ruthenium salicylaldiminato complex Ru1 
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1
H-NMR spectrum of ruthenium salicylaldimine complex Ru2. 
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13
C-NMR spectrum of ruthenium salicylaldimine complex Ru2. 
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FTIR spectrum of ruthenium salicylaldimine complex Ru2. 

 

 C:\DATA\DAKALO\DK64.0          DK64          SOLID 29/05/2015
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1
H-NMR spectrum of ruthenium salicylaldimine complex Ru3. 
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13
C-NMR spectrum of ruthenium salicylaldimine complex Ru3. 
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FTIR spectrum of ruthenium salicylaldimine complex Ru3.  C:\DATA\DAKALO\DK48.0          DK48          powder 16/04/2015
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1
H-NMR spectrum of ruthenium salicylaldimine complex Ru4. 
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13
C-NMR spectrum of ruthenium salicylaldimine complex Ru4. 
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FTIR spectrum of ruthenium salicylaldimine complex Ru4. 

 

 C:\DATA\DAKALO\DK71.0          DK71           SOLID 09/07/2015
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1
H-NMR spectrum of reaction residue obtained after using Ru2 as the catalyst precursor at 82 

o
C for 48 hours. 
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13
C-NMR spectrum of reaction residue obtained after using Ru2 as the catalyst precursor at 82 

o
C for 48 hours.                                          
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GC chromatogram for the transfer hydrogenation of acetophenone using Co2 as the catalyst precursor at 82 
o
C for 48 hours. 
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GC chromatogram of the transfer hydrogenation of acetophenone using Ru1 as the catalyst precursor at 82 
o
C for 48 hours. 
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