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Abstract

Over the last several decades, the organic chemistry community has become increasingly
reliant upon iridium catalysis, with applications reported across a number of research areas.
In recent years, the Kerr group has developed a series of iridium complexes, which were
found to be excellent catalysts for hydrogen isotope exchange and olefin hydrogenation
processes. The work described within this thesis centres upon the expansion of these
catalysts’ reactivity in hydrogen isotope exchange, as well as the synthesis and application
of a series of novel iridium complexes, designed for use in hydrogen borrowing catalysis.

Chapter one focuses on the development of three efficient and selective methods for
hydrogen isotope exchange. Iridium(l) catalysts previously developed within the group have
been employed in the successful deuteration of N-heterocycles, which represent an important
and relatively underexplored class of labelling substrates. The labelling of a large range of
indole, pyrrole, and quinoline derivatives is reported, in which the regioselectivity can be
controlled through careful choice of N-protecting group. Extensive practical and
computational mechanistic investigations offered insight into the mechanism of indole C3

labelling, which is believed to proceed via an iridium—indoline intermediate.

In chapter two, the design and synthesis of a series of novel unsymmetrical NHC ligands,
functionalised with electron donating substituents, is described. The corresponding neutral
iridium NHC/halide complexes were prepared, and the steric and electronic properties of the
ligands were investigated using a number of techniques. These novel complexes were then
tested in the catalysis of hydrogen borrowing processes. Extensive optimisation led to the
development of an efficient method for the room-temperature N-alkylation of anilines. This
methodology was also expanded to include the synthesis of N-heterocycles via
intramolecular C-N bond formation, albeit using more forcing conditions. Lastly, a small
series of chiral NHC ligands was designed, and their corresponding iridium complexes

prepared and used in a preliminary screening of asymmetric hydrogen borrowing.
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Chapter 1:Selective Deuteration of N-Heterocycles

Introduction

After an alarming decline in new drug approvals during the early 2000s, the number of new
molecular entities (NMEs) approved by the FDA has risen dramatically over the last ten
years."” Approvals hit a 20-year high in 2015, with 45 drugs gaining approval compared to
22 in 2006. This improvement in productivity, while promising, is offset by the enormous
financial burdens placed on the pharmaceutical industry when bringing new drugs to the
market. Recent estimates put global R&D expenditure in 2016 at $154 billion, with the

average total cost per approved drug coming in at $2.56 billion.>*

A large proportion of this staggering expenditure can be attributed to the lengthy drug
development process, which regularly takes 10-15 years and during which failure is
common. A recent report showed that from 2006-2015, less than 10% of drugs entering
Phase 1 clinical trials progressed to final approval.’ One of the key challenges for medicinal
chemists, therefore, is identifying any problems with the pharmacokinetic properties of a
potential drug molecule as early in the drug discovery process as possible.

A key method for establishing the pharmacokinetic properties of a drug is the use of
adsorption, distribution, metabolism, excretion, and toxicology (ADMET) studies, and
efficient determination of these properties can dramatically reduce the overwhelming costs
and high attrition rates that currently plague the pharmaceutical industry. Isotopic labelling
plays a key role in the drug development process and offers an unparalleled insight into the
metabolic pathways of a potential drug molecule.® In recent years, the increase in sensitivity
of NMR spectroscopic techniques and the widespread availability of high resolution mass
spectrometry have provided new methods with which we are able to monitor the path of an
isotopic label throughout the body and easily identify drug metabolites, even in complex

samples such as blood or urine.

The kinetic properties offered by heavy hydrogen isotopes can further be exploited in the
synthesis of deuterated drugs.”® The increased strength of the C-D bond means a deuterated
drug molecule can have a slower rate of metabolism than its protio- analogue. Consequently,

an improvement in the drug’s half-life or a decrease in the required dose can be achieved



with minimal alteration of the drug’s other properties. As far back as 1961, the
pharmacokinetic profiles of deuterated drugs have been investigated,’ and a number are
currently in clinical trials. April 2017 saw the FDA approval of Deutetrabenazine 1, a Teva
compound sold as Austedo.” 1 is a deuterated analogue of Tetrabenazine, a popular drug
which treats the symptoms of Huntington’s disease. The relatively short half-life of
Tetrabenazine means that multiple doses a day are often required. In clinical trials,
Deutetrabenazine demonstrated comparable efficiency to Tetrabenazine in treating chorea,
the involuntary movements often caused by Huntington’s disease, and its slower rate of

metabolism means that less frequent doses are required.™"

oo
0
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o
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0

Deutetrabenazine

Figure 1.1

Traditional methods for the incorporation of an isotope, such as naturally-occurring H or
3C, or radioactive *H or *C, involve the use of isotopically-enriched starting materials in the
drug synthesis. While such materials are commercially available, they often present
significant extra costs or require additional synthetic steps. Moreover, any low yielding steps
in the synthetic route represent a substantial loss of expensive labelled compounds to
purification and waste. Given the clear incentives for avoiding such lengthy procedures,
focus over the last few decades has turned to developing methods by which deuterium and

tritium can be incorporated in the late stages of drug synthesis.

Hydrogen Isotope Exchange

Several of the early methods reported for the incorporation of radioactive labels into drug
compounds involved the introduction of a **C label, for which the only original source is
barium **C-carbonate.”® Evidently, the synthesis of even simple labelled aromatic building
blocks would therefore present a massive challenge. Instead, hydrogen isotope exchange
(HIE) emerged as a convenient alternative, allowing a hydrogen atom already present in a

molecule to be exchanged for a heavier isotope. The advantages were twofold: deuterium



and tritium are significantly cheaper and more readily accessible than carbon isotopes, and
the hydrogen isotope exchange procedure meant that incorporation could occur at the late

stages of a synthesis and without having to rely upon labelled starting materials.

Perhaps unsurprisingly, several methods for the catalysis of hydrogen isotope exchange have
grown from commonly used hydrogenation techniques. A prime example of this is the use of
Pd/C, which, in combination with deuterium or tritium gas, was successfully used as a
heterogeneous catalyst system for isotopic labelling for several years. For example, elegant
work published by Sajiki and co-workers demonstrated high selectivity for benzylic
labelling in aromatic compounds, using D,O and H, to generate D, in situ, with an
impressive 97% deuterium incorporation observed at the benzylic position in ibuprofen salt
2 (Scheme 1.1)."

ONa 109 Pd/C, H,, D,0 ) ONa

0 rt,72h 0

7
>99% [57]
2 3

[x] = x% deuterium incorporation

Scheme 1.1

Despite several attractive examples of Pd/C-catalysed HIE being reported, there remained
some key drawbacks to these methods. The use of harsh conditions, originally developed for
use in hydrogenation methodology, means that regioselectivity can often be poor; moreover,
reduction is often a competing side-reaction. As shown in Scheme 1.2, Matsubara and co-
workers reported that the deuteration of substituted phenol 4 proceeded with labelling of all

sites in the molecule as well as decarbonylation of the carboxylic acid functionality.®

o
10% Pd/C, H,, D,0O (98] [97]
oH — T8 (o8 [97]
>99% [98]
4 5
Scheme 1.2



Transition Metal Catalysis of Hydrogen Isotope Exchange

Over the last few decades, homogeneous transition metal catalysis has emerged as one of the
most widely used methods for hydrogen isotope exchange. In comparison to earlier labelling
methods, metal-catalysed processes typically offer mild reaction conditions and high
functional group tolerance. As mentioned previously, one of the key advantages of hydrogen
isotope exchange is the ability to install a label in the late stages of a compound’s synthesis.
It is vital, therefore, that any functional groups already present must remain intact during the
labelling process, which is often not the case with many acid- or base-catalysed methods.

By far the most common approach to homogenous transition metal-catalysed HIE is directed
ortho-labelling of substituted aromatic compounds. This process relies on a ‘C—H activation’
step, involving the cleavage of a C—H bond and subsequent formation of a much more
reactive C—[M] bond (Scheme 1.3), which is poised for reaction with a source of deuterium
or tritium. As an additional advantage from a pharmaceutical perspective, the ability to
introduce a label at a normally inert C—H position means that it is more likely to remain

intact throughout metabolism without being subject to uncatalysed exchange.

[M] X
R;C—H —>  RyC—[M] —>»  RyC—X
-M]
Scheme 1.3

The ubiquity of C—H bonds means that selectivity is difficult to control, with many organic
molecules having multiple potential functionalisation sites; approaches must therefore be
developed to overcome this problem and allow the selective activation of one C-H bond in
the presence of others. There are several key strategies that have been adopted to achieve
selectivity in catalytic C—H bond activation processes.'® One of the most commonly used is
directing group control, where a donor group, such as a nitrogen or oxygen atom, in the
substrate is able to coordinate to the metal centre, resulting in cyclometallation via C-H

activation, which dictates the site of C—H bond activation (Scheme 1.4).

[M]\O H—[M]w__

:* ll C—H activation

Scheme 1.4
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Seminal work by Garnett and co-workers demonstrated that [RhClz(H,0);] was a suitable
catalyst for hydrogen isotope exchange,"” and it quickly became one of the industry
standards. Undoubtedly, one of the key early examples of homogenous transitional metal-
catalysed HIE came from Lockley and co-workers, who in 1984 reported the use of

[RhCI3(H,0)4] in the ortho-labelling of carboxylic acids, amides, and amines.*®*°

A selection of Lockley’s key results are shown in Scheme 1.5. Using DMF at 110 °C and
D,0 as the deuterium source, a range of aromatic acids, amides, amines and anilides were
labelled with up to 98% incorporation. Notably, highly regioselective ortho- exchange was
observed in all cases. In contrast, Garnett’s work with rhodium trichloride, while pioneering,
had been completely non-selective. Lockley postulated that the presence of a carbonyl
functional group in all the ortho-labelled substrates was responsible for the high selectivity
observed. It was postulated that one of the lone pairs of electrons on the carbonyl oxygen
atom was able to complex to the metal centre before C—H insertion, thus acting as a directing

group and “steering” the rhodium atom to the desired C—H position.

D
AR RACI(H,0)] AR
R—=— —_— R'——
Z DMF/D,0 a
110°C, 18 h
o8] M 921 921 H
0 /©/ 0 0
Olm Ve [92] B [92]
6 7 8
O
[93] [66] [98]
NH, NH, OH
(93] [66] oMe
9 10 1
Scheme 1.5

For several years, [RhCI3(H,0);] remained a mainstay of the isotopic labelling community,
with the scope of catalysis being expanded to include benzyl amines and tetrazoles.***® This
methodology was also applied to the tritium labelling of drug compounds such as
Pentamidine 12 and Necrodomil sodium 13 with complete regioselectivity being observed
(Figure 1.2).2%%#
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Figure 1.2

In the 1980s and 1990s, cationic iridium complexes emerged as excellent C—H activation
catalysts,”**® and as such, the field of homogeneous hydrogen isotope exchange has since
become increasingly dominated by iridium catalysis. In 1992, a key paper published by Heys
reported the use of 18-electron complex 14 as a successful HIE catalyst, with D, gas used as
the deuterium source instead of D,0.* As shown in Scheme 1.6, the labelling of a wide
range of substrates was achieved, with oxygen or nitrogen donor groups being used as
coordinating handles to direct HIE at the ortho-positions. Interestingly, the electronic and

steric properties of the substrate were not seen to play a large role in labelling efficacy.
B 7] BF4

R 14 (1.5-2.5 mol%) R Hy,, | WPPhs
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18 (0] 19
Scheme 1.6

It quickly became apparent that this early work into iridium catalysis of HIE offered several
advantages over the previously reported systems involving rhodium catalysis. Firstly, the

reaction conditions used by Heys were significantly milder than those reported by Lockley.



Labelling reactions were carried out at room temperature in dichloromethane, as opposed to
the 110 °C used previously. Additionally, complex 14 could be employed at a catalyst
loading of only 2 mol%, compared to the 50 mol% of rhodium chloride required under

Lockley’s conditions.

In the following years, Heys and co-workers demonstrated that the scope of labelling with
14 could be further expanded across a range of ethyl benzoate substrates.”® A series of rate
studies showed that substrates containing para-substituents underwent HIE faster than their
unsubstituted analogues, and when similar studies were conducted with monosubstituted
benzophenones, labelling on the para-substituted aryl ring occurred faster than on the
unsubstituted ring. Since both sites are accessed by the same coordinating handle, Heys
concluded that substrate coordination could not be the rate-determining step of the reaction;
instead, it was postulated that some part of the C—H insertion process was rate-determining.

Crabtree’s Catalyst: Use in HIE and Modifications

As discussed previously, many examples of transition metal catalysis of HIE came from
commonly used hydrogenation techniques. Since initial reports published in 1977, one of the
industry standards for alkene hydrogenation had been Crabtree’s catalyst, 20 (Figure
1.3).2%%" With the emergence of iridium complexes as key tools for hydrogen isotope

exchange catalysis, Hesk and co-workers investigated the use of 20 in labelling chemistry.?®

ﬁ\l ~PY
5/ I'\PCyg,

20

PFe

Figure 1.3

Hesk reported high levels of deuterium incorporation in a range of substituted acetanilides
(Scheme 1.7). This was a notable expansion to the substrate scope analysed by Heys and co-
workers, in that the carbonyl oxygen used to direct insertion in the acetanilides is 5 bonds

away from the C—H bond undergoing exchange.
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Scheme 1.7

The concept of intermediates varying in ring size had been widely accepted by the mid-
1990s, with several researchers having proposed that directed C—H activation could,
depending on substrate choice, occur with the formation of both 5- or 6-membered
metallocyclic intermediates (mmi) (Scheme 1.8).

»0
[M]'\O M] ﬁ)l
NH
F O
5-mmi 6-mmi
Scheme 1.8

Despite the widespread use of Crabtree’s catalyst 20 in both hydrogenation and hydrogen
isotope exchange chemistry, there remained some key issues with this complex.”® One
general drawback is the tendency of 20 to undergo thermal deactivation, forming iridium
trimer species 22 (Scheme 1.9). 22 is catalytically inactive, and its formation under reaction
conditions removes active iridium from the system, effectively poisoning the catalyst. As
such, reactions employing 20 often require stoichiometric or superstoichiometric catalyst
loadings.

6
| H Ir
2
\ <py CysP \/\
/ PCys rt. * > r\\H 7|F’Poy3
ERRAN
20 22

Scheme 1.9



In order to combat the issues encountered with thermally inactive catalyst 20, Heys designhed
complexes 23 and 24, bearing two phosphine ligands (Figure 1.4).*° It was thought that the
presence of a bulkier ligand set could prevent trimerisation and therefore improve catalytic
activity.

/ BF, / Ph, 1BF,
P

\Ir/PPhs \Ir/ j
7~ PPy y

Ph,

23 24

Figure 1.4

When 23 and 24 were employed as catalysts in the deuteration of ethyl 1-naphthoate 25,
levels of incorporation were considerably higher than for reactions carried out with
Crabtree’s catalyst 20 (Table 1.1). Even at catalyst loadings of 50 mol%, no more than 50%
deuterium incorporation was observed with 20. Notably, complex 24, containing a bidentate
phosphine ligand, was found to induce labelling at the C8 position (via a 6-mmi) as well as
the C2 position, via the more common 5-mmi. When the substrate scope was further
expanded, it was consistently observed that bidentate phosphine ligands were able to
catalyse labelling of susbtrates which would proceed via a 6-membered metallocyclic
intermediate, whereas monodentate phosphine complexes, including Crabtree’s catalyst,
showed complete regioselectivity for substrates requiring a 5-membered metallocyclic
intermediate. Heys proposed that this trend implied that selectivity could be dependent on
the steric bulk around the metal centre, with larger ligand sets favouring a 5-membered
intermediate, and bidentate ligands, in which the two phosphine ligands are forced into a cis-

arrangement, favouring the larger 6-membered intermediate.



Table 1.1

O+__OEt O+__OEt
Dy
Ir cat. D,
—_—
() —a
rt, 16 h
25 26
Entry Catalyst Catalyst Loading %D, %D,
/ mol%
1 23 2.2 90 0
2 24 2.5 54 35
3 24 13 79 54
4 20 2.5 22 0
5 20 50 55 0

The concept of intermediates varying in ring size had been widely accepted by the mid-
1990s, with several researchers having proposed that directed C—H activation could,
depending on substrate choice, occur with the formation of both 5- or 6-membered
metallocyclic intermediates (mmi) (Figure 1.5).

»O
M " j/ii

NH

5-mmi 6-mmi

Figure 1.5

Upon consideration of these proposals, as well as the selectivity observed with mono- and
bidentate phosphine ligands, Heys proposed a catalytic cycle through which Ir-mediated
hydrogen isotope exchange could proceed (Scheme 1.10).* When deuterium gas is
introduced to precatalyst A, the cyclooctadiene ligand is lost as cyclooctane-d, to generate
complex B, which is believed to be the active species. The ligands, L, are assumed to occupy
positions trans- to one another. S can represent either a loosely coordinated molecule of
solvent or D,. One solvent molecule is displaced upon complexation of substrate C’s donor
group to the iridium centre, generating D. At this point, oxidative addition of the iridium
centre into the nearby C-H bond is believed to occur, with concomitant formation of

complexed deuterium from the two deuteride ligands to form intermediate E. Hydride

10



fluxionality is a key step in the proposed catalytic cycle, and generates compound F,
bringing the iridium—carbon bond and iridium—deuteride bond into a cis-arrangement.®
These two groups are now suitably oriented for C-D bond-forming reductive elimination to

occur, forming species G. Finally, dissociation of product H regenerates active species B.
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Scheme 1.10

Heys proposed that the preference observed for the formation of a 5-mmi with complexes
such as 23 was due to steric clash between ligand and substrate when a 6-mmi is formed
(Figure 1.6). The use of a bidentate ligand brings the two phosphines cis- to one another,

relieving some of the strain and allowing more space for the formation of a 6-mmi.
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Extensive studies by Nolan and co-workers also aimed to develop alternatives to Crabtree’s
catalyst 20, and in 2001 the synthesis of complex 30, where one phosphine ligand had been
replaced by an N-heterocyclic carbene (NHC) ligand, was reported.® 30 was prepared via a
similar procedure to that used for the synthesis of 20 (Scheme 8). After formation of
dipyridyl complex 28, reaction with the NHC SIMes 29 instead of tricyclohexylphosphine
leads to the displacement of a pyridine ligand and formation of 30. The bulky SIMes NHC

was selected to reduce the possibility of a bis-carbene species forming as a side product.

J py, KPFg J
Cl py
\Ir/\>< Acetone/H,0 \ Ir<
/ . 2 2 / ey
27

toluene

Scheme 1.11

When employed in the catalytic hydrogenation of simple alkenes at room temperature and
atmospheric pressure, 30 was found to be less effective than 20 (Table 1.2). At elevated
pressures of hydrogen, however, the catalytic activity of 30 was higher than that of
Crabtree’s catalyst. It was postulated that the presence of the bulky NHC SIMes offers

increased thermal stability by hindering the formation of inactive iridium clusters.
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Table 1.2

O/R Ir cat. (1 mol%) R
H,, DCM

r.t.

% Yield % Yield
Entry Substrate Catalyst ) )
(15 psi Hy) (60 psi Hy)

1 O 20 100 -

2 31 30 100 -

3 O/ 20 77 34

4 32 30 44 100

5 O/ 20 84 -

6 30 57 -

33

Further expanding on the scope of alkene hydrogenation with modified versions of
Crabtree’s catalyst 20, Buriak and co-workers reported in 2002 the successful synthesis of a
range of complexes bearing both phosphine and NHC ligands (Figure 1.7).* Complexes 34—
38 were tested as catalysts for the hydrogenation of simple alkenes and found to be highly

active, with catalytic activities comparable to 20, even for hindered olefins.

PFe PFe Fo
/ PR3 / py / PnBU3
\Ir/ / \Ir/ / \Ir Mes
/
77" VN 7 N 7 N
/N\/ /N\/ Mes/N\)
34 R=Ph 37 38
35 R=Cy
36 R="Bu

Figure 1.7

With the early 2000s seeing such promising developments in alkene hydrogenation catalysis,
attention in the Kerr group turned to the application of modified versions of Crabtree’s
catalyst in hydrogen isotope exchange. The work of Nolan and Buriak, however, had

emphasised the importance of ligand choice at the iridium centre.*** While Buriak had
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encountered difficulties preparing complexes of the bulky IMes NHC with larger
phosphines, it was clear that so far, the more sterically demanding ligand combinations had
proved most active, and the synthesis of complexes containing two bulky ligands remained
an attractive target. In order to develop an efficient route to such complexes, which were
predicted to have high catalytic activity, a thorough understanding of the characteristics of

the relevant ligands essential.

Phosphines as Ligands

Tertiary phosphines (PR;3) are among the most prevalent ligands in organometallic
chemistry; the ability to tune the activity of their metal complexes through careful
modification of the steric and electronic properties makes them ideal for use in catalysis.
Phosphine ligands are excellent 6-donors and can also act as weak w-acceptors. The lone pair
on the central phosphorous atom donates electron density to the metal centre (Figure 1.8a).
Additionally, the o*-orbitals of the P-R bonds are suitably aligned for n-back donation from
the metal d orbital (Figure 1.8b).

O R QD 0

/
O MBED Rk M AR
% ACYIA
0 R R
a b
M-PR3 o-bonding M-PR3 n-backbonding
Figure 1.8

The m-acidity of tertiary phosphines increases according to substituent in the order shown in

Figure 1.9.

P(alkyl); < P(aryl); < P(alkoxy); < PF3 = CO

increasing z-acidity
decreasing o-donation

Figure 1.9

As the R group increases in electronegativity, both the ¢ and c* orbitals of the P-R bonds
are stabilised. As the phosphorous atom contributes more to the empty ¢* orbitals, the lobes
pointing towards the metal centre increase in size, allowing for greater overlap with the

metal d orbitals and thus increased back-donation. The m-acidity of the PF; ligand roughly
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equals that of the CO ligand, which is an excellent w-acceptor through donation from the

metal centre into the CO =* orbital.

In order to exploit the tuneable electronic and steric properties of phosphine ligands and use
them to our best advantage in catalyst design, the need arose for methods by which to
quantify these characteristics. In 1970, Chadwick Tolman proposed a simple way of
measuring the electronic properties of ligands through infrared spectroscopy.** Through
measurement of the carbonyl stretching frequency in nickel complexes of the type
[Ni(CO)sL], ligands could be ranked according to their c-donor abilities.

The strong c-donating capacity of a ligand gives rise to increased electron density at the
nickel centre, which in turn increases the back donation from metal d orbitals into the CO ©*
orbitals (Figure 1.10). This increase in ©* character weakens the C—O bond, causing its
infrared stretching frequency to decrease. This frequency, v(CO), is known as the Tolman
Electronic Parameter (TEP) and is one of the most widely used techniques for the
quantification of a ligand’s electronic properties. Over the last few decades, an increased
35,36

interest in computational chemistry has led to the calculation of theoretical TEP values,

which have proved to be in good agreement with those observed experimentally.

d
Q &9
L——>M—C=0

0

Figure 1.10

While the majority of early studies into ligand effects focused on the impact of a ligand’s
electronic properties, it soon became clear that the steric properties could play just as
significant a role in a complex’s reactivity. The introduction of a steric parameter, 0, by
Tolman in 1976, provided a simple and quantitative method by which to assess the steric

properties of phosphine ligands.*’

The cone angle (Figure 1.11) is a space-filling model of an M—PR3; complex, in which the R
substituents are “folded back” from the metal centre. If a cone is drawn, wherein the metal
centre is the apex, the steric parameter, 0, is given as the angle of the cone required to

contain the ligand. While at first glance this can seem like an approximate method,
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experimental studies have shown it to be an excellent tool for predicting and rationalizing

the behaviour of metal-phosphine complexes.*’

\\[M]»

Figure 1.11

The increased steric demand of phosphine ligands compared to those with similar electronic
properties, such as carbonyl ligands, offers a range of advantages for their use in catalysis.
Phosphines are often bulky ligands, requiring more space around a metal centre and thus
leaving limited room for the approach of other ligands. They can therefore be exploited in
the preparation of low coordinate metal species. This can leave room for the binding of
smaller, more weakly coordinating ligands, which would be out-competed when reacting

with a carbonyl complex of the same type.

The versatility of phosphine ligands in catalysis is highlighted when we look at the subtle
changes that can be made in a catalyst’s activity through careful choice of the R group. For
example, changing from P(O'Pr), to PBus, alters the electronic properties of the ligand, with
little effect on the steric environment. This sort of increase in c-donor ability could, for
example, promote the oxidative addition step of a catalytic cycle over the reductive
elimination step. On the other hand, increasing the steric bulk of the ligand while
maintaining similar electronic properties, for example by replacing a PMes ligand with a

P(o-tol); ligand, could favour a lower coordination number species.

N-Heterocyclic Carbenes as Ligands.

For a long time, carbenes were believed to be highly reactive species that were too short
lived to be isolated. The successful isolation and characterisation of crystalline N-
heterocyclic carbene (NHC) 1,3-diadamantylimidazol-2-ylidene (1Ad) 40 by Arduengo and
co-workers in 1991 (Scheme 1.12), therefore, was a remarkable achievement and paved the
way for NHCs to become some of the most commonly used ligands in organometallic
chemistry.®® Despite previous assumptions about the high reactivity of carbenes, 1Ad was

found to be remarkably stable. Since Arduengo’s pioneering work, NHCs have become
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ubiquitous as ligands in transition metal catalysis.***° As such, their electronic and steric

properties have been extensively studied.

NaH, THF

—\ DMSO (cat.) —\
—_—
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(¢]]
39 40
Scheme 1.12

The electronic properties of NHCs are responsible for their unexpected stability, and account
for much of their behaviour. NHCs are singlet carbenes, with a lone pair of electrons
occupying an sp® hybridised orbital in the plane of the ring (Figure 1.12). The empty p
orbital on the sp? carbene centre is stabilized through n-donation by the lone pairs on the
adjacent nitrogen atoms. NHCs form exceptionally stable metal-ligand bonds, meaning they

are often able to act as spectator ligands during catalysis.

O__

RN N =R
Figure 1.12

One of the key features of NHCs is their exceptionally electron-rich nature; save for a few
exceptions, they are better o-donors than even the most strongly donating phosphine ligands.
As with their phosphine analogues, the electronic properties of NHCs can be quantified
using the Tolman electronic parameter.** Nickel complexes of the type [Ni(CO)s(NHC)] are
prepared and the CO stretching frequency measured; the lower the value of v(CO), the better
the o-donating ability of the ligand.

A key issue, however, with the use of [Ni(CO);(NHC)] species for the measurement of an
NHC ligand’s electronic properties arises from the fact that such complexes are highly toxic.
Key results published by Nolan and co-workers in 2008 demonstrated that cis-
[Ir(C1)(CO),(NHC)] complexes can be used as an alternative;** follow-up work by Crabtree
and co-workers showed a simple correlation between TEP values collected from iridium
complexes and those obtained from the traditional nickel complexes (Equation 1.1).”* In a
similar manner, Wolf and Plenio demonstrated that electronic data can be derived from

examining the IR stretching frequencies of [Rh(CI)(CO),(NHC)] complexes.*
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TEP (cm™) = 0.9485 vco'™ (cm™) + 336.2 (cm™)

Equation 1.1

More recently, other techniques for quantifying the electronic properties of NHC ligands
have begun to emerge. For example, the use of NMR spectroscopic techniques has been
demonstrated by Ganter and co-workers to offer further insight into the electronic nature of
NHCs. Specifically, the assessment of the "’Se chemical shifts of selenium NHC adducts,
such as 41 (Figure 1.13), allows quantification of the m-back donating abilities of these
ligands.* These characteristics have also been measured through NMR spectroscopic
analysis of NHC—phosphinidene complexes, such as 42, by Bertrand and co-workers.*
While TEP remains the most widely used method for analysis of the electronic properties of
NHCs, the emergence of modern techniques offers us yet more tools for assembling a more

holistic picture of their behaviour.

-N N~ -N N~

DiPP T DiPP DiPP \( DiPP
I
Se P\Ph
a1 42
Figure 1.13

Just as with phosphines, the steric properties of NHC ligands are key to the role they play in
catalysis; huge variations in metal-ligand distances and angles are observed depending on
the steric demands of the NHC. These properties, however, are more challenging to quantify
than they are for phosphines. While tertiary phosphines possess a Cs symmetry axis, NHCs

instead have a C, axis, rendering the cone angle model used for phosphines useless.

In order to overcome this problem, a new parameter, percentage buried volume (%V ), was
developed by Nolan and co-workers to describe the steric properties of NHC ligands.
Through refinement by Nolan, Cavallo, and Clavier, %V, has become the most utilized
method for describing NHC steric properties.*’ %V, is given as the percentage of a sphere,
with a set radius r, around a metal centre that is occupied by the atoms in a ligand (Figure
1.14). One of the most attractive features of the %Vy,, system is that its use is not limited to
NHC ligands; using the same method, comparisons can be drawn with phosphines and

cyclopentadienyl-derived ligands. As well as the radius, r, a metal-ligand bond length, d,
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must also be fixed. The most common choice has proved to be a bond length (d) of 2 A and
aradius (r) of 3.5 A.

Figure 1.14

While the %V, model has provided us with a simple method for quantifying the steric bulk
of a vast range of ligands, care must be taken when analysing this data. The structure of the
NHC used in buried volume calculations can be derived either from crystallographic data or
from data calculated computationally; it is important to note that these two methods can

provide different results, meaning that not all %V, values can be directly compared.

Kerr Group Investigations into HIE

Over recent years, iridium-catalysed hydrogen isotope exchange has been extensively
studied within the Kerr group.**>* In an effort to combat some of the issues associated with
Crabtree’s catalyst, and following on from elegant studies by Nolan and Buriak,*%*
attention was focussed on the development of a new family of HIE and hydrogenation

catalysts.

It was considered essential that any new catalyst system should employ low catalyst
loadings, be tolerant of a wide range of functional groups, and offer excellent selectivity
alongside high levels of deuterium incorporation. In 2008, the synthesis of iridium(l)
complexes 43-45, featuring a bulky ligand set containing phosphine and NHC ligands, was
reported (Scheme 1.13).* Since Buriak had encountered difficulties in the preparation of
compounds with sterically demanding phosphines and NHCs,® the synthesis involved
generation of the IMes NHC in situ, according to a procedure earlier reported by
Herrmann.>* Conveniently, the synthesis of 43-45 did not require a glove box and the

complexes were found to be air- and moisture-stable.
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Scheme 1.13

When the deuterium labelling of substituted aromatics was investigated, excellent levels of
incorporation were observed, with selective labelling of the ortho- position (Table 1.3).
Moreover, complexes 43-45 were shown to be significantly more active catalysts than
Crabtree’s catalyst 20; loadings of 5 mol% were used throughout, including with substrates
which had previously required either stoichiometric or superstoichiometric quantities of
20.%% Notably, the successful labelling of acetanilide 48 demonstrated that these novel
iridium complexes could also be used in the deuteration of substrates via a 6-mmi as well as

via the more energetically favoured 5-mmi.
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Table 1.3
D

DG Ir cat. DG
—_—
D,, DCM D

r.t.

Catalyst Loading

Entry Substrate Catalyst %D ortho
/ mol%
o}
1 20 5 97
2 43 5 97
46
3 @ 20 100 100
0
4 a7 43 5 100
5 N 20 140 40
(T
6 48 43 5 97
7 20 100 0
8 49 43 5 98

With such promising results having been observed for the deuteration of acetanilide 5,
further investigations were carried out into the selectivity of labelling via a 5-mmi versus a
6-mmi. The deuteration of benzanilide 50 using catalyst 45 was therefore studied (Table
1.4); here, two possible labelling sites are available, (a), which involves a 5-mmi and (b),
which requires a 6-mmi. At a catalyst loading of 5 mol%, both sites are labelled to a similar
extent. When the catalyst loading was dropped to 0.5 mol%, however, a clear preference for
labelling via a 5-mmi was observed, as the levels of deuteration at position a were

maintained, while the levels at position b decreased significantly.
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Table 1.4
PFg

J N\ PMezPh
'~
a // IMes D, D,
P N
45
a -
b

o D,, DCM p,° e
r.t.
50 51
Entry Catalyst Loading / mol % %D, %D,
1 5 95 93
2 0.5 94 2

The mechanism of labelling of aromatic substrates with catalysts such as 43 has also been
probed theoretically.® The computational results obtained were in accordance with the
mechanism proposed by Heys and co-workers,™ with the additional observation that a
complex such as 52 (Figure 1.15) could be implicated in the mechanism. Here, an agostic
interaction between the metal centre and the ortho C—H bond is proposed to stabilise the

initial substrate-bound catalyst species.

Figure 1.15

Selectivity in the deuteration of multiply functionalized compounds has also been probed
through the labelling of compounds containing more than one directing group. For example,
the labelling of Pfizer COX-2 inhibitor Celecoxib 53 with PBn; complex 44 showed
preferential deuteration at position a, where the pyrazole unit acts as a functional handle
(Scheme 1.14).>* Notably, the labelling observed at position b represents the first example of

iridium-catalysed hydrogen isotope exchange ortho- to a primary sulfonamide.
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More recently, a novel and more efficient route to Kerr group complexes has been developed
(Scheme 1.15).® Neutral complex 55 is a key intermediate in the synthesis of the
NHC/phosphine complexes and its simplified synthesis afforded access to multigram
quantities of 43-45. These catalysts have since been commercialised and are now sold
through Strem Chemicals.>’

'BuOK THF, rt. i) AgPFg, THF, r.t.

) IMes - HCI ii) PR3, THF _PPhy

/ \>( / \uvles / IMes
95%

43 PR, = PPhg; 80%
44 PR, = PBng; 77%
45 PR, = PMe,Ph; 94%

55

Scheme 1.15

With more efficient access to complex 55 having been established, it has since been
employed as a catalyst in its own right. In the labelling of aromatic systems bearing ketone
or N-heterocycle directing groups, 55 was shown to achieve deuterium incorporation
comparable to that reported for phosphine~NHC complexes in some cases.®® The most
notable use of neutral NHC—chloride complexes, however, has been in the ortho-deuteration
of primary sulfonamides.>® While the combination of bulky NHC/phosphine ligands has
proved highly effective in labelling reactions to date, it was thought that a smaller ligand set
could offset some of the steric demands caused by the coordinating sulfonamide’s

tetrahedral geometry.

After a screening of complexes with varying NHC ligands, excellent levels of incorporation
were observed with catalyst 56, a more electron-rich analogue of 55. Conditions were
optimised and applied across a wide range of substrates (Scheme 1.16). When Celecoxib 53

was submitted to the reaction conditions, remarkable selectivity was observed for labelling
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through the sulfonamide unit (Position a), while minimal labelling was observed next to the
pyrazole group, which is typically an excellent directing group These results are in notable
contrast to those obtained for the labelling of Celecoxib with catalyst 44 (Scheme 1.14),
meaning that complementary methods are now available for selective deuteration at two
sites in the same molecule.

N g
y \FN
/N /
Mes D oo
S I
“NH, 56 (6.5 mol%) “NH,
R R
D,, DCM D

Y

rt,2h
0 0 0 0 0 0 0 O
[95] N (971 N (961 (821 N
O/ “NH, /O/ “NH, /©/ “NH, /©/ “NH,
7 2
[95] ‘5u [97] MeO [96] F [82]
57 58 59 60
CF4
N=
0. O 0 0 (14
N/
[95] \\S//\ " [92] \\s//\ " [97]
2 2 o\\S 1]
[85] [6] 0=y [97]
NH,
CF,4
61 62 54
Scheme 1.16

With thorough investigations now having been carried out into the effects of ligand
properties on catalytic activity, focus within the Kerr group turned to the effects of
counterions in deuteration reactions.®® In recent years, it has become apparent that the choice
of anion can have a significant impact on the success of reactions catalysed by cationic
transition metal complexes. Work published by the groups of Pfaltz and Nolan has
demonstrated that using a larger  counteranion, such as tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (BArF) can dramatically increase catalyst efficacy.®

With these studies in mind, a series of NHC/phosphine complexes with alternative

counterions were prepared. Complex 64 was prepared in one step from chloride dimer 27
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with addition of IMessHBArF 63 (Scheme 1.17). Complexes 65 and 66 were prepared in an

analogous fashion to complex 43, with the relevant AgX salts used in place of AgPFs.

1) PPhs, THF, r.t.
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Scheme 1.17

When 64-66 were used as catalysts for the labelling of acetophenone 46, improved catalytic
activity was observed in the order X = BArF = OTf > PFg > BF,. These results are in line
with other counterion studies published recently,®*®*%** and demonstrate that the use of

larger, less coordinating anions results in more active catalysts (Figure 1.16).
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Figure 1.16

The increased utility of BArF catalyst 64 was demonstrated with a solvent screenm
comparing the labelling activity of 43 and 64. One drawback of labelling methodology
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developed so far is the requirement for dichloromethane as solvent; the pharmaceutical
industry is currently striving to eliminate the use of chlorinated solvents.®® Previous work
within the Kerr group showed that 2-methyltetrahydrofuran, methyl tert-butyl ether, and
diethyl ether are viable alternative solvents for labelling with PFg complex 43, but poor
solubility of the catalyst remained a limitation.®® When the more soluble BArF complex 64
was employed, however, the labelling of acetophenone proceeded to excellent levels of
incorporation across a wide range of solvents, outperforming PFs complex 43 in almost all

examples (Graph 1.1).%
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Isotopic Labelling of N-Heterocycles

As privileged structures in both the pharmaceutical and agrochemical industries, indoles and
related N-heterocycles have been receiving increased attention over the last few decades.®® A
Scifinder survey in December 2016 showed that over the past 128 years, over 130,000
papers have been published of which indoles are the subject.”® In the 1950s, the indole
alkaloid Reserpine, 68, (Figure 1.17) became one of the first central nervous system (CNS)
drugs to be widely introduced to the marketplace. It quickly became an interesting target for
natural product chemists, and between 1958 and 2003 was the subject of multiple total

synthesis routes, which have been extensively reviewed by Chen.”
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Since the 1950s, the physiological importance of the indole moiety has expanded and it now
represents one of the most important scaffolds in modern drug discovery, being found in a
vast range of pharmaceutical compounds such as anti-inflammatory, antidepressant,
anticancer or CNS drugs.”" Arguably, one of the most important classes of compounds in
medicinal chemistry is the 5-hydroxytryptamine receptor family, which influences several
neurological processes and has been implicated in treatments for depression and psychosis,
amongst others.”? Notable examples of 5-HT receptor drugs include the triptan family, such
as Sumatriptan 69 and Rizatriptan 70 (Figure 1.18), which are used to treat migraines and
cluster headaches, and Ondansentron 71, an anti-emetic which is used to combat the side
effects of chemotherapy, and which featured in the 2015 World Health Organisation

Essential Medicines List.”
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Figure 1.18

Over recent years, attention has focused on the use of transition metal catalysis for further
functionalisation of the indole scaffold.®®" With promising results being achieved for indole

75-79 and

C—H activation with catalysts based on iridium, rhodium, palladium, and ruthenium,
given the enormous relevance of this family of compounds to the pharmaceutical industry,
indole-containing compounds and related N-heterocycles represent an exciting class of

substrates for the isotopic labelling community.
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Early reports of hydrogen isotope exchange of indoles involved lithiation methodology,
exploiting the nucleophilic character of the C2 and C3 positions.*® For example, work
published by Jackson and co-workers in 1987 demonstrated that 2-deuteroindole 73 could be
prepared from N-phenylsulfonyl indole 72, through lithiation and quenching with D0,
followed by hydrolysis of the protecting group (Scheme 1.18).2' Furthermore, deuterium
could then be introduced at the C3 position (as well as on the indole nitrogen) by treatment
with DCI in D,0. While acidic exchange can offer highly effective methods for deuterium
incorporation, it suffers from the major drawback of a lack of selectivity. Additionally, the
use of harsh lithiating reagents or acids can cause difficulties in the late stages of complex
molecule synthesis, and as such milder conditions are often desirable.
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\ 2) Dzo, Etzo \ Dzo, DCI \
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Scheme 1.18

In 1999, Yau and co-workers reported the deuteration of indole and N-methylindole with the
use of Raney nickel catalysis, with the selectivity being determined by the reaction solvent,
which is also the source of deuterium.®? Selectivity remained poor, however, with non-
selective perdeuteration of indole 75 observed in D,0O, and labelling seen across three sites,

albeit with varying success, with deuterated acetonitrile (Scheme 1.19).
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Scheme 1.19

The use of heterogeneous catalysis for N-heterocycle labelling was further examined by
Atzrodt and Derdau, who in 2006 reported the use of Pd/C alongside NaBD,4 and D,O
(Scheme 1.20).2 Once again, however, H/D exchange was non-selective, and although
chiral substrates were screened, stereochemistry was not retained during the labelling

process.
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Scheme 1.20

Despite the increase in methodology for labelling of other N-heterocycles, the selective
deuteration of indoles remained elusive. In 2014, however, the isotopic labelling of indoles,
pyridines and quinolines catalysed by ruthenium nanoparticles was reported by Rousseau
and co-workers.* Regioselective deuterium incorporation of up to 94% was observed for
alkyl-substituted indoles, and similar results were achieved for quinoline and pyridine

derivatives (Scheme 1.21).

RuNP/PVP cat.
r;/’\ N R D,, THF r;/’\ N R
1 | R or —_— | | R or D
Lre - = Lo Z
7N N *¥” N7 D

[17]
~ [42] 150]
7 N [92] N [60] N [94]
A [97] N N N
[97] [42] H
84 74 85 86
¢< MeO
D °" ww © N\ [79]
/ N
| A | XN [15] MeO
ool Jior  eolll Jios \ MeO \ OMe
N N [70]
N OMe
87 88 [40] H g9 20
Scheme 1.21

In recent years, examples of homogeneous transition-metal catalysed labelling of indoles

have begun to emerge. In 2016, Chirik and co-workers reported the use of a homogeneous
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iron catalyst for the hydrogen isotope exchange of pharmaceuticals.®® Complex 91,
previously shown to be a highly active catalyst for the hydrogenation of unfunctionalised

86,87

alkenes, was found to deuterate a number of arenes and heteroarenes to high levels of

incorporation (Scheme 1.22).

Two trends were observed upon examination of the site selectivity: substrates bearing
electron-withdrawing substituents were found to undergo HIE more readily than those with
electron-donating groups, and deuteration took place at the most sterically accessible
positions. The selectivity observed for activation of less hindered C—H bonds makes this
labelling process an impressive and complementary method to aromatic deuteration with

Kerr group catalysts, which typically operate via ortho-activation by a donor directing
group.

N ’Pr \\\
N
R R ipr R R
91 (1 mol%)
or ’ D or D
D, (4 atm), THF
40 °C, 24 h
CF,4
[91]
[68] [68] [87]| X [34]| X
[68] [68] [90] [90] [80] N/ [91] N/
[90]
92 93 94 95
[50] (451 [25]
[35] [35] N [69] [93] F
7\ AR 7\ O\/\>[1S] UZ]C"E\>[73}
30 30 N 50 93 —
[30] N [30] \N)[ ] & o [93] N 241 N
| | \
96 97 98 85 99
Scheme 1.22

The utility of this novel labelling method was further highlighted with the tritiation of a

range of drug molecules (Scheme 1.23). While the catalyst loading was increased to 25
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mol%, reactions performed well at subatmospheric pressures of tritium gas, which is

typically the most expensive component in practical tritiation chemistry.
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Donor-directed hydrogen isotope exchange on N-heterocycles has also been reported. For
example, Ackermann has published the direct C-H arylation of indoles and pyrroles
catalysed by [RuCl,(p-cymene),], where removable pyridine and pyrimidine moieties were
used as directing groups.” In order to prepare deuterated starting materials for mechanistic
investigations, the ruthenium complex was also used as an isotope exchange catalyst, along
with methanol-d, as a deuterium source (Scheme 1.24). While levels of incorporation were
moderate, Ackermann’s work demonstrated that homogeneous HIE via directed C—H

activation was a feasible route to deuterated indoles.
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Scheme 1.24

Further evidence of donor group-directed labelling of indoles came from the groups of You
and Lan in 2013, who were investigating oxidative cross-coupling at the indole C2 position
using a rhodium catalyst.”” The treatment of N-substituted indoles with [Cp*RhCl,], and
methanol-d, led to selective deuterium incorporation at either the C3 or the C2 position
(Scheme 1.25). While incorporations in some cases were only moderate, this was the first
reported example where homogeneous transition metal-catalysed labelling of indoles could

be achieved selectively at two different positions, through variation of the directing group.
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Scheme 1.25

The labelling of the indole C2 position has been further reported in a very recent publication
by Tamm and co-workers.?® The deuteration of a series of aromatic and heteroaromatic
substrates proceeded to excellent incorporations when catalysed by novel iridium complex

112, bearing a bidentate phosphine-imidazolin-2-imine ligand (Scheme 1.26). As well as



demonstrating excellent activity for aromatic ortho-labelling directed by a range of

functional handles, this methodology was also applied to the labelling of Boc-protected

indole and pyrrole substrates.
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Scheme 1.26

When considered alongside the emergence of increasingly mild methods for iridium-

catalysed hydrogen isotope exchange across a vast range of functional groups, the

regioselectivity observed by You and Lan and the high activity observed by Tamm was

extremely promising, offering insight into the labelling of what remains a highly attractive

class of substrates.
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Proposed Work

In recent years, Kerr group catalysts have shown high activity in hydrogen isotope exchange
reactions of substituted aromatics and o,B-unsaturated systems.*®*-***%%° \jithin these
studies, N-heterocyclic units such as pyrazoles and pyridines have been successfully
employed as directing groups. However, there is still a demand for well-established
methodology for metal-catalysed labelling on the ring of heteroaromatic moieties. The
overarching aim of this project is the development of methodology for the selective

deuteration of N-heterocycles.

In the first instance, the project will involve the preparation and deuteration of a large library
of substituted indoles. It is essential that any methodology developed within this project
should be suitable for application in the late stages of complex molecule synthesis, so
common and removable N-protecting groups will be installed and used as functional
handles. The capacity of Kerr group catalysts to carry out labelling on these indole substrates
will be assessed and the selectivity observed for C2, C3 or C7 labelling will be investigated
(Scheme 1.27). In order to demonstrate the versatility of our group’s labelling methodology,
methods for the deprotection of deuterated substrates, with retention of the isotopic label,

will be developed to afford an overall traceless labelling process.

D? D?
ir]
D —— D — Vo2
N D, N N
\ \ H
PG D? PG D?
Scheme 1.27

When directing donor groups are used as protecting groups, the preference for formation of a
5- or 6-membered metallocyclic intermediate will be examined. The effects of catalyst and
directing group choice will be probed in order to evaluate whether regioselectivity can be
controlled (Scheme 1.28).
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Scheme 1.28
In order to demonstrate the wide applicability of Kerr group catalysts, any methodology

developed and optimised for indole substrates will be applied to a wider range of
heterocycles, including substituted pyrroles and azaindoles. The application of any
methodology developed to the labelling of N-heterocycle-containing drug compounds will
also be targeted. The deuteration of members of the triptan family of anti-migraine drugs
will be carried out with the aim of demonstrating the real-world utility of our mild labelling

conditions.

As well as the introduction of directing donor groups onto the heterocycle nitrogen position,
substrates containing non-coordinating protecting groups will be subjected to any labelling
conditions developed; this will allow us to determine whether the presence of a coordinating
functional handle is necessary, as well as to establish whether there are alternative
deuteration mechanisms at play. Any investigations carried out into the mechanism of

hydrogen isotope will be accompanied by complementary DFT studies.

Lastly, investigations will be carried out into the use of N-oxides or N-hydroxy indoles as
directing groups. It is anticipated that the smaller metallocycle formed could allow C-H
activation at alternative, more challenging positions, which could offer complementary site

selectivity to acyl directing groups.

R R
AN Easier access to
A\ A\ /, challenging
N vs. N N® 2 positions
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[Ir]\o/ R [If]<—OH (i]<—0© I <—0°© mmi?
6-mmi 5-mmi 5-mmi 5-mmi

Scheme 1.29
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Results and Discussion

C2 Labelling of N-Protected Indoles

As the first key aim of the project, we sought to prepare a range of substituted indoles to
study as labelling substrates. As depicted in Scheme 1.30, for an indole bearing a donor
group on the nitrogen atom, there are two potential sites for directed C—H activation. The
overarching aim of the project was to develop a set of complementary techniques that would

allow for the selective C—H activation and labelling of each of these positions.

A\ Ir cat. \ ) \ ["] D
D,, D, DCM d N
N\DG >= ] \O/)\R

5-mmi 6-mmi

Scheme 1.30

Initially, it was decided to examine methods for inducing HIE at the C2 position. As shown
in Scheme 1.30, the C2 position can be accessed via a 5-membered metallocyclic
intermediate (mmi), whereas the C7 position requires the formation of a 6-mmi for
activation. Previous work within the Kerr group has shown that C—H activation by iridium
often occurs preferentially via a 5-mmi over a 6-mmi,* so it was decided that labelling of

the C2 position would be best starting point for the project.

Establishing a thorough substrate scope of substituted indoles would involve varying the
directing groups on the indole nitrogen atom, as well as the substituents on the benzene and
pyrrole portions of the substrate. Initially, the synthesis of a range of N-protected indoles
was carried out. We first focussed on the use of protecting groups containing a donor atom
(i.e. N or O), which could act as a functional handle. Additionally, it was decided to employ
protecting groups commonly used during organic synthesis; since one of the key advantages
of hydrogen isotope exchange is the ability to introduce a heavy hydrogen label at the late
stages of a complex molecule synthesis, it was imperative that any protecting groups used in

this methodology could be installed and removed without the need for harsh conditions.

Given their prevalence in natural product chemistry, the use of acetamide and carbamate

protecting groups was explored initially. With this in mind, substrates 117 and 118, bearing
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acetyl and tert-butoxycarbonyl (Boc) protecting groups, were prepared in excellent yields
from 1H-indole 75 (Scheme 1.31). Additionally, and in order to gain an insight into the role
played by the steric properties of the directing group, N-pivaloyl indole 119 was prepared as
a bulkier analogue of 117, and N-ethoxycarbonyl indole 120 was prepared as a less hindered

analogue of Boc-protected substrate 118.

AcCl, NaOH
"BuyN*HSO, DMAP, Boc,0O
\ 4 4 2 \
N DCM THF N
H rt,16h rt,16h
88% 99% ©
75

17 75 118 ;V
Pivaloyl chloride,
DMAP, NEt: EtOCOCI NaH
D 2= ©3 ©3 >
H DCM THF N

rt, 16 h rt,1h

75 7% 119 75 99% 120 O)

Scheme 1.31

The potential labelling ability of substrates bearing less common directing groups was also
of interest. Both pyridyl and pyrimidyl groups had been successfully used by You and co-
workers as functional handles for Rh(ll1)-catalysed H/D exchange at the C2 position.” With
promising results having been obtained within the group for pyridyl/pyrimidyl-directed

ortho-HIE of aromatic systems,***

it was thought that these would be excellent candidates
for heterocyclic labelling. As such, compound 104 was prepared in good yield following a

literature procedure (Scheme 1.32).”

NaH, DMF
R —
N 150 °C, 16 h N
H
90% /N
75 104 N \
—
Scheme 1.32

An additional example of a functionality that is of particular interest to our laboratory is the
sulfonamide group. Despite their enormous relevance to the pharmaceutical industry,

sulfones and sulfonamides remain especially difficult substrates for HIE. Recent work
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published by the Kerr group has demonstrated that the bulk of a tetrahedral sulfone group
causes a significant steric clash upon approach to the iridium centre; the use of smaller
NHC-chloride catalysts, such as 56, has been shown to allow for HIE at the ortho- position
of sulfonamide-substituted aromatic systems.>® Additionally, ongoing work within the group
is focussed upon the application of novel catalyst systems bearing chelating NHC-phosphine
ligands in the labelling of sulfones and sulfonamides. Given the relevance of this functional
group, it was decided to prepare an N-methylsulfonyl-substituted indole, to use as a labelling
candidate, by reacting indole with methanesulfonyl chloride. Somewhat unexpectedly, 1,3-
bis(methylsulfonyl)-substituted indole 121 was obtained in 94% yield (Scheme 1.33), with
two additions of the sulfonyl group having taken place. It was decided, however, that 121
could still represent an interesting labelling substrate.

o/
i) NaH, DMSO 5=0
ii) MeSO,CI, Et,0
A\ ) 2 2 . N\
N 0 °C, 30 min N
H \
94% _S=0
75 121 97\
Scheme 1.33

With a range of N-substituted indole substrates in hand, our attention turned to the choice of
catalytic conditions to be employed. Numerous studies conducted within the Kerr group over
the last decade have shown the combination of bulky IMes and PPh; ligands to be a highly
efficient ligand set for HIE catalysis. With this in mind, it was decided that screening of the
substrates prepared so far should be conducted using [Ir(cod)(PPhs)(IMes)]PFs 43 as the

model catalyst.

The widespread utility of 43 in hydrogen isotope exchange reactions means that it is now
sold commercially through Strem Chemicals, along with its PMe,Ph and PBn; analogues.57
In order that sufficient quantities were prepared for sale, 43 and its precursor 55 were
synthesized on over a 3 g scale. Firstly, 55 was prepared in good to excellent yield through

the reaction of commercially available dimer [Ir(cod)Cl], (27) with IMes (Scheme 1.34).
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Scheme 1.34

Subsequent halide abstraction with silver hexafluorophosphate and reaction with
triphenylphosphine afforded complex 43. A total of 24 runs of this reaction proceeded in
good to excellent yields (Scheme 1.35). As detailed previously, the synthesis of 43 is
exceptionally mild and convenient; unlike preparations frequently reported for similar
complexes, the use of a glove box is not required and all steps can be carried out under
standard Schlenk conditions.

/\Ir/CI ii) PPhg g\lr/ PPh; 24 runs
~ > ~ 0.4-5.1 mmol scale
IM IM
p~ " Mes THE T Mes 51-90%
55 rt, 16 h 43

Scheme 1.35

Having been prepared in excellent yield, complex 43 could now be employed as a catalyst in
the labelling of N-substituted indole substrates. Substrates 117-120, bearing amide or
carbamate protecting groups, were evaluated under mild HIE conditions using catalyst 43
(Scheme 1.36).
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We were delighted to see that for N-acetyl indole 117, labelling occurred exclusively at the
C2 position, affording 122 with an excellent 94% deuterium incorporation. With the bulkier
directing group in N-pivaloyl indole, labelling was reduced slightly to 82% (123). A similar
drop-off in labelling ability was observed for the carbamate-protected indoles. For the ethyl
carbamate derivative 120, catalyst 43 delivered an impressive 94% labelling (124). Upon
moving to the bulkier Boc protecting group, however, only 12% deuteration was observed in
125 with catalyst 43.

For the pivaloyl- and Boc-protected indoles, it was thought that switching to a smaller
catalyst motif might increase the labelling. Complex 45 was therefore prepared in an

excellent yield using the method described previously (Scheme 1.37).

) AgPFg PFg
K’\ _Cl i) PMe,Ph K’\ _PMe,Ph
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87%
Scheme 1.37
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Pleasingly, when subjected to the HIE conditions with catalyst 45, bearing a smaller

phosphine ligand, deuterium incorporation in 123 and 125 increased to 92% and 73%

PMezPh
/ IMes
5 (5 mol%)
N D,, DCM N

)Qo 25°C,1h )§o

respectively (Scheme 1.38).

PFs

NB Incorporations are an average of two runs

Scheme 1.38

In order to compare our catalyst system to the previous industry standard, reactions with
substrates 117-120 were also conducted with Crabtree’s catalyst 20. We were pleased to see
that complex 43 outperformed 20 as a catalyst in all reactions (Scheme 1.39), with only low
levels of incorporation (up to 22%) observed with 20 under the conditions used for labelling

with 43.
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Scheme 1.39

Having achieved such promising levels of deuterium incorporation with the acyl protecting
groups used so far, we were keen to see if we could extend this methodology to the use of
nitrogen-containing groups as functional handles. Pyridines and pyrimidines have been
previously employed in aromatic directed HIE reported by the Kerr group, so there was a

promising precedent.**>

Compound 104 was thus subjected to the reaction conditions used for the successful
labelling of other N-protected indoles (Scheme 1.40). Disappointingly, deuterium
incorporation was not observed. Despite both pyridyl and pyrimidyl directing groups having
been previously used in labelling chemistry, we were not deterred by the lack of success in
the indole system used here. One of the reasons for these heterocycles’ widespread use as
functional handles is their excellent ability to coordinate to metal centres such as iridium;
such a trait, however, is not without its disadvantages. In some cases, coordination from the
pyrimidyl nitrogen can be so strong that it binds irreversibly to the iridium centre, effectively
“poisoning” the catalyst and removing any active species from the catalytic system.®® We

proposed that such a process could be occurring here.
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The last remaining substrate for testing was (bis)methylsulfonylindole 121. Unfortunately,

our previously successful labelling conditions resulted in no deuterium incorporation

(Scheme 1.41).
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% %

121 © 1227 ©

Scheme 1.41

As mentioned before, this was not entirely surprising. It is highly likely that binding of either
tetrahedral sulfonamide group to the iridium centre is not energetically favoured. As
depicted in Figure 1.19, the presence of bulky phosphine and NHC ligands causes significant
steric hindrance around the iridium centre, making substrate binding difficult. Ongoing work
within the Kerr group is focusing on the development of a new family of chelating NHC-
phosphine complexes, which aim to expand the applicability of our labelling methodology to
bulky tetrahedral substrates by forcing the NHC and phosphine ligands to occupy positions
cis- to one another. As such, it was decided to halt attempts at the labelling of substrate 121

at this point; this can be revisited when a more suitable chelating ligand is available.
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Figure 1.19

Having established an efficient method for the C2 labelling of acyl-protected indoles, we
were keen to explore the use of directing groups at the C3 position of the indole ring. As

such, Weinreb amide 128 was first prepared in a pleasing 90% vyield (Scheme 1.42).

(@) O (@) /O
OH Cl N
MeNOMe.HCI AN
Oxalyl chloride NEt
A\ _ ey e A\ L A\
N Et,O N DCM N
H 0°C,1h H rt,2h H
90% 128
Scheme 1.42

When 128 was subjected to our labelling conditions, we were delighted to see excellent
labelling at the C2 position (Table 1.5, Entry 1). Some labelling of the two Weinreb amide
methyl groups was also observed. When the reaction was repeated at a lower catalyst

loading, methyl labelling was seen to decrease with minimal loss of C2 labelling (Entry 2).

Table 1.5
/ PFq
\\ _PPh;
O—Mea - O/CD
0 NI g/lr\lMes 0 NI ’
\Meb 4 \CD3
3 (5 mol%
Ne, O moPe) N p
N D,, DCM N
H 25°C,1h H
128 129
Entry Catalyst Loading / mol% %D %D e. %Des
1 5 99 27 27
2 2 96 8 11

NB Incorporations are an average taken over 2 runs
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As a more challenging example, we sought to attempt labelling using an aldehyde directing
group at the C3 position. The use of aldehydes as directing groups is more complicated than
the previous functional handles explored; as well as the challenge of controlling selectivity
between labelling on the aromatic ring and at the aldehydic position, decarbonylation
presents itself as a competing reaction. 3-Formyl substituted indole 130 was prepared in a
pleasing 81% vyield to be used as a model substrate, and was then subjected to our standard
labelling conditions (Scheme 1.43). We were pleased to observe selectivity for deuteration
of the C2 position over the aldehydic position, though with only a moderate 29%

g PPh3
IMes
2 6] —0
POCI,
NaOH/H,0 43 (5 mol%)
N > > N [29]
N DMF/DCM N D,, DCM N
H H

H 0-150°C, 7.5h 25°C,1h
75 81% 130 131

incorporation at C2.

Scheme 1.43

In order to examine the possibility of a double directing group effect, a carbamate group was
installed onto the indole nitrogen atom. When the labelling of 132 was carried out (Scheme
1.44), we were delighted to observe 97% deuteration at the C2 position. Importantly, no
decarbonylation and minimal aldehydic labelling was observed, confirming that our mild

labelling conditions are tolerant of the aldehyde functionality.

(PPh
_0 —0 / IMes 7l —0

EtOCOCI

NaH 43 (5 mol%)
N N\ ( ) > N [07]
N THF 3 D,, DCM N
rt,1h /T oE 25°C,1h )\OEt
131 82% 132 o

Scheme 1.44

For all substrates screened to this point, we had observed complete selectivity for activation

and labelling of the C2 C—H bond. While we were delighted with these results, they were not
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surprising. Previous work within the group has shown the formation of a 5-mmi to occur
preferentially over the formation of a 6-mmi, so the fact that deuterium was incorporated
into the C2 position over C3 or C7 positions was in keeping with previous results.* Next,
we were keen to investigate the preference for the labelling of a heterocyclic substrate over a
competing aromatic site. The ideal substrate by which to assess this selectivity was decided

to be N-benzoylindole 134, which was prepared easily in quantitative yield (Scheme 1.45).

BzCl, NaOH

"BuysN*HSO,
A\ T A\
N DCM N
H rt.,2h

O
75 99% 134 Ph
Scheme 1.45

As depicted in Figure 1.20, substrate 134 has 3 possible sites for carbonyl-directed C-H
activation. As well as the indole C2 position and more energetically challenging C7 position
(accessed via a 6-mmi), the ortho- positions of the benzoyl group can be activated via a 5-

oy
N

Cc7
0]

mmi.

Bz

Figure 1.20

When the labelling of 134 was investigated, we were delighted to observe remarkable
selectivity for deuteration at the C2 position over the aromatic ortho-protons in the benzoyl
group (Table 1.6, Entry 1). Unsurprisingly, no C7 activation was observed whatsoever.
Through tuning of the reaction conditions, deuterium incorporation at C2 was increased to

80-90%, maintaining only minimal labelling on the benzoyl group (Entries 2-3).
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Table 1.6
PPh3
/ IMes
43 (5 mol%)
N D,, DCM N

o temp., time D o
D
134 135
Entry Temperature / °C Time/h %D¢; %Dg,
1 25 1 73 2
2 25 24 90 6
3 40 1 80 4

NB Incorporations are an average taken over 2 runs

To understand the origins of the remarkable selectivity observed, the reaction was studied
computationally, in order to examine the relative energies of binding and C—H activation for
each of the possible labelling sites. Work within the Kerr group has previously shown that in
compounds containing more than one directing group, the binding energy for each group
plays a key role in determining the selectivity.”* In 134, however, all three potential
labelling sites are accessed from the same directing group. In this case, the relative C-H
bond activation energies for each binding conformer might be expected to influence the
selectivity.”

Figure 1.21 shows the three potential energy surfaces (PESs) for C—H activation. At the
initial binding phase, the conformer leading to C7 deuteration is the lowest in free energy
(Grer = 0.0 keal mol™), albeit only marginally more stable that the conformation for benzoyl
activation (+ 0.4 kcalmol™). In contrast, the conformer leading to activation of the C2
position is significantly destabilised (+ 4.5 kcalmol™). Given that the C2 position is the
preferred labelling site, these energy differences suggest that the lowest energy binding
modes are not the most reactive; this is in contrast to our previously published results, which
showed that the binding mode stability determined selectivity in substrates with more than

one directing group.*
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Figure 1.21

Instead, calculation of the energy barriers to the respective C—H activation processes reveals
that the free energy barrier to activation of the C2 position is by far the lowest of the three
processes. In addition, it is the only exothermic reaction coordinate of the three. The
absolute free energy barriers to C—H activation of the three possible labelling sites are
summarised in Table 1.7. Values were calculated using M06/6-31G* in the gas phase.

Table 1.7
Binding L 0 )
Entry AG* [ kcal mol AG’ / kcal mol
Conformer
1 Bz 24.8 8.5
2 C7 25.5 7.9
3 C2 18.4 1.8

We can therefore conclude that the kinetic barrier to C—H activation of the C7 and benzoyl
positions is the source of the remarkable labelling selectivity observed. These results are in
keeping with the Kerr group’s previous observations for the labelling on benzanilide, where
two labelling sites are accessed via the same directing group and selectivity is governed by

the preference for a 5- vs a 6-mmi.*
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With such promising results having been achieved for the labelling of indoles, we sought to
expand the scope of our methodology to alternative heterocycle moieties. In the first
instance, we looked to the labelling of indazoles and azaindoles. The presence of an extra
heteroatom in each of these systems means that there is a competing coordination site; this
can lead to “poisoning” of the catalyst by irreversible binding. To prepare suitable labelling
substrates, azaindoles 136 and 138 each successfully underwent acetyl protection reactions
(Scheme 1.46).

nBU4N+HSO4-
NaOH, AcCl
| A\ - | A\
N AN DCM N AN
H rt, 16 h )Q
o)
136 82% 137
N nBU4N+HSO4- N
NaOH, AcCl
| S\ o | S\
G N DCM G N
H rt, 16 h )Q
o)
138 70% 139
Scheme 1.46

When subjected to our labelling conditions (Scheme 1.47), we were delighted to see high
levels of deuteration at the C2 position, showing that the presence of an additional nitrogen

atom had no negative effects on coordination.

49



PFe

KI\ _PPh;
r
%/ ~IMes
XS 43 (5 mol%)
TN -
YN N D,, DCM

25°C,1h
O

137 X=CH; Y=N; 139 X=N; Y =CH

140
NB Incorporations are an average of two runs

Scheme 1.47

In an attempt to bias the system towards labelling at the C7 position, N-acylindazole 143,
with the C—H unit at the C2 position replaced by a nitrogen, was employed as a substrate.
143 was prepared in good yield from the parent compound (Scheme 1.48). When subjected

to our labelling conditions, however, no labelling whatsoever was observed.

142

NaOH, AcCl
N ’ N\
N > N
N DCM N
H

PPh3
/ IMes

nBU4N+HSO4_

PFs

rt., 16 h #
80% o

143

Scheme 1.48

43 (5 mol%)
: \N
D,, DCM N
25°C,1h
D )’§o

144

Eager to extend our substrate scope to smaller heterocycles, we set about preparing a range
of substituted pyrroles (Scheme 1.49). These were then subjected to our labelling conditions

(Scheme 1.50).
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Scheme 1.49
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145

BOCQO, NEt3
— >/ \
DCM N
rt,2h )\
7% 0~ ~OBu
147
Benzoyl Chloride
DMAP, NEt; / \
_—
DCM N
0°C-rt,16h )\
90% O Ph
149
Benzoyl Chloride
DMAP, NEt3 / \
O
Y%
DCM N
0°C-rt,16h )\
90% o} Ph
151

While the ethyl and tert-butyl carbamate-protected pyrroles, 146 and 147, mediated labelling

to less than 20%, we were pleased to observe that acetyl- and benzoyl-protected pyrroles,

148 and 149, were labelled with high deuterium incorporation. Furthermore, their formyl-

substituted analogues, 150 and 151, were also labelled efficiently, with no decarbonylation

or aldehyde labelling observed. In substrates 149 and 151, selectivity was, again, observed

for the C2 position over the competing benzoyl positions, though at a decreased level to that

observed with N-benzoyl indole 134. Whilst no computational studies were undertaken in

order to assess this selectivity, it could be proposed that the smaller size of the pyrrole ring

compared to the indole ring could have a significant effect on the flexibility and stability of

the potential binding conformers, perhaps decreasing the free energy barrier for aromatic C—

H activation.
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Scheme 1.50

The work conducted up to this point had afforded us a mild and selective route to high
deuterium incorporation at the C2 position of N-protected indoles. It was of paramount
importance to us, however, that the protecting groups used as functional handles could be
removed under mild conditions and without the loss of any deuterium label. As discussed
previously, one of the key advantages of hydrogen isotope exchange is that it can be used in
the late stages of complex molecule synthesis. Since total synthesis projects are often
heavily dependent on the use of multiple protection and deprotection steps, it was considered
essential that substitution on the indole nitrogen could be altered while maintaining high

levels of deuterium incorporation.
A deprotection strategy for the ethyl carbamate protecting group was first investigated. After

C2 labelling, the deprotection of 124 with tetra-n-butylammonium fluoride was attempted,

following a literature procedure (Scheme 1.51).”
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TBAF
Np T N—h
Reflux, 8 h H
)§0 90%
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Scheme 1.51

While the deprotection reaction proceeded in 90% yield, we were disappointed to see that
the deuterium label had been replaced with hydrogen. Since the TBAF deprotection of
carbamates is believed to occur via nucleophilic attack of the fluoride ion at the carbonyl
unit to form a fluorocarbamate,®* hydrogen isotope exchange at the C2 position would not be
expected to take place. It was noted, however, that “anhydrous” TBAF is often contaminated
with the bifluoride species HF,, which is generated via decomposition during the drying
process.” The bifluoride anion can act as a weak acid, and moreover is in equilibrium with
HF, a much stronger acid. While most commercial sources of TBAF now contain water as a
stabiliser, the presence of trace acid is still a very real possibility. As discussed previously,
both the C2 and C3 positions of the indole moiety are nucleophilic, meaning that non-
selective exchange can occur at both positions in the presence of acid. It was therefore

decided to investigate basic conditions for deprotection instead.

Pleasingly, ethyl carbamate-protected deuteroindole 124 successfully underwent
deprotection using sodium hydroxide in ethanol (Scheme 1.52). Most importantly, only

negligible loss of the deuterium label was observed.

NaOH
mD EtOH b
[94] t [93]
N)\ rt.,2h H
124 57 OF 99% 73

Scheme 1.52

We next looked to the removal of the N-acetyl group from indole 122. We were delighted to
see that deprotection proceeded under basic conditions in quantitative yield, with retention
of the deuterium label at the C2 position (Scheme 1.53).
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Scheme 1.53

As a final C2 labelling example, we sought to apply our developed methodology to the
deuteration of a drug molecule. As discussed previously, our motivation for achieving the
selective labelling of indoles and related N-heterocycles lay in their physiological
importance and prevalence as moieties in a range of pharmaceutical compounds, and we
wished to highlight the potential applications of our methodology in the pharmaceutical

industry.

We targeted the labelling of Sumatriptan 69, a member of the triptan family of anti-migraine
drugs.® Firstly, ethyl carbamate protection of 69 was carried out in order to introduce a C2
directing group (Scheme 1.54).

NMe2 NM82
H EtOCOCI H
P NaH N
o// \\O \ EE—— O//S\\O \
N DMF N
H 0°C-rt,1h )§
(0]
67%
69 157 EtO
Scheme 1.54

Ethyl carbamate-protected substrate 157 was then subjected to our standard labelling
conditions (Table 1.8). We were delighted to see that even in the presence of a sulfonamide
and a tertiary amine, a moderate 38% deuterium incorporation was achieved after just 1 h
(Entry 1). Increasing the reaction time led to an increase in labelling (Entry 2), and
extending to 24 h led to an excellent 92% labelling at the C2 position (Entry 3), with the low

catalyst loading and ambient pressure and temperature maintained.
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Table 1.8

NM Pph3 NM
e e
2 / IMes 2

H H
N 0 NJ
7~ //S\\ \ 43 (5 mol A) . ~ //S\\ \ 5
© N D,, DQM © N
] \FO 25 C,otlme ] Fo
157 tO 99% 158 tO
Entry Time/h %D
1 1 38
2 18 84
3 24 92

Lastly, the deprotection of labelled compound 158 was carried out under our previously
developed conditions (Scheme 1.55). Pleasingly, this proceeded in excellent yield with
negligible degradation of the isotopic label, yielding 2-deuterosumatriptan 159 in a 57%

yield over the three steps of protection, labelling, and deprotection.

NMGZ NMe2
H H
AN~ NaOH ANig
7\ \ D _— 7\ \ D
00 N 192] EtOH 00 N [91]
# r.t., 16 h H
° 87%
158 EtO o 159
Scheme 1.55

In summary, we have established a mild and general method for the C2 deuteration of N-
heterocycles. Using common N-protecting groups as removable functional handles, high
levels of deuterium incorporation have been achieved on a wide range of substrates.
Remarkable selectivity for C—H activation via a 5-mmi is observed, and the C2 position can
be selectively labeled in the presence of benzoyl groups. The labelling and subsequent
deprotection of the commercial migraine drug Sumatriptan serves to highlight the

applicability of our mild and selective process to the pharmaceutical industry.
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C3 Labelling of N-Protected Indoles

Having achieved such positive results with the use of N-protecting groups as directing
groups for selective C2 labelling, we next sought to investigate the effects of the presence of
alternate protecting groups, which did not possess a donor group, in our HIE reactions.
Whilst conducting labelling reactions for the synthesis of substrates to be used in kinetic
isotope effect studies, You and co-workers reported the C3-deuteration of indole substrates
bearing an N-phenyl or N-benzyl group using a rhodium(lll) catalyst, albeit achieving no
more than 24% deuteration, and we wondered whether we would observe similar results in

reactions catalysed by our group’s iridium(I) catalysts.”

As discussed previously, methodology for the selective C3 deuteration of indole is limited,
and early methods often involved the use of strongly acidic conditions, which can cause
problems in the late stages of complex molecule synthesis.®® While more recent methods,
such as those reported by the groups of Rousseau and Chirik, have used milder conditions to
achieve HIE at the C3 position, both of these examples still suffer from a lack of selectivity,
with C2 labelling also observed in both cases.®*® As such, methods for selective C3
deuteration of indoles are still required. As a model substrate, we first prepared N-

methylindole 160 in an excellent 85% vyield following a literature procedure (Scheme

1.56).%
©\/\> NaH, Mel ©\/\>
N THF N
H

0°C-rt,05h \
73 85% 160

Y

Scheme 1.56

When compound 160 was subjected to the previously-developed labelling conditions, we
were delighted to see exclusive deuterium labelling at the C3 position (Scheme 1.57). The
incorporation of 64% appeared incredibly promising, given that such mild conditions had

been successfully employed with no optimisation yet carried out.
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Scheme 1.57

We next sought to carry out a more thorough screening of our group’s catalysts and, as such,
synthesised a small range of complexes. Hexafluorophosphate complexes 46 and 162,
bearing alternative phosphine ligands, were prepared in excellent yields using the method

described previously (Table 1.9).

Table 1.9
i) AgPFg
I\, i) PRy IN | PR
// IMes > // IF\IMes
THF
55 rt, 16 h
Entry PR3 Product Yield / %

1 PBn; 44 77
2 P"Bus 162 73

It was also considered that the choice of counterion could have an effect on catalyst activity;
our group’s work has demonstrated that the use of a larger, more weakly coordinating anion,
such as BArg, can offer more efficient Catalysis.60 With this in mind, BArg complex 64 was
prepared in a two-step process (Scheme 1.58). Firstly, imidazolium BArg salt 63 was
prepared through a salt metathesis reaction with NaBArg. Iridium(l) NHC-chloride complex
55 was then reacted with triphenylphosphine, before addition of 63 and potassium tert-

butoxide, to afford complex 64 in a pleasing 67% yield.
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Scheme 1.58

Lastly, complexes 65 and 66, bearing smaller counterions, were also prepared using silver
triflate and silver tetrafluoroborate salts (Table 1.10).

Table 1.10
i) AgX X
IN o i) PPhg I\, PP
// r\IMes > // r\IMes
THF
55 rt, 16 h
Entry X Product Yield / %
1 OTf 65 69
2 BF, 66 80

With a range of alternative complexes in hand, a catalyst screening was carried out for the
labelling of N-methylindole 160 (Table 1.11). While 45 and 162 were found to be poor
labelling catalysts (Entries 1 and 3), complex 44, bearing a more weakly c-donating

phosphine ligand, offered a promising incorporation of 54% (Entry 2).

BAr: counterion catalyst 64 was tested, but was found to be less effective than 43 (Entry 4).

Smaller counterions, such as those in catalysts 65 and 66, however, also had a detrimental
effect on deuterium incorporation (Entries 5 and 6).
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Table 1.11

Ir
g/ h IMes
D
N D,, DCM N

\ 25°C,1h \
160 161
Entry Catalyst PR; X %D
1 45 PMe,Ph PFs 25
2 44 PBn; PFs¢ 54
3 162 P"Bus PF¢ 7
4 64 PPh; BAr: 47
5 65 PPh; OTf 38
6 66 PPh; BF, 21

NB Incorporations are an average taken over 3 runs

Based on this initial screening, we chose to carry out further optimisation with catalyst 43. In
order to maximise the output of the screening process and assess the importance of multiple
variables, optimisation was carried out using Design of Experiments.®% A 2-level, 3-
factorial design was employed, in which the effects of catalyst loading, reaction time, and
solvent volume were scrutinised. Examination of the data from this reaction indicated that
catalyst loading and reaction time were the most important factors in achieving high
incorporations. Pleasingly, by increasing the reaction time, we were able to achieve excellent
deuterium incorporation at the C3 position at a low catalyst loading of 1 mol%. The

optimised conditions are shown in Scheme 1.59.

PPh3
/ IMes
43 (1 mol%)
N D,, DCM N
\ 25°C,16 h \
160 161

Scheme 1.59
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In order to evaluate the applicability of this labelling process, we sought to prepare a larger
series of substituted indoles for screening. N-benzyl- and N-ethylindole (164 and 165) were

first prepared according to literature procedures (Scheme 1.60).

BnBr, NaOH EtBr, KOH
A\ - A\ A\
N DCM N DMSO N
L rt,2h H rt.,2h \\

164 71% 75 99% 165

Y

Scheme 1.60

Next, N-methylation reactions were conducted on a range of free indoles (Scheme 1.61),
including those with substitution at the C2 position, to afford N-methylindoles 166-172 in
good to excellent yields.

166 167 168
82% 73% 74%
N\ X
N N F N N AN
\ \ \ \
169 170 171 172
89% 54% 65% 64%
Scheme 1.61

When these substrates were subjected to our optimised conditions, we found that altering the
substitution on both the nitrogen atom and the heteroaromatic moiety was well tolerated
(Scheme 1.62), affording a series of 3-deuteroindoles 173-182, albeit with a small decrease
in labelling efficiency for N-benzylindole 164. Pleasingly, substrate 168, bearing a
coordinating nitro- group which could direct C—H activation at the indole C5 position,
underwent quantitative and exclusive C3 labelling to afford 176. We were encouraged, once

again, to observe that azaindoles 171 and 172 were also labelled efficiently, with no catalyst
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poisoning observed as a result of the pyridine unit present. As a control and to probe whether
the presence of a functional group at the indole nitrogen position was necessary, the reaction
was also conducted with free indole and 2-methylindole. While 179 only underwent 26%
deuteration, the high incorporation in 180 demonstrated that an absence of substitution at the
nitrogen position was not detrimental to the reaction, and that substitution at the C2 position

was also tolerated. This was further highlighted in the successful labelling of bulky 2-tert-

butyl-N-methylindole 169.
/\I ~PPhg
// r\IMes
43

D
(1 mol%) ‘@E%
D,, DCM X

PFs

Py
><; /}
Y
pel

25°C, 16 h
[87] [58] Br [96] F [95]
D D T T
N N N N
. (. \ \
173 110 174 175

90]

NO,
[99] N. [92] [
N Z N N AN
\ \ \
176 177 178

[26] [94] [97] [84]
o o o o«
; ; A A

179 180 181 182

NB Incorporations are an average of three runs

Scheme 1.62

In a final demonstration of the utility of our C3 labelling process, benzofuran 183 and
benzothiophene 184 were subjected to our deuteration conditions (Scheme 1.63). We were
delighted to see that both substrates underwent C3-selective labelling to satisfactory levels
of incorporation, representing an important progression into the labelling of heterocyclic

substrates that are unable to bear a directing group on the heteroatom.

61



PPh3
/ IMes
D
©j> 43 (1 mol%) ©f\g
X D,, DCM X

25°C,16 h
[84] [76]
CD CD
O S
183 184

NB Incorporations are an average of three runs

Scheme 1.63

There is little precedent in the literature for iridium-catalysed HIE in the absence of a
coordinating directing group, and we were keen to understand the mechanism of this novel
C3 labelling process. Clearly, the reaction could not proceed via the same mechanism as our
donor-directed C2 labelling; instead, our attention turned to the mechanisms of previously-
reported processes for C3 labelling of indoles.**" As detailed previously, the majority of
methods for installing a deuterium atom at the C3 position involve the use of deuterated
acids, relying on the C3 carbon atom’s inherent nucleophilicity for the reaction with an
electrophilic deuterium atom.*® The indole C3 position reacts 10" times faster than benzene
in SEAr reactions, and while the C2 position reacts more slowly, it is also mildly
nucleophilic. This reactivity is often responsible for the lack of selectivity observed in C3

deuteration reactions of indoles, such as that reported by Jackson and co-workers.®

We proposed that if the treatment of N-alkyl indoles with iridium catalyst 43 in the presence
of D, caused the generation of an iridium complex bearing acidic deuteride ligands, then the
nucleophilic C3 carbon atom could potentially react with one of these ligands through an
SeAr process. This hypothesis is consistent with the labelling results obtained for indole 75
and N-methylindole 160; Mayr and co-workers have shown that the presence of an N-methy!l

group increases C3 nucleophilicity.*®

As a simple assessment of the viability of such a mechanism, we considered the use of an
indicator that could confirm the presence of acidic intermediates. Employing a simple and
elegant method developed by Burgess and co-workers in their comparison of hydride

acidities in phosphine and NHC complexes,”® catalyst 43 was subjected to the reaction
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conditions in the absence of substrate (Scheme 1.64). Previous mechanistic studies within
the Kerr group have shown that species 185 is rapidly generated under a deuterium

atmosphere, and the intermediacy and catalytic competency of Ir™ dihydride complexes is

well precedented. >

Within a few minutes, a colour change from orange to pale yellow was observed; this is
consistent with the formation of 185.

/ PFs D,, DCM PPh; | PF,
. PRy Methyl red D,,,,,Ilr“\\\s
// IMes . - D" | \s g .
25°C IMes (S =DCMorD,;
43 185

a) Control for basic conditions: b) Control for acidic conditions:
NEt; in DCM AcOH in DCM

N

pS

c)t=5mins d)t=5mins e)t=1h filt=1h
without methyl red with methyl red without methyl red with methyl red

Scheme 1.64

After 5 minutes, methyl red indicator was added to the reaction mixture. A colour change
from yellow to pink was observed instantaneously (Scheme 1.64d), indicating an acidic
medium with a pH < 4.4.* In order to confirm that the observed species were long lasting,
the mixture was left to stir at room temperature for 1 h, after which the vivid pink colour
remained (Scheme 1.64f).

The effects of hydride ligand acidity on catalysis have been the subject of extensive
discussion during recent years, and advances in computational chemistry have allowed for
theoretical pK, values of transition metal hydrides to be calculated.?®'%*'% Morris and co-
workers have demonstrated that the acid dissociation constants of transition metal hydride

complexes can be estimated through the use of an additive ligand acidity constant (LAC)
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equation.™ The calculation of the pK, in THF for a metal hydride complex is shown in
Equation 1.2, and is based on the sum of acidity constants for each of the ligands in the
conjugate base of the hydride or dihydrogen acid (Z(A.)). Corrections are then added to
account for the charge on the conjugate base (Ccnarge) and the periodic row of the transition
metal centre (C,q). A final correction (Cg) is added if formation of the conjugate base leads

to a loss of octahedral geometry.

Equation 1.2

pKaTHF = Z(AL) + Ceharge * Cnd + Cyse

Having shown that our active iridium system is, indeed, acidic, it was thought that
calculation of the pK, of the proposed catalytically active species 186 would give further
insight into its acidity, while perhaps also identifying which side of the equilibrium shown in

Scheme 1.65 would be favoured.

PPh; PFe PPh;
Dy, | \\\DZ D/I/,,Il \\\D ® 0O
D™ | ~~DCMm = = D™ | ~~DCMm D PFe
IMes IMes
186 187
Scheme 1.65

For 186 and its conjugate base 187, the pK, was calculated as shown in Equation 1.3. The
ligand acidity constants used have been reported previously for a range of common ligand
classes.™ The value of Cenage is O since conjugate base 187 is neutral, C,q is assigned the
value 2 as iridium is a 5d metal, and Cg is O since formation of 187 occurs with the
octahedral geometry maintained. This gives a value of 9.3 for the pK, of 186 in THF; it has
been demonstrated that the pK, values in DCM are consistent with those calculated in
THF.'®

Equation 1.3

pKaTHF = Z(AL) + Ccharge +Cpg + Cye
=(02+02+02+4+27)+0+2+0
=9.3

64



As well as confirming that 186 is, indeed, acidic, its pK, of 9.3 suggests that the equilibrium
shown in Scheme 1.66 is likely to lie to the left, with the active iridium complex being most

likely to exist in the form of cationic dihydride species 187.

PPh; PFg PPhs
D//,,, | ) D, D//,,, | _\\\\D @0
r - r
p” | ~DCMm — p” | ~ocm D PFe
IMes IMes
186 187
Scheme 1.66

It was considered at this point that by careful selection of the ligands used for C3 labelling,
the acidity of any hydride intermediates could be delicately tuned. In our previous work, we
have demonstrated that the choice of phosphine and carbene ligands used in HIE reactions
can have a significant effect on catalyst activity. Designing a range of catalysts with varying
hydride acidities and comparing their catalytic activity would allow us to investigate our
hypothesis that C3 labelling was occurring through an electrophilic substitution mechanism.

In 2010, Burgess and co-workers demonstrated that phosphine-ligated derivatives of
Crabtree’s catalyst were more acidic than the corresponding carbene analogues in an alkene
hydrogenation reaction where the rate determining step is believed to be reductive
elimination from Ir" to Ir'".*® As shown in Scheme 1.67, the increased c-donor capability of
the carbene ligand compared to the phosphine was proposed to offer stabilisation of the
higher oxidation state intermediate,”® disfavouring the reductive elimination step.
Additionally, the superior m-acceptor ability of the phosphine ligand allows it to stabilise the
iridium(l1l) intermediate, driving reductive elimination and thus rendering the hydride

ligands at iridium more acidic.
less acidic more acidic
+ +
ha W N H
- stabilised by stabilised by
[ )> IrY ~ [ )> " . donation ReP—IrY = RsP—Ir" n-backbonding
N N
R R
Scheme 1.67

Based on the reasoning applied by Burgess and co-workers for the differences in hydride

acidity caused by phosphine m-backbonding and carbene o-donating capabilities, we
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postulated that using a combination of weakly c-donating ligands could allow us to increase
the acidity of intermediate complexes bearing deuteride ligands. When TEP values are
compared for common NHC and phosphine ligands,*! it is immediately apparent that even
the most electron-poor NHC:s still exhibit v(CO) values significantly higher than all common
phosphines. With this in mind, it was thought that the greatest changes in deuteride acidity
would be observed through variation of the phosphine ligand.

The results shown in Table 1.11, and discussed previously, confirmed that a reduction in
ligand c-donor capability led to the highest levels of labelling. As such, we sought to further
investigate this using phosphite ligands, which are significantly weaker o-donors than their
phosphine analogues. Catalysts 188 and 189 were prepared from 55, as described previously,
in good yields (Scheme 1.68).

Fe  i)AgPFs AQPFG
O'Pr)3 ii) P(OPr)3 \I cl OPh P(OPh);
/ IMes ) / . IMes / IMes

PFg

THF THF
rt.,16h 55 rt., 16 h
62% 82%
Scheme 1.68

With two phosphite catalysts in hand, the labelling of N-methylindole was carried out under
our initial screening conditions (Table 1.12). For comparison, results obtained for all

phosphine/phosphite ligands tested are shown, along with their TEP values.
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Table 1.12

PFg
/\I PR3
// r\IMes
N\ D,, DCM N

\

25°C,1h \
160 161
Entry Catalyst PR, PR; TEP/cm™ %D
1 162 P"Bus 2060 7
2 45 PMe,Ph 2065 25
3 44 PBn3 2066 54
4 43 PPh; 2069 64
5 188 P(O'Pr)s 2075 22
6 189 P(OPh); 2085 14

NB Incorporations are an average taken over 3 runs

We were disappointed, however, to see that the reactivity trend did not continue; in fact, the
use of phosphite ligands caused a significant decrease in deuterium incorporation. These
results did not directly invalidate our hypothesis that C3 labelling was occurring via reaction
with an acidic deuteride ligand. The steric properties of the phosphine and phosphite ligands
tested, for example, vary significantly across the series. However, the increased deuteration
observed when using PBn; compared to P(OPh);, which has a similar percentage buried
volume, suggests that the steric properties of the phosphite ligands tested are not the source

of their hindered catalytic activity.

It appeared, therefore, that the mechanism was more complicated than previously anticipated
and could involve an inner-sphere process. For example, the poor c-donating capabilities of
the phosphite ligands may well increase deuteride acidity, but in an inner-sphere process

could similarly destabilise any high oxidation state intermediates formed.

At this stage, we considered the likely iridium-bound intermediates that might form through
an inner-sphere mechanism. After initial coordination of the indole double bond to the
iridium centre, we proposed that the reaction would proceed one of two ways: 1) C-H
insertion of the iridium centre into one of the indole C-H bonds, as per the mechanism of

our directed labelling; or 2) Deuterometallation of the indole double bond by the addition of
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Ir-D. Taking into account the available regiochemistry, this gives four potential pathways

for the formation of an iridium-bound intermediate, shown in Scheme 1.69.

[I—H D

Scheme 1.69

We were able to rule out C—H insertion at the C2 position (pathway B) as the major pathway
due to the high levels of labelling observed with 2-methylindole. This allowed us to propose

three plausible iridium-bound intermediates (Figure 1.22).

[Irl—H [Ir] D
N N N
\ \ \
190 191 192
Figure 1.22

In order to investigate the likelihood of iridium C—H insertion versus deuterometallation, we
looked to the use of kinetic isotope effect (KIE) experiments; firstly, the rates of reaction

were measured for the forward and reverse deuteration reactions of 160 (Scheme 1.70).

PFs
I\, PPhe
r

// > IMes

D H
43 (1 mol%) K

N H,, DCM N D

\ 25°C \

161 160
Scheme 1.70
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A primary inverse kinetic isotope effect of 0.64 was observed, with the reverse reaction
occurring approximately a factor of 1.6 times faster than the forward reaction. This rules out
the possibility of C-H/C-D bond cleavage being the rate-determining step, and in fact
suggests that the formation of a C-H/C-D bond could be implicated in the RDS. To gain
further insight, the forward reaction was also carried out with 2-deutero-N-methylindole 161
(Scheme 1.71). Interestingly, a secondary inverse KIE of 0.89 was observed, with the
reaction once again proceeding faster with a deuterated starting material.
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Scheme 1.71

The magnitude of the KIE observed here, where the reverse reaction occurs only 1.1 times
faster than the forward reaction, reaffirmed our conclusion that the major pathway could not
proceed through insertion into the C2 C-H bond. We postulated, however, that the presence
of an inverse KIE could be indicative of a change in hybridisation from sp? to sp® at the C2

carbon, perhaps suggesting the formation of an indoline intermediate.

It was envisaged that we could gain additional insight into the mechanism taking place by
investigating the electronics at the iridium centre. Para-substituted aryl phosphines have
previously been used as a tool for monitoring electronic effects on reaction rates across a
ligand series with minimal alteration of the steric properties.’®*® A range of novel para-

substituted analogues of complex 43 were therefore prepared for use (Table 1.13).
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Table 1.13

/\I _cl ii) PR /\I _PR,
// r\IMes > // I’\IMes
THF
55 rt,16h
Entry PR; Product Yield / %

1 P(p-CsH4Cl)s 194 66
2 P(p-C5H4F)3 195 54
3 P(p-CsH4CHs)s 196 58
4 P(p-CeH4OCH;)s 197 62

The effects on aryl phosphine substitution on the electronic properties of the catalysts were
probed by activating the complexes, as a solution in acetonitrile-d;, with H, gas. As a
strongly coordinating solvent, acetonitrile offers intermediate 198 enough stabilisation that
the iridium hydride signals can be observed by 'H NMR spectroscopy. The hydride
resonances are listed in Table 1.14, and are seen to shift upfield as electron density at the
phosphorous atom decreases, indicating that the iridium centre can, indeed, be affected by a
change in electronics at the aryl phosphine para-position.

Table 1.14
g\"/ PR, e Meglfl-dg, H/,,“IiiNCMe ore
~ >
77 IMes o e H” !'\;SNCMe
198
Entry Catalyst PR; PR; TEP/cm™  Hydride 6 / ppm
1 43 PPh; 2069 -21.56
2 194 P(p-CsH4Cl)s 2073 -21.33
3 195 P(p-CeH.F)s 2070 -21.48
4 196 P(p-CsH4CHs)s 2067 -21.61
5 197 P(p-CsH.OCHs)s 2066 -21.65

Kinetic analysis was then carried out on the labelling of N-methylindole 160 with
[Ir(cod)(P(p-CsHsX)s)(IMes)]PFs (catalysts 43 and 194-197). When plotted against
Hammett c-parameters, the rate constants exhibited a linear relationship (Graph 1.2), further

indicating that the electronic properties associated with the phosphine ligands are transmitted
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to the iridium centre. The positive p value of 0.61 obtained suggests that the reaction

pathway involves a build-up of electron density at the iridium centre during the rate-
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Graph 1.2

We next sought to observe and characterise the proposed intermediates through a series of
NMR experiments. In the first instance, the activation of catalyst 43 with D, gas was carried
out in the presence of an equimolar amount of N-methylindole 160 (Scheme 1.72) and the
reaction followed by 'H NMR spectroscopy. After 10 minutes, the formation of a new

species, exhibiting several new alkyl signals, was observed.
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Scheme 1.72
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Figure 1.23 shows a comparison of the spectra taken before activation, at t = 10 min, and at t
= 80 min. The complete loss of the COD signals confirms successful activation of the
catalyst. At 6 = 3.30-1.02 ppm, the appearance of several new alkyl signals can be observed.
We proposed that these signals could be attributed to an indoline intermediate such as 191 or
192.
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Figure 1.23

The structure of the unknown intermediate observed during the stoichiometric reaction was
further assessed using diffusion-ordered NMR spectroscopy (DOSY). The diffusion
coefficient of unknown species 199 was measured and was not consistent with the measured
values for 43 or 200. As a model system, the diffusion coefficient of 52, a known
intermediate in the directed labelling of acetophenone, was measured and found to be similar
to that of 199, suggesting that the presence of a substrate-bound iridium intermediate was
plausible, and lending support to the proposal of an inner-sphere mechanism. Structures,

molecular weights, and diffusion coefficients for 160, 43, 200, 52, and 199 are shown in
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Figure 1.24. It should be noted that for all complexes, the PFg anion is discounted; we have

previously demonstrated that the cation and anion move independently in solution.*®
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Figure 1.24

Having employed a series of practical mechanistic studies, we sought to complement our
experimental data with a theoretical investigation into the viability of our proposed
intermediates. The ability of known activated complex 200 to undergo the fluxional
exchange of a loosely bound dichloromethane ligand for a deuterium molecule was first
modelled, and found to be favourable, with a AHy,, value of —4.88 for the lowest energy
isomer (Scheme 1.74). With NMR spectroscopic data having suggested a substrate-bound
intermediate, we then calculated a binding energy of —7.43 kcal/mol for coordination of the
indole moiety to active species 186 through the C2—C3 n-system (AHying, Scheme 1.74).

(AHqux =-4.88 kcal/molj (AHbind =-7.43 kcal/molj
L1 D L1 D
Di,, |+ WDCM D, Di,, \\\\\D 160 D, |+ S\
[R—— —_— e
—_— s
/| \DCM I /I ~p /l \ N
DCM DCM 7
L2 L2 L2
200 186 201
L4 = IMes
L2 = PPh3
Scheme 1.74

At this stage, we sought to model complexes 202—-204 (Figure 1.25), which we proposed as

possible intermediate species resulting from reaction of 201.
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C3-bound indole compound 202 was considered to be the likely result of nucleophilic attack
from the indole C3 position into the electrophilic iridium centre. To give an estimation of the
viability of such an intermediate, the optimisation of 202 was carried out with a truncated
ligand set of L; = IMe and L, = PMe;. All attempted optimisations, however, converged to a
complex with a similar geometry to 201, where the substrate is bound through the indole
double bond. In order to see the plausibility of ‘forcing’ a formal Ir-C3 bond, electronic
density difference plots were calculated. These are shown in Figure 1.26, where (a) shows
the optimised geometry of 202, (b) shows the electronic density difference when an n?
interaction between the C2-C3 alkene and the iridium centre is in play, and (c) shows the
electronic density difference when a C3-Ir o-bond is enforced. These show clearly that
significant disruption of the indole’s aromaticity would be required to create a formal

carbon-iridium bond at this position.
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Figure 1.26

Of the three species proposed above, compound 203 was ruled out as an intermediate due to
the successful labelling of substrates 169 and 170, which lack a C-H bond at the C2
position. Saturated compound 204, however, which is bound to iridium through the C2
position, was found to be much more energetically favourable, with the lowest energy

isomer having a relative energy of —0.9 kcal/mol compared to intermediate 186. The
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plausibility of 204 as an intermediate is in keeping with our kinetic isotope effect studies,
which suggested a change of hybridisation at the C2 carbon. These conclusions are

summarised in Figure 1.27

Dry | o D2/DCMy,, |4+ o\ D2/DCMy,, |+ o\
/' Ir. D /'Ir‘ D / / Ir, D
b” | N D7 | N o7 | N
L2 +N— L2 / L2
202 203 204

Highly disfavoured Eliminated due to Kinetically viable
computationally

experimental results

Figure 1.27

Concentrating on compound 204 as a likely intermediate, we calculated the full potential
energy surface (PES) for the C3 labelling of 160. This is shown in Figure 1.28; the energies
of all complexes implicated are given relative to 186. After initial stabilisation of activated
intermediate 186 through coordination of the indole unit to generate 201, deuterometallation
across the C2-C3 double bond was found to be the most energetically demanding and
therefore rate-determining step. The IrV trideuteride species expected to result from this step
was found not to be viable, and instead converged to the coordinatively unsaturated
intermediate 205, with one of the deuteride ligands moving to regenerate the loosely-bound
dideuterium molecule through a fluxional process. The resulting vacant coordination site is
likely to be occupied by a solvent molecule, which is shown to stabilise the complex,
meaning that 204 is the more likely species to exist in solution. The transformation from 201
to 205, via Ir¥ species TS-1, was found to be the rate-determining step of the reaction, with
an energy barrier of 7.4 kcal/mol. This is consistent with the inverse Kinetic isotope effect
observed for the HIE of 3-deutero-N-methylindole 161.

From intermediate 205, cleavage of the C2—-Ir bond and subsequent dissociation, rotation,
and reassociation of the indole unit is required to generate a suitable configuration for
removal of the C3 proton. This step is believed to proceed through TS-2, in which the
positive charge on the iridium centre is quenched through participation of the indole
nitrogen’s lone pair, generating a loosely-bound cationic indolinium species. The energy

barrier of +4.9 kcal/mol for this step is in keeping with the positive p value observed in our
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Hammett analysis. The indolinium species is then able to dissociate, before reassociating
through the other face of the N-C2 double bond.

Once intermediate 205’ is generated via TS-2°, transfer of the C3 hydrogen atom to form
201’ through TS-1” is endothermic, almost mirroring the earlier deuterium transfer through
TS-1. Finally, dissociation of the indole unit generates 186°, and the deuterium labelled

substrate.
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While TS-1 and TS-1° exist as transient Ir¥ complexes, all reaction intermediates are

" oxidation state. This is in interesting contrast to the results of recent

believed to be in the Ir
investigations into the mechanism of iridium-catalysed hydrogenation reactions.'*® Hopmann
and Bayer carried out a comprehensive computational study into the hydrogenation of
alkenes and imines by iridium-PHOX catalysts and found that the preferred mechanism

proceeds via a key Ir" trihydride intermediate (208, Scheme 1.75).
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It should be noted, however, that their investigations focussed only on bidentate ligands. The
nitrogen and phosphorous atoms are forced to occupy mutually cis- positions, and the three
hydride ligands can then also occupy positions cis- to one another. In our system, however,
the NHC and phosphine are positioned trans- to one another. This means that any
trihydride/trideuteride species would require two hydride ligands to occupy mutually trans-
coordination sites; this is typically disfavoured due to the strong trans- influence exerted by
the hydride ligand.**

Based on our experimental and theoretical mechanistic investigations, we propose the
catalytic cycle shown in Scheme 1.76. After generation of the active species 200, through
reductive loss of cyclooctadiene, and ligand fluxionality, coordination of 160’s double bond
n-system proceeds to generate 201. The rate-determining formation of indoline intermediate
205 occurs through TS-1, after which 205’ is formed via TS-2. Subsequent C2—-Ir bond
cleavage and removal of the C3 hydrogen atom proceed to regenerate the active catalyst

species and furnish labelled compound 161.
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In summary, we have developed a mild and selective protocol for the C3 deuteration of N-
alkyl indoles. Substrate scope expansion demonstrated excellent functional group tolerance,
and the ambient temperature and low catalyst loading provide remarkably mild condition for
directing group-free HIE. Extensive practical and theoretical mechanistic investigations
indicate that the reaction most likely occurs through an inner-sphere pathway, and we can
now propose a mechanism where rate-determining formation of an indoline intermediate

delivers the deuterium label to the C3 position.
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N-Oxide-directed Labelling of N-Heterocycles

At this stage of the project, we were delighted to have obtained such promising results in the
labelling of indoles at the C2 and C3 positions, and we were interested in achieving HIE at
the more challenging C7 position. While this position is, in theory, accessible via a 6-
membered metallocyclic intermediate, activation of the C7 C-H bond is notoriously difficult
due to its inherently poor reactivity, and reports of C—H functionalisation at the C7 position
are limited. As such, this remains a highly desirable objective that would be of enormous
importance to the pharmaceutical industry as well as the wider organic chemistry

community.

As discussed previously, despite excellent levels of directed C2 activation having been
achieved with the range of protecting groups selected, no labelling of the C7 position had
been observed. This was hardly surprising; even without taking into consideration the
difficult electronics associated with C7 activation, Kerr group catalysts are well known to
form a 5-mmi preferentially over 6-mmi. However, while investigating deprotection
conditions, we carried out a large-scale C2 deuteration of N-acetyl indole 117, with the
reaction subjected to our labelling conditions for a three-day period to achieve maximum
deuterium incorporation (Scheme 1.77). Upon analysis, we were surprised to observe 22%

deuterium incorporation at the C7 position, as well as the expected high levels of deuteration

at C2.
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117 210

Scheme 1.77

We reasoned that incorporation at C7 could be increased by the introduction of a group at
the C2 position to block the formation of a 5-mmi. As such, N-acylation reactions were
carried out on 2-methylindole 211 and carbazole 213 (Scheme 1.78), affording 212 and 214

in excellent yields.
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Scheme 1.78

Disappointingly, when 212 was subjected to our previously optimised conditions, no HIE
was observed whatsoever (Entry 1, Table 1.15). When the reaction time was increased to 72
h (Entry 2), 23% deuteration was achieved, in line with our observation for 117. An increase
in temperature saw no improvement (Entry 3). In all cases, no incorporation was observed

whatsoever for carbazole 214.
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Table 1.15

PPh3
/ IMes
mR 43 (5 mol%) R
N D,, DCM N
temp., time
)§o %0

Entry Substrate Temp./°C Time/h %D

G

1 m 25 1 0
2 N 25 72 23
<o

3 212 40 72 22
4 - 1 °
5 N 25 72 0

Ao

6 4 40 72 0

NB Incorporations are an average taken over 3 runs

While the C7 labelling of 212 was encouraging, the low levels of deuteration observed,
especially with such a long reaction time, were considered insufficient for further studies
into the labelling of this system. It was thought that even with the more accessible C2
position blocked, the formation of a 6-mmi was likely to be highly disfavoured for such an
electronically challenging labelling substrate. It was therefore decided that a suitable strategy
could involve the development of a system allowing C7 activation via a 5-mmi (Figure
1.29).

We anticipated that an N-hydroxy indole or an indole N-oxide would make an ideal
substrate. There is little precedence in the literature, however, for the preparation and use of
stable N-hydroxy indole or indole N-oxide compounds. Furthermore, N-oxides represent a
new class of substrates for isotopic labelling within the Kerr group. It was therefore thought
prudent to use a more stable substrate for the development of a system for the labelling of N-

oxides.
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Figure 1.29

In recent years, reports have emerged demonstrating the use of N-oxides as functional
handles for the C—H activation of the quinoline C8 position."*™* We postulated that a
similar system would make an excellent model for iridium-catalysed HIE. As such, a range

of quinoline N-oxides were prepared in excellent yields (Scheme 1.79).
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Scheme 1.79

Since this would represent the first use of Kerr group catalysts with the N-oxide moiety as a
directing group, quinoline N-oxide 215 was used as a benchmark substrate and a full catalyst
screening was carried out for its labelling (Table 1.16). A range of phosphines, NHCs, and
counterions were screened, and the use of neutral chloro-carbene complex 55 was also

investigated. Deuterium incorporation was measured at both the C2 and C8 positions.
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Table 1.16

/\Ir/L1
7 L

X

A A
o (5 mol%) . o
bo So
215 224
Entry Catalyst L, L, X 9%Dcs %Dc>
1 43 PPh; IMes PFs¢ 80 0
2 45 PMe,Ph IMes PFsg 85 13
3 44 PBn; IMes PFe 86 9
4 64 PPh; IMes BAr: 83 3
5 225 PMe,Ph IMes BAr: 84 5
6 226 PBn; IMes BAr: 83 7
7 227 PPh; IBn PFs¢ 10 18
8 55 Cl IMes - 45 0

NB Incorporations are an average taken over 3 runs

Pleasingly, several catalysts showed high labelling activity, and excellent levels of

selectivity were observed for activation of the C8 position over the competing C2 position. It

was decided to use catalyst 43 for further optimisation; while its labelling efficiency at the

C8 position was marginally lower than some of its analogues, no C2 labelling was observed

at all with this catalyst.

The labelling of 215 was optimised through Design of Experiments, and the optimised

conditions are shown in Scheme 1.80. A 2-level, 3-factorial design was employed, with the

effects of catalyst loading, reaction time, and solvent volume being investigated. Pleasingly,

we were able to reduce the catalyst loading to just 0.25%, with a reaction time of 16 h.
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With these exceptionally mild conditions in hand, we sought to expand this labelling
methodology across a range of quinoline-N-oxide substrates (Scheme 1.81). We were
delighted to see that high levels of deuteration were observed for a number of substrates. For
quinoxaline-N-oxide, low levels of C2 labelling were also observed in 228, but in all other
cases the C2 C—H bond was left intact. Altering the substitution pattern around the ring was
well tolerated (229-231), as were both electron-withdrawing and electron-donating
substituents (232-234). Compound 235 allowed us to investigate the competition between
aromatic labelling sites; the ortho- C—H bond of the 2-phenyl substituent is accessible
through a 6-mmi. Despite a small amount of labelling at the ortho- position, we were pleased
to see excellent selectivity for labelling at the quinoline C8 position. Additionally, this result
showed that the presence of a sterically-demanding substituent at the C2 position had only a
minor effect on labelling efficiency.
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Scheme 1.81

As a final substrate, we sought once again to employ our new methodology in the labelling
of a drug molecule. In this instance, we targeted the labelling of Amodiaquine 236, an

antimalarial and anti-inflammatory agent that is listed on the World Health Organisation’s

List of Essential Medicines.”® The N-oxide of 236 was prepared as described previously

(Scheme 1.82). When subjected to our labelling conditions, however, we were disappointed
to observe no deuterium incorporation whatsoever.
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Scheme 1.82
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We postulated that the lack of incorporation could be attributed to the presence of other
functional groups that could bind competitively to the iridium centre. To probe this
hypothesis, labelling reactions of quinoline-N-oxide 215 were carried out in the presence of
a phenol, a secondary amine, and a tertiary amine (Table 1.17). While a small drop in
reactivity was observed in the presence one equivalent of phenol, deuteration still proceeded
to a high level (Entry 1). The two amines tested, however, had significant detrimental effects
on labelling efficiency (Entries 2 and 3), with no deuteration observed whatsoever in the
presence of triethylamine. On the basis of these results, we propose that the activity of
catalyst 43 was hampered by the preferential binding of one or both amine moieties present

in Amodiaquine.

Table 1.17
PFe
PPh3
/ IMes
N 43 (0.25 mol%) SN
(3/ Additive (1 eq.) .~ (B/
| D,, DCM |
0® 25°C, 16 h p 0o°
215 224
Entry Additive %D
1 Phenol 79
2 Diethylamine 16
3 Triethylamine 0

NB Incorporations are an average taken over 3 runs

As a final objective, and to demonstrate the utility of our quinoline labelling protocol for
generating versatile building blocks, we sought to develop a strategy for reduction of the N-
oxide group with retention of the deuterium label. This would allow us to offer an overall

traceless labelling process, generating a deuterated quinoline with no sign of the directing

group.
We were delighted to see that 8-deutero-quinoline-N-oxide 224 could be reduced in good

yield using phosphorus trichloride. Importantly, no depletion of the deuterium label at the

C8 position was observed.
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Scheme 1.83

Since the reduction was carried out in chloroform, we envisaged that if the solvent could be
changed to dichloromethane, the labelling and reduction steps could be carried out in one-
pot. As such, the deuteration of quinoline-N-oxide 215 was carried out as described
previously. After 16 h, NMR spectroscopic analysis showed that deuteration had proceeded
to 88%; at this stage, the deuterium atmosphere was exchanged for argon and the reaction
subjected to the reduction conditions in situ. While the yield for the N-oxide cleavage was
slightly lower than observed previously, we were delighted to see that even at a lower
temperature, the reaction proceeded in good yield to afford 8-deuteroquinoline 239 in a one-

pot, traceless labelling procedure (Scheme 1.84).
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Scheme 1.84

To conclude, the use of the N-oxide moiety as a directing group for iridium-catalysed HIE
has enabled the efficient deuteration of the C8 position of quinolines. The switch from acyl
to N-oxide directing groups means that this new methodology is complementary to that
developed earlier in the chapter, allowing the challenging positions on the quinoline’s
benzene ring to be accessed through manipulation of the size of the metallocyclic
intermediate formed. Expansion of the substrate scope has shown excellent tolerance for a
range of substituents, and we have demonstrated that in situ reduction of the N-oxide moiety

can be carried out, affording an overall traceless labelling process.
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Conclusions

In conclusion, we have developed three distinct and highly selective processes for the
deuteration of indole, azaindole, pyrrole, and quinoline N-heterocycles, in which the
regioselectivity is determined by the choice of N-protecting group. Using stable iridium(l)
catalysts developed within our group, which are now commercially available, the processes
described in this chapter allow for high deuterium incorporation at ambient conditions across

a varied range of substrates

Firstly, common acyl N-protecting groups have been used to selectively direct C-H
activation at the C2 position via a 5-membered metallocyclic intermediate (5-mmi), and can
be removed under mild conditions with retention of the deuterium label. Our methodology is
exemplified by the selective deuteration of the anti-migraine drug Sumatriptan.
Complementary DFT studies have been used to rationalise the remarkable preference for C2
deuteration observed in substrates such as N-benzoyl indole, and have demonstrated that
regioselectivity is determined by the kinetic barrier to C—H activation. Our C2 labelling
methodology is summarised in Scheme 1.85.

/\I /PPh3
7 "™ IMes
43 (5 mol%

N D,, DCM N

R)QO 25°C,1h )QO

2D-Sumatriptan \N/ AN [90] 24 examples
159 Up to 98% D incorporation
0] N Excellent FG tolerance
H o Removable directing groups
s N\ Tuneable regioselectivity
A [92] 135 Pyrrole and azaindole examples
H [6] Real drug example
Scheme 1.85

A mild and efficient protocol for the C3 deuteration of N-alkyl indoles has also been
developed. Substrate scope expansion demonstrated excellent functional group tolerance,

with the presence of bulky C2 substituents or competing donor groups having no deleterious
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effects on labelling efficiency. Additionally, the successful deuteration of benzofuran and

benzothiophene represents an important step away from N-heterocyclic substrates.

In addition to the development of a novel and notably mild technique for the selective C3
labelling of heterocycles, which provides the research community with expedient access to
valuable deuterated compounds, we have rigorously explored the overall reaction in terms of
its mechanism. Extensive experimental and computational investigations have been carried
out, and this novel and notably mild procedure is now believed to proceed via an inner-
sphere mechanism. Our studies indicate that an indoline c-complex is the most likely
iridium-bound intermediate, with its formation via syn-deuterometallation of the indole C2—
C3 double bond being the rate-limiting step. Interestingly, all catalytic cycle intermediates

are believed to be in the Ir™ oxidation state. Scheme 1.86 summarises this developed C3

labelling methodology.
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Scheme 1.86

Lastly, our labelling methodology has also been extended to activation of the challenging C8
position of quinolines, using N-oxides as traceless directing groups which can be reduced
after labelling. This methodology is complementary to our indole C2 and C3 methodology,
where a change in metallocycle size enables C—H activation at the C8 position, while leaving
the C2 position untouched. The scope of this protocol has been expanded, showing excellent
tolerance for a number of substituents. While attempts to label a drug example were

unsuccessful, robustness screening experiments demonstrated the tolerance of our catalyst to
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the presence of competing Lewis basic donor substituents. Finally, a method for one-pot

labelling and reduction of quinoline-N-oxides has been disclosed, offering expedient and

convenient access to deuterated quinolines.

PPh3
/ IMes

9 examples
Up to 97% D incorporation

R R Excellent C8 selectivity
X 3 (0.25 mol%) AN Robustness screening
> One-pot labelling/reduction method
Oz D,, DCM Oz
N 2 N
10 25°C,16 h 10
o D (o}
Scheme 1.87

All of the methods described within this chapter proceed under remarkably mild conditions,
with low catalyst loadings and at ambient temperature and pressure. Our methods are also
highly complementary, with the careful choice of directing group allowing complete
regioselectivity for C—H activation at one of three sites. Overall, the development and
understanding of these three novel and notably mild HIE procedures, summarised in Scheme
1.88, offers the research community expedient access to a broad range of valuable labelled
heterocycles.

3y
N

\
PG

PG = acyl PG = N-oxide
V PG = alkyl \iz
n=1

Scheme 1.88
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Future Work

The first part of this chapter describes the development of methodology for acyl-directed
labelling at the C2 position of indoles and pyrroles. All of the examples described herein
relate to C—H activation at an sp? centre. There is increasing interest in the research
community, however, in C-H activation at sp3 centres, and future work could involve the

expansion of our developed methodology to saturated N-heterocycles.

An sp® C—H bond is particularly difficult to activate due to its inert nature, but the presence
of an adjacent heteroatom increases its pK, and can make it more readily disposed to C-H
activation.'™® Recent work within our group has explored the use of Kerr group catalysts to
activate sp® centres on heterocycles such as piperidine or morpholine.®” Until now, this has
been most successful with heterocyclic directing groups. It is anticipated, however, that
future work in this field could improve the efficiency of this process with acyl directing
groups; this methodology could then be adapted to involve removable protecting groups as
functional handles, as described in this chapter. Subsequent investigations could include the
application of these processes to the labelling of protected indoline or tetrahydroquinoline
substrates (Scheme 1.89). This work could be further expanded in the deuteration of drug
compounds such as anti-emetic Ricasetron 243, which contains a urea functional group that

could be used as a directing handle.

Developed within Expansion to include
the Kerr group indoline/tetrahydroquinoline
substrates [Application to the Iabelling]

of saturated N-heterocycle
drug molecules
D
N N P
& . ©f§
R D
122 — 4 — NP
) CC L "
(891
X D
O\IJ\N N

[89] /& 0 \

243
240 242 Ricasetron

Scheme 1.89

The expansion of this methodology into the labelling of sp® centres will raise a number of

interesting selectivity questions. For example, we have demonstrated in this chapter that for
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N-acyl indoles, C—H activation at the C2 position, via a 5-mmi, is preferred to C7 activation,
which is accessed through a 6-mmi. However, early investigations into sp® labelling have
shown that activation of sp® bonds C—H bonds is still preferred to sp* C—H activation.”’
Application of our labelling methodology to indoline derivatives would allow us to
investigate whether the preference for a 5-mmi allows for the more difficult activation of the
a-sp® C—H bonds, or whether the preference for sp? over sp® activation allows access to
deuteration of the challenging C7 position (Scheme 1.90).

O — Ly - O — O

5-mmi: favoured 6-mmi: disfavoured
sp® C-H activation: disfavoured sp? C—H activation: favoured

Scheme 1.90

The C3 deuteration methodology developed within this chapter is distinct from previous
Kerr group HIE procedures in that it does not require the presence of a Lewis basic directing
group. Interestingly, while the key metal-substrate interactions occur through the indole C2—
C3 double bond, the olefin reduction product was not observed at any stage, despite our
knowledge that complexes such as 43 are excellent hydrogenation catalysts.”® This indicates
that after deuterometallation, participation of the nitrogen atom’s lone pair is more
favourable than reductive elimination. An investigation into the factors that determine
reactivity of a double bond in the presence of Kerr group catalysts could be carried out by
subjecting a series of test substrates to our labelling conditions. The screening of a number
of nucleophilic olefins with donating substituents (Scheme 1.91), would allow us to
investigate the preference for alkene reduction vs. lone pair interaction and provide us with a

reliable method for predicting olefin reactivity with our catalysts.
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Experimental

General Information

All reagents were obtained from commercial suppliers (Alfa Aesar, Sigma Aldrich, Apollo
Scientific or Strem) and used without further purification, unless otherwise 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. Dichloromethane was purified by
heating to reflux over calcium hydride, before distilling under nitrogen. Diethyl ether and
toluene were obtained from a PureSolv SPS-400-5 Solvent Purification System.
Triphenylphosphine was purified by recrystallisation from ethanol, followed by drying under

vacuum.
Thin layer chromatography was carried out using Camlab silica plates coated with
fluorescent indicator UV254. The plates were analysed using a Mineralight UVGL-25 lamp,
or developed using vanillin or KMnOj, solution.

Flash column chromatography was carried out using Prolabo silica gel (230-400 mesh).

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

reported in cm™ unless stated otherwise.
'H, B*C, *F, and *'P NMR spectra were recorded on a Bruker DPX 400 spectrometer at 400
MHz, 101 MHz, 376 MHz, and 162 MHz, respectively. Chemical shifts are reported in ppm.

Coupling constants are reported in Hz, and refer to 33,4 interactions unless otherwise stated.

High resolution mass spectrometry was carried out by the EPSRC National Mass

Spectrometry Facility at the University of Swansea.
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General Procedures

General procedure A — Preparation of complexes of the type [Ir(cod)CI(NHC)]

Bis(1,5-cyclooctadiene)diiridium(l) dichloride (1 eg.) and potassium tert-butoxide (2 eq.)
were added to a flame-dried and Ar-cooled Schlenk tube and stirred under vacuum for 10
min. THF (20 mL / mmol) was added and the mixture stirred for 10 min. The relevant
imidazolium chloride (2 eq.) was added and the resulting solution stirred at room
temperature for 18 h. The solvent was removed in vacuo, and column chromatography (50%
ethyl acetate in petrol) afforded the title compound.

General Procedure B — Preparation of complexes of the type [Ir(PRs)(IMes)]X*

A round-bottom flask, fitted with a stopcock sidearm, was flame-dried and cooled under an
atmosphere of argon. (1,5-Cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)iridium(l)
chloride 55 (1 eq.) was added and dissolved in dry THF (20 mL / mmol). On formation of a
yellow solution, the silver salt (1 eq.) was added, and the resulting yellow suspension stirred
at room temperature for 15 min. The reaction mixture was filtered through Celite under an
argon atmosphere, rinsing the Celite with dry THF (5 mL / mmol). The requisite phosphine
(1 eq.) was added and the reaction mixture then stirred at room temperature for 16 h before
being concentrated in vacuo. The residue was dissolved in DCM and filtered through Celite.
After removal of the DCM in vacuo, the product was triturated with ethyl acetate and

collected by filtration. The product was then dried in a vacuum oven (40 °C, 0 bar) for 24 h.

General Procedure C — Deuteration of N-Heterocyclic Substrates

A 100 mL round-bottom flask bearing two stopcocks was flame dried and cooled under
argon., The substrate (0.215 mmol), catalyst and dichloromethane (2.5 mL) were then added
and the flask was cooled to —78 °C in a dry ice/acetone bath. The flask was then evacuated
and refilled with deuterium gas from a balloon, and this vacuum/refilling cycle repeated one
further time. The stopcocks were closed and the flask was placed in an oil bath. The reaction
mixture was heated (25 °C unless otherwise noted), and was observed to change from an
orange to a pale yellow solution after about 5 min. After the specified time, the stopcocks
were opened to release the deuterium atmosphere. The solvent was removed in vacuo and
the resulting residue was flushed through a plug of silica with diethyl ether. The solution
was concentrated in vacuo and incorporation was determined by 'H NMR spectroscopic

analysis.
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Equation 1.4 was used to determine the level of deuterium incorporation; peaks were
calibrated against a signal corresponding to a position where labelling was not expected to

occur.

Equation 1.4

. residual integral
% Deuteration =100 — [(no labelling sites) % 100]

General Procedure D — Synthesis of N-Methylindoles

Prepared according to a literature procedure.** To a solution of the relevant indole (1 eq.) in
THF (15 mL) at 0 °C was added sodium hydride (60% in mineral oil, 1.5 eq.). The reaction
mixture was stirred for 15 min at 0 °C and then for 1 h at room temperature. Upon cooling to
0 °C, methyl iodide (1.3 eq.) was added and the reaction was stirred at room temperature for
30 min. The reaction was cooled to 0 °C and quenched with a saturated ammonium chloride
solution (20 mL). The organic products were extracted into diethyl ether, washed with brine,
dried over sodium sulfate and concentrated in vacuo. Column chromatography (8% ethyl

acetate in petrol unless otherwise specified) afforded the product.

General Procedure E — Measurement of the Rate of Deuteration of N-Methylindole

An NMR tube was charged with a solution of N-methylindole (14.2 mg, 0.108 mmol) and
the relevant catalyst (1 mol%) in DCM-d, (0.75 mL), before being sealed with a rubber
septum and cooled to 0 °C. The tube was fitted with a D, balloon and an exit needle. D, gas
was bubbled through the mixture for 3 min at 0 °C, during which a colour change from
orange to pale yellow was observed. The tube was sealed under 1 atm of D, and immediately
placed in a Bruker DPX 400 spectrometer with the sample temperature set to 298 K.
Deuterium incorporation was assessed using "H NMR spectra, taken every 3 min, and used
to determine reaction rates.

General Procedure F — Formation of MeCN-stabilised Ir™" Hydride Complexes

An NMR tube was charged with a solution of the relevant Ir(l) complex (0.01 mmol) in
acetonitrile-ds (0.6 mL), before being sealed with a rubber septum and cooled to 0 °C. The
tube was fitted with a H, balloon and an exit needle. H, gas was bubbled through the mixture
for 3 min at 0 °C, during which a colour change from orange to pale yellow was observed.

The tube was sealed under 1 atm of H, and placed in a Bruker DPX 400 spectrometer with
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the sample temperature set to 298 K. The resulting hydride intermediates were analysed by

'H (wide spectrum: sw = 60 ppm, o1p = —20 ppm) and *'P NMR spectra

General Procedure G — Synthesis of Heterocycle N-Oxides

Carried out according to a literature procedure.™*” A solution of the relevant N-heterocycle (3
mmol) in DCM (10 mL) was prepared and cooled to 0 °C. meta-Chloroperbenzoic acid (77
wt%, 173 mg, 4.5 mmol, 1.5 eq.) was added and the reaction mixture was heated to room
temperature and stirred for 16 h. The reaction was cooled to room temperature and saturated
sodium bicarbonate solution (20 mL) was added. The organics were extracted into DCM (3
x 20 mL), dried over sodium sulfate and concentrated in vacuo. The residue was purified by
flash column chromatography (5% DCM in acetone).
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C2 Labelling of N-Protected Indoles

Scheme 1.31
N-Acetylindole 117

4 3
e Z N

o
Prepared according to a literature procedure.™ To a flask charged with indole (500 mg, 4.26
mmol), sodium hydroxide (430 mg, 10.75 mmol), and tetrabutylammonium hydrogensulfate
(29 mg, 0.08 mmol) was added DCM (11 mL). A solution of acetyl chloride (460 pL, 6.45
mmol) in DCM (6 mL) was then added dropwise. The reaction mixture was stirred at room
temperature for 16 h, filtered through a plug of silica and concentrated in vacuo to yield N-
acetylindole 117 as a colourless oil (606 mg, 88% yield).
'H NMR (400 MHz, CDCls) & 8.47 (d, J = 8.1 Hz, 1H, H), 7.60 (ddd, J = 7.8, “J= 1.0, 0.7
Hz, 1H, H%), 7.44 (d, J = 4.0 Hz, 1H, H?), 7. 39 (ddd, J = 8.4, 7.3, “J = 1.6 Hz, 1H, H°),
7.33-7.28 (m, 1H, H°), 6.67 (dd, J = 3.8, “J = 0.6 Hz, 1H, H%), 2.66 (s, 3H. CHy).
C NMR (100 MHz, CDCI3) & 168.2, 135.0, 129.8, 124.8, 124.7, 123.2, 120.3, 116.0,
108.7, 23.4.
IR (ATR, cm™) 2980, 1699, 1450, 1323.

tert-Butyl indole-1-carboxylate 118'%

To a solution of indole (500 mg, 4.26 mmol) in THF (30 mL) was added 4-
(dimethylamino)pyridine (5.2 mg, 0.04 mmol) and di-tert-butyl dicarbonate (1.022 g, 4.69
mmol). The reaction mixture was stirred at room temperature for 16 h, after which the
solvent was removed in vacuo. The residue was purified by flash column chromatography

(10% ethyl acetate in petrol) to afford product 118 as a yellow oil (916 mg, 99% yield).
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'H NMR (400 MHz, CDCl5) & 8.14 (d, J = 8.5 Hz, 1H, H"), 7.59 (d, J = 3.7 Hz, 1H, H?),
7.57-7.54 (m, 1H, H*), 7.30 (td, J = 7.5, 3 = 1.0 Hz, 1H, H®), 7.21 (t, J = 7.7, 1H, H°), 6.56
(d, J=3.7 Hz, 1H, H%), 1.66 (s, 9H, (CH3)s).

C NMR (100 MHz, CDCls) & 149.5, 134.7, 130.0, 125.4, 123.8, 122.1, 120.3, 114.5,
106.7, 83.0, 27.7.

IR (ATR, cm™) 2978, 1730, 1450, 1328.

N-Pivaloylindole 119'**

To a two-necked flask charged with indole (500 mg, 4.26 mmol), 4-
(dimethylamino)pyridine (52 mg, 0.43 mmol) and tricthylamine (879 pL, 6.3 mmol), was
added DCM (8 mL), and the resulting solution cooled to 0 °C. Pivaloyl chloride (614 uL, 5
mmol) was added dropwise, and the reaction mixture was stirred at room temperature for 16
h. The solvent was removed in vacuo, and the residue was extracted into EtOAc (3 x 10
mL). The combined extracts were washed with saturated ammonium chloride solution and
brine. The organic phase was then dried over sodium sulfate and concentrated in vacuo. The
residue was purified by flash column column chromatography (10% ethyl acetate in petrol),
affording product 119 as a white solid (662 mg, 77% yield).

'H NMR (400 MHz, CDCl5) & 8.50 (dd, J = 8.5, “J = 0.8 Hz, 1H, H"), 7.72 (d, J = 3.9 Hz,
1H, H?), 7.55 (dd, J = 7.7, *J = 1.4 Hz, 1H, H%), 7.36-7.31 (m, 1H, H®), 7.28-7.26 (m, 1H,
H®), 6.61 (d, J = 3.9 Hz, 1H, H%), 1.51 (s, 9H, (CHs)s).

BC NMR (100 MHz, CDCly) & 176.5, 136.3, 128.9, 125.2, 124.6, 123.0, 120.0, 116.7,
107.7, 40.7, 28.3.

IR (ATR, cm'l) 2976, 1678, 1448, 1308.

Ethyl indole-1-carboxylate 120'%
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5
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To a solution of indole (500 mg, 4.26 mmol) in THF (8 mL) at 0 °C, was added sodium
hydride (60% in mineral oil, 255 mg, 6.39 mmol) in portions. The reaction mixture was
stirred for 30 min before ethyl chloroformate (488 pL, 5.11 mmol) was added. The mixture
was allowed to reach room temperature and was then stirred for 1 h. The reaction mixture
was quenched with water (10 mL) and extracted into ethyl acetate (3 x 10 mL). The organic
phases were combined, dried over sodium sulfate and concentrated in vacuo. The residue
was purified by flash column chromatography (20% ethyl acetate in petrol) to afford product
120 as a pale yellow oil (805 mg, 99% yield).

'H NMR (400 MHz, CDCl5) 8 8.17 (d, J = 8.4 Hz, 1H, H"), 7.60 (d, J = 3.8 Hz, 1H, H?),
7.57 (ddd, J = 7.9, “J = 0.9, 0.9 Hz, 1H, H), 7.33-7.28 (m, 1H, H%, 7.23 (td, J = 7.5, *J =
1.0 Hz, 1H, H°), 6.58 (dd, J = 3.8, “J = 0.6 Hz, 1H, H%), 4.48 (q, J = 7.3 Hz, 2H, CH,CHj),
1.46 (t, J = 7.3 Hz, 3H, CH,CHj).

C NMR (100 MHz, CDCI3) & 151.2, 135.5, 130.8, 125.9, 124.7, 123.2, 121.3, 115.5,
108.3, 63.5, 14.7.

IR (ATR, cm™) 2982, 1607, 1483, 1274.

Scheme 1.32
N-Pyrimidylindole 104'*
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Prepared according to a literature procedure.”® To a solution of indole (500 mg, 4.26 mmol)
in DMF (10 mL) was added sodium hydride (60% in mineral oil, 255 mg, 6.39 mmol), and
the reaction mixture was stirred at room temperature for 30 min, after which 2-
chloropyrimidine (731 mg, 6.39 mmol) was added. The reaction mixture was heated at
150 °C for 16 h, and the reaction was quenched with water (15 mL). The organic products
were extracted into ethyl acetate, dried over sodium sulfate, and concentrated in vacuo.
Column chromatography (12% ethyl acetate in petrol) afforded product 104 (748 mg, 90%
yield).

'H NMR (400 MHz, CDCls) & 8.80 (d, J = 8.1 Hz, 1H, H’), 8.70 (d, J = 4.7 Hz, 2H, H%),
8.26 (d, J = 3.4 Hz, 1H, H?), 7.61 (dd, J = 7.8, 1.4 Hz, 1H, H%), 7.33 (ddd, J = 8.5, 7.0, 1.4
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Hz, 1H, H%), 7.26-7.19 (m, 1H, H"), 7.04 (t, J = 4.8 Hz, 1H, H°), 6.69 (d, J = 3.4 Hz, 1H,
H3).

BC NMR (100 MHz, CDCl3) & 157.6, 134.9, 130.8, 125.3, 123.2, 121.6, 120.3, 115.7,
115.6, 106.5.

IR (ATR, cm™) 3117, 1578, 1433, 1307.

Scheme 1.33
1,3-bis(methylsulfonyl)indole 121
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To a suspension of sodium hydride (60% in mineral oil, 204 mg, 5.11 mmol) in DMSO (5
mL) at 0 °C was added a solution of indole (500 mg, 4.26 mmol) in diethyl ether (25 mL).
The reaction mixture was stirred at room temperature for 30 min, before methanesulfonyl
chloride (396 pL, 5.11 mmol) was added dropwise at 0 °C. The reaction mixture was stirred
for a further 30 min, then poured into water and extracted with DCM. The organic extracts
were washed with water, dried over sodium sulfate and concentrated in vacuo. The product
was purified by recrystallisation from methanol to afford product 121 as an off-white
crystalline solid (653 mg, 94% yield).

'H NMR (400 MHz, CDCl5) & 8.13 (s, 1H, H?), 8.00-7.90 (m, 2H, H* & H), 7.54-7.45 (m,
2H, H°> & H®), 3.27 (s, 3H), 3.19 (s, 3H).

BC NMR (100 MHz, CDCly) 6 136.4, 127.1, 125.2, 125.1, 119.7, 119.2, 114.9, 114.4,
115.1, 49.0, 42.1.

IR (ATR, cm™) 1604, 1364, 1189, 1121.

M.P. (°C) 78-81.

HRMS [M+NH,4] Expected 291.0468; Observed 291.0465.
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Scheme 1.34
(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)iridium(l) chloride 55*°

/\l _cl
r
// IMes

Prepared according to General Procedure A.

Amount of dimer Amount of Amount of )
. Product yield
Entry 27 IMes-Cl BuOK
mg mmol mg mmol mg mmol mg %
400 0.60 406 1.19 133 1.19 631 83
500 0.74 508 1.49 167 1.49 820 86
600 0.89 610 1.79 200 1.79 915 80

1000 1.49 1016 2.98 334 2.98 1334 70

1000 1.49 1016 2.98 334 2.98 1523 80

2000 2.98 2032 5.96 669 5.96 3039 80

2000 2.98 2032 5.96 669 5.96 3282 86

2000 2.98 2032 5.96 669 5.96 3081 81

O O N| o o | W N =

3000 4.47 3048 8.94 1004 8.94 5209 91

Product appearance: Yellow solid.

'"H NMR (400 MHz, CDClI3) 8 6.99 (br s, 2H, ArH), 6.96 (br s, 2H, ArH), 6.93 (s, 2H, ArH,
-NHC=CHN-), 4.15-4.11 (m, 2H, COD CH), 2.97-2.92 (m, 2H, COD CH), 2.34 (s, 12H,
ArCHjy), 2.14 (s, 6H, ArCHjz), 1.75-1.60 (m, 4H, COD CH,), 1.37-1.17 (m, 4H, COD CH,).
C NMR (100 MHz, CDCl,) § 138.8, 138.5, 136.3, 134.6, 129.7, 128.3, 123.5, 82.7, 51.7,
33.7,29.2,21.3,19.9, 18.4.

IR (ATR, cm™) 3089, 2910, 1604, 1481.

mp >200 °C (decomp.)

Scheme 1.35

(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(triphenylphosphine)iridium(l)
hexafluorophosphate 43

l//,\l _PPhj
5/ ™ IMes

PFe
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Prepared according to General Procedure B.

Amount of
Entry [Ir(cod)(IMes)CI] | Amount of AgPFs | Amount of PPh; Product yield
65

mg mmol mg mmol mg mmol mg %

1 250 0.39 99 0.39 102 0.39 208 51
2 250 0.39 99 0.39 102 0.39 260 66
3 250 0.39 99 0.39 102 0.39 283 72
4 250 0.39 99 0.39 102 0.39 260 66
5 250 0.39 99 0.39 102 0.39 287 73
6 250 0.39 99 0.39 102 0.39 296 75
7 400 0.62 157 0.62 163 0.62 445 71
8 400 0.62 157 0.62 163 0.62 345 55
9 400 0.62 157 0.62 163 0.62 370 59
10 400 0.62 157 0.62 163 0.62 433 69
11 600 0.94 238 0.94 245 0.94 656 69
12 600 0.94 238 0.94 245 0.94 561 59
13 600 0.94 238 0.94 245 0.94 618 65
14 600 0.94 238 0.94 245 0.94 619 65
15 600 0.94 238 0.94 245 0.94 627 66
16 600 0.94 238 0.94 245 0.94 722 76
17 600 0.94 238 0.94 245 0.94 723 76
18 600 0.94 238 0.94 245 0.94 551 58
19 1000 1.56 397 1.56 408 1.56 1230 78
20 1000 1.56 397 1.56 408 1.56 1420 90
21 2000 3.12 793 3.12 816 3.12 2811 89
22 2000 3.12 793 3.12 816 3.12 2684 85
23 2000 3.12 793 3.12 816 3.12 2715 86
24 2000 3.12 793 3.12 816 3.12 2779 88

Product appearance: Orange-red solid.
'H NMR (400 MHz, CDCls) & 7.46-7.40 (m, 5H, ArH, NCH=CHN), 7.31-7.25 (m, 6H,
ArH), 7.14-7.07 (m, 6H, ArH), 7.00 (s, 2H, ArH), 6.62 (s, 2H, ArH), 4.41-4.33 (m, 2H,
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COD CH), 3.33-3.26 (m, 2H, COD CH), 2.33 (s, 6H, ArCHy), 2.09 (s, 6H, ArCH,), 1.74 (s,
6H, ArCHs), 1.67-1.45 (m, 6H, COD CH)), 1.31-1.22 (m, 2H, COD CH,)

BC NMR (100 MHz, CDCly: § 175.9, 138.3, 135.4, 135.0, 134.9, 134.3, 131.0, 130.4,
130.1, 129.5, 128.2, 126.0, 80.6, 79.8, 31.1, 30.2, 20.9, 20.6, 18.6

3P NMR (162 MHz, CDCly) 5 16.41 (PPhs), —144.51 (septet, Jp.r = 711 Hz, PF)

IR (ATR, cm™) 2991, 2314, 1628, 1487.

Scheme 1.36 — Substrates

Deuteration of N-acetylindole 117

Carried out according to General Procedure C
Catalyst 43 (5 mol%), 25 °C, 1 h.
Incorporation expected at 6 7.44.

.o

Determined against integral at 6 2.66.

Deuteration of N-pivaloylindole 119

Carried out according to General Procedure C
Catalyst 43 (5 mol%), 25 °C, 1 h.
Incorporation expected at 6 7.72

Determined against integral at 6 1.51.

Deuteration of ethyl indole-1-carboxylate 120
Carried out according to General Procedure C
Catalyst 43 (5 mol%), 25 °C, 1 h.

Incorporation expected at & 7.60.
Determined against integral at 5 1.45.

Deuteration of tert-butyl indole-1-carboxylate 118
Carried out according to General Procedure C
Catalyst 43 (5 mol%), 25 °C, 1 h.

Incorporation expected at 6 7.59.

X%rQ s

Determined against integral at & 1.66.
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Scheme 1.36 — Results

Mass Mass Deuterium Incorporation / %
Entry Substrate | Substrate/ | Catalyst/
mg mg Run1 Run2 | Average
1 117 34 10.1 94 93 94
2 119 43 10.1 82 82 82
3 120 41 10.1 93 94 94
4 118 47 10.1 11 12 12
Scheme 1.37

(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(dimethylphenylphosphine)

iridium(1) hexafluorophosphate 45*

PMezPh
/ IMes

Prepared according to General Procedure B.

Amount of [Ir(cod)(IMes)CI] 55: 600 mg, 0.94 mmol.
Amount of THF: 15 mL.

Amount of AgPFs: 237 mg, 0.94 mmol.

PFs

Amount of dimethylphenylphosphine: 126 pL, 0.94 mmol.

Product yield: 724 mg, 87%.

Product appearance: Bright red solid.

'H NMR (400 MHz, CDCly) & 7.42-7.32 (m, 3H, ArH) 7.28-7.21 (m, 4H, ArH,
NCH=CHN-), 7.06-7.00 (m, 2H, ArH), 6.93-6.87 (m, 2H, ArH), 4.34-4.22 (m, 2H, COD
CH), 3.50-3.36 (m, 2H, COD CH), 2.36 (s, 6H, ArCHs), 2.19 (s, 6H, ArCHj), 2.12 (s, 6H,
ArCH,), 1.78-1.41 (m, 8H, COD CHj,), 1.49 (s, 3H, PCHs), 1.47 (s, 3H, PCHs).

C NMR (101 MHz, CDCI;) & 177.6, 139.3, 135.1, 134.2, 131.2, 130.5, 129.6, 129.3,
128.1, 125.3, 83.5, 82.6, 76.2, 75.2, 30.9, 29.9, 21.2, 20.5, 18.7, 16.5, 15.3.

'P NMR (162 MHz, CDCls) § —14.1 (PMe,Ph), —145.1 (septet, ‘Jp.c = 711 Hz, PFy).

IR (ATR, cm™) 2980, 1609.

M.P. (°C) decomp. >180.
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Scheme 1.38 — Substrates
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Scheme 1.38 — Results

Deuteration of N-pivaloylindole 119

Carried out according to General Procedure C

Catalyst 45 (5 mol%), 25 °C, 1 h.

Incorporation expected at & 7.72

Determined against integral at 6 1.51.

Deuteration of tert-butyl indole-1-carboxylate 118
Carried out according to General Procedure C

Catalyst 45 (5 mol%), 25 °C, 1 h.
Incorporation expected at & 7.59.

Determined against integral at & 1.66.

Mass Mass Deuterium Incorporation / %
Entry Substrate | Substrate/ | Catalyst/
mg mg Run1l Run 2 Average
1 119 43 8.9 93 92 92
2 118 47 8.9 75 71 73
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Scheme 1.39 — Substrates

Deuteration of N-acetylindole 117

Carried out according to General Procedure C
Catalyst 20 (5 mol%), 25 °C, 1 h.
Incorporation expected at & 7.44.

oy

Determined against integral at 6 2.66.

Deuteration of N-pivaloylindole 119

Carried out according to General Procedure C
Catalyst 20 (5 mol%), 25 °C, 1 h.
Incorporation expected at & 7.72

Determined against integral at 3 1.51.

Deuteration of ethyl indole-1-carboxylate 120
Carried out according to General Procedure C
Catalyst 20 (5 mol%), 25 °C, 1 h.
Incorporation expected at 6 7.60.

Determined against integral at o 1.45.

Deuteration of tert-butyl indole-1-carboxylate 118
Carried out according to General Procedure C
Catalyst 20 (5 mol%), 25 °C, 1 h.

Incorporation expected at 6 7.59.

X%rQ Y

Determined against integral at 5 1.66.
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Scheme 1.39 — Results

Mass Mass Deuterium Incorporation / %
Entry Substrate | Substrate/ | Catalyst/
mg mg Run 1 Run 2 Average
1 117 34 8.0 24 20 22
2 119 43 8.0 18 17 18
3 120 41 8.0 7 6 7
4 118 47 8.0 3 6 5
Scheme 1.40
Deuteration of N-pyrimidylindole 104
@ Carried out according to General Procedure C
N/ N Catalyst 43 (5 mol%), 25 °C, 1 h,

)

Incorporation expected at 6 8.26.

Determined against integral at & 7.61.

Mass

Deuterium Incorporation / %

M |
Entry Substrate / ass/ Catalyst
mg mg Run1 Run 2 Average
1 42 10.1 0 0 0
Scheme 1.41
o/ Deuteration of N-methylsulfonylindole 121
\ —
520 Carried out according to General Procedure C
©f\$ Catalyst 43 (5 mol%), 25 °C, 1 h,
N
O//‘S\;o Incorporation expected at 6 8.13.
Determined against integral at & 3.19.
Mass Mass Catalyst Deuterium Incorporation / %
Entry Substrate / Im
mg g Run 1 Run 2 Average
1 58 10.1 0 0 0
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Scheme 1.42
N-Methoxy-N-methyl-(1H-indol-3-yl)carboxamide 128'%

—_—
o, P
N
4 N
5
N,
6 N
7 H

Prepared following a reported procedure.’”® To a solution of 1H-indole-3-carboxylic acid
(586 mg, 5 mmol) in diethyl ether (12 mL) at 0 °C was added oxalyl chloride (507 pL, 6
mmol), and the reaction mixture was stirred for 1 h. The solvent was removed in vacuo and
the residue dissolved in DCM (15 mL). The resulting yellow solution was added to a
solution of N,O-dimethylhydroxylamine hydrochloride (512 mg, 5.25 mmol) and
triethylamine (1.393 mL, 10 mmol) in DCM (15 mL) and the reaction mixture stirred at
room temperature for 2 h. The solution was washed with water and saturated aqueous
sodium bicarbonate, dried over sodium sulfate and concentrated in vacuo. The residue was
purified by flash column chromatography (10% ethyl acetate in petrol) to afford 128 as a
yellow solid (919 mg, 90% vyield).

'H NMR (400 MHz, CDCl,) & 8.26 (d, J = 7.4 Hz, 1H, H*), 7.94 (s, 0.2H, H?), 7.77 (s,
0.8H, H?), 7.38 (d, J = 7.4 Hz, 1 H, H"), 7.29-7.15 (m, 2H, H® & H®), 3.76 (s, 0.6H, OCH3),
3.60 (s, 2.4H, OCHj3), 3.26 (s, 3H, NCHs).

Note: the peaks at 7.94 and 7.77 correspond to 1 proton (C2) and the peaks at 3.76 and 3.60
correspond to 3 protons (OCHz). These signals are split due to rotameric effects.

C NMR (100 MHz, CDCI;) & 184.6, 136.9, 135.4, 125.4, 124.3, 123.1, 122.0, 114.2,
112.2,62.4, 31.8.

IR (ATR, cm™) 3269, 1662, 1425, 1163.

109



Table 1.5
Deuteration of N-methoxy-N-methyl-(1H-indol-3-
yhcarboxamide 128

NG Carried out according to General Procedure C

Catalyst 43 (5 mol%), 25 °C, 1 h.

6 N Incorporation expected at 6 7.94/7.77 (C2), 3.76/3.60 (OMe),
and 3.26 (NMe).
Determined against integral at 6 7.41-7.34.

Mass Catalyst Mass Deuterium Incorporation / %
Entry | Substrate | Loading | Catalyst/

/ mg / mol% mg Run1 Run2 | Average

C2 99 99 99

1 44 5 10.1 OMe 25 28 27

NMe 27 26 27

C2 95 96 96

2 44 2 4.0 OMe 7 9 8

NMe 11 10 11

Scheme 1.43 — Synthesis

Indole-3-carboxaldehyde 130*%°

=0
4

5 \,
Phosphoryl chloride (1 mL, 10.8 mmol) was added dropwise to a flask containing DMF (7
mL) at 0 °C, and the resulting solution was stirred for 20 min. A solution of indole (1.172 g,
10 mmol) in DCM (3 mL) and added dropwise, and the mixture was then stirred at 35 °C for
1 h. Ice was added to the reaction mixture, followed by 20% aqueous sodium hydroxide, and
the reaction mixture was then heated to reflux for 6 h. The mixture was poured into ice water
and the resulting precipitate was collected by filtration, washed with water and dried, to
yield 130 as a yellow fluffy solid (1.164 g, 81% yield).

'H NMR (400 MHz, CDClI3) & 10.05 (s, 1H, CHO), 8.33-8.28 (m, 1H, H*), 7.85 (d, J = 3.0
Hz, 1H, H?), 7.45-7.40 (m, 1H, H’), 7.35-7.29 (m, 2H, H® and H°).
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B3C NMR (100 MHz, DMSO-dg) & 186.0, 137.8, 137.2, 124.5, 123.7, 122.2, 120.2, 118.4,
112.1.
IR (ATR, cm™) 2930, 1628, 1519, 1441.

Scheme 1.43 — Labelling

Deuteration of indole-3-carboxaldehyde 130

=0 Carried out according to General Procedure C

A\ Catalyst 43 (5 mol%), 25 °C, 1 h.

” Incorporation expected at 6 7.87-7.83 (C2) and 10.05 (Ald).
Determined against integral at & 7.35-7.29.
Mass Mass Deuterium Incorporation/ %
Entry Substrate / Catalyst /
mg mg Run 1 Run2 | Average

. a1 101 C2 28 29 29
Ald 4 7 6

Scheme 1.44 — Synthesis

Ethyl 3-formylindole-1-carboxylate 132"

=0
4

L)
7
Eto)Qo

Following the procedure for the ethoxycarbonylation of indole,* to a solution of indole-3-
carboxaldehyde 130 (250 mg, 1.72 mmol) in THF (4 mL) at 0 °C was added sodium hydride
(60% in mineral oil, 103 mg, 2.58 mmol) in portions. After stirring for 30 min, ethyl
chloroformate (198 pL, 2.07 mmol) was added then the reaction mixture was warmed to
room temperature and stirred for 1 h. The reaction mixture was then quenched with water (5
mL) and extracted with ethyl acetate (3 x 5 mL). The organic phases were combined, dried
over sodium sulfate and concentrated in vacuo to afford product 132 as a yellow solid (306
mg, 82% yield).

'"H NMR (400 MHz, CDCl;) § 10.09 (s, 1H, CHO), 8.28 (d, J = 7.6 Hz, 1H, H%), 8.25 (s,
1H, H%), 8.16 (d, J = 8.3 Hz, 1 H, H'), 7.42 (td, J = 7.7, “J = 1.6 Hz, 1H, H®%), 7.39-7.35 (td, J
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= 7.5, %) = 1.5 Hz, 1H, H°), 4.56 (g, J = 7.2 Hz, 2H, CH,CH3), 1.50 (t, J = 7.1 Hz, 3H,
CH,CHs).

C NMR (100 MHz, CDCl;) & 185.9, 150.5, 136.3, 136.2, 126.5, 126.3, 125.1, 122.4,
122.3,115.3, 64.6, 14.5.

IR (ATR, cm™) 2922, 2806, 1749, 1674, 1550, 1452.

Scheme 1.44 — Labelling

Deuteration of ethyl 3-formylindole-1-carboxylate 132

~=0
{ Carried out according to General Procedure C
N Catalyst 43 (5 mol%), 25 °C, 1 h.
i O)QO Incorporation expected at & 8.25 (C2) and 10.09 (Ald).
t Determined against integral at & 4.59—4.52.
Mass Mass Deuterium Incorporation / %
Entry Substrate / Catalyst /
mg mg Run1 Run 2 Average
C2 97 96 97
1 47 10.1
Ald 6 8 7
Scheme 1.45

N-Benzoylindole 134

4 3
5
D
6
N
7
a
b
a
[+
b

o

To a flask charged with indole (500 mg, 4.26 mmol), sodium hydroxide (426 mg, 10.65
mmol), and tetrabutylammonium hydrogensulfate (30 mg, 0.09 mmol) was added DCM (15
mL). Benzoyl chloride (741 pL, 6.39 mmol) was added dropwise and the reaction mixture
was stirred at room temperature for 2 h. The reaction mixture was then concentrated in
vacuo and purified by flash column chromatography (4% ethyl acetate in petrol) to afford
product 134 as a white solid (933 mg, 99% yield).
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'H NMR (400 MHz, CDClI;) 6 8.39 (d, J = 8.0 Hz, 1H, H"), 7.74-7.71 (m, 2H, H?), 7.59-
7.57 (m, 2H, H? and H?), 7.53-7.49 (m, 2H, H®), 7.36-7.32 (m, 1H, H%), 7.31 (dd, J = 7.5, *J
=1.0 Hz, 1H, H%, 7.30-7.28 (m, 1H, H°), 6.60 (d, J = 3.7, 0.6 Hz, 1H, H®).

C NMR (100 MHz, CDCl;) & 168.9, 136.3, 134.8, 132.1, 130.8, 129.3, 128.8, 127.8,
125.1,124.1,121.1, 116.6, 108.8.

IR (ATR, cm™) 3049, 1674, 1447, 1328.

Table 1.6
Deuteration of N-benzoylindole 134
©j> - Carried out according to General Procedure C
< N Catalyst 43 (5 mol%).
o Incorporation expected at & 7.59-7.57 (C2), 7.74-7.71
Bz (Bz), and 8.39 (C7).
Determined against integral at  7.30-7.24.
Mass Mass Deuterium Incorporation / %
Entry | Substrate | Catalyst | Conditions
/' mg /' mg Runl | Run2 | Average
C2 75 70 73
1 48 10.1 25°C,1h Bz 2 2 2
C7 0 0 0
C2 89 91 90
2 48 10.1 25°C, 24 h Bz 4 8 6
C7 0 0 0
C2 82 7 80
3 48 10.1 40°C,1h Bz 3 4 4
C7
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Scheme 1.46
1-Acetyl-6-azaindole 137'%
4 3
7 )§O

Following the procedure for the acetylation of indole,*

to a flask charged with 6-azaindole
(500 mg, 4.23 mmol), sodium hydroxide (423 mg, 10.58 mmol), and tetrabutylammonium
hydrogensulfate (29 mg, 0.08 mmol) was added DCM (11 mL). A solution of acetyl chloride
(452uL, 6.35 mmol) in DCM (6 mL) was then added dropwise. The reaction mixture was
stirred at room temperature for 16 h, filtered through a plug of silica and concentrated in
vacuo. The residue was purified by flash column chromatography (4% methanol in DCM) to
afford product 137 as a white solid (555 mg, 82% yield).

'H NMR (400 MHz, CDCl;) & 9.69 (s, 1 H, H"), 8.45 (d, J = 5.4 Hz, 1H, H°), 7.56 (d, J =
3.6 Hz, 1H, H?), 7.49 (dd, J = 5.4, *J = 1.1 Hz, 1H, H*), 6.65 (d, J = 3.6 Hz, 1H, H®), 2.65 (s,
3H, CHsy).

3C NMR (100 MHz, CDCI5) & 168.0, 142.9, 138.6, 135.7, 132.8, 128.3, 115.4, 108.2, 23.5.
IR (ATR, cm™) 2980, 1705, 1435, 1307.

1-Acetyl-4-azaindole 139'%

N 3
oy
7 %O
Following the procedure for the acetylation of indole,* to a flask charged with 4-azaindole
(500 mg, 4.23 mmol), sodium hydroxide (423 mg, 10.58 mmol), and tetrabutylammonium
hydrogensulfate (29 mg, 0.08 mmol) was added DCM (11 mL). A solution of acetyl chloride
(452uL, 6.35 mmol) in DCM (6 mL) was then added dropwise. The reaction mixture was
stirred at room temperature for 16 h, filtered through a plug of silica and concentrated in
vacuo. The residue was purified by flash column chromatography (4% methanol in DCM) to
afford product 139 as a white solid (474 mg, 70% yield).
'H NMR (400 MHz, CDCI5) & 8.67 (d, J = 8.3 Hz, 1H, H°), 8.55 (dd, J = 4.8,“J= 1.3 Hz, 1
H, H), 7.65 (d, J = 3.8 Hz, 1H, H?), 7.25 (dd, J = 8.3, 4.7 Hz, 1H, H%, 6.82 (d, J = 3.8 Hz,
1H, H%), 2.64 (s, 3H, CHa).
C NMR (100 MHz, CDCls) 5 168.2, 147.9, 145.6, 128.7, 127.5, 123.3, 119.0, 109.5, 22.5.
IR (ATR, cm™) 3269, 2937, 1602, 1425.
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Scheme 1.47 — Substrates

Deuteration of 1-Acetyl-6-azaindole 137
Carried out according to General Procedure C
Catalyst 43 (5 mol%), 25 °C, 1 h.

Incorporation expected at 6 7.65.

SN

Z N
/=0

I
N

Determined against integral at 5 2.65.

Deuteration of 1-Acetyl-4-azaindole 139
Carried out according to General Procedure C
Catalyst 43 (5 mol%), 25 °C, 1 h.
Incorporation expected at & 7.56.

Determined against integral at 6 2.64.

Scheme 1.47 — Results

Mass Mass Deuterium Incorporation / %
Entry Substrate | Substrate/ | Catalyst/
mg mg Run1 Run2 | Average
1 137 34 10.1 87 84 86
2 139 34 10.1 93 90 92

Scheme 1.48 — Synthesis
1-Acetylindazole 143"

4 3
5
6 N
7
)§O

Following the procedure for the acetylation of indole,™*

to a flask charged with indazole
(500 mg, 4.23 mmol), sodium hydroxide (423 mg, 10.58 mmol), and tetrabutylammonium
hydrogensulfate (29 mg, 0.08 mmol) was added DCM (11 mL). A solution of acetyl chloride
(452uL, 6.35 mmol) in DCM (6 mL) was then added dropwise. The reaction mixture was
stirred at room temperature for 16 h, filtered through a plug of silica and concentrated in
vacuo. The residue was purified by flash column chromatography (10% ethyl acetate in
petrol) to afford product 143 as a white solid (542 mg, 80% yield).
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'H NMR (400 MHz, CDClI;) & 8.44 (dd, J = 8.0, 3 = 0.8 Hz, 1H, H), 8.11 (s, 1H, H?), 7.72
(d, J=7.4 Hz, 1H, H*), 7.57-7.52 (m, 1H, H°%), 7.36-7.31 (m, 1H, H°), 2.65 (s, 3H, CHs).
C NMR (100 MHz, CDCls)  171.2, 140.0, 139.2, 129.7, 126.3, 124.6, 120.8, 115.4, 23.0.
IR (ATR, cm™) 2980, 1714, 1377, 1195.

Scheme 1.48 — Labelling
Deuteration of 1-Acetylindazole 143

@\\ Carried out according to General Procedure C
N
N Catalyst 43 (5 mol%), 25 °C, 1 h.
)§ o Incorporation expected at & 8.44 (C7).
Determined against integral at § 2.65.
Mass Mass Catalyst Deuterium Incorporation / %
Entry Substrate / Im
mg g Run 1 Run 2 Average
1 34 10.1 0 0 0
Scheme 1.49
Ethyl 1H-pyrrole-1-carboxylate 146
3 3
AN,
N
/\O/&O

132

Following the procedure for the acylation of pyrroles,™ to a flask charged with pyrrole (520
uL, 7.5 mmol), triethylamine (780 uL, 5.6 mmol) and 4-(dimethylamino)pyridine (684 mg,
5.6 mmol) was added DCM (2 mL), and the resulting solution cooled to 0 °C. Ethyl
chloroformate (535 uL, 5.6 mmol) was added slowly and the reaction mixture was then
stirred at room temperature for 16 h. The reaction mixture was extracted with diethyl ether
(3 x 5 mL), and the combined extracts were washed with aqueous potassium bisulfate,
aqueous sodium bicarbonate and water. The organic phase was then dried over sodium
sulfate and concentrated in vacuo to afford 146 as a yellow oil (770 mg, 99% yield).

'"H NMR (400 MHz, CDCls) § 7.27 (t, J = 2.3 Hz, 2H, H?), 6.22 (t, J = 2.3 Hz, 2H, H’),
4.40 (g, J = 7.1 Hz, 2H, CH,CHj3), 1.39 (t, J = 7.1 Hz, 3H, CH,CHj,).

C NMR (100 MHz, CDCl;) § 150.6, 120.2, 112.5, 63.6, 14.5.

IR (ATR, cm™) 2981, 1743, 1471, 1307.
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tert-Butyl 1H-pyrrole-1-carboxylate 147

3 3

Ao
Following the reported procedure,™ to a solution of pyrrole (500 pL, 7.2 mmol) in DCM (5
mL) was added triethylamine (1.50 mL, 10.8 mmol) and di-tert-butyl dicarbonate (2.357 g,

(®)

10.8 mmol). The reaction mixture was stirred at room temperature for 2 h. The reaction
mixture was then extracted with DCM (3 x 10 mL), and the combined extracts washed with
water, dried over sodium sulfate and concentrated in vacuo. The residue was then purified
by flash column chromatography (5% diethyl ether in petrol) to afford product 15 as brown
needles (928 mg, 77% vyield).

'H NMR (400 MHz, CDCI3) & 7.20 (t, J = 2.3 Hz, 2H, H?), 6.18 (t, J = 2.3 Hz, 2H, H°),
1.50 (s, 9H, (CHy)3).

BC NMR (100 MHz, CDCly) 6 147.3, 120.2, 111.9, 85.2, 27.1.

IR (ATR, cm™) 2983, 1799, 1755, 1371.

N-Acetylpyrrole 148"

Following the procedure for the acetylation of indole,"* to a flask charged with pyrrole (292
uL, 4.23 mmol), sodium hydroxide (423 mg, 10.58 mmol), and tetrabutylammonium
hydrogensulfate (29 mg, 0.08 mmol) was added DCM (11 mL). A solution of acetyl chloride
(452uL, 6.35 mmol) in DCM (6 mL) was then added dropwise. The reaction mixture was
stirred at room temperature for 16 h, filtered through a plug of silica and concentrated in
vacuo. The residue was purified by flash column chromatography (5% diethyl ether in
petrol) to afford product 148 as a yellow oil (666 mg, 92% yield).

'H NMR (400 MHz, CDClI3) 8 7.31 (br. s, 2H, H?), 6.31 (t, J = 2.3 Hz, 2H, H®), 2.55 (s, 3H,
CHy).

C NMR (100 MHz, CDCls) 5 168.1, 119.2, 112.8, 22.1.

IR (ATR, cm™) 2989, 1754, 1371, 1165.
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N-Benzoylpyrrole 149'%

Following the literature procedure,®

to a flask charged with pyrrole (346 pL, 5 mmol),
triethylamine (515 pL, 3.7 mmol) and 4-(dimethylamino)pyridine (452 mg, 3.7 mmol) was
added DCM (2 mL) and the resulting solution was cooled to 0 °C. Benzoyl chloride (429 uL,
3.7 mmol) was added slowly and the reaction mixture was stirred at room temperature for 16
h. The reaction mixture was extracted with diethyl ether (3 x 5 mL), and the combined
organic phases washed with aqueous potassium bisulfate, aqueous sodium bicarbonate and
water, dried over sodium sulfate and concentrated in vacuo. The residue was purified by
flash column chromatography (5% diethyl ether in petrol) to afford 149 as a colourless oil
(570 mg, 90% yield).

'H NMR (400 MHz, CDCls) § 7.76-7.69 (m, 2H, H%), 7.62-7.56 (m, 1H, H°), 7.53-7.46 (m,
2H, HP), 7.30-7.27 (m, 2H, H?), 6.37-6.33 m, 2H, H°).

C NMR (100 MHz, CDCls) & 168.0, 133.5, 132.5, 129.8, 128.7, 121.6, 113.3.

IR (ATR, cm™) 3147, 1691, 1466, 1323.

137,138
0

1-Acetyl-2-pyrrolecarboxaldehyde 15

4/ \3 o

N
Ao

Following the procedure for the acetylation of indole,

carboxaldehyde (403 mg, 4.23 mmol) in DCM (10 mL) was added sodium hydroxide (423

mg, 10.58 mmol) and tetrabutylammonium hydrogensulfate (29 mg, 0.08 mmol). A solution

of acetyl chloride (452 pL, 6.35 mmol) in DCM (6 mL) was then added added dropwise.

5

9 to a solution of pyrrole-2-

The reaction mixture was stirred at room temperature for 16 h, filtered through a plug of
silica and concentrated in vacuo to afford product 150 as a light brown solid (500 mg, 86%
yield).

'"H NMR (400 MHz, CDCl3) 8 10.31 (s, 1H, CHO), 7.38 (dd, J = 3.0, *J = 1.8 Hz, 1H, H®),
7.22 (dd, J=3.8,%J = 1.8 Hz, 1H, H°), 6.32 (t, J = 3.4 Hz, 1H, H*), 2.63 (s, 3H, CH5).

3C NMR (100 MHz, CDCls) & 182.6, 169.3, 134.5, 128.0, 123.9, 112.8, 26.4.

IR (ATR, cm™) 2987, 2811, 1752, 1678, 1378.
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1-Benzoyl-2-pyrrolecarboxaldehyde 151"

b o

b

32 t0 a flask charged with pyrrole-2-

Following the procedure for benzoylation of pyrrole,
carboxaldehyde (403 mg, 4.23 mmol), triethylamine (592 pL, 4.23 mmol) and 4-
(dimethylamino)pyridine (520 mg, 4.23 mmol) was added DCM (2 mL), and the resulting
solution cooled to 0 °C. Benzoyl chloride (493 pL, 4.23 mmol) was added slowly and the
reaction mixture was stirred at room temperature for 16 h. The reaction mixture was
extracted with diethyl ether (3 x 5 mL), and the combined extracts washed with aqueous
potassium bisulfate, aqueous sodium bicarbonate and water, dried over sodium sulfate and
concentrated in vacuo. The residue was purified by flash column chromatography (5%
diethyl ether in petrol) to afford 151 as a beige solid (758 mg, 90% yield).

'H NMR (400 MHz, CDCls): 6 10.03 (s, 1H, CHO), 7.84-7.60 (m, 5H, H* H" & H°), 7.31
(dd, J = 3.7, = 1.5 Hz, 1H, H°), 7.22 (dd, J = 3.0, *J = 1.5 Hz, H?), 6.38 (dd, J = 3.6, 3.0
Hz, 1H, HY).

BC NMR (100 MHz, CDCl): § 180.6, 172.0, 135.5, 133.8, 130.6, 129.4, 129.0, 128.6,
123.0, 112.3.

IR (ATR, cm™): 2989, 1758, 1689, 1471, 1326.

Scheme 1.50 — Substrates

Deuteration of ethyl 1H-pyrrole-1-carboxylate 146
Carried out according to General Procedure C

Z/ N\> Catalyst 43 (5 mol%), 25 °C, 1 h.
Incorporation expected at & 7.27.
/\o/go

Determined against integral at 6 4.40.

Deuteration of tert-butyl 1H-pyrrole-1-carboxylate 147

{/ \E Carried out according to General Procedure C
>< N Catalyst 43 (5 mol%), 25 °C, 1 h.
O/go Incorporation expected at 6 7.20.

Determined against integral at 6 1.50.
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Deuteration of N-acetylpyrrole 148

Carried out according to General Procedure C
Catalyst 43 (5 mol%), 25 °C, 1 h.
Incorporation expected at 6 7.36—7.31.

Determined against integral at 6 2.71.

Deuteration of N-benzoylpyrrole 149

Carried out according to General Procedure C

Catalyst 43 (5 mol%), 25 °C, 1 h.

Incorporation expected at 6 7.76—7.69 (Bz) and & 7.27 (C2).
Determined against integral at 6 7.62—7.56.

Deuteration of 1-acetyl-2-pyrrolecarboxaldehyde 150
Carried out according to General Procedure C

Catalyst 43 (5 mol%), 25 °C, 1 h.

Incorporation expected at 6 7.16 (C5) and & 10.35 (Ald).

Determined against integral at & 2.62.

Deuteration of 1-benzoyl-2-pyrrolecarboxaldehyde 151

Carried out according to General Procedure C

Catalyst 43 (5 mol%), 25 °C, 1 h.

Incorporation expected at & 7.74-7.71 (C5), & 7.92-7.84 (Bz)
and 8 10.29 (Ald).

Determined against integral at 6 6.75-6.72.
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Scheme 1.50 — Results

Mass Mass Deuterium Incorporation / %
Entry | Substrate | Substrate | Catalyst
/' mg / mg Run1 Run2 | Average
1 146 30 10.1 C2 16 19 18
2 147 36 10.1 C2 13 16 15
3 148 23 10.1 C2 90 97 94
C2 96 97 97
4 149 37 10.1
Bz 32 29 30
C2 84 80 82
6 150 29 10.1
Ald 0 0 0
C2 83 88 86
5 151 43 10.1 Bz 30 22 26
Ald 0 0 0
Scheme 1.51
Indole 75
TBAF
) — N—h
N [94] THF N
Reflux, 8 h H
J=o
EtO

Carried out following a literature procedure.”* To a solution of ethyl-1H-indole-1-
carboxylate-2-’H 124 (41 mg, 0.215 mmol) in THF (3 mL) was added tetra-n-

butylammonium fluoride (1.0 M in THF, 1.1 mL, 1.1 mmol). The mixture was heated at
reflux for 8 h. The reaction mixture was then extracted with ethyl acetate (3 x 5 mL) and
washed with water and brine, before being dried over sodium sulfate and concentrated in

vacuo to afford indole 75 as an off-white solid (23 mg, 90% yield).

Deuterium incorporation in the desired product, [2-*H]-indole 73, was expected at § 7.28—
7.20 (C2) and was determined against the integral at 6 7.17-7.14 (C5).
'"H NMR (400 MHz, CDClI;) & 8.21 (br's, 1H, NH), 7.70-7.66 (d, J = 7.5 Hz, 1H, H'), 7.45—
7.41 (d, J = 7.5 Hz, 1H, H), 7.28-7.20 (m, 2H, H® and H?), 7.17-7.14 (m, 1H, H°), 6.60—
6.57 (m, 1H, H®).
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BC NMR (100 MHz, CDCl,) & 135.9, 128.3, 124.6, 122.0, 121.3, 120.1, 111.4, 102.7,
101.9.
Scheme 1.52

2-Deuteroindole 73

NaOH
[94] EtOH [93]
N rt.,2h H
)\OEt
(0]

To a solution of sodium hydroxide (100 mg, 2.5 mmol) in ethanol (15 mL) was added ethyl-
1H-indole-1-carboxylate-2-°H 124 (190 mg, 1 mmol). The mixture was stirred at room
temperature for 2 h. The reaction mixture was then extracted with ethyl acetate (3 x 20 mL),
washed with brine, dried over sodium sulfate and concentrated in vacuo to yield [2-2H]-
indole 73 as an off-white solid (118 mg, 99% vyield).

Deuterium incorporation in [2-?H]-indole 73 was expected at 6 7.28-7.20 (C2) and was
determined against the integral at 6 7.17-7.14 (C5).

'H NMR (400 MHz, CDClI;) & 8.21 (br's, 1H, NH), 7.70-7.66 (d, J = 7.5 Hz, 1H, H'), 7.45—
7.41(d, J = 7.5 Hz, 1H, H*%), 7.28-7.20 (m, 1.07H, H®and H?), 7.17-7.14 (m, 1H, H°), 6.60—
6.57 (m, 1H, H%).

C NMR (100 MHz, CDCl5) § 135.9, 128.3, 124.6 (t, "Jc p = 30 Hz), 122.0, 121.3, 120.1,
111.4,102.7, 101.9.

Scheme 1.53

2-Deuteroindole 73**

LiOH
Nop N—p
N [94] THF/H,O N [93]

rt,2h H
o]

To a solution of lithium hydroxide (60 mg, 2.5 mmol) in THF:H,O (4:1, 15 mL) was added
[2-°H]-N-acetylindole 122 (161 mg, 1 mmol). The mixture was stirred at room temperature
for 2 h. The reaction mixture was then extracted with ethyl acetate, washed with brine, dried
over sodium sulfate and concentrated in vacuo to yield [2-H]-indole 73 as an off-white solid
(117 mg, 99% yield).

Deuterium incorporation in [2-H]-indole 73 was expected at 6 7.28-7.20 (C2) and was

determined against the integral at 6 7.17—7.14 (C5).
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'H NMR (400 MHz, CDCI;) & 8.21 (br's, 1H, NH), 7.70-7.66 (d, J = 7.5 Hz, 1H, H'), 7.45—
7.41 (d, J = 7.5 Hz, 1H, H%), 7.28-7.20 (m, 1.08H, H®and H?), 7.17-7.14 (m, 1H, H°), 6.60—
6.57 (m, 1H, H®).

B3C NMR (100 MHz, CDCl3) 6 135.9, 128.3, 124.6 (t, *Jc_p = 30 Hz), 122.0, 121.3, 120.1,
111.4,102.7, 101.9.

Scheme 1.54

Ethyl 3-[2-(dimethylamino)ethyl]-5-[methylsulfamoylmethyl]-1H-indole-1-carboxylate
157

N,
: N
Eto)§O
To a solution of 3-[2-(dimethylamino)ethyl]-N-methyl-1H-indole-5-methanesulfonamide (29
mg, 0.1 mmol) in DMF (1 mL) was added sodium hydride (60% dispersion in mineral oil,
12 mg, 0.3 mmol). The reaction mixture was allowed to stir at room temperature for 30 min,
after which time it was cooled to 0 °C and ethyl chloroformate (9.2 uL, 0.1 mmol) was
added. The reaction mixture was then stirred for 1 h at room temperature, before being
guenched with saturated sodium bicarbonate (5 mL) and extracted with ethyl acetate (3 x 5
mL). The combined extracts were washed with brine (10 mL), dried over sodium sulfate and
concentrated in vacuo. The residue was purified by flash column chromatography (5%
methanol/1% triethylamine in DCM) followed by recrystallisation from ethanol, to afford
157 as a white solid (21 mg, 67% vyield).
'H NMR (400 MHz, CDCl,) & 7.72-7.65 (m, 1H, H%), 7.54-7.48 (m, 1H, H), 7.38-7.33
(m, 1H, H%, 7.12-7.09 (s, 1H, H?), 4.93-4.88 (m, 2H, H?, 4.04 (9, J = 6.6 Hz, 2H,
CH,CHy), 2.85 (t, J = 7.7 Hz, 2H, H%), 2.57 (t, J = 7.7 Hz, 2H, H"), 2.32-2.27 (m, 3H,
NHCHj3), 2.04-2.00 (m, 6H, N(CHs),), 1.40-1.36 (m, 3H, CH,CHy).
C NMR (100 MHz, CDCIl5) & 160.8, 132.2, 132.0, 127.4, 124.5, 120.7, 118.1, 117.6,
110.8, 66.5, 64.2, 63.7, 46.8, 26.0, 23.2, 14.2.
IR (ATR, cm™) 2981, 1743, 1471, 1360, 1167.
M.P. (°C) 170-173°C
HRMS (NSI) m/z calculated for C17H,N30,S [M+H]": 368.1639; found: 368.1639.
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Table 1.8

Deuteration  of  ethyl  3-[2-(dimethylamino)ethyl]-5-
[methylsulfamoylmethyl]-1H-indole-1-carboxylate 157
Carried out according to General Procedure C

Catalyst 43 (5 mol%), 25 °C.

Incorporation expected at 8 7.12-7.09 (C2).

Determined against integral at  2.85 (CH,—CH,—N(CHz),.)

Mass Substrate / | Mass Catalyst / . Deuterium
Entry Time/h .
mg mg Incorporation / %
1 15 2.2 1 38
2 15 2.2 18 84
3 15 2.2 24 92
Scheme 1.55

[2-2H]-3-[2-(dimethylamino)ethyl]-5-[methylsulfamoylmethyl]-1H-indole 159

NMGZ NMez

H H
/N\S NaOH /N\S
7\ \ D —_— 7\ \ D
00 N [92] EtOH 0o N [91]
)§ rt., 16 h H
(¢}
EtO

To a solution of sodium hydroxide (4 mg, 0.1 mmol) in ethanol (0.6 mL) was added ethyl
[2-°H]-3-[2-(dimethylamino)ethyl]-5-[methylsulfamoylmethyl]-1H-indole-1-carboxylate
158 (15 mg, 0.04 mmol). The reaction mixture was stirred at room temperature for 16 h,
after which time the mixture was extracted with ethyl acetate (3 x 2 mL), and the combined
extracts washed with brine, dried over sodium sulfate and concentrated in vacuo to yield 159
as a white solid (10 mg, 87% vyield).

Deuterium incorporation in 159 was expected at 6 7.08-7.05 (C2) and was determined
against the integral at 6 2.97-2.91 (CH,-N(CHys),).

'H NMR (400 MHz, CDCls) § 7.59 (s, 1H, H*), 7.37-7.32 (m, 1H, H), 7.21 (dd, J = 8.3, "J
= 1.8 Hz, 1H, H®), 7.08-7.05 (m, 0.09 H, H?), 4.36 (s, 2H, ArCH,SO;R), 2.97-2.91 (m, 2H,
CH,-N(CHg),), 2.71 (s, 3H, NHCH,), 2.68-2.62 (m, 2H, CH,-CH,-N(CHj3),), 2.36-2.33 (m,
6H, N(CH,),).

C NMR (100 MHz, CDCls) § 134.2, 131.0, 126.9, 123.1 (t, \Jc_p = 29 Hz), 119.9, 117.9,
1135, 111.0, 66.7, 64.5, 47.3, 25.2, 23.8.
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C3 Labelling of N-Protected Indoles

Scheme 1.56
1-Methylindole 160

4 3
5®2
6 N

7 \

Prepared according to General Procedure D.

Amount of indole: 586 mg, 5 mmol.

Amount of sodium hydride: 300 mg, 7.5 mmol.

Amount of methyl iodide: 417 pL, 6.7 mmol.

Product yield: 557 mg, 85%.

Product appearance: yellow oil.
'H NMR (400 MHz, CDCl,) & 7.62 (d, J = 7.9 Hz, 1H, H%), 7.34-7.29 (m, 1H, H), 7.23-
7.19 (m, 1H, H°®), 7.12-7.07 (m, 1H, H°), 7.04 (d, J = 3.2 Hz, 1H, H?), 6.48 (d, J = 3.2 Hz,

1H, H%), 3.78 (s, 3H, CH;).

3C NMR (101 MHz, CDCls) & 136.9, 129.0, 128.7, 121.8, 121.1, 119.5, 109.4, 101.1, 33.0.
IR (ATR, cm™) 2922, 1512, 1462, 1315.

Scheme 1.57
Deuteration of N-Methylindole 160
4 3 Carried out according to General Procedure C
:@\/N\>Z Catalyst 43 (5 mol%), 25 °C, 1 h.
! \ Incorporation expected at & 6.48.
Determined against integral at 6 3.78.
Mass Mass Deuterium Incorporation / %
Entry Substrate / Catalyst /
mg mg Run 1 Run 2 Run3 | Average
1 34 10.1 64 68 60 64
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Table 1.9

(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(tribenzylphosphine)iridium(l)
hexafluorophosphate 44%

PBn3
/ IMes

Prepared according to General Procedure B.

Amount of [Ir(cod)(IMes)CI] 55: 700 mg, 1.09 mmol.

Amount of AgPFs: 276 mg, 1.09 mmol.

Amount of tribenzylphosphine: 333 mg, 1.09 mmol.

Product yield: 888 mg, 77%.

Product appearance: Orange-red solid.

'H NMR (400 MHz, CDCl3) § 7.79 (s, 2H, -NCH=CHN-), 7.41 (s, 2H, ArH), 7.34 (s, 2H,
ArH), 7.30-7.28 (m, 9H, ArH), 6.99-6.97 (m, 6H, ArH), 4.72-4.70 (m, 2H, COD CH),
3.27—- 3.26 (m, 2H, COD CH), 3.02 (d, “Jp.; = 8.8 Hz, 6H, PCH,Ar), 2.57 (s, 6H, ArCHj),
2.47 (s, 6H, ArCHy), 2.39 (s, 6H, ArCHs), 1.83-1.77 (m, 2H, COD CH,), 1.60-1.48 (m, 4H,
COD CHy), 1.37-1.30 (m, 2H, COD CH,).

BC NMR (101 MHz, CDCly) 6 174.7, 141.1, 1374, 137.0, 136.3, 134.4, 131.0, 130.7,
129.6, 128.8, 128.0, 127.9, 87.2, 75.8, 32.5, 31.2, 31.1, 21.1, 20.6, 20.0.

P NMR (162 MHz, CDCl5) § —7.0 (PBn3), —144.2 (septet, ‘Jp.c = 712 Hz, PFy).

IR (ATR, cm™) 3040, 2995, 2319, 1631, 1495.

M.P. (°C) decomp. 170.

(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(tri-n-butylphosphine)iridium(l)
hexaﬂuorophosphate 162

Fe
PnBU3
/ IMes

Prepared according to General Procedure B.

Amount of [Ir(cod)(IMes)CI] 55: 400 mg, 0.62 mmol.
Amount of AgPFg: 158 mg, 0.62 mmol.

Amount of tri-n-butylphosphine: 156 pL, 0.62 mmol.
Product yield: 433 mg, 73%.

Product appearance: Bright red solid.
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'"H NMR (400 MHz, CDCls) & 7.23 (s, 2H, -NCH=CHN-), 7.01 (s, 2H, ArH), 6.98 (s, 2H,
ArH), 4.16-4.09 (m, 2H, COD CH), 3.68-3.62 (m, 2H, COD CH), 2.34 (s, 6H, ArCHy), 2.28
(s, 6H, ArCHs), 2.17 (s, 6H, ArCHj), 1.91-1.81 (m, 2H, COD-CH,), 1.72-1.61 (m, 2H,
COD CH,), 1.51-1.37 (m, 10H, COD CH,, P"Bus CH,), 1.26 (app.sextet, J= 7.2
Hz, 6H, P"Bu; CH,-CH,—CHj3), 1.15-1.06 (m, 6H, P"Bu; CH,), 0.86 (t,J = 7.3 Hz, 9H,
P"Bu; CH,-CHy).

C NMR (101 MHz, CDCl;) § 175.5, 133.9, 129.3, 129.2, 125.6, 81.5, 81.4, 73.2, 30.8,
30.41, 30.39, 26.13, 26.10, 23.9, 23.8, 23.7, 23.4, 20.5, 19.8, 18.9, 13.2.

3'P NMR (162 MHz, CDCls) § —2.6 (P"Bus), —144.4 (septet, *Jp.r = 711 Hz, PF).

IR (ATR, cm™) 2949, 2870, 1481, 1383.

M.P. (°C) decomp. >170.

Scheme 1.58
N,N’-Dimesitylimidazolium tetrakis[(3,5-trifluoromethylphenyl)]borate 63

CF3

[\ <
Mes— @\~ ~Mes .

CF3/,

N,N-Dimesitylimidazolium chloride (0.269 g, 0.789 mmol) and NaBArF (0.700 g, 0.789
mmol) were added to a 50 mL round bottom flask and dissolved in a mixture of DCM and
H,O (20 mL). The reaction mixture was stirred overnight, before being transferred to a
separating funnel and diluted with DCM (10 mL). The aqueous phase was washed with
DCM and the combined organic phase washed with water then brine. After drying the DCM
layer over anhydrous sodium sulfate and filtering through a Biichner funnel, the solvent was
removed in vacuo and the residue purified through a short plug of silica, eluting with DCM.
Concentration in vacuo gave the desired product as a white solid (0.840 g, 92% yield).
'H NMR (400 MHz, CDCls) § 8.11 (t, *J = 1.6 Hz, 1H, NCHN), 7.70-7.68 (m, 8H,
ArHBATr), 7.50 (s, 4H, ArHBArg), 7.40 (d, J = 1.6 Hz, 2H, -NCH=CHN-), 7.08 (s, 4H,
ArH), 2.37 (s, 6H, ArCHz), 2.04 (s, 12H, ArCHj).
3C NMR (101 MHz, CDCl;) & 161.8 (q, Jc.s = 49.5 Hz), 143.1, 135.3, 134.8, 133.4, 130.4,
129.4-128.4 (unidentified multiplet), 125.0, 124.6 (q, Jc ¢ = 270.7 Hz), 117.4, 21.0, 16.9.
IR (ATR, cm'l) 3156, 2994, 2968, 2928, 1609, 1545, 1479, 1352, 1273, 1115.
M.P. (°C) 136-137.
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(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(triphenylphosphine)iridium(l)
tetrakis[(3,5-trifluoromethylphenyl)]borate 64%°

BAr,:
I\, PP
r
77 IMes

To a flame-dried round bottom flask fitted with stopcock sidearm was added bis(1,5-
cyclooctadiene)diiridium(l) dichloride (0.544 g, 0.81 mmol), and dry THF (5 mL). After all
solids had dissolved, triphenylphosphine (0.426 g, 1.62 mmol) was added in one portion,
causing an orange to yellow colour change. Having allowed the reaction mixture to stir at
room temp. for 15 min, BArF salt 63 (1.894 g, 1.62 mmol) was added in one portion and
allowed to dissolve completely. After a further 5 min stirring, KO'Bu (0.273 g, 2.43 mmol)
was added in one portion. The reaction mixture was stirred for 1 h at r.t. before the THF was
removed in vacuo. The red-black residue was dissolved in DCM and purified directly
through a short plug of silica, eluting the bright red fraction with DCM. The combined
fractions were concentrated under reduced pressure to reveal a red, oily solid, which was
triturated with pentane to give the product as a grainy red solid (1.86 g, 67% yield).

'H NMR (400 MHz, CDCls) & 7.74-7.73 (m, 8H, ArHBAr¢), 7.53 (bs, 4H, ArHBArg),
7.46-7.42 (m, 3H, ArH), 7.32-7.27 (overlapping s and m, 8H, ArH, -NCH=CHN-), 7.16—
7.11 (m, 6H, ArH), 7.05 (s, 2H, ArH), 6.69 (s, 2H, ArH), 4.40-4.37 (m, 2H, COD CH),
3.38-3.36 (M, 2H, COD CH), 2.36 (s, 6H, ArCHs), 2.11 (s, 6H, ArCHy), 1.77 (s, 6H,
ArCH), 1.71-1.48 (m, 6H, COD CH,), 1.33-1.27 (m, 2H, COD CH,).

BC NMR (101 MHz, CDCl3) 6 178.0 (d, Jc_p = 10.0 Hz), 161.8 (g, Jc_s = 50.0 Hz), 140.1,
135.4, 135.1, 134.8, 134.7, 131.3, 131.2, 130.7, 130.4, 129.8, 129.0, 128.7, 128.5, 124.5 (q,
Jc = 270.0 Hz), 117.4, 80.5, 80.4, 78.5, 31.8, 21.1, 20.7, 18.9.

'P NMR (162 MHz, CDCls) & 16.4 (PPhy).

F NMR (376 MHz, CDCl5): 3 —62.5 (BArg ArCF).

"B NMR (128 MHz, CDClIs): & —6.60.

IR (ATR, cm'l) 3024, 2978, 1610, 1539, 1479, 1467, 1426, 1352, 1271, 1187.

M.P. (°C) decomp. >150.
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Table 1.10
(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(triphenylphosphine)iridium(l)

trifluoromethylsulfonate 65%

<PPhs
/// IMes

Prepared according to General Procedure B.

Amount of [Ir(cod)(IMes)CI] 55: 500 mg, 0.78 mmol.

Amount of THF: 20 mL.

Amount of AgOTf: 201 mg, 0.78 mmol.

Amount of triphenylphosphine: 204 mg, 0.78 mmol.

Product yield: 545 mg, 69%.

Product appearance: Orange-red solid.

'H NMR (400 MHz, CDCls) & 7.50 (s, 2H, -NCH=CHN-), 7.49-7.45 (m, 3H, ArH), 7.34—
7.28 (m, 6H, ArH), 7.16-7.11 (m, 6H, ArH), 7.05 (s, 2H, ArH), 6.67 (s, 2H, ArH), 4.31-4.38
(m, 2H, COD CH), 3.34-3.32 (m, 2H, COD CH), 2.37 (s, 6H, ArCH3), 2.13 (s, 6H, ArCHj),
1.77 (s, 6H, ArCHjz), 1.70-1.50 (m, 6H, COD CH,), 1.33-1.25 (m, 2H, COD CH,).

3C NMR (101 MHz, CDCl3) § 176.2 (d, 3Jc_» = 8.0 Hz), 139.2, 135.2, 135.1, 134.7, 134.3,
134.2, 130.8, 130.2, 129.8, 129.2, 128.1, 128.0, 126.4, 80.0, 79.9, 77.5, 31.4, 29.7, 20.8,
20.4, 18.6.

P NMR (162 MHz, CDCI;) & 16.4 (PPhs).

“F NMR (376 MHz, CDClI;) 5 —78.0 (OTH).

IR (ATR, cm™) 3174, 2951, 2924, 2887, 1477, 1437, 1381, 1267, 1140, 1032.

M.P. (°C) decomp. >170.

OTf

(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(triphenylphosphine)iridium(l)

tetrafluoroborate 2960

_PPh;
,// IMes

Prepared according to General Procedure B.
Amount of [Ir(cod)(IMes)CI] 55: 250 mg, 0.39 mmol.
Amount of THF: 20 mL.

Amount of AgBF,: 76 mg, 0.39 mmol.

Amount of triphenylphosphine: 99 mg, 0.39 mmol.
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Product yield: 298 mg, 80%.

Product appearance: Orange-red solid.

'"H NMR (400 MHz, CDCl3) & 7.50 (s, 2H, -NCH=CHN-), 7.48-7.44 (m, 3H, ArH), 7.34—
7.29 (td, J = 7.8, 2.5 Hz, 6H, ArH), 7.15-7.10 (m, 6H, ArH), 7.04 (s, 2H, ArH), 6.66 (s, 2H,
ArH), 4.40-4.38 (m, 2H, COD CH), 3.33-3.31 (m, 2H, COD CH), 2.36 (s, 6H, ArCHy), 2.12
(s, 6H, ArCHj), 1.77 (s, 6H, ArCHj3), 1.68-1.49 (m, 6H, COD CH,), 1.32-1.27 (m, 2H, COD
CH,).

C NMR (101 MHz, CDCl3) 8 176.1 (d, Jc_p = 8.0 Hz), 139.1, 135.2, 135.1, 134.7, 134.3,
134.2, 130.7, 130.3, 129.8, 129.2, 128.1, 128.0, 126.4, 79.9, 79.8, 77.5, 31.4, 29.7, 20.7,
20.4, 18.5.

'P NMR (162 MHz, CDCls) & 16.3 (PPhy).

F NMR (376 MHz, CDCls) 5 —153.8 (BF,).

"B NMR (128 MHz) § -0.9 (BF,).

IR (ATR, cm™) 3043, 2920, 2364, 1606, 1585, 1566, 1477, 1435, 1049.

M.P. (°C) decomp. >170.

Table 1.11
Deuteration of N-Methylindole 160
4 3 Carried out according to General Procedure C
:©\/N\>2 5 mol% catalyst, 25 °C, 1 h.
! \ Incorporation expected at d 6.48.
Determined against integral at 6 3.78.
Entry SulzlsiiZte Catalyst Cal\t/laallys/zt/ Deuterium Incorporation /%6
/ mg mg Runl | Run2 | Run3 | Average
1 28 45 8.9 27 22 25 25
2 28 44 10.5 55 55 52 54
3 28 162 9.5 8 7 6 7
4 28 64 17.3 45 50 46 47
5 28 65 10.2 34 39 41 38
6 28 66 9.5 20 21 21 21
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Scheme 1.59 — Reaction Optimisation with Design of Experiments

The effects of catalyst loading, reaction time and solvent volume were assessed using

Design of Experiments (DOE).®* Design-Expert™ software v9.0.3 (Stat-Ease Inc.,

Minneapolis, MN) was used to generate a set of 11 experiments as part of a 2-level, 3-

factorial design. For each factor, a range of values was specified; the eight combinations of

high and low values were then run as individual experiments. Additionally, three centre

point runs were carried out in order to: (a) assess any curvature in the response of

deuteration to changes of the variables, and (b) ensure reproducibility of the labelling

reaction. This design gave a total of 11 experiments (Table 1.18), with entries 3, 9, and 10

representing the centre points. Reactions were run according to General Procedure C with

catalyst 43, with deuterium incorporation (%) in N-methylindole 160 used as the response.

Table 1.18

Deuteration of N-Methylindole 160

Incorporation expected at & 6.48.

Carried out according to General Procedure C

7 ) Determined against integral at 6 3.78.
Factor A: Factor B: Factor C: Response:
Run* Catalyst Loading | Reaction Time | Solvent Volume % D
/ mol% /h / mL Incorporation
1(---) 0.1 0.5 1 52
2(——+4) 0.1 0.5 5 56
3(000)* 2.55 8.25 3 86
4 (++-) 5 16 1 92
5(—+-) 0.1 16 1 75
6 (+—+) 5 0.5 5 78
7(+--) 5 0.5 1 74
8 (+++) 5 16 5 94
9(000)* 2.55 8.25 3 87
10 (00 0)* 2.55 8.25 3 86
11 (—++) 0.1 16 5 84

*(+) = high value, (—) = low value, and (0) = centre point value of a variable.

“These entries represent centre points.
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The responses were entered into the same design program, and used to generate a half-
normal plot (Graph 1.3), which suggested that both catalyst loading and reaction time had

significant effects on reaction efficacy.

Half-Normal Plot

95 — E
B-Time
90 —
=
2 E o
‘é 8 A-Catalyst Loading
& 3
< 03 B c-solvent Volume
£ OAB
Zc,) 50 =
5
T 30 =
20 — A
10 =
o2 8

0.00 531 1063 15.04 2125
|Standardized Effect|

Graph 1.3

A numerical optimization model was then used to search the factor space for the best
combination of variables to achieve specific goals. Two of these models were examined: one
(Graph 1.4) was used to maximise desirability across the ranges initially specified by the
design; the other (Graph 1.5) was set to maximise desirability as a top priority, while
minimising catalyst loading as a secondary goal. The conditions at the top of the surface of
Graph 1.5 (1 mol% catalyst, 16 h reaction time, 5 mL solvent) were taken forward for future

reactions as optimum reaction conditions.
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Design-Expen® Software
Factor Coding: Actual
Desirability

1.000

0.000

X1 = A: Catalyst Loading
X2 =B: Time

Actual Factor
C: Solvent Volume = 5

Design-Expent® Software
Factor Coding: Actual
Desirability

1.000

0.000

X1 = A: Catalyst Loading
X2=B:Time

Actual Factor
C: Solvent Volume = 4.99999

Lastly, a Residuals vs. Predicted graph was plotted (Graph 1.6). This plots residuals against
the predicted response values and checks for constant variance across the range of data
collected. A pattern in the plot indicates non-constant variance. In this case, the points

appear randomly scattered and the assumption of constant variance can therefore be

confirmed.
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Design-Expent® Software . .
R1 Residuals vs. Predicted

(adjusted for curvature)
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Graph 1.6

Scheme 1.60
N-Benzylindole 164

Co
6 : N
\\Ph

Prepared following a literature procedure.'*

A solution of indole (586 mg, 5 mmol) and
sodium hydroxide (400 mg, 10 mmol) in DCM (20 mL) was stirred at room temperature.
After 30 min, benzyl bromide (831 pL, 7 mmol) was added. The reaction mixture was stirred
at room temperature for 2 h before being quenched with water (30 mL). The organic
products were extracted into ethyl acetate (3 x 20 mL), dried over sodium sulfate and
concentrated in vacuo. Column chromatography (5% ethyl acetate in petrol) afforded
product 164 (735 mg, 71% yield).

'"H NMR (400 MHz, CDCls) § 7.67 (d, J = 7.8 Hz, 1H, H?), 7.31-7.23 (m, 4H, PhH, H* &
H"), 7.18-7.10 (m, 5H, PhH, H°, & H%, 6.57 (d, J = 3.1 Hz, 1H, H®), 5.32 (s, 2H, CH,).

BC NMR (100 MHz, CDCly) 6 137.5, 137.2, 129.5, 129.3, 129.0, 128.2, 126.2, 121.0,
119.7, 116.1, 100.8,51.9 .

IR (ATR, cm™) 3029, 2920, 1486, 1465, 1311.
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1-Ethylindole 165

A solution of indole (586 mg, 5 mmol) and potassium hydroxide (561 mg, 10 mmol) in
DMSO (20 mL) was stirred at room temperature for 30 min, after which time ethyl bromide
(746 pL, 10 mmol) was added. The resultant purple solution was stirred at room temperature
for 2 h before being quenched with water (20 mL). The organic products were extracted into
ethyl acetate (3 x 50 mL), dried over sodium sulfate and concentrated in vacuo. Column
chromatography (10% ethyl acetate in petrol) afforded product 165 as a yellow oil (722 mg,
99% yield).

'H NMR (400 MHz, CDCls) & 7.64 (dt, J = 7.8, “J = 0.9 Hz, 1H, H%), 7.35 (d, J = 8.3 Hz,
1H, H'), 7.23-7.16 (m, 1H, H®), 7.14-7.06 (m, 2H, H? & H®), 6.49 (d, J = 3.0 Hz, 1H, H),
4.17 (g, J = 7.3 Hz, 2H, CH,CH3), 1.47 (t, J = 7.3 Hz, 3H, CH,CHj).

BC NMR (101 MHz, CDCl,) 6 136.1, 128.9, 127.3,121.7, 121.2, 199.3, 109.4, 101.1, 41.2,
15.7.

IR (ATR, cm™) 2916, 1510, 1450, 1311.

Scheme 1.61
1-Methyl-5-bromoindole 166'*

Br 3
Uy
6 N
7 \

Prepared according to General Procedure D.

Amount of 5-bromoindole: 980 mg, 5 mmol.

Amount of sodium hydride: 300 mg, 7.5 mmol.

Amount of methyl iodide: 417 pL, 6.7 mmol.

Product yield: 861 mg, 82%.

Product appearance: orange oil.

'"H NMR (400 MHz, CDCls) § 7.75 (d, *J = 1.8 Hz, 1H, H*), 7.30 (dd, J = 8.7, “J = 1.9 Hz,
1H, H%), 7.18 (d, J = 8.6 Hz, 1H, H'), 7.05 (d, J = 3.2 Hz, 1H, H%), 6.42 (d, J = 3.2 Hz, 1H,
H®), 3.77 (s, 3H, CHa).

C NMR (101 MHz, CDCls) & 135.5, 130.3, 130.1, 124.5, 123.5, 112.9, 110.8, 100.7, 33.2.
IR (ATR, cm™) 2922, 1515, 1472, 1279.
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1-Methyl-5-fluoroindole 1674

F 4

N

6 N
7

Prepared according to General Procedure D.

Amount of 5-fluoroindole: 676 mg, 5 mmol.

Amount of sodium hydride: 300 mg, 7.5 mmol.

Amount of methyl iodide: 417 pL, 6.7 mmol.

Product yield: 544 mg, 73%.

Product appearance: yellow oil.

'H NMR (400 MHz, CDCls) 8 7.28 (d, *J = 2.5 Hz, 1H, H%), 7.25-7.20 (m, 1H, H"), 7.09 (d,
J=3.1Hz, 1H, H%, 6.97 (td, J = 9.1, 2.5 Hz, 1H, H®), 6.44 (d, J = 3.1 Hz, 1H, H%), 3.79 (s,
3H, CHs).

3C NMR (101 MHz, CDCl3) & 157.4 (d, "Jcr = 238 Hz), 132.8, 129.9, 128.2, 109.4 (d, 2Jcr
= 22 Hz), 109.2 (d, Jcr = 9 Hz), 105.0 (d, 2Jcr = 24 Hz), 100.3 (d, “Jcr = 4 Hz), 32.5.

F NMR (376 MHz, CDCl5) § —125.9.

IR (ATR, cm™) 2926, 1493, 1426, 1240.

1-Methyl-4-nitroindole 168

NO,
3
5 \ )
6 N
7 \

Prepared according to General Procedure D.

Amount of 4-nitroindole: 811 mg, 5 mmol.

Amount of sodium hydride: 300 mg, 7.5 mmol.

Amount of methyl iodide: 417 pL, 6.7 mmol.

Product yield: 651 mg, 74%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCl3) & 7.64 (dd, J = 8.1, 0.7 Hz, 1H, H%), 7.31 (d, J = 3.2 Hz, 1H,
H"), 7.29-7.25 (m, 1H, H?), 7.20 (dd, J = 3.0, *J = 0.8 Hz, 1H, H®), 6.44-6.39 (m, 1H, H%),
3.88 (s, 3H, CHy).

3C NMR (101 MHz, CDCl3) 8 136.9, 129.0, 128.7, 121.8, 121.1, 119.5, 109.4, 101.1, 33.0.
IR (ATR, cm™) 2924, 1508, 1467, 1290.

M.P. (°C) 52-55 (lit. 54).
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1,2-Dimethylindole 169'*

Prepared according to General Procedure D.

Amount of 2-methylindole: 655 mg, 5 mmol.

Amount of sodium hydride: 300 mg, 7.5 mmol.

Amount of methyl iodide: 417 pL, 6.7 mmol.

Product yield: 646 mg, 89%.

Product appearance: orange-pink solid.

'H NMR (400 MHz, CDCl3) & 7.53 (d, J = 8.3 Hz, 1H, H°), 7.27 (d, J = 7.3 Hz, 1H, H),
7.16 (t, J = 7.7 Hz, 1H, H%), 7.07 (t, J = 7.3 Hz, 1H, H%), 6.26 (s, 1H, H%), 3.68 (s, 3H, N-
CHs), 2.44 (s, 3H, C>-CHj).

BC NMR (101 MHz, CDCIs) 6 137.5, 137.0, 128.1, 120.6, 119.8, 119.4, 108.9, 99.7, 29.6,
12.9.

IR (ATR, cm™) 2924, 1549, 1469, 1394.

M.P. (°C) 53-55 (lit. 54).

1-Methyl-2-tert-butylindole 170"

Prepared according to General Procedure D.

Amount of 2-tert-butylindole: 866 mg, 5 mmol.

Amount of sodium hydride: 300 mg, 7.5 mmol.

Amount of methyl iodide: 417 uL, 6.7 mmol.

Product yield: 505 mg, 54%.

Product appearance: orange oil.

'"H NMR (400 MHz, CDCl;) § 7.59-7.53 (m, 1H, H%, 7.29-7.24 (m, 1H, H'), 7.19-7.13
(m, 1H, H), 7.11-7.04 (m, 1H, H%, 6.31 (s, 1H, H%), 3.88 (s, 3H, N-CH), 1.48 (s, 9H,
C(CHz)s).

BC NMR (101 MHz, CDCl,) 6 121.3, 121.0, 120.4, 119.5, 118.8, 118.2, 106.7, 108.4, 98.2,
32.4,31.9, 30.3, 29.8, 24.6.

IR (ATR, cm™) 2962, 1472, 1355, 1247.
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1-Methyl-4-azaindole 171’

N 3
5 AN
| N
6 P4 N
7 \

Prepared according to General Procedure D.
Amount of 4-azaindole: 591 mg, 5 mmol.
Amount of sodium hydride: 300 mg, 7.5 mmol.
Amount of methyl iodide: 417 pL, 6.7 mmol.
Product yield: 430 mg, 65%.

Product appearance: yellow oil.

'H NMR (400 MHz, CDCl;) & 8.46 (d, J = 4.9 Hz, 1H, H), 7.71-7.64 (m, 1H, H'), 7.56—
7.51 (m, 1H, H®), 7.48-7.44 (m, 1H, H?), 6.68 (d, J = 3.2 Hz, 1H, H%), 3.83 (s, 3H, CHy).
BC NMR (101 MHz, CDCl5) & 145.1, 142.9, 132.7, 129.0, 117.5, 115.4, 101.8, 33.2.

IR (ATR, cm™) 3101, 1513, 1415, 1294,

1-Methyl-6-azaindole 172

4 3

7 \
Prepared according to General Procedure D.
Amount of 6-azaindole: 591 mg, 5 mmol.
Amount of sodium hydride: 300 mg, 7.5 mmol.
Amount of methyl iodide: 417 uL, 6.7 mmol.
Product yield: 428 mg, 64%.

Product appearance: yellow oil.

'H NMR (400 MHz, CDCls) & 8.64 (s, 1H, H'), 8.23 (d, J = 4.9 Hz, 1H, H°), 7.46 (dd, J =
4.9,%) =09 Hz, 1H, HY, 7.12 (dd, J = 3.1, *J = 1.0 Hz, 1H, H?), 6.58 (d, J = 3.2 Hz, 1H,

H?), 3.83 (s, 3H, CHs).

C NMR (101 MHz, CDCls) § 137.9, 133.9, 133.4, 132.7, 131.8, 115.7, 102.0, 33.2.

IR (ATR, cm™) 3105, 1515, 1410, 1293.
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Scheme 1.62 — Substrates

9 8

o
/ZE /;

‘r1
/ZE /;

NO,

/ZE /E

Deuteration of N-Ethylindole 165

Carried out according to General Procedure C
Catalyst 43 (1 mol%), 25 °C, 16 h.
Incorporation expected at d 6.49.

Determined against integral at 6 4.17.

Deuteration of N-Benzylindole 164

Carried out according to General Procedure C
Catalyst 43 (1 mol%), 25 °C, 16 h.
Incorporation expected at 6 6.57.

Determined against integral at 6 5.32.

Deuteration of 1-Methyl-5-bromoindole 166
Carried out according to General Procedure C
Catalyst 43 (1 mol%), 25 °C, 16 h.
Incorporation expected at 6 6.42.

Determined against integral at & 3.77.

Deuteration of 1-Methyl-5-fluoroindole 167
Carried out according to General Procedure C
Catalyst 43 (1 mol%), 25 °C, 16 h.
Incorporation expected at 6 6.42.

Determined against integral at 6 3.79.

Deuteration of 1-Methyl-4-nitroindole 168
Carried out according to General Procedure C
Catalyst 43 (1 mol%), 25 °C, 16 h.
Incorporation expected at 6 6.44-6.39.
Determined against integral at & 3.88.
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Deuteration of 1-Methyl-4-azaindole 171
Carried out according to General Procedure C
Catalyst 43 (1 mol%), 25 °C, 16 h.
Incorporation expected at 6 6.68.

Determined against integral at 6 3.83.

Deuteration of 1-Methyl-6-azaindole 172
Carried out according to General Procedure C
Catalyst 43 (1 mol%), 25 °C, 16 h.
Incorporation expected at & 6.68.

Determined against integral at 6 3.83.

Deuteration of indole 75

Carried out according to General Procedure C

Catalyst 43 (1 mol%), 25 °C, 16 h.

'H NMR (400 MHz, CDCl5)  8.21 (br s, 1H, NH), 7.70—
7.66 (d, J = 7.5 Hz, 1H, H'), 7.45-7.41 (d, J = 7.5 Hz, 1H,
H%, 7.28-7.20 (m, 2H, H® and H?), 7.17-7.14 (m, 1H, H®),
6.60-6.57 (m, 1H, H%).

Incorporation expected at 6 6.60-6.57.

Determined against integral at & 7.17—7.14.

Deuteration of 2-Methylindole 211

Carried out according to General Procedure C

Catalyst 43 (1 mol%), 25 °C, 16 h.

'H NMR (400 MHz, CDCls) 6 7.80 (bs, 1H, NH), 7.55 (d,
J=7.9Hz, 1H, HY, 7.28 (d, J = 7.9 Hz, 1H, H'), 7.17-7.07
(m, 2H, H® & H°), 6.26-6.22 (m, 1H, H?), 2.44 (s, 3H,
CHy).

Incorporation expected at 6 6.26-6.22.

Determined against integral at & 2.44.
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Scheme 1.62 — Results

Deuteration of 1,2-Dimethylindole 169

Carried out according to General Procedure C
Catalyst 43 (1 mol%), 25 °C, 16 h.
Incorporation expected at 6 6.26.

Determined against integral at & 2.44.

Deuteration of 1-Methyl-2-tert-butylindole 170

Carried out according to General Procedure C
Catalyst 43 (1 mol%), 25 °C, 16 h.

Incorporation expected at & 6.31.

Determined against integral at 6 3.88.

Mass Mass Deuterium Incorporation / %
Entry | Substrate | Substrate | Catalyst/

/ mg mg Runl | Run2 | Run3 | Average
1 165 31 2.18 88 89 84 87
2 164 45 2.18 60 55 58 58
3 166 45 2.18 98 97 92 96
4 167 32 2.18 95 95 96 95
5 168 38 2.18 99 99 99 99
6 171 28 2.18 90 97 88 92
7 172 28 2.18 87 91 92 90
8 75 25 2.18 22 27 29 26
9 211 28 2.18 95 94 92 94
10 169 31 2.18 95 99 96 97
11 170 40 2.18 81 85 86 84
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Scheme 1.63 — Substrates

Substrates 255 and 256 were obtained commercially and used as received.

o0

oo

Scheme 1.63 — Results

Deuteration of Benzofuran 255

Carried out according to General Procedure C

Catalyst 43 (1 mol%), 25 °C, 16 h.

'H NMR (400 MHz, CDCls) & 7.66 (d, J = 2.1 Hz, 1H,
H?), 7.63 (d, J = 7.8 Hz, 1H, H%), 7.54 (d, J = 7.9 Hz, 1H,
H'), 7.30-7.23 (m, 2H, H> & H%), 6.76 (dd, J = 2.1. 0.8 Hz,
1H, HY).

Incorporation expected at 6 6.76.

Determined against integral at 6 7.30—7.23.

Deuteration of Benzothiophene 256

Carried out according to General Procedure C

Catalyst 43 (1 mol%), 25 °C, 16 h.

'H NMR (400 MHz, CDCl3) & 7.89 (d, J = 7.0 Hz, 1H,
H"), 7.83 (dd, J = 6.5. 1.9 Hz, 1H, H%), 7.42 (d, J = 6.0 Hz,
1H, H?), 7.37-7.36 (m, 3H H? H° & H®).

Incorporation expected at 6 7.37-7.36.

Determined against integral at & 7.83.

Mass Mass Deuterium Incorporation / %
Entry | Substrate | Substrate | Catalyst/
/' mg mg Runl | Run2 | Run3 | Average
1 255 25 2.18 82 87 83 84
2 256 29 2.18 75 76 77 76
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Scheme 1.64

Activation of 43 with Methyl Red Indicator

Control for Basic Conditions: Methyl red indicator (4 mg) was added to a solution of
triethylamine (0.05 mL) in DCM (2 mL).

Control for Acidic Conditions: Methyl red indicator (4 mg) was added to a solution of acetic
acid (0.05 mL) in DCM (2 mL).

Catalyst Activation: A flame dried and Ar-cooled 3-necked round-bottom flask was fitted
with two rubber seals and a stopcock. A solution of [Ir(cod)(IMes)(PPhz)]PFs 43 (10 mg,
0.01 mmol) in DCM (2.5 mL) was prepared and added to the flask. The flask was cooled to
—78 °C in a dry ice/acetone bath, before being evacuated and refilled twice with deuterium
gas from a balloon. The flask was left open to the D, balloon and allowed to warm to 25 °C
over 5 min, during which time a colour change from orange to pale yellow was observed. A
solution of methyl red indicator (4 mg) in DCM (1 mL) was prepared and added to the flask
via syringe, causing an immediate colour change to bright pink. The mixture was allowed to
stir for 1 h, after which the vivid pink colour remained. As a control, the process was

repeated in the absence of indicator and photographed at 5 min and 1 h.

/ PF D,, DCM PPh; | PFq
AN e PPhg Methyl red DI“"Ilr“\\\S
77 IMes - > D" | 7 I .
25 °C IMes 1S=DCMorD,,
43 185

e
4

a) Control for basic conditions: b) Control for acidic conditions:
NEt; in DCM AcOH in DCM

c)t=5mins d)t=5mins e)t=1h fit=1h
without methyl red with methyl red without methyl red with methyl red
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Scheme 1.68
(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(triisopropylphosphite)iridium(l)
hexafluorophosphate 188

P(O Pr)s
/ IMes

Prepared according to General Procedure B.

Amount of [Ir(cod)(IMes)CI] 55: 600 mg, 0.94 mmol.

Amount of THF: 15 mL.

Amount of AgPFs: 238 mg, 0.94 mmol.

Amount of triisopropylphosphite: 196 mg, 0.94 mmol.

Product yield: 559 mg, 62%.

Product appearance: Red crystalline solid.

'H NMR (400 MHz, CDCls) & 7.21 (s, 2H, ArH), 7.03-6.98 (m, 4H, ArH, -NCH=CHN-),
4.55-4.44 (m, 5H, COD CH, isopropyl CH), 3.81-3.76 (m, 2H, COD CH), 2.35 (s, 6H,
ArCHjy), 2.33 (s, 6H, ArCHj3), 2.02 (s, 6H, ArCHj3), 1.63-1.52 (m, 4H, COD CHy), 1.40-1.30
(m, 4H, COD CH,), 1.25-1.10 (d, J = 6.3 Hz, 18H, isopropyl CHs).

BC NMR (101 MHz, CDCl,) 6 176.5, 139.4, 135.5, 135.1, 135.0, 128.9, 128.8, 125.2, 85.1,
84.9,75.6,71.7, 30.8, 29.4, 23.0, 19.5, 18.9, 17.0, 13.5.

1P NMR (162 MHz, CDCl;) 6 100.2 (P(O'Pr)3), —144.7 (PFo).

F NMR (376 MHz, CDCl3) § —73.9 (PFy).

IR (ATR, cm™) 3179, 2979, 2870, 1694, 1569, 1484, 1460.

HRMS (NSI, m/z): C3gHs/IrN,OsP [M —PFg]": expected 811.3736; observed 811.3732.

M.P. (°C) decomp. >170.

PFe

(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(triphenylphosphite)iridium(l)
hexafluorophosphate 189

P(OPh)3
/ IMes

Prepared according to General Procedure B.
Amount of [Ir(cod)(IMes)CI] 55: 450 mg, 0.70 mmol.
Amount of THF: 20 mL.

Amount of AgPF: 181 mg, 0.70 mmol.

PFe
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Amount of triphenylphosphite: 218 mg, 0.70 mmol.

Product yield: 611 mg, 82%.

Product appearance: Red crystalline solid.

'"H NMR (400 MHz, CDCls) § 7.37 (2H, s, -NCH=CHN-), 7.23-7.12 (13H, m, ArH), 6.79—
6.72 (6H, m, ArH), 4.94-4.84 (2H, m, COD CH), 3.74-3.67 (2H, m, COD CH), 2.49 (6H, s,
ArCHs), 2.40 (6H, s, ArCHs), 2.23 (6H, s, ArCHj), 1.46-1.04 (8H, m, COD CHy).

BC NMR (101 MHz, CDCls) § 200.3, 151.1, 150.9, 140.6, 136.2, 135.9, 135.1, 130.0,
129.9, 126.4, 125.8, 120.8, 120.7, 91.6, 91.4, 78.9, 31.3, 31.3, 30.6, 30.6, 21.4, 19.2, 18.7.
3'P NMR (162 MHz, CDCls)  91.8 (P(OPh)s, —144.4 (PF).

F NMR (376 MHz, CDCls) 3 —73.8 (d, Jp_¢ = 711 Hz, PFy).

IR (ATR, cm™) 3138, 2978, 2359, 1609, 1585.

HRMS (NSI, m/z): Cs7Hs: " IrN,O5P [M —PF4]": expected 913.3238; observed 913.3230.
M.P. (°C) decomp. >190.

Table 1.12
Deuteration of N-Methylindole 160
Carried out according to General Procedure C
©\/N\> 5 mol% catalyst, 25 °C, 1 h.
\ Incorporation expected at 6 6.48.
Determined against integral at 6 3.78.
Entry Sulzlsiisz;lte Catalyst Cal\t/laallys/zt/ Deuterium Incorporation /%6
/ mg mg Runl | Run2 | Run3 | Average
1 28 188 2.06 23 20 23 22
2 28 189 2.28 14 16 12 14
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Scheme 1.70

Forward Reaction — C3 Hydrogen Isotope Exchange of 1-Methylindole 160

N D,, DCM N

\ 25°C \

Carried out according to General Procedure E.

Incorporation expected at § 6.48. Determined against integral at 6 3.78.

Time/ %HIE(t) — Rate (t=6to
Entry min | HIE %HIE((ti:%) [SMI/M t= 18() /M st
1 3 18 0 0.11808 ~0.0000528
2 6 19 1 0.11664
3 9 24 6 0.10944
4 12 28 10 0.10368
5 15 35 17 0.09360
6 18 41 23 0.08496

K(H) = -0.0000528 M s™.

Reverse Reaction — C3 Hydrogen Isotope Exchange of 1-Methyl-3-deuteroindole 161

D H
43 (1 mol%
N H,, DCM N
\ 25°C \
161 160

Carried out according to General Procedure E.

Cs—H signal expected at 5 6.48. Determined against integral at 6 3.78.

Time/ Y%HIE() - Rate (t=6 to
Entry min | HIE %HIE((ti?,) [SM]/M t= 18() /M st
1 3 28 0 0.10368 ~0.000084
2 6 34 6 0.09504
3 9 50 22 0.07200
4 12 55 27 0.06480
5 15 60 2 0.05760
6 18 63 35 0.05328

K(D) = -0.000084 M s™.
Kinetic Isotope Effect Calculation: K(H)/K(D) = (-0.0000528)/(-0.000084) = 0.64.
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Scheme 1.71
C3 Deuteration of 1-Methyl-2-deuteroindole 193

mD 43 (1 mol%) ©j\g*0
N D,, DCM N

\ 25°C \

Y

Carried out according to General Procedure E.

Incorporation expected at § 6.48. Determined against integral at 6 3.78.

Time/ %HIE(t) — Rate (t=6to
Entry min | HIE %HIE((tiS) [SMI/M t= 18() /M st
1 3 20 0 0.11520 ~0.0000593
2 6 27 7 0.10512
3 9 33 13 0.09648
4 12 38 18 0.08928
5 15 43 23 0.08208
6 18 45 25 0.07920

K(D) = -0.0000593 M s*
Kinetic Isotope Effect Calculation: K(H)/K(D) = (—0.0000528)/(-0.0000593) = 0.89.

Table 1.13
(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(tri(4-chlorophenyl)phosphine)
iridium(l) hexafluorophosphate 194

J | - P(e-CeHChs
// Mes

Prepared according to General Procedure B.
Amount of [Ir(cod)(IMes)CI] 55: 250 mg, 0.39 mmol.
Amount of THF: 15 mL.

Amount of AgPF: 99 mg, 0.39 mmol.

PFg

Amount of tri(4-chlorophenyl)phosphine: 143 mg, 0.39 mmol.

Product yield: 287 mg, 66%.

Product appearance: Orange solid.

'H NMR (400 MHz, CDCI3) & 7.53 (s, 2H, -NCH=CHN-), 7.36-7.30 (m, 6H, ArH), 7.18—
7.13 (m, 4H, ArH), 7.09-7.04 (m, 4H, ArH), 6.70 (s, 2H, ArH), 4.57-4.48 (m, 2H, COD
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CH), 3.29-3.26 (m, 2H, COD CH), 2.39 (s, 6H, ArCH,), 2.10 (s, 6H, ArCH,), 1.81 (s, 6H,
ArCHs), 1.66-1.58 (m, 6H, COD CH,), 1.37-1.32 (m, 2H, COD CHy).

BC NMR (101 MHz, CDCls) & 140.2, 138.6, 136.1, 136.0, 135.8, 135.1, 130.5, 130.1,
129.4, 129.3, 127.6, 78.4, 78.2, 39.2, 36.9, 32.0, 30.4, 21.8, 21.1, 19.2 (N-C-N carbene
signal not observed).

'P NMR (162 MHz, CDCls) § 14.7 (PArg), —144.3 (septet, “Jp.r = 715 Hz, PF).

F NMR (376 MHz, CDCl5) & 72.8 (d, Jp_r = 714 Hz, PF).

IR (ATR, cm™) 2922, 1577, 1483, 1388, 1083.

HRMS (NSI, m/z): CogHz™ " IrN, [M —PF¢ —PAr;]": expected 603.2507; observed 603.2505.
M.P. (°C) decomp. >160.

(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(tri(4-fluorophenyl)phosphine)
iridium(l) hexafluorophosphate 195

N L PP-CeHF)y
77 IMes

Prepared according to General Procedure B.

Amount of [Ir(cod)(IMes)CI] 55: 250 mg, 0.39 mmol.
Amount of THF: 15 mL.

Amount of AgPFg: 99 mg, 0.39 mmol.

Amount of tri(4-fluorophenyl)phosphine: 123 mg, 0.39 mmol.
Product yield: 224 mg, 54%.

PFs

Product appearance: Orange-red solid.

'"H NMR (400 MHz, CDCl3) & 7.52 (s, 2H, -NCH=CHN-), 7.20-7.00 (m, 14H, ArH), 6.67
(s, 2H, ArH), 451-4.47 (m, 2H, COD CH), 3.26-3.20 (m, 2H, COD CH), 2.36 (s, 6H,
ArCHs), 2.09 (s, 6H, ArCH5), 1.79 (s, 6H, ArCHs), 1.63-1.55 (m, 6H, COD CH,), 1.36-1.24
(m, 2H, COD CHy).

BC NMR (101 MHz, CDCl3) § 177.0, 161.2 (d, "Jc.¢ = 258 Hz), 138.9, 135.8, 135.7, 135.3,
135.0, 134.9, 129.8, 129.0, 126.5, 121.9, 121.3, 113.6, 113.4, 79.2, 79.0, 59.9, 55.0, 31.2,
29.6, 20.9, 20.3, 18.3, 13.7.

3'P NMR (162 MHz, CDCls) § 13.9 (PArg), —144.4 (septet, "Jp.r = 714 Hz, PF).

F NMR (376 MHz, CDCl) § —163.5 (d, "Jr.c = 257 Hz, P(ArF)3) —73.3 (d, "Jg.p = 715 Hz,
PFe).

IR (ATR, cm™) 2922, 1591, 1496, 1232, 1165.
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HRMS (NSI, m/z): CaHsFs™ IrN,P [M —PFg —COD]": expected 807.2040; observed
807.2046.
M.P. (°C) decomp. >160.

(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(tri(4-methylphenyl)phosphine)
iridium(l) hexafluorophosphate 196

) N\, P(p-CeHiCHa)s
77 IMes

Prepared according to General Procedure B.

Amount of [Ir(cod)(IMes)CI] 55: 250 mg, 0.39 mmol.

Amount of THF: 15 mL.

Amount of AgPFg: 99 mg, 0.39 mmol.

Amount of tri(4-methylphenyl)phosphine: 118 mg, 0.39 mmol.

Product yield: 222 mg, 58%.

Product appearance: Orange solid.

'H NMR (400 MHz, CDCI3) & 7.49 (s, 2H, -NCH=CHN-), 7.13-7.08 (m, 6H, ArH), 7.06—
7.01 (m, 8H, ArH), 6.64 (s, 2H, ArH), 4.40-4.34 (m, 2H, COD CH), 3.36-3.30 (m, 2H,
COD CH), 2.41 (s, 6H, ArCHy), 2.37 (d, J = 6.3 Hz, 9H, P(ArCHs)3), 2.12 (s, 6H, ArCHy),
1.80 (s, 6H, ArCHjz), 1.59-1.48 (m, 6H, COD CH,), 1.31-1.26 (m, 2H, COD CH,).

BC NMR (101 MHz, CDCls) 6 175.6, 141.8, 140.8, 139.7, 136.0, 135.9, 135.6, 135.0,
134.9, 133.7, 133.5, 130.4, 130.0, 129.9, 129.8, 129.5, 129.4, 129.0, 80.0, 79.9, 32.0, 30.4,
29.6, 21.6, 21.1, 19.2.

'P NMR (162 MHz, CDCls) § 14.2 (PArs), —144.6 (septet, “Jp.r = 712 Hz, PF).

F NMR (376 MHz, CDCl5) 8 —73.8 (d, Jp_¢ = 709 Hz, PFy).

IR (ATR, cm™) 2921, 1483, 1388, 1307, 1091.

HRMS (NSI, m/z): CupHaisIrN,P [M —PFs —COD]": expected 799.2949; observed
799.2957.

M.P. (°C) decomp. >180.

PFe
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(1,5-cyclooctadiene)(1,3-dimesitylimidazol-2-ylidene)(tri(4-methoxyphenyl)phosphine)
iridium(l) hexafluorophosphate 197

J N\ | P(-CHiOCHs)g
// IMes

Prepared according to General Procedure C.

Amount of [Ir(cod)(IMes)CI] 55: 250 mg, 0.39 mmol.

Amount of THF: 15 mL.

Amount of AgPFs: 99 mg, 0.39 mmol.

Amount of tri(4-methoxyphenyl)phosphine: 137 mg, 0.39 mmol.

Product yield: 266 mg, 62%.

Product appearance: Orange solid.

'H NMR (400 MHz, CDClI3) & 7.50 (m, 2H, -NCH=CHN-), 7.12-7.06 (m, 6H, ArH), 7.05—
6.97 (m, 8H, ArH), 6.66 (s, 2H, ArH), 451-4.45 (m, 2H, COD CH), 4.15 (s, 9H,
P(ArOCHs)3) 3.26-3.20 (m, 2H, COD CH), 2.35 (s, 6H, ArCH,), 2.07 (s, 6H, ArCH;), 1.78
(s, 6H, ArCHj), 1.62-1.54 (m, 6H, COD CHj,), 1.36-1.29 (m, 2H, COD CH,).

BC NMR (101 MHz, CDCls) 6 139.4, 136.4, 136.2, 135.2, 135.1, 134.4, 129.8, 129.3,
126.7, 115.8, 115.7, 115.6, 115.5, 81.2, 77.3, 33.0, 31.3, 29.6, 28.4, 20.9, 20.6, 20.2, 18.3
(N—C-N carbene signal not observed).

P NMR (162 MHz, CDCI5) & 12.5 (PArs), —144.1 (septet, *Jp.c = 711 Hz, PFy).

F NMR (376 MHz, CDCl;) 8 —73.5 (d, “Je.p = 711 Hz, PFy).

IR (ATR, cm™) 2924, 1735, 1595, 1502, 1256, 1180.

HRMS (NSI, m/z): CsoHs7** IrN,O5P [M —PF4]": expected 957.3736; observed 957.3742.
M.P. (°C) decomp. >190.

PFg

150



Table 1.14

Catalyst Activation and Observation of Iridium(l11) Hydride Intermediates

Ha PR3 PFg
/\|r/PR3 MeCN-ds Hu,, I| wNCMe
77 IMes ; > | 47 NeMe
28 IMes

Carried out according to General Procedure F.

While full analysis of *H and **C NMR data is not provided for each derivative studied, a
clear loss of the COD olefinic proton signals was observed in all cases. For ease of
comparison, *H NMR hydride signals are tabulated alongside the major **P NMR triplet
shift. For the sake of clarity, signals from counterions have been omitted.

Entry | Catalyst PR; PRZ;EP / g;{ré gpl:rr/w 3‘]':‘2” /
1 43 PPh, 2069 -21.56 18.6 (1) 16.1
2 194 P(p-CsH4Cl)3 2073 -21.33 18.8 (1) 16.0
3 195 P(p-CgH4F)s 2070 -21.48 18.7 (1) 16.1
4 196 P(p-CsH4CHa)3 2067 -21.61 18.1 (1) 16.1
5 197 P(p-CsH4OCHs5)3 2066 -21.65 17.7 () 16.0
Graph 1.2

C3 Deuteration of 1-Methylindole 160 — Hammett Studies

PFe

P(p- C6H4X
/ IMes
D
N Dz, DCM-d2 N

\ 25°C \

Y

Carried out according to General Procedure E.

Incorporation expected at § 6.48. Determined against integral at 6 3.78.
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Entry | Catalyst X Cal\t/laallys/zt/ vzl Se / 'I\?/Ia/fse_l Ilz—z log Ili—f[
mg
1 43 H 1.09 0.00 8.000 x 10° | 1.000 0.000
2 194 Cl 1.20 0.23 -9.600 x 10° | 1.200 0.079
3 195 F 1.15 0.06 -1.064 x 10° | 0.133 0.014
4 196 CH; 1.14 -0.17 | -5.840x10° | 0.730 | —0.135
5 197 OCHj, 1.19 -0.27 | -4.800x10° | 0.600 | —0.222

The calculated values for log (Kx/Ky) were plotted against Hammett c-values to give the
Graph 1.2. Rearranging the Hammett equation as follows shows that the slope of the graph

gives Hammett p value:

log X _
ogKH—Gp

log Kx=p- o + log Ky
The graph parameters are as follows and show that p = 0.61.:

y = 0.6108x — 0.0344
R?=0.9571

0.10

0.05

0.00

-0.05

-0.10

-0.15

0204 OMe
.

-0.25 —— ———— ———— ——
0.3 0.2 0.1 0.0 0.1 0.2 0.3
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Scheme 1.72
Stoichiometric Reaction of N-Methylindole 160 with catalyst 43

N\ 43 (1 eq.) Previously
> unobserved
N D,, DCM species

\ 25 °C

An NMR tube was charged with a solution of N-methylindole (7.1 mg, 0.054 mmol) and
catalyst 43 (1 eq., 54.6 mg, 0.054 mmol) in DCM-d, (0.75 mL), before being sealed with a
rubber septum and cooled to 0 °C. A 'H NMR spectrum was taken before activation of the
reaction mixture. The tube was then fitted with a D, balloon and an exit needle. D, gas was
bubbled through the mixture for 3 min at 0 °C, during which a colour change from orange to
pale yellow was observed. The tube was sealed under 1 atm of D, and immediately placed in
a Bruker DPX 400 spectrometer with the sample temperature set to 298 K. Spectra were
taken 5, 10, 20, 30, 40, 50, 60, 80 and 100 minutes after activation. At t = 5 and t = 100
minutes, the hydride region was also analysed but no signals were observed.

Figure 1.30 shows a comparison of the spectra taken before activation, at t = 10 min, and at t
= 80 min. Activation of the catalyst can be confirmed by the complete loss of COD signals
at 6 = 4.41-4.33 and 3.33-3.26 ppm. At & = 3.30-1.02 ppm, the appearance of several new
alkyl signals can be observed, which we believe could be attributed to a saturated indoline

intermediate. Figure 1.31 shows an expansion of the alkyl region.

Crude mixture before activation

| DCM coo cop

i‘U\ M K A I | ‘I A
P LAV N Y A S N I L /\

10 minutes after activation

| | |
A.J‘,wnﬁ‘_“l"-\w"l"ir‘)..'hh W | . \ \ | }M ,“ J‘l\‘r\“" Jm _Lli 'H‘ "

,JJ\f'IJULN"‘\JJ”“"“‘» "'uﬂ\ AOA_n o ~ L’,A ) A‘l J\,’l}u)ll\ JI\I\,“‘ ﬁj\‘ﬁu\,e}“\wlh ‘L‘Ilw »

80 minutes after activation

Figure 1.30
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Crude mixture before activation

‘ “
|
| iy

| f ' (] Noox ‘,,,.‘"‘ v .J.

| [
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Figure 1.31

Figure 1.24

Formation of activated Ir"" complex 52

PPh,

An NMR tube was charged with a solution of acetophenone (6.5 mg, 0.054 mmol) and 43
(54.6 mg, 0.054 mmol) in DCM-d, (0.75 mL), before being sealed with a rubber septum and
cooled to 0 °C. The tube was fitted with a D, balloon and an exit needle. D, gas was bubbled
through the mixture for 3 min at 0 °C, during which a colour change from orange to pale
yellow was observed. The tube was sealed under 1 atm of D, and immediately placed in a
Bruker DPX 400 spectrometer with the sample temperature set to 298 K.

Formation of activated Ir™" complex 200

PPh,
D/,,,'!a,‘\\\DCM
0 | ~bcu
IMes
Carried out as per the formation of 52, but in the absence of acetophenone.
Formation of unknown intermediate 199 was carried out as described for Scheme 1.72.
DOSY NMR experiments were performed with 'H NMR in CD,Cl, at 300 K, according to

reported procedures.**®
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The raw values for relative diffusion rates are detailed below.

Entry Compound Molecular Weight D (x10° m*™)
1 160 131 2.614
2 43 867 0.894
3 200 936 1.216
4 52 883 1.031
5 199* unknown 1.029

*N.B. The peak at 6 = 3.20 ppm (shown above in Figure 1.31) was used as the reference

signal.

N-Oxide-directed Labelling of N-Heterocycles

Scheme 1.77

0
o

Deuteration of N-acetylindole 117

Carried out according to General Procedure C
Catalyst 43 (5 mol%), 25 °C, 72 h.

Incorporation expected at & 7.44 (C2) and 8.47 (C7).
Determined against integral at d 2.66.

Mass Mass | L. | Solvent | Deuterium Incorporation /%
Entry | Substrate | Catalyst/ n Volume
/ mg mg / mL Runl | Run2 | Average
C2 99 99 99
1 204 61 72 15
c7 22 21 22
Scheme 1.78

N-Acetyl-2-Methylindole 212'*

4

3
° A\
-
7 %O
To a suspension of 2-methylindole (1.31 g, 10 mmol) in DCM (20 mL) was added tetra-n-

butylammonium hydrogensulfate (34 mg, 0.1 mmol, 0.01 eq.) and sodium hydroxide (1.0 g,
25 mmol, 2.5 eq.). Acetyl chloride (1.1 mL, 15 mmol, 1.5 eq.) was added dropwise at room
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temperature. The resulting reaction mixture was stirred for 16 h at room temperature, after
which it was quenched with saturated ammonium chloride solution (20 mL). The mixture
was extracted with DCM (3 x 30 mL), dried over sodium sulfate and concentrated in vacuo.
The crude residue was purified by flash column chromatography (10% ethyl acetate in
petrol) to afford 212 as a white solid (1.541 g, 89% yield).

'H NMR (400 MHz, CDClI;) & 7.98 (d, J = 7.8 Hz, 1H, H"), 7.45-7.36 (m, 1H, H*), 7.31-
7.19 (m, 2H, H®> & H%), 6.37 (s, 1H, H%), 2.69 (s, 3H, CHy), 2.64 (s, 3H, CH5).

BC NMR (101 MHz, CDCly) 6 170.5, 137.4, 136.6, 129.9, 123.5, 123.2, 119.9, 115.4,
109.9, 27.4, 17.7.

IR (ATR) 2921, 1483, 1388, 1307, 1091.

MP (°C) 200-202 (lit. 201-202)"**°

151
4

N-Acetylcarbazole 21
L)
NN
Ao
Following a literature procedure,** acetic anhydride (1.7 mL, 18 mmol, 1.8 eq.) was added
to a solution of carbazole (1.673 g, 10 mmol) in chloroform (20 mL). 3 drops of
concentrated sulfuric acid were added and the reaction mixture was heated at 60 °C for 6 h.
The mixture was concentrated in vacuo, after which water was added (15 mL). The product
was extracted into diethyl ether (3 x 20 mL) before being washed with saturated sodium
bicarbonate solution, water, and brine. The organic layer was dried over sodium sulfate and
concentrated in vacuo. Flash column chromatography (5% ethyl acetate in petrol) afforded

214 as an off-white solid (1.799 g, 86% yield).

'H NMR (400 MHz, CDCls) § 8.23 (d, J = 7.9 Hz, 2H, H* & H°), 7.99-8.03 (d, J = 8.0 Hz,
2H, H' & H®), 7.50-7.46 (m, 2H, H* & H'), 7. 42-7.38 (m, 2H, H® & H®), 2.88 (s, CHs).

C NMR (101 MHz, CDCI;) 8 170.0, 138.6, 127.3, 126.4, 123.7, 119.8, 116.2, 27.7.

IR (ATR) 3049, 2918, 1678, 1446, 1368.
MP (°C) 76-78 (lit. 77.5-78.5)'
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Table 1.15 — Substrates

-
o

N-Acetyl-2-Methylindole 212

Carried out according to General Procedure C

Catalyst 43 (5 mol%).
Incorporation expected at 6 7.98.
Determined against integral at & 2.69.

Deuteration of N-Acetylcarbazole 214

Catalyst 43 (5 mol%).
Incorporation expected at 6 7.99-8.03.

Ao

Determined against integral at & 2.88.

Table 1.15 — Results

Carried out according to General Procedure C

Mass Mass Deuterium Incorporation
Entry | Substrate | Substrate | Catalyst | Conditions [%
/ mg / mg 1 2 3 | Average
1 212 37 10.1 25°C,1h 0 0 0 0
2 212 37 10.1 25°C,72h | 21 | 23 | 24 23
3 212 37 10.1 40°C,72h | 20 | 23 | 23 22
4 214 45 10.1 25°C,1h 0 0 0 0
5 214 45 10.1 25°C,72h | O 0 0 0
6 214 45 10.1 40°C,72h | O 0 0 0
Scheme 1.79

Quinoline N-Oxide 215

5

4

DB
7 G')/2
N

8

|
o®

Prepared according to General Procedure G.

Amount of quinoline: 387 mg, 3 mmol.
Product yield: 431 mg, 99%.

Product appearance: off-white solid.
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'"H NMR (400 MHz, CDCl5) § 8.78 (dd, J = 8.9, “J =1.2 Hz, 1H, H%), 8.66 (dd, J = 6.0, *J =
1.0 Hz, 1H, H?), 7.89 (dd, J = 8.2, “J = 1.2 Hz, 1H, H°), 7.84-7.76 (m, 2H, H* & H"), 7.67
(ddd, J=8.2,6.9, “J=1.2 Hz, 1H, H%, 7.34 (dd, J = 8.5, 6.0 Hz, 1H, H).

C NMR (100 MHz, CDCI;) & 140.4, 135.4, 130.2, 130.1, 128.5, 128.0, 125.6, 120.7,
119.6.

IR (ATR, cm™) 2991, 1556, 1453, 1310, 1150.

MP (°C) 59-63 (lit. 60-62)."

Quinoxaline N-Oxide 216
6 3 N\ 3
(SO
e
Prepared according to General Procedure G.
Amount of quinoxaline: 390 mg, 3 mmol.
Product yield: 435 mg, 99%.
Product appearance: red solid.
'H NMR (400 MHz, CDCl5) & 8.70 (d, 1H, H?), 8.61 (d, J = 8.8 Hz, 1H, H%), 8.40 (d, J =
3.5 Hz, 1H, H%), 8.19 (d, J = 8.8 Hz, 1H, H%),7.90-7.84 (m, 1H, H'), 7.83-7.75 (m, 1H, H®).
3C NMR (100 MHz, CDCl;) & 145.9, 145.8, 132.1, 130.7, 130.3, 129.5, 119.2.

IR (ATR, cm™) 2989, 1567, 1458, 1308, 1160.
MP (°C) 150153 (lit. 152—155).%*°

5-Methylquinoline N-Oxide 217"’

Prepared according to General Procedure G.

Amount of 5-methylquinoline: 430 mg, 3 mmol.

Product yield: 438 mg, 92%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCls) § 8.74 (dd, J = 8.8, *J =1.1 Hz, 1H, H%), 8.60 (dd, J = 6.0, J =
1.0 Hz, 1H, H?), 8.04 (dd, J = 8.2, “J =1.0 Hz, 1H, H*), 7.91-7.88 (m, 1H, H'), 7.60 (dd, J =
8.8, 7.4 Hz, 1H, H%, 7.38 (dd, J = 8.8, 6.0 Hz, 1H, H®), 2.71 (s, 3H).
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3C NMR (100 MHz, CDCI3) & 141.8, 135.4, 135.3, 130.3, 130.2, 129.4, 123.1, 118.0, 19.3.
IR (ATR, cm™) 2984, 1560, 1452, 1309, 1148.
MP (°C) 86-89.

7-Methylquinoline N-Oxide 218"’

5 4
6 X3
@/2

s N
o@

Prepared according to General Procedure G.

Amount of 7-methylquinoline: 430 mg, 3 mmol.

Product yield: 424 mg, 89%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCl5) & 8.56 (s, 1H, H®), 8.52 (d, J = 6.0 Hz, 1H, H?),7.76-7.72 (m,
2H, H* & H%), 7.49 (d, J = 8.2 Hz, 1H, H%), 7.23 (dd, J = 8.3, 6.0 Hz, 1H, H?), 2.61 (s, 3H).
3C NMR (100 MHz, CDCl) & 142.2, 141.4, 136.2, 135.6, 131.2, 128.8, 127.0, 120.1,
118.8, 22.3.

IR (ATR, cm™) 2983, 1560, 1452, 1311, 1153.

MP (°C) 68-70.

6-Methylquinoline N-Oxide 219™®

Prepared according to General Procedure G.

Amount of 6-methylquinoline: 430 mg, 3 mmol.

Product yield: 419 mg, 88%.

Product appearance: off-white solid.

'H NMR (400 MHz, CDClI;) § 8.71-8.64 (m, 1H, H%), 8.48 (dd, J = 6.0 Hz, 1H, H?), 7.67-
7.56 (m, 3H, H*, H> & H"), 7.24-7.27 (m, 1H, H%), 2.54 (s, 3H).

C NMR (100 MHz, CDCls) & 142.4, 141.7, 135.7, 135.3, 130.1, 130.0, 129.1, 122.2,
118.4, 20.1.

IR (ATR, cm™) 2984, 1556, 1451, 1308, 1148.

MP (°C) 75-77 (lit. 76-78)."®
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6-Methoxyquinoline N-Oxide 220

5 4
MeO N
7 @ 2
e 0
O@

Prepared according to General Procedure G.

Amount of 6-methoxyquinoline: 477 mg, 3 mmol.

Product yield: 473 mg, 90%.

Product appearance: light yellow solid.

'H NMR (400 MHz, CDCl5) & 8.67 (d, J = 9.3 Hz, 1H, H%), 8.41 (d, J = 6.1 Hz, 1H, H?),
7.64 (d, “J = 2.3 Hz, 1H, H°), 7.43-7.36 (m, 1H, H?), 7.27-7.24 (m, 1H, H"), 7.09 (dd, J =
8.1, 6.1 Hz, 1H, H%), 3.97 (s, 3H).

BC NMR (100 MHz, CDCIls) 6 159.5, 136.8, 134.1, 131.8, 125.4, 123.0, 121.4, 121.3,
106.2, 55.8.

IR (ATR, cm™) 2995, 2814, 1564, 1314, 1222.

MP (°C) 84-86 (lit. 80-82).1%°

6-Chloroquinoline N-Oxide 221"

Prepared according to General Procedure G.

Amount of 6-chloroquinoline: 491 mg, 3 mmol.

Product yield: 474 mg, 84%.

Product appearance: off-white solid.

'H NMR (400 MHz, CDClI5) & 8.70 (d, J = 9.2 Hz, 1H, H®), 8.50 (d, J = 6.1 Hz, 1H, H?),
7.87 (d, “J = 2.2 Hz, 1H, H°), 7.69 (dd, J = 9.2, “J = 2.2 Hz, 1H, H"), 7.65 (d, J = 8.6 Hz, 1H,
H%), 7.33 (dd, J = 8.6, 6.1 Hz, 1H, H®).

C NMR (100 MHz, CDCIl3) & 140.5, 135.9, 135.1, 131.6, 131.3, 127.0, 124.9, 122. 6,
122.1.

IR (ATR, cm™) 2341, 1562, 1440, 1301, 1175.

MP (°C) 105-108 (lit. 108)."*
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6-Trifluoromethylquinoline N-Oxide 222

5 4
F3C S
7 @ 2
s N
Oe

Prepared according to General Procedure G.

Amount of 6-trifluoromethylquinoline: 591 mg, 3 mmol.

Product yield: 633 mg, 99%.

Product appearance: pale yellow solid.

'H NMR (400 MHz, CDCl,) 6 8.74 (d, J = 9.0 Hz, 1H, H®), 8.20-8.02 (m, 2H, H? & H°),
7.74 (dd, J=8.2, "3 =1.4 Hz, 1H, H*), 7.64 (dd, J = 9.0, “J = 1.6 Hz, 1H, H"),7.48-7.43 (m,
1H, H3).

3C NMR (100 MHz, CDCls) & 147.1, 135.7, 135.0 (q, Yc_r = 32 Hz), 130.9, 130.8, 124.7
(9, *Jcr = 4.1 Hz), 123.8 (q, “Jcr = 268 Hz), 123.5, 123.4, 123.2 (q, *Jc_¢ = 3.9 H2).

F NMR (376 MHz, CDCl5) § —63.0.

IR (ATR, cm™) 2924, 1467, 1331, 1294, 1160.

MP (°C) 79-82.

2-Phenyl-4-methylquinoline N-Oxide 223'%

Prepared according to General Procedure G.

Amount of 2-phenyl-4-methylquinoline: 657 mg, 3 mmol.

Product yield: 529 mg, 75%.

Product appearance: white solid.

'"H NMR (400 MHz, CDCls) & 8.44 (dd, J = 8.2, *J = 1.2 Hz, 1H, H%), 7.97 (dd, J = 8.0, J
=1.5 Hz, 2H, H?), 7.68-7.64 (m, 2H, H"), 7.61 (dd, J = 8.2, 7.9 Hz, 1H, H'), 7.52-7.47 (m,
1H, H°), 7.41-7.36 (m, 2H, H® & H®), 2.64 (s, 3H).

C NMR (100 MHz, CDCI;) & 148.9, 141.7, 138.6, 136.0, 132.1, 130.4, 128.9, 128.7,
127.6, 126.8, 124.7, 118.9, 20.0.

IR (ATR, cm™) 2928, 1470, 1260, 1156.

MP (°C) 116-120 (lit. 121).*®
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Table 1.16

Deuteration of quinoline N-oxide 215

N Carried out according to General Procedure C
(‘,3/ 5 mol% catalyst, 25 °C, 1 h.
&° Incorporation expected at 6 8.78 (C8), and 8.66 (C2).
Determined against integral at & 7.67.
Mass Mass Deuterium Incorporation / %
Entry | Substrate | Catalyst | Catalyst
/' mg /' mg Runl | Run2 | Run3 | Average
C8 82 78 80 80
1 31 43 10.1
C2 0 0 0 0
C8 85 85 84 85
2 31 45 8.9
C2 13 10 16 13
C8 85 89 83 86
3 31 44 10.5
C2 9 8 9 9
C8 85 84 81 83
4 31 64 17.3
C2 4 2 4 3
C8 85 86 82 84
5 31 225 16.1
C2 4 7 4 5
C8 86 81 83 83
6 31 226 17.7
C2 8 9 5 7
C8 12 9 10 10
7 31 227 9.5
C2 18 20 15 18
C8 46 46 44 45
8 31 55 6.4
C2 0 0 0 0
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Scheme 1.80 — Reaction Optimisation with Design of Experiments

The effects of catalyst loading, reaction time and solvent volume were assessed using

Design of Experiments (DOE).*% As described above, Design-Expert™ software v9.0.3

was used to

generate a set of 11 experiments as part of a 2-level, 3-factorial design. This design gave a

total of 11 experiments (Table 1.19), with entries 2, 5, and 10 representing the centre points.

Reactions were run according to General Procedure C with deuterium incorporation (%) in

quinoline N-oxide 215 used as the response.

Table 1.19
Deuteration of quinoline N-oxide 215

N Carried out according to General Procedure C

NG Catalyst 43, 25 °C.

(I)e Incorporation expected at 6 8.78 (C8), and 8.66 (C2).

Determined against integral at & 7.67.
Factor A: Factor B: Factor C: Response:
Run* Catalyst Loading | Reaction Time | Solvent Volume % D
/ mol% /h / mL Incorporation

1(+—-) 5 1 1 58
2(000)¢ 2.625 8.5 3 64
3(—+-) 0.25 16 1 90
4(—++) 0.25 16 5 87
5(000)* 2.625 8.5 3 64
6(———) 0.25 1 1 27
7(++-) 5 16 1 88
8(——+) 0.25 1 5 20
9(+—+) 5 1 5 53
10 (00 0)* 2.625 8.5 3 65
11 (+++) 5 16 5 84

*(+) = high value, (—) = low value, and (0) = centre point value of a variable. (+ — —) =

combination of high A, low B, and low C.

“These entries represent centre points.
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The responses were entered into the same design program, and used to generate a half-
normal plot (Graph 1.7), which suggested that reaction time and catalyst loading affected

reaction efficacy, with time having the most significant effect.

Design-Expert® Software
R1 Half-Normal Plot
A Error estimates
Shapiro-Wilk test " ]
W-value = 0.887 B-Reaction Timel
p-value = 0.369
A: Catalyst Loading w
B: Reaction Time =
C: Saolvent Volume ¥l
| Positive Effect _ﬁ . OaB
W Negative Effects <]
o o i
= 70 A-Catalyst Loading
E "
<] % "
s
© [ ]
T " "
*q 4
o
o4 &
T T T T T T
000 o w10 288 820 an
|Standardized Effect|
Graph 1.7

A numerical optimization model was then used to search the factor space for the best
combination of variables to achieve the maximum response. The optimised conditions
shown in Scheme 1.80 were selected from the top left of the plot shown in Graph 1.8 (0.25
mol% Ir, 16 h, 3 mL solvent).

Design-Expert® Software
Factor Coding: Actual

R1

e

90
20 " o i

X1 = A: Catalyst Loading
X2 = B: Reaction Time

Actual Factor
C: Solvent Volume = 3

R1

—
215

g 12 A: Catalyst Loading (mol%)

Graph 1.8
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Lastly, a Residuals vs. Predicted graph was plotted (Graph 1.9), which confirmed constant

variance.

D -E: rt® Softy . s
Ry P Sonware Residuals vs. Predicted

(adjusted for curvature)

Color points by value of
R1

I:o

Externally Studentized Residuals

Predicted

Graph 1.9

Scheme 1.81 — Substrates
Deuteration of Quinoxaline N-oxide 216
N Carried out according to General Procedure C
O:@j Catalyst 43 (0.25 mol%), 25 °C, 16 h.
'}‘e Incorporation expected at & 8.40 (C8) and 8.70 (C2).
° Determined against integral at & 7.83—7.75.

Deuteration of 5-Methylquinoline N-oxide 217
Carried out according to General Procedure C
N Catalyst 43 (0.25 mol%), 25 °C, 16 h.
Incorporation expected at 6 8.74.
Determined against integral at & 2.71.

Deuteration of 7-Methylquinoline N-oxide 218
Carried out according to General Procedure C
Catalyst 43 (0.25 mol%), 25 °C, 16 h.
o Incorporation expected at 6 8.56.

Determined against integral at § 2.61.
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Deuteration of 6-Methylquinoline N-oxide 219
Carried out according to General Procedure C
Catalyst 43 (0.25 mol%), 25 °C, 16 h.
Incorporation expected at 6 8.71-8.64.

Determined against integral at 6 2.54.

Deuteration of 6-Methoxyquinoline N-oxide 220
Carried out according to General Procedure C
Catalyst 43 (0.25 mol%), 25 °C, 16 h.
Incorporation expected at 6 8.67.

Determined against integral at 6 3.97.

Deuteration of 6-Chloroquinoline N-oxide 221
Carried out according to General Procedure C
Catalyst 43 (0.25 mol%), 25 °C, 16 h.
Incorporation expected at 6 8.70.

Determined against integral at & 7.87.

Deuteration of 6-Trifluoromethylquinoline N-oxide 222
Carried out according to General Procedure C
Catalyst 43 (0.25 mol%), 25 °C, 16 h.

Incorporation expected at 6 8.74.

Determined against integral at & 7.74.

Deuteration of 2-Phenyl-4-methylquinoline N-oxide 223
Carried out according to General Procedure C
Catalyst 43 (0.25 mol%), 25 °C, 16 h.

Incorporation expected at & 8.44 (C8) and 7.97 (Ph).
Determined against integral at & 2.64.
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Scheme 1.81 — Results

Mass Mass Deuterium Incorporation / %
Entry | Substrate | Substrate | Catalyst
/ mg / mg Runl | Run2 | Run3 | Average
C8 87 83 82 84
1 216 31 0.54
C2 22 22 19 21
2 217 34 0.54 C8 91 89 94 92
3 218 34 0.54 C8 80 79 78 79
4 219 34 0.54 C8 97 98 95 97
5 220 35 0.54 C8 86 83 83 84
6 221 39 0.54 C8 95 94 98 96
7 222 46 0.54 C8 94 95 92 94
C8 78 71 79 76
8 223 51 0.54
Ph 29 25 28 28

Scheme 1.82 — Synthesis

7-chloro-4-((3-((diethylamino)methyl)-4-hydroxyphenyl)amino)quinoline 1-oxide 237*%
NEt,
HO .
N NH
5
6 X3
[CPP
N ON
e

Prepared according to General Procedure G.

Amount  of  7-chloro-4-((3-((diethylamino)methyl)-4-hydroxyphenyl)amino)quinoline
(Amodiaquine): 1.017 g, 3 mmol.

Product yield: 837 mg, 75%.

Product appearance: white solid.

'H NMR (400 MHz, CDCls,) & 8.47 (d, J = 5.3 Hz, 1H, H?), 8.00 (d, “J = 2.1 Hz, 1H, H?),
7.81(d, J = 8.9 Hz, 1H, H%), 7.42 (dd, J = 8.9, 2.2 Hz, 1H, H°®), 7.08 (dd, J = 8.5, 2.7 Hz, 1H,
H®), 6.92 (d, J = 2.6 Hz, 1H, H?), 6.86 (d, J = 8.5 Hz, 1H, H°), 6.62 (d, J = 5.3 Hz, 1H, H),
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6.52 (s, 1H, NH), 3.78 (s, 2H, CH,), 2.65 (q, J = 7.2 Hz, 4H, N(CH,),), 1.14 (t, J = 7.2 Hz,
6H, N(CH,),).

C NMR (100 MHz, CDCls) & 151.6, 143.5, 137.6, 136.3, 132.7, 130.8, 130.7, 128.2,
124.93, 124.2, 122.8, 122.7, 120.2, 115.6, 103.3, 53.9, 47.1, 11.7.

IR (ATR, cm™) 2996, 1594, 1506, 1360, 1258.

MP (°C) 222-225 (lit. 226).**

Scheme 1.82 — Labelling

NEt
’ Deuteration of 7-chloro-4-((3-((diethylamino)methyl)-4-
HO
hydroxyphenyl)amino)quinoline 1-oxide 237
NH Carried out according to General Procedure C

S Incorporation expected at 6 8.00.
o g

Determined against integral at & 3.78.

Joe
Mass Mass Deuterium Incorporation / %
Entry Substrate / Catalyst /
mg mg Run1 Run 2 Run3 | Average
1 80 0.54 0 0 0 0
Table 1.14
Deuteration of quinoline N-oxide 215
®\ Carried out according to General Procedure C
4
(’}‘) o Incorporation expected at & 8.78 (C8), and 8.66 (C2).
Determined against integral at & 7.67.
Mass Mass Mass Deuterium Incorporation / %
Entry | Substrate/ | Catalyst/ | Additive/
mg mg mg Runl | Run2 | Run3 | Average
1 31 0.54 20 81 78 77 79
2 31 0.54 16 18 12 17 16
3 31 0.54 22 0 0 0 0
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Scheme 1.83
[8-2H]-Quinoline 239

> = - O
® CHCl, N

190] E@ 60°C, 16 h 1901

Carried out according to a literature procedure.'® To a solution of 8-°H-quinoline N-oxide
224 (100 mg., 0.68 mmol) in chloroform (5 mL), was added phosphorous trichloride (87 pL,
1 mmol, 1.5 eq.). The reaction mixture was heated to 60 °C for 16 h, after which it was
concentrated in vacuo. The residue was diluted with diethyl ether (10 mL) and neutralised
with saturated sodium bicarbonate solution (10 mL). The layers were separated and the
aqueous portion extracted with diethyl ether (3 x 10 mL). The organic fraction was dried
over sodium sulfate and concentrated in vacuo to yield [8-H]-quinoline 239 as a pale yellow
oil (68 mg, 88% yield).

Deuterium incorporation in [8-H]-quinoline 239 was expected at 6 8.12-8.07 (C8) and was
determined against the integral at 6 7.74 (C5).

'H NMR (400 MHz, CDClI;) 8 8.89 (dd, J = 4.3, *J = 1.6 Hz, 1H, H?), 8.15 (dd, J = 8.2, 4J =
1.6 Hz, 1H, H*), 8.12-8.07 (m, 0.1H, H®), 7.74 (dd, J = 8.2, “J = 1.7 Hz, 1H, H°), 7.72-7.68
(m, 1H, H"), 7.52 (dd, J = 8.2, 6.9 Hz, 1H, H%), 7.38 (dd, J = 8.3, 4.3 Hz, 1H, H%).

B3C NMR (100 MHz, CDClI;) § 150.8, 148.6, 136.0, 130.2, 129.6 (t, *Jc p = 25 Hz), 128.4,
127.9, 126.3, 122.1.

Scheme 1.84
One-pot Labelling and Reduction of Quinoline N-Oxide 215

PPh3
/ IMes
©\/j 43 (0.25 mol%) N PCly N
@ > @ > =
N D,, DCM DCM N

N
| 25°C. 16 h 88] | 40°C, 24 h (88]
0©® 0®

The deuteration of 215 was set up according to General Procedure C. A 100 mL round-
bottom flask bearing two stopcocks was flame dried and cooled under argon., Quinoline N-
oxide 215 (73 mg, 0.5 mmol), catalyst 43 (1.26 mg, 0.00125 mmol, 0.25 mol%), and
dichloromethane (5 mL) were then added and the flask was cooled to =78 °C in a dry
ice/acetone bath. The flask was then evacuated and refilled with deuterium gas from a

balloon, and this vacuum/refilling cycle repeated one further time. The stopcocks were
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closed and the flask was left at 25 °C for 16 h, after which crude NMR analysis of an aliquot
showed 88% deuterium incorporation. The deuterium atmosphere was exchanged for argon
and phosphorous trichloride (65 pL, 0.75 mmol, 1.5 eq.) was added. The reaction mixture
was heated to 40 °C for 24 h, after which it was concentrated in vacuo. The residue was
diluted with diethyl ether (10 mL) and neutralised with saturated sodium bicarbonate
solution (10 mL). The layers were separated and the aqueous portion extracted with diethyl
ether (3 x 10 mL). The organic fraction was dried over sodium sulfate and passed through a
pipette silica plug, eluting with diethyl ether. Concentration in vacuo yielded [8-°H]-
quinoline 239 as a pale yellow oil (43 mg, 66% yield).

Deuterium incorporation in [8-H]-quinoline 239 was expected at § 8.12-8.07 (C8) and was
determined against the integral at 6 7.74 (C5).

'H NMR (400 MHz, CDClI;) & 8.89 (dd, J = 4.3, *J = 1.6 Hz, 1H, H?), 8.15 (dd, J = 8.2, 4J =
1.6 Hz, 1H, H*), 8.12-8.07 (m, 0.1H, H%), 7.74 (dd, J = 8.2, “J = 1.7 Hz, 1H, H°), 7.72-7.68
(m, 1H, H"), 7.52 (dd, J = 8.2, 6.9 Hz, 1H, H%), 7.38 (dd, J = 8.3, 4.3 Hz, 1H, H%).

3C NMR (100 MHz, CDCl5) § 150.8, 148.6, 136.0, 130.2, 129.6 (t, JJc o = 25 Hz), 128.4,
127.9,126.3, 122.1.
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Computational Studies

This section gives broad details of how calculations were carried out, and summarises the
energies discussed within this chapter. Output structures generated are included in the
Appendix.

General Computational Details

Density functional theory (DFT) was employed to calculate the gas-phase electronic

167 All structures

structures and energies for all species involved in H/D exchange reactions.
thus far have been optimised with the hybrid meta-GGA exchange correlation functional
MO06.*® The M06 density functional was used in conjunction with the 6-31G(d)*®° basis set
for main group non-metal atoms and the Stuttgart RSC'" effective core potential along with
the associated basis set for Ir. The participating transition states (TS) are located at the same
level of theory. Harmonic vibrational frequencies are calculated (with the incorporation of
deuterium wherever stated) at the same level of theory to characterize respective minima
(reactants, intermediates, and products with no imaginary frequency) and first order saddle
points (TSs with one imaginary frequency). All calculations using the M06 functional have

171 All coordinates

been performed using Gaussian 09 quantum chemistry program package.
provided are listed in Cartesian format, with charge and multiplicity of each system given at

the top of the coordinate list (i.e. 0 1 = neutral singlet; 1 1 = 1+ charged singlet).

Potential Energy Surfaces

When constructing reaction coordinate diagrams from calculated energies, the number of
atoms must remain constant for each structure considered. For each potential energy surface,
one structure is set to a relative energy of 0 kcal/mol, and the energies for all other structures
are given relative to the reference structure. Therefore, each PES will contain one structure

with a reported relative energy of 0 kcal/mol.

Counterpoise-corrected Binding Energy Calculations

For binding energy calculations, counterpoise corrections and basis set superposition errors
were calculated according to reported methods.*’#'" Only final, corrected energies for these

calculations are reported herein.
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Details of Optimised Structures

Figure 1.21 — Calculation of the PES for N-Benzoylindole Labelling

The binding energy conformers for benzoyl labelling (257), C2 labelling (258), and C7
labelling (259) were calculated and analysed (Figure 1.32). Isomers possessing imaginary
frequencies were discounted from further investigation, and the lowest energy conformers of
the three respective binding modes were used for further calculation of the potential energy
surface. Energies of all isomers are summarised in Table 1.20 (vide infra).

z
Mes/N\TN\MesN(D Mes—NaAN~Mes Mes—NaAN~Mes
Ph
D, “\\\0\2 D,,,T wos N D, T o
N IS \( §<

D H 0~ | Y 0~ | M
\
PPh, PPh, PPh,
257 258 259
Figure 1.32

The gas-phase energies for the C—H activated intermediates and the transition states were
next calculated. Energies of 260, 261, and 262 are shown in Figure 1.33 and summarised in
Table 1.20 (vide infra).

—\ —\ —\
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PPhs PPhs, PPhs
260 261 262
Figure 1.33

A Polarisable Continuum Model (PCM)'* for DCM was then applied to the binding
conformer, transition state, and C—H activated intermediate structures generated thus far.
This generated the PES shown in Figure 1.21. The overall effect of solvation is a
destabilisation of the activation barrier to benzoyl and C2 labelling, and a stabilisation of
that for C7 labelling. However, solvation causes no changes to the interpretation of the

results; C2 selectivity is predicted almost exclusively.
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Scheme 1.74 — Calculation of AH values for Binding of N-Methylindole with Complex 186.

Firstly, the ability of known activated complex 200 to undergo the fluxional exchange of a
loosely bound dichloromethane ligand for a deuterium molecule was investigated. The
relative enthalpies of 200 and the two D,-bound isomers of 186 are summarised below in
Scheme 1.92.

Mes—NarN~Mes
T > T4 T
Do, | DCM D versus Du,, | DCM

Ir S Ir<
DCM D
b~ |\DCM c 0~ |\DCM 0~ |\D/
PPh, PPh, PPh,
200 186-1SO1 186-1SO2
0.0 kcal/mol —4.88 kcal/mol —4.38 kcal/mol
Scheme 1.92

The enthalpy change for the transformation of 200 into 186 through ligand fluxionality,
AHqy, Was calculated according to Equation 1.5, below:

Equation 1.5
AHsux = [H(186) + H(DCM)] — [H(200) + H(D,)]

The binding modes of N-methylindole 160 to active catalyst 186 were then investigated.
Scheme 1.93 summarises the enthalpies of the 8 binding isomers relative to 200. It should be
noted that complexes resulting from the reaction of both isomers of 186 were calculated here
due to the relatively small (0.5 kcal/mol) energy difference between 186-1SO1 and 186-
1SO2.
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Scheme 1.93

For the 8 isomers of complex 201, enthalpy of binding (AHyi,g) Of N-methylindole 160 was

calculated according to Equation 1.6, below:

Equation 1.6
AHping = [H(201) + H(DCM)] — [H(186) + H(160)]

Figure 1.25 — Modeling of Potential Intermediate 202

As discussed above, complex 202, with a formal Ir—C3 bond, was considered to be the likely
product of nucleophilic attack of the indole C3 position on the iridium centre. To give an
estimation of the viability of such an intermediate, the optimization of 202 was carried out
with a truncated ligand set of L; = IMe and L, = PMes. All attempts to calculate this,
however, converged to a complex with a similar geometry to 201, where the substrate is
bound through the C2—C3 double bond. In order to see the plausibility of ‘forcing’ a formal
Ir—C3 bond, electronic density difference plots were calculated using the Gaussian CubeGen
utility. These are shown inFigure 1.34, where (a) shows the optimized geometry of 202, (b)
shows the electronic density difference when a 1’ interaction between the C2—C3 alkene and
the iridium centre is in play, and (c) shows the electronic density difference when a C3-Ir -
bond is enforced. These electronic plots clearly show that formation of a formal iridium—
carbon bond at the C3 position causes significant disruption of the aromaticity in the

benzene portion of the indole unit, and thus is likely to be highly disfavoured.
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Figure 1.34

Figure 1.25 — Modelling of Potential Intermediate 205

The enthalpy for deuterometallation of the N-methylindole C2—-C3 bond was next calculated.
While the lowest energy substrate-bound isomers of 201 had already been found (201-1SO2
and its enantiomer 201-1SO6), it was noted that several isomers were very close in energy. It
was therefore decided to optimise the deuterometallation products for all isomers. Moreover,
since our earlier calculations had shown some differences in energy between enantiomers,
all enantiomeric forms of 205 were calculated. Assuming syn-addition of iridium and
deuterium atoms, this gave 8 isomers for complex 205. The structures and relative enthalpies

are summarised in Figure 1.35.
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Figure 1.35
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Figure 1.28 — Calculation of the PES for Deuteration of N-Methylindole 160 with Catalyst
43

The potential energy surface shown in Figure 1.28 refers to the optimized geometries of 201-
ISO1 and 205-1SO1. This selection was made despite 201-1SO2 and 205-1SO2 having the
lowest energy isomers, because when calculating the transition state geometries it was noted

that the indole unit must be positioned with the C3 carbon facing the D, ligand.

The energies of all complexes implicated in the PES are given relative to 186-1SO1.
Transition state calculations were carried out using the QST3 method and their intermediacy
confirmed with forward and reverse IRC calculations. To complete the PES, structures 201,
TS-1, 205, and 186 were re-optimized with deuterium/hydrogen in the appropriate locations
to give structures 201°, TS-1°,205, and 186°. Energies of all optimised geometries are given
in Table 1.22 (vide infra).
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Summary of Calculated Energies

Labelling of N-Benzoylindole 134

Table 1.20
Entry Structure Hye / kcal mol™
Figure 1.32 1 257-1S0O1 0.1
(Gas-phase) 2 257-1S02 5.8
3 257-1S0O3 4.8
4 257-1S04 1.7
5 258-1S0O1 5.9
6 258-1S02 4.0
™ 259-1S01 0.0
259-1S0O2 6.0
Figure 1.33 9 Bz-TS 24.8
(Gas-phase) 10 C2-TS 18.4
11 C7-TS 25.5
12 260 8.5
13 261 1.8
14 262 7.9
Figure 1.21 15 257-1S0O1 0.1
(DCM) 16 258-1S01 4.1
17 259-1S0O1 0.0
18 Bz-TS 25.7
19 C2-TS 21.8
20 C7-TS 195
21 260 9.1
22 261 2.8
23 262 8.3

* Reference energy
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Labelling of N-Methylindole 160 — Optimisation

Table 1.21
Entry Structure Hye / kcal mol™
Scheme 1.92 1* 200 0.0
2 186-1SO1 4.9
3 186-1S0O2 4.4
Scheme 1.93 4 201-1SO1 -11.4
5 201-1S02 -12.3
6 201-1SO3 -8.1
7 201-1SO4 -8.9
8 201-1SO5 -11.1
9 201-1SO6 -12.3
10 201-1S0O7 -9.1
11 201-1SO8 -8.9
Figure 1.35 13 205-1S0O1 -5.9
14 205-1S0O2 -7.0
15 205-1SO3 4.2
16 205-1SO4 -3.9
17 205-1SO5 4.5
18 205-1SO6 -5.4
19 205-1SO7 -3.0
20 205-1SO8 -3.3

* Reference energy
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Labelling of N-Methylindole 160 — PES

Table 1.22
Figure 1.36 1* 186-1S01 0.0
2 201-1SO1 -6.5
3 TS-1 0.9
4 205-1SO1 -0.9
5 TS-2 4.0
6 206 1.0
7 TS-2° 3.4
8 205 -0.7
9 TS-1° 0.6
10 201° -6.7
11 186’ -0.3

* Reference energy
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Chapter 2:Design and Synthesis of Novel Iridium(l) Catalysts

for C—N Bond Formation via Hydrogen Borrowing

Introduction

Hydrogenation reactions are among the most fundamental transformations in organic
chemistry.*? Typically, reduction processes are carried out directly under a pressure of
hydrogen gas or with stoichiometric amounts of a hydride reducing agent, but the advent of
hydrogen transfer as an alternative reduction method has brought notable advantages over
traditional methods.® Transfer hydrogenation refers to the addition of hydrogen to a
molecule from a source other than hydrogen gas. Typically, cheap and readily available
organic compounds such as alcohols are used as the hydrogen donor. Transfer hydrogenation
offers the atom efficiency of direct reduction by H,, but without the safety issues or
elaborate equipment often required when using gaseous hydrogen and, as such, has become

a valuable tool for organic chemists wanting to access hydrogenated compounds.

Transfer Hydrogenation

Hydrogen transfer methods have been reported for over a century, and in a key 1954 survey,
Braude and Linstead defined three categories into which hydrogen transfer reactions could
be classified: 1) hydrogen migration taking place within one molecule; 2) hydrogen
disproportionation, involving transfer where donor and acceptor are identical; and 3) transfer
hydrogenation, where transfer occurs between different donors and acceptors.* The first
known example of hydrogen transfer, reported in 1903 by Knoevenagel, was the
disproportionation of dimethyl 1,4-dihydroterephthalate catalysed by palladium black.”> Over
the last century, however, the third category, transfer hydrogenation, has become by far the

most widely used type of hydrogen transfer reaction.

The first example of carbonyl group reduction by transfer hydrogenation was published
independently and almost simultaneously by Meerwein and Verley in 1925, who reported
that a mixture of aluminium ethoxide and ethanol could facilitate the reduction of aldehydes
to alcohols.>” Ponndorf soon expanded this methodology to include the reduction of ketones
with a switch to aluminium iso-propoxide and iso-propanol,® and the Meerwein-Ponndorf-

Verley (MPV) reaction has since become one of the most used methods in transfer
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hydrogenation. The MPV reaction is proposed to take place via a 6-membered cyclic
transition state, with both the carbonyl and alcohol oxygen atoms coordinated to the

aluminium centre (Scheme 2.1).°

i i
' PrO\ /O Pr
(0] OH AI(O-‘Pr)3 /A|\\ OH e)
D T — M
RT Ry Ry Ry R—A.  A—Ry RT Ry Ry Ry
“y
Ro Rs
Scheme 2.1

The reversibility of the MPV reaction has also been exploited, with the Oppenauer oxidation
of alcohols in the presence of ketones offering another useful transformation.® Since its
discovery in the 1920s, the MPV reaction has been reported to proceed with a number of
alternative organometallic reagents, including zirconium,™ lanthanum,? and samarium

reagents,'? as well as with heterogeneous catalysts.*®

Over the last 50 years or so, homogeneous transition metal catalysis has come to the
forefront of transfer hydrogenation methodology. Pioneering research published in the 1960s
by Henbest and Mitchell demonstrated the use of an iridium phosphite catalyst, generated in

situ, for the reduction of cyclohexanones in the presence of iso-propanol (Scheme 2.2).**°

0 IrCl, OH
P(OMe);
—>
'ProH/H,0
Bu reflux, 16 h Bu
1 100% 2
Scheme 2.2

Further developments in transition metal-catalysed transfer hydrogenation came from Sasson
and Blum, who in the 1970s reported the reduction of a series of a,p-unsaturated ketones
mediated by a [RuCl,(PPhs)s] complex (Scheme 2.3).2°® It was later shown by Béckvall
that the addition of sodium hydroxide allowed this reaction to be carried out at a reduced

temperature of 82 °C, with only 0.1 mol% of the ruthenium catalyst required.*
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Scheme 2.3

Over the last few decades, the amount of transfer hydrogenation methodology published has
been increasing exponentially. Graph 2.1 shows the results of a Web of Science search for
papers classified under the topic of “Transfer Hydrogenation”, and shows an almost

exponential increase over recent years, with 1225 papers published on the subject in 2016.%°

1400

1200 -

1000

Number of 800 +
Publications

600

400

200

0 T T T T P
1950 1960 1970 1980 1990 2000 2010
Year
Graph 2.1

This increase in interest means that a vast array of methods for achieving transfer

hydrogenation have been reported. More recent transition metal-catalysed processes have

21,22 23,24 25,26

involved iron,?? ruthenium,”** cobalt,®? and palladium catalysis.?”*® Organocatalytic
methods have also been reported.?®**° Undoubtedly, however, a considerable proportion of
the most active catalysts are iridium-based, and iridium-catalysed transfer hydrogenation
processes have received a vast amount of attention over the last decade.®*** The increasing
body of research on transfer hydrogenation has been extensively reviewed in recent

years 3,33,34

and an exhaustive overview of modern methodology is beyond the scope of this
section. For this reason, the next two sections will focus specifically on the use of iridium

catalysts in transfer hydrogenation processes.
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Iridium Catalysis of Transfer Hydrogenation: Reduction of Carbonyls

Following the report by Mestroni and co-workers on the use of an iridium phenanthroline

complex in the reduction of ketones in 1980,%3

significant attention has turned to the use of
iridium catalysts for the reduction of carbonyl groups. In the majority of cases, reactions
take place in iso-propanol, which acts both as solvent and as hydrogen donor. For example,
in 2006 Abdur-Rashid and co-workers reported that the stable complex 6, bearing a PAN"P
pincer ligand, was an exceptionally efficient catalyst for the reduction of ketones, even at
loadings as low as 0.001 mol% (Scheme 2.4).>" Notably, with an increase in catalyst loading
to 0.5 mol%, the reaction could be carried out at room temperature; transfer hydrogenation
processes are typically run at 80 °C or higher to encourage the removal of the acetone

byproduct, which drives the reaction forward.

ﬁ ('Pr)z
K_ |I’\
0 P(Pr), OH

6 (0.001 mol%)
'ProH

60 °C, 12 h
5 90% 7

Y

Scheme 2.4

While phosphine-based ligands have made frequent appearances in transfer hydrogenation
methodology,®® in recent years the field has been increasingly dependent on the use of
iridium-NHC catalysts. For several decades, Crabtree’s catalyst 8 has been an industry
standard catalyst for alkene hydrogenation, and in 2001 Nolan and co-workers reported the

use of its NHC analogue 9, as a transfer hydrogenation catalyst.*

PFs PFe
by g P Cy
/
/ PCys /

Figure 2.1
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Complex 9, which bears a cyclohexyl-substituted NHC in place of the phosphine ligand in 8,

exhibited high activity in the reduction of a range of ketones, with the reduction of

benzophenone 10 proceeding to full conversion in just 10 minutes (Scheme 2.5). The

reduction of alkenes and nitro- groups, also by transfer hydrogenation, was also reported to

be catalysed by 9.

Cy
'PrOH

/ PFg
N7
7 N
N2

9 (0.025 mol%)

\

80 °C, 10 min
100%

Scheme 2.5

The use of bis-NHC ligands was highlighted by Crabtree and co-workers, who in 2002

reported the use of neutral complexes 12-16 as highly active catalysts for ketone reduction

(Table 2.1).* Tuning of the NHC wingtip substituents, R, had a notable effect on catalyst

activity, with the greatest turnover frequency (TOF) being observed for catalyst 15, bearing

neopentyl substituents (Entry 4).

Table 2.1
R
/ N7
7 Ir cat. (0.01 mol%) o C I
KOH (0.05 mol%) <N | O,
Ir: P
'ProH Nﬁ( | d
80 °C, time |
10 1 &/N\R 12-16
Entry Catalyst R Time / min TOF /h
1 12 Me 90 2000
2 13 "Bu 90 2000
3 14 'Pr 120 1000
4 15 Neopentyl 4 50,000
5 16 Benzyl >1200 <10
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In an interesting expansion of iridium—NHC catalysis, Royo and co-workers prepared
complex 18, which contained the first NHC ligand functionalised with a Cp* unit.** 18 was
employed in the reduction of a series of ketones, exhibiting high activity with catalyst

loadings as low as 0.01 mol% (Scheme 2.6).

Ir.

&

N
AN
(0] OH
18 (0.01 mol%)
KOH (1 eq.)
'ProH
80°C,20h
17 >99% 19
Scheme 2.6

In a key 2013 paper, Gilcemal and co-workers disclosed the preparation of a series of
iridium complexes bearing NHCs with high levels of steric congestion (Figure 2.2).%
Notably, while the NHC substituents are sterically demanding, due to their benzyl
substituents, they remain relatively flexible when compared to bulky aryl-substituted NHCs.

Complexes 20-22 were tested in the transfer hydrogenation of a range of ketones and their

activity compared; selected results are displayed in Table 2.2.
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Table 2.2

e} Ir cat. (0.25 mol%) OH
KOH (5 mol%)
R~ 'PrOH R4~
yZ 82 °C, time =
Entry Substrate Catalyst Time/min  Yield/ % TOF/h'
1 0 20 2 95 11400
2 /O)‘\ 21 2 >99 12000
Br
3 23 22 5 >99 4800
4 0 20 5 >09 4800
5 Oﬁl\ 21 5 98 4800
Cl
6 24 22 10 >09 2400
7 0 20 10 >99 2400
8 ©)\/ 21 5 >99 4800
9 25 22 10 95 2280
10 0 20 15 96 1536
) A s s
12 10 22 20 >09 1200

The concept of “bulky yet flexible” NHC ligands was first introduced by Glorius,* and has
been shown to offer increased catalytic activity in a number of processes catalysed by
transition metal NHC complexes.** The conformational flexibility of these ligands is
proposed to facilitate the generation of catalytically active species and stabilise
coordinatively unsaturated intermediates, through agostic interactions or chelate formation

via a hemilabile bond.

The concept of hemilabile interactions in iridium—NHC catalysis has been further
investigated in recent years, with focus turning to the use of NHCs bearing weakly

coordinating substituents.*’*®
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Cavell and co-workers prepared a series of large-ring NHCs with methoxy-functionalised
aryl substituents (26-29, Figure 2.3).*

o s > NPT R NPT
v ba J g/ D J 4 YJ 4 YJ
oo Qo

O

26 27 28 29

Figure 2.3

Complexes 26-29 were highly active in the transfer hydrogenation of a selection of
acetophenone derivatives. While all 4 catalysts exhibited turnover numbers (TON) greater
than 7000 at a loading of 0.01 mol%, complex 29, bearing a 7-membered NHC with a di-iso-
propylphenyl substituent, displayed the greatest activity in the reduction of 4-
bromoacetophenone 23 (Scheme 2.7).

% 29 (0.01 mol%) oH
'BUOK (10 mol%)
'PrOH
Br 80°C,24h Br
23 97% 30
TON = 9700
Scheme 2.7

The authors proposed that the catalytic activity was improved not only by the increased
steric bulk of complex 29, but also through a weak interaction between the methoxy oxygen

atom and the iridium centre.
In a further, and thorough, investigation into the effect of donor atoms as NHC substituents,

Jiménez and co-workers prepared a series of iridium(l) complexes with hemilabile NHC

ligands bearing oxygen- or nitrogen-functionalised wingtips (31-34, Figure 2.4).%
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Figure 2.4

Complexes 31-34 were found to be efficient catalysts in the transfer hydrogenation of
cyclohexanone (Table 2.3). Notably, complexes 31 and 32, with oxygen-functionalised
NHCs, displayed higher activity than 33 and 34, bearing nitrogen-functionalised ligands. Of
note is Entry 3, which demonstrates that oxygen-substituted catalyst 32 was able to catalyse
the reaction at 40 °C, albeit with a longer reaction time required in this case. As discussed
earlier, one drawback in many modern transfer hydrogenation methodologies is the
requirement for temperatures of 80 °C or higher.

Table 2.3
o] OH
Ir cat. (0.1 mol%)
é KOH (0.5 mol%)
'ProH -
80 °C, time
17 19
Entry Catalyst Time / min Conversion / % TOF/h*
1 31 110 90 490
2 32 72 98 824
3* 32 1500 97 39
4 33 1730 90 31
) 34 408 94 138

* Carried out at 40 °C.
The authors speculated that while coordination of the oxygen or nitrogen donor atom can

stabilise coordinatively unsaturated intermediates, dissociation of the hemilabile donor

fragment is required for the formation of square planar alkoxide intermediates, and as such,
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the increased chelating ability of the N-functionalised ligands could be responsible for their
diminished activity. To probe this postulate further, cationic complexes 35 and 36 were
prepared (Figure 2.5). The greater coordination ability of the nitrogen donor substituents was
made clear by the successful formation of complex 36, where the NHC is x’-coordinated
through the NHC carbon and the pyridine nitrogen. In complex 35, on the other hand, the
methoxy substituent remained uncoordinated, and the addition of acetonitrile was required to
stabilise the resulting complex. Interestingly, the cationic complexes prepared showed
greater efficiency as transfer hydrogenation catalysts than their neutral analogues; this was
proposed to be due to their increased ability to generate alkoxide intermediates.

BF,

g\ /NCMe B N /> 7 BF,
IF / N\
2 C
/ U IN /\N
N Ir
7"\
MeO \ \/
35 36

Figure 2.5

Mechanistic investigations supported the authors’ proposal that the reduction of ketones
catalysed by donor-functionalised NHC—Ir complexes proceeds via an iridium monohydride
complex formed from iso-propoxide intermediate 37. DFT studies were used to investigate
the role of the donor substituents, and indicated the presence of an interaction between the
methoxy substituent and the B-hydride of the alkoxide ligand (Scheme 2.8). This interaction
serves to destabilise the intermediate alkoxide species, reducing the activation barrier to -

hydride elimination en route to the formation of the key iridium hydride intermediate 39.

\N:\?,
3 < elP
. \O e T 7 M med
37 38 )OJ\

39

Scheme 2.8
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While mechanistic investigations lent support to the proposal that transfer hydrogenation
catalysed by complexes 31-36 proceeded via an iridium monohydride intermediate, there
are, in fact, three commonly proposed mechanisms for iridium-catalysed hydrogen transfer
from alcohols to ketones.” The first of these is shown in Scheme 2.9 and proceeds via direct
hydride transfer from the alkoxide to the ketone, while both units are coordinated to the
iridium centre. Computational studies carried out by Meijer and co-workers give support to
the viability of this pathway.*

Lylr—0

>/ R)O]\ R’

Mechanism A:
Direct Hydrogen Transfer

R
o% .
Lnlr\ Ln|r<‘/( :
o= —o\‘\ﬁ
Scheme 2.9

The second proposed mechanism is shown in Scheme 2.10, and is supported by deuterium
labelling experiments conducted by Béckvall and co-workers, who demonstrated that this
was the favoured pathway for catalysis with iridium(l) complexes.® The pathway first
proceeds via the formation of an iridium monohydride intermediate from an iridium iso-
propoxide complex.> After coordination of the ketone, hydride transfer delivers the hydride
to the carbonyl unit, and ligand exchange with the iso-propanol hydrogen donor regenerates
the active alkoxide species.
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When one of the ligands present contains an available hydrogen atom, a third mechanism
can take place; this is shown in Scheme 2.11. Here, the iridium hydride intermediate delivers
a hydrogen atom to the carbonyl carbon; simultaneously, the ligand transfers the second
hydrogen to the carbonyl oxygen. The reverse process then occurs to deliver one molecule of

hydrogen to the iridium centre from the donor alcohol, regenerating the active catalyst.

/\H
- ~ Ir’/;"/\
Y

R R'

Mechanism C:
Concerted Hydrogen Transfer

T

Scheme 2.11
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While several groups have conducted mechanistic studies in order to understand the active
pathway in the systems they have developed, at this stage all three mechanisms are still
considered feasible. Indeed, it seems that the choice of ligand sphere determines which

pathway will predominate for any particular iridium catalyst.

Iridium Catalysis of Transfer Hydrogenation: Oxidation of Alcohols

As discussed above, the use of metal-catalysed transfer hydrogenation processes offers mild
and efficient methods to achieve the reduction of aldehydes and ketones. Of equal
importance to the synthetic chemistry community, however, is the reverse process, involving
the oxidation of alcohols to carbonyl compounds.® While alcohol oxidation is one of the
most fundamental organic transformations, its methodology often requires stoichiometric
quantities of harsh and toxic reagents, and as such, the development of milder, less harmful
methods remains an attractive target. In recent years, the use of metal-catalysed hydrogen
transfer processes has emerged as an efficient alternative to traditional oxidation
methodology.

Originally described in 1937, the Oppenauer oxidation refers to the reverse reaction of the
MPV reduction, and proceeds via the same transition state, as shown in Scheme 2.12.%° Just
as MPV-type reductions are carried out with iso-propanol as the solvent and hydrogen
donor, Oppenauer-type oxidations are typically carried out in acetone as the solvent and

hydrogen acceptor.

[PrO\ /O‘Pr
0 OH Al(O-Pr); LA OH 0

—_— o’

0
RHJ\RZ i Rg)\R4 R17h\|-r’dTR4 R'I)\RZ ' RsJ\th

R R3

Scheme 2.12

Since metal-catalysed hydrogen transfer reactions were first reported, a number of transition
metal catalysts have been used successfully in the oxidation of alcohols. Since the
development and widespread adoption of Crabtree’s catalyst in the 1970s,”® however, focus
has shifted towards the use of iridium complexes as catalysts for alcohol oxidation via

hydrogen transfer.%*"
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Ajjou reported the use of the [Ir(cod)Cl], dimer, in the presence of a biquinoline
dicarboxylic acid salt 40 (BQC), as a successful catalyst system for the oxidation of
secondary alcohols (Scheme 2.13).%*%° While the reaction was carried out using acetone as
the oxidant, the catalyst system was soluble in water, and the agqueous phase could be

recycled three times while maintaining high activity.

[Ir(cod)Cl], (0.4 mol%) BQC

OH BQC (6 mol%) 0 40
N82C03
- Y, N N=
Acetone/H,0 \ \ /
80°C,4h —
7 98% (Cycle 1) 5 KO,C CO,.K

82% (Cycle 2)
68% (Cycle 3)

Scheme 2.13

Fujita and Yamaguchi demonstrated that the [Cp*IrCl,], dimer could also be used as an
effective catalyst for the oxidation of alcohols, again with acetone as both solvent and
hydrogen acceptor (Scheme 2.14).* While the transformation of both primary and secondary
alcohols was successful, higher yields and lower catalyst loadings could be achieved with

secondary alcohols.

OH [Cp*IrCl5)s (1 mol%) o OH [Cp*IrCl5], (1 mol%) o
) KQCOQ, J )\ KzCO3 )J\
Ph Acetone Ph Ph Acetone Ph
rt.,6h rt.,6h
41 42 7 5
74% 94%
Scheme 2.14

In a later publication, the authors reported that the inclusion of an N-heterocyclic carbene
ligand improved the catalytic efficiency. For example, the use of complex 43 (Figure 2.6)
was shown to allow notable reductions in catalyst loading with minimal decreases in yield,
affording a catalyst system with a significantly improved turnover number.®® The increased
nucleophilicity of the iridium monohydride intermediate generated is believed to be
responsible for the improved activity of 43. It was later noted that the use of complex 44, in
which the labile acetonitrile ligands have been replaced by chloride ligands, further

increased yields at the same low catalyst loading of 0.025 mol%.%
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Fujita and Yamaguchi have also reported the use of complex 45, a Cp*Ir catalyst bearing a
2-hydroxypyridine ligand, as an effective catalyst for the oxidation of secondary alcohols
(Scheme 2.15).** A later modification of this ligand motif, reported by Rauchfuss and
Wilson, was also found to be effective, with catalyst 46, bearing a carboxylate-

functionalised 2-hydroxypyridine unit, also found to be an efficient catalyst.®®

OH (0] @ é
O)\ 45 (0.2 mol%) O)‘\
> \ cl
Tol
oluene P Cl N OH

Reflux, 20 h OH z |
7 95% 5 A
45 46
Scheme 2.15

In a further example of the use of an N,O chelating ligand, Suzuki and co-workers
demonstrated the efficiency of iridium aminoalkoxide catalyst 47 in the oxidation of primary
alcohols (Scheme 2.16).%° Reactions proceeded cleanly even in the presence of oxidatively
labile sulfide substituents, and with no over-oxidation of the aldehyde products observed.
The authors also showed that the oxidation of diols could be carried out, leading to the

formation of lactones from the corresponding intermediate hydroxy aldehydes.®
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Scheme 2.16

The advent of alcohol oxidation methodology via hydrogen transfer as an equally useful
counterpart to carbonyl reduction has led to the development of a number of tandem
reactions that combine oxidation and reduction methods. One key example of this is known
as “hydrogen borrowing” or “hydrogen autotransfer”, which has emerged as an attractive
technique for the activation and functionalisation of relatively inert substrate classes.®"* For
example, the metal-catalysed oxidation of alcohols via hydrogen transfer generates carbonyl
compounds which can then react in situ. If the product of this reaction is another unsaturated
species, reduction of this product can take place using the metal-hydride species generated

by the initial oxidation step.

The versatility of the carbonyl group means it can be transformed into a range of alternative
functional groups, such as imines, alkenes, and a-functionalised carbonyl compounds. The
overall process, therefore, offers expedient access to amines, B-functionalised alcohols, and
compounds containing new C—C bonds. The name “hydrogen borrowing” comes from the
fact that the metal catalyst “borrows” two hydrogen atoms from the alcohol, before returning
them to the reduction substrate. This results in an overall redox neutral process. This strategy
has excellent atom efficiency; with no requirement for external oxidants or reductants, often
the only byproduct is water. As an additional advantage, it allows for the transformation of
alcohols, which are typically poor electrophiles, without the need for activation processes

such as tosylation.
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C-C and C-N Bond Formation via Hydrogen Borrowing

The synthesis of amines is of enormous importance to the organic chemistry community.
The biological activity of nitrogenous molecules means that amines are extremely important
pharmacophores in the field of drug discovery. Indeed, recent estimates show that
approximately 90% of the top 200 best-selling drugs in the USA contain C—N bonds.” As a
result, research activity remains focussed on the development of efficient methods for

preparing amines.™

While there are myriad procedures available for the synthesis of amines, which have been
extensively reviewed,”* a number of traditional methods are plagued with problems, such as
the use of harsh alkylating agents or the formation of stoichiometric quantities of
byproducts. The use of hydrogen borrowing methodology, however, offers an attractive
method for the direct transformation of alcohols into amines without the need for
stoichiometric additives and with no net change of oxidation state.***"> As shown in
Scheme 2.17, after activation of the alcohol via metal-catalysed oxidation, the generated
carbonyl compound can undergo condensation to form an imine, which is then reduced.

Overall, the formation of a new C-N bond occurs, with water as the only byproduct.

rd RI
R OH R7 N
H
[Ir]
oxidation reduction
[Ir]H
R'—NH, R
R/\ o > R/§ N~
condensation
Scheme 2.17

Over the last few decades, C—N bond formation via hydrogen borrowing has been reported

887577 rhodium,’® and

with a number of transition metal catalysts including ruthenium,
platinum.” In the field of iridium catalysis, the groups of Fujita and Yamaguchi are
responsible for several key advances in the N-alkylation of amines with alcohols, and the
most widely used catalyst is [Cp*IrCl,], .2>® The alkylation of aniline 50 and its derivatives
was first reported with a series of primary, secondary, and benzylic alcohols, a selection of

which are shown in Scheme 2.18.%
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Scheme 2.18

This methodology has also been expanded to include the preparation of tertiary amines

through sequential double N-alkylation, as shown in Scheme 2.19.%

1) [Cp*IrCl,], (2 mol% Ir)
NaHCO3 (2 mol%)

Toluene
O/\NHZ /©/\OH 90°C, 17 h ©/\
+
MeO 2)
6
110°C, 24 h
57 58
87%
Scheme 2.19

In a further illustration of the utility of this process, the N-alkylation methodology was also
applied to intramolecular cyclisation reactions. As shown in Scheme 2.20, indole 61 and
tetrahydroquinoline 63 were prepared in excellent yields from the relevant amino alcohol
starting materials. It should be noted that the formation of 61 does not involve a final

reduction process; instead, tautomerisation of the generated imine, leading to

rearomatisation, is favoured.
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[Cp*IrCl5], (5 mol% Ir)

O\/\/OH K,CO3 (10 mol%)
NH Toluene

2 110°C, 17 h

80%

[Cp*IrCl,], (2 mol% Ir)

60
©\/\/\OH K,CO3 (10 mol%)
NH Toluene

2 110 °C, 17 h

A\

N

H
61

H

62 96%

Scheme 2.20

63

Intermolecular cyclisation via the reaction of amines with diols such as ethylene glycol has

also been carried out, with promising results.* In a particularly impressive example, this

methodology was employed by Trudell and co-workers in the diastereostereoselective

synthesis of noranabasamine 67.2° As depicted in Scheme 2.21, the reaction of diol 65 with

chiral amine 64 proceeded to afford piperidine 66 in good yield. A further three steps were

required to furnish the desired natural product, an alkaloid isolated from the Columbian

poison dart frog.

OMe
[Cp*IrCly), (1.5 mol%)
/L SN KOAG (6 mol%)

+ -

NH; A Toluene

OH 110 °C, 17 h
HO s 72%
0,
64 65 90% d.e.
Scheme 2.21

66 67

The formation of C—N bonds via hydrogen borrowing is not limited to the use of amines as

nucleophiles. For example, the alkylation of sulfonamides with alcohols has also been

reported.®® Williams and co-workers have demonstrated that this reaction proceeds

efficiently using water as a solvent (Scheme 2.22).5” Amine alkylation was also found to

occur smoothly under these conditions, even in the absence of base.
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N\ [Cp*IrCly), (1 mol% ) N7
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+ > H
MeO H,0 MeO

115°C,23h

68 LY 69

Scheme 2.22

The alternative iridium dimer [Ir(cod)Cl], has also found widespread use as a catalyst for N-
alkylation reactions. Williams and co-workers reported the use of [Ir(cod)Cl],, with a dppf
ligand, in the N-alkylation of phenylethylamine with alcohols.®® In one particularly
interesting example, this methodology was used for the preparation of N-alkyl tryptamine
derivatives from both free tryptamine 70, and the corresponding alcohol 74, as shown in
Scheme 2.23.

OH NH,
PhH,CH,C_
NH, 71 NH 73 OH

[Ir(cod)Cl]5 (5 mol% ) [Ir(cod)Cl]5 (5 mol% )
dppf (5 mol%) dppf (5 mol%)
N\ 3A MS N\ 3AMS N\
N Toluene N Toluene N
H Reflux, 24 h H Reflux, 24 h H
70 86% 72 91% 74
Scheme 2.23

Kempe and co-workers used a similar catalyst system in the N-alkylation of a series of
amines.® It was demonstrated that the use of N,P-ligand 76 improved the reactivity of the
iridium catalyst, and allowed the alkylation of 2-aminopyridine to proceed at a reduced

temperature of 70 °C (Scheme 2.24).

[Ir(cod)Cl], (0.05 mol% ) Z | Z |
76 (0.1 mol%) SNy
X t-BuOK (1.1 eq.) X
» + Ph” OH - [ ’
~~pn Y Y
76

N~ "NH;, Diglyme N~ N
70°C, 24 h H

75 41 93% 77

Scheme 2.24
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As discussed previously, the high temperatures that are often required are a major drawback
to much modern transfer hydrogenation methodology, and the development of mild
conditions for N-alkylation remains an attractive target. In 2013, Andersson and co-workers
reported a solvent-free alkylation of anilines that proceeded efficiently at room
temperature.®® The iridium(l) catalyst used, 78, features a bidentate NHC—phosphine ligand.
As shown in Scheme 2.25, 78 was used to catalyse the conversion of a range of aromatic
amines to their secondary amines with a series of alcohols. The reaction showed excellent
functional group tolerance, proceeding smoothly with both electron-donating and electron-
withdrawing substituents. Intramolecular cyclisation to form indole 61 was also carried out,
albeit with the addition of diglyme solvent and with an increase in temperature to 80 °C.

] BArF
Ph\N/%

-
78 (1 mol%) 7 N
~ LBUOK (0500) o~ AT AN

N~ Ir

RTOOH  +  HN—Ar
rt, 48 h H / \p
Ph by
78
J@N ’
Ph” N Ph” N P >N CF Ph” N
H H H H
51 79 80 81
93% 92% 91% 63%
_Ph _Ph
” /©/\H /\/\/\N/ Ph CE\>
FsC H N
82 83 84 61
92% 85% 93% 92%*
* Carried out at 80 °C in diglyme
Scheme 2.25

In summary, the use of iridium-catalysed hydrogen borrowing methodology in the activation
of alcohols to electrophiles for amine alkylation offers a convenient and attractive route to
the formation of new C—N bonds. The use of harsh alkylating reagents or stoichiometric

oxidants can be avoided, and procedures are operationally simple. While many processes
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still require high temperatures, Andersson’s successful room temperature alkylation of
amines with catalyst 78 is an important benchmark for C—N bond formation via hydrogen

borrowing and offers exceptionally mild conditions for amine synthesis.

Iridium Catalysis of Asymmetric Transfer Hydrogenation

The asymmetric reduction of unsaturated compounds has long been regarded as one of the
most useful transformations in synthetic organic chemistry.®** Typically, these reduction
processes are carried out either catalytically, with the use of molecular hydrogen, or with the
use of stoichiometric metal hydride reagents." In recent years, however, transfer
hydrogenation has emerged as a popular technique for the asymmetric reduction of
unsaturated moieties.***** As discussed previously, metal-catalysed hydrogen transfer is a
highly useful tool for the reduction of carbonyl compounds or imines, and its operational
simplicity and reduced risks make it an attractive alternative to traditional reduction
methods. The control of enantioselectivity in transfer hydrogenation reactions, therefore,

offers a convenient route to enantioenriched alcohols or amines.

For many years, the field of asymmetric transfer hydrogenation was mostly dominated by
the use of chiral ruthenium catalysts.®”*® A number of reports on the use of iridium catalysts
for the asymmetric reduction of carbonyls or imines have, however, since emerged. As far
back as 1991, Pfaltz and co-workers reported the asymmetric transfer hydrogenation of
acetophenone derivatives with an [Ir(cod)Cl], catalyst and a bisoxazoline ligand (Scheme
2.26).%

[Ir(cod)Cl]5 (0.5 mol%)
Q 86 (1.3 mol%) ?H 0 O
KOH (2 eq.) />—<\ j
, > N N,
'ProH //
80°C,3h 86
85 70% 87
91% e.e.
Scheme 2.26

The majority of methods developed for iridium-catalysed asymmetric transfer hydrogenation
have used either Ir(cod) or IrCp* complexes in conjunction with a chiral ligand. For
example, chiral Cp* complexes 89 and 92 were reported, by Mashima and Ikariya,

respectively, to be effective catalysts for the asymmetric reduction of ketones, as shown in
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Scheme 2.27.2°1% Both catalysts were developed from the analogous rhodium complexes,

which had also shown excellent activity.

Q 89 (1 mol%) oH é/
£-BUOK (1 moi%)

) > lr
PPrOH HN™ | ~ci
r.t., 48 h Ph\\“ NH
90
68%
88 ° 96% e.e. Ph
89
o) OH
92 (0.5 mol%)
FsC £BUOK (1 mol%) FsC R
. > —Ir<
iPrOH HN™ | ~ci
30°C, 24 h NH
91 99% 93 N
94% e.e.
92
Scheme 2.27

Excellent enantioselectivities were observed by Gao and co-workers, who reported the use
of bidentate ligand 95 in the Ir(111)-catalysed reduction of propiophenone.’®**® As shown in
Scheme 2.28, high yields and enantiomeric excesses were obtained at low catalyst loadings

of 0.02 mol%. It was later reported that this reaction could also proceed without base.'®

o [Ir(cod)HCl,], (0.02 mol%) OH /
95 (0.02 mol%) -
KOH (4 mol%)

: - NH HN
'ProH
55°C,3h PPh, PhyP
94 90% 96
89% e.e.
95
Scheme 2.28

A number of other chiral bidentate ligands have been used for asymmetric transfer

hydrogenation with an [Ir(cod)Cl], catalyst. These include bisoxazolines,'®®

110

aminooxazolines,’®” diamines,'®%° NHCs,*° and aminosulfides,'** and a selection of these

are shown in Figure 2.7. Ligands 100, 104, and 105 were found to be particularly efficient,

with all three providing enantiomeric excesses well above 90%."
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tBu MezN PCy3
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Figure 2.7

The importance of nitrogenous molecules as drug scaffolds, as well as the efforts being
made by the pharmaceutical industry to increase the sp® character of drug candidates,**
means that the synthesis of chiral amines is an area of particular interest to synthetic organic
chemists."™® The asymmetric reduction of imines is, therefore, an attractive transformation
and remains the focus of significant research attention. While the asymmetric transfer
hydrogenation of ketones was, for several years, dominated by catalysis by ruthenium or
rhodium complexes, a varied selection of iridium-catalysed methods has since been
developed. The asymmetric transfer hydrogenation of imines, on the other hand, remains
largely dependent on ruthenium catalysis, and the use of analogous iridium complexes has
often led to lower enantioselectivies.****® Nevertheless, in recent years progress has been
made in the iridium-catalysed asymmetric reduction of imines via transfer hydrogenation,

using a number of strategies.
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Polymer-supported aminosulfonamide complex 107 was employed by Haraguchi and co-
workers in the asymmetric reduction of imine 106, as shown in Scheme 2.29.*" Instead of
the typical iso-propanol hydrogen donor/solvent system, the reaction was carried out in
dichloromethane with a triethylamine—formic acid mixture as the hydrogen donor. A similar
system was used in the dynamic kinetic resolution of imine 109 with complex 110.**® While
moderate enantioselectivities were observed in both of the transformations shown in Scheme
2.29, in both examples selectivity could be improved by the use of the analogous ruthenium

complex, and thus progress was still required in the field of iridium catalysis.

N Ph 107 (1 mol%) HN” Ph o 07?/
I NEt;—HCO,H : N/
> S< ~Ir
DCM N | C
rt., 24h Ph/k\_\\

106 99% 108 Ph
77% e.e. 107

110 (0.2 mol%)

C[’\/ NEt;—HCO,H O\/\/ . 5 Z
- S\ Ir
S DCM AN N7 | i
N” Ph N Ph
rt., 24h H Ph\u-S/NH
109 75%

" Ph
93:7 cis:trans
63% e.e. 110
Scheme 2.29

Zhou and co-workers have reported the use of Hantzsch esters as hydrogen donors in the
118

asymmetric transfer hydrogenation of quinolines.”™ Using a [Ir(cod)Cl], catalyst and a chiral
SegPhos ligand, the reduction of 2-methylquinoline 112 proceeded smoothly, affording

chiral amine 114 in good yield and with an 87% e.e. (Scheme 2.30).
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| |
N

H 0
113 (2.0 eq.) <
[Ir(cod)Cl], (1 mol%) o

(S)-SegPhos (2.2 mol%) PPh;
N/ Toluene/Dioxane 2:1 N7 < O
rt., 42 h H o
112 86% 114 115
87% e.e. (S)-SegPhos
Scheme 2.30

The asymmetric reduction of unsaturated moieties via transfer hydrogenation can also be
used as part of a hydrogen borrowing strategy in the formation of new C-N, C-O, or C-C
bonds. While the asymmetric transfer hydrogenation of imines remains relatively
underdeveloped, reports on the synthesis of chiral amines via hydrogen borrowing have

nevertheless emerged.
In 2014, Zhao and co-workers reported the use of chiral phosphoric acid 117, along with an

iridium aminosulfonamide complex 116, in the first enantioselective formation of secondary

aryl amines from alcohols (Scheme 2.31).
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116 (5 mol%) JAr

OH 117 (10 mol%) HIN
PN Ar—NH; > A
R3 Rz 4 AMS, t-AmOH Ri R2

reflux, 24 h
\é_ Ar
|| o} OO
—Ir
AN\ 1o O °
_ —s o\
R OH
Ph
Ar
116 117

Ar = 2,4,6-PryCgH,

118 119 120 121
90%, 93% e.e. 92%, 97% e.e. 88%, 96% e.e. 64%, 85% e.e.

/O/OMe
HN

cl §
HN HN OMe HN
MeO ”Bu/'\ nBu)\ nBu)\
122 123 124 125
72%, 96% e.e. 81%, 83% e.e. 95%, 88% e.e. 84%, 81% e.e.

Scheme 2.31

As shown above, this methodology was used in the successful reaction of a series of alkyl
and aryl substrates, with good functional group tolerance observed and enantiomeric
excesses as high as 97% achieved. It was proposed that the high enantioselectivity observed
in these processes could be attributed to cooperation between the iridium catalyst and the
chiral phosphoric acid. The authors also applied their optimised conditions to the
intramolecular cyclisation of 126, affording tetrahydroquinoline 114 in good yield and a
promising enantiomeric excess of 68% (Scheme 2.32).

215



116 (5 mol%)

OH 117 (5 mol%) O\/j
NH, 4 AMS, -AMOH N

reflux, 24 h H
(+)-126 3% 114
68% e.e.
Scheme 2.32

This methodology was further expanded in the use of a dynamic kinetic amination strategy,
5.119

reported in 201 Here, a series of a-branched alcohols, each a mixture of four isomers,
underwent racemisation and were successfully converted to chiral amines with enantiomeric

excesses as high as 97%, as shown in Scheme 2.33.

_Ph
OH 116 (5 mol%) HN
R, 127 (10 mol%) R4
Me  ph—NH, > Me
Ry 4 AMS, toluene R,
50 110 °C, 60-96 h
127
Ar = 2,4,6-Pr3CgH,
_Ph o _Ph _Ph _Ph
HN < HN HN HN
Me 0 Me Me Me
Me Me Me OMe Me
128 129 130 131
60 h, 81% 96 h, 71% 96 h, 52% 96 h, 16%
97:3d.r.,, 99:1 e.r. 96:4d.r., 99:1 e.r. 90:10 d.r., 99:1 e.r. 92:8d.r., 98:2 e.r.

Scheme 2.33

To conclude, iridium-catalysed transfer hydrogenation is an extremely useful method for the
reduction or oxidation of organic compounds, proceeding with low catalyst loadings, and
avoiding the toxic reagents often required in stoichiometric quantities for traditional
oxidation or reduction methodology. The use of borrowing hydrogen methodology, in which
a typically inert alcohol substrate can be activated through oxidation and can react as the
corresponding carbonyl compound, before reduction of the product, is an attractive means

by which to use alcohols as electrophiles. This strategy has been widely used in the N-
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alkylation of amines with alcohols, offering expedient access to useful amine compounds
without the requirement for harsh alkylating reagents. Over recent years, a number of
iridium complexes have been reported to be excellent catalysts for the N-alkylation of
amines via hydrogen borrowing. While one disadvantage of current methodology is that high
temperatures are typically required, the development of milder conditions for transfer
hydrogenation remains the focus of significant research attention. Recently, the use of chiral
iridium complexes or ligands in asymmetric transfer hydrogenation has emerged as an
attractive route by which to access chiral alcohols and amines. While methods for
asymmetric iridium catalysis are still less widely reported than those for alternative
transition metals, excellent progress has been made in recent years, and iridium-catalysed
hydrogen borrowing is becoming a feasible strategy for the synthesis of chiral amines.

217



Proposed Work

The last decade has seen transfer hydrogenation reactions become a useful tool in organic
synthesis, allowing for the reduction and subsequent functionalisation of carbonyl or imine
compounds without the requirement for gaseous H,. Among the methods for homogeneous
catalysis of hydrogen transfer, iridium-catalysed methodology has been seeing increased
interest recently.®>* In particular, there have been several key examples of the use of iridium
NHC complexes as transfer hydrogenation catalysts.*****° As discussed in more detail in
Chapter 1, in recent years Kerr group catalysts have shown excellent activity in hydrogen
isotope exchange and hydrogenation reactions.*?®*?® Within the group, however, work is
ongoing to design and prepare analogues of our complexes and to further increase their
reactivity. As part of this programme of work, we therefore aim to design a series of novel
NHC ligands and test their corresponding complexes as catalysts in hydrogen borrowing

methodology.

In the first instance, we will investigate the synthesis and reactivity of analogues of our
group’s neutral [Ir(cod)(NHC)X] complexes. Through our previous work, we have shown
that the use of electron-rich and sterically demanding NHC ligands has increased catalytic
activity. We aim to explore the use of ligands with similar properties in hydrogen borrowing
reactions. Research by Jiménez and co-workers has demonstrated that donor-functionalised
NHC ligands can offer increased activity in iridium-catalysed transfer hydrogenation
processes.”® A key part of our project, therefore, will involve the introduction of N-, O-, and
S-donor substituents into our sterically demanding NHC ligands. We will first focus on the
synthesis of unsymmetrical NHCs featuring one bulky aryl substituent and one benzyl
substituent; this strategy will allow us to easily access a number of derivatives. The effects
of hemilabile donor substituents on one or both arms of the NHC will be investigated. Our
retrosynthetic strategy for the preparation of these ligands and complexes is shown in
Scheme 2.34. As well as targeting the synthesis of a range of novel NHCs, we plan to
thoroughly investigate their steric and electronic properties in the context of commonly used
NHC ligands.
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Scheme 2.34

Any novel NHCs prepared will be tested in iridium-catalysed hydrogen borrowing
processes. We aim to focus on the use of neutral iridium(l) NHC/halide complexes; the
lability of the halide ligands will be necessary in order to assess any hemilabile coordination
from the NHC donor substituents. In the first instance, we aim to investigate the use of our
complexes in the N-alkylation of anilines, as shown in Scheme 2.35, with the aim of
developing a method that proceeds under milder conditions than those currently available

within the literature.

3+

R + R > R H

Scheme 2.35

Lastly, a longer term aim is to expand any developed methodology to encompass
asymmetric processes. Our focus will remain on the synthesis of NHCs with donor
substituents, but the introduction of chirality will be targeted. We propose the use of the
strategy outlined in Scheme 2.36, which will allow us to prepare chiral ligands with the
hemilabile unit on either the chiral or achiral arm of the NHC. Any corresponding chiral
iridium complexes synthesised will be screened in asymmetric variants of our hydrogen

borrowing methodology.

i Y\Q Y Y Y £ \
o - ---------- TN P - _ S )
S—N\/N AN N WN N R
R . OMe . .
7 AR OMe
=

Scheme 2.36
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Results and Discussion

Design and Synthesis of Novel Ligands and Complexes

As the first step towards designing a range of transfer hydrogenation catalysts, we looked to
synthesise a range of bulky, unsymmetrical NHC ligands containing donor substituents. In
order to easily access a series of structurally diverse ligand motifs, it was initially decided to
use the retrosynthetic strategy outlined in Scheme 2.37, focussing on NHCs with one aryl
and one benzyl substituent. This would allow us to prepare a range of aryl imidazoles, which
could then be coupled with various benzyl halides to afford a diverse series of imidazolium

salts. A number of novel iridium complexes could then be prepared in a quick and efficient

manner.
7 X Y. Y Y. Y
e Ar — — XN
? ( 7 < X
//Ir N — _Ne _N — _Ng_ _NH | R
(\/g,y AT ArT I Z
N
7 AR
Y X@ \
7 ==
R
Scheme 2.37

We were keen to investigate the effects of the presence of donor substituents in both the aryl
and benzyl units of the NHCs. In the first instance, therefore, a series of aryl imidazoles
were prepared. As a benchmark example, mesityl imidazole 133 was first prepared as shown
in Scheme 2.38. The moderate yield of 44% was considered sufficient here, given the
capricious nature of such multicomponent reactions and the related difficulties associated

with purification.

NH,
Glyoxal, —
NH,OAc, CH,O
4 2 - N\/N
AcOH/H,0
70°C, 16 h
44%
132 133
Scheme 2.38
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As discussed previously, Kerr group investigations into the activity of neutral NHC/halide
iridium complexes have shown that the introduction of two methyl groups on the NHC
backbone can offer increased activity.'?’ It has been widely reported in the literature that the
electron-rich nature of NHC ligands is responsible for the high activity of their complexes in
transfer hydrogenation reactions. It was therefore proposed to access a series of ligands
based on a dimethyl imidazole motif, where the additional methyl substituents would offer
increased electron donation from the NHC. As such, a range of aryl dimethyl imidazoles
134-138, bearing oxygen- or sulfur-containing substituents, were prepared via
multicomponent reaction as shown in Scheme 2.39.

NH2 o CH,0, NH,OAc, H .
)k'( AcOH, H,0
> N N
R CHCl, h \©

] reflux, 16 h

MeO MeO
134 135 136
45% 58% 47%

N\/N N\/N
OMe

MeO MeS
137 138
45% 67%
Scheme 2.39

At a later stage, the synthesis of mesityl dimethylimidazole 134 was repeated on a large
scale of 180 mmol. Unfortunately, however, the yield was seen to drop to 11% (Scheme
2.40).
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)Y AcOH, H,0
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o reflux, 16 h
1%
132 139 134
Scheme 2.40

While low yields are common in multicomponent reactions such as this, a yield as low as
11% was considered unfeasible for future large scale imidazole synthesis. We therefore
looked to the use of an alternative method for the preparation of 134. Pleasingly, we were
able to synthesise 134 in excellent yield following a method reported by Mityanov and co-

workers.*?

This procedure, depicted in Scheme 2.41, involves the reaction of mesitylamine
with 2,3-butanedione monooxime 140 to form an imidazole N-oxide, which is stabilised as a
boron trifluoride adduct. Subsequent reduction over iron powder afforded mesityl
dimethylimidazole 134 in a 72% yield over three steps. This synthesis was later repeated
successfully on a much larger scale, with an overall yield of 69% achieved over three steps,

affording 28 g of 134.

_OH NH,
o) NH,OH « HCI N
pyr. |
> +
MeOH
© rt,2h 0
30 mmol: >99%

139 400 mmol: >99% 140 132

BF3 * OEtZ
CH,0 10 mmol: 90%
AcOH 200 mmol: 84%
50°C,16 h
= o=
- Fe -
B. ®
N N - F7 NN N
o0~
hd AcOH N
reflux, 2 h £©
4 mmol: 81%
134 160 mmol: 83% 141
Scheme 2.41

With a series of aryl imidazoles in hand, our next aim was to prepare the corresponding
imidazolium salts. It was decided to use 2-methoxybenzyl halides as our initial choice for

the alkyl arm of the NHC; these were prepared in excellent yields through treatment of the
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corresponding benzyl alcohol with thionyl chloride or phosphorous tribromide, as shown in
Scheme 2.42.

Of\m sOCl, ©f\on4 PBry Of\sr
OMe DCM OMe Toluene OMe
0°-rt,3h 100 °C, 30 min
142 97% 143 >99% 144

A

\

Scheme 2.42
142 and 144 were next applied in the N-alkylation of our prepared imidazoles, as shown in

Scheme 2.43. We were delighted to see that all of these reactions proceeded in good to
excellent yields, affording 12 novel imidazolium salts, featuring 6 new NHC motifs.

X
Y. Y Y
OMe R

Y) (

N N
Toluene MeO oY \©
reflux, 12 h

/z
&

\
®

145: X = Cl, 78% 147: X = Cl, 64% 149: X = Cl, 78%
146: X = Br, 46% 148: X = Br, 63% 150: X = Br, 68%
OMe OMe
e = 2 = © =
g\/N g\/N g\/N
MeQO, MeO, OMe MeO,

MeO MeO MeS
151: X =Cl, 81% 153: X =Cl, 61% 165: X =Cl, 77%
152: X =Br, 71% 154: X = Br, 58% 156: X = Br, 84%

Scheme 2.43

With a series of imidazolium salts now prepared successfully, the corresponding iridium
complexes were synthesised. We were keen to use both the chloride and bromide salts in
order to investigate the effects of altering the halide ligand when our complexes were used in

catalysis. Neutral iridium halide complexes 157-168 were thus prepared, as shown in

223



Scheme 2.44. Chloride complexes were made via the same procedure used by the Kerr
group to make [Ir(cod)(IMes)CI].*® Bromide complexes, on the other hand, were prepared
via an alternative method using KHMDS and a sodium bromide additive; this was to avoid
the formation of a mixture of inseparable bromide and chloride complexes that could result

when using an iridium chloride dimer as the starting material.**®
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Scheme 2.44

We were delighted that our studies so far had provided us with expedient access to a range

of 12 novel iridium(l) complexes. While some previous work has been carried out within the

130

Kerr group into the use of unsymmetrical NHC ligands,™ we had not yet investigated the
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synthesis or behaviour of complexes bearing donor-substituted NHCs. It was therefore
imperative that both the electronic and steric properties of our novel series of complexes
were fully characterised.

In the first instance, the steric properties of our prepared NHCs were investigated using
percentage buried volume (%V,,) calculations.”* DFT calculations were used to establish
the optimised geometry of the octahedral iridium(l11) species 169 (Figure 2.8).

NHC
| .DCMm

'''''

D,

169

Figure 2.8

While this complex is not expected to exist under transfer hydrogenation conditions, the use
of 169 for calculating %V, means that the values obtained could be compared with those
calculated for NHC ligands used by our group in hydrogen isotope exchange.'”® After
optimisation of the relevant complex, SambVca online software was used to calculate %V,
from the output coordinates.’® The values obtained are shown in Figure 2.9, and are

compared to those for a range of commonly used NHC ligands.
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Figure 2.9

The SambVca software used to calculate the %V, values was also used to plot steric maps

of each NHC ligand, which offer a visualisation of the steric components of the ligand.

These are shown in Figure 2.10, with the darker blue sections representing the parts on the
ligand furthest away from the metal centre.
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MeO

Figure 2.10

A number of interesting conclusions can be drawn from the steric calculations carried out.

Firstly, the presence of two methyl substituents on the backbone had no effect on the %V\,;

Figure 2.9 shows that 170 and 171 share the same value of 30.1%. Previous calculations,

however, showed that IMes had a lower %V, when compared to its dimethyl-substituted
analogue I(Me;)Mes (33.3% vs. 34.9%)."® We considered it likely that the increased

flexibility of the 2-methoxybenzyl substituent, compared to the mesityl group present in

IMes and its derivatives, meant that the presence of additional bulk presented by the two

methyl groups could be avoided somewhat via rotation of the benzyl unit.

It can also be observed that the presence of donor groups on the aryl unit of the NHC had

significant effects on the steric demands of the ligand. Indeed, NHC 172, bearing a 2-

methoxyphenyl substituent, had a %V, larger than the corresponding mesityl-substituted

NHC, which has three aryl substituents compared to one on 172. Switching from a methoxy

group at the ortho-position to a thiomethyl group (175) led to a further increase in %V,
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Lastly, and as expected, increasing the number of methoxy substituents (172-174) increased
the steric demands of the NHC, with 174 having a %V, of 35.4; this is almost as bulky as
the IPr ligand, so 174 can be considered to be exceptionally sterically demanding for a
benzyl-substituted NHC.

As discussed in Chapter 1, the many advantages of using NHCs as ligands include the fact
that they are easily tuneable with regards to both their steric and electronic properties.
Having obtained some insight into our novel ligands’ steric properties, we therefore
considered it essential that we also investigate their electronic parameters.

Starting from the chloride/NHC iridium complexes, we first prepared a series of dicarbonyl
complexes in good yield via treatment with CO gas (Scheme 2.45).

/\\l//CI CO() OC\\I//C

r > r

7 NHC DCM oc” SnHe
r.t., 30 min

AN
oc” \>\N oc” N oc” YN
I~ r— N /
N = N =
MeO MeO
176 177 178
80% 58% 69%
OMe
o MeO MeO
\., ~Cl \ /
Ir
7 N

\Ir/
/
oc @ OMe f YN
N\%\ N /
MeO
179 180 181
70% 82% 61%
Scheme 2.45

Complexes 176-181 were analysed by IR spectroscopy and their CO stretching frequencies
noted. TEP values were then calculated by averaging the two CO frequencies and inputting
them into Equation 2.1.** Both v(CO) and TEP values are listed in Table 2.4 (vide infra).
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Equation 2.1

TEP = (0.847 x V(CO),,) + 336 cm™

The TEP values are also displayed in Figure 2.11, and are compared to examples of

commonly used NHC ligands.™*

As expected, the addition of two methyl groups on the
NHC backbone caused an increase in electron density, with 177 displaying a TEP value
almost 3 cm™ smaller than that of 176. Additionally, it was observed that increasing the
number of methoxy groups on the aryl portion of the NHC rendered the ligand more electron
rich. It was noticed, however, that the differences between CO stretching frequencies for
178-180 were very small, showing that substitution on the NHC backbone had a larger
effect on ligand electronics. While 180, bearing three methoxy substituents, had a lower TEP
value than its mesityl analogue 177, 178 and 179, bearing fewer substituents, were still less
electron rich than 177. The small changes in v(CO) observed are in keeping with results
reported by Nolan and co-workers in their investigation of methoxy-substituted derivatives

of common symmetrical NHCs.**®

I(Me),Mes ICy IMes IPriBn  SIMes
| I || [ | | || | i [ [ | |
| 7T 11 [T I | | [T | 1T T [ | ]
2045 2052
180 177 179 178 181 176
2045.5 2045.7 2045.8 2046.2 2047.2 2048.6
Figure 2.11

As an additional measure of the ligands’ electronic properties, complexes 157162 were
activated, with H, gas, as a solution in acetonitrile-ds;, which offers the resultant octahedral
complexes enough stabilisation that their hydride signals can be observed by ‘H NMR

spectroscopy.

K’ Ha cl
[/ MeCN-d.
S\Ir<C| s H,,/hlllrQNCMe
// NHC 25 °C H™ | “NCMe
NHC
Scheme 2.46

The hydride resonances observed are listed in Table 2.4, and are seen to be in keeping with

the v(CO) values obtained, with the addition of methoxy substituents on the aryl ring
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rendering the ligands more electron rich than their mesityl analogues. All values of %Vy,,

v(CO), and TEP, along with the hydride chemical shifts, are summarised in Table 2.4.

Table 2.4
V(CO)DCM TEP|r Hydride 0
Entry NHC % Vhur 1 1
/cm’ /cm’ / ppm
/\
N\\7N
1 Meo\é B 30.1 2021.9 2048.6 —22.52
170
=
2 MeO_ :l " 30.1 2018.5 2045.7 —22.80
171
=
3 Meo\‘ :Z ” 31.0 2019.1 2046.2 -22.60
MeO
172
__ OMe
N\_,/N
4 Meoé 35.2 2018.6 2045.8 -22.70
MeO
173
__ OMe
N\\;N
5 Meo\d " OMe 35.4 2018.3 2045.5 —22.96
MeO
174
31.9 2020.3 2047.2 n/a*

N\\//N
6 MeOQ, .
MeS
175

* Hydride signal not observed.
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N-Alkylation of Amines via Hydrogen Borrowing

At this stage in the project, we were delighted to have synthesised and characterised a series
of novel imidazolium salts and their corresponding iridium complexes and established their
steric and electronic properties. Our next aim was to investigate the activity of our new
complexes in transfer hydrogenation reactions. As a benchmark reaction, we chose the
alkylation of aniline 50 with benzyl alcohol 41, shown in Scheme 2.47. Using a hydrogen
borrowing reaction would allow us to assess the ability of our complexes to facilitate both
oxidation and reduction processes, and the use of relatively simple and activated substrates
would allow us to compare our catalysts to a number of those reported in the literature.

NH, /@
o O
50

41 51

Scheme 2.47

In the first instance, we sought to carry out an initial screening to assess whether any of our
catalysts were, indeed, active in the above process. For this assay, reactions were carried out
in refluxing toluene. While our overall goal was to achieve hydrogen borrowing catalysis
under milder conditions, it was thought that screening our catalysts initially under forcing
conditions would give us the best initial overview of their activity. We also chose to test
both carbonate and alkoxide bases, as both are frequently employed in similar reactions

throughout the literature.

The results of our screening are shown in Table 2.5. We were delighted to see that all of our
novel complexes showed some activity in the N-benzylation of aniline. There were some key
findings, however, to be taken from the observed results. Comparing entries 1-12 with
entries 13-24, it can be seen that in all cases, yields were higher when potassium tert-
butoxide was used as a base. Very little difference was observed between the chloride
complexes and their bromide analogues (Entries 1-6 and 13-18 vs. entries 7-12 and 19-24).
Despite a number of the complexes we tested having donor substituents on both arms, higher
yields were observed for those with a mesityl substituent as one arm of the NHC. The
addition of two methyl groups on the NHC backbone was shown to increase reactivity, with

the standout results coming from
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reactions run with catalysts 158 and 164, in which the NHC features a mesityl arm and a

dimethyl-substituted imidazole backbone.
Table 2.5

NH Ir cat. (5 mol%) Q
O/\OH O/ 2 Base (5 mol%) O/\N
+ - H
Toluene

110°C, 16 h

41 50 51
Entry Catalyst Base Yield/% Entry Catalyst Base Yield/%
1 157 K,COs 59 13 157 ‘BuOK 64
2 158 K,COs 80 14 158 '‘BuOK 91
3 159 K,COs 71 15 159 '‘BuOK 83
4 160 K,COs 50 16 160 '‘BuOK 58
5 161 K,CO; 46 17 161 '‘BuOK 59
6 162 K,CO; 6 18 162 '‘BuOK 18
7 163 K,CO; 53 19 163 '‘BuOK 66
8 164 K,CO; 82 20 164 '‘BuOK 97
9 165 K,CO; 70 21 165 '‘BuOK 81
10 166 K,CO; 51 22 166 '‘BuOK 62
11 167 K,CO; 52 23 167 '‘BuOK 60
12 168 K,COs 8 24 168 '‘BuOK 16

Having identified our most promising NHC ligand, at this stage we took both its chloride
complex 158 and its bromide complex 164 for further optimisation. A solvent screening was
next carried out, testing dioxane, which is another commonly used solvent for transfer
hydrogenation reactions, as well as a series of lower boiling and ‘greener’ ethereal solvents,
which are increasingly favoured within industry.**® The results of our solvent screen are
summarised in Table 2.6. For comparison, the results from our catalyst screen in toluene are

also included.

Our catalysts showed comparable reactivity in dioxane to that observed in toluene (Entries 2
and 7 vs. entries 1 and 6). While little to no reactivity was observed in CPME or MTBE, we
were pleased to see that reactions proceeded efficiently in 2-MeTHF (Entries 5 and 10), at a

lower temperature of 80 °C.
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Table 2.6

NH Ir cat. (5 mol%) Q
OH 2 t-BuOK (5 mol%) N
+ > H
Solvent

Temp., 16 h
41 50 51

Entry Catalyst Solvent Temp./°C Yield / %

1 158 Toluene 110 91

2 158 Dioxane 101 92

3 158 CPME 106 9

4 158 MTBE 55 15

5 158 2-MeTHF 80 93

6 164 Toluene 110 97

7 164 Dioxane 101 95

8 164 CPME 106 10

9 164 MTBE 55 18

10 164 2-MeTHF 80 94

With promising results having been observed for catalysts 158 and 164 at 80 °C, we were
keen to carry out further screening in 2-MeTHF to identify whether the reaction would be
amenable to even milder conditions. A temperature screening was carried out, and the results

are shown in Table 2.7.

Table 2.7

NH Ir cat. (5 mol%) Q
OH 2 t-BuOK (5 mol%) N
+ > H
2-MeTHF

Temp., 16 h

41 50 51
Entry Catalyst Temp./°C Yield / %

1 158 60 94

2 164 60 96

3 158 40 91

4 164 40 94

5 158 25 76

6 164 25 93
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We were delighted to see that both catalysts maintained high levels of activity at lower
temperatures. While a slight drop in the activity of 158 was observed as the temperature was
decreased, only a very minor change in catalytic efficiency was observed with 164, with an
excellent yield of 93% obtained at 25 °C.

We were keen to explore whether the specific characteristics of our novel complex were
responsible for its remarkable reactivity. As such, we looked to compare it with two key
analogues. In the first instance, we looked to compare reactivity with complex 32, used by

Jiménez and co-workers and an excellent benchmark for hemilabile NHC—iridium

complexes.®**" 32 was prepared in good yield via the route shown in Scheme 2.48.

/\Irf><
cC -
/ Br
OMe N, o
KHMDS, NaBr |
. - B
—N N Toluene /N\/g THF (\/>

reflux, 18 h OMe —78°C—rt, 16 h N
Q
94% Br 67%
MeO
182 183
32

Scheme 2.48

As an additional comparison, we also prepared complex 185, an analogue of catalyst 164
without the presence of the methoxy substituent. 185 was synthesised as shown in Scheme
2.49.

/\ e
g/lr\g

/\ Br
/ Mes

BnBr KHMDS, NaBr Ir ]
[T\ —_— [T\ > g/ \rN
Mes/N\&N Toluene Mes/N\%g\ Bn THF C/)

reflux, 18 h —78°C—rt,16h N

e Bn
86% Br 59%,
133 184 185
Scheme 2.49
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When we compared the activity of 32 and 185 to that of our optimised catalyst 164, we were
pleased to see that under our mild room temperature conditions, the activity of 164 exceeded

its smaller and unsubstituted analogues (Table 2.8).

Table 2.8

NH Ir cat. (5 mol%) Q
OH 2 t-BuOK (5 mol%) N
+ > H
2-MeTHF

41 50 2o7C.16h 51
Entry Catalyst Yield / %
1 164 76
2 32 26
3 185 15

These results demonstrated two key points. Firstly, comparing 164 with 185 showed that the
presence of an electron-donating substituent at the ortho- position was essential for the high
reactivity observed. Secondly, it can be seen that the bulky mesityl group present in catalyst
164 has a notable positive effect on catalyst activity when compared to catalyst 32, which
has a smaller methyl substituent. It has been proposed that the success of catalysts featuring
donor-functionalised NHC ligands can be, in part, attributed to the ligands’ hemilabile
nature and the ability of the donor group to coordinate to the metal centre.”® It is likely
that this is the cause of 164’s increased activity compared to 185, with the methoxy oxygen
atom coordinating to the iridium centre and stabilising any coordinatively unsaturated
intermediates, as shown in Scheme 2.50. Additionally, and as shown below, hydrogen
bonding interactions can assist in the abstraction of a hydride from the alcohol hydrogen

donor.

[/ N N /\
Irs | —_— Ir--—--
RN \@ 7 Ng \\Q 7\ (™ dwe
\O| MeO Ph
Me
186 187 188
Scheme 2.50
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The increased activity of 164 compared to 32 could be a result of the ligand’s increased
steric demands; Gulcemal and co-workers have demonstrated that complexes with highly
bulky NHC ligands can perform excellently as transfer hydrogenation catalysts.*> However,
if, as discussed above, the mechanism involves the formation of coordinatively unsaturated
intermediates, additional stabilisation could be offered via interaction with one of the ortho-
methyl groups on the mesityl unit, as depicted in Scheme 2.51. It has been demonstrated
numerous times that C—H activation of NHC ligands can occur at iridium, rhodium, and
ruthenium centres.****** While insertion into one of the methyl C-H bonds may be
irreversible and lead to a loss of activity, an agostic interaction between the C—H bond and
the metal centre could stabilise any vacant coordination sites during catalysis.

/

H
g\lr/Br IIVIes g\lr'/ g\lr
y/ N /2 N y/ N
MeO MeO MeO

164 189 190

Scheme 2.51

Having developed a remarkably mild and efficient method for the N-benzylation of aniline
via hydrogen borrowing, we applied our optimised conditions to a series of alternative
substrates (Scheme 2.52). We were delighted to see that good functional group tolerance was
observed for a series of substituted anilines and benzyl alcohols, with reactions proceeding
well for substrates bearing electron-donating and electron-withdrawing groups. Particularly
impressive was the success observed for anilines bearing bulky substituents at the ortho-
position (193 and 194). Similarly, ortho-substituted benzyl alcohols also underwent the
reaction efficiently. The alkylation of aniline was attempted with an unactivated, straight
chain alcohol (198) but none of the desired product was observed. Lastly, the reaction
proceeded smoothly with a-methylbenzyl alcohol to afford product 199 in excellent yield.
Furthermore, recent work within the Kerr group has extended this methodology,
demonstrating that the N-alkylation of anilines can be carried out efficiently with a wide

range of secondary alcohols.**®
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NH 164 (5 mol%) /@R-
@/\OH @ 2 t-BuOK (5 mol%) ©/\N
R + R R H
2-MeTHF

\j

25°C, 16 h
OMe /O/ Br Cl
Ph” N Ph” N Ph” N Ph” N
H H H H
191 54 81 192
90% 92% 81% 86%
_Ph _Ph
Ph” N Ph” N N N
H H H H
Cl
193 194 195 53
89% 68% 94% 91%

N N
H H H H
196 197 198 199
81% 83% 0% 88%
Scheme 2.52

Synthesis of N-Heterocycles via Hydrogen Borrowing

We were pleased at this stage of the project to have developed a mild and high-yielding
method for the formation of C—N bonds via a hydrogen borrowing process, and our attention
now turned to the expansion of this methodology. We considered that developing an
intramolecular version of our N-alkylation procedure could offer expedient access to useful

heterocyclic compounds.

As discussed in more detail in Chapter 1, N-heterocycles are among the most important
scaffolds in modern medicinal chemistry.**®** Indeed, a 2014 study showed that 59% of
small molecule drugs approved by the FDA contain at least one nitrogen heterocycle.*® As
such, they represent essential building blocks and efficient methods for their synthesis are of

enormous relevance to the pharmaceutical and agrochemical industries.
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We were first interested in investigating the reaction of 2-aminophenethyl alcohol 60 under
our reaction conditions; recent reports have demonstrated that under transfer hydrogenation
conditions, 60 can be converted to indole 61.8%° While there are numerous methods for
indole synthesis, which have been comprehensively reviewed,*****! the indole moiety is of
enormous relevance in modern drug discovery and thus the development of new indole

synthesis methodology remains a desirable target.

As an initial test, 60 was subjected to our previously optimised conditions for N-alkylation
(Scheme 2.53). We were disappointed, however, to observe only trace amounts of the
desired indole product.

164 (5 mol%)

©\/\/°H tBUOK (5 mol%) Oj»
NH 2-MeTHF N

2 25°C, 16 h

60 61
trace

Scheme 2.53

It thus appeared that 60 could be a more challenging substrate, and wanting to increase our
chances of achieving an initial hit, we repeated the above reaction with a slightly elevated
temperature of 50 °C. Catalysts 158 and 164 were both tested, since so far only slight
differences in activity had been observed between these chloride and bromide complexes.

Additionally, the reactions were carried out with a carbonate and an alkoxide base.

The results of this screening are shown in Table 2.9. Unfortunately, in all cases, conversions
of less than 20% were achieved. Although we considered it promising that 158 and 164 were
displaying some activity, the levels observed here suggested that in order to be of utility, our

reaction conditions would need to be altered significantly.
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Table 2.9

Ir cat. (5 mol%)

©\/\/OH Base (5 mol%) Oj»
NH 2-MeTHF H

2

25°C, 16 h
60 61
Entry Catalyst Base Conversion* / %
1 158 t-BuOK 13
2 158 K,COs 18
3 164 t-BuOK 9
4 164 K;COs 14

* Calculated by LCMS analysis

At this stage, we decided to abandon the reaction conditions optimised for the intermolecular
reaction, and instead run a test reaction based on conditions used in the literature. In a 2002
paper, Yamaguchi and co-workers reported on the synthesis of 61 from 60 using a

[Cp*IrCl,], catalyst.®

We were interested to see whether 158 or 164 would show activity
under these harsher conditions. Table 2.10 shows the results. Pleasingly, both our catalysts
showed moderate activity under these conditions, with conversions of 48% and 37%
achieved.

Table 2.10

Ir cat. (5 mol%)

©\/\/OH K,COj3 (10 mol%) Oj\>
Toluene N
NH N

2

110 °C, 16 h
60 61
Entry Catalyst Conversion* / %
1 158 48
2 164 37

* Calculated using LCMS analysis

While the results shown in Table 2.10 were promising, it was evident that additional
optimisation was still required, and we chose to use chloride catalyst 158 for our further
investigations. We next carried out a solvent screen; as it appeared likely at this stage that

high temperatures were necessary, the reaction was carried out under reflux in a series of
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high boiling point solvents. One run was also carried out neat (Entry 7). As shown in Table
2.11, the reaction was seen to proceed most efficiently in toluene and dioxane, and we chose

to continue our optimisation using toluene.

Table 2.11
158 (5 mol%)

©\/\/OH K,CO3 (10 mol%) Oj\>
Solvent N
NH N

2 Reflux, 16 h
60 61
Entry Solvent Temp./°C Yield / %
1 Toluene 110 48
2 Dioxane 101 46
3 DCE 80 <10
4 2-MeTHF 80 26
5 CPME 106 38
6 t-AmOH 100 29
7 - 100 21

* Calculated using LCMS analysis

Having chosen our preferred catalyst and solvent, further optimisation of the reaction was
carried out using Design of Experiments.’®**>* A 2-level, 4-factorial design was used to
investigate the effects of temperature (20-110 °C), catalyst loading (0.25-10 mol%), base
loading (0.25-50 mol%) and solvent volume (0.7-13 mL/mmol). The half-normal plot
generated suggested that reaction efficiency was dependent on all the variables investigated,
as well as on several two-factor interactions. The largest effects came from alteration of the
temperature and catalyst loading; in both cases, higher values led to higher conversion. We
also observed that increasing the quantity of base to 0.5 equivalents had a beneficial effect

on the reaction. Our DOE-optimised conditions are shown in Scheme 2.54.

158 (10 mol%)

©\/\/OH K,CO3 (50 mol%) Oj\>
Toluene N
NH N

2 110 °C, 16 h

60 78% conversion 61
75% yield

Scheme 2.54
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We were pleased that the synthesis of indole 61 was now proceeding in yields as high as
75%. Given, however, that the conditions required are notably harsher than those used in our
intermolecular hydrogen borrowing methodology, we considered a number of strategies that

would increase conversions while offering us insight into the factors affecting the reaction.

Since our Design of Experiments had demonstrated that catalyst loading was the most
important variable in determining reaction efficiency, the reaction was repeated with
stoichiometric quantities of catalyst and base (Scheme 2.55). Unfortunately, while numerous
new peaks were observed by LCMS analysis, no appreciable conversion to the desired

product was observed and we were unable to isolate any product from the reaction mixture.

158 (1 eq.)
OH
Toluene N
NH 110 °C, 16 h H
60 61
not observed
Scheme 2.55

Based on the mechanism proposed by Jiménez and co-workers for transfer hydrogenation of

15% \we surmised that the first

catalysed by iridium(l) complexes with hemilabile NHC ligands,
step of our hydrogen borrowing mechanism involves the formation of an alkoxide

intermediate with loss of the halide ligand, as shown in Scheme 2.56.

Mes~
Mes\N/g’ NH, ©0 es Né/
Ir > Ir$----- H{

7 N \\Q Y/ \O{\OMG

Ar

158 200

Scheme 2.56

We considered that alkoxide formation could be hindering reaction speed and proposed two
potential solutions. Firstly, it was considered that the use of a hydroxide analogue of

chloride complex 158 could facilitate easier formation of the iridium alkoxide species. We
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sought, therefore, to prepare hydroxide complex 201 following a procedure reported by

Nolan and co-workers (Scheme 2.57).>

/\ N CsOH /\ N
Ir —X— I
// \CI THF // \OH
rt, 96 h
MeO MeO
158 201
Scheme 2.57

Unfortunately, none of the desired product 201 was observed or isolated. In their paper
describing the synthesis of iridium NHC/hydroxide complexes, Nolan and co-workers
reported that long reaction times were necessary to obtain even moderate to good yields, so
the reaction was left for 96 h. NMR monitoring of the reaction, however, showed only

decomposition of complex 158.

Undeterred, we instead explored the possibility of using a halide abstractor to remove the
chloride ligand and encourage formation of the alkoxide complex. The reaction of 2-(2-
aminophenyl)ethanol 60 was therefore carried out with the addition of a range of silver and

sodium salts that are able to act as halide abstractors (Table 2.12).

Table 2.12
158 (10 mol%)

OH K2CO3 (50 mol%)
©\/\/ Additive (10 mol%) Oj\>
NH Toluene H

2

110 °C, 16 h
60 61
Entry Additive Conversion* / %
1 AgOTf 56
2 AgBF, 93
3 AgPFg 82
4 NaBAr: 89

* Calculated using LCMS analysis
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We were delighted to see that silver tetrafluoroborate, silver hexaphosphate, and sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate all caused notable increases in conversion,

with AgBF, having the largest effect and achieving an excellent conversion of 93%.

While the addition of a silver salt had allowed us to achieve greatly improved conversions,
the conditions being used were still considerably harsher than desirable. We proposed that
one source of this could be the fact that when our hydrogen borrowing reaction is used for
indole synthesis, there is no formal reduction process taking place. As shown in Scheme
2.58, the formation of C—N bonds via hydrogen borrowing typically involves three key
steps; after iridium-catalysed alcohol oxidation, imine condensation occurs through a non-
catalytic process. The iridium hydride species generated in the first step is then responsible
for the reduction of the imine to the desired amine product. In the reaction of 2-aminophenyl
ethanol, however, after intramolecular condensation, the generated imine rearomatises

instead of undergoing reduction. This renders the overall process an oxidative cyclisation.

[ 'Typical' Hydrogen Borrowing] : [ Oxidative Indole Synthesis]
i OH \
R :

o ~ - OO N
E NH2 H

[Ir] ' [In

[IrH : [IrH

: o

R'—NH, R &
R, o 3 RN : ©\/\/ . \
: NH, N
Scheme 2.58

Yamaguchi and co-workers have suggested that the reaction of the in situ-generated iridium
hydride species with another equivalent of the alcohol substrate releases hydrogen and
regenerates the active iridium alkoxide speoies.83 We considered, however, that the lack of a
formal reduction process in the catalytic cycle could be responsible for the sluggish activity
observed, and proposed that the addition of a sacrificial reduction substrate could offer

improved catalytic efficiency.
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A series of reactions were carried out with one equivalent of a ketone or alkene additive
(Table 2.13). In all cases, either the catalyst loading or temperature used was lower than our
previously optimised conditions. Since we had already achieved conversions up to 93%, our

aim here was to obtain comparable results with milder reaction conditions.

Table 2.13
158, K,CO; (50 mol%)

OH AgBF, (10 mol%)
O\/\/ Additive (1 eq.) Oj\>
o N
NH N

2 Toluene
Temp., 16 h
60 61
Entry Additive C_atalyst Temp./°C  Conversion*/ %
Loading / mol%
1 Acetone 10 80 52
2 Acetone 10 60 35
3 Acetone 1 60 >10
4 Cyclohexene 10 80 72
5 Cyclohexene 10 60 32
6 Cyclohexene 1 60 >10
7 Styrene 10 80 81
8 Styrene 10 60 76
9 Styrene 5 60 58
10 Styrene 2.5 60 51
11 Styrene 1 60 46

* Calculated using LCMS analysis

Of the three additives tested, styrene was shown to have the most positive effect, even
allowing moderate activity at a catalyst loading of 1 mol% (Entry 11). Our Design of
Experiments showed that catalyst loading had the most significant effect on catalyst
efficiency, so we were pleased with this result, especially when compared to Entries 3 and 6,
in which conversions drop to less than 10%. Of particular interest to us were Entries 7 and 8,
which demonstrate that good conversions can be obtained at temperatures as low as 60 °C.
While none of the conditions tested above achieved conversions quite as high as seen in our

previously optimised conditions, the feasibility of the reaction at lower temperatures offers
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an attractive set of alternative conditions for substrates that might be sensitive to harsh

conditions.

Through a series of rigorous optimisation studies, we were delighted to now be achieving
yields comparable to those seen for our intermolecular N-alkylation reactions. We were
keen, however, to investigate the factors that made this process so much more sluggish. As
discussed previously, the formation of C—N bonds via hydrogen borrowing involves three
key steps, as shown in Scheme 2.59, and we looked to determine which of these was
responsible for the difficulties we had encountered. It was postulated that comparing the
relative rates of reaction of alcohol substrate 60 and its aldehyde would offer an insight into
whether the initial oxidation state was rate-determining.

R
R/\OH R/\ N
H
[Ir]
oxidation reduction
[IrH
R'—NH, R
R0 - R
condensation
Scheme 2.59

The synthesis of aldehyde 202 from alcohol 60 was first attempted via oxidation with
tetrapropylammonium perruthenate (TPAP) (Scheme 2.60). None of the desired aldehyde

202 was observed whatsoever, and a small amount of indole 61 was observed.

OH TPAP (5 mol%) _0
NH DCM NH, H

2
rt.,24h

60 202 61
not observed 8%

Scheme 2.60
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A similar result was obtained when the oxidation was instead attempted via Swern oxidation
(Scheme 2.61). Once again, the desired aldehyde was not observed and LCMS analysis

confirmed formation of a small amount of indole 61.

OH Oxalyl chloride 0
NH DCM NH N

2 2
-78°C-r.t.,4.5h

60 202 61

not observed 5%

Scheme 2.61

The formation of indole 61 (albeit in small quantities) was believed to occur as a result of
spontaneous intramolecular cyclisation of aldehyde 202 followed by rearomatisation. In case
this was dependent on the oxidative conditions used, a last attempt was made to prepare 61
via partial reduction of acid 203 using an NMP-modified sodium bis(2-methoxyethoxy)

156

aluminium hydride (RedAl) reagent.”™ Again, no aldehyde was observed, with 55% of the

fully reduced product 60 having formed within 30 minutes.

K/N\ ©\/\¢O ©\/\/OH
2 Toluene NH, NH,

0°C-r.t., 30 min

203 202 60
not observed 55%

z ;
I
O
o]
I
Y

Scheme 2.62

While we were disappointed not to have succeeded in preparing 202, the fact that it appeared
to be immediately and spontaneously reacting in situ to form indole 61 lent support to the

idea that the initial oxidation process was likely to be rate-determining.

In order to understand why the oxidation of 60 was so challenging, we carried out the
equivalent intermolecular hydrogen borrowing reaction, in which the alcohol unit of 71
should be similarly disposed towards oxidation. As shown in Scheme 2.63, the reaction

proceeded smoothly in 94% yield.
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158 (10 mol%)

OH K,COj3 (50 mol%) H
O\ O/\/ o O/\/ \O
NH, Toluene
110°C, 16 h
50 71 94% 56
Scheme 2.63

We now looked to compare the rates of reaction for the inter- and intramolecular variants of
the above reaction. Time-point monitoring of both reactions was carried out and, as shown

in Graph 2.2, the intermolecular variant was seen to proceed faster than its intramolecular
counterpart.

158 (10 mol%)
KoCO3 (50 mol%)

OH
O\/\/ AgBF, (10 mol%) O\/\>
N
NH Toluene N

110°C, 16 h

158 (10 mol%)

OH K5CO3 (50 mol%) H
NH, Toluene
110 °C, 16 h
50 71 56
45 -
*
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351 ¢
° *
> 30 .
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This result was surprising to us, since it would typically be expected for an intramolecular
reaction to proceed more quickly, and our attention turned to the use of computational

studies to investigate the reasoning for this behaviour.

As discussed previously, the reaction is believed to proceed via a key alkoxide intermediate,
204, in which interaction of the NHC methoxy group activates the substrate to hydride
abstraction. We first calculated the optimised geometries of the iridium alkoxide species
generated from the reaction of catalyst 158 with substrate 60 or 71.

For the intermolecular reaction involving substrate 71, our calculations showed that from
intermediate complex 186, in which the vacant coordination site left by chloride abstraction
is stabilised by the NHC methoxy group, complexation occurs to form intermediate 204.
Analysis of the optimised geometry confirmed the presence of an interaction between the
methoxy oxygen and the alcohol hydrogen.

Mes — JY ©/\/ Mes\N%/
-
K2C03 . /\ )’N

/

186 204

Scheme 2.64

However, when the calculations were run with amino-substituted 60, the substrate was
shown to interact with the iridium centre in a bidentate manner, with a formal Ir—O bond
observed, as well as a loose coordination between the amine nitrogen and the metal centre.
Figure 2.12 shows the two lowest energy isomers of the substrate-bound complex.
Compound 205 is further stabilised by not only an Ir—N interaction, but also by a hydrogen
bonding interaction between the amine nitrogen and the methoxy oxygen atom. In complex
206, which is the lowest energy isomer of those calculated, while there is also an iridium—
nitrogen interaction, the substrate is positioned in a way that the alcohol hydrogen can still

interact with the methoxy oxygen, as with complex 204 (vide supra).
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Figure 2.12

Having compared the geometries of the relative substrate-bound intermediates, we next
looked to model the pathway for hydride abstraction from the alcohol carbon, and it was
here that notable differences between the two substrates were observed. Complex 204 was
seen to facilitate oxidation following a pathway similar to that described by Jiménez and co-
workers, with the interaction between the hydride and the methoxy interaction serving to
activate the substrate. The bidentate substrate binding seen in complexes 205 and 206, on the
other hand, increases the rigidity of the complex and renders formation of the necessary Ir—H
interaction significantly more challenging.

The problems associated with oxidation from complexes 205 and 206 are summarised in
Figure 2.13. In each of the complexes shown, formation of the Ir—H bond requires the
hydride to move in the direction indicated by the blue arrow. For complex 205, the bidentate
coordination of the substrate means that the steric bulk of the nearby amino group, which is
held in place by the methoxy oxygen, hinders movement of the alcohol hydrogen.
Additionally, the arrangement of the substrate means that there is no activation of the
alcohol C-H bond by the methoxy group. In complex 206, while the alcohol hydrogen can
be activated by the methoxy oxygen, the increased rigidity of the substrate due to amine
coordination means that rotation of the substrate’s alkyl chain is severely restricted, and
approach to the iridium centre is sterically hindered. In comparison, complex 204, with
phenyl ethanol as the substrate, is significantly less hindered. Free rotation of the alkyl chain
and increased rotation of the Ir—O bond mean that the barrier for approach to the metal

centre is more facile.
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bond to Ir more facile.

Graph 2.3 shows the energy barriers for hydride abstraction with all three modelled alkoxide
complexes. While alkoxide complexes 205 and 206 are both lower in energy than 204, it can

be seen that they both have significantly higher energy barriers. 206 has the highest

activation barrier of 29.6 kcal/mol, and is unlikely to predominate as a pathway. Oxidation

of substrate 60 is therefore believed to proceed via intermediate 204; while this has a much

more feasible barrier of 20.5 kcal/mol, it is still significantly higher than the barrier for the

reaction of substrate 71 in the intermolecular process. We therefore propose that the harsher

conditions required to achieve high conversions for the synthesis of indole 61 from 60 are a

result of the increased energy barrier compared to the analogous intermolecular reaction.
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Having now developed an amenable set of conditions for indole synthesis via N-alkyation of
amines with alcohols, and having explored the mechanistic aspects of this intramolecular
reaction, we next sought to expand the scope of our heterocycle synthesis methodology. So
far, reactions had been carried out to synthesise indole 61 through an oxidative cyclisation
method. In expanding our substrate scope, however, we looked to the synthesis of an alkyl
N-heterocycle and decided to focus on the synthesis of tetrahydroquinoline derivatives, from
the homologated analogues of substrate 60, as shown in Scheme 2.65. Our reasons for
selecting this reaction were threefold. Firstly, the requisite substrates can be easily made
from commercial starting materials, whereas analogues of 60 are significantly harder to
prepare. Additionally, the preparation of an alkyl N-heterocycle would proceed via a true
hydrogen borrowing process, i.e. with reduction of the imine generated in situ from
condensation of the alcohol oxidation product. This could avoid some of the difficulties we
faced when developing our indole synthesis methodology. Lastly, the easy modification of
the alkyl chain would allow us to investigate the reaction of secondary alcohols. This is an
attractive target in itself, but would also enable us to investigate the possibility of developing

an asymmetric variant of this methodology.

OH

N R [
F

Iz

Scheme 2.65

A series of substrates were prepared in good to excellent yields as shown in Scheme 2.66.
After Boc protection of the requisite 2-methylanilines, deprotonation with n-butyllithium
followed by epoxide ring opening was used to introduce the extended alcohol chain. Boc

deprotection was carried out in situ to furnish the desired substrates.
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NB Yields are reported over both steps

Scheme 2.66

With a series of substrates in hand, we were eager to attempt the hydrogen borrowing
reaction. 212 was chosen as a test substrate and was first subjected to our optimised
conditions for the reaction of 60 (Scheme 2.67). The alkene additive was removed due to the
fact that we expected the generated imine to undergo a reduction process, as opposed to the
rearomatisation seen for 60. We were pleased to see that this this initial reaction yielded 215
in 73% yield, despite the fact that we were using a secondary alcohol, which would typically

be expected to be a more challenging substrate.

OH 158 (10 mol%)
K,COj3 (50 mol%)
AgBF, (10 mol%)

>
Y

;

Ph NH, Toluene Ph
110°C, 16 h
212 215
73%
Scheme 2.67
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A short screening of our previously most successful bases, additives, and solvents showed
that a switch to refluxing dioxane offered an increase in yield to 83% (Table 2.14, Entry 4).

These conditions were carried forward for our substrate scope.

Table 2.14
OH 158 (10 mol%)
Base (50 mol%)
Additive (10 mol%) /O\/j\
Ph NH, Solvent i Ph N
Reflux, 16 h H
212 215
Entry Additive Base Solvent Conversion* / %
1 AgBF, t-BuOK Toluene 64
2 NaBArg K,CO; Toluene 66
3 AgBF, t-BuOK Dioxane 69
4 AgBF, K,CO; Dioxane 83
5 NaBAr: t-BuOK Dioxane 58
6 NaBAre K,CO; Dioxane 73

* Calculated using LCMS analysis

Substrates 207-214 were subjected to our optimised conditions (Scheme 2.68). We were
delighted to see that excellent functional group tolerance was observed, with substrates
bearing electron-withdrawing and electron-donating groups reacting equally well, in the
range of 81-91%.
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Et
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F Br Cl
H H H H
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81% 86% 84% 86%
Scheme 2.68

To summarise, in a fruitful extension of our iridium-catalysed N-alkylation methodology, we
have now successfully developed procedures for the intramolecular synthesis of indoles and
tetrahydroquinolines via transfer hydrogenation. The challenging nature of these reactions
when compared to our intermolecular borrowing hydrogen methodology has been
rationalised using computational studies, which highlighted the formation of an O,N chelate
motif upon substrate binding to iridium and the corresponding increased energy barrier for
alcohol oxidation. The scope of our methodology has been extended to a series of
tetrahydroquinoline derivatives, and the successful reaction of a range of secondary alcohols
puts us in good stead for a rational progression of our studies into the development of

methodology for asymmetric C—N bond formation.
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Ligand Design for Asymmetric Transfer Hydrogenation

Having successfully developed two methods for the N-alkylation of amines with alcohols,
both inter- and intramolecularly, we were now keen to further develop our range of
complexes in order to expand their reactivity. As discussed previously, the increased interest
in 3D drug scaffolds from the pharmaceutical industry means that the preparation of chiral
amines remains an important challenge in synthetic chemistry. Recent work within the Kerr
group has involved the synthesis of a range of chiral iridium NHC/phosphine complexes,
which have been successfully applied in the asymmetric hydrogenation of olefins."* Having
had so much success with our hydrogen borrowing methodology, our thoughts turned to the
possibility of developing a chiral ligand system that would allow us to develop asymmetric
variants of these processes.

Our work so far had shown that the presence of a methoxy substituent on one arm of the
NHC was essential for the high reactivity observed. Looking to include this key substituent
in any new ligand motifs, two strategies for the development of a chiral NHC ligand were
proposed, as depicted in Scheme 2.69. Our first strategy, shown on the left, was to maintain
the use of a 2-methoxybenzyl substituent as one arm of the NHC. However, the aryl
substituent normally present in our unsymmetrical NHCs would be replaced by an oxazoline
unit, fused to the NHC ring. Fused NHC/oxazoline systems have shown excellent activity in
a range of asymmetric transformations, including those developed within the group,™**’
and we were confident that the presence of a bulky R group could be a good source of
asymmetric induction. Our alternative strategy, shown on the right of Scheme 2.69, focused
on the inclusion of the donor substituent as part of the chiral portion of the NHC.
Douthwaite and co-workers have demonstrated that the use of chiral amino-substituted
cyclohexyl NHCs can be highly effective,’® so we postulated that a similar system, with a
chiral cyclohexyl substituted with a methoxy group, could be an effective alternative. The
other arm of the NHC could be alkylated with a benzyl group, either with or without a donor

substituent.
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Scheme 2.69

Initially, we looked to explore our first strategy and investigate the synthesis of an NHC—
oxazoline fused system. This was carried out using a method described by Yoshida and co-
workers.™® Since the starting materials were amino acids, this strategy would offer good
opportunities for modification at a later date, if necessary. In the first instance, the reduction

of L-valine with lithium aluminium hydride was carried out (Scheme 2.70).

0
HZN\__)J\OH LiAIH, HaN o
N 80°C. 16 h N
223 58% 224
Scheme 2.70

In order to construct the oxazoline/NHC ring system, L-valinol 224 would be coupled with
the relevant N-formyl amino acid. To investigate the effect of both methyl and iso-propyl
substituents on the NHC backbone, the formylation of L-alanine and L-valine was carried
out, as shown in Scheme 2.71. We were pleased to see that both reactions proceeded

smoothly, affording 226 and 227 in good to excellent yields.

O

o H
L Ac,0 n N
Z~"oH Y o
R Formic acid 0 R
rt.,3h
223 R = j-Pr 226 R = j-Pr; 58%
225 R = Me 227 R = Me; 98%
Scheme 2.71

Products 226 and 227 were next coupled with L-valinol using HATU, as shown in Scheme
2.72. Again, both reactions were successful, giving good yields of dipeptides 228 and 229.
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Scheme 2.72

With dipeptides 228 and 229 in hand, we could now attempt the two cyclisation reactions
required to build up the oxazoline and NHC ring systems. Firstly, tosyl chloride was used to
induce the intramolecular cyclisation of 228 and 229. Oxazoline products 230 and 231 then
underwent a second cyclisation, mediated by P,Os, to afford fused imidazole/oxazoline
compounds 232 and 233 (Scheme 2.73). While the yields were lower than expected for the
methyl-substituted system, we were delighted to have prepared both bicyclic systems in

sufficient quantities for further investigation.

4 0 TsCl LN N/\N
H N\)J\N oH  NEts DMAP N\/Lo P,0s >7ko
\([)]/ H \ﬂ/ :

DCE - Toluene R
R 80°C,3h © R 100 °C, 24 h
228 R = i-Pr 230 R = /-Pr; 66% 232 R = i-Pr; T1%
229 R = Me 231 R = Me; 45% 233 R = Me; 32%

Scheme 2.73

Having successfully prepared two bicyclic imidazole/oxazoline compounds, we were keen to
prepare the corresponding imidazolium salts, ready for complexation to iridium. Using the
same procedure used for our achiral NHC ligands, 232 and 233 smoothly underwent
alkylation with benzyl chloride 142 to afford imidazolium chlorides 234 and 235 in excellent

yields, as shown in Scheme 2.74.
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Lastly, 234 and 235 were complexed to iridium using our standard procedure (Scheme 2.75).
We were delighted to see that both reactions proceeded efficiently, affording chiral iridium
complexes 236 and 237 in good yields.
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234 R = j-Pr; 83% 236 R = j-Pr; 70%
235 R = Me; 90% 237 R = Me; 57%

Scheme 2.75

With two NHC/oxazoline complexes now in hand, we looked to investigate our second
ligand strategy, with the synthesis of a chiral cyclohexyl-substituted NHC. Due to the high
cost of the chiral starting material, this synthesis was carried out using the racemate of trans-
2-aminocyclohexanol 238. Since the ligand we were targeting here was significantly
different in structure to any that we had prepared previously, it was thought that this would
allow us to first investigate the complex’s activity, before continuing with a chiral synthesis

if the desired catalytic activity was achieved.

In the first instance, the O-methylation of 2-aminocyclohexanol 238 and the subsequent
formation of the corresponding imidazole was targeted (Scheme 2.76). We quickly met,
however, with some practical difficulties. Upon workup of the methylation reaction, a

complex mixture of products was observed, presumably due to a mixture of N- and O-
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alkylation having taken place. This made for a complex purification, but we were able to
isolate a small amount of the desired O-methyl product. Upon using this in the subsequent

imidazole formation, however, we were disappointed to isolate none of the desired product.

HgPOy, (CH;0), =\
HoN NaH, Mel HoN Glyoxal, NH,Cl NN
S — . ¢ >
' DMF w H,0, dioxane O
HO . MeO 20, MeO
0°C—rt,1h 100°C. 16 h
0,
()-238 13% 239 240

not isolated

Scheme 2.76

At this stage, we considered an alternative strategy to avoid the problems associated with
non-selective alkylation. As shown in Scheme 2.77, it was decided to prepare the hydroxy-
substituted cyclohexyl imidazole from epoxide 241. This could then be taken through to the
imidazolium salt before undergoing methylation at a later stage. As well as avoiding a
challenging methylation reaction at this stage, this route had the added advantage of not
requiring an imidazole formation; these reactions typically involve difficult purifications and

low yields. As such, we were more than satisfied with the 47% yield of 243 obtained.

N N
o [\ N7
AN N Dioxane Ho™

100 °C, 24 h

Y

241 242 47% 243

Scheme 2.77

Imidazole 243 was next submitted to two N-alkylation reactions, as shown in Scheme 2.78.
We chose to use both 2-methoxybenzyl chloride, as in our previous work, as well as an
unsubstituted analogue. This would allow us to investigate the difference between ligands
with one and two donor substituents. Pleasingly, both alkylation reactions proceeded

smoothly.
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Finally, the O-methylation reaction was attempted on 244 and 245 (Scheme 2.79). While the

yields obtained were relatively low, we were nevertheless pleased to isolate both of the

desired methoxy-substituted ligands.

S — C] —
cl [\ cl [\
N« _N N _N
Y NaH, Mel Y
R T R
HO™ DMF MeO"
0°C—rt,1h
244R=H 246 R = H; 36%

245R = OMe 247 R = OMe; 42%

Scheme 2.79

With two novel imidazolium salts in hand, complexation reactions were next carried out.
These were first attempted using our standard conditions, shown at the top of Scheme 2.80.
Disappointingly, however, that neither of the desired complexes could be isolated.
Pleasingly, however, using an alternative route, which proceeds via a silver carbene, worked

well, and we were delighted to isolate complexes 248 and 249.
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At this stage in the project, we looked to test our complexes 236, 237, 248, and 249 as
catalysts in a hydrogen borrowing reaction. As a benchmark reaction, we looked to the
alkylation of 4-methylaniline with oa-methylbenzyl alcohol. The achiral version of this
reaction was shown to proceed efficiently with catalyst 164 in our earlier studies, and the
choice of substrate meant that while a chiral centre is formed adjacent to the nitrogen, the

steric bulk should not be large enough to hinder reactivity.

We first screened our four new complexes under our previously optimised conditions for N-
alkylation. Reactions were screened with both alkoxide and carbonate bases, and our initial
results are shown in Table 2.15. Initially, we were delighted to see reactivity from catalysts
236 and 237 (Entries 1-4). Upon repetition of the reaction, however, it quickly became
apparent that these results were not reproducible, with three runs of each set of conditions
delivering vastly different results. Moreover, chiral HPLC analysis confirmed that even in
the reactions that had proceeded, the product was completely racemic. Even more
disappointingly, cyclohexyl-derived complexes 248 and 249 were found to exhibit no

reactivity whatsoever (Entries 5-8).
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Table 2.15

NH Ir cat. (5 mol%) /@/
OH 2 Base (5 mol%) N
+ > H
2-MeTHF

25°C, 16 h
250 251 199

Conversion / %
Entry Catalyst Base ee*/ %
Run 1 Run 2 Run 3

1 236 'BUOK 42 55 47 <5
2 236 K,COs5 52 <5 38 <5
3 237 '‘BuOK 29 38 20 <5
4 237 K,COs5 31 22 8 <5
5 248 'BuOK <5 - - -
6 248 K,COs5 <5 - - -
7 249 '‘BUOK <5 - - -
8 249 K,COs5 <5 - - -

* Based on material isolated from Run 1.

At this stage, we decided to screen a number of alternative reaction conditions. It was
decided to test both elevated temperatures — which could improve reactivity — and low
temperatures, which could be more conducive to enantioinduction. Reactions were also
carried out in the presence of silver tetrafluoroborate, which was previously shown to
increase catalyst activity for challenging intramolecular cyclisation reactions. The results of

our extensive screening are summarised in Table 2.16.

The addition of silver tetrafluoroborate to the previously screened conditions (Entries 1-4
and 13-16) offered improvement to neither the reproducibility of the reaction nor the
reactivity. In the case of catalysts 236 and 237, an increase in temperature to 100 °C led to
complete decomposition of the catalyst and the formation of an inseparable mixture of
compounds (Entries 5-8). On the other hand, a decrease in temperature to 0°C hindered
almost all reactivity. While no decomposition of 248 and 249 was observed at high

temperatures, reactivity remained minimal.
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Table 2.16

Ir cat. (5 mol%)
Base (5 mol%)
Additive (5 mol%)

AT

> H
2-MeTHF
25°C, 16 h
250 251 199
Temp. Conversion/% ¢ *
Entry Catalyst Base Additive Solvent
1 2 3 I%
1 236 'BUOK  AgBF, 2-MeTHF 25 58 12 46 <5
2 236 K,CO; AgBF, 2-MeTHF 25 47 30 34 <5
3 237 'BUOK  AgBF, 2-MeTHF 25 36 18 22 <5
4 237 K,CO; AgBF, 2-MeTHF 25 29 44 8 <5
5 236  'BuOK  AgBF,  Toluene 100 Decomp. -
6 236 K,CO;  AgBF, Toluene 100 Decomp. -
7 237  'BuOK  AgBF,  Toluene 100 Decomp. -
8 237 K,CO; AgBF, Toluene 100 Decomp. -
9 236 '‘BUOK  AgBF, 2-MeTHF 0 <5 - - -
10 236 K,CO; AgBF, 2-MeTHF 0 <5 - - -
11 237 'BUOK  AgBF, 2-MeTHF 0 <5 - - -
12 237 K,CO; AgBF, 2-MeTHF 0 <5 - - -
13 248 'BUOK  AgBF, 2-MeTHF 25 <5 - - -
14 248 K,CO; AgBF, 2-MeTHF 25 <5 - - -
15 249 'BUOK  AgBF, 2-MeTHF 25 <5 - - -
16 249 K,CO; AgBF, 2-MeTHF 25 <5 - - -
17 248  'BUOK AgBF, Toluene 100 <5 - - -
18 248 K,CO; AgBF, Toluene 100 <5 - - -
19 249 ‘BuOK  AgBF, Toluene 100 <5 - - -
20 249 K,CO; AgBF, Toluene 100 <5 - - -

* Based on material isolated from Run 1.

The results obtained in this screening were, of course, disappointing. While moderate

reactivity had been observed in some cases, issues with reproducibility were arising, and no

enantioselectivity whatsoever had been observed. Our results suggested that while catalysts

236 and 237 were indeed active in the alkylation reaction, the lack of consistency was likely

due to the thermal instability of the complexes. Indeed, both complexes were found not to be
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bench stable, degrading within 1-2 weeks of their synthesis. The complete decomposition

observed at 100 °C supports this idea.

In order to investigate whether a ligand bearing a bulky aryl unit could offer an alternative
solution, the reaction was carried out with complexes 252 and 253, which have been
employed within the group in asymmetric hydrogenation reactions, delivering high yields
and enantioselectivities.”® The results are shown in Table 2.17. Both complexes tested

showed no reactivity whatsoever under our tested conditions.

Table 2.17
Ir cat. (5 mol%)
NH Base (5 mol%)
OH /O/ 2 Additive (5 mol%) N
+ > H
2-MeTHF
25°C, 16 h
250 251 199

Temp. Conversion/% gg*

Entry Catalyst Base Additive Solvent
/°C 1 2 3 1%

1 252 K2COs - 2Me-THF 25 0 - - -
2 252  K,CO; AgBF,- 2Me-THF 25 0o - - -
3 253 K,COs3 - 2Me-THF 25 0 - - -
4 253  K,CO; AgBF, 2Me-THF 25 0o - - -

Due to time constraints, no further investigations into asymmetric hydrogen borrowing could
be carried out. It should be noted, however, that although no sufficient activity was obtained
with our prepared complexes, the reactivity exhibited by 236 and 237 is highly promising,
and further investigations into the catalyst stability could well enable the reaction to proceed
more reliably. The lack of enantioselectivity observed is disheartening, however the
synthesis of 236 and 237, from commercial amino acids, means that the preparation of

analogues, bearing larger substituents, should also be possible.
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Overall, the work described within this final section represents an important step into the
design and preparation of chiral ligands. While preliminary attempts at asymmetric
hydrogen borrowing met with limited success, the behaviour of these novel functionalised
ligands remains largely unexplored, and the structures described herein could find activity in
a number of synthetically useful asymmetric transformations. The synthetic routes devised
will offer access to a diverse range of analogues, allowing future work to include a full
investigation of substituent effects, and, similarly, the iridium halide complexes prepared
can be used as starting materials for the synthesis of alternative iridium complexes.
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Conclusions

The work described in this chapter represents an important new area of reactivity for iridium
catalysts developed within the Kerr group. In the first section, the synthesis of a new family
of N-heterocyclic carbene ligands, strategically designed for use in hydrogen borrowing
catalysis, was targeted. A series of 12 imidazolium salts, based on novel NHC motifs
functionalised with one or more donor substituents, were prepared; these were successfully
complexed to iridium to yield 12 neutral iridium(l) NHC/halide compounds. To complement
the preparation of these complexes, a range of techniques were used to explore the electronic
and steric properties of our NHC motifs in the context of several known and commonly used
NHC ligands.
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Figure 2.14

borrowing. All of the developed complexes showed catalytic activity, and two were taken
forward for further optimisation. In a key development, complex 158 was found to be a
highly efficient catalyst for the N-benzylation of aniline at room temperature; this offers
significant practical advantages over the high temperatures often required for similar
procedures. Our hydrogen borrowing methodology was then applied to a series of
benzylaniline derivatives with great success. Comparison of analogous complexes, along
with computational studies, demonstrated that the presence of a hemilabile methoxy
substituent and of a bulky aryl group on the NHC are both key to the high catalytic activity

observed.

Our alkylation methodology has also been expanded to include the synthesis of N-
heterocycles via intramolecular C—-N bond formation. It was quickly established that this was
significantly more challenging than our previous N-benzylation work, and that the elevated
temperatures we had avoided so far would be necessary here. Nevertheless, through

thorough optimisation, we were able to develop a highly efficient cyclisation method for the
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synthesis of a series of indoles and tetrahydroquinolines. Rate studies and computational
investigations highlighted that the intramolecular C-N bond formation is hindered by

bidentate substrate binding, which is avoided in the intermolecular variant.
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R_| Intramolecular heterocycle synthesis
!
164 Z N
H
Scheme 2.81

Lastly, our recent work has involved further expansion of our range of iridium complexes to
include those bearing chiral NHC ligands. Once again, a series of ligands were strategically
designed, incorporating hemilabile donor substituents alongside bulky chiral oxazoline units,
and their synthesis was targeted. A small series of donor-functionalised, chiral fused NHC—
oxazoline ligands were successfully prepared through a 5-step process, and the
corresponding iridium complexes synthesised. While our preliminary attempts at
asymmetric N-alkylation with secondary alcohols were unsuccessful, the ligands prepared
herein represent a new class of functionalised NHC motifs, and ongoing work aims to

further explore their behaviour.

R
J/ Cl [/ Cl ,ji) 4 novel hemilabile NHCs prepared
\Ir/ \Ir/ N Based on fused oxazoline/NHC or
// /)

@ o / \(( cyclohexyl-substituted systems
N\%/ OMe J Novel chiral complex synthesis
Preliminary asymmetric alkylation
MeO R reactions unsuccessful

Figure 2.15

Overall, the preparation of a number of new ligands and iridium complexes, and the

development of two efficient N-alkylation methods represent a new field of research for Kerr
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group catalysts, and offers the organic chemistry community expedient access to a wide

range of useful amine-containing compounds.

Future Work

The NHCs designed and prepared within this chapter represent a new class of ligand, and
there remains enormous scope for further investigation of their activity in a number of
reactions. In terms of the hydrogen borrowing methodology developed herein, a number of
applicable substrates can be considered. Recent work within the group has discovered that
the N-alkylation of alkyl amines with our new catalysts was unsuccessful, most likely due to
irreversible substrate binding caused by the increased Lewis basicity of the nitrogen atom.**®
An alternative area of interest, however, is the use of amide or sulfonamide substrates, as
shown in Scheme 2.82. In this case, it would be essential to monitor the effect of the
carbonyl or sulfonyl groups present; since both these groups are known to coordinate to
iridium, it is key that their presence does not cause poisoning of the catalyst through

irreversible coordination.
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Also of interest to us is the application of our hydrogen borrowing methodology in the direct
a-alkylation of ketones with alcohols (Scheme 2.83). This system proceeds via a similar
mechanism to the N-alkylation methods described within this thesis, with the carbonyl
species generated in situ being attacked by an enolate nucleophile instead of an amine. There
are several reports in the literature of such a reaction proceeding under iridium catalysis,*
and the application of our catalysts to this system could offer a mild and convenient route to

the formation of new C—C bonds.
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Scheme 2.83

Lastly, there remains the possibility of exploring the behaviour of our novel iridium
NHC/halide complexes, and their cationic phosphine analogues, in the hydrogen isotope
exchange and hydrogenation processes carried out with other Kerr group catalysts. This
would allow us to assess the effect of unsymmetrical NHC ligands, and in particular those
with weakly-coordinating donor substituents, in the context of a number of catalysts whose

activity is more well understood.
X

o —— O

D, D

©/\/R [ ©/\/R

Scheme 2.84

In terms of the asymmetric processes investigated within this chapter, a more thorough
investigation into the properties of our novel chiral ligands will be essential. The two key
issues faced within this section were the low activity and/or thermal instability of the
complexes, as well as the lack of asymmetric induction. The first problem can be
investigated with derivatisation of the complexes involved; is a more bulky aryl substituent
required? Would a less labile ligand than a halide be more effective? Do we need to alter the
NHCs’ electronic properties? With regards to the lack of asymmetric induction,
computational studies could offer enormous insight, and allow us to screen a library of

ligand analogues before attempting their synthesis. A full theoretical understanding of the
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mechanism of asymmetric hydrogen borrowing, combined with determination of the
ligands’ steric properties, could allow us to develop a predictive model for asymmetric

induction.
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Experimental

General Information

All reagents were obtained from commercial suppliers (Alfa Aesar, Sigma Aldrich, Apollo
Scientific or Strem) and used without further purification, unless otherwise 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. Dichloromethane was purified by
heating to reflux over calcium hydride, before distilling under nitrogen. Diethyl ether and
toluene were obtained from a PureSolv SPS-400-5 Solvent Purification System.
Triphenylphosphine was purified by recrystallisation from ethanol, followed by drying under

vacuum.

Thin layer chromatography was carried out using Camlab silica plates coated with
fluorescent indicator UV254. The plates were analysed using a Mineralight UVGL-25 lamp,
or developed using vanillin or KMnOj, solution.

Flash column chromatography was carried out using Prolabo silica gel (230-400 mesh).

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

reported in cm™ unless stated otherwise.

'H, *C, *F, and *P NMR spectra were recorded on a Bruker DPX 400 spectrometer at 400
MHz, 101 MHz, 376 MHz, and 162 MHz, respectively. Chemical shifts are reported in ppm.

Coupling constants are reported in Hz, and refer to 33,4 interactions unless otherwise stated.

LCMS analysis was carried out with a Waters ZQ LCMS system with an Acquity UPLC
CSH C18 column (50 mm x 2.1 mm) with a flow rate of 1 mL/min. An A:B gradient of 97:3
to 3:97 was used, where mobile phase A = 10 mmol Ammonium Bicarbonate in water

adjusted to pH 10, and mobile phase B = Acetonitrile.

High resolution mass spectrometry was carried out by the EPSRC National Mass

Spectrometry Facility at the University of Swansea.
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General Procedures

General Procedure A — Preparation of Aryl Dimethylimidazoles with 2,3-Butanedione

Carried out following a literature procedure.’®® To a solution of the relevant aniline (12
mmol) as a solution in chloroform (20 mL) was added 2,3-butanedione (875 pL, 10 mmol),
acetic acid (571 pL, 10 mmol), ammonium acetate (771 mg, 10 mmol), paraformaldehyde
(300 mg, 10 mmol), and water (0.5 mL). The mixture was heated at reflux for 16 h before
being concentrated in vacuo. The residue was dissolved in diethyl ether (50 mL), cooled in
an ice bath, and basified to pH 4 with 40% aqueous potassium hydroxide solution. The
mixture was extracted with diethyl ether (3 x 80 mL), washed with water and brine, and
dried over sodium sulfate. The solvent was removed in vacuo and the resulting residue was

purified by flash column chromatography to afford the desired imidazole.

General Procedure B — N-Alkylation of N-Substituted Imidazoles with Benzyl Halides

A solution of the 2-methoxybenzyl halide (3 mmol) in toluene (6 mL) was prepared and
heated to 40 °C. The relevant aryl imidazole (3 mmol) was added and the resulting solution
was heated to reflux and stirred for 18 h. The reaction was left to cool and concentrated in
vacuo. The residue was dissolved in ethyl acetate and extracted with water (4 x 50 mL),
before being concentrated in vacuo. The residue was purified by column chromatography

with DCM as the eluent to afford the desired imidazolium salt.

General Procedure C — Preparation of [Ir(cod)CI(NHC)] Complexes

Bis(1,5-cyclooctadiene)diiridium(l) dichloride (1 eg.) and potassium tert-butoxide (2 eq.)
were added to a flame-dried and Ar-cooled Schlenk tube and stirred under vacuum for 10
min. THF (20 mL / mmol) was added and the mixture stirred for 10 min. The relevant
imidazolium chloride (2 eq.) was added and the resulting solution stirred at room
temperature for 18 h. The solvent was removed in vacuo, and column chromatography (50%

ethyl acetate in petrol) afforded the title compound.

General Procedure D — Preparation of [Ir(cod)Br(NHC)] Complexes

Carried out according to a literature procedure.”

An oven-dried and nitrogen-cooled flask
was charged with a solution of the relevant imidazolium bromide salt (1 eq.), bis(1,5-
cyclooctadiene)diiridium(l) dichloride (0.5 eq.), and sodium bromide (2 eq.) in THF (20 mL

/ mmol). The solution was cooled to —78 °C and potassium hexamethyldisilazide (1.15 eq.)
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was added as a solution in toluene (15%, 0.7 M). The reaction mixture was held at —78 °C
for 30 min, and then was allowed to warm to room temperature and stirred for 16 h. The
solvent was removed in vacuo and the product was purified by flash column
chromatography, eluting with 50% ethyl acetate in petrol. Concentration in vacuo afforded

the desired complex.

General Procedure E — Formation of Iridium Dicarbonyl Complexes

A flame-dried and argon-cooled Schlenk flask was charged with a solution of the relevant
Ir(1) complex (0.02 mmol) in DCM (1 mL). Under an argon atmosphere, the mixture was
cooled to —78 °C while stirring. The flask was evacuated and backfilled with CO gas from a
balloon; this procedure was repeated twice. The reaction mixture was allowed to warm to
room temperature and was stirred for 30 min. The reaction volume was reduced by half in

vacuo, and diethyl ether was added dropwise to triturate the desired complex.

General Procedure F — Formation of MeCN-stabilised Iridium(l11) Hydride Complexes

An NMR tube was charged with a solution of the relevant Ir(I) complex (0.01 mmol) in
acetonitrile-ds; (0.6 mL), before being sealed with a rubber septum and cooled to 0 °C. The
tube was fitted with a H, balloon and an exit needle. H, gas was bubbled through the mixture
for 3 min at 0 °C, during which a colour change from orange to pale yellow was observed.
The tube was sealed under 1 atm of H, and placed in a Bruker DPX 400 spectrometer with
the sample temperature set to 298 K. The resulting hydride intermediates were analysed by

'H (wide spectrum: sw = 60 ppm, o1p = —20 ppm) and *'P NMR spectra.

General Procedure G — N-Alkylation of Anilines with Benzyl Alcohols

A microwave vial with stirrer bar was charged with the relevant iridium catalyst and base,
and sealed with a rubber septum. The relevant alcohol was added via syringe as a solution in
the reaction solvent, followed by the aniline, also as a solution. The reaction mixture was
heated to the appropriate temperature and stirred for 16 h. The mixture was concentrated in
vacuo and the crude residue was purified by column chromatography to give the desired

product.
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General Procedure H — Intramolecular N-Heterocycle Synthesis via N-Alkylation

A microwave vial with stirrer bar was charged with the relevant iridium catalyst and base,
and sealed with a rubber septum. The relevant substrate was added as a solution in the
desired reaction solvent. The reaction mixture was heated to the appropriate temperature and
stirred for 16 h. The reaction mixture was concentrated in vacuo and conversions were
calculated using LCMS analysis of the crude reaction mixture. Isolated yields were obtained
by column chromatography of the residue to afford the desired product.

General Procedure | — Intramolecular N-Alkylation with Halide Abstrator Additives

A vial with stirrer bar was charged with the relevant iridium complex. The reaction solvent
(1 mL) was added, followed by the appropriate additive. The resulting suspension was
passed through a filtration frit into a reaction vial with stirrer bar. The relevant base was
added, followed by the substrate as a solution in the appropriate reaction solvent, and the
sacrificial hydrogen acceptor if necessary. The reaction was heated to the relevant
temperature and stirred for 16 h. The reaction mixture was concentrated in vacuo and
conversions were calculated using LCMS analysis of the crude reaction mixture. Isolated

yields were obtained by column chromatography of the residue to afford the desired product.

General Procedure J — N-Boc Protection of 2-Methylanilines

Carried out following a literature procedure.® To a flame-dried and argon-cooled flask
fitted with a condenser was added THF (5 mL), di-tert-butyl dicarbonate (697 pL, 3 mmol),
and the relevant aniline (2.73 mmol). The resulting solution was heated to reflux for 18 h,
after which it was allowed to cool to room temperature. The reaction mixture was

concentrated in vacuo to afford the desired Boc-protected aniline.

General Procedure K —Alkylation and in situ Deprotection of 2-Methyl-N-Boc-anilines

Carried out according to a literature procedure.®® A solution of the relevant N-Boc aniline (2
mmol) in THF (6 mL) was prepared under nitrogen and cooled to 0 °C. n-Butyllithium
(2.000 mL, 5.00 mmol) (2.6 M in hexane) was added dropwise via syringe and the reaction
mixture was stirred at 0 °C for 2 h. The solution was then cooled to —78 °C and 2-
methyloxirane (0.420 mL, 6.00 mmol) was added. The reaction mixture was stirred
overnight at 0 °C, after which it was quenched with water and extracted with ethyl acetate.

The organic layer was washed with brine, dried through a hydrophobic frit, and concentrated
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in vacuo. The residue was dissolved in methanol (5 mL) and hydrochloric acid (4 mL, 12.00
mmol) (3M in water) was added. The resulting solution was stirred for 24 h at room
temperature, before being neutralised by careful addition to aqueous sodium hydroxide
solution. The product was extracted with ethyl acetate, washed with brine and saturated

sodium bicarbonate solution, dried through a hydrophobic frit, and concentrated in vacuo.

General Procedure L —N-Formylation of Amino Acids

Carried out according to a literature procedure.*® A solution of the relevant amino acid (56
mmol) in formic acid (50 mL) was prepared and cooled to 0 °C. Acetic anhydride (42.3 mL,
448 mmol) was added and the reaction mixture was allowed to reach room temperature.
After stirring for 3 h, water (20 mL) was added and the mixture was concentrated in vacuo
to afford the desired product.

General Procedure M —Coupling of N-Formylamino Acids and Amino Alcohols with HATU

The relevant N-formylamino acid (4.84 mmol) was dissolved in dry DMF (45 mL). 1-
[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxide

hexafluorophosphate (HATU) (2.024 g, 5.32 mmol) was added and the mixture was stirred
at room temperature for 15 min. L-valinol (500 mg, 4.84 mmol) was added and the solution
was stirred for 20 mins, after which di-iso-propylethylamine (DIPEA) (2.53 mL, 14.52
mmol) was added. The reaction was stirred for 16 h at room temperature, after which a
saturated solution of sodium chloride was added. The mixture was cooled to 5 °C, and the

resulting precipitate was collected by filtration and washed with water.

General Procedure N — Intramolecular Oxazoline Cyclisation with Tosyl Chloride

Carried out following a literature procedure.®® The relevant dipeptide (2 mmol) and N,N-
dimethyl-4-aminopyridine (DMAP) (4 mg, 0.03 mmol) were suspended in dichloroethane
(16 mL). Triethylamine (1.2 mL, 0.87 mmol) was added, followed by a solution of p-
toluenesulfonyl chloride (400 mg, 2.1 mmol) in DCE (8 mL). The mixture was allowed to
stir at room temperature for 40 minutes, before being heated to 80 °C for 3 h. A saturated
solution of sodium bicarbonate was added, and the aqueous layer was then extracted with
DCM. The organic layers were dried over sodium sulfate and concentrated in vacuo.

Column chromatography, eluting with EtOAc, afforded the desired product.
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General Procedure O — Intramolecular Imidazole Cyclisation with Phosphorous Pentoxide

Carried out following a literature procedure.™® A suspension of the relevant starting material
(12 mmol) and phosphorous pentoxide (577 mg, 4 mmol) in toluene (5 mL) was prepared and
heated to 100 °C for 24 h. The solvent was removed by decantation, and 1 M HCI (4 mL)
was added to the residue. Saturated KOH solution was added until the mixture was
approximately pH 12, before DCM was added and the organic layer extracted with DCM (3
x 10 mL). The organic layers were dried over sodium sulfate and concentrated in vacuo.
Column chromatography, eluting with EtOAc, afforded the desired product.

General Procedure P — Methylation of Hydroxy-substituted Imidazolium Salts

A solution of the relevant imidazolium salt (1 mmol) in DMF (5 mL) was prepared and
cooled to 0 °C. Sodium hydride (60% in mineral oil) (50 mg, 1 mmol) was added and the
mixture was allowed to warm to room temperature. After stirring for 1 h, the reaction
mixture was cooled once again to 0 °C and iodomethane (50 pL, 1 mmol) was added. The
mixture was stirred at room temperature for 16 h, after which it was concentrated in vacuo.
After addition of water, the organics were extracted into ethyl acetate (3 x 10 mL), dried

over sodium sulfate and concentrated in vacuo.

General Procedure Q — Preparation of [Ir(cod)CI(NHC)] Complexes with Ag,O

The relevant imidazolium halide salt (1 eq.) was added to a flame-dried and Ar-cooled
Schlenk tube along with THF and silver oxide (1 eq.), and the resulting mixture was allowed
to stir for 1 h. Bis(1,5-cyclooctadiene)diiridium(l) dichloride (1 eq.) was added and the
resulting solution stirred at room temperature for 16 h. The solvent was removed in vacuo,

and column chromatography (50% ethyl acetate in petrol) afforded the title compound.
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Design and Synthesis of Novel Ligands and Complexes

Scheme 2.38
1-(2,4,6-Trimethylphenyl)-1H-imidazole 133
[\

NVN

A solution of aqueous formaldehyde (37%, 10.7 mL, 143 mmol), aqueous glyoxal (40%,
16.3 mL, 143 mmol), and acetic acid (34 mL) was prepared in a round-bottom flask and
heated to 70 °C. A solution of ammonium acetate (11 g, 143 mmol), 2,4,6-trimethylaniline
(18.3 mL, 130 mmol), and water (2 mL) in acetic acid (34 mL) was prepared and added to
the flask over a 20 minute period. The reaction was stirred at 70 °C for 16 h, before being
carefully poured into a saturated solution of sodium bicarbonate (1 L). After stirring for 1 h,
a brown precipitate was formed, which was collected by filtration and washed with water.
The crude product was purified by column chromatography, eluting with DCM, followed by
recrystallisation from hexane to afford 133 as brown crystals (10.65 g, 44% yield).

'H NMR (400 MHz, CDCl3) & 7.51 (s, 1H), 7.46 (t, J = 1.2 Hz, 1H), 7.23 (t, J = 1.2 Hz,
1H), 6.98 (s, 2H), 2.34 (s, 3H, CH3), 1.99 (s, 6H, CH,).

C NMR (100 MHz, CDCls) & 138.9, 137.7, 135.5, 133.5, 129.6, 129.0, 120.4, 21.2, 17.4.
IR (ATR, cm™) 2980, 2902, 2289, 1748, 1458.

MP (°C) 114-116 (lit. 116-118)."**

Scheme 2.39
1-(2,4,6-Trimethylphenyl)-4,5-dimethyl-1H-imidazole 134'%

Prepared according to General Procedure A.

Amount of 2,4,6-trimethylaniline: 1.684 mL, 12 mmol.

Product yield: 0.964 g, 45%.

Product appearance: brown crystals.

'"H NMR (400 MHz, CDCl;) § 7.27 (s, 1H), 6.97 (s, 2H), 2.34 (s, 3H), 2.25 (s, 3H), 1.94 (s,
6H), 1.85 (s, 3H).
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C NMR (101 MHz, CDCl;) 5.138.2, 135.6, 133.9, 133.3, 131.9, 128.4, 29.2, 20.5, 16.9
12.5,7.7.

IR (ATR, cm™) 2918, 2851, 2355, 1730 ,1589, 1460.

MP (°C) 133-135 (lit. 130-131).'%

1-(2-Methoxyphenyl)-4,5-dimethyl1H-imidazole 135

Prepared according to General Procedure A.

Amount of 2-methoxyaniline: 1.381 mL, 12 mmol.

Product yield: 1.172 g, 58%.

Product appearance: light brown crystals.

'H NMR (400 MHz, CDCls) & 7.44-7.39 (m, 1H), 7.38 (s, 1H), 7.16 (d, J = 7.0 Hz, 1H),
7.06-7.00 (m, 2H), 3.78 (s, 3H), 2.25 (s, 3H), 1.98 (s, 3H).

BC NMR (101 MHz, CDCls) 6.155.0, 135.7, 133.2, 130.0, 128.5, 125.6, 123.9, 120.8,
112.0, 55.6, 12.9, 8.7.

IR (ATR, cm™) 3160, 2928, 2849, 1674, 1460.

MP (°C) 76-78 (lit. 79-80).'%°

1-(2,6-Dimethoxyphenyl)-4,5-dimethyl1H-imidazole 136

OMe

MeO
Prepared according to General Procedure A.
Amount of 2,6-Dimethoxyaniline: 1.838 g, 12 mmol.
Product yield: 1.091 g, 47%.
Product appearance: light brown crystals.
'"H NMR (400 MHz, CDCls) § 7.34 (s, 1H), 7.17 (t, J = 7.3 Hz, 1H), 6.86 (d, J = 7.3 Hz,
2H), 3.87 (s, 6H), 2.32 (s, 3H), 2.13 (s, 3H).
C NMR (101 MHz, CDCl5) 8 147.9, 135.4, 134.3, 130.2, 123.5, 108.1, 107.8, 55.9, 12.4,
9.7.
IR (ATR, cm™) 3159, 2861, 1676, 1458.
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HRMS (EI) m/z calculated for C13H1sN,0, [M]": 232.1212; found: 232.1216.
MP (°C) 142-144.

1-(2,4,6-Trimethoxyphenyl)-4,5-dimethyl1H-imidazole 137**

N\/N
OMe

MeO
Prepared according to General Procedure A.

Amount of 2,4,6-Trimethoxyaniline: 2.198 g, 12 mmol.

Product yield: 1.180 g, 45%.

Product appearance: light brown powder.

'H NMR (400 MHz, CDCl3) § 7.23 (s, 1H), 6.20 (s, 2H), 3.83 (s, 3H), 3.72 (s, 6H), 2.18 (s,
6H).

C NMR (101 MHz, CDCls) 3 159.9, 148.1, 135.6, 134.4, 123.2, 100.4, 95.3, 55.8, 12.7,
9.9.

IR (ATR, cm™) 2944, 2853, 1689, 1463.

MP (°C) 138-141 (lit. 138-140).'®

1-(2-Thiomethylphenyl)-4,5-dimethyl1H-imidazole 138

Prepared according to General Procedure A.

Amount of 2-thiomethylaniline: 1.502 mL, 12 mmol.

Product yield: 1.463 g, 67%.

Product appearance: light brown powder.

'"H NMR (400 MHz, CDCls) & 7.46-7.43 (m, 1H), 7.35 (s, 1H), 7.28 (d, J = 7.2 Hz, 1H),
7.21 (dt, J=7.2,%) = 1.6 Hz, 1H), 7.14 (dd, J = 7.2, “J = 1.6 Hz, 1H), 2.36 (s, 3H), 2.23 (s,
3H), 1.94 (s, 3H).

3C NMR (101 MHz, CDClI;) & 138.6, 135.2, 134.3, 133.8, 129.6, 128.5, 125.6, 125.2,
123.4,14.6, 12.9, 8.6.

IR (ATR, cm™) 2926, 2848, 1660, 1580, 1458.

MP (°C) 98101 (lit. 101-102).'*°
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Scheme 2.40
Large-scale Synthesis of 134

Prepared according to General Procedure A, with the quantities increased as below.
Amount of 2,4,6-trimethylaniline: 24.860 mL, 216 mmol.

Amount of 2,3-butanedione:15.764 mL, 180 mmol.

Amount of paraformaldehyde: 5.405 g, 180 mmol.

Amount of ammonium acetate: 13.874 g, 180 mmol.

Amount of acetic acid: 10.278 mL, 180 mmol.

Amount of H,0: 10 mL.

Amount of chloroform: 330 mL.

Product yield: 4.243 g, 11%.

Spectral data as reported above.

Scheme 2.41

2 3-Butanedione monooxime 140

Prepared according to a literature procedure.*® To a solution of 2,3-butanedione in methanol
was added hydroxylamine hydrochloride (1 eq.). Pyridine (1.1 eq.) was added dropwise and
the reaction mixture was stirred at room temperature for 2 h. The reaction mixture was
concentrated in vacuo, extracted with ethyl acetate, the extracts washed with water, and
dried over sodium sulfate. After removal of the solvent in vacuo, the product was purified by
column chromatography (5% ethyl acetate in petrol) to give the product 140 as a white fluffy
powder.
Run 1: Amount of 2,3-butanedione: 2.633 mL, 30 mmol.

Amount of hydroxylamine hydrochloride: 2.084 g, 30 mmol.

Amount of pyridine: 2.658 mL, 33 mmol.

Amount of methanol: 60 mL.

Product yield: 3.021 g, >99%.
Run 2: Amount of 2,3-butanedione: 35.102 mL, 400 mmol.
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Amount of hydroxylamine hydrochloride: 27.796 g, 400 mmol.
Amount of pyridine: 35.441 mL, 440 mmol.
Amount of methanol: 500 mL.
Product yield: 40.121 g, >99%.
'"H NMR (400 MHz, CDCls) § 8.37 (br. s, 1H). 2.37 (s, 3H), 1.98 (s, 3H).
3C NMR (101 MHz, CDCl;) 8 197.2, 157.6, 25.2, 8.2.
IR (ATR, cm™) 3270, 3201, 2921, 2865, 1666.
MP (°C) 75-77 (lit. 75-76).*°

3-((difluoroboryl)oxy)-1-mesityl-4,5-dimethyl-1H-imidazol-3-ium fluoride 141'?®
Lot

F/B\O@NVN
£©
A solution of butane-2,3-dione monooxime 140 in acetic acid was prepared. Boron
trifluoride diethyl etherate (1.1 eq.), formaldehyde (1 eq., 40% aqg.) and 24,6-
trimethylaniline (1 eq.) were then added via syringe. The mixture was stirred for 16 h at 50
°C, after which the acetic acid was removed in vacuo to give a black tarry residue. The
residue was purified via column chromatography (2% methanol in DCM) to afford 141 as
dark brown crystals.
Run 1: Amount of 2,3-butanedione monooxime 140: 1.011 g, 10 mmol.

Amount of boron trifluoride diethyl etherate: 1.234 mL, 11 mmol.

Amount of formalin: 744 pL, 10 mmol.

Amount of 2,4,6-trimethylaniline: 1.404 mL, 10 mmol.

Amount of acetic acid: 10 mL.

Product yield: 2.683 g, 90%.
Run 2: Amount of 2,3-butanedione monooxime 140: 20.22 g, 200 mmol.

Amount of boron trifluoride diethyl etherate: 24.68 mL, 220 mmol.

Amount of formalin: 14.880 mL, 200 mmol.

Amount of 2,4,6-trimethylaniline: 28.08 mL, 200 mmol.

Amount of acetic acid: 200 mL.

Product yield: 50.084 g, 84%.
'H NMR (400 MHz, CDClI3) § 8.17-8.12 (m, 1H), 7.05 (s, 2H), 2.41 (s, 3H), 2.37 (s, 3H),
2.00 (s, 6H), 1.95 (s, 3H).
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C NMR (101 MHz, CDCl;) 6 139.8, 135.4, 128.8, 126.3, 124.1, 121.6, 50.2, 20.5, 16.8,
8.0, 7.0.

F NMR (376 MHz, CDCls) § —157.91.

IR (ATR, cm™) 3128, 3063, 2973, 2859, 1628, 1486.

MP (°C) 173-176 (lit. 174-176).'%°

Alternative Synthesis of 134

=

NVN

A solution of 3-((difluoroboryl)oxy)-1-mesityl-4,5-dimethyl-1H-imidazol-3-ium fluoride
141 in acetic acid was prepared, and iron powder (15 eq.) was added. The resulting mixture
was heated to reflux and stirred for 2 h, after which it was cooled and poured into water (50
mL / mmol). The iron residue was removed by filtration and the filtrate extracted with
chloroform (3 x 50 mL). The organic extracts were washed with potassium carbonate
solution (5% ag.) until the aqueous layer reached pH 8, then washed with brine, dried over
sodium sulfate, filtered, and concentrated in vacuo to give a dark brown residue. The crude
product was purified by column chromatography (2% methanol in DCM) to afford 134.
Run 1: Amount of 141: 1.192 g, 4 mmol.

Amount of iron powder: 3.351 g, 60 mmol.

Amount of acetic acid: 6 mL.

Product yield: 603 mg, 81%.
Run 2: Amount of 141: 47.68 g, 160 mmol.

Amount of iron powder: 134.04 g, 2.4 mol.

Amount of acetic acid: 500 mL.

Product yield: 24.735 g, 83%.

Spectral data as reported above.

Scheme 2.42
2-Methoxybenzyl chloride 142

CC:
OMe
A solution of 2-methoxybenzyl alcohol (962 pL, 7.24 mmol) in DCM (25 mL) was prepared

in a flame-dried and argon-cooled round bottom flask and was cooled to 0 °C. Thionyl
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chloride (1.09 mL, 15 mmol) was added over a period of 20 minutes. The reaction mixture
was allowed to warm to room temperature and was stirred for 3 h. The reaction was
guenched via careful addition of 1 M aqueous sodium bicarbonate solution and then washed
with saturated sodium bicarbonate solution, water, and brine. The organic phase was dried
over sodium sulfate and concentrated in vacuo to yield 142 as a colourless liquid (1.102 g,
97% vyield).

'"H NMR (400 MHz, CDCls) 6 7.39 (dd, J = 7.5, *J= 1.6 Hz, 1H), 7.37-7.32 (m, 1H),
6.98 (m, 1H), 6.94 (d, J = 8.3 Hz, 1H), 4.70 (s, 2H), 3.92 (s, 3H).

C NMR (101 MHz, CDCI;) 3 167.9, 145.5, 131.8, 128.1, 124.1, 20.2, 17.2, 15.2.

IR (ATR, cm™) 3001, 2962, 2836, 1587, 1461.

2-Methoxybenzyl bromide 144'%

Of\Br
OMe

Prepared following a literature procedure.®

A solution of 2-methoxybenzyl alcohol (962
ML, 7.24 mmol) in toluene (25 mL) was prepared in a flame-dried and argon-cooled round
bottom flask and was heated to 40 °C. Phosphorous tribromide (240 pL, 0.35 mmol) was
added with stirring. The reaction mixture was heated to 100 °C and stirred for 30 min, after
which it was allowed to cool to room temperature. The mixture was quenched with water
(20 mL) and extracted into diethyl ether (3 x 20 mL). The combined organic phases were
washed with water and brine, before being dried over sodium sulfate and concentrated in
vacuo to yield 144 as a colourless liquid (1.454 g, >99% yield).

'H NMR (400 MHz, CDCls) § 7.39-7.32 (m, 2H), 6.96 (m, 1H), 6.93 (d, J = 8.3 Hz,

1H), 4.63 (s, 2H), 3.93 (s, 3H).

C NMR (101 MHz, CDCls) § 158.2, 130.6, 130.0, 125.9, 120.5, 110.7, 55.4, 26.8.

IR (ATR, cm™) 3002, 2960, 2835, 1598, 1464.

Scheme 2.43

1-mesityl-3-(2-methoxybenzyl)-1H-imidazol-3-ium chloride 145

a® /A

N N
\/
MeO ®

Prepared according to General Procedure B.
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Amount of 2-methoxybenzyl chloride 142: 418 uL, 3 mmol.

Amount of mesityl imidazole 133: 603 mg, 3 mmol.

Product yield: 802 mg, 78%.

Product appearance: white crystalline solid.

'"H NMR (400 MHz, CDCls) § 10.44 (s, 1H, N-CH-N), 8.07 (d, J = 1.2 Hz, 1H, N-CH-CH-
N), 7.74 (d, J = 7.5 Hz, 1H, ArH), 7.32-7.28 (m, 1H, ArH), 7.07-6.99 (m, 3H, ArH & N-
CH-CH-N), 6.90 (s, 2H, ArH), 5.93 (s, 2H, ArCH;,N), 3.85 (s, 3H, OCHjy), 2.35 (s, 6H,
ArCHs,), 1.99 (s, 3H, CHjy).

C NMR (101 MHz, CDCls) & 158.8, 140.6, 138.3, 136.6, 133.2, 133.1, 130.6, 129.3,
128.5,127.6, 123.1, 115.7, 104.4, 59.9, 53.2, 20.1, 17.1.

IR (ATR, cm™) 3349, 3145, 3060, 2964, 1543, 1458, 1380.

HRMS (EI) m/z calculated for C,H»3N,O [M—CI]: 307.1810; found: 307.1812.

MP (°C) 220-223.

1-mesityl-3-(2-methoxybenzyl)-1H-imidazol-3-ium bromide 146

Br@ [\
N N
5 X
MeO ®

Prepared according to General Procedure B.

Amount of 2-methoxybenzyl bromide 144: 603 mg, 3 mmol.

Amount of mesityl imidazole 133: 603 mg, 3 mmol.

Product yield: 534 mg, 46%.

Product appearance: pale yellow gum.

'H NMR (400 MHz, CDClI3) & 10.40 (s, 1H, N-CH-N), 8.08 (d, 1H, J = 1.4 Hz, N-CH-CH-
N), 7.74 (d, J = 7.6 Hz, 1H, ArH), 7.34-7.29 (m, 1H, ArH), 7.07-7.00 (m, 3H, ArH & N-
CH-CH-N), 6.91 (s, 2H, ArH), 5.92 (s, 2H, ArCH,N), 3.83 (s, 3H, OCHj3), 2.34 (s, 6H,
ArCHj), 2.00 (s, 3H, CHy).

C NMR (101 MHz, CDCI;) & 158.9, 140.6, 136.8, 134.2, 133.2, 133.1, 130.7, 130.1
129.4,129.3, 128.5, 127.6, 123.1, 60.0, 53.2, 20.0, 17.1.

IR (ATR, cm™) 3358, 3146, 3057, 2964, 1544, 1459.

HRMS (EI) m/z calculated for CyH»3N,O [M-Br]: 307.1810; found: 307.1813.

MP (°C) 213-215.
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1-mesityl-3-(2-methoxybenzyl)-4,5-dimethyl-1H-imidazol-3-ium chloride 147

CIe -

N

@\/N

MeO

Prepared according to General Procedure B.

Amount of 2-methoxybenzyl chloride 142: 418 uL, 3 mmol.

Amount of mesityl dimethylimidazole 134: 643 mg, 3 mmol.

Product yield: 712 mg, 64%.

Product appearance: light yellow gum.

'H NMR (400 MHz, CDClIs) § 10.08 (s, 1H, N-CH-N), 7.44 (d, J = 7.6 Hz, 1H, ArH), 7.38—
7.30 (m, 1H, ArH), 7.04-6.94 (m, 3H, ArH), 6.90 (d, J = 8.1 Hz, 1H, ArH), 5.83 (s, 2H,
ArCH;N), 3.85 (s, 3H, OCHj3), 2.35 (s, 3H, Ar CHj3), 2.25 (s, 3H, NHC CHj3), 2.02 (s, 6H,
ArCH,), 1.90 (s, 3H, NHC CHy).

C NMR (101 MHz, CDCI5) § 156.9, 130.6, 130.1, 129.7, 126.9, 125.3, 120.3, 120.0,
110.4,110.1,59.9, 55.3, 55.1, 54.9, 41.3, 41.1, 34.4, 20.5, 13.7.

IR (ATR, cm™) 3354, 2960, 2922, 1633, 1589, 1460.

HRMS (EI) m/z calculated for Cx,H,7N,O [M—CI]: 335.2123; found: 335.2122.

1-mesityl-3-(2-methoxybenzyl)-4,5-dimethyl-1H-imidazol-3-ium bromide 148

é»ﬁ

Prepared according to General Procedure B.

Amount of 2-methoxybenzyl bromide 144: 603 mg, 3 mmol.

Amount of mesityl dimethylimidazole 134: 643 mg, 3 mmol.

Product yield: 785 mg, 63%.

Product appearance: yellow-orange gum.

'H NMR (400 MHz, CDCls) § 10.07 (s, 1H, N-CH-N), 7.46 (d, J = 7.6 Hz, 1H, ArH), 7.37—
7.29 (m, 1H, ArH), 7.03-6.92 (m, 3H, ArH), 6.91 (d, J = 8.2 Hz, 1H, ArH), 5.84 (s, 2H,
ArCHN), 3.87 (s, 3H, OCHj3), 2.34 (s, 3H, Ar CHj3), 2.23 (s, 3H, NHC CHj3), 2.01 (s, 6H,
ArCHjz), 1.92 (s, 3H, NHC CHj).
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C NMR (101 MHz, CDCls) & 156.1, 130.7, 130.2, 129.7, 126.8, 125.4, 120.4, 119.9,
110.4, 110.0, 59.9, 55.4, 55.2, 54.8, 41.4, 41.0, 34.4, 20.6, 13.7.

IR (ATR, cm™) 3148, 2959, 2918, 1634, 1587, 1458, 1381.

HRMS (EI) m/z calculated for Cx,H,7N,O [M-Br]: 335.2123; found: 335.2121.

3-(2-methoxybenzyl)-1-(2-methoxyphenyl)-4,5-dimethyl-1H-imidazol-3-ium  chloride
149

Prepared according to General Procedure B.

Amount of 2-methoxybenzyl chloride 142: 418 yL, 3 mmol.

Amount of 2-methoxyphenyl dimethylimidazole 135: 606 mg, 3 mmol.

Product yield: 840 mg, 78%.

Product appearance: light yellow gum.

'H NMR (400 MHz, CDCls) 6 10.58 (s, 1H, N-CH-N), 7.46-7.42 (m, 2H, ArH), 7.39 (d, J
= 7.2 Hz, 1H, ArH), 7.11-7.02 (m, 2H, ArH), 6.91 (d, J = 7.9 Hz, 1H, ArH), 5.72 (s, 2H,
ArCH,N), 3.84 (s, 3H, OCHy), 3.79 (s, 3H, OCHs), 2.28 (s, 3H, NHC CHs), 1.96 (s, 3H,
NHC CHs).

3C NMR (101 MHz, CDCI5) & 159.3, 151.6, 136.4, 131.3, 131.2, 129.8, 129.2, 128.6,
127.9, 127.3,126.4, 123.0, 120.8, 113.3, 111.3, 56.9, 49.3, 12.4, 11.4.

IR (ATR, cm™) 3348, 3098, 2952, 2923, 1646, 1560, 1459, 1352.

HRMS (El) m/z calculated for CyH,3N,0, [M—CI]: 323.1760; found: 323.1756.

3-(2-methoxybenzyl)-1-(2-methoxyphenyl)-4,5-dimethyl-1H-imidazol-3-ium  bromide
150

Bre H
N N
N\
MeO, ® Q

Prepared according to General Procedure B.
Amount of 2-methoxybenzyl bromide 144: 603 mg, 3 mmol.
Amount of 2-methoxyphenyl dimethylimidazole 135: 606 mg, 3 mmol.
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Product yield: 823 mg, 68%.

Product appearance: yellow gum.

'H NMR (400 MHz, CDCI;) 6 10.50 (s, 1H, N-CH-N), 7.45-7.41 (m, 2H, ArH), 7.39-7.36
(m, 1H, ArH), 7.09-6.99 (m, 2H, ArH), 6.92 (d, J = 7.8 Hz, 1H, ArH), 5.73 (s, 2H,
ArCH;N), 3.85 (s, 3H, OCHj), 3.78 (s, 3H, OCHs), 2.26 (s, 3H, NHC CHj3), 1.95 (s, 3H,
NHC CHs).

C NMR (101 MHz, CDCls) & 159.4, 151.4, 136.5, 131.3, 131.2, 129.9, 129.2, 128.5,
127.9, 127.4,126.5, 123.0, 120.9, 113.3, 111.4, 57.0, 49.4, 12.4, 11.3.

IR (ATR, cm™) 3349, 2964, 2922, 1670, 1558, 1461, 1354.

HRMS (EI) m/z calculated for CyH,3N,0, [M—Br]: 323.1760; found: 323.1766.

1-(2,6-dimethoxyphenyl)-3-(2-methoxybenzyl)-4,5-dimethyl-1H-imidazol-3-ium
chloride 151

OMe
c® H
N N
X
MeO @

Prepared according to General Procedure B.

Amount of 2-methoxybenzyl chloride 142: 418 yL, 3 mmol.

Amount of 2,6-dimethoxyphenyl dimethylimidazole 136: 697 mg, 3 mmol.

Product yield: 945 mg, 81%.

Product appearance: yellow solid.

'"H NMR (400 MHz, CDClIs;) § 10.58 (s, 1H, N-CH-N), 7.56 (d, J = 7.1 Hz, 1H, ArH), 7.37—
7.32 (m, 1H, ArH), 7.18 (t, J = 7.2 Hz, 1H, ArH), 7.04-7.00 (m, 2H, ArH), 6.89 (d, J = 7.2
Hz, 2H, ArH), 5.66 (s, 2H, ArCH;N), 3.85 (s, 3H, OCHjy), 3.73 (s, 6H, OCHj3), 2.25 (s, 3H,
NHC CHz), 1.98 (s, 3H, NHC CHj).

C NMR (101 MHz, CDCls) & 159.2, 137.4, 135.9, 131.4, 131.2, 129.2, 128.7, 128.2,
127.7,123.0, 120.9, 111.3, 109.7, 56.9, 49.3, 12.4, 11.3.

IR (ATR, cm™) 3055, 2960, 2918, 1650, 1549, 1462, 1348.

HRMS (EI) m/z calculated for Cy;H,sN,05 [M—CI]: 353.1865; found: 353.1862.

MP (°C) 104-107.
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1-(2,6-dimethoxyphenyl)-3-(2-methoxybenzyl)-4,5-dimethyl-1H-imidazol-3-ium
bromide 152
OMe

Bre -

N

@\/N

MeQ,
MeO

Prepared according to General Procedure B.

Amount of 2-methoxybenzyl bromide 144: 603 mg, 3 mmol.

Amount of 2,6-dimethoxyphenyl dimethylimidazole 136: 697 mg, 3 mmol.

Product yield: 923 mg, 71%.

Product appearance: yellow gum.

'"H NMR (400 MHz, CDClI3) 3 10.50 (s, 1H, N-CH-N), 7.55 (d, J = 7.2 Hz, 1H, ArH), 7.34
(dd, J=8.1, %3 = 1.6 Hz, 1H, ArH), 7.17 (t, J = 7.2 Hz, 1H, ArH), 7.04-6.99 (m, 2H, ArH),
6.87 (d, J = 7.2 Hz, 2H, ArH), 5.65 (s, 2H, ArCH,N), 3.85 (s, 3H, OCHy), 3.71 (s, 6H,
OCHy), 2.24 (s, 3H, NHC CHy), 1.97 (s, 3H, NHC CHy).

C NMR (101 MHz, CDCIl5) & 159.1, 137.2, 135.9, 131.3, 131.0, 129.1, 128.7, 128.3,
127.7,123.1,120.9, 111.4, 109.8, 56.8, 49.3, 12.5, 11.3.

IR (ATR, cm™) 3340, 3132, 2952, 2920, 1656, 1546, 1470, 1356.

HRMS (EI) m/z calculated for C»H,sN,05 [M—Br]: 353.1865; found: 353.1869.

3-(2-methoxybenzyl)-4,5-dimethyl-1-(2,4,6-trimethoxyphenyl)-1H-imidazol-3-ium
chloride 153

OMe
c® H
g\/N
MeO OMe

Prepared according to General Procedure B.

Amount of 2-methoxybenzyl chloride 142: 418 pL, 3 mmol.

Amount of 2,4,6-trimethoxyphenyl dimethylimidazole 137: 787 mg, 3 mmol.

Product yield: 766 mg, 61%.

Product appearance: pale yellow solid.

'"H NMR (400 MHz, CDCl;) § 10.22 (s, 1H, N-CH-N), 7.42 (d, J = 7.1 Hz, 1H, ArH), 7.37—
7.34 (m, 1H, ArH), 7.31 (s, 2H, ArH), 7.07-7.02 (m, 2H, ArH), 5.57 (s, 2H, ArCH;N), 3.84
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(s, 3H, OCHs), 3.69 (s, 6H, OCHj), 3.57 (s, 3H, OCHs), 2.19 (s, 3H, NHC CH), 1.92 (s, 3H,
NHC CH).

C NMR (101 MHz, CDCls) § 162.9, 159.6, 158.8, 135.9, 131.5, 131.2, 129.2, 128.6,
127.8,120.9, 118.0, 111.4, 104.7, 95.4, 57.2, 49.3, 12.4, 11.3.

IR (ATR, cm™) 3146, 2948, 2918, 1650, 1540, 1459, 1352.

HRMS (E1) m/z calculated for C,,H,/N,0, [M-CI]: 383.1971; found: 383.1977.

MP (°C) 136-140.

3-(2-methoxybenzyl)-4,5-dimethyl-1-(2,4,6-trimethoxyphenyl)-1H-imidazol-3-ium
bromide 154

OMe
2 =
ng
MeO OMe

Prepared according to General Procedure B.

Amount of 2-methoxybenzyl bromide 144: 603 mg, 3 mmol.

Amount of 2,4,6-trimethoxyphenyl dimethylimidazole 137: 787 mg, 3 mmol.

Product yield: 806 mg, 58%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCl3) § 10.18 (s, 1H, N-CH-N), 7.40 (dd, J = 7.1, *J = 1.2 Hz, 1H,
ArH), 7.36-7.34 (m, 1H, ArH), 7.26 (s, 2H, ArH), 7.06-7.00 (m, 2H, ArH), 5.57 (s, 2H,
ArCH;N), 3.85 (s, 3H, OCHj3), 3.69 (s, 6H, OCH3), 3.53 (s, 3H, OCHj3), 2.20 (s, 3H, NHC
CHa), 1.91 (s, 3H, NHC CHy).

3C NMR (101 MHz, CDCI5) & 163.0, 159.7, 158.8, 135.8, 131.6, 131.3, 129.2, 128.7,
127.8,121.0,117.9, 111.5, 104.5, 95.5, 57.3, 49.3, 12.4, 11.2.

IR (ATR, cm™) 3342, 3130, 2952, 2916, 1651, 1544, 1462.

HRMS (EI) m/z calculated for Cx,H,7N,0O, [M—Br]: 383.1971; found: 383.1966.

MP (°C) 124-126.

290



3-(2-methoxybenzyl)-4,5-dimethyl-1-(2-(methylthio)phenyl)-1H-imidazol-3-ium
chloride 155

N N
X
MeQO, ® D

Prepared according to General Procedure B.

Amount of 2-methoxybenzyl chloride 142: 418 uL, 3 mmol.

Amount of 2-thiomethylphenyl dimethylimidazole 138: 655 mg, 3 mmol.

Product yield: 794 mg, 77%.

Product appearance: pale yellow gum.

'H NMR (400 MHz, CDCls) § 9.96 (s, 1H, N-CH-N), 7.46-7.40 (m, 2H, ArH), 7.36 (d, J =
7.2 Hz, 1H, ArH), 7.28 (d, J = 7.2 Hz, 1H, ArH), 7.22 (dt, J = 7.6, “J = 1.6 Hz, 1H, ArH),
7.12 (dd, J = 7.2, *J = 1.6 Hz, 1H, ArH), 7.05-6.98 (m, 2H, ArH), 5.61 (s, 2H, ArCH,N),
3.82 (s, 3H, OCHy), 2.37 (s, 3H, SCHs3), 2.25 (s, 3H, NHC CHj3), 2.00 (s, 3H, NHC CH,).
C NMR (101 MHz, CDCl5) & 159.2, 141.0, 136.6, 131.3, 131.1, 129.0, 128.4, 128.2,
127.4,126.8, 126.4, 125.4, 120.8, 111.0, 56.8, 49.0, 16.4, 12.0, 11.1.

IR (ATR, cm™) 3240, 2995, 2930, 2870, 1638, 1558, 1460.

HRMS (EI) m/z calculated for CyH»3N,0S [M-CI]: 339.1531; found: 339.1526.

3-(2-methoxybenzyl)-4,5-dimethyl-1-(2-(methylthio)phenyl)-1H-imidazol-3-ium
bromide 156

Bre -

N N
X
MeO ® @

Prepared according to General Procedure B.

Amount of 2-methoxybenzyl chloride 144: 418 pL, 3 mmol.

Amount of 2-thiomethylphenyl dimethylimidazole 138: 655 mg, 3 mmol.

Product yield: 1.053 g, 84%.

Product appearance: light yellow solid.

'"H NMR (400 MHz, CDCls) & 10.04 (s, 1H, N-CH-N), 7.43-7.39 (m, 2H, ArH), 7.35 (d, J
= 7.1 Hz, 1H, ArH), 7.28-7.25 (m, 1H, ArH), 7.23 (d, J = 7.6 Hz, 1H, ArH), 7.10 (dd, J =
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7.1, %3 = 1.5 Hz, 1H, ArH), 7.06-7.00 (m, 2H, ArH), 5.63 (s, 2H, ArCH,N), 3.84 (s, 3H,
OCHj3), 2.36 (s, 3H, SCH3), 2.25 (s, 3H, NHC CHj3), 1.99 (s, 3H, NHC CH3).

3C NMR (101 MHz, CDCls) & 159.4, 141.1, 136.7, 131.3, 131.2, 129.2, 128.6, 128.2,
127.5, 126.8, 126.5, 125.4, 120.9, 111.1, 56.9, 49.1, 16.6, 12.2, 11.2.

IR (ATR, cm™) 3251, 3002, 2918, 2868, 1639, 1554, 1462.

HRMS (EI) m/z calculated for CyH,3N,0S [M-Br]: 339.1531; found: 339.1540.

MP (°C) 96-100.

Scheme 2.44
(1,5-cyclooctadiene)(1-mesityl-3-(2-methoxybenzyl)imidazol-2-ylidene)iridium(l)
chloride 157

cl

’\Ir/

// \>_
=N
N~

MeO,

Prepared according to General Procedure C.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium tert-butoxide: 33.4 mg, 0.298 mmol.

Amount of 1-mesityl-3-(2-methoxybenzyl)-1H-imidazol-3-ium chloride 145: 102 mg, 0.298
mmol.

Product yield: 134 mg, 70%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCls) § 8.07 (d, 1H, J = 1.2 Hz, N-CH-CH-N), 7.74 (d, J = 7.5 Hz,
1H, ArH), 7.32-7.28 (m, 1H, ArH), 7.07-6.99 (m, 3H, ArH & N-CH-CH-N), 6.90 (s, 2H,
ArH), 5.93 (s, 2H, ArCH;N), 4.14-4.10 (m, 2H, COD CH), 3.85 (s, 3H, OCHjs), 2.94-2.88
(m, 2H, COD CH), 2.35 (s, 6H, ArCHj), 1.99 (s, 3H, CH3), 1.76-1.61 (m, 4H, COD CH,),
1.30-1.14 (m, 4H, COD CH,).

C NMR (101 MHz, CDCl) & 158.8, 140.6, 136.6, 133.2, 133.1, 130.6, 129.7, 129.3,
128.5, 128.2, 128.1, 127.6, 126.9, 123.1, 59.9, 53.2, 29.6, 28.7, 28.4, 27.9, 20.1, 17.1.

IR (ATR, cm™) 2925, 2820, 1605, 1578, 1460.

HRMS (EI) m/z calculated for CygH34lrN,O [M—CI]: 607.2301; found 607.2320.

MP (°C) decomp. >200.
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(1,5-cyclooctadiene)(1-mesityl-3-(2-methoxybenzyl)-4,5-dimethylimidazol-2-
ylidene)iridium(l) chloride 158

/ Cl
\n/
// »_
= N
Nj)\
MeQ,

Prepared according to General Procedure C.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium tert-butoxide: 33.4 mg, 0.298 mmol.

Amount of 1-mesityl-3-(2-methoxybenzyl)-4,5-dimethyl-1H-imidazol-3-ium chloride 147:
116 mg, 0.298 mmol.

Product yield: 174 mg, 87%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCly) 6 7.30-7.24 (m, 1H, ArH), 7.07-7.04 (m, 1H, ArH), 6.96-6.86
(m, 3H, ArH), 6.71-6.67 (m, 1H, ArH), 6.52 (d, 2J = 17.1 Hz, 1H, ArCH,0OCHj), 5.21

(d, 2 = 17.4 Hz, 1H, ArCH,OCHy), 4.40-4.28 (m, 2H, COD CH), 3.93 (s, 3H, OCHj), 2.96-
2.90 (m, 1H, COD CH), 2.78-2.72 (m, 1H, COD CH), 2.38 (s, 3H, NHC CHj), 2.33

(s, 3H, NHC CHj3), 1.99 (s, 3H, ArCHj), 1.89 (s, 3H, ArCHj), 1.84-1.78 (m, 1H, COD CH,),
1.77 (s, 3H, ArCHj), 1.76-1.67 (m, 1H, COD CH,), 1.53-1.42 (m, 2H, COD CH,),

1.39-1.25 (m, 3H, COD CH,), 1.14-1.05 (m, 1H, COD CH,).

C NMR (101 MHz, CDCI;) & 156.7, 129.7, 128.2, 128.1, 126.9, 125.9, 125.7, 120.7,
110.2, 82.2, 81.9, 55.5, 52.6, 51.0, 47.6, 34.3, 32.7, 29.6, 28.7, 21.3, 19.6, 18.0, 9.3, 9.1.

IR (ATR, cm™) 2920, 2866, 2824, 1601, 1589, 1491, 1425.

HRMS (EI) m/z calculated for C3yH3glrN,O [M—CI]: 635.2614; found 635.2608.

MP (°C) decomp. >190.
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(1,5-cyclooctadiene)(1-(2-methoxyphenyl)-3-(2-methoxybenzyl)-4,5-dimethylimidazol-
2-ylidene)iridium(l) chloride 159

) \Ir/CI Q
// N OMe
Nr\%‘

Prepared according to General Procedure C.

MeO

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium tert-butoxide: 33.4 mg, 0.298 mmol.

Amount of 3-(2-methoxybenzyl)-1-(2-methoxyphenyl)-4,5-dimethyl-1H-imidazol-3-ium
chloride 149: 107 mg, 0.298 mmol.

Product yield: 137 mg, 70%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCl5) & 10.58 (s, 1H, N-CH-N), 7.46-7.42 (m, 2H, ArH), 7.39 (d, J
= 7.2 Hz, 1H, ArH), 7.11-7.02 (m, 4H, ArH), 6.91 (d, J = 7.9 Hz, 1H, ArH), 5.72 (s, 2H,
ArCH;N), 4.14-4.10 (m, 2H, COD CH), 3.84 (s, 3H, OCHj3), 3.79 (s, 3H, OCHj3), 2.94-2.88
(m, 2H, COD CH), 2.28 (s, 3H, NHC CHs), 1.96 (s, 3H, NHC CH3), 1.76-1.61 (m, 4H,
COD CH,), 1.30-1.14 (m, 4H, COD CH,).

C NMR (101 MHz, CDCIl5) & 159.3, 151.6, 136.4, 131.3, 131.2, 129.8, 129.3, 129.3,
128.9, 128.6, 128.4, 128.2, 127.9, 127.3, 126.4, 123.0, 120.8, 113.3, 111.3, 56.9, 49.3,
12.4,11.4.

IR (ATR, cm™) 2918, 2820, 1606, 1581, 1488.

HRMS (EI) m/z calculated for CygHs4lrN,O, [M—CI]: 623.2250; found 623.2279.

MP (°C) decomp. >200.

(1,5-cyclooctadiene)(1-(2,6-dimethoxyphenyl)-3-(2-methoxybenzyl)-4,5-
dimethylimidazol-2-ylidene)iridium(l) chloride 160

MeO
\I _Cl
Y/ N
@ OMe
N\g\
Meo\é

294



Prepared according to General Procedure C.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium tert-butoxide: 33.4 mg, 0.298 mmol.

Amount of 1-(2,6-dimethoxyphenyl)-3-(2-methoxybenzyl)-4,5-dimethyl-1H-imidazol-3-ium
chloride 151: 116 mg, 0.298 mmol.

Product yield: 168 mg, 82%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCl3) 8 7.56 (d, J = 7.1 Hz, 1H, ArH), 7.37-7.32 (m, 1H, ArH), 7.18
(t, J = 7.2 Hz, 1H, ArH), 7.04-7.00 (m, 1H, ArH), 6.89 (d, J = 7.2 Hz, 2H, ArH), 5.66 (s,
2H, ArCH;N), 4.40-4.28 (m, 2H, COD CH), 3.85 (s, 3H, OCHy), 3.73 (s, 6H, OCH3), 2.96-
2.90 (m, 2H, COD CH), 2.25 (s, 3H, NHC CHj3), 1.98 (s, 3H, NHC CHz3) 1.76-1.53 (m, 4H,
COD CHy), 1.39-1.25 (m, 3H, COD CHy,), 1.14-1.05 (m, 1H, COD CH,)..

3C NMR (101 MHz, CDCl5) & 159.2, 137.4, 135.9, 131.4, 131.2, 129.5, 129.3, 128.9,
128.4,128.2,128.1, 128.0, 127.7, 123.0, 120.9, 111.3, 109.7, 56.9, 49.3, 12.4, 11.3.

IR (ATR, cm™) 2922, 2885, 2816, 1604, 1578, 1480.

HRMS (EI) m/z calculated for CyHsglrN,O3 [M—CI]: 653.2355; found 653.2370.

MP (°C) decomp. >200.

(1,5-cyclooctadiene)(1-(2,4,6-trimethoxyphenyl)-3-(2-methoxybenzyl)-4,5-
dimethylimidazol-2-ylidene)iridium(l) chloride 161
OMe

a OMe
N\%\
Meo\é

Prepared according to General Procedure C.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium tert-butoxide: 33.4 mg, 0.298 mmol.

Amount of 3-(2-methoxybenzyl)-4,5-dimethyl-1-(2,4,6-trimethoxyphenyl)-1H-imidazol-3-
ium chloride 153: 125 mg, 0.298 mmol.

Product yield: 131 mg, 61%.

Product appearance: yellow solid.
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'H NMR (400 MHz, CDCly) § 7.42 (d, J = 7.1 Hz, 1H, ArH), 7.37-7.34 (m, 1H, ArH), 7.31
(s, 2H, ArH), 7.07-7.02 (m, 2H, ArH), 5.57 (s, 2H, ArCH,N), 4.14-4.10 (m, 2H, COD CH),
3.84 (s, 3H, OCHg), 3.69 (s, 6H, OCHj3), 3.61 (s, 3H, OCHj3), 2.94-2.88 (m, 2H, COD CH),
2.19 (s, 3H, NHC CHj), 1.92 (s, 3H, NHC CHs), 1.76-1.53 (m, 2H, COD CH,), 1.53-1.42
(m, 2H, COD CHj), 1.30-1.14 (m, 4H, COD CH,).

C NMR (101 MHz, CDCl;) & 162.9,159.6, 158.8, 135.9, 131.5, 131.2, 129.2, 128.6,
128.3, 127.9, 127.8, 127.4, 126.8, 120.9, 118.0, 111.4, 95.4, 57.2, 49.3, 29.6, 28.7, 28.4,
27.9,12.4,11.3.

IR (ATR, cm™) 2920, 2822, 1598, 1576, 1456.

HRMS (EI) m/z calculated for C3yH3glrN,O, [M—CI]: 683.2461; found 683.2471.

MP (°C) decomp. >180.

(1,5-cyclooctadiene)(1-(2-(methylthio)phenyl)-3-(2-methoxybenzyl)-4,5-
dimethylimidazol-2-ylidene)iridium(l) chloride 162

) \Ir/cI Q
// N SMe
N%
Meo\é

Prepared according to General Procedure C.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium tert-butoxide: 33.4 mg, 0.298 mmol.

Amount of 3-(2-methoxybenzyl)-4,5-dimethyl-1-(2-(methylthio)phenyl)-1H-imidazol-3-ium
chloride 155: 112 mg, 0.298 mmol.

Product yield: 137 mg, 68%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCls) & 7.46-7.40 (m, 2H, ArH), 7.36 (d, J = 7.2 Hz, 1H, ArH), 7.28
(d, J=7.2 Hz, 1H, ArH), 7.22 (dt, J = 7.6, “J = 1.6 Hz, 1H, ArH), 7.12 (dd, J = 7.2, = 1.6
Hz, 1H, ArH), 7.05-6.98 (m, 2H, ArH), 5.61 (s, 2H, ArCH,N), 4.14-4.10 (m, 2H, COD
CH), 3.82 (s, 3H, OCHjy), 2.96-2.90 (m, 2H, COD CH), 2.37 (s, 3H, SCHs), 2.25 (s, 3H,
NHC CHs), 2.00 (s, 3H, NHC CHj), 1.84-1.78 (m, 1H, COD CH,), 1.76-1.66 (m, 1H, COD
CH,), 1.53-1.42 (m, 2H, COD CH,), 1.39-1.25 (m, 3H, COD CH,), 1.14-1.05 (m, 1H, COD
CH,).
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C NMR (101 MHz, CDCls) & 159.2, 141.0, 136.6, 131.3, 131.1, 129.6, 129.3, 128.9,
128.8, 128.5, 128.4, 128.2, 127.4, 126.8, 126.4, 125.4, 120.8, 111.0, 56.8, 49.0, 29.6,
28.7,28.4,27.9,16.4,12.0, 11.1.

IR (ATR, cm™) 2918, 2816, 1608, 1560, 1468, 1426.

HRMS (EI) m/z calculated for CygH34lrN,OS [M—CI]: 639.2021; found 639.2038.

MP (°C) decomp. >200.

(1,5-cyclooctadiene)(1-mesityl-3-(2-methoxybenzyl)imidazol-2-ylidene)iridium(l)
bromide 163

1T
/Ir
/

MeQ,

Prepared according to General Procedure D.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium hexamethyldisilazide (0.7 M in toluene): 0.49 mL, 0.343 mmol.
Amount of sodium bromide: 61 mg, 0.596 mmol.

Amount of 1-mesityl-3-(2-methoxybenzyl)-1H-imidazol-3-ium bromide 146: 116 mg, 0.298
mmol.

Product yield: 123 mg, 60%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDClI;) & 8.08 (d, 1H, J = 1.4 Hz, N-CH-CH-N), 7.74 (d, J = 7.6 Hz,
1H, ArH), 7.34-7.29 (m, 1H, ArH), 7.07-7.00 (m, 3H, ArH & N-CH-CH-N), 6.91 (s, 2H,
ArH), 5.92 (s, 2H, ArCH;N), 4.14-4.10 (m, 2H, COD CH), 3.83 (s, 3H, OCH,3), 2.94-2.88
(m, 2H, COD CH), 2.34 (s, 6H, ArCHs), 2.00 (s, 3H, CHs), 1.76-1.61 (m, 4H, COD CH,),
1.30-1.14 (m, 4H, COD CH,).

C NMR (101 MHz, CDCI5) & 158.9, 140.6, 136.8, 134.2, 133.2, 133.1, 130.7, 130.1,
129.4,129.3, 128.5, 127.6, 123.1, 60.0, 53.2, 29.6, 28.7, 28.4, 27.9, 20.0, 17.1.

IR (ATR, cm™) 2925, 2820, 1605, 1578, 1459.

HRMS (EI) m/z calculated for CygHa4IrN,O [M—-Br]: 607.2301; found 607.2289.

MP (°C) decomp. >180.
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(1,5-cyclooctadiene)(1-mesityl-3-(2-methoxybenzyl)-4,5-dimethylimidazol-2-
ylidene)iridium(l) bromide 164

4 1S

/

7 N
Nj)\

MeQ,

Prepared according to General Procedure D.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium hexamethyldisilazide (0.7 M in toluene): 0.49 mL, 0.343 mmol.
Amount of sodium bromide: 61 mg, 0.596 mmol.

Amount of 1-mesityl-3-(2-methoxybenzyl)-4,5-dimethyl-1H-imidazol-3-ium bromide 148:
124 mg, 0.298 mmol.

Product yield: 121 mg, 57%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCls) § 7.32-7.26 (m, 1H, ArH), 7.07-7.04 (m, 1H, ArH), 6.97-6.87
(m, 3H, ArH), 6.71-6.67 (m, 1H, ArH), 6.56 (d, 2J = 17.2 Hz, 1H, Ar-CH,-OCHj), 5.18 (d,
2J = 17.3 Hz, 1H, ArCH,OCHs), 4.51-4.44 (m, 1H, COD CH), 4.42-4.35 (m, 1H, COD CH),
3.94 (s, 1H, OCH;), 3.01-2.95 (m, 1H, COD CH), 2.85-2.79 (m, 1H, COD CH), 2.38 (s, 6H,
NHC CHs), 2.00 (s, 3H, ArCHj), 1.90 (s, 3H, ArCHs), 1.79 (s, 3H, ArCH,), 1.76-1.69 (m,
1H, COD CH,), 1.54-1.44 (ddd, %3 = 13.9 Hz, J = 10.0, 7.1 Hz, 2H, COD CH,),

1.37-1.27 (m, 3H, COD CH,), 1.21-1.12 (m, 1H, COD CH,), 1.07-0.96 (m, 1H, COD CH,).
C NMR (101 MHz, CDCI;) & 138.8, 138.5, 136.3, 134.6, 129.7, 129.3, 128.9, 128.4,
128.2,127.1, 1235, 82.7,51.7, 33.7, 29.6, 29.2, 28.7, 28.4, 27.9, 21.3, 19.9, 18.4.

IR (ATR, cm™) 2920, 2825, 1600, 1588, 1491, 1425.

HRMS (EI) m/z calculated for CsyHaglrN,O [M-Br]: 635.2614; found 635.2623.

MP (°C) decomp. >200.
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(1,5-cyclooctadiene)(1-(2-methoxyphenyl)-3-(2-methoxybenzyl)-4,5-dimethylimidazol-
2-ylidene)iridium(l) bromide 165

@ﬂ

Prepared according to General Procedure D.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium hexamethyldisilazide (0.7 M in toluene): 0.49 mL, 0.343 mmol.
Amount of sodium bromide: 61 mg, 0.596 mmol.

Amount of 3-(2-methoxybenzyl)-1-(2-methoxyphenyl)-4,5-dimethyl-1H-imidazol-3-ium
bromide 150: 120 mg, 0.298 mmol.

Product yield: 117 mg, 56%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCl,) & 7.45-7.41 (m, 2H, ArH), 7.39-7.36 (m, 1H, ArH), 7.09-6.99
(m, 4H, ArH), 6.92 (d, J =7.8 Hz, 1H, ArH), 5.73 (s, 2H, ArCH;N), 4.40-4.28 (m, 2H, COD
CH), 3.85 (s, 3H, OCHjy), 3.78 (s, 3H, OCHg), 2.96-2.90 (m, 2H, COD CH), 2.26 (s, 3H,
NHC CH,), 1.95 (s, 3H, NHC CHy), 1.76-1.61 (m, 4H, COD CH,), 1.39-1.25 (m, 3H, COD
CH,), 1.14-1.05 (m, 1H, COD CH,).

C NMR (101 MHz, CDCIl5) & 159.4, 151.4, 136.5, 131.3, 131.2, 129.9, 129.4, 129.3,
128.9, 128.4, 128.2, 128.0, 127.9, 127.4, 126.5, 123.0, 120.9, 113.3, 111.4, 57.0, 49.4,
12.4,11.3.

IR (ATR, cm™) 2920, 2816, 1610, 1578, 1488.

HRMS (EI) m/z calculated for CygHs4lrN,O, [M—Br]: 623.2250; found 623.2268.

MP (°C) decomp. >200.
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(1,5-cyclooctadiene)(1-(2,6-dimethoxyphenyl)-3-(2-methoxybenzyl)-4,5-
dimethylimidazol-2-ylidene)iridium(l) bromide 166

@ OMe
N\%\
Meo\é

Prepared according to General Procedure D.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium hexamethyldisilazide (0.7 M in toluene): 0.49 mL, 0.343 mmol.
Amount of sodium bromide: 61 mg, 0.596 mmol.

Amount of 1-(2,6-dimethoxyphenyl)-3-(2-methoxybenzyl)-4,5-dimethyl-1H-imidazol-3-ium
bromide 152: 129 mg, 0.298 mmol.

Product yield: 157 mg, 72%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCl3) 8 7.55 (d, J = 7.2 Hz, 1H, ArH), 7.34 (dd, J = 8.1, *J = 1.6 Hz,
1H, ArH), 7.17 (t, J = 7.2 Hz, 1H, ArH), 7.04-6.99 (m, 2H, ArH), 6.87 (d, J = 7.2 Hz, 2H,
ArH), 5.65 (s, 2H, ArCH,N), 4.14-4.10 (m, 2H, COD CH), 3.85 (s, 3H, OCHj), 3.71 (s, 6H,
OCHs), 2.94-2.88 (m, 2H, COD CH), 2.24 (s, 3H, NHC CHj3), 1.97 (s, 3H, NHC CHy),
1.76-1.61 (m, 4H, COD CH,), 1.39-1.25 (m, 3H, COD CH2), 1.14-1.02 (m, 1H, COD CH,).
C NMR (101 MHz, CDCIs) & 159.1, 137.2, 135.9, 131.3, 131.0, 130.1, 129.3, 128.9,
128.4,128.2,127.7,127.3,126.7, 123.1, 120.9, 111.4, 109.8, 56.8, 49.3, 12.5, 11.3.

IR (ATR, cm™) 2919, 2881, 1606, 1580, 1458.

HRMS (EI) m/z calculated for CygH3slrN,O3 [M—Br]: 653.2355; found 653.2375.

MP (°C) decomp. >200.
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(1,5-cyclooctadiene)(1-(2,4,6-trimethoxyphenyl)-3-(2-methoxybenzyl)-4,5-
dimethylimidazol-2-ylidene)iridium(l) bromide 167

OMe
MeO

\I Br

.

// a N OMe
N\%\

Meo\é

Prepared according to General Procedure D.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium hexamethyldisilazide (0.7 M in toluene): 0.49 mL, 0.343 mmol.
Amount of sodium bromide: 61 mg, 0.596 mmol.

Amount of 3-(2-methoxybenzyl)-4,5-dimethyl-1-(2,4,6-trimethoxyphenyl)-1H-imidazol-3-
ium bromide 154: 138 mg, 0.298 mmol.

Product yield: 134 mg, 59%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCI3) § 7.40 (dd, J = 7.1, “J = 1.2 Hz, 1H, ArH), 7.36-7.34 (m, 1H,
ArH), 7.26 (s, 2H, ArH), 7.06-7.00 (m, 2H, ArH), 5.57 (s, 2H, ArCH,N), 4.40-4.28 (m, 2H,
COD CH), 3.85 (s, 3H, OCHjy), 3.69 (s, 6H, OCHj), 3.60 (s, 3H, OCH3), 2.94-2.88 (m, 2H,
COD CH), 2.20 (s, 3H, NHC CHs), 1.91 (s, 3H, NHC CHj) 1.76-1.61 (m, 4H, COD CH,),
1.30-1.14 (m, 4H, COD CH,).

C NMR (101 MHz, CDCls) & 163.0,159.7, 158.8, 135.8, 131.6, 131.3, 129.6, 129.2,
128.7,127.8, 126.4, 126.2, 125.8, 121.0, 117.9, 111.5, 95.5, 57.3, 49.3, 12.4, 11.2.

IR (ATR, cm™) 2920, 2821, 1600, 1574, 1448.

HRMS (EI) m/z calculated for CzyHsglrN,O, [M—Br]: 683.2461; found 683.2474.

MP (°C) decomp. >200.
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(1,5-cyclooctadiene)(1-(2-(methylthio)phenyl)-3-(2-methoxybenzyl)-4,5-
dimethylimidazol-2-ylidene)iridium(l) bromide 168

/\Ir/Br Q
2 AN swe
N\g‘

Prepared according to General Procedure D.

MeO

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium hexamethyldisilazide (0.7 M in toluene): 0.49 mL, 0.343 mmol.
Amount of sodium bromide: 61 mg, 0.596 mmol.

Amount of 3-(2-methoxybenzyl)-4,5-dimethyl-1-(2-(methylthio)phenyl)-1H-imidazol-3-ium
bromide 156: 125 mg, 0.298 mmol.

Product yield: 129 mg, 60%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCls) & 7.43-7.39 (m, 2H, ArH), 7.35 (d, J = 7.1 Hz, 1H, ArH),
7.28-7.25 (m, 1H, ArH), 7.23 (d, J = 7.6 Hz, 1H, ArH), 7.10 (dd, J = 7.1, “J = 1.5 Hz, 1H,
ArH), 7.06-7.00 (m, 2H, ArH), 5.63 (s, 2H, ArCH,N), 4.40-4.28 (m, 2H, COD CH), 3.84 (s,
3H, OCHj3), 2.96-2.90 (m, 1H, COD CH), 2.78-2.72 (m, 1H, COD CH), 2.36 (s, 3H, SCHj),
2.25 (s, 3H, NHC CHs), 1.99 (s, 3H, NHC CHj), 1.76-1.53 (m, 2H, COD CH,), 1.53-1.42
(m, 2H, COD CHj), 1.39-1.25 (m, 3H, COD CHj), 1.14-1.05 (m, 1H, COD CHy).

C NMR (101 MHz, CDCIls) § 159.4, 141.1, 136.7, 131.3, 131.2, 129.6, 129.3, 128.9,
128.4, 128.2, 127.6, 127.2, 126.5, 125.8, 124.5, 125.4, 120.9, 111.1, 56.9, 49.1, 16.6,
12.2,11.2.

IR (ATR, cm™) 2919, 1602, 1558, 1462.

HRMS (EI) m/z calculated for CygHz4lrN,OS [M-Br]: 639.2021; found 639.2010.

MP (°C) decomp. >200.
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Scheme 2.45

In all cases, clear **C spectra could not be acquired and therefore are not reported. This is in
line with observations reported by Hope and co-workers.'”® Attempts to obtain high
resolution mass spectrometry data for complexes 176-181 were unsuccessful due to the air
sensitivity of the complexes. For clarity, only the key v(CO)pcwm Stretching frequencies, used
to calculate TEP, are reported.

Dicarbonyl(1-mesityl-3-(2-methoxybenzyl)imidazol-2-ylidene)iridium(l) chloride 176

OC\

Cl
Ir/
/
oC
»FN
N A

MeO

Prepared according to General Procedure E.
(1,5-cyclooctadiene)(1-mesityl-3-(2-methoxybenzyl)imidazol-2-ylidene)iridium(l) chloride
157: 12.8 mg, 0.02 mmol.

Product yield: 9.4 mg, 80%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCls) & 8.08 (d, 1H, J = 1.4 Hz, N-CH-CH-N), 7.74 (d, J = 7.6 Hz,
1H, ArH), 7.34-7.29 (m, 1H, ArH), 7.07-7.00 (m, 3H, ArH & N-CH-CH-N), 6.91 (s, 2H,
ArH), 5.92 (s, 2H, ArCH;,N), 3.83 (s, 3H, OCHj3), 2.34 (s, 6H, ArCHz), 2.00 (s, 3H, CHjs).

IR (DCM, cm™) 2021.9.

MP (°C) decomp. >60.

Dicarbonyl(1-mesityl-3-(2-methoxybenzyl)-4,5-dimethylimidazol-2-ylidene)iridium(l)
chloride 177

OC\ Ir/CI
/
OoC
¥N
Nj)\
MeOQ,

Prepared according to General Procedure E.
Amount of (1,5-cyclooctadiene)(1-mesityl-3-(2-methoxybenzyl)imidazol-2-
ylidene)iridium(l) chloride 158: 13.4 mg, 0.02 mmol.
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Product yield: 7.35 mg, 58%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCls) § 7.46 (d, J = 7.6 Hz, 1H, ArH), 7.37-7.29 (m, 1H, ArH),
7.03-6.92 (m, 3H, ArH), 6.91 (d, J = 8.2 Hz, 1H, ArH), 5.84 (s, 2H, ArCH;N), 3.87 (s, 3H,
OCHjy), 2.34 (s, 3H, Ar CHg), 2.23 (s, 3H, NHC CH), 2.01 (s, 6H, ArCHs), 1.92 (s, 3H,
NHC CH,).

IR (DCM, cm™) 2018.5.

MP (°C) decomp. >60.

Dicarbonyl(1-(2-methoxyphenyl)-3-(2-methoxybenzyl)-4,5-dimethylimidazol-2-
ylidene)iridium(l) chloride 178

s YN OMe
N\g‘

Prepared according to General Procedure E.

ocC
MeO

Amount of (1,5-cyclooctadiene)(1-(2-methoxyphenyl)-3-(2-methoxybenzyl)-4,5-
dimethylimidazol-2-ylidene)iridium(l) chloride 159: 13.2 mg, 0.02 mmol.

Product yield: 8.4 mg, 69%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCl;) & 7.45-7.41 (m, 2H, ArH), 7.39-7.36 (m, 1H, ArH), 7.09-6.99
(m, 4H, ArH), 6.92 (d, J = 7.8 Hz, 1H, ArH), 5.73 (s, 2H, ArCH,N), 3.85 (s, 3H, OCH3),
3.78 (s, 3H, OCHy), 2.26 (s, 3H, NHC CH3), 11.95 (s, 3H, NHC CHy).

IR (DCM, cm™) 2019.1.

MP (°C) decomp. >60.
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Dicarbonyl(1-(2,6-dimethoxyphenyl)-3-(2-methoxybenzyl)-4,5-dimethylimidazol-2-
ylidene)iridium(l) chloride 179

MeO
OC\| s
;
7
oc 7™ Ome
N\g\
Meo\é

Prepared according to General Procedure E.

Amount of (1,5-cyclooctadiene)(1-(2,6-dimethoxyphenyl)-3-(2-methoxybenzyl)-4,5-
dimethylimidazol-2-ylidene)iridium(l) chloride 160: 13.8 mg, 0.02 mmol.

Product yield: 8.9 mg, 70%.

Product appearance: yellow solid.

'"H NMR (400 MHz, CDCl3) 8 7.55 (d, J = 7.2 Hz, 1H, ArH), 7.34 (dd, J = 8.1, *J = 1.6 Hz,
1H, ArH), 7.17 (t, J = 7.2 Hz, 1H, ArH), 7.04-6.99 (m, 2H, ArH), 6.87 (d, J = 7.2 Hz, 2H,
ArH), 5.65 (s, 2H, ArCH;N), 3.85 (s, 3H, OCHj3), 3.71 (s, 6H, OCHj3), 2.24 (s, 3H, NHC
CHjy), 1.97 (s, 3H, NHC CHy).

IR (DCM, cm™) 2018.6.

MP (°C) decomp. >60.

Dicarbonyl(1-(2,4,6-trimethoxyphenyl)-3-(2-methoxybenzyl)-4,5-dimethylimidazol-2-
ylidene)iridium(l) chloride 180
OMe

MeO
o Q
/ Ir.
oc 7™\ OMe
N \%\
Meo\é

Prepared according to General Procedure E.

Amount of  (1,5-cyclooctadiene)(1-(2,4,6-trimethoxyphenyl)-3-(2-methoxybenzyl)-4,5-
dimethylimidazol-2-ylidene)iridium(l) chloride 161: 14.4 mg, 0.02 mmol.

Product yield: 10.9 mg, 82%.

Product appearance: yellow solid.
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'H NMR (400 MHz, CDCl5)  7.40 (dd, J = 7.1, “J = 1.2 Hz, 1H, ArH), 7.36-7.34 (m, 1H,
ArH), 7.26 (s, 2H, ArH), 7.06-7.00 (m, 2H, ArH), 5.57 (s, 2H, ArCH,N), 3.85 (s, 3H,
OCHjy), 3.69 (s, 6H, OCHjy), 3.62 (s, 3H, OCHz), 2.20 (s, 3H, NHC CHj3), 1.91 (s, 3H, NHC
CHa).

IR (DCM, cm™) 2018.3.

MP (°C) decomp. >60.

Dicarbonyl(1-(2-(methylthio)phenyl)-3-(2-methoxybenzyl)-4,5-dimethylimidazol-2-
ylidene)iridium(l) chloride 181

OC\Ir/CI Q
/s YN SMe
N\g‘

Prepared according to General Procedure E.

oC
MeO

Amount of (1,5-cyclooctadiene)(1-(2-(methylthio)phenyl)-3-(2-methoxybenzyl)-4,5-
dimethylimidazol-2-ylidene)iridium(l) chloride 162: 13.5 mg, 0.02 mmol.

Product yield: 7.6 mg, 61%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCls) § 7.43-7.39 (m, 2H, ArH), 7.35 (d, J = 7.1 Hz, 1H, ArH),
7.28-7.25 (m, 1H, ArH), 7.23 (d, J = 7.6 Hz, 1H, ArH), 7.10 (dd, J = 7.1, “J = 1.5 Hz, 1H,
ArH), 7.06-7.00 (m, 2H, ArH), 5.63 (s, 2H, ArCHN), 3.84 (s, 3H, OCHj3), 2.36 (s, 3H,
SCH), 2.25 (s, 3H, NHC CH3), 1.99 (s, 3H, NHC CHy).

IR (DCM, cm™) 2020.3.

MP (°C) decomp. >60.
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Scheme 2.46 / Table 2.4

Complex Activation and Observation of Iridium(l11) Hydride Intermediates

Ha cl
ﬁ’\ _cl MeCN-d; H., | . NCMe
Ir > '
%// \NHC 25 °C H 'LHCNCMe

Carried out according to General Procedure F.
While full analysis of *H and **C NMR data is not provided for each derivative studied, a

clear loss of the COD olefinic proton signals was observed in all cases.

Entry Catalyst OoH / ppm
1 157 —22.52
2 158 —22.80
3 159 -22.60
4 160 -22.70
5 161 —22.96
6 162 n/a*

* Hydride signal not observed.

N-Alkylation of Amines via Hydrogen Borrowing

Table 2.5

N-Benzyl-N-phenylamine 51*"

Product appearance: yellow low-melting solid.

'"H NMR (400 MHz, CDCl;) & 7.42-7.36 (m, 4H, ArH), 7.32-7.25 (m, 1H, ArH), 7.22—
7.17 (m, 2H, ArH), 6.77-6.71 (m, 1H, ArH), 6.69-6.65 (m, 2H, ArH), 4.36 (s, 2H, CH,),
4.18 (br. s, 1H, NH).

C NMR (101 MHz, CDCl5) & 148.3, 139.6 ,129.3, 128.9, 127.7, 127.3, 117.7, 113.0, 48.4.

IR (ATR, cm™) 3023, 2921, 2844, 1603, 1512.
MP (°C) 33-35 (lit. 34-35)."*
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Reactions carried out following General Procedure G.
Reaction temperature: 110 °C.

Amount of aniline: 20 mg, 0.215 mmol.

Amount of benzyl alcohol: 23 mg, 0.215 mmol.

Amount of toluene: 2.5 mL.

Amount of Product
Amount of Base )
Entry | Catalyst Catalyst Base Yield

mmol mg mmol mg mg %
1 157 0.01075 6.9 K,CO; | 0.01075 15 23.2 | 59
2 158 0.01075 7.2 K,CO; | 0.01075 15 315 | 80
3 159 0.01075 7.1 K,CO; | 0.01075 15 298 | 71
4 160 0.01075 7.4 K,CO; | 0.01075 15 19.7 | 50
5 161 0.01075 7.7 K,CO; | 0.01075 15 18.1 | 46
6 162 0.01075 7.2 K,CO; | 0.01075 15 2.4 6
7 163 0.01075 7.4 K,CO; | 0.01075 15 209 | 53
8 164 0.01075 7.7 K,CO; | 0.01075 15 323 | 82
9 165 0.01075 7.6 K,CO; | 0.01075 15 276 | 70
10 166 0.01075 7.9 K,CO; | 0.01075 15 20.1 | 51
11 167 0.01075 8.2 K,CO; | 0.01075 15 205 | 52
12 168 0.01075 7.7 K,CO; | 0.01075 15 3.2 8
13 157 | 0.01075 | 6.9 ‘BUOK | 0.01075 1.2 252 | 64
14 158 0.01075 7.2 ‘BUOK | 0.01075 1.2 359 | 91
15 159 0.01075 7.1 '‘BUOK | 0.01075 1.2 32.7 | 83
16 160 0.01075 7.4 ‘BUOK | 0.01075 1.2 229 | 58
17 161 0.01075 7.7 ‘BUOK | 0.01075 1.2 232 | 59
18 162 0.01075 7.2 'BuOK | 0.01075 1.2 7.1 18
19 163 0.01075 7.4 ‘BUOK | 0.01075 1.2 26.0 | 66
20 164 0.01075 7.7 ‘BUOK | 0.01075 1.2 382 | 97
21 165 0.01075 7.6 ‘BUOK | 0.01075 1.2 319 | 81
22 166 0.01075 7.9 ‘BUOK | 0.01075 1.2 244 | 62
23 167 0.01075 8.2 ‘BUOK | 0.01075 1.2 236 | 60
24 168 0.01075 7.7 ‘BUOK | 0.01075 1.2 6.3 16
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Table 2.6

Reactions carried out following General Procedure G.

Amount of aniline: 20 mg, 0.215 mmol.

Amount of benzyl alcohol: 23 mg, 0.215 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.

Amount of solvent: 2.5 mL.

Spectral data for N-benzyl-N-phenylamine 51 as reported above.

Entry | Catalyst Amount of Catalyst Solvent Temp. Product Yield
mmol mg /°C mg %
1 158 0.01075 7.2 Toluene 110 35.9 91
2 158 0.01075 7.2 Dioxane 101 36.2 92
3 158 0.01075 7.2 CPME 106 35 9
4 158 0.01075 7.2 MTBE 55 5.9 15
5 158 0.01075 7.2 2-MeTHF 80 36.6 93
6 164 0.01075 7.7 Toluene 110 38.2 97
7 164 0.01075 7.7 Dioxane 101 37.4 95
8 164 0.01075 7.7 CPME 106 3.9 10
9 164 0.01075 7.7 MTBE 55 7.1 18
10 164 0.01075 7.7 2-MeTHF 80 37.0 94
Table 2.7

Reactions carried out following General Procedure G.

Amount of aniline: 20 mg, 0.215 mmol.

Amount of benzyl alcohol: 23 mg, 0.215 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.

Amount of 2-MeTHF: 2.5 mL.

Spectral data for N-benzyl-N-phenylamine 51 as reported above.

Amount of Catalyst Product Yield
Entry Catalyst Temp./°C
mmol mg mg %
1 158 0.01075 7.2 60 37.0 94
2 164 0.01075 7.7 60 37.8 96
3 158 0.01075 7.2 40 35.9 91
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Amount of Catalyst Product Yield
Entry Catalyst Temp./°C
mmol mg mg %
4 164 0.01075 7.7 40 37.0 94
5 158 0.01075 7.2 25 29.9 76
6 164 0.01075 7.7 25 36.6 93
Scheme 2.48

3-(2-methoxybenzyl)-1-methyl-1H-imidazol-3-ium bromide 183%°

~N__N
NZ
€ OMe

eBr

Prepared according to General Procedure B.

Amount of 2-methoxybenzyl bromide 144: 603 mg, 3 mmol.

Amount of 1-methylimidazole 182: 239 pL, 3 mmol

Product yield: 799 mg, 94%.

Product appearance: off-white solid.

'"H NMR (400 MHz, CDCl;) § 10.34 (s, 1H, N-CH-N), 7.60 (dd, J = 7.5, *J = 1.4 Hz, 1H,
ArH), 7.52-7.37 (m, 1H, ArH), 6.97 (td, J = 7.5, “J = 1.0 Hz, 1H, ArH), 6.93 (s, 1H, N-CH-
CH-N), 6.89 (s, 1H, N-CH-CH-N), 5.49 (s, 2H, CH,), 4.11 (s, 3H, OCHj3), 3.91 (s, 3H, NHC
CHa).

BC NMR (101 MHz, CDCly) 6 157.7, 137.6, 131.7, 131.6, 123.5, 122.2, 121.4, 121.3,
111.1, 55.9, 48.9, 36.9.

IR (ATR, cm™) 3132, 2922, 2830, 1540, 1456.

MP (°C) 101-104.

(1,5-cyclooctadiene)(1-methyl-3-(2-methoxybenzyl)imidazol-2-ylidene)iridium(l)
bromide 32%°

§>Ir/8r /

N
"0
MeO

Prepared according to General Procedure D.
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Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium hexamethyldisilazide (0.7 M in toluene): 0.49 mL, 0.343 mmol.
Amount of sodium bromide: 61 mg, 0.596 mmol.

Amount of 3-(2-methoxybenzyl)-1-methylimidazolium bromide 183: 84 mg, 0.298 mmol.
Product yield: 116 mg, 67%.

Product appearance: yellow solid.

'"H NMR (400 MHz, CDCls) § 7.35-7.20 (m, 2H, ArH), 6.96-6.81 (m, 2H, ArH), 6.72 (d, J
= 1.6 Hz, 1H, N-HC-CH-N), 6.67 (d, J = 1.6 Hz, 1H, N-HC-CH-N), 5.71 (d, J = 14.9 Hz,
1H, CH,), 5.52 (d, J = 14.8 Hz, 1H, ArCH,N), 4.59-4.51 (m, 2H, COD CH), 3.88 (s, 3H,
OCHsy), 3.79 (s, 3H, NHC CHj3), 2.99-2.94 (m, 2H, COD CH), 2.12-2.02 (m, 4H, COD
CH,), 1.72-1.36 (m, 4H, COD CH,).

3C NMR (101 MHz, CDCls) & 155.4, 129.3, 127.3, 124.9, 123.5, 121.2, 120.6, 110.4, 83.9,
83.0, 55.4,52.6, 52.2, 49.3, 37.6, 33.6, 32.4, 29.7, 28.2 (Imidazole N-C-N not observed).

IR (ATR, cm™) 3095, 2950, 2918, 2820, 1560, 1448.

HRMS (EI) m/z calculated for CyH,sN,Olr [M—Br]: 503.1675; found: 503.1689.

MP (°C) decomp. >180.

Scheme 2.49
3-Benzyl-1-methyl-1H-imidazol-3-ium bromide 184'"

%
Prepared according to General Procedure B.
Amount of 2-methoxybenzyl bromide 144: 603 mg, 3 mmol.
Amount of 1-mesitylimidazole 133: 559 mg, 3 mmol
Product yield: 922 mg, 86%.
Product appearance: colourless gum.
'H NMR (400 MHz, CDCls) 6 10.58 (s, 1H, N-CH-N), 7.63-7.54 (m, 3H, ArH), 7.44-7.38
(m, 3H, ArH & N-CH-CH-N), 7.14 (s, 1H, N-CH-CH-N), 6.98 (s, 2H, ArH), 5.98 (s, 2H,
ArCH;N), 2.35 (s, 3H, CHj), 2.08 (s, 6H, CHs).
BC NMR (101 MHz, CDCl3) & 142.1, 137.9, 134.4, 133.6, 130.9, 130.0, 129.5, 129.3,
123.4,123.2,53.4,21.2,17.8.
IR (ATR, cm™) 2920, 2818, 2378, 1612, 1470.
MP (°C) 234-237 (lit. 237-238).'"
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(1,5-cyclooctadiene)(1-methyl-3-(2-methoxybenzyl)imidazol-2-ylidene)iridium(l)
bromide 185>

e
y N
DY
Prepared according to General Procedure D.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium hexamethyldisilazide (0.7 M in toluene): 0.49 mL, 0.343 mmol.
Amount of sodium bromide: 61 mg, 0.596 mmol.

Amount of 3-Benzyl-1-methyl-1H-imidazol-3-ium bromide 184: 106 mg, 0.298 mmol.
Product yield: 63 mg, 59%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCl;) § 7.58-7.51 (m, 4H, ArH), 7.43-7.36 (m, 3H, ArH & N-CH-
CH-N), 7.17 (s, 1H, N-CH-CH-N), 6.97 (s, 2H, ArH), 5.77 (d, J = 15.0 Hz, 1H, ArCH,N),
4.60-4.49 (m, 2H, COD CH), 3.02-2.96 (m, 2H, COD CH), 2.35 (s, 3H, ArCHjs), 2.10-1.99
(m, 10H, COD CH, & 2 ArCHj3), 1.60-1.24 (m, 4H, COD CHy,).

C NMR (101 MHz, CDCls) & 137.9, 137.5, 135.4, 132.9, 129.4, 129.1, 128.9, 128.0,
126.5, 125.9, 123.4, 116.3,52.4, 29.1, 28.7, 22.5, 17.7 (Imidazole N-C-N not observed).

IR (ATR, cm™) 2918, 2890, 2820, 1604, 1458.

HRMS (EI) m/z calculated for Cy;Hs,IrN, [M—Br]: 577.2195; found: 577.2180.

MP (°C) decomp. >190.

Table 2.8

Reactions carried out following General Procedure G.
Reaction temperature: 25 °C.

Amount of aniline: 20 mg, 0.215 mmol.

Amount of benzyl alcohol: 23 mg, 0.215 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.
Amount of 2-MeTHF: 2.5 mL.

Spectral data for N-benzyl-N-phenylamine 51 as reported above.
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Amount of Catalyst Product Yield
Entry Catalyst
mmol mg mg %
1 163 0.01075 7.4 29.9 76
2 32 0.01075 6.3 10.2 26
3 185 0.01075 7.1 59 15
Scheme 2.52

N-benzyl-4-methylaniline 191'"

Ph” N :
H

Prepared according to General Procedure G.

Reaction temperature: 25 °C.

Amount of 4-methylaniline: 23 mg, 0.215 mmol.

Amount of benzyl alcohol: 23 mg, 0.215 mmol.

Amount of catalyst 164: 7.7 mg, 0.01075 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.

Amount of 2-MeTHF: 2.5 mL.

Product yield: 38 mg, 90%.

Product appearance: yellow oil.

'"H NMR (400 MHz, CDCls) § 7.42-7.32 (m, 4H, ArH), 7.30-7.25 (m, 1H, ArH), 7.01 (d, J
= 7.2 Hz, 2H, ArH), 6.63 (d, J = 7.8 Hz, 2H, ArH), 4.31 (s, 2H, ArCH,N), 3.99 (br. s, 1H,
NH), 2.26 (s, 3H, CH,).

BC NMR (101 MHz, CDCI,) 6 146.3, 140.0, 130.1, 128.8, 127.6, 127.5, 127.0, 113.4, 49.1,
20.6.

IR (ATR, cm™) 3410, 3035, 2358, 1620, 1518.

N-benzyl-4-methoxyaniline 54'"

/O/OMG
ph

N
H

Prepared according to General Procedure G.

Reaction temperature: 25 °C.
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Amount of 4-methoxyaniline: 23 mg, 0.215 mmol.

Amount of benzyl alcohol: 23 mg, 0.215 mmol.

Amount of catalyst 164: 7.7 mg, 0.01075 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.

Amount of 2-MeTHF: 2.5 mL.

Product yield: 42 mg, 92%.

Product appearance: light yellow solid.

'"H NMR (400 MHz, CDCls) § 7.40-7.31 (m, 4H, ArH), 7.29-7.24 (m, 1H, ArH), 6.80 (d, J
= 8.3 Hz, 2H, ArH), 6.62 (d, J = 8.3 Hz, 2H, ArH), 4.30 (s, 2H, ArCH;N), 3.78 (s, 3H,
OCHy).

C NMR (101 MHz, CDCl;) § 151.9, 142.6, 139.7, 128.8, 127.5, 127.2, 115.0, 114.2, 55.7,
49.3.

IR (ATR, cm™) 3414, 3028, 2834, 1520, 1453.

MP (°C) 52-55 (lit. 55-56)."

N-benzyl-4-bromoaniline 81'"

/O/ Br
Ph” N

H

Prepared according to General Procedure G.

Reaction temperature: 25 °C.

Amount of 4-bromoaniline: 37 mg, 0.215 mmol.

Amount of benzyl alcohol: 23 mg, 0.215 mmol.

Amount of catalyst 164: 7.7 mg, 0.01075 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.

Amount of 2-MeTHF: 2.5 mL.

Product yield: 46 mg, 81%.

Product appearance: light brown solid.

'H NMR (400 MHz, CDCls) & 7.27-7.20 (m, 5H, ArH), 7.14 (d, J = 8.3 Hz, 2H, ArH), 6.42
(d, J =8.3 Hz, 2H, ArH), 4.22 (s, 2H, ArCH;N), 3.92 (br. s, 1H, NH).

BC NMR (101 MHz, CDCls) 6 145.8, 137.5, 130.6, 127.5, 126.2, 114.9, 113.5, 108.0, 47.1.
IR (ATR, cm™) 3390, 3018, 2918, 2353, 1628.

MP (°C) 49-52 (lit.45-46).'
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N-benzyl-4-chloroaniline 192"

Ph” N

H

Prepared according to General Procedure G.

Reaction temperature: 25 °C.

Amount of 4-chloroaniline: 27 mg, 0.215 mmol.

Amount of benzyl alcohol: 23 mg, 0.215 mmol.

Amount of catalyst 164: 7.7 mg, 0.01075 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.

Amount of 2-MeTHF: 2.5 mL.

Product yield: 40 mg, 86%.

Product appearance: yellow low-melting solid.

'H NMR (400 MHz, CDClI3) 8 7.26-7.20 (m, 5H, ArH), 7.03 (d, J = 8.7 Hz, 2H, ArH), 6.44
(d, J=8.7 Hz, 2H, ArH), 4.16 (s, 2H, ArCH,N), 3.87 (br. s, 1H, NH).

3C NMR (101 MHz, CDCI5) 8 145.4, 137.7, 127.9, 126.2, 126.0, 120.6, 115.1, 112.7, 47.0.
IR (ATR, cm™) 3394, 3010, 2920, 2354, 1622.

MP (°C) 42-46 (lit.46-47)."

173
3

N-benzyl-2-methylaniline 19

Ph” N
H

Prepared according to General Procedure G.

Reaction temperature: 25 °C.

Amount of 2-methylaniline: 23 mg, 0.215 mmol.

Amount of benzyl alcohol: 23 mg, 0.215 mmol.

Amount of catalyst 164: 7.7 mg, 0.01075 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.
Amount of 2-MeTHF: 2.5 mL.

Product yield: 38 mg, 89%.

Product appearance: light yellow solid.
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'H NMR (400 MHz, CDCls) & 7.44-7.33 (m, 2H, ArH), 7.32-7.27 (m, 1H, ArH), 7.14-7.08
(m, 2H, ArH), 6.72-6.65 (m, 2H, ArH), 6.63 (dd, J = 8.0, “J = 1.1 Hz, 2H, ArH), 4.40 (s, 2H,
ArCH,N), 3.77 (br. s, 1H, NH), 2.20 (s, 3H, CHa).

BC NMR (101 MHz, CDCl;) & 146.3, 139.8, 130.4, 128.9, 127.9, 127.5, 127.4, 112.3,
117.7,110.4, 48.6, 17.9.

IR (ATR, cm™) 3395, 3025, 2918, 2354, 1624, 1518.

MP (°C) 57-70 (lit. 59-60).'"

N-benzyl-2-tert-butylaniline 194"’

Ph

Iz

Prepared according to General Procedure G.

Reaction temperature: 25 °C.

Amount of 2-tert-butylaniline: 32 mg, 0.215 mmol.

Amount of benzyl alcohol: 23 mg, 0.215 mmol.

Amount of catalyst 164: 7.7 mg, 0.01075 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.

Amount of 2-MeTHF: 2.5 mL.

Product yield: 35 mg, 68%.

Product appearance: yellow oil.

'H NMR (400 MHz, CDCls) & 7.48-7.39 (m, 2H, ArH), 7.36-7.32 (m, 2H, ArH), 7.19-7.13
(m, 1H, ArH), 6.76 (td, J = 7.8, “J = 1.2 Hz, 2H, ArH), 6.70 (dd, J = 8.0, “J = 1.1 Hz, 2H,
ArH), 4.45 (s, 2H, ArCH,N), 4.18 (br. s, 1H, NH), 1.53 (s, 9H, C(CHs)s).

BC NMR (101 MHz, CDCls) 6 146.1, 139.5, 133.2, 129.4, 128.6, 127.4, 127.2, 126.2,
117.1, 112.0, 48.7, 34.1, 29.7.

IR (ATR, cm™) 2925, 1602, 1578, 1450.

N-(4-methylbenzyl)aniline 195"

_Ph
N
JOR

Prepared according to General Procedure G.

Reaction temperature: 25 °C.
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Amount of aniline: 20 mg, 0.215 mmol.

Amount of 4-methylbenzyl alcohol: 24 mg, 0.215 mmol.

Amount of catalyst 164: 7.7 mg, 0.01075 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.

Amount of 2-MeTHF: 2.5 mL.

Product yield: 40 mg, 94%.

Product appearance: yellow low-melting solid.

'"H NMR (400 MHz, CDCl3) 8 7.27 (d, J = 7.8 Hz, 2H, ArH), 7.24-7.18 (m, 4H, ArH), 6.76
(t, J =7.2 Hz, 1H, ArH), 6.67 (d, J = 7.8 Hz, 2H, ArH), 4.33 (s, 2H, ArCH,N), 3.91 (br. s,
1H, NH), 2.39 (s, 3H, CHj).

3C NMR (101 MHz, CDCl5) & 148.2, 136.6, 136.2, 129.1, 129.0, 117.3, 112.6, 48.0, 20.9.
IR (ATR, cm™) 3395, 2996, 2920, 2356, 1628, 1520.

MP (°C) 3841 (lit. 40-41).*"

N-(4-chlorobenzyl)aniline 53"

_Ph
N
JoR:
Cl

Prepared according to General Procedure G.

Reaction temperature: 25 °C.

Amount of aniline: 20 mg, 0.215 mmol.

Amount of 4-chlorobenzyl alcohol: 31 mg, 0.215 mmol.

Amount of catalyst 164: 7.7 mg, 0.01075 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.

Amount of 2-MeTHF: 2.5 mL.

Product yield: 42 mg, 91%.

Product appearance: pale yellow oil.

'H NMR (400 MHz, CDCls) & 7.37-7.32 (m, 4H, ArH), 7.26-7.22 (m, 2H, ArH), 6.78 (t, J
= 7.1 Hz, 1H, ArH), 6.66 (d, J = 8.1 Hz, 2H, ArH), 4.34 (s, 2H, ArCH,N), 3.97 (br. s, 1H,
NH).

C NMR (101 MHz, CDCI;) & 148.0, 138.3, 133.0, 131.2, 129.6, 128.9, 128.8, 118.0,
113.2, 47.9.

IR (ATR, cm™) 3394, 3005, 2916, 2650, 1624.
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N-(2-methoxybenzyl)aniline 196"
OMe

_Ph
N
H

Prepared according to General Procedure G.

Reaction temperature: 25 °C.

Amount of aniline: 20 mg, 0.215 mmol.

Amount of 2-methoxybenzyl alcohol: 30 mg, 0.215 mmol.

Amount of catalyst 164: 7.7 mg, 0.01075 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.

Amount of 2-MeTHF: 2.5 mL.

Product yield: 37 mg, 81%.

Product appearance: pale yellow oil.

'H NMR (400 MHz, CDCl,) & 7.32-7.26 (m, 2H, ArH), 7.22-7.11 (m, 2H, ArH), 6.94-6.90
(m, 2H, ArH), 6.79-6.72 (m, 3H, ArH), 4.33 (s, 2H, ArCH;N), 3.85 (s, OCHj).

BC NMR (101 MHz, CDCl3) & 157.3, 146.4, 129.2, 129.1, 128.5, 126.1, 120.4, 118.7,
114.4,110.2,55.1, 44.2.

IR (ATR, cm™) 3398, 3024, 2830, 1518, 1449.

178
7

N-(2-chlorobenzylaniline 19

_Ph
N
H

Prepared according to General Procedure G.

Reaction temperature: 25 °C.

Amount of aniline: 20 mg, 0.215 mmol.

Amount of 2-chlorobenzyl alcohol: 31 mg, 0.215 mmol.

Amount of catalyst 164: 7.7 mg, 0.01075 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.

Amount of 2-MeTHF: 2.5 mL.

Product yield: 39 mg, 83%.

Product appearance: pale yellow oil.

'"H NMR (400 MHz, CDCl3) § 7.32-7.26 (m, 2H, ArH), 7.21-7.10 (m, 4H, ArH), 6.74-6.67
(m, 1H, ArH), 6.64-6.58 (m, 2H, ArH), 4.43 (s, 2H, ArCH;N), 4.02 (br. s, 1H, NH).
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C NMR (101 MHz, CDCly) & 147.2, 136.6, 133.1, 129.4, 129.2, 129.0, 128.1, 126.7,
117.6, 112.7, 45.6.
IR (ATR, cm™) 3394, 3022, 2924, 2346, 1618.

N-n-butylaniline 198

_Ph
/\/\H

Synthesis attempted according to General Procedure G.
Reaction temperature: 25 °C.

Amount of aniline: 20 mg, 0.215 mmol.

Amount of n-butyl alcohol: 16 mg, 0.215 mmol.

Amount of catalyst 164: 7.7 mg, 0.01075 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.
Amount of 2-MeTHF: 2.5 mL.

None of the desired product observed or isolated.

4-Methyl-(1-phenylethyl)aniline 199'"°
Ph)\N/©/
H

Prepared according to General Procedure G.

Reaction temperature: 25 °C.

Amount of 4-methylaniline: 23 mg, 0.215 mmol.

Amount of phenylethanol: 26 mg, 0.215 mmol.

Amount of catalyst 164: 7.7 mg, 0.01075 mmol.

Amount of potassium tert-butoxide: 1.2 mg, 0.01075 mmol.

Amount of 2-MeTHF: 2.5 mL.

Product yield: 40 mg, 88%.

Product appearance: pale yellow solid.

'H NMR (400 MHz, CDCls) & 7.42-7.20 (m, 5H, ArH), 6.91 (d, J = 8.1 Hz, 2H, ArH), 6.48
(d, J = 8.1 Hz, 2H, ArH), 4.46 (g, J = 6.7 Hz, 1H, NCH(CH3)Ar), 2.21 (s, 3H, ArCHs), 1.52
(d, J = 6.7 Hz, 3H, NCH(CH5)Ar).

BC NMR (101 MHz, CDCIls) 6 145.4, 144.9, 129.6, 128.6, 126.7, 126.3, 125.7, 113.3, 53.7,
25.0, 20.3.

IR (ATR, cm™) 3022, 2920, 2854, 1602, 1580, 1462.

319



MP (°C) 68-70 (lit. 68-69).'%°

Synthesis of N-Heterocycles via Hydrogen Borrowing

Scheme 2.53
1-H-Indole 61

Co
N
Synthesis attempted according to General Procedure H.
Reaction temperature: 25 °C.
Amount of 2-(2-aminophenyl)ethanol 60: 20 mg, 0.146 mmol.
Amount of catalyst 164: 5.2 mg, 0.007 mmol.
Amount of potassium tert-butoxide: 0.8 mg, 0.007 mmol.
Amount of 2-MeTHF: 1.5 mL.
Conversion was calculated using LCMS analysis, integrating the peak at t = 0.90 mins (61,
[M-H] = 116.2) against the peak at tz = 0.56 mins (60, [M—H] = 138.1).
Conversion to 61: trace (<3%).

Table 2.9

Reactions carried out according to General Procedure H.
Reaction temperature: 25 °C.

Amount of 2-(2-aminophenyl)ethanol 60: 20 mg, 0.146 mmol.
Amount of 2-MeTHF: 1.5 mL.

Amount of LCMS
Entry | Catalyst Catalyst Base Amount of Base Conversion
mmol mg mmol mg | %
1 158 0.007 4.9 t-BuOK | 0.007 0.8 13
2 158 0.007 4.9 K,CO3 0.007 1.0 18
3 164 0.007 5.2 t-BuOK | 0.007 0.8 9
4 164 0.007 5.2 K,CO3 0.007 1.0 14
Table 2.10

Reactions carried out according to General Procedure H.

Reaction temperature: 110 °C.
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Amount of 2-(2-aminophenyl)ethanol 60: 20 mg, 0.146 mmol.

Amount of toluene: 1.5 mL.

Amount of LCMS
Entry | Catalyst Catalyst Base Amount of Base Conversion
mmol mg mmol mg | %
1 158 0.007 4.9 K,CO; 0.014 2.0 48
2 164 0.007 5.2 K,CO; 0.014 2.0 37
Table 2.11
Reactions carried out according to General Procedure H.
Amount of 2-(2-aminophenyl)ethanol 60: 20 mg, 0.146 mmol.
Amount of catalyst 158: 4.9 mg, 0.007 mmol.
Amount of potassium carbonate: 2.0 mg, 0.014 mmol.
Amount of solvent: 1.5 mL.
Entry Catalyst Temp./°C LCMS Conversion / %
1 Toluene 110 48
2 Dioxane 101 46
3 DCE 80 <10
4 2-MeTHF 80 26
5 CPME 106 38
6 t-AmOH 100 29
7 none 100 21

Scheme 2.54 — Reaction Optimisation using Design of Experiments (DOE).

The effects of catalyst loading, base loading, temperature, and solvent volume were assessed

using Design of Experiments (DOE)."***** Design-Expert™ software v9.0.3 (Stat-Ease Inc.,

Minneapolis, MN) was used to generate a set of 12 experiments as part of a 2-level factorial
design. For each factor, a range of values was specified; the eight combinations of high and
low values were then run as individual experiments. Additionally, four centre point runs
were carried out in order to: (a) assess any curvature in the response to changes of the
variables, and (b) ensure reproducibility of the reaction. This design gave a total of 12

experiments, with entries 4, 7, 9, and 10 representing the centre points. LCMS conversion to

61 was used as the response.
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Reactions carried out according to General Procedure H.

Amount of 2-(2-aminophenyl)ethanol 60: 20 mg, 0.146 mmol.

Factor A- Factor B: Factor C: Factor D: Response:
RUN Temperature Cata.lyst Ba_se Solvent LCMS_.
[°C Loading / Loading / Volume Conversion
mol% mol% / mL | %
1 20 10 50 0.1 11
2 110 0.25 50 0.1 3
3 110 0.25 0.25 2 1
4t 65 5.215 25.125 1.05 10
5 20 10 0.25 2 2
6 110 10 0.25 0.1 47
7+ 65 5.215 25.125 1.05 9
8 20 0.25 50 2 0
9 65 5.215 25.125 1.05 8
10* 65 5.215 25.125 1.05 11
11 110 10 50 2 78
12 20 0.25 0.25 0.1 1

“These entries represent centre points.

The responses were entered into the same design program, and used to generate a half-

normal plot (Graph 2.4), which suggested that all variables had notable effects on reaction

efficacy, with catalyst loading having the largest effect.
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Graph 2.4

A numerical optimization model was then used to search the factor space for the best
combination of variables to achieve the maximum response. The optimised conditions were
selected from the top left of the plot shown in Graph 2.5, and in fact were the conditions
used in Run 11 (10 mol% catalyst loading, 50 mol% base, 110 °C, 2 mL solvent).

Design-Expert® Software
Factor Coding: Actual
Conversion (%)

°

75
0

X1 = A: Temperature
X2 = B: Catalyst Loading

Actual Factors
C: Base Loading = 25.125
D: Solvent Volume = 1.05

Conversion (%)

g e
s —~—————— = % A: Temperature (°C)
22
B: Catalyst Loading (mol%) 025720 »
Graph 2.5

Lastly, since we had so far used LCMS conversions to analyse reaction efficiency, the
optimised reaction mixture was purified as per General Procedure G in order to ensure

consistency between conversions and isolated yields.
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1-H-Indole 61

o

H
Product yield: 13 mg, 75%.

Product appearance: white crystalline solid.

'H NMR (400 MHz, CDCls) & 8.21 (br s, 1H, NH), 7.70-7.66 (d, J = 7.5 Hz, 1H, C'H),
7.45-7.41 (d, J = 7.5 Hz, 1H, C*H), 7.28-7.20 (m, 2H, ArH), 7.17-7.14 (m, 1H, C°H), 6.60—
6.57 (m, 1H, C*H).

C NMR (100 MHz, CDCls) & 135.9, 128.3, 124.6, 122.0, 121.3, 120.1, 111.4, 102.7,
101.9.

IR (ATR, cm™) 3478, 3330, 3040, 1546, 1480.

MP (°C) 50-53 (lit. 51-54)."

Scheme 2.55

Carried out according to General Procedure H.

Reaction temperature: 110 °C.

Amount of 2-(2-aminophenyl)ethanol 60: 2.7 mg, 0.2 mmol.

Amount of catalyst 158: 13 mg, 0.2 mmol.

Amount of potassium tert-butoxide: 2.8 mg, 0.2 mmol.

Amount of toluene: 1 mL.

Conversion was calculated using LCMS analysis, integrating the peak at tz = 0.90 mins (61,
[M-H] = 116.2) against the peak at tz = 0.56 mins (60, [M—H] = 138.1).

Conversion to 61: 0%.

Scheme 2.57
(1,5-cyclooctadiene)(1-mesityl-3-(2-methoxybenzyl)-4,5-dimethylimidazol-2-
ylidene)iridium(l) hydroxide 201

MeO
Carried out according to a literature procedure.™ A round-bottom flask with stirrer bar was

charged with (1,5-cyclooctadiene)(1-mesityl-3-(2-methoxybenzyl)-4,5-dimethylimidazol-2-
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ylidene)iridium(l) chloride 158 (100 mg, 0.149 mmol) and tetrahydrofuran (10 mL) under
nitrogen. Once all the Ir complex had dissolved, cesium hydroxide monohydrate (187 mg,
0.891 mmol) was added. The reaction was stirred for 96 h at room temperature. The bright
green solution was filtered through celite and concentrated in vacuo. The resulting solid was
washed with cold n-pentane to afford a dark green solid (66 mg), which quickly turned a
green-brown colour. NMR analysis showed decomposition of the starting material and
confirmed that none of the desired product was observed.

Table 2.12

Reactions carried out according to General Procedure 1.
Reaction temperature: 110 °C.

Amount of 2-(2-aminophenyl)ethanol 60: 20 mg, 0.146 mmol.
Amount of catalyst 158: 10.1 mg, 0.015 mmol.

Amount of potassium carbonate: 10.4 mg, 0.073 mmol.

Amount of toluene: 2 mL.

o Amount of Additive LCMS Conversion
Entry Additive o

mmol mg /%
1 AgOTf 0.015 3.9 56
2 AgBF, 0.015 2.9 93
3 AgPFs 0.015 3.8 82
4 NaBArg 0.015 13.3 89

Table 2.13

Reactions carried out according to General Procedure I.
Reaction temperature: 110 °C.

Amount of 2-(2-aminophenyl)ethanol 60: 20 mg, 0.146 mmol.
Amount of potassium carbonate: 10.4 mg, 0.073 mmol.
Amount of silver tetrafluoroborate: 2.9 mg, 0.015 mmol.

Amount of toluene: 2 mL.
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Amount of Amount of LCMS
Entry Additive Additive Catalyst 158 T/e:rcl:p. Conversion

mmol mg mmol mg 1%
1 Acetone 0.146 8.5 0.015 10.1 80 52
2 Acetone 0.146 8.5 0.015 10.1 60 35
3 Acetone 0.146 8.5 0.0015 1.0 60 >10
4 Cyclohexene | 0.146 12.0 0.015 10.1 80 72
5 Cyclohexene | 0.146 12.0 0.015 10.1 60 32
6 Cyclohexene | 0.146 12.0 | 0.0015 1.0 60 >10
7 Styrene 0.146 15.2 0.015 10.1 80 81
8 Styrene 0.146 15.2 0.015 10.1 60 76
9 Styrene 0.146 15.2 | 0.0075 5.1 60 58
10 Styrene 0.146 15.2 | 0.0038 25 60 51
11 Styrene 0.146 15.2 0.0015 1.0 60 46

Scheme 2.60

2-(2-aminophenyl)acetaldehyde 202

o0
NH

2
NMO (256 mg, 2.187 mmol) was dissolved in DCM (1 mL) under nitrogen and stirred with
magnesium sulfate for 20 min. The dry solution was then transferred via syringe to a
solution of 2-(2-aminophenyl)ethanol (200 mg, 1.458 mmol) in DCM (3 mL), and powdered
4A molecular sieves (800 mg) were added, followed by tetra-n-propylammonium
perruthenate(vii) (25.6 mg, 0.073 mmol). The black reaction mixture was left to stir at room
temperature and the reaction was followed by LCMS. The crude mixture was passed through
a plug of silica, eluting with ethyl acetate, and concentrated in vacuo. Crude LCMS analysis
after 18 h showed 88% of starting material remaining and 8% indole, presumed to have
formed as a result of intramolecular cyclisation of the product aldehyde. NMR analysis
confirmed that none of the desired aldehyde product was present. The reaction was

abandoned without workup.
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Scheme 2.61
2-(2-aminophenyl)acetaldehyde 202

o0
NH

2

A solution of oxalyl chloride (137 pL, 1.6 mmol) in DCM (6 mL) was prepared and cooled
to —78 °C. DMSO (227 pL 3.19 mmol) was added to the solution slowly and the mixture
was stirred for 20 min. A solution of 2-(2-aminophenyl)ethanol (200 mg, 1.46 mmol) in
DCM (1 mL) was prepared and added to the solution of activated DMSO. After stirring for
15 min, triethylamine (1.046 mL, 7.5 mmol) was added, and the reaction mixture was
allowed to warm to room temperature. The mixture was quenched with aqueous 10%
ammonium chloride solution, and extracted with ethyl acetate (3 x 5 mL). The organic phase
was washed with water, dried over sodium sulfate, and concentrated in vacuo. NMR and
LCMS analysis showed that none of the desired alcohol was present, and confirmed the
presence of 5% of indole 61. The reaction mixture was disposed of without further

purification.

Scheme 2.62

2-(2-aminophenyl)acetaldehyde 202

O\/\¢O
NH

2
Carried out according to a literature procedure.”® A solution of sodium bis(2-
methoxyethoxy) aluminium hydride (RedAl) (2.101 mL, 7.00 mmol) (65 wt% in toluene) in
toluene (4 mL) was prepared and cooled to 0 °C. 1-methylpiperazine (0.972 mL, 8.76 mmol)
was added dropwise, with the temperature being maintained below 10 °C. The resulting
mixture was stirred for 30 mins to give a solution of RedAI-NMP in toluene (approx. 1.1 M).
A solution of 2-(2-aminophenyl)acetic acid (0.605 g, 4 mmol) was prepared in toluene (20
mL) and cooled to 0 °C, and the solution of RedAI-NMP was added dropwise. The reaction
was stirred for 30 minutes. The reaction mixture was gquenched with water and extracted
with ethyl acetate. The organic portions were combined, washed with water, and dried
through a hydrophobic frit before being concentrated in vacuo. The resulting solid was

collected by filtration and dried in vacuo to afford a dark purple oil. LCMS and NMR
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analysis confirmed this to be 2-(2-aminophenyl)ethanol. None of the desired aldehyde

product was observed.

Scheme 2.63

182
6

N-phenethylaniline 5
H

o0

Prepared according to General Procedure I.

Reaction temperature: 110 °C.

Amount of aniline: 14 mg, 0.15 mmol.

Amount of 2-phenylethanol: 18 mg, 0.15 mmol.

Amount of catalyst 158: 10.1 mg, 0.015 mmol.

Amount of potassium carbonate: 10.4 mg, 0.073 mmol.

Amount of silver tetrafluoroborate: 2.9 mg, 0.015 mmol.

Amount of toluene: 2 mL.

Product yield: 28 mg, 96%.

Product appearance: yellow low-melting solid.

'H NMR (400 MHz, CDCl3) & 7.36 (t, J = 7.1 Hz, 2H, ArH), 7.30-7.27 (m, 3H, ArH),
7.26-7.23 (m, 2H, ArH), 6.76 (t, J = 7.3 Hz, 1H, ArH), 6.67 (d, J = 7.3 Hz, 2H, ArH), 3.88
(br. s, 1H, NH), 3.44 (t, J = 7.1 Hz, 2H, NCH,CH,Ar), 2.94 (t, J = 7.1 Hz, 2H,
NCH,CH,AY).

BC NMR (101 MHz, CDCIl,) 6 148.4, 139.6, 129.4, 128.8, 128.7, 126.6, 117.7, 113.1, 45.3,
35.8.

IR (ATR, cm™) 3402, 3030, 2925, 2854, 1602, 1510, 1478.

MP (°C) 43-46 (lit. 45-46).'%

Graph 2.2

Intermolecular Formation of N-phenethylaniline 56 — Rate Study
H

O ¢
Carried out according to General Procedure .

Reaction temperature: 110 °C.

Amount of aniline: 14 mg, 0.15 mmol.
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Amount of 2-phenylethanol: 18 mg, 0.15 mmol.
Amount of catalyst 158: 10.1 mg, 0.015 mmol.

Amount of potassium carbonate: 10.4 mg, 0.073 mmol.
Amount of silver tetrafluoroborate: 2.9 mg, 0.015 mmol.

Amount of toluene: 2 mL.

Entry Time / min Conversion / %
1 15 14
2 30 25
3 45 32
4 60 36
5 90 38
6 120 40
7 150 41
8 180 42

Intramolecular Formation of Indole 61 — Rate Study
Co

N
Prepared according to General Procedure I.
Reaction temperature: 110 °C.
Amount of 2-(2-aminophenyl)ethanol 60: 20 mg, 0.146 mmol.
Amount of catalyst 158: 10.1 mg, 0.015 mmol.
Amount of potassium carbonate: 10.4 mg, 0.073 mmol.
Amount of silver tetrafluoroborate: 2.9 mg, 0.015 mmol.
Amount of toluene: 2 mL.

Entry Time / min Conversion / %

1 15 8

2 30 13
3 45 16
4 60 18
5 90 22
6 120 26
7 150 28
8 180 30
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4-(2-amino-5-methylphenyl)butan-2-ol 207
OH

oo

2
Prepared according to General Procedures J and K
Amount of 2,4-dimethylaniline: 330 mg, 2.73 mmol.
N-Boc protection yield: 543 mg, 90%.
Alkylation/deprotection yield: 226 mg, 63%.
Yield over 2 steps: 57%.

Product appearance: pale yellow solid.

'H NMR (400 MHz, CDCly) & 7.46 (br. s, 2H, NH), 6.91-6.86 (m, 2H, ArH), 6.58 (d, J =
8.3 Hz, 1H, ArH), 3.72 (q, J = 6.1 Hz, 1H, CHOH), 2.68-2.62 (m, 2H, ArCH,), 2.23 (s, 3H,
ArCH;), 1.74 (td, J = 6.2, 7.2 Hz, 2H, ArCH,CH.,), 1.22 (d, J = 6.1 Hz, 3H, CHOHCH3).

3C NMR (101 MHz, CDCly) & 144.2, 132.4, 129.3, 129.0, 123.8, 116.8, 77.2, 51.4, 24.2,

21.9,17.9.

IR (ATR, cm™) 3396, 3035, 2920, 2353, 1630, 1548, 1470.

LCMS tg = 1.06 min, [M+H] = 178.3.
MP (°C) 102-106.
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4-(2-amino-5-methoxyphenyl)butan-2-ol 208
OH

Me0\©\/\)\
NH

2
Prepared according to General Procedures J and K

Amount of 2-methyl-4-methoxyaniline: 374 mg, 2.73 mmol.

N-Boc protection yield: 615 mg, 95%.

Alkylation/deprotection yield: 375 mg, 96%.

Yield over 2 steps: 91%.

Product appearance: colourless oil.

'"H NMR (400 MHz, CDCl;) & 7.60 (br. s, 2H, NH,), 7.22 (d, J = 7.2 Hz, 1H, ArH), 6.72
(m, 1H, ArH), 6.62 (dd, J = 7.2, “J = 1.2 Hz, 1H, ArH), 3.83 (g, J = 6.4 Hz, 1H, CHOH),
3.77 (s, 3H, OCHj), 2.57-2.53 (m, 2H, ArCH,), 1.72 (td, J = 6.2, 7.1 Hz, 2H, ArCH,CHy,),
1.24 (d, J = 6.2 Hz, 3H, CHOHCHY3).

C NMR (101 MHz, CDCls) & 150.8, 136.6, 131.0, 118.6, 116.2, 111.4, 72.7, 57.4, 30.8,
24.7,23.4.

IR (ATR, cm™) 3306, 3020, 2914, 2351, 1616, 1560, 1458.

LCMS tg = 0.92 min, [M+H] = 196.3.

4-(2-amino-6-bromophenyl)butan-2-ol 209
Br OH

o

2
Prepared according to General Procedures J and K
Amount of 2-methyl-3-bromoaniline: 507 mg, 2.73 mmol.
N-Boc protection yield: 765 mg, 98%.
Alkylation/deprotection yield: 454 mg, 93%.
Yield over 2 steps: 91%.
Product appearance: yellow-orange solid.
'H NMR (400 MHz, CDCls) & 6.93 (dd, J = 8.0, 7.8 Hz, 1H, ArH) 6.78 (d, J = 7.8 Hz, 1H,
ArH), 6.56 (d, J = 8.0 Hz, 1H, ArH), 4.86 (s, 1H, OH), 3.87 (q, J = 6.0 Hz, 1H, CHOH),
2.56 (t, J = 6.1 Hz, 2H, ArCH,), 1.78 (td, J = 6.2, 6.1 Hz, 2H, ArCH,CH,), 1.25 (d, J = 6.0
Hz, 3H, CHOHCH3).
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3C NMR (101 MHz, CDCls) & 146.7, 134.6, 127.6, 124.5, 120.2, 114.7, 68.9, 30.8, 24.0,
20.7.

IR (ATR, cm™) 3395, 2854, 2351, 1617, 1567, 1465.

LCMS tg = 1.18 min, [M+H] = 245.1.

MP (°C) 85-88.

4-(2-amino-6-chlorophenyl)butan-2-ol 210
cl OH

So8

2
Prepared according to General Procedures J and K
Amount of 2-methyl-3-chloroaniline: 387 mg, 2.73 mmol.
N-Boc protection yield: 594 mg, 90%.
Alkylation/deprotection yield: 383 mg, 96%.
Yield over 2 steps: 86%.
Product appearance: yellow oil.
'"H NMR (400 MHz, CDClI3) & 7.52 (br. s, 2H, NH,), 7.00 (t, J = 7.9 Hz, 1H, ArH) 6.94 (d,
J=7.9 Hz, 2H, ArH), 6.60 (d, J = 8.0 Hz, 1H, ArH), 4.01 (q, J = 6.0 Hz, CHOH), 2.53 (t, J
= 6.0 Hz, 2H, ArCH,), 1.75 (td, J = 6.0, 6.1 Hz, 2H, ArCH,CH,), 1.25 (d, J = 6.0 Hz, 3H,
CHOHCHG).
BC NMR (101 MHz, CDCly) & 146.7, 134.2, 128.2, 126.5, 119.5, 114.2, 67.9, 30.9, 23.6,
19.2.
IR (ATR, cm™) 3390, 2908, 2344, 1618, 1520, 1468.
LCMS tg = 1.19 min, [M+H] = 200.7.

4-(2-amino-6-fluorophenyl)butan-2-ol 211
F OH

o

2
Prepared according to General Procedures J and K
Amount of 2-methyl-3-fluoroaniline: 342 mg, 2.73 mmol.
N-Boc protection yield: 547 mg, 89%.
Alkylation/deprotection yield: 344 mg, 94%.
Yield over 2 steps: 84%.
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Product appearance: pale yellow oil.

'"H NMR (400 MHz, CDCls) § 7.60 (br. s, 2H, NH,), 7.02-6.96 (m, 2H, ArH), 6.46 (d, J =
8.1 Hz, 1H, ArH), 4.99 (br. s, 1H, OH), 4.01 (q, J = 6.1 Hz, CHOH), 2.56 (t, J = 6.0 Hz, 2H,
ArCH,), 1.74 (td, J = 6.0, 6.1 Hz, 2H, ArCH,CH,), 1.23 (d, J = 6.0 Hz, 3H, CHOHCH5).

3C NMR (101 MHz, CDCly) & 160.9 (d, "Jcr = 234.3 Hz), 148.0, 128.3, 112.9 (d, %J¢r =
23.4 Hz), 111.8, 108.6 (d, 2Jcr = 21.6 Hz), 70.0, 32.2, 24.6, 19.6.

IR (ATR, cm™) 3396, 3035, 2920, 2353, 1630, 1548.

LCMS tg = 1.17 min, [M+H] = 184.2.

3-amino-[1,1'-biphenyl]-4-yl)butan-2-ol 212
OH

Ph/O\/N:)\

2
Prepared according to General Procedures J and K
Amount of 4-methyl-[1,1'-biphenyl]-3-amine: 500 mg, 2.73 mmol.
N-Boc protection yield: 768 mg, 99%.
Alkylation/deprotection yield: 428 mg, 70%.
Yield over 2 steps: 70%.
Product appearance: off-white solid.
'H NMR (400 MHz, CDCl;) & = 8.09 (br. s, 1H, OH), 7.65 (d, J = 7.3 Hz, 2H, ArH), 7.50
(br. s, 2H, NH,), 7.44 (m, 3H, ArH), 7.38-7.27 (m, 2H, ArH), 7.23 (d, J = 8.1 Hz, 1H, ArH),
3.78 (g, J = 6.0 Hz, 1H, CHOH), 2.88-2.68 (m, 2H, ArCH,), 1.79 (td, J = 6.3, 7.3 Hz, 2H,
ArCH,CH,), 1.26 (d, J = 6.3 Hz, 3H, CHOHCH}).
C NMR (101 MHz, CDCI;) & 152.5, 140.6, 137.7, 132.3, 132.8, 128.8, 126.1, 123.8,
119.6,91.2, 80.9, 28.3, 27.4, 17.4.
IR (ATR, cm™) 3394, 2916, 2349, 1618, 1545, 1470.
LCMS tgr = 1.28 min, [M+H] = 242.1.
MP (°C) 116-118.

4-(2-amino-3-ethylphenyl)butan-2-ol 213
OH

NH,
Et
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Prepared according to General Procedures J and K

Amount of 2-methyl-6-ethylaniline: 369 mg, 2.73 mmol.

N-Boc protection yield: 629 mg, 98%.

Alkylation/deprotection yield: 289 mg, 75%.

Yield over 2 steps: 73%.

Product appearance: yellow-orange solid.

'H NMR (400 MHz, CDCls) & 6.94-6.89 (m, 2H, ArH), 6.74 (t, J = 7.8 Hz, 1H, ArH), 3.83
(g, J = 6.1 Hz, 1H, CHOH), 3.55 (br. s, 2H, NH,), 2.55-2.49 (m, 4H, ArCH,), 1.75 (td, J =
6.1, 6.2 Hz, 2H, ArCH,CH,), 1.25 (d, J = 6.1 Hz, 3H, CHOHCHjy), 1.17 (t, J = 6.6 Hz,
ArCH,CH,).

3C NMR (101 MHz, CDCls) & 143.4, 127.8, 126.7, 125.5, 122.6, 118.3, 67.7, 31.2, 24.2,
24.1,22.9,14.4.

IR (ATR, cm™) 3364, 2905, 2643, 1645, 1587, 1474.

LCMS tg = 1.09 min, [M+H] = 194.3.

MP (°C) 78-81.

4-(2-amino-4-iodophenyl)butan-2-ol 214
OH

2
Prepared according to General Procedures J and K

Amount of 2-methyl-5-iodoaniline: 636 mg, 2.73 mmol.

N-Boc protection yield: 839 mg, 92%.

Alkylation/deprotection yield: 553 mg, 95%.

Yield over 2 steps: 87%.

Product appearance: yellow oil.

'H NMR (400 MHz, CDCls) & 7.60 (br. s, 2H, NH,), 7.05-7.02 (m, 2H, ArH), 6.83 (d, J =
8.2 Hz, 1H, ArH), 3.90 (g, J = 6.1 Hz, CHOH), 2.54 (t, J = 6.0 Hz, 2H, ArCH,), 1.74 (td, J =
6.0, 6.1 Hz, 2H, ArCH,CH,), 1.23 (d, J = 6.1 Hz, 3H, CHOHCHj,).

BC NMR (101 MHz, CDCl3) 6 146.2, 131.0, 127.4, 124.9, 124.2, 91.8, 69.2, 31.0, 24.1,
23.2.

IR (ATR, cm'l) 3398, 2918, 2345, 1628, 1564.

LCMS tg = 1.10 min, [M+H] = 292.0.
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Scheme 2.67
2-methyl-7-phenyl-1,2,3,4-tetrahydroquinoline 215

Ph/©\/Nj\

H
Prepared according to General Procedure I.

Reaction temperature: 110 °C.

Amount of 3-amino-[1,1'-biphenyl]-4-yl)butan-2-ol 212: 36 mg, 0.15 mmol.

Amount of catalyst 158: 10.1 mg, 0.015 mmol.

Amount of potassium carbonate: 10.4 mg, 0.073 mmol.

Amount of silver tetrafluoroborate: 2.9 mg, 0.015 mmol.

Amount of toluene: 2 mL.

Product appearance: colourless oil.

Product yield: 24 mg, 73%.

'H NMR (400 MHz, CDCl5) & 7.73 (d, J = 7.3 Hz, 2H, ArH), 7.51-7.48 (m, 3H, ArH &
NH), 7.42 (t, J = 7.8 Hz, 1H, ArH), 7.29 (d, J = 8.1 Hz, 1H, ArH), 6.82-6.77 (m, 2H, ArH),
3.30-3.28 (m, 1H, CH(CHjy)), 2.89-2.73 (m, 2H, ArCH,), 1.87-1.83 (m, 1H, ArCH,CH,),
1.63-1.58 (m, 1H, ArCH,CH,), 1.17 (t, J = 6.3 Hz, 3H, CHs).

BC NMR (101 MHz, CDCls) 6 146.0, 141.2, 137.5, 129.5, 129.3, 128.0, 127.5, 121.0,
116.4,112.0, 63.4, 32.8, 23.6, 20.7.

IR (ATR, cm™) 3395, 2970, 2922, 2846, 1605, 1587, 1480.

LCMS tg = 1.18 min, [M+H] = 224.1.

Table 2.14

Reactions carried out according to General Procedure 1.

Amount of 3-amino-[1,1'-biphenyl]-4-yl)butan-2-ol 212: 36 mg, 0.15 mmol.

Amount of catalyst 158: 10.1 mg, 0.015 mmol.

Amount of solvent: 2 mL.

Conversion was calculated using LCMS analysis, integrating the peak at tz = 1.18 mins
(215, [M+H] = 224.1) against the peak at tz = 1.29 mins (212, [M-H] = 240.1).

o Amount of Amount of LCMS
Entry | Additive . Base Solvent .
Additive Base Conversion
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mmol | mg mmol | mg ! %
1 AgBF, | 0.015 | 3.9 | t-BuOK | 0.075 8.4 | Toluene 64
2 NaBAr: | 0.015 | 13.3 | K,CO; | 0.075 | 10.4 | Toluene 66
3 AgBF, | 0.015 | 39 | t-BuOK | 0.075 | 8.4 | Dioxane 69
4 AgBF, | 0.015 | 3.9 | K,CO; | 0.075 | 10.4 | Dioxane 83
5 NaBArg | 0.015 | 13.3 | t-BuOK | 0.075 8.4 | Dioxane 58
6 NaBArg | 0.015 | 13.3 | K,CO; | 0.075 | 10.4 | Dioxane 73

Scheme 2.68

2,6-dimethyl-1,2,3,4-tetrahydroquinoline 216®

LA

b
Prepared according to General Procedure I.

Reaction temperature: 100 °C.

Amount of 4-(2-amino-5-methylphenyl)butan-2-ol 207: 27 mg, 0.15 mmol.

Amount of catalyst 158: 10.1 mg, 0.015 mmol.

Amount of potassium carbonate: 10.4 mg, 0.073 mmol.

Amount of silver tetrafluoroborate: 2.9 mg, 0.015 mmol.

Amount of dioxane: 2 mL.

Product appearance: colourless oil.

Product yield: 22 mg, 91%.

'H NMR (400 MHz, CDCls) § 6.72 (m, 2H, ArH), 6.35 (d, J = 8.1 Hz, 1H, ArH), 3.30-3.28
(m, 1H, CH(CHy)), 3.14-2.96 (m, 2H, ArCH,), 2.10 (s, 3H, ArCHs), 1.87-1.83 (m, 1H,
ArCH,CH,), 1.49 (ddd, %J = 16.6, J = 6.2, 5.0 Hz, 1H, ArCH,CH,), 1.14 (d, J = 6.3 Hz, 3H,
CHsy).

BC NMR (101 MHz, CDCly) & 142.6, 130.1, 127.3, 126.5, 121.3, 114.5, 47.6, 30.3, 26.5,
22.6, 20.5.

IR (ATR, cm™) 3397, 2960, 2922, 1603, 1578, 1486.
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2-methyl-6-methoxy-1,2,3,4-tetrahydroquinoline 217"

N

H
Prepared according to General Procedure I.

Reaction temperature: 100 °C.

Amount of 4-(2-amino-5-methoxyphenyl)butan-2-ol 208: 29 mg, 0.15 mmol.

Amount of catalyst 158: 10.1 mg, 0.015 mmol.

Amount of potassium carbonate: 10.4 mg, 0.073 mmol.

Amount of silver tetrafluoroborate: 2.9 mg, 0.015 mmol.

Amount of dioxane: 2 mL.

Product appearance: colourless oil.

Product yield: 24 mg, 90%.

'H NMR (400 MHz, CDCls) & 6.62-6.58 (m, 2H, ArH), 6.40 (d, J = 8.12 Hz, 1H, ArH),
3.76 (s, 3H, OCHg), 3.36-3.31 (m, 1H, CH(CHj3)), 2.87-2.82 (m, 1H, ArCH,), 2.72-2.68 (m,
1H, ArCH,), 1.87-1.83 (m, 1H, ArCH,CH,), 1.54 (ddd, 2J = 15.9, J = 6.1, 4.8 Hz, 1H,
ArCH,CH,), 1.18 (d, J = 6.2 Hz, 3H, CHj).

C NMR (101 MHz, CDCls) & 155.3, 139.1, 122.9, 115.7, 114.9, 113.2, 56.2, 47.8, 30.6,
27.2,22.8.

IR (ATR, cm™) 2960, 2820, 1500, 1446, 1260.

8-ethyl-2-methyl-1,2,3,4-tetrahydroquinoline 218

SON

Et
Prepared according to General Procedure I.

Reaction temperature: 100 °C.

Amount of 4-(2-amino-3-ethylphenyl)butan-2-ol 213: 29 mg, 0.15 mmol.
Amount of catalyst 158: 10.1 mg, 0.015 mmol.

Amount of potassium carbonate: 10.4 mg, 0.073 mmol.

Amount of silver tetrafluoroborate: 2.9 mg, 0.015 mmol.

Amount of dioxane: 2 mL.

Product appearance: colourless oil.

Product yield: 23 mg, 89%.
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'H NMR (400 MHz, CDCly) & 6.96-6.90 (m, 3H, ArH), 3.02-2.99 (m, 1H, CH(CHy)),
2.75-2.67 (m, 2H, ArCH,), 253 (g, J = 6.7 Hz, 2H, ArCH,CHy), 1.92-1.93 (m, 1H,
ArCH,CH.,), 1.66 (ddd, %J = 15.6, J = 5.9, 4.9 Hz, 1H, ArCH,CH,), 1.19 (d, J = 6.2 Hz, 3H,
CHy), 1.12 (t, J = 6.6 Hz, 3H, ArCH,CHs).

C NMR (101 MHz, CDCly) & 143.0, 127.6, 122.7, 122.4, 122.0, 117.1, 58.9, 31.8, 24.2,
23.5,20.9, 14.6.

IR (ATR, cm™) 3395, 2950, 2918, 1605, 1580, 1480.

LCMS tg = 0.98 min, [M+H] = 176.1.

5-fluoro-2-methyl-1,2,3,4-tetrahydroquinoline 219
F

CoL

B
Prepared according to General Procedure I.

Reaction temperature: 100 °C.

Amount of 4-(2-amino-6-fluorophenyl)butan-2-ol 211: 27 mg, 0.15 mmol.

Amount of catalyst 158: 10.1 mg, 0.015 mmol.

Amount of potassium carbonate: 10.4 mg, 0.073 mmol.

Amount of silver tetrafluoroborate: 2.9 mg, 0.015 mmol.

Amount of dioxane: 2 mL.

Product appearance: light yellow solid.

Product yield: 20 mg, 81%.

'H NMR (400 MHz, CDCly) § 7.10-7.02 (m, 2H, ArH), 6.36 (d, J = 7.9 Hz, 1H, ArH),
3.06-3.02 (m, 1H, CH(CHj)), 2.84-2.73 (m, 2H, ArCH,), 1.93-1.89 (m, 1H, ArCH,CH,),
1.66 (ddd, 23 = 15.7,J = 5.9, 4.9 Hz, 1H, ArCH,CH,), 1.19 (d, J = 6.1 Hz, 3H, CHs).

C NMR (101 MHz, CDCls) § 160.8 (d, "Jcr = 232.4 Hz), 147.4, 128.2, 110.6 (d, 2Jcr =
30.6 Hz), 106.5, 103.4 (d, 2Jce = 24.7 Hz), 62.2, 32.0, 20.9, 18.8.

IR (ATR, cm™) 2960, 2818, 1504, 1448, 1258.

LCMS tg = 1.01 min, [M+H] = 166.1.

MP (°C) 66-609.
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5-bromo-2-methyl-1,2,3,4-tetrahydroquinoline 220
Br

CoL

b
Prepared according to General Procedure I.

Reaction temperature: 100 °C.

Amount of 4-(2-amino-6-bromophenyl)butan-2-ol 209: 37 mg, 0.15 mmol.

Amount of catalyst 158: 10.1 mg, 0.015 mmol.

Amount of potassium carbonate: 10.4 mg, 0.073 mmol.

Amount of silver tetrafluoroborate: 2.9 mg, 0.015 mmol.

Amount of dioxane: 2 mL.

Product appearance: yellow oil.

Product yield: 29 mg, 86%.

'H NMR (400 MHz, CDClI;) & 6.96-6.86 (m, 2H, ArH), 6.54 (dd, J = 8.1, “J = 1.2 Hz, 1H,
ArH), 3.03-2.97 (m, 1H, CH(CHa)), 2.85-2.74 (m, 2H, ArCH,), 1.90 (ddd, 2J = 15.7, J =
6.1, 4.8 Hz, 1H, ArCH,CH,), 1.67 (ddd, J = 15.7, J = 5.9, 4.9 Hz, 1H, ArCH,CH,), 1.19 (d,
J=6.0 Hz, 3H, CHy).

3C NMR (101 MHz, CDCls) & 147.0, 132.4, 128.1, 126.6, 121.1, 109.9, 60.1, 31.5, 22.7,
21.0.

IR (ATR, cm™) 2968, 2816, 1498, 1442, 1276.

LCMS tg = 1.00 min, [M+H] = 226.0.

5-chloro-2-methyl-1,2,3,4-tetrahydroquinoline 221
cl

SO

H
Prepared according to General Procedure I.

Reaction temperature: 100 °C.

Amount of 4-(2-amino-6-chlorophenyl)butan-2-ol 210: 30 mg, 0.15 mmol.
Amount of catalyst 158: 10.1 mg, 0.015 mmol.

Amount of potassium carbonate: 10.4 mg, 0.073 mmol.

Amount of silver tetrafluoroborate: 2.9 mg, 0.015 mmol.

Amount of dioxane: 2 mL.

Product appearance: colourless oil.
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Product yield: 23 mg, 84%.

'H NMR (400 MHz, CDCls) § 7.08-7.03 (m, 2H, ArH), 6.49 (d, J = 7.8 Hz, 1H, ArH),
3.06-3.02 (m, 1H, CH(CHjy)), 2.85-2.76 (m, 2H, ArCH,), 1.95-1.91 (m, 1H, ArCH,CH,),
1.68-1.65 (m, 1H, ArCH,CH,), 1.18 (d, J = 6.2 Hz, 3H, CHj).

C NMR (101 MHz, CDCls) & 147.1, 136.1, 128.6, 123.8, 117.2, 108.9, 60.0, 31.5, 21.0,
20.7.

IR (ATR, cm™) 2918, 2820, 1504, 1448, 1260.

LCMS tg = 1.04 min, [M+H] = 182.1.

7-iodo-2-methyl-1,2,3,4-tetrahydroquinoline 222

LT

b
Prepared according to General Procedure I.

Reaction temperature: 100 °C.

Amount of 4-(2-amino-4-iodophenyl)butan-2-ol 214: 44 mg, 0.15 mmol.

Amount of catalyst 158: 10.1 mg, 0.015 mmol.

Amount of potassium carbonate: 10.4 mg, 0.073 mmol.

Amount of silver tetrafluoroborate: 2.9 mg, 0.015 mmol.

Amount of dioxane: 2 mL.

Product appearance: yellow-orange solid.

Product yield: 35 mg, 86%.

'H NMR (400 MHz, CDCly) & 7.01 (d, J = 7.9 Hz, 1H, ArH), 6.92-6.87 (m, 2H, ArH),
3.00-2.96 (m, 1H, CH(CHy)), 2.85-2.75 (m, 2H, ArCH,), 1.91-1.88 (m, 1H, ArCH,CH,),
1.66 (ddd, 23 = 16.0, J = 6.2, 4.9 Hz, 1H, ArCH,CH,), 1.19 (d, J = 6.1 Hz, 3H, CHs).

BC NMR (101 MHz, CDCl3) 6 146.6, 130.8, 126.4, 123.0, 121.4, 92.3, 60.6, 32.0, 23.9,
21.0.

IR (ATR, cm™) 2958, 2816, 1504, 1448, 1314.

LCMS tg = 0.94 min, [M+H] = 274.0.
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Ligand Design for Asymmetric Transfer Hydrogenation

Scheme 2.70
L-Valinol 224
HZN\:/\OH

A
A 1 L round-bottom flask, fitted with a condenser, was flame-dried and charged with lithium
aluminium hydride (6.45 g, 170 mmol), and THF (175 mL). The mixture was cooled to 0 °C
and L-valine (10 g, 85 mmol) was added portionwise over 2 h. The reaction mixture was
heated to 80 °C for 16 h, after which it was cooled to 0 °C. Saturated aqueous sodium sulfate
was added dropwise until no more gas was released, and the mixture was stirred for a further
2 h. The mixture was filtered and concentrated in vacuo. Kugelrohr distillation (3 mbar,
120 °C) afforded the product as a colourless oil (5.081 g, 58% yield).
'H NMR (400 MHz, CDCls) & 3.62 (dt, J = 10.6, 3.8 Hz, 1H, CH,OH), 3.28 (dd, J = 10.5,
8.7 Hz, 1H, CH,OH), 2.59-2.49 (m, 1H, NH,CH), 1.63-1.50 (m, 1H, CH(CHs),), 0.95-0.85
(m, 6H, CHs).
B3C NMR (101 MHz, CDClI;) 8 64.9, 58.6, 31.5, 19.4, 18.5.
IR (ATR, cm™) 3360, 3290, 2958, 2876, 1595, 1468.

Scheme 2.71
N-Formyl-L-valine 22

185
6

Prepared according to General Procedure L.

Amount of L-valine: 6.560 g, 56 mmol.

Product appearance: White fluffy solid.

Product yield: 4.174 g, 58%

'H NMR (400 MHz, DMSO) & 12.52 (s, 1H, NH)), 7.96 (d, J = 8.4 Hz, 1H, CHO), 4.34
(dd, J = 8.5, 5.8 Hz, 1H, NCH), 1.87 (m, 1H, CH(CH,),), 0.87 (dt, J = 10.5, 5.2 Hz, 6H,
CHa).

C NMR (101 MHz, DMSO) § 172.9, 169.2, 56.9, 29.5, 17.8.

IR (ATR, cm™) 3415, 3290, 2995, 2930, 2470, 1605, 1470.

MP (°C) 150-151 (lit. 150-151).'%
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N-Formyl-L-alanine 227
, 9

Ho _N

T o

0]

Prepared according to General Procedure L.

Amount of L-alanine: 5 g, 56 mmol.

Product appearance: White fluffy solid.

Product yield: 6.454 g, 98%

'H NMR (400 MHz, DMSO) & 12.63 (s, 1H, NH), 8.36 (d, J = 6.8 Hz, 1H, OH), 7.99 (d, J
= 4.7 Hz, 1H, CHO), 4.30-4.24 (m, 1H, CHCHj), 1.27 (d, J = 7.3 Hz, 3H, CHj3). N.B. Peaks
at 8.36 and 7.99 appear as doublets due to rotameric splitting.

C NMR (101 MHz, DMSO) § 174.0, 160.9, 46.3, 17.5.

IR (ATR, cm™) 3380, 2428, 1918, 1605.

MP (°C) 126-128 (lit. 127-128).'%

Scheme 2.72
(S)-2-formamido-N-((S)-1-hydroxy-3-methylbutan-2-yl)-3-methylbutanamide 228

0
H
H N\)J\I/OH
T YN
0

Prepared according to General Procedure M.

Amount of N-formyl-L-valine 226: 702 mg, 4.84 mmol.

Product appearance: Pale yellow fluffy solid.

Product yield: 847 mg, 76%.

'H NMR (400 MHz, DMSO) & 14.02 (s, 1H, NH), 8.34 (s, 1H, NH), 8.01 (s, 1H, CHO),
4.84 (s, 1H, OH), 4.34 (dd, J = 8.6, 5.8 Hz, 1H, NCH), 3.51-3.42 (m, 2H, NCH & CH,0H),
3.24 (dd, J = 10.5, 8.8 Hz, 1H, CH,0H), 2.76-2.69 (m, 1H, CH(CHjs),), 2.24-2.18 (m, 1H,
CH(CHs),), 0.94-0.86 (m, 12H, CH3).

C NMR (101 MHz, DMSO) § 171.0, 162.4, 63.3, 62.8, 61.9, 30.3, 29.2, 19.5, 18.2.

IR (ATR, cm™) 3415, 3290, 2980, 2872, 2460, 1601, 1470.

MP (°C) 168-172.
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(S)-2-formamido-N-((S)-1-hydroxy-3-methylbutan-2-yl)propenamide 229

Prepared according to General Procedure M.

Amount of N-formyl-L-alanine 227: 566 mg, 4.84 mmol.

Product appearance: White fluffy solid.

Product yield: 714 mg, 73%.

'H NMR (400 MHz, DMSO) & 14.23 (s, 1H, NH), 8.18 (s, 1H, NH), 8.00 (s, 1H, CHO),
4.66 (m, 1H, CHCHs), 4.48 (s, 1H, OH), 3.49-3.40 (m, 2H, NCH & CH,0H), 3.26 (dd, J =
10.3, 8.6 Hz, 1H, CH,0H), 2.22-2.16 (m, 1H, CH(CHs),), 1.47 (d, J = 7.0 Hz, 3H, CH),
0.89 (d, J = 6.6 Hz, 6H, CH(CHs),.

BC NMR (101 MHz, DMSO) 6 171.6, 162.0, 63.0, 62.8, 52.2, 30.1, 19.9, 18.2.

IR (ATR, cm™) 3390, 2975, 2868, 2458, 1596, 1462.

MP (°C) 156-160.

Scheme 2.73
N-((S)-1-((S)-4-isopropyl-4,5-dihydrooxazol-2-yl)-2-methylpropyl)formamide 230

Prepared according to General Procedure N.

Amount of 228: 461 mg, 2 mmol.

Product appearance: White solid.

Product yield: 280 mg, 66%.

'H NMR (400 MHz, CDCls) & 14.20 (s, 1H, NH), 8.04 (s, 1H, CHO), 3.62-3.46 (m, 4H,
NCH & oxazolineH), 2.40-2.35 (m, 1H, CH(CHa),), 1.77-1.73 (m, 1H, CH(CHy),), 0.95 (d,
J=7.3Hz, 6H, CHs), 0.89 (d, J = 7.1 Hz, 6H, CH5).

C NMR (101 MHz, CDCls) & 168.2, 160.8, 72.3, 71.9, 59.0, 32.8, 29.5, 20.1, 20.0.

IR (ATR, cm™) 3301, 2928, 2890, 1765, 1643, 1582, 1492.

MP (°C) 88-91.
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N-((S)-1-((S)-4-isopropyl-4,5-dihydrooxazol-2-yl)ethyl)formamide 231

Prepared according to General Procedure N.

Amount of 229: 404 mg, 2 mmol.

Product appearance: Colourless gummy solid.

Product yield: 166 mg, 45%.

'H NMR (400 MHz, CDCly) & 14.33 (s, 1H, NH), 8.02 (s, 1H, CHO), 3.81-3.78 (m, 1H,
CHCHs), 3.65-3.44 (m, 3H, oxazoline), 1.68-1.64 (m, 1H, CH(CHs),), 1.21 (d, J = 6.6 Hz,
3H, CHs), 0.88 (d, J = 7.1 Hz, 3H, CH3), 0.89 (d, J = 7.1 Hz, 3H, CHy).

B3C NMR (101 MHz, CDCl3) 8 167.9, 161.0, 72.4, 48.2, 32.6, 20.1, 13.0.

IR (ATR, cm™) 2930, 2878, 1740, 1640, 1576, 1488.

MP (°C) 78-81.

(S)-3,7-diisopropyl-2,3-dihydroimidazo[5,1-b]oxazole 232

/>N

N
b

Prepared according to General Procedure O.

Amount of 230: 212 mg, 1 mmol.

Product appearance: White crystalline solid.

Product yield: 138 mg, 71%.

'H NMR (400 MHz, CDCls) & 8.04 (s, 1H, NCHN), 4.51-4.47 (m, 1H, oxazoline CH,),
4.27-4.23 (m, 1H, oxazoline CH,), 4.04-3.97 (m, 1H, oxazoline CH), 3.40-3.35 (m, 1H,
CH(CHs),), 1.97-1.93 (m, 1H, CH(CHy),), 1.30 (d, J = 7.0 Hz, 6H, CH3), 0.88 (d, J = 6.8
Hz, 6H, CHs).

3C NMR (101 MHz, CDCl,) & 138.1, 126.7, 75.1, 68.0, 31.4, 26.9, 22.4, 18.7 (bridgehead
carbon not observed).

IR (ATR, cm™) 2920, 2848, 2310, 1570, 1440, 1329.

MP (°C) 96-98.
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(S)-3-isopropyl-7-methyl-2,3-dihydroimidazo[5,1-b]oxazole 233

N
o
Prepared according to General Procedure O.
Amount of 231: 184 mg, 1 mmol.
Product appearance: White solid.
Product yield: 53 mg, 32%.
'H NMR (400 MHz, CDCls) & 7.99 (s, 1H, NCHN), 4.49-4.45 (m, 1H, oxazoline CH,),
4.24-4.20 (m, 1H, oxazoline CH,), 4.00-3.95 (m, 1H, oxazoline CH), 2.27 (s, 3H, CHjy),
1.77-1.72 (m, 1H, CH(CHjs),), 0.86 (d, J = 7.0 Hz, 3H, CHy).
C NMR (101 MHz, CDCls) § 137.5, 114.0, 74.4, 66.5, 26.3, 18.1, 9.1 (bridgehead carbon
not observed).
IR (ATR, cm™) 2918, 2820, 1568, 1450, 1328.
MP (°C) 101-104.

Scheme 2.74
(S)-3,7-diisopropyl-6-(2-methoxybenzyl)-2,3-dihydroimidazo[5,1-bJoxazol-6-ium
chloride 234

OMe

Prepared according to General Procedure B.

Amount of 232: 97 mg, 0.5 mmol.

Amount of 2-methoxybenzyl chloride 142: 70 pL, 0.5 mmol.

Product appearance: White solid.

Product yield: 145 mg, 83%.

'H NMR (400 MHz, CDCI5) & 10.04 (s, 1H, NCHN), 7.40 (dd, J = 7.5, *J = 1.6 Hz, 1H,
ArH), 7.14-7.06 (m, 2H, ArH), 6.94 (d, J = 8.3 Hz, 1H, ArH), 5.46 (s, 2H, CH,), 4.51-
4.47 (m, 1H, oxazoline CH,), 4.24-4.20 (m, 1H, oxazoline CH,), 4.01-3.95 (m, 1H,
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oxazoline CH), 3.78 (s, 3H, OCHjs), 3.40-3.35 (m, 1H, CH(CHs),), 1.97-1.93 (m, 1H,
CH(CHs),), 1.30 (d, J = 7.0 Hz, 6H, CH3), 0.89 (d, J = 6.8 Hz, 6H, CHy).

BC NMR (101 MHz, CDCl;) § 159.1, 143.0, 142.6, 137.8, 128.0, 126.8, 125.9, 121.1, 75.5,
68.2,57.2, 45.6, 27.2, 26.6, 23.0, 18.7 (bridgehead carbon not observed).

IR (ATR, cm™) 2925, 2840, 2305, 1558, 1452, 1320.

HRMS (EI) m/z calculated for C19H,7N,0, [M—CI]: 315.2073; found: 315.2060.

MP (°C) 66-69.

(S)-3-isopropyl-6-(2-methoxybenzyl)-7-methyl-2,3-dihydroimidazo[5,1-b]Joxazol-6-ium
chloride 235

OMe

Prepared according to General Procedure G.

Amount of 233: 83 mg, 0.5 mmol.

Amount of 2-methoxybenzyl chloride 142: 70 yL, 0.5 mmol.

Product appearance: White solid.

Product yield: 145 mg, 90%.

'H NMR (400 MHz, CDCI3) § 10.12 (s, 1H, NCHN), 7.39-7.32 (m, 2H, ArH), 7.04-6.93
(m, 2H, ArH), 5.34 (s, 2H, CH,), 4.50-4.45 (m, 1H, oxazoline CH,), 4.27-4.23 (m, 1H,
oxazoline CH,), 4.00-3.95 (m, 1H, oxazoline CH), 3.83 (s, 3H, OCHj3), 2.89 (s, 3H, CHy),
1.77-1.74 (m, 1H, CH(CHys),), 0.90 (d, J = 6.8 Hz, 6H, CHj).

BC NMR (101 MHz, CDCI3) & 157.9, 143.5, 142.9, 138.1, 128.0, 127.6, 126.2, 121.3,
113.0, 75.2, 68.1, 56.4, 45.1, 27.0, 18.9, 7.4 (bridgehead carbon not observed).

IR (ATR, cm™) 2920, 2838, 1560, 1448, 1318.

HRMS (EI) m/z calculated for C17H,3N,0, [M—CI]: 287.1760; found: 287.1748.

MP (°C) 78-80.
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Scheme 2.75
(1,5-cyclooctadiene)((S)-3,7-diisopropyl-6-(2-methoxybenzyl)-2,3-
dihydrooxazoimidazol-5-ylidene)iridium(l) chloride 236

/\Ir/Clﬁ
7 e

N/
MeO.

Prepared according to General Procedure C.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium tert-butoxide: 33.4 mg, 0.298 mmol.

Amount of 234: 105 mg, 0.298 mmol.

Product yield: 136 mg, 70%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCl;) § 7.38 (dd, J = 7.5, “J = 1.4 Hz, 1H, ArH), 7.14-7.06 (m,
2H, ArH), 6.96 (d, J = 8.1 Hz, 1H, ArH), 5.38 (s, 2H, CH,), 4.51-4.46 (m, 1H, oxazoline
CH,), 4.24-4.20 (m, 1H, oxazoline CH,), 4.15-4.11 (m, 2H, COD CH), 4.01-3.94 (m, 1H,
oxazoline CH), 3.81 (s, 3H, OCHs3), 3.40-3.35 (m, 1H, CH(CHs),), 2.97-2.92 (m, 2H, COD
CH), 1.97-1.93 (m, 1H, CH(CHy),), 1.75-1.61 (m, 4H, COD CH,), 1.34-1.17 (m, 10H,
COD CH,& 2 CH3), 0.89 (d, J = 6.8 Hz, 6H, CHs,).

C NMR (101 MHz, CDCI;) & 138.8, 138.5, 136.3, 134.6, 129.7, 128.6, 128.4, 128.3,
1235, 82.7,51.7, 33.7, 29.2, 28.6, 28.4, 21.3, 19.9, 18.4.

IR (ATR, cm™) 3005, 2958, 2830, 1578, 1440.

HRMS (EI) m/z calculated for IrC,;H3sN,O [M—CI]: 599.2613; found: 599.2621.

MP (°C) decomp. >180.

(1,5-cyclooctadiene)((S)-3-isopropyl-6-(2-methoxybenzyl)-7-methyl-2,3-dihydro
dihydrooxazoimidazol-5-ylidene) iridium(l) chloride 237
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/\Ir/CI\L’
7 NN
N\e/
MeO

Prepared according to General Procedure C.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of potassium tert-butoxide: 33.4 mg, 0.298 mmol.

Amount of 235: 96 mg, 0.298 mmol.

Product yield: 106 mg, 57%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCls) & 7.39-7.32 (m, 2H, ArH), 7.04-6.91 (m, 2H, ArH), 5.37 (s,
2H, CH,), 4.52-4.43 (m, 1H, oxazoline CH,), 4.27-4.22 (m, 1H, oxazoline CH,), 4.17-4.12
(m, 2H, COD CH), 4.00-3.95 (m, 1H, oxazoline CH), 3.84 (s, 3H, OCH3), 2.99-2.92 (m,
2H, COD CH), 2.89 (s, 3H, CHj3), 1.76-1.53 (m, 5H, COD CH, & CH(CHy),), 1.34-1.17 (m,
4H, COD CH,), 0.92 (d, J = 6.6 Hz, 6H, CHy).

BC NMR (101 MHz, CDCls) 6 157.9, 143.5, 142.9, 138.1, 129.7, 128.6, 128.4, 128.3,
128.0, 127.6, 126.2, 121.3, 113.0, 75.2, 68.1, 56.4, 45.1, 29.2, 28.6, 28.4, 28.2, 27.0, 18.9,
7.4.

IR (ATR, cm™) 2954, 2829, 1606, 1568, 1450.

HRMS (EI) m/z calculated for IrC,sH3,N,0 [M—CI]: 571.2300; found: 571.2286.

MP (°C) decomp. >190.

Scheme 2.76

Trans-2-methoxycyclohexan-1-amine 239

H,N

MeO“\‘O

A solution of the trans-2-hydroxycyclohexan-1-amine (576 mg, 5 mmol) in DMF (15 mL)
was prepared and cooled to 0 °C. Sodium hydride (60% in mineral oil) (200 mg, 5 mmol)
was added and the mixture was allowed to warm to room temperature. After stirring for 1 h,
the reaction mixture was cooled once again to 0 °C and iodomethane (250 pL, 5 mmol) was

added. The mixture was stirred at room temperature for 16 h, after which it was concentrated

in vacuo. After addition of water, the organic layers were extracted into ethyl acetate (3 x 50

348



mL), and the combined organic layers dried over sodium sulfate and concentrated in vacuo.
Column chromatography (2% EtOAc in petrol) afforded 239 as a yellow oil (84 mg, 13%
yield).
'"H NMR (400 MHz, CDClI;) & 3.68 (s, 3H, OCH3), 3.20-3.15 (m, 1H, CHOCH,), 2.80-2.77
(m, 1H, CHNH,), 1.70-1.64 (m, 2H, CH,), 1.53-1.41 (m, 4H, CH,), 1.24-1.20 (m, 1H,
CHy), 1.12-1.09 (m, 1H, CH)).
C NMR (101 MHz, CDCls) 3 85.9, 60.4, 58.1, 30.9, 29.3, 25.4, 24.6.
IR (ATR, cm™) 3115, 2926, 2871, 1612, 1576.
1-(Trans-2-methoxycyclohexyl)-1H-imidazole 240

//\

NVN\O
MeO"

Reaction attempted following a literature procedure.’® Trans-2-methoxycyclohexan-1-
amine 239 (50 mg, 0.38 mmol) was mixed with 1 mL water, and phosphoric acid (85% eq.)
was added until a pH of 2 was reached. Paraformaldehyde (12 mg, 0.38 mmol), glyoxal (22
mg, 0.38 mmol), and water (2 mL) were added, followed by dioxane (1 mL). The reaction
was heated to 100 °C and saturated ammonium chloride solution (0.5 mL) was added
dropwise. The reaction was allowed to stir for 16 h, after which it was cooled to 0 °C and
basified to pH 12 with the addition of sodium hydroxide. The organic products were
extracted with diethyl ether (3 x 5 mL) and concentrated in vacuo. NMR spectroscopic

analysis of the residue showed that none of the desired compound had been formed.

Scheme 2.77
1-(Trans-2-hydroxycyclohexyl)-1H-imidazole 24

187
3

NVN\O
HO"

Prepared according to a literature procedure.®

A solution of cyclohexane oxide (1.534 g,
15.63 mmol) and imidazole (851 mg, 12.5 mmol) in dioxane (5 mL) was prepared and
heated to 100 °C for 24 h. The reaction mixture was then cooled and concentrated in vacuo.
Column chromatography (5% methanol in DCM) afforded the title compound as an off-
white powder (1.227 g, 47% yield).

'"H NMR (400 MHz, CDCls) & 7.36 (s, 1H, NCHN), 6.91 (s, 1H, NCHCHN), 6.88 (s, 1H,
NCHCHN), 4.06 (s, 1H, OH), 3.73-3.57 (m, 1H, CHN), 2.21-2.10 (m, 1H, CHOH), 2.09—
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2.01 (m, 1H, CH,), 1.90-1.78 (m, 2H, CH,), 1.74-1.62 (m, 1H, CH,), 1.49-1.30 (m, 4H,
CH,).

C NMR (101 MHz, CDCl5) § 136.3, 128.8, 117.2, 73.3, 64.1, 34.1, 32.3, 25.2, 24.4.

IR (ATR, cm™) 3220, 2980, 2861, 1491.

MP (°C) 130-133 (lit. 132-133)."®"

188
4

3-benzyl-1-(trans-2-hydroxycyclohexyl)-1H-imidazol-3-ium chloride 24

o/
200
HO"

Prepared according to General Procedure B.

Amount of 243: 332 mg, 2 mmol.

Amount of benzyl chloride: 230 pL, 2 mmol.

Product appearance: White solid.

Product yield: 293 mg, 50%.

'H NMR (400 MHz, CDCly) 6 10.12 (s, 1H, NCHN), 7.36-7.31 (m, 5H, ArH), 7.05 (s, 1H,
NCHCHN), 7.02 (s, 1H, NCHCHN), 5.47 (d, 1H, 2J = 14.8 Hz, CH,), 5.44 (d, 1H, 2J=14.8
Hz, CH,), 4.29-4.26 (m, 1H, CHOH) 3.69-3.61 (m, 1H, CHN), 2.18-2.09 (m, 2H, CH,),
1.84-1.78 (m, 2H, CH,), 1.61-1.51 (m, 2H, CH,), 1.40-1.34 (m, 2H, CH,).

BC NMR (101 MHz, CDCl,) & 136.2, 133.4, 129.5, 129.2, 129.0, 121.4, 121.2, 72.3, 65.9,
53.4,34.7,31.5, 24.6, 24.2.

IR (ATR, cm™) 3250, 2925, 2880, 1606, 1580, 1491.

MP (°C) 151-154 (lit. 153-155).'%

1-(trans-2-hydroxycyclohexyl)-3-(2-methoxybenzyl)-1H-imidazol-3-ium chloride 245

P [\

Ne _N
N\
MeO ® \O
HO™

Prepared according to General Procedure B.

Amount of 243: 332 mg, 2 mmol.

Amount of 2-methoxybenzyl chloride 142: 278 pL, 2 mmol.
Product appearance: White solid.

Product yield: 362 mg, 56%.
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'H NMR (400 MHz, CDCls) & 10.06 (s, 1H, NCHN), 7.49 (dd, J = 7.8, “J = 1.2 Hz, 1H,
ArH), 7.09-7.02 (m, 2H, ArH), 7.03 (s, 1H, NCHCHN), 6.99 (s, 1H, NCHCHN), 6.36 (d,
J = 8.0 Hz, 1H, ArH), 5.43 (d, 1H, 2J = 14.9 Hz, CH,), 5.41 (d, 1H, 2J = 14.8 Hz, CH,),
4.09-4.04 (m, 1H, CHOH), 3.67 (s, 3H, OCHj), 3.65-3.60 (m, 1H, CHN), 2.12-2.03 (m,
2H, CH,), 1.79-1.73 (m, 2H, CH,), 1.57-1.45 (m, 2H, CH,), 1.43-1.37 (m, 2H, CH,).

C NMR (101 MHz, CDCl3) & 157.8, 138.2, 136.3, 129.6, 129.1, 121.4, 121.3, 117.0,
104.6, 72.7, 66.1, 57.2, 53.6, 34.8, 31.6, 24.8, 24.5.

IR (ATR, cm™) 3246, 2990, 2918, 1604, 1575, 1458.

HRMS (EI) m/z calculated for C;;H,3N,0, [M—CI]: 287.1759; found: 287.1770.

MP (°C) 162-164.

Scheme 2.79
3-benzyl-1-(trans-2-methoxycyclohexyl)-1H-imidazol-3-ium chloride 246

o/
0
MeO""

Prepared according to General Procedure P.

Amount of 244: 292 mg, 1 mmol.

Product appearance: White solid.

Product yield: 110 mg, 36%.

'H NMR (400 MHz, CDCI5) § 10.01 (s, 1H, NCHN), 7.65 (s, 1H, NCHCHN), 7.59 (s, 1H,
NCHCHN), 7.51-7.44 (m, 5H, ArH), 5.87 (d, 1H, 2J = 14.9 Hz, CH,), 5.83 (d, 1H, ) = 14.8
Hz, CH,), 4.29-4.26 (m, 1H, CHOCHy), 3.71 (s, 3H, OCH,), 3.62-3.59 (m, 1H, CHN),
2.10-2.02 (m, 2H, CH,), 1.74-1.68 (m, 2H, CH,), 1.53-1.40 (m, 4H, CH,).

BC NMR (101 MHz, CDCl3) 6 136.1, 133.2, 129.4, 129.0, 128.7, 121.1, 121.0, 81.0, 63.4,
58.2, 56.5, 26.9, 28.4, 26.0, 24.6.

IR (ATR, cm™) 2922, 2878, 1610, 1576, 1468.

HRMS (EI) m/z calculated for C17H,3N,0, [M—CI]: 287.1759; found: 287.1770.

MP (°C) 89-91.
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1-(trans-2-methoxycyclohexyl)-3-(2-methoxybenzyl)-1H-imidazol-3-ium chloride 247

P [\

N N
N\
MeO. ® \O
MeO"

Prepared according to General Procedure P.

Amount of 245: 332 mg, 1 mmol.

Product appearance: White solid.

Product yield: 141 mg, 42%.

'"H NMR (400 MHz, CDCI3) § 10.02 (s, 1H, NCHN), 7.48-7.44 (m, 1H, ArH), 7.03-6.95
(m, 2H, ArH), 7.11 (s, 1H, NCHCHN), 7.06 (s, 1H, NCHCHN), 6.28 (d, J = 7.9 Hz, 1H,
ArH), 5.72 (d, 1H, 2 = 14.9 Hz, CH,), 5.69 (d, 1H, °J = 14.8 Hz, CH,), 3.67 (s, 3H, OCHy),
3.65-3.60 (m, 1H, CHN), 3.48 (s, 3H, OCH3), 3.30-3.26 (m, 1H, CHOCHz), 2.08-1.96 (m,
2H, CH,), 1.75-1.98 (m, 2H, CH,), 1.55-1.41 (m, 4H, CH,).

C NMR (101 MHz, CDCl;) & 148.1, 136.1, 133.2, 129.2, 128.8, 121.4, 121.1, 117.4,
104.9, 81.2, 63.7, 58.5, 57.2, 56.7, 26.9, 28.6, 26.3, 24.2.

IR (ATR, cm™) 2995, 2920, 1606, 1578, 1460.

HRMS (EI) m/z calculated for C;gH,5N,0, [M—CI]: 301.1916; found: 301.1912.

MP (°C) 96-99.

Scheme 2.80 — top
(1,5-cyclooctadiene)(1-(trans-2-methoxycyclohexyl)-3-benzyl-1H-imidazol-2-
ylidene)iridium(l) chloride 248

/ N
7 e

Synthesis attempted according to General Procedure C.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.
Amount of potassium tert-butoxide: 33.4 mg, 0.298 mmol.

Amount of 246: 91 mg, 0.298 mmol.

None of the desired product isolated.
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(1,5-cyclooctadiene)(1-(trans-2-methoxycyclohexyl)-3-(2-methoxybenzyl)-1H-imidazol-
2-ylidene)iridium(l) chloride 249

Synthesis attempted according to General Procedure C.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.
Amount of potassium tert-butoxide: 33.4 mg, 0.298 mmol.

Amount of 247: 100 mg, 0.298 mmol.

None of the desired product isolated.

Scheme 2.80 — bottom
(1,5-cyclooctadiene)(1-(trans-2-methoxycyclohexyl)-3-benzyl-1H-imidazol-2-
ylidene)iridium(l) chloride 248

g\lr/cn ,/O
v \((N
N

)

&
Prepared according to General Procedure Q.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of silver oxide: 69 mg, 0.298 mmol.

Amount of 246: 91 mg, 0.298 mmol.

Product yield: 103 mg, 57%.

Product appearance: yellow solid.

'"H NMR (400 MHz, CDClI3) & 7.65 (s, 1H, NCHCHN), 7.62 (s, 1H, NCHCHN), 7.51-7.42
(m, 5H, ArH), 5.58 (d, 1H, 2J = 14.9 Hz, CH,), 5.53 (d, 1H, °J = 14.9 Hz, CH,), 4.30-4.26
(m, 1H, CHOCHj), 4.14-4.10 (m, 2H, COD CH), 3.76 (s, 3H, OCH3), 3.62-3.57 (m, 1H,
CHN), 2.94-2.88 (m, 2H, COD CH), 2.10-2.02 (m, 2H, CH,), 1.76-1.61 (m, 6H, CH, &
COD CH,), 1.53-1.40 (m, 4H, CH,), 1.30-1.14 (m, 4H, COD CH,).
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BC NMR (101 MHz, CDCl3) & 136.1, 133.2, 129.4, 129.0, 128.7, 128.4, 128.2, 128.1,
127.9,121.1, 121.0, 81.0, 63.4, 58.2, 56.5, 26.9, 28.9, 28.6, 28.4, 28.3, 28.0, 26.0, 24.6.

IR (ATR, cm™) 3004, 2970, 2826, 1604, 1566, 1442.

HRMS (EI) m/z calculated for IrC,sH34N,0 [M—CI]: 571.2300; found: 571.2316.

MP (°C) decomp. >200.

(1,5-cyclooctadiene)(1-(trans-2-methoxycyclohexyl)-3-(2-methoxybenzyl)-1H-imidazol-
2-ylidene)iridium(l) chloride 249
MeO

g>lr/0| [
| %\KJ
Prepared according to General Procedure Q.

Amount of bis(1,5-cyclooctadiene)diiridium(l) dichloride: 100 mg, 0.149 mmol.

Amount of silver oxide: 69 mg, 0.298 mmol.

Amount of 247: 100 mg, 0.298 mmol.

Product yield: 99 mg, 52%.

Product appearance: yellow solid.

'H NMR (400 MHz, CDCl3) & 7.48-7.42 (m, 2H, ArH & NCHCHN), 7.39 (s, 1H,
NCHCHN), 6.98-6.15 (m, 2H, ArH), 6.26 (d, J = 7.8 Hz, 1H, ArH), 5.67 (d, 1H, 2J = 14.4
Hz, CH,), 5.62 (d, 1H, 2J = 14.9 Hz, CH,), 4.14-4.10 (m, 2H, COD CH), 4.09-4.03 (m, 1H,
CHOCHjy), 3.78 (s, 3H, OCH3), 3.66 (s, 3H, OCHj), 3.62-3.57 (m, 1H, CHN), 2.94-2.88 (m,
2H, COD CH), 2.07-1.94 (m, 2H, CH,), 1.76-1.61 (m, 6H, CH, & COD CH,), 1.55-1.41
(m, 4H, CH,), 1.32-1.15 (m, 4H, COD CH,).

BC NMR (101 MHz, CDCly) 6 148.1, 136.1, 133.2, 129.2, 128.8, 128.7, 128.5, 128.3,
128.0,121.4,121.1, 81.2, 63.7, 58.5, 56.7, 26.9, 29.0, 28.9, 28.6, 28.4, 28.3, 26.3, 24.2.

IR (ATR, cm™) 2996, 2928, 2830, 1595, 1557, 1458.

HRMS (EI) m/z calculated for IrCysH3sN,0, [M—CI]: 589.2406; found: 589.2420.

MP (°C) decomp. >190.
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Table 2.15
4-Methyl-(1-phenylethyl)aniline 199"

LI

Prepared according to General Procedure G.

Reaction temperature: 25 °C.

Amount of 4-methylaniline: 23 mg, 0.215 mmol.

Amount of phenylethanol: 26 mg, 0.215 mmol.

Amount of 2-MeTHF: 2.5 mL.

Spectral data as reported above.

HPLC analysis (Column = OD-H, hexane : isopropanol = 99 :1; UV detection at A = 210

nm) was used to establish e.e., where applicable: tg'= 20.78 mins, tg? = 26.48 mins.

Amount of Amount of Conversion
Entry | Catalyst Catalyst Base Base [ % /e;;;
mmol mg mmol mg 1 2 3
1 236 0.01075 | 7.0 | 'BuOK | 0.01075 | 1.2 | 42 | 55 | 47 <5
2 236 0.01075 | 7.0 | K,CO; | 0.01075 | 1.5 | 52 | <5 | 38 <5
3 237 0.01075 | 6.7 | 'BUOK | 0.01075 | 1.2 | 29 | 38 | 20 <5
4 237 0.01075 | 6.7 | K,CO; | 0.01075 | 15 | 31 | 22 | 8 <5
5 248 0.01075 | 6.5 | '‘BUOK | 0.01075 | 1.2 | <5 - - -
6 248 0.01075 | 6.5 | K,CO;3 | 0.01075 | 15 | <5 - - -
7 249 0.01075 | 6.8 | ‘BuOK | 0.01075 | 1.2 | <5 - - -
8 249 0.01075 | 6.8 | K,CO;3 | 0.01075 | 15 | <5 - - -
Table 2.16

4-Methyl-(1-phenylethyl)aniline 199"
PhJ\N/O/
H

Prepared according to General Procedure G.

Reaction temperature: 25 °C.

Amount of 4-methylaniline: 23 mg, 0.215 mmol.

Amount of phenylethanol: 26 mg, 0.215 mmol.

355




Amount of silver tetrafluoroborate: 2.1 mg, 0.01075 mmol.

Amount of solvent: 2.5 mL.

Spectral data as reported above.

HPLC analysis (Column = OD-H; hexane : isopropanol = 99 :1; UV detection at 2 = 210

nm) was used to establish e.e., where applicable: tg'= 20.78 mins, tg? = 26.48 mins.
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Table 2.17
4-Methyl-(1-phenylethyl)aniline 199"

LI

Prepared according to General Procedure G.

Reaction temperature: 25 °C.

Amount of 4-methylaniline: 23 mg, 0.215 mmol.

Amount of phenylethanol: 26 mg, 0.215 mmol.

Amount of silver tetrafluoroborate: 2.1 mg, 0.01075 mmol.

Amount of 2-MeTHF: 2.5 mL.

Spectral data as reported above.

HPLC analysis (Column = OD-H, hexane : isopropanol = 99 :1; UV detection at A = 210

nm) was used to establish e.e., where applicable: tg'= 20.78 mins, tg? = 26.48 mins.

Amount of Amount of Conversion
Entry | Catalyst Catalyst Base Base [ % /e;;;
mmol mg mmol mg 1 2 3
1 251 0.01075 | 6.5 | K,CO; | 0.01075 | 1.5 0 - - -
2 251 0.01075 | 6.5 | K,CO; | 0.01075 | 1.5 0 - - -
3 252 0.01075 | 6.7 | K,CO; | 0.01075 | 1.5 0 - - -
4 252 0.01075 | 6.7 | K,CO; | 0.01075 | 1.5 0 - - -
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