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Abstract 

 

Complexes of the type [M(Cp/Cp*)(MeCN)(PR
2N

R′
2)]PF6 (M = Fe, Ru) were 

synthesized and/or tested towards acceptorless dehydrogenation (AD) of amines. The 

primary amine benzylamine can undergo AD to form a mixture of products, and a selection 

of catalysts were employed in an attempt to control product selectivity. As a result, trends 

in product distribution were observed by modifying the primary and secondary 

coordination spheres on the catalyst. A new complex, [Fe(Cp)(MeCN)(PPh
2N

Ph
2)]PF6 (3a) 

was synthesized and characterized and was found to be a completely selective 

dehydrogenation catalyst. This is the first example of an iron catalyst capable of selective 

dehydrogenation without the need for an exogenous base. Mechanistic analysis was 

conducted using in-situ IR spectroscopy to elucidate the reaction rate order, and rate-

determining step for [Ru(Cp)(MeCN)(PPh
2N

Ph
2)]PF6 (1a)  using indoline. The results of 

these mechanistic studies suggest that the catalytic mechanism for 1a is a cooperative outer 

sphere mechanism. 
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Summary for Lay Audience 

 

 A catalyst is a substance that helps make chemical reactions easier. The chemical 

reaction focused on in this Thesis removes H2 from molecules and releases it as hydrogen 

gas. However, there is more than one possible product, and there are many factors that 

determine the amounts of each product formed. To understand why a particular product is 

favoured over another, multiple different catalysts were tested. A new catalyst was made 

and is like a previously known catalyst. The new catalyst has iron in its structure, instead 

of the previously known catalyst, which had ruthenium. The iron catalyst was the most 

selective out of all the catalysts tested and is one of the first examples of an iron catalyst 

capable of doing this reaction. Studies to understand more about how these catalysts work 

were conducted, and the tested catalysts react differently compared to other known catalysts 

used for H2 removal. The reason why they act differently is because of the way the structure 

around the metal was designed. This structure can be fine-tuned to make a chemical 

reaction more efficient. Using iron as a cheap alternative to precious metals like ruthenium, 

and further modification of the iron catalyst, could result in cheaper, more effective catalyst 

with a variety of different applications. Some applications include using a catalyst to store 

and release hydrogen as a potential fuel source, as well as employing catalysts for more 

eco-friendly synthesis of pharmaceuticals. 
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Chapter 1: Introduction 

 

1.1 Homogeneous Catalysis 

 A catalyst is a substance that increases the rate of a chemical reaction without being 

consumed.1  These transformations proceed at a faster rate than the uncatalyzed reaction, 

as the presence of the catalyst lowers the activation barrier for a particular transformation. 

Catalysts are also powerful alternatives to stoichiometric reagents, as they decrease the 

amount of waste material relative to the uncatalyzed reaction of interest. Homogeneous 

catalysis is a reaction where the substrate (the starting material(s) of the reaction) and 

catalyst components are in the same phase.2 The homogeneous nature of the catalyst allows 

for easier determination of structure-activity relationships, as well as the ability to 

characterize and observe the chemical structure of the catalyst by means of analytical 

methods such as Nuclear Magnetic Resonance (NMR) spectroscopy, which is difficult to 

do for heterogeneous catalysts.3 The consequence of these features is that homogeneous 

catalysts are more versatile, and can be fine-tuned for a specific chemical reaction of 

interest. 

  

 Turnover number (TON) is a unitless term used to define catalyst lifetime.4 The 

TON is the total amount of catalytic turnovers a catalyst can perform before dying. It is 

defined as the number of molecules of product formed divided by the number of active sites 

per molecule of catalyst.5 Ideally, a catalyst should have a high TON, which means it could 

catalyze a reaction many times before dying. Turnover frequency (TOF) is the number of 

turnovers (TONs) per unit of time and is used to define catalyst efficiency. A higher TOF 

means that the catalyst is completing more catalytic turnovers per unit of time. It is easier 

to determine the TOF of a homogeneous catalyst, as the number of active sites is more 

easily determined compared to a heterogeneous catalyst. 

 

1.2 Amine Oxidation: Methods of Accessing Imines and Nitriles 

Imines, nitriles, and N-heterocycles are regarded as key motifs in drug design and 

are present in a diverse array of pharmaceutical compounds.6–11 Traditional synthesis of 

imines involves the condensation of an amine with a carbonyl compound, which was 
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originally reported by Schiff in 1864.12 Nucleophilic addition of the amine to an aldehyde 

affords a hemiaminal, which then eliminates water to form the imine (Scheme 1.1). The 

imine formed can also react reversibly with water to reform the aldehyde and amine starting 

materials. There are many factors that affect the equilibrium of this reaction, including 

steric and electronic effects, concentration, solvent choice, and reaction temperature.13 

Conducting the reaction in the presence of a Lewis acid, such as P2O5/SiO2 activates the 

carbonyl moiety, rendering the Cα more susceptible to nucleophilic attack by the amine.14 

The Lewis acid also acts as a drying agent, which drives the reaction forward by removal 

of the byproduct H2O.11  

 

 

Scheme 1.1. Condensation reaction of an amine and an aldehyde to form an imine and water. 

 

Other traditional methods for synthesis of imines from amines involves reacting an 

amine with a stoichiometric amount of  an oxidizing agent, such as 2-iodoxybenzoic acid 

(IBX), MnO2,  2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), or HgO-I2 (Scheme 

1.2).15–18 These reactions all gave good to excellent yield of secondary aldimines. A 

downside of using stoichiometric oxidants in a reaction is that it generates an equivalent 

amount of waste material (usually toxic), which then has to be removed.19 
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Scheme 1.2. Synthetic methods used to prepare imines from amines/N-heterocycles. References: 

[1]15[2]16[3]17[4]18 

 

Transition metal catalysts can also be employed for oxidation of secondary amines 

to imines (Scheme 1.3).20 One example is Shvo’s catalyst which afforded good to excellent 

yields of secondary ketimines. However, it also required the use of oxidant MnO2, as well 

as a super-stoichiometric amount of 2,6-dimethoxyquinone, which acted as a reversible H2 

acceptor. 

 

 

Scheme 1.3.  Oxidation of a secondary amine to form a secondary ketimine using Shvo’s catalyst, 

in conjunction to an oxidant, and hydrogen acceptor.20 

 



4 

 

 

Established methods to synthesize nitriles involves a mix of catalytic, and non-

catalytic methods, including ammoxidation, the Sandmeyer reaction, cyanation, 

dehydration of aldoximes and amides, and the Rosenmund-von Braun reaction.21–29 Many 

of the ways to access nitriles have long reaction times, require stoichiometric oxidants, or 

require the employment of an additive, in conjunction with a catalyst, to afford nitriles. 

Overall, synthesis of nitriles and imines from amines suffer from a variety of issues, 

resulting from the use of stoichiometric reagents. 

 

An alternative method to synthesize imines from amines is transfer 

dehydrogenation. This is a metal-catalyzed reaction where the substrate is oxidized by 

removal of H2. An alkene is needed as a stoichiometric additive, which serves as the 

hydrogen acceptor molecule (Scheme 1.4).  

 

 

Scheme 1.4. General depiction of catalytic transfer dehydrogenation. Dehydrogenation of a 

secondary amine in the presence of a sacrificial H2 acceptor alkene forms the dehydrogenated 

secondary aldimine product as well as one molecule of hydrogenated alkane. 

 

In 2002, Jensen and co-workers used an Ir(III)-PCP pincer complex,30 previously 

used as a catalyst for transfer dehydrogenation of cycloalkanes (Scheme 1.5a).31,32 Reacting 

a secondary amine with the Ir(III) catalyst resulted in 64% secondary aldimine as the 

product. This reaction did however require 200 °C reaction temperatures, 72 h of reaction 

time, and nearly 10 mol% catalyst loading in order to achieve decent yields. In 2008, Lee 

and Yi expanded the work done by Jensen, by developing a tetranuclear ruthenium-μ-oxo-

μ-hydroxo-hydride complex for transfer dehydrogenation of amines (Scheme 1.5b).33 This 

compound was found to be an effective catalyst for dehydrogenation of a wide variety of 

amines and N-heterocycles, with TONs ranging from 35 to as high as 8000. However, 

temperatures of up to 200 °C, and the presence of a stoichiometric amount of tert-butyl 

ethylene were required for this transformation. Additionally, many of the primary amines 
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afforded product mixtures of both secondary aldimines and secondary amines. Instead of 

H2 transfer to the sacrificial alkene, the imine was instead hydrogenated leading to the 

formation of the secondary amine product. With benzylamine as a substrate, 59% imine 

and 29% amine are formed, which is a 3:1 ratio of dehydrogenation to hydrogenation 

product. Overall, transfer dehydrogenation suffers from harsh reaction conditions, and 

requires the presence of a stoichiometric equivalent of a sacrificial H2 acceptor molecule. 

Furthermore, product selectivity issues arise when the product imine is hydrogenated by 

the catalyst, to form an amine. 

 

 

 

Scheme 1.5. a) Catalytic transfer dehydrogenation of dibenzylamine in the presence of a sacrificial 

hydrogen acceptor to form a secondary aldimine and an alkane.30 b) Catalytic transfer 

dehydrogenation of benzylamine to form a 3:1 mixture of secondary aldimine and secondary 

amine.33 

 

 A powerful method of accessing imines catalytically is through acceptorless 

dehydrogenative coupling (ADC) of alcohols and amines (Scheme 1.6). In an ADC 

reaction, an alcohol is dehydrogenated to form an aldehyde/ketone, which then reacts with 

a molecule of amine to generate an imine, releasing water and H2 as the sole by-products. 

This improves upon transfer dehydrogenation, as there is no longer a stoichiometric amount 

of alkane produced. 
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Scheme 1.6. ADC of a primary alcohol in the presence of a primary amine with to form an imine.  

 

In 2010, Milstein employed Ru(II)-PNP pincer complexes for acceptorless 

dehydrogenative coupling of primary alcohols and amines to form imines (Scheme 1.7a).34 

The catalysts were designed with pyridinyl methylene spacers, which can 

aromatize/dearomatize to accept/release a proton, which is a key step in the catalytic 

mechanism. The first step of the proposed mechanism involves the deprotonation of the 

alcohol proton by the ligand, and addition of the resulting alkoxide anion to the metal center 

(Scheme 1.7b).35 Due to the participation of the ligand in the catalytic mechanism, this is 

an example of metal-ligand cooperative (MLC) catalysis. The generation of water and H2 

as the only by-products of this reaction make it a greener alternative to previously discussed 

oxidation methods, and very low amounts of catalyst were required to achieve good to 

excellent isolated yields of secondary imines. One of the greatest benefits of this particular 

catalyst is the MLC ligand, which serves as an intramolecular base, and avoids the use of 

an exogenous base. The major drawbacks of this method are high reaction temperatures, 

and long reaction times, as it takes 52 h in toluene at reflux to generate the secondary 

aldimine. Acceptorless dehydrogenative coupling of alcohols with amines to form imines 

has been studied extensively,36 with many examples of catalysts capable of this 

transformation.37–47 
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Scheme 1.7. a) Acceptorless dehydrogenative coupling (ADC) of alcohols with amines to form 

secondary aldimines using a Ru(II)-PNP pincer complex.34
  b) A section of the proposed catalytic 

mechanism, displaying the metal-ligand cooperative nature of a Ru(II)-PNN pincer complex.35A 

proton (red) and hydride (blue) is transferred from the substrate to the ligand, and metal 

center, respectively. 

 

1.3 Transition Metal Catalyzed Acceptorless Dehydrogenation of Amines 

An alternative method of synthesizing secondary aldimines, and a powerful tool for 

synthesizing nitriles is by acceptorless dehydrogenation (AD) of primary amines. A 

primary amine can undergo AD to yield a reactive primary imine (Im), which can undergo 

a condensation reaction with another molecule of starting material to form a secondary 

aldimine. This secondary aldimine is the acceptorless dehydrogenative coupled (ADC) 

product. A primary amine can also undergo two dehydrogenations in quick succession to 

form a nitrile, which is the double AD (DAD) product (Scheme 1.8). This method is a green 

and atom-economic method to synthesize imines, and nitriles, which avoids the need for a 

sacrificial H2 acceptor, or a stoichiometric oxidant.   
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Scheme 1.8. Double acceptorless dehydrogenation (DAD) of a primary amine to form a nitrile, and 

acceptorless dehydrogenative coupling (ADC) of a primary amine to form a secondary aldimine. 

 

The catalytic mechanism for acceptorless dehydrogenation can occur though either 

an inner or outer sphere pathway.48–50 In a proposed inner sphere pathway, the substrate 

binds directly to the metal center, in this case by coordination of the nitrogen atom (Scheme 

1.9a). One molecule of H2 is released, followed by a β-H elimination to form a primary 

imine. The primary imine can then undergo another dehydrogenation to form a nitrile or 

reacts with another molecule of substrate to form the ADC product. The inner sphere 

pathway requires two coordination sites in total to facilitate the β-H elimination step. An 

outer sphere pathway is also possible, where the substrate never binds directly to the metal 

center.51–53 Instead, a proton and a hydride are transferred to the ligand and metal center, 

respectively, from the unbound substrate (Scheme 1.9b).  

 

 

Scheme 1.9. General reaction mechanisms for acceptorless dehydrogenation following a) inner 

sphere pathway b) outer sphere pathway. Empty squares represent an open coordination site. 
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 One of the first examples of an oxidant-free, base-free, catalytic acceptorless 

dehydrogenation of primary amines was reported in 2011 by Albrecht.54 The acceptorless 

dehydrogenation route is particularly attractive compared to the previous methods, since it 

avoids the exogenous base and an oxidant pair, or a hydrogen acceptor molecule to drive 

the reaction forward.30,55,56 A collection of Ru(II)-NHC complexes were active towards the 

acceptorless dehydrogenative coupling of primary benzylic amines to form secondary 

aldimines (Scheme 1.10). Quantitative conversion was achieved by the complex with the 

normal carbene in 20 h, while quantitative conversion was obtained by the complex with 

the abnormal carbene in 12 h. Noticeable drawbacks of this reaction, however, was the high 

temperatures, high catalyst loading, as well as low TONs (20). The proposed catalytic 

mechanism is inner sphere, based on previous research where similar complexes were used 

for ADC of alcohols with amines.57 

 

 

Scheme 1.10. Oxidant-free, base-free, catalytic AD of benzylamine to form homocoupled 

secondary aldimines.54 

 

In 2012, Sadow reported a photocatalytic acceptorless dehydrogenation of primary 

amines by a  rhodium tris(4,4-dimethyl-2-oxazolinyl)phenyl-borate complex (Scheme 

1.11).58 This catalyst was also selective for secondary aldimines, and reactions were 

performed at room-temperature. Secondary aldimine yields ranged between 77-92% with 

10 different primary amine substrates, and TONs ranged from 8-10. Compared to the 

previous ruthenium-NHC catalysts, the rhodium catalyst was able to form imines at 

substantially lower temperatures, but the catalyst lifetime was much lower. Mechanistic 

studies were conducted, and an inner sphere pathway was proposed. 
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Scheme 1.11. Photocatalytic AD of benzylamine to form homocoupled secondary aldimines.58 

 

 In 2012, Huang and co-workers developed a new class of Ru(II)-PNP pincer 

complexes for  AD and ADC of primary amines (Scheme 1.12a).59 An imine arm was 

incorporated into the backbone of the pincer ligand, which was proposed to increase 

catalyst activity, by acting as an intramolecular base, driven by aromatization to give a 

pyridyl ring. The complex bearing an imine-arm (A) was compared to a second, known 

MLC complex that had a PNN pincer ligand with an alkene arm (B). For AD of 

benzylamine, 93% conversion to the coupled imine was observed with complex A. Under 

identical conditions, complex B achieved 49% conversion. The mechanism for B was 

previously studied, and the hydrogenated form of the catalyst (B′) was isolated, indicating 

that ligand assists in the dehydrogenation step.60  The presence of the imine arm 

significantly increased the reactivity, which was hypothesized to act in the same way as B 

(Scheme 1.12b). Intermediate A′ is the hydrogenated form of A, and releases H2 to 

regenerate catalyst A. The increased activity of A compared to B is likely due to the 

increased acidity of the N-H bond in intermediate A′, which results in faster release of H2, 

and regeneration of A. No mechanistic analyses were conducted to determine whether 

dehydrogenation occurred via an inner or outer sphere mechanism with A, however, the 

catalytic mechanism for B was previously thought to be inner-sphere.61 
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Scheme 1.12. a) Catalytic AD of benzylamine with pincer complexes bearing cooperative 

imine/alkene moieties to form a secondary aldimine.59 b) Catalytic AD of benzylamine, with 

complex A to form an imine.59,60 The complex on the right is a hypothesized intermediate, based on 

mechanistic studies on complex B. 

 

The first example of an oxidant-free, base-free catalytic double acceptorless 

dehydrogenation of an amine to a nitrile was reported in 2013 by Szymczak (Scheme 

1.13).62 AD of primary benzylic amines lead to the selective formation of nitriles, catalyzed 

by a Ru(II)-NNN-pincer hydride complex. AD of benzylamine gave 63% conversion to 

benzonitrile after 24 h in toluene at 1 mol% catalyst loading, which corresponds to a TON 

of 63. Experimental and computational mechanistic studies conducted by Szymczak in 

2016 supports an inner sphere non-cooperative pathway, where both dehydrogenation steps 

and release of H2 occurs while the substrate is bound to the metal center.50 This is facilitated 

by a labile PPh3 ligand, which dissociates, allowing for substrate to bind, and for β-H 

elimination to occur.  
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Scheme 1.13. Catalytic AD of benzylamine to form benzonitrile using a Ru(II)-NNN pincer 

complex.62 

 

Mata and co-workers performed a study in 2016, using complexes with the formula 

[(p-cymene)Ru(NHC)Cl2], which were similar to the complexes used by Albrecht in 2011, 

except slightly modified NHC ligands were used (Scheme 1.14).63 All three Ru catalysts 

employed achieved near-quantitative conversions of a variety substituted benzylamines, 

and TONs of up to 50 in were obtained under 8 h, with no exogenous base or any other 

additives. This was also one of the first examples of AD of primary amines that formed a 

mixture ADC and DAD products. The reactions were conducted at lower temperatures than 

the Albrecht study, which may be a contributor to the different products observed. With 

benzylamine as the substrate, a 3:1 distribution of nitrile to secondary aldimine was 

observed. The AD pathway proceeds via an inner sphere mechanism, similar to the 

Albrecht Ru-NHC complexes. The presence of secondary imine products indicates a 

second competing pathway, where after the first dehydrogenation, a molecule of 

benzylamine intercepts a primary imine, forming the ADC product. The trade-off of lower 

reaction temperatures, and lower catalyst loadings is off-set by the overall decreased 

product selectivity. 

 

Scheme 1.14. Catalytic AD of benzylamine to form a mixture of DAD and ADC products.63 
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 In 2017, AD of primary amines was conducted by Albrecht using iridium(III) 

complexes bearing a cooperative C,N-bidentate pyridyl-triazolylidene (PT) ligand (Scheme 

1.15).64 The role of the PT ligand was twofold: to act as a hemilabile ligand to increase 

catalyst lifetime; and to facilitate N-H bond activation of the substrate, by acting as a Lewis 

base. This cooperative complex C was compared to a non-cooperative analogue D, which 

had an aryl ring instead of the pyridyl moiety. Both complexes resulted in high conversions, 

using a variety of different benzylic amines, with benzylamine achieving 93-97% over 24 

h. The use of this catalyst did not result in any DAD products, rather it gave a mixture of 

dehydrogenated, and hydrogen-borrowing products. Hydrogen-borrowing (HB) occurs 

when an ADC product is hydrogenated by the catalyst, which forms an amine. Complex C 

gave a 2:1 ratio of ADC product to HB product, while D gave a 1:1 ratio. The presence of 

the cooperative pyridyl moiety resulted in higher selectivity compared to the non-

cooperative complex, which was attributed to the pyridyl group acting as a Lewis base and 

activating substrate bound to the meta center through hydrogen bonding. Based on this 

interaction, the catalytic mechanism was proposed to be inner sphere. 

 

 

Scheme 1.15. Catalytic AD of benzylamine to form a mixture of ADC and HB products.64 

 

 A more recent example of AD of primary amines comes from Muthaiah in 2020, 

who employed ruthenium trichloride in conjunction with an additive, as a catalyst for AD 

of primary amines to generate nitriles, and secondary amines to form secondary aldimines 

(Scheme 1.16).65 The additive was hexamethylenetetramine (HMTA) and its derivatives, 

which acts as the hydride source, base, and reducing agent required for RuCl3 to act as a 

suitable catalyst for these substrates. With 0.5 mol% RuCl3 and 1 mol% N-Bn HMTA, 91% 

isolated yield of benzonitrile was obtained after 24 h. Secondary amines, such as 

dibenzylamine were also tested, and 74% isolated yield of the secondary imine were 
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obtained, under the same conditions. The reactivity of this catalyst/additive was also 

extended to N-heterocycles, including indolines, tetrahydroquinolines and 

tetrahydroisoquinolines. This gave indoles, quinolines, and isoquinolines, respectively, in 

high isolated yields. The proposed inner sphere mechanism is HMTA and RuCl3 react to 

form a Ru-(H)2 intermediate, that then reacts with benzylamine to release H2 to form a 

Ru(H)(NHBn) adduct. Two successive β-H eliminations and release of a second molecule 

of H2 generates the nitrile as the final product.66 

 

 

Scheme 1.16. Catalytic AD of benzylamine and dibenzylamine, to form a nitrile, and secondary 

aldimine, respectively.65 

 

 Overall, catalysts that have been employed for the AD of primary amines suffer in 

one, or more of the following categories: low yields, product selectivity, require an additive, 

poor atom economy, harsh reaction conditions. Furthermore, the field of AD of primary 

amines is a relatively new, and developing field of research, with few examples of catalysts 

capable of this transformation.50,58,59,62–65,67–79   In all the examples discussed above, and in 

general, AD of amines occurs via an inner sphere pathway. There are currently very few 

examples of catalysts that are proposed to act through an outer sphere mechanism.79,80 

Catalytic AD of N-heterocycles is also a growing field of study, with applications in 

synthesis, as well as hydrogen storage molecules for energy applications.81–92 However, the 

types of N-heterocyclic substrates employed generally lead to only one AD product, thus 

selectivity is not an issue in those applications. 
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1.4 Tunable PR
2NR′

2 Ligands as Proton Shuttles used in Catalysis 

 Metal-ligand cooperative (MLC) catalysis is a catalytic transformation where both 

the metal center and the associated ligand participate in bond formation/cleavage steps.93 

Examples of metal-ligand cooperative catalysis already exists in nature, in the form of 

hydrogenase enzymes that catalyze reversible heterolytic cleavage of H2. In the case of [Fe-

Fe]-hydrogenase, H2 is cleaved due to an interaction between one of the iron centers, and a 

secondary amine located in the secondary coordination sphere. The secondary coordination 

sphere can be defined as the atoms in the ligand framework that are not directly attached to 

the metal center.94 The basic amine acts as a proton shuttle, removing H+ from dihydrogen 

bonded to the iron atom, resulting in a protonated amine, and a new iron-hydride bond 

(Scheme 1.17). The concept that a ligand can participate in a chemical reaction at the metal 

center though proton-shuttling has inspired catalyst design strategies to incorporate 

acid/base groups on the supporting ligand framework.  

 

 

Scheme 1.17. Reversible heterolytic cleavage of H2 using [Fe-Fe] hydrogenase, an example of metal 

ligand cooperative (MLC) catalysis.93 

 

 One example of a ligand designed for proton-shuttling is the 1,5-R′-3,7-R-1,5-

diaza-3,7-diphosphacyclooctane (PR
2N

R′
2) ligand used extensively by DuBois and Bullock 

et al. (Scheme 1.18).95 The PR
2N

R′
2 ligand has two basic tertiary amines, and two phosphine 

groups. In late transition metal PR
2N

R′
2 complexes, the ligand binds to the metal center via 

the two P atoms. The two non-coordinated N atoms on the ligand can reversibly shuttle 

protons to and from the metal center and were inspired by the [Fe-Fe] hydrogenase system. 

The amine groups are located in the secondary coordination sphere and can be tuned to 

increase their basicity, by changing the R′ groups. The electronics of the metal center can 

also be tuned, through modification of the primary coordination sphere, by changing the R 

groups on the phosphorus atoms. The primary coordination sphere is defined as the atoms 
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that are directly attached to the metal center, and affect the electronic and geometric 

properties of the metal center.94 

 

 

Scheme 1.18. Structure of the PR
2NR′

2 ligand and coordination to a metal via the phosphine groups. 

 

In 2012, complexes of the type [Fe(Cp)(H2)(P
Ph

2N
R′

2)]BArF
4 (Tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate) were synthesized, and the role of the ligand in the 

heterolytic cleavage of H2 was assessed.96 In the proposed catalytic mechanism of these 

complexes, H2 cleavage is reversible, and facilitated by the PR
2N

R′
2 ligand, which acts as a 

proton shuttle. An equilibrium between an Fe-H2 complex II and a complex bearing a 

hydride on the metal center, and a proton on the pendant amine I is postulated (Scheme 

1.19a). To assess whether there was an equilibrium between II and I, H2/D2 scrambling 

experiments were conducted (Scheme 1.19b). Complex IIBn-[H2] under 1 atm H2 was 

subjected to 3.0 mL D2. After 15 min, complex IIBn-[HD] started to form. After 12 h 22 

°C, the ratio of the H2:HD:D2 complexes of IIBn was 38:51:11. Complex IIPh-[H2] was also 

tested, and a 28:51:20 ratio of H2:HD:D2 complexes were observed after 12 h. A third 

complex, bearing a non-cooperative PPh
2C5 ligand, II PPh2C5-[H2]  was also tested, and there 

was no evidence of any formation of any II PPh2C5-[HD]. This result confirms that H2 

cleavage is reversible and is facilitated by the pendant amine of the PR
2N

R′
2 ligand. Similar 

studies were conducted with complexes of the formula [Ru(Cp*)(H2)(P
R

2N
Bn

2)]BArF
4, 

where R = Ph and tBu, and heterolytic H2 cleavage was facilitated by the pendant amine on 

the PR
2N

Bn
2 ligand as well.97
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Scheme 1.19. a) Proposed mechanism of reversible heterolytic cleavage of H2 by 

[Fe(Cp)(H2)(PPh
2NR′

2)]BArF
4, where R′ = Bn or Ph, and b) H2/D2 scrambling experiments with 

cooperative complexes [Fe(Cp)(H2)(PPh
2NR′

2)]BArF
4 complexes to confirm reversible heterolytic 

cleavage.96 

 

 In 2014, Dubois and Bullock were able to isolate an iron-PR
2N

Ph
2 complex that was 

the direct product of heterolytic H2 cleavage.98 An Fe(II) complex with the formula 

Fe(Cl)(CpC4F4N)(PtBu
2N

tBu
2) was reacted with the halide-abstracting agent NaBArF

4 and H2 

to generate complex E (Scheme 1.20a). Complex E was characterized by single-crystal 

neutron diffraction, which showed a hydride bonded to the iron center, and a proton located 

on the pendant amine. The bond distance between the proton and hydride was 1.489 Å, 

which is slightly longer than an H–H bond distance for a similar H2 complex 

[Fe(CpC4F4N)(H2)(P
tBu

2N
tBu

2)]BArF
4,

99 and is shorter than if there were no hydrogen-

bonding interaction present.100 This indicates the presence of an intramolecular hydrogen 

bond in complex E between the hydride on the metal center, and the proton on the pendant 

amine of the PtBu
2N

tBu
2 ligand. DFT calculations revealed that complex E is 0.65 kcal mol-

1 more stable than the H2 adduct (F), indicating that reversible heterolytic cleavage occurs 

rapidly (Scheme 1.20b). 
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Scheme 1.20. a) Synthesis of complex E b) Proposed equilibrium between complex E and F.98 

 

 In 2011, complexes of the type [Ni(PR
2N

Ph
2)(CH3CN)][BF4]2 were tested for 

electrocatalytic production of H2 (Scheme 1.21a).101,102 The mechanism of H2 formation is 

identical to that for the Fe(PR
2N

Ph
2) complexes discussed above.96,98 The R groups on the 

phosphines were changed, and the turnover frequencies (TOFs) of each complex were 

compared. The complex bearing the Me groups on the phosphines was the highest 

performing catalyst, with a TOF of 6700 s-1, while the slowest catalyst had 2,4,4-

trimethylpentane groups on the phosphine, and gave a TOF of 69 s-1. Strongly-donating 

phosphine groups resulted in faster rates for production of H2. In the proposed catalytic 

mechanism for the [Ni(PR
2N

Ph
2)(CH3CN)][BF4]2 complexes, before the release of H2 there 

is an intermediate that has a hydride bound to the metal, and a proton on one of the amine 

groups on the ligand (Scheme 1.21b).95 The higher electron density on the metal center, as 

a result of the more donating phosphine ligands, would result in a Ni–H bond that is more 

hydritic (basic), which reacts faster with H+ to form H2. The steric properties of the ligand 

also had an influence on catalytic rate. When R was the sterically bulky 2, 4, 4-

trimethylpentane group, the rate was 69 s-1. This is 100 times slower than when R was a 

methyl group, which is equally donating. This means that for this reaction, a balance 

between strong donor group on the phosphine, as well as low steric bulk was essential for 

quick catalytic turnover.  
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Scheme 1.21. a) Structure of [Ni(PR
2NPh

2)(CH3CN)][BF4]2 complex, with varied R groups, used in 

electrocatalytic formation of H2.95,101,102 BH+ = [DMF(H)]OTf. b) Proposed reaction of a 

[Ni(PR
2NPh

2)2(CH3CN)][BF4]2 complex with 2 e- and 2 H+ to form the reaction intermediate on the 

right.101 The proton on the pendant amine and the hydride on the metal center are brought into close 

proximity, facilitating H2 formation via protonolysis of the Ni-H bond. 

 

 Nickel(II) complexes bearing cooperative PR
2N

R′
2 ligands were also active towards 

the catalytic oxidation of alcohols.103 Six nickel phosphine complexes (G-J) synthesized 

by Appel and co-workers were all catalytically active towards the chemical oxidation of 

diphenylmethanol (Scheme 1.22). Complexes G-I, which have one PtBu
2N

R′
2 ligand bonded 

to the metal center, were compared based on their turnover frequencies (TOF). The R′ 

groups on each of the complexes were changed, to determine the effect of amine basicity 

on catalyst rate. Complex G gave the lowest TOF of 9.4 h-1, followed by H, which gave 

26.8 h-1, with complex I resulting in the highest TOF of 114 h-1. Changing the R′ substituent 

from Ph to tBu resulted in a 12-fold increase in catalyst rate. This indicated that increased 

amine basicity has a positive effect on catalyst turnover. The best performing mono-ligated 

complex I can then be compared to a complex bearing a non-cooperative bis-phosphine 

ligand J, to determine the effect of the PR
2N

R′
2 ligand on performance. Complex J achieved 
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a TOF of 5.4 h-1, which was 21 times lower than the TOF obtained with I. The TOF for J 

was also 2 times lower than the worst performing cooperative mono-PR
2N

R′
2 complex G. 

This implies that the intramolecular base has a positive effect on the catalytic rate. 

Comparing the best mono-ligated complex I to the best performing bis-ligated complex K, 

which had a TOF of 0.4 h-1 shows that two PR
2N

R′
2 ligands was not necessarily better than 

one. The bis-ligated complex had a rate that was 285 times lower than I and this was 

attributed to the greater prevalence of off-cycle intermediates.104 The importance of the 

PR
2N

R′
2 ligand, and the tunability of the pendant amine to increase the donor-properties, 

results in increased performance. This coupled with the cooperative nature of the ligand, 

results in catalytic rates much higher than the non-cooperative analogues. 

 

 

Scheme 1.22. Nickel phosphine complexes for catalytic oxidation of diphenylmethanol to 

diphenylacetone. 
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1.5 Ruthenium PR
2NR′

2 Complexes for AD of Primary Amines and N-Heterocycles 

To further explore the applications of metal-PR
2N

R′
2 complexes, our group 

synthesized a potential MLC catalyst [Ru(Cp)(MeCN)(PPh
2N

Bn
2)]PF6 1d, and compared it 

to a known non-MLC catalyst.80 An example of a non-cooperative catalyst is 4, as there is 

no intramolecular base present (Chart 1.1). Catalysts 1d and 4 were used for AD of primary 

amines and N-heterocycles to determine if catalyst activity and product selectivity were 

affected by having a PR
2N

R′
2 ligand present. 

 

 

Chart 1.1. Structures of MLC complex 1d and non-MLC complex 4, that are active towards the AD 

of amines and N-heterocycles. 

 

 If a primary amine, like benzylamine is used for AD, a primary imine (Im) and one 

equivalent of H2 is formed. This imine can then proceed down three different pathways, 

which leads to the formation of a mixture of three different products (Scheme 1.23). A 

second dehydrogenation of Im leads to the formation of a nitrile, (DAD) and the release of 

another equivalent of H2. A condensation reaction between a molecule of Im and a 

molecule of benzylamine, forms a secondary aldimine (ADC) and an equivalent of NH3. 

Both products ADC and DAD have either 1 or 2 more units of unsaturation respectively 

compared to the substrate benzylamine, classifying them both as dehydrogenation products. 

Hydrogenation of ADC can also occur to form a secondary amine, which is the hydrogen-

borrowing product (HB). The HB product is the same oxidation state as the starting 

material, so it is classified as a hydrogenation product. The selectivity challenge arises 

when there is a mixture of dehydrogenation products, and hydrogenation products formed 

by a particular catalyst. Comparing the ratio of ADC + DAD to HB can be used to 

determine the relative preference of a catalyst for AD or HB products. 
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Scheme 1.23. Acceptorless dehydrogenation of benzylamine to form Im, which can then react to 

form DAD, or ADC. Imine ADC can then react with the catalyst and an equivalent of H2 to form 

hydrogenation product HB. 

 

 When complexes 1d and 4 were used for AD of benzylamine, both afforded a 

mixture of ADC, DAD, and HB (Scheme 1.24). MLC complex 1d made an 18:7:1 mixture 

of ADC:DAD:HB, which is a 25:1 selectivity of AD to HB products. In terms of selectivity, 

1d is more selective for AD products ADC and DAD. The non-MLC complex 4 made a 

7:2:1 mixture of ADC:DAD:HB which was 9:1 selectivity of AD to HB products. Overall, 

complexes 1d and 4 were not very different in their selectivities, as both form mainly AD 

products ADC and DAD.  

  

  

Scheme 1.24. Acceptorless dehydrogenation of benzylamine to form a mixture of products, [Ru] = 

1d/4. 
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 The catalytic mechanism for 1d could be an inner sphere pathway, where the 

substrate binds directly to the metal center, or outer sphere where the removal of H2 from 

the substrate occurs without the substrate binding via the N atom. To determine if an inner 

sphere pathway was preferred, compound L was synthesized by reaction of 1d with excess 

benzylamine (Scheme 1.25a). The 1H NMR spectrum of L showed a downfield shift of the 

NH2Bn moiety, which was hypothesized to be the result of a hydrogen-bonding interaction 

between the pendant amine and the substrate bound to the metal center (Scheme 1.25b). If 

the catalytic mechanism for 1d was inner sphere, intermediate L would have the same, if 

not better catalytic activity compared to the precatalyst 1d. Complex L was tested for AD 

of benzylamine and formed 26% less ADC than 1d. The decreased performance of L 

indicated that benzylamine binding to the metal center forms an “off-cycle” intermediate, 

which is not a species present in the catalytic cycle for 1d. This evidence suggested that the 

mechanism for 1d  was either a cooperative, or non-cooperative outer sphere mechanism. 

If the ligand participated in the catalyst mechanism, then an outer sphere cooperative 

mechanism was operative. Overall, the mechanism of catalysis for 1d is still unknown, with 

only one piece of evidence for the mechanism being an outer sphere pathway. 

 

 

Scheme 1.25. a) Reaction of 1d with excess benzylamine, to form proposed on-cycle species L. b) 

Proposed hydrogen-bonding interaction between the pendant amine of L and a hydrogen atom of 

bound benzylamine. 
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For the AD of indoline (Scheme 1.26a), 1d and 4 gave similar conversions, which 

left no clear distinct advantage of using one catalyst over the other. However, the use of 

complex 1a which has a phenyl in the R′ position (Scheme 1.26b) resulted in higher yields 

of indole, and in a shorter amount of time than with 1d or 4.105 The increased activity of 1a 

towards the AD of indoline indicates that these cooperative ligands have a greater benefit 

over non-cooperative, but the role of the PR
2N

R′
2 ligand in the catalytic mechanism, 

including rate studies comparing 1a to 4 have not been conducted. 

 

 

Scheme 1.26. a) Reaction of indoline to form indole using 1a b) Structure of 1a, a modified complex 

based on 1d, where the Bn substituents on the amine have been replaced with Ph substituents.  

 

1.6 Scope of Thesis 

This Thesis outlines the assessment of MLC complexes of the type 

[M(Cp/Cp*)(MeCN)(PPh
2N

Ph
2)]PF6 (M = Fe, Ru) toward the AD of amines. The newly 

reported synthesis of iron complex (3a) will be discussed. AD of benzylamine was 

conducted with a selection of Ru and Fe complexes, and the product distributions of 

ADC:DAD:HB were determined. The effect of modifying the primary and secondary 

coordination sphere on the AD:HB product selectivity was determined.  

 

Currently, more mechanistic information is required to determine the catalytic 

mechanism of [M(Cp/Cp*)(MeCN)(PPh
2N

Ph
2)]PF6 complexes for AD of amines (Scheme 

1.27). Out of two proposed pathways: a) outer sphere and b) inner sphere, there was one 

piece of evidence that supported the outer sphere pathway. The decreased reactivity of L 

supports an inner sphere pathway being unfavourable, but acquiring information on the 

rate-determining step, and reaction rate order with respect to substrate and catalyst 

concentrations would help to confirm that the mechanism is outer sphere. 



25 

 

 

 

 

Scheme 1.27. Two possible pathways for AD of amines using [M(Cp/Cp*)(MeCN)(PPh
2NPh

2)]PF6 

complexes. a) outer sphere cooperative pathway b) inner sphere cooperative pathway. 

 

To determine the role of the proposed cooperative PPh
2N

Ph
2 ligand, 1a was compared 

to non-cooperative complex 4 for the AD of indoline, monitored by in-situ IR spectroscopy 

to determine the differences in catalytic rate, and lifetimes. Variable-Time Normalization 

Analysis (VTNA) of 1a for the AD of indoline was conducted to identify the reaction rate 

order with respect to the catalyst. Mechanistic analysis was also conducted to determine 

the reaction rate order with respect to the substrate. Product inhibition studies, as well as 

substrate inhibition studies were also conducted, to provide insight into the catalytic 

mechanism for the AD of indoline. Kinetic Isotope Effect studies were also conducted with 

1a to distinguish between an innersphere and outersphere mechanism. 
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Chapter 2: Synthesis and Characterization of 

[M(Cp/Cp*)(MeCN)(PR
2NR′

2)]PF6  Complexes 

 

2.1 General Synthesis of [Ru(Cp)(MeCN)(PR
2NR′

2)]PF6 Complexes  

 Cationic ruthenium and iron complexes bearing PR
2N

R′
2 ligands that were used in 

this study are shown below (Chart 2.1).  Complexes 1a, 1b, 1c, 3a, and 4 were synthesized 

for this study. Complexes 1e and 1a* were synthesized by group member Devon Chapple 

and were determined to be >95% pure by NMR spectroscopy. Complex 3a* was 

synthesized by previous group member Benjamin Bridge and was determined to be >95% 

pure by NMR spectroscopy. Catalytic data for 1d, which is referenced in Chapter 3, was 

obtained from a previously published paper within the group.80 Complex 4 was synthesized 

following a literature procedure and the 31P{1H} and 1H NMR chemical shifts matched the 

known values.106 Complex 4 was determined to be 92% pure by 31P{1H}NMR 

spectroscopy, with a minor unknown impurity at 42.1 ppm. The catalytic activity for the 

92% pure sample of 4 was tested, and the presence of the impurity did not increase or 

decrease catalytic activity. This was confirmed using data obtained with a >95% pure 

sample of 4. This preliminary data suggested that 4 could be used, without further 

purification. 

 

 



27 

 

 

 

Chart 2.1. Cationic ruthenium and iron complexes employed in this study. Yields for synthesized 

complexes are shown in parantheses. 

The full sequence to make 1a-1c was previously established, and the synthesis of 

these compounds was followed with slight modifications. The synthesis of 

[Ru(Cp)(MeCN)3]PF6 was performed following a literature procedure where 

[Ru(Cp)(Naphth)]PF6 was reacted with MeCN in pentane for 1 week.107,108 The synthesis 

of complexes with the formula [Ru(Cp)(MeCN)(PPh
2N

R′
2)]PF6 was performed following a 

modified literature procedure (Scheme 2.1).109 Instead of heating the reaction at 60 °C for 

4 h in acetonitrile, the reaction was performed in a DCM/MeCN solution at room 

temperature. This allowed the reaction to be prepared and conducted entirely within the 

glovebox. The milder reaction conditions limited product decomposition. The added DCM 

also increased conversion, since the PPh
2N

R′
2 ligands were more soluble in DCM than 

MeCN. A reprecipitation from DCM/hexanes resulted in facile removal of any excess 

ligand, which was the only impurity using this method. Yields were identical to the 

literature method and the purity was >95% as determined by 31P{1H} and 1H NMR 

spectroscopy. 
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Scheme 2.1. General reaction scheme for the synthesis of the synthesis of 

[Ru(Cp)(MeCN)(PPh
2NR′

2)]PF6 complexes. 

 

2.2 Attempted Syntheses of FeCl(Cp)(PPh
2NPh

2) 

To test the effect of a different metal center on the selectivity of AD of benzylamine, 

an iron analogue of 1a was targeted. The iron complex [Fe(Cp)(MeCN)(PPh
2N

Ph
2)]PF6 (3a) 

was not synthesized previously, but the Cp* analogue, 3a* was previously synthesized by 

our group.110  

Overall, four synthetic routes were attempted for the synthesis of 3a. The discussion 

of all the attempted routes will be included as a reference for future students to use as a 

resource. The successful synthesis of 3a is discussed in Section 2.3.  

 

The first synthetic route chosen was based on the synthesis of the Cp* analogue, 

complex 3a*.110 This route was a one-pot procedure, where PPh
2N

Ph
2 was reacted with FeCl2 

and NaCp to form a chloride intermediate, 2a. Then, to this reaction mixture, KPF6 and 

MeCN was added to promote halide abstraction and ligand coordination, respectively, 

which should afford the target complex 3a (Scheme 2.2). The final red solids obtained were 

analyzed by 31P{1H} NMR spectroscopy in CD2Cl2. A singlet at δ 57.9 was observed, 

which was approximately 8 ppm downfield from the Cp* analogue, 3a*. The weaker donor-

properties of the Cp ligand indicates that successful halide abstraction and MeCN 

coordination has occurred. A second signal, which was an AA'BB' pattern at δ 28-36 ppm 

was observed in a 1:2 ratio to the singlet. This species was hypothesized to be MeCN 

deficient, and that one of the phosphine or amine groups of a neighboring molecule acts as 
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a bridging ligand. This would give rise to the AA'BB' pattern that was previously proposed 

as a minor impurity for the synthesis of 3a*.111  

 

 

Scheme 2.2. One-pot reaction for the synthesis of compound 3a. 

 

In an attempt to avoid the formation of the hypothesized MeCN-deficient complex, 

various tests were conducted in order to reduce the formation of any bimetallic species, 

such as decreasing the concentration of FeCl2, and increasing the reaction time before the 

MeCN/KPF6 addition, but these were not successful in increasing the ratio of product to 

impurity. Addition of MeCN to the proposed intermediate 2a prior to KPF6 addition 

resulted in a colour change, which was unexpected since the coordinatively saturated 

complex 2a should not react with MeCN without a halide abstraction agent. 

  

To identify the product of this reaction, attempts to isolate the intermediate 2a were 

made (Scheme 2.3). The 31P{1H} NMR spectrum in CD2Cl2 after addition of NaCp showed 

two triplets at 41.4 and 30.3 ppm, and a singlet at –50.5 ppm that corresponds to free 

PPh
2N

Ph
2 ligand. The reported bis-PPh

2N
R′

2 complex, cis-FeCl2(P
Ph

2N
Bn

2)2, gives rise to two 

multiplets in the 31P{1H} NMR spectrum at 45.1 and 31.8 ppm.112 The identical splitting 

patterns, as well as the similar chemical shifts observed for the reaction of FeCl2 with 

PPh
2N

Ph
2, indicate that the major product is cis-FeCl2(P

Ph
2N

Ph
2)2 instead of 2a.  
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Scheme 2.3. Reaction of FeCl2 with PPh
2NPh

2 and NaCp in THF to yield cis-FeCl2(PPh
2NPh

2)2. 

 

To avoid formation of the bis-PPh
2N

Ph
2 complex, FeCl2(THF)1.5 was synthesized to 

increase solubility of the iron precursor in THF. The increased solubility of FeCl2(THF)1.5 

would increase the ratio of FeCl2 to PPh
2N

Ph
2 in solution and would result in more of the 

mono-ligated FeCl2(P
Ph

2N
Ph

2) species. The newly synthesized FeCl2(THF)1.5 was reacted 

with NaCp prior to the addition of the PPh
2N

Ph
2 ligand (Scheme 2.4). The 31P{1H} NMR 

spectrum after 30 mins showed no signals, and the 1H NMR spectrum was broad and had 

no diagnostic signals to indicate that 2a was formed, indicating that this method was 

unsuccessful. 

 

 

Scheme 2.4. Attempted formation of 2a by reaction of FeCl2(THF)1.5 with NaCp.  

 

2.3 Successful Synthesis of FeCl(Cp)(PPh
2NPh

2) 

 Complex 2a has been reported by Dubois in 2011, their synthetic route involved 

photolysis of the precursor compound FeCl(Cp)(CO)2 in the presence of PPh
2N

Ph
2, which 

afforded 2a following a recrystallization.96 This synthetic route was chosen next, as the 

precursor to 2a, FeCl(Cp)(CO)2, already has the Cp ligand bound which should avoid any 

possible formation of a bis-PPh
2N

Ph
2 species. In order to pursue this synthetic route, the 

precursor FeCl(Cp)(CO)2 was prepared. Synthesis of FeCl(Cp)(CO)2 involved a slightly 
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modified three-step procedure starting from commercially available Fe(CO)5.
113 The 

Fe2Cp2(CO)4 dimer intermediate was synthesized by heating Fe(CO)5 in a solution of 

dicyclopentadiene for 20 h, and the product was determined to be pure by IR spectroscopy. 

Fe2Cp2(CO)4 was then dissolved in ethanol, to which 12 M HCl was added, and allowed to 

stir for 4 days, which formed a crude solution containing FeCl(Cp)(CO)2, as well as some 

unreacted starting material. Clean FeCl(Cp)(CO)2 was isolated by column chromatography 

and the compound was determined to be pure by IR spectroscopy.  

 

The literature procedure for the synthesis of 2a did not specify at which wavelength 

the photolysis of FeCl(Cp)(CO)2 conducted. The first synthetic attempt was done using a 

UV-A (400–315 nm) light, and less than 20% product was observed after 48 h. This was 

likely due to poor solubility of the ligand in the solvent used (toluene) and/or the incorrect 

UV wavelength was used. To identify the optimal wavelength for the reaction, UV-vis 

spectra for both reactants were collected (Appendix A.15). The maximum absorbance of 

FeCl(Cp)(CO)2 was at 354 nm, which was not absorbed by either toluene or PPh
2N

Ph
2. The 

next attempt at this reaction was performed in a solution of toluene/DCM to increase the 

solubility of the ligand, and the reaction was conducted in a glass vessel which allowed 354 

nm light to be absorbed by the solution (Scheme 2.5). After 4 h, the 31P{1H} NMR spectrum 

showed a major singlet at ~60 ppm, and a minor signal at ~55 ppm. After removal of 

insoluble grey solids and recrystallization from DCM/hexanes, black crystals were 

obtained in a 10% yield. The low yield was due to the slow and inconsistent crystallization, 

which will need to be improved in future synthetic procedures. A 31P{1H} NMR spectrum 

of the crystalline material in CD2Cl2 revealed one singlet at 59.3 ppm and the 31P{1H} and 

1H NMR spectra were consistent with the literature values. The synthesis of 2a was 

improved from the literature procedure by using DCM and 354 nm light, which increased 

reaction speed from 48 h to 4 h, but the isolation method still needs improvement to achieve 

acceptable isolated yields. Regardless, a suitable amount of 2a was obtained to complete 

the final step to synthesize 3a. 
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Scheme 2.5. Modified route to the synthesis of 2a by reaction of FeCl(Cp)(CO)2 with PPh
2NPh

2 in 

toluene/DCM at RT for 4 h. 

 

2.4 Synthesis and Characterization of [Fe(Cp)(MeCN)(PPh
2NPh

2)]PF6 

 Complex 2a was treated with KPF6 in the presence of acetonitrile to generate 3a 

(Scheme 2.6). After 3 h, excess KPF6 was removed by filtration, and the red solids obtained 

were dissolved in CD2Cl2. The 31P{1H} NMR spectrum revealed a singlet at 57.8 ppm, and 

a septet at –144.4 ppm. The singlet was 1.5 ppm upfield from 2a, and 7.6 ppm downfield 

from the Cp* substituted complex 3a*.96,114 The upfield shift compared to 2a is due to the 

MeCN ligand being more electron-donating to the Fe center than chloride. The downfield 

shift compared to 3a* is because Cp* is much more electron-donating than Cp. A singlet 

at 2.32 ppm integrates to three relative to a methylene on the PPh
2N

Ph
2 ligand, which was 

identified as the methyl of the coordinated MeCN ligand. The MALDI-MS of 3a showed a 

peak with m/z and isotope pattern consistent with [Ru(Cp)(PPh
2N

Ph
2)]

+. This signal is 

consistent with fragmentation of the molecular cation to release the labile MeCN ligand, 

which was consistent with all complexes of the type [M(Cp)(MeCN)(PR
2N

R′
2)]PF6, where 

M = Ru or Fe.110,109 This new modified procedure avoids the solubility, and conversion 

issues observed with the previous attempts at synthesizing 2a, and avoids any of the 

impurities observed with the other previously attempted methods. 

 

 

Scheme 2.6. Reaction of 2a with KPF6 and MeCN for 3 h to make 3a. 
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Chapter 3: Acceptorless Dehydrogenation of Benzylamine Using 

[M(Cp/Cp*)(MeCN)(PR
2NR′

2)]PF6 Complexes 

 

3.1 Acceptorless Dehydrogenation of Benzylamine with 

[Ru(Cp)(MeCN)(PPh
2NR′

2)]PF6 Complexes: Changes in Secondary Coordination 

Sphere and Selectivity 

To determine the effects of the secondary coordination sphere on catalyst activity, 

a selection of [Ru(Cp)(MeCN)(PPh
2N

R′
2)]PF6 complexes were prepared. Ruthenium 

complexes 1a-d have different R′ substituents and each of the catalysts were reacted with 

benzylamine to determine the effect of pendant amine basicity on product distribution 

(Scheme 3.1). The modification of the pendant amine should have some effect on the 

catalyst’s activity, as the interaction between the base and the substrate is proposed in both 

an inner and outer sphere pathway. Benzylamine was heated for 48 h at 110 °C in the 

presence of 3 mol% 1a-d which were the general conditions used for all catalytic runs in 

this Chapter, unless otherwise stated. For each catalyst employed, the product distribution 

of ADC:DAD:HB was quantified by calibrated GC-FID analysis.  

 

Scheme 3.1. Catalytic acceptorless dehydrogenation of benzylamine using 3 mol% 1a-d. 

 

The conversion by each catalyst, ranked from highest to lowest, was: 1d ≈ 1c > 1a 

> 1b, which corresponds to the R′ trend of Bn ≈ p-CF3C6H4 > Ph > p-OMeC6H4. For the 

complexes bearing an aryl-substituted pendant amine, the trend indicates that decreasing 

the basicity of the pendant amine results in higher conversion. The Bn-substituted complex 
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is more donating than the Ph and its high conversion does not follow the trends observed 

with the Ar-substituted complexes.  

 

Table 3.1. Catalyst (1a-d) performance and selectivity for the AD of benzylamine.a 

Entry  Catalyst %Conv.b %ADC %DAD %HB 

1 1a 59 28 3 20 

2 1b 45 21 2 26 

3 1c 70 37 9 17 

4c 1d 76 54 20 3 

aConditions: 3 mol% [Ru], 250 mM BnNH2, 110 °C, 48 h. Data was quantified with respect to an 

internal standard by calibrated GC-FID. Reactions were run in duplicate with the data shown 

representing the average, which are within 5% error. bConversion calculated by amount of BnNH2 

consumed. cData from previously published paper.80  

 

To assess catalyst selectivity more easily, the product distribution was plotted for 

complexes 1a-d (Figure 3.1). Complex 1d was the most selective and forms 96% 

dehydrogenation products ADC and DAD, and only 4% hydrogenation product HB. Thus, 

the more donating Bn pendant amine results in near-complete dehydrogenation selectivity. 

Using the Ph-substituted complex 1a results in 61% dehydrogenation products and 39% 

hydrogenation products. Switching to an aryl substituent resulted in a 35% decrease in AD 

product selectivity. Increasing the basicity of the pendant amine, using 1b results in 53% 

dehydrogenation and 47% hydrogenation products. The ratios of AD:HB products for 1a 

is 3:2 and for 1b the ratio is 1:1. For the Ar-substituted complexes, increasing the pendant 

amine basicity resulted in decreased AD product selectivity. Using  complex 1c with 

reduced pendant amine basicity resulted in 73% dehydrogenation products and 27% 

hydrogenation product. The ratios of AD:HB products for 1c is 3:1 which is far more 

selective for AD products than 1b, which formed a 1:1 ratio of AD:HB products. By 

decreasing the pendant amine basicity,  a 22% increase in AD product selectivity was 

observed as compared to 1a. Overall, Ar-substituted complexes were less selective than the 

Bn-substituted complex 1d. However, the selectivity within the aryl-substituted set of 
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catalysts could be tuned to favour dehydrogenation products by reducing the basicity of the 

pendant amine. 

 

 

Figure 3.1. Bar graph showing the product distribution of benzylamine dehydrogenation (ADC and 

DAD) and hydrogenation (HB) products using catalysts 1a (red), 1b (blue), 1c (orange), 1d (green). 

aProduct distribution was calculated by ((%ADC/DAD/HB)/(%ADC+DAD+HB))*100.  

 

The different ratios of AD:HB products using the Ar-substituted complexes can be 

rationalized by the proposed mechanism shown in Scheme 3.2. Dehydrogenation of 

benzylamine (outer sphere dehydrogenation depicted) results in an intermediate containing 

a proton on the pendant amine, and hydride on the metal center (III). The Ru–H bond of 

III is protonated by the pendant amine to form an H2 adduct IV. Complexes IV and III are 

proposed to exist in equilibrium, which is the case with similar cationic ruthenium and iron 

PPh
2N

Ph
2 complexes.96,97 Intermediate IV can then release H2 to reform the active catalyst 

(H2 release pathway). However, the H2 release pathway does not account for the observed 

HB product formed with 1a-c. In a second pathway, intermediate III reacts with ADC to 

form product HB, which would also regenerate the active catalyst (hydrogenation 

pathway). Therefore, turnover can occur from III by either H2 release through intermediate 

IV, or by hydrogenation of product ADC. The active catalyst generated from the liberation 

of H2 can then either react with a second molecule of benzylamine or possibly react with 

Im to generate benzonitrile (DAD). Increasing the basicity of the pendant amine results in 

a less acidic protonated pendant amine, and intermediate III reacts to form IV more slowly. 
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If the equilibrium is shifted towards III, more HB is formed as a result, as there is more III 

around to hydrogenate ADC. By decreasing the basicity of the pendant amine, intermediate 

III has a more acidic protonated pendant amine, and protonolysis can occur faster, shifting 

the equilibrium towards the formation of IV. If III reacts more quickly to make IV, then 

there is a lower chance of ADC being hydrogenated, which results in less HB being formed.  

 

 

Scheme 3.2. A section of the proposed catalytic mechanism shown for complex 1a. Complex III 

and IV are in equilibrium, and catalytic turnover depends on whether the H2 release pathway or the 

hydrogenation pathway occurs. 

 

One possibility for the observation of HB in the reaction is the reversible uptake of 

H2. The catalytic reactions up until this point have been conducted in sealed vials, where 

H2 is unable to escape the system. If uptake of H2 is reversible, then the active catalyst can 

bind H2 to reform intermediate IV. As the reaction progresses, and more H2 is released, the 

equilibrium between IV and III will start to shift towards III. This would then increase the 

amount of HB produced as a result as there is more III around to react with ADC. To 

determine whether H2 buildup has an effect on the amount of HB product formed, a reaction 

with 1a and benzylamine will be conducted in the following section.  
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3.2 Catalytic Acceptorless Dehydrogenation with [Ru(Cp)(MeCN)(PPh
2NR′

2)]PF6 in an 

Open System  

All catalytic reactions under standard conditions (see Scheme 3.1) with 1a were 

conducted in a sealed vial. This does not allow H2 to escape from the system, and this could 

cause an increase in the amount of HB formed as H2 accumulates in the vessel over time. 

A reaction with 1a and benzylamine was conducted under a flow of argon (i.e. ‘open' 

conditions) to allow H2 to be removed from the system (Scheme 3.3).  The conversion 

achieved by 1a in this open system was 33% which was 26% lower than when catalysis 

was performed in a closed system (Table 3.2, Entry 2). This decrease in conversion could 

be a result of changing the reaction vessel from a sealed vial in a heating block to a Schlenk 

flask in an oil bath, which may have resulted in inadequate heating of the solution in the 

latter case. Despite the decreased conversion, production of HB was not suppressed in an 

open system as compared to a closed system (Figure 3.2). In an open system 1a gave a 1:2 

mixture of ADC+DAD:HB, while in a closed system a 3:2 ratio was observed. The 

presence of near-equal amounts of HB in an open and closed system indicates that the 

presence of HB in the reaction is not due to H2 buildup pushing the equilibrium towards 

the formation of III. The formation of HB is a result of the competing H2 release, and 

hydrogenation pathways, which results in a mixture of both dehydrogenation and 

hydrogenation products. 

 

 

Scheme 3.3. Catalytic AD of benzylamine with 1a in an open/closed system. Open system: schlenk 

flask under argon atmosphere. Closed system: sealed vial. 
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Table 3.2. Comparison of catalyst performance and percent products for the AD of Benzylamine in 

an open and closed system.a 

Entry  Catalyst Open/Closed System %Conv.b %ADC %DAD %HB 

1c 1a Closed System 59 28 3 20 

2d 1a Open System 33 9 1 19 

aConditions: 3 mol% [Ru], 250 mM BnNH2, 110 °C, 48 h. Data was quantified with respect to an 

internal standard by calibrated GC-FID. Reactions were run in duplicate with the data shown 

representing the average. Conversion values were within 5% of each other. bConversion calculated 

by amount of BnNH2 consumed. cReaction performed in a sealed vial. dReaction performed on a 

Schlenk line under a constant flow of argon. 

 

 

 

Figure 3.2. Bar graph showing the product distribution of benzylamine dehydrogenation (ADC and 

DAD) and hydrogenation (HB) products using 1a in an open system (orange) and closed system 

(blue). aProduct distribution was calculated by ((%ADC/DAD/HB)/(%ADC+DAD+HB))*100.  
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3.3 Acceptorless Dehydrogenation of Benzylamine with 

[Ru(Cp/Cp*)(PR
2NPh

2)(MeCN)]PF6 Complexes: Influence of Primary Coordination 

Sphere and Selectivity 

 Ruthenium complexes 1a and 1e  which have different R substituents, and 1a*, 

which has a bulkier Cp* ligand, were reacted with benzylamine to determine the effect of 

the primary coordination sphere on product distribution (Scheme 3.4).  

 

 

Scheme 3.4. Catalytic acceptorless dehydrogenation of benzylamine using 3 mol% 1a, 1a*, 1e. 

  
 The highest conversions were obtained with the Cp-bearing complexes 1a (59%) 

and 1e (55%).  Changing the donor properties of the phosphine ligand to a slightly more 

donating cyclohexyl group did not affect conversion. Complex 1a* achieved 27% 

conversion, which was 22% less than Cp-analogue 1a. The decreased conversion with 1a* 

indicates that using either a stronger donor, or a larger ancillary ligand decreases 

conversion. 
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Table 3.3. Comparison of catalyst performance and percent products formed from AD of 

benzylamine.a 

Entry Catalyst %Conv.b %ADC %DAD %HB 

1 1a 59 28 3 20 

2 1a* 27 17 3 2 

3 1e 55 24 3 29 

aConditions: 3 mol% [Ru], 250 mM BnNH2, 110 °C, 48 h. Data was quantified with respect to an 

internal standard by calibrated GC-FID. Reactions were run in duplicate with the data shown 

representing the average. Conversion values were within 5% of each other. bConversion calculated 

by amount of BnNH2 consumed.  

 

The product distribution with complexes 1a, 1a*, and 1e is shown below in Figure 

3.3. Complex 1a* displays a 10:1 ratio of dehydrogenation to hydrogenation products, 

while 1a, which has a 3:2 ratio of (ADC+DAD):HB. Employing the Cp* ligand results in 

a drastic increase in product selectivity compared to 1a. One possible explanation for the 

decreased amount of HB formed with the Cp* analogue is due to the greater steric bulk of 

the ancillary ligand. Formation of HB depends on the reaction of intermediate III and 

ADC, and the increased steric bulk may hinder this reaction to a greater extent than the Cp 

analogue. Catalyst 1e with R = Cy gives a negligible difference in preference for 

dehydrogenation over hydrogenation, as compared to 1a with R = Ph. This would indicate 

that the identity of the R group has a minimal impact on product selectivity.  
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Figure 3.3. Bar graph showing product distribution  of benzylamine dehydrogenation (ADC and 

DAD) and hydrogenation (HB) products using 1a (red), 1a* (grey), and 1e (light-blue). aProduct 

distribution was calculated by ((%ADC/DAD/HB)/(%ADC+DAD+HB))*100 

 

3.4 Acceptorless Dehydrogenation of Benzylamine by 

[Fe(Cp/Cp*)(MeCN)(PPh
2NPh

2)]PF6 Complexes: Effect of Metal Center on Selectivity 

 To determine the effect of the metal center on the product distribution for AD of 

benzylamine, iron analogues of complexes 1a and 1a* (3a and 3a*, respectively) were 

tested (Scheme 3.5). Trends in hydride donor-ability for M(H)(Cp)(CO)2 complexes, where 

M = Fe, Ru, Os, show that the iron-hydride bond was less nucleophilic compared to the 

ruthenium-hydride bond.115 This decreased nucleophilicity could potentially lead to 

decreased reactivity of intermediate III with product ADC, resulting in lower amounts of 

HB formed. The substrate conversion, as well as the ratios of ADC:DAD:HB were 

quantified by GC-FID. 
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Scheme 3.5. Catalytic acceptorless dehydrogenation of benzylamine using 3 mol% 1a, 1a*, 3a, 

3a*. 

 

Complex 3a results in 39% conversion, while 3a* afforded 21% conversion. Having 

the Cp* ligand instead of Cp resulted in an 18% decrease in catalyst conversion, which is 

consistent with the trend with the Ru analogues. Too much steric bulk, or too much 

electron-donation to the metal center as a result of the Cp* ligand results in decreased 

conversion. Complex 3a achieves 30% lower conversion than 1a, and 3a* achieves 6% less 

conversion than 1a*. The iron-analogue of 1a was noticeably worse, while the difference 

in conversion between 3a* and 1a* is negligible. An increased catalyst loading of 3a could 

potentially off-set this decreased activity at 3 mol%, but this has not been tested. Overall, 

the ruthenium complexes 1a and 1a* both resulted in higher conversion than their iron 

counterparts.  

  

Table 3.4. Comparison of catalyst performance percent products from AD of benzylamine.a 

Entry # Complex %Conv.b %ADC %DAD %HB 

1 1a 59 28 3 20 

2 1a* 27 17 3 2 

3 3a 39 38 4 0 

4 3a* 21 18 5 0 

aConditions: 3 mol% [Ru], 250 mM BnNH2, 110 °C, 48 h. Data was quantified with respect to an 

internal standard by calibrated GC-FID. Reactions were run in duplicate with the data shown 

representing the average. Conversion values were within 5% of each other for 1a/1a* and ±7% for 

3a/3a*. bConversion calculated by amount of BnNH2 consumed. 
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The product distributions for AD of benzylamine using 1a, 1a*, 3a, and 3a* were 

plotted to determine the differences in selectivity between each catalyst (Figure 3.4). 

Complex 3a formed a 9:1:0 mixture of ADC:DAD:HB, compared to the ruthenium 

analogue 1a, which made a 9:1:7 mixture. Complex 3a* afforded a 4:1:0 ratio of 

ADC:DAD:HB and use of the ruthenium analogue 1a* resulted in a 9:2:1 ratio of products. 

Both iron analogues of 1a and 1a*, respectively, displays complete AD product selectivity, 

with no detectable amounts of HB formed after 48 h. Additionally, 3a heavily favors the 

formation of ADC, with a 9:1 ratio of ADC:DAD, and is the most selective catalyst out of 

all the complexes tested. 

 

 

Figure 3.4. Bar graph showing product distribution  of benzylamine 

dehydrogenation/hydrogenation products using 1a (red), 1a* (grey), 3a (purple), 3a* (green). 

aProduct distribution was calculated by ((%ADC/DAD/HB)/(%ADC+DAD+HB))*100. 

 

One possible explanation for the increased selectivity of 3a towards AD products is 

due to the decreased hydricity of intermediate III where M = Fe (3a-III) (Scheme 3.6a). 

Hydricity is defined as a hydride’s donor ability, and is influenced by a variety of factors.95 

If we consider the reaction [M(H2)]
+ → MH + [H]+, the pKa of the dihydrogen species 

provides information on the hydricity of the conjugate base. In other words, a more acidic 
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M(H2)
+ complex corresponds to a more hydritic/basic conjugate base, M(H). For example, 

the pKa of complex [FeCp(H2)(P
Ph

2N
Bn

2)]
+ in MeCN is bracketed between 20 and 24, 

which means that the conjugate base [Fe(Cp)H(PPh
2N

Bn
2)]

 is significantly hydritic.96 

Unfortunately, there is no known pKa of [RuCp(H2)(P
Ph

2N
Bn

2)]
+, which means that the 

exact difference in hydricity between 1a and 3a cannot be approximated. However, for 

complexes of the type [MH(diphosphine)2]
+ the hydricity of the complex increases from 

the first row to the second row. For the reaction of trans-[M(H2)(H)(dppe)2]
+ → cis-

M(H)2(dppe)2 + H+, the pKa of trans-[Fe(H2)(H)(dppe)2]
+ in THF is 11.5, while the pKa of 

trans-[Ru(H2)(H)(dppe)2]
+  in THF is 14.1.116 The iron-(H2) complex is more acidic than 

the Ru-(H2) complex, which means that Ru–H is more hydritic than Fe–H. Based on the 

hydricity trends of the M(H)2(dppe)2 complexes, it is hypothesized that the M–H bond of 

3a is less hydritic than 1a. Formation of HB is currently proposed to form from the reaction 

of intermediate III with ADC, so it is possible that the decreased reactivity of the Fe–H 

bond in 3a-III resulted no formation of HB (Scheme 3.6b). Instead, the H2 release is the 

only pathway possible for 3a. In the case of 1a, complex 1a-III has a more hydritic Ru–H 

bond, and the reaction of 1a-III with ADC is competing with the H2 release pathway. This 

would explain the mixture of dehydrogenation and hydrogenation products formed when 

1a is used. 
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Scheme 3.6. a) Formation of proposed reaction intermediate 3a-III. b) Two possible reaction 

pathways starting from 3a-III, the hydrogenation pathway is proposed to be less favourable due to 

decreased hydricity of the Fe–H bond.  

 

3.5 Acceptorless Dehydrogenative Coupling of Benzylamine with 1a and 1d 

To further explore the differences in selectivity between the PPh
2N

Ph
2 and PPh

2N
Bn

2 

ligand-bearing complexes, 1a was tested towards the acceptorless dehydrogenative 

coupling (ADC) of benzylamine, with aniline as an additional nucleophile. The same 

reactions can occur to form ADC, DAD, and HB, but Im can also react with aniline to form 

N-phenylbenzenemethanamine (ADC′) (Scheme 3.7). Product ADC′ can also be 

hydrogenated to form product HB′.  
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Scheme 3.7. Catalytic AD of benzylamine with aniline using 3 mol% 1a/1d. 

 

 Complex 1a achieved 67% conversion of benzylamine after 48 hours, which was 

31% lower than 1d. Thus, the phenyl-substituted pendant amine results in decreased 

catalyst activity compared to benzyl-substituted amine which is consistent with the trends 

observed with benzylamine and no aniline.  The ratio of AD:HB products for 1a was 2:3, 

and the ratio for 1d was 1:0. Complex 1a gave a 5:1:8:0 ratio of ADC:DAD:HB:ADC′, 

while 1d gave a 2:2:0:1 ratio (Figure 3.5). It was notable that 1a only gave trace amounts 

of the aniline-coupled product ADC′ (less than 1%) which indicates that even in the 

presence of equimolar amounts of aniline, the homocoupled products were favoured when 

R = Ph. Benzylamine is a stronger nucleophile than aniline,117,118 so it is not surprising that 

ADC was the dominant coupled product. 

 

Table 3.5. Comparison of catalyst performance and selectivity for the AD of benzylamine in the 

presence of aniline.a 

Entry # Complex %Convb %ADC %DAD %HB %ADC′ 

1 1a 67 22 5 40 < 1 

2 1dc 98 42 38 0 19 
aConditions: 3 mol% [Ru], 250 mM BnNH2, 250 mM aniline, 110 °C, 48 h. Data was quantified 

with respect to an internal standard by calibrated GC-FID. Reactions were run in duplicate with the 

data shown representing the average. Conversion values were within 5% of each other. bConversion 

calculated by amount of BnNH2 consumed. cData from previously published paper in the group.80  
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Figure 3.5. Bar graph showing product distribution of benzylamine dehydrogenation/hydrogenation 

products using 1a (red), and 1d (green).  aProduct distribution was calculated by 

((%ADC/DAD/HB)/(%ADC+DAD+HB))*100. 

 

3.6 Acceptorless Dehydrogenative Coupling of Benzyl Alcohol with 

[Ru(Cp)(MeCN)(PPh
2NPh

2)]PF6 

Complex 1a was used as the catalyst for the acceptorless dehydrogenative coupling 

of benzyl alcohol with aniline. This was done to probe the differences in activity/selectivity 

by using a secondary alcohol as the AD substrate instead of an amine (Scheme 3.8). One 

possible product is formed by oxidation of the alcohol to an aldehyde and subsequent 

coupling with aniline to form imine ADC′, the second possible product is a hydrogenation 

of the imine to form the hydrogen-borrowed product HB′. 

 

Scheme 3.8. Catalytic ADC of benzyl alcohol with aniline using 5 mol% 1a. 
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Complex 1a afforded 18% conversion of  benzyl alcohol, which was 49% lower 

than when the substrate was benzylamine. This indicates that complex 1a was much more 

reactive towards benzylamine than benzyl alcohol as an AD substrate. The pKa of 

benzylamine in MeCN is 16.92,119 while the pKa of benzyl alcohol in MeCN is 15.40.120  

If the rate-determining step was outer sphere deprotonation of the substrate, increased 

acidity of the substrate would result faster reactivity. However, the α-carbon of BnNH2 

would be more hydritic than BnOH and would result in an α-CH that is more easily 

donateable to the metal center. In this case, it seems that a more hydritic α-CH is more 

important for increased catalyst activity. The amounts of each product observed with 1a 

was 2% ADC′ and 20% HB′, indicating high selectivity for HB products with 1a. 
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Chapter 4: Mechanistic Studies of [Ru(Cp)(MeCN)(PPh
2NPh

2)]PF6 for 

Catalytic Acceptorless Dehydrogenation of Indoline 

 

4.1 Comparing Catalyst Performance of [Ru(Cp)(MeCN)(PPh
2NPh

2)]PF6  and 

[Ru(Cp)(MeCN)(dppp)]PF6 by In-Situ IR Spectroscopy  

 Acceptorless dehydrogenation (AD) was performed on indoline using metal-ligand 

cooperative complex [Ru(Cp)(MeCN)(PPh
2N

Ph
2)]PF6 (1a) and non-metal-ligand 

cooperative complex [Ru(Cp)(MeCN)(dppp)]PF6 (4). The reaction was performed over a 

20 h period at 110 °C in anisole and monitored by in-situ IR spectroscopy (Scheme 4.1). 

The expected AD product, indole, has a peak at 1354 cm–1 determined by IR spectroscopy 

that corresponds to a methine C-H stretching frequency, and this signal does not overlap 

with any signals corresponding to indoline.121 Catalytic conversion of indoline to indole 

was monitored by the increase in peak height of the signal at 1354 cm-1 . After a 20 h 

reaction time, the reaction solution was analyzed by GC-FID and the conversion was 

quantified. The absorbance values at the end of the reaction were then quantified using the 

GC-FID data, which was used to normalize the IR absorbance values, so that each 

absorbance value has a corresponding concentration of indole (Figure 4.1). The initial 

turnover frequencies of complexes 1a and 4 at 0.5 h were nearly identical (1a = 38 h-1, 4 = 

42 h-1), however, 1a reaches 85% conversion over 10 h, while 4 results in 63% conversion 

in the same amount of time. The turnover numbers (TONs) for 1a and 4 were 85 and 63, 

respectively. Comparing TONs revealed that 1a had 1.3 times higher TONs than 4. While 

the catalytic rates were similar between the two complexes, with 1a, the PPh
2N

Ph
2 ligand 

increases the overall catalyst lifetime, when compared to the non-MLC catalyst 4 with dppp 

as the ligand. Similar rates between [Ru(Cp)(MeCN)(PPh
2N

Bn
2)]PF6 (1d) and 4 was 

observed previously by our group in 2017, where AD of primary amines was studied.80 
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Scheme 4.1. Acceptorless dehydrogenation of indoline to form indole using 1 mol% 1a or 4. 

 

 

Figure 4.1. Graph depicting the conversion over time monitored by ReactIR. Conversion values 

were corrected using GC-FID analysis of the reaction solution after 20 h of reaction time (1a = 

orange, 4 = purple). Each data set was run in duplicate, and the overlap between both runs indicates 

that the results are replicable (Appendix A.21, A.22). 

 

4.2 Mechanistic Studies to Determine the Reaction Rate Order for AD of Indoline 

using Ru(Cp)(MeCN)(PPh
2NPh

2)]PF6 (1a) 

 Variable time normalization analysis (VTNA) for the AD of indoline by catalyst 1a 

was conducted to determine the reaction order with respect to substrate concentration 

(Scheme 4.2).122 VTNA is a graphical analysis method that can be used to elucidate the 

reaction rate order of a particular species in a reaction. This method removes the kinetic 

effect that a component has on a reaction profile, by normalizing the time between each 

pair of data points in an experiment. The first stage of VTNA is to vary the concentration 

of substrate, while keeping the concentration of catalyst, and other reaction conditions, 
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constant. This will allow for the reaction order with respect to substrate concentration to be 

elucidated, since only the initial substrate concentration changes. Run 1 (R1) and run 2 (R2) 

were conducted at 110 °C 1 mol% loading of 1a and monitored over a 20 h period by IR. 

The initial concentrations of indoline were 250 mM in R1, and 350 mM in R2. The 

concentration of indoline over time was plotted over the first 10 hours (Figure 4.2). The 

concentration of indoline in R1 starts at 250 mM and decreases to 25 mM after 10 h, which 

corresponds to 90% substrate consumption (grey line). The concentration of indoline in R2 

starts at 350 mM and decreases down to 145 mM after 10 h and corresponds to 59% 

substrate consumption (yellow line). Additionally, R2 appears to begin to plateau at 10 h, 

indicating that the catalyst has become deactivated. To determine whether there was 

catalyst deactivation during R2, the plot of R1 was time-shifted to a point where the 

concentrations of indoline would be identical. In this case, after 0.6 h, the concentration of 

indoline in R2 is 250 mM. Taking R1 and time-shifting the entire plot 0.6 h to the right to 

where the concentrations of indoline in both reactions are the same (250 mM) will allow 

for easy comparison of catalyst activity. If the catalyst activity is the same for both R1 and 

R2, then time shifting R1 onto R2 should result in two overlapping lines from 250 mM 

indoline to the end of the reaction. Time-shifting the consumption plot of R1 onto R2 

reveals that after 100 mM of indoline has been consumed in R2, subsequent consumption 

of substrate was much slower than R1. This indicates that either catalyst deactivation or 

product inhibition occurs in R2. Indole has a basic N atom, and a π-bond on the 5-membered 

ring, that can reversibly bind to the active site of 1a. As indole accumulates in the reaction, 

the possibility for product inhibition increases, since there is a higher chance of 1a and 

indole interacting. 

 

 

Scheme 4.2. Reaction of 350 mM indoline (R2) and 250 mM indoline (R1) with 1a to form indole. 
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Figure 4.2. Amount of indoline consumed over time for Run 1: 250 mM indoline, 2.5 mM 1a (light 

blue) and Run 2: 350 mM indoline, 2.5 mM 1a (yellow) over 10 h. The dark-blue line represents 

the time-shifted plot of R1 onto the plot of R2, when the concentrations of indoline were both equal 

to 250 mM. Concentration values were corrected using GC-FID analysis of the reaction solution 

after 20 h of reaction time. Each data set was run in duplicate, and the overlap between both runs 

indicates that the results are replicable (Appendix A.21, A.23). 

 

To test whether indole inhibits product formation, Run 3 (R3) was conducted. A 

solution containing 250 mM indoline, 2.5 mM 1a, and 100 mM of indole was subjected to 

reaction conditions (Scheme 4.3). This run was prepared to mimic the conditions of R2 

after consumption of 100 mM of indoline. It was expected that the 100 mM of indole will 

act as an inhibitor, and that the plots of R2 and R3 should overlap, assuming that product 

inhibition was occurring. The concentration of indoline in R3 starts at 250 mM and 

decreases to 46 mM after 10 h, corresponding to 82% consumption of substrate (Figure 4.3, 

light green line). The initial turnover frequency of R3 at 0.5 h is 69 h-1, while the initial 

TOF for R2 is 59 h-1. The initial turnover frequency for R3 did not decrease with 100 mM 

indole added to the reaction. If catalytic rate of 1a was decreased by interactions with 

indole, it would be expected that the initial rate of R3 would be lower than R2. Time-

shifting the consumption plot of R3 onto R2, at the time when the concentration of indoline 

was equal to 250 in R2 (green line), shows that the presence of indole did not decrease 

catalyst activity. This is confirmed by comparing the time-shifted plots of R3 and R1 which 
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are nearly identical. The consumption of indoline by the catalyst was unaffected by the 100 

mM of indole added to the reaction. It is possible that H2 inhibition is occurring, and that 

accumulation of H2 in the reaction results in catalyst deactivation. Another possibility is 

that catalyst deactivation is occurring because of excess substrate in the reaction, resulting 

in the formation of off-cycle species. If the substrate binding to the metal is an off-cycle 

species, then there would be a noticeable increase in indoline-bound catalyst if there was 

more substrate initially. 

 

 

Scheme 4.3. Reaction of 250 mM indoline with 1a to form indole in the presence of 100 mM indole. 

 

  

Figure 4.3. Concentration of indoline consumed over time for Run 3: 250 mM indoline + 100 mM 

indole, 2.5 mM 1a (light green) and Run 2: 350 mM indoline, 2.5 mM 1a (yellow) over 10 h. The 

dark-green line represents the time-shifted plot of R3 onto the plot of R2, when the concentrations 

of indoline are both equal to 250 mM. The dark-blue line is the time-shifted plot of R1 onto R2 

when the concentrations of indoline are both 250 mM. Concentration values were corrected using 

GC-FID analysis of the reaction solution after 20 h of reaction time. Each data set was run in 
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duplicate, and the overlap between both runs indicates that the results are replicable (Appendix 

A.23, A.26). 

 

 Due to the catalyst deactivation observed with 350 mM indoline, the reaction order 

in substrate could not be elucidated by VTNA (Appendix A.28). Instead, a graphical kinetic 

analysis can be conducted, using integrated rate laws.123 Plotting the concentration of 

indoline versus time for R1 (250 mM indoline) results in a decreasing curved line. 

Performing a linear regression on this data gives a line with the equation: y = –16x + 171, 

with an R square value of 0.878 (Figure 4.4 A). If the trendline for [Indoline] vs. t was a 

linear trend, then the rate order would be zero order with respect to the concentration of 

substrate. Next, ln[Indoline] was plotted as a function of time, and the result was a 

decreasing straight line. Performing a linear regression gives a line with the equation: y = 

–0.18x + 5, with an R square value of 0.972 (Figure 4.4 C). The linear trend observed upon 

calculating ln[Sub] plotted over time, and higher R2 indicates that the rate order could be 

first order, with respect to substrate concentration. The plots of 1/[Indoline] vs. t and 

[Indoline]1/2 vs. t were also calculated and plotted, but neither of the two resulted in a linear 

trend with a fit as high as with ln[Indoline] vs. t, meaning that the reaction order is unlikely 

to be second (Figure 4.4 D) or half order (Figure 4.4 B). This implies that the reaction rate 

order is likely first order with respect to the [Indoline].  
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Figure 4.4. A) Plot of [Indoline] over time using 2.5 mM 1a (run 1). B) Plot of [Indoline]1/2 over 

time using 2.5 mM 1a (run 1). C) Plot of ln[Indoline] over time using 2.5 mM 1a (run 1).) D) Plot 

of 1/[Indoline] over time using 2.5 mM 1a (run 1). Trendline and equations shown on plots A-D. 

 

4.3 Mechanistic Studies to Determine the Reaction Rate Order of 

[Ru(Cp)(MeCN)(PPh
2NPh

2)]PF6 (1a) for AD of Indoline 

 VTNA for AD of indoline was conducted to determine the reaction rate order with 

respect to catalyst 1a. The concentration of indoline was kept constant at 250 mM, and the 

concentration of 1a was 2.5 and 1.75 mM in Runs 1 and 2, respectively. The reaction 

mixture was heated to 110 °C and monitored by in-situ IR spectroscopy over a 20-hour 

period (Scheme 4.4). The production of indole over the first 10 hours is shown (Figure 4.5). 

Conversion to indole after 10 h using 2.5 mM 1a after was 87%, while 1.75 mM 1a was 

79%. The conversion when the catalyst concentration was decreased by 0.75 mM was 8% 

lower, which was not an appreciable difference. The turnover frequencies at 2 h for Run 1 

and Run 2 was 9 h-1 and 7 h-1, indicating that performances of 2.5 mol% and 1.75 mol% 

catalyst loading are nearly identical. 
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Scheme 4.4. Reaction of indoline (250 mM) with 2.5 or 1.75 mM 1a to form indole. 

 

 

Figure 4.5. Reaction profiles of the %Product over time for run 1: 250 mM indoline, 2.5 mM 1a 

(red) and run 2: 250 mM indoline, 1.75 mM 1a (grey) over 10 h. Conversion values were corrected 

using GC-FID analysis of the reaction solution after 20 h of reaction time. Each data set was run in 

duplicate, and the overlap between both runs indicates that the results are replicable (Appendix 

A.21, A.24). 

 

 A variable-time normalization treatment of the data was then conducted to 

determine the reaction order with respect to catalyst. For both the 1.75 mM and 2.5 mM 

data sets, the concentration of indole was plotted against t[cat]x, where x is 0, 1 or 2 (Figure 

4.6). These x values were selected as zero, first, and second order reactions are common 

reaction orders. For VTNA, the t[cat]x term is used to normalize the time component 

between each data set. This allows for the generation of reaction profiles that can be used 

to elucidate the reaction rate order with respect to the catalyst concentration. The exponent 

x corresponds to the reaction rate order of the experiment, and both data sets will visually 

overlap when raised to the correct exponent. The visual overlap between data sets for each 
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treatment will allow for an approximation of the reaction rate order, as the data sets will 

overlap the most when the exponent corresponds to the reaction rate order. The plot of 

[indole] versus t[cat]0 resulted in the least overlap between data sets, which indicated that 

the reaction was very unlikely to be zero order in catalyst. When x = 1, there was good 

alignment at the beginning and ends of the lines, with a brief divergence when [indole] = 

75 to 150 mM. For x = 2, there was excellent overlap up to [indole] = 150 mM, but the 

lines separate significantly after that point. The VTNA suggests that the rate order for [1a] 

is most likely first order. It could also be that the rate order is more complex, and changes 

rate order as substrate is consumed over the course of the reaction. Kinetic studies will be 

described in the subsequent section to provide more insight into the mechanistic behavior 

of the reaction of 1a with indoline. 

 

 

Figure 4.6. Plot of the concentration of indoline as a function of t[cat]x, where x is 0–2.  

 

4.4 Substrate Inhibition Study of [Ru(Cp)(MeCN)(PPh
2NPh

2)]PF6  using N-Me Indoline 

The decreased activity of [Ru(Cp)(MeCN)(PPh
2N

Ph
2)]PF6 (1a) at 350 mM substrate 

concentration prompted a follow-up study to determine if unproductive substrate binding 

occurs, leading to an off-cycle species that decreases catalytic activity. N-Methyl indoline 

was chosen as it is close in structure and molecular properties to indoline, and will bind to 

the metal center of the catalyst similarly to indoline, but due to the lack of an N-H bond, it 

should not undergo AD. Therefore, it should act as an inhibitor similarly to indoline, but 

will not be dehydrogenated to form N-methyl indole. A solution of indoline, N-methyl 

indoline and 2.5 mM 1a (1 mol%) was heated, and reaction progress was monitored by in-

situ IR spectroscopy (Scheme 4.5). Run 1 (R1) contained 250 mM indoline and 100 mM 



58 

 

 

N-methyl indole, while Run 2  (R2) contained 350 mM indoline and no N-Me indoline. 

The [Indoline] change was monitored over 10 h for R1 and R2 (Figure 4.7). The [Indoline] 

for R1 starts at 250 mM and decreases to 88 mM indoline before the consumption begins 

to plateau. The [Indoline] for R2 begins at 350 mM and decreases to 145 mM. Time-shifting 

R2 onto R1, at the time when the concentration of indoline = 250 mM for both runs, reveals 

that the presence of N-Me Indoline does not account for the decreased rate of consumption 

in R2 (orange line).  

GC-FID analysis shows that for R1, 66% of the N-methyl indoline in the reaction 

was converted to N-methyl indole. This indicates that N-methyl indoline was not a suitable 

substrate analogue, as it too undergoes AD. Overall, it appears as though N-Me indoline 

was not a suitable substitute for indoline in this test, as N-Me indole was observed. 

However, the presence of N-Me indole leads to an interesting new substrate to be further 

tested. 

 

 

Scheme 4.5. Acceptorless dehydrogenation of indoline to form indole, in the presence of N-methyl 

indoline, using 1a.  
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Figure 4.7. Reaction profiles of Run 1: 250 mM indoline, 100 mM N-methyl indoline, 2.5 mM 1a 

(yellow) Run 2: 350 mM indoline, 2.5 mM 1a (blue), and Run 1 time shifted onto run 2, where 

[Indoline] = 200 mM for run 2 (orange). Concentration values were corrected using GC-FID 

analysis of the reaction solution after 20 h of reaction time. Each data set was run in duplicate, and 

the overlap between both runs indicates that the results are replicable (Appendix A.23, A.25). 

4.5 Catalytic Assessment of [Ru(Cp)(MeCN)(PPh
2NPh

2)]PF6  for the AD of N-Me 

Indoline 

Prompted by the attempted catalyst inhibition study in Section 4.4, the AD of N-

methyl indoline by catalyst 1a was tested. The lack of an N-H bond on this substrate 

initially lead to the conclusion that acceptorless dehydrogenation would not be possible, as 

there would not be a sufficiently acidic proton in order to react with 1a. The presence of 

any N-Me indole would then indicate that dehydrogenation occurs instead at C2 and C3. 

This is not likely to be an inner sphere mechanism, as there are no labile ligands on the 

catalyst to open a coordination site for β-H elimination to occur from the metal-bound 

substrate. This means an outer sphere pathway is the most likely mechanism for this 

substrate. N-Methyl indoline (250 mM) and 1 mol% 1a was heated for 48 h, after which 

the reaction was analyzed by GC-FID (Scheme 4.6). The sole product observed was N-

methyl indole in 30% conversion, which was 35% lower than what was observed in Section 

4.4 with Run 1 The decrease in conversion could be due to the decrease in catalyst loading 

by using 250 mM N-Me indoline, or it could be due to decreased activity of the substrate. 
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This decrease in reactivity could be due to a need for an exogenous base for the C-C 

dehydrogenation pathway which in the previous case could have been indoline. Regardless, 

the ability of 1a to dehydrogenate N-methyl indoline would indicate that this AD 

mechanism must undergo an outer sphere cooperative pathway, as there is no proton on the 

amine moiety. The proposed pathway would likely first involve deprotonation of N-methyl 

indoline at the C2 position, as the presence of the electronegative N atom would render C2 

more acidic than C3. Then, a hydride transfer from C3 to the metal center would occur, 

forming intermediate III, and a molecule of N-methyl indole. 

 

 

Scheme 4.6. Acceptorless dehydrogenation of N-methyl indoline to form N-methyl indole using 

1a. Conditions: 1 mol% [Ru], 250 mM N-Me indoline, 110 °C, 48 h. Data was quantified with 

respect to an internal standard by calibrated GC-FID. Reactions were run in duplicate and was 

within ±5% error. Conversion calculated by amount of N-methyl indoline consumed. 

 

4.6 Kinetic Isotope Effect Experiments: AD of Deuterated Indolines using 

[Ru(Cp)(MeCN)(PPh
2NPh

2)]PF6 

 Two deuterated substrates, N-D indoline and α-D2 indoline were targeted for 

synthesis to determine if there is a kinetic isotope effect (KIE) for catalytic AD with 1a 

(Scheme 4.7a). The α-D2 indoline substrate (Ind-(C2-d2)) was synthesized by literature 

procedure (Scheme 4.7b).33 Ind-(C2-d2) was determined to be 100% deuterated by 1H 

NMR spectroscopy by disappearance of the methylene triplet signal at 3.56 ppm, as well 

the multiplicity of the as the methylene signal at 3.03 ppm was a singlet instead of a triplet. 

The successful deuteration of the C2 methylene was also confirmed by the appearance of a 

singlet at 3.56 in the 2H NMR spectrum.  N-D indoline (Ind-(N-d1)) was synthesized by a 

deuterium shake with D2O (Scheme 4.7b). Ind-(N-d1) was determined to be 68% 

deuterated, based on the decreased integration of the N-H signal at 3.76 ppm relative to N-
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H indoline in the 1H NMR spectrum. The appearance of a broad signal at 3.76 in the 2H 

NMR spectrum confirmed that deuteration of the substrate occurred at the N position. 

 

 

Scheme 4.7. a) Reactions of Ind-(N-d1) and Ind-(C2-d2) with 1 mol% 1a to form N-D indole or α-

D indole. b) Synthesis of Ind-(C2-d2), and Ind-(N-d1). 

 

Several attempts were made to obtain a Ind-(N-d1) sample with a higher percentage 

of deuterium incorporation, but none were successful. Therefore, a solution of Ind-(N-

d1)was prepared with 68% deuterium incorporation, and this was subjected to catalytic 

conditions (Scheme 4.8).  

 

 

Scheme 4.8. Reaction scheme of Ind-(N-d1) with 1 mol% 1a. 
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If there is a noticeable decrease in catalytic performance using Ind-(N-d1), it would 

indicate that the presence of deuterium at the N position has an effect on the catalytic rate.  

The conversion of indoline to indole was monitored over a 20 h period, with the first 10 h 

is shown in Figure 4.8. The percentage of indole begins at 8% and increases to 20% after 1 

h of reaction time, and then plateaus. The conversion at 10 h for N-H indoline was 87% 

after 10 h, which was significantly higher than Ind-(N-d1). This indicates that a high kinetic 

isotope effect was observed, but the presence of protio substrate at the outset means that 

initial conversion values cannot be included in the rate calculation. Instead, an indirect 

method without KIE calculations can be used to determine whether or not the decreased 

conversion observed with Ind-(N-d1) was due to the presence of the deuterium atom at the 

N position. 

 

 

 

Figure 4.8. Plot of the conversion using 250 mM indoline (blue) using1 mol% 1a, and 250 mM 

68% deuterated Ind-(N-d1) (grey) using1 mol% 1a. Conversion values were corrected using GC-

FID analysis of the reaction solution after 20 h of reaction time. Each data set was run in duplicate, 

and the overlap between both runs indicates that the results are replicable (Appendix A.21, A.30). 

 

Two solutions of Ind-(N-d1) were prepared, solution A was 68% deuterated, as 

determined by 1H NMR spectroscopy, solution B was 20% deuterated. Solution C, which 

was composed of >99% protio indoline was also prepared to act as the control. Final 
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conversions for each solution were quantified by GC-FID. The conversion for solution A 

was 18% after 6 h, while the conversions for solution B and solution C were 47% and 68%, 

respectively (Figure 4.9). At zero percent deuteration, the reaction reached 68% in 6 h. 

Increasing the percent deuteration of the substrate up to 68% lead to a nearly 4-fold 

decrease in conversion. The presence of the deuterium atom has resulted in a large decrease 

in conversion. It was likely that the 18% conversion observed with solution A was due 

complete conversion of the 22% N-H indoline present in the sample.  

 

 

 

Figure 4.9. Bar graph showing the conversion of solution A (green), solution B (blue) and solution 

C (red) after 6 h under reaction conditions. Indoline substrate used were 68% deuterated (green), 

20% deuterated (blue) and <1% deuterated (red), respectively. Average data between two runs 

shown, with both runs being within 5% error of each other. 

 

To test the reactivity of indoline when deuterated at the C2 position, Ind-(C2-d2) 

was heated to 110 °C in the presence of 1 mol% 1a and the reaction was monitored by in-

situ IR spectroscopy over a 20 h period (Scheme 4.10).  
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Scheme 4.9. Reaction scheme of Ind-(C2-d2) with 1 mol% 1a. 

After 20 h, 18% conversion of Ind-(C2-d2) was quantified by GC-FID. By 

comparison, a reaction with N-H indoline had a conversion of 97% under the same 

conditions.  Therefore, deuteration at the Cα position resulted in a 79% decrease in substrate 

conversion. Over time, Ind-(C2-d2) conversion steadily increases until 10 hours, after 

which conversion begins to plateau (Figure 4.10). The initial rates for N-H indoline and 

Ind-(C2-d2) were determined within the first 40% catalysis (Appendix A.31). The rate was 

calculated using a linear regression within the 0-1.6 h timeframe for N-H indoline, and 0-

10 h for Ind-(C2-d2). The rate for N-H indoline was calculated to be 57 mMh-1. The rate 

for the Cα deuterated analogue Ind-(C2-d2) was calculated to be 2 mMh-1. The kinetic 

isotope effect is described as the ratio of the rate constant of the reaction with the protio 

substrate to the deuterated substrate. If kH/kD > 1, the deuterated substrate reacts slower 

than the protio.123 A primary KIE falls between 1.5 and 10 and indicates the deuterated 

bond is cleaved in the rate-determining step. The KIE obtained is 29, which is out of the 

range for a typical primary KIE. A larger KIE value indicates that there could be quantum 

mechanical tunnelling involved.124 The high KIE obtained using Ind-(C2-d2) implies that 

the transfer step for the Cα hydrogen of the substrate to 1a was very slow, resulting in a 29-

fold decrease in catalyst rate. 
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Figure 4.10. Reaction plots of the formation of indole using substrates N-H indoline (orange), Ind-

(C2-d2)  (black). Conversion values were corrected using GC-FID analysis of the reaction solution 

after 20 h of reaction time. Each data set was run in duplicate, and the overlap between both runs 

indicates that the results are replicable (Appendix A.21, A.29). 
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Chapter 5: Conclusions and Future Work 

5.1 Conclusions 

 Complexes 1a, 1b, 1c, 3a, and 4 were synthesized for AD of amines, with 3a being 

a new complex. Complexes  1a-e, 1a*, 3a, and 3a* were tested for the AD of benzylamine, 

and the product distributions of ADC, DAD, and HB were compared. In general, 

decreasing the basicity of the pendant amine resulted in an overall increase in product 

selectivity, favouring formation of dehydrogenation products. Conversely, increasing the 

basicity of the pendant amine resulted in a degradation of product selectivity, resulting in a 

near-equal distribution between dehydrogenation and hydrogenation products. 

Modification of the primary coordination sphere through the R groups had no change in 

product selectivity. Use of the Cp* ligand resulted in an increase in product selectivity, but 

at the cost of decreased catalyst activity. Complexes 3a and 3a* were tested for the AD of 

benzylamine as well, and both were completely selective for dehydrogenation products, 

with secondary aldimine ADC formed in >80% yield for both complexes. Similarly, 

changing the ligand from Cp to Cp* resulted in an overall decrease in conversion. While 

the conversion decreased by 20% using the iron analogue 3a, the massive increase in 

selectivity obtained by the iron complexes was far superior to the ruthenium counterparts. 

Studies of 1a on the AD of benzylamine in an open system resulted in no noticeable change 

in dehydrogenation to hydrogenation product formed, which indicated that the reactivity of 

intermediate III with ADC determined whether dehydrogenation or hydrogenation 

products are favoured.  Indirect evidence by using the Fe analogue 3a, as well as the p-

CF3Ph complex 1a* indicated that dehydrogenation products are avoided, when hydricity, 

and the basicity of the pendant amine was decreased.  

 

Acceptorless dehydrogenative coupling of benzylamine with aniline using 1a was 

conducted and compared to 1d to determine changes in product distribution using a less 

basic pendant amine. Using the Ph-substituted complex resulted in the formation of both 

dehydrogenation, and hydrogenation products, notably without any heterocoupled imine 

products formed. Testing 1a for the AD of benzyl alcohol in the presence of aniline resulted 

in the formation of heterocoupled amine N-benzyl aniline as the major product, displaying 
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the first case of selectivity using 1a, but substantially lower activity compared to 

benzylamine.  

 

AD of indoline was monitored by in-situ IR spectroscopy for 1a and 4, which 

showed that the presence of the PPh
2N

Ph
2 ligand resulted in a 1.3-fold increase in catalytic 

turnover, resulting in higher conversion values over a 10 h period. Rate studies conducted 

suggested that the catalyst rate order for AD of indoline with 1a was first order in catalyst 

and substrate concentration. Kinetic Isotope Effect studies were conducted, and a high KIE 

of 32 was calculated. Using either Ind-(N-d1) and Ind-(C2-d2) resulted in a large decrease 

in catalyst conversion with 1a, which provides evidence for the concerted transfer of an 

equivalent of H2 to the active catalyst in an outer sphere manner. The AD of N-Me indoline 

to form N-Me indole was conducted with 1a, and it was confirmed that N-Me indoline was 

able to be dehydrogenated by 1a, which provides evidence for an outer sphere 

dehydrogenation pathway. 

 

 Catalyst 3a is the first example of a complex of the type 

[M(Cp)(MeCN)(PR
2N

R′
2)]PF6 that displays full selectivity for acceptorless 

dehydrogenation products ADC and DAD. In addition, 3a is the first example of an iron 

catalyst capable of AD of primary amines that is selective for secondary aldimines without 

the use of an exogenous base.78 The proposed catalytic mechanism for 3a is cooperative 

outer sphere, supported by mechanistic studies conducted with 1a, and the rate-determining 

step is hypothesized to be the primary dehydrogenation step, where a hydride and proton 

are transferred to the catalyst in a concerted manner. Complex 3a is overall less selective 

than other established catalysts for this transformation, but further tuning of the ligand 

system/reaction conditions could increase ADC selectivity. Further study could result in 

the first example of an outer sphere, cooperative non-precious metal catalyst capable of 

selective acceptorless dehydrogenation of amines. 
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5.2 Future Work 

 Optimizations for the synthesis of 3a are required, specifically the reaction of 2a 

with PPh
2N

Ph
2 to form 3a (Scheme 5.1). Reaction yields never exceeded 15%, and clean 2a 

was only able to be isolated twice. Difficulties arose during the recrystallization step, which 

was the only way to generate clean 2a. A method of forming clean crystals of 2a will have 

to be determined if 3a, or similar complexes are to be synthesized regularly. 

 

 

Scheme 5.1. Synthesis of 3a starting from Fe(Cl)(Cp)(CO)2 and PPh
2N

Ph
2. 

 

Synthesis and assessment of complexes similar to 3a is essential to developing a 

more selective catalyst, with high catalytic activity. The formation of dehydrogenation 

products ADC and DAD depends on the reactivity of the imine intermediate Im and the 

active catalyst (Scheme 5.2a). Once 3a dehydrogenates benzylamine to form Im, it reacts 

with either 3a to form DAD, or a molecule of benzylamine to forms ADC. Decreasing the 

reactivity of 3a with Im is a potential approach to decreasing the amount of DAD formed. 

One insight gained in Chapter 3 was that using the p-CF3Ph-substituted complex 1c for the 

AD of benzylamine resulted in slightly higher selectivity for dehydrogenation product 

ADC, compared to the Ph-substituted complex 1a. Additionally, 1c gave 70% conversion 

with 3 mol% catalyst loading, which is only 6% lower than the highest performing catalyst, 

1d. Synthesizing the iron-analogue of 1c, complex 3c, and testing it for the AD of 

benzylamine may result in higher conversion, and increased ADC product selectivity 

compared to 3a. (Scheme 5.2b).  
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Scheme 5.2. a) Reaction of BnNH2 with 3a to form intermediate Im, which can then react to form 

product ADC or DAD. b) Synthesis of 3c starting from Fe(Cl)(Cp)(CO)2 and PPh
2NPhCF3

2. 

 

 Expanding the substrate scope for 3a, in particular, employing primary amines that 

are more nucleophilic than benzylamine may increase the AD selectivity of the iron 

complexes to favour the formation of the ADC product over DAD (Scheme 5.3). 

Controlling product selectivity by modifying the substrate to a more nucleophilic alkyl-

substituted amine, such as n-propylamine,117 could increase the rate of the condensation 

between the primary imine formed by the first dehydrogenation with 3a and another 

molecule of substrate. This could result in complete ADC product selectivity, which would 

be the first example of a cooperative outer sphere iron catalyst selective for secondary 

aldimines. 

 

 

Scheme 5.3. Reaction of n-propylamine with 3a to generate a secondary aldimine. 
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Further mechanistic insights would be gained by determining the relative hydricities 

of the M–H bond, where M = Fe/Ru (Scheme 5.4). Synthesis of ruthenium-hydride 

complex 5a, and iron-hydride complex 6a, and reacting each with [HDMF][OTF] in 

MeCN, will determine the relative hydricities of the M-H bond. Complex 5a is 

hypothesized to have a more basic hydride and should react with an acid faster than 6a. 

This will be quantified by the formation of 5a-IV and 6a-IV, determined by 1H NMR 

spectroscopy. This would help rationalize why AD of benzylamine forms HB when 1a is 

used, while no HB is formed with 3a. If the formation of HB depends on the reactivity of 

intermediate III with ADC, then a less hydritic M-H bond could decrease the reactivity of 

III such that it does not react with HB. This would help confirm that the H2 release pathway 

is preferred when 3a is used. 

 

 

Scheme 5.4. Reaction of M-H complexes 5a/6a with acid [HDMF][OTf] to generate IV. Release 

of H2 in the presence of MeCN forms 1a/3a. 

 

 Another study that should be conducted is confirming whether H2 uptake is 

irreversible with 1a and 3a. Addition of H2 to complexes 1a and 3a would generate 1a-IV 

and 3a-IV respectively (Scheme 5.5). If the H2 complexes are not observed, it will help 

confirm that HB is observed with 1a due to the increased reactivity of III with ADC, and 

not a result of reversible H2 uptake by the catalyst. If the H2 adducts are formed, then over 

time and with heating, intermediate IV should release the bound H2, and the active catalyst 

will bind MeCN to re-form complex 1a and 3a. The ease at which H2 is released, quantified 

by the reformation of the acetonitrile adducts could be used to explain the reactivity of III, 

and the preferences between H2 release and HB formation pathways. 
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Scheme 5.5. Reaction scheme of 1a/3a with 1 atm H2 to form IV, which will release H2 over time 

to reform 1a/3a. 
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Chapter 6: Experimental Section 

 

6.1 General Experimental Procedure 

Unless otherwise stated, all reactions were conducted under an inert argon or 

nitrogen atmosphere following standard Schlenk or glovebox techniques, respectively. All 

NMR tubes and glassware were dried in an oven at 150–160 °C for at least 3 h and cooled 

under inert atmosphere or vacuum before use. All solvents were dried and degassed from 

an Innovative Technology 400-5 Solvent Purification system and stored over 4 Å molecular 

sieves for at least 24 h before use, unless otherwise stated. THF was dried with calcium 

hydride, distilled, and stored on 4 Å molecular sieves under inert atmosphere. Ethanol was 

stored over 3 Å sieves and degassed on a Schlenk line. All other reagents were purchased 

from commercial sources and used without any further purification. For experimental 

procedures, RT = 26°C, which is the temperature of the gloveboxes and lab. The ligand 

PPh
2N

Ph
2 was synthesized following a modified literature procedure that used a 37% w/w 

aqueous paraformaldehyde solution instead of solid paraformaldehyde,109,111 and the 

31P{1H} and 1H NMR chemical shifts of the isolated compound matched the literature 

values.109 [Ru(Cp)(MeCN)3]PF6
 was synthesized following a literature procedure and 1H 

NMR chemical shifts of the isolated compound matched the literature values.107 

[Ru(Cp)(dppp)(MeCN)][PF6] (4) was synthesized following a previously established 

procedure and the NMR values matched what was previously obtained.106 The product was 

determined to be 92% pure by 31P{1H}NMR spectroscopy, with a minor impurity at 42.1 

ppm. Preliminary catalyst tests with indoline determined that the impurity did not have an 

effect on the performance of 4 and was used without further purification (93% yield). 

[Ru(Cp)(PCy
2N

Ph
2)(MeCN)][PF6] (1e) and [Ru(Cp*)(PPh

2N
Ph

2)(MeCN)][PF6] (1a*) were 

synthesized by group member Devon Chapple and each was >95% pure by 31P{1H} and 1H 

NMR spectroscopy and the samples were used without further purification. Complex 

[Fe(Cp*)(PPh
2N

Ph
2)(MeCN)][PF6]  (3a*) was synthesized by group member Benjamin 

Bridge, was >95% pure by 31P{1H} and 1H NMR spectroscopy. The synthesis of 

[Ru(Cp)(MeCN)3]PF6 was performed following a literature procedure.107,108  

FeCl(Cp)(CO)2 was synthesized following a literature procedure, and formation of product 

and purity was determined by IR spectroscopy (Appendix A.1-A.3), the values obtained 
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matched the literature.113 N-Methyl indoline was prepared following a literature procedure, 

and 1H NMR shifts matched the literature values.125,126 Ind-(C2-d2) was synthesized from 

indoline following literature procedures, and the 1H and 2H NMR values obtained for each 

intermediate matched the literature.127 Ind-(N-d1) was synthesized following a modified 

literature procedure.128 

 

All NMR spectra were recorded on a Bruker 400 MHz spectrometer at 25 °C unless 

stated otherwise. 1H NMR spectra were referenced internally to TMS (0 ppm) based on 

residual solvent signals. 13C{1H} NMR spectra were referenced internally to TMS (0 ppm) 

by solvent carbon signals: CDCl3 (77.2 ppm). 31P{1H} NMR spectra were referenced 

externally in protio solvents and internally in deuterated solvents to 85% phosphoric acid 

(0 ppm). Assigned multiplicities are abbreviated as: singlet (s), doublet (d), triplet (t), 

quartet (q), and multiplet (m). Catalytic performance was measured using an Agilent 7890a 

gas chromatograph instrument with flame ionization detector (GC-FID), fitted with an HP-

5 column. The amount of substrate and product for each catalytic experiment was 

quantified using area counts that were corrected with a response factor referenced to an 

internal standard. Catalytic studies monitored by in situ IR spectroscopy were conducted 

using a METTLER TOLEDO ReactIR 15, using a SiComp DST Series AgX Fiber Conduit 

probe. Conversion values were determined by analyzing the solution by GC-FID after 18-

20 hours of reaction time. Absorbance values for the peak of interest was then corrected 

using the conversion values obtained by GC-FID and applied to all peak height values 

collected by the instrument to generate a plot of % product versus time. The UV light source 

used for the synthesis of FeCl(Cp)(PPh
2N

Ph
2)  (2a) was a medium-pressure Hg arc 

streetlamp.  
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6.2 Modified Synthesis of [Ru(Cp)(PPh
2NR′

2)(MeCN)][PF6] Complexes, Where R′ = 

Ph, p-OMeC6H4, and p-CF3C6H4 

 The synthesis of [Ru(Cp)(PPh
2Np-OMeC6H4)(MeCN)][PF6] (1b) and [Ru(Cp)(PPh

2Np-

CF3C6H4
2)(MeCN)][PF6] (1c) followed the method reported,109 with modifications to the 

reaction solvent, temperature, and subsequent workup. The complete method used is 

provided here. 

 

 In the glovebox, [Ru(Cp)(MeCN)3]PF6 (60 mg, 0.138 mmol) was added to a 20 mL 

screw-cap vial with a stir bar. MeCN (4 mL) was added, followed by PPh
2N

R′
2  (66 mg, 

0.146 mmol, 1.06 equiv). To the resulting orange suspension, DCM (8 mL) was added, 

which gave a total volume of 12 mL. The reaction was stirred for an additional 24 h, during 

which a clear yellow solution had formed. The solvent was removed under vacuum, which 

gave a yellow residue. The residue was re-dissolved in DCM (0.5 mL), and cold pentane 

(5 mL) was added to precipitate a yellow solid. The solvent was removed via decanting and 

the solid was washed with room-temperature pentane (3  5 mL) to yield a yellow powder, 

which was dried under vacuum. Yields: 66-89%, 1H and 31P{1H} NMR spectroscopy values 

matched those obtained in the literature.109 

 

6.3 Modified Synthesis of FeClCp)(PPh
2NPh

2) (2a) 

 In the glovebox, FeCl(Cp)(CO)2 (349 mg, 1.64 mmol, 1.05 equiv) was added to a 

20 mL glass screw-cap vial containing toluene (6 mL) and a stir bar. To the cloudy red 

solution, PPh
2N

Ph
2 (648 mg, 1.56 mmol) was added, followed by DCM (6 mL). The solution 

was allowed to stir for 5 min, or until the solution became clear. Approximately 0.8 mL 

was taken up by pipette and transferred to an NMR tube. The NMR tube and 20 mL vial 

was then sealed and brought out of the box, where they were both fixed by a clamp one 

inch from a UV lamp (354 nm), which was then activated. The solution was not stirred. 

The solution slowly changed from clear red to clear and black over the course of the 

reaction. After the time required for complete disappearance of free PPh
2N

Ph
2 ligand as 

judged by 31P{1H} NMR spectroscopy (2.5-3.5 h), the vial and NMR tube were brought 

back into the glovebox. The NMR tube solution was recombined with the 20 mL vial. The 

solution was pumped to dryness, redissolved in diethyl ether, and passed through a 
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microfibre plug to remove insoluble solids. The black solution was pumped to dryness, and 

the black solids were dissolved in 10 mL DCM. To this, 8 mL of pentane was added, or 

until solids barely begin to form. The resulting solution was left for 2-3 days, or until black 

crystals began to form. These crystals were then collected, washed with pentane (3 ✕ 5 mL) 

and the resulting solids were dried under vacuum. Yield 110 mg (12%). The 31P{1H} and 

1H NMR values matched literature values.96 

 

6.4 Synthesis of [Fe(Cp)(PPh
2NPh

2)(MeCN)]PF6 (3a) 

 In the glovebox, FeCl(Cp)(PPh
2N

Ph
2) (2a) (50 mg, 0.082 mmol) was dissolved in 3 

mL THF in a 20 mL screw cap vial with a stir bar. A solution of KPF6 (23 mg, 0.123 mmol) 

in MeCN (1.5 mL) was added to the stirring solution of 2a. The vial that contained the 

KPF6 solution was rinsed with 1.5 mL acetonitrile, which was also added to the solution of 

2a. The reaction was allowed to stir for 2 h, during which the colour changed from black 

to clear and red. The solution was pumped to dryness, and the residue was dissolved in 0.2 

mL DCM. 5 mL of pentane was added, which reprecipitated bright red solids. The solvent 

was removed by pipette, and the solids were washed with pentane (2  5 mL) and diethyl 

ether (5 mL). The red solids were dried under vacuum yielding the final product. Yield: 60 

mg (97%), red solid. 1H (400 MHz, CD2Cl2) δ: 8.05-7.95 (m, Ph-H, 4 H), 7.77-7.63 (m, 

Ph-H, 6H), 7.37-7.21 (m, Ph-H, 4 H), 7.10-7.02 (m, Ph-H, 2 H), 7.00-6.90 (m, Ph-H, 4 H), 

4.39 (s, Cp-H, 5 H), 4.30-4.23 (m, P-CH2-N, 2H),  4.18-4.12 (m, P-CH2-N, 2H), 3.89-3.79 

(m, P-CH2-N, 2H), 3.35-3.21 (m, P-CH2-N, 2H), 2.32 (s, NC-CH3, 3H). 13C{1H} (101 

MHz, CD2Cl2) δ: 151.8 (t, 3JC-P = 7.5 Hz, CAr-N), 151.7 (t, 3JC-P = 8.6 Hz, CAr-N), 134.5 (s, 

Fe-NCCH3), 133.7 (ABX, P-CAr), 131.6 (s, CAr), 131.2 (s, CAr), 129.8 (s, CAr), 129.7 (s, 

CAr), 129.6 (s, CAr), 122.1 (s, CAr), 121.7 (s, CAr), 118.1 (s, CAr), 117.7 (s, CAr), 79.6 (s, C5-

(H)5), 51.8 (ABX, P-CH2-N), 50.5 (ABX, P-CH2-N), 5.0 (s, Fe-NCCH3). 
31P{1H} (162 

MHz, CD2Cl2) δ: 57.8 (s, P-Ph), –144.4 (sept, 1JP-F = 710.8 Hz, PF6). MALDI MS (pyrene 

matrix): Calc. m/z 575.2 [Fe(Cp)(PPh
2N

Ph
2)]

+, Obs. m/z 575.1. ATR-FTIR (cm–1) 1596 

(C=C, phenyl ring), 1264 (C-N stretch). 
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6.5 Modified Synthesis of Ind-(N-d1) 

 The following synthesis was performed by modifying a previous literature 

procedure.128 A 20 mL screw-cap vial was charged with indoline (0.988g, 8.39 mmol), 

deuterium oxide (10 mL 555 mmol, 66 equiv), and a stir bar, and the reaction was stirred 

for 3 days. DCM (5 mL) was then added, and the reaction was extracted with DCM (3 ✕ 5 

mL). The combined DCM layers were dried with MgSO4, and the solids were removed by 

gravity filtration. Removal of the solvent via rotary evaporation yields N-D indoline as a 

grey oil. Yield: 0.975 g, 97%. The solution was determined to be 58% deuterated by 1H 

NMR spectroscopy, and deuteration was confirmed by the appearance of a signal at 3.73 

ppm in the 2H NMR spectrum, as well as the 1H NMR spectrum matched the literature 

values.127 

 

6.6 Representative Procedure for the Catalytic AD/ADC of Indoline/Benzylamine 

using [Ru] Complexes, with Quantification by GC-FID 

In the glovebox, the following two stock solutions were prepared in anisole: 1) 

internal standard tetrahydronaphthalene (200 mM) with substrate benzylamine, benzyl 

alcohol or indoline (500 mM); and 2) 1a/1a*/1b/1c/1e (15 mM). Two 4 mL screw-cap vials 

containing stir bars were charged with 250 μL of tetrahydronaphthalene/substrate solution, 

and 250 μL of catalyst solution giving a final volume of 500 μL. The concentration in each 

vial was: 250 mM substrate, 100 mM tetrahydronaphthalene and 7.5 mM 1a/1a*/1b/1c/1e 

(3 mol%). A final vial, that was used as the time = 0 sample, which was charged with 250 

μL of the tetrahydronaphthalene/substrate solution, and 250 μL of anisole. The reaction 

vials were then capped and removed from the glovebox, sealed with tape, and heated to 

110 °C in an aluminum heating block with stirring. After the solution was heated for the 

required time, the vials were removed from the heat, cooled, and exposed to air to quench 

the catalyst. An aliquot (20 μL) from each vial (including the time = 0 vial) was diluted to 

5 mM by adding acetonitrile (980 μL) and the solutions were analyzed by calibrated GC-

FID. 
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6.7 Representative Procedure for the Catalytic AD of Benzylamine/Benzyl Alcohol 

with Aniline Using [Ru] Complexes, with Quantification by GC-FID 

 In the glovebox, the following two stock solutions were prepared in anisole: 1) 

internal standard tetrahydronaphthalene (200 mM) and benzyl alcohol/benzylamine (500 

mM) and aniline (500 mM); and 2) 1a (15 mM). Two 4 mL screw-cap vials containing stir 

bars were charged with 250 μL of tetrahydronaphthalene/substrate/aniline solution, and 250 

μL of the solution containing 1a giving a final volume of 500 μL. The concentration in each 

vial was: 250 mM substrate, 250 mM aniline, 100 mM tetrahydronaphthalene and 7.5 mM 

1a (3 mol%). A final vial, that was used as the time = 0 sample, which was charged with 

250 μL of the tetrahydronaphthalene/substrate/aniline solution, and 250 μL of anisole. The 

reaction vials were then capped and removed from the glovebox, sealed with tape, and 

heated to 110 °C in an aluminum heating block with stirring. After the solution was heated 

for the required time, the vials were removed from the heat, cooled, and exposed to air to 

quench the catalyst. An aliquot (20 μL) from vial (including the time = 0 vial) was diluted 

to 5 mM by adding acetonitrile (980 μL) and the solutions were analyzed by calibrated GC-

FID. 

 

6.8 Representative Procedure for the Catalytic AD of Benzylamine in an Open System 

Using [Ru] Complexes, with Quantification by GC-FID 

In the glovebox, the following two stock solutions were prepared in anisole: 1) 

internal standard tetrahydronaphthalene (200 mM) and benzylamine (500 mM), and 2) 1a 

(15 mM). Two 250 mL three-neck Schlenk flasks containing stir bars were charged with 

1.5 mL of the benzylamine/tetrahydronaphthalene solution, and 1.5 mL of catalyst giving 

a final volume of 3 mL.  The concentration in each flask was: 250 mM substrate,100 mM 

tetrahydronaphthalene and 7.5 mM 1a (3 mol%). A 4 mL screw-cap vial was used as the 

time = 0 sample, which was charged with 250 μL of the 

tetrahydronaphthalene/benzylamine solution, and 250 μL of anisole. The Schlenk flasks 

were brought out of the box and connected to the Schlenk line and were equipped with 

reflux condensers and heated to 110 °C in an oil bath with stirring. After the solution was 

heated for the required time, the flasks were removed from the heat, cooled, and exposed 

to air to quench the catalyst. An aliquot (20 μL) from each flask (and the time = 0 vial) was 
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diluted to 5 mM by adding acetonitrile (980 μL) and the solutions were analyzed by 

calibrated GC-FID.  

 

6.9 Representative Procedure for the Catalytic Acceptorless Dehydrogenation of 

Benzylamine Using [Fe] Complexes, with Quantification by GC-FID 

 In the glovebox, the following two stock solutions was prepared: 1) 

tetrahydronaphthalene (100 mM) and substrate (250 mM) in anisole; and 2) 3a (12.50 mM) 

in DCM. From the stock solution of 3a, 0.5 mL was transferred to each of two 4 mL screw-

cap vials containing stir bars, and the DCM was removed via reduced pressure until 

dryness. The two vials were charged with 500 μL of tetrahydronaphthalene/substrate 

solution giving a final volume of 500 μL. The concentration in each vial was: 250 mM 

substrate, 100 mM tetrahydronaphthalene and 12.5 mM catalyst (5 mol%). A final vial, that 

was used as the time = 0 sample, was charged with 500 μL of the tetrahydronaphthalene 

and substrate solution. The reaction vials were then capped and removed from the 

glovebox, sealed with tape, and heated to 110 °C with stirring. After the solution was heated 

for the required time, the vials were removed from heat, cooled, and exposed to air to 

quench the catalyst. A 20 μL aliquot from each vial (including the time = 0 vial) was diluted 

to 5 mM by adding 980 μL acetonitrile and the solutions were analyzed by calibrated GC-

FID. 

 

6.10 Representative Procedure for the Catalytic AD of Indoline/Indoline-d2/N-d-

indoline Monitored by In Situ IR Spectroscopy 

 In the glovebox the following two stock solutions were prepared in anisole: 1) 

indoline (500 mM) and tetrahydronaphthalene (200 mM); and 2) 1a (5 mM). To 250 mL 

three-neck round-bottom flask with stir bar, was added 1.5 mL of the 

indoline/tetrahydronaphthalene stock solution. To a 25 mL round-bottom flask, 2 mL of 

the 1a stock solution was added. Both round-bottoms were then sealed with rubber septa. 

To a separate 4 mL screw-cap vial was added 0.5 mL of the indoline/tetrahydronaphthalene 

stock solution and 0.5 mL of anisole, to act as the time = 0 sample. The 250 mL three-neck 

flask was removed from the glovebox and affixed above an oil bath. The oil bath was then 

heated to 110 °C. To the three-neck round-bottom, a reflux condenser was equipped to the 
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middle neck, the ReactIR SiComp probe was inserted into a side-neck of the reaction flask, 

and the final neck was sealed with a septum. A portion of the catalyst stock solution (1.5 

mL) was added to the now stirring solution by syringe through the septum on the third neck, 

bringing the volume of the reaction to 3 mL. The final concentrations in the solution was 

250 mM substrate, 100 mM tetrahydronaphthalene and 2.5 mL 1a (1 mol%). The reaction 

flask was placed into the oil bath which was now 110 °C, and the ReactIR experiment was 

initiated. Data acquisition was 1 scan every 30 seconds, for 20 h. Peak height increase of a 

diagnostic peak for the product at 1354 cm-1 was monitored over this time period. After the 

reaction time had elapsed, a 20 μL aliquot of the reaction and separately of the time = 0 

vial were both diluted to 5 mM by adding 980 μL acetonitrile and the solutions were 

analyzed by calibrated GC-FID. This allowed the amount of indole after 20 h to be 

quantified. This was then used to determine the exact amount of indole that one peak height 

unit corresponded to in the IR experiment, which was then applied to all other peak height 

values obtained by the instrument to obtain a plot of %indole produced as a function of 

time. 
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Appendices 

 

Appendix A.1. ATR-FTIR spectrum of FeCO5 in DCM.  

 

Appendix A.2. ATR-FTIR spectrum of Fe(Cp)2(CO)4 in DCM.  vCO(cm-1) = 1985, 1995, 1764.113 
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Appendix A.3. ATR-FTIR spectrum of FeCl(Cp)(CO)2 in DCM. vCO(cm-1) = 2048, 1999.113 

 

Appendix A.4. 31P{1H} NMR spectrum of 2a (162 MHz, CD2Cl2).  
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Appendix A.5. 1H NMR spectrum of 2a (400 MHz, CD2Cl2).  

 

 

 

Appendix A.6. 31P{1H} NMR spectrum of 3a (162 MHz, CD2Cl2).  



83 

 

 

 

 

Appendix A.7. 1H NMR spectrum of 3a (400 MHz, CD2Cl2).  
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Appendix A.8 13C{1H} NMR spectrum of 3a (101 MHz, CD2Cl2).  

 

Appendix A.9. 1H-1H COSY spectrum of 3a (400 MHz, CD2Cl2).  
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Appendix A.10. 1H-13C HSQC spectrum of 3a (400 MHz, CD2Cl2). 
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Appendix A.11. 1H-13C HMBC spectrum of 3a (400 MHz, CD2Cl2). 

 

 

 

Appendix A.12. 1H-31P HMBC spectrum of 3a (400 MHz, CD2Cl2). 
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Appendix A.13. ATR-FTIR spectrum of 3a in DCM. 

 

 

Appendix A.14. MALDI-MS data for complex 3a, collected using a pyrene matrix. The top right 

picture shows the predicted isotope patterns,129 while the bottom spectrum is the observed patterns. 

The isotope pattern corresponds to [3a-MeCN-PF6]+ (m/z = 575.1). 

 

 

Appendix A.15. UV-vis spectrum of 2a (blue) and PPh
2NPh

2 (orange) in DCM/Toluene. 
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Appendix A.16. 1H NMR spectrum of indoline (400 MHz, CDCl3).  
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Appendix A.17. 1H NMR spectrum of indoline-(C2-d2) (400 MHz, CDCl3). Substrate was dried 

over reduced pressure for 3 days prior to catalytic studies. 

 

Appendix A.18. 2H NMR spectrum of indoline-(C2-d2) (400 MHz, CDCl3). 
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Appendix A.19. 1H NMR spectrum of indoline-(N-d1) (400 MHz, CDCl3). Substrate was dried over 

reduced pressure for 3 days prior to catalytic studies. 

 

 

Appendix A.20. 2H NMR spectrum of indoline-(N-d1) (400 MHz, CDCl3). 
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Appendix A.21. Percentage of indole formed over time using 250 mM indoline and 2.5 mM 1a (1 

mol%), monitored by in-situ IR spectroscopy. Reaction conditions: 110 °C, in anisole. Experiment 

was run in duplicate, and the overlap between the two runs indicate that the reaction is replicable.  

 

Appendix A.22. Percentage of indole formed over time using 250 mM indoline and 2.5 mM 4 (1 

mol%), monitored by in-situ IR spectroscopy. Reaction conditions: 110 °C, in anisole. Experiment 

was run in duplicate, and the overlap between the two runs indicate that the reaction is replicable.  
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Appendix A.23. Percentage of indole formed over time using 350 mM indoline and 2.5 mM 1a (0.7 

mol%), monitored by in-situ IR spectroscopy. Reaction conditions: 110 °C, in anisole. Experiment 

was run in duplicate, and the overlap between the two runs indicate that the reaction is replicable.  

 

Appendix A.24. Percentage of indole formed over time using 250 mM indoline and 1.75 mM 1a 

(0.7 mol%), monitored by in-situ IR spectroscopy. Reaction conditions: 110 °C, in anisole. 
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Experiment was run in duplicate, and the overlap between the two runs indicate that the reaction is 

replicable.  

 

Appendix A.25. Percentage of indole formed over time using 250 mM indoline, 100 mM N-Me 

indoline, and 2.5 mM 1a (1 mol% relative to indoline), monitored by in-situ IR spectroscopy. 

Reaction conditions: 110 °C, in anisole. Experiment was run in duplicate, and the overlap between 

the two runs indicate that the reaction is replicable.  

 

Appendix A.26. Percentage of indole formed over time using 250 mM indoline, 100 indole, and 2.5 

mM 1a (1 mol% relative to indoline), monitored by in-situ IR spectroscopy. Reaction conditions: 
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110 °C, in anisole. Experiment was run in duplicate, and the overlap between the two runs indicate 

that the reaction is replicable.  

 

 

Appendix A.27. Percentage of indole formed over time for Run 1: 350 mM indoline, 2.5 mM 1a 

(orange) and Run 2: 250 mM indoline, 2.5 mM 1a (blue) over 10 h. 
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Appendix A.28. Plot of the concentration of indoline as a function of t[cat]x, where x is -2 to +2. 

Rate order of [indoline] was unable to be concluded by VTNA. Orange data set = 350 mM indoline, 

2.5 mM 1a. Blue data set = 250 mM indoline, 2.5 mM 1a. 

 

 

Appendix A.29. Percentage of indole formed over time using indoline-α-d2. Reaction conditions: 

250 mM indoline-α-d2, 2.5 mM 1a, 110 °C in anisole. Experiment was run in duplicate, and the 

overlap between the two runs indicate that the reaction is replicable. 
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Appendix A.30. Percentage of indole formed over time using indoline-N-d1 (68% deuterated). 

Reaction conditions: 250 mM indoline-N-d1, 2.5 mM 1a, 110 °C in anisole. Experiment was run in 

duplicate, and the overlap between the two runs indicate that the reaction is replicable. 

 

 

Appendix A.31. Plot of concentration of indole over time for indoline (blue) and indoline-α-d2 

(orange), for the first 40% of conversion. Trendlines and line equations (with R square values) 

generated using Microsoft excel (linear regression). 
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Appendix A.32. Percent product formation for catalysts 1a-1c, 1e, 3a, 3a* for AD of benzylamine 

to form ADC, DAD, and HB. Bars display an average of two runs with the error bars showing the 

difference between the two runs. Raw data shown in table. 
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Appendix A.33. Product distribution for catalysts 1a-1c, 1e, 3a, 3a* for AD of benzylamine to form 

ADC, DAD, and HB. Bars display an average of two runs with the error bars showing the difference 

between the two runs. Product distribution = [(%ADC or %DAD or %HB)/(ADC+DAD+HB)]*100 
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