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Abstract 

 The field of homogeneous catalysis in the laboratory and on an industrial scale is 

dominated by transition metal catalysts. Most of these transformations require precious metal 

(PM) catalysts. However, due to their cost, toxicity, scarcity, and risk of depletion, research is 

underway to find chemistry that enables the replacement of PMs with abundant metal catalysts. 

 Palladium (0) compounds have long been established as the catalyst of choice for most 

cross-coupling reactions. Lagging considerably behind the development of palladium-based 

systems, certain nickel-based compounds (particularly nickel compounds in (II) and (0) 

oxidation states) can also catalyze these reactions, potentially offering a lower cost and access to 

radical pathways. In this regard, the first half of the thesis describes the cross-coupling reactions 

by nickel-based catalysts. The study involves the comparison of Ni(0), Ni(I) and Ni(II) 

complexes containing triphenylphosphine (PPh3) ligands for their abilities to effect the various 

cross-coupling reactions. The Ni(0) complex was found to be catalytically active for 

representative Suzuki-Miyaura and Heck-Mizoroki reactions, and demonstrated comparable 

yields with many palladium-based catalysts. However, the Ni(I) complex seemed to convert to 

catalytically active Ni(0) species under Suzuki! Miyaura reaction conditions and it was found to 

be ineffective for Heck! Mizoroki cross-coupling. During this investigation, the paramagnetic 

Ni(I) complexes NiX(PPh3)3 (X = Cl, Br, I) were characterized for the first time by 1H NMR 

spectroscopy.  

 The focus of the second half of the thesis is on the development of abundant-metal based 

homogeneous catalysts for the hydrogenation of amides. Catalysts were formed inÐsitu from 

abundant-metal salts and phosphine ligands, and these were screened for the deoxygenative 

hydrogenation of amides.  It was found that Co(BF4)2"6H2O with triphos (1,1,1-tris-
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(diphenylphosphinomethyl)ethane) and Yb(OTf)3"H2O as co-catalyst were found to be efficient 

for the hydrogenation of various amides.  

 In the final chapter, 1st and 2nd row transition abundant-metal complexes, generated in-

situ, were tested as catalysts for the hydrogenation of carboxylic acids. MoCl3 and MoCl5 in 

combination with tetraphos ligand resulted in hydrogenation of 2-phenoxyacetic acid in higher 

yields (> 95 %). Cobalt precursors Co(acac)2 and Co(OAc)2, in combination with dcpe ligand, 

and Co(BF4)2"6H2O with triphos ligand hydrogenated 3-phenylpropionic in greater yields. 
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Chapter 1 

Introduction  

 

1.1! Green chemistry 

 Green chemistry is emerging as an essential aspect of chemistry, playing a vital role in 

attaining sustainable civilization on earth. Green chemistry emphasizes “the design of processes 

and products that reduce or eliminate the use and production of hazardous substances.”1 In 1970, 

the Environmental Protection Agency (EPA) was established by Richard Nixon and was 

dedicated toward the protection of human health and the environment. In 1998, Paul Anastas of 

the EPA and John Warner of the University of Massachusetts published the 12 principles of 

green chemistry in Green Chemistry: Theory and Practice,1 providing strategies for designing 

sustainable chemical processes.  These principles are as follows: 

1.! It is better to prevent waste than to treat or clean up waste after it has been created. 

2.! Synthetic methods should be designed to maximize incorporation of all materials 

used in the process into the final product. 

3.! Wherever practicable, synthetic methods should be designed to use and generate 

substances that possess little or no toxicity to human health and the environment. 

4.! Chemical products should be designed to preserve efficacy of function while 

reducing toxicity. 

5.! The use of auxiliary substances (e.g., solvents, separation agents, etc.) should be 

made unnecessary wherever possible and, innocuous when used. 



2 

 

6.! Energy requirements should be recognized for their environmental and economic 

impacts and should be minimized. Synthetic methods should be conducted at ambient 

temperature and pressure. 

7.! A raw material or feedstock should be renewable rather than depleting whenever 

technically and economically practicable. 

8.! Unnecessary derivatization (use of blocking groups, protection/deprotection, and 

temporary modification of physical/chemical processes) should be minimized or 

avoided if possible, because such steps require additional reagents and can generate 

waste. 

9.! Catalytic reagents (as selective as possible) are superior to stoichiometric reagents. 

10.!Chemical products should be designed so that at the end of their function they break 

down into innocuous degradation products and do not persist in the environment. 

11.!Analytical methodologies need to be further developed to allow for real-time, in-

process monitoring and control prior to the formation of hazardous substances. 

12.!Substances and the form of a substance used in a chemical process should be chosen 

to minimize the potential for chemical accidents, including releases, explosions, and 

fires. 

These are the guiding principles in designing environmentally benign processes and 

products. Traditional environmental protection policies involved remediation and pollutant 

capture. However, green chemistry offers a different approach in contrast to the conventional 

environmental protection policy. It reduces the pollution at its source by improved process 

design.  
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Life cycle assessment (LCA), E-factor and atom economy are metrics used in green 

chemistry. Life cycle assessment measures the environmental impacts of product and processes 

associated with all stages of the product’s life.2 In contrast, E-factor and atom economy only 

measure the amount of waste, and not the environmental impact. E-factor is equal to the quotient 

Masswaste: MassProduct.  Table 1.1 outlines the comparison of the production of various chemicals 

and their respective E-factors.3 A greater E-factor value means that there is more waste, 

therefore, potentially having a more negative effect on the environment. The production of fine 

chemicals and pharmaceuticals have high E-factors due to the multiple-step syntheses and high 

solvent usage required to produce them.  

Table 1.1. E-factor and annual production in various chemical sectors.3 

Industry  Production tonnage E-factor 

Petrochemicals  106- 108 0.1 

Bulk chemicals 104-106 1-5 

Fine chemical 102-104 5-50 

Pharmaceuticals 10 -103 20-200 

 

 

The idea of atom economy was introduced by Barry Trost,4 which is similar to the E-factor 

parameter. It quantifies the mass of reactants that are converted into the desired products. 

Catalytic routes result in higher atom economy than stoichiometric methods (Scheme 1.1). The 

fine chemical and pharmaceutical manufacturing processes are utilizing conformist 

stoichiometric methods, which results in the generation of mainly inorganic salts. An enormous 
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challenge is the replacement of these reagents with H2, O2, H2O2 and CO2 for hydrogenations, 

oxidations and carbonylations. This replacement would result in the use of highly desirable, low 

waste generated and atom economical processes.3 

 

 

Scheme 1.1. Atom economy of example stoichiometric vs catalytic processes.3  

 

This dissertation will focus on designing chemical processes (catalytic hydrogenation and 

catalytic C-C bond formation) using the 12 principles of green chemistry (such as the use of 

catalytic reagents vs. stoichiometric) to obtain greener and more sustainable practices. 

 

1.2!Catalysis 

 Catalysis is one of the operational tools of green chemistry. The earliest example of 

catalysis was the fermentation of sugar into alcohol, which has been known for 8000 years. 

However, the notion of catalysis emerged later in 19th century. Previously, non-catalytic routes 

were employed for the synthesis of fine chemicals.5 However, with the awareness of sustainable 

development increasing, the scientific area of catalysis has emerged with environmental impacts 

OH

CH3 2CrO3 3H2SO4

O

CH3 Cr2(SO4)3 6H2O

OH

CH3
1/2 O2

Catalyst

O

CH3 H2O

Atom economy = 42 %

Atom economy = 87 %

3 3
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being considered in the widespread applications of fine chemicals and pharmaceutical 

industries.5,6,7  

Catalysis is a kinetic phenomenon with the ability to accelerate chemical reactions by 

lowering the activation energy and resulting in shorter reaction times. Benefits include 

generating less waste and reducing operational and investment costs.7 Catalysts can also control 

selectivity such as chemo-, regio- and stereoselectivity of the chemical reaction. 

 

1.2.1 Categories of catalysis 

 Catalysis is categorized into three main disciplines: heterogeneous catalysis, 

homogeneous catalysis and biocatalysis, depending upon substances and phases utilized.8,9 

Homogeneous and heterogeneous catalysis will be further discussed in the following section of 

the thesis. 

 

1.2.1.1 Heterogeneous catalysis 

 Heterogeneous catalysis involves a catalyst that is in a different phase than the 

reactants.10 This includes physical phases, such as solid, liquid and gas, also including 

immiscible fluids, so that the reaction occurs at the interface between phases. Typical gas/solid 

or liquid/solid heterogeneous catalysis mechanisms start with adsorption of the reactant onto the 

surface of the catalyst, followed by the catalytic reaction, resulting in the formation of the 

product which desorbs from the surface.11,12 Adsorption can be physi- or chemisorption. In 

physisorption, the reactant is attached to the surface of the catalyst via weaker van der Waals 

forces, while in chemisorption stronger covalent bonds exist between the reactant and the surface 

of the catalyst. 
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Heterogeneous catalysis offers easy separation of the catalyst, simple recycling and better 

stability. However, the main disadvantages of heterogeneous catalysis, depending on the system, 

can include inferior selectivity (due to poor control on active sites), harsh conditions and poorly 

understood reaction mechanisms. 

 

1.2.1.2 Homogeneous catalysis 

 Homogeneous catalysis refers to transformations in which the reactant and the catalyst 

are in the same phase (gas, liquid, or supercritical fluid), however, it is typically the liquid 

phase.11, 13 Over the past few years, homogeneous catalysis has had enormous growth in the 

chemical industries, specifically in the organic synthesis and fine chemical industries.8 

Homogeneous catalysis offers various advantages over heterogeneous analogous. Homogeneous 

catalysis usually proceeds through mild reaction conditions offering superior interaction between 

the reactant molecule and the catalyst, and therefore results in better selectivity.14 Investigation of 

the reaction mechanism by spectroscopic techniques (NMR, MS, IR, UV-VIS) directly in the 

reaction solution is feasible while using homogeneous catalysis. Additionally, in contrast to 

heterogeneous catalysts, properties of homogeneous catalysts can be fine-tuned through the 

addition of different ligands (tuning electronic and steric properties), additives and solvents.  The 

main disadvantage associated with homogeneous catalysis involves the cost associated with the 

separation of the catalyst/additives from the product after the reaction. Higher temperatures can 

also be problematic in the case of homogeneous catalysis due to potential catalyst deactivation or 

volatility issues. 
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Homogeneous catalysts comprise Brønsted or Lewis acids and bases, metal ions, and 

metal complexes. Application of complexes of the transition metals as catalysts is considered a 

significant development in homogeneous catalysis. 

 

1.3 Transition metals in homogeneous catalysis 

 Over the past few decades, the application of transition metal complexes has proliferated 

in homogeneous catalysis. The significance of transition-metal catalyzed transformations has 

been demonstrated by the Noble Prizes awarded to work done in this area over the past decade.15 

Transition metals have a substantial role in organic and organometallic chemistry, for example, 

C-C/C-N (cross-coupling) and C-H (hydrogenation) bond-forming transformations have 

applications in the synthesis of pharmaceuticals, fine chemicals and bulk chemicals.16,17,18 The 

following intrinsic properties of transition metal complexes demonstrate their vital contribution 

toward catalysis. 19,20  

•! Transition metals can form both # and $ bonds with other moieties. 

•! Wide variety of ligands can be utilized with transition metals as they can form a bond 

with other elements and organic molecules. 

•! It is facile to fine-tune the transition-metal based catalytic system by modifying the steric 

or electronic properties of ligands. 

•! Various oxidation states and coordination numbers are available. 

•! Facile interconversion of oxidation states in the catalytic cycle are possible. 
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1.3.1 Privileged precious metals unique characteristics 

 Among transition metals, precious metal complexes in particular have an essential role in 

homogeneous catalysis due to their distinctive characteristics listed below.21 

•! Precious metals have resistance to corrosion and oxidation; therefore, some low-valent 

complexes are stable under ambient conditions without the rigorous need of air-free 

atmosphere. The stability of precious-metal complexes is attributed to low ligand 

lability.22 

•! Precious metals offer unique selectivity for specific transformations. For instance, 

depending upon the use of palladium, silver or platinum as the selected metal in the 

catalyst, the oxidation of ethylene can produce acetaldehyde, ethylene oxide or H2O and 

CO2.23 

•! Precious metals have a strong affinity for the $ bond present in many functional groups. 

•! Oxidative addition and reductive elimination steps in the catalytic cycle usually require 

two electrons. Such an oxidation state change is facile in precious metals. 

•! Precious metal complexes being stable and diamagnetic are easier to isolate and 

characterize by common techniques such as X-ray crystallography and nuclear magnetic 

resonance spectroscopy. 

  

1.3.2 Concerns associated with precious metals 

 Precious metals such as palladium, rhodium, platinum, ruthenium, iridium and rhenium 

have long dominated in homogeneous catalysis. Despite the ubiquity of the precious metals in 

homogeneous catalysis, there are issues related to their continuous use in catalysis, as described 

below.21   
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1.3.2.1 Price 

 Precious metals are the pillar of catalysis, having a significant role in modern synthetic 

chemistry. Precious metals expedite the conversion of organic starting material to agrochemical 

and pharmaceutical products, along with the refining of crude oil into fuels.24 However, 

operations carried out on an industrial scale require a larger amount of the precious metals, 

resulting in billions of dollars being spent annually on the manufacturing of pharmaceutical and 

agrochemical products. This also contributes to the scarcity and low abundance of the precious 

metals. The US and European countries are relying on import of these metals, which is also 

raising economic concerns.21 The cost comparison of the precious metals vs. abundant metals is 

shown in Table 1.2. Several factors influence the cost of metals, such as supply and demand, cost 

of materials, and shipping. 

 

Table 1.2. Price comparison of abundant vs precious metals.25 

 

Approximate Price (US dollar) per Mole of Transition Metal 

Sc Ti V Cr Mn Fe Co Ni Cu Zn 

13,000 13 180 8 5 3 28 8 2 6 

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd 

660 51 72 23 --- 5,700 67,000 6,600 240 23 

La Hf Ta W Re Os Ir Pt Au Hg 
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600 820 500 37 5,400 15,000 14,000 30,000 17,000 49 

Cost calculated in US dollars from Strem Catalog using lowest cost metal powder with purity '  

99 %. 

Pt/Ni(  4,000                         Pd/Cu(  3,000                      Pd/Ni (  825 

Pt/Fe (  10,000                      Ru/Fe(  2,000                      Ru/Co(  2392 

 

 

 

1.3.2.2 Toxicity  

  One of the green chemistry principles emphasizes reducing toxicity and designing safer 

chemical products. A serious concern associated with the widespread use of precious metals is 

their toxicity and environmental safety concerns. Specifically, platinum group metals have a 

significant and broad continuum of toxic effects depending upon valence and electronic structure 

of the metals.26 The use of these metals in automobile converters has a consequence of the 

release of the metals into the environment and the exposure to humans.27 Furthermore, the 

removal of precious metals from the pharmaceuticals industry requires additional procedures, 

which can result in the production of waste materials.28 

 Ananikov et al.29a provided a tutorial about the toxicity of metal compounds and reported 

the respective toxicity ratings based on the LD50 values in material safety data sheets for a single 

dose in rats.  

 



11 

 

           

(a)!                                                                                   (b)  

Figure 1.1. (a) Available toxicity data of all compounds of transition and selected post-transition 

metals (element lacking data shown in gray) (b) toxicity rating based on table from Hazardous 

Chemical Handbook. Reproduced from ref. 29a.   

 

It was demonstrated that the toxicity of the metals depends upon various aspects, such as 

ligands, oxidation states, solubility and other factors like environmental properties.  

 The European Medicine Agency provided guidelines for the maximum acceptable 

elemental impurities in various pharmaceutical products.29b According to these guidelines, 

elements included are classified into three classes based on their toxicity and occurrence in the 

drug products. The elements that fall into class 1 (As, Cd, Hg, Pb) are human toxicants. Class 2 

is further sub-divided to 2A (Co, Ni and V) and 2B (Ag, Au, Ir, Os, Pd, Pt, Rh, Ru, Se and Tl) 

based on the probability of the occurrence in a drug (Table 1.3). Class 3 includes Ba, Cr, Cu, Lo, 

Mo, Sb an Sn. There are some other elements (Al, B, Ca, Fe, K, Mg, Mn, Na, W, Zn) that have 

low toxicities and the Permitted Daily Exposures (PDE) have not been established.   
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Table 1.3. Permitted Daily Exposures for elemental impurities.29b 

 
Element Class Oral PDE ) g/day  

 
Parenteral PDE, 
) g/day  

Inhalation PDE, 
) g/day  

Cd 1 5 2 2 

Pb 1 5 5 5 

As 1 15 15 2 

Hg 2A 30 3 1 

Co 2A 50 5 2 

V 2B 100 10 1 

Ni 2B 200 20 5 

Tl 2B 8 8 8 

Au 2B 100 100 1 

Pd 2B 100 10 1 

Ir 2B 100 10 1 

Os 2B 100 10 1 

Rh 2B 100 10 1 

Ru 2B 100 10 1 

Se 2B 150 80 130 

Ag 2B 150 10 7 

Pt 2B 100 10 1 

Li 3 550 250 25 

Sb 3 1200 90 20 

Ba 3 1400 700 300 

Mo 3 3000 1500 10 

Cu 3 3000 300 30 

Sn 3 6000 600 60 

Cr 3 11000 110 3 
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 Although metal toxicity depends upon several factors, such as dose, route, duration of 

exposure, metal oxidation state and ligands, precious metals are usually still considered more 

toxic compared to abundant metals. 

 

1.3.2.3 Scarcity and depletion 

 As the title of this section suggests, precious metals are scarce and their abundance in the 

earth’s crust is low. Figure 1.2 illustrates the abundance of chemical elements in the earth’s crust, 

demonstrating the decline with increase of atomic number. The precious metals do not form 

stable oxides and are iron-loving (high solubility in solid or liquid iron), hence, remnants in the 

dense form result in their depletion on the outer crust and concentration in earth’s iron core.  

 
Figure 1.2. The abundance of the chemical elements in the earth’s crust. 30 

  

 

 Unfortunately, the continued use of the precious metals is resulting in their depletion. The 

abiotic depletion potential (ADP) was adopted by Guinée in 1995, which is the measure of 
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depletion of a resource in the LCA. The ADP is the function of depletion of the element or 

resource to that of the reference element antimony.31a 

 

  

  

 The ADP of the precious metals and abundant metals are shown in Table 1.4 for 

comparison. Because production rates and available reserve values fluctuate from year to year, 

the ADP values should be considered only order-of-magnitude indicators. It reveals that the risk 

of depletion of precious metals is higher than abundant metals. 

  

Table 1.4 ADP of representative precious and abundant metals for comparison. 

Reserve ADP Reserve ADP 

Pd 0.323 Ni 1.1x 10-4 

Rh 32 Co 2.6 x 10-5 

Ru 32 Mo 0.032 

Ir 32.3 Fe 8.4 x 10-8 

 

  

 Platinum group metals (ruthenium, rhodium, palladium, osmium, iridium, and platinum) 

are estimated to be at high supply risk according to a report released by the British Geographic 

Society in 2011.31b Due to the scarcity of precious metals, researchers are looking for more 

sustainable alternatives.  

ADPi =
(depletion rate of resource) i / (ultimate reserve of the source) i

(depletion rate of the Sb)  / (ultimate reserve of the Sb)

(1.2)
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 Abundant metals are cheaper, relatively less toxic and readily available in the earth’s 

crust, offering a suitable alternative to precious metals.  The goal for sustainable catalysis is to 

mimic the role of the platinum group metals (ruthenium, rhodium, palladium, iridium) with low 

cost and high abundance metals (Ni, Fe, Mo, Co, etc.).  The capability of abundant metal 

complexes for the hydrogenation of amides and carboxylic acids will be explored. Furthermore, 

the ability of nickel to replace palladium in carbon-carbon bond forming reactions will be 

investigated.  

 

1.4 Ligands in homogeneous catalysis 

 Ligands play an essential role in homogeneous catalysis. Reactivity of the transition 

metal ions can be altered depending upon the coordination of different types of ligands. One of 

the advantages of homogeneous catalysis is the selection or tailoring of ligands.32 The commonly 

employed ligands in homogeneous catalysis are phosphines, carbenes and carbonyls. The 

discussion of phosphines ligands is included because of their relevance to the dissertation. 

 

1.4.1 Phosphine ligands 

 Phosphine ligands have a prevalent role in organometallic chemistry as well as in the 

industrial application of homogeneous catalysis.13 Phosphines have one lone pair on the central 

atom that can be donated to a metal, therefore they can act as neutral two electron donor # 

ligands. Metal-filled d orbitals $ back donate to empty #* orbitals of the ligand (Figure 

1.3).33,34,35 
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(a)!                                                            (b) 

Figure 1.3.  Metal ligand interaction (a) #-donation from ligand into metal empty d #-orbital (b) 

$-back-bonding from metal d $-orbital to #* of ligand.35 

 

  The #* orbitals of the P-R bond act as the acceptor in the R3P. Increasing the 

electronegativity of the R group results in increased stability of the #* orbitals of the P-R bond. 

The order for increasing acid character is as follows.33 

 
PMe3 < PAr3 < P(OMe)3 < P(OAr)3 < PCl3 < PF3 (  CO 

 

 Tertiary phosphines, R3P, are an important class of phosphine ligands due to the ease in 

which their steric and electronic properties can be modified by changing the R groups. 

Organometallic chemists have found great utility in tertiary phosphines as they can stabilize a 

great variety of metal complexes. Hence, phosphines act as stabilizing, tuneable spectator ligands 

rather than actor ligands. 

 

 

1.4.2 Electronic and steric properties of phosphines 

 An essential aspect of ligand design is assessing and predicting the ligand’s donor or 

acceptor ability. Tolman showed that the electronic effect of tertiary phosphine (PR3) ligands 

M P
R

R
R

M P
R

R

R
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could be modified by changing the R group.32 He compared the v(CO) stretching frequencies of 

LNi(CO)3 complexes containing different tertiary phosphines ligands (Table 1.5). The electron 

density on Ni increases in the presence of stronger donor phosphines and passes along to the CO 

$* orbital by back-bonding, consequently lowering the v(CO). Therefore, the Tolman electronic 

parameter relates the carbonyl stretching frequency to the electron density at the metal center. 

Such data demonstrates that alkyl phosphines are more electron donating compared to aryl 

phosphines. 

 

Table 1.5 Values of v(CO) for Ni(CO)3L with various phosphine ligands.32 

L v (cm-1) * v (cm-1) 

P(p-Tol)3 2066.7 0.1 

P(o-Tol)3 2066.6 - 

PMe3 2064.1 2.4 

PEt3 2061.7 2.5 

P(i-Pr)3 2059.2 3.1 

P(But)3 2056.1 - 

  

 

Another critical parameter for modulating the stability and reactivity of metal complexes 

is sterics. The concept of sterics was not introduced until 1970, and before this time everything 

had been rationalized in terms of electronics effects. However, in 1977 Tolman introduced a 

method for quantifying the steric bulk of a ligand based on the ligand cone angle (%) determined 

using space-filling CPK molecular models.  
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 The cone angle for the symmetrical ligand is the apex angle of a cylindrical cone using an 

M-P distance of 2.28 Å and tangent on the van der Waals radii of the outermost atoms of the 

ligand (Figure 1.4a). 

 

 

                                                    

(a)!                                                                                      (b) 

Figure 1.4 Method of measuring cone angle (a) for symmetrical ligands (b) unsymmetrical ligands 

reproduced from ref. 32. 

 

 In the case of unsymmetrical ligands having different substituents, PR1, R2, R3, the effective 

cone angle % can be identified as the sum of the half-angles of all three different substituents, as 

shown in equation 1.2. 

        

 

 

 The steric parameters are independent of the electronic parameters. The Tolman map (v in 

cm-1, % in degrees) for the electronic and steric properties of the phosphine ligands facilitates in an 

! = (2/3)" ! i/2
3

i = 1

(1.2)
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accessible way comparisons between ligands of differing electronic (e.g., PBu3 vs. P(OiPr)3) or 

steric properties (e.g.,  PMe3 vs P(o-tolyl)3 (Figure 1.5). 

 

 

Figure 1.5. Electronic and steric effects of phosphine donor ligands according to Tolman (v in cm-1, 

% in degrees) reproduced from references 32 and 36. 

 

 

1.4.3 Diphosphines 

 Bidentate ligands such as diphosphines are better than monophosphines in terms of their 

chelating abilities, thereby stabilizing intermediates and transition states. Unfortunately, the Tolman 

cone angle does not fully describe the steric properties and binding geometries of bidendate ligands. 
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The ligand backbone in bidentate ligand serves to keep the two phosphorus donor atoms a certain 

distance apart.  

 A suitable technique to compare bidentate ligands would be to use a bite angle.37,38 Casey et 

al.39 introduced the concept of the natural bite angles (βn) based on molecular mechanics 

calculations to compare diphosphines. A dummy metal was introduced and the same dummy-

phosphorus bond length was used in all ligands to determine the bite angle, which obtained bond 

angles that were a function of the non-bonded P"""P distance (Figure 1.6). 

 

 

Figure 1.6. The bite angle of a diphosphine with fixed M-P distance using a dummy atom.13,38 

 

 The bite angle plays a crucial role in both the steric and electronic effects of the ligand on 

the metal, influencing how the metal can interact with the substrate during catalysis. The bite angle 

is related to the size of the chelating ring of the specific metal.40-42 

 

1.4.4 Triphosphines 

 During the past few decades, diphosphine ligands have been ubiquitous in transition metal 

homogeneous catalysis, but more recently tridentate phosphine ligands are getting more attraction 

due to their superior kinetics, stability, coordination modes and chelation compared to mono- or 

P

P
PP PP

Bite angle

PP

O

dummy atom
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diphosphines. Specifically, facially-coordinating or C3 symmetry triphosphine ligands (Figure 1.7) 

are more common than to linear triphosphines [Ph2PCH2CH2]2PPh.43 

 

 

 

Figure 1.7. Generic structure of the Triphos ligand.43 

 

 The generic structure of facial Triphos has an apical carbon bonded to three phosphine-

containing arms and an ancillary methyl group that does not typically coordinate. The Triphos 

ligand is an extremely versatile ligand that has the potential for each of its functional groups to be 

modified.  

  

1.5 Cross-coupling reactions 

 Transition-metal-catalyzed cross-coupling reactions are a powerful tool to form C-C bonds, 

having widespread applications in academic fields as well as in the pharmaceutical and 

agrochemical industries. Research in catalytic cross-coupling reactions has proliferated at an 

astonishing rate and has been discussed in numerous books and reviews.44-50 The importance of 

these types of transformations was recognized in 2010 when Richard F. Heck, Ei-ichi Negishi and 

Akira Suzuki were awarded the Nobel Prize in chemistry for ÒPalladium-catalyzed cross-coupling 

in organic synthesis.Ó 

R2P
E

R'

PR2

PR2

E =apical atom,   PR2 = coordination phosphine,   R' = ancillary arm
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 A typical cross-coupling reaction involves an organic electrophile and a metal-based 

nucleophile in the presence of a transition metal catalyst to form a C-C (or C-heteroatom) bond. A 

few examples are shown in Scheme 1.2. 

                                                    

 

Scheme 1.2 Typical scheme for catalytic cross-coupling reactions. 

 

 

 A wide range of transformations is possible for the C-C bond formation by varying the 

metal-based nucleophile (R’m), with each having its own set of conditions and limitations. 

However, one of the most widely utilized tools for C-C bond formation is the Suzuki-Miyaura 

reaction. This type of reaction involves the coupling of an organoboron nucleophile (m = B) with an 

organic halide or pseudo-halide in the presence of a palladium catalyst.52 

 Traditionally, these transformations were catalyzed by palladium-based catalysts in the form 

of Pd(0). However, since academic and industrial laboratories are searching for low-cost, green 

transformations, nickel compounds have been viewed as low-cost alternative catalysts for cross-

coupling reactions. Nickel, a group 10 metal, lies just above palladium in the periodic table and is 

therefore capable of performing many similar chemical transformations.  

 Concurrently with the progress of palladium-based catalysts, nickel-based catalyst systems 

53-61 have been explored and discovered to be more advantageous. In addition to being 

environmentally benign and cost-effective, there are some intrinsic properties of nickel compounds 

RX R'm R-R'
M =  Pd, Ni
m = B, Zn, Sn, Mg
X= Cl, Br, I, OTf

M
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that enable their use as effective catalysts. For instance, research since the mid-1990s has shown 

that many nickel-based catalytic systems circumvent a significant problem arising in the case of 

palladium-based systems, which is that oxidative addition reactions of alkyl halides can be sluggish 

or not occur at all. 62,63 In addition, when formed, alkylpalladium compounds generally undergo +-

hydrogen elimination to form an alkene and metal hydride, therefore impeding formation of the 

desired product. In the case of nickel, oxidative addition reactions of alkyl electrophiles can 

proceed relatively quickly, while +- hydride elimination reactions proceed more slowly, therefore 

allowing significant product formation to occur. 

 Reviews of nickel-catalyzed cross-coupling reactions
53-60 involving organic electrophiles 

and metal-based nucleophiles reveal that compounds of both nickel(0) and nickel(II) are commonly 

used as precursors. It has been determined that nickel oxidation states from 0 to 4 are readily 

available for nickel-catalyzed reactions,
64

and, beginning with work by Kochi et al. in the 1970s,
64 

there has been growing evidence that nickel(0) compounds can undergo oxidative addition of aryl 

halides via single-electron processes. Additionally, it has become clear that nickel(0) and nickel(II) 

compounds can undergo comproportionation to nickel(I) species.65 However, the knowledge of the 

chemistry of nickel(I) is still lagging compared to that of nickel(II). 

 

1.5.1 Suzuki-Mi yaura reactions 

 Suzuki-Miyaura reactions are versatile and powerful tools for the construction of C-C bonds 

in organic and natural product syntheses.66-71 In 1979, the first example of a Suzuki-Miyaura 

reaction was reported.66 Since then, palladium-catalyzed Suzuki-Miyaura reactions have become 

essential transformations because they offer mild reaction conditions and use readily available, 

inexpensive, air-stable and moisture-stable boron-based nucleophiles. The availability of a wide 
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variety of boronic acids and esters69 offers a range of reactants that can be utilized to form various 

biaryl and aryl-vinyl compounds. A considerable number of reviews and books have been devoted 

to this topic.18a, 46, 70, 71 A typical methodology used for Suzuki-Miyaura cross-coupling reactions is 

outlined in Scheme 1.3. 

 

 

Scheme 1.3. Representative Suzuki-Miyaura cross-coupling reaction. 

 

 Many of these reactions are catalyzed by palladium(0) compounds of the type PdL2 (L = 

tertiary phosphine) via the catalytic cycle shown in Scheme 1.4. The mechanism typically involves 

the oxidative addition of the organic halide RX to the catalytic active species PdL2 in a concerted, 

two-electron process in which palladium(0) is oxidized to palladium(II). Next is a transmetalation 

step with the organoborate species, and the final step involves the reductive elimination to form a 

cross-coupling product and to regenerate the catalytically active species. 

RX R'BY2 R-R'Pd / Ni XBY2
R = aryl , vinyl, benzyl
R' = aryl, alkyl, vinyl
X = Cl, Br, I, OTf,
Y = OR,  OH
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Scheme 1.4. Representative mechanism for the Suzuki-Miyaura cross-coupling reaction. 

 

 Nickel-catalyzed Suzuki-Miyaura cross-coupling reactions have now become the focus of 

many researchers.72 In 1996, Miyaura and co-workers73, 74 reported the first nickel-catalyzed cross-

coupling reaction of aryl chloride and boronic acid (Eq. 1.2). Ni(0) was assumed to be generated in 

situ by reducing NiCl2(dppf) with four equivalents of BuLi. The catalytic cross-coupling of aryl 

chlorides bonded to various electron-donating and withdrawing groups were reported. Later, 

Indolese75 showed that NiCl2(dppf) could catalyze the coupling of aryl chlorides and boronic acids 

in the absence of an external reductant. 
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 Miyaura and Inada76 subsequently demonstrated that NiCl2(PPh3)2 was effective for the 

coupling of aryl chlorides and boronic acids in the presence of external supporting ligands. 

Meanwhile, Percec et al.77 investigated cross-couplings of aryl mesylates, aryl-substituted aryl 

chlorides, bromides and iodides with aryl boronic acids. They did a comparative study of different 

parameters, such as nickel-phosphine complexes, bases, ligands and solvents, and found that in the 

presence of excess PPh3/dppe, NiCl2(dppe) was an effective catalytic system for these cross-

coupling reactions. 

 In 2007, Yang and Chen78 reported that air and moisture stable Ni(II)-aryl compounds of the 

type Ni(1-naphthyl)X(PPh3)2 were useful precursors for the cross-coupling of various aryl bromides 

and relatively inert aryl chlorides. Later, Han and coworkers79 demonstrated that NiCl2(dppp) was 

an efficient and reliable catalyst for aryl bromides and chlorides with low catalytic loading. 

 Very few nickel(I) compounds have been tested for cross-coupling reactions, however, 

Zhang and co-workers80 discovered that new paramagnetic complexes, such as Ni(IMes)2X 

generated from the oxidative addition of Ni(IMes)2, were successful. These catalyst systems were 

able to perform Suzuki-Miyaura cross-coupling reactions between aryl bromides and phenylboronic 

acid as outlined in Eq. 1.3. Comparisons were also made with analogous nickel(0) and nickel(II) 

compounds and, regardless of oxidation state, all of the nickel species produced products in good 

yields. The bromo analogue Ni(IMes)2Br was more effective in catalyzing Suzuki coupling than the 

chloro complex Ni(IMes)2Cl. 

 

R B(OH)2

NiCl2(dppf) (3-10 mol %)
BuLi (4.0 eq), K3PO4

Cl
Solvent, 70-80 ¡C

(1.2)R
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 Stoichiometric studies of the catalyst and cross-coupling partner also favored 

transmetalation as the initial step in the catalytic cycle. In 2015, Monfette
81 developed an air-

stable precatalyst, NiCl(o-totyl)(TMEDA), and compared its ability to catalyze various cross-

coupling reactions in combination with suitable ligands. It was found that superior yields were 

obtained compared to other sources of nickel, such as Ni(cod)2 and NiCl2(dme). Hazari and 

coworker
82 also compared the catalytic activity of a nickel pre-catalyst supported by a dppf 

ligand in differing oxidation states, 0, I and II, and found that similar catalytic activities were 

obtained.

 

1.5.2 Heck-Mizoroki r eactions 

 Olefins are vital structural components of many pharmaceuticals, organic compounds 

and natural products,
83,84 and a variety of preparative methods for producing them have been 

developed. In 1971, Mizoroki reported the coupling of iodobenzene with styrene to form 

stilbene utilizing palladium chloride as the catalyst and potassium acetate at 120°C (eq.1.4).
85 

 

R B(OH)2

Ni(IMes)2X (10 mol %)
        KO-t-Bu

Br
Benzene, 80 ¡C

(1.3)R

I
PdCl2 0.1 eq

KOAc 0.2 eq.
CH3OH

(1.4)
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 Somewhat later, in 1972, Heck86 reported this same formation of stilbene using the same 

starting materials but with a different source of palladium, Pd(OAc)2, and a hindered amine base 

n-Bu3N (eq. 1.5). 

 

 

 There have been limited studies regarding the use of nickel for this reaction despite the 

potential advantages mentioned above, and the earliest attempts to use nickel were reported in 

1988; NiCl2(PPh3)2 was used to catalyzed Heck reactions of aryl and alky halides with styrene 

and methyl acrylate (eq. 1.6).87 

 

 

 Zhao and co-workers
88 studied a catalytic system based on Ni(OAc)2/PPh3 for the Heck 

reaction of iodobenzene and methyl acrylate, finding that several factors, such as concentration 

of phosphine and Ni, presence of water and the nature of solvent, affect the rate and yield of the 

reaction. Higher conversions were obtained using NMP (N-methylpyrrolidine) compared to 

ethanol and toluene. In 2012, Lei et al.
89 demonstrated that Ni(PPh3)4 is able to catalyze the 

alkenylation of secondary and tertiary $-carbonyl alkyl bromides with olefins under mild 

conditions. They found that substituted styrenes and various 1,1-diarly alkenes were suitable 

substrates for $-alkenylation. 

I
Pd(OAc)2 0.1 eq

n-Bu3N  1.2 eq.
(1.5)

Br
NiCl2(PPh3)2, Zn

CH3,CN, C5H5N
(1.6)
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 Jamison et al.
90 synthesized and characterized an air-stable nickel(II) compound, trans- 

Ni(o-tolyl)Cl(PCy2Ph)2, and investigated its ability to catalyze Heck reactions of substituted 

benzyl chlorides with terminal alkenes. Dichloromethane was found to be the best solvent for 

pre-catalyst activation and it aided in accelerating coupling. Nickel phosphine and phosphite-

phosphine complexes were studied by Stewart
91

 who found that the compounds Ni[P(OEt)3]4, 

(dppf)Ni[P(OPh)3]2 were superior to the air-sensitive Ni(cod)2 and were efficient for Heck 

reactions of electron-deficient olefins. A review
92 on low-cost transition metal (Ni, Co, Cu and 

Fe) catalyzed Heck reactions found that nickel performs best compared to the others. 

 The mechanism of the Heck reaction, shown in Scheme 1.5 and analogous to the Pd- 

catalyzed Heck reaction,
93

 is different from most conventional cross-coupling reactions since 

there is no transmetalation step. The first step is oxidative addition of the aryl halide to the Ni(0) 

catalyst, and the second step involves alkene coordination to nickel at an open site made 

available by dissociation of phosphine. This is followed by insertion of the olefin at the Ni-aryl 

bond. The final step involves +-hydride elimination to give the coupling product and to generate 

the M(0) catalyst after removal of HX by the base. 
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Scheme 1.5. Mechanism for nickel-catalyzed Heck cross-coupling reactions. 

 

 

1.6 Hydrogen utilization  

 Hydrogen is the simplest and most abundant element in the universe, making up to 90 % 

of all the atoms and 75 % of the known mass of the universe. The unique physical and chemical 

characteristics of the hydrogen atom and hydrogen-containing molecules permits their 

widespread application in refining, fuel cells and chemical processes.94 It exits in a free state in 

the atmosphere and outer space, but on earth is more commonly found bound to other elements 

in compounds like water, methane, coal and petroleum. 

 Hydrogen (H2) is consumed in large quantities during the industrial production of 

essential chemical compounds, methanol and ammonia. It is also used in the hydrogenation of 

oils and fats, resulting in the production of compounds that can be used as a source of energy.95 
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Hydrogenation plays a fundamental role in chemical synthesis and has been used for centuries to 

add hydrogen atoms to unsaturated atoms.96  

 

1.6.1 Homogeneous catalytic hydrogenation 

 Catalytic hydrogenation is an essential technology in industry and research due to its 

utilization of clean and abundant hydrogen, high atom efficiency, and its broad scope for 

reduction of various unsaturated functional groups.97 These catalytic hydrogenation reactions 

involve either heterogeneous or homogeneous catalysts. Heterogeneous hydrogenation has wide 

applications in fuel refining and biodiesel production, but homogeneous hydrogenation is more 

prevalent in fine chemical synthesis.98 Other types of catalytic hydrogenation reactions include 

transfer hydrogenation, hydrogenolysis and asymmetric catalytic hydrogenation. 

 Transition metals are used to bind and activate molecular hydrogen, which is unreactive 

at ambient conditions. The first catalysts for homogeneous hydrogenation were based on the 

first-row metal complexes, however, complexes such as HCo(CO)4 were found to be unstable. 

The most extensively applied homogeneous catalysts were precious metal phosphine 

complexes.99 However, in 1965 Sir Geoffrey Wilkinson discovered the first successful 

homogeneous hydrogenation catalyst, RhCl(PPh3)3, for the hydrogenation of alkenes.99 

 Recently, there has been tremendous growth in the use of homogeneous hydrogenation in 

the industrial sector for the synthesis of fine chemicals and pharmaceuticals, as well as for 

application at the laboratory scale.  These reactions are employed to reduce various functional 

groups:  aldehydes and ketones to alcohols and nitrogen-containing groups to amines. In contrast 

to aldehydes, ketones and esters, the carbonyl group of amides and carboxylic acids are less 

electrophilic, which makes their reduction a challenging task. The catalytic hydrogenation of 
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amides to amines was identified as one of the most desirable reactions by the Pharmaceutical 

Roundtable of the American Chemical Society Green Chemistry Institute (GCI).100 The resulting 

amines have a significant role in agrochemical, pharmaceutical, natural and biologically active 

products.101,102 

 

1.6.2 Catalytic reduction of amides  

 The conventional synthetic methodologies developed for the formation of amines include 

stoichiometric reduction of amides, N-alkylation with alkyl halides and alcohols and the 

reductive amination of carbonyl moieties with metal hydrides. However, these transformations 

lead to a large amount of metal-containing wastes, as well as a reduction in functional group 

tolerance and control over the degree of alkylation.102-106 The alternative, most simple and 

straightforward transformations are transition-metal catalyzed reductions via hydrosilylation, 

hydroboration and hydrogenation reactions.107-109 Catalytic reduction of amides can proceed via 

two pathways, either C-N bond or C-O bond cleavage (Scheme 1.6).  

 

Scheme 1.6. Two possible pathways for the catalytic reduction of amides.110 
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The most environmentally friendly and atom-economical approach among the above 

reduction transformations of amides is hydrogenation using molecular hydrogen as the 

reductant.109, 111-115 The catalytic hydrogenation of amides to amines has also been reported using 

heterogeneous systems.116-121 The first method for the heterogeneous hydrogenation of amides 

was reported in 1908 when a Ni-based catalyst was employed for the reduction of acetamide and 

propionamide in the vapor phase.122 Recently, bifunctional, bimetallic and even polymetallic 

catalysts have been utilized for the heterogeneous hydrogenation of amides. Despite current 

developments in the field of heterogeneous catalysis, these systems suffer from inferior 

chemoselectivity and typically higher temperatures and pressures.116-121 The body of this work is 

devoted toward homogeneous catalysis, therefore heterogeneous reduction will not be discussed 

in detail. 

 

1.6.3 Transition metal catalyzed hydrogenation of amides 

 Protocols reported for the homogeneous hydrogenation of amides proceeding via C-N 

bond cleavage to yield alcohols and amines or via C-O bond cleavage to yield the corresponding 

amines are mainly reported using ruthenium catalysts.  The catalytic reduction of amides via C-N 

bond scission was first reported by Crabtree and coworkers based on the use of Ru(acac)3/ 

tris(diphenylphosphino-methyl)ethane (Triphos) for the conversion of propanamide to the 

mixture of the secondary amine, propanol, ester and alkylated amide.123 Milstein’s group had a 

breakthrough when they discovered the efficacy of the precious metal catalyst bipyridyl-based 

PNN Ru(II).124 More recently, there have been reports comprising essential systems utilizing 

non-precious metals (Fe, Mn) for amide hydrogenation to form alcohols by cleavage of the C-N 

bond.125 However, the homogeneously deoxygenative hydrogenation of amides has not been 
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extensively explored and only a few examples have been reported precious metal catalysts, 

specifically ruthenium and iridium, as discussed below.109, 111-115 

 

1.6.3.1 Precious metals catalysts for the deoxygenative hydrogenation of amides 

1.6.3.1.1 Ruthenium catalysts 

 There are very few reports regarding the use of precious metal catalysts for the 

deoxygenative hydrogenation of amides. Cole-Hamilton109 first reported the ruthenium-catalyzed 

deoxygenative hydrogenation of primary and secondary amides. The catalytic system employed, 

Ru(acac)3/ Triphos, was the same as the original work by Crabtree. They reported that the 

reduction of N-phenylnonamide was unsuccessful in the absence of ruthenium catalysts. A 

moderate yield was obtained using Ru(acac)3, however, the combination of Ru(acac)3 and triphos 

provided full conversion and high selectivity of the amine. Reactions in the absence of additional 

water gave the highest selectivity with a full conversion, but the catalyst was not stable under 

these conditions (Table 1.6). 
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Table 1.6 First ruthenium-catalyzed deoxygenative hydrogenation109 

 

Ru compound 

  

Triphos 

 mol % 

Water: THF ratio Conversion 

 % 

Secondary amine 

% 

Alcohol 

% 

- - 0.1 0 0 0 

Ru(acac)3  - 0.1 61 57 4 

Ru(acac)3 2 0.1 100 93 7 

Ru(acac)3 2 0 100 99 1 

  

Cole-Hamilton and coworkers improved these results in their subsequent report in 

2013.111 They found that the use of methanesulfonic acid along with Ru(acac)3 and Triphos was 

able to hydrogenate primary and secondary amides to the corresponding amines, while keeping 

the C-N bond intact (Scheme 1.7). They found that the protocol was mainly successful for the 

aniline-derived amides, however, the N-alkyl amides and tertiary amides exhibited low 

conversion and selectivity. 
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Scheme 1.7 Representative protocol for the hydrogenation of benzanilide.111 

 

  

 Klankermayer and coworkers reported the synthesis of new ruthenium catalyst precursors 

through the tailoring of tridentate ligands (Scheme 1.8). These complexes were found to be 

effective for the hydrogenation of challenging lactam substrates.112 

 

 

Scheme 1.8.  Tailored ruthenium catalysts for the hydrogenation of lactams.112 
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incorporating different Lewis acids as additives.113 They found that the use of a catalytic amount 

of Yb(OTf)3"H2O resulted in milder required reaction conditions. The system worked well for 
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O

N

H

Ph
Ph

N

H

Ph
PhRu(acac)3,Triphos, MeSO3H

210¡ C,  H2, 10 bar

93 % yield

P

P

P Ru(2-methylallyl)2(cod)R

R

R

R

R R

Ru

P

PR2

P
PR2

PR2

R = (a) phenyl, (b) 4-methylphenyl, (c) 3,5-dimethylphenyl

Toluene



 37 

 They reported mechanistic studies for the formation of higher amines involved in the 

initial reduction of the amide via C-N bond scission to the amine and alcohol. The resulting 

amine and alcohol were subsequently reacted with each other via borrowed hydrogen to form the 

preferred amine. 

 

 

 Scheme 1.9 Mechanism proposed by Beller’s group for the formation of higher amines.113 

 

 Another ruthenium-based catalytic system [Ru(H)2(CO)(Triphos)] was reported by Zhou 

and coworkers with the boron Lewis acids such as B(C6F5)3 and BF3"Et2O as cocatalyst.114 The 

catalytic system could hydrogenate both aliphatic and aromatic secondary amides using mild 

reaction conditions (Scheme 1.10). 
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Scheme 1.10. Catalytic system reported by Zhou for the deoxygenative hydrogenation of 

amides.114 

 

 

1.6.3.1.2 Iridium catalysts 

 The research surrounding the catalytic hydrogenation of amides is predominantly 

restricted to the use of ruthenium catalysts, but the demand for highly efficient and selective 

catalysts requires us to explore other metals. For example, the Zhou group reported novel iridium 

catalysts comprising pincer ligands in the presence of boron Lewis acids B(C6F5)3/ BCl3 (Scheme 

1.11). This system was efficient for the hydrogenation of aromatic and aliphatic amides in 

addition to lactams. The six or seven-membered ring lactams were found to be better substrates 

in terms of yield and selectivity as compared to the five-membered ring lactams. Unfortunately, 

the hydrogenation of primary amides was unsuccessful. The proposed reaction mechanism based 

on the experiments suggested that the imine might be a key intermediate in the reaction. 
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Scheme 1.11 Iridium-catalyzed hydrogenation of amides reported by the Zhou group.115 

   

 

1.6.3.2 Non-precious metal catalysts for the deoxygenative hydrogenation of amides 

 Abundant-metals have not been studied for the catalytic deoxygenative hydrogenation of 

amides to amines, however, there has recently been a single article reported by the Milstein 

group in this area. The author employed 5 mol % of the manganese pincer complex 

[(PNP)Mn(Br)(CO)2] to hydrogenate N-arylbenzamides, which had various substituents on the 
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for 72 h. Analogously to the methods using precious metals (Rh, Ir), a strong Lewis acid 

B(C6F5)3 was employed to activate the amides. 

 

 

Scheme 1.12. Manganese-catalyzed hydrogenation of amides reported by Milstein group.126 

 

 A plausible reaction mechanism was also suggested based on the experimental and NMR 

studies, and it was found to involve metal-ligand cooperation of the manganese pincer complex. 

This knowledge is a great starting point, and therefore further exploration into the use of earth-

abundant transition metals for the deoxygentive hydrogenation of amides is highly desirable. 

  

1.7 Research objectives 
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The design and choice of a suitable ligand is important in developing efficient base metal 

catalysts. The first half of the thesis describes nickel complexes in comparison to palladium 

complexes for various cross-coupling reactions. It was anticipated that nickel complexes could 

be as capable as analogous palladium for the cross-coupling reactions, e.g., Suzuki-Miyaura and 

Heck-Mizoroki.  The second half of the thesis is devoted to finding suitable abundant-metal 

complexes for the hydrogenation of amides and carboxylic acids. 

 

1.8 Thesis outline 

 The first chapter provides a general introduction about green chemistry, catalysis and 

homogeneous transition-metal catalyzed transformations, such as cross-coupling reactions and 

hydrogenations. Chapter 2 includes the investigation of phosphine complexes of nickel in (0), (I) 

and (II) oxidation states, including the synthesis and characterization of the paramagnetic Ni(I) 

compounds NiX(PPh3)3 (X = Cl, Br, I) for the first time by 1H NMR spectroscopy. Furthermore, 

the abilities of Ni(PPh3)4 and NiX(PPh3)3 complexes as catalysts for representative Suzuki-

Miyaura and Heck-Mizoroki cross-coupling reactions are investigated. Chapter 3 describes the 

preliminary screening of different parameters for the deoxygenative hydrogenation of amides 

using in situ abundant metal complexes in combination with various chelating phosphine ligands. 

The ability of these same abundant-metal catalytic systems to perform catalytic alkylations of 

amines with a carboxylic acid using H2 as a reductant is also presented. Chapter 4 presents the 

catalytic activity of the various abundant-metal complexes for the hydrogenation of the 

challenging carboxylic acid substrates.  Lastly, chapter 5 will conclude the overall outcomes of 

the research followed by future directions aimed at the development of abundant-metal 

complexes.  
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Chapter 2 

Catalysis of Cross- and Homo-coupling Reactions of Aryl Halides Utilizing 

Ni(0), Ni(I) and Ni(II) Precursors; Ni (0) Compounds as the Probable 

Catalytic Species but Ni(I) Compounds as Intermediates and Products 

 
2.1 Preface 

The material described in this chapter has been published as: Manzoor, A.; Wienefeld, P.; Baird, 

M. C.; Budzelaar, P. M. H. Organometallics 2017, 36, 3508. 

2.2 Introduction 

Cross-coupling reactions involving aromatic halides and main group metal-based nucleophiles 

are currently utilized to form a wide variety of carbon-carbon and carbon-heteroatom bond 

types.1 By and large, a significant proportion of these reactions are catalyzed by Pd(0) 

compounds of the type PdL2 (L = phosphine ligand) via catalytic cycles which typically involve 

two-electron processes in which the metal alternates between the 0 and the II oxidation states as 

indicated in Scheme 2.1 (M = Pd) for a generic Suzuki-Miyaura cross-coupling reaction.  
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Scheme 2.1. Two-electron catalytic cycle for Suzuki-Miyaura cross-coupling processes.  

 

While very successful for aryl and vinyl halides, this type of cross-coupling turns out to be 

much less useful for alkyl halides containing %-hydrogen atoms although there have been 

reported a few examples of successful cross-coupling of primary alkyl halides and tosylates with 

e.g. organoboron reagents.2  

Although lagging considerably behind the development of Pd-based catalysts, a number of 

nickel-based catalysts have also been investigated and found to catalyze the cross-coupling of 

alkyl halides.3 Interestingly, cross-coupling reactions of secondary alkyl halides have also been 

accomplished,4 including examples of stereoconvergent reactions in which both enantiomers of a 

racemic reactant are converted to a single resolved product.4j,l,m  
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In many earlier investigations of nickel-based cross-coupling catalysts, it often seems 

assumed, implicitly or explicitly, that two-electron catalytic cycles of the type shown in Scheme 

2.1 (M = Ni) are operational. However, stereoconvergent processes are incompatible with such 

two-electron catalytic cycles, which should result in the same configurational consequences for 

both enantiomers, and mechanisms involving catalysis by Ni(I) compounds and free radical 

intermediates have been proposed. A candidate one-electron process is shown in Scheme 

2.2.3o,p,u,v,4  

 

Scheme 2.2 Possible catalytic cycle for Suzuki-Miyaura cross-coupling involving Ni(I).  

 

This catalytic cycle begins with a halonickel(I) compound NiXLn and differs from the 

catalytic cycle shown in Scheme 2.1 in that odd-electron intermediates are involved and the 

metal alternates between the I and III oxidation states. Unambiguous mechanistic information 
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has generally been difficult to come by, however, as many nickel-based catalysts are as yet very 

poorly defined. Indeed, very little is known about the possible roles of nickel(I) species as 

catalysts or catalytic intermediates, and there is a need for information of any kind concerning 

the chemistry of Ni(I) compounds.  

Although drawing considerably less attention than Pd-based catalyst systems, a number of 

phosphine stabilized, Ni-based catalysts have been investigated for coupling aromatic 

electrophiles.6a-y While most these studies utilized Ni(II) precursors because of a dearth of useful 

Ni(0) candidates,3v it seems generally to have been assumed that the actual catalytic species were 

Ni(0) species formed in situ in some way. The mechanism shown in Scheme 2.1 is commonly 

thought to apply although again there is currently available very little information in most cases 

as to what the actual catalytic species are. Interestingly, and possibly complicating the issue, 

phosphine complexes of Ni(0) and Ni(II) can undergo comproportionation to Ni(I) species 

rapidly enough that the presence of both during an activation stage or in a catalytic cycle can 

result in the formation of Ni(I) compounds7 which may or may not be involved in a catalytic 

cycle. 

This chapter describes the early stages of an investigation into the comparative use of Ni(0) 

and Ni(I) phosphine complexes as catalysts for representative cross-coupling catalytic processes 

of alkyl and aryl halides. In an attempt to address these issues, we have begun to map out 

potentially relevant catalytic Ni(0) and Ni(I) chemistry utilizing the Ni(0) compound Ni(PPh3)4
8 

and the Ni(I) compound NiCl(PPh3)3.7a,9 While Suzuki-Miyaura cross-coupling reactions of aryl 

electrophiles have been catalyzed by a number of nickel-based catalyst systems,6b-q,x,y,7d-f 

including some containing PPh3,6e,g,i,j,l-p,o preformed Ni(PPh3)4 has in fact rarely been utilized6n,o 

and thus the capabilities and potential advantages of this readily available catalyst are largely 
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unknown. To our knowledge, very little is known also about the catalytic chemistry of 

NiCl(PPh3)3, although Ni(I) complexes of 1,1’-bis(diphenylphosphino)ferrocene (dppf) are 

receiving considerable attention.7d-f  

We have complemented our catalytic research by using NMR spectroscopy to characterize the 

paramagnetic Ni(I) compounds NiX(PPh3)3 (X = Cl, Br, I) and their very facile exchange 

processes with free PPh3. To gain further mechanistic information, we have also carried out 

NMR studies of the  oxidative addition reactions of Ni(PPh3)4 with chloro- and bromobenzene, 

reactions which give the Ni(II) products trans-NiPhX(PPh3)2 (X = Cl, Br).6k,n-p,s,10 Literature 

reports on the thermal stabilities of these compounds differ substantially,6o,s,10b,e,h and we now 

show that trans-NiPhCl(PPh3)2 is very stable in solution at room temperature in the presence of 

free PPh3 but that, in the absence of added ligand, it decomposes smoothly and rapidly to 

biphenyl and the Ni(I) compound NiCl(PPh3)2. The latter finding has major mechanistic 

implications for Ni-catalyzed conversion of aryl halides to biaryls.8a,10d-f   

 

2.3 Experimental 

2.3.1 General procedures 

 All syntheses were carried out under a dry, deoxygenated argon or nitrogen atmosphere with 

standard Schlenk line techniques. Argon was deoxygenated by passage through a heated column 

of BASF copper catalyst and then dried by passing through a column of 4 A molecular sieves. 

Handling and storage of air sensitive compounds were carried out in an LC Technology LCBT-1 

bench top purged glove box. NMR spectra were recorded on Bruker AV500 or AV600 MHz 

spectrometers with 1H NMR data being referenced to TMS via the residual proton signals of the 

deuterated solvents, and EPR spectra were run on powder samples at 77 K on a Bruker EMX 
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spectrometer equipped with a Bruker-8/2.7 electromagnet and Bruker ER4119HS resonant 

cavity. GC experiments were carried out using a Varian 3900 GC equipped with a CP 8400 

autosampler, 0.32 mm Varian fused silica column and an FID; the injector temperature was set at 

250 degrees, initial column temperature of 140 degrees, and detector temperature of 250 degrees. 

Hexadecane was added as an internal standard, and GraphPad Software Prism Version 3.02 was 

used for curve fitting. The compounds Ni(PPh3)4,8 NiX(PPh3)3 (X = Cl, Br, I),7a,9,10b,j 

NiX2(PPh3)2 (X = Cl, Br, I)11 and trans-NiPhCl(PPh3)2
10g were prepared as in the literature.  

2.3.2 NMR study of oxidative addition of chlorobenzene to Ni(PPh3)4 

 In a typical procedure, a solution of 48 mg Ni(PPh3)4 (43 µmol) in 0.7 mL toluene-d8 was 

transferred into an NMR tube, the tube was sealed by a septum and parafilm and 25 µL 

chlorobenzene (0.16 mmol, 4.0 equiv) was added. The sample was shaken briefly and NMR 

spectra were aaquired at various temperatures using as internal standard the toluene-d8 signal at !  

2.09. Although 1H and 31P data have been reported for diamagnetic trans-NiPhCl(PPh3)2 in 

CD2Cl2,9i we have carried out all of our reactions in toluene-d8 in which the chemical shifts are 

different and thus needed to be determined. The resonances of the p- and m-H of the Ni-Ph group 

are observed at !  6.33 (t, J = 7.5 Hz) and 6.23 (t, J = 7.5 Hz), respectively, while the resonance 

of the corresponding o-H was obscured by stronger PPh3 resonances but was determined via a 

COSY experiment to be at !  6.95. A prominent 12H resonance at !  7.72 (br) is assigned to the 

coordinated PPh3 of trans-NiPhCl(PPh3)2, the other PPh3 resonances overlapping at !  7.0-7.1. 

Similar experiments were carried out at lower temperatures and, at room temperature, with 

bromobenzene.  
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2.3.3 General experimental methodologies for Suzuki-Miyaura reactions 

 To a mixture of 0.107 g Ni(PPh3)4 (0.100 mmol), 0.18 g phenylboronic acid (1.50 mmol) and 

0.625 g Cs2CO3 (2.000 mmol) under argon was added 0.187 g 4-bromoanisole (1.000 mmol) in 3 

mL dioxane was added and the mixture was stirred at 60 °C for 4 h. Stirring was stopped 

periodically to allow the undissolved base to settle and aliquots of 0.1 mL were taken, diluted by 

10 mL of solvent and analyzed by GC. Hexadecane was used as an internal standard. A similar 

procedure was used for studies of trans-NiPhCl(PPh3)2, NiCl(PPh3)3 and NiBr(PPh3)3. 

2.3.4 General experimental methodologies for Heck-Mizoroki reaction  

Pyridine and acetonitrile were dried overnight over molecular sieves. To a mixture of 0.16 g 

bromobenzene (1.00 mmol), 0.42 g styrene (4.00 mmol) and 0.32 g pyridine (4.00 mmol) in 3 

mL of acetonitrile was added 0.11 g Ni(PPh3)4 (0.10 mmol) under argon; the mixture was stirred 

at 65 ºC for 4 h. Aliquots of 0.1 mL were taken at specified intervals, diluted by 10 mL of 

acetonitrile and analyzed by GC. Naphthalene was used as an internal standard. 

2.3.5 NMR Studies of Suzuki-Miyaura Reactions 

 A mixture of 0.18 g phenylboronic acid (1.50 mmol), 0.088 g NiCl(PPh3)3 or 0.107 g 

Ni(PPh3)4 (both 0.100 mmol) and 0.625 g Cs2CO3 (2.000 mmol) in a test tube sealed with a 

septum was purged with argon. A solution of 0.187 g 4-bromoanisole (1.000 mmol) in 3 mL of 

dioxane was added and the mixture was stirred at 60 ºC. Stirring was stopped periodically to 

allow the undissolved base to settle and aliquots of 0.5 mL were taken, pumped down to dryness, 

dissolve in deuterated toluene and analyzed by 1H NMR spectroscopy. A similar experiment was 

carried out using 0.69 g trans-NiPhCl(PPh3)2 (0.10 mmol) in the presence of 0.026 g PPh3 (0.100 

mmol). 
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2.3.6 Methods Ð Computational 

 Geometries were optimized using Turbomole12 coupled to the external Baker optimizer13,14 

via the BOpt package;15 at this stage we used the Turbomole b-p functional16,17 in combination 

with the def-SV(P) basis18 and the RI approximation.19 The nature of all stationary points was 

checked using a vibrational analysis (no imaginary frequencies for minima, exactly one for 

transition states). Improved single-point energies were then calculated using Gaussian 09, 20 the 

M06 functional21 and the cc-pVTZ basis set22-24 obtained from the EMSL library.25,26 The PCM 

method27-30 was used for modelling the solvent (THF). To obtain final free energies, thermal 

corrections from the b-p/SV(P) vibrational analysis (enthalpy and entropy, 298 K, 1 bar) were 

added to the above-mentioned final electronic energies; the entropy contribution was scaled by 

0.67 to account for reduced freedom in solution.31,32  

 

2.4 Results and Discussion 

2.4.1 Syntheses and properties of Ni(0), -(I) and -(II) coordination compounds of PPh3 

 The ligand PPh3 was chosen for the reasons given above but also, in part, because PPh3 

conveniently forms well characterized nickel complexes in all three oxidation states of interest, 

Ni(PPh3)4,8 NiX(PPh3)3 (X = Cl, Br, I)7a,9,10b,j and NiX2(PPh3)2 (X = Cl, Br, I).11 While a number 

of routes to Ni(0) and Ni(I) compounds have been described, Ni(I) materials containing apparent 

impurities and hence having significantly different colors have been reported and we therefore 

describe in some detail the procedures which we have developed for synthesis and 

characterization.  

The compounds NiX2(PPh3)2 (X = Cl, Br, I) are readily prepared via reactions of the Ni(II) 

halides with PPh3; all assume pseudotetrahedral structures and are paramagnetic (two unpaired 
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electrons) in solution and in the solid state.11 Interestingly, and in spite of their paramagnetism, 

all exhibit easy to interpret 1H NMR spectra; broad but readily identified resonances are 

observed at !  ~19 (br), !  ~1 (vbr), and !  ~&5.5 (br)  have been attributed to the meta, ortho and 

para hydrogens, respectively, based on their relative intensities, line widths and the mechanism 

of spin delocalization.33 Thus the meta resonance shifts ~12 ppm downfield, while the ortho and 

para resonances ~6 and ~12.5 ppm shift upfield respectively from the corresponding chemical 

shifts of diamagnetic PPh3 (!  ~7), isotropic shifts which have been interpreted in terms of 

unpaired spin on the Ni(II) being delocalized into the ligand '  system via a contact interaction.33   

The Ni(0) compound Ni(PPh3)4 has been readily prepared via reduction of NiCl2(PPh3)2 by 

zinc powder in the presence of excess PPh3 in DMF (eq 2.1).8a  

 

NiX2(PPh3)2 + Zn + 2PPh3 (  Ni(PPh3)4 + ZnX2            (2.1) 

The orange-red, air-sensitive Ni(0) compound was characterized by broad phenyl resonances 

at !  ~7.0 and ~7.8 in the 1H NMR spectrum and a very broad resonance at !  ~24 in the 31P NMR 

spectrum (toluene-d8), in agreement with the literature.8h The 31P resonance is broadened because 

Ni(PPh3)4 dissociates significantly to Ni(PPh3)3 plus free PPh3 and the mixture engages in rapid 

exchange.8h  

The Ni(I) compounds NiX(PPh3)3 (X = Cl, Br, I) are best prepared via comproportionation 

reactions of Ni(PPh3)4 with NiX2(PPh3)2 (eq 2.2).7a,9g,k,l   

Ni(PPh3)4 + NiX2(PPh3)2 (  2NiX(PPh3)3             (2.2) 

Although the overall process from Ni(II) to Ni(0) to Ni(I) involves two steps, we find that it is  

generally not feasible to prepare Ni(I) compounds directly from Ni(II) precursors because 

mixtures of Ni(0) and Ni(I) are obtained.   
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The Ni(I) compounds NiX(PPh3)3 (X = Cl, Br, I) are also tetrahedral in the solid state 

although they are believed to dissociate in solution to the bis-phosphine species NiX(PPh3)2.7a,9a 

These are paramagnetic; each species having one unpaired electron,7,9d, a fact which has 

apparently discouraged others from pursuing NMR studies of them. However, while their 31P 

resonances are too broad to be observed, we find that all three can be readily characterized based 

on their 1H NMR spectra. As an example, the 1H NMR spectrum of NiCl(PPh3)3 in toluene-d8 

(Figure 2.1) exhibits resonances at !  ~9.3 (br), ~5.2 (vbr) and ~3.7 (br), attributed to the meta, 

ortho and para hydrogens, respectively, on the basis of relative intensities and line widths. The 

corresponding meta, ortho and para resonances of NiBr(PPh3)3 and NiI(PPh3)3 are observed at !  

10-11, 4-5 and ~3, respectively, and thus the spectra exhibit characteristic resonances which are 

well outside the normal aromatic region for diamagnetic compounds. The spectra differ also 

from those of the Ni(II) species NiX2(PPh3)2 (X = Cl, Br, I) (see above), and can be used to 

identify Ni(I) species in solution.7g,h   
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Figure. 2.1. 1H NMR spectrum of NiCl(PPh3)3 in toluene-d8; * = solvent resonances. The weak 

resonance at !  7.70 has also been observed in many spectra, including of Ni(PPh3)4, and is 

attributed to an unidentified diamagnetic PPh3 species. A COSY experiment showed that its 

other phenyl resonances are obscured by the solvent resonances; a sharp, weak resonance at !  24    

in the 31P NMR spectra is also attributed to this minor species. 

 

Despite this, we note that NiCl(PPh3)3 has been shown to dissociate significantly in solution 

to the bis-phosphine Ni(I) compound NiCl(PPh3)2 (eq2 3).7a,9a  

 

The degree of dissociation does not seem to be known precisely although the bis-phosphine 

compound has been isolated and characterized crystallographically.10j  

 

NiX(PPh3)3 NiX(PPh3)2 PPh3 (2.3)

"  "  

 
 

! 
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Since the resonances of free PPh3 are not observed in solution spectra of NiCl(PPh3)3, it 

follows that exchange between free and coordinated ligands must be rapid on the NMR time 

scale and it seemed plausible that the chemical shifts might vary somewhat if the concentration 

of free PPh3 varied. We therefore carried out an NMR study of NiCl(PPh3)3 in which one 

equivalent of PPh3 had been added, finding that the spectrum now exhibited resonances at !  8.0, 

6.4 and 5.7. Thus, all three averaged resonances shifted towards the chemical shifts of 

diamagnetic PPh3 (!  7.0-7.3) consistent with the exchange process hypothesized in eq 2.3 and it 

seems clear that the broad resonances shown in Figure 2.1 are in fact weighted averages of the 

resonances of comparable amounts of free PPh3 and the bis-phosphine compound NiCl(PPh3)2.  

The 1H chemical shifts of the nickel(I) compounds are also temperature dependent, the meta 

resonance at !  ~9 shifting upfield and the ortho and para resonances at !  ~5 and ~3 shifting 

downfield as the temperature increases. A plot of the chemical shifts of NiCl(PPh3)3 vs T-1 are 

shown in Figure 2.2, where the linearity expected of Curie law behaviour34 is observed.  

 

Figure. 2.2. Curie law plot for the phenyl resonances of NiCl(PPh3)3 in toluene-d8 ("  = meta, g  

= ortho, & = para).  
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The observed Curie law behavior suggests that dimerization of NiCl(PPh3)3 to spin-paired 

[NiCl(PPh3)2]2 is not significant over the temperature range studied and that the extent of 

dissociation remains essentially constant and therefore presumably complete. Thus the 

concentration of the free PPh3 and NiCl(PPh3)2 in solutions of NiCl(PPh3)3 are essentially 

identical, and the intrinsic chemical shifts of the meta, ortho and para hydrogens of NiCl(PPh3)2 

should be !  ~11.3, ~3.4 and ~0.4, respectively.  

The patterns of chemical shifts and line widths for the Ni(I) compounds resemble those 

discussed above for the corresponding tetrahedral Ni(II) compounds NiX2(PPh3)2, and it seems 

very likely that the same mechanism for '  electron delocalization in the ligand '  orbitals of the 

tetrahedral Ni(I) species pertains, with meta, ortho and para isotropic shifts ~3, ~&2 and ~&4 

ppm respectively. These shifts are considerably less than the isotropic shifts observed for the 

Ni(II) compounds, qualitatively consistent with the fact that the Ni(II) compounds contain two 

unpaired electrons the Ni(I) compounds only one and thus that there is less unpaired electron 

spin available for delocalization in the latter.  

An EPR spectrum of a solid sample was run at 77 K and found to exhibit a resonance at g 

~2.22 (Figure 2.3), which is consistent with the presence of Ni(I).7, 9k,m 

 

Figure. 2.3. EPR spectrum of NiCl(PPh3)3 at 77 K. 
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2.4.2 Catalytic cross-coupling utilizing Ni(PPh3)4 and NiCl(PPh3)3 

 We have carried out an investigation of the catalytic effectiveness of Ni(PPh3)4 for a 

representative Suzuki-Miyaura cross-coupling reaction, that between phenylboronic acid and 4-

bromoanisole (eq 2.4). The latter was chosen to distinguish between the desired product 4-

methoxybiphenyl and biphenyl, which is sometimes observed as the homocoupling product of 

phenylboronic acid.  

 

           (2.4) 

 

Two or more runs were carried out in all cases, and reaction profiles were generated by 

monitoring the loss of starting compound and conversion to product by GC. Control experiments 

were performed without Ni catalysts but no cross-coupling product obtained. Figure 2.4 shows 

representative reaction profiles for the formation of 4-methoxybiphenyl from 4-chloro- and 4-

bromoanisole, utilizing Ni(PPh3)4 as catalyst.  

 

 

 

 

 

Figure. 2.4. Formation of 4-methoxybiphenyl (, ) and decay of 4-chloroanisole (¥) (a) and 4-

bromoanisole(¥) (b) using Ni(PPh3)4 as catalyst.   

3 4  
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As can be seen, there was generally a good mass balance between reactant and product. The 

reaction profiles also provide information on the time scale over which the cross-coupled 

products are formed. Most publications in the area of catalytic cross-coupling reactions report 

isolated yields, obtained on termination of reactions after arbitrary periods of time.1-4 In such 

studies, little distinction can be made between catalytic reactions which are still proceeding at the 

point of termination and those whose rates have decreased to zero before the point of 

termination. Indeed, the advantages of reactions which are completed within a relatively short 

time span, well before the point of termination, likewise remain unappreciated. Thus, the use of 

isolated yields in the comparisons of various catalysts and ligand systems can be misleading. 

Interestingly, catalysis of the Suzuki-Miyaura reaction by Ni(PPh3)4 is approximately as 

effective as catalysis by the Pd(0) analogue, Pd(PPh3)4, investigated previously under 

comparable conditions albeit with somewhat lower catalyst loadings.35a Indeed, Ni(PPh3)4 is 

almost as effective for this cross-coupling reaction as the very good catalyst Pd[PBut
3]2,35a 

suggesting that catalysis by nickel may be more broadly useful than is commonly thought.  

Figure 2.5 shows analogous profiles for the same reaction utilizing NiCl(PPh3)3 as a comparison. 
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Figure. 2.5. Formation of 4-methoxybiphenyl (	)�and decay of 4-chloroanisole (¥) (a) and 4-

bromoanisole (¥) (b) using NiCl(PPh3)3 as catalyst. 

 

Experiments involving the use of NiBr(PPh3)3 as catalyst gave similar results, but use of 

NiCl2(PPh3)2 or a combination of NiCl2(PPh3)2 and zinc powder produced no product after 24 h. 

In addition, no cross-coupling reactions involving alkyl halides were found using either 

Ni(PPh3)4 or NiCl(PPh3)3. The apparent similarity in performance of the Ni(0) and Ni(I) catalyst 

precursors surprised us as we anticipated significant differences in activities. We therefore 

utilized 1H NMR spectroscopy in order to attempt to determine the nature of the species present 

in live catalytic mixtures.7h Aliquots from cross-coupling reactions involving Ni(0) and Ni(I) 

catalysts were periodically removed, taken to dryness and extracted with toluene-d8. NMR 

spectra run immediately exhibited no resonances attributable to Ni(I) species, and thus can we 

assume that in all cases catalysis involved Ni(0) as in Scheme 2.1. We have been unable to 

determine just how the change in oxidation state might have been affected, but we note that 

3 4  
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facile interconversion between oxidation states has also been noted in the analogous dppf 

catalyst system.7d-f  

Figure 2.6 shows an analogous reaction profile for the Heck-Mizoroki reaction of 

bromobenzene with styrene to give trans-stilbene (eq 2.5). Reactions were again carried out in 

duplicate and monitored by GC. 

 

 

 

 

Figure. 2.6. Formation of trans-stilbene (�) and decay of bromobenzene (-) using Ni(PPh3)4 as 

catalyst.  

 

An excellent mass balance was again observed, whilst catalysis by Ni(PPh3)4 essentially 

matches that by Pd[PBut
3]2

35b although, perhaps surprisingly in view of effective catalysis of 

Suzuki-Miyaura coupling by NiCl(PPh3)3, Heck-Mizoroki coupling was not effected by 
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NiCl(PPh3)3. We also assessed the possibility of using NiCl(PPh3)3 and NiCl2(PPh3)2 in the 

presence of zinc dust, which would reduce both to Ni(0) species. Reaction profiles of these 

reactions were very similar to that shown in Figure 2.6, indicating that catalysis of this Heck-

Mizoroki reaction does not require the use of preformed Ni(PPh3)4. The reaction profiles are 

shown in the Figure 2.7 and Figure 2.8. 

                              

(a)!                                                                                     (b) 

Figure 2.7. Formation of trans-stilbene (�, -) and decay of bromobenzene (¥) catalyze by (a) 

NiCl2(PPh3)2 + Zn or (b) NiCl(PPh3)3 + Zn.  

           

(a)!                                                                                         (b) 
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(c) 

Figure 2.8. Formation of trans-stilbene (�, -) and decay of bromobenzene (¥) catalyze a) 

NiBr2(PPh3)2 + Zn or (b) NiBr(PPh3)3 + Zn (c) Comparison of preformed Ni(0), N(II) +Zn and 

Ni(I) + Zn 

 

2.4.3 An NMR study of the oxidative addition reactions of aryl halides to Ni(PPh3)4 and 

of the decomposition of trans-NiPhCl(PPh3)2 

 As shown above, Ni(PPh3)4 is an excellent catalyst for cross-coupling of aryl halides, 

presumably via the type of catalytic cycle shown in Scheme 2.1 and involving an oxidative step 

to yield an aryl-nickel intermediate. In contrast, as mentioned above, Ni(PPh3)4 is found not to 

catalyze cross-coupling of representative alkyl halides, and thus this catalyst system differs 

fundamentally from nickel catalyst systems reported elsewhere.3,4 The difference lies not in lack 

of reactivity, however, as we have actually found that primary, secondary and even tertiary alkyl 

halides all react readily with Ni(PPh3)4; they just don’t give the anticipated alkyl-nickel products. 

In an attempt to better understand these differences in chemistry, we have carried out extensive 

NMR studies of reactions of Ni(PPh3)4 with representative aryl and alkyl halides. Our results 

with aryl halides are described below and these are related to catalytic biaryl formation. 
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Reactions with alkyl halides turned out to proceed in a very different fashion, however, and will 

be described elsewhere.36  

The oxidative addition of chlorobenzene to Ni(PPh3)4 is reported to proceed as in eq 2.6.10a,g 

Ni(PPh3)4 + PhCl .  trans-NiPhCl(PPh3)2 + 2PPh3  (2.6) 

Presented in Figure 2.9 is a stacked plot showing representative 1H NMR spectra for an 

oxidative addition experiment involving reaction of Ni(PPh3)4 with a four-fold excess of 

chlorobenzene in toluene-d8 and monitored at 30 min intervals for 8 h. The data presented in 

Figure 2.9 are for the Ni(PPh3)4 starting material alone and for the reaction mixture at 10 min, 30 

min, 60 min, 3 h and 6 h after initiation. Note that the resonances of unreacted chlorobenzene are 

observed at !  6.8-6.85 (m) and 7.04-7.08 (m) and remain unchanged throughout the reaction. 

Also shown is the CHD2 resonance of the solvent at !  2.09, useful as an internal standard for 

chemical shift and relative intensity measurement 

 

 

 

 

 

 

 

 

 



 71 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 2.9. Stacked plot of the course of an oxidative addition reaction of a four-fold excess of 

chlorobenzene to Ni(PPh3)4. 

 

As can be seen, the resonances of Ni(PPh3)4 at !  6.93 and 7.35 disappear as resonances of 

trans-NiPhCl(PPh3)2 appear at !  6.23, 6.33 and 7.72. The other Ni-Ph and PPh3 resonances of 

trans-NiPhCl(PPh3)2 occur at !  6.95 and 7.0-7.1, respectively (COSY), and overlap significantly 
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with the chlorobenzene multiplet resonance at !  7.04-7.08 and a broad resonance of free PPh3 at 

!  ~7.0. These result in the broad, irregular feature observed in the region !  6.9-7.1 in the earliest 

spectra. The intensities of the three resonances of trans-NiPhCl(PPh3)2 at !  6.23, 6.33 and 7.72 

cease growing within the first hour, indicating that the oxidative addition reaction was completed 

according to eq 6. Furthermore, little change was noted in the intensities or chemical shifts of the 

resonances of trans-NiPhCl(PPh3)2 over several hours, and thus this compound was reasonably 

stable under these conditions. 

That said, the resonances of the free PPh3, two equivalents of which are expected to be 

present on the basis of the stoichiometry of eq 2.6, are identified as the broad resonances at !  

7.05 and 7.29 in the spectrum obtained at 10 min, slightly shifted from the positions of free PPh3 

at !  7.03 (br, o-H) and 7.32 (br, m-, p-H). This difference may seem only marginally significant, 

but the trends apparently continue and within 6 h these resonances had shifted to !  7.14 and 7.23 

and were sufficiently separated from other resonances that they could be shown to have 

intensities comparable both to each other and, as expected, to that of the resonance of trans-

NiPhCl(PPh3)2 at !  7.72 (all 12H). In addition, as time progressed, a triplet with intensity about 

half those of the others and hence attributable to the p-H emerged from around !  7.0 and shifted 

upfield to !  6.90 after 6 h. Thus the free PPh3 in solution was undergoing rapid exchange with a 

species of very low initial but growing concentration, and presumably of Ni(I), for which the m-

H lies downfield, the o- and p-H upfield of the positions of the free ligand. A 31P NMR spectrum 

run after 6 h exhibited only a single sharp resonance at !  21.6 attributable to trans-

NiPhCl(PPh3)2; there was no resonance visible for free PPh3.  A variable temperature NMR 

experiment was therefore carried out on a fresh solution of trans-NiPhCl(PPh3)2 containing two 

equivalents of free PPh3, formed as was the sample considered in Figure 2.9 by reaction of 
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Ni(PPh3)4 with chlorobenzene. A room temperature 1H NMR spectrum of the sample is shown in 

Figure 2.9, but a spectrum run at 223 K did indeed exhibit weak, broad resonances at !  10.20, 

4.27 and 2.70, chemical shifts which compare well with the low temperature chemical shifts 

shown in Figure 2.2 and thus the resonances are attributed to NiCl(PPh3)3. Consistent with the 

exchange process discussed above, the three resonances were much broader at 233 K and had 

shifted toward the corresponding diamagnetic positions, and were not observed at higher 

temperatures.  Complementing these 1H NMR data, a 31P NMR spectrum run at room 

temperature revealed only the sharp singlet of trans-NiPhCl(PPh3)2, no resonance of PPh3 being 

apparent. On cooling to 243 K and then to 233 K, however, a broad resonance of free PPh3 did 

appear and then narrow somewhat, and at 223 K the spectrum exhibited sharp resonances of 

comparable intensity for trans-NiPhCl(PPh3)2 at !  22.7 and for free PPh3 at !  &7.12 (Figure 2.10) 

Thus the free PPh3 was undergoing ligand exchange with a species which was evidently not 

trans-NiPhCl(PPh3)2 since its 1H and 31P resonances remained sharp and unshifted throughout. 

The exchange partner was clearly of a nature which could induce the pronounced line broadening 

observed, and is almost certainly the paramagnetic Ni(I) species NiCl(PPh3)3 for which the 31P 

resonance is too broad to be observed. Participation of the latter compound as the emerging 

exchange partner would result in the assignments noted in Figure 2.9 since each of the three 

resonances is shifting towards the resonance positions of NiCl(PPh3)3 as time progresses.  
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Figure. 2.10. 31P NMR spectra of a 1:2 mixture of NiPhCl(PPh3)2 and PPh3 at 223 K, 233 K 

and 243 K. 

 

A similar result has been reported for the 31P NMR spectrum of trans-NiPhCl(PPh3)2 in the 

chlorobenzene in which it was prepared from Ni(PPh3)4.6n A broadened resonance of the free 

ligand was observed in this instance, and the broadening was attributed to exchange with 

unreacted Ni(PPh3)4. This rationale seems unlikely, however, given the presence of a large 

excess of chlorobenzene and the rapidity with which the oxidative addition reaction occurs.  

We now address the issue of the source of the Ni(I) species, which was clearly present from the 

beginning and then slowly increased in concentration. Conventional wisdom has long held that 

oxidative addition reactions of aryl halides to compounds of Ni(0) and Pd(0) proceed via a 

concerted process similar to that shown in Scheme 2.3.37  

 

 

973!:  

933!:  

993!:  

96!!!!!95!!!!!26!!!!!25!!!!!!6!!!!!!5!!!!!!16!!!!125!!!!126 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!  



 75 

!" #$%&' ( !) !' !!!!!!!!!!!!!!!!!!!* +,,- . / 0!1 #23#4!/ +,5042!6- 70

!" #' 8!) !) !&!!9!) !$%!!!!!!!!!

" #&' 8!) !$%:

;" #' 8!) !) !$%&!!9!<
=0- 62#+4/ !>+,,+1 #47!?#>>@/ #+4!
!!!!!!>%+A !/ +,5042!6- 70

!!!!!!!!!!!" #' B!!!!!!!!!!!!!!!!" #' 8!) !' !!C' !D!EF28G!!!!!!!!!!!!E%00H@#,#I %#@A

" #' 8!) !$%&!!!!!!!!!!!!!!!;" #' 8!) !) !$%&!!!9!<!!! !!!!!!!F,062%+4!2%- 4/ >0%!!!

J :

! " #$%$&' ( $$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$!
( "

&'"

(
" ) !

*$) "
 

 

 

Scheme 2.3. Concerted mechanism for oxidative addition of aryl halides to M(0) species.  

 

This process would not, of course, result in the formation of paramagnetic intermediates or 

products.  

An alternative mechanism for oxidative addition of aryl halides ArX (X = Cl, Br) to 

Ni(PEt3)4, which does involve paramagnetic intermediates and products, was proposed in 1979 

by Tsou and Kochi (Scheme 2.4).38a In this a single electron transfer (SET) process yields a 

radical ion pair which can undergo combination within the solvent cage to give NiArX(PEt3)2, 

which were observed and which are, of course, identical to the products of oxidative addition via 

a concerted process.  

 

 

 

 

Scheme 2.4. Electron transfer/radical pair mechanism for oxidative addition of aryl halides to 

M(0) species.  
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Alternatively the radical species can diffuse from the solvent cage to give Ni(I) products 

NiX(PEt3)3, which were observed, and aryl radicals which abstract a hydrogen atom from the 

solvent SH to give arene products, which were also observed.   

This paper has been much cited in the literature as evidence for possible roles of Ni(I) species 

as intermediates for e.g. the chemistry outlined in Scheme 2.2,3,4 and somewhat similar 

observations have also been made for a dppf-Ni(0) system.7f Although we had no a priori reason 

to suspect that our observed oxidative addition of chlorobenzene to Ni(PPh3)4 to give trans-

NiPhCl(PPh3)2 did not proceed via the type of concerted process shown in Scheme 2.3, the NMR 

studies discussed above in connection with Figures 2.9 and 2.10 seemingly required that a small 

amount of Ni(I) species was present from the beginning. The Ni(I) could result from competitive 

processes involving concerted and radical mechanisms, as in Schemes 2.3 and 2.4, or it could 

result from a very slow secondary reaction involving the Ni(II) product, trans-NiPhCl(PPh3)2.   

Tsou and Kochi reported also that the Ni(I)/Ni(II) product ratios decreased drastically in the 

order I > Br > Cl,38a and we therefore examined reactions of Ni(PPh3)4 with bromo- and 

iodobenzene. Under reaction conditions analogous to those used for chlorobenzene, we found 

that bromobenzene reacts smoothly to give a good yield of trans-NiPhBr(PPh3)2, identified by 1H 

NMR resonances at !  6.32 (1H, p-H of Ni-Ph), 6.22 (2H, m-H of Ni-Ph) and 7.74 (12 H, m, 

PPh), all very similar to the corresponding resonances of trans-NiPhCl(PPh3)2 and justifying the 

assignments. Interestingly the intensities of the resonances of trans-NiPhBr(PPh3)2 remained 

unchanged over several hours at 0 °C although the resonances of the free PPh3 were again clearly 

exchanging with an unobserved species, presumably NiBr(PPh3)3. Thus the chloro- and bromo- 

systems were very similar in their tendencies to form diamagnetic species trans-NiPhX(PPh3)2 

rather than paramagnetic Ni(I) compounds NiX(PPh3)3.  
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In the case of the reaction of Ni(PPh3)4 with iodobenzene, however, a resonance attributable 

to the NiPh group of NiPhI(PPh3)2 was observed at !  6.24 in the first spectrum run but it was too 

broad for J-coupling to be observed. All of the other resonances in the spectrum were broadened 

as well, and the resonances of the free PPh3 diverged from the diamagnetic positions much more 

than was the case with the chloro- and bromobenzene systems. All of these observations, taken 

together, indicate the presence of higher concentrations of paramagnetic Ni(I) species and hence 

possibly a higher propensity to the type of SET process shown in Scheme 2.4.  

Thus both Ni(PEt3)4 and Ni(PPh3)4 undergo oxidative addition chemistry to yield both adducts 

of the type trans-NiPhXL2 and Ni(I) halo compounds with proclivities to Ni(I) increasing in the 

orders PhCl /  PhBr < PhI and Ni(PPh3)4 < Ni(PEt3)4. However, formation of Ni(I) species occurs 

concurrently with oxidative addition with Ni(PEt3)4 but not necessarily with Ni(PPh3)4.  

2.4.4 The intrinsic instability of trans-NiPhCl(PPh3)2, and the relevance thereof to 

catalytic biaryl formation  

 Paramagnetic Ni(I) species may also arise as products of a secondary reaction following the 

oxidative addition step, and we note that the experiments described in Figures 2.9 and 2.10 

involved studies of trans-NiPhCl(PPh3)2 in the presence of two molar equivalents of PPh3. We 

therefore ran a room temperature 1H NMR spectrum of a sample of large, visually pure orange 

crystals of trans-NiPhCl(PPh3)2 which had been grown at –30 ºC in a toluene-hexanes mixture 

containing free PPh3. The NMR solution contained no added PPh3 however and, to our surprise, 

a spectrum run immediately after mixing (Figure 2.11) exhibited, in addition to the resonances of 

trans-NiPhCl(PPh3)2, relatively intense resonances of biphenyl at !  7.40, 7.20 and ~7.10 and 

broad new resonances at !  ~10.6 (br), 4.1 (vbr and hence barely perceptible above the baseline) 

and 1.86 (br). 
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Figure. 2.11. 1H NMR spectrum of a solution containing trans-NiPhCl(PPh3)2 (observable 

resonances denoted by arrows; others obscured by solvent resonance at !  6.99), biphenyl (#) and 

an apparent Ni(I) species (see text); * = solvent resonances.  

 

The new, broad resonances resemble those of NiCl(PPh3)3 (Figure 2.1) in that an apparent 

meta resonance (!  ~10.6) is broad and shifted to low field, an apparent para resonance (!  ~1.86) 

is comparably broad and shifted to high field and an apparent ortho resonance (!  ~4.1) is much 

broader and is shifted upfield from the diamagnetic positions. These chemical shifts differ 

significantly from the averaged chemical shifts of “NiCl(PPh3)3“ i.e. of a 1:1 mixture of 

NiCl(PPh3)3 and PPh3, shown in Figure 2.1 (!  ~9.3, ~5.2 and ~3.7) and we believe that the new 

Ni(I) species appearing in Figure 2.11 is actually NiCl(PPh3)2. The chemical shifts agree 
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reasonably well with those calculated above on the assumption of averaged chemical shifts for 

NiCl(PPh3)3.  

Of significance to discussions of catalytic biaryl formation,8a,10d-f the resonances of trans-

NiPhCl(PPh3)2 shown in Figure 2.11 disappeared from the spectrum within 1 h as the resonances 

of biphenyl intensified. Thus while trans-NiPhCl(PPh3)2 decomposes to biphenyl and Ni(I) 

extremely slowly at 298 K in toluene solution in the presence of PPh3, conversion is complete 

within minutes in its absence. Although the broad sometimes overlapping resonances in 1H NMR 

spectra render accurate integrations difficult, the changes seem consistent with the stoichiometry 

of the decomposition reaction being as in eq 2.7. 

2trans-NiPhCl(PPh3)2 (  2NiCl(PPh3)2 + Ph2  (2.7) 

These observations differ radically from those reported for the very similar compounds trans-

NiPhX(PEt3)2 X = Cl, Br) which seemingly are indefinitely stable in solution at room 

temperature17 but which, unlike trans-NiPhCl(PPh3)2, react rapidly with aryl halides via a radical 

chain process to give biaryls and NiX(PEt3)2.17a Our observations do, however, seemingly 

rationalize several apparently incongruent observations in the literature concerning trans-

NiPhCl(PPh3)2 and confirm others. For instance, Hidai et al10a report the original syntheses of 

trans-NiPhCl(PPh3)2 and trans-NiPhBr(PPh3)2 via oxidative additions of chloro- and 

bromobenzene to Ni(PPh3)4 but make no mention of latent instability of the products at room 

temperature in solution. This paper is frequently cited as the preferred route to the compounds 

trans-NiPhX(PPh3)2 (X = Cl, Br) but, apparently on the basis of this report, it seems frequently 

assumed that the compounds are thermally stable in solution.  

Confusing the issue, while several authors prepare trans-NiPhX(PPh3)2 by allowing oxidative 

addition reaction mixtures to stir for many hours, it is also been reported that the isolated 
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products inexplicably undergo decomposition to biphenyl within minutes.6o,s,10b,e,h These 

apparent incongruities have received little attention but are now readily rationalized. Products 

maintained in reaction mixtures can be stable for many hours because of the free PPh3 which 

remains in solution and isolated products contaminated with free PPh3 will likewise seem stable 

if the PPh3 contaminant is not recognized as being present. On the other hand, as our Figure 9 

shows, pure trans-NiPhCl(PPh3)2 is very unstable in solution at room temperature. Consistent 

with our findings, Ni(I) species are also cited as products of decomposition of 

NiPhX(PPh3)2,6s,10h although just how the Ni(I) species were identified is not always reported.  

Related to the chemistry of equations 2.6 and 2.7, reactions of aryl halides with Ni(0) 

compounds such as Ni(PPh3)4 have often been cited as good catalytic routes to biaryls at 50-80 

ºC.8a,10d-f The reactions are generally believed to involve conversion of a Ni(0) catalyst to an aryl-

nickel(II) intermediate followed somehow by reductive elimination of biaryl to regenerate the 

Ni(0) catalyst. In some cases, the active Ni(0) species is generated from Ni(II) precursors either 

electrochemically or via reduction by zinc metal.  

Several mechanisms have been considered for biaryl formation, including chain radical 

pocesses, reductive elimination from diaryl Ni(II) and diaryl Ni(IV) compounds and homolysis 

to aryl radicals which couple.10e,f,39a,b The last mentioned seems very unlikely in the present case 

because the aryl radicals would certainly abstract hydrogen from the deuterated solvent toluene 

to yield benzene rather than biphenyl. To our knowledge, the inhibitory effect of added PPh3 on 

the clean conversion of trans-NiPhCl(PPh3)2 to Ni(I) and biphenyl has not been noted and related 

to mechanistic considerations, and it seems reasonable to interpret our observations in terms of a 

mechanism in which PPh3 dissociation to give NiPhCl(PPh3) is followed by reaction of the latter 

with a molecule of trans-NiPhCl(PPh3)2 to give chloride-bridged dinuclear species (Scheme 2.5). 
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Scheme 2.5. Dinuclear route to biaryls via nickel catalysis (L = PPh3).  

 

The dinuclear species could in principle eliminate biphenyl directly and produce Ni(I), or it 

could under metathesis to give NiPh2(PPh3)2 and NiCl2(PPh3)2 followed by the reductive 

elimination and comproportionation steps shown. The system could be made catalytic in nickel if 

carried out in the presence of zinc dust which would convert the Ni(I) product to Ni(0) catalyst. 

We have carried out DFT calculations to assess the feasibility of these processes.  
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2.4.5 DFT calculations on the oxidative addition of PhCl to Ni(PPh3)4 and the conversion 

of trans-NiPhCl(PPh3)2 to NiCl(PPh3)2 and biphenyl 

 Potentially relevant paths leading to biphenyl formation, summarized in Schemes 2.6 and 2.7, 

were explored using closed-shell restricted Density Functional methods: optimization with 

Turbomole,19 b-p 16,17/SV(P);18 single-point energies at Gaussian 09 20 M06 21/cc-pVTZ,22-24 

PCM(THF). For Ni(II) species triplet states were considered as well (energies included in the 

Appendix A1) but were in most cases found to be higher in energy. No broken-symmetry 

solutions were found for dimeric Ni(II) compounds. We found that some form of dispersion 

correction is essential, and that different choices (DFT-D3,40 M06, M06L20) produce rather 

different results. Here we report data based on M06 results; a motivation is provided in the 

Appendix A1. Due to this method sensitivity, it seems likely that the error margins in the results 

are larger than usual for DFT studies. Numbers mentioned below and in the Figures are free 

energies.  

In view of the SET mechanism proposed by Kochi,38a we also briefly explored potential SET 

intermediates using triplet and open-shell singlet electronic structures, but no plausible 

intermediates could be located. This does not rule out SET as a reaction mechanism, but in our 

opinion it suggests that involvement of long-lived SET intermediates is not very likely. 

Paths for PhCl oxidative addition are shown in Scheme 2.6. The first dissociation step from 

NiL4 (L = PPh3) is facile; in fact, with a calculated dissociation energy of only ~2 kcal/mol, 

solutions of NiL4 should already contain a significant amount of NiL3. After this dissociation, a 

transition state exists for direct C-Cl oxidative addition without going through an intervening 

arene complex although the barrier calculated for this is rather high (38 kcal/mol). A lower-

energy path goes through NiL2 and its arene complex, with an effective barrier of 27 kcal/mol. 
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Scheme 2.6. Oxidative addition of PhCl to NiL4. Calculated relative free energies per Ni atom 

(298 K) in kcal/mol. Thick blue arrows indicate oxidative addition transition states. In either 

case, the final product is trans-NiPhClL2. 

 

Scheme 2.7 summarizes plausible reaction paths leading from the initial oxidative addition 

product trans-NiPhClL2 (A) to biphenyl and Ni(I) species. Since this scheme involves binuclear 

species, starting from C, energies are given per two Ni atoms, relative to A.  

For biphenyl formation to occur, some form of Ph/Cl exchange is needed. Complex A can 

dissociate one phosphine ligand (B), bind to a second molecule of A giving singly bridged dimer 

C, and lose one more phosphine to form a doubly bridged dimer in one of two ways. The 

preferred dimer (E) has two chloride bridges, but forming this is non-productive. The alternative 

is a Cl/Ph bridged dimer (F), which then can open up (G), trap a phosphine ligand (H) and break 

apart into L2NiCl2 and LNiPh2 (I ). Biphenyl formation, indicated by bold red arrows in Scheme 

4.7, can take place at this stage, or after first binding a second phosphine molecule (J). 
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Alternatively, reductive elimination could proceed directly from asymmetric dimer F. Our results 

suggest that all three variations are possible, although the path via J is likely preferred.  
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Scheme 2.7. Reactions studied. Calculated relative free energies (298 K) in kcal/mol. From C 

onwards, energies are per pair of Ni atoms. Thick red arrows indicate reductive elimination 

transition states. No calculations were attempted for species D and G. 
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Geometries of the three relevant transition states are shown in Figure 2.12. Mononuclear 

elimination from 14-e intermediate I  proceeds with a barrier of only 5 kcal/mol, while 

elimination from 16-e J has a somewhat higher barrier of 6 kcal/mol, still a very fast reaction at 

room temperature. We conclude that any LnNiPh2 species formed from trans-NiPhClL2 will not 

survive for long. Even elimination from asymmetric dimer F has a barrier of only 11 kcal/mol. 

Thus, under conditions where trans- NiPhClL2 undergoes intermolecular Cl/Ph exchange, fast 

formation of biphenyl would be expected. This explains the role of free PPh3 in stabilizing 

solutions of trans- NiPhClL); it opposes dissociation of L, which is the first step towards Cl/Ph 

exchange. In particular, the main effect is not conversion of LNiPh2 to potentially more stable 

L2NiPh2: our results show that even L2NiPh2 would eliminate rapidly once formed. 

 

 

 

 

 

 

 

Figure. 2.12. Geometries of transition states for C-C coupling from NiPh2L, NiPh2L2 and  

[NiPhClL]2; bond lengths in Å. 
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The last statement, concerning the very low thermal stability of NiPh2(PPh3)2, gives pause for 

thought. We have noted above the very significant differences in chemistry between the Ni-PEt3 

and Ni-PPh3 systems, and note also that Ni(II) compounds of the type NiAr2(2,2-bipyridine) 

were shown some years ago to be too thermally stable to participate in known cross- and homo-

coupling catalytic cycles involving bipy-type ligands.3c This latter finding was shortly thereafter 

conflated to infer that “reductive elimination from diorgano-Ni complexes is a facile process 

when the formal oxidation state of the metal is not two”,3e a conclusion which is clearly 

incorrect. Nickel chemistry can readily involve formal oxidation states 0-IV, and which couple(s) 

is(are) involved in any particular catalytic process may depend to a very great extent on the 

ligand system(s) used. 

 

2.5 Conclusions 

 The Ni(0) compound Ni(PPh3)4 is found to be a good catalyst for representative Suzuki-

Miyaura and Heck-Mizoroki cross-coupling reactions such as the cross-coupling of chloro- and 

bromoanisole with phenylboronic acid to give 4-methoxybiphenyl and of bromobenzene with 

styrene to give trans-stilbene. This catalytic system can also be generated by treating the air-

stable NiCl2(PPh3)2 with zinc dust and works well for Heck-Mizoroki but not Suzuki-Miyaura 

cross-coupling reactions utilizing phenylboronic acid; the latter may react preferentially with the 

zinc. A mechanistic NMR study of the oxidative addition reaction of chlorobenzene to Ni(PPh3)4 

shows that the diamagnetic, putative cross-coupling intermediate trans-NiPhCl(PPh3)2 forms 

quickly and virtually quantitatively, but that a small amount of paramagnetic species also forms 

and slowly increases in concentration. The latter turns out to be the paramagnetic Ni(I) 

compound NiCl(PPh3)3, which is prepared separately and characterized for the first time by 
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NMR spectroscopy. Its 1H NMR spectrum exhibits broad meta and para resonances at !  ~9.3 

and ~3.7, respectively, and a very broad ortho resonance at !  ~5.2, resonances which are well 

separated from normal chemical shifts of diamagnetic complexes of PPh3 and hence are very 

useful for detecting this and similar Ni(I) species in solution. The compound trans-

NiPhCl(PPh3)2 is found to exhibit entirely unanticipated thermal lability in solution in the 

absence of free PPh3. It readily decomposes to biphenyl and NiCl(PPh3)2 in a reaction relevant to 

the long-known but little understood nickel-catalyzed conversion of aryl halides to biaryls. 

Biphenyl formation is initiated by PPh3 dissociation from Ni(PPh3)4 and formation of a dinuclear 

intermediate, a process which is now better defined using DFT methodologies. The fact that the 

analogous compound trans-NiPhCl(PEt3)2 is stable17 is probably related to the fact that the 

smaller, better donor ligand PEt3 does not dissociate significantly under the same conditions.   
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Chapter 3 

The Deoxygenative Hydrogenation of Amides to Amines using Abundant-

Metal Catalysts 

 

3.1 Introduction 

The reduction of carboxylic acid derivatives is a widely utilized transformation in organic 

synthesis at the laboratory scale as well as in industrially.1 Traditionally, the reduction of amides 

to amines is performed using stoichiometric amounts of LiAlH4, borane or silane reagents 

(Figure 3.1).2 However, reactions which employ these reagents require a hazardous workup 

process and some generate metal-containing wastes.  Hence, environmentally friendly and 

efficient alternatives are highly desirable. Molecular hydrogen in the presence of a suitable 

catalyst, preferably one that does not contain any rare or expensive metal, presents a greener 

alternative to metal hydrides and silane reagents in terms of waste prevention and atom economy. 

The chemical methods employed for the reduction of amides are shown in Figure 3.1. 

 

Figure 3.1 Chemical methods for amide reduction.2h  
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The hydrogenation of amides can proceed by two pathways, producing either an amine or an 

alcohol (Scheme 3.1). The first step involves the formation of a hemiaminal (A), which may be 

in equilibrium with the imine (B) or aldehyde (C), depending on the reaction conditions. Finally, 

the imine or aldehyde is subsequently converted to the amine or alcohol, respectively, by 

catalytic hydrogenation.3 

 

Scheme 3.1. Two possible pathways for the hydrogenation of amides.3  

 

Both heterogeneous and homogeneous catalysts have been reported for the hydrogenation of 

amides.5-17 Adkin pioneered the field of heterogeneous catalytic hydrogenation of amides to 

amines using Cu-Cr oxide catalysts.4 Other heterogeneous abundant-metal catalysts for 

deoxygenative hydrogenations are known, but typically require severe conditions of 250 °C and 

200-300 bar of H2.5-10 

 

3.1.1 Homogeneous precious-metal catalysts 

Deoxygenative hydrogenation has been studied with a variety of precious- metal catalysts.11-15 
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in the presence of Ru(acac)3, 1,1,1-tris-(diphenylphosphinomethyl)ethane (triphos) and water to 

stabilize the catalyst, producing corresponding secondary amine (93 %) and alcohol (7%). The 

same group then reported the same catalytic system with the presence of methanesulfonic acid 

(MSA) to produce secondary and tertiary amines with the preservation of C-N bond. The system 

works well for N-aryl amides (selectivities up to 93%) at low pressures (~10 bar) and 

temperatures of approximately 200-210 °C.11 The acidic additive MSA is used to generate an 

active catalyst and control the protonation-deprotonation steps required for efficient catalytic 

turnovers. However, the mechanism of the catalytic cycle was not well understood. 

Following this, Klankermayer et al. tailored the triphos ligand enabling ruthenium complexes 

of triphos-xyl containing 3,5-dimethylphenyl groups (Figure 3.2) which enhanced the 

performance of catalyst by avoiding its dimerization, which believed to be the deactivation 

pathway. This novel catalytic system (in the presence of catalytic MSA) was found to be 

effective for challenging hydrogenations such as that of lactam to cyclic amines in higher yield 

and selectivity.12 

In 2016, Beller reported a catalytic system generated in situ by combining [Ru(acac)3], 1,1,1-

tris(diphenylphosphinomethyl)ethane (triphos) and Yb(OTf)3. The metal triflates were found to 

mitigate the reaction conditions described previously by Cole-Hamilton in presence of MSA. 

This system was effective in hydrogenating a broad range of secondary and tertiary amides to 

amines at 150 °C.13 

The same year, Zhou’s group observed very high selectivity for the hydrogenation of N-aryl 

amides and lactams.14 They reported iridium catalysts with pincer ligands in the presence of one 

equivalent of a boron Lewis acid co-catalyst such as B(C6F5)3 or BCl3 to activate the amide 

bond. Following this work, they observed that a catalytic amount of BF3.OEt2 significantly 



 99 

improved the performance of the catalyst [Ru(H)2(CO)(triphos)] for the hydrogenation of 

aromatic and aliphatic amides to secondary amines. In 2017, Saito and colleagues reported a 

bipyridine-Ru framework capable of hydrogenating amides via C-N and C=O bond cleavage.15 

The precious-metal catalysts employed over the past few years are shown in Figure 3.2. 

 

 

Figure 3.2 Reported homogeneous catalysts for the deoxygenative hydrogenation of amides. 
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However, the ability of abundant-metal catalysts to catalyse these reactions with reasonable 

activity and selectivity is yet to be investigated. Increasingly, researchers in the area of 

homogeneous catalysis are turning to abundant rather than precious metals because of the cost, 

scarcity, risk of depletion and toxicity of precious metals. There are a few examples where 

abundant metal catalysts (Figure 3.3, Fe and Mn) have been utilized for amide hydrogenation to 

form alcohol by cleavage of the C-N bond.16 

 

Figure 3.3. Reported homogeneous catalysts for the hydrogenation of amides via C-N bond 

breaking. 
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In this chapter, we report the catalytic activity of cobalt and iron complexes with the triphos 

ligand for the deoxygenative hydrogenation of various amides to amines. 

 

3.1.2 Catalytic alkylation of anilines with carboxylic acids/H2  

Another possible route toward the synthesis of secondary/tertiary amines is through the 

catalytic alkylation of anilines with carboxylic acids and molecular hydrogen. This is typically 

achieved via a three-step process in which the first step involves the use of toxic and 

environmentally-damaging chlorinated reagents such as thionyl chloride in the synthesis of an 

acyl chloride and then amide intermediates (Scheme 3.2, path a). An alternative approach 

proceeds via one-step catalytic alkylation of anilines with carboxylic acids in the presence of 

hydrogen (H2), a greener reductant (Scheme 3.2, path b). These transformations are typically 

facilitated using NaBH4 or hydrosilane reagents resulting in low atom-efficiency reactions and 

extensive workup processes.18, 19 

 

 

Scheme 3.2. Synthesis of amines from carboxylic acids by two routes: (a) 3-step process and 

(b) reduction in single step. 
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To our knowledge, the first hydrogenation of a carboxylic acid/amine (or ammonia) mix to 

give amines was reported by Adkins et al., who used Cu/Cr a heterogeneous abundant-metal 

catalyst at 250 °C for the hydrogenation of ammonium laurate to a primary amine.5 Later, Cole-

Hamilton reported the hydrogenation of N-nonanoic acid under an ammonia atmosphere to give 

15 %  N-nonylamine and 47 % N, N-dinonylamine using homogeneous catalysts consisting of 

Ru(acac)3 and triphos (prepared in situ).11a In 2015, Beller et al. demonstrated the catalytic 

alkylation of amines using carboxylic acid and molecular hydrogen. The in situ generated 

ruthenium/ triphos system and co-catalyst (HNTf2) were utilized for the alkylation of aromatic 

and aliphatic amines providing secondary or tertiary amines in high yield and selectivity.20 While 

our study was in progress, Beller’ s group reported a tailored-made triphos ligand with 

Co(BF4)2#6H2O for these transformations.21 They found that employing more electron-rich 

ligands resulted in radically higher yields. 

In this chapter, I reported my findings for the single-step synthesis of secondary amines via 

alkylation of anilines with carboxylic acids in the presence of Co(BF4)2#6H2O / triphos catalytic 

system and molecular hydrogen as reductant.  

 

3.2. Experimental Methods and Materials 

 

3.2.1. General considerations 

 

All metal precursors and ligands were purchased from Sigma-Aldrich, Alfa Aesar, AK 

Scientific and Strem Chemicals and used without further purification unless otherwise specified. 

All manipulations involving air- and moisture-sensitive compounds were carried out using 
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standard Schlenk techniques or in a glovebox under N2. All solvents were degassed by freeze-

pump-thaw cycles before use and dried with 3 Å molecular sieves. H2 (ultra-high purity, 5.0) was 

supplied by Praxair (Canada), and used without further purification. The reaction mixture was 

analyzed by a GC-MS 600 T instrument equipped with an Elite-5 MS column (30 m + 0.25 id. 

0.25 film thickness) from PerkinElmer; the conditions used are described as follow. The 

temperature of the injector was 350 o C, and helium carrier gas was used with a flow rate of 1 

mL/min. The oven temperature was set to 50 o C for 2 min. The temperature was then increased 

at a rate of 10 deg/ min up to 350 o C, at which it was held for 5 min. Calibration curves were 

drawn for the starting material and product using hexadecane as internal standard. 

 

3.2.2. Standard procedure for the hydrogenation of amides 

 The reactions were performed in 20 mL glass vials within a 31 mL Parr vessel. The gas 

pressure was measured using a pressure gauge, and a burst disk was installed for safety. In the 

glovebox, the reaction vessel (31 mL internal volume) was loaded with a glass vial containing a 

stir bar, the amide (0.5 mmol), the metal salt (0.05 mmol), the ligand (0.05 mmol) and Lewis 

acid (0.05, mmol) in 2 mL of THF. The vessel was then closed, removed from the glove box and 

purged with 20 bar of H2 thrice to remove remnant N2.  The reaction vessel was pressurized to 20 

bar and placed in an oil bath at 150 °C. Once the temperature was stabilized, additional H2 was 

added until the final pressure of 50 bar was reached. The reaction was then allowed to proceed 

for 24 h. After this time, the vessel was cooled in an ice bath and depressurized. Finally, n-

hexadecane was added to, after which the reaction was filtered through diatomaceous earth. It 

was diluted with HPLC grade methanol for analysis by GC-MS. 
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3.2.3 Standard procedure for alkylation of amines with carboxylic acid/H2 

The reactions were performed in 30 mL glass vials within a 31 mL Parr vessel. The gas 

pressure was measured using a pressure gauge, and a burst disk was installed for safety. In the 

glovebox, the reaction vessel (31 mL internal volume) was loaded with a glass vial containing a 

stir bar, the carboxylic acid (0.5 mmol), aniline (0.5 mmol), the metal salt (0.05 mmol), the 

ligand (0.05 mmol) and the Lewis acid (0.05, mmol) in 2 mL of solvent. The vessel was closed, 

removed from the glove box, and purged with 20 bar of H2 thrice to remove N2.  The reaction 

vessel was pressurized to 20 bar and placed in an oil bath at 160 °C. Once the temperature was 

stabilized, additional H2 was added until a final pressure of 60 bar was reached. The reaction was 

then allowed to proceed for 24 h. After this time, the vessel was cooled in an ice bath and 

depressurized. Finally, n-hexadecane was added to the reaction mixture, which was filtered 

through diatomaceous earth, diluted with HPLC grade methanol and analyzed by GC-MS. 

 

3.2.4 Characterization of N-ethyl aniline 

The NMR spectrum of the isolated N-ethylaniline matched that reported in the literature.22,23 

Yellow oil. 1H NMR (400 MHZ, CDCl3): !  (ppm) 7.19 (t, 2H, J = 7.1 Hz), 6.71 (m, 1 H), 6.64-

6.62 (m, 2H), 3.17 (q, J = 7.2 Hz), 1.27 (t, 3H, J = 7.2 Hz); 13C{1H} NMR (100 MHz, CDCl3):   

!  (ppm) 148.48, 129.24, 117.23, 112.76, 38.48, 14.92. 

 

3.3!Results and Discussion 

3.3.1! Screening for catalysts 

 N-Phenylacetamide was chosen as the model substrate for the hydrogenation due to its 

ready availability (Scheme 3.3).  
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Scheme 3.3. Screening for catalysts for the hydrogenation of N-phenylacetamide. 

 

Various metal precursors were tested for the hydrogenation of N-phenylacetamide. The 

catalysts were prepared in situ by reacting the 3d metals salt with the triphos ligand in dry THF 

under a H2 atmosphere. Co(BF4)2#6H2O and Fe(acac)3 were found to be the most suitable for the 

hydrogenation as they enabled to the largest conversions and yields (Table 3.1). Co(BF4)2#6H2O 

did not comes as a surprise as it was previously reported by Zhou to be effective in 

hydrogenating esters and carboxylic acids when used as a catalyst with the triphos ligand.24   

 

Table 3.1. Screening for a suitable catalyst for the hydrogenation of N-phenylacetamidea 

O

N
H

Ph N
H

Ph
NH2Metal Salt (3-10 mol%)

Triphos  (6-10 mol%)

Yb(OTf)3!H2O (6-10 mol%)
150 °C,  24 h (a) (b)

Catalyst            Conversion 

        % 

                 Yield % 

a                                   b 

Mn(acac)3 1 0 0 

FeCl2 2 2 <1 

Fe(acac)2 25 23 2 

FeCl3 4 2 1 

Fe(acac)3 50 42 4 
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aReaction conditions: metal salt (0.05 mmol), triphos (0.05 mmol), Yb(OTf)3#H2O (0.05 

mmol) and amide (0.5 mmol), T = 150 oC, t = 24 h, H2= 50 bar, stirring rate = 450 min-1 and 

THF (2 mL).  In some cases, N-phenylpyrrolidine and diethylamine were produced in addition. 

The yield was determined by GC-MS and is the average of two experiments. (a = N-ethylaniline 

b = aniline.) Experimental errors for yield and conversion were ± 2 and ± 4 respectively. 

  

The catalytic loading was also tested and 10 mol % catalyst found to achieve the highest 

yields. After identifying a suitable metal precursor, a more detailed investigation to determine 

optimum reaction conditions was carried out. It was found that at higher temperatures (up to 180 

°C), there was a reduced amount of product, which is likely due to catalyst deactivation. 

Similarly, lowering the temperature to 100 °C (or lower), resulted in a significantly lower yield. 

Fe(OAc)2 40 28 4 

Fe(BF4)2#6H2O 1 0 0 

Co(PPh)3Cl 0 0 0 

Co(acac)2 4 2 0 

Co(OAc)2 20 10 2 

Co(BF4)2#6H2O 84 55 7 

Ni(acac)2 0 0 0 

Cu(OAc) 3 0 2 

Cu(BF4)2#6H2O 2 0 2 
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To understand the influence that the ligand has on the catalysis, several bidentate and 

tridentate ligands were investigated (Table 3.2, Scheme 3.3). Of these, only triphos showed 

significant catalytic activity. 

Table 3.2. Screening for a suitable ligand for the hydrogenation of N-phenylacetamide 

catalyzed by Co(BF4)2#6H2O  

Ligand               Conversion  

                    %            

          Yield     

             %  

a                    b 

  

84 55 7 
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0 0 0 

  

 

30 

 

 

0 

 

 

25 

 

Reaction conditions: Co(BF4)2#6H2O (0.05 mmol), ligand (0.05 mmol) and amide (0.5 mmol), 

T = 150 oC, t = 24 h, H2 = 50 bar, stirring rate = 450 min-1 and 2 mL THF. In some cases, N-

phenylpyrrolidine and diethylamine were produced in addition. 

 

After identifying the most effective catalyst / ligand combination, the role of the acidic co-

catalyst was explored. I started by exploring B(C6H5)3, BF3(OEt)2 or Yb(OTf)3 as co-catalysts as 

deoxygenative hydrogenation was reported to be favored in their presence (Table 3.3). 
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Table 3.3. Screening for a suitable Lewis acid for hydrogenation of N-phenylacetamidea 

Metal Salt Lewis   Acid Conversion 

        %b 

                    Yield 

                      %b 

a                                     b                                                    

Fe(acac)3 None 0 0 0 

Fe(acac)3 Yb(OTf)3"H2O 50 42 4 

Co(BF4)#6H2O None 100 29 10 

Co(BF4)2.6H2O cYb(OTf)3"H2O 100 55 43 

Co(BF4)2#6H2O Yb(OTf)3"H2O 84 55 7 

Co(BF4)2#6H2O BF3(OEt)2 67 41 6 

Co(BF4)2#6H2O Sc(OTf)3 79 34 15 

Co(BF4)2#6H2O Mn(OTf)2 68 38 5 

Co(BF4)2#6H2O B(C6F5)3 55 31 9 

Co(BF4)2#6H2O Al-MCM-41 57 47 10 

Co(BF4)2#6H2O Al(OTf)3 76 53 10 

a Reaction conditions: metal salt (0.05 mmol), ligand (0.05 mmol) and amide (0.5 mmol), T = 

150 °C, t = 24 h, PH2 = 50 bar, stirring rate 450 min-1 and THF (2 mL). In some cases, small 

O

N
H

Ph
N
H

Ph
NH2Metal Salt (10 mol%)

Triphos (10 mol%)

Lewis acid (10 mol%)

(a) (b)
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amounts of N-phenylpyrrolidine and diethylamine were produced. bYield and conversion were 

determined by GC-MS using hexadecane as an internal standard over an average of two runs. 

cstoichiometric amount of Lewis acid.  

 

For Fe(acac)3, no conversion was observed in the absence of a Lewis acid whereas 

Co(BF4)2"6H2O gave 29 % yield under the same reaction conditions. Furthermore, the reaction 

using Co(BF4)2"6H2O with stoichiometric amounts of Lewis acid were observed to produce 

similar yields to when 10 mol % of Lewis acid was used. Lewis acid Al-MCM-41(solid) was 

also used, resulting in full conversion but poor selectivity. 

The triflates of transition and rare earth metals gave promising results in terms of yields and 

selectivity. Although Al(OTf)3 provided comparable conversions, Yb(OTf)3 was selected as the 

co-catalyst of choice due to its air and moisture stability. A control experiment was also 

performed to ascertain whether a mixture of Yb(OTf)3 and triphos can catalyze the 

hydrogenation but no product was obtained. 

The effect of pressure was also studied. Lowering the H2 pressure to 10 bar resulted in a 

noticeable decrease in the yield.  On the other hand, performing reaction with addition of 20 bar 

of CO2 pressure resulted in a significant decrease in the production of N-ethylaniline with 

multiple differently-substituted anilines formed as by-products. 
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Table 3.4. The hydrogenation of N-phenylacetamide under various pressuresa 

 
 
              Pressure 

                (bar) 

PH2                                 PCO2 

Conversion 

    % 

          Yield       

              % 

a                                        b 

10 0 63  37 11 

50b 20 80  29            6 

50 0 84  55 7 

aReaction conditions with Co(BF4)2·6H2O (0.05 mmol), triphos (0.05 mmol) and amide (0.5 

mmol), T = 150 ºC, t = 24 h, stirring rate 450 min-1 and 2 mL of THF. bother substituted aniline 

also obtained. N-phenylpyrrolidine and diethylamine were produced in trace amounts. 

 

Toluene, 4-methylanisole, 1,4 dioxane, acetonitrile, and methanol were investigated as 

solvents in comparison with THF. Toluene and 4-methylanisole gave somewhat similar yields to 

what was observed with THF, whilst another ether based solvent 1,4-dioxane resulted in poorer 

yields. Acetonitrile resulted in no conversion. Methanol resulted in poor selectivity. Therefore, 

THF remained the solvent of choice (see Table 3.5 a, b corresponds to Scheme 3.3).  
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Table 3.5. Screening for a suitable solvent for the hydrogenation of N-phenylacetamide.a  

 
Solvent Conversion 

     % 

                Yield    

                   %    

a                                b 

Acetonitrile 0 0 0 

1,4 Dioxane 13 8 2 

Methanol 100 53 47 

4-Methylanisole 84 54 6 

THF                            84 55 7 

Toluene 98 43 9 

 aReaction conditions with Co(BF4)2"6H2O (0.05 mmol), triphos (0.05 mmol) and amide (0.5 

mmol), T = 150 oC, t = 24 h, H2 = 50 bar, stirring rate 450 min-1 and solvent (2 mL). In some 

cases, N-phenylpyrrolidine and diethylamine were produced in addition. 

 

A study of substrate scope for the reduction of several amides using Co(BF4)2·6H2O indicates 

that N-phenyl substituted amides can be converted more effectively than aliphatic and cyclic 

amides (Table 3.6). Amides having electron-donating substituents such as CH3 and OCH3 

attached to phenyl rings were converted to the corresponding amines, whilst amides having 

electron-withdrawing substituents (see entry 4, Table 3.6) experienced no conversion.       
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Table 3.6.  Substrate scope for hydrogenation using Co(BF4)2"6H2Oa 
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O

N
R2
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N
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R1

Co(BF4)2·6H2O 10 mol %
Triphos 10 mol %

Yb(OTf)3·H2O 10 mol %

50 bar H2

150 ¡C
THF

R

N
R1R2

(a) (b)

Entry Substrate Conversion 

% 

                Yieldb 

                   % 

      a                          b 

1c 
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a Standard reaction conditions: amide (0.5 mmol), Co(BF4)2#6H2O) (10 mol%), triphos (10 

mol%), Yb(OTf)3.H2O (10 mol%), THF (2 mL) and H2 (50 bar) at 150°C, 24 h. bConversion of 

amide and yield of amine were calculated by GC using hexadecane as internal standard over an 

average of two runs. The alcohol and amine arising from the C–N bond cleavage in the starting 

amide were detected as by-products, accounting for the mass balance, but the analytical method 

used could not detect NH3, ethanol or methanol. In some cases, N-phenylpyrrolidine and 

dialkylated anilines are also detected as by-products in small amounts. c72 h reaction time. The 

isolated yield after column chromatography on silica gel, is reported between brackets.  

 

If the reaction step that converts A to C (shown in Scheme 3.1) is fully reversible, then it is 

possible that addition of aniline to the starting mixture might inhibit the undesired formation of 

alcohol. However, the presence of an equimolar amount of aniline with N-phenylacetamide did 

not improve the yield of N-ethyl aniline. Nevertheless, to confirm the reversibility of step A to C, 

benzaldehyde was reacted under same standard conditions used for the hydrogenation of amide. 
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The reversibility of the step was confirmed through evidence of the formation of 

phenylbenzylamine along with benzyl alcohol by GC-MS. 

We also explored the catalytic activity of the Fe(acac)3/triphos system for different amides but 

yields were inferior to those obtained with cobalt (See Table A 2.1 in Appendix). Furthermore, 

repeated attempts to isolate a Co triphos complex from the reaction of Co(BF4)2#6H2O and 

triphos were unsuccessful.    

 

3.3.2 Possible mechanism for the homogeneous hydrogenation of amides 

A mechanism for the hydrogenation of carboxylic acids using the Co(BF4)2#6H2O metal salt 

and triphos ligand was initially proposed by de Bruin and coworkers.24 The hydrogenation of 

amides might proceed through a similar path as the same catalytic system was utilized. Because, 

no kinetic or mechanistic study has been performed, the mechanism remains unknown. 

Nevertheless, the possible mechanism at least helps to develop an initial understanding of how 

the reaction might proceed. The possible mechanism is shown in Scheme 3.4, 3.5, 3.6 and occurs 

as follows. When Co(BF4)2#6H2O and triphos are combined, it is likely that they could form a 

dimeric pre-catalyst [Co2(triphos)2() -OH)2](BF4)2 which can then split by substitution of  the OH 

group of the dimer with the amide, resulting in the production of catalytically active species 

[Co(triphos)(ONCR)]+ and H2O (Scheme 3.4), which could lead to one of two paths (Scheme 3.5 

or 3.6). There is literature precedent for amides to lose a proton and bind to metal ion.25 

Hydrogenation of [Co(triphos)(ONCR)]+  followed by deprotonation could result in the 

generation of monohydride complex. Subsequent attack of a Lewis acid on the carbonyl oxygen 

followed by migration of the hydride to the carbonyl carbon could occur from the 

[Co(triphos)(H)(amide)]. Heterolytic cleavage of H2, followed by the hydride migration and 
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protonation would then result in the desired product (Scheme 3.5). Finally, ligand exchange with 

another amide regenerates the catalytically active species. 

 
 
 
Scheme 3.4 A possible formation of catalytically active species which can lead to either path A 
or path B. 
 

 
Scheme 3.5 Possible path (A) leading to C-O bond cleavage product. 
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Scheme 3.6 Path (B) leading to C-N bond cleavage product. 

 

 

3.3.3 Catalytic alkylation of amines with carboxylic acid/H2 

  Investigation of the efficacy of the Co(BF4)2#6H2O/triphos in situ catalyst for the alkylation 

of aniline were carried out with an equimolar amount of benzoic acid (Scheme 3.7). 

 

 

Scheme 3.7.  Cobalt-catalyzed alkylation of aniline with carboxylic acid and H2. 
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Initially, the reaction was carried out with Yb(OTf)3#H2O, resulting in a poorer yield and 

selectivity. The selection of two other Lewis acids Al(OTf)3 and HNTf2 resulted in the similar 

results. Interestingly, without a Lewis acid, 40 % of N-phenylbenzylamine and 58 % of benzyl 

alcohol were obtained. Thus, in general, it was found the presence of Lewis acid resulted in 

lower yields (Table 3.8).  

 

Table 3.8.  Cobalt-catalyzed N-alkylation of aniline with carboxylic acid and H2
a 

 

aStandard reaction conditions Co(BF4)2#6H2O (10 mol%), triphos (10 mol%), H2 (60 bar) at 

160 °C, reaction time, 24 h bConversion of amide and yield of amine were calculated by GC-MS 

using hexadecane as internal standard. c41 % N-phenylpyrrolidne. d30 % N-phenylpyrrolidine. In 

Benzoic Acid 

(mmol) 

Aniline 

(mmol) 

Solvent Lewis Acid Conversion 

 %b 

Amine 

 %b 

Alcohol 

      %b 

0.5 0.5 THF Yb(OTF)3 100 24 34 

0.5 0.5 THF Al(OTf)3 98 22 46 

0.5 0.5 Bu2O HNTf2 100 24 32 

2 0.5 THF  Yb(OTf)3 83 26 40 

0.5 0.5 THF None 100 40 58 

c0.5 3 THF Yb(OTF)3 99 39 6 

d0.5 3 THF None 81 34 7 

0.5 3 Toluene None 96 40 37 
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all other cases, small amounts of N-phenylpyrrolidine and alkylated amine were obtained as by- 

product which accounts for the mass balance. 

 

To optimize the reaction conditions, the proportion of substrates were altered. Using excess of 

carboxylic acid gave poorer selectivity. However, using excess aniline gave a somewhat higher 

yield of product but the amount of N-phenylpyrrolidine also increased. 

The use of THF as solvent gave N-phenylpyrrolidine as a by-product, which is presumably 

formed from the acid-catalyzed reaction of aniline with THF.13,20,26 Therefore, the presence of 

Lewis acid resulted in a higher amount of N-phenylpyrrolidine. To avoid this by-product toluene 

was used as a solvent which gave 40% of amine and 37% of benzyl alcohol. 

Several pathways for the hydrogenative alkylation of carboxylic acids have been reported. 

Such as, the formation of carboxamide and subsequent reduction to amine or by reduction of 

carboxylic acid first to aldehyde and then to an alcohol, followed by alkylation. 20, 27, 28 

Recently, Beller et al. proposed a mechanism for a Co-catalyzed, reductive alkylation of 

anilines. They reported two possible means by which reaction could occur, either by the 

formation of amide prior to reduction (as a minor pathway) or forming aldimine as an 

intermediate in the major pathway (Scheme 3.8). 
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Scheme. 3.8 Pathways proposed by the Beller group for the cobalt-catalyzed reductive 

alkylation.21 

 

To investigate the reaction mechanism for our system, several tests were performed. First the 
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produced only 2% of the desired amine with 38 % conversion of the carboxylic acid (Scheme 3.9 

c).  

 

 

Scheme. 3.9 Reactions performed in order to understand the reaction mechanism.  
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catalyst) and THF (solvent) at 150 °C and 50 bar provided the greatest yield for the 

deoxygenative hydrogenation of amides. Preliminary studies on the catalytic alkylation of 

amines with a carboxylic acid using H2 as a reductant employing the same abundant-metal 

catalytic system were also investigated.  

 Although there is room for improvement regarding the reaction yields, the results 

demonstrate a proof-of-concept that abundant metals can be used in place of precious metals as a 

catalyst for such reactions. After screening of the various parameters, repeated attempts to isolate 

the cobalt complex from the mixture of Co(BF4)2"6H2O and triphos have been unsuccessful.  
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Chapter 4 

Catalytic Hydrogenation of Carboxylic Acids to Alcohols Using Abundant 

Metal Complexes 

 

4.1!Introduction  

 

Carboxylic acids are abundantly accessible from natural sources and the petrochemical 

industry at relatively low cost, enabling their use as starting materials for organic synthesis. The 

reduction of carboxylic acids is a crucial transformation in modern organic chemistry on an 

industrial and laboratory scale.1 Conventionally, these transformations have been carried out 

with a stoichiometric amount of strong reducing agents such as metal hydrides or silanes posing 

disadvantages of poor atom efficiency, and production of a large amount of waste.2,3 The use of 

these reagents also requires the exclusion of air due to high reactivity and tedious workup 

procedures.  

An alternative, greener strategy is through the hydrogenation of carboxylic acids to alcohols 

by molecular hydrogen, which is a cheap, efficient and environmentally benign reagent.  The 

hydrogenation of carboxylic acids is a desirable research area in the context of biomass 

conversion, pharmaceuticals and fine chemicals.4,5 Ensuing alcohols are a source of organic 

energy carriers, while fatty alcohols obtained from bio-resources have applications in 

pharmaceuticals, detergents, and lubricants.6,7 

Research on the hydrogenation of carboxylic acids has lagged in comparison to the reduction 

of other carbonyl compounds. Like amides, carboxylic acids are difficult substrates for 
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hydrogenation due to the poor electrophilicity of the carbonyl carbon and complications in 

polarizability of the carbonyl group.8 The general reactivity trend toward hydrogenation of 

carbonyl substrates is showed in scheme 4.1.                                                                                                                                                 

 

Scheme 4.1. General reactivity trend for hydrogenation.9 

 

Heterogeneous catalysts employed for the hydrogenation of carboxylic acids require 

drastically higher temperatures and pressures that result in the degradation of the substrate and 

products as well as side reactions (Scheme 4.2), which is a problem in the synthesis of highly 

functionalized fine chemicals.10 

 

Scheme 4.2. Undesirable side reactions in the hydrogenation of carboxylic acids. 
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4.2!Reported homogeneous catalysts 

4.2.1! Precious metal complexes 

 The first example of homogeneous catalysts for carboxylic acids was reported by Piacenti 

in 1977 utilizing ruthenium carbonyl hydride complex H4Ru4(CO)8((! )-diop)2 for the 

hydrogenation of 2, +-unsaturated dicarboxylic citraconic and mesaconic acids.11a This system 

was operated at 120 °C to 170 °C and 130 atm, producing saturated and unsaturated lactone as a 

by-product in 11-17 % yield. Later, the same group reported lactones obtained as the major 

product as a result of the hydrogenation of several dicarboxylic acids with H4Ru4(CO)8(PBu3)4 as 

a pre-catalyst.11b 

 In 1990, Yoshino reported the hydrogenation of decanoic acid using a soluble bimetallic 

catalyst consisting of rhenium/osmium at 25 to 100 atm hydrogen pressure and 100-120 °C 

temperature, producing decanol in 85 % yield and up to 90 % selectivity. Hydrocarbons and 

esters were produced as by-product.12 

A bimetallic catalyst systems consisting of group 8 to 10 transition metal complexes, 

M(acac)3 (M = Rh, Ru), and group 6 transition metal carbonyls, M(CO)6  (M = Mo, W)  for the 

hydrogenation of monocarboxylic acids were reported by Fuckiami.13 Pentadecanoic acid was 

hydrogenated at 100 atm of pressure and 140 to 180 ºC giving up to a 99 % yield of 

pentadecanol. These systems were also effective for the hydrogenation of fatty acids and 

aromatic carboxylic acids reducing phenyl groups and C=C bonds as well. Later, Behr reported a 

new homogeneous bimetallic system consisting of an equimolar mixture of [Ru(acac)(CO)2] and 

[Mo(CO)6] for hydrogenation of 2-ethylheptanoic acid at 150 bar of H2 and 200 ºC.14 However, 

recently, it was demonstrated by Whyman and coworkers that these bimetallic systems, in fact, 

are heterogeneous in their active form.15a,b 
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Hydrogenation of acetic acid with phosphine-substituted ruthenium carbonyl carboxylate 

complexes Ru(CO)2(MeCOO)2(PBu3)2, Ru2(CO)4() -MeCOO)2(PBu3)2, Ru4(CO)8() -

MeCOO)4(PBu3)2 were reported by Frediani. 16 In contrast, Ru-acetato complex Ru2(CO)4() -

MeCOO)2(PBu3)2 did not hydrogenate tiglic acid. Recently, Goldberg utilizing bipyridine 

coordinated Ir, Rh, and Ru complexes demonstrated that aliphatic carboxylic acids with smaller 

chains could be hydrogenated at milder conditions with higher efficiency.17 

A [Rh(Triphos)TMM] complex, that was reported by Leitner, hydrogenated a broad 

range of functionalities including esters, amides, urea derivatives and carboxylic acids.18 

Subsequently, the Beller group using Ru-Triphos in the presence of a Lewis acid (Sc(OTf)3) 

were able to achieve the hydrogenation of a series of aromatic and aliphatic carboxylic acids.19 

A novel nitrogen-centered ligand variant of Triphos was applied for the hydrogenation of 

bio-based carboxylic acids, such as levulinic acid and octanoic acid by Palkovits et al.20 

However, the Ru-Triphos system was found to be a breakthrough for the hydrogenation using the 

triphos ligand and currently happens to be best ligand for the hydrogenation of various 

carboxylic acid derivatives. 

 Recently, the Saito group developed various low-valent and high-valent ruthenium and 

rhenium metal complexes for the hydrogenation of carboxylic acids.21 Four different mono- and 

binuclear ruthenium complexes containing monodenate and bidentate phosphine were reported. 

They also proposed a self-induced hydrogenation mechanism; carboxylic acid-derived 

carboxylate anion coordinates to a Ru center acting as a proton acceptor for the heterolytic 

cleavage of H-H as well an acceptor of hydride from [Ru-H]+.  Li and coworkers investigated the 

proposed mechanism using density functional theory (DFT).22  The precious metal catalysts 

utilized over past years are shown in Figure 4.1. 
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Figure 4.1 Precious metal complexes for the hydrogenation of carboxylic acids.21 
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de Bruin and coworkers published the only, up until now, report of an abundant-metal 

catalyst  for carboxylic acid hydrogenation, a cobalt-based abundant metal Co(BF4)2"6H2O with 

a triphos ligand for the hydrogenation of aromatic, long and short chain aliphatic carboxylic 

acids.23 They  also proposed a mechanism suggesting the heterolytic cleavage of H2 over 

Co(triphos)(32-alkanote). As there is only one example of an abundant metal catalyst for this 

transformation, there is a need to further explore abundant metal complexes.   

The author’s research aim is to find suitable abundant metal homogeneous complexes for the 

hydrogenation of carboxylic acids. In this chapter, the catalytic activity of abundant metal salts 

such as Co, Mo with bidentate, tridentate and tetradentate ligands is described.   

 

4.3!Experimental Methods and Materials 

4.3.1 General considerations  

All metal precursors and ligands were purchased from Sigma-Aldrich, Alfa Aesar, and Strem 

Chemicals and used without further purification unless otherwise specified. All manipulations 

involving air- and moisture-sensitive compounds were carried out using standard Schlenk 

techniques or in a glovebox under N2. All solvents were distilled under argon over appropriate 

drying agents followed by degassing with freeze-pump-thaw cycles before use and dried with 3 

Å molecular sieves. H2 (ultra-high purity, 5.0) was supplied by Praxair (Canada), and used 

without further purification. The reaction mixture was analyzed using a GC-MS 600 T equipped 

with an Elite-5 MS column (30 m + 0.25 id. 0.25 film thickness) from PerkinElmer. The 

temperature of the injector was 350 o C, and the carrier gas was helium with a flow rate of 1 

mL/min. The oven temperature was started a 50 o C for 2 min. The temperature continued to 
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increase at a rate of 10 deg/ min up to 350 o C and held for 5 min. Calibration curves were drawn 

for starting material and product using hexadecane as an internal standard. 

 

4.3.2 Procedure for hydrogenation of 3-phenylpropionic acid 

The reactions were performed in 20 mL glass vials within a 31 mL Parr vessel. The gas 

pressure was measured using a pressure gauge, and a burst disk was installed for safety. In the 

glovebox, the reaction vessel (31 mL internal volume) was loaded with a glass vial containing a 

stir bar, 3-phenylpropionic acid (0.5 mmol), the metal salt (0.03 mmol), and the ligand (0.06 

mmol) in 1.5 mL of solvent under a nitrogen atmosphere in a glovebox. The vessel was closed, 

removed from the glove box and purged with 20 bar of H2 thrice to remove nitrogen.  The 

reaction vessel was pressurized to 20 bar and placed in an oil bath at 150 ºC. Once the 

temperature stabilized, it was pressurized with additional H2 to final pressure of 90 bar. The 

reaction was then allowed to proceed for 24 h. After this time, the vessel was cooled in an ice 

bath and depressurized. Finally, n-hexadecane was added to the reaction mixture, which was 

filtered through diatomaceous earth, diluted with HPLC grade methanol and analyzed by GC-

MS.  

 

4.3.3 Procedure for Hydrogenation of 2-phenoxyacetic acid 

The reactions were performed in 20 mL glass vials within a 31 mL Parr vessel. The gas 

pressure was measured using a pressure gauge, and a burst disk was installed for safety. In the 

glovebox, the reaction vessel (31 mL internal volume) was loaded with a glass vial containing a 

stir bar, 2-phenoxyacetic acid (0.50 mmol), the metal salt (0.03 mmol), and the ligand (0.06 
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mmol) in 1.5 mL of 4-methylanisole under a nitrogen atmosphere in a glovebox. The vessel was 

closed, removed from the glove box and purged with 20 bar of H2 thrice to remove nitrogen.  

The reaction vessel was pressurized to 20 bars and placed in an oil bath at 150 ºC. Once the 

temperature stabilized, it was pressurized with additional H2 to a final pressure of 90 bar. The 

reaction was then allowed to proceed for 24 h. After this time, the vessel was cooled in an ice 

bath and depressurized. Finally, n-hexadecane was added to the reaction mixture, which was 

filtered through diatomaceous earth, diluted with HPLC grade methanol and analyzed by GC-

MS. 

 

4.4 Results and discussion 

The Jessop group previously introduced high-pressure combinational screening of 

homogenous catalysts for the hydrogenation of carbon dioxide, which is an efficient method for 

rapid screening for ligands and metal salts with a visual assay.24 

Later, this method was adopted by Masayuki Naruto, a previous member of the group for the 

hydrogenation of carboxylic acids. He performed preliminary experiments in a 646 array with 

various combinations of metal salts and ligands for this transformation. An indicator was added 

upon completion of the reaction to avoid interference during the reaction. An acid-base indicator, 

bromothymol blue, was used to detect the formation of carboxylic acid indicating a promising 

combination of metal salts and ligands (Scheme 4.3). Hydrogenation experiments were 

performed on these promising metal-ligand combinations to check the accuracy of the 

colorimetric visual screening. 
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Scheme 4.3 Combinational screening method for the hydrogenation of carboxylic acids. 

 

4.4.1 Hydrogenation of 3-phenylpropionic acid 

 3-Phenylpropionic acid was hydrogenated using three different cobalt precursors 

Co(OAc)2, Co(acac)2 and Co(BF4)2"6H2O in combination with bis(dicylohexylphosphino)ethane 

(dcpe) (4.1) and 1,1,1-tris(diphenylphosphinomethyl)ethane (4.2) as ligands.  

 

 

Figure 4.2 Structures of ligands used for the hydrogenation of carboxylic acids 

 

Catalysts were prepared in situ from a cobalt salt with added ligands in the presence of 3-

phenylpropionic acid under 90 bar of H2 in dry THF at 150 °C in an oil bath for 24 h. Cobalt (II) 

acetate with a dcpe ligand was able to hydrogenate 3-phenylpropionic acid. However, the 

reaction in THF was sluggish and after 24 h resulted in 42 % conversion with 35 % of desired 
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alcohol along with a small amount of an esterification by-product.  Replacing THF with toluene 

resulted in better conversion and yield (Table 4.1, entry 2). However, 4-methylanisole was found 

be the most promising solvent, giving 86 % conversion and 72 % yield. No solvent loss was 

observed at the end of the reaction.  

 

Table 4.1 Testing of in situ catalysts for the hydrogenation of 3-phenylpropionic acid 

 

Entry  Metal Precursor Ligand Solvent Conversion  
% 

Yield 
   % 

1 Co(OAc)2 dcpe THF 42 35 

2 Co(OAc)2 dcpe Toluene 79 65 

3 Co(OAc)2 dcpe 4-Methylanisole 86 72 

4 Co(acac)2 dcpe 4-Methylanisole 100 72 

5 Co(BF4)2"6H2O triphos 4-Methylanisole 100 95 

aReaction conditions: 3-phenylpropionic acid (0.5 mmol), metal salt (0.03mmol), ligand 

(0.06 mmol), solvent (1.5 mL), T = 150 °C, H2 = 90 bar, stirring rate 450 min-1. Yield and 

conversion were calculated by GC-MS using hexadecane as an internal standard. 5-7% 

esterification by-product in all cases was detected.  

 

OH
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The reaction mixture was analyzed by GC-MS due to the overlap of peaks from product and 

substrate as well as solvent in the 1H NMR spectrum of the reaction mixture. Cobalt (II) 

acetylacetonate resulted in similar yields as the cobalt(II) acetate. Finally, Co(BF4)2"6H2O, which 

is known to hydrogenate other carboxylic acid substrates23, results in better yield (Table 4.1). 

However, the current catalytic system is effective at the lower catalytic loading. 

 

4.4.2 Hydrogenation of 2-phenoxyacetic acid 

2-Phenoxyacetic acid was used as a substrate instead of 3-phenylpropionic acid since it is 

relatively easier to hydrogenate, as discussed later. Combinational screening revealed that MoCl3 

and MoCl5 metal precursors in combination with a tetraphos ligand (compound 4.3 in Figure 4.2) 

are promising. 2-Phenoxyacetic acid was efficiently hydrogenated to 2-phenoxyethanol using 

Mo (II) and Mo(V) chloride with tetraphos ligand. In these experiments, potassium 

tetraphenylborate was used as an additive with MoCl3 and MoCl5 in order to facilitate the 

dissociation of a chloride ligand. Co(BF4)2"6H2O with triphos, without the presence of such an 

additive, also effectively hydrogenated 2-phenoxyacetic acid. 
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Table 4.2 Testing in situ catalysts for the hydrogenation of 2-phenoxyacetic acid 

 

Entry  Metal Precursor Ligand Solvent Conversion  

       % 

Yield 

% 

1 MoCl3 tetraphos 4-Methylanisole 100 96 

2 MoCl5 tetraphos 4-Methylanisole 100 96 

3 bCo(BF4)2"6H2O triphos 4-Methylanisole 100 90 

aReaction conditions:  2-phenoxyacetic acid (0.5 mmol), metal salt (0.03 mmol), ligand (0.06 

mmol), KBPh4 (0.15 mmol) 4-methylanisole (1.5 mL), bwithout KBPh4 T = 150 °C, H2 = 90 bar, 

stirring rate 450 min-1. Yield and conversion were calculated by GC-MS using hexadecane as an 

internal standard. 2-4 % of an esterification by-product in all cases was detected. 

 

The catalytic systems reported above are as effective as the de Bruin catalytic system despite 

the slightly lower catalytic loading (3 mol% here vs. 5-10 mol% in the de Bruin report). 

However, the temperature utilized here is higher than the de Bruin catalytic system.  

There have been reports of molybdenum catalysts in the literature for other reactions, but not 

for the hydrogenation of carboxylic acids. For example, molybdenum carbonyls have been used 

as catalysts for heterogeneous catalysis13 and complexes derived from Cp2Mo for the 

homogeneous hydrogenation of ketones.25 However, the MoCl3 and MoCl5 reported here are 

simple and novel metal salts for the homogeneous hydrogenation of the carboxylic acids. 

OH

O
+ 2 H2

Metal Salt (3 mol %)
Ligand (6 mol %)

 
24 h, 150 ºC9 MPa

OPh OHOPh + H2O
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Molybdenum is another unconventional, less toxic (compared to cobalt and ruthenium), cheap, 

and abundant-metal alternative to precious metals for the hydrogenation of carboxylic acids. 

 

4.5 Conclusions 

In summary, the catalytic activity of cobalt and molybdenum metal salts with bidentate, 

tridentate and tetradentate phosphine ligands for the hydrogenation of carboxylic acids have been 

explored. The result demonstrates that cheap and abundant 1st and 2nd row transition metals, in 

low catalytic loading, are capable of the hydrogenation of carboxylic acids using molecular 

hydrogen as a reductant. The ligand dcpe is found to be another promising ligand with cobalt 

precursors along with privileged triphos/tetraphos derivatives. MoCl3 and MoCl5 are the novel 

catalytic systems at lower catalytic loading for the hydrogenation of carboxylic acids.  Elsevier/ 

de Bruin proposed a mechanism for the same Co(BF4)2"H2O/triphos, however, future 

mechanistic studies should be carried out with these Co(OAc)2, Co(acac)2/dcpe and MoCl3, 

MoCl5/tetraphos combinations.  
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Chapter 5 

General Conclusions and Recommendations for Future Work 

 

5.1 General conclusions 

 
 In this dissertation, the catalytic activity of nickel complexes as a replacement for the 

precious metal palladium has been investigated for use in the Heck-Mizoroki and Suzuki-

Miyaura cross-coupling reactions. Additionally, the catalytic activity of abundant-transition 

metal complexes has been investigated for the homogeneous hydrogenation of amides and 

carboxylic acids. Although conclusions have been discussed following each chapter, important 

points will be summarized and suggestion for future research will be proposed. 

In chapter 2, the study compared the performance of tetrakis(triphenylphosphine)nickel(0) 

[Ni(PPh3)4] and halotris(triphenylphosphine)nickel(I) [NiX(PPh3)3] (X = Cl, Br, I) as catalysts 

for the representative Suzuki-Miyaura and Heck-Mizoroki cross-coupling reactions. The Ni(0) 

compound was found to exhibit catalytic activity for the cross-coupling of chloro- and 

bromoanisole with phenylboronic acid and of bromobenzene with styrene. The results were 

comparable to those of analogous palladium-based catalysts.  The Ni(I) catalyst only exhibited 

catalytic activity for the Suzuki-Miyaura reactions but not for the Heck-Mizoroki reactions. The 

paramagnetic Ni(I) compounds, NiX(PPh3)3 (X = Cl, Br, I) were analyzed for the first time by 1H 

NMR spectroscopy and detected by the resulting ‘fingerprint spectra’ that can be useful in 

detecting Ni(I) in solution. The chemical shifts of NiX(PPh3)3 (X = Cl, Br, I) varied with the 

concentration of free PPh3 and were found to be temperature-dependent, which is consistent with 

Curie’s law behavior. Chloro(phenyl)bis(triphenylphosphine)nickel(II) [trans-NiPhCl(PPh3)2], 
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the product of the oxidative addition of chlorobenzene to Ni(PPh3)4 and a putative intermediate 

in the cross-coupling reactions of chlorobenzene, was found to exhibit unanticipated thermal 

lability in solution in the absence of free PPh3. Trans-NiPhCl(PPh3)2 readily decomposed to 

biphenyl and NiCl(PPh3)2 in a reaction relevant to the long-known but poorly understood nickel-

catalyzed coupling of aryl halides with phenylboronic acid to form biaryl compounds. 

NiCl(PPh3)2 and biphenyl formation was initiated by PPh3 dissociation from trans-

NiPhCl(PPh3)2 which results in the formation of a dinuclear intermediate, a process understood 

by DFT. 

Next the work completed in chapter 3 demonstrated that the abundant-metals complexes 

were in-situ catalysts for the hydrogenation of amides to amines via C-O bond cleavage. 

Screening of various parameters revealed that the optimal reaction conditions were 150 °C and 

50 bar in the presence of Co(BF4)2"6H2O (catalyst), triphos (1,1,1-tris-

(diphenylphosphinomethyl)ethane) (ligand), Yb(OTf)3"H2O (co-catalyst) and THF (solvent). N-

phenyl substituted amides bearing electron-donating groups were found to be active substrates 

for the hydrogenation. Preliminary studies on the catalytic N-alkylation of aniline with 

carboxylic acids using molecular hydrogen revealed that Co(BF4)2"6H2O/triphos could catalyze 

this transformation, however, improvement is required regarding the reaction yields and 

selectivities. Repeated attempts to isolate the catalyst from the mixture of Co(BF4)2"6H2O/triphos 

were unsuccessful.  

 Lastly, in chapter 4, the in-situ 1st and 2nd row transition abundant-metal complexes were 

found to be catalytically active for the hydrogenation of carboxylic acids. We have found novel, 

simple and efficient in-situ catalysts, MoCl3 and MoCl5/tetraphos, for the hydrogenation of 2-

phenoxyacetic acid. Cobalt precursors Co(acac)2 and Co(OAc)2 with dcpe ligand and 
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Co(BF4)2"6H2O with triphos ligand were found to be promising for the hydrogenation of 3-

phenylpropionic acid. 

 

5.2 Future considerations 

The objective of this research was to find substitutes for precious metal catalysts that would 

provide sustainability, abundance, lower cost, lower toxicity and high activity, such as abundant 

metal catalysts. In chapter 2, nickel (0), (I), (II) precursors with triphenylphosphine ligand were 

used as cheap, abundant and cost-effective replacements for palladium catalysts for the Suzuki-

Miyaura and Heck-Mizoroki cross-coupling reactions.1 The application of these nickel 

complexes to various alternative cross-coupling reactions, such as Sonogashira, Stille and 

Negishi would be an essential step forward in demonstrating the versatility of these complexes. 

The use of boronic esters and arytriflouroborates instead of phenylboronic acids would be an 

interesting area to study.  

Suzuki and Heck reactions involving Ni(PPh3)4 and NiX(PPh3)3 (X = Cl, Br) should be 

carried out in the presence of PBut
3. This commercially available ligand is one of the preferred 

phosphines used in palladium-catalyzed cross-coupling reactions2 and should readily substitute 

one or more of the PPh3 ligands in solution. If catalysis is enhanced, the use of preformed nickel 

complexes of PBut
3 could be further examined as it is an area that is mostly unexplored as of yet. 

Furthermore, an investigation of the catalysis by the carbonyl compound NiCl(CO)2(PPh3)2 

should be carried out.3 This compound has different steric and electronic properties from 

NiCl(PPh3)3, and thus different reactivities may be observed. Also, under an atmosphere of CO, 
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the formation of organic carbonyl products such as ketones may occur.4 A catalytic cycle might 

proceed as in Scheme 5.1. 

 

 

Scheme. 5.1. Possible mechanism for the Suzuki-Miyaura cross-coupling reaction under CO 

atmosphere utilizing NiX(CO)(PPh3)2 complex. 

 

During the last decade, research surrounding nickel-catalyzed cross-coupling reactions has 

been rapidly growing, however, it is still lagging behind palladium in certain aspects. 

Improvements are required to reduce the catalytic loading, reaction temperatures and equivalents 

of nucleophile and base.  Further investigation would be required to better understand the 

ambiguities in the mechanism for the nickel-based catalytic systems. Enhancing the substrate 

scope to Csp
3-Csp

3 bond formation would be highly desirable. The designing of new nickel-based 

catalysts (bench-stable precursors) that are compatible with a variety of ligands would be 
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essential. Finally, despite the tremendous work done on cross-coupling reactions, there was not 

much attention given to catalyst recovery which should be addressed to improve the 

sustainability of the processes. 

For chapter 3, future work would entail enhancing the reaction yields for the homogeneously 

catalyzed deoxygenative hydrogenation of amides. Designing new ligands for the robust and 

efficient catalytic systems would be highly desirable. Recently, Beller et al.5 have reported that 

the use of tailored triphos ligands (Figure 5.1) has resulted in drastically higher yields for the 

alkylation of anilines with carboxylic acids. Therefore, to improve efficiency of the catalytic 

system, the use of electron-rich ligands for the deoxygenative hydrogenation of would be 

promising.    

 

 

 

Figure 5.1. Potential tailored triphos ligands for the deoxygenative hydrogenation of 

amides.5 

 

There would be continuing investigation into the reaction conditions which could include 

trying recyclable solid Lewis acids. Furthermore, examination of the mechanism through 

experimental (high pressure IR and NMR) and computational studies of the catalytic cycle would 
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be essential. A better understanding of the reaction mechanism would help to identify suitable 

catalysts, ligands, substrates and reaction conditions. 

Over the years, the scientific field of metal nanoparticles has been continuously growing in 

terms of interest and research advancements. Therefore, another future direction would be the 

exploration of cobalt nanoparticles (CoNPs) for the deoxygenative hydrogenation of amides and 

the reductive alkylation of anilines with carboxylic acids. Previous studies have demonstrated the 

cobalt nanoparticles are effective for hydrogenating nitriles to the corresponding amines and for 

the transfer hydrogenation of N-heteroarenes.6,7 Hence, it would be worth investigating CoNPs 

for the hydrogenation of amides to amines. There are several methods reported for the synthesis 

of CoNPs that could be used moving forward (Scheme 5.2).8,9,10  

 

Scheme 5.2. Reported methods for the synthesis of cobalt nanoparticles (CoNPs).8,9 

 

Amines have extensive industrial applications in the pharmaceutical, petroleum and 

polymers sectors. Buckwald-Hartwig amination reactions (Scheme 5.3) would provide an 

alternative route for the synthesis of amines.  It would be interesting to utilize in situ cobalt 

precursors or preformed abundant metal complexes for these reactions. Additionally, aliphatic 

amines are important when considering polymer chemistry, hence, the extension of the substrate 

scope to C-N bond formation would be a crucial development.  

2Co+2 N2H4 4OH 2Co(s) N2(g) 4H2O

2Co+2 BH4 2H2O 2Co(s) 2H2(g) 4H BO2
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Scheme 5.3.  Representative Buckwald-Hartwig amination reactions.  

 

Finally, future work that could be taken to continue the work in chapter 4 would entail the 

isolation of the catalysts, MoCl3 and MoCl5/tetraphos followed by testing the catalytic activity of 

the preformed catalysts hydrogenating of carboxylic acids. Additionally, the investigation of the 

catalytic cycle would help the design of the new and improved catalysts. 

Overall, future strategies should put an emphasis on the most sustainable, green and 

economically viable operations for both academia and industry. 
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Appendix A1 

Computational Details and Methods 

As mentioned in the main text, dispersion corrections appear to be important in correctly 

describing the reactivity of L4Ni and its reaction products. We initially employed TPSSh1 in 

combination with Grimme's DFT-D3 correction2 but found that that makes phosphine 

dissociation from L4Ni unrealistically difficult. We then tested M06 and M06L3 and found that 

these predict significantly lower phosphine binding energies. We have three crucial pieces of 

experimental data: 

•! Since L4Ni dissociates significantly at room temperature in solution, this  dissociation  

reaction probably has a , G in the range of +3 to –3 kcal/mol. 

•! Oxidative addition of PhCl to L4Ni to produce L2Ni(Ph)(Cl) and free L is significantly 

exergonic. 

•! Since phosphine dissociation from L3NiCl is facile, , G is likely to be < 0. 

 

Table S1 shows relative energies of several complexes relevant to the above items, 

calculated in four different ways: with TPSSh alone, with TPSSh+DFT-D3, with M06 and 

with M06L. For each species, all single-point energies were calculated at the same b-p/SV(P) 

optimized geometry. The DFT-D3 correction makes a difference of 37 kcal/mol for the first 

phosphine dissociation from L4Ni! M06 and M06L produce somewhat lower dissociation 

energies, and the M06 results, while not perfect, are most in line with the above pieces of 

experimental data. Hence, we decided to use M06 for final energy calculations. 
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Table A1.1. Free energies (kcal/mol, relative to L4Ni and L3NiCl) calculated at different 

levels (L = PPh3). 
 

Method 

 
 M06 M06

L 
TPSSh+DFTD

3 
TPSSh 
alone 

NiL4 (0) (0) (0) (0) 

NiL3 1.7 6.9 12.2 –25.0 
NiL2 27.2 39.9 50.6 –17.1 
trans-NiPhClL2 –8.8 –3.3 4.4 –45.4 
trans-NiPhClL 8.8 13.0 25.0 –41.8 
NiClL3 (0) (0) (0) (0) 

NiClL2 7.4 10.4 14.1 –12.6 

 

Final free energies and their various contributions for all relevant species are collected in Table 

A1.2. Figures A 1.1 and A 1.2 illustrate the geometries of the transition states for oxidative 

addition of PhCl to L3Ni and L2
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Figure A 1.1. Optimized transition state for oxidative addition of PhCl to L3Ni. Distances in 
Å. 

 

 

 

Figure A 1.2. Two views of optimized transition state for oxidative addition of PhCl to 

L2Ni. Distances  in Å. The angle between the PNiP and CNiCl planes is 69.9°. 
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Table A1.2. Contributions to final free energies (kcal/mol) (P = PPh3)a 

 

 

Hcorr TScor

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Scheme 7b Eelec(b-p) <S2> (298 K) (298 K) Eelec(M06) G 
P L -1035.73391 0.00 0.28324 0.06397 -1035.95517 -1035.71479 
PhCl  -691.58702 0.00 0.09508 0.03576 -691.73483 -691.66370 
PhPh  -462.97028 0.00 0.18675 0.04352 -463.07419 -462.91660 
P4Ni  -5651.41187 0.00 1.14388 0.18039 -5652.28058 -5651.25756 
P3Ni  -4615.67857 0.00 0.85652 0.15029 -4616.29592 -4615.54010 
P3Ni_PhCl_addTS  -5307.21906 0.00 0.95269 0.16098 -5307.99133 -5307.14650 
P3NiPh_doublet  -4847.12201 0.75 0.95046 0.16054 -4847.80461 -4846.96171 
P3NiCl_doublet  -5075.82516 0.76 0.86082 0.15395 -5076.55962 -5075.80195 
P2Ni  -3579.89763 0.00 0.57129 0.11361 -3580.27978 -3579.78461 
P2Ni_io_PhCl  -4271.51803 0.00 0.66741 0.12611 -4272.04802 -4271.46511 
P2NiPhCl_addTS  -4271.50860 0.00 0.66630 0.12505 -4272.03301 -4271.45049 
P2NiClPh_cis  -4271.53937 0.00 0.66860 0.12574 -4272.08010 -4271.49575 
P2NiClPh_trans A -4271.55584 0.00 0.66890 0.12627 -4272.09005 -4271.50575 
P2NiPh2_cis J -4042.85514 0.00 0.75824 0.13241 -4043.35072 -4042.68120 
P2NiPh2_cis_elimTS J-TS -4042.85327 0.00 0.75720 0.13180 -4043.34081 -4042.67191 
P2NiPh2_trans  -4042.85410 0.00 0.75855 0.13368 -4043.35053 -4042.68154 
P2Ni_PhPh After J-TS -4042.89752 0.00 0.75925 0.13284 -4043.38635 -4042.71611 
P2NiPh_doublet  -3811.37609 0.75 0.66443 0.12698 -3811.81480 -3811.23545 
P2NiCl2_cis  -4500.21426 0.00 0.57908 0.11507 -4500.80393 -4500.30195 
P2NiCl2_triplet  -4500.21599 2.01 0.57860 0.12188 -4500.80572 -4500.30878 
P2NiCl2_trans  -4500.22758 0.00 0.57883 0.11919 -4500.81176 -4500.31279 
P2NiCl_doublet  -4040.07692 0.76 0.57507 0.11621 -4040.57257 -4040.07536 
PNiClPh_cis  -3235.76540 0.00 0.38185 0.08703 -3236.06813 -3235.74459 
PNiClPh_triplet  -3235.76381 2.00 0.38269 0.08922 -3236.07569 -3235.75278 
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Hcorr TScorr 

 

 

 

 

 

 

 

 

 

 

 

a Final G values calculated as Eelec(M06) + Hcorr -0.67 TScorr. 
b Indicates relation to structures in Scheme 7 of main text. 

 

 

 

 

 

 

 

 Scheme 7b Eelec(b-p) <S2>   Eelec(M06)  
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Appendix A2 

 

 

Table A 2.1.  Substrate scope for hydrogenation using Fe(acac)3 under same conditions as Co(BF4)2!6H2Oa 

Entry Substrate Conversionb 

         % 

                Yieldb  

                    % 

    

   a                              b 

 

1 
 

 

50 

 

41 

 

4 

 

2  

10 3 0 

 

3 
 

60 5 2 

 

4 
 

0 0 0 

N
H

O

N
H

O

N
H

O
O

N
H

O
NO2
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5 
 

 

0 

 

0 

 

0 

 

6 

 

 

38 

 

0 

 

- 

 

7 
 

 

0 

 

0 

 

0 

 

8 
 

 

71 

 

24 

 

3 

 

9 
 

 

0 

 

0 

 

0 

 
a Standard reaction conditions: amide (0.5 mmol), Fe(acac)3 (10 mol%), Triphos (10 mol%), Yb(OTf)3!H2O (10 mol%), THF (2 mL) 

and H2 (50 bar) at 150 °C, 24 h. b Conversion of amide and yield of amine were calculated by GC-MS using hexadecane as internal 

standard and average of two runs. The alcohol and amine arising from the C–N bond cleavage in the starting amide were detected as by-

products which account for mass balance, but couldn’t able to detect NH3/ethanol, methanol with the analytical method used. In some 

cases, N-phenylpyrrolidine and dialkylated anilines are also detected as byproducts in  small amounts. 
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Figure A 2.1.  1H NMR spectrum of isolated N-ethyl aniline (400 MHZ, CDCl3 

 

 



 158 

 

 

 

!!" !"" #$" #%" #&" #!" #"" $" %" &" !" " '!"
()*+,-./01),230455+6

"

"78

#7"

#78

!7"

!78

97"

:;<
+

./,
=*

>0
?@

3*
@

A
,3

B

#&
$7

&
$

#!
C

7!
&

##
D

7!
9

##
!7

D
%

D
D

79
%

D
D

7"
&

D
%

7D
!

9$
7&

$

#&
7C

!

 
 

Figure A 2.2 13C NMR of isolated N-ethyl aniline (100 MHZ, CDCl3) 


