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Abstract

Using a computationally guided rational ligand design approach, a novel chelated NHC-P
iridium(l) catalyst system has been identified for the directed hydrogen isotope exchange (HIE)
of aryl sulfones. The catalyst design process was aided primarily through DFT binding energy
calculations. The solvent scope of the reaction was studied, and the optimised conditions
applied to the successful deuterium labelling of a broad range of 20 aryl sulfones. The catalyst
system was also shown to be highly active in the HIE of aryl sulfones at sub-atmospheric
pressures of deuterium. Additionally, the catalyst system was applied in the tritiation of aryl
sulfones, affording tritiated samples of methylphenyl sulfone, as well as a GPR119 agonist, in

high levels of specific activity.

This chelated catalyst system was then further refined for the labelling of highly substituted
sulfonamides. A more focussed approach to the catalyst design process was taken at this stage,
with a combination of binding energy calculations and binding mode analysis being used to
guide the modification of the ligand. This resulted in a novel, chelated NHC-Py system, which
proved to be highly active in the HIE of a broad range of highly substituted sulfonamides. A
total of 22 sulfonamide substrates were synthesised, and labelled using this novel catalyst
system. Additionally, this complex was shown to be highly effective in the deuteration of

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

Finally, our studies in the labelling of aryl sulfones led us to the serendipitous discovery of
ether-directed HIE. This process was investigated with our novel NHC-P catalyst system, and
a substrate scope established. Additionally, a potential application in form of labelling natural
products, and natural product-like molecules has been proposed, with a series of three natural

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

1.1 Pharmaceutical Development & Drug Discovery

In 2012, the pharmaceutical industry saw the largest number of approved drugs by the Food
and Drug Administration in 15 years. A 33% increase in the average approval rate, constituting
a total of 39 new chemical entities (NCESs), were approved, of which 20 were first-in-class. Of
the drugs approved, 80% were first cycle approved, representing the highest first cycle approval

rate ever reported.

While these statistics convey a positive outlook, the pharmaceutical industry is still faced with
major difficulties in terms of the overwhelming attrition rate affecting major drug candidates,
resulting in extensive costs in the development sector.?? Additionally, the cost associated with
research and development of new drug candidates only continues to grow.* In recent years,
high throughput methods have been employed in order to improve the number of products
reaching the market. In relation to this, it was thought that the use of combinatorial methods to
produce vast libraries of potential candidates, coupled with efficient screening methods in order
to evaluate these candidates, would increase the number of potential drugs at the discovery
stage and result in a higher number of FDA approved drug molecules reaching patients.> While
the number of drugs in the development pipeline has increased by 62% over the past decade,
the average approval rate over the same period has dropped by around 25% when compared to
the 1990s.5 As a result of this, the research and development expenditure has more than
doubled; Figure 1.1 shows the total pharmaceutical expenditure in R&D since 1990, as
produced by the European Federation of Pharmaceutical Industries and Associations,
Pharmaceutical Research and Manufacturers of America, and Japan Pharmaceutical
Manufactures Association (Note: units of currency for Europe = € million, USA = $ million,

and Japan = ¥x100 million).’
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One way to reduce the enormous costs attributed to the drug discovery process is for medicinal
chemists to address issues with the pharmacokinetic properties of a drug at early stages in the
development process. Indeed, it is in preclinical stages that 90% of all NCEs fail. As a result,
the absorption, distribution, metabolism, excretion and toxicological profile (ADMET) of a
candidate is now investigated at a much earlier stage in the discovery process.® Absorption is
the ability of the molecule to reach its intended target, commonly a specific receptor protein
within a cell or on the surface of the cell membrane. Targeting drugs which can be administered
orally, at the convenience of the patient, is highly attractive in the face of alternative modes of
delivery (such as intravenous methods), despite the issues of bioavailability this brings. The
likelihood that a drug will be able to reach its target is highly dependent on whether the drug
is able to pass from the gastrointestinal tract into the bloodstream in order to be carried to the
intended organ. This, in turn, is highly dependent on the physiochemical properties of the drug,

namely its size, polarity, solubility, and lipophilicity.



Several models have been produced in order to evaluate these properties, for example, the
“Lipinski rule of 5” which acts as a very general paradigm for estimating the potential of a drug
to be bioavailable.® 1° More extensive models such as the Pfizer central nervous system multi-
parameter optimisation system take into account the calculated partition coefficient (ClogP, a
model of lipophilicity), calculated distribution coefficient (ClogD, lipophilicity at pH 7.4),
topological polar surface area (TPSA), molecular weight (MW), number of hydrogen bond
donors (HBD), and the pK, of the drug molecule.!! This algorithm uses much tighter parameters
in order to address the difficulties in accessing the central nervous system. However, despite
the complexity of the models being produced, predicting the properties of a drug candidate

remains difficult.

In the process of metabolising a drug, wherein it is chemically altered prior to its removal from
the body, the concentration is reduced and therefore its efficacy affected. In addition to this,
the process can produce bioactive metabolites. The metabolism of a drug can be broken down
into three phases. In phase I, the compound is generally oxidised in order to make it more polar
and less lipophilic, hindering its distribution. At this point, the molecule may be polar enough
to be excreted. In phase Il, the molecule is conjugated to a large molecule (for example, in
glucuronidation) hindering its activity. Finally, if required, the molecule can be further
modified, in phase Il prior to its excretion. This is generally achieved through conjugation to

small biomolecules such as acetylcysteine.

A key method of investigating the metabolic pathway of a drug is isotopic labelling. This
process involves replacing an atom within the drug molecule with an uncommon isotope which
can act as a tracer, for example replacing hydrogen with tritium (°*H, T), or carbon with heavier
isotopes such as *C. These isotopes can be incorporated by building the final drug molecule
from commercially available, pre-labelled starting materials; however, this method is time-
consuming, expensive and, in the case of radioactive isotopes, it can generate large amounts of

3



radioactive waste and greatly increase the synthetic complexity of the processes involved.
Alternatively, isotopes of hydrogen can be incorporated through hydrogen isotope exchange
(HIE), allowing the label to be transferred to the molecule, usually in a single step and at a late
stage in the overall synthesis. The clear advantages of this process have resulted in a significant
amount of research being focused on the development of mild and efficient exchange processes
that will ultimately be cost-saving to the pharmaceutical industry’s drug development

process.'?

1.2 Hydrogen Isotope Exchange
Over the years, several methods for substituting one isotope of hydrogen for another have been
developed, many of which take advantage of exchangeable positions or, for example, work
through electrophilic aromatic substitution.t*4151¢ The simplest methods involve reacting the
desired substrate under either acidic or basic conditions in the presence of a relatively cheap
and easily accessed deuterated solvent such as D20 or MeOD. Scheme 1.1 shows an example
wherein ds-aniline hydrochloride d-1 was prepared by heating aniline hydrochloride 1 under
pressure in DCI/D-0O. This procedure was also applied to phenol and benzoic acid, successfully

incorporating high levels of deuterium.*°

NH,+HCI NH,+HCI
D,0, DCI, 250 °C, D D
Parr Pressure D D
Apparatus, 54 h
72% yield
1 d-1 95% D

Scheme 1.1

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

conditions were used to incorporate deuterium at positions adjacent to the enone and ketone



functionality to form the corresponding bismethylenedioxy-protected ds-cortisone d-2.1® The
authors state that labelled positions are determined by the acidity of the protons adjacent to the

carbonyl groups.

6.5% NaOH/D,0,
65 °C, 24 h

Quantitative yield
>95% incorporation

Scheme 1.2

1.3 Heterogeneous Catalysis in HIE
Due to the chemical similarity between deuterium and hydrogen (i.e. protium) gas, many
methods of hydrogen isotope installation have been derived from hydrogenation methods. For
example, Scheme 1.3 shows the efficient deuteration of aryl lactone 3, catalysed by palladium

on carbon in D,0, along with the concurrent decarboxylation, to yield the deuterated phenol.!’

0, o
10% Pd/C, D,0, 250 °C, D OH

O#° 4-5MPa, 12h
89% yield o 5 CD;

96% incorporation

Scheme 1.3

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

simple catalyst removal via filtration. However, a trait shared by the methods described so far



is the harsh conditions required for the exchange to proceed. Moreover, such methods display

poor selectivity and exhibit very limited substrate scope.

An example of much milder conditions being used for the incorporation of deuterium was
published by Lockley in 2006, wherein a series of three catalyst systems (rhodium black,
ruthenium black, and 5% rhodium on alumina) were tested in the labelling of the a-positions
of a range of nitrogen-containing heteroaromatics (Scheme 1.4). Despite low pressures of
deuterium gas, and ambient temperatures, substrate degradation still proved problematic, such
as in 4-acetylpyridine 5, with rhodium black. Additionally, poor incorporation was observed in
the presence of electron donating groups, as exhibited by the 2-methoxypyridine 6. Various
heterocyclic motifs were well tolerated, however, with quinolines 7 and 8, phthalazine 9 and
bipyridyl 10, all showing moderate to good levels of isotope incorporation with at least one of
the catalyst systems. Unfortunately, however, there was little rationale for which catalyst
systems would perform best with each substrate. This highlights a significant problem with
heterogeneous catalysis, in that the challenges associated with understanding these processes
lead to poor understanding of the mechanisms involved and, as such, result in difficulty in

predicting the behaviour of untested substrates.
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1.4 Non-directed Homogeneous Catalysis

Homogeneous transition metal catalysts have become some of the most widely utilised tools in
HIE, as well as in many chemical processes, and in many cases, they are able to address the
issue of harsh reaction conditions and poor selectivity associated with heterogeneous catalysis.
Generally, an inert C—H bond is converted to a C—D bond through a process known as C—

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

metalated species (Scheme 1.5).

©\/j
V7
N D

Rh Black: 99%D
Ru Black: 27%D
5% Rh/Alumia: 53%D

d-7

D
Z N
|
DI\\ D
N A~
d-10
D

Rh Black: 35%D
Ru Black: 0%D
5% Rh/Alumia: 19%D



M]

R H » M~
Bond Insertion R H
Inert Activated
Bond Species
Scheme 1.5

The ability to directly functionalise a C—H bond is a powerful tool in synthesis, since it
precludes the installation of a more reactive C—X moiety (X = halogen, or equivalent), thus
reducing the number of steps required to reach the target and potentially opening up new
disconnections. This is well exemplified by Corey’s synthesis of (+)-austamide.'® The original
route, pioneered by Kishi in 1979, produced a racemic product in a total of 29 steps.® However,
in 2002, Corey utilised C—H activation in a palladium-catalysed coupling reaction in order to
cyclise indole 11 to give compound 12. This allowed the natural product to be synthesised from
tryptophan methyl ester, as a single enantiomer, in just 7 steps (Scheme 1.6).

C\ CNFmoc O= >:
MeO,C \ NFmoc N o

Pd(OAc),, AcOH, MeO,C %

N =0
N&o THF, H,0, o N
N 25°C, 36 h |
H ] 29% yield \
N
H N
H
1 12 (+)-Austamide, Corey et al.
Scheme 1.6

Applications of non-directed homogeneous catalysis in the installation of deuterium labels have
been investigated. Indeed, one prominent example is the use of Ruz(CO)12 in the labelling of
nitrogen-containing heterocycles (Scheme 1.7), using deuterated tert-butanol as the source of
the label.?° This methodology allowed for good levels of incorporation across a series of indole-
and pyridine derivatives. Electron-rich and electron-poor aromatic systems were well tolerated,

however electron-withdrawing groups, such as in 5-nitroindole 14, required the use of



microwave radiation to adequately label the desired positions. Pleasingly, the presence of aryl
chlorides was well tolerated in pyrimidine 17, as well as the free NH2 group in pyridine 18.
Interesting to note is example 20, with a 2-benzylamine substituent, where only moderate levels
of incorporation were observed at the C6 position (22%), while significant amounts of
incorporation (88%) were observed, presumably through a directed mechanism, into the
benzylic position. In addition to this, the C5 position also exhibited moderate levels of isotope
incorporation (55%). While the undirected mechanism still requires investigation, it is
proposed that, in the case of the pyridine examples, coordination of the nitrogen atom promotes

the adjacent C—H bond towards direct insertion.

Rus(CO)45 (5 mol%),
R1@ ref N 'BuOD (5 oq)
H = > R

115 °C, 15 mins

D D D
O,N MeO
@E\% CE% CE%
N N N
H

D
SO
N
D H

H H \
d-13 d-14 d-15 d-16
77% 45%* 50% 66%
cl
D H,N | P P PN
N|\ N\ _N _N »
kN/ \ D7 NN PR
H D D
d-17 d-18 d-19 d-20
78% 50% 93% 51% C5
22% C6
89% Bn
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Scheme 1.7



A notable example in the area of non-directed isotope exchange is the use of iron pincer
complex 21 in the labelling of pharmaceutically-relevant molecules under mild conditions,
from the Chirik group.?* Generally, the most accessible aryl C—H bonds are activated by this
catalyst system, resulting in several positions being activated within the same molecule, and
delivering labelled compounds with high deuterium incorporation, or specific activity. While
the paper discusses the deuterium labelling of 22 simple aromatic and heteroaromatic substrates
to good levels, the scope of applicable drug motifs displayed is the main focus of the work, and
several are highlighted in Scheme 1.8. With respect to the deuterium labelling section, the
levels of incorporation fluctuate significantly from one example to another, ranging from 10%
to >98%. It is difficult to discern what factors drive the levels of incorporation in each of these
cases. Nonetheless, the number of complex examples labelled to useable levels of incorporation
is admirable. Additionally, with the five tritium labelling examples discussed within the paper,
all relatively complex small molecule drug motifs, all levels of observed incorporation were

over 15 Ci mmol™?, which is suitable for a range of ADMET studies.

10
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Following on from this, the Chirik group next tackled the activation of benzylic Csps—H bonds
for HIE, this time utilizing the cobalt diimine catalyst 22 (Scheme 1.9).22 While the majority
of substrates illustrated in the paper were simple alkylarenes, some functionality was shown to
be tolerated. Electron-deficient and electron-rich aryl rings were tolerated (3-fluorotoluene 23
and 2-methylanisole 24), as well as potentially reactive functional groups such as cyclopropane
25, boronic ester 26, and tertiary amine 27. Interestingly, a number of substrates also showed

activation of various Csp>—H bonds, as highlighted in blue in molecules 25, 27, and 29. Finally,
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compound 30 proved to be a particularly interesting example, as it shows excellent levels of
stereoretention at the chiral tertiary centre, despite significant levels of incorporation being
observed at this site. In addition to this, good levels of diastereoselectivity were observed, with
only very minor levels of incorporation (8%) being recorded at the more hindered face of the
secondary benzylic position.

\‘ / 22
7\

DiPP—N\ /NsDipp

TMS—J \—TMS (10 mol%) D
R R? > 1 R?
D,, heptane, 50 °C, 24 h R
[90]
[16] 0]
\©/[38] OMe
selll Mgl
[61] el BPin
d-23 d-24 d-25 d-26
[88] [5] [92]
21 79]
NEt, [21]
[5] [92]
d-27 d-29 d-30

>98% stereochemical retention

Scheme 1.9

1.5 Directed Homogeneous Hydrogen Isotope Exchange
In many instances, the ability to selectively incorporate a label into a specific site within a
molecule is crucial. When utilizing C—H activation processes for labelling purposes, therefore,
the ubiquity of these bonds is an obvious concern, with several positions in a molecule having

the potential to be activated by a catalyst. In order to achieve selectivity in these
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functionalisations, a nearby Lewis basic directing group (DG) is often exploited. This group
binds to the metal catalyst, bringing the metal centre close enough to the desired C—H,
potentially forming an agostic interaction, such that the activation occurs selectively (Scheme
1.10). What results from this activation process is a metallocycle, the formation of which
reduces the overall energy of the C—H activation and functionalisation process. Due to the
formation of less strained ring structures, this form of activation is generally ortho-selective

when considering aromatic C—H activation, resulting from, typically, a 5- or 6-membered

S Q Activation @(<O
! ’
M [M]

metallocyclic intermediate (5 mmi or 6 mmi).

o Coordination

H
Lewis Basic DG Potential 5 Membered
Agostic Metallocycle
Interaction Intermediate
(5 mmi)
Scheme 1.10

One of the earliest examples of this type of activation being used to incorporate deuterium into
an aromatic structure were reported by Lockley in 1984.2 In this publication, Lockley
demonstrated that rhodium trichloride trihydrate [RhCl3+3H20] could be used to selectively
ortho-label a range of aromatic substrates using a variation of directing groups, with D20 as
the deuterium source. Scheme 1.11 shows the excellent levels of isotope incorporation
obtained when employed across various carbonyl containing DGs. Both benzoic acid 31 and
its sodium salt 32 exhibited impressive levels of incorporation, with similar values being
reported for benzamide 33. It was noted that introducing an N-substituent to the benzamide, in
34, appeared to have little effect on the observed incorporation, however, increasing steric
congestion further in the N,N-dimethyl variant, 35, resulted in a significant loss in deuterium

incorporation. Acetanilide 36 also displayed near quantitative incorporation, highlighting the
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ability of the catalyst to label through a directing group which is further removed from the site
of deuteration (through a 6 mmi). Unfortunately, when the system was applied to benzylamine
37, an incorporation of only 34% was observed. Following these results, for several years,
[RhCl3+3H20] became a standard catalyst in labelling experiments and was used in the tritium

labelling of a series of drugs.?*

[RhCl3+3H,0],

D
DG D,O/DMF DG
©/ 110°C.18h
D
0
©)J\OH ©)J\ ©)L
[95] [98] [93]

d-31 d-32 d-33
@ @ O ™
[95] [34] [98] [34]
d-34 d-35 d-36 d-37
Scheme 1.11

One class of homogeneous catalyst which has shown excellent utility in the area of directed
HIE are cationic iridium complexes.?>2® Such catalyst systems have become ubiquitous through
the area of HIE, and as such, have been the focus of much development, particularly in recent
years. One such example of a markedly useful system is known as Crabtree’s catalyst 38.
Despite the initial focus of the catalyst system on the hydrogenation of alkenes, its abundant
applications in HIE led it to becoming a standard for labelling catalysts.?” The first application
of Crabtree’s catalyst in isotope labelling was in 1995, when Hesk applied the catalyst to the
labelling of a range of acetanilides.?® Some examples have been highlighted in Scheme 1.12.
Notably, a low catalyst loading of only 5 mol% was required to provide extremely high levels
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of labelling. Electron-donating (40) and -withdrawing groups (41, 42) were both well tolerated,;
in the case of the nitro containing substrate 42, a very small amount of competing labelling was
observed through this alternate directing group. The authors also noted that there was no
evidence of C—X activation in the presence of a halogen (41). While the electronic character
of the aryl ring appeared to have little effect on the incorporation, strongly coordinating
substituents such as nitrile 43 and amino groups 44 hindered the reaction. The catalyst also
appeared to be susceptible to steric effects of substituents in the meta position, as the meta-
methyl 45 and trifluoromethyl 46 variants exhibited substantial selectivity for the less hindered

ortho position on the aryl ring.

LN 38 O
D
/ Py (5 mol%) Y

NH _ NH
R©/ DCM, rt, 16 h R
D

@ O O -
[97] [94] [99] 3]
39 d-41

[7
d- d-40 - -42

o) o)
[94] \'ﬁ [80] Y

YO
NH /©/ NH
[0] [60] (4] ; [19]

CF3
d-43 d-44 d-45 d-46

Scheme 1.12

From Hesk’s report of such high activity, the use of Crabtree’s catalyst in labelling reactions
soon became widespread throughout the pharmaceutical industry. However, the promising

results of Hesk did not translate into a wider range of substrates, with many reactions requiring
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(super)stoichiometric loading. In 2001, Herbert investigated the HIE process across a wider
range of carbonyl containing substrates using complex 38 (Scheme 1.13).2° In this study, a
minimum of 1 eq. of Crabtree’s catalyst was used in each case in order to prevent catalyst
deactivation by irreversible substrate binding. In addition to this, an extended reaction time of
ninety hours was used in order to observe the maximum level of incorporation in each case.
Generally, amide substrates worked well and an increase in the steric bulk around the nitrogen
of the amide (primary amide 33 vs tertiary amide 35) did not reduce the observed incorporation,
implying that the catalyst binds through the oxygen of the amide to form a 5 mmi. There also
appeared to be very little electronic influence in the case of tertiary amides, with para-methoxy
47 and para-nitro 48 giving identical levels of incorporation. Contrasting this, however, esters
were found to be more sensitive to the electronic effects of other substituents on the aryl ring,
for example electron poor ester 50 exhibited significantly reduced levels of incorporation, with
respect to the electron rich example 49. An interesting note made by Herbert was that, with
respect to unsubstituted acetophenone 51, a para-methoxy group in 52 hindered the reaction
whereas the para-nitro group in 53 resulted in similar levels of incorporation. This

inconsistency with previous results indicates a possibility for multiple mechanisms.
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The Kerr group has, over recent years, developed and studied a range of iridium catalysts
incorporating both NHC and phosphine ligands, in an effort to combat the challenges presented
in the use of Crabtree’s catalyst. In 2008, a range of iridium catalysts equipped with bulky
phosphine ligands, as well as the sterically encumbered IMes, was unveiled (Scheme 1.14).%°
The complexes could be synthesised by first taking [Ir(COD)CI]2 54, in the presence of sodium
ethoxide, and introducing the NHC in situ through deprotonation of imidazolium salt 55. This
allowed the isolation of stable chlorocarbene complex 56. The chloride could then be abstracted
via silver hexafluorophosphate, and the resultant iridium complex trapped by the desired
phosphine, delivering the iridium(l) precatalyst system. This practically convenient method
requires no glove box manipulation, and afforded a series of previously unreported iridium

complexes in very appreciable yields.
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Scheme 1.14

These complexes were then tested against a series of substrates of varying difficulty in ortho-
directed HIE reactions (Scheme 1.15). All three complexes exhibited excellent incorporation
across a range of substrates under very mild conditions. Ketones, amides, and heterocyclic
substrates all performed admirably. Interestingly, even the remarkably poor nitro directing
group, in nitrobenzene 64, resulted in excellent levels of incorporation with all three catalyst
systems. Additionally, the group showed that the catalyst systems could also exploit functional

groups which direct through a 6 mmi, with acetamide 39.
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Furthermore, within the same paper, Kerr demonstrated impressive selectivity for sites that
were activated through a 5 mmi over a 6 mmi (Scheme 1.16). This was achieved with the
labelling of benzanilide 65, wherein reaction at the standard 5 mol% catalyst loading resulted
in both sites being deuterated to an extremely high level. However, a drop in the catalyst

loading to 0.5 mol% resulted in deuteration through a 5 mmi, only, with high selectivity.
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This report was followed up in 2014, with further additions to the series of catalytically active
systems. 3! Furthermore, the group also applied highly active iridium catalyst 57 to more
complex marketed drug molecules (Scheme 1.17). The outstanding levels of deuterium
incorporation in Perebron highlights the catalyst system’s tolerance to tertiary amines.
Labelling of Celecoxib with complex 57 showed good selectivity for labelling through the
pyrazole motif, affording exceptional levels of incorporation. Interestingly, reacting
Nilutamide with complex 57 for 1 h results in good selectivity for the nitro group, delivering
an excellent 98% incorporation. Finally, application of 57 to the labelling of Niclosamide
allowed several positions within the molecule to be exchanged, with good levels of

incorporation across all four possible positions.
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Within the same paper, the mechanism of the HIE process was investigated by a combination
of NMR analysis and DFT calculations (Scheme 1.18, note that complexes remain cationic
throughout the cycle). The mechanism proposed the formation of an iridium(l11) dideuteride in
the presence of D> gas, to which the substrate rapidly coordinates. The substrate is bound
through the directing group (the carbonyl oxygen, in the case of acetophenone 51, shown in
Scheme 1.18), as well as forming an agostic interaction with the C—H bond to be activated.
The system then undergoes a C—H activation step, approaching Ir(V) in the transition state,
resulting in the formation of an Ir—C bond being formed in a cis arrangement with the resultant
hydride. The dideuterium and hydride ligands can undergo H-D fluxionality in order to deliver

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

was rate determining, being 3.5 kcal/mol higher than the C—D formation step.
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Having established an excellent substrate applicability with these catalyst systems, the Kerr

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

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

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

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

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

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

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

incorporation were observed. The O-substituent of the ester directing group was also varied,
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showing good levels of incorporation into iso-propyl ester 66d. However, more challenging
examples, such as the sterically hindered tert-butyl ester 66e, and the electron-withdrawing
trifluoroethyl ester 66f, delivered only low levels of isotope incorporation. Interestingly,
however, it was found that running the reactions at a slightly elevated temperature of 40 °C

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

tested.
PFg
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Scheme 1.19

Following this, the group also examined the applicability of these catalyst systems in the
labelling of pharmaceutically relevant heterocycles.®® As shown in Scheme 1.20, a series of
heterocyclic directing groups were successfully targeted, such as imidazole 67a, the partially
saturated dihydrooxazole 67b, isoxazole 67c, and the sulfur-containing thiazole 67d. All
substrates demonstrated excellent levels of isotope incorporation under mild conditions and

short reaction times. In addition to this, benzo-fused heterocycles, such as benzimidazole 67e
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and benzothiazole 67f could also be labelled to good levels. Finally, the group also showcased
the ability to exploit these functional groups in more complex drug-like examples, such as 67g,

with similarly high levels of isotope incorporation.
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In addition to the installation of isotopic labels on aromatic positions, the group also
investigated the use of these catalyst systems to introduce deuterium at non-aromatic sp?
centres within a molecule, specifically, the B-position of a,R-unsaturated systems.3* Indeed, in
order to label this class of substrates, careful consideration of the catalyst system was required
in order to avoid competing alkene reduction. Fortunately, it was found that, the
triphenylphosphine containing complex 57 was able to deliver excellent levels of
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incorporation, with high selectivity. Scheme 1.21 below shows some examples of the

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

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

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

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

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

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

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

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

incorporation.
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In addition to the applications of these catalyst systems established by our own group, there are
several reports of others using our developed catalyst systems in order to gain access to labelled
drugs and drug-like compounds. One particularly notable example is the use of complex 59 in
the synthesis of four tritiated drug molecules: t-ethylmelagatran, t-melagatran, t-ximelagatran,
and t-hydroxymelagatran (Scheme 1.22).%°® Carbamate-protected amidine 71 was selected as
an intermediate which could be successfully labelled and subsequently transformed into the
desired tritiated targets. Previous use of Crabtree’s catalyst (in stoichiometric levels) had
yielded unsatisfactory levels of specific activity and radiochemical purity. In contrast to this,
use of complex 59, at only 10 mol% catalyst loading, furnished a sample of the labelled
intermediate t-71 in excellent levels of isotope incorporation and radiochemical purity, beyond
the minimal requirements of the study. Through a short series of transformations, this

intermediate allowed access to tritiated samples of the desired drug molecules.
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Another noteworthy example of the application of complex 59 is in the synthesis of tritiated
AZD5248, a highly potent cathepsin C inhibitor.>® A tritiated sample of this drug candidate
was required for preclinical metabolism studies, and the Kerr group catalysts proved
outstanding in accessing such labelled molecules. While direct labelling of AZD5248 proved
challenging, due to the presence of the strongly coordinating nitrile groups within the final
molecule, intermediate 72 was selected as a suitable precursor. Using the amide directing
group, in conjunction with complex 59, a sample of t-72 was afforded with good levels of
specific activity at 13.3 Ci/mmol. This compound was then dehydrated by reaction with the
Burgess reagent, and the Boc-protecting groups removed by stirring in formic acid. This

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

catalyst systems in the production of labelled drug molecules.®”
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A final example of application of this catalyst system comes from the Skrydstrup group.® This
report detailed the use of a two-chamber reactor system for the in situ generation of hydrogen
or deuterium gas in small quantities for single experiments, from the reaction of zinc metal and
aqueous HCI or DCI. This two-chamber system allowed for safe and efficient access to
pressurised gases in small quantities. While the report discussed many examples of this
equipment in hydrogenation, and, indeed, deuterogenation, notable examples of HIE were also
showcased. Using complex 57, deuterated samples of olaparib, (an ovarian cancer treatment),
and CX-546 (a schizophrenia treatment), were accessed directly, as shown in Scheme 1.24.
Both drug molecules were labelled to impressive levels of isotope incorporation. In the case of

CX-546, there was a distinction in the levels of deuterium incorporation between the two
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available ortho-C—H sites. Following this, developments with this system have improved
upon the method of deuterium gas production, further advancing the applicability of this

equipment in directed HIE. 4°
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Scheme 1.24

In order to provide a more applicable catalyst system for the pharmaceutical industry, Kerr
focused on establishing a range of non-chlorinated solvents within which the catalysts could
be utilised.*! Initial solvent screening appeared to be promising, with the PPhs/IMes catalyst
57 labelling acetophenone at room temperature over 16 h in diethyl ether (Et20), tert-butyl
methyl ether (MTBE), and 2-methyl tetrahydrofuran (2-Me THF). However, when moving to
the more coordinating solvent acetone, the observed incorporation dropped to only 43%. In
order to rationalise this, the binding enthalpies of the solvents were calculated (Table 1.1). It
was found that in order for the reaction to proceed efficiently, the substrate must be able to
efficiently bind to the catalyst centre. Thus, it was proposed that the Lewis basic solvent may
compete with the substrate binding, and hinder the reaction. Examination of the enthalpy of
displacement (AHexc) showed that, in the case of acetone, the displacement was slightly
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endothermic, whereas the displacement of the ethereal solvents and DCM was exothermic. It

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

Table 1.1
(0]

PMe; ©)‘\ PMey
H\I|r/S — H\Ir/o
H/|\S s H/|\S

IMes IMes

Entry Solvent AHexc  Incorporation (%)

1 DCM -13.3 97
2 MTBE -12.8 91
3 Et.O -1.3 94
4 2-Me THF -3.7 95
5 Acetone 0.3 43

ancorporation of deuterium into acetophenone

It was therefore suggested that 2-methyltetrahydrofuran would be a suitable, more industrially
aligned solvent which is polar enough to dissolve a range of drug-like molecules, whilst still
able to be readily displaced by a molecule of substrate. In order to showcase how useful this
newfound understanding of the reaction process can be, the group further tuned the labelling
conditions for Niclosamide (Scheme 1.25). Whilst only moderate levels of incorporation were
observed, albeit across four positions, when applied in DCM, switching the solvent to 2-
methyltetrahydrofuran resulted in a significant increase in the observed incorporation across

almost all positions.
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Investigations within the Kerr group then turned to the catalyst counterion in order to further

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

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

bis(trifluoromethyl)phenyl]borate (BArg) can augment a catalyst’s activity. As such, variants

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

coordinative ability (Scheme 1.26).
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Scheme 1.26
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Each complex was applied to the labelling of acetophenone and the rate of incorporation was
measured for each reaction. It was noted that while all four complexes reached high amounts
of incorporation, the triflate and BArg anions reached the maximum incorporation much faster.
In addition to this, the BArs complex 75 and the PFs complex 57 were tested in a range of
industrially aligned solvents, with the higher solubility of the BArr catalyst 75 allowing it to

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

With this new catalyst system, supported by the BArg counterion, the group also reported a
study which compared the reactivity of this complex to the previous generation, which utilised
the PFs counterion.*® The results of this study are highlighted in Table 1.2 below. When
labelling para-nitroacetophenone 53 in toluene, it can be seen that the PFe containing catalyst
57 delivers good levels of incorporation though both directing groups: 86% through the ketone,
and 52% through the nitro group (Entry 1). However, when the BArg variant 75 is used, a
much more selective delivery of deuterium is observed, highlighting the effect that the
counterion has on catalyst electrophilicity as well as solubility (Entry 2). In considering ethyl
4-nitrobenzoate 50, which exhibits only moderate levels of incorporation when using complex
57, a significant increase in the observed isotope incorporation across both positions is noted
when switching to complex 75 (Entries 3 and 4). Finally, when employing both catalyst
systems in the labelling of Nilutamide, the BArr complex 75 again shows increased levels of
selectivity, when compared to the PFe variant 57 (Entries 5 and 6). This highlights the

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

X
g/\ PPh;
Ir\
7 “IMes | 57 or 75

5 mol%

-
-

D,, Solvent, 25 °C, 1 h

o)
D, O D, O D, }’NH
Dy, Dy, OFt FsC N%
o}
O,N D, O,N D, O,N Dy,
Dp Dp D¢
d-53 d-50 d-Nilutamide
Entry Substrate X Solvent  %Da %Dbn %Dc
1 53 PFs Toluene 86 52 -
2 53 BArk Toluene 87 14 -
3 50 PFs DCM 29 41 -
4 50 BAr: DCM 52 66 -
5 Nilutamide PFs DCM 5 11 99
6 Nlutamide BArE DCM 3 3 99

One particular class of pharmaceutically relevant heterocycles, however, which did not prove
amenable to the standard labelling conditions applied in previous examples was the aryl
tetrazole.** It was suggested, however, that a different mode of reactivity could possibly be
exploited in this case, in order to utilise tetrazoles as directing groups for the installation of
heavy isotopes of hydrogen. As such, the Kerr group developed a base-assisted protocol for the
labelling of molecules containing aryl tetrazoles. Through careful consideration of base,

temperature, and time, the newly optimised conditions, highlighted in Scheme 1.27, were
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found. As seen with para-methyl substituted example 76a, excellent levels of incorporation
can be achieved through these conditions, at 85% D. Interestingly, when the methyl group is
placed in the meta-position in example 76b, a difference in incorporation is noted between the
more hindered site, at 58% incorporation, and the less hindered site, at 83% incorporation.
Additionally, moving the steric bulk of the methyl group to the ortho-position in 76c, the level
of isotope incorporation is not affected. Electron-donating groups in 76d, and electron-
withdrawing groups, in 76e, are also well tolerated, both giving outstanding levels of
incorporation. Interestingly, when the acidic proton of the tetrazole is replaced with a methyl
group, as in 76f, a significant level of incorporation is still observed. Finally, the group also
showcased these labelling conditions in the production of a tritiated sample of antihypertensive
drug Valsartan. By running the reaction under 1.5 Ci of tritium gas, a sample of this angiotensin

receptor blocker was afforded with 15 Ci/mmol and in excellent radiochemical purity.
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Whilst the currently established Kerr group catalysts, bearing both phosphine and NHC
ligands, have shown unprecedented scope in labelling reactions, there are some challenging
motifs which were not accommodated for by this generation of catalysts, for example, primary
sulfonamides, which are prevalent in many pharmaceuticals. At the time, however, the current

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

NHC/phosphine type catalysts with benzenesulfonamide 77.4
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77 d-77
Scheme 1.28

With a mere twelve percent incorporation observed, it was hypothesised that the tetrahedral
sulfonamide directing group was too sterically hindered to be effective. As such, it was
proposed that a catalyst featuring a smaller ligand sphere, and a higher electron density, would
favour the coordination of the sulfonamide-containing substrate and increase the rate of the
C—H activation step. Pleasingly, employing the chlorocarbene complex 56 (a synthetic
precursor to the NHC-phosphine catalysts) resulted in an impressive ninety percent
incorporation (Scheme 1.29).*° In order to optimise these parameters, the TEP and buried
volume of various NHCs were investigated (vide infra). This resulted in a catalyst which
incorporated up to ninety-six percent deuterium in only two hours. These results highlighted
the dramatic change in activity which can be brought about by subtle changes in the catalyst

parameters.
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This remarkable piece of methodology was underpinned by careful computational guidance,
with the binding enthalpy (AHbing) and enthalpy of C—H insertion (AHins) calculated in order
to support the experimental observations (Scheme 1.30). Accordingly, it was found that the
binding enthalpy of the benzenesulfonamide substrate was more exothermic for the cationic,
phosphine containing catalysts than the smaller, neutral chloride complex. However, in contrast
to this, the C—H activation, predicted to be the rate determining step, was more endothermic

for the cationic, phosphine-containing catalyst.
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Scheme 1.30
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Shortly after this publication, the Kerr group moved on to further showcase the catalytic utility
of these iridium chlorocarbene systems.*® While many of the catalyst systems discussed thus
far have targeted aryl-selective labelling through exploitation of a directing group, the
application of the chlorocarbene type catalysts to aryl aldehydes exhibits a very different mode
of reactivity. Instead of activating the aryl C—H bonds in close proximity to the aldehyde
functionality, it is, in fact, the formyl position which is preferentially activated, and thus
labelled, via these neutral catalyst systems. Initially, the catalyst system was refined in order to
tune the selectivity of this process, resulting in complex 78. The substrate scope was next
explored, which is highlighted in Scheme 1.31. The novel catalyst system exhibits remarkable
selectivity for the formyl position, with excellent levels of deuterium being incorporated into
benzaldehyde 79a. Both electron-donating substituents (79b) and electron-withdrawing
substituents (79c, 79d) do little to hinder incorporation. Additionally, compound 79d shows
that the inclusion of an additional directing group does not result in a change in regioselectivity,
as no labelling is observed through the nitro group. Substituents in the 3-position (79e-799),

and a naphthyl motif (79h) were also tolerated.
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In order to explain this change in reactivity, an alternate mechanism was proposed, supported
by DFT calculations. Unlike the very bulky NHC/phosphine combination, the catalytically
active iridium(I11) deuteride species derived from the chlorocarbene precursor can adopt a
conformation with the ligands in a cis configuration (Scheme 1.32). This configuration allows
rapid activation of the formyl position, to give an iridium(V) complex, which can rearrange
such that a deuteride ligand is cis to the activated substrate. Once again, C—D bond formation

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

39



D—H

l Ph  D-H Formation i Ph
D, \\I\\ —_— i KN
D CI l Cl
DIPP\NAN/DIPP DiPP~\A=N-DiPP
C-H Activation / \ / \
D-H re-insertion
Cl
| D
D”"Ir“‘o\ WwH ' l Ph
/ s DII \O
D H= —_— | Hu,, (NN
é D7 | cl 5~ ING0
DiPP~NA\-DiPP . _ l
= DIPP~N=N-DIPP DiPP~NAN-DiPP
Deuterated D Ph
Product I'I\\(
Hl,,,“",\\o C-D Bond Formation
D7 |

Unlabelled

Substrate . .
DiPP~\AN-DiPP

Scheme 1.32

Returning to the applications of the NHC/phosphine type catalysts, the Kerr group next showed
the highly efficient, directed labelling of indole and pyrrole heterocycles (Scheme 1.33).47
Utilising an acetyl directing group on the nitrogen of the heterocycle, it was shown that pyrrole
80 could be labelled to high levels. Additionally, when the directing group was changed to a
benzoyl, in example 81, good levels of selectivity for the pyrrole ring were observed. The
introduction of a formyl group on the pyrrole ring in 82 did not alter the regioselectivity of the
labelling. Unfortunately, however, moving to a carbamate directing group did not allow for
useful levels of incorporation. N-Acetyl indole 84 could also be labelled to excellent levels,
with no incorporation observed at the C7 position. Interestingly, the use of a directing group
on the C3 position, in example 85, also allows for outstanding levels of incorporation at C2,
with minimal incorporation on both methyl groups of the Weinreb amide. Other sp? nitrogen
centres are tolerated, as shown in 4-azaindole 86. The indole motif also showed better levels

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

free indole d-88.
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Scheme 1.33

With significant advancement in the area of aryl HIE having been accomplished, the group
next turned its attention to the activation of Csps—H bonds.*® In addition to the ubiquitous
nature of Csp3—H bonds in pharmaceuticals and bioactive natural products, the ability to
activate such bonds as a means of functionalisation is highly sought after. As such, studies into
the activation of these bonds from a HIE standpoint could provide highly valuable data in

following investigations into C—H functionalisation. Pleasingly, when the highly active
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[Ir(COD)(PPhs)IMes]BArr 75 was applied to the labelling of a series of molecules, it was
found that many of the systems could be activated and labelled to high levels of incorporation
under very mild conditions and low catalyst loading (conditions A). Some of the more
challenging examples did require a slight increase in catalyst loading and reaction time, but
were successfully activated under comparatively mild conditions, nonetheless (conditions B).
A sample of the compounds labelled in this study is shown in Scheme 1.34. A range of cyclic
substrates (morpholine 89, piperidine 90, and piperazine 91) could be accessed, labelling to
excellent levels. It was also shown in each of these cases that a range of heterocyclic directing
groups could be utilized, even the smaller five-membered thiazole directing group in 92. The
size of the ring system being labelled had a strong effect on the levels of incorporation, but
both seven- and five-membered rings (93 and 94) could be accessed. Lamentably, the four-
membered azepane ring 95 proved too challenging, at this stage, exhibiting only 9% deuterium
incorporation. It was also shown that acyclic substrates were also applicable to this process, as
shown in example 96. Finally, the group showcased the utility of this process by targeting three
active pharmaceutical ingredients, mirtazapine, caffeine, and azaperone. All of these examples

were labelled to >90% incorporation under very mild reaction conditions.
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Furthermore, it has been shown that the same catalyst system is proficient in labelling aliphatic
amide structures, lending themselves to the generation of labelled amino acid and peptide
structures (Scheme 1.35). *° The challenging nature of these particular substrates required more
forcing conditions, however, with a change in solvent to iso-propyl acetate at close to refluxing
temperatures. When a single secondary centre is present, such as in protected glycine 97,
excellent levels of incorporation are observed. However, placing a relatively small substituent
at this position, e.g. in protected alanine 98, has a significant effect on the incorporation.
Making this substituent any larger, for example an iso-propyl group in 99, prevents any
observable incorporation. It was also noted that disulfide structures were well tolerated, giving
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high levels of deuterium incorporation, 100. When multiple residues, and thus labelling
positions, are present, it would appear that there are many factors which determine selectivity,
and the extent to which selectivity is observed. Generally speaking, any secondary centres will
be labelled over tertiary, but determining the selectivity between secondary centres within the
same molecule remains challenging with the data at hand. Regardless, it was shown in this
study that di-, tri- and even tetrapeptide structures could be labelled to excellent levels. It was
also shown that the labelling is a stereoretentive process, and does not disturb the native

chirality of the molecule.
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1.6 Development of Chelated Catalyst Systems
More recently, many groups have also begun to focus on the development of iridium catalysts
for hydrogen isotope exchange. As seen with Crabtree’s catalyst, iridium complexes originally
intended for hydrogenation are often also useful as catalysts for HIE. As such, many of the
complexes more recently applied to HIE have their origins in hydrogenation, resulting in a
trend towards the development of chelated exchange catalysts. The first notable example of a
chelated hydrogenation catalyst being applied to HIE with the intention of improving upon
Crabtree’s system is the P,N-ligated catalysts developed by Pfaltz (Scheme 1.36). *° With
iridium-catalysed alkene hydrogenation being a highly developed area, a vast number of
complexes were available for their catalyst screening, with a total of 15 catalyst systems being
tested in total. Of this screen, the majority of catalyst systems were shown to be catalytically
active in the HIE of relatively simple substrates, such as acetophenone. However, when applied
to more challenging substrates, it was shown that complex 106 was the most active across a
range of substrate classes. Generally, good levels of incorporation were observed across the
board. It was noted that sulfone 108 could be labelled to a moderate level with complex 106,
but an alternate catalyst system was highlighted within the same paper which gave significantly
higher levels of incorporation. Additionally, secondary sulfonamide substrate 109 could also

be labelled, however, quite harsh reaction conditions were required in this case.
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Given that complex 106 is normally applied to asymmetric hydrogenation, the ligand contains
stereogenic centres to enable this, which are unnecessary when considering C—H activation
of a planar aryl ring. As such, an achiral variant of this complex (110) was synthesised and also
applied to a range of substrates under the previously optimised conditions, showing very

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

46



Cc
¥,Cy BArg

Ir

// \N
a AN 110 6s1 [ ]
X Ph™ ™o 5 mol% 3 s
N - N
D,, 25 °C, DCM, 6 h
107 d-107
Scheme 1.37

Highly substituted sulfonamides are desirable targets for HIE processes. While primary
sulfonamides have been labelled in an effective manner utilising the chlorocarbene motif
developed by the Kerr group, substitution on the sulfonamide nitrogen still proves highly
challenging.®® In an attempt to address this, other groups have applied the chlorocarbene type
complex, albeit an unoptimized variant, as well as the chelating NHC-oxazole system, known
as the Burgess catalyst 111, under harsh conditions to facilitate the labelling of hindered
sulfonamides (Scheme 1.38).°152 Considering the incorporations delivered by chlorocarbene
complex 56, moderate to good levels of incorporation were observed across the series, with N-
methylbenzene sulfonamide 109 matching the levels of isotope incorporation obtained using
the Pfaltz system at 90 °C. Additionally, the larger N-phenyl substituent in example 112 was
also well tolerated, delivering similar levels of deuteration. Unfortunately, no incorporation
was observed in N-mesylaniline 113. The tertiary amine in 114 also did not appear to hinder
the observed incorporation, and both positions of the naphthyl ring in example 115 were
labelled to high levels. Interestingly, while the ester motif in 116 was well tolerated, a small
but significant amount of labelling on the methyl group of the ester was also observed. Finally,
the indole motif in 117 was also well tolerated, with both the C2 and C3 positions of the indole
ring being labelled to good levels. Moving on to discuss the performance of the Burgess system
in the labelling of substituted sulfonamides, generally lower levels of incorporation were

observed across the series, albeit under more mild conditions and at a lower catalyst loading.
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N-Phenyl sulfonamide 112, for example, exhibited only moderate levels of incorporation,
compared to that delivered by chlorocarbene complex 56. Additionally, the positions of the
naphthyl ring in 115 showed a higher degree of selectivity, with the peri-position being labelled
to only 13%, as well as a lower incorporation of 76% at the ortho-position. Interestingly, ester
116 was not tolerated, possibly due to strong chelation of the substrate to the more open,
cationic catalyst sphere. While indole 117 was labelled by the Burgess system, only low levels
were observed at the C2 (15%) and C3 (20%) positions. Interestingly, there was no deuterium
delivered through a 6-mmi in either example 112 or 113, highlighting the challenge of

accessing such an intermediate with these directing groups.
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With substrate scope established for this process, the group next moved on to use the
chlorocarbene complex to produce a sample of tritiated Glibenclamide, a treatment for diabetes

(Scheme 1.39).
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Following on from this, the utility of the Burgess catalyst system as a more general catalyst for

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

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

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

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

been shown to label to moderate levels.
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The next notable catalyst motif for HIE is the highly electron rich P,N-complexes developed
by the Tamm group.>* This ligand set facilitated the labelling of a wide range of directing
groups to high levels, as shown in Scheme 1.41. While ketones, heterocycles, and esters (121,
107, and 122, respectively) were shown to be suitable directing groups for this system, the most
noteworthy results were of those which were able to use the Boc protecting group to direct
labelling into the aryl rings of anilines (such as 123) or heterocycles (124). The significant
steric bulk of this group would usually render its use very challenging. However, the chelated
system allows for excellent levels of incorporation under mild conditions. Of final note, is the
observed labelling adjacent to methoxy groups, such as in 126. When placed under more
forcing conditions, and in the absence of other suitable directing groups, it appears that these
aryl ethers can also facilitate the incorporation of deuterium. This, presumably, occurs through
a different mechanism to the classical directed C—H activation mechanism; however no

mechanistic proposals or investigations have been published at this point.
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Following on from this, the group also established the ability of the same catalyst system to
label highly hindered sulfonamides, N-oxides and phosphonamides (Scheme 1.42).%° Unlike
the previous attempts to label hindered sulfonamides with complexes 56, 106, and 111, the
Tamm catalyst afforded high levels of incorporation into N-substituted and N,N-disubstituted
sulfonamides under very mild conditions and low levels of catalyst loading. Additionally,
excellent levels of incorporation were observed for the labelling of quinoline N-oxide
derivative 129, isoquinoline N-oxide 130, and 4-methylpyridine N-oxide 131. Finally, it was
also shown that a range of substituents were tolerated in the labelling of phosphonamide, as

shown in 132-134.
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It is clear from these recent examples that the development of iridium catalysts for HIE is
progressing at an astounding rate. However, in order to further expand the utility lent by these
catalysts, beyond the screening of complexes optimised for other processes, thorough
knowledge of the catalyst system is required. Most notably, understanding of ligand effects and
characteristics is a necessity, in order to effectively design and optimise a catalytic system. The
following sections provide overviews on the use of phosphine and NHC ligands, as well as

combining these ligand motifs.
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1.7 Phosphine Ligands
Phosphine ligands have long been ubiquitous within organometallic chemistry, with the
electronic and steric parameters of the ligand having a dramatic effect on the properties of a

complex as well as its mode of catalysis.

With regards to electronic characterisation, phosphines are generally strong o-donors, binding
to the metal through the lone pair on phosphorus. However, phosphines also exhibit significant

back donation from the metal centre into the 6* orbital of the P—R bond (Figure 1.2).5

R

c-bond

M Q“@ ’\"'HR

o*- back
donation

Figure 1.2

Consideration of such orbital interactions is particularly important when utilising phosphines
in a complex, as the nature of the R groups can dictate the relative amount of o-bonding and
back donation exhibited by the ligand. In 1970, Tolman used nickel carbonyl complexes to
parameterize the electronic impact of various phosphine ligands through the A; carbonyl
stretching frequency.®’ Substituting [Ni(CO)4] with a phosphine ligand, to produce complexes
of the form [Ni(CO)sL], results in a change of the electron density at the metal centre and
therefore the back donation to the n* of the carbonyl ligands. Table 1.1 gives examples of
some common phosphine ligands, with the lowest frequency values corresponding to the most
electron-rich ligands. This stretching frequency, termed the Tolman electronic parameter (TEP)
has been measured for a number of phosphine ligands, allowing novel ligands to be compared

in terms of their electron donating ability. As the bond strength between the carbon and oxygen
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is varied, the change in stretching frequency, v(CO), can be measured using infrared (IR)

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

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

Table 1.1
L
! —SBor-
oc” \C§C§ g% 00
Entry  Phosphine  vco (cm™)
1 P'Bus 2051.6
2 PiPrs 2059.2
3 PMes 2064.1
4 PPhs 2068.9
5  POPr): 20759
6 P(OPh);  2085.3

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

of the cone angle, 6 (Scheme 1.43).% The phosphine substituents are “folded back” away from

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

edge of the ligand. The angle between the centre of this cone and the edge is denoted 6.

Scheme 1.43
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Again, nickel carbonyl complexes were used in the validation of this method, wherein
substitution with various phosphines with an increasing range of cone angles resulting in a
reduced degree of substitution at the metal centre. For example, when the relatively small
trimethyl phosphite was used, up to three phosphine ligands could be bound to the metal centre.
However, when triphenylphosphine was used, with a cone angle of 145°, only two phosphine
ligands were observed (Table 1.2). It should be noted, however, that while this parameter
works well for most phosphines, it is a static value which does not account for flexibility within
a ligand. For instance, tribenzylphosphine and ethyl di-tert-butyl phosphine may have the same
cone angle, but the flexibility of the benzyl group, relative to the bulky tert-butyl, results in a

very different steric environment.>®

Table 1.2
PR
[N((CO)y] ———2 3 [Ni(CO)4.4(PR3),]
Entry Ligand Cone Angle () Degree of Substitution

1 P(OMe)3 107 3.0
2 PMes 118 2.4
3 PPhs 145 2.0
4 P(Cy)s 179 1.5

The ability to simultaneously control both the steric and electronic parameters is extremely
beneficial when designing a catalyst, with subtle changes likely having a drastic effect on the
catalyst activity. For example, while tri-iso-propyl phosphite (P(O'Pr)s and tributylphosphine
(P"Bus) have similar cone angles, the heteroatoms of P(O'Pr)s result in a ligand which imparts

a very different electronic state to the metal centre.

55



1.8 NHC Ligands
Prior to the early 1990s, free N-heterocyclic carbenes (NHCs), i.e. those which were not
coordinated to a metal centre, were considered too reactive and unstable to be isolated and
unambiguously characterised. However, 1991 saw the first synthesis and isolation of the
relatively stable NHC, 1,3-bisadamantylimidazole-2-ylidene (IAd) by Arduengo, via
deprotonation of the corresponding imidazolium salt.%® In the relatively short time since the
initial isolation of 1Ad, the number of publications utilising NHCs as ligands in transition metal

complexes has increased dramatically.

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

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

0 0
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Triplet Singlet
State State
Scheme 1.44

In the triplet state, both electrons remain unpaired, residing in orthogonal p-orbitals on the
carbenic carbon. In the singlet state, however, the electrons are paired in a single sp?-orbital,
leaving an orbital free, into which the adjacent heteroatoms can donate, stabilising the structure.
A mixture of steric and electronic factors affects the stability of an NHC, as highlighted in
Figure 1.3. The unsaturated backbone in 1Ad imparts aromaticity to the structure and has a
stabilising effect, however this is not a necessity when synthesising a persistent carbene. The
N-substituents play an especially large role in the stabilisation of the carbene, as well as tuning

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

carbenic carbon, further enhancing their effective stabilisation.

- Aromaticity
- Substituents affect electronics
- Heteroatom donation - Ring size alters R group position
stabilises carbenic centre
N . .y .
R - Steric bulk lends kinetic stability
o - Substituents affect electronics
Figure 1.3

The use of NHCs as ligands in transition metal catalysis has been likened to phosphines and,
indeed, there are significant similarities between the two ligand classes. As with the phosphine

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

In a similar manner to Tolman’s study, Nolan used a set of [IrCI(CO)2NHC] complexes to
investigate the electronic character through the stretching frequency of the carbonyl ligands
(Table 1.3).5* It was discovered that the most poorly donating NHC imparted more electron
density onto the metal centre than the most strongly donating phosphine. This was rationalised
by the fact that NHCs are incredibly strong o-donors. This, coupled with the fact that most
NHCs exhibit a smaller amount of back-bonding (due to the nitrogen atom’s ability to donate
into the free p-orbital), means that the NHCs can push a higher amount of electron density onto

the metal to which they are coordinated.
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Table 1.3

Entry Ligand TEP (cm¥)

1 PPhs 2068.9
2 PEts 2061.7
3 PCys 2056.4
4 IPr 2051.5
5 IMes 2050.7
6 I1Ad 2049.5
Q@ﬂ &Y@N jra¥ela)
IMes IPr IAd
135 136 137

There have been criticisms in the use of the TEP for the characterisation of NHC ligands,
however.®2 Most notable of these, is the fact that, while phosphine ligands give a good range
of values for the TEP (typically ~30 cm™), NHC complexes will generally be restricted to a
very tight range of ~10 cm™ (Scheme 1.45). This unfortunately makes the technique less
diagnostic for NHCs, as several changes to the structure of the ligand will result in only very
minor changes, or indeed no change, to the TEP value measured. A second criticism is that the
values measured are highly sensitive to the conditions in which the stretching frequencies are
measured, leading to risk for introduction of error, and limiting the ability to compare results
in a valid fashion. Unfortunately, this has led to several differing values being published for
the same NHC, seemingly using the same method, as highlighted for SIMes 144 and 6-Mes

145 in Scheme 1.38.%3
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Scheme 1.45

In order to address these issues, the development of a more reliable method for the electronic
quantification of NHCs has been the focus of many research groups. One of the most notable
methods which has been unveiled in recent years is Huynh’s electronic parameter (HEP).54%°
This technique requires the formation of stable palladium(ll) bis-NHC complexes, as shown in
Scheme 1.46. One of these ligands, 'Pr2-bimy 146, is termed the reporter ligand, and it is the
carbenic shift of this ligand in the 3C NMR spectrum which is used to parameterize the
electronic character of the NHC being investigated. The carbenic shift of an NHC is inversely
proportional to the singlet-triplet gap. The transition of an electron from the o-orbital to the
unoccupied p-orbital has the strongest contribution to the paramagnetic shielding parameter,
which in turn leads to a downfield shift. The binding of an NHC ligand to a metal centre reduces
the probability of this transition, and thus results in a more upfield shift. If we now consider

the trans-influence from the ligand being investigated, stronger donation from this ligand will
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weaken the Pd—'Pro-bimy bond, and thus return more “free NHC” character to the 'Pr2-bimy
ligand, resulting in a more downfield shift. This process therefore allows for the relative
parameterization of NHC ligands, provided they can form stable complexes with palladium(Il)

species.

146

\R/ \R/Br \R/Br
oo S T S
)\Br )\Br

Free Carbene L Strong L Weak
Region Donor Donor
T I T T I I I T I I T I
200.0 190.0 180.0 170.0 ppm
Scheme 1.46

Scheme 1.47 below shows some examples of HEP for several NHCs. It shows the significant
changes in this parameter that are made with changing various aspects of the ligand. For
instance, structures 147-150 show how the hybridisation of the backbone, as well as aromaticity
and presence of a heteroatom, affects the HEP. Additionally, the substituents of the nitrogen
atoms also have significant influence over the electronic character of the ligand, as shown with
varying substitution from benzyl to mesityl groups in 151, 152 and 135. Finally, even subtle
effects from very remote substitution can also be seen through this method, as shown in 153-
155. Indeed, there are several advantages this method brings to the process of electronic
parameterization. Notably, the use of 3C NMR spectroscopy means that the signals produced
are sharp, cover a wide shift range, and can be easily referenced for reproducibility. Secondly,
the accuracy of 13C peaks is much greater than that of IR signals, generally ~0.02 ppm. Thus,
subtle changes in shift (~0.1 ppm, or five times the standard deviation) can be taken as

meaningful. %
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Scheme 1.47

A final note on the HEP, while TEP measurements use metal (nickel, rhodium, and iridium)
carbonyl complexes which are prone for n-backbonding, this method makes use of much more
electronegative palladium, which is much less prone to back donation, particularly so in the
+2-oxidation state. As such, this method generally gives a good indication of c-donation

ability.

With this in mind, Ganter was able to utilise 7'Se nuclear magnetic resonance (NMR) in an
attempt to investigate the m-acceptor properties of an NHC.6"% Scheme 1.48 depicts the

proposed binding motif for the selenide adducts used. Generally speaking, NHCs which are
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primarily o-donating will have character more similar to the resonance structure on the right,
and exhibit a more upfield shift. Contrasting this, NHCs with significant n-acceptor abilities

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

signal.
R R R
1 1 1
N N N o
[ >=Se -~ [ ))—SeH B [ )>—Se
N N N
R R R
c-donation + n-acceptor Primarily c-donation
Downfield 7”Se NMR Signal Upfield 7"Se NMR Signal
Scheme 1.48

A number of NHC-selenide adducts were synthesised using ligands which had already been
thoroughly studied in the literature. Selenium NMR is known to encompass a range of around
800 parts per million (ppm) and is particularly sensitive. Having such a wide range is
advantageous when attempting to parametrise a series, allowing for more confident assignment
of the w-accepting nature. As Scheme 1.49 shows, structures which are known to be strongly
o-donating such as IPr 156 exhibit a significantly low shift, whereas the strongly =-acidic
variant, 158, has a significantly higher shift of 856 ppm.

- A N4

N~ N~ N~

DiPP’N\Ir DiPP Mes’N\Ir Mes Mes’N\Ir Mes
Se Se Se
156 157 158
87.0 ppm 472 ppm 856 ppm
Scheme 1.49

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

shift of the adduct is inextricably tied to both the o-donating and w-accepting properties of the
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ligand, and as such cannot be used to inform about the n-acidity alone. Generally speaking, an
established method that allows for the individual investigation of w-accepting ability of a ligand

has not yet been achieved.

1.9 Combining Experimental and Computational methods
The very nature of reaction mechanisms presents several challenges which makes the study of
a mechanism difficult, particularly in the case of homogeneous transition metal catalysed
reactions. Catalytic cycles, consisting of various steps, each highly dependent on the
conditions, coupled with the short-lived intermediates and catalytic species which are often
difficult to detect, make unambiguous mechanistic conclusions difficult to draw. Detailed
aspects of a reaction, such as solvent or additives can, if altered, give vast changes in the
outcome of a reaction, serving only to add further complexity to the problem. In addition to
this, many catalytic routes or competing pathways are often separated by small energy
differences. It is in these instances where it may be beneficial to invoke the use of
computational chemistry in order to gain insight into a system which may further understanding

of the mechanism at hand.

The increase in computing power and continuous refinement of functionals that has occurred
over the past four decades has allowed more complex systems to be confidently investigated
using density functional theory (DFT) methods. In recent years, the use of such calculations by
those investigating detailed reaction mechanisms has become somewhat of a staple, in many
regards.®® Indeed, DFT calculations have proven imperative in the development and
understanding of a myriad of processes, offering insight which can strengthen or attempt to
clarify the understanding gained from experimental data. While this use of computational

reinforcement brings many advantages, great care must be taken when attempting to make use
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of such methods, as the use of these techniques without careful consideration can be lead to
highly misled conclusions.’® Regardless, there are many who foresee the use of computational
chemistry in aiding, or even leading, the rational design of novel catalyst systems for any given
process. 7273 Realistically, however, the current situation is that the use of computational
guidance for catalyst design is, for the vast majority, rooted in previously established systems
with a reservoir of mechanistic understanding behind them. Indeed, this removes a myriad of
issues present at the start of such an investigation, thus accelerating the process, in that the
many potential side-reactivities are less likely to require investigation, as well as giving a
sensible starting position for the design process. With further development in this area,
however, it is possible that this process may well become more streamlined and more

accessible.
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2. Previous & Proposed Work

The paradigm of rational ligand design is emerging as an incredibly powerful tool in the
development of novel catalyst systems (vide supra). We sought to apply this approach to our
current generation of catalyst systems in order to further advance their effectiveness and
applicability in HIE processes. Initially, we chose to focus our efforts on facilitating the
labelling of sulfur-based directing groups, specifically the aryl sulfone. At the time we
embarked upon this endeavour, only a single example of an aryl sulfone being successfully
labelled through iridium-catalysed directed, HIE was reported, that of the Muri and Pfaltz
collaboration. *>*° These substrates have thus proven highly challenging, and with such an
unmet need for their use as labelling substrates, this appeared to be an ideal starting point for

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

Sulfones are prevalent in the pharmaceutical industry, with many commercialised drugs
containing an aryl sulfone functional group. Sulfones are particularly ubiquitous in antibiotics,
such as Dapsone and Dextrosulphenidiol (Figure 2.1). They are, however, also utilised in a
range of other medicines, such as the non-steroidal anti-inflammatory Rofecoxib, or the
retinoid, Sumarotene. The abundance of the sulfone functional group in the pharmaceutical
industry makes the ability to exploit it as a directing group for ortho-directed HIE a particularly

attractive goal.
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Figure 2.1

Examining in detail Muri and Pfaltz’s investigation of the activity of iridium catalysts
supported by the “PHOX” ligands in the HIE process, a total of 15 catalysts were selected for
screening across 11 diverse substrates. Relatively simple examples such as acetophenone 51,
acetanilide 39 and phenyl benzamide 65 could be labelled to high levels with a wide range of
catalysts under mild conditions and low catalyst loading (Scheme 2.1a). However, more
difficult substrates such as phenyl pyridine 107 could only be labelled up to moderate levels of
70% with two specific catalysts. Little rationale was given to explain the efficacy, or lack
thereof, in each case and the overall system is still poorly understood. Further still, when a
selection of seven catalysts were applied to methylphenyl sulfone 108, all but one exhibited
low to moderate levels of incorporation (Scheme 2.1b). An impressive incorporation of 95%
was achieved using ligand 165, however, again, no rationale for the success of this ligand was
ever given. As a result of the sporadic manner in which the catalysts were deployed, it is unclear
which ligand characteristics are imperative to the high levels of incorporation. In addition to

this, the substrate scope or robustness of the process was never established.
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Returning to the work of the Kerr group, our previous studies into the mechanism have shown

that the C—H activation step is generally rate determining, but has a relatively low activation

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

system.3! Additionally, we know from our rationale in solvent choice that the ability of the

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

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

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

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

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

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

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

N—™N
\—/ \—/
Monodentate NHCP Tethered
Kerr Group Catalyst

Catalysts

Figure 2.2

In order to validate this hypothesis in silico, we turned to calculating the binding energies of a
small set of substrates to the catalytically relevant iridium(111) hydride species (Scheme 2.2).
4 The energy associated with binding of the model substrate was calculated using the basis set
superposition error (BSSE) corrected counterpoise method described by Boys and Bernardi.”™
First, upon considering the binding energy between acetophenone 51 and “free” catalyst 166
in complex 167, it was noted that a significantly negative, and therefore favourable, value of -
23.1 kcal mol™ was calculated. Contrasting this, however, when we consider the binding energy
of our model sulfone 108, a significantly less negative, and thus less favourable, value of only

-15.3 kcal mol™ is calculated.
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With this information in hand, it was decided that the binding energy of 108 could be used as
a screening parameter with which an in silico library of NHC-P chelated catalyst systems could
be screened. This library consisted of 16 NHC-P ligand systems, focusing on altering the
imidazole substituents, tether length between the ligating atoms, and the phosphine substituents
(Scheme 2.3). Gratifyingly, all the entries in this screen gave more favourable binding energies

for 108, but also, most notably, gave a good range of binding energies across the series.
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As an initial proof of concept, two of these ligand systems were selected, and the corresponding
iridium(l) precatalyst complexes were synthesised. These complexes were then applied to the
labelling of methylphenyl sulfone 108 (Scheme 2.4). We were delighted to see a modest
increase in the levels of deuterium incorporation in both cases, however, neither catalyst system
delivered the levels of incorporation we desired. Nonetheless, these results showed that our

catalyst development was indeed progressing in the right direction.
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Scheme 2.4

With this in mind, an alternate catalyst system has been selected for synthesis as the first
endeavour towards the refinement of a chelated catalyst system for such sulfur based directing
groups (Figure 2.3). The selected catalyst systems make use of a benzyl tether, retaining the

triarylphosphine structure, which we hope will benefit the ability of the complex to deliver high

70



levels of incorporation. Once synthesised, the selected catalysts will be applied in the labelling
of methylphenyl sulfone 108. From here, the most active catalyst system will be taken forward
for further optimisation, if required. Once an optimal system has been established, the substrate
scope will be explored, in order to determine the efficiency of the catalyst in a range of

sterically and electronically varied examples.

In Silico Binding Energies of Methylphenyl Sulfone:
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Figure 2.3
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3. in Silico Parameterization & Ligand Screening for the
Development of a Novel Chelated Iridium(l) Complex for HIE of
Aryl Sulfones

3.1 Catalyst Synthesis & Characterisation

The desired catalyst systems can be synthesised from the corresponding imidazolium salts
which, in turn, can be quickly accessed in a modular fashion from 2-
(diphenylphosphanyl)benzyl chloride 176 and the appropriate N-aryl imidazole, as shown
retrosynthetically in Scheme 3.1. Palladium catalyst systems supported by such ligands have

previously been synthesised by Zhou via a similar method.”

_| BArg
. Ph/zp@ PhZPQ oPh,
é)lr}_ :> (,3 C) : F\N @/\

/N ~ /N ~“ Ar
R / ?I R / I|I
\ D) \\ D)
L‘::/t “::,’ 176
Scheme 3.1

As such, we embarked upon the synthesis of our desired catalyst systems, starting with the
synthesis of the necessary imidazoles. Synthesis of the aryl imidazoles was achieved by a one-
pot, multicomponent synthesis starting from the relevant aniline, glyoxal, formaldehyde, and
ammonium acetate (Table 3.1). Both mesitylimidazole 179 and di-iso-propylphenyl imidazole
180 were synthesised, however the yields for the much more sterically encumbered di-iso-
propyl variant were consistently reduced. Isolation of products from multicomponent reactions
such as these are notoriously difficult, with several by-products requiring separation. It was
found that isolating the products by column chromatography was possible, however, this was

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

yields.
Table 3.1
R’ Glyoxal, Formaldehyde, R ,4\N
/@iNHz NH,OAc, AcOH, /©:N\¢
m2 R 80 °C, 16 h =2 R
R'=R? = Me, 177 R'=R? = Me, 179
R'='Pr, R*=H, 178 R"='Pr, R?=H, 180
Entry Product Isolation Method  Yield (%0)
1 Column 54
179
2 Trituration 66
3 Column 16
180
4 Trituration 20

With the relevant imidazoles in hand, we turned our attention to the phosphine moiety (Scheme
3.2). Benzyl bromide 181 was used to generate N,N-dimethylbenzyl amine 182 in an Sn2
reaction, which proceeded in high yield. This compound was then metallated, exploiting the
dimethylamine group in a directed ortho-lithiation, yielding highly air-sensitive crystals which
were immediately reacted with chlorodiphenyl phosphine to afford 183 in admirable yield.
Indeed, phosphine 183 was resistant to oxidation such that it could be exposed to air and
purified by column chromatography without any noticeable loss in yield, however storage of
the compound requires an inert atmosphere as noticeable amounts of phosphine oxide were
noted to have formed after 24 hours in air. The final step in forming 176 involved chlorination
at the benzylic position. It was found that toluene could be used in place of the highly

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

benzylic ligands.

7
©/\Br Me,NH.HCI, Et:N, ©/\T
Et,O,rt, 16h

181 70% Yield 182
) "BulLi, 1) Ph,PClI,
Et,0,0°C- | 0°C-rt, 1h,
it 24 h 79% Yield
PPh, PPh,
CICO,Et, toluene,
Cl w2 N
80 °C, 2 h |
90% Yield
176 183
Scheme 3.2

The displacement of the benzylic chloride by mesityl imidazole 179 was reported by Zhou to
take two days at reflux in ethanol. However, when the reaction mixture was analysed by TLC
after two days it was found that it contained unreacted imidazole. The benzyl chloride 176
however, had been completely consumed. Indeed, the desired chloride salt proved difficult to
remove from the crude mixture and as such, was not isolated. Instead, the crude mixture was
stirred with sodium BAre in order to exchange the anion associated with the imidazolium salt.
Not only did this install the desired anion, but the lipophilicity of 184 allowed significantly
easier separation of the product from the unreacted imidazole as well as other side products of
the displacement. This procedure afforded the novel imidazolium salt 184 in an appreciable
56% yield (Scheme 3.3). When attempting the same procedure with the larger di-iso-
propylphenyl imidazole 176, however, poor reactivity was observed. In order to address this,

the solvent was changed to acetonitrile, and half an equivalent of potassium iodide was added.
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This allowed the displacement to proceed in only two hours. The counterion was exchanged

via the same method as 184, affording the di-iso-propylphenyl salt 185 in 58% yield.

PPh, ) 179 (1 eq.),

o EtOH, reflux, 2 days T\®

Il) NaBArg, DCM,
176 r, 16 h 184
56% Yield

1) 180 (1 eq.)
(0.5 eq), MeCN
cl reflux, 2 h

PPh,

Il) NaBArg, DCM, Pth
rt, 16 h BAr,:

176 58% Yield

Scheme 3.3

With the ligands in hand, the full catalysts could be synthesised via deprotonation of the
imidazolium salt in the presence of the iridium cyclooctadiene chloride dimer, 54. The catalysts
were isolated in generally good yields as bright red solids (Table 3.2). Indeed, it was noted that
the reactions proceeded significantly better on larger scale, producing excellent yields on a 0.6

mmol scale.
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Table 3.2

|BAr,:
Ph,P
é\' Ckl% 184 0r 185 @\I / @
I I r
\ 7
Z8 KOBuU, 7 >/-\N

54 THF, rt, 2 h R=N_J R = Mes, 174
R = DiPP, 175

Entry Complex R Scale (mmol)  Yield (%0)

1 0.3 49
174 Mes

2 0.6 86

3 0.3 73
175 DiPP

4 0.6 91

Pleasingly, crystals of 175 could be grown from DCM and petroleum ether, and an x-ray crystal
structure confirmed the solid state structure of our novel complex. Figure 3.1 depicts the

structure, with hydrogen atoms and the BArr anion omitted for clarity.

Figure 3.1
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As discussed in Section 2, the complexes which have been synthesised were targeted based on
the binding energies of catalytically relevant iridium(I1l) dihydrides. However, such species
are highly reactive and, thus, not isolatable. Since obtaining a crystal structure of these
iridium(111) dihydrides is unfeasible, making a direct comparison between the structures
generated in silico and experimental data is not an option. Therefore, it was determined that
the crystal structure of iridium(l) complex 175 could prove to be a useful tool in order to
validate the computational methods. As such, the structure of 175 was optimised separately, in
the absence of the BArr anion, and in the gas phase, in the same fashion as the dihydrides have
been calculated. Table 3.3 highlights some key values for both structures. Generally, the
calculated values were in good agreement with the crystal structure data. Both structures
suggest a distorted square planar structure. Pleasingly, the bond lengths between the iridium,
phosphine and the carbenic carbon of the NHC in the calculated structure agreed well with
those of the crystal structure, with differences of the order of 102 A in each case. Notably, both
structures show a significant twist in in the NHC, with respect to the xy plane defined by the
other ligands. This can be easily illustrated by measuring the P-Ir-C-N dihedral angle, which
shows a significant distortion at approximately 130°. This twist is required to accommodate

the large, relatively inflexible 7-membered chelate.
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Table 3.3

PPP 2 1 PPP 4 11 DiPP
N - N .,
[y O LA 7 5.
N 1/ N Ph
J " J A3 P Ir
i b a i
Crystal Calculated Magnitude of
Entry Dimension
Structure Structure Error (%)
I—C Bond
1 2.04858 A 2.06582 A 0.842
Length
I—P Bond
2 2.31489 A 2.37947 A 2.79
Length
C-Ir-Alkene
3 160.8551° 161.1586° 0.189
Angle
P-Ir-Alkene
4 158.004° 156.5759° 0.904
Angle
5 P-Ir-C-N Dihedral 132.5500° 135.6473° 2.34

Prior to continuing with the two novel complexes synthesised, we were interested in further
diversifying our ligand set. It was noted that the computational screen performed previously
(vide supra) did not investigate the effects of backbone substituent effects on the imidazole
ring for the benzyl tethered systems. Accordingly, two further catalysts were selected wherein
the backbone of the imidazole was modified in order to tune the properties of the NHC portion
of the ligand. While these structures were not present in the initial computational screen, the
binding energy of methylphenyl sulfone 108 was calculated in the same fashion. The

corresponding imidazolium salts, as well as the binding energies associated with the
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corresponding iridium(l11) dihydride systems, are illustrated in Scheme 3.4. The versatility of

the benzylic tether meant that the additional synthetic steps were limited to the generation of

the imidazole.
N ¥ N®\/ ; N N®\ / ;
Mes™ "~z Mes™ "~z
© PPh, © PPh,
BAr,: BAr,:
186 187
Binding Energy of Binding Energy of
Corresponding Ir(lIl) Corresponding Ir(ll1)
Dihydride: Dihydride:
- 28.6 kcal mol! - 30.8 kcal mol™
Scheme 3.4

The dimethyl substituted imidazolium salt 186 was synthesised in a similar fashion to 184 and
185, wherein a multicomponent reaction was used to generate the imidazole 188, in 45% yield,
followed by alkylation to install the phosphine moiety (Scheme 3.5). Once again, potassium
iodide was used to facilitate the alkylation step, affording the imidazolium salt 185 in an
excellent 82% yield. The catalyst synthesis proceeded in excellent yield on a small scale of

0.27 mmol, to give 189 in 91% vyield.
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The benzimidazole motif present in 187 required a more extensive synthesis, as a one-pot,
multicomponent procedure to directly form N-mesityl benzimidazole is not possible. Following
a recent procedure by Scheidt, which detailed the synthesis of N-mesityl benzimidazole 194 in
four steps from 1,2-dibromobenzene 190, the desired imidazole species was obtained in a very
good overall yield (Scheme 3.6).”” Reacting dibromobenzene 190 with mesitylamine in a
Buchwald amination afforded 191 in a 70% yield. A successive Buchwald amination using
benzophenone imine was then performed in order to install the second nitrogen moiety. Due to
the steric bulk of the coupling partners, this reaction required 48 h to go completion. Pleasingly,
however, the product 192 was obtained in a good 60% yield. From here, the imine was removed
by acid catalysed methanolysis to yield the free aniline 193. Satisfyingly, 193 could be cyclised
to give the benzimidazole 194, using trimethyl orthoformate, in an excellent 96% yield. Due to
the reduced nucleophilicity of the benzimidazole, the alkylation step required longer reaction

time, compared to previous imidazole alkylations, and only afforded the ligand 187 in a poor
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31% yield. However, this step provided enough material for the following complexation step,

which proceeded well to give complex 195 in a serviceable 58% vyield.

Pd,(dba)sz (3 mol%),
(R)-BINAP (6 mol%), H

B Pd(OAc), (8 mol%), H Benzophenone imine N.
@[ " (RIBINAP (16 mol%), AN (1.3 eq), _ C[ Mes
Br Mesitylamine, KO'Bu, Tol, Br KO'Bu, tol. reflux IN
110 °C, 18 h 48 h Ph)\
70% vyield 60% yield

190 191 192

Ph
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Scheme 3.6

With four NHC-P iridium(l) precatalysts in hand, electronic and steric characteristics of each
complex were parameterized, in order to better understand the systems. A common method of
characterising the electronics of a catalyst is through examination of the *H NMR spectrum of
the corresponding iridium dihydrides.”® As such, the hydride shifts of each of the benzylic
tethered complexes were analysed. This was performed by dissolving the catalyst in deuterated
acetonitrile, in an NMR tube, and passing hydrogen through the solution, hydrogenatively

81



removing the cyclooctadiene ligand and forming the corresponding dihydride species. A very
strongly coordinating solvent, such as acetonitrile, is necessary to stabilise the hydride
structures, which are too fluxional to observe in less coordinating solvents. The chemical shift
and coupling of the resulting species can be compared to give information about the
environment of the hydride. Once activated, the complexes can form 3 distinct isomers, in
which the hydrides occupy a cis relationship, as shown in Scheme 3.7. Isomer C, in which the
both hydrides are trans to the strongly c-donating donating ligands, would be less stable than
A and B and, as such, would not be expected to be present in significant quantities. The 3P-'H
coupling can be used to deduce the which signals correspond to A and B, with a hydride trans
to the phosphine exhibiting a significantly larger coupling than that of a hydride in a cis

relationship.”®

7 ° Ho \=/ \=/
't CD5CN A B

Scheme 3.7

Scheme 3.8 below details the results of these experiments. In general, it was noted that
complexes of form A were formed in vast excess over those of form B. Indeed, the lowest

estimated ratio of isomers A:B was 97:3 in the case of 175. In the remaining complexes, levels
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of B were too low to accurately estimate. The characteristically large 2Juptrans could be
measured and used to identify the presence of 175B, however, due to the small concentration
of the species, the smaller 2Jupcis coupling could not be reliably measured. Signals which are
consistently around -20 to -22 ppm are characteristic of hydrides trans to labile ligands, such
as acetonitrile. Generally, more s-donating NHC-P ligands result in a more negative shift for
the hydride occupying a trans relationship, allowing the o-donating nature of the series to be
analysed. Unsurprisingly, 175A exhibited the lowest shift of the series, -12.82 ppm, proving to
be significantly more o-donating than the rest of the series. However, it was noted that
substitution on the backbone of the NHC, in 189, proved to have little effect on the hydride
shift, with respect to the unsubstituted complex 174, implying that this substitution had minimal
effect on the o-donating nature of the ligand. The benzimidazole variant, 195, showed a
significant change in hydride shift, implying that the additional aryl ring has a substantial effect
on the ligand. The 3P NMR spectrum of each of the hydride complexes was also analysed,
however, no H-P coupling was observed in any case. This implies that, despite the strongly
coordinating acetonitrile, the extended timescale required for the 3'P spectra to be generated
means that the complexes are too fluxional for coupling to be observed. In addition to this, the

sensitivity of >'P NMR to geometrical effects means that little can be taken from the shift alone.
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Scheme 3.8

It should be noted that this technique offers no information on the other aspects of the catalyst’s
electronic properties, such as the n-back donation, and, therefore, further investigation is

required in order to fully understand the electronic nature of these systems.

Next, attention was turned to examining the steric influence of the ligands. Since the Tolman
cone angle is best suited to analysing structures with Cs symmetry, the steric parameters of the
catalysts were next evaluated using %Vsur. This parameter was calculated using the SambVuca
web-based application.” The coordinates used for the calculations were taken from optimised
structures of catalytically relevant sulfone-bound iridium hydrides, wherein the atoms
belonging to the sulfone were removed. The main concern with using this method of analysing
the steric influence of the ligand is that the software does not recognise the iridium centre. As
such, approximations have to be made in placing a putative sphere at the “centre” of the

complex based on the coordinates of the ligating atom. This process is illustrated, along with
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the calculated data in Table 3.4. The %Vgyr was also calculated for the ethyl-tethered catalyst

systems previously synthesised.

Table 3.4
L ,-
= Q
N H)@ e T
o el 874
oy 6 H added oy 6 H
Geometry Optimised %Vpg,, Calculated
via DFT
Entry Catalyst %VBur(NHC)  Y0VBUur(p)
1 Mes-Im-Et-PPh, 170 50.1 474
2 DiPP-Im-Et-PPh, 171 51.0 46.6
3 Mes-Im-Bn-PPh; 174 52.6 52.2
4 DiPP-Im-Bn-PPh; 175 53.4 55.2
5 Mes-MeIm-Et-PPh, 189 52.8 52.2
6 Mes-Arim-Et-PPh; 195 52.9 50.9

It should be noted that, while the difference in %V is only over a range of around 3%, it has
already been shown that small changes in this parameter have significant effects on catalyst
activity.*® Since the application used to measure this parameter was designed for monodentate
systems, two sets of data are presented: one measured from the perspective of the carbenic
carbon, and the other from that of the phosphine. Both of these give information about the
respective ligating centres. It can be seen from the data that, when compared to the ethyl
tethered systems, the new benzylic catalysts exhibit a higher %Vgyr. This occurs due to the

increased ring size of the benzylic ligands, which forces the phosphine farther from the NHC,
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thus encompassing more of the ligand sphere. In moving from the mesityl-substituted 174 to
the di-iso-propylphenyl 175, a significant increase in %Vgur iS oObserved, resulting in 175
having the highest %Vgur Of the series. As expected, substitution on the backbone of the NHC,
189 and 195, results in an increase in %Vsur With respect to the NHC, as the aryl substituent is
pushed towards the iridium centre.While there is still much information about the catalysts
which has not yet been elucidated, the methods applied so far have given insight into the

individual characteristics of each complex.

Since only single proof of concept reactions were attempted for each of the ethylene tethered
catalysts, it was decided that these systems would also be synthesised and used in the initial
catalyst screening.”* Scheme 3.9 below outlines the general route towards these two
complexes, with full details given in Section 8. Mesitylimidazole 179, or di-iso-
propylphenylimidazole 180, were alkylated with bromoethanol to give the corresponding
imidazolium salts 196 and 197. Following this, the free hydroxyl group of these imidazolium
salts could be converted to alkyl bromides through reaction with phosphorus tribromide,
affording imidazolium salts 198 and 199. Following this, the bromide, in each case, could be
displaced in an Sn2 reaction using potassium diphenylphosphide in a solution of DMSO. In the
same step, the counterion was exchanged using NaBArg, which aided in the isolation of
imidazolium salts 200 and 201 (vide supra). With the respective ligands in hand, we were able
to synthesise the full NHC-P complexes, 170 and 171, by deprotonating the imidazolium salt

with potassium tert-butoxide in the presence of [Ir(COD)CI]..
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Scheme 3.9

3.2 Catalyst Screening, Reaction Optimisation, and Substrate Scope

With a total of six NHC-P complexes having been prepared, we turned our attention to applying

these in the labelling of aryl sulfones. Table 3.5 below details the results of the labelling

reactions with the six chelated NHC-P iridium(l) complexes with our model substrate,

methylphenyl sulfone 108.
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Table 3.5

BA
/\Ph2P§| F
Ir/
O\\/,O 7 0 0

. D
NHC (5 mol%) \%
S\ ' S\
D,, DCM, -78 °C
to 25 °C, 16 h D

108 d-108

Entry Catalyst Solvent Runl1(%) Run2(%) Run3(%) Avg (%)

1 170 DCM 34 37 35 35
2 171 DCM 16 9 10 12
3 174 DCM 22 19 29 23
4 175 DCM 44 38 46 43
5 189 DCM 12 15 13 13
6 195 DCM 37 33 39 36

Upon application of our new NHC-P complexes, almost all gave higher levels of incorporation,
when compared to those of the monodentate system. However, none of the catalyst systems
were able to incorporate deuterium to the levels we desired. Figure 3.2 below compares the
calculated binding energy of the NHC-P systems, as well as monodentate systems 56 and 57,
with the experimental incorporations.*>’* This shows that while there is a general increase in
the level of incorporation with increasing binding energy, the correlation is fairly poor,
indicating that another aspect of the reaction is likely responsible for the limited levels of

isotope incorporation.
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Figure 3.2

It was noted that the catalyst which exhibited the highest levels of incorporation, 175, was
highlighted as having both the more c-donating NHC as well as the largest %Vgur. This can be
rationalised by considering the conformation of the complex. The initial computational
investigations of this system found the most favourable binding motif and lowest energy
complex for the dihydride species 202 is as illustrated in Scheme 3.10. In this species, the
agostic interaction occupies a trans relationship to the NHC portion of the ligand. Therefore, a
more o-donating NHC would result in facilitation of the C—H activation process, with respect
to the less o-donating ligands, through the trans effect. This would increase the rate of the C—
H activation and therefore result in an overall higher level of incorporation. There is also the
possibility that the higher levels of incorporation were due to a steric effect, owing to the larger
%Veur. Initially, it may be difficult to rationalise an increase in %Vgur being beneficial, as one
would expect a poorer binding of the substrate and hence poorer labelling. However, what the
gas phase models do not consider is that the kinetic stability of a larger catalyst is likely to be

greater. This results in a catalyst which is active for longer periods of time, and can therefore
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incorporate more deuterium. In order to determine whether or not our new catalyst system was
competent in C—H activation, we calculated the barrier to this process, also shown in Scheme
3.10. This barrier proved to be exceptionally low at 14.5 kcal mol?, indicating that the
activation process should be rapid at room temperature. We did not foresee any other steps in
the catalytic cycle being rate-limiting, and, thus, believed that the reason for the limited levels

of incorporation lay in off-cycle processes.

Q 0
Vé/’ N
e 07 =S
DiPP " y DiPP
N H AG*: 14.5 kcal mol N I/H2
ﬂ:£>_—____"{fj  C-H Activati ) ﬂ:3>____—'"
- ctivation
QL O
P /P !
H
Ph// Ph PN Ph
202 203

AG,o: +7.2 kcal mol™

Scheme 3.10

Having previously observed how important the role of solvent choice is in the success of these
reactions, it was decided that the most active catalyst of the series, 175, would be brought
forward for a solvent screen (Figure 3.3). To our delight, upon moving from the relatively
poorly performing DCM to ethereal and aromatic solvents, a dramatic increase in the levels of

incorporation was observed.
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Figure 3.3

In general, the majority of tested solvents incorporated to good to excellent levels, with the
exception of DCM, DCE and benzene. However, there is no clear rationale for why the
incorporation was so limited in these solvents. Table 3.6 below shows the calculated enthalpy
of displacement for two molecules of five selected solvents with 108. Unfortunately, there
appears to be no simple explanation as to why some of these solvents (DCM, benzene) perform
so poorly, while others (diethyl ether, chlorobenzene, fluorobenzene) allow high levels of

incorporation. While we were elated with the performance of the complex across a wide range
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of solvents, further investigation into determining a clear rationale behind solvent applicability

is obviously required.

Table 3.6

H
Ph/ Ph " Ph/ \Ph "
202
Entry Solvent AHuisp (kcal mol?)
1 DCM -1.28
2 Diethyl Ether +14.1
3 Benzene -3.49
4 Chlorobenzene -9.90
5 Fluorobenzene -4.74

One potential reason for the discrepancy in the performance of the catalyst system in various
solvents, is that certain solvent systems are less likely to prevent, or indeed may even facilitate,
the decomposition of the active catalyst. One very brief investigation into this possibility is
outlined in Figure 3.4. A solution of 108 and complex 175 (1 eq) in either DCM or
chlorobenzene were placed in an NMR tube. Deuterium gas was bubbled through the solutions
for 5 minutes, until catalyst activation was complete. The solutions were then analysed by 2H
NMR spectroscopy. In chlorobenzene, the reaction appears to proceed quite smoothly, with the
major signals corresponding to deuterated cyclooctane, and deuterated 108. The reaction

performed in DCM, however, exhibited several peaks in the aryl region. It is possible that this
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could indicate the presence of side reactivity when using DCM as a solvent. This initial insight

is, however, undoubtedly crude and can only be used as a starting point for a much more

thorough investigation in this area.
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Side Reactions?

Figure 3.4
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In light of the solvent screen, chlorobenzene was taken forth as the optimum solvent, with an
overall incorporation of 92%, using just 5 mol% of iridium catalyst 175 over 16 h. Next, a short
series of experiments was performed in order to establish whether the catalyst loading could
be reduced and still retain the same level of deuteration (Table 3.7). Indeed, it was noted that
a reduction of catalyst loading resulted in lower incorporations, and, therefore, a loading of 5

mol% was used in future experiments.

Table 3.7
BAr,:
Ph2P
Di PP N 175
SV d (X mol%) QP
S\ > S\
©/ D,, PhCI, 25 °C, 16 h @i
D
108 d-108
Entry X (mol%) Avg. (%)
1 5 91
2 3 77
3 1 59
4 0.5 33

With a system in hand that was labelling to high levels using low catalyst loading, a rate study
was next performed in order to establish how quickly the exchange process reached
completion. This was achieved by taking aliquots of a single reaction at set time points and
quenching with diethyl ether to prevent further reaction. Gratifyingly, the labelling of
methylphenyl sulfone 108 was shown to reach completion in less than one hour. Figure 3.5

below depicts the data in terms of incorporation (%) and in the concentration of the non-
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deuterated substrate ([Sn]) It can be seen that, initially, when the concentration of non-
deuterated 108 is much greater than that of the deuterated substrate d-108 ([Sp]), the reaction
proceeds linearly, inferring pseudo-first order kinetics. However, as more deuterated substrate
is produced, competitive binding and activation by Sp inhibits the rate and the reaction begins
to slow significantly. Analysing the initial rate therefore informs about the reaction rate without

the complication of product binding. In this case, the measured rate was shown to be 0.0264 M

st
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Figure 3.5

With the results of these experiments, the optimal reaction conditions were taken to be 5 mol%
catalyst loading of 175 under a deuterium atmosphere at room temperature for one hour. These
conditions were then taken and applied to a wider range of substrates to fully assess the

robustness of our newly developed system.
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3.3 Substrate Scope

Delighted with the activity of our newly discovered catalyst system, we aimed to investigate
the effectiveness of the system across a range of sulfone-containing substrates. A total of
nineteen substrates were targeted for this investigation, encompassing a diverse range of
sulfones. See Section 8 for details of substrate synthesis. Overall, excellent levels of deuterium
incorporation were observed throughout the series of sulfones tested. Both electron-donating
and electron-withdrawing substituents in the ortho (108b-108d) and meta (108e-108h)
positions of the aryl ring were well tolerated, leading to high levels of incorporation. Notably,
meta-trifluoromethyl substrate 108g exhibits almost no incorporation at the considerably
hindered position between both substituents, but displays excellent levels of deuterium
incorporation at the less hindered position ortho to the sulfone. With less sterically encumbered
meta substituents (108f and 108h), both positions ortho to the sulfone are labelled to a high
extent. A range of electronically distinct para substituents are also well tolerated (108i-108l).
In the case of para-nitro substrate 108m, this directing group mildly outcompetes the sulfone,
but does not prevent an appreciable level of isotope incorporation through sulfone-directed
HIE. Furthermore, restricting the orientation of the sulfone, in cyclic substrate 1080, did not
result in a decrease in the excellent levels of incorporation generally observed. We next turned
our attention to the effects of increasing the steric bulk around the sulfone group, with
substrates 108p-108r. While a small decrease in the levels of incorporated deuterium were
observed in diphenyl sulfone 108p and isopropyl phenyl sulfone 108q (65% and 66%,
respectively), an excellent incorporation of 80% was observed with the extremely bulky tert-
butyl phenyl sulfone 108r. We also investigated labeling of benzyl methyl sulfone 108s, where
the sulfone would direct labelling via a 6-mmi, which is considerably less favoured than the
more common 5-mmi. Nonetheless, appreciable levels of incorporation were still observed in

this more challenging substrate under the very mild standard conditions with a low catalyst
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loading of 5 mol%. Interestingly, when we examined acetal-containing 108t under the reaction
conditions, not only were excellent levels of incorporation observed through the sulfone, but a
significant level of acetal-directed incorporation (26%) was also detected. Within our group’s
extensive studies on aryl HIE, this is the first example of acetal-directed labelling. It was

decided that this labelling process would be investigated in more detail (Section 5.0, vide infra).

thpp
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Scheme 3.11
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3.4 Sub-atmospheric HIE & Applications in Tritiation Chemistry

Having demonstrated a chelated NHC-P complex which could label aryl sulfones to excellent
levels at low catalyst loading and under extremely mild conditions, we opted to further
investigate the utility of the catalyst system to isotope chemists within the pharmaceutical
industry, who may wish to use this newly developed methodology in order to produce labelled
sulfone-containing compounds for ADMET studies. It is common in such industrial groups to
make use of a TRITEC manifold for delivery of the deuterium/tritium source at sub-
atmospheric pressures. Due to the obvious hazard associated with working with radioactive
isotopes, these manifolds allow for safe and efficient delivery of the desired gas into the
reaction mixture, as well as retrieval of any excess tritium (generally by reabsorption into a
secondary uranium bed). In order to limit the amount of radioactive waste produced by the
process of generating labelled material, as well as limiting unnecessary exposure, it is common
to also use these manifolds to produce a deuterated sample of the desired molecule using such
amanifold, prior to attempting a tritiation reaction. We were fortunate, therefore, to have access
to the equipment necessary to conduct the following studies through collaboration with the
industrial isotope chemists at the AstraZeneca site in MdIndal, Sweden. As such, we moved on
to apply our newly developed system in the labelling of methylphenyl sulfone 108, using such
a manifold, under realistic radiolabelling conditions: sub-atmospheric pressures of deuterium
gas, employing micromolar amounts of substrate. Table 3.8 below shows the results of our
initial foray into this area. Directly applying our previously optimised conditions to the
labelling of 108 at ~200 mbar, we were elated to see modest levels of incorporation still being
achieved by the system at low catalyst loading (Entries 1 and 2). Pleasingly, it was found that
raising the pressure to ~400 mbar increased the observed incorporation significantly (Entries 3
and 4). Finally, modifying the catalyst loading to 7.5 mol% returned the levels of incorporation

observed at 1 atm of deuterium gas (Entries 5 and 6).
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Table 3.8

BAI'F

Ph,P
I\ /
Ir

/4 P
N" 175 D 0 O
O\\S//O DIPP—N._

= (X mol%) \\S//
0
\ \
D5 (Y mbar), PhCl, b

25°C,1h
108 d-108

Entry Loading (mol%) Pressure (mbar) Incorporation (%)

1 5.0 203 40
2 5.0 208 45
3 5.0 400 80
4 5.0 408 78
5 7.5 405 90
6 7.5 405 92

Delighted with our initial observations, we next moved to altering the pressure of the reaction
at a fixed level of catalyst loading Figure 3.6. Interestingly, it appears that in the region of 150-
400 mbar, there is a linear dependence of the observed levels of deuterium incorporation with
pressure. Reducing the pressure below 150 mbar resulted in only very minor levels of
deuterium being incorporated, however, it was shown that even at 5 mol% catalyst loading,

high levels of incorporation could be achieved at pressures of 400 mbar and above.
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In many instances, however, it would be preferable to run labelling reactions at relatively low
pressures. As such, we decided to investigate the effects of catalyst loading at a lower fixed
pressure of ~200 mbar, the results of which are summarised in Table 3.9. Pleasingly, even at
low pressures of 200 mbar, a slight increase in catalyst loading to 7.5 mol% (Entries 3 and 4)
led to excellent levels of incorporation, similar to those obtained at atmospheric pressures.
Raising the catalyst loading further, to 10 mol% (Entries 5 and 6) did not increase the levels

of incorporation farther beyond this.
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Table 3.9

BAI'F
Ph,P
I\ /
/Ir
/
0. 0 _ >FN 175 D 00
\Y DIPP—N___

S (x mol%) i
(o]
\ \
D, (~200 mbar), b

PhCI, 25 °C, 1 h

Entry Pressure Loading %D

1 200 50mol% 40
2 200 50mol% 45
3 207 7.5mol% 86
4 207 7.5mol% 87
5 213 10 mol% 92
6 213 10 mol% 88

With newly optimised conditions for conducting isotopic labelling at reduced pressures in
hand, we next focused on testing the catalyst system in a tritiation reaction. Using 7.5 mol%
catalyst loading of 175, and 411 mbar of tritium gas, we were delighted to deliver a sample of
tritiated 108 with a high level of specific activity at 51.3 Ci mmol™ (corresponding to an 89%

incorporation) and an excellent radiochemical purity (Scheme 3.12).
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In addition to the tritiation of methylphenyl sulfone, we also targetted the tritium labelling of a
more complex example. Aryl sulfone 205 (Scheme 3.13) is a potent GPR119 agonist,
investigated by AstraZeneca.®° The selective tritium labelling of such an example would be an
excellent opportunity to showcase the utility of our newly developed catalyst system. However,
it was clear that direct labelling would be extremely challenging, owing to the high density of
strongly Lewis basic heteroatoms within the molecule, and likely to proceed with poor levels
of selectivity. Thus, we opted to apply our catalyst system, instead, to sulfone 108u, forming
the tritiated benzyl bromide motif t-108u, which could be used in an in situ alkylation reaction
with pyrimidine alcohol fragment 204. This sequence was highly successful, delivering a

tritiated sample of t-205 with a good level of specific activity, and excellent radiochemical

purity.
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4. Combining Solid Angle Analysis with Binding Energy
Calculations for Further Refinement of a Chelated Iridium
Catalyst system

4.1 Initial Screening for Labelling of Highly Substituted Sulfonamides

In Section 3, we demonstrated the power of computationally assisted rational ligands design to
rapidly advance the discovery of active catalyst systems. In order to build upon these studies,
therefore, we next turned our attention to investigating other substrate classes which could be
labelled with the novel NHC-P iridium complex. Indeed, it was proposed that the more
accessible catalyst sphere would allow us to pursue the labelling of hindered sulfonamide
systems. At the time we embarked on this investigation, we had already seen that the
chlorocarbene type catalysts, which had been successful for primary sulfonamides. However,
these systems were not reactive enough to allow labelling of more hindered systems,

incorporating only 8 %D into sulfonamide 127 (Scheme 4.1).%°

0 0 Iry 0 0
X N Mes (s moiw) NS
/©/ H D,, DCM, 25 °C, 16 h /©/ H
127 d-127
Scheme 4.1

While the chlorocarbene complexes have been shown to be excellent catalyst systems which
cater well to the labelling of primary sulfonamides, the ability to also access systems with
substitution on the nitrogen of the sulfonamide is highly desirable, as compounds containing
N-substituted sulfonamides have myriad uses in the pharmaceutical industry (Figure 4.1). This
motif appears in a broad range of drug molecules, such as the antibiotic Sulfanitran, and the

pulmonary arterial hypertension treatment, Sildenafil. Highly-substituted sulfonamides can
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also be found in the anticonvulsant, Sultiame, and the HIV inhibitor, Amprenavir. Indeed, in
addition to developing new methods for HIE for pharmaceutical and academic groups, we are
interested in this area for the further development of C—H activation processes. While there
are a few instances of using sulfonamides as directing groups in direct C—H functionalisation,
the examples are few in number, and this area is still far from developed. It is hoped that the

information derived from this study might support other studies within this area, 8182838485
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Figure 4.1

To investigate the proposal that our newly developed catalyst system would also be sufficiently
reactive to take advantage of these weakly directing, hindered functional groups, we initially
applied complex 175 to the labelling of N-methyltoluene sulfonamide 127, as well as the
significantly more challenging N,N-dimethyltoluene sulfonamide 206, opting to initially apply
long reaction times of 16 hours in order to observe the full reactivity of the catalyst system
(Scheme 4.2). Indeed, in our initial application of substituted sulfonamide 127, we observed
excellent levels of incorporation, matching those previously observed with the sulfone
substrates,which is a stark contrast the level of reactivity exhibited by the chlorocarbene type

catalyst. When moving to the even more challenging N,N-disubstituted sulfonamide 206, we
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were elated to observe moderate amounts (56%) of deuterium being incorporated into the aryl
ring. While this was an extremely encouraging result, we had envisioned a catalyst system
which could incorporate higher levels of deuterium not only into 127 and 206, but even more
challenging substrate structures. Therefore, we next looked into further tuning our chelated

catalyst system.
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Scheme 4.2

Our first step in moving towards an improved catalyst system was to turn to an in silico
investigation of the iridium(l1l) dihydride complexes believed to be the active species. As
shown in Scheme 4.3a, the conformation in which the substrate is bound through nitrogen is,
as expected, marginally more stable compared to that of the oxygen bound conformer. We
decided, therefore, to focus our investigations on the nitrogen bound conformers, hoping to
generate a catalyst system that could accommodate a bulky group directly bound to the iridium
centre. Secondly, we calculated the respective binding energies of N-methylbenzene
sulfonamide and N,N-dimethylbenzene sulfonamide in structures 207 and 209. It was noted
that the N-substituted example 207 retained good levels of binding energy, similar to that of

the sulfone, which are in line the observed levels of deuterium incorporation with analogous
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substrate 127. However, with complex 209 the calculated binding energy was observed to drop
considerably (Scheme 4.3b). Taking what we learned from the investigation of sulfone
labelling, we wished to alter the catalyst system in order to better accommodate such groups in
the HIE process. However, in this instance, we elected to move away from a screening of a

large set of in silico catalyst structures, and instead opted for a more focused adjustment of the

system.
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In order to determine which aspect of the catalyst would best be altered to give a more active
HIE complex, and believing the cause of poor binding energy to be steric in nature, we hoped
to use a method which could advise us on the steric interactions and binding motifs of the
respective complex systems. As discussed previously, one of the most common methods for
investigating the steric environment of a metal complex is the %Veu. However, one issue with

this method of quantification is that, although it is highly effective in the region close to the
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metal centre of the catalyst, we have recently established that overall binding efficiency of a
molecule is heavily influenced by extended interactions between the overall catalyst system
and substrate.®® Thus, we instead turned to analysing the solid angles of the catalyst
complexes.®” The concept of a solid angle Q (Figure 4.2), as a mathematical parameter to

define areas on the surface of a sphere is relatively simple, and can be defined by:

Figure 4.2

Where r is the radius of the sphere on which surface area A has been selected. In terms of
parameterizing ligand interactions however, if we place the metal centre of the desired complex
at the centre of the sphere and supposed a light shone from this centre, the ‘shadow’ cast on
the hypothetical sphere by the ligands around the metal would have a defined area which can
be measured and converted into a solid angle by the above equation. This type of analysis has
been shown to be valuable in a series of methodologies throughout organometallic chemistry.
88,8990.91.9293.94 Thys the DFT optimised structures 202, 207, and 209 were subjected to solid
angle analysis using SolidG, software which allows for a streamlined method for measuring
the solid angles, among other parameters, of metal complexes. From the data generated in this
program, the application SolidAngleGL8 can be used to visualise the information, as shown in
Figure 4.3. In the visualisations given, the solid angles corresponding to the atoms of the NHC-

P ligand are shown in blue, while that of the substrate, in each case, is shown in red.
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Figure 4.3

Table 4.1 highlights the information derived from this analysis, as well as the Ir—X bond
lengths in each case. In analysing the solid angles, a series of parameters can be derived. The
total occupation of the metal ligand sphere, represented as a percentage, is shown as SumGL.
The overlap in solid angle of the two ligands is represented by Gy. It is imperative to note that
this value is not automatically a direct indication of steric encumbrance, as many overlaps in
3D space can be stabilizing (z-n stacking, C—H-m interactions etc.), destabilizing (steric
repulsion, columbic repulsion), or even neutral. However, what can be derived from this
parameter is information on how the system in question is bound. Furthermore, this parameter
has been decomposed into the contributions to this value from the phosphine and NHC portions

of the ligand, Gyphos and GynHc, respectively.

Table 4.1

Entry Substrate SumGL (%) Gy (%) Gyphos (%) GynHe (%)  Ir—X (A)

1 108 82.83 4.40 1.12 3.29 2.331
2 127 86.41 2.64 0.34 2.30 2.400
3 206 85.24 0.90 0.37 0.53 2.576

109



In moving from the relatively unhindered sulfone 108, to the more hindered N-
methylsulfonamide 127, a significant increase in the Ir—X bond length is observed. While the
SumGL shows a clear increase, the level of overlap between the solid angle of the ligand and
substrate (Gy) experiences a notable decrease. Examining this in more detail, it can be seen
that the substantial steric bulk of the phosphine forces a distortion in the binding motif of the
substrate. This is evidenced by the reduction of overlap between the phosphine portion of the
ligand, and the substrate (1.12% with 108, 0.34% with 127), with respect to the more modest
decrease experienced by the NHC portion (3.29% with 108, 2.30% with 127). Despite these
influences, however, the increased Lewis basicity of the nitrogen atom ensures that a
favourable binding energy of -28.1 kcal mol™? is retained. Considering the even more bulky
N,N-dimethylbenzenesulfonamide 206, the Ir—X bond length increases further still, causing
an overall decrease in SumGL, despite the increased steric bulk of the substrate. Significant
steric clash with the phosphine portion of the ligand causes further distortion of the substrate
binding motif, leading to a reduced Gy of 0.9%, and an overall reduction in substrate binding
energy to -19.8 kcal mol™. From this combination of computationally derived parameters, it
was hypothesized that reducing the steric demand of the phosphine portion of the NHC-P
ligand could lead to a more accessible catalyst system that can accommodate more hindered
sulfonamide substrates. This is highly fortuitous: since the difficulties associated with handling
and synthesizing phosphines (particularly those small in nature) require not inconsiderable
effort, we viewed this as an opportunity to arrive at a system with a more efficient synthetic
route. Additionally, phosphine building blocks towards such hypothetical ligands can often be
expensive, or require long synthetic routes to acquire, strengthening our preference for other

Lewis basic groups.

Our first consideration as a sterically less encumbered replacement for the phosphine moiety

was a phenoxide, similar to those showcased by Duckett. It was thought that perhaps a neutral
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chelated system might be able to act as a chelated analogue of the neutral chlorocarbene
catalysts which previously proved successful with primary sulfonamides (Figure 4.4).
Unfortunately, however, it was found that, while this motif presented a significantly less
encumbered ligand sphere, the catalyst was now electronically less predisposed towards
substrate binding, owing to the significantly more electron-rich metal centre, when compared
to that of cationic complexes such as 207. Thus, poor binding energies were observed, even
with the relatively strongly binding N-methylbenzene sulfonamide substrate in 210. An attempt
was made to modify the electronics of the system, by placing a nitro group in the para-position

of the phenoxide in 211, however this did not raise the binding energy to acceptable levels.
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Binding Energy: -20.7 kcal mol™ Binding Energy: -24.2 kcal mol’

Figure 4.4

In light of this, it was decided that a cationic complex would be best, in order to retain a good
electronic disposition towards substrate binding. Our next suggestion was to replace the large
triarylphosphine with a pyridine group. This type of structure would retain the cationic nature
at iridium, whilst also incorporating a much smaller Lewis basic group as the ligand. To
reiterate, a favourable binding energy of -28.7 kcal mol™ was calculated with methylphenyl
sulfone NHC-P complex 202, which was matched by that of N-methylbenzene sulfonamide
complex NHC-P 207. Increasing the steric bulk around the substrate resulted in a drop in
binding energy to only -19.8 kcal mol™* in 209 (summarised in Figure 4.5a). Understandably,

we were delighted to see that, not only was an excellent binding energy value of -27.8 kcal
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mol™* calculated for the NHC-Py complex bearing N-methylbenzene sulfonamide in 212, but
that an almost identical value was calculated for the analogous NHC-Py complex bearing N,N-
dimethylbenzene sulfonamide 213. Interestingly, the binding energy of this new NHC-Py
catalyst motif with methylphenyl sulfone sees a reduced binding energy of only -23.8 kcal mol
! (complex 214 compared with 202). This is likely due to the fact that in moving from an NHC-
P motif to an NHC-Py motif, we have removed a significant w-acceptor, leaving the iridium
centre more electron rich than it was previously, and thus less electronically disposed to

substrate binding.
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Figure 4.5

112



As an additional comparison to the steric influences of both these catalysts, complexes 212,
213, and 214 were subjected to the same solid angle analysis. Changing the catalyst structure
in this way has left us with overall reduced values for the solid angle data, rendering direct
comparison difficult. However, what does lend useful information is the change in Gy values
across each substrate class, as shown in Figure 4.6. As previously noted, with the NHC-P
system we see a dramatic change in this value between each of the three substrates. However,
when examining the NHC-Py system, a much more consistent binding motif is observed,

reflected by the more consistent Gy value across the three substrate classes.
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Figure 4.6

This NHC-Py complex, at first look, appears to be a promising candidate. In order to progress
this candidate catalyst further, the next focus was to ensure that such a complex would be able
to undergo the C—H activation process in a facile manner, in order to apply it in HIE under
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mild conditions. The kinetic barrier for the NHC-P system for activating the ortho C—H bond
was calculated to be 14.5 kcal mol™? (vide supra). Similar values would be required with our
new NHC-Py system, in order to ensure good reactivity. Figure 4.7 below shows a comparison
of the calculated energy barriers in each case. It was found that the C—H activation process
for the NHC-Py system with N,N-dimethylbenzene sulfonamide bound complex 213, through
transition state 216 giving dihydrogen complex 217, is reasonably close to that previously
calculated for the activation of sulfone bound complex 202. This led us to believe that
activation should still be a facile process in this new system. One particularly interesting
difference between the two calculated activation processes, however, is that the resultant
dihydrogen complex for the NHC-Py system 217 is much more destabilised with respect to the
dihydride complex, in contrast to complex 203. Thus, one would expect the reverse reaction
(C—H bond formation, or analogously, C—D bond formation) to be rapid. However, we did

not foresee this to be problematic.
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With a promising computational profile in front of us, we next moved to synthesising the
corresponding iridium(l) precatalyst complex 218 for testing in the HIE of hindered
sulfonamides. It was anticipated that the relevant complex could be accessed, from the
corresponding imidazolium salt 219, which in turn could be afforded readily via alkylation of

di-iso-propylphenyl imidazole 180. This is shown retrosynthetically in Scheme 4.3.
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Moving on to the forward synthesis, chloromethylpyridine 220 could be synthesised from
pyridinemethanol 221 (Scheme 4.5). Unfortunately, it was found that this compound degraded
even upon storage in the freezer and under argon, and, therefore, it was synthesised and used
immediately. This product 220 could then be used in a neat alkylation reaction to afford 219 in
a reasonable 49% yield. It is likely that this reaction could be further optimised, however, in its
current form, it provided useable amounts of 219 in a timely fashion. Attempts to complex this
imidazolium salt to [Ir(COD)CI]. with the methods previously applied (vide supra), using
potassium tert-butoxide as a base, gave complex mixtures. This is potentially due to the acidic
centre at the methylene position which is produced upon binding to a metal centre.%
Fortunately however, it was found that first forming the corresponding silver carbene and then
transmetallation to iridium, followed by halide abstraction with NaBArr, afforded the desired
complex 218 in good yields. One important note is that the silver species must be thoroughly

purified prior to the transmetallation step, as stability issues were experienced in batches
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wherein the silver complex was taken on without purification. The impurity which causes this

degradation has proven extremely challenging to identify.
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Finally, we were also able to obtain an x-ray crystal structure of 218, confirming its structure

(Figure 4.8, see Appendix for full details).

Figure 4.8
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With the novel complexes in hand, we sought to also characterise the electronics of the system,
by again observing the iridium(111) dihydride species in the *H NMR spectrum (Scheme 4.6).
One interesting note that was made when performing the experiment was that, while the NHC-
P complexes activate rapidly when exposed to deuterium gas, these NHC-Py systems appear
to activate more slowly, with the colour change taking place over a duration of ~2 hours.
Nonetheless, the data could be collected with ease, as it appears that the iridium(l11) hydride
species that form are exceptionally stable, remaining stable, in deuterated acetonitrile, in an
NMR tube at room temperature overnight. This is in sharp contrast to the chelated NHC-P and
monodentate NHC/phosphine catalyst systems, where the dihydride complexes would degrade
over the course of a few hours. Additionally, the standard region of the *H NMR spectrum was
exceptionally clear and could be analysed with ease. Once again, with a chelated system, there
is the risk for several isomeric complexes to be formed in solution. Fortunately, only one
species appears to form, with a single set of signals which can be attributed to one of two

isomeric complexes, 222a or 222b.
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4.2 Application of Novel NHC-Py Type Catalyst in the Labelling of Highly Substituted
Sulfonamides

With the novel NHC-Py iridium(l) precatalyst complex in hand, we immediately applied this
in the labelling of N,N-dimethylsulfonamide 206 (Scheme 4.7). Again, reaction times of 16
hours were used to ensure the full reactivity of the complex could be observed. We were
delighted to see a marked increase in the levels of incorporation, returning to the levels
previously observed with the sulfone labelling. Furthermore, the reaction could also be

performed with a reduced reaction time of six hours, giving very similar levels of incorporation.
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Delighted with this initial result, we wished to further examine the scope of labelled
sulfonamides encompassed by this complex. In order to support this endeavour, a series of 21
sulfonamide substrates were synthesised (see Section 8 for full details of substrate synthesis)
Firstly, we examined the scope of N-substituted sulfonamides (Scheme 4.8). N-
methyltoluenesulfonamide 127 gave similar levels of isotope incorporation to the bulkier N,N-
disubstituted analogue 206. With the methyl substituent in the meta- position, high levels of
labelling were maintained at both positions of incorporation, with an average of 94%. Increased
steric bulk around the nitrogen atom, with N-cyclopropyl analogue 223c and N-tert-butyl

derivative 223d, was well tolerated, with both substrates giving high levels of incorporation.
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N-methylnaphthylsulfonamide 223e showed a significant difference between the 2- and 8-
positions; with 97% incorporation at the 2-position, through a 5-membered metallacyclic
intermediate (5-mmi), and 50% at the 8-position through a 6-mmi. N-benzyl substituted
example 223f, however, showed little discrimination between the two aryl labelling positions,
with 81% at the aryl sulfonamide and 87% at the N-benzyl ortho- positions. In studying the N-
phenyl derivates 223g and 223i, it was noted that gently warming the reaction to 40 °C was
required for consistent levels of labelling, with excellent levels of isotope incorporation
observed in both. While 4-methoxy-N-(4-trifluorophenyl)benzenesulfonamide 223h did not
require heating for consistent labelling, a moderate drop in incorporation at the more electron

poor ring was nonetheless noted.
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Next, the scope of labelling with N,N-disubstituted sulfonamides was examined (Scheme 4.9).
Electron-rich sulfonamide 223j showed high levels of isotope incorporation at 93%. Electron
poor 223k showed a slight drop to 72%, albeit with gentle heating to 40 °C to maintain
consistency. Increasing the steric bulk of the system further still with N-tolyl-N-iso-propyl
substrate 223l does not hinder incorporation, with exceptionally high levels of deuterium
incorporation observed. N-Tosyl tetrahydroquinoline 223m incorporated high levels of

deuterium into both aryl rings, while N-methanesulfonyl tetrahydroquinoline 223n also
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incorporated excellent levels of deuterium into the remaining aryl ring. N-Tosyl piperidine
2230 was well tolerated, with 91% incorporation. The successful labelling of N-tosyl pyrazole
223p was observed, albeit with complete selectivity for the tosyl moiety, directed by the
superior Lewis basicity of the pyrazole nitrogen. In contrast to this, in the isomeric N-tosyl
imidazole 223q, where the nitrogen atom can still complex but can no longer direct labelling,
no incorporation was observed. Next, N-tosyl indole 223r was investigated. Despite a total of
three potential positions for directed deuterium incorporation, the system showed good
selectivity for the 2- and 7-positions of the indole ring, incorporating excellent levels of

deuterium into both.
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Delighted with the substrate scope established thus far, we finally turned to examining the
effect of competing intramolecular directing groups with this catalyst system (Scheme 4.10).
Firstly, methyl-(4-nitrobenzene)sulfonamide 223s showed high levels of incorporation,
through both directing groups, with no discrimination between the two, albeit at 40 °C. Next,
we moved to examine other competent directing groups, ester 223t and amide 223u. Both
showed excellent levels of incorporation into the respective substrates, however, sulfonamide

directed labelling was significantly reduced. While in these cases, the labelling is delivered by
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the more powerful directing group, it is promising to see that this NHC-Py catalyst system is

an effective catalyst for HIE processes directed by other functional groups.
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4.3 Understanding NHC-Py Reactivity with Computational Support

We were pleased with the established substrate scope of HIE of highly substituted sulfonamides
using our newly developed NHC-Py catalyst system. The catalyst system is highly active,
delivering a wide range of labelled sulfonamide substrates to excellent levels of incorporation
under mild conditions. As mentioned in Section 1, since undertaking this work, other groups
have also showcased the ability of other iridium catalysts systems for the directed HIE of
substituted sulfonamides. Most notable of these is the application of the Tamm catalyst which,
similarly to our system, appears to be able to deliver labelled sulfonamides under mild
conditions.>®® However, despite the similarities with our system, we believe both of these
catalyst systems to be highly complementary. Scheme 4.11 below shows some key

comparisons between the results of each study into the labelling of sulfonamides. Firstly, a
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comparison between 112 and 223g, we can see that the Tamm system is proficient in activating
a substrate primarily through a 5 mmi, as no incorporation was reported on the N-phenyl group.
Contrasting this, our own NHC-Py system is highly proficient in labelling both positions. It
also appears that each catalyst system is capable of activating both sites on a naphthyl
substituted compound, such as in 216 and 223e. Initially, it appears as though there may be a
difference in selectivity here also, however the electronic effect of the NMe2 group, as well as
the substitution on the sulfonamide, cannot be discounted and further investigation would be
required prior to drawing any further conclusions. The indole examples, 224 and 223r, are
particularly interesting. Using the Tamm catalyst, it appears there is some selectivity for
activating the C2 position, with significant competition on the phenyl ring. With our NHC-Py
catalyst, however, there is good selectivity for labelling on the indole with only 13%
incorporation on the phenyl ring. In addition to this, our catalyst systems also allow activation
of the C7 position of the indole, which is labelled to an excellent level of 96%. Through these
initial comparisons, it can be seen that both of these catalyst systems could potentially have
distinct uses throughout the labelling community. Indeed, in many instances, selectively
labelling one position reliably is required in order to analyse specific metabolites within the
realms of an ADMET study; however oftentimes, incorporating significantly higher levels of
a label is more favourable, such as in the generation of mass spectrometry standards, or tritium-

based experiments which require high levels of specific activity.
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Scheme 4.11

In observing the ability of our NHC-Py catalyst system to activate C—H bonds through both a
5- and a 6-mmi, we initiated a short study in the interest of gaining a better understanding of
the reactivity of our system. As mentioned previously, the monodentate catalyst systems of
type 57 (shown again in Scheme 4.12) also have the ability to activate both sites within a
molecule such as benzanilide 65.** However, we were able to gain selectivity between the sites
simply by lowering the catalyst loading to 0.5 mol%. Thus, we reasoned that by running a
reaction with our NHC-Py system under reduced catalyst loadings, a similar selectivity might

be observed. Thus, we decided to take 223g as a model substrate, which incorporates excellent
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levels of deuterium into both positions at 5 mol% catalyst loading. When this was performed
at a reduced loading of 1 mol%, we did indeed see a reduced level of incorporation through a
6-mmi, however, quite surprisingly, the level of deuterium incorporated through a 5-mmi also
dropped to the same level. This curious observation has led us to believe that there is a potential

for both of these positions to be activated at similar rates.
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Scheme 4.12

In order to address this hypothesis, we once again turned to DFT calculations. Initially, we
examined the various binding conformers of the analogous N-phenylbenzene sulfonamide to
the corresponding NHC-Py iridium(I11) hydride species, in complexes 225a-c (Figure 4.9).
While complex 225a, which forms an agostic interaction prior to forming a 5-mmi, has a
binding energy in the region expected, according to our previous calculations during catalyst
design, the oxygen directed analogue 225b, has a significantly lowered binding energy.
Surprisingly, however, the oxygen bound species which would activate the C—H bond to form

a 6-mmi, complex 225c¢, has a very similar binding energy to that of 225a.
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In observing this, we next turned to investigating the Kinetic energy barrier to C—H activation

and formation of the corresponding dihydrogen complex in each case. This is shown in Figure

4.10. What is seen is that the barrier to activation of a C—H bond is relatively low in all cases

(11.4 kecal mol™, 12.1 kcal mol?, and 16.3 kcal mol™, respectively). As expected, the barrier to

forming a 6-mmi has the highest barrier at 16.3 kcal mol, with that of the N-bound 5-mmi

being marginally smaller at only 12.1 kcal mol™. However, what is surprising is the relative

free energies of the dihydride structures, wherein the O-bound 225c appears to be the most

stable of the three, by at least 4.79 kcal mol=.
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In order to gain more insight, we next selected a substrate with multiple points of activation,
but which also showed selectivity between the sites, namely N-tosyl indole 223r. This substrate
showed excellent levels of selectivity between the C2/C7 positions of the indole to that of the
tolyl ring. As such, we subjected the analogous sulfonamide 117 to the same in silico
investigation, generating complexes 226a-c (Scheme 4.13). It should be noted that no agostic
complexes where the nitrogen of the indole is bound to the iridium centre could be found. We

therefore believe that the oxygen atoms are solely responsible for incorporation in this example.
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The relative energies of these complexes, as well as the barrier of activation to the

corresponding dihydrogen complex were compared (Figure 4.11). Surprisingly, it appears that

the activation of the benzene ring, in which we observed very little incorporation, actually

exhibits the lowest barrier to activation, at only 4.98 kcal mol™. However, it would appear that

the free energy of the dihydride complex 226¢ is significantly higher than 226a and 226D,

indicating that very little of this species would actually be present in solution. Contrasting this,

the difference in energy between 226a and 226b is much smaller.
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While investigating the labelling of heterocyclic aromatic compounds using the monodentate
complexes, it was shown that the site selectivity observed was determined by the relative
barriers to C—H activation.*” However, it appears that this is no longer the case when applying
the chelated NHC-Py system. We hypothesise, therefore, that, owing to the high proficiency in
these systems to activate C—H bonds, the observed selectivity in these systems is a result of
the relative free energies of the corresponding dihydride complexes. In order to further support
this hypothesis, confident rate data for these systems would have to be acquired. Additionally,
it should be noted that these calculations were completed using the same level of theory which
was used for the catalyst design and screening processes in the previous section. This
combination of method and basis set prioritises efficiency in the calculation of transition metal
complexes, which we chose to allow us reasonable accuracy at low computational cost.
However, if we wished to attain quantitative information for the comparison of rate data, a

higher, more accurate, level of theory should possibly be considered.
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4.4 Applying NHC-Py Systems to the Labelling of Other Pharmaceutically Relevant
Sulfur Based Functional Groups

Confident that we had developed catalyst systems proficient in the labelling of aryl sulfones
and highly substituted sulfonamides, we next turned our attention to other sulfur based groups
which are prevalent throughout the pharmaceutical industry. One particular functional group
which has gained much focus in recent years is the sulfoximine. °%¢% Indeed, many advanced
clinical candidates that make use of a sulfoximine group have already been put forward. A
series of such molecules are highlighted in Figure 4.12. The kinase inhibitor, BAY 10000394,
is currently in Phase 11 trials, and incorporates an S-cyclopropane group on the sulfoximine.1®
Suloxifen was proposed as an antiasthmatic before clinical trials were terminated, and takes
advantage of an N-alkyl substituted sulfoximine.!?* Meanwhile the ATR inhibitor, AZD6738,
has been proposed as an anticancer treatment, and is currently also in Phase 11 trials.'% Finally,
the kinase inhibitor BAY 114572 is in Phase | clinical trials. Furthermore, each of these
compounds contains an aryl ring which one could imagine being labelled through exploiting

the sulfoximine in directed HIE.
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We hoped to apply our new NHC-Py catalyst system to the labelling of a simple model
sulfoximine, reasoning that the structural similarity to that of a sulfonamide should allow us to
access such structures with minimal optimisation. In applying the same conditions used for the
labelling of highly hindered sulfonamides, we were delighted to see good levels of
incorporation at 73% (Scheme 4.14). In order to rationalise the slight drop in incorporation,
with respect to the excellent levels observed in the sulfonamide substrate scope, we calculated
the binding energy of sulfoximine 227 to the NHC-Py iridium(l11) dihydride complex in 228.
Here, we observed an exceptionally high binding energy of -36.6 kcal mol™. Indeed, it would
appear that the significantly stronger binding ability of this group limits catalyst turnover, and

in this way results in a lower incorporation.
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With this in mind, we next investigated the N-ethyl variant of this compound 229, predicting
that the more hindered nitrogen would have a reduced binding energy and give higher levels
of isotope incorporation (Scheme 4.15). We were elated to see this was the case, with a
significantly improved 97% incorporation being observed. Surprisingly, however, deuteration
of the S-methyl group of this compound was also observed, to lower but significant levels of

12% incorporation.

P— —l BAI‘F
\
/ N /
\r J/
/ 5_
_/ 218 _/
QN pipp— N (5 mol%) 971 QN
S\ - S\
D,, PhCI, 25 °C, 16 h [12]
229 d-229
Scheme 4.15

Curious about this unexpected result, we also conducted a rate study (Figure 4.13). It appears
that, despite the long reaction time of 16 h used for the labelling of these sulfoximines, the
deuteration of the aryl ring reaches the desired levels in about four hours. Additionally, the
incorporation observed at the S-methyl group reached its maximum level very quickly, and

remained fairly constant across the study.
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We were curious to discover whether this unexpected labelling also occurred with other catalyst
motifs. Therefore, we also applied monodentate NHC/phosphine type catalyst 75 to the
labelling of 227 and 229 (Scheme 4.16). It was expected that, much like the sulfonamides, the
aryl positions would not be deuterated, while the S-methyl group, depending on the mechanism,
may retain the observed levels of incorporation. Again, we were surprised by the results of
these experiments. Not only was the deuteration on the S-methyl group significantly increased
in both cases (24% for 227 and 51% for 229), but the aryl ring in each case was also labelled

to excellent levels.
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Whilst we were delighted to learn that several catalyst generations could be used to label these
sulfoximine substrates, we wished to understand the difference in the ability of the
monodentate systems to exploit these tetrahedral sulfur-based groups in directed HIE. Initially,
we calculated the respective binding energies of a sulfonamide and sulfoximine to the
monodentate catalyst system, as shown in Figure 4.14. There appears to be a significant
discrepancy between the values, with the sulfonamide in complex 230 giving a binding energy
of only -22.7 kcal molt. The sulfoximine binding energy, in complex 231, however, is
calculated to be -28.4 kcal mol™. This difference in binding energy highlights the effect that
the geometry not only of the directing group as a whole, but specifically that of the bound atom,
can have on the binding energy of the substrate. In the monodentate systems, only a small
region around the iridium centre is available for substrate binding, due to the significant steric
influence of the phosphine and NHC ligands. Using a tertiary nitrogen atom results in
significant amount of steric clash. A planar nitrogen, such as that in the sulfoximine example,
experiences less steric repulsion and results in better binding energies. However, the calculated

binding energy for 230 is still in line with what we would expect for good levels of
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incorporation (see acetophenone, vide supra). Thus it is possible that another aspect of the
reaction system is responsible for the lack of incorporation. Furthermore, a more thorough

investigation to account for the electronic effects of this structural change would also be highly

valuable.
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Figure 4.14

Thus, we have established that several catalyst systems designed within our group are highly
proficient in the labelling of sulfoximines, highly desirable targets in medicinal chemistry.
Further work is required to understand both the ability of the monodentate catalyst system to
exploit these directing groups, as well as the source of the unexpected labelling of the S-methyl

group.
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5. Investigating Alternate Applications of Chelated Iridium
Catalysts Within HIE

5.1 Initial Screening of Chelated Systems in Ether Labelling

While establishing the scope of our NHC-P chelating catalyst system 175 in the labelling of
sulfones, we investigated substrate 108t, which possesses an acetal group in the para-position.
While we were delighted to see excellent deuterium incorporation of 93% through the sulfone,

quite unexpectedly, we also noted a significant 26% incorporation being directed by the acetal.
BAr,:

Ph,P
g \Ir/
/)
X DiPP—N>/_\N 175 X
~ \% 5 mol% [26] ~
O D,, PhCI, 25 °C, 1 h © [93]
0
d-108t d-108t

Scheme 5.1

This being the first instance of incorporation through such a group in our iridium catalysts, we
wished to understand why the monodentate NHC/phosphine systems had not shown the ability
to label these types of molecules. Figure 5.1 below shows the corresponding monodentate and
chelate complexes with a model acetal substrate, 2-phenyl-1,3-dioxane. It appears that, in the
monodentate system, a low binding energy of only 14.9 kcal mol™ is found. Contrasting this,
when the same substrate is bound in the chelated system in 232, a much improved binding
energy of -29.9 kcal mol? is calculated. We believe this, again, to be the influence of the
geometry of the bound atom. While carbonyl groups have proven to be highly effective
directing groups for HIE using these catalyst systems, when considering acetals or ethers, the

presence of extended substitution, as well as extraneous lone pairs around the oxygen,
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significantly hinders the substrate’s ability to bind to the metal centre. The more accessible

catalyst sphere offered by the chelated system however, attenuates this effect.
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Figure 5.1

Confident that our chelated NHC-P system 175 would be an excellent catalyst for the labelling
of ether substrates, we turned to optimising the system using a model substrate, 2-tolyl
tetrahydrofuran 234 (Table 5.1). See Section 8 for the full details of the synthesis of 234, as
well as the other ether substrates used in this section. In applying our catalyst system to the
labelling of 234 over 16 hours, we were elated to see an excellent level of 96% incorporation.
Furthermore, reducing the reaction time to one hour did not impede observed levels of isotope
incorporation. We were also able to reduce the catalyst loading to only 2.5 mol% and still see
excellent levels of incorporation, but to ensure that even more challenging ether substrates
could be included, we decided to retain a catalyst loading of 5 mol% as our optimised
conditions. It was noted, however, that MTBE, a solvent which performed admirably with
sulfones, was a poor solvent for this substrate class, likely owing to its ether functionality,

which could compete with the substrate in binding to the metal centre.
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Table 5.1

BAr,:
Ph,yP
I\ /
Ir
7 N
. < 175 D
DiPP—N
\?‘ X mol%
(@) > (@)
D,, Solvent, 25 °C
D
234 d-234

Entry Solvent Time(h) Catalyst Loading (mol%) Incorporation (%)

1 PhCI 16 5.0 96
2 PhCI 1 5.0 94
3 PhCI 1 2.5 90
4 MTBE 1 5.0 30

With optimised conditions in hand, we next turned to investigating the substrate scope of this
labelling reaction. A series of 10 substrates was selected for investigation, as shown in Scheme
5.2. The acyclic ether 235a incorporated excellent levels of deuteration at 95%. Additional
substitution at the benzylic position, as in 235b was also well tolerated, with exceptional levels
of 92% incorporation. Unfortunately, however, increasing this steric bulk further, in the gem-
dimethyl example 235c, we observed no incorporation. A cyclic motif bearing an exocyclic
ether moiety in six-membered 235d, and seven-membered 235e, was also tolerated, giving
good levels of isotope incorporation. Surprisingly, increasing the steric bulk around the ether,
had little impact on the observed levels of incorporation, with good levels of 72% being
observed in 235f. We were elated to see that an acyclic ether could also direct labelling through
a 6-mmi, as shown in compound 227g, albeit with a moderate incorporation of 46%. Finally,

we were also curious to establish whether a free alcohol was tolerated as a directing group, in
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235h. We were delighted to confirm this to be the case, with an outstanding level of deuteration
being observed in this example. Interestingly, significant levels of incorporation were also
observed at the benzylic position, presumably through a transfer hydrogenation mechanism.
We were also curious to determine if a protected alcohol would also undergo this labelling
process. As such, we applied TIPS protected 235i to the labelling conditions. Interestingly, we
observed a reduced level of incorporation on the aryl ring, as well as a complete absence of
labelling at the benzylic position. However, in conjunction with this, we also observed
complete removal of the silyl protecting group. This curious result implies that the cleavage of
the Si—O bond occurs after the activation and subsequent labelling of the aryl positions within
the molecule, as the benzylic position remains undeuterated. Finally, placing a methyl group at
the benzylic position of the free alcohol in 235j allowed excellent levels of incorporation at the

aryl position with a slight drop in benzylic labelling.
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Scheme 5.2

5.2 Potential Applications in Natural Product Labelling

At this point, we began to consider the potential applications of our serendipitous discovery of
this ether directed HIE. In most cases, the catalyst systems developed in our group are done so
with the interest of facilitating the production of deuterated pharmaceuticals. However, within
this area, benzylic and homobenzylic ether moieties are less prevalent than many of the other

directing groups already established in directed HIE. Some examples of medicinally relevant
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molecules containing such functionality are highlighted in Figure 5.2. Indeed, compounds of
type 236 have been highlighted as potential broad-spectrum psychotropic agents.%®
Additionally, PA-824 has been shown to have excellent potency in the treatment of
tuberculosis. 1% Finally, Omarigliptin, possessing an aryl tetrahydropyran core, is a known
DPP-4 inhibitor, which was recently approved for the treatment of type Il diabetes.'% While
there are certainly many pharmaceutically relevant compounds which contain this
functionality, oftentimes this functionality is accompanied by much more powerful directing
groups, and as such, exploiting ethers for the installation of a label may not be possible in those
cases. Indeed, it may often be necessary to adopt a strategy similar to that of our own method

to generate a sample of labelled GPR119 agonist t-205 (vide supra), wherein the labelled

functionality is installed through a chemical transformation post-HIE.
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236 PA-824 Omarigliptin
Figure 5.2

We wondered, therefore, if there was an area where this methodology could prove more
valuable. Our attention turned to the labelling of natural products, and natural product-like
molecules,106:107:108.109 1ndeed, when considering the field of natural products, there is often a
distinct lack of heteroatom-containing functionality, and in many cases ethers and alcohols are
the main points of functionality within a molecule. One particular class of natural products
which attracted our attention was that of lignans.''®!! Lignans are an incredibly large and

diverse class of natural products, initially reported in 1980, which have great potential in
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medicinal chemistry, owing to their potent bioactivities in many areas.*'?!*114 Indeed, it is
owing to this biological activity that many groups have an interest in producing labelled
variants of these natural products in order to better study their properties. This is no small
undertaking, as, in many cases, a combination of the scarcity of material and complexity of the
substrates can make production of labelled material highly challenging. Some have made use
of deuterated reductants in order to obtain labelled lignans for studying. One example of this
is shown in Scheme 5.3, with the synthesis of deuterated enterolactone and enterodiol.!'®
Anhydride 237 could be reduced using sodium borodeuteride, in order to install the label,
giving the deuterated lactone d-238. VVacuum pyrolysis of this material furnished d-239 in good
yields. A conjugate addition of the thioether 241, and trapping of the resultant anion with
benzyl iodide 242, afforded the desired core structure d-240 in 90% yield. From here, global
deprotection using Raney nickel afforded the desired deuterated lignan in quantitative yield.
From here, lithium aluminium deuteride could be used to convert this species into enterodiol,
while concomitantly installing a further two deuterium atoms. Additionally, the measured level

of protium in the final sample was measured to only be 0.7% across the four labelled positions.
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While this is an impressive synthesis of a deuterated natural product, which suitably served the
purpose of the study, performing a labelled synthesis for each compound of interest is a
challenging and time-consuming endeavour. As such, some groups have turned to methods for
directly labelling bioactive lignans; specifically, taking advantage of electron-rich aromatic
ring systems for installation of a label through electrophilic aromatic substitution. For example,
a perdeuterated sample of genistein was prepared, using a mixture of D3POs*BF3 in deuterated
water over the course of three days (Scheme 5.4).1® This method successfully gave a fully

deuterated product, however, selective labelling of the pendant phenyl ring was required.
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Fortunately, a selective deuteration pattern could be achieved by re-exchanging the positions

on the more active aryl ring, affording a sample of D4-genistein, in 91% yield over both steps.

H
1% HCIin MeOH,

HO o HO
O | DsPO4BF3, D,0O reflux, 30 mins
_— _—
D
O 55 °C, 3 days 91% Yield
OH O OH OH over 2 steps

D4-Genistein

Genistein D¢-Genistein

Scheme 5.4

This work was followed-up by applying the same methodology to produce a series of labelled
lignan samples of the general structure shown in Scheme 5.5.17 A range of seven lignan
structures in total were labelled, all in good yields. While this method has shown to be effective
in the production of labelled lignans, there are some challenges which have yet to be addressed.
The lack of control with this method of labelling means that the number of labels installed, as
well as which sites will be labelled, are difficult to predetermine. Indeed, the regiochemistry is
entirely controlled by the electronics of the system, and requires electron-rich aromatic rings
to proceed. While all of the examples shown here have good isolated yields, it is not guaranteed
that the relatively harsh conditions applied will be tolerated with other structures, owing to the
complexity of some bioactive lignan structures. Finally, the labelling reagent is made in situ,
but requires the use of boron trifluoride gas, which makes its use impractical for those

unequipped to deal with such reagents.
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Scheme 5.5
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In light of these issues, we surmised that our directed HIE methodology might offer a different
method through which labelled lignans could be accessed. With this in mind, we selected three
naturally occurring lignan molecules, with notable bioactivity, as shown in Figure 5.3.
Eudesmine is a furofuran lignan which was been isolated from many plant families, most

notably from Rutaceae.®

It has shown extensive biological activity in many areas, including
cytotoxicity; antibacterial activity; antifungal activity; tumour necrosis factor-alpha
production; and vascular reactivity. 119120.121122.123 The neglignan cedrusin methyl ether was
isolated from Eucommia ulmoides.*?* This compound has been found to be both cytotoxic and
to have effects on nerve growth factor induction.*?>126 Although not a lignan itself, medicarpin
is a member of the closely related pterocarpin family. Interestingly, it can be isolated as a
racemate from Dalbergia odorifera, as (+)-medicarpin from Arachis hypogea, or as (-)-

medicarpin from Medicago sativa.l?"1?812° (.)-Medicarpin has been shown to have potent

antineuroinflammatory effects, as well as nitric oxide production inhibition. %131
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Figure 5.3

One could imagine the installation of a deuterium or tritium label into each of these compounds,
as directed by an ether or alcohol functional group, which would otherwise be very challenging
to access. With these biologically active natural products in mind, we sought to challenge our
HIE methodology by applying our chelated NHC-P catalyst to synthetically tractable racemic

forms of these compounds.
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5.3 Synthesis Towards Natural Product-like Substrates for HIE

The first compound we targeted was (z)-eudesmin. The route selected was similar to that
applied by Lancefield and Westwood, and is shown retrosynthetically in Scheme 5.6.132 The
desired lignan could be afforded from the methylation of related lignan (£)-pinoresinol. The
furofuran core could be accessed rapidly from allylic alcohol 243, which, in turn, could be
generated from the 1,2-reduction of ester 244. This ester could be furnished from vanillin 245

through a Knoevenagel condensation and esterification, giving 246.

MeO HO

0, 0, .
L, /~o . /0
MeO “, —> MeO K — MO N
' Me 7 OMe
L X
HO
OMe OH 243
(¥)-Eudesmin (*)-Pinoresinol u
0 0
MeO MeO MeO
HO 246 HO 245 HO 244
Scheme 5.6

With a route selected, we embarked upon the forward synthesis of our first racemic substrate
(Scheme 5.7). The route to allylic alcohol 243 proceeded smoothly, with the Knoevenagel
reaction yielding 64% of ferulic acid 245 in 64% yield on a 197 mmol scale. This could be
converted to methyl ferulate 244 in quantitative yields, using thionyl chloride in methanol. It
was then found that toluene was the best solvent for the reduction step, affording us the desired

allylic alcohol 243 in 87% yield on a 38 mmol scale.
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O Malonic acid, Piperidine
o Pyridine, 80 °C, 24 h X" oH AcCl, MeOH, rt, 16 h N NoMe
HO > >
64% Yield HO Quant. HO
_O

o}

246 - 245 - 244
DIBAL,
Toluene,
N-"0oH - 0°C-rt,1h
87% yield
HO
OMe
243
Scheme 5.7

With allylic alcohol 243 in hand, we next attempted the iron-mediated oxidative cyclisation to
give to give pinoresinol (Table 5.2). This method is highly effective in building up the
furofuran core from simple starting materials, however the yields are notoriously low, owing
to poor regioselectivity. Nonetheless, we were able to isolate useable amounts of (*)-
pinoresinol from the reaction mixture. It should be noted that we also observed by-product 247
in all cases, which was isolated in 18% yield in Entry 2; this by-product may be useful in the

synthesis of another substrate.

Table 5.2
HO,
} OMe
HO™ NF O \
OH
M
e W
OMe
243 (*)-Pinoresinol 247

Entry Scale (mmol) () Pinoresinol 247
1 9.98 23% Yield Not Isolated
2 24.9 17% Yield 18% Yield
3 61.9 21% Yield Not Isolated
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Finally, we looked to the methylation step to form our desired substrate, (+)-eudesmin (Scheme
5.8). The methylation of (z)-pinoresinol proved sluggish, requiring several equivalents of
methyl iodide and a relatively long reaction time of 48 hours. Nonetheless, we were delighted

to obtain a sample of (£)-eudesmin for our labelling studies in a very good yield.

Mel (20 eq), K,CO;

OMe  Acetone, reflux, 48 h
83% Yield
OH
(¥)-Pinoresinol (¥)-Eudesmin
Scheme 5.8

We next turned our attention to the synthesis of (+)-cedrusin methyl ether. In observing small
amounts of 247 being generated in the oxidative cyclisation of allylic alcohol 243 (Table 5.2),
it was thought that this species could be reduced in the presence of palladium to gain efficient
access to (£)-cedrusin methyl ether. Unfortunately, when this was attempted, as shown in
Scheme 5.9, only degradation was observed, and we quickly focused on another method to

access this compound.

10% wt Pd/C
(10 mol%), MeOH,
e > HO
Ho, rt, 1 h
Degredation

247 (¥)-Cedrusin methyl ether

Scheme 5.9

Rather than performing the oxidative cyclisation with allylic alcohol 243, which gives a poorly
regioselective reaction with many products formed, methyl ferulate 244 is known to undergo a
silver mediated cyclisation to give 248 in higher yields.*33 In our hands, this cyclisation reaction
worked moderately well, giving us our best yield at 30% (Scheme 5.10). The a,[3-unsaturated
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ester 248 could then be reduced in the presence of palladium on carbon, under mild conditions
and in excellent yields. Gratifyingly, a final reduction step using lithium aluminium hydride

proceeded smoothly to afford us a sample of ()-cedrusin methyl ether.

Ag,0 (0.5 eq),

0 Acetone/Toluene,
A OMe rt, 24 h .
HO 11.1 mmol: 13% Yield
0 28.8 mmol: 30% Yield
e
244

Pd/C (2 mol%), Hy,
MeOH, rt, 4 h

OMe LiAIH,4 (4 eq),
THF, rt, 1h

OH €
0.51 mmol: 66% Yield
1.58 mmol: 82% Yield

over 2 steps

(¥)-Cedrusin methyl ether 249

Scheme 5.10

With two out of the three substrates synthesised, we focused our efforts on synthesising the
final target, (+)-medicarpin.®®* Scheme 5.11 below highlights the synthesis. Commercial
phenylacetic acid derivative 250 could be reacted with resorcinol and methane sulfonyl
chloride to afford chromen-4-one 251 in reasonable yields. This could then be selectively
demethylated in the presence of anhydrous aluminium chloride, however a large excess of this
reagent was required. Nonetheless, the demethylated product 252 was isolated in good yield.
The final cyclisation could be mediated by sodium borohydride, giving a sample of (x)-

medicarpin in good yields.
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1) Resourcinol, BF3*OEt,,
100 °C, 10 mins
II) DMF, 0 °C, then 55 °C,

20 mins
OMe Il) MeSO,CI, 80 °C, 4 h
HO -

6.22 mmol: 24% Yield

o OMe  8.38 mmol: 25% Yield

251
250
AICI; (30 eq.), 3.32 mmol: 87% Yield

MeCN, reflux, 16 h 5.98 mmol: 89% Yield

NaBH,4 (7 eq), EtOH HO

gy
-

rt, 24 h
2.02 mmol: 64% Yield
3.57 mmol: 68% Yield

(*)-Medicarpin

Scheme 5.11

Delighted to have samples of all three desired natural product-like compounds in hand, we then

turned to applying our chelated NHC-P system 175 to the deuteration of these compounds.

5.4 Attempts to Label Natural Product-like Compounds Using a Chelated NHC-P
catalyst System

We first attempted to apply our previously optimised reaction conditions to the labelling of (+)-
eudesmin, as shown in Table 5.3. We were delighted to see excellent levels of incorporation
under the reaction conditions applied to our simple ether substrates. Lamentably, however, the
catalyst system also degraded the substrate to quite significant levels. What was returned on
first attempts was an inseparable mixture of what we believe to be (£)-d-eudesmine and the

ring cleavage product, d-253. Reducing the concentration of the reaction did help to reduce the
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amount of this by-product formed, with little effect on the labelling, however this outcome was
still not satisfactory. Additionally, cooling the reaction mixture to -10 °C (Entry 3), did appear
to prevent any side reactivity, no labelling was apparent. Conditions between these two
temperatures may allow us to use this catalyst system to label (x)-eudesmin in a clean, and

effective manner.

Table 5.3

_|BA|"F
o
\ /
/Ir
D|PP/—N>/\-N 175
\) 5 mol%

(*)-Eudesmine

Entry Conc. (mM) Temp (°C) %D (z)-d-Eudesmine : d-253

1 86 25 92 1.70:1.00
2 8.6 25 93 3.55:1.00
3 8.6 -10 0 100:0

Next, we turned our attention to the labelling of (x)-cedrusin methyl ether. Once again,
applying our previously optimised reaction conditions to this substrate, what we observed was

a complete lack of reactivity, even with an extended reaction time of 16 hours (Scheme 5.12).
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BAr,:

Ph,P
g\lr/
\ = MO\

//
. N 175
DiPP—N__| 5 mol%

Ao - Ao
(0] O

Dy, PhCI, 25 °C, 16 h
OMe No Incorporation OMe

Scheme 5.12

Curious about the lack of reactivity with this compound, having seen that free alcohols were
tolerated in the substrate scope (vide supra), we turned to DFT calculations for some potential
insight into the ground state energies of the species in solution. As previously, we focused on
the dihydride structures 254a-c, as shown in Scheme 5.13. Of the three binding motifs that we
calculated, the alcohol bound in a chelated fashion with an agostic interaction to the available
proton on the dihydrobenzofuran structure 254b was significantly more stable than 254a and
254c. It should be noted that, due to the large, planar nature of the substrate, the usual binding
motif for 254a could not be adopted, and as such the structure in which the hydride ligands are
isomeric to the standard conformation was used. This structure still appears to be viable, with
only a small increase in energy upon activating to the dihydrogen complex 255a. Additionally,
unproductive chelate 254c is also accessible, being only +6.02 kcal mol™ more unstable than
254b. Interestingly, despite 254b being the most stable of the three, the activation to
dihydrogen complex 255b showed an increase in energy to +27.5 kcal mol™, indicating that it
is unlikely to form in solution at room temperature. Thus, observing this data, we hoped that,
with some encouragement, the system would be able to access structure 254a and selectively

label the pendant phenyl ring.
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254a 254b 254c
AGigp: +7.11 keal mol™”! AG,¢: +0.00 kcal mol™! AG,g: +6.02 kcal mol™
Binding Energy: -36.1 kcal mol"' Binding Energy: -42.3 kcal mol"' Binding Energy: -39.4 kcal mol™

255a 255b
AGigp: +21.2 keal mol™”! AG,¢: +27.5 kcal mol™
(+14.1 kcal mol™") (+27.5 kcal mol™)
Scheme 5.13

Thus, we decided to apply our catalyst system at elevated temperatures (Table 5.4).
Unfortunately, when applied at higher temperatures for an extended reaction time of 16 h,
complete degradation of the substrate was observed, both at 90 °C, and at a lower temperature
of 50 °C. Interestingly, when applied at 50 °C for one hour, a small but significant amount of
incorporation was observed directed by the alcohol. We were elated to see this result, as it
highlights the possibility for further tuning the reaction conditions in order to achieve improved
incorporations with no degradation. Considering the complexity of this substrate, it is not
entirely unsurprising that the short computational investigation was initially misleading, as a

combination of a large substrate with many points of functionality, coupled with a highly
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fluxional iridium hydride system will likely require more thorough investigation to fully

understand.
Table 5.4
BArF
Ph,P
g\n/ p
HO HO,
N OMe L7 = 175 Db Y D, OMe
HO O N DIPP_N\) 5 mol% HO N
O OH > O O OH
0 D,, PhCI o
OMe OMe Da
Entry Temp.(°C) Time (h) Results
1 90 16 Degradation
2 50 16 Degradation
3 50 1 25% Incorporation at Dy

Finally, we attempted to label our sample of (x)-medicarpin using this catalyst system (Table
5.5). Upon our first attempt to label the substrate, we noted that the lack of solubility of the
substrate in chlorobenzene was problematic, returning clean starting material with no
incorporation. Finding a solvent system in which the substrate was soluble proved challenging.
A short solubility screen showed that the compound was only reasonably soluble in mixtures
of alcoholic solvents, or highly polar solvents. It was decided that a mixture of an alcohol and
chlorobenzene, or neat 2-methyltetrahydrofuran would be the most likely candidates for a
successful labelling. Unfortunately, a 20% 'BuOH in chlorobenzene mixture proved
unsuccessful, and, thus, we turned to 2-methyltetrahydrofuran. Despite solubilising the system
well, no incorporation was observed during a reaction time of one hour. Surprisingly, leaving
the reaction overnight, or heating for one hour when using 2-methyltetrahydrofuran, resulted

in complete degradation of the sample.
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Table 5.5

BAr,:
@Q
7
: ~N 175
D'PP_N\) 5 mol%
Dy, 25 °C, 16 h
(¥)-Medicarpin (*)-d-Medicarpin
Entry  Solvent System  Temp. (°C) Time (h) Result
1 PhCI 25 16 No Incorporation
2 20% tBuOH/PhCI 25 16 No Incorporation
3 2-MeTHF 25 1 No Incorporation
4 2-MeTHF 60 16 Degradation
5 2-MeTHF 60 1 Degradation

We also analysed the proposed reaction intermediates in silico, as before, in order to ensure
substrate binding was not the cause of our lack of reactivity (Scheme 5.14). The calculated
binding energy of medicarpin is highly favourable, but should still allow substrate turnover to
occur. Additionally, the kinetic barrier to form the activated species 257, is reasonable and
would be expected to occur at room temperature. These values indicate that the lack of
reactivity in chlorobenzene is likely due to insolubility of the substrate. Finally, analysing the
enthalpy of solvent displacement in 2-methyltetrahydrofuran, we can see that the complexation
of medicarpin shows an increase of 21.0 kcal mol™, indicating that this displacement is highly
unlikely in solution. Thus, in order to achieve labelling of this compound, a solvent system is

required which can solubilise the compound, whilst not outcompeting the substrate for binding
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to the catalyst centre. This may well be solved by performing the reaction in a solvent in which

(x)-medicarpin is sparingly soluble, but at slightly elevated temperatures so as to not degrade

the sample.

256
AGyp: +0.00 kcal mol™”
Binding Energy: -35.6 kcal mol"

| H S Medicarpin

g0 N

P
/\ AHre| = +21.0 kcal mol™’!
Ph" Ph

258

Scheme 5.14

257

256
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6. Conclusions

Using a computationally guided rational ligand design approach, novel catalyst systems for
directed HIE processes have been developed and applied to a range of challenging directing

groups.

Initially, an in silico screening method utilising binding energy as a screening parameter, was

used to identify potentially effective catalyst systems (Scheme 6.1).

H : o, 0O
Qi Q 1 Y H ,</>
P D : | ~
| 76 | /(/) H /D I/
1 O D/, | \O=S.., ' 10 |r\
D ANy 3 " Ares :
D
O/K : ( 16 NHC-P Ligands (Rz
N’O NAN/O . N’\N’R1 B|nd|ng Energy N/\N/R1
= : -17.1 keal mol™ to -36.1 kcal mol”!
Monodentate NHCP Tethered R, Rz R2
Kerr Group Catalyst '
Catalysts
Scheme 6.1

When applied to the labelling of methylphenyl sulfone, novel NHC-P complex 175 showed
excellent activity, giving good levels of incorporation in a wide range of aryl and ethereal
solvents. Thus far, more investigation into how the various solvent attributes affect the reaction
mechanism is certainly required. Nonetheless, outstanding levels of isotope incorporation were
observed with chlorobenzene, which was taken forward to study the scope of the reaction. We
were delighted to see the catalyst system successfully applied to 20 varied sulfone systems,

delivering high levels of deuterium labelling in the majority of cases (Scheme 6.2).

BArF
Ph,P
é\ /
O\\SO DiPP N\% (5 mol%) 4
N : R
R‘@/ D,, PhCI, 25 °C, 1 h 5

20 Examples
up to 94% Incorporation

Scheme 6.2
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Furthermore, we were able to apply this catalyst system under conditions better suited to
isotope chemists within the pharmaceutical industry, making use of the TRITEC manifold
system to perform these labelling experiments under reduced pressure of deuterium.
Transferring the methodology from our atmospheric experiments to such sub-atmospheric
conditions was highly successful, requiring minimal alteration of the reaction conditions to
retain the excellent levels of isotope incorporation seen previously (Scheme 6.3a). In addition
to this, we were elated to showcase the utility of the catalyst in tritiation reactions, affording a
sample of methylphenyl sulfone with exceptional specific activity. Finally, in labelling sulfone
108u using our newly optimised reaction conditions, followed by an alkylation reaction, we

were able to deliver a tritiated sample of GPR119 agonist 205 with good levels of specific

activity (Scheme 6.3b).
a E b O\\//
' S\
QP 175 (7.5 mol%) N B \/©/
S S\ r
©/ D, (405 mbar), E 108u
PhCI, 25 °C, 1 h :
108 0 d-108 !
91% Incorp. ! Directed HIE u Alkylation
T : 36.8
Q\S//o 175 (7.5 mol%) O\\S/P : Cilmmol T
~N . ~N '
> ' \ N N— }
©/ T, (411 mbar), ; )\ >_ _< 1.0
PhCl, 25 °C, 1 h L \
108 51.3 Ci/mmol t-108 :
: t-205
Tritiated GPR119 Agonist
Scheme 6.3

Confident that we’d developed a catalyst system which could effectively cater to the production
of labelled sulfones, we turned to applying the novel complex to the labelling of other known
challenging directing groups, namely substituted sulfonamides. We were delighted, in our
initial investigation, to see excellent levels of incorporation being delivered into N-

methyltoluene sulfonamide 127. However, levels of incorporation with the even more
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challenging N,N-dimethyltoluene sulfonamide 206 were less than satisfactory, and as such, we
moved to further modifying our catalyst system (Scheme 6.4a). Instead of applying a screening
method to improving the activity of our catalyst system, we opted for a more focused approach.
Indeed, our use of solid angle analysis and consideration of the catalyst binding motif allowed
us to identify that the bulky phosphine moiety was preventing efficient substrate binding with
significantly hindered sulfonamide substrates (Scheme 6.4b). This led us to the NHC-Py
catalyst motif exhibited by 218 (Scheme 6.4c). With an improved binding motif, we hoped that
such a catalyst system might deliver higher levels of incorporation into both secondary and
tertiary sulfonamides, which was further supported by binding energy calculations as well as a

low kinetic barrier to C—H activation.

R'=H, Me [56]
206 d-206
b i i
Methylphenylsulfone N-Methylbenzene N,N-Dimethylbenzene
sulfonamide sulfonamide
Eging = -27.8 kcal mol! Eging = -28.1 kcal mol” Eging = -19.8 kcal mol*
c —l BAr — —l BArg
7 PhoP ,El Y
\ / /N
! — "
7 =N 7 »—N
=
DiPP—N -
— 175 opp-N O T
Scheme 6.4
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With a promising computational profile in front of us, the synthesis of complex 218 was
undertaken. The NHC-Py iridium(l) precatalyst complex could be accessed in a fast and
efficient manner. Once synthesised, we quickly applied the complex to the labelling of a range
of sulfonamides (Scheme 6.5). In doing so, we were delighted to see a marked increase in the
incorporation delivered into 206. Additionally, the complex was also extremely adept in the
HIE of a range of sulfonamide substrates, with a total of 19 being successfully labelled.

— —l BAr,:

\
/, N /
é\/
I
/)
N
_
218 D
R QP

s (5 mol%) S, _R2
1 N > R N
R R3 D,, 25 °C, PhCI, 16 h R R3
D

19 Examples
up to 95% Incorp.

Scheme 6.5

It is hoped that this body of work, as a study on catalyst design guided by computational
parameterization, will provide a foundation for the ongoing studies in C—H activation and

functionalisation, as well as future catalyst development processes.

Finally, during the investigation of sulfone labelling, we serendipitously came across the HIE
of ethereal and alcoholic substrates. The novel NHC-P catalyst system 175 proved to be highly
effective with this substrate class, with good level of labelling being successfully afforded
across ten examples (Scheme 6.6a). In addition to this, steps towards applying this catalyst
system in the labelling of natural products and natural product-like molecules has also been
undertaken. Within this study, a selection of three synthetically accessible natural product-like
molecules have been generated, and initial attempts at deuterium labelling have been
undertaken (Scheme 6.6b). The deuteration of natural products and natural product-like

molecules is an area of great unmet need, in which the application of directed HIE could be of
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significant value. The complexity and sensitivity of these targets presents an exciting challenge

for our catalyst systems, which we believe will only further our understanding of these

complexes.

(¥)-Eudesmin

_|BAr|:
Ph,P
é\ /
Ir
/
D'PP—N>/\—N D
! \) 5 mol% Y. o
. A “R'
D,, PhCI, 1 h, 25 °C
10 Examples R D

Up to >95% Incorp.

OH OH
/ iﬁ\/\
0]
w O
HOD O—

(¥)-Cedrusin methyl ether

(¥)-Medicarpin

Scheme 6.6
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7. Future Work

With this study, we have shown how a strong mechanistic understanding of our catalyst system
has allowed us to successfully and efficiently develop novel catalyst systems for HIE processes.
However, in venturing forward with these new chelate catalyst systems, a more thorough
understanding of their nature becomes more vital as their utility becomes more apparent. As
such, one of the most important aspects of the reaction which appears to have great influence
over the success of the exchange process, is the choice in solvent. While in our own
investigations of the sulfones, it was noted that several solvents afforded excellent levels of
incorporation, while others did not. No clear rationale was established for these cases. In order
to truly design a functioning catalyst system, an understanding of several factors must be
attained: how the solvent used can affect the activity of the catalyst; how the solvent
interactions with the complex/substrates affect kinetic barriers; and how the solvent can affect
the degradation of the catalyst systems. Undeniably, investigation into the degradation of these
catalyst systems would also be highly valuable. Furthermore, a more solid understanding of
the Kinetics involved with the systems discussed herein are of high priority, particularly in
supporting further computational guidance, and ensuring the methods used for our calculations
are reasonable. Indeed, in line with the computationally calculated barriers, some investigations
not discussed within this report have led us to believe that the rate limiting process in some of
these reactions is now the mass transport limit of deuterium within the system. Further

investigation to confirm this would be highly desirable.

In furthering the group’s interest in the development of Cspz—H activation, we have also
considered the ability of our new chelating catalysts to activate such bonds. The beginnings of
an in silico investigation on this matter has been undertaken, and are highlighted in Scheme
7.1, examining the relevant iridium(I1l) dihydride species. Of an initial screen of binding
conformations of N-mesyl piperidine to our NHC-Py catalyst, complex 249 (with an agostic
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interaction with the axial proton) was found to be most stable. Gratifyingly, when the barrier
to C— H activation was calculated, only a moderate increase to 22.0 kcal mmol™ (compared
to the 16.6 kcal mol™ for activation of 205) was observed, implying that this intermediate
should be accessible. However, what we did not anticipate, was an unproductive chelate
between the nitrogen and oxygen of the sulfonamide being significantly more stable than that
of the most favourable agostic interaction, by 8.93 kcal mol™. Troubled by this, we also
investigated this possibility for N,N-dimethylbenzene sulfonamide and were surprised to find
this structure was also more stable than the corresponding agostic interaction by 4.62 kcal mol
1. This information could have interesting consequences when attempting to gain an
understanding of the behaviour of such directing groups. Finally, we also looked into the
relative ground state energies for the agostic interaction 253 and N,O-chelate 254 for the NHC-
P system. Unsurprisingly, the more Lewis acidic metal centre favoured this unproductive
chelate even more so. This indicates that the more electron-rich NHC-Py catalyst system may
prove to be the best starting point for further developing a catalyst system which can effectively

activate Csp3—H bonds using a sulfonamide directing group.
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a Kinetic Barrier to C,3-H Activation
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Nonetheless, the beginning of an investigation into the Cspz—H of sulfonamides has

commenced, and it is hoped that this information will aid future investigation in this area.

In our short investigation of the sulfoximines, we were delighted to see these highly desirable
groups deliver excellent amounts of incorporation, not only with our novel NHC-Py catalyst
system, but also with the classical monodentate NHC/phosphine motif. Indeed, a more
thorough investigation into the variations of sulfoximines which can be labelled would be
beneficial, as their use in the pharmaceutical industry continues to grow. Figure 7.1 shows
some potentially interesting sulfoximine substitution patterns which could be investigated in
245-258. Additionally, of course, the unexpected S-methyl labelling described within this work
also requires significant mechanistic investigation. In understanding how the deuteration of

this position takes place, we might be able more effectively exploit or, if necessary, avoid this

process.
Potentially Interesting Sulfoximine Substrates Sulfoximine sp3 Labelling
H H 5
O '
N :
7\ H H E
265 266 0o, N-R Areas of Interest
' /7
87 » Mechanism
X D * Selectivity
H I * Further Substitution
O '
\ '
; J@ i
Ho @f‘\) 5
H :
267 268 5

Figure 7.1

Finally, from our discovery of the ether directed labelling, we had hoped to apply our NHC-P

catalyst system to the labelling of natural product-like molecules. This objective has yet to be
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realised, however, with routes to the desired compounds now established in-house, it is hoped
that further investigation into this area will allow us to deliver good levels of isotope
incorporation into these complex examples. Furthermore, our initial focus on Csp—H
activation in this area has us limited to natural product classes containing aryl rings in proximity
to ethereal/alcohol functionality, of which there are indeed many. However, we hoped that
further developments within the activation of Csp;3—H bonds will allow us to access an even

wider range of natural product classes.
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8. Experimental

8.1 General Considerations
All reagents were obtained from commercial suppliers (Alfa Aesar, Sigma Aldrich, Apollo
Scientific or Strem) and used without further purification, unless stated. Purification was

carried out according to standard laboratory methods.*®

Tetrahydrofuran was purified by heating to reflux over sodium wire, using benzophenone ketyl
as an indicator, before distilling under nitrogen. All other solvents were purified by heating to
reflux over calcium hydride, before distilling under argon. Petroleum ether refers to ether in

the boiling point range of 40-60 °C.

Thin layer chromatography was carried out using Camlab silica plates coated with fluorescent
indicator UV254. These were analysed using a Mineralight UVGL-25 lamp or developed using
vanillin or KMnO4 solution. Flash column chromatography was carried out using Prolabo

silica gel (230-400 mesh).

IR spectra were obtained on a Shimadzu IR Affinity-1 Spectrophotometer machine and are

reported in cm™ unless stated otherwise.

H, B8C, 1B, °F, and 3P spectra were recorded on a Bruker DPX 400 spectrometer at 400
MHz, 101 MHz, 128 MHz, 376 MHz, and 162 MHz, respectively. Chemical shifts are reported
in ppm. Coupling constants are reported in Hz and refer to 3Jun interactions unless stated

otherwise.

High resolution mass spectrometry was carried out at the EPSRC National Mass Spectrometry

Facility, University of Wales, Swansea.
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8.2 List of General Procedures

General Procedure A — Complexation of NHC-P Ligands

To a flame-dried Schlenk tube was added [Ir(COD)CI]2 (0.5 eq) and the respective ligand (1.00
eq). The mixture was then dissolved in THF and KO'Bu (1.00 eq) was added. The reaction
mixture was stirred at room temperature for 2 h, after which the solvent was removed in vacuo.
The resulting residue was purified by column chromatography, eluting with 1:1 petroleum
ether:DCM. The resulting oil was then triturated with petroleum ether, yielding the iridium

complex as a red solid.
General Procedure B — Oxidation of Thioethers for Synthesis of Sulfone Substrates

To a 100 mL round-bottom flask was added the respective thioether (1.00 eq) and DCM. The
solution was then cooled to 0 °C and mCPBA (3.00 eq) was added. The reaction mixture was
stirred at room temperature for 16 h, at which point, a saturated solution of aqueous sodium
bicarbonate solution was added, and the mixture transferred to a separating funnel. The aqueous
layer was separated, and the organic phase was washed with water and separated. The organic
phase was collected, dried, and concentrated in vacuo to yield the crude product. The crude
product was purified by column chromatography, eluting with diethyl ether. The residue was
then recrystallized from petroleum ether/diethyl ether to yield the desired sulfone as a white

solid.

General Procedure C — Thiophenol Methylation and Oxidation for Synthesis of Sulfone

Substrates

To a 100 mL round-bottom flask was added the respective thiophenol (1.00 eq) and ethanol.
To this mixture was added NaOH (1.20 eq) and the suspension was stirred for 10 min. Methyl
iodide (1.20 eq) was added and the reaction mixture stirred at room temperature for 2 h. The

reaction mixture was then diluted with DCM, transferred to a separating funnel and washed

169



with distilled water. The organic phase was collected, dried, and concentrated in vacuo. The
residue was re-dissolved in 1:1 acetone:water and Oxone® (3.00 eq) was added. The reaction
mixture was stirred at room temperature for 16 h. The reaction mixture was then diluted with
DCM and transferred to a separating funnel, then washed with distilled water. The organic
phase was collected, dried, and concentrated in vacuo. The residue was purified by column
chromatography, eluting with diethyl ether. The resulting solid was then recrystallized from

petroleum ether/diethyl ether to yield the sulfone as a white solid.
General Procedure D — Sulfone Labelling - Catalyst Screen

Reactions were performed using a Radley’s 12-chamber carousel. Each of the carousel tubes
were dried overnight in an oven at 180 °C and allowed to cool under vacuum. Each tube was
charged with methylphenyl sulfone (33.6 mg, 0.215 mmol) and the relevant catalyst (5 mol%).
Each mixture was dissolved in DCM (2.50 mL) and the solutions were cooled to -78 °C. The
atmosphere was exchanged with three vacuum/D:> cycles and the tubes were then sealed and
immediately placed in a heating block pre-heated to 25 °C. The reaction mixtures were stirred
for 16 h, after which time the solvent was removed in vacuo. Petroleum ether was added to the
residues and the mixtures were sonicated for 30 s, at which point the solvent was removed by
pipette and reduced by blowing with compressed air, to give the crude product. The level of
incorporation was determined by 'H NMR spectroscopic analysis, with the integrals of the
labelled positions measured against a peak corresponding to a position where labelling was not

expected. The level of deuteration was then calculated using Equation 1:

Deuteration (%) = 100 — [100 x (Resmual Integml)]

Expected Integral
General Procedure E — Sulfone Labelling - Solvent Screen

Reactions were all performed using a Radley’s 12-chamber carousel. Each of the carousel tubes

were dried overnight in an oven at 180 °C and allowed to cool under vacuum. Each tube was
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charged with methylphenyl sulfone (33.6 mg, 0.215 mmol) and complex 175 (16.7 mg, 0.01
mmol, 5 mol%). Each mixture was then dissolved in the relevant solvent (2.50 mL) and the
solutions were cooled to -78 °C. The atmosphere was exchanged with three vacuum/D; cycles
and the tubes were sealed and immediately placed in a heating block pre-heated to 25 °C. The
reactions were stirred for 16 h, after which time the solvent was removed in vacuo. Petroleum
ether was added to the residues and the mixture was sonicated for 30 s, at which point the
solvent was removed by pipette and reduced by blowing with compressed air, to give the crude
product. The level of incorporation was determined by *H NMR spectroscopic analysis, with
the integrals of the labelled positions measured against a peak corresponding to a position
where labelling was not expected. The level of deuteration was then calculated as described in

General Procedure D.
General Procedure F — Sulfone Labelling - Catalyst Loading Study

Reactions were all performed using a Radley’s 12-chamber carousel. Each of the carousel tubes
were dried overnight in an oven at 180 °C and allowed to cool under vacuum. Each tube was
charged with methylphenyl sulfone (33.6 mg, 0.215 mmol) and complex 175. Each mixture
was dissolved in chlorobenzene (2.50 mL) and the solutions cooled to -78 °C. The atmosphere
was exchanged with three vacuum/D> cycles and the tubes sealed and immediately placed in a
heating block pre-heated to 25 °C. The reactions were stirred for 16 h, after which time the
solvent was removed in vacuo. Petroleum ether was added to the residues and the mixture was
sonicated for 30 s, at which point the solvent was removed by pipette and reduced by blowing
with compressed air, to give the crude product. The level of incorporation was determined by
'H NMR spectroscopic analysis, with the integrals of the labelled positions measured against
a peak corresponding to a position where labelling was not expected. The level of deuteration

was then calculated as described in General Procedure D.
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General Procedure G — Sulfone Labelling - Substrate Scope

Reactions were all performed using a Radley’s 12-chamber carousel. Each of the carousel tubes
were dried overnight in an oven at 180 °C and allowed to cool under vacuum. Each tube was
charged with the relevant substrate (0.215 mmol) and complex 175 (17.0 mg, 0.01 mmol, 5
mol%). The mixture was dissolved in chlorobenzene (2.50 mL). The tubes were placed in a
heating block pre-heated to 25 °C and the atmosphere was exchanged with 3 vacuum/D: cycles,
with the system then being isolated upon the third influx of deuterium. The tubes were then
sealed, and the reactions were stirred for 1 h. The gaseous atmosphere was removed and each
reaction mixture was loaded directly onto silica. The solvent was eluted with petroleum ether
and the substrate eluted with diethyl ether. The level of incorporation was determined by *H
NMR spectroscopic analysis, with the integrals of the labelled positions measured against a
peak corresponding to a position where labelling was not expected. The level of deuteration

was then calculated as described in General Procedure D.
General Procedure H — Synthesis of Sulfonamide Substrates

A solution of the relevant amine (1.00 eq) and triethylamine (1.50 eq) in DCM was cooled to
0 °C. The corresponding sulfonyl chloride (1.10 eq) was added in a single portion, and the
reaction mixture stirred at room temperature overnight. The reaction mixture was then
transferred to a separation funnel and washed with water. The organic layer was dried over
sodium sulfate, filtered, and then concentrated in vacuo. The residue was purified by column

chromatography.
General Procedure | — Sulfonamide Substrate Labelling at 25 °C

To a three-necked 100 mL round-bottom flask, fitted with two stopcocks, was added substrate
(0.215 mmol, 1.00 eq) and complex 218 (16.0 mg, 0.0108 mmol, 5 mol%). The mixture was

dissolved in chlorobenzene (2.5 mL) and the flask placed in a heating block, pre-set to 25 °C.

172



The atmosphere in the flask was exchanged via three vacuum/D> cycles, with the system then
being isolated upon the third influx of deuterium. The reaction mixture was then stirred at 25
°C for 16 h, unless stated otherwise. The reaction mixture was then loaded directly onto a silica
column, the chlorobenzene eluted with petroleum ether, and the deuterated product eluted with
Et.O and concentrated in vacuo. The level of deuteration was then calculated as described in

General Procedure D.

General Procedure J — Sulfonamide Substrate Labelling at 40 °C

To a three-necked 100 mL round-bottom flask, fitted with two stopcocks, was added substrate
(0.215 mmol, 1.00 eq) and precatalyst 218 (16.0 mg, 0.0108 mmol, 5 mol%). The mixture was
dissolved in chlorobenzene (2.5 mL). The atmosphere in the flask was exchanged with three
vacuum/D> cycles, with the system then being isolated upon the third influx of deuterium. The
flask was immediately placed in a heating block, pre-set to 40 °C, and the reaction mixture was
stirred at this temperature for 16 h. The reaction mixture was allowed to cool and then loaded
directly into a silica column, eluting the chlorobenzene with petroleum ether. The deuterated
product was eluted with Et,O and concentrated in vacuo. The level of deuteration was then

calculated as described in General Procedure D.

General Procedure K — Ether Substrate Labelling

To a three-necked 100 mL round-bottom flask, fitted with two stopcocks, was added substrate
(0.215 mmol, 1.00 eq) and complex 175 (18.0 mg, 0.0108 mmol, 5 mol%). The mixture was
dissolved in chlorobenzene (2.5 mL) and the flask placed in a heating block, pre-set to 25 °C.
The atmosphere in the flask was exchanged via three vacuum/D> cycles, with the system then
being isolated upon the third influx of deuterium. The reaction mixture was then stirred at 25

°C for 1 h, unless stated otherwise. The reaction mixture was then loaded directly onto a silica
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column, the chlorobenzene eluted with petroleum ether, and the deuterated product eluted with
Et,O and concentrated in vacuo. The level of deuteration was then calculated as described in

General Procedure D.

General Procedure L— Attempts Towards Deuterium Labelled (+)-Eudesmin

To a three-necked 100 mL round-bottom flask, fitted with two stopcocks, was added (*)-
Eudesmin (1.00 eq) and complex 175 (5 mol%). The mixture was dissolved in chlorobenzene
(2.5 mL) and the flask placed either in a heating block, pre-set to 25 °C (Table 5.3 Entries 1
and 2), or an ice-methanol bath (Table 5.3 Entry 3). The atmosphere in the flask was
exchanged via three vacuum/D; cycles, with the system then being isolated upon the third
influx of deuterium. The reaction mixture was then stirred at the stated temperature for 1 h,
unless stated otherwise. The reaction mixture was then loaded directly onto a silica column and
the chlorobenzene eluted with petroleum ether. The catalyst residues were removed by one
column volume of DCM, and the deuterated product eluted with 50% acetone/petroleum ether
and concentrated in vacuo. The level of deuteration was then calculated as described in General

Procedure D.
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8.3 Synthesis of NHC-P Catalysts

8.3.1 Synthesis of 1-mesityl-1H-imidazole and 1-(2,6-di-iso-propylphenyl)-1H-imidazole

1-Mesityl-1H-imidazole 1793

To a 500 mL three neck round-bottom flask equipped with a condenser and an addition funnel
was added glyoxal (40% wt. in water, 16.3 mL, 142 mmol, 1.10 eq), formaldehyde (37% wt.
in water, 10.8 mL, 145 mmol, 1.10 eq) and acetic acid (35.0 mL). The mixture was then heated
to 80 °C. In a separate conical flask was added NH4OAc (10.9 g, 140 mmol, 1.10 eq), 2,4,6-
trimethylaniline (18.3 mL, 130 mml, 1.00 eq), acetic acid (35 mL) and water (3.0 mL) and the
mixture was stirred until a viscous solution formed. This viscous solution was transferred to
the addition funnel and slowly added over 10 min. The reaction mixture was then stirred at 80
°C for 16 h, after which time it was cooled to room temperature and transferred to a dropping
funnel. The reaction mixture was then slowly added to an excess amount of saturated aqueous
sodium bicarbonate solution, with very vigorous stirring. Once quenched, the agueous

suspension could be purified through methods (a) or (b), detailed below.

Table 3.1, Entry 1

(a) The suspension was transferred to a separating funnel and washed several times with DCM.
The organic phases were collected, dried, and concentrated in vacuo. The residue was loaded
onto silica and purified by column chromatography, eluting with 0-10% MeOH/DCM. Mesityl

imidazole 179 (13.1 g, 70.3 mmol, 54% yield) was afforded as a brown solid.
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Table 3.1, Entry 2

(b) The suspension was then filtered and the filter cake washed with water and allowed to dry
in air. The filtrand was transferred to a beaker and petroleum ether added. The suspension was
heated to boiling and the hot solution decanted. This process was repeated until the petroleum
ether remained clear upon boiling, at which point the remaining solid residue was discarded.
The decanted liquid was concentrated in vacuo to yield mesityl imidazole 179 (15.9 g, 85.3
mmol, 66% yield) as a brown solid.

o

Nz
179
Melting Point: 106-108 °C (lit:*®: 112-118 °C).
IR (neat, cm™): 3114, 3093, 2974, 2950, 2920, 1805, 1643, 1598, 1498.

'H NMR (400 MHz, CDCls): § 7.41 (t, “J = 0.9 Hz, 1H, NCHN), 7.21 (t, J = 0.9 Hz, 1H,

ImH), 6.94 (s, 2H, ArH), 6.87 (t, J = 0.9 Hz, 1H, ImH), 2.32 (s, 3H, ArMe), 1.96 (s, 6H, ArMe).

13C NMR (101 MHz, CDCls): 6 138.8, 137.5, 135.4, 133.4, 129.6, 129.0, 120.0, 21.0, 17.3.

1-(2,6-Di-iso-propylphenyl)-1H-imidazole 180%

To a 250 mL three-neck round-bottom flask equipped with a condenser and an addition funnel
was added glyoxal (40% wt. in water, 3.40 mL, 30.0 mmol, 1.10 eq), formaldehyde (37% wit.
in water, 2.80 mL, 30.0 mmol, 1.10 eq) and acetic acid (15.0 mL). The reaction mixture was
heated to 80 °C. In a separate conical flask was added NH4sOAc (2.30 g, 30.0 mmol, 1.10 eq),
2,6-di-iso-propyl aniline (5.00 mL, 27.0 mml, 1.00 eq), acetic acid (15.0 mL) and water (1.00

mL) and the resulting mixture was stirred until a viscous solution formed. This viscous solution
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was then transferred to the addition funnel and added slowly over 10 min. The reaction mixture
was then stirred at 80 °C for 16 h, after which time it was cooled to room temperature and
transferred to a dropping funnel. The mixture was then slowly added to an excess amount of
aqueous saturated sodium bicarbonate solution, with very vigorous stirring. Once quenched,

the dark biphasic liquid could be purified through methods (a) or (b), stated below.

Table 3.1, Entry 3

(a) The mixture was transferred to a separating funnel and washed several times with DCM.
The organic phases were collected, dried, and concentrated in vacuo. The residue was loaded
onto silica and purified by column chromatography, eluting with 0-10% MeOH/DCM. 2,6-di-

iso-propylphenyl imidazole 180 (1.01 g, 4.42 mmol, 16% yield) was afforded as a brown solid.

Table 3.1, Entry 4

(b) The mixture was transferred to a separating funnel and washed several times with DCM.
The organic phases were collected, dried, and concentrated in vacuo. Petroleium ether was
added to the resulting brown oil and heated to boil. At this point, the coloured solution was
decanted whilst hot and this process was repeated until the hot solution remained clear upon
boiling. The petroleum ether solution was concentrated in vacuo to yield di-iso-propylphenyl

imidazole 180 (1.20 g, 5.40 mmol, 20% yield) as a brown solid.

Melting Point: 121-123 °C (lit:}¥” 123-125 °C).
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1H NMR (400 MHz, CDCls): § 7.49 (t, 4] = 0.9 Hz, 1H, NCHN), 7.42 (t, J = 7.6 Hz, 1H, ImH)
7.26-7.23 (m, 3H, ArH), 6.92 (t, J = 0.9 Hz, 1H, ImH), 2.36 (sep, J = 6.9 Hz, 2H, CH), 1.11 (d,

J=6.9 Hz, 12H, CH(CHa)2).

13C NMR (101 MHz, CDCls): § 146.7, 138.7, 132.7, 130.0, 129.6, 124.0, 121.7, 28.3, 24.6,

24.5.

8.3.2 Towards (2-(Chloromethyl)phenyl)diphenylphosphane (Scheme 3.2)

N,N-Dimethylbenzylamine 182%

To a 250 mL round-bottom flask was added benzyl bromide 179 (3.6 mL, 30.0 mmol, 1.00 eq),
dimethylamine hydrochloride (9.78 g, 120 mmol, 4.00 eq) and Et.O (100 mL). To this was
added triethylamine (23.0 mL, 165 mmol, 5.50 eq) and the reaction mixture stirred at room
temperature for 16 h. The reaction mixture was then transferred to a separating funnel and
washed several times with water. The organic phase was separated, dried, and concentrated in
vacuo, yielding N,N-dimethylbenzylamine 182 (2.83 g, 21.0 mmol, 70% yield) as a colourless

oil, which was taken on to the next step without further purification.

©/\NMe2

182

IR (neat, cmL): 2964, 2925, 1260, 1093, 1021, 800.
1H NMR (400 MHz, CDCls): § 7.38-7.25 (m, 5H, ArH), 3.44 (s, 2H, CHy), 2.26 (s, 6H, CHs).

13C NMR (101 MHz, CDCls): § 139.0, 129.3, 128.4, 127.2, 64.6, 45.6.

1-(2-(Diphenylphosphanyl)phenyl)-N,N-dimethylmethanamine 181139140
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A flame-dried, 3-neck, 250 mL round-bottom flask was placed under inert an atmosphere and
then charged with N,N-dimethylbenzylamine 182 (2.50 g, 18.5 mmol, 1.00 eq) and Et,O (60.0
mL). The solution was cooled to 0 °C and "BuL.i (2.5 M in hexanes, 8.90 mL, 22.2 mmol, 1.20
eq) was added, dropwise. The reaction mixture was then allowed to stir for 24 h at room
temperature, after which the reaction was again cooled to 0 °C. Chlorodiphenylphosphine (3.98
mL, 2.22 mmol, 1.20 eq) was added, dropwise, and the reaction mixture stirred at room
temperature for 1 h. The reaction mixture was then quenched by the addition of MeOH (1 mL)
and the mixture transferred into a separating funnel. The product was extracted into an aqueous
solution of HCI (2 M) and separated from the organic phase. The aqueous phase was then
basified by addition of NaOH, and the resulting suspension was then transferred to a separating
funnel and extracted into DCM. The organic phases were combined, dried, and concentrated
in vacuo. The residue was then loaded onto silica and purified by column chromatography,
eluting with 50% EtOAc/Hexane to afford 1-(2-(diphenylphosphanyl)phenyl)-N,N-
dimethylmethanamine 183 (4.67 g, 14.6 mmol, 79% yield) as a colourless oil, which was stored
under inert atmosphere to prevent any oxidation.
PPh,

NMez

183

IR (neat, cm): 3053, 2962, 1469, 1431, 1261.

IH NMR (400 MHz, CDCla): 8 7.47 (dd, J = 7.1 Hz, “Jup = 4.2 Hz, 1H, ArH), 7.35-7.23 (m,
11H, ArH), 7.16 (t, J = 7.5 Hz, 1H, ArH), 6.94-6.88 (m, 1H, ArH), 3.62 (s, 2H, CH>), 2.06 (s,

6H, Me).

179



13C NMR (101 MHz, CDCla): § 144.2 (d, Ycp = 23.5 Hz), 138.0 (d, 2Jcp = 10.2 Hz), 136.9
(d, 2Jc.p = 14.6 Hz), 134.0, 138.8, 129.2 (d, *Jc.p = 4.4 Hz), 128.7, 128.5, 128.4, 127.2, 62.4 (d,

%)cp=15.8 Hz), 44.8.

31p NMR (162 MHz, CDCl3): 5 -15.26 (s).

(2-(Chloromethyl)phenyl)diphenylphosphane 1763

To a 100 mL round-bottom flask equipped with a condenser was added 1-(2-
(diphenylphosphanyl)phenyl)-N,N-dimethylmethanamine 183 (1.50 g, 4.70 mmol, 1.00 eq)
and toluene (12.0 mL). To this was added ethyl chloroformate (0.540 mL, 5.60 mmol, 1.20 eq)
and the reaction mixture heated to 80 °C for 2 h. The reaction mixture was then cooled to room
temperature and concentrated in vacuo. The residue was then loaded onto silica and purified
by column chromatography, eluting with DCM. (2-(chloromethyl)phenyl)diphenylphosphane
(1.31 g, 4.22 mmol, 90% yield) was afforded as a white, air stable solid.

PPh,

Cl

176

Melting Point: 147-149 °C.
IR (neat, cm™): 3053, 2962, 1469, 1431, 1261.

IH NMR (400 MHz, CDCl3): § 7.55 (ddd, J = 7.6 Hz, “Jup = 4.5 Hz, 4] = 1.1 Hz, 1H, ArH),
7.42-7.22 (m, 12H, ArH), 6.98 (ddd, J = 7.7 Hz, “Jup = 4.3 Hz, 43 = 1.1 Hz, 1H, ArH), 4.91 (d,

“Jn-p = 1.9 Hz, 2H, CHy).
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13C NMR (101 MHz, CDCla): § 142.0 (d, Yc.p = 24.7 Hz), 136.6 (d, 2Jcp = 14.7 Hz), 136.4
(d, 2Jcp = 9.1 Hz), 134.3, 134.0 (d, Ycp = 19.9 Hz), 130.1 (d, 3Jcp = 4.5 Hz), 129.7, 129.0,

128.8, 128.7, 44.9 (d, 3Jcp = 30.2 Hz).
31p NMR (162 MHz, CDCl3): & -16.90 (s).

HRMS (Positive ESI): m/z calculated for [M+H]" C19H17CIP*: 311.0757; found:.311.0756.

8.3.3 Alkylation to Form Imidazolium Salts 184 and 185 (Scheme 3.3)

3-(2-(Diphenylphosphanyl)benzyl)-1-mesityl imidazolium BArr 184

To a 50 mL round-bottom flask equipped with a condenser was added mesitylimidazole 179
(0.298 g, 1.60 mmol, 1.00 eq), (2-(chloromethyl)phenyl)diphenylphosphane 176 (0.500 g, 1.60
mmol, 1.00 eq) and EtOH (10.0 mL), and the solution placed under an inert atmosphere. The
reaction mixture was then heated to reflux for 48 h, then cooled to room temperature and
concentrated in vacuo. The residue was redissolved in DCM (10.0 mL) and NaBArr (1.41 g,
1.60 mmol, 1.00 eq) was added. The reaction was placed under an inert atmosphere and allowed
to stir at room temperature overnight. The suspension was then transferred to a separating
funnel and washed with water. The organic phase was collected, dried, and concentrated in
vacuo. The residue was loaded onto silica and purified by column chromatography, eluting
with 50% DCM/petroleum ether. 3-(2-(Diphenylphosphanyl)benzyl)-1-mesitylimidazolium

BArr 184 (1.19 g, 0.896 mmol, 56% yield) was afforded as a pale brown solid.
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Melting Point: 116-118 °C.
IR (neat, cm™): 1352, 1276, 1159, 1111.

IH NMR (400 MHz, CDCls): § 8.02 (s, 1H, Im ArH), 7.72 (bs, 8H, BArs ArH), 7.52 (s, 4H,
BAre ArH), 7.46-7.35 (m, 8H, ArH), 7.30 (s, 1H, ArH), 7.23-7.06 (m, 7H, ArH), 7.01 (s, 2H,

ArH), 5.51 (s, 2H, CH>), 2.34 (s, 3H, ArMe), 1.88 (s, 6H, ArMe).

13C NMR (101 MHz, CDCla): § 161.9 (g, YJs.c = 50.1 Hz), 142.9, 138.0 (d, Jcr = 16.1 Hz),
135.7, 135.0, 134.6, 134.4, 133.9, 133.8 (d, Jc.p = 20.0 Hz), 131.3 (d, Jcr = 74.4 Hz), 131.2,
130.4, 130.2, 130.0, 129.9, 129.4 (d, Jc.p = 7.8 Hz), 129.1 (q, 2Jc.r = 30.7 Hz), 124.7 (q, YJcr

= 270.4 Hz), 124.6, 123.2, 117.0, 53.6 (d, 3Jc.p = 21.1 Hz), 21.1, 17.2.
3P NMR (162 MHz, CDCl3): § -15.9 (s).
1B NMR (128 MHz, CDCls): § -6.77 (s)
19F NMR (376 MHz, CDCls): § -62.4 (s)

HRMS (Positive ESI): m/z calculated for [M]* Ca1H30N2P*: 461.2141; found: 461.2134.

1-(2,6-Di-iso-propylphenyl)-3-(2-(diphenylphosphanyl)benzyl)imidazolium BArgs 185

To a 50 mL round-bottom flask equipped with a condenser was added 1-(2,6-di-iso-
propylphenyl)  imidazole 180 (0.250 g, 1.10 mmol, 100 eq), (2-
(chloromethyl)phenyl)diphenylphosphane 176 (0.342 g, 1.10 mmol, 1.00 eq) and potassium
iodide (0.091 g, 0.55 mmol, 0.50 eq). The mixture was suspended in acetonitrile (8.00 mL).
The reaction was heated to reflux for 2 h, after which point it was cooled and passed through a
silica plug, eluting with DCM. The filtrate was then concentrated in vacuo. The residue was

then redissolved in DCM (10.0 mL), NaBArg (0.984 g, 1.10 mmol, 1.00 eq) was added and the
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reaction mixture stirred at room temperature overnight. The suspension was concentrated in
vacuo, the residue loaded onto silica and purified by column chromatography, eluting with
50% DCM/petroleum ether. 1-(2,6-Di-iso-propylphenyl)-3-(2-(diphenylphosphanyl)benzyl)

imidazolium BArg 185 (0.870 g, 0.638 mmol, 58% yield) was obtained as a pale brown solid.

Melting Point: 186-188 °C.
IR (neat, cm): 2968, 1352, 1274, 1159, 1116.

1H NMR (400 MHz, CDCl3): 5 8.18 (s, 1H, Im ArH), 7.71 (bs, 8H, BAre ArH), 7.68-7.41 (m,
19H, BAre ArH +ArH), 7.36-7.15 (m, 2H, ArH), 7.21-7.13 (m, 2H, ArH), 5.59 (s, 2H, CH),

2.15 (sep, J = 7.0 Hz, 2H, CH), 1.12 (d, J = 7.0 Hz, 12H, CHa).

13C NMR (101 MHz, CDCls): § 161.9 (q, YJs-c = 49.3 Hz), 145.2, 137.8, 135.6, 135.0, 133.8
(d, Jcp = 19.8 Hz), 133.0, 131.7, 131.3, 130.5 (d, Jer = 62.7 Hz), 130.3, 129.5 (d, Jcp = 7.7
Hz), 129.1 (q, 2Jcr = 32.9 Hz), 125.8, 125.6, 125.3, 124.9, 124.8 (q, Ncr = 271.1 Hz), 122.9,

122.2,117.7,53.8 (d, *Jc-p = 21.3 Hz), 29.0, 24.2.
3P NMR (162 MHz, CDCls): & -16.2 (s).
11B NMR (128 MHz, CDCls): & -6.65 (5).
19F NMR (376 MHz, CDCls): & -62.4 (s).

HRMS (Positive ESI): m/z calculated for [M]* CasH3sN2P*: 503.2611. Found: 503.2597.
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8.3.4 Synthesis of Complexes 174 and 175 (Table 3.2)
n*—Cycloocta-1,5-diene(3-(2-(diphenylphosphanyl)benzyl)-1-mesityl imidazole-2-
ylidene)iridium BArg 174

Prepared according to General Procedure A. Data are presented as (a) amount of
[Ir(COD)CI]2, (b) amount of 3-(2-(diphenylphosphanyl)benzyl)-1-mesitylimidazolium BArr

184, (c) volume of THF, and (d) amount of potassium tert-butoxide, and (e) yield.
Table 3.2, Entry 1

(a) 0.101 g, 0.150 mmol, (b) 0.397 g, 0.300 mmol, (c) 10.0 mL, (d) 0.034 g, 0.300 mmol, and

(e) 0.238 g, 0.147 mmol, 49% yield.
Table 3.2, Entry 2

(a) 0.202 g, 0.300 mmol, (b) 0.794 g, 0.600 mmol, (c) 20.0 mL, (d) 0.067 g, 0.600 mmol, and

(e) 0.835 g, 0.514 mmol, 86% yield.

Melting Point: 200-202 °C.
IR (neat, cm™): 2972, 1354, 1278, 1157, 1114.

IH NMR (400 MHz, CDCls): § 7.74 (bs, 8H, BAre ArH), 7.66-7.59 (m, 2H, ArH), 7.58-7.50
(m, 7H, BAre ArH + ArH), 7.48-7.33 (m, 8H, ArH), 7.32-7.25 (m, 1H, ArH), 7.14 (d, 3 = 2.0
Hz, 1H, ArH), 6.96 (s, 1H, ArH), 6.91 (s, 1H, ArH), 6.83 (d, 3J = 2.0 Hz, 1H, ArH), 6.68 (d,
234 = 14.5 Hz, 1H, CHy), 5.28-5.22 (m, 1H, COD CH), 4.74 (d, %) = 14.5 Hz, 1H, CHy), 3.77-

3.71 (m, 1H, COD CH), 3.68-3.60 (m, 1H, COD CH), 3.51-3.43 (m, 1H, COD CH), 2.33 (s,
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3H, CHa), 2.11-1.79 (m, 7H, ArMe + 2COD CHby), 1.57 (s, 3H, ArMe), 1.54-1.54 (m, 2H, COD

CH3), 1.37-1.26 (m, 2H, COD CHy).

13C NMR (101 MHz, CDCl3): 6 170.9 (d, 2Jc» = 9.6 Hz), 161.9 (q, 1Jc.s = 50.7 Hz), 140.7 (d,
Jop =12.4 Hz), 140.2, 135.7, 135.3 (d, Jc-p = 24.9 Hz), 135.0, 134.6, 134.0 (d, Jc-» = 10.8 Hz),
133.5 (d, Jo-p = 10.1 Hz), 132.2, 131.8, 131.5, 130.5 (d, Jc-» = 7.0 Hz), 130.0 (d, Jc-r = 6.2 Hz),
129.5, 129.3 (d, Jcp = 27.4 Hz), 129.1 (q, 2Jc-F = 29.4 Hz), 129.0, 126.9, 124.8 (q, 1Jcr = 273.1
Hz), 120.7, 117.7, 87.9 (d, Jc» = 9.2 Hz), 82.8, 82.0 (d, 2Jcp = 14.4 Hz), 77.6, 54.4 (d, 3Jcp =

9.9 Hz), 36.1, 34.0, 28.3, 27.6, 21.0, 19.0, 18.0.
3P NMR (162 MHz, CDCla): § 2.55 (s).
1B NMR (128 MHz, CDCl3):  -6.65 (S).
19F NMR (376 MHz, CDCls): § -62.4 (s).

HRMS (Positive ESI): m/z calculated for [M]" CagHa1N2P*: 761.2633; found:761.2638.

n*~Cycloocta-1,5-diene(1-(2,6-di-iso-propylphenyl)-3-(2-(diphenylphosphanyl)benzyl)

imidazole-2-ylidene)iridium BArg 175

Prepared according to General Procedure A. The data presented as: (a) amount of
[Ir(COD)CI]2, (b) amount of 1-(2,6-di-iso-propylphenyl)-3-(2-(diphenylphosphanyl)benzyl)
imidazolium BArr 185, (c) volume of THF, and (d) amount of potassium tert-butoxide, and

(e) yield.
Table 3.2, Entry 3

(a) 1.01 g, 0.150 mmol, (b) 0.410 g, 0.300 mmol, (c) 10.0 mL, (d) 0.034 g, 0.300 mmol, and

e) 0.365 g, 0.219 mmol, 73% vield.
(e) g y
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Table 3.2, Entry 4

(a) 0.202 g, 0.300 mmol, (b) 0.820 g, 0.600 mmol, (c) 20.0 mL, (d) 0.067 g, 0.600 mmol, and

(e) 0.910 g, 0.546 mmol, 91% yield.

Melting Point: 186-188 °C.
IR (neat, cm): 2972, 2375, 2328, 1610, 1354, 1274,

IH NMR (400 MHz, CDCl3): § 7.90-7.82 (m, 2H, ArH), 7.69 (bs, 8H, BAre ArH), 7.54-7.40
(m, 10H, BAre ArH + ArH), 7.39-7.26 (m, 9H, ArH), 7.13 (d, 3J = 2.0 Hz, 1H, ArH), 6.95 (d,
3J=2.0 Hz, 1H, ArH), 6.24 (d, 2J = 14.5 Hz, 1H, CH), 5.52-5.45 (m, 1H, COD CH), 4.57 (d,
2] = 14.5 Hz, 1H, CHy), 3.78-3.70 (m, 1H, COD CH), 3.40-3.29 (m, 2H, COD CH), 3.16 (sep,
J=6.7 Hz, 1H, CH), 2.52-2.38 (m, 2H, COD CHby), 2.21 (sep, J = 6.7 Hz, 1H, CH), 2.03-1.79
(M, 4H, 2 COD CHy), 1.75-1.62 (m, 2H, COD CHy), 1.23 (d, J = 6.7Hz, 3H, CH3), 1.19 (d, J

= 6.7Hz, 3H, CHs), 1.14 (d, J = 6.7Hz, 3H, CHs), 0.48 (d, J = 6.7Hz, 3H, CHs).

13C NMR (101 MHz, CDCls): § 171.3 (d, 2Jc-p = 10.1 Hz), 162.0 (g, Jg-c = 50.6 Hz), 145.1
(d, Jc-p = 109.1 Hz), 140.5 (d, Jc.p = 11.9 Hz), 136.2, 135.0, 133.4, 133.1 (d, Jcr = 11.0 Hz),
132.7, 132.0, 131.7, 130.8, 130.4 (d, Jc.r = 7.3 Hz), 130.2, 129.9 (d, Jc.p = 7.3 Hz), 129.4,
129.1 (q, 2Jcr = 29.8 Hz), 128.2, 125.3, 124.7 (q, Jc-r = 271.6 Hz), 123.8, 120.5, 117.7, 87.5
(d, Jc-p = 7.2 Hz), 87.0, 79.4 (d, 2Jcp = 19.5 Hz), 76.8, 53.7 (d, 3Jc-r = 12.3 Hz), 37.4, 34.7,

314, 28.6,27.2,26.7, 26.1, 23.8, 23.4, 22.2.

3P NMR (162 MHz, CDCl3): 5 3.92 (s).
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1B NMR (128 MHz, CDCls): § -6.79 (s).
19F NMR (376 MHz, CDCl3): & -62.4 ().

HRMS (Positive ESI): m/z calculated for C3sHa1N202PIr* [M + 20Me]" = 757.2906; found:

757.2899, corresponding to complex with COD displaced by two MeO" anions:

8.3.5 Towards #5*-Cycloocta-1,5-diene(3-(2-(diphenylphosphanyl)benzyl)-1-mesityl-4,5-
dimethyl imidazole-2-ylidene)iridium BArr (Scheme 3.5)

1-Mesityl-4,5-dimethylimidazole 1884

To a 250 mL, 3-neck round-bottom flask equipped with a condenser was added butadione (2.20
mL, 25.0 mmol, 1.0 eq), mesityl amine (4.20 mL, 30.0 mmol, 1.20 eq), NH4OAc (1.90 g, 25.0
mmol, 1.0 eq) and paraformaldehyde (0.76 g, 25.0 mmol, 1.0 eq). The mixture was dissolved
in chloroform (50.0 mL) and acetic acid (1.50 mL, 25.0 mmol, 1 eq) was added. The reaction
mixture was stirred at 80 °C for 16 h, then cooled to room temperature and transferred to a
dropping funnel. The reaction mixture was then slowly added to an excess amount of saturated
aqueous sodium bicarbonate solution, with very vigorous stirring. The resulting mixture was
then transferred to a separating funnel and extracted into DCM. The combined organic phases
were collected, dried and concentrated in vacuo. The residue was loaded onto silica and
purified by column chromatography, eluting with 0-50% EtOAc/petroleum ether. 1-Mesityl-

4,5-dimethylimidazole 188 (2.42 g, 11.3 mmol, 45% vyield) was afforded as a brown solid.
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188

Melting Point; 137-138 °C (lit:}4! 130-131 °C).
IR (neat, cm™): 3101, 2980, 1589, 1490, 1473, 1384, 1224,

1H NMR (400 MHz, CDCla): & 7.22 (s, 1H, NCHN), 6.94 (s, 2H, ArH), 2.32 (s, 3H, CHs),

2.22 (s, 3H, CHs), 1.91 (s, 6H, CHs), 1.82 (s, 3H, CHa).

13C NMR (101 MHz, CDCls): 6 138.9, 136.3, 134.6, 133.9, 132.7, 129.1, 122.9, 21.2, 17.6,

13.1, 8.4.

3-(2-(Diphenylphosphanyl)benzyl)-1-mesityl-4,5-dimethyl imidazolium BArr 186

To a 50 mL round-bottom flask equipped with a condenser was added 1-mesityl-4,5-
dimethylimidazole 188 (0.827 g, 3.86 mmol, 1.00 eq), (2-
(chloromethyl)phenyl)diphenylphosphane 176 (1.12 g, 3.86 mmol, 1.00 eq) and potassium
iodide (0.320 g, 1.93 mmol, 0.50 eq). The reaction mixture was dissolved in MeCN and heated
to reflux for 2 h. The reaction mixture was then cooled to room temperature and concentrated
in vacuo. The residue was dissolved in DCM and passed through a silica plug. The filtrate was
diluted with DCM (10.0 mL) and NaBArr (3.42 g, 3.86 mmol, 1.00 eq) was then added. The
suspension was placed under an inert atmosphere and the reaction mixture stirred at room
temperature overnight. The suspension was concentrated in vacuo and loaded onto silica. The
product was purified by column chromatography, eluting with 50% DCM/petroleum ether. 3-
(2-(Diphenylphosphanyl)benzyl)-1-mesityl-4,5-dimethyl imidazolium BArr 186 (4.30 g, 3.17

mmol, 82% yield) was obtained as a pale brown solid.
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Melting Point: 74-76 °C.
IR (neat, cm™): 2968, 1318, 1279, 1173, 1199.

IH NMR (400 MHz, CDCls): & 7.71 (bs, 8H, BArr ArH),7.63 (s, 1H, ArH), 7.52 (s, 4H, BAr¢
ArH), 7.48-7.35 (m, 8H, ArH), 7.24-7.14 (m, 5H, ArH), 7.09-7.04 (m, 1H, ArH), 7.02 (s, 2H,
ArH), 5.29 (s, 2H, CH>), 2.36 (s, 3H, ArMe), 2.24 (s, 3H, ArMe), 1.94 (s, 3H, ArMe), 1.84 (s,

6H, ArMe).

13C NMR (101 MHz, CDCla): § 161.2 (g, YJs.c = 50.1 Hz), 142.0, 137.2 (d, Jc.p = 15.6 Hz),
134.6,134.3, 133.7, 133.4, 133.3, 133.1, 133.0, 131.9, 130.4, 129.9, 129.7, 129.5, 128.8, 128.7,
128.4 (q, 2Jc.r = 31.2 Hz), 127.6, 124.0 (q, Nc.r = 272.8 Hz), 116.9, 49.8 (d, 3Jc.p = 22.0 Hz),

20.4,16.5, 8.23, 7.5.
3P NMR (162 MHz, CDCl3): § -15.9 (s).
1B NMR (128 MHz, CDCls): § -6.77 (s).
19F NMR (376 MHz, CDCls): § -62.4 (s).

HRMS (Positive ESI): m/z calculated for [M]* CasH3sN2P*: 489.2454; found: 489.2426.

n*—Cycloocta-1,5-diene(3-(2-(diphenylphosphanyl)benzyl)-1-mesityl 4,5-dimethyl imidazole-

2-ylidene)iridium BArr 189
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Prepared according to General Procedure A. Data presented as (a) amount of [Ir(COD)ClI]z,
(b) amount of 3-(2-(diphenylphosphanyl)benzyl)-1-mesityl-4,5-dimethyl imidazolium BArr

186, (c) volume of THF, (d) amount of potassium tert-butoxide and (e) yield.

(a) 0.336 g, 0.500 mmol, 0.50 eq, (b) 1.35 g, 1.00 mmol, 1.00 eq, (c) 10.0 mL, (d) 0.113 g,

1.00 mmol, 1.00 eq, and (e) 1.50 g, 0.908 mmol, 91% yield.

BAr,:

Melting Point: 82-84 °C.
IR (neat, cm): 2978, 2357, 2331, 1608, 1352, 1273.

IH NMR (400 MHz, CDCl3): & 7.71 (bs, 8H, BAre ArH), 7.61-7.47 (m, 10H, BAre ArH +
ArH), 7.38-7.29 (m, 4H, ArH), 7.21-7.13 (m, 4H, ArH), 6.90 (s, 1H, ArH), 6.79 (s, 1H, ArH),
5.00-4.90 (m, 2H CHy), 4.11-4.01 (m, 1H, COD CH), 3.66-3.50 (m, 3H, 3 COD CH), 2.30 s,
3H, ArMe), 2.22 (s, 3H, ArMe), 2.12-1.88 (m, 4H, COD CHy), 1.82 (s, 3H, ArMe), 1.70-1.49

(m, 7H, ArMe + COD CH), 0.89 (s, 3H, ArMe).

13C NMR (101 MHz, CDCla): § 167.1 (d, 3Jc.p = 11.0 Hz), 161.7 (g, *Js-c = 50.0 Hz), 140.6
(d, Jo-p = 12.6 Hz), 139.9,138.6, 136.1, 135.6, 134.8, 133.9 (d, Jc-r = 9.3 Hz), 132.6, 132.4 (d,
Je-p = 10.8 Hz), 131.7 (d, Jc-p = 17.0 Hz), 131.4, 130.9, 130.6, 130.5, 130.4, 129.8, 129.5,
128.9 (q, 2Jcr = 31.1 Hz), 128.4, 128.3, 125.3, 124.6 (q, YJcr = 273.3 Hz), 117.5, 87.4 (d, Jc-
p=14.5Hz), 85.5 (d, 2Jcp = 12.4 Hz), 77.7, 76.4, 65.8, 52.2 (d, Jc.r = 8.3 Hz), 34.3, 32.9, 29.1,

28.6,20.9, 17.4,16.4,15.2, 9.4, 8.6.

31p NMR (162 MHz, CDCls): § 2.39 (s).
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1B NMR (128 MHz, CDCls): § -7.01 (s).
19F NMR (376 MHz, CDCl3): 5 -61.9 (s).

HRMS (Positive ESI): m/z calculated for C3sHs3N2PIr* [M-COD]" = 679.1847; found:

679.1841, corresponding to complex with COD decoordinated:

8.3.6 Towards n*~Cycloocta-1,5-diene(3-(2-(diphenylphosphanyl)benzyl)-1-mesityl
benzimidazole-2-ylidene)iridium BArg (Scheme 3.6)

N-(2-bromophenyl)-2,4,6-trimethylaniline 19177

A flame-dried Schlenk tube equipped with a cold finger was placed under an inert atmosphere
and then charged with Pd(OAc). (0.149 g, 0.660 mmol, 8 mol%), (R)-BINAP (0.880 g 1.33
mmol, 16 mol%) and toluene (17.0 mL). The reaction mixture was heated to 60 °C for 10
minutes, at which point dibromobenzene (1.96 mL, 8.30 mmol, 1.00 eq), mesitylamine (1.50
mL, 10.0 mmol, 1.20 eq) and potassium tert-butoxide (1.20 g, 10.6 mmol, 1.28 eq) were added.
The reaction mixture was heated to reflux and stirred for 18 h. The reaction mixture was then
cooled to room temperature and filtered through Celite, washing with DCM. The filtrate was
concentrated in vacuo and the residue dry loaded onto silica. The product was purified by
column chromatography, eluting with 0-30% DCM/petroleum ether, affording N-(2-

bromophenyl)-2,4,6-trimethylaniline 191 (16.9 g, 5.81 mmol, 70% yield) as a colourless oil.
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@[NHMeS
Br

191

IR (neat, cm): 3388, 2916, 1595, 1595, 1498, 1450.

1H NMR (400 MHz, CDCla): § 7.45 (dd, J = 7.9 Hz, 1.5 Hz, 1H, ArH), 6.9 (ddd, J = 8.5 Hz,
J=7.0Hz, J=1.0 Hz, 1H, ArH), 6.93 (s, 2H, ArH), 6.56 (ddd, J = 7.8 Hz,, J= 7.2 Hz, = 1.4
Hz, 1H, ArH), 6.13 (dd, J = 8.1 Hz, 1.5 Hz, 1H, ArH), 5.61 (bs, 1H, NH) 2.29 (s, 3H, ArMe),

2.14 (s, 6H, ArMe).

13C NMR (101 MHz, CDCls): 6 143.9, 136.7, 136.4, 135.1, 132.7, 129.5, 128.6, 118.6, 112.7,

109.6, 21.2, 18.3.

HRMS (Positive ESI): m/z calculated for [M+H]* C1sH17N"Br: 290.054; found: 290.054.

Calculated for [M+H]* C1sH17N®Br: 292.052; found 292.052

N-(2-((diphenylmethylene)amino)phenyl)-2,4,6-trimethylaniline 19277

A flame-dried Schlenk tube equipped with a cold finger was placed under an inert atmosphere
and then charged with Pd2(dba)s (0.271 g, 0.296 mmol, 3 mol%), (R)-BINAP (0.368 g, 0.591
mmol, 6 mol%), N-(2-bromophenyl)-2,4,6-trimethylaniline 191 (2.86 g, 9.86 mmol, 1.00 eq),
benzophenone imine (2.15 mL, 12.8 mmol, 1.30 eq) and potassium tert-butoxide (1.44 g, 12.8
mmol, 1.30 eq). The mixture was suspended in toluene (35.0 mL) and heated to reflux for 48
h. The reaction mixture was then cooled to room temperature and filtered through Celite,
washing with DCM. The filtrate was concentrated in vacuo and the residue purified by
trituration with methanol. N-(2-((diphenylmethylene)amino)phenyl)-2,4,6-trimethylaniline

192 (2.29 g, 5.86 mmol, 60% yield) was afforded as a bright yellow solid.
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Melting Point: 147-149 °C.
IR (neat, cm™): 2970, 1589, 1487, 1274.

IH NMR (400 MHz, CDCls): & 7.84-7.80 (m, 2H, ArH), 7.48-7.43 (m, 1H, ArH), 7.42-7.37
(m, 2H, ArH), 7.34-7.30 (m, 3H, ArH), 7.25-7.21 (m, 2H, ArH), 6.92 (s, 2H, ArH), 6.71 (td, J
= 7.5 Hz, 1.5 Hz, 1H, ArH), 6.33 (td, J = 7.5 Hz, 1.5 Hz, 1H, ArH), 6.21 (dd, J = 7.7 Hz, 1.4
Hz, 1H, ArH), 6.11 (dd, J = 7.7 Hz, 1.4 Hz, 1H, ArH), 5.58 (s, 1H, NH), 2.29 (s, 3H, ArMe),

2.22 (s, 6H, ArMe).

13C NMR (101 MHz, CDCls): 6 168.2, 140.5, 139.8, 136.7, 136.5, 136.3, 136.1, 135.2, 130.6,

129.3, 129.1, 128.8, 128.2, 128.1, 124.9, 119.4, 116.6, 110.8, 20.9, 18.2.

HRMS (Positive ESI): m/z calculated for [M+H]* C2sH27N2: 391.217; found: 391.217.

N*-Mesitylbenzene-1,2-diamine 193"’

A 100 mL round-bottom flask was charged with N-(2-((diphenylmethylene)amino)phenyl)-
2,4,6-trimethylaniline 192 (2.00 g, 5.12 mmol, 1.00 eq) and MeOH (13.0 mL). To this was
added HCl in dioxane (4 M, 2.00 mL, 4 eq) and the reaction mixture stirred at room temperature
overnight. The reaction was concentrated in vacuo and the residue dissolved in EtOAc,
transferred to a separating funnel and washed with saturated aqueous sodium bicarbonate
solution until neutralised. The organic phase was separated, dried, and concentrated in vacuo.

The residue was loaded onto silica and purified by column chromatography, eluting with 10-
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25% Et,Olpetroleum ether. N!-mesitylbenzene-1,2-diamine 193 (0.919 g, 4.06 mmol, 80%

yield) was afforded as a dark oil.

©:NHMes
NH,
193

IR (neat, cm™): 2968, 1352, 1274, 1118.

IH NMR (400 MHz, CDCl3): & 6.90 (s, 2H, ArH), 6.78-6.69 (m, 2H, ArH), 6.62 (td, J = 7.4
Hz, %) = 1.8 Hz, 1H, ArH), 6.22 (dd, J = 7.5 Hz, J = 1.5 Hz, 1H, ArH), 4.74 (s, 1H, NH), 3.60

(s, 2H, NH>) 2.28 (s, 3H, ArMe), 2.11 (s, 6H, ArMe).

13C NMR (101 MHz, CDCls): 6 130.6, 129.5, 129.3, 129.1, 128.8, 128.2, 124.9, 119.3, 116.6,

110.8, 20.9, 18.2.

HRMS (Positive ESI): m/z calculated for [M+H]" C1sH19N2: 227.154, found: 227.154.

1-Mesitylbenzimidazole 19477

A 100 mL round-bottom flask was charged with N'-mesitylbenzene-1,2-diamine 193 (0.600 g,
2.65 mmol, 1.00 eq) and TsOH.H.0 (0.252 g, 1.33 mmol, 0.5 eq). The mixture was dissolved
in trimethyl orthoformate (10.0 mL) and stirred at room temperature for 18 h. The solution was
diluted with EtOAc, transferred to a separating funnel and washed with saturated aqueous
sodium bicarbonate solution. The organic phase was collected, dried, and concentrated in
vacuo. The residue was loaded onto silica and purified by column chromatography, eluting
with 5% MeOH/DCM. 1-Mesitylbenzimidazole 194 (0.601 g, 2.54 mmol, 96% yield) was

afforded as a pale brown oil.
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194

IR (neat, cm™): 2952, 1284, 1265, 1154.

IH NMR (400 MHz, CDCls): 5 7.88 (d, J = 8.1 Hz, 1H, ArH), 7.85 (s, 1H, ArH), 7.30 (ddd, J
= 7.8 Hz, J = 7.7 Hz, “Jun = 1.3 Hz, 1H, ArH), .7.24 (ddd, J = 7.4 Hz, J = 7.4 Hz, “Ju = 0.9

Hz, 1H, ArH), 7.05-6.98 (m, 3H, ArH), 2.37 (s, 3H, ArCHs), 1.91 (s, 6H, ArCHs).

13C NMR (101 MHz, CDCls): 6 143.5, 143.1, 139.4, 136.5, 134.2, 131.2, 129.5, 123.6, 122.3,

120.4, 110.3, 21.2, 17.5.

HRMS (Positive ESI): m/z calculated for [M+H]* C16H17N2: 237.139; found: 237.139.

3-(2-(Diphenylphosphanyl)benzyl)-1-mesitylbenzimidazolium BArg 187

To a 50 mL round-bottom flask equipped with a condenser was added 1-mesitylbenzimidazole
194 (0.500 g, 2.12 mmol, 1.00 eq), (2-(chloromethyl)phenyl)diphenylphosphane 176 (0.725 g,
2.33 mmol, 1.10 eq) and potassium iodide (0.176 g, 1.06 mmol, 0.50 eq). The reaction mixture
was dissolved in MeCN (10.0 mL) and heated to reflux for 4 h, then cooled to room temperature
and concentrated in vacuo. The residue was dissolved in DCM and passed through asilica plug.
The filtrate was diluted with DCM (15.0 mL) and NaBArg (1.88 g, 2.12 mmol. 1.00 eq) was
added. The suspension was placed under an inert atmosphere and the reaction mixture stirred
at room temperature overnight. The reaction was then concentrated in vacuo and the residue
loaded onto silica. The product was purified by column chromatography, eluting with 50%
DCM/petroleum ether. 3-(2-(diphenylphosphanyl)benzyl)-1-mesitylbenzimidazolium BArr

187 (0.910 g, 0.662 mmol, 31% yield) was obtained as a pale brown solid.
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Melting Point: 48-54 °C.
IR (neat, cm™): 1352, 1274, 1159, 1116.

IH NMR (400 MHz, CDCls): 3 8.24 (s, 1H, ArH), 7.74-7.62 (m, 11H, BArg ArH + ArH), 7.48
(s, 4H, BAre ArH), 7.45-7.28 (m, 11H, ArH), 7.18-7.12 (m, 3H, ArH), 7.10-7.05 (m, 3H, ArH),

5.70 (s, 2H, CH2), 2.39 (s, 3H, ArMe), 1.82 (s, 6H, ArMe).

13C NMR (101 MHz, CDCls): § 161.9 (q, YJc.s = 48.5 Hz), 143.1, 139.4, 138.3, 135.5, 135.0,
133.9 (d, Jer = 19.4 Hz), 133.6, 132.2, 132.0, 131.5, 131.2, 130.8, 130.6, 130.5, 130.0, 129.4,
129.3,129.0 (g, 2Jc.f = 30.5 Hz), 128.7, 127.3, 126.1, 123.4, 120.7 (d, Ycr = 274.1 Hz) 117.7,

113.8,51.2 (d, *Jc-p = 19.8 Hz), 21.2, 17.2.
3P NMR (162 MHz, CDCls): & -16.2 (s).
118 NMR (128 MHz, CDCls): & -6.77 (s).
19F NMR (376 MHz, CDCls): 5 -62.4 (s).

HRMS (Positive ESI): m/z calculated for [M]* CasHz2N2P: 511.2298; found: 511.2312.

n*—~Cycloocta-1,5-diene(3-(2-(diphenylphosphanyl)benzyl)-1-mesityl benzimidazole-2-

ylidene)iridium BArg 195

Prepared according to General Procedure A. Data presented as (a) amount of [Ir(COD)CI]z,
(b) amount of 3-(2-(diphenylphosphanyl)benzyl)-1-mesityl benzimidazolium BArr, (c) volume

of THF, (d) amount of potassium tert-butoxide and (e) yield.
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(@) 0.121 g, 0.180 mmol, 0.50 eq, (b) 0.500 g, 0.360 mmol, 1.00 eq, (c) 5.0 mL, (d) 0.040 g,

0.360 mmol, 1.00 eq, and (e) 0.350 g, 0.209 mmol, 58% vyield.

—lBArF
Ph P-(/ 7
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195
Melting Point: 80-82 °C.
IR (neat, cm™): 2980, 2358, 2341, 1352, 1273.

IH NMR (400 MHz, CDCl3): § 7.71 (bs, 8H, BAre ArH), 7.66-7.58 (m, 2H, ArH), 7.57-7.30
(m, 17H, BAre ArH + ArH), 7.26-7.19 (m, 2H, ArH), 7.15 (d, 2Jun = 14.5 Hz, 1H, CHy), 7.01
(s, 1H, ArH), 6.92 (s, 1H, ArH), 6.75 (d, J = 7.9 Hz, 1H, ArH), 5.31 (d, 2Ju = 14.5 Hz, 1H,
CHy), 5.23-5.16 (m, 1H, COD CH), 4.11-4.01 (m, 1H, COD CH), 3.96-3.89 (m, 1H, COD CH),
3.74-3.66 (M, 1H, COD CH), 2.37 (s, 3H, CHs), 2.20-2.10 (m, 2H, COD CHj), 2.03-1.92 (m,
2H, COD CHy), 1.80 (s, 3H, ArMe), 1.68-1.58 (m, 2H, COD CHy), 1.41-1.27 (m, 2H, COD

CH), 1.24 (s, 3H, ArMe).

13C NMR (101 MHz, CDCls): & 180.7 (d, 2Jc-r = 8.8 Hz), 162.0 (g, *Js.c = 50.4 Hz), 140.7,
139.8 (d, Jc-p = 15.2 Hz), 137.1, 136.7 (d, Jc-p = 12.9 Hz), 135.8, 135.1, 134.0 (d, Jc.p = 12.2
Hz), 133.2 (d, Jc-p = 10.5 Hz), 132.7, 132.1 (d, Jc-p = 9.0 Hz), 131.6, 131.4, 131.1, 130.3, 130.0,
129.7, 129.1 (d, Zc.r = 30.9 Hz), 125.0 (d, Jc.p = 7.0 Hz), 124.8 (d, Jcr = 271.0 Hz), 117.7,
112.1, 110.7, 87.7 (d, Xcp = 9.2 Hz), 83.9 (d, 2Jcr = 12.2 HZ), 82.8, 80.7, 52.0 (d, 3Jc» = 9.3

Hz), 35.4, 33.7, 28.7, 28.0, 21.1, 18.0.
31p NMR (162 MHz, CDCls): § 2.27 (s).

1B NMR (128 MHz, CDCls):  -6.89 (s).
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19F NMR (376 MHz, CDCla): 5 -61.9 (s).

HRMS (Positive ESI): m/z calculated for [M-COD+0]* C3sH31N2OP*: 719.1797; found
719.1801, corresponding to 193 with COD decoordinated and the phosphine oxidised to the

corresponding phosphine oxide:

Ph Ph
N/

®
-
P
/ Q
Ir

N

)=
Mes’N©

8.4 Electronic Parameterization of NHC-P Complexes by Hydride NMR (Scheme 3.8)
For each of the four benzylic NHC-P complexes (174, 175, 189, and 195), the hydride NMR
spectra of the corresponding activated iridium(I11) species were recorded. Approximately 10
mg of the complex was weighed into a vial, and dissolved in an ds-acetonitrile (0.5 mL). The
solution was transferred to an NMR tube, capped with a pierceable septum. A needle, fitted to
a balloon of hydrogen gas, as well as a regulatory needle was inserted into the tube. The gas
was carefully bubbled through the solution for 5 minutes, at which time the hydride region of
the spectrum was recorded, as well as the 3P NMR spectrum. The shifts recorded, as well as

the structures attributed to each signal, are shown in Scheme 8.1 below.
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8.5 Towards Ethyl-Tethered NHC-P Catalyst systems (Scheme 3.9)
8.5.1 Towards 5*-cycloocta-1,5-diene(3-(2-(diphenylphosphanyl)ethyl)-1-mesityl imidazole-
2-ylidene)iridium BArg 170

3-(2-Hydroxyethyl)-1-mesitylimidazolium bromide 1964?

To a 100 mL round-bottom flask was added mesityl imidazole 179 (5.0 g, 26.8 mmol). The
brown solid was dissolved in toluene (80 mL) and 2-bromoethanol (2.4 mL, 33.5 mmol, 1.25
eq) added. The reaction mixture was heated to reflux for 16 h, after which time the reaction
mixture was cooled to 0 °C and the resulting precipitate was allowed to settle. The solvent was
carefully removed by pipette and the product washed with diethyl ether, yielding 3-(2-
hydroxyethyl)-1-mesitylimidazolium bromide 196 (5.45 g, 17.5 mmol, 65% vyield) as an off-
white solid.
E//\"?IOH
Br

196
Melting Point: 160-162 °C (lit:}42 164-166 °C).
IR (neat, cm™): 3301, 3063, 3032, 1600, 1567, 1463, 1453, 1050.

IH NMR (400 MHz, DMSO-de): § 9.39 (t, 4J = 1.2 Hz, 1H, NCHN), 8.05 (t, J = 1.2 Hz, 1H,
ImH), 7.92 (t, = 1.2 Hz, 1H, ImH), 7.14 (s, 2H. ArH), 5.25 (bs, 1H, OH), 4.33 (t, J = 5.0 Hz,

2H, CHy), 3.81 (t, J = 5.0 Hz, 2H, CHy), 2.33 (s, 3H, ArMe), 2.02 (s, 6H, ArMe).

13C NMR (101 MHz, DMSO-ds): 5 141.5, 137.9, 134.5, 130.8, 130.0, 124.1, 123.0, 60.3, 52.4,

21.2,17.8

3-(2-Bromoethyl)-1-mesitylimidazolium bromide 19843
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To a 100 mL round-bottom flask was added 3-(2-hydroxyethyl)-1-mesitylimidazolium
bromide 196 (1.50 g, 4.82 mmol, 1.00 eq) and DCM (25 mL). The solution was cooled to 0 °C
and PBrz (0.42 mL, 4.17 mmol, 0.87 eq) was added, dropwise. The reaction mixture was stirred
at room temperature for 16 h, at which point the solution was cooled to 0 °C and quenched with
a saturated aqueous solution of sodium bicarbonate. The mixture was transferred to a separating
funnel and the aqueous phase extracted with three times with DCM. The combined organic
phases were collected, dried, and concentrated in vacuo to yield 3-(2-bromoethyl)-1-mesityl
imidazolium bromide 198 (1.50 g, 4.00 mmol, 83% yield) as an off-white solid.
F\N(B\/*Br
~
S]
Br

198
Melting Point: 160-162 °C (lit:}43 164-166 °C).
IR (neat, cm™): 3116.9, 3062.9, 2959.2, 2158.3, 2029.1, 1604.7, 1546.9.

IH NMR (400 MHz, CDCl3): § 10.32 (t, 4J = 1.7 Hz, 1H, NCHN), 7.97 (t, J = 1.7 Hz, 1H,
ImH), 7.17 (t, J = 1.7 Hz, 1H, ImH) 7.05 (s, 2H, ArH), 5.28 (t, J = 5.5 Hz, 2H, CHy), 4.09 (t, J

=5.5Hz, 2H, CH2Br), 2.38 (s, 3H ArMe), 2.13 (s, 6H, ArMe).

13C NMR (101 MHz, CDCls): 6 143.7, 136.4, 136.2, 134.9, 132.4,129.3, 118.4, 112.4, 109.4,

21.0,18.1.

3-(2-(Diphenylphosphanyl)ethyl)-1-mesitylimidazolium BArg 200

A flame-dried 10 mL round-bottom flask was placed under an inert atmosphere via three
vacuum/argon cycles and then charged with potassium tert-butoxide (0.224 g, 2.00 mmol, 1.00

eq) and DMSO (3.0 mL). To this was added diphenylphosphine (0.34 mL, 2.10 mmol, 1.05 eq)
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and the reaction mixture stirred for 1 h. A separate flame-dried 10 mL round-bottom flask was
placed under an inert atmosphere with three vacuum/argon cycles and then charged with 3-(2-
bromoethyl)-1-mesitylimidazolium bromide 198 (0.750 g, 2.00 mmol, 1.00 eq) and DMSO
(3.0 mL). The DMSO solution of potassium diphenylphosphide was then added dropwise, via
syringe, over 15 min and then stirred for 2 h. Water (30 mL) was then added to the reaction
mixture and the product extracted into DCM. The organic phase was separated, and placed
under inert atmosphere with 5 vacuum/argon cycles then NaBArr (1.95 g, 2.20 mmol, 1.10 eq)
was added. The reaction mixture was allowed to stir at room temperature for 16 h, and was
then concentrated in vacuo, and the residue loaded onto silica. The product was purified by
column chromatography, eluting with 50% DCM/petroleum ether, to vyield 3-(2-
(diphenylphosphanyl)ethyl)-1-mesitylimidazolium BArg 200 (1.70 g, 1.35 mmol, 67% yield)

as a tan solid.
® PPh
F\NI 2
<
BAr,:

200

Melting Point: 116-118 °C.
IR (neat, cm™): 3123, 3072, 2980, 1610, 1546, 1483, 1435, 1355, 1275, 1121.

IH NMR (400 MHz, CDCls): § 8.08 (s, 1H, NCHN), 7.69 (bs, 8H, BArs ArH), 7.51 (s, 4H,
BArs ArH), 7.51-7.44 (m, 10H, ArH), 7.35 (t, J = 1.8 Hz, 1H, ArH), 7.15 (t, J = 1.8 Hz, 1H,
ArH), 7.04 (s, 2H, ArH), 4.29 (dt, 2Jup = 11.4 Hz, J = 6.8 Hz, 2H, PCH>), 2.62 (t, J = 6.8 Hz,

2H, CHy), 2.36 (s, 3H, ArMe), 1.94 (s, 6H, ArMe).

13C NMR (101 MHz, CDCls): 8 161.9 (q, “Jg-c = 50.0 Hz), 135.4, 135.0, 133.9, 132.8, 1326,
130.6, 130.5, 130.4, 129.8, 129.6, 129.5, 129.1 (q, Xc.r = 32.4 Hz), 124.7 (q, Ycr = 271.8 H2),
117.7,51.9, 29.0, 21.3, 17.1.
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31p NMR (162 MHz, CDCls): § -25.8 ().
1B NMR (128 MHz, CDCls): 5 -6.65 (s).
19F NMR (376 MHz, CDClz): & -62.4 ().

HRMS (Positive ESI): m/z calculated for[M]+ C2sH2sN2P: 399.1985; found: 399.1990.

n*~Cycloocta-1,5-diene(3-(2-(diphenylphosphanyl)ethyl)-1-mesitylimidazole-2-

ylidene)iridium BArg 170

Prepared according to General Procedure A. Data presented as: (a) amount of [Ir(COD)CI]z,
(b) amount of 3-(2-(diphenylphosphanyl)ethyl)-1-mesitylimidazolium BArr 200, (c) volume

of THF, (d) amount of potassium tert-butoxide and (e) yield.

(a) 0.161 g, 0.240 mmol, 0.50 eq, (b) 0.606 g, 0.480 mmol, 1.00 eq, (c) 4.50 mL, (d) 0.056 g,

0.500 mmol, 1.05 eq, and (e) 0.517 g, 0.331 mmol, 69% vyield.

g PhoP —>—| BAre

170
Melting Point: >150 °C (dec.).
IR (neat, cm™): 2958, 2928, 2081, 2029, 1611, 1437, 1410, 1354, 1273, 1117.

IH NMR (400 MHz, CDCls): & 7.73 (bs, 8H, BAre ArH), 7.53 (s, 4H, BArg ArH), 7.51-7.42
(m, 6H, ArH), 7.39-7.31 (m, 4H, ArH), 6.96 (s, 2H, Mes ArH), 6.95 (d, J = 2.0 Hz, 1H, ArH),

6.77 (d, J = 2.0 Hz, 1H, ArH), 4.62-4.50 (m, 2H, PCHy), 4.39 (bs, 2H, Alkenyl CH), 3.59 (d
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2Jup = 3.4 Hz, 2H, COD CH), 2.54-2.44 (m, 2H, CHy), 2.35 (s, 3H, ArMe), 2.00-1.77 (m, 14H,

ArMe + COD CHy).

13C NMR (101 MHz, CDCls): § 161.9 (g, }Js-c = 50.2 Hz), 140.5, 135.1, 135.0, 134.9, 132.8
(d, Jc-p = 9.9 Hz), 131.9, 131.4 (d, Jc-p = 51.3 Hz), 129.5 (d, Jcr = 8.0 Hz), 129.3, 129.1 (q,
2JcF=31.2 Hz), 124.8 (0, Nc-F = 273. Hz), 124.7,122.0, 117.7, 89.6 (d, 2Jcp = 11.9 Hz), 78.6,

66.1, 50.7, 31.3 (d, Jc-p = 36.8 Hz), 25.5 (d, Jcp = 36.5 Hz), 21.1, 18.6.
3P NMR (162 MHz, CDCla): § 10.2 (s).

1B NMR (128 MHz, CDCl3):  -6.65 (S).

19F NMR (376 MHz, CDCla): 5 -62.4 (s).

HRMS (Positive ESI): Complete fragmentation observed, no satisfactory method of analysis

has thus far been found.

8.5.2 Towards n*~Cycloocta-1,5-diene(1-(2,6-di-iso-propylphenyl)-3-(2-
(diphenylphosphanyl)ethyl)imidazole-2-ylidene)iridium BArg 171

1-(2,6-di-iso-propylphenyl)-3-(2-hydroxyethyl)imidazolium bromide 19744

To a 100 mL round-bottom flask was added 1-(2,6-di-iso-propylphenyl)imidazole 180 (0.600
g, 2.63 mmol). The brown solid was dissolved in toluene (10.0 mL) and 2-bromoethanol (0.20
mL, 2.89 mmol, 1.25 eq) was added. The reaction mixture was heated to reflux for 16 h then
cooled to 0 °C, and the resulting precipitate was allowed to settle. The solvent was carefully
removed by pipette and the product washed with diethyl ether, yielding 1-(2,6-di-iso-
propylphenyl)-3-(2-hydroxyethyl)imidazolium bromide 197 (0.773 g, 2.19 mmol, 83% yield)

as an off-white solid
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—\® OH
=~

B
197

Melting Point:160-162 °C.
IR (neat, cm™): 3281, 3048, 2963, 2868, 1660, 1543, 1460, 1442.

IH NMR (400 MHz, DMSO-de): § 9.56 (s, 1H, NCHN), 8.13 (s, 1H, ImH), 8.08 (s, 1H, ImH),
7.62 (t, J = 7.7 Hz, 1H, ImH), 7.45 (s, 1H, ArH), 7.43 (s, 1H, ArH), 4.37 (t, J = 5.0 Hz, 2H,
NCH;), 3.81 (t, J = 5.0 Hz, 2H, CH20H), 2.28 (sep, J = 6.5 Hz, 2H, CH), 1.13 (d, J = 6.5 Hz,

12H, CHa).

13C NMR (101 MHz, DMSO-ds): 6 145.2,138.1, 131.3, 130.5, 124.9, 124.3, 123.4, 58.9, 52.0,

27.9, 23.8, 23.7.

3-(2-bromoethyl)-1-(2,6-di-iso-propylphenyl)imidazolium bromide 199144

To a 100 mL round-bottom flask was added 1-(2,6-di-iso-propylphenyl)-3-(2-
hydroxyethyl)imidazolium bromide 197 (0.400 g, 1.13 mmol, 1.00 eq) and DCM (5.00 mL).
The solution was cooled to 0 °C and PBr3 (0.110 mL, 1.13 mmol, 1.00 eq) was added, dropwise.
The reaction mixture was stirred at room temperature for 16 h, at which point the solution was
cooled to 0 °C and quenched with a saturated aqueous solution of sodium bicarbonate. The
mixture was transferred to a separating funnel and the aqueous layer extracted three times with
DCM. The combined organic phases were collected, dried, and concentrated in vacuo to yield
1-(2,6-di-iso-propylphenyl)-3-(2-bromoethyl)imidazolium bromide 199 (0.27 g, 0.64 mmol,

57% vyield) as an off-white solid.
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14\@3 Br
e

Br

199

Melting Point: 149-152°C.
IR (neat, cm™): 3420, 3022, 2970, 1607, 1547, 1485, 1444, 1203.

IH NMR (400 MHz, CDCl3): § 9.69 (s, 1H, NCHN), 8.20 (s, 1H, ImH), 8.16 (s, 1H, ImH),
7.64 (t, J = 7.8 Hz, 1H, ArH), 7.48 (s, 1H, ArH), 7.46 (s, 1H, ArH), 4.74 (t, J = 5.6 Hz, 2H,
NCHy), 4.09 (t, J = 5.6 Hz, 2H, CH,Br), 2.31 (sep, J = 6.8 Hz, 2H, CH), 1.15 (d, J = 6.8 Hz,

12H, CHsa).

13C NMR (101 MHz, CDCls):  145.1, 138.3, 131.5, 130.3, 125.4, 124.4, 123.1, 50.7, 32.2,

28.0, 23.9, 23.7.

1-(2,6-Di-iso-propylphenyl)-3-(2-(diphenylphosphanyl)ethyl)imidazolium BArg 201

A flame-dried 10 mL round-bottom flask was placed under inert an atmosphere and then
charged with potassium tert-butoxide (0.539 g, 4.80 mol, 1.00 eq) and DMSO (8.0 mL). To
this was added diphenylphosphine (0.89 mL, 4.81 mmol, 1.05 eq) and the reaction stirred for
1 h. A separate flame-dried 10 mL round-bottom flask was placed under an inert atmosphere
and then charged with 3-(2-bromoethyl)-1-(2,6-di-iso-propylphenyl)imidazolium bromide 199
(2.00 g, 4.80 mmol 1.00 eq,) and DMSO (8.0 mL). The DMSO solution of potassium
diphenylphosphide was then added dropwise over 15 min and the reaction was was then stirred
for 2 h. A large excess of water was then added to the reaction and the product extracted into
DCM. The organic phase was separated and placed under an inert atmosphere then NaBAre
(4.20 g, 4.80 mmol, 1.00 eq) was added. The reaction mixture was allowed to stir at room
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temperature for 16 h, at which point the solution was concentrated in vacuo, and the residue
loaded onto silica. The product was purified by column chromatography, eluting with 50%
DCM/petroleum ether, to yield 1-(2,6-di-iso-propylphenyl)-3-(2-(diphenylphosphanyl)ethyl)

imidazolium BArg 201 (5.10 g, 3.89 mmol, 81% vyield) as a tan solid.

F\@ _/—PPh,
NN
BAr,:

201

Melting Point: 170-172 °C.
IR (neat, cm™): 2968.4, 1352.1, 1273.0, 1159.2, 1114.8.

IH NMR (400 MHz, CDCl3): § 8.16 (s, 1H, NCHN), 7.69 (bs, 8H, BAre ArH), 7.61 (t, J = 7.7
Hz, 1H, ArH), 7.51 (s, 4H, BArs ArH), 7.45-7.34 (m, 11H, ArH), 7.31 (s, 1H, ArH), 7.27-7.25
(m, 2H, ArH), 4.30 (dt, 2Jup = 11.9 Hz, J = 7.0 Hz, 2H, PCH3), 2.61 (t, J = 6.9 Hz, 2H, CH>),

2.23 (sep, J = 6.9 Hz, 2H, CH), 1.17 (d, J = 6.8 Hz, 6H, ArMe), 1.14 (d, J = 6.8 Hz, 6H, ArMe).

13C NMR (101 MHz, CDCls): & 161.9 (g, Yc.s = 50.1 Hz), 145.3, 135.2, 135.1, 134.5 (d, Jc-
p=0.3 Hz), 133.1, 132.7 (d, Jcp = 19.4 Hz), 130.5, 129.5 (d, Jcr = 7.5 Hz), 129.1 (q, 2Jcr =
29.6 Hz), 126.2, 125.3, 124.8 (q, YJc.r = 273.5 Hz), 122.9, 117.7, 48.6 (d, 2Jc.p = 19.3 Hz), 29.3

(d, Wep = 15.0 Hz), 29.0, 24.3, 24.2.

3P NMR (162 MHz, CDCI3): § -26.8 (S).
1B NMR (128 MHz, CDCls): § -6.77 (s).
19F NMR (376 MHz, CDCls): § -62.3 (s).

HRMS (Positive ESI): m/z calculated for[M]" C29H34N2P: 441.2454; found: 441.2453.
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n*—Cycloocta-1,5-diene(1-(2,6-di-iso-propylphenyl)-3-(2-(diphenylphosphanyl)ethyl)

imidazole-2-ylidene)iridium BArg 171

Prepared according to General Procedure A. Data presented as (a) amount of [Ir(COD)ClI]z,
(b) amount of 1-(2,6-di-iso-propylphenyl)-3-(2-(diphenylphosphanyl)ethyl) imidazolium

BAre41, (c) volume of THF, (d) amount of potassium tert-butoxide, and (e) yield.

(a) 0.300 g, 0.450 mmol, 0.50 eq, (b) 1.16 g, 0.900 mmol, 1.00 eq, (c) 10.0 mL, (d) 0.101 g,

0.900 mmol, 1.00 eq, and (e) 0.679 g, 0.423 mmol, 47% vyield

@ Ph2P—>—| BAre

DiPP~

171

Melting Point: 158-160 °C.
IR (neat, cm™): 2968, 1611, 1464, 1435, 1354, 1275, 1121.

IH NMR (400 MHz, CDCls): & 7.69 (bs, 8H, BAre ArH), 7.52-7.42 (m, 11H, BArs ArH +
ArH), 7.38-7.31 (m, 4H, ArH), 6.96 (d, J = 2.0 Hz, 1H, ArH), 6.86 (d, J = 2.0 Hz, 1H, ArH),
4.45-4.42 (m, 2H, PCH,), 4.31 (bs, 2H, COD CH), 3.77-3.70 (bs, 2H, COD CH), 2.49 (sep, J
= 6.7 Hz, 2H, CH), 2.44-2.37 (m, 2H, CHy), 1.94-1.70 (m, 8H, COD 4CHy), 1.14 (d, J = 6.6

Hz, 6 H, CHs), 0.85 (d, J = 6.6 Hz, 6H, CHa).

13C NMR (101 MHz, CDCls): § 161.7 ({Jc.s =50.0 Hz), 145.6, 135.1, 132.5, 132.4, 132.0, 131.9,
131.5, 129.6 (Jop = 10.0 Hz), 129.2 (3 = 32.0 Hz), 126.6, 124.8 ({cr = 273.7 Hz), 124.7, 121.6,

117.7, 87.4 (Jcp = 11.0 Hz), 80.2, 50.0, 31.4 (Mc.p = 45.0 Hz), 29.2, 25.4, 22.8.
31p NMR (162 MHz, CDCl3): & 8.98 (s).
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1B NMR (128 MHz, CDCls): § -6.77 (s).
19F NMR (376 MHz, CDCl3): & -62.4 ().

HRMS (Positive ESI): m/z calculated for[M]* C32H12BF24: 863.0660; found:863.0623.

8.6 Catalyst Screening and Reaction Optimisation of Methylphenyl Sulfone Labelling

8.6.1 NHC-P Catalysed Labelling of Methylphenyl Sulfone — Catalyst Screen (Table 3.5)

Following General Procedure D, substrate 108 (33.6 mg, 0.215 mmol, 1 eq) was labelled using
precatalyst 170 (15.6 mg, 0.01 mmol, 5 mol%), 171 (16.0 mg, 0.01 mmol, 5 mol%), 174 (16.2
mg, 0.01, 5 mol%), 175 (16.5 mg, 0.01 mmol, 5 mol%), 189 (16.7 mg, 0.01 mmol, 5 mol%),
195 (16.7 mg, 0.01 mmol, 5 mol%) or in DCM. Deuterium incorporation data are displayed in

Table 8.1.

a \ /7
b©/s\ d
C

108

IH NMR (400 MHz, CDCla): & 7.97-7.90 (m, 2H, H?), 7.68-7.62 (m, 1H, HE), 7.60-7.53 (m,

2H, H®), 3.03 (s, 3H, HY). 1%

Labelling expected against signal at 7.97-7.90 ppm, measured against signal at 3.03 ppm.
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Table 8.1
Entry Catalyst Solvent Runl1(%) Run2 (%) Run3(%) Avg (%)

1 170 DCM 34 37 35 35
2 171 DCM 16 9 10 12
3 174 DCM 22 19 29 23
4 175 DCM 44 38 46 43
5 189 DCM 12 15 13 13
6 195 DCM 37 33 39 36

8.6.2 NHC-P Catalysed Labelling of Methylphenyl Sulfone — Solvent Screen (Figure 3.3)

Following General Procedure E, data is summarised in Table 8.2.

a \ 7/
(A
C

108

IH NMR (400 MHz, CDCla): & 7.97-7.90 (m, 2H, H?), 7.68-7.62 (m, 1H, HE), 7.60-7.53 (m,

2H, HP), 3.03 (s, 3H, HY). 145

Labelling expected against signal at 7.97-7.90 ppm, measured against signal at 3.03 ppm.
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Table 8.2
Entry Solvent Runl (%) Run2 (%) Run3(%) Avg. (%)

1 DCM 44 38 46 43
2 DCE 32 33 33 33
3 CPME 66 60 55 60
4 'Pr,0 75 83 79 79
5 MTBE 72 76 72 73
6 Et,0 85 89 87 84
7 PhMe 73 76 82 77
8 PhH 43 35 34 37
9 PhCI 96 88 96 93
10 PhF 89 90 93 91
11  PhCFs 68 70 69 69

8.6.3 Solvent Behaviour Stoichiometric Experiments (PhCl vs DCM, Figure 3.4)

A vial was charged with 175 (33.3 mg, 0.02 mmol, 1 eq) and 108 (3.10 mg, 0.02 mmol, 1 eq)
were dissolved either in DCM or chlorobenzene (0.50 mL). The solutions were transferred to
an NMR tube, equipped with a pierceable septum. D> gas was bubbled through each solution
for 5 mins, at which point the ?H NMR spectra were recorded. The results obtained by this

method are reported in Figure 3.5 in the Section 3.2.
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8.6.4 NHC-P Catalysed Labelling of Methylphenyl Sulfone — Catalyst Loading Study (Table
3.7)

Following General Procedure F, data is summarised in Table 8.3.

a O\\/,
b©/s\ d
C

108

IH NMR (400 MHz, CDCls): & 7.97-7.90 (m, 2H, H?), 7.68-7.62 (m, 1H, H%), 7.60-7.53 (m,

2H, H"), 3.03 (s, 3H, HY). 145

Labelling expected against signal at 7.97-7.90 ppm, measured against signal at 3.03 ppm.

Table 8.3
Entry Amount of 175 Runl1(%) Run2(%) Run3 (%) Avg (%)
1 17.0 mg, 0.01 mmol, 5 mol% 88 92 93 91
2 11.0 mg, 0.006 mmol, 3 mol% 77 78 75 77
3 3.6 mg, 0.002 mmol, 1 mol% 57 58 62 59
4 1.7 mg, 0.001 mmol, 0.5 mol% 30 37 31 33

8.6.5 NHC-P Catalysed Labelling of Methylphenyl Sulfone — Rate Study (Figure 3.5)

A flame-dried, two-neck 250 mL round-bottom flask fitted with a stopcock was placed under
an inert atmosphere. The flask was charged with methylphenyl sulfone 108 (134.2 mg, 0.860
mmol, 1 eq) and complex 175 (71.6 mg, 0.043 mmol, 5 mol%). The mixture was dissolved in
chlorobenzene (10.0 mL) and the flask was placed in an oil bath preheated to 25 °C. The
atmosphere was exchanged via two vacuum/D- cycles and the timer started. Aliquots of 0.3
mL were withdrawn at each time point and injected into a vial containing diethyl ether (2.0

mL). Each solution was then concentrated in vacuo and 1.0 mL petroleum ether added. The
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resulting suspensions were sonicated for 10 s and the solution separated from the solids by
pipette. Each solution as concentrated in vacuo and the residues analysed by H NMR
spectroscopy. The incorporations were calculated as described in General Procedure D. The

data are presented in Table 8.4.

a O\\/,
o
C

108

IH NMR (400 MHz, CDCls): & 7.97-7.90 (m, 2H, H?), 7.68-7.62 (m, 1H, H%), 7.60-7.53 (m,

2H, H"), 3.03 (s, 3H, HY). 145

Labelling expected against signal at 7.97-7.90 ppm, measured against signal at 3.03 ppm.
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Table 8.4

Time (Sec) Incorporation (%)  Concentration SM (moles dm-3)

0 0.0 0.0860
32 12.5 0.0753
61 23.0 0.0662
93 335 0.0572
120 41.5 0.0503
150 48.5 0.0443
181 55.0 0.0387
241 63.5 0.0314
366 75.5 0.0211
616 83.5 0.0142
855 85.0 0.0129
1145 87.0 0.0112
1449 88.0 0.0103
1781 91.0 0.00774
2081 93.0 0.00602
2432 92.0 0.00688
2959 96.0 0.00344
3581 95.0 0.00430
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8.7 Substrate Scope of NHC-P Catalysed Labelling of Aryl Sulfones

8.7.1 Substrate Synthesis

(2-Methoxyphenyl) methyl sulfone 108d46

Prepared according to General Procedure B. Data presented as: (a) amount of 2-

methoxythioanisole, (b) volume of DCM, (c) amount of mCPBA, and (d) yield.

(@) 0.34 mL, 2.00 mmol, 1.00 eq, (b) 10.0 mL, (c) 1.04 g, 6.00 mmol, 3.00 eq, and (d) 0.235 g,

0.630 mmol, 63% yield.

Melting Point: 88-90 °C (lit:1*6 91-93 °C).
IR (neat, cm™): 3099, 2995, 1591, 1577, 1481, 1278.

IH NMR (400 MHz, CDCl3): § 8.01 (dd, J = 7.9 Hz, “Jun = 1.8 Hz, 1H, H°), 7.62 (ddd, J =
8.5 Hz, J = 7.5 Hz, “Jun = 1.6 Hz, 1H, H), 7.14 (td, J = 7.5 Hz, “Jun = 0.9 Hz, 1H, HY), 7.08

(d, J=7.9 Hz, 1H, HP), 4.03 (s, 3H, H?), 3.24 (s, 3H, H.

13C NMR (101 MHz, CDCls): 6 157.4, 135.7, 129.9, 128.6, 120.9, 112.5, 56.5, 43.1.

(3-Methylphenyl) methyl sulfone 108e'4’

Prepared according to General Procedure B. Data presented as: (a) amount of (3-

methylphenyl) methyl thioether, (b) volume of DCM, (c) amount of mMCPBA, and (d) yield.
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(@) 1.0 g, 7.20 mmol, 1.00 eq, (b) 15.0 mL, (c) 13.3 g, 21.6 mmol, 3.00 eq, and (d) 1.10 g,

6.46 mmol, 90% yield.

IR (neat, cm™): 3018, 2926, 1598, 1477, 1411, 1311, 1294, 1222, 1139.

IH NMR (400 MHz, CDCla): § 7.78-7.71 (m, 2H, H2, H), 7.50-7.42 (m, 2H, HS, HY), 3.05 (s,

3H, H", 2.46 (s, 3H, HY).

13C NMR (101 MHz, CDCls): 5140.6, 139.8, 134.6, 129.4, 127.8, 124.6, 44.6, 21.5.

(3-Methoxyphenyl) methyl sulfone 10847

Prepared according to General Procedure C. Data presented as: (a) amount of 3-
Methoxythiophenol, (b) volume of ethanol, (c) amount of NaOH, (d) amount of methyl iodide,

(e) volume of 1:1 acetone/H>0, (f) amount of Oxone®, and (g) yield.

(a) 3.00 g, 19.3 mmol, 1.00 eq, (b) 30.0 mL, (c) 0.928 g, 23.2 mmol, 1.20 eq, (d) 1.50 mL, 23.2
mmol, 1.20 eq, (e) 30.0 mL, (f) 35.6 g, 57.9 mmol, 3.00 eq, and (g) 3.23 g, 17.4mmol, 90%

yield

Melting Point: 44-46 °C (lit:*8 47 °C).
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IR (neat, cm): 3097, 3014, 2962, 2360, 2331, 1593, 1481, 1292.

'H NMR (400 MHz, CDCls): § 7.51 (dt, J = 7.9 Hz, *Jun = 1.4 Hz, 1H, H®), 7.46 (t, J=7.9
Hz, 1H, HY), 7.42 (t, “Jun = 2.4 Hz, 1H, H?), 7.15 (ddd, J = 7.8 Hz, “Jun = 2.4 Hz, “Jun = 1.0

Hz, 1H, H°), 3.86 (s, 3H, HP), 3.03 (s, 3H, Hf).

13C NMR (101 MHz, CDCls): 6 160.3, 142.0, 130.7, 120.4, 119.7, 112.0, 56.0, 44.6.

(3-Trifluoromethylphenyl) methyl sulfone 108g4’

Prepared according to General Procedure C. Data presented as: (a) amount of 3-
trifluoromethylthiophenol, (b) volume of ethanol, (c) amount of NaOH, (d) amount of methyl

iodide, (e) volume of 1:1 acetone/H>0, (f) amount of Oxone®, and (g) yield.

(a) 3.00 mL, 12.8 mmol, 1.00 eq, (b) 20.0 mL, (c) 0.615 g, 15.4 mmol, 1.20 eq, (d) 1.00 mL,
15.4 mmol, 1.20 eq, (e) 20.0 mL, (f) 23.6 g, 38.4 mmol, 3.00 eq, and, (g) 1.55 g, 6.91 mmol,

54% yield.

Melting Point: 59-61 °C (lit:*° 60-62 °C)
IR (neat, cm™): 3099, 3016, 2926, 2360.

IH NMR (400 MHz, CDCls): § 8.14 (s, 1H, H?), 7.91 (d, J = 7.4 Hz, 1H, HY), 7.73 (d, J = 7.4

Hz, 1H, HP), 7.73 (t, = 7.4 Hz, 1H, HE), 3.08 (s, 3H, H°).

13C NMR (101 MHz, CDCls): § 142.0, 133.3 (q, 2Jcr = 132.4 Hz), 131.0, 130.7, 130.5, 124.8,

123.3 (g, Ner = 271.3 Hz), 44.6.
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19F NMR (376 MHz, CDCla): 5 -62.9 (s).

(3-Chlorophenyl) methyl sulfone 108!

Prepared according to General Procedure B. Data presented as: (a) amount of 3-

chlorothioanisole, (b) volume of DCM, (c) amount of mCPBA, and (d) yield.

(a) 2.00 g, 10.5 mmol, 1.00 eq, (b) 15.0 mL, (c) 5.44 g, 31.5 mmol, 3.00 eq, and (d) 1.12 g,

5.88 mmol, 56% yield

Melting Point: 105-105 °C (lit:'*! 104-106 °C).
IR (neat, cm™): 3076, 3014, 2922, 2358, 2339, 1579, 1404, 1292.

IH NMR (400 MHz, CDCl3): § 7.93 (t, *J = 1.8 Hz, 1H, H?), 7.82 (ddd, J = 7.7 Hz,%J = 1.9
Hz, 4 = 0.8 Hz, 1H, HY), 7.62 (ddd, J = 7.7 Hz, ) = 2.1 Hz, 4] = 1.0 Hz, 1H, H®), 7.51 (t, J =

8.0 Hz, 1H, H°), 3.05 (s, 3H, H°).

13C NMR (101 MHz, CDCl3): § 142.8, 135.9, 134.1, 131.0, 127.8, 125.7, 44.7.

(4-Methoxyphenyl) methyl sulfone 10814/

Prepared according to General Procedure B. Data presented as: (a) amount of 4-

Methoxythioanisole, (b) volume of DCM, (c) amount of mMCPBA, and (d) yield.
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(@) 1.50 g, 8.10 mmol, 1.00 eq, (b) 25.0 mL111, (c) 4.22 g, 24.4 mmol, 3.00 eq, and (d) 1.45 g,

7.78 mmol, 96% yield.

Melting Point: 120-122 °C (lit:1%? 122-122°C).
IR (neat, cm™): 1591, 1314, 1291.

IH NMR (400 MHz, CDCl3): § 7.86 (d, J = 8.7 Hz, 2H, H%), 7.01 (d, J = 8.7 Hz, 2H, H?), 3.87

(s, 3H, H¥, 3.01 (s, 3H, HY).

13C NMR (101 MHz, CDCls): 6 163.9, 132.6, 129.8, 114.7, 55.9, 45.0.

(4-Nitrophenyl) methyl sulfone 108m?*>3

Prepared according to General Procedure C. Data presented as: (a) amount of 4-
nitrothiophenol, (b) volume of ethanol, (c) amount of NaOH, (d) amount of methyl iodide, (e)

volume of 1:1 acetone/H>0, (f) amount of Oxone®, and (g) yield.

(@) 3.00 g, 19.3 mmol, 1.00 eq, (b) 30.0 mL, (c) 0.928 g, 23.2 mmol, 1.20 eq, (d) 1.50 mL, 23.2
mmol, 1.20 eq, (e) 30.0 mL, (f) 42.8 g, 69.6 mmol, 3.00 eq, and (g) 2.52 g, 12.5 mmol, 65%

yield.

Y/

O,N b

108m
Melting Point: 135-137 °C (lit:**3 140-142 °C).
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IR (neat, cm): 3103, 3008, 1602, 1521, 1346, 1300.

IH NMR (400 MHz, CDCl3): § 8.45 (d, J = 9.0 Hz, 2H, H?), 8.18 (d, J = 9.0 Hz, 2H HP), 3.14

(s, 3H, HO).

13C NMR (101 MHz, CDCls) 8 151.1, 146.2, 129.2, 124.9, 44.5.

(4-Trifluoromethylphenyl) methyl sulfone 108n%4’

Prepared according to General Procedure C. Data presented as: (a) amount of 4-
trifluoromethylthiophenol, (b) volume of ethanol, (c) amount of NaOH d) amount of methyl

iodide, (e) volume of 1:1 acetone/H20, (f) amount of Oxone®, and (g) yield.

(@) 0.626 g, 3.51 mmol, 1.00 eq, (b) 10.0 mL, (c) 0.168 g, 4.21 mmol, 1.20 eq, (d) 0.30 mL,
4.21 mmol, 1.20 eq, (e) 10.0 mL, (f) 6.84 g, 10.5 mmol, 3.00 eq, and (g) 0.527 g, 2.35 mmol,

67% yield.

\Y/

a/@/s\ c
FsC b

108n
Melting Point: 101-103 °C (lit:! 109-110°C).
IR (neat, cm™): 3003, 2920, 1402, 1311, 1292, 1141,

1H NMR (400 MHz, CDCls): $8.13 (d, J = 8.5 Hz, 2H, H%), 7.88 (d, J = 8.5 Hz, 2H, HP), 3.12

(s, 3H, HO).

13C NMR (101 MHz, CDCls): § 144.2, 135.7, 128.3 (q, Jor = 32.8 Hz),, 126.8, 123.3, (q, Jcr =

274.1 Hz), 44.6.

19F NMR (376 MHz, CDCls): 5 -63.3 (5).
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HRMS (Positive ESI): m/z calculated for [M]* CsH7F3SO,: 225.0197; found: 225.0196.

2,3-Dihydrobenzooxathiine 4,4-dioxide 1080

A 500 mL round-bottom flask equipped with a reflux condenser was charged with 2-
hydroxythioanisole (3.00 mL, 29.8 mmol, 1.00 eq), 1,2-dibromoethane (2.60 mL, 29.8 mL,
1.00 eq) and potassium carbonate (8.25 g, 59.7 mmol, 2.00 eq). The mixture was suspended in
acetone (200 mL) and the reaction mixture heated to reflux for 16 h, then cooled to room
temperature and concentrated in vacuo. The residue was suspended in EtOAc and transferred
to a separating funnel. The suspension was washed with water and the organic phase collected,
dried, and concentrated in vacuo. The residue was loaded onto silica and purified by column
chromatography, eluting with 50% Et>O/petroleum ether. 2,3-Dihydro-1,4-benzoxathiine (2.27
g, 14.9 mmol, 50% vyield) was obtained as a pale yellow oil. To a 100 mL round-bottom flask
was added 2,3-dihydro-1,4-benzoxathiine (2.00 g, 13.1 mmol, 1.00 eq) and Oxone® (24.2 g,
39.3 mmol, 3.00 eq). The mixture was suspended in 1:1 acetone:water (30.0 mL) and the
reaction mixture stirred at room temperature overnight. The mixture was diluted in DCM and
transferred to a separating funnel. The organic phase was collected, dried (Na2SOa), and
concentrated in vacuo. The residue was loaded onto silica and purified by column
chromatography, eluting with Et,O. 2,3-Dihydrobenzooxathiine 4,4-dioxide (1.50 g, 8.14

mmol, 62% yield) was obtained as a white solid.

Melting Point: 69-71 °C (lit:**® 70-72°C).
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IR (neat, cm): 3003, 2953, 1597, 1573, 1471, 1440, 1386.

IH NMR (400 MHz, CDCls): § 7.83 (dd, J = 7.8 Hz, 4J =1.8 Hz, 1H, H%), 7.48 (ddd, J = 8.6
Hz, J = 7.0 Hz, *J = 1.6 Hz, HY), 7.16 (ddd, J = 8.6 Hz, J = 7.0 Hz, 4] = 1.6 Hz, 1H, H°), 7.01

(dd, J = 7.8 Hz, “J = 1.8 Hz, 1H, HY), 4.89-4.82 (m, 2H, H®), 3.56-3.51 (m, 2H, H).
13C NMR (101 MHz, CDCls): 6 153.4, 133.9, 125.7, 123.6, 121.7, 118.3, 64.6, 49.4.

HRMS (Positive ESI): m/z calculated for [M]* CsHsSO3: 185.0272; found: 185.0270.

iso-Propyl phenyl sulfone 108q*°®

To a 100 mL round-bottom flask was added thiophenol (1.02 mL, 10.0 mmol, 1.00 eq) and
ethanol (20.0 mL). To this was added NaOH (0.480 g, 12.0 mmol, 1.20 eq) and the reaction
mixture stirred at room temperature for 10 min. To this was added 2-iodopropane (1.10 mL,
11.0 mmol, 1.10 eq) and the reaction mixture stirred at room temperature for 2 h. The reaction
mixture was then diluted with water and DCM, and transferred to a separating funnel. The
organic phase was collected, dried, and concentrated in vacuo. Iso-Propyl phenyl sulfide (1.37
g, 9.00 mmol, 90% yield) was isolated, without further purification, as a colourless oil. To a
100 mL round-bottom flask was added iso-propyl phenyl sulfide (1.00 g, 6.57 mmol, 1.00 eq)
and Oxone® (12.1 g, 19.7 mmol, 3.00 eq). The mixture was suspended in 1:1 acetone:water
(30 mL) and stirred at room temperature overnight. The reaction mixture was then diluted with
DCM and water, and then transferred to a separating funnel. The organic phase was collected,
dried and concentrated in vacuo. The residue was loaded onto silica and purified by column
chromatography, eluting with Et>0. iso-Propyl phenyl sulfone 108q (1.04 g, 5.65 mmol, 86%

yield) was obtained as a colourless oil.
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a AL
b S
SR
C

108q

IR (neat, cm): 3059, 2978, 1444, 1301, 1261.

IH NMR (400 MHz, CDCls): § 7.93-7.89 (m, 2H, H%), 7.71-7.65 (m, 1H, H%), 7.62-7.56 (m,

2H, H"), 3.12 (sep, J = 7.0 Hz, 1H, H%) 1.32 (d, J = 7.0 Hz, 6H, H®).

13C NMR (101 MHz, CDCls): 6 137.1, 133.8, 129.2, 129.1, 55.7, 15.8.

tert-Butyl phenyl sulfone 108r*%®

To a 250 mL round-bottom flask was added thiophenol (5.70 mL, 55.9 mmol, 1.00 eq), acetic
acid (70.0 mL) and tert-butanol (6.40 mL, 67.4 mmol, 1.2 eq). The reaction mixture was cooled
to 0 °C before acetic anhydride (6.00 mL, 63.5 mmol, 1.10 eq) and perchloric acid (70% wt. in
water, 4.60 mL, 51.3 mmol, 0.90 eq) were added. The reaction mixture was stirred at room
temperature for 4 h, at which point the reaction mixture was diluted with water, transferred to
a separating funnel and extracted into Et,O. The organic phase was separated then washed with
saturated aqueous sodium bicarbonate solution, dried and concentrated in vacuo. The residue
was then loaded onto silica and purified by column chromatography, eluting with petroleum
ether. tert-Butyl phenyl sulfide (9.17 g, 55.1 mmol, 99% yield) was obtained as a colourless
oil. To a 100 mL round-bottom flask was added tert-butyl phenyl sulfide (2.00 g, 12.0 mmol,
1.00 eq) and Oxone® (22.2 g, 24.0 mmol, 3.00 eq). The mixture was suspended in 1:1
acetone:water (15.0 mL) and stirred at room temperature overnight. The reaction mixture was
diluted with water and DCM, then transferred to a separating funnel. The organic phase was

collected, dried, and concentrated in vacuo. The residue was loaded onto silica and purified by
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column chromatography, eluting with Et0O. tert-Butyl phenyl sulfone (1.95 g, 9.83 mmol, 82%

yield) was obtained as a white solid.

a 00

\// d
(I K
C
108r
Melting Point: 97-98 °C (lit**®: 93-95 °C).

IR (neat, cm™): 3059, 2980, 1488, 1278, 1130.

IH NMR (400 MHz, CDCls): § 7.89-7.84 (m, 2H, H%), 7.66-7.60 (m, 1H, H°), 7.57-7.50 (m,

2H, HP), 1.33 (s, 9H, HY).
13C NMR (101 MHz, CDCls): & 135.6, 133.7, 130.6, 128.9, 60.0, 23.8.

HRMS (Positive ESI): m/z calculated for [M]* C10H14SO>: 199.0793; found: 199.0791.

Benzyl methyl sulfone 108s’

To a 100 mL round-bottom flask was added benzyl mercaptan (5.00 mL, 42.6 mmol, 1.00 eq)
and ethanol (40.0 mL). To this was added NaOH (2.00 g, 51.1 mmol, 1.20 eq) and the reaction
mixture stirred at room temperature for 20 min. To this was added methyl iodide (3.20 mL,
51.1 mmol, 1.20 eq) and the reaction mixture stirred at room temperature for 2 h. The reaction
mixture was diluted with water and DCM, and transferred to a separating funnel. The organic
phase was then separated, dried, and concentrated in vacuo. The residue was transferred to a
100 mL round-bottom flask, and dissolved in a 1:1 acetone:water mixture (20.0 mL). Oxone®
(17.8 g, 29.0 mmol, 3.00 eq) was added and the reaction mixture stirred at room temperature
overnight. The mixture was diluted with water and DCM and transferred to a separating funnel.

The organic phase was separated, dried, and concentrated in vacuo. The residue was loaded
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onto silica and purified by column chromatography, eluting with EtO. Benzyl methyl sulfone

4s (1.90 g, 11.2 mmol, 73% yield) was obtained as a white solid.

Melting Point: 123-126 °C (lit:'5%124-126 °C).
IR (neat, cm™): 3047, 2978, 1458, 1300.
1H NMR (400 MHz, CDCls) § 7.44 (s, SH, H?, H°, H%), 4.27 (s, 2H, HY), 2.77 (s, 3H, H°).

13C NMR (101 MHz, CDCls) 8 130.0, 128.7, 127.0, 60.9, 38.5.

2-(4-(Methylsulfonyl)phenyl)-1,3-dioxane 108t**°

To a 100 mL round-bottom flask, equipped with a Dean-Stark apparatus, was added 4-
(methylsulfonyl)benzaldehyde (3.00 g, 16.2 mmol, 1.00 eq), 1,3-propanediol (3.51 mL, 48.9
mmol, .3.00 eq) and p-toluenesulfonic acid (0.279 g, 1.62 mmol, 0.10 eq). The mixture was
heated to reflux for 48 h, at which point the reaction was cooled and diluted with a saturated
solution of aqueous sodium bicarbonate (200 mL). The suspension was washed three times
with EtOAc. The organic layers were combined, dried over sodium sulfate, filtered, and
concentrated in vacuo. The resulting off-white solid was purified by boiling in diethyl ether,
allowing to cool, then filter. The filter cake was washed with ice cold diethyl ether, and dried
to afford 2-(4-(methylsulfonyl)phenyl)-1,3-dioxane (3.02 g, 12.5 mmol 77% yield) as a white

solid.
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Melting Point: In Progress
IR (neat, cm™): In Progress

'H NMR (400 MHz, CDCl3) § 7.93 (d, J = 8.4 Hz, 2H, H®), 7.68 (d, J = 8.4 Hz, 2H, HY), 5.55
(s, 1H, H%), 4.31-4.24 (m, 2H, HP), 4.04-3.95 (m, 2H, HP), 3.00 (s, 3H, H), 2.28-2.14 (m, 1H,

H?), 1.50-1.43 (m, 1H, H?).

13C NMR (101 MHz, CDCls) & 144.5, 140.8, 127.5, 127.3, 100.2, 67.6, 44.6, 25.7.

8.7.2 Aryl Sulfone Labelling (Scheme 3.11)
All reactions were run as described in General Procedure G. Data are reported as: (a) amount

of substrate, and (b) Incorporation.
(2-Fluorophenyl) methyl sulfone 108b%°

F

d-108b

IH NMR (400 MHz, CDCls): § 8.01 (ddd, J = 7.6 Hz, “Jur = 7.6 Hz, 4Jun = 1.4 Hz, 1H, HY),
7.72-7.65 (M, 1H, H¥), 7.38 (ddd, J = 7.6 Hz, “Jnr = 7.6 Hz, 4 = 1.4 Hz, 1H, HF), 7.32-7.26

(m, 1H, HP), 3.26 (s, 3H, H°)

Incorporation expected at 6 8.01 ppm. Determined against integral at 6 3.26 ppm.
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Run1

(@) 37.5 mg, (b) 84%

Run 2

(@) 37.5mg, (b) 82%

Run 3

(@) 37.5 mg, (b) 82%

Average Incorporation = 83%

(2-Chlorophenyl) methyl sulfone 108¢**

IH NMR (400 MHz, CDCls): § 8.18 (d, J = 8.0 Hz, 1H, H?), 7.63-7.57 (m, 2H, H%, H?), 7.53-

7.48 (m, 1H, H°), 3.30 (s, 3H, He).

Incorporation expected from 6 7.63-7.57 ppm. Determined against integral at 6 3.30 ppm.

Run1

(@) 41.0 mg, (b) 75%

Run 2

(@) 41.0 mg, (b) 73%

Run 3
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(@) 41.0 mg, (b) 70%

Average Incorporation = 73%

(2-Methoxyphenyl) methyl sulfone 108d

d-108d

IH NMR (400 MHz, CDCla): § 8.01 (dd, J = 7.9 Hz, “Jun = 1.8 Hz, 1H, H°), 7.62 (ddd, J =
8.5 Hz, J = 7.5 Hz, “Jun = 1.6 Hz, 1H, H), 7.14 (td, J = 7.5 Hz, “Jun = 0.9 Hz, 1H, HY), 7.08

(d, J=7.9 Hz, 1H, HP), 4.03 (s, 3H, H?), 3.24 (s, 3H, H".

Incorporation expected at 6 8.01 ppm. Determined against integral at 6 4.03 ppm.
Run 1

() 40.0 mg, (b) 91%

Run 2

(a) 40.0 mg, (b) 93%

Run 3

(a) 40.0 mg, (b) 93%

Average Incorporation = 92%

(3-Methylphenyl) methyl sulfone 108e
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b DaC%p
S
f
c y D
d-108e

1H NMR (400 MHz, CDCl3): § 7.78-7.71 (m, 2H, H3, H¢), 7.50-7.42 (m, 2H, HE, HY), 3.05 (s,

3H, H", 2.46 (s, 3H, H).

Incorporation expected at 6 7.78-7.71 ppm. Determined against integral at & 2.46 ppm.

Positions a and e overlap in a range of NMR solvents.
Run 1

(@) 36.0 mg (b) 77%, averaged across both positions.
Run 2

(a) 36.0 mg (b) 82%, averaged across both positions.
Run 3

(a) 36.0 mg (b) 81%, averaged across both positions.

Average incorporation = 80%, across both positions.

(3-Methoxyphenyl) methyl sulfone 108f

Da O 0O

\//

o Ss

b
c D
d e
d-108f
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IH NMR (400 MHz, CDCla): § 7.51 (dt, J = 7.9 Hz, “Jun = 1.4 Hz, 1H, H°), 7.46 (t, J = 7.9
Hz, 1H, HY), 7.42 (t, “Jun = 2.4 Hz, 1H, H?), 7.15 (ddd, J = 7.8 Hz, “Jum = 2.4 Hz, “Jun = 1.0

Hz, 1H, H°), 3.86 (s, 3H, H®), 3.03 (s, 3H, H".

Incorporation expected at & 7.51 ppm and & 7.42 ppm. Determined against integral at & 3.03

ppm.

Run 1
(a) 40.0 mg, (b) Da = 92%, De = 89%
Run 2
(a) 40.0 mg, (b) Da = 95%, De = 90%
Run 3
(a) 40.0 mg, (b) Da = 92%, De = 90%

Average Incorporation = D, = 93%, De = 90%.

(3-Trifluoromethylphenyl) methyl sulfone 108g

D 0 O

\//

FsC S e

b
D
c d

d-108g

1H NMR (400 MHz, CDCls): § 8.14 (s, 1H, H?), 7.91 (d, J = 7.4 Hz, 1H, HY), 7.73 (d, J = 7.4

Hz, 1H, HP), 7.73 (t, J = 7.4 Hz, 1H, H°), 3.08 (s, 3H, H°).

Incorporation expected at 6 8.14 ppm and 6 7.91 ppm. Determined against integral at 6 3.08

ppm.
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Run1
(a) 48.2 mg, (b) Da = 3%, Dq =93%
Run 2
(@) 48.2 mg, (b) Da =4%, D4 =96%
Run 3
(a) 48.2 mg, (b) Da =4%, Dq =93%

Average Incorporation = Da =4%, D4 = 94%.

(3-Chlorophenyl) methyl sulfone 108h
Da 0, 0O

\//

Cl S
\©: N e

b Dy

C
d-108h

!H NMR (400 MHz, CDCls): § 7.93 (t, “J = 1.8 Hz, 1H, H?), 7.82 (ddd, J = 7.7 Hz,*) = 1.9
Hz, 4J = 0.8 Hz, 1H, HY), 7.62 (ddd, J = 7.7 Hz, 2 = 2.1 Hz, J = 1.0 Hz, 1H, H"), 7.51 (t, J =

8.0 Hz, 1H, H°), 3.05 (s, 3H, H°).

Incorporation expected at & 7.93 ppm and & 7.82 ppm. Determined against integral at 6 3.05

ppm.

Run1
(@) 41.0 mg, (b) Da =86%, Dg = 93%

Run 2
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(@) 41.0 mg, (b) Da = 86%, D4 = 92%
Run 3
(@) 41.0 mg, (b) Da = 84%, D4 = 92%

Average Incorporation = D, = 85%, Dg = 92%.

(4-Methylphenyl) methyl sulfone 108i4
Ds 0 0

\//
a D.

d-108i

IH NMR (400 MHz, CDCl3): § 7.85 (d, J = 8.0 Hz, 2H, H%), 7.39 (d, J = 8.0 Hz, 2H, H?), 3.06

(s, 3H, HY), 2.48 (s, 3H, H?).

Incorporation expected at 6 7.85. Determined against integral at 6 3.06 ppm.
Run 1

(a) 36.0 mg, (b) 86%

Run 2

(a) 36.0 mg, (b) 88%

Run 3

(@) 36.0 mg, (b) 87%

Average Incorporation = 87%
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(4-Fluorophenyl) methyl sulfone 1086

Dp 0 0

d-108j
IH NMR (400 MHz, CDCls): 6 8.03-7.97 (m, 2H, H), 7.31-7.25 (m, 2H, H?), 3.08 (s, 3H, H°).
Incorporation expected at 6 8.03-7.97 ppm. Determined against integral at & 3.08 ppm.
Run 1
(@) 37.5 mg, (b) 88%
Run 2
(a) 37.5 mg, (b) 90%
Run 3
(@) 37.5 mg, (b) 90%

Average Incorporation = 89%

(4-Chlorophenyl) methyl sulfone 108k

d-108k

1H NMR (400 MHz, CDCls): § 7.92 (d, J = 8.5 Hz, 2H, H), 7.58 (d, J = 8.5 Hz, 2H, H?), 3.08

(s, 3H, HO).

Incorporation expected at & 7.92 ppm. Determined against integral at 6 3.08 ppm.
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Run1
(@) 41.0 mg, (b) 91%
Run 2
(@) 41.0 mg, (b) 88%
Run 3
(@) 41.0 mg, (b) 87%

Average Incorporation = 89%

(4-Methoxyphenyl) methyl sulfone 108l

D: 0 0O

\//
b S\ d
a
o D

C
d-108l

IH NMR (400 MHz, CDCl3): § 7.86 (d, J = 8.7 Hz, 2H, H%), 7.01 (d, J = 8.7 Hz, 2H, H"), 3.87

(s, 3H, H, 3.01 (s, 3H, HY).

Incorporation expected at & 7.86 ppm. Determined against integral at 6 3.01 ppm.
Run 1

(a) 40.0 mg, (b) 91%

Run 2

(a) 40.0 mg, (b) 82%
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Run 3

(a) 40.0 mg, (b) 92%

Average Incorporation = 88%

(4-Nitrophenyl) methyl sulfone 108m

Do Q0
D, S ¢
O,N Dy
Da
d-108m

1H NMR (400 MHz, CDCl3): § 8.45 (d, J = 9.0 Hz, 2H, H?), 8.18 (d, J = 9.0 Hz, 2H HP), 3.14

(s, 3H, HO).

Incorporation expected at 5 8.18 ppm for sulfone directed labelling (Dy). Determined against

integral at & 3.14 ppm.

Incorporation expected at & 8.45 ppm for NO: directed labelling (Da). Determined against

integral at 6 3.14 ppm.

Run 1l

(a) 43.3 mg, (b) Da = 63%, Dy = 42%
Run 2

(@) 43.3 mg, (b) Da = 73%, Dy = 50%
Run 3

(a) 43.3 mg, (b) Da = 74%, Dy = 51%
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Average Incorporation = Da = 71%, Dy = 48%.

(4-Trifluoromethylphenyl) methyl sulfone 108n
Do Q0
FsC Dy
d-108n

IH NMR (400 MHz, CDCl3): §8.13 (d, J = 8.5 Hz, 2H, H?), 7.88 (d, J = 8.5 Hz, 2H, H?), 3.12

(s, 3H, HO).

Incorporation expected at 6 7.88 ppm. Determined against integral at 6 3.12 ppm.
Run 1

(a) 48.2 mg, (b) 82%

Run 2

(a) 48.2 mg, (b) 82%

Run 3

(a) 48.2 mg, (b) 81%

Average Incorporation = 82%

2,3-Dihydrobenzooxathiine 4,4-dioxide 1080

236



1080

'H NMR (400 MHz, CDCls) § 7.83 (dd, J = 7.8 Hz, 4] =1.8 Hz, 1H, H?), 7.48 (ddd, J = 8.6
Hz, J=7.0 Hz, *J = 1.6 Hz, HY), 7.16 (ddd, J = 8.6 Hz, J = 7.0 Hz, J = 1.6 Hz, 1H, H®), 7.01

(dd, J = 7.8 Hz, “J = 1.8 Hz, 1H, HY), 4.89-4.82 (m, 2H, H%), 3.56-3.51 (m, 2H, H").
Incorporation expected at 7.83 ppm. Determined against integral at 6 4.89-4.82 ppm.
Run 1

(@) 39.6 mg, (b) 91%

Run 2

(@) 39.6 mg, (b) 92%

Run 3

(@) 39.6 mg, (b) 91%

Average Incorporation = 91%

Phenyl sulfone 108p*°

D 000 D

D, D
d-108p
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IH NMR (400 MHz, CDCls): § 7.98 (d, J = 8.7 Hz, 4H, H°), 7.62-7.57 (m, 2H, H?), 7.56-7.50

(m, 4H, HP).

Incorporation expected at 6 7.98 ppm. Determined against integral at 6 7.62-7.57 ppm.
Run 1

(a) 46.9 mg, (b) 55%

Run 2

(a) 46.9 mg, (b) 57%

Run 3

(a) 46.9 mg, (b) 60%

Average Incorporation = 57%

iso-Propyl phenyl sulfone 108q

Do
'L F
d
(o} Da

d-108q

IH NMR (400 MHz, CDCls): § 7.93-7.89 (m, 2H, H%), 7.71-7.65 (m, 1H, H°), 7.62-7.56 (m,

2H, H"), 3.12 (sep, J = 7.0 Hz, 1H, H%) 1.32 (d, J = 7.0 Hz, 6H, H®).
Incorporation expected at & 7.93-7.89 ppm. Determined against integral at & 1.32 ppm.
Run 1

(@) 39.6 mg, (b) 70%
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Run 2
(a) 39.6 mg, (b) 64%
Run 3
(@) 39.6 mg, (b) 65%

Average Incorporation = 66%

tert-Butyl phenyl sulfone 108r

D
a O\\S/P d
(LK
(o} Da

d-108r

IH NMR (400 MHz, CDCls): 5 7.89-7.84 (m, 2H, H?), 7.66-7.60 (m, 1H, H%), 7.57-7.50 (m,

2H, H"), 1.33 (s, 9H, HY).

Incorporation expected at 6 7.89-7.84 ppm. Determined against integral at & 1.33 ppm.
Run 1

(a) 42.6 mg, (b) 76%

Run 2

(a) 42.6 mg, (b) 83%

Run 3

(a) 42.6 mg, (b) 82%

Average Incorporation = 80%
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Benzyl methyl sulfone 108s
Da

d e
g
b /,S\\
(OINO)
c D

a

d-108s
1H NMR (400 MHz, CDCls): § 7.44 (s, SH, H?, H°, H%), 4.27 (s, 2H, HY), 2.77 (s, 3H, H®).
13C NMR (101 MHz, CDCls) 6 130.0, 128.7, 127.0, 60.9, 38.5
Incorporation expected at 6 7.44 ppm. Determined against integral at 6 2.77 ppm.
Run 1
(a) 36.6 mg, (b) 22%
Run 2
(a) 36.6 mg, (b) 24%
Run 3
(a) 36.6 mg, (b) 23%

Average Incorporation = 23%

2-(4-(Methylsulfonyl)phenyl)-1,3-dioxane 108t

De 0. O
\/7
Dy S\f
o.¢
L
a~_©O Dg
d-108t
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H NMR (400 MHz, CDCl3) & 7.93 (d, J = 8.4 Hz, 2H, H®), 7.68 (d, J = 8.4 Hz, 2H, HY), 5.55
(s, 1H, HY), 4.31-4.24 (m, 2H, HP®), 4.04-3.95 (m, 2H, H), 3.00 (s, 3H, Hf), 2.28-2.14 (m, 1H,

H?), 1.50-1.43 (m, 1H, H?).

Incorporation expected at & 7.93 ppm for sulfone directed labelling (De). Determined against

integral at & 3.00 ppm.

Incorporation expected at 6 7.68 ppm for acetal directed labelling (Dg). Determined against

integral at & 3.00 ppm.

Run 1

(@) 52.1 mg, (b) D4 = 27% De = 95%
Run 2

(a) 52.1 mg, (b) Dg = 24% De = 91%

Average Incorporation = Dq = 26%, De = 93%

8.8 Reduced Pressure Deuterium Labelling Studies

Initial Investigation (Table 3.8)

Reduced pressure deuteration studies were performed using an RC Tritec manifold, connected
directly to a vacuum pump and D- cylinder. Methylphenyl sulfone 108 (1.000 mg, 6.40 umol,
1 eq) and complex 175 were weighed, and transferred into a 5 mL flask as a solution in PhCI
(2 x 0.3 mL). The flask was attached to the manifold and cooled to -78 °C. The atmosphere
was evacuated, and the volume immediately above the flask isolated from the rest of the
manifold. The reaction mixture was allowed to heat to room temperature, degassing the

solution. This process was repeated twice. Upon evacuating the flask on the third time, D2 gas
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was added, and adjusted to the reported pressure. The reaction mixture was then allowed to stir
at room temperature for 1 h. At this time, an aliquot was taken, and the deuterium incorporation
analyzed by 'H NMR spectroscopy. The incorporations were calculated as described in

General Procedure D. Results are summarised in Table 8.5.

a O\\/,
o
C

108

IH NMR (400 MHz, CDCls): § 7.97-7.90 (m, 2H, H?), 7.68-7.62 (m, 1H, H%), 7.60-7.53 (m,

2H, H"), 3.03 (s, 3H, HY). 145

Labelling expected against signal at 6 7.97-7.90 ppm, measured against signal at & 3.03 ppm.

Table 8.5
Entry Loading Pressure (mbar)  Incorporation (%)
1 0.533 mg, 0.32 umol, 5.0 mol% 203 40
2 0.533 mg, 0.32 umol, 5.0 mol% 208 45
3 0.533 mg, 0.32 umol, 5.0 mol% 400 80
4 0.533 mg, 0.32 umol, 5.0 mol% 408 78
5 0.800 mg, 0.48 umol, 7.5 mol% 405 90
6 0.800 mg, 0.48 umol, 7.5 mol% 405 92

Effect of Varying Pressure at Constant Catalyst Loading (Figure 3.6)

Reduced pressure deuteration studies were performed using an RC Tritec manifold, connected
directly to a vacuum pump and D> cylinder. Methylphenyl sulfone 108 (1.000 mg, 6.40 umol,

1 eq) and complex 175 (0.800 mg, 0.48 umol, 7.5 mol%) were weighed, and transferred into a
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5 mL flask as a solution in PhCl (2 x 0.3 mL). The flask was attached to the manifold and
cooled to -78 °C. The atmosphere was evacuated, and the volume immediately above the flask
isolated from the rest of the manifold. The reaction mixture was allowed to heat to room
temperature, degassing the solution. This process was repeated twice. Upon evacuating the
flask on the third time, D2 gas was added, and adjusted to the correct pressure. The reaction
mixture was then allowed to stir at room temperature for 1 h. At this time, an aliquot was taken,
and the deuterium incorporation analyzed by *H NMR spectroscopy. The incorporations were

calculated as described in General Procedure D. Results are summarised in Table 8.6.

a \ 7/
b©/s\ d
C

108

IH NMR (400 MHz, CDCls): § 7.97-7.90 (m, 2H, H?), 7.68-7.62 (m, 1H, H%), 7.60-7.53 (m,

2H, H"), 3.03 (s, 3H, HY). 145

Labelling expected against signal at 6 7.97-7.90 ppm, measured against signal at & 3.03 ppm.
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Table 8.6

Entry  Pressure (mbar) %D

1 99 7
2 99 11
3 144 25
4 137 26
5 200 40
6 208 45
7 300 51
8 300 57
9 400 80
10 407 78
11 622 91
12 622 90

Effect of Catalyst Loading at Fixed Pressure (Table 3.9)

Reduced pressure deuteration studies were performed using an RC Tritec manifold, connected
directly to a vacuum pump and D- cylinder. Methylphenyl sulfone 108 (1.000 mg, 6.40 umol,
1 eq) and complex 175 were weighed, and transferred into a 5 mL flask as a solution in PhCI
(2 x 0.3 mL). The flask was attached to the manifold and cooled with liquid nitrogen. The
atmosphere was evacuated, and the volume immediately above the flask isolated from the rest
of the manifold. The reaction mixture was allowed to heat to room temperature, degassing the
solution. This process was twice repeated. Upon evacuating the flask on the third time, D2 gas
was added, and adjusted to ~200 mbar. The reaction was allowed to stir at room temperature
for 1 h. At this time, an aliquot was taken, and the deuterium content analysed by *H NMR

244



spectroscopy. The incorporations were calculated as described in General Procedure D.

Results are summarised in Table 8.7.

a \ 7/
(A
C

108

IH NMR (400 MHz, CDCls): & 7.97-7.90 (m, 2H, H?), 7.68-7.62 (m, 1H, H%), 7.60-7.53 (m,

2H, H®), 3.03 (s, 3H, HY). 145

Labelling expected against signal at 6 7.97-7.90 ppm, measured against signal at & 3.03 ppm.

Table 8.7
Entry  Pressure Loading %D
1 200 0.533 mg, 0.32 umol, 5.0 mol% 40
2 200 0.533 mg, 0.32 umol, 5.0 mol% 45
3 207 0.800 mg, 0.48 umol, 7.5 mol% 86
4 207 0.800 mg, 0.48 umol, 7.5 mol% 87
5 213 1.07 mg, 0.64 pmol, 10 mol% 92
6 213 1.07 mg, 0.64 pmol, 10 mol% 88

8.9 Aryl Sulfone Labelling Studies with Tritium

Tritiation of Methphenyl Sulfone 108 (Scheme 3.12)

The tritiation reaction was performed using an RC Tritec manifold. Methylphenyl sulfone 108
(1.000 mg, 6.40 umol, 1 eq) and complex 175 (0.800 mg, 0.48 umol, 7.5 mol%) were weighed,
and transferred into a 5 mL flask as a solution in PhCI (2 x 0.3 mL). The flask was attached to

the manifold and cooled with liquid nitrogen. The atmosphere was evacuated, and the volume
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immediately above the flask isolated from the rest of the manifold. The reaction mixture was
allowed to heat to room temperature, degassing the solution. This process was twice repeated.
Upon evacuating the flask on the third time, 405 mbar of tritium gas was introduced. The
reaction mixture was allowed to stir at room temperature for 1 h. The reaction mixture was
again cooled with liquid nitrogen, and the remaining tritium gas was recovered onto a
secondary uranium bed. Methanol (1 mL) was added to the reaction, and then removed in
vacuo. This process was repeated three times. The reaction mixture was allowed to warm to
room temperature and the chlorobenzene removed in vacuo. The residue was purified by
HPLC, and the pure fractions combined to give the tritiated product t-108, which was stored
as a solution in ethanol, and analysed by *H and ®*H NMR spectroscopy and GCMS. The

specific activity of the product was found to be 51.3 Ci/mmol by GCMS.

a O\\//
b©/s\ d
C

108

IH NMR (500 MHz, MeOD): § 7.77-7.73 (m, 2H, H3), 7.69-7.64 (m, 1H, H°), 7.63-7.48 (m,

2H, ArH) 3.15 (s, 3H, HY).
3H NMR (500 MHz, MeOD): § 8.03 (d, 3J1-+ = 8.1 Hz).

3H{!H} NMR (500 MHz, MeOD): 5 8.03.

Synthesis of a Tritium Labelled GPR119 Agonist t-205 (Scheme 3.13)

The reaction was performed using an RC Tritec manifold. Sulfone 108t (1.000 mg, 4.01 umol,
1 eqg) and complex 175 (0.502 mg, 0.30 umol, 7.5 mol%) were weighed, and transferred into a

5 mL flask as a solution in PhCl (2 x 0.3 mL). The flask was attached to the manifold and
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cooled with liquid nitrogen. The atmosphere was evacuated, and the volume immediately
above the flask isolated from the rest of the manifold. The reaction mixture was allowed to heat
to room temperature, degassing the solution. This process was twice repeated. Upon evacuating
the flask on the third time, 399 mbar of tritium gas was introduced. The reaction mixture was
allowed to stir at room temperature for 1 h. The reaction mixture was then cooled with liquid
nitrogen, and the remaining tritium gas was recovered onto a secondary uranium bed. Methanol
(12 mL) was added to the reaction, and then removed in vacuo. This process was repeated three
times. The reaction mixture was allowed to warm to room temperature and the chlorobenzene
removed in vacuo. (R)-2-(2-Methyl-4-(5-(trifluoromethyl)-1,3,4-oxadiazol-2-yl)piperazin-1-
yl)pyrimidin-5-ol 204 (1.320 mg, 4.01 pumol, 1.00 eq), potassium carbonate (1.101 mg, 8.02
umol, 2.00 eq) and DMF (1 mL) were added, and the reaction mixture stirred at room
temperature overnight. The product was purified by HPLC, and the pure fractions combined to
give the tritiated product, which was stored as a solution in ethanol, and analysed by *H and *H
NMR spectroscopy and LCMS. The specific activity of the compound was found to be 36.8

Ci/mmol by LCMS. 162

N T
N h
0 Lo
FaC d § g S\
e iV j
t-205

IH NMR (500 MHz, MeOD): § 8.24 (s, 2H, Hf), 7.99 (d, J = 8.6 Hz, 2H, Hi), 7.72 (d, J = 8.6
Hz, 2H, H"), 5.23 (s, 2H, HY) 5.01-4.94 (m, 2H, CHy), 4.55-4.50 (m, 1H, HY), 4.04-3.99 (m,
1H, alkyICH), 3.89-3.86 (m, 1H, alkylCH), 3.52-3.47 (m, 2H, alkylCH5), 3.13 (s, 3H, H}), 1.23

(d, J = 6.6 Hz, 3H, H°).
3H NMR (500 MHz, MeOD): § 8.05 (d, 3Jr-1 = 9.2 Hz).

3H{H} NMR (500 MHz, MeOD): § 8.05.
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8.10 Initial Attempts at Sulfonamide Labelling with NHC-P Type Catalyst (Scheme 4.2)

N-Methyl-p-toluenesulfonamide 12763

To a 100 mL round-bottom flask, fitted with two stopcocks, was added N-methyl-p-
toluenesulfonamide 127 (39.8 mg, 0.215 mmol, 1.00 eq) and complex 175 (18.0 mg, 0.108
mmol, 5 mol%). The mixture was dissolved in chlorobenzene (2.5 mL) and the flask placed in
a heating block, pre-set to 25 °C. The atmosphere in the flask was exchanged with three
vacuum/D> cycles, with the system being isolated upon the third influx of deuterium. The
reaction was stirred at 25 °C for 16 h. The reaction mixture was loaded directly into a silica
column, and the chlorobenzene eluted with petroleum ether. The deuterated product was eluted
with Et,0O and concentrated in vacuo. The extent of deuteration was assessed by *H NMR

spectroscopy. The incorporations were calculated as described in General Procedure D.

D: 0. O

\//

b S\H; d
a Dc
d-127

IH NMR (400 MHz, CDCls): § 7.73 (d, J = 8.1 Hz, 2H. H%), 7.30 (d, J = 8.1 Hz, 2H, HY), 4.34

(bs, 1H, H®), 2.63 (s, 3H, HY), 2.41 (s, 3H, HY).
Run 1

(a) 87% Incorporation

Run 2

(a) 87% Incorporation

Run 3
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(@) 94% Incorporation
Average Incorporation = 89%

Labelling expected against signal at 6 7.73 ppm, measured against signal at 6 2.41 ppm.

N,N-Dimethyl-p-toluenesulfonamide 2064

To a 100 mL round-bottom flask, fitted with two stopcocks, was added N-methyl-p-
toluenesulfonamide 206 (42.8 mg, 0.215 mmol, 1.00 eq) and complex 175 (18.0 mg, 0.108
mmol, 5 mol%). The mixture was dissolved in chlorobenzene (2.5 mL) and the flask placed in
a heating block, pre-set to 25 °C. The atmosphere in the flask was exchanged with three
vacuum/D> cycles, with the system being isolated upon the third influx of deuterium. The
reaction was stirred at 25 °C for 16 h. The reaction mixture was loaded directly into a silica
column, and the chlorobenzene eluted with petroleum ether. The deuterated product was eluted
with Et,O and concentrated in vacuo. The extent of deuteration was assessed by *H NMR

spectroscopy. The incorporations were calculated as described in General Procedure D.

d-206

IH NMR (400 MHz, CDCl3): § 7.64 (d, J = 8.3 Hz, 2H, H°), 7.31 (d, J = 8.3 Hz, 2H, H?), 2.67

(s, 6H, Hd), 2.41 (s, 3H, HY).
Run1

() 61% Incorporation
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Run 2

(a) 55% Incorporation

Run 3

(a) 53% Incorporation
Average Incorporation = 56%

Labelling expected against signal at 6 7.64 ppm, measured against signal at 6 2.41 ppm.

8.11 Towards #*-Cycloocta-1,5-diene(1-(2,6-di-iso-propylphenyl)-3-(2-(pyridin-2 -
Imethyl) imidazole-2-ylidene)iridium BArg (Scheme 4.5)

Chloromethylpyridine 2201

A 100 mL round-bottom flask was charged with thionyl chloride (18.0 mL), and cooled to 0
°C. Pyridinemethanol 221 (5.0 mL, 51.7 mmol) was added, slowly. Once the addition was
complete, the reaction was heated to reflux and stirred for 3 h. The reaction was cooled to room
temperature and the solvent removed in vacuo. The residue was dissolved in DCM, and slowly
basified with a saturated solution of aqueous sodium bicarbonate. The mixture was transferred
to a separating funnel and the layers separated. The aqueous layer was washed twice with
DCM. The organic layers were combined, dried over sodium sulfate, filtered, and concentrated
in vacuo. Due to the instability of the product, it was found that immediate use in the following
step was best. Chloromethylpyridine 220 (6.03 g, 47.3 mmol, 91% yield) was isolated as a

colourless liquid. The crude product was used without any further purification.

250



IR (neat, cm™): In Progress.

1H NMR (400 MHz, CDCls): § 8.56 (d, J = 5.0 Hz, 1H, ArH), 7.70 (td, J = 7.8 Hz, “Jun = 1.7

Hz, 1H, ArH), 7.45 (d, J = 7.7 Hz, 1H, ArH), 7.24-7.19 (m, 1H, ArH), 4.66 (s, 2H, CH>).

13C NMR (101 MHz, CDCls) § 156.6, 149.2, 137.2, 123.1, 122.9, 46.7.

1-(2,6-Di-iso-propylphenyl)-3-(pyridin-2-ylmethyl)-1H-imidazol-3-ium chloride 219

4
Mo \«
piPP~N N N

CI@

219

To a 20 mL microwave tube was added 180 (1.79 g, 7.82 mmol, 1.00 eq) and
chloromethylpyridine 220 (1.30 g, 10.2 mmol, 1.00 eq). The tube was sealed and heated to 135
°C for 6 h. The resulting dark solid was cooled and dissolved in DCM and passed through a
short column of Celite. The filtrate was then washed three times with distilled water. The
aqueous layer was concentrated in vacuo, leaving a dark oil. The oil was re-dissolved in
minimum amounts of DCM and precipitated with the addition of Et,O, affording 1-(2,6-di-iso-
propylphenyl)-3-(pyridin-2-ylmethyl)-1H-imidazol-3-ium chloride 219 (1.37g, 3.84 mmol,

49% vyield) as an off-white solid.
Melting Point: decomposed above 138 °C.
IR (neat, cm™): 2964, 2926, 2868, 1589, 1556, 1541, 1467, 1438, 1361, 1257, 1193.

1H NMR (400 MHz, CDCl3): & 10.44 (s, 1H, ArH), 8.52 (dd, J = 5.0 Hz, 4Jun = 1.5 Hz, 1H,
ArH), 8.30 (s, 1H, ArH), 8.15 (d, J = 7.2 Hz, 1H, ArH), 7.81 (ddd, J = J = 7.5 Hz, *Jun = 1.5

Hz, 1H, ArH), 7.51 (t, J = 7.5 Hz, 1H, ArH), 7.36-7.27 (m, 3H, ArH), 7.08 (s, 1H, ArH), 6.28
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(s, 2H, CHy), 2.27 (sep, J = 7.0 Hz, 2H, CH), 1.20 (d, J = 7.0 Hz, 6H, CHs), 1.11 (d, J = 7.0

Hz, 6H, CHs).

13C NMR (101 MHz, CDCls) 8 152.1, 148.4, 144.9, 138.5, 137.9, 131.4, 129.4, 124.6, 124.2,

123.7,123.4, 122.8, 53.0, 28.2, 23.8, 23.7.

HRMS (Positive ESI): m/z calculated for [M]" C21H2sN3" = 320.2121.; found: 320.2119.

n*~Cycloocta-1,5-diene(1-(2,6-di-iso-propylphenyl)-3-(2-(pyridin-2 -lmethyl)  imidazole-2-

ylidene)iridium BArg 218

To a flame-dried Schlenk tube was added 219 (0.600 g, 1.69 mmol, 1.00 eq) and silver oxide
(0.235 g, 1.01 mmol, 0.60 eq). The mixture was suspended in DCM (20 mL) and stirred at
room temperature for 16 h, protected from light. The reaction was filtered, under inert
atmosphere, through Celite, washing with a further 10 mL of DCM. The filtrate was then
concentrated in vacuo. To the residue was added Et.O (20 mL) and DCM (1 mL), with vigorous
stirring. The resulting precipitate was allowed to settle, and the pale solution removed via
syringe. This process was repeated until the supernatant remained colourless, at which point
the resulting solid was dried under high vacuum. The solid was dissolved in DCM (10 mL) and
transferred via syringe into a separate Schlenk tube containing a solution of [Ir(COD)CI].
(0.571 g, 0.85 mmol, 0.50 eq) in DCM (10 mL). NaBArg (1.50 g, 1.69, 1.00 eq) was added and
the reaction stirred at room temperature for 2 h. The red suspension was filtered through Celite
and concentrated in vacuo. The residue was purified by column chromatography, eluting with
50% DCM in petroleum ether, affording n*-cycloocta-1,5-diene(1-(2,6-di-iso-propylphenyl)-
3-(2-(pyridin-2’-Imethyl) imidazole-2-ylidene)iridium BArg 218 (1.97 g, 1.33 mmol, 79%

yield) as a red solid.
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Melting Point: 64-66 °C
IR (neat, cm™): 2980, 2887, 1354, 1274, 1118.

IH NMR (400 MHz, CDCls, 246 K):  8.43 (d, J = 5.1 Hz, 1H, ArH), 8.69 (s, 8H, BAre ArH),
7.64-7.58 (m, 1H, ArH), 7.53-7.54 (m, 5H, BArs ArH + ArH overlap), 7.45-7.30 (m, 2H, ArH),
7.29-7.24 (m, 2H, ArH),7.09 (s, 1H, ArH), 6.89 (s, 1H, ArH), 5.74 (d, 2Jun = 14.5 Hz, 1H,
methylene CH), 4.96 (d, 2Jun = 14.5 Hz, 1H, methylene CH), 4.06-3.93 (m, 2H, COD CH),
3.86-3.78 (m, 1H, COD CH), 3.07-2.97 (m, 1H, COD CH), 2.43-2.31 (m, 1H, CH(CH2)y),
2.17-1.78 (m, 6H, COD CH2 + CH(CHs)2 overlap), 1.60-1.52 (m, 1H, COD CHy), 1.51-1.34
(m, 4H, COD CH> + CHjs overlap), 1.20-1.06 (m, 6H, 2 CH3 overlap), 0.90-0.76 (m, 4H, COD

CH: + CHs overlap).

13C NMR (101 MHz, CDCls) § 174.8, 161.9 (Jsc = 50.0 Hz), 151.9, 151.6, 146.2, 145.6,
140.2, 135.0, 133.7, 131.1, 129.2 (Jrc = 30.8 Hz), 126.7, 125.5, 124.9 (Jrc = 272.8 Hz), 124.8,
124.7,124.4,120.9, 117.6, 86.6, 82.9, 65.9, 64.5, 55.8, 34.3, 31.5, 31.3, 28.9, 28.6, 27.9, 26.3,

26.1,24.2,22.9.

HRMS: m/z calculated for = [M]* CaoHs7Nslr = 621.2643; found: 621.2630.

8.12 Electronic Parameterization of Novel NHC-Py Complex (Scheme 4.6)
To a flame-dried, three-necked 25 mL round-bottom flask, fitted with two stopcocks, was
added n4—cycloocta-1,5-diene(1-(2,6-di-iso-propylphenyl)-3-(2-(pyridin-2’-Imethyl)
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imidazole-2-ylidene)iridium BArr 218 (20 mg, 13.5 mmol) and dz-acetonitrile (1.00 mL). The
solution was cooled to -78 °C, and the atmosphere in the flask was exchanged via three
vacuum/hydrogen cycles. In this case, the reaction mixture was left open to the hydrogen
balloon for the duration of the experiment. The flask was moved to a heating block, pre-set to
25 °C, and stirred for 6 h. At this point, a 0.5 mL aliquot was taken and the hydride region of
the NMR analysed. The remainder of the reaction mixture was left to stir under hydrogen for a
further 18 h, at which point another 0.5 mL aliquot was taken, showing no change had occurred.
Both the standard and hydride regions of the *H NMR spectrum were remarkably clear. With

the data at hand, we attribute the corresponding shifts to one of two isomeric complexes, 214a

or 214b.
pipp  NCMe pipp  H
O o |
[ >——1r'“—NCMe [ >P——Ir'“—NCMe
N OR N
N N
/ '\ H / '\ NCMe
214a 214b

-21.6 ppm, 2Jyy = 7.5 Hz

-21.9 ppm, 2Jyy = 7.5 Hz
IH NMR (400 MHz, CDCls): § 8.94 (d, J = 5.5 Hz, 1H, ArH), 7.99 (td, J = 7.7 Hz, *Jun = 1.6
Hz, 1H, ArH), 7.74-7.69 (m, 8H, BArr ArH), 7.69-7.66 (m, 4H, BArs ArH), 7.55-7.39 (m, 3H,
ArH), 7.38 (d, J = 2.0 Hz, 1H, Im ArH), 7.36-7.24 (m, 2H, ArH), 7.09 (d, J = 2.0 Hz, 1H, Im
ArH), 5.47 (d, 2Jun = 16.0 Hz, 1H, methylene CH), 5.23 (d, 2Jun = 16.0 Hz, 1H, methylene
CH), 2.44 (sep, J = 7.0 Hz, 1H, CH(CHa)2), 1.27 (d, J = 7.0 Hz, 3H, CHa), 1.17 (d, J = 7.0 Hz,
3H, CHs), 1.06 (d, J = 7.0 Hz, 3H, CHs), 0.97 (d, J = 7.0 Hz, 3H, CHs), -21.6 (d, 2Jun = 7.0

Hz, 1H, I—H), -21.9 (d, 2Jun = 7.0 Hz, 1H, Ir—H).

254



8.13 Labelling of Highly Substituted Sulfonamides with an NHC-Py Type Complex

8.13.1 Initial Screening with NHC-Py Complex (Scheme 4.7)
All reactions were run as described in General Procedure I, for the specified time. Data are

reported as: (a) amount of substrate, and (b) Incorporation.

IH NMR (400 MHz, CDCl3): § 7.64 (d, J = 8.3 Hz, 2H, H°), 7.31 (d, J = 8.3 Hz, 2H, H?), 2.67

(s, 6H, HY), 2.41 (s, 3H, H?).
16 hours

Run 1

(a) 42.8 mg, (b) 87%

Run 2

(a) 42.8 mg, (b) 89%

Run 3

(a) 42.8 mg, (b) 90%
Average Incorporation = 89%

Labelling expected against signal at 6 7.64 ppm, measured against signal at 6 2.41 ppm.

6 hours
Run1
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(a) 42.8 mg, (b) 83%

Run 2

(a) 42.8 mg, (b) 76%

Run 3

(a) 42.8 mg, (b) 79%
Average Incorporation = 79%

Labelling expected against signal at 6 7.64 ppm, measured against signal at 6 2.41 ppm.

8.13.2 Sulfonamide Substrate Synthesis

N-Methyl-p-toluenesulfonamide 127163

Prepared according to General Procedure H, with 33% methylamine in ethanol (3.60 mL, 28.8
mmol) and p-toluenesulfonyl chloride (6.08 g, 31.9 mmol). Purified by column
chromatography, eluting with 50% DCM in petroleum ether, isolated as a white solid (4.10 g,

85% yield).

C ()\\ //

b Ssy~ d
He
a

127
Melting Point: 69-71 °C (lit:'®3 70-71 °C)
IR (neat, cm™): 3265, 1595, 1450, 1408, 1315, 1305, 1228, 1153.s

IH NMR (400 MHz, CDCl3): § 7.73 (d, J = 8.1 Hz, 2H. H°), 7.30 (d, J = 8.1 Hz, 2H, HY), 4.34

(bs, 1H, H®), 2.63 (s, 3H, HY), 2.41 (s, 3H, H).
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13C NMR (101 MHz, CDCls) § 142.9, 135.2, 129.2, 126.8, 28.7, 20.9.

N,N-Dimethyl-p-toluenesulfonamide 206164

Prepared according to General Procedure H, with 40% dimethylamine in ethanol (3.70 mL,
28.8 mmol) and p-toluenesulfonyl chloride (6.08 g, 31.9 mmol). Purified by column
chromatography, eluting with 50% DCM in petroleum ether, isolated as a white solid (4.67 g,

89% yield).

Melting Point:79-82 °C (lit:1%® 79-81 °C)
IR (neat, cm™): 3300, 1527, 1450, 1330, 1307, 1157, 1089.

IH NMR (400 MHz, CDCl3): § 7.64 (d, J = 8.3 Hz, 2H, H°), 7.31 (d, J = 8.3 Hz, 2H, H?), 2.67

(s, 6H, HY), 2.41 (s, 3H, H?).

13C NMR (101 MHz, CDCls) § 143.4, 132.5, 129.6, 127.8, 37.9, 21.5.

N-Methyl-m-toluenesulfonamide 223a'%

Prepared according to General Procedure H, with 33% methylamine in ethanol (0.75 mL, 5.99
mmol) and m-toluenesulfonyl chloride (1.00 mL, 6.59 mmol). Purified by column
chromatography, eluting with 50% DCM in petroleum ether, isolated as a colourless oil (1.11

g, quantitative yield).
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223a

IR (neat, cm™): 3284, 2924, 1475, 1409, 1319, 1301, 1219, 1149.

IH NMR (400 MHz, CDCls): § 7.67-7.61 (m, 2H, H? + H®), 7.42-7.34 (m, 2H, H® + H°), 4.39

(bs, 1H, H9), 2.64 (s, 3H, H", 2.41 (s, 3H, HY).

13C NMR (101 MHz, CDCls) 8 139.3, 138.5, 133.5, 128.9, 127.5, 124.3, 29.3, 21.3.

N-Methyl-o-toluenesulfonamide 223b%’

Prepared according to General Procedure H, with 33% methylamine in ethanol (0.47 mL, 3.75
mmol) and o-toluenesulfonyl chloride (0.60 mL, 4.13 mmol). Purified by column
chromatography, eluting with 50% DCM in petroleum ether, isolated as a white solid (0.629 g,

quantitative yield).

\// f
b S\N/
H
c e g
d
223b

Melting Point:70-72 °C (lit:1%8 70-72 °C)
IR (neat, cm™): 3290, 2964, 2360, 1469, 1456, 1406, 1303, 1155.

IH NMR (400 MHz, CDCls): §7.97-7.92 (m, 1H, H¢), 7.47-7.41 (m, 1H, H°), 7.34-7.28 (m,

2H, HP +HC), 4.43 (bs, 1H, H) 2.64-2.60 (m, 6H, Ha + HY).

13C NMR (101 MHz, CDCls) § 137.4, 137.1, 133.1, 132.8, 130.1, 126.4, 29.3, 20.5.
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N-Cyclopropyl-p-toluenesulfonamide 223¢*6°

Prepared according to General Procedure H, with cyclopropylamine (1.00 mL, 21.3 mmol)
and p-toluenesulfonyl chloride (4.46 g, 23.4 mmol). Purified by column chromatography,

eluting with 30% DCM in petroleum ether, isolated as a white solid (4.33 g, 96% vyield).

Melting Point: 72-73 °C (lit:'° 72-74 °C)
IR (neat, cm™): 3273, 2974, 2360, 1408, 1361, 1313, 1301, 1157.

IH NMR (400 MHz, CDCl): § 7.77 (d, J = 8.3 Hz, 2H, H), 7.30 (d, J = 8.3 Hz, 2H, H"), 4.74

(bs, 1H, H", 2.42 (s, 3H, H?), 2.22 (sep, J = 3.3 Hz, 1H, HY), 0.62-0.54 (m, 4H, H°).

13C NMR (101 MHz, CDCls) 8 143.5, 136.7, 129.6, 127.5, 24.3, 21.5, 6.1.

N-tert-Butyl-p-toluenesulfonamide 223d*"

Prepared according to General Procedure H, with tert-butylamine (0.500 g, 6.84 mmol) and
p-toluenesulfonyl chloride (4.46 g, 7.52 mmol). Purified by column chromatography, eluting

with 30% DCM in petroleum ether, isolated as a white solid (1.37 g, 80% vyield).

C o\\//o J<
S < d
H
a e
b
223d

Melting Point: 115-117 °C (lit:}2 117-118 °C)
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IR (neat, cm): 3259, 2968, 2360, 1390, 1298, 1286, 1134, 1093.

IH NMR (400 MHz, CDCls): § 7.76 (d, J = 8.4 Hz, 2H, H°), 7.25 (d, J = 8.4 Hz, 2H, H), 4.71

(bs, 1H, H9), 2.39 (s, 3H, H?), 1.19 (s, 9H, HY).

13C NMR (101 MHz, CDCls) § 142.7, 140.5, 129.4, 126.9, 54.5, 30.1, 21.5.

N-Methylnapthalene-1-sulfonamide 223e

Prepared according to General Procedure H, with 33% methylamine in ethanol (0.85 mL, 4.41
mmol) and 1-napthalenesulfonyl chloride (1.10 g, 4.85 mmol). Purified by column
chromatography, eluting with 70% DCM in petroleum ether, isolated as a white solid (0.85 g,

87% vield).

Melting Point: 136-138 °C.
IR (neat, cm): 3278, 2970, 2360, 1506, 1408, 1309, 1161, 1120.

'H NMR (400 MHz, CDCls3): & 8.68 (d, J = 8.5 Hz, 1H, HY), 8.30 (dd, J = 7.4 Hz, *Jun = 1.0
Hz, 1H, H®), 8.11 (d, J = 7.9 Hz, 1H, H®), 7.99 (d, J = 8.1 Hz, 1H, HY), 7.73-7.56 (m, 3H, H" +

He + Hf), 4.55 (bs, 1H, H'), 2.62 (d, J = 5.5 Hz, 3H, H").

13C NMR (101 MHz, CDCls) § 134.3, 133.5, 130.0, 129.1, 129.0, 128.3, 126.9, 124.3, 124.1,

29.4. (Overlapping peaks at 134.3 ppm).

HRMS: m/z calculated for [M+Na]* C1:H1:NO2SNa*: 244.0403; found: 244.0401.
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N-Benzyl-p-toluenesulfonamide 223f'"

Prepared according to General Procedure H, with benzylamine (1.50 mL, 14.3 mmol) and p-
toluenesulfonyl chloride (2.99 g, 15.7 mmol). Purified by column chromatography, eluting

with 50% DCM in petroleum ether, isolated as a white solid (3.33 g, 89% vyield).

c O\\ //O d e

S<
JOR R
a h g
b f
223f

Melting Point: 113-114 °C (lit:}"® 114-116 °C)
IR (neat, cm™): 3263, 2980, 2883, 2360, 1381, 1319, 1303, 1159.

1H NMR (400 MHz, CDCl3): § 7.75 (d, J = 8.0 Hz, 2H, H°), 7.31-7.24 (m, 5H, H" + HY + H"),

7.18 (d, J = 8.0 Hz, 2H, H°®), 4.54 (bs, 1H, H"), 4.11 (d, J = 6.2 Hz, 2H, HY), 2.42 (s, 3H, H?).

13C NMR (101 MHz, CDCls) 6 143.5, 136.9, 136.3, 129.7, 128.7, 127.9, 127.8, 127.2, 47.3,

21.5.

4-Methyl-N-(p-tolyl)benzenesulfonamide 223g''#

Prepared according to General Procedure H, with p-toluidine (1.50 g, 14.0 mmol) and p-
toluenesulfonyl chloride (2.94 g, 15.4 mmol). Purified by column chromatography, eluting

with 50% DCM in petroleum ether, isolated as a white solid (2.89 g, 79% vyield).
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Melting Point: 114-116 °C (lit:'"* 114-116 °C)

IR (neat, cm): 3230, 1508, 1392, 1330, 1300, 1274, 1157.

1H NMR (400 MHz, CDCls): § 7.60 (d, J = 8.1 Hz, 2H, H%), 7.19 (d, J = 8.1 Hz, 2H, H®), 7.01
(d, J =8.5 Hz, 2H, H°), 6.92 (d, J = 8.5 Hz, 2H, HY), 6.41 (bs, 1H, H9), 2.36 (s, 3H, H%), 2.25
(s, 3H, HN.

13C NMR (101 MHz, CDCls) 6 143.7, 136.1, 135.3, 133.8, 129.8, 129.6, 127.3, 122.2, 21.5,

20.8.

4-Methoxy-N-(4-(trifluoromethyl)phenyl)benzenesulfonamide 223h

\} //O O\\ /7

NH 4-Methoxybenzenesulfonyl chloride S\N/S
/O/ 2 (2.20 eq), Et3N (2.50 eq), /©/ \©\
F\C MeO © OMe

DCM, rt, 16 h

CFj3

269

TBAF (3.00 eq), [ THF, rt, 16 h
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Scheme 8.2

To a 100 mL round-bottom flask was added 4-trifluoromethylaniline (0.75 g, 4.65 mmol, 1.00
eq), triethylamine (1.6 mL, 11.6 mml, 2.50 eq) and DCM (15 mL). To this was added 4-
methoxybenzenesulfonyl chloride (2.10 g, 10.2 mmol, 2.20 eq). The reaction was stirred at
room temperature for 16 h. The reaction mixture was diluted with DCM (100 mL), transferred
to a separating funnel and washed with 2 M NaOH (100 mL). The organic layer was dried over
sodium sulfate, filtered and concentrated in vacuo. The resulting white solid was dissolved in
THF (10 mL), under inert atmosphere and a 1 M solution of TBAF in THF (14.0 mL, 14.0
mmol, 3.00 eq) was added. The reaction was stirred at room temperature for 16 h. The solvent
was removed in vacuo, and the residue dissolved in DCM (100 mL). The organic solution was
washed with water (100 mL), dried over sodium sulfate, filtered and concentrated in vacuo.
The crude product was purified by column chromatography, eluting with 50% DCM in
petroleum ether, affording 4-methoxy-N-(4-(trifluoromethyl)phenyl)benzenesulfonamide

223h (1.22 g, 3.69 mmol, 79% vyield) as a white solid.
Melting Point: 116-118 °C.

IR (neat, cm): 3296, 3238, 1614, 1593, 1573, 1517, 1496, 1463, 1400, 1321, 1300, 1265,

1226, 1149, 1114.

1H NMR (400 MHz, CDCls): § 7.78-7.73 (m, 2H, HY), 7.47 (d, J = 8.5 Hz, 2H, H?), 7.15 (d, J

= 8.5 Hz, 2H, H°), 7.00 (bs, 1H, H'), 6.93-6.88 (m, 2H, H€), 3.82 (s, 3H, H?).

13C NMR (101 MHz, CDCl3) § 157.8, 141.9, 134.0 (q, 2Jrc = 33.5 Hz), 127.5, 127.3, 125.6,

125.2,122.7 (g, YJrc = 270.6 Hz), 114.1, 54.9.
19F NMR (376 MHz, CDCl3): § -62.3 ().

HRMS: m/z calculated for =[M]* C14H12F3sNO3sS =311.0490; found: 311.0493.

263



N-(4-Methoxyphenyl)-4-(trifluoromethyl)benzenesulfonamide 223i'"°

Prepared according to General Procedure H, with 4-methoxyaniline (1.00 g, 8.12 mmol) and
4-(trifluoromethyl)benzenesulfonyl chloride (1.99 g, 8.12 mmol). Purified by column
chromatography, eluting with 50% DCM in petroleum ether, isolated as a white solid (0.98 g,

37% yield).

Melting Point: 141-142 °C (lit:'™® 141-143 °C)
IR (neat, cm™): 3246, 1506, 1402, 1394, 1336, 1323, 1249, 1157, 1128.

IH NMR (400 MHz, CDCla): § 7.78 (d, J = 8.2 Hz, 2H, HY), 7.68 (d, J = 8.2 Hz, 2H, H?), 6.98

(m, 2H, H°), 6.74 (m, 2H, HY), 6.24 (bs, 1H, Hf), 3.76 (s, 3H, H°).

13C NMR (101 MHz, CDCl3) 5 163.0, 136.6, 129.5, 128.9, 126.1, 126.0 (q, 2Jrc = 33.1 Hz),

123.4 (g, “Jrc = 271.9 Hz), 119.0, 114.0, 55.1.
19F NMR (376 MHz, CDCls): § -63.2 ().

HRMS: m/z calculated for [M+Na]" C14H12FsNO3SNa: 354.0382; found: 354.0381.

N,N-Dimethyl-(p-methoxybenzene)sulfonamide 223}

Prepared according to General Procedure H, with a 40% solution of dimethylamine (1.10 mL,

7.25 mmol) and 4-methoxybenzenesulfonyl chloride (1.65 g, 7.98 mmol). Purified by column
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chromatography, eluting with 50% DCM in petroleum ether, isolated as a white solid (1.51 g,

97% yield).

Melting Point: 70-71 °C (lit:'%® 71-72 °C)
IR (neat, cm™): 2968, 1591, 1573, 1496, 1454, 1328, 1300, 1251, 1145.

IH NMR (400 MHz, CDCls): § 7.70 (d, J = 8.9 Hz, 2H, H%), 6.98 (d, J = 8.9 Hz, 2H, HP), 3.86

(s, 3H, H?), 2.66 (s, 6H, HY).

13C NMR (101 MHz, CDCls) § 162.9, 129.9, 127.2, 114.2, 55.6, 37.9.

N,N-Dimethyl-(p-trifluoromethylbenzene)sulfonamide 223k*%*

Prepared according to General Procedure H, with a 40% solution of dimethylamine (0.78 mL,
6.13 mmol) and 4-(trifluoromethyl)benzenesulfonyl chloride (1.65 g, 6.74 mmol). Purified by
column chromatography, eluting with 50% DCM in petroleum ether, isolated as a white solid

(1.52 g, 98% yield).

Melting Point: 81-82 °C (li:t'6 81-82 °C)

IR (neat, cm): 2968, 1456, 1406, 1336, 1323, 1313, 1296, 1145, 1109, 1091.
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IH NMR (400 MHz, CDCl3): § 7.89 (d, J = 8.5 Hz, 2H, HY), 7.80 (d, J = 8.5 Hz, 2H, H%), 2.74

(s, 6H, HO).

13C NMR (101 MHz, CDCls) § 139.5, 134.5 (q, 2Jrc = 33.1 Hz), 128.3, 126.3 (q, 3Jrc = 4.0

Hz), 123.5 (q, ke = 271.3 Hz), 37.8.

19F NMR (376 MHz, CDCls): § -63.1 (s).

N-isopropyl-4-methyl-N-(p-tolyl)benzenesulfonamide 2231

To a 50 mL round-bottom flask was added 4-methyl-N-(p-tolyl)benzenesulfonamide 223g
(0.50 g, 1.91 mmol, 1.00 eq) and potassium carbonate (0.535 g, 3.83 mmol, 2.00 eq). The
mixture was suspended in DMF (6.0 mL) and 2-iodopropane (0.30 mL, 2.87 mmol, 1.50 eq)
was added. The reaction was stirred at room temperature overnight. The reaction was diluted
with water (300 mL) and extracted into DCM (3 x 50 mL). The organic layer was dried over
sodium sulfate, filtered and concentrated in vacuo. The residue was purified by column
chromatography, eluting with 30% EtOAc in petroleum ether, affording N-iso-propyl-4-

methyl-N-(p-tolyl)benzenesulfonamide 2231 (0.575 g, 1.89 mmol, 99% yield) as a white solid.

e

f
22 LT
N
N
h
b

2231

a

Melting Point: 108-110 °C

IR (neat, cm™): 2991, 1508, 1336, 1238, 1165, 1157.
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IH NMR (400 MHz, CDCl3): § 7.61 (d, J = 8.5 Hz, 2H, H%), 7.23 (d, J = 8.5 Hz, 2H, H?), 7.10
(d, J=8.6 Hz, 2H, H®), 6.90 (d, J =8.5 Hz, 2H, HY), 4.56 (sep, J = 7.0 Hz, 1H, H9), 2.40 (s, 3H,

H?), 2.33 (s, 3H, H, 1.01 (d, J = 7.0 Hz, 6H, H").

13C NMR (101 MHz, CDCls) & 142.8, 138.8, 138.5, 132.2, 132.1, 129.4, 129.3, 127.4, 51.0,

22.0,215, 21.1.

HRMS: m/z calculated for = [M+H]" C17H22NO2S: 304.1371; found: 304.1373.

N-Tosyl-1,2,3,4-tetrahydroquinoline 223m*’’

Prepared according to General Procedure H, with 1,2,3,4-tetrahydroquinoline (1.50 mL, 10.6
mmol) and p-toluenesulfonyl chloride (2.23 g, 11.7 mmol). Purified by column
chromatography, eluting with 50% DCM in petroleum ether, isolated as a white solid (1.73 g,

57% yield).

Melting Point: 76-78 °C (lit:}'” 77-79°C)
IR (neat, cm™): 2908, 1487, 1354, 1338, 1307, 1159.

1H NMR (400 MHz, CDCls): 6 7.77 (d, J = 8.0 Hz, 1H, H'), 7.46 (d, J = 8.0 Hz, 2H, H?), 7.19-
7.13 (m, 3H, H® + H9), 7.05 (t, J = 7.5 Hz, “Jun = 1.2 Hz, 1H, H"), 6.98 (d, J = 7.9 Hz, 1H, H",

3.81-3.76 (m, 2H, H°), 2.45-2.39 (m, 2H, H®), 2.36 (s, 3H, H’), 1.67-1.58 (m, 2H, HY).
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13C NMR (101 MHz, CDCls) 8 143.4, 136.9, 136.8, 130.6, 129.5, 129.0, 127.1, 126.5, 124.9,

124.8, 46.5, 26.6, 21.6, 21.5.

N-Mesyl-1,2,3,4-tetrahydroquinoline 223n*"’

To a flame-dried 100 mL round-bottom flask was added 1,2,3,4-tetrahydroquinone (1.50 mL,
10.6 mmol, 1.00 eq) and THF (30.0 mL). The solution was cooled to 0 °C and a 60% dispersion
of sodium hydride in mineral oil (0.509 g, 12.7 mmol, 1.20 eq) was added. The reaction was
stirred at 0 °C for 0.5 h. Methanesulfonyl chloride (1.30 mL, 12.8 mmol, 1.50 eq) was added,
and the reaction stirred at room temperature overnight. The suspension was concentrated in
vacuo, and the residue dissolved in DCM (100 mL). The organic solution was washed with 2
M HCI (100 mL), dried over sodium sulfate, filtered, and concentrated in vacuo. The crude
product was purified by column chromatography, eluting with 30% DCM in petroleum ether,
affording N-mesyl-1,2,3,4-tertahydroquinoline 223n (1.61 g, 7.63 mmol, 72% yield) as a pale-

yellow oil, which solidified on standing.

223n
Melting Point: (lit:1"® 58-59 °C)
IR (neat, cm™): 3016, 2931, 1489, 1361, 1332, 1319, 1168, 1149.

IH NMR (400 MHz, CDCl3): 5 7.68 (d, J = 8.5 Hz, 1H, H%), 7.19-7.02 (m, 3H, H? + H® + H),

3.83 (m, 2H, H9), 2.88 (s, 3H. H"), 2.86-2.81 (m, 2H, He), 2.03-1.95 (m, 2H, H").

13C NMR (101 MHz, CDCls) 5 137.0, 129.8, 129.3, 126.9, 124.6, 122.7, 46.5, 38.7,27.1, 22.3.
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N-Tosylpiperidine 2230*"°

Prepared according to General Procedure H, with piperidine (2.00 mL, 30.3 mmol) and p-
toluenesulfonyl chloride (6.90 g, 36.4 mmol). Purified by column chromatography, eluting

with 50% DCM in petroleum ether, isolated as a white solid (7.40 g, quantitative yield).

0 0

C A\ d
S\I\O
a f
b e
2230
Melting Point: 98-100 °C (lit:1"® 99-100 °C)
IR (neat, cm™): 2924, 1450, 1354, 1336, 1273, 1161.

IH NMR (400 MHz, CDCls): §7.64 (d, J = 8.3 Hz, 2H, H°), 7.32 (d, J = 8.3 Hz, 2H, HP), 3.00-

2.94 (m, 4H, HY), 2.4 (s, 3H, H?), 1.68-1.59 (m, 4H, H°), 1.45-1.38 (m, 2H, H).

13C NMR (101 MHz, CDCls) § 143.2, 133.4, 129.5, 127.7, 46.9, 25.2, 23.5, 21.5.

N-Tosylpyrazole 223pt™

Prepared according to General Procedure H, with pyrazole (1.00 g, 14.7 mmol) and p-
toluenesulfonyl chloride (3.10 g, 16.2 mmol). Purified by column chromatography, eluting

with 50% DCM in petroleum ether, isolated as a white solid (2.45 g, 75% vyield).

C ()\\//()
S\ /N
Jomsl
a d \e
b

223p

Melting Point: 145-146 °C
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IR (neat, cm): 3128, 1591, 152, 1409, 1396, 1369, 1357, 1284, 1168, 1155,

1H NMR (400 MHz, CDCls): § 8.09 (d, J = 2.9 Hz, 1H, HY), 7.88 (d, J = 8.0 Hz, 2H, H°), 7.70
(d, J=1.7 Hz, 1H, H", 7.1 (d, J = 8.0 Hz, 2H, HY), 6.37 (dd, J = 2.9 Hz, J = 1.7 Hz, 1H, H®),

2.40 (s, 3H, H?).

13C NMR (101 MHz, CDCls) 8 145.9, 145.2, 134.1, 131.1, 130.0, 128.1, 108.7, 21.7.

N-Tosylimidazole 223qg*"*

Prepared according to General Procedure H, with imidazole (1.00 g, 14.7 mmol) and p-
toluenesulfonyl chloride (3.10 g, 16.2 mmol). Purified by column chromatography, eluting

with 50% DCM in petroleum ether, isolated as a white solid (3.22 g, 99% vyield).

Melting Point: 77-80 °C (lit:'8 78-80 °C)
IR (neat, cm™): 1595, 1444, 1367, 1359, 1259, 1186, 1166, 1126.

'H NMR (400 MHz, CDCl3): 8 7.97 (t, “Jnn = “Jun = 1.0 Hz, 1H, H"), 7.79 (d, J = 8.4 Hz, 2H,
HC), 7.32 (d, J = 8.4 Hz, 2H, HP), 7.25 (t, J = 1.5 Hz, “Jun = 1.0 Hz, 1H, HY), 7.04 (t, J = 1.6

Hz, “Jun = 1.0 Hz, 1H, He), 2.40 (s, 3H, H?).

13C NMR (101 MHz, CDCls) § 146.3, 136.6, 134.9, 131.4, 130.4, 127.3, 117.4, 21.7.

N-Tosylindole 223r8!
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To a 50 mL round-bottom flask was added indole (1.00 g, .8.53 mmol, 1.00 eq) and tetra-n-
butylammonium hydrogen sulfate (0.203 g, 0.597 mmol, 0.07 eq), and toluene (14.0 mL). To
this mixture was added a solution of potassium hydroxide in water (50% wt, 4.52 mL, 85.3
mmol, 10.0 eq), followed by p-toluenesulfonyl chloride (2.11 g, 11.1 mmol, 1.30 eq). The
reaction was stirred at room temperature for 4 h, at which point it was diluted with water (150
mL) and extracted into EtOAc (3 x 50 mL). The organic layer was dried over sodium sulfate,
filtered and concentrated in vacuo. The crude product was purified by column
chromatography, 0-50% EtOAc in petroleum ether, affording N-tosylindole 223r (2.17 g, 8.00

mmol, 94% yield) as a white solid, which was stored at -30 °C.

Melting Point: 78-80 °C lit:'8! 78-80 °C)
IR (neat, cm™): 1593, 1460, 1377, 1190, 1172, 1149.

IH NMR (400 MHz, CDCla): & 7.97 (dd, J = 8.3 Hz, “Jun = 0.7 Hz, 1H H'), 7.74 (d, J = 8.6
Hz, 2H, H%), 7.54 (d, J = 3.7 Hz, 1H, HY), 7.50 (ddd, J = 8.0 Hz, *Jun = 1.0 Hz, 4Jun = 0.7 Hz,
1H, HY), 7.28 (ddd, J = 8.4 Hz, J = 7.6 Hz, “Jun = 1.1 Hz, 1H, HY), 7.22-7.16 (m, 3H, H? + H"),

6.63 (dd, J = 4.0 Hz, “Jun = 0.7 Hz, 1H, H®) 2.32 (s, 3H, H?).

13C NMR (101 MHz, CDCls) & 144.9, 135.4, 134.8, 130.7, 129.8, 126.8, 126.3, 124.5, 123.2,

121.3, 113.5, 109.0, 21.5.

N-Methyl-4-nitrobenzenesulfonamide 223s'8?
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Prepared according to General Procedure H, with a 33% solution of methylamine in ethanol
(0.62 mL, 4.96 mmol) and p-toluenesulfonyl chloride (1.00 g, 4.51 mmol). Purified by column
chromatography, eluting with 0-100% DCM in petroleum ether. The resulting solid was then
recrystallised from boiling Et,O, affording N-methyl-4-nitrobenzenesulfonamide 223s as a

white solid (0.702 g, 72% yield).

S<
H
O,N d

223s
Melting Point: 105-107 °C (lit:'¥2 105-106 °C)
IR (neat, cm™): 3298, 3111, 1604, 1529, 1350, 1319, 1303, 1290, 1159.

IH NMR (400 MHz, CDCl3): § 8.39 (d, J = 9.0 Hz, 2H, H?), 8.07 (d, J = 9.0 Hz, 2H, H"), 4.84

(bs, 1H, Hd), 2.76 (d, J = 5.0 Hz, 3H, H°).

13C NMR (101 MHz, CDCls) § 150.2, 144.9, 128.5, 124.4, 29.3.

Towards Methyl 4-(N,N-dimethylsulfamoyl)benzoate 223t

Methyl-4-(N,N-dimethylsulfamoyl)benzoate 223t was synthesised via the benzylic oxidation
of p-toluenesulfonamide 69, followed by esterification with thionyl chloride, and methylation

with methyl iodide, as shown in Scheme 8.3.
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69 270 215t

Scheme 8.3

4-Sulfamoylbenzoic Acid 2663

To a 250 mL round-bottom flask was added p-toluenesulfonamide 69 (2.00 g, 11.7 mmol, 1.00
eq) and water (30 mL). To this suspension was added NaOH (2.34 g, 58.4 mmol, 5.00 eq),
followed by the portionwise addition of KMnOs (2.40 g, 15.2 mmol, 1.30 eq). The reaction
was heated to 90 °C and stirred for 2 h. The reaction was cooled to room temperature and
filtered, washing the filter cake with minimal amounts of water. The colourless filtrate was
then acidified with 6 M HCI, and the resulting precipitate filtered. The filter cake was washed
with water and then dried under high vacuum to afford 4-sulfamoylbenzoic acid 270 (1.81 g,

9.00 mmol, 77% yield) as a white solid.

b O\\//
S.,...C
NH,
HO
o) a
266

Melting Point: 273-274 °C (lit!®: 276-277 °C)
IR (neat, cm™): 3356, 3255, 1685, 1560, 1427, 1338, 1317, 1284.

IH NMR (400 MHz, DMSO-ds): & 8.10 (d, J = 8.6 Hz, 2H, H?), 7.93 (d, J = 8.6 Hz, 2H, H),

7.52 (bs, 2H, HO).
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13C NMR (101 MHz, DMSO-ds) 6 166.2, 147.7, 133.5, 130.0, 125.9.

HRMS (Positive ESI): m/z calculated for [M-H]* C7HsO4NS: 200.0023; found: 200.0027.

Methyl 4-(N,N-dimethylsulfamoyl)benzoate 223t

To a 100 mL round-bottom flask was added 4-sulfamoylbenzoic acid 270 (0.800 g, 3.97 mmol,
1.00 eq) and methanol (15.0 mL). To this was added SOCI, (0.30 mL, 4.37 mmol, 1.10 eq) and
the reaction stirred at room temperature for 16 h. The volatiles were then removed in vacuo. In
order to fully remove any volatiles, the residue was re-dissolved in methanol and concentrated,
and this cycle repeated another two times. The residue was then dissolved in MeCN (30.0 mL).
To the solution was added potassium carbonate (1.65 g, 11.9 mmol, 3.00 eq) and methyl iodide
(0.74 mL, 11.9 mmol, 3.00 eq). The reaction mixture was heated to reflux and stirred for 16 h.
The suspension was cooled to room temperature and filtered. The filtrate was concentrated in
vacuo and the crude product was purified by column chromatography, eluting with 50% EtOAc
in petroleum ether. Methyl 4-(N,N-dimethylsulfamoyl)benzoate 223t (0.860 g, 3.79 mmol,

95% yield) was isolated as a white solid.

Melting Point: 130-132 °C.
IR (neat, cm™): 3022, 2960, 1716, 1433, 1336, 1286, 1161, 1111

IH NMR (400 MHz, CDCl3): § 8.18 (d, J = 8.5 Hz, 2H, HY), 7.83 (d, J = 8.5 Hz, 2H, H°), 3.95

(s, 3H, H9), 2.72 (s, 6H, HY),
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NOSEY (400 MHz, CDCls):

¢#7 GIKO04-77-1 D288885 2 (NOESY 1H/1H) CDCI3 400MHz X

15

g

13C NMR (101 MHz, CDCls) 8 165.7, 139.7, 133.9, 130.2, 127.7, 52.6, 37.8.

HRMS (Positive ESI): m/z calculated for [M+H]* C10H14aNO4S: 244.0638; found: 244.0637.

Towards N-(4-(N,N-dimethylsulfamoyl)phenyl)acetamide 223u

The synthesis of N-(4-(N,N-dimethylsulfamoyl)phenyl)acetamide 223u was performed as
shown in Scheme 8.4. Sulfalinamide 271 could be acetylated using acetyl chloride and
potassium carbonate to yield N-(4-sulfamoylphenyl)acetamide 272. This could then be
methylated by refluxing with methyl iodide in MeCN to afford N-(4-(N,N-

dimethylsulfamoyl)phenyl)acetamide 223u.
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Scheme 8.4

N-(4-sulfamoylphenyl)acetamide 272184

To a 250 mL round-bottom flask was added sulfalinamide 271 (2.00 g, 11.6 mmol, 1.00 eq)
and potassium carbonate (9.60 g, 69.6 mmol, 6.00 eq). The mixture was suspended in acetone
(40.0 mL) and acetyl chloride (4.96 mL, 69.6 mmol, 6.00 eq) was added. The reaction was
stirred at reflux for 16 h. The suspension was cooled to room temperature and filtered. The
filtrate was concentrated in vacuo. The crude product was purified by column chromatography,
eluting with 0-100% EtOAc in petroleum ether, affording N-(4-sulfamoylphenyl)acetamide

272 (1.37 g, 6.39 mmol, 55% yield) as a white solid.

Melting Point: 221-224 °C (lit:'8* 223-224 °C)

IR (neat, cm™): 3302, 3255, 3118, 3061, 1670, 1591, 1533, 1404, 1373, 1315, 1316, 1265,

1159, 1145.

1H NMR (400 MHz, DMSO-de): & 10.3 (s, 1H, H), 7.77-7.69 (m, 4H, HE + HY), 7.22 (s, 2H,

H), 2.08 (s, 3H, H?).
13C NMR (101 MHz, DMSO-ds) & 168.9, 142.2, 138.1, 126.7, 118.4, 24.1.
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HRMS (Positive ESI): m/z calculated for [M+H]" CsH1103N>S: 215.0485; found: 215.0486.

N-(4-(N,N-dimethylsulfamoyl)phenyl)acetamide 223u

To a 100 mL round-bottom flask was added N-(4-sulfamoylphenyl)acetamide 272 (0.513 g,
2.39 mmol, 1.00 eq) and potassium carbonate (1.16 g, 8.38 mmol, 3.50 eq). The mixture was
suspended in MeCN (25.0 mL) and methyl iodide (0.45 mL, 7.17 mmol, 3.00 eq) was added.
The reaction was heated to reflux for 16 h. The suspension was cooled to room temperature
and filtered. The filtrate was concentrated in vacuo, and the crude product purified by column
chromatography, eluting with 30-50% EtOAc in petroleum ether. N-(4-(N,N-
Dimethylsulfamoyl)phenyl)acetamide 223u (0.493 g, 2.03 mmol, 85% yield) was isolated as a

white solid.

Melting Point: 140-142 °C

IR (neat, cm™): 3302, 3255, 3118, 3061, 1670, 1591, 1533, 1404, 1373, 1315, 1265, 1159,

1145.

IH NMR (400 MHz, DMSO-ds): 5 10.35 (bs, 1H, H¢), 7.82 (d, J = 8.0 Hz, 2H, H?), 7.67 (d, J

= 8.0 Hz, 2H, H°), 2.57 (s, 3H, H?), 2.09 (s, 6H, HY).

NOSEY (400 MHz, DMSO-ds):
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H

13C NMR (101 MHz, DMSO-ds) & 169.0, 143.3, 128.7, 128.1, 118.6, 37.6, 24.1.

HRMS: m/z calculated for [M+H]" C10H15N203S = 243.0803. Found: 243.0806.

8.13.3 N-Substituted Sulfonamide Labelling Substrate Scope (Scheme 4.8)
All reactions were run as described in General Procedure | (unless stated otherwise). Data are

reported as: (a) amount of substrate, and (b) Incorporation.
N-Methyl-p-toluenesulfonamide 127

D: 0 0

\//

b S« d

Iz
@

d-127
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1H NMR (400 MHz, CDCl3): § 7.73 (d, J = 8.1 Hz, 2H. H°), 7.30 (d, J = 8.1 Hz, 2H, HY), 4.34

(bs, 1H, H9), 2.63 (s, 3H, HY), 2.41 (s, 3H, H).

Labelling expected against signal at 6 7.73 ppm, measured against signal at 6 2.41 ppm.
Run 1

(@) 91% Incorporation

Run 2

(2)88% Incorporation

Run 3

(2)89% Incorporation

Average Incorporation = 89%

N-Methyl-m-toluenesulfonamide 223a

D N/
\\ /7
H
g
C De
d
d-223a

IH NMR (400 MHz, CDCls): § 7.67-7.61 (m, 2H, Ha + H°), 7.42-7.34 (m, 2H, H® + H°), 4.39

(bs, 1H, HY), 2.64 (s, 3H, H", 2.41 (s, 3H, HY).
Labelling expected against signal at 6 7.67-7.61 ppm, measured against signal at & 2.41 ppm.
Run 1

(a) 39.8 mg, (b) 95% (Average across both positions)
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Run 2

(@) 39.8 mg, (b) 93% (Average across both positions)

Run 3

(@) 39.8 mg, (b) 95% (Average across both positions)

Average Incorporation = 94% (Average across both positions)

N-Methyl-o-toluenesulfonamide 223b

\ //O f
b S‘N/
Hg
C De
d
d-223b

IH NMR (400 MHz, CDCl3): $7.97-7.92 (m, 1H, H®), 7.47-7.41 (m, 1H, HY), 7.34-7.28 (m,

2H, H° +H°), 4.43 (bs, 1H, H9) 2.64-2.60 (m, 6H, H* + H").

Labelling expected against signal at & 7.97-7.92 ppm, measured against signal at 6 2.64-2.60

ppm.

Run1
(@) 39.8 mg, (b) 76%
Run 2
(a) 39.8 mg, (b) 80%
Run 3
(@) 39.8 mg, (b) 84%
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Average Incorporation = 80% (Average across both positions)

N-Cyclopropyl-p-toluenesulfonamide 223c

Dc °
i Oso A
N"d
f
a DC

b
d-223c

IH NMR (400 MHz, CDCla): § 7.77 (d, J = 8.3 Hz, 2H, H%), 7.30 (d, J = 8.3 Hz, 2H, H?), 4.74

(bs, 1H, H"), 2.42 (s, 3H, H?), 2.22 (sep, J = 3.3 Hz, 1H, HY), 0.62-0.54 (m, 4H, He).
Labelling expected against signal at 6 7.77 ppm, measured against signal at 6 2.42 ppm.
Run 1

(@) 45.4 mg, (b) 86%

Run 2

(@) 45.4 mg, (b) 83%

Run 3

(@) 45.4 mg, (b) 85%

Average Incorporation = 85%
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N-tert-Butyl-p-toluenesulfonamide 223d

d-223d

IH NMR (400 MHz, CDCls): § 7.76 (d, J = 8.4 Hz, 2H, H°), 7.25 (d, J = 8.4 Hz, 2H, H), 4.71

(bs, 1H, H®), 2.39 (s, 3H, H?), 1.19 (s, 9H, HY).

Labelling expected against signal at 6 7.76 ppm, measured against signal at 6 1.19 ppm.
Run 1

(a) 48.9 mg, (b) 98%

Run 2

(a) 48.9 mg, (b) 97%

Run 3

(a) 48.9 mg, (b) 94%

Average Incorporation = 96%

N-Methylnapthalene-1-sulfonamide 223e
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IH NMR (400 MHz, CDCl3): § 8.68 (d, J = 8.5 Hz, 1H, H9), 8.30 (dd, J = 7.4 Hz, “Jun = 1.0
Hz, 1H, H?), 8.11 (d, J = 7.9 Hz, 1H, H%), 7.99 (d, J = 8.1 Hz, 1H, HY), 7.73-7.56 (m, 3H, HP +

He + H"), 4.55 (bs, 1H, H'), 2.62 (d, J = 5.5 Hz, 3H, H".

Labelling expected against signal at 6 8.68 ppm and 6 8.30 ppm, measured against signal at 6

2.62 ppm.

Run 1

(a) 47.6 mg, (b) Da = 97%, Dg = 55%
Run 2

(@) 47.6 mg, (b) Da =97%, Dg = 47%
Run 3

(a) 47.6 mg, (b) Da = 96%, Dg = 47%

Average Incorporation = Da = 97%, Dg = 50%

N-Benzyl-p-toluenesulfonamide 223f

d-223f

IH NMR (400 MHz, CDCl3): § 7.75 (d, J = 8.0 Hz, 2H, H%), 7.31-7.24 (m, 5H, H® + H¢ + HT),

7.18 (d, J = 8.0 Hz, 2H, H®), 4.54 (bs, 1H, H"), 4.11 (d, J = 6.2 Hz, 2H, HY), 2.42 (s, 3H, H?).

Labelling expected against signal at 6 7.75 ppm and 6 7.18 ppm, measured against signal at 6

2.42 ppm.
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Run1
(a) 56.2 mg, (b) D¢ = 82%, De = 88%
Run 2
(a) 56.2 mg, (b) D¢ = 79%, De = 85%
Run 3
(a) 56.2 mg, (b) D¢ = 83%, De = 87%

Average Incorporation = D¢ = 81%, De = 87%

4-Methyl-N-(p-tolyl)benzenesulfonamide 223g

d-223g

IH NMR (400 MHz, CDCl3): § 7.60 (d, J = 8.1 Hz, 2H, H%), 7.19 (d, J = 8.1 Hz, 2H, H), 7.01
(d, J = 8.5 Hz, 2H, H°), 6.92 (d, J = 8.5 Hz, 2H, HY), 6.41 (bs, 1H, HY), 2.36 (s, 3H, H?), 2.25

(s, 3H, HN.

Labelling expected against signal at 6 7.60 ppm and & 6.92 ppm, measured against signal at &

2.25 ppm.
Run 1 (General Procedure J)
(a) 56.2 mg, (b) Dc = 94%, Dq = 88%

Run 2 (General Procedure J)
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(@) 56.2 mg, (b) Dc = 93%, Dqg = 88%
Run 3 (General Procedure J)
(@) 56.2 mg, (b) Dc = 95%, Dg = 93%

Average Incorporation = D¢ = 94%, Dg = 90%

4-Methoxy-N-(4-(trifluoromethyl)phenyl)benzenesulfonamide 223h

d-223h

1H NMR (400 MHz, CDCls): § 7.78-7.73 (m, 2H, HY), 7.47 (d, J = 8.5 Hz, 2H, HP), 7.15 (d, J

= 8.5 Hz, 2H, H°), 7.00 (bs, 1H, H'), 6.93-6.88 (m, 2H, H¢), 3.82 (s, 3H, H?).

Labelling expected against signal at 6 7.78-7.73 ppm and & 7.15 ppm, measured against signal

at 0 3.82 ppm.

Run 1

(@) 71.2 mg, (b) D¢ = 82%, Dq = 33%

Run 2

(@) 71.2 mg, (b) D¢ = 84%, Dq = 35%

Run 3

(a) 71.2 mg, (b) D¢ = 86%, Dy = 38%
Average Incorporation = D¢ = 83%, Dq = 35%
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N-(4-Methoxyphenyl)-4-(trifluoromethyl)benzenesulfonamide 223i

d-223i

IH NMR (400 MHz, CDCl3): § 7.78 (d, J = 8.2 Hz, 2H, HY), 7.68 (d, J = 8.2 Hz, 2H, H?), 6.98

(m, 2H, H°), 6.74 (m, 2H, HY), 6.24 (bs, 1H, Hf), 3.76 (s, 3H, H°).

Labelling expected against signal at 6 7.78 ppm and 6 6.98 ppm, measured against signal at 6

3.76 ppm.

Run 1 (General Procedure J)

(a) 71.2 mg, (b) Dy = 80%, D¢ = 82%
Run 2 (General Procedure J)

(a) 71.2 mg, (b) Dy = 81%, D. = 84%
Run 3 (General Procedure J)

(@) 71.2 mg, (b) Dp = 85%, D = 88%

Average Incorporation = Dy = 82%, D, = 85%

8.13.4 N,N-Disubstituted Sulfonamide Labelling (Scheme 4.9)
All reactions were run as described in General Procedure B (unless stated otherwise). Data are

reported as: (a) amount of substrate, and (b) Incorporation.
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N,N-Dimethyl-(p-methoxybenzene)sulfonamide 223j

d-223j

IH NMR (400 MHz, CDCla): § 7.70 (d, J = 8.9 Hz, 2H, H%), 6.98 (d, J = 8.9 Hz, 2H, H?), 3.86

(s, 3H, H?), 2.66 (s, 6H, HY).

Labelling expected against signal at 6 7.70 ppm, measured against signal at 6 2.66 ppm.
Run 1

(a) 46.3 mg, (b) 90%,

Run 2

(a) 46.3 mg, (b) 96%

Run 3

(a) 46.3 mg, (b) 90%

Average Incorporation = 93%

N,N-Dimethyl-(p-trifluoromethylbenzene)sulfonamide 223k

Dp 0 O

\ /,
\S’\N/ c
|
FsC Dy

a

d-223k
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IH NMR (400 MHz, CDCl3): § 7.89 (d, J = 8.5 Hz, 2H, HY), 7.80 (d, J = 8.5 Hz, 2H, H%), 2.74

(s, 6H, H°).

Labelling expected against signal at 6 7.89 ppm, measured against signal at 6 2.74 ppm.
Run 1 (General Procedure J)

(@) 54.4 mg, (b) 70%,

Run 2 (General Procedure J)

(@) 54.4 mg, (b) 72%

Run 3 (General Procedure J)

(@) 54.4 mg, (b) 77%

Average Incorporation = 73%

N-isopropyl-4-methyl-N-(p-tolyl)benzenesulfonamide 223

d-223I

IH NMR (400 MHz, CDCls): § 7.61 (d, J = 8.5 Hz, 2H, H), 7.23 (d, J = 8.5 Hz, 2H, HP), 7.10
(d, J = 8.6 Hz, 2H, H®), 6.90 (d, J =8.5 Hz, 2H, HY), 4.56 (sep, J = 7.0 Hz, 1H, HY), 2.40 (s, 3H,

H%), 2.33 (s, 3H, H, 1.01 (d, J = 7.0 Hz, 6H, H").

Labelling expected against signal at 6 7.61 ppm and ¢ 6.90 ppm, measured against signal at 6

2.33 ppm.
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Run1

(a) 65.2 mg, (b) D¢ = 96%, Dq = 93%

Run 2

(a) 65.2 mg, (b) D¢ = 97%, Dy = 96%

Run 3

(a) 65.2 mg, (b) Dc = 97%, Dyg = 96%
Average Incorporation = D¢ =97 %, D4 = 95%

N-Tosyl-1,2,3,4-tetrahydroquinoline 223m

d-223m

'H NMR (400 MHz, CDCl3): § 7.77 (d, J = 8.0 Hz, 1H, H"), 7.46 (d, J = 8.0 Hz, 2H, H?), 7.19-
7.13 (m, 3H, H® + HY), 7.05 (t, J = 7.5 Hz, *Jun = 1.2 Hz, 1H, H"), 6.98 (d, J = 7.9 Hz, 1H, H),

3.81-3.76 (m, 2H, H°), 2.45-2.39 (m, 2H, H®), 2.36 (s, 3H, H’), 1.67-1.58 (m, 2H, HY).

Labelling expected against signal at 6 7.77 ppm and & 7.46 ppm, measured against signal at &

2.36 ppm.
Run 1
(@) 61.8 mg, (b) Da=97%, Di = 83%

Run 2
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(a) 61.8 mg, (b) Da = 97%, Di = 88%
Run 3
(@) 61.8 mg, (b) Da = 96%, Di = 75%

Average Incorporation = Da = 97%, Di = 82%

N-Mesyl-1,2,3,4-tetrahydroquinoline 223n

d-223n

1H NMR (400 MHz, CDCl3): 5 7.68 (d, J = 8.5 Hz, 1H, H%), 7.19-7.02 (m, 3H, H? + H® + H),

3.83 (m, 2H, HY), 2.88 (s, 3H. H"), 2.86-2.81 (m, 2H, He), 2.03-1.95 (m, 2H, H).
Labelling expected against signal at 6 7.68 ppm, measured against signal at 6 2.88 ppm.
Run 1

(@) 45.4 mg, (b) 97%

Run 2

(a) 45.4 mg, (b) 99%

Run 3

(@) 45.4 mg, (b) 99%

Average Incorporation = 98%
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N-Tosylpiperidine 2230

De O\\S//O d
joae
a f
b De e

2230

IH NMR (400 MHz, CDCls): 57.64 (d, J = 8.3 Hz, 2H, H%), 7.32 (d, J = 8.3 Hz, 2H, H), 3.00-

2.94 (m, 4H, HY), 2.44 (s, 3H, H?), 1.68-1.59 (m, 4H, H®), 1.45-1.38 (m, 2H, H".
Labelling expected against signal at 6 7.64 ppm, measured against signal at 6 2.44 ppm.
Run 1

(@) 51.5 mg, (b) 88%

Run 2

(@) 51.5 mg, (b) 90%

Run 3

(@) 51.5 mg, (b) 95%

Average Incorporation = 91%

N-Tosylpyrazole 223p

De QL
S<,.-N
(A
a dli=
b Do e
d-223p
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IH NMR (400 MHz, CDCl3): § 8.09 (d, J = 2.9 Hz, 1H, HY), 7.88 (d, J = 8.0 Hz, 2H, H°), 7.70
(d, J = 1.7 Hz, 1H, H"), 7.1 (d, J = 8.0 Hz, 2H, HY), 6.37 (dd, J = 2.9 Hz, J = 1.7 Hz, 1H, H®),

2.40 (s, 3H, H).

Labelling expected against signal at 6 7.88 ppm, measured against signal at 6 2.40 ppm.
Run 1

(a) 47.8 mg, (b) 90%

Run 2

(a) 47.8 mg, (b) 82%

Run 3

(@) 47.8 mg, (b) 81%

Average Incorporation = 84%

N-Tosylimidazole 223q

'H NMR (400 MHz, CDCls): 8 7.97 (t, *Jnn = “Jun = 1.0 Hz, 1H, H"), 7.79 (d, J = 8.4 Hz, 2H,
HC), 7.32 (d, J = 8.4 Hz, 2H, HP), 7.25 (t, J = 1.5 Hz, “Jun = 1.0 Hz, 1H, HY), 7.04 (t, J = 1.6

Hz, “2Jun = 1.0 Hz, 1H, H®), 2.40 (s, 3H, H).
Labelling expected against signal at 6 7.79 ppm, measured against signal at 6 2.40 ppm.

Run1
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(a) 47.8 mg, (b) 0%

Run 2

(@) 47.8 mg, (b) 0%

Run 3

(a) 47.8 mg, (b) 0%
Average Incorporation = 0%

N-Tosylindole 223r

d-223r

IH NMR (400 MHz, CDCla): & 7.97 (dd, J = 8.3 Hz, “Ju+ = 0.7 Hz, 1H H'), 7.74 (d, J = 8.6
Hz, 2H, H%), 7.54 (d, J = 3.7 Hz, 1H, HY), 7.50 (ddd, J = 8.0 Hz, *Jun = 1.0 Hz, 4Jun = 0.7 Hz,
1H, HY), 7.28 (ddd, J = 8.4 Hz, J = 7.6 Hz, “Jun = 1.1 Hz, 1H, HY), 7.22-7.16 (m, 3H, H? + H"),

6.63 (dd, J = 4.0 Hz, “Jun = 0.7 Hz, 1H, H®) 2.32 (s, 3H, H?).

Labelling expected against signal at 6 7.97 ppm, 6 7.74 ppm, and 6 7.54 ppm, measured against

signal at 6 2.32 ppm.

Run1

(a) 58.3 mg, (b) Dc =14%, Dq = 96%, Di = 93%
Run 2

(a) 58.3 mg, (b) Dc = 13%, Dy = 91%, Di = 97%
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Run 3

(a) 58.3 mg, (b) D¢ = 13%, Dy = 89%, D; = 96%

Average Incorporation = D¢ = 13%, D4 = 91%, Di = 96%

8.13.5 Investigation of Competing Directing Groups in Sulfonamide Labelling (Scheme 4.10)
All reactions were run as described in General Procedure I (unless stated otherwise). Data are

reported as: (a) amount of substrate, and (b) Incorporation.

N-Methyl-4-nitrobenzenesulfonamide 223s

D o)
Da \\//\ c
N
H d
O,N Dy,
Da
d-223s

IH NMR (400 MHz, CDCl3): § 8.39 (d, J = 9.0 Hz, 2H, H?), 8.07 (d, J = 9.0 Hz, 2H, H?), 4.84

(bs, 1H, HY), 2.76 (d, J = 5.0 Hz, 3H, H°).

Labelling expected against signal at 6 8.39 ppm and 4 8.07 ppm, measured against signal at &

2.76 ppm.

Run 1 (General Procedure J)

(a) 46.5 mg, (b) Dy =89%, Da = 88%,
Run 2 (General Procedure J)

(a) 46.5 mg, (b) Dy = 88%, Da = 87%,

Run 3 (General Procedure J)
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(a) 46.5 mg, (b) Dy = 87%, Da = 87%,

Average Incorporation = Dy = 88%, Da = 87%,

Methyl 4-(N,N-dimethylsulfamoyl)benzoate 223t

Dc 0.0
\ %/ d
Db S\N/
|
a /O Dc
O D,
d-223s

1H NMR (400 MHz, CDCls): § 8.18 (d, J = 8.5 Hz, 2H, HP), 7.83 (d, J = 8.5 Hz, 2H, H°), 3.95

(s, 3H, H¥), 2.72 (s, 6H, HY).

Labelling expected against signal at 6 8.18 ppm and & 7.83 ppm, measured against signal at 6

2.72 ppm.

Run1

(@) 52.3 mg, (b) D¢ = 60%, Dy = 94%
Run 2

(a) 52.3 mg, (b) D¢ = 58%, Dp = 93%
Run 3

(a) 52.3 mg, (b) D¢ = 50%, Dp = 92%,

Average Incorporation = D¢ = 56%, Dy = 93%,
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N-(4-(N,N-dimethylsulfamoyl)phenyl)acetamide 223u

D: 0 O
D \\S// /d
0P ‘ril
a)LH .
e Dy
d-223u

1H NMR (400 MHz, DMSO-ds): & 10.35 (bs, 1H, H®), 7.82 (d, J = 8.0 Hz, 2H, H?), 7.67 (d, J

= 8.0 Hz, 2H, H°), 2.57 (s, 3H, H?), 2.09 (s, 6H, HY).

Labelling expected against signal at 6 7.82 ppm and 6 7.67 ppm, measured against signal at 6

2.57 ppm.

Run 1

(@) 52.1 mg, (b) Dc =8%, Dp = 77%
Run 2

(@) 52.1 mg, (b) D¢ = %6, Dy = 82%
Run 3

(@) 52.1 mg, (b) D¢ = 3%, Dp = 76%

Average Incorporation = D¢ = 6%, Dy = 78%

8.13.6 Investigating Selectivity at Reduced Catalyst Loading (Scheme 4.10)

To a three-necked 100 mL round-bottom flask, fitted with two stopcocks, was added 4-methyl-
N-(p-tolyl)benzenesulfonamide 223g (56.2 mg, 0.215 mmol, 1.00 eq) and complex 218 (3.20
mg, 0.00215 mmol, 1 mol%). The mixture was dissolved in chlorobenzene (2.5 mL) and the

flask placed in a heating block, pre-set to 25 °C. The atmosphere in the flask was exchanged
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via three vacuum/D> cycles, with the system then being isolated upon the third influx of
deuterium. The reaction mixture was then stirred at 25 °C for 16 h, unless stated otherwise.
The reaction mixture was then loaded directly onto a silica column, the chlorobenzene eluted
with petroleum ether, and the deuterated product eluted with Et,O and concentrated in vacuo.
The level of deuteration was then calculated as described in General Procedure D. Experiment

carried out as single run.

d-223g

IH NMR (400 MHz, CDCl3): § 7.60 (d, J = 8.1 Hz, 2H, H%), 7.19 (d, J = 8.1 Hz, 2H, H?), 7.01
(d, J = 8.5 Hz, 2H, H°), 6.92 (d, J = 8.5 Hz, 2H, HY), 6.41 (bs, 1H, HY), 2.36 (s, 3H, H?), 2.25

(s, 3H, HN.

Labelling expected against signal at 6 7.60 ppm and 6 6.92 ppm, measured against signal at 6

2.25 ppm.
Run 1

(@) 56.2 mg, (b) Dc = 47%, Dq = 45%
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8.14 Applying an NHC-Py Type Catalyst in the HIE of Other Pharmaceutically Relevant
Sulfur Based Groups

8.14.1 Sulfoximine Synthesis

I) Mel, K,COs3, Acetone, o@ 0. NH
reflux, 16 h ! NaNs;, H,SOy, N
SH _ s@ 3, HoSOy4 _ s
II) mCPBA, DCM, CHCI3,45°C, 16 h
rt, 16 h
273 274 227
o N~/
\\S/z EtBr, KOH,
~ -
DMSO, rt, 4 h
229
Scheme 8.5

1-Methyl-4-(methylsulfinyl)benzene 2708

A 500 mL round-bottom flask was charged with 4-methylthiophenol 273 (2.66 g, 21.4 mmol,
1.00 eq), potassium carbonate (4.34 g, 32.1 mmol, 1.50 eq) and acetone (60.0 mL). To this was
added methyl iodide (1.73 mL, 27.8 mmol, 1.30 eq), and the reaction refluxed for 16 h. The
reaction mixture was cooled to room temperature and filtered. The filtrate was concentrated in
vacuo to yield the methylated product. This was immediately redissolved in DCM (60.0 mL)
and the solution cooled to 0 °C. To this was added mCPBA (4.80 g, 27.8 mmol, 1.30 eq),
portionwise. The reaction was stirred at room temperature overnight, at which point it was
transferred to a separating funnel. The mixture was washed once with a saturated solution of
aqueous sodium bicarbonate. The organic layer was dried over sodium sulfate, filtered, and
concentrated in vacuo. The residue was purified by column chromatography, eluting with 10%
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MeOH/DCM. 1-Methyl-4-(methylsulfinyl)benzene 274 (2.72 g, 17.6 mmol, 82% yield) was

afforded as a white solid.

Melting Point: 51-52 °C (lit:!¥ 52-54 °C).
IR (neat, cm™): 3462, 3041, 2916, 1597, 1494, 1409, 1085, 1035, 1014.

IH NMR (400 MHz, CDCla): § 7.52 (d, J = 8.0 Hz, 2H, H%), 7.31 (d, J = 8.0 Hz, 2H, H?), 2.68

(s, 3H, HY), 2.40 (s, 3H, H?).

13C NMR (101 MHz, CDCls) § 142.3, 141.4, 130.0, 123.5, 43.9, 21.3.

Imino(methyl)(p-tolyl)-A8-sulfanone 22718

To a 250 mL round-bottom flask was added 274 (2.50 g, 16.2 mmol, 1.00 eq), sodium azide
(3.16 g, 48.6 mmol, 3.00 eq) and chloroform (55.0 mL). This suspension was cooled to 0 °C,
and 98% sulfuric acid (4.52 mL, 84.2 mmol, 5.20 eq) was added, slowly. The reaction mixture
was then heated to 45 °C for 16 h. The suspension was cooled to 0 °C and a 2 M solution of
aqueous sodium hydroxide (200 mL) was added and the mixture transferred to a separating
funnel. Once separated, the aqueous layer was washed a further two times with chloroform.
The basic aqueous layer was then discarded. The organic phases were combined and washed
three times with 2 M aqueous hydrochloric acid and discarded. The acidic aqueous layer was
washed with a further two amounts of chloroform, which were also discarded. The acidic

aqueous solution was basified with solid sodium bicarbonate. The resulting suspension was
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extracted three times with chloroform. The organic layers were combined, dried over sodium
sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography, eluting with 50% EtOAc/petroleum ether. Imino(methyl)(p-tolyl)-A°-

sulfanone 227 (2.15g, 12.7 mmol, 78% yield).

e
o, NH

C N\ //

Melting Point: 66-68 °C (lit:'% 69-70 °C)
IR (neat, cm™): 3415, 3277, 2924, 1595, 1492, 1408, 1317, 1217, 1093, 1024.

IH NMR (400 MHz, CDCl3): § 7.87 (d, J = 8.4 Hz, 2H, H%), 8.32 (d, J = 8.4 Hz, 2H, H?), 3.07

(s, 3H, H%), 2.61 (bs, 1H, H°), 2.42 (s, 3H, H).

13C NMR (101 MHz, CDCls) & 144.0, 140.8, 130.0, 127.9, 46.5, 21.6.

(Ethylimino)(methyl)(p-tolyl)-A%-sulfanone 2298’

To a flame-dried Schlenk tube was added 227 (0.800 g, 4.72 mmol, 1.00 eq) and KOH (0.531
g, 9.45 mmol, 2.00 eq). The mixture was dissolved in DMSO (5.0 mL) and ethyl bromide (0.52
mL, 7.08 mmol, 1.50 eq) was added. The reaction was stirred at room temperature for 4 h. The
reaction mixture was diluted with water (100 mL) and extracted three times into DCM. The
organic layers were combined, dried over sodium sulfate, filtered, and concentrated in vacuo.
The compound was purified by column chromatography, eluting with 30% acetone/petroleum
ether. (Ethylimino)(methyl)(p-tolyl)-A8-sulfanone 229 (0.856 g, 4.34 mmol, 92% yield) as a

colourless oil.
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IR (neat, cm): 2966, 2924, 2864, 1595, 1317, 1290, 1224, 1139, 1116, 1089,

1H NMR (400 MHz, CDCla): § 7.76 (d, = 8.1 Hz, 2H, H%), 7.33 (d, J = 8.1 Hz, 2H, H?), 3.04
(s, 3H, H%), 3.03-2.94 (m, 1H, H¢), 2.88-2.77 (m, 1H, H¢), 2.42 (s, 3H, H?), 1.16 (t, J = 7.4 Hz,

3H, Hf).

13C NMR (101 MHz, CDCls) 6 143.4, 136.4, 129.9, 128.5, 45.1, 38.3, 21.3, 18.1.

8.14.2 Sulfoximine Labelling with an NHC-Py Type Catalyst
All reactions were run as described in General Procedure I. Data are reported as: (a) amount

of substrate, and (b) Incorporation.

Imino(methyl)(p-tolyl)-°-sulfanone 227 (Scheme 4.14)

e
He 0. NH

\ /s

d-227

1H NMR (400 MHz, CDCls): § 7.87 (d, J = 8.4 Hz, 2H, H°), 8.32 (d, J = 8.4 Hz, 2H, HP), 3.07

(s, 3H, HY), 2.61 (bs, 1H, He), 2.42 (s, 3H, H?).

Labelling expected against signal at 6 7.87 ppm, and & 3.07 ppm, measured against signal at 6

2.42 ppm.
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Run1
(@) 35.7 mg, (b) D¢ = 73%, Dq = 0%
Run 2
(@) 35.7 mg, (b) Dc = 75%, Dq = 0%
Run 3
(@) 35.7mg, (b) D¢ = 71%, Dq = 0%

Average Incorporation = D¢ = 73%, D4 = 0%

(Ethylimino)(methyl)(p-tolyl)-A°-sulfanone 221 (Scheme 4.15)

IH NMR (400 MHz, CDCl3): § 7.76 (d, J = 8.1 Hz, 2H, H%), 7.33 (d, J = 8.1 Hz, 2H, H?), 3.04
(s, 3H, H%), 3.03-2.94 (m, 1H, H¢), 2.88-2.77 (m, 1H, HE), 2.42 (s, 3H, H?), 1.16 (t, J = 7.4 Hz,

3H, H.

Labelling expected against signal at 6 7.76 ppm, and & 3.04 ppm, measured against signal at 6

2.42 ppm.
Run 1
(a) 42.4 mg, (b) Dc = 97%, Dq = 15%

Run 2
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(a) 42.2 mg, (b) Dc = 97%, Dg = 8%

Average Incorporation = D¢ = 97%, Dg = 12%

(Ethylimino)(methyl)(p-tolyl)-A%-sulfanone 229 Rate Study (Figure 4.13)

A flame-dried, two-neck 250 mL round-bottom flask fitted with a stopcock was placed under
an inert atmosphere. The flask was charged with 229 (212 mg, 1.08 mmol, 1 eq) and complex
218 (79.9 mg, 0.0538 mmol, 5 mol%). The mixture was dissolved in chlorobenzene (25.0 mL)
and the flask was placed in an heating block preheated to 25 °C. The atmosphere was
exchanged via two vacuum/D- cycles and the timer started. Aliquots of 0.3 mL were withdrawn
at each time point and injected into a vial containing acetonitrile (0.5 mL). Each solution was
then concentrated in vacuo and the residues analysed by H NMR spectroscopy. The
incorporations were calculated as described in General Procedure D. The data are presented

in Table 8.8.

1H NMR (400 MHz, CDCls): § 7.76 (d, J = 8.1 Hz, 2H, H), 7.33 (d, J = 8.1 Hz, 2H, HP), 3.04
(s, 3H, HY), 3.03-2.94 (m, 1H, H), 2.88-2.77 (m, 1H, H®), 2.42 (s, 3H, H?), 1.16 (t, J = 7.4 Hz,

3H, H.

Labelling expected against signal at 6 7.76 ppm, and & 3.04 ppm, measured against signal at 6

2.42 ppm.
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Table 8.8

Entry Time (mins) %Dc: %Dqd

1 5 5 3
2 10 9 7
3 15 8 5
4 20 9 5
5 30 9 4
6 40 23 4
7 60 49 3
8 90 77 4
9 120 88 5
10 180 94 4
11 240 96 5
12 360 96 5
13 480 96 5
14 540 96 6
15 1080 97 6

8.14.3 Sulfoximine Labelling with a Monodentate NHC/Phosphine Type Catalyst

Imino(methyl)(p-tolyl)-A%-sulfanone 227 (Scheme 4.16)

To a 100 mL round-bottom flask, fitted with two stopcocks, was added 227 (35.7 mg, 0.215
mmol, 1.00 eq) and complex 75 (18.7 mg, 0.108 mmol, 5 mol%). The mixture was dissolved

in DCM (2.5 mL). The solution was cooled to -78 °C, and the atmosphere in the flask was
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exchanged with three vacuum/D; cycles, with the system being isolated upon the third influx
of deuterium. The flask was immediately placed in a heating block, pre-set to 25 °C. The
reaction was stirred at 25 °C for 16 h. The reaction mixture was concentrated in vacuo. The
extent of deuteration was assessed by *H NMR. The incorporations were calculated as

described in General Procedure D.

e
He 0 NH

7]

d-227

IH NMR (400 MHz, CDCl3): § 7.87 (d, J = 8.4 Hz, 2H, H%), 8.32 (d, J = 8.4 Hz, 2H, H?), 3.07

(s, 3H, H%), 2.61 (bs, 1H, H°), 2.42 (s, 3H, H).

Labelling expected against signal at 6 7.87 ppm, and & 3.07 ppm, measured against signal at 6

2.42 ppm.

Run 1

(a) Dc = 96%, Dg = 22%
Run 2

(@) Dc = 96%, Dq = 20%
Run 3

(@) D¢ = 85%, Dg = 29%

Average Incorporation = D¢ = 93%, D¢ = 24%
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(Ethylimino)(methyl)(p-tolyl)-A°-sulfanone 229

To a 100 mL round-bottom flask, fitted with two stopcocks, was added 229 (42.4 mg, 0.215
mmol, 1.00 eq) and complex 75 (18.7 mg, 0.108 mmol, 5 mol%). The mixture was dissolved
in DCM (2.5 mL). The solution was cooled to -78 °C, and the atmosphere in the flask was
exchanged with three vacuum/D; cycles, with the system being isolated upon the third influx
of deuterium. The flask was immediately placed in a heating block, pre-set to 25 °C. The
reaction was stirred at 25 °C for 16 h. The reaction mixture was concentrated in vacuo. The
extent of deuteration was assessed by H NMR. The incorporations were calculated as

described in General Procedure D.

IH NMR (400 MHz, CDCls): § 7.76 (d, J = 8.1 Hz, 2H, H), 7.33 (d, J = 8.1 Hz, 2H, HP), 3.04
(s, 3H, HY), 3.03-2.94 (m, 1H, H¢), 2.88-2.77 (m, 1H, H®), 2.42 (s, 3H, H?), 1.16 (t, J = 7.4 Hz,

3H, H.

Labelling expected against signal at 6 7.76 ppm, and & 3.04 ppm, measured against signal at 6

2.42 ppm.
Run 1
(@) D¢ = 92%, Dg = 53%
Run 2
() D¢ = 96%, Dy = 48%

Run 3
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(a) D¢ = 95%, Dy = 53%

Average Incorporation = D¢ = 94%, Dg = 51%

8.15 Investigating Ether Directed Labelling

8.15.1 Substrate Synthesis

0 AICl3, Toluene @) NaBH,, MeOH OH

CI)J\/\/CI ) > Cl > of
0-4°C, 1.5 h r, 4 h
275 276 277
KOBu, THF
(6] -
rt, 4 h
234
Scheme 8.6

4-Chloro-1-(p-tolyl)butan-1-one 2768

To a flame-dried, 3-necked, 250 mL round-bottom flask, equipped with an internal
thermometer, was added anhydrous aluminium chloride (10.0 g, 74.0 mmol, 1.00 eq) and dry
toluene (75.0 mL). The flask was cooled to 0 °C using an ice bath. In a separate flame-dried,
2-necked 50 mL round-bottom flask was added 4-chlorobutyryl chloride 275 (8.40 mL, 74.0
mmol, 1.00 eq) and dry toluene (20.0 mL). This solution was added, dropwise, into the
suspension of aluminium chloride, being careful not to let the temperature raise above 4 °C.
Once the addition was complete, the reaction was stirred at 1-2 °C for a further 1.5 h. At this

point, the reaction mixture was poured into 250 mL of ice/water, and subsequently diluted with
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100 mL of a 2 M aqueous hydrochloric acid solution, to dissolve the resulting aluminium salts.
The mixture was transferred to a separating funnel, and the acidic aqueous layer washed three
times with toluene. The organic layers were combined, and washed with three amounts of a
saturated solution of aqueous sodium bicarbonate. The organic layer was collected, dried over
sodium sulfate, filtered, and concentrated in vacuo. 4-Chloro-1-(p-tolyl)butan-1-one 276 (14.5
g, 73.7 mmol, 99.6% vyield) isolated as a colourless oil. The residue was taken on without any

further purification.

276

IR (neat, cm): 2953, 2868, 258, 1512, 1442, 1305, 1178, 1060.

1H NMR (400 MHz, CDCls): § 7.66 (d, J = 8.2 Hz, 2H, H°), 7.25 (d, J = 8.2 Hz, 2H, H®), 3.66
(t, J = 6.3 Hz, 2H, HY), 3.13 (t, J = 7.0 Hz, 2H, H"), 2.40 (s, 3H, H%), 2.21 (p, J = 6.6 Hz, 2 H,

He).

13C NMR (101 MHz, CDCl3) § 198.5, 144.0, 134.3, 129.3, 128.2, 44.7, 35.2, 26.9, 21.6.

4-Chloro-1-(p-tolyl)butan-1-ol 277%8°

To a 500 mL round-bottom flask was added 276 (8.00 g, 40.0 mmol, 1.00 eq) and methanol
(230 mL). This was cooled to 0 °C and sodium borohydride (2.31 g, 60.0 mmol, 1.50 eq) was
added, portionwise. The reaction was stirred at room temperature for 4 h. The mixture was
quenched with a solution of 2 M aqueous hydrochloric acid (50 mL), and the majority of the
methanol removed in vacuo. The mixture was further diluted with water (250 mL) and
extracted three times with ethyl acetate. The organic layers were combined, dried over sodium
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sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography, eluting with 50% DCM in petroleum ether. 4-Chloro-1-(p-tolyl)butan-1-ol

277 (4.29 g, 21.6 mmol, 54% yield) isolated as a colourless liquid.

Cl

277

IR (neat, cm): 2960, 2922, 2341, 1680, 1606, 1446, 1408, 1363, 1319, 1228, 1180.

1H NMR (400 MHz, CDCls): § 7.22 (d, J = 7.8 Hz, 2H, H°), 7.15 (d, J = 7.8 Hz, 2H, H"), 4.66

(t, J = 6.6 Hz, 1H, HY), 3.58-3.49 (m, 2H, H9), 2.33 (s, 3H, H?) 1.95-1.67 (m, 4H, H¢ + H".
13C NMR (101 MHz, CDCls3) § 141.4, 137.5, 129.3, 125.8, 73.8, 45.0, 36.1, 29.0, 21.4.

HRMS: m/z calculated for [M-H]* C11H14CIO: 197.0733; found 197.0732.

2-(p-Tolyl)tetrahydrofuran 2341%

To a flame-dried, 3-necked, 250 mL round-bottom flask was added 274 (2.00 g, 10.0 mmol,
1.00 eq) and potassium tert-butoxide (2.46 g, 20.0 mmol, 2.00 eq). To the mixture was added
dry THF (100 mL) and the reaction stirred at room temperature for 4 h. The reaction mixture
was concentrated in vacuo, and equal amounts of diethyl ether and water added. The mixture
was separated, and the aqueous layer washed twice with further amounts of diethyl ether. The
organic layers were combined, dried over sodium sulfate, filtered, and concentrated in vacuo.
The residue was purified by column chromatography, eluting with 0-10% diethyl
ether/petroleum ether. 2-(p-Tolyl)tetrahydrofuran 234 (1.63 g, 10.0 mmol, quantitative yield)

was isolated as a colourless liquid.
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IR (neat, cm™): In Progress.

1H NMR (400 MHz, CDCls): § 7.21 (d, J = 8.0 Hz, 2H, H°), 7.12 (d, J = 8.0 Hz, 2H, HY), 4.84
(t, J = 7.2 Hz, 1H, HY), 4.07 (ddd, 2Jun = 8.1 Hz, J = 7.8 Hz, J = 6.3 Hz, 1H, H9), 3.90 (ddd,
2Jun = 8.1 Hz, J=7.8 Hz, J = 6.3 Hz, 1H, H9), 2.32 (s, 3H, H%), 2.31-2.23 (m, 1H, H"), 2.05-

1.92 (m, 2H, H°), 1.82-1.73 (m, 1H, H.

13C NMR (101 MHz, CDCls) 6.140.6, 136.9, 129.2, 125.8, 80.8, 68.8, 34.8, 26.2, 21.3.

1-Methoxy-4-(methoxymethyl)benzene 235a'%

To a flame-dried, 3-necked, 250 mL round-bottom flask was added p-methoxybenzyl alcohol
(2.40 mL, 10.0 mmol, 1.00 eq) and dry THF (30.0 mL). The solution was cooled to 0 °C and
60% sodium hydride (0.523 g, 13.0 mmol 1.30 eq) was added. The reaction was stirred at 0 °C
for 0.5 h. Methyl iodide (0.93 mL, 15.0 mmol, 1.50 eq) was added, and the reaction stirred at
room temperature for 2 h. The reaction was concentrated in vacuo, and equal amounts of diethyl
ether and water were added. The layers were separated, and the aqueous layer washed twice
with further amounts of diethyl ether. The organic layers were combined, dried over sodium
sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography, eluting with 5% diethyl ether/petroleum ether. 1-Methoxy-4-

(methoxymethyl)benzene 235a (1.20 g, 7.88 mmol, 79% vyield) isolated as a colourless liquid.
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IR (neat, cm): 2981, 2931, 2835, 1610, 1510, 1463, 1381, 1300, 1244, 1172, 1089.

IH NMR (400 MHz, CDCla): § 7.24 (d, J = 8.7 Hz, 2H, H%), 6.87 (d, J = 8.7 Hz, 2H, H?), 4.37

(s, 2H, H%, 3.79 (s, 3H, H?), 3.34 (s, 3H, H°).

13C NMR (101 MHz, CDCls) § 159.2, 130.2, 129.2, 113.6, 74.2, 57.6, 55.0.

1-(1-Methoxyethyl)-4-methylbenzene 235b1%

To a flame-dried, 3-necked, 250 mL round-bottom flask was added 1-(p-tolyl)ethan-1-ol (1.50
mL, 11.2 mmol, 1.00 eq) and dry THF (20.0 mL). The solution was cooled to 0 °C and 60%
sodium hydride (0.490 g, 12.3 mmol 1.10 eq) was added. The reaction was stirred at 0 °C for
1 h. Methyl iodide (0.84 mL, 13.5 mmol, 1.20 eq) was added, and the reaction stirred at room
temperature for 4 h. The reaction was concentrated in vacuo, and equal amounts of diethyl
ether and water were added. The layers were separated, and the aqueous layer washed twice
with further amounts of diethyl ether. The organic layers were combined, dried over sodium
sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography, eluting with 5% diethyl ether/petroleum ether. 1-(1-Methoxyethyl)-4-

methylbenzene 235b (1.21 g, 8.05 mmol, 72% yield) isolated as a colourless liquid.

311



235b

IR (neat, cm): 2976, 2926, 2818, 1514, 1448, 1369, 1219, 1209, 1107, 1083,

1H NMR (400 MHz, CDCl3): § 7.18 (d, J = 8.0 Hz, 2H, H%), 7.14 (d, J = 8.0 Hz, 2H, H?), 4.24

(0, J = 6.4 Hz, 1H, HY), 3.19 (s, 3H, H"), 2.33 (s, 3H, H?), 1.41 (d, J = 6.4 Hz, 3H, H¢).
13C NMR (101 MHz, CDCl3) § 140.6, 137.0, 129.1, 126.2, 79.5, 56.2, 23.9, 21.1.

HRMS (Positive ESI): m/z calculated for [M]* CoH110: 135.0810; found: 135.0808.

(2-Methoxypropan-2-yl)benzene 235¢!%

To a flame-dried, 3-necked, 100 mL round-bottom flask was added 2-phenylpropan-2-ol (1.00
g, 7.34 mmol, 1.00 eq) and dry THF (15.0 mL). The solution was cooled to 0 °C and 60%
sodium hydride (0.352 g, 8.81 mmol 1.20 eq) was added. The reaction was stirred at 0 °C for
1 h. Methyl iodide (0.59 mL, 9.54 mmol, 1.30 eq) was added, and the reaction stirred at room
temperature for 16 h. The reaction was concentrated in vacuo, and equal amounts of diethyl
ether and water were added. The layers were separated, and the aqueous layer washed twice
with further amounts of diethyl ether. The organic layers were combined, dried over sodium
sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography, eluting with 10% diethyl ether/petroleum ether. (2-Methoxypropan-2-

yl)benzene 235c (0.989 g, 6.58 mmol, 90% yield) isolated as a colourless liquid.
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235¢c

IR (neat, cm): 3061, 2978, 2933, 2823, 1492, 1446, 1377, 1361, 1259, 1170, 1070.

IH NMR (400 MHz, CDCls): § 7.41-7.37 (m, 2H, H°), 7.35-7.30 (m, 2H, HP), 7.26-7.20 (m,

1H, H?), 3.06 (s, 3H, H¢), 1.52 (s, 6H, HY).
13C NMR (101 MHz, CDCl3) § 146.0, 128.3, 126.9, 125.8, 76.8, 50.6, 28.0.

HRMS: No fragment ions yet observed.

1-Methoxy-1,2,3,4-tetrahydronaphthalene 235d*%

To a flame-dried, 3-necked, 100 mL round-bottom flask was added tetrahydronaphthol (075
mL, 5.51 mmol, 1.00 eq) and dry THF (20.0 mL). The solution was cooled to 0 °C and 60%
sodium hydride (0.242 g, 6.07 mmol, 1.10 eq) was added. The reaction was stirred at 0 °C for
0.5 h. Methyl iodide (0.45 mL, 7.17 mmol, 1.30 eq) was added, and the reaction stirred at room
temperature for 5 h. The reaction was concentrated in vacuo, and equal amounts of diethyl
ether and water were added. The layers were separated, and the aqueous layer washed twice
with further amounts of diethyl ether. The organic layers were combined, dried over sodium
sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography, eluting with 10% diethyl ether/petroleum ether. 1-Methoxy-1,2,3,4-

tetrahydronaphthalene 235d (0.821 g, 5.07 mmol, 92% yield) isolated as a colourless liquid.
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IR (neat, cm™): 2935, 2816, 1681, 1600, 1454, 1284, 1257, 1083.

1H NMR (400 MHz, CDCls): § 7.36-7.31 (m, 1H, H%), 7.19-7.14 (m, 2H, H® + H°), 7.10-7.05
(m, 1H, HY), 4.30 (t, J = 4.8 Hz, 1H, H"), 3.42 (s, 3H, H'), 2.87-2.77 (m, 1H, H9), 2.75-2.65 (m,

1H, H9), 2.07-1.83 (m, 3H, H° + H"), 1.78-1.67 (m, 1H, H").

13C NMR (101 MHz, CDCls) 8 129.5,129.1, 127.7, 127.4, 126.8, 125.8, 77.0, 56.3, 29.3, 27.6,

18.8.

5-Methoxy-6,7,8,9-tetrahydro-5H-benzo[7]annulene 235e

To 100 mL round-bottom flask was added benzosuberone (2.00 mL, 13.3 mmol, 1.00 eq) and
ethanol (13.0 mL). The mixture was cooled to 0 °C, and sodium borohydride (0.531 g, 14.0
mmol, 1.05 eq) was added in one portion. The reaction was stirred at room temperature for 4
h. The reaction was quenched with a 2 M solution of aqueous hydrochloric acid (100 mL). The
mixture was transferred to a separatory funnel and washed three times with diethyl ether. The
organic layers were combined, dried over sodium sulfate, filtered, and concentrated in vacuo.
The residue was transferred to a 3-necked 250 mL round-bottom flask and put under inert
atmosphere with 5 vacuum/argon cycles. To this was added dry THF (30 mL), and the resulting
solution cooled to 0 °C. To the chilled solution was added 60% sodium hydride (0.692 g, 17.3
mmol, 1.30 eq) and the reaction stirred at 0 °C for 2 h. Methyl iodide (1.24 mL, 20.0 mmol,1.50

eq) was added and the reaction stirred at room temperature for 16 h. The reaction was diluted
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with water (200 mL) and extracted three times into diethyl ether. The organic layers were
combined, dried over sodium sulfate, filtered, and concentrated in vacuo. The residue was
purified by column chromatography, eluting with 5% diethyl ether/petroleum ether. 5-
Methoxy-6,7,8,9-tetrahydro-5H-benzo[7]annulene 235e (1.33 g, 7.55 mmol, 57% yield) was

isolated as a colourless liquid.

alh
b
g
Cdef
235e

IR (neat, cm): 2920, 2850, 2818, 1444, 1112, 1085.

IH NMR (400 MHz, CDCls): § 7.31-7.28 (m, 1H, H?),7.22-7.15 (m, 2H, H® + H°), 7.14-7.10
(m, 1H, HY), 4.36-4.31 (m, 1H, H"), 3.34 (s, 3H, HJ), 3.08-2.96 (m, 1H, H"), 2.74-2.63 (m, 1H,
H"), 2.14-2.02 (m, 1H, alkyl CH), 1.97-1.85 (m, 2H, alkyl CH), 1.81-1.71 (m, 1H, alkyl CH),

1.70-1.60 (m, 2H, alkyl CHy).

13C NMR (101 MHz, CDCl3) 5 142.1, 141.7,129.7, 127.3, 127.0, 125.9, 84.0, 56.9, 35.6, 33.8,

28.2,27.2.

HRM: m/z calculated for [M-OMe]" C11H13": 145.1012; found: 145.1002.

1-(Benzyloxy)-4-methoxybenzene 235f1%

To a 100 mL round-bottom flask was added 4-methoxyphenol (1.00 g, 9.24 mmol, 1.00 eq),
potassium carbonate (7.92 g, 13.9 mmol, 1.50 eq), and acetonitrile (30.0 mL). To this was
added benzyl bromide (1.30 mL, 11.1 mmol, 1.20 eq), and the suspension stirred at reflux for

16 h. The reaction was cooled to room temperature and filtered. The filtrate was concentrated
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in vacuo, and the residue purified by column chromatography, eluting with 30% diethyl
ether/petroleum ether. 1-(Benzyloxy)-4-methoxybenzene 235f (1.97 g, 9.24 mmol quantitative

yield) was isolated as a white solid.

Melting Point: 75-77 °C (lit:*> 75-77 °C)
IR (neat, cm™): 2995, 2833, 1504, 1439, 1290, 1222, 1111, 1034, 1009.

IH NMR (400 MHz, CDCl3): § 7.44-7.39 (m, 2H, H°) 7.38-7.33 (m, 2H, H®), 7.32-7.27 (m,
1H, H?), 6.90 (d, J = 9.0 Hz, 2H, H®), 6.81 (d, J = 9.0 Hz, 2H, H), 5.00 (s, 2H, HY), 3.75 (s, 3H,

HO).

13C NMR (101 MHz, CDCls) 6 154.2, 153.2, 137.5, 128.7, 128.0, 127.7, 116.1, 114.8, 70.9,

55.9.

1-Chloro-4-(2-methoxyethyl)benzene 235g*%

To a flame-dried, 3-necked, 100 mL round-bottom flask was added 2-(4-chlorophenyl)ethan-
1-ol (1.50 mL, 9.57 mmol, 1.00 eq) and dry THF (20.0 mL). The solution was cooled to 0 °C
and 60% sodium hydride (0.420 g, 10.5 mmol, 1.10 eq) was added. The reaction was stirred at
0 °C for 0.5 h. Methyl iodide (070 mL, 11.5 mmol, 1.20 eq) was added, and the reaction stirred
at room temperature for 16 h. The reaction was concentrated in vacuo, and equal amounts of
diethyl ether and water were added. The layers were separated, and the aqueous layer washed

twice with further amounts of diethyl ether. The organic layers were combined, dried over
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sodium sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography, eluting with 20% diethyl ether/petroleum ether. 1-Chloro-4-(2-

methoxyethyl)benzene 235g (1.58 g, 9.26 mmol, 97 % vyield) isolated as a colourless oil.

Ol e
d
Cl

a

2359

IR (neat, cm): 2924, 2868, 1490, 1112, 1089.

IH NMR (400 MHz, CDCls): § 7.24 (d, J = 8.4 Hz, 2H, H®), 7.13 (d, J = 8.5 Hz, 2H, H?), 3.56

(t, 3= 7.0 Hz, 2H, HY), 3.3 (s, 3H, HY), 2.83 (t, J = 7.0 Hz, 2H, HY).

13C NMR (101 MHz, CDCls) 6 137.7, 131.9, 130.2, 128.4, 73.3, 58.6, 35.6.

(Benzyloxy)tri-iso-propylsilane 235i%%

To a flame-dried 250 mL round-bottom flask was added benzyl alcohol (3.00 mL, 26.7 mmol,
1.00 eq), triethylamine (3.60 mL, 40.0 mmol, 1.50 eq), and THF (30.0 mL). The solution was
cooled to 0 °C and TIPSCI (7.5 mL, 34.7 mmol, 1.30 eq). The reaction was stirred at room
temperature for 16 h. The solution was concentrated in vacuo, and equal amounts of diethyl
ether and water were added. The layers were separated, and the aqueous layer washed twice
with further amounts of diethyl ether. The organic layers were combined, dried over sodium
sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography, eluting with 2% diethyl ether/petroleum ether. (Benzyloxy)tri-iso-

propylsilane 235i (6.85 g, 25.9 mmol, 97% vyield) was isolated as a colourless liquid.
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IR (neat, cm™): 2943, 2866, 2358, 1462, 1384, 1012, 993.

IH NMR (400 MHz, CDCls): § 7.38-7.35 (m, 2H, H°), 7.35-7.32 (m, 2H, HP), 7.31-7.25 (m,

1H, H?), 4.69 (s, 2H, HY), 1.26 (m, 3H, H®), 1.11-1.06 (m, 18H, H).

13C NMR (101 MHz, CDCls) 8 141.1, 128.7, 127.1, 125.9, 65.3, 17.9, 12.6.

8.15.2 Ether Directed Labelling — Optimisation (Table 5.1)

To a three-necked 100 mL round-bottom flask, fitted with two stopcocks, was added 2-(p-
tolyl)tetrahydrofuran 234 (34.9 mg, 0.215 mmol, 1.00 eq) and complex 175. The mixture was
dissolved in chlorobenzene or MTBE (2.5 mL) and the flask placed in a heating block, pre-set
to 25 °C. The atmosphere in the flask was exchanged via three vacuum/D; cycles, with the
system then being isolated upon the third influx of deuterium. The reaction mixture was then
stirred at 25 °C for the time specified. The reaction mixture was then loaded directly onto a
silica column, the chlorobenzene eluted with petroleum ether, and the deuterated product eluted
with Et.O and concentrated in vacuo. The level of deuteration was then calculated as described

in General Procedure D. Data are reported as: (a) amount of catalyst, and (b) incorporation.
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2-(p-TolyDtetrahydrofuran 234

d-234

1H NMR (400 MHz, CDCls): § 7.21 (d, J = 8.0 Hz, 2H, H°), 7.12 (d, J = 8.0 Hz, 2H, H®), 4.84
(t, J = 7.2 Hz, 1H, HY), 4.07 (ddd, 2Jun = 8.1 Hz, J = 7.8 Hz, J = 6.3 Hz, 1H, H9), 3.90 (ddd,
2y = 8.1 Hz, J=7.8 Hz, J = 6.3 Hz, 1H, H9), 2.32 (s, 3H, H%), 2.31-2.23 (m, 1H, H"), 2.05-

1.92 (m, 2H, H°), 1.82-1.73 (m, 1H, H.

Labelling expected against signal at 6 7.21 ppm, measured against signal at 2.32 ppm.
5 mol% 175, 16 h, Chlorobenzene, Entry 1

Run 1

(a) 18.0 mg, (b) 95%

Run 2

(@) 18.0 mg, (b) 97%

Run 3

(@) 18.0 mg, (b) 97%

Average Incorporation = 96%

5mol% 175, 1 h, Chlorobenzene, Entry 2

Run1
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() 18.0 mg, (b) 93%

Run 2

(a) 18.0 mg, (b) 95%

Run 3

(a) 18.0 mg, (b) 95%

Average Incorporation = 94%

2.5 mol% 175, 1 h, Chlorobenzene, Entry 3

Run1

(@) 9.0 mg, (b) 88%

Run 2

(@) 9.0 mg, (b) 91%

Average Incorporation = 90%

5mol% 175, 1 h, MTBE, Entry 4

Run1

(a) 18.0 mg, (b) 31%

Run 2

(a) 18.0 mg, (b) 28%

Average Incorporation = 30%
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8.15.3 Ether Labelling — Substrate Scope (Scheme 5.2)
All reactions were run as described in General Procedure K (unless stated otherwise). Data are

reported as: (a) amount of substrate, and (b) Incorporation.

1-Methoxy-4-(methoxymethyl)benzene 235a

d-235a

IH NMR (400 MHz, CDCls): § 7.24 (d, J = 8.7 Hz, 2H, H%), 6.87 (d, J = 8.7 Hz, 2H, H"), 4.37

(s, 2H, HY), 3.79 (s, 3H, H?), 3.34 (s, 3H, H°).

Labelling expected against signal at 6 7.24 ppm, measured against signal at 6 3.79 ppm.
Run1

(@) 32.7 mg, (b) 97%

Run 2

(@) 32.7 mg, (b) 96%

Run 3

(@) 32.7 mg, (b) 92%

Average Incorporation = 95%
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1-(1-Methoxyethyl)-4-methylbenzene 235b

d-235b

1H NMR (400 MHz, CDCla): § 7.18 (d, J = 8.0 Hz, 2H, H%), 7.14 (d, J = 8.0 Hz, 2H, H?), 4.24

(0, J = 6.4 Hz, 1H, HY), 3.19 (s, 3H, H"), 2.33 (s, 3H, H?), 1.41 (d, J = 6.4 Hz, 3H, H¢).

Labelling expected against signal at 6 7.18 ppm, measured against signal at 6 2.33 ppm.

Run1

(@) 29.3 mg, (b) 92%

Run 2

(@) 29.3 mg, (b) 91%

Run 3

(@) 29.3 mg, (b) 92%

Average Incorporation = 92%

(2-Methoxypropan-2-yl)benzene 235c
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IH NMR (400 MHz, CDCls): § 7.41-7.37 (m, 2H, H°), 7.35-7.30 (m, 2H, HP), 7.26-7.20 (m,

1H, H3), 3.06 (s, 3H, H¢), 1.52 (s, 6H, HY).

Labelling expected against signal at 6 7.41-7.37 ppm, measured against signal at & 3.06 ppm.
Run 1

(a) 81.8 mg, (b) 0%

Run 2

(a) 81.8 mg, (b) 0%

Run 3

(a) 81.8 mg, (b) 0%

Average Incorporation = 0%

1-Methoxy-1,2,3,4-tetrahydronaphthalene 235d

d-235d

IH NMR (400 MHz, CDCls): § 7.36-7.31 (m, 1H, H®), 7.19-7.14 (m, 2H, H° + H°), 7.10-7.05
(m, 1H, HY), 4.30 (t, J = 4.8 Hz, 1H, H"), 3.42 (s, 3H, H'), 2.87-2.77 (m, 1H, H9), 2.75-2.65 (m,

1H, HY), 2.07-1.83 (m, 3H, H¢ + Hf), 1.78-1.67 (m, 1H, H".
Labelling expected against signal at 6 7.36-7.31 ppm, measured against signal at & 3.42 ppm.

Run1
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(@) 34.9 mg, (b) 66%
Run 2
(a) 34.9 mg, (b) 61%
Run 3
(@) 34.9mg, (b) 71%

Average Incorporation = 66%

5-Methoxy-6,7,8,9-tetrahydro-5H-benzo[ 7]annulene 235e

d-235e

H NMR (400 MHz, CDCls): § 7.31-7.28 (m, 1H, H?),7.22-7.15 (m, 2H, H® + H°), 7.14-7.10
(m, 1H, HY), 4.36-4.31 (m, 1H, H"), 3.34 (s, 3H, H), 3.08-2.96 (m, 1H, H"), 2.74-2.63 (m, 1H,
H"), 2.14-2.02 (m, 1H, alkyl CH), 1.97-1.85 (m, 2H, alkyl CH), 1.81-1.71 (m, 1H, alkyl CH),

1.70-1.60 (m, 2H, alkyl CH>).

Labelling expected against signal at 6 7.31-7.28 ppm, measured against signal at & 3.34 ppm.
Run 1

(@) 37.9 mg, (b) 79%

Run 2

(@) 37.9 mg, (b) 76%

324



Run 3
(@) 37.9 mg, (b) 83%

Average Incorporation = 79%

1-(benzyloxy)-4-methoxybenzene 235f

d-235f

IH NMR (400 MHz, CDCl3): § 7.44-7.39 (m, 2H, H®) 7.38-7.33 (m, 2H, H®), 7.32-7.27 (m,
1H, H?), 6.90 (d, J = 9.0 Hz, 2H, H®), 6.81 (d, J = 9.0 Hz, 2H, H), 5.00 (s, 2H, HY), 3.75 (s, 3H,

H9).

Labelling expected against signal at 6 7.44-7.39 ppm, measured against signal at & 3.75 ppm.
Run 1

(a) 46.1 mg, (b) 72%

Run 2

(@) 46.1 mg, (b) 71%

Run 3

(@) 46.1 mg, (b) 73%

Average Incorporation = 72%
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1-Chloro-4-(2-methoxyethyl)benzene 235g

d-235g

1H NMR (400 MHz, CDCl3): § 7.24 (d, J = 8.4 Hz, 2H, HP), 7.13 (d, J = 8.5 Hz, 2H, H?), 3.56

(t,J = 7.0 Hz, 2H, HY), 3.33 (s, 3H, H®), 2.83 (t, J = 7.0 Hz, 2H, HO).

Labelling expected against signal at 6 7.24 ppm, measured against signal at 6 3.33 ppm.
Run 1

(@) 36.7 mg, (b) 44%

Run 2

(@) 36.7 mg, (b) 48%

Run 3

(a) 36.7 mg, (b) 46%

Average Incorporation = 46%

Benzyl alcohol 235h
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IH NMR (400 MHz, ds-Acetone): § 7.39-7.33 (m, 2H, H°), 7.32-7.28 (m, 2H, HP), 7.25-7.20

(m, 1H, H%), 4.63 (d, J = 5.9 Hz, 2H, HY), 4.13 (t, J = 5.9 Hz, 1H, He). 1%

Labelling expected against signal at 6 7.39-7.33 ppm and at & 4.63 ppm, measured against

signal at 6 7.25-7.20 ppm.

Run 1

(@) 23.3 mg, (b) D¢ = >95%, Dq = 24%
Run 2

(@) 23.3 mg, (b) D¢ = >95%, Dq = 20%
Run 3

(@) 23.3 mg, (b) D¢ = >95%, Dq = 21%

Average Incorporation = D¢ = >95%, Dy = 22%

(Benzyloxy)triisopropylsilane 235i

During the labelling of 235i, the silyl protecting group was removed, affording only benzyl

alcohol:

d-235h (from 235i)

IH NMR (400 MHz, ds-Acetone): & 7.39-7.33 (m, 2H, H°), 7.32-7.28 (m, 2H, HP), 7.25-1.20

(m, 1H, H%), 4.63 (d, J = 5.9 Hz, 2H, HY), 4.13 (t, J = 5.9 Hz, 1H, H°).
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Labelling expected against signal at 6 7.39-7.33 ppm and at & 4.63 ppm, measured against

signal at 6 7.25-7.20 ppm.

Run 1

(a) 56.9 mg, (b) D¢ = 66%, Dq = 0%
Run 2

(@) 56.9 mg, (b) D¢ = 64%, Dq = 0%
Run 3

(@) 56.9 mg, (b) Dc = 68%, Dgq = 0%

Average Incorporation = D¢ = 66%, Dg = 0%

1-(p-Tolyl)ethan-1-ol 235j'%°

d-235j

1H NMR (400 MHz, CDCl3): § 7.25 (d, J = 8.0 Hz, 2H, H%), 7.14 (d, J = 8.0 Hz, 2H, H?), 4.85

(9, J = 6.5 Hz, 1H, HY), 2.33 (s, 3H, H3), 1.67 (bs, 1H, H"), 1.47 (d, J = 6.5 Hz, 3H, H®).
Labelling expected against signal at 6 7.25 ppm, measured against signal at 6 2.33 ppm.
Run 1

(@) 29.3 mg, (b) D¢ = >95%, Dg = 17%

Run 2

328



(a) 29.3 mg, (b) De = >95%, Dy = 15%

Average Incorporation = D¢ = >95%, Dg = 16%

8.16 Synthesis of Natural Product-like Substrates

8.16.1 Towards (+)-Eudesmine (Scheme 5.7)

Ferulic Acid 24520

To a 250 mL round-bottom flask was added vanillin 246 (20.0 g, 131 mmol, 1.00 eq), malonic
acid (17.1 g, 164 mmol, 1.25 eq), and pyridine (50.0 mL). The suspension was stirred and
piperidine (1.28 mL, 13.1 mmol, 0.10 eq) was added. The mixture was then stirred at 80 °C for
24 h. The reaction was cooled to room temperature and poured into 600 mL of a 6 M solution
of aqueous hydrochloric acid, with ice, and left to stand overnight. The resulting precipitate
was filtered, washed with copious amounts of water and small amounts of DCM. Ferulic acid

245 (16.3 g, 83.9 mmol, 64% yield) was isolated as an off-white solid.

Melting Point: 171-173 °C (lit:® 171-173 °C)
IR (neat, cm™): 3429, 2935, 1662, 1418, 1597, 1512, 1431, 1323, 1267, 1201.

IH NMR (400 MHz, ds-DMSO): § 6.79 (d, J = 16.0 Hz, 1H, H®), 6.37 (d, “Jun = 1.8 Hz, 1H,
HY, 6.26 (dd, J = 8.0 Hz, “Jun = 1.8 Hz, 1H, H%), 6.00 (d, J = 8.0 Hz, 1H, HY), 5.50 (d, J = 16.0

Hz, 1H, H), 3.0 (s, 3H, H°).
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13C NMR (101 MHz, ds-DMSO) & 168.1, 149.2, 148.0, 144.6, 125.9, 122.9, 115.8, 115.7,

111.3,55.8.

Methyl Ferulate 2442%

To a 250 mL round-bottom flask was added ferulic acid 245 (8.00 g, 41.2 mmol, 1.00 eq) and
methanol (80.0 mL). The suspension was cooled to 0 °C and acetyl chloride (4.41 mL, 61.8
mmol, 1.50 eq) was added. The reaction was then stirred at room temperature for 16 h. The
reaction was quenched by portionwise addition of sodium bicarbonate (6.92 g, 82.4 mmol, 2.00
eq) and the resulting suspension filtered. The filtrate was concentrated in vacuo and the residue
purified by column chromatography, eluting with 30% ethyl acetate/petroleum ether. Methyl

ferulate 244 (8.58 g, 41.2 mmol, quantitative yield) was isolated as a colourless oil.

IR (neat, cm™): 3462, 3221, 2922, 2362, 1595, 1514, 1274, 1259, 1220, 1093, 1012.

IH NMR (400 MHz, CDCls): § 7.60 (d, J = 16.0 Hz, 1H, H'), 7.05 (dd, J = 8.0 Hz, *Jun = 2.0
Hz, 1H, H%), 7.01 (d, “Jun = 2.0 Hz, 1H, H%), 6.90 (d, J = 8.0 Hz, 1H, H?), 6.27 (d, J = 16.0 Hz,

He), 3.91 (s, 3H, H°), 3.78 (s, 3H, H9).

13C NMR (101 MHz, CDCls) § 168.2, 148.3, 147.2, 145.4,127.3, 123.4, 115.5, 115.2, 109.8,

56.3, 52.0.
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Coniferyl Alcohol 243202

To a 1L, 3-necked, round-bottom flask, equipped with an internal thermometer, was added
methyl ferulate 244 (13.0 g, 62.4 mmol, 1.00 eq) and dry toluene (300 mL). The solution was
cooledto 0 °C and DIBAL (25% wt. in hexane, 152 mL, 187 mmol, 3.00 eq) was added, slowly.
Once complete, the reaction was stirred at room temperature for 1 h. The reaction mixture was
then cooled to 0 °C and quenched with ethanol (30.0 mL). The majority of the solvent was
removed in vacuo. To the resulting gum was added water (500 mL) and ethyl acetate (200 mL)
and the mixture transferred to a separating funnel. The layers were separated, and the aqueous
layer washed a further three times with ethyl acetate. The organic layers were combined, dried
over sodium sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography, eluting with 50% ethyl acetate/petroleum either. Coniferyl alcohol 243

(9.78g, 54.3 mmol, 87% yield) was isolated as a pale-yellow solid.

a f h
b N
g
C HO e
o}
e
d 243

Melting Point: 73-75 °C (lit:2%2 74-75 °C).
IR (neat, cm™): 3460, 3236, 2850, 1593, 1514, 1255, 1220, 1083.

IH NMR (400 MHz, CDCls): § 6.93-6.82 (m, 3H, H2 + HP + H¢), 6.52 (d, J = 16.0 Hz, 1H,
Hf, 6.20 (dt, J = 16.0 Hz, J = 5.8 Hz, 1H, HY), 5.62 (bs, 1H, H°), 4.28 (d, J = 5.8 Hz, 2H, H"),

3.89 (s, 3H, HY), 3.47 (bs, 1H, H).

13C NMR (101 MHz, CDCIls) & 146.9, 145.8, 131.5, 129.5, 126.3, 120.5, 114.7, 108.6, 64.0,

56.1.
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(+)-Pinoresinol & Dehydrodiconiferyl Alcohol 247293204 (Taple 5.2)

To a5 L round-bottom flask was added water. To this was added a 0.2 M solution of coniferyl
alcohol 243 (1.00 eq) in acetone, with vigorous stirring. To this mixture was added a 1 M
solution of iron chloride hexahydrate (1.10 eq) in water and the reaction stirred vigorously at
room temperature for 1 h. The reaction mixture was transferred directly to a separating funnel
and washed with ethyl acetate (6 x 500 mL). The organic layers were combined, dried over
sodium sulfate, filtered, and concentrated in vacuo. The residue was purified by column
chromatography, eluting with 0-50% acetone/petroleum ether. (x)-Pinoresinol was isolated as
a pale yellow gum. Dehydrodiconiferyl alcohol 247, when isolated, was afforded as an off-
white solid. Data are presented as: (a) amount of water, (b) amount of acetone, (c) amount of
coniferyl alcohol 243, (d), amount of water for FeClz*H>O solution (e) amount of FeClz*H-0O,

(F) yield of (x)-pinoresinol, and (g) dehydrodiconiferyl alcohol 247.
Run 1 (Table 5.2, Entry 1)

(@) 500 mL, (b) 50 mL, (c) 1.80 g, 9.98 mmol, (d) 11 mL, (e) 2.98 g, 11.0 mmol, (f) 0.411 g,

1.15 mmol, 23% vyield. (g) Not isolated.
Run 2 (Table 5.2, Entry 2)

(@) 0.50 L mL, (b) 125 mL, (c) 4.49 g, 24.9 mmol, (d) 25 mL, (e) 7.40 g, 27.4 mmol, (f) 0.759

g, 2.12 mmol, 17% yield. (g) 0.803 g, 2.24 mmol, 18% yield.
Run 1 (Table 5.2, Entry 3)

(@ 3.0L, (b) 300 mL, (c) 11.5 g, 61.9 mmol, (d) 70 mL, (e) 184 g, 68.0 mmol, (f) 2.33 g, 6.50

mmol, 21% yield. (g) Not isolated.
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(*)-Pinoresinol

IR (neat, cm™*): 3385, 2935, 2866, 1602, 1512, 1429, 1363, 1267, 1029.

IH NMR (400 MHz, CDCls): § 6.91-6.84 (m, 4H, H® + H), 6.80 (dd, J = 8.0 Hz, “Ju = 2.0
Hz, 2H, H¢), 5.56 (s, 2H, H"), 4.72 (d, J = 4.1 Hz, 2H, HY), 4.27-4.19 (m, 2H, H%), 3.89 (s, 6H,

HY), 3.88-3.84 (m, 2H, H?), 3.12-3.04 (m, 2H, H°).

13C NMR (101 MHz, De-DMSO) 5 147.6, 146.0, 132.4, 118.7, 115.2, 110.5, 85.3, 71.0, 55.7,

53.7.

Melting Point: 138-140 °C (lit:?® 140-141 °C)
IR (neat, cm™): 2933, 2835, 1589, 1514, 142, 1365, 1309, 1251, 1236, 1159, 1136, 1078.

IH NMR (400 MHz, CDCls): § 6.92-6.84 (m, 5H, HY + He + Hi + H' + H¥), 5.55 (d, J = 16.0
Hz, 1H, H%), 6.23 (dt, J = 16.0 Hz, J = 6.0 Hz, 1H, H?), 5.60-5.54 (m, 3H, H2 + H"), 4.32-4.26
(m, 2H, HY), 4.00-3.93 (m, 1H, H9), 3.89 (s, 3H, H™), 3.85 (s, 3H, H'), 3.61 (q, J = 6.0 Hz, 1H,

H"),
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13C NMR (101 MHz, ds-DMSOQO) § 147.5, 147.2, 146.4, 143.7, 132.4, 130.5, 129.5, 129.0,

128.0, 118.6, 115.3, 115.0, 110.4, 87.2, 63.0, 62.7, 61.7, 55.7, 55.6, 53.0.

(+)-Eudesmin?%6.207 (Scheme 5.8)

To a 100 mL round-bottom flask was added (£)-Pinoresinol (0.400 g, 1.11 mmol, 1.00 eq),
potassium carbonate (0.231 g, 16.7 mmol, 1.50 eq) acetone (50.0 mL). To this was added
methyl iodide (1.38 mL, 22.2 mmol, 20.0 eq), and the reaction stirred at reflux for 48 h. The
reaction mixture was cooled to room temperature and filtered. The filtrate was concentrated in
vacuo, and residue purified by column chromatography, eluting with 50% acetone/petroleum

ether. (£)-Eudesmin (0.356 g, 0.921 mmol, 83% vyield) isolated as a colourless gum.

(*¥)-Eudesmin

IR (neat, cm): 2933, 2835, 1589, 1514, 1442, 1365, 1309, 1251, 1236, 1159, 1136, 1078.

1H NMR (400 MHz, CDCls): § 5.91-6.80 (m, 6H, H? + He + Hf), 4.74 (d, J = 3.8 Hz, 2H, HY),

4.24-2.22 (m, 2H, H?) 3.92-3.84 (m, 14 H, H2 + HY + H), 3.13-3.07 (m, 2H, HE).

13C NMR (101 MHz, CDCls3) 5 149.5, 148.9, 133.8,118.4, 111.3, 109.4, 86.0, 71.9, 56.2, 55.9,

54.4

334



8.16.2 Towards (z)-Cedrusin Methyl Ether (Scheme 5.9 + Scheme 5.10)

Attempted Hydrogenation of Dehydrodiconiferyl Alcohol 247

To a 50 mL round-bottom flask was added Dehydrodiconiferyl Alcohol 247 (230 mg, 0.64
mmol, 1.00 eq) and Pd/C (10% wt., 68.1 mg, 0.064 mmol 10 mol%). The mixture was
suspended in methanol (13.0 mL). The atmosphere in the flask was exchanged via three
vacuum/hydrogen cycles, with the system then being left open to the hydrogen balloon. The
reaction was stirred at room temperature for 1 h, at which point it was filtered through Celite.
The filtrate was concentrated in vacuo, however no discernible products, or starting material,

could be identified by TLC or *H NMR spectroscopic analysis.

(¥)-Cedrusin methyl ether

Dehydrodiferulate Dimethyl Ester 248%%8

To a flame-dried, 3-necked, 250 mL round-bottom flask was added methyl ferulate 244 (1.00
eq). To this was added dry acetone (0.2 M w.r.t. SM) and dry toluene (0.3 M w.r.t SM). The
flask was covered with tin foil to protect from light, and silver oxide (0.50 eq) added. The
reaction was stirred at room temperature for 24 h, at which point it was filtered through Celite,
washing with ethyl acetate. The filtrated was concentrated in vacuo. The residue was suspended
in boiling methanol and the insoluble orange solid allowed to settle, before the solution was
decanted. The methanol was removed in vacuo, and the residue purified by column

chromatography, eluting with 30% ethyl acetate/petroleum ether. Dehydrodiferulate dimethyl
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ester 248 isolated as a white solid. Data are presented as (a) amount of methyl ferulate, (b)

amount of acetone, (c) amount of toluene, (d) amount of silver oxide, and (e) yield.

Run1

(@) 2.30 g, 11.1 mmol, (b) 55.0 mL, (c) 37.0 mL, (d) 1.28 g, 5.55 mmol, (e) 0.307 mg, 0.72

mmol, 13% yield.

Run 2

(a) 6.00 g, 28.8 mmol, (b) 140 mL, (c) 95.0 mL, (d) 3.33 g, 14.4 mmol, (e) 1.80 g, 4.34 mmol,

30% yield.

248

Melting Point: 151-152 °C (lit:2% 155 °C)
IR (neat, cm): 3385, 1739, 1728, 1519, 1489, 1263, 1161, 1139, 987.

H NMR (400 MHz, CDCls): § 7.63 (d, J = 15.8 Hz, 1H, HF), 7.17 (s, 1H, HY), 7.00 (s, 1H,
H®), 6.91-6.84 (m, 3H, H + H* + H'"), 6.30 (d, J = 15.8 Hz, 1H, H), 6.09 (d, J = 8.0 Hz, 1H,
H"), 5.64 (s, 1H, H"), 4.32 (d, J = 8.0 Hz, 1H, H), 3.90 (s, 3H, CHs), 3.86 (s, 3H, CH3), 3.81

(s, 3H, CHs), 3.78 (s, 3H, CHsa).

13C NMR (101 MHz, CDCls) 8 170.8, 166.9, 149.4, 147.7, 147.1, 144.7, 144.3, 129.7, 128.1,

126.2, 119.3, 118.2, 115.4, 115.3, 112.7, 110.8, 98.2, 55.9, 55.7, 54.1, 52.6, 51.3.
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()-Cedrusin Methyl Ether?1?,211

To a 50 mL round-bottom flask was added dehydrodiferulate dimethyl ester 248 (1.00 eq),
Pd/C (10% wt., 2 mol%) and methanol (0.3M w.r.t. SM). The atmosphere in the flask was
exchanged via three vacuum/hydrogen cycles, with the system then being left open to the
hydrogen balloon. The reaction was at room temperature for 1 h, at which point it was filtered
through Celite. The filtrate was concentrated in vacuo, and the residue transferred to a 100 mL
round-bottom flask. To flask was put under inert atmosphere with 3 vacuum/argon cycles, and
dry THF (0.2M w.r.t SM) was added. The solution was cooled to 0 °C and lithium aluminium
hydride (4.00 eq) was added. The reaction was stirred at 0 °C for 1 h and quenched witha2 M
aqueous hydrochloric acid solution. The mixture was transferred to a separatory funnel and
separated. The aqueous layer was washed twice with ethyl acetate. The organic layers were
combined, dried over sodium sulfate, filtered, and concentrated in vacuo. The residue was
purified by column chromatography, eluting with 75-100% ethyl acetate/petroleum ether. (£)-
Cedrusin methyl ether was isolated as a colourless oil. Data are presented as (a) amount of 248,
(b) amount of Pd/C, (c) volume of methanol, (d) volume of THF, () amount of lithium

aluminium hydride, and (f) yield.
Run 1

(a) 0.320 g, 0.77 mmol, (b) 0.016 g, 0.0015 mmol, (c) 3.0 mL (d) 4.0 mL, (e) 0.117 g, 3.08

mmol, (f) 0.184 g, 0.51 mmol, 66% vyield.
Run 2

(@) 1.00 g, 2.41 mmol, (b) 0.051 g, 0.048 mmol, (c) 8.0 mL, (d)12.0 mL, (e) 0.361 g, 9.64

mmol, (f) 0.715 g, 1.98 mmol, 82% vyield.
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(¥)-Cedrusin methyl ether

IR (neat, cm™): 3309, 2941, 2833, 1612, 1462, 1274, 1211, 1024.

1H NMR (400 MHz, CDCl3): § 6.94-6.81 (m, 3H, H! + H¥ + H'), 6.67-6.63 (m, 2H, HY + H°),
5.65 (s, 1H, H"), 5.52 (d, J = 7.5 Hz, 1H, H'), 3.98-3.90 (m, 1H, H"), 3.86 (s, 3H, H), 3.84 (s,
3H, HM), 3.67 (t, J = 6.5 Hz, 2H, H¥), 3.58 (q, 1H, H"), 2.64 (t, J = 7.5 Hz, 2H, H9), 1.91-1.82

(m, 2H, H°), 1.27-1.16 (m, 2H, HP).

13C NMR (101 MHz, CDCls) 8 147.6, 146.3, 145.6, 143.4, 135.1, 132.6, 129.1, 118.5, 116.5,

115.3, 112.5, 110.4, 86.9, 63.1, 60.3, 55.7, 55.3, 48.6, 34.8, 31.6.

8.16.3 Towards (z)-Medicarpin (Scheme 5.11)

3-(2,4-Dimethoxyphenyl)-7-hydroxy-4H-chromen-4-one 25122

To a flame-dried, 3-necked, 250 mL round-bottom flask was added 2,4-dimethoxyphenyl
acetic acid 250 (1.00 eq) and resorcinol (1.00 eq). To this was added BF3*OEt, (neat, 3.3 M
w.r.t. SM), and the mixture transferred to a pre-set heating block at 100 °C for 10 minutes,
stirring vigorously. The reaction was then cooled to 0 °C and DMF (0.7 M w.r.t. SM) was
added, before the reaction was stirred at 55 °C for 20 minutes. To this was added methane
sulfonyl chloride (7.00 eq) and the reaction stirred at 80 °C for 4 h, before being poured into
ice water. The mixture was washed three times with ethyl acetate. The organic phases were
collected, dried over sodium sulfate, filtered, and concentrated in vacuo. The residue was

purified by column chromatography, eluting with 0-5% methanol/chloroform, followed by
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trituration with ethyl acetate. 3-(2,4-Dimethoxyphenyl)-7-hydroxy-4H-chromen-4-one 251
was isolated as an off-white solid. Data are presented as (a) amount of added 2,4-
dimethoxyphenyl acetic acid (b) amount of resorcinol, (c) volume of BF3*OEt;, (d) volume of

DMF, (e) amount of methane sulfonic acid, and (f) yield

Run1

(a) 5.00 g, 25.5 mmol, (b) 2.81 g, 25.5 mol, (c) 8.0 mL, (d) 36.0 mL, (e) 13.8 mL, 178 mmol,

(f) 1.86 g, 6.22 mmol, 24% vyield.

Run 2

(a) 6.58 g, 33.5 mmol, (b) 3.69 g, 33.5 mmol, (c) 11.0 mL, (d) 48.0 mL, (e) 18.2 mL, 235 mmol,

() 2.50 g, 8.38 mmol, 25% yield.

Melting Point: 238-240 °C (lit:?'? 238-240 °C).
IR (neat, cm™): 3197, 1625, 1610, 1583, 1570, 1504, 1269, 1236, 1157.

IH NMR (400 MHz, De-DMSO): § 8.10 (s, 1H, HY), 7.90 (d, J = 8.5 Hz, 1H, H"), 7.12 (d, J =
8.5 Hz, 1H, H%), 6.91 (d, J = 8.0 Hz, 1H, H°), 6.84 (s, 1H, H), 6.62 (d, “Jun = 2.5 Hz, 1H, H9),

6.56 (dd, J = 8.0 Hz, “Jun = 2.5 Hz, 1H, H"), 3.79 (s, 3H, H"), 3.70 (s, 3H, HY).

13C NMR (101 MHz, De-DMSO) § 174.4, 162.4, 160.7, 158.4, 157.5, 153.9, 132.0, 127.1,

121.6, 116.6, 115.0, 113.5, 104.6, 102.2, 98.6, 55.5, 55.3.
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7-hydroxy-3-(2-hydroxy-4-methoxyphenyl)-4H-chromen-4-one 252212

To a flame-dried 250 mL round-bottom flask was added 3-(2,4-dimethoxyphenyl)-7-hydroxy-
4H-chromen-4-one 251 (1.00 eq), and dry acetonitrile (0.2 M w.r.t.SM). The solution was
cooled to 0 °C and anhydrous aluminium chloride (30.0 eq) was added, portionwise. The dark
suspension was stirred at reflux for 16 h, at which point it was poured into ice water. The
mixture was transferred to a separating funnel, and washed three times with chloroform. The
organic layers were combined, dried over sodium sulfate, filtered, and concentrated in vacuo.
The residue was purified by column chromatography, eluting with 2% methanol/chloroform.
7-Hydroxy-3-(2-hydroxy-4-methoxyphenyl)-4H-chromen-4-one 252 was isolated as an off-
white solid. Data are presented as (a) amount of 251, (b) volume of acetonitrile, (c) amount of

aluminium chloride, and (d) yield.

Run 1

(@) 1.14 g, 3.82 mmol, (b) 20.0 mL, (c) 15.5 g, 116 mmol, (d) 0.944 g, 3.32 mmol, 87% yield.
Run 2

(a) 2.00 g, 6.70 mmol, (b) 34.0 mL, (c) 26.8 g, 201 mmol, (d) 1.70 g, 5.98 mmol, 89% yield.

aHO

Melting Point: 210-212 °C (lit:22 212-215 °C).

IR (neat, cm™): 3317, 1624, 1570, 1502, 1355, 1269, 1236, 1159, 1136.
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1H NMR (400 MHz, CDCls): & 10.7 (bs, 1H, H?), 9.44 (bs, 1H, H'), 8.17, (s, 1H, H®), 7.94 (d,
J=8.8Hz, 1H, HY), 7.10 (d, J = 7.9 Hz, 1H, H'), 6.93 (dd, J = 8.8 Hz, “Jun = 2.5 Hz, 1H, HO),

6.87 (d, *Jun = 2.5 Hz, 1H, H"), 6.48-6.41 (m, 2H, H" + H9), 3.73 (s, 3H, H)).

13C NMR (101 MHz, CDCl3) 8 175.1, 162.5, 160.2, 157.5, 156.5, 154.5, 132.2, 127.2, 121.5,

116.6, 115.1, 111.9, 104.5, 102.1, 101.6, 55.0.

(x)-Medicarpin

To a 100 mL round-bottom flask was added 7-hydroxy-3-(2-hydroxy-4-methoxyphenyl)-4H-
chromen-4-one 252 (1.00 eq) and ethanol (0.2 M w.r.t. SM). The solution was cooled to 0 °C
and sodium borohydride (7.00 eq) was added. The reaction was stirred at room temperature for
24 h, and quenched with a 2 M solution of aqueous hydrochloric acid. The mixture was
transferred to a separation funnel and washed three times with ethyl acetate. The organic layers
were combined, dried over sodium sulfate, filtered, and concentrated in vacuo. The residue was
purified by column chromatography, eluting with 75-100% chloroform/petroleum ether. (£)-
Medicarpin was isolated as a white solid. Data are presented as (a) amount of 252, (b) volume

of ethanol, (c) amount of sodium borohydride, and (d) yield.
Run 1

(@) 0.900 g, 3.17 mmol, (b) 16.0 mL, (c) 0.839 g, 22.2 mmol, (d) 0.547 g, 2.02 mmol, 64%

yield.
Run 2

(@) 1.50 g, 5.28 mmol, (b) 26.0 mL, (c) 1.40 g, 37.0 mmol, (d) 0.964 g, 3.57 mmol, 68% yield.
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(*)-Medicarpin

Melting Point: 193-195 °C (lit:2!2 194-195 °C).
IR (neat, cm™): 3367, 2360, 1618, 1591, 1492, 1448, 1286, 1153, 1114, 1083.

IH NMR (400 MHz, Ds-Methanol): & 7.29 (d, J = 8.3 Hz, 1H, H%), 7.17 (d, J = 8.3 Hz, 1H,
H"), 6.49 (dd, J = 8.3 Hz, *Jun = 2.5 Hz, 1H, H®), 6.45 (dd, J = 8.3 Hz, “Jun = 2.5 Hz, 1H, HY),
6.38 (d, J = 2.5 Hz, 1H, H?), 6.31 (d, J = 2.5 Hz, 1H, H9), 5.49 (m, 1H, H"), 4.26-4.17 (m, 1H,

Hf), 3.74 (s, 3H, HY), 3.57-3.47 (m, 2H, HY).

13C NMR (101 MHz, De-DMSO) § 160.5, 160.3, 158.7, 156.3, 132.1, 125.1, 119.4, 111.2,

109.7, 105.9, 102.9, 96.3, 78.1, 65.9, 55.3, 38.9.

8.16.4 Attempts at Labelling Natural Product-Like Molecules

Attempts Towards Deuterium Labelled (+)-Eudesmin (Table 5.3)

All reactions were run as described in General Procedure L. Data are presented as (a) amount
of (£)-Eudesmin, (b) amount of catalyst (c) solvent volume (d) temperature (€) Incorporation

(F) (x)-Eudesmin : by-product ratio.

342



(*¥)-d-Eudesmin

IH NMR (400 MHz, CDCls): § 5.91-6.80 (m, 6H, HY + H® + H), 4.74 (d, J = 3.8 Hz, 2H, HP),

4.24-2.22 (m, 2H, H%) 3.92-3.84 (M, 14 H, H? + HY + HM), 3.13-3.07 (m, 2H, H°).

Labelling expected against signal at 8 5.91-6.80 ppm, measured against signal at 6 3.13-3.07

ppm.

Table 5.3 Entry 1

(@) 77.1 mg (b) 18.0 mg (c) 2.50 mL (d) 25 °C (e) >95% (f) 1.70 : 1.00
Table 5.3 Entry 2

(@) 38.5mg (b) 9.0 mg (c) 12.0 mL (d) 25 °C (e) >95% (f) 3.55: 1.00
Table 5.3 Entry 3

(@) 38.5mg (b) 9.0 mg (c) 12.0 mL (d) -10 °C (e) >95% (f) 3.55: 1.00

Attempts Towards Deuterium Labelled (x)-Cedrusin Methyl Ether (Scheme 5.12 + Table 5.4)

To a three-necked 100 mL round-bottom flask, fitted with two stopcocks, was added (%)-
cedrusin methyl ether (38.7 mg, 0.108 mmol, 1.00 eq) and complex 175 (9.0 mg, 0.0054 mmol,
5 mol%). The mixture was dissolved in chlorobenzene (2.5 mL). The atmosphere in the flask
was exchanged via three vacuum/D; cycles, with the system then being isolated upon the third

influx of deuterium. The flask was immediately placed in a heating block, pre-set to the
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specified temperature. The reaction mixture was then stirred at the stated temperature for the
specified time. The reaction mixture was then loaded directly onto a silica column and the
chlorobenzene eluted with petroleum ether. The catalyst residues were removed by one column
volume of DCM, and the deuterated product eluted with ethyl acetate and concentrated in
vacuo. The level of deuteration was then calculated as described in General Procedure D. Data

are presented as (a) temperature (b) time (c) result.

(¥)-d-Cedrusin methyl ether

1H NMR (400 MHz, CDCls): § 6.94-6.81 (m, 3H, H! + H¥ + H'), 6.67-6.63 (m, 2H, HY + H°®),
5.65 (s, 1H, H"), 5.52 (d, J = 7.5 Hz, 1H, H'), 3.98-3.90 (m, 1H, H"), 3.86 (s, 3H, H), 3.84 (s,
3H, H™), 3.67 (t, J = 6.5 Hz, 2H, H¥), 3.58 (q, 1H, H"), 2.64 (t, J = 7.5 Hz, 2H, H9), 1.91-1.82

(m, 2H, H°), 1.27-1.16 (m, 2H, HP).

Labelling expected against signal at 6 6.94-6.81 ppm and 6 6.67-6.63, measured against signal

at 6 3.84 ppm.

Scheme 5.12

(@) 25 °C (b) 16 h (c) No incorporation observed
Table 5.4 Entry 1

(@) 90 °C (b) 16 h (c) Complete Degradation
Table 5.4 Entry 2

(@) 50 °C (b) 16 h (c) Complete Degradation
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Table 5.4 Entry 3

(2) 50 °C (b) 1 h (c) De = 25%

Attempts Towards Deuterium Labelled (+)-Medicarpin (Table 5.5)

To a three-necked 100 mL round-bottom flask, fitted with two stopcocks, was added (x)-
medicarpin (58.1 mg, 0.215 mmol, 1.00 eq) and complex 175 (18.0 mg, 0.108 mmol, 5 mol%).
The mixture was dissolved in specified solvent or solvent mixture (2.5 mL). The atmosphere
in the flask was exchanged via three vacuum/D> cycles, with the system then being isolated
upon the third influx of deuterium. The flask was immediately placed in a heating block, pre-
set to the specified temperature. The reaction mixture was then stirred at the stated temperature
for the specified time. The reaction mixture was then concentrated in vacuo. The catalyst
residues were removed by triturating with diethyl ether. The level of deuteration was then
calculated as described in General Procedure D. Data are presented as (a) solvent system (b)

temperature (c) time (d) result.

(*)-Medicarpin

'H NMR (400 MHz, Ds-Methanol): § 7.29 (d, J = 8.3 Hz, 1H, H%), 7.17 (d, J = 8.3 Hz, 1H,
H"), 6.49 (dd, J = 8.3 Hz, “Jun = 2.5 Hz, 1H, HP), 6.45 (dd, J = 8.3 Hz, *Jun = 2.5 Hz, 1H, HY),
6.38 (d, J = 2.5 Hz, 1H, H?), 6.31 (d, J = 2.5 Hz, 1H, H9), 5.49 (m, 1H, H), 4.26-4.17 (m, 1H,

H"), 3.74 (s, 3H, HY), 3.57-3.47 (m, 2H, HY).

Labelling expected against signal at 6 7.29 ppm, measured against signal at 6 3.74 ppm.
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Table 5.5 Entry 1

(a) Chlorobenzene (b) 25 °C (c) 16 h (d) No Incorporation

Table 5.5 Entry 2

(a) 20% tert-Butanol in chlorobenzene (b) 25 °C (c) 16 h (d) No Incorporation
Table 5.5 Entry 3

(a) 2-Methyl tetrahydrofuran (b) 25 °C (c) 1 h (d) No Incorporation

Table 5.5 Entry 4

(a) 2-Methyl tetrahydrofuran (b) 60 °C (c) 16 h (d) Complete Degradation
Table 5.5 Entry 5

(a) 2-Methyl tetrahydrofuran (b) 60 °C (c) 1 h (d) Complete Degradation

8.17 General Computational Details

Gaussian 09 quantum chemistry program package was used to perform all relevant Density
Functional Theory (DFT) calculations discussed in the manuscript. Structures were optimised
using the MO6L functional (hybrid meta-GGA exchange correlation), and 6-31G(d) basis set
for all main group atoms. The Ir centre was described using the Stuttgart RSC effective core
potential and associated basis set. Coordinates and additional computational details are

supplied in the appendix.

8.18 Counterpoise Method for Binding Energy Calculations

Counterpoise method for binding energy calculation requires optimised structures of the free
complex (A), free substrate (B) and the catalyst-substrate complex (AB), shown in Scheme
8.7.
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The electronic energy for each of these structures was then used in Equation 2, in order to

deliver the binding energy (AEsing) discussed in the manuscript.
MEgina = |Ex§ (AB) — E5F (4) — Exf (B)| + [(Efs(A) — ES(A) + (EN,(B) — ES(B))] 2
Key: EbSshsel, (structure)

Equation 2 can be simplified into terms describing the counterpoise corrected interaction

energy (Eint) and the sum of distortion energies (Edist), as shown in Equation 3.
AEging = Eint + Egqise 3

A full account of the individual electronic energies as calculated in Gaussian 09 are reported

in the appendix.

8.19 Solid Angle Analysis using SolidG

Solid angle measurements, as well as the derived values, were made using the program SolidG.
Structures were first optimised using DFT calculations via Gaussian 09, as described in the
general computational details section. In order to investigate the solid angle properties of the
full catalyst/substrate combination, the hydride ligands were removed, and the remaining

coordinates input directly into the SolidG software. Similarly, in order to obtain decomposed

347



values for the catalyst fragments, the relevant moiety was also removed. This is broadly

summarised for the NHC-P system in Scheme 8.8. Visual representation of the solid angle

analysis was performed on the accompanying SolidAngleGL software. The solid angle

associated with the substrate molecule is coloured in red, while that of the ligand motif is

coloured in blue. The granularity was set to 900 for all images shown.

DFT Optimised Structure SolidG Input - Full Catalyst System SolidG Input - Phosphine Fragment
O, O, O,
WX A X A X
/,S/ /,S/ /,S/
DiPP DiPP
! H !
[“»\.,K/D 0D— D ID
K / o — N / a — / a OR
! P’ | ! P P
H
Ph/ \Ph Ph/ Ph Ph/ \Ph
X =0, CHj X =0, CH3 X=0, CHj
Y = 0, NHMe, NMe, Y = 0, NHMe, NMe, Y = O, NHMe, NMe,

SolidG Input - NHC Fragment

ﬂSolid Angle Analysis ﬂ Solid Angle Analysis ﬂ

Scheme 8.8

The output from the SolidG software, along with the coordinates used, can be found in the

appendix section.
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