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Abstract 

Using a computationally guided rational ligand design approach, a novel chelated NHC-P 

iridium(I) catalyst system has been identified for the directed hydrogen isotope exchange (HIE) 

of aryl sulfones. The catalyst design process was aided primarily through DFT binding energy 

calculations. The solvent scope of the reaction was studied, and the optimised conditions 

applied to the successful deuterium labelling of a broad range of 20 aryl sulfones. The catalyst 

system was also shown to be highly active in the HIE of aryl sulfones at sub-atmospheric 

pressures of deuterium. Additionally, the catalyst system was applied in the tritiation of aryl 

sulfones, affording tritiated samples of methylphenyl sulfone, as well as a GPR119 agonist, in 

high levels of specific activity. 

This chelated catalyst system was then further refined for the labelling of highly substituted 

sulfonamides. A more focussed approach to the catalyst design process was taken at this stage, 

with a combination of binding energy calculations and binding mode analysis being used to 

guide the modification of the ligand. This resulted in a novel, chelated NHC-Py system, which 

proved to be highly active in the HIE of a broad range of highly substituted sulfonamides. A 

total of 22 sulfonamide substrates were synthesised, and labelled using this novel catalyst 

system. Additionally, this complex was shown to be highly effective in the deuteration of 

sulfoximines, for which the means of labelling are severely under met. 

Finally, our studies in the labelling of aryl sulfones led us to the serendipitous discovery of 

ether-directed HIE. This process was investigated with our novel NHC-P catalyst system, and 

a substrate scope established. Additionally, a potential application in form of labelling natural 

products, and natural product-like molecules has been proposed, with a series of three natural 

product-like molecules having been synthesised for attempts towards labelling. 
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1. Introduction  

1.1 Pharmaceutical Development & Drug Discovery 

In 2012, the pharmaceutical industry saw the largest number of approved drugs by the Food 

and Drug Administration in 15 years.1 A 33% increase in the average approval rate, constituting 

a total of 39 new chemical entities (NCEs), were approved, of which 20 were first-in-class. Of 

the drugs approved, 80% were first cycle approved, representing the highest first cycle approval 

rate ever reported. 

While these statistics convey a positive outlook, the pharmaceutical industry is still faced with 

major difficulties in terms of the overwhelming attrition rate affecting major drug candidates, 

resulting in extensive costs in the development sector.2,3 Additionally, the cost associated with 

research and development of new drug candidates only continues to grow.4 In recent years, 

high throughput methods have been employed in order to improve the number of products 

reaching the market. In relation to this, it was thought that the use of combinatorial methods to 

produce vast libraries of potential candidates, coupled with efficient screening methods in order 

to evaluate these candidates, would increase the number of potential drugs at the discovery 

stage and result in a higher number of FDA approved drug molecules reaching patients.5 While 

the number of drugs in the development pipeline has increased by 62% over the past decade, 

the average approval rate over the same period has dropped by around 25% when compared to 

the 1990s.6 As a result of this, the research and development expenditure has more than 

doubled; Figure 1.1 shows the total pharmaceutical expenditure in R&D since 1990, as 

produced by the European Federation of Pharmaceutical Industries and Associations, 

Pharmaceutical Research and Manufacturers of America, and Japan Pharmaceutical 

Manufactures Association (Note: units of currency for Europe = ú million, USA = $ million, 

and Japan = ¥×100 million).7 
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Figure 1.1 

One way to reduce the enormous costs attributed to the drug discovery process is for medicinal 

chemists to address issues with the pharmacokinetic properties of a drug at early stages in the 

development process. Indeed, it is in preclinical stages that 90% of all NCEs fail. As a result, 

the absorption, distribution, metabolism, excretion and toxicological profile (ADMET) of a 

candidate is now investigated at a much earlier stage in the discovery process.8 Absorption is 

the ability of the molecule to reach its intended target, commonly a specific receptor protein 

within a cell or on the surface of the cell membrane. Targeting drugs which can be administered 

orally, at the convenience of the patient, is highly attractive in the face of alternative modes of 

delivery (such as intravenous methods), despite the issues of bioavailability this brings. The 

likelihood that a drug will be able to reach its target is highly dependent on whether the drug 

is able to pass from the gastrointestinal tract into the bloodstream in order to be carried to the 

intended organ. This, in turn, is highly dependent on the physiochemical properties of the drug, 

namely its size, polarity, solubility, and lipophilicity. 
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Several models have been produced in order to evaluate these properties, for example, the 

ñLipinski rule of 5ò which acts as a very general paradigm for estimating the potential of a drug 

to be bioavailable.9 10 More extensive models such as the Pfizer central nervous system multi-

parameter optimisation system take into account the calculated partition coefficient (ClogP, a 

model of lipophilicity), calculated distribution coefficient (ClogD, lipophilicity at pH 7.4), 

topological polar surface area (TPSA), molecular weight (MW), number of hydrogen bond 

donors (HBD), and the pKa of the drug molecule.11 This algorithm uses much tighter parameters 

in order to address the difficulties in accessing the central nervous system. However, despite 

the complexity of the models being produced, predicting the properties of a drug candidate 

remains difficult.  

In the process of metabolising a drug, wherein it is chemically altered prior to its removal from 

the body, the concentration is reduced and therefore its efficacy affected. In addition to this, 

the process can produce bioactive metabolites. The metabolism of a drug can be broken down 

into three phases. In phase I, the compound is generally oxidised in order to make it more polar 

and less lipophilic, hindering its distribution. At this point, the molecule may be polar enough 

to be excreted. In phase II, the molecule is conjugated to a large molecule (for example, in 

glucuronidation) hindering its activity. Finally, if required, the molecule can be further 

modified, in phase III prior to its excretion. This is generally achieved through conjugation to 

small biomolecules such as acetylcysteine. 

A key method of investigating the metabolic pathway of a drug is isotopic labelling. This 

process involves replacing an atom within the drug molecule with an uncommon isotope which 

can act as a tracer, for example replacing hydrogen with tritium (3H, T), or carbon with heavier 

isotopes such as 14C. These isotopes can be incorporated by building the final drug molecule 

from commercially available, pre-labelled starting materials; however, this method is time-

consuming, expensive and, in the case of radioactive isotopes, it can generate large amounts of 
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radioactive waste and greatly increase the synthetic complexity of the processes involved. 

Alternatively, isotopes of hydrogen can be incorporated through hydrogen isotope exchange 

(HIE), allowing the label to be transferred to the molecule, usually in a single step and at a late 

stage in the overall synthesis. The clear advantages of this process have resulted in a significant 

amount of research being focused on the development of mild and efficient exchange processes 

that will ultimately be cost-saving to the pharmaceutical industryôs drug development 

process.12 

 

1.2 Hydrogen Isotope Exchange 

Over the years, several methods for substituting one isotope of hydrogen for another have been 

developed, many of which take advantage of exchangeable positions or, for example, work 

through electrophilic aromatic substitution.13,14,15,16 The simplest methods involve reacting the 

desired substrate under either acidic or basic conditions in the presence of a relatively cheap 

and easily accessed deuterated solvent such as D2O or MeOD. Scheme 1.1 shows an example 

wherein d5-aniline hydrochloride d-1 was prepared by heating aniline hydrochloride 1 under 

pressure in DCl/D2O. This procedure was also applied to phenol and benzoic acid, successfully 

incorporating high levels of deuterium.10 

 

Scheme 1.1 

In addition to the above, Scheme 1.2 highlights a more complex example whereby basic 

conditions were used to incorporate deuterium at positions adjacent to the enone and ketone 
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functionality to form the corresponding bismethylenedioxy-protected d8-cortisone d-2.16 The 

authors state that labelled positions are determined by the acidity of the protons adjacent to the 

carbonyl groups. 

 

Scheme 1.2 

 

1.3 Heterogeneous Catalysis in HIE 

Due to the chemical similarity between deuterium and hydrogen (i.e. protium) gas, many 

methods of hydrogen isotope installation have been derived from hydrogenation methods. For 

example, Scheme 1.3 shows the efficient deuteration of aryl lactone 3, catalysed by palladium 

on carbon in D2O, along with the concurrent decarboxylation, to yield the deuterated phenol.17 

 

Scheme 1.3 

In relation to the above example, the use of a heterogeneous catalyst has the added benefit of 

simple catalyst removal via filtration. However, a trait shared by the methods described so far 
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is the harsh conditions required for the exchange to proceed. Moreover, such methods display 

poor selectivity and exhibit very limited substrate scope.  

An example of much milder conditions being used for the incorporation of deuterium was 

published by Lockley in 2006, wherein a series of three catalyst systems (rhodium black, 

ruthenium black, and 5% rhodium on alumina) were tested in the labelling of the Ŭ-positions 

of a range of nitrogen-containing heteroaromatics (Scheme 1.4). Despite low pressures of 

deuterium gas, and ambient temperatures, substrate degradation still proved problematic, such 

as in 4-acetylpyridine 5, with rhodium black. Additionally, poor incorporation was observed in 

the presence of electron donating groups, as exhibited by the 2-methoxypyridine 6. Various 

heterocyclic motifs were well tolerated, however, with quinolines 7 and 8, phthalazine 9 and 

bipyridyl 10, all showing moderate to good levels of isotope incorporation with at least one of 

the catalyst systems. Unfortunately, however, there was little rationale for which catalyst 

systems would perform best with each substrate. This highlights a significant problem with 

heterogeneous catalysis, in that the challenges associated with understanding these processes 

lead to poor understanding of the mechanisms involved and, as such, result in difficulty in 

predicting the behaviour of untested substrates. 
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Scheme 1.4 

 

1.4 Non-directed Homogeneous Catalysis 

Homogeneous transition metal catalysts have become some of the most widely utilised tools in 

HIE, as well as in many chemical processes, and in many cases, they are able to address the 

issue of harsh reaction conditions and poor selectivity associated with heterogeneous catalysis. 

Generally, an inert CðH bond is converted to a CðD bond through a process known as Cð

H activation, wherein the metal catalyst inserts into the bond to be activated, forming a reactive 

metalated species (Scheme 1.5). 
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Scheme 1.5 

The ability to directly functionalise a CðH bond is a powerful tool in synthesis, since it 

precludes the installation of a more reactive CðX moiety (X = halogen, or equivalent), thus 

reducing the number of steps required to reach the target and potentially opening up new 

disconnections. This is well exemplified by Coreyôs synthesis of (+)-austamide.18 The original 

route, pioneered by Kishi in 1979, produced a racemic product in a total of 29 steps.19 However, 

in 2002, Corey utilised CðH activation in a palladium-catalysed coupling reaction in order to 

cyclise indole 11 to give compound 12. This allowed the natural product to be synthesised from 

tryptophan methyl ester, as a single enantiomer, in just 7 steps (Scheme 1.6). 

 

Scheme 1.6 

 

Applications of non-directed homogeneous catalysis in the installation of deuterium labels have 

been investigated. Indeed, one prominent example is the use of Ru3(CO)12 in the labelling of 

nitrogen-containing heterocycles (Scheme 1.7), using deuterated tert-butanol as the source of 

the label.20 This methodology allowed for good levels of incorporation across a series of indole- 

and pyridine derivatives. Electron-rich and electron-poor aromatic systems were well tolerated, 

however electron-withdrawing groups, such as in 5-nitroindole 14, required the use of 
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microwave radiation to adequately label the desired positions. Pleasingly, the presence of aryl 

chlorides was well tolerated in pyrimidine 17, as well as the free NH2 group in pyridine 18. 

Interesting to note is example 20, with a 2-benzylamine substituent, where only moderate levels 

of incorporation were observed at the C6 position (22%), while significant amounts of 

incorporation (88%) were observed, presumably through a directed mechanism, into the 

benzylic position. In addition to this, the C5 position also exhibited moderate levels of isotope 

incorporation (55%). While the undirected mechanism still requires investigation, it is 

proposed that, in the case of the pyridine examples, coordination of the nitrogen atom promotes 

the adjacent CðH bond towards direct insertion.  

 

Scheme 1.7 
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A notable example in the area of non-directed isotope exchange is the use of iron pincer 

complex 21 in the labelling of pharmaceutically-relevant molecules under mild conditions, 

from the Chirik group.21 Generally, the most accessible aryl CðH bonds are activated by this 

catalyst system, resulting in several positions being activated within the same molecule, and 

delivering labelled compounds with high deuterium incorporation, or specific activity. While 

the paper discusses the deuterium labelling of 22 simple aromatic and heteroaromatic substrates 

to good levels, the scope of applicable drug motifs displayed is the main focus of the work, and 

several are highlighted in Scheme 1.8. With respect to the deuterium labelling section, the 

levels of incorporation fluctuate significantly from one example to another, ranging from 10% 

to >98%. It is difficult to discern what factors drive the levels of incorporation in each of these 

cases. Nonetheless, the number of complex examples labelled to useable levels of incorporation 

is admirable. Additionally, with the five tritium labelling examples discussed within the paper, 

all relatively complex small molecule drug motifs, all levels of observed incorporation were 

over 15 Ci mmol-1, which is suitable for a range of ADMET studies. 
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Scheme 1.8 

Following on from this, the Chirik group next tackled the activation of benzylic Csp3ðH bonds 

for HIE, this time utilizing the cobalt diimine catalyst 22 (Scheme 1.9).22 While the majority 

of substrates illustrated in the paper were simple alkylarenes, some functionality was shown to 

be tolerated. Electron-deficient and electron-rich aryl rings were tolerated (3-fluorotoluene 23 

and 2-methylanisole 24), as well as potentially reactive functional groups such as cyclopropane 

25, boronic ester 26, and tertiary amine 27. Interestingly, a number of substrates also showed 

activation of various Csp2ðH bonds, as highlighted in blue in molecules 25, 27, and 29. Finally, 
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compound 30 proved to be a particularly interesting example, as it shows excellent levels of 

stereoretention at the chiral tertiary centre, despite significant levels of incorporation being 

observed at this site. In addition to this, good levels of diastereoselectivity were observed, with 

only very minor levels of incorporation (8%) being recorded at the more hindered face of the 

secondary benzylic position. 

 

Scheme 1.9 

 

1.5 Directed Homogeneous Hydrogen Isotope Exchange 

In many instances, the ability to selectively incorporate a label into a specific site within a 

molecule is crucial. When utilizing CðH activation processes for labelling purposes, therefore, 

the ubiquity of these bonds is an obvious concern, with several positions in a molecule having 

the potential to be activated by a catalyst. In order to achieve selectivity in these 
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functionalisations, a nearby Lewis basic directing group (DG) is often exploited.  This group 

binds to the metal catalyst, bringing the metal centre close enough to the desired CðH, 

potentially forming an agostic interaction, such that the activation occurs selectively (Scheme 

1.10). What results from this activation process is a metallocycle, the formation of which 

reduces the overall energy of the CðH activation and functionalisation process. Due to the 

formation of less strained ring structures, this form of activation is generally ortho-selective 

when considering aromatic CðH activation, resulting from, typically, a 5- or 6-membered 

metallocyclic intermediate (5 mmi or 6 mmi). 

 

Scheme 1.10 

One of the earliest examples of this type of activation being used to incorporate deuterium into 

an aromatic structure were reported by Lockley in 1984.23 In this publication, Lockley 

demonstrated that rhodium trichloride trihydrate [RhCl3Å3H2O] could be used to selectively 

ortho-label a range of aromatic substrates using a variation of directing groups, with D2O as 

the deuterium source. Scheme 1.11 shows the excellent levels of isotope incorporation 

obtained when employed across various carbonyl containing DGs. Both benzoic acid 31 and 

its sodium salt 32 exhibited impressive levels of incorporation, with similar values being 

reported for benzamide 33. It was noted that introducing an N-substituent to the benzamide, in 

34, appeared to have little effect on the observed incorporation, however, increasing steric 

congestion further in the N,N-dimethyl variant, 35, resulted in a significant loss in deuterium 

incorporation. Acetanilide 36 also displayed near quantitative incorporation, highlighting the 
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ability of the catalyst to label through a directing group which is further removed from the site 

of deuteration (through a 6 mmi). Unfortunately, when the system was applied to benzylamine 

37, an incorporation of only 34% was observed. Following these results, for several years, 

[RhCl3Å3H2O] became a standard catalyst in labelling experiments and was used in the tritium 

labelling of a series of drugs.24 

 

Scheme 1.11 

 

One class of homogeneous catalyst which has shown excellent utility in the area of directed 

HIE are cationic iridium complexes.25,26 Such catalyst systems have become ubiquitous through 

the area of HIE, and as such, have been the focus of much development, particularly in recent 

years. One such example of a markedly useful system is known as Crabtreeôs catalyst 38. 

Despite the initial focus of the catalyst system on the hydrogenation of alkenes, its abundant 

applications in HIE led it to becoming a standard for labelling catalysts.27 The first application 

of Crabtreeôs catalyst in isotope labelling was in 1995, when Hesk applied the catalyst to the 

labelling of a range of acetanilides.28 Some examples have been highlighted in Scheme 1.12. 

Notably, a low catalyst loading of only 5 mol% was required to provide extremely high levels 
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of labelling. Electron-donating (40) and -withdrawing groups (41, 42) were both well tolerated; 

in the case of the nitro containing substrate 42, a very small amount of competing labelling was 

observed through this alternate directing group. The authors also noted that there was no 

evidence of CðX activation in the presence of a halogen (41). While the electronic character 

of the aryl ring appeared to have little effect on the incorporation, strongly coordinating 

substituents such as nitrile 43 and amino groups 44 hindered the reaction. The catalyst also 

appeared to be susceptible to steric effects of substituents in the meta position, as the meta-

methyl 45 and trifluoromethyl 46 variants exhibited substantial selectivity for the less hindered 

ortho position on the aryl ring. 

 

Scheme 1.12 

From Heskôs report of such high activity, the use of Crabtreeôs catalyst in labelling reactions 

soon became widespread throughout the pharmaceutical industry. However, the promising 

results of Hesk did not translate into a wider range of substrates, with many reactions requiring 
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(super)stoichiometric loading. In 2001, Herbert investigated the HIE process across a wider 

range of carbonyl containing substrates using complex 38 (Scheme 1.13).29 In this study, a 

minimum of 1 eq. of Crabtreeôs catalyst was used in each case in order to prevent catalyst 

deactivation by irreversible substrate binding. In addition to this, an extended reaction time of 

ninety hours was used in order to observe the maximum level of incorporation in each case. 

Generally, amide substrates worked well and an increase in the steric bulk around the nitrogen 

of the amide (primary amide 33 vs tertiary amide 35) did not reduce the observed incorporation, 

implying that the catalyst binds through the oxygen of the amide to form a 5 mmi. There also 

appeared to be very little electronic influence in the case of tertiary amides, with para-methoxy 

47 and para-nitro 48 giving identical levels of incorporation. Contrasting this, however, esters 

were found to be more sensitive to the electronic effects of other substituents on the aryl ring, 

for example electron poor ester 50 exhibited significantly reduced levels of incorporation, with 

respect to the electron rich example 49. An interesting note made by Herbert was that, with 

respect to unsubstituted acetophenone 51, a para-methoxy group in 52 hindered the reaction 

whereas the para-nitro group in 53 resulted in similar levels of incorporation. This 

inconsistency with previous results indicates a possibility for multiple mechanisms. 
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Scheme 1.13 

The Kerr group has, over recent years, developed and studied a range of iridium catalysts 

incorporating both NHC and phosphine ligands, in an effort to combat the challenges presented 

in the use of Crabtreeôs catalyst. In 2008, a range of iridium catalysts equipped with bulky 

phosphine ligands, as well as the sterically encumbered IMes, was unveiled (Scheme 1.14).30 

The complexes could be synthesised by first taking [Ir(COD)Cl]2 54, in the presence of sodium 

ethoxide, and introducing the NHC in situ through deprotonation of imidazolium salt 55. This 

allowed the isolation of stable chlorocarbene complex 56. The chloride could then be abstracted 

via silver hexafluorophosphate, and the resultant iridium complex trapped by the desired 

phosphine, delivering the iridium(I) precatalyst system. This practically convenient method 

requires no glove box manipulation, and afforded a series of previously unreported iridium 

complexes in very appreciable yields.  
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Scheme 1.14 

These complexes were then tested against a series of substrates of varying difficulty in ortho-

directed HIE reactions (Scheme 1.15). All three complexes exhibited excellent incorporation 

across a range of substrates under very mild conditions.  Ketones, amides, and heterocyclic 

substrates all performed admirably. Interestingly, even the remarkably poor nitro directing 

group, in nitrobenzene 64, resulted in excellent levels of incorporation with all three catalyst 

systems. Additionally, the group showed that the catalyst systems could also exploit functional 

groups which direct through a 6 mmi, with acetamide 39. 
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Scheme 1.15 

Furthermore, within the same paper, Kerr demonstrated impressive selectivity for sites that 

were activated through a 5 mmi over a 6 mmi (Scheme 1.16). This was achieved with the 

labelling of benzanilide 65, wherein reaction at the standard 5 mol% catalyst loading resulted 

in both sites being deuterated to an extremely high level. However, a drop in the catalyst 

loading to 0.5 mol% resulted in deuteration through a 5 mmi, only, with high selectivity. 
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Scheme 1.16 

This report was followed up in 2014, with further additions to the series of catalytically active 

systems. 31 Furthermore, the group also applied highly active iridium catalyst 57 to more 

complex marketed drug molecules (Scheme 1.17). The outstanding levels of deuterium 

incorporation in Perebron highlights the catalyst systemôs tolerance to tertiary amines. 

Labelling of Celecoxib with complex 57 showed good selectivity for labelling through the 

pyrazole motif, affording exceptional levels of incorporation. Interestingly, reacting 

Nilutamide with complex 57 for 1 h results in good selectivity for the nitro group, delivering 

an excellent 98% incorporation. Finally, application of 57 to the labelling of Niclosamide 

allowed several positions within the molecule to be exchanged, with good levels of 

incorporation across all four possible positions. 
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Scheme 1.17 

Within the same paper, the mechanism of the HIE process was investigated by a combination 

of NMR analysis and DFT calculations (Scheme 1.18, note that complexes remain cationic 

throughout the cycle). The mechanism proposed the formation of an iridium(III) dideuteride in 

the presence of D2 gas, to which the substrate rapidly coordinates. The substrate is bound 

through the directing group (the carbonyl oxygen, in the case of acetophenone 51, shown in 

Scheme 1.18), as well as forming an agostic interaction with the CðH bond to be activated. 

The system then undergoes a CðH activation step, approaching Ir(V) in the transition state, 

resulting in the formation of an IrðC bond being formed in a cis arrangement with the resultant 

hydride. The dideuterium and hydride ligands can undergo H-D fluxionality in order to deliver 

a complex with a deuteride cis to the substrate. From here, CðD bond formation, followed by 
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substrate turnover, releases the labelled product. It was found that the CðH activation step 

was rate determining, being 3.5 kcal/mol higher than the CðD formation step. 

 

Scheme 1.18 

Having established an excellent substrate applicability with these catalyst systems, the Kerr 

group then reported a more focused study on a particular directing group which had proven 

quite challenging, namely, the ester functionality (Scheme 1.19).32 When the previously 

optimised reaction conditions were applied to a range of ester-containing molecules, it was 

found that the levels of deuterium incorporation varied significantly. On examining the aryl 

ring substituents, for example, it was seen that the electron-neutral ester 66a and the electron-

poor ester 66b both exhibited moderate levels of incorporation, at 42% and 32% respectively. 

However, when electron-rich ester 66c was applied, excellent levels of 89% deuterium 

incorporation were observed. The O-substituent of the ester directing group was also varied, 
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showing good levels of incorporation into iso-propyl ester 66d. However, more challenging 

examples, such as the sterically hindered tert-butyl ester 66e, and the electron-withdrawing 

trifluoroethyl ester 66f, delivered only low levels of isotope incorporation. Interestingly, 

however, it was found that running the reactions at a slightly elevated temperature of 40 °C 

significantly improved the levels of observed deuterium incorporation in each of the examples 

tested. 

 

Scheme 1.19 

 Following this, the group also examined the applicability of these catalyst systems in the 

labelling of pharmaceutically relevant heterocycles.33 As shown in Scheme 1.20, a series of 

heterocyclic directing groups were successfully targeted, such as imidazole 67a, the partially 

saturated dihydrooxazole 67b, isoxazole 67c, and the sulfur-containing thiazole 67d. All  

substrates demonstrated excellent levels of isotope incorporation under mild conditions and 

short reaction times. In addition to this, benzo-fused heterocycles, such as benzimidazole 67e 
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and benzothiazole 67f could also be labelled to good levels. Finally, the group also showcased 

the ability to exploit these functional groups in more complex drug-like examples, such as 67g, 

with similarly high levels of isotope incorporation. 

 

Scheme 1.20 

In addition to the installation of isotopic labels on aromatic positions, the group also 

investigated the use of these catalyst systems to introduce deuterium at non-aromatic sp2 

centres within a molecule, specifically, the ß-position of Ŭ,ß-unsaturated systems.34 Indeed, in 

order to label this class of substrates, careful consideration of the catalyst system was required 

in order to avoid competing alkene reduction. Fortunately, it was found that, the 

triphenylphosphine containing complex 57 was able to deliver excellent levels of 
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incorporation, with high selectivity. Scheme 1.21 below shows some examples of the 

substrates which were deuterated using this methodology. The numbers in parentheses 

highlight the ratio of labelling to alkene reduction. Both electron-withdrawing and electron-

donating substituents on the aryl ring, in 68a and 68b, were well tolerated, giving excellent 

incorporation into the ß-position. Additionally, the thiophene example 68c highlighted the 

tolerance of such heterocyclic motifs. Larger alkyl substituents on the directing group, such as 

in tert-butyl example 68d, delivered high levels of isotope incorporation, however, small 

amounts of alkene reduction were also observed. Finally, changing the directing group from a 

ketone, to an amide, in 69, or even a nitro group, in 70, also afforded outstanding levels of 

incorporation. 

 

Scheme 1.21 
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In addition to the applications of these catalyst systems established by our own group, there are 

several reports of others using our developed catalyst systems in order to gain access to labelled 

drugs and drug-like compounds. One particularly notable example is the use of complex 59 in 

the synthesis of four tritiated drug molecules: t-ethylmelagatran, t-melagatran, t-ximelagatran, 

and t-hydroxymelagatran (Scheme 1.22).35 Carbamate-protected amidine 71 was selected as 

an intermediate which could be successfully labelled and subsequently transformed into the 

desired tritiated targets. Previous use of Crabtreeôs catalyst (in stoichiometric levels) had 

yielded unsatisfactory levels of specific activity and radiochemical purity. In contrast to this, 

use of complex 59, at only 10 mol% catalyst loading, furnished a sample of the labelled 

intermediate t-71 in excellent levels of isotope incorporation and radiochemical purity, beyond 

the minimal requirements of the study. Through a short series of transformations, this 

intermediate allowed access to tritiated samples of the desired drug molecules. 
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Scheme 1.22 

Another noteworthy example of the application of complex 59 is in the synthesis of tritiated 

AZD5248, a highly potent cathepsin C inhibitor.36 A tritiated sample of this drug candidate 

was required for preclinical metabolism studies, and the Kerr group catalysts proved 

outstanding in accessing such labelled molecules. While direct labelling of AZD5248 proved 

challenging, due to the presence of the strongly coordinating nitrile groups within the final 

molecule, intermediate 72 was selected as a suitable precursor. Using the amide directing 

group, in conjunction with complex 59, a sample of t-72 was afforded with good levels of 

specific activity at 13.3 Ci/mmol. This compound was then dehydrated by reaction with the 

Burgess reagent, and the Boc-protecting groups removed by stirring in formic acid. This 

sequence successfully afforded a radiolabelled sample of AZD5248 for the metabolic studies. 
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Indeed, the isotope group at AstraZeneca have showcased further excellent applications of our 

catalyst systems in the production of labelled drug molecules.37,38 

 

Scheme 1.23 

A final example of application of this catalyst system comes from the Skrydstrup group.39 This 

report detailed the use of a two-chamber reactor system for the in situ generation of hydrogen 

or deuterium gas in small quantities for single experiments, from the reaction of zinc metal and 

aqueous HCl or DCl. This two-chamber system allowed for safe and efficient access to 

pressurised gases in small quantities. While the report discussed many examples of this 

equipment in hydrogenation, and, indeed, deuterogenation, notable examples of HIE were also 

showcased. Using complex 57, deuterated samples of olaparib, (an ovarian cancer treatment), 

and CX-546 (a schizophrenia treatment), were accessed directly, as shown in Scheme 1.24. 

Both drug molecules were labelled to impressive levels of isotope incorporation. In the case of 

CX-546, there was a distinction in the levels of deuterium incorporation between the two 
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available ortho-CðH sites. Following this, developments with this system have improved 

upon the method of deuterium gas production, further advancing the applicability of this 

equipment in directed HIE. 40 

 

Scheme 1.24 

In order to provide a more applicable catalyst system for the pharmaceutical industry, Kerr 

focused on establishing a range of non-chlorinated solvents within which the catalysts could 

be utilised.41 Initial solvent screening appeared to be promising, with the PPh3/IMes catalyst 

57 labelling acetophenone at room temperature over 16 h in diethyl ether (Et2O), tert-butyl 

methyl ether (MTBE), and 2-methyl tetrahydrofuran (2-Me THF). However, when moving to 

the more coordinating solvent acetone, the observed incorporation dropped to only 43%. In 

order to rationalise this, the binding enthalpies of the solvents were calculated (Table 1.1). It 

was found that in order for the reaction to proceed efficiently, the substrate must be able to 

efficiently bind to the catalyst centre. Thus, it was proposed that the Lewis basic solvent may 

compete with the substrate binding, and hinder the reaction. Examination of the enthalpy of 

displacement (ȹHexc) showed that, in the case of acetone, the displacement was slightly 
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endothermic, whereas the displacement of the ethereal solvents and DCM was exothermic. It 

was concluded that this equilibrium was instrumental to the reaction rate.  

Table 1.1 

 

Entry  Solvent ȹHexc Incorporation (%) a 

1 DCM -13.3 97 

2 MTBE -12.8 91 

3 Et2O -7.3 94 

4 2-Me THF -3.7 95 

5 Acetone 0.3 43 

aIncorporation of deuterium into acetophenone 

It was therefore suggested that 2-methyltetrahydrofuran would be a suitable, more industrially 

aligned solvent which is polar enough to dissolve a range of drug-like molecules, whilst still 

able to be readily displaced by a molecule of substrate. In order to showcase how useful this 

newfound understanding of the reaction process can be, the group further tuned the labelling 

conditions for Niclosamide (Scheme 1.25). Whilst only moderate levels of incorporation were 

observed, albeit across four positions, when applied in DCM, switching the solvent to 2-

methyltetrahydrofuran resulted in a significant increase in the observed incorporation across 

almost all positions. 
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Scheme 1.25 

Investigations within the Kerr group then turned to the catalyst counterion in order to further 

enhance the activity of the catalysts.42 It had previously been shown by Pfaltz, in the area of 

hydrogenation, that switching to a large, non-coordinating anion such as tetrakis[3,5- 

bis(trifluoromethyl)phenyl]borate (BArF) can augment a catalystôs activity. As such, variants 

of catalyst 57 were synthesised, each with an anion of increasing steric bulk and decreasing 

coordinative ability (Scheme 1.26). 

 

Scheme 1.26 
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Each complex was applied to the labelling of acetophenone and the rate of incorporation was 

measured for each reaction. It was noted that while all four complexes reached high amounts 

of incorporation, the triflate and BArF anions reached the maximum incorporation much faster. 

In addition to this, the BArF complex 75 and the PF6 complex 57 were tested in a range of 

industrially aligned solvents, with the higher solubility of the BArF catalyst 75 allowing it to 

perform on a much wider range of solvents than the PF6 variant 57. 

With this new catalyst system, supported by the BArF counterion, the group also reported a 

study which compared the reactivity of this complex to the previous generation, which utilised 

the PF6 counterion.43 The results of this study are highlighted in Table 1.2 below. When 

labelling para-nitroacetophenone 53 in toluene, it can be seen that the PF6 containing catalyst 

57 delivers good levels of incorporation though both directing groups: 86% through the ketone, 

and 52% through the nitro group (Entry 1). However, when the BArF variant 75 is used, a 

much more selective delivery of deuterium is observed, highlighting the effect that the 

counterion has on catalyst electrophilicity as well as solubility (Entry 2). In considering ethyl 

4-nitrobenzoate 50, which exhibits only moderate levels of incorporation when using complex 

57, a significant increase in the observed isotope incorporation across both positions is noted 

when switching to complex 75 (Entries 3 and 4). Finally, when employing both catalyst 

systems in the labelling of Nilutamide, the BArF complex 75 again shows increased levels of 

selectivity, when compared to the PF6 variant 57 (Entries 5 and 6). This highlights the 

importance of catalyst electronics and solubility even in more complex drug examples. 
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Table 1.2 

 

Entry  Substrate X Solvent %Da %Db %D c 

1 53 PF6 Toluene 86 52 - 

2 53 BArF Toluene 87 14 - 

3 50 PF6 DCM 29 41 - 

4 50 BArF DCM 52 66 - 

5 Nilutamide PF6 DCM 5 11 99 

6 Nlutamide BArF DCM 3 3 99 

 

One particular class of pharmaceutically relevant heterocycles, however, which did not prove 

amenable to the standard labelling conditions applied in previous examples was the aryl 

tetrazole.44 It was suggested, however, that a different mode of reactivity could possibly be 

exploited in this case, in order to utilise tetrazoles as directing groups for the installation of 

heavy isotopes of hydrogen. As such, the Kerr group developed a base-assisted protocol for the 

labelling of molecules containing aryl tetrazoles. Through careful consideration of base, 

temperature, and time, the newly optimised conditions, highlighted in Scheme 1.27, were 
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found. As seen with para-methyl substituted example 76a, excellent levels of incorporation 

can be achieved through these conditions, at 85% D. Interestingly, when the methyl group is 

placed in the meta-position in example 76b, a difference in incorporation is noted between the 

more hindered site, at 58% incorporation, and the less hindered site, at 83% incorporation. 

Additionally, moving the steric bulk of the methyl group to the ortho-position in 76c, the level 

of isotope incorporation is not affected. Electron-donating groups in 76d, and electron-

withdrawing groups, in 76e, are also well tolerated, both giving outstanding levels of 

incorporation. Interestingly, when the acidic proton of the tetrazole is replaced with a methyl 

group, as in 76f, a significant level of incorporation is still observed. Finally, the group also 

showcased these labelling conditions in the production of a tritiated sample of antihypertensive 

drug Valsartan. By running the reaction under 1.5 Ci of tritium gas, a sample of this angiotensin 

receptor blocker was afforded with 15 Ci/mmol and in excellent radiochemical purity. 
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Scheme 1.27 

Whilst the currently established Kerr group catalysts, bearing both phosphine and NHC 

ligands, have shown unprecedented scope in labelling reactions, there are some challenging 

motifs which were not accommodated for by this generation of catalysts, for example, primary 

sulfonamides, which are prevalent in many pharmaceuticals. At the time, however, the current 

Kerr group catalysts were unable to exploit this directing group to any great effect. Scheme 
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1.28 shows the limited levels of incorporation achieved by one of the most active 

NHC/phosphine type catalysts with benzenesulfonamide 77.45 

 

Scheme 1.28 

With a mere twelve percent incorporation observed, it was hypothesised that the tetrahedral 

sulfonamide directing group was too sterically hindered to be effective. As such, it was 

proposed that a catalyst featuring a smaller ligand sphere, and a higher electron density, would 

favour the coordination of the sulfonamide-containing substrate and increase the rate of the 

CðH activation step. Pleasingly, employing the chlorocarbene complex 56 (a synthetic 

precursor to the NHC-phosphine catalysts) resulted in an impressive ninety percent 

incorporation (Scheme 1.29).45 In order to optimise these parameters, the TEP and buried 

volume of various NHCs were investigated (vide infra). This resulted in a catalyst which 

incorporated up to ninety-six percent deuterium in only two hours. These results highlighted 

the dramatic change in activity which can be brought about by subtle changes in the catalyst 

parameters. 
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Scheme 1.29 

This remarkable piece of methodology was underpinned by careful computational guidance, 

with the binding enthalpy (ȹHbind) and enthalpy of CðH insertion (ȹHins) calculated in order 

to support the experimental observations (Scheme 1.30). Accordingly, it was found that the 

binding enthalpy of the benzenesulfonamide substrate was more exothermic for the cationic, 

phosphine containing catalysts than the smaller, neutral chloride complex. However, in contrast 

to this, the CðH activation, predicted to be the rate determining step, was more endothermic 

for the cationic, phosphine-containing catalyst. 

 

Scheme 1.30 
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Shortly after this publication, the Kerr group moved on to further showcase the catalytic utility 

of these iridium chlorocarbene systems.46 While many of the catalyst systems discussed thus 

far have targeted aryl-selective labelling through exploitation of a directing group, the 

application of the chlorocarbene type catalysts to aryl aldehydes exhibits a very different mode 

of reactivity. Instead of activating the aryl CðH bonds in close proximity to the aldehyde 

functionality, it is, in fact, the formyl position which is preferentially activated, and thus 

labelled, via these neutral catalyst systems. Initially, the catalyst system was refined in order to 

tune the selectivity of this process, resulting in complex 78. The substrate scope was next 

explored, which is highlighted in Scheme 1.31. The novel catalyst system exhibits remarkable 

selectivity for the formyl position, with excellent levels of deuterium being incorporated into 

benzaldehyde 79a. Both electron-donating substituents (79b) and electron-withdrawing 

substituents (79c, 79d) do little to hinder incorporation. Additionally, compound 79d shows 

that the inclusion of an additional directing group does not result in a change in regioselectivity, 

as no labelling is observed through the nitro group. Substituents in the 3-position (79e-79g), 

and a naphthyl motif (79h) were also tolerated. 
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Scheme 1.31 

In order to explain this change in reactivity, an alternate mechanism was proposed, supported 

by DFT calculations. Unlike the very bulky NHC/phosphine combination, the catalytically 

active iridium(III) deuteride species derived from the chlorocarbene precursor can adopt a 

conformation with the ligands in a cis configuration (Scheme 1.32). This configuration allows 

rapid activation of the formyl position, to give an iridium(V) complex, which can rearrange 

such that a deuteride ligand is cis to the activated substrate. Once again, CðD bond formation 

and substrate turn over will release the formyl-labelled substrate.  
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Scheme 1.32 

Returning to the applications of the NHC/phosphine type catalysts, the Kerr group next showed 

the highly efficient, directed labelling of indole and pyrrole heterocycles (Scheme 1.33).47 

Utilising an acetyl directing group on the nitrogen of the heterocycle, it was shown that pyrrole 

80 could be labelled to high levels. Additionally, when the directing group was changed to a 

benzoyl, in example 81, good levels of selectivity for the pyrrole ring were observed. The 

introduction of a formyl group on the pyrrole ring in 82 did not alter the regioselectivity of the 

labelling. Unfortunately, however, moving to a carbamate directing group did not allow for 

useful levels of incorporation. N-Acetyl indole 84 could also be labelled to excellent levels, 

with no incorporation observed at the C7 position. Interestingly, the use of a directing group 

on the C3 position, in example 85, also allows for outstanding levels of incorporation at C2, 

with minimal incorporation on both methyl groups of the Weinreb amide. Other sp2 nitrogen 

centres are tolerated, as shown in 4-azaindole 86. The indole motif also showed better levels 

of selectivity in the case of a benzoyl directing group in 87. Finally, the group also showcased 
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the ability to remove the directing group in a facile manner, affording a sample of C2 deuterated 

free indole d-88. 

 

Scheme 1.33 

With significant advancement in the area of aryl HIE having been accomplished, the group 

next turned its attention to the activation of Csp3ðH bonds.48 In addition to the ubiquitous 

nature of Csp3ðH bonds in pharmaceuticals and bioactive natural products, the ability to 

activate such bonds as a means of functionalisation is highly sought after. As such, studies into 

the activation of these bonds from a HIE standpoint could provide highly valuable data in 

following investigations into CðH functionalisation. Pleasingly, when the highly active 
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[Ir(COD)(PPh3)IMes]BArF 75 was applied to the labelling of a series of molecules, it was 

found that many of the systems could be activated and labelled to high levels of incorporation 

under very mild conditions and low catalyst loading (conditions A). Some of the more 

challenging examples did require a slight increase in catalyst loading and reaction time, but 

were successfully activated under comparatively mild conditions, nonetheless (conditions B). 

A sample of the compounds labelled in this study is shown in Scheme 1.34. A range of cyclic 

substrates (morpholine 89, piperidine 90, and piperazine 91) could be accessed, labelling to 

excellent levels. It was also shown in each of these cases that a range of heterocyclic directing 

groups could be utilized, even the smaller five-membered thiazole directing group in 92. The 

size of the ring system being labelled had a strong effect on the levels of incorporation, but 

both seven- and five-membered rings (93 and 94) could be accessed. Lamentably, the four-

membered azepane ring 95 proved too challenging, at this stage, exhibiting only 9% deuterium 

incorporation. It was also shown that acyclic substrates were also applicable to this process, as 

shown in example 96. Finally, the group showcased the utility of this process by targeting three 

active pharmaceutical ingredients, mirtazapine, caffeine, and azaperone. All of these examples 

were labelled to >90% incorporation under very mild reaction conditions. 
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Scheme 1.34 

Furthermore, it has been shown that the same catalyst system is proficient in labelling aliphatic 

amide structures, lending themselves to the generation of labelled amino acid and peptide 

structures (Scheme 1.35). 49 The challenging nature of these particular substrates required more 

forcing conditions, however, with a change in solvent to iso-propyl acetate at close to refluxing 

temperatures. When a single secondary centre is present, such as in protected glycine 97, 

excellent levels of incorporation are observed. However, placing a relatively small substituent 

at this position, e.g. in protected alanine 98, has a significant effect on the incorporation. 

Making this substituent any larger, for example an iso-propyl group in 99, prevents any 

observable incorporation. It was also noted that disulfide structures were well tolerated, giving 
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high levels of deuterium incorporation, 100. When multiple residues, and thus labelling 

positions, are present, it would appear that there are many factors which determine selectivity, 

and the extent to which selectivity is observed. Generally speaking, any secondary centres will 

be labelled over tertiary, but determining the selectivity between secondary centres within the 

same molecule remains challenging with the data at hand. Regardless, it was shown in this 

study that di-, tri- and even tetrapeptide structures could be labelled to excellent levels. It was 

also shown that the labelling is a stereoretentive process, and does not disturb the native 

chirality of the molecule. 

 

Scheme 1.35 



 

45 

 

1.6 Development of Chelated Catalyst Systems 

More recently, many groups have also begun to focus on the development of iridium catalysts 

for hydrogen isotope exchange. As seen with Crabtreeôs catalyst, iridium complexes originally 

intended for hydrogenation are often also useful as catalysts for HIE. As such, many of the 

complexes more recently applied to HIE have their origins in hydrogenation, resulting in a 

trend towards the development of chelated exchange catalysts. The first notable example of a 

chelated hydrogenation catalyst being applied to HIE with the intention of improving upon 

Crabtreeôs system is the P,N-ligated catalysts developed by Pfaltz (Scheme 1.36). 50 With 

iridium-catalysed alkene hydrogenation being a highly developed area, a vast number of 

complexes were available for their catalyst screening, with a total of 15 catalyst systems being 

tested in total. Of this screen, the majority of catalyst systems were shown to be catalytically 

active in the HIE of relatively simple substrates, such as acetophenone. However, when applied 

to more challenging substrates, it was shown that complex 106 was the most active across a 

range of substrate classes. Generally, good levels of incorporation were observed across the 

board. It was noted that sulfone 108 could be labelled to a moderate level with complex 106, 

but an alternate catalyst system was highlighted within the same paper which gave significantly 

higher levels of incorporation. Additionally, secondary sulfonamide substrate 109 could also 

be labelled, however, quite harsh reaction conditions were required in this case. 
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Scheme 1.36 

Given that complex 106 is normally applied to asymmetric hydrogenation, the ligand contains 

stereogenic centres to enable this, which are unnecessary when considering CðH activation 

of a planar aryl ring. As such, an achiral variant of this complex (110) was synthesised and also 

applied to a range of substrates under the previously optimised conditions, showing very 

similar levels of incorporation in most cases (Scheme 1.37). 
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Scheme 1.37 

Highly substituted sulfonamides are desirable targets for HIE processes. While primary 

sulfonamides have been labelled in an effective manner utilising the chlorocarbene motif 

developed by the Kerr group, substitution on the sulfonamide nitrogen still proves highly 

challenging.45 In an attempt to address this, other groups have applied the chlorocarbene type 

complex, albeit an unoptimized variant, as well as the chelating NHC-oxazole system, known 

as the Burgess catalyst 111, under harsh conditions to facilitate the labelling of hindered 

sulfonamides (Scheme 1.38).51,52 Considering the incorporations delivered by chlorocarbene 

complex 56, moderate to good levels of incorporation were observed across the series, with N-

methylbenzene sulfonamide 109 matching the levels of isotope incorporation obtained using 

the Pfaltz system at 90 °C. Additionally, the larger N-phenyl substituent in example 112 was 

also well tolerated, delivering similar levels of deuteration. Unfortunately, no incorporation 

was observed in N-mesylaniline 113. The tertiary amine in 114 also did not appear to hinder 

the observed incorporation, and both positions of the naphthyl ring in example 115 were 

labelled to high levels. Interestingly, while the ester motif in 116 was well tolerated, a small 

but significant amount of labelling on the methyl group of the ester was also observed. Finally, 

the indole motif in 117 was also well tolerated, with both the C2 and C3 positions of the indole 

ring being labelled to good levels. Moving on to discuss the performance of the Burgess system 

in the labelling of substituted sulfonamides, generally lower levels of incorporation were 

observed across the series, albeit under more mild conditions and at a lower catalyst loading. 
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N-Phenyl sulfonamide 112, for example, exhibited only moderate levels of incorporation, 

compared to that delivered by chlorocarbene complex 56. Additionally, the positions of the 

naphthyl ring in 115 showed a higher degree of selectivity, with the peri-position being labelled 

to only 13%, as well as a lower incorporation of 76% at the ortho-position. Interestingly, ester 

116 was not tolerated, possibly due to strong chelation of the substrate to the more open, 

cationic catalyst sphere. While indole 117 was labelled by the Burgess system, only low levels 

were observed at the C2 (15%) and C3 (20%) positions. Interestingly, there was no deuterium 

delivered through a 6-mmi in either example 112 or 113, highlighting the challenge of 

accessing such an intermediate with these directing groups. 

 

Scheme 1.38 

With substrate scope established for this process, the group next moved on to use the 

chlorocarbene complex to produce a sample of tritiated Glibenclamide, a treatment for diabetes 

(Scheme 1.39). 
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Scheme 1.39 

Following on from this, the utility of the Burgess catalyst system as a more general catalyst for 

HIE was also investigated. 53 Generally speaking, the catalyst proved competent in labelling a 

series of common functional groups, albeit at 10 mol%. Aldehydes, amides (5 and 6 mmi 

directing), pyridines, and a nitro group are all shown in Scheme 1.40, being labelled from good 

to excellent levels. Interestingly, sulfur-based directing groups, in 119 and in 69, have also 

been shown to label to moderate levels. 

 

Scheme 1.40 
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The next notable catalyst motif for HIE is the highly electron rich P,N-complexes developed 

by the Tamm group.54 This ligand set facilitated the labelling of a wide range of directing 

groups to high levels, as shown in Scheme 1.41. While ketones, heterocycles, and esters (121, 

107, and 122, respectively) were shown to be suitable directing groups for this system, the most 

noteworthy results were of those which were able to use the Boc protecting group to direct 

labelling into the aryl rings of anilines (such as 123) or heterocycles (124). The significant 

steric bulk of this group would usually render its use very challenging. However, the chelated 

system allows for excellent levels of incorporation under mild conditions. Of final note, is the 

observed labelling adjacent to methoxy groups, such as in 126. When placed under more 

forcing conditions, and in the absence of other suitable directing groups, it appears that these 

aryl ethers can also facilitate the incorporation of deuterium. This, presumably, occurs through 

a different mechanism to the classical directed CðH activation mechanism; however no 

mechanistic proposals or investigations have been published at this point. 
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Scheme 1.41 

Following on from this, the group also established the ability of the same catalyst system to 

label highly hindered sulfonamides, N-oxides and phosphonamides (Scheme 1.42).55 Unlike 

the previous attempts to label hindered sulfonamides with complexes 56, 106, and 111, the 

Tamm catalyst afforded high levels of incorporation into N-substituted and N,N-disubstituted 

sulfonamides under very mild conditions and low levels of catalyst loading. Additionally, 

excellent levels of incorporation were observed for the labelling of quinoline N-oxide 

derivative 129, isoquinoline N-oxide 130, and 4-methylpyridine N-oxide 131. Finally, it was 

also shown that a range of substituents were tolerated in the labelling of phosphonamide, as 

shown in 132-134. 
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Scheme 1.42 

It is clear from these recent examples that the development of iridium catalysts for HIE is 

progressing at an astounding rate. However, in order to further expand the utility lent by these 

catalysts, beyond the screening of complexes optimised for other processes, thorough 

knowledge of the catalyst system is required. Most notably, understanding of ligand effects and 

characteristics is a necessity, in order to effectively design and optimise a catalytic system. The 

following sections provide overviews on the use of phosphine and NHC ligands, as well as 

combining these ligand motifs. 
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1.7 Phosphine Ligands 

Phosphine ligands have long been ubiquitous within organometallic chemistry, with the 

electronic and steric parameters of the ligand having a dramatic effect on the properties of a 

complex as well as its mode of catalysis.  

With regards to electronic characterisation, phosphines are generally strong ů-donors, binding 

to the metal through the lone pair on phosphorus. However, phosphines also exhibit significant 

back donation from the metal centre into the ů* orbital of the PðR bond (Figure 1.2).56 

 

Figure 1.2 

Consideration of such orbital interactions is particularly important when utilising phosphines 

in a complex, as the nature of the R groups can dictate the relative amount of ů-bonding and 

back donation exhibited by the ligand. In 1970, Tolman used nickel carbonyl complexes to 

parameterize the electronic impact of various phosphine ligands through the A1 carbonyl 

stretching frequency.57 Substituting [Ni(CO)4] with a phosphine ligand, to produce complexes 

of the form [Ni(CO)3L], results in a change of the electron density at the metal centre and 

therefore the back donation to the ˊ* of the carbonyl ligands. Table 1.1 gives examples of 

some common phosphine ligands, with the lowest frequency values corresponding to the most 

electron-rich ligands. This stretching frequency, termed the Tolman electronic parameter (TEP) 

has been measured for a number of phosphine ligands, allowing novel ligands to be compared 

in terms of their electron donating ability. As the bond strength between the carbon and oxygen 

ů-bond 

ů*-back 

donation 
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is varied, the change in stretching frequency, ɡ(CO), can be measured using infrared (IR) 

spectroscopy. This provides a reliable method for parameterizing the ů-donating nature of the 

phosphine ligand and has since been used as a standard method of ligand characterisation.  

Table 1.1 

 

Entry Phosphine ɜCO (cm-1) 

1 PtBu3 2051.6 

2 PiPr3 2059.2 

3 PMe3 2064.1 

4 PPh3 2068.9 

5 P(OiPr)3 2075.9 

6 P(OPh)3 2085.3 

 

In order to investigate the steric influence of phosphine ligands, Tolman introduced the concept 

of the cone angle, ɗ (Scheme 1.43).58 The phosphine substituents are ñfolded backò away from 

the metal and a cone is drawn from the vector projecting from the centre of the metal to the 

edge of the ligand. The angle between the centre of this cone and the edge is denoted ɗ. 

 

Scheme 1.43 



 

55 

 

Again, nickel carbonyl complexes were used in the validation of this method, wherein 

substitution with various phosphines with an increasing range of cone angles resulting in a 

reduced degree of substitution at the metal centre. For example, when the relatively small 

trimethyl phosphite was used, up to three phosphine ligands could be bound to the metal centre. 

However, when triphenylphosphine was used, with a cone angle of 145°, only two phosphine 

ligands were observed (Table 1.2). It should be noted, however, that while this parameter 

works well for most phosphines, it is a static value which does not account for flexibility within 

a ligand. For instance, tribenzylphosphine and ethyl di-tert-butyl phosphine may have the same 

cone angle, but the flexibility of the benzyl group, relative to the bulky tert-butyl, results in a 

very different steric environment.59 

Table 1.2 

 

Entry  Ligand Cone Angle (ɗ) Degree of Substitution 

1 P(OMe)3
  107 3.0 

2 PMe3  118 2.4 

3 PPh3  145 2.0 

4 P(Cy)3  179 1.5 

 

The ability to simultaneously control both the steric and electronic parameters is extremely 

beneficial when designing a catalyst, with subtle changes likely having a drastic effect on the 

catalyst activity. For example, while tri-iso-propyl phosphite (P(OiPr)3 and tributylphosphine 

(PnBu3) have similar cone angles, the heteroatoms of P(OiPr)3 result in a ligand which imparts 

a very different electronic state to the metal centre. 
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1.8 NHC Ligands 

Prior to the early 1990s, free N-heterocyclic carbenes (NHCs), i.e. those which were not 

coordinated to a metal centre, were considered too reactive and unstable to be isolated and 

unambiguously characterised. However, 1991 saw the first synthesis and isolation of the 

relatively stable NHC, 1,3-bisadamantylimidazole-2-ylidene (IAd) by Arduengo, via 

deprotonation of the corresponding imidazolium salt.60 In the relatively short time since the 

initial isolation of IAd, the number of publications utilising NHCs as ligands in transition metal 

complexes has increased dramatically.  

The carbene structure itself consists of a lone pair of electrons on carbon, which can exist either 

in the triplet state or relatively more stable singlet state (Scheme 1.44). 

 

Scheme 1.44 

In the triplet state, both electrons remain unpaired, residing in orthogonal p-orbitals on the 

carbenic carbon. In the singlet state, however, the electrons are paired in a single sp2-orbital, 

leaving an orbital free, into which the adjacent heteroatoms can donate, stabilising the structure. 

A mixture of steric and electronic factors affects the stability of an NHC, as highlighted in 

Figure 1.3. The unsaturated backbone in IAd imparts aromaticity to the structure and has a 

stabilising effect, however this is not a necessity when synthesising a persistent carbene. The 

N-substituents play an especially large role in the stabilisation of the carbene, as well as tuning 

the electronic nature of the carbene. The cyclic nature is also important; the cyclic structure 
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favours the bent singlet state, whereas the ring size can push the N-substituents towards the 

carbenic carbon, further enhancing their effective stabilisation. 

 

Figure 1.3 

The use of NHCs as ligands in transition metal catalysis has been likened to phosphines and, 

indeed, there are significant similarities between the two ligand classes. As with the phosphine 

ligands, many attempts have been made to parameterize the various aspects of NHC binding. 

In a similar manner to Tolmanôs study, Nolan used a set of [IrCl(CO)2NHC] complexes to 

investigate the electronic character through the stretching frequency of the carbonyl ligands 

(Table 1.3).61 It was discovered that the most poorly donating NHC imparted more electron 

density onto the metal centre than the most strongly donating phosphine. This was rationalised 

by the fact that NHCs are incredibly strong ů-donors. This, coupled with the fact that most 

NHCs exhibit a smaller amount of back-bonding (due to the nitrogen atomôs ability to donate 

into the free p-orbital), means that the NHCs can push a higher amount of electron density onto 

the metal to which they are coordinated. 

 

 

 

 

 



 

58 

 

Table 1.3 

 

Entry  Ligand TEP (cm-1) 

1 PPh3 2068.9 

2 PEt3 2061.7 

3 PCy3 2056.4 

4 IPr 2051.5 

5 IMes 2050.7 

6 IAd 2049.5 

 

 

There have been criticisms in the use of the TEP for the characterisation of NHC ligands, 

however.62 Most notable of these, is the fact that, while phosphine ligands give a good range 

of values for the TEP (typically ~30 cm-1), NHC complexes will generally be restricted to a 

very tight range of ~10 cm-1 (Scheme 1.45). This unfortunately makes the technique less 

diagnostic for NHCs, as several changes to the structure of the ligand will result in only very 

minor changes, or indeed no change, to the TEP value measured. A second criticism is that the 

values measured are highly sensitive to the conditions in which the stretching frequencies are 

measured, leading to risk for introduction of error, and limiting the ability to compare results 

in a valid fashion. Unfortunately, this has led to several differing values being published for 

the same NHC, seemingly using the same method, as highlighted for SIMes 144 and 6-Mes 

145 in Scheme 1.38.63 
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Scheme 1.45 

In order to address these issues, the development of a more reliable method for the electronic 

quantification of NHCs has been the focus of many research groups. One of the most notable 

methods which has been unveiled in recent years is Huynhôs electronic parameter (HEP).64,65 

This technique requires the formation of stable palladium(II) bis-NHC complexes, as shown in 

Scheme 1.46. One of these ligands, iPr2-bimy 146, is termed the reporter ligand, and it is the 

carbenic shift of this ligand in the 13C NMR spectrum which is used to parameterize the 

electronic character of the NHC being investigated. The carbenic shift of an NHC is inversely 

proportional to the singlet-triplet gap. The transition of an electron from the ů-orbital to the 

unoccupied p-orbital has the strongest contribution to the paramagnetic shielding parameter, 

which in turn leads to a downfield shift. The binding of an NHC ligand to a metal centre reduces 

the probability of this transition, and thus results in a more upfield shift. If we now consider 

the trans-influence from the ligand being investigated, stronger donation from this ligand will 
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weaken the PdðiPr2-bimy bond, and thus return more ñfree NHCò character to the 
iPr2-bimy 

ligand, resulting in a more downfield shift. This process therefore allows for the relative 

parameterization of NHC ligands, provided they can form stable complexes with palladium(II) 

species. 

 

Scheme 1.46 

Scheme 1.47 below shows some examples of HEP for several NHCs. It shows the significant 

changes in this parameter that are made with changing various aspects of the ligand. For 

instance, structures 147-150 show how the hybridisation of the backbone, as well as aromaticity 

and presence of a heteroatom, affects the HEP. Additionally, the substituents of the nitrogen 

atoms also have significant influence over the electronic character of the ligand, as shown with 

varying substitution from benzyl to mesityl groups in 151, 152 and 135. Finally, even subtle 

effects from very remote substitution can also be seen through this method, as shown in 153-

155. Indeed, there are several advantages this method brings to the process of electronic 

parameterization. Notably, the use of 13C NMR spectroscopy means that the signals produced 

are sharp, cover a wide shift range, and can be easily referenced for reproducibility. Secondly, 

the accuracy of 13C peaks is much greater than that of IR signals, generally ~0.02 ppm. Thus, 

subtle changes in shift (~0.1 ppm, or five times the standard deviation) can be taken as 

meaningful. 66 
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Scheme 1.47 

A final note on the HEP, while TEP measurements use metal (nickel, rhodium, and iridium) 

carbonyl complexes which are prone for ́ -backbonding, this method makes use of much more 

electronegative palladium, which is much less prone to back donation, particularly so in the 

+2-oxidation state. As such, this method generally gives a good indication of ů-donation 

ability.  

With this in mind, Ganter was able to utilise 77Se nuclear magnetic resonance (NMR) in an 

attempt to investigate the -́acceptor properties of an NHC.67,68 Scheme 1.48 depicts the 

proposed binding motif for the selenide adducts used. Generally speaking, NHCs which are 
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primarily ů-donating will have character more similar to the resonance structure on the right, 

and exhibit a more upfield shift. Contrasting this, NHCs with significant -́acceptor abilities 

will have more character of that on the left-hand side and, as a result, have a more downfield 

signal.  

 

Scheme 1.48 

A number of NHC-selenide adducts were synthesised using ligands which had already been 

thoroughly studied in the literature. Selenium NMR is known to encompass a range of around 

800 parts per million (ppm) and is particularly sensitive. Having such a wide range is 

advantageous when attempting to parametrise a series, allowing for more confident assignment 

of the ́ -accepting nature. As Scheme 1.49 shows, structures which are known to be strongly 

ů-donating such as IPr 156 exhibit a significantly low shift, whereas the strongly -́acidic 

variant, 158, has a significantly higher shift of 856 ppm. 

 

Scheme 1.49 

As a final point on the use of selenourea NMR for characterisation of NHCs is that the overall 

shift of the adduct is inextricably tied to both the ů-donating and ́-accepting properties of the 
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ligand, and as such cannot be used to inform about the ˊ-acidity alone. Generally speaking, an 

established method that allows for the individual investigation of ˊ-accepting ability of a ligand 

has not yet been achieved. 

 

1.9 Combining Experimental and Computational methods 

The very nature of reaction mechanisms presents several challenges which makes the study of 

a mechanism difficult, particularly in the case of homogeneous transition metal catalysed 

reactions. Catalytic cycles, consisting of various steps, each highly dependent on the 

conditions, coupled with the short-lived intermediates and catalytic species which are often 

difficult to detect, make unambiguous mechanistic conclusions difficult to draw. Detailed 

aspects of a reaction, such as solvent or additives can, if altered, give vast changes in the 

outcome of a reaction, serving only to add further complexity to the problem. In addition to 

this, many catalytic routes or competing pathways are often separated by small energy 

differences. It is in these instances where it may be beneficial to invoke the use of 

computational chemistry in order to gain insight into a system which may further understanding 

of the mechanism at hand. 

The increase in computing power and continuous refinement of functionals that has occurred 

over the past four decades has allowed more complex systems to be confidently investigated 

using density functional theory (DFT) methods. In recent years, the use of such calculations by 

those investigating detailed reaction mechanisms has become somewhat of a staple, in many 

regards.69 Indeed, DFT calculations have proven imperative in the development and 

understanding of a myriad of processes, offering insight which can strengthen or attempt to 

clarify the understanding gained from experimental data. While this use of computational 

reinforcement brings many advantages, great care must be taken when attempting to make use 
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of such methods, as the use of these techniques without careful consideration can be lead to 

highly misled conclusions.70 Regardless, there are many who foresee the use of computational 

chemistry in aiding, or even leading, the rational design of novel catalyst systems for any given 

process. 71,72,73
 Realistically, however, the current situation is that the use of computational 

guidance for catalyst design is, for the vast majority, rooted in previously established systems 

with a reservoir of mechanistic understanding behind them. Indeed, this removes a myriad of 

issues present at the start of such an investigation, thus accelerating the process, in that the 

many potential side-reactivities are less likely to require investigation, as well as giving a 

sensible starting position for the design process. With further development in this area, 

however, it is possible that this process may well become more streamlined and more 

accessible.  
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2. Previous & Proposed Work 

The paradigm of rational ligand design is emerging as an incredibly powerful tool in the 

development of novel catalyst systems (vide supra). We sought to apply this approach to our 

current generation of catalyst systems in order to further advance their effectiveness and 

applicability in HIE processes. Initially, we chose to focus our efforts on facilitating the 

labelling of sulfur-based directing groups, specifically the aryl sulfone. At the time we 

embarked upon this endeavour, only a single example of an aryl sulfone being successfully 

labelled through iridium-catalysed directed, HIE was reported, that of the Muri and Pfaltz 

collaboration. 45,50 These substrates have thus proven highly challenging, and with such an 

unmet need for their use as labelling substrates, this appeared to be an ideal starting point for 

the rational design process to be applied to our catalyst systems. 

Sulfones are prevalent in the pharmaceutical industry, with many commercialised drugs 

containing an aryl sulfone functional group. Sulfones are particularly ubiquitous in antibiotics, 

such as Dapsone and Dextrosulphenidiol (Figure 2.1). They are, however, also utilised in a 

range of other medicines, such as the non-steroidal anti-inflammatory Rofecoxib, or the 

retinoid, Sumarotene. The abundance of the sulfone functional group in the pharmaceutical 

industry makes the ability to exploit it as a directing group for ortho-directed HIE a particularly 

attractive goal. 
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Figure 2.1 

Examining in detail Muri and Pfaltzôs investigation of the activity of iridium catalysts 

supported by the ñPHOXò ligands in the HIE process, a total of 15 catalysts were selected for 

screening across 11 diverse substrates. Relatively simple examples such as acetophenone 51, 

acetanilide 39 and phenyl benzamide 65 could be labelled to high levels with a wide range of 

catalysts under mild conditions and low catalyst loading (Scheme 2.1a). However, more 

difficult substrates such as phenyl pyridine 107 could only be labelled up to moderate levels of 

70% with two specific catalysts. Little rationale was given to explain the efficacy, or lack 

thereof, in each case and the overall system is still poorly understood. Further still, when a 

selection of seven catalysts were applied to methylphenyl sulfone 108, all but one exhibited 

low to moderate levels of incorporation (Scheme 2.1b). An impressive incorporation of 95% 

was achieved using ligand 165, however, again, no rationale for the success of this ligand was 

ever given. As a result of the sporadic manner in which the catalysts were deployed, it is unclear 

which ligand characteristics are imperative to the high levels of incorporation. In addition to 

this, the substrate scope or robustness of the process was never established. 
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Scheme 2.1 

Returning to the work of the Kerr group, our previous studies into the mechanism have shown 

that the CðH activation step is generally rate determining, but has a relatively low activation 

energy, leading us to believe that the low incorporation was a result of another aspect of the 

system.31 Additionally, we know from our rationale in solvent choice that the ability of the 

substrate to displace solvent and to bind to the metal centre is crucial to the reaction, and not 

always guaranteed.41 Bearing in mind that the current catalysts employed in our group result in 

a complex with very large phosphine and NHC ligands coordinated in a trans relationship, it 

was thought that the tetrahedral nature of the sulfone directing group results in a large amount 

of steric repulsion between the substrate and ligand (Figure 2.2). This inhibits substrate binding 

and, in turn, severely limits the observed incorporation. It was hypothesised that tethering the 
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NHC and phosphine ligands to form a single bidentate motif would reduce steric interaction 

with the substrate, facilitate binding, and deliver higher levels of incorporations. 

 

Figure 2.2 

In order to validate this hypothesis in silico, we turned to calculating the binding energies of a 

small set of substrates to the catalytically relevant iridium(III) hydride species (Scheme 2.2). 

74 The energy associated with binding of the model substrate was calculated using the basis set 

superposition error (BSSE) corrected counterpoise method described by Boys and Bernardi.75 

First, upon considering the binding energy between acetophenone 51 and ñfreeò catalyst 166 

in complex 167, it was noted that a significantly negative, and therefore favourable, value of -

23.1 kcal mol-1 was calculated. Contrasting this, however, when we consider the binding energy 

of our model sulfone 108, a significantly less negative, and thus less favourable, value of only 

-15.3 kcal mol-1 is calculated.  
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Scheme 2.2 

With this information in hand, it was decided that the binding energy of 108 could be used as 

a screening parameter with which an in silico library of NHC-P chelated catalyst systems could 

be screened. This library consisted of 16 NHC-P ligand systems, focusing on altering the 

imidazole substituents, tether length between the ligating atoms, and the phosphine substituents 

(Scheme 2.3). Gratifyingly, all the entries in this screen gave more favourable binding energies 

for 108, but also, most notably, gave a good range of binding energies across the series. 
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Scheme 2.3 

As an initial proof of concept, two of these ligand systems were selected, and the corresponding 

iridium(I) precatalyst complexes were synthesised. These complexes were then applied to the 

labelling of methylphenyl sulfone 108 (Scheme 2.4). We were delighted to see a modest 

increase in the levels of deuterium incorporation in both cases, however, neither catalyst system 

delivered the levels of incorporation we desired. Nonetheless, these results showed that our 

catalyst development was indeed progressing in the right direction. 

 

Scheme 2.4 

With this in mind, an alternate catalyst system has been selected for synthesis as the first 

endeavour towards the refinement of a chelated catalyst system for such sulfur based directing 

groups (Figure 2.3). The selected catalyst systems make use of a benzyl tether, retaining the 

triarylphosphine structure, which we hope will benefit the ability of the complex to deliver high 
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levels of incorporation. Once synthesised, the selected catalysts will be applied in the labelling 

of methylphenyl sulfone 108. From here, the most active catalyst system will be taken forward 

for further optimisation, if required. Once an optimal system has been established, the substrate 

scope will be explored, in order to determine the efficiency of the catalyst in a range of 

sterically and electronically varied examples. 

 

Figure 2.3 
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3. in Silico Parameterization & Ligand Screening for the 

Development of a Novel Chelated Iridium(I) Complex for HIE of 

Aryl Sulfones 

3.1 Catalyst Synthesis & Characterisation 

The desired catalyst systems can be synthesised from the corresponding imidazolium salts 

which, in turn, can be quickly accessed in a modular fashion from 2-

(diphenylphosphanyl)benzyl chloride 176 and the appropriate N-aryl imidazole, as shown 

retrosynthetically in Scheme 3.1. Palladium catalyst systems supported by such ligands have 

previously been synthesised by Zhou via a similar method.76 

 

Scheme 3.1 

As such, we embarked upon the synthesis of our desired catalyst systems, starting with the 

synthesis of the necessary imidazoles. Synthesis of the aryl imidazoles was achieved by a one-

pot, multicomponent synthesis starting from the relevant aniline, glyoxal, formaldehyde, and 

ammonium acetate (Table 3.1). Both mesitylimidazole 179 and di-iso-propylphenyl imidazole 

180 were synthesised, however the yields for the much more sterically encumbered di-iso-

propyl variant were consistently reduced. Isolation of products from multicomponent reactions 

such as these are notoriously difficult, with several by-products requiring separation. It was 

found that isolating the products by column chromatography was possible, however, this was 

rather time consuming. Pleasingly, a significantly more efficient method of triturating the 
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product in boiling petroleum ether or hexanes was found, allowing isolation in comparable 

yields. 

Table 3.1 

 

Entry  Product Isolation Method Yield (%)  

1 

179 

Column 54 

2 Trituration 66 

3 

180 

Column 16 

4 Trituration 20 

 

With the relevant imidazoles in hand, we turned our attention to the phosphine moiety (Scheme 

3.2). Benzyl bromide 181 was used to generate N,N-dimethylbenzyl amine 182 in an SN2 

reaction, which proceeded in high yield. This compound was then metallated, exploiting the 

dimethylamine group in a directed ortho-lithiation, yielding highly air-sensitive crystals which 

were immediately reacted with chlorodiphenyl phosphine to afford 183 in admirable yield. 

Indeed, phosphine 183 was resistant to oxidation such that it could be exposed to air and 

purified by column chromatography without any noticeable loss in yield, however storage of 

the compound requires an inert atmosphere as noticeable amounts of phosphine oxide were 

noted to have formed after 24 hours in air. The final step in forming 176 involved chlorination 

at the benzylic position. It was found that toluene could be used in place of the highly 

carcinogenic solvent, benzene, which was used in the original publication.76 Gratifyingly, this 
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resulted in an excellent yield of 176 which could employed in the preparation of a series of 

benzylic ligands. 

 

Scheme 3.2 

The displacement of the benzylic chloride by mesityl imidazole 179 was reported by Zhou to 

take two days at reflux in ethanol. However, when the reaction mixture was analysed by TLC 

after two days it was found that it contained unreacted imidazole. The benzyl chloride 176 

however, had been completely consumed. Indeed, the desired chloride salt proved difficult to 

remove from the crude mixture and as such, was not isolated. Instead, the crude mixture was 

stirred with sodium BArF in order to exchange the anion associated with the imidazolium salt. 

Not only did this install the desired anion, but the lipophilicity of 184 allowed significantly 

easier separation of the product from the unreacted imidazole as well as other side products of 

the displacement. This procedure afforded the novel imidazolium salt 184 in an appreciable 

56% yield (Scheme 3.3). When attempting the same procedure with the larger di-iso-

propylphenyl imidazole 176, however, poor reactivity was observed. In order to address this, 

the solvent was changed to acetonitrile, and half an equivalent of potassium iodide was added. 
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This allowed the displacement to proceed in only two hours. The counterion was exchanged 

via the same method as 184, affording the di-iso-propylphenyl salt 185 in 58% yield. 

 

Scheme 3.3 

With the ligands in hand, the full catalysts could be synthesised via deprotonation of the 

imidazolium salt in the presence of the iridium cyclooctadiene chloride dimer, 54. The catalysts 

were isolated in generally good yields as bright red solids (Table 3.2). Indeed, it was noted that 

the reactions proceeded significantly better on larger scale, producing excellent yields on a 0.6 

mmol scale. 
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Table 3.2 

 

Entry  Complex R Scale (mmol) Yield (%)  

1 

174 Mes 

0.3 49 

2 0.6 86 

3 

175 DiPP 

0.3 73 

4 0.6 91 

 

Pleasingly, crystals of 175 could be grown from DCM and petroleum ether, and an x-ray crystal 

structure confirmed the solid state structure of our novel complex. Figure 3.1 depicts the 

structure, with hydrogen atoms and the BArF anion omitted for clarity. 

 

Figure 3.1 
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As discussed in Section 2, the complexes which have been synthesised were targeted based on 

the binding energies of catalytically relevant iridium(III) dihydrides. However, such species 

are highly reactive and, thus, not isolatable. Since obtaining a crystal structure of these 

iridium(III) dihydrides is unfeasible, making a direct comparison between the structures 

generated in silico and experimental data is not an option. Therefore, it was determined that 

the crystal structure of iridium(I) complex 175 could prove to be a useful tool in order to 

validate the computational methods. As such, the structure of 175 was optimised separately, in 

the absence of the BArF anion, and in the gas phase, in the same fashion as the dihydrides have 

been calculated. Table 3.3 highlights some key values for both structures. Generally, the 

calculated values were in good agreement with the crystal structure data. Both structures 

suggest a distorted square planar structure. Pleasingly, the bond lengths between the iridium, 

phosphine and the carbenic carbon of the NHC in the calculated structure agreed well with 

those of the crystal structure, with differences of the order of 10-2 Å in each case. Notably, both 

structures show a significant twist in in the NHC, with respect to the xy plane defined by the 

other ligands. This can be easily illustrated by measuring the P-Ir-C-N dihedral angle, which 

shows a significant distortion at approximately 130°. This twist is required to accommodate 

the large, relatively inflexible 7-membered chelate.  
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Table 3.3 

 

Entry  Dimension 

Crystal 

Structure 

Calculated 

Structure 

Magnitude of 

Error (%)  

1 

IrðC Bond 

Length 

2.04858 Å 2.06582 Å 0.842 

2 

IrðP Bond 

Length 

2.31489 Å 2.37947 Å 2.79 

3 

C-Ir-Alkene 

Angle 

160.8551° 161.1586° 0.189 

4 

P-Ir-Alkene 

Angle 

158.004° 156.5759° 0.904 

5 P-Ir-C-N Dihedral 132.5500° 135.6473° 2.34 

 

Prior to continuing with the two novel complexes synthesised, we were interested in further 

diversifying our ligand set. It was noted that the computational screen performed previously 

(vide supra) did not investigate the effects of backbone substituent effects on the imidazole 

ring for the benzyl tethered systems. Accordingly, two further catalysts were selected wherein 

the backbone of the imidazole was modified in order to tune the properties of the NHC portion 

of the ligand. While these structures were not present in the initial computational screen, the 

binding energy of methylphenyl sulfone 108 was calculated in the same fashion. The 

corresponding imidazolium salts, as well as the binding energies associated with the 
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corresponding iridium(III) dihydride systems, are illustrated in Scheme 3.4. The versatility of 

the benzylic tether meant that the additional synthetic steps were limited to the generation of 

the imidazole. 

 

Scheme 3.4 

The dimethyl substituted imidazolium salt 186 was synthesised in a similar fashion to 184 and 

185, wherein a multicomponent reaction was used to generate the imidazole 188, in 45% yield, 

followed by alkylation to install the phosphine moiety (Scheme 3.5). Once again, potassium 

iodide was used to facilitate the alkylation step, affording the imidazolium salt 185 in an 

excellent 82% yield. The catalyst synthesis proceeded in excellent yield on a small scale of 

0.27 mmol, to give 189 in 91% yield. 
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Scheme 3.5 

The benzimidazole motif present in 187 required a more extensive synthesis, as a one-pot, 

multicomponent procedure to directly form N-mesityl benzimidazole is not possible. Following 

a recent procedure by Scheidt, which detailed the synthesis of N-mesityl benzimidazole 194 in 

four steps from 1,2-dibromobenzene 190, the desired imidazole species was obtained in a very 

good overall yield (Scheme 3.6).77 Reacting dibromobenzene 190 with mesitylamine in a 

Buchwald amination afforded 191 in a 70% yield. A successive Buchwald amination using 

benzophenone imine was then performed in order to install the second nitrogen moiety. Due to 

the steric bulk of the coupling partners, this reaction required 48 h to go completion. Pleasingly, 

however, the product 192 was obtained in a good 60% yield. From here, the imine was removed 

by acid catalysed methanolysis to yield the free aniline 193. Satisfyingly, 193 could be cyclised 

to give the benzimidazole 194, using trimethyl orthoformate, in an excellent 96% yield. Due to 

the reduced nucleophilicity of the benzimidazole, the alkylation step required longer reaction 

time, compared to previous imidazole alkylations, and only afforded the ligand 187 in a poor 
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31% yield. However, this step provided enough material for the following complexation step, 

which proceeded well to give complex 195 in a serviceable 58% yield. 

 

Scheme 3.6 

With four NHC-P iridium(I) precatalysts in hand, electronic and steric characteristics of each 

complex were parameterized, in order to better understand the systems. A common method of 

characterising the electronics of a catalyst is through examination of the 1H NMR spectrum of 

the corresponding iridium dihydrides.78 As such, the hydride shifts of each of the benzylic 

tethered complexes were analysed. This was performed by dissolving the catalyst in deuterated 

acetonitrile, in an NMR tube, and passing hydrogen through the solution, hydrogenatively 
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removing the cyclooctadiene ligand and forming the corresponding dihydride species. A very 

strongly coordinating solvent, such as acetonitrile, is necessary to stabilise the hydride 

structures, which are too fluxional to observe in less coordinating solvents. The chemical shift 

and coupling of the resulting species can be compared to give information about the 

environment of the hydride. Once activated, the complexes can form 3 distinct isomers, in 

which the hydrides occupy a cis relationship, as shown in Scheme 3.7. Isomer C, in which the 

both hydrides are trans to the strongly ů-donating donating ligands, would be less stable than 

A and B and, as such, would not be expected to be present in significant quantities. The 31P-1H 

coupling can be used to deduce the which signals correspond to A and B, with a hydride trans 

to the phosphine exhibiting a significantly larger coupling than that of a hydride in a cis 

relationship.78 

 

Scheme 3.7 

Scheme 3.8 below details the results of these experiments. In general, it was noted that 

complexes of form A were formed in vast excess over those of form B. Indeed, the lowest 

estimated ratio of isomers A:B was 97:3 in the case of 175. In the remaining complexes, levels 
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of B were too low to accurately estimate. The characteristically large 2JHPtrans could be 

measured and used to identify the presence of 175B, however, due to the small concentration 

of the species, the smaller 2JHPcis coupling could not be reliably measured. Signals which are 

consistently around -20 to -22 ppm are characteristic of hydrides trans to labile ligands, such 

as acetonitrile. Generally, more ů-donating NHC-P ligands result in a more negative shift for 

the hydride occupying a trans relationship, allowing the ů-donating nature of the series to be 

analysed. Unsurprisingly, 175A exhibited the lowest shift of the series, -12.82 ppm, proving to 

be significantly more ů-donating than the rest of the series. However, it was noted that 

substitution on the backbone of the NHC, in 189, proved to have little effect on the hydride 

shift, with respect to the unsubstituted complex 174, implying that this substitution had minimal 

effect on the ů-donating nature of the ligand. The benzimidazole variant, 195, showed a 

significant change in hydride shift, implying that the additional aryl ring has a substantial effect 

on the ligand. The 31P NMR spectrum of each of the hydride complexes was also analysed, 

however, no H-P coupling was observed in any case. This implies that, despite the strongly 

coordinating acetonitrile, the extended timescale required for the 31P spectra to be generated 

means that the complexes are too fluxional for coupling to be observed. In addition to this, the 

sensitivity of 31P NMR to geometrical effects means that little can be taken from the shift alone. 
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Scheme 3.8 

It should be noted that this technique offers no information on the other aspects of the catalystôs 

electronic properties, such as the -́back donation, and, therefore, further investigation is 

required in order to fully understand the electronic nature of these systems. 

Next, attention was turned to examining the steric influence of the ligands. Since the Tolman 

cone angle is best suited to analysing structures with C3 symmetry, the steric parameters of the 

catalysts were next evaluated using %VBur. This parameter was calculated using the SambVuca 

web-based application.79 The coordinates used for the calculations were taken from optimised 

structures of catalytically relevant sulfone-bound iridium hydrides, wherein the atoms 

belonging to the sulfone were removed. The main concern with using this method of analysing 

the steric influence of the ligand is that the software does not recognise the iridium centre. As 

such, approximations have to be made in placing a putative sphere at the ñcentreò of the 

complex based on the coordinates of the ligating atom. This process is illustrated, along with 
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the calculated data in Table 3.4. The %VBur was also calculated for the ethyl-tethered catalyst 

systems previously synthesised. 

Table 3.4 

 

 

 

 

 

 

 

It should be noted that, while the difference in %VBur is only over a range of around 3%, it has 

already been shown that small changes in this parameter have significant effects on catalyst 

activity.45 Since the application used to measure this parameter was designed for monodentate 

systems, two sets of data are presented: one measured from the perspective of the carbenic 

carbon, and the other from that of the phosphine. Both of these give information about the 

respective ligating centres. It can be seen from the data that, when compared to the ethyl 

tethered systems, the new benzylic catalysts exhibit a higher %VBur. This occurs due to the 

increased ring size of the benzylic ligands, which forces the phosphine farther from the NHC, 

Entry  Catalyst %V Bur(NHC)  %V Bur(P) 

1 Mes-Im-Et-PPh2 170 50.1 47.4 

2 DiPP-Im-Et-PPh2 171 51.0 46.6 

3 Mes-Im-Bn-PPh2 174 52.6 52.2 

4 DiPP-Im-Bn-PPh2 175 53.4 55.2 

5 Mes-MeIm-Et-PPh2 189 52.8 52.2 

6 Mes-ArIm-Et-PPh2 195 52.9 50.9 
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thus encompassing more of the ligand sphere. In moving from the mesityl-substituted 174 to 

the di-iso-propylphenyl 175, a significant increase in %VBur is observed, resulting in 175 

having the highest %VBur of the series. As expected, substitution on the backbone of the NHC, 

189 and 195, results in an increase in %VBur with respect to the NHC, as the aryl substituent is 

pushed towards the iridium centre.While there is still much information about the catalysts 

which has not yet been elucidated, the methods applied so far have given insight into the 

individual characteristics of each complex. 

Since only single proof of concept reactions were attempted for each of the ethylene tethered 

catalysts, it was decided that these systems would also be synthesised and used in the initial 

catalyst screening.74 Scheme 3.9 below outlines the general route towards these two 

complexes, with full details given in Section 8. Mesitylimidazole 179, or di-iso-

propylphenylimidazole 180, were alkylated with bromoethanol to give the corresponding 

imidazolium salts 196 and 197. Following this, the free hydroxyl group of these imidazolium 

salts could be converted to alkyl bromides through reaction with phosphorus tribromide, 

affording imidazolium salts 198 and 199. Following this, the bromide, in each case, could be 

displaced in an SN2 reaction using potassium diphenylphosphide in a solution of DMSO. In the 

same step, the counterion was exchanged using NaBArF, which aided in the isolation of 

imidazolium salts 200 and 201 (vide supra). With the respective ligands in hand, we were able 

to synthesise the full NHC-P complexes, 170 and 171, by deprotonating the imidazolium salt 

with potassium tert-butoxide in the presence of [Ir(COD)Cl]2. 



 

87 

 

 

Scheme 3.9 

 

3.2 Catalyst Screening, Reaction Optimisation, and Substrate Scope 

With a total of six NHC-P complexes having been prepared, we turned our attention to applying 

these in the labelling of aryl sulfones. Table 3.5 below details the results of the labelling 

reactions with the six chelated NHC-P iridium(I) complexes with our model substrate, 

methylphenyl sulfone 108. 
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Table 3.5 

 

Entry  Catalyst Solvent Run 1 (%) Run 2 (%) Run 3 (%) Avg (%) 

1 170 DCM 34 37 35 35 

2 171 DCM 16 9 10 12 

3 174 DCM 22 19 29 23 

4 175 DCM 44 38 46 43 

5 189 DCM 12 15 13 13 

6 195 DCM 37 33 39 36 

 

Upon application of our new NHC-P complexes, almost all gave higher levels of incorporation, 

when compared to those of the monodentate system. However, none of the catalyst systems 

were able to incorporate deuterium to the levels we desired. Figure 3.2 below compares the 

calculated binding energy of the NHC-P systems, as well as monodentate systems 56 and 57, 

with the experimental incorporations.45,74 This shows that while there is a general increase in 

the level of incorporation with increasing binding energy, the correlation is fairly poor, 

indicating that another aspect of the reaction is likely responsible for the limited levels of 

isotope incorporation. 
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Figure 3.2 

It was noted that the catalyst which exhibited the highest levels of incorporation, 175, was 

highlighted as having both the more ů-donating NHC as well as the largest %VBur. This can be 

rationalised by considering the conformation of the complex. The initial computational 

investigations of this system found the most favourable binding motif and lowest energy 

complex for the dihydride species 202 is as illustrated in Scheme 3.10. In this species, the 

agostic interaction occupies a trans relationship to the NHC portion of the ligand. Therefore, a 

more ů-donating NHC would result in facilitation of the CðH activation process, with respect 

to the less ů-donating ligands, through the trans effect. This would increase the rate of the Cð

H activation and therefore result in an overall higher level of incorporation. There is also the 

possibility that the higher levels of incorporation were due to a steric effect, owing to the larger 

%VBur. Initially, it may be difficult to rationalise an increase in %VBur being beneficial, as one 

would expect a poorer binding of the substrate and hence poorer labelling. However, what the 

gas phase models do not consider is that the kinetic stability of a larger catalyst is likely to be 

greater. This results in a catalyst which is active for longer periods of time, and can therefore 
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incorporate more deuterium. In order to determine whether or not our new catalyst system was 

competent in CðH activation, we calculated the barrier to this process, also shown in Scheme 

3.10. This barrier proved to be exceptionally low at 14.5 kcal mol-1, indicating that the 

activation process should be rapid at room temperature. We did not foresee any other steps in 

the catalytic cycle being rate-limiting, and, thus, believed that the reason for the limited levels 

of incorporation lay in off-cycle processes. 

 

Scheme 3.10 

Having previously observed how important the role of solvent choice is in the success of these 

reactions, it was decided that the most active catalyst of the series, 175, would be brought 

forward for a solvent screen (Figure 3.3). To our delight, upon moving from the relatively 

poorly performing DCM to ethereal and aromatic solvents, a dramatic increase in the levels of 

incorporation was observed. 
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Figure 3.3 

In general, the majority of tested solvents incorporated to good to excellent levels, with the 

exception of DCM, DCE and benzene. However, there is no clear rationale for why the 

incorporation was so limited in these solvents. Table 3.6 below shows the calculated enthalpy 

of displacement for two molecules of five selected solvents with 108. Unfortunately, there 

appears to be no simple explanation as to why some of these solvents (DCM, benzene) perform 

so poorly, while others (diethyl ether, chlorobenzene, fluorobenzene) allow high levels of 

incorporation. While we were elated with the performance of the complex across a wide range 
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of solvents, further investigation into determining a clear rationale behind solvent applicability 

is obviously required. 

Table 3.6 

 

Entry  Solvent DHdisp (kcal mol-1) 

1 DCM -1.28 

2 Diethyl Ether +14.1 

3 Benzene -3.49 

4 Chlorobenzene -9.90 

5 Fluorobenzene -4.74 

 

One potential reason for the discrepancy in the performance of the catalyst system in various 

solvents, is that certain solvent systems are less likely to prevent, or indeed may even facilitate, 

the decomposition of the active catalyst. One very brief investigation into this possibility is 

outlined in Figure 3.4. A solution of 108 and complex 175 (1 eq) in either DCM or 

chlorobenzene were placed in an NMR tube. Deuterium gas was bubbled through the solutions 

for 5 minutes, until catalyst activation was complete. The solutions were then analysed by 2H 

NMR spectroscopy. In chlorobenzene, the reaction appears to proceed quite smoothly, with the 

major signals corresponding to deuterated cyclooctane, and deuterated 108. The reaction 

performed in DCM, however, exhibited several peaks in the aryl region. It is possible that this 
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could indicate the presence of side reactivity when using DCM as a solvent. This initial insight 

is, however, undoubtedly crude and can only be used as a starting point for a much more 

thorough investigation in this area. 

 

 

 

Figure 3.4 
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In light of the solvent screen, chlorobenzene was taken forth as the optimum solvent, with an 

overall incorporation of 92%, using just 5 mol% of iridium catalyst 175 over 16 h. Next, a short 

series of experiments was performed in order to establish whether the catalyst loading could 

be reduced and still retain the same level of deuteration (Table 3.7). Indeed, it was noted that 

a reduction of catalyst loading resulted in lower incorporations, and, therefore, a loading of 5 

mol% was used in future experiments. 

Table 3.7 

 

Entry  X (mol%)  Avg. (%) 

1 5 91 

2 3 77 

3 1 59 

4 0.5 33 

 

With a system in hand that was labelling to high levels using low catalyst loading, a rate study 

was next performed in order to establish how quickly the exchange process reached 

completion. This was achieved by taking aliquots of a single reaction at set time points and 

quenching with diethyl ether to prevent further reaction. Gratifyingly, the labelling of 

methylphenyl sulfone 108 was shown to reach completion in less than one hour. Figure 3.5 

below depicts the data in terms of incorporation (%) and in the concentration of the non-
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deuterated substrate ([SH]) It can be seen that, initially, when the concentration of non-

deuterated 108 is much greater than that of the deuterated substrate d-108 ([SD]), the reaction 

proceeds linearly, inferring pseudo-first order kinetics. However, as more deuterated substrate 

is produced, competitive binding and activation by SD inhibits the rate and the reaction begins 

to slow significantly. Analysing the initial rate therefore informs about the reaction rate without 

the complication of product binding. In this case, the measured rate was shown to be 0.0264 M 

s-1. 

 

 

Figure 3.5 

With the results of these experiments, the optimal reaction conditions were taken to be 5 mol% 

catalyst loading of 175 under a deuterium atmosphere at room temperature for one hour. These 

conditions were then taken and applied to a wider range of substrates to fully assess the 

robustness of our newly developed system. 
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3.3 Substrate Scope 

Delighted with the activity of our newly discovered catalyst system, we aimed to investigate 

the effectiveness of the system across a range of sulfone-containing substrates. A total of 

nineteen substrates were targeted for this investigation, encompassing a diverse range of 

sulfones. See Section 8 for details of substrate synthesis. Overall, excellent levels of deuterium 

incorporation were observed throughout the series of sulfones tested. Both electron-donating 

and electron-withdrawing substituents in the ortho (108b-108d) and meta (108e-108h) 

positions of the aryl ring were well tolerated, leading to high levels of incorporation. Notably, 

meta-trifluoromethyl substrate 108g exhibits almost no incorporation at the considerably 

hindered position between both substituents, but displays excellent levels of deuterium 

incorporation at the less hindered position ortho to the sulfone. With less sterically encumbered 

meta substituents (108f and 108h), both positions ortho to the sulfone are labelled to a high 

extent. A range of electronically distinct para substituents are also well tolerated (108i-108l). 

In the case of para-nitro substrate 108m, this directing group mildly outcompetes the sulfone, 

but does not prevent an appreciable level of isotope incorporation through sulfone-directed 

HIE. Furthermore, restricting the orientation of the sulfone, in cyclic substrate 108o, did not 

result in a decrease in the excellent levels of incorporation generally observed. We next turned 

our attention to the effects of increasing the steric bulk around the sulfone group, with 

substrates 108p-108r . While a small decrease in the levels of incorporated deuterium were 

observed in diphenyl sulfone 108p and isopropyl phenyl sulfone 108q (65% and 66%, 

respectively), an excellent incorporation of 80% was observed with the extremely bulky tert-

butyl phenyl sulfone 108r . We also investigated labeling of benzyl methyl sulfone 108s, where 

the sulfone would direct labelling via a 6-mmi, which is considerably less favoured than the 

more common 5-mmi. Nonetheless, appreciable levels of incorporation were still observed in 

this more challenging substrate under the very mild standard conditions with a low catalyst 
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loading of 5 mol%. Interestingly, when we examined acetal-containing 108t under the reaction 

conditions, not only were excellent levels of incorporation observed through the sulfone, but a 

significant level of acetal-directed incorporation (26%) was also detected. Within our groupôs 

extensive studies on aryl HIE, this is the first example of acetal-directed labelling. It was 

decided that this labelling process would be investigated in more detail (Section 5.0, vide infra). 

Scheme 3.11 
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3.4 Sub-atmospheric HIE & Applications in Tritiation Chemistry 

Having demonstrated a chelated NHC-P complex which could label aryl sulfones to excellent 

levels at low catalyst loading and under extremely mild conditions, we opted to further 

investigate the utility of the catalyst system to isotope chemists within the pharmaceutical 

industry, who may wish to use this newly developed methodology in order to produce labelled 

sulfone-containing compounds for ADMET studies. It is common in such industrial groups to 

make use of a TRITEC manifold for delivery of the deuterium/tritium source at sub-

atmospheric pressures. Due to the obvious hazard associated with working with radioactive 

isotopes, these manifolds allow for safe and efficient delivery of the desired gas into the 

reaction mixture, as well as retrieval of any excess tritium (generally by reabsorption into a 

secondary uranium bed). In order to limit the amount of radioactive waste produced by the 

process of generating labelled material, as well as limiting unnecessary exposure, it is common 

to also use these manifolds to produce a deuterated sample of the desired molecule using such 

a manifold, prior to attempting a tritiation reaction. We were fortunate, therefore, to have access 

to the equipment necessary to conduct the following studies through collaboration with the 

industrial isotope chemists at the AstraZeneca site in Mölndal, Sweden. As such, we moved on 

to apply our newly developed system in the labelling of methylphenyl sulfone 108, using such 

a manifold, under realistic radiolabelling conditions: sub-atmospheric pressures of deuterium 

gas, employing micromolar amounts of substrate. Table 3.8 below shows the results of our 

initial foray into this area. Directly applying our previously optimised conditions to the 

labelling of 108 at ~200 mbar, we were elated to see modest levels of incorporation still being 

achieved by the system at low catalyst loading (Entries 1 and 2). Pleasingly, it was found that 

raising the pressure to ~400 mbar increased the observed incorporation significantly (Entries 3 

and 4). Finally, modifying the catalyst loading to 7.5 mol% returned the levels of incorporation  

observed at 1 atm of deuterium gas (Entries 5 and 6). 
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Table 3.8 

 

Entry  Loading (mol%) Pressure (mbar) Incorporation (%)  

1 5.0 203 40 

2 5.0 208 45 

3 5.0 400 80 

4 5.0 408 78 

5 7.5 405 90 

6 7.5 405 92 

 

Delighted with our initial observations, we next moved to altering the pressure of the reaction 

at a fixed level of catalyst loading Figure 3.6. Interestingly, it appears that in the region of 150-

400 mbar, there is a linear dependence of the observed levels of deuterium incorporation with 

pressure. Reducing the pressure below 150 mbar resulted in only very minor levels of 

deuterium being incorporated, however, it was shown that even at 5 mol% catalyst loading, 

high levels of incorporation could be achieved at pressures of 400 mbar and above. 
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Figure 3.6 

In many instances, however, it would be preferable to run labelling reactions at relatively low 

pressures. As such, we decided to investigate the effects of catalyst loading at a lower fixed 

pressure of ~200 mbar, the results of which are summarised in Table 3.9. Pleasingly, even at 

low pressures of 200 mbar, a slight increase in catalyst loading to 7.5 mol% (Entries 3 and 4) 

led to excellent levels of incorporation, similar to those obtained at atmospheric pressures. 

Raising the catalyst loading further, to 10 mol% (Entries 5 and 6) did not increase the levels 

of incorporation farther beyond this. 
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Table 3.9 

 

Entry  Pressure Loading %D 

1 200 5.0 mol% 40 

2 200 5.0 mol% 45 

3 207 7.5 mol% 86 

4 207 7.5 mol% 87 

5 213 10 mol% 92 

6 213 10 mol% 88 

 

With newly optimised conditions for conducting isotopic labelling at reduced pressures in 

hand, we next focused on testing the catalyst system in a tritiation reaction. Using 7.5 mol% 

catalyst loading of 175, and 411 mbar of tritium gas, we were delighted to deliver a sample of 

tritiated 108 with a high level of specific activity at 51.3 Ci mmol-1 (corresponding to an 89% 

incorporation) and an excellent radiochemical purity (Scheme 3.12). 
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Scheme 3.12 

In addition to the tritiation of methylphenyl sulfone, we also targetted the tritium labelling of a 

more complex example. Aryl sulfone 205 (Scheme 3.13) is a potent GPR119 agonist, 

investigated by AstraZeneca.80 The selective tritium labelling of such an example would be an 

excellent opportunity to showcase the utility of our newly developed catalyst system. However, 

it was clear that direct labelling would be extremely challenging, owing to the high density of 

strongly Lewis basic heteroatoms within the molecule, and likely to proceed with poor levels 

of selectivity. Thus, we opted to apply our catalyst system, instead, to sulfone 108u, forming 

the tritiated benzyl bromide motif t-108u, which could be used in an in situ alkylation reaction 

with pyrimidine alcohol fragment 204. This sequence was highly successful, delivering a 

tritiated sample of t-205 with a good level of specific activity, and excellent radiochemical 

purity. 
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Scheme 3.13 
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4. Combining Solid Angle Analysis with Binding Energy 

Calculations for Further Refinement of a Chelated Iridium 

Catalyst system 

4.1 Initial Screening for Labelling of Highly Substituted Sulfonamides 

In Section 3, we demonstrated the power of computationally assisted rational ligands design to 

rapidly advance the discovery of active catalyst systems. In order to build upon these studies, 

therefore, we next turned our attention to investigating other substrate classes which could be 

labelled with the novel NHC-P iridium complex. Indeed, it was proposed that the more 

accessible catalyst sphere would allow us to pursue the labelling of hindered sulfonamide 

systems. At the time we embarked on this investigation, we had already seen that the 

chlorocarbene type catalysts, which had been successful for primary sulfonamides. However, 

these systems were not reactive enough to allow labelling of more hindered systems, 

incorporating only 8 %D into sulfonamide 127 (Scheme 4.1).45 

 

Scheme 4.1 

While the chlorocarbene complexes have been shown to be excellent catalyst systems which 

cater well to the labelling of primary sulfonamides, the ability to also access systems with 

substitution on the nitrogen of the sulfonamide is highly desirable, as compounds containing 

N-substituted sulfonamides have myriad uses in the pharmaceutical industry (Figure 4.1). This 

motif appears in a broad range of drug molecules, such as the antibiotic Sulfanitran, and the 

pulmonary arterial hypertension treatment, Sildenafil. Highly-substituted sulfonamides can 
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also be found in the anticonvulsant, Sultiame, and the HIV inhibitor, Amprenavir. Indeed, in 

addition to developing new methods for HIE for pharmaceutical and academic groups, we are 

interested in this area for the further development of CðH activation processes. While there 

are a few instances of using sulfonamides as directing groups in direct CðH functionalisation, 

the examples are few in number, and this area is still far from developed. It is hoped that the 

information derived from this study might support other studies within this area.81,82,83,84,85 

 

Figure 4.1 

To investigate the proposal that our newly developed catalyst system would also be sufficiently 

reactive to take advantage of these weakly directing, hindered functional groups, we initially 

applied complex 175 to the labelling of N-methyltoluene sulfonamide 127, as well as the 

significantly more challenging N,N-dimethyltoluene sulfonamide 206, opting to initially apply 

long reaction times of 16 hours in order to observe the full reactivity of the catalyst system 

(Scheme 4.2). Indeed, in our initial application of substituted sulfonamide 127, we observed 

excellent levels of incorporation, matching those previously observed with the sulfone 

substrates,which is a stark contrast the level of reactivity exhibited by the chlorocarbene type 

catalyst. When moving to the even more challenging N,N-disubstituted sulfonamide 206, we 
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were elated to observe moderate amounts (56%) of deuterium being incorporated into the aryl 

ring. While this was an extremely encouraging result, we had envisioned a catalyst system 

which could incorporate higher levels of deuterium not only into 127 and 206, but even more 

challenging substrate structures. Therefore, we next looked into further tuning our chelated 

catalyst system. 

 

Scheme 4.2 

Our first step in moving towards an improved catalyst system was to turn to an in silico 

investigation of the iridium(III) dihydride complexes believed to be the active species. As 

shown in Scheme 4.3a, the conformation in which the substrate is bound through nitrogen is, 

as expected, marginally more stable compared to that of the oxygen bound conformer. We 

decided, therefore, to focus our investigations on the nitrogen bound conformers, hoping to 

generate a catalyst system that could accommodate a bulky group directly bound to the iridium 

centre. Secondly, we calculated the respective binding energies of N-methylbenzene 

sulfonamide and N,N-dimethylbenzene sulfonamide in structures 207 and 209. It was noted 

that the N-substituted example 207 retained good levels of binding energy, similar to that of 

the sulfone, which are in line the observed levels of deuterium incorporation with analogous 
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substrate 127. However, with complex 209 the calculated binding energy was observed to drop 

considerably (Scheme 4.3b). Taking what we learned from the investigation of sulfone 

labelling, we wished to alter the catalyst system in order to better accommodate such groups in 

the HIE process. However, in this instance, we elected to move away from a screening of a 

large set of in silico catalyst structures, and instead opted for a more focused adjustment of the 

system. 

 

Scheme 4.3 

In order to determine which aspect of the catalyst would best be altered to give a more active 

HIE complex, and believing the cause of poor binding energy to be steric in nature, we hoped 

to use a method which could advise us on the steric interactions and binding motifs of the 

respective complex systems. As discussed previously, one of the most common methods for 

investigating the steric environment of a metal complex is the %VBur. However, one issue with 

this method of quantification is that, although it is highly effective in the region close to the 
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metal centre of the catalyst, we have recently established that overall binding efficiency of a 

molecule is heavily influenced by extended interactions between the overall catalyst system 

and substrate.86 Thus, we instead turned to analysing the solid angles of the catalyst 

complexes.87 The concept of a solid angle ɋ (Figure 4.2), as a mathematical parameter to 

define areas on the surface of a sphere is relatively simple, and can be defined by: 

 

Figure 4.2 

Where r is the radius of the sphere on which surface area A has been selected. In terms of 

parameterizing ligand interactions however, if we place the metal centre of the desired complex 

at the centre of the sphere and supposed a light shone from this centre, the óshadowô cast on 

the hypothetical sphere by the ligands around the metal would have a defined area which can 

be measured and converted into a solid angle by the above equation. This type of analysis has 

been shown to be valuable in a series of methodologies throughout organometallic chemistry. 

88,89,90,91,92,93,94 Thus, the DFT optimised structures 202, 207, and 209 were subjected to solid 

angle analysis using SolidG, software which allows for a streamlined method for measuring 

the solid angles, among other parameters, of metal complexes. From the data generated in this 

program, the application SolidAngleGL8 can be used to visualise the information, as shown in 

Figure 4.3. In the visualisations given, the solid angles corresponding to the atoms of the NHC-

P ligand are shown in blue, while that of the substrate, in each case, is shown in red. 
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Figure 4.3 

Table 4.1 highlights the information derived from this analysis, as well as the IrðX bond 

lengths in each case. In analysing the solid angles, a series of parameters can be derived. The 

total occupation of the metal ligand sphere, represented as a percentage, is shown as SumGL. 

The overlap in solid angle of the two ligands is represented by Gɔ. It is imperative to note that 

this value is not automatically a direct indication of steric encumbrance, as many overlaps in 

3D space can be stabilizing (́-ˊ stacking, CτH-ˊ interactions etc.), destabilizing (steric 

repulsion, columbic repulsion), or even neutral. However, what can be derived from this 

parameter is information on how the system in question is bound. Furthermore, this parameter 

has been decomposed into the contributions to this value from the phosphine and NHC portions 

of the ligand, GɔPhos and GɔNHC, respectively. 

Table 4.1 

Entry  Substrate SumGL (%) G  ɹ(%) G Pɹhos (%) G NɹHC (%) Ir ðX (Å) 

1 108 82.83 4.40 1.12 3.29 2.331 

2 127 86.41 2.64 0.34 2.30 2.400 

3 206 85.24 0.90 0.37 0.53 2.576 
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In moving from the relatively unhindered sulfone 108, to the more hindered N-

methylsulfonamide 127, a significant increase in the IrðX bond length is observed. While the 

SumGL shows a clear increase, the level of overlap between the solid angle of the ligand and 

substrate (Gɔ) experiences a notable decrease. Examining this in more detail, it can be seen 

that the substantial steric bulk of the phosphine forces a distortion in the binding motif of the 

substrate. This is evidenced by the reduction of overlap between the phosphine portion of the 

ligand, and the substrate (1.12% with 108, 0.34% with 127), with respect to the more modest 

decrease experienced by the NHC portion (3.29% with 108, 2.30% with 127). Despite these 

influences, however, the increased Lewis basicity of the nitrogen atom ensures that a 

favourable binding energy of -28.1 kcal mol-1 is retained. Considering the even more bulky 

N,N-dimethylbenzenesulfonamide 206, the IrðX bond length increases further still, causing 

an overall decrease in SumGL, despite the increased steric bulk of the substrate. Significant 

steric clash with the phosphine portion of the ligand causes further distortion of the substrate 

binding motif, leading to a reduced Gɔ of 0.9%, and an overall reduction in substrate binding 

energy to -19.8 kcal mol-1. From this combination of computationally derived parameters, it 

was hypothesized that reducing the steric demand of the phosphine portion of the NHC-P 

ligand could lead to a more accessible catalyst system that can accommodate more hindered 

sulfonamide substrates. This is highly fortuitous: since the difficulties associated with handling 

and synthesizing phosphines (particularly those small in nature) require not inconsiderable 

effort, we viewed this as an opportunity to arrive at a system with a more efficient synthetic 

route. Additionally, phosphine building blocks towards such hypothetical ligands can often be 

expensive, or require long synthetic routes to acquire, strengthening our preference for other 

Lewis basic groups. 

Our first consideration as a sterically less encumbered replacement for the phosphine moiety 

was a phenoxide, similar to those showcased by Duckett.95 It was thought that perhaps a neutral 
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chelated system might be able to act as a chelated analogue of the neutral chlorocarbene 

catalysts which previously proved successful with primary sulfonamides (Figure 4.4). 

Unfortunately, however, it was found that, while this motif presented a significantly less 

encumbered ligand sphere, the catalyst was now electronically less predisposed towards 

substrate binding, owing to the significantly more electron-rich metal centre, when compared 

to that of cationic complexes such as 207. Thus, poor binding energies were observed, even 

with the relatively strongly binding N-methylbenzene sulfonamide substrate in 210. An attempt 

was made to modify the electronics of the system, by placing a nitro group in the para-position 

of the phenoxide in 211, however this did not raise the binding energy to acceptable levels. 

 

Figure 4.4 

In light of this, it was decided that a cationic complex would be best, in order to retain a good 

electronic disposition towards substrate binding. Our next suggestion was to replace the large 

triarylphosphine with a pyridine group. This type of structure would retain the cationic nature 

at iridium, whilst also incorporating a much smaller Lewis basic group as the ligand. To 

reiterate, a favourable binding energy of -28.7 kcal mol-1 was calculated with methylphenyl 

sulfone NHC-P complex 202, which was matched by that of N-methylbenzene sulfonamide 

complex NHC-P 207. Increasing the steric bulk around the substrate resulted in a drop in 

binding energy to only -19.8 kcal mol-1 in 209 (summarised in Figure 4.5a). Understandably, 

we were delighted to see that, not only was an excellent binding energy value of -27.8 kcal 
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mol-1 calculated for the NHC-Py complex bearing N-methylbenzene sulfonamide in 212, but 

that an almost identical value was calculated for the analogous NHC-Py complex bearing N,N-

dimethylbenzene sulfonamide 213. Interestingly, the binding energy of this new NHC-Py 

catalyst motif with methylphenyl sulfone sees a reduced binding energy of only -23.8 kcal mol-

1 (complex 214 compared with 202). This is likely due to the fact that in moving from an NHC-

P motif to an NHC-Py motif, we have removed a significant -́acceptor, leaving the iridium 

centre more electron rich than it was previously, and thus less electronically disposed to 

substrate binding.  

 

Figure 4.5 
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As an additional comparison to the steric influences of both these catalysts, complexes 212, 

213, and 214 were subjected to the same solid angle analysis. Changing the catalyst structure 

in this way has left us with overall reduced values for the solid angle data, rendering direct 

comparison difficult. However, what does lend useful information is the change in G  ɹvalues 

across each substrate class, as shown in Figure 4.6. As previously noted, with the NHC-P 

system we see a dramatic change in this value between each of the three substrates. However, 

when examining the NHC-Py system, a much more consistent binding motif is observed, 

reflected by the more consistent Gɹ value across the three substrate classes. 

 

Figure 4.6 

This NHC-Py complex, at first look, appears to be a promising candidate. In order to progress 

this candidate catalyst further, the next focus was to ensure that such a complex would be able 

to undergo the CðH activation process in a facile manner, in order to apply it in HIE under 
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mild conditions. The kinetic barrier for the NHC-P system for activating the ortho CðH bond 

was calculated to be 14.5 kcal mol-1 (vide supra). Similar values would be required with our 

new NHC-Py system, in order to ensure good reactivity. Figure 4.7 below shows a comparison 

of the calculated energy barriers in each case. It was found that the CðH activation process 

for the NHC-Py system with N,N-dimethylbenzene sulfonamide bound complex 213, through 

transition state 216 giving dihydrogen complex 217, is reasonably close to that previously 

calculated for the activation of sulfone bound complex 202. This led us to believe that 

activation should still be a facile process in this new system. One particularly interesting 

difference between the two calculated activation processes, however, is that the resultant 

dihydrogen complex for the NHC-Py system 217 is much more destabilised with respect to the 

dihydride complex, in contrast to complex 203. Thus, one would expect the reverse reaction 

(CðH bond formation, or analogously, CðD bond formation) to be rapid. However, we did 

not foresee this to be problematic. 

 

Figure 4.7 
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With a promising computational profile in front of us, we next moved to synthesising the 

corresponding iridium(I) precatalyst complex 218 for testing in the HIE of hindered 

sulfonamides. It was anticipated that the relevant complex could be accessed, from the 

corresponding imidazolium salt 219, which in turn could be afforded readily via alkylation of 

di-iso-propylphenyl imidazole 180. This is shown retrosynthetically in Scheme 4.3. 

 

Scheme 4.4 

Moving on to the forward synthesis, chloromethylpyridine 220 could be synthesised from 

pyridinemethanol 221 (Scheme 4.5). Unfortunately, it was found that this compound degraded 

even upon storage in the freezer and under argon, and, therefore, it was synthesised and used 

immediately. This product 220 could then be used in a neat alkylation reaction to afford 219 in 

a reasonable 49% yield. It is likely that this reaction could be further optimised, however, in its 

current form, it provided useable amounts of 219 in a timely fashion. Attempts to complex this 

imidazolium salt to [Ir(COD)Cl]2 with the methods previously applied (vide supra), using 

potassium tert-butoxide as a base, gave complex mixtures. This is potentially due to the acidic 

centre at the methylene position which is produced upon binding to a metal centre.96 

Fortunately however, it was found that first forming the corresponding silver carbene and then 

transmetallation to iridium, followed by halide abstraction with NaBArF, afforded the desired 

complex 218 in good yields. One important note is that the silver species must be thoroughly 

purified prior to the transmetallation step, as stability issues were experienced in batches 
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wherein the silver complex was taken on without purification. The impurity which causes this 

degradation has proven extremely challenging to identify. 

 

Scheme 4.5 

Finally, we were also able to obtain an x-ray crystal structure of 218, confirming its structure 

(Figure 4.8, see Appendix for full details). 

 

Figure 4.8 
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With the novel complexes in hand, we sought to also characterise the electronics of the system, 

by again observing the iridium(III) dihydride species in the 1H NMR spectrum (Scheme 4.6). 

One interesting note that was made when performing the experiment was that, while the NHC-

P complexes activate rapidly when exposed to deuterium gas, these NHC-Py systems appear 

to activate more slowly, with the colour change taking place over a duration of ~2 hours. 

Nonetheless, the data could be collected with ease, as it appears that the iridium(III) hydride 

species that form are exceptionally stable, remaining stable, in deuterated acetonitrile, in an 

NMR tube at room temperature overnight. This is in sharp contrast to the chelated NHC-P and 

monodentate NHC/phosphine catalyst systems, where the dihydride complexes would degrade 

over the course of a few hours. Additionally, the standard region of the 1H NMR spectrum was 

exceptionally clear and could be analysed with ease. Once again, with a chelated system, there 

is the risk for several isomeric complexes to be formed in solution. Fortunately, only one 

species appears to form, with a single set of signals which can be attributed to one of two 

isomeric complexes, 222a or 222b. 

 

Scheme 4.6 
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4.2 Application of Novel NHC-Py Type Catalyst in the Labelling of Highly Substituted 

Sulfonamides 

With the novel NHC-Py iridium(I) precatalyst complex in hand, we immediately applied this 

in the labelling of N,N-dimethylsulfonamide 206 (Scheme 4.7). Again, reaction times of 16 

hours were used to ensure the full reactivity of the complex could be observed. We were 

delighted to see a marked increase in the levels of incorporation, returning to the levels 

previously observed with the sulfone labelling. Furthermore, the reaction could also be 

performed with a reduced reaction time of six hours, giving very similar levels of incorporation. 

 

Scheme 4.7 

Delighted with this initial result, we wished to further examine the scope of labelled 

sulfonamides encompassed by this complex. In order to support this endeavour, a series of 21 

sulfonamide substrates were synthesised (see Section 8 for full details of substrate synthesis) 

Firstly, we examined the scope of N-substituted sulfonamides (Scheme 4.8). N-

methyltoluenesulfonamide 127 gave similar levels of isotope incorporation to the bulkier N,N-

disubstituted analogue 206. With the methyl substituent in the meta- position, high levels of 

labelling were maintained at both positions of incorporation, with an average of 94%. Increased 

steric bulk around the nitrogen atom, with N-cyclopropyl analogue 223c and N-tert-butyl 

derivative 223d, was well tolerated, with both substrates giving high levels of incorporation. 
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N-methylnaphthylsulfonamide 223e showed a significant difference between the 2- and 8-

positions; with 97% incorporation at the 2-position, through a 5-membered metallacyclic 

intermediate (5-mmi), and 50% at the 8-position through a 6-mmi. N-benzyl substituted 

example 223f, however, showed little discrimination between the two aryl labelling positions, 

with 81% at the aryl sulfonamide and 87% at the N-benzyl ortho- positions. In studying the N-

phenyl derivates 223g and 223i, it was noted that gently warming the reaction to 40 °C was 

required for consistent levels of labelling, with excellent levels of isotope incorporation 

observed in both. While 4-methoxy-N-(4-trifluorophenyl)benzenesulfonamide 223h did not 

require heating for consistent labelling, a moderate drop in incorporation at the more electron 

poor ring was nonetheless noted. 
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Scheme 4.8 

Next, the scope of labelling with N,N-disubstituted sulfonamides was examined (Scheme 4.9). 

Electron-rich sulfonamide 223j  showed high levels of isotope incorporation at 93%. Electron 

poor 223k showed a slight drop to 72%, albeit with gentle heating to 40 °C to maintain 

consistency. Increasing the steric bulk of the system further still with N-tolyl-N-iso-propyl 

substrate 223l does not hinder incorporation, with exceptionally high levels of deuterium 

incorporation observed. N-Tosyl tetrahydroquinoline 223m incorporated high levels of 

deuterium into both aryl rings, while N-methanesulfonyl tetrahydroquinoline 223n also 
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incorporated excellent levels of deuterium into the remaining aryl ring. N-Tosyl piperidine 

223o was well tolerated, with 91% incorporation. The successful labelling of N-tosyl pyrazole 

223p was observed, albeit with complete selectivity for the tosyl moiety, directed by the 

superior Lewis basicity of the pyrazole nitrogen. In contrast to this, in the isomeric N-tosyl 

imidazole 223q, where the nitrogen atom can still complex but can no longer direct labelling, 

no incorporation was observed. Next, N-tosyl indole 223r  was investigated. Despite a total of 

three potential positions for directed deuterium incorporation, the system showed good 

selectivity for the 2- and 7-positions of the indole ring, incorporating excellent levels of 

deuterium into both. 
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Scheme 4.9 

Delighted with the substrate scope established thus far, we finally turned to examining the 

effect of competing intramolecular directing groups with this catalyst system (Scheme 4.10). 

Firstly, methyl-(4-nitrobenzene)sulfonamide 223s showed high levels of incorporation, 

through both directing groups, with no discrimination between the two, albeit at 40 °C. Next, 

we moved to examine other competent directing groups, ester 223t and amide 223u. Both 

showed excellent levels of incorporation into the respective substrates, however, sulfonamide 

directed labelling was significantly reduced. While in these cases, the labelling is delivered by 
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the more powerful directing group, it is promising to see that this NHC-Py catalyst system is 

an effective catalyst for HIE processes directed by other functional groups. 

 

Scheme 4.10 

 

4.3 Understanding NHC-Py Reactivity with Computational Support 

We were pleased with the established substrate scope of HIE of highly substituted sulfonamides 

using our newly developed NHC-Py catalyst system. The catalyst system is highly active, 

delivering a wide range of labelled sulfonamide substrates to excellent levels of incorporation 

under mild conditions. As mentioned in Section 1, since undertaking this work, other groups 

have also showcased the ability of other iridium catalysts systems for the directed HIE of 

substituted sulfonamides. Most notable of these is the application of the Tamm catalyst which, 

similarly to our system, appears to be able to deliver labelled sulfonamides under mild 

conditions.55 However, despite the similarities with our system, we believe both of these 

catalyst systems to be highly complementary. Scheme 4.11 below shows some key 

comparisons between the results of each study into the labelling of sulfonamides. Firstly, a 
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comparison between 112 and 223g, we can see that the Tamm system is proficient in activating 

a substrate primarily through a 5 mmi, as no incorporation was reported on the N-phenyl group. 

Contrasting this, our own NHC-Py system is highly proficient in labelling both positions. It 

also appears that each catalyst system is capable of activating both sites on a naphthyl 

substituted compound, such as in 216 and 223e. Initially, it appears as though there may be a 

difference in selectivity here also, however the electronic effect of the NMe2 group, as well as 

the substitution on the sulfonamide, cannot be discounted and further investigation would be 

required prior to drawing any further conclusions. The indole examples, 224 and 223r , are 

particularly interesting. Using the Tamm catalyst, it appears there is some selectivity for 

activating the C2 position, with significant competition on the phenyl ring. With our NHC-Py 

catalyst, however, there is good selectivity for labelling on the indole with only 13% 

incorporation on the phenyl ring. In addition to this, our catalyst systems also allow activation 

of the C7 position of the indole, which is labelled to an excellent level of 96%. Through these 

initial comparisons, it can be seen that both of these catalyst systems could potentially have 

distinct uses throughout the labelling community. Indeed, in many instances, selectively 

labelling one position reliably is required in order to analyse specific metabolites within the 

realms of an ADMET study; however oftentimes, incorporating significantly higher levels of 

a label is more favourable, such as in the generation of mass spectrometry standards, or tritium-

based experiments which require high levels of specific activity. 
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Scheme 4.11 

In observing the ability of our NHC-Py catalyst system to activate CðH bonds through both a 

5- and a 6-mmi, we initiated a short study in the interest of gaining a better understanding of 

the reactivity of our system. As mentioned previously, the monodentate catalyst systems of 

type 57 (shown again in Scheme 4.12) also have the ability to activate both sites within a 

molecule such as benzanilide 65.41 However, we were able to gain selectivity between the sites 

simply by lowering the catalyst loading to 0.5 mol%. Thus, we reasoned that by running a 

reaction with our NHC-Py system under reduced catalyst loadings, a similar selectivity might 

be observed. Thus, we decided to take 223g as a model substrate, which incorporates excellent 
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levels of deuterium into both positions at 5 mol% catalyst loading. When this was performed 

at a reduced loading of 1 mol%, we did indeed see a reduced level of incorporation through a 

6-mmi, however, quite surprisingly, the level of deuterium incorporated through a 5-mmi also 

dropped to the same level. This curious observation has led us to believe that there is a potential 

for both of these positions to be activated at similar rates. 

 

Scheme 4.12 

In order to address this hypothesis, we once again turned to DFT calculations. Initially, we 

examined the various binding conformers of the analogous N-phenylbenzene sulfonamide to 

the corresponding NHC-Py iridium(III) hydride species, in complexes 225a-c (Figure 4.9). 

While complex 225a, which forms an agostic interaction prior to forming a 5-mmi, has a 

binding energy in the region expected, according to our previous calculations during catalyst 

design, the oxygen directed analogue 225b, has a significantly lowered binding energy. 

Surprisingly, however, the oxygen bound species which would activate the CðH bond to form 

a 6-mmi, complex 225c, has a very similar binding energy to that of 225a. 
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Figure 4.9 

In observing this, we next turned to investigating the kinetic energy barrier to CðH activation 

and formation of the corresponding dihydrogen complex in each case. This is shown in Figure 

4.10. What is seen is that the barrier to activation of a CðH bond is relatively low in all cases 

(11.4 kcal mol-1, 12.1 kcal mol-1, and 16.3 kcal mol-1, respectively). As expected, the barrier to 

forming a 6-mmi has the highest barrier at 16.3 kcal mol-1, with that of the N-bound 5-mmi 

being marginally smaller at only 12.1 kcal mol-1. However, what is surprising is the relative 

free energies of the dihydride structures, wherein the O-bound 225c appears to be the most 

stable of the three, by at least 4.79 kcal mol-1. 
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Figure 4.10 

In order to gain more insight, we next selected a substrate with multiple points of activation, 

but which also showed selectivity between the sites, namely N-tosyl indole 223r . This substrate 

showed excellent levels of selectivity between the C2/C7 positions of the indole to that of the 

tolyl ring. As such, we subjected the analogous sulfonamide 117 to the same in silico 

investigation, generating complexes 226a-c (Scheme 4.13). It should be noted that no agostic 

complexes where the nitrogen of the indole is bound to the iridium centre could be found. We 

therefore believe that the oxygen atoms are solely responsible for incorporation in this example. 
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Scheme 4.13 

The relative energies of these complexes, as well as the barrier of activation to the 

corresponding dihydrogen complex were compared (Figure 4.11). Surprisingly, it appears that 

the activation of the benzene ring, in which we observed very little incorporation, actually 

exhibits the lowest barrier to activation, at only 4.98 kcal mol-1. However, it would appear that 

the free energy of the dihydride complex 226c is significantly higher than 226a and 226b, 

indicating that very little of this species would actually be present in solution. Contrasting this, 

the difference in energy between 226a and 226b is much smaller. 
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Figure 4.11 

While investigating the labelling of heterocyclic aromatic compounds using the monodentate 

complexes, it was shown that the site selectivity observed was determined by the relative 

barriers to CðH activation.47 However, it appears that this is no longer the case when applying 

the chelated NHC-Py system. We hypothesise, therefore, that, owing to the high proficiency in 

these systems to activate CðH bonds, the observed selectivity in these systems is a result of 

the relative free energies of the corresponding dihydride complexes. In order to further support 

this hypothesis, confident rate data for these systems would have to be acquired. Additionally, 

it should be noted that these calculations were completed using the same level of theory which 

was used for the catalyst design and screening processes in the previous section. This 

combination of method and basis set prioritises efficiency in the calculation of transition metal 

complexes, which we chose to allow us reasonable accuracy at low computational cost. 

However, if we wished to attain quantitative information for the comparison of rate data, a 

higher, more accurate, level of theory should possibly be considered. 
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4.4 Applying NHC-Py Systems to the Labelling of Other Pharmaceutically Relevant 

Sulfur Based Functional Groups 

Confident that we had developed catalyst systems proficient in the labelling of aryl sulfones 

and highly substituted sulfonamides, we next turned our attention to other sulfur based groups 

which are prevalent throughout the pharmaceutical industry. One particular functional group 

which has gained much focus in recent years is the sulfoximine. 97,98,99 Indeed, many advanced 

clinical candidates that make use of a sulfoximine group have already been put forward. A 

series of such molecules are highlighted in Figure 4.12. The kinase inhibitor, BAY 10000394, 

is currently in Phase II trials, and incorporates an S-cyclopropane group on the sulfoximine.100 

Suloxifen was proposed as an antiasthmatic before clinical trials were terminated, and takes 

advantage of an N-alkyl substituted sulfoximine.101 Meanwhile the ATR inhibitor, AZD6738, 

has been proposed as an anticancer treatment, and is currently also in Phase II trials.102 Finally, 

the kinase inhibitor BAY 114572 is in Phase I clinical trials. Furthermore, each of these 

compounds contains an aryl ring which one could imagine being labelled through exploiting 

the sulfoximine in directed HIE. 
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Figure 4.12 

We hoped to apply our new NHC-Py catalyst system to the labelling of a simple model 

sulfoximine, reasoning that the structural similarity to that of a sulfonamide should allow us to 

access such structures with minimal optimisation. In applying the same conditions used for the 

labelling of highly hindered sulfonamides, we were delighted to see good levels of 

incorporation at 73% (Scheme 4.14). In order to rationalise the slight drop in incorporation, 

with respect to the excellent levels observed in the sulfonamide substrate scope, we calculated 

the binding energy of sulfoximine 227 to the NHC-Py iridium(III) dihydride complex in 228. 

Here, we observed an exceptionally high binding energy of -36.6 kcal mol-1. Indeed, it would 

appear that the significantly stronger binding ability of this group limits catalyst turnover, and 

in this way results in a lower incorporation. 
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Scheme 4.14 

With this in mind, we next investigated the N-ethyl variant of this compound 229, predicting 

that the more hindered nitrogen would have a reduced binding energy and give higher levels 

of isotope incorporation (Scheme 4.15). We were elated to see this was the case, with a 

significantly improved 97% incorporation being observed. Surprisingly, however, deuteration 

of the S-methyl group of this compound was also observed, to lower but significant levels of 

12% incorporation. 

 

Scheme 4.15 

Curious about this unexpected result, we also conducted a rate study (Figure 4.13). It appears 

that, despite the long reaction time of 16 h used for the labelling of these sulfoximines, the 

deuteration of the aryl ring reaches the desired levels in about four hours. Additionally, the 

incorporation observed at the S-methyl group reached its maximum level very quickly, and 

remained fairly constant across the study. 
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Figure 4.13 

We were curious to discover whether this unexpected labelling also occurred with other catalyst 

motifs. Therefore, we also applied monodentate NHC/phosphine type catalyst 75 to the 

labelling of 227 and 229 (Scheme 4.16). It was expected that, much like the sulfonamides, the 

aryl positions would not be deuterated, while the S-methyl group, depending on the mechanism, 

may retain the observed levels of incorporation. Again, we were surprised by the results of 

these experiments. Not only was the deuteration on the S-methyl group significantly increased 

in both cases (24% for 227 and 51% for 229), but the aryl ring in each case was also labelled 

to excellent levels. 
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Scheme 4.16 

Whilst we were delighted to learn that several catalyst generations could be used to label these 

sulfoximine substrates, we wished to understand the difference in the ability of the 

monodentate systems to exploit these tetrahedral sulfur-based groups in directed HIE. Initially, 

we calculated the respective binding energies of a sulfonamide and sulfoximine to the 

monodentate catalyst system, as shown in Figure 4.14. There appears to be a significant 

discrepancy between the values, with the sulfonamide in complex 230 giving a binding energy 

of only -22.7 kcal mol-1. The sulfoximine binding energy, in complex 231, however, is 

calculated to be -28.4 kcal mol-1. This difference in binding energy highlights the effect that 

the geometry not only of the directing group as a whole, but specifically that of the bound atom, 

can have on the binding energy of the substrate. In the monodentate systems, only a small 

region around the iridium centre is available for substrate binding, due to the significant steric 

influence of the phosphine and NHC ligands. Using a tertiary nitrogen atom results in 

significant amount of steric clash. A planar nitrogen, such as that in the sulfoximine example, 

experiences less steric repulsion and results in better binding energies. However, the calculated 

binding energy for 230 is still in line with what we would expect for good levels of 
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incorporation (see acetophenone, vide supra). Thus it is possible that another aspect of the 

reaction system is responsible for the lack of incorporation. Furthermore, a more thorough 

investigation to account for the electronic effects of this structural change would also be highly 

valuable. 

 

Figure 4.14 

Thus, we have established that several catalyst systems designed within our group are highly 

proficient in the labelling of sulfoximines, highly desirable targets in medicinal chemistry. 

Further work is required to understand both the ability of the monodentate catalyst system to 

exploit these directing groups, as well as the source of the unexpected labelling of the S-methyl 

group. 
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5. Investigating Alternate Applications of Chelated Iridium 

Catalysts Within HIE  

5.1 Initial Screening of Chelated Systems in Ether Labelling 

While establishing the scope of our NHC-P chelating catalyst system 175 in the labelling of 

sulfones, we investigated substrate 108t, which possesses an acetal group in the para-position. 

While we were delighted to see excellent deuterium incorporation of 93% through the sulfone, 

quite unexpectedly, we also noted a significant 26% incorporation being directed by the acetal. 

 

Scheme 5.1 

This being the first instance of incorporation through such a group in our iridium catalysts, we 

wished to understand why the monodentate NHC/phosphine systems had not shown the ability 

to label these types of molecules. Figure 5.1 below shows the corresponding monodentate and 

chelate complexes with a model acetal substrate, 2-phenyl-1,3-dioxane. It appears that, in the 

monodentate system, a low binding energy of only 14.9 kcal mol-1 is found. Contrasting this, 

when the same substrate is bound in the chelated system in 232, a much improved binding 

energy of -29.9 kcal mol-1 is calculated. We believe this, again, to be the influence of the 

geometry of the bound atom. While carbonyl groups have proven to be highly effective 

directing groups for HIE using these catalyst systems, when considering acetals or ethers, the 

presence of extended substitution, as well as extraneous lone pairs around the oxygen, 
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significantly hinders the substrateôs ability to bind to the metal centre. The more accessible 

catalyst sphere offered by the chelated system however, attenuates this effect. 

 

Figure 5.1 

Confident that our chelated NHC-P system 175 would be an excellent catalyst for the labelling 

of ether substrates, we turned to optimising the system using a model substrate, 2-tolyl 

tetrahydrofuran 234 (Table 5.1). See Section 8 for the full details of the synthesis of 234, as 

well as the other ether substrates used in this section. In applying our catalyst system to the 

labelling of 234 over 16 hours, we were elated to see an excellent level of 96% incorporation. 

Furthermore, reducing the reaction time to one hour did not impede observed levels of isotope 

incorporation. We were also able to reduce the catalyst loading to only 2.5 mol% and still see 

excellent levels of incorporation, but to ensure that even more challenging ether substrates 

could be included, we decided to retain a catalyst loading of 5 mol% as our optimised 

conditions. It was noted, however, that MTBE, a solvent which performed admirably with 

sulfones, was a poor solvent for this substrate class, likely owing to its ether functionality, 

which could compete with the substrate in binding to the metal centre. 
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Table 5.1 

 

Entry  Solvent Time (h) Catalyst Loading (mol%) Incorporation (%)  

1 PhCl 16 5.0 96 

2 PhCl 1 5.0 94 

3 PhCl 1 2.5 90 

4 MTBE 1 5.0 30 

 

With optimised conditions in hand, we next turned to investigating the substrate scope of this 

labelling reaction. A series of 10 substrates was selected for investigation, as shown in Scheme 

5.2. The acyclic ether 235a incorporated excellent levels of deuteration at 95%. Additional 

substitution at the benzylic position, as in 235b was also well tolerated, with exceptional levels 

of 92% incorporation. Unfortunately, however, increasing this steric bulk further, in the gem-

dimethyl example 235c, we observed no incorporation. A cyclic motif bearing an exocyclic 

ether moiety in six-membered 235d, and seven-membered 235e, was also tolerated, giving 

good levels of isotope incorporation. Surprisingly, increasing the steric bulk around the ether, 

had little impact on the observed levels of incorporation, with good levels of 72% being 

observed in 235f. We were elated to see that an acyclic ether could also direct labelling through 

a 6-mmi, as shown in compound 227g, albeit with a moderate incorporation of 46%. Finally, 

we were also curious to establish whether a free alcohol was tolerated as a directing group, in 
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235h. We were delighted to confirm this to be the case, with an outstanding level of deuteration 

being observed in this example. Interestingly, significant levels of incorporation were also 

observed at the benzylic position, presumably through a transfer hydrogenation mechanism. 

We were also curious to determine if a protected alcohol would also undergo this labelling 

process. As such, we applied TIPS protected 235i to the labelling conditions. Interestingly, we 

observed a reduced level of incorporation on the aryl ring, as well as a complete absence of 

labelling at the benzylic position. However, in conjunction with this, we also observed 

complete removal of the silyl protecting group. This curious result implies that the cleavage of 

the SiðO bond occurs after the activation and subsequent labelling of the aryl positions within 

the molecule, as the benzylic position remains undeuterated. Finally, placing a methyl group at 

the benzylic position of the free alcohol in 235j  allowed excellent levels of incorporation at the 

aryl position with a slight drop in benzylic labelling. 
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Scheme 5.2 

 

5.2 Potential Applications in Natural Product Labelling 

At this point, we began to consider the potential applications of our serendipitous discovery of 

this ether directed HIE. In most cases, the catalyst systems developed in our group are done so 

with the interest of facilitating the production of deuterated pharmaceuticals. However, within 

this area, benzylic and homobenzylic ether moieties are less prevalent than many of the other 

directing groups already established in directed HIE. Some examples of medicinally relevant 
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molecules containing such functionality are highlighted in Figure 5.2. Indeed, compounds of 

type 236 have been highlighted as potential broad-spectrum psychotropic agents.103 

Additionally, PA-824 has been shown to have excellent potency in the treatment of 

tuberculosis. 104 Finally, Omarigliptin, possessing an aryl tetrahydropyran core, is a known 

DPP-4 inhibitor, which was recently approved for the treatment of type II diabetes.105 While 

there are certainly many pharmaceutically relevant compounds which contain this 

functionality, oftentimes this functionality is accompanied by much more powerful directing 

groups, and as such, exploiting ethers for the installation of a label may not be possible in those 

cases. Indeed, it may often be necessary to adopt a strategy similar to that of our own method 

to generate a sample of labelled GPR119 agonist t-205 (vide supra), wherein the labelled 

functionality is installed through a chemical transformation post-HIE. 

 

Figure 5.2 

We wondered, therefore, if there was an area where this methodology could prove more 

valuable. Our attention turned to the labelling of natural products, and natural product-like 

molecules.106,107,108,109 Indeed, when considering the field of natural products, there is often a 

distinct lack of heteroatom-containing functionality, and in many cases ethers and alcohols are 

the main points of functionality within a molecule. One particular class of natural products 

which attracted our attention was that of lignans.110,111 Lignans are an incredibly large and 

diverse class of natural products, initially reported in 1980, which have great potential in 
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medicinal chemistry, owing to their potent bioactivities in many areas.112,113,114 Indeed, it is 

owing to this biological activity that many groups have an interest in producing labelled 

variants of these natural products in order to better study their properties. This is no small 

undertaking, as, in many cases, a combination of the scarcity of material and complexity of the 

substrates can make production of labelled material highly challenging. Some have made use 

of deuterated reductants in order to obtain labelled lignans for studying. One example of this 

is shown in Scheme 5.3, with the synthesis of deuterated enterolactone and enterodiol.115 

Anhydride 237 could be reduced using sodium borodeuteride, in order to install the label, 

giving the deuterated lactone d-238. Vacuum pyrolysis of this material furnished d-239 in good 

yields. A conjugate addition of the thioether 241, and trapping of the resultant anion with 

benzyl iodide 242, afforded the desired core structure d-240 in 90% yield. From here, global 

deprotection using Raney nickel afforded the desired deuterated lignan in quantitative yield. 

From here, lithium aluminium deuteride could be used to convert this species into enterodiol, 

while concomitantly installing a further two deuterium atoms. Additionally, the measured level 

of protium in the final sample was measured to only be 0.7% across the four labelled positions. 
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Scheme 5.3 

While this is an impressive synthesis of a deuterated natural product, which suitably served the 

purpose of the study, performing a labelled synthesis for each compound of interest is a 

challenging and time-consuming endeavour. As such, some groups have turned to methods for 

directly labelling bioactive lignans; specifically, taking advantage of electron-rich aromatic 

ring systems for installation of a label through electrophilic aromatic substitution. For example, 

a perdeuterated sample of genistein was prepared, using a mixture of D3PO4ÅBF3 in deuterated 

water over the course of three days (Scheme 5.4).116 This method successfully gave a fully 

deuterated product, however, selective labelling of the pendant phenyl ring was required. 
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Fortunately, a selective deuteration pattern could be achieved by re-exchanging the positions 

on the more active aryl ring, affording a sample of D4-genistein, in 91% yield over both steps. 

 

Scheme 5.4 

This work was followed-up by applying the same methodology to produce a series of labelled 

lignan samples of the general structure shown in Scheme 5.5.117 A range of seven lignan 

structures in total were labelled, all in good yields. While this method has shown to be effective 

in the production of labelled lignans, there are some challenges which have yet to be addressed. 

The lack of control with this method of labelling means that the number of labels installed, as 

well as which sites will be labelled, are difficult to predetermine. Indeed, the regiochemistry is 

entirely controlled by the electronics of the system, and requires electron-rich aromatic rings 

to proceed. While all of the examples shown here have good isolated yields, it is not guaranteed 

that the relatively harsh conditions applied will be tolerated with other structures, owing to the 

complexity of some bioactive lignan structures. Finally, the labelling reagent is made in situ, 

but requires the use of boron trifluoride gas, which makes its use impractical for those 

unequipped to deal with such reagents.  

 

Scheme 5.5 
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In light of these issues, we surmised that our directed HIE methodology might offer a different 

method through which labelled lignans could be accessed. With this in mind, we selected three 

naturally occurring lignan molecules, with notable bioactivity, as shown in Figure 5.3. 

Eudesmine is a furofuran lignan which was been isolated from many plant families, most 

notably from Rutaceae.118 It has shown extensive biological activity in many areas, including 

cytotoxicity; antibacterial activity; antifungal activity; tumour necrosis factor-alpha 

production; and vascular reactivity. 119,120,121,122,123 The neolignan cedrusin methyl ether was 

isolated from Eucommia ulmoides.124 This compound has been found to be both cytotoxic and 

to have effects on nerve growth factor induction.125,126 Although not a lignan itself, medicarpin 

is a member of the closely related pterocarpin family. Interestingly, it can be isolated as a 

racemate from Dalbergia odorifera, as (+)-medicarpin from Arachis hypogea, or as (-)-

medicarpin from Medicago sativa.127,128,129 (-)-Medicarpin has been shown to have potent 

antineuroinflammatory effects, as well as nitric oxide production inhibition.130,131 

 

Figure 5.3 

One could imagine the installation of a deuterium or tritium label into each of these compounds, 

as directed by an ether or alcohol functional group, which would otherwise be very challenging 

to access. With these biologically active natural products in mind, we sought to challenge our 

HIE methodology by applying our chelated NHC-P catalyst to synthetically tractable racemic 

forms of these compounds. 
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5.3 Synthesis Towards Natural Product-like Substrates for HIE 

The first compound we targeted was (±)-eudesmin. The route selected was similar to that 

applied by Lancefield and Westwood, and is shown retrosynthetically in Scheme 5.6.132 The 

desired lignan could be afforded from the methylation of related lignan (±)-pinoresinol. The 

furofuran core could be accessed rapidly from allylic alcohol 243, which, in turn, could be 

generated from the 1,2-reduction of ester 244. This ester could be furnished from vanillin 245 

through a Knoevenagel condensation and esterification, giving 246. 

 

Scheme 5.6 

With a route selected, we embarked upon the forward synthesis of our first racemic substrate 

(Scheme 5.7). The route to allylic alcohol 243 proceeded smoothly, with the Knoevenagel 

reaction yielding 64% of ferulic acid 245 in 64% yield on a 197 mmol scale. This could be 

converted to methyl ferulate 244 in quantitative yields, using thionyl chloride in methanol. It 

was then found that toluene was the best solvent for the reduction step, affording us the desired 

allylic alcohol 243 in 87% yield on a 38 mmol scale. 



 

148 

 

 

Scheme 5.7 

With allylic alcohol 243 in hand, we next attempted the iron-mediated oxidative cyclisation to 

give to give pinoresinol (Table 5.2). This method is highly effective in building up the 

furofuran core from simple starting materials, however the yields are notoriously low, owing 

to poor regioselectivity. Nonetheless, we were able to isolate useable amounts of (±)-

pinoresinol from the reaction mixture. It should be noted that we also observed by-product 247 

in all cases, which was isolated in 18% yield in Entry 2 ; this by-product may be useful in the 

synthesis of another substrate.  

Table 5.2 

 

Entry  Scale (mmol) (±) Pinoresinol 247 

1 9.98 23% Yield Not Isolated 

2 24.9 17% Yield 18% Yield 

3 61.9 21% Yield Not Isolated 
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Finally, we looked to the methylation step to form our desired substrate, (±)-eudesmin (Scheme 

5.8). The methylation of (±)-pinoresinol proved sluggish, requiring several equivalents of 

methyl iodide and a relatively long reaction time of 48 hours. Nonetheless, we were delighted 

to obtain a sample of (±)-eudesmin for our labelling studies in a very good yield. 

 

Scheme 5.8 

We next turned our attention to the synthesis of (±)-cedrusin methyl ether. In observing small 

amounts of 247 being generated in the oxidative cyclisation of allylic alcohol 243 (Table 5.2), 

it was thought that this species could be reduced in the presence of palladium to gain efficient 

access to (±)-cedrusin methyl ether. Unfortunately, when this was attempted, as shown in 

Scheme 5.9, only degradation was observed, and we quickly focused on another method to 

access this compound. 

 

Scheme 5.9 

Rather than performing the oxidative cyclisation with allylic alcohol 243, which gives a poorly 

regioselective reaction with many products formed, methyl ferulate 244 is known to undergo a 

silver mediated cyclisation to give 248 in higher yields.133 In our hands, this cyclisation reaction 

worked moderately well, giving us our best yield at 30% (Scheme 5.10). The Ŭ,ß-unsaturated 
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ester 248 could then be reduced in the presence of palladium on carbon, under mild conditions 

and in excellent yields. Gratifyingly, a final reduction step using lithium aluminium hydride 

proceeded smoothly to afford us a sample of (±)-cedrusin methyl ether. 

 

Scheme 5.10 

With two out of the three substrates synthesised, we focused our efforts on synthesising the 

final target, (±)-medicarpin.134 Scheme 5.11 below highlights the synthesis. Commercial 

phenylacetic acid derivative 250 could be reacted with resorcinol and methane sulfonyl 

chloride to afford chromen-4-one 251 in reasonable yields. This could then be selectively 

demethylated in the presence of anhydrous aluminium chloride, however a large excess of this 

reagent was required. Nonetheless, the demethylated product 252 was isolated in good yield. 

The final cyclisation could be mediated by sodium borohydride, giving a sample of (±)-

medicarpin in good yields. 
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Scheme 5.11 

Delighted to have samples of all three desired natural product-like compounds in hand, we then 

turned to applying our chelated NHC-P system 175 to the deuteration of these compounds. 

 

5.4 Attempts to Label Natural Product-like Compounds Using a Chelated NHC-P 

catalyst System 

We first attempted to apply our previously optimised reaction conditions to the labelling of (±)-

eudesmin, as shown in Table 5.3. We were delighted to see excellent levels of incorporation 

under the reaction conditions applied to our simple ether substrates. Lamentably, however, the 

catalyst system also degraded the substrate to quite significant levels. What was returned on 

first attempts was an inseparable mixture of what we believe to be (±)-d-eudesmine and the 

ring cleavage product, d-253. Reducing the concentration of the reaction did help to reduce the 
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amount of this by-product formed, with little effect on the labelling, however this outcome was 

still not satisfactory. Additionally, cooling the reaction mixture to -10 °C (Entry 3), did appear 

to prevent any side reactivity, no labelling was apparent. Conditions between these two 

temperatures may allow us to use this catalyst system to label (±)-eudesmin in a clean, and 

effective manner. 

Table 5.3 

 

Entry  Conc. (mM) Temp (°C) %D (±)-d-Eudesmine : d-253 

1 86 25 92 1.70 : 1.00 

2 8.6 25 93 3.55 : 1.00 

3 8.6 -10 0 100 : 0 

 

Next, we turned our attention to the labelling of (±)-cedrusin methyl ether. Once again, 

applying our previously optimised reaction conditions to this substrate, what we observed was 

a complete lack of reactivity, even with an extended reaction time of 16 hours (Scheme 5.12). 












































































































































































































































































































































































































