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Abstract 

Simple small molecules are perhaps the most fundamental components to synthetic 

chemistry, acting as the building blocks from which larger, more complex compounds are 

made. These simple molecules are also important in of themselves, sometimes as fuels, 

greenhouse gases, the water we drink, or the air we breathe. Studying the way in which 

these molecules behave and react is therefore of great importance. Organometallic 

chemistry has had considerable success in using transition metal complexes to manipulate 

small molecules and perform otherwise difficult transformations such as the splitting of 

water into H2 and O2 or the decomposition of harmful emissions such as CO2 or N2O.  

This thesis presents the synthesis of a new PCP pincer ligand framework bearing 

benzo[b]thiophene linking groups as an alternative to the parent ortho-phenylene linkers. 

This ligand was installed onto an iridium center via double C-H activation at the central 

carbon atom, resulting in a carbene donor which can be used in favorable metal-ligand 

cooperative processes. This design feature was used for the activation of N2O, where a 

series of “iridaepoxide” complexes were made through oxygen atom transfer to the 

iridium-carbon bond with the release of N2 gas. The formal hydrogenation of N2O to H2O 

was accomplished by reaction of the iridaepoxide species with H2. The mechanistic 

details of these processes were studied extensively and reveal a unique ligand cooperative 

system. Halide abstraction from several neutral iridium complexes was then performed to 

explore the reactivity of their cationic counterparts. This allowed for the use of milder 

conditions in previous reactions and for the formation of highly reactive species capable 

of numerous bond activations including the strong O-H bonds of water and alcohols. 
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Chapter 1: Introduction 

 

1.1. Small Molecule Activation  

Simple small molecules, such as N2, O2 and H2O are enormous reservoirs of 

chemical energy stored on our planet. Synthetic chemistry fundamentally relies on using 

highly abundant molecules such as these, or molecules that can be mass produced from 

these, as synthons for constructing more elaborate compounds. Simple small molecules 

of this type include but are not limited to H2, H2O, O2, N2, NH3, NO, N2O, CO, CO2 and 

CH4.1 Not only are these molecules important for building larger, more useful 

compounds, they are also important in of themselves, some as potentially useful fuels and 

others as harmful greenhouse gases or ozone depleting agents.  

Often times these molecules are thermodynamically quite stable and/or require high 

kinetic barriers to be overcome to achieve useful transformations. This can be 

problematic when attempting to decompose a harmful emission or synthesize a new 

compound. Biological systems such as enzymes have been mediating these 

transformations for millennia, having evolved efficient catalysts over time. Scientists are 

now just beginning to attempt to mimic some of these complex systems and develop 

simpler models for these processes. Metal complexes play a vital role in performing these 

transformations, and have been a topic of great study in the last century.2  
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1.2. Ligand Design 

1.2.1. Pincer Ligands 

The design of new ancillary ligands capable of mediating challenging 

transformations at transition metal centers is fundamental for the development of 

organometallic chemistry. In the last few decades, tridentate pincers ligands have 

emerged as ubiquitous frameworks in transition metal catalysis.2-7 Traditionally, pincer 

ligands are defined as monoanionic tridentate ligands that bind to a metal center in a 

meridional fashion.5 However, since the pioneering reports by Shaw et al. in the 

1970’s,8,9 the use of these ligands has become widespread, and this definition has evolved 

and expanded to include most tridentate ligands of this general form (Figure 1-1), 

regardless of charge or binding mode. These ligands are commonly described in terms of 

their three binding sites, that is, an “EXE” ligand based on the variables defined in Figure 

1-1. The interest in these manifolds stems from their rigid, typically meridional, 

arrangement and their highly modular nature, allowing for facile tuning of the steric and 

electronic properties of the ligand, and consequently, promotion of desired reactivity at a 

metal center.5 
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X = C, N, B, Si

 

Figure 1-1. General construction of a pincer ligand. 
 

With the endless possibilities made available within this pincer ligand scaffold 

(Figure 1-1), it is remarkable still to see that even minor changes in ligand structure can 

have a profound effect on the reactivity at a metal center. This was elegantly 

demonstrated by Goldman and Hartwig using the classic aryl and aliphatic PCP ligands 

to support an iridium center for ammonia activation (Figure 1-2).10,11 When an amido 

hydride complex bearing a PCarylP ligand was formed through dehydrohalogenation at 

low temperature, reductive elimination of the N-H bond occurred spontaneously upon 

warming to room temperature, resulting in an iridium ammonia adduct.11 Conversely, 

when ammonia was added at room temperature to an aliphatic PCP iridium complex 

bearing a capping olefin ligand, oxidative addition of the N-H bond was rapid, resulting 

in a stable amido hydride complex.10 
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PtBu2tBu2P Ir
NH2H

PtBu2tBu2P Ir

tBu2P PtBu2Ir

tBu2P PtBu2Ir
NH2H

room
temperature

R

NH3 R
-

NH3  

Figure 1-2. Reductive elimination and oxidative addition of ammonia with PCP iridium 
complexes 

 

These two PCP frameworks were the first of what is now a vast array of PCP 

ligand designs in the literature.3 Similar to the classic PCarylP construct, an extensive 

catalog of “POCOP” ligands,5 where the Y group in Figure 1-1 is O rather than CH2, has 

been formed beginning with simple phenyl12,13 and cyclohexyl14 derivatives synthesized 

by Jensen and Wendt, respectively (Figure 1-3). The ortho-phenylene linked PCP 

framework recently developed in the Piers group15,16 (Figure 1-3) incorporated a number 

of design features from previous reports in an effort to develop an iridium catalyst for 

studying the homogeneous water splitting reaction.17 Shaw’s aliphatic bis(di-tert-

butylphosphino)pentane ligand (Figure 1-3), while highly donating and capable of double 

C-H activation at the central carbon,8 suffered from decomposition and/or unwanted side 

reactions occurring through b-hydride elimination pathways, as observed by Milstein18 

and Gusev.19 Therefore, removing any b-hydrogens through the incorporation of aryl 

linkers, or other units lacking the potential for b-elimination (see Kaska,20 Hill,21 and 
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Frech,22 Figure 1-3), became a common feature for pincer ligands. While Floriani 

originally reported this ortho-phenylene PCP ligand in 199723 (an attractive analogue of 

the aliphatic Shaw ligand), the diphenylphosphine donors were not sufficiently donating 

to achieve C-H activation of the central donor for group 10 metals. Moreover, when 

single C-H activation was achieved using a rhodium precursor, a facially coordinated 

structure was produced.23 Dialkyl phosphine donors where then installed on this 

framework by the Piers group in hopes of producing a more functional ligand capable of 

not only single, but also double C-H activation at the central carbon donor.15,16 This 

design allows for modification of the aryl donors through the addition of substituents on 

the phenyl ring24,25 or by exchanging for a different aryl group altogether. In this context, 

Ozerov et al. reported the synthesis of a new pyrrole-based PCP ligand (Figure 1-3) that 

exhibits double C-H activation on ruthenium.26 In relation to this, frameworks in which 

the aryl groups are tethered together have also become of interest to further stabilize 

reactive intermediates. Examples include a series of triptycene complexes developed by 

Gelman27-29 and also used by Brookhart for the dehydrogenation of ethers.30 Related 

dibenzobarrelene motifs, (Figure 1-3) also developed by Gelman, were used for the 

ligand cooperative acceptorless dehydrogenation of alcohols.31,32 Furthermore, an 

anthrocene-based system (Figure 1-3) was developed by Haenel33,34 and used widely by 

Brookhart for alkane dehydrogenation.35-37 A xanthene-based PCP framework reported 

by Piers25 was also designed to improve stability and reactivity compared with the parent 

ortho-phenylene system. Finally, the work of this thesis encompasses the synthesis and 

reactivity of iridium complexes supported by a new PCP ligand system bearing 

benzo[b]thiophene linkers (Figure 1-3) in place of ortho-phenylene groups. 
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Figure 1-3. A selection of PCP proligands from the literature.8,9,12-16,20-23,26,27,31,33,34,38 
 

Pincer ligands of the “PCP” donor set make up of course but one of the numerous 

possible donor combinations. Nitrogen-based donors in particular, are extremely 

prevalent among pincer frameworks,5,39 but will not be discussed here in detail. Central 

donors that are strongly electron donating are particularly useful for promoting difficult 

bond activations by providing additional electron density to the metal center, as well as 

by imposing a trans-labilizing effect on other ligands, leading to empty coordination 

sites. The Nozaki40 and Ozerov41 groups as well as the Tilley42 and Turculet43,44 groups 

have made use of this idea by incorporating boryl and silyl donors into their pincer 

frameworks, respectively. While these are strong electron donors, they are also oxophilic, 

which could be problematic when working with oxygen-based ligands. Central carbon 

donors are therefore more practical for exploring non-traditional bond activations, such as 

those involving heteroatom E-H bonds, particularly the O-H bonds of alcohols and water.  
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1.2.2. Carbenes and Double C-H Activation 

In the context of ligand design, carbenes have become ubiquitous in organometallic 

chemistry.45,46 The rapidly expanding field of olefin metathesis47,48 uses carbenes 

extensively, including N-heterocyclic carbenes (NHCs) which also have other widespread 

uses,49 although they will not be discussed in this work. In general terms, carbenes are 

electron deficient carbon atoms whose electronic structures can vary depending on their 

coordinating groups. These electronic structures generally fall on a spectrum between two 

extreme formulations: singlet carbenes where the two available valence electrons are 

paired and occupy an sp2 hybridized orbital, and triplet carbenes where one valence 

electron occupies an sp2 orbital and a second unpaired electron occupies a p-orbital.2 

These carbene types are commonly referred to as Fischer50 and Schrock51 carbenes, 

respectively (Figure 1-4). Carbenes are generally considered to be strong s-donors, and 

furthermore, Fischer carbenes are good π-acceptors due to their empty p-orbital. Fischer 

carbenes are therefore typically electrophilic in nature and are formally neutral ligands. 

Additionally, this vacant p-orbital allows for back donation from metal d-orbitals, 

resulting in double-bond character. Schrock carbenes, when bound to a metal center, 

combine with two unpaired electrons in occupied d-orbitals. These moieties act as a 

nucleophilic center and are considered as formally dianionic ligands.2 

C
R

R
M

singlet
"Fischer" carbene

C
R'

R'
M

triplet
"Schrock" carbene  

Figure 1-4. Electronic structures of Fischer and Schrock carbenes. 
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While the preparation of carbenes traditionally involves deprotonations or the use 

of alkyl lithium reagents, an alternative and increasingly popular method for carbene 

formation is through double C-H activation.45,46 As mentioned briefly in the previous 

section, the aliphatic PCP ligand developed by Shaw undergoes chelate-assisted double 

C-H activation at the central carbon atom thereby generating in an iridium carbene 

complex and the first reported example of this process.8 Since this initial report, 

generating metal carbenes through double C-H activation has become increasingly 

popular, however this method is typically limited to third row (5d), late metals such as 

osmium,52-54 iridium,15,24,25,55-58 and platinum,59 but has also expanded to include 

rhodium21,60 and ruthenium.26,54  

This process was targeted by the ortho-phenylene PCP ligand reported by Floriani, 

bearing diphenylphosphine donors,23 however more electron rich alkyl groups were 

required to achieve the second C-H activation (Scheme 1-1).15 Interestingly, these 

PCcarbeneP ligands behave as either Fischer-61,62 or Schrock-type16,63-67 carbenes depending 

on the metal employed. 

PR2

PR2

Ir

R2

Cl

P

P
Ir Cl

H
H

R2
R = iPr, tBu

0.5 [IrCOE2Cl]2
reflux, THF

-2 COE
H2

- H2

R2P PR2

∆, vacuum

 

Scheme 1-1. Formation of an iridium carbene through double C-H activation on an 
ortho-phenylene PCP ligand bearing alkyl phosphine groups. 
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1.2.3. Iridium Hydride Complexes 

Metal hydride complexes,68 and in particular iridium hydride complexes have a 

long history due to their propensity for catalyzing (de)hydrogenation and transfer 

hydrogenation reactions.4 Iridium hydride complexes are most highly acclaimed for their 

involvement in transfer36,37,69-72 and acceptorless73-75 dehydrogenations of alkanes, as well 

as the dehydrogenations of other molecules including alcohols32 and ethers.30 Even the 

hydrogenation of CO2 to formic acid76-78 has been demonstrated using iridium hydrides. 

Particularly relevant to the area of chemical hydrogen storage, Heinekey and Goldberg 

showed that a previously reported POCOP iridium dihydride complex efficiently 

catalyzes the room temperature dehydrogenation of amine boranes with the release of 

hydrogen gas.79,80 

Dihydrogen, dihydride and polyhydride motifs81-86 are each relevant to these 

transformations, but only in the last few decades have the precise binding modes about 

iridium been investigated. It was long assumed that the addition of H2 to iridium led 

directly to an activated dihydride species.84 The work of Kubas81 in 1984 changed this 

ideology with the characterization of a side-on H2 adduct, or dihydrogen ligand. This 

eventually led to the current view, where a spectrum of binding modes is possible with 

dihydrogen and dihydride formulations representing the two extremes (Figure 1-5, 

top).83,84 These different modes can be characterized by NMR experiments, including the 

measurement of H-D coupling constants as well as minimum T1 relaxation times; a 

method developed by Crabtree87 and later Halpern.88 Neutron diffraction and sometimes 

X-ray crystallography are also informative techniques. The nature of iridium polyhydride 

complexes, discussed here as IrH4, are even more complex still. These can range from 
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low oxidation state bis-dihydrogen complexes to high oxidation state tetrahydrides 

species (Figure 1-5, bottom). 
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H
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dihydrogen

trans-dihydride
dihydrogen

tetrahydride
 

Figure 1-5. Spectrum of dihydride, dihydrogen and polyhydride iridium complexes 
including H-H distances. 

 

1.2.4. Metal-Ligand Cooperativity 

While significant advances have been made using pincer ligands and other 

multidentate ancillary ligands, they have been discussed thus far mostly as spectator 

ligands. Spectator ligands can provide stabilization for a metal complex and can influence 

the reactivity at a metal center through electronic and steric effects, but these ligands do 

not undergo any changes during a chemical reaction.89 The advantages of ancillary 

ligands are multiplied if one designs potential “active sites” on a ligand that can aid the 

metal center with difficult reactivity. When both the metal and a ligand are directly 

involved in a bond activation process, this is called metal-ligand cooperativity. This 

technique mimics some processes that occur in complicated biological systems and has 
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been shown to be a very powerful technique in executing challenging bond activations 

and functional group transformations.89-94 Hemilabile and redox-active ligands also play 

active roles in the reactivity of a complex by freeing up metal coordination sites or by 

managing electrons, but these ligands do not necessarily participate directly in the 

activation of a bond (Figure 1-6).89 
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-
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-e-

S
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S

S

S R

R

R

R

HemilabilityLigand Cooperativity

Redox-Active Ligands
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Figure 1-6. a) General example of ligand cooperativity where an E-Q bond is activated 
across the metal center and a site on the ligand. b) General example a hemilabile ligand 
where the weak donor LX leads to the reversible formation of an open coordination site. 
c) Example of a redox active dithiolene complex95 that undergoes facile one e- transfers 
as well defined ligand centered redox processes. 

 

In 1977, Shaw demonstrated the reversible addition of dihydrogen across the 

iridium carbon bond of an aliphatic PCcarbeneP complex (Scheme 1-2).8,96 This resulted in 

a fluxional alkyl hydrido chloride complex, and is effectively the first reported example 

of metal-ligand cooperativity by the above definition. Similarly, in the early 1980’s 

Fryzuk used an iridium PNP amido pincer complex to perform what was then referred to 

as ligand-assisted heterolytic cleavage of H2, across the Ir-N bond (Scheme 1-2).97,98 
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Scheme 1-2. Heterolytic cleavage of H2 by ligand cooperative PCP and PNP iridium 
complexes. 

 

Milstein was one of the major pioneers of this chemistry, having developed an 

elegant ligand system that uses the aromatization of a pyridyl donor as the driving force 

for difficult transformations.93 One such catalyst is the ruthenium PNN pincer complex 

(Scheme 1-3) which is capable of homogeneously activating water with subsequent 

formation of oxygen and hydrogen gas.99 This process was studied both experimentally99 

and theoretically100,101 and exploits ligand cooperative techniques to avoid the difficult 

task of direct oxidative addition of water to the metal center. Moreover, variations of this 

catalyst have shown the E-H (E = C, N, O, etc.) activations of numerous other small 

molecules including alcohols, ammonia, amines and hydrocarbons leading to the 

dehydrogenative coupling of a wide range of small molecules.93 
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Scheme 1-3.  Aromatization of a pyridyl donor as a driving force for difficult bond 
activations. 

 

Significant contributions have also been made by Grützmacher who used a 

bis(tropylidene) amide ligand on rhodium to perform numerous transfer hydrogenation 

and coupling reactions with impressive efficiency,102,103 and by Noyori who utilized 

chiral cooperative ligands for asymmetric catalysis.104 Since the original report by Shaw,8 

numerous metal complexes have been shown to perform similar ligand cooperative 

activations of dihydrogen,19,91,97,105-108 including those developed in the Piers group.15,60,63 

While the original reports15,61,62 of these PCcarbeneP ligands on iridium described limited 

reactivity of the Ir-C bond itself, installing these cooperative ligands on nickel has led to 

the remarkably facile additions of H-H, C-H, N-H, O-H and Si-H bonds across the Ni-C 

linkage.63,67 A palladium analogue of this nickel complex developed by Iluc, has shown 

similar O-H and N-H bond activations across the Pd-C linkage.65 These results warrant 

further study of PCcarbeneP systems, focusing particularly on methods in which the carbon-

metal linkages can be exploited. 
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Scheme 1-4. Activation of small molecules across the Ni-C linkage of a PCcarbeneP 
complex. 

 

1.3. Homogeneous Water Activation 

Molecular hydrogen has great potential as a renewable alternative energy source. 

Unlike carbon-based fuel systems, the combustion of H2 leads to an environmentally 

benign product, water. Unfortunately, the current industrial methods for producing large 

quantities of H2 hinge on burning fossil fuels.109 Alternatively, hydrogen can be derived 

from a highly abundant resource, water, but this is also an energetically uphill process.110-

112 Research into converting water into H2 and O2, especially using a renewable energy 

source such as the sun, is therefore an area of great interest. 

The conversion of H2O to H2 and O2, or the “water splitting” reaction, takes place 

through two 4-electron redox processes where the oxidation step is hindered by a high 

energetic barrier.110 The development of catalysts that are carefully designed to provide 

alternative routes with lower barriers for these thermodynamically uphill reactions is a 

growing area of research. From a fundamental standpoint, the study of transformations of 

oxygen-based ligands at metal centers is of particular interest, as much of this chemistry 

is poorly understood. One reason for this involves the difficulty with which water is 

activated on a transition metal center.113 While the issue of bond strengths constitutes one 

of the obvious factors impeding the oxidative addition of water to a metal center, there 
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are also a number of other challenges. The bond dissociation energy (BDE) of the O-H 

bonds of water is 119 kcal/mol,114 which is high compared to other E-H BDEs (e.g. 105 

kcal/mol115 for CH4, 108 kcal/mol116 for NH3). In addition, typical M-H and M-OH bonds 

strengths are too weak to compensate energetically for the cleavage of a strong O-H 

bond.113 Furthermore, when considering the oxidative addition of O-H or N-H bonds, 

compared for instance with the extensively studied C-H bonds, the presence of lone pairs 

must also be taken into account. In most cases, these molecules would prefer simply to 

coordinate to a metal center through a lone pair rather than cleave an E-H bond.113 

IrtBu2P P tBu2
HH

IrtBu2P P tBu2 IrtBu2P P tBu2

OHH

H2O
tBu

tBu-

14-electron
intermediate  

Scheme 1-5. Oxidative addition of water to a 14-electron PCarylP iridium complex. 
 

Despite these challenges, there are a handful of examples of direct water oxidative 

addition to a metal center, showing varying degrees of stability in the resultant hydrido 

hydroxo product.113,117-122 A particularly relevant example by Jensen depicts the direct 

oxidative addition of water to a 14-electron iridium center supported by a classic PCarylP  

ligand.123 The highly reactive 14-electron species was generated in situ through the 

dehydrogenation of an iridium dihydride precursor with the aid of a sacrificial hydrogen 

acceptor. The Ir(III) hydrido hydroxo product can be isolated and crystallographically 

characterized. 
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Scheme 1-6. Fundamental steps in a hypothetical water splitting catalytic cycle 
 

Scheme 1-6 depicts a catalytic water splitting cycle comprised of a few of the 

important transformations involving oxygen-based ligands.110,111 While examples of 

many of these reactions are rare, a number of these transformations have been 

investigated by Milstein and co-workers using PNN and PCN pincer ligand motifs on 

ruthenium99 and platinum,124 respectively. In 2009, Milstein reported a ruthenium PNN 

complex that homogeneously catalyzed the splitting of water into H2 and O2 (Scheme 

1-7).99 While this process was performed in stepwise, stoichiometric reactions with low 

to moderate yields, this remains an important breakthrough in observing these rare 

transformations. This cycle loosely follows the outer path outlined in Scheme 1-6 where 

the H2O2 product can be decomposed into O2 and H2O using the same PNN catalyst. The 

water activation step was achieved by coordination of a water molecule to the ruthenium 

center, followed by deprotonation of water by a cooperative site in the PNN pincer 

framework.100 
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Scheme 1-7. Homogeneous water splitting performed by a ruthenium PNN complex. 
 

Another ligand cooperative system developed by Grützmacher and co-workers 

(Scheme 1-8),102,103 demonstrates the facile addition of water across the Rh-N bond of a 

bis(tropylidene) amide complex. The resultant hydroxo complex can then be employed in 

useful coupling reactions with primary alcohols or aldehydes to form carboxylic acids.103 

This system is highly efficient considering the difficult transformations taking place, 

however one drawback to this particular ligand scaffold is the need for a sacrificial 

hydrogen acceptor rather than direct release of H2. 
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Scheme 1-8. Use of a metal-ligand cooperative rhodium complex for the 
dehydrogenative coupling of water and an aldehyde to form a carboxylic acid.  

 

1.3.1. The Oxo Wall  

As can be surmised from Scheme 1-6, terminal metal oxo complexes can play a 

pivotal role in a potential water splitting catalytic cycle. With regards to early transition 

metals, terminal oxo complexes are quite common due to their higher oxophilicity. 

Terminal oxo ligands are characterized as hard Lewis bases and strong π-donors;125 as 

such, they interact favourably with hard early metals with low d-electron counts.126 As a 

result, these complexes are very stable and are not suitable for use in catalysis where 

highly reactive intermediates are vital. Proceeding towards the late transition metals, the 
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d-orbitals located on the metal are increasingly filled with electrons resulting in repulsive 

interactions with highly π-donating oxo ligands.127 Naturally, late transition metals will 

have increasing difficulty in obtaining low d-electron counts, resulting in what is referred 

to as the “oxo wall” for tetragonal complexes. The oxidation states required of group 9 

and 10 metals to offset these π-electron repulsions are not easily achieved, producing a 

barrier between groups 8 and 9 of the periodic table.125-127 Examples of late metal 

terminal oxo species are scarce, and finding a balance between these two extremes of 

stability and reactivity may be difficult; however, there exist a few interesting cases 

where complexes have been isolated. 

BF4P tBu2

NMe2

Pt OIr
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d6 Re(I)
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Me2Si
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tBu2

tBu2

d6 Rh(III)
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Figure 1-7. Terminal metal oxo complexes of late metals and/or high d-electron counts. 
 

Mayer and coworkers have successfully isolated and studied a series of low-valent 

rhenium oxo complexes supported by electron-withdrawing alkyne ligands,126,128 

including a formally d6 Re(I) oxo complex (Figure 1-7).128 The coordination of alkyne π-

acceptors to the metal center allows for backdonation, giving rise to a lesser degree of 

repulsion between the metal and the π-donating oxo ligand. Another notable late metal 

oxo is the surprisingly stable trimesityliridium oxo complex (Figure 1-7) reported by 

Wilkinson.129 This is the only example of a stable d4 Ir(V) terminal oxo, which is formed 
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rapidly upon exposing trimesityliridium to oxygen or to an oxygen atom transfer reagent. 

This complex is proposed to receive additional stabilization stemming from the 

tetrahedral geometry about the metal center, allowing for non-bonding, rather than 

antibonding orbitals, to be filled upon addition of the oxo ligand.126,127 Caulton has also 

reported a Rh(III) oxo complex (Figure 1-7),130,131 formed through the addition of an 

oxygen atom transfer agent to a PNP rhodium complex where C-H activation of one of 

the phosphine tBu groups has taken place. This Rh=O complex is stable at -30 ºC, 

however upon warming above -20 ºC one of the tBu C-H bonds adds across the Rh=O 

bond resulting in a hydroxo species.131 Most interestingly, the Milstein group has 

reported a d6 Pt(IV) terminal oxo supported by a PCN pincer framework and no electron 

withdrawing ligands (Figure 1-7).124 This Pt(IV) oxo species was formed by reaction of 

the solvated PCN platinum complex and dimethyloxirane, an effective oxygen transfer 

reagent. Although not structurally characterized, extensive experimental and theoretical 

studies support the proposed structure.124,132 

1.4. Homogeneous Activation of Nitrous Oxide 

It is well known that atmospheric levels of CO2 have been rising steadily since the 

beginning of the industrial era, leading to major concerns of climate change and global 

warming.133,134 Mirroring this trend, nitrous oxide (N2O), another anthropogenic emission 

that is less widely known among the general population, is generating almost equal 

concern as a greenhouse gas and ozone depleting substance among experts in the field 

(Figure 1-8).135-137 The overwhelming majority of anthropogenic N2O emissions stem 

from agriculture138,139 with biomass burning, industry and fossil fuel combustion playing 
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important roles as well.136 The ever-increasing world population requires the use of more 

fertilizers for agriculture and thus more N2O is produced through the nitrification and 

denitrification process.140 N2O is therefore becoming one of the most important emissions 

of this century. As a greenhouse gas, N2O is approximately 296 times more potent in 

warming potential than CO2.
133 Moreover, when in the stratosphere, N2O breaks down 

into NOx, having detrimental effects on the ozone layer.135 

 

Figure 1-8. Atmospheric levels of CO2 and N2O over the past 10 000 years highlighting 
the substantial spike in levels in recent years.136 

 

Nitrous oxide is also an interesting molecule from a fundamental point of view. 

While it has been used as an oxidant for many years in high temperature processes, N2O 

is kinetically very stable and rarely reacts under mild conditions.141 This can be 

advantageous when high selectivity is desired, as other common oxidants such as O2 can 

be harsh in comparison. Even simple reactions of N2O at transition metal centers are 

challenging due to its weak s-donating and π-accepting capabilities.141 In fact, there is 
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only one structurally characterized metal complex bearing N2O as a ligand reported to 

date. A tripodal vanadium complex reported by Chang and coworkers142 bears an N2O 

ligand coordinated linearly through a nitrogen atom. The addition of this ligand is 

reversible and can be removed under vacuum.  

In addition to biological systems such as nitrous oxide reductase,140 which will not 

be discussed here, N2O has been shown to react under relatively mild conditions with 

some reactive main group and transition metal compounds, despite its inert 

character.143,144 In most cases, N2O reacts through oxygen atom transfer with the release 

of dinitrogen, however behaviour as a nitrogen atom donor is also possible, albeit much 

less common.144 

Some highly reactive main group molecules have been oxidized by N2O including 

low valent silicon and germanium compounds144 such as disilenes,145 silylenes146 and 

germylenes,146,147 as well as oxygen insertion into a b-diketimine germanium hydride 

bond.148 Stoichiometric activation of N2O has also been shown with frustrated Lewis 

pairs (FLPs)149-151 (a. Scheme 1-9) and by N-heterocyclic carbenes (NHCs)152,153 (b. 

Scheme 1-9). N2O has been shown to participate in a number of insertion-type reactions 

where an oxygen atom, or the entire N2O molecule, is inserted into metal-hydride or 

metal-carbon bonds. This has been demonstrated with early metals including titanium,154 

zirconium154,155 (c. Scheme 1-9) and hafnium155,156 as well as late metals and actinides 

including ruthenium99,157,158 (d. Scheme 1-9), rhodium,159 nickel160,161 and  samarium.162 

N2O has also proven useful in the synthesis of certain metal oxo complexes.131,144 A 

particularly relevant example of late metal N2O activation reported by Hillhouse163 

involves the addition of an oxygen atom across a nickel carbene bond as shown in 
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Scheme 1-9 (e.). This addition, when limited to two equivalents of N2O and performed at 

-78 ºC, results in a carbon-oxygen-nickel three-membered ring. If a larger excess of N2O 

is added, further oxidation of the ligand takes place along with the release of free 

benzophenone.163 
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Scheme 1-9. Different types of N2O activation as an oxygen atom donor. 
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While many of the reactions above show the activation of N2O through oxygen 

atom transfer, these processes are stoichiometric in nature and do not show any real 

potential for catalytic turnover. From an environmental perspective, discovering ways of 

decomposing N2O into benign products such as N2, O2 and H2O under mild conditions is 

highly desirable. Better still, would be using N2O as an oxygen atom source for the 

synthesis of valuable products, with N2 as the sole byproduct. Grützmacher has reported 

the dehydrogenative coupling of a series of small molecules with impressive catalytic 

turnover (see Section 1.2.4).102,103 The major disadvantage of this system however, is the 

need for a sacrificial hydrogen acceptor to complete the catalytic cycle. A recent report159 

has taken advantage of this drawback and used it for the catalytic hydrogenation of N2O 

to N2 and H2O (Scheme 1-10) by using N2O as the sacrificial oxidant. This was 

demonstrated with the coupling of primary alcohols to form esters and carboxylic acids. 

The authors proposed that N2O inserted an oxygen atom into the rhodium-hydride bond 

after dehydrogenation of the alcohol. Using the same ligand system on cobalt, N2O was 

used as an oxygen atom source for the synthesis of a series of phosphine oxides, with N2 

as the only byproduct (Scheme 1-10).164  
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Scheme 1-10. Rhodium and cobalt bis(tropylidene) amide complexes as catalysts 
utilizing N2O as an oxygen atom donor. 
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Prior to this report by Grützmacher describing the catalytic hydrogenation of N2O 

to water, this type of transformation was almost unknown for homogeneous catalysts. 

Apart from the naturally occurring enzyme, nitrous oxide reductase, only two other 

homogeneous catalysts have been reported to perform this type of N2O reduction to 

water, and these processes did not show any catalytic turnover. The Milstein system 

described in Section 1.3 for water splitting also showed the insertion of an oxygen atom 

from N2O into the ruthenium hydride bond of the hydrido hydroxo complex.99 

Considering the subsequent steps of the catalytic cycle, N2O was in principle converted to 

water. In 2007, Caulton and coworkers reported a PNP osmium polyhydride complex that 

converted N2O to water at 22 ºC and 1 atm in one hour, resulting in an osmium dinitrogen 

complex.165 These results are very encouraging for future work using N2O for useful 

reactions under ambient conditions. It is clear however, that much work still needs to be 

done in understanding how this small molecule reacts with transition metal centers. 

1.5. Thesis Goals 

Considering the importance of simple small molecules in the vast field of 

chemistry, a better understanding of how these molecules behave is essential. This thesis 

will explore the homogeneous activation of a number of relatively inert small molecules, 

focusing on the mechanistic details of these processes. This will be accomplished by 

taking advantage of versatile PCP pincer frameworks and by utilizing these ligands in a 

cooperative fashion. Chapter 2 describes the synthesis of a new PCP ligand bearing 

benzo[b]thiophene aromatic linkers and its ligation to iridium. This ligand was made in 

an effort to improve upon some of the shortcomings found with the parent ortho-
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phenylene framework. The reactivity of N2O, a potent greenhouse gas, will be the focus 

of Chapter 3. The hydrogenation of N2O to water and nitrogen is presented and the 

complex relationship between hydrogen and new “iridaepoxide” complexes is explored in 

detail. Finally, Chapter 4 investigates the reactivity of cationic iridium complexes and 

how these can be used for a multitude of transformations, including O-H bond 

activations. 
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Chapter 2: Synthesis and Characterization of a New Benzo[b]thiophene-linked PCP 
Proligand and Subsequent Ir(I) and Ir(III) Complexes 

 

2.1. Introduction  

This chapter focuses on the synthesis and characterization of a new PCP ancillary 

ligand featuring benzo[b]thiophene linking groups and its attachment to an iridium 

center. The single and double C-H activation at the central carbon donor of this ligand 

will be described, resulting in Ir(I) PCcarbeneP complexes and stable octahedral Ir(III) 

hydride complexes.  The reversible reactivity of these carbene moieties with molecular 

hydrogen will also be discussed. The synthesis of PCcarbeneP and PCalkylP carbonyl 

complexes is reported as well as a comparison of the donor properties of these complexes 

with related frameworks in the literature. 

2.2. Results and Discussion 

2.2.1. Synthesis of a New Proligand Featuring Benzo[b]thiophene Linkers 

Employing an ortho-phenylene ligand framework with electron-rich alkyl 

phosphine donors successfully led to b-elimination-immune complexes of late transition 

metals.15,60,63 This design easily allows for variation in the aromatic linkers connecting 

the three donor sites. Modifying this feature, not only the electronic and steric properties 

of the ligand can be tuned, but the rigidity and level of planarity of the system can also be 

altered. Switching from a six-membered phenylene ring to a smaller five-membered ring 

could dramatically change the angle between the two aryl linkers, resulting in less steric 
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crowding within the ligand framework. Furthermore, removing the presence of protons 

ortho to the central carbon, which cause substantial twisting of the aryl linkers due to 

steric interactions, could increase the planarity of the ligand, and in turn the stability of 

the pincer framework. As such, a new PCP proligand (1, Figure 2-1) has been designed 

wherein the ortho-phenylene aryl groups have been substituted for benzo[b]thiophene 

linkers. With appropriate positioning of the thiophene groups, any alpha protons can be 

eliminated and twisting of the ligand minimized (Figure 2-1).  
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Figure 2-1. Illustration of the twisting caused by steric hindrance observed in the ortho-
phenylene framework versus the bowing effect of the benzo[b]thiophene framework. 

 

Synthesis of this proligand was achieved in only three steps as depicted in Scheme 

2-1. Cooling a solution of 2,3-dibromobenzo[b]thiophene166 to -78 ºC in THF, followed 

by the dropwise addition of nBuLi, led to lithium halogen exchange at the 2-position. 

Upon in situ quenching with 3-bromobenzo[b]thiophene-2-carbaldehyde167 and an 

aqueous workup, a crude orange oil was produced. The new dibromo alcohol species 2 

was then purified by flash column chromatography and isolated as an orange solid in 
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66% yield. The 1H NMR spectrum of 2 clearly displays a doublet at 6.86 ppm (3JHH = 3.3 

Hz) corresponding to the central CH group. This CH signal is coupling to the OH proton, 

also appearing as a sharp doublet at 2.83 ppm (3JHH = 3.3 Hz). This correlation was 

confirmed by a COSY NMR experiment. 

 

Scheme 2-1. Optimized synthetic route to proligand 1 and synthesis of proligand 4. 
 

Reduction of the alcohol in 2 to a CH2 unit was initially problematic. A number of 

different reduction protocols were attempted, however, most proved to be either 

ineffective or low yielding. An improved method for synthesizing the reduced product 3 

was developed (Scheme 2-1) in which the alcohol precursor underwent B(C6F5)3-

catalyzed silation168,169 followed by reduction by a second equivalent of silane. At room 

temperature, a catalytic amount of B(C6F5)3 was slowly added to a mixture of 2 and 

excess triethylsilane in toluene. Hydrogen gas was immediately and vigorously evolved 

and within five minutes the desired product precipitated out of the reaction mixture. The 

white powder was collected by vacuum filtration and the reduced product 3 was isolated 
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in 61% yield and used without further purification. A singlet integrating to two protons at 

4.62 ppm in the 1H NMR spectrum is diagnostic of the CH2 unit linking the two 

benzo[b]thiophene groups, confirming the removal of the alcohol functional group. 

Single crystal X-ray data was obtained for the dibromo species 3 (Figure 2-2) and clearly 

shows that the two halves of this molecule are related through symmetry. 

 

Figure 2-2. X-ray molecular structure of 3. Thermal ellipsoids are shown at the 50% 
probability level. 

 

With dibromo compound 3 in hand, flanking phosphine donors could now be 

installed to make the desired PCP proligand. This was achieved through double lithium-

halogen exchange followed by quenching with iPr2PCl. Due to the low solubility of 3 at 

low temperatures, a relatively dilute solution was made in THF and cooled to -98 ºC in an 

ethanol / liquid nitrogen bath. Two equivalents of nBuLi were added over the course of 

five minutes followed immediately by two equivalents of iPr2PCl. The temperature was 

maintained at -98 ºC for three hours and then warmed gradually to room temperature. 

This reaction was first performed at -78 ºC in THF whereupon one major impurity was 

observed during the lithiation process. GCMS analysis suggested that at higher 
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temperatures (> -90 ºC) the lithiated product will react with the n-bromobutane byproduct 

via an SN2 pathway, resulting in a butylated product that increased in concentration with 

reaction time. In an effort to minimize this side product formation, the reaction was 

performed at -98 °C and the iPr2PCl was added immediately following the addition of 

nBuLi. Upon removal of LiCl and recrystallization from hexanes, the targeted proligand 3 

was isolated as an off-white crystalline solid in 69% yield. 

In Chapter 3, complexes in which an oxygen atom adds to an iridium carbene 

linkage are described and studied extensively. In hopes of synthesizing these complexes 

through an alternative route, we proposed developing related PCP proligands where –OH 

or =O groups are bound to the central carbon. When bound to a metal center, the oxygen 

group could potentially transfer to the metal, generating oxo, hydroxo or other species 

related to those in Chapter 3. Attempting to oxidize proligand 1 once the phosphines have 

already been installed will undoubtedly result in undesired phosphine oxide products, 

thus working from the dibromo alcohol compound 2 seemed optimal. Attempts to oxidize 

the alcohol group to a ketone met with failure, as did lithiation of the bromides after 

protection of the alcohol with a silane. A final method was undertaken in which three 

equivalents of nBuLi were added to 2 at -98 ºC in THF followed by three equivalents of 

iPr2PCl (Scheme 2-2). The proposed central phosphine group was then hydrolyzed with 

excess water, and GCMS analysis confirmed the major product as having the correct 

mass. After purification by flash column chromatography, a white powder was isolated 

and characterized as the phosphine oxide isomer 4 of the desired PCP alcohol proligand. 
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Scheme 2-2. Synthesis of phosphine oxide proligand 4 and possible isomerization from 
the desired product. 

 

  31P{1H} NMR spectroscopy on 4 revealed two singlets in a 1:1 ratio at 52.1 ppm 

and -5.8 ppm, corresponding to the phosphine oxide and the free ligand phosphine 

respectively. The corresponding 1H NMR spectrum (Figure 2-3) clearly shows 

desymmetrization of the proligand while maintaining an integration of 2H on the central 

carbon linker. It is possible that the desired alcohol product is prone to isomerization to 

the more stable phosphine oxide form that was observed. Attempting to install 

phosphines earlier on, to 2,3-dibromobenzo[b]thiophene for instance, is another 

possibility, however this method would be rather involved and was not pursued. 
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Figure 2-3. 1H NMR spectra of proligands 1 (top, 400 MHz) and 4 (bottom, 500 MHz) in 
CD2Cl2. The solvent is indicated with an asterisk. 

 

2.2.2. Single and Double C-H Activation 

Implementing the same ligand attachment protocols developed for the parent ortho-

phenylene system,15 the benzo[b]thiophene proligand quickly underwent the first C-H 

activation, but showed only partial conversion to the iridium carbene over longer periods 

of time. Refluxing proligand 1 with 0.5 equivalents of [Ir(COE)2Cl]2 dimer170 in either 

THF or dioxane resulted in a colour change from bright orange to the intense deep brown 

colour of the double C-H activation product (5, Scheme 2-3) within hours. However, 

even after 12 days of refluxing, 31P{1H} NMR spectroscopy revealed only 68% 

conversion to 5, with the single C-H activation product 6 remaining in solution. In an 

attempt to accelerate the reaction, tert-butylethylene was added to the mixture to aid in 

the dehydrogenation of the hydrido chloride intermediate (6). This dehydrogenation was 
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successful, however high temperatures (80 – 110 ºC) and long reaction times (6 – 10 

days) remained an issue.  
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Scheme 2-3. Ligand attachment pathways for proligand 1 and possible interconversions 
between single and double C-H activation products with hydrogen gas and other neutral 
L donors. Dehydrohalogenation to polyhydride complex 8 is also shown. 

 

Using a higher boiling solvent (o-xylene; b.p. 143 ºC) provided the necessary 

energy to facilitate the second C-H activation at much faster reaction times. Full 

conversion to the desired carbene chloride complex 5 occurred within 48 hours in 

refluxing o-xylene (Scheme 2-4). It is critical that this reaction is performed under a 

constant flow of argon to drive off the H2 gas that is produced, pushing the equilibrium to 

the carbene. Performing this reaction in a closed system would lead to rapid regeneration 
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of the hydrido chloride intermediate 6. Using this method, carbene chloride 5 was 

isolated as a dark brown solid in 87% yield.  
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Scheme 2-4. Optimized syntheses for the single (6) and double (5) C-H activation 
products. 

 

The 1H NMR spectrum of carbene chloride 5 exhibits a typical pattern for a C2v 

symmetric molecule, including two inequivalent iso-propyl methyl signals as doublets of 

virtual triples and one iso-propyl methine appearing as a septet of virtual triplets (Figure 

2-4). As expected, the 31P{1H} NMR spectrum features a sharp singlet at 35.8 ppm, 

downfield of the free ligand resonance at -5.7 ppm. In addition, a characteristic triplet 

(JCP = 2.7 Hz) at 166.3 ppm in the 13C{1H} NMR spectrum corresponds to the central 

carbene carbon. This resonance is upfield of the carbene chemical shift of the parent 

ortho-phenylene complex coming in at 201 ppm.15 

The reactivity of hydrogen gas with this type of carbene chloride complex has been 

largely studied already using the parent ligand system.15 In that case, a large amount of 

fluxionality was observed upon formation of the five coordinate hydrido chloride 

complex, which was studied in detail. Consequently, the related benzo[b]thiophene 

system described herein was not analyzed in depth.  
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Figure 2-4. 400 MHz 1H NMR spectrum of carbene chloride 5 in CD2Cl2. The solvent is 
indicated with an asterisk. 

 

The reactivity of carbene chloride 5 with hydrogen is shown in Scheme 2-3. H2 

adds reversibly across the C=Ir linkage of complex 5 in a ligand cooperative fashion, 

forming the fluxional iridium hydrido chloride complex 6, which subsequently binds 

another molecule of H2 while under an atmosphere of hydrogen to make the 6-coordinate 

species 7. The formation of 7 also takes place at room temperature upon the addition of 

H2 (1 atm) to a reaction mixture of proligand 1 and half an equivalent of [Ir(COE)2Cl]2. 

Similar to the ortho-phenylene analog, five-coordinate complex 6 demonstrates fluxional 

behaviour as observed by a broad signal at 42 ppm in the 31P{1H} NMR spectrum, as 

well as a broad hydride signal at -33.3 ppm in the 1H NMR spectrum. Characteristic for 

these complexes, the ligand methine proton signal was found at 6.2 ppm and correlates 

(HSQC) with a signal in the 13C{1H} spectrum at 11 ppm. Complex 6 can be isolated as 

an analytically pure pale orange solid upon hydrogenation of 5 with hydrogen gas and 

subsequent removal of solvent and excess hydrogen in vacuo. When an atmosphere of 

hydrogen is present however, a molecule of H2 binds to the iridium center, sharpening the 
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NMR spectra and generating a pale yellow solution. This dihydrogen species clearly 

exhibits two signals in the hydride region of the 1H NMR spectrum. A slightly broadened 

resonance at -5.4 ppm integrates to 2H corresponding to the dihydrogen ligand, and a 

second slightly broadened resonance appears further upfield at -21.7 ppm corresponding 

to the hydride ligand. It should be noted here that all three hydrogen atoms on iridium in 

complex 7 as well as the ligand methine proton are in exchange on the chemical 

timescale. Adding 1 atm D2 gas to a sample of 6 or 7 quickly results in complete 

deuteration of these four positions, as observed by the disappearance of these signals in 

the 1H NMR spectrum. 
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Scheme 2-5. Reversible scrambling of deuterium into dihydrogen complex 7. 

 

Hydrido chloride 6 can be dehydrohalogenated under an atmosphere of H2 using a 

base such as trimethylamine, resulting in the polyhydride species depicted as 8 in Scheme 

2-3. This type of complex was characterized using the ortho-phenylene ligand system, 

however it was made through a different synthetic route.15 This species is unstable 

outside of an H2 atmosphere and therefore could not be isolated. This complex also 

exhibits full exchange of all four of the hydrogens bound to iridium, as well as the ligand 

methine proton, as seen with the disappearance of these signals in the 1H NMR spectrum 

upon the addition of D2 gas. 
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Other neutral L donors such as acetonitrile and pyridine coordinate easily to the 

fluxional hydrido chloride complex 6 to make stable 18-electron octahedral complexes 9 

and 10, respectively (Scheme 2-3). Although structurally analogous to 7, unlike H2, these 

donors add irreversibly and can be isolated as air and moisture stable pale yellow solids. 

These stable octahedral species allow for facile characterization of this new 

benzo[b]thiophene ligand and its iridium complexes. The 1H NMR spectra for each of 

these complexes now show well resolved triplets in the hydride region at -22.5 ppm (2JHP 

= 15.4 Hz) and -22.8 ppm (2JHP = 15.1 Hz) for complexes 9 and 10, respectively. Hydride 

resonances in this range are characteristic of a hydride oriented trans to a chloride 

ligand,20,21,29,171 resulting in the L donor being positioned trans to the ligand methine 

donor. All other spectral features are as expected. Considering that pyridine and 

acetonitrile are relatively weak donors, it is logical that these ligands are positioned trans 

to the relatively strong alkyl ligand methine donor. 
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Scheme 2-6. Synthesis of 10OP and the removal of pyridine and hydrogen under heat and 
vacuum.  

 

Both 18-electron complexes 9 (Figure 2-5) and 10 (Figure 2-6) were characterized 

by single crystal X-ray diffraction, demonstrating the first view of this ligand in the solid 

state. Considering the stability of these complexes, it is not surprising that the hydride 

and ligand methine proton are oriented trans with respect to each other, rendering H2 
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elimination difficult. Conversely, the X-ray crystallographic structure (Figure 2-6) of the 

ortho-phenylene derivative of 10 (all ortho-phenylene derivatives of compounds will be 

labeled as #OP) depicts a cis orientation of the hydride and ligand methine proton (10OP, 

Scheme 2-6). This is reflected by the ease with which the carbene chloride is regenerated 

upon gentle warming of the sample under vacuum. Upon examining the 1H and 31P{1H} 

NMR spectra of 10OP, there are in fact multiple isomers present in solution including one 

major product appearing as a singlet at 28.8 ppm in the 31P{1H} NMR spectrum and a 

hydride at -23.5 ppm (t, 2JHP = 15.8 Hz) in the 1H NMR spectrum. Full characterization 

of 10OP was made difficult by the mix of isomers and its instability under vacuum.  

Contrary to the many existing structures containing the ortho-phenylene ligand,15 which 

show significant twisting of the aryl groups from the P-Ir-P plane, the benzo[b]thiophene 

aryl groups show a slight bowing effect instead (Figure 2-5). The sp3 hybridized ligand 

methine carbon prevents the framework from being completely planar. The angle 

between the planes generated by the two benzo[b]thiophene groups, which could be used 

as a measure for the degree of this bowing or twisting effect, is 155.8 and 153.8 degrees 

for 9 and 10 respectively. Comparatively, the angle between the phenylene planes of 10OP 

is 134.0 degrees and shows significantly more twisting of the ligand backbone. 
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Figure 2-5. X-ray molecular structure of 9. Thermal ellipsoids are shown at the 50% 
probability level. Hydrogen atoms except for H1 have been omitted for clarity. The 
iridium hydride atom could not be accurately located from these data. 
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Figure 2-6. X-ray molecular structures of 10 (left) and 10OP (right). Thermal ellipsoids 
are shown at the 50% probability level. Hydrogen atoms except for H1 and H2 in each 
structure have been omitted for clarity. H2 was detected in the experimental electron 
density map and was fully refined without distance and displacement restraints. 

 

Table 2-1. Select metrical parameters for 9 (top), 10 (middle) and 10OP (bottom). 

Compound Bond Distances (Å) Bond Angles (º) 

S PiPr2

S P

Ir

iPr2

Cl

H

NH

9  

Ir1-C1 2.098(6) P1-Ir1-P2 159.44(5) 
Ir1-P1 2.295(1) C1-Ir1-P1 84.9(2) 
Ir1-P2 2.297(1) C1-Ir1-N1 176.0(2) 
Ir1-Cl1 2.506(1) C1-Ir1-Cl1 88.4(2) 
Ir1-N1 2.060(5) Ir1-N1-C30 177.1(5) 

S P

S P

Ir

iPr2

Cl

H

H

10

N

iPr2

 

Ir1-C1 2.102(8) P1-Ir1-P2 163.98(8) 
Ir1-P1 2.302(2) C1-Ir1-P1 85.4(2) 
Ir1-P2 2.316(2) C1-Ir1-N1 178.7(3) 
Ir1-Cl1 2.506(2) C1-Ir1-Cl1 90.4(2) 
Ir1-N1 2.149(7) Cl1-Ir1-H2 174(3) 

P

P
Ir

H
iPr2

iPr2

H

Cl
10OP

N

 

Ir1-C1 2.10(1) P1-Ir1-P2 162.25(9) 
Ir1-P1 2.290(2) C1-Ir1-P1 78.6(3) 
Ir1-P2 2.277(3) C1-Ir1-N1 176.8(3) 
Ir1-Cl1 2.507(2) C1-Ir1-Cl1 89.9(3) 
Ir1-N1 2.156(8) Cl1-Ir1-H2 176(4) 
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2.2.3. Synthesis of Ir(I) PCcarbeneP Derivatives 

The relatively stable carbene chloride complex 5 is an ideal starting material from 

which to benchmark reactivity and make new derivatives via salt metathesis routes. The 

strong iridium chloride bond results in a stable carbene complex and consequently, 

reactivity with small molecules such as water are low. Substituting the chloride ligand for 

other anionic ligands possessing different donor properties and varying levels of lability 

will be beneficial for testing potential reactivity and for future mechanistic studies of 

reactions. 

 

Scheme 2-7. Salt metathesis routes for Ir(I) carbene complexes. 
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An Ir(I) carbene hydroxo complex was previously synthesized with the parent 

ligand system61 in hopes of studying the reactivity and behaviour of oxygen based 

ligands. In that scenario, adding H2 gas to the carbene hydroxo complex led to rapid 

elimination of water resulting in the corresponding polyhydride complex. Using a similar 

protocol,61,172 an Ir(I) carbene hydroxo complex 11 was made with the new 

benzo[b]thiophene ligand system (Scheme 2-7). In a thick-walled glass vessel, an excess 

of CsOH•H2O was added to a solution of 5 dissolved in toluene. The mixture was heated 

to 80 ºC for 48 hours after which it was cooled to room temperature and filtered. Upon 

solvent removal, a deep brown solid was isolated in 98% yield, and hydroxo complex 11 

was found to be analytically pure. X-ray quality crystals were then grown by slow 

evaporation of a dilute hexanes solution. The molecular structure of 11 is shown in 

Figure 2-7 and selected metrical parameters in are in Table 2-2. The ligand adopts a 

nearly planar geometry where the angle between the benzo[b]thiophene planes is found to 

be 170.7 degrees. The Ir=C and Ir-O bond distances of 1.943(5) Å and 2.004(4) Å 

respectively are fairly typical, with the latter falling between those of 1.978(12) Å and 

2.020(6) Å found in other four-coordinate monomeric iridium hydroxo complexes.173-175 

The 1H NMR spectrum contains all of the characteristic peaks of a C2v symmetric 

complex as well as a diagnostic triplet at 4.18 ppm (3JHP = 4.5 Hz) corresponding to the 

Ir-OH proton. Upon the addition of an excess of D2O to this sample, the signal at 4.18 

ppm disappears from the 1H NMR spectrum, indicating an exchange of the OH ligand for 

OD. It should be noted that performing this salt metathesis reaction in a deuterated 

solvent (toluene-d8, benzene-d6, THF-d8 etc.) results in deuterium exchange of three of 

the four aromatic ligand protons.176,177 This same phenomenon was observed with the 
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parent ligand where two of the four aromatic protons underwent deuterium exchange.17 

This reactivity was studied using the ortho-phenylene ligand and was therefore not 

analyzed for complex 11. Presumably, the fourth aromatic proton, closest to the 

phosphine iso-propyl groups is sterically protected from this reaction. 

 

Figure 2-7. X-ray molecular structure of 11. Thermal ellipsoids are shown at the 50% 
probability level. Hydrogen atoms except for H10 have been omitted for clarity. 
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Table 2-2. Select metrical parameters for 11. 

Compound Bond Distances (Å) Bond Angles (º) 

S PiPr2

S PiPr2

Ir OH

11  

Ir1-C1 1.943(5) P1-Ir1-P2 166.08(5) 

Ir1-P1 2.290(1) C1-Ir1-P1 85.1(2) 

Ir1-P2 2.282(2) C1-Ir1-O1 175.5(2) 

Ir1-O1 2.004(4)   
 

 

Triflate and phenoxide derivatives were also made via salt metathesis routes using 

AgOTf and NaOPh respectively (Scheme 2-7). Each reaction proceeded at room 

temperature and full conversion was observed using 31P{1H} NMR spectroscopy. After 

filtration, carbene triflate (12) and carbene phenoxide (13) complexes were isolated as 

deep brown solids in excellent yields. The synthesis of a bromide derivative proved 

somewhat more difficult, as the spectroscopic signatures of the chloride and bromide 

derivatives are almost identical in most solvents. To ensure that the bromide derivative 

was in fact being made, it was synthesized instead from the hydroxo derivative 11 where 

a definitive shift can be observed in the NMR spectra. Adding a large excess of LiBr to a 

solution of 11 in toluene and stirring for one hour at room temperature led to full 

conversion to the carbene bromide 14, also isolated as a dark brown solid in excellent 

yield. 

2.2.4. Neutral Carbonyl Complexes 

 Upon the introduction of a new ligand system, it is customary to synthesize 

representative carbonyl complexes as a means for measuring the electron density at a 

metal center and for comparison with established ligand systems. The synthesis and 



 46 

partial characterization of a neutral hydrido chloride carbonyl complex, analogous to 

10OP, was done previously using the parent ligand system.17 This work will be expanded 

here by identifying two separate carbonyl isomers of this ligand, followed by a 

comparison with the new benzo[b]thiophene framework, as well as select complexes 

from the literature.  
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Scheme 2-8. Kinetic and thermodynamic isomers of alkyl carbonyl complexes bearing 
the ortho-phenylene ligand. 

 

 As with the addition of other L donors, treatment of the five-coordinate hydrido 

chloride complex with 1 atm CO at room temperature immediately leads to a sharpening 

of the NMR spectra. In the case of the ortho-phenylene ligand, one major kinetic product 

was formed, as well as a minor amount of a second isomer (Scheme 2-8) as observed in 

the 31P{1H} NMR spectrum as well as the hydride region of the 1H NMR spectrum. At 

room temperature, slow conversion to the second (thermodynamic) isomer is observed, 

and heating of this mixture (110 ˚C, 3 hours) leads to complete conversion to this 

product. Spectral features of the kinetic isomer are consistent with a carbonyl adduct as 
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shown in Scheme 2-8. Crystallographic characterization for this compound could not be 

obtained, however a hydride chemical shift of -8.43 ppm (t, 2JHP = 17.4 Hz)17 suggests a 

trans orientation with respect to the carbonyl ligand96,178 and therefore the CO must 

reside cis to the sp3 carbon of the PCP ligand.  In addition to the typical resonances 

associated with the aryl protons, the 1H NMR spectrum also features a singlet at 5.23 

ppm that correlates with a signal in the 13C spectrum at 24.6 ppm for the ligand methine 

group. The 13C NMR spectrum also showed a resonance at 181.2 ppm, consistent with a 

metal bound carbonyl carbon.21,179 As expected, the thermodynamic isomer trans-15OP 

contains very similar spectral features except for a major shift in the hydride resonance to 

-18.97 ppm (t, 2JHP = 13.2 Hz). This is consistent with related compounds where the 

hydride ligand is now trans to the chloride, and the carbonyl ligand is trans to the sp3 

carbon.20,21,29,171 It is unclear from this data however, whether the hydride and ligand 

methine protons are in a cis or trans relationship with respect to each other. 
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Scheme 2-9. Kinetic and thermodynamic isomers of alkyl carbonyl complexes bearing 
the benzo[b]thiophene ligand. 

 

Treatment of the benzo[b]thiophene bridged hydrido chloride 6 with 1 atm CO at 

room temperature also resulted in the immediate formation of a pale yellow octahedral 

carbonyl adduct (Scheme 2-9). Similar to the ortho-phenylene case, the initial kinetic 
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product isomerizes to a new thermodynamic product upon heating. In this case however, 

high temperatures and prolonged reaction times (110 °C, 3.5 days) are required for full 

conversion to the thermodynamic isomer. Single-crystal structural analysis of the kinetic 

isomer cis-15 confirms the cis orientation of the carbonyl ligand with respect to the sp3 

carbon and clearly shows that the hydride and the ligand methine proton are in a trans 

arrangement across the Ir1-C1 bond, which is a fairly typical 2.135(3) Å in length (Figure 

2-8, Table 2-3). Comparable to the kinetic isomer bearing the ortho-phenylene linkers, 

cis-15 is characterized by a triplet in the hydride region at -7.96 ppm (2JHP = 16.8 Hz), 

indicative of a carbonyl ligand trans to the hydride. As anticipated, the thermodynamic 

isomer trans-15 features a hydride resonance at -18.08 ppm (t, 2JHP = 13.5 Hz), 

characteristic of a chloride trans to the hydride ligand.  

 

Figure 2-8. X-ray molecular structure of cis-15. Thermal ellipsoids are shown at the 50% 
probability level. Hydrogen atoms except for H1 have been omitted for clarity. The 
iridium hydride atom could not be accurately located from these data. 
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Table 2-3. Select metrical parameters for cis-15. 

Compound Bond Distances (Å) Bond Angles (º) 

S PiPr2

S P
Ir

iPr2

CO

H

ClH

cis-15  

Ir1-C1 2.135(3) P1-Ir1-P2 157.83(3) 
Ir1-P1 2.3211(8) C1-Ir1-P1 85.82(9) 
Ir1-P2 2.3158(9) C1-Ir1-C30 92.9(1) 
Ir1-Cl1 2.4678(8) C1-Ir1-Cl1 

 

175.55(9) 
Ir1-C30 1.941(3)   
C30-O1 1.125(4)   

 

This type of carbonyl cis/trans isomerization has been observed previously by 

Goldberg and Heinekey et al.179 employing a POCOP ligand framework on iridium, 

where the anchoring carbon donor is sp2 hybridized. In this case, an equilibrium between 

the two isomers was established and partial loss of HCl occurred simultaneously while 

heating. In both of the systems described above, no loss of HCl was observed upon 

heating at 110 °C. In addition, once there has been full conversion to the thermodynamic 

isomer, no further formation of the kinetic isomer is detected. 

As mentioned above, carbonyl complexes can be used for measuring the electron 

donating ability of an ancillary ligand and for comparison with related ligand systems. 

While IR stretching frequencies of the cis and trans isomers are sometimes very similar, 

as in the case of the ortho-phenylene complexes (2002 cm-1 vs 2000 cm-1), they can 

sometimes differ drastically, as observed for the benzo[b]thiophene ligand (1981 cm-1 vs 

2014 cm-1). As such, it is prudent to compare only related complexes wherein the 

carbonyl ligand lies trans to the alkyl donor of the PCP ligand. Figure 2-9 illustrates a 

selection of related carbonyl complexes and their corresponding CO IR stretching 

frequencies. These results indicate that the benzo[b]thiophene ligand is somewhat less 
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donating than the parent system. This was anticipated from the higher temperatures and 

longer reaction times necessary to eliminate H2 from hydrido chloride 6.  
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Figure 2-9. IR stretching frequencies of hydrido chloride carbonyl complexes of iridium 
bearing PCalkylP pincer ligands. Boxed complexes are reported herein. 

 

A dimethylamino variation24 of the ortho-phenylene ligand is comparable to the 

parent ligand in this case,180 and a triptycene-linked PCP complex reported by Gelman29 

is commensurate in donating ability to trans-15. Expanding to related complexes bearing 

differing phosphine alkyl groups,20 frequencies as low as 194021 have been observed. In 

general, the new benzo[b]thiophene-linked PCP ligand appears to fall within the range of 

reported ligands of this type, perhaps nearing the range of less donating ligands. 
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2.2.5. Cationic PCcarbeneP Iridium Carbonyl Complexes 

While the investigation of neutral carbonyl complexes bearing sp3 hybridized 

carbon donors was fairly simple to carry out, the relative donor properties of the central 

sp2 hybridized carbene moieties were of greater interest. Ideally, cationic analogs of 

complex 5 could be synthesized bearing a carbonyl ligand trans to the carbene donor. 

The CO stretching frequencies could then be measured for complexes of varying 

ancillary ligands. Halide abstraction of the parent carbene chloride complex has been 

reported25 where after reacting a mixture of the carbene chloride complex and NaB(ArF)4 

(ArF = 3,5-bis(trifluoromethyl)phenyl) with 1 atm CO gas, a cationic dicarbonyl complex 

was formed, rather than the anticipated monocarbonyl complex. The same reaction can be 

done with the benzo[b]thiophene complex resulting in the analogous cationic dicarbonyl 

complex (16, Scheme 2-10). 
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Scheme 2-10. Synthesis of cationic di- and monocarbonyl complexes as well as possible 
side products. 
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At room temperature, when NaB(ArF)4 is added as a solid to a solution of 5 in 

CD2Cl2, no reaction is observed. Placing the mixture under 1 atm of CO gas leads to an 

immediate colour change to turquoise and then quickly to a deep green colour. According 

to 31P{1H} NMR spectroscopy, 15-20% of a second product is formed concurrently with 

the dicarbonyl complex 16. In addition, the ratio between the two products remains 

constant even with longer reaction times and heating of the mixture under argon or CO 

atmospheres. Attempts to isolate this minor impurity or to synthesize it independently 

have met with failure. Under the same reaction conditions, rhodium complexes of the 

ortho-phenylene ligand have produced ketene carbonyl type complexes as shown in 

Scheme 2-11.25 Activation of CO in this manner could be occurring here as well, 

resulting in the observed impurity. Alternatively, there could be simple coordination of a 

carbonyl ligand to the carbene chloride complex producing a neutral five coordinate 

carbonyl chloride moiety (Scheme 2-11). Both of these proposed structures are supported 

by the 31P{1H} NMR chemical shift of 29.6 ppm and the apparent Cs symmetry as shown 

in the 1H NMR spectrum. In the rhodium system described above, these ketene carbonyl 

species are readily synthesized and characterized. In the case of iridium however, 

regardless of the ancillary ligand, placing the carbene chloride complexes under an 

atmosphere of CO in the absence of a halide abstracting agent leads to a much more 

complex set of products. Among these products, in the reaction of 5 with CO, is a signal 

at 29.6 ppm in the 31P{1H} NMR spectrum matching the impurity found earlier. The 

formation of this second product can be minimized to a negligible amount by using 1.5 

equivalents of NaB(ArF)4 and gently warming the mixture to increase its solubility before 
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the CO gas is introduced. The dicarbonyl product 16 has been isolated as a deep green 

crystalline solid in 85% yield upon filtration and recrystallization. The 1H NMR spectrum 

of 16 exhibits typical ligand resonances as well as characteristic aryl resonances for the 

non-coordinating B(ArF)4 anion. A triplet at 200.1 ppm (2JCP = 4.9 Hz) in the 13C{1H} 

NMR spectrum is consistent with ligand carbonyl chemical shifts. Furthermore, a triplet 

at 182.1 ppm (2JCP = 5.5 Hz) is assigned as the anchoring carbene resonance, appearing 

noticeably downfield from the neutral Ir(I) complex 5, coming in at 166.3 ppm. 
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Scheme 2-11. Synthesis of a rhodium ketene complex. 
 

Single crystal X-ray characterization was possible for this compound as shown in 

Figure 2-10 depicting the iridium cation of this ion pair. Select metrical parameters are 

listed in Table 2-4. The geometry about iridium is closer to square pyramidal than 

trigonal bipyramidal, however the equatorial carbonyl ligand does dip slightly below the 

basal plane; the C1-Ir1-C19 angle is 149.8(3)º. The Ir1-C1 distance of 1.996(6) Å in this 

cationic complex is slightly elongated from the other neutral Ir(I) or Ir(III) carbene bond 

lengths bearing this ligand.181 The Ir-Ccarbonyl bond lengths are shorter than the Ir-Ccarbene 

distance, with the bond to the carbonyl carbon in the basal plane slightly longer than the 

apical carbonyl carbon by 0.024 Å. 
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Figure 2-10. X-ray molecular structure of 16. Thermal ellipsoids are shown at the 50% 
probability level. Hydrogen atoms and the B(ArF)4 counteranion are omitted for clarity. 

 

Table 2-4. Select metrical parameters for 16. 

Compound Bond Distances (Å) Bond Angles (º) 

S P

S P
Ir

CO

iPr2

iPr2

CO

BArF
4

16  

Ir1-C1 1.996(6) P1-Ir1-P2 160.98(7) 
Ir1-P1 2.340(2) C1-Ir1-P1 82.5(2) 
Ir1-P2 2.340(2) C1-Ir1-C18 115.4(3) 

Ir1-C18 1.914(7) C1-Ir1-C19 

 

149.8(3) 
Ir1-C19 1.938(8) C18-Ir1-C19 94.8(4) 
C18-O1 1.121(8)   
C19-O2 1.12(1)   

 

 

As reported for the parent dicarbonyl complex,25 the originally targeted 

monocarbonyl product can be formed upon heating of the dicarbonyl product under 

vacuum to remove one of the carbonyl ligands. A clear colour change from deep green to 

deep pink is observed upon heating at high temperatures (120 – 160 ºC), unfortunately, 
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this method for producing the monocarbonyl complex does not always produce clean 

results. Alternatively, a CH2Cl2 solution of 5 can be very briefly exposed to CO before 

the headspace and solvent are removed, when NaB(ArF)4 is then added to the turquoise 

residue and dissolved in CD2Cl2, full conversion to the deep pink monocarbonyl complex 

17 is observed. Exposure of the cationic monocarbonyl complex 17 to 1 atm CO leads to 

immediate regeneration of the deep green dicarbonyl complex 16. The 1H NMR spectrum 

of 17 now displays a typical pattern for a C2v symmetric complex, as well as a downfield 

chemical shift of 59.6 ppm in 31P{1H} NMR spectrum as compared to the 47.1 ppm 

resonance for the dicarbonyl complex 16. Once again, a 13C{1H} resonance of 188.6 ppm 

is to be expected for an iridium carbonyl ligand, however there is a substantial downfield 

shift to 232.2 ppm for the carbene carbon upon removal of a CO ligand.  

P

P
Ir

iPr2

iPr2

CO

CO
O

N

N

Ir
P

P
iPr2

iPr2

CO

CO

S P

S P
Ir

iPr2

iPr2

CO

CO

16

P

P
Ir

iPr2

iPr2

COO

N

N

Ir
P

P
iPr2

iPr2

CO
S P

S P
Ir

iPr2

iPr2

CO

17

B(ArF)4 B(ArF)4 B(ArF)4

B(ArF)4B(ArF)4
B(ArF)4

P

P
Ir

iPr2

iPr2

CO

CO

Me2N

Me2N

B(ArF)4

P

P
Ir

iPr2

iPr2

CO

Me2N

Me2N

B(ArF)4

υCO = 1963 cm-1 υCO = 1974 cm-1 υCO = 2004 cm-1 υCO = 2048 cm-1

υCO = 2014 cm-1

          1971 cm-1
υCO = 2014 cm-1

          1973 cm-1
υCO = 2050 cm-1

          2002 cm-1
υCO = 2055 cm-1

          2014 cm-1

(2035 cm-1)(2026 cm-1)(1993 cm-1) (1994 cm-1)

 

Figure 2-11. IR stretching frequencies of cationic dicarbonyl (top) and monocarbonyl 
(bottom) complexes bearing various PCP ancillary ligands. Values in brackets are 
averages of the two frequencies. Boxed structures are reported herein, all others were 
reported by Piers et al.25 
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Using IR stretching frequencies of metal carbonyl complexes to estimate the levels 

of π-backbonding and electron density on a metal center can be very informative. 

However, it can be difficult to make conclusions using this method if multiple parameters 

are being changed at once. For instance, comparing the IR stretching frequencies of 

cationic complexes to those of neutral complexes, or monocarbonyl complexes to 

dicarbonyl complexes may be misguided when evaluating the donicity of an ancillary 

ligand. The number of cationic iridium carbonyl complexes in the literature is limited, 

therefore the reported complexes 16 and 17 will be compared simply with related cationic 

PCcarbeneP iridium complexes with modified aryl linking groups. As an independent point 

of reference, the value for a related Vaska’s complex analogue IrCl(CO)(PMe2Ph)2,182 

which also features dialkylarylphosphine donors, exhibits a νCO of 1938 cm−1 (1960 in a 

nujol mull, 1950 in THF183). A reduced level of π-backbonding would be expected for 

cationic species resulting in higher stretching frequencies. 

Four different PCcarbeneP ancillary ligands are shown in Figure 2-11 where cationic 

iridium mono- and dicarbonyl complexes have been made. In addition to the 

benzo[b]thiophene and ortho-phenylene ligands, a xanthene-based ligand variation as 

well as an amino substituted phenylene ligand were analyzed.25 The dicarbonyl 

compounds, as expected, give rise to two νCO bands. The average value is given in 

brackets in Figure 2-11, and is in most cases larger than the stretch for the analogous 

monocarbonyl derivative by about 20 wavenumbers. A general trend is observed within 

each family of compounds where the dimethylamino-substituted ortho-phenylene ligand 

is the most electron donating, generating the lowest stretching frequencies; whereas the 

benzo[b]thiophene ligand is the poorest overall donor, exhibiting the highest frequency 
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values. This conclusion is consistent with analysis of the neutral carbonyl complexes 

(vide supra). 

2.3. Summary and Conclusions 

This chapter describes the three-step synthesis of a new PCP ligand featuring 

benzo[b]thiophene aryl linkers and its complexation to iridium through single and double 

C-H activation. Attempts to make related ligands containing an oxygen functional group 

on the central donor were unsuccessful. An array of Ir(I) carbene complexes was 

synthesized and the products of hydrogen activation across this carbene bond were 

studied. Neutral and cationic carbonyl complexes using this new ligand were 

characterized and IR stretching frequencies were compared to related structures in the 

literature. Generally speaking, the donor strength of this ligand falls within the same 

range of similar complexes, if not somewhat weaker. Full characterization of several 18-

electron octahedral complexes was possible, providing information on the nature of this 

ancillary ligand in the solid state. A slight bowing effect of the benzo[b]thiophene linkers 

is revealed in the X-ray structures, in contrast to the drastic twisting observed with the 

phenylene linkers. Hopefully, this will provide more stability to these iridium complexes 

for future reactivity studies.  
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Chapter 3 : Activation of N2O and Mechanistic Studies on the Hydrogenation and 
Subsequent Water Elimination from Iridaepoxide Complexes 

 

3.1. Introduction  

The activation and hydrogenation of N2O will be the main focus of this chapter, 

with an emphasis on the mechanisms by which these reactions take place. The iridium 

carbene complexes synthesized in Chapter 2 are shown to react with N2O by oxygen 

atom transfer to the carbon-iridium linkage with the release of N2 gas. This room 

temperature activation of N2O results in the formation of a series of unique 

“iridaepoxide” complexes bearing a three-membered carbon-oxygen-iridium ring. The 

reactivity of these new complexes with hydrogen is then discussed in depth, where 

thermodynamic and kinetic epoxy dihydride species are described. Water can then be 

thermally eliminated from these dihydride complexes to generate the corresponding 

carbene complex. The unusual mechanism of this water elimination is studied in detail 

including the synthesis and characterization of relevant model complexes. 

3.2. Results and Discussion 

3.2.1. Synthesis and Characterization of a New Iridaepoxide Complex 

While carbene chloride complex 5 is stable towards an excess of degassed water, 

exposure to ambient air resulted in decomposition to a number of species, as judged by 

31P{1H} NMR spectroscopy. When exposed to 1 atm of pure O2, a similar mixture was 

produced where the major product is represented by two singlets in a 1:1 ratio appearing 

at 70.2 and 23.2 ppm in the 31P{1H} NMR spectrum. This pattern is reminiscent of 
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proligand 4, in which one of the phosphine ligands has been oxidized, thereby 

desymmetrizing the NMR spectra. The resonance at 70.2 ppm is consistent with a 

phosphine oxide type ligand,124 whereas a chemical shift of 23.2 ppm agrees with the 

other iridium-bound phosphine ligand signals of complexes synthesized thus far. Full 

characterization of this species was not obtained, however Figure 3-1 shows two possible 

structures for this decomposition product. Any attempts to install proligand 4 on iridium 

using IrCl3•3H2O or [Ir(COE)2Cl]2 starting materials were met with failure. 

 

Figure 3-1. Possible products for the reaction of carbene chloride 5 with pure oxygen 
including the 162 MHz 31P{1H} NMR spectrum in CD2Cl2.  
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A second minor product was identified from this mixture as an unusual 

iridaepoxide complex 18 (Figure 3-1),184 formed through the addition of an oxygen atom 

to the C=Ir bond in carbene chloride 5. Although this was a minor impurity, complex 18 

crystallizes readily even from mixtures, and was identified through X-ray 

crystallography. Considering the metal-ligand cooperativity taking place to produce this 

iridaepoxide complex, it was reasonable to assume that milder oxygen atom transfer 

agents could produce this same product with perhaps a higher selectivity. While pyridine 

N-oxide showed no reactivity with carbene chloride 5 whatsoever, trimethylamine N-

oxide led to mixtures containing complex 18 as a major product. Better still, when a 

solution of complex 5 was placed under 1 atm of N2O gas, clean and quantitative 

conversion to iridaepoxide 18 was observed at room temperature over 16 hours. Heating 

of the mixture to 100 ºC in toluene reduced the reaction time to less than 2 hours. Over 

the course of the reaction, a colour change from deep brown to bright red, accompanied 

by the production of dinitrogen bubbles, indicated conversion to the iridaepoxide species. 

The molecular structure of complex 18 is shown in  

Figure 3-2 along with selected metrical parameters in Table 3-1. 

Table 3-1. Select metrical parameters for 18. 

Compound Bond Distances (Å) Bond Angles (º) 

S PiPr2

S PiPr2

Ir
Cl

O

18  

Ir1-C1 2.080(7) P1-Ir1-P2 162.42(6) 
Ir1-P1 2.313(1) C1-Ir1-P1 85.1(2) 
Ir1-P2 2.309(1) C1-Ir1-O1 38.3(2) 
Ir1-Cl1 2.299(2) C1-Ir1-Cl1 160.7(2) 
Ir1-O1 2.033(5) C1-O1-Ir1 72.7(3) 
C1-O1 1.349(9) O1-C1-Ir1 69.0(3) 
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Figure 3-2. X-ray molecular structure of 18. Thermal ellipsoids are shown at the 50% 
probability level. Hydrogen atoms have been omitted for clarity. 

 

Formulation of complex 18 as an iridaepoxide is one extreme of a continuum 

between this Ir(III) structure and an Ir(I) h2-carbonyl representation (Scheme 3-1).185 A 

report by Milstein et al.186 discusses a related framework in which an iridium-stabilized 

phenoxonium cation is described as an h2-carbonyl species formally in the +1 oxidation 

state (Scheme 3-2). As it happens, this complex was synthesized from an alcohol-based 

ligand through O-H bond activation, resulting in a phenoxy hydride complex which was 

then treated with [CPh3][BF4] to abstract the hydride ligand.  
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Scheme 3-1. Oxygen atom transfer from N2O leading to iridaepoxide complex 18. Two 
extreme oxidation state representations are shown.  
 

The C1-O1 bond distance of 1.350(7) Å for complex 18 is between that normal for 

C-O double (ca. 1.21 Å)187 and single bonds (ca. 1.45 Å),187 and the Ir1-C1 and Ir1-O1 

distances are consistent with single bonds as determined by the Cambridge 

Crystallographic Database (2014). The iridaepoxide carbon atom gives rise to a triplet 

(JCP = 2.1 Hz) in the 13C{1H} NMR spectrum at a moderately upfield chemical shift of 

65.0 ppm. Complex 18 is therefore perhaps best viewed as a hybrid of the two extreme 

formulations shown in Scheme 3-1. A distinct upfield shift in the 31P{1H} NMR spectrum 

was observed from 35.8 ppm for the carbene chloride complex 5, to a singlet at 25.1 ppm 

for 18. The 1H NMR spectrum of 18 (Figure 3-3) clearly shows that the C2v symmetry of 

the square planar complex 5 has been lost, resulting in two inequivalent iso-propyl 

methine signals, as well as four inequivalent iso-propyl methyl resonances. Complex 18 

is stable towards both oxygen and water at temperatures up to 80 ºC. 
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Scheme 3-2. Synthesis of an iridium-stabilized phenoxonium cation developed in the 
Milstein group.186 
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Figure 3-3. 600 MHz 1H NMR spectrum of iridaepoxide 18 in toluene-d8. The solvent is 
indicated with asterisks. 

 

3.2.2. Synthesis of Iridaepoxide Derivatives 

The derivatization of iridaepoxide complexes such as 18 could be useful for 

exploring future reactivity and studying mechanisms in more detail. The Ir(I) carbene 

derivatives previously synthesized act as ideal starting materials from which to make the 

respective iridaepoxide analogues. 

Hydroxo and bromide derivatives of 18 were synthesized through the addition of 1 

atm N2O to toluene solutions of carbene hydroxo 11 and carbene bromide 14 complexes, 

respectively (Scheme 3-3). These reactions proceed quantitatively at room temperature 

over 10-20 hours and can be accelerated to less than two hours by heating of the mixtures 

to 100 ºC. Upon crystallization, bright red epoxy hydroxo 19 and bromide 20 complexes 

were isolated in excellent yields. Salt metathesis routes to these epoxy derivatives are 

also possible. The hydroxo derivative 19 can be formed through the reaction of CsOH 

with epoxy chloride complex 18, however this pathway requires longer reaction times 
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and filtration of the mixture upon isolation. Once again, the NMR spectroscopic 

signatures of the epoxy chloride and bromide complexes were very similar, and so a salt 

metathesis pathway to the bromide complex 20 would have been difficult to monitor. Full 

characterization of each of these complexes was possible, where the NMR spectroscopic 

details are comparable to those of the chloride derivative 18. The epoxy hydroxo complex 

19 also exhibits a triplet (3JHP = 4.4 Hz) at 5.26 ppm in the 1H NMR spectrum, 

corresponding to the OH proton with coupling to the two equivalent phosphine ligands.  
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Scheme 3-3. Synthesis of iridaepoxide derivatives 18, 19 and 20. 
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Figure 3-4. X-ray molecular structures of 19 (left) and 20 (right). Thermal ellipsoids are 
shown at the 50% probability level. Hydrogen atoms in each structure have been omitted 
for clarity. The alcohol proton for 19 could not be accurately located from these data. 

 

Table 3-2. Select metrical parameters for 19 (top) and 20 (bottom). 

Compound Bond Distances (Å) Bond Angles (º) 

S PiPr2

S PiPr2

Ir
OH

O

19  

Ir1-C1 2.082(4) P1-Ir1-P2 166.22(4) 
Ir1-P1 2.311(1) C1-Ir1-P1 85.2(1) 
Ir1-P2 2.314(1) C1-Ir1-O1 38.2(1) 
Ir1-O1 2.083(3) C1-Ir1-O2 155.2(2) 
Ir1-O2 1.972(3) C1-O1-Ir1 70.9(2) 
C1-O1 1.361(5) O1-C1-Ir1 71.0(2) 

S PiPr2

S PiPr2

Ir
Br

O

20  

Ir1-C1 2.087(2) P1-Ir1-P2 162.58(3) 
Ir1-P1 2.3215(9) C1-Ir1-P1 84.67(7) 
Ir1-P2 2.3233(9) C1-Ir1-O1 38.32(8) 
Ir1-Br1 2.4387(4) C1-Ir1-Br1 161.54(7) 
Ir1-O1 2.049(2) C1-O1-Ir1 72.4(1) 
C1-O1 1.355(3) O1-C1-Ir1 69.4(1) 
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Both epoxy complexes 19 and 20 were characterized crystallographically and their 

molecular structures are shown in Figure 3-4 with select metrical parameters in Table 

3-2. Notably, the C1-O1 bond distance within the iridaepoxide unit is virtually unchanged 

within the structures of 18, 19 and 20, indicating little effect on the C-O bond order as the 

X ligand is changed. 

Attempts to synthesize an epoxy triflate complex were met with mixed results. 

When 1 atm N2O was added to a solution of carbene triflate complex 12, only ca. 50 % 

conversion to the epoxy triflate complex was observed after two days at room 

temperature. The product was identified as a singlet at 27.6 ppm in the 31P{1H} NMR 

spectrum, however there were also a number of decomposition products present as well. 

Heating of this reaction led to further decomposition. A salt metathesis reaction of 18 

with AgOTf led to partial conversion (48%) to this same product at 27.6 ppm in the 

31P{1H} NMR spectrum after three hours at room temperature, however even upon 

addition of excess AgOTf, a maximum of 74% conversion was achieved after two days. 

Attempts to isolate the triflate complex from these mixtures led to decomposition of the 

target complex. 

3.2.3. Activation of H2 and Characterization of Epoxy Dihydride Complexes 

Upon testing the reactivity of these new iridaepoxide complexes, it was discovered 

that they react readily with hydrogen gas through oxidative addition. Epoxy chloride 

complex 18 reacts cleanly with hydrogen over the course of two hours at room 

temperature, producing a rather unusual iridium dihydride complex 21 that retains the 

epoxide unit (Scheme 3-4). This iridium dihydride is characterized by two distinct 
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resonances in the hydride region of the 1H NMR spectrum, appearing as triplets at -7.58 

and -15.22 ppm; both exhibit 2JHP coupling constants of 10.7 Hz. The structure of 21 was 

determined by X-ray crystallography, revealing an isomer in which the hydride ligands 

are positioned in a trans orientation with respect to the epoxide unit (Figure 3-5). 

Furthermore, all NMR spectroscopic data for this complex suggest that this is the sole 

isomer being isolated in this fashion. The C1-O1 bond distance of 1.30(1) Å is shorter 

than that of 18 (1.350(7) Å), and the Ir1-C1 and Ir1-O1 bonds are slightly longer, 

suggesting that this species falls closer to the h2-carbonyl extreme of the spectrum, that 

is, formally Ir(III) rather than Ir(V). Consistent with this, the 13C{1H} NMR chemical 

shift for the iridaepoxide carbon is shifted downfield by ca. 35 ppm to 99.5 ppm as 

compared to complex 18. 
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Scheme 3-4. Synthesis of epoxy dihydride complex 21. 
 

Table 3-3. Select metrical parameters for 21. 

Compound Bond Distances (Å) Bond Angles (º) 

S P

S P

Ir
ClO
H

H

iPr2

iPr2
21  

Ir1-C1 2.13(1) P1-Ir1-P2 168.2(1) 
Ir1-P1 2.309(3) C1-Ir1-P1 85.7(3) 
Ir1-P2 2.323(3) C1-Ir1-O1 35.5(3) 
Ir1-O1 2.155(7) C1-O1-Ir1 71.1(6) 
Ir1-Cl1 2.425(3) O1-C1-Ir1 73.4(6) 
C1-O1 1.30(1) C1-Ir1-Cl1 127.1(3) 

  H1-Ir1-H2 67(6) 
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Figure 3-5. X-ray molecular structure of 21. Thermal ellipsoids are shown at the 50% 
probability level. iso-Propyl carbon atoms and all hydrogen atoms except for H1 and H2 
have been omitted for clarity. H1 and H2 were detected in the experimental electron 
density map and were fully refined without distance and displacement restraints. 

 

At room temperature, 2D-EXSY NMR spectroscopy indicates that the two 

inequivalent hydride ligands are in exchange on the EXSY NMR timescale. These 

hydrides do not however exchange intermolecularly at room temperature. This was 

determined by an observed absence of deuterium incorporation into dihydride 21 when 

exposed to 1 atm of D2 gas (Scheme 3-5), coupled with the lack of label scrambling 

observed when 21 was reacted with the dideuteride isotopologue d2-21. Heating of either 

of these mixtures above 80 ºC does result in H/D exchange however, along with the 

regeneration of small amounts of epoxy chloride 18, indicating that H2 oxidative addition 

is reversible under these conditions. 
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Scheme 3-5. Room temperature stability towards intermolecular label scrambling of 21. 

 

The chloro dihydride complex 21 was also derivatized to bromo 22 and triflate 23 

dihydride complexes (Scheme 3-6). Exposing a toluene solution of epoxy bromide 

complex 20 to 1 atm H2 gas at room temperature resulted in a colour change from bright 

red to pale yellow and quantitative conversion to the bromo dihydride complex 22 over 

the course of 30 minutes. All of the NMR spectroscopic data pertaining to this complex is 

similar to that of the chloro derivative 21. A dihydride triflate analogue was synthesized 

through a salt metathesis reaction of 21 with AgOTf. The two reagents were dissolved in 

toluene and mixed at room temperature for five hours during which time a colour change 



 70 

to pale orange and the formation of a precipitate were observed. Upon filtration, the 

dihydride triflate complex 23 was isolated in excellent yield. As expected, two hydride 

signals were observed in the 1H NMR spectrum, appearing as triplets at -6.56 ppm (2JHP = 

11.3 Hz) and -18.61 ppm (2JHP = 11.0 Hz), slightly shifted from those of complex 21. X-

ray structural characterization of 23 (Figure 3-6) demonstrates that despite having a 

bulkier triflate group as the X ligand, the hydride ligands remain trans-disposed with 

respect to the epoxide unit.  
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Scheme 3-6. Synthesis of dihydride bromide 22 and triflate 23 complexes. 
 

Investigations into measuring the rate of exchange of the hydride positions as a 

function of the X ligand were made, however obtaining accurate results using 1D or 2D 

EXSY NMR spectroscopy was precluded due to concomitant NOESY correlations 

observed between the hydrides and protons on the iso-propyl groups of the pincer ligand. 
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These NOESY correlations render the integration values of the hydride signals inaccurate 

when attempting to measure the rate of exchange. 

 

Figure 3-6. X-ray molecular structure of 23. Thermal ellipsoids are shown at the 50% 
probability level. iso-Propyl carbon atoms and all hydrogen atoms except for H1 and H2 
have been omitted for clarity. H1 and H2 were detected in the experimental electron 
density map and were fully refined without distance and displacement restraints. 

 

Table 3-4. Select metrical parameters for 23. 

Compound Bond Distances (Å) Bond Angles (º) 

S P

S P
Ir

OTfO
H

H

iPr2

iPr2
23  

Ir1-C1 2.154(3) P1-Ir1-P2 166.82(3) 
Ir1-P1 2.3217(1) C1-Ir1-P1 85.54(8) 
Ir1-P2 2.317(1) C1-Ir1-O1 35.29(9) 
Ir1-O1 2.162(2) C1-O1-Ir1 72.0(2) 
Ir1-O2 2.216(2) O1-C1-Ir1 72.7(2) 
C1-O1 1.308(4) C1-Ir1-O2 121.1(1) 

  H1-Ir1-H2 73(3) 
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Formation of a hydroxo dihydride complex was of particular interest due to its 

applicability to water activation chemistry. Unfortunately, when the hydroxo epoxide 

complex 19 was exposed to 1 atm H2 gas, slow conversion to the known polyhydride 

complex 8 was observed instead, through the elimination of two water molecules. This 

reaction proceeds at room temperature over the course of five days, or can be accelerated 

to two hours at 100 ºC in toluene. Monitoring this water elimination reaction by NMR 

spectroscopy did however reveal a small amount of what appears to be a dihydride 

intermediate. Five hours following the addition of H2 gas at room temperature, two 

triplets at -8.28 ppm (2JHP = 11.5 Hz) and -13.48 ppm (2JHP = 12.4 Hz) were observed in 

the 1H NMR spectrum in a 1:1 ratio. These resonances are in addition to a triplet at -9.63 

ppm (2JHP = 10.3 Hz) corresponding to the polyhydride complex 8. While this new 

dihydride complex could not be isolated and characterized, it is likely that exposing 

hydroxo complex 19 to H2 gas leads initially to this epoxy dihydride complex which then 

quickly eliminates two equivalents of water. Presumably, the first equivalent of water is 

lost through a formal reductive elimination, followed by the activation of another H2 

molecule leading to an epoxy trihydride complex, and finally elimination of a second 

water molecule incorporating the epoxy oxygen atom. Attempting to generate this 

hydroxo dihydride complex through salt metathesis of the chloride complex 21 and 

CsOH showed no reactivity at room temperature and decomposition when the mixture 

was heated to 70 ºC. 
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Scheme 3-7. Attempts to synthesize an epoxy dihydride hydroxo complex. 

 

Given the observed behaviour of the carbene chloride 5 with N2O and H2, an 

examination of the ability of the parent ortho-phenylene carbene chloride to accept 

oxygen atoms was undertaken. The same kind of oxygen-atom-transfer reaction took 

place when the ortho-phenylene carbene chloride complex was placed under an 

atmosphere of N2O gas. Over 24 hours at room temperature, complete conversion to a 

new iridaepoxide analogue 18OP took place (Scheme 3-8). This bright red crystalline 

complex was fully characterized by NMR spectroscopy and features a triplet (2JCP = 2.7 

Hz) in the 13C{1H} NMR spectrum at 81.6 ppm, corresponding to the epoxide carbon. 

This is downfield of the signal at 65.0 ppm for the benzo[b]thiophene complex 18, 

consistent with a similar downfield shift for the respective carbene chloride complex vs. 

5. Single crystal X-ray crystallography was also possible for this complex, and the C1-O1 

bond distance of 1.33(1) Å found for iridaepoxide 18OP is comparable to those found for 

the benzo[b]thiophene epoxide complexes 18-20. Unfortunately, when the oxygen-atom-

transfer reaction with N2O was heated in an attempt to accelerate the reaction, or if 
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hydrogen gas was added to 18OP, decomposition to a number of asymmetric complexes 

took place as observed by 1:1 doublets (J ≈ 340 Hz) appearing in the 31P{1H} NMR 

spectra. This type of decomposition was also observed with the dimethylamino 

substituted ligand framework, where it was discovered that C-C bond cleavage of the 

central carbon donor and the adjacent aryl group was occurring, leading to 

desymmetrization of the entire compound. Under an atmosphere of H2, further 

decomposition takes place leading to an iridium carbonyl product where the CO ligand 

originates from the iridaepoxide metallacycle. The details of this controlled 

decomposition have since been studied extensively.24 

P

P
Ir

iPr2

iPr2

Cl

O
P

PiPr2

Ir

iPr2

Cl
toluene

RT, 24 hr

N2O (1 atm)

- N2

H2 (1 atm) ligand
decomposition

18OP  

Scheme 3-8. Synthesis of an epoxy chloride complex 18OP using an ortho-phenylene 
framework and its reactivity with hydrogen.  
 

Table 3-5. Select metrical parameters for 18OP. 

Compound Bond Distances (Å) Bond Angles (º) 

P

P

Ir

iPr2

iPr2

Cl

O

18OP  

Ir1-C1  2.08(1) P1-Ir1-P2 166.9(1) 
Ir1-P1 2.281(3) C1-Ir1-P1 84.0(3) 
Ir1-P2 2.316(3) C1-Ir1-O1 37.6(3) 
Ir1-Cl1 2.301(3) C1-Ir1-Cl1 154.6(3) 
Ir1-O1 2.050(6) C1-O1-Ir1 72.4(5) 
C1-O1 1.33(1) O1-C1-Ir1 70.0(5) 
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Figure 3-7. X-ray molecular structure of 18OP. Thermal ellipsoids are shown at the 50% 
probability level. All hydrogen atoms have been omitted for clarity. 

 

3.2.4. Water Elimination from Epoxy Dihydride Complexes 

The newly synthesized epoxy dihydride complexes are rather unusual in terms of 

structure and connectivity about iridium. The thermal stability of these complexes was 

thus investigated by simply heating a solution of dihydride 21 in toluene in a sealed J-

Young NMR tube. As was discussed above, reductive elimination of dihydrogen occurs 

at higher temperatures revealing an equilibrium between epoxy chloride 18 and the 

dihydride 21. However, the ultimate reaction pathway exhibited by 21 upon heating 

above 80 ºC involves loss of water, not hydrogen, as evidenced by the emergence of 

familiar NMR resonances for the carbene chloride complex 5 and the appearance of a 

broad signal at 0.5 ppm188 in the 1H NMR spectrum.  
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Scheme 3-9. Water elimination from complex 21 and completion of an N2O 
hydrogenation catalytic cycle. 

 

In addition to the observed water signal in the 1H NMR spectrum, the presence of 

water was confirmed by repeating the water elimination reaction under an atmosphere of 

D2 gas using the d2 isotopologue d2-21, and identifying the unobstructed D2O signal at 

0.62 ppm in the 2H NMR spectrum. Furthermore, a slight excess of Me3SiCl was added 

to the reaction mixture following water elimination, which resulted in the formation of 

one equivalent of O(SiMe3)2 as observed in the 1H NMR spectrum at 0.06 ppm. 

3.2.5. Mechanistic Experiments Investigating the Water Elimination from 21 

Upon examining the structure of the epoxy dihydride complex 21, the method by 

which the O-H bonds necessary for water production are being formed is not immediately 

obvious. The mechanism of this water elimination process is likely unique and was 

therefore of significant interest for this work. The geometry of the characterized 

dihydride 21, in which the hydride ligands are trans to the oxygen atom with which they 

must form bonds to produce water, suggest that some kind of isomerization must first 
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take place. Due to the clean nature and convenient rates of these reactions, an analysis of 

the kinetics involved in this water elimination was pursued with this mechanism in mind. 

3.2.5.1. Low Temperature Spectroscopic Evidence for a Kinetic Isomer 

When hydrogen was added to iridaepoxide 18, leading to the formation of 

dihydride 21, no intermediates were observed in the 1H or 31P{1H} NMR spectra at room 

temperature. However, if H2 gas is introduced to a solution of 18 at -78 ºC and the sample 

in then rapidly transferred to a pre-cooled (-78 ºC) NMR spectrometer, clear evidence for 

another species is obtained. In the hydride region of the 1H NMR spectrum (Figure 3-8), 

two distinct pairs of triplets are visible at -78 ºC. One of these hydride pairs corresponds 

to complex 21 as characterized above. This was formed upon brief warming of the 

sample when attempting to transfer the J-Young NMR tube from the cold bath to the 

NMR spectrometer. The second pair of hydride signals however, are significantly shifted 

from the latter appearing at -5.71 and -12.21 ppm in the -78 ºC spectrum. Warming of the 

sample resulted in broadening of the new hydride resonances and eventual disappearance 

of this species above -38 ºC. Similar developments took place in the 31P{1H} NMR 

spectrum where a new slightly broadened singlet at 23.0 ppm was present at -78 ºC 

alongside the resonance for 21 at 24.5 ppm and a broadened resonance for iridaepoxide 

18 at 25.1 ppm. As expected, this new signal broadened out and disappeared as the 

temperature was increased above -38 ºC. It is proposed that the new transient species 

described corresponds to a kinetic isomer of 21, that is, 21’, in which the hydrides are 

located cis to the iridaepoxide oxygen. While loss of H2 is facile from 21’, this geometry 

allows O-H bond formation to be accessed for water elimination. The kinetic dihydride 
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21’ can also be formed cleanly without the presence of 21 by preventing the sample from 

warming above -38 ºC during this process. 

 

Figure 3-8. Addition of hydrogen (1 atm) to 18 at -78 ºC and hydride region of the 600 
MHz 1H NMR spectrum in CD2Cl2 at variable temperatures. 

 

3.2.5.2. Equilibrium Studies on the Kinetic Isomer 

Since this new transient species likely plays a key role in the mechanism for water 

elimination, further investigations into the properties of this kinetic isomer were made. 

As described above, this kinetic isomer, where the hydride ligands are oriented cis to the 

iridaepoxide oxygen, can be observed spectroscopically at temperatures below -38 ºC. As 
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long as the temperature remains below -38 ºC, only the iridaepoxide 18 and the kinetic 

dihydride complex 21’ are visible in the NMR spectra; the thermodynamic isomer 21 

only begins to form if the sample is warmed above this temperature. In the low 

temperature regime, 18, 21’ and H2 are in rapid equilibrium as indicated by a changing 

ratio of 18 and 21’, and the broadening of the NMR resonances for 21’ as the temperature 

is raised. In order to analyze the thermodynamic parameters of this process, equilibrium 

constants were measured at four temperatures from -78 to -48 ºC by integration of the 

31P{1H} NMR spectra of the kinetic dihydride complex 21’ and the iridaepoxide 18. In 

order to have a sufficient amount of hydrogen dissolved in solution for accurate 

measurements, H2 gas was introduced into a J-Young NMR tube containing the 

iridaepoxide complex dissolved in degassed CD2Cl2, while almost entirely submerged in 

liquid nitrogen. Once sealed, the mixture was carefully warmed to -78 ºC in a dry ice-

acetone bath and quickly transferred to a pre-cooled NMR spectrometer to avoid 

warming above -38 ºC.  
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Figure 3-9. Equilibrium reaction of iridaepoxides with their respective kinetic dihydride 
complexes under hydrogen (top), and the corresponding Van’t Hoff plot (middle). 
Concentrations of hydrogen in solution at each temperature are shown as well as the 
measured equilibrium constants and relevant equations (bottom), 
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While the pressure of hydrogen gas in the sealed J-Young NMR tube is easily 

calculated for these temperatures, the exact concentration of dissolved hydrogen in 

solution required for equilibrium constant determination is not. In order to obtain the 

concentration of hydrogen at each temperature, the experiment was repeated exactly, 

using a solution of pentachlorobenzene rather than iridaepoxide. The signal 

corresponding to dissolved hydrogen gas at 4.6 ppm in the 1H NMR spectrum was 

integrated against this internal standard at each temperature giving preliminary values for 

the concentrations of hydrogen. A correction of 1.33 was then applied to each value to 

account for the ≈ 25% parahydrogen that is undetectable by 1H NMR spectroscopy.189 In 

order to measure an equilibrium isotope effect (EIE), an equilibrium constant was also 

measured between iridaepoxide 18 and the d2 isotopologue of 21’. As the concentration 

of D2 gas in solution could not be easily measured using NMR spectroscopy, it was 

estimated based on reported isotope fractionation factors.190 Thus, the concentration of D2 

in solution used for these calculations is 1.1 x [H2] at each temperature. 

At -78 ºC, the equilibrium constant for the addition of H2 to 18 to form 21’ is 145 

M-1. The thermodynamic parameters thus derived indicate that, while enthalpically 

favoured (∆Hº = -4.9(3) kcal mol-1), the entropic penalty (∆Sº = -15(2) cal mol-1 K-1) 

renders the formation of 21’ at room temperature essentially thermoneutral (∆Gº298 = -

0.4(5) kcal mol-1), consistent with the qualitative observations. The equilibrium constant 

measured at -78 ºC when deuterium is substituted for hydrogen (Keq(D2) = 590 M-1) is 

larger, and a substantial inverse EIE of 0.37 is obtained. The observation of an inverse 

EIE in the oxidative addition of H2/D2 is expected in this low temperature regime. Since 

the nM-H hydride stretching frequency is lower than the nH-H stretching frequency of 
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dihydrogen, and deuterium is known to preferentially reside in the higher energy 

oscillator,191 a normal EIE would initially seem logical. The occurrence of an inverse EIE 

was rationalized by Parkin and co-workers191-193 by describing four low frequency 

bending-type vibrational modes occurring in a metal dihydride species, in addition to the 

two high frequency stretching modes. The combined effect of these six isotope-sensitive 

frequency modes overcomes the stabilizing effect of the single isotope-sensitive 

vibrational mode of H2, resulting in an overall inverse EIE. Thus data acquired for this 

system are entirely consistent with an equilibrium involving reversible oxidative addition 

of hydrogen to iridaepoxide 18. 

To probe the effect of the X ligand on the formation of the kinetic dihydride 

species, the same equilibrium measurements were made using iridaepoxide hydroxo 19 

and bromide 20 derivatives. It is well-established that the exothermicity of hydrogen 

addition to Vaska’s complex (IrCl(CO)(PPh3)2) is strongly influenced by the nature of the 

X-ligand,194 and that the addition product is favoured as the halide is changed from F < 

Cl < Br < I.195,196 Given the structural similarities about iridium between Vaska’s 

complex and iridaepoxide 18, it was postulated that the position of the equilibrium might 

be influenced by changing this X ligand. The hydroxo complex 19 exhibits no reaction 

with H2 at -78 ºC, indicating that the equilibrium constant for formation of a dihydride 

complex analogous to 21’ is very small. Bromo compound 20 exhibits behaviour more 

akin to that of 18 forming a kinetic isomer at low temperatures 22’. The equilibrium 

constant measured for the formation 22’ (693 M-1) is about five times larger than that 

found for the chloro derivative (145 M-1), indicating that the exothermicity of hydrogen 
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oxidative addition to these compounds follows a similar trend to that observed in the 

Vaska’s complex series.194 

3.2.5.3. Labelling Experiments and Hydride Scrambling 

The dihydride complexes 21 and 21’ each clearly play a critical role in the 

observed homogeneous hydrogenation of nitrous oxide to water. Therefore, in an effort to 

learn more about these species, the kinetic isotope effect (KIE) on the addition of H2 to 

iridaepoxide 18 was investigated. Both 21 and its dideuterated isotopologue d2-21 have 

been isolated and their 31P{1H} NMR chemical shifts are baseline resolved in the 162 

MHz spectrum at 24.0 and 24.1 ppm respectively. To assess the KIE, a competition 

experiment was proposed where a 1:1 mixture of H2/D2 (1 atm) would be introduced to a 

sample of iridaepoxide 18. Surprisingly, rather than the expected mixture of 21 and d2-

21, a near statistical mixture of the four possible isotopologues was observed at room 

temperature through analysis of the 31P{1H}, 1H{31P} and 2H NMR spectra.  



 84 

S PiPr2

S PiPr2

Ir
Cl

O

S P

S P
Ir

ClO
H

H

iPr2

iPr2

S P

S P
Ir

ClO
D

D

iPr2

iPr2

S P

S P
Ir

ClO
H

D

iPr2

iPr2

S P

S P
Ir

ClO
D

H

iPr2

iPr2

H2 / D2 - H2 / D2HD- HD

18

dn-21

OR

 

Scheme 3-10. Reaction of 18 with a mixture of H2/D2 or pure HD at room temperature to 
produce four thermodynamic isotopologues dn-21. 

 

The hydride region of the 1H NMR spectrum showed two complex patterns of 

overlapping signals, however, by decoupling the 31P nuclei, a simplified pattern of four 

resolved resonances was uncovered as shown in Figure 3-10. Two of these resonances 

correspond to the two hydrides of the characterized dihydride complex 21, while the 

remaining two hydride signals appear just slightly shifted of the original two and are 

attributed to the two monodeuterated isotopologues d1-21. The presence of the d2 

isotopologue d2-21 was confirmed by 2H and 31P{1H} NMR spectroscopy. Furthermore, 
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the presence of a significant amount of HD was detected in solution by observation of a 

1:1:1 triplet (1JHD = 43 Hz) in the 1H NMR spectrum at 4.47 ppm. This result was 

corroborated by a complementary experiment in which the reaction of 18 with pure HD 

gas gave the same mixture of four isotopologues (Figure 3-10), along with detectable 

amounts of H2 in the 1H NMR spectrum (singlet, 4.51 ppm). 

 

Figure 3-10. Hydride region of the 1H{31P} NMR spectrum of pure 21 (top), the reaction 
mixture when 18 is treated with a mixture of H2/D2 (middle) and the reaction mixture 
when 18 is treated with HD (bottom). Note that while the outer resonances in each pair 
are due to d1-21, absolute assignments have not been made for these resonances. 

 

Recall from Section 3.2.3 that the thermodynamic dihydride complexes 21 and d2-

21 do not undergo any intermolecular label scrambling unless heated above 80 ºC; the 

temperature regime in which hydrogen elimination from 21 begins. Considering that the 

scrambling to form the four isotopologues dn-21 occurs at room temperature, this 

requires that the isotope label redistribution in the H2/D2 mixture and the pure HD must 
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be occurring prior to the formation of the thermodynamic isotopologues dn-21. Given 

this conclusion, it was postulated that this rapid H/D scrambling process is emanating 

from the proposed kinetic isomer 21’. In order to test this hypothesis, the same H2/D2 

mixture of gases (ca. 1.4:1) was added to a solution of iridaepoxide 18 in CD2Cl2 at -78 

ºC rather than room temperature. The initial 243 MHz 31P{1H} NMR spectrum taken at -

78 ºC is shown at the top in Figure 3-11. Here a broad resonance for 18 is observed at 

approximately 25.1 ppm, accompanied by two sharper resonances at 23.3 and 23.1 ppm 

corresponding to the kinetic isotopologues d2-21’ and 21’ respectively. This spectrum 

remains constant at this temperature and thus it appears as though no label scrambling 

occurs at temperatures below -78 ºC. As the sample is gradually warmed however, the 

chemical shift for the dn-21’ isotopologues collectively shift downfield and the signals 

broaden slightly. Additionally, a new resonance of intermediate chemical shift begins to 

appear even at -68 ºC. In the -38 ºC spectrum, the signals for dn-21’ have significantly 

diminished as the equilibrium shifts towards 18; warming above this temperature would 

result in the formation of the thermodynamic isotopologues dn-21. If the sample is then 

re-cooled to -78 ºC, shifting the equilibrium back to the addition product, the 31P{1H} 

NMR spectrum clearly displays four distinct signals corresponding to the four kinetic 

isotopologues of the epoxy dihydride complex. The assignment of all four of these 

signals was confirmed by individual low temperature experiments with H2, D2 and HD 

gasses. Another interesting result can be extracted from this experiment upon observing 

the intermediate d1-21 signal at various temperatures. At temperatures above -78 ºC, 

these two signals coalesce into one averaged signal, indicating that these two species are 

in rapid exchange, likely via an h2-HD complex. Once again, in addition to the singlet for 
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H2 at 4.55 ppm, the distinct, isotopically shifted 1:1:1 triplet for HD is observed at 4.52 

ppm. This experiment clearly illustrates an isotope scrambling process and formation of 

HD gas emanating from the kinetic isomer 21’. 

 

Figure 3-11. Reaction of 18 with a mixture of H2/D2 at -78 ºC, followed by warming to -
38 ºC and then re-cooling to -78 ºC as monitored by 31P{1H} NMR spectroscopy (243 
MHz) in CD2Cl2. 

 

3.2.5.4. Kinetic Studies for Water Elimination 

Upon monitoring the thermolysis of 21 by 31P{1H} NMR spectroscopy (Figure 

3-12), the early formation of 18 from hydrogen elimination is evident, along with the 

formation of carbene chloride 5. As expected, the hydrogen produced by elimination 
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from 21 reacts with the concomitantly formed carbene complex leading to hydrogenation 

and a broad signal for the fluxional hydrido chloride complex 6 (see Section 2.2.2). At 

higher temperatures, addition of a second hydrogen molecule is entropically precluded 

and no evidence of the hydrido chloride dihydrogen adduct 7 was observed. After one 

hour at 105 ºC, a mixture of all four of these species is present in the 31P{1H} NMR 

spectrum. Because each of the reactions involved in this mixture are reversible, with the 

exception of the water elimination, prolonged heating (16 hr at 110 ºC) of the closed 

system eventually led to full conversion to the carbene chloride complex 5 and one 

equivalent of water. This sequence of reactions from 5 to 18 to 21 and then back to 5 is 

significant because it demonstrates a formal hydrogenation of N2O to N2 and H2O. This 

final water elimination step completes the catalytic cycle for this transformation. 

Due to the complex mixture of intermediates observed during the elimination of 

water from 21, any attempt to monitor the kinetics of this reaction would be exceedingly 

difficult. In order to simplify matters, the same water elimination reaction was performed 

under 1 atm H2 gas. The presence of excess hydrogen suppressed the signal 

corresponding to the epoxy chloride complex 18, as monitored by 31P{1H} NMR 

spectroscopy. Furthermore, the carbene chloride complex 5 was immediately 

hydrogenated under these conditions and therefore the only compounds visible in the 

31P{1H} NMR spectrum are the dihydride starting material 21 and the hydrido chloride 

product 5. Once again, within this elevated temperature range, the dihydrogen adduct 7 

was not detected. However, when the mixture was cooled back down to room 

temperature, the sole product observed was the fully hydrogenated product 7. 
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Figure 3-12. 243 MHz 31P{1H} NMR spectra depicting the mixture of observed 
intermediates upon heating 21 in toluene-d8 in a closed system under argon. 
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Figure 3-13. Plot showing first order dependence on [21] for water elimination. 
 

The conversion of epoxy dihydride complex 21 to hydrido chloride 6 in the 

presence of 1 atm H2 gas was monitored by 1H NMR spectroscopy at four different 

temperatures between 95 and 125 ºC. Temperatures lower than 95 ºC yielded reaction 

rates too slow for convenient observation, and temperatures above 125 ºC resulted in 

rapid reaction rates and a mixture of both hydrido chloride 6 and carbene chloride 5 as 

products. Under these conditions, no iridaepoxide 18 was observed by 1H or 31P{1H} 

NMR spectroscopy. Using o-xylene-d10 as the solvent and tetrakis(trimethylsilyl)silane as 

the internal standard, the loss of 21 was monitored by integration of an iso-propyl 
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methine resonance in the 1H NMR spectrum. The elimination of water from 21 was found 

to be cleanly first order in [21] (Figure 3-13), and an Eyring analysis gave the following 

activation parameters: ∆H‡ = 34(2) kcal mol-1; ∆S‡ = 13(4) cal mol-1 K-1 (Figure 3-14). 

An enthalpy of activation value of 34(2) kcal mol-1 is consistent with the temperature 

range required for this reaction. Analysis of the rate of D2O elimination from d2-21 at 105 

ºC gave a moderate kinetic isotope effect (KIE) of kH/kD = 1.7(1).  

 

Figure 3-14. Eyring plot (left) corresponding to the elimination of water from 21. Eyring 
equation and activation parameters (right). 

 

3.2.5.5. Proposed Mechanism for Water Elimination 

Combining the spectroscopic, labeling and quantitative kinetic data gathered 

concerning the elimination of water from the epoxy dihydride complex 21, a mechanism 

has been proposed as shown in Scheme 3-11. A moderately positive entropy of activation 

of 13(4) cal mol-1 K-1, as well as a kinetic isotope effect of 1.7(1)192 agree well with a 

potentially rate determining hydrogen elimination from 21 to generate 18. This allows 

access to a manifold in which the kinetic dihydride isomer 21’ can be formed, which is 
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critical because in 21’ the geometry is now primed for the formation of O-H bonds. The 

product of this O-H bond formation would be the putative PCsp3P hydrido chloride 

species I in which an OH substituent is present on the anchoring carbon atom of the 

pincer ligand. This is essentially an O-H reductive elimination process.197 Subsequently, 

formal oxidative addition of the C-O bond in I would lead to the PCcarbeneP Ir(III) species 

II, from which reductive elimination of water would be expected to be rapid. 

Appropriately, this C-O addition, or OH migration, would have a higher barrier than the 

equilibria between 18, 21’ and I.198,199 While O-H bond formation is likely reversible, 

elimination of water from II is not, since carbene chloride 5 does not react with water 

under these conditions, and this step completes the reaction. In this scenario, the lack of 

evidence for I or II while monitoring this water elimination reaction further points to 

hydrogen reductive elimination from 21 as the rate determining step. 
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Scheme 3-11. Proposed mechanism for water elimination from 21. 
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 It is worth noting that the reverse process of this water elimination reaction is 

essentially a water splitting reaction resulting in the production of hydrogen. As stated 

above however, carbene chloride 5 does not react with water, even at temperatures up to 

110 ºC when heated with an oil bath or in a microwave reactor for 24 hours. Water is also 

inert towards carbene chloride 5 when irradiated with 300 nm light for 18 hours. 

3.2.5.6. Proposed Mechanism for Hydride Scrambling 

While the kinetic isomer is strongly implicated in the observed H/D scrambling, the 

mechanism by which this occurs is somewhat speculative. It is logical to presume that the 

kinetic isomer undergoes the same type of ligand cooperative behaviour as described in 

the water elimination mechanism, that is, forming an equilibrium with an alcohol type 

intermediate (I, Scheme 3-12). Intermediate I is directly analogous to the hydrido 

chloride species 6 formed as the product of initial C-H activation during the ligand 

attachment protocol, with the addition of an alcohol moiety on the anchoring carbon. 

These five-coordinate Ir(III) compounds are highly fluxional15,84,200,201 and have been 

shown to bind H2 to form h2-dihydrogen complexes in which all three hydrogens are in 

rapid exchange; in fact, this is exactly what was observed for complex 6 as described in 

Section 2.2.2. Intermediate I would likely behave in this same manner, binding a 

molecule of D2 (in an H2/D2 mixture scenario) followed by rapid hydride exchange 

resulting in the production of a molecule of HD, as observed experimentally, and the 

incorporation of a deuterium label in I. Since this is in equilibrium with the kinetic 

dihydride form, O-H oxidative addition of would result in the mixed label kinetic 

isotopologue d1-21; this in turn can release another molecule of HD regenerated 
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iridaepoxide 18. Given that each of these steps are reversible, the cycle can be repeated 

indefinitely, generating a mixture of H2, D2 and HD gasses in the headspace of the 

reaction. When performed at room temperature, this series of exchanges occurs rapidly, 

producing a mixture of gasses that can now react with 18 to form the four thermodynamic 

isotopologues as described. 
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Scheme 3-12. Proposed mechanism for H/D scrambling. 
 

Considering the alternative view of the dihydride complex 21 as an h2-ketone 

complex, the reversible conversion to I would be considered a 1,2-insertion of the C=O 
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bond into the cis disposed hydride ligand and reverse process, b-hydride elimination. 

Both of these views are reasonable suggestions given the experimental data. 

3.2.6. Model Compounds for Proposed Intermediates 

Given the lack of spectroscopic evidence for the intermediates I and II discussed 

above, generating these complexes in situ by other means would provide evidence for 

their formation. Synthesizing a proligand possessing an alcohol functional group on the 

central carbon with subsequent ligation to iridium, could result in O-H oxidative addition 

and the formation of the kinetic dihydride species 21’ followed by isomerization to the 

thermodynamic isomer 21 (Scheme 3-13). This result would indicate that an equilibrium 

between an alcohol intermediate such as I and dihydride 21’ is plausible. Unfortunately, 

as was discussed in section 2.2.1, the synthesis of such a proligand was met with failure. 

Alternatively, characterizing stable model compounds for these transient species could 

substantiate their existence at least circumstantially. 
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Scheme 3-13. Potential method to support the assignment of intermediate I. 
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Attempts were made to trap the alcohol species I by adding an L donor such as 

acetonitrile or triphenylphosphine to a solution of 18 under an atmosphere of hydrogen, 

and maintaining a temperature of -50 to -78 ºC. This was unsuccessful however, and no 

new products were observed. Furthermore, adding an excess of acetonitrile to a sample of 

21 and proceeding with the water elimination reaction led only to the hydrido chloride 

acetonitrile adduct 9 with no evidence of a new intermediate. 
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Scheme 3-14. Synthesis of carbene trichloride complex 24. 
 

The characterization of six-coordinate Ir(III) carbene complexes akin to 

intermediate II met with more success. Carbene chloride 5 can be treated with 

hexachloroethane (C2Cl6) at 50 ºC to yield the highly insoluble carbene trichloride 

complex 24 in excellent yields (Scheme 3-14). The deep green complex precipitated out 

of the CH2Cl2 solution as single, X-ray quality crystals. The insolubility of 24 in most 
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common solvents made full spectroscopic characterization difficult, however the solid 

obtained is analytically pure and X-ray structural analysis confirms its identity as a 

carbene trichloride complex (Figure 3-15). The iridium center exhibits octahedral 

geometry and the Ir1-C1 distance of 1.942(8) Å is comparable to that of carbene hydroxo 

complex 11 (1.943(5) Å). The Ir1-Cl2 bond length (trans to the carbene donor) is 

significantly longer at 2.428(2) Å than the lengths recorded for the cis chlorides (2.350(3) 

and 2.356(3) Å). This same carbene trichloride complex can be synthesized by exposing 

iridaepoxide 18 to two equivalents of Me3SiCl and heating to 110 ºC in toluene. Dark 

green crystals precipitated out of solution, but the reaction did not reach completion even 

after several days.  

Table 3-6. Select metrical parameters for 24 (top) and 25 (bottom). 

Compound Bond Distances (Å) Bond Angles (º) 

S PiPr2

S P

Ir

iPr2

Cl

Cl

Cl

24  

Ir1-C1 1.942(8) P1-Ir1-P2 170.45(9) 
Ir1-P1 2.344(3) C1-Ir1-P1 85.7(3) 
Ir1-P2 2.346(3) C1-Ir1-Cl1 92.0(3) 
Ir1-Cl1 2.350(3) C1-Ir1-Cl2 178.8(3) 
Ir1-Cl2 2.428(2) C1-Ir1-Cl3 90.3(3) 
Ir1-Cl3 2.356(3)   

S PiPr2

S P
Ir

iPr2

OTf

Cl

OTf

25  

Ir1-C1 1.943(5) P1-Ir1-P2 164.80(7) 
Ir1-P1 2.380(2) C1-Ir1-P1 83.8(2) 
Ir1-P2 2.376(2) C1-Ir1-Cl1 96.4(2) 
Ir1-Cl1 2.305(3) C1-Ir1-O1 177.6(3) 
Ir1-O1 2.200(4) C1-Ir1-O4 94.0(3) 
Ir1-O4 2.124(8)   
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Figure 3-15. X-ray molecular structures of 24 (top) and 25 (bottom). Thermal ellipsoids 
are shown at the 50% probability level. Hydrogen atoms in each structure and phosphine 
iso-propyl groups in 25 have been omitted for clarity. 

 

This same method was used to generate a more soluble analog of 24. When a 

toluene solution of iridaepoxide 18 was treated with two equivalents of Me3SiOTf and 

left at room temperature overnight, a new product was observed in the form of large deep 
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green crystals. When dissolved in CD2Cl2, these green crystals result in a deep 

purple/pink solution corresponding to an Ir(III) bis triflato chloride complex 25 (Scheme 

3-15). Interestingly, use of only one equivalent of Me3SiOTf yields a 1:1 mixture of 25 

and the starting material 18, indicating that the reaction of the second equivalent of 

Me3SiOTf is much faster than the initial reaction of 18 with Me3SiOTf. One equivalent of 

O(SiMe3)2 is also produced in the reaction of 18 with Me3SiOTf, balancing the equation. 

The bis triflato complex 25 proved to have a much higher solubility than its all-chloride 

analog 24, and was therefore fully characterized spectroscopically. Along with typical 

ligand resonances in the 1H NMR spectrum, 25 features a highly downfield shifted signal 

at 219.1 ppm for the carbene carbon in the 13C{1H} NMR spectrum. The 19F NMR 

spectrum contains two distinct resonances at -78.8 and -79.1 ppm corresponding to 

inequivalent triflate groups, suggesting a geometry as shown in Scheme 3-15. Solid state 

structural analysis on single crystals of complex 25 confirms this geometry assignment 

and the molecular structure is shown in Figure 3-15. The structure of 25 is similar to that 

of the trichloride 24, except the ligand backbone exhibits some torsion between the 

planes of the benzo[b]thiophene linkers, possibly due to the bulkier triflate ligands 

interacting with the phosphine iso-propyl groups. The Ir1-C1 distance is similar at 

1.943(5) Å, and a difference is once again observed in the Ir1-O1 bond distance (2.200(4) 

Å) trans to the carbene versus the Ir1-O4 bond distance (2.124(8) Å) in a cis orientation 

to the carbene. 
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Scheme 3-15. Synthesis and reactivity of complexes 25 and 26. 
 

 In an attempt to form an alcohol type complex akin to I, iridaepoxide 18 was 

protonated with triflic acid (HOTf). Rather than protonating once, leading to an alcohol 

or hydroxo species, double protonation occurred resulting in an Ir(III) cationic aquo 

complex, closely related to the bis triflato complex 25. Adding one equivalent of HOTf to 

a solution of 18 in CD2Cl2 at -20 ºC led to the immediate formation of this new deep red-

pink cationic complex 26 (Scheme 3-15). Even though only one equivalent of acid was 

used, a 1:1 mixture of 26 and 18 were observed in solution. Adding a second equivalent 

of HOTf led to full conversion to 26. Surprisingly, an attempt to deprotonate the aquo 

complex 26 with one equivalent of NEt3, also bypassed the monoprotonated product 

resulting in the regeneration of iridaepoxide 18. The in situ formation of aquo complex 

26 is clean and the 1H NMR spectrum exhibits a singlet at 6.52 ppm integrating to 2H, 

corresponding to the aquo protons. Similar to 25, a downfield chemical shift of 215.8 
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ppm is observed in the 13C{1H} NMR spectrum for the carbene carbon, and inequivalent 

resonances at -78.2 and -80.2 ppm are apparent in the 19F NMR spectrum. While the in 

situ formation of 26 is clean for several hours, isolation of this complex proved difficult. 

The loss of the aquo ligand is likely a contributing factor to the slow decomposition of 

26, therefore in an attempt to grow crystals to confirm its molecular structure, 26 was 

made using a solution of wet CH2Cl2 (degassed CH2Cl2 that has not undergone the 

normal drying procedure) and subsequently layered with pentane and placed in the 

freezer at -20 ºC. Using this method, X-ray quality crystals of 26 were obtained and the 

structural analysis describes a geometry in which a triflate ligand lies trans to the 

carbene, and the second anionic triflate group (from an adjacent unit cell) is hydrogen 

bonding with one of the aquo protons (Figure 3-16). An Ir1-O1 distance of 2.097(3) Å 

was measured for the aquo ligand, slightly shorter than the triflate Ir-O distances, and 

most of the other structural features shown in 26 are comparable to those of the bis 

triflato complex 25. The substitution of a triflate for a smaller aquo ligand however, 

relieved the strain in the pincer ligand backbone and restored the characteristic planarity.  

Table 3-7. Select metrical parameters for 26. 

Compound Bond Distances (Å) Bond Angles (º) 

S PiPr2

S P
Ir

iPr2

OH2

Cl

OTf

26

OTf

 

Ir1-C1 1.959(5) P1-Ir1-P2 171.32(5) 
Ir1-P1 2.364(1) C1-Ir1-P1 85.8(1) 
Ir1-P2 2.365(1) C1-Ir1-Cl1 91.3(1) 
Ir1-Cl1 2.320(1) C1-Ir1-O1 93.4(2) 
Ir1-O1 2.097(3) C1-Ir1-O2 175.4(2) 
Ir1-O2 2.194(4)   
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Figure 3-16. X-ray molecular structure of 26. Thermal ellipsoids are shown at the 50% 
probability level. iso-Propyl carbon atoms and all hydrogen atoms except for H1 and H2 
have been omitted for clarity. H1 and H2 were detected in the experimental electron 
density map and were fully refined without distance and displacement restraints. 

 

Complexes 25 and 26 are constitutionally related by the addition or elimination of 

one equivalent of water. The direct addition of degassed water to a sample of the bis 

triflato complex 25 in CD2Cl2 was met with mixed success, likely do to the immiscibility 

of these two liquids. However, dissolving 25 in wet CD2Cl2, which amounted to 

approximately one equivalent of water at this scale, eventually led cleanly to the aquo 

complex 26 (Figure 3-17). Conversely, 25 could be regenerated from 26 through the 

addition of 4 Å molecular sieves, removing the presumably labile water adduct (Scheme 

3-15). 
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Figure 3-17. 202 MHz 31P{1H} NMR spectra in CD2Cl2 showing the reversible addition 
of water to 25 to make 26. 

 

 Complex 26 can also be reduced with two equivalents of CoCp*2 leading to rapid, 

clean conversion to the carbene chloride 5 and one equivalent of water. Using CD2Cl2 as 

the solvent, the water signal expected at ca. 1.5 ppm188 was obscured by the ligand and 

Cp* resonances. Treatment of this mixture with an excess of Me3SiCl produced the 

appropriate O(SiMe3)2 signal as observed in the 1H NMR spectrum (Figure 3-18). The 

production of HCl in this water detection reaction reacted with carbene chloride complex 

5, forming a new product. No formation of a hydroxo intermediate was observed in the 
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reduction of 26 by two electrons, further confirming the ease with which intermediate II 

would eliminate water. 

 

Figure 3-18. 500 MHz 1H NMR spectra in CD2Cl2 of the two-electron reduction of 26 to 
form 5 and water. 

 

3.2.7. Activation of Ammonia by Iridaepoxide 18 

Upon exploring the reactivity of the new iridaepoxide complex 18, it was 

discovered that with gentle heating, a new product is formed when placed under an 

atmosphere of NH3 gas. After heating a toluene solution of iridaepoxide 18 with 1 atm 

NH3 to 65 ºC, a slight colour change from bright red to pale orange was observed over 

the course of two days. In addition, a white precipitate was formed and a single new 
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product was observed by 1H and 31P{1H} NMR spectroscopy. A slight shift was apparent 

in the 31P{1H} NMR spectrum from 25.1 ppm for 18 to 26.1 ppm for the new product. 

Also, the 1H NMR spectrum (Figure 3-19) exhibits the characteristic signals for an 

iridaepoxide complex with an additional triplet (3JHP = 6.4 Hz) resonance integrating to 

two protons at 5.07 ppm.  

 

Figure 3-19. 600 MHz 1H NMR spectrum of epoxy amide 28 in toluene-d8. The solvent 
is indicated with asterisks. 

 

This new product is assigned as an epoxy amide complex 28 (Scheme 3-16) formed 

with two equivalents of ammonia, resulting in the formation of NH4Cl which precipitates 

out of solution at room temperature. A diagnostic triplet (2JCP = 2.1 Hz) at 65.2 ppm in 

the 13C{1H} NMR spectrum provides evidence for the assignment as an iridaepoxide 

complex. Furthermore, when an excess of degassed water was added to a toluene solution 

of 28, room temperature hydrolysis (Scheme 3-17) to the characterized epoxy hydroxo 

complex 19 occurred over the course of two days. This suggests that an NH2 ligand could 

be present on the metal. 
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Scheme 3-16. Synthesis of epoxy amide complex 28 by activation of NH3. 
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Scheme 3-17. Hydrolysis of amide complex 28 producing hydroxo complex 19. 
 

It is postulated that this new epoxy amide complex was formed by means of a 

similar ligand cooperative mechanism as described for the water elimination and hydride 

scrambling processes. It is reasonable to suggest that an NH3 molecule was activated 

across the Ir-O bond of the iridaepoxide 18, resulting in the putative alcohol intermediate 

shown in Scheme 3-16. It is likely that an unobserved coordination of NH3 to the iridium 

center preceded this ligand cooperative N-H activation. The formation of NH4Cl suggests 

that a dehydrohalogenation reaction then took place using a second equivalent of NH3 as 
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a base to deprotonate the alcohol, resulting in the regeneration of the epoxide moiety and 

the formation of amide complex 28.  

3.2.8. Synthesis of Iridaaziridine Complexes and Reactivity with H2 

The new iridaepoxide complexes described in this Chapter are rather unique 

structures that warrant further investigation. It is possible that the Ir=C linkage in carbene 

complexes such as 5 are capable of activating other small molecules resulting in related 

bridging motifs. Differing bridging groups may provide the opportunity for stabilization, 

and therefore characterization, of analogous transient species in the epoxide system. With 

this in mind, carbene chloride 5 was reacted with a series of azides in hopes of producing 

iridaaziridine complexes where an NR group is present in place of the oxygen atom in the 

iridaepoxide compounds.  

Additions of mesityl202 or trip (trip = 2,4,6-triiso-propylphenyl) sulphonyl203 azides 

to toluene solutions of carbene chloride 5 each resulted in the immediate formation of a 

new product as evidenced by a colour change from deep brown to deep red-purple within 

five minutes at room temperature. Additionally, the formation of a single product was 

observed by 31P{1H} NMR spectroscopy as evidenced by singlets at 15.1 and 20.9 ppm, 

respectively. The 1H and 13C{1H} NMR spectra are consistent with the formation of 

iridaaziridine complexes 29 and 30 as shown in Scheme 3-18. Mesityl complex 29 

features a signal at 52.1 ppm (the 2JCP coupling is unresolved) in the 13C{1H} NMR 

spectrum corresponding to the anchoring ligand carbon in addition to the expected ligand 

and mesityl resonances in the 1H NMR spectrum. This is also the case for the trip 
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sulfonyl amide complex 30 where a triplet (2JCP = 2.0 Hz) is observed in the 13C{1H} 

NMR spectrum at 41.6 ppm for this carbon linker.  
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Scheme 3-18. Synthesis of bridging amide complexes 29 and 30. 
 

Deep red single crystals were grown by layering a CH2Cl2 solution of 30 with 

pentane and placing in the freezer at -20 ºC. X-ray diffraction analysis of these crystals 

confirmed the production of an iridaaziridine complex as proposed. The molecular 

structure of 30 (Figure 3-20) bears a likeness to the earlier epoxide complexes with the 

aryl sulphonyl group projecting directly up from the pincer ligand plane. Despite the lack 

of symmetry apparent in the solid state, the solution NMR spectra of 30 depict symmetric 

albeit broadened resonances for this complex, indicating fluxional behaviour of the aryl 

sulfonyl group. The Ir1-C1 bond distance of 2.094(2) Å is comparable to that of the 

iridaepoxide 18 at 2.080(6) Å and the C1-N1 bond distance of 1.418(3) Å falls between 

values typical for single (1.46 Å) and double (1.21 Å) C-N bonds.187 
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Figure 3-20. X-ray molecular structure of 30. Thermal ellipsoids are shown at the 50% 
probability level. All hydrogen atoms have been omitted for clarity. 

 

Table 3-8. Select metrical parameters for 30. 

Compound Bond Distances (Å) Bond Angles (º) 

30

S P

S P
Ir

N

Cl
iPr2

iPr2
SO2

 

Ir1-C1 2.094(2) P1-Ir1-P2 161.10(2) 
Ir1-P1 2.3273(7) C1-Ir1-P1 84.79(7) 
Ir1-P2 2.3341(6) C1-Ir1-Cl1 160.53(7) 
Ir1-Cl1 2.2982(9) C1-Ir1-N1 40.06(9) 
Ir1-N1 2.044(2) C1-N1-Ir1 71.9(1) 
C1-N1 1.418(3) N1-C1-Ir1 68.1(1) 

 

 With these nitrogen analogues of the iridaepoxide complexes in hand, their 

reactivity with hydrogen could now be explored. Placing a toluene-d8 solution of 29 

under 1 atm hydrogen gas showed very slow conversion to two new products at room 

temperature, as monitored by 1H and 31P{1H} NMR spectroscopy. Heating of this 
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reaction to 65 ºC accelerated the process and the two products were identified as the 

hydrido chloride dihydrogen adduct 7 and the polyhydride complex 8. Presumably, the 

addition of hydrogen initially resulted in the elimination of mesityl amine and production 

7. This complex has been shown to undergo dehydrohalogenation while under an 

atmosphere of H2 to produce the polyhydride 8 when in the presence of a base, which has 

now been produced as the elimination product. Mesityl signals for MesNH3Cl were 

observed in the 1H NMR spectrum of this reaction at 6.66 (2H), 2.18 (3H) and 1.90 (6H) 

ppm. In the case of 30, slow conversion to the dihydrogen adduct 7 was observed at room 

temperature. Upon heating at 65 ºC, full conversion to 7 occurred in less than four hours, 

and signals corresponding to the trip sulphonyl amine are evident in the 1H NMR 

spectrum, including a slightly broadened singlet at 3.72 ppm integrating to two protons 

for the NH2 group. Unfortunately, no evidence for dihydride formation or any other 

unidentifiable intermediates was found during these reactions. 
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Scheme 3-19. Reactivity of iridaaziridine complexes with hydrogen. 
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3.2.9. Catalytic Hydrogenation of N2O 

The reactions described thus far combine to describe a formal hydrogenation of 

N2O to water and dinitrogen. Each of the stoichiometric steps involved in this 

transformation have been detailed above and proceed quite smoothly. Naturally, the next 

stage in this study would be to combine these steps, resulting in catalytic turnover of the 

hydrogenation of N2O. First, a series of control reactions were performed. It was 

determined that none of the compounds 5, 6, 18 or 21 react with water at 110 ºC, nor does 

the dihydride complex 21 react with N2O at 110 ºC. It is well established that carbene 

chloride 5 reacts with H2 leading to the hydrido chloride complex 6, however when an 

isolated sample of 6 was heated under an atmosphere of N2O, iridaepoxide 18 was 

formed. Accordingly, a toluene solution of dihydride complex 21 was exposed to ca. 2 

atm N2O/H2 (≈ 1:1) and heated to 110 ºC. Unfortunately, only complete decomposition of 

the iridium compound was observed with no evidence of catalytic turnover for the 

conversion of N2O and H2 to N2 and H2O. Various gas ratios and temperatures were tried, 

all resulting in decomposition. While the exact cause of this decomposition is unknown, 

it could stem from two possible factors: the slow reaction of carbene chloride 5 with N2O, 

especially since most of this complex is present in the hydrogenated form 6 from which 

hydrogen must be eliminated before reacting with N2O (Scheme 3-20), and the need to 

access the kinetic isomer 21’ from the thermodynamic dihydride complex 21 to release 

water. Both of these are high barrier processes. 
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Scheme 3-20. Potential catalytic cycle for N2O reduction. 
 

Despite the disappointing attempts at catalytic turnover, a pseudocatalytic 

experiment was performed as a proof of principle. In this experiment, only a single gas 

was added at any one time to perform a portion of the catalytic cycle, followed by 

degassing of the sample and introduction of the second gas (Scheme 3-21). Beginning 

with a sample of iridaepoxide 18 dissolved in toluene-d8, an atmosphere of hydrogen was 

introduced and the mixture was heated to 110 ºC until the room temperature NMR 

spectra showed full conversion to the hydrido chloride dihydrogen adduct 7. Once 
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degassed, an atmosphere of N2O was introduced to the J-Young NMR tube and the 

sample was once again heated to 110 ºC until only iridaepoxide 18 was present in the 

NMR spectra. Even though there are two equivalents of H2 being produced in this 

reaction, only 18 is observed by NMR spectroscopy. This small amount of hydrogen has 

likely migrated to the headspace of the J-Young NMR tube and was thus unavailable for 

reaction with 18 to form dihydride 21.  
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Scheme 3-21. Pseudocatalytic cycle for N2O reduction and decomposition product 27. 
 

After completing five full cycles of this N2O reduction, there was no evidence for 

decomposition as monitored by 1H and 31P{1H} NMR spectroscopy. There was, however, 

a small crop of colourless crystals observed to form in the NMR tube, amounting to ca. < 

10% of iridium complex by mass. X-ray analysis of these single crystals revealed the 

decomposition product 27 (Scheme 3-21), formally an isomer of the iridaepoxide 18. 

This carbonyl product where the pincer ligand has been partially dismantled is closely 

related to the decomposition products characterized with the dimethylamino-substituted 

phenylene ligand upon reaction with N2O and hydrogen.24 The colourless crystals of 27 

were completely insoluble in standard NMR solvents and thus spectroscopic 

characterization was not possible. The X-ray structure of 27 exhibits C2v symmetry and 
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contains a chloride ligand occupying two positions: equally above and below the 

ancillary ligand plane. For clarity, only one of the chloride positions is shown in Figure 

3-21. The C15-O1 bond distance of 1.138(9) Å is longer than those of carbonyl 

complexes cis-15 (1.125(4) Å) and 16 (1.12(1) and 1.121(8) Å) discussed in Chapter 2. 

 

Figure 3-21. X-ray molecular structure of 27. Thermal ellipsoids are shown at the 50% 
probability level. All hydrogen atoms have been omitted for clarity. Only one chloride 
position is shown here. 

 

Table 3-9. Select metrical parameters for 27. 

Compound Bond Distances (Å) Bond Angles (º) 

S

Ir
iPr2P S

PiPr2

Cl

O

27  

Ir1-C1 2.104(3) P1-Ir1-P1’ 180.0 
Ir1-P1 2.3899(6) C1-Ir1-C1’ 180.0 
Ir1-Cl1 2.366(3) C1-Ir1-P1 65.22(7) 
Ir1-C15 1.884(9) C1-Ir1-P1’ 114.78(7) 
C15-O1 1.138(9) Cl1-Ir1-C15 178.9(3) 
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3.3. Summary and Conclusions 

This Chapter discusses the synthesis and reactivity of novel iridaepoxide 

complexes formed through the ligand cooperative activation of N2O, a potent greenhouse 

gas and ozone depleting agent. These complexes react with hydrogen in a very complex 

fashion where kinetic and thermodynamic isomers of a hydrogen addition product are 

possible. Water elimination from this epoxy dihydride complex occurs at elevated 

temperatures resulting in the formal hydrogenation of N2O to nitrogen and water. The 

mechanism of this water elimination was investigated through spectroscopic, kinetic and 

thermodynamic studies and is thought to take place via the kinetic dihydride isomer from 

which O-H bonds can be formed. An intricate isotopic label scrambling also originates 

from this kinetic dihydride complex where hydrogen and deuterium gasses are efficiently 

scrambled generating HD gas and four kinetic and thermodynamic isotopologues. Ir(III) 

carbene model compounds for a proposed transient intermediate were synthesized and 

characterized as well as bridging amide analogues of the new iridaepoxide complexes. 

Catalytic turnover of N2O reduction was not possible, however a successful 

pseudocatalytic reduction of N2O brings optimism for further ligand design. 
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Chapter 4: Synthesis and Reactivity of Cationic Epoxy Dihydride Complexes and 
Cationic Carbene Complexes 

 

4.1. Introduction  

This chapter delves into the reactivity of cationic iridium complexes in hopes of 

exploring new chemistry not possible in the neutral system. Chloride abstraction from the 

epoxy dihydride complex 21 is discussed in view of eliminating the competition between 

kinetic and thermodynamic isomers and thus lowering the barrier to water elimination. A 

series of cationic carbene complexes are also presented, including a highly reactive 14-

electron species that mediates O-H oxidative addition among other interesting 

transformations. 

4.2. Results and Discussion 

4.2.1. Synthesis of a Cationic Epoxy Dihydride Complex  

In Chapter 3, data was presented that indicated the major barrier towards water 

elimination from the epoxy dihydride complex 21 was the need to generate the kinetic 

dihydride isomer 21’, which has the appropriate geometry for water elimination. This 

isomerization from the thermodynamic isomer to the kinetic isomer occurs through 

hydrogen elimination from the former, requiring elevated temperatures. It is thus logical 

to suggest that if the competition between these two isomers were to be removed, the 

barrier for water elimination would lowered considerably. The synthesis of a cationic 

epoxy dihydride complex was therefore proposed where a halide abstracting agent could 
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be used to remove the chloride ligand in 21 resulting in a cationic species, preferably with 

a weakly- or non-coordinating anion. 

Dihydride complex 21 was reacted with a number of different halide abstracting 

agents, producing mixed results. Adding one equivalent of Me3SiNTf2 to 21 at -20 ºC 

however, led immediately and cleanly to the formation of a single product. The NMR 

spectroscopic signatures of this product pointed however to a carbene species rather than 

an epoxy dihydride complex. This was not entirely surprising considering the reactivity 

of iridaepoxide 18 with Me3SiOTf to form the Ir(III) carbene 25 as described in Section 

3.6.2. While in that case, two equivalents of Me3SiOTf were required, resulting in 

O(SiMe3)2 as the byproduct, here dihydride 21 reacts quantitatively with one equivalent 

of Me3SiNTf2. The product of this reaction exhibits a singlet whose chemical shift ranges 

from 3 to 6.5 ppm and a broad hydride signal that appears between -19 and -27 ppm in 

the 1H NMR spectrum (Figure 4-1) as well as a broad resonance in the 31P{1H} NMR 

spectrum ranging from 40 to 52 ppm. The chemical shifts observed in this reaction are 

extremely sensitive to small changes in concentration, temperature and how much 

Me3SiNTf2 or byproduct is present in solution.  
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Figure 4-1. Three separate room temperature in situ 1H NMR spectra (500 MHz) of the 
reaction of Me3SiNTf2 with 21 at -20 ºC in CD2Cl2. The solvent is indicated with an 
asterisk and signals corresponding to residual o-xylene are indicated by blue circles. 

 

At first glance, it appears as though a five coordinate hydrido hydroxo complex 

(31, Scheme 4-1) was formed where the signal between 3 and 6.5 ppm corresponds to the 

OH proton. When the product was isolated however, this signal disappeared and any 

further reactivity led to complexes bearing chloride ligands. It is therefore proposed that 

rather than 31, a hydrido chloride carbene product 32 is formed instead upon reaction of 

21 with Me3SiNTf2. The byproduct of this reaction is Me3SiOH, accounting for the signal 

at 3 – 6.5 ppm which was removed in vacuo upon isolation. It is not clear from these data 

whether this reaction proceeds through a hydrido hydroxo intermediate (31) followed by 

reaction with the Me3SiCl byproduct, or through an alternative pathway involving direct 
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interaction between the epoxide oxygen and the Me3Si group. To ensure that the chloride 

source is in fact Me3SiCl and not the CH2Cl2 solvent, the reaction was repeated using 

acetone-d6 as the solvent, leading to the same result. 
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Scheme 4-1. Synthesis of 32 through reaction with Me3SiNTf2 and through protonation 
with HNTf2. 

 

The cationic hydrido chloride carbene complex 32 can also be synthesized through 

protonation of carbene chloride 5 with HNTf2. Furthermore, when reacted with 

triethylamine, 32 is easily deprotonated producing carbene chloride 5 (Scheme 4-1). In a 

CH2Cl2 solution at room temperature, this protonation occurs immediately with a colour 

change from deep brown to deep red-pink. Here, broad hydride and phosphorus 

resonances appear at -27.75 and 52.5 ppm in the 1H and 31P{1H} NMR spectra 

respectively. Additionally, a diagnostic carbene signal appears at 224.2 ppm in the 

13C{1H} NMR spectrum and a sharp singlet is present at -78.53 ppm in the 19F NMR 



 120 

spectrum. The chemical shifts in this reaction vary somewhat based on concentration and 

stoichiometry of HNTf2, but not as severely as described above. The broadness of the 

31P{1H} and hydride NMR signals are consistent with previous five-coordinate iridium 

complexes exhibiting fluxional behaviour. Additionally, the presence of a single sharp 

resonance observed in the 19F NMR spectrum of 32 suggests that in solution, the NTF2 

anion is not bound to the metal center. When the NMR spectra of 32 were acquired at 

temperatures as low as -75 ºC, the hydride and 31P{1H} resonances became sharper and 

shifted moderately with temperature. X-ray crystallographic data was obtained for 

complex 32 indicating that in the solid state the NTf2 anion coordinates to the iridium 

center through an oxygen atom (Figure 4-2). Only connectivity information could be 

gathered from this structure due to incomplete data collection. 

 

Figure 4-2. X-ray molecular structure of 32. Thermal ellipsoids are shown at the 50% 
probability level. iso-Propyl carbon atoms and all hydrogen atoms except for H1 have 
been omitted for clarity. Data collection for this structure is incomplete. 
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When this fluxional species is reacted with a chloride source, such as 

tetrabutylammonium chloride, an anion exchange takes place resulting in an Ir(III) 

carbene hydrido dichloride complex 33 (Figure 4-3), analogous to the iridium trichloride 

complex 24 described in Section 3.2.6. Adding one equivalent of nBu4NCl to a deep 

red/pink solution of 32 in CD2Cl2 immediately led to a colour change to deep 

green/brown and a sharpening of the NMR spectra. A clear triplet (2JHP = 11.8 Hz) 

integrating to 1H appears in the hydride region of the 1H NMR spectrum at -13.31 ppm in 

addition to a diagnostic carbene signal at 220.6 ppm in the 13C{1H} NMR spectrum. The 

geometry of complex 33 as assigned in Figure 4-3 is further confirmed by asymmetric 

resonances in the 1H NMR spectrum corresponding to the iso-propyl groups of the ligand. 

Evidently, this carbene structure is preferred over an alkyl dichloride species where the 

hydride ligand has migrated to the anchoring carbon position. This type of hydride 

migration has previously been proposed in carbene species of this type.17 Complex 33 can 

also be formed through reaction of carbene chloride 5 with one equivalent of HCl from a 

4 M dioxane solution. This conversion occurs cleanly and quantitatively resulting in the 

same spectroscopic features as 33. 
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Scheme 4-2. Synthesis of 34 and 35 through halide abstraction of 21 with AgNTf2. 

 



 122 

Considering the inclination for silyl groups to interact with the epoxide oxygen of 

21, as well as the potential formation of reactive chloride byproducts, AgNTf2 was 

employed as a halide abstracting agent for 21. The AgCl byproduct of this reaction 

should precipitate out of solution and not interfere with further chemistry. Reacting 21 

with one equivalent of AgNTf2 resulted in the room temperature, quantitative conversion 

to a single new product, identified as an epoxy dihydride triflimide complex 34 (Scheme 

4-2), as originally proposed. When AgNTf2 was added to a CH2Cl2 solution of 21, a 

colour change from pale yellow to darker orange was observed over the course of five 

hours at room temperature, along with the formation of a pink-brown precipitate. After 

filtration of the AgCl salt, 1H and 31P{1H} NMR spectroscopy indicated that a new 

dihydride species was formed cleanly as evidenced by two new resonances in the hydride 

region at -7.05 and -20.16 ppm and a shift from 24.5 to 32.0 ppm in the 31P{1H} NMR 

spectrum. It should be noted that the phosphorus and hydride signals were significantly 

broadened, indicating dynamic behaviour. In addition, the 19F NMR spectrum exhibits 

two broad signals at -77.97 and -79.67 ppm. The presence of two signals in the 19F NMR 

spectrum is characteristic of an oxygen-bound NTf2 ligand, rendering the two CF3 groups 

inequivalent. The lability of this bond is likely responsible for the observed broadness of 

the NMR spectra. Furthermore, the CF3 carbon resonances are not observable in the 

13C{1H} NMR spectrum, likely due to broadening of the inequivalent quartets. The 

13C{1H} NMR chemical shift for the iridaepoxide carbon appears at 114.2 ppm which is 

somewhat downfield from that of the chloride derivative at 99.5 ppm. This is consistent 

with the downfield shifts observed for the carbene resonances on going from neutral to 

cationic species. 
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Figure 4-3. X-ray molecular structure of 34. Thermal ellipsoids are shown at the 50% 
probability level. iso-Propyl carbon atoms and all hydrogen atoms except for H0 and H1 
have been omitted for clarity. H0 and H1 were detected in the experimental electron 
density map and were fully refined without distance and displacement restraints. 

 

Table 4-1. Select metrical parameters for 34. 

Compound Bond Distances (Å) Bond Angles (º) 

S P

S P

Ir
NTf2O
H

H

iPr2

iPr2
34  

Ir1-C9 2.157(3) P1-Ir1-P2 165.20(3) 
Ir1-P1 2.3094(9) C9-Ir1-P1 85.60(8) 
Ir1-P2 2.3306(9) C9-Ir1-O1 35.2(1) 
Ir1-O1 2.157(2) C9-O1-Ir1 72.4(2) 
Ir1-O2 2.259(2) O1-C9-Ir1 74.2(2) 
C9-O1 1.305(4) C9-Ir1-O2 120.4(1) 

  H1-Ir1-H2 76(2) 
 

The structure of 34 was confirmed by X-ray crystallography as shown in Figure 

4-3. In the solid state, the NTf2 ligand is indeed coordinated to iridium through an oxygen 

atom, and the Ir1-O2 bond distance of 2.259(2) Å is longer than any of the other Ir-O 
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bonds observed crystallographically thus far with this ligand framework, ranging from 

2.157(3) to 2.200(4) Å. The lability of this NTf2 ligand is further demonstrated by the 

ease with which it is displaced with a neutral L ligand such as acetonitrile. The addition 

of one equivalent of acetonitrile to complex 34 immediately generates a new cationic 

complex 35 (Scheme 4-2), where an acetonitrile adduct has displaced the NTf2 ligand, 

generating a formal ion pair. This led to an immediate sharpening of the NMR spectra 

and the appearance of typical NTf2 resonances in the 19F and 13C{1H} NMR spectra. The 

13C{1H} NMR chemical shift for the iridaepoxide carbon in 35 appears at 116.1 ppm (t, 

2JCP = 4.0 Hz), very close to that of 34. 

4.2.2. Water Elimination from a Cationic Epoxy Dihydride Complex 

While the NTf2 ligand in epoxy dihydride complex 34 appears to be bound to the 

metal center, the lability of this interaction will still likely lower the barrier to water 

elimination. At room temperature, 34 is stable in solutions of CD2Cl2 or C6D5Br, but 

when dissolved in a more donating solvent such as acetone-d6, slow conversion to a new 

carbene product is observed at room temperature over the course of ca. 16 hours. This 

new carbene species was identified as the Ir(I) acetone adduct 36 shown in Scheme 4-3. 

This complex is not very stable however, and decomposes over the course of several 

hours resulting in a large mixture of new products. Full NMR spectra of 36 could be 

obtained before decomposition however, and exhibit typical features of a C2v symmetric 

molecule as well as a singlet at 43.7 ppm in the 31P{1H} NMR spectrum. The 13C{1H} 

signals corresponding to the acetone adduct could not be identified, likely due to 

broadness of this labile ligand. To confirm this assignment, a solution of carbene chloride 
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5 in acetone-d6 was reacted with AgNTf2 at room temperature and resulted in the same 

product appearing at 43.7 ppm in the 31P{1H} NMR spectrum. Leaving this reaction 

mixture in solution at room temperature led to the same mixture of decomposition 

products as mentioned above. Furthermore, X-ray crystallographic data was obtained for 

this compound (Figure 4-4), albeit from a different route as described below. 
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Scheme 4-3. Room temperature water elimination from an epoxy dihydride triflimide 
complex 34 and the synthesis of the resultant acetone product 36. 

 

If a stronger donor is coordinated to the Ir(I) center, such as MeCN, a more stable 

cationic species can be isolated and characterized. Adding one equivalent of MeCN to a 

mixture of carbene chloride 5 and AgNTf2 in CD2Cl2 resulted in complete conversion to 

the carbene species 37 (Scheme 4-4) after two hours at room temperature. A similar 

cationic acetonitrile complex was synthesized using the ortho-phenylene ligand, in that 
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case using the non-coordinating B(ArF)4 anion.62 The NMR spectra of 37 are very similar 

to those of 36 with singlets appearing in the 31P{1H} and 19F NMR spectra at 41.6 and -

80.39 ppm respectively. A diagnostic singlet integrating to three protons for the MeCN 

ligand is also apparent in the 1H NMR spectrum at 3.09 ppm. While complex 37 is more 

stable than the acetone adduct 36, if left in a CD2Cl2 solution at room temperature for 

more than 24 hours slow decomposition becomes apparent. 

 

Figure 4-4. X-ray molecular structure of 36. Thermal ellipsoids are shown at the 50% 
probability level. All hydrogen atoms and the NTf2 counteranion have been omitted for 
clarity. 
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Table 4-2. Select metrical parameters for 36. 

Compound Bond Distances (Å) Bond Angles (º) 

S PiPr2

S PiPr2

Ir O

36

NTf2

 

Ir1-C9 1.901(3) P1-Ir1-P2 170.97(3) 
Ir1-P1 2.305(1) C9-Ir1-P1 85.4(1) 
Ir1-P2 2.304(1) C9-Ir1-O1 178.4(1) 
Ir1-O1 2.125(2) Ir1-O1-C31 135.2(2) 

O1-C31 1.236(4)   
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Scheme 4-4. Synthesis of cationic carbene acetonitrile complex 37. 
 

While the inherent instability of complexes such as 36 and 37, coupled with their 

relatively slow reactivity with N2O and decomposition under H2, suggest that this system 

will not be catalytically viable, the results described above using these cationic 

complexes support a mechanism requiring a kinetic isomer. When the competition 

between thermodynamic and kinetic isomers was diminished by abstracting the chloride 

ligand in 21, the barrier towards water elimination was drastically lowered as observed by 

room temperature water elimination from 34. This supports the proposed water 

elimination mechanism of Section 3.2.4.5. 
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4.2.3. Protonation of Carbene Hydroxo 11 with HNTf2 

Considering the facile protonation of carbene chloride 5 described above, to form 

the cationic hydrido chloride complex 32, perhaps a similar process could occur with the 

analogous carbene hydroxo complex 11 to produce a stable cationic hydrido hydroxo 

complex 31. Previous attempts to generate a neutral hydrido hydroxo complex using the 

benzo[b]thiophene, or the parent ortho-phenylene manifolds, have been unsuccessful. 

Introducing an atmosphere of hydrogen to a solution of carbene hydroxo 11 led to rapid 

elimination of water and formation of the polyhydride complex 8. Also, attempting to 

perform a salt metathesis reaction with the hydrido chloride complex 6 and CsOH simply 

led to decomposition. 
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Scheme 4-5. Protonation of 11 with HNTf2 in acetone-d6. 
 

The room temperature addition of HNTf2 to a solution of carbene hydroxo 11 in 

acetone-d6 immediately led to a colour change from deep brown to deep red/pink and 

complete conversion to a new product was evidenced by a shift from 34.6 to 43.6 ppm in 

the 31P{1H} NMR spectrum. The 1H and 31P{1H} NMR spectroscopic signatures of this 

new product match exactly with those of the previously synthesized acetone adduct 36, 

with an additional singlet at 3.74 ppm in the 1H NMR spectrum attributed to the loss of a 

water molecule. It is likely that protonation of 11 led to the formation of a cationic aquo 
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complex (Scheme 4-5) followed by a rapid exchange of the L donor in the acetone 

solvent. Layering this reaction mixture with pentane and placing in a freezer at -20 ºC led 

to the formation of X-ray quality crystals, identified as 36 as shown in Figure 4-4. 
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Scheme 4-6. Protonation of 11 with HNTf2 in wet CD2Cl2. 
 

 

Figure 4-5. In situ 600 MHz 1H NMR spectrum of the reaction of 11 with HNTf2 (31) in 
wet CD2Cl2. The solvent is indicated with an asterisk. 
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Surprisingly, when this same protonation reaction was performed in CD2Cl2 rather 

than acetone-d6, a very different result was observed. Upon addition of HNTf2 to carbene 

hydroxo 11 in wet CD2Cl2, rapid conversion to a new species bearing a broad resonance 

at 38.4 ppm in the 31P{1H} NMR spectrum took place. Interestingly, the 1H NMR 

spectrum (Figure 4-5) features a broad hydride signal at -20.74 ppm as well as two broad 

signals at 4.60 and 5.06 ppm. While the presence of a hydride ligand is clear, it is also 

reasonable to suggest that the OH ligand remains bound to iridium resulting in a cationic 

hydrido hydroxo complex 31 (Scheme 4-6). When this product is cooled to -55 ºC, the 

broad signals in the 1H and 31P{1H} NMR spectra become somewhat sharper. Most 

notably, phosphorus coupling to the hydride signal becomes apparent as a triplet (2JPH = 

13.2 Hz) is resolved. When performed in dry CD2Cl2, this reaction was not as clean, 

resulting in the formation of three very broad resonances in the 31P{1H} NMR spectrum. 

It is possible that the added water drives this reaction towards the hydrido hydroxo 

product, which may be stabilized by an additional labile aquo ligand. The addition of one 

equivalent of tetrabutylammonium chloride to a sample of 31 led to the clean and 

quantitative formation of a new product, analogous to the hydrido dichloride complex 33. 

The 1H and 31P{1H} NMR spectroscopic features of this new product, proposed as a 

neutral hydrido hydroxo chloride complex, with the chloride ligand positioned trans to 

the carbene (Scheme 4-6), are very similar to those of 33 with a few subtle shifts. The 

hydroxo product exhibits a shift of 0.1 ppm for the hydride signal compared to 33, as well 

as an additional broad singlet at 3.85 ppm in the 1H NMR corresponding to the OH 

proton. A sharp singlet is present at 23.9 ppm in the 31P{1H} NMR spectrum compared to 

the signal at 23.7 ppm for 33. Recall that the difference in NMR spectroscopic features of 
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chloride and hydroxo derivatives (such as 5 and 11) are usually minimal, also the 

chemical shifts for neutral compounds are more exact and do not vary as observed for the 

new cationic species. 

4.2.4. A Highly Reactive 14-electron Iridium Complex and O-H Oxidative Addition 

Considering the apparent stability of the cationic hydrido hydroxo complex 31, it is 

reasonable to suggest that this complex could be formed through O-H oxidative addition 

of water. With this in mind, carbene chloride 5 was reacted with halide abstracting agents 

Me3SiNTf2 and AgNTf2 in an attempt to form a highly reactive 14-electron carbene 

complex akin to the 14-electron PCarylP iridium complex formed in situ by Jensen.123 

While this type of complex would likely behave much like a “naked” PCcarbeneP complex, 

the labile NTf2 ligand would aid in supporting the iridium center through weak 

coordination.  
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Scheme 4-7. Halide abstraction from carbene chloride 5 to form highly reactive 14-
electron carbene complex 38. 
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Figure 4-6. In situ 600 MHz 1H NMR spectrum of 38 in CD2Cl2. The solvent is indicated 
with an asterisk. 

 

When Me3SiNTf2 is slowly added to a solution of carbene chloride 5 in dry CD2Cl2 

at -20 ºC, no colour change from deep brown is observed. The NMR spectra (Figure 4-6) 

five minutes after mixing did however show quantitative conversion to a new C2v 

symmetric compound. The 31P{1H} NMR spectrum features a somewhat broadened 

resonance at 45.5 ppm and a single resonance is observed in the 19F NMR spectrum at -

79.52 ppm. This new complex is assigned as the carbene triflimide complex 38 (Scheme 

4-7) where the NTf2 ligand is weakly coordinated to the iridium center. If left in solution, 

this complex decomposes over the course of a few hours. Due to this decomposition, only 

a low quality 13C{1H} NMR spectrum could be obtained, where the carbene carbon as 

well as most splitting patterns could not be identified. 



 133 

S P

S P

Ir
OH

iPr2

iPr2

H

NTf2

31

S PiPr2

S PiPr2

Ir Cl
AgNTf2

wet CD2Cl2

5

S PiPr2

S P

Ir

iPr2

OH2

H

OH

NTf2

- H2O

+ H2O

30 - 40%  

Scheme 4-8. Oxidative addition of water to form hydrido hydroxo 31. 
 

Bearing in mind the Me3SiCl byproduct, which would likely react with any 

potential hydroxo ligands formed from water activation, this same reaction was 

performed with AgNTf2, resulting in the same broad signal at 45.5 ppm in the 31P{1H} 

NMR spectrum. When wet rather than dry CD2Cl2 was used in this reaction, the addition 

of AgNTf2 resulted in a colour change from deep brown to deep red/pink. The 31P{1H} 

NMR spectrum showed some unreacted 38 as well as a number of new products, 

including a broad resonance at 39.9 ppm corresponding to a broad hydride signal in the 

1H NMR spectrum at -24.97 ppm. The NMR chemical shifts of these signals vary within 

several ppm each time the reaction is repeated, much like the reactions described in 

Section 4.2.1. Considering that no hydride signals were observed while monitoring the 

decomposition of 38 over time, it appears as though a water molecule is being activated 

resulting in a hydride product, albeit not very cleanly. The addition of excess (ca. 10 

equivalents) degassed water to a sample of 38 in CD2Cl2 led to a somewhat cleaner 

mixture of three products as shown in the 31P{1H} NMR spectrum. A signal at 37.0 ppm 

in the 31P{1H} NMR spectrum corresponds to a triplet (2JHP = 12.6 Hz) at -20.33 ppm in 

the hydride region of the 1H NMR spectrum. Immediately after mixing, this product 

accounted for ca. 40% of the observed products, based on integration of the 31P{1H} 
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NMR spectrum. After 24 hours at room temperature however, the signal at 37.0 ppm as 

well as the hydride resonance disappeared. The spectroscopic details of these reactions 

are very close to those observed during the protonation reaction of carbene hydroxo with 

HNTf2. Taking into account the variable nature of these chemical shifts, the cationic 

hydrido hydroxo complex 31 is a realistic proposal for this product. Once again, the 

presence of excess water could result in an additional aquo ligand coordinating to 

iridium. 
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Scheme 4-9. O-H oxidative addition of PhOH form 39 and protonation of 13 with 
HNTf2. 

 

Due to the inconclusive results investigating the reactivity of water, the activation 

of other, less complex O-H bonds was pursued. The use of primary alcohols in this 

investigation was avoided due to well-known b–hydride elimination and decarbonylation 
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reactions that occur with these substrates.204-206 Reacting phenol at -20 ºC with 38, 

formed in situ with either Me3SiNTf2 or AgNTf2, again led to an immediate colour 

change from deep brown to deep red/pink. In this case, only one product was observed by 

NMR spectroscopy and it has been assigned as the hydrido phenoxide cation 39 (Scheme 

4-9). The 31P{1H} NMR spectrum exhibits a broad signal at 51.4 ppm, characteristic of a 

fluxional five coordinate complex. Also, the 19F NMR spectrum features a sharp singlet 

at -80.4 ppm indicating that the NTf2 anion is likely not coordinated to the iridium center 

in solution. The 1H NMR spectrum, as shown in Figure 4-7, features the expected 

phenoxide resonances as well as a broad hydride signal at -27.64 ppm. Additionally, a 

characteristic carbene signal appears at 224.1 ppm in the 13C{1H} NMR spectrum. 

Elemental analysis and HRMS could not be obtained for this compound, but further 

evidence for this assignment could be found in the reactivity of carbene phenoxide 13. 

When 13 was reacted with HNTf2 in CD2Cl2 at room temperature, two products 

containing hydrides were observed in the 1H and 31P{1H} NMR spectra. One of these 

products, amounting to 63% of the mixture matches the spectroscopic signatures of the 

hydrido phenoxide 39 (Scheme 4-9). Furthermore, when this reaction was performed in 

acetone-d6, a process analogous to that described in Scheme 4-5 took place. Here, the 

acetone adduct 36 was identified by 1H and 31P{1H} NMR spectroscopy as well as free 

phenol at 7.18, 6.81 and 3.79 ppm in the 1H NMR spectrum in acetone-d6 (Scheme 4-9). 

The formation of 36 accounted for 42% of the product formed in this reaction in addition 

to two other unidentified products, neither of which appear to contain hydride ligands. 
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Figure 4-7. 500 MHz 1H NMR spectrum of 39 in CD2Cl2. The solvent is indicated with 
an asterisk and signals corresponding to excess PhOH are indicated by blue circles. 

 

A similar oxidative addition of phenol was reported by Nozaki and coworkers207 

using a PBP rhodium complex stabilized only by an intermolecular C-H s-coordination. 

This system is comparable to 38 where the active 14-electron species is readily available 

through the displacement of a weakly-coordinating ligand. It is notable that the O-H 

oxidative additions described here, and by Nozaki, occur rapidly at low temperatures.  

This is in contrast to a 1993 report by Merola et al.204 where oxidative addition of phenol 

to [IrCOD(PMe3)3][Cl] (COD = cyclooctadiene), a saturated 18-electron complex, took 

place. In this case, heating to 60 ºC for three hours was required for full conversion, as 

removal of the COD ligand was necessary for further reactivity. 

The addition of tert-butylalcohol, which also lacks b–hydrogens, to 38 led to less 

clear results. The 1H NMR spectrum of this reaction features signals at 4.65 and 1.72 ppm 

in a 1:3 ratio as well as signals that fall within the observed ranges for the hydrido 

chloride carbene 32. The report by Merola204 discussed above reported a similar finding 

where the reaction of tert-butylalcohol with [IrCOD(PMe3)3][Cl] led to the formation of 

iso-butene and an iridium hydrido hydroxo complex. When using complex 38, formed in 



 137 

situ with Me3SiNTf2, the Me3SiCl byproduct remains in solution, reacting immediately 

with any hydrido hydroxo 31 that may have been formed and leading to the hydrido 

chloride 32. Appropriately, the signals at 4.65 and 1.72 ppm in the 1H NMR spectrum 

match with an iso-butene byproduct. The mechanism by which this process occurs is 

unclear as of yet. 

4.2.5. Oxygen Atom Transfer to Cationic Complex 38 

In the interest of pursuing interesting complexes bearing oxygen-based ligands, 

particularly those that pertain to a hypothetical water splitting scheme, a late metal 

terminal oxo supported by a PCcarbeneP ligand has been proposed.17 Previous work in the 

Piers group has shown that there exists a relationship between an iridium hydroxo 

complex bearing the ortho-phenylene PCcarbeneP ligand and a bridging oxo complex 

(Scheme 4-10).61 This type of reactivity is not observed however for the hydroxo 

complex 11 supported by a benzo[b]thiophene ligand. While a related cationic Ir(III) 

terminal oxo complex (Scheme 4-10) has been targeted, this type of compound has so far 

proved elusive. If such a complex could be stabilized by a benzo[b]thiophene PCcarbeneP 

ligand, cationic complex 38 would be the ideal starting material, requiring only the 

addition of an oxygen atom to reach the target complex. 
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Scheme 4-10. Equilibrium between ortho-phenylene PCP supported hydroxo and µ-oxo 
complexes61 as well as two targeted cationic terminal oxo complexes. 

 

With this in mind, the in situ-formed carbene complex 38 was reacted with a 

variety of oxygen atom transfer agents. Not surprisingly, placing 38 under an atmosphere 

of pure oxygen led to complete decomposition of the complex, and the same was true for 

the addition of an atmosphere of N2O, albeit there were a few signals in the 70 ppm range 

in the 31P{1H} spectrum, characteristic of a phosphine oxide product. The addition of one 

equivalent of iodozylbenzene also led to decomposition, and pyridine N-oxide formed 

several unidentified products. Finally, the reaction of 38 with trimethylamine N-oxide, 

also used to form the trimesityl iridium (V) oxo complex,129 was clean and quantitative, 

forming a new, completely asymmetric product.  
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Scheme 4-11. Oxygen atom transfer to 38 to form phosphine oxide complex 40. 
 

Upon the room temperature addition of excess trimethylamine N-oxide to a 

solution of 38 (formed using AgNTf2) in CD2Cl2, an immediate colour change from deep 

brown to greenish brown was observed. The 31P{1H} NMR spectrum features two 

singlets in a 1:1 ratio at 72.1 and 16.4 ppm. As described in Section 3.2.1, this pattern is 

characteristic of oxidation of one the phosphine ligands. Hypothetically, if both of the 

phosphine ligands remained intact, and the asymmetry was caused by another source, 

coupling between the inequivalent phosphorus nuclei would be expected. The 1H NMR 

spectrum (Figure 4-8) clearly shows loss of symmetry as evidenced by the eight 

inequivalent aromatic signals and the absence of virtual triplets in the isopropyl 

resonances. The HRMS (APCI) data obtained for this complex is consistent with the 

cationic phosphine oxide complex 40 as shown in Scheme 4-11. The 1H NMR spectrum 

also supports this assignment, as indicated by a singlet integrating to 9H at 3.43 ppm for 

the trimethylamine N-oxide capping ligand, as well a second 9H singlet at 2.24 ppm 

corresponding to the NMe3 byproduct. This signal disappears upon isolation of the 

sample in vacuo. 
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Figure 4-8. In situ 500 MHz 1H NMR spectrum of 40 in CD2Cl2. The solvent is indicated 
with an asterisk. 

 

This result is reminiscent of a similar process observed in Milstein’s oxo system.124 

In that case, the oxygen atom of the platinum oxo complex migrates to the phosphine 

donor over the course of a few hours at room temperature, forming a phosphine oxide 

complex as shown in Scheme 4-12. It is possible that this same type of process is 

occurring to form 40, where an oxygen atom transfers initially to the iridium center, 

followed by a rapid migration to the more stable phosphine oxide framework. Further 

studies would be needed to see if a terminal oxo intermediate is indeed involved. This 

result does suggest however that a terminal iridium oxo complex, as proposed in Scheme 

4-10 bearing a benzo[b]thiophene PCP ligand, is not likely to be a stable or viable 

compound at room temperature. 
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Scheme 4-12. Migration of oxo oxygen atom to form phosphine oxide observed by 
Milstein.124 

 

4.2.6. Investigations on the Reactivity of Cationic Complex 38 

The ease with which strong O-H bonds were activated in the results above 

demonstrates the highly reactive nature of the 14-electron species 38. Pursuing other 

difficult or interesting bond activations with this complex was therefore an obvious 

extension of this work, and these results are summarized here and in Scheme 4-13. 

The addition of 1 atm H2 to a solution of 38 at room temperature led to numerous 

different hydride products, indicating that this type of complex would not be viable in a 

catalytic N2O reduction cycle. This highly reactive complex reacted rapidly when placed 

under an atmosphere of ammonia, however a myriad of products was formed. Many of 

these compounds contained hydride ligands, indicating ammonia N-H activation. Using 

one equivalent of aniline, instead led to one major product that featured a hydride signal 

at -14.56 ppm in the 1H NMR spectrum and a broad resonance at 24.6 ppm in the 31P{1H} 

NMR spectrum. After a few hours in solution at room temperature, or when pumped to 

dryness, this product decomposed making characterization of this new compound 

difficult. One possible structure of course is the N-H addition product as shown in 
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Scheme 4-13. Finally, placing 38 under an atmosphere of methane gas resulted in no 

apparent change in the NMR spectra. Over time, the complex decomposed as expected. 

The addition of other alkanes such as toluene or cyclohexane displayed similar results. 
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Scheme 4-13. Reactivity summary of 38 with small molecules.  
 

4.3. Summary and Conclusions 

This chapter explores the synthesis and reactivity of new cationic carbene and 

iridaepoxide complexes. The chloride ligand in epoxy dihydride complex 21 can be 

abstracted, resulting in cationic dihydride complexes that have a much lower barrier to 
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water elimination. Indeed, when dissolved in acetone, dihydride 34 eliminates water at 

room temperature resulting in an acetone supported cationic carbene complex 36. An 

unsupported Ir(I) cationic carbene complex can also be synthesized through halide 

abstraction from carbene chloride 5. The presence of a labile triflimide ligand is key in 

stabilizing such a volatile species while maintaining its reactivity. Carbene triflimide 

complex 38 reacts rapidly with a series of relatively inert small molecules including 

water, alcohols, ammonia, amines, hydrogen and oxygen atom transfer reagents. 
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Chapter 5: Thesis Summary and Future Directions 

 
5.1. Thesis Summary  

Ligand design is at the forefront of advances in organometallic chemistry, and 

synthesizing novel ligand frameworks for the activation of relatively inert small 

molecules was one of the goals of this thesis. The mechanisms by which many small 

molecule transformations occur are poorly understood. This information however is 

highly beneficial for future catalyst design, and the study of these transformations and 

mechanisms was the focus of this thesis. 

The synthesis of a new PCP ligand bearing benzo[b]thiophene linkers was 

described in Chapter 2, as well as its ligation to iridium through double C-H activation. 

This ligand framework has shown to be much more planar than the parent ortho-

phenylene ligand, likely due to the absence of protons in the ortho positions of the 

aromatic ring, which lead to twisting of the PCP framework caused by steric interactions. 

A series of Ir(I) carbene derivatives were synthesized with this novel ligand system and 

their ligand cooperative reactivity with hydrogen was investigated. Stable octahedral 

hydrido chloride complexes were crystallographically characterized and compared with 

the parent complexes. Additionally, neutral and cationic carbonyl complexes were 

synthesized in order to assess the donor properties of this novel benzo[b]thiophene PCP 

ligand. 

Taking advantage of the ligand cooperative nature of the iridium carbene bond, 

Chapter 3 focuses on the activation and formal hydrogenation of nitrous oxide to nitrogen 

and water. A series of unusual iridaepoxide complexes were synthesized through oxygen 
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atom transfer from N2O to the Ir=C linkage with the release of dinitrogen. These 

iridaepoxide complexes were then reacted with hydrogen gas resulting in a rather 

complex addition process where kinetic and thermodynamic isomers of epoxy dihydride 

products are possible. When heated, the dihydride complexes release water, regenerating 

the carbene moiety. In depth spectroscopic, kinetic and thermodynamic studies were 

performed to learn more about these unusual epoxy dihydride complexes and to elucidate 

the water elimination mechanism. The kinetic dihydride complex, which can be observed 

at low temperatures by NMR spectroscopy, was found to play a key role in the water 

elimination process. The ligand cooperative nature of this kinetic dihydride was 

determined by examining a hydride/deuteride exchange mechanism mediated by this 

species. Moreover, model compounds for proposed intermediates of the water elimination 

mechanism were synthesized, including a series of Ir(III) carbene complexes. While this 

system was not successful at reducing N2O to water with catalytic turnover in a one-pot 

system, a pseudocatalytic run was performed demonstrating five full catalytic cycles with 

minimal decomposition of the iridium catalyst. 

Finally, Chapter 4 delves into the synthesis of cationic iridaepoxide and carbene 

complexes. Abstracting the chloride ligand from the epoxy dihydride complex 21 resulted 

in a reduction of the competition between the thermodynamic and kinetic isomers, thus 

lowering the barrier towards water elimination. It was also shown that abstracting the 

chloride ligand from the carbene chloride 5 with either Me3SiNTf2 or AgNTf2 was 

possible. This resulted in the formation of a carbene complex where the very weakly 

coordinating triflimide anion is easily displaced, revealing a highly reactive 14-electron 



 146 

carbene complex.  The reactivity of this species with numerous small molecules such as 

water, alcohols, amines and oxygen transfer agents was then discussed. 

5.2. Future Directions 

The work described in this thesis encompasses the synthesis of a single PCP ligand 

which was ligated only to iridium. Natural extensions of this work would therefore 

include attachment of this ligand to other late metals as well as the design of new PCP 

ligands that take advantage of the strengths found in the benzo[b]thiophene framework, 

such as its planarity, and improve upon its weaknesses, including donor potential. This 

work has already begun in the Piers group with the attachment of strongly electron 

donating groups to an ortho-phenylene framework24 and the synthesis of related PCP 

scaffolds with tethered backbones.25 Preliminary work has also been done in attaching the 

benzo[b]thiophene ligand to nickel and cobalt.208  

The main direction of this thesis was towards the activation and reduction of N2O, 

emphasizing the mechanistic details of these processes. It is therefore logical that the 

future direction of this work focuses on catalyzing these reactions and developing them 

into more useful processes. Some preliminary results are thus described below. 

5.2.1. Hydrogen Surrogates for the Catalytic Hydrogenation of N2O to Water 

One of the major issues plaguing the potential for an N2O reduction catalytic cycle 

as described in Section 3.2.9, is the ease with which carbene complexes bearing the 

benzo[b]thiophene ligand react with hydrogen. The formation of hydrido chloride 

complexes such as 6 and 7 provides an enormous sink for this catalytic cycle, greatly 
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reducing the amount of carbene present with which N2O can react. Synthesizing new 

PCcarbeneP complexes with more electron donating groups on the ligand backbone has 

shown to reduce the reactivity of the iridium carbene with hydrogen, and furthermore, 

increases the propensity of the carbene to react with N2O.24 This is a step in the right 

direction, unfortunately these iridaepoxide systems are not stable under a hydrogen 

atmosphere, resulting in C-C bond cleavage and decomposition of the PCP ligand.24 

Using an alternative source of hydrogen that reacts preferentially with the 

iridadepoxide 18 over the carbene chloride 5 could possibly circumvent the issue of the 

hydrido chloride sink. 1,4-Cyclohexadiene is well known as a hydrogen atom donor, 

releasing two hydrogen atoms (H•) to form benzene.209 A toluene solution of iridaepoxide 

18 does not react with one equivalent of 1,4-cyclohexadiene at room temperature, but 

when heated to 65 ºC for one day, a small amount of carbene chloride 5 was produced as 

observed by 1H and 31P{1H} NMR spectroscopy (Figure 5-1). Heating to 110 ºC 

increased the rate of hydrogenation, and the majority of the starting material was 

consumed after four days. Throughout this reaction, the epoxy dihydride complex 21 was 

not observed in the NMR spectra. As shown in Figure 5-1, the carbene chloride 5 does 

react with 1,4-cyclohexadiene to form hydrido chloride 6, however this reaction is 

considerably slower than the hydrogenation of 18. 
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Figure 5-1. Water elimination reaction of 18 with 1,4-cyclohexadiene to form 5, as well 
as the hydrogenation of 5 to form 6 (top). 203 MHz 31P{1H} NMR spectra in toluene-d8 
of 18 reacting with 1,4-cyclohexadiene over time. 

 

Another side reaction observed during this hydrogenation was the isomerization of 

1,4-cyclohexadiene to 1,3-cyclohexadiene at higher temperatures, which does not act as a 

hydrogen atom donor. A control reaction confirmed that this isomerization does not occur 

at 110 ºC in the absence of any iridium complexes. 
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Figure 5-2. 500 MHz 1H NMR spectra in toluene-d8 of the reaction of 18 with 1,4-
cyclohexadiene. Formation of benzene, 1,3-cyclohexadiene, water and 5 are observed 
over time at 110 ºC. 

 

Apart from the minor side reactions, using 1,4-cyclohexadiene as a hydrogen 

surrogate appears to be a promising method for catalytic N2O reduction. Unfortunately, 

when three or more equivalents of 1,4-cyclohexadiene are reacted with 18, no reactivity 

is observed even after one day at 110 ºC. Excess 1,4-cyclohexadiene was also combined 

with 18 under an atmosphere of N2O and heated to 110 ºC, once again no reaction was 

observed. A different hydrogen atom donor, indene, was employed in the same way in 

hopes of improving upon the results with 1,4-cyclohexadiene. In this case however, using 

two equivalents of indene resulted in only 13% conversion to carbene chloride 5 after two 
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days at 110 ºC. A few very minor impurities were present as well. Amine boranes can 

also be used as hydrogen surrogates, working by donating protons (H+) and hydrides (H-) 

rather than hydrogen atoms (H•). Reacting iridaepoxide 18 with one equivalent of either 

H3N-BH3 or Me2HN-BH3 at room temperature resulted in the immediate formation of 

many hydride products. 

These preliminary results indicate that using hydrogen surrogates in place of 

hydrogen gas could be beneficial when performing the catalytic reduction of N2O to N2 

and H2O. It is unclear why an excess of 1,4-cyclohexadiene is hindering reactivity, but it 

could be due to the formation of a coordination complex. Using bulkier hydrogen atom 

donors could prevent this from occurring. Future work will investigate more in depth the 

use of hydrogen surrogates in the catalytic reduction of N2O, exploring the reactivity of 

compounds such as 9,10-dihydroanthracene, 1,4-dimethyl-1,4-cyclohexadiene, 1,2,4,5-

tetramethyl-1,4-cyclohexadiene and 1,4-dihydronaphthalene as hydrogen atom donors209 

as well as 1,4-cyclohexadiene on the parent and newer ligand frameworks. 

5.2.2. Deoxygenation of Iridaepoxides 

Thus far, the reactivity of N2O has been largely discussed in term of its 

decomposition to nitrogen and water. Another possible decomposition route involves the 

formation of nitrogen and oxygen.210 Alternatively, the oxygen atom in N2O could be 

used constructively in oxy-functionalization reactions, for example.  

It has been determined that iridaepoxide 18 does not react with olefins such as tert-

butylethylene, cyclohexene or styrene to form organic epoxides, nor does it release its 

oxygen atom to triphenylphosphine. More basic phosphines such as trimethylphosphine 
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reacted immediately with 18, however not cleanly, producing an intractable mixture of 

products. Reacting 18 with one equivalent of triethylamine did however result in full 

conversion to carbene chloride 5 when heated to 110 ºC in toluene for two days. 

Interestingly, after the deoxygenation there were no new ethyl-containing products 

observed in the 1H NMR spectrum, indicating that triethylamine, rather than 

triethylamine N-oxide, was present in solution. This implies that half an equivalent of 

oxygen was produced in this reaction, effectively rendering triethylamine catalytic in this 

transformation. To test this hypothesis, iridaepoxide 18 was reacted with 0.25 equivalents 

of triethylamine and once again heated to 110 ºC for three days. Full conversion to the 

carbene chloride 5 was once again observed by 1H and 31P{1H} NMR spectroscopy 

confirming the catalytic role of triethylamine. While it is known that carbene chloride 5 

decomposes in the presence of oxygen (Section 3.2.1), the small amount of oxygen 

produced in the J-Young NMR tube likely migrated to the headspace of the tube before 

encountering the carbene being produced. Nevertheless, the oxygen formed in this 

reaction should be identified and measured quantitatively.  
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Scheme 5-1. Conversion of 18 to 5 with the release of oxygen by triethylamine or 
trimethylamine N-oxide. 
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The mechanism by which this deoxygenation reaction takes place is of interest, and 

has been investigated to a certain extent already. It is possible that triethylamine initially 

removes an oxygen atom from 18 producing triethylamine N-oxide, which then reacts 

with a second equivalent of 18 to release O2 and triethylamine. To investigate this 

proposal, one equivalent of trimethylamine N-oxide was reacted with 18 at 110 ºC for 30 

hours, producing the carbene chloride 5 and trimethylamine. As a control, trimethylamine 

N-oxide was heated to 110 ºC in the absence of any iridium catalyst for one day and 

showed no decomposition. It should be noted here that trimethylamine N-oxide can also 

be used to synthesize 18 from 5 at room temperature. This experiment provides some 

evidence for a triethylamine N-oxide intermediate, but does not exclude other 

mechanistic possibilities. 

Future work on this project would involve first identifying and quantifying the 

amount of oxygen produced. This could be done perhaps through the use of a gas burette 

or by transferring the headspace of the reaction into a vessel containing a chemical 

oxygen detector such as titanocene211 or (PEt3)3IrCl.99,212 The catalytic turnover of this 

process would then be assessed by adding a mixture of N2O and triethylamine to either 5 

or 18. One problem that would arise in this scenario is the eventual decomposition of 5 as 

oxygen builds up. Devising a method for removing oxygen as it is produced would 

therefore be essential. 

In terms of taking advantage of N2O as a synthon in oxy-functionalization 

reactions,213 further ligand design may be necessary for this to be achieved. C-H 

activation is a potentially fruitful avenue that could be explored in this context. For 

instance, if an iridaepoxide complex was supported by a PCP ligand enabling the C-H 
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activation of hydrocarbons, in the same way the benzo[b]thiophene ligand supports H2 

activation on an iridaepoxide, N2O could be utilized to make alcohols from alkanes. 

There exists precedence for C-H activation of alkanes at Ir(III) centers214-216 and evidence 

suggests that cationic systems would be best for this type of reactivity.217-219 
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Scheme 5-2. Proposed catalytic cycle for alkane oxy-functionalization. 
 



 154 

Chapter 6: Experimental Details 

 
6.1. General Considerations 

6.1.1. Laboratory Equipment 

Storage and manipulation of all compounds were performed under an argon 

atmosphere either in a VAC Atmospheres glove box or using a double manifold high 

vacuum line using standard techniques. Passage of argon through an OxisorBW scrubber 

(Matheson Gas Products) removed any residual oxygen and moisture. Controlled addition 

of gases was achieved through use of needle valves on swage lock stainless steel or 

Tygon plumbing; while vacuum and glassware were sealed with Kontes Teflon taps and 

ground glass joints. A standard swivel frit apparatus was employed for all air sensitive 

filtrations. Prior to each reaction, all glassware was heated to 110 °C for a minimum of 

one hour, followed by immediate vacuum pump down in the glove box anti-chamber or 

on the vacuum line. 

6.1.2. Solvents 

Toluene, hexanes and tetrahydrofuran were dried and purified using a Grubbs/Dow 

solvent purification system and stored in 500 mL thick-walled vessels over 

sodium/benzophenone ketal. n-Pentane was dried and purified using an M-Braun solvent 

purification system and stored in a 500 mL thick-walled vessel over 

sodium/benzophenone ketal. Dichloromethane and dichloromethane-d2 were dried over 

calcium hydride and vacuum transferred into thick-walled vessels for storage over 

activated sieves. o-Xylene, o-xylene-d10, acetonitrile, acetonitrile-d3 and acetone-d6 were 
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dried and stored over activated sieves. Bromobenzene, bromobenzene-d5, toluene-d8 and 

tetrahydrofuran-d8 were dried and stored over sodium/benzophenone ketal. Generally, 

when drying solvents over sieves, 4 Å molecular sieves purchased from Aldrich were 

activated by rinsing with dichloromethane prior to heating to 160 °C to 180 °C at 10-3 torr 

for 12 hours and stored in the glove box. All dried solvents were degassed and vacuum 

distilled prior to use. 

6.1.3. Instrumentation 

Nuclear magnetic resonance spectroscopy experiments include; 1H, 1H{31P}, 2H, 

11B{1H}, 13C{1H}, 19F, 31P, 31P{1H}, 1H-1H-COSY, 1H-13C-HSQC, 1H-13C-HMBC and 

1H-1H-EXSY/NOESY. All experiments were performed on Bruker RDQ-400 (1H: 400 

MHz, 11B: 128 MHz, 19F: 376 MHz, 13C: 100 MHz, 31P: 162 MHz), Ascend-500 (1H: 500 

MHz, 2H: 77 MHz, 11B: 161 MHz, 19F: 471 MHz, 13C: 126 MHz, 31P: 203 MHz) or 

Avance-600 (1H: 600 MHz, 2H: 92 MHz, 17O: 81 MHz, 13C: 151 MHz, 31P: 243 MHz) 

NMR spectrometers. 1H chemical shifts were referenced to SiMe4 through residual 

solvent protons for all deuterated solvents:188 dichloromethane-d2 (5.32 ppm), toluene-d8 

(2.09, 6.97, 7.01, 7.09 ppm), acetone-d6 (2.05 ppm). 13C NMR chemical shifts were 

referenced SiMe4 through naturally abundant 13C resonances for all deuterated 

solvents:188 dichloromethane-d2 (53.84 ppm), toluene-d8 (20.43, 125.43, 127.96, 128.87, 

237.48 ppm), acetone-d6 (29.84, 206.26 ppm). 2H NMR spectra were referenced to the 

residual deuterium signals of the relevant solvent. Prior to acquisition all other spectra 

were referenced to external standards: 11B (BF3•Et2O in benzene-d6), 19F (C6F6 in 

bromobenzene-d5), 31P (85% H3PO4 in D2O). NMR spectra were processed and analyzed 
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with MestReNova (v9.0.1-13254) NMR software. All air and moisture-sensitive NMR 

samples were prepared in the glove box in J-Young resealable NMR tubes or in standard 

NMR tubes capped with rubber septa and wrapped in Parafilm. All other samples were 

prepared in air and capped with plastic caps supplied by Sigma-Aldrich. 1H NMR spectra 

are presented with the following format: chemical shift (ppm) (multiplicity, J = coupling 

constant (Hz), number of protons, assignment). 13C NMR spectra are reported with the 

following format: chemical shift (ppm) (multiplicity, J = coupling constant (Hz), 

assignment). 11B, 19F and 31P NMR spectra are listed with the following format: chemical 

shift (ppm) (multiplicity, J = coupling constant (Hz)). 

X-Ray crystallography was carried out on either a Nonius Kappa CCD 

diffractometer using graphite-monochromated Mo Kα radiation or a Bruker Smart APEX 

II three-circle diffractometer using Cu Kα radiation. Crystals suitable for X-ray 

diffraction were coated in Paratone 8277 oil (Exxon) and mounted on a glass fibre. X-

Ray crystallographic analyses were performed by Dr. Javier Borau-Garcia, Dr. Michael 

Sgro, Dr. Denis Spasyuk, Dr. Masood Parvez or Dr. Wenhua (David) Bi. More details on 

individual structures may be found in Appendix A. 

Elemental analysis was performed on site by Johnson Li using a Perkin Elmer 

Model 2400 series II analyzer. Infra-red spectra were collected on a Nicolet Avatar FT-IR 

spectrometer, and samples were prepared as a thin film by solution evaporation (CH2Cl2 

or toluene) on NaCl or AgCl plates, sealed with Parafilm. Solution high resolution-mass 

spectrometry experiments were performed on a Kratos MS-80 spectrometer by Wade 

White (direct ESI-MS or APCI-MS) on samples prepared in the glove box in a gas tight 

syringe. 
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6.1.4. Starting Materials 

The following materials were prepared from literature procedures: 2,3-

dibromobenzo[b]thiophene,166 3-bromobenzo[b]thiophene-2-carbaldehyde,167 

[IrCOE2Cl]2,170 sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate,220 sodium 

phenoxide,221 mesityl azide202 and tripsulfonyl azide.203 Iridium (III) chloride hydrate was 

purchased from Pressure Chemicals Inc.; Ultra-High Purity Hydrogen, deuterium 

(99.7%) and ammonia (>99%) were purchased from Praxair; 

bis(trifluoromethane)sulfonamide was purchased from TCI America; nitrous oxide 

(99%), carbon monoxide (>99.0%) and deuterium hydride (96 mol%, 98 atom % D) were 

purchased from Sigma-Aldrich and used as received. All other chemicals were purchased 

from Sigma-Aldrich and used as received. 

6.2. Experimental Procedures 

6.2.1. Experimental Procedures for New Compounds 

Synthesis of PCP proligand 1: 

THF (ca. 200 mL) was vacuum transferred to a 500 mL 2-

neck round bottom flask charged with 3 (0.500 g, 1.141 mmol). 

Once dissolved, the solution was cooled to -98 ºC using an 

ethanol/liquid nitrogen cooling bath.  nBuLi (1.43 mL, 1.6 M, 2.282 mmol) was then 

added dropwise to the solution via syringe over the course of five minutes. A colour 

change from colourless to bright orange was observed. iPr2PCl (0.36 mL, 2.282 mmol) 

was added quickly via syringe immediately following the addition of nBuLi. The 

temperature of the solution was maintained at -98 ºC for three hours and was then 

S S

iPr2P PiPr2
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allowed to warm gradually to room temperature. Once the mixture had stirred for a total 

of 24 hours and a pale beige colour was observed, the solvent and other volatile 

components were removed in vacuo. The beige residue was then triturated with hexanes 

three times to remove any remaining THF.  The product was dissolved in ca. 40 mL 

hexanes and filtered through a frit to remove any LiCl and unreacted 3. The filtered 

hexanes solution was concentrated to ca. 10 mL and placed in the freezer at -25 ºC for 24 

hr, after which off-white crystals of the desired proligand 1 had formed. The product was 

isolated as an off-white solid in 69% yield (0.402 g, 0.784 mmol).  

1H NMR (400 MHz, CD2Cl2) δ 8.02 (d, 3JHH = 8.0 Hz, 2H, ArH), 7.77 (d, 3JHH = 7.9 Hz, 

2H, ArH), 7.31 (m, 4H, ArH), 5.39 (t, 4JHP = 4.1 Hz, 2H, CH2), 2.76 (dsept, 2JHP = 3JHH = 

7.0 Hz, 4H, CH(CH3)2), 1.31 (dd, 3JHP = 17.0, 3JHH = 7.0 Hz, 12H, CH(CH3)2), 0.91 (dd, 

3JHP = 13.2, 3JHH = 7.0 Hz, 12H, CH(CH3)2). 13C{1H} NMR (101 MHz, CD2Cl2) δ 155.4 

(br d, JCP = 30.5 Hz, aryl C), 141.8 (br s, aryl C), 140.0 (s, aryl C), 129.1 (br d, J = 26.4 

Hz, aryl C), 124.40 (s, aryl CH), 124.37 (s, aryl CH), 124.31 (s, aryl CH), 123.0 (s, aryl 

CH), 32.4 (t, 4JCP = 27.4 Hz, CH2), 25.0 (d, 1JCP = 10.0 Hz, CH(CH3)2), 22.6 (d, 2JCP = 

26.0 Hz, CH(CH3)2), 21.6 (d, 2JCP = 11.7 Hz, CH(CH3)2). 31P{1H} NMR (162 MHz, 

CD2Cl2) δ -5.7. Elemental Anal. Calcd. (%) for С29H38P2S2: С 67.94; H 7.47. Found: C 

68.00; H 7.59. 

 

Synthesis of dibromoalcohol 2: 

In a 500 mL two-neck round bottom flask, 1,2-

dibromobenzo[b]thiophene (9.810 g, 33.596 mmol) was 

dissolved in ca. 150 mL THF and the solution was cooled to -78 

S S

Br BrOH
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ºC. nBuLi (13.44 mL, 2.5 M, 33.596 mmol) was added dropwise to the solution via 

syringe and the mixture was allowed to stir for one hour at -78 ºC. A colour change from 

colourless to bright yellow was observed. In a 100 mL, two-neck round bottom flask 3-

bromobenzo[b]thiophene-2-carbaldehyde (8.100 g, 33.596 mmol) was dissolved in ca. 50 

mL THF and cannula transferred to the mixture over the course of five min. A colour 

change from yellow to orange was observed during the addition. The solution was held at 

-78 ºC for one hour and then allowed to stir at room temperature overnight. Under 

ambient atmosphere, the solution was quenched with ca. 100 mL water. The aqueous 

layer was separated and extracted with 3 x 50 mL ethyl acetate. The organic layers were 

combined, dried over anhydrous magnesium sulfate, and filtered. The solvent was 

removed in vacuo and the resulting red, oily solid was purified by flash column 

chromatography (100:1, hexanes:ethyl acetate to remove impurities, ethyl acetate to 

recover product). The product was isolated as an orange solid in 66% yield (10.087 g). 

1H NMR (400 MHz, CDCl3) δ 7.81 (m, 4H, ArH), 7.43 (m, 4H, ArH), 6.86 (d, 3JHH = 3.3 

Hz, 1H, CH(OH)), 2.83 (d, 3JHH = 3.3 Hz, 1H, CH(OH)). 13C{1H} NMR (101 MHz, 

CDCl3) δ 140.4 (s, aryl C), 138.0 (s, aryl C), 137.9 (s, aryl C), 126.0 (s, aryl CH), 125.4 

(s, aryl CH), 123.4 (s, aryl CH), 122.9 (s, aryl CH), 107.2 (s, aryl C), 68.5 (s, CH(OH)). 

HRMS (ESI) calculated for С17H10Br2OS2 (M+) 453.8519, found 453.8539. 

 

Synthesis of dibromomethane 3: 

A three-neck, 250 mL round bottom flask was charged 

with 5.890 g (12.968 mmol) compound 2 and dissolved in ca. 

100 mL toluene. The flask was equipped with a rubber septum 
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and an addition finger containing B(C6F5)3 (133 mg, 0.259 mmol). Et3SiH (6.21 mL, 

38.904 mmol) was added via syringe to the toluene solution of 2 and once mixed, the 

B(C6F5)3 was added to the mixture followed by immediate evolution of hydrogen. The 

product began to precipitate out of solution within 15 minutes as a white solid and the 

mixture was allowed to stir for 24 hr. The solution was then concentrated to ca. 30 mL 

and cooled in an ice bath. The product was collected by vacuum filtration and washed 

with ca. 20 mL hexanes. 3 was isolated as a white powder in 61% yield. Single crystals 

suitable for X-ray diffraction were obtained by slow evaporation from a dilute solution in 

hexanes. 

1H NMR (400 MHz, CDCl3) δ 7.80 (m, 2H, ArH), 7.72 (m, 2H, ArH), 7.44 (ddd, JHH = 

8.2, 7.2, 1.1 Hz, 2H, ArH), 7.36 (ddd, JHH = 8.1, 7.2, 1.3 Hz, 2H, ArH), 4.62 (s, 2H, 

CH2). 13C{1H} NMR (101 MHz, CDCl3) δ 138.2 (s, aryl C), 137.9 (s, aryl C), 136.7 (s, 

aryl C), 125.6 (s, aryl CH), 125.3 (s, aryl CH), 123.3 (s, aryl CH), 122.6 (s, aryl CH), 

107.6 (s, aryl C), 30.7 (s, CH2). HRMS (ESI) calculated for С17H10Br2S2 (M+) 437.8570, 

found 437.8557.  

 

Synthesis of PCP=O proligand 4: 

Dibromoalcohol 2 (0.500 mg, 1.101 mmol) was dissolved 

in ca. 100 mL dry THF and cooled to -98 ºC in an ethanol/ 

liquid nitrogen bath. nBuLi (2.06 mL, 3.303 mmol,1.6 M in 

hexanes) was added dropwise to the mixture over the course of five minutes. After ca. 10 

minutes of stirring, the orange solution turned slightly darker red. iPr2PCl (0.53 mL, 

3.303 mmol) was then added to the mixture and the solution was allowed to stir at -95 ºC 
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for two hours. The solution was then warmed gradually to room temperature overnight, 

during which time a colour change to deep purple was observed. Degassed water (0.5 

mL) was added to the mixture at room temperature and after five minutes of stirring the 

deep purple solution turned orange. All the volatile components were then removed in 

vacuo and the orange foamy solid was purified by flash column chromatography (eluent: 

1:1 ethyl acetate/hexanes, Rf = 0.30). The product was isolated as a white powder in 35% 

yield (0.206 mg, 0.390 mmol). 

1H NMR (500 MHz, CD2Cl2) δ 8.01 (d, 3JHH = 8.1 Hz, 1H, ArH), 7.77 (t, 3JHH = 7.5 Hz, 

3H, ArH), 7.33 (m, 4H, ArH), 5.74 (s, 2H, CH2), 2.75 (dsept, 2JHP = 3JHH = 7.0 Hz, 2H, 

CH(CH3)2), 2.49 (m, 2H, CH(CH3)2), 1.40 (dd, 3JHP = 15.0, 3JHH = 7.0 Hz, 6H, 

CH(CH3)2), 1.29 (dd, 3JHP = 17.0, 3JHH = 6.8 Hz, 6H, CH(CH3)2), 1.12 (dd, 3JHP = 16.3, 

3JHH = 7.2 Hz, 6H, CH(CH3)2), 0.91 (dd, 3JHP = 13.0, 3JHH = 6.9 Hz, 6H, CH(CH3)2). 

13C{1H} NMR (126 MHz, CD2Cl2) δ 159.6 (br s, aryl C), 155.6 (br s, aryl C), 141.8 (br 

s, aryl C), 140.2 (s, aryl C), 140.0 (d, JCP = 11.8 Hz, aryl C), 139.4 (br s, aryl C), 129.3 

(d, JCP = 27.1 Hz, aryl C), 124.9 (s, aryl CH), 124.6 (s, aryl CH), 124.4 (s, aryl CH), 

124.3 (s, aryl CH), 124.3 (s, aryl CH), 123.5 (s, aryl CH), 123.0 (s, aryl CH), 122.9 (s, 

aryl CH), 122.2 (d, JCP = 81.2 Hz, aryl C), 30.8 (d, 3JCP = 27.3 Hz, CH2), 29.2 (d, 1JCP = 

67.1 Hz, CH(CH3)2), 25.1 (d, 1JCP = 9.8 Hz, CH(CH3)2), 22.6 (d, 2JCP = 26.0 Hz, 

CH(CH3)2), 21.6 (d, 2JCP = 11.2 Hz, CH(CH3)2), 17.4 (d, 2JCP = 3.2 Hz, CH(CH3)2), 16.2 

(d, 2JCP = 3.6 Hz, CH(CH3)2). 31P{1H} NMR (203 MHz, CD2Cl2) δ 52.1 (s, P=O), -5.8 

(s). Elemental Anal. Calcd. (%) for С29H38OP2S2: С 65.88; H 7.24. Found: C 65.48; H 

7.38. 
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Synthesis of PCP=IrCl 5: 

A mixture of the proligand 1 (150 mg, 0.293 mmol) and 

[IrCOE2Cl]2 (131 mg, 0.146 mmol) were dissolved in ca. 20 mL 

of o-xylene in a 50 mL round bottom flask and attached to a 

reflux condenser. The mixture was heated to reflux under a 

continuous flow of argon where a colour change from bright orange to deep brown was 

observed within an hour. The mixture was refluxed for 48 hours. The volatile 

components were then removed in vacuo and the dark brown product was triturated with 

hexanes. The product was isolated as a dark brown powder in 87% yield (188 mg, 0.255 

mmol). 

1H NMR (400 MHz, CD2Cl2) δ 8.75 (d, 3JHH = 8.2 Hz, 2H, ArH), 8.35 (t, 3JHH = 7.7 Hz, 

2H, ArH), 7.46 (d, 3JHH = 8.1 Hz, 2H, ArH), 7.28 (t, 3JHH = 7.7 Hz, 2H, ArH), 3.62 

(septvt, 3JHH = 7.0 Hz, JHP = 2.2 Hz, 4H, CH(CH3)2), 1.63 (dvt, 3JHH = 8.7 Hz, JHP = 7.2 

Hz, 12H, CH(CH3)2), 1.44 (dvt, 3JHH = JHP = 7.5 Hz, 12H, CH(CH3)2). 13C{1H} NMR 

(101 MHz, CD2Cl2) δ 185.2 (vt, JCP = 22.3 Hz, aryl C), 166.3 (t, JCP = 2.7 Hz, C=Ir), 

147.2 (vt, JCP = 3.7 Hz, aryl C), 143.0 (vt, JCP = 16.9 Hz, aryl C), 142.1 (vt, JCP = 1.6 Hz, 

aryl C), 127.8 (s, aryl CH), 127.2 (s, aryl CH), 126.5 (s, aryl CH), 125.2 (s, aryl CH), 

24.2 (vt, JCP = 13.8 Hz, CH(CH3)2), 21.10 (vt, JCP = 2.5 Hz, CH(CH3)2), 21.05 (vt, JCP = 

1.2 Hz, CH(CH3)2). 31P{1H} NMR (162 MHz, CD2Cl2) δ 35.8 (s). Elemental Anal. 

Calcd. (%) for С29H36ClIrP2S2: С 47.17; H 4.91. Found: C 47.09; H 5.23.  
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Synthesis of PCPIr(H)Cl 6 and PCP(H)(H2)Cl 7: 

 PCP=IrCl 5 (16 mg, 0.022 mmol) 

was dissolved in ca. 0.5 mL CD2Cl2 in a 

J-Young NMR tube. The solution was 

then degassed and placed under 1 atm 

H2. Immediately upon addition of H2, the dark brown solution turned a light yellow 

colour, yielding PCPIr(H)(H2)Cl 7. This product was characterized by multinuclear NMR 

spectroscopy; however, it is unstable outside of an H2 atmosphere and therefore could not 

be isolated. The H2 atmosphere and solvent were removed in vacuo, and the product was 

triturated with hexanes. The resulting orange solid was characterized as PCPIr(H)Cl 6 in 

100% yield (16 mg, 0.022 mmol). 

PCPIr(H)Cl 6: 1H NMR (600 MHz, CD2Cl2) δ 7.84 (d, 3JHH = 8.0 Hz, 2H, ArH), 7.81 (d, 

3JHH = 8.0 Hz, 2H, ArH), 7.40 (t, 3JHH = 7.5 Hz, 2H, ArH), 7.32 (t, 3JHH = 7.6 Hz, 2H, 

ArH), 6.18 (s, 1H, IrCH), 3.27 (br s, 2H, CH(CH3)2), 3.18 (sept, 3JHH = 7.2 Hz, 2H, 

CH(CH3)2), 1.45 (dvt, 3JHH = JHP = 7.8 Hz, 6H, CH(CH3)2), 1.39 (dvt, 3JHH = JHP = 7.9 

Hz, 6H, CH(CH3)2), 1.29 (dvt, 3JHH = JHP = 7.2 Hz, 6H, CH(CH3)2), 0.98 (dvt, 3JHH = JHP 

= 7.8 Hz, 6H, CH(CH3)2), -33.32 (br s, 1H, IrH). 13C{1H} NMR (151 MHz, CD2Cl2) δ 

172.7 (vt, JCP = 20.3 Hz, aryl C), 145.3 (vt, JCP = 3.8 Hz, aryl C), 137.3 (s, aryl C), 131.4 

(s, aryl C), 125.1 (s, aryl CH), 124.1 (s, aryl CH), 124.0 (s, aryl CH), 123.0 (s, aryl CH), 

28.9 (vt, JCP = 13.2 Hz, CH(CH3)2), 26.3 (vt, JCP = 17.1 Hz, CH(CH3)2), 20.3 (s, 

CH(CH3)2), 19.9 (s, CH(CH3)2), 19.8 (s, CH(CH3)2), 19.5 (s, CH(CH3)2), 10.5 (br s, 

IrCH). 31P{1H} NMR (243 MHz, CD2Cl2) δ 42.1 (br s). Elemental Anal. Calcd. (%) for 

С29H38ClIrP2S2: С 47.05; H 5.17. Found: C 46.72; H 5.18. 
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PCPIr(H)(H2)Cl 7: 1H NMR (600 MHz, CD2Cl2) δ 7.81 (d, 3JHH = 8.0 Hz, 2H, ArH), 

7.76 (d, 3JHH = 8.0 Hz, 2H, ArH), 7.40 (t, 3JHH = 7.5 Hz, 2H, ArH), 7.33 (t, 3JHH = 7.6 Hz, 

2H, ArH), 5.81 (s, 1H, IrCH), 3.05 (m, 2H, CH(CH3)2), 2.68 (br s, 2H, CH(CH3)2), 1.49 

(dvt, 3JHH = JHP = 8.1 Hz, 6H, CH(CH3)2), 1.23 (m, 12H, CH(CH3)2), 0.71 (dvt, 3JHH = 

JHP = 7.9 Hz, 6H, CH(CH3)2), -5.35 (s, 2H, IrH2), -21.67 (br s, 1H, IrH). 13C{1H} NMR 

(151 MHz, CD2Cl2) δ 171.5 (vt, JCP = 20.9 Hz, aryl C), 145.7 (s, aryl C), 137.0 (s, aryl 

C), 130.8 (vt, JCP = 23.8 Hz, aryl C), 125.2 (s, aryl CH), 124.2 (s, aryl CH), 124.2 (s, aryl 

CH), 122.4 (s, aryl CH), 30.6 (br s, IrCH), 30.1 (vt, JCP = 15.3 Hz, CH(CH3)2), 26.2 (vt, 

JCP = 18.1 Hz, CH(CH3)2), 21.9 (s, CH(CH3)2), 20.6 (s, CH(CH3)2), 20.3 (s, CH(CH3)2), 

19.5 (s, CH(CH3)2). 31P{1H} NMR (243 MHz, CD2Cl2) δ 40.5. 

 

Synthesis of PCPIrH4 8: 

PCP(O)IrOH 19 was dissolved in toluene-d8 in a J-Young 

NMR tube and subsequently degassed and placed under 1 atm H2. 

The mixture was then heated to 100 °C for two hours during 

which a colour change from red to yellow was observed. The 

product, PCPIrH4 8, is unstable outside of an H2 atmosphere and was therefore 

characterized by NMR spectroscopy in situ without isolation. During the hydrogenation 

process, partial deuteration of the aromatic, benzylic and iridium centered hydrogens was 

observed, making NMR assignments difficult.  

1H NMR (600 MHz, Toluene-d8) δ 7.56 (d, 3JHH = 7.9 Hz, 2H, ArH), 7.49 (d, 3JHH 

= 8.0 Hz, 2H, ArH), 7.20 (t, 3JHH = 7.5 Hz, 2H, ArH), 7.04 (m, 2H, ArH), 5.95 (s, 1H, 

IrCH), 2.17 (m, 2H, CH(CH3)2), 1.97 (sept, 3JHH = 6.7 Hz, 2H, CH(CH3)2), 1.10 (m, 12H, 
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CH(CH3)2), 0.79 (m, 12H, CH(CH3)2), -9.63 (t, 2JHP = 10.3 Hz, 4H, IrH4). 13C{1H} NMR 

(151 MHz, Toluene-d8) δ 173.3 (vt, JCP = 19.0 Hz, aryl C), 146.2 (vt, JCP = 4.2 Hz, aryl 

C), 137.1 (s, aryl C), 134.6 (vt, JCP = 23.5 Hz, aryl C), 124.6 (s, aryl CH), 124.2 (s, aryl 

CH), 123.6 (s, aryl CH), 122.0 (s, aryl CH), 28.5 (vt, JCP = 15.5 Hz, CH(CH3)2), 24.5 (vt, 

JCP = 17.9 Hz, CH(CH3)2), 21.7 (vt, JCP = 4.1 Hz, CH(CH3)2), 21.3 (vt, JCP = 3.5 Hz, 

CH(CH3)2), 19.4 (s, CH(CH3)2), 19.2 (s, CH(CH3)2), 11.7 (s, IrCH). 31P{1H} NMR (243 

MHz, Toluene-d8) δ 49.0 (s). 

 

Synthesis of PCPIrHClNCMe 9: 

In a 50 mL round bottom flask, one drop (excess) MeCN 

was added to a solution of PCPIrHCl 6 (17 mg, 0.023 mmol) in 

CH2Cl2 and the mixture was allowed to stir for five minutes at 

room temperature. A colour change from pale orange to pale 

yellow was observed. The volatiles were removed in vacuo and the product was 

recrystallized from a CH2Cl2/pentane mixture. PCPIrHClNCMe 9 was isolated as a pale 

yellow crystalline solid in 95% yield (17 mg, 0.022 mmol). 

1H NMR (400 MHz, CD2Cl2) δ 7.77 (d, 3JHH = 8.1 Hz, 4H, ArH), 7.37 (t, 3JHH = 7.2 Hz, 

2H, ArH), 7.28 (t, 3JHH = 7.5 Hz, 2H, ArH), 5.71 (s, 1H, IrCH), 3.19 (m, 2H, CH(CH3)2), 

2.93 (m, 2H, CH(CH3)2), 2.35 (s, 3H, NCCH3), 1.64 (dvt, 3JHH = JHP = 7.8 Hz, 6H, 

CH(CH3)2), 1.37 (dvt, 3JHH = JHP = 7.5 Hz, 6H, CH(CH3)2), 1.24 (dvt, 3JHH = JHP = 7.4 

Hz, 6H, CH(CH3)2), 0.84 (dvt, 3JHH = JHP = 7.3 Hz, 6H, CH(CH3)2), -22.53 (t, 2JHP = 15.4 

Hz, 1H, IrH). 13C{1H} NMR (101 MHz, CD2Cl2) δ 172.9 (vt, JCP = 20.3 Hz, aryl C), 

145.6 (vt, JCP = 4.0 Hz, aryl C), 137.3 (vt, JCP = 2.4 Hz, aryl C), 131.3 (vt, JCP = 23.3 Hz, 
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aryl C), 124.9 (s, aryl CH), 124.0 (s, aryl CH), 123.7 (s, aryl CH), 122.2 (s, aryl CH), 

120.4 (s, NCCH3), 31.5 (vt, JCP = 13.4 Hz, CH(CH3)2), 29.1 (vt, JCP = 18.2 Hz, 

CH(CH3)2), 20.5 (vt, JCP = 2.7 Hz, CH(CH3)2)), 20.5 (s, CH(CH3)2), 20.0 (vt, JCP = 2.9 

Hz, CH(CH3)2), 19.9 (s, CH(CH3)2), 17.4 (s, IrCH), 4.0 (s, NCCH3). 31P{1H} NMR (162 

MHz, CD2Cl2) δ 26.0 (s). Elemental Anal. Calcd. (%) for C31H41ClNIrP2S2: С 47.65; H 

5.29; N 1.79. Found: С 47.77; H 5.12; N 1.63. 

 

Synthesis of PCPIrHClPy 10: 

 In a 50 mL round bottom flask, pyridine (1.64 µL, 

0.020 mmol) was added to a solution of PCPIrHCl 6 (15 mg, 

0.020 mmol) in CD2Cl2 and the mixture was allowed to stir 

for five minutes at room temperature. A colour change from 

pale orange to pale yellow was observed. The volatiles were removed in vacuo and the 

product was recrystallized from a CH2Cl2/pentane mixture. PCPIrHClPy 10 was isolated 

as a pale yellow crystalline solid in 96% yield (16 mg, 0.020 mmol). 

1H NMR (600 MHz, CD2Cl2) δ 7.77 (t, 3JHH = 7.6 Hz, 4H, Lig ArH), 7.75 (br s , 3H, Py 

ArH), 7.34 (t, 3JHH = 7.5 Hz, 2H, Lig ArH), 7.27 (t, 3JHH = 7.6 Hz, 2H, Lig ArH), 7.22 

(br s, 2H, Py ArH), 5.97 (s, 1H, IrCH), 3.21 (m, 2H, CH(CH3)2), 2.87 (m, 2H, 

CH(CH3)2), 1.26 (dvt, 3JHH = JHP = 7.3 Hz, 6H, CH(CH3)2), 1.19 (dvt, 3JHH = JHP = 7.8 

Hz, 6H, CH(CH3)2), 1.11 (dvt, 3JHH = JHP = 7.2 Hz, 6H, CH(CH3)2), 0.85 (dvt, 3JHH = JHP 

= 7.3 Hz, 6H, CH(CH3)2), -22.77 (t, 2JHP = 15.1 Hz, 1H, IrH). 13C{1H} NMR (151 MHz, 

CD2Cl2) δ 174.1 (vt, JCP = 19.9 Hz, Lig aryl C), 145.3 (vt, JCP = 4.1 Hz, Lig aryl C), 

137.4 (vt, JCP = 2.6 Hz, Lig aryl C), 136.6 (s, Py aryl CH), 130.8 (vt, JCP = 22.5 Hz, Lig 
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aryl C), 125.4 (s, Py aryl CH), 124.7 (s, Lig aryl CH), 123.9 (s, Lig aryl CH), 123.5 (s, 

Lig aryl CH), 122.6 (s, Lig aryl CH), 29.4 (vt, JCP = 13.3 Hz, CH(CH3)2), 26.3 (vt, JCP = 

16.1 Hz, CH(CH3)2), 20.2 (s, CH(CH3)2), 20.0 (s, CH(CH3)2), 19.0 (vt, JCP = 2.6 Hz, 

CH(CH3)2), 18.0 (s, CH(CH3)2), 12.6 (s, IrCH). 31P{1H} NMR (243 MHz, CD2Cl2) δ 

21.5 (s). Elemental Anal. Calcd. (%) for С34H43ClIrNP2S2: С 49.83; H 5.29; N 1.71. 

Found: С 49.64; H 5.22; N 1.90. 

 

Synthesis of PCP=IrOH 11: 

A 50 mL sealed reactor vessel was charged with 50 mg 

(0.068 mmol) of PCP=IrCl 5 and dissolved in ca. 10 mL 

toluene. A large excess of CsOH was added to the solution and 

the mixture was heated at 80 °C for 48 hours. The solution was 

then cooled to room temperature and filtered through Celite. The solvent was removed in 

vacuo and the product was isolated as a deep brown solid in 98% yield (48 mg, 0.067 

mmol). X-ray quality crystals were obtained by slow evaporation from hexanes.  

1H NMR (600 MHz, Toluene-d8) δ 8.33 (d, 3JHH = 8.1 Hz, 2H, ArH), 7.84 (t, 3JHH = 7.6 

Hz, 2H, ArH), 7.13 (d, 3JHH = 8.2 Hz, 2H, ArH), 7.01 (t, 3JHH = 7.6 Hz, 2H, ArH), 4.18 

(t, 3JHP = 4.5 Hz, 1H, IrOH), 3.07 (septvt, 3JHH = 6.9 Hz, JHP = 1.8 Hz, 4H, CH(CH3)2), 

1.55 (dvt, 3JHH = JHP = 7.7 Hz, 12H, CH(CH3)2), 1.26 (dvt, 3JHH = JHP = 7.4 Hz, 12H, 

CH(CH3)2). 13C{1H} NMR (151 MHz, Toluene-d8) δ 188.9 (vt, JCP = 22.0 Hz, aryl C), 

172.2 (t, JCP = 2.3 Hz, C=Ir), 145.3 (vt, JCP = 3.9 Hz, aryl C), 142.6 (s, aryl C), 138.0 (vt, 

JCP = 18.9 Hz, aryl C), 127.2 (s, aryl CH), 126.6 (s, aryl CH), 124.75 (s, aryl CH), 122.9 

(s, aryl CH), 24.5 (vt, JCP = 13.5 Hz, CH(CH3)2), 21.0 (vt, JCP = 3.2 Hz, CH(CH3)2), 20.7 
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(s, CH(CH3)2). 31P{1H} NMR (243 MHz, Toluene-d8) δ 34.5 (s). Elemental Anal. Calcd. 

(%) for С29H37IrOP2S2: С 48.38; H 5.18. Found: 48.58; H 5.20. 

 

Synthesis of PCP=IrOTf 12: 

AgOTf (21 mg, 0.082 mmol) was added to a solution of 

PCP=IrCl 5 (60 mg, 0.082 mmol) in ca. 3 mL toluene. The 

mixture was allowed to stir for one hour at room temperature 

after which the dark brown solution was filtered through Celite 

and the solvent was removed in vacuo. The desired product was isolated as a dark brown 

solid in 98% yield (68 mg, 0.080 mmol). 

1H NMR (600 MHz, Toluene-d8) δ 8.38 (d, 3JHH = 8.1 Hz, 2H, ArH), 7.88 (t, 3JHH = 7.5 

Hz, 2H, ArH), 7.00 (d, overlapping with solvent, 2H, ArH), 6.96 (t, 3JHH = 7.6 Hz, 2H, 

ArH), 3.57 (septvt, 3JHH = 7.2, JHP =2.0 Hz, 4H, CH(CH3)2), 1.57 (dvt, 3JHH = 8.3 Hz, JHP 

= 7.4 Hz, 12H, CH(CH3)2), 1.28 (dvt, 3JHH = JHP = 7.4 Hz, 12H, CH(CH3)2). 13C{1H} 

NMR (151 MHz, Toluene-d8) δ 182.4 (vt, JCP = 22.0 Hz, aryl C), 173.8 (s, C=Ir), 147.2 

(vt, JCP = 3.7 Hz, aryl C), 143.9 (vt, JCP = 16.5 Hz, aryl C), 141.8 (s, aryl C), 127.56 (s, 

aryl CH), 127.55 (s, aryl CH), 126.0 (s, aryl CH), 125.7 (s, aryl CH), 23.5 (vt, JCP = 13.6 

Hz, CH(CH3)2), 20.8 (vt, JCP = 2.9 Hz, CH(CH3)2), 20.6 (s, CH(CH3)2). 31P{1H} NMR 

(243 MHz, Toluene-d8) δ 43.3 (s). 19F NMR (376 MHz, Toluene-d8) δ -77.10 (s). HRMS 

(APCI) calculated for C30H36F3IrO3P2S3 (M+H)+: 853.0956, found 853.0949. 
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Synthesis of PCP=IrOPh 13: 

NaOPh (3 mg, 0.027 mmol) was added as a solid to a 

solution of PCP=IrCl 5 (20 mg, 0.027 mmol) in CH2Cl2 (0.7 

mL) and transferred to a J-Young NMR tube. The mixture was 

left to mix at room temperature for 36 hours after which full 

conversion to PCP=IrOPh 13 was observed by 31P{1H} NMR. The product was then 

filtered through Celite and the volatiles were removed in vacuo. The desired product was 

isolated at a dark brown solid in 97% yield (21 mg, 0.026 mmol). 

1H NMR (500 MHz, CD2Cl2) δ 8.64 (d, 3JHH = 8.1 Hz, 2H, LigArH), 8.25 (t, 3JHH = 7.6 

Hz, 2H, LigArH), 7.50 (d, 3JHH = 8.1 Hz, 2H, LigArH), 7.25 (t, 3JHH = 7.6 Hz, 2H, 

LigArH), 6.98 (t, 3JHH = 7.7 Hz, 2H, OPh ArH), 6.40 (t, 3JHH = 7.2 Hz, 1H, OPh ArH), 

5.92 (d, 3JHH = 7.8 Hz, 2H, OPh ArH), 3.35 (septvt, 3JHH = 6.9 Hz, JHP = 1.6 Hz, 4H, 

CH(CH3)2), 1.40 (m, 24H, CH(CH3)2). 13C{1H} NMR (126 MHz, CD2Cl2) δ 187.0 (vt, 

JCP = 21.6 Hz, Lig aryl C), 174.4 (t, J = 2.3 Hz, Ir=C), 173.5 (s, OPh aryl C), 145.7 (vt, 

JCP = 3.8 Hz, Lig aryl C), 142.6 (vt, JCP = 1.3 Hz, Lig aryl C), 139.9 (vt, JCP = 17.6 Hz, 

Lig aryl C), 128.8 (s, OPh aryl CH), 127.6 (s, Lig aryl CH), 126.5 (s, Lig aryl CH), 126.0 

(s, Lig aryl CH), 124.5 (s, Lig aryl CH), 122.7 (s, OPh aryl CH), 115.4 (s, OPh aryl CH), 

23.7 (vt, JCP = 13.4 Hz, CH(CH3)2), 20.6 (s, CH(CH3)2), 20.2 (vt, JCP = 3.0 Hz, 

CH(CH3)2). 31P{1H} NMR (203 MHz, CD2Cl2) δ 38.3 (s). HRMS (APCI) calculated 

C35H41IrOP2S2 (M+H)+: 797.1776, found 797.1808. 
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Synthesis of PCP=IrBr 14: 

A large excess of LiBr was added to a solution of 

PCP=IrOH 11 (80 mg, 0.111 mmol) in ca. 3 mL toluene. The 

mixture was allowed to stir for one hour at room temperature 

after which the dark brown solution was filtered through Celite 

and the solvent was removed in vacuo. The desired product was isolated as a dark brown 

solid in 97% yield (84 mg, 0.107 mmol).  

1H NMR (600 MHz, CD2Cl2) δ 8.80 (d, 3JHH = 8.2 Hz, 2H, ArH), 8.38 (t, 3JHH = 7.6 Hz, 

2H, ArH), 7.44 (d, 3JHH = 8.0 Hz, 2H, ArH), 7.27 (t, 3JHH = 7.7 Hz, 2H, ArH), 3.71 

(septvt, 3JHH = 7.1 Hz, JHP = 2.1 Hz, 4H, CH(CH3)2), 1.65 (dvt, 3JHH = 8.8, JHP = 7.2 Hz, 

12H, CH(CH3)2), 1.47 (dvt, 3JHH = JHP = 7.4 Hz, 12H, CH(CH3)2). 13C{1H} NMR (151 

MHz, CD2Cl2) δ 185.0 (vt, JCP = 22.6 Hz, aryl C), 161.4 (t, 2JCP = 2.8 Hz, C=Ir), 147.7 

(vt, JCP = 3.7 Hz, aryl C), 143.5 (vt, JCP = 16.3 Hz, aryl C), 141.9 (s, aryl C), 127.8 (s, 

aryl CH), 127.4 (s, aryl CH), 126.5 (s, aryl CH), 125.5 (s, aryl CH), 24.2 (vt, JCP = 14.0 

Hz, CH(CH3)2), 21.4 (vt, JCP = 2.4 Hz, CH(CH3)2), 21.1 (s, CH(CH3)2). 31P{1H} NMR 

(243 MHz, CD2Cl2) δ 36.3 (s). HRMS (APCI) calculated for С29H36BrIrP2S2 (M+H)+: 

783.0619, found 783.0608. 

 

Synthesis of PCPIr(H)Cl(CO) cis-15: 

PCPIrHCl 6 (22 mg, 0.0297 mmol) was dissolved in ca. 1 

mL CH2Cl2 in a 50 mL round bottom flask. The solution was 

then degassed and placed under 1 atm CO. Immediately upon 

addition of CO, the orange solution turned a light yellow colour. 
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The mixture was allowed to stir for five minutes after which the volatiles were removed 

in vacuo. The product was recrystallized from a 1:1 mixture of CH2Cl2 and pentane at -25 

ºC and isolated as a pale yellow solid in 96% yield (22 mg, 0.0286 mmol). Crystals 

suitable for X-ray diffraction were grown by slow evaporation of a CH2Cl2/pentane 

mixture. 

1H NMR (500 MHz, CD2Cl2) δ 7.85 (d, 3JHH = 8.0 Hz, 2H, ArH), 7.79 (d, 3JHH = 8.0 Hz, 

2H, ArH), 7.42 (t, 3JHH = 7.6 Hz, 2H, ArH), 7.34 (t, 3JHH = 7.6 Hz, 2H, ArH), 5.22 (s, 

1H, IrCH), 3.35 (m, 2H, CH(CH3)2), 3.03 (m, 2H, CH(CH3)2), 1.53 (dvt, 3JHH = JHP = 7.6 

Hz, 6H, CH(CH3)2), 1.41 (dvt, 3JHH = JHP =  7.6 Hz, 6H, CH(CH3)2), 1.29 (dvt, 3JHH = 

JHP = 7.6 Hz, 6H, CH(CH3)2), 0.95 (dvt, 3JHH = JHP = 7.6 Hz, 6H, CH(CH3)2), -7.96 (t, 

2JHP = 16.8 Hz, 1H, IrH). 13C{1H} NMR (126 MHz, CD2Cl2) δ 179.9 (m, IrCO), 171.0 

(vt, JCP = 17.3 Hz, aryl C), 145.4 (vt, JCP = 4.4 Hz, aryl C), 136.3 (vt, JCP = 3.0 Hz, aryl 

C), 131.8 (vt, JCP = 24.0 Hz, aryl C), 125.3 (s, aryl CH), 124.5 (s, aryl CH), 124.2 (s, aryl 

CH), 122.7 (s, aryl CH), 27.2 (vt, JCP = 18.4 Hz, CH(CH3)2), 27.2 (vt, JCP = 13.9 Hz, 

CH(CH3)2), 19.9 (s, CH(CH3)2), 19.6 (vt, JCP = 2.9 Hz, CH(CH3)2)), 18.9 (s, CH(CH3)2), 

18.7 (s, CH(CH3)2), 10.3 (s, IrCH). 31P{1H} NMR (203 MHz, CD2Cl2) δ 29.3 (s). IR 

(NaCl): 2124 cm-1 (Ir-H), 1981 cm-1 (CO). Elemental Anal. Calcd. (%) for 

С30H38ClIrOP2S2: С 46.89; H 4.98. Found: C 46.77; H 4.98. 
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Synthesis of PCPIr(H)Cl(CO) trans-15: 

PCPIr(H)Cl(CO) cis-15 was dissolved in ca. 0.4 mL 

toluene-d8 in a J-Young NMR tube, heated at 110 ºC and 

monitored by 1H and 31P{1H} NMR spectroscopy. Full 

conversion to the trans isomer was observed after 3.5 days.  

1H NMR (600 MHz, CD2Cl2) δ 7.80 (d, 3JHH = 7.9 Hz, 2H, ArH), 7.75 (d, 3JHH = 8.0 Hz, 

2H, ArH), 7.40 (t, 3JHH = 7.6 Hz, 2H, ArH), 7.33 (t, 3JHH = 7.5 Hz, 2H, ArH), 5.42 (s, 

1H, IrCH), 3.21 (m, 2H, CH(CH3)2), 2.91 (m, 2H, CH(CH3)2), 1.65 (dvt, 3JHH = 8.0 Hz, 

JHP = 8.7 Hz, 6H, CH(CH3)2), 1.36 (dvt, 3JHH = 9.2, JHP = 7.0 Hz, 6H, CH(CH3)2), 1.27 

(dvt, 3JHH = JHP = 7.6 Hz, 6H, CH(CH3)2), 0.75 (dvt, 3JHH = JHP = 7.5 Hz, 6H, 

CH(CH3)2), -18.08 (t, 2JHP = 13.5 Hz, 1H, IrH). 13C{1H} NMR (151 MHz, CD2Cl2) δ 

174.9 (td, 2JCP = 7.0 Hz, 2JCH = 3.1 Hz, IrCO), 172.1 (vt, JCP = 19.8 Hz, aryl C), 145.8 

(vt, JCP = 4.4 Hz, aryl C), 136.9 (vt, JCP = 3.2 Hz, aryl C), 129.6 (vt, JCP = 25.3 Hz, aryl 

C), 125.3 (s, aryl CH), 124.3 (s, aryl CH), 124.3 (s, aryl CH), 122.1 (s, aryl CH), 35.5 (s, 

IrCH), 31.5 (vt, JCP = 14.6 Hz, CH(CH3)2), 28.5 (vt, JCP = 18.3 Hz, CH(CH3)2), 20.7 (vt, 

JCP = 2.3 Hz, CH(CH3)2), 20.6 (vt, JCP = 2.4 Hz, CH(CH3)2), 20.5 (s, CH(CH3)2), 19.9 (s, 

CH(CH3)2). 31P{1H} NMR (243 MHz, CD2Cl2) δ 36.7 (s). IR (NaCl): 2205 cm-1 (Ir-H), 

2014 cm-1 (CO). Elemental Anal. Calcd. (%) for С30H38ClIrOP2S2: С 46.89; H 4.98. 

Found: C 46.87; H 4.93.  
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Synthesis of PCPIr(H)Cl(CO) trans-15OP: 

PCPOPIr(H)Cl(CO) cis17 was dissolved in ca. 0.5 mL toluene-

d8 in a J-Young NMR tube, heated at 110 ºC and monitored by 1H 

and 31P{1H} NMR spectroscopy. Full conversion to the trans isomer 

was observed after 3 hours.  

1H NMR (600 MHz, CD2Cl2) δ 7.43 (dvt, 3JHH = 7.9, JHP = 3.9 Hz, 2H, ArH), 7.32 (d, 

3JHH = 8.0 Hz, 2H, ArH), 7.28 (t, 3JHH = 7.5 Hz, 2H, ArH), 7.14 (t, 3JHH = 7.3 Hz, 2H, 

ArH), 5.52 (s, 1H, IrCH), 2.87 (m, 2H, CH(CH3)2), 2.57 (m, 2H, CH(CH3)2), 1.53 (dvt, 

3JHH = JHP = 7.8 Hz, 6H, CH(CH3)2), 1.35 (dvt, 3JHH = JHP = 7.4 Hz, 6H, CH(CH3)2), 1.25 

(dvt, 3JHH = JHP = 7.8 Hz, 6H, CH(CH3)2), 0.73 (dvt, 3JHH = JHP = 7.7 Hz, 6H, 

CH(CH3)2), -18.97 (t, 2JHP = 13.2 Hz, 1H, IrH). 13C{1H} NMR (151 MHz, CD2Cl2) δ 

175.9 (td, 2JCP = 6.2, 2JCH = 3.9 Hz, IrCO), 160.8 (vt, JCP = 14.5 Hz, aryl C), 136.4 (vt, 

JCP = 25.7 Hz, aryl C), 131.1 (s, aryl CH), 130.0 (s, aryl CH), 127.9 (vt, JCP = 7.0 Hz, 

aryl CH), 125.2 (vt, JCP = 3.9 Hz, aryl CH), 46.6 (s, IrCH), 29.0 (vt, JCP = 13.9 Hz, 

CH(CH3)2), 26.6 (vt, JCP = 17.2 Hz, CH(CH3)2), 19.9 (s, CH(CH3)2), 19.9 (s, CH(CH3)2), 

19.5 (s, CH(CH3)2), 19.1 (s, CH(CH3)2). 31P{1H} NMR (243 MHz, CD2Cl2) δ 45.1 (s). 

IR (NaCl): 2224 cm-1 (Ir-H), 2000 cm-1 (CO). 

 

Synthesis of [PCP=Ir(CO)2][BArF
4] 16: 

PCP=IrCl 5 (8 mg, 0.011 mmol) and NaBArF
4 (14 

mg, 0.016 mmol) were dissolved together in CD2Cl2 in a J-

Young NMR tube. The mixture was degassed, placed 

under 1 atm CO gas and allowed to mix at room 
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temperature for ten minutes. An immediate colour change from dark brown to deep green 

was observed. The volatiles were then removed in vacuo and the green product was 

filtered through Celite and recrystallized from a CH2Cl2/pentane solution. 

[PCP=Ir(CO)2][BArF
4] 16 was isolated as a dark green crystalline solid in 85% yield (15 

mg, 0.009 mmol). 

1H NMR (500 MHz, CD2Cl2) δ 8.06 (d, 3JHH = 8.2 Hz, 2H, ArH), 7.91 (d, 3JHH = 8.2 Hz, 

2H, ArH), 7.78 (t, 3JHH = 8.3 Hz, 2H, ArH), 7.72 (s br, 8H, ortho-CH B(ArF)4), 7.56 (s 

br, 4H, para-CH B(ArF)4), 7.54 (t, 3JHH = 7.8 Hz, 2H, ArH), 3.20 (septvt, 3JHH = 7.0 Hz, 

JHP = 1.9 Hz, 4H, CH(CH3)2), 1.39 (dvt, 3JHH = 7.0, JHP = 8.1 Hz, 12H, CH(CH3)2), 1.21 

(dvt, 3JHH = 7.2, JHP = 7.0 Hz, 12H, CH(CH3)2). 13C{1H} NMR (126 MHz, CD2Cl2) δ 

200.1 (t, 2JCP = 4.9 Hz, Ir-CO), 182.1 (t, 2JCP = 5.5 Hz, C=Ir), 175.6 (vt, JCP = 20.8 Hz, 

aryl C), 162.1 (q, 1JCB = 49.7 Hz, C-B B(ArF)4), 147.5 (vt, JCP = 5.0 Hz, aryl C), 138.8 

(vt, JCP = 3.4 Hz, aryl C), 138.3 (vt, JCP = 23.9 Hz, aryl C), 135.2 (s, ortho-CH B(ArF)4, 

129.2 (qq, 2JCF = 31.5 Hz, 4JCF = 3.0 Hz, C-CF3 B(ArF)4), 128.1 (s, aryl CH), 127.9 (s, 

aryl CH), 126.1 (s, aryl CH), 125.0 (q, 1JCF = 272.3 Hz, CF3 B(ArF)4), 123.5 (s, aryl 

CH), 117.9 (sept, 3JCF = 4.0 Hz, para-CH B(ArF)4), 27.9 (vt, JCP = 15.4 Hz, CH(CH3)2), 

20.3 (s, CH(CH3)2), 18.5 (s, CH(CH3)2). 31P{1H} NMR (203 MHz, CD2Cl2) δ 47.1 (s). 

19F NMR (471 MHz, CD2Cl2) δ -63.8 (s). 11B{1H} NMR (161 MHz, CD2Cl2) δ -6.0 (s). 

IR (NaCl): 2014 cm-1 and 2055 cm-1 (COsymm and COasymm). Elemental Anal. Calcd. (%) 

for C63H48BF24IrO2P2S2: С 46.65; H 2.98. Found: C 46.52; H 2.99. 
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Synthesis of [PCP=IrCO][BArF
4] 17: 

Method 1: [PCP=Ir(CO)2][BArF
4] 16 was dissolved 

in CH2Cl2 in a J-Young NMR tube. The solvent was 

removed in vacuo and the residue was heated with a heat 

gun until a colour change from green to purple-red was 

observed. This process was repeated 3-4 times until full conversion was achieved, as 

monitored by 31P{1H} NMR spectroscopy. 

Method 2: PCP=IrCl 5 (10 mg, 0.014 mmol) was dissolved in 0.7 mL CH2Cl2 in a J-

Young NMR tube. The solution was degassed followed by the addition of ca. 0.5 atm CO 

gas. The tube was shaken during which a rapid colour change from dark brown to dark 

turquoise was observed. Almost immediately after addition of CO, the sample was 

pumped to dryness removing any excess CO. NaBArF
4 (12 mg, 0.014 mmol) was added 

to the J-Young tube and the mixture was dissolved in CH2Cl2, resulting in a deep pink 

solution. The solution was filtered through Celite and the volatiles were removed in 

vacuo. [PCP=IrCO][BArF
4] 17 was isolated as a dark pink solid in 93% yield (20 mg, 

0.013 mmol). 

1H NMR (500 MHz, CD2Cl2) δ 8.39 (d, 3JHH = 8.4 Hz, 2H, ArH), 8.09 (t, J = 8.2 Hz, 2H, 

ArH), 7.88 (d, J = 8.3 Hz, 2H, ArH), 7.72 (s br, 8H, ortho-CH B(ArF)4), 7.56 (t, J = 7.7 

Hz, 2H, ArH), 7.55 (s br, 4H, para-CH B(ArF)4), 3.28 (m, 4H, CH(CH3)2), 1.45 (dvt, 

3JHH = 7.0, JHP = 7.7 Hz, 12H, CH(CH3)2), 1.16 (dvt, 3JHH = 7.0, JHP = 8.0 Hz, 12H, 

CH(CH3)2). 13C{1H} NMR (126 MHz, CD2Cl2) δ 232.2 (C=Ir), 188.6 (t, 2JCP = 7.9 Hz, 

Ir-CO), 173.1 (vt, JCP = 19.2 Hz, aryl C), 162.1 (q, 1JCB = 49.7 Hz, C-B B(ArF)4), 161.4 

(vt, JCP = 16.4 Hz, aryl C), 153.9 (vt, JCP = 4.2 Hz, aryl C), 139.4 (vt, JCP = 1.7 Hz, aryl 
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C), 135.2 (s, ortho-CH B(ArF)4, 132.8 (s, aryl CH), 129.2 (qq, 2JCF = 31.5 Hz, 4JCF = 3.0 

Hz, C-CF3 B(ArF)4), , 129.2 (s, aryl CH), 127.2 (s, aryl CH), 127.0 (s, aryl CH), 125.0 

(q, 1JCF = 272.3 Hz, CF3 B(ArF)4), 117.9 (sept, 3JCF = 4.0 Hz, para-CH B(ArF)4), 27.4 

(vt, JCP = 15.4 Hz, CH(CH3)2), 20.8 (vt, JCP = 2.7 Hz, CH(CH3)2), 20.7 (s, CH(CH3)2). 

31P{1H} NMR (203 MHz, CD2Cl2) δ 59.6 (s). 19F NMR (471 MHz, CD2Cl2) δ -63.8 (s). 

11B{1H} NMR (161 MHz, CD2Cl2) δ -6.0 (s). IR (NaCl): nCO 2048 cm-1 HRMS (APCI) 

calculated C30H36IrOP2S2 (M): 731.1312, found 731.1331. Calculated C32H12BF24 (M-H)-

: 863.0654, found 863.0694. 

 

Synthesis of PCP(O)IrCl 18: 

A 50 mL thick-walled reactor vessel was charged with 60 

mg (0.081 mmol) of PCP=IrCl 5 and dissolved in ca. 10 mL 

toluene. The solution was degassed and subsequently placed 

under 1 atm N2O gas. The solution was heated to 100 ºC for two 

hours during which a colour change from deep brown to bright red was observed. It 

should be noted that the same reaction also proceeds at room temperature over the course 

of 16 hours. The volatile components were removed in vacuo and the product was 

recrystallized from a CH2Cl2/hexanes (ca. 1:3) mixture at -25 ºC. The product was 

isolated as a bright red crystalline solid in 90% yield (55 mg, 0.073 mmol). Single 

crystals suitable for X-ray diffraction were obtained by layering a solution of the product 

in toluene with hexanes and cooling to -25 ºC overnight. 

1H NMR (600 MHz, Toluene-d8) δ 7.68 (d, 3JHH = 8.1 Hz, 2H, ArH), 7.42 (d, 3JHH = 8.1 

Hz, 2H, ArH), 7.15 (t, 3JHH = 7.6 Hz, 2H, ArH), 7.06 (t, 3JHH = 7.6 Hz, 2H, ArH), 3.35 
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(m, 2H, CH(CH3)2), 2.71 (m, 2H, CH(CH3)2), 1.50 (dvt, 3JHH = JHP = 8.2 Hz, 6H, 

CH(CH3)2), 1.36 (dvt, 3JHH = JHP = 7.9 Hz, 6H, CH(CH3)2), 1.24 (dvt, 3JHH = JHP = 7.1 

Hz, 6H, CH(CH3)2), 1.13 (dvt, 3JHH = JHP =  7.8 Hz, 6H, CH(CH3)2). 13C{1H} NMR (151 

MHz, Toluene-d8) δ 159.4 (vt, JCP = 11.2 Hz, aryl C), 143.7 (vt, JCP = 3.9 Hz, aryl C), 

138.7 (vt, JCP = 1.3 Hz, aryl C), 127.0 (vt, JCP = 17.0 Hz, aryl C), 125.3 (s, aryl CH), 

124.7 (s, aryl CH), 123.8 (s, aryl CH), 123.6 (s, aryl CH), 65.0 (t, JCP = 2.1 Hz, C(O)Ir), 

24.4 (vt, JCP = 13.1 Hz, CH(CH3)2), 23.5 (vt, JCP = 15.6 Hz, CH(CH3)2), 19.8 (s, 

CH(CH3)2), 19.7 (vt, JCP = 4.3 Hz, CH(CH3)2), 19.5 (s, CH(CH3)2), 18.9 (s, CH(CH3)2). 

31P{1H} NMR (243 MHz, Toluene-d8) δ 25.1 (s). Elemental Anal. Calcd. (%) for 

С29H36ClIrOP2S2: С 46.17; H 4.81. Found: C 45.87; H 4.91.  

 

Synthesis of PCP(O)IrCl 18OP: 

A 50 mL thick-walled reactor vessel was charged with 

PCPOP=IrCl15 (20 mg, 0.032 mmol) and dissolved in ca. 3 mL 

toluene. The solution was degassed and subsequently placed under 1 

atm N2O gas. The solution was stirred at room temperature for 24 hours during which a 

colour change from dark green to bright red was observed. The volatile components were 

removed in vacuo and the product was recrystallized from a CH2Cl2/hexanes (ca. 1:3) 

mixture at -25 ºC. The product was isolated as a bright red crystalline solid in 73% yield 

(15 mg, 0.023 mmol). 

1H NMR (500 MHz, Toluene-d8) δ 7.80 (d, 3JHH = 7.9 Hz, 2H, ArH), 7.05 (m, 4H, ArH), 

6.88 (t, 3JHH = 7.4 Hz, 2H, ArH), 2.89 (m, 2H, CH(CH3)2), 2.44 (m, 2H, CH(CH3)2), 1.42 

(dvt, 3JHH = JHP = 7.5 Hz, 6H, CH(CH3)2), 1.33 (dvt, 3JHH = JHP = 7.8 Hz, 6H, 
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CH(CH3)2), 1.22 (dvt, 3JHH = JHP = 7.8 Hz, 6H, CH(CH3)2), 1.09 (dvt, 3JHH = JHP = 6.9 

Hz, 6H, CH(CH3)2). 13C{1H} NMR (126 MHz, Toluene-d8) δ 152.0 (vt, JCP = 8.0 Hz, 

aryl C), 132.8 (s, aryl CH), 132.4 (vt, JCP = 19.3 Hz, aryl C), 128.7 (s, aryl CH), 126.6 

(vt, JCP = 3.4 Hz, aryl CH), 126.3 (m, aryl CH), 81.6 (t, 2JCP = 2.7 Hz, C(O)Ir), 24.3 (vt, 

JCP = 13.5 Hz, CH(CH3)2), 23.4 (vt, JCP = 14.7 Hz, CH(CH3)2), 20.3 (vt, JCP = 3.1 Hz, 

CH(CH3)2), 19.1 (vt, JCP = 1.7 Hz, CH(CH3)2), 18.3 (vt, JCP = 2.4 Hz, CH(CH3)2), 17.1 

(s, CH(CH3)2). 31P{1H} NMR (203 MHz, Toluene-d8) δ 33.1 (s). Elemental Anal. Calcd. 

(%) for C25H36ClIrOP2: С 46.76; H 5.65. Found: C 46.95; H 5.32. 

 

Synthesis of PCP(O)IrOH 19: 

Method 1: A 50 mL sealed reactor vessel was charged with 

25 mg (0.035 mmol) PCP=IrOH 11 and dissolved in ca. 3 mL 

toluene. The solution was degassed and subsequently placed 

under 1 atm N2O gas. The solution was heated to 100 °C for two 

hours during which a colour change from deep brown to bright red was observed. The 

volatile components were removed in vacuo and the product was isolated as a red solid in 

94% yield (24 mg, 0.033 mmol). Single crystals were grown by slow evaporation of a 

toluene solution. Co-crystallization of one toluene molecule per two molecules of 19 was 

observed in the unit cell.  

Method 2: A 50 mL sealed reactor vessel was charged with PCP(O)IrCl 18 and dissolved 

in toluene. A large excess of CsOH was added to the solution and the mixture was heated 

at 80 °C for 24 hours. The solution was then cooled to room temperature and filtered 
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through Celite. The solvent was removed in vacuo and the product was isolated as a red 

solid in quantitative yield.  

1H NMR (600 MHz, Toluene-d8) δ 7.65 (d, 3JHH = 8.1 Hz, 2H, ArH), 7.44 (d, 3JHH = 8.0 

Hz, 2H, ArH), 7.17 (t, 3JHH = 7.6 Hz, 2H, ArH), 7.05 (t, 3JHH = 7.6 Hz, 2H, ArH), 5.26 (t, 

3JHP = 4.4 Hz, 1H, IrOH), 2.87 (m, 2H, CH(CH3)2), 2.56 (m, 2H, CH(CH3)2), 1.45 (dvt, 

3JHH = JHP = 8.2 Hz, 6H, CH(CH3)2), 1.40 (dvt, 3JHH = JHP = 7.6 Hz, 6H, CH(CH3)2), 1.22 

(dvt, 3JHH = JHP = 7.2 Hz, 6H, CH(CH3)2), 1.12 (dvt, 3JHH = JHP = 7.6 Hz, 6H, 

CH(CH3)2). 13C{1H} NMR (151 MHz, Toluene-d8) δ 162.0 (vt, JCP = 12.0 Hz, aryl C), 

143.8 (vt, JCP = 4.0 Hz, aryl C), 138.9 (s, aryl C), 127.6 (vt, JCP = 18.0 Hz, aryl C), 125.0 

(s, aryl CH), 124.2 (s, aryl CH), 123.7 (s, aryl CH), 123.2 (s, aryl CH), 62.7 (t, JCP = 2.6 

Hz, C(O)Ir), 25.0 (vt, JCP = 13.1 Hz, CH(CH3)2), 23.4 (vt, JCP = 14.6 Hz, CH(CH3)2), 

20.4 (s, CH(CH3)2), 20.0 (s, CH(CH3)2), 19.4 (s, CH(CH3)2), 19.1 (s, CH(CH3)2). 

31P{1H} NMR (243 MHz, Toluene-d8) δ 25.6 (s). Elemental Anal. Calcd. (%) for 

C65H82Ir2O4P4S4 (2 1•OH + toluene) С 49.92; H 5.28. Found: C 50.35; H 5.19. 

 

Synthesis of PCP(O)IrBr 20: 

A 50 mL thick-walled reactor vessel was charged with 10 

mg (0.013 mmol) of PCP=IrBr 14 and dissolved in ca. 1 mL 

toluene. The solution was degassed and subsequently placed 

under 1 atm N2O gas. The solution was heated to 100 °C for 2 

hours during which a colour change from deep brown to bright red was observed. The 

same reaction also proceeds at room temperature over the course of 16 hours. The 

volatile components were removed in vacuo and the product was recrystallized from a 
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toluene/hexanes (ca. 1:3) mixture at -25 °C. The product was isolated as a bright red 

crystalline solid in 98% yield (10 mg, 0.013 mmol). Single crystals were obtained by 

slow evaporation of a toluene/hexanes mixture resulting in co-crystallization of one 

molecule of toluene.  

1H NMR (600 MHz, Toluene-d8) δ 7.71 (d, 3JHH = 8.1 Hz, 2H, ArH), 7.42 (d, 3JHH = 8.1 

Hz, 2H, ArH), 7.15 (t, 3JHH = 7.5 Hz, 2H, ArH), 7.06 (t, 3JHH = 7.6 Hz, 2H, ArH), 3.47 

(sept, 3JHH = 7.1 Hz, 2H, CH(CH3)2), 2.80 (m, 2H, CH(CH3)2), 1.54 (dvt, 3JHH = 7.6 Hz, 

JHP = 8.3 Hz, 6H, CH(CH3)2), 1.30 (dvt, 3JHH = JHP = 7.8 Hz, 6H, CH(CH3)2), 1.25 (dvt, 

3JHH = JHP = 7.1 Hz, 6H, CH(CH3)2), 1.13 (dvt, 3JHH = JHP = 7.7 Hz, 6H, CH(CH3)2). 

13C{1H} NMR (151 MHz, Toluene-d8) δ 159.0 (vt, J = 11.1 Hz, aryl C), 143.7 (vt, J = 

3.9 Hz, aryl C), 138.8 (s, aryl C), 126.5 (vt, J = 16.9 Hz, aryl C), 125.2 (s, aryl CH), 

124.7 (s, aryl CH), 123.9 (s, aryl CH), 123.5 (s, aryl CH), 64.5 (vt, J = 2.4 Hz, C(O)Ir), 

24.4 (vt, JCP = 15.9 Hz, CH(CH3)2), 24.3 (vt, JCP = 13.2 Hz, CH(CH3)2), 19.8 (s, 

CH(CH3)2), 19.7 (vt, JCP = 3.2 Hz, CH(CH3)2), 19.7 (s, CH(CH3)2), 19.2 (s, CH(CH3)2). 

31P{1H} NMR (243 MHz, Toluene-d8) δ 25.0 (s). Elemental Anal. Calcd. (%) for 

C36H44BrIrOP2S2 (1•Br + toluene): С 48.53; H 4.98. Found: C 48.83; H 4.95. 

 

Synthesis of PCP(O)Ir(H)2Cl 21: 

A 50 mL round bottom flask was charged with 45 mg (0.060 

mmol) of PCP(O)IrCl 18 and dissolved in ca. 3 mL CH2Cl2. The 

solution was degassed and subsequently placed under 1 atm H2 

gas. The solution was allowed to stir for two hours at room 

temperature during which a colour change from bright red to pale yellow was observed. 
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The volatile components were removed in vacuo and the pale yellow-brown solid was 

recrystallized from a CH2Cl2/hexanes (ca. 1:3) mixture at -25 ºC. The product was 

isolated as a pale yellow-brown solid in 98% yield (44 mg, 0.058 mmol). Single crystals 

suitable for X-ray diffraction were obtained by slow evaporation of a CH2Cl2/hexanes 

solution of the product. 

1H NMR (600 MHz, Toluene-d8) δ 7.56 (d, 3JHH = 8.1 Hz, 2H, ArH), 7.39 (d, 3JHH = 8.1 

Hz, 2H, ArH), 7.15 (t, 3JHH = 7.6 Hz, 2H, ArH), 7.02 (t, 3JHH = 7.6 Hz, 2H, ArH), 3.08 

(m, 2H, CH(CH3)2), 2.23 (m, 2H, CH(CH3)2), 1.46 (dvt, 3JHH = JHP = 7.7 Hz, 6H, 

CH(CH3)2), 1.17 (m, 12H, CH(CH3)2), 0.67 (dvt, 3JHH = JHP = 7.5 Hz, 6H, CH(CH3)2), -

7.58 (t, 2JHP = 10.7 Hz, 1H, IrH), -15.22 (t, 2JHP = 10.7 Hz, 1H, IrH). 13C{1H} NMR (151 

MHz, Toluene-d8) δ 161.9 (vt, JCP = 11.0 Hz, aryl C), 143.7 (vt, JCP = 4.1 Hz, aryl C), 

138.1 (vt, JCP = 2.1 Hz, aryl C), 132.9 (vt, JCP = 18.4 Hz, aryl C), 125.3 (s, aryl CH), 

125.0 (s, aryl CH), 123.9 (s, aryl CH), 123.6 (s, aryl CH), 99.5 (t, JCP = 3.5 Hz, C(O)Ir), 

25.3 (vt, JCP = 13.7 Hz, CH(CH3)2), 22.3 (vt, JCP = 17.2 Hz, CH(CH3)2), 19.4 (s, 

CH(CH3)2), 19.3 (vt, JCP = 4.0 Hz, CH(CH3)2), 19.2 (s, CH(CH3)2), 19.1 (s, CH(CH3)2). 

31P{1H} NMR (243 MHz, Toluene-d8) δ 24.49 (s). IR (NaCl): 2229 cm-1 (Ir-H), 2190 

cm-1 (Ir-H). Elemental Anal. Calcd. (%) for С29H38ClIrOP2S2: С 46.05; H 5.06. Found: 

C 46.00; H 5.32.  
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Synthesis of PCP(O)Ir(H)2Br 22: 

A J-Young NMR tube was charged with 7 mg (0.009 mmol) 

of PCP(O)IrBr 20 dissolved in ca. 0.5 mL toluene. The solution 

was degassed and subsequently placed under 1 atm H2 gas. The 

solution was allowed to mix for 30 minutes at room temperature 

during which a colour change from bright red to pale yellow was observed. The volatile 

components were removed in vacuo and the pale yellow-brown solid was recrystallized 

from a toluene/hexanes (ca. 1:3) mixture at -25 °C. The product was isolated as a pale 

yellow-brown solid in 99% yield (7 mg, 0.009 mmol).  

1H NMR (600 MHz, Toluene-d8) δ 7.57 (d, 3JHH = 8.1 Hz, 2H, ArH), 7.39 (d, 3JHH = 8.0 

Hz, 2H, ArH), 7.14 (t, 3JHH = 7.8 Hz, 2H, ArH), 7.02 (t, 3JHH = 7.6 Hz, 2H, ArH), 3.19 

(sept, 3JHH = 7.0 Hz, 2H, CH(CH3)2), 2.26 (m, 2H, CH(CH3)2), 1.41 (dvt, 3JHH = 8.9 Hz, 

JHP = 7.1 Hz, 6H, CH(CH3)2), 1.16 (m, 12H, CH(CH3)2), 0.68 (dvt, 3JHH = 8.7 Hz, JHP = 

7.1 Hz, 6H, CH(CH3)2), -8.29 (t, 2JHP = 10.5 Hz, 1H, IrH), -15.42 (t, 2JHP = 10.5 Hz, 1H, 

IrH). 13C{1H} NMR (151 MHz, Toluene-d8) δ 161.8 (vt, JCP = 11.2 Hz, aryl C), 143.7 

(vt, JCP = 4.0 Hz, aryl C), 138.1 (vt, JCP = 1.9 Hz, aryl C), 133.2 (vt, JCP = 18.2 Hz, aryl 

C), 125.3 (s, aryl CH), 125.1 (s, aryl CH), 123.9 (s, aryl CH), 123.8 (s, aryl CH), 99.0 (t, 

JCP = 3.5 Hz, C(O)Ir), 25.6 (vt, JCP = 14.0 Hz, CH(CH3)2), 22.1 (vt, JCP = 17.3 Hz, 

CH(CH3)2), 19.5 (s, CH(CH3)2), 19.2 (s, CH(CH3)2), 19.1 (vt, JCP = 3.9 Hz, CH(CH3)2), 

19.0 (s, CH(CH3)2). 31P{1H} NMR (243 MHz, Toluene-d8) δ 22.8 (s). HRMS (APCI) 

calculated for C29H38BrIrOP2S2 (M+): 799.0568, found 799.0543. Elemental Anal. 

Calcd. (%) for С29H38BrIrOP2S2: С 43.49; H 4.78. Found: C 43.73; H 4.99.  
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Synthesis of PCP(O)Ir(H)2OTf 23: 

AgOTf (10 mg, 0.040 mmol) was added to a solution of 

PCP(O)Ir(H)2Cl 21 (30 mg, 0.040 mmol) in ca. 1 mL toluene. 

The mixture was allowed to stir for five hours at room 

temperature after which the pale orange solution was filtered 

through Celite and the solvent was removed in vacuo. The desired product was isolated 

as a pale orange solid in 98% yield (34 mg, 0.039 mmol). 

1H NMR (600 MHz, Toluene-d8) δ 7.57 (d, 3JHH = 8.2 Hz, 2H, ArH), 7.35 (d, 3JHH = 8.0 

Hz, 2H, ArH), 7.13 (t, 3JHH = 7.7 Hz, 2H, ArH), 7.03 (t, 3JHH = 7.0 Hz, 2H, ArH), 3.07 

(sept, 3JHH = 7.1 Hz, 2H, CH(CH3)2), 2.34 (m, 2H, CH(CH3)2), 1.39 (dvt, 3JHH = JHP = 8.1 

Hz, 6H, CH(CH3)2), 1.33 (dvt, 3JHH = JHP = 8.5 Hz, 6H, CH(CH3)2), 1.10 (dvt, 3JHH = JHP 

= 7.2 Hz, 6H, CH(CH3)2), 0.58 (dvt, 3JHH = JHP = 7.9 Hz, 6H, CH(CH3)2), -6.56 (t, 2JHP = 

11.3 Hz, 1H, IrH), -18.61 (t, 2JHP = 11.0 Hz, 1H, IrH). 13C{1H} NMR (151 MHz, 

Toluene-d8) δ 159.1 (vt, JCP = 10.0 Hz, aryl C), 143.2 (vt, JCP = 4.2 Hz, aryl C), 138.3 

(vt, JCP = 1.8 Hz, aryl C), 132.5 (vt, JCP = 17.9 Hz, aryl C), 125.7 (s, aryl CH), 125.6 (s, 

aryl CH), 124.2 (s, aryl CH), 123.8 (s, aryl CH), 121.4 (q, 1JCF = 319.2 Hz, CF3SO3), 

108.4 (t, 2JCP = 3.8 Hz, C(O)Ir), 25.9 (vt, JCP = 12.6 Hz, CH(CH3)2), 22.0 (vt, JCP = 17.7 

Hz, CH(CH3)2), 19.8 (s, CH(CH3)2), 19.2 (s, CH(CH3)2), 19.0 (vt, JCP = 3.7 Hz, 

CH(CH3)2), 18.7 (s, CH(CH3)2). 31P{1H} NMR (243 MHz, Toluene-d8) δ 31.2 (s). 19F 

NMR (376 MHz, Toluene-d8) δ -77.08 (s). Elemental Anal. Calcd. (%) for 

C30H38F3IrO4P2S3: С 41.42; H 4.40. Found: С 40.30; H 4.29. (Values are low due to 

residual AgOTf and/or AgCl that could not be removed.) HRMS (APCI) calculated for 

С29H38IrOP2S2 (M*+): 721.1463, found 721.1463. (Missing OTf ligand) 
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Synthesis of PCP=IrCl3 24: 

PCP=IrCl 5 (27 mg, 0.037 mmol) was dissolved in ca. 1 

mL CH2Cl2 in a 50 mL sealed reactor vessel. Hexachloroethane 

(9 mg, 0.038 mmol) was added to the solution as a solid and the 

mixture was heated to 50 °C for one hour. During this time, a 

colour change from dark brown to almost colourless was observed as well as a large 

amount of green-black precipitate. The solvent was decanted and the precipitate was 

washed three times with hexanes. The product was dried in vacuo and isolated as a green-

black solid in 95% yield (28 mg, 0.035 mmol). This reaction can also be done with 

toluene as the solvent, resulting in bright red single crystals co-crystallized with toluene.  

1H NMR (500 MHz, CD2Cl2) δ 8.24 (d, 3JHH = 8.4 Hz, 2H, ArH), 7.96 (d, 3JHH = 8.5 Hz, 

2H, ArH), 7.81 (t, 3JHH = 7.7 Hz, 2H, ArH), 7.57 (t, 3JHH = 7.8 Hz, 2H, ArH), 3.61 (m, 

4H, CH(CH3)2), 1.60 (dvt, 3JHH = JHP = 7.8 Hz, 12H, CH(CH3)2), 1.54 (dvt, 3JHH = JHP = 

7.7 Hz, 12H, CH(CH3)2). 31P{1H} NMR (203 MHz, CD2Cl2) δ -0.3 (s). Elemental Anal. 

Calcd. (%) for С29H36Cl3IrP2S2: С 43.04; H 4.48. Found: С 43.01; H 4.55. 

 

Synthesis of PCP=Ir(OTf)2Cl 25: 

TMSOTf (12.0 µL, 0.066 mmol) was dissolved in 0.5 mL 

toluene and added dropwise to a solution of PCP(O)IrCl 18 (25 

mg, 0.033 mmol) in 0.5 mL toluene in a 4 mL vial at room 

temperature. A colour change from bright red to a darker red-

brown colour was observed. The vial was left to sit without stirring at room temperature 

for 24 hours during which large green crystals were formed. The solution was decanted 
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and the crystals were washed with hexanes and pumped to dryness. The desired product 

co-crystallizes with one molecule of toluene. 25 was isolated as a dark green crystalline 

solid in 83% yield (31 mg, 0.027 mmol). When dissolved in CD2Cl2, 25 appears as a dark 

red-purple solution.  

1H NMR (500 MHz, CD2Cl2) δ 8.30 (d, 3JHH = 8.4 Hz, 2H, ArH), 8.05 (d, 3JHH = 8.2 Hz, 

2H, ArH), 7.80 (t, 3JHH = 7.7 Hz, 2H, ArH), 7.66 (t, 3JHH = 7.7 Hz, 2H, ArH), 3.56 (m, 

2H, CH(CH3)2), 3.52 (m, 2H, CH(CH3)2), 1.60 (dvt, 3JHH = JHP = 8.2 Hz, 6H, CH(CH3)2), 

1.55 (dvt, 3JHH = JHP = 7.7 Hz, 6H, CH(CH3)2), 1.45 (dvt, 3JHH = JHP = 8.0 Hz, 6H, 

CH(CH3)2), 1.43 (dvt, 3JHH = JHP = 8.5 Hz, 6H, CH(CH3)2). 13C{1H} NMR (126 MHz, 

CD2Cl2) δ 219.1 (s, C=Ir), 168.8 (vt, JCP = 15.8 Hz, aryl C), 158.7 (vt, JCP = 13.8 Hz, aryl 

C), 150.8 (vt, JCP = 4.1 Hz, aryl C), 140.9 (s, aryl C), 131.3 (s, aryl CH), 128.5 (s, aryl 

CH), 128.2 (s, aryl CH), 125.5 (s, aryl CH), 119.3 (q, 1JCF = 319.1 Hz, CF3SO3), 117.0 

(q, 1JCF = 318.9 Hz, CF3SO3), 25.9 (vt, JCP = 11.0 Hz, CH(CH3)2), 24.0 (vt, JCP = 12.7 

Hz, CH(CH3)2), 21.2 (s, CH(CH3)2), 21.1 (s, CH(CH3)2), 20.5 (s, CH(CH3)2), 19.3 (s, 

CH(CH3)2). 31P{1H} NMR (203 MHz, CD2Cl2) δ 19.2 (s). 19F NMR (471 MHz, CD2Cl2) 

δ -78.7 (s, CF3SO3), -79.1 (s, CF3SO3). Elemental Anal. Calcd. (%) for 

C38H44ClF6IrO6P2S4 (7•(OTf)2Cl + toluene): С 40.44; H 3.93. Found: С 40.14; H 4.13. 

 

Synthesis of [PCP=Ir(H2O)(Cl)(OTf)][OTf] 26: 

PCP(O)IrCl 18 (6 mg, 0.008 mmol) and HOTf (1.41 

µL, 0.016 mmol) were each dissolved in CD2Cl2 (ca. 0.3 

mL) and placed in the freezer (-25 ºC) for 30 min. The 

HOTf solution was then added dropwise to the red 
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PCP(O)IrCl 18 solution and an instant colour change to a deep red-pink colour was 

observed. The product was characterized by multinuclear NMR spectroscopy without 

isolation. 

1H NMR (500 MHz, CD2Cl2) δ 8.19 (d, 3JHH  = 8.3 Hz, 2H, ArH), 8.08 (d, 3JHH =  8.2 

Hz, 2H, ArH), 7.84 (t, 3JHH = 7.7 Hz, 2H, ArH), 7.67 (t, 3JHH =  7.7 Hz, 2H, ArH), 6.52 

(s, 2H, H2O), 3.64 (m, 2H, CH(CH3)2), 3.29 (sept, J = 7.1 Hz, 2H, CH(CH3)2), 1.71 (dvt, 

3JHH = 7.1 Hz, JHP = 9.6 Hz, 6H, CH(CH3)2), 1.55 (dvt, 3JHH = JHP = 7.7 Hz, 6H, 

CH(CH3)2), 1.47 (dvt, 3JHH = JHP = 7.8 Hz, 6H, CH(CH3)2), 1.29 (dvt, 3JHH = JHP = 7.7 

Hz, 6H, CH(CH3)2). 13C{1H} NMR (126 MHz, CD2Cl2) δ 215.8 (s, C-Ir), 169.4 (vt, JCP = 

16.1 Hz, aryl C), 158.0 (vt, JCP = 15.5 Hz, aryl C), 151.7 (vt, JCP = 4.2 Hz, aryl C), 140.9 

(s, aryl C), 132.0 (s, aryl CH), 129.8 (q, CF3SO3),  128.6 (s, aryl CH), 127.8 (s, aryl CH), 

127.0 (q, CF3SO3), 125.9 (s, aryl CH), 25.1 (vt, JCP = 12.4 Hz, CH(CH3)2), 25.0 (vt, JCP = 

13.3 Hz, CH(CH3)2), 22.1 (s, CH(CH3)2), 20.5 (s, CH(CH3)2), 19.8 (s, CH(CH3)2), 19.7 

(s, CH(CH3)2). 31P{1H} NMR (203 MHz, CD2Cl2) δ 14.7. 19F NMR (471 MHz, CD2Cl2) 

δ -78.2, -80.2. 

 

Synthesis of PCP(O)IrNH2 28: 

PCP(O)IrCl 18 (10 mg, 0.013 mmol) was dissolved in 

toluene (0.5 mL) and transferred to a J-Young NMR tube. The 

solution was degassed, placed under 1 atm NH3 and heated to 

65 °C for two days. A colour change from red to pale orange is 
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observed as well as the formation of a white precipitate. The solution was filtered through 

Celite, layered with pentane and placed in the freezer at -25 ºC. The product was isolated 

as a pale orange solid in 82% yield (8 mg, 0.011 mmol). 

1H NMR (600 MHz, Toluene-d8) δ 7.69 (d, 3JHH = 8.1 Hz, 2H, ArH), 7.46 (d, 3JHH = 8.1 

Hz, 2H, ArH), 7.18 (t, 3JHH = 7.6 Hz, 2H, ArH), 7.05 (t, 3JHH = 7.6 Hz, 2H, ArH), 5.07 (t, 

3JHP = 6.4 Hz, 2H, IrNH2), 2.64 (m, 2H, CH(CH3)2), 2.56 (sept, 3JHH = 7.1 Hz, 2H, 

CH(CH3)2), 1.40 (dvt, 3JHH = JHP = 8.0 Hz, 6H, CH(CH3)2), 1.25 (dvt, 3JHH = JHP = 7.5 

Hz, 6H, CH(CH3)2), 1.22 (dvt, 3JHH = JHP = 6.8 Hz, 6H, CH(CH3)2), 1.16 (dvt, 3JHH = JHP 

= 7.6 Hz, 6H, CH(CH3)2). 13C{1H} NMR (151 MHz, Toluene-d8) δ 164.3 (vt, JCP = 12.2 

Hz, aryl C), 144.0 (vt, JCP = 4.0 Hz, aryl C), 139.0 (s, aryl C), 126.7 (vt, JCP = 18.7 Hz, 

aryl C), 124.8 (s, aryl CH), 123.9 (s, aryl CH), 123.7 (s, aryl CH), 123.2 (s, aryl CH), 

65.2 (t, JCP = 2.1 Hz, C(O)Ir), 24.7 (vt, JCP = 13.2 Hz, CH(CH3)2), 22.7 (vt, JCP = 14.5 

Hz, CH(CH3)2), 20.3 (s, CH(CH3)2), 20.2 (s, CH(CH3)2), 19.9 (s, CH(CH3)2), 19.3 (s, 

CH(CH3)2). 31P{1H} NMR (243 MHz, Toluene-d8) δ 26.1 (s). Accurate elemental 

analysis values could not be obtained due residual amounts of NH4Cl. Attempts to obtain 

HRMS (ESI and APCI) resulted in loss of the NH2 ligand.  

 

Synthesis of PCP(NMes)IrCl 29: 

A 50 mL round bottom flask was charged with 50 mg 

(0.068 mmol) PCP=IrCl 5 and dissolved in ca. 3 mL toluene. 

MesN3 (11 mg, 0.068 mmol) was dissolved in ca. 1 mL toluene 

and added dropwise to the stirred solution of 5 at room 

temperature. A colour change from dark brown to deep red-purple was observed within 
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five minutes. The mixture was allowed to stir for 30 min at room temperature and the 

volatiles were removed in vacuo. The product was isolated as a deep red-purple solid in 

93% yield (55 mg, 0.063 mmol). 

1H NMR (500 MHz, CD2Cl2) δ 7.84 (m, 2H, LigArH), 7.78 (m, 2H, LigArH), 7.37 (m, 

4H, LigArH), 6.57 (s, 1H, MesArH), 6.20 (s, 1H, MesArH), 3.53 (s, 3H, MesCH3), 3.28 

(m, 2H, CH(CH3)2), 3.03 (m, 2H, CH(CH3)2), 2.00 (s, 3H, MesCH3), 1.96 (s, 3H, 

MesCH3), 1.59 (dvt, 3JHH = JHP = 8.0 Hz, 6H, CH(CH3)2), 1.36 (dvt, 3JHH = JHP = 7.6 Hz, 

6H, CH(CH3)2), 1.23 (dvt, 3JHH = JHP = 7.2 Hz, 6H, CH(CH3)2), 0.94 (dvt, 3JHH = JHP = 

7.5 Hz, 6H, CH(CH3)2). 13C{1H} NMR (126 MHz, CD2Cl2) δ 160.1 (vt, JCP = 11.1 Hz, 

Lig aryl C), 148.6 (s, Mes aryl C), 143.1 (vt, JCP = 3.9 Hz, Lig aryl C), 138.0 (s, Lig aryl 

C), 130.9 (s, Mes aryl CH), 129.6 (vt, JCP= 18.1 Hz, Lig aryl C), 129.2 (s, Mes aryl C), 

128.8 (s, Mes aryl CH), 127.7 (s, Mes aryl C), 125.5 (s, Mes aryl C), 125.4 (s, Lig aryl 

CH), 124.8 (s, Lig aryl CH), 124.0 (s, Lig aryl CH), 123.5 (s, Lig aryl CH), 52.1 (s, C-

Ir), 27.4 (vt, JCP = 15.8 Hz, CH(CH3)2), 25.1 (vt, JCP = 12.6 Hz, CH(CH3)2), 24.5 (s, 

MesCH3), 23.1 (s, MesCH3), 20.3 (s, MesCH3), 19.8 (s, CH(CH3)2), 19.7 (s, CH(CH3)2), 

19.6 (vt, JCP = 3.9 Hz, CH(CH3)2), 19.3 (s, CH(CH3)2). 31P{1H} NMR (203 MHz, 

CD2Cl2) δ 15.1 (s). Elemental Anal. Calcd. (%) for C38H47ClNIrP2S2: С 52.37; H 5.44; 

N 1.61. Found: С 52.09; H 5.87; N 1.40.   
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Synthesis of PCP(NSO2trip)IrCl 30: 

A solution of tripSO2N3 (13 mg, 0.041 mmol) in ca. 1 mL 

toluene was added slowly to a toluene (ca. 1 mL) solution of 

PCP=IrCl 5 (30 mg, 0.041 mmol) in a 20 mL vial. The dark 

brown solution immediately turned a deep red colour. The 

solution was layered with ca. 5 mL pentane and left in the freezer 

overnight. The solution was decanted and the product was isolated in 82% yield (34 mg, 

0.033 mmol) as red needles. 

1H NMR (500 MHz, CD2Cl2) δ 7.88 (m, 4H, Lig ArH), 7.41 (m, 4H, Lig ArH), 7.02 (s, 

2H, Trip ArH), 4.17 (sept, 3JHH = 6.8 Hz, 2H, Trip CH(CH3)2), 3.32 (m, 2H, Lig 

CH(CH3)2), 3.02 (m, 2H, Lig CH(CH3)2), 2.82 (sept, 3JHH = 6.9 Hz, 1H, Trip CH(CH3)2), 

1.53 (dvt, 3JHH = JHP = 7.9 Hz, 6H, Lig CH(CH3)2), 1.37 (dvt, 3JHH = JHP = 7.7 Hz, 6H, 

Lig CH(CH3)2), 1.20 (dvt, 3JHH = JHP = 7.3 Hz, 6H, Lig CH(CH3)2), 1.17 (d, 3JHH = 7.0 

Hz, 6H, Trip CH(CH3)2), 1.12 (br dvt, 3JHH = JHP = 7.9 Hz, 6H, Lig CH(CH3)2), 1.05 (d, 

3JHH = 6.7 Hz, 12H, Trip CH(CH3)2). 13C{1H} NMR (126 MHz, CD2Cl2) δ 158.7 (m, Lig 

aryl C), 152.3 (s, Trip aryl C), 149.6 (s, Trip aryl C), 144.0 (s, Lig aryl C), 137.9 (s, Lig 

aryl C), 136.2 (s, Trip aryl C), 129.7 (m, Lig aryl C), 125.6 (s, Lig aryl CH), 125.1 (s, 

Lig aryl CH), 124.5 (s, Lig aryl CH), 123.7 (s, Lig aryl CH), 123.5 (s, Trip aryl CH), 

41.6 (t, 2JCP = 2.0 Hz, C-Ir), 34.6 (s, Trip CH(CH3)2), 30.6 (s, Trip CH(CH3)2), 26.8 (vt, 

JCP = 15.6 Hz, Lig CH(CH3)2), 25.7 (vt, JCP = 12.3 Hz, Lig CH(CH3)2), 25.2 (s, Trip 

CH(CH3)2), 23.8 (s, Trip CH(CH3)2), 20.5 (s, Lig CH(CH3)2), 20.3 (s, Lig CH(CH3)2), 

19.8 (s, Lig CH(CH3)2), 19.6 (s, Lig CH(CH3)2). 31P{1H} NMR (203 MHz, CD2Cl2) δ 
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20.9 (br s). Elemental Anal. Calcd. (%) for C44H59ClIrNO2P2S3: С 51.82; H 5.83; N 

1.37. Found: С 51.76; H 5.64; N 1.09. 

 

Synthesis of [PCP=Ir(H)(Cl)][NTf2] 32: 

A solution of HNTf2 (8 mg, 0.027 mmol) in CH2Cl2 

(0.5 mL) was added to a solution of PCP=IrCl 5 (20 mg, 

0.027 mmol) in CH2Cl2 (0.5 mL) upon which a colour 

change from dark brown to deep red-pink was observed. 

The solvent was removed in vacuo and the product was isolated as a deep red-pink solid 

in 94% yield (26 mg, 0.026 mmol). 

1H NMR (600 MHz, CD2Cl2) δ 8.29 (d, 3JHH = 8.3 Hz, 2H, ArH), 8.04 (d, 3JHH = 8.3 Hz, 

2H, ArH), 7.97 (t, 3JHH = 7.6 Hz, 2H, ArH), 7.66 (t, 3JHH = 7.7 Hz, 2H, ArH), 3.65 (sept, 

3JHH = 6.7 Hz, 2H, CH(CH3)2), 3.52 (m, 2H, CH(CH3)2), 1.47 (m, 12H, CH(CH3)2), 1.31 

(dvt, 3JHH = JHP =  8.2 Hz, 6H, CH(CH3)2), 1.11 (dvt, 3JHH =  JHP =  8.9 Hz, 6H, 

CH(CH3)2), -27.75 (s, 1H, IrH). 13C{1H} NMR (151 MHz, CD2Cl2) δ 224.2 (s, C=Ir), 

171.4 (vt, JCP = 17.2 Hz, aryl C), 154.8 (vt, JCP = 16.1 Hz, aryl C), 150.4 (vt, JCP = 4.1 

Hz, aryl C), 139.72 (s, aryl C), 131.8 (s, aryl CH), 129.2 (s, aryl CH), 126.6 (s, aryl CH), 

126.5 (s, aryl CH), 120.0 (q, 1JCF = 321.6 Hz, N(CF3SO2)2), 25.8 (vt, JCP = 13.3 Hz, 

CH(CH3)2), 24.6 (vt, JCP = 15.0 Hz, CH(CH3)2), 19.8 (s, CH(CH3)2), 19.7 (s, CH(CH3)2), 

19.2 (vt, JCP = 2.9 Hz, CH(CH3)2), 19.1 (s, CH(CH3)2). 31P{1H} NMR (243 MHz, 

CD2Cl2) δ 52.5 (br s). 19F NMR (376 MHz, CD2Cl2) δ -78.5 (s). HRMS (APCI) 

calculated for C29H37ClIrP2S2 (M+): 739.1124, found 739.1138. Elemental Anal. Calcd. 

(%) for C31H37ClF6IrNO5P2S4: С 36.52; H 3.66; N 1.37. Found: C 36.37; H 3.94; N 1.51. 
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Synthesis of PCP=Ir(H)(Cl)2 33: 

Method 1: One equivalent of tetrabutylammonium 

chloride was added as a solid to a solution of 

[PCP=Ir(H)(Cl)][NTf2] 32 in CD2Cl2. An immediate colour 

change from deep pink/red to deep green/brown was observed 

and quantitative conversion to a new product was shown by 1H and 31P{1H} NMR 

spectroscopy. The volatiles were removed in vacuo, leaving a dark green/brown solid. 

Due to the similar solubilities of the product and the nBuN4NTf2 byproduct, the two could 

not be separated. 

Method 2: A 4 M dioxane solution of HCl (5 µL, 0.020 mmol) was added via syringe to a 

solution of PCP=IrCl 5 (15 mg, 0.020 mmol) in CH2Cl2 (ca. 0.7 mL) at room 

temperature. A slight colour change from deep brown to deep green/brown was observed 

immediately upon addition. The volatiles were removed in vacuo and 33 was isolated as a 

green/brown solid in 95% yield (15 mg, 0.019 mmol). 

1H NMR (600 MHz, CD2Cl2) δ 8.24 (d, 3JHH = 8.2 Hz, 2H, ArH), 7.91 (d, 3JHH = 8.2 Hz, 

2H, ArH), 7.83 (t, 3JHH = 7.7 Hz, 2H, ArH), 7.52 (t, 3JHH = 7.7 Hz, 2H, ArH), 3.64 (m, 

2H, CH(CH3)2), 2.96 (m, 2H, CH(CH3)2), 1.76 (dvt, 3JHH = 7.6, JHP =  8.7 Hz, 6H, 

CH(CH3)2), 1.53 (dvt, 3JHH =  JHP = 7.6 Hz, 6H, CH(CH3)2), 1.46 (dvt, 3JHH = 7.4, JHP =  

8.6 Hz, 6H, CH(CH3)2), 0.99 (dvt, 3JHH = 7.4, JHP =  8.4 Hz, 6H, CH(CH3)2), -13.31 (t, -

2JHP = 11.8 Hz, 1H, IrH). 13C{1H} NMR (151 MHz, CD2Cl2) δ 220.6 (s, C=Ir), 174.9 (vt, 

JCP = 18.5 Hz, aryl C), 152.5 (vt, JCP = 15.3 Hz, aryl C), 147.2 (vt, JCP = 3.8 Hz, aryl C), 

140.1 (s, aryl C), 128.3 (s, aryl CH), 128.0 (s, aryl CH), 126.4 (s, aryl CH), 125.04 (s, 

aryl CH), 27.7 (vt, JCP = 15.6 Hz, CH(CH3)2), 27.6 (vt, JCP = 13.6 Hz, CH(CH3)2), 21.4 
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(s, CH(CH3)2), 20.5 (vt, JCP = 1.8 Hz, CH(CH3)2), 20.0 (s, CH(CH3)2), 19.6 (s, 

CH(CH3)2). 31P{1H} NMR (243 MHz, CD2Cl2) δ 23.7 (s). HRMS (APCI) calculated for 

C29H37ClIrP2S2 (M*+): 739.1124, found 739.1091. (Missing Cl ligand) 

 

Synthesis of PCP(O)Ir(H)2NTf2 34: 

AgNTf2 (5 mg, 0.013 mmol) was added as a solid to a 

solution of PCP(O)Ir(H)2Cl 21 (10 mg, 0.013 mmol) in CH2Cl2 

in a J-Young NMR tube. Slowly there was a colour change 

from pale yellow to darker orange as well as formation of a 

precipitate. The reaction was left to mix for five hours at room temperature or until full 

conversion was observed by 31P{1H} NMR spectroscopy. The solution was then filtered 

through Celite and the volatile components were removed in vacuo. The product was 

isolated as an orange/brown solid in 98% yield (13 mg, 0.013 mmol). 

1H NMR (500 MHz, CD2Cl2) δ 7.93 (m, 4H, ArH), 7.49 (m, 4H, ArH), 2.86 (m, 4H, 

CH(CH3)2), 1.44 (dvt, 3JHH = JHP = 7.2 Hz, 6H, CH(CH3)2), 1.38 (dvt, 3JHH = 6.8 Hz, JHP 

= 9.3 Hz, 6H, CH(CH3)2), 1.24 (dvt, 3JHH = 7.4 Hz, JHP = 8.5 Hz, 6H, CH(CH3)2), 0.80 

(dvt, 3JHH = 7.1 Hz, JHP = 8.7 Hz, 6H, CH(CH3)2), -7.05 (br s, 1H, IrH), -20.16 (br s, 1H, 

IrH). 13C{1H} NMR (126 MHz, CD2Cl2) δ 157.7 (vt, JCP = 10.0 Hz, aryl C), 143.1 (vt, 

JCP = 4.3 Hz, aryl C), 138.1 (vt, JCP = 2.0 Hz, aryl C), 132.0 (vt, JCP = 18.6 Hz, aryl C), 

126.4 (s, aryl CH), 126.3 (s, aryl CH), 124.6 (s, aryl CH), 124.0 (s, aryl CH), 114.2 (br s, 

C(O)Ir) 26.3 (vt, JCP = 12.9 Hz, CH(CH3)2), 22.1 (vt, JCP = 17.9 Hz, CH(CH3)2), 20.1 (s, 

CH(CH3)2), 19.4 (s, CH(CH3)2), 18.8 (s, CH(CH3)2), 18.4 (s, CH(CH3)2). Note: There 

was no evidence of a N(CF3SO2)2) 13C signal. 31P{1H} NMR (203 MHz, CD2Cl2) δ 32.0 
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(s). 19F NMR (471 MHz, CD2Cl2) δ -77.97 (br s), -79.67 (br s). HRMS (APCI) 

calculated C29H38IrOP2S2 (M): 721.1469, found 721.1491. 

 

Synthesis of [PCP(O)Ir(H)2NCMe][NTf2] 35:   

AgNTf2 (6 mg, 0.016 mmol) was added as a solid 

to a solution of PCP(O)Ir(H)2Cl 21 (12 mg, 0.016 

mmol) in CH2Cl2 in a J-Young NMR tube. One 

equivalent of MeCN (0.83 µL, 0.016 mmol) was then 

added to the solution and allowed to mix at room temperature for two hours. There was a 

colour change from pale yellow to pale pink as well as formation of a precipitate. The 

solution was then filtered through Celite and the volatile components were removed in 

vacuo. [PCP(O)Ir(H)2NCMe][NTf2] was isolated as a pink solid in 78% yield (13 mg, 

0.012 mmol). 

1H NMR (500 MHz, CD2Cl2) δ 7.95 (d, 3JHH = 7.2 Hz, 2H, ArH), 7.88 (d, 3JHH = 7.2 Hz, 

2H, ArH), 7.52 (t, 3JHH = 7.7 Hz, 2H, ArH), 7.52 (t, 3JHH = 6.0 Hz, 2H, ArH), 2.84 (sept, 

3JHH = 7.0 Hz, 2H, CH(CH3)2), 2.77 (m, 2H, CH(CH3)2), 2.75 (s, 3H, NCCH3), 1.32 (m, 

18H, CH(CH3)2), 0.81 (dvt, 3JHH = 9.3 Hz, JHP = 7.0 Hz, 6H, CH(CH3)2), -9.74 (t, 2JHP = 

11.4 Hz, 1H, IrH), -15.35 (t, 2JHP = 11.4 Hz, 1H, IrH). 13C{1H} NMR (126 MHz, 

CD2Cl2) δ 156.6 (vt, JCP = 9.7 Hz, aryl C), 143.3 (vt, JCP = 4.5 Hz, aryl C), 137.5 (vt, JCP 

= 9.7 Hz, aryl C), 132.5 (vt, JCP = 20.6 Hz, aryl C), 128.4 (s, NCCH3), 126.7 (s, aryl 

CH), 126.6 (s, aryl CH), 124.3 (s, aryl CH), 123.9 (s, aryl CH), 120.2 (q, 1JCF = 321.8 

Hz, N(CF3SO2)2), 116.1 (t, JCP = 4.0 Hz, C(O)Ir), 27.3 (vt, JCP = 13.8 Hz, CH(CH3)2), 

23.8 (vt, JCP = 18.1 Hz, CH(CH3)2), 19.8 (vt, JCP = 3.3 Hz, CH(CH3)2), 19.7 (s, 
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CH(CH3)2), 19.4 (s, CH(CH3)2), 18.8 (vt, JCP = 1.3 Hz, CH(CH3)2), 4.3 (s, NCCH3). 

31P{1H} NMR (203 MHz, CD2Cl2) δ 26.5 (s). 19F NMR (471 MHz, CD2Cl2) δ -79.56 (s). 

HRMS (APCI) calculated for С31H41IrNOP2S2 (M+): 762.1729 found 762.1694. 

 

Synthesis of [PCP=Ir(O=C(CD3)2)][NTf2] 36:  

Method 1: PCP(O)Ir(H)2NTf2 34 was dissolved in 

acetone-d6 and allowed to sit at room temperature for 16 

hours during which time a colour change from orange-

brown to deep brown took place. Full conversion to 36 

was observed by NMR spectroscopy. 

Method 2: AgNTf2 (5 mg, 0.014 mmol) was added as a solid to a solution of PCP=IrCl 5 

(10 mg, 0.014 mmol) in acetone-d6 at room temperature. After ten minutes, a pink-brown 

precipitate was formed and full conversion to 36 was observed by NMR spectroscopy. 

Method 3: HNTf2 (4 mg, 0.014 mmol) was added as a solid to a solution of PCP=IrOH 11 

(10 mg, 0.014 mmol) in acetone-d6 at room temperature. After five minutes, full 

conversion to 36 was observed by NMR spectroscopy. 

1H NMR (600 MHz, Acetone-d6) δ 8.90 (d, 3JHH = 8.1 Hz, 2H, ArH), 8.42 (t, 3JHH = 7.6 

Hz, 2H, ArH), 7.78 (d, 3JHH = 8.2 Hz, 2H, ArH), 7.48 (t, 3JHH = 7.6 Hz, 2H, ArH), 3.67 

(septvt, 3JHH = 6.9 Hz, JHP = 1.5 Hz, 4H, CH(CH3)2), 1.47 (m, 24H, CH(CH3)2). 13C{1H} 

NMR (151 MHz, Acetone-d6) δ 181.0 (t, 2JCP = 1.7 Hz, C=Ir), 180.6 (vt, JCP = 22.1 Hz, 

aryl C), 146.7 (vt, JCP = 4.2 Hz, aryl C), 142.5 (vt, JCP = 18.2 Hz, aryl C), 141.0 1 (vt, JCP 

= 1.6 Hz, aryl C), 128.3 (s, aryl CH), 128.1 (s, aryl CH), 126.3 (s, aryl CH), 125.1 (s, 

aryl CH), 120.2 (q, 1JCF = 321.4 Hz, N(CF3SO2)2), 23.7 (vt, JCP = 14.3 Hz, CH(CH3)2), 
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19.8 (s, CH(CH3)2), 19.7 (vt, JCP = 2.8 Hz, CH(CH3)2). Signals corresponding to the 

acetone adduct could not be identified, likely due to broadness. 31P{1H} NMR (243 MHz, 

Acetone-d6) δ 43.8 (s). 19F NMR (471 MHz, Acetone-d6) δ -80.82 (s). 

 

Synthesis of [PCP=IrNCMe][NTf2] 37:  

 AgNTf2 (5 mg, 0.014 mmol) was added as a solid 

to a solution of PCP=IrCl 5 (10 mg, 0.014 mmol) in 

CH2Cl2 in a J-Young NMR tube. One equivalent of 

MeCN (0.71 µL, 0.014 mmol) was then added to the 

solution and allowed to mix at room temperature for 2 hours. There was a colour change 

from dark brown to dark brown/pink as well as formation of a precipitate. The solution 

was then filtered through Celite and the volatile components were removed in vacuo. 37 

was isolated as a dark brown/pink solid in 94% yield (13 mg, 0.013 mmol). 

1H NMR (500 MHz, CD2Cl2) δ 8.66 (d, 3JHH = 8.2 Hz, 2H, ArH), 8.37 (t, 3JHH = 7.7 Hz, 

2H, ArH), 7.58 (d, 3JHH = 8.2 Hz, 2H, ArH), 7.41 (t, 3JHH = 7.6 Hz, 2H, ArH), 3.53 

(septvt, 3JHH = 6.7 Hz, JHP = 1.7 Hz, 4H, CH(CH3)2), 3.09 (s, 3H, NCCH3), 1.55 (dvt, 

3JHH = 9.4 Hz, JHP = 7.3 Hz, 12H, CH(CH3)2), 1.36 (dvt, 3JHH = JHP = 7.7 Hz, 12H, 

CH(CH3)2). 13C{1H} NMR (126 MHz, CD2Cl2) δ 180.1 (vt, JCP = 22.3 Hz, aryl C), 148.8 

(vt, JCP = 4.3 Hz, aryl C), 147.9 (vt, JCP = 18.2 Hz, aryl C), 145.9 (s, NCCH3), 140.7 (vt, 

JCP = 1.7 Hz, aryl C), 129.3 (s, aryl CH), 128.5 (s, aryl CH), 126.5 (s, aryl CH), 125.7 (s, 

aryl CH), 120.3 (q, 1JCF = 321.2 Hz, N(CF3SO2)2), 25.6 (vt, JCP = 14.3 Hz, CH(CH3)2), 

21.2 (vt, JCP = 2.8 Hz, CH(CH3)2), 21.1 (s, CH(CH3)2), 3.7 (s, NCCH3). C=Ir carbon 

could not be located due to low signal to noise. 31P{1H} NMR (203 MHz, CD2Cl2) δ 41.6 
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(s). 19F NMR (471 MHz, CD2Cl2) δ -80.39 (s). HRMS (APCI) calculated for 

С31H39IrNP2S2 (M+): 719.1307 found 719.1296. 

 

Synthesis of [PCP=Ir][NTf2] 38:  

PCP=IrCl 5 (20 mg, 0.027 mmol) was dissolved in 

ca. 0.5 mL CH2Cl2 and cooled to -20 ºC in the freezer. A 

solution of TMSNTf2 (6.2 µL, 0.027 mmol) in ca. 0.5 mL 

CH2Cl2 was also cooled to -20 ºC and then added dropwise 

to the solution of 5. 38 was formed in situ but was not isolated. 

1H NMR (600 MHz, CD2Cl2) δ 8.69 (d, 3JHH = 8.3 Hz, 2H, ArH), 8.34 (t, 3JHH = 7.7 Hz, 

2H, ArH), 7.56 (d, 3JHH = 8.1 Hz, 2H, ArH), 7.36 (t, 3JHH = 7.7 Hz, 2H, ArH), 3.65 (q, J 

= 7.2 Hz, 4H, CH(CH3)2), 1.51 (dq, J = 15.2, 7.8 Hz, 24H, CH(CH3)2). 13C{1H} NMR 

(151 MHz, CD2Cl2) δ 180.7 (aryl C), 147.4 (aryl C), 143.9 (aryl C), 141.5 (aryl C), 128.4 

(aryl CH), 128.1 (aryl CH), 126.2 (aryl CH), 126.1 (aryl CH), 119.7 (q, 1JCF = 321.2 Hz, 

N(CF3SO2)2), 23.8 (vt, JCP = 13.6 Hz, CH(CH3)), 20.8 (s, CH(CH3)2), 20.7 (s, 

CH(CH3)2). Note: The C=Ir signal could not be found and select splitting patterns could 

not be resolved due to decomposition over time. 31P{1H} NMR (243 MHz, CD2Cl2) δ 

45.4 (br s). 19F NMR (471 MHz, CD2Cl2) δ -79.52 (s). HRMS (ESI) calculated for 

С29H36IrP2S2 (M+H)+: 703.1357 found 703.1364. 
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Synthesis of [PCP=Ir(H)(OPh)][NTf2] 39:  

A mixture of PCP=IrCl 5 (20 mg, 0.027 mmol) and 

PhOH (3 mg, 0.027 mmol) was dissolved in ca. 0.5 mL 

CH2Cl2 and cooled to -20 ºC in the freezer. A solution of 

Me3SiNTf2 (6.2 µL, 0.027 mmol) in ca. 0.5 mL CH2Cl2 

was also cooled to -20 ºC and then added dropwise to the mixture resulting in a colour 

change from dark brown to deep pink-red.  The volatile components were removed in 

vacuo resulting in a dark pink-red solid in 93% yield (27 mg, 0.025 mmol). 

1H NMR (500 MHz, CD2Cl2) δ 8.29 (d, 3JHH = 8.3 Hz, 2H, Lig ArH), 8.03 (d, 3JHH = 8.3 

Hz, 2H, Lig ArH), 7.97 (t, 3JHH = 7.8 Hz, 2H, Lig ArH), 7.66 (t, 3JHH = 7.6 Hz, 2H, Lig 

ArH), 7.23 (t, 3JHH = 7.3 Hz, 2H, OPh ArH), 6.95 (t, 3JHH = 7.3 Hz, 1H, OPh ArH), 6.83 

(t, 3JHH = 7.3 Hz, 2H, OPh ArH), 3.64 (sept, 3JHH = 7.1 Hz, 2H, CH(CH3)2), 3.52 (m, 2H, 

CH(CH3)2), 1.47 (m, 12H, CH(CH3)2), 1.31 (dvt, 3JHH = 7.1 Hz, JHP = 9.2 Hz, 6H, 

CH(CH3)2), 1.10 (dvt, 3JHH = 7.0 Hz, JHP = 9.3 Hz, 6H, CH(CH3)2), -27.64 (br s, 1H, 

IrH). 13C{1H} NMR (126 MHz, CD2Cl2) δ 224.1 (s, C=Ir), 171.5 (vt, JCP = 17.2 Hz, Lig 

aryl C), 156.1 (s, OPh aryl C), 154.8 (vt, JCP = 16.0 Hz, Lig aryl C), 150.4 (vt, JCP = 4.0 

Hz, Lig aryl C), 139.7 (s, Lig aryl C), 131.7 (s, Lig aryl CH), 130.0 (s, OPh aryl CH), 

129.1 (s, Lig aryl CH), 126.6 (s, Lig aryl CH), 126.5 (s, Lig aryl CH), 121.8 (s, OPh aryl 

CH), 120.5 (s, OPh aryl CH), 120.3 (q, 1JCF = 321.0 Hz, (CF3SO2)N), 25.8 (vt, JCP = 13.3 

Hz, CH(CH3)2), 24.6 (vt, JCP = 15.0 Hz, CH(CH3)2), 19.8 (s, CH(CH3)2), 19.7 (s, 

CH(CH3)2), 19.2 (vt, JCP = 2.6 Hz, CH(CH3)2), 19.1 (s, CH(CH3)2). 31P{1H} NMR (203 

MHz, CD2Cl2) δ 51.4 (br s). 19F NMR (471 MHz, CD2Cl2) δ -80.4 (s). 
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Synthesis of [PCPO=IrONMe3][NTf2] 40:  

AgNTf2 (8 mg, 0.020 mmol) was added as a solid to 

a solution of PCP=IrCl 5 (15 mg, 0.020 mmol) in 0.5 mL 

CH2Cl2 in a J-Young NMR tube. After 10 min at room 

temperature, trimethylamine N-oxide (3 mg, 0.041 mmol) 

was added as solid to the mixture. The dark brown solution became slightly paler and 

greenish in colour and a precipitate was formed. The solution was filtered through Celite 

and the solvent was removed in vacuo. The product was isolated as a solid in 83% yield 

(18 mg, 0.017 mmol). 

1H NMR (500 MHz, CD2Cl2) δ 8.58 (d, 3JHH = 8.1 Hz, 1H, ArH), 8.13 (t, 3JHH = 7.6 Hz, 

1H, ArH), 8.12 (d, 3JHH = 7.8 Hz, 1H, ArH), 8.05 (t, 3JHH = 7.6 Hz, 1H, ArH), 7.83 (dt, 

3JHH = 8.2, 4JHH = 1.4 Hz, 1H, ArH), 7.49 (d, 3JHH = 8.2 Hz, 1H, ArH), 7.46 (ddd, 3JHH = 

8.3, 7.0, 4JHH = 1.2 Hz, 1H, ArH), 7.35 (td, 3JHH = 7.7, 7.1, 4JHH = 1.1 Hz, 1H, ArH), 3.02 

(dsept, 2JHP = 9.7, 3JHH = 7.0 Hz, 2H, CH(CH3)2), 2.91 (dsept, 2JHP = 3JHH = 7.0 Hz, 2H, 

CH(CH3)2), 3.43 (s, 9H, ON(CH3)3), 1.49 (dd, 3JHP = 16.4, 3JHH = 7.0 Hz, 6H, 

CH(CH3)2), 1.42 (dd, 3JHP = 16.9, 3JHH = 7.1 Hz, 6H, CH(CH3)2), 1.36 (dd, 3JHP = 16.0, 

3JHH = 7.1 Hz, 12H, CH(CH3)2). 13C{1H} NMR (126 MHz, CD2Cl2) δ 194.1 (d, JCP = 

34.9 Hz, aryl C), 179.4 (d, JCP = 4.5 Hz, aryl C), 165.4 (t, JCP = 4.7 Hz, C=Ir), 145.1 (d, 

JCP = 8.3 Hz, aryl C), 143.3 (d, JCP = 14.0 Hz, aryl C), 140.8 (d, JCP = 4.3 Hz, aryl C), 

139.1 (d, JCP = 47.3 Hz, aryl C), 138.7 (d, JCP = 14.3 Hz, aryl C), 128.3 (s, aryl CH), 

128.0 (s, aryl CH), 126.5 (s, aryl CH), 126.1 (s, aryl CH), 124.9 (s, aryl CH), 124.2 (s, 

aryl CH), 123.9 (s, aryl CH), 121.9 (s, aryl CH), 120.3 (q, 1JCF = 321.3 Hz, (CF3SO2)N), 

107.8 (d, JCP = 81.8 Hz, aryl C), 61.0 (s, ON(CH3)3), 26.6 (d, 1JCP = 66.7 Hz, CH(CH3)2), 
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22.5 (d, 1JCP = 35.4 Hz, CH(CH3)2), 20.6 (d, 2JCP = 2.5 Hz, CH(CH3)2), 20.5 (s, 

CH(CH3)2), 17.0 (d, 2JCP = 3.5 Hz, CH(CH3)2), 16.7 (d, 2JCP = 2.0 Hz, CH(CH3)2). 

31P{1H} NMR (203 MHz, CD2Cl2) δ 72.1 (s), 16.4 (s). 19F NMR (471 MHz, CD2Cl2) δ -

80.5 (s). HRMS (APCI) calculated for C32H45IrNO2P2S2 (M+H)+: 794.1991, found 

794.1987. 

6.2.2. Procedure for the Collection of Kinetic Data (Eyring Plot) 

Sample Preparation: A 5 mL stock solution in o-xylene-d10 containing 10 mM 

PCP(O)Ir(H)2Cl 21 (0.0378 g) and 1 mM tetrakis(trimethylsilyl)silane (0.0016 g) as the 

internal standard was prepared in a 5 mL volumetric flask. For each experiment, 0.4 mL 

of this stock solution was placed in a resealable J-Young NMR tube. The solution was 

degassed by means of 3 freeze-pump-thaw cycles, after which 1 atm H2 gas was 

introduced into the tube. Similarly, a 1 mL o-xylene-d10 solution of 10 mM 

PCP(O)Ir(D)2Cl d2-21 (0.0076 g) and 1 mM tetrakis(trimethylsilyl)silane (0.0003 g) was 

prepared in a 1 mL volumetric flask. The samples were prepared in an analogous fashion 

using 1 atm D2 gas. 

Experiment Details: Using a 600 MHz NMR spectrometer, a control spectrum of the 

sample was obtained at room temperature, after which the sample was removed and the 

instrument was heated to the desired temperature. The sample was then introduced (time t 

= 0) into the spectrometer and spectra were obtained periodically until completion of the 

reaction. The reactions were monitored by 1H NMR spectroscopy with a d1 delay time of 

20 seconds and 8 scans per spectrum. The disappearance of 21 (or d2-21) was followed 

by integration of an iso-propyl methine signal (ca. 2.4 ppm) vs the internal standard. 
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6.2.3. Procedure for the Collection of Thermodynamic Data (Van’t Hoff Plot) 

6.2.3.1. Low Temperature Addition of H2, D2 or HD to PCP(O)IrCl:  

All reactions involving the addition of 1 atm of H2, D2 or HD gas were performed 

by degassing the reaction mixture in a J-Young NMR tube, followed by addition of 1 atm 

of the gas at room temperature. Reactions carried out under 2-3 atm of a gas were 

performed by degassing the reaction mixture in a J-Young NMR tube and submerging the 

entire length of the tube in liquid nitrogen (-196 °C) while open to the gas. Once sealed, 

the sample was warmed to the desired temperature (-78 to -38 °C).  

6.2.3.2. Low Temperature Addition of 1:1 H2/D2 to PCP(O)IrCl: 

 A 1:1 mixture of H2:D2 was formed by first fully evacuating a double manifold 

vacuum line and then introducing H2 (300 mmHg) followed by D2 (300 mmHg). This 

mixture was allowed to equilibrate for a minimum of 6 hours after which a previously 

degassed sample in a J-Young NMR tube was opened to allow the mixture in. The same 

procedure was followed using 420 mmHg H2 for a 1.4:1 mixture of H2/D2.  

6.2.3.3. Measurement of equilibrium experiments:  

In order to dissolve a sufficient amount of H2 in solution without forming any of 

the thermodynamic isomer, H2 was added to a solution of PCP(O)IrX (15 mM) in 0.5 mL 

CD2Cl2 at -196 °C and warmed to -78 °C in a dry ice/acetone bath. The sample was then 

quickly transferred to the NMR spectrometer, which had previously been cooled to -78 

°C. A 31P{1H} experiment (243 MHz, d1 = 2 seconds, 16 scans) was then performed at 
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each temperature and integrations were used to determine relative concentrations of the 

iridium complexes.  

6.2.3.4. Measurement of H2 solution concentration:  

To measure the concentration of H2 dissolved in solution during the 

thermodynamic Van’t Hoff equilibrium experiments, the reaction conditions were 

duplicated using an internal standard. Pentachlorobenzene (1.3 mg, 0.005 mmol, 10 mM) 

was dissolved in 0.5 mL CD2Cl2 in a J-Young NMR tube which was subsequently 

degassed, charged with H2 gas and introduced into the NMR spectrometer at -78 °C as 

described above. A 1H NMR experiment (600 MHz, d1 = 20 seconds, 8 scans) was 

performed at each temperature and integrations were used to determine the concentration 

of H2 in solution. As the concentration of D2 gas in solution could not be easily measured 

using NMR spectroscopy, it was estimated based on reported isotope fractionation 

factors.190 Thus, the concentration of D2 in solution used for these calculations is 1.1 x 

[H2] at a given temperature.
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Appendix A: Crystallographic Data 

  

Table A-1. Crystallographer Assignment 

Compound Crystallographer 
3 Dr. Javier Borau-Garcia 
9 Dr. Masood Parvez 
10 Dr. Javier Borau-Garcia 

10OP Dr. Javier Borau-Garcia 
11 Dr. Javier Borau-Garcia 

cis-15 Dr. Michael Sgro 
16 Dr. Javier Borau-Garcia 
18 Dr. Javier Borau-Garcia 

18OP Dr. Javier Borau-Garcia 
19 Dr. Michael Sgro 
20 Dr. Denis Spasyuk 
21 Dr. Javier Borau-Garcia 
23 Dr. Denis Spasyuk 
24 Dr. Javier Borau-Garcia 
25 Dr. Michael Sgro 
26 Dr. Michael Sgro 
27 Dr. Michael Sgro 
30 Dr. Michael Sgro 
32 Dr. Denis Spasyuk 
34 Dr. Wenhua (David) Bi 
36 Dr. Wenhua (David) Bi 
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Table A-2. Crystal and structure refinement details for 3, 9 and 10. 

 3 9 10 

formula C17H10Br2S2 
C31H40ClIrNP2S2, 

2(CH2Cl2) 
C34H43ClIrNP2S2 

fw  438.19  950.20  819.40  
crystal system Monoclinic Monoclinic Monoclinic 
space group C 2/c P 21/n P 21/c 

a (Å) 26.7282(3) 8.2468(3) 9.0901(4) 
b (Å) 4.2884(11) 15.8663(6) 15.4412(6) 
c (Å) 16.2411(9) 28.9572(10) 23.6470(9) 
α (deg) 90.00 90.00 90.00 
β (deg) 127.085(4) 94.5648(9) 92.784(2) 
γ (deg) 90.00 90.00 90.00 
V (Å3) 1485.1(4) 3776.9(2) 3315.2(2) 

Z 4 4 4 
T (K) 173(2) 123(2) 173(2) 

Wavelength (Å) 0.71073 0.71073 0.71073 
ρcalcd (g·cm-3) 1.960 1.671 1.642 

F(000) 856 1892 1640 
µ (mm-1) 5.728 4.109 4.356 

crystal  size, mm3 0.12×0.08×0.06 0.20×0.14×0.08 0.08×0.08×0.02 
transmission factors 0.5465 − 0.7250 0.4937 − 0.7346 0.7220 − 0.9179 
θ range (deg)  3.14 − 26.00  2.83 − 27.46  2.76 − 25.00  

data/restraints/param   1460/0/96 8083/0/406 5667/0/374 
GOF 1.204 1.251 1.145 

R1 [I > 2σ(I)] 0.0540 0.0398 0.0528 
 wR2 [all data] 0.1241 0.0979 0.1141 

residual density, e/Å3 0.738 and -0.544 1.092 and -1.100 0.808 and -0.765 
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Table A-3. Crystal and structure refinement details for 10OP, 11 and cis-15. 

 10OP 11 cis-15 

formula C30H43ClIrNP2, 
CH2Cl2 

C29H37IrOP2S2 
C30H38ClIrOP2S2, 

 CH2Cl2 

fw  792.17  719.84  852.23  
crystal system Monoclinic Monoclinic Monoclinic 
space group P 21/c P 21/c P 21/c 

a (Å) 18.2982(3) 13.5212(3) 11.7416(2) 
b (Å) 16.8261(2) 15.0131(4) 11.5902(2) 
c (Å) 25.3763(4) 16.0250(2) 25.7464(4) 
α (deg) 90.00 90 90.00 
β (deg) 124.4090(10) 116.7160(10) 99.3640(10) 
γ (deg) 90.00 90 90.00 
V (Å3) 6445.95(17) 2905.73(11) 3457.07(10) 

Z 8 4 4 
T (K) 173(2) 173(2) 173(2) 

Wavelength (Å) 0.71073 0.71073 1.54178 
ρcalcd (g·cm-3) 1.633 1.645 1.637 

F(000) 3168 1432 1692 
µ (mm-1) 4.512 4.869 11.795 

crystal  size, mm3 0.04×0.04×0.04 0.08×0.06×0.04 0.30×0.17×0.17 
transmission factors 0.8401 − 0.8401 0.6967 − 0.8291 0.5290 − 0.7528 
θ range (deg)  1.55 − 26.00  1.966 − 24.999  3.48 − 66.68  

data/restraints/param   12655/0/693 5061/2/320 6083/0/392 
GOF 1.185 1.044 1.033 

R1 [I > 2σ(I)] 0.0552 0.0276 0.0253 
 wR2 [all data] 0.1108 0.0682 0.0661 

residual density, e/Å3 1.113 and -0.857 1.216 and -0.659 1.442 and -1.160 
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Table A-4. Crystal and structure refinement details for 16, 18 and 18OP. 

 16 18 18OP 

formula C31H36IrO2P2S2, 
C32H12BF24 

C29H36ClIrOP2S2, 
C7H8 

C25H36ClIrOP2 

fw  1622.08  846.42  642.13  
crystal system Triclinic Monoclinic Triclinic 
space group P -1 P 21/c P -1 

a (Å) 11.4951(3) 14.6472(3) 9.9740(4) 
b (Å) 17.2586(3) 11.2093(3) 16.0570(6) 
c (Å) 18.9432(5) 22.8299(6) 16.1130(7) 
α (deg) 68.300(3) 90.00 87.671(3) 
β (deg) 85.1920(10) 110.3340(10) 84.055(2) 
γ (deg) 90.094(2) 90.00 85.342(3) 
V (Å3) 3477.35(14) 3514.74(15) 2556.83(18) 

Z 2 4 4 
T (K) 173(2) 173(2) 173(2) 

Wavelength (Å) 0.71073 0.71073 0.71073 
ρcalcd (g·cm-3) 1.549 1.600 1.668 

F(000) 1604 1696 1272 
µ (mm-1) 2.131 4.113 5.466 

crystal  size, mm3 0.06×0.04×0.02 0.06×0.04×0.04 0.08×0.08×0.08 
transmission factors 0.8828 − 0.9586 0.7905 − 0.8528 0.0970 − 0.0970 
θ range (deg)  2.02 − 26.00  2.05 − 26.00  1.27 − 25.00  

data/restraints/param   13564/0/856 6893/0/388 8423/0/541 
GOF 1.049 1.094 1.138 

R1 [I > 2σ(I)] 0.0585 0.0448 0.0501 
 wR2 [all data] 0.1426 0.0954 0.1108 

residual density, e/Å3 1.560 and -0.880 1.524 and -0.745 1.794 and -1.234 
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Table A-5. Crystal and structure refinement details for 19, 20 and 21. 

 19 20 21 

formula 2(C29H36IrO2P2S2), 
C7H8 

C29H36BrIrOP2S2, 
C7H8 

C29H38ClIrOP2S2 

fw  1561.81  890.88  756.30  
crystal system Triclinic Monoclinic Orthorhombic 
space group P -1 P 21/n P b c a 

a (Å) 12.8155(7) 14.5417(3) 15.5412(5) 
b (Å) 14.1374(8) 11.2071(2) 16.1059(5) 
c (Å) 19.4358(11) 22.7055(5) 24.1122(8) 
α (deg) 105.409(2) 90 90 
β (deg) 103.594(2) 106.9590(10) 90 
γ (deg) 93.729(2) 90 90 
V (Å3) 3269.0(3) 3539.41(13) 6035.4(3) 

Z 2 4 8 
T (K) 173(2) 173(2) 173(2) 

Wavelength (Å) 1.54178 1.54178 0.71073 
ρcalcd (g·cm-3) 1.587 1.672 1.665 

F(000) 1560 1768 3008 
µ (mm-1) 10.236 10.789 4.779 

crystal  size, mm3 0.25×0.150×0.110 0.20×0.20×0.20 0.100×0.100×0.0

40 transmission factors 0.552 − 0.753 0.3974 − 0.5230 0.6465 − 0.8318 
θ range (deg)  2.444 − 67.493  3.235 − 67.490  2.138 − 25.998  

data/restraints/param   11415/729/730 6367/387/397 5879/0/333 
GOF 1.031 1.073 1.100 

R1 [I > 2σ(I)] 0.0356 0.0201 0.0652 
 wR2 [all data] 0.0917 0.0497 0.1586 

residual density, e/Å3 2.780 and -1.149 0.439 and -0.849 1.184 and -1.188 
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Table A-6. Crystal and structure refinement details for 23, 24 and 25. 

 23 24 25 

formula C30H38F3IrO4P2S3, 
C5H12 

C29H36Cl3IrP2S2, 
C7H8 

C31H36ClF6IrO6P2S4 

fw  942.07  901.32  1036.43  
crystal system Orthorhombic Monoclinic Monoclinic 
space group P c c n P 21/c C 2/c 

a (Å) 26.9378(15) 12.4862(3) 29.3975(5) 
b (Å) 16.4098(9) 13.6671(5) 17.9182(3) 
c (Å) 17.9870(10) 23.6020(6) 23.5916(6) 
α (deg) 90 90 90 
β (deg) 90 118.383(2) 122.6490(10) 
γ (deg) 90 90 90 
V (Å3) 7951.0(8) 3543.51(19) 10463.3(4) 

Z 8 4 8 
T (K) 173(2) 173(2) 173(2) 

Wavelength (Å) 1.54178 0.71073 1.54178 
ρcalcd (g·cm-3) 1.574 1.689 1.316 

F(000) 3792 1800 4096 
µ (mm-1) 9.152 4.229 7.944 

crystal  size, mm3 0.23×0.20×0.20 0.04×0.04×0.02 0.15×0.1×0.1 
transmission factors 0.6035 − 0.7536 0.8491 − 0.9202 0.3820 − 0.5038 
θ range (deg)  3.153 − 67.500  2.379 − 24.998  3.045 − 66.500  

data/restraints/param   7032/570/495 6180/570/425 9117/474/468 
GOF 1.037 1.132 1.020 

R1 [I > 2σ(I)] 0.0261 0.0552 0.0498 
 wR2 [all data] 0.0643 0.1511 0.1443 

residual density, e/Å3 1.147 and -0.591 1.332 and -0.798 2.243 and -0.725 
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Table A-7. Crystal and structure refinement details for 26, 27 and 30. 

 26 27 30 

formula C30H38ClF3IrO4P2S3,
CO3SF3 

C29H36ClIrOP2S2 
C44H59ClIrNO2 

P2S3 

fw  1054.44  754.29  1019.69  
crystal system Monoclinic Monoclinic Monoclinic 
space group C 2/c P 21/c P 21/n 

a (Å) 27.4764(5) 9.12180(10) 10.20830(10) 
b (Å) 20.4688(4) 16.1036(2) 21.5966(3) 
c (Å) 18.4422(4) 10.23320(10) 20.6051(2) 
α (deg) 90 90.00 90.00 
β (deg) 112.8740(10) 103.62 95.8940(10) 
γ (deg) 90 90.00 90.00 
V (Å3) 9556.4(3) 1460.92(3) 4518.68(9) 

Z 8 2 4 
T (K) 173(2) 173(2) 173(2) 

Wavelength (Å) 1.54178 1.54178 1.54178 
ρcalcd (g·cm-3) 1.466 1.715 1.499 

F(000) 4176 748 2072 
µ (mm-1) 8.724 12.222 8.506 

crystal  size, mm3 0.18×0.09×0.09 0.17×0.12×0.10 0.36×0.15×0.15 
transmission factors 0.4746 − 0.7531 0.2304 − 0.3745 0.4330 − 0.7531 
θ range (deg)  3.308 − 68.419  4.99 − 68.34  2.97 − 68.46  

data/restraints/param   8633/150/525 2673/6/182 8172/38/521 
GOF 1.037 1.206 1.060 

R1 [I > 2σ(I)] 0.0391 0.0190 0.0249 
 wR2 [all data] 0.1089 0.0466 0.0619 

residual density, e/Å3 0.982 and -0.870 0.494 and -0.585 0.699 and -0.727 
 

 

 



 209 

 

Table A-8. Crystal and structure refinement details for 32, 34 and 36. 

 32 34 36 

formula C31H37ClF6IrNO4 
P2S4 

C31H38F6IrNO5 
P2S4 

C32H42IrOP2S2, 
C2F6NO4S2, C3H6O 

fw  1202.29  1001.00  1099.14  
crystal system Triclinic Orthorhombic Triclinic 
space group P -1 P b c a P -1 

a (Å) 11.448(2) 19.0520(3) 8.095(2) 
b (Å) 14.330(3) 16.3670(8) 15.580(3) 
c (Å) 23.826(5) 23.8210(4) 18.098(4) 
α (deg) 104.190(4) 90 102.04(3) 
β (deg) 94.070(4) 90 90.11(3) 
γ (deg) 93.745(4) 90 92.16(3) 
V (Å3) 3766.2(13) 7428.0(4) 2230.6(9) 

Z 4 8 2 
T (K) 173(2) 173(2) 173(2) 

Wavelength (Å) 1.54178 0.7107 0.7107 
ρcalcd (g·cm-3) 2.120 1.790 1.636 

F(000) 2360 3968 1100 
µ (mm-1) 9.966 3.976 3.320 

crystal  size, mm3 0.05×0.05×0.001 0.720×0.560×0.420 0.280×0.260×0.220 
transmission factors ? − ? 0.088 − 0.166 0.416 − 0.478 
θ range (deg)  1.920 − 37.859  3.045 − 27.508  2.779 − 28.658  

data/restraints/param   3746/1433/953 8514/154/467 11422/7/623 
GOF 0.935 1.062 1.083 

R1 [I > 2σ(I)] 0.0491 0.0263 0.0322 
 wR2 [all data] 0.1719 0.0609 0.0699 

residual density, e/Å3 0.910 and -0.654 0.713 and -0.911 1.036 and -0.622 
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Appendix B: Publications Arising from Thesis 

To date, three articles from this thesis have been published in peer-reviewed 

journals. Article #1 discusses the ligand synthesis found in Chapter 2 and lays the 

groundwork for the N2O hydrogenation chemistry in Chapter 3. The second publication 

continues the work of Chapter 3, emphasizing the ligand cooperative hydride scrambling 

mechanism. Article #3 discusses the donor potential of a collection of PCcarbeneP 

complexes; the carbonyl complexes described in Chapter 2 are analyzed therein. Finally, 

a manuscript (#4) focusing on the cationic complexes of Chapter 4 has been submitted for 

publication to Dalton Transactions. The author was responsible for all material in 

publications #1, #2 and #4, with the exception of X-ray crystallographic data collection 

and analysis. 

 

1. Doyle, L. E.; Piers, W. E.; Borau-Garcia, J. J. Am. Chem. Soc. 2015, 137, 2187. 
“Ligand Cooperation in the Formal Hydrogenation of N2O Using a PCsp2P Iridium 
Pincer Complex”  

2. Doyle, L. E.; Piers, W. E.; Borau-Garcia, J.; Sgro, M. J.; Spasyuk, D. M. Chem. 
Sci. 2016, 7, 921. “Mechanistic studies on the addition of hydrogen to 
iridaepoxide complexes with subsequent elimination of water”  

3. Smith, J. D.; Logan, J. R.; Doyle, L. E.; Burford, R. J.; Sugawara, S.; Ohnita, C.; 
Yamamoto, Y.; Piers, W. E.; Spasyuk, D. M.; Borau-Garcia, J. Dalton Trans. 
2016, 12669. “Cationic mono and dicarbonyl pincer complexes of rhodium and 
iridium to assess the donor properties of PCcarbeneP ligands”  

4. Doyle, L. E.; Piers, W. E.; Bi, D. W. Dalton Trans. Submitted Manuscript ID: 
DT-ART-02-2017-000563. “Cationic PCP iridaepoxide and carbene complexes 
for facile water elimination and activation processes”  
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