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“It doesn't matter how beautiful your theory is, it doesn't matter how smart you are. If it 

doesn't agree with experiment, it's wrong.” 

 

“The Prize is the pleasure of finding the thing out.” 

 

        Richard P. Feynman 
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Abstract 

 

A new synthetic procedure for isolation of three established Kerr group catalysts has been 

successfully developed. The final yield of these catalysts has now been improved beyond 

those published in the literature, and has allowed for the commercialisation of such catalysts 

for the first time. 

 

The synthesis of a series of iridium(I) complexes of the type [(COD)Ir(IMes)(PPh3)]X (X = 

BF4, OTf, and BArF) has been established. Application of these species in hydrogen isotope 

exchange (HIE) processes revealed more efficient catalysis and a wider solvent scope when 

X = BArF. Additionally, these findings have allowed for the development of a novel method 

for ortho-HIE in unprotected tetrazoles under basic conditions, revealing a rare account of N-

H tetrazole C-H activation and a new mode of reactivity for Kerr group HIE catalysts. 

 

Towards predictive catalyst design, a combined experimental and theoretical model has been 

developed to describe the impact of ligand combinations on catalyst performance. 

Experimentally, this has resulted in a further broad range of novel NHC/phosphine iridium 

carbonyl complexes, as well as a catalyst ‘quick screen’ method based on in-situ formation of 

Ir dihydride complexes. Computationally, novel parameters have been assessed, culminating 

in a combined ligand map derived from Principal Component Analysis (PCA) of 140 DFT-

optimised iridium complexes. Ligand mapping methods have been employed to assess the 

use of natural product Lepidiline A as a NHC ligand precursor in novel HIE catalysts, 

revealing the almost purely electronic influence of 4,5-dimethyl substitution on the imidaz-2-

ylidene ring. The PCA model has also highlighted complexes of the type [(COD)Ir(NHC)Cl] 

to be promising in delivering orthogonal reactivity to the now traditional NHC/phosphine 

pairing. This analysis has led to the realisation of the first regio- and chemoselective catalytic 

labelling methods for primary sulfonamides and aldehydes. 

 

Finally, a novel, one-parameter approach has been developed to describe chelating and 

monodentate ligand spheres on the same comparable and quantifiable footing. Chelating 

NHC/phosphine-ligated iridium catalysts have been designed, synthesised, and successfully 

applied to ortho-labelling of previously inaccessible sulfones, secondary sulfonamides, and 

bulky tertiary amides. 
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Abbreviations 

 

°C     Degrees Celcius 

ADMET Adsorption, Distribution, Metabolism, Excretion, and 

Toxicity 

BArF Tetrakis[3,5-bis(trifluoromethyl)phenyl]borate; B(3,5-

CF3-C6H3)4 

Bn Benzyl; PhCH2- 

n
Bu n-Butyl; CH3(CH2)3-  

COD Cycloocta-1,5-diene; C8H12 

CPME Cyclopentyl methyl ether   

Cy Cyclohexyl; C6H11-  

DCM Dichloromethane; CH2Cl2 

DFT Density Functional Theory 

DMF N,N-Dimethylformamide 

DMSO Dimethylsulfoxide 

Et Ethyl; CH3CH2-  

g Grammes 

h Hours 

HIE Hydrogen Isotope Exchange 

Hz Hertz 

IMe 1,3-Bis(methyl)imidazol-2-ylidene 

IMes 1,3-Bis(2,4,6-trimethylphenyl)imidazol-2-ylidene 

I
i
Pr 1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene 

i
Pr iso-Propyl; (CH3)2CH- 

IPA iso-Propyl alcohol 

IR Infrared 

J Coupling Constant 

L Ligand 

Me Methyl; CH3-  

Mes Mesityl 

mg Milligrammes 

MHz Megahertz 

min Minutes 
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mL Millilitres 

mmi Membered Metallocyclic Intermediate 

mmol Millimoles 

MPa Mega Pascals 

mol Moles 

NCE New Chemical Entity 

NHC N-Heterocyclic Carbene 

NMR Nuclear Magnetic Resonance 

  s – singlet 

  d – doublet 

  t – triplet 

             q – quartet 

  m – multiplet 

  b – broad  

Pa Pascals 

PES Potential Energy Surface 

PCA Principle Components Analysis 

Ph Phenyl; C6H5 -  

ppm Parts Per Million 

psi Pounds Per Square Inch 

py Pyridine 

r.t. Room Temperature 

S Solvent 

SIMes 1,3-Bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-

ylidene 

t
Bu tert-Butyl; (CH3)3C- 

Temp. Temperature 

TEP Tolman Electronic Parameter 

tert Tertiary 

THF Tetrahydrofuran 
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1. Introduction 

 

1.1 Pharmaceutical Industry and Drug Development 

 

With the world’s population now in excess of 7 billion,
1
 modern society is increasingly 

dependent on the ever-evolving chemical sciences and, more specifically, the pharmaceutical 

industry. In 2012, it was believed that the global pharmaceutical market value reached $962 

billion; a value which increased by a further 3.3% in 2013.
2 

Such intimidating financial 

figures can be attributed to the constant need for new medicines capable of fighting new 

viruses, as well as the desire to eradicate existing diseases. 

 

Despite the apparent growth in the industry, pharmaceutical companies are burdened by 

extensive costs in designing, manufacturing, and marketing drugs. The development of just 

one new chemical entity (NCE) from conception to marketplace is estimated to cost a 

staggering $1.3 billion over a period as long as fifteen years (Figure 1).
3,4

 Why is 

expenditure so high? With around 98% of all NCEs failing in pre-clinical trials, it is evident 

that the majority of potential drug molecules that are synthesised possess inherently poor 

pharmacokinetics.
 
Indeed, if the efficacy of characterising the pharmacokinetic properties of a 

potential drug molecule was increased by a mere 10%, savings of approximately $100 million 

per drug could be realised.
5
 It is the adsorption, distribution, metabolism, excretion, and 

toxicological (ADMET) properties of these molecules that are central to the work of the 

medicinal chemist, and the earlier in a drug discovery project these properties are understood, 

the greater the potential cost saving overall. 

 

 

Figure 1. Simplified diagram showing the interwoven aspects of a drug design project. 
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1.2 Isotopic Labelling in Early Stage Drug Design 

 

To assess a drug candidate’s metabolic fate, the chemist must first have a flexible technique 

with which to study it. For example, significant investment has been made in LC-MS 

techniques coupled with structure prediction software.
6
 However, this method is heavily 

dependent on the ionisation properties of the drug and its associated metabolites. 

Alternatively, as a marine biologist may physically tag a whale to monitor migration patterns, 

a chemist can deliver a radioactive ‘tag' or ‘label’ to a drug molecule in order to gain vital 

information on its ADMET properties. This method is not dependent on the ionisation of the 

parent drug or its metabolites. It can also be used to detect where an unreacted drug is stored 

in vivo without necessarily knowing how the drug is bound. Consequently, isotopic labelling 

is the gold standard method by which early stage drug discovery processes are optimised. 

 

Isotopes of a particular element have an identical number of protons in their respective nuclei 

but possess an unequal number of neutrons. Namely, they share the same atomic number but 

have different mass numbers, as exemplified for hydrogen (Figure 2).
7
 The stability of an 

isotope is governed by the ratio of neutrons to protons within the nucleus, thus giving rise to 

two possible circumstances. Firstly, a heavy isotope of an element, such as 
2
H or 

13
C, has a 

stable nucleus and tends to be found in nature, albeit at lower abundances than their more 

common counterparts, 
1
H and 

12
C, respectively. In the alternative case, radioisotopes, such as 

3
H or 

14
C, have an unstable neutron/proton ratio and decay, via emission of radiation or 

particles, to form other elements, or different isotopes of the parent element. 

 

 

Figure 2. Simplified Bohr representations of the isotopes of hydrogen. 
 

Undoubtedly, the synthesis and supply of isotopically-labelled molecules has a sustained 

importance in the study of the aforementioned metabolic processes. It is therefore 

unsurprising that there is a large and growing body of research dedicated to the synthesis of 
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isotopically-labelled compounds. The labelling of molecules with 
13

C or 
14

C is most readily 

achieved through the use of commercially available, isotopically-enriched starting materials. 

While such a technique ensures a regiospecific label will be present in the desired target 

molecule, it ultimately comes at the price of unwanted additional steps in the synthesis.
6
  

 

Research into deuterium (
2
H or D) and tritium (

3
H or T) labelling is more substantial than that 

for other isotopes, and has been developed on a number of fronts over the past 60 years.
6,8–16

 

Further to this, key developments in synthetic strategies and analytical techniques over the 

past three decades is gradually making tritium labelling the preferred technique in many 

ADMET studies.
11

 In one particularly active branch of such research, hydrogen isotope 

exchange (HIE) is commonly employed to deliver deuterium or radioactive tritium to 

pharmaceutical drug candidates in one synthetic step. As well as circumventing the 

requirement for isotopically-enriched starting materials in synthesising tritiated drug 

candidates,
6,11

 HIE can also provide analogous deuterated compounds for use as internal 

standards for mass spectrometry,
17,18

 for kinetic isotope studies,
19,20

 and for the alteration of 

reaction pathways in total syntheses.
21 

 

1.3 Heterogeneous HIE Catalysis   

 

By means of heterogeneous catalysis, Pd/C, PdO/Ba2SO4, Rh black, Ru black, and Raney 

Nickel have all been employed with various deuterium and tritium sources to label organic 

molecules via HIE.
9,13,22–27 

Such methods appear attractive, as the catalyst can be separated 

from the reaction mixture by simple filtration; however, isotopic labelling employing such 

catalyst systems often requires elaborate and harsh reaction conditions. In addition to this, 

molecules are often labelled in a non-regioselective manner, under forceful and (partially) 

reductive conditions, as illustrated in the deuteration of the substituted phenol, 1, by 

Mastubara and co-workers (Scheme 1, top).
24,25

 There are, however, some especially 

attractive developments in the field of heterogeneous labelling. Of particular note, Sajiki has 

shown the highly regioselective labelling of the benzylic positions in the sodium salt of 

Ibubrofen, 3, using D2 generated in-situ from D2O and H2 as an inexpensive source of the 

heavy isotope, albeit with long reaction times (Scheme 1, bottom).
13

 Global labelling of the 

same compound could be readily achieved at higher temperatures. 
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Scheme 1. HIE using heterogeneous transition metal catalysis. 
 

Alternatively, aromatic labelling selectivity using a heterogeneous catalyst was demonstrated 

by Hesk and co-workers, using Rh black and tritium gas to install a single isotopic label on 

the pyrazine ring of the Merck drug candidate, SCH, 5 (Scheme 2).
28

 

 

 

Scheme 2. Selective aromatic tritiation using heterogeneous Rh catalysis.  

 

Above all else, the major limitation of heterogeneous HIE is the lack of predictability in 

where the isotopic label will be placed on the molecule of interest. The chemist may wish to 

track and follow different metabolic fragments of the parent drug at different times. As a 

result, the greatest progress in flexible and predictable HIE methods has come from 

homogeneous transition metal catalysis, and is the main focus of the work presented herein. 
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1.4 Homogeneous HIE Catalysis 

 

The study of the d-block metals for homogeneous catalysis is extremely diverse and has had a 

major impact on organic synthesis and catalysis.
29,30

 As homogeneous catalysts are often 

single molecule species, their catalytic properties can be tuned by judicious manipulation of 

the ligands bound to the reactive metal centre. Furthermore, this mode of catalysis often leads 

to very mild and industrially attractive reaction conditions. Therefore, despite advances in 

heterogeneous catalysis (vide supra), acid/base-mediated HIE,
14

 and even organocatalytic 

HIE methods,
31

  it is homogeneous catalysis that dominates modern research in HIE. 

 

1.4.1 Platinum 

 

In 1967, Garnett and Hodges reported one of the first examples of HIE employing 

homogeneous catalysts.
32

 Using Pt(II) salts, in the presence of deuterated acetic acid, water 

and hydrochloric acid, various arenes were labelled, albeit in a non-regioselective manner 

(Scheme 3, top). Many years later, Sanford and co-workers explored a similar deuterium 

labelling strategy using diimine-ligated Pt(II) catalysts, 8 (Scheme 3, bottom).
33,34

 It was 

found that a bromo- rather than methyl-substituted ligand provided the most active catalyst, 

with this being hypothesised to originate from the greater propensity of the bromine to 

coordinate to and stabilise the metal centre.
34

 

 

 

Scheme 3. Global aromatic HIE via homogeneous Pt(II) catalysis. 
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1.4.2 Rhodium 

 

After his initial work with Pt(II), Garnett later detailed the first use of RhCl3.3H2O as a 

homogeneous catalyst in HIE.
35

 Although aromatic deuteration was, again, accomplished 

non-regioselectively, important advantages over earlier work in heterogeneous catalytic 

methods were discussed, supporting the rigorous area of research that homogeneous HIE 

catalysis has become.  

 

In 1982, a new dimension was added to the study of deuterium incorporation in organic 

molecules when Lockley demonstrated that aromatic and α,β-unsaturated carboxylic acids 

could be labelled regioselectively using RhCl3.3H2O (Scheme 4).
36 

In contrast to Garnett’s 

work, which had not illustrated any preference with respect to the site of labelling, Lockley’s 

introduction of the carboxyl functionality to the substrate demonstrated a clearly ortho-

directed deuteration process. The chosen catalyst was the most active of several platinum 

group metal species tested, including IrCl3.3H2O and Ru(acac)3. During the study, it was 

noted that sodium benzoate, 12, was labelled at a rate faster than the free carboxylic acid, 13, 

and trans-cinnamic acid, 14. Furthermore, labelling of the more weakly coordinating ethyl 

ester derivative, 15, did not proceed under the reaction conditions employed. Armed with 

these observations, Lockley postulated that the observed regioselectivity in the isotope 

exchange process resulted from prior complexation of the substrate to the rhodium centre 

through the lone pair of electrons on the carbonyl group (10, Scheme 4).
36 

Such coordination 

would enable the ortho-positions of the substrate to be selectively deuterated due to their 

close proximity to the reactive metal centre. This theory was strengthened by the additional 

observation that a reduction in the volume of DMF co-solvent employed increased the level 

of deuterium incorporation achieved, most likely due to removal of a strong competitor for 

coordination. 
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Scheme 4. Rh-catalysed carbonyl-directed HIE. 

 

Lockley’s methodology was later extended to explore the regioselective deuteration of 

aromatic amines, amides, and anilides.
37,38 

Significant ortho-directed deuterium incorporation 

was detected for primary and secondary derivatives of each substrate, but reduced activity 

was noted for bulkier tertiary derivatives (Figure 3). It was believed that the rate of catalyst 

degradation competed with the rate of labelling for the tertiary substrates, ultimately limiting 

the attraction of RhCl3 as a catalyst for directed HIE processes. Nonetheless, further 

extension of this work into tritiation chemistry was later documented by Hesk, Jones, and 

Lockley who demonstrated that N-heterocycles such as pyridines and pyrazoles could also act 

as viable handles for ortho-directed labelling.
39

  

 

 

Figure 3. Free versus protected nitrogen directing groups in Rh(III)-catalysed HIE. 
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The same principles applied by Lockely, Hesk, and Jones were later put to use by Li and co-

workers using a bis-phosphine, chelation-assisted Rh(III) catalyst series, led by 23, in the 

directed labelling of various N-heterocycles (Scheme 5).
40

 The catalyst structure was 

optimised by simple screening of available phosphine ligands. In general, more electron-

donating phosphines provided more active catalysts, with 23 being optimal. Excessively large 

phosphines were less active and thought to hinder necessary coordination of substrate to Rh. 

Intriguingly, only those labelling sites most easily accessed via a metal-coordinating atom 

were found to have significantly increased D-incorporation with longer reaction times (25 

and 26), with some base-sensitive sites even being subject to decreased D-incorporation. This 

demonstrated an element of thermodynamic selectivity rarely encountered in HIE catalysis. 

The alkaline nature (and ultimate limitation) of Li’s catalysts was demonstrated in labelling 

acetophenone, 27, where only the acid-sensitive alkyl sites were exchanged. 

 

 

Scheme 5. Directed HIE using basic chelation-assisted Rh(III)-catalysts. 

 

HIE processes via Rh(III) catalysis have since been developed on several complementary 

fronts by means of altering the ligand design. For example, based on fundamental C-H 

activation studies by Jones,
41

 a series of pentamethylcyclopentadienyl (Cp*)-ligated 

complexes has emerged that catalyse several useful HIE processes. Firstly, Brookhart and co-

workers showed that the Rh(I) bis-olefin precatalyst, 30, can be activated in the presence of 

C6D6 to deliver global aromatic deuteration of molecules such as aniline, 28, and ferrocene, 

29 (Scheme 6).
42

 Although the specific nature of the substrate labelling process was not 

discussed in detail, in-depth studies into intramolecular deuteration of the vinyl silane ligands 
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lead to the reasonable postulation that loss of one vinyl silane from 30 and subsequent 

oxidative addition across C6D6 gives the first Rh(III) intermediate, 33. Migratory insertion of 

the olefin across the Rh-D bond gives 34; anti-Markovnikov insertion occurs first via kinetic 

(steric) control. Next, β-hydride elimination gives hydride intermediate 35, showing the first 

complete transfer of a D-atom from aryl to olefinic ligand, and an important example of 

metal-ligand cooperation.
43

 The process can repeat until the silane is per-deuterated, as in 36, 

which can then reductively eliminate benzene to recycle the Rh(I) pre-catalyst, 30. 

Alternatively, the unsaturated Rh(I) species, 37, can be intercepted by an external substrate 

molecule (such as 28 or 29) to form a series of new Rh(III) intermediates that lead to the 

desired substrate deuteration. 

 

 

Scheme 6. Rh(III)-catalysed aromatic HIE and proposed catalyst activation mechanism. 
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The HIE behaviour of Cp*Rh(III) complexes has also been investigated by Carmona and co-

workers.
44,45

 Employing an unusual cyclometallated phosphine complex, 39, silane 

deuteration - relatively less well explored with respect to aryl/alkyl labelling - could be 

achieved under extremely mild conditions for mono-, di-, and trisilanes using D2 or T2 as the 

isotope source (for example, see 38→40, Scheme 7).
44

 In an impressive application of this 

work, the deuterated silanes were later employed with the same catalyst as starting materials 

in the large-scale production of α-deuterated silyl protected alcohols and amines (for 

example, 41→42).
45

 With observable solution-phase ligand fluxionality in 39, and its 

recovery unchanged after catalysis, D2 (or T2) gas was proposed to be activated by the ligand 

and metal together (39a→43). This example of metal-ligand cooperation to shuttle an 

isotopic label is complementary to that of Brookhart (Scheme 6, vide supra).
42 

 

 

Scheme 7. Rh(III)-catalysed deuteration of silanes and application in hydrosilylation. 

 

In more recent times, the RhCl3 catalyst was used as a precursor to a catalyst with 

complementary reactivity to Lockley’s system. More specifically, the bis(3,5-

dimethylpyrazol-1-yl) acetate (bdmpza) ligand, 44, delivered an anionic Rh(III)-centred pre-

catalyst, 45, that was able to deuterate both aryl and β-alkyl positions of substrates bearing no 

strong directing group (46→46a, Scheme 8).
46

 Under identical conditions, the parent 

RhCl3.H2O was more selective for aryl deuteration (46→46b). A combined experimental and 

density functional theory (DFT) investigation into the operative reaction mechanism using 45 
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revealed that aryl labelling was kinetically favoured over alkyl labelling by 9.0 kcal/mol via 

the shared catalyst resting state, 47. Additionally, C-H bond breaking was postulated to occur 

via a trifluoroacetate-assisted and redox neutral concerted metalation-deprotonation (CMD), 

transition state 48.
47

 

 

 

Scheme 8. Rh(III)-catalysed HIE via CMD in the absence of directing groups. 

 

In the final and (to date) most recent example of Rh(III)-catalysed HIE, Castarlenas and Oro 

reported a beautifully detailed method for the β-selective deuteration of styrenes (52→54) 

using N-heterocyclic carbene (NHC) and quinoline N-oxide ligated catalysts, 53 (Scheme 

9).
48,49

  

 

 

Scheme 9. Rh(III)-catalysed β-selective deuteration of styrenes. 
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The reaction mechanism merits discussion, as detailed studies revealed the essential role 

played by all ligands bound to the Rh centre (Scheme 10).
49

 From synthesised precatalyst, 55 

(equal to 53 in Scheme 9), exchange with MeOD gives the active catalyst, 56. Subsequently, 

the styrene, 57, can undergo migratory insertion across the Rh-D bond in one of two ways. 

Thermodynamic 1,2-insertion gives 58a, but suffers from a high barrier to rotation towards 

58b, ultimately retarding the formation of α-labelled product 59 via β-hydride elimination. 

Alternatively, kinetically-favoured 2,1-insertion of 57 across 56 gives intermediate 60a 

which, crucially, can freely rotate toward intermediate 60b to finally deliver the observed β-

labelled product 61. This analysis is further summarised by DFT-calculated energetics 

(Scheme 10, bottom).  

 

 

Scheme 10. Mechanistic analysis for Rh(III)-catalysed β-selective deuteration of styrenes. 
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1.4.3 Ruthenium 

 

Among the growing selection of available homogeneous HIE catalysts, ruthenium-based 

methods have also played a notable role.
28

 Firstly, Matsubara and co-workers have 

demonstrated the use of precatalyst RuCl2(PPh3)3, 63, in the Ru(0)-catalysed α-deuteration of 

alcohols and amines (Scheme 11, top).
50

 Based on literature precedent,
51

 the authors 

proposed that substrate 62 first exchanges with D2O to give 67. The precatalyst, 68, can be 

activated via coordination and β-hydride elimination of the substrate, followed by reductive 

elimination of HCl to give Ru(0) catalyst, 69. The low-valent catalyst can undergo oxidative 

addition with 67 to give Ru(II) intermediate, 70, then 71 after a β-hydride elimination step. 

The coordinated aldehyde or imine is then susceptible to intramolecular nucleophilic attack 

from a Ru-deuteride, producing 72. The desired product, 73, is then obtained after reductive 

elimination. Despite the harsh conditions, this method was able to deliver simple deuterated 

alcohols and amines in good to excellent yield, and excellent labelling selectivity. 

 

 

Scheme 11. Ru(0)-catalysed α-deuteration of alcohols and amines. 
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In a more complex variant of the above reaction, Beller and co-workers were able to exploit 

the unusual and so-called Shvo catalyst,
52

 74, in the α,β-deuteration of biologically-relevant 

amine molecules (Scheme 12).
53

 On heating, the Shvo catalyst dimer breaks down into two 

distinct, catalytically active monomers: dehydrogenated form 75, and hydrogenated form, 76. 

Together, they catalyse the reaction of 77 to 78 using deuterated iso-propanol (IPA-d8) as the 

isotope source. This method was applied to a host of drug-type molecules, including 79. 

 

 

Scheme 12. Ru-catalysed α,β-deuteration of biologically-relevant amines. 

 

The full significance of both monomeric forms of the Shvo catalyst becomes fully apparent in 

the reaction mechanism proposed by the authors (Scheme 13). Amine substrate, 77, first 

coordinates to the dehydrogenated catalyst monomer, 75, producing the zwitterion, 80. In a 

ligand-assisted step, the amine is deprotonated, thus switching from a nitrogen- to carbon-

centred coordination mode in 81. Subsequent β-hydride elimination produces enamine 82 and 

the hydrogenated form of the Shvo catalyst, 76. In this form, isotope exchange with IPA-d8 

gives the deuterated catalyst, 83. The aforementioned enamine, 82, undergoes migratory 

insertion with 83 to deliver the β-label in intermediate 84. Deprotonation of the 

cyclopentadienyl ligand by the metalled amine gives 85, installing the α-label in final product 

amine, 86, eventually recycling 75. 
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Scheme 13. Proposed mechanism for α,β-deuteration of amines with the Shvo catalyst. 

 

Regioselective Ru-catalysed HIE processes have also been exploited in the labelling of 

aromatic and N-heterocyclic substrates. In 2012, Schnürch and co-workers reported the 

regioselective deuteration of N-heterocycles using the Ru(0) cluster, Ru3(CO)12, and 
t
BuOD 

as the deuterium source (87→89, via 88).
54

 In some substrates, deuteration occurred at 

aromatic and benzylic positions accessible via nitrogen coordination, favouring the latter 

when both were available (molecules 90 and 91, Scheme 14). Conversely, indole-derived 

structures were deuterated at the electron-rich 3-position (92, Scheme 14). No in-depth 

mechanistic analysis was carried out by the authors, however, it was speculated that labelling 

of substrates like 90 or 91 is likely to occur via a deuterated ruthenacycle such as 88. The 

mechanism for the labelling of indoles such as 92 remains altogether unclear. 

 

Developments in exclusively ortho-directed HIE reaction using ruthenium catalysts has also 

been advanced in recent years. In the first of two key examples, the Peris group showed that 
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Scheme 14. Benzylic and aromatic deuteration of N-heterocycles using Ru3CO12. 

 

the Ru(II) NHC complex, 93, could efficiently catalyse the ortho-directed deuteration of 

various N-heterocycles (94 - 97) in the presence of MeOD (Scheme 15, top).
55

 In a similar 

fashion, Nolan and co-workers recently divulged the directed deuteration of a significantly 

broader range of coordinating functionalities (99 – 101; note no labelling on 27) using the Ru 

phosphine complex, 98, and D2O as the key main isotope source (Scheme 15, bottom).
56

 

 

 

Scheme 15. Directed HIE involving Ru(II) catalysts by Peris (top) and Nolan (bottom). 
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A number of ruthenium catalysts have been developed to affect the deuterium labelling of 

molecules which lack strong coordinating functionalities. Among these, Leitner has reported 

the D-labelling of benzene derivatives (102→104, for example) and heteroaromatic 

compounds using the Ru(II) pincer complex, 103, under relatively mild, albeit time-

consuming, conditions (Scheme 16, top).
57

 A combined experimental and DFT study 

revealed that site selectivity in labelling was largely based on steric effects. Mechanistically, 

after the loss of the dihydrogen ligand and agnostic coordination of the unlabelled substrate 

(105, Scheme 16) the key step in the mechanism was reported to involve a σ-bond metathesis 

between the substrate C-H and one of the hydride ligands on Ru(II) (105→107 via 106). 

DFT-calculated energies showed that ortho-labelling was disfavoured both 

thermodynamically and kinetically (as shown versus meta-labelling in the PES, Scheme 16). 

 

 

Scheme 16. Sterically-selective labelling of toluene using Leitner’s Ru(II) pincer catalyst. 

 

In a similar approach (where loss of a labile dihydrogen ligand is necessary for catalysis), 

Gorelsky and Nikonov reported the use of Ru(IV) trihydride precatalyst, 109, in the Ru(II)-
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catalysed labelling of unactivated molecules, using C6D6 (Scheme 17).
58

 In all cases, aryl and 

heteroaryl positions were labelled fastest (104, 111, and 114). In alkyl species, the extent of 

labelling varied markedly depending on the exact nature of the rest of the molecule, and 

required at least some weakly coordinating functionality to operate at all (for example, 115 

versus 112 and 113). Potential reaction mechanisms were studied by DFT (Scheme 17, 

bottom). Catalyst activation via reductive loss of H2 and coordination of C6D6 (109→116) 

was found to be favourable over alternative pathways involving loss of the phosphine ligand. 

Subsequent oxidative addition across benzene gives Ru(IV) intermediate 117, then Ru(II) 

monodeuteride intermediate 118, following reductive elimination of benzene. After 

complexation of exemplar substrate, 119, to give 120, rate-limiting C-H bond cleavage was 

predicted to occur towards Ru(IV) complex, 121, or Ru(II) complex, 122, depending on the 

specific substrate in question. Finally, reductive elimination delivers labelled substrate, 123. 

 

 

Scheme 17. Ru(II)-catalysed D-labelling of aryl, heteroaryl, and alkyl groups, using C6D6. 
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Beyond the illustrative examples described, other, less-widely applied Ru-
28,59–61

  and related 

Os-catalysed
60

 HIE methods have been reported, and the relevant catalyst structures are 

summarised in 124 – 127 (Figure 4).  

 

 

Figure 4. Further examples of homogeneous Ru-based catalysts used in HIE processes. 

 

1.4.4 Palladium 

 

The study of homogeneous palladium complexes in HIE processes has often been compared 

to analogous platinum complexes. Indeed, this was the case in the earlier of Sanford’s 

aforementioned deuterium labelling studies, where cationic bipyridine ligands were employed 

to produce advantageously Lewis acidic catalysts, 129 and 130, for the deuterium labelling of 

benzene in the presence of CD3CO2D (Scheme 18).
33

 Although both metals produced highly 

active HIE catalysts compared to the parent catalyst of the study, 128, Pt was more useful 

than Pd as it delivered the most highly acidic catalyst. 

 

Homogeneous palladium catalysis has also been explored more fully in its own right for HIE 

processes. Despite prior reports,
62

  work by Ryabov, Eliseev, and Yatsimirsky on H/D-

exchange with styrenes best represents an early example of homogeneous Pd-catalysed 

HIE.
63

 In the 1988 study, it was shown that, in the presence of CD3CO2D and benzoquinone,  
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Scheme 18. Palladium versus platinum homogeneous catalysts in global aromatic HIE. 

 

Li2[Pd2Cl6] could efficiently catalyse the H/D-exchange of the allyl and vinyl positions in α-

methylstyrene, 131 (Scheme 19). Detailed kinetic experiments revealed that the reaction was 

most likely to proceed via a Pd(II)/Pd(IV) cycle, with key steps including oxidative addition 

of 131 across one Pd atom in the active all Pd(II) dimer, 133. In the resultant mixed 

Pd(II)/Pd(IV) complex, 134, the hydride ligand (assumed to be acidic) exchanges with the 

deuterium source to give 135. Subsequent acidic H/D-exchange steps then result in equal 

deuterium labelling across the allyl and vinyl positions of product 132.  

 

 

Scheme 19. Pd(II)-catalysed regioselective deuterium labelling of α-methylstyrene. 

 

In far more recent times, Yu and co-workers demonstrated that Pd(II)-catalysis can be 

effectively employed in ortho-directed HIE processes.
64

 Using Pd(OAc)2 under basic 

conditions in the presence of CD3CO2D, various weakly coordinating functionalities were 

able to affect ortho-deuterium labelling and in moderate to excellent yield (Scheme 20). 
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Scheme 20. Pd-catalysed ortho-deuteration of aromatic compounds using weakly-

coordinating directing groups. 

 

Some notable observations were made by Yu from the same study. Firstly, more weakly 

coordinating directing groups proved to be most reactive (for example, 140 versus 142). This 

analysis was strengthened by the D-labelling results of stoichiometric experiments with 

weakly and strongly coordinating palladacycles, 144 and 146, respectively (Scheme 21). 

Furthermore, labelling via a six-membered metallocyclic intermediate (6-mmi) was found to 

be more efficient than the analogous 5-mmi (for example, 140 versus 143, Scheme 20). 

 

 

Scheme 21. Discriminating reactivity of weak and strong palladacycles in ortho-deuteration. 
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1.4.5 Iridium 

 

Among all transition metals employed in homogeneous HIE methods, iridium is arguably the 

most widely studied,
8,11,12,65–69

 which is, in part, due to the vast and ever-expanding literature 

precedent in related hydrogenation reactions.
70–86

 Despite interesting alternative Ir-catalysed 

HIE methods, such as for silanes,
87

 boranes,
88

 olefins,
89

 and global aryl labelling,
90,91

 there is 

a clear dominance of ortho-HIE in the iridium literature. In 1992, Heys demonstrated the 

successful ortho-directed deuteration of several substituted aromatic compounds using the 

18-electron Ir(III) bisphosphine dihydride complex 148
92

 under very mild conditions 

(147→149, Scheme 22).
93

 Crucially for the time, Heys’ investigations marked a significant 

advancement from Lockley’s ortho-labelling work (vide supra):
36–38

 D2 gas replaced D2O as 

the deuterium source (an advantage when considering the use of tritium), reactions operated 

efficiently at room temperature and, perhaps most importantly, catalyst loadings were 

significantly reduced from 50 mol% to 2 mol%. Interestingly, it was noted that labelling was 

significantly affected by steric or electronic aspects of the aryl substituents present. For 

example, meta-substituted ethyl benzoates, such as 150, showed a consistent preference for 

labelling at C-2 over the less hindered C-6 position, presumably due to additional 

coordination assistance from meta-substituent lone pairs.
94

 Steric hindrance from ortho-

substitution reduced labelling efficiency (153 versus 15), however bulky α-substituted 

ketones were not so adversely affected (151 versus 15). Further to this, where substrates 

possessed more than one carbonyl directing group, the labelling site(s) changed according to 

which substituent could coordinate to the catalyst to the greatest extent (for example, 154 

versus 15). 
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Scheme 22. Heys’ Ir-catalysed ortho-directed deuteration of aromatic compounds. 

 

The mild labelling conditions pioneered by Heys and co-workers, coupled with intriguing 

substrate-dependent regioselectivity, captured the combined interest of the industrial and 

academic labelling communities, resulting in a large number of subsequent studies aimed at 

understanding the catalytic properties of 148 and related Ir-based HIE catalysts. Firstly, Heys 

followed up his initial study with a more in-depth assessment of the aryl substituent effects in 

the labelling efficiency of ethyl benzoates and N,N-dimethyl benzamide substrates.
95

 In a 

rather unexpected outcome, para-substitution improved the rate of labelling in both substrate 

types, irrespective of substituent electronics (for example, 155a versus 155b and 155c, 

Figure 5). In an attempt to explain this effect, Heys monitored the rate of labelling in both 

rings of several monosubstituted benzophenones.
95

 In a manner similar to the results 

discussed previously, the substituted ring was labelled faster in every instance (156a - 156c, 

Figure 5). As both rings are connected to the same carbonyl functionality, it appeared that 

the rate-limiting step of the overall reaction could not be ascribed to the initial coordination 

of the substrate, nor the fluxionality step (171→172), vide infra.
96

 Instead, Heys suspected 

that some aspect of the C-H bond cleavage was rate-limiting, proposing key intermediates 

157 and 158 based on available literature. At this time, the formal oxidation state of iridium 

intermediates involved in the C-H bond cleavage (Ir
I
 /Ir

III
 or Ir

III
/Ir

V
) was not clear. 
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Figure 5. Mechanistic investigations into Heys’ Ir-catalysed HIE protocol. 

 

Inspired by Heys, Hesk and co-workers probed the efficacy of the commercially available 

Crabtree hydrogenation catalyst, 159,
70

 in labelling acetanilide derivatives, the first such 

substrates to be effectively labelled via a 6-mmi.
97

 Consistent with Heys’ work, deuteration 

was directed ortho to the coordinating functionality, and no clear relationship emerged 

regarding the electronics of para-substituents. Ketones 27 and 160 were also compatible with 

this mild labelling method, however, weakly coordinating substrates 161 and 13 were not. 

 

 

Scheme 23. Hesk’s application of Crabtree’s catalyst in ortho-HIE. 



35 
  

Since Heys’ and Hesk’s respective discoveries of iridium catalysts for ortho-directed HIE, 

complexes 148 and 159 (and derivatives thereof, vide infra) have remained topics of high 

interest in HIE research.
65,66,94,98–103

 In a further key development by Heys, 162, a precatalytic 

Ir(I) variant of Ir(III) catalyst 148 was compared to related bidentate precatalyst, 163 (Figure 

6). By the mid-1990s, it had already been hypothesised by several researchers that both 5- 

and 6-mmis could be formed during the C-H bond cleavage step in the ortho-deuteration 

process (164 versus 165), depending on the substrate being studied; this was to be the 

platform on which to compare 162 and 163. 

 

 

 

Figure 6. Mono- versus bidentate Ir-phosphine catalysts to study ortho-deuteration via 5- and 

6-mmis. 
 

Labelling a range of substrates enabled a comparison of the mono- and bidentate phosphine 

complexes to be made, highlighting a preference for 162 to react through a 5-mmi only, 

whereas 163 could react through both a 5- and a 6-mmi. This was exemplified in the labelling 

of ethyl 1-naphthoate, 166 (Scheme 24, top). Of the two available labelling sites, the 

monodentate complex, 162, labelled solely at C-2. Conversely, bidentate complex 163 

demonstrated the capability to direct labelling at both C-2 and C-8. When Crabtree’s catalyst, 

159, was exposed to similar reaction conditions, the regioselectivity in labelling was similar 

to monodentate complex 162, albeit with reduced labelling efficiency. Labelling through a 6-

mmi only was also investigated. Perhaps the most remarkable findings from this study were 

those concerning the labelling of N-phenyl phenylacetamide, 167 (Scheme 24, bottom). 

Interestingly, the less active monodentate complex, 162, showed selectivity for the aromatic 

ring adjacent to the nitrogen, 167a, an effect emulated more efficiently by Crabtree’s catalyst 

in 167c. However, the bidentate catalyst, 163, was able to label both rings of 167 almost 
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indiscriminately (see 167b). This served to show that there was potential to distinguish not 

only between a 5 or 6-mmi, but also between different types of 6-mmi, depending on the 

ancillary ligands employed. 

 

 

Scheme 24. Heys’ versus Hesk’s ortho-HIE methods for 5- and 6-mmi substrates. 

 

On accumulation of these data, Heys proposed a catalytic cycle by which these iridium 

complexes may be affecting the observed regioselective hydrogen isotope exchange (Scheme 

25).
98

 Upon treatment of the Ir(I) pre-catalyst, 168, with deuterium gas, hydrogenolysis of 

COD as d4-cyclooctane generates the active Ir(III) catalyst, 169, where ligands (L) are 

assumed to be arranged trans to one another when monodentate. Coordination of substrate 

displaces a solvent molecule (S), and is thus accepted into the coordination sphere of the 

iridium catalyst to give 170. A second solvent molecule can then be displaced, allowing 

iridium to cleave the nearby ortho C-H bond of the aryl ring to yield 171. Transformation of 

species 171 to 172 is driven by a process known as hydride fluxionality, and is central to the 
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isotope exchange process.
96

 The overall effect brings a deuteride and the activated aryl 

carbon into a cis arrangement. Subsequent elimination furnishes 173, with a deuterium atom 

now installed ortho to the directing group. Finally, the release of deuterated substrate, 174, 

regenerates the resting catalytic intermediate, 169. This mechanism invokes an all-Ir(III) 

catalytic cycle with C-H activation as the rate-limiting step, supporting evidence for which 

would take another decade to accumulate. Said evidence involved isolation and 

crystallographic characterisation of 175 (an acetonitrile-solvated analogue of 171), and 

spectroscopic studies on the evolving nature of Ir hydride equilibria as a function of ancillary 

ligand electronics (Scheme 25, inset).
10

 

 

 

Scheme 25. Heys’ mechanistic analysis for homogeneous Ir-catalysed ortho-HIE. 

 

In an extension of this theory, Heys postulated that the preference for the monodentate 

phosphine complex, 162, to react only via a 5-mmi, 179, as opposed to a 6-mmi, 178, was 

based on steric effects (Scheme 26).
98 

By contrast, the bidentate complex, 163, is forced to 

arrange the phosphines cis to one another. For substrates such as 166, this opens up a second 

face on the complex, offering greater spatial freedom for the formation of the less planar 6-

mmi, 181, as well as the 5-mmi, 180. By the same thought, the monodentate Crabtree 
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catalyst, 159, can facilitate labelling through a 6-mmi as the pyridine and 

tricyclohexylphosphine ligands present less steric bulk than the two triphenylphosphine 

ligands of complex 162, and may thus exist in cis or trans form. Herbert later capitalised on 

this rationale to further improve bidentate catalyst 163 in the labelling of 6-mmi substrates, 

changing the diphenylphosphinoethane (dppe) ligand for the sterically less encumbered arsine 

analogue.
102

 

 

 

Scheme 26. Rationale for 5- versus 6-mmi labelling selectivity with mono-/bidentate 

phosphine catalysts. 

 

Further synthetic developments by Herbert
67,101,104

  and later Salter
66

 showed that bis-

phosphine catalysts like 163 may be generated in-situ from the relevant free phosphine and 

commercial iridium dimer, [Ir(COD)Cl]2, with comparable activity to the isolated complexes. 

The same authors are also separately responsible for detailed studies into alteration of the 

phosphine structure.
66,101,102

 However, both parties have remarked that strong correlations 

between ligand properties (such as sterics or electronics) and catalyst activity are difficult to 

detect. 

 

In parallel with the bis-phosphine systems, Crabtree’s catalyst has also been the subject of 

intense study in deuteration and tritiation since Hesk’s discovery.
8,94,104–106

 In the largest of 

any such study, Herbert explored an expansive substrate scope, including ketones, amides, 

anilides, and various heterocycles.
104

 Despite the impressive array of examples reported, this 

study employed at least stoichiometric quantities of 159 and a dual D2/D2O isotope source, 

making comparisons to related ortho-labelling methods difficult. 
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In a notably singular crossover between bis-phosphine catalysts and Crabtree’s catalyst, 

Hickey and co-workers developed a polymer-supported variant of Heys’ bis-phosphine 

catalyst, 183, which showed comparable ortho-HIE activity to 159 and 162, but with the 

practical benefit of simple catalyst filtration at the end of the reaction (Scheme 27).
15,103

  

 

 

Scheme 27. Polymer-supported Ir catalyst in ortho-HIE. 

 

At a slightly earlier time, Lockley reported the application of hexafluoroacetoacetate 

(hfacac)-ligated Ir(I) complex, 187, in ortho-HIE (Scheme 28).
8,11,68,107,108

 This catalyst has 

been successfully applied in the labelling of benzylic amines, benzoic acids, and primary 

sulfonamides, where few other Ir-based HIE catalysts have succeeded. The catalyst is one of 

few iridium HIE catalysts operational in highly polar solvents such as DMF (desirable for 

poorly soluble drug molecules), and displays different labelling regioselectivities depending 

on the choice of isotope source (water or gas, see 186a versus 186b). 
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Scheme 28. Ir(I)-hfacac ortho-HIE catalyst and isotope source-dependent regioselectivity 

switch.  

 

Increasing interest in Crabtree’s catalyst, 159, in HIE has been paralleled by investigations by 

other researchers to improve its efficiency and chemoselectivity in olefin hydrogenation 

reactions.
84

 Despite its widely reported success, 159 is known to suffer from thermal 

deactivation via the formation of inactive, hydride-bridged, iridium clusters (188, Figure 

7).
71

 Similar effects have been documented for other iridium-based complexes.
74,82

  

 

 

Figure 7. Trimeric Ir cluster formed from thermal deactivation of Crabtree’s catalyst. 

 

Between 2001-06, separate investigations by Nolan
72

 and Buriak
109

 towards improved 

thermal stability and predictable chemoselectivity of Crabtree-like hydrogenation catalysts 

resulted in a plethora of highly promising electron-rich, NHC-ligated catalysts (Figure 8). 

Such species were first applied and published in ortho-HIE processes by Powell and co-

workers.
110

 In the study, complexes 194a and 195a – 195c were employed under 

stoichiometric (‘tritiation-like’) conditions, with the most active variant, 195c, shown to be 

superior to Crabtree’s catalyst across the entire substrate range. 
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Figure 8. NHC-ligated Ir catalysts for hydrogenation later explored by HIE chemists. 

 

In a more interesting variant of this work, Kerr and co-workers studied the catalytic activity 

of complexes 194b – 194f, showing most active complex, 194e, to be highly active over an 

appreciable substrate scope (5 mol% [Ir], 16 h, r.t.), and displaying a higher turnover 

frequency (TOF) than Heys’ bis-phosphine catalyst, 162. Interestingly, the smaller complexes 

in the series studied by Kerr (194b and 194c) were completely inactive as HIE catalysts.
111

 

Similar investigations by the same group later led to the discovery that small NHC/phosphine 

complexes such as 195c were inactive as HIE catalysts, but larger variants 195d and 195e 

was active across a limited substrate scope.
112

 

 

The exploration of NHC-ligated Ir HIE catalysts had revealed promising (proof-of-concept) 

developments beyond the popular and established works of Hesk and Heys. Keen to fully 

explore such developments in HIE chemistry, Kerr and co-workers later developed a 

synthesis of previously unattainable complexes 196a – 196c, bearing large phosphine and 

NHC ligands (Scheme 29).
113

 These complexes have proven seminal within the ortho-HIE 

domain, and have among the highest activity,
114

 substrate/solvent scope,
115,116

 and tritiation 

reaction cleanliness
12

 of any such catalyst reported to date. Additionally, ortho-HIE process 

with these complexes have been studied experimentally and computationally, strengthening 

the case for a Ir(III)-based reaction mechanism akin to that proposed by Heys.
114

 More 
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specifically, kinetic isotope effect (KIE) measurements
117

 revealed that C-H bond cleavage 

was the rate-limiting step of the reaction, and detailed NMR studies revealed the trans-

geometry of the ancillary ligands.
114

 The same study was also able to reveal the origins of the 

selective reactivity of such catalysts for 5- over 6-mmi substrates, citing dual kinetic and 

thermodynamic favourability for the 5-mmi. Building on Kerr’s work, Ir(III)-catalysed ortho-

HIE has continued to flourish, and a recent contribution from Pfaltz and Muri has shown the 

application of P,N-derived bidentate ligands. Most notably, these latest Ir-based HIE catalysts 

have been developed to be able to label ortho to secondary benzenesulfonamides for the first 

time, albeit using high temperatures and synthetically intricate ligands.
118

  

 

 

Scheme 29. Highly-active NHC/phosphine Ir ortho-HIE catalysts. 

 

1.5 Key Concepts in Selected Ligand Design 

 

1.5.1 Phosphines as Ligands 

 

In transition metal catalysis, ligand choice and ligand design are fundamental to the success 

of a catalyst in its desired function. In this respect, phosphines, and indeed phosphites, rank 

among the most widely employed ligand types in organometallic chemistry. The principle 

reason leading to their popularity is the ease with which their steric and electronic properties 

can be controlled by altering the substituents present on the phosphorus atom.
29  
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Electronically, phosphines bind to the metal centre by σ-donation from a lone pair of 

electrons on the central phosphorus atom into an empty d-orbital on the metal. In a 

complementary fashion, phosphines also participate in π-backbonding, accepting electron 

density into an empty P-R σ
*
-orbital from a filled metal d-orbital (Figure 9).

30
 

 

  

Figure 9. Metal to phosphine π-backbonding through P-R σ*-orbital. 

 

In general, the Lewis basicity of phosphines and phosphites is inversely proportional to the 

electron-withdrawing capability of the surrounding R groups. To that effect, the generally 

accepted scale for the σ-donating nature of these ligands is as expressed below in Figure 10. 

 

    

Figure 10. A didactic scale of the electronic characteristics of common phosphine ligands. 

 

In 1970, seminal work by Tolman helped quantify the electronic nature of these ligands for 

the first time, measuring the CO stretching frequencies of a series of [Ni(CO)3PR3] 

complexes.
119

 Increased σ-donation from the phosphine/phosphite increases the electron 

density on the metal and thus increases the level of back donation into the CO π
*
-orbital. 

Such an increased level of back bonding weakens the CO triple bond and lowers the observed 

IR stretching frequencies for the CO ligands. This method of quantification was later named 

the Tolman Electronic Parameter (TEP). In more recent times, Nolan has expanded this 

methodology to include TEP measurements from [Ir(CO)2(L)Cl], allowing direct 

comparisons to be drawn between phosphine and NHC ligands.
120,121
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Due to the substantial variety of phosphine and phosphite substituents available, the steric 

bulk of the ligand is of equal importance to the aforementioned electronic character. 

Additional investigations by Tolman led to the concept of the cone angle, θ, enabling the 

steric properties of the phosphine to be quantified.
122

 By setting the M-P bond length to 2.28 

Å, the cone angle was defined as the minimum apex angle set out by three identical R groups 

on the phosphorus atom (Figure 11). The bulkier the ligands around phosphorus are, the 

larger the cone angle. 

 

 

Figure 11. Simplified representation of the Tolman Cone Angle model. 

 

To assess the suitability of his descriptor experimentally, Tolman correlated the cone angle of 

certain phosphine/phosphite ligands with the degree of CO substitution in a reaction with 

Ni(CO)4 (Table 1). 

        

Table 1. Substitution reaction on Ni(CO)4 as a measure of ligand steric impact. 

 

 

 

 

 

 

 

 

 

 

 

 

 

L Cone Angle ( 
o 

) 
Degree of CO 

Substitution (n)
a
 

   

P(OMe)3 107 3.0 

P(OPh)3 121 2.7 

P
n
Bu3 130 2.2 

PPh3 145 2.0 

PCy3 179 1.5 

a
 4 ≤ n ≤ 0   
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It was evident that the level of CO displacement became lower with increased steric bulk of 

the ligand substituents. Indeed, Tolman postulated that, in general, the steric influence of the 

incoming ligand exerted a greater influence on ligand substitution than its electronic 

nature.
122

  

 

1.5.2 N-Heterocyclic Carbenes as Ligands 

 

In the past quarter century, N-heterocyclic carbenes (NHCs) have come under significant 

scrutiny as ligands in transition metal catalysis.
121,123–129

 The first crystalline NHC was 

reported in 1991 by Arduengo, who isolated 1,3-diadamantylimidazol-2-ylidene (IAd), 202, 

via deprotonation of the parent imidazolium salt, 201 (Scheme 30).
130  

 

 

Scheme 30. The synthetic method used to isolate IAd. 

     

Since Arduengo’s early work, NHCs have been employed as ligands to help both stabilise 

and activate the metal centre to which they are bound. Their success in transition metal 

catalysis is now evident across a spectrum of reaction classes, including olefin metathesis,
131

 

borylation,
132

 and cross-coupling,
133,134

 as well as hydrogen isotope exchange.
12

 In a similar 

fashion to phosphines, the inherent properties of these ligands can be understood by 

knowledge of their electronic properties.
121,126

 NHCs are singlet carbenes which possess a 

lone pair of electrons in a sp
2
-hybridised orbital in the plane of the ring (Figure 12).

30
 With 

specific reference to imidazole derivatives, the empty p-orbital on the carbenic carbon is 

stabilised by π-donation from the lone pairs of electrons on the adjacent nitrogen atoms. 

Delocalisation of this type is extended when a double bond is present in the ring, the 6 π-

electrons providing pseudo-aromaticity. 
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Figure 12. Simplified representation of bonding in imidazole-derived NHCs. 

 

NHCs have often been compared with phosphine ligands in bonding to transition metals, 

notably due to the apparent similarity in their σ-donor and π-acceptor capabilities. In 2008, 

Nolan’s analysis of the carbonyl stretching frequency in a series of iridium complexes, 

[Ir(CO)2(L)Cl], revealed NHCs to be stronger σ-donators than even the most Lewis basic of 

tertiary phosphines (Table 2).
120

 

 

Table 2. Exemplar comparison of NHC and phosphine TEP values. 

 

 

 

 

 

 

 

 

 

The study of iridium carbonyl complexes fell in agreement with an earlier study on 

complexes of the type [Ni(CO)3(L)] and served to show that, although electronic properties 

can be tuned by substitution on the nitrogen atoms, there seemed a surprising lack of 

variation in the σ-donating capabilities of NHCs.
135 

Indeed, it is only within the past few 

years that such a view has been challenged. For instance, in 2012, Sato and co-workers 

characterised electron-poor NHC, 203 (IDNP), showing that, when bound to rhodium in 204, 

it was identical to PPh3
 
in terms of its

 
electron-donating capabilities (Figure 13). 

 

L TEP (cm
-1

) 

IAd 2049.5 

IMes 2050.7 

SIMes 2051.5 

IPr 2051.5 

PCy3 2056.4 

PPh3 2068.9 
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Figure 13. An example of an electron-poor NHC equal in measure to PPh3. 

 

In addition to all of the above, the level of back bonding in NHCs has been the subject of 

intense questioning in recent years. It has previous been theorised that the NHC-metal 

interaction is primarily of single bond character, with little or no back donation into the p-

orbital on the NHC, which is already stabilised by interaction with the flanking nitrogen 

atoms. Despite this, there exists a growing body of evidence to the contrary.  Most recently, 

experimental techniques have been developed using NHC adducts of phosphinidenes
136

 and 

selenium (Figure 14, top and bottom, respectively), showing a measurable range of NHC 

Lewis acidity.
137

 It is therefore unlikely that π-back bonding in NHCs can be ignored.  

 

 

Figure 14. Basic representation of phosphinidene and selenium adduct methods for 

determining NHC back bonding capability. 

 

Nolan believed that, like phosphines, the steric influence of NHCs generally outweighs that 

of its electronic parameter.
135

 In a development similar to the pioneering work of Tolman, 

Nolan and Cavallo introduced the Percent Buried Volume, %Vbur concept.
128,138

 Although it is 

by no means the only model in existence for describing NHC steric bulk,
139,140

 it remains one 

of the most widely utilised, especially in terms of comparing NHC and phosphine ligands on 
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the same basis. In a sphere centred on the metal atom, whose radius, r, is fixed, %Vbur is 

defined as the fraction of the sphere occupied by the ligand (Figure 15). As with Tolman’s 

cone angle, Nolan fixed the NHC-metal bond distance, d; however, this could be varied for 

different metal systems. 

 

        

Figure 15. Simplified representation of the Percent Buried Volume concept as applied to 

NHCs and phosphines. 

 

Nolan and Cavallo’s steric parameter has been successfully correlated with the cone angle of 

phosphines (Table 3, Entries 1 - 4); however, phosphites do not generally fit this model due 

to their greater ligand flexibility.
120

 NHCs have been classed in this manner using a range of 

NHC-metal species, including Nolan’s hydrogenation catalysts, 194d – 194f (Entries 5 - 

7).
128

  

 

Table 3. Exemplar comparisons between Cone Angle and Percent Buried Volume values. 

 

 

 

 

 

 

 
 

 

As 

mentioned previously, this more universal quantification of ligand sterics allows for an easier 

Entry PR3 Cone Angle ( 
o 

) %Vbur for M-L of 2.28 Å 

    

1
a
 P

n
Bu3 132 25.9 

2
a 

PPh3 145 29.6 

3
a 

PCy3 170 31.8 

4
a 

P(OPh)3 128 30.7 

5
 

IMes - 27.4 

6
 

SIMes - 28.3 

7
 

IPr - 30.2 

a
 Derived for a range of complexes. See reference for full details. 
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comparison between phosphines and NHCs to be made. However, such calculations are based 

on crystallographic or DFT-derived data and, as they do not describe solution structure, this is 

recognised as one of the main limitations of this approach.  

 

1.6 Concluding Introductory Remarks 

 

The field of hydrogen isotope exchange using homogeneous transition metal catalysis has 

undergone a remarkable evolution since its inauspicious beginnings in platinum and rhodium 

chemistry.
 
Developments in metal choice, ligand design, and isotope source over the ensuing 

50 years have led to a deeper appreciation of the operative mechanisms behind such labelling 

reactions. The most recent developments in the area have shown unprecedented levels of 

activity and regioselectivity under ambient conditions using a new generation of iridium(I) 

phosphine/NHC complexes.
113,114

 Nonetheless, it is clear that, as the substrate base continues 

to expand, there remains the potential to further improve on current successes. Indeed, it is 

the search for a wider range of applicable catalysts and reaction conditions that form the basis 

of the research presented herein. 
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2. Proposed Work 

 

Within the Kerr laboratory, several novel complexes of the type [(COD)Ir(PR3)(NHC)]PF6, 

196, have been synthesised and successfully applied to homogeneous ortho-directed HIE 

processes.
12,113,114,116

 As these complexes are emerging as an industry standard in HIE 

chemistry, it is vital that their synthesis and use be made accessible to the broadest possible 

audience. As such, the first aim of this project will be to improve on the current published 

synthesis of complexes 196a – 196c (Scheme 31),
113

 allowing for enhanced reaction 

scalability and more attractive operational simplicity. A faster, more scalable route towards 

key intermediate [(COD)Ir(IMes)Cl], 207, from 205 is believed to be crucial to this goal, as it 

is diversification from this complex that leads to the desired catalysts. Current efforts will 

thus focus on eliminating long reaction times and the carcinogenic solvent, benzene, from the 

syntheses of 196a – 196c. 

 

 

Scheme 31. Original synthesis of Kerr group ortho-HIE catalysts. 

 

In a second objective, complementary to the first, it is desirable that this project 

explores alteration of the catalyst counterion, hexafluorophosphate, PF6. Literature 

precedent in iridium-catalysed hydrogenation suggests that moving to a larger, more 

weakly-coordinating anion can improve catalyst efficiency and longevity.
141–144

 It is 

thus hypothesised that moving to larger counterions, such as tetrakis[3,5- 
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bis(trifluoromethyl)phenyl] borate (BArF), will enhance the activity of the proposed 

new Ir catalysts at lower catalyst loadings. To substantiate these proposals, it is 

necessary to study complexes bearing counterions both larger and smaller than for 

catalyst 196a. To initiate investigations in this area, complexes 208a – 208c will be the 

primary targets (Scheme 32). Indeed, Pregosin has shown that these alternative 

counterions decrease in size BArF, to OTf, to PF6, to BF4.
143

 With these complexes in 

hand, the effect of the outer coordination sphere on the efficacy of HIE processes 

similar to those already described can be probed quickly. Additionally, it is proposed 

that these counterion effects may contribute to development of ortho-labelling 

methods for weakly coordinating and highly challenging substrates, such as tetrazoles, 

209, and carboxylic acids, 13, which may require as-yet unexplored basic reaction 

conditions. 

 

 

Scheme 32. Proposed catalyst anion development and applications in ortho-HIE of acids and 

tetrazoles. 

 

In a more wide-reaching aim of this project, it is anticipated that the involvement of 

complementary computational studies can vastly improve and refine our means of designing 

novel isotope exchange catalysts.
145

 How bulky should our ligand sphere be? Does the 

carbene size outweigh its electronic contributions? What ligand combinations should we 

avoid? All these questions and more can be answered by partnering our established 

experimental measures with carefully selected, computationally-accessed parameters. In an 

extension of concepts introduced vide supra (Section 1.5), existing and proposed ortho-HIE 

catalysts will be characterised in terms of the steric and electronic characteristics of the ligand 

combination, rather than assessing the influence of each ancillary ligand separately (Scheme 

33). By using two electronically and sterically distinct but nonetheless chemically relevant Ir 

species, useful parameters can be derived to describe ligand combinations of A and B. 

Ultimately, it is envisaged that the wealth of information available from such calculations 
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will be distilled via statistical methods to provide a user-friendly visual map of different 

catalyst types. 

 

Scheme 33. Proposed strategy for describing the combined influence of ancillary ligands A 

and B via DFT methods. 
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To parallel an intensified computational mode of catalyst design, the concepts must be tested 

experimentally. Thus, it is proposed that these theoretical studies are applied to the 

investigation of as yet unsolved challenges within HIE chemistry.  

 

In a further extension to this overall programme of work, we wish to further broaden the 

scope of our most successful catalysts of type 196.  As well as efforts concentrated on 

judicious alteration of the catalyst counterion, it is important to continue investigations into 

the effects of changing the ligands which support the iridium centre. More specifically, there 

remains scope to explore structural variations in the carbene ligand, probing further the 

effects of the steric bulk and electron donation imparted by this part of the catalyst. 

Imidazolium salts derived from 213 will thus be prime synthetic targets in this area of study 

(Scheme 34). In this case study with 213 (where the chloride salt represents natural product 

Lepidiline A),
146

 its 4,5-unsubstituted analogue has already been successfully applied to HIE 

chemistry.
147

 It has recently been shown that such additional methyl substitution can increase 

both the electron-donating capability and steric bulk of NHC ligands;
148,149

 two highly 

desirable traits in designing effective HIE catalysts.
113,150

 Therefore, a combined experimental 

and computation assessment of 214 versus existing catalysts will be undertaken in order to 

rationalise the effects of 4,5-dimethyl substitution. 

  

 

Scheme 34. Proposed NHC variations to investigate experimentally and computationally. 

 

Among other remaining challenges in homogeneous HIE, selective labelling via sterically-

encumbered primary sulfonamide directing groups remains unsolved.
111

 To address this, the 

bifunctional drug molecules derived from COX-2 inhibitor Celecoxib, 215, will be studied in 

detail. Methods to label via the alternative pyrazole directing group are already known (Part 

A, Scheme 35).
114,147,151

 In a related regioselectivity problem, the labelling of aldehydes 

remains a remarkably under-developed field, despite the widespread use of such compounds 

as an indispensable building block in organic synthesis. Evolving theoretical understanding of 
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catalyst design will thus be used in an attempt to find novel and complementary methods for 

the production of labelled aldehydes, 216a and 216b (Part B, Scheme 35). 

 

 

Scheme 35. Unsolved questions in the regioselective labelling of 1º sulfonamides and 

aldehydes. 

 

In the final aim of this project, it is proposed that the study of novel bidentate rather than 

monodentate ligand partnerships be initiated. As described in the Introduction, bidentate 

ligands can offer more spatially accessible catalyst coordination spheres relative to 

monodentate phosphines, providing exploitable opportunities to develop HIE methods for 

more challenging substrate classes.
98

 Driven by the well-documented success of 

NHC/phosphine ligand spheres in HIE catalysis, it is proposed that this work be extended to 

encompass mixed NHC/phosphine bidentate ligands. As such, the steric and electronic 

properties of the related iridium catalysts will be assessed computationally in order to assess 

the propensity for such species to deliver new technologies for the HIE community (210a 

versus 210b, Scheme 36). 
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Scheme 36. Proposed assessment of mono- versus bidentate NHC/phosphine HIE catalysts. 
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3. Expanding the Applicability of [(COD)Ir(NHC)(PR3)]X Complexes in HIE Processes 

  

3.1 Alternative Synthetic Route to [(COD)Ir(IMes)(PR3)]PF6 

 

It was proposed that a simpler, more scalable and more flexible synthesis of benchmark 

catalysts 196a – 196c would be achieved by isolating large scale, pure quantities of 207. This 

would aid in avoiding mechanically-cumbersome solvent changes and additional argon 

filtration steps that are hurdles to scalable catalyst synthesis. Before embarking on alternative 

synthetic routes towards 207, it was deemed necessary to perfect the aforementioned 

synthetic methodology most traditionally employed within our laboratories.
112,114,147,151

 Using 

the latest optimised conditions for this particular reaction,
147

 207 could be isolated in good 

yield, approaching gram-scale quantities of the desired product (Scheme 37). 

 

 

Scheme 37. Synthesis of 207 via established methods. 

 

In approaching an alternative synthetic procedure towards complex 207, promising reports 

from Plenio
152

 and Glorius
148

 revealed that it can be readily synthesised from dimer 205, and 

IMes salt 206, using KO
t
Bu in THF. In combining the best traits from these syntheses of 207, 

dimer 205 and KO
t
Bu were stirred together in dry THF before salt 206 was added to the 

reaction mixture in one portion, causing an instant dark red to dark yellow colour change. On 

work up, isolation of the desired product by simple flash column chromatography was readily 

achieved in good to excellent yields (Scheme 38). Reactions of this type are highly efficient 

at room temperature and proceed to near completion within 2 – 3 h. Under these new 

conditions, complex 207 can now be synthesised on an unprecedented multi-gram scale, with 

a significant reduction in reaction time and complete eradication of the need for using 

benzene or, indeed, metallic sodium.  
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Scheme 38. Alternative synthesis of 207. 

 

With a vastly improved route to 207 in place, stock quantities of this complex were available 

for improving the synthesis of our most successful catalyst range, 196a – 196c, bearing the 

PF6 counterion. It was deemed advantageous to first perfect (and improve) on the standard 

protocol for synthesising HIE catalysts 196a – 196c. If any problem could be identified in 

preparing these catalysts from 207, it lies not in the reaction itself but in the isolation of the 

desired catalysts. Traditionally, and according to published procedures,
114

 these iridium 

complexes have been purified and isolated via recrystallisation from a DCM/Et2O solvent 

system. Looking more closely at repeated syntheses of said complexes, it can be seen that this 

isolation method provides product yields that are highly variable.
147,153

 To investigate these 

concerns, complex 196a was synthesised according to this commonly utilised method (see 

Table 4, Entry 1 for a representative example carried out on the largest scale to date). The 

carbene chloride complex, 207, was dissolved in dry THF and treated with silver 

hexafluorophosphate, causing immediate precipitation of silver chloride. After filtration of 

the reaction mixture through celite and addition of PPh3, a yellow/orange to bright red colour 

change was observed. Having stirred the reaction mixture for the allotted reaction time, the 

desired complex was isolated via the recrystallisation method described above in moderate 

yields comparable with those described in the literature. The mixed solvent system used for 

recrystallisation in this case does purify the complex but undoubtedly possesses the danger of 

triturating unreacted PPh3 along with the desired product.
147

 To improve the yield and 

consistency of this synthetic procedure, it was proposed that a mechanically simpler 

trituration method be identified. To our satisfaction, a simple solvent screen has uncovered 

EtOAc as the perfect triturating agent, allowing the full catalyst range to be isolated in higher 

yields and at scales previously unachievable (Table 4, Entries 2 – 4). This improved 

synthetic method has culminated in 196a – 196c being made commercially available by 

Strem Chemicals, Ltd.
154–156
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Table 4. Improved syntheses of complexes 196a – 196c from 207. 

 

Entry PR3 Time (h) Work-up Procedure Yield (%)
a
 Lit. Yield(%)

b 

1 
PPh3 1 

DCM/Et2O recryst. 50 
62 

2 EtOAc trit. 80 

3 PBn3 1 EtOAc trit. 77 59 

4 PMe2Ph 16 EtOAc trit. 90 71 

a 
All reactions carried out on a 1.093 mmol scale with respect to 207. 

b
 Lit. yields refer to method shown in Scheme 31.

113 
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3.2 Anion Effects in Iridium-catalysed Isotope Exchange Processes 

 

Ionic transition metal complexes play a central role in catalysis and organic synthesis. 

Although it is more common to tune the properties of such catalysts via manipulation of the 

coordinated ligands on the transition metal cation, the past two decades have witnessed a 

significant increase in studies of the effects of changing the negatively charged 

counterion.
157–159

 In most cases where the counterion plays a spectator role, moving to larger, 

more weakly coordinating counterions has evidenced a positive influence on catalyst 

efficiency across various methodologies, with examples spanning palladium,
160,161

 

rhodium,
162

 and iridium
141,144,163,164

 catalyses, among others.
157,158

 Having stated this, there 

also exist some cases in which the ability of the counterion to coordinate to the inner sphere 

of the transition metal cation is essential for overall structural stability.
165–168

 Furthermore, 

changing the counterion has also been documented to completely alter reaction pathways in 

both transition metal complex synthesis
169,170

 and organic synthesis.
171

 

 

As previously described, our interest in this field stems from the development of 

cationic complexes of the type 196 for HIE processes. In this contribution, the 

syntheses and application in HIE of complexes 208a – 208c, counterion variations of 

flagship catalyst 196a are reported. Furthermore, as wider preparative applications of 

HIE require catalysts operable in a more expansive array of solvent media,
66,115,172

 it 

was theorised that the more diffuse counterions would enhance the solvent scope of 

the catalyst beyond that which we have already reported. 

 

Studies began with the syntheses of novel complexes 208b and 208c, using a method 

similar to that from Table 4.
 
Starting from the chloro-carbene complex, 207, the 

choice of silver salt used to the abstract the chloride ligand simultaneously delivered 

the counterion of choice (after addition of PPh3). Both complexes were isolated in 

acceptable yields by simple trituration from ethyl acetate, as for complexes 196a – 

196c (Table 5). 

 

In turning our attention to the synthesis of complex 208a, the lack of a commercially 

available source of AgBArF prompted the search for a silver-free synthetic route. In 

this regard, it was hypothesised that the chloro-carbene intermediate, 207, may be 

circumvented if the parent imidazolium salt required to provide the NHC ligand was  
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Table 5. General syntheses of novel complexes 208b and 208c. 

 
Entry X Catalyst Yield (%) 

1 OTf 208b 69 

2 BF4 208c 80 

 

partnered with a large and weakly coordinating counterion such as BArF. Indeed, this 

approach has promising literature precedent relating to iridium complexes bearing a 

chelating carbene-phosphine ligand.
173

 Accordingly, and as detailed in Scheme 39, this 

approach was successfully realised for our monodentate NHC-phosphine ligand 

combination. Firstly, NHC precursor 219 was synthesised by salt metathesis from 206. 

Following in-situ generation of [(COD)Ir(PPh3)Cl] from 205 and PPh3, 219 was added 

followed by base to yield the desired complex, 208a, in good yield, and on gram scale. 

As a brief diversion into studying the mechanistic aspects of this reaction, the suspected 

intermediate phosphine complex, 220, was prepared and isolated
174

 before subsequently 

reacting this with NHC salt, 219, in the presence of KO
t
Bu (Scheme 39, bottom). In 

agreement with previous observations, a yellow to deep red colour change was observed on 

addition of the base. The red solid isolated from the reaction mixture was identical in 

composition to 208a, indicating that intermediate, 220, is likely to be formed during the one-

pot procedure. 

 

All novel compounds, 208a – 208c and 219, were characterised by NMR (
1
H, 

13
C, 

31
P, 

19
F, and 

11
B), IR, melting point, HRMS, and X-ray crystallography. Of particular note 

is the X-ray structure determination of complex 208a, which reveals the similar size of 

the BArF counterion relative to the cationic portion of the complex (Figure 16). 

 

To investigate the impact of the series of counterions in iridium-based HIE processes, 

model reactions employing acetophenone, 27, as the substrate were undertaken. In 

particular, the effect of catalyst loading on the labelling efficacy of complexes 208a – 

208c was scrutinised. As shown in Scheme 40, the effect of changing the counterion  
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Scheme 39. Silver-free synthesis of complex 208a. 

 

          

 

Figure 16. Molecular structures of complexes 208a – 208c as determined via X-ray 

crystallography. 
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was clearly drawn out at the most accessible and commonly applied reaction 

temperature of 25 ºC (but not at 40 ºC; see Experimental section). As predicted, the 

relative efficiency of each catalyst increases in order of increasing counterion 

volume.
143

 Catalysts 208a and 208b, bearing the BArF and OTf counterions, 

respectively, are more active than parent catalyst, 196a, and the catalyst bearing the 

small BF4 counterion, 208c. Notably, the reactivity of the OTf catalyst, 208b, contrasts 

with observations made by Pfaltz and co-workers during their study on the counterion 

effects in olefin hydrogenation using PHOX-type chelating ligands.
144

 Where these 

previous studies showed complete shutdown of catalytic activity using the triflate 

species, we have evidenced that both OTf and BArF counterions perform equally well 

(and, indeed, better than the parent catalyst, 196a) at 25 °C within HIE processes. 

Presumably, this difference in the effectiveness of OTf across these two systems is 

related to the different orientations of the ancillary ligands in the active catalyst forms. 

For bidentate PHOX ligands, the coordinating groups adopt a cis configuration, 

allowing coordination of the dipolar triflate anion to the iridium centre. In catalyst 

series 196, the bulky NHC and phosphine ligands are known to rest trans to one 

another in the active form.
114 

Therefore, OTf coordination may be blocked by the more 

effective combined steric bulk of a trans NHC-phosphine system relative to the more 

open cis-coordinated PHOX ligands. 

 

Next, we explored the effective solvent scope of the catalysts with different counterions. 

Previously, we have identified 2-MeTHF, MTBE, and Et2O as viable alternatives to DCM 

using catalyst 196a.
115,147

 Therefore, we compared the applicable solvent scope of 196a 

versus the most non-polar derivative, 208a, across a wider range of solvents than previously 

explored. Using the same reference reaction as shown in Scheme 40 (5 mol% catalyst, 25 °C, 

1 h), a series of ethereal, alcoholic, ester, chlorinated, and aromatic solvents were screened. 

Firstly, it was encouraging to note that the more soluble catalyst, 208a, was generally 

superior to parent catalyst 196a within HIE for the range of ether and carbonate solvents 

tested (Figure 17). For dioxane, MTBE, Et2O, and 2-MeTHF both catalysts were shown to 

perform equally well, with the larger counterion of 208a offering slight improvements to an 

already efficient deuteration system. However, more significant improvements were recorded 

on comparing the activities of 196a and 208a in 
i
Pr2O, THF, and the recognised green 

solvents,
175–177 

CPME and dimethyl carbonate. 
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Alcohol-derived solvents provided a more varied range of reaction efficiencies (Figure 18). 

Notably, in all cases, catalyst 208a displayed greater levels of activity and was more widely 

applicable than 196a. The most significant reactivity from the alcoholic solvents shown was 

observed in the most sterically shielded (and presumably least coordinating) alcohol, 
t
AmOH. 

A similar pattern of reactivity was observed for ester solvents, and accompanied with higher 

overall levels of deuterium incorporation. Again, the combination of catalyst 208a and the 

most sterically encumbered solvent (
i
PrOAc over EtOAc) proved most effective.  

 

 

 

Scheme 40. Assessment of counterion effects on catalyst efficiency. 
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Figure 17. Counterion influence on ether and carbonate solvents using 196a and 208a with 

acetophenone, 27 (red = PF6; blue = BArF). 

 

Chlorinated solvents DCM and DCE evidenced no difference in catalysts 196a and 208a, 

with both producing almost quantitative D-incorporation. In contrast, a stark difference in 

deuterium labelling efficiency was recorded when using toluene as the solvent. Again, 

catalyst 208a was superior to the less soluble catalyst, 196a. Finally, it is also worth noting 

that more polar solvents DMSO and DMF were tested under the same reaction conditions 

with complex 208a, however, only very low levels of deuteration in acetophenone were 

detected (see Experimental section). 

 

Having shown that larger counterions are beneficial in ortho-HIE processes, the propensity to 

move beyond BArF to an even more diffuse counterions was investigated. To this end, 

Krossing’s lithium tetrakis(perfluro-tert-butylalkoxy)aluminate (LiPFTB)
159,178

 salt, 222, was 

synthesised in modest yield from LiAlH4 and employed in the synthesis of a fifth counterion 

derivative of this catalyst class, 208d, using the same method employed for catalyst 208a 

(Scheme 41). Using the acetophenone reference reaction (vide supra), this latest catalyst was 

compared to the BArF analogue across a more limited number of alternative reaction solvents 
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(Figure 19). Interestingly, 208d proved to offer significantly improved activity in IPA, 

EtOAc and toluene, but was otherwise comparable with or less effective than 208a.  

 

Figure 18. Counterion influence on alcohol, ester, chlorinated, and aromatic solvents (red = 

PF6; blue = BArF). 
 

 

Scheme 41. Synthesis of complex 208d, bearing the PFTB counterion. 
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Figure 19. Comparative solvent screen of largest counterion catalysts 208a (blue) and 208d 

(green) with acetophenone, 27. 

 

Although it must be acknowledged that the use of 208d may be advantageous in some 

instances, LiPFTB requires a more specialised synthesis
159

 than for NaBArF.
179

 As such, no 

further study was carried out using the PFTB catalyst, 208d. 

 

Owing to the highly variable solubility profile of different drug classes, HIE processes with 

drug candidates require a flexible solvent choice. To explore the potential benefits of 

expanded solvent scope with catalyst 208a over 196a, attention was turned to the deuterium 

labelling of drug molecule, Niclosamide, 224 (Table 6). Using catalyst 196a or 208a in 

DCM, similarly moderate to good deuterium incorporation was achieved across all four 

possible labelling sites (Table 6, Entries 1 and 2). This is presumed to be due to the relative 

insolubility of 224 in DCM. On moving to 2-MeTHF as an alternative solvent (able to fully 

solubilise all reactants), catalyst 196a showed suppressed deuteration in positions a-c, and 

enhanced deuteration at position d (Table 6, Entry 3).
 
The increased selectivity for position d 

when using 196a in 2-MeTHF may be based on the increased polarity of the solvent relative 

to DCM and the resultant increase in competition between substrate and solvent for 

coordination to iridium.
115

 Coordination of the amide carbonyl and labelling via a 5-mmi 

(position d) is more facile than via the 6-mmi (position c). Additionally, coordination through 
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the nitro group (for labelling at a and b) is presumed to be weaker than for the amide.
180

 

Pleasingly, and to exemplify the effectiveness of the larger anionic counterion, especially 

with more demanding pharmaceutically-related substrates, catalyst 208a in 2-MeTHF showed 

improved labelling in all four positions over all other conditions tested (Table 6, Entry 4 

versus 1-3).  

 

Table 6. Improved labelling of Niclosamide with 208a. 

 

Entry Catalyst X Solvent %Da %Db %Dc %Dd 

1 196a PF6 DCM 66 53 41 66 

2 208a BArF DCM 71 57 18 73 

3 196a PF6 2-MeTHF 51 11 4 98 

4 208a BArF 2-MeTHF 97 96 65 96 

 

To investigate the protective role played by larger counterions against cluster formation in 

hydride-mediated iridium catalysis, Diffusion Ordered NMR Spectroscopy (DOSY NMR) 

can be employed to assess the relative diffusion rates of catalyst cation and anion in 

solution.
142,143,158

 For 196a and 208a, 
1
H and 

19
F DOSY experiments were conducted to 

compare cation and anion diffusion, respectively. As illustrated in Figure 20, in catalyst 

196a, bearing the PF6 counterion, the cation and anion move independently through solution. 

In the other case, although not formally ion-paired, the cation and anion of 208a move at 

almost equal rates in solution phase. This suggests that the counterion for catalyst 208a is 

more likely to be within the proximity of the reactive cation, and able to play the protective 

role discussed above. 
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Figure 20. Relative diffusion of cation and anion fragments of catalysts 196a and 208a. 

 

In summary, the syntheses of four novel complexes of the type [(COD)Ir(IMes)(PPh3)]X (X 

= BF4, OTf, BArF, and PFTB) have been accomplished, with the BArF and PFTB complexes 

having been accessed by a modified and more direct preparative process. Application of these 

complexes as catalysts in hydrogen isotope exchange has demonstrated improved catalytic 

activity at lower catalyst loadings in the order X = BArF ≈ OTf > PF6 > BF4. Relative to the 

parent complex (196a, X = PF6), 208a (X = BArF) possesses a superior solubility profile and 

applicable solvent scope in HIE processes. This finding is of fundamental importance to the 

delivery of labelled drug candidates for use in ADMET studies. Complex 208d (X = PFTB) 

was compared to 208a in this way, revealing potential scope for future investigations, should 

its overall synthesis be improved. Accordingly, the complex 208a now provides a catalyst 

system of wider potential applicability and effectiveness, in particular, within pharmaceutical 

settings. In relation to this point, the utility of improved solvent scope has been demonstrated 

through improved global deuterium labelling of the drug molecule Niclosamide, 224, in 2-

MeTHF. 
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3.3 Base-sensitive HIE: ortho-Directed Labelling of Unprotected Tetrazoles  

 

The tetrazole represents an important azacyclic functional group in pharmaceutical science 

and drug design. As a key bioisostere of the carboxylic acid, this functionality has been 

employed in with great success within the sartan drug class.
181

 Having said this, methods to 

ortho-functionalise tetrazoles are surprisingly rare, and have tended to involve N-protected 

analogues (Scheme 42).
182–184

 Specific to this work, functionalisation protocols employing 

unprotected tetrazoles (a key element of some drug classes) are especially scarce, with only 

an isolated and inefficient (17%) tritiation example having been reported using the 

RhCl3.3H2O catalyst.
8
 As such, it was proposed to investigate the propensity for the novel 

ortho-HIE Ir catalyst, 208a (vide supra) to mediate the deuteration of such tetrazoles 

(Scheme 42, inset). 

 

 

Scheme 42. Tetrazole directing groups in C-H functionalisation. 

 

In approaching the problem, we first recognised that the aforementioned C-H activation 

protocols all involved the generation of acetate, a potential mediator for concerted 

metalation-deprotonation (CMD),
47,185

 a mechanism distinct from that operative under the 

normal deuteration conditions for catalyst 208a.
114

 Secondly, the bioisosteric carboxylic acid 

functionality requires high temperature and base-mediated deuteration methods,
186

 suggesting 
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weak coordinating ability of the directing group. This holds true for the tetrazole 

functionalisations described in Scheme 42. Finally, it has been shown by Zhou and co-

workers that bis-phosphine hydrogenation catalysts related to 208a can be employed under 

basic conditions (Et3N or Cs2CO3 in MeOH) to mediate the carboxylate-directed asymmetric 

hydrogenation of cinnamic acid derivatives.
187–190

 

 

Based on the aforementioned literature observations, a design of experiments (DoE)
191–193

 

approach was used to efficiently explore a range of conditions (base, temperature, and time)  

in labelling unprotected tetrazole, 225 (Table 7). In all cases, lower temperatures and times 

were insufficient, regardless of catalyst or base used (Entries 1 – 3). More encouragingly, 

increasing the temperature to 37.5 ºC with BArF catalyst 208a in combination with Cs2CO3 

for 2 h, evidenced a 66% ortho-deuteration of 225, and was superior to the alternative 

catalyst and base under similar conditions (Entry 7 versus 4 – 6). The true superiority of 

Cs2CO3 over Et3N was drawn out at 50 
o
C (Entries 8 and 9), along with the need for longer 

reaction times (Entries 9 and 12 versus 10 and 11, respectively). Most intriguingly however, 

the benefit of the larger counterion in catalyst 208a was no longer apparent at this 

temperature (Entry 9 versus 12), even with the addition of extraneous water (Entry 9 versus 

12, parenthesised). In line with initial suspicions, base was necessary for catalysis (Entry 14 

versus 12), while lowering the catalyst loading of 208a had only a minor deleterious effect. 

Overall, the conditions from Entry 12 represented a promising and novel approach to ortho-

deuteration with this challenging substrate class, and were thus chosen for further study. 

 

Under the optimised reaction conditions, the scope of applicable tetrazole derivatives was 

investigated (Figure 21). To our satisfaction, a range of electron-donating and electron-

withdrawing substituents were tolerated in the para-position (225 – 228). Various meta-

substituted derivatives were also successfully applied (229 and 230), with the preference to 

label the least hindered site varying depending on the ability of the substituent to assist 

labelling in the more hindered ortho-site.
94

 Additionally, it was encouraging to note that the 

most sterically restrictive substrate, 231, could be labelled with high efficiency, albeit with a 

longer reaction time. Unfortunately, the 6-mmi benzyl tetrazole analogue, 232, was not 

compatible with this method, showing evidence of decomposition by LC-MS (see 

Experimental section for full details). 
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Table 7. Reaction optimisation for ortho-HIE with N-H tetrazoles. 

 

Entry Catalyst X Base Time (h) Temperature (ºC) %D 

1 196a PF6 Et3N 1 25 7 

2 196a PF6 Cs2CO3 1 25 6 

3 208a BArF Cs2CO3 1 25 10 

4 196a PF6 Et3N 2 37.5 10 

5 196a PF6 Cs2CO3 2 37.5 15 

6 208a PF6 Et3N 2 37.5 0 

7 208a BArF Cs2CO3 2 37.5 66 

8 196a PF6 Et3N 3 50 5 

9
a
 196a PF6 Cs2CO3 3 50 83 (83) 

10 196a PF6 Cs2CO3 1 50 72 

11 208a BArF Cs2CO3 1 50 80 

12
a
 208a BArF Cs2CO3 3 50 85 (83) 

13
b
 208a BArF Cs2CO3 3 50 81 

14 208a BArF - 3 50 <5 

15 196a PF6 Cs2CO3 3 50 10 

a
 Values in parentheses reflect reactions carried out with added H2O (50 µL, ~3 mol%). 

b
 Reaction carried out using 2.5 mol% [Ir] instead of 5.0 mol%. 
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Figure 21. Substrate scope for tetrazole ortho-HIE protocol. 

 

Due to the collaborative nature of this particular project, it was deemed important to highlight 

the applicability of this method to more structurally challenging and pharmaceutically-

relevant HIE processes. To this end, we subjected the beta-blocker Valsartan, 233, to 

modified conditions (accounting for the additional acid site in the molecule). In testament to 

this new labelling method, the drug molecule was shown to incorporate one deuterium atom, 

as expected, and at a very high 88% incorporation, showing only minor degradation of the 

product via LC-MS (Scheme 43). Crucially, this new method has also been successfully 

applied to an analogous tritiation of 233, confirming beyond doubt by 
3
H NMR that labelling 

is selective for the desired position only (see Experimental section). 

 

 

Scheme 43. Iridium-catalysed deuterium and tritium labelling of Valsartan. 
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This ortho-HIE process is not only novel for tetrazole functionalisation, but employment of 

base also indicates a potentially new mode of reactivity for HIE catalysts such as 208a. Some 

initial mechanistic experiments have thus been conducted. Firstly, the optimised reference 

reaction (Table 7, Entry 12) and the unproductive base-free counterpart (Entry 14) were 

repeated, with pH indicator methyl red being added after the optimised reaction time.
75

 In the 

latter case, a red solution resulted, indicating an acidic medium of pH < 4.4. In stark contrast, 

and perhaps unsurprisingly, the reaction conducted in the presence of Cs2CO3 resulted in a 

yellow solution, indicating a more basic medium of pH > 6.6 (Figure 22, left). Therefore, 

under the operative reaction conditions, the tetrazole substrate (pKa ≈ 4) is most likely 

deprotonated. This conjecture was strengthened on analysing the 
19

F NMR shifts of substrate 

228 under the optimised reaction conditions with and without base (Figure 22, right). 

 

 

Figure 22. Tetrazole labelling mixtures with and without base. 

 

Attempted labelling of N-methyl-2-phenyltetrazole, 234, under either basic or acidic 

conditions resulted in poor levels of D-incorporation, with presence of base nonetheless 

proving beneficial to ortho-deuteration, and suggesting a change in reaction mechanism 

(Scheme 44, Part A). By a similar method, bifunctional substrate, 2-(4’-nitrophenyl)-1H-

tetrazole, 235, was applied to the reaction conditions with and without base (Scheme 44, 

Part B). In the presence of base, relative data from 
1
H NMR, LC-MS and HRMS suggest 

primary formation of the di-deuterated product in accordance with tetrazole selectivity, and 

represents yet another viable substrate for this novel labelling method. Alternatively, the 

absence of base resulted in low conversion and an equal distribution of deuterium, indicating 

Without methyl red 

With methyl red 

No base With base 

No base With base 

228 

BArF 

Conditions for NMR: 1) 228 in MeOD-d4 only (red); 2) 228 

(1 eq.), 208a (0.05 eq.), Cs2CO3 (0.5 eq.), D2, 27 ºC (green); 

3) 228a (1 eq.), 208a (0.05 eq.), D2, no base, 27 ºC (black). 

BArF 228 

228
 
(deprot.) 
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balanced competition between the neutral tetrazole and nitro directing groups. This indicates 

that the free N-H tetrazole is necessary to allow formation of the anion and more efficient 

interaction with iridium. Overall, this implied that the pH of the solution changed the active 

catalyst in the reaction, with optimal conditions being selective for unprotected (rather than 

N-capped) tetrazoles. 

 

 

Scheme 44. Investigating the importance of N-H tetrazoles and changes in the active catalyst. 

 

Under the current reaction set-up, acquisition of rate data was, unfortunately, difficult to 

achieve. Having said this, halting reactions after 5 mins rather than 3 h offered insight into 

the relative rates of labelling disparately substituted tetrazoles (Table 8). In this way, it was 

found that overall more electron-withdrawing substituents favoured faster reactions, further 

strengthening the case for a base-assisted reaction mechanism. Although the rate (even within 

5 mins) was too fast for X = CF3 and Cl to be considered as initial rates, using Swain-Lupton 

parameters for X = H, Me, and OMe in order to construct a modified Hammett plot yielded a 

perfect straight line with ρ = 1.60 when assuming resonance and field effects were almost 

equal.
194

 This suggests that a partial (but not formal) negative charge builds up on the 

aromatic ring during the rate-limiting step, and further supports a base-assisted metalation 

pathway. 
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Table 8. Investigating substrate electronics in Ir-catalysed tetrazole labelling. 

 

 

A 
31

P NMR study of the catalyst in MeOD-d4 under different conditions revealed an 

intriguing variation in the phosphine-containing species present in solution (Figure 23). A 

single peak at ~16.2 ppm was visible for the precatalyst, 208a, in the absence of any other 

reagent. This remained unchanged at 45 ºC (see Experimental section). Interestingly, 

whether mixing 208a and H2, or 208a and Cs2CO3, a similar red to yellow colour change 

occurred, resulting in similar and complete conversion to a new peak at ~32.3 ppm. Only 

when 208a, base, and H2 were mixed together were the distinct peaks at ~14.2 and ~13.3 

ppm observed, with both species persisting in the presence of tetrazole, 228. Parallel 
1
H 

NMR studies support the presence of at least two mixed NHC/phosphine species, where the 

NHC is non-innocent (see Experimental section). Additional NMR studies with pure 

triphenylphosphine revealed yet another distinct peak at ~ -5.9 ppm, presenting evidence 

against phosphine ligand dissociation from the precatalyst under the standard reaction 

conditions. However, similar measurements using triphenylphosphine oxide revealed that a 

signal at ~32.1 ppm which, versus ~32.3 ppm observed in all other catalyst activation 

experiments, may indicate oxidative ligand cleavage as a PPh3 possible side reaction.  

 

It was proposed that the 
31

P NMR species observed at ~32 ppm may represent an inactive 

iridium species, formed in the absence of base, hydrogen, or tetrazole substrate. This reflects 

upon an interesting dependence on the order of addition of reaction components to the 

activity of the catalyst. It was observed that, if the tetrazole, base and solvent were preheated 

to 50 ºC before the addition of D2, no labelling was observed. However, the standard 

conditions of mixing all reaction components at room temperature prior to heating to 50 ºC  

Entry X Substrate %D 

1 H 209 26 

2 Me 225 14 

3 OMe 226 10 

4 CF3 228 67 

5 Cl 227 73 
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Figure 23. 
31

P NMR study of the catalyst with various components of the tetrazole labelling 

method. 

 

resulted in the optimal catalyst active already discussed (see Experimental section for full 

details). 

 

The case against PPh3 dissociation during catalyst activation was strengthened when 

alternative catalyst 196a was compared to easily-prepared derivative 236 (see Experimental 

section), bearing a more labile acetonitrile ligand (Table 9). For all unprotected tetrazoles 

(Entries 1 – 5), catalyst 196a proved superior to 236, indicating the beneficial role of the 

phosphine in the reaction. Similarly to earlier studies, the N-Me tetrazole performed poorly, 

regardless of reaction conditions (Entry 6). 

 

 

 

Active species? 7) Ph3P 

5) Catalyst + H2 + base + 228 

6) Ph3P=O 

4) Catalyst + H2 + Cs2CO3 

3) Catalyst + H2 

2) Catalyst + Cs2CO3 

 
1) Precatalyst 
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Table 9. Investigating the role of the PPh3 ligand in Ir-catalysed tetrazole labelling. 

 

Entry X / R %D(196a) %D(236) 

1 H / H 83 20 

2 4-Cl / H 78 37 

3 4-CF3 / H 93 28 

4 4-Me / H 83 6 

5 4-OMe / H 89 11 

6 H / Me 17 22 

 

In a final mechanistic investigation, the source of deuterium label was probed. By employing 

MeOD-d4 as the sole deuterium source to label 225 (under Ar rather than D2), a low 8% D-

incorporation was recorded, indicating the necessity for gaseous D2 (Scheme 45, left). In line 

with this result, employing D2 and MeOD-d4 together was found to improve the D-

incorporation to 98%, better than any other result recorded (Scheme 45, right). From these 

results, it appears likely that at least one major and one minor reaction pathway may be 

operating to deliver the ortho-deuterium label to the tetrazole. 

 

Scheme 45. Probing the deuterium source in Ir-catalysed tetrazole labelling. 

 

In summary, complexes 196a and 208a have been developed to catalyse the first general 

method for the ortho-deuteration of pharmaceutically-relevant aryl tetrazoles. Furthermore, 
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this method represents a rare case of selective C-H functionalisation on unprotected 

tetrazoles. Mechanistic investigations have revealed evidence for the first base-assisted 

catalysis using 196a and 208a, from which the following key points can be drawn: 

 

1) The role of the base is not simple substrate deprotonation (Et3N versus Cs2CO3). 

2) The tetrazole is likely to be fully deprotonated (methyl red indicator). 

3) The active catalyst is only formed in the presence of D2 and Cs2CO3 together. 

4) The phosphine ligand is key to the active catalyst and, based on current evidence, is 

believed not to dissociate. However, ligation of Ph3P=O may play a role and remains 

to be fully explored. 

5) More electron-poor tetrazoles are labelled fastest, strengthening the proposal of a 

CMD-type mechanism. 

6) There is at least one major and one minor pathway by which deuterium can be 

incorporated into the substrate (D2 versus MeOD-d4). 

 

Further work in this area will concentrate on fully elucidating the reaction mechanism(s), and 

expanding the scope of this industry-aligned labelling method to encompass carboxylic acids.  

  



79 
  

4. Experimental & Theoretical Ligand Design Methods in HIE Processes 

 

The current library of available HIE catalysts is formidable, and has been acknowledged to 

often render substrate-specific catalyst choice as trial and error.
66

 In order to fully exploit 

their potential, it is essential that ortho-HIE catalysts be characterised on a meaningful, 

quantitative, and predictive footing. Indeed, work of this nature has been undertaken by 

previous researchers, where the use and application of different phosphines was rationalised 

based on available Tolman Cone Angle and TEP data.
101,151

 Whilst this work was able to 

provide a qualitative means of rationalising the labelling efficacy and selectivity in a limited 

number of isotopic labelling processes, there have been no attempts to compare NHC and 

phosphine ligands of HIE catalysts on a comparable and quantifiable basis. Furthermore, it is 

now proposed that it is not the influence of any one ligand that is important, as previously 

studied, but instead the combined effect of the ligand set on the iridium centre. Herein, 

experimental and computational methods which differentiate ancillary ligand partnerships in 

iridium-based HIE catalysts are divulged. 

 

4.1 Experimental Evidence for Observable Ligand Pairing Behaviour 

 

The overall proposal of this work is to provide a computationally-derived visual map of 

available ligand space. However, it was first deemed necessary to provide evidence that 

different ligand partnerships could be analysed experimentally and grouped according to their 

combined influence on specific iridium complexes. 

 

4.1.1 Ir(I) Di- & Tricarbonyl Complexes in the Assessment of Combined Ligand Sterics 

 

Recent work on Ir(I) dicarbonyl complexes has revealed that the configuration of the 

carbonyl ligands, though preferentially cis (as in 237 – 239, Figure 24), is dictated by the 

ligand size, with larger combinations driving a trans dicarbonyl arrangement (240 – 242, 

Figure 24).
120,195,196

 This structural promiscuity limits the use of electronic parameters 

derived from such complexes.
196

 The synthesis and X-ray characterisation of further 

NHC/phosphine derivatives, such as 240, could, however, be used to define a steric threshold 

– the ligand size at which Ir(I) multi-carbonyl complexes switch from cis to trans, based on 

%Vbur, even within this one ligand pairing class. This could then be used as a proxy for 
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cis/trans equilibria of HIE-active Ir(III) dihydride complexes – an important consideration 

when examining substrate labelling regioselectivity (vide supra and vide infra). 

 

 

Figure 24. Known Ir(I) dicarbonyl complexes showing sterically-controlled geometry switch. 

 

Using HIE precatalysts from our laboratory, the dicarbonyl derivatives were simply prepared 

via exposure of a DCM solution of the COD-ligated complex, 243, to an atmosphere of CO, 

producing the desired dicarbonyl complexes in good yield following work-up (Table 10). As 

hypothesised, smaller NHC/phosphine combinations were shown to form exclusively 244 

(cis-type complexes), where larger variants produced either the 245 or 246 (trans-type 

complexes). These observations were supported by IR spectroscopy, where complexes 

derived from 244 produced two clear absorption peaks, representing the symmetric and 

asymmetric dicarbonyl stretching frequencies. Conversely, complexes derived from 245 and 

246 showed broader signals that almost coalesce at lower wavenumbers (Table 10, Entries 1 

- 3 versus Entries 4 – 6). Subsequent X-ray and %Vbur analyses of each carbonyl complex 

was more revealing (Table 11). Directly comparable dicarbonyl complexes (Entries 1 – 4), 

indeed, show an increased deformation of the ideal 90º (CO)-Ir(CO) bond angle with 

increasing size of the ligand sphere. Although reasons for forming tri- versus di-carbonyl 

complexes have not yet been delineated (Entries 5 – 6), it is interesting to note the exclusive 

trans arrangement of the IMes/phosphine ligand sphere, irrespective of the phosphine. 

 

These studies serve to demonstrate that, even within one ligand pairing class 

(NHC/phosphine), chemical behaviour and relative ligand geometries can be influenced, 

depending on the exact nature of each ligand, and the relationship between them. 

Furthermore, it is important to note that the %Vbur method of calculating steric encumbrance 
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is sensitive enough to record ligand contraction on moving to higher Ir coordination numbers 

(for example, the IMes ligand in Table 11, Entry 4 versus 5 and 6). In combination with the 

literature examples (Figure 24), this is taken as good evidence that modelling related HIE 

catalysts based on steric parameters could (in part) help explain their catalytic behaviour. 

 

Table 10. Synthesis of Ir(I) NHC/phosphine di- and tri-carbonyl complexes. 

 

Entry PR3 R’ Complex Yield / % ν(CO)DCM / cm
-1 

1 PPh3 Cy 244a 81 2083, 2025 

2 PBn3 Cy 244b 83 2081, 2025 

3 PMe2Ph Bn 244c 49 2081, 2023 

4 PPh3 Mes 245a 69 2010, 1991 

5 PMe2Ph Mes 246a 69 2004, 1987 

6 PBn3 Mes 246b 80 2000, 1991 
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Table 11. Ir(I) di- and tri-carbonyl complexes bearing mixed NHC/phosphine ligand sphere.
a
 

 

 

Entry Complex %Vbur (PR3) %Vbur (NHC) Σ(%Vbur) θCO-Ir-CO (º)
 

1 244a 27.3 26.6 53.9 90.2 

2 244b 30 26.7 56.7 90.7 

3 244c 23.3 36.0 59.3 92.7 

4 245a 29.3 35.6 64.9 160.0 

5
b
 246a 25 30.6 55.6 127.2, 116.8, 115.2 

6
b
 246b 32.6 31.2 63.8 125.2, 116.4, 117.6 

a
 H-atoms and PF6 anions removed from X-ray structures for clarity. 

b
 Tricarbonyl complexes possess three distinct (CO)-Ir-(CO) angles. 

 

 

4.1.2 Ir(I) Chloro-carbonyl Complexes in the Study of Combined Ligand Electronics 

 

Beyond steric encumbrance, it is also important to accrue evidence that ligand partnerships 

can exert combined electronic influence before undertaking expensive computational 

modelling. In this case, literature examples of Ir(I) chloro-carbonyl complexes - including 

Vaska’s complex, 247a – have demonstrated that the combined influence of various ligand 

partnerships on the metal’s π-donating ability can be measured via IR spectroscopy (247 – 

250, Figure 25).
197–200

 

244a 244b 
244c 

245a 
246a 

246b 
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Figure 25. Known Ir(I) chloro-carbonyl complexes. 

 

Herein, further NHC/phosphine examples of interest have been synthesised and compared via 

IR spectroscopy and X-ray crystallography. Importantly, these include NHC/phosphine 

partnerships previously studied in HIE, as well as novel partnerships examined in more detail 

below. In this primary study, chloro-carbonyl complexes 253a – 253e were synthesised as 

shown in Table 12. Starting from known chloro-carbene complexes of the type 251, 

complexes 252 can be formed in-situ under an atmosphere of CO before switching to argon, 

allowing 253 to be formed via substitution of one CO ligand by the addition of the chosen 

phosphine. All novel complexes, 253b – 253e, were found to generate more electron-rich 

iridium centres than the known complex, 253a (Entries 1 versus 2 – 5).
197

 Advantageously, 

this method was sensitive enough to record the increasing electron-donating power of adding 

methyl substitution to the NHC architecture across complexes 253b – 253d (Entry 2 versus 

Entry 3 versus Entry 4). For the same NHC, moving to a more electron-donating (sp
3
-

substituted) phosphine increased the electron-rich nature of the final iridium complex (Entry 

3 versus 5). Crucially, by comparing complexes 253a and 253e (Entry 1 versus Entry 5), it 

is clear that this method allows comparison of the electron-donating properties of complexes 

where both ancillary ligands – the NHC and the phosphine - are altered. Finally, X-ray 

analysis of selected complexes 253b – 235d (Table 13) revealed the exclusive trans 

geometry of the chloro- carbonyl complexes, in agreement with that already reported for the 

literature examples in Figure 25. Notably, %Vbur analysis of the carbene ligands from 253b – 

253d revealed a rather counterintuitive order of steric encumbrance (253b > 253c > 253d), 

and was coupled with an increasing distortion from the ideal square planar geometry. 

Interestingly, analysis of CO bond lengths was deemed impossible due to inherent disorder 
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and equal occupancy of the coordination sites occupied by the chloride and carbonyl 

ligands.
201

  

 

Table 12. Synthesis of Ir(I) chloro-carbonyl complexes. 

 

Entry Complex R R’ PR3’’ Yield / % ν(CO)DCM / cm
-1 

1 253a Bn H PPh3 42 1950 

2 253b 2,6-Xy H PPh3 67 1944 

3 253c Mes H PPh3 47 1942 

4 253d Mes Me PPh3 44 1940 

5 253e Mes H PMe2Ph 53 1937 

 

Table 13. Molecular structure of chloro-carbonyl complex as determined via X-ray analysis. 

  

  253b    253c    253d 

Entry Complex %Vbur (NHC) θC-Ir-P (º)
 

1 253b 34.2 178.8 

2 253c 33.7 173.4 

3 253d 32.9 171.9 
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4.1.3 Ir(III) Dihydride Complexes in the Study of Combined Ligand Electronics 

 

It has been acknowledged that measurement of ν(CO) in complexes such as 253 mainly 

details the π-donating ability of the resultant iridium complexes.
121

 Therefore, additional 

effort was needed to provide experimental evidence that the overall σ-donating ability of a 

ligand sphere could be measured as a single value. To achieve this, it was hypothesised that 

NMR measurements of catalytically relevant Ir(III) dihydride structures generated in situ 

(such as complex 254, Scheme 25) would provide a convenient handle, as the hydride ligands 

are solely σ-bonding in nature. Such complexes are made stable and easy to handle in 

monomeric form by using MeCN solvent to trap the intermediate of interest.
10,202

 In practice, 

a small quantity of each precatalyst was dissolved in CD3CN inside an NMR tube. Bubbling 

H2 through the solution activated the complex 210 to generate 254 as the main species in situ 

(Table 14). For phosphine-containing examples, the primarily trans geometry of the ancillary 

ligands was confirmed by complementary coupling observed in the 
1
H and 

31
P NMR spectra 

(see Experimental section). 

 

In Entries 1 – 5 of Table 14, the same ligand partnerships employed in synthesising chloro- 

carbonyl complexes 253a – 253e were investigated. For four of these five ligand 

partnerships, similar electron-donating ability was noted as for the carbonyl complexes: 254e 

> 254d > 254c > 254a. However, the order of 254b and 254c in the study of the hydride 

complexes is reversed relative to the carbonyl complexes. This provides important evidence 

that the properties of a given ligand partnership are best described by a multi- rather than a 

univariate approach in order to capture a more holistic assessment of its properties. The 

simplicity of the hydride NMR method allowed for a straight forward extension into a 

comparative study with Crabtree’s catalyst (254f, Entry 6) and the chloro carbene complex 

of IMes (254g, Entry 7), both of which were successively more σ-donating than complexes 

254a – 254e. 
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Table 14. Generation of MeCN-stabilised Ir(III)-dihydride complexes in-situ. 

 

Entry Complex A B X δH /ppm ν(CO)DCM / cm
-1  a 

1 254a PPh3 IBn PF6 -21.33 1950 

2 254b PPh3 IXy PF6 -21.59 1944 

3 254c PPh3 IMes PF6 -21.56 1942 

4 254d PPh3 IMes
Me

 PF6 -21.60 1940 

5 254e PMe2Ph IMes PF6 -21.99 1937 

6 254f PCy3 py PF6 -22.08 - 

7 254g Cl IMes - -22.70 - 

a
 ν(CO)DCM values duplicated from Table 12 for convenience. 

 

In summary, three distinct experimental methods have been employed to assess the combined 

effect of two monodentate ancillary ligands within one Ir-based complex, with particular 

attention paid to mixed NHC/phosphine systems of interest within our laboratory in the 

development of HIE catalysts. The ancillary ligands of iridium(I) dicarbonyl complexes 

undergo a geometry switch from cis to trans on moving to more encumbered ligand spheres, 

the effect being captured by IR, X-ray and %Vbur calculations. Related iridium(I) chloro-

carbonyl complexes have been shown to possess a more exclusive trans geometry between 

ancillary ligands, making the sole CO ligand a suitable IR handle for the study of combined 

ligand π-donation. This picture is complemented by in-situ generation of Ir(III) dihydride 

complexes from the relevant parent HIE precatalyst, capturing the σ-donation properties of 

the combined ligand sphere and highlighting the possible re-ordering of comparable ligand 

partnerships when using different electronic parameters. Together, these data show that, 

beyond more well-known single ligand descriptors, ligand partnerships can also be 

experimentally described to capture combined ligand effects on a single metal centre. As 

such, additional experimental effort may be circumvented by investigating computational 

combined ligand parameters that help visualise catalyst properties in an informative and 

predictive manner. 
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4.2 Theoretical Ligand Design Methods in HIE Processes 

 

With sufficient evidence that combined ligand properties relevant to Ir-based HIE catalysts 

could be experimentally determined, work could begin on expanding this method towards 

computational catalyst mapping (Scheme 33 in the Proposed Work; condensed in Scheme 

46). Using principal components analysis (PCA)
203

 to describe the combined ligand 

parameters derived from DFT-calculated structures 211 and 212, 69.5% of the variance in the 

data could be described with just two principal components, PC1 and PC2. A further 9.4% 

(78.9% cumulative) variance was captured by a third principal component, PC3 (Figure 26 

and Figure 27).  

 

Two points close in PC space represent different ligand pairs that impart similar properties to 

the resulting Ir complexes, and may be interpreted as breeding catalysts with similar chemical 

properties.
140,203–206

 In colouring the maps according to each ligand combination class, it is 

clear that PC1 most obviously separates each class, whereas PC2 and PC3 represent a 

continuum with more overlap in the properties of each ligand combination. As PCA 

statistically condenses multi-dimensional parameter space into just two dimensions, chemical 

interpretation of the data can be difficult. Having stated this, closer scrutiny of the 

correlations between the PCs and the original DFT parameters suggests that PC1 largely 

describes the π-donating ability of a particular ligand sphere (QIr,211, EHOMO,211, EHOMO,212, 

ν(CO), QO,212, and QCl,212). Alternatively, PC2 captures the steric and σ-donating parameters 

(ΣVbur,211 , ΣVbur,212, and QH,211), whilst PC3 is almost solely composed of the ligand 

flexibility parameter, [Δ(ΣVbur)]
2
. The details of these correlations and calibration of the 

various %Vbur analyses can be found in the Computational Methods section. 
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Scheme 46. Condensed summary of computational parameters derived for ligand mapping. 

 

 

 

Figure 26. PCA plot for PCs 1 versus 2 of combined ligand space (69.5% variance captured).  
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Figure 27. PCA plot for PCs 1 versus 3 of combined ligand space (56.2% variance captured).  

 

Beyond the PCA plots themselves, the same analytical tools have revealed some additional, 

simpler correlations that are of use when considering the DFT parameters in future 

applications of this work. Firstly, there is a strong positive correlation between the calculated 

combined volume parameters for complexes of the type 211 and 212 (ΣVbur,211 versus 

ΣVbur,212, Figure 28). This suggests that either structural scaffold can be employed to 

adequately describe the combined steric impact of a given ligand pair. Secondly, within 

complex class 212, EHOMO,212 and ν(CO) are negatively correlated, as would be expected with 

increased π-back bonding onto the CO ligand for a more π-rich metal centre (Figure 29).
30

 

Finally, although ligand sphere flexibility, [Δ(ΣVbur)]
2
, was found to have no strong 

correlations, plotting this parameter against either ΣVbur,211 or ΣVbur,212 revealed that ligand 

flexibility only begins to be important at ~ ΣVbur > 46% (for example, see Figure 30).  
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Figure 28. Correlation between Combined Buried Volume values for complex types 211 and 

212. 

 

 

Figure 29. Correlation between EHOMO,212 and ν(CO). 
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𝐿𝑖𝑔𝑎𝑛𝑑 𝐹𝑙𝑒𝑥𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 = [∆(Σ𝑉𝑏𝑢𝑟)]2 = [Σ(𝑉𝑏𝑢𝑟,𝟐𝟏𝟏) −  Σ(𝑉𝑏𝑢𝑟,𝟐𝟏𝟐)] 2 

 

Figure 30. Relationship between ΣVbur and ligand flexibility, [Δ(ΣVbur)]
2
. 

 

The combined DFT and PCA analyses of different ligand spheres supports the experimental 

conclusion that ligand partnerships rather than single ligands can be described in a 

quantitative and visual manner. The multivariate data generated and described above is but an 

overview of the information stored in the graphs thus far shown. Indeed, the true power of 

such an approach to catalyst design can only be demonstrated via its application in unsolved 

problems in modern homogeneous hydrogen isotope exchange. The remainder of this report 

is thus dedicated to addressing several such challenges. 
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5. Combined Experimental & Theoretical Approach to Unsolved Challenges in HIE 

 

5.1 Alternative NHC Ligands in HIE Catalyst Motif [(COD)Ir(NHC)(PR3)]X 

 

Returning to HIE catalysts sharing the motif, [(COD)Ir(NHC)(PR3)]X, interest remains in 

exploring NHC structures alternative and complementary to IMes. As a first combined 

experimental and computational case study, 214 versus known catalyst 255 was investigated; 

the former envisaged to be a slightly bulkier and more electron-rich progression from the 

latter (Scheme 34 and Figure 31). It should also be noted that 255, reported previously,
147

 

was found to be less active than flagship catalyst 196a across a range of substrates, however, 

no detailed explanation of this observation was offered at the time. Therefore, this study 

aimed to answer several questions: (1) Is 214 an improvement over 255? (2) Can the 

differences be described computationally? (3) Can 214 and 255 be compared in a useful 

manner to 196a? (4) Can these assessments lead to novel ortho-HIE applications?  

 

 

Figure 31. Considerations in designing novel HIE catalysts. 

 

Before embarking on any synthetic studies, the ligand partnerships in 214, 255, and 196a 

were compared according to the DFT and PCA studies discussed in Section 4.2. Using PC1 

versus PC2 (and earlier discussion about the relevant parameters contributing to the PCs), it 

could be immediately inferred that 214 was both slightly larger and more π-donating than 

parent 255, but still vastly inferior on both counts compared to flagship catalyst 196a (Figure 

32). Turning to PC1 versus PC3, the alternative y-axis (closely linked to ligand sphere 

flexibility) revealed that 214, 255 and 196a possessed similar flexibility, and together are 

largely inflexible against the spectrum of ligand combinations studied (Figure 33).  
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Figure 32. Comparison of catalysts 214, 255, and 196a using PC1 versus PC2. 

 

Figure 33. Comparison of catalysts 214, 255, and 196a using PC1 versus PC3. 
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Overall, 214 and 255 can be said to be chemically similar (though not identical), and 

significantly distinct from 196a. The exact DFT structures and selected parameters from 

which these inferences are made are illustrated in Table 15. 

 

Table 15. Illustration of DFT structures and key parameters extracted from PCA graphs. 

 

Entry DFT Complex A B Derived Parameter Parameter Value
 

1 212a PPh3 IBn
Me

 ΣVbur,212 55.7% 

2 212b PPh3 IBn ΣVbur,212 55.5% 

3 212c PPh3 IMes ΣVbur,212 60.2% 

4 211a PPh3 IBn
Me

 ΣVbur,211 56.4% 

5 211b PPh3 IBn ΣVbur,211 55.9% 

6 211c PPh3 IMes ΣVbur,211 60.5% 

7
a
 211a, 212a PPh3 IBn

Me
 [Δ(ΣVbur)]

2
 0.5 

8
a
 211b, 212b PPh3 IBn [Δ(ΣVbur)]

2
 0.2 

9
a
 211c, 212c PPh3 IMes [Δ(ΣVbur)]

2
 0.1 

10 212a PPh3 IBn
Me

 ν(CO) 2014 cm
-1 

11 212b PPh3 IBn ν(CO) 2016 cm
-1

 

12 212c PPh3 IMes ν(CO) 2009 cm
-1

 

a 
As a point of reference, for ligand sphere of catalyst 159 (A = PCy3, B = py), [Δ(ΣVbur)]

2
 = 35.0. 

For the largest recorded flexibility in this study (A = B = IBn), [Δ(ΣVbur)]
2
 = 75.0. 

 

212a 212b 

212c 

211a 
211b 211c 
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Through this case study, the analysis of combined ligand size and combined ligand flexibility 

rather than individual ligand analysis deserves further discussion. If the benzyl NHC ligands 

IBn and IBn
Me

 are compared via geometry optimisation of the free ligand, subsequent %Vbur 

analysis with set metal-ligand distance predicts (as hypothesised) that the latter ligand is the 

larger (Table 16, Entry 1). This is the common method for comparing such ligands.
128

 

However, if we compare the ligand sizes according to their complex-driven geometries, their 

sizes are almost identical (Table 16, Entries 2 and 3). Therefore, it is pertinent that ligand 

comparisons only be made in the context of the fuller chemical environment they are likely to 

occupy. The care taken in defining ligand size can be extended to the discussion of ligand 

flexibility, [Δ(ΣVbur)]
2
, and is the main reason that this parameter is calculated by accounting 

for ligand size across two distinct complex environments (Scheme 46). In line with literature 

precedent, Cavallo has previously considered NHC flexibility using %Vbur methods in 

conjunction with molecular dynamics simulations.
207

 

 

Table 16. Comparison of %Vbur methods for IBn versus IBn
Me

 

Entry DFT Calculation %Vbur (IMes) %Vbur (IBn) %Vbur (IBn
Me

) Delta
b
  

1 free ligand
 a
 35.5 29.6 31.4 1.8 

2 255 32.4 28.7 28.7 0.0 

3 214 32.8 28.4 29.0 0.6 

a
 Metal-ligand distance set to 2.06 Å, based on available X-ray structural data. 

b
 Difference between benzyl ligands only. IMes values are supplied only as a reference for the reader. 

 

With computational assessment of 214, 255 and 196a in place, work began on the synthesis 

of the proposed HIE catalyst series, 214. Access to the requisite ligand was proposed to be 

most readily achieved by doubly alkylating 4,5-dimethylimidazole, 258. This key 

intermediate is known to be derived from hydrogenation of chloride 257, which in turn can be 

sourced from commercially available hydrochloride salt 256 (Scheme 47).
208

 The ambiguity 

surrounding the anionic portion of the desired product stems from the fact that, depending on 

the anion chosen, different routes to novel iridium-based HIE catalysts can be applied. 

Nonetheless, incentive was added to first target the chloride salt, 213a, owing to that fact that 

this represents the structure of Lepidiline A, a naturally occurring imidazolium salt for which 

no synthetic preparation has been reported.
146
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Scheme 47. Retrosynthetic analysis of Lepidiline A and related anion derivatives. 

 

As summarised in Scheme 48, chlorination of starting material 256 in neat thionyl chloride 

was easily achieved in excellent yields on a multi-gram scale to deliver 257. Reduction and 

basification of 257 yielded the free 4,5-dimethylimidazole, 258, in excellent yield. 

Subsequently, double-alkylation of 258 under basic conditions could be achieved using 

benzyl chloride to give Lepidiline A, 213a, in good yield, or with benzyl bromide to give 

213b in excellent yield. Either 213a or 213b could be used in subsequent salt metathesis steps 

to give PF6 and BArF salts 213c and 213d, respectively, though this is illustrated in the 

context of the bromide only. 

 

 

Scheme 48. Forward synthesis of Lepidiline A and its anion derivatives. 

 

With the successful preparation of Lepidiline A and its derivatives, X-ray quality crystals 

were grown and the structure solved to reveal a molecular footprint in direct agreement with 
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the available evidence and with the reported natural product structure (Figure 34, left).
146

 

The crystal structure was found to be a solvate containing one molecule of water – disorder in 

the water and chloride atoms has been removed for clarity. The same cationic footprint was 

found in the X-ray structure determination of 213c, which possesses a dimeric unit cell with 

two crystallographically distinct salt units (Figure 34, right). 

 

          

 

Figure 34. X-ray structure of Lepidiline A (left) and its PF6 derivative (right). 

 

Having established efficient synthetic routes to all desired imidazolium salts, the NHC 

precursors were now readily available to investigate their potential in forming new iridium-

based HIE catalyst, 214. It was deemed suitable to first target the synthesis of carbene 

chloride complex, 259, akin to 207, isolated whilst employing IMes (vide supra). As initially 

demonstrated in Section 3.1, isolation of this key intermediate iridium complex allows for 

facile divergence in subsequent catalyst design (Scheme 49). More specifically, isolation of 

the carbene chloride complex allows for easy variation in the final catalyst structure with 

regards to the choice of both the phosphine and counterion employed. 

 

 

Scheme 49. Synthetic strategy for the synthesis of proposed HIE catalyst, 214. 
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Based on work by Lin
209

 and Liu,
197

 the iridium complex of the type desired can be 

synthesised via a transmetallation procedure after first making the related silver bis-carbene 

complex, 260. Employing specifically the bromide salt, 213b, of the imidazolium species in 

question, mixing silver(I) oxide and sodium iodide in DCM gave isolable complex 260 in 

excellent yield (Scheme 50). The natural product, 213a, can also be employed (results not 

shown) but 213b is used on account of its greater ease of synthesis. This intermediate could 

be taken forward into a transmetallation procedure under similar conditions to yield the 

desired chloro-carbene complex, 259, in excellent yield and in a short reaction time. 

Alternatively, it was later found that isolation of 260 could be circumvented via direct 

addition of [Ir(COD)Cl]2 following in situ formation of the necessary silver species, forming 

259 in a further improved overall yield. Additionally, with this high-yielding method in place, 

X-ray quality crystals of 259 could be grown to confirm the proposed structure (Figure 35). 

 

 

Scheme 50. Synthesis of Ir chloro-carbene complex, 259, via Ag(I) transmetallation 

procedure. 
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Figure 35. Molecular structure of 259 as determined via X-ray crystallography.  

 

As an interesting and informative aside, it was discovered that 259 could not be synthesised 

in an efficient manner employing the same method used to make IMes derivative, 207. 

Instead, the major product of this reaction was the bis-carbene salt, 261, formed by 

displacement of the chloride ligand by a second carbene molecule (Scheme 51, top). A more 

stable variant, 262, was later synthesised deliberately in a similar synthetic procedure, this 

time employing two additional equivalents of the carbene salt, 213a, in order to favour the 

formation of this undesired complex (Scheme 51, bottom). The spectroscopic and 

crystallographic analyses of 261 and 262 confirmed the suspected cationic structure (Figure 

36). 

 

The discovery of the bis-carbene by-product, 261, highlights an added value in modelling 

ligand pairs via DFT/PCA techniques. More specifically, the PCA maps shown previously in 

Figures 26 and 27 may also be viewed from the perspective of grouping catalysts in terms of 

the varying synthetic strategies required for their syntheses. 
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Scheme 51. Bis-carbene COD complex of Ir formed as major product under basic conditions. 

 

 

            

Figure 36. X-ray determined structure of bis-carbene complexes 261 and 262 derived from 

Lepidiline A. 

 

With the key iridium complex, 259, now available in abundance, attention could now be 

turned to the most highly anticipated series of reactions – forming novel 

[(COD)Ir(NHC)(PR3)]X architectures for use as HIE catalysts. To do so, reactions of the type 

shown in Table 17 were to be investigated employing the IMes NHC alternative present in 

259. A crucial advantage of the smaller NHC in 259 is that it allows the desired catalyst motif 
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to be prepared in one pot, with no necessity for filtration of an unsaturated iridium species 

through celite prior to addition of the desired phosphine ligand. In clarification, the use of 

such alternative, smaller NHCs allows for mechanically simpler (and faster) preparation of 

HIE catalysts. To illustrate this point, it has now been shown that carbene chloride 259, when 

stirred in THF in the presence of PPh3, undergoes a yellow to bright red colour change on 

addition of a silver salt. Pleasingly, this synthetic procedure appears to be general and high-

yielding across a range of silver salts chosen (214a-214e, Table 17), highlighting the 

possibility of studying such complexes further in relation to any reactivity discrepancies that 

may centre on differences in the counterion chosen. 

 

Following on from novel complexes 214a-214e, and in testament to the one-pot procedure 

developed in Section 3.2, the synthesis of the BArF derivative, 214f, was realised in excellent 

yieldby employing Ledpidiline A derivative 213d (Scheme 52). The series of six counterion 

derivatives of the novel NHC/phosphine ligand sphere were fully characterised, including by 

X-ray analysis, as exemplified for complex 214b in Figure 37. 

 

Table 17. Generalised synthesis of potential HIE catalysts based on Lepidiline A. 

      

Entry Complex X Yield (%)
 

1 214a BF4 92 

2 214b PF6 75 

3 214c SbF6 85 

4 214d OTf 99 

5 214e BPh4 82 
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Scheme 52. One-pot synthesis of BArF-containing HIE catalyst derived from Lepidiline A. 

 

 

Figure 37. X-ray structure of complex 214b bearing the PF6 counterion. 

 

Having successfully produced the desired Ir complexes, attention now turned to sampling and 

comparing the reactivity of this novel ligand sphere versus the alternative ligand spheres in 

255 and 196a. As discussed previously, DFT/PCA mapping of the ligand properties suggests 

that IBn
Me

/PPh3 should be similar (but not identical) to IBn/PPh3, and more significantly 

distinct from IMes/PPh3. Firstly, in line with methods and results from Section 4.1, the 

carbonyl complexes of the IBn/PPh3 and IBn
Me

/PPh3 were synthesised (Table 18). Direct 

exposure of the HIE precatalyst structures to an atmosphere of CO resulted in a cis-orientated 

ligand sphere in both cases, with similar ΣVbur values as determined by X-ray 

crystallography. As predicted, these complexes are distinct in size and geometry from the 

IMes/PPh3 analogue, 245a. 
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Table 18. Synthesis of Ir(I) NHC/phosphine di- and tri-carbonyl complexes. 

 

 

 

 

 

 

 

 

 

Entry Complex R Yield (%) %Vbur (PPh3) %Vbur (NHC) Σ(%Vbur) θ (º)
a 

1 263a H 49 27.8 29.8 57.6 93.2 

2
b,c

 263b Me 52 
27.2 30.9 58.1 89.4 

27.8 30.5 58.3 92.6 

a
 θ represents the angle CO-Ir-CO 

b
 Complex 263b crystallised with two independent salt pairs in the unit cell. 

c
 The relevant IMes/PPh3 values from dicarbnonyl complex, 245a, are Σ(%Vbur) =  64.9; θCO-Ir-CO = 160.0º. 

 

Again, using similar methods from Section 4.1, the electronic characteristics of the IBn
Me

 

partnership were explored by synthesising the chloro-carbonyl complex, 253f, and the in situ 

generated dihydride, 254h (see Experimental section for details). As shown in Figure 38, 

IBn
Me

/PPh3 (red) was found to be slightly more electron-rich than IBn/PPh3 (blue) and more 

significantly less electron-rich than IMes/PPh3 (green). 

 

263a 263b 
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Figure 38. Comparative experimental electron donating ability for IBn
Me

/PPh3 (red). 

 

With specific focus on the close relationship between IBn/PPh3 and IBn
Me

/PPh3, the relevant 

HIE precatalysts were compared via kinetic analysis of the simple reference labelling reaction 

with acetophenone, 27 (Scheme 53). Catalyst 214b, derived from Lepidiline A, was clearly 

faster reacting, possessing a pseudo first order rate constant, kobs(214b) = 0.0224 s
-1

 versus 

kobs(255) = 0.0145 s
-1

 (see Experimental section for details). This result was supported by 

DFT modelling of the turnover-limiting
114

 C-H activation step (264→266, Scheme 54). With 

the aid of the PCA model developed above, the greater reactivity of catalyst 214b can be 

rationalised on the basis of the increased π-donating ability of the Ir centre, and not on any 

steric difference between the two catalysts. The transient Ir(V)-like structure, 265, shows D-

D bond forming as well as C-H breaking on the imaginary frequency, suggesting a σ-

complex-assisted metathesis mechanism,
210

 rather than formal oxidative addition, as had been 

previously conjectured.
98
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TON1h = 140 mol 27 mol 214b
-1

 

TON1h = 112 mol 27 mol 255
-1

 

Scheme 53. Measured TON and TOF of IBn
Me

 versus IBn/PPh3. 
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Scheme 54. DFT-calculated PES for C-H activation of 27 with IBn/PPh3 and IBn
Me

/PPh3.  

 

The variation in reactivity between the IBn
Me

/PPh3 ligand sphere in 214 and IMes/PPh3 in 

196a was most interestingly drawn out in studying the counterion dependence on catalyst 

reactivity. Even at a relatively high and unoptimised catalyst loading of 5 mol%, larger and 

more weakly coordinating substrates 27, 160, and 267 perform poorly when catalyst 214d, 

bearing the OTf counterion, is used in the HIE reaction (Figure 39). Alternatively, the more 

basic substrate, 94, is unaffected, and the order of reactivity reflects that garnered for 

IMes/PPh3 (see Section 3.2). Presumably, the smaller size of the IBn
Me

/PPh3 system suffers 

from competitive coordination of the triflate to the metal centre.
144

 Most curiously, the 

catalyst series 214 is ineffective at labelling the weakly coordinating substrate, nitrobenzene, 

268, whereas the flagship IMes/PPh3 system, 196a, labels the compounds to ca. 95% D under 

similar conditions.
113

 This may be due to differences in available intermolecular (for example 

π-π) interactions of the substrate to the different catalyst systems upon binding. Nonetheless, 

such effects may be exploited favourably to induce directing group chemoselectivity in 

labelling multifunctional molecules. 
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Figure 39. Attenuated reactivity of IBn
Me

/PPh3 in the presence of OTf counterion. 

 

Interestingly, attempts to assess the labelling efficiency of bis-carbene complex 262 under 

similar conditions resulted in no observable labelling. Indeed, the precatalyst was found to be 

unreactive towards D2 and was recovered unchanged at the end of the reaction (see 

Experimental section for full details). This highlights the importance of the NHC/phosphine 

partnership and is in line with similar studies on related bis-carbene complexes of iridium.
198

 

 

In summary, the first synthesis of the simple imidazolium-based natural product, Lepidiline 

A, 213a, has been reported, along with Br, PF6, and BArF derivatives 213b - 213d, 

respectively. This has been followed by the development of novel HIE catalysts and the 

inception of a mechanically simple, silver-based approach to HIE catalyst synthesis. Detailed 

and combined experimental/computational analysis of resulting HIE catalysts derived from 

the natural product has led to quantitative insight into parameters responsible for observed 

differences in resulting catalyst reactivity versus lesser substituted analogue, 255, and 

existing flagship HIE catalyst, 196a. Overall, dimethyl substitution on the backbone of the 

novel NHC was found to impart an electronic influence with minimal impact to sterics. The 

27 160 267 94 

268 
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reactivity differences between the catalysts studied are now being exploited in labelling 

regioselectivity studies which will be reported in due course. 
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5.2 ortho-Deuteration of 1º Sulfonamides – An Experimental & Computational Study 

 

Regardless of the many accomplishments of iridium-based HIE, a key challenge for which no 

general solution has been presented is C-H activation adjacent to primary sulfonamides. 

Related to this, the sulfa drugs derived from sulfonamides represent a significant milestone in 

pharmaceutical science, and, since their emergence in 1935, have been developed to produce 

various antibiotics, diuretics, hypoglycemic agents, and anti-hypertensive treatments.
211,212 

To 

our knowledge, primary sulfonamide substrates remain largely unexplored in C-H activation 

processes in a general sense. Further, only a handful of limited examples of ortho-directed 

deuterium labelling of primary sulfonamides have been reported (Figure 40). Through 

independent studies, Hesk,
172 

and later Herbert,
104 

applied commercially available Crabtree’s 

catalyst, 159, to this problem. Despite these studies spanning catalyst loadings of 5 to 100 

mol%, respectively, a maximum of only 15% D in benzenesulfonamide was achieved in the 

latter study. More successfully, Lockley applied iridium 1,3-dionate 187 to achieve 66% D in 

4-methylbenzenesulfonamide, albeit at the high temperature of 130 °C and with a relatively 

elevated catalyst loading of 24 mol%.
108 

Perhaps most notably to date, Herbert applied the in 

situ-generated complex 269 to the labelling of benzenesulfonamide, achieving 85% D at 

room temperature, but with a substantial 52 mol% catalyst loading.
100 

 

Based on the DFT/PCA model described in Section 4.2, it could be reasoned that, owing to 

the tetrahedral geometry of the sulfonamide group, and the fact that such HIE processes are 

believed to proceed via concerted C-H activation,
114

 a sterically less encumbered and more 

electron-rich ligand sphere would enhance the efficiency of the sulfonamide coordination and 

subsequent ortho-deuteration processes. In this light, it was hypothesized that flagship HIE 

catalyst 196a would not be an effective mediator of the desired process, due mainly to its 

combined ligand volume. In contrast, however, a complex of the class exemplified by 207, 

the precursor of 196a, fits both the steric and electronic ligand profiles proposed above for 

successful deuteration of primary aryl sulfonamides (Scheme 55). Furthermore, viewing the 

PCA model (Figure 26), these complexes hold a privileged position in ligand space, 

suggestive of unique reactivity compared to other possible catalyst structures.  

 

We initiated our studies by testing the ability of sterically distinct catalysts 196a and 207 to 

mediate the ortho-deuteration of 4-methylbenzenesulfonamide, under our standard labelling 

conditions. In agreement with our initial hypothesis, the latter system delivered far superior  
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Figure 40. Proposed and existing HIE catalysts for ortho-deuteration of 1º sulfonamides. 

 

 

Scheme 55. Conceptual model for sulfonamide labelling and necessary catalyst design. 

 

deuterium incorporation, and at levels currently unprecedented in the literature (Table 19, 

Entry 1 versus Entry 4). In labelling the related substrates, methyl phenyl sulfone and N,4-

dimethylbenzenesulfonamide, catalyst 196a remained inactive (Entry 1 vs. 2 and 3) whilst 

the activity of 207 fell markedly (Entry 4 versus Entries 5 and 6).  Thus, catalyst 207 shows 

exploitable chemoselectivity for coordination of primary sulfonamides over secondary 

sulfonamides and sulfones. 
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Table 19. Catalyst discovery for o-deuteration of primary sulfonamides.
 

 

Entry X/R Catalyst % D 

1 Me/NH2 196a 12 

2 H/Me 196a 9 

3 Me/NHMe 196a 7 

4 Me/NH2 207 90 

5 H/Me 207 17 

6 Me/NHMe 207 8 

 

Having identified 207 as a viable catalyst motif for labelling primary sulfonamides, 

analogues of this system were screened, varying the steric bulk and electron-releasing 

capabilities of the pendant NHC ligand (Table 20). Using Percent Buried Volume (%Vbur) 

and modified ν(CO) analyses extracted from earlier DFT/PCA calculations, two inferences 

can be drawn from this catalyst screen. Firstly, catalytic activity is negligible when 

%Vbur(NHC) falls below ~32% (Entries 1 and 2 versus 3 – 7). Presumably, this is as a result 

of the necessity for larger ligands in order to encourage reductive elimination, releasing the 

labelled substrate from the active catalyst.
 
Secondly, for NHCs of similar size, those bearing 

more electron-donating substituents increase catalyst activity, supporting a more facile C-H 

activation across the ortho C-H bonds of the substrate (for example, Entry 3 versus 4). 

Overall, complex 273f,
148

 the most electron-rich of all complexes tested, warranted further 

study. The reaction conditions were further optimized to assess the potential for labelling 

primary sulfonamides in reduced reaction times, whilst maintaining relatively low catalyst 

loadings and ambient reaction temperature. This was achieved using a full factorial design of 

experiments (DoE),
191–193

 scrutinizing reaction time, catalyst loading, and solvent volume. 

Pleasingly, after only 11 experiments, it was found that a small increase in catalyst loading 

from 5 to 6.5 mol%, and employed under more dilute solvation, permitted a reduction in 

reaction time from 16 h to just 2 h (see Experimental section for full details). 

 

 

 

 



112 
  

Table 20. Catalyst screening for o-deuteration of 4-methylbenzenesulfonamide. 

 

 

 

To examine the general efficacy of this methodology, the optimised reaction conditions were 

applied to the ortho-deuteration of various primary sulfonamides (Table 21). For the parent 

substrate, benzenesulfonamide, 161, an impressive and encouraging 95% D-incorporation 

was achieved. Similarly, para-alkyl and methoxy-benzenesulfonamides, 272 and 270b – 

270d, gave excellent levels of deuteration, whereas only the p-tert-butyl analogue, 270c, 

labelled below 90% D. This suggests that the steric influence of the NHC ligand on the 

catalyst is felt even by substituent groups at such a remote position relative to the ligating 

center of the substrate. To demonstrate the practicality of the HIE procedure, deuteration of 

272 was repeated using a five-fold increase in reaction scale, with only 4% loss in catalyst 

efficiency. On studying para-halogenated substrates, very good deuteration efficiency was 

Entry NHC Catalyst %Vbur
a
 ν(CO)

b 
% D 

1 
 

273a 25.0 1993 2 

2 
 

273b 30.0 1996 3 

3 
 

273c 32.5 1994 75 

4 

 

273d 32.4 1993 90 

5 

 

273e 33.4 1998 95 

6 

 

273f 34.4 1992 96 

7 

 

273g 35.4 1996 93 

a
 Values taken from DFT calculated dihydride structures of the type 211, proposed to 

be key intermediates in the catalytic cycle, and used in the PCA model, vide supra. 
b
 Values taken from DFT calculated carbonyl complex of the type 212, used in the 

PCA model, vide supra. 
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achieved for fluoro- and bromo-compounds 270e and 270f, respectively, whereas the iodo-

derivative, 270g, gave much lower deuterium incorporation. The most likely explanation for 

these marked differences lie in the relative insolubility of 270g in DCM. By a similar 

argument, a poor 11% D was achieved when labelling the simple sulfa drug, Sulfanilamide,
213

 

270h, making any rationalization based on competitive coordination of the p-amino group 

unclear. The labelling of more challenging ortho-substituted sulfonamides was also 

investigated. Whereas the methyl substituent in substrate 270i only moderately affected the 

efficiency of the labelling process, introduction of a bromide or trifluoromethyl group (270j 

and 270k, respectively) meant that gentle heating to 40 °C was required to achieve acceptable 

levels of deuteration. In such cases, lone pairs on the heteroatoms may impede the substrate 

coordination to the iridium center. Finally, a series of primary sulfonamides containing two 

distinct sites of potential deuteration through the same sulfonamide directing group was 

studied. For meta-substituted benzenesulfonamides, 270l – 270o, labelling was favoured at 

the least hindered C-6 position. Most notably, for the largest meta-substituent, present in 

270n, labelling occurred almost exclusively at the C-6 position. Moving to naphthalene-1-

sulfonamide 270p, despite the potential for labelling via both 5- and 6-membered 

metallocycles, deuteration occurred exclusively via the former, and is in line with our 

previous observations.
114 

In the isomeric substrate, 270q, no discrimination was observed in 

labelling at positions C-1 and C-3, both proceeding through 5-membered metallocycles. 

However, as with substrates 270g and 270h, 270q suffers from low solubility in DCM, 

leading to only moderate levels of deuteration overall. 

 



114 
  

Table 21. Substrate Scope for o-Deuteration of Primary Sulfonamides
a
 

  

 

a 
Conditions: 270-d0 or 272 (0.215 mmol), 273f (6.5 mol%), D2 (balloon), DCM, 2 h, 25 °C. %D based on 

1
H 

NMR. 
b
 Value in parenthesis is indicative of large scale reaction employing 1.075 mmol of 272.  

c 
Values 

indicate level of deuterium incorporation at 40 °C. 
d
 Ratio estimated by HRMS. 

 

The true value of any catalyst system can be more fully assessed by determining its 

robustness in the face of additives that may act as a catalyst poison.
214

 Thus, it was important 

to assess not only the activity of catalyst 273f but its ability to label primary sulfonamides in 

the presence of other potential directing groups. Table 22 summarises a series of competition 

experiments where 272 was deuterated under the optimised reaction conditions in the 

presence of an equimolar quantity of a given additive. Only two of eight additives tested 

hindered the sulfonamide labelling process. Evidently, N-heterocyclic directing groups 

(Entries 1 and 2) compete for coordination to iridium, whereas carbonyl-based directing 

groups (Entries 3 – 7) and the nitro functionality (Entry 8) do not compete as readily with 

272. However, it should be clarified that, due to the relatively small size of each substrate, 

these studies mainly reflect competing directing group electronic characteristics. These 
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studies are not believed to be representative of the steric impact of having the sulfonamide 

and the competing functionality in the same molecule. 

 

Table 22. Competition studies to assess robustness and chemoselectivity of catalyst system.
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In a further assessment of the present ortho-deuteration protocol, we investigated its utility in 

labelling the more complex drug molecules, Celecoxib, 215, and Mavacoxib, 275, COX-2 

inhibitors first commercialized by Pfizer.
215 

Unlike the other substrates in this study, 

Celecoxib possesses two potential sites of labelling via two distinct directing groups: a 

primary sulfonamide and a pyrazole ring. Employing the optimised conditions described 

above, we compared catalysts 273f and 196a in their ability to mediate the C-H activation 

and deuterium labelling of 215 and 275 (Table 23). Rather unsurprisingly, the more 

encumbered complex 196a showed unquestionable chemoselectivity for C-H activation 

Entry DG X %D(a)
 

% D(b) 

1 
 

H 7 47 

2 
 

H 7 19 

3 
 

Me 94 54 

4 
 

Me 95 11 

5 
 

Me 93 26 

6 
 

Me 97 10 

7 
 

Me 93 1 

8 
 

H 97 4 
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adjacent to the pyrazole rather than the sulfonamide (Table 23, Entries 1 and 3). This 

inactivity of 196a toward the sulfonamide moiety is in agreement with earlier studies (Table 

19, Entry 1). However, employment of catalyst 273f evidenced a complete switch in the 

chemoselectivity of ortho-deuteration in labelling drug molecules 215 and 275 (Table 23, 

Entries 2 and 4). Indeed, these results are in direct contrast to that shown in the competition 

study involving 272 and N-phenylpyrazole (Table 22, Entry 1), where the pyrazole 

outcompeted the sulfonamide in coordinating and reacting at the iridium centre of 273f. 

Accordingly, such marked results called for a deeper understanding of the catalysis 

mechanism and, hence, the origin of the contrasting chemoselectivity of ortho-deuteration 

when using sterically distinct catalysts to label such multifunctional molecules as employed 

in this study. 

 

Table 23. Chemoselective deuterium labeling of Celecoxib and Mavacoxib. 

 

Entry Catalyst X %D(a) %D(b) 

1 196a Me 16 95 

2 273f Me 97 11 

3 196a F 7 89 

4 273f F 98 11 

 

Based on the range of studies with various HIE catalysts, and on recent experimental and 

computational studies from our own laboratories, there exists an escalating body of insight 

surrounding the proposed mechanism for Ir-catalysed ortho-deuteration processes.
114 

As 

depicted in Scheme 56 for sulfonamides, this is similar to details discussed earlier (Scheme 

25) but additionally assumes the basic sulfonamide nitrogen to be most heavily involved in 

binding. 

 

Attempts to probe the reaction mechanism began by measuring the kinetic isotope effect 

(KIE) of the C-H activation step.
117

 Thus, exposing substrate 272a to the reverse reaction, 

employing H2 in place of D2, revealed a primary KIE value of approximately 3.2, indicating 
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that C-H activation of the ortho-C-H bonds is involved in the rate-limiting step (Scheme 57). 

Indeed, this is similar in value to that obtained from studies of HIE with catalyst 196a and 

deuterated acetophenone, 197,
114

 suggesting that both reactions proceed via a similar 

mechanistic process. Additionally, no depletion in the activity of catalyst 273f in the 

deuteration of 272 was observed when the reaction was run in the presence of Hg(0).
216

 This 

supports the view that the labelling process operates under homogeneous catalysis. 

 

 

Scheme 56. Proposed mechanism for Ir-catalysed ortho-deuteration of 1º sulfonamides. 

 

From the outcomes accumulated to this stage, experimental studies were combined with a 

complementary theoretical analysis of the operative reaction mechanism (see Computational 

Details section for full details). The first task was to strengthen our original hypothesis for 

the catalyst design, aiming to show that catalysts such as 273f (or 207), with a relatively 

small coordination sphere, can bind and react with the large sulfonamide directing group 

more readily than encumbered catalysts such as 196a. To this end, we assessed the 

sulfonamide binding and C-H activation enthalpies of representative catalysts 273f and 196a 

(cf. processes 276→277, and 277→278, Scheme 56). Interestingly, on assessing the substrate 
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binding energies to the appropriate analogues of 281, it was established that complexation of 

benzenesulfonamide, 161, to the activated form of 196a was more exothermic than to the 

equivalent activated form of 273f (281→282, Scheme 58). However, and in contrast, the 

rate-limiting C-H activation process is less endothermic when the smaller catalyst is 

employed (282→283, Scheme 58). This is in qualitative agreement with our experimental 

findings (Table 19, Entries 1 and 4) and infers that the reduced steric encumbrance of 

catalyst 273f relative to 196a is essential for efficient catalytic reactivity with sulfonamide 

substrates. 

 

 

Scheme 57. Investigating kinetic isotope effects in Ir-catalysed ortho-HIE. 

  

Concentrating on catalyst 273f, the full PES of the labelling reaction with 272 was then 

calculated. In line with our KIE studies, C-H activation was shown to be the most 

energetically demanding, and thus rate-limiting, step (284→286, Figure 41). Furthermore, 

we calculated a theoretical KIE of 3.9 for this step, showing very good agreement with 

experimental observation. As with our previous studies, the initial C-H activation step is 

endergonic. Comparatively, hydride fluxionality (286→288) is energetically neutral on the 
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PES. Finally, the second C-H activation step (288→290) almost mirrors the first, and is 

exergonic in nature. 

 

Scheme 58. Calculated energies for binding of benzenesulfonamide and C-H activation with 

sterically distinct catalysts. 

 

 

Figure 41. PES for ortho-deuteration of benzenesulfonamide with catalyst 273f, scaled 

according to free energy, ΔG. 
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With the above insights in place, attention turned to explaining the origins of labelling 

chemoselectivity.  Previously, our group studied the regioselectivity of labelling benzanilide 

which, through a single coordinating group, can undergo HIE through a 5- or a 6-membered 

iridacycle.
113,114

 In that case, a preference to label through the smaller 5-membered iridacycle 

was shown to originate from energetic differences in the C-H activation step,
114

 with the 

initial binding of the substrate proving to be insignificant. Conversely, the situation with 

sulfa-drugs 215 and 275 is more complex. Specifically, there are now two structurally 

different coordinating groups, both directing ortho-deuteration through a 5-membered 

iridacycle. As such, it cannot be assumed that the observed labelling selectivity using 

catalysts 273f and 196a is resultant of the oxidative addition or the initial binding step. A 

detailed study of the overall substrate complexation and C-H activation pathways of 

Celecoxib, 215, with catalysts 273f and 196a was thus undertaken. 

 

Firstly, the binding interactions and C-H activation of 215 with the larger catalyst, 196a, was 

scrutinized (Figure 42). From the appropriate analogue of 281 (Scheme 58), solvated 

explicitly with two DCM molecules, subsequent complexation of 215 and release of solvent 

proved entropically favourable and enthalpically neutral for substrate binding modes 291 and 

292. However, both the complexation and subsequent C-H activation step are significantly 

lower in energy when proceeding through 292, leading to ortho-deuteration via the pyrazole. 

This is in agreement with the experimentally observed labelling chemoselectivity (Table 23, 

Entry 1). Additionally, it is important to note that the energy difference in the binding modes 

(∆∆Gbind = 13.1 kcal mol
-1

) is much larger than the energy difference in the C-H activation 

transition states (∆∆Gtrans = 0.6 kcal mol
-1

). We can therefore infer that the observed pyrazole 

chemoselectivity in labelling 215 with catalyst 196a originates from the complexation event 

more so than the subsequent C-H activation process. 

 

The change in labelling chemoselectivity observed upon switching from encumbered catalyst, 

196a, to the smaller catalyst, 273f (Table 23, Entry 2), was subsequently explored. Similarly 

to Figure 42, complexation and C-H activation of 215 with catalyst 273f were modelled 

computationally (Figure 43).
 
Now, substrate complexation is calculated to be enthalpically 

disfavoured, presumably in connection with the lower electrophilicity of catalyst 273f relative 

to 196a. Nonetheless, there is once again a clear energetic bias for complexation and 

subsequent C-H activation through one directing group: the sulfonamide now being preferred 

over the pyrazole. In this case, discrimination between the binding modes 293 and 294 



121 
  

(∆∆Gbind = 3.7 kcal mol
-1

) is more similar in magnitude to the energy difference in the 

subsequent C-H activation pathways (∆∆Gtrans = 0.7 kcal mol
-1

). Thus, it is theorised that 

chemoselective binding and labelling adjacent to the sulfonamide using the chloro-carbene 

catalysts is dictated by the combined influence of substrate binding and C-H activation 

transition state energies. The selective binding of the sulfonamide functionality in 215 by 

catalyst 273f is worthy of further discussion. Whereas benzenesulfonamide, 161, was 

predicted to bind to 273f via the nitrogen lone pair (Scheme 58), Celecoxib, 215, binds 

preferentially through an oxygen lone pair, supplemented by a hydrogen bond between the 

amino group of the substrate and the chloride ligand of the catalyst. This highlights the 

flexible nature of the sulfonamide directing group, with the nitrogen or oxygen groups able to 

actively participate, depending on the structure of both the substrate and the catalyst. 

 

 

Figure 42. PES for the complexation and C-H activation of Celecoxib, 215, with catalyst 

196a.  
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Figure 43. PES for the complexation and C-H activation of Celecoxib, 215, with catalyst 

273f. 

 

Computational analysis of chemoselective substrate binding (and thus regioselective D-

labelling) has revealed that the energies of the initial binding conformers are product 

determining whilst subsequent C-H activation is rate determining. To test this concept 

further, two Celecoxib derivatives, 295 and 296, have been synthesised (details in 

Experimental section) and tested with catalysts, 273f and 196a, in triplicate. Here, two 

questions were posed: (i) Can the observed labelling selectivity be predicted on the basis of 

binding energy calculations only, and (ii) What is the effect of the bulky CF3 group in aiding 

selectivity for sulfonamide binding when using catalyst 273f? As depicted in Figure 44, 

consideration of the lowest energy sulfonamide and pyrazole binding energies was sufficient 

to predict the direction and magnitude of observed labelling selectivity. Most remarkably, this 

held true for substrate 296, where swapping CF3 for the smaller CF2H unit eroded the 

previously observed selectivity for labelling the sulfonamide over the pyrazole using catalyst 

273f (vide supra), and was reversed to show slight selectivity for the pyrazole. All labelling 
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results were determined by 
1
H NMR and the distribution of isotopomers later verified by 

HRMS. 

 

 

Figure 44. Calculated binding energies versus experimental labelling selectivities. 

 

The additional comparison of theoretical binding energy versus labelling selectivity 

highlighted both the predictive power of the DFT calculations and, from a practical stance, 

the necessity to redesign catalyst 273f to allow for high sulfonamide binding selectivity, even 

in the face of stronger competitors. On the basis of more sophisticated %Vbur calculations,
217

 

it was predicted that a sterically more hindered analogue of catalyst 273f, catalyst 273h, 

would provide the necessary steric clash with the CF2H substituent to block labelling via the 

pyrazole unit (Scheme 59).  

 

On comparing predicted binding energies and observed labelling selectivity, the desired 

restoration of sulfonamide selectivity was observed, albeit with some variation in the level of 

pyrazole labelling (Scheme 60, top). The predesigned steric clash between the NHC ligand of 

the 2
nd

 generation catalyst and the CF2H group of the substrate can be seen in the resultant 

DFT structures (Scheme 60, bottom). From this encouraging result, and with no requirement 
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for further binding energy calculations, a third generation catalyst based on NHC 303 was 

synthesised and applied with great success, fully restoring the desired selectivity and 

reducing all noise in the results (Scheme 61). 

 

 

 

Scheme 59. Calculated steric maps for 1
st
 and 2

nd
 generation sulfonamide labelling catalysts. 
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Scheme 60. Improved sulfonamide selectivity via predictive catalyst design. 

 

 

Scheme 61. Third generation sulfonamide labelling catalyst. 
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In a final test of latest catalyst 273i, the chloride ligand was replaced with a more weakly 

ligating acetonitrile ligand, to give 304 (Scheme 62). This cationic catalyst was applied under 

the optimal reaction conditions to reveal a radically different labelling pattern relative to 273i. 

This further supports the experimental evidence accumulated to date emphasising the 

importance of the chloride ligand in the optimal catalyst systems. 

 

 

Scheme 62. Investigating the effect of the chloride ligand in 1º sulfonamide labelling. 

 

In summary, a novel and efficient catalyst for the selective ortho-deuteration of primary 

sulfonamides has been discovered on the basis of earlier DFT/PCA calculations. Original 

catalyst 273f was shown to be applicable across a range of substituted benzenesulfonamides, 

including several drug molecules. Subsequent mechanistic studies led to the discovery that 

substrate binding energies are product-determining (but not rate-limiting) in multifunctional 

drug systems. This theoretical model was applied to the development of second and third 

generation catalysts, 273h and 273i, respectively, which demonstrated improved levels of 

sulfonamide selectivity in the face of more challenging and competitive directing groups. 
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5.3 Regioselective Control in the Deuteration of Aromatic Aldehydes – An Experimental 

& Computational Study 

 

Beyond labelling of drug molecules, the supply of isotopically-labelled molecules has a 

sustained importance in the study of preparative chemistry and reaction 

mechanisms.
19,20,117,218–222

 Therefore, exploration into methods for the delivery of deuterated 

chemical feedstocks is important to the chemical industry in the widest possible sense. 

 

The versatile nature of aldehydes as a synthetic intermediate in organic chemistry has 

resulted, unsurprisingly, in some research attention being directed at methods of labelling this 

functional group (Scheme 63).
69,223–229

 However, despite the possible distinction between 

aromatic and formyl labelling, little effort has been made to achieve such selectivity in a mild 

(room temperature), predictive, and switchable manner, direct from the aldehyde. With 

particular interest in Chappelle’s method
226

 using Crabtree’s catalyst, 159, the 

complementary theoretical and experimental expertise on Ir-catalysed HIE developed earlier 

in this report was thus applied to the problem. 

 

 

Scheme 63. Selected literature examples of homogeneous HIE with aldehydes. 
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To achieve classical ortho-directed labelling with aldehydes, available evidence suggests that 

a large ancillary ligand pair bonded mutually trans to the metal centre is necessary to induce 

equatorial aldehyde binding (Scheme 64, top). Conversely, from decarbonylation
199,230–235

 

and hydroacylation
236–244

 literature,  a bidentate ligand or smaller ligand pair is required to 

enforce the necessary cis-geometry for selective axial aldehyde binding and subsequent 

formyl C-H activation. As such, selective formyl labelling was hypothesised to require a 

smaller ligand sphere able to establish a cis/trans isomer equilibrium (Scheme 64, bottom). 

 

 

Scheme 64. Conceptual model for catalyst design toward switchable aldehyde labelling. 

 

To test this hypothesis, 2-napthaldehyde, 305 (bearing three distinct labelling sites), was 

employed as a reference substrate under our standard catalytic labelling conditions. Similarly 

to Chappelle’s tritiation efforts, 159 was shown to deuterate both aromatic labelling sites and 

the formyl position, and with an overall 1:1 selectivity under these conditions (Table 24, 

Entry 1). Moving to the NHC/phosphine ligand pairing, larger and more electron-rich 

variants resulted in an increasing selectivity for aromatic labelling, especially in the more 

electron-poor C1-position of the substrate (Table 24, Entries 2 - 4). Some parameters 

included in the overall PCA map have been included in Table 24 for clarity. 

 

Screening the larger ligand partnerships has served to strengthen the first part of the original 

hypothesis – larger ligands force a more rigid trans ancillary ligand geometry, favouring 

aldehyde binding on the equatorial plane and, ultimately, aromatic labelling. This has led to 

an efficient method for selective aryl labelling of 2-napthaldehyde with minimal reaction 

optimisation. Due to the strong precedent for this reaction, no further studies were conducted 
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with catalyst 196b. Instead, all further efforts were focused on confronting the more 

challenging problem of exclusive formyl labelling direct from the aldehyde. 

  

Table 24. Hypothesis testing for selective labelling of aromatic aldehydes. 

 

 

In approaching the catalyst design for selective formyl labelling, the aforementioned results 

were viewed from the perspective of the PCA model (Figure 45), where the evolution of an 

aryl selective labelling catalyst followed a clear trajectory. To achieve the desired orthogonal 

reactivity, the chloro-carbene class of Ir complexes once again appeared to occupy a unique 

area of ligand space such that distinct reactivity may be expected. Going further, their 

potential to solve the current selectivity problem can be reinforced several-fold by the 

following points: (i) they possess the smallest ΣVbur values of all ligand pairings, and may 

thus allow for the hypothesised cis ligand geometry for formyl C-H activation, (ii) unlike the 

Entry Catalyst ΣVbur,211 ν(CO)/cm
-1

 %D(a) %D(b)
 

% D(c) 

1 

 

49.0 2004 45 45 95 

2 

 

55.7 2014 1 2 2 

3 

 

60.2 2009 71 43 8 

4 

 

61.7 1999 94 32 9 
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bis-phosphites (an alternative catalyst choice, top right of Figure 45), the chloro-carbene 

catalysts are small and electron-rich, and (iii) these smaller structures have already proven 

invaluable in solving the 1º sulfonamide labelling problem, and are thus known to be active 

HIE catalysts. 

 

 

Figure 45. Aryl labelling catalysts and hypothesised formyl labelling catalysts as depicted in 

PC1 versus PC2. 

 

Upon screening chloro-carbene catalysts in the labelling of 305, the smallest of all those 

tested proved catalytically inactive, as with sulfonamide labelling, vide supra (Table 25, 

Entries 1 and 2). However, increasing the size and electron-donating ability of the NHC 

(Entries 3 – 8) delivered unprecedented levels of formyl labelling selectivity. Catalyst 273h 

(Entry 8, 2
nd

 generation sulfonamide labelling catalyst) proved most promising. Although 

other catalysts were seemingly just as active, only optimal catalyst, 273h, maximised 

labelling whilst suppressing any observable decarbonylative by-products (Entry 6 versus 8, 

for example). In agreement with the initial hypothesis, moving to more extreme sizes of NHC 

ligand decreased the overall reactivity (Entry 9) and, in the case of Nolan’s IPr*
OMe 

ligand,
245

 

the selectivity is reversed back in the direction of aryl labelling (Entry 10). Further 

optimisation of the reaction conditions allowed the optimal catalyst to be employed at 
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loadings of just 1 – 2 mol% by simply running the reaction for 3 h rather than 1 h (see 

Experimental section for full details). 

 

Table 25. Catalyst discovery and optimisation for formyl-selective aldehyde labelling. 

 

Entry NHC Catalyst %D(a) %D(b)
 

%D(c) %306NMR 
a
 

1 

 

273a 2 3 0 0 

2 
 

273b 1 1 1 0 

3 

 

273c 3 7 42 0 

4 

 

273d 0 0 49 2 

5 
 

273e 0 1 82 5 

6 

 

273f 4 3 97 2 

7 

 

273g 4 3 93 0 

8 

 

273h 8 5 98 0 

9 

 

273i 9 6 90 0 

10 

 

273j 19 32 10 0 
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Under the optimised reaction conditions, a range of aromatic aldehydes were successfully 

labelled, isolated, and analysed (
1
H and 

13
C NMR, IR, HRMS). As depicted in Table 26, 

unsubstituted and para-substituted substrates (216, and 307a – 307i) were labelled with good 

to excellent regioselectivity and isolated yields. Small levels of aryl labelling were detectable 

in (π)-electron-rich examples only. A series of meta-substituted examples (307j – 307n) were 

also well-tolerated and only the more encumbered aldehydes, such as 1-napthaldehyde 

(307o), remain challenging. 

 

Table 26. Substrate scope of formyl-selective aldehyde labelling method. 

 
a
 Reaction carried out at 2 mol% [Ir]. 
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To further demonstrate the utility of this catalytic formyl labelling method, it was possible to 

demonstrate that silyl-protected phenol, 307p, used in the synthesis of enantiopure d1-benzyl 

alcohols,
224

 could be successfully labelled in one high-yielding step and with high deuterium 

incorporation (Scheme 65). This method is competitive with a previously published route to 

the same aldehyde, which required five stoichiometric steps starting from an alternative 

aldehyde. 

 

 

Scheme 65. Improved synthesis of d1-aldehyde 307p. 

 

In a further extension of work, it has been demonstrated that potentially air sensitive d1-

aldehydes need not be isolated, but instead can be further derivatised in one pot (Scheme 66). 

Most notably, this allowed the method to be extended to the labelling of aliphatic aldehydes 

such as in derivative 308c, with only minor D-incorporation at the enolisable sites. Such 

labelling cannot be achieved when using ethyl cinnamate directly.
246

 

 

The initial success and novelty of this method, in line with the initial hypothesis, has 

prompted preliminary mechanistic investigations, with the ultimate aim of allowing future 

work to expand the mechanistic evidence and existing substrate scope. Firstly, as with 

sulfonamide labelling, the presence of the chloride ligand in the optimal catalyst was crucial, 

as its replacement with acetonitrile gave an alteration in the labelling selectivity (Scheme 67). 
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Scheme 66. One pot labelling and HWE derivatisation of d1-aldehydes. 

 

 

Scheme 67. Investigating the effect of the chloride ligand in formyl-selective aldehyde 

labelling. 

 

Building on the test for the chloride ligand, similar experiments using various silver-based 

chloride abstraction additives witnessed a complete suppression of the catalysis (Table 27, 

Entries 1 - 3). Beyond this, an additive-free variation in the solvent highlighted an interesting 

reliance of the labelling method on DCM, and may be as a result of unique catalyst speciation 

(Entries 4 - 15). Most interestingly, even dichloroethane (Entry 8) – a higher boiling 

homologue of DCM – reduced catalyst efficiency by 49% relative to the optimal conditions. 

This may reflect the chelating ability and more entropically favoured coordination of DCE 

versus DCM, making it a more potent catalyst poison. 

 

To investigate reaction intermediates, benzyl alcohol, 310, was subjected to the optimised 

conditions, swapping D2 for H2 in order to detect any aldehyde formation. In this case, <2% 
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conversion of the alcohol to the corresponding aldehyde was observed, suggesting that a 

hydrogen borrowing
247

  mechanism plays only a minor role (Scheme 68). 

 

Table 27. Additive and solvent effects in formyl-selective aldehyde labelling. 

 

Entry Solvent Additive % D
a
 

1 DCM AgOTf 0 

2 DCM AgSbF6 0 

3 DCM AgNO3 0 

4 THF - 0 

5 2-MeTHF - 2 

6 dioxane - 2 

7 MTBE - 2 

8 DCE - 51 

9 DMC - 0 

10 DEC - 1 

11 Toluene - 1 

13 PhCl - 4 

14 PhCF3 - 11 

15 
t
AmOH - 13 

a
 Formyl labelling only. No aryl labelling observed. 

 

 

Scheme 68. Evidence against hydrogen borrowing in formyl-selective aldehyde labelling. 

 

Although a comprehensive body of kinetic data is the subject of future work in this area, 

computational support has been used to model a proposed mechanism consistent with the 

initial hypothesis and all available experimental evidence. To begin, the enthalpy differences 

in the cis and trans isomers of representative activated catalysts were assessed (Scheme 69). 
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In the progression towards formyl selective labelling catalysts, the trans/cis energy gap 

diminishes. Notably, the order of cis and trans is reversed on moving to the formyl selective 

labelling catalyst, 273h, with the overall energy gap being the smallest of all three catalysts. 

 

 

Scheme 69. Comparison of cis and trans geometric energies for active catalysts 196b, 159 

and 273j proposed to deliver the experimental labelling selectivities shown. 

 

Moving forward, mechanistic processes for catalyst 273h were investigated. Overall, three 

competing processes are proposed to explain the three observed products: aryl labelling, 

formyl labelling, and decarbonylation (Scheme 70). The first of these pathways proceeds via 

an all-Ir(III) cycle with trans ancillary ligands (312 – 315), as discussed extensively in earlier 

sections of this report. After catalyst activation, cis ancillary ligand geometry in 316 allows 

axial coordination of the aldehyde and subsequent formyl activation to give Ir(V) 

intermediate, 317. Reductive elimination across two of the three hydrides gives dihydrogen 

complex 318. This can return to Ir(V) via oxidative addition to bring a deuteride cis to the 

acyl ligand, 319, allowing reductive elimination to give the labelled and bound aldehyde, 

320. This is the microscopic reverse of the initial activation step (316→317). At Ir(III) 
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intermediate 318 along the formyl labelling pathway, the productive cycle may partition to 

decarbonylate the acyl ligand via migratory insertion (318→321). Reductive elimination 

from 321 would yield decarbonylation by-product 323. 

 

 

Scheme 70. Proposed competing mechanisms for aryl labelling, formyl labelling, and 

decarbonylation. 

 

Following extensive binding conformer comparison, the lowest energy pathways for aryl, 

formyl, and decarbonylative labelling are summarised on Figure 46. Overall, formyl 

labelling represents the lowest energy pathway, despite the starting intermediate, 316a, being 

significantly destabilised relative to that for aryl labelling, 312. The formyl C-H activation 

(316a→317) is predicted to be enthalpically flat on the PES with the Ir(V) – Ir(III) reductive 

elimination (317→318) being rate-limiting. Using intrinsic reaction coordinate calculations, 

the formyl activation step is seen to be coupled with a rotation of one iso-propyl group on the 

ligand to accommodate the substrate (317 in Figure 46). Conversely, the barrier to the 

classical ortho-labelling process from 318 is unproductively high relative to formyl labelling. 

Finally, the partition towards decarbonylation represents the most energetically unfavourable 

of all these processes at the catalytically-relevant temperature (298.15 K), and is in 

qualitative agreement with only trace observation of such products when using catalyst 273h. 
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Figure 46. Informative sample of relative PESs for formyl (blue), aryl (red), and 

decarbonylative labelling (green). 

 

The model for selective aldehyde labelling can also help rationalise other observed 

phenomena. The degree of aryl labelling in 307a is higher than in any other substrate, whilst 

formyl labelling remains near quantitative. On comparing the energetics of aryl activation for 

benzaldehyde and p-hydroxybenzaldehyde, 307b (a computationally cheaper analogue of 

307a), both possessed almost identical enthalpy of activation but the latter was less 

endothermic and less reversible (Figure 47). 
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Figure 47. Differences in aryl activation PES for electron-rich aldehydes. 

 

The model proposed can also be used to explain the higher degree of decarbonylation 

observed when using catalysts smaller than 273h. As part of the design of 273h, the large 

NHC (IPr
Me

) serves to destabilise the barrier to decarbonylation, which requires an increase 

in Ir coordination number from 5 to 6 (318→321). On modelling this step, the smaller 

catalyst, 273f, was found to proceed through a lower energy transition state and thus a more 

stable decarbonylated intermediate (Figure 48). This is in agreement with experimental 

observation (vide supra). 

 

In summary, computational ligand design has been used in combination with experiment to 

produce a novel, mild, and highly selective method for formyl labelling of aldehydes. This 

method has been deployed to improve the synthetic route towards valuable aldehyde 307p, 

and can be employed as a one-pot process in further derivatisation of the aldehyde moiety. 

Computational analysis supports a competition between an Ir(III) catalytic cycle for aryl 

labelling, and Ir(III)/Ir(V) cycles for formyl labelling and decarbonylation. Future work will 

focus on strengthening the kinetic understanding of formyl labelling such that the substrate 

scope can be extended to ortho-substituted and heteroaromatic aldehydes. 
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Figure 48. Lower energy decarbonylation pathway for a smaller chloro-carbene catalyst. 
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5.4 On the Fundamentals of Chelating Ligand Design Towards Novel HIE Technologies 

 

Chelating, bidentate ligands are ubiquitous in organometallic chemistry, with their 

importance to Ir-catalysed HIE having already been made clear through catalysts such as 163 

(vide supra).
66,98,102

 Interest in this ligand class within HIE was recently revalidated by Muri 

and Pfaltz, who serendipitously discovered that catalyst 324 was highly efficient in ortho-

labelling the otherwise elusive aryl sulfone moiety, 325 (Scheme 71).
118

 As yet, no 

explanation has been offered to rationalise the catalyst performance/design or, indeed, how it 

compares to other such ligands. Given our interest in mixed NHC/phosphine ligation, some 

bidentate NHC/phosphine variants of interest are shown in Figure 49. 

 

 

Scheme 71. Muri and Pfaltz’s system for efficient labelling of the weakly-coordinating 

sulfone directing group. 
 

Building on catalyst design by comparative ligand parameterisation, it was hypothesised that 

methylphenylsulfone, 325, could be used as a probe molecule in binding energy calculations 

aimed at assessing chelating ligands via one, quantitative descriptor (Figure 50). Using the 

counterpoise method,
248

 the binding descriptor (ΔEbind) would capture favourable interactions 

of the substrate stabilising the catalyst, and destabilising deformations of substrate/ligand 

structure caused by steric clashes. Based on the findings from Figure 42, Figure 43, and 

Figure 46, more favourable binding energies are assumed to be a suitable proxy for lower 

energy C-H activation pathways, even if the pre-activated complex is not the most stable 

available conformer. This offers a new paradigm for ligand description, such that mono- and 

bidentate ligand spheres may be compared on the same basis. 
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Figure 49. Chelating ligands discussed in this report. 

 

 

 

Figure 50. Using a probe molecule to deliver a combined model for mono- and bidentate 

ligands in Ir-catalysed HIE. 
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The overall result of this approach is summarised in Figure 51 for all ligands described in 

Figure 49. As points of reference, these results include the binding energies of acetophenone 

and methylpheneylsulfone to benchmark IMes/PPh3 catalyst 196a (326t and 326u, 

respectively), as well as the binding of methylphenylsulfone to the IMes/Cl catalyst, 326v. 

This highlights the added depth to this new theoretical approach. Not only can mono- and 

bidentate catalysts be easily compared on the same basis, but different substrates (and their 

ability to bind to different catalysts) can also be assessed.  

 

 

Figure 51. Scale of ΔEbind for methylphenylsulfone binding to chelating catalyst based on 

ligand class 326. 

 

As a first consideration from the ΔEbind calculations, a hypothesis for the origins of efficiency 

in the Muri/Pfaltz system can be offered (Scheme 72). Within the oxazoline portion of the 

ligand bound to iridium via the more energetically favourable nitrogen atom (b1 in Figure 

51), sulfone 325 binds to 329 yielding 330 with a favourable ΔEbind = -16.0 kcal/mol. 

Alternatively, it is envisaged that the oxazoline may undergo a N/O-isomerisation to give less 

stable isomer 331 (b2 in Figure 51), which binds 325 with a far more significant ΔEbind = -

28.0 kcal/mol. Furthermore, although pre-activated complex 332 is still energetically less 

stable than 330, the sulfone is more favourably positioned for subsequent C-H activation 

(compare DFT representations of 330 versus 332). This is supported by the fact that the C-H 

bond to be activated is lengthened in isomer 332 (1.10Å) relative to isomer 330 (1.09Å). 

Therefore, this inceptive example is believed to strengthen the case for ΔEbind being an 

informative parameter in assessing the propensity for a given ligand sphere to support C-H 

activation of a weakly coordinating substrate such as 325. 
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Scheme 72. Proposed ligand isomerisation mechanism for the Muri/Pfaltz sulfone labelling 

catalyst with key ΔEbind values in red. 

 

Starting from ΔEbind values, other interesting ligand comparisons can be drawn. Firstly, the 

worst predicted sulfone binding energies relate to the catalyst from bis-carbene ligand, 326s 

(ΔEbind = -1.0 kcal/mol).  In this case, the poor sulfone binding can be attributed to the relative 

stability of the unbound dihydride catalyst, 218, where coordination is blocked due to the π-

complexation of the benzyl side arms (Figure 52, top). This is made clearer by comparison 

with more efficient binding catalysts derived from ligands 326j and 326k (Figure 52, middle 

and bottom, ΔEbind = -23.7 and -27.0 kcal/mol, respectively). 
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Figure 52. Tuning steric bulk to achieve better substrate binding. 

 

For a select number of cases, ΔEbind was compared to the change in energy, ΔH, following 

sulfone C-H activation (Scheme 73). As hypothesised, efficient binding appears to be a 

suitable proxy for the overall efficiency of the C-H activation step en route to deuterium 

labelling. 
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Scheme 73. Correlation between ΔEbind and energy of C-H activation. 

 

As a more rigorous proof-of-concept, catalysts based on NHC/phosphine bidentate ligands 

326j and 326k were targeted. These examples represent ligands borne from the same 

substructure but which possess distinct ΔEbind values, as previously calculated (vide supra). 

Steps a – c for the syntheses depicted in Scheme 74 are derived from literature procedures,
249

 

whilst the combined phosphide displacement/salt metathesis (steps d and e), and final catalyst 

synthesis (step f) were novel (see Experimental section for full details). In the case of 

catalyst 341b, the expected monometallic chelated NHC/phosphine structure was confirmed 

unequivocally by X-ray crystallography. 

 

With novel chelated Ir complexes 341a and 341b in hand, their efficiency in the labelling of 

methylphenylsulfone was compared, both against one another (see 326k versus 326j) and 

against previously utilised monodentate catalysts, 196a and 207 (326u and 326v, Scheme 

75). Encouragingly, catalyst efficiency was seen to improve markedly with ΔEbind value, with 

catalyst 346 showing the most dramatic improvement over monodentate analogue 196a (61% 

D versus 9% D, respectively), and the Muri/Pfaltz system remaining the most efficient 

overall. Indeed, novel catalyst, 346, could instil an excellent 83% D in 325 when the same 

reaction was run at 35 ºC (see Experimental section). Future work can now focus on 

targeting those NHC/phosphine systems predicted to deliver even better ΔEbind values, with 

the ultimate aim of delivering a more easily synthesised and mechanistically better 

understood catalyst than the current Muri/Pfaltz system. 
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Scheme 74. Synthesis of novel chelating ligand catalysts 341a and 341b, with X-ray 

confirmed structure of 341b. 
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Scheme 75. Proof-of-concept reactions for labelling methylphenysulfone based on ΔEbind 

design of ligand group 326. 
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As mentioned above, the ΔEbind method uses methylphenylsulfone as a probe molecule – a 

difficult-to-label species that serves as a computational means of comparison between mono- 

and bidentate catalysts. In extension, this parameter is designed to direct catalyst design 

beyond labelling sulfones. Pleasingly, this has been demonstrated effectively by employing 

novel catalyst 341a in other unexplored ortho-labelling challenges. For the first time with 

NHC/phosphine based HIE catalysts, appreciable levels of D-incorporation in a secondary 

sulfonamide, 342, have been recorded at room temperature (Scheme 76, top). Further still, 

novel catalyst 341a has been employed as a highly efficient catalyst in labelling sterically 

hindered amide drug molecule, Trimetazone, 343, where the monodentate catalyst, 208a, 

proved ineffective (Scheme 76, bottom). 

 

 

Scheme 76. Novel reactivity for bidentate catalysts beyond sulfone predictions. 

 

In summary, a novel approach to comparative modelling of mono- versus bidentate ligands 

has been revealed. Using a challenging probe molecule, counterpoise-corrected binding 

energy calculations have guided the understanding of the existing Muri/Pfaltz sulfone 

labelling catalyst, 324, and how it compares to novel bidentate NHC/phosphine ligands of 

interest within our group. This concept has been demonstrated via the synthesis and testing of 

two novel chelating HIE catalysts, 341a and 341b, in the labelling of 325. In line with 

theoretical predictions, these systems represent the most efficient NHC/phosphine based 

room-temperature HIE catalysts to date. Additionally, probe molecule binding energy 

calculations have proven to be an excellent proxy for the discovery of new labelling 

reactivities distinct from the more thoroughly explored monodentate catalysts. Namely, 
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routes to efficient room-temperature labelling of secondary sulfonamides and sterically 

hindered amides have been identified, and will be the subject of intense future work. 
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6. Conclusions 

 

In this report, a range of experimental and theoretical techniques have been introduced (and 

used in tandem) to facilitate a broader understanding and predictive power of catalyst design 

in ortho-directed hydrogen isotope exchange processes. 

 

For the purposes of scale up and commercialisation, benchmark catalysts 196a – 196c have 

been synthesised by a higher yielding and scalable route
250

 to that already published (Scheme 

38, Table 4).
114

 This has resulted in the ongoing commercial access to these globally-utilised 

catalysts in collaboration with Strem Chemicals, Ltd (Figure 53). 

 

 

Figure 53. Commercial advertisement for catalysts 196a – 196c. 

 

An improved perspective on catalyst synthesis has led to successful exploration of counterion 

effects in HIE catalysis. Crucially, this is now allowing such catalysts to be employed at 

reduced catalyst loadings, and across a significantly broader scope of industrially and 

environmentally acceptable solvents (Figure 54). The preliminary findings from this work 

have now been published in the primary literature.
251

 

 

Capitalising on the improved solvent dependence of novel catalyst 208a, a base-mediated 

method for the ortho-deuteration of unprotected tetrazoles has been realised (Scheme 77). 

This method represents a rare example of C-H activation with unprotected tetrazoles. It has 

been applied to both simple and more complex drug-like substrates, and represents a new 

mode of reactivity for HIE catalysts beyond simple D2 activation. 
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Figure 54. Summary of published aspects of project on anion effects in HIE. 

 

 

Scheme 77. Summarised outcomes of project on Ir-catalysed ortho-deuteration of 

unprotected tetrazoles. 

 

Establishing the wide-reaching theme of this report, experimental and computational (DFT) 

methods have been used to offer methods of assessing the combined influence of two 

ancillary ligands, rather than assessing each ligand individually (Figure 55). Carbonyl and 

hydride complexes of iridium provided experimental verification for the subsequent 

development of a combined ligand map, derived from principal components analysis (Figure 

26 and Figure 27). 

 

Based on the aforementioned ligand parameterisation and mapping efforts, several challenges 

in Ir-catalysed HIE have been assessed via rational catalyst design. As part of a broader 

exploration into novel catalyst architectures, the first total synthesis of the simple, 

imidazolium-based natural product, Lepidiline A was realised. Using this compound as an 

NHC precursor, a series of six novel HIE catalysts was synthesised, using a silver-mediated, 

operationally simple synthetic route developed herein. Through this work, the PCA model 
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Figure 55. Experimental and DFT structure exploration in assessing combined ligand effects. 

 

was used to decipher the importance of the 4,5-dimethyl substitution in the NHC ligand. 

Where it was originally hypothesised that extra methyl groups would increase both the size 

(%Vbur) and electron-rich nature (νCO) of the resultant iridium catalyst, our combined 

experimental and theoretical outlook revealed that only the latter parameter was influenced 

(Scheme 78). 

 

 

Scheme 78. A case study in catalyst design using data from PCA model. 
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In another successful exploitation of the ligand mapping explored in this report, the first mild 

catalytic method for the labelling of primary sulfonamides has been developed. In depth 

mechanistic analysis of labelling multifunctional sulfonamide drugs has led to a vastly 

improved understanding of labelling chemo- and regioselectivity, where substrate binding has 

been invoked as a key, product-determining step (Scheme 79). The initial method 

development has now been published,
250

 with later catalyst redesign studies to follow. 

 

 

Scheme 79. Summarised outputs from method development for labelling 1º sulfonamides. 

 

In a similar vein to sulfonamides, rational catalyst design has led to the first study on 

switchable selectivity in labelling aromatic aldehydes (Scheme 80). With particular focus on 

formyl selectivity, this work represents the first direct, mild, and formyl-selective aldehyde 

labelling method. Unlike labelling sulfonamides, this project explored labelling selectivity 

originating from different mechanisms, rather than different binding patterns within the same 

mechanism. 

 

Finally, preliminary studies have established probe molecule binding energy calculations as a 

new method of comparing mono- and bidentate ligand partnerships within one analytical 

regime (Scheme 81). This method has been used to offer a theoretical explanation of an 

existing sulfone labelling catalyst, and in the accelerated discovery of previously unattainable 

reaction modes for NHC/phosphine HIE catalysts. 
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Scheme 80. Summarised outputs from method development for formyl-selective aldehyde 

labelling. 

 

 

Scheme 81. Summarised proof-of-concept studies for using ΔEbind as a theoretical precursor 

to reaction discovery. 
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7. Future Work 

 

This report has served to demonstrate that reaction development can benefit tremendously 

from being coupled to mechanistic and computational studies. As such, it is proposed that this 

method of enquiry be carried forward into future developments within the field. To this end, 

possible future projects are detailed below and, where appropriate, proof-of-concept results 

are provided (full details under the Future Work subheading in the Experimental section). 

 

Having established the anion effects relative to Ir-catalysed HIE using catalyst 208a, BArF 

analogues other existing PF6 catalysts should be explored, namely 350 in the first instance. 

Beyond HIE, it is envisaged that such complexes can improve on existing efforts in related 

hydrogenation chemistries (Scheme 82).
77

 Further to this, chiral derivatives of the BArF 

anion should be explored in studies towards asymmetric hydrogenation catalysts bearing non-

chiral ligands. In a final extension to the anion work presented herein, ligands bearing 

charged tags may be explored such that an inner sphere ligand also plays the role of catalyst 

‘anion’, forming formally zwitterionic iridium complexes. This is now being pursued via 

phosphine ligands, such as in 356. Such complexes may also offer a functional handle with 

which to deliver catalysts functional under phase transfer conditions.  

 

In line with studies on Lepidiline A, it is proposed that the N,N’-diphenylmethyl substitution 

pattern will provide an interesting line of enquiry for HIE and related studies. The NHC 

produced from the chloride analogue of salt 357 has been utilised in previous studies within 

the Kerr group but without the successful preparation of any complexes of type 358.
147

 In 

more recent times, this author has developed a counterion-flexible synthetic route to such 

complexes.
153

 Initial experimental and PCA analysis of the PPh3 coupled complex suggests a 

uniquely electron-poor system relative to other HIE catalysts (see, for example, Table 28). 
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Scheme 82. Proposed future work on exploration of anion effects in Ir-catalysed reactions. 

 

Table 28. Proposed study of electron-poor IDiphen complexes. 

 

Entry Complex ΣVbur,211 v(CO)
 

Δ(ΣVbur)
2
 

1 358 57.8 2019.89 1.4 

2 214 55.7 2014.02 0.5 

3 196a 60.2 2009.26 0.1 

 

In a direct extension of the improved scope of catalyst 208a, it has recently been discovered 

that such complexes effectively catalyse sp
3
-deuteration under unprecedentedly mild 

conditions (Scheme 83).
105

 Consequently, the applicable scope of this reactivity should be 

explored towards the ultimate aim of labelling drug molecules such as 359. In a still wider 

reaching arm of this study, the observed (albeit minor) selectivity for equatorial over axial 

labelling should be explored in order to develop a so-called enantiolabelling strategy. 
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Scheme 83. Future working in sp
3
-labelling chemistry. 

 

With a view to establishing new modes of precatalyst activation for 208a, full mechanistic 

analysis should be pursued for the tetrazole labelling methodology. Indeed, it has already 

been shown that the optimised conditions do not readily extend to carboxylic acid derivatives, 

where in fact newly optimised conditions have begun to be explored (Scheme 84). Beyond 

mechanistic curiosity, understanding the role of precatalyst 208a under basic conditions in 

protic solvent will aid in uncovering the ability of these catalysts to extend to use in transfer 

hydrogenation chemistries.
247,252
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Scheme 84. Low reactivity of carboxylic acids under tetrazole labelling conditions and 

current progress towards reoptimisation. 

 

In relation to holistic modelling and PCA data, the predictive power of such techniques can 

be increased by the overlay of an experimentally-derived catalyst scoring system. It is hereby 

proposed that this may be achieved via a mechanically simple and easy-to-analyse parallel 

synthesis technique (carousel coupled with 
1
H NMR). ‘Cherry-picked’ catalysts presenting 

different areas of the presented PCA maps would be subjected to labelling a finite number of 

representative substrates under the most testing conditions possible (low catalyst loading, 

short reaction time). Ultimately, the resulting ‘score’ for each catalyst may be represented in 

the form of a classical Nightingale Rose diagram (Figure 56). This directional plot can be 

used to overlay the results from distinct catalysts, allowing complementary modes of 

substrate reactivity to be made more visually apparent. The examples provided below would 

show that Catalyst 1 is selective for substrate types a and b, whereas Catalyst 2 is better for 

labelling substrate types d and e. Alternatively, Catalyst 3 is unselective but globally 

applicable. This system is currently being piloted with further catalyst derivatives of 

Lepidiline A. 
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Figure 56. Generalised representation of proposed catalyst scoring system. 

 

Moving to the chloro-carbene catalysed reactions, it has been noted that the labelling of 

primary sulfonamides and aldehydes is extremely sensitive to changes in solvent, where only 

DCM is currently applicable (see Table 27, for example). Efforts should thus be made to 

understand the role of the solvent in these reactions, building first on our published 

understanding.
115

 

 

Unique aspects of the chloride ligand in the aforementioned catalysts have been explored in 

two different reactions. As has also been reported in the literature, simple halide ligands are 

often non-innocent, and significantly alter the size and electronic characteristics of a given 

complex.
200,253,254

 The effect of altering the halogen ligand on catalysts such as 207 should 

therefore be explored in order to assess the propensity for such species to broaden the scope 

of substrates (sulfonamides and aldehydes) currently tolerated, and as part of understanding 

the operative labelling mechanisms in each case (Figure 57). 
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Figure 57. Possible structure variations in the further exploration of halo-carbene Ir catalysts. 

 

In moving towards the most globally accessible model for describing ligand partnerships, the 

emerging ΔEbind descriptor should be explored in terms of a broader scope of mono- and 

bidentate ligand partnerships, including more chiral derivatives of the latter. As has been 

shown, the new bidentate labelling catalysts derived from these studies are able to instil 

modes of reactivity previously unattainable in ortho-HIE methodology. The applicable limit 

of labelling protected sulfonamides and sterically-challenging amides should be fully 

exploited in the first instance. 

 

Finally, experimental characterisation of HIE catalyst derivatives has inspired the idea of 

catch and release catalysis. More specifically, reduced catalyst loading represents a main 

driver in Ir-based HIE, due (in part) to the expense of the metal. However, this could be 

reduced in importance if the catalyst could be ‘captured’ and stored after the reaction, and 

later released again once required. One strategy for achieving this would be to form isolable 

dihydride complexes, displacing weakly bound substrates and solvents with, for example, 

acetonitrile or bipyridine derivatives. This author has initiated this line of enquiry with the 

isolation and X-ray characterisation of several Ir-hydride complexes (see, for example, 

Scheme 85). 
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Scheme 85. One potential ‘caught’ form of catalyst 196b. 

  



162 
  

8. Experimental 

 

8.1 General Considerations 

 

All reagents were obtained from commercial suppliers (Aldrich, Alfa Aesar or Strem) and 

used without further purification, unless otherwise stated.  Purification was carried out 

according to standard laboratory methods.
255

  

 

 Benzene was dried by heating to reflux over sodium wire, and then distilled over 

argon. 

 Tetrahydrofuran and 1,4-dioxane were dried by heating to reflux over sodium wire, 

using benzophenone ketyl as an indicator, and then distilled under nitrogen. 

 Diethyl ether and toluene were obtained from a PureSolv SPS-400-5 Solvent 

Purification System, and deoxygenated by bubbling argon through for a minimum of 

thirty minutes. 

 Methanol, ethanol, isopropyl acetate, diisopropyl ether, and cyclopentyl methyl ether 

were dried by heating to reflux over calcium chloride, and then distilled under argon. 

 Tert-butyl methyl ether, dimethylformamide, and dimethyl carbonate were dried by 

heating to reflux over calcium sulfate, and then distilled under argon. 

 Isopropyl alcohol and tert-amyl alcohol were dried by heating to reflux over calcium 

oxide, and then distilled under argon. 

 Dimethylsulfoxide, 2-methyltetrahydrofuran, ethyl acetate, and dichloromethane were 

dried by heating to reflux over calcium hydride, and then distilled under argon. 

 All distilled solvents were stored under an argon atmosphere over molecular sieves 

(Å). 

 Acetanilide, benzamide, benzanilide and triphenylphosphine were purified by 

recrystallisation from ethanol. 

 N,N
’
-Diethyl-p-toluoylamide was readily available within the laboratory having been 

synthesised during previous studies in HIE chemistry.
151

  

 

Thin layer chromatography was carried out using Camlab silica plates coated with 

fluorescent indicator UV254.  This was analysed using a Mineralight UVGL-25 lamp or 

developed using vanillin solution. 



163 
  

Flash column chromatography was carried out using Prolabo silica gel (230-400 mesh). 

 

IR spectra were obtained on a Shimadzu IRAffinity-1 Spectrophotometer machine. 

 

1
H, 

13
C, 

11
B, 

19
F, and 

31
P spectra were recorded on a Bruker DPX 400 spectrometer at 400 

MHz (unless otherwise stated), 100 MHz, 128 MHz, 376 MHz, and 162 MHz, respectively. 

Chemical shifts are reported in ppm.  Coupling constants are reported in Hz and refer to H-H 

couplings, unless otherwise stated. Written accounts of 
13

C DEPT-90° NMR spectra list CH 

carbons only. Similarly, for 
13

C DEPT-135° spectra, only negative (i.e. CH2) carbon signals 

are detailed. For 
13

C DEPT-135°q spectra, quaternary carbon atoms are negative and also 

reported. For 
13

C JMOD NMR, inverted signals are labelled specifically and assigned where 

necessary.  

 

On collaborative projects with Sanofi (Frankfurt, Germany), the distribution of hydrogen 

isotopes in the products was determined by one of two liquid chromatography-mass 

spectrometry (LC-MS) systems. 

 

System 1 - with a Symmetry Shield RP18 column, 3.9 x 150 mm
2
 with gradient program. LC 

column conditions were as follows: 

 

mobile phase A: water (900 mL), acetonitrile (100 mL), TFA (1 mL)  

mobile phase B: water (100 mL), acetonitrile (900 mL), TFA (0.75 mL) 

Flow rate: 0.6 mL/min 

Detection: UV 254 nm and UV 210 nm. 

 

System 2 – with a Dionex Summit LC System with a DAD detector, coupled to a Thermo 

MSQ+ single quad MS; the LC column used was a Phenomenex Luna C18(2), 3 µm, 100A, 

4.6x150 mm
2
. 

 

mobile phase A: water (900 mL), acetonitrile (100 mL), formic acid (1 mL)  

mobile phase B: water (100 mL), acetonitrile (900 mL), formic acid (0.75 mL) 

Flow rate: 0.6 mL/min 

Detection: UV 254 nm and UV 210 nm. 
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Prior to mass detection, eluted samples were mixed with a 2.5% (v/v) solution of aqueous 

ammonia in order to form anionic entrants to the MS system. 

 

High resolution mass spectrometry (HRMS) data were acquired at the EPSRC UK National 

Mass Spectrometry Facility at Swansea University unless stated otherwise. Ionisation 

methods are stated for each example.  

 

Alternatively, collaborative projects with Sanofi (Frankfurt, Germany) provided HRMS via a 

Bruker micro-TOF-QII in positive ESI mode.  Calibration was achieved against an injection 

of a sodium formate. The sample was loaded at a flowrate of 0.5 mL/min of 0.044 % TFA in 

50% acetonitrile (aq.). No LC column was used. A Dionex Ultimate 3000 RSLC system was 

used as an inlet to the MS. Use of this system is stated where necessary, and no predicted ion 

is given. 

 

Crystallographic measurements were typically made at low temperature using Oxford 

Diffraction diffractometers equipped with CCD detectors.  Data for all samples were 

measured by the UK National Crystallography Service (NCS) at the University of 

Southampton.
256

All structures were refined against F
2
 to convergence using all unique 

reflections and programmes from the SHELX suit.
257

 In samples with solvent that was too 

disordered to model, the solvent was removed from these models using the SQUEEZE 

routine contained within PLATON.
258

 Selected crystallographic and refinement parameters, 

along with the .res files (opened in Mercury) associated with X-ray crystal structures are 

provided separately from the current document and are available in Appendix A. 

 

8.2 General Procedures 

 

General Procedure A – Preparation of Iridium(I) Complexes of the Type (COD)Ir(NHC)Cl 

113
  

 

A stock solution of 1 M sodium ethoxide was prepared by dissolving sodium metal (0.25 g) 

in ethanol (10 mL). 

 

A solution of η
4
-cycloocta-1,5-dieneiridium(I) chloride dimer, 205, in dry benzene (10 mL) 

was prepared in a flame-dried Schlenk tube. To the benzene solution was added 1 M sodium 
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ethoxide, resulting in a red to yellow colour change. After stirring the solution for 10 min at 

r.t., the imidazolium salt was added in one portion. The solution was stirred for 3 d at 45 
o
C 

under Ar, resulting in a gradual colour change from yellow to orange. The solvent was 

subsequently removed in vacuo and the residue purified via flash column chromatography, 

eluting the yellow fraction with a 1:1 mixture EtOAc and petroleum ether. The combined 

yellow fractions were combined and concentrated under reduced pressure. The desired 

yellow, crystalline solid precipitated from the resultant oil on addition of petroleum ether. 

 

General Procedure B – Preparation of Iridium(I) Complexes of the Type 

(COD)Ir(NHC)Cl
148,152

 

 

To a flame-dried Schlenk tube was added η
4
-cycloocta-1,5-dieneiridium(I) chloride dimer, 

205, and KO
t
Bu. After stirring the solid mixture under high vacuum for 10 mins, dry THF 

was added under an Ar atmosphere, and the resultant red-black solution stirred at r.t. for a 

further 10 mins. Subsequently, the imidazolium salt was added in one portion, causing a dark 

red to dark yellow colour change, and the reaction mixture stirred for the allotted time. The 

THF was then removed in vacuo and the residue purified by flash column chromatography, 

eluting the yellow fraction with a 1:1 mixture EtOAc and petroleum ether.  

 

General Procedure C – Preparation of Iridium (I) Complexes of the Type 

[(COD)Ir(IMes)(L)]X where X = BF4, PF6, or OTf, and L = PR3 or MeCN 

 

The yellow complex (COD)Ir(IMes)Cl, 207, was dissolved in dry THF in a previously flame-

dried round bottom flask, fitted with stopcock sidearm. After all solids had dissolved, the 

desired silver salt, AgX, was added, affording a yellow to opaque orange colour change on 

formation of a precipitate.  The reaction mixture was stirred for 15 mins at r.t. before carrying 

out filtration through celite under Ar using the necessary flame-dried glassware. Addition of 

phosphine or acetonitrile to the clear orange solution resulted in the immediate appearance of 

a bright red colour. Finally, after stirring the solution for the allotted reaction time at r.t., the 

solvent was expelled under reduced pressure and the product recrystallised as specified for 

each specific complex. 
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General Procedure D – Preparation of Imidazolium BArF Salts via Imidazolium Halides
173

 

 

The imidazolium halide and NaBArF were added to a 50 mL round bottom flask and 

dissolved in a 1:1 mixture of DCM and H2O (5 mL:5 mL). The reaction mixture was stirred 

overnight, ensuring that the organic and aqueous phases stirred without a visual bilayer. The 

reaction mixture was subsequently transferred to a separating funnel and diluted with DCM 

(5 mL). The aqueous phase was washed with DCM (5 mL) and the combined organic phase 

washed with water (10 mL) then brine (10 mL). After drying the DCM layer over anhydrous 

sodium sulfate and filtering through a Büchner funnel, the solvent was removed in vacuo and 

the residue purified through a short plug of silica, eluting with DCM. Removal of the solvent 

in vacuo once more gave the desired product as a white solid. 

 

General Procedure E – Preparation of [(COD)Ir(NHC)(PR3)]BArF via Imidazolium BArF 

173
 

 

To a flame-dried round bottom flask fitted with stopcock sidearm was added η
4
-cycloocta-

1,5-dieneiridium(I) chloride dimer, 205, and dry THF (5 mL). After all solids had dissolved, 

the phosphine was added in one portion, sparking an orange to yellow colour change. Having 

allowed the reaction mixture to stir at r.t. for 15 mins, the imidazolium BArF salt was added 

in one portion and allowed to dissolve completely. After a further 5 mins stirring, KO
t
Bu was 

added in one portion, causing an immediate yellow to bright red, then black, colour change. 

The reaction mixture was stirred for the allotted time at r.t. before the THF was removed in 

vacuo. The red-black residue was dissolved in DCM and purified directly through a short 

plug of silica, eluting the bright red fraction with DCM. The combined fractions were 

concentrated under reduced pressure to reveal a red, oily solid which was recrystallised by 

various methods depending on the exact structure of the complex. 

 

General Procedure F – Standard Deuteration of Substrates Using Iridium(I) Complexes 

 

A three-necked round bottom flask was fitted with two stopcock side arms and a suba seal 

and flame-dried. To this flask was added the iridium(I) complex and substrate of choice. The 

solvent (2.5 mL, unless stated otherwise) was added, rinsing the inner walls of the flask, and 

the suba seal was replaced with a Teflon-sleeved glass stopper. The solution was quickly 

placed under an atmosphere of Ar and stirred whilst being cooled to -78 ºC in a dry 
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ice/acetone slurry. The flask was twice evacuated and flushed with Ar. Upon a third 

evacuation, an atmosphere of deuterium gas was introduced to the flask. After sealing the 

flask, the cold bath was removed and the flask heated in a water bath to the desired 

temperature. NOTE – the glass stopper was physically restrained in case of pressure build up 

during the reaction. The reaction mixture was stirred for the alotted reaction time before 

removing excess deuterium and replacing with air. The yellow solution was washed with 

DCM and transferred to a single necked flask before removing the solvent under reduced 

pressure. The catalyst was triturated from the remaining residue by addition of diethyl ether 

(3 x 5 mL). The solution was filtered through a short plug of silica before the solvent was, 

again, evacuated. 

 

The level of deuterium incorporation in the substrate was determined by 
1
H NMR. The 

integrals were calibrated against a peak corresponding to a position not expected to be 

labelled. Equation 1 was then used to calculate the extent of labelling: 

 

% 𝐷𝑒𝑢𝑡𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 100 − [(
𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑏𝑒𝑙𝑙𝑖𝑛𝑔 𝑠𝑖𝑡𝑒𝑠
) 𝑥 100] 

 

Equation 1 

 

General Procedure G – Alternative Deuteration Procedure Using Carousel 

 

All such reactions were carried out using a Radley’s 12-chamber carousel. 

 

The water inlet for the carousel reflux system was turned on prior to any further reaction set 

up. To a 25 mL oven-dried carousel tube was added the substrate of choice (0.086 mmol, 

unless otherwise stated) and iridium(I) catalyst (0.0043 mmol, 5 mol%, unless otherwise 

stated) under air. The desired solvent (1 mL, unless otherwise stated) was added, rinsing the 

inner walls of the tube. The tube was then sealed at the screw cap (with gas inlet left open) 

and reconnected to the carousel rack. After charging all necessary carousel tubes with 

reactants, the air in the tubes was replaced with argon before cooling the base of the tubes of 

the rack to 0 ºC in the cooling basin. Separately, the carousel heating block was set to the 

desired reaction temperature. The cooled flasks on the carousel rack were twice evacuated 

and flushed with deuterium via a balloon. The carousel tube gas inlets were then closed, 
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creating a sealed atmosphere of deuterium. After sealing the flasks, the rack was transferred 

to the heating block and the reaction timer was started. The reaction mixture was stirred for 

the allotted time before removing excess deuterium and replacing with air. The solution was 

then washed with DCM and transferred to a single necked flask before removing the solvent 

under reduced pressure. The residue was worked up differently for particular reactions (vide 

infra). The residue isolated after work-up was analysed by 
1
H NMR. The level and 

regioselectivity of deuterium incorporation in the substrate was determined by 
1
H NMR and, 

where stated, compared with LC-MS. The integrals were calibrated against a peak 

corresponding to a position not expected to be labelled. 

 

General Procedure H – Preparation of N,N’-Dibenzyl-4,5-dimethylimidazolium halides via 

4,5-dimethyl imidazole
259

 

 

To a flame-dried round bottom flask was added 4,5-dimethylimidazole, 258, and dry THF. 

Once all solids had dissolved, sodium hydride was added portion-wise to control the rate of 

effervescence. Following this, the appropriate benzyl halide was added to the reaction 

mixture dropwise with stirring. The flask was then fitted with a reflux condenser and heated 

to the desired temperature before leaving the reaction mixture to stir for the allotted time. On 

cooling, the solvent was removed in vacuo and the residue diluted with DCM (20 mL). This 

DCM mixture was filtered through celite and concentrated under reduced pressure to reveal 

an off white solid. The solid was collected by filtration and washed with acetone to reveal the 

desired product as a bright white solid. 

 

General Procedure I – One Pot Preparation of Iridium (I) Complexes of the Type 

[(COD)Ir(NHC)(PR3)]X where X = BF4, PF6, SbF6, OTf, or BPh4 

 

To a flame-dried round bottom flask fitted with stopcock sidearm was added 

(COD)Ir(NHC)Cl, phosphine, and dry THF (5 mL). On formation of a homogeneous yellow 

solution after 5 mins stirring, AgX was added to the reaction vessel in one portion, causing a 

yellow to opaque red colour change. After stirring the reaction mixture at r.t. for 

approximately 16 h, the reaction mixture was directly filtered through celite in air, rinsing the 

celite with DCM before concentrating the filtrate in vacuo. The resulting red solid was 

triturated by various means depending on the exact nature of the complex. 
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General Procedure J – Preparation of Iridium(I) Di- and Tricarbonyl Complexes 

 

Similarly to General Procedure G, reactions were carried out in a Radley’s carousel. 

Precatalysts of the type [(COD)Ir(NHC)(PR3)]PF6 were dissolved in DCM (5 mL) inside an 

oven-dried carousel tube. Under an argon atmosphere, the stirred reaction mixture was cooled 

to -78 ºC placing the tube under vacuum and backfilling with CO gas via a balloon. The 

carousel was transferred to the heating block and stirred at r.t. for 1 h. In this time, a red to 

yellow (or orange) colour change was observed. To isolate the products, the reaction volume 

was reduced by half before adding dry Et2O dropwise (~5 mL) to triturated the product from 

DCM, yielding bright yellow or colourless solids after collection by filtration. X-ray quality 

crystals were obtained via slow diffusion of Et2O in a saturated DCM solution of the product 

at r.t. 

 

General Procedure K – Preparation of Iridium(I) Complexes of the Type 

[(OC)Ir(NHC)(PR3)Cl] 

 

Ir complexes of the type [(COD)Ir(NHC)Cl] were added to a flame-dried Schlenk tube under 

an argon atmosphere then dissolved in dry DCM (5 mL). At r.t., the flask was placed under a 

light vacuum before sealing the system. The argon/vacuum line was replaced by a CO 

balloon before re-opening the Schlenk valve. Stirring at r.t. for 1 h, the reaction mixture 

turned from dark to light yellow. After this time, the flask was replaced under an argon 

atmosphere and phosphine (1 eq.) added slowly in one portion. This caused some 

effervescence due to the substitution of a CO ligand by phosphine. After a further 1 h stirring, 

the volume of DCM was reduced by half before triturating the product as a yellow solid using 

dry Et2O. X-ray quality crystals were obtained via slow diffusion of Et2O in a saturated DCM 

solution of the product at r.t. 

 

General Procedure L – Synthesis of Primary Aromatic Sulfonamides  

 

To a stirred solution (~50 mL) of ammonium hydroxide (30% aqueous solution) at r.t., the 

necessary sulfonyl chloride or benzoyl chloride was added portion-wise (if solid) or dropwise 

(if liquid). The reaction mixture was stirred at r.t. for 16 h, after which time the product had 

formed as a white solid precipitate, unless otherwise stated. The solid was collected by 

filtration, and washed with cold, deionised water (3 x 10 mL). Subsequently, the product was 
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recrystallised from ethyl acetate/hexanes and then dried in the vacuum oven (0 bar, 40 
o
C) 

overnight. 

 

Following General Procedure L, results are reported as: a) amount of sulfonyl chloride or 

benzoyl chloride, and b) product yield. 

 

General Procedure M – Synthesis of Celecoxib Drug Derivatives 

 

To an oven-dried 100 mL round bottom flask fitted with reflux condenser was added the 

relevant β-hydroxyenone (1 eq.), 4-sulfonamidophenylhydrazine hydrochloride (1 eq.), and 

ethanol (20 mL). The slurry was stirred under reflux for 16 h. After cooling to room 

temperature, ethanol was removed in vacuo and the remaining residue purified by silica 

column chromatography (eluting with ethyl acetate/hexanes, 1:2). The product was isolated 

as a white solid and recrystallised from DCM/petroleum ether. 

 

Following General Procedure M, results are reported as: a) amount of β-hydroxyenone, b) 

amount of 4-sulfonamidophenylhydrazine hydrochloride, and c) yield. 

 

 

Throughout the Experimental section, where possible, reaction parameters (stoichiometries, 

time, temperature, yield, etc.) are identified according to the relevant Scheme, Table, or 

Figure from the Results section. Where multiple results require comparison, these are 

tabulated, otherwise, results appear in a linear, non-tabulated format. 

 

8.3 Alternative Synthetic Route to [(COD)Ir(IMes)(PR3)PF6] 

 

Preparation of Chloro(4
–Cycloocta-1,5-diene)(1,3-dimesityl-2-ylidene) iridium(I), 207 

 

Following General Procedure A, results are reported as a) amount of 205, b) amount of 

NaOEt, c) amount of imidazolium salt, and d) product yield. 
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Scheme 37 

a) 0.600 g, 0.895 mmol, b) 1.8 mL, 1.8 mmol, c) 1,3-dimesitylimidazolium chloride 206, 

0.406 g, 1.191 mmol, and d) 0.801 g, 70%. 

 

 

Appearance: yellow, microcrystalline solid. 

m.p. (°C): decomposes at > 200 °C. 

FTIR (neat): 3092, 3009, 2916, 2876, 1609, 1485 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 6.99-6.96 (2 x bs, 4H, ArH), 6.93 (s, 2H, olefinic CH), 4.14-

4.10 (m, 2H, COD olefinic CH), 2.96-2.94 (m, 2H, COD olefinic CH), 2.34 (s, 12H, ArCH3), 

2.14 (s, 6H, ArCH3), 1.74-1.59 (m, 4H, COD CH2), 1.33-1.21 (m, 4H, COD CH2) 

13
C NMR (100 MHz, CDCl3): δ 181.0, 138.8, 137.6, 136.3, 134.6, 133.0, 129.7, 128.3, 

123.5, 82.8, 66.1, 51.6, 33.7, 29.2, 21.4, 19.9, 15.5. 

 

Alternative Preparation of Chloro(4
–Cycloocta-1,5-diene)(1,3-dimesityl-2-ylidene) 

iridium(I), 207 
148,152

 

 

Following General Procedure B, results are reported as follows: 

 

From Scheme 38: 

Entry 205 (g, mmol) KOtBu (g, mmol) 
THF 

(mL) 
206 (g, mmol) Time Yield (g, %) 

1 0.600, 0.893 0.200, 1.786 15 0.609, 1.786 3 h 1.132, 99 

2 4.000, 5.954 1.337, 11.910 100 4.060, 11.910 2 h 6.919, 91 

 

The analytical data was consistent with that reported above. 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dimesitylimidazoline-2-ylidene) 

(triphenylphosphine)iridium(I) hexafluorophosphate, 196a 
113 

 

Following General Procedure C, results are reported as follows: 
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From Table 4: 

Entry 207 (g, mmol) AgPF6 (g, mmol) 
THF 

(mL) 
PPh3 (g, mmol) Time (h) Yield (g, %) 

1
a
 0.700, 1.093 0.276, 1.093  15 0.287, 1.093  1 0.553, 50 

2
b
 0.700, 1.093 0.276, 1.093  15 0.287, 1.093  1 0.885, 80 

a
 Product was isolated via recrystallization from DCM/Et2O. 

b
 Product was isolated via trituration from EtOAc. 

 

 

Appearance: red, microcrystalline solid. 

FTIR (CH2Cl2): 3040, 2995, 2319, 1631, 1495 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.49-7.45 (m, 5H, ArH), 7.34-7.30 (m, 6H, ArH), 7.16-7.12 

(m, 6H, ArH), 7.05 (s, 2H, ArH), 6.67 (s, 2H, olefinic CH), 4.41-4.40 (m, 2H, olefinic COD 

CH), 3.33-3.31 (m, 2H, COD CH), 2.37 (s, 6H, ArCH3), 2.13 (s, 6H, ArCH3), 1.78 (s, 6H, 

ArCH3), 1.63-1.51 (m, 6H, COD CH2), 1.49 (m, 2H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 176.5 (d, 

3
JC-P = 8.0 Hz), 139.2, 135.7, 135.2, 135.1, 134.6, 

131.2, 130.7, 130.2, 129.7, 128.5, 126.4, 80.9, 80.0, 77.4, 31.4, 30.4, 21.2, 20.9, 18.9. 

31
P NMR (162 MHz, CDCl3): δ 16.3 (PPh3), -144.3 (PF6). 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dimesitylimidazoline-2-ylidene) 

(tribenzylphosphine)iridium(I) hexafluorophosphate, 196b 
113 

 

Following General Procedure C, results are reported as a) amount of 207, b) volume of THF, 

c) amount of AgPF6, d) amount of phosphine, e) reaction time, f) product yield, and g) 

purification technique. 

 

From Table 4: 

a) 0.700 g, 1.093 mmol, b) 15 mL, c) 0.276 g, 1.093 mmol, d) PBn3, 0.333 g, 1.093 mmol, e) 

1 h, f) 0.888 g, 77%, and g) trituration from EtOAc. 
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Appearance: red, microcrystalline solid. 

FTIR (CH2Cl2): 3040, 2995, 2319, 1631, 1495 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.79 (s, 2H, NCH=CHN), 7.41 (s, 2H, ArH), 7.34 (s, 2H, 

ArH), 7.30-7.28 (m, 9H, ArH), 6.99-6.97 (m, 6H, ArH), 4.72-4.70 (m, 2H, COD CH), 3.27-

3.26 (m, 2H, COD CH), 3.02 (d, 
2
JP-H = 8.8 Hz, 6H, PCH2Ar), 2.57 (s, 6H, ArCH3), 2.47 (s, 

6H, ArCH3), 2.39 (s, 6H, ArCH3), 1.83-1.77 (m, 2H, COD CH2), 1.60-1.48 (m, 4H, COD 

CH2), 1.37-1.30 (m, 2H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ ~175.0 (unable to observe C-P coupling), 141.1, 137.4, 

137.0, 136.3, 134.4, 131.0, 130.7, 129.6, 128.8, 128.0, 127.9, 87.2, 75.8, 32.5, 31.2, 31.1, 

21.1, 20.6, 20.0. 

31
P NMR (162 MHz, CDCl3): δ -7.0 (PBn3), -144.2 (PF6). 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dimesitylimidazoline-2-ylidene) 

(dimethylphenylphosphine)iridium(I) hexafluorophosphate, 196c 
113 

 

Following General Procedure C, results are reported as a) amount of 207, b) volume of THF, 

c) amount of AgPF6, d) amount of phosphine, e) reaction time, f) product yield, and g) 

purification technique. 

 

From Table 4: 

a) 0.700 g, 1.093 mmol, b) 20 mL, c) 0.276 g, 1.093 mmol, d) PMe2Ph, 0.151 g, 1.093 mmol, 

e) 16 h, f) 0.872 g, 90%, and g) trituration from EtOAc. 

 

 

Appearance: red, microcrystalline solid. 

FTIR (neat): 3040, 2995, 2319, 1631, 1495 cm
-1

. 
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1
H NMR (400 MHz, CDCl3): δ 7.40-7.37 (m, 3H, ArH), 7.32-7.29 (m, 4H, ArH and olefinic 

CH), 7.07 (s, 2H, ArH), 6.94 (s, 2H, ArH), 4.32-4.29 (m, 2H, COD CH), 3.48-3.46 (m, 2H, 

COD CH), 2.40 (s, 6H, ArCH3), 2.23 (s, 6H, ArCH3), 2.16, (s, 6H, ArCH3), 1.77-1.50 (m, 

8H, COD CH2), 1.51 (d, 
2
JP-H = 8.4 Hz, 6H, CH3). 

13
C NMR (100 MHz, CDCl3): δ 177.05, 139.4, 135.0, 134.3, 131.3, 130.9, 129.5, 129.2, 

128.1, 125.3, 83.5, 82.8, 76.2, 75.3, 30.9, 29.9, 21.1, 20.4, 18.6, 16.6, 15.6. 

31
P NMR (162 MHz, CDCl3): δ -14.06 (PMe2Ph), -144.35 (PF6). 

 

8.4 Anion Effects in Iridium-catalysed Isotope Exchange Processes 

 

The main findings from this section have now been published and can be found at the 

reference provided.
251

 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dimesitylimidazoline-2-ylidene) 

(triphenylphosphine)iridium(I) trifluoromethylsulfonate, 208b 

 

Following General Procedure C, results are reported as a) amount of 207, b) volume of THF, 

c) amount of AgOTf, d) amount of phosphine, e) reaction time, f) product yield, and g) 

purification technique.  

 

From Table 5: 

a) 0.500 g, 0.781 mmol, b) 20 mL, c) 0.201 g, 0.781 mmol, d) PPh3, 0.204 g, 0.781 mmol, e) 

16 h, f) 0.545 g, 69%, and g) trituration from EtOAc. 

 

X-ray quality crystals were prepared by allowing diethyl ether to diffuse into a saturated 

DCM solution of the product at 4 
o
C overnight. 

 

 

Appearance: red, microcrystalline solid. 

m.p.: Decomposes >170 
o
C. 
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FTIR (neat): 3174, 2951, 2924, 2887, 1477, 1437, 1381, 1267, 1140, 1032 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.50 (s, 2H, NCH=CHN), 7.49-7.45 (m, 3H, ArH), 7.34-7.28 

(m, 6H, ArH), 7.16-7.11 (m, 6H, ArH), 7.05 (s, 2H, ArH), 6.67 (s, 2H, ArH), 4.31-4.38 (m, 

2H, COD CH), 3.34-3.32 (m, 2H, COD CH), 2.37 (s, 6H, ArCH3), 2.13 (s, 6H, ArCH3), 1.77 

(s, 6H, ArCH3), 1.70-1.50 (m, 6H, COD CH2), 1.33-1.25 (m, 2H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 176.2 (d, 

3
JC-P = 8.0 Hz), 139.2, 135.2, 135.1, 134.7, 134.3, 

134.2, 130.8, 130.2, 129.8, 129.2, 128.1, 128.0, 126.4, 80.0, 79.9, 77.5, 31.4, 29.7, 20.8, 20.4, 

18.6. 

13
C DEPT-135° NMR (100 MHz, CDCl3): δ 31.9, 30.2. 

31
P NMR (162 MHz, CDCl3): δ 16.3 (PPh3). 

19
F NMR (376 MHz, CDCl3): δ -78.0 (SO3CF3). 

HRMS (positive ESI): m/z calc’d for C29H32
191

IrN2 [M-SO3CF3-PPh3-4H]
+
: 599.2166; 

found: 599.2169. No mass ion observed.  

HRMS (negative ESI): m/z calc’d for [SO3CF3]
-
: 148.9526; found: 148.9528. 

X-Ray: see Appendix A. 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dimesitylimidazoline-2-ylidene) 

(triphenylphosphine)iridium(I) tetrafluoroborate, 208c 

 

Following General Procedure C, results are reported as a) amount of 207, b) volume of THF, 

c) amount of AgBF4, d) amount of phosphine, e) reaction time, f) product yield, and g) 

purification technique. 

 

From Table 5: 

a) 0.250 g, 0.390 mmol, b) 15 mL, c) 0.076 g, 0.390 mmol, d) PPh3, 0.099 g, 0.390 mmol, e) 

1 h, f) 0.298 g, 80%, and g) trituration from EtOAc. 

 

X-ray quality crystals were prepared by layering diethyl ether on top of a saturated DCM 

solution of the product, allowing the biphasic solvent system to mix for four days at r.t. 
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Appearance: dark red, microcrystalline solid. 

m.p.: Decomposes > 160 °C. 

FTIR (neat): 3043, 2920, 2364, 1606, 1585, 1566, 1477, 1435, 1049 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.50 (s, 2H, NCH=CHN), 7.48-7.44 (m, 3H, ArH), 7.34-7.29 

(td, J = 7.8, 2.5 Hz, 6H, ArH), 7.15-7.10 (m, 6H, ArH), 7.04 (s, 2H, ArH), 6.66 (s, 2H, ArH), 

4.40-4.38 (m, 2H, COD CH), 3.33-3.31 (m, 2H, COD CH), 2.36 (s, 6H, ArCH3), 2.12 (s, 6H, 

ArCH3), 1.77 (s, 6H, ArCH3), 1.68-1.49 (m, 6H, COD CH2), 1.32-1.27 (m, 2H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 176.1 (d, 

2
JC-P = 8.0 Hz), 139.1, 135.2, 135.1, 134.7, 134.3, 

134.2, 130.7, 130.3, 129.8, 129.2, 128.1, 128.0, 126.4, 79.9, 79.8, 77.5, 31.4, 29.7, 20.7, 20.4, 

18.5. 

13
C DEPT-90° NMR (100 MHz, CDCl3): δ 134.8, 134.7, 131.2, 130.3, 129.7, 128.6, 128.5, 

126.9, 80.4, 80.3, 78.0. 

13
C DEPT-135° NMR (100 MHz, CDCl3): δ 31.9, 30.2. 

31
P NMR (162 MHz, CDCl3): δ 16.3 (PPh3). 

11
B NMR (128 MHz): δ -0.9 (BF4). 

19
F NMR (376 MHz, CDCl3): δ -153.8 (BF4). 

HRMS (positive ESI): m/z calc’d for C29H31
191

IrN2 [M-BF4-PPh3-5H]
+
: 599.2166; found: 

599.2168. No mass ion observed.  

HRMS (negative ESI): m/z calc’d for [BF4]
-
: 87.0000; found: 87.0042. 

X-Ray: see Appendix A. 

 

Preparation of N,N’- Dimesitylimidazolium tetrakis[(3,5-trifluoromethylphenyl)]borate, 219 

 

Following General Procedure D, results are reported as a) amount of 206, b) amount of 

NaBArF, and c) product yield. 

 

From Scheme 39: 

a) 0.269 g, 0.789 mmol, b) 0.700 g, 0.789 mmol, and c) 0.840 g, 92%. 
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X-ray quality crystals were grown by solution evaporation of a DCM solution of 220 at r.t. 

overnight. 

 

 

m.p.: 135-136 
o
C. 

FTIR (neat): 3156, 2994, 2968, 2928, 1609, 1545, 1479, 1352, 1273, 1115 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 8.11 (t, 

4
J = 1.6 Hz, 1H, NCHN), 7.70-7.68 (m, 8H, 

ArHBArF), 7.50 (s, 4H, ArHBArF), 7.40 (d, 
4
J = 1.6 Hz, 2H, NCH=CHN), 7.08 (s, 4H, ArH), 

2.37 (s, 6H, ArCH3), 2.04 (s, 12H, ArCH3). 

13
C NMR (100 MHz, CDCl3): δ 161.8 (q, 

1
JC-B = 49.5 Hz), 143.1, 135.3, 134.8, 133.4, 130.4, 

129.4-128.4 (unidentified multiplet), 125.0, 124.6 (q, 
1
JC-F = 270.7 Hz), 117.4, 21.0, 16.9.

 

11
B NMR (128 MHz, CDCl3): δ -6.7 (BArF B(Ar)4). 

19
F NMR (376 MHz, CDCl3): -62.4 (BArF ArCF3) 

HRMS (positive ESI): m/z calc’d for C21H25N2 [M-BArF]
+
: 305.2012; found: 305.2012 [M-

BArF]
+
.  

HRMS (negative ESI): m/z calc’d for [C32H12BF24, BArF]
-
: 863.0660; found: 863.0621. 

X-Ray: see Appendix A. 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dimesitylimidazoline-2-ylidene) 

(triphenylphosphine)iridium(I) tetrakis[(3,5-trifluoromethylphenyl)]borate, 208a  

 

Following General Procedure E, results are reported as a) amount of 205, b) amount of PPh3, 

c) amount of 219, d) amount of KO
t
Bu, e) reaction time, and f) product yield.  

 

From Scheme 39: 

a) 0.544 g, 0.810 mmol, b) 0.426 g, 1.620 mmol, c) 1.894 g, 1.62 mmol, d) 0.273 g, 2.43 

mmol, e) 1 h, and f) 1.860 g, 67%. 

 

The product was isolated as a red solid by layering petroleum ether on top of the oily solid 

obtained after column chromatography, and standing at r.t. overnight. X-ray quality crystals 
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were prepared by layering hexane on top of a saturated THF solution of the product, allowing 

the biphasic solvent system to mix for one week at r.t. 

 

 

Appearance: dark red, granny solid. 

m.p.: Decomposes >156 
o
C. 

FTIR (neat): 3024, 2978, 1610, 1539, 1479, 1467, 1426, 1352, 1271, 1187 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.74-7.73 (m, 8H, ArHBArF), 7.53 (bs, 4H, ArHBArF), 7.46-

7.42 (m, 3H, ArH), 7.32-7.27 (overlapping s and m, 8H, ArH + NCH=CHN), 7.16-7.11 (m, 

6H, ArH), 7.05 (s, 2H, ArH), 6.69 (s, 2H, ArH), 4.40-4.37 (m, 2H, COD CH), 3.38-3.36 (m, 

2H, COD CH), 2.36 (s, 6H, ArCH3), 2.11 (s, 6H, ArCH3), 1.77 (s, 6H, ArCH3), 1.71-1.48 (m, 

6H, COD CH2), 1.33-1.27 (m, 2H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 178.0 (d, 

3
JC-P = 10.0 Hz), 161.8 (q, 

1
JC-B = 50.0 Hz), 140.1, 

135.4, 135.1, 134.8, 134.7, 131.3, 131.2, 130.7, 130.4, 129.8, 129.0, 128.7, 128.5, 124.5 (q, 

1
JC-F = 270.0 Hz), 117.4, 80.5, 80.4, 78.5, 31.8, 21.1, 20.7, 18.9. 

13
C DEPT-135º NMR (100 MHz, CDCl3): δ 31.8, 30.1. 

31
P NMR (162 MHz, CDCl3): δ 16.4 (PPh3). 

19
F NMR (376 MHz, CDCl3): δ -62.5 (BArF ArCF3). 

11
B NMR (128 MHz, CDCl3): δ -6.60 (BArF B(Ar4)). 

HRMS (positive ESI): m/z calc’d for C29H32
191

IrN2 [M-BArF-PPh3-4H]
+
: 599.2166; found: 

599.2168. No mass ion observed. 

HRMS (negative ESI): m/z calc’d for [C32H12BF24, BArF]
-
: 863.0660; found: 863.0632. 

X-Ray: see Appendix A. 

 

Preparation of Chloro(4
–cycloocta-1,5-diene)(triphenylphosphine) iridium(I), 220

260
 

 

To a flame-dried 100 mL round bottom flask fitted with a stopcock sidearm was added 205 

(0.300 g, 0.447 mmol) and dry DCM (10 mL). Once all solids had dissolved, 

triphenylphosphine (0.234 g, 0.894 mmol) was added in one portion causing a red to orange-

yellow colour change. The reaction mixture was stirred at r.t. for 30 mins before dry EtOH 
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(20 mL) was added, causing a yellow to red colour change. At this time, the flask was place 

under high vacuum with continuous stirring until a bright yellow precipitate formed. The 

product was collected by filtration and washed with cold EtOH (5 mL), to deliver the desired 

product as a yellow solid (Scheme 39; 0.368 g, 69%). 

 

 

Appearance: yellow powder. 

m.p. (
o
C): 175-177 (Lit. = 175-178).

 

FTIR (neat): 3051, 2955, 2878, 1479, 1433 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.70-7.65 (m, 6H, ArH), 7.42-7.35 (m, 9H, ArH), 5.18-5.15 

(m, 2H, COD CH), 2.73-2.70 (m, 2H, COD CH), 2.29-2.11 (m, 4H, COD CH2), 1.88-1.82 

(m, 2H, COD CH2), 1.61-1.54 (m, 2H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ ppm 135.3, 135.1, 131.3, 130.8, 130.6, 128.3, 128.2, 94.3, 

94.1, 53.8, 33.7, 29.7. 

31
P NMR (162 MHz, CDCl3): δ 21.9 (PPh3). 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dimesitylimidazoline-2-ylidene) 

(triphenylphosphine)iridium(I) tetrakis[(3,5-trifluoromethylphenyl)]borate, 208a, from 220 

 

To a flame-dried 50 mL round bottom flask fitted with stopcock sidearm was added 220 

(0.031 g, 0.052 mmol), 219 (0.061 g, 0.052 mmol), and dry THF (2.2 mL). After a 

homogeneous, yellow solution was formed and, after 5 mins stirring, KO
t
Bu (0.009 g, 0.078 

mmol) was added in one portion, causing a yellow to deep red colour change. After stirring 

the resultant reaction mixture at r.t. for 2 d, the solvent was removed in vacuo and the residue 

purified through a short plug of silica, eluting with DCM, as per General Procedure E. The 

combined red fractions were concentrated under reduced pressure to reveal the product as a 

red oil. Purification was achieved by pouring petroleum ether over the oil, allowing the 

complex to crystallise as a deep red solid (Scheme 39; 0.038 g, 42%). 

  

Data are consistent with that reported above for 208a. 
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Assessment of Counterion Effects on Catalyst Efficiency (from Scheme 40) 

 

 

 

Data for unlabeled acetophenone, 27: 

1
H NMR (400 MHz, CDCl3): δ 7.95 (d, 

3
J = 7.5 Hz, 2H, ArH

3
), 7.47 (t, 

3
J = 7.4 Hz, 1H, 

ArH
1
), 7.35 (t, 

3
J = 7.4 Hz, 2H, ArH

2
), 2.62 (s, 3H, CH3

4
). 

 

Incorporation expected at δ 7.95. Determined against integral at δ 2.62. 

 

Scheme 40 represents assessment of five different catalyst loadings (0.0, 0.5, 1.0, 3.0, and 5.0 

mol%) at 25 
o
C. Each point on a graph is representative of an average of two independent 

runs for that particular set of reaction conditions. Following General Procedure F, all 

reactions were carried out using 27 (0.028 mL, 0.215 mmol). Results are delineated in the 

following table. 
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Entry X  Loading (mg, mol%) %D (run 1) %D (run 2) 

1 - - 0 0 

2 BF4 1.0, 0.5 36 38 

3 BF4 2.0, 1.0 58 66 

4 BF4 6.2, 3.0 92 97 

5 BF4 9.5, 5.0 87 97 

6 PF6 1.1, 0.5 60 59 

7 PF6 2.2, 1.0 77 79 

8 PF6 6.5, 3.0 97 98 

9 PF6 10.8, 5.0 97 98 

10 OTf 1.1, 0.5 68 79 

11 OTf 2.2, 1.0 86 94 

12 OTf 6.6, 3.0 96 96 

13 OTf 10.9, 5.0 96 97 

14 BArF 1.9, 0.5 71 79 

15 BArF 3.7, 1.0 89 86 

16 BArF 11.1, 3.0 98 96 

17 BArF 18.3, 5.0 97 98 

All reactions carried out at 25 ºC. 

 

The same set of experiments was also run at 40 ºC. These are mentioned in the results section 

but not included. These additional experiments are tabulated below: 
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Entry X  Loading (mg, mol%) %D(run 1) %D(run 2) 

1 - - 0 0 

2 BF4 1.0, 0.5 90 89 

3 BF4 2.0, 1.0 96 98 

4 BF4 6.2, 3.0 96 98 

5 BF4 9.5, 5.0 97 98 

6 PF6 1.1, 0.5 92 96 

7 PF6 2.2, 1.0 96 98 

8 PF6 6.5, 3.0 97 97 

9 PF6 10.8, 5.0 97 96 

10 OTf 1.1, 0.5 97 94 

11 OTf 2.2, 1.0 93 95 

12 OTf 6.6, 3.0 96 96 

13 OTf 10.9, 5.0 95 96 

14 BArF 1.9, 0.5 96 94 

15 BArF 3.7, 1.0 95 97 

16 BArF 11.1, 3.0 95 97 

17 BArF 18.3, 5.0 97 96 

All reactions carried out at 40 ºC. 

 

Counterion Influence on Ether and Carbonate Solvent Scope 

 

Figure 17 represents assessment of catalysts 196a and 208a in various ether and carbonate 

solvents. Each bar on a graph is representative of an average of two independent runs for that 

particular set of reaction conditions. Reactions were run using General Procedure F, and all 

were carried out using 27 (0.028 mL, 0.215 mmol). The results are shown in the table below. 
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Entry
a
 Solvent Catalyst

b
 

% Deuteration 
Average % D 

Run 1 Run 2 

1 dioxane 196a 93 94 94 

2 dioxane 208a 94 95 95 

3 MTBE 196a 90 92 91 

4 MTBE 208a 97 97 97 

5 Et2O 196a 94 93 94 

6 Et2O 208a 96 98 97 

7 2-MeTHF 196a 95 94 95 

8 2-MeTHF 208a 96 94 95 

9 
i
Pr2O 196a 78 66 72 

10 
i
Pr2O 208a 98 98 98 

11 CPME 196a 66 64 65 

12 CPME 208a 96 98 97 

13 THF 196a 38 48 43 

14 THF 208a 92 88 90 

15 dimethyl carbonate 196a 72 88 80 

16 dimethyl carbonate 208a 92 92 92 

a
Conditions: 2.5mL solvent, 0.215 mmol 27, 1 h, 25 ºC, 5 mol% [Ir] 

b
Mass of 196a per reaction = 10.8 mg; mass of 208a per reaction = 18.3 mg

 

 

Counterion Influence on Alcohol, Ester, Chlorinated, and Aromatic Solvent Scope 

 

Figure 18 represents assessment of catalysts 196a and 208a in various additional solvents. 

Each bar on a graph is representative of an average of two independent runs for that particular 

set of reaction conditions. Following General Procedure F, all reactions were carried out 

using 27 (0.028 mL, 0.215 mmol). Results are delineated in the following table. This also 

includes results of labelling reactions using DMSO and DMF as the solvent (not shown in 

Section 3). For these two solvents, reactions were run with catalyst 208a only. 
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Entry
a
 Solvent Catalyst

b
 

% Deuteration Average % 

Deuteration Run 1 Run 2 

1 EtOH 196a 31 28 30 

2 EtOH 208a 37 37 37 

3 IPA 196a 28 36 32 

4 IPA 208a 40 46 43 

5 
t
AmOH 196a 65 76 71 

6 
t
AmOH 208a 88 75 82 

7 EtOAc 196a 56 68 62 

8 EtOAc 208a 86 80 83 

9 
i
PrOAc 196a 84 80 82 

10 
i
PrOAc 208a 97 93 95 

11 DCM 196a 97 97 97 

12 DCM 208a 96 96 96 

13 DCE 196a 95 97 96 

14 DCE 208a 99 97 98 

15 Toluene 196a 57 44 51 

16 Toluene 208a 90 92 91 

17 DMSO 196a - - - 

18 DMSO 208a 4 8 6 

19 DMF 196a - - - 

20 DMF 208a 3 0 2 

a
Conditions: 2.5mL solvent, 0.215 mmol 27, 1 h, 25ºC, 5 mol% [Ir] 

b
Mass of 196a per reaction = 10.8 mg; mass of 208a per reaction = 18.3 mg

 

 

Synthesis of Lithium tetrakis(perfluoro-tert-butyl)aluminate, 222 
159

 

 

To a flame-dried Schlenk flask under argon, LiAlH4 (0.200 g, 5.3 mmol) was suspended in 

hexane (12 mL), which was cooled to -20 C and nonafluoro-tert-butyl alcohol, 221 (3.1 mL, 

22.3 mmol), added drop wise. After the mixture stirred for 45 mins, the suba seal was 

swapped for a cold finger condenser before heating the reaction mixture to reflux overnight at 

80 C. The solution was then allowed to cool to r.t. before being passed through filter paper, 

the grey residue washed with DCM.  The filtrate was collected and the solvent removed in 

vacuo to give the product as a white solid (Scheme 41, 1.62 g, 32% yield). 
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19

F NMR (376 MHz, CDCl3): δ - 75.5 (CF3). 

 

Synthesis of 1,3-dimesitylimidazolium tetrakis(perfluoro-tert-butyl)aluminate, 223  

 

Imidazolium salt 206 (0.210 g, 0.620 mmol) and 222 (0.600 g, 0.620 mmol) were added to a 

50 mL round bottom flask and dissolved in a 1:1 mixture of DCM and H2O (5 mL:5 mL). 

The reaction mixture was stirred overnight, ensuring that the organic and aqueous phases 

stirred without a visual bilayer. The reaction mixture was subsequently transferred to a 

separating funnel and diluted with DCM (5 mL). The aqueous phase was washed with DCM 

(5 mL) and the combined organic phase washed with water (10 mL) then brine (10 mL). 

After drying the DCM layer over anhydrous sodium sulfate and filtering through a Büchner 

funnel, the solvent was removed in vacuo and the residue purified through a short plug of 

silica, eluting with DCM. Removal of the solvent in vacuo once more gave the desired 

product as a white solid (0.533 g, 68% yield). 

 

 

Appearance: colourless, crystalline solid.  

1
H NMR (400 MHz, CDCl3): δ 8.08 (t, 

4
J = 1.5 Hz, 1H, NCHN), 7.38 (d, 

4
J = 1.6 Hz, 2H, 

NCH=CHN), 7.05 (s, 4H, ArH), 2.34 (s, 6H, ArCH3), 2.01 (s, 12H, ArCH3). 

13
C NMR (100 MHz, CDCl3): δ 142.5, 134.9, 133.0, 129.9, 129.0, 124.5, 120.7 (q, 

1
JC-F = 

291.7 Hz), 20.5, 16.3. The quaternary carbon adjacent to the oxygen in the anion could not be 

observed. 
19

F NMR (376MHz, CDCl3): δ -75.5 (CF3). 
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HRMS (positive ESI): m/z calc’d for C21H25N2 [M-PFTB]
+
: 305.2012; found: 305.2012. 

HRMS (negative ESI): m/z calc’d for [C16AlO4F36, PFTB]
-
: 966.9043; found: 966.9026. 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dimesitylimidazoline-2-ylidene) 

(triphenylphosphine)iridium(I) tetrakis(perfluoro-tert-butyl)aluminate, 208d  

 

To a flame-dried round bottom flask fitted with stopcock sidearm was added η
4
-cycloocta-

1,5-dieneiridium(I) chloride dimer, 205 (0.161 g, 0.240 mmol), and dry THF (5 mL). After 

all solids had dissolved, the phosphine (0.124 g, 0.480 mmol) was added in one portion, 

sparking an orange to yellow colour change. Having allowed the reaction mixture to stir at r.t. 

for 15 mins, 223 (0.599 g, 0.480 mmol) was added in one portion and allowed to dissolve 

completely. After a further 5 mins stirring, KO
t
Bu (0.080 g, 0.710 mmol) was added in one 

portion, causing an immediate yellow to bright red, then black, colour change. The reaction 

mixture was stirred for the allotted time at r.t. before the THF was removed in vacuo. The 

red-black residue was dissolved in DCM and purified directly through a short plug of silica, 

eluting the bright red fraction with DCM. The combined fractions were concentrated under 

reduced pressure to reveal a red, oily solid which was triturated with petroleum ether to give 

the product as a red solid (0.623 g, 72% yield). 

 

 

Appearance: red, microcrystalline solid. 

1
H NMR (400 MHz, CDCl3): 7.38-7.34 (m, 3H, ArH), 7.23-7.19 (overlapping s and m, 10H, 

ArH + NCH=CHN), 7.17-7.13 (m, 6H, ArH), 6.60 (s, 4H, ArH), 4.31-4.28 (m, 2H, COD 

CH), 3.30-3.28 (m, 2H, COD CH), 2.28 (s, 6H, ArCH3), 2.02 (s, 6H, ArCH3), 1.69 (s, 6H, 

ArCH3), 1.61-1.40 (m, 6H, COD CH2), 1.25-1.19 (m, 2H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 177.9 (d, 

2
JC-P = 8.2 Hz), 140.1, 135.7, 135.2, 135.1, 134.6, 

131.2, 130.7, 130.2, 129.7, 128.5, 126.4, 121.3 (q, 
1
JC-F = 291.7 Hz), 80.5, 80.4, 78.5, 31.4, 

30.4, 21.1, 20.7, 18.9, 16.8. 

31
P NMR (162 MHz, CDCl3): δ 16.4 (PPh3). 
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19
F NMR (376MHz, CDCl3): δ -75.5 (CF3). 

HRMS (positive ESI): No fragment ions yet observed. 

 

Comparative Solvent Screen of Largest Counterion Catalysts, 208a and 208d 

 

Figure 19 describes similar experiments for catalyst 208d as described for Figure 17 and 

Figure 18 for other catalysts. As the BArF results have already been tabulated (vide supra), 

the table below shows the results for catalyst 208d only. 

 

Entry
a
 Solvent Catalyst

b
 

% Deuteration 
Average % D 

Run 1 Run 2 

1 MTBE 208d 97 98 98 

2 Et2O 208d 65 66 66 

3 2-MeTHF 208d 94 94 94 

4 THF 208d 76 82 79 

5 EtOH 208d 38 34 36 

6 IPA 208d 78 77 78 

7 EtOAc 208d 96 98 97 

8 Toluene 208d 97 98 98 

a
Conditions: 2.5mL solvent, 0.215 mmol 27, 1 h, 25ºC, 5 mol% [Ir] 

b
Mass of 208d per reaction = 19.7 mg

 

 

Improved Labelling of Niclosamide: 

 

 

Data for unlabeled Niclosamide, 224:
 
 

1
H NMR (400 MHz, DMSO): δ 11.47 (s, 1H, OH), 8.82 (d, 

3
J = 9.2 Hz, 1H, CH

c
), 8.43 (d, 

4
J = 2.8 Hz, 1H, CH

a
), 8.30 (dd, J = 9.2 Hz, 

4
J = 2.7 Hz, 1H, CH

b
), 7.97 (d, 

4
J = 2.8 Hz, 1H, 

CH
d
), 7.55 (dd, 

3
J = 8.7 Hz, 

4
J = 2.8 Hz, 1H, CH

e
), 7.10 (d, 

3
J = 8.7 Hz, 1H, CH

f
). 
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Incorporation expected at δ 8.82, 8.43, 8.30 and 7.97. Determined against integral at δ 7.55. 

 

NOTE: The reactions involving Niclosamide were run in accordance with General 

Procedure F but with a modified work-up. On completion, the reaction mixture was 

concentrated in vacuo and the product triturated with acetone. The product was collected as a 

white solid via filtration. Deuterium incorporations are delineated below. 

 

Entry
a
 Solvent Catalyst

b
 

% D 
Average % D 

Run 1 Run 2 

1 DCM 196a 
a: 

67 

b: 

50 

c: 

30 

d: 

70 

a: 

65 

b: 

55 

c: 

52 

d: 

62 

a: 

66 

b: 

53 

c: 

41 

d: 

66 

2 DCM 208a 
a: 

68 

b: 

53 

c: 

17 

d: 

70 

a: 

74 

b: 

60 

c: 

19 

d: 

76 

a: 

71 

b: 

57 

c: 

18 

d: 

73 

3 2-MeTHF 196a 
a: 

48 

b: 

9 

c: 

4 

d: 

98 

a: 

53 

b: 

13 

c: 

4 

d: 

97 

a: 

51 

b: 

11 

c: 

4 

d: 

98 

4 2-MeTHF 208a 
a: 

96 

b: 

97 

c: 

73 

d: 

96 

a: 

97 

b: 

95 

c: 

56 

d: 

96 

a: 

97 

b: 

96 

c: 

65 

d: 

96 

a
Conditions: 1.25 mL solvent, 0.1075 mmol 224, 1 h, 25 ºC, 5 mol% [Ir] 

b
Mass of 196a per reaction = 5.4 mg; mass of 208a per reaction = 9.1 mg; mass of 224 per reaction = 34.0 mg

 

 

Relative Diffusion of Cation and Anion Fragments of Catalysts 196a and 208a
143

 

 

DOSY NMR experiments were performed with 
1
H NMR for cations and 

19
F NMR for anions 

in CD2Cl2 at 300 K, according to reported procedures,
143

 using the synthesised precatalysts 

only. No measurements were taken with activated intermediates. The raw values for relative 

diffusion rates are detailed below: 

 

Entry Complex Dcation (x10
-9 

m
2
s

-1
) Danion (x10

-9 
m

2
s

-1
) 

1 196a 1.496 2.604 

2 208a 1.453 1.315 
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8.5 Base-sensitive HIE: ortho-Directed Labelling of Unprotected Tetrazoles 

 

All tetrazole substrates were provided by Sanofi and acquired in-house during this 

collaborative project.  

 

Following General Procedure G, the tetrazole (0.086 mmol, 1.0 eq.), base (0.043 mmol, 0.5 

eq.), and catalyst (0.05 eq., 5 mol%, unless otherwise stated), were dissolved in MeOH (1.0 

mL). At the end of each reaction (and after taking a 2 µL LC-MS sample), the solvent was 

removed in vacuo and the remaining residue partitioned between water (5 mL) and 2-MeTHF 

(5 mL) in a separated funnel. The organic phase was washed with 0.1 M HCl (5 mL), then 

dried over anhydrous Na2SO4 before filtering and concentrating in vacuo. The product was 

then analysed directly via 
1
H NMR. Deviations from the tetrazole labelling procedure are 

indicated where necessary. 

 

NOTE: in accordance with the general procedure, it is imperative in this case that the 

reaction mixture be cooled prior to the introduction of deuterium. Heating the basified 

reaction mixture was found to degrade the catalyst before the reaction began. 

 

Reaction Optimisation for ortho-HIE with N-H Tetrazoles 

 

The table provide below provides additional details not shown in  

Table 7. Relevant spectroscopic and spectrometric data are provided in the substrate scope 

section (vide infra). 
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Entry
a
 Catalyst X Base Time (h) Temperature (ºC) %D 

1 196a PF6 Et3N 1 25 7 

2 196a PF6 Cs2CO3 1 25 6 

3 208a BArF Cs2CO3 1 25 10 

4 196a PF6 Et3N 2 37.5 10 

5 196a PF6 Cs2CO3 2 37.5 15 

6 208a PF6 Et3N 2 37.5 0 

7 208a BArF Cs2CO3 2 37.5 66 

8 196a PF6 Et3N 3 50 5 

9
b
 196a PF6 Cs2CO3 3 50 83 (83) 

10 196a PF6 Cs2CO3 1 50 72 

11 208a BArF Cs2CO3 1 50 80 

12
b
 208a BArF Cs2CO3 3 50 85 (83) 

13
c
 208a BArF Cs2CO3 3 50 81 

14 208a BArF - 3 50 <5 

15 196a PF6 Cs2CO3 3 50 10 

a
 Standard reagent quantities: 225 (0.086 mmol, 13.8 mg), Cs2CO3 (0.043 mmol, 14.0 mg), or Et3N (0.006 mL), 

208a (5 mol%, 7.4 mg), or 196a (5 mol%, 4.4 mg). 
b
 Values in parentheses reflect reactions carried out with added H2O (50 µL, ~3 mol%). 

c
 Reaction carried out using 2.5 mol% 208a (3.7 mg) instead of 5.0 mol%. 

 

 

Substrate Scope for Tetrazole ortho-HIE Protocol (Figure 21) 

 

In the spectroscopic data reported for tetrazoles, N-H protons are not visible and not reported. 

 

In all reactions, catalyst 208a (7.4 mg, 0.0043 mmol, 5 mol%) was employed. All reactions 

used 1 mL from a stock supply of 0.043 mM Cs2CO3 in MeOH as the source of solvent and 

base combined, and all employed a reaction temperature of 50 ºC. Following General 

Procedure G, and notes at the start of Section 8.5, results are reported as a) amount of 

substrate, b) reaction time, and c) level of incorporation. 
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4-phenyl-1H-tetrazole, 209 

 
1
H NMR (300 MHz, DMSO): δ 8.05 – 8.02 (m, 2H, ArH

3
), 7.63 – 7.58 (m, 3H, ArH

1
 + 

ArH
2
). 

 

Incorporation expected at δ 8.05 – 8.02. Determined against integral at δ 7.63 – 7.58. 

 

a) 12.6 mg, 0.086 mmol, b) 3 h and c) 87% D. 

 

Sanofi HRMS (positive ESI): m/z observed for C7H5D2N4
+
, [Md2 + H]

+
: 149.0791. 

 

5-(4-methylphenyl)-1H-tetrazole, 225 

 
1
H NMR (300 MHz, DMSO): δ 7.92 (d, 2H, 

3
J = 8.1 Hz, ArH

3
), 7.40 (d, 2H, 

3
J = 8.1 Hz,  

ArH
2
), 2.38 (s, 3H, ArCH3). 

 

Incorporation expected at δ 7.92. Determined against integral at δ 2.38. 

a) 13.8 mg, 0.086 mmol, b) 3 h, and c) 85% D. 

 

HRMS (positive ESI): m/z calc’d for C8H7D2N4
+
, [Md2 + H]

+
: 163.0947; observed: 

163.0946. 

 

5-(4-methoxyphenyl)-1H-tetrazole, 226 
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1
H NMR (300 MHz, DMSO): δ 7.97 (d, 2H, 

3
J = 12.0 Hz, ArH

3
), 7.15 (d, 2H, 

3
J = 12.0 Hz, 

ArH
2
), 3.83 (s, 3H, OCH3). 

 

Incorporation expected at δ 7.97. Determined against integral at δ 3.83. 

 

a) 15.2 mg, 0.086 mmol, b) 3 h, and c) 86% D. 

 

Sanofi HRMS (positive ESI): m/z observed for C8H7D2N4O
+
, [Md2 + H]

+
: 178.0893. 

 

5-(4-chlorophenyl)-1H-tetrazole, 227 

 
1
H NMR (300 MHz, DMSO): δ 8.04 (d, 2H, 

3
J = 11.6 Hz, ArH

2
), 7.68 (d, 2H, 

3
J = 11.6 Hz, 

ArH
1
). 

 

Incorporation expected at δ 8.04. Determined against integral at δ 7.68. 

 

a) 15.5 mg, 0.086 mmol, b) 3 h, and c) 93% D. 

 

Sanofi HRMS (positive ESI): m/z observed for C7H4D2ClN4
+
, [Md2 + H]

+
: 183.0398 and 

185.0372, according to ~4:1 natural abundance of 
35

Cl versus 
37

Cl. 

 

5-(4-trifluoromethylphenyl)-1H-tetrazole, 228 

 
1
H NMR (300 MHz, DMSO): δ 8.25 (d, 2H, 

3
J = 8.3 Hz, ArH

2
), 7.98 (d, 2H, 

3
J = 8.3 Hz, 

ArH
1
). 

 

Incorporation expected at δ 8.25. Determined against integral at δ 7.98. 
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a) 18.4 mg, 0.086 mmol, b) 3 h, and c) 91% D. 

 

Sanofi HRMS (positive ESI): m/z observed for C8H4D2F3N4
+
, [Md2 + H]

+
: 217.0665. 

 

5-(3-methylphenyl)-1H-tetrazole, 229 

 
1
H NMR (300 MHz, DMSO): δ 7.86 (s, 1H, ArH

5
), 7.82 (d, 1H, 

3
J = 10.4 Hz, ArH

4
), 7.48 (t, 

1H, 
3
J = 10.4 Hz, ArH

3
), 7.41 – 7.39 (m, 1H, ArH

2
), 2.40 (s, 3H, ArCH3). 

 

Incorporation expected at δ 7.86 and 7.82. Determined against integral at δ 2.40. 

 

a) 13.8 mg, 0.086 mmol, b) 3 h, and c) 83% D (ArH
4
), 58% D (ArH

5
). 

 

HRMS (positive ESI): m/z calc’d for C8H7D2N4
+
, [Md2 + H]

+
: 163.0947; observed: 

163.0946. 

HRMS (positive ESI): m/z calc’d for C8H8D1N4
+
, [Md1 + H]

+
: 162.0884; observed: 

162.0884. 

 

5-(3-chlorophenyl)-1H-tetrazole, 230 

 
1
H NMR (300 MHz, DMSO): δ 8.07 – 8.06 (m, 1H, ArH

3
), 8.02 – 7.98 (m, 1H, ArH

4
), 7.68 

– 7.60 (m, 2H, ArH
1 

+ ArH
2
). 

 

Incorporation expected at δ 8.07 – 8.06 and 8.02 – 7.98. Determined against integral at δ 

7.68 – 7.60. 

 

a) 15.5 mg, 0.086 mmol, b)  3 h, and c) 95% D (ArH
3
), 96% D (ArH

4
). 
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Sanofi HRMS (positive ESI): m/z observed for C7H4D2ClN4
+
, [Md2 + H]

+
: 183.0403 and 

185.0372, , according to ~4:1 natural abundance of 
35

Cl versus 
37

Cl. 

 

5-(2-methylphenyl)-1H-tetrazole, 231 

 
1
H NMR (300 MHz, DMSO): δ 7.92 (d, 1H, 

3
J = 9.2 Hz, ArH

5
), 7.50 – 7.36 (m, 3H, ArH

2
 – 

ArH
4
), 2.43 (s, 3H, ArCH3). 

 

Incorporation expected at δ 7.92. Determined against integral at δ 2.43. 

 

a) 13.8 mg, 0.086 mmol, b)  16 h, and c) 81% D. 

 

Sanofi HRMS (positive ESI): m/z observed for C8H8D1N4
+
, [Md1 + H]

+
: 162.0884. 

 

5-benzyl-1H-tetrazole, 232 

 
1
H NMR (300 MHz, DMSO): δ 7.35 – 7.25 (m, 5H, ArH

2
 – ArH

4
), 4.28 (s, 2H, PhCH2

1
) 

 

Incorporation expected at δ 7.35 – 7.25. Determined against integral at δ 4.28. 

 

No detailed analysis was carried out on substrate 232 after observation of only non-

deuterated [M – H]
-
 and degradation via LC-MS (see below). 
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Valsartan, 233 (Scheme 43) 

 

 

The deuterium labelling reaction was carried out in a Heidolph Synthesis 1 Liquid 16 device 

(see below): 

 

Following General Procedure G, no work-up of the sample was attempted. Results are 

reported as: a) amount of 233, b) amount of 208a, c) amount of Cs2CO3, d) amount of 

MeOH, e) reaction temperature, f) reaction time, and g) %D.  

It has been reported in the literature that Valsartan, 233, exists in solution as a pair of 

conformers due to cis/trans isomerisation of the amide bond.
261

 In light of these 

complications, full 
1
H NMR analysis of 233 is not provided. Instead, partial analysis of the 

aromatic and stereogenic protons is given, along with the consistent LC-MS trace showing 

primarily 233-d1.  

0
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1
H NMR (500 MHz, DMSO): δ 7.69 – 7.64 (m, 2H, ArH

1
 + ArH

3
), 7.56 – 7.52 (m, 2H, 

ArH
2
 + ArH

4
), 7.25 – 7.02 (2 x d, with each d split into a ~66.6 : 33.3 mixture according to 

the presence of two rotamers, 4H in total, all d’s share 
3
J = 8.3 Hz, ArH

5
 + ArH

6
), 4.59 and 

4.15 (1 x d split into a ~66.6 : 33.3 mixture according to the presence of two rotamers, 1H in 

total, both d’s share 
3
J = 10.6 Hz, CH

12
). 

 

Incorporation expected at δ 7.96 - 7.64. Determined against integral at δ 7.25 – 7.02. 

 

a) 18.5 mg, 0.043 mmol, b) 3.7 mg, 0.002 mmol, 5 mol%, c) 14.0 mg, 0.043 mmol, d) 1 mL, 

e) 50 ºC, f) 6 h, and g) 88% D. 

 

In lieu of full spectroscopic analysis, spectrum screenshots are shown below. From this, it can 

be seen that the stereogenic proton, H
12

, remains largely untouched, with an estimated total 

integration of ~1H: 
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Low resolution LC-MS supports the presence of majority 233-d1: 

 

 

Sanofi HRMS (positive ESI): m/z observed for C24H29D1N5O3
+
, [Md1 + H]

+
: 437.2406. 

 

The tritiation of 233 was carried out at Sanofi (Frankfurt) using a standard Tritec tritium 

manifold. A solution of 233 (3.5 mg, 8.0 µmol), Cs2CO3 (2.62 mg, 8.0 µmol, 1.1 eq.), and 

208a (0.7 mg, 0.4 8.0 µmol, 6.7 mol%) were dissolved in MeOH (0.7 mL) in a 1.0 mL 

reaction flask before being secured to the manifold. The solution was frozen in liquid 

nitrogen, evacuated and charged with tritium (3.2 eq., 0.153 mg, 1.5 Ci, 40 mbar). The 

reaction micture was then allowed to warm to room temperature over 15 mins before stirring 

at r.t. for a further 30 mins (212 mbar pressure). The reaction mixture was then heated to 50 

ºC (370 mbar) and stirred for 45 mins before cooling again to r.t. and stirring for a final 2 h. 

Purification and isolation via HPLC gave the tritiated product (0.91 mg, 233-T1, 50% T, 

98.9% radiochemical purity.  

 

Sanofi HRMS (positive ESI): m/z observed for C24H29T1N5O3
+
, [Mt1 + H]

+
: 438.2502. 
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Please see below for a screen shot of the 
3
H NMR, showing tritium incorporation ortho to the 

tetrazole only: 

 

 

 

Investigating the pH of Reaction and Likely State of the Tetrazole (Figure 22) 

 

Methyl red indicator test 

 

As described in the results section, substrate 228 was used in repeat experiments of those 

conditions from  

Table 7 (Entries 12 and 14). In the first instance, these two reactions were compared visually 

without the addition of indicator. Separately, two more reactions were carried out, and a 

similar visual comparison made after the addition of a spatula-tip of methyl red into each 

carousel flask. No further analyses of these reactions were carried out beyond what is shown 

in Figure 22. 
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19
F NMR studies of substrate 228 

 

The relevant data for substrate 228 in MeOD-d4 (condition 1 from Figure 22) are provided 

below: 

 
1
H NMR (400 MHz, MeOD-d4): δ 8.24 (d, 2H, 

3
J = 8.6 Hz, ArH

2
), 7.89 (d, 2H, 

3
J = 8.6 Hz, 

ArH
1
). 

19
F NMR (376 MHz, MeOD-d4): δ – 64.6 (CF3). 

 

To assess the effects of the optimised (basic) reaction conditions on tetrazole 228, the 

substrate (18.4 mg, 0.086 mmol), catalyst 208a (7.4 mg, 0.0043 mmol), and Cs2CO3 (14.0 

mg, 0.043 mg) were dissolved in MeOD-d4 (1 mL) and added to an oven-dried NMR tube. 

After sealing the tube with a rubber septum, D2 was bubbled through the tube for 30 mins 

prior to NMR analysis (300 K).  

 

Similarly for assessing the base-free conditions, the same preparations were made in a 

separate NMR tube, minus the addition of Cs2CO3. 

 

Comparative 
1
H NMR resonances (not shown in the Results section) are shown below. In 

addition, all peak positions and relevant integrations are listed in the table below the spectra. 
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Entry Condition 
19

F NMR (ppm) 
1
H NMR (ppm)

a
 

Integral ratio 

(ArH
1
:ArH

2
) 

1 Free tetrazole -64.6 8.24, 7.89 2.0 : 2.0 

2
b
 Basic -64.2 8.24, 7.77 2.0 : 0.3 

3 Base-free -64.6 8.26, 7.91 2.0 : 1.8 

a
 Position of each resonance stated only.  

b
 Significant deuterium labelling observed. 

 

 

Investigating the Importance of N-H Tetrazoles and Changes in the Active Catalyst 

(Scheme 44) 

 

In all reactions, substrate (0.086 mmol) was employed with catalyst 208a (7.4 mg, 0.0043 

mmol, 5 mol%). All reactions employing base used 1 mL from a stock supply of 0.043 mM 

Cs2CO3 in MeOH as the source of solvent and base combined, and all employed a 

temperature of 50 ºC over a 3 h reaction time. Base-free reactions used 1 mL pure MeOH as 

the solvent rather than the basified stock solution. General Procedure G was followed 

otherwise, and no work-up was used before analysis. 

 

 

 

Free tetrazole 

Basic conditions 

Base-free conditions 
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5-phenyl-N-methyltetrazole, 234 

 
1
H NMR (300 MHz, MeOD-d4): δ 7.85 – 7.82 (m, 2H, ArH

3
), 7.68 – 7.61 (m, 3H, ArH

1
 + 

ArH
2
), 4.21 (s, 3H, NCH3). 

 

Incorporation expected at δ 7.85 – 7.82. Determined against integral at δ 4.21. 

 

Reactions monitored via 
1
H NMR only. 

 

From Scheme 44, Part A 

 

Entry Conditions % D 

1
a
 basic 28 

2
b
 base-free 17 

a
Conditions: 234 (13.8 mg), Cs2CO3 (1 mL 

from 0.043 mM solution in MeOH), 208a (5 

mol%). 
b
Conditions: 234 (13.8 mg), MeOH (1 mL), 

208a (5 mol%) 

 

5-(4-nitropheny)l-1H-tetrazole, 235 

 
1
H NMR (300 MHz, DMSO): δ 8.42 (d, 2H, 

3
J = 8.8 Hz, ArH

1
), 8.29 (d, 2H, 

3
J = 8.8 Hz, 

ArH
2
). 

 

Incorporation expected at all positions. For the base-free reaction, incorporation in positions 

ArH
1
 and ArH

2
 was measured against an equimolar quantity of the following internal 

standard (15.5 mg, 0.086 mmol): 
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1
H NMR (300 MHz, DMSO): δ 7.61 (s, 2H, ArH

3
), 3.67 (s, 3H, ArOCH3

1
), 2.23 (s, 6H, 

ArCH3
2
). Signal at δ 3.67 used to calibrate substrate 235 signals. 

 

For the base-mediated reaction, the ratio of 
1
H NMR signals in the product was compared to 

HRMS data in order to estimate %D adjacent to each directing group. Specifically, an NMR 

peak ratio of 1: 0.095 (b : a) favouring tetrazole labelling was compared to HRMS peaks 

[M(nD) +H]
+
 (n = 1, 2, 3) in the ratio 7.4 : 85.0 : 7.6 (d1 : d2 : d3). This translates to 

approximately 89% Da and 8% Db.  

 

Reactions in base and base-free conditions for substrate 235 (16.4 mg, 0.086 mmol) and were 

carried out in a similar fashion to those described for Scheme 44, Part A. Results are 

summarised in the table below. 

 

Entry Conditions % Da %Db 

1
a
 basic 89 8 

2
b
 base-free 30 27 

a
Conditions: 235 (16.4 mg), Cs2CO3 (1 mL from 0.043 

mM solution in MeOH), 208a (5 mol%), 3 h, 50 ºC. 
b
Conditions: 235 (16.4 mg), MeOH (1 mL), 208a (5 

mol%), 3 h, 50 ºC. 

 

 

Investigating Substrate Electronics in Ir-catalysed Tetrazole Labelling (Table 8) 

 

Following General Procedure G and notes on at the start of Section 8.5, tetrazoles 209 and 

225 – 228 were subjected to identical labelling conditions as reported vide supra for the 

reaction scope. The only change was in the time (now 5 mins rather than 3 h). For brevity, 

readers are directed to the spectroscopic data and reagent stoichiometries reported in the 

Substrate Scope subsection. For construction of the Hammett plot, %D values for substrates 
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manifesting <30% D (X = H, Me, and OMe) were used as reaction rate surrogates. These 

values were then manipulated as shown in the table below. 

 

 

 

31
P NMR Study of the Catalyst with various Components of the Tetrazole Labelling 

Method (Figure 23) 

 

The relevant spectroscopic analyses of the precatalyst in MeOD-d4 are given below. NOTE: 

the precatalyst is only sparingly soluble in MeOD-d4 and has to be shaken vigorously to 

create a red solution. 

 

 

 

 

4
–Cycloocta-1,5-diene(1,3-dimesitylimidazoline-2-ylidene) 

(triphenylphosphine)iridium(I) tetrakis[(3,5-trifluoromethylphenyl)]borate, 208a  

 

 

 

1
H NMR (400 MHz, MeOD-d4): δ 7.74 (s, 2H, NCH=CHN), 7.61 – 7.59 (m, 12H, ArHBArF), 

7.52-7.48 (m, 3H, ArH), 7.38-7.33 (m, 6H, ArH), 7.24-7.19 (m, 6H, ArH), 7.13 (s, 2H, ArH), 

Entry X Substrate %D %DX/%DH log10(%DX/H) F
b
 R

b
 σP 

c
 

1 H 209 26 1.00 0.00 0.00 0.00 0.00 

2 Me 225 14 0.54 - 0.27 0.01 - 0.18 - 0.17 

3 OMe 226 10 0.38 - 0.41 0.29 - 0.56 - 0.26 

4
a
 CF3 228 67 2.58 - - -  

5
a
 Cl 227 73 2.81 - - -  

a
 Not considered in Hammet analysis. 

b
 Field (F) and resonance (R) values collected from the literature.

194
 

c
  σP = a.F + b. R such that  σP produces a straight line of R

2
 = 1 when plotted against log10(%DX/H). Here, a = 

1.00, b = 0.98. In other words, field and resonance effects are almost balanced. 
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6.76 (s, 2H, ArH), 4.48-4.45 (m, 2H, COD CH), 3.39-3.36 (m, 2H, COD CH), 2.37 (s, 6H, 

ArCH3), 2.17 (s, 6H, ArCH3), 1.83 (s, 6H, ArCH3), 1.76-1.52 (m, 6H, COD CH2), 1.34-1.29 

(m, 2H, COD CH2). 

31
P NMR (162 MHz, MeOD-d4): δ 16.2 (PPh3). 

19
F NMR (376 MHz, MeOD-d4): δ -64.3 (BArF ArCF3). 

These spectral details were largely unchanged between 300 and 318 K. 

 

Triphenylphosphine 

31
P NMR (162 MHz, MeOD-d4): δ -5.94 (PPh3). 

 

Triphenylphosphine oxide 

31
P NMR (162 MHz, MeOD-d4): δ 32.1 (POPh3). 

 

Analysis of Catalyst 208a + Cs2CO3 

 

208a (7.4 mg, 0.0043 mmol) and Cs2CO3 (2.8 mg, 0.0086 mmol, ~ 2.0 eq.) were dissolved in 

MeOD-d4 (1 mL) and sealed in an NMR tube under an argon atmosphere. The contents of the 

tube were shaken vigorously for 10 mins, causing a red to yellow colour change. In relation 

to the results in Figure 23, NMR analysis of the sample at 300K is provided (primarily 
31

P). 

Additional spectral overlays are provided for 
1
H NMR data (relative to another species) 

where formal peak assignment is not yet possible. 

 

31
P NMR (162 MHz, MeOD-d4): δ 32.3 (unknown). 

19
F NMR (376 MHz, MeOD-d4): δ -64.3 (BArF ArCF3). 

1
H NMR (400 MHz, MeOD-d4): Overlayed with precatalyst (green). 
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Similar results were achieved when applying 208a (7.4 mg, 0.0043 mmol) and Cs2CO3 (14.0 

mg, 0.043 mmol). 
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Analysis of Catalyst 208a + H2 

 

208a (7.4 mg, 0.0043 mmol) was placed in MeOD-d4 (1 mL) and sealed in an NMR tube 

using a rubber septum. Hydrogen gas was bubbled through the mixture with shaking, 

dissolving the precatalyst and giving a clear yellow solution.  

 

31
P NMR (162 MHz, MeOD-d4): δ 32.4 (unknown). 

19
F NMR (376 MHz, MeOD-d4): δ -64.3 (BArF ArCF3). 

1
H NMR (400 MHz, MeOD-d4): Overlayed with precatalyst (green). 

 

 

No hydride signals (δ < 0 ppm) were observed. 

 

Analysis of Catalyst 208a + H2 + Cs2CO3 

 

208a (7.4 mg, 0.0043 mmol) and Cs2CO3 (14.0 mg, 0.043 mmol) were dissolved in MeOD-d4 

(1 mL) and sealed in an NMR tube using a rubber septum. Hydrogen gas was bubbled 

through the mixture, producing a clear yellow solution. 

 

31
P NMR (162 MHz, MeOD-d4): δ 32.3, 14.2, 13.3 (unknown). 

19
F NMR (376 MHz, MeOD-d4): δ -64.3 (BArF ArCF3). 

1
H NMR (400 MHz, MeOD-d4): The overlap provided shows the current experiment (black) 

versus the previous experiment (green) where only H2 was used. The zoom in of the aliphatic 
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region shows the formation of (at least) two distinct patterns of mesityl substitution. Analysis 

of the hydride region allowed observation of a trace doublet (-9.7 ppm) with a suspected 
3
JH-P 

= 13.8 Hz, consistent with a cis-ligated phosphine relative to (at least) one hydride. 

 

 

 

 

Analysis of Catalyst 208a + H2 + Cs2CO3 + tetrazole 228 

 

208a (7.4 mg, 0.0043 mmol), Cs2CO3 (14.0 mg, 0.043 mmol) and 228 (1.1 mg, 0.0051 

mmol) were dissolved in MeOD-d4 (1 mL) and sealed in an NMR tube using a rubber 

septum. Hydrogen gas was bubbled through the mixture, producing a clear yellow solution. 

 

31
P NMR (162 MHz, MeOD-d4): δ 32.3, 14.3 (trace), 13.5 (unknown). 
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19
F NMR (376 MHz, MeOD-d4): δ -64.3 (BArF ArCF3), -64.2 (tetrazole CF3). 

1
H NMR (400 MHz, MeOD-d4): The overlay provided shows the current experiment (black) 

versus the previous experiment (red) where no tetrazole was present. Firstly, it appears that 

similar species are formed in solution in the presence or absence of tetrazole 228. Most 

interestingly however, complete exchange of the ortho-protons was observed, despite the fact 

that H2 has been used in place of D2. The use of a 1:1.2 mixture of 208a : 228 is not 

representative of the true reaction stoichiometry and thus does not allow strong inferences to 

be made. Nonetheless, this may indicate a favourable exchange between H and D, mediated 

by iridium. Analysis of the hydride region allowed observation of the same trace doublet (-

9.7 ppm) with a suspected 
3
JH-P = 12.8 Hz, consistent with a cis-ligated phosphine relative to 

(at least) one hydride. 

 

 

 

Investigating the Role of the PPh3 Ligand in Ir-catalysed Tetrazole Labelling (Table 9) 

 

Synthesis of 4
–Cycloocta-1,5-diene(1,3-dimesitylimidazol-2-ylidene) 

(acetonitrile)iridium(I) hexafluorophosphate, 236  

 

Following General Procedure C, results are reported as a) amount of 207, b) volume of THF, 

c) amount of AgPF6, d) amount of MeCN, e) reaction time, f) product yield, and g) 

purification technique. 
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a) 0.250 g, 0.389 mmol, b) 10 mL, c) 0.098 g, 0.389 mmol, d) 0.016 g, 0.389 mmol, e) 16 h, 

f) 0.241 g, 78% yield, and g) the THF solution was evacuated to quarter-volume and the 

product triturated using cold hexane. 

 

 

Appearance: orange/yellow solid. 

m.p.: Decomposes >175 
o
C. 

FTIR (neat): 2980, 2935, 2920, 2885, 1607, 1495, 1335, 1240 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.10 (s, 2H, NCH=CHN), 7.08 (bs, 4H, ArH), 4.03-4.01 (m, 

2H, COD CH), 3.46-3.44 (m, 2H, COD CH), 2.48 (s, 3H, CH3CN), 2.41 (s, 6H, ArCH3), 2.18 

(s, 12H, ArCH3), 1.89-1.82 (m, 2H, COD CH2), 1.75-1.66 (m, 2H, COD CH2), 1.61-1.51 (m, 

4H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 173.9, 140.0, 135.0, 134.9, 129.3, 125.1, 124.2, 82.7, 65.8, 

32.8, 29.0, 21.1, 18.3, 3.44. 

13
C JMOD NMR (100 MHz, CDCl3): δ 140.0 (CH3CN, inverted), 135.0 (inverted), 134.9 

(inverted), 129.3, 125.1 (inverted), 124.2, 82.7 (inverted), 65.8 (inverted), 32.8 (inverted), 

29.0 (inverted), 21.1, 18.3, 3.44 (CH3CN, inverted).  

31
P NMR (162 MHz, CDCl3): δ -144.4 (septet, 

1
JP-F = 711.8 Hz, PF6). 

19
F NMR (376 MHz, CDCl3): δ -73.2 (d, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive ESI): No mass ion observed and is expected based on literature 

precedent.
262

 Suspected fragment (below) for [M – PF6 – COD – MeCN – 2H]
+ 

at m/z = 

495.1402. 
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Application of Alternative Catalyst, 236, in Tetrazole Labelling 

 

Following General Procedure G and notes on at the start of Section 8.5, tetrazoles 209, 234, 

and 225 – 228 were subjected to identical labelling conditions as reported vide supra for the 

reaction scope. The only change was in the catalyst (196a and 236 rather than 208a). The 

comparison of catalysts here was chosen in order to maintain the same counterion throughout. 

For brevity, readers are directed to the spectroscopic data and reagent stoichiometries 

reported earlier in this section regarding the substrates tested. These values were then 

manipulated as shown in the table below. 

 

Entry X Substrate %D(196a)
a
 %D(236)

b
 

1 H 209 83 20 

2 Cl 227 78 37 

3 4-CF3 228 93 28 

4 4-Me 225 83 6 

5 4-OMe 226 89 11 

6 N-Me 234 17 22 

 a
Conditions: Substrate (0.086 mmol), Cs2CO3 (1 mL from 0.043 

mM solution in MeOH), 196a (4.3 mg, 0.0043 mmol, 5 mol%). 
b
 Conditions: As in a, except using 236 (3.4 mg, 0.0043 mmol, 5 

mol%) 

 

Probing the Deuterium Source in Ir-catalysed Tetrazole Labelling (Scheme 44) 

 

Labelling of Substrate 225 in MeOD-d4 in the Absence of D2 

 

Following General Procedure G, 225 (13.8 mg, 0.086 mmol), Cs2CO3 (14.0 mg, 0.043 

mmol), and 208a (7.4 mg, 0.0043 mmol) were dissolved in MeOD-d4 (1 mL) and added to 

the oven-dried carousel tube under an argon atmosphere. Here, no cooling was carried out as 

no D2 was introduced to the system. The reaction tube was heated to 50 ºC (as before) and 

stirred for 3 h. The solvent was removed in vacuo and the product analysed directly via 
1
H 

NMR (8% D). See above for the spectroscopic data relating to 225. 
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Labelling of Substrate 225 in MeOD-d4 in the Presence of D2 

 

Following General Procedure G and notes at the start of Section 8.5, tetrazole 225 was 

subjected to identical labelling conditions as reported vide supra for the reaction scope, 

replacing MeOH with MeOD-d4. The evacuated reaction mixture was analysed directly via 

1
H NMR (98% D). 

 

8.6 Experimental & Theoretical Ligand Design Methods in HIE Processes 

 

Ir(I) Di- and Tricarbonyl Complexes in the Assessment of Combined Ligand Sterics 

 

Following General Procedure J, results are reported as a) amount of 

[(COD)Ir(NHC)(PR3)]PF6, and b) product yield.  

 

In all cases, clear 
13

C NMR spectra could not be acquired and are thus not reported. This has 

been noted previously for similar complexes by Hope et al.
195

 For starting chloro/carbene 

complexes that are not described elsewhere in this section, readers are directed to the 

references provided, or to Section 8.6, where the catalytic properties of such complexes bear 

most relevance.
112,147,151

 

 

Preparation of Dicarbonyl(dicyclohexylimidaz-2-ylidene)(triphenylphosphine)iridium(I) 

hexafluorophosphate, 244a 

 

a) [(COD)Ir(ICy)(PPh3)]PF6 (0.200 g, 0.213 mmol), and b) 0.153 g, 81% yield. 

 

 

Appearance: bright yellow solid. 

m.p.: Decomposes >188 
o
C. 

FTIR (CH2Cl2): 2941, 2083, 2025, 1436, 1098, 847cm
-1

.  

FTIR (neat): 2938, 1864, 2075, 2018, 1481, 1435, 1242, 1099, 1831 cm
-1

. 
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1
H NMR (400 MHz, CDCl3): δ 7.62 – 7.58 (m, 3H, ArH), 7.53 – 7.49 (m, 6H, ArH), 7.26 (s 

partially hidden under CHCl3, 2H, NCH=CHN), 7.23 – 7.17 (m, 6H, ArH), 4.08 (tt, 2H, 
3
Jax-

ax = 12.2 Hz, 
3
Jax-eq = 3.7 Hz), 2.00 – 1.89 (m, 4H, CH2), 1.67 – 1.32 (m, 12H, CH2), 1.21 – 

1.11 (m, 2H, CH2), 0.59 – 0.56 (m, 2H, CH2). 

31
P NMR (162 MHz, CDCl3): δ 15.6 (PPh3), -144.3 (septet, 

1
JP-F = 711.8 Hz, PF6). 

19
F NMR (376 MHz, CDCl3): δ -72.3 (d, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive ESI): m/z calc’d for C34H37
191

IrN2OP [M-PF6-CO-2H]
+
: 713.2269; found: 

713.2264. No mass ion observed. 

HRMS (negative ESI): m/z calc’d for PF6 [M]
-
: 144.9647; found: 144.9638.  

X-Ray: see Appendix A. 

 

Preparation of Dicarbonyl(dicyclohexylimidaz-2-ylidene)(tribenzylphosphine)iridium(I) 

hexafluorophosphate, 244b 

 

a) [(COD)Ir(ICy)(PBn3)]PF6 (0.196 g, 0.200 mmol), and b) 0.154 g, 83% yield. 

 

 

Appearance: bright yellow solid. 

m.p.: 171 - 172 
o
C. 

FTIR (CH2Cl2): 2941, 2860, 2081, 2025, 1601, 1495, 1454, 1273, 847 cm
-1

.  

FTIR (neat): 2938, 2079, 2014, 1497, 1450, 1427, 1409, 1196, 837 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.46 (s, 2H, NCH=CHN), 7.44 – 7.36 (m, 9H, ArH), 7.28 – 

7.26 (m, 6H, ArH), 4.23 (tt, 2H, 
3
Jax-ax = 11.9 Hz, 

3
Jax-eq = 3.5 Hz), 3.17 (d, 6H, 

3
JP-H = 9.6 

Hz), 2.00 – 1.63 (m, 14H, CH2), 1.43 – 1.28 (m, 4H, CH2), 1.15 – 1.09 (m, 2H, CH2). 

31
P NMR (162 MHz, CDCl3): δ 6.43 (PBn3), -144.2 (septet, 

1
JP-F = 711.8 Hz, PF6). 

19
F NMR (376 MHz, CDCl3): δ -72.3 (d, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive ESI): m/z calc’d for C38H45
191

IrN2O2P [M-PF6]
+
: 783.2819; found: 

783.2819.  

HRMS (negative ESI): m/z calc’d for PF6 [M]
-
: 144.9647; found: 144. 9647.  

X-Ray: see Appendix A. 
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Preparation of Dicarbonyl(dicyclohexylimidaz-2-

ylidene)(dimethylphenylphosphine)iridium(I) hexafluorophosphate, 244c 

 

a) [(COD)Ir(IBn)(PMe2Ph)]PF6 (0.060 g, 0.068 mmol), and b) 0.026 g, 49% yield. 

 

 

Appearance: bright yellow solid. 

m.p.: 136 – 137 
o
C. 

FTIR (CH2Cl2): 2081, 2023, 847 cm
-1

.  

FTIR (neat): 2980, 2068, 2019, 1494, 1456, 878, 831 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.58 – 7.53 (m, 5H, ArH), 7.39 – 7.34 (m, 6H, ArH), 7.21 (s, 

2H, NCH=CHN), 7.15 – 7.12 (m, 4H, ArH), 5.16 (d, 2H, 
2
J = 14.9 Hz, ArCH2), 4.89 (d, 2H, 

2
J = 14.9 Hz, ArCH2), 1.87 (d, 6H, 

3
JH-P = 10.0 Hz, P(CH3)2Ph). 

31
P NMR (162 MHz, CDCl3): δ 11.7 (PMe2Ph), -144.2 (septet, 

1
JP-F = 711.8 Hz, PF6). 

19
F NMR (376 MHz, CDCl3): δ -72.3 (d, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive ESI): m/z calc’d for C26H27
191

IrN2OP [M - CO - PF6]
+
: 607.1486; found: 

607.1481.  

HRMS (negative ESI): m/z calc’d for PF6 [M]
-
: 144.9647; found: 144. 9647.  

X-Ray: see Appendix A. 

 

Preparation of Dicarbonyl(dimesitylimidaz-2-ylidene)(triphenylphosphine)iridium(I) 

hexafluorophosphate, 245a 

 

a) [(COD)Ir(IMes)(PPh3)]PF6 (0.200 g, 0.198 mmol), and b) 0.130 g, 69% yield. 

 

 

Appearance: bright orange solid. 
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m.p.: decomposes > 195 
o
C. 

FTIR (CH2Cl2): 3169, 3140, 3072, 2924, 2010, 1991, 1609, 1483, 1436, 1234, 847 cm
-1

.  

FTIR (neat): 2980, 2052, 1994, 1981, 1483, 1435, 1030, 833 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.56 – 7.53 (m, 3H, ArH), 7.50 (s, 2H, NCH=CHN), 7.46 – 

7.42 (m, 6H, ArH), 7.15 – 7.10 (m, 10H, ArH), 2.40 (s, 6H, ArCH3), 2.09 (s, 12H, ArCH3). 

31
P NMR (162 MHz, CDCl3): δ -4.2 (bs), -7.7(sharp s), -144.4 (septet, 

1
JP-F = 711.8 Hz, 

PF6). 

19
F NMR (376 MHz, CDCl3): δ -73.7 (d, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive ESI): m/z calc’d for C40H39
191

IrN2OP [M – CO - PF6 - H]
+
: 787.2426; 

found: 787.2423.  

HRMS (negative ESI): m/z calc’d for PF6 [M]
-
: 144.9647; found: 144. 9649.  

X-Ray: see Appendix A. 

 

Preparation of Tricarbonyl(dimesitylimidaz-2-ylidene)(dimethylphenylphosphine)iridium(I) 

hexafluorophosphate, 246a 

 

a) [(COD)Ir(IMes)(PMe2Ph)]PF6 (0.220 g,  0.248 mmol), and b) 0.148 g, 69% yield. 

 

 

Appearance: colourless solid. 

m.p.: 151 – 152 
o
C. 

FTIR (CH2Cl2): 2924, 2004, 1987, 1609, 1485, 1410, 1323, 1105, 951, 918, 847 cm
-1

.  

FTIR (neat): 2922, 2064, 2002, 1607, 1485, 1439, 1283, 1232, 1103, 831 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.50 – 7.42 (m, 5H, ArH), 7.40 (s, 2H, NCH=CHN), 7.09 (s, 

4H, ArH), 2.41 (s, 6H, ArH), 2.09 – 2.06 (overlapping s and d, 18H, ArCH3 and P(CH3)2Ph). 

31
P NMR (162 MHz, CDCl3): δ -22.5 (sharp s), -36.4 (bs), -144.3 (septet, 

1
JP-F = 711.8 Hz, 

PF6). 

19
F NMR (376 MHz, CDCl3): δ -73.4 (d, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive ESI): m/z calc’d for C30H35
191

IrN2OP [M – 2CO - PF6]
+
: 633.2112; found: 

663.2120. 
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m/z calc’d for C29H33
191

IrN2P [M - 3CO - PF6 - 2H]
+
: 633.2006; found: 633.2012.  

HRMS (negative ESI): m/z calc’d for PF6 [M]
-
: 144.9647; found: 144. 9649.  

X-Ray: see Appendix A. 

 

Preparation of Tricarbonyl(dimesitylimidaz-2-ylidene)(dtribenzylphosphine)iridium(I) 

hexafluorophosphate, 246b 

 

a) [(COD)Ir(IMes)(PBn3)]PF6 (0.196 g,  0.186 mmol), and b) 0.153 g, 80% yield. 

 

 

Appearance: colourless solid. 

m.p.: 226 
o
C. 

FTIR (CH2Cl2): 2058, 2000, 1991 cm
-1

.  

FTIR (neat): 2922, 2064, 2002, 1607, 1485, 1439, 1283, 1232, 1103, 831 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.30 – 7.20 (m, 11H, ArH), 7.07 – 7.03 (overlapping s and 

m, 10H, NCH=CHN), 3.59 (d, 6H, 
3
JP-H = 11.3 Hz, ArCH2), 2.42 (s, 6H, ArCH3), 1.96 (s, 

12H, ArCH3). 

31
P NMR (162 MHz, CDCl3): δ 0.5, -144.1 (septet, 

1
JP-F = 711.8 Hz, PF6). 

19
F NMR (376 MHz, CDCl3): δ -72.0 (d, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive ESI): m/z calc’d for C43H45
191

IrN2OP [M – 2CO –  PF6]
+
: 829.2894; found: 

829.2898. 

X-Ray: see Appendix A. 

 

Ir(I) Chloro-carbonyl Complexes in the Study of Combined Ligand Electronics 

 

Following General Procedure K, results are reported as a) amount of [(COD)Ir(NHC)(Cl)], 

b) amount of phosphine, and c) product yield.  

 

For known starting complexes that are not elsewhere described in this report, readers are 

directed to the references provided.
120,152,250,263
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Preparation of Chloro(carbonyl)(dibenzylimidazol-2-

ylidene)(triphenylphosphine)iridium(I)
197

, 253a 

 

a) [(COD)Ir(IBn)Cl], 0.206 g, 0.353 mmol, b) PPh3, 0.092 mg, 0.353 mmol, and c) 0.114 g, 

42% yield. 

 

 

Appearance: yellow solid. 

FTIR (CH2Cl2): 3049, 1950, 1497, 1481, 1454, 1435, 1406, 1271, 1260, 1096, 756, 731, 702 

cm
-1

.  

FTIR (neat): 3100, 1942, 1604, 1585, 1570, 1495, 1479, 1408, 1207, 1096, 692 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.75 – 7.70 (m, 6H, ArH), 7.47 – 7.45 (m, 4H, ArH), 7.40 – 

7.33 (m, 15H, ArH), 6.82 (s, 2H, NCH=CHN), 5.93 (d, 2H, 
2
J = 14.7 Hz, ArCH2), 5.67 (d, 

2H, 
2
J = 14.7 Hz, ArCH2). 

13
C NMR (100 MHz, CDCl3): δ 176.6 (d, 

3
JC-P = 114.9), 170.5 (d, 

3
JC-P = 10.2 Hz), 136.4, 

134.8, 134.7, 134.1, 133.6, 129.8, 128.8, 128.6, 128.1, 127.9, 127.8, 120.7, 55.0. 

31
P NMR (162 MHz, CDCl3): δ 23.3 (PPh3). 

 

Preparation of Chloro(carbonyl)(bis[2,6-zylyl]imidazol-2-

ylidene)(triphenylphosphine)iridium(I), 253b 

 

a) [(COD)Ir(IXy)Cl], 0.205 g, 0.335 mmol, b) PPh3, 0.088 mg, 0.335 mmol, and c) 0.179 g, 

67% yield. 

 

 

Appearance: yellow solid. 

m.p.: 266 – 268 ºC. 
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FTIR (CH2Cl2): 3074, 3045, 2924, 1944, 1479, 1435, 1332, 1096, 777 cm
-1

.  

FTIR (neat): 1942, 1479, 1435, 1096, 777 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.41 – 7.36 (m, 8H, ArH), 7.32 – 7.28 (m, 3H, ArH), 7.25 – 

7.21 (m, 10H, ArH), 7.17 (apparent d, 2H, 
3
J = 0.4 Hz, NCH=CHN), 2.36 (s, 12H, ArCH3). 

13
C NMR (100 MHz, CDCl3): δ 179.0 (d, 

3
JC-P = 119.1 Hz), 171.1 (d, 

3
JC-P = 10.7 Hz), 

138.1, 138.0, 137.6, 136.8, 135.8, 134.4, 134.3, 134.1, 133.4, 132.9, 129.9, 128.9, 128.7, 

128.2, 127.7, 127.3, 127.2, 127.0, 126.9, 122.03, 122.01, 18.5. 

31
P NMR (162 MHz, CDCl3): δ 23.5 (PPh3). 

HRMS (positive ESI): m/z calc’d for C32H35
191

IrN2OP [M – Cl]
+
: 759.2113; found: 

759.2113. 

X-Ray: see Appendix A. 

 

Preparation of Chloro(carbonyl)(dimesitylimidazol-2-ylidene)(triphenylphosphine)iridium(I), 

253c  

 

a) [(COD)Ir(IMes)Cl], 0.200 g, 0.312 mmol, b) PPh3, 0.082 mg, 0.312 mmol, and c) 0.120 g, 

47% yield. 

 

 

Appearance: bright yellow solid. 

m.p.: decomposes > 195 ºC. 

FTIR (CH2Cl2): 3057, 2991, 2920, 1942, 1607, 1481, 1435, 1255, 708 cm
-1

.  

FTIR (neat): 2980, 2907, 1928, 1479, 1433, 1404, 1379, 1332, 1095, 847 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.41 – 7.36 (m, 6H, ArH), 7.31 – 7.27 (m, 3H, ArH), 7.24 – 

7.20 (m, 6H, ArH), 7.10 (s, 2H, NCH=CHN), 7.02 (s, 4H, ArH), 2.42 (s, 6H, ArCH3), 2.29 (s, 

12H, ArCH3). 

13
C NMR (100 MHz, CDCl3): δ 179.5 (d, 

2
JC-P = 116.4 Hz), 171.6 (d, 

2
JC-P = 11.7 Hz), 

138.2, 136.2, 135.9, 134.9, 134.8, 134.0, 133.5, 129.4, 128.9, 127.5, 127.4, 122.7, 122.6, 

21.3, 18.9. 

31
P NMR (162 MHz, CDCl3): δ 23.6 (PPh3). 
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HRMS (positive ESI): m/z calc’d for C32H35
191

IrN2OP [M – Cl]
+
: 787.2426; found: 

787.2429. 

X-Ray: see Appendix A. 

 

Preparation of Chloro(carbonyl)(dimesityl-4,5-dimethyl-imidazol-2-

ylidene)(triphenylphosphine)iridium(I), 253d  

 

a) [(COD)Ir(IMesMe2)Cl], 0.100 g, 0.150 mmol, b) PPh3, 0.039 mg, 0.150 mmol, and c) 

0.056 g, 44% yield. 

 

 

Appearance: bright yellow solid. 

m.p.: decomposes > 210 ºC. 

FTIR (CH2Cl2): 2924, 1940, 1481, 1435, 1377, 1325, 1096, 856 cm
-1

.  

FTIR (neat): 2980, 2970, 1946, 1608, 1481, 1435, 1377, 1325, 1095, 940, 690 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.40 – 7.35 (m, 6H, ArH), 7.31 – 7.26 (m, 3H, ArH),  7.24 – 

7.19 (m, 6H, ArH), 7.03 (s, 4H, ArH), 2.44 (s, 6H, ArCH3), 2.22 (s, 12H, ArCH3), 1.95 (s, 

6H, ArCH3). 

13
C NMR (100 MHz, CDCl3): δ 176.1 (d, 

2
JC-P = 177.7), 171.5 (d, 

2
JC-P = 10.7 Hz), 138.4, 

137.6, 137.4, 136.7, 134.5, 134.4, 134.3, 134.2, 134.1, 133.8, 133.3, 129.7, 128.8, 128.3, 

128.0, 127.9, 127.2, 127.1, 126.9, 126.8, 125.0(3), 125.0(0), 20.8, 18.3, 18.0, 14.8, 8.9, 8.7. 

31
P NMR (162 MHz, CDCl3): δ 23.5 (PPh3). 

HRMS (positive ESI): m/z calc’d for C42H43
191

IrN2OP [M – Cl]
+
: 815.2739; found: 

815.2736. 

X-Ray: see Appendix A. 
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Preparation of Chloro(carbonyl)(dimesitylimidazol-2-

ylidene)(dimethylphenylphosphineiridium(I), 253e  

 

a) [(COD)Ir(IMes)Cl], 0.100 g, 0.150 mmol, b) PPh3, 0.039 mg, 0.150 mmol, and c) 0.056 g, 

53% yield. 

 

 

Appearance: yellow solid. 

m.p.: 198 – 200 ºC. 

FTIR (CH2Cl2): 2924, 1940, 1481, 1435, 1377, 1325, 1096, 856 cm
-1

.  

FTIR (neat): 2980, 2970, 1946, 1608, 1481, 1435, 1377, 1325, 1095, 940, 690 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.53 – 7.49 (m, 3H, ArH), 7.21 – 7.18 (m, 2H, ArH), 7.10 (s, 

2H, NCH=CHN), 7.02 (s, 4H, ArH), 2.40 (s, 6H, ArCH3), 2.27 (s, 12H, ArCH3), 1.63 (d, 6H,
 

2
JH-P = 8.8 Hz, P(CH3)2Ph). 

13
C NMR (100 MHz, CDCl3): δ 181.4 (d, 

2
JC-P = 177.7), 172.1 (d, 

2
JC-P = 11.7 Hz), 138.3, 

135.8, 133.0, 132.8, 129.4, 128.9, 128.5, 127.6, 127.5, 122.6, 21.2, 18.7, 14.6 (d, 
1
JC-P = 34.9 

Hz). 

31
P NMR (162 MHz, CDCl3): δ -10.5 (PMe2Ph). 

HRMS (positive ESI): m/z calc’d for C42H43
191

IrN2OP [M – Cl]
+
: 663.2112; found: 

663.2116. 

X-Ray: see Appendix A. 

 

Generation of MeCN-stabilised Ir(III)-dihydride Complexes in-situ (Table 14) 

 

The complex of interest (~10 mg) was dissolved in 0.6 mL MeCN-d3 and transferred to an 

oven-dried NMR tube which was then sealed with a rubber septum. Hydrogen gas was 

bubbled through the solution carefully for 30 mins, taking care not to force the solution from 

the tube. NOTE: chloro-carbene complexes often take longer to activate and may be left for 

up to 1 h with hydrogen bubbling.  After this time, the sample was analysed directly by NMR 

spectroscopy at 300 K.  
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In line with the ‘quick screen’ nature of this method, full analysis of 
1
H and 

13
C NMR is not 

provided for each derivative studied. However, in all cases, a clear loss of the COD olefinic 

proton signals was observed, in line with literature precedent.
114,202

 For ease of comparison, 

1
H NMR hydride signals reported in the results are tabulated alongside the major 

31
P NMR 

triplet shift, concentrating on ligated phosphine shifts/coupling constants and omitting 

counterions. 

 

Entry
a
 Complex A B δH/ppm δP/ppm 

3
JP-H (Hz) 

1 254a PPh3 IBn -21.33 16.7 (t) 16.0 

2 254b PPh3 IXy -21.59 18.6 (t) 16.1 

3 254c PPh3 IMes -21.56 18.6 (t) 16.1 

4 254d PPh3 IMes
Me 

-21.60 18.7 (t) 16.0 

5 254e PMe2Ph Mes -21.99 -26.0 (t) 17.4 

6 254f PCy3 py -22.08 18.7 (t) 17.8 

7 254g Cl IMes -22.70 - - 

 

 

Alternative NHC Ligands in HIE Catalyst Motif [(COD)Ir(NHC)(PR3)]X 

 

Preparation of 5-(Chloromethyl)-4-methyl-1H-imidazole hydrochloride, 257 
208

 

 

A 250 mL round bottom flask was charged with thionyl chloride (~50 mL, excess) and a 

stirrer bar then cooled to 0 
o
C using an ice bath. Subsequently, (4-methyl-1H-imidazol-5-

yl)methanol hydrochloride (10.0 g, 68.0 mmol), 256, was added portion wise, taking care in 

controlling the rate of effervescence. Once all of 256 had been added, cooling was removed 

and the reaction mixture stirred at r.t. for 4 h. Following this, chloroform (50 mL) was added 

to the reaction mixture, the precipitate was collected by filtration and washed with cold 

chloroform (20 mL). The product was dried in a vacuum oven (0 mbar, 40 
o
C) overnight, to 

yield a bright white solid (11.56 g, 99%). 
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Appearance: bright white solid. 

m.p.: 274-275 
o
C (Lit. = 277 

o
C). 

FTIR (neat): 3086, 2988, 2826, 2736, 2646, 1638, 1530, 1481, 1443, 833 cm
-1

.  

1
H NMR (400 MHz, DMSO-d6): δ 14.52 (bs, ~2H, CH=N

+
H), 8.93 (s, 1H, ArH), 5.54 (bs, 

1H, NH), 4.46 (s, 2H, ArCH2Cl), 2.25 (s, 3H, ArCH3). 

13
C NMR (100 MHz, DMSO-d6): δ 134.0, 128.5, 125.2, 34.3, 9.0. 

 

Preparation of 4,5-Dimethyl-1H-imidazole, 258
208

 

 

5-(Chloromethyl)-4-methyl-1H-imidazole hydrochloride, 257 (8.0 g, 48.0 mmol) was 

dissolved in ethanol (125 mL) inside a reinforced hydrogenation vessel. Subsequently, 

palladium on charcoal (0.8 g, 10% w/w) was added, ensuring no dry powder remained on the 

sides of the vessel. The reaction vessel was sealed and placed under a hydrogen atmosphere 

(5 atm) in a Cook hydrogenator. After agitating the reaction mixture overnight, the hydrogen 

atmosphere was replenished inside the vessel and the reaction mixture agitated for a further 2 

d. After removal of the vessel from the hydrogenation apparatus, the reaction mixture was 

passed through celite; ensuring ethanol was used to rinse the glassware, keeping the 

palladium residues wet. The filtrate was concentrated under reduced pressure then mixed 

with saturated K2CO3 (100 mL). NOTE – palladium residues on celite were quenched 

separately by soaking with saturated aqueous K2CO3. The basified reaction mixture was 

placed in a separating funnel and extracted using diethyl ether (4 x 50 mL). The combined 

organic layers were dried over anhydrous Na2SO4, filtered and concentrated in vacuo to 

reveal the desired product as an off-white solid (4.023 g, 99%). 

 

 

Appearance: bright white solid. 

m.p.: 101-102 
o
C (Lit. = 102 

o
C).  

FTIR (neat): 3123, 2918, 1657, 1607, 1449 cm
-1

.  
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1
H NMR (400 MHz, CDCl3): δ 7.39 (s, 1H, ArH), 2.14 (s, 6H, ArCH3). 

13
C NMR (100 MHz, CDCl3): δ 132.4, 126.6, 10.7. 

 

Preparation of N,N’-Dibenzyl-4,5-dimethylimidazolium chloride (Lepidiline A), 213a 

 

Following General Procedure H, results are reported as a) amount of 258, b) volume of THF, 

c) amount of sodium hydride, d) amount of benzyl chloride, e) temperature, f) reaction time, 

and g) product yield. 

 

From Scheme 48: 

a) 2.000 g, 21.0 mmol, b) 20 mL, c) 0.499 g, 21.0 mmol, d) 5.270 g, 42.0 mmol, e) 80 
o
C, f) 

48 h, and g) 4.397 g, 68%.                  

 

X-ray quality crystals were prepared by allowing diethyl ether to diffuse into a saturated 

DCM solution of the product at 4 
o
C overnight. 

 

 

Appearance: bright white solid. 

m.p.: 245-247 ºC. 

FTIR (neat): 3375, 3111, 3030, 2956, 1628, 1551, 1497, 1454 cm
-1

.  

1
H NMR (400 MHz, DMSO-d6): δ 9.41 (s, 1H, NCHN), 7.45-7.43 (m, 4H, ArH), 7.40-7.37 

(m, 2H, ArH), 7.34-7.32 (m, 4H, ArH), 5.44 (s, 4H, CH2Ar), 2.12 (s, 6H, CH3). 

13
C NMR (100 MHz, DMSO-d6): δ 135.4, 134.3, 129.0, 128.5, 127.7, 127.1, 49.6, 8.1. 

HRMS (positive NSI): m/z calc’d for C19H21N2 [M]
+
: 277.1699; found: 277.1699.  

HRMS (negative NSI): peaks observed at m/z 34.8 and 36.8 in a 3:1 ratio of abundance, 

consistent with a chloride anion. 

X-ray data: See Appendix A. 
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Preparation of N,N’-Dibenzyl-4,5-dimethylimidazolium bromide, 213b 

 

Following General Procedure H, results are reported as a) amount of 258, b) volume of THF, 

c) amount of sodium hydride, d) amount of benzyl bromide, e) temperature, f) reaction time, 

and g) product yield. 

 

From Scheme 48: 

a) 1.000 g, 10.0 mmol, b) 10 mL, c) 0.240 g, 10 mmol, d) 3.740 g, 22.2 mmol, e) 80 
o
C, f) 4 

h, and g) 6.462 g, 93%.                  

 

X-ray quality crystals were prepared by allowing diethyl ether to diffuse into a saturated 

DCM solution of the product at 4 
o
C overnight. 

 

 

Appearance: bright white solid. 

m.p.: 240-241 ºC. 

FTIR (neat): 3028, 2910, 2752, 1761, 1628, 1558, 1495, 1452 cm
-1

.  

1
H NMR (400 MHz, DMSO-d6): δ 9.33 (s, 1H, NCHN), 7.46-7.32 (m, 10H, ArH), 5.45 (s, 

4H, CH2Ar), 2.13 (s, 6H, CH3). 

13
C NMR (100 MHz, DMSO-d6): δ ppm 135.3, 134.2, 129.0, 128.5, 127.7, 127.1, 49.6, 8.0. 

HRMS (positive NSI): m/z calc’d for C19H21N2 [M]
+
: 277.1699; found: 277.1699.  

HRMS (negative NSI): peaks observed at m/z 78.9 and 80.9 in a 1:1 ratio of abundance, 

consistent with a bromide anion. 

 

Preparation of N,N’-Dibenzyl-4,5-dimethylimidazolium hexafluorophosphate, 213c 

   

213b (1.0 g, 2.8 mmol) was dissolved in a methanol/water mixture (5 mL: 5 mL) and stirred 

vigorously before the addition of ammonium hexafluorophosphate (0.548 g, 3.350 mmol) to 

the reaction vessel in one portion, causing immediate precipitation of a bright white solid. 

After stirring overnight at r.t., the solid was collected by filtration, washed with diethyl ether 
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then dried in a vacuum oven (40 
o
C) overnight (1.180 g, 99% yield). X-ray quality crystals 

were grown by recrystallisation of the white solid from hot chloroform. 

 

 

Appearance: colourless, crystalline solid. 

m.p.: 139-140 ºC. 

FTIR (neat): 3159, 3105, 2752, 1973, 1638, 1564, 1497, 1452, 1352, 1213, 1184 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 9.24 (s, 1H, NCHN), 7.48-7.38 (m, 6H, ArH), 7.34-7.32 (m, 

4H, ArH), 5.43 (s, 4H, CH2Ar), 2.14 (s, 6H, CH3). 

13
C NMR (100 MHz, CDCl3): δ 135.3, 134.2, 129.1, 128.5, 127.7, 127.2, 49.7, 8.0. 

31
P NMR (162 MHz, CDCl3): δ -144.2 (septet, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive NSI): m/z calc’d for C19H21N2 [M]
+
: 277.1699; found: 277.1699.  

HRMS (negative NSI): m/z found for [PF6]
-
: 144.9167. No theoretical mass supplied. 

X-ray data: See Appendix A. 

 

Preparation of N,N’-Dibenzyl-4,5-dimethylimidazolium tetrakis[(3,5-

trifluoromethylphenyl)]borate, 213d 

 

Following General Procedure D, results are reported as a) amount of imidazolium halide, b) 

amount of NaBArF, and c) product yield. 

 

 

From Scheme 48: 

a) 213b, 0.040 g, 0.113 mmol, b) 0.100 g, 0.113 mmol, and c) 0.118 g, 92%. 

 

 

Appearance: bright white solid. 

m.p.: 92 - 94 ºC 
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FTIR (neat): 2959, 1609, 1562, 1458, 1437, 1352, 1273, 1123 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.70 (m, 8H, ArHBArF), 7.52 (s, 1H, NCHN), 7.48 (bs, 4H, 

ArHBArF), 7.39-7.31 (m, 6H, ArH), 7.03-7.01 (m, 4H, ArH), 4.97 (s, 4H, CH2Ar), 2.10 (s, 6H, 

CH3). 

13
C NMR (100 MHz, CDCl3): δ 161.2 (q, 

1
JC-B = 49.5 Hz), 135.0, 132.0, 130.6, 130.3, 

129.7-128.7 (m), 124.1 (q, 
1
JC-F = 270.3 Hz), 120.6, 117.7, 51.9, 8.6. 

11
B NMR (128 MHz, CDCl3): δ -6.64 [BArF B(Ar4)]. 

19
F NMR (365 MHz, CDCl3): δ -62.39 (BArF CF3). 

HRMS (positive ESI): m/z calc’d for C19H21N2 [M-BArF]
+
: 277.1699; found: 277.1703 [M-

BArF]
+
.  

HRMS (negative ESI): m/z calc’d for C32H12BF24 [BArF]
-
: 863.0660; found: 863.0623. 

 

Preparation
197,209

 of bis(N,N’-dibenzyl-4,5-dimethylimidazol-2-ylidene)silver(I) silver 

diiodide, 260 

 

In a modification of published procedures,
197,209

 a flame-dried round-bottom flask fitted with 

one stopcock sidearm was charged with silver(I) oxide (0.065 g, 0.280 mmol), sodium iodide 

(0.084 g, 0.559 mmol), and 213b (0.200 g, 0.599 mmol). Dry DCM (5 mL) was added to the 

solid mixture with stirring, with the resulting coal black mixture being stirred under an argon 

atmosphere for 16 h. During the course of the reaction, the coal black colour of the reaction 

mixture turned clear, leaving a grey-white precipitate. The reaction mixture was diluted with 

DCM and filtered through celite to produce a colourless solution. Addition of hexane (5 - 10 

mL) and removal of half the solvent mixture under reduced pressure led to the precipitation 

of the product as a bright white solid (0.252 g, 88%). 

 

 

Appearance: bright white solid. 

m.p.: Decomposes > 200 ºC. 
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FTIR (neat): 3063, 3028, 2999, 2949, 1645, 1494, 1454, 1389 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.28-7.27 (m, 12H, ArH), 7.14-7.13 (m, 8H, ArH), 5.34 (s, 

8H, CH2Ar), 1.98 (s, 12H, CH3). 

13
C NMR (100 MHz, CDCl3): δ 182.1, 135.8, 128.4, 127.4, 126.2, 125.6, 52.7, 8.8. 

HRMS (positive NSI): m/z calc’d for C38H40AgN4 [M-AgI2]
+
: 859.2298; found: 859.2297. 

HRMS (negative NSI): the anion, [AgI2]
-
, could not be detected. 

 

Preparation2
197

 of Chloro(4
–cycloocta-1,5-diene)(1,3-dibenzyl-4,5-dimethylimidazol-2-

ylidene) iridium(I), 259, via 260 

 

To a flame-dried round bottom flask fitted with one stopcock sidearm was added η
4
-

cycloocta-1,5-dieneiridium(I) chloride dimer, 205 (0.131 g, 0.196 mmol), and dry DCM (20 

mL). To this stirred, orange solution was added 260 (0.200 g, 0.196 mmol) in one portion, 

causing the immediate formation of a bright yellow, opaque reaction mixture. After stirring 

the contents of the flask for 1 h, the mixture was filtered through celite and the filtrate 

concentrated in vacuo. Subsequent dilution of the crude product with diethyl ether and 

scratching the inside of the glassware with a spatula initiated immediate crystallisation of the 

desired product. The product was collected by filtration and washed with cold diethyl ether (5 

mL) to yield a yellow, crystalline solid (0.212 g, 84%). 

 

X-ray quality crystals were grown via slow diffusion of diethyl ether into a DCM solution of 

the product at 4 
o
C overnight. 

 

 

Appearance: bright yellow solid. 

m.p.: 224-226 ºC 

FTIR (neat): 3051, 2951, 2924, 2872, 2826, 1655, 1602, 1497, 1452, 1391 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.35-7.32 (m, 4H, ArH), 7.28-7.23 (m, 6H, ArH), 5.83 (d, 

2
J 

= 16.1 Hz, 2H, CH2Ar), 5.69 (d, 
2
J = 16.1 Hz, 2H, CH2Ar), 4.54-4.53 (m, 2H, COD CH), 

2.85-2.84 (m, 2H, COD CH), 2.12-2.02 (m, 2H, COD CH2), 1.91-1.77 (overlapping m and s, 

8H, COD CH2, CH3), 1.63-1.55 (m, 2H, COD CH2), 1.42-1.34 (m, 2H, COD CH2). 
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13
C NMR (100 MHz, CDCl3): δ 176.4, 136.7, 129.3, 128.0, 126.9, 125.3, 84.4, 52.6, 52.3, 

33.6, 29.5, 9.6. 

HRMS (positive NSI): m/z calc’d for C27H32
191

IrN2 [M-Cl]
+
: 469.1251; found: 469.1246. 

X-ray Data: See Appendix A. 

Preparation of Chloro(4
–cycloocta-1,5-diene)(1,3-dibenzyl-4,5-dimethylimidazol-2-ylidene) 

iridium(I), 259, via 260 in One Pot 

 

A flame-dried round-bottom flask fitted with one stopcock sidearm was charged with silver(I) 

oxide (0.227 g, 0.979 mmol), sodium iodide (0.293 g, 1.960 mmol), and 213b (0.200 g, 0.599 

mmol). Dry DCM (5 mL) was added to the solid mixture with stirring, with the resulting coal 

black mixture being stirred under an argon atmosphere for 2 h.  On observing the black to 

clear colour change (indicating the formation of 260), η
4
-cycloocta-1,5-dieneiridium(I) 

chloride dimer, 205 (0.700 g, 1.960 mmol), was added to the reaction vessel in one portion, 

causing the same clear to bright yellow colour change. After 1 h stirring at r.t., the mixture 

was filtered through celite and the filtrate concentrated in vacuo. Subsequent dilution of the 

crude product with diethyl ether and scratching the inside of the glassware with a spatula 

initiated immediate crystallisation of the desired product. The product was collected by 

filtration and washed with cold diethyl ether (5 mL) to yield a yellow, crystalline solid 

(Scheme 50, 1.032 g, 82%.). 

 

Data are consistent with those reported above. 

 

Attempted Alternative Preparation of Chloro(4
–cycloocta-1,5-diene)(1,3-dibenzyl-4,5-

dimethylimidazol-2-ylidene) iridium(I), 259 

 

Following General Procedure B, results are reported as a) amount of 205, b) amount of 

KO
t
Bu, c) amount of imidazolium salt, d) reaction time, e) volume of THF, and f) product 

yield. 

 

From Scheme 51: 

a) 0.200 g, 0.298 mmol, b) 0.073 g, 0.595 mmol, c) 213a, 0.186 g, 0. 595 mmol, d) 16 h, e) 

10 mL, and f) 0.055 g, 15%. 
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Isolation of by-product, 261 

 

From Scheme 51, by-product, 261, was isolated via elution from silica using MeOH/DCM 

(1:1), collecting the red fraction. The red solution was concentrated in vacuo to reveal the by-

product as a red solid (0.051 g, 39% yield). X-ray quality crystals were grown by layering 

hexane on top of a THF solution of the product, allowing the bilayer to mix for 1 week. 

 

 

Appearance: deep red crystals. 

m.p.: Decomposes > 155 ºC. 

FTIR (neat): 3032, 2920, 2876, 2826, 1657, 1605, 1495, 1452, 1391 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.35-7.26 (m, 12H, ArH), 6.81-6.79 (m, 8H, ArH), 5.74 (d, 

2
J = 16.7 Hz, 4H, CH2Ar), 4.97 (d, 

2
J = 16.7 Hz, 4H, CH2Ar), 3.70 (bs, 4H, COD CH), 1.81-

1.76 (m, 4H, COD CH2), 1.71 (s, 12H, CH3), 1.60-1.57 (m, 4H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 175.8, 136.0, 128.6, 127.4, 126.3, 124.6, 51.0, 30.6, 8.7. 

HRMS (positive NSI): m/z calc’d for C46H52
191

IrN4 [M-Cl]
+
: 853.3819; found: 853.3810.  

X-ray data: See Appendix A. 

 

Preparation of 4
–Cycloocta-1,5-diene-bis(1,3-dibenzyl-4,5-dimethylimidazol-2-ylidene) 

iridium(I) hexafluorophosphate, 262 

 

To a flame-dried Schlenk tube was added 205 (0.200 g, 0.298 mmol) and KO
t
Bu (0.146 g, 

1.300 mmol), the mixture being stirred under high vacuum for 5 mins before being placed 

back under argon atmosphere. Dry THF (20 mL) was then added, creating a black red 

reaction mixture, and stirred for 10 mins. Subsequently, 213a (0.373 g, 1.190 mmol) was 

added in one portion, causing an immediate back to bright red colour change. After stirring 

the reaction mixture at r.t. overnight, the THF was removed in vacuo, leaving a bright red 

residue which was dissolved in DCM (10 mL). Following this, NH4PF6 (0.195 g, 1.190 

mmol) and water (10 mL) were added to the DCM solution, and the biphasic mixture stirred 
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vigorously for 4 h. The mixture was then transferred to a separating funnel and the DCM 

layer isolated. The aqueous layer was washed with DCM (2 x 10 mL) and the combined 

organic fractions dried over anhydrous sodium sulfate. Finally, the DCM solution was filtered 

and concentrated under reduced pressure to yield the desired product as a bright red solid. X-

ray quality crystals were grown by slow diffusion of diethyl ether into a saturated DCM 

solution of the product (Scheme 51, 0.0635 g, 53%). 

 

 

Appearance: red/orange crystals. 

m.p.: Decomposes > 242 ºC 

FTIR (neat): 3030, 2920, 2853, 1663, 1605, 1497, 1452, 1393, 1350 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.34-7.24 (m, 12H, ArH), 6.83-6.81 (m, 8H, ArH), 5.78 (d, 

2
J = 16.8 Hz, 4H, CH2Ar), 5.00 (d, 

2
J = 16.8 Hz, 4H, CH2Ar), 3.70 (bs, 4H, COD CH), 1.79-

1.76 (m, 4H, COD CH2), 1.71 (s, 12H, CH3), 1.57-1.53 (m, 4H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 175.7, 136.2, 128.6, 127.2, 126.2, 124.7, 51.0, 30.6, 8.7. 

31
P (162 MHz, CDCl3): δ -144.2 (septet, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive NSI): m/z calc’d for C46H52
191

IrN4 [M-PF6]
+
: 853.3819; found: 853.3812.  

X-ray data: See Appendix A. 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dibenzyl-4,5-dimethylimidazol-2-ylidene) 

(triphenylphosphine)iridium(I) tetrafluoroborate, 214 

 

Following General Procedure I, results are reported as a) amount of 259, b) amount of 

phosphine, c) amount of AgBF4 d) product yield, and e) purification technique. 

 

X-ray quality crystals were grown via slow diffusion of diethyl ether into a saturated DCM 

solution of the product at 4 
o
C over 2 d. 
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From Table 17, Entry 1: 

a) 0.100 g, 0.163 mmol, b) PPh3, 0.043 g, 0.163 mmol c) 0.032 g, 0.163 mmol, d) 0.132 g, 

92%, and e) trituration from DCM/EtOH solution using petroleum ether. 

 

Appearance: red, microcrystalline solid. 

m.p.: Decomposes > 221 
o
C. 

FTIR (neat): 3075, 2957, 2886, 2357, 1609, 1564, 1479, 1435, 1352, 1273 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.52-7.42 (m, 15H, ArH), 7.38-7.35 (m, 4H, ArH), 7.31-7.27 

(m, 2H, ArH), 6.99-6.97 (m, 4H, ArH), 5.91 (d, 
2
J = 16.7 Hz, 2H, CH2Ar), 4.53 (d, 

2
J = 16.7 

Hz, 2H, CH2Ar), 4.19-4.18 (m, 2H, COD CH), 3.69-3.67 (m, 2H, COD CH), 2.08-2.00 (m, 

2H, COD CH2), 1.80-1.74 (overlapping m and s, 8H, COD CH2, and CH3), 1.66-1.58 (m, 4H, 

COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 172.9, 136.1, 133.9, 133.8, 131.3, 130.7, 130.2, 129.3, 

129.0, 128.8, 127.9, 127.8, 125.2, 87.4, 87.2, 79.6, 51.9, 30.8, 30.3, 9.2. 

31
P NMR (162 MHz, CDCl3): δ 16.0 (PPh3). 

19
F NMR (376 MHz, CDCl3): δ -153.4 (BF4). 

11
B NMR (128 MHz, CDCl3): δ -0.7 (BF4). 

HRMS (positive NSI): m/z calc’d for C45H47
191

IrN2P [M-BF4]
+
: 839.3102; found: 839.3103. 

Presence of the BF4 counterion could not be confirmed by HRMS. 

X-ray data: See Appendix A. 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dibenzyl-4,5-dimethylimidazol-2-ylidene) 

(triphenylphosphine)iridium(I) hexafluorophosphate, 214b 

 

Following General Procedure I, results are reported as a) amount of 259, b) amount of 

phosphine, c) amount of AgPF6 d) product yield, and e) purification technique. 

 

X-ray quality crystals were grown via slow evaporation of a CDCl3 solution of the product at 

r.t. over 2 weeks. 
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From Table 17, Entry 2: 

a) 0.100 g, 0.163 mmol, b) PPh3, 0.043 g, 0.163 mmol c) 0.041 g, 0.163 mmol, d) 0.121 g, 

75%, and e) trituration from Et2O using EtOH. 

 

 

Appearance: red, microcrystalline solid. 

m.p.: Decomposes > 228 ºC. 

FTIR (neat):  2959, 2932, 1497, 1477, 1435, 1094 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.56-7.45 (m, 15H, ArH), 7.43-7.39 (m, 4H, ArH), 7.35-7.31 

(m, 2H, ArH), 7.03-7.01 (m, 4H, ArH), 5.93 (d, 
2
J = 16.7 Hz, 2H, CH2Ar), 4.55 (d, 

2
J = 16.7 

Hz, 2H, CH2Ar), 4.23-4.22 (m, 2H, COD CH), 3.73-3.71 (m, 2H, COD CH), 2.14-2.05 (m, 

2H, COD CH2), 1.84-1.77 (overlapping m and s, 8H, COD CH2, and CH3), 1.71-1.61 (m, 4H, 

COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 172.4, 135.5, 133.3, 133.2, 130.8, 130.1, 129.6, 128.8, 

128.5, 128.4, 127.4, 127.3, 124.7, 87.9, 87.0, 79.0, 51.4, 30.3, 29.8, 8.7. 

31
P NMR (162 MHz, CDCl3): δ 16.0 (PPh3), -144.2 (septet, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive NSI): m/z calc’d for C45H47
191

IrN2P [M-PF6]
+
: 839.3102; found: 839.3099. 

HRMS (positive NSI): m/z calc’d for [PF6]
-
: 144.9647; found: 144.9649. 

X-ray data: See Appendix A. 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dibenzyl-4,5-dimethylimidazol-2-ylidene) 

(triphenylphosphine)iridium(I) hexafluoroantimonate, 214c 

 

Following General Procedure I results are reported as a) amount of 259, b) amount of 

phosphine, c) amount of AgSbF6 d) product yield, and e) purification technique. 

 

X-ray quality crystals were grown by layering diethyl ether on top of a CDCl3 solution of the 

product. The bilayer was allowed to mix for approximately 1 week. 
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Table 17, Entry 3 

a) 0.100 g, 0.163 mmol, b) PPh3, 0.043 g, 0.163 mmol c) 0.056 g, 0.163 mmol, d) 0.142 g, 

85%, and e) trituration from crude using petroleum ether. 

 

 

Appearance: red, microcrystalline solid. 

m.p.: Decomposes > 224 ºC. 

FTIR (neat): 3053, 2909, 2878, 1607, 1497, 1433 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.53-7.38 (m, 19H, ArH), 7.33-7.30 (m, 2H, ArH), 7.01-6.99 

(m, 4H, ArH), 5.92 (d, 
2
J = 16.6 Hz, 2H, CH2Ar), 4.52 (d, 

2
J = 16.7 Hz, 2H, CH2Ar), 4.21-

4.20 (m, 2H, COD CH), 3.72-3.71 (m, 2H, COD CH), 2.12-2.04 (m, 2H, COD CH2), 1.83-

1.77 (overlapping m and s, 8H, COD CH2, and CH3), 1.70-1.64 (m, 4H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 172.8, 136.0, 133.8, 133.7, 131.3, 130.6, 130.1, 129.3, 

128.9, 128.8, 127.9, 127.8, 125.2, 87.5, 87.4, 79.6, 51.9, 30.8, 30.3, 9.2. 

31
P NMR (162 MHz, CDCl3): δ 16.1 (PPh3). 

HRMS (positive NSI): m/z calc’d for C45H47
191

IrN2P [M-SbF6]
+
: 839.3102; found: 

839.3097. 

HRMS (positive NSI): m/z calc’d for 
121

SbF6 [SbF6]
-
: 234.8948; found: 234.8942. 

X-ray data: See Appendix A. 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dibenzyl-4,5-dimethylimidazol-2-ylidene) 

(triphenylphosphine)iridium(I) trifluoromethanesulfonate, 214d 

 

Following General Procedure I, results are reported as a) amount of 259, b) amount of 

phosphine, c) amount of AgOTf, d) product yield, and e) purification technique. 

 

X-ray quality crystals were grown via slow diffusion of diethyl ether into a saturated DCM 

solution of the product at 4 
o
C overnight. 
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Table 17, Entry 4 

a) 0.100 g, 0.163 mmol, b) PPh3, 0.043 g, 0.163 mmol c) 0.056 g, 0.163 mmol, d) 0.142 g, 

99%, and e) trituration from crude using petroleum ether. 

 

 

Appearance: red, microcrystalline solid. 

m.p.: Decomposes > 224 ºC. 

FTIR (neat): 3061, 2949, 2922, 1657, 1497, 1433, 1395, 1220 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.56-7.38 (m, 19H, ArH), 7.34-7.31 (m, 2H, ArH), 7.00-6.99 

(m, 4H, ArH), 5.92 (d, 
2
J = 16.6 Hz, 2H, CH2Ar), 4.54 (d, 

2
J = 16.6 Hz, 2H, CH2Ar), 4.22-

4.21 (m, 2H, COD CH), 3.72-3.71 (m, 2H, COD CH), 2.12-2.01 (m, 2H, COD CH2), 1.83-

1.77 (overlapping m and s, 8H, COD CH2, and CH3), 1.71-1.61 (m, 4H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 171.9, 134.9, 132.8, 132.7, 130.4, 129.6, 129.1, 128.3, 

128.0, 127.9, 127.0, 126.8, 124.2, 86.5, 86.4, 78.6, 50.9, 29.8, 29.3, 8.3. 

31
P NMR (162 MHz, CDCl3): δ 16.18 (PPh3). 

19
F NMR (376 MHz, CDCl3): δ -77.94 (OTf). 

HRMS (positive NSI): m/z calc’d for C45H47
191

IrN2P: 839.3103; found: 839.3097. 

HRMS (positive NSI): m/z calc’d for [CF3SO3]
-
: 148.9526; found: 148.9528. 

X-ray data: See Appendix A. 

 

Preparation of 4
–Cycloocta-1,5-diene(1,3-dibenzyl-4,5-dimethylimidazol-2-ylidene) 

(triphenylphosphine)iridium(I) tetraphenylborate, 214e 

 

Prior to the reaction, a small batch of the relevant silver tetraphenyl borate was synthesised. 

As such, sodium tetraphenylborate (0.250 g, 0.731 mmol) and silver nitrate (0.124 g, 0.731 

mmol) were dissolved in a minimal quantity of water, and in separate two dram vials. 

Subsequently, the aqueous solution of the former was added dropwise to the latter, causing 

immediate formation of a bright white precipitate. The vial was sealed and shaken vigorously 

for 2 mins. The white solid was collected by filtration and dried in a vacuum oven (1 mbar, 
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40 
o
C) for 1 h prior to use. No detailed analysis was carried out on this salt, and its structure 

is inferred from its reactivity and product analyses described below. 

 

Following General Procedure I, results are reported as a) amount of 259 b) amount of 

phosphine, c) amount of AgBPh4, d) product yield, and e) purification technique. 

 

Table 17, Entry 5 

a) 0.100 g, 0.163 mmol, b) PPh3, 0.043 g, 0.163 mmol c) 0.070 g, 0.163 mmol, d) 0.142 g, 

82%, and e) trituration from crude using petroleum ether. 

 

 

Appearance: red, microcrystalline solid. 

m.p.: Decomposes > 204 ºC 

FTIR (neat): 3051, 3032, 2978, 1607, 1578, 1433, 1352, 1271, 1115, 1092 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.52-7.33 (m, 30H, ArH),  7.05-7.01 (m, 8H, ArH), 6.92-

6.86 (m, 7H, ArH), 5.86 (d, 
2
J = 16.5 Hz, 2H, CH2Ar), 4.38 (d, 

2
J = 16.4 Hz, 2H, CH2Ar), 

4.22-4.21 (m, 2H, COD CH), 3.72-3.70 (m, 2H, COD CH), 2.10-2.00 (m, 2H, COD CH2), 

1.85-1.60 (overlapping m and s, 12H, COD CH2, and CH3). 

13
C NMR (100 MHz, CDCl3): δ ppm 172.3, 164.3 (q, 

1
JC-B = 49.5 Hz), 136.4, 135.6, 133.7, 

133.6, 131.5, 130.5, 129.5, 129.0, 128.9, 128.7, 128.4, 128.3, 127.9, 125.4, 125.1, 121.5, 

87.7, 87.6, 79.9, 51.9, 30.8, 30.3, 9.3. 

31
P NMR (162 MHz, CDCl3): δ 16.6 (PPh3). 

11
B NMR (128 MHz, CDCl3): δ -6.5 (BPh4). 

HRMS (positive NSI): m/z calc’d for C45H47
191

IrN2P [M-BPh4]
+
: 839.3103; found: 

839.3099. 

HRMS (positive NSI): m/z calc’d for [BC24H20]
-
: 319.1664; found: 319.1652. 

X-ray data: See Appendix A. 
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Preparation of 4
–Cycloocta-1,5-diene(1,3-dibenzyl-4,5-dimethylimidazol-2-ylidene) 

(triphenylphosphine)iridium(I) tetrakis(3,5-trifluoromethylphenyl)borate, 214f 

 

Following General Procedure E, results are reported as a) amount of 205, b) amount of 

phosphine, c) amount of 213d, d) amount of KO
t
Bu, e) reaction time, f) product yield, and g) 

purification technique. 

 

From Scheme 52: 

a) 0.015 g, 0.022 mmol, b) PPh3, 0.0114 g, 0.044 mmol, c) 0.050 g, 0.044 mmol, d) 0.008 g, 

0.066 mmol, e) 1 h, f) 0.062 g, 82%, and g) recrystallisation from EtOH/H2O. 

 

 

Appearance: red, microcrystalline solid. 

m.p.: 158-160 
o
C. 

FTIR (neat): 3080, 2928, 1608, 1499, 1435, 1352 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.80-7.79 (m, 8H, ArHBArF),  7.49-7.28 (m, 25H, ArHBArF + 

ArH), 6.91-6.89 (m, 4H, ArH), 6.12 (d, 
2
J = 16.7 Hz, 2H, CH2Ar), 4.85 (d, 

2
J = 16.6 Hz, 2H, 

CH2Ar), 4.34-4.33 (m, 2H, COD CH), 3.75-3.74 (m, 2H, COD CH), 2.18-2.09 (m, 2H, COD 

CH2), 1.85-1.79 (overlapping m and s, 8H, COD CH2, and CH3), 1.75-1.64 (m, 4H, COD 

CH2). 

13
C NMR (100 MHz, CDCl3): δ 173.1, 161.5 (q, 

1
JC-B = 49.5 Hz), 135.4, 134.8, 133.7, 

133.6, 131.4, 130.6, 130.1, 129.4, 129.1, 129.0, 128.9, 128.8, 128.7, 128.3, 124.6 (q, 
1
JC-F = 

270.7 Hz), 117.4, 87.8, 87.7, 80.1, 52.0, 30.7, 30.3, 9.1. 

31
P NMR (162 MHz, CDCl3): δ 16.75 (PPh3). 

11
B NMR (128 MHz, CDCl3): δ -6.62 (BArF). 

HRMS (positive NSI): m/z calc’d for C45H47
191

IrN2P [M-BArF]
+
: 839.3103; found: 

839.3089. 

HRMS (positive NSI): m/z calc’d for [C32H12BF24]
-
: 863.0660; found: 863.0639. 

X-ray: see Appendix A. 
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Preparation of Dicarbonyl(dibenzylimidaz-2-ylidene)(triphenylphosphine)iridium(I) 

hexafluorophosphate, 263a 

 

Following General Procedure J, results are reported as a) amount of 

[(COD)Ir(NHC)(PR3)]PF6, and b) product yield. 

From Table 18, Entry 1: 

(a) [(COD)Ir(IBn)(PPh3)]PF6, 0.065 g, 0.068 mmol, and b) 0.030 g, 49%. 

. 

 

Appearance: bright yellow solid. 

m.p.: 155 - 157 
o
C. 

FTIR (neat): 3161, 3134, 2922, 2852, 2054, 1973, 1687, 1591, 1552, 1472, 1404, 1379, 

1367, 1223, 1165, 1111, 1034, 945, 773 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.67 – 7.63 (m, 3H, ArH), 7.59 – 7.54 (m, 6H, ArH), 7.41 – 

7.32 (m, 12H, ArH), 7.10 – 7.07 (overlapping s and m, 6H, NCH=CHN + ArH), 5.01 – 4.95 

(m, 2H, ArCH2), 4.54 – 4.48 (m, 2H, ArCH2). 

31
P NMR (162 MHz, CDCl3): δ 20.0 (sharp s), 16.5 (bs, unknown), -144.2 (septet, 

1
JP-F = 

711.8 Hz, PF6). 

19
F NMR (376 MHz, CDCl3): δ -72.1 (d, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive ESI): m/z calc’d for C37H33
191

IrN2O2P [M - PF6]
+
: 761.1905; found: 

761.1904.  

X-Ray: see Appendix A. 

 

Preparation of Dicarbonyl(dibenzylimidaz-2-ylidene)(triphenylphosphine)iridium(I) 

hexafluorophosphate, 263b 

 

Following General Procedure J, results are reported as a) amount of 

[(COD)Ir(NHC)(PR3)]PF6, and b) product yield. 
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From Table 18, Entry 2: 

(a) [(COD)Ir(IBn
Me

)(PPh3)]PF6, 0.180 g, 0.183 mmol, and b) 0.0.086 g, 52%. 

 

 

Appearance: bright yellow solid. 

m.p.: 160 - 161 
o
C. 

FTIR (neat): 2980, 2073, 2014, 1651, 1435, 1097, 883 cm
-1

. 

FTIR (CH2Cl2): 3067, 2083, 2025, 1437, 1275, 1256, 1098, 847, 768, 690 cm
-1-

. 

1
H NMR (400 MHz, CDCl3): δ 7.65 – 7.61 (m, 3H, ArH), 7.59 – 7.54 (m, 6H, ArH), 7.51 – 

7.46 (m, 6H, ArH), 7.40 – 7.31 (m, 6H, ArH), 7.00 – 6.98 (m, 4H, ArH), 5.27 (d, 2H, 
2
J = 

16.2 Hz, ArCH2), 4.54 (d, 2H, 
2
J = 16.2 Hz, ArCH2), 1.86 (s, 6H, ArCH3). 

31
P NMR (162 MHz, CDCl3): δ 16.0 (PPh3), -144.3 (septet, 

1
JP-F = 711.8 Hz, PF6). 

19
F NMR (376 MHz, CDCl3): δ -73.2 (d, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive ESI): m/z calc’d for C39H37
191

IrN2O2P [M - PF6]
+
: 789.2219; found: 

789.2215.  

X-Ray: see Appendix A. 

 

Preparation of Chloro(carbonyl)(dibenzyl-4,5-dimethylimidazol-2-

ylidene)(triphenylphosphine)iridium(I), 253g  

 

a) [(COD)Ir(IBn
Me

)Cl], 0.185 g, 0.302 mmol, b) PPh3, 0.079 mg, 0.302 mmol, and c) 0.183 g, 

77% yield. 

 

 

Appearance: yellow solid. 

m.p.: 228 ºC. 
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FTIR (CH2Cl2): 3053, 1948, 1497, 1435, 1096, 746 cm
-1

.  

FTIR (neat): 3055, 1944, 1603, 1587, 1495, 1433, 1394, 1116, 858, 742 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.66 – 7.62 (m, 5H, ArH), 7.59 – 7.55 (m, 6H, ArH), 7.51 – 

7.46 (m, 6H, ArH), 7.40 – 7.31 (m, 6H, ArH), 7.00 – 6.98 (m, 2H, ArH), 5.27 (d, 2H 
2
J = 

16.0 Hz, ArCH2), 4.53 (d, 2H 
2
J = 16.0 Hz, ArCH2), 1.88 (s, 6H, ArCH3). 

13
C NMR (100 MHz, CDCl3): unable to obtain clear resonances to carbene and CO signals. 

31
P NMR (162 MHz, CDCl3): δ 16.0 (PPh3), -144.3 (septet, 

1
JP-F = 711.8 Hz, PF6). 

19
F NMR (376 MHz, CDCl3): δ -73.2 (d, 

1
JP-F = 711.8 Hz, PF6). 

HRMS (positive ESI): m/z calc’d for C26H27
191

IrN2OP [M – CO - PF6]
+
: 789.2219; found: 

789.2215. 

X-Ray: see Appendix A. 

 

Rate Monitoring for the Deuteration of Acetophenone with Catalysts 214 and 255 (Scheme 

53) 

A three-necked round bottom flask fitted with one stopcock side arm and two suba seals (as 

shown in the picture below) was flame-dried. To this flask was added the iridium(I) complex, 

214b (21.2 mg, 0.0215 mmol, 1 mol%) or 255 (20.5 mg, 0.0215 mmol, 1 mol%), and 27 

(0.28 mL, 2.150 mmol). The solvent, DCM (25mL) was added, rinsing the inner walls of the 

flask, and one suba seal was replaced with a greased glass stopper. The solution was placed 

under an atmosphere of Ar and stirred whilst being cooled to -78 
o
C in a dry ice/acetone 

slurry. The flask was twice evacuated and flushed with Ar. Upon a third evacuation, an 

atmosphere of deuterium gas was introduced to the flask. The deuterium balloon was left in 

place for the duration of the reaction to ensure a continuous supply of D2. The cold bath was 

removed and the flask heated in oil bath to the desired temperature. The reaction mixture was 

stirred for 2 h. An aliquot (0.2 mL) of the reaction mixture was removed at intervals of 10, 

20, 30, 40, 50, 60, and 120 mins). Each aliquot was transferred to a vial containing diethyl 

ether. After removal of solvent in vacuo, the residue was analysed via 
1
H NMR. The extent of 

labelling was determined using Equation 1 and as described earlier for substrate 27.  
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The raw data pertaining to Scheme 53, is detailed below: 

 

Entry
a
 Time (mins) %D (255) %D (214b) 

1 10 10 17 

2 20 24 31 

3 30 34 45 

4 40 44 56 

5 50 50 64 

6 60 56 70 

7 120 70 84 

 

The turnover frequencies (TOFs) reported in the main text were calculated on the basis of the 

number of moles of C-H positions converted per mole of substrate per mole of catalyst per 

hour, not per mole of substrate outright. The calculation is as described in Equation 2 below. 

Here, F stands for the fraction conversion (e.g. 70% D implies F = 0.7). 

 

𝑇𝑂𝐹 = 𝐹.
𝑁𝑜. 𝑀𝑜𝑙𝑒𝑠 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑥 𝑁𝑜.  𝐶 − 𝐻 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑠

𝑁𝑜. 𝑀𝑜𝑙𝑒𝑠 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑥 𝑡
 

Equation 2 
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As these reaction were carried out with a vast excess of substrate and D2 versus catalyst, the 

conditions can be described as pseudo first order in catalyst. Therefore, a plot of ln(%H) 

versus time gives a straight line representing first order decay of substrate with a gradient of –

kobs. The positive value of this gradient is the value quoted in the main text. See a graphical 

illustration below: 

 

 

 

Attenuated Reactivity of IBn
Me

/PPh3 in the Presence of OTf Counterion (Figure 39) 

 

 

Figure 39 represents the assessment of five different catalysts (X = BF4, PF6, SbF6, OTf, and 

BArF) at 25 
o
C, applying substrates 27, 160, 267, 94, and 268. Each coloured column is 

representative of one run for that particular set of reaction conditions. Following General 

Procedure B, all reactions were carried out using substrate (0.215 mmol), catalyst (0.01075 
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mmol, 5 mol%), and DCM (2.5 mL). Spectroscopic details of each substrate are detailed 

below, and labelling results are summarised in the table immediately following. 

 

Data for unlabelled acetophenone, 27: 

 

 
1
H NMR (400 MHz, CDCl3): δ 7.95 (d, 

3
J = 7.5 Hz, 2H, ArH

3
), 7.47 (t, 

3
J = 7.4 Hz, 1H, 

ArH
1
), 7.35 (t, 

3
J = 7.4 Hz, 2H, ArH

2
), 2.62 (s, 3H, CH3

4
). 

 

Incorporation expected at δ 7.95. Determined against integral at δ 2.62. 

 

Data for unlabeled benzophenone, 160 

 

 
1
H NMR (400 MHz, CDCl3): δ 7.81 (d, 

3
J = 8.0 Hz, 4H, ArH

1
), 7.59 (t, 

3
J = 8.0 Hz, 2H, 

ArH
3
), 7.49 (t, 

3
J = 7.9 Hz, 4H, ArH

2
).  

 

Incorporation expected at  7.81. Determined against integral at  7.59. 

 

Data for unlabelled N,N-Diethyltoluoylamide, 267 

   
1
H NMR (400 MHz, d6-acetone): δ 7.27 - 7.21 (m, 4H, ArH

2
 + ArH

3
), 3.54 - 3.31 (m, 4H, 

NCH2
4
), 2.35 (s, 3H, ArCH3

1
), 1.13 (br s, 6H, NCH2CH3

5
). 

 

Incorporation expected at  7.27 - 7.21, and determined against integral at  2.35. 
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Data for unlabelled 2-Phenylpyridine, 94 

 

 
1
H NMR (400 MHz, CDCl3): δ 8.71 (d, 

3
J = 4.7 Hz, 1H, ArH

7
), 8.00 (d, 

3
J = 7.1 Hz, 2H, 

ArH
1
), 7.79-7.73 (m, 2H, ArH

5
 + ArH

6
), 7.52-7.41 (m, 3H, ArH

2
 + ArH

3
), 7.26-7.23 (m, 1H, 

ArH
4
). 

 

Incorporation expected at  8.00. Determined against integral at  7.79-7.73. 

Data for unlabelled nitrobenzene, 268 

 

1
H NMR (400 MHz, CDCl3): δ 8.25 (dd, 

3
J  = 7.7 Hz, 

4
J = 1.1 Hz, 2H, ArH

1
), 7.71 (tt, 

3
J = 

7.4 Hz, 
4
J = 1.1 Hz, 1H, ArH

3
), 7.56 (t, 

3
J = 7.4 Hz, 2H, ArH

2
). 

 

Incorporation expected at  8.25. Determined against integral at  7.71. 

 

Entry Substrate 
%D 

(214a)
f
 

%D 

(214b)
g
 

%D 

(214c)
h
 

%D 

(214d)
i
 

%D 

(214f)
j
 

1 27
a
 96 96 97 79 97 

2 160
b
 87 91 93 65 98 

3 267
c
 98 98 93 43 99 

4 94
d
 89 82 90 94 98 

5 268
e
 4 5 5 4 16 

Substrate quantities per reaction: 
a
 26.0 mg; 

b
 33.0 mg; 

c
 39.0 mg; 

d
 41.0 mg; 

e
 26.0 mg. 

Catalyst quantities per reaction: 
f
 10.0 mg, 

g
10.6 mg, 

h
11.6 mg, 

i
10.6 mg, 

j
18.3 mg. 
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Attempted Labelling of 27 Using Bis-carbene Complex, 262 

 

Following General Procedure B, results are reported as: a) amount of 27, b) amount of 262, 

c) volume of DCM, d) reaction time, and e) %D. 

 

a) 26 mg, 0.215 mmol, b) 10.7 mg, 0.01075 mmol, 5 mol%, c) 2.5 mL, d) 1h, and e) 0% D.  

 

Upon introducing D2 to the reaction, it was noticed that no colour change took placed. The 

reaction mixture remained orange rathe than turning yellow, as would normally be expected. 

At the end of the reaction, trituration with Et2O caused formation of a bright orange solid 

which, once isolated by filtration, was analysed by NMR, showing identical spectral details to 

those for complex 262, detailed above. The filtrate was concentrated in vacuo and analysed 

via 
1
H NMR as substrate 27. Separate attempts to form the iridium dihydride complex of 262 

in MeCN-d6 by bubbling H2 through a solution in an NMR tube also failed, even when left 

bubbling for > 2h. The low reactivity of bis-carbene Ir(I) complexes towards H2 has been 

observed elsewhere in the literature.
198

 

 

 

8.6 ortho-Deuteration of 1º Sulfonamides – An Experimental & Computational Study 

 

As described in the main text, much of the preliminary findings from this section have now 

been published, and additional details can be found at the reference provided.
250

 

 

Synthesis of Substrates 

 

Substrates not detailed here were acquired from commercial suppliers. 

 

Synthesis of 4-methylbenzenesulfonamide, 272
264

 

 

Following General Procedure L: a) 4-methylbenzenesulfonyl chloride, 1.0 g, 5.245 mmol, 

and b) 0.805 g, 83%. 
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FTIR (neat): 3323, 3233, 3123, 1597, 1572, 1321, 1148 cm
-1

. 

1
H NMR (400 MHz, DMSO-d6): δ 7.71 (d, 2H, 

3
J = 8.2 Hz, ArH

3
), 7.36 (d, 2H, 

3
J = 8.2 Hz, 

ArH
2
), 7.25 (bs, 2H, SO2NH2), 2.37 (s, 3H, ArCH3). 

13
C NMR (100 MHz, DMSO-d6): δ 141.8, 141.4, 129.3, 125.6, 20.9. 

 

Synthesis of N,4-dimethylbenzenesulfonamide
265

 

 

To a 100 mL round bottom flask was added aqueous methylamine (40% w/w, 40 mL) and 4-

methylbenzenesulfonyl chloride (1.0 g, 5.245 mmol). The reaction mixture was stirred at r.t. 

for 1 h before transferring the reaction mixture to a separating funnel. The product was 

extracted with diethyl ether (3 x 50 mL). The combined organic phase was washed with 

aqueous HCl (2 M, 2 x 100 mL) to remove excess methylamine and then dried over 

anhydrous Na2SO4. The solvent was then reduced in vacuo to reveal the product as a white 

solid (0.805 g, 83% yield). 

 

 

FTIR (neat): 3267, 3064, 2980, 2928, 1595, 1452, 1408, 1306, 1153 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.75 (d, 2H, 

3
J = 8.3 Hz, ArH

3
), 7.31 (d, 2H, 

3
J = 8.3 Hz, 

ArH
2
), 4.61-4.56 (m, 1H, NH), 2.63 (d, 3H, 

3
J = 5.4 Hz, NCH3

4
), 2.43 (s, 3H, ArCH3

1
). 

13
C NMR (100 MHz, DMSO-d6): δ 143.0, 135.3, 129.2, 126.8, 28.8, 21.0. 

 

Synthesis of 4-(iso-propyl)-benzenesulfonamide, 270b
266

 

 

Following General Procedure L: a) 4-iso-propylbenzenesulfonyl chloride, 0.54 mL, 3.0 

mmol, and b) 0.436 g, 73%. 
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FTIR (neat): 3343, 3262, 2963, 2932, 2868, 1537, 1458, 1325, 1175 cm
-1

. 

1
H NMR (400 MHz, DMSO-d6): δ 7.74 (d, 2H, 

3
J = 8.3 Hz, ArH

1
), 7.43 (d, 2H, 

3
J = 8.3 Hz, 

ArH
2
), 7.24 (bs, 2H, NH2), 2.97 (septet, 1H, 

3
J = 6.9 Hz, CH

3
), 1.22 (d, 6H, 

3
J = 6.9 Hz, 

CH3
4
). 

13
C NMR (100 MHz, DMSO-d6): δ 152.5, 141.7, 126.8, 125.8, 33.3, 23.5. 

 

Synthesis of 4-(tert-butyl)benzenesulfonamide, 270c
267

 

 

Following General Procedure L: a) 4-tert-butylbenzenesulfonyl chloride, 0.698 g, 3.0 mmol, 

and b) 0.519 g, 81%. 

 

 

FTIR (neat): 3358, 3264, 2963, 1566, 1319, 1163 cm
-1

. 

1
H NMR (400 MHz, DMSO-d6): δ 7.75 (d, 2H, 

3
J = 8.4 Hz, ArH

1
), 7.58 (d, 2H, 

3
J = 8.4 Hz, 

ArH
2
), 7.25 (bs, 2H, NH2), 1.30 (s, 9H, CH3

3
). 

13
C NMR (100 MHz, DMSO-d6): δ 154.7, 141.3, 125.7, 125.5, 34.7, 30.8. 

 

Synthesis of 4-methoxybenzenesulfonamide, 270d
268

 

 

Following General Procedure L: a) 4-methoxybutylbenzenesulfonyl chloride, 3.9 g, 18.9 

mmol, and b) 2.840 g, 65%. 

 

 

FTIR (neat): 3343, 3265, 2982, 1595, 1574, 1499, 1300, 1153 cm
-1

. 
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1
H NMR (400 MHz, DMSO-d6): δ 7.75 (d, 2H, 

3
J = 8.9 Hz, ArH

1
), 7.20 (s, 2H, NH2), 7.08 

(d, 2H, 
3
J = 8.9 Hz, ArH

2
), 3.82 (s, 3H, CH3O). 

13
C NMR (100 MHz, DMSO-d6): δ 161.6, 136.2, 127.6, 114.0, 55.6. 

 

Synthesis of 4-fluorobenzenesulfonamide, 270e
269

 

 

Following General Procedure L: a) 4-fluorobenzenesulfonyl chloride, 4.0 g, 20.6 mmol, and 

b) 1.820 g, 51%. 

 

 

FTIR (neat): 3356, 3258, 3109, 1585, 1329, 1148 cm
-1

. 

1
H NMR (400 MHz, DMSO-d6): δ 7.90-7.86 (m, 2H, ArH

1
), 7.42-7.38 (m, 4H, ArH

2
 and 

SO2NH2). 

13
C NMR (100 MHz, DMSO-d6): δ 163.7 (d, 

1
JC-F = 247.3 Hz), 140.6, 128.5 (d, 

3
JC-F = 8.6 

Hz), 115.9 (d, 
2
JC-F = 11.6 Hz). 

19
F NMR (376 MHz, DMSO-d6): -108.1 (p-F). 

 

Synthesis of 4-bromobenzenesulfonamide, 270f
269

 

 

Following General Procedure L: a) 4-bromobenzenesulfonyl chloride, 5.0 g, 19.6 mmol, and 

b) 3.640 g, 79%. 

 

 

FTIR (neat): 3323, 3235, 3115, 1574, 1323, 1144 cm
-1

. 

1
H NMR (400 MHz, DMSO-d6): δ 7.79 (d, 2H, 

3
J = 8.8 Hz, ArH

2
, 7.75 (d, 2H, 

3
J = 8.8 Hz, 

ArH
1
, 7.46 (bs, NH2). 

13
C NMR (100 MHz, DMSO-d6): δ 143.4, 132.0, 127.7, 125.4. 
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Synthesis of 2-bromobenzenesulfonamide, 270j
270

 

 

Following General Procedure L: a) 2-bromobenzenesulfonyl chloride, 0.980 g, 19.6 mmol, 

and b) 0.739 g, 82%. 

 

 

FTIR (neat): 3358, 3258, 3094, 1553, 1329, 1153 cm
-1

. 

1
H NMR (400 MHz, DMSO-d6): δ 8.01 (dd, 1H, 

3
J = 7.8 Hz, 

4
J = 1.8 Hz, ArH

4
), 7.81 (dd, 

1H, 
3
J = 7.8 Hz, 

4
J = 1.8 Hz, ArH

1
), 7.58-7.54 (m, 3H, ArH

2
 and SO2NH2), 7.49 (td, 1H, 

3
J = 

7.6 Hz, 
4
J = 1.8 Hz, ArH

3
). 

13
C NMR (100 MHz, DMSO-d6): δ 142.7, 135.0, 133.3, 129.1, 127.9, 118.1. 

 

Synthesis of 2-(trifluoromethyl)-benzenesulfonamide, 270k
271

 

 

Following General Procedure L: a) 2-trifluoromethylbenzenesulfonyl chloride, 0.3 mL, 1.9 

mmol, and b) 0.293 g, 67%. 

 

 

FTIR (neat): 3370, 3262, 3115, 1564, 1342, 1304, 1157, 1134, 1119 cm
-1

. 

1
H NMR (400 MHz, DMSO-d6): δ 8.18 (d, 1H, 

3
J = 7.9 Hz, ArH

4
), 7.94 (d, 1H, 

3
J = 7.9 Hz, 

ArH
1
), 7.89 (t, 1H, 

3
J = 7.9 Hz, ArH

2
), 7.80 (t, 1H, 

3
J = 7.9 Hz, ArH

3
), 7.71 (bs, 2H, NH2). 

13
C NMR (100 MHz, DMSO-d6): δ 142.4, 133.1, 132.3, 129.4, 127.9 (q, 

3
JC-F = 7.3 Hz), 

125.5 (q, 
2
JC-F = 270.7 Hz), 123.0 (q, 

1
JC-F = 272.1 Hz). 

19
F NMR (376 MHz, DMSO-d6): - 56.1 (o-CF3). 
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Synthesis of 3-methylbenzenesulfonamide, 270l
272

 

 

Following General Procedure L: a) 3-methylbenzenesulfonyl chloride, 1.31 mL, 9.0 mmol, 

and b) 0.667 g, 57%. 

 

 

FTIR (neat): 3319, 3235, 3100, 2980, 1558, 1481, 1327, 1153 cm
-1

. 

1
H NMR (400 MHz, DMSO-d6): δ 7.65-7.64 (m, 1H, ArH

4
), 7.63-7.61 (m, 1H, ArH

1
), 7.46-

7.41 (m, 2H, ArH
2
 and ArH

3
), 7.28 (s, 2H, NH2), 2.38 (s, 3H, ArCH3). 

13
C NMR (100 MHz, DMSO-d6): δ 144.0, 138.5, 132.3, 128.8, 125.8, 122.7. 

 

Synthesis of naphthalene-1-sulfonamide, 270 p
273

 

 

Following General Procedure L: a) naphthalene-1-sulfonamide chloride, 1.0 g, 4.4 mmol, 

and b) 0.734 g, 80%. 

 

 

FTIR (neat): 3379, 3277, 3098, 1566, 1506, 1323, 1159, 1130 cm
-1

. 

1
H NMR (400 MHz, DMSO-d6): δ 8.68 (d, 1H, 

3
J = 8.8 Hz, ArH

7
), 8.19-8.14 (m, 2H, ArH

1
 

and ArH), 8.10-8.07 (m, 1H, ArH), 7.74-7.63 (m, 5H, ArH and NH2). 

13
C NMR (100 MHz, DMSO-d6): δ 139.2, 133.7, 133.0, 128.8, 127.5, 127.4, 126.7, 126.4, 

125.1, 124.4. 

 

Synthesis of ethyl 4-methylbenzoate
274

  

 

To an oven dried three-neck round bottom flask were added ethanol (~50 mL) and 

triethylamine (1.7 mL, 12.2 mmol). The resulting solution was stirred while being cooled in 
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an ice bath. Subsequently, 4-methylbenzoyl chloride (1.9 g, 12.2 mmol) was then added 

dropwise. The flask was removed from the ice bath and heated at reflux for 16 h. Excess 

ethanol was removed under partial pressure and the ester was extracted with diethyl ether, 

with the ether layer being subsequently dried over anhydrous sodium sulfate. Finally, the 

product was purified by flash column chromatography, eluting with ethyl acetate/hexanes 

(1:10). The product was isolated as a clear oil (1.25 g, 63% yield). 

 

 

FTIR (neat): 2980, 1713, 1512 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.91 (d, 

3
J= 7.9 Hz, 2H, ArH

3
), 7.21 (d, 2H, 

3
J = 7.9 Hz, 

ArH
2
), 4.34 (q, 2H, 

3
J = 7.1 Hz, CH2

4
), 2.38 (s, 3H, ArCH3

1
), 1.36 (t, 3H, 

3
J = 7.1 Hz, CH3

5
).  

13
C NMR (100MHz, CDCl3): δ 166.6, 143.5, 129.8, 129.3, 127.6, 60.7, 21.5, 14.4. 

 

Synthesis of 4-Methylbenzamide
275

 

 

Following General Procedure L: a) 4-methylbenzoyl chloride (1.17 g, 7.60 mmol), and b) 

0.871 g, 85%. 

 

 

FTIR (neat): 3339, 3157, 1666, 1568, 1410 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.88 (bs, 1H, NH), 7.77 (d, 2H, 

3
J = 8.2 Hz, ArH

3
), 7.24-

7.22 (m, 3H, ArH
2
 and NH), 2.33 (s, 3H, ArCH3). 

13
C NMR (100MHz, CDCl3): δ 167.8, 141.0, 131.5, 128.7, 127.5, 20.9. 

 

Synthesis of N-tert-butyl-p-toluoylamide
276

 
 

 

To a 100 mL two-necked round-bottomed flask with a suba seal attached to the main neck 

was added DCM (50 mL) and p-toluoyl chloride (1.7 mL, 12.9 mmol). The solution was 

cooled in an ice-bath to 0
 o

C before tert-butylamine (1.38 g, 19 mmol), was added dropwise, 
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resulting in gaseous HCl effervescing from the reaction vessel. After stirring the reaction 

mixture for 4 h, no starting material remained as shown by TLC analysis (eluent: 50% 

Et2O/petrol). The contents of the flask were transferred to a separating funnel and washed 

with 3 M HCl (3 x 100 mL) and saturated NaHCO3 (100 mL) before drying the DCM layer 

over anhydrous Na2SO4. The filtered solution had the solvent removed under reduced 

pressure to afford the desired product as a white solid (1.12 g, 96% yield). 

 

 

FTIR (CH2Cl2): 3443, 3050, 2969, 2927, 2872, 1661, 1523, 1498 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.61 (d, 

3
J = 8.0 Hz, 2H, ArH

3
), 7.20 (d, 

3
J = 8.0 Hz, 2H, 

ArH
2
) 5.90 (bs, 1H, NH), 2.38 (s, 3H, ArCH3), 1.47 (s, 9H, CCH3). 

13
C NMR (100 MHz, CDCl3): 166.3, 140.8, 132.6, 128.5, 126.2, 51.0, 28.4, 20.8. 

 

Synthesis of Mavacoxib, 275
215

  

 

Following General Procedure M: a) 4,4,4-trifluoro-1-(4-fluorophenyl)-3-hydroxybut-2-en-1-

one, 0.400 g, 1.708 mmol, b) 0.382 g, 1.708 mmol, and c) 0.674 g, 99% yield. 

 

 

FTIR (CH2Cl2): 3356, 3281, 3076, 1331, 1159, 1134 cm
-1

. 
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1
H NMR (400 MHz, CD3OD): δ 7.14 (d, 2H, 

3
J = 8.7 Hz, ArH

1
), 6.69 (d, 2H, 

3
J = 8.7 Hz, 

ArH
2
), 6.53 (dd, 2H, 

3
J = 8.6 Hz, 

4
JH-F = 5.2 Hz, ArH

4
), 6.32 (apparent t, 2H, 

3
J = 8.6 Hz, 

ArH
5
), 6.15 (s, 1H, ArH

3
). 

13
C NMR (100 MHz, CD3OD): 162.9 (d, 

1
JC-F = 251.6 Hz), 144.1, 143.4, 141.1, 130.6, 

130.5, 126.5, 125.2, 124.5, 115.2, 115.0, 105.4. Overlapping signals meant that coupling 

constant and signal for CF3 could not be defined. See 
19

F NMR for CF3 characterisation. 

19
F NMR (376 MHz, CD3OD): -63.9 (CF3), -113.2 (p-F). 

 

Synthesis of 295
215

  

 

 

Following General Procedure M: a) 4,4,4-trifluoro-1-(4-methoxyphenyl)-3-hydroxybut-2-en-

1-one, 0.300 g, 1.219 mmol, b) 0.273 g, 1.219 mmol, and c) 0.478 g, 99% yield. 

 

 

FTIR (CH2Cl2): 3970, 3264, 3086, 2980, 2839, 1614, 1595, 1471, 1339, 1157, 1124  cm
-1

. 

1
H NMR (400 MHz, CD3OD): δ 7.96 (d, 2H, 

3
J = 8.7 Hz, ArH

1
), 7.52 (d, 2H, 

3
J = 8.7 Hz, 

ArH
2
), 7.23 (d, 2H, 

3
J = 8.8 Hz, ArH

4
), 6.94 (d, 2H, 

3
J = 8.8 Hz, ArH

5
), 6.89 (s, 1H, ArH

3
), 

3.82 (s, 3H, OCH3
6
). 

13
C NMR (100 MHz, CD3OD): 160.2, 145.1, 143.2, 142.7, 141.4, 129.7, 126.4, 125.1, 

120.3, 113.5, 104.7, 54.0. 

19
F NMR (376 MHz, CD3OD): -63.9 (CF3). 
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Synthesis of 296
215

  

 

 

Following General Procedure M: a) 4,4-difluoro-1-(4-methoxyphenyl)-3-hydroxybut-2-en-1-

one, 0.350 g, 1.534 mmol, b) 0.343 g, 1.534 mmol, and c) 0.431 g, 74% yield. 

 

 

FTIR (CH2Cl2): 3318, 3188, 3150, 3086, 1595, 1458, 1342, 1157 cm
-1

. 

1
H NMR (400 MHz, CD3OD): δ 7.94 (d, 2H, 

3
J = 8.7 Hz, ArH

1
), 7.49 (d, 2H, 

3
J = 8.7 Hz, 

ArH
2
), 7.22 (d, 2H, 

3
J = 8.8 Hz, ArH

4
), 6.94 (d, 2H, 

3
J = 8.8 Hz, ArH

5
), 6.85 (d, 

2
JH-F = 31.6 

Hz, 1H, CF2H
7
), 6.77 (s or unresolved triplet, 1H, ArH

3
), 3.82 (s, 3H, OCH3

6
). 

13
C NMR (100 MHz, CD3OD): 158.6, 146.2, 143.3, 141.2, 140.3, 128.1, 124.9, 123.4, 

119.4, 112.0, 109.2 (t, 
1
JC-F = 226.0 Hz), 102.5, 52.4. 

19
F NMR (376 MHz, CD3OD): -114.1 (CF2H). 

 

Celecoxib was provided by Astrazeneca. 

 

Synthesis of Catalysts 

 

Chloro(ƞ
4
–cycloocta–1,5–diene)(1,3-dicyclohexylimidazoline-2-ylidene) iridium(I), 273a

120 

 

Following General Procedure A: a) 0.400 g, 0.595 mmol, b) 1.2 ml, 1.2 mmol, c) 1,3-

dicyclohexylimidazolium chloride, 0.320 g, 1.191 mmol, and d) 0.602 g, 91%. 
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FTIR (CH2Cl2): 2932, 2846, 1567, 1426 cm
-1

 

1
H NMR (400 MHz, CDCl3): δ 6.84 (s, 2H, ArH), 5.14-5.16 (m, 2H, CH), 4.57-4.59 (m, 2H, 

COD CH), 2.94-2.95 (m, 2H, COD CH), 2.17-2.29 (m, 6H, CH2), 2.02 (d, 
3
J = 12.0 Hz, 2H, 

CH2), 1.95 (dd, 
3
J = 13.1 Hz, 

4
J = 2.1 Hz, 2H, CH2), 1.85 (dd, J = 13.4 Hz, 

4
J = 2.2 Hz, 2H, 

CH2), 1.72-1.78 (m, 4H, CH2), 1.57-1.66 (m, 4H, COD CH2), 1.46-1.55 (m, 4H, COD CH2), 

1.18-1.39 (m, 4H, CH2). 

13
C NMR (100 MHz, CDCl3): δ 177.4, 116.4, 82.8, 59.4, 50.3, 33.8, 33.7, 33.3, 29.2, 25.6, 

25.3, 24.9. 

 

Chloro(ƞ
4
–cycloocta–1,5–diene)(1,3-dibenzylimidazoline-2-ylidene) iridium(I),  273b

147,197
 

 

Following General Procedure A: a) 0.4 g, 0.595 mmol, b) 1.2 ml, 1.2 mmol, c) 1,3-

dibenzylimidazolium chloride, 0.339 g, 1.191 mmol, and d) 0.553 g, 80%. 

 

 

m.p.: decomposes at > 195 °C. 

FTIR (neat): 3171, 3111, 2951, 1569, 1500 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.39-7.32 (m, 10H, ArH), 6.77 (s, 2H, NCH=CHN), 5.78 (d,  

3
J = 14.8 Hz, 2H, ArCH2), 5.62 (d, 

3
J = 14.8 Hz, 2H, ArCH2), 4.67 (m, 2H, COD CH), 2.98 

(m, 2H, COD CH), 2.11-2.22 (m, 4H, COD CH2), 1.76-1.71 (m, 2H, COD CH2), 1.61-1.56 

(m, 2H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 180.5, 135.8, 128.4, 127.7, 127.6, 120.0, 84.6, 53.9, 51.4, 

33.1, 29.0. 
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Chloro(ƞ
4
–cycloocta–1,5–diene)(1,3-bis[2,6-dimethylphenyl]-imidazol-2-ylidene) iridium(I),  

273c
152

 

 

Following General Procedure B: a) 0.322 g, 0.480 mmol, b) 0.108 g, 0.959 mmol, c) 1,3-

bis[meta-xylyl]-imidazolium chloride, 0.300 g, 0.959 mmol, and d) 0.534 g, 91%. 

 

 

FTIR (neat): 3169, 3140, 3019, 2924, 2974, 2826, 1470 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.30 (t, 2H, 

3
J = 7.5 Hz, ArH), 7.21 – 7.17 (m, 4H, ArH), 

7.01 (s, 2H, NCH=CHN), 4.18-4.13 (m, 2H, COD olefinic CH), 2.98-2.93 (m, 2H, COD 

olefinic CH), 2.41 (s, 6H, ArCH3), 2.22 (s, 6H, ArCH3), 1.75-1.59 (m, 4H, COD CH2), 1.38-

1.31 (m, 2H, COD CH2), 1.27-1.21 (m, 2H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 179.6, 137.4, 136.8, 133.8, 128.0, 127.8, 126.5, 122.2, 81.9, 

50.5, 32.5, 27.9, 18.8, 17.3. 

 

Chloro(ƞ
4
–cycloocta–1,5–diene)(1,3-dimesitylimidazol-2-ylidene) iridium(I),  273d

120
 

 

 

See Section 8.3, under 207. 

 

Chloro(ƞ
4
–cycloocta–1,5–diene)(1,3-dimesitylimidazolin-2-ylidene) iridium(I),  273e

120
 

 

Following General Procedure B: a) 0.400 g, 0.595 mmol, b) 0.133 g, 1.191 mmol, c) 1,3-

dimesitylimidazolinium chloride, 0.408 g, 1.191 mmol, and d) 0.672 g, 88%. 
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FTIR (neat): 2999, 2908, 2878, 2832, 1476, 1416 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.98 (s, 2H, ArH), 6.94 (s, 2H, ArH), 4.11-4.09 (m, 2H, 

COD olefinic CH), 3.92-3.88 (m, 4H, N(CH2)2N), 3.10-3.05 (m, 2H, COD olefinic CH), 2.55 

(s, 6H, ArCH3), 2.35 (s, 6H, ArCH3), 2.32 (s, 6H, ArCH3), 1.69-1.57 (m, 4H, COD CH2), 

1.35-1.19 (m, 4H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 206.3, 137.0, 136.8, 135.2, 134.2, 128.8, 127.3, 82.7, 50.8, 

50.4, 32.4, 27.4, 20.0, 18.8, 17.4. 

 

Chloro(ƞ
4
–cycloocta–1,5–diene)(4,5-dimethyl-1,3-dimesitylimidazol-2-ylidene) iridium(I),  

273f
148

 

 

Following General Procedure B: a) 0.910 g, 1.355 mmol, b) 0.304 g, 2.710 mmol, c) 1,3-

dimesityl-4,5-dimethylimidazolium chloride, 1.000 g, 2.710 mmol, and d) 1.393 g, 77%. 

 

 

FTIR (neat): 3005, 2916, 2876, 2828, 1483, 1445 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ7.01 (s, 2H, ArH), 6.97 (s, 2H, ArH), 4.07-4.01 (m, 2H, COD 

olefinic CH), 3.05-3.00 (m, 2H, COD olefinic CH), 2.35 (s, 6H, ArCH3), 2.29 (s, 6H, 

ArCH3), 2.04 (s, 6H, ArCH3), 1.81 (s, 6H, ArCH3), 1.65-1.54 (m, 4H, COD CH2), 1.30-1.18 

(m, 4H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 178.3, 137.8, 134.3, 133.8, 129.1, 127.5, 125.4, 80.6, 50.2, 

33.0, 28.4, 20.6, 19.2, 17.7, 8.7. 
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Chloro(4
–cycloocta–1,5–diene)(1,3-bis(2,6-diisopropyl-phenyl)imidazol-2-ylidene) 

iridium(I), 273g
120

 

 

Following General Procedure B: a) 0.400 g, 0.595 mmol, b) 0.134 g, 1.190 mmol, c) 1,3-

bis[2,6-diisopropylphenyl]-imidazolium chloride, 0.506 g, 1.190 mmol, and d) 0.355 g, 82%. 

 

 

FTIR (CH2Cl2): 2963, 2928, 2866, 2824, 1591, 1566, 1445 cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ  7.45 (t, 

3
J = 7.7 Hz, 2H, ArH), 7.36-7.29 (m, 4H, ArH), 7.00 

(s, 2H, ArH), 4.19-4.16 (m, 2H, COD CH), 3.47-3.37 (m, 2H, CH(CH3)2), 2.88-2.86 (m, 2H, 

COD CH), 2.73-2.64 (m, 2H, CH(CH3)2), 1.71-1.62 (m, 2H, COD CH2), 1.54-1.11 (m, 16H, 

COD CH2 and CH(CH3)2), 1.08 (d, 
3
J  = 6.7 Hz, 12H, CH(CH3)2), 0.93-0.81 (m, 2H, COD 

CH2). 

13
C NMR (100 MHz, CDCl3): δ 181.9, 135.7, 129.2, 123.8, 122.4, 82.3, 50.9, 33.0, 28.4, 

28.2, 25.9, 22.7, 22.0. 

 

Chloro(4
–cycloocta–1,5–diene)(1,3-bis(2,6-diisopropylphenyl)-4,5-dimethylimidazol-2-

ylidene) iridium(I), 273h
277

 

 

In a modification to General Procedure B, 1,3-bis[2,6-diisopropylphenyl]-4,5-

dimethylimidazolium chloride (0.340 g, 0.750 mmol) was added to a flame-dried Schlenk 

flask under an argon atmosphere. Dry THF (7.5 mL) was added with stirring, forming a 

slurry. Fresh potassium tert-butoxide (0.101 g, 0.900 mmol) was added to the flask in a single 

portion, causing gradual dissolution of the imidazolium salt and carbene formation. Stirring 

was continued at r.t. for 30 mins before adding [Ir(COD)Cl]2. An instant clear to bright 

yellow colour change occurred, slowly turning to dark yellow over the course of 16 h.  

Removal of the solvent in vacuo followed by purification through a short plug of silica 
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(eluting with 1:1 petroleum ether/Et2O) gave the product as a bright yellow solid (0.227 g, 

40%). 

 

 

FTIR (CH2Cl2): 3063, 2961, 2923, 2870, 2825, 1460, 1443, 1341, 1307, 806 cm
-1

. 

1
H NMR (400 MHz, toluene-d8, 353 K): In accordance with the published data, NMR 

spectra were collected at 80 ºC to account for rotameric effects associated with the C-N 

bonds.  Due to the broadness of the signals collected, exact structural assignments are not 

provided for all positions. 

δ  7.30 (t, 
3
J = 7.6 Hz, 2H, ArH), 7.21 (d, 4H, 

3
J = 7.6 Hz, ArH), 4.55-4.53 (m, 2H, COD 

CH), 3.30-3.08 (m, 5H, COD CH + CH(CH3)2), 1.74- 1.55 (m, 10H, ArCH3 + COD CH2), 

1.45 (d, 12H, 
3
J = 6.4 Hz, CH(CH3)2), 1.37-1.20 (m, 5H, COD CH2), 1.08 (d, 

3
J  = 6.4 Hz, 

12H, CH(CH3)2). 

13
C NMR (100 MHz, CDCl3): δ 184.3, 134.8, 130.0, remaining aromatic peaks obscured by 

toluene*, 81.9, 50.4, 34.2, 29.2, 28.8, 25.6, 25.4, 10.5. 

 

Chloro(4
–cycloocta–1,5–diene)(1,3-bis(2,6-neopentylphenyl)-imidazol-2-ylidene) 

iridium(I), 273i 

 

Following the same procedure as reported above for catalyst 273h, results are reported as: a) 

amount of imidazolium salt, b) amount of KO
t
Bu, c) amount of [Ir(COD)Cl]2, and d) product 

yield. 

 

a) 0.500 g, 0.931 mmol, b) 0.115 g, 1.024 mmol, c) 0.313 g, 0.465 mmol, and d) 0.370 g,  
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m.p.: 175 – 176 ºC (Lit. = 169 – 170 ºC). 

1
H NMR (400 MHz, CDCl3): δ As in the published data, much of the alkyl region is 

comprised of broad signals. As such, specific structural assignments are not provided for all 

peaks. 

7.41 (t, 
3
J = 8.0 Hz, 2H, ArH), 7.20 (d, 4H, 

3
J = 8.0 Hz, ArH), 6.97 (s, 2H, ArH), 4.19-4.17 

(m, 2H, COD CH), 2.96 – 2.94 (m, 2H, COD CH), 2.67 (bs, 4H), 2.04 – 1.87 (m, 10H), 1.66 

– 1.47 (m, 10H), 1.40 – 1.32 (m, 2H), 1.20 – 1.12 (m, 2H), 1.05 (t, 12H, 
3
J = 7.0 Hz, 

CH2CH3), 0.75 (t, 12H, 
3
J = 7.0 Hz, CH2CH3). 

13
C NMR (100 MHz, CDCl3): δ 179.8, 144.2, 137.6, 128.6, 125.0, 124.5, 122.4, 82.7, 51.4, 

41.2, 33.3, 28.8, 28.2, 26.6, 12.6, 10.9. 

 

Synthesis of 4
–Cycloocta-1,5-diene(1,3-bis(dineopentylphenyl)limidazol-2-ylidene) 

(acetonitrile)iridium(I) hexafluoroantimonate, 304  

 

Following General Procedure B, results are reported as a) amount of 207, b) volume of THF, 

c) amount of AgSbF6, d) amount of MeCN, e) reaction time, f) product yield, and g) 

purification technique. 

 

a) 0.100 g, 0.120 mmol, b) 10 mL, c) 0.041 g, 0.120 mmol, d) 0.005 g, 0.120 mmol, e) 4 h, f) 

0.118 g, 92% yield, and g) the THF solution was reduced to quarter-volume and the product 

triturated using cold hexane. After collection by filtration, the product was washed with cold 

Et2O and dried under vacuum for 16 h. 
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Appearance: orange solid. 

m.p.: Decomposes >160 
o
C. 

FTIR (neat): 3615, 3533, 2965, 1616, 1452, 1398, 1381, 1314, 1201, 652 cm
-1

.  

1
H NMR (400 MHz, CDCl3): δ 7.56 (t, 2H, 

3
J = 8.1 Hz, ArH), 7.30 (d, 4H, 

3
J = 8.1 Hz, 

ArH), 7.12 (s, 2H, NCH=CHN), 3.98 – 3.96 (m, 2H, COD CH), 3.38 – 3.36 (m, 2H, COD 

CH), 4.10 (m, 4H, CH(Et)2), 2.21 (s, 3H, CH3CN), 2.07 – 1.47 (m, 24H, COD CH2 + 

CH(CH2CH3)2), 1.05 (t, 12H, 
3
J = 7.4 Hz, CH(CH2CH3)3), 0.76 (t, 12H, 

3
J = 7.4 Hz, 

CH(CH2CH3)3). 

13
C NMR (100 MHz, CDCl3): δ 171.0, 143.1, 136.5, 129.8, 125.9, 125.2, 125.1, 82.9, 64.7, 

41.6, 32.1 28.3, 27.6, 27.3, 12.1, 11.0, 3.9. 

13
C DEPT-135º NMR (100 MHz, CDCl3): δ 32.1 28.3, 27.6, 27.3.  

HRMS (positive NSI): m/z calc’d for C43H62
191

IrN2 [M - MeCN - SbF6]
+
: 799.4539; found: 

799.4542.  

Low resolution-MS (negative NSI): m/z calc’d for 
123

SbF6 [SbF6]
-
: 236.9; found: 236.9.  

 

Deuterium Labelling Experiments for Catalyst Discovery and Screening (Table 19) 

 

Following General Procedure F results are reported as: a) amount of catalyst, b) amount of 

substrate, c) volume of solvent, d) reaction temperature, e) reaction time, and f) % D in 

labelled substrate. 
1
H NMR is reprinted for all starting materials, accompanied by details of 

where deuterium incorporation is expected and what signal is used as an internal reference. 
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Table 19, Entry 1 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 7.71 (d, 2H, 

3
J = 8.2 Hz, ArH

3
), 7.36 (d, 2H, 

3
J = 8.2 Hz, 

ArH
2
), 7.25 (bs, 2H, SO2NH2), 2.37 (s, 3H, ArCH3). 

 

Incorporation expected at δ 7.71. Determined against integral at δ 2.37. 

 

a) 196a (10.9 mg, 0.01075 mmol, 5 mol%), b) 4-methylbenzenesulfonamide (36.8 mg, 0.215 

mmol) c) DCM (2.5 mL), d) 25 °C, e) 16 h, and f) 12% D. 

 

Table 19, Entry 2 

 
1
H NMR (400 MHz, DMSO-d6): δ 7.94 (d, 2H, 

3
J = 8.4 Hz, ArH

1
), 7.65 (tt, 1H, 

3
J = 7.2 Hz, 

4
J = 2.4 Hz, ArH

3
), 7.57 (t, 2H, 

3
J = 7.2 Hz, ArH

2
), 3.05 (s, 3H, SO2CH3). 

 

Incorporation expected at δ 7.94. Determined against integral at δ 3.05. 

 

a) 196a (10.9 mg, 0.01075 mmol, 5 mol%), b) methylphenylsulfone (33.0 mg, 0.215 mmol), 

c) DCM (2.5 mL), d) 25 °C, e) 16 h, and f) 9% D. 

 

Table 19, Entry 3 

 

 
1
H NMR (400 MHz, CDCl3): δ 7.75 (d, 2H, 

3
J = 8.3 Hz, ArH

1
), 7.31 (d, 2H, 

3
J = 8.3 Hz, 

ArH
2
), 4.61-4.56 (m, 1H, SO2N(CH3)H), 2.63 (d, 3H, 

3
J = 5.4 Hz, N(CH3)H), 2.43 (s, 3H, 

ArCH3). 



262 
  

Incorporation expected at δ 7.75. Determined against integral at δ 2.43. 

 

a) 196a (10.9 mg, 0.01075 mmol, 5 mol%), b) N,4-dimethylbenzenesulfonamide (39.8 mg, 

0.215 mmol), c) DCM (2.5 mL), d) 25 °C, e) 16 h, and f) 7% D. 

 

Table 19, Entry 4 

 

 

For spectral details, see above. 

 

a) 207 (6.9 mg, 0.01075 mmol, 5 mol%), b) 4-methylbenzenesulfonamide (36.8 mg, 0.215 

mmol), c) DCM (2.5 mL), d) 25 °C, e) 16 h, and f) 90% D. 

 

Table 19, Entry 5 

 

 

For spectral details, see above. 

 

a) 207 (6.9 mg, 0.01075 mmol, 5 mol%), b) methylphenylsulfone (33.0 mg, 0.215 mmol), c) 

DCM (2.5 mL), d) 25 °C, e) 16 h, and f) 17% D. 

 

Table 19, Entry 6 

 

 

For spectral details, see above. 
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a) 207 (6.9 mg, 0.01075 mmol, 5 mol%), b) N,4-dimethylbenzenesulfonamide (39.8 mg, 

0.215 mmol), c) DCM (2.5 mL), d) 25 °C, e) 16 h, and f) 8% D. 

 

Catalyst Screening for o-Deuteration of 4-methylbenzenesulfonamide (Table 20) 

 

All reactions from Table 20 were carried out using General Procedure F, and the same 

conditions, labelling 272 (36.8 mg, 0.215 mmol) with catalyst (0.01075 mmol, 5 mol%) in 

DCM (2.5 mL) at 25 ºC for 16 h. As only the mass quantity of the particular catalyst changed 

between experiments, these are summarised in the table below. 

 

 

For spectral details, see above. 

 

Entry Catalyst (mg) %D (272) 

1 273a (6.1) 2 

2 273b (6.2) 3 

3 273c (6.6) 75 

4 273d (6.1) 90 

5 273e (7.2) 95 

6 273f (6.9) 96 

7 273g (6.1) 93 

 

 

Notes on Reaction Optimisation via Experimental Design 

 

Experimental design was used to assess the effect of varying catalyst loading, reaction time, 

and solvent volume. As such, ‘high’ and ‘low’ values for each of these three variables were 

chosen. To generate a series of experiments to study optimal conditions within the variable 

ranges chosen, Design Expert™ software v8.0 (Stat-Ease Inc., Minneapolis, MN) was used. 

This generated a 2 level, 3 factorial design containing three centre points, giving 11 



264 
  

experiments in total. The % D incorporation in 4-methylbenzenesulfonamide was used as the 

response (see below). 

 

 

Spectral details for substrate 272 for the assessment of % D by 
1
H NMR are available above. 

 

Run
a
 

Variable A: 

Time (h) 

Variable B: 

Cat. Loading 

(mol%) 

Variable C: 

Solvent Volume 

(mL) 

Response: 

% D 

1 (-++) 1.0 10.0 10.0 96 

2 (-+-) 1.0 10.0 2.0 93 

3 (---) 1.0 3.0 2.0 86 

4 (++-) 3.0 10.0 2.0 93 

5 (+--) 3.0 3.0 2.0 91 

6 (+-+) 3.0 3.0 10.0 92 

7 (--+) 1.0 3.0 10.0 86 

8 (000)
‡ 

2.0 6.5 6.0 97 

9 (-++) 3.0 10.0 10.0 97 

10 (000)
 ‡

 2.0 6.5 6.0 97 

11 (000)
 ‡

 2.0 6.5 6.0 97 
a
(+) = high value, (-) = low value, and (0) = centre point value of a variable. (+--) = combination of high A, 

low B, and low C 
‡
Entries highlighted in blue represent centre points and the chosen optimal conditions for assessment of 

substrate scope. 

Entries 8, 10, and 11 represent the centre points of the design. These were employed in order 

to: 

(i) Assess any curvature in the response of % D to changes in the variables, and 

(ii) Assess repeatability of the deuteration experiment. 

A response surface was created in the same design program. This generated a half normal 

plot (see below), inferring that catalyst loading had the most significant impact on the 

efficacy of the deuteration protocol. Without further optimisation, the centre point conditions 

(Entries 8, 10, and 11) were chosen as the new optimum conditions for assessing substrate 

scope. 
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Half Normal Plot for assessment of the impact of variables A-C on % D. 

 

 

Finally, provided below is a graph of Residuals versus Predicted plot. This is a plot of the 

residuals versus the ascending predicted response values (lower % D to higher % D). It tests 

the assumption of constant variance in the data. As desired, the plot is a random scatter, and a 

constant range of residuals across the graph is therefore assumed (see below).  

 

Residuals versus Predicted plot for the full factorial experimental design response 
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Substrate Scope for o-Deuteration of Primary Sulfonamides (Table 21) 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 7.86-7.83 (m, 2H, ArH

1
), 7.63-7.55 (m, 3H, ArH

2 
and 

ArH
3
), 7.35 (bs, 2H, NH2). 

 

Incorporation expected at δ 7.86-7.83. Determined against integral at δ 7.63-7.55. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) benzenesulfonamide (33.8 mg, 0.215 mmol), 

c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 95% D. 

 

 

For spectral details, see above. 

 

Normal scale reaction: 

a) 273k (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 4-methylbenzenesulfonamide (36.8 mg, 0.215 

mmol) c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 97% D. 

 

Mercury test reaction: 

The normal scale reaction was run exactly as shown above but with the addition of one 

pipette droplet of Hg(0). A result of 96% D was observed.
216

 

 

Large scale reaction: 

NOTE: Reaction carried out in 250 mL rather than a 100 mL flask. A higher concentration of 

0.072 M was employed rather than the 0.036 M used in normal scale optimised reactions.  

 

To demonstrate the practicality of the reaction, an isolated yield of the labelled compound 

from the large scale reaction was assessed as follows: 
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After the 2 h reaction time, the flask was opened to air and petroleum ether (40-60) was 

added (~50 mL). The product precipitated from solution, whilst the catalyst remained 

dissolved. The product was isolated by Buchner filtration, washed with petroleum ether and 

dried in a vacuum oven (40 
o
C, 0 mbar) overnight (156 mg, 84% yield). The yield was 

calculated based on the % D incorporation by 
1
H NMR, assuming that the product mixture is 

composed of 272 and 272a only. 

 

a) 273f (46.5 mg, 0.06988 mmol, 6.5 mol%), b) 4-methylbenzenesulfonamide (184 mg, 1.075 

mmol), c) DCM (15 mL), d) 25 °C, e) 2 h, and f) 93% D. 

 

To assess the accuracy of % D incorporation calculated from 
1
H NMR, HRMS was obtained 

on the isolated compound 272a (93% D) from the large scale reaction. Mass ions were 

detected for 272-d1 and 272-d2. The % D incorporation was calculated from the relative ratio 

of these two ions. 

 

HRMS (positive NSI, DCM + MeOH + NH4OAc):  

                         [M(d2) + NH4]
+
; expected = 191.0818, observed = 191.0818. 

     [M(d1) + NH4]
+
; expected = 190.0755, observed = 190.0756. 

  Ratio of ion intensities = (272-d2) : (272-d1) = 6.1734 : 1. 

  % Deuterium Incorporation = 93% 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 7.74 (d, 2H, 

3
J = 8.3 Hz, ArH

1
), 7.43 (d, 2H, 

3
J = 8.3 Hz, 

ArH
2
), 7.24 (bs, 2H, NH2), 2.97 (septet, 1H, 

3
J = 6.9 Hz, H

3
), 1.22 (d, 6H, 

3
J = 6.9 Hz, H

4
). 

 

Incorporation expected at δH 7.74. Determined against integral at δH 2.97. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 4-iso-propylbenzenesulfonamide (42.8 mg, 

0.215 mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 94% D. 
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1
H NMR (400 MHz, DMSO-d6): δ 7.75 (d, 2H, 

3
J = 8.4 Hz, ArH

1
), 7.58 (d, 2H, 

3
J = 8.4 Hz, 

ArH
2
), 7.25 (bs, 2H, NH2), 1.30 (s, 9H, H

3
). 

 

Incorporation expected at δH 7.75. Determined against integral at δH 1.30. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 4-tert-butylbenzenesulfonamide (45.9 mg, 

0.215 mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 84% D. 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 7.75 (d, 2H, 

3
J = 8.9 Hz, ArH

1
), 7.20 (s, 2H, NH2), 7.08 

(d, 2H, 
3
J = 8.9 Hz, ArH

2
), 3.82 (s, 3H, CH3O). 

 

Incorporation expected at δH 7.75. Determined against integral at δH 3.82. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 4-methoxybenzenesulfonamide (40.0 mg, 

0.215 mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 96% D. 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 7.90-7.86 (m, 2H, ArH

1
), 7.42-7.38 (m, 4H, ArH

2
 and 

NH2). 

 

Incorporation expected at δ 7.90-7.86. Determined against integral at δ 7.42-7.38. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 4-fluorobenzenesulfonamide (37.7 mg, 0.215 

mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 82% D. 
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1
H NMR (400 MHz, DMSO-d6): δ 7.79 (d, 2H, 

3
J = 8.8 Hz, ArH

2
), 7.75 (d, 2H, 

3
J = 8.8 Hz, 

ArH
1
), 7.46 (bs, NH2). 

 

Incorporation expected at δ 7.75. Determined against integral at δ 7.79. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 4-bromobenzenesulfonamide (50.8 mg, 0.215 

mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 77% D. 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 7.97 (d, 2H, 

3
J = 8.8 Hz, ArH

2
), 7.59 (d, 2H, 

3
J = 8.8 Hz, 

ArH
1
), 7.43 (bs, NH2). 

 

Incorporation expected at δ 7.59. Determined against integral at δ 7.97. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 4-iodobenzenesulfonamide (60.9 mg, 0.215 

mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 24% D. 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 7.45 (d, 2H, 

3
J = 8.8 Hz, ArH

1
), 6.87 (bs, SO2NH2), 6.59 

(d, 2H, 
3
J= 8.8 Hz, ArH

2
), 5.78 (bs, ArNH2), 

 

Incorporation expected at δ 7.45. Determined against integral at δ 6.59. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 4-aminobenzenesulfonamide, Sulfanilamide 

(37.0 mg, 0.215 mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 11% D. 
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1
H NMR (400 MHz, DMSO-d6): δ 7.87-7.85 (m, 1H, ArH

4
), 7.50-7.46 (m, 1H, ArH

2
), 7.38-

7.34 (m, 4H, ArH
1
, ArH

3
, and SO2NH2), 2.60 (s, 3H, ArCH3). 

 

Incorporation expected at δ 7.87-7.85. Determined against integral at δ 2.60. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 2-methylbenzenesulfonamide (36.8 mg, 0.215 

mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 74% D. 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 8.01 (dd, 1H, 

3
J = 7.8 Hz, 

4
J = 1.8 Hz, ArH

4
), 7.81 (dd, 

1H, 
3
J = 7.8 Hz, 

4
J = 1.8 Hz, ArH

1
), 7.58-7.54 (m, 3H, ArH

2
 and SO2NH2), 7.49 (td, 1H, 

3
J = 

7.6 Hz, 
4
J = 1.8 Hz, ArH

3
). 

 

Incorporation expected at δ 8.01. Determined against integral at δ 7.81. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 2-bromobenzenesulfonamide (50.6 mg, 0.215 

mmol), c) DCM (6.0 mL), d) 40 °C, e) 2 h, and f) 40% D. 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 8.18 (d, 1H, 

3
J = 7.9 Hz, ArH

4
), 7.94 (d, 1H, 

3
J = 7.9 Hz, 

ArH
1
), 7.89 (t, 1H, 

3
J = 7.9 Hz, ArH

2
), 7.80 (t, 1H, 

3
J = 7.9 Hz, ArH

3
), 7.71 (bs, 2H, NH2). 

 

Incorporation expected at δ  8.18. Determined against integral at δ 7.80. 
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a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 2-(trifluoromethyl)benzenesulfonamide (48.4 

mg, 0.215 mmol), c) DCM (6.0 mL), d) 40 °C, e) 2 h, and f) 49% D. 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 7.65-7.64 (m, 1H, ArH

4
), 7.63-7.61 (m, 1H, ArH

1
), 7.46-

7.41 (m, 2H, ArH
2
 and ArH

3
), 7.28 (s, 2H, NH2), 2.38 (s, 3H, ArCH3). 

 

Incorporation expected at δ 7.65-7.64 and 7.63-7.61. Determined against integral at δ 2.38. 

 

a) 270 l (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 3-methylbenzenesulfonamide (36.8 mg, 0.215 

mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 95% D
a 
(H

1
), 85% D

b 
(H

4
). 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 7.84 (t, 1H, 

4
J = 1.8 Hz, ArH

4
), 7.78 (dt, 1H, 

3
J = 7.6 Hz, 

4
J = 1.6 Hz, ArH

1
), 7.70-7.67 (m, 1H, ArH

3
), 7.61 (apparent t, 1H, 

3
J = 7.6 Hz, ArH

2
), 7.50 

(bs, 2H, NH2). 

 

Incorporation expected at δ 7.84 and 7.78. Determined against integral at δ 7.70-7.67. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 3-chlorobenzenesulfonamide (41.2 mg, 0.215 

mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 75% D
a
 (H

1
), 61% D

b 
(H

4
). 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 8.13-8.11 (m, 2H, ArH

1
 and ArH

4
), 8.00 (apparent d, 1H, 

3
J = 8.0 Hz, ArH

3
), 7.84 (apparent t, 1H, 

3
J = 8.0 Hz, ArH

2
), 7.58 (bs, 2H SO2NH2). 
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Incorporation expected at δ 8.13-8.11. Determined against integral at δ 7.84. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 3-(trifluoromethyl)-benzenesulfonamide (48.4 

mg, 0.215 mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 92% D
a
 (H

1
), 6% D

b
 (H

4
).  

 

As the regioselectivity of deuteration could not be assessed by 
1
H NMR, HRMS was obtained 

on the isolated compound 270n (52% D overall from 
1
H NMR). Mass ions were detected for 

270n-d0, 270n-d1, and 270n-d2. The % D incorporation was calculated from the relative ratio 

of these three ions. 

 

HRMS (positive NSI, DCM + MeOH + NH4OAc):  

                [M(d0) + NH4]
+
; expected = 243.0410, observed = 243.0411. 

      [M(d1) + NH4]
+
; expected = 244.0472, observed = 244.0475. 

      [M(d2) + NH4]
+
; expected = 245.0535, observed = 245.0536. 

           Ratio of ion intensities = (270n-d2) : (270n-d1) : (270n : d0) = 3.360667 : 49.98262 : 1. 

                           %Overall Deuterium Incorporation from HRMS = 52% 

                            Ratio of % D
a
 (H

1
): % D

b
 (H

4
) = 92% : 6%. 

NOTE: From the 
1
H NMR data related to 270n, and the regioselectivity in labelling of m-

substituted benzenesulfonamides 270 l, 270m, and 270o, it is assumed that the majority of the 

mass ion for 270n-d1 relates to the product labelled at position ‘a’ only. 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 7.48 (t, 1H, 

3
J = 8.0 Hz, ArH

2
), 7.40 (dt, 1H, 

3
J = 8.0 Hz, 

4
J = 1.2 Hz, ArH

1
), 7.36 (t, 1H, 

4
J = 2.2 Hz, ArH

4
), 7.16 (ddd, 1H, 

3
J = 8.0 Hz, 

4
J = 2.2 Hz, 

4
J 

= 1.2 Hz, ArH
3
). 

 

Incorporation expected at δ 7.40 and 7.36. Determined against integral at δ 7.48. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 3-methoxybenzenesulfonamide (40.0 mg, 

0.215 mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 85% D
a
 (H

1
), 42% D

b
 (H

4
). 
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1
H NMR (400 MHz, DMSO-d6): δ 8.68 (d, 1H, 

3
J = 8.8 Hz, ArH

7
), 8.19-8.14 (m, 2H, ArH

1
 

and ArH), 8.10-8.07 (m, 1H, ArH), 7.74-7.63 (m, 5H, ArH and NH2). 

 

Incorporation expected at δ 8.68 and 8.19 - 8.14. Determined against integral at δ 8.10 - 8.07. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 1-sulfonamidonaphthalene (44.6 mg, 0.215 

mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 60% D
a
 (H

1
), 0% D

b
 (H

7
). 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 8.44 - 8.43 (m, 1H, ArH

1
), 8.15 - 8.11 (m, 2H, ArH

4 
and 

ArH
7
), 8.04 - 8.02 (m, 1H, ArH

3
), 7.89 (dd, 1H, 

3
J = 8.6 Hz, 

4
J = 1.9 Hz, ArH

2
), 7.71 - 7.63 

(m, 2H, ArH
5
 and ArH

6
), 7.45 (s, 2H, NH2). 

 

Incorporation expected at δ 8.44-8.43 and 7.89. Determined against integral at δ 7.71-7.63. 

 

a) 273f (9.3 mg, 0.01398 mmol, 6.5 mol%), b) 2-sulfonamidonaphthalene (44.6 mg, 0.215 

mmol), c) DCM (6.0 mL), d) 25 °C, e) 2 h, and f) 33% D
a
 (H

2
), 30% D

b
 (H

1
). 

 

Competition Studies to Assess Robustness and Chemoselectivity of Catalyst – Table 22

 

 

In a modification to General Procedure F, sulfonamide 272 (36.8 mg, 0.215 mmol) and 

competitive substrate 274 (0.215 mmol) were added to the same deuteration flask along with 

catalyst 273f (18.7 mg, 0.02795 mmol, 6.5 mol% with respect to the combined total of 272 + 
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274). The substrates were dissolved in dry DCM (12.0 mL) under an argon atmosphere and 

the reaction run according to General Procedure F. At the end of the reaction, the solvent 

was removed in vacuo. The residue was then purified via silica column chromatography. 

Isolated compounds 272a and 274a were analysed separately by 
1
H NMR to assess the % 

deuteration in each compound. 

 

Results for each competition experiment are reported as: a) amount of substrate 274, b) 

column separation conditions, and c) % D in labelled substrates. 

 

Spectroscopic details for substrate 272 are available above. 

 

Table 22, Entry 1 

 
1
H NMR (400 MHz, CDCl3): δ 7.93 (d, 

3
J = 7.5 Hz, 1H, ArH

4
), 7.74-7.66 (m, 3H, ArH

1
 and 

ArH
6
), 7.46 (t, 

3
J  = 7.4 Hz, 2H, ArH

2
), 7.29 (t, 

3
J = 7.4 Hz, 1H, ArH

3
), 6.46 (t, 

3
J  = 2.0 Hz, 

1H, ArH
5
). 

 

Incorporation expected at  7.74-7.66. Determined against integral at  6.46. 

 

a) 1-Phenylpyrazole, 0.215 mmol, 0.028 mL, b) Diethyl ether/petroleum ether (1:4 → 1:1 → 

1:0), and c) 7% D
a 
(272), 47% D

b
 (274, H

1
). 

 

Table 22, Entry 2 

 
1
H NMR (400 MHz, CDCl3): δ 8.71 (d, 

3
J = 4.7 Hz, 1H, ArH

7
), 8.00 (d, 

3
J = 7.1 Hz, 2H, 

ArH
1
), 7.79-7.73 (m, 2H, ArH

5
 and ArH

6
), 7.52-7.41 (m, 3H, ArH

2
 and ArH

3
), 7.26-7.23 (m, 

1H, ArH
4
). 
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Incorporation expected at  8.00. Determined against integral at  7.79 - 7.73. 

 

a) 2-Phenylpyridine, 0.215 mmol, 0.031 mL, b) Diethyl ether/petroleum ether (1:1 → 1:0), 

and c) 7% D
a 
(272), 19% D

b
 (274, H

1
). 

 

Table 22, Entry 3 

 

 
1
H NMR (400 MHz, CDCl3): δ 7.88 (d, 2H, 

3
J = 8.4 Hz, ArH

1
), 7.27 (d, 2H, 

3
J = 8.4 Hz, 

ArH
2
), 2.59 (s, 3H, 

4
C(O)H3), 2.43 (s, 3H, ArCH3). 

 

Incorporation expected at  7.88. Determined against integral at  2.43. 

 

a) 4-Methylacetophenone, 0.215 mmol, 0.029 mL, b) Diethyl ether/petroleum ether (1:4 → 

1:1 → 1:0), and c) 94% D
a 
(272), 54% D

b
 (274, H

1
). 

 

Table 22, Entry 4 

 

 
1
H NMR (400 MHz, CDCl3): δ 7.91 (d, J = 7.9 Hz, 2H, ArH

3
), 7.21 (d, 

3
J = 7.9 Hz, 2H, 

ArH
2
), 4.34 (q, 

3
JH-H = 7.1 Hz, 2H, CH2

4
), 2.38 (s, 3H, ArCH3

1
), 1.36 (t, 

3
J = 7.1 Hz, 3H, 

CH3
5
).  

 

Incorporation expected at  7.91. Determined against integral at  2.38. 

 

a) Ethyl 4-methylbenzoate, 0.215 mmol, 35.3 mg, b) Diethyl ether/petroleum ether (1:4 → 

1:1 → 1:0), and c) 95% D
a 
(272), 11% D

b
 (274, H

3
). 
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Table 22, Entry 5 

 

 
1
H NMR (400 MHz, CDCl3): δ 7.88 (bs, 1H, NH), 7.77 (d, 2H, 

3
J = 8.2 Hz, ArH

3
), 7.24-

7.22 (m, 3H, ArH
2
 and NH), 2.33 (s, 3H, ArCH3). 

 

Incorporation expected at  7.77. Determined against integral at  2.33. 

 

a) 4-methylbenzamide, 0.215 mmol, 29.1 mg, b) Diethyl ether/petroleum ether (1:1 → 1:0), 

and c) 93% D
a 
(272), 26% D

b
 (274, H

3
). 

 

Table 22, Entry 6 

 

 
1
H NMR (400 MHz, CDCl3): δ 7.61 (d, 2H,

 3
J = 8.0 Hz, ArH

3
), 7.20 (d, 

3
J = 8.0 Hz, 2H, 

ArH
2
) 5.90 (bs, 1H, NH), 2.38 (s, 3H, ArCH3), 1.47 (s, 9H, CCH3). 

 

Incorporation expected at  7.61. Determined against integral at  2.38. 

 

a) N,4-Dimethylbenzamide, 0.215 mmol, 41.1 mg, b) Diethyl ether/petroleum ether (1:1 → 

1:0), and c) 97% D
a 
(272), 10% D

b
 (274, H

3
). 

 

Table 22, Entry 7 

 

NOTE: in this example, both substrates co-eluted. It was possible to determine % deuteration 

in each substrate from the 
1
H NMR of the crude product mixture (see spectrum below). 
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1
H NMR (400 MHz, DMSO-d6): δ 7.24-7.23 (m, 4H, ArH

2
 and ArH

3
), 3.37-3.20 (m, 4H, 

NCH2
4
), 2.34 (s, 3H, ArCH3

1
), 1.10 (br s, 6H, NCH2CH3

5
). 

 

Incorporation expected at  7.24 - 7.23. Determined against integral at  1.10. 

 

a) 4-Methyl-N,N-diethylbenzamide, 0.215 mmol, 41.1 mg, b) Diethyl ether/petroleum ether 

(1:1 → 1:0), and c) 93% D
a 
(272), 1% D

b
 (274, H

3
). 

 

 
1
H NMR for crude reaction mixture in DMSO-d6. 
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Table 22, Entry 8 

 

 
1
H NMR (400 MHz, CDCl3): δ 8.26 (d, 2H,

 3
J = 7.6 Hz, ArH

3
), 7.73 (tt, 

3
J = 7.3 Hz, 

4
J = 0.8 

Hz, 1H, ArH
1
), 7.58 (m, 2H,

 
ArH

2
). 

 

Incorporation expected at  8.26. Determined against integral at 7.73. 

 

a) Nitrobenzene, 0.215 mmol, 0.021 mL, b) Diethyl ether/petroleum ether (1:1 → 1:0), and c) 

97% D
a 
(272), 4% D

b
 (274, H

3
). 

 

 

Deuterium Labelling Experiments for Chemoselectivity Studies with Celecoxib and 

Mavacoxib (Table 23) 

 

Table 23, Entry 1 

 

 
1
H NMR (400 MHz, CD3OD): δ 7.94 (d, 

3
J = 8.7 Hz, 2H, ArH

1
), 7.50 (d, 

3
J = 8.7 Hz, 2H, 

ArH
2
), 7.22-7.16 (m, 4H, ArH

4
 and ArH

5
), 6.91 (s, 1H, ArH

3
), 2.36 (s, 3H, ArCH3

6
). 

 

Incorporation expected at  7.94 and 7.50.  Determined against integral at  2.36. 

 

a) 273f (1.2 mg, 0.00122 mmol, 6.5 mol%), b) Celecoxib, 215 (6 mg, 0.019 mmol), c) DCM 

(0.5 mL), d) 25 °C, e) 2 h, and f) 16% D
a
 (H

1
), 95% D

b
 (H

2
). 
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Table 23, Entry 2 

 
Spectroscopic data can be found above. 

 

a) 196a (2.2 mg, 0.00324 mmol, 6.5 mol%), b) Celecoxib, 215 (19 mg, 0.050 mmol), c) 

DCM (1.4 mL), d) 25 °C, e) 2 h, and f) 97% D
a
 (H

1
), 11% D

b
 (H

2
). 

 

Table 23, Entry 3 

 
1
H NMR (400 MHz, MeOD): δ 7.14 (d, 

3
J = 8.7 Hz, 2H, ArH

1
), 6.69 (d, 

3
J = 8.7 Hz, 2H, 

ArH
2
), 6.53 (dd, 

3
J = 8.6 Hz, 

4
JH-F = 5.2 Hz, 2H, ArH

4
), 6.32 (apparent t, 

3
J = 8.6 Hz, 2H, 

ArH
5
), 6.15 (s, 1H, ArH

3
). 

 

Incorporation expected at  7.14 and 6.69.  Determined against integral at  6.32. 

 

a) 196a (3.3 mg, 0.00325 mmol, 6.5 mol%), b) Mavacoxib, 275 (19.3 mg, 0.019 mmol), c) 

DCM (1.4 mL), d) 25 °C, e) 2 h, and f) 7% D
a
 (H

1
), 89% D

b
 (H

2
). 

 

Table 23, Entry 4 

 
Spectroscopic data can be found above. 
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a) 273f (2.2 mg, 0.00324 mmol, 6.5 mol%), b) Mavacoxib, 275 (19.3 mg, 0.050 mmol), c) 

DCM (1.4 mL), d) 25 °C, e) 2 h, and f) 98% D
a
 (H

1
), 11% D

b
 (H

2
). 

 

Investigation of Kinetic Isotope Effects (Scheme 57) 

 

Necessary reactions for KIE measurement. 

 

 

A flame-dried and nitrogen cooled 250 mL 3-neck round-bottom flask, equipped with a 

stopcock valve and two suba seals (see figure below), was charged with the iridium complex 

273f (3.9 mg, 1.0 mol%) and dry DCM (16.3 mL), followed by the substrate (0.584 mmol, 

non-deuterated 4-methylbenzenesulfonamide for the forward reaction, or 4-

methylbenzenesulfonamide-D2 for the reverse reaction, see photo). The top suba seal was 

replaced by a greased glass stopper and the reaction vessel was cooled to -78 C in a dry 

ice/acetone bath, prior to being purged twice with nitrogen. The flask was then evacuated and 

filled with a deuterium gas for the forward reaction, or hydrogen for the reverse reaction, via 

balloon. The flask was removed from the slurry and allowed to warm to room temperature in 
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an oil bath set to 25 
o
C – the timer was started as soon as the flask was placed in the oil bath. 

(NOTE: as a precaution, the glass stopper is physically restrained as the reaction mixture 

warms to room temperature). The reaction mixture was then allowed to stir vigorously (860 

rpm) at 25 
o
C for 5 mins, allowing for catalyst activation and temperature equilibrium. At 7 

mins, 9 mins, 11 mins, and 13 mins, 0.2 mL aliquots were extracted from the reaction 

mixture via syringe and ejected into vials containing diethyl ether (2 mL). The contents of 

each vial were concentrated in vacuo and the level of deuterium incorporation (forward 

reaction) or hydrogen incorporation (reverse reaction) into the substrate determined by 
1
H 

NMR analysis of the reaction products. As such, the residual proton signal from the site of 

incorporation was compared against that of a site where incorporation was not expected. To 

determine the kinetic isotope effect (kH/kD), the rate of reaction was determined by plotting 

reaction progress versus time, dividing the rate of the forward reaction, kH, by the rate of the 

reverse reaction, kD (see graph, below). 

 

Reaction set-up for KIE measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure SX 

 

 

 

 

 

 

 

 

Stopcock valve 

H2 or D2 balloon 

Aliquots taken 

from here 

Glass stopper and 

restraint placed 

here 
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Results of KIE rate studies. 

 

 

Experimental Labelling Selectivities on Additional Drug-like Structures 295 and 296 

(Figure 44) 

 

Following General Procedure C, substrate 295 (19.6 mg, 0.05 mmol) or 296 (19.0 mg, 0.05 

mmol) was labelled using a choice of catalyst 196a (3.3 mg, 0.00325 mmol, 6.5 mol%), 273f 

(2.2 mg, 0.00325 mmol, 6.5 mol%), 273h (2.4 mg, 0.00325 mmol, 6.5 mol%) or 273i (2.7 

mg, 0.00325 mmol, 6.5 mol%) under the previously optimised sulfonamide labelling 

conditions (6 mL DCM, 2 h, 25 ºC). Each reaction was run in triplicate, with Figure 44, 

Scheme 60, and Scheme 61 all quoting the average and standard deviation of each condition. 

The raw data (collected to 3 significant figures) associated with all these experiments is 

summarised in the table below the spectroscopic data. 
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1
H NMR (400 MHz, CD3OD): δ 7.96 (d, 2H, 

3
J = 8.7 Hz, ArH

1
), 7.52 (d, 2H, 

3
J = 8.7 Hz, 

ArH
2
), 7.23 (d, 2H, 

3
J = 8.8 Hz, ArH

4
), 6.94 (d, 2H, 

3
J = 8.8 Hz, ArH

5
), 6.89 (s, 1H, ArH

3
), 

3.82 (s, 3H, OCH3
6
). 

 

Incorporation expected at  7.96 and 7.52.  Determined against integral at  3.82. 

 

 

 
1
H NMR (400 MHz, CD3OD): δ 7.94 (d, 2H, 

3
J = 8.7 Hz, ArH

1
), 7.49 (d, 2H, 

3
J = 8.7 Hz, 

ArH
2
), 7.22 (d, 2H, 

3
J = 8.8 Hz, ArH

4
), 6.94 (d, 2H, 

3
J = 8.8 Hz, ArH

5
), 6.85 (d, 

2
JH-F, 1H, 

CF2H
7
), 6.77 (s or unresolved triplet, 1H, ArH

3
), 3.82 (s, 3H, OCH3

6
). 

 

Incorporation expected at  7.94 and 7.49.  Determined against integral at  3.82. 
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Entry Substrate Catalyst %D
a 

%D
b
 

1 

295a 196a 

14.050 93.125 

2 12.215 93.830 

3 18.725 93.520 

4 

295b 273f 

94.950 14.170 

5 96.575 18.315 

6 94.565 12.220 

7 

296a 196a 

9.675 95.720 

8 8.295 95.330 

9 9.930 95.960 

10 

296b 273f 

83.450 96.605 

11 80.735 94.605 

12 81.700 94.515 

13 

296c 273h 

98.505 39.390 

14 92.405 13.240 

15 97.955 38.250 

16 

296d 273i 

96.96 5.43 

17 97.03 5.39 

18 96.915 6.095 

a
 Adjacent to sulfonamide; 

b
 Adjacent to pyrazole. 

 

Investigating the Effect of the Chloride Ligand in 1º Sulfonamide Labelling (Scheme 62) 

 

Following General Procedure C, results are reported as: a) amount of catalyst, b) amount of 

substrate, c) volume of solvent, d) reaction temperature, e) reaction time, and f) % D in 

labelled substrate. 

 

a) 304, 3.5 mg, 0.00325 mmol, 6.5 mol%, b) 296, (19.0 mg, 0.05 mmol), c) 6.0 mL, d) 25 ºC, 

e) 2 h, and f) 53% a; 94% b. 
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8.7 Regioselective Control in the Deuteration of Aromatic Aldehydes – An Experimental 

& Computational Study 

 

Synthesis of Additional Catalysts 

 

Catalyst 273j
245

 

 

 

205 (0.088 g, 0.131 mmol) was dissolved in dry benzene (10 mL) in a flame-dried Schlenk 

flask under an argon atmosphere. Following complete dissolution of 205, the commercially 

sourced carbene (0.250 g, 0.262 mmol, see above figure) was added to the flask in one 

portion, causing a light orange to dark yellow colour change. After stirring at r.t. for 16 h, the 

solvent was removed in vacuo and the remaining residue purified via silica column 

chromatography, eluting with petroleum ether/Et2O (1 : 1). The product was isolated as a 

bright yellow solid (0.118 g, 32%). 
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FTIR (CH2Cl2): 3059, 3022, 2953, 2837, 1597, 1493, 1462, 1447, 1310, 1300, 1049, 700 

cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.49 – 6.54 (m, 44H, ArH), 6.46 (s, 2H, CHPh2), 5.55 (s, 2H, 

CHPh2), 4.81 (s, 2H, NCH=CHN), 4.69 – 4.67 (m, 2H, COD CH), 3.58 (s, 6H, OCH3), 3.28 – 

3.26 (m, 2H, COD CH), 2.11 – 2.00 (m, 2H, COD CH2), 1.72 – 1.61 (m, 2H, COD CH2), 

1.60 – 1.51 (m, 2H, COD CH2), 1.30 – 1.20 (m, 2H, COD CH2). 

13
C NMR (100 MHz, CDCl3): δ 179.6, 158.8, 145.3, 144.0, 143.7, 143.3, 142.3, 131.9, 

130.9, 130.1, 129.5, 129.1, 128.2, 128.0(4), 128.0(0), 127.8, 126.6, 126.5, 126.1, 125.9, 

123.6, 115.3, 114.5, 83.6, 55.1, 53.0, 51.6, 51.2, 33.4, 28.9. 

 

Synthesis of 4
–Cycloocta-1,5-diene(1,3-bis(2,6-diisopropylphenyl)-4,5-dimethyllimidazol-2-

ylidene)(acetonitrile)iridium(I) hexafluoroantimonate, 309  

 

Following General Procedure C, results are reported as a) amount of 273h, b) volume of 

THF, c) amount of AgSbF6, d) amount of MeCN, e) reaction time, f) product yield, and g) 

purification technique. 

 

a) 0.040 g, 0.053 mmol, b) 5 mL, c) 0.020 g, 0.058 mmol, d) 0.0022 g, 0.053 mmol, e) 16 h, 

f) 0.031 g, 59% yield, and g) the THF solution was reduced to quarter-volume and the 

product triturated using cold hexane. After collection by filtration, the product was washed 

with cold Et2O and dried under vacuum for 16 h. 

 

 

Appearance: light orange solid. 

m.p.: 189 - 190 
o
C. 

FTIR (neat): 2980, 1653, 1472, 1449, 1348, 640 cm
-1

.  
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1
H NMR (400 MHz, CDCl3): δ 7.58 (t, 2H, 

3
J = 7.8 Hz, ArH), 7.40 (d, 4H, 

3
J = 7.8 Hz, 

ArH), 4.00 – 3.98 (m, 2H, COD CH), 3.61 – 3.59 (m, 2H, COD CH), 2.67 (septet, 4H, 
3
J = 

6.9 Hz, CH(CH3)2), 2.20 (s, 3H, CH3CN), 2.00 (s, 6H, ArCH3), 1.85 – 1.69 (m, 6H, COD 

CH2), 1.55 – 1.47 (m, 2H, COD CH2), 1.35 (d, 12H, 
3
J = 6.7 Hz, CH(CH3)2), 1.19 (d, 12H, 

3
J 

= 6.7 Hz, CH(CH3)2). 

13
C NMR (100 MHz, CDCl3): δ 173.6, 146.6, 132.9, 130.7, 129.9, 124.8, 82.0, 65.9, 32.6, 

28.9, 28.6, 25.4, 24.4, 10.3, 4.2, 2.2. 

13
C DEPT-135º NMR (100 MHz, CDCl3): δ 32.6, 28.9.  

HRMS (positive NSI): due to extensive degradation, no mass fragments yet identified.  

Low resolution-MS (negative NSI): m/z calc’d for 
123

SbF6 [SbF6]
-
: 236.9; found: 236.9.  

 

 

Hypothesis Testing for Selective Labelling of Aromatic Aldehydes (Table 24) 

 

Following General Procedure F, 2-napthaldehyde, 305 (33.6 mg, 0.215 mmol) was labelled 

using various catalysts (0.01075 mmol, 5 mol%) at 25 ºC, over 1 h in DCM (2.5 mL). At the 

end of the reaction, the solvent was removed in vacuo and catalyst residues triturated with 

Et2O. Upon filtration through a short plug of silica and removal of the solvent, the product 

was analysed directly via 
1
H NMR. The relevant catalyst quantities are summarised in the 

table below the spectral details of 305. 

 

 
1
H NMR (400 MHz, CDCl3): δ 10.16 (s, 1H, CHO), 8.33 (s, 1H, ArH

8
), 8.01 – 7.90 (m, 4H, 

ArH
2
 + ArH

3
 + ArH

4
 + ArH

7
), 7.67 – 7.57 (m, 2H, ArH

5
 + ArH

6
). 

 

Incorporation expected at  10.16, 8.33, and 8.01 – 7.90.  Determined against integral at  

7.67 – 7.57. 
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Entry Catalyst (mg) %D (a) %D(b) %D(c) 

1 159 (8.7) 45 45 95 

2 214b (10.4) 1 2 2 

3 196a (10.9) 71 43 8 

4 196b (11.3) 94 32 9 

 

Catalyst Discovery and Optimisation for Formyl-selective Aldehyde Labelling (Table 25) 

 

Similarly to the screening experiments from Table 24, all reaction followed General 

Procedure F, with 305 (33.6 mg, 0.215 mmol) and various catalysts (0.01075 mmol, 5 

mol%). At the end of each reaction, the solvent was removed in vacuo and the sample 

analysed directly by 
1
H NMR spectroscopy. Beyond analysis of the expected product, trace 

quantities of decarbonylated product, 306, are considered. Spectral details of this product are 

provided, and HRMS analysis to confirm its presence.  

 

The masses of catalyst used are quantified in the table below.  

 

 
1
H NMR (400 MHz, CDCl3 – in a mixture with 305a): δ 7.86 – 7.81 (m, 4H, ArH

1
 + ArH

3
 + 

ArH
4
 + ArH

7
), 7.51 – 7.46 (m, 3H, ArH

2
 + ArH

5
 + ArH

6
). 

HRMS (positive APCI): m/z calc’d for C10H7DH [M + H]
+
: 130.0762; found: 130.0760. 

 

Percentage conversion to by-product 306 was based on δ 7.86 – 7.81 and measured against δ 

7.67 – 7.57 in desired product 305a. 
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Entry Catalyst (mg) %D (a) %D(b) %D(c) %306NMR 

1 273a (6.1) 2 3 0 0 

2 273b (6.2) 1 1 1 0 

3 273c (6.6) 3 7 42 0 

4 273d (6.9) 0 0 49 2 

5 273e (6.9) 0 1 82 5 

6 273f (7.2) 4 3 97 2 

7 273g (7.8) 4 3 93 0 

8 273h (8.1) 8 5 98 0 

9 273i (9.0) 9 6 90 0 

10 273j (13.8) 19 32 10 0 

 

Further Optimisation of Formyl-selective Aldehyde Labelling Conditions 

 

These results are not presented in the main text. All experiments follow General Procedure 

C, as for those above. 

 

Having identified catalyst 273h as the most promising candidate, the significance of the 4,5-

dimethyl substitution on the NHC was investigated by lowering the catalyst loading below 5 

mol%, comparing the results to those obtained with catalyst 273g (with no 4,5-dimethyl 

substitution). It was found that the optimum catalyst remained active down to 1 mol% 
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Entry Catalyst Amount (mol%, mg) %D(a) %D(b) %D(c) 

1 273h 5, 7.8 98 8 5 

2 273h 2.5, 3.9 96 4 1 

3 273h 1, 1.6 96 4 1 

4 273g 5, 8.1 98 4 3 

5 273g 2.5, 4.1 83 4 2 

6 273g 1, 1.6 78 4 3 

 

Attempts to label more challenging aldehyde, 307, under the new optimum conditions (1 

mol% 273h, 1 h), it was quickly discovered that longer reactions times were required to 

generalise the applicability of such low catalyst loadings. See the results below. 
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1
H NMR (400 MHz, CDCl3): δ 10.07 (s, 1H, CHO), 7.97 (d, 2H, 

3
J = 8.2 Hz, ArH

2
), 7.76 (d, 

d, 2H, 
3
J = 8.2 Hz, ArH

3
), 7.65 (dd, 2H, 

3
J = 8.1 Hz, 

4
J = 1.5 Hz, ArH

4
), 7.50 (apparent t, 2H, 

3
J = 7.4 Hz, ArH

5
), 7.43 (apparent t, 1H, 

3
J = 7.2 Hz, ArH

6
). 

 

Incorporation expected at  10.07 and 7.97.  Determined against integral at  7.43. 

 

 

Each of the following reactions employed General Procedure F, using 307 (39.2 mg, 0.215 

mmol), DCM (2.5 mL), and a reaction temperature of 25 ºC. Again, reactions were analysed 

directly after removal of the solvent. The supporting table thus lists the catalyst loadings and 

labelling results. 

 

 

Entry Amount (mol%, mg) Time (h) %D(a) %D(b) 

1 2.5, 4.0 1 80 4 

2 1.0, 1.6 1 55 3 

3 2.5, 4.0 3 97 1 

4 1.0, 1.6 3 94 3 

 

From these data, it was concluded that a catalyst loading of 1 mol% could be exploited by 

using a 3 h reaction time.  

 

Substrate Scope for Formyl-selective Aldehyde Labelling (Table 26) 

 

Employing General Procedure F, results are reported as: a) amount of catalyst, b) amount of 

substrate, c) %D in labelled substrate, and d) isolated product yield. 

 

At the end of each reaction, the solvent was removed in vacuo and the residue redissolved in 

a minimal quantity of EtOAc. The product was purified via silica column chromatography, 

eluting with petroleum ether/ EtOAc. To ensure separation from the non-polar catalyst 

residues, the gradient of eluent began at 20:1 and never exceeded 10:1. 
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As well as 
1
H NMR spectroscopy, each deuterated aldehyde was characterised by at least one 

other method (
13

C NMR, IR, or HRMS) where possible in order to confirm the presence of 

deuterium and the maintenance of the aldehyde carbonyl unit. These additional data are 

presented for the labelled products only, and not for the unlabelled starting compounds. 

 

 

a) 273h (3.2 mg, 0.0043 mmol, 1.0 mol%), b) benzaldehyde (45.6 mg, 0.430 mmol), c) 93% 

D
1
 only, and d) 41.0 mg, 90% yield.  NOTE: double normal reaction scale for ease of 

product isolation. 

 

1
H NMR (400 MHz, CDCl3): δ 10.05 (s, 1H, CHO), 7.91 (dd, 2H, 

3
J = 7.9 Hz, 

4
J = 1.5 Hz, 

ArH
2
), 7.66 (tt, 1H, 

3
J = 7.4 Hz, 

4
J = 1.5 Hz, ArH

4
), 7.56 (apparent t, 2H, 

3
J = 7.4 Hz, ArH

3
). 

 

Incorporation expected at δ 10.05 and 7.91. Determined against integral at δ 7.79. 

 

13
C NMR (100 MHz, CDCl3): δ 191.5 (t, 

1
JC-D = 26.8 Hz), 135.9, 134.0, 129.2, 128.5. 

FTIR (neat): 3063, 2104, 2050, 1682, 1597, 1584 cm
-1

. 

HRMS (APCI): Unavailable. Analysis revealed that 216 had fully oxidised to the carboxylic 

acid (presumably in transit to the EPSRC MS facility in Swansea).  

 

 

a) 273h (1.6 mg, 0.00215 mmol, 1.0 mol%), b) p-benzyloxybenzaldehyde (45.6 mg, 0.215 

mmol), c) 97% D
1
; 19% D

2
,  and d) 40.1 mg, 88% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 9.90 (s, 1H, CHO), 7.85 (d, 2H, 

3
J = 8.8 Hz, ArH

2
), 7.46 – 

7.35 (m, 5H, ArH
5
 – ArH

7
), 7.09 (d, 2H, 

3
J = 8.8 Hz, ArH

3
), 5.17 (s, 2H, OCH2

4
). 

 

Incorporation expected at δ 9.90 and 7.85. Determined against integral at δ 5.17. 
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13
C NMR (100 MHz, CDCl3): δ 190.5 (t, 

1
JC-D = 26.8 Hz), 163.8, 136.0, 132.0, 130.1, 128.7, 

128.3, 127.5, 115.2, 70.3 

FTIR (neat): 3057, 3036, 2104, 2056, 1670, 1593, 1572, 1509, 1491, 1452 cm
-1

. 

HRMS (APCI): m/z calc’d for C14H12O2D [Md1 + H]
+
: 214.0973; found: 214.0969. 

m/z calc’d for C14H11O2D2 [Md2 + H]
+
: 215.1036; found: 215.1024. 

No d3 isotopomer was detected, further supporting aromatic labelling a minor by-product to 

formyl labelling. 

 

 

a) 273h (1.6 mg, 0.00215 mmol, 1.0 mol%), b) p-hydroxybenzaldehyde (26.3 mg, 0.215 

mmol), c) 93% D
1
; 8% D

2
, and d) 25.0 mg, 95% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 9.88 (s, 1H, CHO), 7.84 (d, 2H, 

3
J = 8.6 Hz, ArH

2
), 7.00 (d, 

2H, 
3
J = 8.6 Hz, ArH

3
), 6.61 (bs, 1H, OH). 

 

Incorporation expected at δ 9.88 and 7.84. Determined against integral at δ 7.00. 

 

FTIR (neat): 2970, 2860, 2361, 2341, 2253, 1686, 1599, 1483, 1468 cm
-1

. 

HRMS (APCI): m/z calc’d for C7H6O2D [Md1 + H]
+
: 124.0503; found: 124.0501. 

m/z calc’d for C7H5O2D2: 125.0566; found: 125.0561. 

No d3 isotopomer was detected. 

 

 

a) 273h (1.6 mg, 0.00215 mmol, 1.0 mol%), b) p-phenylbenzaldehyde (39.2 mg, 0.215 

mmol), c) 94% D
1
 only, and d) 38.0 mg, 97% yield. 
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1
H NMR (400 MHz, CDCl3): δ 10.07 (s, 1H, CHO), 7.97 (d, 2H, 

3
J = 8.2 Hz, ArH

2
), 7.76 (d, 

d, 2H, 
3
J = 8.2 Hz, ArH

3
), 7.65 (dd, 2H, 

3
J = 8.1 Hz, 

4
J = 1.5 Hz, ArH

4
), 7.50 (apparent t, 2H, 

3
J = 7.4 Hz, ArH

5
), 7.43 (apparent t, 1H, 

3
J = 7.2 Hz, ArH

6
). 

 

Incorporation expected at  10.07 and 7.97.  Determined against integral at  7.43. 

 

13
C NMR (100 MHz, CDCl3): δ 191.1 (t, 

1
JC-D = 25.4 Hz), 146.7, 139.2, 134.7, 129.8, 128.6, 

128.0, 127.2, 126.9. 

FTIR (neat): 3057, 3030, 2961, 2104, 2066, 2040, 1676, 1602, 1564 cm
-1

. 

HRMS (APCI): m/z calc’d for C13H10OD [Md1 + H]
+
: 184.0867; found: 184.0865. 

No higher isotopomers detected. 

 

 

a) 273h (1.6 mg, 0.00215 mmol, 1.0 mol%), b) p-bromobenzaldehyde (39.8 mg, 0.215 

mmol), c) 97% D
1
 only, and d) 29.1 mg, 73% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 9.98 (s, 1H, CHO), 7.76 (d, 2H, 

3
J = 8.6 Hz, ArH

2
), 7.69(d, 

2H, 
3
J = 8.6 Hz, ArH

3
). 

 

Incorporation expected at  9.98 and 7.76.  Determined against integral at  7.69. 

 

13
C NMR (100 MHz, CDCl3): δ 189.7(t, 

1
JC-D = 27.7 Hz), 134.0, 131.4, 129.9, 128.8. 

FTIR (neat): 3084, 2963, 2131, 2073, 1683, 1634, 1587, 1570 cm
-1

. 

HRMS (APCI): m/z calc’d for C7H5
79

BrOD [Md1 + H]
+
: 185.9659; found: 185.9657. 

m/z calc’d for for C7H4
79

BrOD2 [Md2 + H]
+
: 186.9722; found: 186.9716 (trace). 

 

 

a) 273h (1.6 mg, 0.00215 mmol, 1.0 mol%), b) p-trifluoromethylbenzaldehyde (37.4 mg, 

0.215 mmol), c) 95% D
1
 only, and d) 35.5 mg, 95% yield. 
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1
H NMR (400 MHz, CDCl3): δ 9.99 (s, 1H, CHO), 7.77 (d, 2H, 

3
J = 8.3 Hz, ArH

2
), 7.70  (d, 

2H, 
3
J = 8.3 Hz, ArH

3
). 

 

Incorporation expected at  9.99 and 7.77.  Determined against integral at  7.70. 

 

13
C NMR (100 MHz, CDCl3): δ 190.2 (t, 

1
JC-D = 28.1 Hz), 134.5, 131.9, 130.5, 129.3. 

Unable to clearly define CF3. 

FTIR (neat): 2963, 2360, 2344, 2113, 1687, 1585, 1512, 1321 cm
-1

. 

HRMS (APCI): m/z calc’d for C8H5FOD [Md1 + H]
+
: 176.0428; found: 176.0425. 

No other isotopomers detected. 

 

 

a) 273h (1.6 mg, 0.00215 mmol, 1.0 mol%), b) p-chlorobenzaldehyde (30.2 mg, 0.215 

mmol), c) 97% D
1
 only, and d) 29.0 mg, 96% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 10.00 (s, 1H, CHO), 7.85 (d, 2H, 

3
J = 8.5 Hz, ArH

2
), 7.53 (d, 

2H, 
3
J = 8.5 Hz, ArH

3
). 

 

Incorporation expected at  10.00 and 7.85.  Determined against integral at  7.53. 

 

13
C NMR (100 MHz, CDCl3): δ 190.0 (t, 

1
JC-D = 28.1 Hz), 140.5, 134.2, 130.4, 129.0. 

FTIR (neat): 3088, 2963, 2129, 2073, 1691, 1597, 1574, 1463 cm
-1

. 

HRMS (APCI): m/z calc’d for C7H5
35

ClOD [Md1 + H]
+
: 142.0164; found: 142.0160. 

No higher isotopomers found. 

 

 

a) 273h (1.6 mg, 0.00215 mmol, 1.0 mol%), b) p-fluorobenzaldehyde (26.7 mg, 0.215 

mmol), c) 97% D
1
; 8% D

2
 and d) 16.8 mg, 63% yield. 
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1
H NMR (400 MHz, CDCl3): δ 10.00 (s, 1H, CHO), 7.94 (dd, 2H, 

3
J = 8.5 Hz,

 3
JH-F = 5.4 Hz 

ArH
2
), 7.24 (apparent t, 2H, 

3
J = 8.5 Hz, ArH

3
). 

 

Incorporation expected at  10.00 and 7.94. Determined against integral at  7.24. 

 

13
C NMR (100 MHz, CDCl3): δ 189.7 (t, 

1
JC-D = 28.1 Hz), 166.1 (d, 

1
JC-F = 252.9 Hz), 

132.4, 131.7 (d, 
3
JC-F = 9.4 Hz), 115.9 (d, 

2
JC-F = 21.5 Hz). 

19
F NMR (376 MHz, CDCl3): δ – 102.4. 

FTIR (neat): 2963, 2255, 2108, 2058, 1682, 1597, 1506, 1237 cm
-1

. 

HRMS (APCI): m/z calc’d for C7H5FOD [Md1 + H]
+
: 124.0460; found: 124.0456. 

m/z calc’d for C7H4FOD [Md2 + H]
+
: 127.0523; found: 127.0517. 

No higher isotopomers found. 

 

 

a) 273h (1.6 mg, 0.0043 mmol, 1.0 mol%), b) p-methylbenzaldehyde (51.6 mg, 0.430 mmol), 

c) 98% D
1
; 12% D

2
 and d) 41.0 mg, 80% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 9.98 (s, 1H, CHO), 7.79 (d, 2H, 

3
J =  8.1 Hz, ArH

2
), 7.34 (d, 

2H, 
3
J =  8.1 Hz, ArH

3
), 2.45 (s, 3H, ArCH3

4
). 

 

Incorporation expected at  9.98 and 7.79. Determined against integral at  2.45. 

 

13
C NMR (100 MHz, CDCl3): δ 191.2 (t, 

1
JC-D = 26.8 Hz), 144.0, 133.6, 129.3, 129.2. 

FTIR (neat): 3029, 2922, 2104, 2040, 1684, 1602, 1575, 1489, 1410 cm
-1

. 

HRMS (APCI): m/z calc’d for C8H8OD [Md1 + H]
+
: 122.0711; found: 122.0708. 

m/z calc’d for C8H7OD2 [Md2 + H]
+
: 123.0773; found: 123.0768. 

No higher isotopomers found. 
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a) 273h (1.6 mg, 0.001075 mmol, 1.0 mol%), b) p-nitrobenzaldehyde (32.5 mg, 0.215 mmol), 

c) 98% D
1
 only, and d) 26.0 mg, 80% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 10.16 (s, 1H, CHO), 8.39 (d, 2H, 

3
J =  8.5 Hz, ArH

3
), 8.08 

(d, 2H, 
3
J =  8.1 Hz, ArH

2
). 

 

Incorporation expected at  10.16 and 8.08. Determined against integral at  8.39. 

 

13
C NMR (100 MHz, CDCl3): δ 189.0 (t, 

1
JC-D = 27.7 Hz), 150.1, 129.5, 123.3. 

FTIR (neat): 3107, 2963, 2131, 2070, 1684, 1604, 1531, 1344, 1213 cm
-1

. 

HRMS (APCI): m/z calc’d for C7H5NO3D [Md1 + H]
+
: 153.0405; found: 153.0401. 

No higher isotopomers found. 

 

 

a) 273h (1.6 mg, 0.001075 mmol, 1.0 mol%), b) m-bromobenzaldehyde (39.8 mg, 0.215 

mmol), c) 96% D
1
 only, and d) 28.0 mg, 70% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 9.98 (s, 1H, CHO), 8.03 (t, 1H, 

4
J =  1.9 Hz, ArH

2
), 7.83 (dt, 

1H, 
3
J =  7.6 Hz, 

4
J =  1.5 Hz, ArH

5
), 7.77 (ddd, 1H, 

3
J =  8.0 Hz, 

4
J =  2.1, 1.1 Hz, ArH

3
), 

7.44 (t, 1H, 
3
J =  7.8 Hz, ArH

4
). 

 

Incorporation expected at  9.98, 8.03, and 7.83 Determined against integral at  7.44. 

 

13
C NMR (100 MHz, CDCl3): δ 189.9 (t, 

1
JC-D = 28.1 Hz), 139.4 (t, 

2
JC-D = 4.0 Hz), 136.8, 

131.8, 130.1, 127.9, 122.9. NOTE: The small C-D splitting observed is unresolved in other 

examples. 

FTIR (neat): 3061, 2980, 2110, 2061, 1676, 1568, 1463 cm
-1

. 

HRMS (APCI): m/z calc’d for C7H5
79

BrOD [Md1 + H]
+
: 185.9659; found: 185.9655. 

No higher isotopomers found. 

 



298 
  

 

a) 273h (3.2 mg, 0.0043 mmol, 2.0 mol%), b) m,m’-dimethylbenzaldehyde (28.8 mg, 0.215 

mmol), c) 78% D
1
 only, and d) 18.1 mg, 63% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 9.97 (s, 1H, CHO), 7.52 (s, 2H, ArH

2
), 7.28 (s, 1H, ArH

3
), 

2.42 (s, 6H, ArCH3
4
). 

 

Incorporation expected at  9.97 and 7.52. Determined against integral at  2.42. 

 

13
C NMR (100 MHz, CDCl3): δ 192.0 (t, 

1
JC-D = 27.6 Hz), 138.3, 136.0, 135.7, 127.1, 20.6. 

FTIR (neat): 2920, 2727, 2361, 2331, 2083, 2054, 1680, 1608, 1597, 1460 cm
-1

. 

HRMS (APCI): m/z calc’d for C9H10OD [Md1 + H]
+
: 136.0864; found: 136.0863. 

No higher isotopomers found. 

 

 

a) 273h (3.2 mg, 0.0043 mmol, 2.0 mol%), b) m-trifluoromethylbenzaldehyde (37.4 mg, 

0.215 mmol), c) 75% D
1
 only, and d) 23.0 mg, 80% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 10.09 (s, 1H, CHO), 8.16 (t, 1H, 

4
J = 1.8 Hz, ArH

2
), 8.10 

(dt, 1H, 
3
J = 7.7 Hz, 

4
J = 1.8 Hz, ArH

5
), 7.90 (dt, 1H, 

3
J = 7.7 Hz, 

4
J = 1.8 Hz, ArH

3
), 7.71 (t, 

1H, 
3
J = 7.7 Hz, ArH

4
). 

 

Incorporation expected at  10.09, 8.16, and 8.10. Determined against integral at  7.71. 

 

13
C NMR (100 MHz, CDCl3): δ 189.4 (t, 

1
JC-D = 26.2 Hz), 135.7, 131.6, 130.8 (q, 

2
JC-F = 

34.9 Hz), 129.8, 128.7, 125.4, 122.5 (q, 
1
JC-F = 270.7 Hz). 

19
F NMR (376 MHz, CDCl3): δ -63.0. 

FTIR (neat): 3069, 2932, 2852, 2118, 1682, 1611, 1439, 1331, 1123 cm
-1

. 
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HRMS (APCI): m/z calc’d for C8H5F3OD [Md1 + H]
+
: 176.0427; found: 176.0428. 

No higher isotopomers found. 

 

 

a) 273h (1.6 mg, 0.00215 mmol, 1.0 mol%), b) m-nitrobenzaldehyde (32.5 mg, 0.215 mmol), 

c) 99% D
1
 only, and d) 31.0 mg, 95% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 10.14 (s, 1H, CHO), 8.73 (dd, 1H, 

4
J = 2.3, 1.2 Hz, ArH

2
), 

8.50 (ddd, 1H, 
3
J = 8.1 Hz,

 4
J = 2.3, 1.2 Hz, ArH

3
), 8.26 (dt, 1H, 

3
J = 7.6 Hz, 

4
J = 1.5 Hz, 

ArH
5
), 7.79 (t, 1H, 

3
J = 7.6 Hz, ArH

4
). 

 

Incorporation expected at  10.14, 8.73, and 8.26. Determined against integral at  7.79. 

 

13
C NMR (100 MHz, CDCl3): δ 188.9 (t, 

1
JC-D = 26.7 Hz), 136.8 (t, 

2
JC-D = 4.0 Hz), 134.1, 

129.9, 128.1, 123.9. 

FTIR (neat): 3098, 3067, 2156, 2127, 1686, 1531, 1348 cm
-1

. 

HRMS (APCI): m/z calc’d for C7H5NO3D [Md1 + H]
+
: 153.0405; found: 153.0403. 

No higher isotopomers found. 

 

 

a) 273h (1.6 mg, 0.00215 mmol, 1.0 mol%), b) m-chloro-p-fluorobenzaldehyde (34.1 mg, 

0.215 mmol), c) 76% D
1
 only, and d) 23.0 mg, 67% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 9.96 (s, 1H, CHO), 7.99 (dd, 1H, 

3
J = 7.1 Hz, 

4
J = 2.1 Hz, 

ArH
2
), 7.83 (ddd, 1H, 

3
J = 8.4 Hz, 

3
JC-F = 4.6 Hz, 

4
J = 2.1 Hz, ArH

4
), 7.34 (t, 1H, 

3
J = 8.4 

Hz, ArH
3
). 

 

Incorporation expected at  9.96, 7.99, and 7.83. Determined against integral at  7.34. 
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13
C NMR (100 MHz, CDCl3): Unable to obtain acceptable signal intensities. 

19
F NMR (376 MHz, CDCl3): δ -104.7. 

FTIR (neat): 3547, 3474, 2955, 2866, 2116, 2066, 1690, 1591, 1493, 1252, 1190 cm
-1

. 

HRMS (APCI): m/z calc’d for C7H4
35

ClFOD [Md1 + H]
+
: 160.0070; found: 160.0067. 

No higher isotopomers found. 

 

 

a) 273h (1.6 mg, 0.00215 mmol, 1.0 mol%), b) 2-napthaldehyde (33.6 mg, 0.215 mmol), c) 

96% D
1
 only, and d) 30.2 mg, 96% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 10.16 (s, 1H, CHO), 8.33 (s, 1H, ArH

8
), 8.01 – 7.90 (m, 4H, 

ArH
2
 + ArH

3
 + ArH

4
 + ArH

7
), 7.67 – 7.57 (m, 2H, ArH

5
 + ArH

6
). 

 

Incorporation expected at  10.16, 8.33, and 8.01 – 7.90.  Determined against integral at  

7.67 – 7.57. 

 

13
C NMR (100 MHz, CDCl3): δ 190.9 (t, 

1
JC-D = 27.6 Hz), 135.4, 133.5, 133.0, 131.6, 128.5, 

128.1, 127.1, 126.1, 121.7. 

FTIR (neat): 3063, 2847, 2116, 2072, 1670, 1595 cm
-1

. 

HRMS (APCI): m/z calc’d for C11H8OD [Md1 + H]
+
: 158.0711; found: 158.0708. 

No higher isotopomers found. 

 

 

a) 273h (1.6 mg, 0.00215 mmol, 1.0 mol%), b) 1-napthaldehyde (33.6 mg, 0.215 mmol), c) 

24% D
1
 only, and d) 28.6 mg, 85% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 10.41 (s, 1H, CHO), 9.27 (d, 1H, 

3
J = 8.7 Hz, ArH

8
), 8.10 (d, 

1H, 
3
J = 8.2 Hz, ArH

2
), 7.99 (d, 1H, 

3
J = 7.0 Hz, ArH

4
), 7.93 (d, 1H, 

3
J = 8.0 Hz, ArH

5
), 

7.72, 7.59 (m, 3H, ArH
3
 + ArH

6
 + ArH

7
). 
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Incorporation expected at  10.41, 9.27, and 8.10.  Determined against integral at  7.99. 

 

13
C NMR (100 MHz, CDCl3): δ 192.2 (t, 

1
JC-D = 26.2 Hz), 135.6, 135.5, 134.2, 132.7, 130.4, 

129.5, 128.0, 127.4, 125.9, 123.8. 

FTIR (neat): 3049, 2965, 2833, 2725, 2060 (other half of typical aldehyde doublet obscured 

by noise), 1684, 1508 cm
-1

. 

HRMS (APCI): m/z calc’d for C11H8OD [Md1 + H]
+
: 158.0711; found: 158.0705. 

No higher isotopomers found. 

 

Improved Synthesis of d1-Aldehyde, 307p (Scheme 65) 

 

Employing General Procedure F, results are reported as: a) amount of catalyst, b) amount of 

substrate, c) reaction time, d) %D in labelled substrate, and e) isolated product yield. 

 

At the end of the reaction, the solvent was removed in vacuo and the residue redissolved in a 

minimal quantity of EtOAc. The product was purified via silica column chromatography, 

eluting with petroleum ether/ EtOAc. To ensure separation from the non-polar catalyst 

residues, the gradient of eluent began at 20:1 and never exceeded 10:1. 

 

 

a) 273h (1.6 mg, 0.00215 mmol, 1.0 mol%), b) p-tri-isopropyl-siloxybenzaldehyde (59.9 mg, 

0.215 mmol), c) 6 h, d) 93% D
1
 only e) 58.7 mg, 98% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 9.90 (s, 1H, CHO), 7.80 (d, 2H, 

3
J = 8.6 Hz, ArH

2
), 7.00 (d, 

2H, 
3
J = 8.6 Hz, ArH

2
), 1.37 – 1.23 (m, 3H, CH(CH3)2), 1.14 – 1.12 (overlapping s, 18H, 

CH(CH3
4
)). 

13
C NMR (100 MHz, CDCl3): δ 190.0 (t, 

1
JC-D = 26.8 Hz), 161.4, 131.4, 129.7, 119.6, 17.3, 

12.2. 

 

Incorporation expected at δ 9.90 and 7.80. Determined against integral at δ 1.14 – 1.12. 
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FTIR (neat): 2945, 2843, 2866, 2097, 2052, 1678, 1595, 1595, 1574, 1506, 1462, 1273, 817 

cm
-1

. 

HRMS (APCI): m/z calc’d for C16H26O2SiD [Md1 + H]
+
: 280.1838; found: 280.1837. 

No higher isotopomers detected. 

 

One Pot Labelling and HWE Derivatisation of d1-aldehydes (Scheme 66) 

 

The selected aldehyde (0.215 mmol) was labelled using 273h (1.6 mg, 0.00215 mmol, 1 

mol%) in DCM (2.5 mL) at 25 ºC for 3 h, according to General Procedure F. At the end of 

the labelling reaction, D2 and solvent were removed from the flask in vacuo. The residue was 

re-dissolved in dry THF (1 mL) with stirring under an argon atmosphere. Sequentially, the 

HWE reagent (0.053 mg, 0.2305 mmol) and potassium tert-butoxide (0.027 mg, 0.2305 

mmol) were then added to the flask which was then left stirring at r.t. for 16 h. The THF 

solvent was removed in vacuo and the remaining residue purified directly via silica column 

chromatography, eluting with petroleum ether/ EtOAc (10:1 to 4:1). 

 

For each example, results are reported as: a) amount of aldehyde, b) %D in labelled product, 

and c) isolated product yield. 

 

 

a) p-bromobenzaldehyde (39.8 mg, 0.215 mmol), b) 97% D
4
 only, and c) 44.0 mg, 80% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 7.63 (d, 1H, 

3
J = 15.6 Hz, H

4
), 7.53 (d, 2H, 

3
J = 8.0 Hz, 

ArH
5
), 7.39 (d, 2H, 

3
J = 8.0 Hz, ArH

5
), 6.43 (d, 1H, 

3
J = 15.6 Hz, H

3
), 4.28 (q, 2H, 

3
J = 7.1 

Hz, CH2CH3), 1.35 (t, 3H, 
3
J = 7.1 Hz, CH2CH3). 

 

Incorporation expected at  7.63 and 7.53.  Determined against integral at  1.35. 

 

13
C NMR (100 MHz, CDCl3): δ 166.2, 142.3 (t, 

1
JC-D = 24.1 Hz), 132.8, 131.6, 128.9, 124.0, 

118.4, 60.1, 13.8. 

FTIR (neat): 2980, 2160, 1975, 1965, 1708, 1622, 1587, 1487 cm
-1

. 
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HRMS (APCI): m/z calc’d for C11H11
79

BrO2D [Md1 + H]
+
: 256.0078; found: 256.0076. 

 

 

a) p-benzyloxybenzaldehyde (45.6 mg, 0.215 mmol), b) 97% D
4
; 20% D

5
, and c) 41.0 mg, 

67% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 7.66 (d, 1H, 

3
J = 16.1 Hz, H

4
), 7.48 (d, 2H, 

3
J = 8.0 Hz, 

ArH
5
), 7.45 – 7.33 (m, 5H, ArH

8
 – ArH

10
), 6.99 (d, 2H, 

3
J = 8.0 Hz, ArH

6
), 6.32 (d, 1H, 

3
J = 

16.1 Hz, H
3
), 5.10 (s, 2H,

 
H

7
), 4.27 (q, 2H, 

3
J = 7.1 Hz, CH2CH3), 1.35 (t, 3H, 

3
J = 7.1 Hz, 

CH2CH3). 

 

Incorporation expected at  7.66 and 7.48.  Determined against integral at  1.35. 

 

13
C NMR (100 MHz, CDCl3): δ 166.3, 159.5, 142.8 (t, 

1
JC-D = 23.2 Hz), 135.5, 128.6, 127.6, 

127.1, 126.6, 114.8, 114.2, 114.1, 69.1, 59.3, 13.3. 

FTIR (neat): 3011, 2990, 2941, 2860, 2358, 2339, 1780, 1600, 1508, 1456, 1180 cm
-1

. 

HRMS (APCI): m/z calc’d for C18H18O3D [Md1 + H]
+
: 284.1391; found: 284.1391. 

m/z calc’d for C18H17O3D2 [Md2 + H]
+
: 285.1454; found: 285.1441. 

 

 

a) 3-phenylpropionaldehyde (28.8 mg, 0.215 mmol), b) 92% D
4
; apparent 9% D

5
, and c) 23.3 

mg, 81% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 7.34 – 7.20 (m, 5H, ArH

7 
– ArH

9
), 7.03 (dt, 1H, 

3
J = 15.7, 

6.8 Hz, H
4
), 5.87 (dt, 1H, 

3
J = 15.7 Hz, 

4
J = 1.6 Hz, H

3
), 4.21 (q, 2H, 

3
J = 7.1 Hz, CH2CH3), 

2.57 – 2.53 (m, 2H, CH2CH2
5
), 2.83 – 2.79 (m, 2H, CH2CH2

6
), 1.31 (t, 3H, 

3
J = 7.1 Hz, 

CH2CH3). 
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Incorporation expected at  7.03 and 2.57 – 2.53.  Determined against integral at  1.31. 

 

13
C NMR (100 MHz, CDCl3): δ 166.1, 147.2(t, 

1
JC-D = 24.1 Hz), 140.3, 128.0, 127.8, 125.7, 

121.3, 59.7, 33.8, 33.3, 13.8. 

FTIR (neat): 3063, 3026, 2980, 2932, 1717, 1639, 1496, 1454, 1186 cm
-1

. 

HRMS (APCI): m/z calc’d for C13H16O2D [Md1 + H]
+
: 206.1286; found: 206.1282. 

No higher isotopomers detected, despite apparent H
5
 labelling calculated via 

1
H NMR. 

 

Investigating the Effect of the Chloride Ligand in Formyl-selective Aldehyde Labelling 

(Scheme 67) 

 

Following General Procedure F, results are reported as: a) amount of catalyst, b) amount of 

substrate, c) volume of solvent, d) reaction temperature, e) reaction time, and f) % D in 

labelled substrate. 

 

 

a) 309, 2.1 mg, 0.00215 mmol, 1 mol%, b) 305, 33.6 mg, 0.215 mmol, c) 2.5 mL, d) 25 ºC, e) 

3 h, and f) 13% D
1
; 75% D

2
; 61% D

8
. 

 

1
H NMR (400 MHz, CDCl3): δ 10.16 (s, 1H, CHO), 8.33 (s, 1H, ArH

8
), 8.01 – 7.90 (m, 4H, 

ArH
2
 + ArH

3
 + ArH

4
 + ArH

7
), 7.67 – 7.57 (m, 2H, ArH

5
 + ArH

6
). 

 

Incorporation expected at  10.16, 8.33, and 8.01 – 7.90.  Determined against integral at  

7.67 – 7.57. 

 

Additive and Solvent Effects in Formyl-selective Aldehyde Labelling (Table 27) 

 

Following General Procedure G, all reactions in this table were run under the optimised 

conditions scaled to carousel level. As such, 273h (0.6 mg, 0.0086 mmol, 1 mol%), 305 (13.4 

mg, 0.086 mmol), solvent (1 mL), and (where appropriate) the additive (0.00086 mmol, 1 

mol%), were used. The additives were used in the following quantities: 
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AgOTf (0.2 mg) 

AgSbF6 (0.3 mg) 

AgNO3 (0.1 mg) 

 

Spectroscopic data for 305 are as reported above. Results are as already stated in Table 27 

and are not printed again in this section. 

 

Evidence against Hydrogen Borrowing in Formyl-selective Aldehyde Labelling (Scheme 

68) 

 

Following General Procedure F, p-benzyloxybenzyl alcohol, 310 (46.0 mg, 0.215 mmol) 

was exposed to the optimised labelling conditions, using H2 in place of D2. 

 

 
1
H NMR (400 MHz, CDCl3): δ 7.47 – 7.27 (m, 7H, ArH

3
 – ArH

7
), 6.99 (d, 2H, 

3
J = 8.4 Hz, 

ArH
2
). 

 

No change expected. Trace quantities of oxidized aldehyde, 307a are highlighted in the 

screen shot below. Detailed spectroscopic data for 307a are as reported above: 
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8.8 On the Fundamentals of Chelating Ligand Design Towards Novel HIE Technologies 

 

Synthesis of Novel Chelating Ligand Catalysts (Scheme 74) 

 

NOTE: Reported compound preparations of many runs. The scales provided represent 

relative stoichiometries as an example. However, these reactions are now being pursued on 

much larger scales. 

 

Synthesis of N-mesitylimidazole, 337a
278

 

 

In a 500 mL round bottom flask, glacial acetic acid (17.5 mL, 305mmol), aqueous 

formaldehyde (37% w/v in aqueous solution, 5.4 mL, 71.1 mmol), and aqueous glyoxal (40% 

w/v in aqueous solution, 8.1 mL, 71.7 mmol) were added. The flask was placed under an 

argon atmosphere and the contents stirred at 70 ºC. In a separate 250 mL flask, glacial acetic 

acid (17.3 mL, 302 mmol), ammonium acetate (5.47 g, 71 mmol), mesitylamine (9.3 mL, 66 

mmol), and water (~20 mL), were vigorously stirred together at room temperature to dissolve 

all of the ammonium acetate. The contents of this second flask were then added dropwise to 

the first over 20 mins. In this time, the reaction mixture became brown, dark brown, then 

black. The reaction mixture was stirred at 70 ºC for 16 h before cooling to room temperature. 

The mixture was then slowly poured into a 1 L round bottom flask containing saturated 

NaHCO3 (~400 mL) and stirred vigorously. NOTE: this step must be performed carefully 

and with patience. The neutralisation of excess acid effervesces uncontrollably if too much of 

the reaction mixture is poured in at one time. After 1 h stirring, the resultant brown 

precipitate was collected by filtration and washed with water and petroleum ether. The solid  

was purified via silica column chromatography, eluting with petroleum ether, then pure 

EtOAc (after  necessary gradient). The resultant oily solid was heated in a minimal quantity 

EtOAc to give homogeneous solution which crystallised in the freezer overnight give the 

desired product as pale brown crystals (4.145 g, 34% yield). NOTE: filtration after 

crystallisation does not collect the entire product yield. The mother liquor has to be re-

subjected to the crystallisation process several times. 
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1
H NMR (400 MHz, CDCl3): δ 7.43 (s, 1H, ArH

3
), 7.23 (s, 1H, ArH

2
), 6.96 (s, 2H, ArH

5
), 

6.89 (s, 1H, ArH
1
), 2.33 (s, 3H, ArCH3

6
), 1.99 (s, 6H, ArCH3

4
). 

13
C NMR (100 MHz, CDCl3): δ 138.8, 137.5, 135.4, 133.4, 129.5, 129.0, 120.0, 21.0, 17.3. 

FTIR (neat): 3113, 3094, 2974, 2953, 2922, 1805, 1641, 1598, 1498 cm
-1

. 

 

Synthesis of N-2,6-di-iso-propylphenylimidazole, 337b
278

 

 

Following an identical procedure to that for the synthesis of 337a, mesitylamine was replaced 

with 2,6-di-iso-propylaniline (12.4 mL, 66 mmol). The product was isolated as beige crystals 

(4.941 g, 33% yield). 

 

 
1
H NMR (400 MHz, CDCl3): δ 7.46 – 7.41 (m, 2H, ArH), 7.27 – 7.24 (m, 3H, ArH), 6.94 (s, 

1H, ArH
1
), 2.40 (septet, 2H, 

3
J = 6.9 Hz, CH(CH3)2), 1.13 (d, 12H, 

3
J = 6.9 Hz, CH(CH3)2). 

13
C NMR (100 MHz, CDCl3): δ 146.5, 138.5, 132.8, 129.8, 129.4, 124.8, 121.5, 28.1, 24.4, 

24.3. 

FTIR (neat): 3117, 2965, 2868, 1639, 1589, 1494, 1471, 1458 cm
-1

. 

  

Synthesis of 3-(2-hydroxyethyl)-1-mesityl-1H-imidazolium bromide, 338a
249

 

 

Mesitylimidazole, 337a (1.0 g, 5.369 mmol) was added to a dry toluene (~50 mL) solution of 

2-bromoethanol (0.42 mL, 5.898 mmol) in an oven dried 250 mL round bottom flask at r.t. 

under an argon atmosphere. The homogeneous solution was heated to reflux, forming a 

visible bilayer over 16 h. Upon cooling, toluene (top layer) was decanted out of the flask, 

leaving a viscous brown oil. Diethyl ether (~100 mL) was added to the flask and, with 

vigorous stirring over 1 h, a white/brown solid was triturated. The large lumps were broken 
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down with a spatula and stirring continued until a fine, off-white powder was dispersed in 

Et2O. The product was collected by filtration (1.450 g, 87% yield) and washed with Et2O 

before stored in the vacuum oven (40 ºC). 

 

A small quantity of the white solid was isolated and dried for characterisation purposes. 

Although the product salt can be isolated, its highly hygroscopic nature means it is easier to 

store it in full under the blanket of Et2O until the next synthetic step is set up.  

 

 
1
H NMR (400 MHz, DMSO-d6): δ 9.42 (s, 1H, ArH

3
), 8.06 (s, 1H, ArH

5
), 7.92 (s, 1H, 

ArH
4
), 7.14 (s, 2H, ArH

7
), 4.34 (t, 2H, 

3
J = 5.7 Hz, CH2

2
CH2), 3.81 (t, 2H, 

3
J = 5.7 Hz, 

CH2
1
CH2), 2.32 (s, 3H, ArCH3

8
), 2.02 (s, 6H, ArCH3

6
). 

13
C NMR (100 MHz, DMSO-d6): δ 140.2, 137.7, 134.2, 131.2, 129.2, 123.7, 123.3, 59.0, 

52.1, 20.5, 16.8. 

FTIR (neat): 3306, 3057, 3032, 1607, 1562, 1463, 1446, 1065 cm
-1

. 

 

Synthesis of 1-(2,6-diisopropylphenyl)-3-(2-hydroxyethyl)-1H-imidazolium bromide, 338b
279

 

 

Following an identical procedure to that for the synthesis of 338a, mesitylimidazole 337a was 

replaced with 2,6-di-iso-propylphenylimidazole 337b (0.600 g, 2.628 mmol), and 2-

bromoethanol stoichiometry adjusted (0.20 mL, 2.891 mmol). The product was isolated as a 

white solid (0.773 g, 83% yield). 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 9.59 (t, 1H, 

4
J = 1.6 Hz, ArH

3
), 8.16 (t, 1H, 

4
J = 1.6 Hz, 

ArH
5
), 8.09 (t, 1H, 

4
J = 1.6 Hz, ArH

4
), 7.63 (t, 1H, 

3
J = 7.8 Hz, ArH

9
), 7.46 (d, 2H, 

3
J = 7.8 

Hz, ArH
8
), 4.39 (t, 2H, 

3
J = 5.0 Hz, CH2

2
CH2), 3.83 (t, 2H, 

3
J = 5.0 Hz, CH2

1
CH2, 2.30 
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(septet, 2H, 
3
J =  7.2 Hz, CH(CH3)3), 1.15 (d, 12H, 

3
J =  7.2 Hz, CH(CH3)3). No OH peak 

visible. 

13
C NMR (100 MHz, DMSO-d6): δ 145.2, 138.2, 131.4, 130.5, 124.8, 124.4, 123.4, 59.0, 

52.0, 28.0, 23.8, 23.7. 

FTIR (neat): 3281, 3048, 2963, 2868, 1660, 1543, 1460, 1442 cm
-1

. 

 

Synthesis of 3-(2-bromoethyl)-1-mesityl-1H-imidazolium bromide, 339a
249

 

 

338a (0.250 g, 0.804 mmol) was dissolved in dry DCM (4.0 mL) in a 100 mL round-bottom 

flask under an atmosphere of argon. After cooling the solution in an ice bath, PBr3 (0.076 mL, 

0.804 mmol) was added to the flask dropwise. The reaction mixture was stirred and warmed 

to r.t. over 16 h. At the end of the reaction, the mixture was cooled in an ice bath and 

quenched with saturated aqueous NaHCO3, turning the reaction mixture from brown to 

colourless. The product was extracted using DCM (2 x 15 mL), dried over anhydrous Na2SO4 

and concentrated in vacuo. Due to the hygroscopic nature of the product, a small quantity was 

isolated for simple characterisation whilst the remainder was stored under Et2O under the 

next reaction. No yield was recorded and was assumed to be 100% in for subsequent 

synthetic transformations.  

 

 
1
H NMR (400 MHz, DMSO-d6): δ 9.59 (s, 1H, ArH

3
), 8.18 (s, 1H, ArH

5
), 8.00 (s, 1H, 

ArH
4
), 7.17 (s, 2H, ArH

7
), 4.75 (t, 2H, 

3
J = 4.0 Hz, CH2

2
CH2), 4.10 (t, 2H, 

3
J = 4.0 Hz, 

CH2
1
CH2), 2.36 (s, 3H, ArCH3

8
), 2.04 (s, 6H, ArCH3

6
). 

FTIR (neat): 3420, 3022, 2970, 1607, 1547, 1485, 1444, 1203 cm
-1

. 

 

Synthesis of 3-(2-bromoethyl)-1-(2,6-diisopropylphenyl)-1H-imidazolium bromide, 339b
279

 

 

Following an identical procedure to that for the synthesis of 339a, 338a was replaced with 

338b (0.400 g, 1.132 mmol), and the PBr3 stoichiometry adjusted (0.11 mL, 1.132 mmol). In 

this case, the product was isolated as a white solid after trituration with Et2O (0.270 g, 57% 

yield).  
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1
H NMR (400 MHz, DMSO-d6): δ 9.70 (t, 1H, 

4
J = 1.6 Hz, ArH

3
), 8.21 (t, 1H, 

4
J = 1.6 Hz, 

ArH
5
), 8.17 (t, 1H, 

4
J = 1.6 Hz, ArH

4
), 7.65 (t, 1H, 

3
J = 7.9 Hz, ArH

9
), 7.48 (d, 2H, 

3
J = 7.8 

Hz, ArH
8
), 4.75 (t, 2H, 

3
J = 5.5 Hz, CH2

2
CH2), 4.10 (t, 2H, 

3
J = 5.5 Hz, CH2

1
CH2, 2.31 

(septet, 2H, 
3
J =  6.8 Hz, CH(CH3)3), 1.16 (d, 12H, 

3
J =  7.2 Hz, CH(CH3)3). 

FTIR (neat): 3460, 3377, 3063, 2965, 1549, 1468, 1448 cm
-1

. 

 

Synthesis of 3-(2-diphenylphosphinoethyl)-1-mesityl-1H-imidazolium tetrakis[(3,5-

trifluoromethylphenyl)]borate, 340a 

 

339a (1.638 g, 4.378 mmol) was dissolved in DMSO (8.8 mL) under an argon atmosphere in 

a flame-dried 100 mL round-bottom flask fitted with a stopcock side arm. In a separate 

flame-dried, 25 mL pear-shaped flask, diphenylphosphine (0.856 g, 4.597 mmol) was 

dissolved in DMSO (2 mL) and, after adding potassium tert-butoxide (0.491 g, 4.378 mmol), 

a colourless to bright red colour change was observed. After allowing the in situ generated 

KPPh2 solution to stir for 1 h, it was added dropwise via syringe to the main reaction flask. 

NOTE: this reaction is self-indicating – on adding KPPh2 dropwise, the red colour dispersed 

and disappeared on reaction with 339a. Near the end of the addition, it took longer for the 

colour to disappear. After complete addition, the reaction mixture was left to stir for 1 h at r.t. 

before added MeOH (~2 mL) in order to quench excess KPPh2. The reaction mixture was 

diluted with DCM and water before being added to a separating funnel. The aqueous layer 

was extracted with DCM. The combined organics were then separately washed with water to 

remove excess DMSO. The final combined DCM extracts were dried over anhydrous 

Na2SO4, filtered, and concentrated to ~10 mL in vacuo. The DCM solution of the reaction 

mixture was partitioned in a round-bottom flask using an equal volume of water before 

adding NaBArF (3.880 g, 4.378 mmol). The new mixture was stirred vigorously (to break the 

bilayer) at r.t. for 16 h. The bilayer was added to a separating funnel and extracted with 

DCM. The combined extracts were once again dried over anhydrous Na2SO4, filtered and 

concentrated in vacuo. The pale yellow oil was dissolved in a minimal quantity of DCM and 

purified via silica column chromatography, eluting with petroleum ether/DCM (1:0 → 2:1). 
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The product was isolated as a clear oil which crystallised slowly to give a white, mildly air-

sensitive solid (3.22 g, 58% yield). 

 

 

Appearance: white solid. 

FTIR (neat): 3123, 3072, 2980, 1610, 1546, 1483, 1435, 1355, 1275, 1121 cm
-1

. 

1
H NMR (400 MHz, DMSO-d6): δ 9.46 (t, 1H, 

4
J = 1.6 Hz, ArH

3
), 8.16 (s, 1H, , 

4
J = 1.8 Hz, 

ArH
5
), 7.92 (s, 1H, 

4
J = 1.8 Hz, ArH

4
), 7.69 (s, 4H, BArF ArH), 7.63 (m, 8H, BArF ArH), 

7.51 – 7.40 (m, 10H, ArH PPh2), 7.13 (s, 2H, ArH
7
), 4.39 (m, 2H, CH2

2
CH2PPh2), 2.89 – 

2.85 (m, 2H, CH2
1
CH2), 2.32 (s, 3H, ArCH3

8
), 2.02 (s, 6H, ArCH3

6
).

 

13
C NMR (100 MHz, DMSO-d6): δ 160.9 (q, 

2
JC-F), 140.2, 137.3, 136.6, 136.5, 134.3, 134.0, 

132.6, 132.4, 132.1, 129.2, 128.9, 128.8, 128.7, 128.6, 128.3, 128.0, 125.3, 123.2, 122.6, 

119.2, 117.6, 47.0 (d, 
1
JC-P = 25.4 Hz), 27.1 (d, 

2
JC-P = 13.5 Hz), 20.5, 16.9. NOTE: in lieu of 

decoupled spectra, there exists significant overlap with various C-P, C-F, C-
10

B and C-
11

B 

splitting patterns. 

13
C DEPT-135ºq NMR (100 MHz, DMSO-d6): 140.2, 134.3, 125.3, 123.2, 20.5, 16.9. 

13
C DEPT-90º NMR (100 MHz, DMSO-d6): 137.3, 134.3, 132.6, 132.4, 129.7, 129.3, 

129.2, 123.2, 122.6, 117.6. 

31
P NMR (162 MHz, DMSO-d6): δ – 22.9 (PPh2). 

19
F NMR (376 MHz, DMSO-d6): δ – 61.8 (BArF CF3). 

HRMS (positive ESI): m/z calc’d for C26H28N2P [M-BArF]
+
: 399.1985; found: 399.1990. 

HRMS (negative ESI): m/z calc’d for C32H12BF24 [BArF]
-
: 863.0660; found: 863.0623. 

 

Synthesis of 3-(2-diphenylphosphinoethyl)-1-[2,6-diisopropylphenyl]-1H-imidazolium 

tetrakis[(3,5-trifluoromethylphenyl)]borate, 340b 

 

Following an identical procedure to that for the synthesis of 340a, 339a was replaced with 

339b (0.244 g, 0.586 mmol), and the KO
t
Bu (0.066 g, 0.645 mmol), PPh2H (0.120 g, 0.645 
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mmol), and NaBArF (0.571 g, 0.645 mmol) stoichiometries adjusted accordingly. In this 

case, the product was isolated as a white solid (0.348 g, 46% yield).  

 

 

Appearance: white solid. 

FTIR (neat): 3128, 2976, 1609, 1560, 1544, 1354, 1275, 1109 cm
-1

. 

1
H NMR (400 MHz, DMSO-d6): 8.16 (s, 1H, ArH

3
), 7.70 (bs, 8H, BArF ArH), 7.61 (t, 1H, 

3
J = 7.8 Hz, ArH

9
), 7.52 (bs, 4H, BArF ArH), 7.42 – 7.33 (m, 13H, ArH

5
 + ArH

8
 + ArH 

PPh2), 7.27 (s, 1H, ArH
4
), 4.31 (dt, 2H, 

3
JH-P = 12.0 Hz, 

3
J = 6.8 Hz, CH2

2
CH2PPh2), 2.62 (t, 

2H, 
3
J = 6.8 Hz, CH2CH2

1
 PPh2), 2.23 (septet, 2H, 

3
J =  6.8 Hz, CH(CH3)3), 1.17 – 1.13 

(overlapping d, 12H, 
3
J =  6.8 Hz, CH(CH3)3). 

13
C NMR (100 MHz, DMSO-d6): δ 161.7 (q, 

2
JC-F = 49.5 Hz), 145.1, 135.0, 134.8, 134.2, 

134.1, 132.9, 132.6, 132.4, 130.3, 129.4, 129.3, 129.0, 128.7, 125.9, 125.8, 125.2, 123.2, 

122.6, 120.4, 117.5, 48.4 (d, 
1
JC-P = 20.0 Hz), 29.0 (d, 

2
JC-P = 16.0 Hz), 28.8, 24.1, 24.0. 

NOTE: in lieu of decoupled spectra, there exists significant overlap with various C-P, C-F, 

C-
10

B and C-
11

B splitting patterns. 

13
C DEPT-135º NMR (100 MHz, DMSO-d6): 48.4, 29.0. 

31
P NMR (162 MHz, DMSO-d6): δ – 26.8 (PPh2). 

19
F NMR (376 MHz, DMSO-d6): δ – 62.4 (BArF CF3). 

HRMS (positive ESI): m/z calc’d for C29H34N2P [M-BArF]
+
: 441.2454; found: 441.2453. 

m/z calc’d for C61H47BF24N2P [M+H]
+
: 1305.3186; found: 1305.3193 

HRMS (negative ESI): m/z calc’d for C32H12BF24 [BArF]
-
: 863.0660; found: 863.0623. 
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Synthesis of (Cyclooctadiene) (3-(2-diphenylphosphinoethyl)-1-mesityl-imidazol-2-ylidene) 

iridium(I)  tetrakis[(3,5-trifluoromethylphenyl)]borate, 341a 

 

To a solution of [Ir(COD)Cl]2 (0.402 g, 0.599 mmol) in dry THF (12 mL, ~ 0.1 M) was 

added salt 340a (1.512 g, 1.197 mmol). After 15 mins stirring at r.t., KO
t
Bu (0.141 g, 1.257 

mmol) was added in one portion, causing a light orange to red to dark red colour change. The 

reaction mixture was stirred at r.t. for 3 h before the solvent was reduced in vacuo. The 

residue was purified through a plug of silica, eluting with DCM/petroleum ether (2:1), 

collecting the red band as one fraction. Reducing the solvent in vacuo gave the desired 

product as a dark red solid (0.617 g, 33% yield). 

 

 

Appearance: deep red solid. 

FTIR (neat): 2958, 2928, 2081, 2029, 1611, 1437, 1410, 1354, 1273, 1117, cm
-1

. 

1
H NMR (400 MHz, CDCl3): δ 7.75 (m, 8H, BArF ArH), 7.54 (bs, 4H, BArF ArH), 7.50 – 

7.35 (m, 10H, ArH PPh2), 7.00 (d, 1H, 
3
J = 1.9 Hz, NCH=CHN), 6.98 (s, 2H, ArH), 6.79 (d, 

1H, 
3
J = 1.9 Hz, NCH=CHN), 4.60 (d, 2H, 

3
JC-P = 26.0 Hz, CH2CH2PPh2), 4.41 (m, 2H, 

COD CH), 3.61 (m, 2H, COD CH), 2.51 (m, 2H, CH2CH2PPh2), 2.35 (s, 3H, ArCH3), 1.87 (s, 

6H, ArCH3), 1.59 – 1.16 (m, 8H, COD CH2). 

31
P NMR (162 MHz, CDCl3): δ (PPh2). 

19
F NMR (376 MHz, CDCl3): δ – 62.4 (BArF CF3). 

HRMS (positive ESI): Complete fragmentation of sample observed. A satisfactory method 

of analysis has not yet been found. 

HRMS (negative ESI): m/z calc’d for C32H12BF24 [BArF]
-
: 863.0660; found: 863.0623. 

 

In lieu of full analysis, the 
1
H, 

31
P, and 

19
F NMR spectra for 341a are provided below: 
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1
H NMR (400 MHz, CDCl3): 

 

 

31
P NMR (162 MHz, CDCl3): 
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19
F NMR (376 MHz, CDCl3): 

 

 

Synthesis of (Cyclooctadiene) (3-(2-diphenylphosphinoethyl)-1-[2,6-diisopropylphenyl]-

imidazol-2-ylidene) iridium(I)  tetrakis[(3,5-trifluoromethylphenyl)]borate, 341b 

 

To a solution of [Ir(COD)Cl]2 (0.146 g, 0.217 mmol) in dry THF (11 mL, ~ 0.02 M) was 

added salt 340b (0.283 g, 0.217 mmol). After 15 mins stirring at r.t., KO
t
Bu (0.027 g, 0.239 

mmol) was added in one portion, causing a light orange to red to dark red colour change. The 

reaction mixture was stirred at r.t. for 3 h before the solvent was reduced in vacuo. The 

residue was purified through a plug of silica, eluting with DCM/petroleum ether (2:1), 

collecting the red band as one fraction. Reducing the solvent in vacuo gave the desired 

product as a dark red solid (0.149 g, 43% yield). 

 

 

Appearance: deep red solid. 

m.p.: 159 – 160 ºC. 

FTIR (neat): 2968, 1611, 1464, 1435, 1354, 1275, 1121 cm
-1

. 
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1
H NMR (400 MHz, CDCl3): δ 7.74 (m, 8H, ArH BArF), 7.55 – 7.47 (overlapping bs and m, 

16H, ArH BArF + ArH PPh2 + ArH), 7.42 – 7.37 (m, 4H, ArH PPh2), 7.29 (d, 2H, 
3
J = 8.4 

Hz, ArH), 7.02 (d, 1H, 
3
J = 2.0 Hz, NCH=CHN), 6.91 (d, 1H, 

3
J = 2.0 Hz, NCH=CHN), 4.54 

(dm, 2H, 
3
JC-P = 24.8 Hz, CH2CH2PPh2), 4.36 (m, 2H, COD CH), 3.79 (m, 2H, COD CH), 

2.59 – 2.44 (overlapping septet and m, 4H, 
3
J = 6.4 Hz, CH(CH3)2 + CH2CH2PPh2), 1.98 – 

1.77 (m, 8H, COD CH2), 1.19 (d, 6H, 
3
J  = 6.4 Hz, CH(CH3)3), 0.89 (d, 6H, 

3
J  = 6.4 Hz, 

CH(CH3)3). 

13
C NMR (100 MHz, CDCl3): 161.7 (q, 

2
JC-F = 49.5 Hz), 144.8, 134.8, 131.7, 131.6, 131.3, 

131.2, 130.8, 130.4, 128.9, 128.8, 128.6, 128.3, 128.1, 127.9, 125.8, 125.4, 123.9, 122.7, 

120.6, 120.0, 117.0, 86.6 (d, 
2
JC-P  = 13.4 Hz), 79.5, 49.3, 30.8, 30.4, 28.5, 24.7, 22.1,  

13
C DEPT-90º NMR (100 MHz, CDCl3): 134.8, 131.7, 131.6, 131.2, 130.4, 128.9, 128.8, 

125.8, 123.9, 120.6, 117.0, 86.6 (d, 
2
JC-P  = 13.4 Hz), 79.5, 28.5. 

31
P NMR (162 MHz, CDCl3): δ 9.0 (PPh2). 

19
F NMR (376 MHz, CDCl3): δ – 62.4 (BArF CF3). 

11
B NMR (128 MHz, CDCl3): δ -6.6 (BArF). 

HRMS (positive ESI):. m/z calc’d for C37H45IrN2P [M – BArF]
+
: 741.2946; found: 

741.2945. 

HRMS (negative ESI): m/z calc’d for C32H12BF24 [BArF]
-
: 863.0660; found: 863.0623. 

X-ray data: See Appendix A. 

 

Proof-of-Concept Reactions for Labelling Methylphenylsulfone Based on ΔEbind Design 

(Scheme 75) 

 

Following General Procedure G, all reactions employed methylphenylsulfone (13.4 mg, 

0.086 mmol), DCM (1 mL), and a 16 h reaction time. Results are reported as: a) amount of 

catalyst, b) reaction temperature, and c) %D in labelled substrate. 

 

From Scheme 75: 

 

a) 326u (catalyst 196a, 2.8 mg, 0.0043 mmol), b) 25 ºC, and c) 9% D. 

a) 326v (catalyst 207, 4.4 mg, 0.0043 mmol), b) 25 ºC, and c) 17% D. 

 

a) 326k (6.9 mg, 0.0043 mmol), b) 25 ºC, and c) 37% D. 
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a) 326j (6.7 mg, 0.0043 mmol), b) 25 ºC, and c) 61% D. 

 

Additional Data: 

 

a) 325 (6.7 mg, 0.0043 mmol), b) 35 ºC, and c) 83% D. 

 

 
1
H NMR (400 MHz, DMSO-d6): δ 7.94 (d, 2H, 

3
J = 8.4 Hz, ArH

1
), 7.65 (tt, 1H, 

3
J = 7.2 Hz, 

4
J = 2.4 Hz, ArH

3
), 7.57 (t, 2H, 

3
J = 7.2 Hz, ArH

2
), 3.05 (s, 3H, SO2CH3). 

 

Incorporation expected at δ 7.94. Determined against integral at δ 3.05. 

 

HRMS (APCI): m/z calc’d for C7H7O2SD [Md1 + H]
+
: 158.0381; found: 158.0377. 

m/z calc’d for C7H6O2SD2 [Md2 + H]
+
: 159.0443; found: 159.0437. 

No higher isotopomers found. 

 

Novel Reactivity for Bidentate Catalysts Beyond Sulfone Predictions (Scheme 76) 

 

Following General Procedure G, all reactions employed DCM (1 mL), a 16 h reaction time, 

and 25 ºC temperature. Results are reported as: a) amount of catalyst, b) amount of substrate, 

and c) %D in labelled substrate. 

 

Deuteration of 342 with Complex 341a 

 

 
1
H NMR (400 MHz, CDCl3): δ 7.75 (d, 2H, 

3
J = 8.3 Hz, ArH

1
), 7.31 (d, 2H, 

3
J = 8.3 Hz, 

ArH
2
), 4.61-4.56 (m, 1H, SO2N(CH3)H), 2.63 (d, 3H, 

3
J = 5.4 Hz, N(CH3)H), 2.43 (s, 3H, 

ArCH3). 
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Incorporation expected at δ 7.75. Determined against integral at δ 2.43. 

 

a) 341a (6.7 mg, 0.0043 mmol), b) 342 (15.9 mg, 0.086 mmol), and c) 49% D. 

 

Deuteration of Trimetazone 

 

 
1
H NMR (400 MHz, CDCl3):  6.65 (s, 2H, ArH

3
), 3.89 – 3.88 (overlapping s, 9H, OCH3

4
), 

3.76 - 3.70 (bs, 8H, NCH2
2
 + OCH2

1
). 

 

Incorporation expected at  6.65 and 3.76. Determined against integral at  3.89 - 3.88. 

NOTE: Positions D
1
 and D

2
 are indistinguishable but labelling in these positions is assumed 

to be primarily D
2
 due to the amide-directed coordination. 

 

a) 208a (7.4 mg, 0.0043 mmol), b) 343 (24.2 mg, 0.086 mmol), and c) 9% D
3
; 0% D

2
. 

 

a) 208a (6.7 mg, 0.0043 mmol), b) 343 (24.2 mg, 0.086 mmol), and c) 96% D
3
; 18% D

2
. 
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8.9 Summarised Data Provided on Future Work Elements 

 

The results in this section are deemed to be the minimum necessary to show progress in the 

suggested lines of enquiry. More detailed analysis of optimisation and substrate studies are 

available upon request from the author.  

 

Future Work in sp
3
-labelling (Scheme 83) 

 

Following General Procedure G, results are reported as: a) amount of catalyst, b) amount of 

substrate, c) reaction time, d) reaction temperature, and e) %D in labelled substrate. 

 

 
1
H NMR (300 MHz, MeOD-d4):  8.20 (d, 2H, 

3
J = 4.8 Hz, ArH

1
), 6.45 (t, 1H, 

3
J = 4.8 Hz, 

ArH
2
), 4.50 (dt, 2H, 

3
Jax-ax = 13.6 Hz, 

3
Jax-eq = 4.1 Hz, Hax

3
), 3.02 – 2.92 (m, 2H, Heq

4
), 2.51 

(tt, 1H, 
3
Jax-ax = 11.5 Hz, 

3
Jax-eq = 4.3 Hz, Hax

5
), 1.88 – 1.82 (m, 2H, Hax

7
), 1.58 – 1.45 (m, 2H, 

Heq
6
). NOTE: under these NMR conditions, 359 is observed to exist as the equatorial 

conformer only, hence the ability to distinguish axial versus equatorial labelling. 

 

Incorporation expected at  4.50 and 3.02 – 2.92. Determined against integral at  2.51. 

 

a) 208a (1.9 mg, 0.001075 mmol, 2.5 mol%), b) 359 (8.7 mg, 0.043 mmol), c) 4 h, d) 22 – 25 

ºC, and e) 85% H
3
; 91% H

4
. 
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Low Reactivity of Carboxylic Acids Under Tetrazole Labelling Conditions and Current 

Progress Towards Reoptimisation (Scheme 84) 

 

Following General Procedure G, results are reported as: a) amount of catalyst, b) amount of 

substrate, c) amount of base, d) reaction time, e) reaction temperature, f) solvent, and g) %D 

in labelled substrate. 

 

 
1
H NMR (400 MHz, DMSO-d6): 7.82 (d, 2H, 

3
J = 8.3 Hz, ArH

1
), 7.29 (d, 2H, 

3
J = 8.3 Hz, 

ArH
2
), 2.36 (s, 3H, ArCH3

3
). 

 

Incorporation expected at  7.82. Determined against integral at  2.36. 

 

a) 208a (7.4 mg, 0.0043 mmol, 5 mol%), b) 13 (11.7 mg, 0.086 mmol), c) Cs2CO3 (14.0 mg, 

0.043 mmol), d) 3 h, e) 50 ºC, e) MeOH (1 mL), and g) 37% D
1
. 

 

a) 208a (7.4 mg, 0.0043 mmol, 5 mol%), b) 13 (11.7 mg, 0.086 mmol), c) NEt(
i
Pr)2 (0.018 

mL, 0.043 mmol), d) 16 h, e) 50 ºC, e) MTBE (1 mL), and g) 89% D
1
. 
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9. Computational Details 

 

In this section, the broad details of how calculations were conducted are detailed. See 

Appendix B for the output structures involved. 

 

9.1 General Considerations 

 

Density functional theory (DFT) 
280 

was employed to calculate the gas-phase electronic 

structures and energies for all species involved in H/D exchange reactions. All structures 

have been optimised with the hybrid meta-GGA exchange correlation functional M06.
281

 The 

M06 density functional was used in conjunction with the 6-31G(d)
282

 basis set for main group 

non-metal atoms and the Stuttgart RSC
283

 effective core potential along with the associated 

basis set for Ir. Changes to this level of theory are stated where necessary. The participating 

transition states (TS) are located at the same level of theory. Harmonic vibrational 

frequencies are calculated (with the inclusion of deuterium isotopes wherever stated) at the 

same level of theory to characterize respective minima (reactants, intermediates, and products 

with no imaginary frequency) and first order saddle points (TSs with one imaginary 

frequency). The validity of using the 6-31G(d) basis set for chemical interpretations has been 

checked by comparative single point energy calculations employing the def2-TZVP
284,285

 

basis set for all atoms on similar H/D exchange systems.
250

 All calculations using the M06 

functional have been performed using Gaussian 09 quantum chemistry program package 

(version A.02).
286

 All structures considered in the PCA model (details below), the Polarizable 

Continuum Model (PCM)
287

 for DCM as the solvent was employed. All structural 

coordinates are listed in Cartesian format, with charge and multiplicity of each system given 

at the top of the coordinate list (i.e. 0 1 = neutral singlet; 1 1 = 1+ charged singlet). 

 

9.2 Percent Buried Volume Calculations Using SambVca (Web Application)
138

  

 

The only input data required to run the SambVca software are the coordinates of the ligand 

under investigation, and a putative metal-ligand bond distance, d. Mesh spacing and sphere 

radius were kept constant at 0.05 Å and 3.5 Å, respectively. Additionally, atom radii were 

described by Bondi radii scaled by 1.17. Hydrogen atoms can be excluded from all %Vbur 

values provided. The coordinates of the ligand under scrutiny were acquired from DFT 

optimised structures ran in Gaussian 09, or from molecular geometries solved via 
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experimental X-ray crystallography. The coordinates of the ligand were trimmed from full 

structures of a given complex and converted to .cif or .xyz format using Mercury 3.0.
288,289 

All %Vbur calculations were carried out using .cif or .xyz files uploaded to the web 

application.  

 

9.3 Combined Ligand Volume and Ligand Flexibility Parameters  

 

Using DFT-optimised or X-ray coordinates, the %Vbur of each ligand in the catalyst 

intermediate/complex was analysed in turn, as described in Section 9.2. In these examples, 

the d value (distance from metal) was taken from the optimised coordinates of the catalyst 

intermediate, or X-ray structure under study. This process was repeated, starting from the full 

set of optimised coordinates, for the other ligand in the same complex. The Combined 

Volume values were calculated using Equation 3. 

 

𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 =  Σ𝑉𝑏𝑢𝑟 = %𝑉𝑏𝑢𝑟(𝐿1) +  %𝑉𝑏𝑢𝑟(𝐿2) 

           Equation 3 

 

Referring specifically to DFT-optimised structure types 211 and 212, the Ligand Flexibility 

Parameter, Δ[ΣVbur]
2
 was calculated from ΣVbur values for each complex, calculated as 

described in Equation 3, using Equation 4: 

 

𝐿𝑖𝑔𝑎𝑛𝑑 𝐹𝑙𝑒𝑥𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 = [∆(Σ𝑉𝑏𝑢𝑟)]2 = [Σ(𝑉𝑏𝑢𝑟,𝟐𝟏𝟏) −  Σ(𝑉𝑏𝑢𝑟,𝟐𝟏𝟐)] 2 

           Equation 4 

 

NOTE: the squared term avoids the use of negative numbers and accounts for the fact that a 

given ligand sphere may have a larger ΣVbur value for complex type 211 or 212, and not 

necessarily be the same way round for all combinations considered. Sometimes 211 is larger 

than 212, and vice versa. 
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9.4 Calculation of Partial Charges Using Natural Bond Order (NBO) Analysis
290

 

 

For each structure used in the PCA model (details below), partial charge parameters for Ir, Cl, 

O, C, and H, were generated using the pop=(nbo, readradii) keyword in conjunction with 

geometry optimisations. A covalent radius of 2.02 Å was employed for Ir. Default values 

were used for all other atoms. The charge values were extracted from GaussView, by 

mapping the charge values on the atoms of the structure under study. NOTE: care must be 

taken such that the NBO charges are mapped and not the Mullikan charges supplied by 

default. 

 

9.5 Generation of Principal Components Analysis Model 

 

Principal Components Analysis (PCA) considers n parameters plotted in n-dimensional space 

and re-plots the given data in a lower number of dimensions in order to visualise the 

maximum variance between each data point.
203

 In the final model, each axis is labelled as a 

Principal Component (PC1, PC2, PC3, etc.). The lower-numbered PCs represent axes that 

show a higher degree of spread in the data. For example, PC1 versus PC2 will plot the data 

with the maximum variance available in two dimensions. Plotting PC1 versus PC3 may be 

useful to show variance not captured by PC1 versus PC2, however the overall spread will be 

less than for PC1 versus PC2. NOTE: each PC represents one axis; however that axis will be 

representative of a certain combination of the original input variables (%Vbur, partial charges, 

etc.). 

 

Using a selection of those variables described in Scheme 46, PCA analysis was performed 

using the XLSTAT add-in for Microsoft Excel.
291

 The variables used in the final PCA 

iteration are summarised in the table below. It is important to note that only combined ligand 

steric parameters are considered in the final model. This avoids ambiguity in defining L
1
 and 

L
2
 in each complex. 
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Variable Description 
Minimum 

Value 

Maximum 

Value 

Standard 

Deviation 

ΣVbur,211 

Combined ligand volume of ligands 

in 211 
30.332 62.100 7.381 

QIr,211 NBO charge on Ir for 211 -1.123 -0.077 0.226 

Average QH,211 

Average NBO charge for hydrides in 

211 
0.097 0.180 0.017 

E(HOMO)211 NBO energy of HOMO in 211 -0.289 -0.210 0.015 

E(HOMO)212 NBO energy of HOMO in 212 -0.231 -0.179 0.011 

ν(CO)212 CO stretching frequency in 212 1988.04 2061.260 13.380 

QC,212 NBO charge on carbonyl C in 212 0.586 0.675 0.015 

QO,212 NBO charge on carbonyl O in 212 -0.563 -0.451 0.017 

QIr,212 NBO charge on Ir in 212 -0.907 0.547 0.176 

QCl,212 NBO charge on Cl in 212 -0.560 -0.466 0.022 

ΣVbur,212 
Combined ligand volume of ligands 

in 212 
32.132 64.700 8.225 

Δ(ΣVbur)
2
 Ligand flexibility parameter 0.000 75.690 15.020 

 

As part of the PCA output, the Scree plot (below) summarises the cumulative variance in the 

data captured with each successive principle component (PC). The plot uses F rather than PC 

to mean principle component. 
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The final table shows the correlations between the original varibales and the generated PCs. 

 

Variable PC1 PC2 PC3 

ΣVbur,211 0.598 -0.716 -0.050 

QIr,211 -0.615 -0.567 -0.252 

Average QH,211 0.452 0.814 0.117 

E(HOMO)211 -0.859 0.144 0.023 

E(HOMO)212 -0.946 -0.001 0.094 

ν(CO)212 0.888 0.098 -0.181 

QC,212 0.224 0.725 -0.135 

QO,212 0.762 -0.224 -0.188 

QIr,212 -0.566 -0.315 -0.199 

QCl,212 0.947 0.036 -0.096 

ΣVbur,212 0.619 -0.704 0.177 

Δ(ΣVbur)
2
 0.143 -0.147 0.936 

 

 

9.6 Consideration of Potential Energy Surfaces 

 

In drawing out classical reaction coordinate diagrams from calculated energies, it is 

imperative that the number of atoms is constant for every structure considered. One structure 

(often one at the start of the reaction profile) is set to a relative energy of 0 kcal/mol. All 

other structure energies on the PES are then taken relative to the reference structure. Hence, 

at least one structure on all PES diagrams shown will have a reported relative energy 

(enthalpy or free energy) of 0 kcal/mol. 

 

9.7 Counterpoise Corrected Binding Energy Calculations 

 

For the purposes of cost-effective bidentate ligand screening via ΔEbind, the M06-L functional 

was used in placed of M06.
292

 Counterpoise corrections and basis set superposition errors 

were calculated according to published methods.
248,293

 Only the final, rigorous binding 

energy values were extracted from these calculations. No uncorrected terms are reported in 
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the text. The table below shows the final ΔEbind values for all chelated catalysts considered. 

All, with the exception of 326t, have used 325 as the probe molecule. The aforementioned 

exception uses 27 in place of 325. 

 

Entry Ligand ΔEbind (kcal/mol) 

1 326a -30.8 

2 326b-1 -16.0 

3 326b-2 -27.9 

4 326c -24.9 

5 326d -17.4 

6 326e -17.1 

7 326f -27.5 

8 326g -29.5 

9 326h -27.8 

10 326i -27.0 

11 326j -24.2 

13 326k -23.7 

14 326l -24.1 

15 326m -27.4 

16 326n -22.8 

17 326o -27.8 

18 326p -27.4 

19 326q -27.1 

20 326r -31.6 

21 326s -27.0 

22 326t -23.1 

23 326u -15.3 

24 326v -15.9 
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