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Abstract 

This thesis describes the exploration of 1,3-N,O-chelated early-transition metals and their 

applications in diverse catalytic reactions. While cyclopentadienyl-ligated metal complexes and 

their derivatives are highly robust and have found extensive catalytic applications in industry, their 

robustness limits their ability to act cooperatively with the metal centre to promote new and 

challenging transformations. In addition, the multi-step synthetic routes required to access 

modified cyclopentadienyl derivatives hinder tuning of the steric and electronic properties as 

needed. 1,3-N,O-chelating ligands are complementary to cyclopentadienyl ligands as a result of 

their highly modular syntheses and unsymmetrical donor properties, leading to flexible 

coordination modes, hemilability, and potential for metal-ligand cooperativity. However, 1,3-N,O-

chelating ligands are comparatively underexplored despite promising recent advances in catalysis. 

Chapter 2 describes the use of zirconium ureate complexes for the catalytic hydroamination 

of 2-vinylpyridine. Stoichiometric and mechanistic studies revealed that the reaction with 2-

vinylpyridine proceeds through an aza-Michael mechanism, where the C−N bond forming step is 

reversible and can be directly observed by variable temperature 1H NMR spectroscopy. In Chapter 

3, these zirconium ureate complexes were investigated for their reactivity in 

hydroaminoalkylation. This led to the discovery of the first catalytic example of 

hydroaminoalkylation with alkyne substrates to directly access allylic amines. Stoichiometric and 

mechanistic studies suggest that the open coordination sphere of the zirconium catalyst aids in 

promoting the challenging reaction steps necessary for catalytic turnover. 

Chapter 4 investigates the coordination chemistry and reactivity of vanadium pyridonate 

complexes, which were previously unexplored. These compounds can be made easily via 

protonolysis of amido or organometallic starting materials, as is the case for other early-transition 
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metal pyridonates. Vanadium(IV) pyridonates were found to undergo reduction to vanadium(III) 

in some cases, and mechanistic studies found that the released alkylamine during protonolysis was 

acting as the reductant. These compounds also showed hemilability, potential for metal-ligand 

cooperativity, and a tendency to aggregate. Chapter 5 then discusses the application of vanadium 

pyridonate complexes in the catalytic reductive coupling of alcohols. Mechanistic studies showed 

that bimetallic intermediates were involved, providing complementary experimental evidence for 

the mechanism proposed by DFT in a reported monometallic catalyst system. 
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Lay Summary 

Chemical reactions that are promoted by metal-containing compounds have had an 

immense impact on society, with applications in various industries including pharmaceuticals, 

agriculture, plastics, electronics, and more. Modern society depends greatly on fossil fuel resources 

as they provide most of the energy and chemical building blocks needed for these important 

chemical transformations. However, due to their limited quantity and damaging effects on the 

environment, fossil fuels are not a sustainable source of energy and chemicals in the long term. 

Furthermore, many of the current methods used for making industrially relevant compounds rely 

on precious metals or generate harmful waste. Thus, this thesis describes the development of 

abundant, inexpensive metal compounds to make industrially relevant molecules efficiently, with 

a focus on the inner workings of these reactions. In addition, these abundant metals are used 

towards the conversion of biomass, a sustainable alternative to fossil fuels, into useful fuels and 

chemicals. 
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Chapter 1: Introduction 

1.1 General Introduction 

Cyclopentadienyl ligands, which are introduced below, have been used extensively in 

catalytic applications with a wide range of metals. Chemists in the fields of organometallic 

chemistry and catalysis are thus very familiar with this class of auxiliary ligands. In contrast, 1,3-

N,O-chelating monoanionic ligands are only being introduced to these communities, and their 

application in supporting catalytically active metal complexes is just beginning. As a result, the 

value of using 1,3-N,O-chelating ligands as alternatives to traditional cyclopentadienyl scaffolds 

is an active area of research. Notably, the 1,3-N,O-chelating ligand framework has shown 

particular promise in the development of electrophilic, early-transition-metal catalysts, and 

analogues of previously established cyclopentadienyl complexes have shown distinct reactivity 

trends. To date, a comparison of the properties of both ligand classes and their uses in transition 

metal catalysis is lacking. 

This thesis investigates 1,3-N,O-chelating ligands, namely ureates and pyridonates, on 

group 4 and group 5 early-transition metals for their coordination chemistry and applications in 

catalysis. The principal motivation for this work is the discovery of new and active catalysts to 

address established shortcomings in catalytic transformations. This work has launched a new 

direction in the Schafer group focusing on vanadium catalysts relevant to biomass utilization, and 

otherwise informs the inorganic and organometallic community on design principles for earth-

abundant early-transition-metal catalysts in organometallic chemistry. 

1.2 Cyclopentadienyl Ligands 

Transition-metal catalysis has greatly impacted the chemical community and society. 

Coupling reactions for C−C bond formation are ubiquitous in organic chemistry and have 
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important applications in natural product and materials synthesis as well as the fine chemical, 

pharmaceutical, and agrochemical industries.1 Key to the advancement of transition-metal 

catalysis for C−C bond formation is the judicious choice of the ligands that bind the metal, as the 

reactivity of the metal centre can be carefully tuned by varying the steric and electronic properties 

of the ligands. In considering the array of transition-metal elements and types of ligands available, 

the number of possible combinations to be explored for tuning catalyst reactivity is virtually 

unlimited. 

Cyclopentadienyl (Cp) ligands and their derivatives are some of the most ubiquitous 

classes of ligands in transition-metal catalysis (Scheme 1.1).2,3 One cannot overstate the 

importance of Cp-ligated complexes in industrial processes, for example, olefin polymerization.4,5 

Consequently, numerous reviews have been assembled on the chemistry of Cp-ligated 

complexes.2–4,6–11 Here, the following sections will introduce the structure and characteristics of 

Cp ligands and their complexes and explain the advantages of Cp complexes for catalysis more 

generally by highlighting specific examples. The limitations of Cp-based systems will also be 

considered, providing a rationale for exploring other ligand systems for transition-metal catalyzed 

reactions. The key attribute of Cp ligands that is both advantageous and disadvantageous is their 

robustness and insusceptibility to reactivity once installed on a metal centre. This will be 

elaborated in the following sections. 

 

Scheme 1.1 Cyclopentadienyl as a ligand 
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1.2.1 Metal-Cp Bonding 

The 6π-aromatic nature of the Cp anion gives rise to its stability, but the bonding 

interactions in Cp-M complexes are responsible for their remarkable stability and versatility in 

comparison to other organometallic species.2 Specifically, the most common binding mode of Cp 

to a metal is η5, where the Cp fragment occupies three facially oriented coordination sites at the 

metal centre (Figure 1.1). In this way, the η5-Cp ligand is a formally L2X-type ligand (two neutral, 

L-type olefin ligands and one anionic, X-type alkyl donor) and donates five electrons to the metal 

(using the Covalent Bond Classification method of electron counting).2,12 Alternatively, one could 

account for the charged nature of the anionic Cp ligand and consider it as a six-electron donor to 

a cationic metal centre. Despite each of the five carbons being bound to the metal centre, free 

rotation of the η5-Cp-M bond can still occur, as evidenced by a single 1H NMR signal being 

observed for the Cp ring in complexes that lack rotational symmetry.3 Orbital interactions involved 

in the bonding of η5-CpM complexes invoke the π-orbitals of Cp, which are depicted on the right 

in Figure 1.1. Three of these frontier molecular orbitals (FMOs) are filled and can donate electron 

density to the metal, with one having σ-symmetry and two having π-symmetry. There are also two 

empty FMOs of δ-symmetry that can accept electron density from the metal. In combination with 

the electrostatic attraction of the anionic Cp and the cationic metal centre,2 these multiple bonding 

interactions make η5-CpM complexes exceptionally stable. 



4 

 

 

Figure 1.1 Binding modes and bonding orbitals of Cp 

 

Scheme 1.2 Comparison of associative substitution rate in Rh indenyl/Cp complexes 

While the η5 binding mode is most common, Cp may also interact with a metal via the η3 

or η1 binding modes, shown in Figure 1.1.13 Using the same analysis of the binding characteristics, 

η3-Cp and η1-Cp can be classified as formally LX- and X-type ligands that donate three and one 

electron(s), respectively; η3-Cp and η1-Cp can similarly be considered to occupy two or one 

coordination site(s), respectively. The interconversion of the three possible binding modes has 

been termed “ring-slippage.”13 This can be particularly advantageous in catalysis as the Cp ligand 

can shift in hapticity, thus modifying the degree of electron donation and formal coordination 
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number, to accommodate changes at the metal centre and stabilize reactive intermediates. Indenyl 

(a derivative of Cp) complexes are known for their facile η5/η3 interconversion. This can result in 

increased rates of associative substitution to electronically saturated species compared to 

analogous Cp complexes (Scheme 1.2) and other modified reactivity.14 This so-called “indenyl 

effect”14–16 is a result of the weaker η5-indenyl-metal bond compared to the η5-Cp-metal bond 

combined with the stronger η3-indenyl-metal bond compared to the η3-Cp-metal bond, reducing 

the energy difference between the two binding modes compared to Cp.15 The origin of this 

difference in bond strength is related to the aromaticity of the fused benzene ring in the indenyl 

ligand and has been investigated computationally.15 As one of the π bonds is partially involved in 

the aromatic system rather than donating fully to the metal, the η5-indenyl donates less than η5-Cp 

and the resulting indenyl-metal bond is weaker. However, in electronically over-saturated 

intermediates or transition states, donation occurs to an antibonding orbital, thus the decreased 

donation of the indenyl produces a stronger bonding interaction relative to the Cp ligand. This 

phenomenon has been used to advantage in a number of catalytic processes including olefin 

polymerization,17,18 alkyne cycloaddition,19 and hydrofunctionalization reactions,20,21 to name a 

few. In the case of indenyl complexes, a shift to an η6 binding mode is also possible. In a recent 

example, Peters and co-workers demonstrated that oxidation of an indenyl Fe−H complex from 

Fe(II) to Fe(III) results in migration of the hydride ligand to the Cp fragment of the indenyl ligand, 

forming a Fe(I) arene complex (Scheme 1.3).22 Clearly, the variable binding modes of Cp and its 

derivatives can be utilized to promote a variety of transformations. 
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Scheme 1.3 Migration of a metal hydride to an indenyl ligand to give a η6-arene complex 

 

Scheme 1.4 Intramolecular C−H abstraction of a Cp* ligand to give a η5:η1 tuck-in complex 

Substituted Cp derivatives can allow access to alternative binding modes to the typical η5 

coordination. Among the commonly used substituted Cp derivates, the fully-substituted Cp ligand 

C5Me5, or Cp* (Scheme 1.4),2,23 is most broadly used.8 Sterically-demanding Cp* has greater 

electron-donating properties and forms stronger bonds to metal ions compared to Cp.23 Another 

advantage of Cp* is that it can form “tuck-in” complexes, where the Cp* binds in an η5:η1 binding 

mode as illustrated in Scheme 1.4.24 This type of compound forms via deprotonation of a methyl 

C−H on the Cp* ligand to form a dianionic Cp* derivative. The example shown, with reversible 

formation of the tuck-in complex reported by Luinstra and Teuben, highlights the potential of these 

species for the activation of small molecules such as dihydrogen.24 Similar to the indenyl case 

outlined above, Peters and co-workers have shown that hydride migration can occur to the C5 unit 

of the Cp* ligand as well (Scheme 1.5).25 The Cp*Fe(III)−H complex transfers the hydride from 

the metal centre to the Cp* ring upon coordination of carbon monoxide, producing a Fe(I) complex 
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with a neutral, η4-pentamethylcyclopentadiene ligand. This short-lived species undergoes rapid 

proton-coupled electron transfer (PCET) to produce H2 and a Cp*Fe(II) complex.25 Overall, Cp 

and its derivatives demonstrate a variety of possible binding modes, supporting various electronic 

states and coordination environments of metal centres that promote diverse reactivity. 

 

Scheme 1.5 Hydride migration to Cp* to give a neutral η4-diene ligand followed by H2 evolution 

1.2.2 Metallocene Complexes 

Metallocenes, with the formula Cp2M, were the first type of Cp-bound metal complex to 

be discovered and are arguably the most important class of Cp compounds. Indeed, the first report 

of ferrocene (Cp2Fe)26 and the ensuing elucidation of its structure are considered by many to have 

initiated the field of modern organometallic chemistry.2,27 These so-called “sandwich” compounds 

are formally six-coordinate, with a 180° angle along the Cp-M-Cp bond axis (Figure 1.2).2 

Ferrocene is particularly stable as it is an 18-electron species, which can be useful when 

considering related metallocene compounds. For example, cobaltocene (Cp2Co) is a 19-electron 

species that can be used as a stoichiometric reductant, as the loss of an electron to form the 

cobaltocenium cation makes it isoelectronic with ferrocene (Figure 1.2).28,29 The redox chemistry 

of ferrocene itself can also be utilized in catalysis. There have been many reports of using a 

ferrocene redox switch to modify catalyst reactivity, often turning-on or turning-off catalytic 

activity.30–38 In one example, the ferrocene switch allowed for a polymerization catalyst to change 

its selectivity rather than its activity; Diaconescu and co-workers reported zirconium and titanium 
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catalysts containing a non-innocent ferrocene-derived ligand for copolymerization of cyclic esters 

and epoxides (Scheme 1.6).37,38 While the parent catalyst with ferrocene [Fe(II)] in the backbone 

was selective for the polymerization of the cyclic ester monomers, oxidizing the ligand to a 

ferrocenium [Fe(III)] derivative modified the properties of the metal centre and switched the 

selectivity to polymerization of the epoxide monomers. The Fe(III) ligand could then be reduced 

back to Fe(II) to reverse the selectivity and precisely control the composition of the resulting 

copolymer. This principle has been applied in other polymerization reactions as well39 and 

demonstrates the functionality of metallocene-based ligands in catalysis. However, due to their 

robustness even in the absence of additional supporting ligands, sandwich compounds find less 

application in catalysis than other Cp-derivatives. 

It should be noted that another class of homoleptic Cp complex exists, namely tris(η5-

cyclopentadienyl) complexes or Cp3M.2 However, this type of structure is largely restricted to 

lanthanide and actinide metals and is therefore outside the scope of this introduction.40 

 

Figure 1.2 Structure of general metallocenes and ferrocene, cobaltocene, and cobaltocenium 
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Scheme 1.6 Redox switching of polymerization catalyst selectivity for different monomers 

1.2.3 Bent Metallocene Catalysts 

Bent metallocenes, where the angle of the (η5-Cp)-M-(η5-Cp) axis is less than 180°, have 

been used extensively in catalysis and most famously for olefin polymerization, one of the most 

significant industrial reactions.4,5 Specifically, group 4 complexes of this type and zirconium 

complexes in particular are highly active for ethylene and propylene polymerization.5 Most bent 

metallocenes contain other neutral or anionic ligands to help stabilize the metal centre.2 

Zirconocene dichloride (Figure 1.3) is an example of this and is the base structure from which 

improved homogeneous group 4 olefin polymerization precatalysts were developed.5 

Ansa-metallocenes contain a linker group connecting the two Cp ligands. This tethering 

strategy increases the stability of the Cp-M interactions due to the chelate effect and prevents free 

rotation of the Cp ring.2 In addition to increased catalyst stability, this has important implications 

in the synthesis of stereoregular polymers. To clarify, the relative configuration of consecutive 

stereocentres along a polymer chain is its tacticity, which has consequences on the physical 
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properties of the polymer.41 While atactic polymers have no order to these stereocentres, isotactic 

and syndiotactic polymers contain repeating stereocentres of the same configuration and with 

alternating opposite configurations along the polymer chain, respectively.41 In this context, the C2-

symmetric ethylenebis(indenyl) (EBI) precatalyst shown in Figure 1.3 produces isotactic 

polypropylene42,43 while the Cs-symmetric precatalyst containing a fluorenyl (Flu) ligand produces 

syndiotactic polypropylene.44 This change in stereoselectivity is a result of the steric bulk of the 

Cp-based ligand influencing which face of the propylene monomer coordinates to the Zr centre 

during propagation.5 Thus, for these polymerization reactions, the role of the Cp ligand is ancillary. 

 

Figure 1.3 Some zirconium bent metallocene olefin polymerization precatalysts 

Bent metallocene complexes are not limited to applications in olefin polymerization. For 

example, Buchwald and co-workers reported a chiral ansa-titanocene catalyst, supported by the 

ligand ethylenebis(tetrahydroindenyl) (EBTHI), for the enantioselective hydrogenation of 

sterically hindered alkenes,45 imines,46 and enamines47 (Scheme 1.7). The catalyst was generated 

in situ and stabilized by excess phenylsilane, though dihydrogen was used as the reductant. Once 

again, the symmetry of the ansa-metallocene influences the stereochemistry of the product but 

does not directly participate in any steps of the catalytic cycle. This catalyst system could achieve 

enantioselectivities and yields up to >99% and 98%, respectively, depending on the type of 

substrate used. Overall, bent metallocenes, and especially those based on group 4 transition metals, 

have been used as highly active and selective catalysts for a wide range of transformations. 
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Scheme 1.7 Chiral ansa-titanocene hydride for catalytic asymmetric hydrogenation 

Bent metallocenes have also been applied to small molecule activation reactions. For 

instance, Chirik and co-workers reported a sterically encumbered zirconocene complex that could 

mediate the hydrogenation of dinitrogen to ammonia (Scheme 1.8).48 The dinitrogen-bound, 

dimeric zirconocene complex with tetramethylcyclopentadienyl ligands, prepared from the 

corresponding zirconocene dichloride under an N2 atmosphere and reducing conditions,48 reacts 

with 1 atmosphere of H2 at room temperature to produce a diazenido complex. This species 

contains two new N−H bonds and two new Zr−H bonds while still retaining the bimetallic Zr2N2 

core. From there, further reaction with H2 upon heating releases free ammonia and the 

corresponding zirconocene dihydride complex, in addition to other zirconium-containing 

products.48 Crucial to the observed reactivity is the substitution pattern of the Cp ligand, which 

influences the end-on versus side-on coordination of N2 and, consequently, its potential to be 

functionalized to ammonia.48 This further highlights the utility of substituted Cp derivatives in 

bond-breaking and -forming processes. 
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Scheme 1.8 Hydrogenation of dinitrogen to ammonia mediated by a zirconocene complex 

Another class of tethered Cp complexes that has found success in catalytic reactions is 

“constrained geometry” complexes (Figure 1.4). These species contain only one Cp ligand bound 

to the metal, but the Cp ring is substituted with another chelating ligand.2,5,49,50 The first example 

of this type of complex was reported by Bercaw and co-workers in 1990 (Figure 1.4).49 This Sc 

complex contains a Cp*-derivative with a tethered amido ligand, increasing both the Lewis acidity 

and electron deficiency of the metal centre compared to the analogous scandocene species.49 An 

example of a Cr constrained geometry complex reported by Theopold and co-workers is also 

shown.51 As there is a linker between the Cp ligand and the other donor, these can be considered 

ansa-complexes,2 but since there is only one Cp ligand they are technically not metallocenes. 

However, given their resemblance to ansa-metallocenes, one might surmise that the reactivity of 

constrained geometry complexes would be similar to that of ansa-metallocene complexes, and 

indeed this is the case; complexes such as those shown in Figure 1.4 are active for the 

polymerization of alpha-olefins.5,49–51 Once again, using a tethered ligand provides enhanced 

reactivity and stability for catalysis. As is the case for bent metallocene catalysts, the role of the 

Cp ligand in these constrained geometry catalysts is ancillary. 
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Figure 1.4 Constrained geometry catalyst structure and examples 

1.2.4 Piano-Stool Catalysts 

Although many Cp-based ligands are ancillary and do not participate in catalytic reactions, 

some Cp ligand frameworks demonstrate cooperative behaviour. Piano-stool complexes, also 

called “half-sandwich” complexes, contain just one Cp ligand and generally two to four other 

ligands.2,52,53 Some examples of these types of compounds have already been highlighted in 

Schemes 1.2, 1.3, and 1.5 (vide supra). Most often, the steric bulk of the Cp ligand shields one 

face of the metal centre and reactivity occurs on the opposite side of the metal. However, there are 

cases where the Cp ligand can act in a cooperative fashion to promote catalytic reactions as 

opposed to acting in an ancillary role. For instance, the Shvo catalyst54 (Scheme 1.9) is a Ru 

transfer hydrogenation catalyst that contains a Cp ligand with a hydroxyl substituent. This catalyst 

has also inspired a similar, more earth-abundant Fe catalyst (Scheme 1.9) for the hydrogenation of 

ketones55 and amination of alcohols through a borrowing-hydrogen reaction pathway.56,57 In both 

systems, the hydroxyl substituent is critical to the operative reaction pathway. Focusing on the Fe 

system, when the catalyst is in its oxidized form [although it is formally Fe(0)], it has an η4-

cyclopentadienone ligand (Scheme 1.9). In its reduced form [with a formally Fe(II) centre] as a 

result of H2 transfer (as either the free molecule or from an alcohol substrate) to the Fe complex, 

it has an η5-CpOH ligand. Part of the driving force for oxidation of the alcohol is the aromatization 
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and formation of the strong Fe-(η5-Cp) bond. This intermediate, like the Shvo catalyst, has both 

an acidic and a hydridic hydrogen for transfer to an unsaturated species.55 This is an example of 

metal-ligand cooperativity,58 as both metal and ligand are involved in the bond activation processes 

necessary for catalytic turnover. Additionally, the Shvo catalyst demonstrates how a Cp ligand 

framework can support bimetallic species, although monomeric Cp complexes are more common 

than their aggregated counterparts.2 

 

Scheme 1.9 The Shvo transfer hydrogenation catalyst and the mode of action of an Fe analogue 

1.2.5 Limitations of Cp-Based Catalysts 

Considering the sections above, metallocenes and other Cp-containing compounds have 

had a substantial impact in the field of catalysis and have facilitated landmark achievements in 

chemistry. However, Cp-based catalysts do have some disadvantages and there has been 

considerable attention since the later half of the 1990s, particularly in the field of early-transition-

metal-catalyzed olefin polymerization, towards the exploration of alternative ligand systems.59–65 

One disadvantage of Cp ligands is what makes them effective ligands in the first place: Cp ligands 

are sterically large in three-dimensional space and are strongly bound to the metal centre, blocking 

a large portion of the metal coordination sphere and limiting the use of large substrates.5,65 This is 
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especially true for ansa-metallocenes and constrained geometry catalysts, where the chelate effect 

limits dissociation from the metal centre during the reaction.5 This is disadvantageous for 

transformations that require varying amounts of space at the metal centre during the different steps 

of the reaction. Additionally, the use of Cp ligands limits the degree to which a unique 

stereochemical environment can be generated at the metal centre, which may be necessary for 

certain transformations or desired stereochemical outcomes.63 Expanding the level of control over 

product formation or the reactivity that is possible beyond what can be achieved with Cp-based 

systems requires expansion of the types of ligands used. 

Furthermore, the methods for the preparation of Cp ligands and their introduction onto 

metal complexes have some drawbacks. The most common method of installing Cp onto a metal 

centre is through salt metathesis (Scheme 1.10),2,5 which requires pre-metalation of 

cyclopentadiene to make the Cp anion. Often, both the reagent used for metalation and the resulting 

Cp anion are air-sensitive and/or pyrophoric (for example, nBuLi is used to make LiCp, Scheme 

1.10).5 Additionally, the subsequent salt metathesis reactions to make the desired transition metal 

Cp complexes can suffer from poor yields; NaCp can act as a reducing agent and reduce a metal 

halide MX rather than undergo metathesis to release NaX as intended,66 and the formation of “ate” 

complexes in these reactions is also a common problem.5 
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Scheme 1.10 Typical salt metathesis procedure for the synthesis of Cp ligands and complexes 

Further underscoring these challenges is the synthetic process for preparing substituted Cp 

derivatives, in which multiple metalation-salt metathesis iterations with alkyl halides or other 

halide-substituted groups are required to generate the desired proligand (Scheme 1.10).5,8 Thus, 

elaborate modification of the steric and electronic properties of Cp ligands can be synthetically 

challenging. As a result, catalyst development for Cp-based systems has required substantial effort. 

Overall, while it can be relatively straightforward to install one substituent on a Cp ligand, it is 

more difficult to synthesize numerous variants of the ligand for a given purpose. 

Most importantly, although several of the examples discussed in the previous sections 

highlighted cooperative behaviour between the metal and the Cp ligand, Cp ligands most often 

play an ancillary role in catalytic reactions.5 Whether a ligand is directly involved in bond 

activation processes or significantly changes its binding mode or denticity during a reaction to 

vary the coordination number of the metal, metal-ligand cooperation can facilitate challenging new 

catalytic transformations.58 For all of the reasons outlined above, the Schafer group has a 

longstanding interest in using 1,3-N,O-chelating ligands for catalysis, as these ligands can be 

prepared easily and in a modular fashion, have contrasting electronic properties to Cp ligands, and 
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commonly exhibit hemilability and metal-ligand cooperativity. These aspects will be elaborated 

in the following sections. 

1.3 1,3-N,O-Chelating Ligands 

In contrast to Cp ligands and their derivatives, monoanionic 1,3-N,O-chelating ligands 

(Figure 1.5) are highly tunable with respect to both their steric and electronic properties.67 This 

tunability arises from the ease with which the N-substituent or central atom Z-substituent can be 

exchanged for various functional groups when assembled.68 Several classes of monoanionic 1,3-

N,O-chelating ligands are illustrated in Figure 1.5, including amidates, ureates, pyridonates, 

phosphoramidates, and sulfonamidates.68 Each of these ligand classes has distinct characteristics 

from one another, providing a variety of steric and electronic options to optimize for a desired 

application. Another contrasting feature of 1,3-N,O-chelating ligands in comparison to Cp ligands 

is that they are widespread in nature and can be found in a variety of metalloenzymes.69 While 1,3-

O,O-chelates70–74 and 1,3-N,N-chelates75–81 are similar in structure in that they form a four-

membered metallacycle when bound to a metal in bidentate fashion, the distinctive advantage of 

the 1,3-N,O-chelating framework is the unsymmetrical nature of its donor atoms, leading to 

increased potential for ligand hemilability and opportunities for ligand cooperativity.68,82,83 

Hemilability is a term used to describe the tendency of a chelating ligand to dissociate one of its 

donor atoms in order to open a coordination site at the metal centre, which can be particularly 

useful in catalytic reactions (Scheme 1.11).83,84 Thus, 1,3-N,O-chelated transition metals have 

found application as catalysts for various organic transformations.67,68,82,85,86 The following 

sections discuss the bonding and synthesis of 1,3-N,O-chelating ligands and their metal complexes 

along with examples of their catalytic applications. 
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Figure 1.5 General structure and examples of 1,3-N,O-chelating ligands 

 

Scheme 1.11 General depiction of ligand hemilability 

1.3.1 Metal-(1,3-N,O) Bonding 

In terms of Pearson hard/soft acid base (HSAB) theory,87 1,3-N,O-chelating ligands are 

comparably “harder” than Cp ligands and exhibit more ionic bonding character with transition 

metals. For this reason, 1,3-N,O-chelated complexes of early-transition metals are most common,67 

however there are many examples of such complexes with late-transition metals.68 Although 

binding modes may vary depending on the nature of the metal centre, there are several possible 

coordination modes for 1,3-N,O-chelating ligands, as illustrated in Figure 1.6 using an amidate 

ligand as an example. The κ2-N,O (LX-type) binding mode is commonly observed for early-

transition metals, while the κ1-N (X-type) binding mode is typically observed for late-transition 

metals. The κ1-O (X-type) coordination mode is also possible for monometallic systems, 

particularly when the central C- and N-substituents are sterically bulky. For systems involving 

multiple metal centres, 1,3-N,O-chelates can also bridge two metals via the μ2-N,O, μ2-O, or μ2-N 

coordination modes or some combination of the three, demonstrating the potential for 



19 

 

hemilability.83 1,3-N,O-chelating ligands provide a flexible coordination environment that can 

support various levels of coordinative (un)saturation for both monometallic and multimetallic 

complexes alike. 

 

Figure 1.6 Various coordination modes and bonding interactions of 1,3-N,O-chelating ligands 

Figure 1.6 also shows the FMOs of the 1,3-N,O-chelate that can interact with orbitals on a 

metal centre, using the κ2-N,O coordination mode of the amidate as an illustrative example. In 

addition to the σ-donating capabilities of both the N- and O-donors, the N-C-O π system can also 

act as a π-donor (via the N- and O-donors) to the metal centre. As such, 1,3-N,O-chelating ligands 

are monoanionic with orbitals suitable for σ- and π-bonding interactions, similar to Cp, although 

the nature of this bonding is fundamentally different. The bonding between the electronegative N- 

and O-donors and the metal centre is much more polar than the Cp-M bond, especially for early-
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transition-metal complexes. This polarity can be advantageous, as complexes containing polarized 

metal-ligand bonds may consequently have increased electrophilicity and be more reactive in 

catalytic applications. For example, a 1,3-N,O-chelated early-transition-metal complex may mimic 

the reactivity of a cationic metallocene catalyst while retaining the stability of a neutral species.88,89 

Furthermore, as the M-N-C-O metallacycle is planar, the steric profile of the 1,3-N,O-chelate is 

dependent on the size of the C- and N-substituents, which can be varied easily during synthesis of 

the ligand (vide infra). Overall, in comparison to Cp-based complexes, 1,3-N,O-chelating ligands 

allow for the generation of reactive metal centres with easily tuneable steric properties. 

With common hydrogen-bond (H-bond) accepting N and O atoms incorporated directly 

into the ligand, 1,3-N,O-chelated transition metal complexes also have the potential for H-bonding 

in the second coordination sphere. A rather elegant example of this was reported by Moore and 

Szymczak, synthesizing a Cu(II) fluoride complex with a tetradentate ligand incorporating three 

neutral κ1-N pyridone donors (Scheme 1.12, top).90 The pendant hydroxide groups of the pyridones 

each act as a H-bond donor to the Cu-bound fluoride anion. Remarkably, reduction of the Cu(II) 

centre is not accompanied by dissociation of the fluoride, rather the H-bonding interactions with 

the pyridone groups capture the fluoride in the secondary coordination sphere and prevent its 

dissociation from the complex. Conversely, pyridonates may also act as H-bond acceptors; 

Clarkson and Schafer reported a H-bonded W(VI) pyridonate complex that forms reversibly upon 

protonation of an imido group by an incoming pyridone proteoligand (Scheme 1.12, bottom).83 In 

this case, the κ1-O pyridonate acts as a H-bond acceptor via the uncoordinated N atom. The 

application of this H-bonding behaviour of 1,3-N,O-chelating ligands for metal-ligand 

cooperativity, specifically for element-hydrogen activation processes for catalytic reactions, will 
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be discussed further in later sections. Overall, 1,3-N,O-chelating ligands offer a variety of binding 

motifs that may be used to advantage in catalysis. 

 

Scheme 1.12 Examples of 1,3-N,O-chelates as H-bond donors and acceptors 

1.3.2 Synthesis of 1,3-N,O-Chelating Ligands and their Complexes 

One of the benefits of 1,3-N,O-chelating ligands is their simple and highly modular 

syntheses. Amide and urea proligands can be synthesized in one or two steps from commercially 

available starting materials (Scheme 1.13). Amides are usually formed through the addition of a 

primary amine to an acyl chloride in the presence of base.91 Judicious choice of the two reacting 

partners allows for customization of the steric and electronic properties of both the C- and N-

substituents. Ureas can be synthesized through a similar procedure in which a primary amine is 

first added to triphosgene or a chloroformate, followed by addition of a secondary amine.92 The 

amide or urea proligand can then either be used directly in the synthesis of the corresponding metal 

complex or deprotonated with base prior to installation on the metal centre, depending on the metal 

starting material (vide infra). In contrast to amides and ureas, pyridone proligands are assembled 
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in a modular fashion using transition-metal-catalyzed cross-coupling chemistry (Scheme 1.13). 

Bromide substituted 2-hydroxypyridine is commercially available and may undergo Suzuki-type 

cross-coupling reactions with arylboronic acids to generate aryl substituted pyridones.93 

Additionally, several alkyl substituted pyridones are commercially available.83,93 As they are not 

the focus of this thesis, the syntheses of phosphoramide and sulfonamide proligands are excluded 

here. However, it should be noted that the syntheses of these ligands are also straightforward and 

modular in nature.94,95 

 

Scheme 1.13 Synthetic strategies for the modular preparation of amides, ureas, and pyridones 

After simple preparation of the proligand, the synthesis of the corresponding 1,3-N,O-

chelated transition-metal complex is also straightforward and can be similar to the procedure for 

installing Cp proligands onto metal centres (vide supra). Specifically, salt metathesis and 

protonolysis are the most common methods for making 1,3-N,O-chelated transition-metal 
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complexes (Scheme 1.14).68,82 The salt metathesis procedure requires that the 1,3-N,O-

proteoligand (e.g., amide) be deprotonated with a base (e.g., sodium hexamethyldisilazide) prior 

to reacting with a M−X precursor, though this may be done in situ without isolating the 

deprotonated intermediate. In contrast, protonolysis allows for direct reaction of the proteoligand 

with the M−X precursor to give the desired product and release HX as a byproduct.82 Other 

methods of synthesizing 1,3-N,O-chelated transition-metal complexes include, but are not limited 

to: isocyanate insertion into an M−X bond for the synthesis of amidate (X = R) and ureate (X = 

NR2) complexes;96,97 N−H oxidative addition of the proteoligand to a reduced metal to generate 

the 1,3-N,O-chelate and a hydride ligand simultaneously;98 and nitrile insertion into an M−OH 

bond followed by tautomerization for the synthesis of amidate complexes (Scheme 1.14).99 

Altogether, 1,3-N,O-chelated transition-metal complexes can be easily prepared using a variety of 

synthetic strategies for both early- and late-transition metals. 



24 

 

 

Scheme 1.14 Various methods of preparation of 1,3-N,O-chelated transition-metal complexes 

1.3.3 1,3-N,O-Chelated Transition Metal Catalysts 

Both early- and late-transition-metal complexes of 1,3-N,O-chelating ligands have found 

extensive use in catalysis, taking advantage of the cooperative behaviour of these ligands to 

promote various transformations. In the Schafer group, a bis(amidate) titanium complex (Figure 

1.7, left) has been the focus of much investigation as a hydroamination catalyst and has been used 
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for amine and N-heterocycle synthesis.100–109 The hydroamination reaction itself will be discussed 

in detail in Chapter 2, but the method by which this catalyst operates highlights the utility of 1,3-

N,O-chelating ligands in catalysis. Recently, Hao and Schafer disclosed a computational analysis 

of the mechanism of action of the titanium catalyst by DFT in order to understand the origins of 

its exquisite regioselectivity for the anti-Markovnikov hydroamination product.110 In both the 

preceding intermediate and transition state of the turnover-limiting step, one of the amidate ligands 

adopts a κ1-O binding mode in order to open a coordination site for the incoming amine substrate 

(Figure 1.7, right). Additionally, the uncoordinated N atom forms a hydrogen bond with the N−H 

bond of the coordinated amine to stabilize the intermediate. Thus, hemilability and metal-ligand 

cooperativity of the amidate ligand are crucial to the efficiency of the catalyst, while the 

simultaneous bulky steric profile of the amidate ligands is responsible for the observed 

regioselectivity. 

 

Figure 1.7 Titanium hydroamination catalyst (left) and computed catalytic intermediate (right) 

Late-transition-metal amidate complexes can also be useful catalysts. For example, Berry 

and co-workers reported a dirhodium paddle-wheel complex constructed from two tethered 

bis(amidate) ligands for nitrene transfer catalysis (Figure 1.8).111 Not only does the 1,3-N,O-

chelating framework allow for the formation of a bimetallic species needed for catalysis via the 

μ2-N,O bridging mode, the N-donor helps stabilize the compound; the corresponding 1,3-O,O 
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ligand binds less strongly to the two Rh centres, resulting in catalyst decomposition under catalytic 

conditions.111 This further demonstrates the utility of amidates as stabilizing ligands for catalytic 

applications and the ability of 1,3-N,O-chelating ligands to support bimetallic catalysts. 

 

Figure 1.8 Dirhodium paddle-wheel amidate complex for nitrene transfer catalysis 

Tethered 1,3-N,O-chelating ligands can also influence reactivity in similar fashion to their 

ansa-metallocene and constrained geometry analogues. For instance, the Schafer group previously 

reported a chiral, tethered bis(amidate) zirconium catalyst for the enantioselective 

cyclohydroamination of primary aminoalkenes (Scheme 1.15).89 The chirality of the catalyst 

originates from the axially chiral biaryl backbone of the tethered ligand, which in turn influences 

the relative spatial orientation of the mesityl groups on the amidate moieties. The spatial 

orientation of these bulky groups ultimately imposes the metal-bound substrate into a particular 

conformer, producing enantioselectivities as high as 93% ee.89 This stereochemical influence from 

the tethered ligand is reminiscent of the ansa-metallocene catalysts that allow for control over the 

tacticity of the growing poly(propylene) chain (vide supra). Thus, this example shows how 1,3-

N,O-chelating ligands can provide stereochemical control akin to metallocene catalysts while 

enhancing the electrophilicity of the metal centre for catalytic applications. 
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Scheme 1.15 Chiral tethered bis(amidate) zirconium catalyst for enantioselective hydroamination 

Interestingly, (κ2-1,3-N,O)2M complexes without any additional supporting ligands, 

tethered or untethered, have not been reported. These species would be analogous to sandwich 

complexes (Cp2M) and would likely be very reactive due to the coordinative unsaturation and 

steric availability imparted on the metal centre. If such complexes could be accessed even 

transiently, they could potentially be highly active catalysts, in contrast to sandwich complexes 

(e.g., ferrocene) that are generally unreactive. 

Pyridonate-ligated complexes of both early- and late-transition metals have been widely 

used for catalytic applications.68,85,86 One change with the pyridonate compared to the amidate is 

the reduced steric profile as a result of its planarity while maintaining similar electronic properties 

to amidate ligands. For instance, the Schafer group reported a tantalum pyridonate catalyst for 

hydroaminoalkylation (a reaction discussed in detail in Chapter 3) capable of promoting reactivity 

with sterically-demanding internal alkenes (Scheme 1.16).112 Previous state-of-the-art catalysts 

utilizing sterically-bulky amidate and phosphoramidate ligands were unable to achieve reactivity 

with such substrates and were limited to the use of terminal alkenes in the reaction. The less 

imposing pyridonate complex mimics the electrophilicity of the previous catalysts but allows for 

the binding of sterically demanding internal alkenes. This illustrates the utility that the variable 

steric environment of 1,3-N,O-chelating ligands has in promoting challenging catalytic 
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transformations. Notably, more recent investigation of early-transition-metal ureate 

hydroaminoalkylation catalysts as alternatives to amidate and pyridonate catalysts has led to 

important advances in this area.113–116 This improved reactivity demonstrates the opportunity 

accessible with subtly changed steric and electronic parameters of 1,3-N,O-chelating ligands. 

 

Scheme 1.16 Tantalum pyridonate catalyst for the hydroaminoalkylation of internal alkenes 

 

Figure 1.9 Computed transition state for arene C−H activation with a Pd pyridonate catalyst 

Pyridonates are also well-known for their cooperative behaviour in catalysis.68 For 

example, Yu and co-workers reported a Pd pyridonate catalyst system for the C−H 

functionalization of unactivated arenes.117 Figure 1.9 illustrates the computed transition state for 

the key C−H activation step in this reaction. While one of the two pyridonate ligands is bound κ2-

N,O in order to help stabilize the Pd centre, the role of the other pyridonate is two-fold: 1) the 

hemilabile pyridonate binds via the κ1-N coordination mode, opening a coordination site and 

allowing the arene substrate to approach; and 2) the uncoordinated O atom directly participates in 
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activation of the C−H bond to ultimately produce the requisite M−C bond for subsequent cross-

coupling. The Yu group has been very active in using the cooperative behaviour of pyridonate 

ligands to advantage in catalytic C−H activation reactions.118–126 This cooperative reactivity is an 

excellent example of the general utility of pyridonate ligands in catalysis. 

Finally, 1,3-N,O-chelated complexes have been useful for catalytic reactions involving 

PCET. For example, a κ1-N amidate complex of Mn127 and a dicopper complex containing four κ1-

N ureate ligands128 were found to promote catalytic oxidation reactions via PCET. To gain insight 

into the behaviour of the amidate ligands in these reactions, McDonald and co-workers studied a 

model Ni(III) complex containing a bis(κ1-N-amidate) ligand and a supporting terpyridine ligand 

(Scheme 1.17).129 In the presence of substituted phenols, the amidate ligand acts as a proton-

acceptor through the anionic N-donor, forming a new N−H bond, producing a phenoxyl radical, 

and reducing the Ni(III) centre by one electron to Ni(II). Notably, the binding mode of the amidate 

ligand switches from κ1-N to κ1-O to accommodate the change to the more weakly-donating N−H 

group. This illustrates the advantage of the flexible binding modes of 1,3-N,O-chelating ligands in 

supporting redox processes such as PCET. This type of reactivity is also complementary to the 

Cp*-ligated Fe complex discussed above (Scheme 1.5) that produces dihydrogen through a PCET 

mechanism. 
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Scheme 1.17 Oxidation of a phenol with a Ni amidate complex via PCET 

Overall, 1,3-N,O-chelating ligands can be exploited for their tuneability, hemilability, and 

metal-ligand cooperativity in various early- and late-transition-metal-catalyzed reactions. 

Although many advances have already been made, the breadth of chemistry that has been explored 

using 1,3-N,O-chelating ligands in catalysis is limited in comparison to the amount of research that 

has been explored with Cp-based systems. Thus, further study of this class of ligands, the 

fundamental coordination chemistry of the resultant complexes, and their applications in transition 

metal catalysis is expected to lead to important discoveries and reactivity that cannot be achieved 

with more traditional ligand sets. 

1.4 Goals and Scope of this Thesis 

This thesis aims to investigate the coordination chemistry and catalytic activity of 1,3-N,O-

chelated transition-metal complexes, with the development of mechanistic insights being the focus 

of these investigations. As outlined above, the properties of these ligands are well-suited for 

catalytic applications and there is much room for further exploration of their chemistry with 

transition metals. Here, the focus is on early-transition metals as a sustainable and complementary 

alternative to late-transition metals due to their natural abundance, low cost, and different reaction 
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mechanisms. Specifically, ureate and pyridonate ligands are investigated in this work as they have 

been less-studied than amidate complexes of early-transition metals. It is hypothesized that by 

investigating non-conventional 1,3-N,O-chelated early-transition-metal complexes for their 

structure and reactivity, improved catalysts for existing transformations or catalysts for new 

transformations will be discovered. Additionally, mechanistic insights gained from these studies 

can support development of improved catalysts. Recurring themes in this thesis include the 

coordinative flexibility and hemilability of 1,3-N,O-chelating ligands and the metal-ligand 

cooperativity of 1,3-N,O-chelated metal complexes. The areas of investigation in each chapter are 

outlined below. 

Chapter 2 explores tethered bis(ureate) zirconium complexes for the catalytic, 

intermolecular hydroamination of alkenes. The discovery of a system in which reversible C−N 

bond formation can be directly observed and its context in intermolecular hydroamination is the 

primary focus of this chapter. 

Chapter 3 discusses the same tethered bis(ureate) zirconium complexes for the catalytic, 

intermolecular hydroaminoalkylation of alkynes. In addition to expanding the substrate scope of 

this reaction to include alkynes, model catalytic intermediates are isolated to provide insight into 

the reaction mechanism. 

Chapter 4 investigates vanadium pyridonate complexes, which are very rare in the 

literature, to gain insight into their fundamental coordination chemistry. Specifically, their 

synthetic routes, structural features, hemilability, metal-ligand cooperativity, and tendency to 

undergo one-electron redox processes are highlighted. 

Chapter 5 demonstrates the applicability of vanadium pyridonate complexes as catalysts 

for the reductive coupling of alcohols, a reaction relevant to biomass conversion. Isolation of 
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catalytic intermediates provides experimental evidence for the proposed mechanism that was 

previously informed solely by computational studies. 

Finally, Chapter 6 summarizes the conclusions of the work completed and proposes future 

directions for these projects and more broadly, the fields of research discussed. Preliminary results 

are included that serve as starting points for future researchers in the Schafer group. 
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Chapter 2: Zirconium Ureates for Catalytic C−N Bond Formation 

2.1 Introduction 

Hydroamination, the 100% atom-economic addition of an N−H bond across a C−C 

unsaturation, is an efficient, catalytic method of synthesizing amines (Scheme 2.1).130 While this 

transformation has been extensively investigated,130–137 the intermolecular variant with alkenes 

remains a challenge in catalysis.138 This is primarily due to the reaction’s nearly ergoneutral 

nature139 and high kinetic barrier.130 Nevertheless, numerous strategies have been developed to 

circumvent the lack of driving force in intermolecular alkene hydroamination. One powerful 

strategy is to activate the amine using photocatalysis to provide a substantial thermodynamic 

driving force for addition to alkenes.140 Other methods include using directing groups to overcome 

kinetic barriers and unfavourable reaction entropies141,142 or employing activated amine derivatives 

in formal hydroamination reactions.134,143–150 Experimental insights into C−N bond formation in 

direct hydroamination inform the synthetic community in devising new catalysts for this 

transformation. 

 

Scheme 2.1 General hydroamination reaction with an alkene substrate 

Direct evidence for insertion of an alkene into an M−N bond is rare,151–159 making it 

difficult to study the bond forming processes relevant to alkene hydroamination in detail. 

Previously, the Schafer group reported bis(ureate) zirconium precatalysts 2.1 and 2.2 for the 

intermolecular hydroamination of alkynes and intramolecular hydroamination of alkenes with 

primary and secondary amines (Figure 2.1).160,161 Insertion of an alkyne into the Zr−N bond of 2.1 
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was observed, providing direct evidence for a σ-insertive mechanism for alkyne substrates.162 

Contrarily, kinetic and DFT investigations have shown 2.1 to catalyze intramolecular 

hydroamination of alkenes via a proton-assisted mechanism.160,163 It should be noted that 

precatalysts 2.1 and 2.2 generate the same catalytically active bis(amido) species upon reaction 

with amine substrate. The solid-state molecular structure obtained for complex 2.2 (Figure 2.2) 

highlights the planarity of the tethered 1,3-N,O-chelating ligand, allowing ample space around the 

rest of the metal centre for reactivity to occur. 

 

Figure 2.1 Schafer group precatalysts for the hydroamination of aminoalkenes and alkynes 

 

Figure 2.2 ORTEP representation of complex 2.2 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths: Zr1−C1, 2.3073(16) Å; Zr1−C8, 

2.3017(16) Å; C1−C2, 1.482(2) Å; C9−C8, 1.484(2) Å. Selected bond angles: C2−C1−Zr1, 
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95.27(9)°; C9−C8−Zr1, 118.62(10)°; C8−Zr1−C1, 118.44(6)°. Selected atom distances: Zr1−C2, 

2.8545(14) Å 

Considering the mechanistic diversity of precatalysts 2.1 and 2.2 and precedent for 

observing efficient catalytic C−N bond formation using either primary or secondary amines with 

both alkynes and aminoalkenes, we aimed to gain insight into C−N bond forming processes toward 

intermolecular alkene hydroamination. Herein we report the first example of stoichiometric and 

catalytic anti-Markovnikov intermolecular hydroamination using a group 4 catalyst. Mechanistic 

investigations revealed an aza-Michael type reaction and reversible C−N bond formation has been 

directly observed in an isolated catalytic intermediate. 

2.2 Catalytic Activity of 2.1 for 2-Vinylpyridine Hydroamination 

Previously, Schulz and coworkers disclosed the anti-Markovnikov hydroamination of 

styrenes with secondary amines using an yttrium binaphthylamido catalyst generated in situ from 

an organometallic precatalyst (Scheme 2.2).164 Therein, 2-vinylpyridine was found to be a very 

active substrate, achieving full conversion at room temperature in 5 minutes in the reaction with 

pyrrolidine. This high activity was attributed to coordination of the pyridyl nitrogen.164 With 

zirconium system 2.1, it is proposed that the highly ionic nature of the ureate ligand generates a 

very electropositive metal centre, thereby promoting increased reactivity akin to that of rare-earth 

metals.91,161,165–167 It was thus hypothesized that 2.1 and 2.2 would also promote intermolecular 

hydroamination of the reactive 2-vinylpyridine substrate. 
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Scheme 2.2 anti-Markovnikov hydroamination of 2-vinylpyridine using an yttrium catalyst 

 

Scheme 2.3 Catalytic anti-Markovnikov hydroamination of 2-vinylpyridine using catalyst 2.2 

First, the catalytic activity of the tethered bis(ureate) zirconium complex was established 

(Scheme 2.3). Pyrrolidine was chosen as the amine substrate.164 Dibenzyl precatalyst 2.2 was used 

to avoid the potential formation of hydroamination products resulting from both dimethylamine 

and pyrrolidine, which could occur with the use of 2.1. Gratifyingly, the reaction between 2-

vinylpyridine and pyrrolidine with 5 mol% 2.2 proceeds to completion at room temperature within 

6 h (Scheme 2.3). This reaction can be monitored by 1H NMR spectroscopy (Figure D.5, see 

Appendix D), in which the olefinic resonances disappear and two new multiplets at 2.97 and 2.84 

ppm, corresponding to the new methylene protons of the product, are observed. Having shown 

zirconium to be proficient in catalyzing this transformation, stoichiometric experiments were 

conducted to gain mechanistic information. 
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2.3 Stoichiometric Studies 

Numerous mechanisms have been proposed for alkene hydroamination by metal-based 

catalysts and they vary greatly depending on the nature of the metal.130 For example, σ-

insertive168,169 or proton-assisted160,170 pathways are often proposed for early transition, rare-earth, 

alkaline earth, and alkali metal catalysts (Figure 2.3). DFT studies support the σ-insertive 

mechanism in several systems, invoking reversible C−N bond formation for the insertion step.171–

176 Despite these predictions, evidence for reversible C−N bond formation has scarcely been 

reported152,177–182 and reversible C−N bond formation has not been observed directly. With 2-

vinylpyridine as the alkene substrate, an aza-Michael-addition mechanism is another viable 

pathway (Scheme 2.4). Indeed, the addition of amines to 2-vinylpyridine via an aza-Michael-

addition has been achieved by various Lewis acid catalysts.183–185 Given the number of pathways 

possible for this transformation, we sought to gain mechanistic insight into this group 4 catalyzed 

hydroamination reaction. 

 

Figure 2.3 Example σ-insertive and proton-assisted mechanisms for alkene hydroamination 
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Scheme 2.4 Plausible mechanism for aza-Michael-addition of amines to 2-vinylpyridine 

Expecting the stoichiometric reaction of 2.1 and 2-vinylpyridine to cleanly afford the 

dimethylamine-containing hydroamination product, 2.1 was dissolved in toluene-d8 and 2-

vinylpyridine was added to the solution, causing a colour change from colourless to orange not 

observed in the catalytic reaction (Scheme 2.5). The 1H NMR spectrum showed diagnostic 

methylene signals at 2.90 and 2.65 ppm for the expected product (Figure D.6). However, a 

multitude of other new ligand-based resonances were present, consistent with new metal-

containing species being formed in solution. 

 

Scheme 2.5 Stoichiometric reaction of 2.1 with 2-vinylpyridine 
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Scheme 2.6 Reaction of dimer 2.3 with 2-vinylpyridine to give aza-Michael complex 2.4 

To prevent catalytic turnover, the previously reported dimeric complex 2.3, which does not 

contain neutral dimethylamine, was synthesized (Scheme 2.6).160 Addition of 2-vinylpyridine to a 

toluene solution of 2.3 resulted in a colour change to orange once again. Cooling for several days 

afforded orange crystals of complex 2.4 suitable for X-ray diffraction. The solid-state molecular 

structure of 2.4 (Figure 2.4) shows a seven-coordinate complex with Cs symmetry and distorted 

pentagonal bipyramidal geometry. This structure results from nucleophilic attack of the equatorial 

amido ligand on coordinated 2-vinylpyridine to realize C−N bond formation in an aza-Michael-

addition reaction (Scheme 2.4). While a proton-assisted mechanism cannot be excluded under 

catalytic conditions, it also cannot be the only mechanistic route as we show that C−N bond 

formation occurs in the absence of a proton trigger. 
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Figure 2.4 ORTEP representation of complex 2.4 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths: C1−C2, 1.370(2) Å; C2−C3, 1.431(3) 

Å; C3−C4, 1.360(3) Å; C4−C5, 1.461(2) Å; C5−C6, 1.368(2) Å; C6−C7, 1.497(2) Å; Zr1−N1, 

2.3558(12) Å; Zr1−N2, 2.4401(12) Å; N2−C7, 1.513(2) Å; N1−C5, 1.413(2) Å; N1−C1, 

1.3691(19) Å; Zr1−N3, 2.0962(12) Å. Selected bond angle: N1−Zr1−N3, 169.62(5)° 

Notably, the pyridine ring has been dearomatized and a six-membered zirconacycle has 

formed. The alternating C1−C2, C2−C3, C3−C4, and C4−C5 bond lengths (1.370(2), 1.431(3), 

1.360(3), and 1.461(2) Å, respectively) show limited delocalization within the ring. These 

alternating short and long bond lengths are consistent with a study by Rosenthal and co-workers, 

in which a five-membered zirconacycle involving a dearomatized pyridine ring was synthesized 

from 2-vinylpyridine and Cp2Zr(THF)(η2-Me3SiC2SiMe3).
186 Additionally, the depiction of 

C5−C6 as a double bond and C6−C7 as a single bond is further supported by bond metrics 

(1.368(2) and 1.497(2) Å, respectively).187 Considering that the Zr1−N1 bond length in 2.4 

(2.3558(12) Å) is much shorter than that of the corresponding bis(dimethylamido) pyridine 

complex (2.508(3) Å)160 supports its assignment as an amido ligand. Furthermore, the Zr1−N2 

bond distance is consistent with that of a neutral amine donor (2.4401(12) Å). While there are 

many examples of metal complexes with a dearomatized pyridine ligand,188–192 they are most often 
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generated via pre-coordination of the neutral pyridine followed by deprotonation with a strong 

base. In this case, C−N bond formation triggers the dearomatization of the pyridine ring. 

2.4 Direct Observation of Reversible C−N Bond Formation 

Solution phase characterization of isolated 2.4 by NMR spectroscopy revealed a complex 

chemical environment. Firstly, the tethered ureate ligand has reduced symmetry; the geminal 

methyl groups produce two separate resonances in the 1H NMR spectrum (1.22, 0.90 ppm), as do 

the methylene protons (3.44, 3.25 ppm) and isopropyl methyl protons (1.25, 1.17 ppm). This is 

consistent with reduced flexibility in the ureate ligand.162 The 13C{1H} NMR resonance for the 

carbonyl carbon (167.3 ppm) is also shifted slightly upfield relative to that of bis(amido) complex 

2.3 (170.8 ppm). For the N,N-chelate resulting from C−N bond formation and dearomatization of 

the pyridyl ring, the resonances in the 1H NMR spectrum appear upfield compared to 2-

vinylpyridine; for example, the C−H proton next to the pyridyl nitrogen appears at 8.48 ppm in 2-

vinylpyridine and 7.06 ppm in 2.4. Additionally, an upfield-shift of the methyl protons in the N,N-

chelate (2.61 ppm) relative to the amido protons in 2.3 (3.39 ppm) is consistent with conversion 

of the equatorial amido ligand in 2.3 to a more weakly donating amino ligand in 2.4. 

Interestingly, signals for 2-vinylpyridine and unreacted 2.3 are also observed in the 1H 

NMR spectrum of dissolved crystalline 2.4. Hypothesizing that these species were in equilibrium, 

variable-temperature NMR spectroscopy was used to probe the solution phase dynamics (Scheme 

2.7, Figure 2.5). The doublet-of-doublet signals due to the olefin protons of 2-vinylpyridine at 6.33 

ppm and 5.27 ppm (Ha and Hb, respectively) decrease in intensity as temperature is lowered, until 

they disappear at −30 °C. Concomitant with this phenomenon is the increase in intensity of the 

signals at 6.12 ppm and 5.10 ppm, which correspond to Hd, He and Hc of 2.4, respectively. At −9 

°C, the doublet-of-doublet signal originating at 6.12 ppm begins to split into multiple signals as 
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Hd and He become distinguishable; these signals are similarly resolved in the room temperature 

spectrum in C6D6. Both the isopropyl methine and methyl signals for 2.3 also decrease in intensity 

at lower temperature. Thus, complex 2.4 forms preferentially at low temperature while 2-

vinylpyridine and 2.3 are favoured at higher temperature. Altogether, reversible C−N bond 

formation is observed directly in this variable-temperature experiment. 

 

Scheme 2.7 Equilibrium of dimer 2.3 and 2-vinylpyridine with complex 2.4 in solution 

 

Figure 2.5 Variable-temperature 1H NMR spectra of 2.4, focusing on the olefinic region (400 MHz 

in toluene-d8) 
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2.5 Comparison of 2.4 to Bulkier Analogues 

To observe this phenomenon using other amido precursors, analogous experiments were 

conducted using pyrrolidine. The stoichiometric reaction of 2-vinylpyridine with seven-coordinate 

complex 2.5 afforded the hydroamination product; the corresponding bis(amido) dimer 2.6 is also 

clearly observed as the only byproduct (Scheme 2.8). This contrasts with the analogous reaction 

with 2.1 (vide supra), in which incomplete product formation and multiple metal-containing 

species are observed. Next, 2.6 was synthesized independently (Scheme 2.9, Figure 2.6) and 

reacted with 2-vinylpyridine, affording aza-Michael intermediate 2.7 (Scheme 2.10). The solid-

state molecular structure is analogous to that of 2.4, with only minor differences in the bond lengths 

and angles (Figure 2.7). 

 

Scheme 2.8 Stoichiometric reaction of 2.5 with 2-vinylpyridine 
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Scheme 2.9 Synthesis of bis(pyrrolidido) dimer 2.6 

 

Figure 2.6 ORTEP representation of complex 2.6 with ellipsoids shown at 50% probability and 

hydrogen atoms and co-crystallized toluene omitted for clarity. Selected bond lengths: Zr1−N2, 

2.1182(18) Å; Zr1−N1, 2.3398(17) Å; Zr1−N1*, 2.3644(18) Å. Selected bond angles: 

Zr1−N1−Zr1*, 104.05(6)°; N1*−Zr1−N2, 168.55(6)°; N1−Zr1−N2, 92.73(6)°. Selected sum of 

angles: N1, 321°; N2, 359° 
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Scheme 2.10 Reaction of dimer 2.6 with 2-vinylpyridine to give aza-Michael complex 2.7 

 

Figure 2.7 ORTEP representation of complex 2.7 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths: C1−C2, 1.363(2) Å; C2−C3, 1.430(2) 

Å; C3−C4, 1.360(2) Å; C4−C5, 1.460(2) Å; C5−C6, 1.369(2) Å; C6−C7, 1.494(2) Å; Zr1−N1, 

2.3703(13) Å; Zr1−N2, 2.4250(12) Å; N2−C7, 1.5218(19) Å; N1−C5, 1.4149(19) Å; Zr1−N3, 

2.0916(12) Å; N1−C1, 1.3757(19) Å; Selected bond angle: N1−Zr1−N3, 173.82(5)° 

Surprisingly, the solution phase behaviour of 2.7 is strikingly different from that of 2.4. 

When 2.7 is dissolved in solution, insoluble material suspected to be poly(vinylpyridine) 

immediately begins precipitating out. Electrophilic metal complexes are known to polymerize 2-
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vinylpyridine under similar conditions.164,193–197 From the 1H NMR spectrum, 2.7 decomposes 

readily to give 2.6 and various unidentified species. Forming 2.7 in situ gives resonances analogous 

to those of 2.4 and the same unidentified impurities. Characterization of in situ-generated 2.7 by 

variable-temperature NMR spectroscopy reveals the same reversible C−N bond formation 

observed in 2.4 (Scheme 2.11, Figure 2.8). Thus, as free 2-vinylpyridine forms from C−N bond 

cleavage in 2.7, it may irreversibly polymerize. This process is much slower when 2.7 is formed 

in situ, likely due to the dilute conditions. Thermal parameters for these equilibria, determined 

using van’t Hoff plots (Figures A.1 and A.2), change slightly between complexes (ΔH° = −113 ± 

5 kJ/mol, ΔS° = −380 ± 20 J/mol•K for 2.4; ΔH° = −127 ± 7 kJ/mol, ΔS° = −460 ± 30 J/mol•K for 

2.7). The thermodynamics of reversible C−N bond formation in this system is subtly affected when 

switching from dimethylamido to pyrrolidido as the nucleophile. The free energies can also be 

calculated at 298 K and converted to kcal/mol (ΔG° = −0.36 ± 0.03 kcal/mol for 2.4; ΔG° = 2.5 ± 

0.3 kcal/mol for 2.7) to compare to the computed free energy for a reversible C−N bond forming 

step in Mg-catalyzed hydroamination (ΔG° = 9.2 kcal/mol).171 These free energies show that C−N 

bond formation in 2.4 is slightly exergonic at 298 K, while that in 2.7 is slightly endergonic. 

However, both reactions are more favourable than C−N bond formation in the Mg-catalyzed 

reaction, likely due to the aza-Michael mechanism forming a new Zr-amido bond with the pyridyl 

nitrogen versus the Mg system which operates via a σ-insertive mechanism involving no such 

favourable interaction. 
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Scheme 2.11 Equilibrium of dimer 2.6 and 2-vinylpyridine with complex 2.7 in solution 

 

Figure 2.8 Variable-temperature 1H NMR spectra of 2.7, focusing on the olefinic region (400 MHz 

in toluene-d8) 
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Scheme 2.12 Synthesis of bis(piperidido) complex 2.8 from dibenzyl complex 2.2 

 

Figure 2.9 ORTEP representation of complex 2.8 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths: Zr1−N2, 2.0775(15) Å; Zr1−N1, 

2.0676(14) Å. Selected bond angles: N1−Zr1−N2, 117.67(6)°; C1−N1−Zr1, 126.04(10)°; 

C5−N1−Zr1, 122.74(11)°; C1−N1−C5, 111.22(13)°. Selected sum of angles: N1, 360° 

Without a clear electronic rationale for the disparity in solution phase behavior between 

2.4 and 2.7, the propensity for solutions of 2.7 to undergo C−N bond cleavage and further react to 

form what is likely poly(vinylpyridine) over time was hypothesized to be due to the different steric 

effects imposed by the dimethylamido versus pyrrolidido ligands. To test this hypothesis, the even 

larger bis(piperidido) complex 2.8 was synthesized (Scheme 2.12). Similar to the other bis(amido) 
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complexes, this compound is easily prepared via protonolysis by adding 2 equiv. of piperidine to 

dibenzyl complex 2.2. Interestingly, 2.8, unlike 2.3 and 2.6, is monomeric in both solution and 

solid state (Figure 2.9). Reacting 2.8 with 2-vinylpyridine results in no coordination or C−N bond 

formation, as observed by 1H NMR spectroscopy (Figure D.8). Furthermore, after a few days at 

room temperature, all the 2-vinylpyridine polymerizes. These results demonstrate extreme 

sensitivity to steric effects in C−N bond formation with this system. In contrast, the catalytic 

reaction with piperidine proceeds smoothly (Scheme 2.13), giving full conversion to the anti-

Markovnikov hydroamination product under the same conditions as the reaction with pyrrolidine 

(Scheme 2.3). This may suggest that an alternative mechanism is operative under catalytic 

conditions. For instance, the C−N bond forming step may also occur outside the coordination 

sphere of the catalyst. Nevertheless, specific steric requirements must be met for reversible C−N 

bond formation to be directly observable in this system. 

 

Scheme 2.13 Catalytic hydroamination of 2-vinylpyridine with pyrrolidine using catalyst 2.2 

2.6 Attempts with Other Alkene Substrates 

As this hydroamination reaction with 2-vinylpyridine proceeds through an aza-Michael-

addition/Lewis acid-catalyzed mechanism, we considered whether related electron-deficient 

alkenes would demonstrate similar reactivity. Like 2-vinylpyridine, 4-vinylpyridine is known to 

undergo hydroamination via a Lewis acid-catalyzed mechanism.183–185 Thus, it was hypothesized 

that this system would catalyze the anti-Markovnikov hydroamination of 4-vinylpyridine as well. 

Indeed, the reaction between 4-vinylpyridine and pyrrolidine with 5 mol% 2.2 proceeds to 
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completion at room temperature (Scheme 2.14), as is the case with 2-vinylpyridine (vide supra). 

This result suggests that the mechanism for the reaction with 4-vinylpyridine is similar to the 

mechanism of hydroamination of 2-vinylpyridine using catalyst 2.2. Accordingly, we turned our 

attention to analogous stoichiometric studies with 4-vinylpyridine to those carried out with 2-

vinylpyridine. 

 

Scheme 2.14 Catalytic anti-Markovnikov hydroamination of 4-vinylpyridine using catalyst 2.2 

 

Scheme 2.15 Theoretical aza-Michael-addition intermediates with 4-vinylpyridine 

Theoretically, an aza-Michael-addition intermediate with 4-vinylpyridine could result in a 

new Zr−C bond or a new Zr−N bond upon dearomatization, with the former producing a chelating 

ligand analogous to 2.4 or 2.7 (Scheme 2.15). Addition of excess 4-vinylpyridine to a concentrated 
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toluene solution of 2.3 or 2.6 resulted in an immediate colour change to dark orange-red, though 

all attempts to isolate crystals or even crude solid were futile. In both cases, the corresponding 

bis(amido) complex crystallized without 4-vinylpyridine present and only crude oils were achieved 

upon removal of volatiles. As such, though the catalytic reaction with 4-vinylpyridine proceeds 

smoothly, the absence of well-defined intermediates for the stoichiometric hydroamination of 4-

vinylpyridine precluded any investigation into the reversibility of the C−N bond-forming step with 

this substrate. 

 

Scheme 2.16 Coordination of 4-vinylpyridine to dibenzyl complex 2.2 

Similarly, efforts to evaluate the difference in nucleophilicity towards 2-vinylpyridine 

between the alkyl ligands of 2.2 and the amido ligands of 2.3 or 2.6 were ineffective. All attempts 

at forming a 2-vinylpyridine adduct of 2.2 were unsuccessful, giving only crystallized 2.2 or a 

crude yellow oil. Addition of excess 2-vinylpyridine to 2.2 in C6D6 resulted in no noticeable colour 

change and no apparent coordination of 2-vinylpyridine by 1H NMR spectroscopy, which contrasts 

the immediate change to bright orange when pyridine is added.198 The inability of 2-vinylpyridine 

to coordinate to the metal centre may be due to steric clashing of the ortho-vinyl group and the 

isopropyl groups of the ureate ligand. Consistent with this hypothesis, addition of excess 4-

vinylpyridine to a concentrated solution of 2.2 instead caused an immediate colour change to dark 
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red, with red crystals of adduct 2.9 precipitating out of solution within one minute (Scheme 2.16). 

These crystals were suitable for X-ray diffraction studies, and the solid-state molecular structure 

is shown in Figure 2.10. The structure of 2.9 is analogous to that of the corresponding pyridine 

complex,198 with only slight differences in the bond and angle metrics between the two structures. 

As expected, given the distance between the anionic carbons of the benzyl ligands and the 

electrophilic para-vinyl moiety, no C−C bond formation was observed for this adduct. 

 

Figure 2.10 ORTEP representation of complex 2.9 with ellipsoids shown at 50% probability and 

hydrogen atoms and co-crystallized toluene omitted for clarity. Selected bond lengths: Zr1‒C1, 

2.364(3) Å; Zr1‒C15, 2.388(3) Å; Zr1‒N1, 2.399(2) Å; C10‒C13, 1.485(5) Å; C13‒C14, 1.295(5) 

Å 

 In addition to 4-vinylpyridine, other activated alkenes were also tested for the 

stoichiometric hydroamination with pyrrolidine via reaction with complex 2.5. Specifically, 

various olefins containing an electron-donating group to enhance coordination to the metal centre 

or an electron-withdrawing group to activate the alkene were attempted, but none were active for 

hydroamination with pyrrolidine (Figure 2.11). The reaction of in situ-generated 2.5 with 2-

vinylfuran and acrylonitrile resulted only in substrate polymerization, while the same reaction with 

2-bromostyrene, allyl ether, and trans-1-phenyl-1,3-butadiene showed no reactivity even at 
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elevated temperatures for days. Accordingly, future efforts may focus on modification of the 

catalyst to improve the alkene scope for this intermolecular hydroamination reaction. 

 

Figure 2.11 Unsuccessful substrates for stoichiometric hydroamination with complex 2.5 

2.7 Conclusions 

In summary, we have shown that zirconium, a group 4 metal, can mediate intermolecular 

hydroamination of 2-vinylpyridine with pyrrolidine. Stoichiometric experiments resulted in 

isolation of reactive intermediates consistent with C−N bond formation occurring by an aza-

Michael addition reaction resulting in dearomatization of the pyridine ring. Furthermore, we have 

discovered a system in which reversible C−N bond formation can be directly observed by variable-

temperature NMR spectroscopy. Consequently, thermodynamic parameters for C−N bond 

formation could be experimentally determined in two related systems. Here we show that minor 

changes in the steric profile of the substrate play an important role in the reversibility and 

degradation of these intermediates in solution. Since stoichiometric C−N bond formation was least 

favourable with bulkier amido ligands, we speculate that the additional steric bulk may impede the 

approach of the amido nucleophile to the coordinated 2-vinylpyridine or the initial coordination of 

2-vinylpyridine substrate to the metal centre. These results are consistent with challenges 

associated with developing a general catalyst for intermolecular hydroamination of simple alkenes 

and amines. As the catalytic reactivity could be extended to 4-vinylpyridine but stoichiometric 

studies concerning reversible C−N bond formation were unsuccessful with this alternative 

substrate, future directions will focus on investigation of analogous reactivity with other Michael-
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acceptors and amines towards gaining further mechanistic understanding and developing new 

catalysts. 
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Chapter 3: Zirconium Ureates for Catalytic C−H Functionalization 

3.1 Introduction 

Allylic amines (Figure 3.1) are prevalent structural motifs in natural products, 

agrochemicals, and pharmaceuticals.199,200 Accordingly, much research has been directed toward 

the development of efficient methods for their construction. Transition metal-catalyzed C−N bond 

formation represents a powerful tool for the synthesis of allylic amines and other nitrogen-

containing compounds.130,131,204–210,132,134–137,201–203 Late-transition-metal-catalyzed 

hydroamination of dienes211–213 and allenes214 enables the direct and atom-economic synthesis of 

allylic amines from simple starting materials by regioselective C−N bond formation (Scheme 3.1). 

Alkynes are also viable substrates for this transformation via isomerization of the alkyne to an 

allene in situ.215–220 Notably, this approach limits the substrate scope to the use of alkyl-substituted 

alkynes. An alternative catalytic hydroaminoalkylation strategy would feature C−C bond 

formation between a simple alkyne and the α-carbon of amine starting materials (vide infra). While 

stoichiometric variants of this transformation are well established,221–225 the catalytic variant has 

thus far been unknown, albeit with one caveat; a combined rhodium/photoredox system can 

catalyze the hydroaminoalkylation of 1‐phenyl‐1‐propyne with tertiary and secondary amines.226 

However, as this reaction proceeds through formation of π-allyl intermediates, homoallylic amines 

are formed rather than allylic amines (Figure 3.1, Scheme 3.1). 

 

Figure 3.1 General structure of allylic and homoallylic amines with ɑ, β, and γ positions labelled 
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Scheme 3.1 Hydroamination of dienes, allenes, and alkynes to give allylic amines and 

hydroaminoalkylation of alkynes to give homoallylic amines 

 

Scheme 3.2 General hydroaminoalkylation reaction with an alkene substrate 

Hydroaminoalkylation, in which the α-C−H bond of an amine is added across an alkene 

(Scheme 3.2), can be catalyzed by late-transition-metals,227–229 early-transition-

metals,82,85,86,116,230–232 and photocatalysts.233–237 Early transition metals are often overlooked but 
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are attractive due to their abundance and low cost. While catalytic hydroaminoalkylation of 

alkynes was previously unknown, the stoichiometric reaction was pioneered by Buchwald and co-

workers and further developed by Norton and others (Scheme 3.3).221–225 Insertion of  a variety of 

alkyl and aryl substituted alkynes into the Zr−C bond of zirconaaziridines (A) resulted in the 

formation of an observable five-membered metallacycle (B). Aqueous workup of the insertion 

product afforded the α,β,-allylic amine product C, along with stoichiometric amounts of 

zirconium oxide byproducts. To the best of our knowledge, this was previously the only method 

to synthesize ɑ,β,γ-allylic anilines where each substituent is an aryl group. Notably, these 

stoichiometric studies showed that the insertion of alkynes into group 4 metallaaziridines could be 

achieved at room temperature,221,222,224,238,239 but catalytic turnover could not be realized under any 

conditions. 

 

Scheme 3.3 Previous stoichiometric hydroaminoalkylation of alkynes using zirconium 

Although our group and others have realized advances in alkene hydroaminoalkylation 

catalysis with N,E-chelated early-transition-metal complexes,114,115,240 none of these systems show 

reactivity with alkyne substrates (vide infra). To address this challenge, we considered mechanistic 

insights gained from studies on alkene hydroaminoalkylation catalysts developed by the Schafer 

group,241–245 in which DFT calculations revealed a turnover-limiting protonolysis of the five-
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membered metallacyclic intermediate analogous to B (Scheme 3.4). This high energy transition 

state demands amine coordination to a coordinatively saturated metal centre.245 We hypothesized 

that using a catalyst in which amine coordination would not exceed the preferred coordination 

number would lower the barrier for protonolysis and allow catalytic turnover for reactions with 

challenging alkyne substrates. 

 

Scheme 3.4 Mechanism of alkene hydroaminoalkylation by a tantalum amidate catalyst based on 

computational studies 
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Scheme 3.5 Zirconium-catalyzed hydroaminoalkylation of alkenes with silyl amines 

 

Scheme 3.6 Proposed mechanism of alkyne hydroaminoalkylation by a tethered bis(ureate) 

zirconium catalyst 
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More recently, the Schafer group reported the hydroaminoalkylation of alkenes with 

sterically demanding N-(trimethylsilyl)amines using Zr(NMe2)4 as a catalyst (Scheme 3.5).114 In 

hydroamination catalysis, the Schafer group showed that zirconium complexes bearing a tethered 

bis(ureate) ligand readily form seven-coordinate complexes (see Chapter 2), which could be used 

to advantage in the coordination of neutral amines for the desired associative catalytic turnover 

step.160–163,246,247 We therefore envisioned that in the proposed catalytic cycle for alkyne 

hydroaminoalkylation (Scheme 3.6), the tethered bis(ureate) zirconium complexes discussed in 

Chapter 2 would make ideal catalysts for this challenging transformation. Here we show that 

complex 2.1 (Figure 2.1), generated in situ, catalyzes the hydroaminoalkylation of alkynes to make 

allylic amines (Scheme 3.7), likely in part by enabling the amine coordination for the protonolysis 

step. These mechanistic insights are supported by characterization and reactivity studies of model 

catalytic intermediates, and preliminary substrate scope investigations are presented. 

 

Scheme 3.7 General zirconium-catalyzed alkyne hydroaminoalkylation reaction discussed herein 

3.2 Evaluation of Alkene Hydroaminoalkylation Catalysts 

Prior to our investigations with the tethered bis(ureate)-ligated zirconium catalysts, we first 

sought confirmation that current hydroaminoalkylation catalysts were not effective for catalyzing 

the hydroaminoalkylation of alkynes. This work was performed collaboratively with Mr. Erick 

Nuñez Bahena. Specifically, three state-of-the-art catalysts for alkene hydroaminoalkylation 

(Figure 3.2)114,115,240,248 were tested for the hydroaminoalkylation of N-benzylaniline with 
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diphenylacetylene to form allylic amine product 3.1 (Table 3.1). N-benzylaniline was chosen as 

the amine substrate for these test reactions as it was successfully applied to the catalytic 

hydroaminoalkylation of allenes as recently reported by Doye and co-workers.249 Firstly, 11 mol% 

Zr(NMe2)4 was attempted as a catalyst, giving only 15% conversion to amine 3.1 after 24 h at 145 

°C in C6D6. Though the conversion to product was poor, this result was promising in that Zr could 

catalyze the hydroaminoalkylation of an alkyne to some extent. This reaction also serves as a 

control for generating tethered bis(ureate) catalyst 2.1 in situ (vide infra), showing that poor 

conversion is achieved in the absence of the 1,3-N,O-chelating ligand. In contrast, the in situ 

tantalum ureate system comprised of 10 mol% ureate D and Ta(CH2SiMe3)3Cl2 (Figure 3.2), 

reported by the Schafer group as a highly active hydroaminoalkylation catalyst for unactivated 

alkenes,115 gave no conversion at all under the same conditions. Notably, the titanium 

formamidinate catalyst E reported by Bielefeld and Doye (Figure 3.2)240 provided a modest 

increase to 25% conversion to amine 3.1. This result provided further confirmation that group 4 

metals could catalyze the hydroaminoalkylation of alkynes (albeit in low conversions) and showed 

that improved reaction performance could be achieved using a sterically demanding 1,3-N,E-

chelating ligand. Therefore, this gave us added encouragement to test our hypothesis that tethered 

bis(ureate) complex 2.1 would be an active catalyst for this transformation. 

 

Figure 3.2 State-of-the-art alkene hydroaminoalkylation catalysts 
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Table 3.1 Screening of known hydroaminoalkylation catalysts for the reaction with 

diphenylacetylene 

 

cat. mol% (%) conversion (%) 

Zr(NMe2)4 11 15 

D + Ta(CH2SiMe3)3Cl2 10 0 

E 10 25 

Conversions determined by 1H NMR spectroscopy. 

3.3 Stoichiometric Studies 

Initial investigations with the bis(ureate) zirconium system began by synthesizing model 

complexes to study the stoichiometric transformations involved in alkyne hydroaminoalkylation. 

The experimental work described in this section was carried out by Mr. Erick Nuñez Bahena, 

except for the X-ray diffraction studies discussed below. Therefore, the discussion here is largely 

limited to the overall synthetic schemes and the ensuing structural characterization in the solid 

state. Mixed alkyl amido complexes are known precursors to metallaaziridines.250 Thus, complex 

3.2 was prepared via protonolysis of the corresponding dibenzyl complex 2.2198,246 with 1 equiv. 

of N-(trimethylsilyl)benzylamine (Scheme 3.8). This same amine substrate was previously utilized 

in similar stoichiometric studies by Buchwald and co-workers.221 Six-coordinate 3.2 was isolated 

as a colourless crystalline solid in 71% yield and was fully characterized, including by X-ray 

crystallography; the solid-state molecular structure of complex 3.2 is shown in Figure 3.3. Six-

coordinate complex 3.2 has a distorted pentagonal pyramidal geometry with pseudo-Cs symmetry 

and resembles the overall structure of other six-coordinate zirconium complexes bearing this 
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tethered bis(ureate) ligand. For example, the N1–Zr1–C1 bond angle (116.41(17)°) is just slightly 

contracted compared to the C–Zr–C bond angle of the benzyl ligands in 2.2 (118.44(6)°, Figure 

2.2) and the N–Zr–N bond angle of the amido ligands in 2.8 (117.67(6)°, Figure 2.9). Most 

importantly, the benzylic protons on C8 are in close proximity to the anionic C1 carbon of the 

benzyl ligand, facilitating β-H abstraction to produce the key zirconaaziridine intermediate in 

hydroaminoalkylation catalysis. 

 

Scheme 3.8 Synthesis of mixed alkyl amido complex 3.2 

 

Figure 3.3 ORTEP representation of complex 3.2 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Zr1–N1, 2.034(4); 

Zr1–C1, 2.322(5); N1–C8, 1.476(6); Si1–N1, 1.731(4); N1–Zr1–C1, 116.41(17); Si1–N1-Zr1, 

135.1(2); N1–Zr1–C8, 30.65(15) 
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Elimination of toluene via β-H abstraction was induced via the postulated formation of 

seven-coordinate species 3.3 upon adding pyridine to complex 3.2 (Scheme 3.9). Heating this 

pyridine adduct resulted in the formation of 3.4 and 1 equiv. of toluene. Crystals grown from cold 

hexanes suitable for X-ray diffraction confirmed the molecular structure of 3.4 (Figure 3.4). Seven-

coordinate zirconaaziridine 3.4 has a distorted pentagonal bipyramidal geometry with pseudo-Cs 

symmetry and the aziridine moiety in the axial position. The bond lengths, bond angles, and 

geometric conformation of the aziridine in 3.4 are in agreement with reported 

zirconaziridines.221,225,251 While the aziridine is best described as a dianionic bidentate ligand, 

therefore making 3.4 a formally-eight-coordinate complex, here the aziridine is considered to 

occupy one coordination site to simplify discussion between complexes. With a model 

zirconaaziridine intermediate in hand, the alkyne insertion step of hydroaminoalkylation was 

investigated. 

 

Scheme 3.9 Synthesis of zirconaaziridine 3.4 via β-H abstraction 
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Figure 3.4 ORTEP representation of complex 3.4 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Zr1–N1, 2.0600(17); 

Zr1–C1, 2.322(2); N1–C1, 1.434(3); Zr1–N2, 2.4230(17); Zr1–N3, 2.5488(17); N1–Zr1–C1, 

37.60(7); N1–Zr1–N2, 84.16(6); C1–Zr1–N2, 112.95(7); N2–Zr1–N3, 73.78(6), N1–Zr1–N3, 

156.77(6); C1–Zr1–N3, 162.32(7) 

Insertion of diphenylacetylene into the Zr–C bond of 3.4 resulted in the formation of five-

membered metallacycle 3.5 (Scheme 3.10), with the coordinated pyridine ensuring that a seven-

coordinate complex is retained. The structure of 3.5 was confirmed by X-ray crystallography 

(Figure 3.5), using crystals grown from cold hexanes. Complex 3.5 has distorted pentagonal 

bipyramidal geometry and pseudo-Cs symmetry, with the alkene substrate resulting in an 

equatorial Zr1−C3 bond. Notably, this bond is significantly longer than the corresponding Zr−C 

bond of an analogous constrained geometry complex reported by Norton and co-workers224 that 

contains the same zirconacycle fragment (2.314(9) and 2.263(3) Å, respectively). This difference 

is likely due to competitive donation to Zr in the equatorial plane by the two 1,3-N,O ligands in 

3.5, weakening the Zr−C bond. In contrast, the bond distance for the Zr-amido bond in 3.5 (Zr1–

N1, 2.088(7) Å) is in good agreement with that of the constrained geometry analogue (2.097(2) 
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Å).224 As the neutral pyridine donor is coordinated next to the Zr−C bond, 3.5 is primed for 

protonolysis in the presence of coordinating secondary amine. 

 

Scheme 3.10 Synthesis of metallacycle 3.5 via insertion of diphenylacetylene 

 

Figure 3.5 ORTEP representation of complex 3.5 with ellipsoids shown at 50% probability and 

hydrogen atoms and N(iPr)2 omitted for clarity. Selected bond lengths (Å) and angles (°): Zr1–N1, 

2.088(7); Zr1–C3, 2.314(9); Zr1–N2, 2.429(7); N1–C1, 1.49(1); C3–C2, 1.36(1); C1–C2, 1.53(1); 

N1–Zr1–C3, 76.9(3) 

To explore the protonolysis step, 3.5 was reacted with an excess of pyrrolidine (Scheme 

3.11). After 5 min at room temperature, 3.5 was fully converted to 2.5 (Chapter 2),246 pyridine, 

and allylic amine 3.6. These results show that facile product release can be realized with simple 

amine substrates, rather than protic stoichiometric workups. We propose that the sterically open 
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coordination sphere stabilized by the tethered bis(ureate) ligand promotes this reactivity. Most 

importantly, the stoichiometric reactions described provided a framework for catalytic alkyne 

hydroaminoalkylation (vide infra). 

 

Scheme 3.11 Model protonolysis reaction of metallacycle 3.5 with excess pyrrolidine 

3.4 Catalytic Alkyne Hydroaminoalkylation 

The following experiment was carried out and analyzed by Mr. Erick Nuñez Bahena. 

Combining 11 mol% Zr(NMe2)4 and 10 mol% bis(urea) proligand in C6D6 to generate catalyst 2.1 

in situ, the reaction of N-(trimethylsilyl)benzylamine with diphenylacetylene at 145 °C for 24 h 

produced the desired allylic amine 3.6 in 60% yield, as determined by 1H NMR spectroscopy 

(Scheme 3.12). The catalytic contribution of the excess Zr(NMe2)4 is negligible based on control 

experiments (Table 3.1). Also, hydroamination was observed as a side-reaction,161,162 producing 

the corresponding enamine 3.7 in 14% yield. Several other unidentified minor products were also 

formed. 



68 

 

 

Scheme 3.12 Initial results using catalyst 2.1 for catalytic alkyne hydroaminoalkylation 

The remainder of the experimental work described in this chapter was performed 

collaboratively with Mr. Erick Nuñez Bahena. Previous work using tethered bis(ureate) zirconium 

catalyst 2.1 for the hydroamination of alkynes with secondary amines showed that arylamines are 

not reactive in hydroamination.161,162 Thus, by using N-benzylaniline as the hydroaminoalkylation 

substrate, the hydroamination product could be avoided and the desired allylic amine was produced 

as the exclusive organic product in 82% yield after 24 h (Scheme 3.12). This result is consistent 

with the test reactions described above (Table 3.1) that show productive catalysis with this 

arylamine substrate. 
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Table 3.2 Alkyne scope for hydroaminoalkylation 

 

product R combined yield (%) a:b 

3.8 

 

75 1.1:1 

3.9 

 

76 1.4:1 

3.10 

 

63 1:1 

3.11 

 

74 1:1.2 

3.12 

 

49 a only 

3.13 
 

40 1:4.7 

3.14 

 

76 1:1.2 

3.15 
 

31 a only 

H2(N,O)2 (0.01 mmol) and Zr(NMe2)4 (0.01 mmol) were allowed to mix prior to addition of amine (0.10 

mmol) and alkyne (0.10 mmol). Combined yields and a:b ratios were determined by 1H NMR spectroscopy 

using 1,3,5-trimethoxybenzene as a standard. 

The substrate scope for the catalytic hydroaminoalkylation of alkynes was evaluated (Table 

3.2). Using N-benzylaniline as the benchmark amine substrate and the same conditions as those in 

Scheme 3.12, several diarylacetylenes were investigated. Substituting the 4-position of one of the 

phenyl groups with electron-donating or electron-withdrawing groups (3.8-3.11) reduced the yield 
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somewhat, though there was a more noticeable reduction in yield for the CF3-substituted alkyne 

(63%). In each case, the regioselectivity is negligible. This is rationalized based on the polarization 

of the alkyne in the transition state for insertion, where π-donation can stabilize positive charge 

build-up or destabilize negative charge-build up at the benzylic position. Conversely, replacing the 

phenyl substituent with 2-pyridyl (3.12) resulted in the exclusive formation of one regioisomer, 

attributed to the directing ability of the pyridyl nitrogen.252 However, a substantial decrease in 

yield was observed, partially due to competitive hydroamination with the dimethylamine that 

evolves upon activation of the Zr(NMe2)4 precatalyst. The more polarized 1-phenyl-1-propyne also 

gave improved regioselectivity with a moderate yield (3.13) while the cyclohexyl-substituted 

variant (3.14) provided an increase in yield, although no significant regioselectivity was observed. 

A comparison of the regioisomeric distribution in 3.13 and 3.14 suggests that steric effects may 

influence the regioselectivity more than the electronic properties of the alkyne. Indeed, using 1-

phenyl-2-trimethylsilylacetylene, which is both electronically and sterically biased, gave exclusive 

formation of one regioisomer (3.15).253 
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Table 3.3 Amine scope for hydroaminoalkylation 

 

product Ar1 Ar2 time (h) yield (%) 

3.16 

  

24 84 

3.17 

  

48 42 

3.18 

  

48 78 

3.19 

 
 

48 72 

3.20 

 
 

24 79 

3.21 

 
 

24 80 

H2(N,O)2 (0.01 mmol) and Zr(NMe2)4 (0.01 mmol) were allowed to mix prior to addition of amine (0.10 

mmol) and alkyne (0.10 mmol). Yields were determined by 1H NMR spectroscopy using 1,3,5-

trimethoxybenzene as a standard. 

Several variations of the amine substrate were also investigated using diphenylacetylene 

as the alkyne (Table 3.3). Substituting the 4-position of the aniline moiety with methyl gave similar 

results to unsubstituted N-benzylaniline (84% yield, 3.16). With longer reaction times, the 
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corresponding chloro substitution decreased the yield considerably (3.17), while the fluoro-

substituted arene decreased the yield only slightly (3.18). In contrast, substituting the 4-position 

of the benzyl fragment with methyl (3.19) required a 48-h reaction time to achieve a yield of 72%, 

while the chloro (3.20) and fluoro (3.21) substitutions gave comparable yields to 3.16 in only 24 

h. This effect may be due to the decreased bond dissociation energy of the benzylic C−H bond for 

more electron-poor benzyl groups. The solid-state molecular structure of 3.20 was also obtained 

using crystals grown from a saturated methanol solution of 3.20 at room temperature (Figure 3.6). 

The tetrahedral geometry about C7 and the C7–C14 and C20–C14 bond lengths (1.5316(18) and 

1.3450(18) Å, respectively) clearly indicate that no isomerization of the alkene has occurred, and 

the geometry of 3.20 confirms its assignment as the E isomer. Overall, both electron-donating and 

electron-withdrawing substituents are tolerated on the amine and alkyne substrates in this 

preliminary substrate scope scan for C−H alkenylation. 

 

Figure 3.6 ORTEP representation of product 3.20 with ellipsoids shown at 50% probability and 

aryl hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): N1–C7, 

1.4635(16); C7–C14, 1.5316(18); C20–C14, 1.3450(18); C20–C14–C7, 120.70(11) 
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3.5 Conclusions 

In summary, the catalytic hydroaminoalkylation of alkynes to give allylic amine products 

can be achieved. Zirconium complexes bearing a tethered bis(ureate) ligand that favours the 

formation of seven-coordinate complexes were found to promote the stoichiometric 

transformations required for the catalytic reaction. The isolation and characterization of model 

intermediates suggest that the steric availability at the zirconium centre plays a role in facilitating 

insertion reactions and challenging protonolysis reactions required for catalytic turnover. This 

system could also catalyze alkyne hydroaminoalkylation. The yield of α,β,γ-allylic amine obtained 

could be improved by using more electron-deficient arylamines as amine substrates to suppress 

the hydroamination side-reaction. Several electron-donating and electron-withdrawing groups 

were tolerated on both the amine and alkyne substrates to give the desired products. Future 

directions currently being carried out by Mr. Erick Nuñez Bahena focus on a detailed investigation 

of the mechanism of the reaction, including the specific role that the tethered bis(ureate) ligand 

plays in promoting catalytic turnover. These mechanistic insights will be used to modify ligand 

design to enhance activity, regioselectivity, and stereoselectivity for this hydroaminoalkylation 

reaction that offers a new disconnection for making allylic amines. 
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Chapter 4: Vanadium Pyridonate Complexes: Aggregation, Redox Behaviour, 

and Metal-Ligand Cooperativity 

4.1 Introduction 

As discussed in Chapter 1, pyridones, or 2-hydroxypyridines, are a broadly useful class of 

ligands for transition-metal-catalyzed reactions.68,82,254 Anionic pyridonate ligands have been 

applied successfully to a variety of catalytic processes, including C−H 

activation,85,86,93,112,117−126,243,255−258 dehydrogenation,259−269 and hydrogenation259–261,267,268,270–272 

reactions. Key to the utility of these ligands is their tendency to engage in metal-ligand 

cooperativity and hemilability, owing to the unsymmetrical nature of the N,O donors (Scheme 

4.1).68 In addition to the activation of C−H bonds as highlighted in Figure 1.9, metal-ligand 

cooperativity in pyridonate complexes has enabled the activation of a variety of E−H bonds to 

promote catalytic turnover, such as O−H,262,264,266,267,269  N−H,259–261 and H−H bonds.271,272 While 

proton shuttling is the most common manifestation of this reactivity, the pyridonate may act 

cooperatively as a Lewis base to other elements like boron.273 The hemilabile character of these 

ligands can also promote catalysis by changing the binding mode to stabilize coordinatively-

unsaturated intermediates or create an empty coordination site for incoming substrates.68,83 

Pyridonate catalysts of both early- and late-transition-metals are known and the specific role of the 

ligand differs depending on the system, demonstrating the versatility of these 1,3-N,O-chelating 

ligands. 
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Scheme 4.1 Versatile functionality of pyridonate ligands 

  

Figure 4.1 The only reported vanadium pyridone or pyridonate complex 

Despite the breadth of pyridonate-ligated complexes and catalysts that have been reported, 

vanadium pyridonate complexes are rare and the fundamental coordination chemistry of this class 

of compounds is unexplored. In fact, only one pyridone or pyridonate complex of vanadium has 

been reported; Cotton and co-workers synthesized a dinuclear vanadium(IV) complex containing 

three neutral μ2-O pyridone ligands (Figure 4.1).274 As a result, the factors that influence the 

aggregation, redox chemistry, and metal-ligand cooperativity of vanadium pyridonate complexes 

specifically are not well-understood. Gaining a better understanding of these factors could lead to 

the development of improved catalysts utilizing earth-abundant vanadium for various 

transformations, including (but not limited to) hydroamination and hydroaminoalkylation (Figure 
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4.2).275,276 Thus, we set out to synthesize heteroleptic vanadium(IV) and vanadium(III) pyridonate 

complexes in order to gain insight into their structure and reactivity. We hypothesized that the 

interaction of such complexes with amines would provide insight into the coordination chemistry 

and reactivity of vanadium pyridonates with respect to aggregation, redox behaviour, and metal-

ligand cooperativity. 

 

Figure 4.2 Known hydroamination and hydroaminoalkylation vanadium catalysts 

4.2 Synthesis of Bis(pyridonate)vanadium(IV) Complexes 

Several bis(pyridonate) complexes of vanadium were synthesized (Scheme 4.2). 

Previously, it has been shown that bis(amidate)bis(amido) complexes of vanadium(IV) can be 

readily synthesized from V(NMe2)4 and 2 equiv. of amide.276 Moreover, the analogous 

protonolysis reaction with Ti(NMe2)4 and pyridones has been shown by the Schafer group to be 

an efficient route to bis(pyridonate)bis(amido)titanium(IV) complexes.93 Pyridones 4.1-4.3 were 

chosen as they are commercially available. Then, V(NMe2)4 was reacted with 2 equiv. of pyridone 

in toluene to afford compounds 4.4-4.6 in moderate to good yields as red crystals after 

crystallization from a concentrated hexanes solution at −35 °C (Scheme 4.2). Alternatively, these 
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compounds can be isolated in quantitative yields as red powders. The structures of the resultant 

complexes were confirmed by X-ray crystallography (Figure 4.3). Each solid-state molecular 

structure has a distorted octahedral geometry with C2 symmetry, trans-O donors, and cis-amido 

ligands as observed in analogous titanium complexes.93 Alternatively, the tight bite angle 

pyridonate ligand can be considered to occupy one coordination site, giving the complex a pseudo-

tetrahedral geometry; however, here the pyridonates will be considered to occupy two coordination 

sites as described above. The actual geometry is likely something in between, as evidenced by the 

N–V–Navg angle of the amido ligands (96.23(7)°). The O-V-O angle in 4.6 (150.79(9)°) is slightly 

larger than that in 4.4 and 4.5 (145.26(4)° and 145.82(4)°, respectively), likely to accommodate 

the sterically-imposing 6-methyl substituent. Only minor differences in bond lengths are observed 

between the three complexes, and distances for the V−Navg (2.231(2) Å) and V−Oavg (2.010(1) Å) 

bonds to the N,O-chelated ligands are longer and shorter, respectively, compared to those of a 

related V(IV) bis(amidate) complex (V−N, 1.978(2); V−O, 2.149(2) Å).276 This is indicative of 

more anionic character on the oxygen versus the nitrogen for the pyridonate ligand, and this trend 

is seen with Ti(IV) as well.93,100 This result is not unexpected, as it allows for the aromatic character 

of the pyridyl ring to be maintained. 

 

Scheme 4.2 Synthesis of bis(dimethylamido)bis(pyridonate)vanadium(IV) complexes 
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Figure 4.3 ORTEP representations of complexes 4.4 (left), 4.5 (middle), and 4.6 (right) with 

ellipsoids shown at 50% probability and hydrogen atoms omitted for clarity. Selected bond lengths 

(Å) and angles (°) for 4.4: V1–N1, 2.2118(12); V1–O1, 2.0125(9); O2–V1–O1, 145.26(4); N4–

V1–N3, 97.01(5); N4–V1–N3, 97.01(5). Selected bond lengths (Å) and angles (°) for 4.5: V1–N1, 

2.2169(10); V1–O1, 2.0063(9); O1–V1–O2, 145.82(4); N4–V1–N3, 96.26(5). Selected bond 

lengths (Å) and angles (°) for 4.6: V1–N1, 2.253(3); V1–O1, 2.005(2); O1–V1–O2, 150.79(9); 

N3–V1–N4, 95.42(12) 

In terms of the electronic properties of the vanadium centre, the range of μeff values 

obtained for these paramagnetic complexes (1.97-2.07 μB, C6D6 solution, 25 °C) is consistent with 

a V(IV) centre with one unpaired d-electron (μ(spin-only) = 1.73 μB). Additionally, Density-

Functional Theory (DFT) calculations on each complex (B3LYP/6-311++G(d,p)’) show that the 

unpaired spin density is localized entirely on the metal centre (Figure 4.4), consistent with previous 

studies by the Schafer group on a related Ti(III) pyridonate complex.277 Taking further inspiration 

from these studies, in which tris(pyridonate)titanium(IV) complexes could be reduced with a 

simple amine (Scheme 4.3),277 we looked to explore the redox chemistry of these vanadium(IV) 

complexes through reactivity with pyridones and amines. 
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Figure 4.4 Spin density plots of complexes 4.4 (left), 4.5 (middle), and 4.6 (right) obtained from 

their optimized structures (B3LYP/6-311++G(d,p)’, spin density = cyan, isovalue = 0.01) 

 

Scheme 4.3 Reduction of a Ti(IV) pyridonate using benzylamine by the Schafer group 

4.3 Synthesis of Tris(pyridonate)vanadium(III) Complexes 

Next, we attempted the synthesis of dimethylamidotris(pyridonate)vanadium(IV) 

complexes.277 When V(NMe2)4 was reacted with 3 equiv. of pyridone 4.3 (Scheme 4.4), the red 

solution turned dark green over the course of hours. However, during workup this green solution 

gradually changed to gold-orange with concomitant precipitation of an insoluble pink powder that 

was initially difficult to characterize but was later identified as tris(pyridonate)vanadium(III) dimer 

4.7 (vide infra) rather than the expected V(IV) complex. Additionally, orange crystals of 

monomeric dimethylamine-coordinated complex 4.8 suitable for X-ray diffraction studies could 
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be obtained from the same reaction mixture in trace quantities, and the solid-state molecular 

structure is shown (Figure 4.5). 

 

Scheme 4.4 Synthesis of tris(pyridonate)vanadium(III) complexes 

Complex 4.8 is seven-coordinate with distorted pentagonal bipyramidal geometry and C1 

symmetry. In this case, the variable C-V-C angles between the pyridonate ligands (C1–V1–C13, 

122.96(5)°; C7–V1–C13, 124.39(5)°; C7–V1–C1, 104.56(5)°) render a tetrahedral description 

unreasonable. The V1−N4 bond distance (2.1885(13) Å) is comparable to the V−N bonds of the 

pyridonate ligands (V−Navg, 2.1693(13) Å) and significantly longer than the V−N bonds of the π-

donating amido ligands in complex 4.6 (V−Navg, 1.861(3) Å). It is also similar in length to the 

V−N bond of a previously reported V(III) ammine complex (2.1623(8) Å).278 Furthermore, the 

geometry about N4 (∑θN4 = 338.99(11)°) suggests more sp3-hybrid character than sp2-hybrid 

character. These data support our assignment of a neutral-donor amine ligand versus an anionic 

amido ligand. Therefore, the oxidation state of V is cautiously assigned as V(III) (S = 1). Sufficient 

quantities of material for more rigorous characterization could not be obtained. This assignment is 

also supported by DFT calculations; a thermochemical comparison of the two possible spin states 

for V(III) complex 4.8 reveals that the triplet spin state is greatly favoured over the diamagnetic 

singlet spin state by an energy difference of 34.7 kcal/mol (see Appendix B). Once again, the 
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computed structure of 4.8 shows that all the unpaired spin is localized on the vanadium centre 

(Figure 4.6). Importantly, the observation of this complex suggests that dimeric 4.7 may be broken 

up into monomeric species in the presence of neutral amine donors. 

 

Figure 4.5 ORTEP representation of complex 4.8 with ellipsoids shown at 50% probability and 

hydrogen atoms (except for the N–H) omitted for clarity. Selected bond lengths (Å) and angles (°): 

V1–N1, 2.1972(13); V1–O1, 2.0463(11); V1–N4, 2.1885(13); C1–V1–C13, 122.96(5); C7–V1–

C13, 124.39(5); C7–V1–C1, 104.56(5) 

 

Figure 4.6 Spin density plot of complex 4.8 obtained from its optimized structure (B3LYP/6-

311++G(d,p)’, spin density = cyan, isovalue = 0.01) 

Hypothesizing that the formation of 4.8 resulted from coordination of trace amounts of 

dimethylamine to a tris(pyridonate)vanadium(III) complex in solution, a route to access such a 
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species was proposed. Trimesityl complex 4.9279 (Scheme 4.5) is a reliable precursor to 

vanadium(III) complexes280–282 and would allow direct access to a tris(pyridonate)vanadium(III) 

species. However, rather than obtaining the expected monomeric product, the protonolysis reaction 

between complex 4.9 and pyridone 4.3 gave dimeric tris(pyridonate)vanadium(III) complex 4.7 

(Scheme 4.5). Complex 4.7 was produced in 87% yield and was fully characterized including by 

X-ray crystallography, NMR, MS, and EA. Although assignment of the 1H NMR chemical shifts 

is ambiguous for this paramagnetic complex, the identity of 4.7 was confirmed using X-ray 

crystallography (vide infra). Importantly, the 1H NMR chemical shifts matched those of the pink 

powder formed in Scheme 4.4, confirming that both routes access dimer 4.7. Thus, through the 

simple protonolysis reaction outlined in Scheme 4.4 using commercially available starting 

materials, the V(IV) starting material is reduced to V(III). The mechanism of this process is 

explored in a later section. 

The reaction of isolated V(IV) complex 4.6 with 1 equiv. 4.3 produces the same result 

when monitored by 1H NMR spectroscopy. Additionally, performing the same reaction as shown 

in Scheme 4.4 with pyridones 4.1 and 4.2 did not result in crystalline material, however MS 

analysis supported the formation of a dimeric tris(pyridonate)vanadium(III) complex for the 

reaction with 4.2 (750 m/z). 
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Scheme 4.5 Organometallic synthetic route to dimeric V(III) complex 4.7 

Crystals of 4.7 obtained from a saturated THF solution were suitable for X-ray diffraction 

and the solid-state molecular structure is depicted (Figure 4.7). Dimeric complex 4.7 is C2 

symmetric, with each V being seven-coordinate and having distorted pentagonal bipyramidal 

geometry. All six pyridonates are bound κ2, with the two central ligands also bridging through the 

oxygen to the adjacent V centre (μ2-O), exhibiting a κ2:μ2 bridging mode.283–285 The μ2-O 

interaction is unsymmetrical (V2−O3, 2.184(3) Å; V1−O3, 2.078(3) Å). The oxidation state of V 

in 4.7 can be definitively assigned as V(III); this was verified using Evans’ Method,286–288 where 

paramagnetic 4.7 gives μeff = 2.89 μB (C6D6 solution, 25 °C), consistent with two unpaired d-

electrons (μ(spin-only) = 2.83 μB). Preliminary electrochemical data for 4.7 in THF solution obtained 

via cyclic voltammetry (CV) indicate a complex series of redox events, including unidentified, 

irreversible chemical changes associated with both oxidation and reduction. A more thorough 

investigation by CV and other electrochemical techniques is needed to assign the redox processes 

involved and provide experimental insight into possible intermediate species. 
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Figure 4.7 ORTEP representation of complex 4.7 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): V1−N2, 2.167(4); 

V2−N3, 2.170(4); V2−N4, 2.101(4); V1−O2, 2.053(3); V2−O3, 2.184(3); V1−O3, 2.078(3); 

V2−O4, 2.060(3); O2−V1−N2, 63.18(15); V1−O3−V2, 102.67(13) 

To further demonstrate that dimeric 4.7 can be broken up into monomeric species in the 

presence of neutral donors, 4-dimethylaminopyridine (DMAP) was introduced to a toluene 

solution of 4.7 to produce complex 4.10 as a poorly soluble, yellow-orange powder (Scheme 4.6). 

Recrystallization from hot THF gave yellow crystals suitable for X-ray diffraction studies, and the 

solid-state molecular structure is shown (Figure 4.8). Like 4.8, complex 4.10 is seven-coordinate 

with distorted pentagonal bipyramidal geometry, however two of the pyridonate ligands are now 

co-planar and the molecule is Cs symmetric in the solid state. This change in orientation of the 

pyridonate ligands further illustrates the flexibility of pyridonates in supporting coordination 

isomerism. The V1−N4 bond distance (2.1066(10) Å) is shorter than that in 4.8 (2.1885(13) Å) as 

the pyridyl nitrogen of DMAP has increased anionic character due to electron donation from the 

para-dimethylamine substituent. Complex 4.10 gives μeff = 3.00 μB (C6D6 solution, 25 °C), which 

is consistent with a triplet V(III) centre with two unpaired d-electrons (μ(spin-only) = 2.83 μB). 

Overall, despite the tendency to aggregate upon reduction, monomeric pyridonate complexes can 
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be obtained using neutral donors. This is relevant to catalytic processes where incoming substrates 

need to coordinate the metal centre. In such cases, monomeric intermediates would result. 

 

Scheme 4.6 Synthesis of DMAP-coordinated V(III) complex 4.10 

 

Figure 4.8 ORTEP representation of complex 4.10 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): V1–N1, 2.2350(10); 

V1–O1, 2.0694(9); V1–N4, 2.1066(10) 

4.4 Comparison to a Bis(amidate)vanadium(IV) Complex 

After observing facile reduction of V(IV) to V(III) through protonolysis with pyridone, we 

questioned whether related bis(amidate) vanadium(IV) complexes would exhibit similar reactivity. 
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To test this, the vanadium analogue of a known Schafer hydroamination catalyst100 was 

synthesized: V(NMe2)4 was reacted with 2 equiv. of amide 4.11 in hexanes to produce bis(amidate) 

complex 4.12 in quantitative yield (Scheme 4.7). The identity of this complex was confirmed by 

X-ray crystallography and displays comparable bond and angle metrics to the analogous titanium 

structure (Figure 4.9).100 Subsequent reaction of this complex with another equiv. of amide 4.11 

and monitoring by 1H NMR spectroscopy shows no reaction at all at room temperature (Scheme 

4.8). This shows that reduction occurs more easily in the case of pyridonates, likely due to the 

comparatively large steric bulk of the amidate ligands preventing protonolysis with the free amide. 

Nevertheless, the pyridonate complexes show unique behaviour in their tendency to be reduced 

from V(IV) to V(III). 

 

Scheme 4.7 Synthesis of bis(amidate)bis(dimethylamido)vanadium(IV) complex 4.12 
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Figure 4.9 ORTEP representation of complex 4.12 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): V1–O1, 2.154(3); 

V1–N1, 2.072(4); V1–N4, 1.859(4); N1–V1–N2, 145.38(16) 

 

Scheme 4.8 Attempted reaction of 4.12 with 1 equiv. of amide proligand 4.11 

4.5 Comparison to a Bulkier Pyridonate Ligand 

As the reduction of the V(IV) pyridonate complexes to V(III) species results in aggregation 

in the absence of neutral donors, we sought to evaluate if a monomeric 

tris(pyridonate)vanadium(III) complex could be obtained. It was hypothesized that a more 

sterically demanding pyridonate ligand would force the complex to form a monomeric species 

upon reduction. Thus, V(NMe2)4 was reacted with 3 equiv. of 3-mesityl substituted pyridonate 

4.13 in toluene (Scheme 4.9), producing a green solution overnight as observed in the synthesis of 

4.7 (vide supra). After workup, recrystallization of the brown-yellow solid in toluene at −35 °C 
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afforded gold crystals suitable for X-ray diffraction; the solid-state molecular structure is shown, 

confirming reduction to V(III) (Figures 4.10 and 4.11). Interestingly, complex 4.14 is still dimeric 

but adopts an unsymmetrical paddle-wheel type structure to accommodate the extra steric bulk of 

the mesityl substituents. Four of the pyridonates bridge the two metal centres via κ1-N, κ1-O 

binding modes while the other two pyridonates each coordinate to one vanadium centre via the 

usual κ2-N,O binding mode. The large C-O-V angle of the bridging pyridonates (C6−O2−V2, 

161.34(18)°) gives rise to the paddle-wheel structure and results in a large V1−V2 distance (3.338 

Å (calcd)).289 Even though the pyridonate ligands are sterically large in this case, the complex still 

aggregates upon reduction in the absence of neutral donors. Once again, this highlights the 

flexibility of the pyridonate ligands in adopting different binding modes. With a better 

understanding of the behaviour of V(IV) and V(III) pyridonate complexes, we then turned our 

attention to gaining insight into the mechanism of the reduction process. 

 

Scheme 4.9 Synthesis of Bulky V(III) Pyridonate Complex 4.14 
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Figure 4.10 ORTEP representation of complex 4.14 with ellipsoids shown at 50% probability and 

mesityl groups and hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): 

V1–N1, 2.141(2); V1–O1, 2.0436(18); V1–N4, 2.117(2); V2–O2, 1.9322(18); C6−O2−V2, 

161.34(18) 

 

Figure 4.11 ORTEP representation of complex 4.14 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity 

4.6 Reduction of Vanadium(IV) Pyridonates with Alkylamines 

Lastly, the mechanism of 1-electron reduction from V(IV) to V(III) was investigated. The 

reduction of early-transition-metal complexes with simple amines is known290 and has been 
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observed in a related Ti pyridonate complex (Scheme 4.3).277 Therefore, we hypothesized that the 

released dimethylamine upon protonolysis with pyridone was acting as the reductant in the 

subsequent reduction process. As products derived from dimethylamine oxidation were not 

observed by 1H NMR or GC-MS, pyrrolidine was used as a dimethylamine surrogate. Mildly 

heating a red hexanes solution of complex 4.6 in the presence of 10 equiv. of pyrrolidine produced 

an orange solution from which dark orange crystals were obtained (Scheme 4.10). X-ray 

diffraction studies confirmed the formation of monomeric 

bis(pyridonate)mono(pyrrolidido)mono(pyrrolidine)vanadium(III) complex 4.15 (Figure 4.12). 

Complex 4.15 is structurally similar to V(IV) complex 4.6 with distorted octahedral geometry, but 

with one amine ligand instead of a second amido ligand. This is clearly indicated by the much 

longer V1−N4 bond distance (2.193(4) Å) compared to V1−N3 (1.891(4) Å), consistent with a 

neutral amine donor and a π-donating amido ligand, respectively. This V1−N4 distance is also 

similar to that in dimethylamine complex 4.8 (2.1885(13) Å). Additionally, assignment of 4.15 as 

a V(III) species is supported by solution phase data giving μeff = 2.82 μB (C6D6 solution, 25 °C), 

consistent with a triplet V(III) centre with two unpaired d-electrons (μ(spin-only) = 2.83 μB). 

Furthermore, carrying out the same reaction in an NMR tube and monitoring by 1H NMR 

spectroscopy showed the appearance of multiplets at 7.27, 3.70, 1.89, and 1.27 ppm integrating to 

1:2:2:2, respectively, supporting the formation of pyrroline as an oxidized byproduct.291 All these 

data strongly suggest that the presence of amine in solution is responsible for reducing the V(IV) 

pyridonate complex to V(III). A plausible mechanism for this process is outlined in Scheme 4.11. 

First, transamination with pyrrolidine produces another V(IV) bis(amido) complex F. Then, 

another equiv. of pyrrolidine can lose 1 e− and 1 H+ × 2 to reduce 2 equiv. of F to mono(amido) 

V(III) complex G, releasing pyrroline and 2 equiv. of pyrrolidine. It may be the case that the 
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reduction of F to G involves the formation of multimetallic intermediates. Finally, pyrrolidine can 

coordinate to intermediate G to give complex 4.15. LIFDI-MS data for 4.15 show fragments for 

both G (337 m/z) and the corresponding dimer G’ (674 m/z), suggesting these are reasonable 

intermediates. Notably, elemental analysis after subjecting 4.15 to vacuum overnight showed no 

decomposition to other species, indicating that the neutral pyrrolidine is bound strongly to the 

vanadium centre. 

 

Scheme 4.10 Reduction of V(IV) complex 4.6 via heating with excess pyrrolidine 

 

Figure 4.12 ORTEP representation of complex 4.15 with ellipsoids shown at 50% probability and 

hydrogen atoms (except for N–H) omitted for clarity. Selected bond lengths (Å) and angles (°): 

V1–N1, 2.225(4); V1–O1, 2.061(3); V1–N3, 1.891(4); V1–N4, 2.193(4) 
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Scheme 4.11 Proposed mechanism of V(IV) reduction by pyrrolidine involving proposed 

intermediates F, G, and G’ 

In an attempt to synthesize and isolate proposed intermediate F, another reduced product 

was formed (Scheme 4.12). After repeatedly adding and removing in vacuo aliquots of pyrrolidine 

and hexanes, a mixture of dark orange solids was achieved from which crystals of complex 4.16 

suitable for X-ray diffraction could be obtained (Figure 4.13). Complex 4.16 has distorted 

octahedral geometry and results from coordination of a second equiv. of pyrrolidine to 4.15 

(Scheme 4.11). To accommodate the extra neutral donor, one pyridonate ligand adopts a κ1-O 

binding mode to open a coordination site at vanadium and form a hydrogen-bonding interaction 

with the neutral amine (N2–H3, 2.185 Å (calcd)). This behaviour once again highlights the 

hemilability and metal-ligand cooperativity of pyridonates. Both V1−N4 and V1−N3 have 
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comparable bond distances (2.1781(10) Å and 2.1799(11) Å, respectively) and are significantly 

longer than V1−N5 (1.8755(11) Å), similar to complex 4.15. The V1−O2 distance (2.0207(9) Å) 

is also shorter than V1−O1 (2.1267(9) Å), likely due to increased π-donation from the κ1-O 

pyridonate. Overall, these data further demonstrate the versatility of pyridonates in forming 

various binding geometries and assisting in ligand coordination. 

 

Scheme 4.12 Reduction of V(IV) via sequential additions of excess pyrrolidine 

 

Figure 4.13 ORTEP representation of complex 4.16 with ellipsoids shown at 50% probability and 

hydrogen atoms (except for N–H) omitted for clarity. Selected bond lengths (Å) and angles (°): 

V1–N1, 2.2125(11); V1–O1, 2.1267(9); V1–O2, 2.0207(9); V1–N3, 2.1781(10); V1–N4, 

2.1799(11); V1–N5, 1.8755(11); C7–O2–V1, 136.24(9) 
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4.7 Attempts at Catalytic Amine Synthesis with Vanadium 

As described in Chapter 1, the Schafer bis(amidate) titanium catalyst in Figure 1.7 is 

proficient for the hydroamination of alkynes with high anti-Markovnikov selectivity.100–109 Since 

complex 4.12 is a vanadium analogue of the Schafer catalyst, it was hypothesized that it would 

also show catalytic activity for alkyne hydroamination. As a benchmark test reaction, the 

hydroamination of phenylacetylene with aniline was attempted with 10 mol% of catalyst 4.12 

(Scheme 4.13). Unfortunately, after heating at 65 °C for 75 h, only 21% conversion to the 

hydroamination product was achieved; to put this into context, under similar conditions the 

corresponding titanium catalyst can reach full conversion within 30 min for the same 

transformation.105 Likewise, the reaction between alkylamine substrate tert-butylamine with an 

internal alkyne showed no reactivity at all using catalyst 4.12. The lower activity of vanadium 

hydroamination catalysts compared to their titanium counterparts is known275 and is likely due to 

the increased Lewis acidity of the Ti(IV) centre. Notably, while vanadium catalysts are usually 

highly regioselective for the Markovnikov product,275 using catalyst 4.12 resulted in exclusive 

formation of the anti-Markovnikov product, as is observed with the Schafer titanium catalyst. 

Despite the lower reactivity, this demonstrates the importance and utility of the 1,3-N,O-chelating 

ligand in providing exquisite regiocontrol in hydroamination reactions. 
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Scheme 4.13 Hydroamination of phenylacetylene using catalyst 4.12 

As mentioned in the introduction, vanadium has been reported to be catalytically active for 

hydroaminoalkylation as well (Figure 4.2). Specifically, Zi and co-workers reported that simple 

V(NMe2)4 was active for the hydroaminoalkylation of norbornene with N-methylaniline, achieving 

83% conversion to the aminated product after 48 h at 160 °C (Scheme 4.14).276 It was thus 

hypothesized that introducing a 1,3-N,O-chelating ligand would improve the catalytic 

performance, as has been observed for other group 5 metals.244,292 However, not only did adding 

any 1,3-N,O-chelating ligand not improve the reaction performance, the results described by Zi 

and co-workers shown in Scheme 4.14 could not be reproduced; using identical conditions, only a 

9% conversion to the hydroaminoalkylation product could be achieved. Overall, vanadium does 

not appear to be an effective metal for use in catalytic hydroaminoalkylation. This may be due to 

catalyst decomposition at the elevated temperatures required for the reaction, where the excess 

amine may irreversibly reduce the V(IV) centre to an unreactive species. 
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Scheme 4.14 Vanadium-catalyzed hydroaminoalkylation reported by Zi and co-workers 

4.8 Conclusions 

In summary, several vanadium(IV) and vanadium(III) pyridonate complexes were 

synthesized and their structures and reactivity were investigated. 

Bis(amido)bis(pyridonate)vanadium(IV) complexes were easily synthesized via protonolysis of 

tetrakis(dimethylamido)vanadium(IV) with 2 equiv. of pyridone. When a third equiv. of pyridone 

was added, an unexpected reduction occurred to produce a tris(pyridonate)vanadium(III) dimer. 

The identity of the dimer was confirmed through an alternative synthesis utilizing an 

organometallic V(III) precursor. This species was broken up into a monomeric complex in situ by 

dimethylamine and from the isolated dimer using DMAP as an amine surrogate. In contrast, a 

bis(amidate)bis(amido) complex did not result in reduction, likely due to steric bulk preventing 

protonolysis with free amide. Bulky pyridones could also be used to induce reduction, with the 

resulting species still being dimeric but adopting a paddle-wheel type structure to accommodate 

the steric bulk of the pyridonate ligands. Reactions of vanadium(IV) precursors with pyrrolidine 

indicated that the reduction to vanadium(III) is mediated by the free amine present in the 

protonolysis reactions. This led to bis(pyridonate) vanadium(III) complexes with either one or two 

neutral pyrrolidines coordinated, highlighting the hemilability and metal-ligand cooperativity of 

pyridonate ligands. Lastly, vanadium amido complexes displayed poor reactivity as catalysts for 

hydroamination and hydroaminoalkylation, likely due to deleterious reduction by the amine 

substrate under catalytic conditions. The insights gained in this study can be exploited by the 
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organometallic, inorganic, and organic chemistry communities to develop improved catalysts for 

various transformations. Specifically, catalytic transformations that may benefit from bimetallic 

intermediates and facile proton shuttling will be most relevant for vanadium pyridonate catalysts. 

The next chapter will discuss our efforts to apply vanadium pyridonate complexes in catalytic 

reactions, namely the reductive coupling of alcohols. 
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Chapter 5: Vanadium Pyridonates for the Catalytic Reductive Coupling of 

Alcohols 

5.1 Introduction 

The conversion of oxygen-rich, biomass-derived feedstocks to alternatively functionalized 

chemicals has been gaining interest due its potential as a renewable source of fuels and chemicals 

(Figure 5.1).293–295 Numerous strategies have been developed to this end, including polyol 

dehydration,296–298 deoxygenation,299–308 and deoxydehydration (Scheme 5.1).293,309–311 Each of 

these methods effects C−O bond cleavage to produce valuable chemical feedstocks for further 

functionalization. While the majority of deoxygenation reactions require the use of noble metal 

catalysts, the use of earth-abundant and inexpensive 3d metal catalysts for these transformations 

is desirable. To this end, vanadium catalysts have recently found use in catalytic 

deoxydehydration.312–314 Key to promoting catalytic turnover is the ability to access reduced V(III) 

species to carry out the deoxygenation step. In order to generate these reactive intermediates, 

stoichiometric reductants such as Na2SO3, PPh3, H2, and CO are usually required, though 

occasionally the alcohol substrate can promote formation of reduced vanadium intermediates (vide 

infra).312–314 

 

Figure 5.1 Biomass as a renewable source of fuels and chemicals 
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Scheme 5.1 Examples of C−O cleavage reactions towards biomass conversion 

Recently, Nicholas and co-workers have reported promising advances in the catalytic 

reductive coupling of alcohols using oxo-rhenium and oxo-vanadium catalysts (Scheme 5.2).315–

318 This allows for both C−O bond cleavage and subsequent C−C bond formation using readily-

available mono-alcohols as the carbon source.318 While a reductant for oxygen atom transfer is 

required in the rhenium system,315,317 the alcohol itself acts as the reductant in the vanadium 

system, producing the corresponding ketone and water as the byproducts.316,318 Avoiding the use 

of external reductant makes the vanadium-catalyzed reaction particularly attractive, though a 

recent report by Moriuchi and co-workers has shown that hydrazines can also be used as a terminal 
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reductant for the reaction.319 Moreover, using earth-abundant vanadium as a catalyst for 

deoxygenation reactions is both appealing and counter-intuitive; oxygen is often deleterious to 

early-transition-metal catalysts due to their oxophilic nature. 

 

Scheme 5.2 Catalytic reductive coupling of alcohols reported by Nicholas and co-workers 

Given our understanding of 1,3-N,O-chelated early-transition metal catalysts for the 

functionalization of abundant feedstocks,82,85,86 we anticipated that such complexes would be well 

suited for the reductive coupling of alcohols, taking advantage of the established metal-ligand 

cooperativity of pyridonates for E−H bond activations.262,264,266,267 Additionally, the knowledge 

gained on vanadium pyridonate complexes in Chapter 4 could be applied towards the development 

of efficient catalysts for the reductive coupling of alcohols. Herein we demonstrate that 

vanadium(III) pyridonate complex 4.7 (vide supra) can mediate the catalytic and step-wise 

stoichiometric reductive coupling of benzyl alcohol derivatives. The stoichiometric reactivity 
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allowed for the isolation of relevant catalytic intermediates to furnish key insights into the 

mechanism of this fundamental deoxygenative transformation. 

5.2 Catalytic Reductive Coupling of Alcohols with 4.7 

First, the catalytic reductive coupling of benzhydrol was attempted using complex 4.7 as 

the catalyst. Similar reaction conditions to those employed by Nicholas and co-workers were 

used.316 Gratifyingly, heating a C6D6 solution of benzhydrol with 5 mol% of dimer 4.7 provides 

full conversion to the desired product with concomitant formation of benzophenone (Table 5.1, 

entry 1). This is confirmed by the 1H NMR spectrum after the reaction, in which a singlet is 

observed at 4.68 ppm and a doublet is observed at 7.71 ppm; these signals are diagnostic for the 

methine Hs of 1,1,2,2-tetraphenylethane and the ortho Hs of benzophenone, respectively.316 

Observation of the ketone byproduct suggests the reaction proceeds through the previously 

reported mechanism in which the alcohol acts as the reductant. This reaction can be successfully 

extended to other benzyl alcohol derivatives (Table 5.1, entries 2 and 3), an attractive class of 

substrates that can be derived from lignin biomass.320,321 In the case of 1-phenylethanol, a 1:1 

mixture of racemic/meso product is observed. No ether byproducts were observed by GC-MS. An 

explanation of how the yields were calculated and the rationale behind how they are presented can 

be found in Appendix A.5. 
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Table 5.1 Catalytic reductive coupling of alcohols using catalyst 4.7 

 

entry R time (h) product yield (%) carbonyl yield (%) 

1 Ph 24 >99 88 

2 Me 48 65 66 

3 H 48 34 31 

Yields determined by 1H NMR using 1,3,5-trimethoxybenzene as an internal standard. A 1:1 mixture of 

meso/racemic diastereomers was observed for entry 2. 

5.3 Stoichiometric Studies 

Previous work from the Schafer group and others has shown that 1,3-N,O-chelating ligands 

can be used to promote the isolation and characterization of reactive intermediates in catalysis, 

including the studies presented in Chapters 2 and 3.108,162,244,258 Reported mechanistic studies of 

vanadium-catalyzed reductive coupling utilize DFT to predict intermediates in the catalytic 

cycle.318 Here we can use the vanadium pyridonate complex advantageously to complete 

stoichiometric studies and gain complementary mechanistic information.318 

 

Scheme 5.3 Pyridonate-promoted alcohol coordination to catalyst 4.7 
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Figure 5.2 ORTEP representation of complex 5.1 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): V1−N1, 2.1482(15); 

V1−N2, 2.1960(16); V1−O1, 1.9922(14); V1−O2, 2.0081(13); V1−O3, 2.0446(13); V1−O4, 

1.8888(14); O4−H3, 1.914 (calcd); O1−V1−N1, 64.55(6); C13−O3−V1, 136.39(12); 

V1−O4−C19, 128.34(11) 

First, the interaction of bimetallic complex 4.7 with 2 equiv. of benzhydrol at room 

temperature was investigated. Within 21 h at room temperature, the reaction in THF or toluene 

produced a green solution, which upon removal of volatiles afforded alkoxide complex 5.1 as a 

green powder in near-quantitative yield (Scheme 5.3). The solid-state molecular structure of 5.1 

(Figure 5.2) was obtained by X-ray crystallography using dark green crystals grown from a 

saturated toluene solution. This structure shows that the hemilability of the pyridonate ligand is 

advantageous to promote coordination of the alcohol substrate and facilitate deprotonation of the 

alcohol. This is similar to complex 4.16 (vide supra) in which pyridonate hemilability allows 

coordination of amine. A short hydrogen bonding interaction with the alkoxide (O4−H3, 1.914 Å 

(calcd)) is present, giving a six-membered vanadacycle within the distorted octahedral complex. 

Paramagnetic complex 5.1 has C1 symmetry, consistent with the observation that the 1H NMR 
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spectrum of 5.1 shows an increased number of signals compared to that of the more symmetric 

complex 4.7 (see Appendix D). Most importantly, 5.1 provides experimental evidence for the 

analogous species predicted computationally using DFT.318 Notably, deprotonation of an alcohol 

by a pyridonate ligand is the first step in Ir-catalyzed acceptorless alcohol dehydrogenation,267 and 

here we show that similar metal-ligand cooperativity is relevant to early-transition-metal 

reactivity. Evans’ Method of 5.1 confirms a d2 metal (μeff = 2.62 μB; C6D6 solution, 25 °C), as 

expected for this redox-neutral reaction. 

 

Scheme 5.4 Stoichiometric reductive coupling of benzhydrol to give dimer 5.2 

 

Figure 5.3 ORTEP representation of complex 5.2 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): V1−N1, 2.0840(17); 
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V1−N2, 2.1096(16); V2−N3, 2.0829(17); V2−N4, 2.0984(17); V1−O1, 1.5931(14); V1−O2, 

2.0031(15); V1−O3, 2.4520(14); V2−O3, 2.0039(15); V2−O4, 1.5954(15); V2−O5, 1.9989(16); 

V2−O6, 2.4454(14); O2−V1−N1, 65.50(7); V1−O6−V2, 107.01(6); O1−V1−O3, 157.02(6) 

Complex 5.1 was then heated in toluene to achieve reductive coupling of the bound alcohol 

(Scheme 5.4). After 4 h, the dark green solution turned turquoise. Following removal of the 

volatiles and subsequent recrystallization from toluene, blue crystals of 5.2 suitable for X-ray 

diffraction studies (Figure 5.3) and some colourless crystals (vide infra) were obtained. Dimeric 

terminal oxo-complex 5.2 is C2 symmetric, with each vanadium being six-coordinate and having 

distorted octahedral geometry. Similar to 5.1, all pyridonates bind κ2 with two having the κ2:μ2 

bridging mode through a μ2-O to the other vanadium centre. The μ2-O-V interaction is more 

unsymmetrical in 5.2 compared to 5.1 (V1−O3, 2.4520(14) Å; V2−O3, 2.0039(15) Å) due to the 

strong trans influence of the oxo ligand. Additionally, the vanadium-oxo distances (V1−O1, 

1.5931(14) Å; V2−O4, 1.5954(15) Å) are in good agreement with a reported pyridine-2-thiolate 

oxo-vanadium complex (V−Ooxo, 1.583(6) Å).322 The 1H NMR spectrum of 5.2 gives a diagnostic 

signal at 13.91 ppm, consistent with an increase in symmetry relative to 5.1. 

Paramagnetic 5 contains two vanadium(IV), d1 metal centres, as predicted from the solid-

state molecular structure. Thus, each vanadium is oxidized by one electron going from 5.1 to 5.2, 

consistent with reductive coupling. Indeed, 1,1,2,2-tetraphenylethane was observed by 1H NMR 

spectroscopy when the reaction was performed in toluene-d8. Furthermore, the colourless crystals 

isolated from the reaction were confirmed to be 1,1,2,2-tetraphenylethane. Homolysis of the C−O 

bond to give the benzhydryl radical (which would dimerize to form the reductively-coupled 

product) and a vanadium(IV) complex was predicted by DFT to occur; thus the isolation of 5.2 is 

consistent with the computationally predicted mechanistic proposal. Notably, the pyridone 
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released during reductive coupling was observed by 1H NMR in both the stoichiometric and 

catalytic reactions. Moreover, the only vanadium-based signals observed in the 1H NMR spectrum 

of the catalytic reaction were those of 5.2, suggesting that 5.2 is the catalyst resting state. 

Importantly, when crude 5.2 is used as the catalyst, the system still achieves catalytic turnover, 

giving 46% yield of product after 24 h (Scheme 5.5). This demonstrates that 5.2 is catalytically 

relevant, while the lower conversion may suggest that the third equivalent of free pyridone is 

important for catalysis. However, adding 10 mol% of pyridone 4.3 to crude 5.2 prior to catalysis 

shows no improvement (Scheme 5.5). Therefore, it may be that 5.2 is an off-cycle species that can 

re-enter the cycle and catalyze the reaction to a lesser extent. 

 

Scheme 5.5 Reductive coupling using catalyst 5.2 with or without added pyridone 4.3 

Given these results, a plausible mechanism for the reductive coupling of benzhydrol with 

this system is proposed (Scheme 5.6). In the presence of benzhydrol, complex 4.7 would first be 

converted to 5.1. Dissociation of a pyridone ligand 4.3 can then give proposed alkoxide complex 

H, which would undergo C−O homolysis to release benzhydryl radical and produce complex 5.2. 

The benzhydryl radical would then dimerize to give the C−C coupled product. Importantly, no 

intermediate is observed during the formation of 5.2 from 5.1 and all efforts to isolate H have been 

unsuccessful. Thus, the nature of H is unknown and is proposed to be a bridged species based 

purely on the observed tendency of these complexes to aggregate. Moreover, a mechanism in 

which C−O homolysis occurs at 5.1 prior to pyridone dissociation cannot be ruled out. After 
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reductive coupling, complex 5.2 could undergo reduction with an equiv. of alcohol to give 

benzophenone as a byproduct and a putative bridged vanadium(III) hydroxide species I. This is 

proposed to proceed through a bimetallic pathway, though efforts to study the formation of 

benzophenone from 5.2 have proved inconclusive (see Appendix A.5). 

 

Scheme 5.6 Proposed mechanism of reductive coupling with catalyst 4.7 

While Nicholas and co-workers propose oxidation of benzhydrol via a monomeric 

vanadium(V) species,318 no vanadium(V) species have been observed in this system. Moreover, 

NMR studies on the reaction of dimer 4.7 with 4 equiv. of benzhydrol show that an equiv. of 
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benzophenone is produced prior to a second reductive coupling event. The fate of the “H2” equiv. 

released during alcohol oxidation is the H2O byproduct (vide infra), which is observed by 1H NMR. 

Similar to H, the true nature of I is unknown, and this species has not been observed. Nevertheless, 

we propose that if formed, complex I could undergo protonolysis with free pyridone to produce 

water as a byproduct and regenerate 4.7. Alternatively, complex I could undergo protonolysis with 

benzhydrol and proceed directly to complex H. 

Using the DFT studies by Nicholas and co-workers on alcohol oxidation by a monomeric 

oxo-vanadium catalyst as a guide,318 a plausible alcohol oxidation pathway by V(IV) dimer 5.2 

can be envisioned (Scheme 5.7). First, coordination of benzhydrol to 5.2 to break up the dimer 

would produce a monomeric, terminal oxo-V(IV) species. As there is no change in the 1H NMR 

spectrum of 5.2 upon addition of benzhydrol at room temperature, this coordination event likely 

only occurs at higher temperatures. Intramolecular proton transfer from the coordinated alcohol to 

the oxo ligand would then result in a mixed hydroxo/alkoxide complex. Re-association of the other 

half of dimer 5.2, either through an inner sphere bridging mode as depicted in Scheme 5.7 or an 

outer sphere process, would place the benzylic C−H bond of the alkoxide ligand in close proximity 

to the terminal V(IV) oxo ligand. From there, PCET would result in C−H bond cleavage and O−H 

bond formation with concomitant reduction of V(IV) to V(III) and formation of a radical at the 

benzylic position of the alkoxide ligand. Finally, V−O homolysis would reduce the other V(IV) 

centre to V(III) and release the oxidized benzophenone byproduct, with subsequent association of 

the terminal hydroxyl ligand producing proposed intermediate I. Importantly, this pathway is 

purely speculative and is only informed by analogous steps computed by Nicholas and co-workers 

on their monomeric catalyst system.318 
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Scheme 5.7 Proposed mechanism of alcohol oxidation by complex 5.2 

5.4 Additional Mechanistic Studies 

Evidence for the involvement of radical species has been obtained.  A cyclopropyl-

substituted alcohol undergoes ring-opening under catalytic conditions, as evidenced by formation 

of 1,2-dihydronaphthalene (Scheme 5.8). This fused ring forms through a cascade of steps 

including hydrogen atom transfer (HAT) following ring-opening of the cyclopropyl group next to 

the benzylic radical. The observed mixture of 1:1 meso/racemic diastereomers for the C−C coupled 

product using 1-phenylethanol as substrate (Table 5.1, entry 2) also supports a mechanism 
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involving radical formation. However, radical-trapping agent fluorene does not intercept the 

benzhydryl radical during the reaction (Scheme 5.9). Additionally, a cross-over experiment 

between benzhydrol and fluorenol gave very little hetero-coupled product rather than a statistical 

mixture of homo- and hetero-coupled products (Scheme 5.10). These latter two results contrast 

observations by Nicholas and co-workers,318 suggesting that C−C coupling of benzhydryl radicals 

may occur via a different pathway than in their system. For example, the benzhydryl radicals may 

combine rapidly within the solvent cage. This would be consistent with the proposed dinuclear 

intermediate H, though further studies are needed to elucidate the exact nature of this process. 

 

Scheme 5.8 Ring-opening of a cyclopropyl-substituted alcohol under catalytic conditions 

 

Scheme 5.9 Addition of fluorene to the catalytic reaction with benzhydrol 
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Scheme 5.10 Catalytic cross-over experiment with benzhydrol and fluorenol substrates 

5.5 In situ Catalytic Protocol 

In order to further demonstrate the convenience of this catalytic protocol, an in situ catalyst 

experiment was attempted. As a control reaction, the catalytic reductive coupling of benzydrol 

using 5 mol% of isolated catalyst 4.7 was carried out, resulting in a 37% yield of product after 4 h 

(Scheme 5.11, top). Next, catalyst 4.7 was generated in situ via protonolysis by reacting 10 mol% 

organometallic V(III) precursor 4.9 with 30 mol% pyridone 4.3 before attempting the same 

reaction. Gratifyingly, the in situ protocol produced the desired reductively coupled product in 

38% yield after 4 h (Scheme 5.11, bottom). This shows that the in situ-generated catalyst 4.7 is 

equally active to its isolated counterpart and serves as a proof-of-concept for rapid screening of 

alternative ligands for this transformation. Accordingly, several other 1,3-N,O-chelating ligands, 

of which all but one were pyridonates, were evaluated for the catalytic reductive coupling of 

benzhydrol using this method (Table 5.2). Both unsubstituted pyridone 4.1 and 3-methyl 

substituted pyridone 4.2 promoted catalytic turnover (entries 1 and 2), but with reduced yields of 

the C−C coupled product in comparison to the 6-methyl variant. The sterically demanding 6-iso-

propyl pyridone gave a similar yield to the benchmark reaction (36%, entry 3), though pyridone 

4.3 is still more desirable as it is commercially available. Making the steric bulk at this position 

even larger by using the 6-tert-butyl pyridone reduced the yield to 29% (entry 4), possibly due to 
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more challenging substrate coordination to the bulkier catalyst. Electronic effects were also tested; 

the electron-withdrawing 5-trifluoromethyl pyridone gave a yield similar to that of unsubstituted 

pyridone 4.1 (entry 5), suggesting that making the pyridone more electron deficient does not 

greatly influence the reaction outcome. However, the 5-nitro pyridone gave only stoichiometric 

reductive coupling product formation and catalytic alcohol oxidation to benzophenone was 

observed (entry 6). Notably, amidate ligand 4.11 gave no conversion to product at all. Altogether, 

a scan of several simple pyridonate ligands indicates that the 6-methylpyridonate ligand is most 

effective in this reductive coupling transformation. 

 

Scheme 5.11 Comparison of isolated and in situ-generated 4.7 for catalytic reductive coupling 
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Table 5.2 Catalytic screening of 1,3-N,O-chelating ligands for reductive coupling of benzhydrol 

 

entry ligand product yield (%) carbonyl yield (%) 

1 

 

24 10 

2 

 

21 8 

3 

 

36 25 

4 

 

29 21 

5 

 

26 15 

6 

 

6 25 

7 

 

N.D. N.D. 

Yields determined by 1H NMR using 1,3,5-trimethoxybenzene as an internal standard; N.D. = not detected. 
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5.6 Catalytic Attempts with Alkene Additives 

Part of the original motivation for investigating the reactivity of vanadium pyridonate 

complexes with alcohols was to gauge their potential to catalyze the acceptorless dehydrogenation 

of alcohols (Scheme 5.12).323 As mentioned in Chapter 4, pyridonate complexes are particularly 

useful catalysts for this transformation as metal-ligand cooperativity facilitates the O−H activation 

step.262,264–267,269 However, the large majority of catalysts for the acceptorless dehydrogenation of 

alcohols are based on mid- to late-transition metals,323 and there is only one, recently reported 

example utilizing earth-abundant vanadium.324 Thus, initial catalytic experiments with dimer 4.7 

and benzhydrol were carried out in hopes of achieving this transformation and observing 

benzophenone and H2 as products. Of course, rather than observing this reactivity, complex 4.7 

was found to instead catalyze the reductive coupling of benzhydrol as described above, launching 

an entirely different investigation. Nevertheless, norbornene and neohexene, which are known H2 

acceptors,325 were added to the catalytic reaction in an attempt to favour dehydrogenation of 

benzhydrol (Figure 5.4). Alas, both alkenes remained unchanged over the course of the reductive 

coupling reaction. Electron-deficient alkenes 2-vinylpyridine and acrylonitrile were also tested as 

additives (Figure 5.4), as alkyl radicals generated from the reductive coupling of alcohols have 

been shown to undergo conjugate addition to electron deficient alkenes.326 However, these 

electrophiles were also unreactive, consistent with the proposal that the benzhydryl radicals 

produced with catalyst 4.7 combine rapidly within the solvent cage (vide supra). 

 

Scheme 5.12 General reaction for the acceptorless dehydrogenation of alcohols 
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Figure 5.4 Unreactive alkene additives for the reductive coupling of alcohols with catalyst 4.7 

5.7 Conclusions 

In summary, the catalytic reductive coupling of alcohols by vanadium pyridonate 

complexes is reported. Tris(pyridonate) vanadium(III) complex 4.7 was found to be catalytically 

active for the reductive coupling of benzyl alcohols, showing vanadium(III) to be a viable starting 

point for the catalytic cycle. Intermediates 5.1 and 5.2 were isolated, providing experimental 

evidence for bimetallic intermediates in this vanadium-catalyzed transformation, complementary 

to previous mechanistic studies. Based on these stoichiometric reactions and radical trap 

experiments, a vanadium(III)/(IV) redox cycle is proposed for this system. Remarkably, an early-

transition-metal undergoes catalytic turnover in this deoxygenative reaction despite formation of 

a terminal oxo-species. The 6-methyl substituted pyridone 4.3 was found to be the most effective 

ligand for this catalyst system based on ligand screening experiments. This work proposes a new 

design strategy for developing catalysts for this exciting transformation; the involvement of 

bimetallic species, coupled with ligand hemilability and metal-ligand cooperativity, should enable 

further advancements in deoxygenative transformations of renewable feedstocks with 3d early-

transition metals. Future directions will focus on related systems for the expansion of the catalyst 

substrate scope in the redox disproportionation of alcohols. 
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Chapter 6: Conclusions 

6.1 Overview 

The aim of this thesis is to exploit the coordination chemistry and catalytic activity of 1,3-

N,O-chelated early-transition-metal complexes, through the development of mechanistic 

understanding, to tackle challenges in C−E bond making and breaking reactions. It was 

hypothesized that investigating non-conventional 1,3-N,O-chelated early-transition-metal 

complexes for their structure and reactivity would enable the development of improved catalysts 

for existing transformations or catalysts for new transformations. In studying the chemistry of 

zirconium ureate complexes and vanadium pyridonate complexes as catalysts and probing the 

mechanistic features of their reactions, this hypothesis was confirmed as described below. 

In Chapter 2, a system in which reversible C−N bond formation could be directly observed 

was discovered. Specifically, tethered bis(ureate) zirconium bis(amido) complexes 2.3 and 2.6 

underwent C−N bond formation in the presence of 2-vinylpyridine to give aza-Michael 

intermediates 2.4 and 2.7, respectively. The equilibria between bis(dimethylamido) complex 2.3 

and aza-Michael complex 2.4 as well as bis(pyrrolidido) complex 2.6 and aza-Michael complex 

2.7 could then be monitored by variable-temperature 1H NMR spectroscopy, allowing for thermal 

parameters to be obtained for C−N bond formation. This provided insight into why 2-vinylpyridine 

is such an active and selective substrate for intermolecular anti-Markovnikov hydroamination with 

Lewis acidic metal catalysts. Additionally, steric effects were found to be an important 

consideration in this bond forming step, as the stoichiometric reaction with 2-vinylpyridine did not 

proceed when using the bulkier bis(piperidido) complex 2.8. Finally, the catalytic activity of 

dimethylamido precatalyst 2.1 for the hydroamination of 2-vinylpyridine and 4-vinylpyridine at 

room temperature was demonstrated. 
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In Chapter 3, the first catalytic protocol for the hydroaminoalkylation of alkynes to make 

α,β,γ-allylic amines was uncovered. Using dimethylamido precatalyst 2.1, several benzylanilines 

were able to undergo C−H activation and subsequent C−C bond formation with a variety of internal 

arylacetylenes with 100% atom economy. The ability of the tethered bis(ureate) ligand to support 

seven-coordinate zirconium complexes, as established previously by the Schafer group as well as 

in Chapter 2, is a factor in how this system achieves catalytic turnover; previous computational 

data obtained for alkene hydroaminoalkylation with Ta reported turnover-limiting protonolysis as 

a result of steric congestion at this key intermediate. This understanding was further emphasized 

by characterization of model catalytic intermediates, including mixed alkyl/amido complex 3.2, 

zirconaaziridine 3.4, and insertion product 3.5, providing insight into the C−H activation, insertion, 

and protonolysis steps of the reaction. 

In Chapter 4, these familiar zirconium ureate complexes were set aside in order to 

investigate vanadium pyridonate complexes, a largely unknown class of compounds. 

Vanadium(IV) bis(pyridonate) complexes 4.4-4.6 were made easily from V(NMe2)4 and pyridones 

4.1-4.3, and underwent reduction to V(III) upon reaction with a third equiv. of pyridone. Through 

characterization of V(III) amido intermediates 4.15 and 4.16 and the observation of pyrroline as a 

byproduct when reacting bis(dimethylamido) complex 4.6 with pyrrolidine, it was concluded that 

the released amine upon protonolysis with the third equiv. of pyridone was responsible for the 

reduction reaction. This reduction process was used for the synthesis of bimetallic tris(pyridonate) 

complexes 4.7 and the bulkier 4.14, the former of which could be synthesized via an alternative 

protonolysis method using trimesityl V(III) precursor 4.9. These bimetallic complexes highlighted 

the various binding modes, including bridging modes, of pyridonate ligands. Additionally, dimer 

4.7 could be broken up into monomeric species by neutral donors such as dimethylamine (4.8), 
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DMAP (4.10), or as shown in Chapter 5, benzhydrol (5.1). The hemilabile character and potential 

for metal-ligand cooperativity of pyridonate ligands were also shown in the isolation of 

bis(pyrrolidine) complex 4.16. Despite relatively poor reactivity compared to its titanium 

counterpart, V(IV) bis(amidate) complex 4.12 showed catalytic activity for the intermolecular 

anti-Markovnikov hydroamination of alkynes. In contrast to the V(IV) pyridonate complexes, 

bis(amidate) complex 4.12 did not undergo reduction from V(IV) to V(III) in the presence of 

proteoligand, possibly due to the large steric bulk of the amidate ligand preventing the formation 

of aggregate species. This newfound understanding of vanadium pyridonate complexes and their 

behaviour can be used to advantage for other catalytic applications, as shown in Chapter 5. 

In Chapter 5, experimental mechanistic insight into the catalytic reductive coupling of 

alcohols by vanadium was obtained. Dimeric V(III) complex 4.7 was catalytically active for the 

reaction with benzyl alcohols to form the C−C coupled product, water, and the corresponding 

ketone as a byproduct. Catalytic intermediates, namely alkoxide complex 5.1 and bimetallic 

terminal oxo-V(IV) complex 5.2, were also synthesized, showcasing once more the hemilability 

and metal-ligand cooperativity of pyridonate ligands and their ability to support bimetallic 

complexes relevant to catalysis. Another key feature of this catalytic system was the involvement 

of bimetallic complexes in order to promote single-electron redox events across two metal centres 

rather than a two-electron redox event at one metal centre, which contrasts an alternative vanadium 

catalyst system involving only monomeric intermediates. Studies using a cyclopropyl-substituted 

substrate, radical trapping agent fluorene, and a mixture of benzhydrol and fluorenol as the 

substrate provided evidence for a mechanism involving rapid combination of alkyl radicals within 

the solvent cage of the catalyst, again contrasting the results obtained by the previous monometallic 

catalyst system. While other 1,3-N,O-chelating proligands (namely, various pyridones and amide 
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4.11) did not improve the reaction efficiency, the in situ screening method developed here can be 

used in future studies of other ligands for this transformation. Some early work in this regard is 

described in the next section. 

6.2 Future Directions 

6.2.1 Analysis of C−E Bond Formation in Other Hydrofunctionalization Reactions 

Beyond hydroamination, catalytic hydrofunctionalization reactions more broadly are 

important in a number of industries as they generate value-added products from simple feedstock 

chemicals with 100% atom economy.135,327 For example, hydroalkoxylation,135,328 

hydrophosphination,135,329 and hydrothiolation329 of alkenes provide efficient routes to compounds 

that are otherwise obtained via less desirable methods involving stoichiometric byproducts and 

multi-step processes. Gaining insight into the C−E bond forming processes involved can aid in 

addressing current challenges in hydrofunctionalization reactions. 

As the tethered bis(ureate) zirconium system described in Chapter 2 allows for the direct 

observation of the key bond forming step in the hydroamination of 2-vinylpyridine, it is well-

suited for studying the thermal parameters of bond formation in other types of 

hydrofunctionalization reactions. Therefore, synthesizing analogous species to bis(amido) 

complex 2.3 bearing non-amido anionic donor ligands could provide interesting comparisons of 

the reversibility in the bond forming step between donor types. To do this, dibenzyl complex 2.2 

can be used as a precursor to ZrX2 complexes via protonolysis with incoming HX (X = ER’, 

Scheme 6.1). For example, bis(alkoxide), bis(phosphide), and bis(thiolate) complexes could be 

synthesized using this method by reaction of dibenzyl complex 2.2 with 2 equiv. of alcohol, 

phosphine, or thiol, respectively. The addition of each of these nucleophiles to 2-vinylpyridine is 

known.183,330,331 As such, the reaction with 2-vinylpyridine may produce analogous Michael 
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addition intermediates to aza-Michael complexes 2.4 and 2.7, or perhaps the ZrX2 intermediate 

would not react with 2-vinylpyridine at all. For instance, a phosphide ligand may be more prone 

to C−E bond formation than an amido ligand, as the P-donor is “softer” than the N-donor and thus 

binds less favourably to Zr. In contrast, the “hard” alkoxide O-donor would be strongly bound to 

Zr, making C−E bond formation less favourable. These differences would influence where the 

equilibrium for C−E bond formation lies in each case, and thermal parameters might be obtainable 

by variable-temperature (VT) NMR as demonstrated in Chapter 2, providing key thermodynamic 

insights into the bond forming step of these hydrofunctionalization reactions. 

 

Scheme 6.1 Possible alternative nucleophilic groups for Michael additions to 2-vinylpyridine 

6.2.2 Investigation of Oxidation Reactivity with Dimer 4.7 

 One of the distinct advantages of vanadium catalysts compared to other earth-abundant 3d 

metal catalysts, particularly those used for oxidation reactions, is that they are frequently oxygen 

and moisture stable.332 Notably, while V(III) dimer 4.7 is air and moisture sensitive, other reported 

vanadium precatalysts for the reductive coupling of alcohols are air-stable V(V)-oxo 

species.316,318,319 In fact, none of the vanadium pyridonate complexes described in this thesis are 

air stable. Therefore, a systematic study on the electrochemistry of these compounds by CV and 

the controlled synthesis of high oxidation state vanadium pyridonate complexes may lead to the 
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development of efficient, air-stable catalysts for the reductive coupling of alcohols and other 

transformations involving V-oxo intermediates.332 This investigation would complement the 

studies in Chapter 4 focused on the reduction of V(IV) pyridonate complexes to their V(III) 

counterparts. 

Preliminary results on the oxidation of V(III) complex 4.7 have been obtained to provide a 

starting point for this project. When a sealed tube containing a toluene-d8 solution of 4.7 was 

exposed to an atmosphere of dioxygen gas, the colour of the solution turned immediately from 

peach-yellow to dark purple. The 1H NMR spectrum showed new diamagnetic signals consistent 

with pyridonate ligands, as well as a new paramagnetic signal at 13.88 ppm corresponding to 

terminal V(IV)-oxo dimer 5.2 as one of the products (see Appendix). After weeks at room 

temperature, trace amounts of purple crystals precipitated from the solution and were suitable for 

X-ray diffraction studies, revealing dimeric complex 6.1 as a product (Scheme 6.2, Figure 6.1). 

Complex 6.1 contains two V(V) centres of distorted octahedral geometry, each having a terminal 

oxo ligand (V1−O1, 1.528(11) Å) in addition to the μ2-O oxo (V1−O2, 1.7705(6) Å) that bridges 

the two metal centres together. The O-V-O bond angle is nearly linear (V1*−O2−V1, 174.6(2)°), 

while the torsional angle between the two terminal oxo ligands is 65°. The stronger trans influence 

of the terminal oxo ligand in comparison to the bridging oxo donor is reflected in the differences 

in the corresponding V−N bond lengths of the pyridonate ligands (V1−N2, 2.295(3) Å, and 

V1−N1, 2.140(3) Å, respectively). For 6.1 to form from 4.7, 1 equiv. of water likely protonates 

one pyridonate on each V centre in order to form the bridging oxo ligand, while O-atom transfer 

from dioxygen to each V generates the terminal oxo ligands. Note that this statement addresses 

mass balance but is not intended to imply reaction mechanism. This suggests that the oxygen 

source contained trace amounts of water, thus rigorous drying of the oxygen source is needed. 
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Nevertheless, product 6.1 provides some insight into the initial fate of precatalyst 4.7 upon 

exposure to the air. It would be worthwhile to test the catalytic activity of 6.1 for the reductive 

coupling of alcohols, as it could be a potential air-stable precatalyst that enters the catalytic cycle 

under catalytic conditions. 

 

 

Scheme 6.2 Reaction of dimer 4.7 with dioxygen and pyridine-N-oxide 

 

Figure 6.1 ORTEP representation of complex 6.1 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): V1−O1, 1.528(11); 
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V1−O2, 1.7705(6); V1−O3, 1.955(3); V1−O4, 1.884(3); V1−N1, 2.140(3); V1−N2, 2.295(3); 

O1−V1−N2, 168.8(3); O1−V1−O2, 101.7(4); V1*−O2−V1, 174.6(2) 

Seeking a more controlled oxidation reaction, pyridine-N-oxide was also attempted as an 

O-atom transfer agent (Scheme 6.2). This compound is known to cleanly transfer an O atom to 

V(III) with concomitant release of pyridine.333 When the oxide was transferred to a solution of 4.7 

in toluene-d8, an immediate colour change to bright orange was observed. As 1H NMR 

spectroscopy of this solution showed only broad, paramagnetic signals and no signals 

corresponding to the release of diamagnetic pyridine, the orange colour likely results from oxide 

adduct formation. Upon heating at 50 °C overnight, the solution turned to the same dark purple 

colour observed in the reaction with O2. Crystals suitable for X-ray diffraction could not be 

obtained from the purple solution in a scaled-up version of this reaction. However, the molecular 

ion corresponding to V(V)-oxo complex 6.2 (391 m/z) was observed by LIFDI-MS, providing 

preliminary evidence for its formation (Scheme 6.2). Further investigation into the synthesis and 

characterization of oxo-vanadium pyridonate complexes is needed to understand their air-stability 

and utility in catalysis. 

An alternative approach to the oxidation of reduced pyridonate complexes with oxygen 

sources would be the synthesis of higher oxidation state, heteroleptic pyridonate/halide complexes, 

as the halide provides a synthetic handle via salt metathesis to access various oxidized derivatives. 

The direct oxidation of reduced early-transition metals with I2 is known to generate M−I species 

through oxidative addition.334 Thus, V(III) dimer 4.7 was reacted with I2 in the hopes of breaking 

up the dimer and obtaining monomeric V(IV) iodide complex J (Scheme 6.3). Immediately upon 

mixing toluene solutions of 4.7 and iodine, a pale-yellow solid began precipitating from the purple 

solution. After isolating this powder from the resulting suspension, recrystallization in hot toluene 
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afforded yellow crystals of trinuclear complex 6.3 suitable for X-ray diffraction, and the solid-

state molecular structure is shown in Figure 6.2. Rather than obtaining monometallic product J, 

this complex contains three V centres: two that are seven-coordinate with distorted pentagonal 

bipyramidal geometry and one central V ion in a six-coordinate, octahedral environment. Both 

paddle-wheel type binding and the κ2:μ2 bridging mode are observed for the pyridonate ligands in 

this structure. Each V centre is likely in the 3+ oxidation state in order to balance the charge of the 

eight total pyridonate ligands and the outer-sphere I3
− counterion. Notably, multinuclear N,O-

chelated vanadium complexes with this counterion have previously been obtained via reaction with 

I2.
335 

 

Scheme 6.3 Reaction of dimer 4.7 with iodine to give trimetallic complex 6.3 
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Figure 6.2 ORTEP representation of complex 6.3 with ellipsoids shown at 50% probability and 

I3
− counterion and hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): 

V1−O2, 2.141(4); V1−O3, 2.089(4); V2−O2, 2.040(4); V2−O3, 1.998(4); V2−O4, 1.904(5); 

O4−V2−O2*, 167.08(19); O3−V2−O3*, 170.1(2) 

The isolation of trimer 6.3 raises questions about the nature of the reaction between 4.7 and 

I2. The mass balance for this transformation has not yet been established. Triodide (I3
−) is the 

simplest polyiodide and generally forms through complexation of I− to I2.
336 Therefore, it is 

plausible that V(IV) iodide J is an intermediate in this transformation, where the generated iodide 

acts as a Lewis base to I2 in solution. Indeed, the reaction of ferrocene with I2 proceeds in this way 

to produce ferrocenium triiodide.337 As such, the first step for investigating this reaction would be 

to isolate J through an alternative synthetic route. N-iodosuccinimide could be a possible oxidant 

for the conversion of 4.7 to J, though CV studies would aid in choosing an appropriate oxidizing 

reagent. The stability of J in solution and its reactivity with I2 would then determine whether it is 

a reasonable intermediate in the synthesis of trimer 6.3. Subsequent studies would attempt to 

elucidate the rest of the reaction pathway, as the redox processes involved to produce 6.3 are 

currently unclear. Evidently, there is much fundamental coordination chemistry to be explored 
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with mixed pyridonate/halide complexes of vanadium in addition to their potential utility as 

synthetic intermediates. 

6.2.3 Aminopyridinate Ligands for the Catalytic Reductive Coupling of Alcohols 

Preliminary results for an improved catalytic system for the reductive coupling of alcohols 

have also been obtained. DFT studies by Nicholas and co-workers have established that the 

turnover-limiting step in the vanadium-catalyzed reductive coupling of alcohols is C−O cleavage 

to produce a C-centred radical.318 As this step involves oxidation of V(III) to V(IV), it was 

hypothesized that a more electron-rich vanadium complex would lower the barrier for C−O 

homolysis and increase the reaction rate. Monoanionic aminopyridinate ligands, which are 1,3-

N,N-chelating ligands, are more electron-rich analogues of pyridonates that allow for further steric 

and electronic tuning via the N-substituent.338 Therefore, aminopyridinates were tested as ligands 

for the vanadium-catalyzed reductive coupling of alcohols. Using the same in situ screening 

method for pyridonate ligands discussed in Chapter 5, some 2-aminopyridines were evaluated. 

Initial results showed that using simple, unsubstituted 2-aminopyridine 6.4 was most successful, 

giving an 86% yield of reductive coupling product within 4 h (Scheme 6.4). This is already a 

notable improvement over in situ-generated catalyst 4.7, which furnishes the product in a 38% 

yield under the same conditions (vide supra). 

 

Scheme 6.4 Catalytic reductive coupling of benzhydrol using 2-aminopyridine 6.4 as a ligand 
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 While efforts to isolate the precatalyst corresponding to ligand 6.4 have so far been 

unsuccessful, a model precatalyst could be synthesized using the same method as used in the 

synthesis of dimer 4.7. Organometallic V(III) complex 4.9 was reacted with 3 equiv. of N-phenyl- 

2-pyridinamine 6.5 to give tris(aminopyridine)vanadium(III) complex 6.6 as a red solid via 

protonolysis (Scheme 6.5). The identity and structure of complex 6.6 was confirmed by X-ray 

crystallography, using dark red crystals grown from a saturated hexanes solution at −35 °C (Figure 

6.3). In contrast to the tris(pyridonate) complexes discussed in Chapter 4, six-coordinate complex 

6.6 has distorted octahedral geometry and is monomeric in the solid state even in the absence of 

any neutral donors. This structure is consistent with a previously reported, sterically bulky 

tris(aminopyridinate)vanadium(III) complex containing N-trimethylsilyl substituents.339 This 

difference in catalyst nuclearity could lead to interesting comparisons between the pyridonate and 

aminopyridinate systems in the reductive coupling of alcohols, especially whether or not bimetallic 

intermediates are involved and how that influences catalyst activity. After ensuring that isolated 

6.6 has comparable catalytic activity to the in situ-generated catalyst with ligand 6.5, analogous 

stoichiometric experiments to those carried out with the pyridonate system in Chapter 5 would be 

explored to gain mechanistic insight. 

 

Scheme 6.5 Synthesis of tris(aminopyridinate)vanadium(III) complex 6.6 
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Figure 6.3 ORTEP representation of complex 6.6 with ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): V1−N1, 1.988(2); 

V1−N2, 2.092(2); N1−V1−N2, 65.28(8); N2−V1−N4, 162.60(8); N3−V1−N6, 159.47(8); 

N1−V1−N5, 150.75(8) 

6.2.4 Tandem Catalysis for Cross-Electrophile Coupling 

Within transition-metal-catalyzed C−C coupling, significant focus has turned towards the 

development of cross-electrophile coupling reactions,340–343 as there are far fewer commercially 

available carbon-based nucleophiles than carbon-based electrophiles due to the reactive nature of 

nucleophilic organometallic reagents.341 Recently, alcohols have been used as an abundant and 

inexpensive source of carbon radicals for cross-electrophile coupling.344–347 Benzyl alcohols are 

converted in situ to benzylic radicals that can be intercepted by a nickel catalyst to afford C−C 

coupled products, however these methods require either stoichiometric metal/phosphine reductant 

or pre-derivatization of the alcohols. The reductive coupling of alcohols has the potential to 

catalytically generate benzylic radicals from alcohols for cross-electrophile coupling. 

Relatedly, Nicholas and co-workers have shown that benzyl radicals produced during the 

reductive coupling of alcohols can be intercepted by an electron-deficient alkene to undergo 

conjugate addition.326 Thus, it is proposed to extend this idea to cross-electrophile coupling with a 



129 

 

nickel co-catalyst (Scheme 6.6). Initial efforts would focus on the stoichiometric reaction between 

the benzhydryl radical generated from alkoxide complex 5.1 and a nickel complex, such as 6.7, 

known to intercept radicals and ultimately give arylated products348 (Scheme 6.7). Once suitable 

conditions to promote C−C formation are discovered, subsequent efforts would focus on the 

translation of this reaction to a catalytic protocol. Key to this project would be fine-tuning the 

ligand environment around the vanadium centre in order to promote free radical formation and 

avoid homocoupling. This example highlights the broader impact that the work presented in this 

thesis may have in the organometallic and organic synthetic communities. 

 

Scheme 6.6 General concept of tandem V-catalyzed radical generation and Ni-catalyzed cross-

electrophile coupling 

 

Scheme 6.7 Proposed stoichiometric coupling of benzhydrol and an aryl group 

6.3 Concluding Remarks 

Altogether, this thesis shows that 1,3-N,O-chelated early-transition-metal complexes,  

namely zirconium ureates and vanadium pyridonates, can be used to address longstanding 
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challenges in the making and breaking of C−E bonds, from hydrofunctionalization reactions to 

biomass conversion and beyond. While much of the work here is fundamental in nature, the 

mechanistic groundwork established in this thesis acts as a foundation for developing catalysts 

with important applications. These 1,3-N,O-chelated early-transition-metal complexes also 

provide rich opportunities in fundamental coordination and organometallic chemistry to be 

explored for years to come. Finally, it is hoped that this foray into vanadium chemistry in the 

Schafer group will help bolster the idea in the organometallic community at large that pushing the 

boundaries of underutilized, earth-abundant early-transition-metals in catalysis can lead to exciting 

and rewarding chemistry. 
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Appendices 

Appendix A   Experimental 

A.1 General Considerations 

All air and moisture sensitive compounds were manipulated under inert N2 atmosphere 

using an MBraun LABmaster glovebox or standard Schlenk techniques. Glassware and Teflon® 

coated magnetic stir bars were dried in a 160 °C oven for at least 4 hours prior to transferring to 

the glovebox or Schlenk manifold. Toluene and hexanes were passed through an activated alumina 

column under N2 gas, collected in a Teflon® sealed Straus flask, and sparged with N2 for 30 

minutes prior to use. THF, benzene-d6, and toluene-d8 were dried over sodium metal and distilled 

under N2 and collected in a Teflon® sealed Straus flask prior to use. Diatomaceous earth was dried 

in an oven at 160 °C for at least 24 hours before transferring to the glovebox. J. Young NMR tubes 

(8” x 5 mm) with Teflon® screw-caps were used for NMR reactions. 1H, 13C{1H}, and 19F{1H} 

NMR spectra were collected using a Bruker 300 MHz or 400 MHz Avance spectrometer at 298 K 

unless otherwise noted. Chemical shifts, δ, are reported relative to the corresponding residual 

protio solvent in parts per million (ppm). Coupling constants, J, are given in Hertz (Hz). Signal 

multiplicity is reported using the following abbreviations: s = singlet, d = doublet, t = triplet, q = 

quartet, sep = septet, m = multiplet, and br = broad. For van’t Hoff experiments and NMR yield 

determinations, T1 relaxation times for the relevant signals were estimated using a spin-echo pulse 

sequence and relaxation delays were extended accordingly during 1H NMR data collection. The 

internal standard used for quantitative 1H NMR experiments in Chapters 3 and 5 was 1,3,5-

trimethoxybenzene and the chemical shifts associated with it are the following: 1H NMR (C6D6, 

400 MHz) δ = 6.25 (s, 3H), 3.32 (s, 9H). Effective magnetic moments were determined using the 

Evans Method,286–288 using coaxial inserts containing 1 mol% cyclooctane in benzene-d6. Mass 
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spectra were collected using one of the following: a Kratos MS-50 spectrometer equipped with an 

electron impact (EI, 70 eV) source; a Jeol AccuTOF GCv 4G spectrometer equipped with a Liquid 

Injection Field Desorption Ionization (LIFDI) probe; or an Agilent 6545 QTOF spectrometer 

equipped with an electrospray or field desorption ionization source. The fragments are given in 

mass per charge number (m/z). GC-MS experiments were performed using an Agilent 7890A GC 

equipped with a 5975C inert XL EI/CI mass detector, operated in positive CI mode and using 

methane as the reagent gas. Elemental analysis (EA) was performed with a Thermo Flash 2000 

Elemental Analyzer. The elemental composition values are given in percentages (%). Single 

crystal X-ray diffraction data were collected using a Bruker X8 APEX or Bruker APEX DUO 

diffractometer. All chemicals were purchased from commercial sources and used without further 

purification, and those which were not already dried and stored under inert atmosphere were either 

dried over calcium hydride and degassed via the freeze-pump-thaw method or sublimed or dried 

under high vacuum before use. 

For Chapter 2, all amines and 2-vinylpyridine were dried over calcium hydride and distilled 

under N2 before degassing via the freeze-pump-thaw method and bringing them into the glovebox 

or using them on the Schlenk manifold. Tetrabenzylzirconium(IV)349 and compounds 2.1,161 2.2,198 

and 2.3160 were prepared according to literature methods. Crystals of 2.2 suitable for X-ray 

diffraction studies were grown from a concentrated toluene solution at −35 °C. 

For Chapter 3, all liquid amines were dried over molecular sieves before degassing via the 

freeze-pump-thaw method and bringing them into the glovebox. All solid amines were dried and 

degassed in a drying tube before bringing them into the glovebox. All solid alkynes were sublimed 

or dried under high vacuum before use. All liquid alkynes were dried over calcium hydride and 

distilled under vacuum before degassing via the freeze-pump-thaw method and bringing them into 
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the glovebox. The bis(urea) proligand H2(N,O)2,
92 dibenzyl complex 2.2,198 sodium ureate salt 

D,116 Ta(CH2SiMe3)3Cl2,
350 and titanium formamidinate complex E240 were prepared according to 

literature procedures. All alkynes351,352 and amines353,354 that were not commercially available 

were synthesized according to literature methods. 

For Chapter 4, trimesitylvanadium(III)-tetrahydrofuran (complex 4.9),279 amide 4.11,109 

and pyridone 4.1393 were synthesized according to literature procedures. 

For Chapter 5, trimesitylvanadium(III)-tetrahydrofuran (complex 4.9),279 amide 4.11,109 6-

isopropyl-2-hydroxypyridine,355 and 6-tertbutyl-2-hydroxypyridine356 were synthesized according 

to literature procedures. 
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A.2 Experimental Data for Chapter 2 

Synthesis of Complexes 

 

Synthesis of 2.4: A 20 mL vial was charged with bis(amido) complex 2.3 (0.165 g, 0.155 mmol) 

before dissolving in ⁓5 mL toluene via gentle heating and vigorous swirling to give a clear, 

colourless solution. 2-Vinylpyridine (0.033 g, 0.31 mmol) was then added directly to the 

concentrated solution of 2.3 using ⁓0.5 mL toluene for quantitative transfer, causing an immediate 

colour change to bright orange. The vial was then placed in a freezer at ‒35 °C for several days, 

during which time bright orange crystals suitable for X-ray diffraction precipitated out of solution. 

After removing the supernatant, the crystals were washed with cold hexanes (5 x ⁓0.25 mL) and 

the residual solvent was allowed to evaporate, giving 0.120 g of material (61% yield). 1H NMR 

(C6D6, 400 MHz) δ = 7.04 (br d, 6.5 Hz, 1H), 6.23 (br d, J = 9.0 Hz, 1H), 6.21 (ddd, J = 9.0, 5.4, 

1.6 Hz, 1H), 5.20 (ddd, J = 6.5, 5.4, 1.6 Hz, 1H), 4.19 (t, J = 7.1 Hz, 1H), 3.62 (br sep, J = 6.7  Hz, 

4H), 3.44 (d, J = 11.5 Hz, 2H), 3.25 (d, J = 11.5 Hz, 2H), 3.22 (br m, 2H), 3.11 (br s, 6H), 2.61 (br 

s, 6H), 1.25 (d, J = 6.7 Hz, 12H), 1.22 (br s, 3H), 1.17 (d, J = 6.7 Hz, 12H), 0.90 (br s, 3H); 13C 

NMR (C6D6, 100 MHz) δ = 167.3, 156.3, 146.9, 127.4, 121.1, 96.3, 79.9, 59.2, 57.8, 57.3, 46.6, 

45.4, 36.8, 28.2, 22.2, 22.1, 21.5. The molecular ion was not observed by MS, instead the ion 

corresponding to a loss of 2-vinylpyridine was observed: MS(EI) m/z 532 [M – C7H7N]+, m/z 488 
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[M − C7H7N − N(CH3)2]
+; Anal Calcd for C30H57N7O2Zr: N, 15.34; C, 56.38; H, 8.99. Found: N, 

14.99; C, 56.50; H, 8.92. 

 

Synthesis of 2.5 in situ: To a ⁓250 μL toluene-d8 solution of dibenzyl complex 2.2 (0.011 g, 0.017 

mmol), pyrrolidine (0.004 g, 0.05 mmol) was added using ⁓250 μL toluene-d8 for quantitative 

transfer, causing a change to bright yellow before turning to pale yellow and then colourless over 

a period of 10 minutes. The reaction was found to be complete after 1 hour by 1H NMR 

spectroscopy. 1H NMR (C7D8, 400 MHz) δ = 3.58 (sep, 6.7 Hz, 4H), 3.48 (br m, 12H), 3.19 (br s, 

4H), 2.06 (br s, 1H), 1.62 (br m, 12H), 1.28 (d, J = 6.7 Hz, 24H), 0.96 (br s, 6H); 13C NMR (C7D8, 

100 MHz) δ = 168.8, 57.6, 51.2, 46.7, 36.7, 26.9, 25.5, 22.4. 

 

Synthesis of 2.6: A 20 mL vial was charged with dibenzyl complex 2.2 (0.099 g, 0.16 mmol) 

before dissolving in ⁓7 mL hexanes via gentle heating and vigorous swirling to give a clear, pale 
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yellow solution. Pyrrolidine (0.024 g, 0.33 mmol) was then added dropwise to the concentrated 

solution of 2.2 while stirring using ⁓2 mL hexanes for quantitative transfer, immediately turning 

it bright yellow and then gradually to pale yellow over a period of an hour. After stirring for a total 

of 4 hours, the volatiles were removed in vacuo to give a colourless powder with a small amount 

of highly soluble pale-yellow solid (pyrrolidine adduct 2.5). Recrystallization in hexanes at ‒35 

°C for several days and isolation of the colourless crystals resulted in 0.076 g of 2.6 (82% yield). 

Similar recrystallization in toluene was carried out to achieve crystals suitable for X-ray 

diffraction. 1H NMR (C6D6, 300 MHz) δ = 3.96 (m, 8H), 3.52 (sep, 6.7 Hz, 4H), 3.03 (br s, 4H), 

1.70 (m, 8H), 1.28 (d, J = 6.7 Hz, 24H), 0.88 (br s, 6H); 13C NMR (C6D6, 75 MHz) δ = 171.0, 

57.8, 52.7, 46.8, 36.8, 27.2, 24.8, 22.2; MS(EI) m/z 584 [M]+, m/z 514 [M − N(CH2)4]
+. 

Satisfactory elemental analysis could not be obtained: Anal Calcd for C54H108N12O4Zr2: N, 14.34; 

C, 55.34; H, 9.29. Found: N, 14.47; C, 55.94; H, 9.72. 

 

Synthesis of 2.7: A 20 mL vial was charged with dibenzyl complex 2.2 (0.202 g, 0.322 mmol) 

and suspended in ⁓3 mL toluene. Pyrrolidine (0.046 g, 0.64 mmol) was then added dropwise to 

the colourless solution using ⁓3 mL toluene for quantitative transfer, turning it bright yellow and 

then gradually to pale yellow over 15 minutes. The vial was shaken to assist dissolving. The 

volatiles were then removed in vacuo to give 2.6 as a colourless powder. 2-Vinylpyridine (0.071 



182 

 

g, 0.68 mmol) was then dissolved in ⁓3.5 mL toluene and added to the solid, turning the solution 

bright orange. Immediate formation of insoluble material, suspected to be poly(vinylpyridine), was 

also observed. The vial was then placed in the freezer at ‒35 °C for several days, during which 

time orange crystals suitable for X-ray diffraction precipitated out of solution in addition to crude, 

insoluble material. X-ray crystallography revealed 2.7, but efforts to isolate it on a suitable scale 

to characterize it by NMR spectroscopy were futile as decomposition to 2.6 and polymer involving 

unidentified intermediates occurred spontaneously in solution. Extraction of the orange compound 

from the insoluble material with toluene, filtration through diatomaceous earth, and rapid removal 

of the volatiles in vacuo resulted in an orange-yellow material that was subjected to mass 

spectrometry: MS(EI) m/z 584 [M – C7H7N]+, m/z 514 [M − C7H7N − N(CH2)4]
+. Elemental 

analysis could not be obtained. 

 

Synthesis of 2.8: A 20 mL vial was charged with dibenzyl complex 2.2 (0.104 g, 0.165 mmol) 

before dissolving in ⁓7 mL hexanes via gentle heating and vigorous swirling to give a clear, pale 

yellow solution. Piperidine (0.028 g, 0.33 mmol) was then added dropwise to the concentrated 

solution of 2.2 while stirring using ⁓1 mL hexanes for quantitative transfer, immediately turning 

it bright yellow and then gradually to colourless over a period of 5 minutes. After stirring for a 

total of 3 hours, the vial was placed in a freezer at ‒35 °C for several days and isolation of the 
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colourless crystals suitable for X-ray diffraction resulted in 0.061 g of 2.8 (61% yield). 1H NMR 

(C6D6, 300 MHz) δ = 3.82 (br m, 8H), 3.50 (sep, 6.7 Hz, 4H), 3.04 (s, 4H), 1.72 (br m, 12H), 1.25 

(d, J = 6.7 Hz, 24H), 0.91 (br s, 6H); 13C NMR (C6D6, 75 MHz) δ = 171.0, 57.9, 52.4, 46.8, 36.6, 

30.2, 26.8, 25.0, 22.3; MS(EI) m/z 612 [M]+, m/z 528 [M ‒ N(CH2)5]
+; Anal Calcd for 

C29H58N6O2Zr: N, 13.69; C, 56.73; H, 9.52. Found: N, 13.83; C, 56.69; H, 9.63. 

 

Synthesis of 2.9: A 20 mL vial was charged with dibenzyl complex 2.2 (0.104 g, 0.165 mmol) 

and dissolved in ⁓2 mL hexanes with gentle heating and swirling. 4-Vinylpyridine (0.037 g, 0.35 

mmol) was then added directly to this colourless solution, causing an immediate change to dark 

red. Swirling the solution resulted in the precipitating of dark red, needle-shaped crystals suitable 

for X-ray diffraction. After letting stand at room temperature for 2 hours, the vial was placed in 

the freezer at ‒35 °C for several days. Removal of the supernatant before allowing residual solvent 

to evaporate resulted in 0.123 g of dark red needles (87% yield). X-ray crystallography revealed 

co-crystallized toluene, but it was removed (as observed by 1H NMR spectroscopy) by crushing 

into a red powder, washing with hexanes (3 x ⁓1 mL), and removing the volatiles in vacuo to give 

0.113 g of isolated 2.9 (93% yield). 1H NMR (C6D6, 300 MHz) δ = 8.99 (br m, 2H), 7.10 (t, J = 

7.5 Hz, 4H), 6.88 (d, J = 7.4 Hz, 4H), 6.78 (d, J = 6.3 Hz, 2H), 6.71 (t, J = 7.2 Hz, 2H), 6.20 (dd, 



184 

 

J = 17.5, 10.9 Hz, 1H), 5.52 (d, J = 17.5 Hz, 1H), 5.05 (d, J = 10.9 Hz, 1H), 3.66 (br sep, J = 6.6 

Hz, 4H), 2.95 (br s, 4H), 2.08 (br s, 4H), 1.31 (d, J = 6.6 Hz, 24H), 0.99 (br s, 4H). 

NMR Tube Experiments 

 

Catalytic Hydroamination of 2-Vinylpyridine with Pyrrolidine: To separate small vials, 

toluene-d8 (0.4715 g), dibenzyl complex 2.2 (0.025 mmol), 2-vinylpyridine (0.5 mmol), and 

pyrrolidine (0.55 mmol) were all weighed. Using the toluene-d8 for quantitative transfer, the amine 

was transferred to the complex before adding 2-vinylpyridine to the mixture. The solution was 

then stirred at room temperature for 6 hours before transferring to a J. Young tube to determine 

the conversion by 1H NMR spectroscopy. 

 

Stoichiometric Hydroamination of 2-Vinylpyridine with Dimethylamine: Complex 2.1 (0.016 

g, 0.027 mmol) was transferred to a J. Young tube with ⁓1.25 mL toluene-d8 before transferring 

2-vinylpyridine (0.003 g, 0.03 mmol) to the same tube with ⁓150 μL toluene-d8, turning the 

solution bright orange. The J. Young tube was then inverted continuously at room temperature and 

checked by 1H NMR spectroscopy periodically. 
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Stoichiometric Hydroamination of 2-Vinylpyridine with Pyrrolidine: After taking the 1H 

NMR spectrum of the in situ-generated 2.5 after 1 hour (vide supra), 2-vinylpyridine (0.002 g, 

0.02 mmol) was added, turning the colourless solution orange. After 2 hours, the reaction was 

determined to be complete by 1H NMR spectroscopy. 

 

Reaction of 2-Vinylpyridine with 2.8: Bis(amido) complex 2.8 (0.008 g, 0.01 mmol) was 

transferred to a J. Young tube with ⁓250 μL toluene-d8 before transferring 2-vinylpyridine (0.001 

g, 0.01 mmol) to the same tube with ⁓450 μL toluene-d8; no colour change was observed. The J. 

Young tube was then checked by 1H NMR spectroscopy periodically. The only new signals 

observed were those resulting from the polymerization of 2-vinylpyridine. 
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Generation of 2.7 in situ: To a small vial, 2.2 (0.011 g, 0.018 mmol) was added and then dissolved 

in ⁓250 μL toluene-d8. Pyrrolidine (0.003 g, 0.04 mmol) was then added, turning it bright yellow 

immediately and then pale yellow over 10 minutes. After transferring the solution to a J. Young 

tube, 2-vinylpyridine (0.002 g, 0.02 mmol) was added, turning it bright orange. VT 1H NMR was 

then performed on the solution. 

 

Catalytic Hydroamination of 2-Vinylpyridine with Piperidine: To separate small vials, 

toluene-d8 (0.4712 g), dibenzyl complex 2.2 (0.025 mmol), 2-vinylpyridine (0.5 mmol), and 

piperidine (0.55 mmol) were all weighed. Using the toluene-d8 for quantitative transfer, the amine 

was transferred to the complex before adding 2-vinylpyridine to the mixture. The solution was 

then stirred at room temperature for 6 hours before transferring to a J. Young tube to determine 

the conversion by 1H NMR spectroscopy. 
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Catalytic Hydroamination of 4-Vinylpyridine with Pyrrolidine: To separate small vials, 

toluene-d8 (0.4715 g), precatalyst 2.2 (0.025 mmol), 4-vinylpyridine (0.5 mmol), and pyrrolidine 

(0.55 mmol) were all weighed. Using the toluene-d8 for quantitative transfer, pyrrolidine was 

transferred to the complex before adding 4-vinylpyridine to the mixture. The solution was then 

stirred at room temperature for 24 hours before transferring to a J. Young tube to determine the 

conversion by 1H NMR spectroscopy. 

Van’t Hoff Data 

Complex 2.4: To determine the Keq values at each temperature, the relative integrations of the Hc 

proton of 2.4 and the Hb proton of 2-vinylpyridine (Figure 2.5) were measured and used to calculate 

the equilibrium constants (Table A.1). Only the largest three temperatures are used as the 

integration of Hb is zero at the other three temperatures. 

Table A.1 Relevant parameters for construction of the van’t Hoff plot for complex 2.4 

T 

(°C) 

Hc 

Integration 

Hb 

Integration 

Keq T 

(K) 

1/T 

(1/K) 

ln(Keq) 

25.5 1.00 0.76 1.7 298.7 0.003348 0.55 

13.8 1.00 0.32 9.8 286.9 0.003485 2.28 

2.2 1.00 0.11 83 275.4 0.003631 4.41 

 

Sample calculation for Keq (T = 25.54 °C):  

Keq = 
1.00

(0.76 × 0.76)
 = 1.7 

Next, ln(Keq) was plotted versus 1/T to obtain the van’t Hoff plot (Figure A.1). The equation 

of the line and associated errors were determined using the LINEST equation in Excel. 
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Figure A.1 Plot of ln(Keq) versus 1/T (van’t Hoff plot) for complex 2.4 

Using the van’t Hoff equation, ln(Keq) = −ΔH°/RT + ΔS°/R where R = 8.3145 × 10−3 

kJ/mol•K, the enthalpy of reaction ΔH° can be determined from the slope of the line in Figure A.1 

and the standard error in the slope (600 K, obtained from the LINEST equation):  

ΔH° = −1•slope•R = −113. ± 5. kJ/mol 

Similarly, the entropy of reaction ΔS° can be determined from the intercept of the line in 

Figure A.1 and the standard error in the intercept (2, obtained from the LINEST equation): 

ΔS° = intercept•R = −0.38 ± 0.02 kJ/mol•K 

Using the Gibbs free energy equation, ΔG° = ΔH° − TΔS°, the free energy can be calculated 

for T = 298 K to compare to the computed free energy for a reversible C−N bond forming step in 

Mg-catalyzed hydroamination (ΔG° = 9.2 kcal/mol).171 The calculated errors in ΔH° and ΔS° can 

be used and converting to kcal/mol gives the free energy: 

ΔG° = −0.36 ± 0.03 kcal/mol at 298 K; computed ΔG° = 9.2 kcal/mol at 298 K 

y = 13651x - 45.203

R² = 0.9982
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These values are quite different, with this Zr system showing slightly exergonic C−N bond 

formation compared to an endergonic process in the Mg system.  

Complex 2.7: To determine the Keq values at each temperature, the relative integrations of the Hc 

proton of 2.7 (analogous to that of 2.4) and the Hb proton of 2-vinylpyridine (Figure 2.8) were 

measured and used to calculate the equilibrium constants (Table A.2). The lowest temperature is 

excluded as the integration of Hb is zero. 

Table A.2 Relevant parameters for construction of the van’t Hoff plot for complex 2.7 

T 

(°C) 

Hc 

Integration 

Hb 

Integration 

Keq T 

(K) 

1/T 

(1/K) 

ln(Keq) 

25.54 1.00 10.90 0.00842 298.7 0.003348 -4.778 

13.77 1.00 2.41 0.172 286.9 0.003485 -1.759 

2.23 1.00 0.91 1.2 275.4 0.003631 0.19 

-9.14 1.00 0.34 8.7 264.0 0.003788 2.16 

-19.21 1.00 0.10 1.0 x 102 253.9 0.003938 4.61 

 

Next, ln(Keq) was plotted versus 1/T to obtain the van’t Hoff plot (Figure A.2). The equation 

of the line and associated errors were determined using the LINEST equation in Excel. 

 

Figure A.2 Plot of ln(Keq) versus 1/T (van’t Hoff plot) for complex 2.7 

y = 15270x - 55.469

R² = 0.9900
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Using the van’t Hoff equation, ln(Keq) = −ΔH°/RT + ΔS°/R where R = 8.3145 × 10−3 

kJ/mol•K, the enthalpy of reaction ΔH° can be determined from the slope of the line in Figure A.2 

and the standard error in the slope (900 K, obtained from the LINEST equation):  

ΔH° = −1•slope•R = −127. ± 7. kJ/mol 

Similarly, the entropy of reaction ΔS° can be determined from the intercept of the line in 

Figure A.2 and the standard error in the intercept (3, obtained from the LINEST equation): 

ΔS° = intercept•R = −0.46 ± 0.03 kJ/mol•K 

Using the Gibbs free energy equation, ΔG° = ΔH° − TΔS°, the free energy can be calculated 

for T = 298 K to compare to the computed free energy for a reversible C−N bond forming step in 

Mg-catalyzed hydroamination.171 The calculated errors in ΔH° and ΔS° can be used, and 

converting to kcal/mol gives the free energy: 

ΔG° = 2.5 ± 0.3 kcal/mol at 298 K; computed ΔG° = 9.2 kcal/mol at 298 K 

This value compares more favourably to the computed free energy than does the free 

energy determined for complex 2.4 above, as both values show an endergonic process for C−N 

bond formation. However, C−N bond formation in the Mg system is still less favourable than in 

this Zr system. 
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A.3 Experimental Data for Chapter 3 

Synthesis of Complexes 

 

Synthesis of 3.2: A 20 mL vial was charged with dibenzyl complex 2.2 (0.104 g, 0.166 mmol) 

before dissolving in ⁓5 mL toluene with vigorous swirling to give a yellow solution. Then, a 

solution of N-(trimethylsilyl)benzylamine (0.030 g, 0.17 mmol) in ⁓3 mL toluene was added 

dropwise while stirring. The solution turned gradually to pale yellow over a period of 1 h. After 

this time, the volatiles were removed under vacuum and a white powder contaminated with a 

yellow impurity was obtained. This reaction mixture was redissolved in ⁓5 mL hexanes with gentle 

heating, resulting in a yellow solution. Cooling this solution to −35 °C for 24 h afforded 0.084 g 

of 3.2 as colourless crystals (71% yield). These crystals were suitable for X-ray diffraction. 1H 

NMR (C6D6, 400 MHz) δ = 7.64 (m, 2H), 7.48 (m, 2H), 7.27 (m, 2H), 7.20 (m, 2H), 7.13 (m, 1H), 

6.83 (m, 1H), 4.78 (s, 2H), 3.46 (sep, J = 6.7 Hz, 4H), 3.03 (d, J = 11.4 Hz, 2H), 2.87 (d, J = 11.4 

Hz, 2H), 2.83 (s, 2H), 1.31 (d, J = 6.6 Hz, 12H), 1.21 (d, J = 6.7 Hz, 12H), 0.72 (s, 3H), 0.54 (s, 

3H), 0.11 (s, 9H); 13C NMR (C6D6, 100 MHz) δ =170.3, 149.8, 145.2, 128.7, 126.9, 128.4 ‒ 127.8 

(2C), 126.3, 120.1, 61.1, 57.4, 47.1, 45.0, 36.0, 27.0, 22.7, 22.6, 21.8, 1.4. The molecular ion was 

not observed by MS, instead the ion corresponding to a loss of a benzyl group was observed: 

MS(LIFDI) m/z 622 [M ‒ CH2Ph]+, m/z 535 [M ‒ N(SiMe3)(CH2Ph)]+. Satisfactory elemental 
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analysis could not be obtained: Anal Calcd for C36H61N5O2SiZr: N, 9.79; C, 60.46; H, 8.60. Found: 

N, 9.81; C, 59.36; H, 8.39. 

 

Synthesis of 3.4: To a ⁓2 mL C6D6 solution of complex 3.2 (0.093 g, 0.13 mmol), pyridine (0.022 

g, 0.28 mmol) was added using ⁓0.5 mL C6D6 for quantitative transfer, causing a change from 

colourless to bright yellow. 1H NMR spectroscopy revealed the formation of a pyridine adduct of 

3.2. Heating the reaction to 65 °C resulted in a gradual change of colour to dark red over a period 

of 30 min. The reaction was found to be complete after 1 h by 1H NMR spectroscopy. Next, the 

solution was transferred to a 20 mL vial and the volatiles were removed in vacuo. The resulting 

dark red powder was dissolved in ⁓5 mL hexanes and the solution was cooled down to −35 °C 

overnight, during which time dark red crystals suitable for X-ray diffraction precipitated. The 

supernatant was then removed to give 0.079 g of isolated 3.4 (78% yield). 1H NMR (C6D6, 300 

MHz) δ = 9.26 (br m, 2H), 8.74 (br m, 2H), 7.29 (m, 4H), 6.85 (m, 3H), 6.65 (br m, 4H), 4.18 (s, 

1H), 3.55 (br m, 5H), 3.20 (br d, J = 11.7 Hz, 1H), 2.97 (br d, J = 11.7 Hz, 1H), 2.83 (br d, J = 

11.7 Hz, 1H), 1.36 (br m, 12H), 1.17 (br m, 12H), 0.80 (br s, 3H), 0.77 (br s, 3H), 0.24 (s, 9H). 

13C NMR (C6D6, 100 MHz) δ = 165.8, 159.7, 150.12, 128.6-127.6 (1C), 127.2, 123.5, 121.1, 116.4, 

73.8, 56.7, 56.3, 46.8, 46.7, 36.8, 35.0, 34.9, 25.7, 22.9, 22.4, 20.9, 2.5. MS(LIFDI) m/z 779 [M]+, 

m/z 621 [M ‒ (NC5H5)2]
+. Satisfactory elemental analysis could not be obtained, possibly due to 
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loss of pyridine when removing volatiles: Anal Calcd for C39H63N7O2SiZr: N, 12.55; C, 59.96; H, 

8.13. Found: N, 11.86; C, 60.36; H, 8.47. 

 

Synthesis of 3.5: A 20 mL vial was charged with complex 3.4 (0.084 g, 0.11 mmol) before 

dissolving in ⁓5 mL toluene with vigorous swirling to give a dark red solution. Then, a solution of 

diphenylacetylene (0.019 g, 0.11 mmol) in ⁓5 mL toluene was added to the solution of 3.4 while 

stirring. The solution turned gradually to orange over a period of 1.5 h and then turned pale yellow 

after a total of 3.5 h. The volatiles were then removed in vacuo and a white powder contaminated 

with an orange impurity was obtained. This reaction mixture was redissolved in ⁓8 mL hexanes at 

room temperature to give a clear, yellow solution. Cooling this solution to ‒35 °C for 24 h afforded 

0.065 g of 3.5 (68% yield) as colourless crystals suitable for X-ray diffraction. 1H NMR (C6D6, 

300 MHz) δ = 8.70 (d, J = 7.5 Hz, 2H), 7.92 (d, J = 7.5 Hz, 2H), 7.25 (t, J = 7.4 Hz, 2H), 7.11 (m, 

1H), 7.03 (m, 2H), 6.95 (m, 2H), 6.89 (m, 2H), 6.76 (m, 4H), 6.48 (m, 3H), 5.72 (s, 1H), 3.56 (br 

m, 4H), 3.00 (br m, 4H), 1.35 (br m, 24H), 0.67 (br s, 3H), 0.45 (br s, 3H), 0.26 (s, 9H). 13C NMR 

(C6D6, 100 MHz) δ = 191.1, 150.9, 150.3, 144.8, 137.0, 130.3, 130.2, 129.3, 128.6, 127.4, 126.9, 

126.4, 126.1, 125.7, 124.6, 123.1, 120.0, 74.5, 56.9, 47.1, 37.1, 32.0, 22.2, 14.4, 3.0. The molecular 

ion was not observed by MS, instead the ion corresponding to a loss of pyridine was observed: 

MS(LIFDI) m/z 799 [M ‒ (NC5H5)]
+. Satisfactory elemental analysis could not be obtained, 
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possibly due to loss pyridine during removal of volatiles: Anal Calcd for C48H68N6O2SiZr: N, 9.55; 

C, 65.48; H, 7.79. Found: N, 9.03; C, 63.65; H, 8.30. 

 

Synthesis of 3.6 in situ: To a solution of complex 3.5 (0.010 g, 0.011 mmol) in ⁓1 mL C6D6, 

pyrrolidine was added (0.003 g, 0.04 mmol) with ⁓0.5 mL C6D6 to ensure quantitative transfer, 

turning the solution from pale yellow to colourless. After 5 min, 1H NMR spectroscopy revealed 

the formation of complex 2.5,246 free pyridine, and allylic amine 3.6. Characterization of 3.6 was 

performed in situ. 1H NMR (C6D6, 300 MHz) δ = 7.37 (m, 2H), 7.19 (m, 2H), 7.07 (m, 3H), 6.96 

(m, 8H), 6.84 (s, 1H), 4.90 (d, J = 10.8 Hz, 1H), 0.08 (s, 9H); 13C NMR (C6D6, 100 MHz) δ = 

147.3, 145.3, 140.3, 137.6, 129.8, 129.6, 128.6, 128.5, 128.4-127.8 (2C), 127.4, 127.3, 127.0, 

126.9, 64.2, 0.5. 
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Initial Catalytic Results and Evaluation of Reported Hydroaminoalkylation Catalysts 

 

Hydroaminoalkylation with N-(trimethylsilyl)benzylamine: To a small vial containing ligand 

H2(N,O)2 (0.004 g, 0.01 mmol), a solution of Zr(NMe2)4 (0.003 g, 0.01 mmol) in ⁓0.25 mL C6D6 

was added and mixed thoroughly to form the precatalyst. After 20 min, solutions of N-

(trimethylsilyl)benzylamine (0.018 g, 0.10 mmol) and diphenylacetylene (0.018 g, 0.10 mmol) in 

⁓0.25 mL C6D6 were added separately to the precatalyst solution, using a total of ⁓0.25 mL C6D6 

for quantitative transfer. The solution was then transferred into a J. Young tube and a t = 0 1H 

NMR spectrum was obtained before heating to 145 °C for 24 h. After the reaction, a 1H NMR 

spectrum was obtained (vide infra). A solution of 1,3,5-trimethoxybenzene in ⁓0.15 mL C6D6 was 

then transferred to the reaction mixture and a 1H NMR spectrum was obtained for NMR yield 

determination. 

 

Hydroaminoalkylation with N-benzylaniline: To a small vial containing ligand H2(N,O)2 (0.001 

g, 0.004 mmol), a solution of Zr(NMe2)4 (0.001 g, 0.004 mmol) in ⁓0.25 mL C6D6 was added and 
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mixed thoroughly to form the precatalyst. After 20 min, solutions of N-benzylaniline (0.007 g, 

0.04 mmol) and diphenylacetylene (0.007 g, 0.04 mmol) in ⁓0.25 mL C6D6 were added separately 

to the precatalyst solution, using a total of ⁓0.25 mL C6D6 for quantitative transfer. The solution 

was then transferred into a J. Young tube and a t = 0 1H NMR spectrum was obtained before 

heating to 145 °C for 24 h. After the reaction, a 1H NMR spectrum was obtained to determine the 

conversion to the allylic amine product. Note: changing the solvent (for example to toluene) and/or 

lowering the reaction temperature (for example to 140 °C) dramatically reduced the conversion by 

approximately 20% in either case. 

 

Hydroaminoalkylation with N-benzylaniline (No Ligand): To a small vial containing a solution 

of Zr(NMe2)4 (0.001 g, 0.004 mmol) in ⁓0.25 mL C6D6, solutions of N-benzylaniline (0.007 g, 

0.04 mmol) and diphenylacetylene (0.007 g, 0.04 mmol) in ⁓0.25 mL C6D6 were added separately 

using a total of ⁓0.25 mL C6D6 for quantitative transfer. The resulting solution was then transferred 

into a J. Young tube and a t = 0 1H NMR spectrum was obtained before heating to 145 °C for 24 

h. After the reaction, a 1H NMR spectrum was obtained to determine the conversion to the allylic 

amine product. 
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Hydroaminoalkylation with N-benzylaniline (Ta Catalyst): To a small vial containing ureate 

ligand D (0.001 g, 0.004 mmol), a solution of Ta(CH2SiMe3)3Cl2 (0.002 g, 0.004 mmol) in ⁓0.25 

mL C6D6 was added and mixed thoroughly to form the precatalyst. After 20 min, solutions of N-

benzylaniline (0.007 g, 0.04 mmol) and diphenylacetylene (0.007 g, 0.04 mmol) in ⁓0.25 mL C6D6 

were added separately to the precatalyst solution, using a total of ⁓0.25 mL C6D6 for quantitative 

transfer. The solution was then transferred into a J. Young tube and a t = 0 1H NMR spectrum was 

obtained before heating to 145 °C for 24 h. After the reaction, a 1H NMR spectrum was obtained 

and revealed that no reaction occurred between the two substrates. 

 

Hydroaminoalkylation with N-benzylaniline (Ti Catalyst): To a small vial containing a 

solution of Ti catalyst E (0.002 g, 0.004 mmol) in ⁓0.25 mL C6D6, solutions of N-benzylaniline 

(0.007 g, 0.04 mmol) and diphenylacetylene (0.007 g, 0.04 mmol) in ⁓0.25 mL C6D6 were added 

separately using a total of ⁓0.25 mL C6D6 for quantitative transfer. The resulting solution was then 

transferred into a J. Young tube and a t = 0 1H NMR spectrum was obtained before heating to 145 

°C for 24 h. After the reaction, a 1H NMR spectrum was obtained to determine the conversion to 

the allylic amine product. 
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Catalytic Hydroaminoalkylation of Alkynes 

 

General Procedure for Alkyne Hydroaminoalkylation: To a small vial containing ligand 

H2(N,O)2 (0.004 g, 0.01 mmol), a solution of Zr(NMe2)4 (0.003 g, 0.01 mmol) in ⁓0.25 mL C6D6 

was added and mixed thoroughly to form the precatalyst. After 20 min, solutions of the respective 

amine (0.10 mmol) and alkyne (0.10 mmol) in ⁓0.25 mL C6D6 were added separately to the 

precatalyst solution, using a total of ⁓0.25 mL C6D6 for quantitative transfer. The solution was then 

transferred into a J. Young tube and a t = 0 1H NMR spectrum was obtained before heating to 145 

°C for 24 or 48 h. After the reaction, a 1H NMR spectrum was obtained for in situ characterization 

(vide infra). A solution of 1,3,5-trimethoxybenzene in ⁓0.15 mL C6D6 was then transferred to the 

reaction mixture and a 1H NMR spectrum was obtained for NMR yield determination and 

regioisomeric ratio (a:b). Each reaction was run in duplicate. For product characterization, the 

crude reaction mixture without internal standard was quenched with ⁓2 mL DCM and filtered 

through diatomaceous earth. The volatiles were then removed in vacuo and the resulting residue 

was purified by silica column chromatography (hexanes/ethyl acetate). In some cases, the product 

decomposed during solvent removal after column purification. Thus, to preserve the NMR signals 

of the product for characterization, some solvent impurities can be observed in select NMR spectra. 

In cases where multiple regioisomers are produced, the isomers were isolated as a mixture. 
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Hydroaminoalkylation of Diphenylacetylene with N-benzylaniline (3.1) 

This reaction was carried out according to the general procedure (24 h, 82% 

NMR yield, 58% isolated yield). 1H NMR (CDCl3, 400 MHz) δ = 7.38-7.31 

(m, 5H), 7.22 (m, 3H), 7.16 (m, 2H), 7.06 (m, 3H), 6.98 (m, 2H), 6.91 (m, 2H), 6.86 (s, 1H), 6.71 

(m, 1H), 6.67 (m, 2H), 5.18 (s, 1H), 4.32 (br s, 1H); 13C NMR (CDCl3, 100 MHz) δ = 147.2, 141.8, 

141.1, 139.4, 136.7, 129.5, 129.4, 129.3, 129.2, 128.8, 128.7, 128.3, 128.0, 127.8, 127.5, 126.9, 

117.9, 113.8, 66.2. HRMS(ESI) m/z Calcd for C27H22N [M]+: 360.1752; found: 360.1758. 

Hydroaminoalkylation of 1-Methyl-4-(phenylethynyl)benzene with N-benzylaniline (3.8)  

This reaction was carried out according to the general procedure (48 h, 

75% NMR yield, 1.1:1, 51% isolated yield). 1H NMR (CDCl3, 400 MHz) 

δ = 7.37 (m, 4H), 7.32-7.25 (m, 6H), 7.21 (m, 2H), 7.15 (m, 4H), 7.06-

7.00 (m, 6H), 6.98-6.92 (m, 4H), 6.87-6.78 (m, 8H), 6.70 (m, 2H), 6.65 (m, 4H), 5.16 (br s, 2H), 

4.27 (br s, 2H), 2.29 (s, 3H), 2.20 (s, 3H); 13C NMR (CDCl3, 100 MHz) δ = 147.2, 141.7, 141.2, 

140.8, 139.6, 137.1, 136.9, 136.7, 136.2, 133.8, 129.4, 129.3, 129.3, 129.2, 129.0, 128.7, 128.7, 

128.1, 128.2, 128.0, 128.0, 128.0, 127.7, 127.4, 126.8, 117.9, 113.8, 66.3, 21.4, 21.2. HRMS(ESI) 

m/z Calcd for C28H24N [M]+: 374.1909; found: 374.1912. 

Hydroaminoalkylation of 1-Methoxy-4-(phenylethynyl)benzene with N-benzylaniline (3.9) 

This reaction was carried out according to the general procedure (48 

h, 76% NMR yield, 1.4:1, 66% isolated yield; some E/Z-isomerization 

also occurred during purification). 1H NMR (CDCl3, 400 MHz) δ = 

7.48-7.41 (m, 2H), 7.40-7.26 (m, 4H), 7.21 (m, 2H), 7.17-7.08 (m, 2H), 7.06-6.86 (m, 5H), 6.86-

6.62 (m, 5H), 5.22 (s, 1H), 5.16 (s, 1H), 4.34 (br s, 1H), 3.84 (s, 3H), 3.82 (s, 3H), 3.75 (s, 3H); 

13C NMR (CDCl3, 100 MHz) δ = 159.2, 159.0, 158.5, 147.3, 141.9, 141.4, 141.3, 141.3, 139.8, 
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139.7, 139.6, 137.0, 136.8, 131.4, 130.7, 130.4, 129.4, 129.3, 129.2, 128.8, 128.7, 128.7, 128.2, 

128.0, 128.0, 127.7, 127.7, 127.4, 126.8, 126.8, 117.9, 114.1, 113.8, 113.5, 66.3, 65.7, 55.4, 55.2. 

HRMS(FD) m/z Calcd for C28H25NO [M]+: 391.19361; found: 391.19472. 

Hydroaminoalkylation of 1-(Phenylethynyl)-4-(trifluoromethyl)benzene with N-

benzylaniline (3.10) 

This reaction was carried out according to the general procedure (48 

h, 63% NMR yield, 1:1, 61% isolated yield). 1H NMR (CDCl3, 300 

MHz) δ = 7.48 (m, 2H), 7.42-7.30 (m, 13H), 7.30-7.18 (m, 7H), 7.15-

6.82 (m, 12H), 6.78 (m, 2H) 6.73 (m, 4H), 5.20 (s, 1H), 5.19 (s, 1H),  4.36 (br s, 2H); 13C NMR 

(C6D6, 100 MHz) δ = 147.0, 147.0, 144.4, 143.4, 140.6, 140.4, 138.8, 136.1, 129.7, 129.5, 129.5, 

129.4, 129.4, 129.4, 129.3, 129.0, 128.9, 128.9, 128.8, 128.7, 128.4, 128.1, 128.0, 128.0, 127.9, 

127.3, 126.6, 125.6 (q, J = 3.8 Hz), 124.9 (q, J = 3.8 Hz), 122.9, 118.2, 118.2, 113.8, 66.3, 66.0; 

19F NMR (CDCl3, 282 MHz) δ = 63.0, 62.9. HRMS(ESI) m/z Calcd for C28H21F3N [M]+: 428.1626; 

found: 428.1631. 

Hydroaminoalkylation of 1-Chloro-4-(phenylethynyl)benzene with N-benzylaniline (3.11) 

This reaction was carried out according to the general procedure (48 h, 

74% NMR yield, 1:1.2, 51% isolated yield). 1H NMR (CDCl3, 400 

MHz) δ = 7.37-7.28 (m, 11H), 7.24-7.13 (m, 11H), 7.11-7.05 (m, 4H), 

7.00 (m, 2H), 6.97-6.86 (m, 4H), 6.82 (s, 1H), 6.80 (s, 1H), 6.74 (m, 2H), 6.69 (m, 4H), 5.15 (s, 

1H), 5.13 (s, 1H), 4.24 (br s, 2H); 13C NMR (CDCl3, 100 MHz) δ = 146.9, 146.9, 142.4, 140.6, 

140.4, 139.0, 137.8, 136.4, 135.5, 133.4, 132.5, 130.7, 130.7, 129.5, 129.3, 129.3, 129.1, 128.9, 

128.9, 128.8, 128.8, 128,1, 128.0, 128.0, 127.9, 127.7, 127.1, 126.9, 118.3, 118.3, 114.0, 114.0, 

66.5, 66.3. HRMS(ESI) m/z Calcd for C27H21ClN [M]+: 394.1363; found: 394.1373. 
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Hydroaminoalkylation of 2-(Phenylethynyl)pyridine with N-benzylaniline (3.12) 

This reaction was carried out according to the general procedure (48 h, 49% 

NMR yield, 36% isolated yield). 1H NMR (CDCl3, 400 MHz) δ = 8.49 (m, 

1H), 7.38 (m, 2H), 7.32-7.24 (m, 7H), 7.18 (m, 3H), 7.05-7.00 (m, 3H), 6.71 (m, 3H), 6.64 (m, 

1H), 5.28 (d, J = 2.9 Hz, 1H), 4.28 (d, J = 2.9 Hz, 1H); 13C NMR (CDCl3, 100 MHz) δ = 154.8, 

146.9, 146.6, 139.9, 138.2, 137.8, 129.4, 129.0, 129.0, 128.7, 128.2, 128.0, 128.0, 124.5, 122.0, 

118.1, 113.6, 66.0. HRMS(ESI) m/z Calcd for C26H22N2 [M]+: 362.1783; found: 362.1789. 

Hydroaminoalkylation of 1-Phenyl-1-propyne with N-benzylaniline (3.13)319 

This reaction was carried out according to the general procedure (48 h, 40% 

NMR yield, 1:4.7, 40% isolated yield). 1H NMR (CDCl3, 400 MHz) δ = 7.45 

(m, 2H), 7.36-7.13 (m, 10H), 6.98 (m, 1H), 6.86-6.70 (m, 4H), 6.04 (br s, 1H), 

5.07 (s, 1H), 1.83 (s, 3H), 1.57 (m, 3H). HRMS(ESI) m/z Calcd for C22H20N [M]+: 298.1596; 

found: 298.1600. 

Hydroaminoalkylation of (Cyclohexylethynyl)benzene with N-benzylaniline (3.14) 

This reaction was carried out according to the general procedure (48 h, 76% 

NMR yield, 1:1.2, 38% isolated yield). 1H NMR (CDCl3, 400 MHz) δ = 7.43 

(m, 2H), 7.36-7.20 (m, 16H), 7.15 (m, 6H), 6.93 (m, 2H), 6.72 (m, 2H), 6.61 

(m, 3H), 6.43 (br s, 1H), 5.69 (m, 1H), 5.09 (s, 1H), 5.06 (s, 1H), 4.02 (br s, 

1H), 2.87 (m, 1H), 1.95 (m, 1H), 1.85-0.94 (m, 20H); 13C NMR (CDCl3, 100 MHz) δ = 148.2, 

147.2, 139.3, 137.9, 136.4, 129.2, 129.1, 129.1, 128.8, 128.6, 128.5, 128.2, 128.1, 127.9, 127.4, 

127.3, 127.0, 126.5, 117.6, 113.6, 65.2, 59.3, 40.3, 37.6, 33.3, 33.1, 32.8, 31.7, 26.5, 26.5, 26.0, 

25.7, 25.6. HRMS(ESI) m/z Calcd for C27H28N [M]+: 366.2222; found: 366.2226. 
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Hydroaminoalkylation of 1-Phenyl-2-trimethylsilylacetylene with N-benzylaniline (3.15)  

This reaction was carried out according to the general procedure (48 h, 31% 

NMR yield, 11% isolated yield). 1H NMR (CDCl3, 400 MHz) δ = 7.37-7.25 

(m, 5H), 7.22-7.14 (m, 5H), 6.92 (m, 2H), 6.71 (m, 1H), 6.62 (m, 2H), 6.05 (s, 1H), 5.05 (s, 1H), 

4.12 (br s, 1H), −0.22 (s, 9H)); 13C NMR (CDCl3, 100 MHz) δ = 157.0, 147.4, 141.8, 129.2, 129.0, 

128.7, 128.7, 127.9, 127.8, 127.8, 127.6, 127.4, 117.7, 113.7, 67.3, 0.0. HRMS(ESI) m/z Calcd for 

C24H26NSi [M]+: 356.1835; found: 356.1838. 

Hydroaminoalkylation of Diphenylacetylene with N-benzyl-4-methylaniline (3.16)  

This reaction was carried out according to the general procedure (24 h, 

84% NMR yield, 69% isolated yield). 1H NMR (CDCl3, 300 MHz) δ = 

7.41 (m, 2H), 7.38-7.30 (m, 3H), 7.30-7.23 (m, 3H), 7.12-7.05 (m, 3H), 7.05-6.92 (m, 4H), 6.96-

6.90 (m, 3H), 6.68 (m, 2H), 5.18 (s, 1H), 4.33 (br s, 1H), 2.27 (s, 3H); 13C NMR (CDCl3, 75 MHz) 

δ = 144.6, 141.8, 140.9, 139.4, 136.7, 133.0, 129.8, 129.4, 129.2, 128.7, 128.7, 128.3, 128.0, 128.0, 

127.7, 127.4, 126.8, 114.2, 66.8, 20.6. HRMS(ESI) m/z Calcd for C28H24N [M]+: 374.1909; found: 

374.1914. 

Hydroaminoalkylation of Diphenylacetylene with N-benzyl-4-chloroaniline (3.17)  

This reaction was carried out according to the general procedure (48 h, 

42% NMR yield, 25% isolated yield). 1H NMR (CDCl3, 400 MHz) δ = 

7.43-7.32 (m, 5H), 7.30-7.23 (m, 3H), 7.17-7.06 (m, 5H), 6.96 (m, 4H), 

6.85 (s, 1H), 6.62 (m, 2H), 5.18 (s, 1H), 4.24 (br s, 1H); 13C NMR (CDCl3, 100 MHz) δ = 145.6, 

141.3, 140.6, 139.1, 136.5, 129.4, 129.2, 129.2, 128.9, 128.8, 128.6, 128.1, 128.0, 127.6, 127.0, 

122.6, 115.0, 66.3. HRMS(FD) m/z Calcd for C27H22ClN [M]+: 395.14408; found: 395.14280. 
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Hydroaminoalkylation of Diphenylacetylene with N-benzyl-4-fluoroaniline (3.18) 

This reaction was carried out according to the general procedure (48 h, 

78% NMR yield, 66% isolated yield). 1H NMR (CDCl3, 400 MHz) δ = 

7.37 (m, 2H), 7.33-7.26 (m, 3H), 7.20 (m, 3H), 7.05 (m, 3H), 6.95-6.83 

(m, 7H), 6.59 (br m, 2H), 5.11 (s, 1H), 4.08 (br s, 1H); 13C NMR (CDCl3, 100 MHz) δ = 156.2 (d, 

J = 235.4 Hz), 143.4, 141.6, 140.8, 139.2, 136.6, 129.4, 129.2, 128.8, 128.7, 128.4, 128.0, 128.0, 

127.9, 127.6, 127.0, 115.8 (d, J = 22.3 Hz), 114.7, 66.9; 19F NMR (CDCl3, 282 MHz) δ = 127.9. 

HRMS(ESI) m/z Calcd for C27H21FN [M]+: 378.1658; found: 378.1663. 

Hydroaminoalkylation of Diphenylacetylene with N-(4-methylbenzyl)aniline (3.19)  

This reaction was carried out according to the general procedure (24 h, 41% 

NMR yield; 48 h, 72% NMR yield, 56% isolated yield). 1H NMR (CDCl3, 400 

MHz) δ = 7.28-7.21 (m, 5H), 7.16 (m, 2H), 7.12 (m, 2H), 7.04 (m, 3H), 6.97 

(m, 2H), 6.91 (m, 3H), 6.72 (m, 3H), 5.12 (s, 1H), 4.22 (br s, 1H), 2.33 (s, 3H); 

13C NMR (CDCl3, 100 MHz) δ = 146.5, 139.6, 139.5, 137.6, 136.7, 136.7, 133.7, 129.5, 129.3, 

129.2 128.7, 128.7, 128.0, 128.0, 127.4, 126.8, 118.5, 114.5, 66.7, 21.3. HRMS(ESI) m/z Calcd 

for C28H24N [M]+: 374.1909; found: 374.1911. 

Hydroaminoalkylation of Diphenylacetylene with N-(4-chlorobenzyl)aniline (3.20) 

This reaction was carried out according to the general procedure (24 h, 79% 

NMR yield, 40% isolated yield). 1H NMR (CDCl3, 400 MHz) δ = 7.40-7.28 

(m, 7H), 7.22 (m, 2H), 7.12 (m, 3H), 7.02 (m, 2H), 6.96 (m, 2H), 6.89 (s, 1H), 

6.80 (m, 1H) 6.72 (m, 2H), 5.23 (s, 1H), 4.45 (br s, 1H); 13C NMR (CDCl3, 

100 MHz) δ = 146.6, 141.4, 139.5, 139.0, 136.4, 133.5, 130.2, 129.4, 129.4, 129.3, 129.2, 129.0, 
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128.8, 128.1, 127.7, 127.1, 118.5, 114.2, 65.9. HRMS(ESI) m/z Calcd for C27H21ClN [M]+: 

394.1363; found: 394.1365. 

Catalytic Hydroaminoalkylation of Diphenylacetylene with N-(4-fluorobenzyl)aniline (3.21) 

This reaction was carried out according to the general procedure (24 h, 80% 

NMR yield, 61% isolated yield). 1H NMR (CDCl3, 400 MHz) δ = 7.41 (m, 

2H), 7.30 (m, 3H), 7.22 (m, 2H), 7.12 (m, 3H), 7.09-7.00 (m, 4H), 6.97 (m, 

2H), 6.88 (s, 1H), 6.79 (m, 1H),  6.72 (m, 2H), 5.23 (s, 1H), 4.19 (br s, 1H); 

13C NMR (CDCl3, 100 MHz) δ = 162.4 (d, J = 245.9 Hz), 147.0, 141.6, 139.2, 136.8, 136.5, 129.6 

(d, J = 8.3 Hz), 129.4, 129.4, 129.2, 128.8, 128.5, 128.1, 127.6, 127.0, 118.2, 115.6 (d, J = 21.5 

Hz), 113.9, 65.6; 19F NMR (CDCl3, 282 MHz) δ = 115.3. HRMS(ESI) m/z Calcd for C27H21FN 

[M]+: 378.1658; found: 378.1664. 
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A.4 Experimental Data for Chapter 4 

Synthesis of Complexes 

 

Synthesis of complexes 4.4-4.6: A 20 mL vial was charged with pyridone (0.50 mmol) and ~3 

mL of hexanes (pyridones 4.2 and 4.3) or toluene (pyridone 4.1), giving a cloudy suspension of 

the colourless solid. Tetrakis(dimethylamido)vanadium(IV) or TDMAV (0.057 g, 0.25 mmol) was 

then added to the stirring suspension using a total of ~3 mL hexanes; the dark green TDMAV 

solution became crimson immediately upon contact with the suspension with concomitant 

solubilization of the pyridone. After stirring the solution at room temperature for 24 h, the volatiles 

were removed in vacuo to give a red powder/residue. The solid/residue was then extracted with ~3 

mL of the reaction solvent and filtered through diatomaceous earth. Cooling to −35 °C resulted in 

the precipitation of dark red crystals of the product suitable for X-ray diffraction. Complex 4.4: 

0.058 g (70% yield). Effective magnetic moment (Evans’ method, 400 MHz, C6D6, 25 °C): μeff = 

2.04 μB; 1H NMR (C6D6, 300 MHz) δ = 4, 3, 2.2. The molecular ion was observed: MS(LIFDI) 

m/z 327 [M]+; Satisfactory elemental analysis could not be obtained. Anal Calcd for C14H20N4O2V: 

N, 17.12; C, 51.38; H, 6.16. Found: N, 16.63; C, 51.21; H, 6.19. Complex 4.5: 0.049 g, (55% 

yield). Effective magnetic moment (Evans’ method, 400 MHz, C6D6, 25 °C): μeff = 1.97 μB; 1H 

NMR (C6D6, 300 MHz) δ = 2.2. The molecular ion was observed: MS(LIFDI) m/z 355 [M]+; Anal 

Calcd for C16H24N4O2V: N, 15.77; C, 54.08; H, 6.81. Found: N, 15.50; C, 53.98; H, 6.99. Complex 
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4.6: 0.059 g, (66% yield). Effective magnetic moment (Evans’ method, 400 MHz, C6D6, 25 °C): 

μeff = 2.07 μB; 1H NMR (C6D6, 300 MHz) δ = 5, 2. The molecular ion was observed: MS(LIFDI) 

m/z 355 [M]+; Satisfactory elemental analysis could not be obtained. Anal Calcd for C16H24N4O2V: 

N, 15.77; C, 54.08; H, 6.81. Found: N, 14.29; C, 53.95; H, 6.50. 

 

Synthesis of complexes 4.7 and 4.8: A 20 mL vial was charged with pyridone 4.3 (0.082 g, 0.75 

mmol) and ~3 mL of hexanes, giving a cloudy suspension of the colourless solid. TDMAV (0.057 

g, 0.25 mmol) was then added to the stirring suspension using a total of ~3 mL hexanes; the dark 

green TDMAV solution became crimson immediately upon contact with the suspension with 

concomitant solubilization of the pyridone, before turning brown-red over the course of ~5 min. 

After stirring the solution at room temperature for 24 h, the solution had changed to dark green. 

Concentrating this solution in vacuo to ~4 mL and cooling to −35 °C for several months produced 

trace amounts of pink crystals of 4.8 suitable for X-ray diffraction. Alternatively, removal of all 

volatiles in vacuo resulted in a viscous, green oil/residue. Repeated trituration of this residue with 

hot hexanes followed by removal of the volatiles in vacuo (three repetitions total) resulted in 

precipitation of a pink solid and a change in solution colour from green to faint orange. The pink 

solid was then washed with ~3 mL hexanes and the volatiles were removed in vacuo, giving 4.7 
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as a pink powder (0.085 g, 90% yield). The characterization data of 4.7 matched those for the 

alternative synthetic method described below.  

 

Alternative synthesis of complex 4.7: A 20 mL vial was charged with tris(mesityl) complex 4.9 

(0.100 g, 0.214 mmol) before transferring pyridone 4.3 (0.070 g, 0.64 mmol) to the same vial with 

⁓5 mL THF, producing a clear, dark amber-pink solution. The solution was then stirred at room 

temperature. After 16 h, the volatiles were removed in vacuo to give an amorphous pink residue. 

To this residue, ⁓3 mL hexanes were added and the suspension was triturated to induce 

precipitation of a pink powder before removal of the volatiles in vacuo; this trituration/removal of 

volatiles procedure was repeated once more. Finally, the sample was put under high vacuum for 

14 h to remove residual mesitylene and give 0.070 g of 4.7 as a pink powder (87% yield). 

Recrystallization from a saturated THF solution at room temperature for 24 h gave pink crystals 

suitable for X-ray diffraction. Effective magnetic moment (Evans’ method, 400 MHz, C6D6, 25 

°C): μeff = 2.89 μB; 1H NMR (C7D8, 300 MHz) δ = 25, 13, 0, −18. The molecular ions of the dimeric 

complex and the corresponding monomeric complex were observed: MS(LIFDI) m/z 750 [M]+, 

m/z 375 [M – V(C6H6NO)3]
+; Anal Calcd for C36H36N6O6V2: N, 11.20; C, 57.61; H, 4.83. Found: 

N, 11.03; C, 57.64; H, 4.86. 
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Synthesis of complex 4.10: A 20 mL vial was charged with complex 4.7 (0.020 g, 0.027 mmol) 

and ~4 mL of toluene, producing a gold-yellow solution upon stirring for several minutes. A ~1 

mL toluene solution of DMAP (0.007 g, 0.06 mmol) was then added dropwise to the stirring 

solution, gradually changing the solution colour to sage green over the course of ~5 min. After 

stirring at room temperature for 16 h, the solution had become a yellow-orange, cloudy suspension. 

The supernatant was then decanted, and the orange precipitate was washed with 3 x ~3 mL 

hexanes. Finally, the volatiles were removed in vacuo to give 4.10 as a poorly soluble, orange 

powder (0.022 g, 84% yield). Recrystallization in hot THF afforded orange crystals suitable for 

X-ray diffraction. Effective magnetic moment (Evans’ method, 400 MHz, C6D6, 25 °C): μeff = 3.00 

μB; 1H NMR (C6D6, 400 MHz, cyclooctane added) δ = 26, 14.1, 12, 11, −0.8, −21. The molecular 

ions of 4.10, 4.7 (corresponding to a loss of DMAP from 4.10), and DMAP were observed: 

MS(LIFDI) m/z 497 [M]+, m/z 375 [M – C7H10N2]
+, m/z 122 [M – V(C6H6NO)3]

+; Satisfactory 

elemental analysis could not be obtained. Anal Calcd for C25H28N5O3V: N, 14.08; C, 60.36; H, 

5.67. Found: N, 13.71; C, 59.34; H, 5.57. 
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Synthesis of complex 4.12: A 20 mL vial was charged with amide 4.11 (0.141 g, 0.50 mmol) and 

~3 mL of hexanes, giving a cloudy suspension of the colourless solid. TDMAV (0.057 g, 0.25 

mmol) was then added to the stirring suspension using a total of ~3 mL hexanes; the dark green 

TDMAV solution became dark yellow upon contact with the suspension, then gradually turned 

yellow-red and finally crimson as the ligand dissolved. After stirring the solution at room 

temperature for 16 h, at which point it had become a red-orange suspension, the volatiles were 

removed in vacuo to give the product as an orange-red powder (0.175 g, >99% yield). The solid 

was then extracted with ~2 mL of toluene and filtered through diatomaceous earth. Layering with 

pentane before cooling to −35 °C resulted in the precipitation of red-orange crystals suitable for 

X-ray diffraction. Effective magnetic moment (Evans’ method, 400 MHz, C6D6, 25 °C): μeff = 1.74 

μB; 1H NMR (C6D6, 300 MHz) δ = 10, 6, 1. The molecular ion was observed: MS(LIFDI) m/z 699 

[M]+; Satisfactory elemental analysis could not be obtained. Anal Calcd for C42H56N4O2V: N, 8.01; 

C, 72.08; H, 8.07. Found: N, 7.93; C, 71.97; H, 8.64. 
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Synthesis of complex 4.14: A 20 mL vial was charged with pyridone 4.13 (0.160 g, 0.75 mmol) 

and ~3 mL of toluene, giving a cloudy suspension of the colourless solid. TDMAV (0.057 g, 0.25 

mmol) was then added to the stirring suspension using a total of ~2 mL toluene; the dark green 

TDMAV solution became brown-red within ~1 min of addition to the suspension. After stirring 

the solution at room temperature for 17 h, the solution had changed to dark green. Removal of the 

volatiles in vacuo resulted in a viscous, green oil/residue. Repeated trituration of this residue with 

hot hexanes followed by removal of the volatiles in vacuo (four repetitions total) resulted in 

precipitation of a yellow-gold solid and a change in solution colour from green to orange-brown. 

After the final removal of volatiles in vacuo, product 4.14 was isolated as a yellow-gold powder 

(0.133 g, 77% yield). Recrystallization in toluene at −35 °C afforded yellow-gold crystals suitable 

for X-ray diffraction. Effective magnetic moment (Evans’ method, 400 MHz, C6D6, 25 °C): μeff = 

3.20 μB; 1H NMR (C6D6, 300 MHz) δ = 6.7, 6.4, 2.6, 2.26, 2.10, −7, −23, −32. The molecular ion 

was observed: MS(LIFDI) m/z 1375 [M]+; Satisfactory elemental analysis could not be obtained. 

Anal Calcd for C84H84N6O6V2: N, 6.11; C, 73.35; H, 6.16. Found: N, 5.70; C, 73.37; H, 7.15. 
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Synthesis of complex 4.15: Complex 4.6 (0.084 g, 0.24 mmol) was transferred to a 50 mL bomb 

using ~6 mL of hexanes, producing a dark crimson solution. Pyrrolidine (0.1664 g, 2.34 mmol) 

was then added to the solution using ~2 mL of hexanes; no colour change was observed. Next, the 

bomb was sealed, and the solution was stirred at 50 °C for 23 h, becoming dark orange in colour 

over the course of the reaction. The volatiles were then removed in vacuo to give the product as a 

dark orange powder (0.068 g, 70% yield). Recrystallization in hexanes at −35 °C afforded dark 

orange crystals suitable for X-ray diffraction. Effective magnetic moment (Evans’ method, 400 

MHz, C6D6, 25 °C): μeff = 2.82 μB; 1H NMR (C6D6, 300 MHz) δ = 36, 32, 25, 24, 21, 17, 12, 3, 

2.65, 1.40, −8, −26, −30, −32, −35. The molecular ions of 4.15, G (corresponding to a loss of 

pyrrolidine from 4.15), and G’ (corresponding to dimerization of G) were observed: MS(LIFDI) 

m/z 408 [M]+, m/z 337 [M – C4H9N]+, m/z 674 [M – C4H9N + C16H20N3O2V]+; Anal Calcd for 

C20H29N4O2V: N, 13.72; C, 58.82; H, 7.16. Found: N, 13.34; C, 58.70; H, 7.13. 
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Synthesis of complex 4.16: A 20 mL vial was charged with pyridone 4.3 (0.055 g, 0.50 mmol) 

and ~3 mL of hexanes, giving a cloudy suspension of the colourless solid. 

Tetrakis(dimethylamido)vanadium(IV) or TDMAV (0.057 g, 0.25 mmol) was then added to the 

stirring suspension using a total of ~3 mL hexanes; the dark green TDMAV solution became 

crimson immediately upon contact with the suspension with concomitant solubilization of the 

pyridone. After stirring the solution at room temperature for 6 h, the volatiles were removed in 

vacuo to give a dark red solid/residue. Pyrrolidine (0.181 g, 2.54 mmol) was then transferred to 

the solution using ~6 mL of hexanes, producing a dark red solution. After stirring for 10 min, the 

volatiles were removed in vacuo and pyrrolidine and hexanes were again added as previously. The 

solution was then stirred at room temperature for 15 h. Once more, the volatiles were removed in 

vacuo and pyrrolidine was added in the same way as before before stirring at room temperature 

for 1 h. Finally, removal of volatiles in vacuo resulted in a dark orange solid/residue. 

Unfortunately, only a crude mixture could be obtained for the bulk material. However, 

recrystallization in hexanes at −35 °C afforded trace amounts of dark orange crystals suitable for 

X-ray diffraction. In addition to unidentified higher masses and the corresponding monomer of 

complex 4.7, G (corresponding to a loss of two pyrrolidines from 4.16), and G’ (corresponding to 

dimerization of G) were observed, while the molecular ion itself was not observed: MS(LIFDI) 

m/z 337 [M – 2(C4H9N)]+, m/z 674 [M – 2(C4H9N) + C16H20N3O2V]+. 
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NMR Tube Experiments 

 

Reduction of 4.6 to 4.7 on NMR scale: Complex 4.6 (0.003 g, 0.009 mmol) was first weighed 

into a small vial and then quantitatively transferred to a J. Young tube using ⁓0.75 mL C7D8, giving 

a crimson solution. A t = 0 1H NMR spectrum was then obtained before pyridone 4.3 (0.001 g, 

0.009 mmol) was transferred to the J. Young tube using ⁓0.4 mL C7D8; the colour took on a slight 

brown hue. The tube was then continuously inverted at room temperature for 24 h and periodically 

monitored by 1H NMR spectroscopy, during which time the solution became orange-yellow in 

colour. After 24 h, the signals due to pyridone 4.3 had disappeared from the 1H NMR spectrum 

and signals matching that of isolated complex 4.7 were observed. 

 

Reduction of 4.6 to 4.15 on NMR scale: Complex 4.6 (0.005 g, 0.01 mmol) was first weighed 

into a small vial and then quantitatively transferred to a J. Young tube using ⁓0.5 mL C6D6, giving 

a crimson solution. A t = 0 1H NMR spectrum was then obtained before pyrrolidine (0.010 g, 0.14 

mmol) was transferred to the J. Young tube using ⁓0.3 mL C6D6; no colour change was observed. 
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Once again, a 1H NMR spectrum was obtained, showing little change beyond the new signals of 

pyrrolidine. The tube was then heated to 50 °C for 23 h. After the reaction, the solution had become 

a lighter red-orange colour. Another 1H NMR spectrum was then obtained, showing signals 

matching that of isolated complex 4.15 and confirming the formation of pyrroline as a 

byproduct.291 

 

Catalytic hydroamination of phenylacetylene: Complex 4.12 (0.006 g, 0.009 mmol) was first 

weighed into a small vial and dissolved in ⁓0.3 mL C6D6, giving a red solution. Next, aniline (17 

μL, 0.017 g, 0.19 mmol) was added to the vial via microsyringe, causing a gradual colour change 

from red to orange. Phenylacetylene (10 μL, 0.009 g, 0.09 mmol) was then added via microsyringe, 

with no accompanying change in colour. The solution was then quantitatively transferred to a J. 

Young tube using ⁓0.4 mL C6D6. A t = 0 1H NMR spectrum was then obtained before heating the 

tube to 65 °C for 75 h. After the reaction, the solution had become a dark red-brown colour. 

Another 1H NMR spectrum was then obtained, showing 21% conversion to the anti-Markovnikov 

product.105 
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A.5 Experimental Data for Chapter 5 

Synthesis of Complexes 

 

Synthesis of 5.1: A 20 mL vial was charged with tris(pyridonate) dimer 4.7 (0.066 g, 0.088 mmol) 

before adding ⁓2 mL toluene to give a pale-yellow suspension of the pink solid. Benzhydrol (0.032 

g, 0.18 mmol) was then transferred to the suspension using ⁓2 mL toluene, immediately producing 

a clear, moss green solution. After stirring at room temperature for 21 h, the solution was filtered 

through diatomaceous earth and ⁓3 mL hexanes were added. The solution was then concentrated 

in vacuo to ⁓1 mL of solvent, and ⁓3 mL hexanes were added once again, causing a small amount 

of green solid to precipitate out. This concentration/hexanes addition procedure was repeated two 

more times before completely removing the volatiles in vacuo to give 0.098 g of 5.1 as a light 

green powder (99% yield). Dissolving the solid in ⁓2 mL hot toluene and letting the solution cool 

to room temperature for 24 h gave dark green crystals suitable for X-ray diffraction. Effective 

magnetic moment (Evans’ method, 400 MHz, C6D6, 25 °C): μeff = 2.62 μB; 1H NMR (C7D8, 300 

MHz) δ = 30, 27, 16, 12, −3, −5, −23, −24; The molecular ion was observed, however higher 

masses were also observed including that of dimer 4.7: MS(LIFDI) m/z 559 [M]+; Anal Calcd for 

C31H30N3O4V: N, 7.51; C, 66.54; H, 5.40. Found: N, 7.44; C, 66.79; H, 5.40. 
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Synthesis of 5.2: A 2 mL bomb was charged with alkoxide complex 5.1 (0.030 g, 0.054 mmol) 

and a stir bar before adding ⁓1.5 mL toluene and gently heating to give a dark green solution. The 

bomb was then sealed, placed in an oil bath set to 115 °C, and stirred for 4 hours. During this time 

the solution turned to dark turquoise. The solution was then filtered through diatomaceous earth 

and the volatiles were removed in vacuo to give a mixture of colourless and seafoam green solids. 

The mixture was then dissolved in a minimum amount of hot toluene (⁓0.5 mL) and left to stand 

at room temperature. After 48 hours, a mixture of colourless and sky-blue crystals formed, both of 

which were suitable for X-ray diffraction. The colourless and blue crystals corresponded to 1,1,2,2-

tetraphenylethane and complex 5.2, respectively. Repeated attempts to separate these two products 

were unsuccessful, thus a yield for complex 5.2 could not be obtained. 1H NMR (C7D8, 300 MHz) 

δ = 14. The molecular ions of the dimeric complex and the corresponding monomeric complex 

were observed: MS(LIFDI) m/z 566 [M]+, m/z 283 [M − VO(C6H6NO)2]
+. Satisfactory elemental 

analysis could not be obtained due to persistent co-crystallization of organic product. 

NMR Tube Reactions 
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General Procedure for the Catalytic Reductive Coupling of Alcohols with 4.7: To separate 

small vials, catalyst 4.7 (0.0013 mmol), alcohol substrate (0.026 mmol), and 1,3,5-

trimethoxybenzene (0.0083 mmol) were all weighed. Using 800 μL C6D6, the contents of the vials 

were mixed thoroughly to produce a light green solution. The solution was then transferred to a J. 

Young tube and placed in an oil bath set to 140 °C for 24 or 48 hours (CAUTION: As 140 °C is 

well above the boiling point of C6D6, a blast shield should be used in case the J. Young tube bursts. 

Though these tubes are designed to withstand pressure, the blast shield should still be used as a 

precaution). The yields were determined based on the average of two runs, using the relative 

integrations of the benzylic protons in the product and ortho protons in the aryl ketone byproduct 

compared to those of the methyl protons in the 1,3,5-trimethoxybenzene internal standard. The 

solutions were then quenched with methanol, filtered through diatomaceous earth, and diluted in 

methanol prior to GC-MS analysis to confirm formation of all products. 

 

Generation of 5.2 in situ: To separate small vials, complex 4.7 (0.002 g, 0.003 mmol) and 

benzhydrol (0.001 g, 0.005 mmol) were weighed. The alcohol was transferred quantitively to the 

complex using toluene-d8 to give a peach-coloured solution, which was transferred to a J. Young 
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tube. The total volume of toluene-d8 used was ⁓1.5 mL. After 50 minutes at room temperature, 

during which time the 1H NMR spectrum was obtained, the tube was placed in an oil bath set to 

100 °C for 70 hours. The 1H NMR spectrum was obtained once more after the heating was finished. 

 

Catalysis with α-Cyclopropylbenzyl Alcohol: This reaction was carried out in the same way as 

the catalytic reductive coupling of 1-phenylethanol except that α-cyclopropylbenzyl alcohol (0.026 

mmol) was used as the substrate. The 1H NMR spectrum after the reaction showed the formation 

of 1,2-dihydronapthalene in 70% yield, which results from the ring-opening reaction of a benzylic 

radical with the cyclopropyl substituent;316 thus, this is indicative of a radical process. 

 

Radical Trap Test with Fluorene: This reaction was carried out in the same way as the catalytic 

reductive coupling of benzhydrol except that one equivalent of fluorene (0.026 mmol) was 

included in the reaction mixture. The 1H NMR spectrum after the reaction showed no difference 

to that of the catalytic reductive coupling of benzhydrol other than the presence of completely 

unreacted fluorene. 
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Catalysis using Crude 5.2: This reaction was carried out in the same way as the catalytic reductive 

coupling of benzhydrol except that a crude sample of dimer 5.2, containing 1,1,2,2-

tetraphenylethane impurity, was used as the catalyst (0.0013 mmol). The moles of product already 

present at t = 0 were subtracted from the total after the reaction when calculating the yield. This 

reaction was then repeated in the same way except with 10 mol% of pyridone 4.3 added to the 

reaction. 

 

Reaction of 4.7 with 4 Equiv. of Benzhydrol: To separate small vials, complex 4.7 (0.002 g, 

0.003 mmol) and benzhydrol (0.002 g, 0.011 mmol) were weighed. The alcohol was transferred 

quantitively to the complex using toluene-d8 to give a green coloured solution, which was 

transferred to a J. Young tube. The total volume of toluene-d8 used was ⁓1 mL. After 75 minutes 

at room temperature, during which time the 1H NMR spectrum was obtained, the tube was placed 
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in an oil bath set to 140 °C for 22 hours. The 1H NMR spectrum was obtained once more after the 

heating was finished, revealing that benzophenone had formed. 

 

Cross-Over Experiment with Fluorenol: This reaction was carried out in the same way as the 

catalytic reductive coupling of benzhydrol except that a 1:1 mixture of benzhydrol/fluorenol was 

used as the substrate (0.013 mmol of each alcohol). The ratio of products was estimated by 1H 

NMR spectroscopy, using the diagnostic benzylic protons for each product.315 

 

Shortened Catalytic Reaction with Benzhydrol: This reaction was carried out in the same way 

as the catalytic reductive coupling of benzhydrol except that the reaction was stopped after 4 h 

rather than 24 h. 

 

Ligand Screen for Catalytic Reductive Coupling of Benzhydrol: To separate small vials, 

complex 4.9 (0.0026 mmol), 1,3-N,O-chelate proligand (0.0079 mmol), alcohol substrate (0.026 
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mmol), and 1,3,5-trimethoxybenzene (0.0083 mmol) were all weighed. Using 800 μL C6D6, the 

contents of the vials were mixed thoroughly to produce a light yellow or green solution depending 

on the ligand used. The solution was then transferred to a J. Young tube and placed in an oil bath 

set to 140 °C for 4 h. The yields were determined by 1H NMR spectroscopy using 1,3,5-

trimethoxybenzene as an internal standard. 

Calculation of Yields for the Reductive Coupling of Alcohols 

The calculation used to obtain the yield of product in the reaction shown in Table 5.1, entry 

1 and Figure D.34 is as follows: 

1. Given that 3 equiv. of benzhydrol starting material produce 1 equiv. of 1,1,2,2-

tetraphenylethane product, the theoretical yield of product for the reaction is: 

0.027 mmol benzhydrol × (1 mol product)/(3 mol benzhydrol) = 0.0090 mmol 

2. The signal for the three methyl Hs of 1,3,5-trimethoxybenzene (internal standard) has been 

integrated to 9.00, which corresponds to one relative mole of internal standard. The signal 

for the methine Hs of the product integrates to 2.17 as a result, which must be divided by 

two to give the relative moles of product. The actual amount of internal standard used was 

0.0083 mmol. Thus, the actual yield of product based on the integration ratio with the 

internal standard is: 

0.0083 mmol internal standard × [(2.17/2) mol product]/[(9.00/9) mol internal standard] = 

0.0090 mmol product 

3. Thus, the NMR yield is: 

(0.0090 mmol product)/(0.0090 mmol) × 100% = 100%, or >99% 

The yield of benzophenone byproduct produced can be calculated analogously using the 

signal at 7.71 ppm for the ortho Hs of the phenyl substituents integrating to 3.75. 
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Presentation of Yields for the Reductive Coupling of Alcohols 

The yields of product and ketone byproduct reported in Table 5.1 and elsewhere in this 

thesis may initially appear confusing, as they sum to greater than 100%. This section is meant to 

clarify why this is reasonable. The reaction with benzhydrol is used as an example. 

 

The pathway to produce 1,1,2,2-tetraphenylethane is coupled with the production of 

benzophenone. In other words, benzophenone does not result from an independent reaction that 

competes with product formation (the only exception to this is entry 5 in Table 5.2, where more 

benzophenone is produced than 1,1,2,2-tetraphenylethane, indicating an independent alcohol 

oxidation pathway).  

Since the precatalyst for reductive coupling is already in the reduced V(III) oxidation state, 

no alcohol oxidation is needed for the first reductive coupling event to occur to generate 1,1,2,2-

tetraphenylethane. Therefore, as 10 mol% V is used, the yield of 1,1,2,2-tetraphenylethane is 

generally 10% higher than that of benzophenone. As such, if a 100% yield of 1,1,2,2-

tetraphenylethane is achieved, a ~90% yield of benzophenone would be expected.  

An alternative way to conceptualize this reaction is to consider the third equiv. of 

benzhydrol that acts as the reductant separately from the other 2 equiv. of benzhydrol (the 

substrate). The scheme below shows the third equiv. of alcohol over the arrow, which could be 

interchanged with any other stoichiometric reductant able to reduce the oxidized V catalyst back 

to V(III). This is conceptually no different than any generic reaction requiring a reductant; full 

conversion of the reductant to its corresponding oxidized product is needed to achieve full 

conversion to the desired product, so both products could have yields approaching 100%. Since 
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benzhydrol is the reductant, it is redundant to show it both above and beside the arrow as 

represented below, thus the 3:1 stoichiometry of benzhydrol to each organic product results. 

Importantly, whichever way the reaction is represented has no impact on the results when 

calculating the yields. 
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A.6 Experimental Data for Chapter 6 

Synthesis of Complexes 

 

Synthesis of 6.1: A small vial was charged with tris(pyridonate) dimer 4.7 (0.015 g, 0.020 mmol) 

before quantitative transfer to a J. Young tube using ⁓1 mL toluene-d8. Gentle heating was applied 

to aid in dissolving the complex, producing a peach-yellow solution. A t = 0 1H NMR spectrum 

was then collected. Next, the tube was connected to a Schlenk line and the solution was degassed 

via three freeze-pump-thaw cycles and backfilled with oxygen gas at room temperature. After 

sealing and shaking the tube, the solution immediately turned dark purple and a 1H NMR spectrum 

was collected. This solution was left for weeks at room temperature before the tube was degassed 

again using the same procedure and backfilled with nitrogen to bring into the glovebox. After 

removal of the solution, trace amounts of dark purple crystals remained in the J. Young tube that 

were suitable for X-ray diffraction studies, revealing 6.1 as a product. 
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Synthesis of 6.2: To separate small vials, tris(pyridonate) dimer 4.7 (0.030 g, 0.040 mmol) and 

pyridine-N-oxide (0.008 g, 0.08 mmol) were weighed. The complex was then quantitatively 

transferred to a 50 mL bomb using ⁓5 mL toluene, before the same was done with the oxide using 

⁓3 mL toluene. Upon addition of the oxide, the peach-yellow solution turned bright orange. The 

bomb was then sealed, placed in an oil bath set to 50 °C, and stirred for 16 h. During this time the 

solution turned to dark purple. The solution was then transferred to a 20 mL vial and the volatiles 

were removed in vacuo to give a very viscous, dark purple oil. As efforts to recrystallize this oil 

to get a crystal structure of 6.2 were unsuccessful, a dilute toluene solution of the sample was 

prepared for LIFDI-MS analysis. The molecular ions of complex 6.2, the corresponding 

monomeric complex of dimer 5.2, and pyridone 4.3 were observed: MS(LIFDI) m/z 391 [M]+, m/z 

283 [VO(C6H6NO)2]
+, m/z 109 [C6H6NO]+. 

 

Synthesis of 6.3: A small vial was charged with iodine (0.013 g, 0.051 mmol) and dissolved in ⁓2 

mL toluene to give a red-violet solution. Next, a 20 mL vial was charged with tris(pyridonate) 

dimer 4.7 (0.028 g, 0.038 mmol) before adding ⁓4 mL toluene to give a pale-yellow suspension of 

the pink solid. While stirring, the iodine solution was then transferred to the suspension, causing 

the purple colour to change to brown-orange with concomitant precipitation of a yellow powder. 

After stirring at room temperature for 20 h, the volatiles were removed in vacuo to give a mixture 
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of the yellow solid and some brown-orange residue. The yellow solid was then washed with 

toluene several times at room temperature until the brown-orange residue was no longer present. 

Removal of the volatiles in vacuo once more gave 0.029 g of complex 6.3 as a yellow powder 

(81% yield). Recrystallization in a minimum amount of hot toluene and letting the solution cool 

to room temperature for 24 h gave bright yellow crystals suitable for X-ray diffraction. LIFDI-MS 

analysis revealed a complex mixture of fragments, with no observation of the molecular ion. 

Satisfactory elemental analysis could not be obtained. Anal Calcd for C48H48I3N8O8V3: N, 8.01; 

C, 41.22; H, 3.46. Found: N, 7.65; C, 40.30; H, 3.99. 

 

Synthesis of 6.6: A 20 mL vial was charged with tris(mesityl) complex 4.9 (0.015 g, 0.031 mmol) 

and dissolved in ⁓2 mL toluene, producing a deep blue solution. While stirring, aminopyridine 6.5 

(0.016 g, 0.093 mmol) was then transferred to the same vial dropwise with ⁓3 mL toluene. During 

addition, the solution first turned plum-purple, then burgundy-red, and finally pink-red over the 

course of 5 min. The solution was then stirred at room temperature. After 17 h, the volatiles were 

removed in vacuo to give an amorphous red residue. The residue was then dissolved in ⁓5 mL hot 

hexanes and filtered through diatomaceous earth using an additional ⁓3 mL hexanes before 

concentrating in vacuo to a volume of ⁓2 mL. After cooling to −35 °C for several days, a small 

amount of dark red crystals suitable for X-ray diffraction crystallized from the solution. Finally, 
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the volatiles were removed from the supernatant in vacuo to give 0.012 g of 6.6 as a red solid (71% 

yield). 

NMR Tube Reactions 

 

Catalytic Reductive Coupling of Alcohols with Ligand 6.4: To separate small vials, complex 

4.9 (0.005 mmol), proligand 6.4 (0.015 mmol), benzhydrol substrate (0.053 mmol), and ferrocene 

(1.3417% wt./wt. in toluene, 0.009 mmol) were all weighed. Using 800 μL C6D6 (including the 

volume of ferrocene solution added), the contents of the vials were mixed thoroughly to produce 

a bright yellow solution. The solution was then transferred to a J. Young tube and placed in an oil 

bath set to 140 °C for 4 h. The yields were determined by 1H NMR spectroscopy using ferrocene 

as an internal standard. 

 

NMR Scale Synthesis of Complex 6.2: To separate small vials, tris(pyridonate) dimer 4.7 (0.004 

g, 0.005 mmol) and pyridine-N-oxide (0.001 g, 0.01 mmol) were weighed. The complex was then 

dissolved in ⁓0.2 mL toluene-d8, giving a peach-yellow solution. Next, the oxide was 

quantitatively transferred to the complex using ⁓0.4 mL toluene-d8, causing a colour change to 
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light orange. The solution was then transferred to a J. Young tube using ⁓0.2 mL toluene-d8 and a 

1H NMR spectrum was collected. The tube was then placed in an oil bath set to 50 °C and stirred 

for 17 h. During this time, the solution turned to dark purple. After heating, a second 1H NMR 

spectrum was collected. 
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Appendix B   Computational Details 

B.1 Computational Data for Chapter 4 

General Computational Methods 

Density functional theory calculations were carried out using the Gaussian 09 package 

(Revision D.01)357 and the B3LYP functional.358,359 All geometry optimizations were performed 

using the 6-311++G(d,p)’ basis set for all atoms and the GD3BJ360 dispersion correction with 

inclusion of solvent effects (n-hexane, SMD model).361 Frequency calculations were performed at 

the same level of theory to verify that each optimized structure was a true stationary point. The 

calculated spin-densities from the optimized structures were plotted using VMD.362 

Spin State Determination of Complex 4.8 

To distinguish between the triplet and singlet spin states for complex 4.8, both structures were 

calculated, and their optimized energies were compared: 

Table B.1 Thermochemical comparison of the two possible spin states for V(III) complex 4.8 

Spin 

State 

Electronic 

Energy (EE) 

(Hartrees) 

Thermal 

Free 

Energy 

Correction 

(Hartrees) 

EE + Thermal 

Free Energy 

Correction 

(Hartrees) 

EE + Thermal 

Free Energy 

Correction 

(kcal/mol) 

Relative 

Free 

Energy 

(kcal/mol) 

triplet 

(S = 1) 
−2166.576438 0.368611 −2166.207827 −1359315.990 0.0 

singlet 

(S = 0) 
−2166.521597 0.369066 −2166.152531 −1359281.292 34.7 

 

Thus, the triplet spin state of complex 4.8 is much more energetically favourable compared to the 

singlet spin state. 
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XYZ Coordinates of Optimized Geometries 

Complex 4.4 

V       0.000000    0.818400   -0.000000 

O       1.100800    0.221200   -1.560800 

O      -1.100800    0.221200    1.560800 

N       1.453300   -0.871900    0.327000 

N      -1.453400   -0.871800   -0.327000 

N      -1.137800    2.031300   -0.820500 

N       1.137900    2.031200    0.820500 

C      -2.772000   -1.531600    1.571400 

H      -3.023200   -1.391700    2.614600 

C       2.054500   -1.796000    1.080800 

H       1.732100   -1.860500    2.114800 

C      -1.787500   -0.722800    0.974100 

C      -2.054600   -1.795900   -1.080900 

H      -1.732300   -1.860300   -2.114900 

C      -3.033000   -2.632900   -0.568400 

H      -3.502500   -3.378100   -1.196700 

C       2.772100   -1.531600   -1.571400 

H       3.023400   -1.391500   -2.614600 

C      -3.387600   -2.486600    0.781200 

H      -4.150500   -3.127200    1.210200 

C       1.787500   -0.722800   -0.974100 

C      -1.729200    1.749800   -2.116600 

H      -1.624700    2.617100   -2.783600 

H      -2.801500    1.523400   -2.027100 

H      -1.231300    0.899600   -2.582400 

C       3.387600   -2.486600   -0.781200 

H       4.150500   -3.127100   -1.210200 

C       3.033000   -2.632900    0.568300 

H       3.502400   -3.378100    1.196700 

C      -1.682600    3.221500   -0.196300 

H      -1.171100    3.424900    0.744200 

H      -2.752700    3.091100    0.020800 

H      -1.583500    4.096200   -0.854800 

C       1.729300    1.749600    2.116600 

H       1.231300    0.899400    2.582400 

H       1.624800    2.616800    2.783700 
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H       2.801600    1.523100    2.027100 

C       1.682700    3.221400    0.196400 

H       2.752800    3.091000   -0.020500 

H       1.583500    4.096100    0.855000 

H       1.171200    3.424800   -0.744100 

 

Complex 4.5 

V       0.000000    0.926100    0.000000 

N      -0.831200    2.140600   -1.129900 

N       0.831600    2.140300    1.130100 

C      -0.997100    1.858600   -2.544600 

H      -0.378800    1.009500   -2.835100 

H      -0.695500    2.726400   -3.148100 

H      -2.044700    1.629300   -2.787900 

C       1.542300    3.329700    0.703400 

H       2.627600    3.198600    0.824400 

H       1.247400    4.204900    1.299900 

H       1.343500    3.533600   -0.348500 

C      -1.541400    3.330300   -0.703100 

H      -2.626800    3.199700   -0.824200 

H      -1.246100    4.205500   -1.299500 

H      -1.342600    3.534000    0.348800 

C       0.997400    1.858100    2.544800 

H       0.696100    2.726000    3.148300 

H       2.044900    1.628400    2.788100 

H       0.378700    1.009300    2.835200 

O       1.525100    0.329000   -1.146800 

N       1.279900   -0.761100    0.760300 

C       1.994800   -0.615600   -0.371900 

C       3.122400   -1.418800   -0.661500 

C       1.619500   -1.684300    1.666000 

H       0.997200   -1.747900    2.552000 

C       3.454700   -2.369200    0.291000 

H       4.312000   -3.012000    0.116800 

C       3.879300   -1.212400   -1.939700 

H       3.228500   -1.349000   -2.808800 

H       4.713300   -1.912900   -2.018800 

H       4.275200   -0.194100   -2.003200 

C       2.707300   -2.516500    1.470700 
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H       2.968200   -3.263200    2.209100 

O      -1.525100    0.329100    1.146900 

N      -1.280100   -0.760700   -0.760500 

C      -1.995000   -0.615400    0.371800 

C      -3.122600   -1.418500    0.661400 

C      -1.620000   -1.683800   -1.666200 

H      -0.997700   -1.747300   -2.552300 

C      -3.879400   -1.212100    1.939800 

H      -3.228400   -1.349100    2.808700 

H      -4.713400   -1.912500    2.018800 

H      -4.274900   -0.193800    2.003500 

C      -3.455100   -2.368700   -0.291200 

H      -4.312500   -3.011400   -0.116900 

C      -2.707800   -2.515900   -1.471000 

H      -2.968900   -3.262500   -2.209400 

 

Complex 4.6 

V      -0.000100    1.003300   -0.000000 

N      -1.242000    2.222100    0.641400 

N       1.241800    2.222200   -0.641400 

C       1.693500    3.401400    0.071200 

H       1.051100    3.595300    0.929800 

H       1.693600    4.285100   -0.583000 

H       2.720300    3.263300    0.440100 

C       2.010200    1.958400   -1.844600 

H       3.053700    1.704700   -1.607500 

H       2.021700    2.844100   -2.495500 

H       1.567000    1.132800   -2.399700 

C      -1.693700    3.401400   -0.071200 

H      -1.693900    4.285000    0.583100 

H      -2.720500    3.263300   -0.440200 

H      -1.051200    3.595300   -0.929800 

C      -2.010400    1.958300    1.844500 

H      -1.567400    1.132500    2.399500 

H      -3.054000    1.704800    1.607400 

H      -2.021800    2.843900    2.495600 

O      -0.866100    0.423400   -1.703800 

N      -1.475500   -0.709800    0.093500 

C      -1.617100   -0.542200   -1.240200 
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C      -2.131400   -1.679000    0.747800 

C      -2.472800   -1.360600   -1.996000 

H      -2.572700   -1.202100   -3.061600 

C      -1.906400   -1.784600    2.228300 

H      -0.868500   -1.558100    2.475200 

H      -2.157200   -2.781600    2.594000 

H      -2.534600   -1.063800    2.761500 

C      -2.987400   -2.533500    0.057500 

H      -3.507500   -3.322000    0.586000 

C      -3.154400   -2.359300   -1.321400 

H      -3.820700   -3.018300   -1.867900 

O       0.866000    0.423500    1.703800 

N       1.475600   -0.709700   -0.093500 

C       1.617100   -0.542100    1.240200 

C       2.131600   -1.678800   -0.747800 

C       2.472900   -1.360300    1.996100 

H       2.572800   -1.201800    3.061600 

C       2.987700   -2.533200   -0.057400 

H       3.507900   -3.321600   -0.585900 

C       1.906600   -1.784500   -2.228300 

H       0.868600   -1.558200   -2.475100 

H       2.157600   -2.781500   -2.593900 

H       2.534500   -1.063600   -2.761500 

C       3.154700   -2.358900    1.321500 

H       3.821100   -3.017800    1.868000 

 

Complex 4.8 (triplet) 

V       0.106300   -0.134900    0.790600 

O       0.705000    1.761300    1.374600 

N      -0.647600    1.593000   -0.361400 

C       0.042100    2.411400    0.471500 

C       0.014000    3.811600    0.310500 

H       0.574500    4.439500    0.990300 

C      -1.386800    2.089300   -1.370600 

C      -1.445600    3.461700   -1.583400 

H      -2.039500    3.854800   -2.398000 

C      -0.738400    4.319700   -0.728400 

H      -0.784200    5.391900   -0.888000 

C      -2.126700    1.124200   -2.248100 
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H      -1.442600    0.386400   -2.672000 

H      -2.622400    1.649200   -3.065700 

H      -2.881400    0.578800   -1.677700 

O      -1.736900   -0.143800    1.783300 

N      -1.483200   -1.243300   -0.107200 

C      -2.329800   -0.853700    0.879000 

C      -1.875500   -2.035400   -1.117200 

C      -3.691500   -1.222200    0.838000 

H      -4.363500   -0.884900    1.616000 

C      -3.200800   -2.441900   -1.199100 

H      -3.523100   -3.076500   -2.014100 

C      -4.105300   -2.019700   -0.211200 

H      -5.143800   -2.327600   -0.273400 

C      -0.833900   -2.445900   -2.113700 

H      -0.229100   -1.589400   -2.419300 

H      -1.288400   -2.894500   -2.998000 

H      -0.152300   -3.172700   -1.664100 

O       1.022100   -2.035200    0.637300 

N       1.799600   -0.343900   -0.543900 

C       1.891400   -1.666500   -0.246400 

C       2.631700    0.236300   -1.430400 

C       2.853200   -2.487300   -0.872500 

H       2.904400   -3.539100   -0.623900 

C       3.599600   -0.523600   -2.074900 

H       4.268000   -0.055200   -2.785100 

C       3.699900   -1.893800   -1.787200 

H       4.454500   -2.490900   -2.288300 

C       2.473400    1.706800   -1.675200 

H       1.480400    1.930500   -2.071700 

H       3.221100    2.066200   -2.383200 

H       2.578000    2.260700   -0.739800 

N       0.950700   -0.523300    2.790000 

H       0.795600   -1.525100    2.873800 

C       2.407200   -0.286600    2.833200 

H       2.902600   -0.894800    2.078700 

H       2.817700   -0.539800    3.817600 

H       2.596300    0.766100    2.626400 

C       0.268300    0.165600    3.902600 

H       0.380100    1.240400    3.765600 
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H       0.704200   -0.126000    4.865400 

H      -0.790400   -0.080300    3.881500 

 

Complex 4.8 (singlet) 

V      -0.189100   -0.311000    0.768300 

O       0.386200   -2.168900    0.612400 

N       1.709100   -0.779100   -0.462600 

C       1.486900   -2.055600   -0.103500 

C       2.340400   -3.105400   -0.452800 

H       2.111400   -4.117800   -0.148400 

C       2.824800   -0.451700   -1.135500 

C       3.728300   -1.445000   -1.519200 

H       4.618100   -1.173600   -2.072100 

C       3.474200   -2.775000   -1.180600 

H       4.171100   -3.550800   -1.478400 

C       3.068100    0.991100   -1.464800 

H       2.305100    1.369700   -2.147900 

H       4.043000    1.117100   -1.937400 

H       3.032700    1.606800   -0.564700 

O       0.795300    0.776500    2.196400 

N       0.369800    1.679900    0.235500 

C       0.910000    1.845200    1.467700 

C       0.335500    2.670700   -0.667300 

C       1.495700    3.070900    1.837600 

H       1.925600    3.187100    2.823700 

C       0.906500    3.900200   -0.361500 

H       0.894200    4.698300   -1.092200 

C       1.488800    4.088000    0.901300 

H       1.936100    5.045700    1.145600 

C      -0.328800    2.390700   -1.983400 

H      -0.049700    1.403800   -2.355400 

H      -0.059500    3.143900   -2.725500 

H      -1.416600    2.395100   -1.872200 

O      -1.984900    0.814100    1.078100 

N      -1.660400   -0.409600   -0.715900 

C      -2.477200    0.462500   -0.064100 

C      -1.971400   -0.898200   -1.930800 

C      -3.686900    0.888900   -0.645800 

H      -4.320700    1.587300   -0.115200 
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C      -3.157600   -0.517900   -2.546200 

H      -3.412400   -0.918000   -3.518800 

C      -4.012500    0.382300   -1.891200 

H      -4.938600    0.683600   -2.369100 

C      -0.991600   -1.845500   -2.554500 

H      -0.009200   -1.374200   -2.644000 

H      -1.322700   -2.160500   -3.544900 

H      -0.862600   -2.731400   -1.927100 

N      -1.227600   -1.289600    2.441500 

H      -1.708800   -0.465900    2.793500 

C      -2.236200   -2.286400    2.050300 

H      -2.951100   -1.832200    1.365400 

H      -2.775800   -2.675700    2.922700 

H      -1.736500   -3.111400    1.542700 

C      -0.323300   -1.803000    3.484900 

H       0.240200   -2.643900    3.080300 

H      -0.884000   -2.139200    4.365400 

H       0.370800   -1.015500    3.774700  
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Appendix C   Crystallographic Details 

C.1 Data Collection and Processing Information 

The summaries of the crystallographic data for all compounds are shown in the tables 

below. The automatic data collection strategy was determined using COSMO and the cell 

determination and integration processes were carried out using SAINT. Using Olex2,363 the 

structures were solved with the ShelXT364 structure solution program using Intrinsic Phasing and 

the structures were refined using the ShelXL365 refinement package using the Least Squares 

method. 

For Chapter 3, PLATON/SQUEEZE366 was used in the structural refinement of 3.5 to 

remove disordered hexanes. Complex 3.2 was poorly-diffracting, resulting in relatively poor 

resolution and two unusually shaped ellipsoids. This could not be improved to resolve the A- and 

B-alerts in the checkCIF for 3.2. Complex 3.5 was also poorly-diffracting, resulting in relatively 

poor resolution and four unusually shaped ellipsoids. Additionally, 3.5 crystallizes as a racemic 

twin in a non-centrosymmetric space group (P21), where most of the molecule is related by 

inversion symmetry except for the chiral carbon. This further contributes to the disorder and could 

not be improved to resolve the A- and B-alerts in the checkCIF for 3.5. These facts should be taken 

into consideration when examining the bond metrics for complexes 3.2 and 3.5. 

For Chapter 4, the crystals of complex 4.10 were found to undergo a phase change and 

crack at 90 K, thus the data was collected at 120 K to avoid cracking during data collection. 

However, this had no detrimental effect on the quality of the data. In the crystal structure of 

complex 4.14, some of the toluene molecules present in the lattice were modelled, but others were 

highly disordered and could not be modelled; these disordered toluene molecules were removed 

using the Olex2 solvent mask command. Additionally, the checkCIF for complex 4.14 produces a 
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B-alert as the coordinates do not form a properly connected set. Unfortunately, this alert could not 

be resolved as the structure sits on a symmetry element with half a molecule in the asymmetric 

unit. Complex 4.15 was poorly-diffracting, resulting in relatively poor resolution. This could not 

be improved to resolve the B-alert in the checkCIF for 4.15, although the model still refined well. 

For Chapter 5, the unit cell determined for the colourless crystals obtained during the 

synthesis of 5.2 matched that of 1,1,2,2-tetraphenylethane from a previous report.367 

For Chapter 6, the crystals of 6.3 were poorly-diffracting, resulting in relatively poor 

resolution and giving an A-alert in the checkCIF. This should be taken into consideration when 

examining the bond metrics for complex 6.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



239 

 

C.2 Tabulated Crystallographic Parameters for Chapter 2 

Table C.1 List of crystallographic parameters for compounds 2.2, 2.4, 2.6, 2.7, 2.8, and 2.9 

Compound 2.2 2.4 

Empirical formula C33H52N4O2Zr C30H57N7O2Zr 

Formula weight 628.00 639.04 

Temperature/K 90 100 

Crystal system monoclinic triclinic 

Space group P21/n P-1 

a/Å 11.411(2) 11.0212(8) 

b/Å 20.388(4) 11.6924(9) 

c/Å 14.842(3) 14.0264(10) 

α/° 90 76.133(3) 

β/° 106.342(4) 77.447(4) 

γ/° 90 80.581(4) 

Volume/Å3 3313.4(10) 1701.0(2) 

Z 4 2 

ρcalcg/cm3 1.259 1.248 

μ/mm-1 0.365 0.359 

F(000) 1336.0 684.0 

Crystal size/mm3 0.44 × 0.2 × 0.12 0.25 × 0.14 × 0.13 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.488 to 61.174 3.812 to 61.084 

Index ranges 
-16 ≤ h ≤ 16, -29 ≤ k ≤ 29, -

20 ≤ l ≤ 20 

-15 ≤ h ≤ 13, -16 ≤ k ≤ 16, -

19 ≤ l ≤ 19 

Reflections collected 38688 37732 

Independent reflections 
10051 [Rint = 0.0401, Rsigma 

= 0.0374] 

10263 [Rint = 0.0299, Rsigma = 

0.0310] 

Data/restraints/parameters 10051/0/371 10263/0/375 

Goodness-of-fit on F2 1.037 1.062 

Final R indexes [I>=2σ (I)] R1 = 0.0336, wR2 = 0.0763 R1 = 0.0345, wR2 = 0.0858 

Final R indexes [all data] R1 = 0.0454, wR2 = 0.0813 R1 = 0.0404, wR2 = 0.0886 

Largest diff. peak/hole / e Å-3 0.88/-0.61 1.01/-0.41 
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Compound 2.6 2.7 

Empirical formula C61H116N12O4Zr2 C34H61N7O2Zr 

Formula weight 1264.09 691.11 

Temperature/K 90 100 

Crystal system triclinic monoclinic 

Space group P-1 P21/c 

a/Å 11.103(2) 19.2374(14) 

b/Å 11.619(2) 9.9154(8) 

c/Å 13.843(3) 20.1776(14) 

α/° 80.868(4) 90 

β/° 66.762(4) 109.871(4) 

γ/° 82.283(4) 90 

Volume/Å3 1615.2(5) 3619.6(5) 

Z 1 4 

ρcalcg/cm3 1.300 1.268 

μ/mm-1 0.376 0.343 

F(000) 678.0 1480.0 

Crystal size/mm3 0.14 × 0.07 × 0.04 0.32 × 0.21 × 0.16 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.224 to 56.018 4.114 to 60.906 

Index ranges 
-14 ≤ h ≤ 14, -15 ≤ k ≤ 15, -

18 ≤ l ≤ 18 

-27 ≤ h ≤ 27, -14 ≤ k ≤ 10, 

-28 ≤ l ≤ 28 

Reflections collected 29659 35882 

Independent reflections 
7777 [Rint = 0.0570, Rsigma = 

0.0522] 

10890 [Rint = 0.0392, 

Rsigma = 0.0412] 

Data/restraints/parameters 7777/0/384 10890/0/407 

Goodness-of-fit on F2 1.024 1.029 

Final R indexes [I>=2σ (I)] R1 = 0.0369, wR2 = 0.0803 R1 = 0.0331, wR2 = 0.0779 

Final R indexes [all data] R1 = 0.0499, wR2 = 0.0855 R1 = 0.0424, wR2 = 0.0823 

Largest diff. peak/hole / e Å-3 0.97/-0.36 0.51/-0.39 
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Compound 2.8 2.9 

Empirical formula C29H58N6O2Zr C43.5H63N5O2Zr 

Formula weight 614.03 779.21 

Temperature/K 100 100 

Crystal system monoclinic monoclinic 

Space group P21/c P21/n 

a/Å 13.7581(7) 9.6978(5) 

b/Å 16.4217(8) 36.393(2) 

c/Å 15.2414(8) 12.4350(7) 

α/° 90 90 

β/° 100.6780(13) 96.7460(18) 

γ/° 90 90 

Volume/Å3 3383.9(3) 4358.3(4) 

Z 4 4 

ρcalcg/cm3 1.205 1.188 

μ/mm-1 0.357 0.291 

F(000) 1320.0 1660.0 

Crystal size/mm3 0.32 × 0.11 × 0.10 0.35 × 0.11 × 0.09 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.68 to 59.856 3.482 to 48.262 

Index ranges 
-18 ≤ h ≤ 19, -12 ≤ k ≤ 23, -

21 ≤ l ≤ 20 

-11 ≤ h ≤ 11, -41 ≤ k ≤ 41, -

12 ≤ l ≤ 14 

Reflections collected 38083 27103 

Independent reflections 
9778 [Rint = 0.0418, Rsigma = 

0.0425] 

6909 [Rint = 0.0540, Rsigma = 

0.0563] 

Data/restraints/parameters 9778/0/353 6909/1/503 

Goodness-of-fit on F2 1.055 1.035 

Final R indexes [I>=2σ (I)] R1 = 0.0382, wR2 = 0.0921 R1 = 0.0420, wR2 = 0.0955 

Final R indexes [all data] R1 = 0.0521, wR2 = 0.0981 R1 = 0.0645, wR2 = 0.1036 

Largest diff. peak/hole / e Å-3 1.13/-0.36 0.57/-0.48 
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C.3 Tabulated Crystallographic Parameters for Chapter 3 

Table C.2 List of crystallographic parameters for compounds 3.2, 3.4, 3.5, and 3.20 

Compound 3.2 3.4 

Empirical formula C36H61N5O2SiZr C39H63N7O2SiZr 

Formula weight 715.20 781.27 

Temperature/K 100 100 

Crystal system orthorhombic monoclinic 

Space group Pbca P21/n 

a/Å 13.6685(5) 10.8676(3) 

b/Å 16.3427(7) 20.4389(6) 

c/Å 35.6325(14) 18.9581(6) 

α/° 90 90 

β/° 90 90.480(2) 

γ/° 90 90 

Volume/Å3 7959.6(5) 4210.9(2) 

Z 8 4 

ρcalcg/cm3 1.194 1.232 

μ/mm-1 0.341 0.330 

F(000) 3056.0 1664.0 

Crystal size/mm3 0.36 × 0.22 × 0.07 0.34 × 0.29 × 0.14 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.756 to 48.312 2.93 to 61.196 

Index ranges 
-15 ≤ h ≤ 11, -18 ≤ k ≤ 18, -

40 ≤ l ≤ 40 

-15 ≤ h ≤ 14, -28 ≤ k ≤ 29, -

26 ≤ l ≤ 27 

Reflections collected 39455 50758 

Independent reflections 
6362 [Rint = 0.0766, Rsigma = 

0.0574] 

12929 [Rint = 0.0419, Rsigma = 

0.0399] 

Data/restraints/parameters 6362/0/423 12929/0/464 

Goodness-of-fit on F2 1.275 1.022 

Final R indexes [I>=2σ (I)] R1 = 0.0703, wR2 = 0.1211 R1 = 0.0487, wR2 = 0.1136 

Final R indexes [all data] R1 = 0.0953, wR2 = 0.1275 R1 = 0.0631, wR2 = 0.1224 

Largest diff. peak/hole / e Å-3 0.82/-1.35 1.90/-1.81 

Flack parameter - - 
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Compound 3.5 3.20 

Empirical formula C48H68N6O2SiZr C27H22ClN 

Formula weight 880.39 395.90 

Temperature/K 100 90 

Crystal system monoclinic monoclinic 

Space group P21 C2/c 

a/Å 11.8111(7) 33.6107(19) 

b/Å 39.5535(19) 7.1095(4) 

c/Å 12.1276(7) 17.5870(10) 

α/° 90 90 

β/° 93.288(3) 108.2629(17) 

γ/° 90 90 

Volume/Å3 5656.3(5) 3990.8(4) 

Z 4 8 

ρcalcg/cm3 1.034 1.318 

μ/mm-1 0.252 0.205 

F(000) 1872.0 1664.0 

Crystal size/mm3 0.21 × 0.17 × 0.11 0.18 × 0.15 × 0.14 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.364 to 47.158 4.744 to 61.144 

Index ranges 
-13 ≤ h ≤ 11, -44 ≤ k ≤ 44, -

13 ≤ l ≤ 12 

-48 ≤ h ≤ 41, -10 ≤ k ≤ 10, 

-25 ≤ l ≤ 25 

Reflections collected 54817 27057 

Independent reflections 
16833 [Rint = 0.0494, 

Rsigma = 0.0604] 

6097 [Rint = 0.0448, 

Rsigma = 0.0415] 

Data/restraints/parameters 16833/1759/1059 6097/0/262 

Goodness-of-fit on F2 1.032 1.033 

Final R indexes [I>=2σ (I)] R1 = 0.0603, wR2 = 0.1471 R1 = 0.0441, wR2 = 0.1131 

Final R indexes [all data] R1 = 0.0683, wR2 = 0.1514 R1 = 0.0554, wR2 = 0.1205 

Largest diff. peak/hole / e Å-3 2.22/-1.93 0.64/-0.62 

Flack parameter 0.5 - 
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C.4 Tabulated Crystallographic Parameters for Chapter 4 

Table C.3 List of crystallographic parameters for compounds 4.4, 4.5, 4.6, 4.7, 4.8, 4.10, 4.12, 

4.14, 4.15, and 4.16. 

Compound 4.4 4.5 

Empirical formula C14H20N4O2V C16H24N4O2V 

Formula weight 327.28 355.33 

Temperature/K 100 100 

Crystal system monoclinic triclinic 

Space group P21/c P-1 

a/Å 8.7947(4) 8.9184(5) 

b/Å 12.8162(5) 9.1750(5) 

c/Å 14.5558(6) 11.3271(6) 

α/° 90 77.6800(10) 

β/° 105.5090(10) 87.3910(10) 

γ/° 90 89.4980(10) 

Volume/Å3 1580.91(12) 904.57(9) 

Z 4 2 

ρcalcg/cm3 1.375 1.305 

μ/mm-1 0.637 0.562 

F(000) 684.0 374.0 

Crystal size/mm3 0.15 × 0.11 × 0.07 0.31 × 0.2 × 0.14 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.306 to 61.042 3.684 to 61.13 

Index ranges 
-12 ≤ h ≤ 12, -18 ≤ k ≤ 15, -

13 ≤ l ≤ 20 

-12 ≤ h ≤ 12, -13 ≤ k ≤ 13, -

16 ≤ l ≤ 16 

Reflections collected 23754 22197 

Independent reflections 
4820 [Rint = 0.0416, Rsigma = 

0.0355] 

5531 [Rint = 0.0303, Rsigma = 

0.0274] 

Data/restraints/parameters 4820/0/194 5531/0/214 

Goodness-of-fit on F2 1.036 1.062 

Final R indexes [I>=2σ (I)] R1 = 0.0316, wR2 = 0.0727 R1 = 0.0321, wR2 = 0.0801 

Final R indexes [all data] R1 = 0.0460, wR2 = 0.0791 R1 = 0.0392, wR2 = 0.0840 

Largest diff. peak/hole / e Å-3 0.50/-0.31 0.48/-0.38 
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Compound 4.6 4.7 

Empirical formula C16H24N4O2V C18H18N3O3V 

Formula weight 355.33 375.29 

Temperature/K 100 100 

Crystal system monoclinic monoclinic 

Space group P21/n Pn 

a/Å 7.6250(9) 12.3071(6) 

b/Å 29.317(4) 10.3510(6) 

c/Å 8.7682(10) 13.5916(7) 

α/° 90 90 

β/° 111.566(6) 91.199(3) 

γ/° 90 90 

Volume/Å3 1822.9(4) 1731.07(16) 

Z 4 4 

ρcalcg/cm3 1.295 1.440 

μ/mm-1 0.558 0.595 

F(000) 748.0 776.0 

Crystal size/mm3 0.21 × 0.11 × 0.06 0.14 × 0.08 × 0.05 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.778 to 51.304 3.934 to 52.69 

Index ranges 
-7 ≤ h ≤ 9, -29 ≤ k ≤ 35, -10 

≤ l ≤ 9 

-13 ≤ h ≤ 15, 0 ≤ k ≤ 12, -

16 ≤ l ≤ 16 

Reflections collected 11780 6177 

Independent reflections 
3434 [Rint = 0.0614, Rsigma = 

0.0735] 

6177 [Rint = 0.0505, Rsigma 

= 0.0510] 

Data/restraints/parameters 3434/0/214 6177/2/457 

Goodness-of-fit on F2 1.019 1.065 

Final R indexes [I>=2σ (I)] R1 = 0.0540, wR2 = 0.1098 R1 = 0.0396, wR2 = 0.0862 

Final R indexes [all data] R1 = 0.0876, wR2 = 0.1219 R1 = 0.0507, wR2 = 0.0912 

Largest diff. peak/hole / e Å-3 0.36/-0.30 0.33/-0.35 

Flack parameter - -0.036(15) 
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Compound 4.8 4.10 

Empirical formula C20H25N4O3V C25H28N5O3V 

Formula weight 420.38 497.46 

Temperature/K 100 120 

Crystal system triclinic triclinic 

Space group P-1 P-1 

a/Å 8.9979(5) 8.1620(10) 

b/Å 9.5099(6) 9.0032(11) 

c/Å 12.4283(8) 16.663(2) 

α/° 83.967(2) 86.475(4) 

β/° 80.205(2) 81.945(4) 

γ/° 78.645(2) 86.385(4) 

Volume/Å3 1024.64(11) 1208.3(3) 

Z 2 2 

ρcalcg/cm3 1.363 1.367 

μ/mm-1 0.512 0.447 

F(000) 440.0 520.0 

Crystal size/mm3 0.3 × 0.15 × 0.14 0.28 × 0.27 × 0.09 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.334 to 59.434 2.472 to 61.112 

Index ranges 
-12 ≤ h ≤ 12, -13 ≤ k ≤ 13, -

17 ≤ l ≤ 17 

-11 ≤ h ≤ 11, -12 ≤ k ≤ 12, -

23 ≤ l ≤ 23 

Reflections collected 10140 30734 

Independent reflections 
5809 [Rint = 0.0247, Rsigma = 

0.0371] 

7395 [Rint = 0.0309, Rsigma = 

0.0284] 

Data/restraints/parameters 5809/0/258 7395/0/312 

Goodness-of-fit on F2 1.073 0.947 

Final R indexes [I>=2σ (I)] R1 = 0.0419, wR2 = 0.1097 R1 = 0.0331, wR2 = 0.1134 

Final R indexes [all data] R1 = 0.0518, wR2 = 0.1149 R1 = 0.0406, wR2 = 0.1223 

Largest diff. peak/hole / e Å-3 0.59/-0.37 0.46/-0.29 
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Compound 4.12 4.14 

Empirical formula C42H56N4O2V C40H40.57N2.57O2.57V0.86 

Formula weight 699.84 642.12 

Temperature/K 100 90 

Crystal system monoclinic monoclinic 

Space group P21/c C2/c 

a/Å 13.2954(10) 27.9809(19) 

b/Å 30.480(2) 18.6624(13) 

c/Å 10.2846(8) 47.284(3) 

α/° 90 90 

β/° 108.269(4) 94.0449(10) 

γ/° 90 90 

Volume/Å3 3957.6(5) 24630(3) 

Z 4 28 

ρcalcg/cm3 1.175 1.212 

μ/mm-1 0.289 0.285 

F(000) 1500.0 9488.0 

Crystal size/mm3 0.44 × 0.11 × 0.08 0.18 × 0.14 × 0.13 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.492 to 48.368 2.626 to 50.808 

Index ranges 
-15 ≤ h ≤ 15, -35 ≤ k ≤ 35, -

11 ≤ l ≤ 11 

-33 ≤ h ≤ 33, -22 ≤ k ≤ 22, 

-57 ≤ l ≤ 57 

Reflections collected 24373 129460 

Independent reflections 
6264 [Rint = 0.0569, Rsigma = 

0.0634] 

22644 [Rint = 0.0658, 

Rsigma = 0.0489] 

Data/restraints/parameters 6264/0/454 22644/0/1479 

Goodness-of-fit on F2 1.093 1.071 

Final R indexes [I>=2σ (I)] R1 = 0.0786, wR2 = 0.1563 R1 = 0.0530, wR2 = 0.1451 

Final R indexes [all data] R1 = 0.1156, wR2 = 0.1677 R1 = 0.0781, wR2 = 0.1593 

Largest diff. peak/hole / e Å-3 0.32/-0.44 1.49/-0.63 
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Compound 4.15 4.16 

Empirical formula C20H29N4O2V C24H38N5O2V 

Formula weight 408.41 479.53 

Temperature/K 100 90 

Crystal system monoclinic triclinic 

Space group P21/n P-1 

a/Å 9.5832(7) 9.1787(4) 

b/Å 12.8300(9) 10.7455(5) 

c/Å 16.4657(12) 13.7121(6) 

α/° 90 67.9103(11) 

β/° 102.278(4) 79.1333(11) 

γ/° 90 80.9407(12) 

Volume/Å3 1978.2(2) 1225.10(10) 

Z 4 2 

ρcalcg/cm3 1.371 1.300 

μ/mm-1 0.524 0.435 

F(000) 864.0 512.0 

Crystal size/mm3 0.15 × 0.1 × 0.05 0.18 × 0.18 × 0.08 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.06 to 47.75 3.238 to 61.074 

Index ranges 
-10 ≤ h ≤ 10, -14 ≤ k ≤ 14, -

18 ≤ l ≤ 18 

-13 ≤ h ≤ 13, -15 ≤ k ≤ 15, -

19 ≤ l ≤ 19 

Reflections collected 15217 29777 

Independent reflections 
3048 [Rint = 0.0973, Rsigma = 

0.0808] 

7494 [Rint = 0.0278, Rsigma = 

0.0279] 

Data/restraints/parameters 3048/0/246 7494/0/295 

Goodness-of-fit on F2 0.958 0.969 

Final R indexes [I>=2σ (I)] R1 = 0.0520, wR2 = 0.1346 R1 = 0.0368, wR2 = 0.1154 

Final R indexes [all data] R1 = 0.0959, wR2 = 0.1603 R1 = 0.0495, wR2 = 0.1283 

Largest diff. peak/hole / e Å-3 0.28/-0.33 0.46/-0.34 
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C.5 Tabulated Crystallographic Parameters for Chapter 5 

Table C.4 List of crystallographic parameters for compounds 5.1 and 5.2. 

Compound 5.1 5.2 

Empirical formula C31H30N3O4V C24H24N4O6V2 

Formula weight 559.52 566.35 

Temperature/K 90 90 

Crystal system triclinic monoclinic 

Space group P-1 Pn 

a/Å 9.0669(16) 7.9562(6) 

b/Å 10.4121(19) 9.7274(7) 

c/Å 14.970(3) 16.0900(11) 

α/° 96.110(5) 90 

β/° 98.347(4) 95.631(2) 

γ/° 101.792(5) 90 

Volume/Å3 1355.2(4) 1239.25(15) 

Z 2 2 

ρcalcg/cm3 1.371 1.518 

μ/mm-1 0.408 0.801 

F(000) 584.0 580.0 

Crystal size/mm3 0.17 × 0.1 × 0.04 0.25 × 0.24 × 0.14 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.778 to 61.346 4.188 to 61.154 

Index ranges 
-12 ≤ h ≤ 12, -14 ≤ k ≤ 14, -

21 ≤ l ≤ 21 

-11 ≤ h ≤ 11, -13 ≤ k ≤ 13, -

23 ≤ l ≤ 23 

Reflections collected 48010 37824 

Independent reflections 
8308 [Rint = 0.0642, Rsigma = 

0.0430] 

7323 [Rint = 0.0281, Rsigma = 

0.0256] 

Data/restraints/parameters 8308/0/355 7323/2/330 

Goodness-of-fit on F2 1.076 1.049 

Final R indexes [I>=2σ (I)] R1 = 0.0520, wR2 = 0.1385 R1 = 0.0235, wR2 = 0.0576 

Final R indexes [all data] R1 = 0.0660, wR2 = 0.1485 R1 = 0.0252, wR2 = 0.0584 

Largest diff. peak/hole / e Å-3 1.41/-0.93 0.38/-0.20 

Flack parameter - 0.147(13)  
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C.6 Tabulated Crystallographic Parameters for Chapter 6 

Table C.5 List of crystallographic parameters for compounds 6.1, 6.3, and 6.6. 

Compound 6.1 6.3 

Empirical formula C24H24N4O7V2 C24H24I1.5N4O4V1.5 

Formula weight 582.35 699.23 

Temperature/K 90 90 

Crystal system monoclinic monoclinic 

Space group C2/c C2/c 

a/Å 13.4151(9) 22.2392(14) 

b/Å 8.8641(6) 8.6813(5) 

c/Å 21.4000(15) 28.841(2) 

α/° 90 90 

β/° 98.195(2) 111.919(2) 

γ/° 90 90 

Volume/Å3 2518.7(3) 5165.6(6) 

Z 4 8 

ρcalcg/cm3 1.536 1.798 

μ/mm-1 0.794 2.384 

F(000) 1192.0 2736.0 

Crystal size/mm3 0.2 × 0.11 × 0.08 0.25 × 0.06 × 0.04 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.846 to 53.496 3.044 to 45.484 

Index ranges 
-13 ≤ h ≤ 16, -11 ≤ k ≤ 11, -

26 ≤ l ≤ 26 

-24 ≤ h ≤ 19, -9 ≤ k ≤ 9, -30 ≤ 

l ≤ 31 

Reflections collected 15370 13195 

Independent reflections 
2570 [Rint = 0.0395, Rsigma = 

0.0323] 

3439 [Rint = 0.0495, Rsigma = 

0.0528] 

Data/restraints/parameters 2570/0/206 3439/0/322 

Goodness-of-fit on F2 1.150 1.076 

Final R indexes [I>=2σ (I)] R1 = 0.0472, wR2 = 0.0967 R1 = 0.0413, wR2 = 0.0761 

Final R indexes [all data] R1 = 0.0719, wR2 = 0.1164 R1 = 0.0653, wR2 = 0.0824 

Largest diff. peak/hole / e Å-3 0.76/-0.87 0.68/-0.63 

Flack parameter - - 
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Compound 6.6 - 

Empirical formula C33H27N6V - 

Formula weight 558.54 - 

Temperature/K 100 - 

Crystal system triclinic - 

Space group P-1 - 

a/Å 11.7861(10) - 

b/Å 14.1065(12) - 

c/Å 16.5718(14) - 

α/° 90.417(3) - 

β/° 90.580(3) - 

γ/° 96.025(3) - 

Volume/Å3 2739.8(4) - 

Z 4 - 

ρcalcg/cm3 1.354 - 

μ/mm-1 0.396 - 

F(000) 1160.0 - 

Crystal size/mm3 0.27 × 0.18 × 0.13 - 

Radiation MoKα (λ = 0.71073) - 

2Θ range for data collection/° 2.458 to 52.21 - 

Index ranges 
-14 ≤ h ≤ 14, -17 ≤ k ≤ 17, -

20 ≤ l ≤ 16 
- 

Reflections collected 44526 - 

Independent reflections 
10843 [Rint = 0.0617, 

Rsigma = 0.0581] 
- 

Data/restraints/parameters 10843/0/721 - 

Goodness-of-fit on F2 0.971 - 

Final R indexes [I>=2σ (I)] R1 = 0.0472, wR2 = 0.1310 - 

Final R indexes [all data] R1 = 0.0741, wR2 = 0.1505 - 

Largest diff. peak/hole / e Å-3 0.69/-0.55 - 

Flack parameter - - 
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Appendix D   Selected NMR Spectra 

D.1 Inclusion Criteria for NMR Spectra 

The following sections include various NMR spectra for the compounds described in each 

respective chapter. However, the lists of spectra below are not exhaustive. The spectra presented 

below are included to provide a reference for the purity of a compound or for some other purpose 

that is beneficial to the reader. For any spectra that are not present in this thesis, please refer to the 

corresponding publication for each chapter. 
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D.2 Selected NMR Spectra for Chapter 2 

 

Figure D.1 1H NMR spectrum of 2.4 (C6D6, 400 MHz, 298 K) 

 

Figure D.2 1H NMR spectrum of 2.5 (toluene-d8, 400 MHz, 298 K) 
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Figure D.3 1H NMR spectrum of 2.6 (C6D6, 300 MHz, 298 K) 

 

Figure D.4 1H NMR spectrum of 2.8 (C6D6, 300 MHz, 298 K) 
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Figure D.5 1H NMR spectrum of hydroamination catalysis (toluene-d8, 400 MHz, 298 K)164 

 

Figure D.6 1H NMR spectrum of 2.1 and 2-vinylpyridine (toluene-d8, 400 MHz, 298 K)368 
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Figure D.7 1H NMR spectrum of 2.6 and hydroamination product (toluene-d8, 400 MHz, 298 K) 

 

Figure D.8 1H NMR spectrum of 2.8 and 2-vinylpyridine (toluene-d8, 300 MHz, 298 K) 
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Figure D.9 1H NMR spectrum of 2.7 and ferrocene (toluene-d8, 400 MHz, 298 K) 

 

Figure D.10 1H NMR spectrum of hydroamination catalysis (toluene-d8, 400 MHz, 298 K)183 
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Figure D.11 1H NMR spectrum of 2.9 (C6D6, 300 MHz, 298 K) 
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D.3 Selected NMR Spectra for Chapter 3 

 

Figure D.12 1H NMR spectrum of 3.2 (C6D6, 400 MHz, 298 K) 

 

Figure D.13 1H NMR spectrum of 3.4 (C6D6, 400 MHz, 298 K) 



260 

 

 

Figure D.14 1H NMR spectrum of 3.5 (C6D6, 300 MHz, 298 K) 

 

Figure D.15 1H NMR spectrum of 3.6 in situ (C6D6, 400 MHz, 298 K) 
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Figure D.16 1H NMR spectrum of 3.1 (CDCl3, 400 MHz, 298 K) 

 

Figure D.17 13C{1H} NMR spectrum of 3.1 (CDCl3, 100 MHz, 298 K) 
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Figure D.18 1H NMR of the catalytic reaction with N-(trimethylsilyl)benzylamine (C6D6, 300 

MHz, 298 K) 

 

Figure D.19 1H NMR of the initial catalytic reaction with N-benzylaniline (C6D6, 300 MHz, 298 

K) 
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Figure D.20 1H NMR of the catalytic reaction in the absence of ligand (C6D6, 300 MHz, 298 K) 

 

Figure D.21 1H NMR of the catalytic reaction using the Ti catalyst (C6D6, 300 MHz, 298 K) 
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D.4 Selected NMR Spectra for Chapter 4  

 

Figure D.22 1H NMR spectrum of 4.4 (C6D6, 300 MHz, 298 K) 

 

Figure D.23 1H NMR spectrum of 4.5 (C6D6, 300 MHz, 298 K) 
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Figure D.24 1H NMR spectrum of 4.6 (C6D6, 300 MHz, 298 K) 

 

Figure D.25 1H NMR spectrum of 4.7 (C7D8, 300 MHz, 298 K) 
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Figure D.26 1H NMR spectrum of 4.10 and cyclooctane (C6D6, 400 MHz, 298 K) 

 

Figure D.27 1H NMR spectrum of 4.12 (C6D6, 300 MHz, 298 K) 
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Figure D.28 1H NMR spectrum of 4.14 (C6D6, 300 MHz, 298 K) 

 

Figure D.29 1H NMR spectrum of 4.15 (C6D6, 300 MHz, 298 K) 
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Figure D.30 1H NMR spectrum of 4.15 and pyrroline in situ (C6D6, 300 MHz, 298 K)291 

 

Figure D.31 1H NMR spectrum of 4.12-catalyzed hydroamination of phenylacetylene with aniline 

(C6D6, 300 MHz, 298 K)105 
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D.5 Selected NMR Spectra for Chapter 5 

 

Figure D.32 1H NMR spectrum of 5.1 (C7D8, 300 MHz, 298 K) 

 

Figure D.33 1H NMR spectrum of 5.2 (C7D8, 300 MHz, 298 K) 
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Figure D.34 1H NMR spectrum of catalysis with benzhydrol (C6D6, 300 MHz, 298 K)316

 

Figure D.35 1H NMR spectrum of catalysis with 1-phenylethanol (C6D6, 300 MHz, 298 K)316 
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Figure D.36 1H NMR spectrum of catalysis with benzyl alcohol (C6D6, 300 MHz, 298 K)316 

 

Figure D.37 1H NMR spectrum of the radical ring-opening experiment (C6D6, 300 MHz, 298 K) 



272 

 

 

Figure D.38 1H NMR spectrum of the fluorene trapping experiment (C6D6, 300 MHz, 298 K) 

 

Figure D.39 1H NMR spectrum of the fluorenol cross-over experiment (C6D6, 300 MHz, 298 K)315 
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D.6 Selected NMR Spectra for Chapter 6 

 

Figure D.40 1H NMR spectrum of the reaction of 4.7 with O2, focusing on diamagnetic signals 

(C7D8, 400 MHz, 298 K; blue = before O2 addition and red = 30 min after O2 addition) 
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Figure D.41 1H NMR spectrum of the reaction of 4.7 with pyridine-N-oxide (C7D8, 400 MHz, 298 

K; blue = before heating and red = after 17 h at 50 °C) 

 


