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ABSTRACT  

Transfer hydrogenation of ketones is one of the most used processes for the reduction of ketones 

to alcohols using ruthenium complexes, due to its high selectivity. However, ruthenium is very 

expensive, its complexes are difficult to synthesize and unstable. Therefore the development of 

nickel(II) and iron(II) catalysts for the transfer hydrogenation of ketones has the potential to offer 

some advantages over the ruthenium(II) catalysts. Reactions of 2-(pyrazolylmethyl)pyridine 

(L1), 2,6-bis(pyrazolylmethyl)pyridine (L2)  and 2,6-bis(3,5-dimethylpyrazolyl)pyridine (L3) 

with nickel(II) and iron(II) halides produced the corresponding complexes [Ni(L1)Br2] (1), 

[Ni(L1)Cl2] (2), [Fe(L1)Cl2] (3), [Ni(L2)Br2] (4), [Ni(L2)Cl2] (5), [Fe(L2)Cl2] (6), [Ni(L3)Br2] 

(7), [Ni(L3)Cl2] (8), [Fe(L3)Br2] (9) in good yields. Solid state structures of 4 and 6 revealed the 

presence of two tridentately bound L2 units in the metal coordination sphere to give six-

coordinate cationic species, while only one tridentate L3 unit is bound to the metals in 7 and 8.  

Since asymmetric transfer hydrogenation is a highly efficient method for the synthesis of 

enantiomerically enriched alcohols, attempts were made to synthesize chiral 2-[1-(3,5-

dimethylpyrazol-1-yl) ethyl]pyridine nickel(II) and iron(II). However the synthesis of the ligands 

was not successful and thus chiral complexes could not be accessed. Complexes in asymmetric 

transfer hydrogenation of ketones did not materialize. Reactions of racemic mixtures of 2-[1-

(3,5-dimethylpyrazol-1-yl)ethyl]pyridine (L4) and 2-[1-(3,5-diphenylpyrazol-1-yl)ethyl]pyridine 

(L5) with nickel(II) and iron(II) halides produced Ni(L4)Br2 (10), Ni(L4)Cl2 (11), Fe(L4)Cl2 

(12) and Ni(L5)Br2 (13), in fair yields (51 – 73 %). The molecular structures revealed that 

complex 10 is dinuclear while complex 13 is mononuclear. Both complexes 10 and 13 were 

isolated formed as racemic mixtures.  
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All the complexes (1-13) formed active catalysts for the transfer hydrogenation of acetophenone 

in 2-propanol at 82°C. The effect of ligand structure, catalyst concentration, base variation and 

substrate variation was investigated using selected complexes. Both the nature of the metal atom 

and ligand moiety controlled the catalytic activities of the complexes. Generally iron(II) 

complexes were more active than their nickel(II) analogues, while complexes of L1 were better 

efficient catalysts than those of L2. Complexes of L3, an unsubstituted ligand L3 were more 

active than complexes of L2. Complexes of L5 were more active than those of L4 in the transfer 

hydrogenation of ketones suggesting that catalytic activity could be enhanced by using ligands 

which are bulky. By changing the catalyst amount, base and substrate, the catalytic activities of 

the complexes also varied. 
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CHAPTER ONE 

Introduction and literature review 

1.1 Introduction 

1.1.1 General background 

Catalytic hydrogenation of unsaturated organic compounds has been of theoretical and practical 

interest for many years.1-3 Hydrogenation reactions is a process that is used mainly to reduce 

organic compounds such as alkenes, 2 alkynes,3 ketones,4 imines5 and aldehydes,6 with hydrogen. 

Transfer hydrogenation refers to a process in which a source of hydrogen donor, such as an 

alcohol, is employed to reduce a compound.7 Transfer hydrogenation (TH) of ketones is one of 

the processes that have been extensively studied for the reduction of ketones to secondary 

alcohols due to its high selectivity.8,9 In addition, asymmetric transfer hydrogenation (ATH) is 

used for the production of enantiomerically enriched products, on both the laboratory and 

industrial scales.10 

The carbonyl functional groups like aldehydes and ketones can undergo hydrogenation via other 

methods that makes use of molecular hydrogen (H2),11 reducing agents such as lithium 

tetrahydridoaluminate(III),12 sodium tetrahydridoborate(III),13
 organolithium,14 and Grignard 

reagents.15 Organolithium  and grignard reagents make use of an alkali metal (lithium) and an 

alkaline earth metal (magnesium) as agents, respectively. The first efficient high pressure 

hydrogenation of ketone using molecular hydrogen (H2) was reported by Casey and Guan16 using 

3 atmospheres of H2 at 25 °C. 
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Over and above these methods, transfer hydrogenation of ketones is preferred due to it being 

highly selective and achieving high activities.8 Transfer hydrogenation of ketones employing 

hydrogen donor solvent was first discovered by Meerwein and co-workers in the mid 1920’s, and 

is commonly referred to as the MPV (Meerwein-Ponndorf-Verley) reduction reaction.17 Later in 

1967, Meerwein reported on an Ir-DMSO-complex, which catalyses the transfer hydrogenation 

reactions.17a Soon after, an efficient ruthenium(II) complex [Ru(PPh3)Cl2] was reported for the 

transfer hydrogenation reactions.17b  

Transfer hydrogenation of ketones is usually catalyzed by homogeneous solutions of transition-

metal complexes in the presence of a base and a source of hydrogen (Scheme 1.1). On the other 

hand, the synthesis of enantiomerically enriched alcohols from ketones through ATHK is 

catalyzed by chiral s transition-metal complexes (Scheme 1.2). Some of the mostly used catalysts 

are derived from Co, Ru, Rh, Re, Ir, Ni, Fe and Ir metal complexes. To date, the most studied 

metal complexes that have been found to form the best catalyst system for the THK are those 

derived from ruthenium. 11,18,19  

Base, 82  ° C

Metal complex
H H

 

Scheme 1.1. Transfer hydrogenation of ketones catalyzed by metal complexes. 
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Scheme 1.2. General asymmetric transfer hydrogenation of ketones catalyzed by chiral metal 

complexes. 

1.1.2 Role of hydrogen donors in THK  

The source of hydrogen differs in transfer hydrogenation reactions, depending on the type of the 

organic substrate. Organic compounds such as 2-propanol, glycerol, triethylamine/formic acid 

and ethanol are the most used hydrogen donors for the transfer hydrogenation reactions of 

ketones.20 Other transfer hydrogenation reactions use aminoboranes21 as a source of one or two 

hydrogen atoms. Another convenient hydrogen source that have been employed in the transfer 

hydrogenation of ketones reaction is triethylamine/formic acid, as it results in an irreversible 

reaction. However, there are few catalysts that are compatible with high pressure and high 

temperature usually required for its reactions.22 

Generally 2-propanol is the most used solvent as the source of hydrogen although it results in a 

reversible reaction, producing acetone as a by-product.23 This is however compensated by the 

use of large amount of donor solvent to shift the equilibrium to the alcohol product. The acetone 

bi-product is readily removed,24 which also shifts the equilibrium to the products. In addition 2-

propanol is stable, easy to handle, environmentally friendly, less toxic, dissolves most organic 

compounds and has a moderate boiling point of 82 °C, moderate enough to drive the majority of 

transfer hydrogenation.25  

*
' 'hydride source,base, 82  ° C

Chiral metal complex
H
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1.1.3 Role of base in THK 

The use of a base is very important in the transfer hydrogenation of ketones reactions. It initiates 

the process of transfer hydrogenation of ketones. In most cases, the role of the base is to promote 

the removal of the weak ligand from a precatalyst complex26 (e.g. Cl as HCl). This also allows 

the catalyst to remain in the most active neutral form.27 Inorganic bases like KOH, NaOH, 

NaHCO3, Na2CO3, tBuOK or CH3COONa have been employed in the transfer hydrogenation of 

ketones.16 Organic bases such as triethylamine, pyridine, and pyrolidine have also been used in 

the transfer hydrogenation of ketones reactions.28 It has been observed that the use of weaker 

bases like NaHCO3, Na2CO3 or CH3COONa or organic bases like triethylamine, pyridine, 

pyrolidine reduces the catalytic activity, while the use of strong inorganic bases like KOH, 

NaOH and tBuOK enhances the catalytic activity.29 On the other hand, some transfer 

hydrogenation reactions can occur successfully in base free conditions.30  

1.1.4 Mechanistic overview  

Transfer hydrogenation of ketones using hydrogen donor molecules is believed to proceed via 

two different mechanisms; direct transfer of hydrogen to the substrate or via the formation of the 

metal hydride intermediate prior to the substrate reduction.31 Scheme 1.3 demonstrates the direct 

transfer hydrogenation from the hydrogen donor to the substrate.  
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' '

iPrOH

Base

*

 

Scheme 1.3. An illustration of the direct transfer hydrogenation mechanism 

Most transition metal complexes follow the metal hydride route.32 The formation of the metal 

hydride intermediate is thought to occur via both as an inner-sphere and an outer-sphere 

mechanism. The former mechanism proceeds via the formation of a metal alkoxide intermediate 

which undergoes β-hydride elimination to generate the metal hydride (Scheme 1.4a.).33 On the 

other hand, the outer sphere mechanism results in the formation of a 6-membered transition state, 

in which the hydride donor and the ketone substrate do not coordinate to the metal centre but 

hydrogen is transferred in a stepwise manner (Scheme 1.4b.).33 

aMetal alkoxide Metal hydride  

Scheme 1.4a. Mechanism of THK demonstrating the inner sphere mechanism. 
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'

Metal hydride
b  

Scheme 1.4b. Mechanism of THK demonstrating the outer sphere mechanism. 

The mechanism of transfer hydrogenation of ketones by early transition metals is generally 

believed to occur via the inner sphere mechanism (Scheme 1.5). The process is initiated directly 

at the metal complex A by the abstraction of a chloride ligand followed by the formation of 

metal alkoxide subsequently leading to the formation of a metal hydride intermediates B. 

Coordination of ketone sustrate on B gives C which is followed by transfer of a hydride to the 

coordinated ketone to form the metal-alkoxide D. Protonation of the coordinated ketone by the 

hydrogen donor (alcohol) affords the desired product and regeneration of the active catalyst B to 

complete the catalytic cycle.  
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Scheme 1.5. Proposed catalytic cycle for the transfer hydrogenation of the ketones by transition 

metals anchored on tridentate ligands. 

1.1.5 Significance of transfer hydrogenation of ketones 

Many raw materials used for the production of fine chemicals and pharmaceutical industries are 

derived from various organic compounds such as ketones, amines and olefins.9 These raw 

materials are produced in large quantities through various catalytic processes.34-36 As the demand 
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for these raw materials increases, so does the need for effective catalytic systems with abilities to 

quantitatively and selectively produce these raw materials.  

Introduction of alcohols via transfer hydrogenation of ketones is a preferred synthetic route since 

it is safe, inexpensive, highly active and selective. 35,36 This reaction is particularly convenient 

for larger-scale synthesis, as it avoids the use of pressurized hydrogen and other hazardous 

reducing agents.  

Asymmetric hydrogenation is by far the most industrially relevant enantioselective 

transformation, due to its inherent atom economy and operational simplicity, as well as the high 

level of stereocontrol that allows it to achieve secondary alcohol products that are required by 

diverse industries.8,34 Products from asymmetric transfer hydrogenation that are in great demand 

are the active pharmaceutical ingredients (APIs) which are used for the manufacture of drugs in 

the pharmaceutical industries.37 An example is (R)-sotalol, which is used to treat a life-

threatening heart rhythm problem called ventricular arrhythmia.37 Other examples include (R)-

tembamide and (R)-aegeline which are the receptor agonist mostly applicable in the treatment of 

cardiovascular diseases.38 Another important product from transfer hydrogenation of ketones is 

(R)-cictronella which is an intermediate in the industrial synthesis of menthol, which is a toner as 

well as a perfume ingredient.39 Thus, products from THK and ATHK research process have 

practical applications in various industries. 
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1.2 Literature review 

1.2.1 General remarks  

There is considerable effort to develop late transition metal catalysts for the transfer 

hydrogenation of ketones reactions.36 However, this remains a challenging research area, 

generally with respect to the catalyst’s activity, selectivity and stability. The balance between 

these three catalyst properties therefore motivates the development of suitable transition metal 

catalysts for the transfer hydrogenation of ketones. This section reviews the development of 

transition metal complexes based on various donor ligands as catalysts for the transfer 

hydrogenation of ketones. 

1.2.2 Ruthenium(II) complexes as catalysts for the THK 

Ruthenium(II) complexes are chemically diverse, which arise from different ligand types that 

can be coordinated to the ruthenium(II) metal. The variation of the ligand type is essential in 

providing the right electronic properties of the complex that can maximise the catalytic activities 

of the complexes.40 Several ruthenium(II) complexes supported on diverse ligand systems have 

been reported as effective catalysts in the transfer hydrogenation of ketones.41,19 

1.2.2.1 P^P based ligands systems 

The design of the transfer hydrogenation of ketones catalysts have witnessed the use of 

ruthenium(II) anchored on P^P ligand systems. Ruthenium(II) complexes containing a facially 

coordinated anionic tripodal phosphine ligand (Figure 1.1) have been applied as catalysts in the 

transfer hydrogenation of ketones.42 Complex 1-I is an active catalyst in the transfer 

hydrogenation of acetophenone, giving a conversion of 87 % with a turn over frequency (TOF) 
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of 30 000 h.-1 The shortfall of complex 1-I is the lability of the acetonitrile ligands, which readily 

changes the catalytic activity of the complex. However, PhBP3 ligand appears to control the 

extent of substitution and therefore gives stable catalysts.42  

CNMe

PF6

1-I  

Figure 1.1. The ruthenium(II) anionic tripodal phosphine ligand employed in the THK.42  

Recently, Fu et al.43 reported new ruthenium(II) phosphine complexes as catalysts in the transfer 

hydrogenation of ketones (Figure 1.2). Complex 1-II gives catalytic activities of up to 85 % for 

acetophenone after 2 h with a TOF of 425 h.-1  

1-II  

Figure 1.2. The ruthenium(II) phosphine complex used in the transfer hydrogenation of 

acetophenone.43 
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1.2.2.2 P^N based ligand systems  

Another well-known ligand system used to prepare ruthenium(II) complexes as catalysts is based 

on the P^N bidentates. For example, Baratta et. al.44 reported 1-(pyridine-2-

yl)phosphinomethanamine based ruthenium(II) complexes as active catalysts for the transfer 

hydrogenation of acetophenone giving mean percentage conversion of 97 % with a mean TOF of 

3.0 x 105 h.-1 Recently, Ramachandran et. al 45 reported different types of P^N coordinated 

ruthenium(II) complexes as effective catalysts for the transfer hydrogenation of ketones. For 

instance, complex 1-III a ruthenium(II) complex anchored on a N^P^N ligand (Figure 1.3) 

displays improved catalytic activities compared to the systems reported by Baratta et.al.46 In 

addition, Zhang and co-workers have also reported ruthenium(II) catalysts anchored on N^P^N 

donor ligands.47 One of their complexes give a catalytic activity of 72 % in the TH for 

acetophenone when the spectator ligand is DMSO. Catalytic activity improves to 97 % when 

PPh3 is an auxillary ligand on the complex. Dissociation of the labile ligand is required during 

the catalytic cycle.48 Since PPh3 dissociates faster than DMSO due to its bulky groups, the 

complex in which it features has a better activity. 
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1-III

L

1. L = DMSO
2. L = PPh 3

 

Figure 1.3. Ruthenium(II) complexes of the N^P^N type ligands used in the THK.46 

In another study, the ruthenium(II) complex bearing N,N’-bis(di-tert-butylphosphino)-2,6- 

diaminopyridine (PN3P) ligand was employed as a catalyst in the transfer hydrogenation of 

ketones.30 The complex 1-IV shown in Figure 1.4 catalyzes the TH of cyclohexanone to 

cyclohexanol, giving 100 % conversion in 16 h. The activity and selectivity of this catalyst varies 

with different substrates. In the transfer hydrogenation of acetophenone, only the desired 

products the products 1-phenylethanol was produced (69 %) along with styrene (14 %), 

indicating reduction in yield. 
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1-IV

(But)2

CO

(But)2

 

Figure 1.4. The ruthenium(II) complex anchored on a P^N ligand system used for transfer 

hydrogenation of cyclohexanone.17 

1.2.2.3 N^C heterocyclic carbene based ligand systems 

A series of ruthenium(II) complexes anchored on bis-N-heterocyclic carbenes (NHC) have been 

reported by Cheng. et. al. as catalysts for the transfer hydrogenation of ketones.49 Complexes 1-

V to 1-VIII shown in Figure 1.5 are efficient catalysts in the transfer hydrogenation of ketones. 

For instance, complex 1-V (n=1 and R= nBu), gives TOF of 260 h-1 for the transfer 

hydrogenation of acetophenone within 2 h.  

COCO

n=1 ; R= nBu  1-V
n=2 ; R= nBu  1-VI
n=3 ; R= nBu  1-VII
n=4 ; R= nBu  1-VIII

n

 

Figure 1.5. The ruthenium(II) N^C systems employed in the THK.49 
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On the other hand, complex 1-VII (n=3) is the most active and catalyzes the transfer 

hydrogenation of cyclohexanone to cylohexanol giving 99 % conversion with a TOF of 675 h.-1 

This catalytic activity is greater than those of the closely related ruthenium(II) carbonyl chloride 

containing pyridine functionalized-bis-N-heterocyclic carbenes.50 The difference in catalytic 

activities of these complexes is considered to be due to the length of the –CH2 linker.42 From this 

observation, an increase in n decreases the catalytic activity of the complexes.  

In another study, ruthenium(II) complexes with N^C^N and N^N^C pincer ligands were reported 

as catalysts in the transfer hydrogenation of ketones (Figure 1.6).51 The N^C^N ruthenium(II) 

complex 1-IX reported by Nishayama and coworkers52 gives a conversion of 70 % with the TOF 

of 36 h-1for acetophenone. The related ruthenium(II) N^N^C systems (1-X) reported by Barratta 

and co-workers53 display a higher conversion of 98 % and TOF50 (turn over frequency at 50 %) 

of 1.1x106 h.-1 

1-IX 1-X

PPh3

Me2Me2

Where PP= dppp

 

Figure 1.6. The ruthenium(II) complexes anchored on, N^C^N and N^N^C ligands used in 

THK.52 
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1.2.2.4 N^N based ligand systems 

In recent years, there has been an increased interest in developing new ruthenium(II) catalysts 

based on nitrogen donor ligands. It has been revealed that nitrogen ligands give metal catalysts 

that are highly stable at elevated temperatures and highly active.19 Noyori and co-workers 54 

discovered highly active and selective ruthenium(II) catalysts containing diamine/diphosphine 

ligands (1-XI) for the transfer hydrogenation of ketones (Figure 1.7). In complexes 1-XI and 1-

XIV (Figure 1.7) the high activities displayed is attributed to the presence of the “N-H” 

functionality group in the ligand backbone. Among the reported catalysts is the highly active 

ruthenium(II) complex 1-XI that contains the 2-(benzoimidazole-2-yl)-6-(pyrazol-1-yl)pyridine 

ligand (Figure 1.7). Conversions of acetophenone substrate by complex 1-XI is as high as 99 % 

with a final TOF value of up to 7.2 x 105 h.-155  This complex is coordinatively unsaturated, 

which is key for effective coordination of the substrate to the active site.55  
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Figure 1.7. Structures of highly active NNN ruthenium(II) catalysts in THK.54 

Another nitrogen-donor ruthenium(II) complex which has been investigated in the transfer of 

hydrogenation of ketones is 2,6-bis(3,5dimethylpyrazol-1-yl)pyridineruthenium(II) complex 1-

XII reported by Spivak et al.56 Complex 1-XII (Figure 1.7) contains a planar tridentate ligand 

and adopts an octahedral geometry. The complex displays good catalytic activities giving 

percentage conversions of 96 % and turnover frequencies of 5 760 h-1 for the hydrogenation of 

acetophenone and other related ketones.56 In another similar report, the (pyrazolyl)pyridyl based 

N^N^N ligands (Figure 1.7) were used to synthesize highly active catalysts for the transfer 

hydrogenation of ketones.19 For instance, complex 1-XIII displays high TOF of up to 5 940 h.-1 

The substitution of the Cl co-ligand with PPh3 ligand in 1-XIII leads to an increase in the 
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catalytic activity. The higher catalytic activity observed for 1-XI compared to 1-XIII is 

attributed to the PPh3 bulky ligand in 1-XI, which promotes the reactivity of the metal centre by 

enhancing dissociation of the ligand.54 

In another system, the ruthenium(II) complex of 2,6-bis(5-thioxo-4,5-dihydro-1,2,4-triazole-3-

yl)pyridine57 (1-XV) (Figure 1.8), have been studied towards the catalytic transfer hydrogenation 

of acetophenone. Complex 1-XV contains a pyridine-bridged tridentate nitrogen donor based 

ligand, and catalyzes the transfer hydrogenation of acetophenone giving conversion of 94 % and 

TOF of 2 600 h.-1 Variation of the ligand involves the use of different functional groups on the 

triazole ring which affects the catalytic activities of the respective complexes. For example, the 

introduction of the hindering and bulky phenyl group on the triazole ring decreases the catalytic 

activity of the complex, while incorporation of a smaller methyl group increases the catalytic 

activity due to steric hinderance.57  

Ph3

1-XV  

Figure 1.8. Structure of a pyridine-bridged ruthenium based complex use in the transfer 

hydrogenation of acetophenone.57  
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More recently, Ogweno and co-workers reported ruthenium(III) and ruthenium(II) complexes 

anchored on bidentate (pyridyl)benzoazole ligands as active catalyst in the transfer 

hydrogenation of ketones (Figure 1.9).58 High catalytic activities were observed for all the 

complexes ranging from 77 % - 95 % within 4 h. Ruthenium(II) complexes bearing PPh3 ligands 

are more active than the analogous ruthenium(III) complexes. The most active complex 1-XVI, 

where X=NH, displays conversion of up to 95 % and TOF of 24 h-1compared to the analogous 

complexes where X=S (1-XVII) and X=O (1-XVIII).58  

X = NH      1-XVI
X = S         1-XVII
X = O        1-XVIII  

Figure 1.9. The ruthenium(II) complexes bearing the (pyridyl)benzoazole ligand employed in 

the THK.58 

1.2.3 Iron(II) complexes as catalysts in the THK 

Recent developments to overcome the shortcomings of the ruthenium catalyst involve the use of 

nickel(II) and iron(II) complexes. The development of iron(II)59 and nickel(II)60 catalysts for the 

transfer hydrogenation has the potential to offer some advantages over the ruthenium(II) 

catalysts. These include their ease of synthesis and stability compared to ruthenium(II) 

compounds.61-62  
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Milstein and his group63 reported the pyridine pincer based iron(II) complex in the transfer 

hydrogenation of ketones under mild conditions (Figure 1.10). This iron(II) complex (1-XIX) is 

active in the conversion of acetophenone, giving 94% of 1-phenylethanol in 22 h with TON of 

1880 and TOF of 85 h.-1  

1-XIX  

Figure 1.10. Pyridine-bridged pincer iron(II) complex used in transfer hydrogenation of 

acetophenone.63 

NHC iron(II) complexes have demonstrated effectiveness in the transfer hydrogenation of 

ketones.64 For example, the iron(II) complex anchored on NHC65 (1-XX) shown in Figure 1.11 

displays moderate activity in the transfer hydrogenation of 2-acetonaphthone to afford 

percentage conversion of 48 % within 6 h.  

1-XX

HCHC

MeMe

 

Figure 1.11. Structure of an NHC-iron(II) complex used in the transfer hydrogenation of 2-

acetonaphthone.65  
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1.2.4 Nickel(II) complexes as catalysts in the THK 

There are few reports on the applications of nickel(II) complexes as catalysts in the transfer 

hydrogenation of ketones.47,66 Zhang et al.47 reported nickel(II) complexes supported by diamine 

ligands (Figure 1.12) as catalysts in the hydrogenation of acetophenone. The highest percentage 

conversion of acetophenone when using complex 1-XXI is 4.3 % in isopropanol and KOH as a 

base. Under the same conditions, complex 1-XXII is almost inactive giving only the conversion 

of 0.5 %. The main advantage of these nickel(II) complexes is that they represent are cheaper to 

produce and stable transfer hydrogenation catalyst.62 

 1-XXI  1-XXII  
 

 

Figure 1.12. Nickel(II) complexes bearing diamine ligands employed in transfer hydrogenation 

of acetophenone.47 

In a similar study, the nickel(II) complex supported by Schiff base ligand N-[(1R,2S)-2-hydroxy-

1,2-diphenyl]-acetylacetonimine (1-XXIII) was prepared and applied in the transfer 

hydrogenation of acetophenone (Figure 1.13). The catalytic activity of this complex is dependent 

on temperature and the type of base used, giving conversions of 4 % and 9 % at 100 °C and 140 
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°C respectively.66 The low catalytic activity of complex 1-XXIII may be attributed to the strong 

bond formed between the nickel(II) metal and oxygen from the water ligands.  

1-XXIII  

Figure 1.13. Nickel(II) complex of a Schiff base ligand employed in transfer hydrogenation of 

acetophenone.66 

1.2.5 Other transition metal complexes as catalysts in THK 

While homogeneous ruthenium complexes are the most applied catalysts for the transfer 

hydrogenation and asymmetric transfer hydrogenation of ketones, other transition metal 

complexes such as iridium, rhodium and osmium have been employed as catalysts for these 

reactions. For example, the rhodium(I) complex containing the bis(2-pyridyloxy)phenyl ligand, 

1-XXIV, (Figure 1.14), reported by Raja et. al.67 gives active and stable catalyst in the transfer 

hydrogenation of acetophenone with TON of 198 and conversions of 99 % within 24 h. The 

stability of the complex is believed to originate from the presence of the two six-membered 

metallacycles.  
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H2

1-XXIV  

Figure 1.14. The rhodium(I) complex supported by N^C^N ligand employed in transfer 

hydrogenation of acetophenone.67 

A remarkably active pincer osmium(II) complex (1-XXV) was reported by Baratta and co-

workers68, displaying high catalytic activity in the transfer hydrogenation of ketones. The 

complex shown in Figure 1.15 displays high conversions of 96 % corresponding to TOF of 1.8 x 

105 h.-1 In a parallel study, the osmium(II) complex bearing NNN ligand (1-XXVI) displays high 

catalytic activity with the TOF of 1.7 x 104 h-1 in the transfer hydrogenation of acetophenone.69 

The observed higher activity was ascribed to the stronger thermal stability of the osmium(II) 

species relative to ruthenium(II) species.70  
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H2
(OR)3

1-XXV 1-XXVI

Where R= Me, Et, iPr, Ph

 

Figure 1.15. The osmium(II) complexes employed in the THK.68 

In another system, an amidoiridium(III) complex of the type 1-XXVII (Figure 1.16) was used in 

the transfer hydrogenation of acetophenone71 and achieved a conversion of 72 % with a TOF of 

4990 h-1 within 14 h.  

1-XXVII  

Figure 1.16. The iridium(III) complexes anchored on N^N ligand used in the transfer 

hydrogenation of acetophenone.71 
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1.3 Asymmetric transfer hydrogenation 

Asymmetric transfer hydrogenations of ketones have drawn attention due to the use of optically 

active secondary alcohol intermediates in the synthesis of biologically active compounds such as 

agrochemicals, medicines, flavoring agents and and perfumes.72,73 The asymmetric transfer 

hydrogenation has become an alternative to the asymmetric hydrogenation due to simplicity, the 

availability of hydrogen donors and an atomic efficiency of 100 %.74 The design and 

development of efficient catalysts is paramount to the achievement of environmentally benign 

synthetic processes. The efficiency of chiral catalysts is estimated by the activity and 

enantioselectivity achieved by the complex. The activity and selectivity can be modified by fine-

tuning the steric bulk; chirality and electronic properties of the ligands coordinated to, on the 

metal complex. This section reviews the development of transition metal compounds based on 

various chiral ligands as catalysts in the asymmetric transfer hydrogenation of ketones. 

1.3.1 Asymmetric transfer hydrogenation using ruthenium(II) complexes 

In the 1990’s, Noyori and Ikayira introduced chiral catalysts suitable for the asymmetric transfer 

hydrogenation of ketones.75-66 The C2-symmetric diphosphine/diamine based ruthenium(II) 

complex 1-XXVIII (Figure 1.17) is an excellent activity in the asymmetric transfer 

hydrogenation of acetophenone, producing optically enrinched (R)-1-phenylethanol in 93 % 

yield with 97 % enantiomeric excess (ee). 76 The complexes 1-XXVIII and 1-XXIX both 

contains phosphine and nitrogen donor ligands that stabilize the complexes, and give the chirality 

of the complexes (Figure 1.17). The catalyst achieves high enantiomeric excess (>97 %) in the 

asymmetric reduction of aromatic ketones and its actually compares well with the related catalyst 

of ruthenium(II).75,76 
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P 2N 2 ligand P 2(NH) 2 ligand

Complex  1-XXVIII of P 2N 2 ligand Complex  1-XXIX of P 2(NH 2) ligand 

Figure 1.17. The SS-configuration of ruthenium(II) chloride complexes XXVIII and XXIX 

from their respective ligands.76 

Among the best catalysts for the asymmetric transfer hydrogenation of ketones discovered, are 

the chiral BINAP catalysts reported by Noyori and co-workers.77 The chiral diphosphine/1,2-

diamine-ruthenium(II) complexes 1-XXX shown in Figure 1.18 is selective and efficient chiral 

catalysts for the asymmetric transfer hydrogenation of acetophenone affording 99 % conversion 

and 99 % ee.78
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H2

H2

1-XXX  

Figure 1.18. General structure of Noyori’s second generation BINAP ruthenium(II) catalyst.78 

The ruthenium(II) catalysts 1-XXIX and 1-XXX shown in Figures 1.17 and 1.18 respectively 

display similar structural features containing the chiral amino-phosphine ligands, which are 

reported to be responsible for their catalytic activities. This is due to the nature of transition state 

for dihydrogen transfer to the ketone79 (Scheme 1.6), by the “N-H” moiety which is necessary 

for an efficient transfer of hydrogen from the ligand.76 Consistent with this explanation, the 

related complex 1-XXVIII without the “N-H” functionality is less active and also non-selective. 

 

 

 

 

 

 
Scheme 1.6. The transition state for the transfer of a proton and hydride from the metal complex 

to the ketone substrate. 
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On the other hand, the ruthenium(II) complex 1-XXXI in Figure 1.19 containing the (oxazolyl-

pyridyl)benzomidazole-based NNN ligand does not feature “N-H” functionality but exhibits a 

high catalytic activity in the asymmetric transfer hydrogenation of different ketones.80 This 

catalyst gives 96 % conversion of acetophenone with 79 % ee, and achieves a final TOF of up to 

14 400 h.-1 The high catalytic activity of the catalyst may be attributed to its high stability.  

1-XXXI  

Figure 1.19. Chiral ruthenium(II) complex lacking the “N-H” functionality on the oxazolyl-

pyridyl)benzomidazole-based NNN ligand. 80 

The development of new chiral catalysts for the asymmetric transfer hydrogenation is still 

receiving significant attention. Recently, ruthenium(II) complexes supported by the chiral P^N 

bidentate ligands (1-XXXII) have been applied in the asymmetric transfer hydrogenation of 

ketones (Figure 1.20).81 The asymmetric transfer hydrogenation of propiophenone catalyzed by 

chiral ruthenium(II) complex 1-XXXII under mild conditions affords the corresponding chiral 

R-propiophenol of up to 99 % conversion and 60 % ee.81  
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Figure 1.20. Two of The chiral P^N ligands and a chiral ruthenium(II) complex with an (R,R) 

configuration. 

 
1.3.2 Asymmetric transfer hydrogenation of ketones using nickel(II) and iron(II) 

complexes 

The asymmetric reduction of ketones by transfer of hydrogen catalysed by metal complexes 

receives more attention as the method prepares valuable enantioenriched products. Mikhailine 

and co-workers82 developed the iron(II) based complex 1-XXXIII containing an (S,S)-

Ph2PCH2CH=NCHPhN=CHCH2PPh2 ligand (Figure 1.21). The asymmetric transfer 

hydrogenation of acetophenone by this catalyst achieves TOF of 55 000 h-1 and ee of 82 % (R). 

In a similar report by Lagaditis et al.,83 the iron(II) complex 1-XXXIV of the 

diiminodiphosphine ligand (Figure 1.21) displays high catalytic activity for the asymmetric 

transfer hydrogenations of acetophenone with the TOF of greater than 3600 h-1 to give (S)-1-

phenylethanol with 82 % ee. 
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1-XXXIII 1-XXXIV  

Figure 1.21. The iron(II) complexes 1-XXXIII and 1-XXXIV from the chiral 

diaminodiphosphine ligands employed in ATHK.82,83 

Similarly, complex 1-XXXIII (R,R) shows enantioselectivities in the reduction of acetophenone 

to (S)-1-phenylethanol as high as 82 % with a TOF of 3 600 h.-184 It has been argued that the 

axial carbonyl ligand is necessary for the catalytic activity in the transfer hydrogenation of 

acetophenone.83  

A series of iron(II) complexes bearing tetradentate ligands with two phosphine and nitrogen 

donor atoms are observed to be highly active in the asymmetric transfer hydrogenation of 

ketones,85 affording TOF of 242 s-1 for acetophenone. This activity exceeds those observed for 

similar ruthenium(II) based catalysts.86,87 The ee of the products were as high as 98 % giving 

pure R or S alcohol products.85 

Chiral nickel(II) complexes are also emerging as potential catalysts in the asymmetric transfer 

hydrogenation of ketones.88-90 Recently, nickel(II) complexes supported by chiral P^N^O 
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ligands, 1-XXXV, (Figure 1.22) have been used as catalysts in the asymmetric transfer 

hydrogenation of a series of aromatic ketones using isopropanol as the source of hydrogen.89 

Under mild conditions, 93 % conversion of acetophenone and 84 % ee is obtained. However, to 

date there are few reports on asymmetric transfer hydrogenations of ketones using nickel(II) 

catalysts.88-90 In a different system (Scheme 1.7), the nickel(II) complex supported by a P^N^P 

ligand efficiently catalyzes the asymmetric transfer hydrogenation of propiophenone and 

achieves 16 % conversion in 20 h with a 68 % ee.90
 

1-XXXV

HH

 

Figure 1.22. Nickel complex of P^N^O ligands used in ATH.89 

1. Ligand 

2. Ni(PPh3)2Cl2
3. iPrOH 

 

Scheme 1.7. The transfer hydrogenation of propiophenone using nickel(II) pre-catalyst anchored 

on N^P^N type chiral ligands.87  
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1.4 Problem identification 

Effective catalytic systems include those which are inexpensive, highly active and selective 

towards the targeted product. Many catalysts based on transition metals for the transfer 

hydrogenation of ketones have been developed and commercially applied. Ruthenium(II) 

complexes are the mostly widely used catalysts in the transfer hydrogenation of ketones due to 

their high catalytic activity and selectivity. However, ruthenium(II) compounds are expensive, 

difficult to synthesize and unstable. The design and development of systems which are less 

expensive but more active, offering comparable catalytic activities to ruthenium(II) systems is 

therefore a challenge to researchers in the field of homogeneous catalysis. 

1.5 Rationale and justification of the study 

The application of nickel(II) and iron(II)  complexes supported by (pyrazolylmethyl)pyridine 

ligands as catalysts in the transfer hydrogenation of ketones will lead to reduced costs of the 

catalysts comparable to the cost of ruthenium(II) catalysts. The choice of nickel(II) and iron(II) 

as central atoms is expected to improve stability and complexes/catalysts that are tolerant to 

impurities and easier to handle compared to the less stable ruthenium(II) compounds. In this 

project, it is aimed to develop active nickel(II) and iron(II) catalysts that are cheaper and stable 

in the transfer hydrogenation of ketones that can offer comparable catalytic activities and be used 

as suitable alternatives to the well-established ruthenium(II) catalysts. 
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1.6 Aims of the project 

The general goal of this research project is to synthesize nickel(II) and iron(II) complexes of 

bis(pyrazolylmethyl)pyridine ligands and investigate their potential in the transfer hydrogenation 

of ketones. 

The specific objectives can thus be postulated as follows: 

 To synthesize nickel(II) and iron(II) complexes of (pyrazolyl)pyridine ligands  

 To structurally characterize the new compounds using appropriate analytical techniques. 

 To investigate the potential of the isolated complexes as catalysts in the transfer 

hydrogenation of ketones. 

 To study the effects of reaction conditions such as temperature, catalyst concentration, 

nature of substrate and base on the transfer hydrogenation of ketones. 
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CHAPTER TWO 

Transfer hydrogenation of ketones mediated by (pyrazolylmethyl)pyridine nickel(II) & 

iron(II) complexes: Influence of complex structure on catalytic activity. 

2.1 Introduction 

Transfer hydrogenation of ketones is one of the most used processes for the reduction of 

ketones to secondary alcohols due to its high selectivity and efficiency.1 Transfer 

hydrogenation reactions are mostly applied in industries for the synthesis of fine chemicals, 

pharmaceutical products, agrochemicals, fragrances and cosmetics.2-4 This reaction is usually 

catalyzed by homogeneous transition-metal complexes in the presence of a base and an alcohol 

as the source of hydrogen. To date, the most commonly used and effective transition-based 

catalysts are derived from ruthenium compounds.5,6 An example of a highly active 

ruthenium(II) complex contains the 2-(benzoimidazole-2-yl)-6-(pyrazol-1-yl)pyridine ligand.7 

Another nitrogen-donor ruthenium(II) complex that has been investigated in the transfer of 

hydrogenation of ketones is 2,6-bis(3,5-dimethylpyrazol-1-yl)pyridine complex  reported by 

Spivak et. al.8  This complex contains a potentially tridentate planar ligand and exhibits very 

high catalytic activities in the transfer hydrogenation of a range of ketone substrates.9 

However as mentioned previously, ruthenium is very expensive and therefore not economically 

suitable for industrial applications. In addition, it forms complexes with poor stability.10 Thus 

the development of alternative metal catalysts that are relatively cost effective and 

environmentally benign such as nickel(II)11 and iron(II)12 for the transfer of hydrogenation of 

ketones is a valuable area of research. For instance, precatalyst/precursors nickel and iron are 

cheaper, more abundant and stable compared to ruthenium.13 Meyer et. al. reported iron(II) 

compounds of diiminodiphosphine ligands as effective catalysts in the transfer hydrogenation 

of ketones.14 In another development, Morris and co-workers recently reported highly active 
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iron(II) complexes containing unsymmetrical P–N–P pincer ligands as catalysts for the 

asymmetric transfer hydrogenation of ketones and imines.15 On the other hand, Milstein and 

his group16 reported pyridine pincer based iron(II) complex as catalysts in the transfer 

hydrogenation of ketones. 

Nickel(II) complexes are also emerging as potential catalysts in the transfer hydrogenation of 

ketones. To date, the majority of nickel(II) catalysts employed in the transfer hydrogenation are 

heterogeneous.17-19 Recently, homogenous nickel(II) complexes have been used as catalysts for 

the transfer hydrogenation of ketones. 11,20,21 For example, Dong et. al. have reported the use of 

nickel(II) complexes supported by P^N^O ligands as catalysts in the asymmetric transfer 

hydrogenation of a series of ketones.22 This chapter, reports the use of nickel(II) and iron(II) 

complexes containing (pyrazolyl)pyridine ligands (Scheme 2.1) as catalysts in the transfer 

hydrogenation of ketones.  

M= Ni, X = Br ( 7)
M = Ni, X = Cl ( 8)
M = Fe, X = Cl ( 9)

M = Ni, X = Br ( 1)
M = Ni, X = Cl ( 2)
M = Fe, X= Cl ( 3)

M = Ni, X = Br ( 4)
M = Ni, X = Cl  (5)
M = Fe, X= Cl ( 6)  

Scheme 2.1. Nickel(II) and iron(II) complexes used as catalysts in the transfer hydrogenation 

of ketones in this chapter.  
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2.2 Experimental  

2.2.1 General methods and instrumentation 

All reagents and solvents were obtained from Sigma-Aldrich. The starting materials NiCl2, 

NiBr2, FeCl2.4H2O, isopropanol, absolute ethanol and deuterated solvents were used as 

received without further purification. The 2-pyrazolyl(methyl)pyridine (L1) and 2,6-bis-

(pyrazolylmethyl)pyridine (L2) ligands were prepared following literature procedures.23 The 

2,6-bis(3,5-dimethylpyrazolyl)pyridine  (L3) ligand was prepared according to literature.24 

Dichloromethane was dried over P2O5 and distilled prior to use. NMR spectra were recorded 

on a Bruker 400 MHz (1H) and a 100 MHz (13C) spectrometer. All chemical shifts were 

reported in δ (ppm). Elemental analyses were performed on Thermal Scientific Flash 2000 and 

mass spectra were recorded on LC Premier micro-mass Spectrometer. Magnetic moment 

measurements were performed in an Evans balance. 

2.2.2 Synthesis of nickel(II) and iron(II) complexes  

2.2.2.1 Synthesis of [{2-(3,5-dimethylpyrazolyl)pyridine}NiBr2] (1) 

To a solution of NiBr2 (0.12 g; 0.53 mmol) in CH2Cl2 (10 mL) was added a solution of L1 

(0.10 g ; 0.53 mmol) in CH2Cl2 (10 mL). An orange mixture was formed immediately. The 

mixture was stirred for 24 h at room temperature forming a solid (blue) which was filtered, air 

dried and weighed. Yield = 0.09 g (73 %). (ESI-MS), m/z (% abundance) 326 (M+-Br, 91 %), 

188 (M+-NiBr2, 100 %). µeff = 2.89 BM. Anal. Calcd. for C11H13Br2N3Ni: C, 32.56; H, 3.23; N, 

10.36. Found C, 32.18, H, 4.57, N, 10.06.  
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Complexes 2-9 were prepared according to procedure described for complex 1 and the results 

are presented in the subsections that follow.  

2.2.2.2 Synthesis of [{2-(3,5-dimethylpyrazolyl)pyridine}NiCl2] (2). 

NiCl2 (0.69 g; 0.53 mmol) and L1 (0.10 g; 0.53 mmol) were used. Blue powder. Yield  = 0.11 

g (61 %). (ESI-MS), m/z(% abundance) 188 (M+-NiCl2, 100 %). µeff  = 3.08 BM. Anal. Calcd. 

for C11H13Cl2N3Ni: C, 41.70; H, 4.14; N, 13.26. Found C, 42.05, H, 5.48, N, 13.03. 

 

2.2.2.3 Synthesis of [{2-(3,5-dimethylpyrazolyl)pyridine}FeCl2] (3). 

FeCl2 (0.11 g; 0.53 mmol) and L1 (0.10 g; 0.53 mmol) were used. Green powder. Yield = 0.12 

g (73 %). (ESI-MS) m/z(% abundance) 188 (M+-NiCl2, 100 %). µeff  = 5.01 BM. Anal.Calcd. 

for C11H13Cl2N3Fe: C, 42.08; H, 4.17; N, 13.38. Found C, 42.16, H, 4.03, N, 13.10.  
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2.2.2.4 Synthesis of [{2,6-bis(3,5-dimethylpyrazolyl)pyridine}NiBr2] (4). 

NiBr2 (0.10 g; 0.46 mmol) and L2 (0.14 g; 0.46 mmol) (10 mL) were used. Purple powder. 

Yield = 0.22 g (95 %). (ESI-MS), m/z(% abundance) 354 (M+-Br2, 20 %), 340 (M+-Br2-CH3, 

18 %). µeff = 3.05 BM. Anal. Calcd. for C17H21Br2N5Ni: C, 36.10; H, 3.87; N, 11.70. Found C, 

35.86, H, 5.56, N, 11.99.  

 

2.2.2.5 Synthesis of [{2,6-bis(3,5-dimethylpyrazolyl)pyridine}NiCl2] (5). 

NiCl2 (0.10 g; 0.77 mmol) and L2 (0.23 g; 0.77 mmol) were used. Blue powder. Yield = 0.30 g 

(92 %). (ESI-MS), m/z(% abundance) 355 (M+- Cl2, 3 %), 340 (M+-Cl2-CH3, 18 %). µeff = 3.79 

BM Anal. Calcd. for C17H21Cl2N5Ni, C, 42.40; H, 4.55; N,13.73. Found C, 42.40, H, 5.65, N, 

14.13. 



44 
  

 

2.2.2.6 Synthesis of [{2,6-bis(3,5-dimethylpyrazolyl)pyridine}FeCl2] (6). 

FeCl2 (0.10 g; 0.50 mmol) and L2 (0.15 g; 0.50 mmol) were used. Yellow powder. Yield = 

0.19 g (90 %). (ESI-MS), m/z(% abundance) 370 (M+-Cl2-CH3, 29 %), 352 (M+-Cl2, 5 %). µeff 

= 4.98 BM Anal. Calcd. for C17H21Cl2N5Fe: C, 42.64; H, 4.57; N, 13.81. Found C, 42.54, H, 

4.26, N, 14.31.  

 

2.2.2.7 Synthesis of [{2,6-bis(3,5-dimethylpyrazolyl)pyridine}NiBr2] (7). 

NiBr2 (0.10 g; 0.46 mmol) and L3 (0.12 g; 0.46 mmol) were used. Green powder. Yield = 0.14 

g (63 %). (ESI-MS), m/z(% abundance) 406. (M+-Br, 100 %), 404 (M+-Br, 73.5 %). µeff = 2.39 

BM. Anal.Calcd. for C17H21Br2N5Ni: C, 29.44; H, 4.15; N, 11.69. Found C, 29.22, H, 3.38, N, 

11.36.  
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2.2.2.8 Synthesis of [{2,6-bis(3,5-dimethylpyrazolyl)pyridine}NiCl2] (8).  

NiCl2 (0.10 g; 0.77 mmol) and L3 (0.21 g; 0.77 mmol) were used. Light green powder. Yield = 

0.14 g (47 %). (ESI-MS), m/z(% abundance) 360 (M+-Cl, 100 %), 362 (M+-Cl, 70.8 %), 364 

(M+-Cl, 18.6 %). µeff = 2.76 BM. Anal. Calcd. for C17H21Cl2N5Fe: C, 33.30; H, 4.77; N, 12.94. 

Found C, 33.86, H, 3.89, N, 13.12.  

 

2.2.2.9 Synthesis of [{2,6-bis(3,5-dimethylpyrazolyl)pyridine}FeCl2] (9).  

FeCl2 (0.10 g; 0.50 mmol) and L3 (0.13 g; 0.50 mmol) were used. Orange powder. Yield = 

0.05 g (68 %) (ESI-MS), m/z(% abundance) 358 (M+-Cl, 11 %), 296 (M+-Cl2,-2CH3 50 %). µeff  

= 4.52 BM. Anal.Calcd. for C17H21Cl2N5Fe: C, 35.09; H, 3.89; N, 12.03. Found C, 34.90, H, 

2.95, N, 12.28.  
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2.2.3 X-ray Crystallography 

Single crystal X-ray diffraction studies for complex 4-8 were carried out and the data were 

recorded on a Bruker Apex Duo equipped with an Oxford Instruments Cryo jet operating at 

100(2) K and an Incoatec micro source operating at 30 W power. The data were collected with 

Mo Kα (λ = 0.71073 Å) radiation at a crystal-to-detector distance of 50 mm. The following 

conditions were used for the data collection: omega and phi scans with exposures taken at 30 

W X-ray power and 0.50º frame widths using APEX2.25 The data were reduced with the 

programme SAINT26 using outlier rejection, scan speed scaling, as well as standard Lorentz 

and polarization correction factors. A SADABS semi-empirical multi-scan absorption 

correction was applied to the data. Direct methods, SHELXS-97 and WinGX 20 were used to 

solve all three structures. All non-hydrogen atoms were located in the difference density map 

and refined anisotropically with SHELXL-97. All hydrogen atoms were included as idealized 

contributors in the least squares process. Their positions were calculated using a standard 

riding model with C-Haromatic distances of 0.93 Å and Uiso = 1.2 Ueq.  The imidazole N-H were 

located in the difference density map, and refined isotropically. 

2.2.4 Transfer hydrogenation of ketones reactions 

The catalytic transfer hydrogenation of ketone was performed in a two-necked round bottom 

flask under an inert atmosphere. In a typical experiment, 1-9 (0.02 mmol, 1 %), 0.4 M KOH in 

2-propanol (5 mL) and acetophenone (0.23 mL, 2.0 mmol) were added and refluxed at 82 °C 

under N2 atmosphere. The samples were taken at regular intervals and the course of the reaction 

was monitored by 1H NMR spectroscopy. The percentage conversions were calculated using 

the 1H NMR spectra by comparing the intensities of the methyl signal of acetophenone (s, δ 

2.59 ppm) and methyl signal of 2-phenylethanol (d, δ 1.49 ppm) of the crude products. In all 
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cases solvent was removed under vacuum to obtain products, which was isolated, recrystallized 

and characterized by 1H NMR spectroscopy. 

2.3 Results and discussion  

2.3.1 Syntheses and characterization 

The two types of ligands 2-(3,5-dimethylpyrazolyl)pyridine (L1) and 2,6-bis-(3,5-

dimethylpyrazolyl)pyridine (L2) were synthesized according to the methods described by Steel 

et. al.23 The ligand (L3) was synthesized according to the method described by Jameson et. 

al.24 Treatment of L1 with appropriate salts NiBr2, NiCl2 or FeCl2.4H2O afforded the respective 

complexes 1-3 respectively (Scheme 2.2). Reactions of L2 with NiBr2, NiCl2 or FeCl2.4H2O 

salts afforded complexes 4-6 respectively (Scheme 2.3).  

3
L1 X=Br (1)

X=Cl (2)

NiBr2 / NiCl2

CH2Cl2

FeCl2.4H2O
CH2Cl2

 

Scheme 2.2. Synthesis of nickel(II) and iron(II) complexes of bidentate ligand, L1. 

Similarly, the treatment of L3 with appropriate salt of NiBr2, NiCl2 or FeCl2.4H2O afforded the 

corresponding complexes 7-9, respectively (Scheme 2.4). The formation of the complexes was 

evident from the change of color upon addition of ligand solution to the metal salts. The 

complexes were isolated in moderate to good yields (47-95 %). 
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X= Br (4)
X= Cl (5)

L2 6

NiBr2/ NiCl2

CH2Cl2 CH2Cl2

FeCl2.4H2O

Scheme 2.3. Synthesis of nickel(II) and iron(II) complexes of tridentate ligand, L2. 

Microanalysis, measurements of magnetic moment, mass spectroscopy and single crystal X-ray 

analyses were used to confirm the structures of 1-9. NMR spectroscopy was not used to 

characterize the complexes due to the paramagnetic nature of the compounds.27 The complexes 

were also identified by using their magnetic moment data. The effective magnetic moments of 

1, 2, 4, and 5 were in the range of 2.89-3.79 BM which is within the observed range of 2.9 - 4.2 

BM for other nickel(II) complexes.28 The effective magnetic moments of 3 and 6 were found to 

be 5.01 BM and 4.98 BM, respectively and were also consistent with normal range 4.90-5.11 

BM reported in literature28 for iron(II) compounds. The observed effective magnetic moments 

for complexes of L1 and L2 were relatively higher than the calculated spin-only magnetic 

moments. This observation can be attributed to the spin-orbit coupling effect and may explain 

why complex 2 bearing Cl ligand shared a higher µeff than complex 1 bearing the Br ligand. In 

the nephalauxectic series, Cl lies higher in the spectrochemical series compared to Br.29 

Similarly, complex 1, bearing tridentate L2, exhibited higher µeff than complex 4, bearing the 

didentate L1. Thus denticity and nature of the ligands influenced the observed effective 

magnetic moments of the respective complexes. 
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NiBr 2/ NiCl 2

X= Br ( 7)

X= Cl ( 8)

 L3  9

 

Scheme 2.4. Synthesis of nickel(II) and iron(II) complexes of L3. 

The effective magnetic moments of complexes 7 and 8 derived from L3 were generally lower 

than complexes 1-3 from L1 and 4-6 from L2 ligands. The effective magnetic moment of 

complexes 7 and 8 were 2.39 BM and 2.76 BM, respectively, which is close to the theoretical 

value of 2.8328 for nickel(II) complexes. For complex 9, the effective magnetic moment was 

found to be 4.52 BM which is also close to the theoretical value of 4.89 BM expected for low 

spin iron(II) (d6). The observed magnetic moments were relatively lower than the calculated 

spin-only magnetic moments and the observed range of high spin nickel(II) and iron(II) 

reported in literature.28 This observation signifies a better quench effect of L3 ligand compared 

to L1 and L2 ligands.30 
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Figure 2.1: ESI-MS spectrum showing m/z peak of the fragments for complex 4. 

Mass spectroscopy was also used to elucidate the structure of complexes 1–9 through observed 

fragmentation patterns. Figure 2.1 shows the mass spectrum of complex 4. Fragmentation 

produced from A gives B and C with m/z of 354 and 340 corresponds to [M+-2Br] and [M+-

(2Br,+-CH3)] respectively. The HR-MS for complex 7 (Figure 2.2) showed m/z at 404.004 as 

an isotope of the base peak at 406.002 corresponding to [M+-Br] fragment. 

 

Figure 2.2: HR-MS spectrum complex 7 showing [M+-Br] as the base peak. 

Mw = 485.83 g/mol 

 

 

 

 

-2Br 
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The elemental analyses data was performed for all the complexes (1-9) to confirm the purity of 

the compounds. The elemental analyses data were in good agreement with the proposed 

structures for all complexes in Schemes 2.2-2.3, with the exception of the analyses of hydrogen 

(H) in complexes 2, 4, 5, 7, 8, 9 which deviated by more than 0.5. This could be due to 

contamination from foreign substances like dust. 

2.3.2 Molecular structures of complexes 4 - 8 

Single crystals suitable for X-ray analyses of complexes 4 and 6 were obtained by slow 

diffusion of hexane into dichloromethane solutions at -4 °C while crystals of 7 and 8 were 

obtained by slow evaporation of their methanolic solution at room temperature. Molecular 

structures and selected bond parameters for compounds 4, 6a, 7 and 8 are shown in Figures 

2.3-2.6 while Table 2.1 contains data collection, structural refinement parameters of 4, 6a, 7 

and 8. Complexes 4 and 6 contain two tridentate units of L2 ligand coordinated to the metal 

center. This is common for the nickel(II) and iron(II) complexes anchored on tridentate ligands 

to forming octahedral structures.27 The difference between the proposed structures and the 

solid state structure can also be attributed to the process of crystallization, resulting in the 

formation of the metal cations as observed in the molecular structures of complexes 4 and 6 in 

chlorinated solvents.31 The geometry around the nickel(II) metal center in complexes 4 and 6 is 

distorted octahedral since the bond angles for N(1)-Ni(1)-N(3) of 87.06° and N(6)-Ni(1)-N(8) 

of 86.46° deviate from 90°. Similarly, the angles for N(1)-Ni(1)-N(5) of  173.53° is less than 

180° typical of octahedral structures. The Ni-Npz(1) bond length of 2.1300(10) Å and Ni-Npz(5) 

bond length of 2.1162(10) Å are statistically similar confirming the symmetrical nature of L2. 

The average Ni-Npz bond distances are longer than those reported in literature for the similar 

complexes.32  
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Figure 2.3. Molecular structure of complex 4a drawn at 50 % probability ellipsoids.  

Bond lengths (Å): Ni-Npz(1), 2.1300(10); Ni-Npz(5), 2.1162(10);Ni-Npy(3), 2.1284(10);Ni-

Npy(8), 2.1350(10);Ni-Npz(6), 2.1129(10);Ni-Npz(10), 2.1364(11). Bond angles (°):N(1)-Ni(1)-

N(3),87.06(4); N(5)-Ni(1)-N(3),86.51(4); N(6)-Ni(1)-N(8),86.46(4); N(8)-Ni(1)-

N(10),86.85(4); N(1)-Ni(1)-N(6), 173.53(4); N(6)-Ni(1)-N(10),173.24(4); N(3)-Ni(1)-N(8), 

179.47(4). 

The molecular structure of 6a is similar to that of the nickel(II) derivative 4; the two tridentate 

ligands adopt the same staggered conformation about the distorted octahedral metal centre. 

However, the distortion from a regular octahedral coordination geometry is more pronounced 

in 6a, as evidenced by the rather acute mean Npz–Fe–Npy bond angle of 84.7(8)° in the complex 

(where pz=pyrazole and py=pyridine). The mean Fe–Npz and Fe–Npy bond distances measure 

2.210(12) and 2.264(12) Å, respectively, and are in the ranges (2.131–2.245, Fe–Npz; 2.191–

2.251, Fe–Npy) observed for each bond class from the known X-ray structures of the cation 

present in six different salts (Figure 2.4b). The Fe–Npz bond to the metal ion is slightly shorter 

than the Fe–Npy bond, in contrast to the bonding about the nickel(II) ion of 4a, and likely 

reflects the fact that the ionic radius of high-spin iron(II) at 92 pm is 11 % larger than that of 
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nickel(II) (83 pm) such that the intrinsic geometric differences of the two N-donor atom types 

is somewhat amplified for the iron(II) chelate. It is noteworthy in this regard that the C–Npy–C 

bond angle (ca. 117°) is significantly wider than the N–Npz–C bond angle (ca. 105°) and would 

account for a substantial part of the observed elongation of the Fe–Npy bond relative to the Fe–

Npz bond. Figure 2.4b shows a least-squares superposition of the six known X-ray structures of 

[Fe(L2)2]2+ in the literature with that of 6a. The wave-like conformation of the tridentate ligand 

is essentially constant for all of the crystallographically characterized salts. The two chelating 

ligands are relatively inflexible with minor conformational perturbations in the pyrazole ring 

orientations caused by minor rotations about the Fe-Npz bonds and crystal packing interactions 

involving the methyl substituents on the rings. Interestingly, the chelate ring arrangements and 

spiral-like ligand conformations of 6a yield a chiral molecular structure for the cation. 
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Figure 2.4: (a) Molecular structure of 6a drawn with 50 % probability ellipsoids and selected 

atom labels. (b) Overlay of the X-ray structure of the 6a with other six X-ray structures of the 

same cation from different salts in the literature (CSD reference codes: NIJMAU, NIJLOH, 

NIJLIB, ETONOR, ETONIL, and ETONEH). 

Two solvent molecules (CH2Cl2) and H atoms are omitted for clarity; only the major 

components of the two disordered [FeCl4]– counter-ions are shown. Bond lengths (Å): Fe–N1, 

2.211(8); Fe–N5, 2.208(8); Fe–N3, 2.273(7); Fe–N8, 2.255(8); Fe–N6, 2.226(8); Fe–N10, 

2.198(8). Bond angles (°): N1–Fe1–N3, 84.9(3); N5–Fe1–N3, 84.3(3); N6–Fe1–N8, 83.8(3); 

N8–Fe1–N10 85.6(3); N1–Fe1–N6, 87.9(3); N6–Fe1–N10, 169.3(3); N1–Fe1–N5, 169.2(3); 

N3–Fe1–N8, 178.0(3). The similarity indices range from 0.94–0.98 for all non-H atoms. 

(Atomic coordinates were transformed by inversion where necessary to give the same 

enantiomorph for least-squares fitting.) 
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Table 2.1. X-ray data collection and structure refinement parameters for compounds 4a, 6a, 7 

and 8. 

 4a•H2O 6a•2CH2Cl2 7•4H2O 8•2H2O 

Empirical formula  C34H44N10ONiBr2  C36H46N10Cl12Fe3  C15H25N5O4NiBr2  C15H21N5Cl2NiO2  
Formula weight  827.32  1211.78  557.93  432.98  
Temperature/K  100.15  100(2) 100(2) 100(2) 
Crystal system  monoclinic  triclinic  monoclinic  monoclinic  
Space group  C2/c  P-1  Cc  P21/n  
a/Å  15.2365(8)  13.7303(12)  10.4314(8)  8.2878(5)  
b/Å  12.1008(6)  14.9885(13)  11.0104(8)  21.2490(13)  
c/Å  38.373(2)  15.6987(13)  18.8608(13)  10.6189(6)  
α/°  90  89.620(4)  90  90  
β/°  90.113(2)  64.621(4)  103.777(2)  107.728(2)  
γ/°  90  63.481(4)  90  90  
Volume/Å3  7074.9(6)  2542.7(4)  2103.9(3)  1781.26(18)  
Z  8  2  4  4  
ρcalc mg/mm3  1.553  1.583  1.761  1.615  

-1  2.851  1.514  4.750  1.409  
F(000)  3392.0  1228.0  1120.0  896.0  
Crystal size/mm3  0.4 × 0.35 × 0.25  0.25 × 0.2 × 0.15  0.4 × 0.3 × 0.2  0.4 × 0.3 × 0.3  

Radiation  MoKα (λ = 
0.71073)  

Mo Kα (λ = 
0.71073)  

Mo Kα (λ = 
0.71073)  

Mo Kα (λ = 
0.71073)  

2Θ range for data 
collection/°  4.246 to 75.582  2.95 to 52.468  4.448 to 60.958 5.82 to 61.072 

Index ranges  -26 ≤ h ≤ 15, -20 ≤ 
k ≤ 18, -54 ≤ l ≤ 65  

-16 ≤ h ≤ 17, -18 ≤ 
k ≤ 18, -19 ≤ l ≤ 19  

-14 ≤ h ≤ 7, -15 ≤ k 
≤ 15, -23 ≤ l ≤ 26  

-11 ≤ h ≤ 11, -30 ≤ 
k ≤ 29, -15 ≤ l ≤ 15  

Reflections collected  61086  36960  12399  21261  

Independent reflections  
16101 [Rint = 
0.0197, R  = 
0.0260]  

9820 [Rint = 0.0284, 
R  = 0.0250]  

4201 [Rint = 0.0210, 
R  = 0.0287]  

5429 [Rint = 0.0197, 
R  = 0.0163]  

Data/restraints/paramet
ers  16101/0/449  9820/54/650  4201/10/281  5429/0/246  

Goodness-of-fit on F2  1.050  1.183  1.040  1.026  
Final R indexes [I  2σ 
(I)]  

R1 = 0.0304, wR2 = 
0.0656  

R1 = 0.0966, wR2 = 
0.2454  

R1 = 0.0150, wR2 = 
0.0367  

R1 = 0.0212, wR2 = 
0.0551  

Final R indexes [all 
data]  

R1 = 0.0416, wR2 = 
0.0683  

R1 = 0.0994, wR2 = 
0.2466  

R1 = 0.0153, wR2 = 
0.0368  

R1 = 0.0222, wR2 = 
0.0556  

Largest diff. peak/hole / 
e Å-3  0.89/-0.57  1.20/-1.18 0.45/-0.39  0.52/-0.39  

Flack parameter - - 0.014(5) - 

 aStandard uncertainties of the least significant digits are given in parentheses. 

 

The X-ray structures of compounds 7 and 8 are similar in several respects (Figure 2.5 

and 2.6) since they both exhibit aquation of the metal ion with varying degrees of halide 

ion substitution, such that they are best classified as inner-sphere hydrates. The 

nickel(II) ion is six-coordinate in both cases and coordinated to tridentate L3, which 

deviates somewhat from planarity in both cations. The bromide salt 7•4H2O exhibits a 

maximally hydrated coordination sphere with three water ligands occupying 
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coordination sites in the meridional plane perpendicular to the mean plane defined by 

L3. An additional solvate water molecule is hydrogen-bonded to the aqua ligand bound 

to Ni1 within the plane of the three N-donors of L3. The bromide counterions in 

7•4H2O participate in discrete hydrogen bonds with both the metal-bound and the free 

water molecules, leading to a complex extended structure (Figure 2.5b). In the structure 

of 8•2H2O, the two water molecules are bound to the nickel(II) ion both axially and 

equatorially and are hydrogen-bonded to the chloride counterion. The extended structure 

comprises one-dimensional H-bonded chains stabilized by centrosymmetric cation and 

anion pairs (Figure 2.6). The cation pairs are held together by a pair of hydrogen bonds 

involving the water molecule of one cation and the axial chloride ligand of the partner 

cation, forming an 8-membered 2-donor/2-acceptor ring (8R2
2). The centrosymmetric 

anion pair linking adjacent centrosymmetric cation dimers in the chain is characterized 

by the anions each accepting three hydrogen bonds from the metal-bound water ligands 

in neighbouring cations to form an 8-membered 4-donor/2-acceptor ring (8R4
2) between 

the cation pairs in the one-dimensional chain. The Ni–O–H•••Cl– hydrogen bond 

distances are in the range 2.26–2.47 Å and are consistent with the range (2.10–2.46 Å) 

determined from 1013 X-ray structures of non-coordinated OW–H•••Cl– hydrogen bond 

distances in Steiner’s seminal analysis of hydrogen bonding,33 suggesting that the O–H 

donors of the aqua ligands in 8•2H2O remain relatively unaffected by coordination to 

nickel(II) atoms. 
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    (a)          (b) 

Figure 2.5: (a) Molecular structure of 7a drawn at 50 % probability ellipsoids. Bond lengths (Å): Ni-Npz(1), 2.0832 (17) ; Ni-Npz(5), 2.0783 (17) 

; Ni-Npy(3), 2.0051 (17); Ni-O(2), 2.1134 (16); Ni-O(3), 2.0788 (16) Bond angles (°):O(1)-Ni(1)-O(3), 87.34 (6); N(1)-Ni(1)-O(3), 91.41 (7); 

N(3)-Ni(1)-O(2), 94.13 (7); N(1)-Ni(1)-N(3), 77.58 (7); O(2)-Ni(1)-O(3), 176.52 (6); O(1)-Ni(1)-N(3) 176.59 (7); N(1)-Ni(1)-N(5) 155.53 (6). 

(b) Hydrogen-bond geometry (Å, º) for 7 
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The chelating bis(pyrazolyl) ligand in 7 and 8 induces an in-plane distortion of the 

nickel(II) coordination sphere away from ideal octahedral coordination mainly due to 

the fact that the nickel(II) ion fits rather poorly into the adjacent 5-membered chelate 

rings of the tridentate ligand. This is especially evident from the trans Npz–Ni–Npz 

angles, which deviate significantly from 180° and measure 155.53(7) and 154.52(4)° for 

7 and 8, respectively. These values match the mean Npz–Ni–Npz angle for all 

crystallographically characterized nickel(II) complexes of 2,6-bis(pyrazole)pyridine 

currently available in the CSD22. The same observation holds for the Npy–Ni–Npz bond 

angles. Inspection of the data in Table 2.1 reveals that there is surprisingly little 

variation in the bond angles subtended at the metal ion for this class of compounds, 

consistent with an essentially inflexible chelating ligand. The fact that the mean endo-

Npy–Ni–Npz bond angle deviates significantly from 180° reflects the geometric 

constraints of the ligand framework which precludes attainment of the an “ideal” trans-

Npy–Ni–Npz bond angle of 180° for a six-coordinate nickel(II) complex. 
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   (a)          (b) 

Figure 2.6. (a) Molecular structure of 8.2H2O drawn at 50 % probability ellipsoids. Bond lengths (Å): Ni-Npz(1), 2.0566 (9) ; Ni-Npz(5), 2.0995 

(8) ; Ni-Npy(3), 2.0162 (9). Bond angles (°): O(1)-Ni(1)-O(2), 87.87 (3); N(1)-Ni(1)-O(1), 103.79 (3); Cl(1)-Ni(1)-O(1), 89.84 (2); N(5)-Ni(1)-

Cl(1), 94.79 (2); O(1)-Ni(1)-N(3), 175.64 (3); O(2)-Ni(1)-Cl(1), 176.71 (2); N(1)-Ni(1)-N(5), 154.48 (3). (b) Hydrogen-bond geometry (Å, º) for 

8•2H2O. 
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In both 7 and 8, the Ni–Npz bonds are inequivalent, fall in the range 2.005–2.101 Å and 

average 2.080(17) Å. The central Ni–Npy bonds are somewhat shorter, averaging 2.011(8) 

Å for the two complexes. From the data in Table 2.1, it is clear that the Ni–Npy bonds are 

normal for this class of compounds, matching the mean of 2.012(15) Å. Although the 

bonds between the metal ion and pyrazole nitrogen atoms in 7 and 8 are shorter than the 

mean [2.103(21) Å] for this class of chelates, they are equivalent within one standard 

deviation of the mean (1σ). Due to the rigidity of the 2,6-bis(pyrazole)pyridine nickel(II) 

chelate for all entries in Table 2.1, the relative invariance of the Ni–N bonds is to be 

expected in this class of compounds and, furthermore, appears to be insensitive to 

whether the pyrazole moieties are alkylated or not. Finally, it is noteworthy that the 

chloride salt 8•2H2O is structurally and crystallographically isomorphous with the 

analogous bromide salt reported by Tastekin et. al.,351namely diaqua-bromo-(2,6-bis(3,5-

dimethylpyrazolyl)pyridine-N,N',N'')-nickel(II) bromide. 

2.3.3 Transfer hydrogenation of acetophenone catalyzed by complexes 1-9 

Complexes 1-9 were investigated as potential homogeneous catalysts for the transfer 

hydrogenation of acetophenone as a model substrate using KOH and isopropanol as the base and 

hydrogen donor, respectively (Scheme 2.5).  

O OH

 complexes 1-9

KOH/2-PrOH, 82 °C

OH

+

O

+

 

Scheme 2.5. Catalytic transfer hydrogenation of acetophenone 
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The kinetics of transfer hydrogenation of acetophenone to the corresponding 1-phenylethanol 

were monitored by 1H NMR spectroscopy by comparing the intensities of the methyl signals of 

acetophenone (s, δ 2.59 ppm) and 1-phenylethanol (d, δ 1.49 ppm) of the crude products (Figure 

2.7). As the reaction progresses, it can be observed that the peak intensity for acetophenone (s, δ 

2.59 ppm) decreases while the peak for 1-phenylethanol (d, δ 1.49 ppm) appears and increases. 

All the complexes were found to efficiently catalyze the transfer hydrogenation of acetophenone 

giving conversions between 70-99 % within 48 h (Figure 2.8).  

Figure 2.7. NMR percentage conversion of acetophenone by complex 3 

2.3.3.1 Effect of catalyst structure on the transfer hydrogenation of acetophenone 

Upon establishing that complexes 1-9 form active catalysts for the transfer hydrogenation of 

acetophenone, we subsequently investigated the effects of catalyst structure, nature of substrate 

and reaction conditions such as base and catalyst concentration on the transfer hydrogenation 
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reactions. Table 2.2 summarizes the results of the catalytic screening and kinetics data for TH of 

acetophenone for complexes 1-9 (Figure 2.8).  

 

Figure 2.8. Time dependence of catalytic transfer hydrogenation of acetophenone by complexes 

1-9. 

From Table 2.2 and Figure 2.8, it was evident that the nickel(II) and iron(II) complexes 7-9 

bearing the rigid tridentate ligand L3 exhibited higher catalytic activities than the corresponding 

complexes 1-3 and 4-6 bearing on  L1 and L2 ligands. Comparatively, complexes 1-3 derived 

from the bidentate L1 showed better catalytic activities than the corresponding complexes 4-6 

anchored on the tridentate L2 ligand. Thus, from these trends, it is evident that the ligand 

architecture influenced the catalytic activities of the respective complexes. As an illustration, 

while the complexes 2 (L1) and 5 (L2) afforded conversions of 85 % (1 770 x 10-3 h-1) and 70 % 

(1 458 x 10-3 h-1) respectively, complex 8 of L3 gave conversions of 99 % (2 062 x 10-3 h-1) 
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under similar experimental conditions. The lower activities of complexes L2 could be attributed 

to steric hindrance around the metal atom arising from the bulkier and flexible L2. This has the 

net effect of hindering ketone substrate from coordinating to the metal center.362The planarity 

and the more rigid nature of complexes 7-8 allows the substrate to easily access the metal center, 

therefore can be associated with their catalytic activity.7 

Table 2.2. The data for the transfer hydrogenation of acetophenone to 1-phenylethanol catalyzed 

by 1–9.a 

Catalyst Conv. 48 h (%)b TOFx10-3(h-1) 

 1 95 1 979 

2 85 1 770 

3 96 2 000 

4 94 1 958 

5 70 1 458 

6 94 1 958 

7 96 2 000 

8 99 2 062 

9 99 2 062 

aConditions: acetophenone, 2.00 mmol; catalyst, 0.02 mmol (1.0 mol%); base, 0.40 M KOH in 2-propanol (5 mL); 

temperature, 82 °C. bDetermined by 1H NMR spectroscopy at t = 48 h. TOF = (mmol of substrate)/(mmol of 

catalyst)*(h of time) 
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M= Ni, X = Br ( 7)
M = Ni, X = Cl ( 8)
M = Fe, X = Cl ( 9)

M = Ni, X = Br ( 1)
M = Ni, X = Cl ( 2)
M = Fe, X= Cl ( 3)

M = Ni, X = Br ( 4)
M = Ni, X = Cl  (5)
M = Fe, X= Cl ( 6)  

We also observed that the identity of the metal atom had an effect on the catalytic activities of 

the complexes. In general, iron(II) complexes were more active than the corresponding nickel(II) 

complexes. For example, conversions of 85 % (1 770 x 10-3 h-1) and 96 % (2 000 x 10-3 h-1) were 

reported for the dichloride nickel(II) and iron(II) complexes 2 and 3 (Table 2.2, entries 2 and 3). 

This trend is consistent with literature findings for similar complexes and could be attributed to 

greater positive charge of iron(II) metal compared to nickel(II) hence improved substrate 

coordination to the metal centre and promoted nucleophilic attack.37-393-5In addition, iron(II) is 

‘known’ to form more stable metal hydrides (considered an intermediate in the THK), since it 

has more preference to oxygen than nickel(II).406 

From the results, it was also clear that the nature of the halides (chloride or bromide) also 

controlled the catalytic activities of the complexes. For instance, while the dibromide nickel(II) 

complex 4 gave conversions of 94 % (1 958 x 10-3 h-1), the corresponding dichloride complex 5 

only achieved 70 % (1 770 x 10-3 h-1) under similar conditions. In addition, the dichloride 

complexes 2 and 5 exhibited much longer induction periods than their corresponding bromide 

complexes 1 and 4 (Figure 2.8). However, an opposite trend was observed for complexes 7 and 

8. In this case, the dichloride complex 8 exhibited a faster induction period compared to the 
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dibromide complex 7, giving the final percentage conversion of 99 % (2 062 x 10-3 h-1) and 96 % 

(2 000 x 10-3 h-1) respectively (Figure 2.9). While increased solubilities of the dibromide 

complexes 1 and 4 may be responsible for their higher catalytic performance, stronger hydrogen 

bonding observed in the bromide complex 7 (Figure 2.6b) could account for its lower activity 

compared to the dichloride complex 8. The trend obtained for 7 and 8 agrees with that reported 

by Mikhailine et. al. They reported greater activities of the iron(II) chloride complexes compared 

to their bromide analogues.417 

In comparison to literature reports, the catalytic activities of complexes 1-9 in the transfer 

hydrogenation of acetophenone were lower than some of the most active nickel(II) and iron(II) 

systems. For example, while iron(II) complexes 3 and 6 display conversions of 75 %-99 % 

within 48 h, the iron(II) carbonyl complexes reported by Morris et al. show conversion of 93 % 

within 30 min (907 x 10-3 h-1).16 However, the nickel(II) complexes also demonstrated 

comparable activities to some of the reported nickel(II) systems. For example, the conversion of 

95 % (1 979 x 10-3 h-1) observed after 48 h for complex 1 compares favorably with conversions 

of 98 % within 48 h recorded in the asymmetric transfer hydrogenation of acetophenone 

catalyzed by nickel(II) complex of PNO ligands.17  

2.3.3.2 Effect of reaction conditions on the transfer hydrogenation reactions 

In order to establish the optimum reaction conditions for the transfer hydrogenation of 

acetophenone, we studied the effect of catalyst loading and type of base on the catalytic 

performance of complex 1 (Table 2.3, entry 9 and Table 3, entries 5-7). From the results, it was 

evident that increasing catalyst loading from 0.5 mol % to 1.0 mol % resulted in a significant 

increase in catalytic activity from 60 % (1 250 x 10-3 h-1) to 90 % (1 875 x 10-3 h-1), shown in 
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table 2.3, entries 1 vs 5. However, a further increase in catalyst concentration to 1.5 mol % 

resulted in a drastic drop in activity to 59 % (1 229 x 10-3 h-1), as indicated in table 2.3, entry 6. 

Decrease in catalytic activity with increase in catalyst concentration has been associated with 

complex aggregation which might limit the number of reacting species.428Thus the optimum 

catalyst concentration in transfer hydrogenation of acetophenone using complex 1 was 1 mol % 

(1 979 x 10-3 h-1). 

Table 2.3. Dependence of TH of acetophenone on the nature of base and catalyst concentration 

using complex 1 

Entry Base Conversion (%)b TOF x 10-3(h-1) 

1 KOH 95 1 979 

2 NaOH 84 1 750 

3 Na2CO3 55 1 146 

4 tBuOK 97 2 021 

5 KOH 60 c 1 250 

6 KOH 59d 1 229 

aConditions  ketone, 2.00 mmol  catalyst. 0.02 mmol (1 mol )   0.40 M of base in 2-propanol (5 m ), temperature 

82  C. bDetermined by 1H NMR spectroscopy c0.01 mmol catalyst (0.50 mol%); d0.03 mmol catalyst (1.50 mol%). 

TOF= (mmol of substrate)/(mmol of catalyst)*(h of time) 
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The effect of the base was also investigated by comparing the catalytic activities of complex 1 in 

tBuOK, KOH, NaOH and Na2CO3. The highest catalytic activities were realized when using 

tBuOK, while the least activity was noted using Na2CO3. This trend is consistent with the order 

of stability and strengths of these bases and agrees with earlier findings in literature where 

stronger bases generate more active catalytic species.439 

2.3.3.3 Variation of ketone substrates using complex 1 & 9  

To gain more insight on the substrate scope that can be efficiently catalyzed by these catalysts, 

we studied the transfer hydrogenation of 2-methylacetophenone, 2-chloroacetophenone, 3-

propanol, benzophenone, acetylpyridine  and 2-methycyclohexanone using catalyts 1 and 9 

(Table 2.4 and Figure 2.9).  

 

Figure 2.9. Effect of ketone substrate on the THK using complex 9, KOH, substrate, [S]/[9]=200. 
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We observed that introduction of electron-donating or withdrawing groups at the ortho position 

of acetophenone did not significantly affect the catalytic performance of catalysts 1 and 9 (Figure 

2.9). For instance, for catalyst 1, conversions of 99 % were obtained for 2-methylacetophenone 

and 2-chloroacetopheone in comparions to 95 % for  acetophenone (Table 2.4, entries 8-10). 

These finding are in contrasts to those of Yu et al. who reported higher conversions of 95% and 

99 % for the methyl and chloro ortho-substituted acetophenone respectively in comparsion to 85 

% obtained for  acetopehenone within 5 h.4410Significantly, we observed diminished catalytic 

activities of 76 % and 56 % for 2-methycyclohexanone and aliphatic 3-pentanone, respectively. 

This showed that aromatic ketone substrates exhibited higher reactivity compared to aliphatic 

analogues. Indeed, comparable higher conversion of 96 % was achieved using heterocylic 

acetylpyridine substrate confirming that the aromatic ring plays a role in increasing substrate 

reactivity. The relatively lower reactivity observed for benzophenone 86 % could be largely 

assigned to ring strain occassioned by the two bulky phenyl rings.4511 
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Table 2.4. Effect of substrate scope on the transfer hydrogenation reactions by 1 and 9  

Entry catalyst Substrate %Conversionb TOF x 10-3 (h-1) 

1 9 O

 

99 2 062 

2 9 O

 

 99 2 062 

3 9 OCl

 

99 2 062 

4 9 O

 

77 1 604 

5 9 

 

89 1 854 

6 9 
 

56 1 167 

7 9 

 

96 2 000 

8 1 O

 

95 1 979 

9 1 O

 

 99 2 062 

10 1 OCl

 

99 2 062 

11 1 O

 

76 1 583 

 

aConditions  ketone, 2 mmol  catalyst. 0.02 mmol (1 mol )   base, K H   0.4M of K H in 2-propanol (5 m ), 

temperature 82  C. bDetermined by 1H NMR spectroscopy. TOF= (mmol of substrate)/(mmol of catalyst)*(h of time)  
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2.4 Conclusions 

Iron(II) and nickel(II) complexes anchored on bidentate (2-pyrazol-1-ylmethyl)pyridine and 

tridentate 2-6-bis-(pyrazol-1-ylmethyl)pyridine form active catalysts for the transfer 

hydrogenation of acetophenone displaying moderate catalytic activities. Solid state structures of 

complexes 4 and 6 revealed the presence of two tridentately bound ligand L2 units in the metal 

coordination sphere to give six-coordinate cationic species, while the nickel(II) complexes 

derivatives 7 and 8 consists of one tridentately bound L3 unit in addition to H2O molecules  and 

bromide ligands. Both the identity of the ligand and the metal atom influenced the catalytic 

behavior of these complexes. Iron(II) complexes were generally more active than the nickel(II) 

complexes while complexes containing bulkier ligands showed reduced catalytic activities. More 

aliphatic as well as rigid ketones showed lower reactivity. Generally, the nickel(II) and iron(II) 

complexes displayed the least active catalytic systems compared to the literature reported 

ruthenium(II) catalysts. However, we observed that the architecture of the ligands also plays a 

role in influencing the catalytic activity of the nickel(II) and iron(II) complexes, therefore 

syntheses of highly modified ligands may form nickel(II) and iron(II) complexes that would be 

comparable with ruthenium complexes. The synthesized nickel(II) and iron(II) complexes offer 

promising prospects to the transfer hydrogenation reactions and to the development of more 

robust and cheaper alternatives to the ruthenium catalysts. 
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CHAPTER THREE 

Orientation towards the asymmetric transfer hydrogenation using 2-(1-

(Pyrazolyl)ethyl)pyridine nickel(II) and iron(II) complexes 

3.1 Introduction 

Asymmetric transfer hydrogenation of ketones (ATHK) is a well-established and an 

extensively studied method used to achieve enantiomerically enriched secondary alcohol 

products, on both the laboratory and industrial scale.1-8 Optically active alcohol products are 

useful intermediates in the synthesis of pharmaceuticals and pesticides.2 For example, active 

pharmaceutical ingredients (APIs) are used for the manufacture of drugs like (R)-sotalol, 

used to treat life-threatening heart rhythm problem called ventricular arrhythmia.3 As a result, 

the reactions are mostly applied in pharmaceutical industries, agricultural industries and 

flavouring industries.2-6 Asymmetric catalysis can be achieved by using a suitable 

homogeneous chiral catalyst and selecting suitable reaction parameters. Noyori and co-

workers1 first reported complexes [RuCl(η6-arene)(N-arylsulfonyl-DPEN)] as catalysts in 

stereoselective reduction of various aromatic ketones7 to produce optically active alcohol 

products with high enantiomeric excess (ee).  

Since this discovery, there has been much development of chiral catalyst and their application 

in the asymmetric transfer hydrogenation of ketones. However, there has been challenges 

with achieving high enantioselectivity and predictable steriochemistry of acetylpyridine,8 

used in the synthesis of 2-(1-(pyrazolyl)ethyl)pyridine. In this chapter, report on the 

attempted synthesis of asymmetric nickel(II) and iron(II) complexes anchored on the chiral 2-

(1-(pyrazolyl)ethyl)pyridine ligand using CBS as the catalyst, for asymmetric transfer 

hydrogenation of ketones. The failure of chiral syntheses led to the synthesis and application 

of nickel(II) and iron(II) complexes of 2-(1-(pyrazolyl)ethyl)pyridine. We herein report the 
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synthesis, characterization and transfer hydrogenation of ketones catalyzed by 2-[1-(3,5-

dimethylpyrazol-1-yl)ethyl]pyridine ligand (L4) and 2-[1-(3,5-diphenylpyrazol-1-

yl)ethyl]pyridine ligands (L5) of nickel(II) and iron(II) complexes.  

3.2 Experimental  

3.2.1 General methods and instrumentation 

General methods and instrumentation are as described in Chapter 2, section 2.2.1. 

3.2.2 Synthesis of ligands L4 and L5 

3.2.2.1 Syntheses of 2-[1-(3,5-dimethylpyrazol-1-yl)ethyl]pyridine (L4) 

The ligand (L4) was prepared by dissolving 2-(1-chloroethyl)pyridine (2.02 g, 14.20 mmol) 

and 3,5-dimethylpyrazole (1.37 g, 14.20 mmol) in toluene (30 mL), 40 % aqueous NaOH (10 

mL) and 40 % aqueous tetrabutylammonium bromide (5-6 drops). The reaction mixture was 

refluxed for 120 h. The organic layer was then separated from the aqueous layer and washed 

three times with deionised water. The organic layer was dried over anhydrous Na2SO4 and 

solvent removed under vacuum. Purification was done by column chromatography in a 

solution of hexane and diethyl ether (3:2) to yield a chrome yellow liquid. Yield: 1.43 g (49 

%). 1H NMR (CDC13)  δ 2.14 (s, 3H, CH3, pz); 2.30 (s, 3H, CH3, pz); 1.96 (d, 3H, CH3,3JHH 

= 8 ); 5.46 (q, H, CH3); 5.87 (s, 1H, pz); 6.82 (d, 1H, py, 3JHH = 7.61 Hz); 7.15 (t, 1H, py, 3JHH 

= 7.8 Hz); 7.58(t, 1H, py, 3JHH = 7.8 Hz); 8.54 (d, 1H, py, 3JHH = 7.8 Hz).13C NMR (100 MHz, 

CDCl3) δ  13.71, 14.05, 20.19, 59.17, 105.64, 120.25, 122.13, 137.07, 139.49, 147.50, 

148.77, 162.10. (ESI-MS) m/z(% abundance) 201 (M+, 35%). 
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3.2.2.2 Synthesis of 2-[1-(3,5-diphenylpyrazol-1-yl)ethyl]pyridine (L5) 

Compound L5 ligand was prepared following the same method described for L4 using 2-(1-

chloroethyl)pyridine (2.00 g, 14.30 mmol) and 3,5-diphenylpyrazole (3.14 g, 14.30 mmol). 

Light red semi-solid. Yield: 1.68 (36%). 1H NMR (CDC13)  δ 2.02 (d, 3H, CH3, pz); 5.67 (q, 

H, CH); 6.67 (s, 1H, CH, pz); 7.16 (d, 1H, py, 3JHH = 7.61 Hz); 7.93 (d, 1H, py, 3JHH=7.8 Hz); 

7.61(t, 1H, py, 3JHH=7.73 Hz), 7.36-7.45 (m, Ph). 13C NMR (100 MHz, CDCl3) δ  20.04, 

59.57, 103.63, 120.93, 122.19, 125.61, 125.63, 125.69, 127.61, 128.40, 128.57, 128.65, 

128.69, 128.94, 129.05, 130.50, 133.74, 137.18, 145.69, 148.56, 150.80, 161.95. (ESI-MS) 

m/z(% abundance) 348 (M++Na, 75 %). 

3.2.3 Synthesis of iron(II) and nickel(II) complexes 

3.2.3.1 Synthesis of [{2-[1-(3,5-dimethylpyrazol-1-yl)ethyl]pyridine}NiBr2] (10).  

To a solution of NiBr2 (0.11 g; 0.50 mmol) in CH2Cl2 (10 mL) was added a solution of (L4) 

(0.10 g; 0.50 mmol) in CH2Cl2 (10 mL). Upon the addition of the ligand solution, the colour 

changed from yellow to purple. The mixture was stirred for 24 h at room temperature. Purple 

crystals were obtained from the evaporation of CH2Cl2. Yield = 0.15 g (73 %). ESI-MS), m/z 

(% abundance) 339 (M+-Br, 15 %), 259 (M+-Br2, 5 %), 653 [M+-(NiBr2+ethylpyridine)], 5 

%). µeff = 2.96 BM 

 

Complexes 10-15 were prepared according to procedure described for complex 10. 



77 
  

3.2.3.2 Synthesis of [{2-[1-(3,5-dimethylpyrazol-1-yl)ethyl]pyridine}NiCl2] (11). 

NiCl2 (0.06 g; 0.50 mmol) and L4 (0.16 g; 0.50 mmol) were used. Orange powder. Yield = 

0.12 g (65%). (ESI-MS), m/z (% abundance) 295 (M+-Cl, 75 %). µeff = 2.95 BM 

 

3.2.3.3 Synthesis of [{2-[1-(3,5-dimethylpyrazol-1-yl)ethyl]pyridine}FeCl2] (12). 

FeCl2 (0.10 g; 0.50 mmol) and L4 (0.10 g; 0.50 mmol) were used. Dark brown powder. Yield 

= 0.08 g (51 %). (ESI-MS), m/z (% abundance) 464 (M+-Cl, 75 %). µeff = 5 .00 BM 

 

3.2.3.4 Synthesis of [{2-[1-(3,5-diphenylpyrazol-1-yl)ethyl]pyridine}NiBr2] (13). 

NiBr2 (0.10 g; 0.46 mmol) and (L5) (0.15 g; 0.46 mmol) were used. Purple powder. Yield = 

0.17 g (67 %). (ESI-MS), m/z (% abundance) 464 (M+-Br, 11 %), 384 (M+-Br2, 5 %), 325 

(M+-NiBr2, 10 %), 311 (M+-NiBr2,-CH3, 18 %) µeff = 3.62 BM 
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3.2.4 X-ray crystallography 

The X-ray crystallography for complexes 10 and 13 is as described in Chapter 2, section 2.2.3 

3.2.5 Transfer hydrogenation reaction 

The catalytic transfer hydrogenation of ketones was performed in a two-necked round bottom 

flask under an inert atmosphere. Similar to what was described in Chapter 2, see section 

2.2.4. In this experiment, 10-13 (0.02 mmol,1 %), 0.4 M KOH in 2-propanol (5 mL) and 

acetophenone (0.23 mL, 2.0 mmol) were added and refluxed at 82 °C under N2 atmosphere. 

Samples aliquots were taken at regular intervals and the course of the reaction was monitored 

by 1H NMR spectroscopy.  

3.3 Results and discussion  

3.3.1 Attempted synthesis of chiral ligands 

The initial objective of this section was to synthesize chiral (pyrazolylmethyl)pyridine 

ligands and their respective nickel(II) and iron(II) complexes as potential catalysts for the 

asymmetric transfer hydrogenation of ketones. Thus, attempts were made to synthesize chiral 

(pyrazolylmethyl)pyridine ligands via stereoselective reduction of 2-acetylpyridine using 

Corey-Bakshi-Shibata catalyst (CBS) catalyst (Scheme 3.1). Unfortunately, this reaction was 
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not successful possibly due to the stabilization of the CBS-borane catalyst by the pyridine 

nitrogen atom instead of the carbonyl oxygen, thereby reducing the enantioselectivity of the 

reaction9 (Scheme 3.2). Thus, racemic mixtures of the ligands were obtained, which could not 

be quantitatively separated by column chromatography.  

(S)_CBS

TBAB
NaOH
Toluene
150 h

TBAB
NaOH
Toluene
150 h

2-acetylpyridine (R)-1-pyridin-2-ethanol (R)-2-(-1-chloroethyl)pyridine

 (R)-2-(3,5-dimethylpyrazol-1-
yl)ethylpyridine

 (R)-2-(3,5-dimethylpyrazol-1-
yl)ethylpyridine

BH3

SOCl2

 

Scheme 3.1. Attempted synthetic route for chiral ligands using CBS as a catalyst 

 

 
 

 

 

 

 

Scheme 3.2. The transition state showing the coordination of pyridine nitrogen. 
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3.3.2 Synthesis of (pyrazolylmethyl)pyridine ligands L4 and L5 

Following the failure to isolate pure enantiomers of pyrazolyl ligands using CBS catalyst, we 

adopted the conventional method of reduction of ketones using NaBH4 as the catalyst. The 

reduction of 2-acetelypyridine with NaBH4 produced the corresponding alcohol intermediate, 

and subsequent treatment of the pyridine-2-ethanol with a slight excess of thionyl chloride 

gave the corresponding 2-(1-chloroethyl)pyridine compound (Scheme 3.3). Reactions of 2-

(1-chloroethyl)pyridine with stoichiometric amount of 3,5-dimethylpyrazole and 3,5-

diphenylpyrazole produced the ligands L4 and L5, respectively (Scheme 3.3). Purification of 

the compounds by column chromatography using a hexane:diethyl ether (3:2) solvent system 

afforded L4 and L5 as analytically pure compounds in low yields (36-49 %). Both ligands, 

L4 and L5, showed good solubility in most polar solvents such as, dichloromethane, diethyl 

ether, chloroform.  

L4

L5

TBAB
NaOH
Toluene
150 h

TBAB
NaOH
Toluene
150 h

2-acetylpyridine

SOCl2NaBH4

 

Scheme 3.3. The synthetic route for ligands L4 and L5 using NaBH4 reducing agent. 
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The compounds synthesised were characterized by 1H NMR, 13C NMR and mass 

spectroscopy. The 2-[1-(3,5-dimethylpyrazol-1-yl)ethyl]pyridine ligand (L4) showed two 

characteristic up-field singlet peaks at about 2.02 ppm and 2.39 ppm for the two pyrazolyl 

methyl groups. A quartet peak at about 5.5 ppm was assigned to the proton at position one, 

and the doublet observed at 6.8 ppm was assigned to methyl group of the methylene linker. A 

singlet peak at about 5.9 ppm was observed and assigned to the 4-H of the pyrazole (Figure 

3.1). 

 

Figure 3.1. The 1H NMR spectrum of 2-[1-(3,5-dimethylpyrazol-1-yl)ethyl]pyridine pyridine 

ligand L4 

Electron spray mass spectrometry was used to characterise ligands L4 to L5. Ligand L4 

showed molecular ion [M+] at m/z 201.08, corresponding to the molecular mass of the 

compound. Another peak observed at m/z of 186.17 is assigned the fragment [M+-CH3] due to 

the loss of methyl fragment (Figure 3.2). 
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Figure 3.2. ESI-MS of 2-(3,5-dimethylpyrazol-1-yl)ethylpyridine ligand L4 

3.3.3 Synthesis of nickel(II) and iron(II) complexes  

Treatment of ligand L4 with the metal salts of NiBr2, NiCl2 or FeCl2.4H2O afforded the 

respective dinuclear nickel(II) and iron(II) complexes, while treatment of L5 with NiBr2 

afforded mononuclear nickel(II) complex (Scheme 3.4). The formation of the complexes was 

immediately indicated by the change of color upon addition of the ligand solutions. The 

complexes were isolated in fair to moderate yields ranging from (51-73 %). 

M = Ni, R = Ph, X = Br (13) R = Me, ( L4)

R = Ph,  ( L5 )

M = Ni, R = Me, X = Br  (10)

M = Ni, R = Me, X = Cl  (11)

M = Fe, R = Me, X = Cl (12)  

Scheme 3.4. Synthesis of nickel(II) and iron(II) complexes of L4 and L5  
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While the nickel(II) complexes containing less bulky ligand L4 exhibited dimeric solid state 

structures, the complexes bearing bulky phenyl ligand L5 were found to be monomeric and 

adopt a tetrahedral geometry.10 Similar structural dependence on steric factors has been 

reported by Ojwach et al. for the (pyrazol-1-ylmethyl)pyridine nickel(II) complexes.10  

However, the characterization of the compounds using elemental analyses data could not be 

done due to instrumental downtime. However, a combination of magnetic moment 

measurements, mass spectroscopy and single crystal X-ray analyses were performed to 

confirm the identity of complexes 10-13. The effective magnetic moments obtained for 

nickel(II) complexes 10, 11, and 13 were in the range of 2.95-3.62 BM which is within the 

observed range 2.9 - 4.2 BM for nickel(II) complexes.11 The magnetic moments of the 

iron(II) complex 12 was found as 5.00 BM which is also within the normal range of 4.90-

5.11 BM reported in literature.28 The observed effective magnetic moments for complexes 

10-13 were relatively higher than the calculated spin-only magnetic moments of nickel(II) 

and iron(II) complexes. This observation can be attributed to the spin-orbital coupling effect. 

There was no significant difference on effective magnetic moments observed for the 

nickel(II) bromide and nickel(II) chloride complexes 10 and 11, respectively. However, 

complex 12, bearing dimethyl ligand substituents L4, exhibited higher effective magnetic 

moment than complexes 10 and 11, bearing the diphenyl ligand substituents L5. This could 

be due to differences in ligand-field splitting parameters of L4 and L5.12  

Mass spectroscopy was also used to elucidate the structure of complexes 10–13 through the 

observed fragmentation patterns. For example, the spectrum of complex 10 shows fragment 

A with m/z of 653 [M+-(Br+pz)] corresponding to bimetallic species (Figure 3.3). Further 

fragmentation gave m/z of 339 [M+-Br] corresponding with mononuclear species (B). Similar 

fragmentation patterns were observed for other complexes. 
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Figure 3.3. The LR-MS spectrum for complex 10 

3.3.4 Molecular structures of complexes 10 and 13 

Single crystals suitable for X-ray analyses of complexes 10 and 13 were obtained by slow 

evaporation of their dichloromethane solutions at room temperature. Molecular structures and 

selected bond parameters for compounds 10 and 13 are shown in Figures 3.5 and 3.6 

respectively, while Table 3.1 contains data collection and structural refinement parameters of 

complexes 10 and 13. The X-ray analyses of 10 and 13 confirmed the structures to have 

different geometries around the nickel(II) metal centre. The solid state structure of 10 (Figure 

3.4) is a centrosymmetric dimer and is a five coordinate nickel(II) compound that contains 

one ligand unit, one terminal bromine in each nickel(II) centre and two bridging bromide 

ligands. The average Ni-Npz bondlength is 2.0472 Å is significantly longer than the reported 

bond distance of 2.0050 (13) Å for a similar 2-(pyrazol-1-ylmethyl)pyridine complexes.10 

The bond lengths of Ni-Npy of 2.0587(13) Å, Ni-Br(terminal) of 2.4329(3) Å and Ni-Br(bridging) 

B
m/z=339

A 
m/z =653
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2.5483 (3) Å are all statistically similar to the bond lengths reported for similar 2-(pyrazol-1-

ylmethyl)pyridine complexes by Ojwach et. al.10 The coordination environment about the 

nickel(II) atoms is a distorted trigonal bipyramidal in which the equatorial plane consist of 

the terminal Br atom, the basal plane including the nitrogen of the pyrazolyl ring, and one of 

the bridging Br atoms  

 

Figure 3.4. Molecular structure of 10 drawn at 50 % probability ellipsoids. Bond lengths (Å): 

Ni-Npz(1), 2.0472 (13); Ni-Npy(3), 2.0587 (13); Ni(1)-Br(2), 2.4329 (3); Ni(1)-Br(3), 2.5483 

(3); N(1)-N(2), 1.3709 (17).Bond angles (°):N(1)-Ni(1)-N(3), 89.55 (5); N(1)-Ni(1)-

Br(3),94.32 (4); N(3)-Ni(1)-Br(2),92.29 (4); N(1)-Ni(1)-Br(2),100.87 (4); N(3)-Ni(1)-

Br(3),166.15 (4) 

While complex 10 is binuclear with bridging bromide, complex 13 is mononuclear with 

terminal bromides. The molecular structures of 10 & 13 contain racemic mixtures of both R 

and S configurations. It has been reported that bulky substituents adjacent to the nitrogen 

donor atoms render planarity of Ni(L-L)2 molecule sterically impossible.13-15 Complex 10 

with the less bulky ligand (L4) therefore favors the bimetallic nickel(II) structure while 

complex 13 bearing the bulkier ligand (L5) favors the monometallic structures.  
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Figure 3.5. Molecular structure of 13 drawn at 50 % probability ellipsoids. Bond lengths (Å): 

Ni-Npz(1),2.006(3); Ni-Npy(3), 1.984(2); Ni(1)-Br(1), 2.3679(5); Ni(1)-Br(2), 2.3601(4); 

N(2)-N(3), 1.364(3).Bond angles (°): N(1)-Ni(1)-N(3),92.54(10); N(1)-Ni(1)-Br(2), 

104.57(7); N(3)-Ni(1)-Br(2),108.89(7); N(1)-Ni(1)-Br(1),110.98(7);N(3)-Ni(1)-

Br(1),110.77(7) 

The molecular structure of 13 (Figure 3.5) contains the central nickel(II) metal that binds one 

bidentante ligand (L5) and two bromine atoms. The bond angles about the central atom in 13 

vary between 92.54(10)° to 110.98(7)°. The Ni-Br(terminal) bond distances of 2.4329 in 10 are 

slightly longer than the corresponding distance of 2.3679 in 13. The longer bond distances in 

10 could be due to the electrostatic repulsion caused by the crowding around the metal centre 

which causes elongation. The nickel(II) atom adopts a distorted tetrahedral geometry around 

the metal center. 
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Table 3.1. Data collection and structural refinement parameters of 10 and 13.  

 10 13 

Empirical formula C24H30Br4N6Ni2 C22 H19 Br2 N3 Ni 

Formula weight 839.60 543.93 

Temperature(K) 100 100 

Wavelength (Å) 0.71073 0.71073 

Crystal system Triclinic Triclinic 

Space group P¯1 Pca21 

a (Å) 
b (Å) 
c (Å) 
α (⁰) 
β (⁰) 
γ (⁰) 

 

8.1757 (5) 
8.8004 (6) 
11.0344 (7) 
82.055 (3) 
84.393 (3) 
64.290 (2) 

16.5457(8) 
10.4476(5) 
12.0610(6) 
90 
90 
90 

Volume(A3) 707.82 (8) 2084.90(18) 

Z 1 4 

Dcalcd(mg/m3) 1.969 1.733 

Absorption coefficient 
(mm-1) 

7.001 4.776 

F(000) 412.0 1080 

Theta range for data collection (°) 3.13 – 28.33 1.95 to 26.04 

Reflections collected / unique 25874 10162 

Completeness to theta 0.983 0.991 

Goodness-of-fit on F2 1.103 0.979 

R indices (all data) R1 = 0.0168 
wR2 = 0.0436 

R1 = 0.0201 
wR2 = 0.0411 

Largest diff. peak and hole (e Å-3) 0.74 and 
-0.47 

0.56 and 
-0.27 

 

  



88 
  

3.3.5 Transfer hydrogenation of ketones catalyzed by complexes 10-13. 

In order to evaluate the nickel(II) and iron(II) complexes for their ability to catalyze the 

transfer hydrogenation of ketones, complexes 10-13 were investigated using KOH as the base 

and isopropanol as the hydrogen donor (Scheme 3.5). All the complexes formed active 

catalysts in the transfer hydrogenation of acetophenone giving conversions between 58-84 % 

in 48 h (Figure 3.6). 

  10-13

 KOH, 82  ° C

 

Scheme 3.5. Catalytic transfer hydrogenation of acetophenone 

3.3.4.1 Effect of catalyst structure on the transfer hydrogenation of acetophenone 

Upon establishing that complexes 10-13 form active catalysts for the transfer hydrogenation 

of acetophenone, we subsequently investigated the effects of catalyst structure, nature of 

substrate and reaction conditions such as base and catalyst concentration on the transfer 

hydrogenation reactions. Table 3.2 summarizes the results of the catalytic screening data for 

the TH of acetophenone for complexes 10-13.  
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Figure 3.6. Time dependence of catalytic transfer hydrogenation of acetophenone; by 

complexes 10-13. 

The catalytic activity of the complexes was found to be in the order 13 >12 >10 >11. This 

nature of the substituent on the pyrazolyl ring appeared to have a significant influence on the 

catalytic behaviour of the complexes. The mononuclear complex 13 of 2-[1-(3,5-

diphenylpyrazol-1-yl)ethyl]pyridine ligand L5 gave the highest conversion of 84 % 

corresponding to the TOF of 1 750 x 10-3 h-1 (Table 3.2 entry 4) compared to the other 

complexes 10-12 of 2-[1-(3,5-methylylpyrazol-1-yl)ethyl]pyridine L4. This trend could be 

attributed to the steric crowding caused by the two ligands in the dinuclear metal complexes 

10-12 as opposed to one ligand in the mononuclear metal complex 13. This steric crowding 

around the metal centre has the net effect of hindering coordination of the ketone substrate.16 
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Table 3.2. Catalysis data for transfer hydrogenation of ketones by 10-13 

Entry Catalyst Conversion [%]b TOF x 10-3 (h-1) 

1 10 63  1 319 

2 11 58 1 198 

3 12 67 1 404 

4 13 84 1 750 

aConditions: acetophenone, 2.0 mmol; catalyst; 0.02 mmol (1.0 mol%); base, 0.4 M KOH in 2-propanol (5 ml); 

time, 48 h, temperature, 82 oC.bDetermined by 1H NMR spectroscopy. TOF= (mmol of substrate)/(mmol of 

catalyst)*(h of time) 

M = Ni, R = Ph, X = Br (13)
M = Ni, R = Me, X = Br  (10)
M = Ni, R = Me, X = Cl  (11)
M = Fe, R = Me, X = Cl (12)  

We also observed that the identity of the metal atom had an effect on the catalytic activities 

of the complexes. Comparing complexes 10-12 of ligand L4, the iron(II) complex 12 

(FeCl2L4) gave higher conversions of 67 % (1 404 x 10-3 h-1) compared to 10 (NiBr2L4) with 

the conversion of 63 % (1 319 x 10-3 h-1) and 11 (NiCl2L4) with the conversion of 58 % (1 

198 x 10-3 h-1). This is due to the general high reactivity of iron(II) complexes compared to 

the nickel(II) ions,17 usually associated with high electropositivity of iron(II).18 Similarly, the 

iron(II) metal centre is more reactive in the hydride transfer since it has more preference to 

oxygen compared to nickel(II). This originates from the Hard-Soft Acid Base (HSAB) theory 

since iron(II) is a hard acid compared to nickel(II).19  



91 
  

The nature of the halides was also found to control the catalytic activities of the complexes. 

In general, the chloride complexes were observed to be less active compared to the bromide 

analogues (Table 3.2 entries 1 vs 2). The difference was observed in their induction period 

where Cl complexes showed longer induction periods compared to the Br analogues. This 

observation contradicts with that of Mikhailine et al. who observed that the iron(II) 

complexes bearing Cl were more active compared to the bromide analogues. 20 

3.3.4.2 Effect of reaction conditions on the transfer hydrogenation reactions 

In order to establish the optimum reaction conditions for the transfer hydrogenation of 

acetophenone, studies were done to understand the effect of catalyst loading and type of base 

on the catalytic performance of complex 10 (Table 3.3). From the results, it could be 

observed that increasing catalyst loading from 0.5 mol % to 1.0 mol % resulted in a 

significant increase in catalytic activity from 42 % (875 x 10-3 h-1) to 84 % (1 750 x 10-3 h-1) 

(Table 3.3, entries 1 vs 5). However, a further increase in catalyst concentration to 1.5 mol % 

resulted in a small drop in activity 81 % (1 688 x 10-3 h-1) Table 3.3, entry 6. This observation 

is usually associated with complex aggregation which might limit the number of reacting 

species.21 Thus, the optimum catalyst concentration in transfer hydrogenation of 

acetophenone using complex 13 was 1 mol %. 
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Table 3.3. Dependence of THK on base and catalyst concentration by complex 13 

Entry Base Conversion (%)b TOF x 10-3 (h-1) 

1 KOH 84 1 750 

2 NaOH 80 1 667 

3 Na2CO3 24 500 

4 tBuOK 98 2 042 

5 KOH 42c 875 

6 KOH 81d 1 688 

aConditions  ketone, 2.00 mmol  catalyst. 0.02 mmol (1 mol )   0.40 M of base in 2-propanol (5 m ), 

temperature 82  C. bDetermined by 1H NMR spectroscopy c0.01 mmol catalyst (0.50 mol%); d0.03 mmol catalyst 

(1.50 mol%). TOF= (mmol of substrate)/(mmol of catalyst)*(h of time)  

The effect of the base was also investigated by comparing the activities in tBuOK, KOH, 

NaOH and Na2CO3. The most active conditions were realized using tBuOK, while the least 

activity was noted using Na2CO3. This trend is consistent with the order of stability and 

strengths of these bases and agrees with earlier findings in literature where stronger bases 

generate more active catalytic species.22 

3.3.4.3 Variation of ketone substrates using complex 13  

The ketone substrates were varied in order to gain more insight to the substrate scope that can 

be efficiently catalyzed by these catalysts. The transfer hydrogenation of 2-

methylacetophenone, 2-chloroacetophenone, 3-pentanone, benzophenone and 2-

methycyclohexanone using catalyts 13 were investigated (Table 3.4 and Figure 3.7).  
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Figure 3.7. Effect of ketone substrate on the THK using complex 13. 

It was observed that changing the ketone substrate resulted in different catalytic activities. 

The introduction of electron-donating or withdrawing groups at the ortho position of 

acetophenone affected the percentage conversion of such substrates (Figure 3.7). For 

instance, conversions of 78 % (1 625 x 10-3 h-1) were obtained for 2-methylacetophenone and 

88% (1 833 x 10-3 h-1) for 2-chloroacetophenone (Table 3.4, entries 2 vs 3). These findings 

are in contrast with those of Yu et al.23 who reported that the electron-donating groups seem 

to accelerate the catalytic activity. Significantly, we reported diminished catalytic activities of 

51 % (1 063 x 10-3 h-1) and 35 % (729 x 10-3 h-1) for 2-methycyclohexanone and aliphatic 3-

propanone, respectively. Aromatic ketone substrates exhibit higher reactivity compared to 

aliphatic analogues. This can be observed from acetophenone and its derivative substrates, 

confirming that the aromatic ring plays a role in increasing substrate reactivity.24 The 

relatively lower reactivity of 72 % (1 500 x 10-3 h-1) observed for benzophenone compared to 

acetophenone could be largely assigned  to ring strain occassioned by the two bulky phenyl 

rings in benzophenone. 
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Table 3.4. Effect of substrate scope on the transfer hydrogenation reactions by 13  

Entry Substrate %Conversionb TOF x 10-3(h-1) 

1 O

 

84 1 750 

2 O

 

 78 1 625 

3 OCl

 

88 1 833 

4 O

 

51 1 063 

5 

 

72 1 500 

6 

 

35 729 

aConditions  ketone, 2 mmol  catalyst. 0.02 mmol (1 mol )   base, K H   0.4M of K H in 2-propanol (5 m ), 

temperature 82  C. bDetermined by 1H NMR spectroscopy. TOF= (mmol of substrate)/(mmol of catalyst)*(h of 

time) 

3.4 Conclusions 

Attempted syntheses of chiral compounds using CBS failed due to a possible coordination of 

the CBS catalyst with pyridine nitrogen atom which deactivated it. The reactions of racemic 

mixtures of 2-[1-(3,5-dimethylpyrazol-1-yl)ethyl]pyridine ligand (L4) with NiCl2 or NiBr2 

salts produce five coordinate dinuclear complexes while 2-[1-(3,5-diphenylpyrazol-1-

yl)ethyl]pyridine ligands (L5) produce four coordinate mononuclear complexes. In the study 

of THK we observed that all complexes form active catalysts for the transfer hydrogenations 

of ketones, with iron(II) complexes being more active than analogous nickel(II) complexes. 

The mononuclear complexes were the more active than their dinuclear analogues. The 
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optimum reaction conditions and the reactivity of various ketones were successfully 

established.  
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CHAPTER FOUR 

General concluding remarks and future prospects 

4.1 General conclusions 

In summary, this dissertation reports a systematic examination of (pyrazolyl)pyridine nickel(II) 

and iron(II) complexes as catalysts for transfer hydrogenation of ketones. The four ligand 

systems; 2-(3,5-dimethylpyrazolyl)pyridine (L1), 2,6-bis(3,5-dimethylpyrazolyl)pyridine (L2) 

and 2,6-bis(3,5-dimethylpyrazolyl)pyridine (L3) were used to produce the respective nickel(II) 

and iron(II) complexes in good yields. The complexes of 2-[1-(3,5-

dimethylpyrazolyl)ethyl]pyridine ligand L4 and 2-[1-(3,5-diphenylpyrazolyl)ethyl]pyridine 

ligand L5 were synthesized with anticipation to generate chiral complexes as potential catalyst 

in asymmetric transfer hydrogenation of ketones, but only the racemic mixtures of R and S 

configurations were obtained.  

 L1  L2  L3 R = Me    L4
R = Ph     L5  

Figure 4.1. Four system ligands used in this research project 

The complexes were characterized by combination of spectroscopic techniques such as mass 

spectroscopy, elemental analysis, magnetic moments and X-ray analyses. The molecular 

structures revealed the bonding characteristics of the two tridentate ligands L2 and L3. The 

molecular structures of complexes 4 and 6 display two tridentately bound L2 units in the metal 

coordination sphere to give six-coordinate cationic species, while complexes 7 and 8 display 
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one tridentately bound L3 units. The ligands L4 and L5 form dinuclear nickel(II) complex 10 

and mononuclear nickel(II) complex 13 respectively.  

All the complexes (1-13) were applied in the transfer hydrogenation of ketones reactions, and 

were found to form active catalysts for the transfer hydrogenation of acetophenone in 2-

propanol at 82° C. The nature of the metal atom, ligand structure, base and substrate influenced 

the catalytic activities of the complexes towards the transfer hydrogenation ketones. Iron(II) 

complexes were generally more active than the nickel(II) complexes. The nickel(II) and 

iron(II) complexes derived from bidentate ligand L1 displayed higher catalytic activity than 

the corresponding complexes derived from tridentate ligand L2. In the same way, the 

complexes supported by tridentate ligand L3 complexes were more active than the complexes 

supported by tridentate ligand L2. It was also noted that the dinuclear nickel(II) complexes are 

less active compared to the mononuclear nickel(II) complexes. The behaviors of catalysts are 

also affected by the change of base, catalyst amount and type of substrate. Overall, the 

synthesized nickel(II) and iron(II) complexes offer promising prospect to the transfer 

hydrogenation of ketones reactions and to the development of more robust and affordable 

alternatives to the ruthenium catalysts.  

4.2 Future prospects 

All the nickel(II) and iron(II) complexes of (pyrazolylmethyl)pyridine were found to form 

active catalysts in the transfer hydrogenation of ketones. However, the complexes of 2-(1-

(pyrazolyl)ethyl)pyridine ligands (L4 and L5) were not enantioselective to be applied in the 

asymmetric transfer hydrogenation. Therefore the asymmetric transfer hydrogenation of 

ketones needs further study. In future studies, the synthesis of pure enantioselective ligands 

should be carried out following a different approach. We have observed that the reduction of 

2-acetylpyridine with CBS-BH3 catalyst results in racemic alcohol products. To achieve good 
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enantioselectivity, we propose the reduction of 3-acetylpyridine or 4-acetylpyridine, as it has 

been reported with high to excellent enantioselectivities of L-I and L-II (Scheme 4.1).1 

Another alternative that has been reported in a related work is the protection of the pyridine 

nitrogen by the methyl or allylic group in order to increase the enantioselectivity of the 

product.2 The successful chiral ligand syntheses will lead to synthesis and application of 

chiral nickel(II) and iron(II) complexes in the asymmetric catalytic reactions. 

H

CBS catalyst

BH3

(R)-1-(3-pyridyl)ethanol  L-I
(R)-1-(4-pyridyl)ethanol  L-II 

Scheme 4.1. Proposed route for synthesis of (R)-1-(pyridyl)ethanol 

Although the nickel(II) and iron(II) complexes of (pyrazolylmethyl)pyridine were found to 

form active catalysts in the transfer hydrogenation of ketones, their activities were found to 

be relatively lower than the existing nickel(II) and iron(II) catalysts used in transfer 

hydrogenation of ketones. This observation is essentially attributed to their electronic and to 

some extent steric properties. The most active nickel(II) and iron(II) transfer hydrogenation 

catalysts reported bear phosphine ligands which are known to be good π-acceptors causing 

the metal centre to be more electrophilic. We therefore recommend modification of the 

ligands to bear phosphine donor moieties and/or including ancillary phosphine ligands. 

Scheme 4.2 shows the proposed synthetic route to be considered for future work. 
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 L-IIIa

 L-IV

 L-III

 L-IVa

TBAB

NaOH

Toluene

TBAB

NaOH

Toluene

TBAB

NaOH

Toluene

 

Scheme 4.2. Synthetic routes of ligands bearing phosphine ligands, and their corresponding 

metal complexes. 

 

The new ligands bearing PPh2 can be synthesized from the reaction of ligand, L-III, L-IV, L-

V with lithium diphenylphosphine (PPh2) to give ligands, L-IIIa, L-IVa, L-Va bearing 

phosphine ligand and their respective metal complexes. The complexes can also be reacted 

with triphenylphosphine (PPh3) for the introduction of ancillary phosphine ligands (Scheme 

4.3).  
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NiCl2(PPh3)3

CH2Cl2

 

Scheme 4.3. Examples of an introduction of ancillary phosphine ligands in the metal 

complexes. 
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