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“The only way of discovering the limits of the possible is to venture a little way into

the impossible”

Arthur C. Clark



Abstract

The field of iridium(l)-mediated processes has expanded over the past 50 years, with
new avenues of research constantly opening. To this end, the Kerr group has developed
a series of cationic iridium(l) catalysts bearing a bulky NHC/phosphine ligand sphere
that can effectively mediate mild hydrogen isotope exchange and olefin hydrogenation

processes.

Having said this, with the ever-expanding scope of NHCs and the increasing ease of
access to phosphines, the possibility still exists to further improve upon these
complexes with lower catalyst loadings, faster reaction times, and an improved
substrate scope. To this end, this thesis details some of the work achieved throughout

the last 3.5 years.

Within the first chapter, progress towards more efficient olefin hydrogenation is
discussed. In the first instance, highly selective hydrogenation, through the use of a
directing group was targeted. Initial investigations focussed upon manipulating the
counterion to the cationic iridium(l) complexes in question, and manipulating the
ligand sphere through changing the nature of the phosphine and NHC. This process
generated new methods for the synthesis of NHC/phosphine catalysts, and was applied
to the production of a number of novel complexes. Following on from this, a highly

efficient reduction process was optimised, and the selectivity therein investigated.

Following on from this, the equivalent asymmetric reaction was then studied, thus
entering a new field of research within the group, and therefore, requiring the
development of a completely new catalyst system. This process was guided by the
non-asymmetric system, and synthesis of a number of model non-chiral complexes.
After thoroughly testing the newly synthesised complexes, greater understanding was
gained of the requirements for a highly enantioselective reaction, and, through this, to

propose a plausible selectivity model and mechanism.

In chapter two, we discuss the development of NHC/phosphine catalysts in hydrogen
isotope exchange, with a partiular focus on the selectivity of the exchange process.
Following on from previous work in the group, this first targets the use of weakly



coordinating acids as a directing group, and the impact that addition of base has upon

the selectivity of the reaction.

Furthermore, understanding that drug design is moving away from planar molecules,
towards non-planar, sp-rich compounds, we also investigated the possibility of
exchange at positions in a molecule other than an sp? aryl ring. This was initially
observed when developing the hydrogenation methods discussed in chapter one,
enabling selective sp? exchange in conjugated olefins. This new, highly selective
method of labelling was examined through a combined experimental and
computational investigation, leading to a thorough understanding of the mechanism
and factors governing reaction selectivity. Having progressed from sp?-aryl to sp?-non-
aryl exchange, the logical progression was to next investigate sp® exchange. Through
a detailed study three protocols were developed, enabling exchange on a wide range
of sp* hybridised sites, in pharmaceutically relevant systems. These new processes
were investigated mechanistically and computationally to ascertain the mechanism and

selectivity of exchange.
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Chapter 1

1. Introduction

The process to reduce a carbon-carbon double bond is one of the most important tools
in the repertoire of the organic chemist; as such it remains an intense area of research.
Within this area, transition metal catalysis is one of the most commonly used methods
for either process or synthetic chemists. This has led to a wide variety of catalysts
being developed, with work still ongoing to further improve their efficiency.!

1.1. Heterogeneous Hydrogenation

Traditional approaches to hydrogenation reaction usually apply heterogeneous
catalysts.? Such methods utilise transition metals (commonly Rh, Pt or Pd) adsorbed
onto a solid support (including carbon, silica and alumina). The mechanism of
hydrogenation on a metal surface, as is used in heterogeneous catalysis, can vary with
the catalyst and has yet to be fully elucidated. Having said this, one of the first and
simplest mechanisms was proposed by Horuiti and Polanyi (Scheme 1.1).2 Initially, a
hydrogen molecule binds to the metal surface (1), breaking the H-H bond (I1). Next,
the substrate binds through the n-bond of the olefin, thus weakening the C=C bond
(111). Finally, in a stepwise, fashion a molecule of hydrogen is added across the C=C
bond (IV-VI), forming a metal alkyl intermediate (V), before generating the

hydrogenated substrate in the final non-reversible step (VI1).

oA
—C7C—

/ \ = H H =—— H H

Metal 1 191
Surface 'T' 'T'

|
|
/ \ 1
|
|

R
i A -
oy —g-b— —G-e— "
¢=¢ BN H
//H H\\ B E— /// H - = /// H
’ \ / | / \
VII VI \%

Scheme 1.1 General mechanism for homogeneous catalytic hydrogenation.
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Such methods perform excellently in the hydrogenation of a wide variety of organic
compounds; however, they often require elevated temperatures or pressures, and can
suffer from poor selectivity. Therefore, the focus for much of the research in recent
years has surrounded the production of catalysts that can facilitate mild and selective
hydrogenation. In this regard, the most promising developments have arisen from the
area of homogeneous transition metal catalysis, for which several advantages exist
over heterogeneous catalysis. These include greater catalyst surface area, more
efficient heat transfer, and most importantly the ability to tune the catalyst to a specific

purpose, therefore, allowing chemo-, regio-, and enantioselective catalysts.

1.2. Homogeneous Hydrogenation

Homogeneous hydrogenation constitutes a large area of chemistry; the developments
in coordination and organometallic chemistry have allowed the preparation of a
growing variety of soluble metal complexes.* Among this plethora of complexes there
are many that show activity in the complexation and activation of olefin m-bonds.
These complexes can be further divided by the mode of hydrogenation. The first class,
monohydride hydrogenation catalysts, proceed by formation of a metal hydride species
which, by reaction with the substrate, forms a metal alkyl intermediate (Scheme 1.2).°
This intermediate subsequently reacts with another molecule of hydrogen to regenerate

the metal hydride and release the hydrogenated product.
[M—H]
Alkane Alkene
Hy

[M-Alkyl]
Scheme 1.2 General mechanism for monohydride reduction.

The second class, dihydride hydrogenation catalysts, do not exist as monohydride
species. Instead, through reaction with hydrogen and the substrate they form a
dihydride, alkene-bound metal species (Scheme 1.3). Migratory insertion, followed by

reductive elimination of the metal alkyl species, yields the saturated alkane product.
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Alkane)/ [M] \&Hz

Alkyl[—M—H] [M—Hg]

//\Alkene

Alkene[—M—H,]
Scheme 1.3 General mechanism for dihydride reduction.

The first breakthrough in the area of homogeneous catalysis came in 1938 when Calvin
and Polanyi reported the hydrogenation of unsaturated species such as p-
benzoquinone, using quinoline solutions of copper acetate at 100 °C.%" However, the
potential of the area was not fully realised until more than 20 years later, when several
rhodium and iridium complexes were shown to have incredible catalytic activity

towards homogeneous hydrogenation processes.

1.2.1. Rhodium

In 1963, Bath and Vaska isolated a rhodium(l) hydridocarbonyl complex,
[RhHCO(PPhs)s] 1 (Scheme 1.4).8 A few years later,Wilkinson and co-workers
proved this complex to be an efficient hydrogenation catalyst, albeit with some
interesting limitations.® The complex could facilitate the reduction of terminal olefins
such as 1-hexene 2 to hexane 3, however it could not reduce internal olefins such as

cyclohexene 4 and cis-4-methylpent-2-ene 5.

H

PhgP—RN_'"" "3
| “PPh;
co

1
AV NEN R VN

2

SN

Scheme 1.4 Reduction of internal alkenes with complex 1.
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Wilkinson proposed that this selectivity must be related to the mechanism of
hydrogenation for complex 1. It was therefore proposed that the complex was in itself
a precatalyst, and the dissociation of a triphenylphosphine ligand was required to form
the active catalyst 6 (Scheme 1.5). This hydride complex could then proceed by a
monohydride reduction mechanism as previously discussed (Scheme 1.2). The key
step of this mechanism is the initial formation of the metal alkyl species. In the case
of internal olefins, the metal alkyl species would incur a large steric penalty, and is

therefore strongly disfavoured.

H H
| \PPhj I .
> Monohydride
Ph;P—Rh —> | PhgP—-Rh—PPhg | — Y
3 | “PPh, 3 | 3 ™ Reduction
CO
1 6

Scheme 1.5 Rh-phosphine complex activation.

One of the most important discoveries in the area of rhodium chemistry is the work
performed by Wilkinson in 1965, producing the catalyst that bears his name,
[RhCI(PPhs)s] 7.2 This compound, easily prepared through the reaction of RhCls.
.3H20 with triphenylphosphine in refluxing ethanol, was at the time of its discovery,
the most active homogeneous hydrogenation catalyst and is still widely used to this
day (Scheme 1.6).

EtOH
78 °C

PhsP/,.  .PPhg

Cl”  TPPhy
7

RhCl3.3H,0 + PPhg + P(O)Ph;

Scheme 1.6 Synthesis of Wilkinson’s catalyst 7.

The main advantage of Wilkinson’s complex at the time of its development was its
ability to selectively hydrogenate olefins in the presence of other reducible groups such
as nitro and aldehyde, and to reduce terminal alkenes in the presence of internal
olefins. 1121314 The coordination of the reducible group to the metal was shown to be
important in selectivity of reduction, with terminal olefins reducing at the fastest rate,
tri-substituted olefins the slowest and tetra-substituted olefins not reducing at all
(Figure 1.1).14
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Rate of Hydrogenation

R R
R R R
/ > /]\R > R\/ > % > %\R
R

R
Figure 1.1 General order of alkene reactivity in hydrogenation.

Following the isolation of complex 7, the mechanism by which hydrogenation
proceeded was extensively researched. In particular, Halpern produced key
mechanistic insights that finally lead to the elucidation of the mechanism.® It was
found that the active catalyst was formed by dissociation of a phosphine unit, following
which addition of hydrogen produced dihydride species 8. Substrate coordination
delivered alkene complex 9, which was followed by migratory insertion, giving metal
alkyl species 10, which could undergo reductive elimination to release the reduced
product (Scheme 1.7). Indeed, this pathway follows the dihydride mechanism

previously discussed.

PhsP/,. _ \PPh;
ClI” _~PPh,

H,, Solvent

PhsP’,.
cl1-

wH
~PPhs

oo(n—g—:l: -

RM

S H
PhsP/,. | \H PhsP,, | \H

Rh Rh
CIP YPPhy| = | CI” | “PPhs
10
R

R g

Scheme 1.7 Mechanism of hydrogenation with Wilkinson’s catalyst 7.

Further exploration in this field by Osborn and Schrock uncovered the previously
unexplored area of cationic rhodium diene catalysts, such as 11 (Scheme 1.8).1%1" The
ligands employed in the earliest cases were a phosphine and a diene, either

norbornadiene (NBD) 12 or cyclooctadiene (COD) 13. Such catalysts, when
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introduced to a hydrogen atmosphere, reduced the diene to leave a cationic rhodium(l)
complex such as 14, which was found to be active in the hydrogenation of both

terminal and internal olefins.

L +
H LI¥ H |
CoRZ| — 2= |Pernd
N\ L H Il_ S
11 14
12 13

Scheme 1.8 General structure and activation of Rh-diene complexes.

1.2.2. Iridium

Although a large variety of iridium complexes are known today, their development
began somewhat later than the rhodium complexes. The reasons for this late
development can be explained by the comparison of Wilkinson’s catalyst, 7, with its
iridium counterpart 15 (Figure 1.2). The former as previously discussed, is an
excellent catalyst for hydrogenation processes, however the corresponding iridium

complex 15 showed very little catalytic activity.®

PhsPr,  wPPhg PhsPr,  wPPhg
Rh “1r

c”  PPh, c”” S Pph,
7 15

Figure 1.2 Wilkinson’s catalyst 7 and the iridium analogue 15.

This can be explained by considering the first step of the mechanism for hydrogenation
with complex 7 (Scheme 1.7), the initial dissociation of a phosphine ligand. In the case
of iridium, because it often forms stronger metal-ligand bonds than rhodium
([Cp(CO)RN-CO], 46 kcalmol™? and [Cp(CO)Ir-CO], 57 kcalmol™), this dissociation
does not take place. The increased metal-ligand bond strength is also observed in the
choice of solvent used with each metal. Rhodium, with its weaker metal-ligand bonds,
will form reactive intermediates in polar, coordinating solvents (e.g. EtOH, acetone).

However, under these conditions, iridium forms stable species that can often be
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isolated, an advantage in some cases when attempting to isolate reaction intermediates

and elucidate reaction mechanisms.’

This meant that the seminal research carried out by Vaska in 1965 with
[IrCI(CO)(PPha)2], 16, went largely unremarked at the time due to the poor catalytic
activity it showed (Scheme 1.9).18 Having said this, his studies are a landmark in
organometallic chemistry that provided excellent information about the oxidative
addition process, now known to be a key step in many catalytic reactions. Vaska
showed that in the presence of hydrogen, complex 16 would undergo a reversible
reaction forming stable dihydride species, 17, through the now generally accepted
process of oxidative addition.

H
PhsPr., wCO H, Ph3P/,,,,I| G
Cl PPhs Oxidative Cl | PPhj
16 @ co
Addition 17

Scheme 1.9 Oxidative addition of molecular hydrogen with Vaska’s complex.

In studies based upon those already performed with rhodium, Osborn and co-workers
synthesised cationic iridium diene catalysts bearing two phosphine ligands, such as 18
(Figure 1.3).161920 However the hydrogenation process with catalysts of this type was
only examined in polar solvents (MeOH or acetone) with disappointing results.
Despite this, some activity was observed towards small terminal and internal alkenes,
but no activity was observed with larger, more substituted substrates. Indeed, despite
the isolation of hydride complex 19 in the same report, in which a solvent molecule
must dissociate to allow substrate complexation, it was not until much later that the

use of a non-coordinating solvent was considered.

, X PRy | %
| / PR3 H/, Ilr\\S
AN H7 S
/ PR3 PR3
18 19

Figure 1.3 General structure and activation of Ir-diene complexes.
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The most significant development in this area of chemistry was made in 1977, when
Crabtree et al. employed the non-coordinating, halogenated solvent, DCM, with
complexes such as 18.22? This solvent had long been ignored by organometallic
chemists, as it was recognised that for the common Rh(l) systems, oxidative addition
of the C-Cl bond was a possibility. However, due to the common resting state of Ir(l11)
for many of the iridium complexes, this side process was deemed unlikely. Through
the application of DCM as the reaction medium, a more labile intermediate, 19, was
envisaged, in which the solvent is now the weakly bound DCM (Figure 1.3).
Complexes of type 18 also showed improved activity towards more highly substituted
olefins than had been previously observed with Wilkinson’s catalyst 7.14 Furthermore,
the use of only one phosphine ligand and a smaller pyridine ligand in complex 20,
allowed facile complexation of the substrate, shown by the improved activity over the

previous bis-phosphine system, such as complex 21 (Figure 1.4, Table 1.1).21%

/ PFg / PFg
PhgPr,. . PPhg I/PCy I/PMeth
r I
CI”  TPPhg V' ey % “PMePh,
7
20 21
Figure 1.4

Maximum rate

Entry  Substrate  Complex (molsubmol-Lcatht)

1 21 5100
M
2 20 6400
22
3 7 60
4 21 3800
5 O 20 4500
6 4 7 70
7 21 50
8 > < 20 4000
9 23 7 0

Table 1.1 Comparative rate data for common Rh and Ir complexes in alkene hydrogenation

From this series of catalysts, 20 was identified as the most optimal, being able to

facilitate all but the most hindered of substrates, 23, at just 0.1 mol%. In further
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examination of the utility of the catalyst, Crabtree et al. then utilised a variety of more
functionalised organic compounds to good effect, despite requiring higher catalyst
loading.?* From this study, it was noticed that a coordinating group, such as a carbonyl
or alcohol, could influence the hydrogenation reaction, without themselves being
reduced or oxidised. To further examine this observation, Crabtree et al. began by
studying the hydrogenation of terpinen-4-ol, 24, with a heterogeneous palladium

catalyst and with his own homogeneous catalyst, 20 (Scheme 1.10, Table 1.2).

ij Catalyst Q
—_—
" ud i

+
HO “Pr Pr HO “'Pr
24 25 26

Scheme 1.10.

Entry Catalyst 25 (%) 26 (%)
1 Pd/C 20 80
2 20 99.9 0.1

Table 1.2 Diastereoselective reduction of terpinen-4-ol 24, with crabtree’s catalyst 20 and

heterogeneous Pd/C.

From these results it became clear that catalyst 20 coordinated to the alcohol moiety
and directed the delivery of Hz from the face bearing the alcohol functionality.?® In
efforts to confirm this idea of coordination, attempts were made to isolate the
cyclometallated product of substrate 24 with catalyst 20. Unfortunately, the labile
nature of the intermediates with catalyst 20 prevented this. However, reaction of endo-
5-norbornen-2-ol, 28, with the less active catalyst, 27, allowed the detection of
cyclometallated species 29, thus providing convincing evidence for the directed

hydrogenation mechanism (Scheme 1.11).

10
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PPh:,)\ + é\ PPh; |+
H/,l\\O/ 28 OH H"||r"“\
Hr||r\0Y — H” |wa

PPh,
27 29

Scheme 1.11 Isolated alcohol-alkene chelate for directed hydrogenation.

At the same time, Stork and Kahne produced similar results, applying Crabtree’s
catalyst 20 on a much greater range of substrates to good effect.?® It was shown that
although terminal olefins 30 failed to give any selectivity, when changing to tri-
substituted olefins 31, 32 and 33, with selectivity improved in moving from primary
to tertiary alcohols (Scheme 1.12, Table 1.3). It is also worthy of note that, when
protected as the acetate, none of the previous selectivity with the alcohols was
observed.

CH,),OH CH.)
Cylohexenol __ 20 (20 mol%) C{( 2)n <}:( n
3033 CHyCl Hy rt, 2h

o ;Ull
T

Scheme 1.12

Entry  Substrate a/lb Yield

86

@2 78

’H 74/1 48

4 \©"'CH3 99/1 64

Table 1.3 Diastereoselective reduction of cyclohexenols with Crabtree’s catalyst 20.

11
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Crabtree’s catalyst 20 has proven to be an incredibly active catalyst, and over the last
40 years, is still the most commonly applied homogeneous hydrogenation catalyst in
organic synthesis. However, there are several areas in which improvements could be
made. The primary area initially targeted was the thermal stability of the complex, with
its known propensity to form inactive hydride, bridged-iridium clusters such as 34
(Figure 1.5).2.2327

p H

H \Ir
Ir H/\\\N P

P\ \ Ir
ANEIS

N

H

34

Figure 1.5 Proposed, inactive hydride bridged iridium trimer.

This has led to a large number of complexes being designed around the same structural
motif, with modifications attempting to combat the low thermal stability. Notably, in
2001, Nolan et al. reported the synthesis of an analogue in which the phosphine was
replaced by a bulky NHC ligand, envisaged to sterically disfavour the formation of
any iridium clusters (Scheme 1.13).28 Utilising a similar synthetic process as Crabtree,
Nolan generated a bispyridine iridium(l) cationic species 36, from the commercially
available iridium cyclooctadiene chloride dimer 35. Following reaction with the
previously generated free carbene 37 (SIMes), pyridinyl/NHC complex 38 was
delivered.
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] Cl \ 7 py | PFe
N,/ N/ Pyridine, KPFg N/
\/Ir\ /Ir\/ - ||'\
- P
17 ¢/ Acetone, H,0 / Y
35 rt.,3h 36
Nx\:,./zN
37
Toluene, r.t.,, 2 d
Mes < PF
N/§ 6
AN )L\\ N
Ir Mes
AN
) Py
38

Scheme 1.13 Synthesis of NHC/pyridine iridium complex 38.

Although the substrate scope explored by Nolan et al. is somewhat limited, it does
highlight the apparent improved thermal stability of the new complex 38, over
Crabtree’s complex 20 (Table 1.4). Indeed, at room temperature and with an
unhindered olefin, cyclohexene 4, both complexes reach completion. However, with a
more substituted olefin, 1-methylcyclohexene 39, at room temperature neither
complex reacts effectively. Notably, with more forcing conditions complex 20 delivers
a lower yield, indicating degradation of the active catalyst, while complex 39 delivers

a quantitative yield.

Entry Complex Substrate Time HzPressure Temperature Yield

(h) (psi) © (%)
1 20 @ 05 rt. 100
2 38 4 2 rt, 100

15

3 20 2 rt, 65
4 38 O/ 35 rt, 42
5 20 39 7 5 50 34
6 38 7 50 100

Table 1.4 Comparative alkene reduction with Crabtree’s catalyst 20 and NHC/pyridine complex 38.
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At a similar time, Buriak et al. also developed a series of complexes based upon
Crabtree’s catalyst, 20, except this time exchanging the pyridine ligand for an NHC.%®
The synthesis of each of these complexes followed the same general process; of
synthesising an iridium halide/carbene intermediate from the starting dimer, followed
by abstraction of the halide through use of the appropriate salt and replacement with
the desired phosphine. Using this method, a series of catalysts bearing different

NHC/phosphine combinations were synthesised (Figure 1.6).

\ PR, | PFe 41, R = PnBu3 NHC = IMe 'MG‘K\N— Mes =_

NHC 43,R = PnBu3 NHC = IMes N/
40 45

Figure 1.6 Synthesised NHC/phosphine iridium complexes.

Furthermore, each catalyst showed excellent activity for the hydrogenation of small,
terminal, 22, and di-substituted substrates, 4, (Table 1.5). Moreover, the complex
bearing the smallest NHC/phosphine combination, 41, showed activity exceeding that

of Crabtree’s complex 20, with even the tetra-substituted olefin 23.

Time Yield
Entry  Substrate  Complex (min) (%)

2 22 41 13 100
3 20 9 100
4 @ 4 41 15 100
5 B 20 40 95
6 >_< 23 41 39 >99

Table 1.5 Comparative alkene reduction with Crabtree’s catalyst 20 and NHC/phosphine complex 41.

With an understanding of the ligand requirements for an optimal hydrogenation
catalyst, Buriak et al. examined the outer sphere anionic partner to the catalyst,
utilising investigations disclosed by Pfaltz et al. in 1998. These studies, supported the
notion that larger, less coordinating counterions have a positive effect upon the rate of

hydrogenation.”* Using this as a basis, Buriak et al. looked to exchange the counterion,
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from hexaflouro phosphate, 44, to the much larger, less coordinating, BArF

counterion, 45 (Figure 1.7).7

F3C CF3 -
FsC CF,
FoUF|
SPZ B
F'\OF
F

44 FsC CF3
CF4

FsC
45

Figure 1.7 Common counterions for cationic iridium catalysts.

It was theorised that the larger anionic partner would hinder the approach of any two
cationic complexes, and thereby reducing the formation of inactive clusters. Through
in depth NMR spectroscopic studies, Pregosin et al. successfully proved that when the
ionic partner is BArF, the two ions move through the solution in tandem.* In contrast,
when PFs is employed, stronger solvation occurs, leaving both partners independent
of the other. This gave credence to the theory that the BArF counterion could stabilise
the active catalyst. Successful synthesis of BArF analogues, 46 and 47 respectively

(Figure 1.8), allowed a comparison to the parent catalysts 41 and 20 to be drawn.

BArF BArF
/ \Ir/PnBus / \Ir/PCys
S Me “py
46 47

Figure 1.8 Synthesised complexes bearing the BArF counterion.

Pleasingly, both novel catalysts performed better overall than the parent catalysts 41
and 20, with improved rates observed in the BArF analogue with both di-substituted
olefin, 4, and tetra-substituted olefin, 23 (Table 1.6).
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Entry Substrate Complex Rate (mol“//mol®/h) Yield (%0)

1 20 925 100
2 @ 47 1522 100
3 4 41 505 100
4 46 765 100
5 20 208 95

6 >:< 47 384 >99
7 23 41 165 >99
8 46 217 100

Table 1.6 Comparative alkene reduction with PFs and BArF complexes..

As the technology for olefin hydrogenation has improved, the complexity of the
substrates undergoing reduction has increased. In particularly, increasing substitution
of the olefin has led to prochiral substrates being reduced. In the next section the

developments in catalysis for asymmetric hydrogenation will be discussed.

1.3. Asymmetric Hydrogenation

Prior to 1968, enantioselective hydrogenation was carried out by utilising chiral
auxiliaries®® or through a heterogeneous catalyst absorbed on a chiral support.®
However, despite the large number of catalysts and supports utilised, results varied
greatly depending on the catalyst batch and the applied substrate, but generally, low to
moderate selectivity was often obtained, limiting the methods application. However,
the development of homogeneous asymmetric transition metal catalysts opened the
door to highly selective processes.® Indeed, for their contribution to the area of
asymmetric hydrogenation Knowles** and Noyori®* shared the Nobel Prize with
Sharpless® in 2001. Following suit from the systems previously discussed, initial

asymmetric work was carried out with phosphine ligands complexed to rhodium.
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1.3.1. Rhodium

The development of chiral, monodentate phosphines provided a direct approach to the
preparation of asymmetric catalysts.*® Indeed, an example of such a catalyst was
reported by Knowles in 1972 for the reduction of protected S-dehydroamino acids,
such as 48, as a means of producing unnatural amino acids (Scheme 1.14). The catalyst
in question was typically generated in situ, using a 2:1 ratio of cyclohexyl anisyl
methyl phosphine (CAMP) 47 to metal and pre-hydrogenated. However, it was also
shown that a pre-prepared crystalline, bisphosphine, cationic compound delivered the
same results, therefore indicating a similar catalyst species as Wilkinson had

previously described.®

A
Q ‘P(s)-cAMP

O O— 47 O

N OH [Rh(1,5-hexadiene)Cl], OH
HN__O NaOH (1 eq), EtOH, HN__O
48 \f H, (0.68 atm) 49 \f

90% (85% e.e)

Scheme 1.14 Application of (S)-CAMP in alkene hydrogenation.

Despite the effectiveness of the monodentate phosphine systems, issues with the
stability of the phosphines and the difficulty to prepare them in high e.e. limited their
use. To combat this, Co-symmetric, bidentate ligands were developed. Notably, the
first application by Kagan, utilising the tartaric acid-derived DIOP ligand 50, proved
the effectiveness of this approach, delivering similar yields and e.e. to the monodentate

systems in the reduction of 48, but with slower reaction rates (Figure 1.9).%

H
><O PPh,
0= PPh;
H
(+)-DIOP
50

Figure 1.9 Tartaric acid-derived (+)-DIOP ligand.
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However, perhaps the most notable contribution was again from Knowles, in the
application of diphoshine DiIiPAMP 51 for the production of L-DOPA 54, used in the
treatment of Parkinson’s disease (Scheme 1.15).383%40 This synthesis went on to
become the basis for the first industrial scale hydrogenation, and despite various
attempts to improve upon the DiPAMP system, it still remains as one of the best

catalysts within its class.
| O | O
R,R)-(DiPAMP)Rh(COD)|BF
o) N OH [(R.R)-( )Rh( )] ‘ o OH
o HN_ _O H,O/IPA, H, (3 atm) o HN.___O
| 52 \f | 53 \f

94% e.e

8

(RR)- D/PAMP N

O

HO
@ ’
NH3*

HO

54
L-DOPA

Scheme 1.15 Application of (R,R)-DiPAMP in the synthesis of L-DOPA.

A key issue with ligands that are chiral at phosphorus is the often long synthetic
sequence required for their production. Therefore, a wide number of phosphine ligands
have been investigated that bear chirality adjacent to the phosphine,*! as described by
Kagan with the DIOP system. However, a contribution that significantly elevated this
class of ligand came from Burk, with the introduction of DuPhos 55 in the phospholane
ligand class (Scheme 1.16).4? Notably, this ligand was easily synthesised in just 2 steps
from enantiopure, homochiral 1,4-diols. The catalyst was tested with similar substrates
as had been previously utilised with competing systems, and performed admirably
even at just 0.1 mol% loading, proving the reactivity and selectivity of the new ligand

class.
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‘7,

o
Pkt

L
Eti

(S)-DuPhoskEt

55
,  [(COD)RN(S,S)-(DuPhosEt) ,
R1%(R (0.1 mol%) R R
56 XAc H, (2 atm), MeOH, r.t. 57 XAC
X=0orNH
N o~ X o~ o~

HN.__O HN.__O HN._O 0._0O
48 \f 56a \f 56b 56¢ Y

100%, 99% e.e. 100%, 99% e.e. 100%, 99.4% e.e. 100%, 89% e.e.

Scheme 1.16 Application of (S)-DuPhosEt ligand in alkene hydrogenation.

Moving further from DIPAMP, unsymmetrical diphosphine ligands have been
developed. In particular, the use of ferrocene as a means of imparting chirality has
been of interest since its discovery. Perhaps most importantly for hydrogenation
chemistry was Togni’s introduction of Josiphos 55, capable of highly selective and

expedient reduction of a range of olefins (Scheme 1.17).%
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PCy3

Fe PPNs

¥ (R,S)-Josiphos
58

N J

0 [Rh(NBD),]BF, (1 mol%) 0

N o (R,S)-Josiphos (1 mol%)' o~
HN___O H, (1 bar), MeOH, 35 °C HN__O
48 \f 20 min 49 \f

100%, 96% e.e.

O [Rh(NBD),]BF, (1 mol%) o)
O/ (R,S)-Josiphos (1 mol%) O/
O H, (1 bar), MeOH, r.t. O
59 O 30 min 60 o

100%, 98-99% e.e.

Scheme 1.17 Application of (R,S)-Josiphos ligand in alkene hydrogenation.

Although, the catalysts discussed above are only a fraction of those reported within
the literature, they represent the degree of diversity now available. It is important to
note that the substrates that are typically utilised with rhodium catalysts are
functionalised with a coordinating group. Secondly, many of the complexes that
facilitate olefin reduction are the same systems that reduce carbonyl groups, for
example, the work that earned Noyori part of the Nobel prize,®* and Togni’s
applications of Josiphos.** For this reason attention more recently has turned to
iridium-based catalysts, to permit more selective reduction of non-functionalised

olefins.

1.3.2. Iridium

As would be expected based on the non-chiral iridium hydrogenation catalysts, most
of the recent developments in asymmetric iridium hydrogenation catalysts have
centred around Crabtree-type systems.*+%>4647  Arguably, the most important
breakthrough in this area came from Pfaltz et al with the application of chiral
oxazoline-phosphine chelating complexes, such as 61, commonly recognized under
the abbreviation PHOX (Scheme 1.18).#¢ This complex represents the first catalyst to

deliver high enantioselectivities with high conversions on substrates that do not
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contain a coordinating functional group, including trisubstituted and tetrasubstituted
olefins. Further to this, work carried out by Pfaltz led to the widespread introduction
of the BArF counterion to improve the catalyst stability.>® Following these ground-
breaking discoveries, a vast array of similar ligands have been developed and

extensively reviewed. %01

o-ToI\ /o-ToI BArF
1
\\Ir/P
N
1/ N
. (0]
| Bu" K/ _
61 (0.1 mol%)
=
DCM, H,, (50 bar), 23 °C

63 >99%, 97% e.e.

62

Scheme 1.18 Application of a Phox ligand in alkene hydrogenation.

Indeed, within this the series of ligands there exists two key classes; the first, with
chirality within the tether, e.g. 64a, and the second with chirality external to the tether
e.g. 65a (Figure 1.10). Further studies have delivered a variety of substitution patterns
based on these two primary designs. Such designs commonly manipulate the
phosphine-oxazoline tether, as with arylated 64b, phosphinite linked 65b and

ferrocene derived 65c.

N K\Wﬁ

PR, N<< PR, N
Rl

64a 65a

-
[

R

D
Fe
@”"K\o nyb °
PR, N<< PRy N—/ R,P ,\}\)

64a 650 65c &

Figure 1.10 Different types of Phox derived ligands for alkene hydrogenation.

Following the initial report of PHOX ligands in hydrogenation, manipulation of the
chelating group came to the forefront of the ligand design process. Certainly, the most

common modifications are those that closely mimic Crabtree’s catalyst 20, such as
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chiral chelating phosphine-pyridine complexes 66a-b, initially introduced by Knochel
(Figure 1.11).52 Furthermore, other N-heterocyclic donor groups have been tested
including imidazole 66¢,* thiazole 66d°* and pyrazole 66e.°> As the field began to
move away from P-N donor ligands, an array of different donor atoms underwent
testing. Most commonly, the inclusion of a N-heterocyclic carbine in place of the

phosphine, as in 66f,>® or the oxazoline, as in 66g.%

PR, PR, /PR2
E g ],,//| N\ E g ],,//l N\ ~ _N o
@ = N Y
66a 66b

66¢
Rl
\
PPh, | N
N 0
R N : PR; @N/\I/\) (/\/’j\l
) MeO N— N I PPh
| >—Pn e @ ” /N 2
S R R
66d 66e 66f 669

Figure 1.11 Different chelating ligands for alkene hydrogenation.

Such complexes have been widely applied, however, conditions used for
hydrogenation vary widely among them. Therefore, the enantioselectivity alone is the
common factor used in comparing the efficacy of each catalyst. However, perhaps the
most successful in the hydrogenation of non-coordinating, tri- and tetrasubstituted
alkenes, are still those reported by Pfaltz. With this in mind, a number of examples are
displayed below that relate to the NeoPHOX catalyst structure 67, in which it can
clearly be observed that small variations in the catalyst and substrate greatly impact
upon the enantioselectivity (Scheme 1.19).%8 Certainly, with model substrate 69a, both
ligand structures 67a-b perform admirably. However, in substrate 69b the small
change between phenyl 67a and o-tolyl 67b in the ligand structure has a marked effect
upon the enantioselectivity. However, by simply changing the geometry of the alkene,
as in 69c, this difference is mostly eliminated. Finally, moving to disubstituted,
terminal alkene 69d, conveys a significant decrease in the enantioselectivity. However,
it has been well established that the requirements for high selectivity in terminal alkene
hydrogenation are significantly different than for the more common trisubstituted

systems.*’ Indeed, in a separate investigation, ThrePHOX ligand 68, delivered a high
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enantioselectivity in this substrate class.®® Certainly, considering the vast array of
catalysts currently available, the substrate scope is much wider than discussed here.
Indeed, it has progressed to include; enols, enamides, allylic and homoallylic alcohols

and unsaturated carbonyls, and alkenes bearing phosphorous, boron, fluorine and

silicon.49-50-51
Bn)/Bn z
o) 0, A
\ . 0" "o
PR, N 67a, R = Ph, R' = tBu PCv, N=
- 67b,R=o0Tol, R = tBu y2 %
67 R 68 FPh
NeoPHOX ThrePHOX
O @ W
69a 69b 69c 69d
67a, 97% e.e. 67a, 83% e.e. 67a, 89% e.e. 67b, 19% e.e.?
67b, 98% e.e. 67b, 96% e.e. 67b, 86% e.e. 68 91% e.e b

Typical conditions [(CODIrLigand) (1 mol%), H, (50 bar), DCM, RT, 2h].
2 H, (5 bar), ° H, (1 bar).

Scheme 1.19 Highlighting the substrate specificity of alkene hydrogenation catalysts.

Before discussing the origins of the enantioselectivity with iridium-based catalysts, it
is first important to understand the catalyst structure and mechanism, and this has been
well explored with P-N donor ligands (Scheme 1.20).%° It is well recognised that upon
addition of hydrogen, the typical, square planar iridium(l) species A, undergoes
cyclooctadiene reduction and oxidative Hz addition. This generates the octahedral
iridum(111) solvated species B, in which the bidentate ligand is orientated cis-, with a
hydride equatorial and trans- to the N-donor and a second axial and trans- to a solvent
molecule. This intermediate is then ready to accept a molecule of hydrogen at the axial
position, and the substrate alkene trans- to the P-donor. Furthermore, in forming
intermediate C, the stereoselectivity of the reaction is controlled by the orientation of
the alkene with respect to the ligand. Following this, oxidative addition of hydrogen
and consequent migratory insertion permit the transient formation of iridium(V)
intermediate D, calculated to be the rate determining step of the reaction. Ensuing rapid

reductive elimination then completes the hydrogenation process E, at which point the
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product molecule is released and replaced by 2 solvent molecules prior to the cycle
restarting.

5 <@
H-H Ir
No., |3+)\\P $/ \N
r
~ \H
@ .
TS.C-D 1. COD reduction

2. Oxidative H, addition
HH +2 Solvent

RS
v H Sol
H [Ts.D-E Ni., L WP
r
sol” | H
H

-Alkene . -2 Solvent
+2 Solvent +Hy, +Alkene

H H+H

1, 3+‘\\P

N
\\/Irl\H
H

Reductive Elimination Oxidative H, Addition
IE' Migratory Insertion

H H

Scheme 1.20 Mechanism for alkene hydrogenation with P-N chelating ligands.

Through consideration of the previous mechanistic investigations, it is now understood
that the selectivity is determined during alkene coordination and subsequent migratory
insertion. Furthermore, the approach of the alkene is largely controlled by the ligand
steric environment. With this knowledge, it has been possible to develop a general
model to predict the outcome of an asymmetric hydrogenation process (Scheme
1.21).%* Firstly, the ligand structure when coordinated to iridium is defined, either
experimentally or computationally as for intermediates Il and I11. Then, through
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orientating the structure to be viewed along the axis of alkene coordination, in the N-
Ir-P plane, it is possible to generate a steric map relating to four quadrants IV and V,

each of which represents space for an alkene substituent to occupy.

1]

N/—T\PR—| ' PPh
.P(oTol), R7e, o2 P 2
i [N :
N H N
< - (o
70 O Activated S 71
Catalyst-Alkene
Complex
ipr\ N —I + Z = H, or Solvent I _I +
N, | wPAr, s | wPAr,
r r
[N P~ > H

i

Scheme 1.21 Model for predicting the absolute stereochemistry of assymetric hydrogenation with a

chelating iridium complex.

Moreover, through the application of this model, it has become clear that the angle
between the substituent adjacent to the N-donor and the N-Ir-P plane dictates which
quadrant model is appropriate (Scheme 1.22). Therefore, in conjugation with the
alkene configuration the model can be used to predict the absolute stereochemistry of
the product from the catalyst structure. Firstly, the smallest substituent is situated in
the most hindered quadrant. This is easily achieved in a model trisubstituted alkene, as

the hydrogen substituent is always smallest. Importantly, the alkene is always
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orientated anti- to the plane of the ligand, because the migrating hydrogen originates
at an axial position. Then, the hydrogen is delivered to the opposite face of the diagram
(the face in which the catalyst is situated), allowing us to fully predict the

stereochemical outcome of the reaction.

PPh,

1, N
[ \%
72 =-34.2°

O

E-74 Z-74

s

|
o

S-75 R-75

Scheme 1.22 Application of the predictive model.

Such a model provides insight as to why with many catalysts of this type are poor with
regards to terminal alkenes (Scheme 1.23). Certainly, the catalyst must now be capable
of sterically distinguishing the two groups which are situated in the least sterically
encumbered quadrants. Secondly, the substrates in question are often capable of
undergoing alkene isomerisation, the product of which would not deliver the same

enantiomer following hydrogenation.
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Low Steric Difference Alkene Isomerisation

R
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RJ\/ R R/?\/ R

L A
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Scheme 1.23 Reasoning for low enantioselectivity in terminal alkene hydrogenation.

The impact of each ligand within this discussion can be understood through carefully
parameterising the electronic and steric contributions each donor atom makes to the
overall complex. Although many methods are available, in the following sections the
common devices that are appropriate to the work carried out within this thesis are
discussed.

1.4. Phosphines as ligands

Phosphines are one of the prominent ligand classes in homogeneous metal catalysis.
This is mostly due to the remarkable electronic and steric tunability possible via
variation of the substituents around the phosphine. Interestingly, phosphines very
rarely directly interact in a metal catalysed process, instead they modulate the
electronic and steric properties of the metal centre. In binding to a metal centre,
phosphines form a dative bond by donation from the lone pair on the phosphorous into
an empty d-orbital on the metal. Second to this, however, is the ability of the phosphine
to undergo z-back donation from a filled metal d-orbital, into the o*-orbital of a P-R
bond (Figure 1.12).%*

o P-lone pair Filled d-orbital
Empty d-orbital

M-P o bond M-P 7bond P-R0"

Figure 1.12 Metal-phosphine bonding.
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In general, the extent of back bonding, and hence the z-acidity, of a given phosphine
is dictated by the electron-withdrawing capability of the surrounding groups; the

general scale of which is given below (Figure 1.13).

Increasing T acidity

PAKyl; < PAryl; < P(OAlkyl); < P(OAml); < PCl; < CO

Increasing ¢ donation

Figure 1.13 Order of phosphine z-acidity and c-donation.

Pioneering work by Tolman in 1970, produced a series of methods for quantifying the
electronic and steric effects of a phosphine ligand, that are still commonly in use
today.®2% Firstly, to assess electronics, Tolman synthesised a series of [Ni(CO)sPR3]
complexes. Tolman realised that the donor capabilities of the phosphine ligand would
be directly responsible for the amount of electron density on the nickel centre, and
hence the amount of donation from the filled metal d-orbitals into the z*-orbital of the
C=0 ligands This back donation weakens the C=0 bond, to such an extent that, within
the IR spectrum, the CO stretch wavenumber decreases. This has since been described
as the Tolman Electronic Parameter (TEP). Recently, Nolan, Cavallo et al. have
expanded this technique to include measurements for complexes of the type

[Ir(CO),LCl], allowing comparison to other ligand classes directly.%*

In addition to the above, Tolman also proposed a tool for quantifying the steric bulk
of a given phosphine. The tool he proposed utilised the idea of a cone angle for the
ligand, based on a metal-phosphine distance of 2.28 A, and is described as the apex
angle set out by three identical groups on the phosphorous atom (Figure 1.14).
Therefore, greater steric bulk leads to a larger cone angle, as can be seen in the short

series below.
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Figure 1.14 Tolman cone angle for common phosphines.

Despite the utility of phosphines as ligands in homogeneous catalysis, the propensity
for the oxidation of electron rich phosphines creates challenges in their synthesis and
shortens their lifetime as reagents. As such, the recent advance in the use of N-
heterocyclic carbenes as ligands offers an alternative strategy in transition metal

complex design.

1.5. N-Heterocyclic Carbenes as Ligands

In the past 2 decades, N-heterocyclic carbenes (NHCs) have been developed from little
known chemical entites, to one of the most versatile and applied ligand classes in
transition- and f-block metal, homogeneous catalysis.®® Each species of this type
contains a two-coordinate carbon atom, for which the singlet state is stabilised by
donation of electron density from the surrounding nitrogen atoms into the empty 2p
orbital (Scheme 1.24).

B

- N
R RYE

e

Scheme 1.24 Stabilisation of the singlet carbene by a nitrogen lone pair.

In a similar fashion to phosphines, z-back donation from a filled metal d-orbital into
the empty 2p-orbital could be imagined. However, computational studies have shown
that the z-donation from the nitrogen lone pairs is sufficient to almost completely fill
the 2p orbital. ® Despite this, some studies suggest that up to 15% of a metal carbene
bond maybe considered to have z-character. This value while small indicates that the
back donation into the carbene cannot be ignored.®” The first crystalline NHC, 77, was
isolated by Arduengo et al. in 1991, through deprotonation of the parent imidazolium
salt 76 (Scheme 1.25).%8
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Scheme 1.25 Arduengo’s isolation of a free carbene.

Following on from this work, a vast array of NHCs have been synthesised and,
similarly to phosphines, it was envisaged that the electronic and steric properties of
such structures would be tuneable by changing the nature of the substitution of the
nitrogen atoms. As such, Nolan et al. synthesised iridium complexes with the general
structure [Ir(CO)2NHCCI], and from these the IR frequency for the CO stretch was
measured to give a quantitative value for the electronic properties of the given NHC.%
To this end, a huge range of NHCs have now been classified, and it can now be
observed that the NHC ligand is even more electron-donating than the most Lewis
basic phosphines (Figure 1.15). Interestingly, it was also noticed that only a small
change in o-donor capability was obtained through changing the nature of the nitrogen

substituent.

IDIPP PiPrs PPh,
IMes PC | |
TEP | .‘ . !Y3 | |
(cm-1) 2045 | 2050 | 2055 2060 2065 | 2070
IAd  IMe PEt,

Figure 1.15 Comparison of NHC and phosphine Tolman electronic parameters.

In a similar fashion to phosphines, the steric properties of NHCs were also deemed to
be of great importance, however, due to the planar nature of the NHCs, the Tolman
cone angle was not deemed a viable approach for NHCs. As such, Nolan and Cavallo
et al developed the key methodology known as percentage buried volume (%BV).
Alternative methods do exist to quantify the steric properties of NHCs, however % BV
is by far the widest utilised.®®"° This method applies either the crystal structure or DFT
optimised structure to generate coordinates for a given complex. The metal to ligand
distance is set to R, within a sphere radius of d (Figure 1.16). This allows a sphere of
a given volume to be drawn, centred on the metal of the complex; from this, the %BV

is the volume of the sphere occupied by the ligand as a percentage of the overall sphere
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volume. One of the biggest advantages to this method is that it allows direct
comparisons of all ligand classes, not just NHCs.”

ICy IMes PtBus P(Mes);
IMe ‘ ‘

%BV . . . .
*=Y20% ‘ 25% ‘ 30% ’ 35% ‘40% 45%

PMe, PEt, PCy; IDIPP

Figure 1.16 Buried volume as a method of defining steric bulk.

The discussed developments in NHC chemistry now allow access to a broad range of
metal NHC complexes. Importantly, the synthesis of many NHC salts are trivial, and
with the imidazolium salt typically being air stable and easily stored, they provide an

accessible source of the desired carbene.

1.6.Previous Developments from Within the Kerr Group

Having recognised the developments made by the likes of Nolan?® and Buriak,?® and
advances in synthetic organometallic strategy Kerr et al. gained expedient access to
complex 78a. Furthermore, they utilised the same general procedure to synthesise a
range of novel complexes bearing different phosphine ligands, including complexes of
P(Me)2Ph and PBn;3 yielding 78b and 78c, respectively (Figure 1.17).”* With these
complexes in hand they were quick to recognise there potential in olefin

hydrogenation.

Mes\ /§ PFg Mes\ /§ PFg Mes\ /§ PFg
)\N N N

PPh3 P(Me)zPh PBn3
78a 78b 78c

Figure 1.17 The first series of NHC/phosphine complexes sythesised by Kerr et al.
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Each of these complexes was tested for activity in hydrogenation processes with a
range of different substrates (Table 1.7). Pleasingly, each complex showed high
activity in the reduction of simple terminal styrene, 79. However, when moving to the
more challenging tetrasubstituted substrate, 23, the complex bearing the smallest
phosphine, 78b, proved to have the highest activity; although, extended reaction time

and a higher catalyst loading was required.”

Entry Substrate Complex Time Catalyst Loading Vield

(h) (mol%)
1 ~ 78 1 0.5 100
2 o T78b 1 0.5 100
3 Br 78¢ 1 0.5 100
4 78a 16 1.0 5
5 Izz 78 16 2.5 15
6 780 16 7.0 84

Table 1.7 application of NHC/phosphine complexes in alkene hydrogenation.

In addition to the above, it was also observed that the hydrogenation of simple alkyne,
80, to the corresponding alkane, 81a, could be readily achieved through utilisation of
complex 78c (Scheme 1.26).

Mes. /} PFe

\ N
y \/ PBn3
78c (0.1 mol%)
80 ™ Pent 81a
Pent DCM, H, (1 atm), 1 h, 25 °C 100%

Scheme 1.26 Alkyne reduction with NHC/phosphine complex 78c.

It was also reported, that through the use of a coordinating catalyst poison such as
benzamide, this process could be controlled to selectively hydrogenate alkyne 80,

furnishing, in a Z-selective manner alkene 81b in a good yield (Scheme 1.27).
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Mes- PFs
N )‘N
\,/ PBn3
P 78c (0.1 mol%)

= Benzamide (15 mol%) N
80 DCM, H, (1 atm), 1 h, 25 °C 81b
Pent ’ ’ ’ Pent 85%, 42/1 (Z/E)

Scheme 1.27 Partial alkyne reduction with NHC/phosphine complex 78c and benzamide.

Beyond this initial foray into hydrogenation chemistry, Kerr et al also looked to access
anew range of complexes bearing the same ligand structure as 78a, but with a different
anionic partner.” Application of a newly developed protocol allowed access to
complexes bearing a range of different counterions, and testing was carried out with a

simple HIE reaction, but not hydrogenation (Figure 1.18).

Mes\ /} PFg Mes\ /§ BF4 Mes\ /§ OTf
)\N N N

PPh3 PPh3 PPh3
78a 82a 82b
Mes\ BArF
)\ N
PPh3
82c

Figure 1.18 Series of counterion complexes synthesised and tested by Kerr et al in HIE.
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2. Proposed Work

As previously discussed, research within the Kerr group has applied catalysts 78a, 78b
and 78c to catalytic hydrogenation processes with good success but, with a limited
substrate range.”> The primary goal of this project is the development of new
complexes that can perform highly selective hydrogenation processes. Certainly, the
first phase to this is consistent with work carried out in our own group,”® and among
others,?®3° to investigate the impact of the anionic partner to the cationic catalyst

complex (Figure 1.19).

FsC CFs
FsC \©/ CF,
F F E O
| F ! .F I
Mes < X = —B- P -0 §
N FB-F R F%—ﬁ o QB
f Loy F F F O
\Ir y FsC CF,
es
\/ “PPh, FsC CF,

Increasing Anion Coordination

Figure 1.19 Anion affects in alkene hydrogenation.

Our next goal is to access a broad range of complexes bearing different ligand
structures, in an effort to better understand the role that each ligand plays in the
hydrogenation process (Figure 1.20). To achieve this, new, efficient methods for the
production of NHC/phosphine complexes will be developed, with each complex
characterised both sterically and electronically, prior to testing with several model

substrates.

R X Model Substrates
TNTN

N

1 L=
\

New Catalyst N Ir__ R
— / PR'
. 3

Synthesis

Steric (%BV)
Electronic (TEP)

@]

Figure 1.20 Synthesis and characterisation of new NHC/phosphine complexes for application in

alkene hydrogenation.
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Keeping in mind that the catalysts above have been developed and tested extensively
in HIE,"*"374 the initial application targeted will be through a directing group assisted
process, primarily, to control the site of hydrogenation (Figure 1.21). This will give
us an opportunity to fully explore the new complexes developed in the previous
sections and introduce new methods for performing regio-, chemo- and

diastereoselective hydrogenation with iridium NHC/phosphine catalysts.

Potential Substrates
(@]

/\/\)\

DG~ DG~ DG, |
) [ir] /o Ha Vo HO
) [Ir]\ ) ) :

= = 7

Figure 1.21 Directing group assisted hydrogenation.

Use of a DG to Control Selectivity

Finally, the development of NHC/phosphine complexes that bear a chiral ligand should
be investigated. The developments in NHC technology over the past two decades has
meant that chiral carbenes have found widespread application in both
organocatalysis’ and transition metal catalysis.”®’” With this in mind, alongside the
previously discussed difficulties in synthesising chiral monodentante phosphines, our
efforts would focus upon the synthesis of novel, monodentate chiral-NHC, phosphine
bound complexes (Scheme 1.28). Considering the known propensity for such
complexes to form a trans-geometry under a hydrogen atmosphere, we can expect a
markedly different chiral environment to that of the more common chelating chiral
complexes. This could allow access to a different range of hydrogenation processes,

or new modes of catalytic activity as yet unexplored.
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Potential Substrates

Scheme 1.28 Assymetric hydrogenation with chiral NHC/phosphine complexes.

36



Chapter 1

3. Results and Discussion

3.1.Catalyst Synthesis and Initial Findings

Within previous studies, the Kerr group have developed access to a range of different
counterion complexes, and investigated their reactivity in HIE.”® Indeed, through such
findings they were able to improve the complex reactivity for HIE. Furthermore, a
range of counterions could be utilised in a wide array of solvents. As such, only a
limited examination of phosphine/NHC complexes in hydrogenation was deemed
necessary. The study was initiated with a range of alkene reductions performed with
four complexes, each bearing a different anion (Scheme 1.29). Each anion was chosen
for its proven synthetic accessibilty and reported difference in cation pairing.2®” The
study was initiated with simple mono- or di-substituted alkenes 79, 83a-b, and it was
found that under normal hydrogenation conditions, each complex delivered excellent

high conversion in under 30 minutes.

Mes < X
X = BF, 82a

\ ):? PF 78a

PLS OTf 82b
/ F’Phs BArF 82c
o)
O d“ Ao
Br 79 83 Br 84
82a 100% 82a 100% 82a 92%
78a 100% 78a 100% 78a 100%
82b 100% 82b 100% 82b 100%
82c 100% 82¢ 100% 82¢ 100%

Conditions: [catalyst 0.5 mol%, DCM, H, (1 atm), 25 °C, 30 min]

Scheme 1.29 Initial hydrogenation of mono- and bisubstituted alkenes.

In an effort to better assess the effect that the anion was having, the reaction of 84 with
each complex was followed at a lowered catalyst loading (0.25 mol%) (Graph 1.1).
In doing so, it quickly became clear that the complex bearing the non-coordinating
counterions OTf, 82b, and BArF, 82c, delivered improved reaction rates, and the
complex bearing the smaller, more coordinating counterion tetrafluoroborate, 82a, the

reverse, in line with our previous findings in HIE.™
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Graph 1.1 Monitored hydrogenation of conjugated ester 84.

Finally, by studying the reaction of enone 85 with complexes 78a, 82a-c at varying
catalyst loadings, the efficacy of each complex was assessed (Scheme 1.30, Graph
1.2). This study showed that complex 82c, bearing the non-coordinating BArF
counterion, encounters the maximum rate of the reaction at just 1.0 mol%, whereas 1.5
mol% is required for tetrafluoroborate complex 82a. Indeed, the limiting of the rate
despite increasing catalyst loading could indicate the mass transport limit of H. into
the solution as the rate limiting factor for this substrate.

MeS\N\N * X=BF, 82a
N /\L‘N\ PFs 78a
Ir\ Mes OTf 82b
Q PPh; BArF 82¢ O

N
85 DCM, H, (1 atm), 25 °C, 1 h 86

Scheme 1.30 Hydrogenation of enone 85 with different counteroin complexes.
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Graph 1.2 Hydrogenation of enone 85 at different catalyst loadings.

These findings clearly match those found with other iridium hydrogenation
catalysts,?®3° and indeed the same complexes in HIE.” With this in mind, further
investigations regarding the impact that manipulating the ligand sphere could have
upon the hydrogenation reaction were commenced. However, before commencing
investigations into the hydrogenation reaction the synthesis of NHC/phosphine

complexes, and there steric and electronic parameters were investigated.

We wished to shorten the current synthesis, and, importantly, avoid the use of strong
base, highly reactive silver salts, and the highly moisture- and air-sensitive argon
filtration step, commonly utilised in the synthesis of NHC/phosphine complexes.”
Certainly, it is well known that Ir-NHC/chloride complexes can be obtained through
transmetalation of the NHC from silver.”® Furthermore, such complexes have been
used in tandem with mild halide abstractors such as sodium and potassium salts, in the
production of NHC/phosphine complexes.”® However, both processes required
isolation of each intermediate and required a solvent exchange from DCM to THF.
However, we believed that both processes were viable in DCM, and that any by-
products from the early steps would be inert in the following reactions. Therefore, we
attempted a one-pot, three-step synthesis of known NHC/phosphine complex 90a
(Scheme 1.31). Firstly, the silver-NHC complex 88 was generated from the NHC
halide salt and silver oxide, and we were pleased to observe the expected black to

clear/grey colour change in just one hour, allowing us to proceed to the second step
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Yield = 88%, 90a
%BV = 57.8%
[H] =-21.34 ppm

Et<
N /LN
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\/ PPh3

/

Yield = 93%, 90e
%BV = 52.6%
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|Pr\ PF6
\ )\ N
Pr

P(Me)zPh

Yield = 71%, 90h
%BV = 48.6%
[H] =-22.11 ppm

Me

NS
N
\/ “PEt, Me

/

PFg

Yield = 90%, 90j
%BV = 49.8%
[H] =-22.30 ppm

Yield = 63%, 90c
%BV = 53.4%
[H] =-21.64 ppm

PFg
A, %N

\/ PnBu3

/

Yield = 82%, 90f
%BV =55.1%
[H] = -22.04 ppm

Bt~ PFe

A, /LN
\/ “PEt, =

/

Yield = 84%, 90i
%BV = 51.1%
[H] =-22.31 ppm

%BV: The combined volume of each ligand from LAuCI or LAgCI complex.
[H]: The average hydride shift in a MeCN-stabilised Iridium-hydride complex.

Scheme 1.31 One-pot synthesis of alkyl-NHC/phosphine complexes.

and introduce the iridium cyclooctadiene chloride dimer. Immediately, a grey to

yellow colour change was observed, indicating the generation of a NHC/chloride

complex 89. Finally, we introduced the phosphine, swiftly followed by the halide

abstractor, potassium hexafluorophosphate, which initiated a familiar yellow to

red/orange colour change indicative of NHC/phosphine complex formation.
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Pleasingly, the complex was obtained in a high yield following isolation, an
improvement upon performing each step individually, thus validating the use of a one-

pot protocol &

To further test this new procedure and examine other NHC/phosphine complexes in
alkene hydrogenation, ten further complexes were synthesised. In each case, the yields
were mostly excellent, with only complex 90g being formed in a moderate yield due
to a difficult isolation. Thus, we had validated our new one-pot method with a range
of alkyl-substituted NHCs 90a-e, and with a range of aryl and alkyl phosphines 90f-j.
In an effort to parameterise these new complexes the combined percentage buried
volume of each ligand from the X-ray structure of a linear metal complex was
combined,’® to generate a single term reflecting the steric bulk of the overall complex.
Importantly, the steric parameter calculated from two independent complexes, is in
good agreement with that found experimentally from the X-ray structure of trigonal
bipyramidal iridium complex 92 bearing both NHC and phosphine ligands (92 55.6%
versus, 78b, 56.3%) (Figure 1.22).2° Secondly, the *H NMR shift of the hydrides from
the in situ generated octahedral iridium(l1l) dihydride-diacetonitrile complex were

utilised to parameterise the overall complex electronics.®

LU

OC_T‘CO

P<
I "CH
(T ag @

%BV = 55.6%
Figure 1.22 Buried volume from the X-ray crystal structure of 92.

Following our previous success with the non-coordinating counterion BArF, we
wished to further examine this new method with NaBArF in place of potassium
hexafluorophosphate (Scheme 1.32). Furthermore, the method proved applicable in
the synthesis of analogous complexes bearing the BArF counterion, 90k-n, in excellent
yields. Recognising that the counterion would only have a minimal effect upon the
complex electronic parameter, and would be independent of the steric parameter, these

parameters
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/§ PR3, AX /§
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\ N
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Yield = 86%, 90n

Scheme 1.32 One-pot synthesis of alkyl-NHC/phosphine BArF complexes.

were not reassessed for each counterion. However, despite all efforts to apply this new
method to the synthesis of larger NHCs (i.e. IMes), with different phosphines we were
unable to access the final complex. This is assumed to be due to the poor formation of
the silver carbene complex and subsequent slow transmetallation to iridium. However,
when applying a modified method, following the literature preparation and isolation
of IMes/Cl complex 89a,” we successfully synthesised a range of complexes bearing
small/electron rich phosphines. This new procedure, although not one-pot, mitigates
the use of highly reactive silver salts and the moisture- and air-sensitive argon
atmosphere filtration (Scheme 1.33). However, the yields in which KPFe was used for
the synthesis of 78c, 91a-b and 78b were below those achieved with alternative
methods.®° However, when using the stronger halide abstractor NaBArF, 91c-f were
formed in excellent yields, indicating that the sequestration of the halide is important
for reaction progress. Furthermore, the steric and electronic parameters were assessed
for the PFe counterion catalysts for comparison with the previously synthesised
complexes. Finally, despite extensive testing of our new methods, both failed to permit
the synthesis of triphenylphosphine/IMes complexes 78a or 82c, presumably due to
the weaker nucleophilicity of triphenyl phosphine, combined with the greater steric
bulk of IMes.
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%BV: The combined volume of each ligand from LAuCI or LAgCI complex.
[H]: The average hydride shift in a MeCN-stabilised Iridium-hydride complex.

Scheme 1.33 New, efficient method for accessing IMes/alkyl-phosphine complexes.

Following the successful introduction of two new methods permitting expedient access

to a range of different NHC/Phosphine complexes, we wished to investigate their

efficiency in hydrogenation. To do this two alkenes were utilised, one solely

coordinating through the alkene, 93, the other bearing a potential coordinating

functional group, 85 (Scheme 1.34). For clarity, only the results with complexes

bearing the PFe counterion are displayed, and the results for the corresponding BArF

complexes are tabulated in the Experimental Section. It became apparent very quickly

through testing, that alkyl substituted NHCs paired with triphenylphosphine were not

efficient in performing the hydrogenation of 90a-e. However, by substituting triphenyl
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Scheme 1.34 Initial testing with new NHC/phosphine catalysts.

phosphine with a more electron donating phosphine complexes 90f-1, low conversion

was achieved with stilbene 93, and, only trace levels of conversion were attained with
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enone 85. However, in line with our previous studies, improved conversion was
obtained when switching to IMes as the NHC, with 78a, and, moreover, to a more
electron donating phosphine, in complexes 78b-c and 91a-b.”? These results indicate
that reaction efficiency is not solely controlled by the steric or electronic parameters
we have investigated, and in fact, the catalyst structure plays a major role.®! In the case
of IMes, this could be envisaged as a C-H insertion between the aryl methyl group and

the iridium centre, as in proposed structure 95 (Figure 1.23).

5
N._-N
H'|

PR, 95

Figure 1.23 A plausible, stable, off-cycle intermediate.

Having introduced new methods for the synthesis of NHC/phosphine complexes and
investigated their steric and electronic parameters, followed by initial testing in alkene
hydrogenation, we can conclude that efficient hydrogenation is best achieved with a
complex bearing IMes and an electron rich phosphine, paired with a non-coordinating
counterion, such as BArF. Our following studies focussed upon the application of these

highly active catalysts in regio- and chemoselective hydrogenation.
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3.2.Directing Group Assisted Olefin Hydrogenation

It is well recognised within the hydrogenation literature that the chemoselectivity of
alkene hydrogenation is dominated by the degree of double bond substitution.
However, it has also been observed that catalysts capable of performing hydrogenation
reactions can undergo directing group-assisted, hydrogen isotope exchange via C-H
insertion.”"? Furthermore, a non-coordinating counterion is also known to allow
improved exchange in a wide array of solvents when compared to the parent PFs
complex.” With all this in mind, we looked to develop a regioselective, directing
group-assisted, hydrogenation process capable of performing alkene reduction in a

wide array of industrially aligned solvents.

From consideration of our earlier results, we chose to first apply enone substrate 85,
in a comparative study with another common iridium hydrogenation catalyst, by
applying Crabtree’s complex for the chosen process along with a range of our
NHC/phosphine complexes (Scheme 1.35). Pleasingly, both the PFs 78b and BArF
91f NHC/phosphine complexes chosen for examination delivered complete
conversion, whereas, Crabtree’s complex 20 and its BArF analogue 96 delivered
incomplete conversion (28% and 25%, respectively). Therefore, convinced we had a
viable catalyst system in complex 91f, we moved to optimise the reaction conditions
and to further explore this reaction process through investigation of different substrates

and by varying the reaction medium.

O
XX Catalyst (0.5 mol%)
85 DCM, H, (1 atm), 25°C, 1 h

Mes\ PFe Mes\ BArF
BArF
}N }N 1
Mes Mes Ir
\ “p
/ P(Me),Ph / P(Me),Ph \/
78b 91f
100% 100% 8% 5%

Reported as percentage conversion from starting material.

Scheme 1.35 Comparison with Crabtree’s catalyst.
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In an effort to improve our reaction protocol, we applied experimental design, utilising
a 3-factor, 2-level design investigating catalyst loading, reaction time and substrate
concentration. Through this study it was discovered that increasing catalyst loading
and reaction time improved the reaction conversion, as expected. However, it was
discovered that increasing substrate concentration, reduced the reaction conversion.
Presumably, this indicates an inhibitory process related to a non-productive catalyst-
substrate or catalyst-product complex.® Therefore, our optimised conditions did not
greatly change from our earlier studies. However, a reduction in solvent volume was

deemed appropriate (8 mL to 4 mL), necessitating an increase in reaction time.

Following on from this experimental design process, we applied the optimised
conditions [91f (0.5 mol%), DCM (0.1 M), Hz (1 atm), 25 °C, 2 h], to a broad range
of unsaturated substrates (Scheme 1.36). After the initial success in the reduction of
85, further enone substrates 97a-c all performed well, with no hindrance to the
reduction by para-, meta- or ortho-substitution of the aromatic ring. Increasing the
steric bulk adjacent to the donor group also resulted in full conversion in 97d.
Pleasingly, alkyl-substituted enones 97e and 97f also readily underwent
hydrogenation, however the increased steric bulk in 97f required moderately increased
catalyst loading and extended reaction time (1 mol% and 16 h) for complete
conversion. In contrast, the standard, optimised conditions proved effective in the
hydrogenation of chalcone derivative 97g. More challenging a-substituted enones 97h
and 97i required both higher catalyst loading and longer reaction times (1 mol% and
16 h), but, notably, complete conversion was still achieved at 1 atm of Hz pressure.
Furthermore, p-disubstituted enone 97j initially proved problematic under the
optimised conditions, but a modest increase in temperature, along with catalyst loading
and reaction time (2 mol%, 35 °C, 40 h) delivered quantitative conversion to the

reduced product.

Following the selective reduction of a range of ketones, we next investigated a range
of alternative directing groups. Notably, the sensitive carbonate group in 97k remained
intact under the standard reaction conditions, delivering an excellent yield of reduced
olefin, and both cinnamic acid 971 and its p-brominated ethyl ester derivative, 84,

proceeded to complete conversion in excellent yields under the optimised conditions.
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Scheme 1.36 Directing group assisted hydrogenation of further substrates.

The presence of a strongly coordinating amide donor group in 97m, however, required
a slightly elevated catalyst loading of 1 mol%, again indicating that decomplexation
of the substrate from the catalyst is of key importance in catalyst turnover. The
hydrogenation of the less coordinating, nitro-containing compound 97n required an
extended reaction time and moderately increased catalyst loading (1 mol%, 16 h), but

still proceeded without any observed NO- reduction. We have shown in a separate
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study that a competing C-H insertion at the g-position of the olefin can also occur with
this compound 97n,% plausibly reducing the rate of hydrogenation. Similarly, vinyl
benzoate 970 can undergo a competing ortho-aryl-C-H activation,? again reducing the
rate of hydrogenation, although reduction still proceeds effectively with only 1 mol%
catalyst loading. Finally, the reduction of (-)-terpinen-4-ol 24 proceeded with
moderate conversion, however we felt that further investigation was required due to

the diastereoselective nature of the reaction.?*

We commenced by re-examining the catalyst choice for the reaction (Scheme 1.37),
with the aim of reaching 100% conversion to allow assessment of the
diastereoselectivity. This was achieved through using the active series of catalysts
from the earlier screen. Pleasingly, the most electron-poor complex, 78a delivered
complete conversion with a remarkable 99:1 d.r. favouring the product formed via
alcohol-directed hydrogenation, with more electron rich complexes 78b-c and 91a-b
failing to achieve complete consumption of the starting material 24. For clarity, only
the results with complexes bearing the PFs counterion are displayed, and the results

for the corresponding BArF complexes are tabulated in the Experimental Section.
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R\N‘ AN 6
/ /)::N
HQ S R HQ
C PR's -
90 (0.5 mol%) H
24 DCM, Hy (1 atm), 25 °C, 1 h 26
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Mes\Nl/\§ 6 Mes\N‘/\§ 6 Mes\N‘/» 6
/ - / - / -
N\ )\ N N )\ N N )\ N
Ir_ Mes Ir Mes I Mes
PPhg P(Me),Ph PBng
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100%, 99:1 d.r. 46% 14%

PF PF
Mes\Nl/\§ 6 Mes\N‘/% 6
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Reported as percentage conversion from '"H NMR and d.r. from GC-FID.

Scheme 1.37 Further investigations of the diastereoselective hydrogenation.
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With a good substrate scope established, we next turned our attention to a key
parameter that limits many hydrogenation methods: the narrow scope of applicable
solvents.®4& Our recent work in the area of hydrogen isotope exchange has shown that
the catalysts featuring the more non-coordinating BArF counterion can perform in a
much broader range of solvents than the parent PFs complexes.”® Therefore, to extend
and improve the solvent scope in the present study, the hydrogenation of 85 was
performed under our optimised protocol in 17 different solvents (including
chlorinated, aromatic, cyclic ether, non-cyclic ether, ester, alcohol, and carbonate-
based solvents) with both complex 91f and 78b and, for comparison, the widely-used
Crabtree’s catalyst 20, and its BArF counterion analogue 96% (Scheme 1.38, Graph
1.3). We were pleased to find that in every case, our newly developed catalyst system
91f outperformed the parent PFs analogue 78b, and both Crabtree’s catalyst 20 and the
BArF counterion analogue 96. Secondly, and more importantly, under the optimised
conditions, complete conversion was achieved by using catalyst 91f in a practically
appealing, and broad range of solvents. Notably, the solvents which gave the most
effective reduction process are always the larger, less coordinating variant in each
given class (e.g., t-amylOH>EtOH; i-PrOAc>EtOAc; and CPME>Et,0). This trend
indicates that complexation and decomplexation of the solvent is also an important

factor,®” and the more non-coordinating the solvent, the higher the catalyst activity.

Having previously established a different catalyst was necessary for the
diastereoselective hydrogenation of 24, we also hypothesised that a different solvent
dependence was likely and, indeed, that the choice of solvent could impact upon the
diastereoselectivity. Therefore, the same range of solvents was assessed for the
hydrogenation of 24 with BArF complex 82c (Scheme 1.39, Graph 1.4). We were
again pleased to find a broad range of solvents capable of delivering excellent
conversion and high diastereoselectivity. Only two solvents (PhMe and EtOH) out of
those tested proved ineffective, with conversions below 40% and a significant decrease
in diastereoselectivity. In the case of ethanol, this can be attributed to solvent versus

substrate competition in binding to the catalyst, with the reverse being true of toluene.

50



Chapter 1

BArF
Mes\N‘/%
-
N\ )‘ N

\

Ir M
N4 es
0 > P(Me),Ph 0
X 91f (0.5 mol%)
85 DCM, H, (1 atm), 25 °C, 1 h 86
Scheme 1.38
G — 12 67
oF 100
—4 23
C
o 60 -
i )
6 1
oV 44 100
5
0
<$S?V 10 19
= 5
,{(\e ! 12
%Q¥<; - 15
¥ . 8 o
2O 100
¥ — 10
o 2 - 49
X 100
wa Ll
>
\,on - 100
% NS = 26
R 55 @95
8 . b
<« 12 m20
@e- 38
£V m 2 m78b
¢ m>5
A8 16 molf
& 1
\
o < 72
&« 23 a0
< 100
— 23
(4
o 63 100

27 o
<
e,
2528
O —m

0 10 20 30 40 50 60 70 80 90 100
Conversion (%)

Graph 1.3 Solvent diversity in directing group assisted hydrogenation.
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Graph 1.4 Solvent diversity in diastereoselective hydrogenation.
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Having established a catalyst system that can mediate the efficient, selective
hydrogenation of olefins, we turned our attention to investigating the wider
chemoselectivity of this process. To ascertain the level of effectiveness in this regard,
a series of competition reactions were performed utilising (E)-stilbene 93, as an olefin
without a directing group, against unsaturated compounds 84, 85, 97e, 97g, and 97I-n,
possessing a range of directing groups (Table 1.8). Our first comparison resulted in a
high level of selectivity for reduction of the olefin within enone 85. The smaller and
more electron-rich enone 97e improved upon this selectivity, with only very small
amounts of 94 observed. Utilising related chalcone 979 resulted in a decrease in
selectivity, potentially due to a weaker directing group complexation. The weakly-
coordinating acid 971 showed a moderate selectivity, while the related ester 84
delivered a reverse in selectivity to favour the reduction of 93. This reverse in
selectivity can be attributed to the lack of coordination by the ester donor group in
directing the hydrogenation process, with the selectivity being determined solely by
the more electron-rich olefin 93 reacting preferentially. The strongly-coordinating
amide donor group was found to give excellent selectivity for the hydrogenation of
97m over 93, whereas the poorly coordinating nitro group in 97n gave only a moderate
selectivity for the directed hydrogenation process.

The breadth of directing group scope studied within this series of competition reactions
allowed us to develop the hypothesis that coordination of the substrate to the catalyst
is critical in determining the observed selectivity. Based on this proposal, we
postulated that this selectivity could be manipulated through the choice of solvent. To
test this hypothesis, a second set of competition reactions were performed, employing
a series of alcohol solvents with increasing coordinating abilities, in the order t-
amylOH, i-PrOH, and EtOH. In the hydrogenation of 85 vs 93, a moderate selectivity
was observed in t-amylOH. This selectivity was, however, improved upon moving to
the more coordinating i-PrOH; pleasingly, the best selectivity was observed with the
most coordinating solvent, EtOH. This series of results suggests that the ability of a
substrate to undergo hydrogenation is dependent upon displacement of the ligated
solvent. Furthermore, this solvent displacement is more readily achieved by a
coordinating directing group than a more weakly coordinating olefin. However, further
studies with a broader range of solvents showed that non-coordinating solvents, such

as toluene, can also improve the chemoselectivity, and this appears contrary to our
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hypothesis of solvent co-ordinating ability. We therefore propose that a low dielectric
constant partially contributes to the selectivity in the absence of a co-ordinating group
in the solvent, as indicated by the lower dielectric constant of toluene (DCM: 9.14,
EtOH: 25.3, and toluene 2.385).88

BArF
Mes\N‘/%
/ L‘N
Ir M DG
\ es
> p(Me),Ph R 100

91f (0.5 mol%) + O

Solvent (0.1 M), H, (1 atm), 94
25°C,2h

Selectivity

Substrate Solvent R DG (100:94)
85 DCM Ph COMe 87:13
97e DCM n-Pr COMe 98:2
979 DCM p-Tol COPh 84:16
97l DCM Ph COH 76:24
84 DCM p-BrCsHs COEt 7:93
97m DCM Ph CONEt2 96:4
97n DCM Ph NO- 66:34
85 t-AmylOH Ph COMe 81:19
85 i-PrOH Ph COMe 86:14
85 EtOH Ph COMe 95:5
85 PhMe Ph COMe 94:6
979 PhMe p-Tol COPh 93:7
97n PhMe Ph NO2 77:23

Selectivity calculated from GCMS analysis of crude reaction mixture.

Table 1.8 Chemoselectivity investigations; the effect of different directing groups and solvents.

A thorough investigation of our NHC phosphine catalysts in directing group assisted
hydrogenation has delivered an efficient protocol that was applied with a variety of
substrates and reaction solvents to good effect. Furthermore, the study has indicated
that the directing group and the solvent both play a major role in deciding
hydrogenation selectivity. With this in mind, we wished to exploit the increasing
number of chiral NHCs to synthesise a complex capable of performing asymmetric

hydrogenation reactions.
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3.3.Asymmetric Hydrogenation

Within the field of iridium hydrogenation catalysts, there are, to our knowledge no
examples of chiral-NHC/phosphine complexes where the two ligands are separate, as
opposed to a chelate. Indeed, there is but a single example by Herrmann, of a Co-
symmetric monodentate NHC/chloride iridium complex in hydrogenation, and which
delivers only moderate reactivity and enantioselectivity.8 However, from our previous
studies, we recognised the increased activity of NHC/phosphine complexes over
NHC/CI complexes in HIE,”% and as such, we envisaged a new series of catalysts
developed around this same principle.

Prior to commencing the synthesis of a chiral NHC complex, we wished to further
investigate further the N-subsituent effect in imidazole derived NHC’s. It was already
understood that di-(alkyl) NHC/phosphine complexes delivered poor reactivity,
necessitating the use of IMes instead. However, could we substitute only one arm of
the NHC with an alkyl unit and still maintain reactivity? To answer this question, we
applied a series of unsymmetrical imidazolium halides 101 to our one-pot conditions,
generating a seires unsymmetrical NHC/phosphine complex 104a-f (Scheme 1.40).
Pleasingly, each imidazolium salt, bearing methyl, iso-propyl or benzyl, was obtained

in an excellent yield when combined with triphenylphosphine, generating complexes

Mes\ /} PFe Mes\ /} PFg Mes\ /} PFg Mes\ /} PFe

> . W ! NN
Pr Bn
/ \PPhs \,/ “PPhg \/ \PPh3 / “pe,
104 104 104 104
Yield = 87% Yield = 81% Yield = 88% Yield = 78%
Mes. BArF Mes~ /} BArF
\ )\N \ N
Bn
\/ “pph, " / “pet,
104e y 104f
Yield = 91% Yield = 93%

Scheme 1.40 Synthesis of novel, unssymmetrical NHC/phosphine complexes.
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104a-c. Moreover, the combination of a more electron rich phosphine in 104d,
different counterion, 104e, or both, 104f, delivered similar yields.

However, in a similar fashion as for IMes itself, when testing the synthesis with
imidazolium halide 105, our one-pot procedure failed (Scheme 1.41). Instead,
reverting to the previous method, and isolating the NHC/chloride complex 106 prior
to halide abstraction by AgPFe and argon filtration to install the phosphine, delivered
complex 104g in good yields.

Mes\N+ KOtBu, Mes\N/% Mes\N/X
crl x [CODIrCl], A )&N AgPFg, PPhs N )‘L\"N
N > >
105 ) THF, 25 °C, 16 h. 'r\C| THF, 25 °C, 16 h. I MMes
Mes Mes PPhs

106: 87% 104g: 78%

Scheme 1.41 Two step synthesis of bulky, unsymmetrical NHC/phosphine complex 104g.

To allow comparisons to be drawn from our previous findings, the same two model
alkenes were applied in hydrogenation with our new complexes 104a-g (Scheme
1.42). In comparing the different NHCs, it is clear that reactivity is intermediate
between a alkyl NHC and IMes. Furthermore, the mesityl-benzyl NHC complex 104c
Is the most reactive, compared with the smaller, 104a-b, or larger, 104g, complexes.
However, the greatest improvement in the hydrogenation of 93 is through application
of a smaller, more electron rich phosphine complex 104d, further reflected in the use
of BArF counterion complex, 104f. However, the hydrogenation of 85 is limited to
~30% with 104c, with no improvement upon application of BArF complex 104e. This
indicates that a larger NHC, such as IMes, is required for complete conversion, as in
the previous application of complex 91f. Despite this, we progressed to the synthesis
of a chiral NHC.
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Scheme 1.42 Investigating non-chiral, unsymmetrical NHCs in alkene hydrogenation.

Recognising that our ideal chiral-NHC must bear an N-mesityl group, we explored the

vast array of chiral imidazolium salts available within the literature.”®’” Through this,

we arrived at a series first reported by Glorius et al. in the enantioselective arylation

of amides.®! The reported ligand contained the required N-mesityl group, with a fused

imidazole/oxazolidine system bearing the chiral arm, derived from readily available

amino acids. Furthermore, when comparing the steric map of IMes 45, with the free

NHC 105, it showed a good steric bias, as required for a highly enantioselective

processes (Figure 1.24).%2 Moreover, the uniform bulk delivered from the N-mesityl

group was largely unchanged when compared to the parent ligand.
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Figure 1.24 Comparision of the steric map of IMes 45 and chiral NHC 105.

Convinced that we had chosen an appropriate ligand, we followed a modified literature
procedure to synthesise imidazolium triflates 112 and 113,%+% derived from valine 106
and tert-leucine 107, respectively (Scheme 1.43). The synthesis began with a
quantitative, lithium aluminium hydride reduction of the amino acids 106 and 107 to
amino alcohols 108 and 109. Next, the thermal cyclisation to form hydroxymethyl
oxazolines 110 and 111 was observed to proceed best with the greater steric bulk of
amino alcohol 109. Following distillation of 110 and 111, subsequent oxidation to the
aldehyde, imine formation with mesitylamine and cyclisation, provided imidazolium
triflates 112 and 113 in good yields, over three steps carried out in succession due to

the low stability of the aldehyde and difficulties in isolation of the imine.
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\)OJ\ (a) LiAlH,4, THF, 0 °C to reflux, 16 h; (b) Glycolic acid,
HaN_“Non | Xylenes, Dean-Stark (reflux), 72 h; (c) 10 eq MnOs,

iPr, 106 é DCM, RT, 2 h; (d) Mes-NH,, Dean-Stark (reflux),
tBu, 107 PhMe, 16 h; (e) CICH,OPiv, AgOTf, DCM, RT, 16 h.
(a) o)
OH j
— N .,
HZN\._/\OH (b) S*O (c), (d), (e) N/ R

I
R N\) O\\S//O
iPr, 108: 100% R ‘0" " "CF4
tBu, 109: 100% Pr 110: 579 iPr, 112: 54%
o PIML 910 tBu, 113: 76%

. 0,
tBu, 111: 94% (Over three steps)

Scheme 1.43 Synthesis of chiral imidazolium triflates 112 and 113.

Following the formation of imidazolium salts 112 and 113, the synthesis of the
complete NHC/phosphine complex 118a-e and 119a-e was attempted (Scheme 1.44).
However, realising that the triflate anion was incompatible with our one-pot method,
we instead applied the in situ generation of the free carbene through application of
KOtBuU, to generate the novel NHC/chloride complexes 114 and 115 in good yields.

This then permitted the use of our second new protocol, avoiding the need for a silver
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Scheme 1.44 Synthesis of chiral-NHC/phosphine complexes 118a-e and 119a-e.

NHC/phosphine complexes 118a-d and 119a-d. Furthermore, wishing to access the
triphenylphosphine analogues, we synthesised the BArF imidazolium salts 116 and
117, for use in the previously reported one-pot procedure,”® subsequently generating
complexes 118e and 119e in excellent yields. Each complex was delivered as a mixture
of diastereomers, believed to arise from the restricted rotation of the metal-ligand

bonds. However, in-situ transformation to a octahedral hydride complex to allow
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rotation of the metal-ligand bonds delivered a single compound, confirming our

hypothesis and the catalyst purity.

Pleased that we had gained access to ten new, chiral NHC/phosphine complexes 118a-
e and 119a-e and two novel, chiral NHC/chloride complexes 114 and 115, we applied
them in asymmetric hydrogenation. In the first instance, we investigated the
hydrogenation of model terminal alkene 69d (Scheme 1.45). Unsurprisingly, given
our previous investigations, NHC/chloride complexes 114 and 115 failed to react.
However, application of NHC/phosphine complexes 118a,c-e delivered complete
conversion to production 120. Promisingly, moderate enantioselectivity was also
observed, to a maximum of 51% e.e. with tricyclohexylphosphine-containing complex
118d. However, we were then somewhat surprised to find that the selectivity decreased

with the application of the bulkier tBu-NHC complexes 119a,c-e.

| BAFF
] PRs
N/ Q
7

O or119] (1.0 mol%)

MeO 69d H, (1 atm), DCM, 25 °C, 2 h. MeO 120

| BAIF B | BArF
PR

2o IS
4 _N s ~N
el v

3

Cl, 114: <5%, N/A Cl, 115: <5%, N/A

PEt;, 118a: >99%, 37% e.e. PEts, 119a: >99%, -12% e.e.
PPhs, 118e: >99%, 36% e.e. PPhs3, 119e: >99%, -4% e.e.
PCys, 118c: >99%, 51% e.e. PCys, 119¢c: >99%, 2% e.e.
PiPrs3, 118d: >99%, 13% e.e. PiPr3, 119d: >99%, 8% e.e.

Reported as percentage conversion from "H NMR and e.e. from HPLC.

Scheme 1.45 Asymmetric hydrogenation of terminal alkene 69d.

Considering the large variation in selectivity, and the seeming lack of trend in the
ligand structure, we hypothesised that an alkene isomerisation maybe occurring which

would decrease the selectivity. However, by performing the reaction under a deuterium
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atmosphere, we detected no isotopic incorporation at positions other than those
associated with hydrogenation of the terminal alkene 69d (Scheme 1.46). With this in
mind, we must conclude that our new catalyst structure does not contain the correct
steric environment for highly enantioselective terminal alkene hydrogenation, and

further catalyst design is required.

‘| BAIF
/ PCY3
\( [97]
D
iPri. [951D
<, 113¢| (1.0 mol%)
MeO 69d D, (1 atm), DCM, 25 °C, 16 h.  MeO [l

D120
>99%, 55% e.e.

Scheme 1.46 Probing the hydrogenation reaction of terminal alkenes to discount isomerisation.

In further investigations, we tested our new catalyst system on substrates containing
an appropriate group to direct the hydrogenation. Indeed, from our previous studies,
we had successfully carried out the hydrogenation of a trisubstituted enone, and, as
such, began this next investigation with the asymmetric hydrogenation of 121 (Scheme
1.47). Initial results with triethylphosphine complex 118a delivered minimal
enantioselectivity, but proved the reactivity of our catalyst system by proceeding to
full conversion. Additionally, when applying complexes 118b-e we clearly observed
a reverse in enantioselectivity, indicating that the smaller phosphine of 118a, favours
the opposite enantiomer. In addition, an increase in selectivity was noted, upon the
increase in phosphine buried volume, up to a promising 76% e.e. with tri-iso-
propylphosphine complex 118d. The notable outlier from this trend is
tribenzylphosphine complex 118b, which can be attributed to the flexible nature of
this phosphine, not reflected in its buried volume. Similarly, with complexes 119a-e,
the influence of increasing phosphine size delivered improved selectivity, up to an
impressive 91% e.e. with complex 119d. However, this complex also incurred a
reduction in conversion, spurring us to further investigate the conditions for this highly

selective asymmetric hydrogenation process.
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Scheme 1.47 Asymmetric hydrogenation of enone 121.

We began by investigating the effect that the reaction medium had upon the conversion
and selectivity (Scheme 1.48, Graph 1.5). The study indicated that DCM was the
solvent of choice, but could be replaced if necessary with either MTBE, PhCI or t-
amylOH with only small decreases in conversion and selectivty. However, i-PrOAc

and DMC were not suitable candidates for hydrogenation, delivering low conversion.
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Graph 1.5 Investigating the solvent effect in assymetric hydrogenation.

Continuing in DCM, we next explored the reaction at various times to assess the rate
(Scheme 1.49, Graph 1.6). After just one hour we observed an increased selectivity
of 94% e.e. at our typical conversion of ~80%. Furthermore, between 2 and 16 hours,
a small but significant degradation of the enantioselectivity is observed, with only a
minor increase in conversion. Presumably, this indicates that the catalyst degrades
after ~1 hour, generating a complex that has low activity in the reduction of 121, and
generates the opposite enantiomer or racemic product. However, although this
indicates a low catalyst turnover number, the turnover frequency is significantly higher

than previously expected.
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Graph 1.6 Investigating the reaction time for asymmetric hydrogenation.

Chapter 1

r 100

- 80

Conversion (%)

F 20

As such, we next sought to investigate the catalyst loading to bring the reaction to
completion (Scheme 1.50, Graph 1.7). Understandably, increasing the catalyst

loading, also elevated the reaction conversion. Furthermore, in agreement with our

proposal of a non-selective reduction after catalyst decomposition, increased catalyst

loading also

X

121

improved the selectivity up to 94% e.e.
B | BAF
PiPr;
N/
~
/ _N
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Scheme 1.50
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Graph 1.7 Probing the impact of catalyst loading.

Recognising that the reactions could be performed at an increased catalyst loading (2
mol%), and reduced reaction time (2 h) allowed us to better asses the effect
temperature had upon the reaction (Scheme 1.51, Graph 1.8). Pleasingly, reducing
the temperature to 0 °C did not impact the reaction conversion, but it did increase the
selectivity to 96% e.e. Further reduction in temperature gradually reduced the reaction
conversion, however the improvement in selectivity continued up to 99% e.e. at -30

°C, albeit with just an 11% conversion.
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Scheme 1.51
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Graph 1.8 Investigating the reaction temperature dependence.

Having developed the conditions to perform an effective asymmetric hydrogenation
[119d (2.0 mol%), H> (1 atm), DCM, 25 °C, 2 h], and recognising that decreasing
temperature would increase the selectivity, we next wished to assess modifications to
the model substrate (Scheme 1.52). Due to time constraints, the study only consisted
of variations /- to the ketone. However, we were pleased to find that substitution with
an electron rich aromatic 123a, delivered an improvement in selectivity over the model
substrate 121, with the same high conversion. The trend continued with less electron
rich aromatics in 123b-123e. Indeed, with the very electron deficient aryl in 123e,
increased catalyst loading was also required to generate complete conversion. Noticing
the dependence upon the substrate electronics, the e.e. was plotted against the
Hammett sigma value of each aryl substituent (Graph 1.9). The plot clearly indicates
the reaction selectivity is not solely controlled by the steric interaction between
substrate and ligands, albeit the magnitude of the gradient indicates substrate
electronics only plays a minor role. In contrast, steric encumbrance plays a major role,

as ortho-substituted aryl 123f and cyclohexyl substituted 123g were unreactive.
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Scheme 1.52 New substrates for asymmetric hydrogenation.
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Graph 1.9 Electronic effect of the substrate aryl ring upon enatioselectivty.

With the information garnered through the application of our novel chiral

NHC/phosphine complexes and the conditions for asymmetric hydrogenation, we

68



Chapter 1

wished to generate a model explaining the selectivity, and furthermore, use it to predict
how new substrates would perform. Our first consideration in doing this was to
propose a reasonable mechanism for directing group-assisted hydrogenation (Scheme
1.53). Following activation with hydrogen and loss of cyclooctadiene through
reduction, substrate complexation delivers octahedral iridium(Ill) intermediate A.
Within this intermediate, the two ligands are trans-, two hydrides are coordinated
equatorially, and the substrate, 85, twists to occupy the remaining coordination sites
with the ketone and alkene. Next, a hydride is transferred to the electronically favoured
p-position, generating an iridium enolate intermediate, and leaving a free site to be
occupied by a solvent molecule, giving B. A second molecule of hydrogen displaces
the solvent to generate intermediate C. Subsequent a-hydride transfer reforms the
carbonyl group in D, having fully reduced the alkene. The reduced product can then

exchange with another substrate molecule to restart the cycle.
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Scheme 1.53 Plausible mechanism for directing group assisted hydrogenation.

Next, if we consider both potential, productive, diasteromeric substrate-catalyst

conformers (A), to each product enantiomer to be the same in energy and rapidly

interchangeable, we can assume the reaction to be under Curtin-Hammett control.

Therefore, we can calculate the difference in transition state energies for each

respective pathway, using the results of our previous temperature study. Indeed, this

difference in transition state energy is calculated to be 2.3 + 0.2 kcalmol™. However,

we have yet to ascertain if the reaction is under Curtin-Hammett control. Indeed, if the

two productive binding isomers are significantly different in energy, the product

distribution would be determined by the equilibrium between these conformers.
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From the gathered evidence we can apply a similar quadrant model to that used in
chelating chiral iridium complexes, controlled by the substrate coordination (Scheme
1.54). The new quadrant model is designed based upon a number of factors. Firstly,
coordination in the face of the bulky tert-butyl group would be disfavoured, suggesting
coordination would preferentially occur on the opposite face of the NHC. Furthermore,
considering the expected trans- structure, and the improvement in selectivity with
increasing phosphine size, the two quadrants associated with the phosphine must be
sterically encumbered. Finally, coordination adjacent to the N-mesityl group is
disfavoured over the oxazolidine, as suggested by the buried volume map. Using this
model, we can then apply substrate 121 and find the favoured conformer, in which the
4-substituent occupies the least hindered quadrant. This is due to the hydride being
delivered to the p-position, and therefore that position will be more closely associated
with the metal. Following hydrogenation, this conformer would deliver the (S)

enantiomer 123b, which matches our experimental findings by comparison of the [a]p.
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Coordination on the
opposite face to tBu

W W
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Scheme 1.54 Model for predicting the absolute stereochemistry of assymetric hydrogenation with a
NHC/phosphine iridium complex.
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4. Conclusions

Throughout this chapter, we have endeavoured to synthesise and test new
NHC/phosphine complexes in alkene hydrogenation. In doing so we have developed
new organometallic synthetic strategies, and used a range of experimental techniques

to improve reaction efficiency and selectivity.

Firstly, we confirmed that the application of a more non-coordinating counterion in
hydrogenation engenders an increase in reaction rate, and allowed reactions to be

performed at a lower catalyst loading.

Secondly, we developed two new methods for synthesising NHC/phosphine
complexes, both of which avoid the use of reactive silver salts, and the highly air- and
moisture-sensitive argon atmosphere filtration (Scheme 1.55). These new methods
proved versatile in allowing a range of NHCs, phosphines and counterions to be
combined in the preparation of twenty-two different complexes. Furthermore, each
complex was parameterised sterically and electronically, prior to testing in several
model hydrogenation reactions. This allowed us to conclude that more electron rich
phosphines paired with IMes were optimal, and in fact necessary, for successful alkene

hydrogenation.

R = alkyl
One-Pot, Three- Steps R' = alkyl or aryl

/w R\N‘/\§ Y
« I\S Ag,0 [CODIrCI]2 N PRs, AY N )L\‘N
Ir \R
AgX2 \/ cl \/ “PRY,

14 Complexes

Simplified Procedure R"= alkyl or aryl Accessed
Mes~\ /§ 1. AY Mes~\ /§ Y [ Avoids AgY and Ar-Filtration
\ )\N ﬂ, \ )\N Yields upto 94%
\/ Cl \/ \PR‘ Mes Examined
q Sterically and Electronically
8 Complexes Tested in Hydrogenation
Accessed

Scheme 1.55 Improved catalyst synthesis, delivering novel complexes.
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Through the development of new catalysts, we improved our understanding of the
hydrogenation process. This allowed us to design an effective method of directing-
group assisted alkene hydrogenation (Scheme 1.56). The newly developed process can
be performed effectively in a wide array of solvents, and upon a range of alkene
substrates. Additionally, the chemoselectivity of the process was investigated and
understood to be controlled by both the directing group and the reaction solvent.

Mes < BArF
DoE Optimisation N‘L/\§ Solvent and
Mild Conditions ! AN )\"N\ Selectivity Investigations
Ir Mes
DG P(Me),Ph (0.5 mol%) DG
.0 MOol/
R~ R" R R"
R’ DCM (0.1 M), H, (1 atm), 25 °C, 2 h R'

Mulitple DGs 18 Substrates  up to 99.9:0.1 d.r.  Yields up to 99%

Scheme 1.56 Directing group assisted hydrogenation.

Finally, we applied the new insight gained through the development of new complexes
and hydrogenation methods, to synthesise and apply a novel class of chiral-
NHC/phosphine complex in asymmetric hydrogenation (Scheme 1.57). Development
began with the synthesis and testing of a small series of novel, non-chiral,
unsymmetrical NHC/phosphine complexes. With the understanding garnered from this
study we were able to select an appropriate chiral NHC and design the synthesis of ten
new, chiral NHC/phosphine complexes. Furthermore, through extensive experimental
investigation, we developed the application of our new catalyst system, delivering a
highly selective, directing group assisted, asymmetric hydrogenation process. Finally,
our understanding of the hydrogenation process and the proposed mechanism enabled
the design of a plausible model for predicting the absolute stereochemistry of this new

hydrogenation protocol.
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Predictive Model for
Absolute Stereochemistry

Scheme 1.57 Assymetric hydrogenation.
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5. Future Work

Throughout this chapter, the challenge of developing new synthetic strategies for the
production of NHC/phosphine complexes was addressed. Furthermore, there has been
success in applying them in several different areas of alkene hydrogenation. With this,
and our previous work in the area in mind, we now propose a number of potential

avenues for further investigation.

Through the development of our directing group-assisted hydrogenation process, we
noticed a distinct change in reactivity with allylic alcohols (Scheme 1.58). Indeed,
they instead underwent the recognised redox isomerisation to generate the
corresponding carbonyl, but they could also undergo ether formation, presumably
through allylic substitution. As such, further investigation of this new area of reactivity

for NHC/phosphine complexes should be explored.

Redox C-O Bond AN 0
Isomerisation Formation
o ~— " 0oH

Scheme 1.58 New avenues towards isomerisation and C-X bond formation.

Observed

HO, Ye DG = 2& %)k R
2 : or %°

Untested Directing Groups

Potential Substrate Motifs
DG DG DG DG
DG
/[ j )n
)n
Scheme 1.59 New areas in diastereselective hydrogenation to be investigated.

Secondly, although briefly explored herein, a full examination of the potential

application of NHC/phosphine complexes for diastereoselective hydrogenation could
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be be explored (Scheme 1.59). Such investigation should focus initially on the
potential of different directing groups, and expanding the substrate structure away

from the model terpinen-4-ol.

In a similar fashion, with the development of our novel chiral NHC/phosphine
complexes, we have only just started to scratch the surface of potential applications.
Our first concern is the moderate turnover number of the complex, and initial focus
should be on understanding the catalyst decomposition and improving catalyst stability
(Scheme 1.60). Beyond this goal, work should focus upon expanding the potential
substrate scope for the new directing group-assisted, asymmetric process, testing the
reliability of our proposed mechanism and predictive model (Scheme 1.61).
Furthermore, the different steric parameters inherent to these complexes, when
compared to the more common chelating systems may allow improvements in

substrate applicability.

Investigate Different Aryl Substituents

)\é/k é( éwe

Utilise Less Electron Rich, Bulky Phosphines
! ©\ /© ; ‘P: :
L 9

Scheme 1.60 Further work on the structure of chiral NHC/phosphine iridium complexes.
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Enantioselectivity

| | BAFF
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o
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Predictive Model for Plausible Substrates

Absolute Stereochemistry

O O
X X
O @)
R NR' R™™SN (0]
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Scheme 1.61 Applications in asymetric hydrogenation.

Finally, with the majority of currently chelating, chiral NHC/phosphine complexes,
which bear chirality in the tether, performing poorly in hydrogenation, there is an
opportunity for new chelating catalyst structures (Scheme 1.62). Indeed, a plausible
route to prepare a chelating chiral system modelled upon our new catalysts is proposed
below.

5 R R R
Common ligand a ) "
structure | O/\,L O/\,L O//\,L
R | )I >’ |, : /Z/ 0]
K\N N PR’ N NJ/
R R'3P | New Ligand
Structure and Synthesis
Poor Reactivity . R
LT R »
and Selectivity HO/\ - HO/\
' &
! NH, HN \[H\ N /§O
| ) H

Scheme 1.62 Plausible synthesis of novel, chelating, chiral NHC-phosphine ligands.
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6. Experimental

6.1. General Experimental Details

All reagents were obtained from commercial suppliers and used without further
purification unless stated otherwise. Purification was carried out according to standard

laboratory methods.%*
Complexes 78a and 82a-c were synthesised according to literature procedures.”

Hydrogenation reactions were carried out on a Radley’s Carousel 12 Plus Reaction
Station (Figure E1.1).

Figure E1.1

Monitored exchange reactions were carried out using a two-neck round-bottom flask
(100 mL) fitted with a double oblique stopcock connected to the manifold and

deuterium balloon, and a suba seal.

'H (400 MHz), *C (101 MHz) 3P (162 MHz,), *°F (376 MHz) and !B (128 MHz)
NMR spectra were obtained on Bruker spectrometers in the solvents indicated.
Chemical shifts are reported in ppm. Coupling constants are reported in Hz and refer

to 3Ju-n couplings, unless otherwise stated.

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

are reported in cm™ unless stated otherwise.
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Thin layer chromatography was carried out using Camlab silica plates coated with
fluorescent indicator UV2s4, and were analysed using a Mineralight UVGL-25 lamp or

developed using vanillin, KMnOgs or Ninhydrin solution.

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

mesh).

Gas chromatography/mass spectrometry was carried out on an instrument fitted with
a DB5-type column running a 40-320 °C temperature program, ramp rate 20 °C/min
with a helium carrier gas flow at 1 cm®/min. Chemical ionisation (CI) (Methane) mass

spectra was recorded on an Agilent Technologies 5975¢ mass spectrometer.

Gas Chromatograph-FID was carried out on a Hewlett-Packard 5890 Series II
instrument fitted with a Varian Capillary Column (CP-Sil 19 CB) column running at
70-220 °C temperature program, ramp rate 12 °C/min with a hydrogen carrier gas

pressure of 40 kPa. The flame ionisation detector was set to 220 °C.

Chiral HPLC was carried out on a Gilson model 302 pump, fitted with either a Chiracel
OJ or OD-H column, with a flow rate of 1 mL/min eluting with hexane:isopropanol,
and analysing with a Milton Roy spctromonitor 3100 UV-detector set at 256 nm or
210 nm.

Mass spectrometry data were acquired from EPSRC National Mass Spectrometry

Centre, Swansea University.

General Experimental Procedures

General procedure A Hydrogenation reactions using Radley’s Carousel 12 Plus

Reaction Station.

The Radley’s Carousel 12 Plus Reaction Station was evacuated and filled with argon,
and the water condenser turned on. To a carousel tube was added the substrate of
choice, and iridium catalyst (and additive where appropriate). The desired solvent was
added, rinsing the inner walls of the tube. The tube was then sealed at the screw cap

(with the gas inlet left open) under argon, and the stirring and the temperature set. The
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flask was evacuated and refilled with hydrogen via a balloon and this process repeated
a one further time. The gas inlet tube was then closed, creating a sealed atmosphere of
hydrogen, the timer was initiated and a rapid red/orange to clear/yellow colour change
was observed. The reaction mixture was stirred for the allotted time before removing
excess hydrogen and replacing with air. The yellow solution was then prepared for
analysis by *H NMR spectroscopy. Following assessment of reaction conversion, if

necessary, the product was isolated by column chromatography.

General procedure B Monitored hydrogenation reactions carried out in a round
bottom flask.

A flame-dried, 100 mL, two-neck round-bottom flask under an argon atmosphere,
bearing a double oblique stopcock adaptor and a suba seal, was charged with the
desired substrate, catalyst and solvent. Under argon, the flask was cooled to -78 °C in
a dry ice/acetone bath. The flask was evacuated and flushed with hydrogen from a
balloon and this process repeated a further two times. After the final flush, the stopcock
was left open to the hydrogen balloon and the flask immersed in an oil bath at the
desired temperature. The reaction solution was observed to change from a pale orange
to clear within 5 min. At predefined time intervals an aliquot (~0.5 mL) was drawn
from the reaction via syringe, and placed in a %2 dram screw cap vial prefilled with
Et>O (~1 mL). Following removal of the solvent in vacuo, the recovered residue was

prepared for analysis by *H NMR spectroscopy.

General Procedure C One-pot preparation of alkyl-NHC/Phosphine complexes.

To a flame-dried, argon-cooled schlenk-tube was added silver oxide, imidazolium
halide and dry DCM, the mixture was observed to change from black to a clear/grey
solution after 1 h. Iridium cyclooctadiene chloride dimer was added and the reaction
progressed to a bright yellow colour. After 1 h, the phosphine was added followed by
addition of the salt, initiating a yellow to bright red/orange colour change. After
stirring for 1 h, the reaction solution was filtered through celite to remove silver waste,

washing the celite with DCM until no red colour remained. The solvent was removed
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in vacuo, resulting in a red oily solid. For PFs complexes; addition of solvent (~5 mL)
resulted in precipitation of the product as a bright red solid, which was collected by
filtration and washed with petroleum ether and EtOH. For BArF complexes; the
residue was purified by flash column chromatography, eluting with DCM/petroluem
ether 40-60 °C (50/50). The isolated catalyst was dried in a vacuum oven (40 °C, 1

mbar) for 24 h before use.
General Procedure D In situ preparation of MeCN-stabilised hydride complexes.

In an oven-dried NMR tube was added ~10 mg of the desired iridium complex, ~0.5
mL of CD2Cl> and the tube sealed with a Norrell septum cap. The septum was pierced
with a needle to provide a gas outlet, and with a long needle attached to a hydrogen
balloon with a valve to control the hydrogen flow. The hydrogen needle was immersed
in the solution and hydrogen slowly bubbled through. After 5 min the outlet needle,
swiftly followed by the hydrogen needle, were removed and the cap sealed with
parafilm. The tube was then submitted for NMR spectroscopic analysis.

General Procedure E Preparation of mesityl containing NHC/Phosphine complexes.

To aflame dried, argon cooled schlenk tube was added mesityl-NHC/chloride complex
89, dry DCM and NaBArF. After stirring at 25 °C for 30 min, the selected phosphine
was added slowly, initiating an orange to red colour change. Following a further 30
min stirring, the solvent was removed in vacuo leaving a red oily solid. For PFs
complexes; addition of solvent (~5 mL) resulted in precipitation of the product as a
bright red solid, which was collected by filtration and washed with petroleum ether
and EtOH. For BArF complexes; the residue was purified by flash column
chromatography, eluting with DCM/petroluem ether 40-60 °C (50/50). The isolated

catalyst was dried in a vacuum oven (40 °C, 1 mbar) for 24 h before use.

General Procedure F Preparation of NHC/chloride complexes, with KOtBu.

To a flame-dried Schlenk tube was added (n4-cycloocta-1,5-diene)iridium(l) chloride

dimer and KOtBu. After stirring the solid mixture under high vacuum for 10 min, dry
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THF was added under an argon atmosphere, and the resultant red-black solution stirred
at r.t. for a further 10 min. Subsequently, the imidazolium salt was added in one
portion, causing a dark red to dark yellow colour change, and the reaction mixture
stirred for 16 h. The THF was then removed in vacuo and the residue purified directly
by flash column chromatography, eluting the yellow fraction with a 1:1 mixture of
EtOAc and petroleum ether. After removal of the solvent in vacuo, the product was

isolated as a bright yellow powder.

General Procedure G Preparation of imidazolium BArF salts.

In a 100 mL round-bottom flask, the imidazolium salt and NaBArF were dissolved in
DCM and water (1/1) and stirred for 16 h at 25 °C. The biphasic solution was diluted
with a further 10 mL of DCM. The aqueous phase was washed with DCM (10 mL)
and the combined organic layers washed with H>O (10 mL) and brine (10 mL). After
drying with Na>SOs4, the solvent was removed in vacuo, and the collected solid was

dried in a vacuum oven (40 °C, 1 mbar) for 24 h, yielding the imidazolium BArF salt.

General Procedure H Preparation of mesityl containing NHC/triphenylphosphine

complexes.

The iridium dimer was dissolved in dry THF in a previously flame-dried Schlenck
round-bottom flask under argon. Through a flow of argon, triphenylphosphine was
added, initiating a orange to yellow colour change. After stirring for 5 min, the
imidazolium BArF salt was added. After stirring for a further 5 min, KOtBu was
added, causing an orange to red colour change that darkened over time. After 3 h, the
solvent was removed in vacuo, resulting in a oily red residue which was purified by
flash column chromatography, eluting with DCM/petroleum ether (50/50). The
combined fractions were concentrated in vacuo and triturated with petroleum ether.
The isolated complex was dried in a vacuum oven (40 °C, 1 mbar) for 24 h prior to

use.
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6.2. Catalyst Synthesis and Initial Findings

Scheme 1.29 Initial Hydrogenation of mono- and bisubstituted alkenes.

Reactions were carried out using general procedure A and analysed by 'H NMR

spectroscopy to calculate the reaction conversion, and are tabulated in Table E1.1.

Catalyst separation was carried out through a pipette of silica eluting with
Et>O/petroleum ether (30/70).

Solvent Temperature (°C) Time (min)
DCM
(8 mL) 25 30
Substrate
O
/©/\ O)}\/\ /@/\)J\o/\
Br 79 83
84
73 mg, 0.4 mmol Br
(73 mg ) (58 mg, 0.4 mmol) (102 mg, 0.4 mmol)
Product Data’2%

BF/O/;

I.R. (cmY): 2967, 1497.

IH NMR (400 MHz, CDCl): & 7.43-7.33 (2H, m, Ar-
H), 7.10-7.00 (2H, m, Ar-H), 2.58 (2H, q J = 7.6 Hz,
Ar-CHp-CHs), 1.20 (3H, t J = 7.6 Hz, CH2-CHa).

13C NMR (101 MHz, CDCls): § 143.2, 131.3, 129.6,
119.3, 28.3, 15.4.

I.R. (cm'Y): 3026, 2957, 1493,

IH NMR (400 MHz, CDCls): § 7.35-7.20 (2H, m, Ar-
H), 7.20-7.10 (3H, m, Ar-H), 2.67 (1H, se J = 7.1 Hz,
Ar-CH), 1.62-1.44 (2H, m, CHy), 1.33-1.10 (5H, m,

E2 CHp & CH-CHs), 0.85 (3H, t J = 7.1 Hz, CHo-CHa).
13C NMR (101 MHz, CDCls): & 148.2, 128.5, 127.2,
125.9, 40.9, 39.9, 22.5, 21.0, 14.3.
I.R. (cm™): 2978, 1730, 1490.

o IH NMR (400 MHz, CDCls): § 7.42-7.35 (2H, m, Ar-

/@/\)J\O/\
Br E3

H), 7.08-7.03 (2H, m, Ar-H), 4.10 (2H, g J = 7.2 Hz, O-
CH,-CHs3), 2.88 (2H, tJ = 7.2 Hz, CHy), 2.61-2.54 (2H,
m, CHy), 1.21 (3H, t J = 7.2 Hz, CH,-CHs).

13C NMR (101 MHz, CDCls): § 172.1, 139.1, 131.0,
129.6, 119.5, 60.0, 35.2, 29.9, 13.7.
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Conversion (%)
79 83 84
Run Run Run

1 2 Ave 1 > Ave 1 5 Ave

Complex

Mes BF,

NN
NP

Ir Mes
PPh,

L _ 82a
(1.9 mg, 2.0 pmol)

100 100 100 100 100 100 94 90 92

Mes PFg

N7
AN #N\
Ir Mes

“pph 100 100 100 100 100 100 100 100 100
3

L | 78a

2.0 mg, 2.0 umol
g p
i Mes - ] OoTf

N7
N %?
Ir Mes

“ 100 100 100 100 100 100 100 100 100
PPh;

L 1 82c
(2.0 mg, 2.0 umol)

Mes BArF

N7
N\ )L\‘N\
Ir Mes

PPh,

100 100 100 100 100 100 100 100 100

82c
(3.5 mg, 2.0 pmol)

Table E1.1
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Graph 1.1 Monitored hydrogenation of conjugated ester 84.

Reactions were carried out using general procedure B and analysed by 'H NMR

specroscopy to calculate the reaction conversion. Catalyst separation was carried out

through a pipette of silica eluting with EtoO/petroleum ether (30/70).

Substrate Solvent Temperature (°C)
0
/@/\)‘\O/\ DCM .
Br 84 (40 mL)

(510 mg, 2.0 mmol)

Product Data’
I.R. (cm): 2978, 1730, 1490.
o IH NMR (400 MHz, CDCls): & 7.42-7.35 (2H, m, Ar-

/@/\)‘\o/\
Br E3

H), 7.08-7.03 (2H, m, Ar-H), 4.10 (2H, q J = 7.2 Hz, O-
CH,-CHs), 2.88 (2H, t J = 7.2 Hz, CHy), 2.61-2.54 (2H,
m, CHy), 1.21 (3H, t J = 7.2 Hz, CH,-CHs).

13C NMR (101 MHz, CDCls): § 172.1, 139.1, 131.0,
129.6, 119.5, 60.0, 35.2, 29.9, 13.7.

Complex Time (min) Conversion (%)
0 0
10 13
Mes\N‘ N BF4 15 21
N /LN 20 27
Irl Mes
PPh; 25 34
82a
(4.8 mg, 5.0 umol) 30 39
40 48
50 54
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Complex Time (min) Conversion (%)
0 0
10 17
Mes\Nl N PFe 15 26
N /LN 20 34
Ir Mes
PPhs 25 41
78a
(5.1 mg, 5.0 umol) 30 a7
40 57
50 64
Complex Time (min) Conversion (%)
0 0
10 17
Mes~\ -\ oTt 15 28
N %N 20 39
Ir__ Mes
PPh; 25 48
82b
(5.1 mg, 5.0 umol) 30 55
40 64
50 71
Complex Time (min) Conversion (%)
0 0
10 19
Mes\N‘ N\ BArF 15 30
KN =N 20 a1
Irl Mes
PPhg 25 50
82c
(8.8 mg, 5.0 pmol) 30 57
40 67
50 72
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Graph 1.2 Hydrogenation of enone 85 at different catalyst loadings.

Reactions were carried out using general procedure A and analysed by 'H NMR
spectroscopy to calculate the reaction conversion. Catalyst separation was carried out

through a pipette of silica eluting with EtoO/petroleum ether (30/70).

Substrate Solvent Temperature (°C)

O/\)J\ DCM
25
85 (8 mL)

(58 mg, 0.4 mmol)

Product Data’
I.R. (cm™): 3063, 2924, 1715,
0 IH NMR (400 MHz, CDCls): § 7.30-7.23 (2H, m, Ar-
O/\)J\ H), 7.20-7.14 (3H, m, Ar-H), 2.92-2.85 (2H, m, CHy),
2.78-7.71 (2H, m, CHz), 2.12 (3H, s, CO-CHs).
86 13C NMR (101 MHz, CDCls): & 208.0, 131.2, 128.7,

128.5, 126.3, 45.4, 30.3, 30.0.

Conversion (%)

Complex Catalyst Loading (mol%) Run
_ Ave
1 2
0.25
14 10 12
(1.0 mg, 1.0 pmol)
0.50
20 24 22
(1.9 mg, 2.0 umol)
Mes < BF4 0.75
NS 30 36 33
AN N (2.9 mg, 3.0 umol)
Ir__ Mes
PPh; 1.00
82a 43 38 41
(3.8 mg, 4.0 pmol)
1.25
44 51 48
(4.8 mg, 5.0 pmol)
1.50
5 56 56

(5.7 mg, 6.0 umol)
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Complex Catalyst Loading (mol%) Run A
_ Ave
1 2
0.25
13 11 12
(1.0 mg, 1.0 pmol)
0.50
26 27 27
(2.0 mg, 2.0 pmol)
Mes « PFe 0.75
N 38 36 37
AN N, (3.0 mg, 3.0 umol)
Irl_ Mes
PPh; 1.00
78a 48 45 47
(4.0 mg, 4.0 umol)
1.25
53 57 55
(5.1 mg, 5.0 umol)
1.50
56 54 55
(6.1 mg, 6.0 umol)
Conversion (%)
Complex Catalyst Loading (mol%) Run A
ve
1 2
0.25
12 14 13
(1.0 mg, 1.0 umol)
0.50
33 29 31
(2.0 mg, 2.0 pmol)
Mes < oTf 0.75
NS a4 43 24
N\ N (3.0 mg, 3.0 umol)
Irl Mes
PPh; 1.00
82b 52 55 54
(4.1 mg, 4.0 pmol)
1.25
54 58 56
(5.1 mg, 5.0 umol)
1.50
57 55 56

(6.1 mg, 6.0 umol)
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Conversion (%)

Complex Catalyst Loading (mol%) Run
— Ave
1 2
0.25
16 17 17
(1.8 mg, 1.0 pmol)
0.50
34 32 33
(3.5 mg, 2.0 pmol)
Mes~ BF4 0.75
44 50 47
AN N (5.3 mg, 3.0 umol)
Ir_ Mes
PPhs 1.00
82a 54 53 54
(7.0 mg, 4.0 pmol)
1.25
54 56 55
(8.8 mg, 5.0 umol)
1.50
53 58 56

(10.6 mg, 6.0 pmol)
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Scheme 1.31 One-pot synthesis of alkyl-NHC/phosphine PFs complexes.

Reactions were carried out using general procedure C. Percentage buried volumes
were calculated using literature data,’® with the equation below. The in situ generation
of MeCN-stabilised hydride complexes was carried using general procedure D, and
results are tabulated as the hydride- and corresponding phosphorous shifts (excluding
ligands and counterions).

%BViotar = %BVPR3 + %BVnuc

Temperature Time

Ag.0 [CODIrCI]2 AX Solvent (°C) )
(58 mg, (168 mg,  KPFe (92 mg, DCM o5 3
0.25 mmol) 0.25mmol) 0.5 mmol) (10 mL) (1+1+1)
Imidazolium Halide Phosphine Isolation
N AR PPhs Trituration from Et,0
B B E4 (131 mg, 0.5 mmol) with EtOH
(164.6 mg, 0.5 mmol)
Product Data

Appearance: red powder.
N7 Melting Point (°C): >200 (dec).
N =N IR (cm): 3058, 2991.
<o, BP !H NMR (400 MHz, CDCl3): & 7.55-7.40 (9H, m, Ar-
90a H), 7.36-7.26 (12H, m, Ar-H), 7.00-6.92 (4H, m, Ar-H),
Yield =421 mg, 88% 677 (2H.s, N-Cﬂ:Cﬂ-L\I), 5.49 (2H, d, 2J = 15.0 Hz,
%BV =279+299=  N-CHx-Ph),4.51(2H, d, °J =14.9 Hz, N-CH2-Ph), 4.45-
57 8% 4.42 (2H, m, COD CH), 3.89-3.78 (2H, m, COD CH),
[H] = -21.34 ppm 2.32-2.16 (2H, m, COD CHj), 2.16 -2.32 (2H, m, COD
' CH>), 2.02-1.89 (4H, m, COD CHy).
13C NMR (101 MHz, CDCls): 5 187.0 (d 2Jc-p = 9.2 Hz), 134.6, 134.0, 133.9, 131.7,
131.6, 130.6, 130.1, 129.5, 129.5, 129.4, 128.9, 127.9, 122.8, 87.1, 87.0, 80.7, 54.6,
30.3, 30.9, 30.8.

3P NMR (162 MHz, CDCls): § 18.2 (PPhs), -144.3 (sep “Je.p = 710 Hz, PFg).
F NMR (376 MHz, CDCl3): & -73.5 (d *Jp-r = 710 Hz, PFe).

HRMS (NSI): m/z calculated for CasHaslrN2P [M-PFe]™: 809.2764; found:
809.2764.

MeCN Hydride Complex
!H NMR (400 MHz, CD3CN): -21.34 (d 2Jn-p = 16.1 Hz).
3P NMR (162 MHz, CD3sCN): § 16.7 (t 2Jp-n = 16.1 Hz, PPhs).

Bn< PFs

PPh

91



Chapter 1

Imidazolium Halide Phosphine Isolation
-
N—Cy
N/ PPhs . . .
Cy or E5 (131 mg, 0.5 mmol) Trituration with EtOAc
(134 mg, 0.5 mmol)
Product Data
Appearance: red powder.
Cys PFg Melting Point (°C): >160 (dec).
)‘L\\ IR (cm™): 2932, 1435, 1232.
/\ N
" oy !H NMR (400 MHz, CDCla): § 7.47-7.37 (9H, m, Ar-
PPh; o0 H), 7.14-7.10 (8H, m, Ar-H & N-CH=CH-N), 4.51 (2H,

Yield = 400 mg, 85%
%BV =235+299=
53.4%

[H] =-21.61 ppm

tt, J = 12.0 Hz, 3.3 Hz, N-CH), 4.41-4.39 (2H, m, COD-
CH), 3.59-3.57 (2H, m, COD-CH), 2.49-2.32 (4H, m,
COD-CHy), 2.15-2.11 (2H, m, COD-CHy), 1.97-1.93
(6H, m, Cy-CH, & COD-CHby), 1.69-1.52 (8H, m, Cy-
CHy), 1.44-1.33 (2H, m, Cy-CHy), 1.25-1.11 (4H, m,

Cy-CHy), 1.07-0.99 (2H, m, Cy-CHy).

13C NMR (101 MHz, CDCls):  169.2 (d Jc.p = 9.4 Hz), 133.6, 133.5, 131.4, 130.6,
130.1, 129.2, 129.1, 120.0, 85.4, 85.2, 79.4, 61.2, 35.4, 32.0, 31.3, 30.5, 30.4, 26.0,
25.8, 24.8.

3P NMR (162 MHz, CDCls): § 18.5 (PPhs), -144.3 (sep 'Jr.p = 713 Hz, PFg).
F NMR (376 MHz, CDCl3): § -73.5 (d *Jp.r = 713 Hz, PFe).

HRMS (NSI): m/z calculated for CaiHsilrN2P [M-PFe]+: 793.3390; found:
793.3390.

MeCN Hydride Complex
IH NMR (400 MHz, CDsCN): -21.61 (d 2Ju.p = 16.7 Hz).
3P NMR (162 MHz, CD3sCN): § 17.1 (t 2Jp-n = 16.7 Hz, PPhs).
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Imidazolium Halide Phosphine Isolation
P
_ /N‘&/N Pr PPh3 Trituration from
Pr - E6 (131 mg, 0.5 mmol) petroleum ether (30-40)
(140 mg, 0.5 mmol)
Product Data

Appearance: red powder.
NTR Melting Point (°C): >220 (dec).
N )L\"N\ IR (cm™): 2980, 2883, 1435, 1209.

IS iPr !H NMR (400 MHz, CDCl3): § 7.49-7.41 (9H, m, Ar-
90c H), 7.21-7.16 (8H, m Ar-H & N-CH=CH-N), 5.00 (2H,
Y|e|d =271 mg' 63% Septet, J=6.7 HZ, N'Cﬂ'(CHS)Z), 4.49-4.47 (ZH, m,
%BV = 23.5 + 290 = COD-CH), 3.68-3.66 (2H, m, COD-CH), 2.43-2.33

53 4% (4H, m, COD-CH), 2.18-2.13 (2H, m, COD-CHy),

[H] = -21.64 ppm 2.02-1.96 (2H, m, COD-CHy), 1.50 (6H, d J = 6.7 Hz,

' CH-(CH3)2), 0.62 (6H, d, J = 6.7 Hz, CH-(CH3)>).
13C NMR (101MHz, CDCls): § 169.8 (d 2Jc-p = 9.0 Hz), 133.8, 133.7, 132.2, 132.1,
131.4,130.6, 130.2, 129.15, 129.08, 119.3, 85.5, 85.4, 79.5, 53.3, 31.1, 30.45, 30.42,
24.7,20.4.

31P NMR (162 MHz, CDCls): 6 18.2 (PPhs), -144.3 (sep 1Je-p = 712 Hz, PFe).
F NMR (376 MHz, CDCls): § -73.4 (d, 1Jp-r = 712 Hz, PF).

HRMS (NSI): m/z calculated for CssHaslrN2P [M-PFe]™: 715.2789; found:
715.2791.

MeCN-Hydride Complex
'H NMR (400 MHz, CD3sCN): -21.64 (d 2Ju.p = 16.9 Hz).
3P NMR (162 MHz, CD3CN): § 16.9 (t 2Jp-n = 16.9 Hz, PPhy).

iPr PFe

PPh,
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Imidazolium Halide Phosphine Isolation
-
/I\E/\N_Et PPhs Trituration from
EU g E7 (131 mg, 0.5 mmol) petroleum ether (30-40)
(103 mg, 0.5 mmol)
Product Data
Appearance: red powder.
S N PFg Melting Point (°C): >200 (dec).
N )‘L\\N IR (cm™): 2990, 1435.
Bt !H NMR (400 MHz, CDCla): & 7.48-7.44 (3H, m, Ar-
PPh3 90d H), 7.41-7.38 (6H, m, Ar-H), 7.23-7.18 (6H, m, Ar-H),

Yield = 308 mg, 74%
%BV =24.0+299 =
53.9%

[H] = -21.57 ppm

6.98 (2H, s, N-CH=CH-N), 4.35-4.32 (2H, m, COD-
CH), 4.16 (2H, dq, 2J = 13.5 Hz, J = 7.3 Hz, CH-CHs),
3.73-3.71 (2H, m, COD-CH), 3.64 (2H, dg, 2J = 13.5Hz,
J = 7.3 Hz, CH2-CHs), 2.34-2.27 (4H, m, COD-CHby),
2.13-1.96 (4H, m, COD-CHj), 1.07 (6H, t, J = 7.3 Hz,

CH2-CHz).

13C NMR (101 MHz, CDCls): § 171.9 (d 2Jcp = 10.6 Hz), 133.2, 133.1, 130.80,
130.77, 129.8, 129.3, 128.6, 128.4, 120.7, 85.7, 85.6, 79.2, 44.9, 30.6, 30.2, 30.1,
14.2.

31p NMR (162 MHz, CDCls): 5 18.5 (PPh), -144.3 (sep "Jp.r = 711 Hz, PFe).

19F NMR (376 MHz, CDCls): & -73.6 (d “-p = 711 Hz, PFe).

HRMS (NSI): m/z calculated for CasHaolrN2P [M-PFe]*: 687.2476; found:
687.2476.

MeCN-Hydride Complex

1H NMR (400 MHz, CD3sCN): -21.57 (d 2Ju-p = 17.1 Hz).

3P NMR (162 MHz, CD3CN): § 17.0 (t 2Jp-n = 17.1 Hz, PPhy).
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Imidazolium Halide Phosphine Isolation
-
/NJ&/N_ PPhs Trituration from
I~ E8 (131 mg, 0.5 mmol) petroleum ether (30-40)
(112 mg, 0.5 mmol)
Product Data?®

IN )\ Melting Point (°C): >190 (dec).
ot IR (cm%): 2980, 2889, 1435, 1227.
* lgge  H NMR (400 MHz, CDCls): & 7.50-7.37 (9H, m, Ar-
Yield = 374 mg, 93% 1), 7.28-7.23 (6H, m, Ar-H), 6.84 (2H, s, N-CH=CH-
%RV =227+909= N), 437-434 (2H, m, COD-CH), 3.78-3.76 (2H, m,
I COD-CH), 3.47 (6H, s, N-CHa), 2.39-2.22 (4H, m,
[H] = .21.56 ppm COD-CHy), 2.14-1.96 (4H, m, COD-CHb).

13C NMR (101 MHz, CDCls): § 174.2 (d 2Jc.p = 9.6 Hz), 133.6, 133.5, 131.3, 130.5,
130.1, 129.0, 128.9, 86.2, 86.1, 80.2, 68.0, 37.16, 31.2, 30.7, 30.7.

3P NMR (162 MHz, CDCls): § 18.3 (PPhs), -144.3 (sep “Jp-r = 713 Hz, PFs).
19F NMR (376 MHz, CDCls): & -73.1 (d “Jr-p = 713 Hz, PFe).

MeCN Hydride Complex

'H NMR (400 MHz, CD3CN): -21.56 (d 2Jn-p = 17.0 Hz).

3P NMR (162 MHz, CD3CN): § 17.04 (t 2Jp-+ = 17.0 Hz, PPhs).

Me\N/\§ PFe Appearance: red powder.
‘L_N\
Me
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Imidazolium Halide Phosphine Isolation
-
/N"Q/N_Bn (101 mpnlel;S L.05 Trituration from
Bn” g E4 frgr;mol)u > petroleum ether (30-40)
(164.6 mg, 0.5 mmol)
Product Data

Appearance: red powder.
B’“Nf\} PFs Melting Point (°C): 100-102.
N IR (cm): 2959, 2930, 2872, 1447, 1234,
'r\PnBuB3” !H NMR (400 MHz, CDCl3): § 7.41-7.34 (6H, m, Ar-
gof  H), 7.20-7.17 (4H, m, Ar-H), 7.10 (2H, s, N-CH=CH-
Yield = 367 mg, 82% Iz\l),_5.65 (2H, d 2] = 15.6 Hz, N-CH2-Ph), 5.29 (2H, d,
%BV =279+ 272= 3 =15.6Hz N-CHz-Ph), 4.11-4.10 (4H, m, COD-CH),
5510 2.18-2.12 (2H, m, COD-CHy), 1.99-1.79 (6H, m, COD-
[H] = 22.04 ppm CHy), 1.58-1.54 (6H, m, PnBu-CH>), 1.38-1.35 (12H,
m, PnBu-CH>), 0.89 (9H, t, J = 6.9 Hz, PnBu-CHy).
13C NMR (101 MHz, CDCls): § 176.7 (d, 2Jc.p = 9.4 Hz), 134.7, 128.8, 128.0, 126.4,
122.4,84.8,84.7, 53.6, 30.88, 30.85, 30.16, 25.9, 23.8, 23.7, 23.6, 23.3, 13.2.
31P NMR (162 MHz, CDCl3): 6 0.9 (PnBus), -144.3 (sep *Jp-r = 712 Hz, PFe).
19F NMR (376 MHz, CDCls): & -73.2 (d “r-p = 712 Hz, PFe).
HRMS (NSI): m/z calculated for Cs7HssIrN2P [M-PFg]™: 749.3703; found:
749.3693.
MeCN Hydride Complex
IH NMR (400 MHz, CDsCN): -22.04 (d 2Ju.p = 17.8 Hz).
31P NMR (162 MHz, CD3CN): & -11.2 (t 2Jp.1 = 17.8 Hz, PnBus).
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Imidazolium Halide Phosphine Isolation
-
/N&/N_Cy (101 mpnlel;S L.05 Trituration from
CY cr E5 frgn mol)u T petroleum ether (30-40)
(134 mg, 0.5 mmol)
Product Data

Appearance: red powder.
S NN Melting Point (°C): 178-181.
N )*N\ IR (cm™): 2933, 2872, 1452, 1238.
NI !H NMR (400 MHz, CDCl3): 8 7.22 (2H, s, N-CH=CH-
sog  N), 4.5 (2H, ttJ =119, 3.5 Hz, N-CH), 4.30-4.27 (2H,
Yield = 198 mg, 45% ™ COD-CH), 4.06-4.03 (2H, m, COD-CH), 2.24-2.14
%BV =235+ 272=  (4H, m, COD-CHp), 2.12-1.96 (10H, m, COD-CH, &
50 7% CH2), 1.89-1.68 (8H, m, CH2), 1.59-1.55 (6H, m, CH>),
[H] = -22.37 ppm 1.43-1.35 (18H, m, CHy), 0.94 (9H, t J = 7.0 Hz, P"Bus-
CHa).
13C NMR (101 MHz, CDCls): § 171.2 (d ?Jcp = 9.5 Hz), 119.7, 85.0, 84.9, 75.5,
60.8, 35.9, 33.8, 31.7, 31.6, 31.1, 26.6, 26.2, 25.9, 25.0, 24.7, 24.5, 24.3, 13.9.
31P NMR (162 MHz, CDCl3): & 1.3 (PnBus), -144.3 (sep *Jr-p = 713 Hz, PFe).
19F NMR (376 MHz, CDCls): & -73.5 (d “Jp-r = 713 Hz, PFe).
HRMS (NSI): m/z calculated for CssHesslrN2P [M-PFs]*: 733.4329; found 733.4332.
MeCN Hydride Complex
'H NMR (400 MHz, CD3CN): -22.37 (d 2Jn-p = 17.7 H2).
3P NMR (162 MHz, CD3CN): § -10.7 (t 2Jp-n = 17.7 Hz, PnBus).

PFe

PnBus

97



Chapter 1

Imidazolium Halide Phosphine Isolation
(\N—iPr . .
N P(Me).Ph Trituration from
Pr - E6 (69 mg, 71 uL 0.5 mmol) petroleum ether (30-40)
(140 mg, 0.5 mmol)
Product Data

Appearance: red powder.
PPN\ PFs Melting Point (°C): >190 (dec).

. L\N IR (cm'l): 2980, 2880, 1418, 1207.

\\|r \Pr IH NMR (400 MHz, CDCl3): 6 7.69-7.65 (2H, m, Ar-
>\ H), 7.51-7.45 (3H, m, Ar-H), 7.10 (2H, s, N-CH=CH-
J  P(Me),Ph|gpoh

_ N) 4.95 (2H, septet J = 6.7 Hz, N-CH-(CHa)2), 4.41-4.38
Yield =261 mg, 71%  (2H, m, COD-CH), 4.00-3.98 (2H, m, COC-CH), 2.33-
%BV =235+251=  2.25(4H, m, COD-CHy), 2.07-2.01 (4H, m, COD-CHy),

48.6% 157 (3H, s, P-CHa), 1.54 (3H, s, P-CH3), 1.47 (6H, d, J
[H] = -22.11 ppm = 6.8 Hz, CH-(CHs)2), 1.21 (6H, d J = 6.8 Hz, CH-
(CHa)2).

13C NMR (101 MHz, CDCls): & 1715 (d, 2Jcp = 10.6 Hz), 133.8, 133.3, 130.73,
130.70, 130.65, 130.5, 128.9, 128.8, 118.2, 85.9, 85.8, 52.5, 30.6, 30.5, 30.41, 30.39,
24.0,22.6,14.7, 14.3.

31p NMR (162 MHz, CDCls): & -12.0 (P(Me)2Ph), -144.3 (sep 1Jr-p = 712 Hz, PFe).
19F NMR (376 MHz, CDCls): § -73.3 (d 1Jp.r = 711 Hz, PFe).

HRMS (NSI): m/z calculated for CasHaglrN2P [M-PFe]*: 591.2476; found:
591.2475.

MeCN Hydride Complex

H NMR (400 MHz, CD3CN): -22.11 (d 2Ju-p = 18.5 Hz).

3P NMR (162 MHz, CD3CN): § -27.9 (t 2Jp-n = 18.5 Hz, P(Me)2Ph).
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Imidazolium Halide Phosphine Isolation
(\N—Et . .
N&/ PEts Trituration from
EU g E7 (59 mg, 74 uL, 0.5 mmol) petroleum ether (30-40)
(103 mg, 0.5 mmol)
Product Data

Appearance: red powder.
NTR Melting Point (°C): 151-154.
N )L\"N\ IR (cm™): 2980, 2887, 1463.

., Et !H NMR (400 MHz, CDCl3): 8 7.16 (2H, s, N-CH=CH-
90i N), 4.32 (2H, dq 2J = 13.5 Hz, J = 7.3 Hz, N-CH-CHs),
Yield = 289 mg, 84% 4.17-4.02 (6H, m, COD-CH & N-CH2-CHa), 2.27-2.12
BV =240+ 271= (4H m, COD-CHp), 2.06-1.94 (4H, m, COD-CHp) 1.57

51.1% (6H, quin J = 7.7 Hz, P-CH2-CH3), 1.47 (6H,tJ = 7.3
[H] = -22.31 ppm Hz, CH>-CHg), 1.05 (9H, app. dt J =158 Hz, J = 7.6
Hz, CH,-CHg).
13C NMR (101 MHz, CDCls): & 174.1 (d 2Jcp = 10.6 Hz), 121.3, 84.8, 84.7, 76.1,
455, 31.7, 31.6, 30.9, 16.6, 16.3, 15.7, 8.22, 8.20.
3P NMR (162 MHz, CDCl3): & 7.4 (PEts), -144.4 (sep “Jp-r = 713 Hz, PFe).
19F NMR (376 MHz, CDCls): & -73.5 (d “Jr-p = 711 Hz, PFe).
HRMS (NSI): m/z calculated for CaiHaolrN2P [M-PFe]*: 541.2451; found:
541.2445.
MeCN Hydride Complex
IH NMR (400 MHz, CDsCN): -22.31(d 2Jn-.p = 17.6 Hz).
3P NMR (162 MHz, CD3CN): § -3.6 (t 2Jp.n = 17.6 Hz, PEt3).

Et< PFG

PEt,

99



Chapter 1

Imidazolium Halide Phosphine Isolation
-
/NJ&/N_ PEt3 Trituration from
I~ E8 (59 mg, 74 uL, 0.5 mmol) petroleum ether (30-40)
(112 mg, 0.5 mmol)
Product Data

N )\ Melting Point (°C): >190 (dec).
"™ pet IR (cm): 2978, 1558, 1458, 1385.
> legj M NMR (400 MHz, CDCls): 8 7.09 (2H, 5, N-CH=CH-
Yield = 297 mg, 90% N 4.16-4.12 (4H, m, COD-CH), 3.80 (6H, s, N-CH),
O%BV =227 +271=  2-27-2.14 (4H, m, COD-CHp), 2.07-1.96 (4H, m, COD-
108% CHy), 1.59 (6H, quin J = 7.8 Hz, P-CHp-CHz), 1.07 (9H,
[H] = -22.30 ppm app. dtJ=16.0 Hz, J = 7.8 Hz, CH»>-CHy).

13C NMR (101 MHz, CDCls): & 175.6 (d 2Jc-p = 10.7 Hz), 123.8, 85.0, 84.9, 76.4,
37.5,31.7,31.7, 30.9, 16.7, 16.4, 8.34, 8.32.

31P NMR (162 MHz, CDCls): & 8.0 (PEts), -144.4 (sep 'Jp-r = 712 Hz, PFy).

19F NMR (376 MHz, CDCls): § -73.4 (d *Jep = 711 Hz, PFe).

HRMS (NSI): m/z calculated for CioHasIrN2P [M-PFe]™: 515.2162; found:
515.2150.

MeCN Hydride Complex

'H NMR (400 MHz, CD3CN): -22.30 (d 2Jn-p = 17.6 Hz).

31P NMR (162 MHz, CD3CN): § -3.5 (t 2Jp-n = 17.6 Hz, PEt3).

M‘*Nf\} PFe  Appearance: Red Powder.
L_N\
Me
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Scheme 1.32 One-pot synthesis of alkyl-NHC/phosphine BArF complexes.

Reactions were carried out using general procedure C.

Ag20 [CODIrCI]; AX Solvent Temperature Time

9) (h)
(5(;3 o9 (168mg, 0.25  NaBAIF (443 Dgg” ’5 3
mmol) mmol) mg, 0.5 mmol) mL) (1+1+1)
Imidazolium Halide Phosphine
NANTE PPhs
B g E4 (131 mg, 0.5 mmol)
(164.6 mg, 0.5 mmol)
Product Data

Appearance: red powder.
Melting Point (°C): 185-188.
- IR (cm™): 2981, 1611, 1354, 1275, 1115,
TNTR !H NMR (400 MHz, CDCl3): § 7.74 (8H, t *J = 2.4 Hz,
N )\N Ar-H), 7.53-7.50 (7H, m, Ar-H &), 7.46-7.42 (6H, m,
Ir__ Bn Ar-H), 7.37-7.30 (12H, m, Ar-H), 6.92-6.89 (4H, m, Ar-
gok  H), 6.67 (2H, s, N-CH=CH-N), 5.52 (2H, d 2] = 14.5
N 0 Hz, N-CH2-Ar), 4.44 (2H, 2 = 14.5 Hz, N-CHz-Ar),
Yield=737mg, 88% '/} 438 (2H. m, COD-CH), 3.93-3.91 (2H, m, COD-
CH), 2.26-2.22 (2H, m, COD-CHy), 2.14-2.00 (6H, m,
COD-CHy).
13C NMR (101 MHz, CDCls): & 175.0 (d 2Jc-p = 10.7 Hz), 161.2 (q Y-8 = 49.9 Hz),
134.3, 133.2, 133.10, 133.06, 131.15, 131.11, 129.7, 129.2, 129.0, 128.8, 128.7,

128.6, 128.4 (q 2Jc.r = 31.2 Hz), 127.1, 124.1 (q Ycr = 273 Hz), 121.5, 116.9, 85.9,
85.7, 80.9, 54.0, 30.5, 30.1.

31p NMR (162 MHz, CDCls): § 18.4 (PPha).
19F NMR (376 MHz, CDCls): § -62.4 (BArF).
1B NMR (128 MHz, CDCls): § -6.6 (BArF).

HRMS (NSI): m/z calculated for CasHaslrN2P [M-PFe]™: 809.2764; found:
809.2766.

BArF

PPhs
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Imidazolium Halide Phosphine
f\ .
N ana P(Me)Ph
Pr E6 (69 mg, 71 pL 0.5 mmol)
(140 mg, 0.5 mmol)
Product Data

Appearance: red powder.
Melting Point (°C): 180-182.
or sar VR (cm™): 2962, 2880, 2361, 1611, 1422,
NN 'H NMR (400 MHz, CDCls): § 7.68 (8H t *J = 2.4 Hz,
N )‘\N Ar-H), 7.58-7.52 (2H, m, Ar-H), 7.50 (4H, s, Ar-H),
'{ iPr 7.47-7.42 (3H, m, Ar-H), 6.94 (2H, s, N-CH), 4.88 (2H,
P(Me),Ph| 901 septJ =6.7 Hz, N-CH-(CHz3)z), 4.42-4.36 (2H, m, COD-
N 0 CH), 3.91-3.85 (2H, m, COD-CH), 2.24-2.15 (4H, m,
Yield=683mg, 94%  oh Chy). 2.10-1.96 (4H, m, COD-CHy), 147 (3H, s,
P-CHs), 1.45 (3H, s, P-CHs), 1.39 (6H, d J = 6.7 Hz,
CH-(CHs),), 1.13 (6H, d J = 6.8 Hz, CH-(CHa)2).
13C NMR (101 MHz, CDCl3): § 171.8 (d 2Jc-p = 10.9 Hz), 161.2 (q, 1Jc-s = 49.8 H2),

134.3, 131.1, 130.2, 130.1, 128.9, 128.8, 128.4 (q 2Jc-r = 31.5 Hz), 124.1 (q Yc-r =
273 Hz), 117.9, 117.0, 86.7, 86.6, 76.4, 52.4, 30.5, 30.3, 23.7, 22.4, 14.8, 14.5.

3P NMR (162 MHz, CDCls): § -12.7 (P(Me)2Ph).
19F NMR (376 MHz, CDCls): § -62.4 (BArF).
1B NMR (128 MHz, CDCl3): § -6.6 (BAIF).

HRMS (NSI): m/z calculated for CasHsolrN2P [M-BArF]*: 589.2451; found:
589.2540.
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Imidazolium Halide Phosphine
™ N-gt
N&%/ PEt;
EU g (59 mg, 74 uL, 0.5 mmol)

(103 mg, 0.5 mmol)

Product

Data

- BArF
Et N /\§
A
AN N
Irl_ Et

PEt;
90m

Yield = 654 mg, 93%

Appearance: red powder.

Melting Point (°C): 208-210.

IR (cm™): 2980, 1610, 1352, 1271, 1117.

'H NMR (400 MHz, CDCls): § 7.68 (8H, t 4 = 2.5 Hz,
Ar-H), 7.51 (4H, s, Ar-H) 6.92 (2H, s, N-CH=CH-N),
4.27 (2H, dq 2] = 13.4 Hz, J = 7.4 Hz, N-CH»-CHs),
4.13-4.10 (4H, m, COD-CH), 3.96 (2H, dq 2J = 13.4 Hz,
J=7.4 Hz, N-CH2-CHg), 2.21-1.94 (8H, m, COD-CHy),
1.50 (6H, quin J = 7.8 Hz, P-CH2-CHg), 1.39 (6H, t J =
7.4 Hz, CH2-CHs), 0.98 (9H, app. dtJ=16.0 Hz,J=7.6
Hz, CH2-CHa).

13C NMR (101 MHz, CDCls): & 174.3 (d 2Jc» = 8.7 Hz), 161.2 (q YJc.s = 49.4 Hz),
134.3, 128.4 (q 2Jcr = 33.3 Hz), 124.0 (q Y. = 273 Hz), 120.0, 116.9, 84.8, 84.6,
44.8,30.9, 30.8, 30.1, 16.0, 15.7, 14.6, 7.3.

31p NMR (162 MHz, CDCls): § 7.4 (PEts).

19F NMR (376 MHz, CDCls): & -62.45 (BArF).

1B NMR (128 MHz, CDCls): 5 -6.62 (BArF).

HRMS (NSI): m/z calculated for CaiHsolrN2P [M-BArF]*: 543.2476; found:

543.2470.
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Imidazolium Halide Phosphine
-
N_
/NJ&/ PPhs
I~ E8 (131 mg, 0.5 mmol)
(112 mg, 0.5 mmol)
Product Data

Appearance: red powder.
Melting Point (°C): 175-177.
IV'e\N‘ N IR (cm™): 2976, 2361, 2330, 1609, 1437.

N )L\‘N\ 'H NMR (400 MHz, CDCls): § 7.75 (8H, t 4J = 2.3 Hz,
I Me Ar-H), 7.55 (4H, s, Ar-H), 7.51-7.45 (3H, m, Ar-H),

90n 7.43-7.37 (6H, m, Ar-H), 7.29-7.21 (6H, m, Ar-H), 6.63

(2H, s, N-CH), 4.33-4.24 (2H, m, COD-CH), 3.91-3.84

(2H, m, COD-CH), 3.41 (6H, s, N-CH3), 2.33-2.21 (4H,

m, COD-CHy), 2.18-2.00 (4H, m, COD-CH>).

13C NMR (101 MHz, CDCls): § 175.5 (d 2Jc-p = 9.8 Hz), 161.9 (q YJc-s = 49.6 Hz),

135.0, 133.7, 133.6, 131.6, 130.5, 130.0, 129.22, 129.15 (q 2Jc-r = 32.7 Hz), 129.1,

124.8 (q YJcr =273 Hz), 123.2, 117.7, 86.0, 85.9, 81.3, 37.1, 31.3, 30.8.

3P NMR (162 MHz, CDCls): & 18.35 (PPha).

19F NMR (376 MHz, CDCly): & -62.42 (BArF).

11B NMR (128 MHz, CDCls): & -6.65 (BArF).

HRMS (NSI): m/z calculated for CaiHssIrN2P [M-BArF]*: 657.2138; found:

657.2118.

BArF

PPhs

Yield = 654 mg, 86%
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Scheme 1.33 New, efficient method for accessing IMes/alkyl-phosphine complexes.

Reactions were carried out using general procedure E. Percentage buried volumes were
calculated using literature data,’® with the equation below. The in-situ generation of
MeCN-stabilised hydride complexes were obtained using general procedure D, and
tabulated as the hydride and corresponding phosphorous shifts (excluding ligands and

counterions).

%BViotar = %BVPR3 + %BVnuc

Solvent Temperature (°C) T('E;e IMes/CI

Mes\

N
DM iosay é/ WA

(320 mg, 0.5 mmol)

Phosphine AX Isolation
PBns PFs ] ]
(152 mg, 0.5 mmol) (92 mg, 0.5 mmol) Trituration from EtOA
Product Data™

Appearance: red powder.

Mes~n PFe  Melting Point (°C): >185 (dec).
N )\N IR (cm%): 2980, 2950.
\/ oen IH NMR (400 MHz, CDCls): § 7.35 (2H, s, N-CH=CH-

78¢  N), 7.28-7.17 (11H, m, Ar-H), 7.14-7.09 (2H, m, Ar-H),
Yield = 343 mg, 650  ©6:85-6.79 (6H, m, Ar-H), 4.64 (2H, m, COD CH), 3.17-
%BV=312+340= 310 (2H, m, COD CH), 2.80 (6H, d “J = 8.8 Hz, P-CH2-
65.2%% Ph), 2.47 (6H, s, Ar-CHa), 2.42 (6H, s, Ar-CHs), 2.25
[H] = -22.74 ppm (6H, s, Ar-CHzs), 1.80-1.67 (2H, m, COD CHy), 1.58-
1.40 (4H, m, COD CHy), 1.35-1.18 (2H, m, COD CHy).
13C NMR (101 MHz, CDCls): § 174.9 (d 2Jcp = 9.2 Hz), 141.1, 137.6, 137.1, 136.2,
134.4, 131.2, 130.8, 129.5, 128.5, 127.9, 127.8, 87.1, 76.1, 32.1, 31.1, 31.0, 21.0,
20.5, 19.9.
3P NMR (162 MHz, CDCls): & -6.9 (PBn3), -144.5 (sep YJr-p = 713 Hz, PFo).
19F NMR (376 MHz, CDCls): § -73.5 (d 1J = 713 Hz, PFe).
MeCN Hydride Complex
'H NMR (400 MHz, CDsCN): -22.74 (d 2Ju-p = 17.2 Hz).
31P NMR (162 MHz, CD3CN): § -11.5 (t 2Jp-n = 17.2 Hz, PBng).
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Phosphine AX Isolation
PnBus PFe Trituration from
(101 mg, 123 pL, 0.5 mmol) (92 mg, 0.5 mmol) EtOAC
Product Data®
Appearance: red powder.
Mes PF, Melting Point (°C): 162-164.
TNTN IR (cm™): 2949, 2870.
AN )L\‘N\ !H NMR (400 MHz, CDCl3): 8 7.23 (2H, s, N-CH=CH-
e N), 7.04 (2H, br s, Ar-H), 6.96 (2H, br s, Ar-H), 4.16-
° lg91a  4.09 (2H, m, COD-CH), 3.68-3.62 (2H, m, COD-CH),

Yield =348 mg, 73%
%BV =31.2+27.2=
58.4%

[H] = -22.26 ppm

2.34 (6H, s, Ar-CH3), 2.28 (6H, s, Ar-CH3), 2.17 (6H, s,
Ar-CHz), 1.91-1.81 (2H, m, COD-CHy), 1.72-1.61 (2H,
m, COD-CHy), 1.51-1.37 (10H, m, COD-CH. & P"Bus-
CHy), 1.26 (6H, app. sextet, J = 7.2 Hz, P"Bus-CHa-
CH2-CH3), 1.15-1.06 (6H, m, P"Bus-CH>), 0.86 (9H, t,
J =7.3 Hz, P"Buz-CH2-CHb).

13C NMR (101 MHz, CDCls): § 175.5 (d 2Jcp = 9.1 Hz), 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.

3P NMR (162 MHz, CDCls): 6 -2.6 (PnBus), -144.4 (sep 1Jp.r = 711 Hz, PFe).
F NMR (376 MHz, CDCls): § -73.8 (d *Jr-p = 711 Hz, PF).

MeCN Hydride Complex

IH NMR (400 MHz, CDsCN): -22.26 (d 2Jn.p = 18.4 Hz).
31p NMR (162 MHz, CDsCN): § -10.1 (t 2Jp.1 = 18.4 Hz, PnBus).
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Phosphine AX Isolation
PEts PFe Trituration from
(59 mg, 74 uL, 0.5 mmol) (92 mg, 0.5 mmol) EtOAC
Product Data
Appearance: red powder.
Mes -\ PFg MeltinglPoint (°C): >170 (dec).
N )L\N :R (cm™): 2989, 2862. | )
I’ Mes H NMR (400 MHz, CDCl3): 6 7.20 (2H, s, N-CH=CH-
PEt; N), 7.05 (2H, br s, Ar-H), 6.98 (2H, br s, Ar-H), 4.16-

91b 410 (2H, m, COD-CH), 3.73-7.67 (2H, m, COD-CH),
Yield =282 mg, 65%  2.33 (6H, s, Ar-CHs), 2.27 (6H, s, Ar-CHs), 2.20 (6H, s,
%BV =31.2+27.1=  Ar-CHs), 1.92-1.82 (2H, m, COD-CHy), 1.70-1.60 (2H,
58.3% m, COD-CHj), 1.57-1.45 (4H, m, COD-CHy), 1.39 (6H,
[H] =-22.30 ppm quinJ = 7.7 Hz, P-CH,-CHz3), 0.84 (9H, app. dt J = 15.1
Hz, J=7.5 Hz, CH,-CHy).
13C NMR (101 MHz, CDCls): 5 176.9 (d 2Jc.p = 8.1 Hz), 140.2, 136.0, 135.7, 134.6,
130.03, 129.98, 126.2, 83.8, 83.7, 73.6, 31.2, 31.01, 30.97, 21.1, 20.3, 19.7, 16.9,
16.6, 8.69, 8.67.
31p NMR (162 MHz, CDCls): & 2.2 (PEts), -144.4 (sep 1Jp.r = 712 Hz, PFe).
19F NMR (376 MHz, CDCls): 6 -73.7 (d *3Jr.p = 711 Hz, PFe).
HRMS (NSI): m/z calculated for CssHsiIr''N.P [M-BArF]*: 721.3386; found:
721.3390.
MeCN Hydride Complex
IH NMR (400 MHz, CD3sCN): -22.30 (d 2Ju.p = 16.9 Hz).
31p NMR (162 MHz, CD3sCN): & -3.6 (t 2Jp-4 = 16.9 Hz, PEt).
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Phosphine AX Isolation
P(Me)2Ph PFe Trituration from
(69 mg, 71 pL 0.5 mmol) (92 mg, 0.5 mmol) EtOAC
Product Data’

Appearance: red powder.
Vs PFe  Melting Point (°C): >195 (dec).
Pt IR (cm): 2982, 2951.
I Mes IH NMR (400 MHz, CDCls): § 7.42-7.32 (3H, m, Ar-
P(Me)Ph | e H) 7.28-7.21 (4H, m, Ar-H & m, N-CH=CH-N), 7.06-
Vield = 342 mg, 779 700 (2H,m, Ar-H), 6.93-6.87 (2H, m, Ar-H), 4.34-4.22
%BV =3124251~ (2H,m, COD CH), 350-3.36 (2H, m, COD CH), 2.36
56.9% (6H, s, Ar-CHs), 2.19 (6H, s, Ar-CHa), 2.12 (6H, s, Ar-
[H] = -21.99 ppm CHs), 1.78-1.41 (8H, m, COD CHy), 1.49 (3H, s, P-
' CHa), 1.47 (3H, s, P-CHa).
13C NMR (101 MHz, CDCla): § 177.6 (d 2Jc.p = 6.9 Hz), 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.

3P NMR (162 MHz, CDCls): 6 -14.1 (PMe2Ph), -145.1 (sep 1Jp-r = 711 Hz, PFe).
F NMR (376 MHz, CDCls): § -73.9 (d YJe.p = 711 Hz, PFe).

MeCN-Hydride Complex

H NMR (400 MHz, CD3CN): -21.99 (d 2Ju-p = 18.5 Hz).

3P NMR (162 MHz, CD3CN): § -26.0 (t 2Jp-n = 18.5 Hz, PEts).
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Phosphine AX
PBns NaBArF
(152 mg, 0.5 mmol) (443 mg, 0.5 mmol)
Product Data

/\Ir)\

“PBn;,

BArF
Mes < N‘/\§
[ §N\
Mes

91c
Yield = 762 mg, 86%

Appearance: red powder.

Melting Point (°C): >175 (dec).

IR (cm™): 2978, 2361, 1495.

'H NMR (400 MHz, CDCls): § 7.79 (8H, t *J = 2.3 Hz,
Ar-H), 7.58 (4H, s, Ar-H), 7.37-7.27 (13H, m, Ar-H),
7.25-7.21 (2H, m, Ar-H), 6.92-6.87 (6H, m, N-CH and
Ar-H), 4.66-4.61 (2H, m, COD-CH), 3.31-3.27 (2H, m,
COD-CH), 2.90 (6H, d 2J = 8.7 Hz, P-CH-Ar), 2.51
(6H, s, Ar-CHg), 2.50 (6H, s, Ar-CH3), 2.33 (6H, s, Ar-
CHz3), 1.86-1.73 (2H, m, COD-CH?>), 1.65-1.49 (4H, m,
COD-CHy), 1.43-1.32 (2H, m, COD-CHy).

13C NMR (101 MHz, CDCls): § 176.5 (d 2Jc-p = 7.7 Hz), 161.2 (q YJc-s = 49.5 Hz),
140.4, 135.6, 135.3, 134.3, 134.2, 132.2, 132.1, 130,0, 129.5, 129.33, 129.28, 128.4
(9 2Jc-F = 32.9 Hz), 128.3, 127.1, 125.7, 124.1 (q YJc-r = 269 Hz), 116.9, 86.1, 85.9,
75.5, 31.3, 31.0, 30, 29.7, 20.5, 19.6, 19.0.

3P NMR (162 MHz, CDCls): 6 -7.98 (PBn3).

F NMR (376 MHz, CDCl3): & -62.42 (BArF).

1B NMR (128 MHz, CDCls): § -6.65 (BArF).

HRMS (NSI): m/z calculated for CsoHs7IrN2P [M-BArF]*: 607.3867; found:

607.3860.
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Phosphine AX
PnBus NaBArF
(101 mg, 123 pL, 0.5 mmol) (443 mg, 0.5 mmol)
Product Data
Appearance: red powder.
Melting Point (°C): 162-164.
IR (cm™): 2965, 2932, 2878, 2359, 2328, 1483, 1466.
Mes < -\ BATF 14 NMR (400 MHz, CDCl3): & 7.73 (8H, t *J = 2.2 Hz,
A }L\‘N Ar-H), 7.54 (4H, s, Ar-H), 7.11 (2H, s, N-CH), 7.06
I, Mes (2H, s, Ar-H), 7.02 (2H, s, Ar-H), 4.18-4.12 (2H, m,
PnBug o1d COD-CHy), 3.74-3.68 (2H, m, COD-CHy), 2.36 (6H, s,

Yield =727 mg, 87%

Ar-CHs), 2.29 (6H, s, Ar-CHs), 2.19 (6H, s, Ar-CH),
1.95-1.84 (2H, m, COD-CHj), 1.72-1.64 (2H, m, COD-
CHy), 1.58-1.38 (10H, m, COD-CH, & CH2-CH,-CHy),
1.28 (6H, sex J = 7.2 Hz, CHy-CH2-CHs), 1.20-1.08
(6H, m, P-CH2-CHy), 0.87 (9H, t J = 7.2 Hz, CH,-CHs).

13C NMR (101 MHz, CDCl3): § 176.7 (d 2Jcp = 8.8 Hz), 161.2 (q Nc.s = 49.9 Hz),
139.9, 135.2, 135.0, 134.3, 133.5, 129.5, 129.3, 128.4 (q %Jcr = 31.8 Hz), 124.9,
124.1 (q Yk = 273 Hz), 116.9, 91.6, 81.5, 73.8, 30.7, 30.3, 26.1, 23.9, 23.7, 23.4,

20.3, 13.6, 18.8, 13.0.

3P NMR (162 MHz, CDCls): § -2.48 (PnBus).

19F NMR (376 MHz, CDCls): & -62.43 (BArF).

1B NMR (128 MHz, CDCly): 6 -6.65 (BArF).

HRMS (ESI): m/z calculated for CaiHeslrN2P [M-BArF]*: 807.4355; found:

807.4358.
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Phosphine AX
PEt3 NaBArF
(59 mg, 74 uL, 0.5 mmol) (443 mg, 0.5 mmol)
Product Data
Appearance: red powder.
Melting Point (°C): >170 (dec).
IR (cm™): 2978, 2901, 2357, 1495
Mes~\ -\ BAF 14 NMR (400 MHz, CDCls): § 7.71 (8H, s, Ar-H), 7.53
A }L\‘N (4H, s, Ar-H), 7.10 (2H, s, N-CH), 7.05 (2H, s, Ar-H),
I’ Mes 7.01 (2H, s, Ar-H), 4.19-4.13 (2H, m, COD-CH), 3.75-
PEt, o1 3.70 (2H, m, COD-CH), 2.34 (6H, s, Ar-CHs), 2.28 (6H,

Yield = 642 mg, 81%

s, Ar-CHa), 2.18 (6H, s, Ar-CHs), 1.93-1.81 (2H, m,
COD-CHy), 1.72-1.61 (2H, m, COD-CHy), 1.60-1.47
(4H, m, COD-CHy), 1.37 (6H, quin J = 7.6 Hz, P-CH,-
CHs), 0.82 (9H, app. dt J = 16.0 Hz, J = 7.6 Hz, CHo-
CHa).

13C NMR (101 MHz, CDCls): § 176.9 (d 2Jc.p = 8.0 Hz), 161.2 (q Nc.s = 49.9 Hz),
140.6, 135.8, 135.6, 135.0, 134.3, 130.2, 130.0, 128.4 (q 2Jcr = 33.1 Hz), 125.6,
122.0 (q Wc.r = 273 Hz), 117.6, 84.2, 84.1, 73.9, 31.1, 30.93, 30.90, 21.0, 20.2, 19.6,

16.9, 16.6, 8.55, 8.51.

31P NMR (162 MHz, CDCls): & 2.1 (PEts).

19F NMR (376 MHz, CDCls): & -62.4 (BArF).

1B NMR (128 MHz, CDCly): 6 -6.65 (BArF).

HRMS (NSI): m/z calculated for CssHsiIrN2P [M-BArF]*: 721.3386; found:

721.3390.
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Phosphine AX
P(Me)2Ph NaBArF
(69 mg, 71 uL 0.5 mmol) (443 mg, 0.5 mmol)
Product Data
Appearance: red powder.
Melting Point (°C): 146-149.
Mes.. sar R (cm™): 2980, 2884, 1609, 1352, 1275, 1117.
. 'H NMR (400 MHz, CDCls): § 7.73 (8H, t *J = 2.4 Hz,
N =N Ar-H), 7.53 (4H, s, Ar-H), 7.44-7.40 (1H, m, Ar-H),
I, Mes 7.35-7.26 (4H, m, Ar-H), 7.18 (2H, s, N-CH=CH-N),
P(Me}Phlg¢  7.08 (2H, s, Ar-H), 6.92 (2H, s, Ar-H), 4.33-4.30 (2H,

Yield =731 mg, 91%

m, COD-CH), 3.46-3.44 (2H, m, COD-CH), 2.39 (6H,
s, Ar-CHs), 2.21 (6H, s, Ar-CHz), 2.11 (6H, s, Ar-CHj3),
1.78-1.48 (8H, m, COD-CH), 1.46 (3H, s, P-CH3), 1.44
(3H, s, P-CHs).

13C NMR (101 MHz, CDCls): § 178.0 (d 2Jc-p = 8.7 Hz), 161.7 (q *Jc-s = 50.3 Hz),
140.3, 135.3, 135.2, 134.8, 134.1, 131.5, 131.4, 130.93, 130.90, 128.9, 128.8, 128.7
(9 Xcr = 33.0 Hz), 125.4, 124.5 (q Jc-r = 273 Hz), 117.4, 83.7, 83.6, 76.3, 31.3,
30.34, 30.31, 20.8, 20.0, 19.0, 16.5, 16.1.

3P NMR (162 MHz, CDCls): § -14.44 (P(Me)2Ph).

9F NMR (376 MHz, CDCls): § -62.40 (BArF).

1B NMR (128 MHz, CDCls): § -6.62 (BArF).

HRMS (NSI): m/z calculated for CarHarI™¥NoP [M-BArF]*: 741.3077; found:

741.3075.

Although synthesised using a different method’® complex 78a was paramterised to

complete the series.

Product Data™
Mes\N‘ N PFs
/\Ir =N MeCN-Hydride Complex
\PPhZ"eS IH NMR (400 MHz, CD3CN): -21.56 (d 2Jn.p = 16.1 Hz).
782 31p NMR (162 MHz, CD3CN): § 18.6 (t 2Jp.s = 16.1 Hz,
%BV =31.2+29.9= PEty).
61.1%

[H] =-21.56 ppm
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Scheme 1.34 Initial testing with new NHC/phosphine catalysts.

Reactions were carried out using general procedure A and analysed by 'H NMR
spectroscopy to calculate the reaction conversion, and the results are tabulated in
Table E1.2. Catalyst separation was carried out by filtration through a pipette of silica,
eluting with Et,O/petroleum ether (30/70).

Solvent Temperature (°C) Time (min)
DCM
(8 mL) 25 30
Substrate

O
., )

(73 mg, 0.4 mmol) (58 mg, 0.4 mmol)
Product Data® "2
Melting Point (°C): 50-51.

IR (cm™): 3057, 3026, 2916, 2855.
1H NMR (400 MHz, CDCls): § 7.33-7.29 (4H, m, Ar-
O H), 7.25-7.21 (6H, m, Ar-H), 2.95 (4H, s, Ar-CHy).
94 13C NMR (101 MHz, CDCls): & 141.3, 130.0, 125.4,
@)
6

37.5 (2 signals overlap).

Data was consistent with that reported on page 88.
8
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Complex

Conversion (%)

93

85

Run

Run

1

2

Ave 1 5

Ave

Bn\N‘ A
1 L
\I )\N\
Ny Bn

PPh,

(1.9 mg, 2.0 um

PFe

90a
ol)

<5

<5

<5 <5 «<§

<5

CY\ N‘/\§
N =
Ir. Cy

“PPh,

PFg

90b

<5

<5

<5 <5 <5

<5

|Pr\N‘/\§
NP
Ir iPr

“PPh,

(1.9 mg, 2.0 pmol)

PFs

90c

<5

<5

<5 <5 <5

<5

Et\N‘ A
N =
Ir Et

“PPh,

(1.7 mg, 2.0 um

_(1.7 mg, 2.0 pr_nol)

PFe

90d
ol)

<5

<5

<5 <5 <5

<5

Me\N|/\§
NP
Ir Me

“PPh,

_(1.6 mg, 2.0 m;lol)

PFs

90e

<5

<5

<5 <5 <5

<5

Bn\NI/\§

N,/ N

PFe

18

17

18 <5 <5

<5

90g

(1.8 mg, 2.0 umol)

18

18

18 <5 <5

<5
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iPr\N‘/%

/\ L‘N\
N |{ iPr
/ P(Me),Ph
(1.5 mg, 2.0 um

PFe

90h
ol)

<5

<5

<5

Et\N‘ A
] ==
AN )\ N,

Irl Et

PEt,

(1.4 mg, 2.0 um

PFe

90i
ol)

13 8

11

<5

<5

<5

Me\N./\§
NP
Ir Me

“PEt,

PFe

90

_(1.3 mg, 2.0 pr_nol)

19 16

18

<5

<5

<5

/\Ir)\

Mes\N/\§
‘L~
N\
Mes
“PPh;,

(2.0 mg, 2.0 um

PFe

78a
ol)

18 16

17

26

27

27

Mes\N‘ N
N\ )L\\ N

Ir\ Mes

P(Me),Ph

PFe

78b
ol)

95 89

92

100

100

100

(1.8 mg, 2.0 um

PFs

(2.1 mg, 2.0 umol)

78c

100 95

98

100

100

100

PFe

97 100

99

100

100

100

91b

(1.7 mg, 2.0 umol)

100 98

99

100

100

100
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Bn\N‘/\§
/ - _
N\ )\N\

Ir Bn

“PPh;

(3.3 mg, 2.0 umol)

| BArF

90k

<5

<5

<5

<5 «<§ <5

iPr\N‘/\§
N =N

|{ iPr
P(Me),Ph

_(2.9 mg, 2.0 umol)

BArF

90l

<5 <5 <5

Et<

NN
N
Ir Et

“PEt,

] (2.8 mg, 2.0 u;nol)

BArF

90m

<5 <5 <5

Me\N‘ AN

1 L=

\I)\N\
' Me

PPhs

BArF

90n

(3.0 mg, 2.0 umol)

<5

<5

<5

<5 <5 <5

BArF

49

54

52

34 32 33

96

94

95

100 100 100

91d

" (3.3 mg, 2.0 umol)

98

100

99

100 100 100
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Mes <

NN
N\ )L\\N\
Ir_. Mes

PEt,

i (3.2mg, 2.0 urzl

| BArF

91e
ol)

100 98 99 100 100 100

Mes\N‘/\§
o
AN )\ N
Ir\ Mes
P(Me),Ph

(3.2 mg, 2.0 ym

BArF

91f
ol)

92 95 94 100 100 100

Table E1.2
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6.3. Directing Group Assisted Olefin Hydrogenation

Scheme 1.35 Comparison with Crabtee’s catalyst.

Reactions were carried out using general procedure A and analysed by 'H NMR
spectroscopy to calculate the reaction conversion, and are tabulated in Table E1.3.
Catalyst separation was carried out by filtration through a pipette of silica, eluting with
Et>O/petroleum ether (30/70).

Substrate Solvent Temperature (°C) Time (min)
o)
S DCM 25 30
85 (8 mL)
(58 mg, 0.4 mmol)
Product Data"
0

©/\)J\ Data was consistent with that reported on page 88.
86
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Conversion (%)

Complex Run

1 5 Ave

PF
Mes\N A 6

\
-

/ N
\quL\ Mes 100 100 100
P(Me),Ph

78b

(1.8 mg, 2.0 umol)

BArF
Mes < Nf\}
- _
/ \ N

|I’\ Mes 100 100 100

P(Me),Ph
(Me), 91f

(3.2 mg, 2.0 umol)

PFe
\\I /PCy
AN 26 30 28
P
Y Py 20
(1.5 mg, 2.0 umol)

BArF

! PCy

I/
AN

v ey 21 23 25

96
(2.7 mg, 2.0 pmol)

Table E1.3
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Experimental design to identify optimised conditions for directing group assisted

hydrogenation.

Experimental design was used to assess the effect of varying the catalyst loading,
reaction time and reaction concentration. As such, ‘high’ and ‘low’ values for each of
the three variables were chosen. To generate a series of experiments to study optimal
conditions within the variable ranges chosen, Design Expert™ software v10.0
(Stat_Ease Inc., minneappolis, Mn) was used. This generated a two-level, three-
factorial design containing three centre points, giving 11 experiments in total. The
conversion of 85 was used as the response. The reactions were carried out according
to general procedure A and analysed by *H NMR spectroscopy. (Table E1.4).

Complex Substrate Solvent Temg)oeé;iture
Mes BArF O
\Nl/\§ \
/\Ir)-; N‘M 85 DCM 25
es
“P(Me)Ph [ (146 mg, 1.0
mmol)
Product Data’?
0

w Data was consistent with that reported on page 88.
86
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Variable Variable B: Variable
A: 91f o C: Response:
Reaction DCM . .
Run? Catalyst (mg, . Reaction  Incorporation
. Concentration  (mL) .
Loading umol) (molLY) Time (%D)
(mol%) (min)
1 8.0,
(+-) 0.5 50 0.05 20 0.5 75
2 4.8,
(5%) 0.3 30 0.225 4.4 1.75 53
3 1.6,
(-—4) 0.1 10 0.05 20 3 35
4 4.8,
(%) 0.3 30 0.225 4.4 1.75 52
5 1.6,
(=) 0.1 10 0.05 20 0.5 10
6 8.0,
(++7) 0.5 50 0.4 2.5 0.5 22
7 8.0,
(+44) 0.5 50 0.4 2.5 3 100
8 4.8,
(%) 0.3 30 0.225 4.4 1.75 52
9 8.0,
(+-4) 0.5 50 0.05 20 3 100
10 1.6,
(-+) 0.1 10 0.4 2.5 0.5 7
11 1.6,
(-+4) 0.1 10 0.4 2.5 3 12

2 symbol in parentheses indicate points in the design; + high, * mid and — low.

Table E1.4

Run 2, 4 and 8 represent the centre points of the design. These are employed in order
to:

Q) Assess any curvature in the response of incorporation changes in the
variables; and

(i) Assess the repeatability of the hydrogen isotope exchange reaction.

A response surface was created in the same design program. This generated a half-
normal plot inferring that increasing the catalyst loading and reaction time had a
positive impact upon the hydrogenatin reaction, with increasing reaction concentration
having a negative impact. Furthermore, it indicated the order of significance of each
factor; Catalyst Loading > Reaction Time > Substrate Concentration (Graph E1.1).
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Design-Expert® Software

Ln(Conversion) Ha|f-NOI’ma| P|Ot
A Error estimates >
A: Catalyst Loading =
B: Substrate Concetration = 95 —|
C: Time o - .
a © A-Catalyst Loading
= Negative Effects o |
o 90 —
= E
o E
E C-Time
X 80 |
e o .
< 70 = B-Substrate Concetration
=
° ABC
z
' 50 — =
=
© m
T -
30 A
20 = N
10
=
0= @
T T T T T
0.00 0.40 0.80 1.20 1.60
|Standardized Effect|
Graph E1.1

Further implementation of the design software generated Graph E1.2. By plotting
reaction time and catalyst loading at the fixed optimal reaction concentration (0.1
molL™?), it can be seen that moderately elevated catalyst loading and reaction time
leads to the optimised conditions (0.5 mol%, 0.1 molL?, 2 h).

Design-Expert® Software
Factor Coding: Actual
Original Scale
Conversion (%)

100

6.8

X1 = A: Catalyst Loading
X2 = C: Time 150

Actual Factor
B: Substrate Concetration = 0.1

Conversion (%)
3

0.3

0.2

. ; 0
C: Time (hours) A: Catalyst Loading (mol%)

05 0.1

Graph E1.2

Finally, provided below is a graph of Residuals versus Predicted plot. This is a plot of
the residuals versus the ascending predicted response values (low incorporation to high

incorporation), and tests the assumption of constant variance in the data (Graph E1.3).
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Design-Expert® Software
Ln(Conversion)
(adjusted for curvature)

Color points by value of
Ln(Conversion):

HA.GOS
1.917

Externally Studentized Residuals

Residuals vs. Predicted

Chapter 1

6.00 —

4.00 —

2.00 —

0.00 —

-2.00 —|

-4.00 —|

-6.00 —|

Graph E1.3

Predicted
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Scheme 1.36 Directing group assisted hydrogenation of further substrates.

Reactions were carried out using general procedure A and analysed by 'H NMR
spectroscopy to calculate the reaction conversion. Isolation of each reaction was

carried by flash column chromatography under the given conditions.

Complex Solvent Temperature (°C) Time (h)
MeS\N‘ A BArF
N = DCM
Ir\ Mes (4 mL) 25 2
P(Me),Ph
91f

(3.2 mg, 2.0 umol)

Substrate
0
N
85
(58 mg, 0.4 mmol)
Product Data"
0
Data was consistent with that reported on page 88.
86
Conversion Chromatography Yield
(%) Conditions (mg, %)
100 (Et2O/Pet Ether, 58.1 mg, 98%

10/90)
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Substrate
@)
AN
MeO 97a
(70 mg, 0.4 mmol)
Product Data®’
IR (cm™): 3049, 2958, 1677.
o !H NMR (400 MHz, CDClg): & 7.11-7.02 (2H,
m, Ar-H), 6.83-6.76 (2H, m, Ar-H), 3.75 (3H, s,
O-CHj3), 2.85-2.77 (2H, m, CHy), 2.74-2.61 (2H,
98a m, CH), 2.10 (3H, s, CO-CHj).
MeO 13C NMR (101 MHz, CDCls): & 208.2, 158.1,
133.1, 129.3, 114.0, 55.3, 45.6, 30.2, 29.0.
Conversion Chromatography Yield
(%) Conditions (mg, %)
Et,O/Pet Ether,
100 ( 10/90) 69.2, 97
Substrate
0
MeO A
97b
(70 mg, 0.4 mmol)
Product Data®
IR (cm™): 3021, 2849, 1707.
'H NMR (400 MHz, CDCls): § 7.19-7.15 (1H,
0 m, Ar-H), 6.76-6.71 (3H, m, Ar-H), 3.76 (3H, s,
MeO O-CHzs), 2.86-2.83 (2H, m, CHy), 2.75-2.71 (2H,
m, CH), 2.11 (3H, s, CO-CHj).
98b 13C NMR (101 MHz, CDCls): § 207.9, 159.9,
142.8, 129.6, 120.7, 114.2, 111.5, 55.2, 45.2,
30.1, 29.9.
Conversion Chromatography Yield
(%) Conditions (mg, %)
Et.O/Pet Ether,
100 ( 10/90) 69.9, 98
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Substrate
OMe O
X
97¢c
(70 mg, 0.4 mmol)
Product Data®
IR (cm™): 3025, 2987, 1690.
'H NMR (400 MHz, CDCls): 6 7.23-7.14 (2H, m, Ar-
OMe Q H), 6.91-6.85 (2H, m, Ar-H) 3.84 (3H, s, O-CHa)
2.92-2.89 (2H, m, CH>), 2.76-2.73 (2H, m, CH>), 2.15
98¢ (3H, s, CO-CHg).
13C NMR (101 MHz, CDCla):  208.7, 157.5, 130.0,
129.4, 127.6, 120.6, 110.3, 55.3, 43.8, 30.0, 25.1.
Conversion Chromatography Yield
(%) Conditions (mg, %)
Et,O/Pet Ether,
100 ( 10/90) 69.8, 98
Substrate
0
X
97d
(86 mg, 0.4 mmol)
Product Data®
IR (cm™): 3026, 2927, 2852, 1705.
'H NMR (400 MHz, CDCls): & 7.31-7.27 (2H,
m, Ar-H), 7.20-7.17 (3H, m, Ar-H), 2.90-2.87
0 (2H, m, CHy), 2.78-2.75 (2H, m, CH>), 2.35-2.90
(1H, m, Cy-CH), 1.82-1.76 (4H, m, Cy-CHy),
1.68-1.65 (1H, m, Cy-CH), 1.36-1.15 (5H, m,
98d Cy-CHz & Cy-CH).
13C NMR (101 MHz, CDCls): & 213.1, 141.4,
128.4, 128.3, 126.0, 51.0, 42.2, 29.8, 28.4, 25.9,
25.7.
Conversion Chromatography Yield
(%) Conditions (mg, %)
Et,O/Pet Ether,
100 ( 10/90) 82.2,95
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Substrate
0
/\/\)J\
97e
(45 mg, 0.4 mmol)
Product Datal®
IR (cm™): 3029, 2934, 2874, 1692.
1H NMR (400 MHz, CDCl3): § 2.40 (2H, t, J = 7.4
/\/\)‘j\ Hz, CO-CH.-CHy), 2.12 (3H, s, CO-CHs), 1.56 (2H,
quin J = 7.4 Hz, CH2-CH2-CH>), 1.34-1.23 (4H, m,
98e CHz2), 0.88 (3H, t J = 7.1 Hz, CH»>-CH&).
13C NMR (101 MHz, CDCls): & 209.3, 43.8, 31.4,
29.8, 23.5, 22.4, 13.9.
Conversion Chromatography Yield
(%) Conditions (mg, %)
Et,O/Pet Ether,
100 ( 10/90) 43.4,95
Substrate
o]
X
97f
(50 mg, 0.4 mmol)
Product Data'%*
IR (cm™): 3042, 2963, 2905, 1712.
o) 'H NMR (400 MHz, CDCls): 6 2.44-2.40 (2H, m,
N CHy), 2.18 (3H, s, CO-CH3), 1.52-1.48 (2H, m, CHy),
0.91 (9H, s, C-(CH3)3).
98f 13C NMR (101 MHz, CDCls): § 209.2, 39.1, 37.0,
29.5,29.1, 28.8.
Time Conversion Chromatography Yield
(h) (%) Conditions (mg, %)
2 32 N/A N/A
Et>O/Pet Ether,
16 100 ( 10/90) 48.7, 95
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Substrate

(@]
N
979 O

(89 mg, 0.4 mmol)

Product Datal®?

IR (cm™): 3049, 3020, 2922, 2864.

IH NMR (400 MHz, CDCls): 5 8.00-7.97 (2H,

m, Ar-H), 7.60-7.56 (1H, m, Ar-H), 7.50-7.46
Q (2H, m, Ar-H), 7.19-7.12 (4H, m, Ar-H), 3.33-

3.29 (2H, m, CHy), 3.08-3.04 (2H, m, Ar-H),
98g 2.35 (3H, m, Ar-Cﬂg).

13C NMR (101 MHz, CDCls): § 198.8, 137.7,
136.4,135.1,132.5,128.7,128.1, 127.8, 127.5,

40.1, 29.2, 20.5.
Conversion Chromatography Yield
(%) Conditions (mg, %)
(Et.O/Pet Ether,
100 10/90) 88.8, 99
Substrate
o}
97h
(50 mg, 0.4
mmol)
Product Data'®®
IR (cm™): 2932, 2961, 1683.
o 'H NMR (400 MHz, CDCls3): 6 2.37-2.30 (1H, m, Cy-CH), 2.14

(3H, s, CO-CHs), 1.90-1.84 (2H, m, Cy-CHy), 1.82-1.77 (2H, m,
Cy-CHy), 1.71-1.66 (1H, m, Cy-CH), 1.39-1.19 (5H, m, Cy-CH, &

98h  Cy-CH).
13C NMR (101 MHz, CDCls): § 212.2, 51.0, 28.0, 27.3, 25.4, 25.1.
o1f Time Conversion Chromatography Yield
(mg, umol) (h) (%) Conditions (mg, %)
(32mg 20 21 N/A N/A
pumol)
(6.4mg, 40 4g 100 (Et,O/Pet Ether, 10/90)  49.5, 98
pumol)
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Substrate

(205 mg, 0.4 mmol)

Product Data

IR (cm%): 3019, 2926, 2860, 1680.

IH NMR (400 MHz, CDCl3): & 7.64 (1H, dd, J = 7.6
Hz, %)= 1.6 Hz, Ar-H), 7.39 (1H, td, J= 7.5 Hz, 4 = 1.5
Hz, Ar-H), 7.30-7.27 (1H, m, Ar-H), 7.23-7.21 (1H, m,
Ar-H), 7.09 (4H, s, Ar-H), 3.28 (1H, dd, 2J = 13.7 Hz,
3J = 5.5 Hz, Ar-CH), 3.18-3.10 (1H, m, CH), 3.05-2.91
(2H, m, CHy), 2.73 (1H, dd, 2J = 13.7 Hz, 3 = 7.1 Hz,
Ar-CH), 2.33 (3H, s, Ar-CHs), 2.05-2.02 (1H, m, CH),
1.94-1.88 (1H, m, CH), 1.72-1.58 (2H, m, CHy).

13C NMR (101 MHz, CDCl): & 197.9, 1415, 139.5,
136.6, 135.0, 130.7, 129.3, 128.50, 128.46, 127.8,
125.9, 51.1, 36.0, 33.2, 29.9, 25.0, 20.5.

HRMS (APCI): m/z calculated for C19H210 [M+H]*:
265.1587; found: 265.1585.

o1f Time Conversion  Chromatography \((r'ﬁld
(mg, pmol) (h) (%) Conditions %?’
(3.2 mg, 2.0 pmol) 2 29 N/A N/A

(Et2O/Pet Ether, 104.7,

(6.4 mg, 4.0 umol) 16 100 10/90) 99
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Substrate

O

A
O W

(89 mg, 0.4 mmol)

Product Datal®

IR (cm%): 3050, 2980, 2965, 1682.

IH NMR (400 MHz, CDCls): § 7.97-7.94 (2H,
m, Ar-H), 7.57-7.55 (1H, m, Ar-H), 7.49-7.45
(2H, m, Ar-H), 7.33-7.29 (4H, m, Ar-H), 7.24-

o 7.20 (1H, m, Ar-H), 3.58-3.50 (1H, m, Ar-CH),
3.33 (1H, dd, 2J = 16.4 Hz, %) = 5.7 Hz, CO-
98] CH), 3.21 (1H, dd, 2J = 16.4 Hz, 3J = 8.2 Hz,

CO-CH) 1.37 (3H, d, J = 7.0 Hz, CH-CHs).
13C NMR (101 MHz, CDCls): 5 198.6, 146.1,
136.8, 132.5, 128.1, 128.0, 127.6, 126.4, 125.8,

46.6, 35.1, 21.4.
91f Temperature Time Conversion Chromatography \((r'nEId
(mg, pmol) (°C) (h) (%) Conditions 0 ?
(3.2 mg, 2.0 25 2 0 N/A N/A
pumol)
(12.8 mg, 8.0 (Et.O/Pet Ether, 88.8
umol) 3 40 100 10/90) 99
Substrate
o)
AN O)J\O/
97k
(77 mg, 0.4 mmol)
Product Datal%
IR (cm™): 3026, 2957, 1746, 1260.
'H NMR (400 MHz, CDCls): 8 7.34-7.29 (2H,
0 m, Ar-H), 7.24-7.20 (3H, m, Ar-H), 4.19 (2H,
. t, J = 6.6 Hz, O-CH.-CH), 3.81 (3H, s, O-
o 0 CHa), 2.76-2.72 (2H, m, Ar-CH»-CHy), 2.06-
93k 1.99 (2H, m, CH2-CH,-CH>).
13C NMR (101 MHz, CDCls): & 155.3, 140.5,
128.0, 127.9, 125.6, 66.9, 54.2, 31.4, 29.8.
Conversion Chromatography Yield
(%) Conditions (mg, %)
(Et2O/Pet Ether,
100 10/90) 75.4, 97
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Substrate
o]
N"oH
971
(59 mg, 0.4 mmol)
Product Datal%
I.R. (cm™): 3086 (br), 2934, 1695.
0 IH NMR (400 MHz, CDCls): & 7.33-7.30 (2H,
m, Ar-H), 7.24-7.22 (3H, m, Ar-H), 3.00-2.96
OH (2H, m, CHy), 2.72-2.69 (2H, m, CHy).
%l 13C NMR (101 MHz, CDCls): & 178.7, 140.4,
128.8, 128.5, 126.6, 35.7, 30.8.
Conversion Chromatography Yield
(%) Conditions (mg, %)
Et.O/Pet Ether,
100 ( 10/90) 57.1,95
Substrate
0
/@/\)‘\O/\
Br 84
(102 mg, 0.4 mmol)
Product Data’
IR (cm™): 2978, 1730, 1490.
'H NMR (400 MHz, CDCls): 6 7.42-7.35
0 (2H, m, Ar-H), 7.08-7.03 (2H, m, Ar-H),

/O/\)‘\O/\
Br E3

4.10 (2H, q J = 7.2 Hz, O-CH,-CHs), 2.88
(2H, tJ = 7.2 Hz, CHy), 2.61-2.54 (2H, m,
CHy), 1.21 (3H, t J = 7.2 Hz, CH,-CHb).

13C NMR (101 MHz, CDCls): § 172.1,
139.1, 131.0, 129.6, 119.5, 60.0, 35.2,

29.9, 13.7.
Conversion Chromatography Yield
(%) Conditions (mg, %)
(Et.O/Pet Ether,
100 10/90) 97.7,95
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Substrate
O
NN N/\
97m K
(81 mg, 0.4 mmol)
Product Datal®’
IR (cm™): 3026, 2972, 2932, 2874, 1636, 1452, 1429.
'H NMR (400 MHz, CDCls): & 7.33-7.29 (2H, m, Ar-
o H),7.26-7.20 (3H, m, Ar-H), 3.40 (2H, q J = 7.2 Hz, N-
N CH2-CHj3), 3.25 (2H, q J = 7.2 Hz, N-CH2-CH3), 3.03-2.99
K (2H, m, CH»), 2.64-2.60 (2H, m, CH2), 1.14 (3H, tJ=7.2
98m Hz, CH2-CHs), 1.13 (3H, t J = 7.2 Hz, CH2-CHba).
13C NMR (101 MHz, CDCls): 6 208.7, 157.5, 130.0, 129.4,
127.6, 120.6, 110.3, 55.3, 43.8, 30.0, 25.1.
91f Conversion Chromatography Yield
(mg, umol) (%) Conditions (mg, %)
(3.2 mg, 2.0 pmol) 87 N/A N/A

(6.4 mg, 4.0 pmol)

100 (Et,O/Pet Ether, 10/90) _ 78.8, 99

Substrate

(60 mg, 0.4
mmol)

Product

Data'®®

IR (cm™): 3028, 2918, 1547.
o IH NMR (400 MHz, CDCla): & 7.38-7.27 (3H, m, Ar-H), 7.25-
Nt 7.23 (2H, m, Ar-H), 4.64 (2H, t, J = 7.4 Hz, CHy), 3.35 (2H, t,

NZ
(j/V O J=7.4Hz, CHy).
9%n  13c NMR (101 MHz, CDCls): 5 135.1, 128.5, 128.1, 126.9,

75.8, 33.0.
91f Time Conversion Chromatography Yield
(mg, umol) (h) (%) Conditions (mg, %)
(3:2mg, 2.0 36 N/A N/A
umol)
(64mg, 40 4 100 (Et;O/Pet Ether, 10/90) 57.4, 95
umol)
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Substrate

o
970

(59 mg, 0.4
mmol)

Product Data'®

IR (cmY): 2982, 1715, 1269.
o IH NMR (400 MHz, CDCls): & 8.04-8.02 (2H, m, Ar-H), 7.55-
751 (1H, m, Ar-H), 7.44-7.39 (2H, m, Ar-H), 4.36 (2H, g, J =
| :| © 7.1 Hz, O-CH,-CH3), 1.38 (3H, t, J = 7.1 Hz, CH2-CH).
%0  13c NMR (101 MHz, CDCls): & 166.1, 132.3, 130.0, 129.0,
127.8, 60.4, 13.8.

91f Time Conversion Chromatography Yield
(mg, umol) (h) (%) Conditions (mg, %)
(3.2 mg, 2.0 2 23 N/A N/A
umol)
(6.4mg, 40 4¢ 100 (E;O/Pet Ether, 10/90)  58.9, 98
umol)
Substrate
OH
24
(62 mg, 0.4
mmol)
Product Data?>110

IR (cm™): 3102 (br), 3024, 2976.

on  'H NMR (400 MHz, CDCla): 8 1.90-1.77 (3H, m, CHz & cu
R (CHa)2), 1.69-1.61 (2H, m, CHy), 1.59-1.50 (1H, m, CH-CHs3), 1.33-
1.25 (2H, m, CHy), 1.12-1.03 (2H, m, CHy), 0.90 (3H, d J = 6.6 Hz,

CH-CHs), 0.88 (6H, d J = 6.9 Hz, CH-(CHs)z).
26 13C NMR (101 MHz, CDCls): § 72.6, 38.6, 33.7, 32.4, 30.4, 20.4,
16.9.

Conversion
(%)
65
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Scheme 1.37 Further investigations of diastereoselective hydrogenation.

Reactions were carried out using general procedure A and analysed by *H NMR to

attain the reaction conversion, and are tabulated in Table E1.5. Catalyst separation

was carried out through a pipette of silica eluting with Et,O/petroleum ether (30/70).

The degree of diastereoselective was assessed by GC-FID.

Substrate Solvent Temperature (°C) Time (h)
OH
DCM
8 mL) 25 1
24
(62 mg, 0.4 mmol)
Product Data?>110
IR (cm™): 3102 (br), 3024, 2976.
'H NMR (400 MHz, CDCls): 6 1.90-1.77 (3H, m, CH. &
CH-(CHs3),), 1.69-1.61 (2H, m, CH>), 1.59-1.50 (1H, m, CH-
OH CHz), 1.33-1.25 (2H, m, CH2), 1.12-1.03 (2H, m, CH>), 0.90
‘ (3H, d J = 6.6 Hz, CH-CH3), 0.88 (6H, d J = 6.9 Hz, CH-
(CHa)2).
26 13C NMR (101 MHz, CDCls): 4 72.6, 38.6, 33.7, 32.4, 30.4,

204, 16.9.

GC (FID): 25 (minor diastereomers) 4.42, 26 (major
diastereomer) 4.58, 24 (starting material) 4.78.
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Complex

Conversion (%)
(d.r.)

Run

1 5 Ave

Mes <

NTN
N /ON
I Mes

“PPh,

(2.0 mg, 2.0 pm

PFe

78a
ol)

100 100 100
(99:1) (99:1) (99:1)

Mes\N A
e

Ir I
\ Mes

PFe

78b

P(Me),Ph

ol)

48 44 46

_(1.8 mg, 2.0 um

PFe

12 16 14

81 81 81

_(1.7 mg, 2.0 un;

91b
ol)

77 83 80

Mes\N/»
‘L~
N\
Mes

/\Ir)\

“PPh,

(3.5 mg, 2.0 um

BArF

82c
ol)

100 100 100
(99:1) (99:1) (99:1)

Mes <

NN
N )L\\N\
Ir_. Mes

PBn3

i (3.5 mg, 2.0 },Ll’;l

BArF

91c
ol)

45 55 50
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Ir_. Mes
PnBus

" (3.3 mg, 2.0 pmol)

| BArF

25
91d
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27

Mes\N‘/»
o
I\ )\N\
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“PEt,

i (3.2mg, 2.0 p,r;l

BArF

92

91e
ol)

92

92
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I\ )\ N
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P(Me),Ph

BArF

88
91f

" (3.2 mg, 2.0 umol)

84
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Table E1.5
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Graph 1.3 Solvent diversity in directing group assisted hydrogenation catalysts.

Reactions were carried out using general procedure A and were analysed by *H NMR
spectroscopy to calculate the reaction conversion and are tabulated in Table E1.6.
Catalyst separation was carried out by filtration through a pipette of silica eluting with
Et>O/petroleum ether (30/70).

Substrate Solvent Temperature (°C) Time (h)
0
X DCM . )
85 (4 mL)
(58 mg, 0.4 mmol)
Product Data’
o)

©/\)‘\ Data was consistent with that reported on page 88.
86

Conversion (%)
Complex Solvent Run
ﬁ Ave
DCM 100 100 100
DCE 100 100 100
PhMe 100 100 100
TFT 100 100 100

PhCI 70 74 72

Vessny, [P T THE 8§ 23 16
N L*N\ 2-MeTHF 31 45 38
K Mes EtOH 56 53 55
P(Me)sPh | iPrOH 100 100 100
tAmylOH 100 100 100

(3'2 mg, 2.0 umol) EtOAC 52 64 58

iPrOAC 100 100 100
Diethyl Ether 17 12 15
DMFL 18 20 19
CPME 100 100 100
DMC 74 90 82
DEC 100 100 100
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DCM 100 100 100

DCE 100 98 99

PhMe 64 62 63

TET 78 82 80

PhCI 32 30 31

THF 1 2 2

Mes~\ -, |PFe ~ 2-MeTHF 11 13 12
/ Lo EtOH 25 26 26
S /lr\ Mes iPrOH 32 34 33
7 PMepPh| . tAmylOH 45 52 49
(1.8 mg. 2.0 pmol) EtOAc 11 16 14
' > iPrOAc 56 62 59
Diethyl Ether 11 12 12

DMFL 9 10 10

CPME 45 42 44

DMC 58 62 60

DEC 66 67 67

DCM 27 28 28

DCE 58 49 54

PhMe 1 2 2

TET 32 13 23

PhCI 15 8 12

THF 2 2 2

/ PF, 2-MeTHF 2 2 2
\. _PCy EtOH 3 5 4
S Npy iPrOH 5 7 6
G 20 " tAmyloH 5 7 6
(1.5 mg, 2.0 pmol) EtOAC 7 12 10
iPrOAC 9 6 8

Diethyl Ether 0 0 0

DMFL 0 0 O

CPME 0 1 1

DMC 20 26 23

DEC 20 15 18
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Graph 1.4 Solvent diversity in diastereoselective hydrogenation.

Reactions were carried out using general procedure A and analysed by 'H NMR
spectroscopy to calculate the reaction conversion and results are tabulated in Table
E1.7. Catalyst separation was carried out by filtration through a pipette of silica eluting
with Et2O/petroleum ether (30/70). The degree of diastereoselective was assessed by
GC-FID.

Complex Temperature Time
Substrate Solvent o
W9) (h)
MeS\N‘/\§ BArF
OH / ):N
< \Ir M
es
“PPhg DCM o5 5
82c  (4mL)
24
(62mg, 0.4mmol) (3.5 mg, 2.0 pmol)
Product Data®110
OH
Data was consistent with that reported on page 134.
26
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Conversion (%) d.r.
Solvent - Run2 Ave - Run . Ave
DCM 100 100 100 98.5 99.0 98.7
DCE 100 100 100 98.7 99.9 99.3
PhMe 42 34 38 89.1 836 86.4
TFT 100 100 100 99.5 99.7 99.6
PhCI 95 98 96 99.9 99.7 99.8
THF 97 95 96 99.9 99.9 99.9
2-MeTHF 66 74 70 99.9 99.9 99.9
EtOH 11 6 9 945 98.1 96.3
iPrOH 86 80 83 989 994 099.1
tAmylOH 88 88 88 99.8 99.8 99.8
EtOAC 100 100 100 99.9 99.9 99.9
iPrOAC 100 100 100 99.5 99.9 99.7
Diethyl Ether 100 100 100 99.4 99.7 99.4
DMFL 100 100 100 99.6 99.0 99.3
CPME 90 96 93 99.9 99.9 99.9
DMC 100 100 100 99.8 99.8 99.8
DEC 50 56 57 99.0 99.0 99.0

Table E1.7
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Table 1.8 Chemoselectivity investigations; the effect of different directing groups and

solvents.

Reactions were carried out using general procedure A and analysed by GCMS to
establish the reaction conversions used to calculate the selectivity. Catalyst separation
was carried out by filtration through a pipette of silica eluting with EtoO/petroleum
ether (30/70).

Complex Solvent  Temperature (°C) Time (h)
MeS\N‘ AN BArF
/ \ L~N
" Mes (4 mL) 25 1
P(Me)Ph | o o
(3.2 mg, 2.0 umol)
Additive Product

(73 mg, 0.4 mmol)
Retention time (min)
13.28 12.12
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Substrate Product

O
O

AN
85
O

(58 mg, 0.4 mmol)

Retention time (min)

11.01 10.21
Solvent Conversion (%) Selectivit
(Dielectric constant) Substrate Additive y
DCM (9.14) 82.9 12.3 87.1:12.9
tAmylOH (15.8) 100 24.1 80.6:19.4
iPrOH (20.18) 98.5 15.8 86.2:13.8
EtOH (25.30) 63.5 3.7 94.6:5.4
PhMe (2.29) 61.4 3.7 94.3:5.7
PhCI (5.69) 64.7 7.3 90:10
Diethyl Ether (4.27) 17.6 1.5 92:8
DMFL (2.64) 38.0 1.9 95:5
Substrate Product
o o}
/\/\)J\ /\/\)J\
97e 98e
(45 mg, 0.4 mmol)
Retention time (min)
7.32 6.74
Solvent Conversion (%) Selectivit
(Dielectric constant) Substrate Additive y
DCM (9.14) 41.6 11 97.6:2.4
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Substrate Product

O
®)

O
a0
g O 989

(89 mg, 0.4 mmol)

Retention time (min)

15.38 14.55
Solvent Conversion (%) Selectivit
(Dielectric constant) Substrate Additive y
DCM (9.14) 39.4 7.3 84.4:15.6
PhMe (2.29) 52.3 4.0 92.9:7.1
Substrate Product
SN i 0
971 > o
98l
(59 mg, 0.4 mmol)
Retention time (min)
11.51 11.91
Solvent Conversion (%) Selectivit
(Dielectric constant) Substrate Additive y
DCM (9.14) 100 32.0 75.8:24.2
Substrate Product
N i 9
Br 84 Br E3
(102 mg, 0.4 mmol)
Retention time (min)
12.80 12.14
Solvent Conversion (%) Selectivit
(Dielectric constant) Substrate Additive y
DCM (9.14) 35 49.2 6.6:93.6
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Substrate Product
e i Q
N
97mNK N/\
98m K

(81 mg, 0.4 mmol)

Retention time (min)

13.96 13.15
Solvent Conversion (%) Selectivit
(Dielectric constant) Substrate Additive y
DCM (9.14) 53.2 2.4 95.7:4.3
Substrate Product
gt 0
" 98n
(60 mg, 0.4 mmol)
Retention time (min)
7.32 6.74
Solvent Conversion (%) Selectivit
(Dielectric constant) Substrate Additive y
DCM (9.14) 23.6 12.1 66.1:33.9
PhMe (2.29) 25.3 7.5 77.0:23.0
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6.4. Asymmetric Hydrogenation

Scheme 1.40 Synthesis of novel, non-symmetrical NHC/phosphine complexes.

Reactions were carried out using general procedure C. The in situ generation of
MeCN-stabilised hydride complexes carried out using general procedure D, and data
are tabulated as the hydride and corresponding phosphorous shifts (excluding ligands

and counterions).

Temperature Time

Ag20 [CODIrCI]. AX Solvent (°C) (h)
KPFs (92 mg,

58mg, (168 mg, 05 rgrmo') [)((13(')\/' 25 3

0.25 mmol) 0.25 mmol) NaBAIF (443 mL) (1+1+1)
mg, 0.5 mmol)
Imidazolium Halide Phosphine Isolation
-
N TMe PPh3 Trituration from
Mes™ |- Eo (131 mg, 0.5 mmol) EtOAC
(164.1 mg, 0.5 mmol)
Product Data

Appearance: red powder.
Melting Point (°C): >175 (dec).
IR (cm™): 2986, 2922, 1740, 1568, 1479.
MeS\NN PFe !H NMR (400 MHz, CDCls): § 7.72-7.08 (16H, m, Ar-
N )\N H & N-CH), 6.97 (1H, d, J = 1.9 Hz, N-CH), 6.94 (1H,
Ir Me s, Ar-H), 6.82 (1H, s, Ar-H), 4.75-4.65 (1H, m, COD-
“PPh, CH), 4.04-3.94 (1H, m, COD-CH), 3.76-3.70 (1H, m,
1042 COD-CH), 3.55 (3H, s, N-CHs), 3.38-3.29 (1H, m,
Yield =395mg, 87%  COD-CH), 2.53-2.37 (1H, m, COD-CHy), 2.35 (3H, s,
Ar-CHjs), 2.18-2.06 (1H, m, COD-CHy>), 2.00-1.87 (3H,
m, COD-CH,), 1.85 (3H, s, Ar-CHs), 1.58 (3H, s, Ar-
CHs), 1.51-1.35 (3H, m, COD-CH,).
13C NMR (101 MHz, CDCl3):  173.6 (d 2Jc-p = 9.3 Hz), 139.12, 135.5, 134.7, 130.9,

129.1,128.7,128.5,128.4,125.7,124.0, 84.8, 84.7, 81.0, 80.9, 78.7, 48.0, 37.9, 34.0,
27.9, 27.3, 20.6, 19.6, 17.6.

31p NMR (162 MHz, CDCla): 6 17.6 (PPhs), -144.4 (sep *Jr.p = 713 Hz, PFe).

18F NMR (376 MHz, CDCl3): & -73.5 (d 1Jp.r = 713 Hz, PFe).

HRMS (NSI): m/z calculated for CsoHaslrN2P [M-PFe]™: 761.2764; found:
761.2768.

MeCN Hydride Complex
H NMR (400 MHz, CD3CN): -21.66 (d 2Ju-p = 17.4 Hz).
3P NMR (162 MHz, CD3sCN): § 23.4 (t 2Jp-n = 17.4 Hz, PPhs).
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Imidazolium Halide Phosphine Isolation
i
/NS/N Pr PPh3 Trituration from
Mes™ |- E10 (131 mg, 0.5 mmol) EtOAC
(178 mg, 0.5 mmol)
Product Data

Appearance: red powder.
Melting Point (°C): >160 (dec).
IR (cm™): 3167, 2992, 2835, 1479.
!H NMR (400 MHz, CDCls): § 7.70-7.19 (16H, m, Ar-
MeS\NN PFe H & N-CH), 7.12 (1H, d J = 2.1 Hz, N-CH), 6.94 (1H,
N )IL\‘N s, Ar-H), 6.84 (1H, s, Ar-H), 5.12 (1H, sep J = 6.6 Hz,
W Ny N-CH-(CHs),), 4.55-4.45 (1H, m, COD-CH), 4.30-4.19
“PPh, (1H, m, COD-CH), 3.55-3.46 (1H, m, COD-CH), 3.41-
104b 332 (1H, m, COD-CH), 2.35 (3H, s, Ar-CHs), 3.34-3.25
Yield =379 mg, 81%  (1H, m, COD-CHy), 2.17-2.05 (1H, m, COD-CHy), 2.02
(3H, s, Ar-CHs), 2.01-1.84 (3H, m, COD-CH,), 1.81
(3H, s, Ar-CHz), 1.59-1.52 (2H, m, COD-CHy), 1.50
(3H, d J = 6.5 Hz, CH-CH3), 1.48-1.39 (1H, m, COD-
CH2), 0.59 (3H, d J = 6.6 Hz, CH-CHa).
13C NMR (101 MHz, CDCl3): § 173.7 (d 2Jc-p = 8.5 Hz), 139.2, 135.4, 134.7, 130.9,

129.1,129.7,128.5,128.4,125.7,123.9, 84.7, 84.6, 81.0, 80.9, 78.7, 78.2, 37.9, 34.0,
325,324,279, 27.3, 20.5, 19.6, 17.6.

3P NMR (162 MHz, CDCls): § 18.1 (PPhs), -144.3 (sep “Jr.p = 713 Hz, PFe).

19F NMR (376 MHz, CDCls): 5 -73.5 (d LJp.¢ = 713 Hz, PFe).

HRMS (NSI): m/z calculated for CaiHa7Ir™NoP [M-PFe]*: 789.3077; found:
789.3098.

MeCN-Hydride Complex
1H NMR (400 MHz, CD3sCN): -21.70 (d 2Ju-p = 17.7 Hz).
3P NMR (162 MHz, CD3sCN): § 23.5 (t 2Jp-n = 17.7 Hz, PPhy).
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Imidazolium Halide Phosphine Isolation
-
/N&/N_Bn PPh3 Trituration from
Mes g E11 (131 mg, 0.5 mmol) EtOAC
(179 mg, 0.5 mmol)
Product Data

Appearance: red powder.
Melting Point (°C): >190 (dec).
IR (cm™): 2920, 2887, 2833, 2361, 1607, 1479.

Mos.. pr,  "H NMR (400 MHz, CDCls): § 7.66-7.31 (18H, m, Ar-
NN H), 7.20 (1H, d J = 2.0 Hz, N-CH), 7.17 (1H, d J = 2.0

N )\N Hz, N-CH), 7.04-7.01 (2H, m, Ar-H), 7.00 (1H, s, Ar-
'r\PPhan H), 6.91 (1H, s, Ar-H), 5.72 (1H, d 2J = 15 Hz, N-CHo-

104c  AT), 4.50-4.44 (1H, m, COD-CH), 4.20-4.07 (2H, m, N-
o CHgz-Ar & COD-CH), 3.83-3.72 (1H, m, COD-CH),
Yield=433mg, 88% o 335 (1H. m, C)C)D-Cﬂ), 2.4(0 (3H, s, Ar-Cﬂgg,
2.00-1.86 (7H, m, Ar-CHs & COD-CHy), 1.86-1.75
(1H, m, COD-CHy), 1.72 (3H, s, Ar-CHs), 1.54-1.46
(2H, m, COD-CHy), 1.46-1.36 (1H, m, COD-CHy).
15C NMR (101 MHz, CDCls): § 174.9 (d 2Jc.p = 140.1, 136.0, 135.5, 135.3, 135.2,
131.8, 130.0, 129.6, 129.4, 129.3, 128.8, 127.24, 127.20, 123.5, 85.3, 85.2, 82.9,
82.8,79.7,78.9, 55.1, 33.8, 32.59, 32.56, 29.2, 28.2, 21.2, 20.4, 18.2.
31p NMR (162 MHz, CDCI3): 5 17.7 (PPhs), -144.3 (sep 1Jr-» = 713 Hz, PFe).
19F NMR (376 MHz, CDCls): 8 -73.5 (d Wp.r = 713 Hz, PFe).
HRMS (NSI): m/z calculated for CasHa7Ir'®'N.P [M-PFg]*: 837.3077; found:
837.3072.
MeCN-Hydride Complex
IH NMR (400 MHz, CDsCN): -21.55 (d 2Jy.p = 17.3 Hz).
31p NMR (162 MHz, CD:CN): & 23.3 (t Zp.t = 17.3 Hz, PPhy).
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Imidazolium Halide Phosphine Isolation
-
/N&/N_Bn PEt3 Trituration from
Mes g E11 (59 mg, 74 uL, 0.5 mmol) EtOAC
(179 mg, 0.5 mmol)
Product Data

Appearance: red powder.
Melting Point (°C): 165-167.
IR (cm™): 2990, 2885, 2359, 1483.
!H NMR (400 MHz, CDCla): § 7.41-7.29 (4H, m, Ar-
MeS\NN PFe H), 7.21-7.15 (2H, m, Ar-H), 7.00 (1H, s, Ar-H), 6.98
N )‘L\"N (1H,dJ=1.9 Hz, N-CH), 6.94 (1H, s, Ar-H), 5.87 (1H,
ren d 2 = 14.9 Hz, N-CH2-Ar), 5.39 (1H, d 2 = 14.9 Hz, N-
“PEt, CH2-Ar), 4.27-4.18 (1H, m, COD-CH), 4.07-3.99 (1H,
104d  m COD-CH), 3.84-3.74 (2H, m, COD-CH), 2.34 (3H,
Yield =328 mg, 78% s, Ar-CHs), 2.56 (3H, s, Ar-CHs), 1.88 (3H, s, Ar-CHjs),
1.87-1.64 (11H, m, COD-CH; & P-CH2-CHa), 1.59-
1.49 (1H, m, COD-CHy), 1.48-1.36 (1H, m, COD-CH),
1.35-1.24 (1H, m, COD-CHy), 1.14 (9H, app. dt J = 15.4
Hz, 7.5 Hz, Ch,-CHs).

13C NMR (101 MHz, CDCls): § 176.3 (d 2J = 9.5 Hz), 139.2, 135.7, 134.9, 134.8,
134.4, 128.8, 128.8, 127.8, 126.1, 125.7, 122.9, 84.0, 83.9, 81.5, 81.4, 75.5, 73.9,
54.4, 32.14, 32.1, 28.9, 28.5, 20.5, 19.9, 17.5, 17.0, 16.7, 8.34, 8.33.

3P NMR (162 MHz, CDCls): 6 2.6 (PEts), -144.3 (sep *Jr-p = 713 Hz, PFy).
F NMR (376 MHz, CDCls): § -73.2 (d YJp.r = 713 Hz, PFe).

HRMS (NSI): m/z calculated for CssHa7Ir™NoP [M-PFe]*: 693.3077; found:
693.3071.

MeCN-Hydride Complex
1H NMR (400 MHz, CD3sCN): -22.22 (d 2Ju-p = 18.1 Hz).
3P NMR (162 MHz, CD3sCN): § 2.2 (t 2Jp-n = 18.1 Hz, PEts).
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Imidazolium Halide Phosphine
-
N NTEn PPhs
Mes g E11 (131 mg, 0.5 mmol)
(179 mg, 0.5 mmol)
Product Data
Appearance: Red Powder.
Melting Point (°C): >185 (dec).
IR (cm™): 2980, 2887, 2367, 1485, 1435.
'H NMR (400 MHz, CDCls): § 7.69 (8H, t J = 2.4 Hz,
Mes< A |BAF  Ar-H), 7.59-7.14 (22H, m, Ar-H & Ar-H), 7.00 (1H, d J
N /‘EN = 2.0 Hz, N-CH), 6.96 (1H, m, Ar-H), 6.93-6.89 (22H_,
e m, Ar-H & N-CH), 6.87 (1H, s, Ar-H), 5.79 (1H, d 2 =
“PPh, 14.7 Hz, N-CH.-Ar), 4.50-4.42 (1H, m, COD-CH),

104e
Yield = 785 mg, 91%

4.16-4.05 (1H, m, COD-CH), 3.92 (1H, d 2J = 14.7 Hz,
N-CHa-Ar), 3.83-3.74 (1H, m, COD-CH), 3.45-3.35
(1H, m, COD-CH), 2.33 (3H, s, Ar-CHs), 2.03-1.88
(4H, m, COD-CHy), 1.86 (3H, s, Ar-CHs), 1.81-1.70
(1H, m, COD-CHy), 1.67 (3H, s, Ar-CHs), 1.56-1.43
(2H, m, COD-CHj), 1.42-1.30 (1H, m, COD-CHby).

13C NMR (101 MHz, CDCls): & 175.2 (d 2Jcp = 7.7 Hz), 161.2 (q XJcs = 49.5 Hz),
139.9, 134.6, 134.3, 133.8, 133.6, 131.2, 131.0, 129.4, 129.0, 128.9, 128.64, 128.56,
128.4 (q 2Jc.r = 30.1 Hz), 126.5, 126.1, 124.1, (q YJc.F = 273 Hz), 116.9, 84.5, 84.4,
82.5, 82.4, 80.0, 78.6, 84.6, 33.2, 32.0, 31.9, 28.3, 27.4, 20.4, 19.6, 17.4.

3P NMR (162 MHz, CDCls): § 17.9 (PPhs).

19F NMR (376 MHz, CDCls): § -62.4 (BArF).

1B NMR (128 MHz, CDCls): § -6.7 (BArF).

HRMS (NSI): m/z calculated for CasHa7Ir™**NoP [M-BArF]*: 837.3077; found:

837.3077.
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Imidazolium Halide Phosphine
-
N ANTER PEts
Mes g E11 (59 mg, 74 uL, 0.5 mmol)
(179 mg, 0.5 mmol)
Product Data

Appearance: Red Powder.
Melting Point (°C): >150 (dec).
I.R. (cm™): 2980, 2887, 2361, 1609, 1462.
'H NMR (400 MHz, CDCls): § 7.64 (8H, t 4] = 2.2 Hz,
Mes.. sare | Ar-H), 7.59 (4H, br s, Ar-H), 7.41-7.29 (4H, m, Ar-H),
N™R 7.21-7.15 (2H, m, Ar-H), 7.00 (1H, s, Ar-H), 6.98 (1H,
N /LN d J =1.9 Hz, N-CH), 6.94 (1H, s, Ar-H), 5.87 (1H, d 2J
I Bn =14.9 Hz, N-CH2-Ar), 5.39 (1H, d 2J = 14.9 Hz, N-CH,-
104f Ar), 4.27-4.18 (1H, m, COD-CH), 4.07-3.99 (1H, m,
L 0 COD-CH), 3.84-3.74 (2H, m, COD-CH), 2.34 (3H, s,
Yield=735mg, 93% 1), 256 (3H, s, Ar-CHy), 1.88 (3H, s, Ar-CHa)
1.87-1.64 (11H, m, COD-CHz & P-CH,-CHjs), 1.59-
1.49 (1H, m, COD-CH), 1.48-1.36 (1H, m, COD-CHy),
1.35-1.24 (1H, m, COD-CHy), 1.14 (9H, app. dt J = 15.4
Hz, 7.5 Hz, CH2-CHs).
3C NMR (101 MHz, CDClg): § 177.4 (d 2Jc-p = 9.2 Hz), 161.2 (q "Jc-s = 50.7 Hz),
139.8, 134.6, 134.3, 133.9, 129.1, 129.00, 128.97, 128.5, 128.4 (q 2Jc-r = 31.2 Hz),
126.0, 125.8, 124.1 (q Jc-r = 273 Hz), 121.3, 116.9, 84.9, 84.8, 82.8, 82.6, 76.3,
74.9,54.6, 32.1, 32.04, 32.00, 28.7, 28.2, 20.3, 19.6, 17.4, 17.0, 16.7, 8.0.

3P NMR (162 MHz, CDCls): 3 3.0 (PEts).
19F NMR (376 MHz, CDCls): 5 -62.41 (BATF).
1B NMR (128 MHz, CDCls): § -6.7 (BATF).

HRMS (NSI): m/z calculated for CasHazIr*®'NoP [M-BArF]*: 693.3077; found:
693.3068.

“PEt,
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Scheme 1.41 Two-step synthesis of bulky, unsymmetrical NHC/phosphine complex

104q.

Firstly, by following general procedure F the NHC/chloride complex 106 was

prepared.
Imidazolium Halide Iridium dimer KOtBu THF
Mes
z N~/ (122 mg, 1.0
N/ 1.

Mes” o 105 (336 mg, 0.5 mmol) mmol) (20 mL)
(354 mg, 1.0 mmol)

Product Data

Yield =570 mg, 87%.

Appearance: Yellow powder.

Melting Point (°C): 162-164.

I.R. (cm™): 2978, 1916, 2361, 1609, 1487.

1H NMR (400 MHz, CDCls): 8 7.06 (1H, s, Ar-H), 6.97
(2H, s, Ar-H), 6.92 (1H, s, Ar-H), 6.65 (1H,d J = 2.0
Hz, N-CH), 6.47 (1H, d J = 2.0 Hz, N-CH), 5.84 (1H, d
2] = 14.6 Hz, N-CH,-Ar), 5.69 (1H, d 2J = 14.6 Hz, N-
CHy-Ar), 4.57-4.45 (2H, m, COD-CH), 3.26 (1H, td J =
7.1 Hz, 2.2 Hz, COD-CH), 2.77 (1H,td J=7.5 Hz, 3.4
Hz, COD-CH), 2.40 (3H, s, Ar-CHz), 2.39 (3H, s, Ar-
CHg), 2.37 (6H, s, Ar-CHa), 2.34 (3H, s, Ar-CH3), 2.28-
2.17 (1H, m, COD-CHy), 2.16-2.06 (1H, m, COD-CHy),
1.90 (3H, s, Ar-CHs), 1.88-1.81 (1H, s, COD-CHy,),
1.67-1.58 (3H, m, COD-CHy), 1.56-1.37 (2H, m, COD-
CHy).

13C NMR (101 MHz, CDCl»): 5 179.8, 138.8, 138.6, 137.2, 136.3, 134.6, 129.6,
129.0, 128.1, 122.4, 113.2, 83.5, 83.4, 51.45, 51.38, 34.8, 32.9, 29.8, 29.1, 21.31,

2.27,20.1,19.9,17.9.

HRMS (NSI): m/z calculated for CsoHaglr™®!N2 [M-CI]*: 617.2635; found:

617.2622.

To a flame-dried, argon-cooled Schlenk round-bottom flask was added NHC/chloride
106 (327 mg, 0.5 mmol), and dry THF (10 mL). After all solids had dissolved, AgPFs

(126 mg, 0.5 mmol), was added, affording a yellow to opaque orange colour change

on formation of a precipitate. The reaction mixture was stirred for 15 min at r.t. before

carrying out filtration through celite under an argon atmosphere using the necessary
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flame-dried glassware. Addition of triphenylphosphine (131 mg, 0.5 mmol) to the clear

orange solution resulted in the immediate appearance of a bright red colour. After

stirring the solution for 3 h at r.t. the solvent was evaporated under reduced pressure.

The red residue was redissolved in DCM (~10 mL) and filtered through celite in air,

washing the celite with DCM to remove the red colour. The clear red filtrate was

concentrated in vacuo to reveal a red, oily solid. Addition of ethyl acetate (~5 mL)

resulted in the precipitation of NHC/phosphine complex 104g, which was collected by

filtration and washed with ethyl acetate and hexanes to give the product as a bright red

solid. The isolated catalyst was dried in a vacuum oven (40 °C, 1 mbar) for 24 h before

use.
Product Data
Appearance: red powder.
Melting Point (°C): >180 (dec).
I.R. (cm™): 2978, 2922, 2837, 2357, 1736, 1479.
H NMR (400 MHz, CDCls): 8 7.62-7.24 (13H, m, Ar-
Mes.. P, H), 7.05 (1H, d J = 2.0 Hz, N-CH), 6.96 (1H, s, Ar-H),
N\ﬁ 6.93-6.85 (3H, m, Ar-H), 6.85-6.62 (2H, m, Ar-H), 6.58
N /=N (1H, d J = 2.1 Hz, N-CH), 5.69 (1H, d 2J = 13.7 Hz, N-
\/'r\PPh¥MeS CHa-Ar), 4.66-4.56 (1H, m, COD-CH), 4.43 (1H,d 2) =
' ’ 10ag 13.7 Hz, N-CH-Ar), 4.38-4.28 (1H, m, COD-CH),

Yield = 400 mg, 78%

3.62-3.48 (2H, m, COD-CH), 2.36 (3H, s, Ar-CHa),
2.34-2.28 (1H, m, COD-CHy), 2.67 (3H, s, Ar-CHs),
2.11-2.00 (2H, m, COD-CHj), 2.00-1.90 (1H, m, COD-
CH,), 1.84 (6H, s, Ar-CHs), 1.83 (3H, s, Ar-CHs), 1.81-
1.74 (1H, m, COD-CHy), 1.71 (3H, s, Ar-CHs), 1.70-
1.57 (3H, m, COD-CHby).

13C NMR (101 MHz, CDCls): § 173.7 (d 2J = 8.9 Hz), 140.3, 139.8, 138.0, 136.2,
135.6, 135.3, 134.0, 132.7, 131.9, 130.2, 129.9, 129.4, 129.2, 126.7, 129.5, 121.3,
85.1, 85.0, 82.4, 82.3, 81.2, 77.5, 49.9, 32.5, 31.3, 30.9, 30.8, 30.2, 21.2, 30.6, 19.6,

18.0.

31p NMR (162 MHz, CDCls): § 17.2 (PPhs), -144.4 (sep LJr.p = 713 Hz, PF).
19F NMR (376 MHz, CDCls): & -73.9 (d 1Jp.¢ = 713 Hz, PFe).
HRMS (NSI): m/z calculated for CagHssIr!®N,P [M-PFe]*: 879.3547; found:

879.3568.

MeCN-Hydride Complex

IH NMR (400 MHz, CD3CN): -21.48 (d 2Jup = 18.1 Hz).
3P NMR (162 MHz, CDsCN): 5 23.2 (t 2Jp.1 = 18.1 Hz, PPhs).
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Scheme 1.42 Investigating non-chiral, unsymmetrical NHCs in alkene hydrogenation.

Reactions were carried out using general procedure A and analysed by 'H NMR
spectroscopy to calculate the reaction conversion, and are tabulated in Table E1.8.
Catalyst separation was carried out by filtration through a pipette of silica eluting with
Et>O/petroleum ether (30/70).

Solvent Temperature (°C) Time (min)
DCM
(8 mL) 25 30
Substrate

O
., )

(73 mg, 0.4 mmol) (58 mg, 0.4 mmol)
Product Data’%%

Data was consistent with that reported on page 113.
94
0
©/\)J\ Data was consistent with that reported on page 88.
86
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Conversion (%)

93 85
Complex
_Run_ . _Run .
1 2 1 2
Mes PFe
v
18 15 17 8 7 8
PPh3
A 104a
(1 8 mg, 2.0 umol)
Mes, PFe
ey
15 13 14 6 9 8
PPh3
A 104b
(1 9 mg, 2.0 pmol)
Mes PFe
o
49 54 52 32 34 33
PPh3
L 104c
(2.0 mg, 2.0 umol)
Mes- PFs
=N
PPh3

104g
(2.1 mg, 2.0 pmol)

Mes <\ -\ PFe

%N

Bn 100 100 100 4 6 5
“PEt,
104d

(1 7mg, 2.0 umol)

Mes\ BArF
»N
56 58 57 27 25 26
PPh3
L 104e
(3 4 mg, 2.0 },Lmol)
Mes\ /} BArF
s
100 100 100 13 14 14
PEQ
| 104f

_(3.1 mg, 2.0 umol)

Table E1.8
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Scheme 1.43 Synthesis of chiral imidazolium triflates 112 and 113,99

To a two-neck, flame-dried, 1L round-bottom flask, equipped with a reflux condenser
was added lithium aluminium hydride (13.0 g, 34.2 mmol) and dry THF (350 mL).
The reaction slurry was then cooled to 0 °C in an ice bath. The amino acid (106 20 g,
17.1 mmol; 107 22.4 g, 17.1 mmol) was added in small portions over the course of 2
h, before heating to reflux (80 °C) for 16 h. The following day the reaction was cooled
to 0 °C with an ice bath, and a saturated solution of sodium sulfate was carefully, added
dropwise until no gas was released, and the reaction mixture was then stirred for a
further 2 h. The white reaction mixture was then filtered, and the residual THF
removed in vacuo. The recovered yellow oil was purified via via kugelrohr distillation
(3 mbar, 120 °C for both) delivering the pure amino alcohol as a clear oil, which
solidified upon standing (108 17.5 g, 100%; 109 19.9 g, 100%)

Product Datallt112

Appearance: Low melting, crystalline solid.
Melting Point (°C): 29-32.
HAN IR (cm™): 3268 (br), 3120 (br), 2974.
2 E/\OH H NMR (400 MHz, CDCls): 4 3.61 (1H, dd, J = 10.4
7\ 108 Hz, 2] = 4.1 Hz, CH,-OH), 3.25 (1H, dd, J = 10.4 Hz,

8.8 Hz, CH-NH,), 2.52 (1H, ddd, J = 8.8 Hz, 6.4 Hz, 2J
= 4.0 Hz, CH2-OH), 1.74 (3H, br s, NH2 & OH), 1.60-
1.46 (1H, m, CH-(CHa)z2), 0.89 (6H, m, CH-(CHs)2).

13C NMR (101 MHz, CDCls): § 65.0, 58.7, 31.9, 19.5, 18.6.

Appearance: Low melting, crystalline solid.
Melting Point (°C): 28-30.

HN~on IR (cm™): 3247 (br), 3134 (br), 2981.
z 109 IH NMR (400 MHz, CDCls): § 3.72 (1H, dd, J = 10.4
™ Hz, 2J = 3.7 Hz, CH2-OH), 3.24 (1H, t, J = 10.2 Hz, CH-

NH2), 2.53 (1H, dd, J = 10.0 Hz, 2J = 3.7 Hz, CH2-OH),
2.40 (3H, br-s, NHz & OH) 0.89 (9H, s, C-(CHa)s).

13C NMR (101 MHz, CDCls): § 62.5, 61.9, 33.4, 26.5.

In a flame dried, 100 mL, round-bottom flask, equipped with Dean-Stark apparatus,
was placed glycolic acid (4.06 g, 53.4 mmol), amino alcohol (108 5 g, 48.5 mmol; 109
5.68 g, 48.5 mmol) and dry xylenes (60 mL). The reaction was heated to 160 °C, and
wrapped with cotton-wool and aluminium foil to ensure a steady reflux. After 72 h the
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reaction was allowed to cool to remove temperature before the solvent was removed
in vacuo. The residual oil was distilled by kugelrohr distillation (1 mbar, 140 °C for
both), delivering the hydroxyl methyl oxazoline as a pale yellow oil, which solidified
upon standing (110 3.96 g, 57%; 111 7.26 g, 94%)

Product Data®®

Melting Point (°C): 44-45.

Appearance: Low melting, crystalline solid.
HO’} I.R. (cmY): 3120 (br), 2974.

@]
NJ 1H NMR (400 MHz, CDCls): 5 4.33 (1H, dd J = 9.6 Hz,
: 2] = 8.4 Hz, CH,-0), 4.21 (2H, s, CH2-OH), 4.03 1H, t,
N 110 J=8.2 Hz, CH2-0), 3.94-3.86 (1H, m, CH-N), 1.73 (1H,

m, CH-(CHs)2), 0.96 (3H, d J = 6.7 Hz, CH-(CHa)y),
0.87 (3H, d, J = 6.8 Hz, CH-(CHa),).

13C NMR (101 MHz, CDCls): § 167.0, 71.0, 70.7, 56.7, 32.0, 18.2, 17.6.

Appearance: Low melting, crystalline solid.

HO Melting Point (°C): 48-51.
Nj I.R. (cm™): 3134 (br), 2981.
- IH NMR (400 MHz, CDCls): & 4.26 (1H, dd J = 10.1
/:I\m Hz, 2J = 8.4 Hz, CHz-0), 4.24-4.20 (2H, m, CH2-OH),
4.13 (1H, dd J = 8.2 Hz, 2J = 8.4 Hz, CH-0), 3.87 (1H,

m, N-CH), 0.90 (9H, s, C-(CHz)3).
13C NMR (101 MHz, CDCls): 6 169.1, 76.2, 70.7, 57.4, 64.3, 26.2.
HRMS (APCI): m/z calculated for CsHisNO2 [M+H]": 144.1014; found: 144.1026.

To a 25 mL round-bottom flask was added hydroxylmethyl oxazoline (110 1 g, 6.98
mmol; 111 1.10 g, 6.98 mmol), DCM (10 mL) and manganese dioxide (6.06 g, 69.8
mmol).**2 The resulting suspension was stirred at room temperature for 2 h, and then
filtered through celite to remove manganese impurities. The solvent was removed in
vacuo, delivering the unstable aldehyde (E12 or E13) intermediate, which was used in

the following step without further purification.

During the optimisation of the oxidation, the product aldehyde (E12 and E13) from
hydroxyl methyl oxazoline (110 and 111) were found to be unstable, and only
identified by *H NMR spectroscopy.
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Product Data
Oﬂro IH NMR (400 MHz, CDCls): § 9.54 (1H, s, CH=0), 4.43-4.35
N (1H, m, CH-0), 4.13-4.06 (2H, m, CH2-O & N-CH), 1.85-1.76

- (1H, m, CH-(CHs)z), 0.96 (3H, d, J = 6.7 Hz, CH-(CHs)z), 0.88
_A_ E12 (3H,dJ=6.7 Hz, CH-(CHa)»).

0:}0 IH NMR (400 MHz, CDCls): & 9.59 (1H, s, CH=0), 4.37 (1H,
N dd 2J = 10.4 Hz, J = 8.9 Hz, O-CHy), 4.22 (1H, t J = 8.9 Hz, N-

: CH), 4.11 (1H, dd 2J = 10.4 Hz, J = 8.9 Hz, O-CH>), 0.93 (9H, s,

T\ E13  C-(CHa)s).

In a 100 mL round-bottom flask, equipped with Dean-Stark apparatus was placed the
prepared aldehyde (E12 or E13), dry toluene (60 mL) and mesityl amine (944 mg, 980
uL, 6.98 mmol). The reaction was heated to 140 °C and wrapped with cotton-wool and
aluminium foil to ensure a steady reflux. After 3 h the reaction was cooled to room
temperature and the solvent removed in vacuo, delivering the imine (E14 or E15),

which was used in the following step without further purification.

During the optimisation of the oxidation, the product imines (E14 and E15) from
aldehydes (E12 and E13) could not be fully purified from the aniline starting material,
and were only identified by *H NMR spectroscopy.

Product Data
Mes 'H NMR (400 MHz, CDCl3): 6 7.89 (1H, s, N=CH), 6.89 (2H,
NN o s, Ar-H), 4.53 (1H, dd J = 9.1 Hz, 2J = 7.9 Hz, CH,-0), 4.26-
NQ 4.13 (2H, m, CH2-O & N-CH), 2.29 (3H, s, p-Ar-CH3), 2.13

(6H, s, 0-Ar-CHs), 1.98-1.85 (1H, m, CH-(CHs)2), 1.09 (3H, d
A E14 J=6.7 Hz, CH-(CHs)2), 0.99 (3H, d J = 6.8 Hz, CH-(CHa)2).

MeS\N/ !H NMR (400 MHz, CDCl3): § 7.92 (1H, s, N=CH), 6.95 (2H,

0 s, Ar-H), 4.41 (1H, dd 2J = 10.1 Hz, J = 8.7 Hz, O-CHy), 4.27

NJ (1H, t J = 8.7 Hz, N-CH), 4.13 (1H, dd 2J = 10.1 Hz, J = 8.7

: Hz, O-CHy), 2.35 (3H, s, p-Ar-CHs), 2.17 (6H, s, 0-Ar-CHs),
AT E15 094 (9H, s, C-(CHz)s).

In a Schlenk tube, was placed chloromethyl pivalate (1.02 g, 0.98 uL, 6.98 mmol), dry
DCM (10 mL) and silver triflate (1.75 g, 6.98 mmol). The prepared imine (E14 or
E15) was added dropwise in a solution of dry DCM (5 mL) initiating a bright orange
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colour change. The reaction was then stirred at room temperature for 16 h. The
resulting solution was filtered through celite to remove silver impurities and purified
by flash column chromatography with EtOAc and DCM/MeOH (95:5) successively,
delivering the product imidazolium triflate (112 54%, 1.54 g; 113 76%, 2.25 g) with a
small amount (~5%) of pivalic acid, which further purification attempts did not

eliminate.
Product Data
Appearance: yellow/brown oil.
IR (cm™): 3074, 2964, 2867.
IH NMR (400 MHz, CDCls): $ 8.83 (1H, d, 2] = 1.6 Hz,
A N-CH=N), 7.05 (1H, s, Ar-H), 7.02 (1H, s, Ar-H), 6.32
N\\_ 0 (1H, d, “J = 1.6 Hz, N-CH-C), 5.47-5.41 (1H, m, CH,-
-OTf NJ 0), 5.31 (1H, dd, J = 9.2 Hz, 8.2 Hz, CH-N), 5.02 (1H,

: dd, J = 9.2 Hz, 2] = 3.7 Hz, CH2-0), 2.59-2.48 (1H, m,

SN2 CH(CHa),), 2.37 (3H, s, Ar-CHs), 2.19 (3H, s, Ar-
CHs), 2.09 (3H, s, Ar-CHs), 1.07 (3H, d, J = 6.9 Hz, CH-
(CHs)2), 1.00 (3H, d, J = 6.9 Hz, CH-(CH3)y)..

13C NMR (101 MHz, CDCls): & 151.2, 141.2, 135.4, 133.7, 132.0, 131.2, 129.6,

127.8, 120.7 (q, YJcr = 312 Hz, CF3), 94.6, 79.2, 63.0, 31.0, 21.5, 17.5, 17.4, 16.5.

19F NMR (376 MHz, CDCls): § -78.5 (‘OTH).

[a]20°: +30.1, (¢ 1.0, CHCl5).

HRMS (NSI): m/z calculated for C17H23N20 [M-OTf]*: 271.1805; found: 271.1805.

Appearance: Tan solid.
Melting Point (°C): 112-114.
I.R. (cm™): 3085, 2975, 2866.

N0 1H NMR (400 MHz, CDCls): 5 8.65 (1H, d ] = 1.5 Hz,
Ly ) N-CH-N), 7.03 (1H, br s, Ar-H), 7.01 (1H, br-s, Ar-H),
ot 6.36 (1H, d 4J = 1.5 Hz, N-CH), 5.32 (1H, dd 2 = 9.3

/T\113 Hz, 8.0 Hz, N-CH), 5.20 (1H, dd 2J = 9.3 Hz, 2.8 Hz, O-
CHy), 5.01 (1H, dd J = 8.0 Hz, 2.8 Hz, N-CHy), 2.35

(3H, s, Ar-CHs), 2.19 (3H, s, Ar-CHs), 2.08 (3H, s, Ar-
CHa), 1.08 (9H, s, C-(CHz)3).

13C NMR (101 MHz, CDCls): § 151.1, 141.0, 134.7, 133.3, 131.0, 129.6, 128.9,

127.6, 120.1 (q, Yc-r = 312 Hz, CF3), 95.1, 79.1, 66.7, 33.6, 26.6, 26.3, 24.8, 20.6,

16.7, 16.6.

F NMR (376 MHz, CDCls): 6 -78.5 (OT¥).

[@]20P: +19.7, (c 1.0, CHCls).

HRMS (NSI): m/z calculated for C1gH2sN20 [M-OTf]*: 285.1961; found: 285.1960.
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Scheme 1.44 Synthesis of chiral-NHC/phosphine complexes 118a-e and 119a-e.

Firstly, by following general procedure F the chiral NHC/chloride complexes were

prepared.
Iridium dimer KOtBu THF Temperature
(336 mg, 0.5 (122 mg, 1.0 (20 mL) 95 °C
mmol) mmol)
Imidazolium Halide
\—N
“OTf
/'\ 112
(420 mg, 1.0 mmol)
Product Data
Appearance: Yellow powder.
Melting Point (°C): 155-157.
IR (cm): 2978, 2890.
!H NMR (400 MHz, CDCls): § 7.03 (1H, s, Ar-H), 6.91
] (1H, s, Ar-H), 5.92 (1H, s, N-CH), 5.20-5.11 (1H, m, N-
AN / CH), 4.97 (1H, dd, J = 8.5 Hz, 8.7 Hz, CH»-0), 4.81

A
5

Yield = 370 mg, 61%.

(1H, dd, J = 9.0 Hz, 2J = 4.4 Hz, CHp-0), 4.51-4.44 (2H,
m, COD-CH), 3.66-3.54 (1H, m, CH-(CHs)2), 3.10-3.02
(1H, m, COD-CH), 2.69-2.61 (1H, m, COD-CH), 2.38
(3H, s, Ar-CHs), 2.37 (3H, s, Ar-CHs), 2.06-2.03 (1H,
m, COD-CHy), 2.02 (3H, s, Ar-CHs), 1.96-1.84 (1H, m,
COD-CHy), 1.66-1.51 (4H, m, COD-CHy), 1.50-1.39
(1H, m, COD-CHy), 1.30-1.17 (1H, m, COD-CHby), 1.12
(3H, d, J = 7.1 Hz, CH-(CHs),), 0.94 (3H, d, J = 6.8 Hz,
CH-(CHa)2).

13C NMR (101 MHz, CDCls):  168.6, 150.6, 138.0, 136.4, 134.2, 128.8, 127.5,
93.8, 82.7,82.3, 75.4,60.1, 51.2, 51.0, 33.7, 32.5, 29.4, 28.8, 28.6, 20.6, 19.0, 18.2,

17.2,13.7.

HRMS (APCI): m/z calculated for C2sH33IrN202Cl [M+0-H;]*:621.1852; found:

621.1850.
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Imidazolium Halide

C?iw\ o)

oTf Y
/T\ 113
(434 mg, 1.0 mmol)
Product Data
Appearance: Yellow powder.
Melting Point (°C): decomposes >175.
IR (cm™): 3022, 2985, 2890.
!H NMR (400 MHz, CDCls): § 7.05 (1H, s, Ar-H), 6.91
IN /Cl (1H, s, Ar-H), 5.98 (1H, s, N-CH=C), 5.20 (1H, dd, J =
< Ir 7.1 Hz, 2 = 2.0 Hz, CH,-0), 4.98-4.87 (2H, m, CH2-O
// \/,N & N-CH), 4.55-4.47 (1H, m, COD-CH), 4.44-4.36 (1H,

ij/ m, COD-CH), 3.17-3.09 (1H, m, COD-CH), 2.47 (3H,
%’“(/O 115 s, Ar-CHa), 2.46-2.41 (1H, m, COD-CH), 2.37 (3H, s,
_ Ar-CHg), 2.07-1.94 (5H, m, Ar-CHs & COD-CHy),
Yield = 360 mg, 58%.  1.94-1.83 (1H, m, COD-CHj), 1.58-1.48 (1H, m, COD-
CH>), 1.44-1.38 (1H, m, COD-CHy), 1.36-1.27 (10H, m,
C-(CHs)3 & COD-CHy), 1.14-1.03 (1H, m, COD-CHy),

1.00-0.82 (1H, m, COD-CHy).
13C NMR (101 MHz, CDCls): & 169.1, 151.4, 138.2, 136.9, 136.7, 134.7, 128.7,
127.3,94.7,81.3,81.0, 77.7, 65.1, 52.2, 51.8, 34.0, 33.3, 32.4, 28.7, 27.9, 26.8, 20.6,

19.2, 16.9.

HRMS (APCI): m/z calculated for Ca2sHs7ClIrN2O [M+H]*:621.2216; found:
621.2229.

Secondly, following general procedure E, the complexes bearing alkyl phosphines
were synthesised.

Solvent NaBArF Temperature (°C) T('Q;e
DCM
(10 mL) (177 mg, 0.2 mmol) 25 1 (0.5+0.5)
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NHC/chloride complex Phosphine
/\Ir/
V4 \r PEts
(24 mg, 30 puL, 0.2 mmol)

582

(121 mg, 0.2 mmol)

Product

The compound exists as a pair of diastereomers (1:1), believed to originate from the
restricted rotation of the Ir-C and Ir-P bonds, which are locked upon the synthesis
of the complex, delivering two potential conformers; the data for both are give
below.

B ] Et Et ]
oEt BArF Et /Et BArF Et\_ /Et BArF
/ / 3
Ir.

VN

>, N_/
B o) J118a || h B O a

Yield = 248 mg, 80%
Data

Appearance: red powder.

Melting Point (°C): >170 (dec).

IR (cm): 3001, 2956, 2841.

'H NMR (400 MHz, CDCls): § 7.75-7.68 (8H, m, 0-Ar-H), 7.54 (4H, s, p-Ar-H),
7.03-6.98 (1H, m, Ar-H), 6.97-6.91 (1H, m, Ar-H), 6.13 (0.5H, s, N-CH=C), 6.10
(0.5H, s, N-CH=C), 4.98-4.91 (0.5H, m, CH-0), 4.90-4.83 (1.5H, m, CH2-O), 4.66-
456 (1H, m, N-CH-CH>), 4.34-4.28 (0.5H, m, COD-CH), 4.27-4.20 (0.5H, m,
COD-CH), 4.19-4.12 (0.5H, m, COD-CH), 4.12-4.03 (1H, m, COD-CH), 4.00-3.92
(0.5H, m, COD-CH), 3.91-3.84 (0.5H, m, COD-CH), 3.82-3.75 (0.5H, m, COD-
CH), 3.02-2.66 (0.5H, m, CH-(CHs3)2), 2.66-2.54 (0.5H, m, CH-(CHz)2), 2.34 (1.5H,
s, Ar-CHg), 2.31 (1.5H, s, Ar-CHa), 2.27 (1.5H, s, Ar-CHa), 2.22 (1.5H, s, Ar-CHa),
2.17-1.93 (6H, m, Ar-CH3 & COD-CH>), 1.91-1.78 (2H, m, COD-CH), 1.76-1.66
(3H, m, P-CHy), 1.55-1.47 (2H, m, COD-CHy), 1.47-1.36 (1H, m, COD-CH,), 1.35-
1.26 (3H, m, P-CHy), 1.14-1.02 (6H, m, CH-(CHs)2), 0.92-0.80 (9H, m, P-CH,-
CHs).

13C NMR (101 MHz, CDCls):  168.8 (d, 2Jc-p = 7.9 Hz), 161.2 (q, YJc-s = 49.7 Hz),
151.3, 150.9, 139.8, 139.6, 135.3, 135.0, 134.8, 134.3, 133.9, 133.8, 129.5, 129.3,
128.9, 128.8, 128.4 (q, 2Jcr = 29.9 Hz), 124.1 (g, YJc.F = 272.7 Hz), 116.9, 97.4,
96.8, 85.9, 85.7, 85.61, 85.56, 85.5, 85.4, 82.9, 82.8, 76.0, 74.9, 74.7, 74.3, 72.7,
62.9, 61.9, 52.9, 31.1, 30.9, 30.73, 30.71, 30.5, 30.4, 30.3, 30.0, 29.9, 20.4, 20.2,
19.3,19.0, 18.9, 18.7, 18.6, 17.8, 17.3, 16.9, 16.6, 16.3, 16.0, 14.3, 13.4, 8.2, 7.6.
3P NMR (162 MHz, CDCls): § 5.0 (PEts), 4.0 (PEts).
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F NMR (376 MHz, CDCls): 6 -62.4 (BArF).
1B NMR (128 MHz, CDCls):  -6.7 (BArF).
HRMS (NSI): m/z calculated for C3iHaglrN2OP [M-BArF]*: 689.3208; found:

689.3200.

To prove the generation of a pair of diastereomers, an octahedral hydride species
was formed in a solution of CD3CN with bubbling hydrogen, in which the Ir-P and
Ir-C bond would be free to rotate, thus delivering one major compound. The NMR
data below supports this due to the coalescence of several key signals, following the
loss of COD and the appearance of the hydride signals. This effect was also observed
in all the other complexes synthesised in this series.

MeCN Hydride Complex

D3CCN/,T\\H /-

Oy  |BArF

N N—,

‘

DsCCN™ |r‘H
P~

~=Et

Bt

1H NMR (400 MHz, CDsCN): -22.16 (1H, dd, 2Jn-p = 17.6 Hz, 2Jun = 7.3 Hz, Ir-
H), -22.26 (1H, dd, 2Ju-p = 17.6 Hz, 2Jn-n = 7.3 Hz, Ir-H).
3P NMR (162 MHz, CD3CN): § -3.5 (t, 2Jp-n = 17.6 Hz, PEts).

“|m Catalyst + Hydrogen (CDACN) (1D 1H)
—{m Catalyst (CDCI3) (1D 1H)

Taaeal IER
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NHC/chloride complex Phosphine
L c
Ir
/ \/,N PEts
N’W/) (24 mg, 30 pL, 0.2 mmol)
L 118
o)
(124 mg, 0.2 mmol)
Product

The compound exists as a pair of diastereomers (8:2), believed to originate from the
restricted rotation of the Ir-C and Ir-P bonds, which are locked upon the synthesis
of the complex, delivering two potential conformers; the data for both is given
below.

BArF Et | BAIF Et | BArF
EQ 5-Et EQ 5-Et
PEt,

SR |84 @
; '; § NQ

119a 0

Yield =197 mg, 63%

Data

Appearance: red powder.

Melting Point (°C): >165 (dec).

IR (cm): 3085, 2995, 2878.

'H NMR (400 MHz, CDCls): § 7.72 (8H, br-s, Ar-H), 7.54 (4H, br-s, Ar-H), 7.06-
6.99 (1H, m, Ar-H), 6.98-6.93 (1H, m, Ar-H), 6.16 (0.2H, s, N-CH=C), 6.15 (0.8H,
s, N-CH=C), 5.02-4.95 (0.8H, m, O-CH>), 4.91 (0.2H, m, O-CH), 4.72 (0.8H, dd 2J
=9.6 Hz, J=7.3 Hz, O-CH), 4.52 (0.2H, dd J = 7.3 Hz, 2.0 Hz, N-CH-CH>), 4.46-
4.37 (0.2H, m, COD-CH), 4.26-4.13 (1H, m, COD-CH), 4.12-3.94 (2.6H, m, COD-
CH & N-CH-CH?), 3.81-3.73 (0.2H, m, COD-CH), 3.71-3.62 (0.8H, m, COD-CH),
2.46 (0.6H, s, Ar-CHs), 2.34 (2.4H, s, Ar-CH3), 2.32 (0.6H, s, Ar-CH3), 2.28 (2.4H,
s, Ar-CHz), 2.25-2.00 (2H, m, COD-CHy), 1.97 (0.6H, s, Ar-CHs), 1.96 (2.4H, s,
Ar-CHzs), 1.95-1.77 (2H, m, COD-CHy), 1.76-1.62 (6H, m, P-CH>), 1.61-1.55 (1H,
m, COD-CH>), 1.53-1.25 (3H, m, COD-CH>), 1.22 (7.2H, s, C-(CHs)3), 1.15 (1.8H,
s, C-(CHa)s), 1.12-1.02 (7.2H, m, P-CH2-CHs), 0.90-0.80 (1.8H, m, P-CH2-CHj3).

13C NMR (101 MHz, CDCls): § 168.7 (d 2Jc.p = 9.4 Hz), 165.3 (d 2Jc.p = 9.4 H2),
161.2 (q Xcr = 49.3 Hz), 152.0, 151.6, 140.0, 139.8, 135.6, 135.5, 135.1, 134.3,
133.8, 129.8, 129.5, 128.84, 128.80, 128.40 (q %Jc.s = 31.0 Hz), 124.1 (q Ner =
272.6 Hz), 116.9, 97.6, 97.5, 88.1, 88.0, 85.3, 85.1, 83.1, 83.0, 80.8, 80.7, 76.6, 76.0,
74.1,72.4,71.8,68.9, 67.7, 34.9, 34.2, 31.7, 31.4, 31.3, 30.3, 29.9, 29.7, 28.7, 28.6,
26.6, 26.5, 20.3, 20.1, 19.6, 19.3, 18.6, 17.1, 16.9, 16.8, 16.2, 15.9, 8.1, 7.8.

31p NMR (162 MHz, CDCl3): 6 1.95 (PEts), 0.41 (PEts).
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19F NMR (376 MHz, CDCls): § -62.4 (BArF).
1B NMR (128 MHz, CDCl5): 5 -6.7 (BATF).

HRMS (NSI): m/z calculated for Cs>Hs1IrN2OP [M-BArF]*: 703.3364; found:
703.3355.

MeCN Hydride Complex

H NMR (400 MHz, CD3sCN): -22.13 (1H, dd 2Ju-p = 17.8 Hz, 2Ju.n = 7.2 Hz, Ir-
H), -22.29 (1H, dd 2Jup = 17.8 Hz, 2J4t = 7.2 Hz, Ir-H).

3P NMR (162 MHz, CD3CN): § -3.6 (t 2Jp-n = 17.8 Hz, PEt3).

NHC/chloride complex Phosphine
N/
V4 PBN;

Cl
Ir
N
N%/ (61 mg, 0.2 mmol)
>'</ 114

(121 mg, 0.2 mmol)

Product

The compound exists as a pair of diastereomers (7:3), believed to originate from the
restricted rotation of the Ir-C and Ir-P bonds, which are locked upon the synthesis
of the complex, delivering two potential conformers; the data for both is given
below.

BArF BrBN BArF BrEN BArF
] PBn; s s

Ir/ g\lr/
) \\\F:N 77
;>““ N\f> >/“\;ﬁ) >n“\hé

118b

Yield = 224 mg, 64%

Data

Appearance: red powder.

Melting Point (°C): >175 (dec).

IR (cm™): 3025, 2998, 2904.

'H NMR (400 MHz, CDCls): 6 7.74 (8H, br s, Ar-H), 7.54 (4H, s, Ar-H), 7.35-7.24
(9H, m, Ar-H), 7.19-7.09 (2H, m, Ar-H), 7.08-7.01 (4H, m, Ar-H), 6.92-6.84 (2H,
m, Ar-H), 6.29 (0.3H, s, N-CH=C), 6.22 (0.7H, s, N-CH=C), 5.05 (0.3H, m), 4.98-
4.84 (2.1H, m), 4.83-4.76 (0.3H, m), 4.72-4.63 (0.3H, m), 4.59-4.54 (0.7H, m), 4.53-
4.45 (0.3H, m), 4.31-4.22 (0.7H, m), 4.10-4.00 (0.7H, m), 3.79-7.68 (0.3H, m), 3.23-
2.92 (6.3H, m), 2.92-2.84 (0.7H, m), 2.81-2.67 (1.3H, m), 2.49 (1H, s, Ar-CH3), 2.46
(2H, s, Ar-CHs), 2.44 (2H, s, Ar-CHs), 2.33 (1H, s, Ar-CHz), 2.31 (1H, s, Ar-CHa),
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2.09 (2H, s, Ar-CHa), 2.06-1.93 (2H, m, COD-CHy), 1.88-1.59 (4H, m, COD-CHy),
1.40-1.17 (5H, m, COD-CHz & CH-(CHs)2), 0.97 (2H, d J = 6.8 Hz, CH-(CHa)2),
0.91 (1H, d J = 6.8 Hz, CH-(CHa)2).

13C NMR (101 MHz, CDCls): § 166.9 (d 2Jc.p = 9.2 Hz), 165.0 (d Zcp = 9.1 H2)
161.2 (q 2Jcr = 50.1 Hz), 151.7, 140.7, 140.3, 135.8, 138.6, 135.4, 135.3, 134.3,
133.7, 132.0, 131.9, 131.8, 130.2, 129.6, 129.2, 129.1, 129.0, 128.7, 128.4 (q Jc.s
= 31.2 Hz), 128.3, 127.5, 127.2, 124.1 (q Nc.r = 272.5 Hz), 116.9, 97.8, 97.0, 88.6,
88.5, 88.4, 86.6, 86.5, 84.1, 84.0, 79.4, 78.5, 76.0, 75.3, 74.5, 63.1, 62.5, 32.1, 31.7,
31.7,31.5,31.3,31.1, 30.9, 30.4, 29.6, 28.8, 28.4, 28.3, 20.5, 20.3, 19.7, 19.4, 19.2,
19.0, 18.1, 17.3, 14.2, 13.7.

3P NMR (162 MHz, CDCls): & -4.69 (PBns), -4.91 (PBn3).
19F NMR (376 MHz, CDCls): § -62.4 (BArF).
1B NMR (128 MHz, CDCl5): 5 -6.7 (BAIF).

HRMS (NSI): m/z calculated for CseHssIrN2OP [M-BArF]*: 875.3679; found:
875.3679.

MeCN Hydride Complex

!H NMR (400 MHz, CD3CN): -21.90 (1H, dd 2Ju-p = 16.8 Hz, 2Ju.n = 7.8 Hz, Ir-
H), -21.95 (1H, dd 2Ju.p = 16.8 Hz, 2J4t = 7.8 Hz, Ir-H).

3P NMR (162 MHz, CD3CN): & -4.0 (t 2Jp-n = 17.6 Hz, PBn3).

NHC/chloride complex Phosphine
Cl
N
Ir
\r PBN3
(61 mg, 0.2 mmol)

/ _N
% N_/
T,
ﬁ/o 115

(124 mg, 0.2 mmol)

Product

The compound exists as a pair of diastereomers (7:3), believed to originate from the
restricted rotation of the Ir-C and Ir-P bonds, which are locked upon the synthesis
of the complex, delivering two potential conformers; the data for both is given
below.

BArF BrEN BArF BrBN BArF

e O [Z\.fﬁ
AT 7N\ 7 N\
AN AR

o 119b

Yield =197 mg, 63%
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Data

Appearance: red powder.

Melting Point (°C): >160 (dec).

I.R. (cm™): 3064, 2986, 2888.

'H NMR (400 MHz, CDCls): § 7.77 (8H, br-s, Ar-H), 7.56 (4H, s, Ar-H), 7.40-7.20
(9.8H, m, Ar-H), 7.19-7.05 (6H, m, Ar-H), 6.97-6.86 (1.2H, m, Ar-H), 6.29 (0.3H,
s, N-CH=C), 6.26 (0.7H, s, N-CH=C), 5.06-4.91 (1.4H, m), 4.87-4.89 (0.7H, m),
4.76-4.68 (0.7H, m), 4.66-4.60 (0.3H, m), 4.59-4.51 (0.3H, m), 4.50-4.36 (1.3H, m),
4.16-4.09 (0.7H, m), 3.95-3.84 (0.3H, m), 3.24-2.81 (8.3H, m), 2.72 (0.9H, s, Ar-
CHg), 2.47 (2.1H, s, Ar-CHz), 2.44 (2.1H, s, Ar-CHzs), 2.34 (0.9H, s, Ar-CHs), 2.25-
2.19 (1H, m, COD-CHy), 2.16 (0.9H, s, Ar-CHs), 2.15-2.07 (0.5H, m, COD-CHy),
2.05 (2.1H, s, Ar-CHzg), 2.02-1.91 (1H, m, COD-CH), 1.90-1.60 (3.5H, m, COD-
CH2), 1.54-1.34 (2H, m, COD-CHy), 1.32 (2.7H, s, C-(CHa)3), 1.29 (6.3H, s, C-
(CHa)a).

13C NMR (101 MHz, CDCls): 8 167.5. (d 2Jcp = 8.0 Hz), 164.7 (d 2Jc.p = 9.1 Hz)
161.3 (q 2Jcr = 49.8 Hz), 152.7, 152.2, 140.9, 140.4, 136.4, 136.2, 135.6, 135.5,
135.2,134.3,134.1, 133.4, 132.1, 132.0, 130.6, 129.9, 129.4, 129.3, 128.8, 128.4 (q
YJcs = 30.6 Hz), 127.6, 127.1, 124.1 (q "Jc.r = 272.3 Hz), 117.0, 98.0, 97.7, 90.2,
90.1, 86.7, 86.6, 84.9, 84.8, 81.0, 80.9, 80.5, 77.5, 77.0, 76.0, 72.6, 70.0, 68.0, 35.0,
34.7, 33.7, 32.9, 32.8, 32.1, 31.8, 31.1, 30.5, 29.6, 29.0, 27.01, 26.97, 26.9, 20.5,
20.4,19.4,18.9, 16.9.

3P NMR (162 MHz, CDClIs): 6 -5.10 (PBns3), -7.60 (PBn3)

F NMR (376 MHz, CDCl3): & -62.4 (BArF).

1B NMR (128 MHz, CDCls): 8 -6.7 (BArF).

HRMS (NSI): m/z calculated for Ca7Hs7IrN2OP [M-BArF]*: 889.3835; found:
889.3830.

MeCN-Hydride Complex

H NMR (400 MHz, CD3sCN): -21.94 (1H, dd 2Ju-p = 16.2 Hz, 2Ju-n = 7.1 Hz, Ir-
H), -21.98 (1H, dd 2Jn-p = 16.2 Hz, 2Jp.h = 7.1 Hz, Ir-H).

3P NMR (162 MHz, CD3CN): § -2.8 (t 2Jp.1 = 16.2 Hz, PBn3).

NHC/chloride complex Phosphine
N /C'—Q
Ir
'7/ \r—N PCys
‘D (56 mg, 0.2 mmol)
ﬁ/ 114
o]

(121 mg, 0.2 mmol)

Product

The compound exists as a pair of diastereomers (7:3), believed to originate from the
restricted rotation of the Ir-C and Ir-P bonds, which are locked upon the synthesis
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of the complex, delivering two potential conformers; the data for both is given
below.

B IBarF ([ y I BArF [ y | BAIF
PC O ey O oy
/ Y3 y P 7 P
4 DA DA
) 7 7
=N N N
>I:,. NW/ >//,\'\l_(-\% >//,{\/P
B J1118¢ || o a B o a

Yield =202 mg, 59%

Data

Appearance: red powder.

Melting Point (°C): >140 (dec).

IR (cm™): 3089, 3002, 2965, 2854.

'H NMR (400 MHz, CDCls): 6 7.73 (8H, br s, Ar-H), 7.55 (4H, s, Ar-H), 7.01-6.90
(2H, m, Ar-H), 6.13 (0.7H, s, N-CH=C), 6.12 (0.3H, s, N-CH=C), 4.95-4.89 (1H,
m), 4.89-4.81 (0.7H, m), 4.74-4.62 (1.4H, m,), 4.59-4.52 (0.7H, m,), 4.41-4.26
(0.3H, m), 4.21-4.13 (1.3H, m), 3.89-3.79 (0.7H, 3.78-3.70 (0.3H, m), 3.32 (0.3H,
m, CH-(CHs)2), 3.13-3.01 (0.7H, m, CH-(CHz)2), 2.68-2.56 (0.3H, m), 2.34 (2.1H,
s, Ar-CHz), 2.33 (0.9H, s, Ar-CHz), 2.32 (2.1H, s, Ar-CHz), 2.30-2.27 (0.3H, m),
2.26 (0.9H, s, Ar-CHzs), 2.01 (0.9H, s, Ar-CHa), 1.96 (2.1H, s, Ar-CHs), 1.94-1.05
(41H, m, COD-CH2 & Cy-CH>), 0.98-0.87 (6H, m, CH-(CHa)2).

13C NMR (101 MHz, CDCls): § 166.5 (d 2Jc.p = 7.7 Hz), 161.3 (q 2Jc-r = 49.8 Hz),
151.2, 139.7, 135.9, 135.4, 134.3, 134.0, 129.0, 128.9, 128.4 (q Jcs = 32.7 Hz),
128.3124.1 (q Nc.r=272.3 Hz), 116.9, 98.3, 97.4, 80.4, 80.3, 77.6, 77.2, 76.7, 75.3,
75.1,74.9,74.4,71.8,69.6, 63.1, 35.6, 34.8, 32.4, 31.9, 30.7, 30.3, 30.1, 29.3, 30.0,
27.4(br), 27.2, 27.04, 26.95, 25.5 (br), 20.3, 20.0, 19.8, 19.3, 18.4, 18.0, 17.7, 14.9,
13.4.

31p NMR (162 MHz, CDCls): § 20.1 (PCys), 15.6 (PCys).
19F NMR (376 MHz, CDCls): § -62.4 (BArF).
1B NMR (128 MHz, CDCls):  -6.7 (BAIF).

HRMS (NSI): major fragmentation during mass spectrometry: m/z calculated for
Ci7H2sN20 [M-BArF-CosHasIrP]*: 271.1805; found: 271.1809. CigHssPH [M-
BArF-CasHzalrN,O+H]*™: 281.2398; found 281.2392.

MeCN Hydride Complex

IH NMR (400 MHz, CD3CN): -22.38 (1H, dd 2Ju.p = 17.0 Hz, 2Jp.n = 7.2 Hz, Ir-
H), -22.40 (1H, dd 2Jup = 17.0 Hz, 2J4s = 7.2 Hz, Ir-H).

3P NMR (162 MHz, CD3CN): & 17.9 (t 2Jp-n = 17.0 Hz, PCys).
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NHC/chloride complex Phosphine

Cl
N

Ir
/ \/N
%”"Cfns

(124 mg, 0.2 mmol)

PCys
(56 mg, 0.2 mmol)

Product Data

Appearance: red powder.
Melting Point (°C): >135 (dec).

o BAF IR (cm™): 3064, 2986, 2888.
/ %3 IH NMR (400 MHz, CDCls): 5 7.73 (8H, br s, Ar-H),
Ir 7.55 (4H, m, Ar-H), 7.01 (1H, s, Ar-H), 6.91 (LH, s,
/ \rN Ar-H), 6.08 (1H, s, N-CH=C), 5.16-5.07 (1H, m),
% NW/ 5.06-4.96 (2H, m), 4.19-4.10 (1H, m), 3.99-3.89 (1H,
L &o J119¢ m), 3.84-3.72 (1H, m), 3.71-3.59 (1H, m), 2.39 (3H,

Yield =176 mg, 51% S Ar-CHs), 2.30 (3H, s, Ar-CHa), 2.27-2.10 (2H, m,
N-CH), 1.92 (3H, s, Ar-CHs), 1.90-1.06 (52H, m,
COD-CHj, Cy-CHz & C-(CHa)3).
13C NMR (101 MHz, CDCl3): 5 164.9 (d 2Jc.p = 6.2 Hz), 161.2 (q Xc.r = 50.0 Hz),
151.6, 140.1, 136.3, 135.1, 134.3, 133.3, 130.4, 129.4, 129.3, 128.4 (q 1Jcs = 31.1
Hz), 124.1 (q Ycr = 272.3 Hz), 116.9, 97.6, 83.6, 83.5, 80.0, 76.7, 68.9, 68.7, 68.1,
65.0, 35.2, 34.2, 27.6 (br), 26.7, 26.5, 25.4 (br), 20.3, 18.9, 17.4.

31p NMR (162 MHz, CDCls): § 11.2 (PCys).
19F NMR (376 MHz, CDCls): § -62.4 (BArF).
1B NMR (128 MHz, CDCl3): § -6.6 (BAIF).

HRMS (NSI): m/z calculated for CasHeolrN2OP [M-BArF]*: 865.4777; found:
865.4768.

MeCN Hydride Complex

!H NMR (400 MHz, CD3CN): -22.35 (1H, dd 2Ju-p = 16.3 Hz, 2Ju.n = 7.1 Hz, Ir-
H), -22.42 (1H, dd 2Jup = 16.3 Hz, 2J4t = 7.1 Hz, Ir-H).

3P NMR (162 MHz, CD3CN): & 17.4 (t 2Jp-n = 16.3 Hz, PCys).
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NHC/chloride complex Phosphine
/\Ir/
V4 \r PiPra
(32 mg, 38 uL. 0.2 mmol)

)l

(121 mg, 0.2 mmol)

Product

The compound exists as a pair of diastereomers (6:4), believed to originate from the
restricted rotation of the Ir-C and Ir-P bonds, which are locked upon the synthesis
of the complex, delivering two potential conformers; the data for both is given
below.

BAfF [ ipfPr IBaF [ ipiRr | BAIF
PiPr, ! N\p—iPr ! 5—iPr

/ Ir/\( /\Ir/\ g
/ =N /4 N
>,,,. NO/ >,,,\N—f

118d

Yield = 220 mg, 69%

Data

Appearance: red powder.

Melting Point (°C): >140 (dec).

IR (cm™): 3089, 3002, 2965, 2854.

!H NMR (400 MHz, CDCls): § 7.73 (8H, br s, Ar-H), 7.55 (4H, s, Ar-H), 7.00-6.90
(2H, m, Ar-H), 6.12 (1H, s, N-CH=C), 4.98-4.86 (1.4H, m), 4.81-4.60 (2.0H, m),
4.60-4.50 (1H, m), 4.39-4.30 (0.6H, m), 4.22-4.12 (0.6H, m), 4.02-3.93 (0.4H, m),
3.86-3.75 (1H, m), 3.14-3.02 (0.6H, m, CH-(CHa)2), 2.73-2.61 (0.4H, m, CH-
(CHs)2), 2.43-2.32 (3.6H, m, Ar-CHs & CH-(CH3)2), 2.29 (1.2H, s, Ar-CHz), 2.25
(1.8H, s, Ar-CHg), 2.24 (1.2H, s, Ar-CHa), 2.23-2.04 (3.2H, m, CH-(CH3), & COD-
CHy), 2.01 (1.2H, s, Ar-CHs),1.97 (1.8H, s, Ar-CHs), 1.93-1.64 (3H, m, COD-CHy),
1.64-1.42 (3H, m, COD-CH), 1.31-1.19 (12H, m, CH-(CHa)2), 1.16-1.06 (6H, m,
CH-(CHBa)2), 1.00-0.90 (6H, m, CH-(CH3)2).

13C NMR (101 MHz, CDCl3): § 167.5 (d 2Jc.p = 7.7 Hz), 166.1 (d 2Jc.p = 8.2 H2),
161.2 (q 2Jc = 50.1 Hz), 151.5, 151.3, 139.9, 139.7, 135.7, 135.5, 135.4, 135.3,
134.3, 134.0, 130.4, 129.3, 129.1, 128.8 128.4 (q Ycs = 31.1 Hz), 124.1 (q Yo =
272.3 Hz), 116.9, 98.1, 97.7, 81.3, 81.2, 90.4, 80.3, 77.9, 77.1, 75.6, 75.4, 75.1, 74.7,
74.4,715,70.0 63.1, 62.9, 33.8, 33.1, 32.7, 32.3, 30.6, 30.4, 28.8, 28.4, 26.2, 26.0,
25.9, 25.8, 20.3, 20.1, 20.0, 19.4, 19.2, 19.1, 19.0, 18.9, 18.7, 17.9, 17.6, 17.5, 14.4,
13.4.

3P NMR (162 MHz, CDCls): & 27.3 (PiPrs), 23.4 (PiPrs).

19F NMR (376 MHz, CDCls): § -62.4 (BArF).

1B NMR (128 MHz, CDCls): § -6.7 (BAIF).
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HRMS (NSI): m/z calculated for CssHssIrN2OP [M-BArF]*™: 731.3681; found:
731.3679.

MeCN Hydride Complex

IH NMR (400 MHz, CD3CN): -22.36 (1H, dd 2Ju.p = 17.4 Hz, 23y = 7.1 Hz, Ir-
H), -22.40 (1H, dd 2Jup = 17.4 Hz, 2Jus = 7.1 Hz, Ir-H).

3P NMR (162 MHz, CD3CN): & 27.4 (t 2Jp-y = 17.4 Hz, PiPr3).

NHC/chloride complex Phosphine

Cl
/N

Ir
/ \/N
%""Cf115

(124 mg, 0.2 mmol)

PiPr3
(32 mg, 38 uL. 0.2 mmol)

Product

The compound exists as a pair of diastereomers (9:1), believed to originate from the
restricted rotation of the Ir-C and Ir-P bonds, which are locked upon the synthesis
of the complex, delivering two potential conformers; the data for both is given
below.

BArF iPilr |BArF [ ipdPr | BAIF
7 PiPrs IPH\ITD/iPr IPH\[—D/iPr
" S S
) \/N 7 q 77 \
= N
D >y »{
119d O 0

Yield =241 mg, 75%

Data

Appearance: red powder.

Melting Point (°C): >135 (dec).

IR (cm™): 3064, 2986, 2888.

IH NMR (400 MHz, CDCl3): § 7.72 (8H, br s, Ar-H), 7.54 (4H, s, Ar-H), 7.01 (0.9H,
s, Ar-H), 6.95 (0.1H, s, Ar-H), 6.92 (1H, s, Ar-H), 6.12 (0.9H, s, N-CH=C), 6.08
(0.1H, s, N-CH=C), 5.03-4.83 (2H, m), 4.64-4.40 (1.2H, m), 4.12-4.07 (1H, m),
4.03-3.89 (1.8H, m), 3.88-3.78 (1H, m), 2.48-2.35 (5.4H, m, CH-(CHz3)2 & Ar-CH3),
2.33 (3H, s, Ar-CHg), 2.28 (0.3H, s, Ar-CHs), 2.26-1.98 (2.3H, m, CH-(CH3). &
COD-CHy), 1.94 (0.3H, s, Ar-CHs), 1.93 (2.7H, s, Ar-CHs), 1.88-1.75 (2H, m,
COD-CHy), 1.67-1.57 (2H, m, COD-CHy), 1.41-1.33 (9H, m, CH-(CHz)2), 1.32-
1.27 (2H, m, COD-CHy), 1.26-1.10 (18H, m, CH-(CHz)2 & C-(CHs3)3).

13C NMR (101 MHz, CDCls): 6 164.8 (d 2Jcp = 7.9 Hz), 161.2 (q 2Jcr = 49.8 Hz),
151.8, 140.0, 136.3, 135.3, 134.3, 133.5, 129.3, 129.2, 128.4 (q 'Jc-s = 31.7 Hz),
127.9, 124.1 (q YJcr = 272.3 Hz), 116.9, 98.2, 83.72, 83.66, 78.6, 72.0, 71.9, 68.6,
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66.5, 35.0, 33.4, 33.3, 27.4, 27.3, 26.5, 25.8, 25.6, 20.3, 19.8, 19.5, 19.0, 17.3, 16.9,
15.8.

3P NMR (162 MHz, CDCls): & 22.5 (PiPrs), 17.8 (PiPrs).
19F NMR (376 MHz, CDCls): 5 -62.4 (BArF).
1B NMR (128 MHz, CDCls): § -6.6 (BATF).

HRMS (NSI): m/z calculated for CssHs7IrN2OP [M-BArF]*: 745.3834; found:
745.3830.

MeCN Hydride Complex

'H NMR (400 MHz, CD3sCN): -22.37 (1H, dd 2Ju-p = 17.1 Hz, 2Jn-n = 7.2 Hz, Ir-
H), -22.40 (1H, dd 2Jup = 17.1 Hz, 2Jus = 7.2 Hz, Ir-H).

3P NMR (162 MHz, CD3sCN): § 27.0 (t 2Jp-n = 17.1 Hz, PiPrs).

Next, following general procedure G the imidazolium BArF salts were synthesised.

Solvent NaBArF Temperature (°C) T(lrr:;e
DCM/H20
(10 mL/10 (177 mg, 1.0 mmol) 25 16 h
mL)
Imidazolium triflate
\qN\:—\ 0
“OTf NJ
N 112
(420 mg, 1.0 mmol)
Product Data
Appearance: tan powder.
Melting Point (°C): 161-163.
IR (cm™): 3033, 2997, 2980, 2865.
\q !H NMR (400 MHz, CDCl3): § 7.74 (1H, d *J = 1.7 Hz,
N XN—0 N-CH-N), 7.73-7.66 (8H, m, Ar-H), 7.54 (4H, br s, Ar-
\\_NQ H), 7.05 (2H, br s, Ar-H), 6.42 (1H, d “J = 1.5 Hz, N-
BArF  : CH), 5.14 (1H, dd 2J = 9.6 Hz, J = 8.3 Hz, O-CH>), 4.93
116 (1H,dd2J=9.6 Hz, J = 5.0 Hz, O-CHy), 4.71 (1H, dt J
Yield = 1.01 g, 89%. = 8.3 Hz, 5.0 Hz, N-CH), 2.37 (3H, s, Ar-CHz3), 2.26-

2.14 (1H, m, CH-(CHa)) 2.03 (3H, s, Ar-CHa), 2.00
(3H, s, Ar-CHs), 0.99 (3H, d J = 6.0 Hz, CH-(CHa),),
0.97 (3H, d J = 6.0 Hz, CH-(CHa)2).
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13C NMR (101 MHz, CDCls): § 161.2 (q *Jc.r = 50.0 Hz), 151.2, 142.3, 134.3,133.2,
133.1, 130.2, 129.7, 129.6, 128.4 (q 2Jcr = 30.9 Hz), 124.1 (q Ycr = 274.1 Hz),
123.1, 117.0, 96.9, 79.4, 63.8, 30.9, 20.4, 16.7, 16.2.

19F NMR (376 MHz, CDCls): § -62.4 (BArF).
1B NMR (128 MHz, CDCls): § -6.7 (BATF).

HRMS (NSI): m/z calculated for Ci7H23N2O [M-BArF]*: 271.1805; found:
271.1804.

Imidazolium triflate

\QNQO

OTf Y
/_P 113

(434 mg, 1.0 mmol)

Product Data

Appearance: tan powder.
Melting Point (°C): decomposes >175.

IR (cmt): 3022, 2985, 2890.
NN o 'H NMR (400 MHz, CDCls): § 7.79 (1H, d “J = 1.5 Hz,
\\—NJ N-CH-N), 7.71 (8H, br s, Ar-H), 7.53 (4H, br s, Ar-H),

; 7.04 (2H, br s, Ar-H), 6.42 (1H, d 4J = 1.5 Hz, N-CH-
/T\ 117 C),5.10 (1H, dd 2J = 9.8 Hz, J = 8.2 Hz, O-CHy), 5.03
_ (1H, dd 2J = 9.8 Hz, J = 4.4 Hz, O-CHy), 4.56 (1H, dd J

Yield=1.099,95%. =82 Hz, 4.4 Hz, N-CH-CHy), 2.36 (3H, s, Ar-CHs),

2.04 (3H, s, Ar-CHs), 2.00 (3H, s, Ar-CHs) 1.01 (9H, s,
C-(CHa)3).
13C NMR (101 MHz, CDCls): § 161.2 (q Yc.r = 50.0 Hz), 151.2, 141.0, 134.7,133.8,
133.3, 131.0, 129.6, 128.9, 128.4 (q 2Jcr = 30.9 Hz), 127.6, 124.1 (q ek = 274.1
Hz), 120.1, 95.1, 79.1, 66.7, 33.6, 26.6, 26.3, 24.8, 20.6, 16.7, 16.6.
19F NMR (376 MHz, CDCls): 5 -62.4 (BArF).
1B NMR (128 MHz, CDCls):  -6.7 (BAIF).

HRMS (NSI m/z calculated for C1gH2sN20 [M-BArF]*: 285.1961; found: 285.1961.
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Finally, following general procedure H, triphenylphosphine complexes 118e and 119e

were synthesised.

Iridium dimer Solvent Phosphine Tem?Oeé;;lture T(lrr]r;e
(168 mg, 0.25 THF (131PE123 05 . 2
mmol) (10 mL) mmoi) '
Imidazolium BArF
\qN\:—\ 0
BArF N_J
116
(567 mg,0.5 mmol)
Product Data
Appearance: red powder.
Melting Point (°C): >180 (dec) °C.
I.R. (cm™): 3033, 2982, 2895.
- 7 BArE 'H NMR (400 MHz, CDCla3): 8 7.75 (8H, br s, Ar-H),
7 Pphy 7.55 (4H, br s, Ar-H), 7.54-7.05 (15H, m, Ar-H), 6.99
(1H, s, Ar-H), 6.97 (1H, s, Ar-H), 6.20 (1H, s, N-
Ir CH=C), 4.55-4.43 (2H, m, COD-CH & O-CHy), 4.23-
/ \f—N 4.14 (1H, m, COD-CH), 3.74-3.62 (2H, m, COD-CH
> NW/ & O-CHp), 3.56-3.42 (2H, m, COD-CH & N-CH-
i &o |118e CH2), 3.08-2.94 (1H, m, COD-CH), 2.37 (3H, s, Ar-

CHs), 2.23-2.03 (3H, m, COD-CHy), 2.01 (3H, s, Ar-
CHs), 2.00 (3H, s, Ar-CHs), 1.98-1.84 (2H, m, COD-
CH>), 1.64-1.47 (2H, COD-CHy), 1.40-1.09 (1H, m,
COD-CHy), 0.96 (3H, d J = 6.9 Hz, CH-(CHs),), 0.88
(3H, d J = 6.9 Hz, CH-(CHa)y).

13C NMR (101 MHz, CDClg): & 163.4 (d 2Jc-p = 9.3 Hz), 161.2 (q 2Jc-r = 50.0 Hz),
151.7,139.8, 135.8, 135.3, 134.3, 133.2 (br), 131.8 (br), 131.4 (br), 130.7 (br), 129.3,
128.8, 128.6, 128.4 (q Yc-s = 31.5 Hz), 124.1 (q Yc-r = 272.9 Hz), 117.0, 97.1, 85.3,
85.2, 83.6, 83.7, 81.1, 77.5, 74.6, 61.4, 32.3, 31.2, 30.9, 30.8, 29.5, 28.3, 20.4, 20.1,
18.0,17.2,13.3.

31p NMR (162 MHz, CDCls): § 17.7 (PPhs).
19F NMR (376 MHz, CDCls): § -62.4 (BArF).
1B NMR (128 MHz, CDCls): § -6.7 (BArF).

HRMS (NSI): m/z calculated for CasHaolrN2OP [M-BArF]* : 833.3211; found:
833.3217.

MeCN Hydride Complex

'H NMR (400 MHz, CD3CN): -21.47 (1H, dd 2Ju.p = 17.5 Hz, 2J1.1 = 6.8 Hz, Ir-H),
-21.59 (1H, dd 2Jn-p = 17.7 Hz, 2Jn.n = 6.8 Hz, Ir-H).

3P NMR (162 MHz, CD3CN): § 17.5 (t 2Jp-n = 17.5 Hz, PPhy).

Yield = 653 mg, 77%.
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Imidazolium BArF

N* N>—0

v
BArFN\)
AN1T7

(574 mg, 0.5 mmol).

The compound exists as a pair of diastereomers (8:2), believed to originate from the
restricted rotation of the Ir-C and Ir-P bonds, which are locked upon the synthesis of
the complex, delivering two potential conformers; the data for both are given below.

o een, BAFF || phF’h 2 |BArF [ PH 2 ]

Ir

/ \F/_N g \’ l
|/ 'y ,\f

% Ng) J119e % Y \'

Yield = 556 mg, 65%.

BArF

N
\

Data

Appearance: red powder.

Melting Point (°C): >185 (dec).

I.R. (cm™): 3094, 3056, 2965, 2912.

IH NMR (400 MHz, CDCls): & 7.80 (8H, br s, Ar-H), 7.77-7.64 (2H, br s, Ar-H),
7.59 (4H, s, Ar-H), 7.56-7.24 (11H, br m, Ar-H), 7.17-6.90 (4H, m, Ar-H), 6.26
(0.2H, s, N-CH=C), 6.21 (0.8H, s, N-CH=C), 5.06-4.91 (0.4H, m, O-CH>), 7.81-4.70
(0.2H, m, COD-CH), 4.56-4.51 (0.2H, m, N-CH), 4.45-4.35 (1.6H, m, COD-CH &
N-CH), 4.26-4.15 (1H, m, COD-CH), 7.79-3.71 (0.2H, m, COD-CH), 3.71-3.62
(0.8H, m, COD-CH), 3.55-3.47 (0.8H, m, O-CH), 3.37-3.23 (1H, m, COD-CH),
3.03-2.91 (0.8H, m, O-CH>), 2.39 (2.4H, s, Ar-CHz), 2.36 (0.6H, s, Ar-CHs), 2.27-
2.16 (0.4H, m, COD-CHy), 2.14 (2.4H, s, Ar-CH3), 2.13-2.03 (3.2H, m, COD-CH,
& Ar-CHg), 2.01 (3H, br-s, Ar-CHjz), 2.00-1.85 (1H, m, COD-CH_), 1.80-1.45 (4H,
m, COD-CHy), 1.24 (7.2H, s, C-(CH3)3), 1.17 (1.8H, s, C-(CH3)3).

13C NMR (101 MHz, CDCl3): 6 167.8 (d 2Jcp = 7.9 Hz), 162.4 (d 2Jc-p = 9.1 Hz)
161.3. (9 2Jc-F = 50.0 Hz), 153.4, 152.8, 140.2, 136.4, 136.2 (br), 135.7, 135.3, 135.1,
134.4, 134.0, 132.6 (br), 131.6 (br), 131.1 (br), 130.4 (br), 130.0, 129.3, 129.0,
128.50, 128.45 (q YJc-s = 30.6 Hz), 128.2, 124.1 (q YJcr = 270.4 Hz), 117.0, 99.0,
97.2, 89.3, 89.2, 83.9, 79.7, 79.6, 79.4, 78.1, 78.0, 77.8, 77.4, 75.6, 75.5, 72.6, 68.4,
67.9,34.9,34.1,33.7,32.1, 31.14, 31.10, 30.8, 30.7, 30.5, 28.9, 28.4, 27.3, 26.7, 26.4,
20.4,20.3,19.7, 18.9, 18.2, 16.8.

3P NMR (162 MHz, CDCls): § 18.1 (PPhs), 17.1 (PPhs).

19F NMR (376 MHz, CDCl3): & -62.4 (BArF).

11B NMR (128 MHz, CDCl3): & -6.7 (BArF).

HRMS (NSI): m/z calculated for CasHs1IrN2OP [M-BArF]*: 847.3368; found:
847.3363.
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MeCN Hydride Complex

1H NMR (400 MHz, CD3CN): -21.49 (1H, dd 2Ju-p = 17.0 Hz, 2Jp.n = 6.9 Hz, Ir-H),
-21.54 (1H, dd 2Jh-p = 17.0 Hz, 2Jn-n = 6.9 Hz, Ir-H).

3P NMR (162 MHz, CD3CN): & 17.5 (t 2Jp-n = 17.0 Hz, PPhy).
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Scheme 1.45 Asymmetric hydrogenation of terminal alkene 69d.

Reactions were carried out using general procedure A and analysed by 'H NMR
spectroscopy to calculate the reaction conversion, and HPLC for enantioselectivity.
The results are tabulated in Table E1.9. Catalyst separation was carried out by

filtration through a pipette of silica, eluting with Et.O/petroleum ether (30/70).

Solvent Temperature (°C) Time (h)
DCM
(4 mL) 25 2
Substrate
MeO 69d
(65 mg, 0.4 mmol)
Product Data!!4

I.R. (cm™): 3062, 3036, 2998, 2844,
!H NMR (400 MHz, CDCls): 6 7.11 (2H, d J = 7.9 Hz,
Ar-H), 6.81 (2H, d J = 7.9 Hz, Ar-H), 3.71 (3H, s, O-
CHs), 2.55 (1H, se J=7.0 Hz, Ar-CH), 1.56 (2H,q J =
MeO 120 7.0 Hz, CH,-CHs), 1.21 (3H, d J = 7.0 Hz, CH,-CHy3),
0.82 (3H, d J = 7.0 Hz, CH-CHs3).
13C NMR (101 MHz, CDCls): 5.158.0, 140.1, 128.3, 113.4, 55.1, 41.2, 31.6, 22.4,
12.6.
HPLC: Column = OJ, hexane : isopropanol =99 :1 , UV detection at A = 256 nm, t;
=11.00 (minor), t = 11.76 (major).

Conversion e.e.

Complex %) (%)
Cl
\/ N,/
// \FK_N <5 N/A
N’W/
’Q/ 114
o}
(2.4 mg, 4.0 umol)
/ /CI

Ir
/ \F_N <5 N/A
N_/
’Q/ 115
o)

(2.4 mg, 4.0 umol)
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| BArF

>99

37

>99

-12

>99

36

>99

>99

o1

>99
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(6.4 mg, 4.0 umol)

‘| BArF
é /P|Pr3
Ir
/ \F/.N >99 13
P
B &o 118d
(6.4 mg, 4.0 umol)
B ‘| BAFE
] /P|Pr3
Ir.
/ \,,.N >99 8
i
&o _J119d

Table E1.9
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Scheme 1.46 Probing the hydrogenation reaction of terminal alkenes to discount

isomerisation.

Reactions were carried out using general procedure A, except with deuterium in place
of hydrogen. The reaction was analysed by *H NMR spectroscopy to calculate the
reaction conversion, and HPLC for enantioselectivity. Catalyst separation was carried
out by filtration through a pipette of silica, eluting with EtoO/petroleum ether (30/70).

Solvent Temperature (°C) Time (h)
DCM
(4 mL) 25 2
Substrate Complex
B | BArF
/ PCy3

Ir

/ \F‘N

MeO 69d >, N'jf

(65 mg, 0.4 mmol) B &O ] 118¢
(6.8 mg, 4.0 umol)

Product Data'*
D2 IHNMR (400 MHz, CDCl3): 6 7.11 (2H, d J = 7.9 Hz,
Db Ar-H), 6.81 (2H, d J = 7.9 Hz, Ar-H), 3.7 (3H, s, O-

CHa), 2.55 (1H, se J = 7.0 Hz, Ar-CH), 1.56 (2H, quin
DS J=7.0Hz, CH2-CH3), 1.21 (3H, d J=7.0 Hz, CH-CHj3),

MeO D120 0.82 (3H, t J = 7.0 Hz, CH2-CHs).
Conversion = >99%. Incorporation expected at & D* 1.21, D° 2.55, D° 1.56.
e.e. = 55%. Determined against integral at 6 3.71.
Incorporation (%)
Da Db D¢
97 95 0
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Scheme 1.47 Asymmetric hydrogenation of enone 121.

Reactions were carried out using general procedure A and analysed by 'H NMR

spectroscopy to calculate the reaction conversion, and HPLC for enantioselectivity.

The results of which are tabulated in Table E1.10. Catalyst separation was carried out

by filtration through a pipette of silica, eluting with Et,O/petroleum ether (30/70).

Solvent Temperature (°C) Time (h)
DCM
(4mL) 25 16
Substrate
O
T
121
(99 mg, 0.4 mmol)
Product Data!®
0]

Appearance: White solid.
Melting point (°C): 75-77.

O 122 ‘O IR (cm™): 3062, 3036, 2998, 1682.

IH NMR (400 MHz, CDCls): 5 8.08 (1H, dd J = 7.8 Hz, ] = 1.5 Hz, Ar-H), 7.47
(1H, td J = 7.5 Hz, 4J = 1.5 Hz, Ar-H), 7.32 (1H, t J = 7.5 Hz, Ar-H), 7.23 (1H, dd
J=7.8Hz, %3 =15 Hz, Ar-H), 7.13 (4H, br-s, Ar-H), 3.46 (1H, dd J = 13.8 Hz, 4.0
Hz), 3.02-2.86 (2H, m), 2.79-2.69 (1H, m), 2.63 (1H, dd J = 13.7 Hz, 9.5 Hz), 2.34
(3H, s, Ar-CHs), 2.13 (1H, dq J = 13.4 Hz, 4.5 Hz), 1.87-1.73 (1H, m).

13C NMR (101 MHz, CDCls): §.199.0, 143.6, 137.0, 135.2, 133.2, 132.0, 128.6,
128.5,127.3, 126.4, 49.8, 35.4, 28.7, 27.9, 21.3.

HPLC: Column = OD-H, hexane : isopropanol = 99 :1 , UV detection at A = 210
nm, tr = 16.33 (major), tr = 19.16 (minor).

Conversion e.e.
Complex

(%) (%)
B ‘| BAIF
] /PEt3
Ir
/ \F,N >99 -32
7
&o J118a

(6.2 mg, 4.0 pmol)
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N I\ <t <t Lo
\ ~N ~ < 3 ~
o o o o o o
> > > > > o))
A A A A A A
- S - S = s - 2 - 3 = 3
< < < < < <
=1 ] © 1 O ] © ] 1
g g g g g
=1 =1 =1 =1 =1
o o o o o
o Z Vo < S % V-0 < o = Vo < @ Z Vo | 2 < Vo < % Z S0
Lu =z 5 m =z 0 m =z 0 o =z 5 o =z 5 ~Z
gl =g 8] f=g 8 208 & fedg &) SE0 g 8 =
/r N /r : /r h /r : /r : /r :
= o~ = = e = e = = o) = = o) = =
© N N © ©
N | p——g p——g N | N

(6.8 mg, 4.0 umol)
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(@] (o] —
o0 N~ [e)]
()]

L0 —

~ n\m ©
% 8 | % 3 s 3
e} - e - o -
_ _ _ _

Z7N Z7N\ Z7N

(6.8 mg, 4.0 umol)

(6.4 mg, 4.0 pmol)

(6.4 mg, 4.0 umol)

Table E1.10
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Scheme 1.48 and Graph 1.5 Investigating the solvent effects in asymmetric

hydrogentation.

Reactions were carried out using general procedure A and analysed by 'H NMR
spectroscopy to calculate the reaction conversion, and HPLC for enantioselectivity.
The results of which are tabulated in Table E1.11. Catalyst separation was carried out
by filtration through a pipette of silica, eluting with Et.O/petroleum ether (30/70).

Complex Solvent Temperature (°C) Time (h)
B | BAFF
7 PiPry
Ir
/ \,/.N (4 mL) 25 16
3y
L ﬁ/o J119d
(6.4 mg, 4.0 umol)
Substrate
O

(Tl
121

(99 mg, 0.4 mmol)
Product Datal'®
O

O ‘O Data was consistent with that reported on page 181.
122

Solvent  Conversion (%) e.e. (%)

DCM 81 91

PhCI 96 86

MTBE 84 90

t-amylOH 66 87

i-ProAc 19 94

DMC 43 91
Table E1.11
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Scheme 1.49 and Graph 1.6 Investigating the reaction time for asymmetric

hydrogenation.

Reactions were carried out using general procedure A and analysed by 'H NMR

spectroscopy to calculate the reaction conversion, and HPLC for enantioselectivity.

The results of which are tabulated in Table E1.12. Catalyst separation was carried out

by filtration through a pipette of silica, eluting with Et.O/petroleum ether (30/70).

Complex Solvent Temperature (°C)
B | BAF
7 PiPrs
Ir
) \FN DCM .
%, ij/) (4 mL)
L “&o J119d
(6.4 mg, 4.0 umol)
Substrate
0]
(T
121
(99 mg, 0.4 mmol)
Product Data!’®

O ‘O Data was consistent with that reported on page 181.
122

@)

Reaction time (min) Conversion (%) e.e. (%)

15 40 9
30 56 94
60 79 9
120 77 94
240 76 93
480 79 92
960 81 91
Table E1.12
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Scheme 1.50 and Graph 1.7 Probing the impact of catalyst loading.

Reactions were carried out using general procedure A and analysed by 'H NMR
spectroscopy to calculate the reaction conversion, and HPLC for enantioselectivity.
The results of which are tabulated in Table E1.13. Catalyst separation was carried out

by filtration through a pipette of silica, eluting with Et.O/petroleum ether (30/70).

Complex Solvent Temperature (°C) Time (h)
B | BAIF
7 /PiPr3
IF DCM
P o\ (@ml) 25 16
> 07
L J119d
Substrate
o}
(.
121
(99 mg, 0.4 mmol)
Product Data!’®

O

O ‘O Data was consistent with that reported on page 181.
122

Catalyst loading (mol%)  Amount of 119d  Conversion (%) e.e. (%)

0.5 (3.2 mg, 2.0 pmol) 45 90

1.0 (6.4 mg, 4.0 umol) 81 91

1.5 (9.6 mg, 6.0 pmol) 97 94

2.0 (12.8 mg, 8.0 umol) >99 94
Table E1.13
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Scheme 1.51 and Graph 1.8 Investigating the reaction temperature dependence, and
application of the Curtin-Hammett principle.

Reactions were carried out using general procedure A and analysed by 'H NMR
spectroscopy to calculate the reaction conversion, and HPLC for enantioselectivity.
The results of which are tabulated in Table E1.14. Catalyst separation was carried out
by filtration through a pipette of silica, eluting with Et.O/petroleum ether (30/70).

Complex Solvent Time (h)
| BAF

1 PiPry
Ir.
DCM
P O\ 2
%, Nlj/) (4 mL)
L </O _1119d

(12.8 mg, 8.0 pmol)

Substrate
@]

(Tl
121

(99 mg, 0.4 mmol)
Product Datal®®
O

O ‘O Data was consistent with that reported on page 181.
122

Reaction Temperature (°C) Conversion (%) e.e. (%) A4A4G¥c.1 (kcalmol?)

25 >99 94 2.3

0 >99 96 2.1

-10 83 97 2.2

-20 36 98 2.3

-30 11 99 2.5
Table E1.14
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Scheme 152 and Graph 1.9 Investigating new substrates for asymmetric
hydrogenation.

Reactions were carried out using general procedure A and analysed by 'H NMR
spectroscopy to calculate the reaction conversion, and HPLC for enantioselectivity.
Catalyst separation was carried out by filtration through a pipette of silica, eluting with
Et>O/petroleum ether (30/70).

Complex Solvent Temperature (°C) Time (h)
B | BAF
7 PiPrs
Ir
/ \,/.N BCT 25 2
%, N 7/ (4 mL)
L ﬁ/o J119d

(3.2 mg, 2.0 umol)

Substrate
o)

MeO

123a
(26.4 mg, 0.1 mmol)
Product Datal®®
o)
Appearance: Clear oil.
O ‘O IR (cm™): 3051, 2930, 2875, 1682.

MeO 124a
IH NMR (400 MHz, CDCl3): § 8.10 (1H, dd J = 7.8 Hz, 4J = 1.5 Hz, Ar-H), 7.48
(1H,td J=7.5Hz, *J= 1.5 Hz, Ar-H), 7.34 (1H, dd J = 7.8 Hz, 7.5 Hz, Ar-H), 7.24
(1H, d J = 7.5 Hz, Ar-H), 7.20-7.15 (2H, m, Ar-H), 6.91-6.84 (2H, m, Ar-H), 3.82
(3H, s, O-CHa), 3.43 (1H, dd J = 13.6 Hz, 4.1 Hz), 3.04-2.89 (2H, m), 2.80-2.59
(2H, m), 2.14 (1H, dg J = 13.4 Hz, 4.5 Hz), 1.88-1.72 (1H, m).

13C NMR (101 MHz, CDCls): & 199.1, 157.8, 143.6, 133.0, 132.2, 131.7, 130.0,
128.5,127.2, 126.4, 113.7,55.3, 49.7, 34.1, 28.4, 27.6.

HPLC: Column = OD-H, hexane : isopropanol = 99 :1 , UV detection at A = 210
nm, tr = 31.28 (major), tr = 33.88 (minor).

Conversion (%) ee. (%)  Hammett c''°

>99% 95.7% -0.27
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Substrate

O
121

(24.8 mg, 0.1 mmol)

Product Datal!®®
O
Data was consistent with that reported on page 181.
122
Conversion (%) e.e. (%)  Hammett ¢''°
>99% 94.1% -0.17
Substrate
0

e
123b

(23.4 mg, 0.1 mmol)

Product Datal®®

S ? Appearance: White solid.

Melting point (°C): 51-53.
124b L.R. (cm™): 3034, 2968, 1683.

'H NMR (400 MHz, CDCls): § 8.08 (1H, dd J = 8.0 Hz, *J = 1.7 Hz, Ar-H), 7.49
(1H,td J = 7.5 Hz, *J = 1.7 Hz, Ar-H), 7.35-7.30 (3H, m, Ar-H), 7.29-7.22 (4H, m,
Ar-H), 3.53 (1H, dd J = 13.7 Hz, 4.0 Hz), 3.02-2.87 (2H, m), 2.85-2.72 (1H, m),
2.68 (1H,dd J=13.7 Hz, 9.5 Hz), 2.14 (1H, dq J = 13.4 Hz, 4.5 Hz), 1.91-1.73 (1H,
m).

13C NMR (101 MHz, CDCls): 6 198.7, 143.5, 140.0, 133.0, 132.5, 128.7, 128.4,
128.2,127.5, 126.2, 126.0, 48.9, 35.6, 28.9, 27.7.

HPLC: Column = OD-H, hexane : isopropanol = 99 :1 , UV detection at L = 210
nm, tr = 18.23 (major), tr = 20.29 (minor).

[@]0%: -21.3, (c 1.0, CHCls) [[a]o®®: +20.7, (¢ 1.0, CHCIs) (R)-124b at 93% e.e.] 1’

Conversion (%) e.e. (%) Hammett c*°

>99% 93.4% 0
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Substrate

o)
Cl 123c

(26.9 mg, 0.1 mmol)

Product Datal®®

Q Appearance: White solid.

O ‘O Melting point (°C): 85-87.
cl 124¢ I.R. (cm™): 3062, 2954, 1683.
'H NMR (400 MHz, CDCl»): 6 8.05 (1H,d J=7.8 Hz, Ar-H), 7.46 (1H,td J=7.5
Hz, 4J = 1.4 Hz, Ar-H), 7.32 (1H, dd J = 7.8 Hz, 7.5 Hz, Ar-H), 7.22 (1H,d J =75
Hz, Ar-H), 7.22-7.15 (2H, m, Ar-H), 6.99-6.88 (2H, m, Ar-H), 3.43 (1H, dd J = 13.6
Hz, 3.8 Hz), 3.04-2.89 (2H, m), 2.80-2.59 (2H, m), 2.14 (1H, dq J = 13.4 Hz, 4.0
Hz), 1.80-1.72 (1H, m).
13C NMR (101 MHz, CDCls): & 198.4, 144.0, 138.6, 133.4, 132.1, 131.8, 130.0,
129.0, 128.5, 127.4, 126.5, 49.5, 35.3, 29.0, 28.0.

HPLC: Column = OD-H, hexane : isopropanol = 99 :1 , UV detection at A = 210
nm, tr = 23.29 (major), tr = 25.45 (minor).

Conversion (%) e.e. (%) Hammerzt o1

>99% 92.0% 0.23

Substrate

o}
Br 123d
(31.3 mg, 0.1 mmol)

Product Datal!®

Q Appearance: White solid.

Melting point (°C): 78-80.
Br 124d I.R. (cm™): 3052, 2977, 1686.
'H NMR (400 MHz, CDCls): 4 8.09-8.03 (1H, m, Ar-H), 7.51-7.39 (3H, m, Ar-H),
7.36-7.28 (1H, m, Ar-H), 7.25-7.19 (1H, m, Ar-H), 7.15-7.08 (2H, m, Ar-H), 3.47-
3.34 (2H, m), 3.00-2.89 (1H, m), 2.77-2.60 (2H, m), 2.14-2.04 (1H, m), 1.86-1.71
(AH, m).
13C NMR (101 MHz, CDCls): § 198.9, 144.2, 139.4, 133.7, 132.6, 131.2, 131.0,
128.9, 127.9, 126.9, 120.3, 49.5, 35.3, 28.9, 28.0.

HPLC: Column = OD-H, hexane : isopropanol = 99 :1 , UV detection at A = 210
nm, tr = 25.39 (major), tr = 27.71 (minor).

Conversion (%) e.e. (%) Hammett c**°

>99% 92.0% 0.23

190



Chapter 1

Substrate

)
FsC 123e

(30.2 mg, 0.1 mmol)

Product Data'®®

O

Appearance: White solid.
Melting point (°C): 56-58.
FlC 124e I.R. (cm™): 3058, 2967, 1689.

'H NMR (400 MHz, CDCls): 6 8.12-8.06 (1H, m, Ar-H), 7.64-7.53 (2H, m, Ar-H),
7.52-7.42 (1H, m, Ar-H), 7.41-7.30 (3H, m, Ar-H), 7.28-7.22 (1H, m, Ar-H), 3.61-
3.50 (1H, m), 2.99 (1H, dd J = 8.0 Hz, 4.0 Hz), 2.87-2.70 (2H, m), 2.20-2.10 (2H,
m), 1.95-1.76 (1H, m).

13C NMR (101 MHz, CDCls): 6 198.2, 144.0, 143.9, 133.2, 132.3, 129.7, 128.9,
128.5 (br), 127.6, 126.0, 125.4 (q, Jc-r = 268.9 Hz) 122.9, 49.3, 35.6, 29.0, 28.3.
HPLC: Column = OD-H, hexane : isopropanol = 99 :1 , UV detection at A = 210
nm, tr = 23.33 (major), tr = 26.23 (minor).

Conversion (%) e.e. (%) Hammett ¢'*°
>99% 90.0% 0.54
Substrate
0
123f
(24.8 mg, 0.1 mmol)
Product Data
0
O ‘O Product not isolated
124f
Conversion (%) e.e. (%)
12% N/a%
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Substrate

O

SNes
123g
(24.0 mg, 0.1 mmol)

Product Data

O

O/\it(j Product not isolated
124f

Conversion (%) e.e. (%)

14% N/a%
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Chapter 2

1. Introduction

Within the UK, the pharmaceutical industry accounts for 20% of the total R&D
spending,® which is clearly indicative of the constant development of new medical
compounds and treatment methods. Within this R&D spending, approximately 60%
of all novel molecular entities fail in pre-clinical trials, as such, a fresh initiative was
developed to assess potentially interesting molecules at an earlier stage in
development.? A key aspect of this initiative was the application of absorption,
distribution, metabolism, excretion, and toxicology (ADMET) studies at an earlier

stage where it can have maximum impact on later stage success.?

Within ADMET studies, radiolabelled compounds are extensively applied, and remain
as the ‘gold standard’ with no other technique ensuring the detection and quantification
of all drug-related signals in a complex system.* Having said this, recent developments
in analytical techniques allow for the detection of even trace quantities of heavy
isotope labelled compounds without the inconvenience of handling radioactive
materials.® As such, it is expected that labelled compounds, containing both radioactive
and heavy isotopes, will continue to play a significant role in drug discovery and
development, maintaining the demand for new methods for the production of such

labelled compounds.

Secondary to the pharmaceutical industry, are research chemistry laboratories which
investigate chemical reaction mechanisms.® In such laboratories, a labelled compound
can be used to trace the fate of a substrate through a proposed mechanism, or to deliver

key insight into reaction kinetics.

This demand for labelled compunds has led to an increase in the development of
efficient and facile methods to incorporate various isotopes into molecules. The most
commonly used isotopes are carbon-13 (*3C) and -14 (**C) and the hydrogen isotopes

deuterium (?H) and tritium (3H).

1.1. Carbon Labelling (*3C & 14C)

The use of carbon isotope-labelled drug molecules for testing results in several
drawbacks. Primarily, the label is introduced at an early stage in the synthesis.
Nevertheless, carbon labelled compounds are often synthesised and applied in drug
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development. One example of 3C incorporation is the synthesis of [**Cs]primaquine
2, a drug used to combat relapsing malaria caused by Plasmodium vivax. The synthesis

is successfully completed from [*3Cglanisole 1, in seven steps (Scheme 2.1).’

O AN

/O\© 7-Steps N/
- HN
T/\/\ NH2
1 2

[13C6]primaquine
Scheme 2.1 3C labelling of Primagquine.

This requirement can often lead to the redesign of the synthetic route to accommodate
a commercially available source of labelled starting material. This is especially
troublesome in complex molecules such as natural products, which may require many

steps to synthesise and a great deal of time to optimise the synthetic route.

Similarly, the incorporation of the radioactive isotope *C is introduced during
synthesis. However, due to the low commercial availability of 24C labelled compounds,
this is often achieved by use of *CO,, generated from Bal*CO3z and concentrated
sulfuric acid, *C-methyl iodide or '*C-metal cyanide. In the production of [*C]
AZD4694 5, for use in positron emission tomography studies towards the treatment of
Alzheimer’s disease, *CO, was used to introduce the radiolabel. In this 14-step
synthesis, the radiolabel was introduced in the second step, requiring the handling and

disposal of radioactive material for the further 12 steps (Scheme 2.2).8

Additionally, the specific radioactivity of **C is often too low to allow studies at
relevant doses with highly potent drugs. In cases such as this, the application of a
different radioisotope is required; this is most commonly an isotope of hydrogen.
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0 Br 0 * CO,H
~ 2
\@ nBuLi then *CO,, \©:
0 g 0

- J THF -78°C-RT.

0 ~0
3 4
I 12-Steps
HO x -
N \ ,)—NH
o N
5
[*CJAZD4694

Scheme 2.2 1C labelling with by carboxylation.

1.2. Hydrogen Labelling (*H & H)

Deuterium- and tritium-labelling can be achieved by application of a variety of
methods; the choice of method is dependent upon a number of factors, including regio-
and chemo-selectivity, and the stability of the labelled compound to the reaction
conditions. A key area of hydrogen labelling utilises a reagent/substrate containing a
heavy hydrogen isotope. An example of this is ortho-lithiation followed by addition
of an electrophilic source of the isotope.® An example from Beak and Brown illustrates
the incorporation of deuterium into the benzamide-derived aromatic 6 leading to the
lithiated intermediate 7, which is quenched by addition of a deuterated alcohol to give
deuterium labelled benzamide 8 (Scheme 2.3). However, this method uses strongly

basic reaction conditions that may not be suitable with more complex molecules.

Os__NR, Os__NR, Ox - NR2

Scheme 2.3 2H labelling by deprotonation and D-quench.

Another approach used to incorporate a hydrogen isotopic label is to use a deuterated

or tritiated reducing agent. A variety of methods have been applied, the most common
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of which is a metal-mediated reduction of a carbon-halogen bond. A recent example
takes tribrominated precursor 8 to the tritiated drug molecule [*H3](R,R)-4-
methoxyfenoterol 9 using a heterogeneous palladium catalyst to facilitate the reduction
(Scheme 2.4).2% This method has the obvious drawback of requiring a halogen be
incorporated into the molecule at some point during the synthesis, which may not
always be possible and may necessitate a redesign of the molecule’s synthesis.

Br OH H
Br Br O EtOH
OH 8

+ TBR

Scheme 2.4 °H labelling by dehalogenation.

Alternatively, a step already embedded in the synthesis may require the reduction of a
functional group e.g. an aldehyde, alkene or ketone. An excellent example of this is
the enatioselective reduction of enone 10 in the presence of a chiral ruthenium-based
Noyori catalyst, using [*H]formic acid as the isotope donor, leading to the tritium
labelled EP4 agonist [®H]11 (Scheme 2.5).1! A variety of non-transition metal based
reduction methods are also available using deuterated and tritiated analogues of

NaBH..1? However, these methods all require a viable functional group for reduction.

0 o) o)
J/\/\)J\) [Ru(RR)-TSDPEN-cyICI J/\/\)J\)

DCM, 0 °C 2 d

10 1

Scheme 2.5 ®H labelling by asymmetric carbonyl hydrogenation.

Another method to install a hydrogen isotope is to perform direct exchange of the more
abundant *H atom within a molecule for its heavy or radioactive counterpart (>H-
deuterium or 3H-tritium), a process commonly used on fully functionalised drug
molecules. The challenge is to install the hydrogen isotope only at the required position
with sufficient levels of incorporation to allow utility in subsequent ADMET studies.
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Two approaches are commonly used, the first of which is heterogeneous transition
metal-catalysed hydrogen isotope exchange.

1.3. Heterogeneous Hydrogen Isotope Exchange

Most heterogeneous methods of isotope exchange apply widely available platinum or
palladium catalysts. The benefit of simple removal of heterogeneous catalysts by
filtration is countered by the high catalyst loading, temperature, and pressure that is
often required for their use. Having said this, examples do exist in which such catalysts
have been used to give high incorporations with some measure of regioselectivity.™
One such example by Faigl et al. shows the selective deuteration of piperidine
derivative 12, where exchange proceeds exclusively at the benzylic position with high

levels of incorporation (Scheme 2.6).14

D
10% Pd/C, D, (3 bar), p

CD3;0D, DCI, 60 °C, 6 h

N N

H H

12 D12
D 90%

Scheme 2.6 2H labelling of benzyllic positions.

Aromatic labelling is also possible with heterogeneous catalysts as described by Sajiki
et al.’® However, extreme conditions are required to label efficiently on aromatic
structures bearing electron withdrawing groups. This shown in the deuteration of
diacid 13, in which a temperature of 180 °C and a prolonged reaction time of 24 h is

required to obtain appreciable levels of incorporation (Scheme 2.7).

Db
CO,H
©: *" 5% PYC, D, (1 bar), D2 CO,H
CO,H D,0, 180 °C,24h D2 CO,H
13 Db
D13

D2 99%, DY 64%

Scheme 2.7 2H labelling of electron poor aromatics.
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All the above methods have their place in the modern chemical industry; however, the
challenge reamains of finding a practical means to label a fully functionalised drug
molecule under mild conditions and in a regioselective manner. The most imprtant
development in addressing this problem has come from the area of homogeneous

catalysed transition-metal hydrogen isotope exchange.

1.4. Homogeneous Hydrogen Isotope Exchange
1.4.1. Platinum & Nickel

The earliest developments in hydrogen isotope exchange (HIE) are based around the
use of platinum species and, although still applied today, these techniques are non-
selective.'® One of the first examples comes from Garnett and Hodges in 1967 and
applied a Pt(Il) salt in acetic acid and hydrochloric acid, using heavy water as the
deuterium source, to label a variety of arenes albeit with low levels of incorporation
(Scheme 2.8).1¢

D
© Na,PtCl,, CH;COOH D D
HCI, D,0, 75 °C, 2.3 h D D
14 D
D14
D 11%

Scheme 2.8 Early example of homogeneous HIE.

More recent developments have led to higher levels of incorporation through the use
of microwave irradiation; but still in a non-regioselective manner, as shown by Atzrodt
and Derdau.® Applying similar conditions to Garnett and Hodges, a Pt(Il) salt
facilitated the exchange of deuterium in 15 under basic conditions with good levels of

incorporation (Scheme 2.9).
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o

' O K,PtCl,, NaOD, D,0,

OH >
O Microwave, 160 °C, 2 h

15 82% D-Incorporation
over all positions

Scheme 2.9 Microwave assisted HIE.

Another transition metal used in HIE processes is nickel, which was investigated
extensively throughout the 1970s and 1980s and showed some selectivity for labelling
ortho- to aniline and phenol derivatives.'” An example from MacDonald and Shannon
used nickel embedded on kieselguhr with heavy water as the isotope source. These
conditions delivered good incorporations at the ortho-positions in phenol, however
when moving to 3,5-dimethylphenol 16, the selectivity was eroded with significant

incorporation at the ortho and benzylic positions (Scheme 2.10).%8

Db D@

OH
OH Nickel-kieselguhr, D,0

99 °C. 24 h o
b
16 D
D16
D? 74%, DP 25%

Scheme 2.10 Ortho phenol and benzyllic HIE.

One advantage to using nickel as a HIE catalyst is its ability to label regioselectively
in pyridine-like structures at the o-position.!® An example from Hesk et al. uses the
ability to perform tritium exchange with Raney-nickel successfully in compound 17,

in which almost exclusive regioselectivity is observed (Scheme 2.11).%°
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Raney-nickel, TOH,

dioxane, 110 °C, 60 h

)/*NH
o) T17
T2 90%, T° 10%

Scheme 2.11 Pyridine C-2 HIE.

1.4.2. Ruthenium & Rhodium

One of the first reported uses of ruthenium in HIE came in 1974 when Regen applied
a tris(triphenylphosphine)ruthenium(ll) dichloride species 18 to the labelling of
primary alcohols, such as 19, in the a-position (Error! Reference source not found.).?
However, temperatures in excess of 150 °C were required for significant levels of

incorporation, and when moving to secondary alcohols no exchange was observed.

PPNy
Ph3P—R|u;‘C'
PPh, 5
18
/\/\ D > /\)\OH
10 200 °C, 1 h D19
D 25%

Scheme 2.12 a-HIE in an alcohol.

Following this work, labelling was successfully completed on amines, including
piperidines and piperazines, which are common functionalities within drug molecules.
An example is SCH66336 20, in which incorporation occurs selectively at the a-
position of the piperidine ring, with notably, no halogen exchange observed (Scheme
2.12).2
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i O. I
Cl
PhsP—Ru_

PPh,
Br 18
N TOH, Dioxane,
H 130°C,1h
20

Scheme 2.13 Piperidine C-2 HIE.

The first reported use of a rhodium species in HIE processes was in 1975, when Garnett
et al. developed a rhodium trichloride hydrate that was used as an alternative to the
tetrachloroplatinate species previously employed (vide supra).?® Although deuteration
occurred at a slower rate, the reaction did not require a mineral acid for stabilisation,

hence simplifying the experimental procedure.

Indeed, Lockley et al. continued to optimise this rhodium trichloride hydrate system,
but it wasn’t until 1982, that they reported the regioselective labelling of chromone-2-
carboxylic acid 21 in DMF/D2O at elevated temperature with excellent levels of

incorporation (Scheme 2.14).%4

0 o)
| RhCl3.3H,0 | D
o OH " p,o, DMF, 105 °C o CH
21 © p21 ©
D 95%

Scheme 2.14 Acid directed HIE.

Following this early success, Lockley hypothesised that the high regioselectivity for
ortho-exchange must originate from coordination of the carboxylate to the rhodium
centre, thus forming a five-membered cyclometallated intermediate 22 (Figure 2.1).
Therefore, in the presence of deuterated water regiospecific deuterium incorporation
occurred. Further studies supported this hypothesis and allowed for the incorporation
of aromatic carboxylic acids,?*?° amides,?®> amines® and anilines?®® as functional

handles capable of directing HIE.

205



Chapter 2

22

Figure 2.1 Proposed cyclometallated intermediate.

More recently, Li et al. developed a range of rhodium(l11) hydride complexes such as
23, and employed them in the deuterium labelling of benzo[h]quinoline 24, in
deuteroacetone (Scheme 2.15).2” Electron donating phosphine ligands were found to
be crucial for catalyst activity, the most active of which was applied in the labelling of
heteroaromatic  systems, presumably following a similar five-membered

cyclometallated intermediate as proposed by Lockley.?*

PFe

| (3 mol%)

O CD5COCD3, 100 °C, 1.5 d
Da

24 D24
D? 98%, D® 5%

Scheme 2.15 Directed HIE in benzoquinoline.

Despite early success with ruthenium and rhodium complexes, many of these catalysts
are limited by the high temperatures and prolonged reaction times associated with their
use. Therefore, focus has switched to complexes with alternative metals, in particular

iridium.
1.4.3. Iridium

The emergence of iridium complexes as HIE catalysts in the 1980s and 1990s
revolutionised isotope exchange.?®? One of the earliest examples of regioselective
labelling using iridium complexes was reported by Crabtree, where incorporation into

the methyl groups in caffeine 26 is observed (Scheme 2.16).2° The complex 25,
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previously applied in olefin hydrogenation and found to be highly active, as was
discussed in Chapter 1. Importantly, this was one of the first examples of the use of a
homogeneous catalyst in labelling chemistry, in which exchange occurred at room

temperature, clearly indicating the activity of the complex in the HIE process.

ITPh)\ BF,

\O
H'"‘o
PPhs (5 mol%)
;\JI [0 ;\JI W
D, (1 atm), DCM, 25 °C, 8 h
D26
26 D 95%

Scheme 2.16 sp® HIE in Caffiene.

Despite this result, it wasn’t until 1992 that Heys employed complex 25, already
proven to activate C-H bonds, to perform regioselective ortho- exchange on a variety
of aromatic model substrates (Scheme 2.17). This study expanded the scope of this
labelling chemistry to include a variety of functional handles, allowing excellent ortho-
selective exchange in substrates D27a-e.3! It was also observed, that the substituent on
the aromatic ring affected selectivity in the deuteration of the C-2 or C-6 positions,
and importantly, that substitution at C-3 favoured incorporation at C-2, as in D27f-g.
It is also noteworthy that the poorly coordinating nitro group D27i gave only low levels
of incorporation. Furthermore, addition of an extra methylene unit between the

aromatic ring and functional handle D27j caused labelling to cease completely.
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PPh BF
| |
(e}

H'T‘O
PPh, D
N R 25 - N R
X X
= D, (1 atm), DCM, % D
27 25°C, 16-24 h D27
D O D (6] D = | D l\f/\>
H
D D D D
D27a,1.1 D D27b, 1.7 D D27c,1.8D D27d, 1.8 D
D 0 D O
D N N
> o™ 0
do ) 5
D Br /O
D27e,1.8 D D27f, 15D D27g,1.0D
(C2: 66%; C6 33%) (C2: 85%; C6 15%)
D O D0 D
NZ O
O/\ 0} ~
O
D D
D27h, 0.68 D D27i,0.18 D D27j,0.0D

Incorporation reported as the number of deuterium atoms incorporated per molecule.

Scheme 2.17 HIE mediated by complex 25, and different directing groups.

To further explain the efficacy of this catalyst system, in 1993 Heys reported further
studies in which the rate of ortho-deuteration was studied (Scheme 2.18).%? It was
observed that substitution at the 4-position of benzoate ester 28 improved the overall
level of labelling substrates (D28a-c), except in the case of the strongly withdrawing
triflouromethyl group D28d, in which it was mildly diminished. Indeed, the same
results were reflected in the use of dimethyl benzamides. One standout result was the
failure to label any compound containing a nitrile substituent, such as D28e; Heys
speculated that this may be due to irreversible complexation of the nitrile to the iridium

centre, shutting down the catalyst.
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PPh BF
Prs) | o
H (0}

[T
H"|r ~0
(@] pphﬁ/ D O
O/\ 25 O/\
X D, (1 atm), DCM, X D
25 °C, 16-24 h
28 D28
D O D (0] D (0]
o Jf:fko& @%QA
HO D o D F D
D28a,1.9D D28b, 1.8 D D28c,1.5D
D
O/\ o/\
FsC D NC D
D28d,1.0D D28e, 0.0 D

Incorporation reported as deuterium atoms incorporated per molecule.

Scheme 2.18 HIE mediated by complex 25 with substituted aromatic rings.

In attempts to explain the para-substituent effect, Heys performed labelling
experiments on substituted benzophenones, such as 29 (Figure 2.2), and found that
the rate of deuteration was indeed faster for substituted aromatic rings (Table 2.1).

This led to the conclusion that because complexation to the substrate is identical for

D2 O D°
x D2 D° 59
Figure 2.2
Entr X Ratio of D? / D"®
g 25 min 55 min 24 h
1 Cl 16 12 10
2 OMe 2.1 1.4 1.0

@ Ratio of the average number of deuterium atoms incorporated at the given position.
Table 2.1 Comparative rate study of substituted aromatics.
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labelling both aromatic rings, the rate determining step of the reaction must occur
during the C-H bond breaking or C-D bond formation steps of the reaction.

In further studies, Hesk applied the commercially available catalyst, 30, developed by
Crabtree for hydrogenation processes with great success, as discussed in Chapter 1.
Labelling ortho- to acetanilides, such as 31, was found to proceed in a highly

regioselective manner with high levels of incorporation (Scheme 2.19).%

/ PFs
\I ~PY
AN D
y >/30 PCYs (5 mol%) H\ﬂ/
mol7/o
/©/ E/ D, (1atm), DCM, rt, 16 h g, o ©
Br 31 D31

D 98%

Scheme 2.19 Crabtree’s catalyst 30, in HIE.

Importantly, the work by Hesk gave examples in which the catalyst could label at a
position four or five bonds distant from the site of complexation, as in acetophenone,
32, or acetanilide, 34, respectively. This evidence lent further support to the now
generally accepted idea that the reaction could proceed via a five-membered

metallocylic intermediate (five-mmi), 33, or a six-mmi, 35 (Scheme 2.20).

BN A

O
HN (@) HN™ S0
Ir 3 i
- 5 Ir6
6-mmi 5
32 34 35

Scheme 2.20 Plausible cyclometallated intermediates.

Heys went on to produce a series of phosphine based analogues of complex 30,
including 36 and 37 in an attempt to further improve the reactivity and elucidate the

mechanism behind the HIE process (Figure 2.3).34
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f BF,4 f BF,
/PPh3 PPh
Ir{ Ir\ j
/ PPh3 /
th
36 37

Figure 2.3 Monodentate 36 and chelating 37 phosphine complexes.

In particular, Heys et al. attempted to explain how a catalyst could be tuned to
exclusively label via a 5-mmi as oppose to a 6-mmi. In efforts towards this, ethyl 1-
napthoate 38 (a substrate which could label via a 5- or 6-mmi, 39 and 41 respectively)
was labelled using complexes 30, 36, and 37 (Scheme 2.21). Heys observed that
complexes 36 and 37 were indeed much more active than complex 30 (Table 2.2).
More interestingly, complex 36 failed to label at the C-8 position via a 6-mmi, hence
it was proposed that the larger ligand sphere of the two monodentate ligands hindered
the formation of the larger, less planar 6-mmi, therefore favouring the smaller, and

more planar 5-mmi.

0 N

0._0 0._0
[ir] —
C-8 e \ —_—
7 OO o
38 39 40
[|r]l
O Ox O~

Scheme 2.21 Proposed labelling in ethyl 1-napthoate 38.

Catalyst Loading  Incorporation®

Entry Complex

(mol%) cC2 C-8
1 30 50.0 0.55 -
2 36 2.2 0.90 -
3 37 2.5 054 0.35

a) Average number of deuterium atoms incorporated at the given position.
Table 2.2 Comparison of complexes 30, 36 and 37 in HIE.
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From this work and the previous discoveries by Lockley and Hesk, Heys proposed a
plausible catalytic cycle for complexes similar to 30 (Scheme 2.22). Initially, the
complex 43, now thought to be a pre-catalyst, loses the cyclooactadiene unit in forming
the active catalyst 44. Through analogy with similar structures,® Heys proposed that
if a non-bidentate ligand is used, a trans arrangement of ligands is optimal. The extra
ligands “S” are proposed to be loosely bound, and either a solvent molecule, a
molecule of deuterium or a substrate molecule, allowing for coordination of the
substrate 45 in a facile manner. Complexation of the coordinating functionality brings
the ortho position of the aromatic ring close to the iridium centre as in 46. Oxidative
insertion of the iridium into the ortho aromatic C-H bond gives 47. A known hydride
fluxionality process was then proposed, leaving a deuteride cis to the iridium bound
ortho carbon, 48.%” Reductive elimination, and therefore formation of the C-D bond,
Is now possible, forming 49, which can undergo decomplexation to release the labelled
product 50 and regenerate the catalyst 44 with another molecule of deuterium.

+ +
1 II_\\\X\ Y /14, I'_\\\X\ Y
H _In D _Ir
D™ | = | H [
48 47

Scheme 2.22 Heys’ proposed mechanism for HIE with Crabtree-like catalysts.
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Despite the initial success of complex 30, it wasn’t until 2001 that Herbert fully
elucidated the scope of this complex in HIE processes.®® The study began by testing a
range of esters, amides and ketones for their potential to act as a functional handle in
the HIE process (Scheme 2.23). The esters, as had been previously reported by Hesk,
performed excellently, with a para-substituent on the aromatic ring. Having said this,
incorporation levels fell drastically with ortho- or meta-substitution. Additionally,
electron withdrawing substituents hindered the deuteration process. Upon switching
to an amide as the functional handle, the levels of incorporation generally improved.

This is thought to be principally an electronic effect associated with the electron-

/ PFe
Ir/py
AN
/ PCy3
o 30 D O
(115 mol%)
Y Y
R R
D2 (1 atm), Dzo, D
50 DCM, 25 °C, 90 h D50
D O
D O D O
~
o) D O
~
o) D o ‘0.
) L0 oyl
D O o o~ o D o)
D50a, 0.1 D D50b, 1.1 D D50c, 1.7 D D50d, 0.4 D
D O D O
D O D O D
N | NN |
| D L N D
D F o D D o)
D50e, 1.6 D D50f, 1.9 D D50g, 3.7 D D50h, 1.6 D
D O J<D D O D
CE | (1
D )N
D DD
D50i. 2.0 D D50j, 3.4 D

Incorporation reported as the number of deuterium atoms per molecule.

Scheme 2.23 HIE with Crabtree’s catalyst, with different directing groups.
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donating capabilities of the coordinating functional handle. Unlike esters, the
deuteration of substituted amides remained mostly unaffected by the aryl substituent.
Coordination of such amide substrates was proposed to occur primarily through the
oxygen of the amide, because changing the nitrogen substituent from dimethyl to the
bulky di-iso-propyl did not significantly hinder incorporation. Furthermore, ketones
were shown to act as excellent coordinating functional handles, delivering similar

incorporations as amide handles.

In addition to the expected incorporation, it is noteworthy that incorporation was
observed in the methyl units of dimethyl benzamide D50g (Scheme 2.23). Indeed,
labelling in this position is also proposed to occur via a 5-mmi, 52, in which the iridium
inserts into an alkyl C-H bond (Scheme 2.24).

O H o—Ir
I |
N J
I \
51 52

Scheme 2.24 Proposed sp® HIE cyclometallated intermediate.

These excellent initial results prompted Herbert to investigate the labelling of arenes
bound to a heteroatom. A series of functionalities commonly found in pharmaceutical
chemistry were chosen, and isotope exchange using complex 30 was attempted
(Scheme 2.25). Studies with aniline D53a and phenol D53b systems showed no
incorporation. However, by masking the amine (with either a Boc protecting group
D53c, or as a hydrazine D53d) allowed labelling to be achieved, albeit with low to
moderate levels of incorporation. However, the same was not true of the alcohols,
which when masked as an ester D53e delivered no incorporation. Further work
included benzylic amines D53f and benzylic alcohols D53g to allow formation of a 5-
mmi. Whilst the poorly coordinating benzyl alcohol still failed to give any
incorporation, moderate levels of incorporation were observed in benzylamine.
Unfortunately, the directed labelling with alternative functional handles proved to be
difficult, as nitro D27i, sulfoxide D53h, sulfone D53i and sulfonamide D53j groups
failed to deliver any significant incorporation.
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/ PFg
Ir/py
AN
PCy
V30 72 D
Z (115 mol%) @iz
©/ D2 (1 atm), Dzo, D
53 DCM, 25 °C, 90 h D53
: YR Y
o)
D D D D
D53a,0.0D D53b, 0.0 D D53c, 0.5D D53d, 1.0 D
D D D D o
0 N%
71/ NH, OH o
o)
D D D D
D53e, 0.0 D D53f, 1.0 D D53g, 0.0 D D27i. 0.0 D
D ('s? D Qé/P D Qxé/o
@ ) @ ) @
D D D
D53h, 0.1 D D53i, 0.0 D D53j, 0.3 D

Incorporation is reported as the number deuterium atoms per molecule

Scheme 2.25 Further challenging substrates with Crabtree’s catalyst.

Efficient exchange was also observed with a variety of heterocycles including
imidazoles, thiazoles, and pyridines in each case giving good levels of incorporation
(Scheme 2.26). Notable, with select heterocycles, was the ability to label depending
on the position of substitution on the heterocycle. With 1-methy-3-phenylpyrazol
D54a labelling was achieved through the favoured 5-mmi. However, only the less
reactive 6-mmi is available for 1-methy-5-phenylpyrazol D54b, leading to a lower
overall incorporation. Also worthy of note is the change in incorporation upon
changing the coordinating atom within the same molecule. For 4-phenylthiazol D54c,
a 5-mmi coordinating through the nitrogen can be envisaged, and for phenylthiazol
D54d a 5-mmi coordinating through the sulfur. It is observed that sulfur delivers a low
incorporation compared to nitrogen. Herbert believed that this was due to the
hybridisation of each coordinating atom. For the nitrogen, the lone pair resides in the
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same plane as the aromatic ring to be labelled, hence allowing a facile
coordination/insertion process. However, for the sulfur, the lone pairs reside above and
below the plane of the aromatic ring, causing coordination to occur at a site distant

from the aromatic ring hindering the insertion process.

/ PFg
\I Py
}/ PCys
x’> 30 D X
(115 mol%)
Y Y
D, (1 atm), D50, D
54 DCM,25°C,90h  psg
N SN-N D
@fQ @f\) @fw
D54a, 1.7 D D54b, 0.6 D D54c, 1.6 D D54d, 0.2 D

Incorporation is reported as deuterium atoms per molecule

Scheme 2.26 Heterocycle directed HIE with Crabtree’s catalyst.

The success of Crabtree’s catalyst, 30, in both hydrogenation and HIE processes has
led to increased interest in cationic iridium(l) complexes. With further developments
to the ligand sphere, the utility of such complexes could potentially be improved,

allowing for a more efficient catalyst.

1.4.4. Iron

In part due to the increasing price of second and third row transition metals, in
particular rhodium, iridium, platinum and palladium, there has been a significant
increase in research regarding more cost effective metal catalysts.3® Within this
emerging field, Chirik and Hesk et al. recently disclosed a bis(arylimdazol-2-
ylidene)pyridine iron bis(dinitrogen) complex 55 that can perform hydrogen isotope
exchange with a range of aryl and heteroaryl molecules (Scheme 2.27).% However, in
contrast to those discussed previously, these complexes deliver isotopes without the
need for a directing group, making them complementary to those typically developed

to date. Within the substrate scope several trends appear, for example the exchange is
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always favoured at the less hindered position the aryl ring, as in D56a, and is biased
towards less electron-rich substrates D56¢. This trend is also apparent in a range of
heteroaryl structures tested, including D56d. The complimentary nature of this process
was displayed in the labelling at N,N-dimethylbenzamide D56e. Utilising iridium(l)
complex 30, exchange was observed exclusively at the ortho-positions, while iron
complex 55 installed the label at the less hindered meta- and para-positions.
Remarkably, when applying toluene D56f as a substrate for exchange, it was noted
that there was an inverse dependence upon the deuterium pressure. The origin of this

unexpected trend, has been proposed to be caused by the formation of inactive Fe(0)

| 7/ 'Pr
N
Fe N=N
/ N 55

| R D, 4atm), THF, 45 °C, 24n
X

I~

56 X=CorN D56

|
_N D* FiC D° De
b
D D D2\
D2 D? |
~
D D

D DP D °N
D56a D56b D56¢ D56d
D 68% D? 35%, D 28%  D?90%, D° 90%  D? 80%, D® 87%,
| D® 90%
O N
DS D°
DP DP
DP DP Da
D D56f
D56e (1 atm) D? 17%, D° 22%

(Catalyst 55) D2 70%, Db 64%, D° 0% (035 atm) D2 42%, Db 529,
(catalyst 30) D? 0%, D® 0%, D¢ 70%

Inorportation reported as percentage incorporation over the indicated position

Scheme 2.27 HIE with Ir-complex 55.
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at higher deuterium/hydrogen pressures. However, detailed mechanistic investigations
have yet to carried out for this process. It is also worth noting that although the complex
is highly reactive, it is only usable in a glove-box, currently limiting its use within

industrial laboratories.

1.5. Previous Developments from within the Kerr Group

As noted in the previous chapter, Nolan et al. synthesised a more stable NHC/pyridine
complex 60c, and Buriak et al. synthesised a series of more reactive NHC/phosphine

complexes 60e (Scheme 2.28), and applied them successfully in olefin hydrogenation.

=\ ~ N
N\\jZN Ny
O/ ICy IMes

55 56
|4\
|/\N N\\7N =
Nz - l/}N—
o Nz
T
SlIMes IDiPP IMe
57 58 59
1 PFe
/\Ir/L
~
0 \'/ L2 D (0]
60 (5 mol%)
©)J\ DCM, D, (1 atm), r.t.,, 16 h D
61 D61

Scheme 2.28 ligands used for HIE catalysts.

Entry L! L> Complex % D-Incorporation
1 Pyridine  ICy 60a 0
2 Pyridine  IMes 60b 89
3 Pyridine SIMes 60c 94
4 Pyridine IDiPP 60d 81
5 P"Bus IMe 60e 0
6 PCys Py 30 95

Table 2.3 Comparison of NHC/pyridine, NHC/phosphine and Crabtree’s catalyst in HIE.
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Noting this improvement, Kerr et al. were keen to expand the scope of the HIE
processes with iridium catalysts, and utilised these complexes (Table 2.3).4142
Disappointingly however, the complex 59a, bearing the smallest NHC/pyridine
combination was inactive in the exchange process. The most promising NHC/pyridine
complex 59c¢ showed similar reactivity to complex 30 in the HIE of acetophenone 61.
However, the study also revealed the same necessity for higher catalyst loading across
more complex substrates. Furthermore, the small ligand sphere of NHC/phosphine

complex 60g, also delivered no reactivity.

Despite the early failure of complex 60e to facilitate HIE processes; Kerr et al
continued to investigate the synthesis and application of other NHC/Phosphine
complexes (Scheme 2.29). To this end, the synthesis of complexes a combination of
both bulky NHC and bulky phosphine ligands was realised,*® despite earlier work by
Buriak et al indicating that such complexes were inaccessible. The access to such
complexes was achieved via a modified method initially applied by Herrmann and
Kdocher.* First, dimer 62 is reacted with sodium ethoxide, in the non-coordinating,

non-polar solvent,

" NN / 1) NaOEt, CeHg, rt., 10 min \ NHC
\/ \/ NHC = IMes, 63a
/ 1) NHC.HCI, r.t., 5 h / Cl SIMes, 63b
62 63
I) AgPFg, THF, r.t., 30 min
Il) PR3, r.t., 2 h
/
Mes-. /» PFg Mes. PFg Mes- PFe
e N %N N %N
es Mes
\,/ \PPh3 \/ P(Me),Ph \,/ PBn3
64a 64b L 64c
Yield = 62% Yield = 71% Yield = 59%
Mes /5 PFg
\ )\ N
es
\,/ PPh3
65
Yield = 31%

Scheme 2.29 Synthesis of bulky NHC/phosphine complexes by Kerr et al.
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benzene. Treatment with an imidazolium salt then formed the requisite carbene in situ
and produced intermediate 63, which, upon treatment with silver hexafluorophosphate

and a phosphine, delivered complex 64a-c and 65 in good yields.

Following this, the complexes were then applied and were found to be highly active
HIE catalysts with a range of functional handles, including ketones D61, amides D66a-
b, nitro D27i and N-heterocycles D27c, a selection of which are shown below (Scheme
2.30).

©/DG Catalyst (5 mol%) @iDG
D, (1 atm), DCM, D
66 25°C, 16 h D66
D O D O D
N
@5‘\ @\)J\N/\ @i \f(
(@]
D D K D
D61 D66a D66b
64a: 98%, 64b: 97% 64a: 98%, 64b: 95% 64a: 94%, 64b: 95%
64c: 98% 64c: 97% 64c: 91%
D 9 D = |
+ NS
X' N
D D
D27i D27c
64a: 98%, 64b: 98% 64a: 95%, 64b: 98%
64c: 97% 64c: 35%

Incorporation reported as percentage incorporation over all indicated positions

Scheme 2.30 HIE with NHC/phosphine complexes.

With regards to selectivity, amide 67, for which both 5- and 6-mmi are possible, was
chosen (Scheme 2.31). With the standard conditions (5 mol%, 16 h) high incorporation
at both positions D? and D° was observed with each catalyst (64a, 64b and 64c).
However, with just 0.5 mol% of complex 64b, exclusive exchange was observed at

position D?, via a 5-mmi.
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N } N
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67 o DP
25°C. 16 h De

5.0 mol%, D? 95%, DP 93%
0.5 mol%, D? 94%, D° 2%

Scheme 2.31 Selective labelling of Benzanilide 67.

Following on from the initial report of these complexes, Kerr et al. studied the
mechanism using experimental and computational methods. The findings further
supported the mechanism proposed by Heys et al. (Scheme 2.22).3* However, one key
new interaction was identified when the substrate was bound to the catalyst, an agostic
interaction between iridium and the ortho- C-H bond being was observed (Figure
2.4).%5

L Y *
Dy X=
D’ \
68

Figure 2.4 Proposed agostic interaction.

Based on this, the application of these new NHC/phosphine examples was expanded
to include active pharmaceutical ingredients (Figure 2.5), such as Perebron D69 in
which incorporation is observed exclusively ortho- to the oxadiazole directing group.
Furthermore, high incorporation was observed in Celecoxib D70, with good selectivity

for the pyrazole directing group.
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NH,
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I)\/\\\ —{_ pe°
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D69 D70
D 85%

D? 94%, D® 19%
Figure 2.5 HIE on drug compounds.

Having investigated the ligand sphere, Kerr et al. next turned their attention to the
outer sphere, and in particular the anionic partner to the cationic iridium complex, and
the effect that it has upon the catalyst activity.*® Drawing inspiration from the work of
Pfaltz et al., Pregosin et al. and Buriak et al. as discussed in Chapter 1, a range of
complexes with the same ligand architecture as complex 64a, but bearing different
anionic partners were synthesised (Figure 2.6). However, a modified procedure was
utilised that avoided the use of a carcinogenic solvent and which elevated the yields,
to deliver tetrafluoroborate 71a and triflate 71b counterion complexes.

PF BF OTf
Mes\le 6 Mes\N‘/% 4 Mes\N‘/»
/\):N\ /\):N\ /\):N\
I Mes I Mes I Mes
PPh; PPh; PPh3
L 64a _ L 71a _ L 71b |

Figure 2.6 Different counterion complexes.

However, for the complex bearing the most non-coordinating counterion, tetrakis-(3,5-
triflouromethylphenyl)borate (BArF) a new synthetic strategy was required (Scheme
2.32). Commencing from the common iridium dimer 62, in one-pot,
triphenylphosphine was added, generating the phosphine chloride intermediate 72.
Following this, addition of the imidazolium salt bearing the BArF counterion 73, was
used as a source for the counterion, with the free NHC generated in situ upon addition
of base. Imidazolium salt 73 is readily generated from commercially available
IMes.HCI 74 and NaBArF 75.
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Mes Mes CF3
* or NaBArF 75 N\*
0 Ly
N DCM/H,0 (1/1) N
I\\/Ies rt, 16 h Mes CF;3 |4
74 73
BArF
Mes\N‘ A
N /N
Ir Mes
$/ “PPh;,
71c

Scheme 2.32 Synthesis of BArF anion complex.

The comparison of the three new complexes with the parent PFe complex 64a clearly
indicated the improved reactivity of more non-coordinating counterions in hydrogen

isotope exchange (Scheme 2.33).

- X
Mes N‘ A
AN )L\\ N,
Ir M
NS es
, D O
o Y/ PPhy _— 64a, PFg = 60%
(5 mol%) 71a, BF, = 37%
= 740
Solvent, D, (1 atm), r.t., 16 h 5 b OTi=74%
71c, BAIF = 75%
61 D61

Scheme 2.33 Comparison of counterion complexes in HIE.

Furthermore, when comparing the reactivity of the most active complex 71c for
exchange on ketone 61 in a variety of different reaction solvents, it outperformed the
original complex 64a in fifteen out of sixteen cases, a selection of which are shown
(Graph 2.1).
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Graph 2.1 Comparision of PFs and BArF complexes in different solvents.

With the knowledge that the newly developed catalyst system could achieve high
levels of reactivity in solvents outwith the normal chlorinated media, Kerr et al. could
examine the labelling of systems previously inaccessible due to poor reactivity or
solubility. Indeed, one of the key functional groups which remains as a challenge
within directed C-H activation in general, and an important bioisostere of a carboxylic
acid, the tetrazole, was targeted.*’ Pleasingly, through thorough investigative work, a
method to deliver high deuterium incorporation ortho- to an unprotected tetrazole was
developed (Scheme 2.34). The conditions necessary for exchange involved a mildly
elevated temperature and, importantly, the inclusion of an inorganic base to produce
the tetrazolium anion. The newly developed system performed excellently across a
range of aryl tetrazoles, including different electronic D76a-c and steric parameters
D76e-f. The formation of the tetrazolium anion is suggested through °F NMR of
substrate D76¢ with and without base, and is likely necessary to stabilise the binding
of the substrate to the catalyst. Moreover, the poor reactivity of both substrate D76b

without base, and protected tetrazole D76d, lend strong credence to this hypothesis.
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Incorporation reported as percentage incorporation over the indicated positions

Scheme 2.34 HIE with tetrazole directing groups.

Additionally, and through the development of catalysts bearing the NHC/phosphine
ligand motif, Kerr et al. improved the synthesis of the air stable, isolable,
chloro/carbene complex 63a, the key intermediate in the synthesis of these catalysts
(Scheme 2.35).%6 This process then proved to be applicable to a broad number of
different complexes, including 63b, 63c, 63d and 63e.%
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/
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Scheme 2.35 Synthesis of NHC/chloride complexes.

With efficient access to complexes 63a-e, Kerr et al. tested this simplified catalyst
system for activity in HIE processes (Scheme 2.36). These complexes showed good
activity within a limited range of substrates. Most notably, complex 63a delivered high
incorporations with ketone D61 and pyridine D27c as donor groups. However, the

complex did not function well with amide directing groups D66a-b through either a 5-

or 6-mmi.
Cl
\ / Mes
\/ U
63a D
(5 mol%)
DG > DG
©/ D, (1 atm), DCM,
25°C, 16 h D
66 D66
D (0] D O D D Z
N <
©\* @ T @ T N
D D K D © D
D61, D 97% D66a, D 23% D66b, D 15% D27c, D 95%

Incorporation reported as percentage incorporation over all indicated positions

Scheme 2.36 NHC/chloride complex 63a in HIE.
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With a broad array of complexes available, to facilitate hydrogen isotope exchange
with an increasing range of challenging substrates, Kerr et al. targeted the labelling of
sulfonamides which at the time, were notable by their absence in C-H activation
literature.** From previous work within the group, it was understood that
NHC/phosphine complex was a poor choice for this functional group. However,
NHC/chloride complexes were found to be highly reactive for hydrogen isotope
exchange on aryl primary sulfonamides 78 (Scheme 2.37). In particular, complex 77
was found to possess the correct steric, and electronic parameters for high isotope
incorporation. Across a range of primary sulfonamides D78a-f, complex 77
consistently delivered high deuterium incorporation, with only small decreases noted
in electron deficient substrate D78c and sterically encumbered substrate D78f. Most

notable, however, is the reverse in selectivity for Celecoxib D70, in which exchange
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b Q\§9 D O\\S/P D Q\S/,O D Q\éP
“NH, “NH, “NH, “NH,
>0 D D F D D
D78a D78b D78c D78d
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\\S// \\S//
M f:E NH2 - pe N D
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D78e D78f
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D70
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Scheme 2.37 HIE with sulfonamide directing groups.
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occurs with good selectivity for the sulfonamide directed process, whereas
NHC/phosphine complexes deliver selective exchange adjacent to the pyrazole
(Scheme 2.37).

To understand the activity of this substrate with NHC/chloride complex 77 compared
with  NHC/phosphine complex 64a Kerr et al. examined the mechanism
computationally. The findings were, somewhat in contrast to the experimental
observations, in that the sulfonamide-catalyst binding (79 to 80) was better stabilised
by complex 64a. However, the barrier to C-H activation (80 to 81) was lower for
complex 77, which is in general agreement with the experimental observations
(Scheme 2.38).

HoN~g=0

//, DCM '| 1.
“DCM g o
@i L SiLESs P
N AHping N_N
>—4h +2 DCM
R

79 80
64a, R = H, L = PPh; AHox-add
AHpng = - 11.2 kcal/mol ‘
AHgyagq = + 5.5 keal/mol 5 b Hyo
N_un
D %, |~ 7>g=0
77,R=Me, L=Cl i
AHping = - 8.4 kcal/mol H @
AHoyaqq = + 3.7 keal/mol A %/
ox-add \qN TN

Scheme 2.38 Calculated binding and C-H insertion for sulfonamide directed HIE.

Notably, when examining the reverse selectivity in Celecoxib D70, the substrate
catalyst binding was found to be key. It clearly indicated that the larger
NHC/phosphine complex 64a could more readily accommodate the planar pyrazole
directing group than the tetrahedral sulfonamide, matching the previous experimental
findings. Pleasingly, and in contrast, the smaller NHC/chloride complex 77 was better
able to accommodate the sulfonamide in intermediate 82 and notably was observed to
be stabilised by a hydrogen bond between the chloride and the amino group (Figure
2.7).
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Figure 2.7 Binding of Celecoxib, including proposed H-bonding.

However, despite these considerable advances by Kerr et al in the last decade, several
areas of HIE still remain unexplored. In particular, these are furthering the directing
groups that can facilitate exchange, improving the diversity of positions where
exchange is possible, and further understanding the selectivity within the established
systems. Some of these areas are explored within this thesis, and are briefly introduced

in the next section.
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2. Proposed Work

Within the Kerr group, a wide variety of novel complexes bearing NHC/phosphine or
NHC/chloride ligand combinations have been successfully applied in an array of HIE
processes. 345464849 Most recently, these studies were extended to include tetrazoles
76b, which react efficiently under basic conditions.*” With this in mind, the first aim
of this project will be to develop a means of performing HIE upon the carboxylic acids
isostere, such as 83, which still represent a challenge for iridium-catalysed HIE due to

their poorly ligating nature (Scheme 2.39).

Proposed Acid HIE
N-N (o) D O

| N [Isosteres [Ir]
N’ ----- - OH ~-------=-=------ - OH
H
76b 83 D D83

Scheme 2.39 Carboxylic acid HIE.

Moving from the challenge of new directing groups to direct exchange, it is well
established that drug discovery has moved towards decreasing levels of planarity
within the drug design process, as a means of increasing diversity.>® One way in which
this is being achieved is to remove aromaticity from target molecules. This poses an
interesting question for the labelling chemist; how to incorporate a label in a molecule
that does not contain an aryl ring? In an effort to address this, studies here would focus
upon the selective labelling of non-aryl-sp? centres, as in 84. Such C-H activation has
been reported stoichiometrically by iridium catalysts since the late 1980s,>! however
it has yet to be realised catalytically. However, problems arise when considering that
the conditions typically used for HIE are similar to those for olefin hydrogenation.**>2
As such, it will be key to generate catalytic conditions that favour exchange over
hydrogenation (Scheme 2.40).
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Scheme 2.40 Non-aryl sp? HIE.

In a complimentary fashion, the next goal would be to target the labelling of sp®
hybridised C-H bonds, as in 85. This truly represents the cutting edge of C-H activation
technology, examples of which have already been reported in HIE with Crabtree’s
catalyst 30.3°% However, as is typical of applications of this catalyst, high loadings
are required (>50 mol%), and only a very limited substrate scope has currently been
examined. As such, a demand still exists for effective and general catalytic exchange
at sp® centres. Indeed, the proposed first target would be to facilitate exchange at
activated C-H bonds,>* such as those adjacent to a heteroatom or electron withdrawing
functionality. With this in mind, and due to their ubiquitous nature within drug
design,> the labelling of saturated heterocycles presents an appealing opportunity
(Scheme 2.41).

Plausible sp® HIE

85 D pgs
D

Scheme 2.41 sp® HIE.

Overarching each proposed project is the aim to understand the mechanism behind

each new process and, any selectivity that is present within them.
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3. Results and Discussion

3.1. Acid Directed HIE

In light of the chemical similarities between carboxylic acids and tetrazoles it was
envisaged that the conditions for labelling tetrazoles could potentially be applied to
exchange on carboxylic acids.*’ To initiate this study, carboxylic acid 86a was chosen
for its ease of analysis by LCMS, however, only low levels of incorporation were
observed, and so the process required further investigation (Scheme 2.42).

Mes N /» BArF
\L _
N\

NV

Ir M
N es
o > “PPhg 5 o
(5 mol%)
OH e . OH
SN 86a D, (1 atm), Cs,CO3 (0.5 eq.), N p DB86a
| MeOH, 40 °C, 6 h | D 19%

Scheme 2.42 Initial labelling of carboxylic acid 86a under non-optimised conditions.

The first consideration in improving the reactivity of the model system was to change
the base, as conceivably, a carbonate base could bind to iridium in a similar fashion to
the deprotnated acid substrate. As such, in place of caesium carbonate, the non-
coordinating organic base di-iso-propylethylamine (DIPEA) was utilised. Secondly, in
typical HIE reactions utilising catalyst 71c, methanol is a poor solvent, and so a range
of alternative solvents were be tested, including alcohols, ethers and esters (Scheme
2.43, Graph 2.2). When utilising Cs2CO3 as the base, in alcoholic media, methanol
and isopropanol proved to be similar, with tAmylOH somewhat worse, reflecting the
solubility of Cs2COs in these solvents. Moving to ester-based solvents did not improve
the incorporation, neither did ethereal solvents 2-MeTHF and CPME. However, with
the more non-coordinating MTBE, moderate incorporation was observed. A more
dramatic improvement, was made by changing the base to DIPEA. Despite initial
indications in MeOH, the switch of base improved the incorporation in every solvent,
including, most notably, MTBE. At this point it was also noted that even a small
increase in temperature could have a drastic impact upon the degree of incorporation.
As such, the temperature was increased to 50 °C for further testing.
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Graph 2.2 Solvent and base screen.

Having chosen MTBE as solvent and DIPEA as base for further investigations,
changes in the catalyst structure were then examined in an attempt to improve the
incorporation (Scheme 2.44). The complexes chosen were those found to be active in
previously in HIE or hydrogenation. It was noted at this point that both a
phosphine/NHC ligand sphere and a non-coordinating counterion were necessary for
exchange to occur, as can be seen in the poor performance of complexes 63a, 30 and
64a. Pleasingly, all other complexes performed well, with complex 87a delivering the
highest levels of incorporation. This could perhaps be attributed to the complex
bearing the flexible but bulky tribenzyl phosphine conferring the best balance of

thermal stability and reactivity.
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Scheme 2.44 Catalyst screen.

Having attained high levels of incorporation with catalyst 87a, it was then decided to
test further substrates under these pre-optimization conditions (Scheme 2.45). In part,
this was due to the presene of a basic site in the model substrate. Based on this, could
DIPEA be omitted from the reaction coditions and still maintain a high incorporation?
Secondary to this, the change in pKa across substituted benzoic acids is well
recognised in the literature and any changes in reactivity correlating to this could
implicate the deprotonation within the reaction mechanism.> In efforts to test this
hypothesis, six p-substituted carboxylic acids were tested both with and without
DIPEA, at a slightly lower catalyst loading (2.5 mol%) so any changes in reactivity
would be more apparent. The initial model substrae D86a, delivered an elevated

incorporation without base. This trend was continued across each substrate be they
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electron rich as in D86b-c, electron poor D86d-f, or unsubstituted D86g. These results
indicated that the base plays no part in the reaction, other than to serve as a mild
inhibitor.
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Scheme 2.45 Investigating the role of base in the reaction.

With this somewhat surprising finding, we reassessed the solvent choice for this
reaction, this time omitting the base (Scheme 2.46, Graph 2.3). When the reaction
was performed in methanol, this time no reactivity was observed, indicating as
previously discussed in the tetrazole work, that when a base is present the reaction can
progress via a different pathway.*’” However, in line with our other investigations both
IPA and tAmylOH delivered some incorporation. The ester and ether based solvents
each performed more effectively than when either DIPEA or Cs2COz was present, with
increases noted as more sterically congested solvents were applied, leading to MTBE

remaining optimal.
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Graph 2.3 Reassessing the solvent scope without base.

Following the optimization of the solvent, catalyst and use of base, we next sought to
examine the continuous variables of catalyst loading, reaction time and reaction
temperature (Scheme 2.47, Table 2.4). To do this a three-factor, two-level design of
experiment (DoE) was employed, in an effort to minimise the number of experiments
while maximising the chemical space incorporated into the optimization. Notable
comparisons from this study include; entry 1 vs 3, which indicates the necessity of a
mildly elevated temperature, and entry 10 vs 11, indicating the need for increased

catalyst loading.
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Mes\N‘ N\ BArF
N =N
Ir M
N/ B
o ' (Catalyst D O
N oH 87a Loading) _ < iifj\OH
| T
P D, (1 atm), MTBE, Temperature, —
86 Time D D86
Scheme 2.47
Entryva Catalyst loading  Reaction Reaction D-incorporation
y mol% time (min)  Temperature (°C (%)°
1 (+++) 90
2 (---) 39
3 (+-) 60
4 (***) 5.0 180 40 73
5 (***) 5.0 180 40 75
6 (***) 5.0 180 40 78
C7(+) 2SN 240 2SI 49
8 (-++) 87
9 (+--) 51
10 (--+) 72
11 (+-+) 87

3 symbol in parentheses indicate points in the design; + high, * mid and — low.
Incorporation is measured as the percentage incorporation calculated by LCMS,
over the two ortho-positions.

Table 2.4 Design of experiments; without base present.

Furthermore, the statistical software in use for this optimisation provides a good visual
representation inferring the significance of each factor, be it positive or negative in
effect, in the form of a half-normal plot (Table 2.4). In these plots, the most significant
factors lie furthest from the line, and the least significant closest. Indeed, from this we
can deduce that the most significant factor in this process is temperature. Furthermore,
the catalyst loading and reaction time are less important, but still have an impact upon
the reaction.
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Graph 2.4 Half-normal plot.

With improved understanding of the significance of the factors chosen for

optimization, conditions were next chosen to deliver high incorporation, whilst

minimising the reaction time and catalyst loading. Following on from this, we

investigated a range of carboxylic acids to understand the range of labelling that this

new protocol could achieve. Commencing the study with a range of p-substituted acids

(Scheme 2.48), it quickly became apparent that the p-dimethylamino group 86a

hindered the reaction slightly, despite delivering a good overall incorporation, with all

substrates 86b-g givin high levels of incorporation. Furthermore, no substrate 86a-g

showed a significant deviation in level of incorporation, indicating that there is a low

dependence upon the substrate electronics for this reaction.
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Scheme 2.48 Investigating electronic effects upon the HIE reaction.

To assess the impact of steric congestion around the labelling site and directing group
further, meta- and ortho-substituted acids were eamined (Scheme 2.49). Continuing
the previous trend, 3-(dimethylamino) benzoic acid D86h performed poorly, labelling
to low levels at the 2-position only. This can be explained by two effects. Firstly, a
pincer-type complex could be formed between the acid and amino group to form a
thermodynamically stable intermediate that does not readily progress in the reaction.
Secondly, the dimethyl amino group is a strongly electron-donating substituent and
therefore can increase the strength of the aryl C-H bonds at positions ortho- and para-
to itself. The same effect is observed to a much lesser degree in 3-methoxy benzoic
acid D86i, in which case only a small disparity is observed between labelling sites, and
there is good overall incorporation. Unfortunately, the trend could not be observed in
other meta-substituted substrates as the signals for both ortho- positions overlap in
both substrates D86j-k. However, with such high overall incorporations observed, any
difference between ortho- positions must be small. Pleasingly, when both meta-

positions are blocked, excellent incorporation is still observed, as in substrate D86I.
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Progressing to ortho-substitution, proved to deliver the same exceptional levels of
incorporation D86m-p as had been observed in the previous substrates. The notable
exception here was salicylic acid D86q, which delivered a diminished level of
incorporation. This can perhaps be attributed to a stable chelate being formed between
the phenol and acid moieties. Unsurprisingly, 3-nicotinic acid D86r and its N-oxide
D86s both delivered no incorporation, as these functional groups are known inhibitors

in transition metal catalysis.>’

Mes\ BArF
N %N
\/ PBn3
0 (5 mol%) DO
87
N e 2 ~ o N7 oH
| ° e
D, (1 atm), MTBE, 50 °C, 2 h
Z g6 2(T atm) Z>D D86
| D2 O D2 O D O D O
N o) Cl
- \©f‘\OH - \©fU\OH OH \CEU\OH
DP DP D D
D86h D86i D86j D86k
D2 30%, D° 0% D2 95%, D" 88% D 94% D 90%
D O
N Ne) >~ o o)
OH
OH OH OH
o D
D D D
D86l D86m D86n D860
D 94% D 92% D 90% D 95%
D2 O
OH O D2 O
A OH
|\ OH |
N” >pb 'TF o
&
D86p D86q D86r D86s
D 90% D 81% D2 0%, DP 0% D2 0%, D 0%

Reported as percentage incorporation over the indicated positions.

Scheme 2.49 Further substrate investigation.

Having successfully developed conditions for the HIE of benzoic acids, we next

considered a small number of phenylacetic acid derivatives for testing under the same
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conditions (Scheme 2.50). This substrate class is desirable as it is found in many
common active pharmaceutical ingredients (API), such as ibuprofen. However, none
of the chloro-substituted phenylacetic acids D89a-c showed any incorporation. Even
when constraining the acid, as in D86d, so it would be appropriately orientated for
exchange, no incorporation was observed. The poor reactivity of this series can
therefore be attributed to the increased ring strain generated in the formation of a 6-

mmi, for C-H activation of phenylacetic acids, over that of a 5-mmi, for benzoic acids.

Mes\ /} BArF

\ N
\/ PBn3
' D
OH (5 mol%)
N
= 89  D,(1atm), MTBE,50°C,2h " U O D8
D
o
b
D D89a D" bgab Cl'" pggc
D 0% D? 0%, D® 0% D 0%
D89d
D 0%

Reported as percentage incorporation over the indicated positions.

Scheme 2.50 Application of HIE conditions on arylacetit acids.

The final substrate to be assessed was 4-nitrobenzoic acid 86t. This substrate was
chosen as it has the potential to undergo exchange at two distinct ortho-positions
(Scheme 2.51). However, under the conditions optimised for exchange adjacent to the

acid, each of the four ortho-positions labelled to an equal degree.
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Scheme 2.51 Selectivity of HIE in substrate D86t.

With the competition between two directing groups delivering the same level of
incorporation from both, the next question we wished to answer was; is this true of all
directing groups? In an effort to answer this question we utilised a technique
previously popularised by Glorius et al. for testing the robustness of a catalytic
system.%® This approach involves testing a model reaction by spiking it with 1
equivalent of an additive and observing the reaction outcome. Through a modified
method, the study we performed can be separated into two parts: substrates which can
label competitively; and additives which may participate in a side reaction or inhibit
the reaction. To enable rapid analysis by LCMS, all of the substrates would contain an
anisole ring. Therefore, to ascertain if this simple functional group would hinder the
reaction, testing began with 4-methyl anisole 90a, and the reaction progressed as
normal, validating the use of this group within the additive. Therefore, we then turned
our attention to functional groups that may participate in a side reaction or inhibit the
reaction (Table 2.5). The first additives tested contained functional groups that could
bind competitively with the substrate and inhibit the reaction. Pleasingly, in the
presence of an alcohol 90b or a phenol 90c the reaction progressed as normal.
However, with a primary primary amine 90d or an aniline 90e, complete inhibition of
the labelling reaction was observed, notably with no reduction in the recovered yield
yield. Unsurprisingly, the reaction was also halted in the presence of nitrile group 90f,
as it is well known to ligate strongly to iridium. Moving away from inhibitors and
towards reactive species, we next applied boronic acid 90g and pinacol boron 90h, and
in both cases the labelling reaction proceeded uninhibited. However, in the case of
boronic acid 90g, a decrease in yield was observed, presumably due to deborylation.

As expected, aryl bromide 90i remained intact with no sign of dehalogenation. Finally,
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Q Mes\ BArF D O
OH oH
N
\N/©)8ta \\ \)\ \N/©fli\ D86a
| / PBn3 (5 mol%) | D
mol%
~o 90 D, (1 atm), MTBE, 50 °C, 2 h ~o D90
" . Substrate 86a
Additive Yield - .
Entry R 0 D-Incorporation . 0
(%) (%) Yield (%)
1 E{ 90a 92 89 99
2 %OH 90b 99 86 99
OH
3 % 90c 98 78 99
4 EEANHZ 90d 99 0 99
NH,
> Ei 90e 94 0 99
_N
6 77ll,7l// 99 0 99
90f
(I)H
B0 g0
0
8 '/K< 99 85 99
B-o
T
Br
d 2{ 90i 9 79 99
10 E{\ 90j 0 75 99
7z
11 E// 0 69 o

90k

2 Incorporation and yield calculated from LCMS analysis.

Table 2.5 Competition reactions; investigating the functional group tolerance.

application of olefinic functionalities such as alkene 90j and alkyne 90k allowed the

reaction to progress as normal. However, the olefin was completely consumed in both

cases, and through careful analysis of the LCMS data it was deduced that both olefins

had been reduced to the same 4-ethylanisole by-product. In summary, strongly

coordinating groups inhibit the reaction, there is no noticeable reaction between the
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catalyst and common coupling partners, and, finally, olefin reduction takes place
alongside the labelling reaction.

We next applied a series of additives known to undergo exchange under previously
optimised conditions, and which could exchange competitively with the acid (Table
2.6).%4" Pleasingly, the competition reaction with 901 matched the incorporation
previously achieved with substrate D86t, with near to equal labelling at each position,
validating the use of competition reactions as a means of investigating substrate
selectivity. Similarly, applying ketone 90m gave similar incorporation in both

substrate and additive. Differences began to emerge with a pyridine directing group

" Mes\ /} BArF D O
/@)J\OH \ )\N /@EU\OH
\ITJ 86a N D D86a

jo

\/ PBn, b,
872 (5 mol%) ‘ R
~0 D, (1 atm), MTBE, 50 °C, 2 h \O/ij:DD%
Entry _ Addit_ive _ _ Substrafte 86a
a R D-incorporation Yield D-incorporation  Yield
(%) (%) (%) (%)
4
1 %{LNtO_ 81 95 79 95
90I
0]
2 E%J\ 83 92 77 99
90m
=
3 N | 44 98 0 91
90n

6b %{kN,o\ 90 99 76 90
| 90q

2 Incorporation and yield calculated from LCMS analysis; ® Incorporation
measured over the two ortho and three N-methyl positions.

Table 2.6 Competition reactions; investigating the selectivity of exchange.
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90n, which favours incorporation into the additive, matching the results with substrate
D86r.3 When the additive contained a directing groupd that could label via a 6-mmi,
as in acetamide 900, the expected favoured 5-mmi in the substrate produced the greater
incorporation. Somewhat surprisingly, the addition of a tetrazole 90p to the reaction
mixture halted the exchange on the acid 86a, and delivered only minimal exchange on
the tetrazole. Finally, in applying Weinreb amide 90q, exchange continued unhindered
on the substrate 86a. However, exchange also took place on the ortho- and N-methyl
positions of the amide. Such exchange has been noted previously within other amide

functionalities.*

From understanding gained from previous studies on tetrazoles, namely that addition
of base to an acidic substrate can change the selectivity of such competition reactions,
we utilised DoE again to optimise conditions employing one equivalent of DIPEA, in
this case investigating catalyst loading, reaction temperature and reaction time.
Similarly, this optimisation indicated that temperature was the most important factor
for an affective reaction. However, it also inferred an increased dependence upon the
catalyst loading, which is reflected in the chosen conditions (7.5 mol% catalyst, 55 °C
and 2 h). In the same fashion as previously, we then repeated the competition reactions,
and found that for many of the additives no change was evident except a mild reduction
in substrate incorporation 90a-c,f,h and i (Table 2.7). However, a notable change was
observed with primary amine 90d and aniline 90e, in which incorporation was
observed in the substrate, whereas, previously, the reaction had been completely
inhibited. Additionally, the yield of the boronic acid additive 90g, was elevated to
excellent levels, indicating that the degradation could be acid catalysed. Similarly, low
yield of alkene 90j was recovered, compared with the complete hydrogenation in the
absence of base. However, in contrast with this, alkyne additive 90k completely shut
down the exchange process, despite delivering a low recovered yield of additive.
Noticeable from the LCMS analysis of this reaction, was the presence of alkene
additive 90j, clearly indicating an incomplete reduction, and that the order of reactivity

was alkyne reduction first, followed by alkene reduction and exchange.
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Mes\ BArF
OH oH
NN J@ﬁ
\N/©)8:a \/ )\ \N D Ds6a
| ! PBn3 ( I/)
7.5 mol%
o P Wiy o
~0 90 D, (1 atm), MTBE, DIPEA (1 eq), ~o DD90
55°C, 2 h
.. . Substrate 86a
Additive Yield - -
Entr R D-incorporation .
d (%) (02) Yield (%)
1 ILL{ 90a 89 80 99
2 IHEAOH 90b 99 79 99
OH
3 % 90c 99 70 99
4 EL‘HANHZ 90d 99 20 99
NH,
> Ei 90e 99 66 99
_N
6 771{/ 99 0 99
90f
(I)H
Ei OH 90g
(@]
8 '/K< 93 77 99
B\O
0
Br
9 Isi 90i 99 76 99
10 %EA\ 90j 18 81 99
g
11 3{/ 23 0 o1

90k

2 Incorporation and yield calculated from LCMS analysis; ® No mass ion observed.

Table 2.7 Competition reactions; investigating the functional group tolerance (with base).

Next, we reassessed the competition between exchangeable substrates, and from the

outset a marked difference was observed (Table 2.8). Pleasingly, reactions with both

nitro 901 and ketone 90m substrates now strongly favoured exchange on the acid

substrate. Furthermore, pyridine additive 90n increased the incorporation within both

additive and substrate. Improving upon the moderate selectivity observed without
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base, substrate exchange was completely favoured over acetamide 900.
Disappointingly, tetrazoles 90p still completely inhibited the reaction. The most
significant reversal, however, was for Weinreb amide additive 90q, in which no label

was present but a high incorporation into the acid substrate was maintained.

O Mes\ /w BArF D O
[endiP ! ods
~N ~N
N 86
| a \/ \PBn3 I T 5 D D86a
.5 mol%
o
~0 D, (1 atm), MTBE, DIPEA (1 eq), ~o 5D0
55°C, 2 h
Additive Substrate 86a
Entry? Additive D-incorporation Yield D-incorporation Yield
(%) (%) (%) (%)
0
1 ziﬁto_ 10 o1 82 99
90l
o)
2 %J\ 27 95 82 94
90m
=
3 o 77 94 24 99
N"" gon
N
4 Iﬁi 5 99 69 99
7(1)/900
HN-N
5 z{k\N,N 9 99 6 99
90p
0
6 %&N,o\ 0 99 70 99
| 90q

2 Incorporation and yield calculated from LCMS analysis; ® Incorporation
measure over the two ortho and three N-methyl positions.

Table 2.8 Competition reactions; investigating the selectivity of exchange (with base).

Pleasingly, these investigations were further validated by reapplying failed substrates
D86r-s and non-selective 4-nitrobenzoic acid D86t (Scheme 2.52). Both 3-nicotinic

acid D86r and its N-oxide D86s now delivered a low incorporation, in agreement with
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the competition reactions. Furthermore, exchange within nitro versus acid competition

substrate D86t was favoured ortho- to the carboxylic acid.

Mes\ BArF
N %N
\/ PBn3
0 (5 mol%) DO
87
R Y oH 2 - LN oH
| o
_ D, (1 atm), MTBE, DIPEA (1 eq) _
86 50 °C. 2 h D D86
Da O Da O
Db
“ DP Os\y+ a
N Db | l}l D
O DP
D86r D86s D86t
D2 8%, D® 16% D2 14%, D 21% D2 82%, DP 27%

Reported as percentage incorporation over the indicated positions.

Scheme 2.52 Reassessing selected substrates under basic conditions.

Finally, to fully expand the utility of our new HIE protocol, we examined a number of
drug compounds under our optimised conditions without base present (Scheme 2.53).
Pleasingly, Probenecid D91, used in the treatment of gout, delivered high
incorporation, selectively adjacent to the carboxylic acid, and with negligible
incorporation adjacent to the tertiary sulfonamide. Furthermore, the common drug
Aspirin D92 delivered excellent levels of incorporation solely ortho- to the acid
directing group. In addition, the anthranilic acid derivative Mefanamic acid D93, gave
a hoghly incorporation but a slightly reduced in comparison to Aspirin D92. This is
perhaps indicative of inhibition due to the secondary amine functionality, as has been

observed in the competition reactions with primary amines.
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Reported as percentage incorporation over the indicated positions.

Scheme 2.53 HIE on carboxylic acid-containing drugs.

To conclude, we have developed a novel process for performing HIE on benzoic acids
without the need for basic conditions, utilising our highly active iridium(l)
NHC/phosphine complexes. Furthermore, we have applied the DoE-optimised
conditions across a range of substrates and have thoroughly investigated the functional
group tolerance of the reaction. Within this investigation, we mimicked a more
complex system by utilising a series of competition reactions, and found that the
addition of base can drastically change the selectivity within them. Finally, we
validated the utility of the process by performing HIE on several drug compounds, all

with high levels of incorporation.
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3.2. Non-Aryl sp? HIE

Despite the wide array of functional groups that can direct iridium-catalysed HIE, a
common factor is that the positions labelled are in general, aromatic. Furthermore, it
is recognised that the pharmaceutical industry is striving to impart a greater degree of
three-dimensionality within the drug design process in an effort to generate greater
compound diversity.>® As such, a means of introducing an isotopic label within
compounds that do not contain an aryl unit is of increasing importance. Therefore, we

initiated a project to investigate the potential for HIE at non-aryl positions.>®

Through our previous investigations, we firstly recognised that planar substrates,
labelling via a 5-mmi, performed excellently with our phosphine/NHC catalyst system.
Secondly, it is generally recognised within the literature that as we move from aryl to
alkyl positions that any C-H activation event would be more demanding, due to the
decreasing z-character of the bond and increasing steric clash with the metal (Figure

2.8).%% In light of this, we first targeted HIE at alkenyl positions.

Ease of C-H Activation
H
— H — H
- )
Figure 2.8 Percieved ease of C-H activation.

Remarkably, despite the widespread application of transition metal catalysts in alkenyl
C-H functionalisation processes,51626364 there remain few examples of selective HIE
at alkenyl positions, with most processes focussing on allylic or vinylic systems,
through double bond isomerisation.?#656¢ As such, we initiated this study by
investigating HIE of model enone 94, which contains a similar directing group to
acetophenone 61, but is also known to undergo alkene reduction.®” Therefore, the key
aims of this project would be to minimise olefin reduction to 95, while maximising the
isotope incorporation in D94. Primarily, this was achieved through the choice of
catalyst. Indeed, from our previous findings we had recognised that a smaller
phosphine induced an increased rate of hydrogenation.>® However, would a larger
phosphine inhibit the hydrogenation? And, could a change in NHC solely deliver HIE?

To answer these questions, we applied a variety of catalysts from our library (Scheme
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2.54). It quickly became clear that any NHC other than IMes, for example 96a-b did
not deliver reactivity, a parallel with the hydrogenation process. Furthermore, low
reactivity was observed with phosphite 96¢ and chloride 63a acting as the secondary
ligand. Unsurprisingly, this left us with four active catalysts, 30 and 64a-c, which have
been widely applied previously. With each of these complexes, delivering different
degrees of deuterium incorporation and hydrogenation, it was deemed necessary to

further assess the reaction as it progressed.

Catalyst (0.5 mol%)
DCM, D, (1 atm)

D O
94 25°C,1h .
D94

PF |PFe PF
Bn\ /§ 6 Bn\ Mes\ 6
NN N }N )‘N
Mes
\,/ PPhy | ! / —— $/ P(OPh
96a B 96b 96¢
95 =0% 95 =0% 95 =24%
D94 = 0% D94 = 0% D94 = 30%
/ Cl PF
1 6
-N
Y P ey,
Mes”™
63a 30
=0% 95 =54%
D94 = 0% D94 = 96%
Mes\ PFg Mes\ PFg Mes\ PFg
~ es l’ Mes ~
\/ PPh3 \/ P(Me),Ph \/ PBna
64a 64b 64c
95 =23% 95 = 100% 95 =94%
D94 = 95% D94 = 0% D94 = 86%

Reported as conversion to 95 and deuterium incorporation as D94.

Scheme 2.54 Catalyst screen for olefinic hydrogen isotope exchange.
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By following the reaction, we identified the degree of incorporation (Graph 2.5)
alongside olefin reduction (Graph 2.6) over the course of a two-hour reaction, at 0.1
mol% catalyst loading. Indeed, each complex delivered excellent levels of
incorporation with reduced hydrogenation at this lower catalyst loading. Furthermore,
in each of the phosphine/NHC complexes 64a-c it was clear that the HIE pathway was
favoured, and would reach 80%-90% within the hour. However, Crabtree’s complex
30 stalled at ~65% after one hour, perhaps indicative of the improved stability of the

encumbered ligand sphere in the phosphine/NHC complexes.
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Graph 2.5 Monitored HIE.

Despite the greater rate of incorporation with catalysts 64b-c, complex 64a was chosen
for further study because it showed the greater selectivity for HIE. Indeed, complex
64a delivered less than 5% hydrogenation after one hour, a fifth of that generated by
complex 64b, and a third of that by complex 64c (Graph 2.6).
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Graph 2.6 Monitored hydrogenation.

In an effort to further improve the selectivity of exchange, the effect of concentration

on the reaction was assessed (Table 2.9). Although a small drop in incorporation was

observed upon increasing the concentration, it also delivered a more significant

reduction in hydrogenation, leading to optimised conditions that could be applied upon
a range of substrates [64a (0.1 mol%), DCM (0.4 M), D2 (1 atm), 25 °C, 1h].

0
o 95
N Catalyst (0.5 mol%)
DCM (concentration), D 0]
94 D, (1 atm), 25 °C, 1 h S~
D94
Entry Concentration D-Incorporation  Hydrogenation
(M) (%) (%)
1 0.050 88 7
2 0.066 82 4
3 0.10 83 3
4 0.20 81 3
5 0.40 81 1
6 0.80 9 0

Table 2.9 Effect of concentration on HIE/hydrogenation selectivty.

In an attempt to assess the reaction scope and garner any mechanistic insight, we

turned our attention to substitution of the phenyl ring (Scheme 2.55). Pleasingly, high
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levels of deuterium incorporation were observed in each para- and meta- substituted
example D97a-i. However, upon moving to ortho-substituted substrates only the
strongly donating methoxy group in D971 delivered any incorporation, with neither
bromo- or chloro substituted examples D97j-k reacting. Two factors could be
considered accountable for this lack of reactivity. Firstly, that the ortho-substituent
clashes with the catalyst and disfavours approach of the C-H bond to themetal centre.
Secondly, the substituent could eclipse the olefin, thereby, twisting the aryl ring out of
conjugation, significantly perturbing the electronics of the substrate, and no longer

activating the g-position.

- PF
Mes N‘ A 6
/\ )L\‘N

Ir Mes
N/ Npph,

o D O
R/\)J\R. 64a (0.1 mol%) R)\/KR,
97 D97
D O D O
S N

DCM, D, (1 atm), 25 °C, 1 h

D O

D 89% D 82% D 87%
D (0] D @) D 0]
jopaliio il o an
cl D97d D97e MeO D97f
D 90% D 70% D 81%
D O D @) D O
NS A A
D97¢g D97h D97i
o, o, 0,
Br D 74% Cl D 83% OMe D 75%
Br D O Cl D O OMe D O
@)\)J\ @)\)J\ NN
D97j D97k D971
D 0% D 0% D 44%

Reported as percentage incorporation over the indicated positions.
Reduction, if present, is <5% unless noted in parenthese.

Scheme 2.55 HIE on substituted 4-phenyl butanones.
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To confirm our hypothesis, we next changed the nature of the substituent at the f-
position of the enone (Scheme 2.56). Changing the phenyl ring to a heterocycle
delivered good results, with excellent incorporations in both furan and thiophene
examples D97m-o0. However, upon moving to pyridyl substitution, exchange was now
observed o- to the ketone in D97p, indicating that the pyridine is preferentially acting
as a directing group. However, when the aromatic portion is replaced bly an alkyl
group, as in D97q-r, no reactivity towards HIE is observed. This clearly is consistent
with our previous hypothesis that the aryl unit activates the g-position to HIE. Despite
this setback, when moving to an enol ether, as in D97s, exchange is again observed,
albeit at a slightly elevated catalyst loading of 0.5 mol%. Upon considering the
reactivity of D97p and D97s, it became clear that the position of exchange must be
activated by group capable of removing electron density from the olefin, and

consequently the C-H bond to undergo HIE.
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Scheme 2.56 Investigating the effect of changing the 4-substituent.

Understanding that activation of the olefin was necessary for exchange, we next turned
our attention to the functional groups capable of directing the exchange (Scheme 2.57).
Continuing with ketone directing groups, it was found that a more hindered directing
group increased the rate of both HIE and hydrogenation D97t-u. However, the
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selectivity for HIE could be regained by reducing the catalyst loading, as was proven
with D97t at just 0.025 mol% catalyst loading. Despite this, utilising a large but planar
directing group such as D97v generated the expected levels of incorporation and
hydrogenation. This result indicates that the bulky groups if non-planar, may twist the
substrate and, as such, favour hydrogenation. Furthermore, any decomplexation events
would be favoured, increasing the catalyst turnover. Progressing to other carbonyl
directing groups was, however, not as successful, with acid, aldehyde and ester
directing groups failing to deliver any incorporation. Pleasingly, when applying the
more coordinating amide directing group, high incorporation was again achieved e.g.
substrates D97z and D97aa. Notably, in Weinreb amide D97aa, a small amount of
exchange was observed in the N-methyl group, similarly to our previous work.*
Finally, the nitro directing group D97ab also delivered high levels of incorporation

with only a low level of hydrogenation.
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Scheme 2.57 Investigating the influence of the directing group on olefinic HIE.
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In an effort to assess the effectiveness of olefinic exchange in comparison to aromatic
exchange, we chose to investigate in more detail several derivatives of chalcone, a
common motif within the drug design process (Scheme 2.58).685° Pleasingly, upon
application of our optimised conditions to 98a, isotope incorporation was observed at
both the ortho- and - positions with, notably, a preference for olefinic exchange. This
preference increased further upon substitution of the aryl ring connected to the alkene
as in 98b-c. However, when the substitution was reversed in 98d-e more similar levels
of exchange were achieved at both ortho- and g-positions. The same effects were
observed when each aromatic ring was meta-substituted, D98f-1, or if the aromatic
adjacent to the ketone was ortho-substituted D98h. Markedly, a preference for the
more hindered ortho-position was observed, as has been previously investigated in the
literature with complex 30.7° This evidence clearly indicates a strong dependence upon
the electronic nature of the labelling position for HIE selectivity in the chalcone

system.
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Scheme 2.58 Probing the selectivity between olefinic and aromatic HIE.

Conspicuously missing from this study so far are examples with ortho-substitution of
the p-phenyl ring. When investigated, these delivered somewhat unexpected results
(Scheme 2.59). For cases in which the ortho-substituent can be considered non-
coordinating, as in D98Kk-I, the preference is for ortho-HIE. However, and in contrast
to this, when the substituent can coordinate, as in D98m-n, HIE was favoured in the

olefinic position. This can be explained by the substituent coordinating to the catalyst
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and directing the exchange. Moreover, this effect could also contribute to the overall
reduction in incorporation observed in D98m-n, if the chelate formed is

thermodynamically stable, and therefore hinders the continuation of the catalytic

cycle.
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Scheme 2.59 Examining the influence of ortho-substituents on selectivity in olefinic HIE

To further expand the application of our new system, we turned to fused bicyclic
chalcone-like structures (Scheme 2.60). Firstly, we were pleased to find that o-
substitution of the enone did not hinder the olefinic exchange process. Secondly, and
somewhat surprisingly, we observed a change in selectivity depending upon the size
of the fused ring. Initially, with indanone-derived substrate D980 we observed
excellent olefinic exchange with low aryl incorporation. However, the substrate
derived from tetralone, D98p, delivered good incorporation at both olefinic and aryl
sites. Furthermore, when further increasing the ring size D98q the selectivity for

olefinic HIE was restored.
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Scheme 2.60 Fused chalcone substrates for HIE.

Having established selectivity between different exchangeable sites in which the same
directing group guides both exchange processes, we next posed the question; is this
selectivity the same when each site has its own directing group to guide exchange? To
answer this, we utilised a combination of competition reactions (Table 2.10), with
olefinic labelling substrate 94 and a series of additives capable of undergoing HIE
(Scheme 2.61). Firstly, the analogues competition reaction to chalcone-derived
substrate D98a, in which substrate 94 was preferentially labelled instead of additive
D61. The markedly different isotopic distribution between the competition reaction
and substrate D98a indicates that the selectivity between two labelling sites with a
single directing group, is different from two labelling sites each with their own
directing groups. To futher advance our study we applied a range of additives to assess
the variations in selectivity with different directing groups. Indeed, labelling of
substrate 94 was favoured in the application of ester D100a and nitro D27i additives,
which did not undergo HIE. In contrast, pyrazole D100b additive delivered completely
selective aryl HIE, with no incorporation upon substrate 94. However, both aryl amide
D100c and pyridyl D27c additives halted all HIE processes. Finally, application of
benzoic acid D86g additive hindered the reaction, delivering low levels of

incorporation in substrate 94.
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Table 2.10 Competition reactions between aromatic and olefinic HIE.

Following the completion of the intermolecular competition reactions, we wished to

assess the same competition intramolecularly (Scheme 2.61). Indeed, olefinic HIE was

favoured in the presence of both ester D101a and nitro D101b directing groups.

Moreover, pyrazole containing substrate D101c exchanged solely on the aromatic

261



Chapter 2

position, ortho- to the heterocycle. Finally, with pyridyl substrate D101d, no HIE was
observed. Pleasingly, the inter- and intramolecular reaction were in good agreement,
therefore, validating the use of a simplified substrate in an intermolecular competition

reaction as a predictor for a more complex intramolecular substrate.
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Scheme 2.61 Selectivity between aromatic and olefinic exchange in a single molecule.

So far, we have worked under the assumption that the mechanism for olefinic exchange
is the same as that for aromatic exchange, i.e. pathway | (Scheme 2.62). However, we
should also consider the possibility that a different pathway maybe in operation, for
example one more akin to a conjugate addition followed by a hydride abstraction, i.e.
pathway Il. This pathway would commence from the same initial intermediate A, and
would be followed by a conjugate hydride addition, to generate intermediate E,
containing an iridium enolate in which the transferred deuteride is still associated with
the metal centre. Intermediate E can then undergo rotation of the C-C bond, to orientate
the hydride for abstraction, as in intermediate F. Following hydride abstraction,
common intermediate D is formed, which can readily exchange with another

unlabelled substrate molecule 94, to continue the catalytic cycle.

262



Chapter 2

PPhs
D//"| “\\\O—
r
7| s C-H
Conjugate Hydride .7 D ‘ H= % @ Insertion
Addition,,/' IMes Ph
P
J
F|>F>h3 D F|’Ph3
D,, | O S
//'Ir;‘ A D A
" | o H
[E] IMes H Ph IMes Ph
? H-D + D94
Bond ( H-D
Rotation | Fluxionality
; D, +94 -
F|>F>h3 b F|’Ph3
D, O 71,
7PN H ‘.,
SN Sl
S H D

EllMes D Ph-._ Y
Hydride ™>+__ %D
PPh; Bond Formation

Abstraction x
b, | o=

Ir'<.
H D= / @

- ‘ Pathway I
IMes Ph

Pathway I1

Scheme 2.62 Potential pathways for olefinic HIE to occur.

A series of experiments were conducted, in order to probe these mechanistic
possibilities. The first consideration included utilising the opposite isomer of our
model substrate, i.e Z-94 in the HIE process (Scheme 2.63). This would indicate if
intermediate A was indeed the starting point for this mechanism, or if an outer sphere
pathway was more likely. In accordance with the proposed pathways, Z-94 did not

under go HIE, validating the proposal of an initial intermediate similar to A.
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Scheme 2.63 HIE upon Z-enone.

Next, we considered the first step in each pathway: either conjugate hydride addition
or C-H insertion. Given that conjugate addition would involve the transfer of a hydride,
a build-up of charge in the transition state would be expected at the p-position,
whereas, C-H insertion would be considered more electron neutral. With this in mind,
we utilised a Hammett plot to investigate charge build-up close to or upon the aromatic
ring (Graph 2.7). Pleasingly, the plot delivered a very small p-value (-0.0204)
indicative of no significant charge build up in the transition state, suggesting that

conjugate hydride addition is unlikely.
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R2=0.9783
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Graph 2.7 Hammett plot for olefinic HIE.

Further to this evidence, we performed a kinetic isotope effect (KIE) experiment in
order to confirm the presence of a C-H insertion during the rate determining step

(Scheme 2.64). We utilised two methods of measuring the forward reaction installing
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deuterium and the reverse reaction installing hydrogen, either; running independent
reactions for a given amount of time (Graph 2.8), or alternatively, monitoring a single
reaction (Graph 2.9), and found that each method delivered similar KIE values 3.56
and 3.80, respectively. Indeed, when compared to other values within the literature,
they strongly suggest a C-H insertion as the rate determining step.’14%4°
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Scheme 2.64 KIE experiment for olefinic HIE.
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The mechanistic information generated suggests that the same reaction pathway is in
operation for both olefinic and aromatic HIE. With this in mind, we turned our
attention to the selectivity that we have observed for HIE over hydrogenation, initially,
we sought answers in the proposed mechanism of each process (Scheme 2.65). In
particular, the choice of catalyst with respect to each optimised process delivered key
insight; a small phosphine for hydrogenation and a large phosphine for HIE. This
indicated that the pathway for hydrogenation was sterically more demanding.

Certainly, on considering the proposed substrate-bound intermediates for each process,
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this is valid, with the substrate in A being planar to accommodate the agostic C-H
interaction. In contrast, in intermediate B the substrate is twisted to allow the alkene
m-system to interact with the metal, generating a steric clash between the phenyl group
and one of the two ligands, and breaking the substrate conjugation. Further to this, HIE
proceeds through a 5-mmi, as in B, known to form very effectively with minimal ring
strain. Additionally, the hydrogenation proceeds via a 6-mmi, as in F, generating

greater ring strain, and perhaps indicating a higher energy transition state.
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Scheme 2.65 Proposed mechanism for both HIE and hydrogenation.
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Further to this, we carried out DFT-computational studies to reinforce our proposal
(Carried out by Dr M. Reid). Firstly, considering the initial binding conformer for each
process, we observed the planar binding of the substrate in HIE binding isomers A-1

and A-11, as previously suggested (Figure 2.9).

Figure 2.9 Calculated binding conformers for HIE.

Moreover, the twisting of the substrate and the increased substrate-ligand steric clash

are apparent in alkene-bound isomers E-I and E-I1 (Figure 2.10).

Figure 2.10 Calculated binding conformers for hydrogenation.

Secondly, we considered the intermediates following the first step of each reaction,
which is the presumed rate determining step. Indeed, in the case of HIE we can observe
the proposed cyclometallated intermediates B-1 and B-11 (Figure 2.11). It is worth
noting at this point that in intermediate B-I, the aryl ring is distorted, breaking

conjugation to the enone, whereas B-11 is still fully delocalised.
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Figure 2.11 Calculated intermediates following C-H insertion.

Furthermore, when viewing the intermediates following f-hydride transfer, 16-
electron complexes F-1 and F-11 were obtained (Figure 2.12). This indicates, as
proposed in intermediates F and G, that further stabilisation by solvent or molecular

hydrogen may be necessary, although this aspect has yet to be calculated.

Figure 2.12 Calculated intermediates following S-hydride transfer.

Finally, through examination of the relative energies it quickly became clear that both
the binding and the intermediate following the first step in the mechanism were lower
in energy for HIE (Graph 2.10). Indeed, although transition states have yet to be
calculated, we can assume from this that the HIE process will have a lower activation

energy than hydrogenation, which in line with our experimental findings.
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Graph 2.10 Calculated free energies relating to the proposed HIE and hydrogenation pathways.

To conclude our work in this novel area of HIE we examined several pharmaceutically
relevant molecules with our new protocol (Scheme 2.66). Pleasingly, with slightly
extended reaction times, we were able to achieve good levels of exchange at both
olefinic positions in choleretic agent Cyclovalone D102. Furthermore, the application
of anticonvulsant llepicimide D103 under our optimised conditions delivered excellent

levels of incorporation.
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Reported as percentage incorporation over the indicated positions.
Reduction, if present, is <5% unless noted in parenthese.

Scheme 2.66 Testing olefinic HIE on pharmaceutical agents.
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In conclusion, we have developed a method to selectively incorporate an isotope into
the p-position of an olefin, via a directed C-H insertion. This method has been
examined in a wide variety of substrates, many of which contain competing exchange
sites. Through this and further mechanistic work, we have proposed a plausible
mechanism for olefinic exchange, similar to that recognised for aromatic HIE. Further
to this, we have examined both mechanisms and can plausibly explain the high
selectivity for HIE over the competing hydrogenation process. Finally, we applied this
understanding to two pharmaceutically relevant compounds to fully validate the

method.
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3.3.sp* HIE

Following on from our successful studies into the labelling of olefinic positions
through directed HIE, we next investigated the challenge of sp® HIE. Undeniably, it
has been well recognised within the literature that sp® positions are the most
challenging C-H positions to activate. However, if the position is adjacent to
electronegative heteroatoms or electron withdrawing functional groups, then it is more
readily disposed to C-H functionalisation (Figure 2.13).”2"® Indeed, such an effect

could be related to the reduction in pKa of the given hydrogen.

Increasing pka
H H

. = 1 U

X FG
Ease of C-H Activation

Figure 2.13 Recognised reactivity sp® C-H activation.

With this in mind, and recognising the high proportion of drug compounds that contain
saturated heterocycles,>® we first targeted HIE on the saturated six-membered
morpholine and piperazines systems. We first utilised N-(pyridin-2-yl)morpholine
104, under standard HIE conditions with a series of catalysts previously proven to be
active in aromatic HIE and olefin hydrogenation (Scheme 2.67). Initially, the bulky
NHC/phosphine combination was found to be necessary for high levels of
incorporation, through the comparison of catalysts 63a, 30 and 64a. Further to this,
elevated incorporation was achieved when a more non-coordinating counterion was
utilised, as in catalyst 71c. However, further manipulation of the ligand sphere, be it
in changing of phosphine (87a-b) or NHC, as in 88, delivered similar incorporations.
Therefore, complex 71c was chosen for further study, and was utilised in an effort to

further explore this new process.
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Scheme 2.67 First catalyst screen for sp® HIE.

Having achieved excellent levels of incorporation in DCM, we next assessed the utility
of our new process in different solvents (Scheme 2.68, Graph 2.11). Initial
experiments in MeOH delivered moderate levels of incorporation. However, upon
increasing the steric bulk of the solvent, and, therefore, reducing its potential to
coordinate with the catalyst, the incorporation increased, as can be observed in IPA
and tamylOH. Furthermore, both ester and ether solvents reflected this same trend,
indicating that catalyst solvation influences the catalyst turnover. Moreover, the most
non-coordinating ester and ether solvents, tBuOAc and MTBE, delivered elevated
incorporations compared to DCM. However, DCM was the chosen solvent for further
testing due to the improved solubility in our substrate scope, with alternative solvents

applied when necessary.
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Graph 2.11 Application of different solvents for sp® HIE.

Prior to broadening these investigations, we wished to assess the conditions chosen for
exchange. To achieve this, we utilised a three-factor, two-level, design of experiments,
including; catalyst loading, reaction time and reaction concentration. The findings
showed that reaction time and concentration had only a small influence upon the
reaction, with catalyst loading proving much more influential. With this in mind, it
was discovered that a reduction in catalyst loading and reaction time still delivered the

same excellent isotope incorporation.

With optimal conditions in hand, we investigated exchange upon morpholine,
piperidine and piperazine systems, engaging a variety of different directing groups and
substitution patterns. Beginning the study, we probed HIE on morpholine, with a
variety of directing groups (Scheme 2.69). Pleasingly, both model substrate D104 and
pyrimidine D105a, containing N-heterocyclic directing groups, delivered excellent

levels of incorporation. Following this trend, both quinoline D105b and isoquinoline
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D105c, proved highly effective in directing the exchange. However, amide D105d or
carbamate D105e directing groups failed to deliver and isotope exchange. Indeed,
given previous results with other amide groups this was somewhat expected, given that
N-methyl amides underwent exchange, but N-ethyl amides did not, presumably due to

the increased steric ecumbrance.*
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Scheme 2.69 HIE on morpholine substrates.

We next considered exchange upon piperidine N-heterocyles (Scheme 2.70). Firstly,
examination of sp® HIE directed by a 5-membered heterocycle, as in thiazole D105f,
delivered good levels of deuterium incorporation, albeit slightly reduced when
compared to the previous 6-membered examples, such as D104. Secondly, by
substituting the 4-position of the piperidine ring, we were able to differentiate the axial
and equatorial hydrogens by *H NMR spectroscopy. Initially, with alcohol-bearing
substrates D105g-h, excellent incorporation was delivered, however, no significant
axial versus equatorial selectivity was observed. In contrast, when utilising acid-

bearing substrates D105i-j, selectivity for the equatorial hydrogen was observed.
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However, after substituting the directing unit with a -CFs group, any trace of selectivity
was eliminated, as in D105k. Overall to our knowledge, this is the first example of
such axial versus equatorial selectivity in donor group directed, metal-mediated, C-H
activation. However, the origins of this selectivity are presently poorly understood.
Presumably, however, the equatorial hydrogen is more accessible to the catalyst.
Further to this, deuterium was also successfully incorporated on piperidinone D105l

in high levels, despite the potential for a non-productive interaction with the ketone.
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Scheme 2.70 HIE on piperidine substrates.

Finally, in a similar fashion to the morpholine examples, no exchange was observed

with an amide directing group D105m.
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We next progressed to performing exchange on piperazine, in an effort to complete the
labelling of common 6-membered, saturated N-heterocyles (Scheme 2.71). However,
application of the conditions previously utilised with morpholine and piperidine
derivatives delivered low incorporations when the second piperazines nitrogen was
unsubstituted as in D105n-r. However, by capping the free nitrogen, as in D105s-u,
excellent levels of deuterium incorporations were recovered, and, in the case of
D105u, only exchange directed by the pyridine was observed with none directed by
the amide carbonyl. These first results clearly indicate a non-productive interaction
between the catalyst and the free secondary amine, perhaps in a similar fashion as in
transfer hydrogenation, which has been previously explored with similar catalyst

structures.’

With this in mind, and again using experimental design techniques, we targeted a
second protocol that would allow HIE on substrates containing secondary amines. We
examined the same three variables as in the first design, and we were able to reassess
the impact of each factor. Interestingly, the design results showed a greater time
dependence than previously observed, allowing us to generate a new protocol through
increasing the catalyst loading and reaction time [71c (5 mol%), DCM, 25 °C, 3 h].
Indeed, the new protocol delivered excellent levels of incorporation, in each of the
previously troublesome substrates D105n-r, allowing efficient exchange on
unsubstituted piperazines. Interestingly, under these new conditions, incorporation
was now observed in low levels at the C5-position of pyridine in substrates D1050-p.
Indeed, methods have previously been reported for such types of exchange, most

commonly using rhodium or ruthenium catalysts.”
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Scheme 2.71 HIE on piperazines substrates.

In an effort to understand the change in reactivity observed with unprotected,
secondary amine-containing substrates, we examined the reaction mixture by 3P NMR
spectroscopy with piperidine substrate 105v and piperazines substrate 105q (Figure
2.14). Prior to activation, only the expected square planar complex is present (16.3
ppm) with both substrates. However, following activation with Hz, the reaction
containing piperidine substrate 105v clearly forms a single catalyst species with a
chemical shift of 24.3 ppm. In contrast for the reaction 105q, multiple signals were
observed, with none in the expected region around 24 ppm. This certainly indicates

that different processes are operating, which are assumed to be outside the HIE
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pathway. Moreover, presumably at least one of the alternative catalyst species is
formed reversibly, allowing generation of the active catalyst species, albeit at very
lower concentration, to facilitate HIE at a reduced rate. Unfortunately, despite these
promising initial findings, further attempts to investigate this system did not yield any
useful information due to the complex mixture formed upon activating the catalyst in

the presence of 105q.

" 105q Activated with H

N N
. O 105v Activated with H»

105q Prior to activation

105v Prior to activation

Figure 2.14 NMR studies examining the catalyst deactivation with piperazines.

Having successfully delivered excellent levels of incorporation in a wide range of six-
membered, saturated heterocycles, we wished to investigate alternative ring sizes
(Scheme 2.72). Initial results under the first set of conditions showed a clear
preference for HIE on the six-membered piperidine D105v over seven-membered
azepane D105w or five-membered pyrrolidine D105x substrates. Furthermore, four-
membered azetidine D105y did not show any activity for HIE. In order to address this,
we then applied the alternative conditions previously optimised for piperazines. In this
case, excellent incorporation was observed within azepane D105w and pyrrolidine
D105x, however, azetidine D105y still proved resistant to HIE, with only minor levels
of exchange observed on the pyridine ring.

278



Chapter 2

Mes BArF
N\/\§ Reaction conditions:
/\ L"N\ [71¢ (1 mol%), D, (1
\/ \PPh es DD atm), DCM, 25 °C, 1 h].
DG. 8 DG.
N 71c N in parentheses:
n > D n [71¢c (5 mol%), D, (1
105v-y D atm), DCM, 25 °C, 3 h].
D105v-y
Br Br 5 N7 Br
A S A
DD105w D105v D105x
D DA47% D b 95% b P D57%
(D 84%) Db (D 94%)
B
R i&i r
D2 pz
éﬁ N~ "D
od D2 D105y

D? 0%, D° 0%
(D? 0%, D® 14%)
Reported as percentage incorporation over the indicated positions.

Scheme 2.72 Investigating HIE on different sized, saturated N-heterocycles.

However, despite the excellent incorporations achieved with N-heterocyles, their
labelling could still not be accessed through carbonyl-based directing groups. To
remedy this, we reassessed a range of catalysts under more forcing conditions, akin to
those used in carboxylic acid HIE with substrate 105d, utilising MTBE as the solvent
to allow access to a higher reaction temperature of 50 °C, (Scheme 2.73). Notably,
even under these more forcing conditions, complexes 63a, 30, 64a and 88 did not
deliver any incorporation, indicating that both a bulky NHC (i.e. IMes) and the more
non-coordinating BArF counterion are necessary. Furthermore, when examining the
catalysts that did deliver incorporation, 71c, 87a-b, it became clear that a more
electron-rich phosphine was required to access high deuterium incorporations, with

complex 87a delivering excellent, near-quantitative incorporation.
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Scheme 2.73 Reassessing the catalyst choice for carbonyl directed HIE.

With the knowledge that through changing the catalyst to 87a we could access high
deuterium incorporation utilising carbonyl directing groups, we next sought to fully
optimise the reaction conditions. In a similar fashion to previous protocols, we utilised
design of experiments to do this, in this case examining the catalyst loading, reaction
time and reaction temperature. It was found that catalyst loading and reaction
temperature had a similarly positive impact upon the labelling, whereas reaction time
had almost no impact over the chosen reaction time window. Through this, we were
able to generate optimised conditions to apply in sp® HIE with carbonyl directing
groups [87a (5 mol%), MTBE, 50 °C, 1 h] (Scheme 2.74). However, initial success
with model substrate D105d and piperidine D105l was limited, as further substrates
proved to be challenging, such as piperazine D106a, containing the troublesome

secondary amine group. Even substitution of successful substrates appeared to inhibit
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the reaction, as with the acid in D106b or the piperidine in D106c. Although our
available complexes can facilitate the reaction, these results suggest a generally

effective system will require further exploration.
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)K D
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Reported as percentage incorporation over the indicated positions.

Scheme 2.74 sp® HIE with carbonyl directing groups.

However, these conditions did improve the level of exchange in a number of substrates
that had also been unsuccessful under the earlier conditions (Scheme 2.75). Indeed, it
also validates the solvent utility of the process that the poorly coordinating tetrazole
D107a works excellently in tBuOAc. Moreover, both the poorly soluble
benzimidazole D107b, which also contains a secondary amine, and thiazole D107c
delivered excellent incorporation at the sp® and aryl positions using 2-MeTHF as

solvent.
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Scheme 2.75 Further solvent scope with problematic substrates.

Having accessed a wide variety of saturated heterocycles, we next turned our attention
to acyclic systems in an effort to expand the utility of our new process (Scheme 2.76).
Initial results under our first protocol indicated the increased challenge of performing
HIE using substrates that can assume non-productive conformations. Indeed, only 2-
methoxyquinoline D108a underwent HIE, delivering only low levels of incorporation.
However, application of our second protocol resulted in more promising results.
Firstly, D108a garnered excellent levels of exchange, solely at the methyl position.
Next, 2-ethylmethylamino pyridine D108b delivered excellent incorporation across all
both exchangeable positions, notably with no selectivity for CHz and CH> positions,
with both proceeding via a 5-mmi. Further to this, upon removing the ethyl substituent
from the nitrogen, as in D108c, a significantly lower incorporation resulted,
reminiscent of the results achieved with piperazine substrates. However, through
application of our third protocol, high isotope incorporation was restored. Following
this, we observed the same trend for 2-(benzylamine)pyridine D108d in which the

third protocol delivered high isotope incorporation.
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Scheme 2.76 HIE on non-cyclic substrates.

Keeping with acyclic substrates, we also wished to examine sp® positions activated by
a functional group other than a simple ether or amine (Scheme 2.77). Firstly, activation
by a carboxylic acid D108e was examined, and, although poor under our first protocol,
good incorporation was achieved using protocol two. Secondly, activation was realised
with an ester D108f. Despite the similarity carboxylic acid substrate this performed
noticeably worse, perhaps indicating that a pseudo-CMD C-H insertion assisted by the

carboxylate, takes place with substrate D108e.
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Scheme 2.77 HIE on FG-activated, non-cyclic sp® positions
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To assess the application of these new protocols in multifunctional systems, we applied
a series of competition reactions, in a similar fashion to our earlier studies (Table
2.11). To do this we applied model substrate 104, under our first optimised protocol,
with a single equivalent of an additive. In the first instance, the additive contained an

aryl nitro functional group 90l, in this case, the deuterium incorporation occurred

D D N7 |
N7 Mes - BArF %N X
| L
r M
o/ 104 N pph D
~o 90 D, (1 atm),DCM, 25 °C, 1 h ~o pP29%0
Additive Substrate 104
Entry? Additive D-incorporation D-incorporation
(%) (%)
?
1 NT 24 94
% O g0l
0]
2 gii)\ 6 94
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=
3 X | 14 0
N"" gon
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e
o~

(1]
[=]
o

HN- N
5 < 25 0
%{kN 90p
(0]
6P NESN 17 92
| 90q
0
7° XN 35 88
90u

2 Incorporation calculated from LCMS analysis; ° Incorporation measure over the
two ortho and three N-methyl positions; ¢ Incorporation measured over the one
olefinic position only.

Table 2.11 Competition reactions; investigating the selectivity of HIE.
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preferentially at the sp® position in D104. Similar results were obtained with aryl
ketone 90m, clearly indicating that although we may consider the aryl C-H bond to be
better activated to C-H insertion, it is not the sole factor controlling HIE selectivity. In
contrast to this, application of pyridinyl additive 90n reversed the selectivity, with only
low levels of incorporation observed on the aryl additive and no sp? incorporation. As
expected in amide additive 900, the six-mmi was disfavoured versus the five-mmi
within substrate D104. Surprisingly, given the typically basic conditions for HIE on
tetrazoles,*” exchange was observed solely upon the aryl tetrazoles additive 90p,
perhaps indicative of a similar interaction between the tetrazole as the secondary amine
already highlighted. Consistent with our previous results, the carbonyl directing group
of Weinreb amide 90q was disfavoured over substrate D104. Furthermore, the olefinic
exchange in 90u was disfavoured over the sp® exchange in D104. When considering
this result, it is somewhat surprising, since typical olefinic labelling proceeds at just
0.1 mol% of a very similar catalyst.

To validate our use of competition reactions, we applied our methodology to a selectin
of few substrates containing multiple directing groups (Scheme 2.78). Firstly, ester
functionalised compound 109a delivered excellent selectivity for the sp® sites.
However, use of nitro functionalised substrate 109b resulted in high incorporation
ortho to the nitro group, in poor agreement with our competition reactions. Notably,
we observed a significantly higher incorporation at C2 opposed to C4, perhaps
indicating a different mechanism is in operation as previously observed in other 3-
substituted pyridines.”™ Alternatively, the 2- and 4-positions of pyridine are electron
deficient in comparison to the anisyl ring utilised in the competition reactions, and
therefore, the barrier to C-H insertion would be lower, allowing a faster exchange and

delivering a different selectivity.
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Scheme 2.78 HIE on substrates containing multiple labelling sites.

Throughout the labelling of sp® centres, we have worked under the assumption that the
mechanism is the same as aryl- and olefinic HIE (i.e. proceeding via C-H insertion).
In an effort to clarify the sp? labelling mechanism, we performed a KIE experiment as
probe for a C-H insertion event (Scheme 2.79, Graph 2.12). This was achieved by
running several reactions over different reaction times, and measuring the isotope
incorporation to establish the rate of exchange. Indeed, measuring the rate for both
deuterium and hydrogen independently, delivered a KIE value of 3.22, which is in
good agreement with those obtained previously for similar C-H insertion events.*5495°
We concluded that this was strong evidence indicating the mechanism proceeded via
the same pathway as previously discussed for aryl- and olefinic HIE. It is worth noting
at this point, that although this is true of the chosen substrate 105v, it may not be the
case for exchange in alternative substrates, such as D108a-b. However, further

examination of such substrates was outside the scope of this project.
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Scheme 2.79 KIE experiment for sp® HIE.
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Graph 2.12

To conclude this project, and to fully evaluate the validity of our three new protocols,
we applied them in HIE on several commercial drug compounds (Scheme 2.80).
Commencing the study by exploiting our first protocol with antidepressant
Mirtazapine D110, we were pleased to observe excellent deuterium incorporation
solely on the piperazine ring. Furthermore, application of the tranquilizer Azaperone
D111 led to excellent and selective isotope incorporation again on the piperazine, with
only minimal labelling observed on the arene, as predicted by our earlier studies.
Submission of the stimulant Caffeine D112 to our first protocol resulted in moderate
incorporation, solely directed by the imidazole nitrogen. Indeed, even with excellent
incorporation under our second optimised conditions, the isotope was delivered only
to this at a single position. Finally, application of the antipsychotic Clozapine D113
proved especially troublesome, with both the first and second protocol delivering low
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incorporations. This is likely due to two factors; firstly the presence of a
diphenylamine, and secondly the nature of the imine directing group. Indeed, we can
consider the imine to be a midpoint between an N-heterocyle and a carbonyl directing
group. Additionally, the presence of the adjacent arene further hinders the directing
group. Despite this, our final optimised conditions delivered a good isotope

incorporation solely on the piperazine heterocycle.
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H
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(2) D 12%
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Reported as percentage |ncorporat|on over the indicated positions.
Numbers in parentheses correspond to the reactions conditions below
(1) [71¢c (1 mol%), D, (1 atm), DCM, 25 °C, 1 h]

(2) [71¢c (5 mol%), D, (1 atm), DCM, 25 °C, 3 h]

(3) [87a (5 mol%), D, (1 atm), MTBE, 50 °C, 1 h].

Scheme 2.80 HIE on drug substrates.

In summary, we have successfully and expediently generated three new protocols
through application of experimental design, and have successfully applied them in HIE
at sp® centres. Furthermore, these protocols allow us to impart a hydrogen isotope upon
a range 5- 6- and 7- membered saturated heterocycles, through a directed exchange
utilising a wide array of functional groups. Additionally, we have successfully applied
these protocols within non-cyclic substrates, vastly improving the value of our new
methods. Further to this, we have continued our efforts to understand the selectivity
observed within HIE through the careful selection of substrates and proper application
of competition reactions. Finally, the practicality of our protocol has been
demonstrated through the successful labelling of four drug compounds.
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3.4. Understanding Selectivity in HIE

Throughout this chapter, we have consistently explored the reaction mechanism and
selectivity of each new process that we have investigated. Indeed, we conclude that
each process, aryl-, olefinic- or sp® HIE proceeds through the same principal
mechanistic pathway (Scheme 2.81). Furthermore, we have recognised that the rate-
determining step of the mechanism is the insertion of iridium into the C-H bond
undergoing exchange. However, an important question remained; what governs the

selectivity of HIE? And, can it be predicted?
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Scheme 2.81 General mechanism for Ir-catalysed HIE.

To answer these questions, we first attempted to ascertain which step of the mechanism
determined the selectivity of exchange. With the knowledge that C-H insertion was
rate determining, each following step was considered to be energetically less
demanding, and, therefore, not involved in determining the selectivity. Therefore, we
considered one of either substrate-catalyst complexation or C-H insertion to be
responsible for the fate of the isotopic label in HIE. We next identified a key example
to examine, in the form of chalcone derivative 98¢, which in our previous studies had
delivered selective olefinic exchange over the potential aromatic exchange (Scheme
2.82). When considering the whole range of chalcone derivatives, we have previously
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noted the substantial change in selectivity upon manipulation of the electronic
properties of the substrate. It was considered that this would most influence the C-H
activation event, as any change in the complexation would affect both aryl and olefinic

positions, because since they both originate from the same directing group.
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Scheme 2.82 Selectivty in chalcone-derived substrate 98c.

To investigate the difference in C-H insertion events we utilised an Eyring-Polanyi
plot to examine the activation energy of each process, respectively (Graph 2.12).
Through careful analysis of our data, we were able to generate values representing the
energetic changes through each activation process. In doing so, the major contribution
to the activation energy was found to originate from the change in enthalpy, with only
a small contribution from reaction entropy. Secondly, and most importantly, the
activation energy for olefinic exchange was significantly lower than that of aromatic
exchange, thus implying that the olefinic C-H insertion is kinetically favoured,
matching our experimental findings. It is also important to note that, although higher
in energy, the barrier to aromatic C-H insertion is still accessible at the normal reaction
temperature, explaining the low but appreciable levels of incorporation on the aryl
ring. Therefore, the case of a single directing group with two independent labelling
sites, can be considered, in principle, to be controlled by the enthalpy of activation.
However, we accept that this enthalpy involves a number of equilibria (e.g. catalyst-
substrate and catalyst-product binding) which could in turn control the observed

selectivity.
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Graph 2.13 Eyring-Polanyi plot of HIE upon chalcone 98c.
Olefinic C-H (D?) Aromatic C-H (D)
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However, we had also observed in aryl-, olefinic- and sp® HIE that having two distinct
directing groups, each associated with its own labelling site, delivered markedly
different selectivity depending upon the directing group. Therefore, we next
considered if the directing group was affecting the C-H insertion. To this end, we
revisited selected results previously obtained within our competition studies (Scheme
2.83).
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Scheme 2.83 Selectivty from the competition reactions between 94, 61 and 100b.

The chosen examples exhibit a reverse in selectivity through a change in directing
group. If it is the C-H insertion step governing this change in selectivity, it would be
reflected in the activation energy (D61>D94>D100b), as previously mentioned.
Therefore, we again utilised an Eyring-Polanyi plot to ascertain the activation energy
for each respective exchange process (Graph 2.14). In contrast to our previous
investigation with chalcone D98c, the magnitude of activation energy did not match
the findings from the competition reactions. In fact, the lowest activation energy was
for the least favoured site of exchange, on acetophenone D61. With these findings in
mind, we turned our attention back to the reaction mechanism, in which complexation

remained as the only candidate for controlling HIE in this case.
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Graph 2.14 Eyring-Polanyi plot of HIE upon substrates 94, 61 and 100b.
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Having ascertained that the selectivity of exchange can be governed by either the C-H
insertion step or substrate-catalyst complexation step of the HIE process, we next
wished to assess different factors that could control the activation energy, and substrate
binding energy, in an effort to predict HIE selectivity. In the first instance, we further
investigated the fused chalcone structures discussed earlier (Scheme 2.84). Indeed,
through computationally optimising the geometry of each substrate 980-q, we gained
insight into the substrate structure and, in particular, the bond angle between the
directing group and labelling site. Furthermore, when comparing this bond angle to
that of a typical cyclometallated species 99, it became clear that it reflected well the
selectivity of exchange. The origins of this effect can be attributed to the increase in
ring strain in the C-H insertion step when the substrate geometry is not already suited
to cylcometallation. Hence, expanding the bond angle, as for ortho-exchange in 980,
causes HIE to occur selectively at the g-position. Similarly, contracting the bond angle,
as for ortho-exchange in 98q, causes HIE to occur selectively at the p-position.
Alternatively, when both bond angles are similar to that found in intermediate 99,

exchange occurs at both positions, as in D98p.
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Typical bond angle Ir-cyclometallated
species between 116-119°

119° . D®
{ ' 128 §
980 D98o

D2 82%, D° 3%

(@) a b
116°]] 119° pr QD
0 —
98p D98p
D2 99%, D° 99%

b
11525 1138 p? o D
A\ O
T oagY
98
a D98q

D2 85%, D° 11%

Reported as percentage incorporation over the indicated positions.
Reduction, if present, is <5% unless noted in parenthese.

Scheme 2.84 Understanding selectivity in fused chalcone substrates.

Recognising that with a non-planar substrate, the orientation of the hydrogen to
undergo exchange could significantly influence the efficiency of HIE, we can draw
less information from the calculated bond angles (Scheme 2.85). However, relative to
favoured piperidine 105v, compression and expansion of the bond angles in 105w and
105x, respectively could indicate a more hindered HIE process. Furthermore, the
significant expansion of the bond angle in azetidine 105y reflects the lack of isotope
incorporation. However, if we instead consider the distance between the nitrogen of
the directing group and exchange site, we obtain further insight. In particular, that the
shortest distance is found in piperidine 105v, which performs excellently in HIE.
Secondly, the distances in both azepane 105w and pyrrolidine 105x are significantly
greater, and experience lower isotope incorporation. Finally, azetidine 105y has the

largest distance, correlated to its lack of activity. All of this indicates that we can use
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the bond angle in sp?, and the distance in sp® HIE, between the directing group and
the labelling site, to predict HIE selectivity.

B Br
e Y o T
— Pz
N  — N N
Q /o3 @omom
H 105w D D47%
Br
Br X
Y o Y
)\N/  — N N

N
D105v
O\H/Z'Zﬁ&v D b 95%

D
Br
B N
123°N|/j/ r D D )l\/j/
—  — N N
N)\N

Q /260 A D105x
: D ps579%

H 105x D

Br

N Xy B D )ij/
o D /
12NQ)|\/Nj — N N

Q D105y
A.87 A DD DO0%
H 105y

Reported as percentage incorporation over the indicated positions.
Reaction conditions [71¢ (1 mol%), D, (1 atm), DCM, 25 °C, 1h].

Scheme 2.85 Understanding selectivity with different ring sizes.

In an effort to test this theory we conducted several competition reactions between
each substrate 105v-y, in which we expect the substrate-catalyst complexation to
control the selectivity of HIE (Scheme 2.86). Pleasingly, in each case the favoured
substrate for exchange was that with the shortest distance between the directing group
and the exchange site. Indeed, we can attribute this effect to the increased stabilisation
of complexation associated with the agostic interaction between iridium and the
exchangeable C-H bond. However, we can also attribute it to the increase in ring strain
associated with C-H insertion, as previously mentioned. Therefore, it is clear that one
cannot totally separate the substrate-catalyst complexation and C-H insertion in

attempting to predict the site of HIE.
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Br
Y ij
N7 Br
)\ | Mes\ BArF
N DaD105V

Omst \)\N

es
DG., $/ PPhs DG\N
.\/} e (1 mol%)
n DP n
105w-y D, (1 atm),DCM, 25 °C, 1 h D® D105w-y
Br Br Br
pa D? )\/j/ pa D? )\/j/ pa D? )\/j/
d D105v d D105v d D105v
D2 66% DA 85% D2 80%
. Db Br Br Br
° AAI o2 AAI AAI
Db D105w op D105x . D10sy
DP 7% Db D 30% pb D Db 0%

Reported as percentage incorporation over the indicated positions.

Scheme 2.86 Testing the selectivity of different ring sizes.

Despite this, through compiling the results from our investigations we have generated
a five-step guide for predicting HIE, when using a phosphine/NHC catalyst. (Scheme
2.87). Firstly, we must consider the directing group, which has the greatest impact
upon the labelling selectivity, with strongly basic N-heterocycles proving most
favourable, and weakly basic or acidic carbonyl groups being disfavoured. Indeed, our
previous findings in aryl HIE suggest that the pKan of an N-heterocyclic directing
group is a good reflection of its selectivity in HIE.”® However, it is important to note
that a steric or electronic bias may change this ordering. Secondly, we must consider
the size of each proposed cyclometallated intermediate, understanding that a 5-mmi is
kinetically favoured over a 6-mmi. Thirdly, if the angle (or distance) between the
directing group and labelling position are constrained or expanded from an optimal
window then labelling will be disfavoured. Subsequently, if both positions exchange
via similar proposed intermediates, we must consider the site of exchange. In principle,
this is ordered from non-activated sp® to activated aromatic C-H bonds. However, it is
important to note that this order may change depending upon the substitution near the
exchange site. Indeed, if a secondary directing group (e.g. a functional group
containing an accessible lone pair) is present, if would be favoured. Conversely, if only
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(1 ) What is the nature of the directing group?
Favoured = Disfavoured

% =\ 0 o) o o o) 0
E):NE ?Q E)J\O' %NRZ ‘%ﬁ)\ “{Nto- ?J\O/R ?J\OH

(2) Is the cyclometallated intermediate the same size?
Favoured = Disfavoured

[ir]-- [Ir]
N ©/NH

(3) Is one angle (or distance) between DG and C-H expanded or contracted?

Disfavoured » Favoured - Disfavoured
(4) Is there a difference in strength between C-H bonds?
Favoured = Disfavoured

H H H H H H H H
X Aryl& x& \ f’Lx I’LFG AN
P

(5) Does one position bear a steric impedement or a secondary DG?
Favoured - Disfavoured

OH H H H
@)\/DG ©/DG F3C\©/ DG
CF3

(6) Does one position bear an electronically activating substituent?
Favoured Disfavoured

H H H H
/©/DG /©)\/DG ©)\/DG ©/DG
eO Cl

Scheme 2.87 Guide to predicting the favoured site of exchange in multifunctional pharmacueticals.

a steric interaction is expected, the site is disfavoured. Finally, substitution of the
substrate as a means of perturbing the C-H bond may influence the selectivity. In

297



Chapter 2

general, any substituent will activate a position to exchange over the non-substituted

derivative.

Within this final section, we have explored the nature of the mechanism controlling
HIE. We can conclude from the studied examples, that for two distinct potential C-H
insertion events, both directed by the same functional group, the kinetically favoured
process takes precedent. On the contrary, if multiple functional groups are present, the
substrate-catalyst complexation selects the position of exchange. However, decisive
prediction of HIE requires examination of both processes. Therefore, based upon our
experimental findings, we developed a series of guidelines to aid in the prediction of
HIE selectivity. With this, we believe that, when utilising our NHC/phosphine
catalysts in HIE with complex, multifunctional molecules, the selectivity of exchange

can be reasonably predicted.
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4. Conclusions

Throughout this chapter, we have endeavoured to apply our NHC/phosphine
complexes to a range of new applications in hydrogen isotope exchange. In doing this
we have utilised a wide array of experimental methods, and paired them where

appropriate with theoretical findings.

Our initial work focussed upon delivering an industrially friendly protocol that could
replace more common high temperature methods in the labelling of aryl carboxylic
acids (Scheme 2.88). Capitalising upon the broad range of available catalysts, and
improved solvent utility of non-coordinating counterion complexes, we successfully
realised a method for base-free, ortho-deuteration. Through this work we gained vital
insight into the interaction of acidic directing groups with the catalyst, and the impact

upon labelling chemo- and regioselectivity that the addition of base can impart.

Mes\ BArF
DoE Optimisation Base Induced Selectivity
Base Free Conditions \ )\ N Multifunctional Drugs
0 \/ \Pan D O
5 mol%
YL ToH (5 mol%) TN oH
L D, (1 atm), MTBE, 50 °C, 2 h O b
27 Substrates

upto 97% D
Scheme 2.88 Acid directed HIE.

In an effort to interpret the future needs of the pharmaceutical industry, we looked to
examine exchange on non-aryl positions, initially through labelling of olefinic sites
(Scheme 2.89). Successfully exploiting the insight garnered through studies
examining the reduction of such species, we were able to expediently introduce an
efficient method of introducing a deuterium label through a directed exchange. This
allowed us to further study the mechanism of exchange, and interpret the selectivity

between exchange and hydrogenation through theoretical modelling.
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Mes < PFs

NTN
Mild Conditions /\ )L\"N Mechanistic and
Low Catalyst Loading Ir Mes Selectivity Investigations
“PPh, D
DG (0.1 mol%) DG. _—
\‘/\Rl - R'
R D, (1 atm), DCM, 25 °C, 1 h R

>40 Substrates Computational and

Mulitple DGs upto 99% D  Experimental Studies

Labelled Drugs

Scheme 2.89 Non-aryl sp? HIE

To bring the application of our NHC/phosphine complexes to the forefront of C-H
activation technology, we next applied them in the deuterium labelling of sp? positions
(Scheme 2.90). Exploiting our earlier investigations, we quickly applied experimental
design techniques to generate three distinct protocols, allowing isotopic labelling of a
wide array of cyclic and non-cyclic sp® sites. This in turn, allowed us to further study

the mechanism and investigate the selectivity between different labelling sites.

- PF
Mes N‘/% 6
DoE Optimisation N )L\\N\

Mechanistic and Selectivity

Mild Conditions Ir Mes Investigations
N/ pph,
pY
.DG 7c (1 mol%) DG
R™ X R™ X
R D, (1 atm), DCM, 25 °C, 1 h R
Multiple DGs >40 Substrates Multifunctional Drugs

upto 99% D
Scheme 2.90 sp® HIE.

Lastly, by compiling our results regarding selectivity within the hydrogen isotope
exchange process, we produced a five-step guide to predicting the dominant site of
exchange within multifunctional compounds (Scheme 2.87). Primarily, this is
controlled by the nature of the directing group, then the cyclometallated intermediate
or its precursor, including the agostic interaction, and, finally, the relative accessibility

of the bond to undergo C-H insertion.
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5. Future Work

Within this thesis we have detailed an expansion of the functionalities capable of
undergoing exchange, and through this have further enhance understanding of the
required catalyst structure in each case. Considering these findings and those from

previous work, we have detailed below potential future projects.

Having discussed within this work the successful exchange utilising carboxylic acids,
and, moreover, in previous work, tetrazole directing groups, we can next consider the
potential use of further common bioisosteres of this type (Scheme 2.91). Indeed, when
considering this, primary efforts should aim at sp?-based directing groups which show
good activity with our NHC/phosphine complexes. Indeed, this could include directing
groups such as; hydroxamic acids, sulfonylureas and oxadiazolones. Furthermore,
when considering tetrahedral directing groups such as, sulfonamides*® and sulfones,’’
which have proven successful with NHC/CI and chelating complexes respectively, we
can also consider phosphonic, sulfonic and tetramic acids.

Successful Acidic DGs R H
o} N,

X o
R” “OH N~N

Carboylic Acids Tetrazoles

[

Potential DGs
2 _ _
~ Sp X
o) 0 H R-<
Toon r L2 N
{ RN N7 ONTR N0 N =N
H H H =0 N Ir_ R
Hydroxamic acids Sulfonylureas oxadiazolones / PR3
~ — -
~ Tetrahedral R H B R. Ix
O, OH (ONN0) N N\
P. it o) ] L
< R OH R”~ OH 5 \Ir)\\N
Phosphonic Acids Sulfonic Acids . . \/ \P— .
L Tetramic Acids q R,

Scheme 2.91 Further labelling of acidic moieties.

Having established that C-H insertion and exchange is viable at sp® centres through
the use of N-heterocyclic directing groups, we should next consider the capricious
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nature of carbonyl directing groups (Scheme 2.92), with a view to further investigating
the origins of the preference for HIE at the equatorial position of six-memebred
heterocycles. Certainly, improvement in this area is especially attractive due to the
potential application in isotopically labelled amino acids and peptides (Scheme 2.93).
Such labelling methods would require a different solvent scope than currently
available, with most peptides being only poorly soluble in typical labelling solvents.
With this in mind, development of different counterion complexes bearing more
coordinating counterions may hold the key to improving water solubility of the iridium

complexes (Scheme 2.94).

Improved Carbonyl Directed HIE

oL LA
R D eq
D R D
Equatorial HIE

Scheme 2.92 Potential improvement in carbonyl directed sp® HIE.

Proposed Peptide Labelling

O H R O p
. [|r] ‘.
N ] N
R O |n R

Scheme 2.93 Peptide labelling.

Different Counterion Complexes

R. X
/ "\ \\ X =Cr
Ir N\R Br
N PR, Cloy

Scheme 2.94 Improved water soluble complexes.
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6. Experimental
6.1. General Experimental Details
All reagents were obtained from commercial suppliers and used without further

purification unless stated otherwise. Purification was carried out according to standard

laboratory methods.”®

Iridium complexes were synthesised as stated in the relevant references or

Experimental Section of Chapter 1, Section 5.1.

Exchange reactions (Sections 3.1 and 3.3) were carried out on a Heidolph Synthesis
1 Liquid 16 device (Figure E2.1).

Figure E2.1

Exchange reactions (Section 3.2) were carried out using a round-bottom flask (25 mL)

fitted with a double oblique stopcock connected to a manifold and deuterium balloon.

'H (300 MHz or 400 MHz) and *3C (75 MHz or 101 MHz) NMR spectra were obtained
on Bruker spectrometers in the solvents indicated. Chemical shifts are reported in ppm.
Coupling constants are reported in Hz and refer to 3Ju.n couplings, unless otherwise
stated. *H NMR spectra were obtained using a 10 second delay to allow full relaxation

of all hydrogen environments (D1 = 10).

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

peaks are reported in cm™ unless stated otherwise.
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Thin layer chromatography was carried out using Camlab silica plates coated with
fluorescent indicator UV 2s4. Plates were analysed using a Mineralight UVGL-25 lamp

or developed using vanillin, KMnOs or Ninhydrin solution.

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

mesh).

Mass spectrometry data was acquired from EPSRC National Mass Spectrometry

Centre, Swansea University.

The distribution of hydrogen isotopes in the products was determined by a liquid
chromatography-mass spectrometry (LC-MS) system with a Symmetry Shield RP18
column, 3.9 x 150 mm, with a gradient program. LC column conditions were as

follows:

mobile phase A: water (900 mL), acetonitrile (100 mL), TFA (1 mL)
mobile phase B: water (100 mL), acetonitrile (900 mL), TFA (1 mL),
Flow rate: 0.6 mL/min

Details of Computational Methods

Density functional theory”®8 (DFT) was employed to calculate the gas-phase
electronic structures and energies for all species involved in H/D exchange or
hydrogenation reactions. All structures thus far have been optimised with the hybrid
meta-GGA exchange correlation functional M06.8* 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. Harmonic vibrational frequencies were calculated at the same level of theory to
characterize respective minima (reactants, intermediates, and products with no
imaginary frequency). The validity of using the 6-31G(d) basis set has previously been
checked by comparative single point energy calculations employing the def2-TZVP%
basis set for all atoms on similar H/D exchange systems.*® All calculations using the
MO6 functional have been performed using Gaussian 09 quantum chemistry program

package (version A.02).%6
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General Experimental Procedures

General procedure A Exchange reactions using Heidolph synthesis 1 liquid 16

device.

The Heidolph Synthesis 1 Liquid 16 device was evacuated and filled with argon, and
the water condenser turned on. To a carousel tube was added the substrate of choice
(0.086 mmol), and iridium catalyst (and additive where appropriate). The desired
solvent (1 mL) was added, rinsing the inner walls of the tube. The tube was then sealed
at the screw cap (with the gas inlet left open) under argon. The flask was twice
evacuated and refilled with deuterium via a balloon. The gas inlet tube was then closed,
creating a sealed atmosphere of deuterium, the carousel shaking motion initiated (750
rpm) and the temperature set. After starting the device shaking motion and temperature
controller, the timer was initiated and a rapid red/orange to clear/yellow colour change
was observed. The reaction mixture was stirred for the allotted time before removing
excess deuterium and replacing with air. The yellow solution was then analysed by
LC-MS or 'H NMR.

The level and regioselectivity of deuterium incorporation in the substrate can be
determined by *H NMR spectroscopy. The integrals were calibrated against a peak
corresponding to a position not expected to be labelled. The equation below was then

used to calculate the extent of labelling.

residual integral

% Deuteration = 100 — [( > x 100]

number of exchangeable sites

The incorporation of deuterium into each substrate can be verified by LCMS, by
observing a shift in the isotope distribution in the starting material (M) to show M+1
(D1), M+2 (D2), M+3 (D) etc. for the labelled compound.
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General procedure B Exchange reaction carried out in a round bottom flask.

A flame-dried 50 mL round-bottom flask under an argon atmosphere, bearing a double
oblique stopcock adaptor, was charged with the desired substrate, catalyst and solvent
(and additive where appropriate). The flask was cooled to -78 °C in a dry-ice/acetone
slurry bath. The flask was evacuated and refilled with deuterium from a balloon, and
the process repeated three times. After the final flush, the stopcock was left open to
the balloon and the flask immersed in an oil bath at the desired temperature. The
reaction solution was observed to change from a pale orange colour to clear within 5
min. Following the allotted reaction time, the deuterium atmosphere was released and
replaced with air. The solvent was removed in vacuo and the reaction residue passed

through a plug of silica (eluting with petroleum ether/Et,0, 1/1).

Where appropriate, the conversion of the substrate was calculated by *H NMR. Peaks
arising from both the starting material the reduced product was identified; calibration
of the reduced product against the starting material and the equation below allowed

calculation of the conversion.

) reduced integral

% Conversion = 100 X ( - ; — )
reduced integral + starting material integral

The level and regioselectivity of deuterium incorporation in the substrate can be

determined by *H NMR spectroscopy. The integrals were calibrated against a peak

corresponding to a position not expected to be labelled. The equation below was then

used to calculate the extent of labelling.

residual integral

% Deuteration = 100 — [( > x 100]

number of exchangeable sites
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General procedure C Monitored exchange reactions carried out in a round bottom
flask.

A flame-dried, 100 mL, two-necked round-bottom flask under an argon atmosphere,
bearing a double oblique stopcock adaptor and a suba seal, was charged with the
desired substrate, catalyst and solvent. The flask was cooled to -78 °C in a dry
ice/acetone bath. The flask was evacuated and flushed with deuterium from a
balloonand the process repeated a further two times. After the final flush, the stopcock
was left open to the deuterium balloon and the flask immersed in an oil bath at the
desired temperature. The reaction solution was observed to change from a pale orange
colour to clear within 5 min. At predefined time intervals an aliquot (~0.5 mL) was
drawn from the reaction via syringe, and placed in a ¥ dram screw cap vial prefilled
with Et2O (~1 mL). Following removal of the solvent in vacuo, the recovered residue

was prepared for analysis by *H NMR spectroscopy.
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6.2. Acid Directed HIE

Scheme 2.42 Initial labelling of carboxylic acid 86a under non-optimised conditions.

The reactions were carried out following general procedure A and analysed by LCMS

and *H NMR spectroscopy to confirm the extent and position of exchange.

Complex Solvent  Temperature (°C)  Time (h) Base
Mes\N N\ BArF
1N )&N\ Cs2COs
Ot won w0 0w
mmol)
(7.4 mg, 0.043 mmol)
Substrate 'H NMR data®’
'H NMR (300 MHz, DMSO): § 12.21 (1H, br s, O-H),
o0 7.77-7.71 (2H, m, Ar-H), 6.74-6.64 (2H, m, Ar-H), 2.97
OH (6H, s, N-CH3).
- /©5‘\ Incorporation expected at 6 7.77-7.71.
'T‘ H s6a Determined against integral at § 2.97.

Retention time: 2.23 min; Mass ion: 166.2 (M+H)*

D-Incorporation (%)
Run

1 2
18 19 19

Average

308



Graph 2.2 Solvent and base screen.

Chapter 2

The reactions were carried out following general procedure A and analysed by LCMS

to confirm the extent of exchange. Position of exchange was confirmed through ‘H

NMR spectroscopy of the highest incorporation result (Table E2.1).

Complex Temperature (°C) Time (h)
Mes\Nk-\ BArF
N =N
\ Ir\ Mes 50 6

> “PPh,

Y 71c
(7.4 mg, 0.043 mmol)

Substrate data
H O
OH

N y Data was consistent with that reported on page 308.

| 86a

(14.2 mg, 0.086 mmol)

D-Incorporation (%)

Entry Solvent Base Run
1 5 Average
1 MeOH 23 21 22
2 IPA 20 17 19
3 tAmylOH 13 9 11
4 iPrOAC (14 g“:’;g%?’ o3 9 9 9
5 tBUOAC ' mmc;l). 17 23 20
6 2-MeTHF 9 11 10
7 CPME 17 17 17
8 MTBE 37 39 38
9 MeOH 8 11 10
10 IPA 24 26 25
11 tAmylOH 36 32 34
12 iIPrOACc DIPEA 31 28 30
13 tBuOAC (5.6 mg, 0.043 mmol) 28 34 31
14 2-MeTHF 38 44 41
15 CPME 49 43 46
16 MTBE 56 61 59

Table E2.1
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Scheme 2.44 Catalyst screen.

The reactions were carried out following general procedure A and analysed by LCMS
to confirm the extent of exchange. Position of exchange was confirmed through ‘H

NMR spectroscopy the of highest incorporation result (Table E2.2).

Solvent Temperature (°C) Time (h) Base
DIPEA

MTBE 50 6 (5.6 mg, 0.043
mmol)

Substrate data
H O
OH _ _
N y Data was consistent with that reported on page 308.
| 86a

(14.2 mg, 0.086 mmol)

D-Incorporation (%)
Entry Complex Run

1 > Average
Cl
\/\Ir/ Mes
1 h4 \@“ 0 0 0

(2.8 mg, 0.0043 mmol)

N PY Pre
|
2 N peys 6 6 6
' 30

(3.5 mg, 0.0043 mmol)

Mes < -\ PFs
=

3 S 10 9 10
64a
(4.4 mg, 0.0043 mmol)
Mes < BArF
N@
N =
|
4 é/ “ppn S 76 83 80
N 71c

(7.4 mg, 0.0043 mmol)
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Mes < BArF
AN N,
|
é/r\psns“"es o1 87
N 87a

(7.6 mg, 0.0043 mmol)

89

Mes - BArF
Oy
N =N
Ir, Mes
6/ “P(Me),Ph 7285
87b

(6.9 mg, 0.0043 mmol)

79

| |
\/ r\PPh3MeS 83 78
y 88

(7.3 mg, 0.0043 mmol)

Bn- NN BArF
6\ )QN

81

Table E2.2

Chapter 2
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Scheme 2.45 Investigating the role of base in the reaction.

The reactions were carried out following general procedure A and analysed by 'H

NMR spectroscopy to confirm the extent and position of exchange.

Complex Solvent Temperature (°C) Time (h)
Mes < BArF

N®
6\)\,\{ MTBE 50 6
\, r\PB Mes
/ " 87a

(3.8 mg, 0.002.6 mmol)

Substrate Data
H O
OH
N y Data was consistent with that reported on page 308.

| 86a
(14.2 mg, 0.086 mmol)

D-Incorporation (%)

Entry Base Run Average
1 2
DIPEA
(5.6 mg, 0.043mmol) '+ 4 74
2 N/A 90 92 91
Substrate IH NMR data®
H O 'H NMR (300 MHz, DMSO): § 12.68 (1H, br s, O-H),
oH 7.93-7.84 (2H, m, Ar-H), 7.05-6.97 (2H, m, Ar-H), 3.81
(3H’ S, O_Cﬂg)
~o H 86b Incorporation expected at 6 7.93-7.84.

(13.1 mg, 0.086 mmol) Determined against integral at 6 3.81.
D-Incorporation (%)
Entry Base Run

1 5 Average
DIPEA
(5.6 mg, 0.043 mmol) 65 74 70
2 N/A 86 78 82
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Substrate 'H NMR data®®
H O 'H NMR (300 MHz, DMSO): 8 12.75 (1H, br s, O-H),
oH 7.86-7.77 (2H, m, Ar-H), 7.33-7.25 (2H, m, Ar-H), 2.36
(3H, s, Ar-CHa).
H 86¢ Incorporation expected at 6 7.86-7.77.

(11.7 mg, 0.086 mmol)

Determined against integral at 6 2.36.

D-Incorporation (%)

Entry Base Run Average
1 2
DIPEA
(5.6 mg, 0.043 mmol) 22 44 51
2 N/A 90 87 89
Substrate 'H NMR data®’
H O 'H NMR (300 MHz, DMSO): & 13.17
on (1H, br s, O-H), 7.97-7.89 (2H, m, Ar-H), 7.60-7.51 (1H,
m, Ar-H).
Cl H 86d Incorporation expected at 6 7.97-7.89.

(13.5 mg, 0.086 mmol)

Determined against integral at 6 7.60-7.51.

D-Incorporation (%)

Entry Base Run Average
1 2
DIPEA
(5.6 mg, 0.043 mmoly o+ 8 &
2 N/A 90 88 89
Substrate 'H NMR data®
H O
'H NMR (300 MHz, DMSO): & 13.03 (1H, br s, O-H),
OH 8.06-7.94 (2H, m, Ar-H), 7.36-7.26 (2H, m, Ar-H).
. , 86e Incorporation expected at 6 8.06-7.94.

(12.0 mg, 0.086 mmol)

Determined against integral at 6 7.36-7.26.

D-Incorporation (%)

Entry Base Run Average
1 2
DIPEA
(5.6 mg, 0.043 mmol) 86 86 86
2 N/A 88 88 88
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Substrate 'H NMR data®
H O
H NMR (300 MHz, DMSO): § 13.47 (1H, br s, O-H),
OH 8.18-8.07 (2H, m, Ar-H), 7.92-7.82 (2H, m, Ar-H).
F\C  86f Incorporation expected at 6 8.18-8.07.

(16.4 mg, 0.086 mmol)

Determined against integral at 6 7.92-7.82.

D-Incorporation (%)

Entry Base Run Average
1 2
DIPEA
(5.6mg, 0.043 mmol) © 4 82
2 N/A 90 88 89
Substrate 'H NMR data®
H O 'H NMR (300 MHz, DMSO): § 12.93 (1H, br s, O-H),
oH 8.00-7.88 (2H, m, Ar-H), 7.66-7.56 (1H, m, Ar-H), 7.55-
7.44 (2H, m, Ar-H).
H 869 Incorporation expected at 6 8.00-7.88.

(16.4 mg, 0.086 mmol)

Determined against integral at 6 7.55-7.44.

Entry Base

D-Incorporation (%)
Run

— 5 Average
DIPEA
(5.6 mg, 0.043mmoly S0 37
7 N/A 94 o1 93
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Graph 2.3 Reassessing the solvent scope without base.

The reactions were carried out following general procedure A and analysed by LCMS
to confirm the extent of exchange. the position of exchange was confirmed through ‘H

NMR spectroscopy of highest incorporation result (Table E2.3).

Complex Temperature (°C) Time (h)
Mes\N N\ BArF
NP
\ Ir\ Mes 50 6
> “PPh,
y 71c
(7.4 mg, 0.0043 mmol)
Substrate data
H O
OH
N y Data was consistent with that reported on page 308.

| 86a
(14.2 mg, 0.086 mmol)

D-Incorporation (%)
Entry  Solvent Run
1 2

MeOH 0 O 0
IPA 19 17 18
tAmylOH 21 21 21
iPrOAc 38 33 35
tBUOAc 38 34 36
2-MeTHF 49 49 49
CPME 59 61 60
MTBE 69 65 67

Average

O NSO |IWIN| -

Table E2.3
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Table 2.4 Design of experiment; without base present.

Experimental design was used to assess the effect of varying the catalyst loading,
reaction time and reaction temperature. As such, ‘high’ and ‘low’ values for each of
the three variables were chosen. To generate a series of experiments to study optimal
conditions within the variable ranges chosen, Design Expert™ software v10.0
(Stat_Ease Inc., Minneappolis, Mn) was used. This generated a 2-level, three-factorial
design containing three centre points, giving 11 experiments in total. The deuterium
incorporation of 4-dimethylamino benzoic acid 86a was used as the response. The
reactions were carried out according to general procedure A and analysed by LCMS
to confirm the extent of exchange. The position of exchange was confirmed through
'H NMR spectroscopy of the three centre point experiments (Table E2.4).

Complex Solvent
Mes\Nk\ BArF
N = MTBE
Ir__ Mes
PBn3
87a
Substrate Data
H O
OH
N y Data was consistent with that reported on page 306.
| 86a

(14.2 mg, 0.086 mmol)
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Variable A: . Variable C: Response:
Catalyst Amount of Varlab!e B: Reaction FI)D

Run . 87a (mg Reaction .

Loading . . Temperature Incorporati

(Mol%) (umol))  Time (min) °C) on (%)

1 (++4) 7.5 11.4 (6.45) 240 55 90
2 (---) 2.5 3.8 (2.15) 120 25 39
3 (+-) 7.5 11.4 (6.45) 240 25 60
4 (***) 5.0 7.6 (4.30) 180 40 73
5 (***) 5.0 7.6 (4.30) 180 40 75
6 (***) 5.0 7.6 (4.30) 180 40 78
7 (-+-) 2.5 3.8 (2.15) 240 25 49
8 (-++) 2.5 3.8 (2.15) 240 55 87
9 (+--) 7.5 11.4 (6.45) 120 25 51
10 (--+) 2.5 3.8 (2.15) 120 55 72
11 (+-4) 7.5 11.4 (6.45) 120 55 87

2 symbol in parentheses indicate points in the design; + high, * mid and — low.

Table E2.4

Runs 4, 5 and 6 represent the centre points of the design. These are employed in order

to:

Q) Assess any curvature in the response of incorporation changes in the
variables; and

(i) Assess the repeatability of the hydrogen isotope exchange reaction.

A response surface was created in the same design program. This generated a half-
normal plot which inferred that increasing the reaction temperature, catalyst loading
and reaction time all had a positive impact upon the HIE reaction. Furthermore, it
inferred the order of significance of each factor as; Reaction Temperature >> Catalyst
Loading = Reaction Time (Graph E2.1).
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Design-Expert® Software

D-incorporation Half'N orm al P|Ot

A Error estimates

©
@

Shapiro-Wilk test o

XY;ZEZZ%?? C-Reaction Temperature

A: Catalysts loading

©
o
\

B: Reaction time > ]
C: Reaction Temperature E 4
u B o .
B Negaiive Effects _fés NE A-Catalysts loading
a g -
© 703 B-Reaction time
© 3
] E w
IS E
= El
Z? 50 é (]
= E
< 5]
I 30 - A
20 — A
10 —
]
035 @
0.00 8.56 17.13 25.69 34.25
|Standardized Effect|
Graph E2.1

Further implementation of the design software generated Graph E2.2. By plotting
reaction time and temperature at the fixed optimal catalyst loading (5 mol%) it can
been seen that elevated temperatures and short reaction times leads to the optimised
conditions (5 mol% catalyst, 50 °C, 2 h).
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Design-Expert® Software

Factor Coding: Actual

D-incorporation (%)

® Design points above predicted value
85

17

X1 = B: Reaction time
X2 = C: Reaction Temperature

Actual Factor

A: Catalysts loading = 5 60

D-incorporation (%)

240

a7 180

C: Reaction Temperature (°C) a1

B: Reaction time (min)

25 120

Graph E2.2

Finally, provided below is a graph of Residuals versus Predicted plot. This is a plot of
the residuals versus the ascending predicted response values (low incorporation to high

incorporation), and tests the assumption of constant variance in the data (Graph E2.3).
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D-incorporation
(adjusted for curvature)

Color points by value of
D-incorporation:

85
17

Externally Studentized Residuals
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Residuals vs. Predicted

6.00 —

4.8819

4.00 —
O
2.00 —
D =
0.00 0 .—. E
-]
O
-2.00 —
O
-4.00 —
-4.8819
-6.00 —
0 20 40 60 80 100
Predicted
Graph E2.3
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Scheme 2.48 Investigating electronic effects upon the HIE reaction.

The reactions were carried out following general procedure A, and analysed by 'H

NMR spectroscopy to confirm the extent and position of exchange.

Complex Solvent Temperature (°C) Time (h)
Mes < BArF

N®
6\)\’\]\ MTBE 50 2
\, r\PB Mes
/ " 87a

(7.6 mg, 0.0043 mmol)

Substrate Data
H O
OH
N y Data was consistent with that reported on page 308.
| 86a

(14.2 mg, 0.086 mmol)

D-Incorporation (%)

Run
1 5 Average
84 78 81
Substrate Data
H O
OH Data was consistent with that reported on page 312.
~0o H 86b

(13.1 mg, 0.086 mmol)

D-Incorporation (%)
Run
1 2
89 90 90

Average
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Substrate data
H O
OH : :
Data was consistent with that reported on page 313.
H 86¢

(11.7 mg, 0.086 mmol)

D-Incorporation (%)

Run

(13.5 mg, 0.086 mmol)

1 2 Average
93 95 94
Substrate data
H O
OH Data was consistent with that reported on page 313.
cl H 86d

D-Incorporation (%)

Run

(12.0 mg, 0.086 mmol)

4 2 Average
91 87 89
Substrate data
H O
OH Data was consistent with that reported on page 313.
F H 86e

D-Incorporation (%)

Run

1 2 Average

90 90 90
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Substrate data
H O
OH : :
Data was consistent with that reported on page 314.
FsC H 86f

(16.4 mg, 0.086 mmol)

D-Incorporation (%)

Run

(16.4 mg, 0.086 mmol)

1 2 Average
93 93 93
Substrate data
H O
OH Data was consistent with that reported on page 314.
H 869

D-Incorporation (%)

Run

—1 5 Average

90 89 90
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Scheme 2.49 Further substrate investigations.

The reactions were carried out following general procedure A, and analysed by 'H

NMR spectroscopy to confirm the extent and position of exchange.

Complex Solvent Temperature (°C) Time (h)
Mes < BArF
N®
N N

7
é/“”\)P; Mes MTBE 50 2
D n3

87a
(7.6 mg, 0.0043 mmol)

Substrate H NMR data®
| H0 IH NMR (300 MHz, DMSO): & 12.73 (LH, br s, O-H),
~N OH  7.32-7.19 (3H, m, Ar-H), 6.98-6.91 (1H, m, Ar-H), 2.92
(6H, s, N-CHa).

Hbssh Incorporation expected at § D 7.32-7.19 & D" 6.98-6.91.
(14.2 mg, 0.086 mmol) Determined against integral at & 2.92.

D-Incorporation (%)
Run

1 2

D2 Db D& D° D& Db
28 0 32 0 30 O

Average

Substrate IH NMR data®’
HZ O IH NMR (300 MHz, DMSO): 5 12.97 (1H, br s, O-H),
o on 156748 (IH, m, Ar-H), 7.46-7.35 (2H, m, Ar-H), 7.22-

7.13 (1H, m, Ar-H), 3.79 (3H, s, O-CHs).
Hb 86i Incorporation expected at § D° 7.46-7.35 & D? 7.56-7.48.

(13.1 mg, 0.086 mmol) Determined against integral at 6 3.79.

D-Incorporation (%)

Run

1 2
D2 Db D2 D" D& DP
94 84 96 92 95 88

Average
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Substrate 'H NMR data®®
H O 'H NMR (300 MHz, DMSO): 8 12.86 (1H, br s, O-H),
oH 7.79-7.69 (2H, m, Ar-H), 7.46-7.32 (2H, m, Ar-H), 2.35
(3H, s, Ar-CHa).
H 86j Incorporation expected at 6 7.79-7.69.

(11.7 mg, 0.086 mmol)

Determined against integral at 6 2.35.

D-Incorporation (%)

Run

(13.5 mg, 0.086 mmol)

1 2 Average
94 94 94
Substrate 'H NMR data®®
H O 'H NMR (300 MHz, DMSO): § 13.32 (1H, br s, O-H),
Cl oH 7.94-7.84 (2H, m, Ar-H), 7.74-7.66 (1H, m, Ar-H), 7.57-
7.49 (1H, m, Ar-H).
H 86k Incorporation expected at 6 7.94-7.84.

Determined against integral at 6 7.49.

D-Incorporation (%)

Run

(15.5 mg, 0.086 mmol)

4 3 Average
91 89 90
Substrate 1H NMR data®?
HoO IH NMR (300 MHz, DMSO): 5 12.66 (1H, br s, O-H),
oH  7.62(2H,s, Ar-H), 3.69 (3H, s, O-CHa), 2.25 (6H, s, Ar-
~o H 86l CHa).

Incorporation expected at 6 7.62.
Determined against integral at 6 2.25.

D-Incorporation (%)

Run

1 2 Average

94 94 94
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Substrate 'H NMR data®
N,
N" 9 'H NMR (300 MHz, DMSO): § 7.99-7.94 (1H, m, Ar-
OH H), 7.70-7.59 (2H, m, Ar-H), 7.39-7.31 (1H, m, Ar-H).
 86m Incorporation expected at 6 7.99-7.94.

(14.2 mg, 0.086 mmol)

Determined against integral at 6 7.39-7.31.

D-Incorporation (%)

Run

(13.1 mg, 0.086 mmol)

1 5 Average
88 95 92
Substrate 'H NMR data®’
- IH NMR (300 MHz, DMSO): & 12.56 (1H, br s, O-H),
¢ 9 7.65-7.58 (1H, m, Ar-H), 7.55-7.44 (1H, m, Ar-H), 7.15-
OH 7.07 (1H, m, Ar-H), 7.02-6.93 (1H, m, Ar-H), 3.80 (3H,
s, O-CHa).
H 86n

Incorporation expected at 6 7.65-7.58.
Determined against integral at 6 3.80.

D-Incorporation (%)

Run

(11.7 mg, 0.086 mmol)

—1 2 Average
91 88 90
Substrate 'H NMR data®
O !H NMR (300 MHz, DMSO): 8 12.78 (1H, br s, O-H),
ol 7.85-7.76 (1H, m, Ar-H), 7.48-7.38 (1H, m, Ar-H), 7.32-
7.21 (2H, m, Ar-H), 2.51 (3H, s, Ar-CHa).
H 860 Incorporation expected at & 7.85-7.76.

Determined against integral at  2.51.

D-Incorporation (%)

Run

1 2 Average

9% 94 95
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Substrate 'H NMR data®
Cl O !H NMR (300 MHz, DMSO): & 13.36 (1H, br s, O-H),
ol 7.82-7.72 (1H, m, Ar-H), 7.58-7.47 (2H, m, Ar-H), 7.45-
7.37 (1H, m, Ar-H).
H 86p Incorporation expected at 6 7.82-7.72.

(13.5 mg, 0.086 mmol)

Determined against integral at 6 7.58-7.47.

D-Incorporation (%)

Run

(11.9 mg, 0.086 mmol)

1 2 Average
90 90 90
Substrate 'H NMR data®
OH O 'H NMR (300 MHz, DMSO): 6 7.79 (1H, dd J = 7.8 Hz,
oH 4J = 1.9 Hz, Ar-H), 7.55-7.45 (1H, m, Ar-H), 6.98-6.86
(2H, m, Ar-H).
H 86q Incorporation expected at 6 7.79.

Determined against integral at 6 6.98-6.86.

D-Incorporation (%)

Run

41 2 Average
85 76 81
Substrate 'H NMR data®
o 'H NMR (300 MHz, DMSO): § 13.32 (1H, br s, O-H),
9.06 (1H, d 3 = 2.4 Hz, Ar-H), 8.78 (1H, dd J = 4.8 Hz,
NOH 4J = 1.8 Hz, Ar-H), 8.26 (1H, dt J = 7.9 Hz, *J = 2.0 Hz,
N b 86r Ar-H), 7.53 (1H, dd, J = 7.9 Hz, 4.9 Hz, Ar-H).
106 N 0 |(-)|86 | Incorporation expected at & D 9.06 & D? 8.78.
(10.6 mg, 0. mmol) Determined against integral at 6 7.53.
C
Run
1 5 Average
D2 D D® DP D* D
0O 0 0 0 O 0
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Substrate IH NMR data®’
H& O
1H NMR (300 MHz, DMSO): & 13.88 (1H, br s, O-H),
NOH 8.51-8.45 (1H, m, Ar-H), 8.44-8.38 (1H, m, Ar-H), 7.79-
WP 86s 7.72 (LH, m, Ar-H), 7.57-7.49 (1H, m, Ar-H).

| Incorporation expected at § D° 8.51-8.45 & D? 8.44-8.38.

(12.0 r(r?g, 0.086 mmol) Determined against integral at 6 7.57-7.49.

D-Incorporation (%)

Run

Average

D2 DP D* D" D* D

0O 0 0o 0 0 o0
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Scheme 2.50 Application of HIE conditions on arylacetic acids.

The reactions were carried out following general procedure A, and analysed by 'H

NMR spectroscopyto confirm the extent and position of exchange.

Complex Solvent Temperature (°C) Time (h)
Mes < BArF

N®
6\)\’\]\ MTBE 50 2
\, r\PB Mes
/ " 87a

(7.6 mg, 0.0043 mmol)

Substrate IH NMR data®

H IH NMR (300 MHz, DMSO): 5 12.37 (1H, br s, O-H),

OH 7.40-7.33 (2H, m, Ar-H), 7.31-7.24 (2H, m, Ar-H), 3.57
o (2H, s, Ar-CHy).
Cl H ~ 89a Incorporation expected at 6 7.40-7.33.

(14.7 mg, 0.086 mmol)  Determined against integral at 6 3.57.

D-Incorporation (%)
Run

1 2 Average
0 O 0
Substrate 'H NMR data®
H? 'H NMR (300 MHz, DMSO): § 12.42 (1H, br s, O-H),

cl OH  7.38-7.27 (3H, m, Ar-H), 7.26-7.19 (1H, m, Ar-H), 3.60
5 (2H, s, Ar-CHy).
HP~ 89b Incorporation expected at 6 7.38-7.27.

(14.7 mg, 0.086 mmol)  Determined against integral at 6 3.60.

D-Incorporation (%)
Run

Average

D2 DP D* D" D* D
0O 0 0O 0 © 0

329



Chapter 2

Substrate

1H NMR data®®

Cl
h © sac

(14.7 mg, 0.086 mmol)

'H NMR (300 MHz, DMSO): 8 12.44 (1H, br s, O-H),
7.47-7.35 (2H, m, Ar-H), 7.33-7.24 (2H, m, Ar-H), 3.70
(2H, Ar-CHy).

Incorporation expected at 6 7.33-7.24.

Determined against integral at 6 3.70.

D-Incorporation (%)

Run

(15.2 mg, 0.086 mmol)

= 2 Average
0 O 0
Substrate 'H NMR data®
by Ox-OH 'H NMR (300 MHz, DMSO): § 7.82-7.74 (1H, m, Ar-
CH-N), 7.28-7.02 (m, 3H, Ar-H), 3.39-3.27 (1H, m, CH),
NH 2.89-2.71 (4H, m, CH>).
8ad Incorporation expected at 6 7.28-7.02.

Determined against integral at 6 3.39-3.27.

D-Incorporation (%)

Run

ﬁ Average

0 O 0
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Scheme 2.51 Selectivity of HIE in substrate D86t

The reactions were carried out following general procedure A, and analysed by 'H
NMR to confirm the extent and position of exchange, using N-Boc morpholine S1 as

an internal standard within the sample.

Complex Solvent Temperature (°C) Time (h)
Mes < BArF
N@
6\\ )\ N MTBE 50 2
\, r\PB Mes
'/ " 87a
(7.6 mg, 0.0043 mmol)
Internal Standard 'H NMR data'®

O
NJ\OJ< 'H NMR (300 MHz, DMSO): & 3.56-3.46 (4H, m, N-
o(\ CHy2), 3.30-3.22 (4H, m, O-CHy), 1.38 (9H, s, C-(CH3)3).
S1
(16.1 mg, 0.086 mmol)

Substrate 'H NMR data'®
a
b T 9 IH NMR (300 MHz, DMSO): & 13.64 (1H, br s, O-H),
OH 8.34-8.26 (2H, m, Ar-H), 8.20-8.10 (2H, m, Ar-H).
Ox, s . Incorporation expected at & D? 8.34-8.26 & D’ 8.20-8.10.
('T)l_ b H 86t Determined against integral of the internal standard at &
1.38.

(14.2 mg, 0.086 mmol)

D-Incorporation (%)
Run

1 2

D2 D° D DP D? D°P

83 83 82 82 83 83

Average
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Table 2.5 Competition reactions; investigating the functional group tolerance.

To allow quantification of the substrate and additive remaining after the reaction, each

additive 90a-k and substrate 86a were calibrated against an internal standard through

LCMS analysis. The results are detailed below:

Internal Standard LCMS data
o
Retention time (min) Mass ion
O/
HO S2 2.09 No mass ion observed
(10 mg)
Additive LCMS data
/©/ Retention time (min) Mass ion
~o 90a 2.92 No mass ion observed
Mass Area Additive /
(mg) Internal standard Additive internal standard
2.3 1100 4.0 0.00364
5.6 1200 9.9 0.00825
9.9 1400 17 0.0121
17.0 1200 22 0.0183
0.02
0.018
0.016 y = 0.0016x - 0.0005
0.014 R? =0.9963
- 0012
» 001
£ 0.008
< 0.006
o 0.004
& 0.002
0
0 4 6 8 10 12
Mass (mg)
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Additive LCMS data
OH Retention time (min) Mass ion
- /@A 176 No mass ion
o 90b observed
Mass Internal Area — _ Additive /
(mg) standard Additive internal standard
3.6 1800 17 0.00944
5.6 4300 72 0.0167
9.0 700 16 0.0229
16.0 720 24 0.0333
0.04
0.035
0.03 y = 0.0024x + 0.0018
- 0.025 Rz =0.9884
“»0.02
£ 0.015
3 oo01
< 0.005
0
0 4 6 8 10 12 14
Mass (mg)
Additive LCMS data
OH Retention time (min) Mass ion
\O/©/90c 1.68 No mass ion observed
Mass Area Additive /
(mg) Internal standard Additive internal standard
2.7 2500 21 0.00840
6.1 3100 43 0.0139
7.8 220 4.0 0.0182
11.8 3100 77 0.0248
0.03
0.025 y = 0.0018x + 0.0033
T 002 R2 = 0.9949
(2]
E 0.015
; 0.01
2
0.005
0
0 4 6 8 10 12 14
Mass (mg)
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Additive LCMS data
/@ﬁNHZ Retention time (min) Mass ion
\O 90d 033 1212 (M-NH)+
Mass Area Additive /
(mg) Internal standard Additive internal standard
3.1 2200 51 0.0232
6.3 2800 81 0.0289
9.3 1500 60 0.0400
114 3500 150 0.0429
0.05
00 y = 0.0025x + 0.0147
T 0035 R2=0.973
& 003
g 0.025
- 0.02
Z 0.015
0.01
0.005
0
0 2 4 6 8 10 12
Mass (mg)
Additive LCMS data
/O/NHQ Retention time (min) Mass ion
+
~o 90e 0.28 124.2 (M+H)
Mass Area Additive /
(mg) Internal standard Additive  internal standard
2.1 1600 55 0.0343
6.1 2500 110 0.044
7.8 1800 100 0.0556
10.2 3100 180 0.0581
0.07
0.06 y = 0.0031x + 0.0276
R? = 0.9391
0.05
©
» 0.04
§ 0.03
% 0.02
©
< 001
0
0 2 4 6 8 10 12
Mass (mg)
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Additive LCMS data
N Retention time (min) Mass ion
- /O/ 2.44 No mass ion observed
o) 90f
Mass Area Additive /
(mg) Internal standard Additive  internal standard
3.2 1300 520 0.400
6.3 2800 2100 0.750
8.9 2070 2140 1.03
11 2760 3170 1.15
1.4
1.2
y = 0.0983x + 0.1106
2 ! R2 = 0.9843
— 0.8
c
~ 06
g 04
2 o
0.2
0
0 4 6 8 10 12
Mass (mg)
Additive LCMS data
OH Retention time (min) Mass ion
B.
/©/ oH 1.63 No mass ion observed
o 90g
Mass Area Additive /
(mg) Internal standard  Additive internal standard
3.1 2700 110 0.0407
6.4 810 66 0.0815
10.1 1100 150 0.136
13.0 1800 330 0.183
0.2
0.18
0.16 y = 0.0144x - 0.0072
g 014 R2 =0.9968
»n 0.12
2 01
= 0.08
< 0.06
2 o004
0.02
0
0 4 6 8 10 12 14
Mass (mg)
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Additive LCMS data

Retention time (min) Mass ion
0
B< .
/O/ 0] 3.34 No mass ion observed
o 90h

Mass Area Additive /
(mg) Internal standard  Additive  internal standard
4.7 200 210 0.105
11 1700 420 0.247
14.9 3200 990 0.309
20.9 2200 920 0.418
0.45
0.4
0.35 y = 0.0192x + 0.0232
T 03 R2 = 0.9947
2]
— 0.25
= 02
5 0.15
2 o1
0.05
0
0 5 10 15 20 25
Mass (mg)
Additive LCMS data
/O/Br Retention time (min) Mass ion
~o 90i 3.10 No mass ion observed
Mass Area Additive /
(mg) Internal standard Additive internal standard
4.1 3700 38 0.0103
8.5 2600 49 0.0188
12.6 2800 85 0.0304
16.7 2000 78 0.0390
0.045
0.04
0.035
=0.0023x + 0.0002
0.03 Y Re= 09953
T 0.025
[7)]
- 0.02
E 0.015
5 001
Z 0.005
0
0 2 4 6 8 10 12 14 16 18
Mass (mg)
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Additive LCMS data
/©/\ Retention time (min) Mass ion
~o 90j 3.05 No mass ion observed
Mass Area Additive /
(mg) Internal standard Additive internal standard
2.7 4200 1600 0.381
5.0 4700 3100 0.660
8.0 4800 4200 0.875
115 4400 4800 1.09
1.2
1
pe) y = 0.0787x + 0.2167
208 R2=0.9763
=06
S04
<
0.2
0
0 2 4 6 8 10 12 14
Mass (mg)
Additive LCMS data
/©/ Retention time (min) Mass ion
~0 90K 2.88 No mass ion observed
Mass Area Additive /
(mg) Internal standard Additive internal standard
3.5 2500 1200 0.480
6.5 2800 2600 0.929
8.3 2800 3100 1.11
12.4 3100 4400 1.42
1.6
1.4
12 y = 0.1036x + 0.1884
T R2 = 0.9657
]
< 0.8
~ 06
8 0.4
<02
0
0 2 4 6 8 10 12 14
Mass (mg)
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Substrate LCMS data
0 Retention time (min) Mass ion
OH
~y 2.23 166.2 (M+H)*
| 86a
Mass Area Substrate /
(mg) Internal standard Substrate internal standard
4.5 2100 90 0.0429
1.7 1700 120 0.0706
10.3 3300 340 0.103
15.1 630 81 0.129
0.14
012 y = 0.0082x + 0.0089
0.1 R2=0.9712
T 0.08
2]
= 0.06
=
~ 0.04
g 0.02
S o
0
0 2 4 10 12 14 16

6 8
Mass (mg)

Following calibration, the reactions were carried out following general procedure A,

which was modified by adding a stock solution of internal standard S2 (1 mL of a 10

mg/mL solution) at the end of the reaction, and analysed by LCMS to confirm the

extent of exchange and the amount of acid and additive remaining.

Internal Standard LCMS data
o) L . .
/@)}\ P Retention time (min) Mass ion
o
HO s2 209 No mass ion
(10 mg) ' observed
Temperature Time
Complex Substrate Solvent o
P (°C) (h)
Mes < BArF H O
N@
¢ )\N‘ o MTBE 50 2
|
\/ r\PanMeS N H
3 87a | 86a

(7.6 mg, 0.0043 mmol)

(14.2 mg, 0.086 mmol)
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Add. Sub. Sub.
Additive Run yield yield incorporation
(%) (%) (%)
/©/ 1 91 99 91
~o 90a 2 92 99 87
(10.6 mg,0.086  Average 92 99 89
mmol)
Additive RUN Add. Sub. Sub.

yield (%) vyield (%) incorporation (%)

@AOH 1 99 99 86
6 00b 2 99 99 86

11.9 mg (0.086 mmol) Average 99 99 86

Additive Substrate Substrate

Additive RUN Vield (%) yield (%) _incorporation (%)

OH 1 97 99 72
/O/ 2 98 99 83
o 90c

10.7 mg (0.086 mmol)y \verage 98 %9 8

» Add.  sub, Sub.
Additive RUN  ield (%) yield (%) incorporation (%)

/O/\NHZ 1 99 99 0
~ 90d 2 99 99 0

11.8 mg (0.086 mmol) Average 99 99 0

Add. Sub. Sub.

Additive RUN  ield (%) yield (%) incorporation (%)

NH, 1 92 99 0
/O/ 2 96 99 0
~o 90e

10.6 mg (0.086 mmol) \Verage 94 %9 0

.. Add. Sub. Sub.
Additive RUN ield (%) yield (%) incorporation (%)
N 1 99 99 0
/©/ 2 99 99 0

~o 90f
Average 99 99 0

11.5 mg (0.086 mmol)
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. Add. Sub. Sub.
Additive Run yield (%) yield (%) incorporation (%)
OH 1 66 97 89
/©/B\OH 2 71 99 7
\O 90g
13.2 mg (0.086 mmol) Average 69 % %
Add. Sub. Sub.

Additive RUN  ield (%) yield (%) incorporation (%)

0J§< 1 99 99 83
|

Bg 2 99 99 87
o7 : 90h Average 99 99 85

16.2 mg (0.086 mmol)

Add. Sub. Sub.

Additive RUN vield (%) yield (%) incorporation (%)

Br 1 99 99 79
/©/ > 99 99 78
o 90i

16.1 mg (0.086 mmoly ~\Verage 99 % P

" Add. Sub. Sub.
Additive Run yield (%) vyield (%) incorporation (%)

\o 90j 2 0 %9 ?

11.5 mg (0.086 mmol) Average 0 99 75

—

" Add. Sub. Sub.
Additive Run yield (%) vield (%) incorporation (%)

= 1 0 90 62
Q/ 2 0 99 75
\O 90k

11.4 mg (0.086 mmol) Average 0 % >
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Table 2.6 Competition reactions; investigating the selectivity of exchange.

To allow quantification of the substrate and additive remaining after the reaction, each
additive 90I-g and substrate 86a were calibrated against an internal standard through

LCMS analysis. The results of which are detailed below:

Internal Standard LCMS data
o)

/@)}\ Retention time (min) Mass ion
O/
HO S2 2.09

No mass ion observed

(10 mg)
Additive LCMS data
O Retention time (min) Mass ion
N
/©/ © 2.63 165.1 (M+H)"
\o 90l
Mass Area Additive /
(mg) Internal standard Additive internal standard
3.1 980 23 0.0234
6.2 3600 180 0.0500
9.2 810 56 0.0691
13.7 4200 520 0.124
0.14
0.12
2 01 y = 0.0093x - 0.0085
£008 R2 =0.9821
= 0.06
o
'g 0.04
0.02
0
0 2 4 6 8 10 12 14 16

Mass (mg)
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Additive LCMS data
o) Retention time (min) Mass ion
/©)\ 2.37 151.1 (M+H)*
\o 90m
Mass Area Additive /
(mg) Internal standard Additive internal standard
3.4 610 141 0.231
6.4 478 161 0.337
9.7 449 315 0.479
13.0 486 299 0.615
0.7
0.6 y = 0.0404x + 0.0876
Bos R2 = 0.9984
7]
£ 04
03
©
F o2
0.1
0
0 4 6 8 10 12 14
Mass (mg)
Additive LCMS data
= Retention time (min) Mass ion
N\
N 1.18 186.1 (M+H)*
\O 90n
Mass Area Additive /
(mg) Internal standard Additive internal standard
4.5 4900 1100 0.224
8.6 4100 1500 0.366
12.2 4400 2300 0.523
16.6 3970 2520 0.634
0.7
0.6
T o5 y = 0.0347x + 0.0739
173 R2 = 0.9902
g‘ 0.4
03
©
F o2
0.1
0
0 2 4 6 8 10 12 14 16 18
Mass (mg)
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Additive LCMS data
H Retention time (min) Mass ion
T,

o O 900 1.65 166.2 (M+H)
Mass Area Additive /
(mg) Internal standard Additive internal standard

3.4 3900 990 0.254

7.1 4200 2300 0.548

10.4 3700 2600 0.703

14.0 2020 1990 0.985
1.2

y = 0.067x + 0.0373
08 R? = 0.9914

pe)
U? 0.6
= 04
S 02
<
0
0 2 4 6 8 10 12 14 16
Mass (mg)
Additive LCMS data
HN-N Retention time (min) Mass ion
S /N
/©/kN 1.93 175.2 (M-H)-
o 90p
Mass Area Additive /
(mg) Internal standard Additive internal standard
3.9 2700 1000 0.370
7.1 4100 2700 0.659
11.0 820 840 1.02
15.5 2100 3200 1.52
1.6
1.4
1.2 y =0.0992x - 0.0359
T 3 R2=0.9974
7]
E: 0.8
; 0.6
S 04
< 0.2

0
12 14 16 18

8 10
Mass (mg)
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Additive LCMS data
o} Retention time (min) Mass ion
N”O\
| 2.13 196.2 (M+H)*
\O 90q
Mass Area Additive /
(mg) Internal standard Additive internal standard
4.3 1900 330 0.174
8.8 2800 1500 0.536
12.8 1400 1100 0.787
175 1900 2100 1.11
1.2
1 y = 0.0699x - 0.1079
° R2=0.9973
® 08
c
= 06
Z 04
<
0.2
0
0 10 15 20
Mass (mg)

Following calibration, the reactions were carried out following general procedure A

which was modified by adding a stock solution of internal standard S2 (1 mL of a 10

mg/mL solution) at the end of the reaction, and analysed by LCMS to confirm the

extent of exchange and the amount of acid and additive remaining. Position of

exchange in additives is assumed from similar known compounds.*>#’

Internal Standard LCMS data
o)
/@)& P Retention time (min) Mass ion
o}
HO s2 209 No mass ion
(10 mg) observed
Temperature Time
Complex Substrate Solvent o
P (c) (b
BArF oo
Mes < r
I M ~ MTBE 50 2
é/ SPEng o7a \ " 86a
(7.6 mg, 0.0043 mmol) (142 Mg, 0.086
mmol)
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Add Add. Sub. Sub.
Additive Run ield 0 incorporation yield incorporation
neld e " w) ) (%)
H O 1 96 83 99 81
/@i"‘\o- 2 94 78 90 77
\O H 90l
13.2mg (0.086  Average 95 81 95 79
mmol)
Add Add. Sub. Sub.
Additive Run ield (c'y) incorporation yield incorporation
e 2 M ) W (L)
H O 1 96 85 99 77
/@5‘\ 2 88 81 99 77
~o H 90m
12.9mg (0.086  Average 92 83 99 77
mmol)
Add Add. Sub. Sub.
Additive Run el 0 incorporation yield incorporation
Vel e e ) ()
H = | 1 99 52 95 0
SN 2 97 36 88 0
\O H 90n
15.9 mg (0.086 Average 98 44 91 0
mmol)
Add. Add. Sub. Sub.
Additive Run yield  incorporation vyield incorporation
(%) (%) (%) (%)
Ho 1 99 50 99 67
/@ENW 2 99 58 99 68
~o H O 90n
14.4 mg (0.086 Average 99 54 99 68

mmol)
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Add Add. Sub. Sub.
Additive Run ield 0/ incorporation yield incorporation
L ) W ) M )
H HN’N\N 99 9 99 0
SN 2 89 9 99 0
o H 90p
15.2 mg (0.086 Average 94 9 99 0
mmol)
Add. Add. Sub. Sub.
Additive Run yield incorporation yield incorporation
(%) (%) (%) (%)
H O 1 99 89 95 77
NOS 2 99 90 85 75
e p O
%09 Average 99 90 90 76
16.8 mg (0.086
mmol)
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Design of experiments with 1 equivalent of DIPEA

Experimental design was used to assess the effect of varying the catalyst loading,
reaction time and reaction temperature. As such ‘high’ and ‘low’ values for each of
the three variables were chosen. To generate a series of experiments to study optimal
conditions within the variable ranges chosen, Design Expert™ software v10.0
(Stat_Ease Inc., Minneappolis, Mn) was used. This generated a two-level, three-
factorial design containing three centre points, giving 11 experiments in total. The
deuterium incorporation of 4-(dimethylamino)benzoic acid 86a was used as the
response. The reactions were carried out according to general procedure A and
analysed by LCMS to confirm the extent of exchange. The position of exchange was
confirmed through *H NMR spectroscopy of the three centre point reaction products.
(Table E2.5).

Complex Base Solvent
Mes\Nk-\ BArF
N, =N DIPEA MTBE
I Mes (11.2 mg, 0.086 mmol)
PBn3
87a
Substrate Data
H O
OH
N y Data was consistent with that reported on page 308.
| 86a

(14.2 mg, 0.086 mmol)

347



Chapter 2

Variable Variable C:

i Amount of Variable B: . Response: D-
A: Catalyst . Reaction .
Run ) 87a (mg Reaction Incorporation
Loading . . Temperature 0

(Mol%) (umol)) Time (min) °C) (%)
1 (++4) 7.5 11.4 (6.45) 240 55 85
2 (---) 2.5 3.8 (2.15) 120 25 17
3 (+-) 7.5 11.4 (6.45) 240 25 58
4 (***) 5.0 7.6 (4.30) 180 40 67
5 (***) 5.0 7.6 (4.30) 180 40 68
6 (***) 5.0 7.6 (4.30) 180 40 67
7 (-+-) 2.5 3.8 (2.15) 240 25 26
8 (-++) 2.5 3.8 (2.15) 240 55 59
9 (+--) 7.5 11.4 (6.45) 120 25 34
10 (--+) 2.5 3.8 (2.15) 120 55 61
11 (+-+) 7.5 11.4 (6.45) 120 55 85

2 symbol in parentheses indicate points in the design; + high, * mid and — low.

Table E2.5

Runs 4, 5 and 6 represent the centre points of the design. These are employed in order
to:

Q) Assess any curvature in the response of incorporation changes in the
variables; and

(i) Assess the repeatability of the hydrogen isotope exchange reaction.

A response surface was created in the same design program. This generated a half-
normal plot inferring that increasing the reaction temperature, catalyst loading and
reaction time had a positive impact upon the HIE reaction. Furthermore, it indicated
the order of significance of each factor; Reaction Temperature > Catalyst Loading >>
Reaction Time (Graph E2.4).
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Design-Expert® Software

D-incorporation H alf' N Ol’mal P|Ot

A Error estimates
Shapiro-Wilk test 95 — o
W-value = 0.993 i
p-vale = 0.973 1 C-Reaction Temperature
A: Catalysts loading 90 ]
B: Reaction time > ]
C: Reaction Temperature = 7
5} % B o
B Negative Effects 2 80 — A-Catalysts loading
a E
3 =]
O\O 70 —E
3 O o
i< E B-Reaction time
— 3
Z? 50 é =]
o E
< ]
I 30 o
20 — A
10 —
= &
0.00 9.69 19.38 29.06 38.75
|Standardized Effect|
Graph E2.4

Further implementation of the design software generated Graph E2.5. By plotting
reaction time and temperature at the fixed optimal reaction time (120 min) it can be
seen that elevated temperature and increased catalyst loading leads to the optimised
conditions (7.5 mol% catalyst, 55 °C, 2 h).
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Design-Expert® Software

Factor Coding: Actual

D-incorporation (%)

® Design points above predicted value
©)

85

17 100
X1 = A: Catalysts loading
X2 = C: Reaction Temperature

Actual Factor
B: Reaction time = 120

D-incorporation (%)

75

C: Reaction Temperature (°Cj’7 4.5

25" 25 ) A: Catalysts loading (mol%)

Graph E2.5

Finally, provided below is a graph of Residuals versus Predicted plot. This is a plot of
the residuals versus the ascending predicted response values (low incorporation to high

incorporation), and tests the assumption of constant variance in the data (Graph E2.6).
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Design-Expert® Software
D-incorporation
(adjusted for curvature)

Color points by value of
D-incorporation:
85

17

Externally Studentized Residuals

Chapter 2

Residuals vs. Predicted

6.00 —
4.8819
4.00 —
[}
2.00 —
. -]
0.00 0 .—. D
-]
O
-2.00 —
[}
-4.00 —
-4.8819
-6.00 —
0 20 40 60 80 100
Predicted
Graph E2.6
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Table 2.7 Competition reactions; investigating the functional group tolerance (with

base).

To allow quantification of the substrate and additive remaining after the reaction, each
additive 90a-k and substrate 86a were calibrated against an internal standard through

LCMS analysis, as has been previously reported vide supra.

Following calibration, the reactions were carried out following general procedure A,
with a modified work up involving the addition of a stock solution of internal standard
S2 (1 mL of a 10 mg/mL solution in MeCN) at the end of the reaction, and analysed
by LCMS to confirm the extent of exchange and the amount of acid and additive

remaining.

Internal Standard LCMS data
)

/@)& Retention time (min) Mass ion
O/
HO S2 2.09

No mass ion observed

(10 mg)
Complex Substrate Solvent Base
4o DIPEA
Mes - BArF 11.2m
NN MTBE g
IN );? OH (0.086
\/Ir\F>B Mes - mmol)
D n
' ’ 87a T " g6a Tempoerature Time ()
(11.4 mg, 0.0645 mmol) (14.2 mg, 0.086 mmol) (5(5:) 5
Additive RUN Add. Sub. Sub.

yield (%) yield (%) incorporation (%)

/@/ 1 92 99 81
- 00a 2 86 99 78

(10.6 mg, 0.086 mmol) Average 89 99 80

- Add.  Sub. Sub.
Additive RUN ield (%) yield (%) incorporation (%)

OH 1 99 99 78
< 005 2 99 99 79

11.9 mg (0.086 mmol) Average 99 99 79
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Additive RUN Additive  Substrate Substrate
yield (%) vyield (%) incorporation (%)
OH 1 99 99 69
/©/ 2 99 99 71
N
0 90c
10.7 mg (0.086 mmol) Average 99 99 70
. Add. Sub. Sub.
Additive RUN v ield (%) yield (%) incorporation (%)
/@ANHZ 1 99 99 19
“ o0 2 99 99 20
11.8 mg (0.086 mmol) Average 99 99 20
. Add. Sub. Sub.
Additive RUN vield (%) yield (%) incorporation (%)
NH, 1 99 99 65
/O/ 2 99 99 66
~N
0 90e
10.6 mg (0.086 mmoly ~\verage 99 %9 %0
. Add. Sub. Sub.
Additive RUN vield (%) yield (%) incorporation (%)
N 1 99 99 0
/©/ 2 99 99 0
~N
o 90f
A 99 99 0
11.5 mg (0.086 mmol) ' o 09
y Add. Sub. Sub.
Additive Run yield (%) vyield (%) incorporation (%)
OH 1 o1 99 84
B\
Q OH 2 92 99 84
~ 90
© 9 Average 92 99 84

13.2 mg (0.086 mmol)
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N Add. Sub. Sub.
Additive Run yield (%) yield (%) incorporation (%)

0J§< 1 92 99 71
i 2 93 99 83

~0 90h  Average 93 9 7

16.2 mg (0.086 mmol)

Add. Sub. Sub.

Additive Run yield (%) yield (%) incorporation (%)

Br 1 99 99 70
/@ 2 99 99 82
~o 90i

16.1 mg (0.086 mmol) “\Verage 99 % "

» Add.  sub. Sub.
Additive RUN ield (%) yield (%) incorporation (%)

/@/\ 1 22 99 81
\O 90j 2 14 %9 &

11.5 mg (0.086 mmol) Average 18 99 81

» Add.  sub. Sub.
Additive RUN ield (%) yield (%) incorporation (%)

Z 1 21 96 0
\O 90k

11.4 mg (0.086 mmol) Average 23 ot °
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Table 2.8 Competition reactions; investigating the selectivity of exchange (with base).

To allow quantification of the substrate and additive remaining after the reaction, each
additive 90I-g and substrate 86a were calibrated against an internal standard through

LCMS analysis, as has been previously reported (vide supra).

Following calibration, the reactions were carried out following general procedure A,
which was modified by adding a stock solution of internal standard S2 (1 mL of a 10
mg/mL solution) at the end of the reaction, and analysed by LCMS to confirm the
extent of exchange and the amount of acid and additive remaining. The position of

exchange in the additives is assumed from similar known compounds.**#’

Internal Standard LCMS data
0o
/@)}\ Retention time (min) Mass ion
O/
HO S2 2.09 No mass ion observed
(10 mg)
Complex Substrate Solvent Base
H o DIPEA
Mes - BArF 11.2m
NN MTBE g
IN );? OH (0.086
\/Ir\F>B Mes N y mmol)
D n
. s 87a | 86a Tempoerature Time (h)
(11.4 mg, 0.0645 mmol) (14.2 mg, 0.086 mmol) (5? 5
Add Add. Sub. Sub.
Additive Run ield 0 incorporation vyield incorporation
O ) N O W )
H O 1 93 9 99 83
/@N\o- 2 88 10 99 81
~o0 H 90
13.2 mg (0.086 Average 91 10 99 82
mmol)
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Add Add. Sub. Sub.
Additive Run ield 0 incorporation yield incorporation
neld o) " e ) ()
H O 1 94 24 99 82
/@5‘\ 2 96 30 89 82
\o H 90m
12.9mg (0.086  Average 95 27 94 82
mmol)
Add Add. Sub. Sub.
Additive Run ield 0 incorporation yield incorporation
neld ) " ) ()
H = | 1 96 77 99 25
SN 2 92 77 99 23
\O H 90n
15.9mg (0.086  Average 94 7 99 24
mmol)
Add. Add. Sub. Sub.
Additive Run yield  incorporation yield incorporation
(%) (%) (%) (%)
Ho 1 99 4 99 68
/@ENW 2 99 5 99 69
~o 4 O 9on
14.4 mg (0.086 Average 99 5 99 69
mmol)
Add Add. Sub. Sub.
Additive Run ield 0 incorporation yield incorporation
AN 1) NN 1) M )
H HN’N\N 1 99 9 99 5
SN 2 99 9 99 6
o H 90p
15.2 mg (0.086 Average 99 9 99 6
mmol)
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Add. Add. Sub. Sub.
Additive Run yield incorporation yield incorporation
(%) (%) (%) (%)
H O 1 99 0 99 68
/@f&ro\ 2 99 0 99 72
o H Cg?(’)q
16.8 mg (0.086 Average 99 0 99 70

mmol)
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Scheme 2.52 Reassessing selected substrates under basic conditions.

The reactions were carried out following general procedure A, and analysed by 'H

NMR spectroscopy to confirm the extent and position of exchange.

Temperature Time
Complex Solvent o
P () (h)
Mes < BArF
N@
/\I )\N‘ MTBE 55 2
;
N \PBn3MeS
' 87a
(11.4 mg, 0.0645 mmol)
Substrate data
H O
XY “OH : :
Data was consistent with that reported on page 327.
N/ Hb 86r

(10.6 mg, 0.086 mmol)

D-Incorporation (%)
Run
1 2
Da Db D2 Db pa Db
9 18 7 14 8 16

Average

Substrate Data
H2 O
| N OH
NE S 86s Data was consistent with that reported on page 328.

|
o
(12.0 mg, 0.086 mmol)

D-Incorporation (%)
Run
1 2
D2 D° D2 DP D* DP
14 20 14 21 14 21

Average
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Internal Standard Data
i
fN © Data was consistent with that reported on page 331.
S$1
(16.1 mg, 0.086 mmol)
Substrate Data
H® O
b
H OH
O\\N+ He Data was consistent with that reported on page 331.
& e 86t

(14.2 mg, 0.086 mmol)

D-Incorporation (%)

Run

1 > Average

D2 D’ D* D" D* DP

80 26 84 27 82 27
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Scheme 2.53 HIE on carboxylic acid-containing drugs.

The reactions were carried out following general procedure A, and analysed by 'H

NMR spectroscopy to confirm the extent and position of exchange.

Complex Solvent Temperature (°C) Time (h)

N C? BArF

Mes
7
g)lr\)\ Mes MTBE 50 2

PBn3 87
a

(7.6 mg, 0.0043 mmol)

Substrate *H NMR data™™
H oo 1H NMR (300 MHz, DMSO): § 8.24-8.18 (2H, m,
H
OH

Ar-H), 7.99-7.94 (2H, m, Ar-H), 3.19-3.14 (4H, m,
N-CHy) 1.62-1.50 (4H, m, CHz-CHs), 0.92 (6H, t J =

PR LN a
o”s\b N 7.6 Hz, CH2-CHs).
H Incorporation expected at & D* 8.24-8.18 & DP 7.99-
Probenecid - 91 7.94.

(10.6 mg, 0.086 mmol) Determined against integral at & 0.92.
D-Incorporation (%)
Run
1 2
D2 D D* DP D* D
92 6 8 4 90 5

Average

Substrate IH NMR data'®
HO_ _O IH NMR (300 MHz, DMSO): 5 13.00 (1H, br s, O-H),
7.92 (1H, dd J = 7.8 Hz, *J = 1.8 Hz, Ar-H), 7.63 (1H,
H OY ddd J = 8.1 Hz, 7.4 Hz, “J = 1.8 Hz, Ar-H), 7.37 (1H, td
5 J=75Hz, %=1.3 Hz, Ar-H), 7.18 (1H, dd J = 8.1 Hz,

4J = 1.4 Hz, Ar-H), 2.24 (3H, s, CO-CHj).
Aspirin - 92 Incorporation expected at & 7.92.
(13.1 mg, 0.086 mmol)  Determined against integral at & 2.24.
D-Incorporation (%)
Run
1 2
97 97 97

Average
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Substrate IH NMR datal®

IH NMR (300 MHz, DMSO): 5 13.00 (1H, br s, O-H),
9.45 (1H, br-s, N-H), 7.87 (1H, dd J = 8.2 Hz, ¥J = 1.8
Hz, Ar-H), 7.29 (1H, ddd, J = 8.5 Hz, 7.1 Hz, 4 = 1.7

N H  Hz Ar-H), 7.14-7.06 (2H, m, Ar-H), 7.05-6.98 (1H, m,

Ho X0 Ar-H), 6.72-6.63 (2H, m, Ar-H), 2.27 (3H, s, Ar-CHz),

2.08 (3H, s, Ar-CHs).
Mefanamic acid - 93 Incorporation expected at § 7.87.
(13.1 mg, 0.086 mmol)  Determined against integral at § 2.27.

D-Incorporation (%)

Run

1 2 Average

85 84 85
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6.3. Non-Aryl sp? HIE
Scheme 2.54 Catalyst screen for olefinic hydrogen isotope exchange.
The reactions were carried out following general procedure B and analysed by 'H

NMR spectroscopy to confirm the degree of hydrogenation, and the position and
degree of deuterium incorporation (Table E2.6).

Solvent Temperature (°C) Time (h)
DCM
4 mL 25 1
Substrate IH NMR data'®
IH NMR (400 MHz, CDCls): & 7.62-7.49 (3H, m, Ar-H
o0 and d, J = 15.9 Hz, Ar-CH=CH), 7.47-7.39 (3H, m, Ar-
X H), 6.75 (1H, d, J = 15.9 Hz, CH=CH-CO), 2.41 (3H, s,
94 OC-CHa).

(58.5 mg, 0.4 mmol) Incorporation expected at 6 7.62-7.49.
' Determined against integral at 6 2.41.

Hydrogenation Product 'H NMR data™

IH NMR (400 MHz, CDCls): § 7.30-7.23 (2H, m, Ar-H),

Q 7.20-7.14 (3H, m, Ar-H), 2.92-2.85 (2H, m, CHy), 2.78-
7.71 (2H, m, CHy), 2.16 (3H, s, CO-CHs).
95 Conversion determined using integrals at 6 2.41 (D94)

and 2.16 (95).

D-Incorporation (%) Hydrogenation (%)

Entry Complex Run
1 2 Average 1 2 Average
B -\ PFe
N =N
1 S Ir__ Bn 0 0 0 0 0 0
> “PPh,
Y 96a
(1.9 mg, 0.002 mmol)
B | PFq
BN
2 N N 0 0 0 0 0 0
N/ pph,
' 96b

(2.0 mg, 0.002 mmol)
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w

Mes < A PFs

Ir Mes 32 27 30 22 26 24
96¢

(1.3 mg, 0.002 mmol)

PFs

\ /Py

\/ PCys % 95 9% 56 52 54
30

(1.6 mg, 0.002 mmol)

Mes\ PFg
N )\N
LS 9% 94 95 20 26 23
/ PPh3
N 64a
(2.0 mg, 0.002 mmol)
Mes\N N PFg
) L\N
Mes 0 0 0 100 100 100

\/ P(Me),Ph
64b
(1.8 mg, 0.002 mmol)

Mes\ PFg
\ )\ N
NPLS 92 79 86 98 90 94
/ PBn3
64c

(2.1 mg, 0.002 mmol)

Table E2.6
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Graph 2.5 & Graph 2.7 Monitored HIE and hydrogenation of 94.

The reactions were carried out following general procedure C and analysed by 'H
NMR spectroscopy to confirm the degree of hydrogenation, and the position and

degree of deuterium incorporation (Table E2.7).

Solvent Temperature (°C)
DCM (40 mL) 25
Substrate Data
H O
N
on Data was consistent with that reported on page 362.
(292.3 mg, 2.0 mmol)
Hydrogenation Product Data
0
Data was consistent with that reported on page 362.
95
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Time  D-Incorporation  Hydrogenation

Entry Complex (min) (%) (%)
1 10 26 1
2 Mes~ PFe 20 47 2
3 \ )\N 30 62 2
4 S es 40 75 3
5 ,/ PP, 64a 70 82 5
6 90 85 5
; (2.0 mg, 0.002 mmol) 120 87 5
8 10 62 14
9 Mes NN PFe — 20 83 19
10 /\ )L\N 30 88 21
11 S Mes 40 93 25
12 Y edrn cap 10 95 28
13 90 95 31
12 (1.8 mg, 0.002 mmol) 120 96 37
15 10 46 3
16 Mes~\ PFe 20 73 6
17 \ )\N 30 82 10
18 S 40 88 14
19 / PBny s4c 70 89 18
20 90 91 22
21 (2.1 mg, 0.002 mmol) 120 93 57
22 10 23 3
23 PFq 20 40 5
24 ’\ Py 30 53 7
25 / PCys 40 62 9
26 70 66 9
27 (1.6 mg, 0.002 mmol) 90 66 9
28 120 68 9

Table E2.7
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Table 2.9 Effect of concentration on HIE/hydrogenation selectivity.

The reactions were carried out following general procedure B and analysed by 'H
NMR spectroscopy to confirm the degree of hydrogenation, and the position and

degree of deuterium incorporation (Table E2.8).

Complex Solvent Time (h) Temperature (°C)

Mes < /§ PFg

NN
N\ )\N DCM

Ir Mes
\/ “PPh,
' 64a

(0.4 mg, 0.0004 mmol)

Substrate Data

H O

A

on Data was consistent with that reported on page 362.

(58.5 mg, 0.4 mmol)

Hydrogenation Product Data

O

©/\)J\ Data was consistent with that reported on page 362.
95

D-Incorporation

. Concentration Solvent (%) Hydrogenation (%)
ntry volume
M) (mL) ~ Run Average ~ Run__ Average
1 2 1 2
1 0.050 8 85 90 88 6 7 7
2 0.066 6 81 83 82 4 4 4
3 0.10 4 83 82 83 3 2 3
4 0.20 2 81 80 81 2 3 3
5 0.40 1 80 82 81 1 1 1
6 0.80 0.5 10 8 9 0 0 0
Table E2.8
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Scheme 2.55 HIE on p-substituted 4-phenyl butanones.

The reactions were carried out following general procedure B and analysed by 'H
NMR spectroscopy to confirm the degree of hydrogenation, and the position and

degree of deuterium incorporation.

Complex Solvent Time (h) Temperature (°C)
Mes\N N\ PFg
’\lr)\~ N DCM . .
N/ Npphg (1 mL)
N 64a

(0.4 mg, 0.0004 mmol)

Substrate IH NMR datal®

H O  IHNMR (400 MHz, CDCls): § 7.71-7.65 (4H, m, Ar-H),

N 7.54 (1H, d J = 16.3 Hz, Ar-CH=CH), 6.80 (1H, d J =
16.3 Hz, CH=CH-CO), 2.43 (3H, s, CO-CHa).
FsC 97a Incorporation expected at 6 7.54.

(86 mg, 0.4 mmol) Determined against integral at 6 2.43.

Hydrogenation 1H NMR datal®
Product

IH NMR (400 MHz, CDCls): & 7.53 (2H, d, J = 8.1 Hz,
O  Ar-H), 7.30 (2H, d J = 8.1 Hz, Ar-H), 2.95 (2H, t J = 7.5

/@/\)J\ Hz, CH), 2.78 (2H, t J = 7.5 Hz, CH>), 2.17 (3H, s, CO-
CHy).
FsC H97a Conversion determined using integrals at 6 2.43 (D97a)

and 2.17 (H97a).

D-Incorporation (%) Hydrogenation (%)

Run Run
1 2 Average 1 2 Average
88 89 89 2 2 2
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Substrate IH NMR data”’
5 o TH NMR (400 MHz, CDCla): & 7.69-7.61 (6H, m, Ar-H),
“~ 7.57 (1H,d J =16.3 Hz, Ar-CH=CH), 7.51-7.44 (2H, m,
Ar-H), 7.43-7.36 (1H, m, Ar-H), 6.77 (1H, d J = 16.3 Hz,
o o7y  CH=CH-CO), 2.41 (s, 3H, CO-CH).

(89 mg, 0.4 mmol)

Incorporation expected at 6 7.57.
Determined against integral at 6 2.41.

Hydrogenation
Product

IH NMR data®®

0]

Ph/©/\::o

IH NMR (400 MHz, CDCl3): 5 7.62-7.59 (2H, m, Ar-H),
7.75-7.53 (2H, m, Ar-H), 7.49-7.44 (2H, m, Ar-H), 7.39-
7.34 (1H, m, Ar-H), 7.31-7.28 (2H, m, Ar-H), 2.98 (2H, t

J=7.4Hz, CHy), 2.83 (2H, t J = 7.4 Hz, CHy), 2.19 (3H,

s, CHa).
Conversion determined using integrals at 6 2.41 (D97b)
and 2.19 (H97Db).

D-Incorporation (%) Hydrogenation (%)

(90 mg, 0.4 mmol)

% Average 1Run2 Average
81 82 82 2 2 2
Substrate IH NMR data'®

H o IH NMR (400 MHz, CDCl3): 6 7.59-7.53 (2H, m, Ar-H),
S 7.46 (1H,d J =16.5 Hz, Ar-CH=CH), 7.44-7.40 (2H, m,
Ar-H), 6.72 (1H, d J = 16.3 Hz, CH=CH-CO), 2.40 (3H,

s, CO-CHa).

Br 97c

Incorporation expected at 6 7.46.
Determined against integral at 6 2.40.

Hydrogenation
Product

IH NMR datal®

O

Br/©/\:i

IH NMR (400 MHz, CDCls): & 7.39 (2H, d, J = 8.1 Hz,
Ar-H), 7.05 (2H,d J = 8.1 Hz, Ar-H), 2.84 (2H,tJ=7.2
Hz, CHy), 2.74 (2H, t J = 7.2 Hz, CHy), 2.14 (3H, s, CHa).
Conversion determined using integrals at & 2.40 (D97c)
and 2.14 (H97c).

D-Incorporation (%) Hydrogenation (%)

Run Average

Average

1 2 1

2
3 2

89 84 87 1
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Substrate IH NMR datal®

'H NMR (400 MHz, CDCls): § 7.51-7.44 (3H, m, Ar-H

H O
S and d J = 16.1 Hz, Ar-CH=CH), 7.41-7.36 (2H, m, Ar-
H), 6.69 (1H, d J = 16.3 Hz, CH=CH-CO), 2.39 (3H, s,

of 97d CO-CH).

Incorporation expected at 6 7.51-7.44.

(72 mg, 0.4 mmol) Determined against integral at 6 2.39.

Hydrogenation

1 109
Product H NMR data

o 'H NMR (400 MHz, CDCls): § 7.24 (2H, d, J = 8.3 Hz,

Ar-H), 7.11 (2H, d J = 8.3 Hz, Ar-H), 2.86 (2H,tJ=7.2
Hz, CHy), 2.74 (2H, t J = 7.2 Hz, CHy), 2.14 (3H, s, CHb).
cl Ho7d Conversion determined using integrals at 6 2.39 (D97d)

and 2.14 (H97d).

D-Incorporation (%) Hydrogenation (%)

Run

1 2 Average 1 2 Average
89 091 90 3 4 4
Substrate IH NMR datal®
H o IHNMR (400 MHz, CDCl3): 6 7.51 (1H,d J =16.1 Hz,
« Ar-CH=CH), 7.47 (2H, d J = 8.0 Hz, Ar-H), 7.23 (2H, d
J = 8.0 Hz, Ar-H), 6.70 (1H, d J = 16.1 Hz, CH=CH-
o7o  CO), 240 (3H,s, Ar-CHg), 2.39 (3H, s, CO-CH).

Incorporation expected at 6 7.51.

(64 mg, 0.4 mmol) Determined against integral at 6 2.39.

Hydrogenation

1 110
Product H NMR data

o 'H NMR (400 MHz, CDCls):  7.13-7.08 (4H, m, Ar-H),

2.90-2.83 (2H, m, CHy), 2.78-2.72 (2H, m, CHz), 2.33 (3H,
s, CHa), 2.15 (3H, s, CHa).
HoTe Conversion determined using integrals at & 2.39 (D97e)

and 2.15 (H97e).

D-Incorporation (%) Hydrogenation (%)

Run Run

Average

1 5 Average ——
1

68 72 70 1 1
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Substrate IH NMR datal®

'H NMR (400 MHz, CDCls): § 7.53-7.47 (3H, m, Ar-H

H O
« and d J = 16.0 Hz, Ar-CH=CH), 6.96-6.91 (2H, m, Ar-
H), 6.62 (1H, d J = 16.2 Hz, CH=CH-CO), 3.86 (3H, s,
oo o7¢  ATO-CHy), 2.37 (3H, s, CO-CHy).

Incorporation expected at 6 7.53-7.47.

(70 mg, 0.4 mmol) Determined against integral at 6 2.37.

Hydrogenation

1 106
Product H NMR data

IH NMR (400 MHz, CDCl3): 5 7.10-7.08 (2H, m, Ar-H),
O  6.82-6.80 (2H, m, Ar-H), 3.77 (3H, s, ArO-CHs), 2.83 (2H,

tJ=7.5Hz, CHy), 2.71 (2H, tJ = 7.5 Hz, CH), 2.12 (3H,
s, CHa).
MeO H97f  Conversion determined using integrals at 6 2.37 (D97f)

and 2.12 (H97f).

D-Incorporation (%) Hydrogenation (%)

Run Run
1 5 Average 1 2 Average
83 79 81 1 1 1
Substrate IH NMR data'!?
H O 'H NMR (400 MHz, CDCl3): 6 7.73-7.66 (1H, m, Ar-H),
Br “ 7.57-7.50 (1H, m, Ar-H), 7.50-7.39 (2H, m Ar-H and d J
= 16.3 Hz, Ar-CH=CH), 7.28-7.25 (1H, m, Ar-H), 6.71
97g (1H,d J=16.2 Hz, CH=CH-CO), 2.39 (3H, s, CO-CHy3).

Incorporation expected at & 7.50-7.39.

(90 mg, 0.4 mmol) Determined against integral at 6 2.39.

Hydrogenation

1 111
Product H NMR data

o  "MNMR (400 MHz, CDCls): § 7.33-7.31 (2H, m, Ar-H),

B 7.15-7.10 (2H, m, Ar-H), 2.87-2.85 (2H, m, CHy), 2.76-
2.73 (2H, m, CH2), 2.14 (3H, s, CH3).
H97g Conversion determined using integrals at & 2.39 (D979)

and 2.14 (H979).

D-Incorporation (%) Hydrogenation (%)

Run

Average Average

__Run u
1 2 1 2
1

72 75 74 1 1
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Substrate 1H NMR datal’?

IH NMR (400 MHz, CDCl3): § 7.56-7.54 (1H, m, Ar-H),

H O
o « 7.49-7.42 (2H, m Ar-H and d J = 16.0 Hz, Ar-CH=CH),
7.41-7.33 (2H, m, Ar-H), 6.73 (1H, d J = 16.3 Hz,
o7, CH=CH-CO), 2.40 (3H, s, CO-CH).

Incorporation expected at 6 7.49-7.42.
(72 mg, 0.4 mmol) Determined against integral at 6 2.40.

Hydrogenation IH NMR datal:
Product

o  HNMR (400 MHz, CDCls): 57.21-7.16 (3H, m, Ar-H),

cl 7.09-7.05 (1H, m, Ar-H), 2.88-2.86 (2H, m, CH,), 2.76-
2.74 (2H, m, CH>), 2.14 (3H, s, CHa).
Ho7h Conversion determined using integrals at 6 2.40 (D97h)

and 2.14 (H97h).

D-Incorporation (%) Hydrogenation (%)

Run

1 2 Average 1 2 Average
86 80 83 3 3 3
Substrate IH NMR datal®®

IH NMR (400 MHz, CDClz): 5 7.50 (1H, d, J = 16.2 Hz,
H O  Ar-CH=CH), 7.37-7.30 (1H, m, Ar-H), 7.19-7.13 (1H,

MeO X m, Ar-H), 7.11-7.06 (1H, m, Ar-H), 7.01-6.94 (1H, m,
Ar-H), 6.73 (1H, d J = 16.3 Hz, CH=CH-CO), 3.86 (3H,
97i s, ArO-CHs), 2.41 (3H, s, CO-CHs).

(70 mg, 0.4 mmol) Incorporation expected at & 7.50.
Determined against integral at 6 2.41.

Hydrogenation 1H NMR datal
Product

IH NMR (400 MHz, CDCl3): 6 7.22-7.17 (1H, m, Ar-H),
O 6.78-6.73(3H, m, Ar-H), 3.79 (3H, s, ArO-CHs), 2.87 (2H,

MeO tJ=7.6 Hz, CH»), 2.75 (2H, tJ = 7.6 Hz, CH>), 2.14 (3H,
s, CHs).
H97i  Conversion determined using integrals at 6 2.41 (D97i)

and 2.14 (H971).

D-Incorporation (%) Hydrogenation (%)

Run

Average Average

1 2 1 2
1

75 74 75 1 1

371



Chapter 2

Substrate IH NMR data'®®
5 H o IH NMR (400 MHz, CDCl3): 5 7.87 (1H, d J = 16.3 Hz,
« Ar-CH=CH), 7.63-7.58 (2H, m, Ar-H), 7.35-7.29 (1H,
m, Ar-H), 7.25-7.19 (1H, m, Ar-H), 6.60 (1H, d J = 16.3
o7, Hz, CH=CH-CO), 2.40 (3H, s, CO-CH).

(90 mg, 0.4 mmol)

Incorporation expected at 6 7.87.
Determined against integral at 6 2.40.

Hydrogenation
Product

IH NMR data''!

Br O

©/\:J;

IH NMR (400 MHz, CDCls): §7.53-7.49 (1H, m, Ar-H),
7.25-7.21 (2H, m, Ar-H), 7.08-7.05 (1H, m, Ar-H), 3.01-
2.99 (2H, m, CHy), 2.78-2.75 (2H, m, CH>), 2.15 (3H, s,
CHy).

Conversion determined using integrals at 6 2.40 (D97j)
and 2.15 (H97j).

D-Incorporation (%) Hydrogenation (%)

(72 mg, 0.4 mmol)

—1Run2 Average 1Run2 Average
0 0 0 0 O 0
Substrate IH NMR data!!®
o H O 'H NMR (400 MHz, CDCl3): § 7.96 (1H, d J = 16.4 Hz,
“ Ar-CH=CH), 7.68-7.64 (1H, m, Ar-H), 7.48-7.44 (1H,
m, Ar-H), 7.38-7.29 (2H, m, Ar-H), 6.69 (1H, d J=16.4
97k Hz, CH=CH-CO), 2.44 (3H, s, CO-CHs).

Incorporation expected at & 7.96.
Determined against integral at 6 2.44.

Hydrogenation
Product

IH NMR data'*!

Cl O

M

'H NMR (400 MHz, CDCls): 8 7.35-7.31 (1H, m, Ar-H),
7.25-7.21 (1H, m, Ar-H), 7.19-7.13 (2H, m, Ar-H), 3.01-
2.99 (2H, m, CHy), 2.78-2.76 (2H, m, CH>), 2.15 (3H, s,
CHy).

Conversion determined using integrals at & 2.44 (D97k)
and 2.15 (H97K).

D-Incorporation (%) Hydrogenation (%)

Run

—] 5 Average

Average

0 O 0

2
0 0
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Substrate

IH NMR datal®®

OMe H (@]
N

971
(70 mg, 0.4 mmol)

H NMR (400 MHz, CDCls): 5 7.90 (1H, d, J = 16.5 Hz,
Ar-CH=CH), 7.60-7.53 (1H, m, Ar-H), 7.42-7.35 (1H,
m, Ar-H), 7.05-6.92 (2H, m, Ar-H), 6.78, (1H,d J =16.5
Hz, CH=CH-CO), 3.92 (3H, s, ArO-CHzs), 2.40 (3H, s,
CO-CHy).

Incorporation expected at 6 7.90.

Determined against integral at 6 2.40.

Hydrogenation
Product

1H NMR data*

OMe O

H97I

'H NMR (400 MHz, CDCls): 6 7.21-7.12 (2H, m, Ar-H),
6.90-6.83 (2H, m, Ar-H), 3.82 (3H, s, ArO-CHzs), 2.89 (2H,
tJ=7.2Hz, CHy), 2.73 (2H, t J = 8.0 Hz, CH>), 2.14 (3H,
s, CHa).

Conversion determined using integrals at 6 2.40 (D97I)
and 2.14 (H97I).

D-Incorporation (%) Hydrogenation (%)

Run Run
1 2 Average > Average
56 32 44 3 2 3
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Scheme 2.56 Investigating the effect of changing the 4-substituent.

The reactions were carried out following general procedure B and analysed by 'H

NMR spectroscopy to confirm the degree of hydrogenation, and the position and

degree of deuterium incorporation.

Complex Solvent Time (h) Temperature (°C)
Mes < PFg
N‘/»
/ \|r)-\\N\|\/|es DCM 1 25
N/ pph, (I mL)
\ 64a

(0.4 mg, 0.0004 mmol)

Substrate IH NMR data'®®
IH NMR (400 MHz, CDCl3): 8 7.53 (1H, d J = 1.7 Hz,
H O Ar-H), 7.30 (1H, d J = 16.0 Hz, Ar-CH=CH), 6.69 (1H,
w d J =3.2 Hz, Ar-H), 6.65 (1H, d J = 16.0 Hz, CH=CH-
\d CO), 6.51 (1H, dd J = 3.4 Hz, J = 1.7 Hz, Ar-H), 2.35
97m (3H, s, CO-CHsa).

(54 mg, 0.4 mmol)

Incorporation expected at 6 7.30.
Determined against integral at 6 2.35.

Hydrogenation

IH NMR datal?’

Product
IH NMR (400 MHz, CDCls): & 7.30-7.28 (1H, m, Ar-H),
© 6.28-6.26 (1H, m, Ar-H), 6.02-5.98 (1H, m, Ar-H), 2.94-
~ 2.91 (2H, m, CHy), 2.81-2.77 (2H, m, CH>), 2.17 (3H, s,
& CH).
H97m Conversion determined using integrals at 6 2.35 (D97m)

and 2.17 (H97m).

D-Incorporation (%) Hydrogenation (%)

Run

1 2 Average

Run

Average

85 84 85

2
1 1
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Substrate

1H NMR data'’®

H @)

W
\ S 97n

(61 mg, 0.4 mmol)

'H NMR (400 MHz, CDCls): 6 7.65 (1H, d J = 15.8 Hz,
Ar-CH=CH), 7.45-7.40 (1H, d J = 5.1 Hz, Ar-H), 7.32-
7.30 (1H, m, Ar-H), 7.09 (1H, dd J =5.1 Hz, J = 3.7 Hz,
Ar-H), 6.56, (1H, d J = 15.8 Hz, CH=CH-CO), 2.36 (3H,
s, CO-CHa).

Incorporation expected at 6 7.65.

Determined against integral at 6 2.36.

Hydrogenation
Product

1H NMR datal®

O

GK\)J\
\ S H97n

'H NMR (400 MHz, CDCls): 6 7.12-7.10 (1H, m, Ar-H),
6.92-6.89 (1H, m, Ar-H), 6.80-6.79 (1H, m, Ar-H), 3.14-
3.09 (2H, m, CHy), 2.84-2.79 (2H, m, CH,), 2.16 (3H, s,
CHy).

Conversion determined using integrals at 6 2.36 (D97n)
and 2.16 (H97n).

D-Incorporation (%) Hydrogenation (%)

(61 mg, 0.4 mmol)

41Run2 Average 1Run2 Average
85 83 84 1 1 1
Substrate IH NMR data'®®
IH NMR (400 MHz, CDCls): 6 7.54-7.44 (2H, m, Ar-H
Ho o & d J = 16.2 Hz, Ar-CH=CH), 7.36-7.31 (1H, m, Ar-H),
S~ N 7.31-7.27 (1H, m, Ar-H), 6.53, (1H, d J = 16.1 Hz,
<! 970 CH=CH-CO), 2.36 (3H, s, CO-CHs).

Incorporation expected at 6 7.54-7.44.
Determined against integral at 6 2.36.

Hydrogenation
Product

IH NMR datal?°

(0]
(/j/\)J\
s H970

IH NMR (400 MHz, CDClg): § 7.24-7.20 (1H, m, Ar-H),
6.94-6.89 (2H, m, Ar-H), 2.89 (2H,tJ =8.0 Hz, CH»), 2.73
(2H,tJ =8.0 Hz, CH2), 2.12 (3H, s, CH53)

Conversion determined using integrals at 6 2.36 (D970)
and 2.12 (H970).

D-Incorporation (%) Hydrogenation (%)

Run

—] 5 Average

1

Average

79 79 79

1

2
1 1
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Substrate

1H NMR data'®

XN

_N H 97p
(73 mg, 0.4 mmol)

'H NMR (400 MHz, CDCls): 5 8.70-8.66 (1H, m, Ar-H),
7.75 (1H,d J=7.7 Hz, *J = 1.8 Hz, Ar-H), 7.55 (1H, d J
=16.1 Hz, Ar-CH=CH), 7.50 (1H, dt J=7.9 Hz,*J=1.0
Hz, Ar-H), 7.30 (1H, ddd J = 7.4 Hz, 2 = 4.7 Hz, 1.2 Hz,
Ar-H), 7.16 (1H,d J = 16.1 Hz, CH=CH-CO), 2.43 (3H,
s, CO-CHs).

Incorporation expected at 6 7.16.

Determined against integral at 6 2.43.

Hydrogenation
Product

IH NMR data'®

0]

| X
_N H97p

IH NMR (400 MHz, CDCls): 5 8.48 (1H,d J = 4.1 Hz, Ar-
H), 7.57-7.53 (1H, m, Ar-H), 7.16 (1H, d J = 7.7 Hz, Ar-
H), 7.09-7.05 (1H, m, Ar-H), 3.05 (2H, t J = 7.1 Hz, CHa),
2.93 (2H,tJ =7.1 Hz, CH,), 2.16 (3H, s, CH3).
Conversion determined using integrals at 6 2.43 (D97p)
and 2.16 (H97p).

D-Incorporation (%) Hydrogenation (%)

Run

(45 mg, 0.4 mmol)

1 5 Average > Average
30 34 32 0 1
Substrate IH NMR data'??

'H NMR (400 MHz, CDCl3): 6 6.77 (1H, dt J = 16.0 Hz,
6.9 Hz, CH2-CH=CH), 6.05 (1H, dt J= 159 Hz,*J = 1.6
0 Hz CH=CH-CO0), 2.22 (3H, s, CO-CH3), 2.18 (2H, ddd J
/\)\/U\ = 7.1 Hz, 6.9 Hz, ) = 1.7 Hz, CH-CH,-CH,) 1.48 (2H,
974 sex J = 7.4 Hz, CH,-CH2-CH3), 0.92 (3H, t J = 7.4 Hz,

CH2-CHz).
Incorporation expected at & 6.77.
Determined against integral at § 2.22.

Hydrogenation
Product

IH NMR data'®®

O

/\/\)J\

H97q

'H NMR (400 MHz, CDCls): 6 2.40 (2H,tJ=7.4 Hz, CO-
CH,-CH>), 2.12 (3H, s, CO-CH3), 1.56 (2H, quin J = 7.4
Hz, CH2-CH2-CHy), 1.34-1.23 (4H, m, CH2), 0.88 (3H, t J
= 7.1 Hz, CH2-CHb).

Conversion determined using integrals at 6 2.22 (D97n)
and 2.12 (H97n).

D-Incorporation (%) Hydrogenation (%)

Run

—] 5 Average

Average

0 O 0

2
0 0

376



Chapter 2

Substrate IH NMR data'®

H O 'H NMR (400 MHz, CDCls): 8 6.90-6.84 (1H, m, CH,-
CH=C). 2.25 (3H, s, CO-CH3), 2.24-2.15 (4H, m, CH>),
1.67-1.53 (4H, m, CHy).

97r Incorporation expected at 6 6.90-6.84.
(49 mg, 0.4 mmol) Determined against integral at 6 2.25.

Hydrogenation 1H NMR datal?

Product
TH NMR (400 MHz, CDCl3): 6 2.37-2.30 (1H, m, Cy-CH),
o 2.14 (3H, s, CO-CHs), 1.90-1.84 (2H, m, Cy-CHy), 1.82-
: I 1.77 (2H, m, Cy-CHy), 1.71-1.66 (1H, m, Cy-CH), 1.39-
1.19 (5H, m, Cy-CH2 & Cy-CH).
HO7r Conversion determined using integrals at & 2.25 (D97r)

and 2.14 (H97r).

D-Incorporation (%) Hydrogenation (%)

Run

1 2 Average 1 2 Average
0 O 0 0 0 0
Substrate IH NMR data'?®
H o IH NMR (400 MHz, CDCls): 3 7.59 (1H, d J = 12.9 Hz
s A O-CH=CH), 5.60 (1H, d J = 12.8 Hz, CH=CH-CO0), 3.73
? o (3H, s, 0-CH3), 2.21 (3H, s, CO-CHb).
S

Incorporation expected at & 7.59.
(40 mg, 0.4 mmol) Determined against integral at § 2.21.

Hydrogenation 1H NMR datal?’

Product
'H NMR (400 MHz, CDCl3): 4 3.51 (2H, t J = 6.3 Hz,
/\j\ CHy), 3.22 (3H, s, O-CH3), 2.56 (2H, t J = 6.3 Hz, CH>),
0 2.11 (3H, s, CO-CHs3).
| H97s Conversion determined using integrals at 6 2.21 (D975s)
and 2.11 (H97s).
D-Incorporation (%) Hydrogenation (%)
Catalyst Loading 64a Run Run
1 2 Average 1 2 Average
(0.4 mg,0.0004 mmol) 0 O 0 0 O 0
(2.0 mg, 0.002 mmol) 58 57 58 0 O 0
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Scheme 2.57 Investigating influence of the directing group upon olefinic HIE.

The reactions were carried out following general procedure B and analysed by 'H
NMR spectroscopy to confirm the degree of hydrogenation, and the position and

degree of deuterium incorporation.

Complex Solvent Time (h) Temperature (°C)
Mes~\ A\ PFe
/\Ir)\\ N < DCM . -
N/ peh, (I mL)
\ 64a

(0.4 mg, 0.0004 mmol)

Substrate IH NMR data'?®

IH NMR (400 MHz, CDCls): 5 7.65-7.55 (3H, m, Ar-H
and d, J = 16.2 Hz, Ar-CH=CH), 7.45-7.37 (3H, m, Ar-

9 H), 6.84 (1H, d, J = 16.3 Hz, CH=CH-CO), 2.75-2.62
X (1H, m, Cy-H), 1.99-1.89 (2H, m, Cy-H), 1.89-1.81 (2H,
97t m, Cy-H), 1.78-1.70 (1H, m, Cy-H), 1.57-1.19 (5H, m,

(86 mg, 0.4 mmol) Cy-H).
Incorporation expected at & 7.65-7.55.

Determined against integral at 6 1.78-1.70.

Hydrogenation 1H NMR datal?®

Product
'H NMR (400 MHz, CDCls): 8 7.20-7.15 (2H, m, Ar-H),
0 7.09-7.07 (3H, m, Ar-H), 2.79 (2H, t, J = 7.2 Hz, CHy),
2.65 (2H,t, J =7.2 Hz, CHy), 2.25-2.17 (1H, m, OC-CH),
| :| ~ [ ] 170-1.66 (5H, m, Cy-H), 1.28-1.10 (5H, m, Cy-H).
HO7t Conversion determined using integrals at & 1.78-1.70
(D97r) and 2.25-2.17 (H97r).
D-Incorporation (%) Hydrogenation (%)
Catalyst Loading Run Run
— 5 Average ————~— Average
1 2 1 2
0.1 mol%
(0.4mg, 0.0004 mmol) o/ 99 ¥ 28 32 30
0.025 mol%

(0.1 mg, 0.0001 mmol) °° %0 92 T 7 !
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Substrate IH NMR data*®
IH NMR (400 MHz, CDCl3): 5 7.66 (1H, d J = 15.6 Hz,
H O Ar-CH=CH), 7.59-7.52 (2H, m, Ar-H), 7.42-7.34 (3H,
X m, Ar-H), 7.11 (1H, d J = 15.6 Hz, CH=CH-CO), 1.21
97u (9H, s, tBu-CHa).

(75 mg, 0.4 mmol) Incorporation expected at 6 7.66.
' Determined against integral at 6 1.21.

Hydrogenation IH NMR data’:

Product
IH NMR (400 MHz, CDCls): § 7.31-7.28 (2H, m, Ar-H),
Q 7.20-7.17 (3H, m, Ar-H), 2.91-2.86 (2H, m, CH,), 2.82-
2.77 (2H, m, CHy), 1.11 (9H, s, tBu-CHa).
H97u Conversion determined using integrals at 6 1.21 (D97u)

and 1.11 (H97u).

D-Incorporation (%) Hydrogenation (%)

Run

1 2 Average 1 2 Average

93 93 93 11 16 14

Substrate 1H NMR data'®?
IH NMR (400 MHz, CDCls): 5 7.53-7.46 (2H, m, Ar-H),
H O 7.41-7.33 (3H, m, Ar-H), 7.21 (1H, d J = 16.3 Hz, Ar-

\ CH=CH), 6.96 (1H, d J = 16.2 Hz, CH=CH-CO), 6.88-
O O 6.86 (2H, m, Ar-H), 2.31 (3H, s, p-ArCHs), 2.18 (6H, s,
97v 0-ArCHs).
(100 mg, 0.4 mmol) Incorporation expected at & 7.21.

Determined against integral at  2.31.
Hydrogenation IH NMR datal®
Product

0 'H NMR (400 MHz, CDCls): § 7.08 (5H, br s, Ar-H), 6.63
(2H, brs, Ar-H), 2.90 (4H, br s, CH>), 2.20 (3H, s, p-CH3),

O O 2.03 (6H, s, 0-CHs).
HI7v Conversion determined using integrals at & 2.31 (D97v)

and 2.20 (H97v).
D-Incorporation (%) Hydrogenation (%)
_Run__ Average ———~— Average
1 2 1 2
87 89 88 1 1 1
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Substrate IH NMR data®*
H O 1H NMR (400 MHz, CDCl3): & 7.84 (1H, d J = 16.0 Hz,
“ Ar-CH=CH), 7.63-7.55 (2H, m, Ar-H), 7.48-7.39 (3H,
. 7OH m, Ar-H), 6.49 (1H, d J = 16.0 Hz, CH=CH-CO).
w

(59 mg, 0.4 mmol)

Incorporation expected at 6 7.84.
Determined against integral at 6 6.49.

Hydrogenation

IH NMR data®

Product
'H NMR (400 MHz, CDCls): 6 7.33-7.30 (3H, m, Ar-H),
Q 7.24-7.22 (2H, m, Ar-H), 3.00-2.96 (2H, m, CHy), 2.72-
OH 2.69 (2H, m, CH>).
H97w Conversion determined using integrals at 6 6.49 (D97w)

and 7.24-7.22 (H97w).

D-Incorporation (%) Hydrogenation (%)

(53 mg, 0.4 mmol)

—1Run2 Average 1 Average
0 0 0 18 15 17
Substrate IH NMR data'®
'H NMR (400 MHz, CDCl3): 6 9.74 (1H, d J = 7.7 Hz,
o CO-H), 7.64-7.56 (2H, m, Ar-H), 7.54-7.43 (4H, d J =
X H 16.1 Hz, Ar-CH=CH & m, Ar-H), 6.75 (1H, dd J = 15.9
97x Hz, 7.7 Hz, CH:CH-CO)

Incorporation expected at & 7.54-7.43.
Determined against integral at 6 7.64-7.56.

Hydrogenation
Product

IH NMR data®®’

O

H
H97x

'H NMR (400 MHz, CDCls): $9.73 (1H,tJ=1.3 Hz, CO-
H), 7.24-7.20 (2H, m, Ar-H), 7.18-7.08 (3H, m, Ar-H),
2.87 (2H,tJ=7.6 Hz, CH), 2.69 (2H, td J = 7.6, 1.0 Hz,
CHy).

Conversion determined using integrals at & 7.64-7.56
(D97x) and 7.24-7.20 (HI7x).

D-Incorporation (%) Hydrogenation (%)

Run

—1 5 Average

1

Run

5 Average

0 O 0

0

0 0
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Substrate

1H NMR data'®

97y
(59 mg, 0.4 mmol)

'H NMR (400 MHz, CDCls): 6 7.68 (1H, d J = 16.0 Hz,
Ar-CH=CH), 7.54-7.47 (2H, m, Ar-H), 7.40-7.34 (3H,
m, Ar-H), 6.43 (1H, d J = 16.0 Hz, CH=CH-CO), 3.79
(3H, s, O-CHy).

Incorporation expected at 6 7.68.

Determined against integral at 6 3.79.

Hydrogenation
Product

IH NMR datal®®

O

O/

H97y

IH NMR (400 MHz, CDCls): § 7.19-7.40 (5H, m, Ar-H),
3.68 (3H, s, O-CHj3), 2.96 (2H, t J = 9.0 Hz, CH,), 2.64
(2H, tJ = 9.0 Hz, CHy).

Conversion determined using integrals at & 3.79 (D97y)
and 3.68 (H97y).

D-Incorporation (%) Hydrogenation (%)

Run

(81 mg, 0.4 mmol)

1 2 Average > Average
0 0 0 25 23 24
Substrate IH NMR data'*
'H NMR (400 MHz, CDCl3): 6 7.61 (1H, d J = 15.4 Hz,
H o Ar-CH=CH), 7.61-7.51 (2H, m, Ar-H), 7.45-7.32 (3H,
S —~_ M, Ar-H), 6.85 (1H, d J = 16.4 Hz, CH=CH-CO), 3.58-
N 3.45 (4H, m, N-CH,-CHs), 1.28 (3H, t J = 7.2 Hz, CHa-
o7z CHa), 1.21 (3H, t J = 7.2 Hz, CH2-CHa).

Incorporation expected at & 7.61.
Determined against integral at 6 3.58-3.45.

Hydrogenation
Product

IH NMR data'*

O

N7
H97z k\

'H NMR (400 MHz, CDCls): 8 7.23-7.19 (2H, m, Ar-H),
7.16-7.09 (3H, m, Ar-H), 3.30 (2H, q J = 7.0 Hz, N-CH.-
CHz3), 3.14 (2H, g J = 7.5 Hz, N-CH2-CH3), 2.91 (2H, t J
=7.5Hz, CHy), 2.52 (2H, t J =8.0 Hz, CH>), 1.03 (3H, t J
=7.0 Hz, CH>-CH3), 1.02 (3H, t J = 6.5 Hz, CH>-CHa3).
Conversion determined using integrals at & 3.58-3.45
(D972) and 3.14 (H972).

D-Incorporation (%) Hydrogenation (%)

Run

1 2 Average 1 2 Average

82 86 84 4 5 5
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Substrate 1H NMR data*?

H o H NMR (400 MHz, CDCls): § 7.76 (1H, d J = 15.8 Hz,

Hbe Ph-CH=CH), 7.63-7.56 (2H, m, Ar-H), 7.45-7.34 (3H,
©)\/U\N)<Hb m, Ar-H), 7.06 (1H, d J = 15.8 H, CH=CH-CO), 3.78
9 ! (3H, s, O-CHg), 3.33 (3H, s, N-CHz).
Incorporation expected at § D? 7.76, DP 3.33.
Determined against integral at 6 3.78.

7aa O
(81 mg, 0.4 mmol)

Hydrogenation

1 143
Product H NMR data

'H NMR (400 MHz, CDCls): § 7.39-7.12 (5H, m, Ar-H),

Q 3.60 (3H, s, O-CHz3), 3.18 (3H, s, N-CH3), 3.00-2.92 (2H,
N~ m, CH2), 2.79-2.70 (2H, m, CHy).
H97aa c')\ Conversion determined using integrals at 6 3.78 (D97aa)

and 3.14 (H97aa).

D-Incorporation (%) Hydrogenation (%)
Run Average Run
1 2 1 9 Average
Da Db Da Db Da Db
7 6 75 6 76 6 3 3 3
Substrate 'H NMR data!**
H O H NMR (400 MHz, CDCls): 6 7.99 (1H, d, J = 13.8 Hz,

~NY Ph-CH=CH), 7.57 (1H, d, J = 13.6 Hz, CH=CH-CO),

o 7.55-7.51 (2H, m, Ar-H), 7.51-7.40 (3H, m, Ar-H).
97ab Incorporation expected at 6 7.99.

(60 mg, 0.4 mmol) Determined against integral at & 7.55-7.51.

Hydrogenation IH NMR data4s

Product
IH NMR (400 MHz, CDCls):  7.40-7.25 (3H, m, Ar-H),
Q 7.24-7.17 (2H, m, Ar-H), 4.62 (2H, t, J = 7.4 Hz, CH>),

II+
Nio-  3.33(2H,t,J=7.4 Hz, CHo).
H97ab Conversion determined using integrals at & 7.55-7.51

(D97ab) and 7.24-7.17 (H97ab).

D-Incorporation (%) Hydrogenation (%)

Run

1 2 Average 1 2 Average

82 83 83 4 6 5
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Scheme 2.58 Probing the selectivity between olefinic and aromatic HIE.

The reactions were carried out following general procedure B and analysed by 'H
NMR spectroscopy to confirm the degree of hydrogenation, and the position and

degree of deuterium incorporation.

Complex Solvent Time (h) Temperature (°C)
Mes~\ A\ PFe
’\Ir)\‘N\MeS DCM . -
N/ peh, (I mL)
\ 64a

(0.4 mg, 0.0004 mmol)

Substrate 'H NMR data'*®
. . 'HNMR (400 MHz, CDCl3): 4 8.01-7.96 (2H, m, Ar-H),
HE O HY 776 (1H, d J = 15.7 Hz, Ar-CH=CH), 7.59-7.41 (6H, m,
X Ar-H & d J = 15.7 Hz, CH-CH-CO), 7.22-7.17 (2H, m,
O 98a . O Ar-H), 2.36 (3H, s, CO-CHy).
H Incorporation expected at 5 D? 7.76, D” 8.01-7.96.
(89 mg, 0.4 mmol) Determined against integral at & 2.36.

Hydrogenation 1H NMR data’
Product

'H NMR (400 MHz, CDCls): 8 8.00-7.97 (2H, m, Ar-H),
Q 7.60-7.56 (1H, m, Ar-H), 7.50-7.46 (2H, m, Ar-H), 7.19-
7.12 (4H, m, Ar-H), 3.33-3.29 (2H, m, CH>), 3.08-3.04
O H98a O (2H, m, Ar-H), 2.33 (3H, s, Ar-CHs).
Conversion determined using integrals at 6 2.36 (D98a)
and 2.33 (H98a).
D-Incorporation (%) Hydrogenation (%)
Run Run
1 > Average
1 2

Da Db Da Db Da Db
84 45 86 46 85 46 4 6 5

Average
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Substrate IH NMR data'?®

'H NMR (400 MHz, CDCl3): § 7.95-7.88 (2H, m,
HP Ar-H), 7.73 (1H, d J = 15.7 Hz, Ar-CH=CH), 7.59-

H* O
S 752 (2H, m, Ar-H), 7.48 (1H, d J = 15.7 Hz,
O O CH=CH-CO), 7.41-7.33 (2H, m, Ar-H), 7.32-7.26
cl D98b | s (2H, m, Ar-H), 2.42 (3H, s, Ar-CHs).

(103 mg, 0.4 mmol) Incorporation expected at § D? 7.73, D 7.95-7.88.
Determined against integral at 6 2.42.
Hydrogenation Product 'H NMR data!*®

IH NMR (400 MHz, CDCls): o 7.87-7.84 (2H, m,
Ar-H), 7.29-7.21 (4H, m, Ar-H), 7.19-7.15 (2H, m

O ) ) )
Ar-H), 3.30-3.21 (2H, m, CH,), 3.05-2.97 (2H, m,
O O CHy), 2.40 (3H, s, CHy).
cl H98b Conversion determined using integrals at & 2.42

(D98b) and 2.40 (H98b).

D-Incorporation (%) Hydrogenation (%)
Run Average _Run
1 2 1 9 Average
Da Db Da Db Da Db
73 6 67 6 70 6 1 1 1
Substrate 'H NMR data'?®

TH NMR (400 MHz, CDCls): & 8.00-7.92 (2H, m,
Ho  Ar-H), 7.80 (1H, d J = 15.6 Hz, Ar-CH=CH), 7.66-

7.60 (2H, m, Ar-H), 7.44 (1H, d J = 156 Hz,
O O CH=CH-CO), 7.36-7.30 (2H, m, Ar-H), 7.00-6.93
MeO D98¢ |, 2H m, Ar-H), 3.88 (3H, s, O-CHj3), 2.46 (3H, s, Ar-

(101 mg, 0.4 mmol) Incorporation expected at 6 D? 7.80, D 8.00-7.92.
Determined against integral at 6 2.46.

Hydrogenation Product 'H NMR data¥’

IH NMR (400 MHz, CDCl3): & 7.90-7.86 (2H, m,
Ar-H), 7.28-7.24 (2H, m, Ar-H), 7.20-7.16 (2H, m,
Ar-H), 6.88-6.85 (2H, m, Ar-H), 3.80 (3H, s, O-CHa),
‘ O 3.26 (2H, t J = 7.6 Hz, CHy), 3.02 (2H, d J = 7.6 Hz,
MeO H98¢ CHy), 2.42 (3H, s, Ar-CHa).

Conversion determined using integrals at o 2.46
(D98c) and 3.80 (H98c).

D-Incorporation (%) Hydrogenation (%)
Run Average Run
1 2 1 9 Average
Da Db Da Db Da Db
95 21 8 20 91 21 1 1 1
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Substrate 1H NMR data*®

IH NMR (400 MHz, CDCl): & 7.98-7.92 (2H, m,
Ar-u), 7.78 (1H, d J = 15.7 Hz, Ar-CH=CH) 7.56-
7.50 (2H, m, Ar-H), 7.48-7.38 (3H, d J = 15.7 Hz,

H® O HP°
X
O O CH=CH-CO & m, Ar-H), 7.24-7.19 (2H, m, Ar-H),
D9gd cl 2.38(3H, s, Ar-CHa).

(103 mg, 0.4 mmol) Incorporation expected at § D? 7.78, D° 7.98-7.92.
Determined against integral at 6 2.38.
Hydrogenation Product 'H NMR data'*®

IH NMR (400 MHz, CDCl): & 7.92-7.88 (2H, m,
Ar-H), 7.45-7.40 (2H, m, Ar-H), 7.18-7.11 (2H, m,

@)
Ar-H), 7.11-7.07 (2H, m, Ar-H), 3.29-3.24 (2H, m,
O O CHy), 3.07-3.02 (2H, m, CHa), 2.34 (3H, s, CH).
Ho8d cl Conversion determined using integrals at & 2.38

(D98d) and 2.34 (H98d).

D-Incorporation (%) Hydrogenation (%)
Run Average _Run
1 2 1 9 Average
Da Db Da Db Da Db
71 71 81 79 77 75 4 3 4
Substrate 'H NMR data!®°

TH NMR (400 MHz, CDCls): 6 8.06-7.98 (2H, m,
Ar-H), 7.77 (1H, d J = 15.7 Hz, Ar-CH=CH), 7.55-

H® O HP

~ 751 (2H, m, Ar-H), 7.48 (1H, d J = 15.7 Hz, CH-
O O CH-CO), 7.24-7.23 (2H, m, Ar-H), 7.00-6.93 (2H,

e 1 OMe M, Ar-H), 3.87 (3H, s, O-CHs), 2.38 (3H, s, Ar-

CHzs).
(101 mg, 0.4 mmol) Incorporation expected at 5 D? 7.77, D° 8.06-7.98.
Determined against integral at 6 2.38.
Hydrogenation Product 'H NMR data¥’

'H NMR (400 MHz, CDCls3): 4 8.03-8.00 (2H, m,
Ar-H), 7.23-7.16 (4H, m, Ar-H), 6.99-6.92 (2H, m,

o)
Ar-H), 3.92 (3H, s, O-CH3), 3.30 (2H, t J = 7.7 Hz,
CH.), 3.08 (2H, t J = 7.7 Hz, CH,), 2.39 (3H, s, Ar-
Ho8e CHa).
OMe

Conversion determined using integrals at 6 2.38
(D98e) and 3.92 (H98e).

D-Incorporation (%) Hydrogenation (%)
Run Average Run
1 2 1 9 Average
Da Db Da Db Da Db
91 65 8 54 89 60 1 1 1
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Substrate 'H NMR data®®!
'H NMR (400 MHz, CDCls): 6 7.96-7.89 (2H, m,
H2 O HP Ar-H), 7.71 (1H, d J = 15.8 Hz, Ar-CH=CH), 7.64-
CIN 7.59 (1H, m, Ar-H), 7.55-7.45 (2H, d J = 15.8 Hz,
O O CH=CH-CO & m, Ar-H), 7.39-2.26 (4H, m, Ar-H),
9%f b 2.42 (3H, s, Ar-CHa).
(103 mg, 0.4 mmol) Incorporation expected at 6 D? 7.71, DP 7.96-7.89.
Determined against integral at 6 2.42.
Hydrogenation Product 'H NMR data
o) No reference NMR data available, integral for aryl-
C|\‘/\)l\‘\ CH3 chosen based upon related compound H98b.
O O Conversion determined using integrals at 6 2.42
HO8f (D98f) and 2.40 (H98).
D-Incorporation (%) Hydrogenation (%)
Run Average Run
1 2 1 9 Average
Da Db Da Db Da Db
92 10 92 9 92 10 1 1 1
Substrate 'H NMR data™!

IH NMR (400 MHz, CDCls): & 7.96-7.87 (2H, m,
He Hb  Ar-H), 7.74 (1H, d J = 15.7 Hz, Ar-CH=CH), 7.49

(@]
MeO “ (1H, d J = 15.7 Hz, CH=CH-CO), 7.36-7.26 (3H,
O O m, Ar-H), 7.24-7.20 (1H, m, Ar-H), 7.17-7.11 (LH,
9%8g b m, Ar-H), 6.98-6.91 (1H, m, Ar-H), 3.84 (3H, s, O-

CHg), 2.42 (3H, s, Ar-CH3).
(103 mg, 0.4 mmol) Incorporation expected at & D? 7.74, D 7.96-7.87.
Determined against integral at 6 2.42.

Hydrogenation Product 'H NMR data

o) No reference NMR data available, integral for O-

MeO CHs chosen based upon related compound H98c.
O O Conversion determined using integrals at 6 3.84
H98g (D98g) and 3.80 (H98g).

D-Incorporation (%) Hydrogenation (%)

Run Run

Average

Average
1 2 1 9
Da Db Da Db Da Db

87 33 86 29 87 31 1 1 1
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Substrate 1H NMR data'®?

IH NMR (400 MHz, CDCls): & 7.98-7.93 (1H, m,
Ar-H), 7.88-7.84 (1H, m, Ar-H), 7.78 (1H, d J =

He O HP 15.7 Hz, Ar-CH=CH), 7.55-7.49 (3H, m, Ar-H),
X Cl 7.44-7.37 (2H, d J=15.7 Hz, CH=CH-CO & m, Ar-
9h . H), 7.23-7.18 (2H, m, Ar-H), 2.37 (3H, s, Ar-CHa).

| t ted at & D* 7.78, D 7.98-7.93,
(103 mg, 0.4 mmol) Sf;’rggr?ézn expected a

Determined against integral at 6 2.37.

Hydrogenation Product 'H NMR data

No reference NMR data available, integral for aryl-
CHs chosen based upon related compound H98d.

o)
Cl
O O Conversion determined using integrals at 6 2.37
H98h (D98h) and 2.34 (H98h).

D-Incorporation (%) Hydrogenation (%)

Run Run

1 2 Average | o Average

Da Db Dc Da Db Dc Da Db Dc

90 86 38 89 8 26 90 8 32 1 1 1

Substrate IH NMR data'®®

IH NMR (400 MHz, CDCl3): 5 7.78 (1H, d J = 15.7
Hz, Ar-CH=CH), 7.61-7.56 (1H, m, Ar-H), 7.55-
750 (3H, m, Ar-H), 7.45 (1H, d J = 15.7 Hz,

H® O HP
\ OMe CH=CH-CO), 7.39 (1H, dd J = 7.8 Hz, 7.8 Hz, Ar-
O _ O H), 7.24-7.24 (2H, m, Ar-H), 7.11 (1H, ddd J = 8.0
%\ o Hz, %) = 2.4 Hz, “J = 1.0 Hz, Ar-H), 3.87 (3H, s, O-

CHs), 2.38 (3H, s, Ar-CHs).

(101 mg, 0.4 mmol) Incorporation expected at & D? 7.78, D° 7.55-7.50,
D¢ 7.11.
Determined against integral at § 2.38.
Hydrogenation Product 'H NMR data®*

IH NMR (400 MHz, CDCls): & 7.54-7.52 (1H, m,
Ar-H), 7.51-7.48 (1H, m, Ar-H), 3.37-7.35 (1H, m,

o Ar-H), 7.15-7.08 (5H, m, Ar-H), 3.84 (3H, s, O-
OMe  cHs,), 3.28-3.24 (2H, m, CHy), 3.04-3.00 (2H, m,
H98i Cm), 2.32 (3H, S, Ar-Cm).

Conversion determined using integrals at 6 2.38
(D98i) and 3.32 (H98i).

D-Incorporation (%) Hydrogenation (%)
Run Average Run
1 2 1 Average
Da Db Dc Da Db Dc Da Db Dc
90 90 15 90 91 16 90 91 16 1 1 1
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Substrate

1H NMR data®

H2 O OMe

A
(T w JO

(101 mg, 0.4 mmol)

IH NMR (4300 MHz, CDCls): § 7.66-7.59 (2H, m,
Ar-H & d J = 15.8 Hz, Ar-CH=CH), 7.55-7.45 (3H,
m, Ar-H), 7.34 (1H, d J = 15.8 Hz, CH=CH-CO),
7.26-7.19 (2H, m, Ar-H), 7.10-7.00 (2H, m, Ar-H),
3.92 (3H, s, O-CH3), 2.41 (3H, s, Ar-CHy).
Incorporation expected at & D? 7.66-7.59, D° 7.55-
7.45.

Determined against integral at 6 2.41.

Hydrogenation Product

IH NMR data

O OMe
O H98j O

No reference NMR data available, integral for aryl-
CHs chosen based upon related compound H98i.
Conversion determined using integrals at 6 2.41
(D98j) and 2.32 (H98j).

D-Incorporation (%)

Hydrogenation (%)

Run Average Run
1 2 1 9 Average
Da Db Da Db Da Db
92 94 88 70 90 82 7 1 4
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Scheme 2.59 Examining the influence of ortho-substituents on olefinic HIE.

The reactions were carried out following general procedure B and analysed by 'H
NMR to confirm the degree of hydrogenation, and the position and degree of

deuterium incorporation.

Complex Solvent Time (h) Temperature (°C)
Mes~\ A\ PFe
/\Ir)\\ N < DCM . -
N/ peh, (1 mL)
\ 64a

(0.4 mg, 0.0004 mmol)

Substrate IH NMR data'®®
IH NMR (400 MHz, CDCls): 5 8.10 (1H, d J = 15.5 Hz,
] ) Ar-CH=CH), 7.95-7.87 (2H, m, Ar-H), 7.84-7.77 (1H,
CFs £ O H m, Ar-H), 7.74-7.67 (1H, m, Ar-H), 7.62-7.55 (1H, m,
O X O Ar-H), 7.52-7.44 (1H, m, Ar-H), 7.40 (1H, d J = 15.2 Hz,
98k .

CH=CH-CO), 7.33-7.26 (2H, m, Ar-H), 2.42 (3H, s, Ar-
CHs).

(116 mg, 0.4mmol) - cormoration expected at & D* 8.10, DP 7.95-7.87.
Determined against integral at 6 2.42.

Hydrogenation

Product 'H NMR data
CFs Q No reference NMR data available, integral for aryl-CHs
chosen based upon related compound H98f.
O H98k O Conversion determined using integrals at 6 2.42 (D98k)
and 2.40 (H98k).
D-Incorporation (%) Hydrogenation (%)
Run Average ~Run
1 2 1 9 Average
Da Db Da Db Da Db
4 68 5 66 5 67 1 1 1
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Substrate IH NMR data®!

'H NMR (400 MHz, CDCls): 6 8.15 (1H, d J = 15.8 Hz,
Cl H® O HP° Ar-CH=CH) 7.95-7.88 (2H, m, Ar-H), 7.76-7.69 (1H, m,
A Ar-H), 7.46 (1H, d J = 15.9 Hz, CH=CH-CO), 7.43-7.38
O O (1H, m, Ar-H), 7.34-7.25 (4H, m, Ar-H), 2.41 (3H, s, Ar-
Ho8I ., CHa).
(103 mg, 0.4 mmol) Incorporation expected at 6 D? 8.15, DP 7.76-7.69.
Determined against integral at 6 2.41.

Hydrogenation 1H NMR data’®’
Product
cl o 'H NMR (300 MHz, CDCls): 8 7.89-7.86 (2H, m, Ar-H),

7.15-7.37 (6H, m, Ar-H), 3.29 (2H, t J= 8.0 Hz, CHy), 3.17
O O (2H, tJ = 8.0 Hz, CHy), 2.38 (3H, s, CHa).
Hosl Conversion determined using integrals at & 2.41 (D98l)

and 2.38 (H98I).

D-Incorporation (%) Hydrogenation (%)

Run Run

Average

Average
1 2 1 9
Da Db Da Db Da Db

42 74 46 86 44 80 1 1 1

Substrate 1H NMR data'®®

!H NMR (400 MHz, CDCl3): 6 8.09 (1H, d J = 15.9 Hz
o HP° Ar-CH=CH), 7.96-7.88 (2H, m, Ar-H), 7.65-7.56 (2H, d
2 J=15.8 Hz, CH=CH-CO & m, Ar-H), 7.41-7.32 (1H, m,
O O Ar-H), 7.31-7.25 (2H, m, Ar-H), 7.02-6.90 (2H, m, Ar-
3’m b H), 3.90 (3H, s, O-CHs), 2.44 (3H, s, Ar-CHs).
(101 mg, 0.4 mmol) Incorporation expected at & D? 8.09, DY 7.31-7.25.
Determined against integral at § 2.44.

OMe H®

Hydrogenation

1
Product H NMR data

oMe Q No reference NMR data available, integral for aryl-CHs
chosen based upon related compound H98c.
H98m Conversion determined using integrals at 6 2.44 (D98m)

and 2.40 (H98m).

D-Incorporation (%) Hydrogenation (%)
Run Average Run
1 2 1 9 Average
Da Db Da Db Da Db
26 9 22 8 24 9 1 1 1
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Substrate IH NMR data®!

IH NMR (400 MHz, CDCls): & 9.12 (1H, s, Ar-OH),
. b 8.16 (1H, d J = 15.7 Hz, Ar-CH=CH), 8.07-7.97 (2H, m,
OH H® O H Ar-H), 7.87 (1H, d J = 15.5 Hz, CH=CH-CO), 7.84-7.78
X (1H, m, Ar-H), 7.41-7.34 (2H, m, Ar-H), 7.32-7.25 (1H,
O 98n O m, Ar-H), 7.04-6.97 (1H, m, Ar-H), 6.97-6.89 (1H, m,
H Ar-H), 2.43 (3H, s, Ar-CHs).
Incorporation expected at 5 D? 8.16, D° 8.07-7.97.
Determined against integral at 6 2.43.

(95 mg, 0.4 mmol)

Hydrogenation

1 159
Product H NMR data

'H NMR (400 MHz, CDCl3): 8 8.13 (1H, br s, O-H), 7.89-
OH o) 7.84 (2H, m, Ar-H), 7.25-7.22 (2H, m, Ar-H), 7.12-7.09
(2H, m, Ar-H), 6.92-6.85 (2H, m, Ar-H), 3.42 (2H, tJ =

O O 6.0 Hz, CHy), 3.02 (2H, t J = 6.0 Hz, CHy), 2.40 (3H, s,
H98n Ar-CHj).

Conversion determined using integrals at 6 2.43 (D98n)
and 2.40 (H98n).

D-Incorporation (%) Hydrogenation (%)

Run Run

Average

Average
1 2 1 2
Da Db Da Db Da Db

30 21 29 20 30 21 1 1 1
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Scheme 2.60 Fused chalcone substrates for HIE.

The reactions were carried out following general procedure B and analysed by 'H
NMR spectroscopy to confirm the degree of hydrogenation, and the position and

degree of deuterium incorporation.

Complex Solvent Time (h) Temperature (°C)
Mes~\ A\ PFe
/\Ir)\\ N < DCM . -
N/ peh, (I mL)
\ 64a

(0.4 mg, 0.0004 mmol)

Substrate IH NMR datal®®

!H NMR (400 MHz, CDCls): § 7.93 (1H, d J = 7.6 Hz,
Ar-H), 7.68 (1H, t 4J = 1.9 Hz, C=CH), 7.65-7.55 (4H,
m, Ar-H), 7.47-7.41 (2H, m, Ar-H), 7.29 (1H,d J =7.8
Hz, Ar-H), 4.04 (2H, d *J = 1.9 Hz, CHy), 2.42 (3H, s,
Ar-CHz).

Incorporation expected at § D? 7.68, DP 7.93.
Determined against integral at 6 2.42.

(94 mg, 0.4 mmol)

Hydrogenation

1 160
Product H NMR data

IH NMR (400 MHz, CDCl3): 6 7.79-7.75 (1H, m, Ar-H),

7.57-7.54 (1H, m, Ar-H), 7.40-7.38 (1H, m, Ar-H), 7.37-

o 7.34 (1H, m, Ar-H), 7.15-7.12 (2H, m, Ar-H), 7.11-7.08

(2H, m, Ar-H), 3.35 (1H, dd J = 4.3 Hz, 2J = 14.0 Hz, CHy),

' 3.15 (1H, dd J = 7.8 Hz, 4 = 17.3 Hz, CHy), 2.97 (1H,

O O dddd J = 4.0 Hz, 4.3 Hz, 7.8 Hz, 10.5 Hz, CH), 2.85 (1H,
dd J = 4.0 Hz, 2] = 17.3 Hz, CHy), 2.63 (1H, dd J = 10.5

H980 Hz, 2] = 14.0 Hz, CH,), 2.32 (3H, s, CHa).
Conversion determined using integrals at & 2.42 (D980)
and 2.32 (H980).
D-Incorporation (%) Hydrogenation (%)
Run Average Run
1 2 1 9 Average
Da Db Da Db Da Db
82 2 8 3 82 3 1 1 1
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Substrate

IH NMR data'®®

H® O HP°

98p
(99 mg, 0.4 mmol)

IH NMR (400 MHz, CDCls): 5 8.15-8.09 (1H, m, Ar-H),
7.84 (1H, s, Ar-CH-C), 7.52-7.43 (1H, m, Ar-H), 7.38-
7.31 (3H, m, Ar-H), 7.26-7.19 (3H, m, Ar-H), 3.15-3.10
(2H, m, CH»), 2.93 (2H, d J = 6.6 Hz, CH>), 2.38 (3H, s,
Ar-CHa).

Incorporation expected at & D? 7.84, D” 8.15-8.09.
Determined against integral at 6 2.38.

Hydrogenation

1H NMR datal®®

Product
'H NMR (400 MHz, CDCls): § 8.09-8.05 (1H, m, Ar-H),
7.46-7.74 (1H, m, Ar-H), 7.32-7.26 (1H, m, Ar-H), 7.22-
Q 7.18 (1H, m, Ar-H), 7.11 (4H, s, Ar-H), 3.44 (1H, dd J =
4.1 Hz,%) = 13.9 Hz, CH>), 2.87-2.96 (2H, m, CH>), 2.69-
O ‘O 2.74 (1H, m, CH), 2.61 (1H, dd J = 9.6 Hz, 2J = 13.9 Hz,
D98p CHa), 2.32 (3H, s, Ar-CH3), 2.10 (1H, dq J = 4.5 Hz, 2) =

13.3 Hz, CHy), 1.74-1.81 (1H, m, CH>).
Conversion determined using integrals at 6 2.38 (D98p)
and 2.32 (H98p).

D-Incorporation (%)

Hydrogenation (%)

Run Average Run
1 2 1 9 Average
Da Db Da Db Da Db
9 99 99 99 99 99 1 1 1
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Substrate

1H NMR data'®!

Ha O Hb
SAQY
98q

(105 mg, 0.4 mmol)

'H NMR (400 MHz, CDCl3): 6 7.80 (1H, s, Ar-CH=C),
7.77-7.74 (1H, m, Ar-H), 7.48-7.30 (4H, m, Ar-H), 7.24-
7.15 (3H, m, Ar-H), 2.88 (2H, t J = 6.9 Hz, CH>), 2.60
(2H, tJ = 6.8 Hz, CHy), 2.37 (3H, s, Ar-CHz3) 2.06 (2H,
quin J = 6.9 Hz, CH,-CH,-CH>).

Incorporation expected at 5 D? 7.80, D° 7.77-7.74.
Determined against integral at 6 2.37.

Hydrogenation Product

1H NMR data®’

D98q

1H NMR (400 MHz, CDCls): § 7.64 (1H, dd, J = 7.6 Hz,
4J=1.6 Hz, Ar-H), 7.39 (1H, td, J = 7.5 Hz, ] = 1.5 Hz,
Ar-H), 7.30-7.27 (1H, m, Ar-H), 7.23-7.21 (1H, m, Ar-
H), 7.09 (4H, s, Ar-H), 3.28 (1H, dd, 21 =13.7 Hz, %) =
5.5 Hz, Ar-CH), 3.18-3.10 (1H, m, CH), 3.05-2.91 (2H,
m, CHp), 2.73 (1H, dd, 2J = 13.7 Hz, 3] = 7.1 Hz, Ar-
CH), 2.33 (3H, s, Ar-CHs), 2.05-2.02 (1H, m, CH), 1.94-
1.88 (1H, m, CH), 1.72-1.58 (2H, m, CH>).

Conversion determined using integrals at 6 2.37 (D98q)
and 2.33 (H98q).

D-Incorporation (%)

Hydrogenation (%)

Run Average
1 2 1 9 Average
Da Db Da Db Da Db
8 11 8 10 8 11 1 1 1
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Table 2.10 Competition reactions between aromatic and olefinic HIE.

The reactions were carried out following general procedure B and analysed by 'H
NMR spectroscopy to confirm the position and degree of deuterium incorporation in

both substrate and additive.

Complex Solvent Time (h) Temperature (°C)

Mes - PFg

NN
AN )\N DCM

|
\/ r\PPhSMeS (1 mL)
\ 64a
(0.4 mg, 0.0004 mmol)

Substrate data

H O

A

Data was consistent with that reported on page 360.
94

(292.3 mg, 2.0 mmol)

Additive 'H NMR data®
H O 'H NMR (400 MHz, CDCls): § 7.99-7.95 (2H, m, Ar-H),
7.60-7.56 (1H, m, Ar-H), 7.50-7.44 (2H, m, Ar-H), 2.62
(3H, s, CHa).
H D61 Incorporation expected at 6 7.99-7.95.

(48 mg, 0.4 mmol) Determined against integral at & 2.62.

Incorporation (%)

Run Substrate Additive
1 82 6
2 83 4
Average 83 5
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Additive

1H NMR datal®?

H O

4 101a

(66 mg, 0.4 mmol)

'H NMR (400 MHz, CDCl3): 6 7.91 (2H, d, J = 8.0 Hz,
Ar-H), 7.21 (2H, d, J = 7.9 Hz, Ar-H), 4.34 (2H, q J =
7.1 Hz, O-CHy), 2.38 (3H, s, Ar-CH3), 1.36 (3H,tJ=7.1
Hz, CH.-CHa).

Incorporation expected at 6 7.91.

Determined against integral at 6 1.36.

Incorporation (%)

Run Substrate Additive
1 88 0
2 90 4
Average 89 2

Additive

IH NMR data®

o

H
i,
\O_
H 27i

(49 mg, 0.4 mmol)

H NMR (400 MHz, CDCls): 6 8.25 (2H, dd, J = 7.7 Hz,
4)=1.1Hz, Ar-H), 7.71 (1H, tt, J = 7.4 Hz, *J = 1.1 Hz,
Ar-H), 7.56 (2H, t, J = 7.4 Hz, Ar-H).

Incorporation expected at 6 8.25.

Determined against integral at 6 7.71.

Incorporation (%)

Run Substrate Additive
1 80 0
2 88 0
Average 84 0

Additive

IH NMR data®

H  N=
t :N Y
H 100b

(58 mg, 0.4 mmol)

!H NMR (400 MHz, CDCl3): 6 7.93 (1H, d, J = 7.5 Hz,
Ar-H), 7.74-7.66 (3H, m, Ar-H), 7.48-7.44 (2H, m, Ar-
H), 7.29 (1H,t,J = 7.4 Hz, Ar-H), 6.48-6.42 (1H, m, Ar-
H).

Incorporation expected at 6 7.74-7.66.

Determined against integral at 6 6.48-6.42.

Incorporation (%)

Run Substrate Additive
1 4 93
2 2 92
Average 3 93
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Additive 'H NMR data®
T 9 H NMR (400 MHz, CDCls): § 7.27-7.22 (4H, m, Ar-H),
N 3.38 (4H, br s, N-CH>), 2.35 (3H, s, Ar-CH3), 1.13 (6H,
K br s, CHa).
H 100c Incorporation expected at 6 7.27-7.22.

(77 mg, 0.4 mmol)

Determined against integral at 6 2.35.

Incorporation (%)

Run Substrate Additive
1 0 0
2 0 0
Average 0 0

Additive 'H NMR data®
H ¢ H NMR (400 MHz, CDCl3): 6 8.71 (1H, d J = 4.7 Hz,
N | Ar-H), 8.02-7.98 (2H, m, Ar-H), 7.79-7.73 (2H, m, Ar-
N H), 7.52-7.41 (3H, m, Ar-H), 7.26-7.23 (1H, m, Ar-H).
H 27c Incorporation expected at 6 8.02-7.98.

(62 mg, 0.4 mmol)

Determined against integral at & 7.26-7.23.

Incorporation (%)

Run Substrate Additive
1 0 0
2 0 0
Average 0 0

Additive

IH NMR data®

H O

@fU\OH
H 869

(49 mg, 0.4 mmol)

'H NMR (400 MHz, DMSO): 6 12.93 (1H, br-s, O-H),
8.00-7.88 (2H, m, Ar-H), 7.66-7.56 (1H, m, Ar-H), 7.55-
7.44 (2H, m, Ar-H).

Incorporation expected at 6 8.00-7.88.

Determined against integral at 6 7.55-7.44.

Incorporation (%)

Run Substrate Additive
1 22 0
2 23 0
Average 23 0
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Scheme 2.61 Competition between aromatic and olefinic HIE in a single molecule.

The reactions were carried out following general procedure B and analysed by 'H

NMR spectroscopy to confirm the position and degree of deuterium incorporation.

Complex Solvent Time (h) Temperature (°C)
Mes~\ -\ PFe
/\Ir)L\\ iy DCM 1 25
N Nppng (1 mL)
N 64a

(0.4 mg, 0.0004 mmol)

Substrate IH NMR datal®
H® O 14 NMR (400 MHz, CDCls):  8.10-8.05 (2H, m, Ar-H),
Hb x 7.65-7.59 (2H, m, Ar-H), 7.54 (1H, d J = 16.3 Hz, Ar-

CH=CH), 6.80 (1H, d J = 16.3 Hz, CH=CH-CO), 3.95
101a  (3H, s, O-CHa), 2.41 (3H, s, CO-CHj3).
O HP Incorporation expected at 5 D? 7.54, D” 8.10-8.05.
(82 mg, 0.4 mmol) Determined against integral at 6 2.41.

_0O

Hydrogenation 1H NMR datal6*

Product
O  H NMR (400 MHz, CDCls): 8 7.93-7.89 (2H, m, Ar-H),
7.24-7.20 (2H, m, Ar-H), 3.87 (3H, s, O-CH3), 2.91 (2H, t
o H101a J=7.5Hz, CHy), 2.75 (2H, t J = 7.5 Hz, CH>), 2.11 (3H,
- s, CO-CHs).
o) Conversion determined using integrals at 6 2.41 (D101a)
and 2.11 (H101a).
D-Incorporation (%) Hydrogenation (%)
Run Average Run
1 2 1 2 Average
Da Db Da Db Da Db
88 2 89 2 89 2 1 1 1
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Substrate IH NMR data'®®
H® O 'H NMR (400 MHz, CDCls): 6 8.33-8.25 (2H, m, Ar-H),
HP N 7.75-7.69 (2H, m, Ar-H), 7.56 (1H, d J = 16.3 Hz, Ar-
o CH=CH), 6.84 (1H, d J = 16.3 Hz, CH=CH-CO), 2.44
“N* 101b (3H, s, CO-CHs).
(')' Hb Incorporation expected at 5 D? 7.56, D” 8.33-8.25.
(76 mg, 0.4 mmol) Determined against integral at 6 2.44.
Hydrogenation 1H NMR datal6s
Product

O  HNMR (400 MHz, CDCls): & 8.15-8.10 (2H, m, Ar-H),

7.37-7.31 (2H, m, Ar-H), 3.00 (2H,tJ=7.4 Hz, CHy), 2.82
o (2H,tJ=7.4 Hz, CH»), 2.16 (3H, s, CO-CHa)
“NY H101b  conversion determined using integrals at 6 2.44 (D101b)

and 2.16 (H101b).

1l
O
D-Incorporation (%) Hydrogenation (%)

Run Run

1 ;. Average |, Average

Da Db Da Db Da Db

9% 1 9% 2 9 2 1 1 1

Substrate IH NMR datal®®

H NMR (400 MHz, CDCl3): § 8.00 (1H, d J = 2.6 Hz,
Ar-H), 7.82-7.75 (3H, m, Ar-H), 7.70-7.63 (2H, m, Ar-
H), 7.55 (1H, d, J = 16.3 Hz, Ar-CH=CH), 6.75 (1H, d J
N<y 101c - 163 Hz, CH=CH-CO), 6.53 (1H, dd J = 2.6 Hz, 1.8
(/, X Hz, Ar-H), 2.42 (3H, s, CO-CHa).
— H Incorporation expected at & D? 7.55, DP 7.82-7.75.
Determined against integral at 6 2.42.

H& O
HP X

(85 mg, 0.4 mmol)

Hydrogenation

Product 'H NMR data
o)
w No reference NMR data available, integral for CO-CHz3
chosen based upon related compound H101b.
<N/\IN H107e  conversion determined using integrals at & 2.42 (D101c)
= and 2.16 (H101c).
D-Incorporation (%) Hydrogenation (%)
Run Average Run
1 2 1 9 Average
Da Db Da Db Da Db
0O 83 1 8 1 8 1 1 1
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Substrate IH NMR data®®®

'H NMR (400 MHz, CDCl3): 6 8.74 (1H, dt J = 4.8 Hz,
4] = 1.6 Hz, Ar-H), 8.12-8.03 (2H, m, Ar-H), 7.83-7.75
(2H, m, Ar-H), 7.71-7.65 (2H, m, Ar-H), 7.58 (1H,d J =
16.3 Hz, Ar-CH=CH), 7.32-7.24 (1H, m, Ar-H), 6.80
(1H,d J =16.3 Hz, CH=CH-CO), 2.42 (3H, s, CO-CH5).
Incorporation expected at 5 D? 7.58, D 8.12-8.03.
Determined against integral at 6 2.42.

(89 mg, 0.4 mmol)

Hydrogenation

Product 'H NMR data
0
No reference NMR data available, integral for CO-CH3
N H101d chosen pased upon _related _compound H101b.
| N Conversion determined using integrals at 6 2.42 (D101d)
% and 2.16 (H101d).
D-Incorporation (%) Hydrogenation (%)
Run Average Run
1 2 1 2 Average
Da Db Da Db Da Db
0O 0 0O O O 0O 0 O 0
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Scheme 2.63 HIE upon Z- enone.

The reactions were carried out following general procedure B and analysed by 'H
NMR spectroscopy to confirm degree of hydrogenation, and the position and degree

of deuterium incorporation.

Complex Solvent  Time (h) Temperature (°C)

Mes\N‘ N PFs

N =

\ Ir\ Mes DCM 1 25

> “PPh,

y 64a

(0.4 mg, 0.0004 mmol)
Substrate 'H NMR data!®®

H IH NMR (400 MHz, CDCls): § 7.42-7.29 (5H, m, Ar-
Z H), 6.93 (1H, d J= 12.8 Hz Ar-CH=CH), 6.2 (1H, d J =
12.6 Hz, CH=CH-CO), 2.13 (3H, s, CO-CHj).

0 Incorporation expected at 6 6.93
(58.5 mg, 0.4 mmol) Determined against integral at 6 2.13.
Hydrogenation Product data
o)
©/\)J\ Data was consistent with that reported on page 362.
95
D-Incorporation (%) Hydrogenation (%)
—_Run__ Average _Run Average
1 2 1 2
0 O 0 1 1 1
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Graph 2.7 Hammett plot for olefinic HIE.

The reactions were carried out following general procedure C and analysed by 'H
NMR spectroscopy to confirm the degree of hydrogenation, and the position and

degree of deuterium incorporation. The data for the Hammett plot are summarised in
Table E2.9.

Complex Solvent Temperature (°C)

MeS\N‘/\§ PFe
’\Ir)‘" N DCM -
N/ ey o (5mL)
y 64a
(0.4 mg, 0.0004 mmol)

Substrate Data
H O

N
/O)\)‘\ Data was consistent with that reported on page 370.
MeO 97f

(350 mg, 2.0 mmol)

30

Time (sec) D-Incorporation (%)
25
—_ y = 2.100x - 6.200
S 38 S 2 R2=0.997
7 8.6 c
215
9 13.3 ©
S 10
11 17.3 )
g 5
13 20.6 o
15 25.2 ° Crime(miy © 7
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Substrate

data

H

O

X
M Data was consistent with that reported on page 369.
97e

(320 mg, 2.0 mmol)

Time (sec) D-Incorporation (%)

35
30

y =2.083x-1.129

5 10 g o5 R2 = 0.994
7 12.4 E 20
9 17.9 8 15
8— 10
11 21.8 § ]
13 25.7 R
5 10 15 20
15 30.4 Time (min)
Substrate data
H O
N
os consistent with that reported on page 362.
(293 mg, 2.0 mmol)
Time D-Incorporation (%) > y = 2.060x - 1.767
(sec) % R?=0.998
5 8.9 § 25
7 12.3 s ®
T 15
9 16.9 EL 10
11 20.5 é 5
\ 0
13 25.0 . 5 10 15 20
15 204 Time (min)
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Substrate Data
H O

N
/O)\/U\ Data was consistent with that reported on page 369.
Br 97c

(450 mg, 2.0 mmol)

Time (sec) D-Incorporation (%) zz y = 2.047x - 1.688
R2 = 1.000
5 8.5 g -
7 12.6 g 20
9 16.8 g 15
o
o 10
11 21.0 S
g 5
13 24.8 A 0
0 5 10 15 20
15 29.0 Time (min)
Substrate Data
H O

N
M Data was consistent with that reported on page 368.
Cl 97d

(360 mg, 2.0 mmol)

Time (sec) D-Incorporation (%) %0 y = 2.039x - 2.236

5 g2 s R2 = 0.999
7 1i 9 o

[

: 2 15

9 15.8 g

S 10
11 20.1 S .

e
13 24.7 A 0
15 28.2 0 5 10 15 20

Time (min)
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Substrate data

H O

N
M Data was consistent with that reported on page 367.
F3;C 97a

(430 mg, 2.0 mmol)

35

Time (sec) D-Incorporation (%)
30 | y=2.013x + 0.321

5 9.7 S 0 R2 = 0.994
7 15.0 £ 2
9 18.7 g1

o 10
11 23.0 o

g 5
13 25.7 3 0

0 5 10 15 20

15 30.6 Time (min)

Substituent  wu/vi  log(v/ve)  6p™®’
OMe 1.019 0.0084 -0.27
Me 1.011 -0.0028 -0.17

H 1.000 -0.0045 0
Br 0.994 0.0048 0.23
Cl 0.990 0.0000 0.23

OMe 0.977 0.0100 0.54

Table E2.9
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Graph 2.8 Independent reactions to generate a KIE.

The reactions were carried out following general procedure B and analysed by 'H

NMR specteoscopy to confirm the degree of deuterium (or hydrogen) incorporation.

Complex Solvent Temperature (°C)
Mes <\ -\ PFe
’\Ir)k\‘ N DCM ’5
N Sppna e (1 mL)
\ 64a

(0.4 mg, 0.0004 mmol)

Substrate Data
H O
N

Data was consistent with that reported on page 362.
94

(58.5 mg, 0.4 mmol)
D-Incorporation (%)
Run

1 2 3

5 386 36.7 377 37.7

10 56.7 49.8 57.2 54.6

Time
(min)

Average

Substrate !H NMR data'®®
'H NMR (400 MHz, CDCl3): 4 7.62-7.49 (2H, m, Ar-
DO Hand d, J = 15.9 Hz, Ar-CH=CH), 7.47-7.39 (3H, m,
X Ar-H), 6.75 (1H, d, Ju-p = 5.2 Hz, CD=CH-CO), 2.41
D94 (3H, S, OC-CH@).

(58.9 mg, 0.4 mmol) Incorporation expected at 6 7.62-7.49.
’ Determined against integral at 6 2.41.

H-Incorporation (%)

Time Run
(min) 1 > 3 Average
5 114 124 11.3 11.7

10 16,5 16.0 16.8 16.4
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Graph 2.9 Monitored reactions to generate a KIE.

The reactions were carried out following general procedure C and analysed by 'H

NMR spectroscopy to confirm the degree of deuterium (or hydrogen) incorporation.

Complex Solvent Temperature (°C)
Mes <\ -\ PFe
’\Ir)k\‘ N DCM ’5
N ppng (20 mL)
\ 64a

(2.0 mg, 0.002 mmol)

Substrate Data
H O
N

Data was consistent with that reported on page 362.
94

(293 mg, 2.0 mmol)
Time D-Incorporation (%)

5 22.1
7 40.6
9 57.1

Substrate 1H NMR data'®

IH NMR (400 MHz, CDCl3): & 7.62-7.49 (2H, m, Ar-

D Q Hand d, J = 15.9 Hz, Ar-CH=CH), 7.47-7.39 (3H, m,

D Ar-H), 6.75 (1H, d, Ju.0 = 5.2 Hz, CD=CH-CO), 2.41

D94 (3H, S, OC-C@)

(294 mg, 2.0 mmol) Incorporation expected at & 7.62-7.49.
’ Determined against integral at d 2.41.

Time H-Incorporation (%)

5 13.8
7 18.3
9 23.0
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Scheme 2.66 Testing olefinic HIE on pharmaceutical agents.

The reactions were carried out following general procedure B and analysed by 'H

NMR spectroscopy to confirm the degree of deuterium incorporation.

Complex Solvent Temperature (°C)
Mes <\ -\ PFe
’\Ir)k\‘ N DCM ’5
N Sppna e (1 mL)
\ 64a

(0.4 mg, 0.0004 mmol)

Substrate 'H NMR data!®®
'H NMR (400 MHz, CDCl3): 6 7.72 (2H, s, Ar-
CH=C), 7.06 (2H, dd J = 8.4 Hz, “J = 2.0 Hz, Ar-
H), 6.97 (2H, d 4J = 1.9 Hz, Ar-H), 6.93 (2H, d J
= 8.2 Hz, Ar-H), 5.80 (2H, s, Ar-OH), 3.90 (6H,
s, O-CHzs), 2.95-2.88 (4H, m, CH,), 1.86-1.75

Cyclovalone - 102 (2Hv m, Cm)

(147 mg, 0.4 mmol) Incorporation expected at 6 7.72.
Determined against integral at 6 3.90.
D-Incorporation (%)
Reaction Time (h)  Run
1
3 52 52 52

Average

Substrate IH NMR datal’®
y IHNMR (400 MHz, CDCl3): 6 7.55 (1H, d J = 15.2 Hz,

Q Ar-CH=CH), 7.02 (1H, d *J = 1.6 Hz, Ar-H) 6.98 (1H,
o NN dd J = 8.0 Hz, %) = 1.6 Hz, Ar-H), 6.78 (1H, d J = 8.0
<O Hz, Ar-H), 6.73 (1H, d J = 15.2 Hz, CH=CH-CO), 5.97

llepcimide - 103 (2H, s, O-CH2-0), 3.70-7.52 (4H, m, CH), 1.67-1.59
(6H, m, CHy).
(104 mg, 0.4 mmol) Incorpo_ration expected at & 7.55.
Determined against integral at 6 5.97.
D-Incorporation (%)
Reaction Time (h)  Run
1

Average

1 90 92 91
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6.4. sp> HIE
Scheme 2.67 First Catalyst Screen for sp® HIE.
The reactions were carried out following general procedure A and analysed by LCMS

to confirm the extent of exchange. The position was confirmed through *H NMR
spectroscopy of the highest incorporation result (Table E2.10).

Solvent Temperature (°C) Time (h)
DCM
(1mL) 25 3
Substrate 'H NMR data!"

'H NMR (300 MHz, DMSO): 6 8.12 (1H, dd J =5.1 Hz,
4J = 1.5 Hz, Ar-H), 7.54 (1H, ddd J = 8.7 Hz, 7.1 Hz, 4]
H H | o~ =1.5Hz, Ar-H), 6.81 (1H, d J = 8.7 Hz, Ar-H), 6.66 (1H,
R@N N dd J = 7.7 Hz, *J = 5.1 Hz, Ar-H), 3.72-3.64 (4H, m, O-
OMK\ CH>), 3.44-3.37 (4H, m, N-CH>).
\ H 104 Incorporation expected at & 3.44-3.37.
(14.1 mg, 0.086 mmol) Determined against integral at d 6.66.

LCMS data

Retention time: 0.28 min; Mass ion: 165.1 (M+H)*
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Entry

D-Incorporation (%)

Complex Run

1 5 Average

=

Cl
\ / Mes
VA 0
Mes” \) 63a
(1.4 mg, 0.00215 mmol)

PF
\ / °
\/ PCys 30 23

(1.7 mg, 0.00215 mmol)

25

24

Mes PFg
. Y
N\ N
Ir Mes 87

“PPh;
64a

(2.2 mg, 0.00215 mmol)

81

79

Mes < A\ /§ BArF
g )\ 88
> PPh3

71c
(3 7 mg, 0.00215 mmol)

84

86

83

MeS\N/w BArF
6 N
N

> PBn3
87a

(3.8 mg, 0.00215 mmol)

84

84

Mes - BArF
0

AN )‘ N, -8
Ir Mes

$/ “P(Me),Ph

i | 87b
(3.4 mg, 0.00215 mmol)

77

78

BArF
Bn\N N

(3.4 mg, 0.00215 mmol)

83

84

Table E2.10

Chapter 2
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Graph 2.11 Application of Different Solvents for sp® HIE.

The reactions were carried out following general procedure A and analysed by LCMS
to confirm the extent of exchange. The position was confirmed through *H NMR

spectroscopy of the highest incorporation result (Table E2.11).

Temperature

Complex o
P (°0)

Solvent Time (h)

Mes\Nk-\ BArF
AN )\N\

Ir Mes
N/ “pph,
y 71c

(7.4 mg, 0.0043 mmol)

25 1mL 3

Substrate Data

H
N
Data was consistent with that reported on page 4009.
O\/{\H 104 P Pag
H

(14.1 mg, 0.086 mmol)

D-Incorporation (%)

Entry  Solvent 1Run2 Average
1 MeOH 40 41 41
2 IPA 59 56 58
3 tamylOH 75 74 75
4 iPrOAc 80 72 76
5 tBUOAc 92 94 93
6 2-MeTHF 64 73 69
7 CPME 83 83 83
8 MTBE 87 92 90

Table E2.11
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Design of experiments delivering the first protocol for morpholine and piperidine HIE

Experimental design was used to assess the effect of varying the catalyst loading,
reaction time and solvent volume. As such, ‘high’ and ‘low’ values for each of the
three variables were chosen. To generate a series of experiments to study optimal
conditions within the variable ranges chosen, Design Expert™ software v10.0
(Stat_Ease Inc., Minneappolis, Mn) was used. This generated a two-level, three-
factorial design containing three centre points, giving 11 experiments in total. The
deuterium incorporation of D104 was used as the response. The reactions were carried
out following general procedure A and analysed by LCMS to confirm the extent of
exchange. The position was confirmed through *H NMR spectroscopy of the three
centre point results. (Table E2.12).

Complex Temperature (°C) Solvent

Mes < /§ BArF

N™N
-
’\“/LN\NI 25 DCM
es
\/ “PPh;

71c

Substrate data

H
N
Data was consistent with that reported on page 4009.
O\/(\H 104 P Pag
H

(14.1 mg, 0.086 mmol)
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Variable A: . ) Var|a_1ble )
Catalyst Amount of Varlab[e B: C: Responsg.
Run? Loading 71c Reactlo_n DCM Incorporation
(Mol%) (mg (umol)) Time (min)  Volume (%D)
(mL)
1 (++-) 1.5 2.2 (1.29) 40 0.5 52
2 (--+) 0.5 0.7 (4.30) 20 2.5 24
3 (++4) 1.5 2.2 (1.29) 40 2.5 94
4 (***) 1.0 1.5 (0.86) 30 1.5 72
5 (-+-) 0.5 0.7 (4.30) 40 0.5 45
6 (***) 1.0 1.5 (0.86) 30 1.5 73
7 (---) 0.5 0.7 (4.30) 20 0.5 30
8 (+--) 1.5 2.2 (1.29) 20 0.5 51
9 (***) 1.0 1.5 (0.86) 30 1.5 69
10 (-++) 0.5 0.7 (4.30) 40 2.5 37
11 (+-+) 1.5 2.2 (1.29) 20 2.5 70

2 symbol in parentheses indicate points in the design; + high, * mid and — low.

Table E2.12

Runs 4, 6 and 9 represent the centre points of the design. These are employed in order

to:

(ili)  Assess any curvature in the response of incorporation changes in the
variables; and

(iv)  Assess the repeatability of the hydrogen isotope exchange reaction.

A response surface was created in the same design program. This generated a half-
normal plot inferring that increasing the catalyst loading, reaction time and solvent
volume had a positive impact upon the HIE reaction. Furthermore, it indicated the
order of significance of each factor; Catalyst Loading >> Reaction Time and Solvent
Volume. Additionally, a combined variable of catalyst loading and solvent volume

was observed to have a positive impact (Graph E2.7).

413



Chapter 2

Design-Expert® Software

Incorporation Half-NOI’m al PIOt

A Error estimates
A: Catalyst Loading
B: Reaction Time 95— ]
€:DCM Volume . A-Catalyst Loading
B Negative Effects 90 —|
2 ]
XS E Oac
Qo 80 -
o E
o E . .
< 703 O B-Reaction Time
e E
g E O c-DCM Volume
S 50 é =
5 1 S
I 30 -
20 — A
10 -
2 8
\ \ \ \ \
0.00 8.19 16.38 24.56 32.75
|[Standardized Effect|
Graph E2.7

Further implementation of the design software generated Graph E2.8. By plotting
reaction time and catalyst loading at the fixed optimal solvent volume (1 mL) it can be
seen that a decrease in catalyst loading and increase in reaction time leads to the

optimised conditions (1.0 mol% catalyst, 1 mL solvent, 1 h).
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Design-Expert® Software
Factor Coding: Actual
Incorporation (%)

94

24

X1 = A: Catalyst Loading
X2 = B: Reaction Time

Actual Factor
C: DCMVolume =1 .

Incorporation (%)

50 ) 15
40 11

B: Reaction Time (min) 30 %
20 05 A Catalyst Loading (mol%)

Graph E2.8

Finally, provided below is a graph of Residuals versus Predicted plot. This is a plot of
the residuals versus the ascending predicted response values (low incorporation to high
incorporation), and tests the assumption of constant variance in the data (Graph E2.9).
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Design-Expert® Software
Incorporation
(adjusted for curvature)

Color points by value of
Incorporation:
94

24

Externally Studentized Residuals

-2.00 —

-4.00 —

-6.00 —

Residuals vs. Predicted

Chapter 2

6.00 —

4.00 —

2.00 —

0.00 —

20

30 40 50 60 70 80

Predicted

Graph E2.9

90
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Scheme 2.69 HIE on morpholine substrates.

The reactions were carried out following general procedure A and analysed by LCMS
to confirm the extent of exchange. The position was confirmed through *H NMR

spectroscopy.
Complex Solvent Tem?oeéz);lture Time (h)
Mes < BArF
N™ N
-
/\n)\ N DCM 25 1
N/ Npphg o (ImL)
' 71c
(1.6 mg, 0.0086 mmol)
Substrate data
WD
R&N N Data was consistent with that reported on page 409
O\/(\H 104 P Pag '
H

(14.1 mg, 0.086 mmol)

D-Incorporation (%)
Run

1 2

82 78 80

Average
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Substrate

IH NMR data'’?

Br
Y
=
RAN N
O\/k\H 105a
H

(14.1 mg, 0.086 mmol)

'H NMR (300 MHz, DMSO): 5 8.46 (2H, s, Ar-H), 3.70-
3.60 (8H, m, CH,).

Incorporation expected at 6 3.70-3.60.

Determined against integral at o 8.46.

LCMS data

Retention time: 2.69 min; Mass ion: 244.1 (M+H)*

D-Incorporation (%)

Run

Tve

NN
o H 105b
H

(18.4 mg, 0.086 mmol)

1 2 Average
94 95 95
Substrate 'H NMR datal’®
'H NMR (300 MHz, DMSO): 6 8.05 (1H, d J = 9.3 Hz,
L H Ar-H), 7.70 (1H, d J = 7.9 Hz, Ar-H), 7.61-7.48 (2H, m,

Ar-H), 7.28-7.18 (2H, m, Ar-H), 3.76-3.69 (4H, m, O-
CH>), 3.68-3.59 (4H, m, N-CHa).

Incorporation expected at 6 3.68-3.59.

Determined against integral at 6 7.28-7.18.

LCMS data

Retention time: 0.49 min; Mass ion: 215.1 (M+H)"

D-Incorporation (%)

Run

(18.4 mg, 0.086 mmol)

—1 2 Average
94 94 94
Substrate 'H NMR data'™
!H NMR (300 MHz, DMSO): 6 8.15-8.08 (2H, m, Ar-
X H), 7.88 (1H, d J =8.2 Hz, Ar-H), 7.75-7.66 (1H, m, Ar-
Nl P H), 7.63-7.54 (1H, m, Ar-H), 7.39 (1H, d J = 5.7 Hz, Ar-
H), 3.90-3.80 (4H, m, O-CH,), 3.33-3.27 (4H, m, N-
H N. H CHy).
H>[ TH Incorporation expected at & 3.33-3.27.
0" 105c Determined against integral at o 7.39.

LCMS data

Retention time: 0.80 min; Mass ion: 215.1 (M+H)*

D-Incorporation (%)

Run

ﬁ Average

99 99 99
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Substrate

IH NMR datal’

HWH O

N
QH 105d

H
(11.1 mg, 0.086 mmol)

'H NMR (300 MHz, DMSO): & 3.59-3.48 (4H, m, O-
CH>), 3.45-3.36 (4H, m, N-CH>), 1.97 (3H, s, CO-CHz).
Incorporation expected at 6 3.45-3.36.
Determined against integral at 6 1.97.

LCMS data

Retention time: 0.41 min; Mass ion: 130.1 (M+H)*

D-Incorporation (%)

Run

1 Average
0 0 0
Substrate IH NMR datal’®
HH O 'H NMR (300 MHz, DMSO): & 3.60 (3H, s, O-CHa),

P

ka\H 105e
H

(12.4 mg, 0.086 mmol)

3.56-3.50 (4H, m, O-CH), 3.37-3.29 (4H, m, N-CH>).
Incorporation expected at 6 3.37-3.29.
Determined against integral at 6 3.60.

LCMS data

Retention time: 0.92 min; Mass ion: 146.1 (M+H)"

D-Incorporation (%)

Run

— 5 Average

0 O 0
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Scheme 2.70 HIE upon piperidine substrates.

The reactions were carried out following general procedure A and analysed by LCMS
to confirm the extent of exchange, position was confirmed through *H NMR.

Complex Solvent Tem?oecr::);lture Time (h)
Mes BArF
NN
-
/\“’)\N\I\Aes DCM 25 1
N/ Npph, (ImL)
Y 71c
(1.6 mg, 0.0086 mmol)
Substrate 'H NMR datal’’
IH NMR (300 MHz, DMSO): 5 7.11 (1H, d J = 3.7 Hz,
H H S/\> Ar-H), 6.75 (1H, d J = 3.6 Hz, Ar-H), 3.45-3.33 (4H, m,
N/'\\N N-CHy), 1.65-1.52 (6H, m, CHy).
Incorporation expected at & 3.45-3.33.
H H 105f Determined against integral at & 1.65-1.52.
(14.5 mg, 0.086 mmol) LCMS data

Retention time: 0.67 min; Mass ion: 169.0 (M+H)*

D-Incorporation (%)

Run
1 5 Average
69 73 71
Substrate 'H NMR data'’®

'H NMR (300 MHz, DMSO): 6 8.31 (2H, d J = 4.7 Hz,
Ar-H), 6.55 (1H, t J = 4.7 Hz, Ar-H), 4.64 (1H,d J = 4.2
Lax Hed N7 Hz, O-H), 4.24 (2H, ddd 2J = 13.0 Hz, J = 5.6 Hz, 4.1 Hz,
Jo ' N-CH.), 3.72 (1H, oct 3 = 4.2 Hz, 0-CH), 3.24 (2H, ddd
N N 2] =13.0 Hz, J = 9.1 Hz, 3.7 Hz, N-CH), 1.81-1.70 (2H,

HO Hed m, CH2), 1.39-1.23 (2H, m, CHy).

H™ 105g  Incorporation expected at & 3.24 axial, 4.24 equatorial.
(15.4 mg, 0.086 mmol) _Determined against integral at 3 1.39-1.23.
LCMS data
Retention time: 0.72 min; Mass ion: 180.1 (M+H)"
D-Incorporation (%)

Run

1 > Average

eq ax eq ax eq ax

84 82 83 83 84 83
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Substrate

IH NMR data'”®

Hax HEq N/ |

N)\\N

Hed
H™ 105h
(16.6 mg, 0.086 mmol)

HO

'H NMR (300 MHz, DMSO): 8 8.3 (2H, d J = 4.7 Hz,
Ar-H), 6.53 (1H, t J = 4.7 Hz, Ar-H), 4.70-4.58 (2H, m,
N-CH), 4.40 (1H, t J = 5.3 Hz, O-H), 3.33-3.20 (2H,
m, O-CHy), 2.83 (2H, td J = 12.7 Hz, 2.7 Hz, N-CH>),
1.77-1.55 (3H, m, CH2-CH & CHz2), 1.14-0.95 (2H, m,
CHo).

Incorporation expected at 6 2.83 axial, 4.70-4.58
equatorial.

Determined against integral at 6 1.14-0.95.

LCMS data

Retention time: 0.71 min; Mass ion: 194.1 (M+H)"

D-Incorporation (%)

Run
1 > Average
e ax eq ax eq ax
90 87 88 84 89 86

Substrate

IH NMR data'®

Hax Heq / |
NS

N N

Hed
Hax

HO
105i

o]
(17.7 mg, 0.086 mmol)

!H NMR (300 MHz, DMSO): § 12.15 (1H, br s, O-H),
8.08 (1H, dd J = 5.2 Hz, 2J = 2.0 Hz, Ar-H), 7.49 (1H, dd
J=8.7Hz, 7.1 Hz, 2J = 2.0 Hz, Ar-H), 6.80 (1H,d J =
8.7 Hz, Ar-H), 6.58 (1H, dd J = 7.1 Hz, 5.2 Hz, Ar-H),
4.16 (2H, ddd 2J = 13.3 Hz, J = 4.3 Hz, 3.2 Hz, N-CH>),
2.92 (2H, ddd 2J = 13.3 Hz, J = 11.5 Hz, 2.9 Hz, N-CH>),
2.52-2.42 (1H, m, CH), 1.91-1.79 (2H, m, CH), 1.61-
1.40 (2H, m, CHy).

Incorporation expected at & 2.92 axial, 4.16 equatorial.
Determined against integral at 6 1.61-1.40.

LCMS data

Retention time: 0.39 min; Mass ion: 207.1 (M+H)"

D-Incorporation (%)

Run
1 > Average
e ax eq ax eq ax
88 72 86 73 87 73
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Substrate IH NMR data'®
TH NMR (300 MHz, CDsCN): & 9.05 (LH, br-s, O-H),
7.68 (1H, d J=7.5 Hz, Ar-H), 7.44 (1H,d J = 7.5 Hz,
Ar-H), 7.28 (1H, td J = 7.5 Hz, %) = 1.5 Hz, Ar-H), 7.07
o H9 S (1H, ddd J = 7.5 Hz, 7.5 Hz, 4] = 1.5 Hz, Ar-H), 4.04
H )\\ (2H, ddd 2)=12.6 Hz, J=4.2 Hz, 4.1 Hz, N-CHy), 3.25
N (2H, ddd 2] =12.6 Hz, J = 11.4 Hz, 3.0 Hz, N-CH2),
HO Hea 2.62 (1H, tt J = 11.1 Hz, 4.0 Hz, CH), 2.07-1.96 (2H,
I H™ 105  m, CHy), 1.81-1.64 (2H, m, CHy).

(22.6 mg, 0.086 mmol)

Incorporation expected at § axial 3.25, equatorial 4.04.
Determined against integral at 6 1.81-1.64.

LCMS data

Retention time: 2.49 min; Mass ion: 263.1 (M+H)*

D-Incorporation (%)

Run
1 5 Average
eq ax eg ax eq ax
88 79 86 75 87 77
Substrate IH NMR data'®?
'H NMR (300 MHz, DMSO): 6 12.11 (1H, br s, O-
H), 8.37 (1H, br's, Ar-H), 7.74 (1H, dd J = 9.1 Hz, 4]
= 2.6 Hz, Ar-H), 6.93 (1H, d J = 9.1 Hz, Ar-H), 4.27
o Hequ/CFs (2H, ddd 2J = 13.5 Hz, J = 3.8 Hz, 3.8 Hz, N-CHy),
- 3.08 (2H, ddd 2J = 13.5 Hz, J = 11.2 Hz, 3.0 Hz, N-
N" N CHy), 2.56 (1H, tt J = 11.0 Hz, 4.0 Hz, CH), 1.94-
HO Hed 1.81 (2H, m, CHy), 1.61-1.41 (2H, m, CHo).
H®™ 105k Incorporation expected at & 3.08 axial, 4.27

(23.6 mg, 0.086 mmol)

equatorial.
Determined against integral at 6 1.61-1.41.

LCMS data

Retention time: 3.19 min; Mass ion: 275.1 (M+H)*

D-Incorporation (%)

Run

1 > Average
e ax eq ax eq ax
93 90 92 90 93 90
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Substrate IH NMR data'®
IH NMR (300 MHz, DMSO): 6 8.17 (1H, dd J = 4.8 Hz,
2] =1.5Hz, Ar-H), 7.50 (1H, ddd J = 8.6 Hz, 7.4 Hz, 4]
HH ) = 1.5 Hz, Ar-H), 3.73 (1H, d J = 7.4 Hz, Ar-H), (1H, dd

NS
o

H 105l
© H

(15.2 mg, 0.086 mmol)

J = 8.6 Hz, 4.8 Hz, Ar-H), 3.89 (4H, t J = 7.2 Hz, N-
CH>), 2.48 (4H,tJ = 7.2 Hz, CHy).

Incorporation expected at ¢ 3.89.

Determined against integral at 6 2.48.

LCMS data

Retention time: 0.34 min; Mass ion: 177.0 (M+H)"

D-Incorporation (%)

Run

(10.9 mg, 0.086 mmol)

—l 2 Average
94 92 93
Substrate 'H NMR data'”™
WH O 'H NMR (300 MHz, DMSO): § 3.44-3.27 (4H, m, N-
)K CHy), 1.95 (3H, s, CO-CH3s), 1.60-1.33 (6H, m, CH>).

N Incorporation expected at 6 3.44-3.27.

QH 105m Determined against integral at § 1.95.
H LCMS data

Retention time: 1.50 min; Mass ion: 128.2 (M+H)*

D-Incorporation (%)

Run

1 2 Average

0 O 0
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Design of experiments delivering the second protocol for piperazine HIE

Experimental design was used to assess the effect of varying the catalyst loading,
reaction time and solvent volume. As such, ‘high’ and ‘low’ values for each of the
three variables were chosen. To generate a series of experiments to study optimal
conditions within the variable ranges chosen, Design Expert™ software v10.0
(Stat_Ease Inc., Minneappolis, Mn) was used. This generated a two-level, three-
factorial design containing three centre points, giving 11 experiments in total. The
deuterium incorporation of D105n was used as the response. The reactions were
carried out according to general procedure A, and are analysed by LCMS to confirm
the extent of exchange. The position of exchange was confirmed through *H NMR

spectroscopy of the three centre point results. (Table E2.13).

Complex Temperature (°C) Solvent

Mes < /§ BArF

N™ N\
-
’\“/LN\NI 25 DCM
es
\/ “PPh,
' 71c

Substrate IH NMR data'®

TH NMR (300 MHz, DMSO): 5 8.08 (1H, dd J = 4.9 Hz,
43 =2.1Hz, Ar-H), 7.49 (1H, ddd J = 8.7 Hz, 7.1 Hz, 4J
HH = 2.1 Hz, Ar-H), 6.75 (1H, d, J = 8.7 Hz, Ar-H), 6.59
RQN > (1H, dd J = 7.1 Hz, 4.9 Hz, Ar-H), 3.43-3.32 (4H. m, N-
e CH_), 2.81-2.70 (4H, m, NH-CHy).
L H 105n Incorporation expected at & 3.43-3.32.

(14.1 mg, 0.086 mmol) Determined against integral at 6 2.81-2.70.
LCMS data

Retention time: 0.37 min; Mass ion: 164.0 (M+H)*
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Variable A: _ _ Varla_lble |
Catalyst Amount of Varlab[e B: C: Response:
Run? Loading 71c Reactlo_n DCM  Incorporation
(mol%) (mg (umol))  Time (min)  Volume (%D)
(mL)
1(***) 3.0 4.5 (2.58) 75 1.5 62
2 (+++) 5.0 7.4 (4.30) 120 25 83
3 (+-) 5.0 7.4 (4.30) 30 0.5 48
4 (--+) 1.0 1.5 (0.86) 30 2.5 7
S (***) 3.0 4.5 (2.58) 75 15 62
6 (++-) 5.0 7.4 (4.30) 120 0.5 69
7 (=) 1.0 1.5 (0.86) 30 05 5
8 (-+-) 1.0 1.5 (0.86) 120 0.5 10
9 (-++) 1.0 1.5 (0.86) 120 o5 12
10 (+-+) 5.0 7.4 (4.30) 30 o5 7
11 (***) 3.0 4.5 (2.58) 75 15 62

2 symbol in parentheses indicate points in the design; + high, * mid and — low.

Table E2.13

Runs 1, 5 and 11 represent the centre points of the design. These are employed in order

to:

Q) Assess any curvature in the response of incorporation changes in the
variables; and

(i) Assess the repeatability of the hydrogen isotope exchange reaction.

A response surface was created in the same design program. This generated a half-
normal plot inferring that increasing the catalyst loading, and reaction time had a
positive impact upon the HIE reaction, with a negligible effect from the solvent
volume. Furthermore, it indicated the order of significance of each factor; Catalyst

Loading >> Reaction Time >> Solvent VVolume (Graph E2.10).
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Design-Expert® Software

Incorporation Half-NOI’m al PIOt

A Error estimates
A: Catalyst Loading
B: Reaction Time 95— ]
€:DCM Volume . A-Catalyst Loading
B Negative Effects 90 —|
2 ]
2 E O B-Reaction Time
Qo 80 -
o E
o 3 o
E AB
° 70 E
g E O c-DCM Volume
S 50 é ]
5 ]
I 30 =
20 — A
10 -
o= &
\ \ \ \ \ \ \
0.00 9.21 18.42 27.63 36.83 46.04 55.25
|[Standardized Effect|
Graph E2.10

Further implementation of the design software generated Graph E2.11. By plotting
reaction time and catalyst loading at the fixed optimal solvent volume (1 mL), it can
be seen that moderately elevated catalyst loading and reaction time leads to the

optimised conditions (5.0 mol% catalyst, 1 mL solvent, 3 h).
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Factor Coding: Actual
Incorporation (%)

83

5

X1 = A: Catalyst Loading
X2 = B: Reaction Time

Actual Factor
C: DCM Volume =1

100

Chapter 2

85.7143

71.4286

57.1429

42.8571

28.5714

14.2857

Incorporation (%)

0

//

12
0110100 55 -

. - 70 50
B: Reaction Time (min)®® 50 40557

o

o

/\‘
B °

3
2 A: Catalyst Loading (mol%)

Graph E2.11

Finally, provided below is a graph of Residuals versus Predicted plot. This is a plot of

the residuals versus the ascending predicted response values (low incorporation to high

incorporation), and tests the assumption of constant variance in the data (Graph

E2.12).
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Design-Expert® Software
Incorporation
(adjusted for curvature)

Color points by value of
Incorporation:
83

5

Externally Studentized Residuals

Residuals vs. Predicted

Chapter 2

6.00 —
4.00 —
-]
2.00 —
|
]
O
0.00 — o
o O
=]
|
-2.00 —
[m]
-4.00 —
-6.00 —
\ \ \ \
20 40 60 80
Predicted
Graph E2.12
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Scheme 2.71 HIE upon piperazines substrates.

The reactions were carried out following general procedure A and analysed by LCMS

to confirm the extent of exchange, position was confirmed through *H NMR.

Protocol 1
Complex Solvent TemE)oecr::);lture Time (h)
Mes\Nk-\ BArF
/\Ir)\ Niv| DCM 25 1
es
/" PPh, (ImL)
\ 71c
(1.5 mg, 0.86 pmol)
Protocol 2
Complex Solvent Tem?oeéz);lture Time (h)
Mes\NL\ BArF
’\Ir)\ N e DCM . ;
N/ pphg (I mL)
y 71c
(7.4 mg, 4.30 umol)
Substrate Data

X

%N NT
HNV(\H 105n Data was consistent with that reported on page 424.
H
(14.1 mg, 0.086

mmol)

D-Incorporation
(%)

Protocol RUN

1 2
1 17 18 18
2 89 89 89

Average
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Substrate IH NMR data'®

IH NMR (300 MHz, DMSO): & 8.37 (1H, br s, Ar-H),

" ~CFs 7.73 (1H,dd J=9.1 Hz,*J = 2.7 Hz, Ar-H), 6.88 (1H, d J

H? | P = 9.1 Hz, Ar-H), 3.59-3.48 (4H, m, N-CH2), 2.88-2.60
%N N~ THP (4H, m, NH-CHy).
HN\/FHa 1050 Incorporation expected at & 3.59-3.48.
H® Determined against integral at 6 2.88-2.60.
(19.9 mg, 0.086 mmol) LCMS data

Retention time: 1.12 min; Mass ion: 232.3 (M+H)*

D-Incorporation (%)

Protocol 1 Run > Average
Da D" D2 Db D2 DP
1 11 0 10 0 11 0
2 80 19 77 15 79 17
Substrate 'H NMR data!®

IH NMR (300 MHz, DMSO): 8 8.40 (1H, brs, Ar-H), 7.77
e HE ﬁBr (1H, dd J = 9.2 Hz, %3 = 2.5 Hz, Ar-H), 6.92 (1H, d J = 9.4

., Hz, Ar-H), 3.64-3.46 (4H, m, N-CHy), 2.88-2.71 (4H, m,
N~ °N” TH
il NH-CH,).
HaHa 105p Incorporation expected at 5 D? 3.64-3.46, D° 8.40.
(20.8 mg, 0.086 Determined against integral at 6 2.88-2.71.
mmol) LCMS data
Retention time: 2.24 min; Mass ion: 243.0 (M+H)*
D-Incorporation (%)
Protocol 1 Run > Average
D2 D D* DP D* DP
1 24 0 23 0 24 O
2 90 30 94 38 92 34
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Substrate 'H NMR data'®’
IH NMR (300 MHz, DMSO): 8.46 (2H, br s, Ar-H), 3.89-
)\7 3.75 (4H, m, N-CHy), 2.90-2.78 (4H, m, NH-CHy).
% Incorporation expected at 6 3.89-3.75.
H 105q Determined against integral at 6 2.90-2.78.
H
LCMS data
(20.8 mg, 0.086 . . .
mmol) Retention time: 2.24 min; Mass ion: 244.1 (M+H)*
D-Incorporation
0,
Protocol (%)
Run
1 Average
1 7 7
2 75 79 77
Substrate 'H NMR data'®
H S N 'H NMR (300 MHz, DMSO): § 7.14 (1H, d J = 3.6 Hz, Ar-
/g\/> H), 6.79 (1H, d J = 3.6 Hz, Ar-H), 3.36-3.26 (4H, m, N-
N~ N CHy), 2.83-2.73 (4H, m, NH-CH,).
HN%H 105r Incorporation expected at & 3.36-3.26.
H Determined against integral at 6 2.83-2.73.
(14.6 mg, 0.086 LCMS data
mmol) Retention time: 0.29 min; Mass ion: 170.1 (M+H)*
D-Incorporation
0,
Protocol (%)
Run
1 Average
1 29 30 30
2 87 91 89
Substrate 'H NMR data'®®

Xy
RQ H 105s

(221 mg, 0.086
mmol)

'H NMR (300 MHz, DMSO): 8 8.42 (2H, s, Ar-H), 3.76-3.63
(4H, m, N-CHy), 2.38-2.29 (4H, m, NMe-CH>), 2.19 (3H, s,
N-CHzs).

Incorporation expected at 6 3.76-3.63.

Determined against integral at 6 2.19.

LCMS data

Retention time: 0.41 min; Mass ion: 259.2 (M+H)"

D-Incorporation

(%)

Protocol RUn

1 2

Average

1 91 92

92
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Substrate 'H NMR data'®
yH S N 'H NMR (300 MHz, DMSO): 6 7.15 (1H, d J = 3.6 Hz, Ar-H),
)\\/> 6.81 (1H, d J = 3.6 Hz, Ar-H), 3.43-3.33 (4H, m N-CHy), 2.46-
R& N~ N 2.35 (4H, m, NMe-CHy), 2.21 (3H, s, N-CHj).
/N%H 105t Incorporation expected at ¢ 3.43-3.33.
H Determined against integral at 6 2.21.
(15.8 mg, 0.086 LCMS data
mmol) Retention time: 0.29 min; Mass ion: 184.1 (M+H)*
D-Incorporation (%)
Protocol Run
————— Average
1 2
1 79 81 80
Substrate !H NMR data'®
Br *H NMR (300 MHz, DMSO): § 8.17 (1H, d 2] = 2.8 Hz,
HH | Ar-H), 7.69 (1H, 1H, dd J = 9.1 Hz, 2J = 2.7 Hz, Ar-H),
%N \N 6.83 (1H,d J=9.2 Hz, Ar-H), 3.61-3.38 (8H, m, CH»), 2.01

N (3H, s, N-CHg).
\[( VEH 105u  |ncorporation expected at & 3.61-3.38.
Determined against integral at § 2.01.

(0]
(24.4 mg, 0.086 LCMS data

mmol) Retention time: 2.32 min; Mass ion: 284.2 (M+H)*

D-Incorporation
(%)

Average

Protocol RUN

1 2
1 94 96 95

Regioselectivity could not be assigned by *H NMR, as such the isotopic distribution
from the LCMS analysis is supplied in Table E2.14, alongside the mass spectrum of
the starting material 105u and labelled product D105u Figure E2.1. This analysis,
shows a maximum ion of M+4 (D4), indicative of only four labelling sites instead of
the maximum of M+8 (D8) expected if 8 sites were labelled. Using this information
and the previous results with 105d, we are confident that labelling is only directed by

the pyridyl group.

284 285 286 287 288 289 290 291 292
DO D1 D2 D3 D4 D5 D6 D7 D8
Relative 105u 473 54 414 57 0 0 0 0 0

ab“?)zf’)‘”ce DU 5 o 15 100 372 141 329 43 0

Mass ion

Table E2.14

432



Chapter 2

2842
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Figure E2.1
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Figure 2.14 NMR studies examining the catalyst deactivation with piperazines.

N~ N 105
Mes q
* N\N X e or
N )L\"N\ H 105v
Ir\ Mes (2 eq) . .
PPhs > Active catalyst species?

71¢  [D2-DCM, Hy, 0 °C
(1eq)

SchemeE2.1

In an oven dried NMR tube, substrate (105v: 4.8 mg, 0.02 mmol or 105q: 4.9 mg, 0.02
mmol), catalyst 71c (10 mg, 0.01 mmol) and [D2]-DCM (0.5 mL) were added and the
tube capped with a rubber septum. Hydrogen was bubbled through the solution at a
constant rate for 5 min to activate the catalyst, and a red to yellow colour change was
observed. Following the catalyst activation, the NMR tube was cooled to 0 °C in an
ice bath prior to its introduction into the NMR machine. 3'P NMR spetrcoscopic
experiments were run at 0 °C for to observe changes in the active catalytic species
(SchemeE2.1).

3P NMR spectroscopic data for the experiments are displayed below (Figure E2.2).
“Prior to activation” refers to experiments run prior to catalyst activation with H», and

“activated with Hy” refers to experiments run after catalyst activation with H..

N

N
m._J  105q Activated with Hz

) | N/TBr
5_-“‘ 3P b )‘\ _
sy 1Py
o3t

ol e l"wqwmk

- .
2] ‘ N/TBI‘
N7

| QN 105v Activated with Hp

-,

105q Prior to activation

105v Prior to activation

Figure E2.2
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Scheme 2.72 Investigating HIE upon different sized N-heterocycles.

The reactions were carried out following general procedure A and analysed by LCMS

to confirm the extent of exchange. The position was confirmed through *H NMR

spectroscopy.
Protocol 1
Complex Solvent Tem?oecr::);lture Time (h)
Mes- BArF
N\ )\ N DCM ’ .
es
\/ PPh, (ImL)
71c
(1.5 mg, 0.86 pmol)
Protocol 2
Complex Solvent Tem?oeéz);lture Time (h)
Mes\ BArF
N\ )\ N DCM ’ ;
es
\/ “PPhy’ (ImL)
71c
(7.4 mg, 4.30 pmol)
Substrate !H NMR data'®?

TH NMR (300 MHz, DMSO): & 8.39 (2H, br s, Ar-H), 3.73-

Br
)\7 3.60 (4H, m, N-CH,), 1.77-1.61 (4H, m, CH,), 1.54-1.39
& (4H, m, CH).

H 105w Incorporation expected at 6 3.73-3.60.
Determined against integral at & 1.54-1.39.

(22.0 mg, 0.086 LCMS data
mmol) Retention time: 0.29 min; Mass ion; 184.1 (M+H)*
D-Incorporation
Protocol (%)
_ Run Average

1 2

1 49 45 47

2 83 84 84
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Substrate IH NMR data'®

IH NMR (300 MHz, DMSO): 5 8.38 (2H, brs, Ar-H), 3.75-3.62

Br
éﬁﬁ (4H, m, N-CH,), 1.66-1.56 (2H, m, CH,), 1.55-1.43 (4H, m,
CH2).

H 105v Inarporation expected at & 3.75-3.62.
Determined against integral at 6 1.55-1.43.

(20-8 mg, 0.086 LCMS data
mmol) Retention time: 3.54 min; Mass ion: 242.1 (M+H)*
D-Incorporation (%)
Run Average
1 2
94 95 95
Substrate !H NMR data'®*

N Br 'HNMR (300 MHz, DMSO): § 8.40 (2H, br s, Ar-H), 3.53-
)\/j/ 3.38 (4H, m, N-CH), 2.01-1.85 (4H, m, CH>).
Incorporation expected at 6 3.53-3.38.

é(\ 105x Determined against integral at  2.01-1.85.
g M LCMS data

(19.6 mg, 0.086 Retention time: 2.85 min; Mass ion: 228.1 (M+H)*

mmol)
D-Incorporation
0,
Protocol (%)
__Run__ Average
1 2 g
1 52 62 57
2 93 94 94
Substrate IH NMR datal®®
Hb IH NMR (300 MHz, DMSO): 5 8.40 (2H, br s, Ar-H), 4.02

Br  (4H,tJ=7.5Hz, N-CHy), 2.30 (2H, quin J = 7.6 Hz, CHy).
h Incorporation expected at & D? 4.02, D® 8.40.
—

105y LCMS data

a | : S
H tEJ\N Hb Determined against integral at 6 2.30.

(18.4?29, 0.086 mmol) Retention time: 2.30 min; Mass ion: 214.0 (M+H)*

D-Incorporation (%)
Run

Protocol 1 > Average
D2 D° D2 DP D2 DP

1 0O 0 0 O 0 O

2 0 13 0 15 0 14
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Scheme 2.73 Reassessing the catalyst choice for carbonyl directed HIE.

The reactions were carried out following general procedure A and analysed by LCMS
to confirm the extent of exchange. The position was confirmed through *H NMR

spectroscopy of the highest incorporation result (Table E2.10).

Solvent Temperature (°C) Time (h)
MTBE
(1mL) 50 3
Substrate Data
yH O

%Nk
Data was consistent with that reported on page 419.
O%H H105d P Pag

H
(11.1 mg, 0.086 mmol)
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Entry

Complex

D-Incorporation (%)

1 2

Run Average

-

Cl
\ / Mes

VO
Mes” \) 63a
(2.8 mg, 0.0043 mmol)

\ / PFg
\/ PCys 30

(3.5 mg, 0.0043 mmol)

Mes PFs
NTN
AN N
Ir Mes

PPh;
64a

(4.4 mg, 0.0043 mmol)

MGS\NS BArF
6 \, =N
AN

> PPh3
71c

(7 4 mg, 0.0043 mmol)

12 11 12

MeS\N/w BArF
6 N
N

> PBn3
87a

91 92 92

(7.6 mg, 0.0043 mmol)

Mes - N /§ BArF
/ )¥
\Ir N]\/|
es
$/ “P(Me),Ph
87b

(6.9 mg, 0.0043 mmol)

62 70 66

Bn- BArF

88
(6.8 mg, 0.0043 mmol)

Table E2.15

Chapter 2
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Design of experiments delivering the second protocol for carbonyl directed HIE

Experimental design was used to assess the effect of varying the catalyst loading,
reaction time and solvent volume. As such ‘high’ and ‘low’ values for each of the three
variables were chosen. To generate a series of experiments to study optimal conditions
within the variable ranges chosen, Design Expert™ software v10.0 (Stat_Ease Inc.,
Minneappolis, Mn) was used. This generated a two-level, three-factorial design
containing three centre points, giving 11 experiments in total. The deuterium
incorporation of D105d was used as the response. The reactions were carried out
according to general procedure A and analysed by LCMS to confirm the extent of
exchange. The position of exchange was confirmed through *H NMR spectroscopy of
the three centre point results (Table E2.16).

Complex Solvent
Mes < BArF
NN
7 );? DCM
\>Ir\ Mes (I mL)
) PB
v s 87a
Substrate Data
HH O

%Nk
Data was consistent with that reported on page 419.
Ov\\H 105d P Pag

H
(11.1 mg, 0.086 mmol)
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Variable

A: Amgt;nt of Variable B: Varlab[e C: Response:
a a . Reaction .
Run Catalyst (m Reaction Temperature Incorporation
Loading g Time (min) po (%D)
(Mol%) (#mol)) (°C)
1(+-+) 5.0 7.6 (4.30) 60 45 62
2 (--+) 1.0 1.5 (0.86) 60 45 7
3 (**%) 3.0 4.6 (2.58) 90 35 17
4 (***) 3.0 4.6 (2.58) 90 35 17
5 (++-) 5.0 7.6 (4.30) 120 25 17
6 (+--) 5.0 7.6 (4.30) 60 25 18
7 (---) 1.0 1.5 (0.86) 60 25 4
8 (***) 3.0 4.6 (2.58) 90 35 18
9 (+++4) 5.0 7.6 (4.30) 120 45 62
10 (-+-) 1.0 1.5 (0.86) 120 25 3
11 (-++) 1.0 1.5 (0.86) 120 45 7

2 symbol in parentheses indicate points in the design; + high, * mid and — low.

Table E2.16

Runs 3, 4 and 8 represent the centre points of the design. These are employed in order

to:

Q) Assess any curvature in the response of incorporation changes in the
variables; and

(i) Assess the repeatability of the hydrogen isotope exchange reaction.

A response surface was created in the same design program. This generated a half-
normal plot inferring that increasing the catalyst loading and reaction temperature had
a positive impact upon the HIE reaction, with no effect from altering the reaction time.
Furthermore, it indicated the order of significance of each factor; Catalyst Loading >
Reaction Temperature >> Reaction Time. Notably, a combination of both reaction
temperature and catalyst loading were shown to also positively impact the reaction
(Graph E2.13).
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Design-Expert® Software

Incorporation Half-NOI’ma| P|0t

A Error estimates
Shapiro-Wilk test 95 — o
W-value = 0.945 B .
p-value = 0.683 . A-Catalyst Loading
A: Catalyst Loading 90 ]
B: Reaction Time -
C: Reaction Temperature E e
8 ! 28 E ]
B Negative Effects © 3 .
g 80— C-Reaction Temperature
S |
o 3
E o
S = AC
T E
IS E
S E
Z. 50 E ]
wl
© A
T _
30 A
20 = =
10 =
=]
0= @
\ \ \ \ \ \
0.00 6.90 13.80 20.70 27.60 34.50
| Standardized Effect|
Graph E2.13

Further implementation of the design software generated Graph E2.14. By plotting
reaction temperature and catalyst loading at the fixed optimal reaction time (1 h), it
can be seen that moderately elevated catalyst loading and reaction temperature leads

to the optimised conditions (5.0 mol% catalyst, 50 °C, 1 h).
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Design-Expert® Software

Factor Coding: Actual

Incorporation (%)

® Design points above predicted value
62

3

X1 = A: Catalyst Loading 100
X2 = C: Reaction Temperature

Actual Factor 80
B: Reaction Time = 60

Incorporation (%)

Graph E2.14

Finally, provided below is a graph of Residuals versus Predicted plot. This is a plot of
the residuals versus the ascending predicted response values (low incorporation to high
incorporation), and tests the assumption of constant variance in the data (Graph
E2.15). In this case significant clustering of the data points suggests a poor fit for the
design. Despite this, the data recovered from the reactions was still used to generate a
new protocol for carbonyl directed HIE.
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Design-Expert® Software

Incorporation ReS|duaIS VS. Pl‘edICted

(adjusted for curvature)
Color points by value of 6.00—
Incorporation: 4.8819
62
0 4.00 —
3 <
S
S
)
o 2.00 — o
o [ ] ]
O
N
c 0
o 0.00 8 =
3 B
=
n [ =
= 200
[
c
p—
Q
-
x
L -4.00 —
-4.8819
-6.00 —|
\ \ \ \ \ \ \ \
0 10 20 30 40 50 60 70
Predicted
Graph E2.15
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Scheme 2.74 sp® HIE with carbonyl directing groups.

The reactions were carried out following general procedure A and analysed by LCMS

to confirm the extent of exchange, position was confirmed through *H NMR.

Complex

Temperature

°C) Time (h)

Mes < BArF
N7\
o
2N )\ N,
Ir Mes
" O PBn,
N 87a

(7.6 mg, 4.30 umol)

50 1

Substrate

data

HH O

N
QH H105d

H
(11.1 mg, 0.086 mmol)

Data was consistent with that reported on page 419.

D-Incorporation (%)

Run
1 > Average
84 80 82
Substrate Data
HH O
N)K . .
Ck\ Data was consistent with that reported on page 423.
H 105m

H
(10.9 mg, 0.086 mmol)

D-Incorporation (%)

Run

ﬁ Average

60 62 61
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Substrate IH NMR data'%
IH NMR (300 MHz, DMSO): & 3.55-3.51 (2H, m, N-
HH O CHy), 3.40-3.37 (2H, m, N-CH), 2.83-2.76 (4H, m, NH-

N
H@H 106a

H
(11.0 mg, 0.086 mmol)

CH>), 2.04 (3H, s, CO-CHz).
Incorporation expected at 6 3.55-3.51 & 3.40-3.37.
Determined against integral at 6 2.04.

LCMS data

Retention time: 0.32 min; Mass ion: 129.1 (M+H)"

D-Incorporation (%)

Run

(14.7 mg, 0.086 mmol)

71 2 Average
0 O 0
Substrate 'H NMR data®®’
IH NMR (300 MHz, DMSO): & 3.81-3.68 (2H, m, N-
HH O CHa), 2.74-2.53 (2H, m, N-CH), 2.39-2.31 (1H, m, CH),
NJ\ 2.04 (3H, s, CO-CHs), 1.87-1.80 (2H, m, CHy), 1.52-1.43
(2H, m, CH).
HO H 106b  Incorporation expected at & 3.81-3.68 & 2.74-2.53.
le) H Determined against integral at d 2.04.

LCMS data

Retention time: 0.55 min; Mass ion: 172.1 (M+H)*

D-Incorporation (%)

Run

(16.8 mg, 0.086 mmol)

1 5 Average
17 18 18
Substrate 'H NMR data'®®
TH NMR (300 MHz, DMSO): 8 3.61-3.50 (2H, m, N-
LH OO CHy), 3.47-3.30 (2H, m, N-CHy), 3.20-3.06 (2H, m, N-
CHy), 2.71-2.53 (3H, m, N-CHz & CH), 1.75-1.60 (6H,
@J\O m, CHy), 1.59-1.43 (4H, m, CH).
H > NF Incorporation expected at & 3.61-3.50 & 3.47-3.30.
C

Determined against integral at 6 1.59-1.43.

LCMS data

Retention time: 0.40 min; Mass ion: 211.2 (M+H)*

D-Incorporation (%)

Run

— 5 Average

0 O 0
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Scheme 2.75 Further solvent scope with problematic substrates.

The reactions were carried out following general procedure A and analysed by LCMS

to confirm the extent of exchange. The position was confirmed through *H NMR

spectroscopy.
Complex Solvent Tem?oeé?ture Time (h)
Mes < BArF
NN
N )Q“
Q ] (1 mL) 50 1

Ir Mes
> “PBn,
N 87a

(7.6 mg, 4.30 umol)

Substrate

IH NMR datal®®

107a

(20.7 mg, 0.086 mmol)

'H NMR (300 MHz, DMSO): 6 5.53 (2H, s, N-CH,-
CO), 4.19 (2H, q J = 7.1 Hz, O-CH,), 3.77-3.63 (4H,
m, O-CHy), 3.34-3.29 (4H, m, N-CH), 1.21 (3H,tJ =
7.1 Hz, CH,-CHs3).

Incorporation expected at 6 3.34-3.29.

Determined against integral at 6 1.21.

LCMS data

Retention time: 2.14 min; Mass ion: 242.1 (M+H)*

D-Incorporation (%)

Solvent Run
1 2

Average

t-BUOAC 94 95

95

Substrate 1H NMR data?®
IH NMR (300 MHz, DMSO): & 7.25-7.14 (2H, m, Ar-
LHON H), 6.97-6.87 (2H, m, Ar-H), 3.75-3.64 (4H, m, O-

|
s
OV{;H 107b

(17.5 mg, 0.086 mmol)

CH>), 3.51-3.40 (4H, m, N-CH>).
Incorporation expected at & 3.51-3.40.
Determined against integral at 6 6.97-6.87.

LCMS data

Retention time: 0.34 min; Mass ion: 204.2 (M+H)*

D-Incorporation (%)

Solvent Run
1 2

Average

2-MeTHF 85 89

87
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Substrate 'H NMR data®®
o IH NMR (300 MHz, DMSO): 5 7.26 (1H, s, Ar-H),
OH 3.73-3.65 (4H, O-CH), 3.52-3.42 (4H, N-CHs).
HaHT ST, Incorporation expected at § D? 3.52-3.42, D 7.26.
R&NJ\\N H Determined against integral at 6 3.73-3.65.
o . LCMS data
\/(;aH 107¢c

(18.4 mg, 0.086 mmol)

Retention time: 1.47 min; Mass ion: 215.1 (M+H)*

D-Incorporation (%)

Run

Solvent 1

Average

D2 DY D2

D2 DP

2-MeTHF 91 76 92 75 92 75
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Scheme 2.76 HIE upon non-cyclic substrates.

Chapter 2

The reactions were carried out following general procedure A and analysed by LCMS

to confirm the extent of exchange. The position was confirmed through *H NMR

spectroscopy.
Protocol 1
Complex Solvent Tem?oecr::);lture Time (h)
Mes\Nk-\ BArF
/\Ir)\ g¥ DCM 25 1
es
N/ Npph, (ImL)
Y 71c
(1.5 mg, 0.86 pmol)
Protocol 2
Complex Solvent Tem?oeéz);lture Time (h)
Mes < BArF
N™ N
-
/\Ir)\ "M DCM 25 3
es
N/ “pphg (ImL)
y 71c
(7.4 mg, 4.30 pmol)
Protocol 3
Complex Solvent Tem?oeg)ature Time (h)
Mes < BArF
NN
S s MTBE 50 1
" “PBng (I mL)

87a
(7.6 mg, 4.30 umol)
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Substrate 1H NMR data?®?

IH NMR (300 MHz, DMSO): 6 8.21 (1H, d J = 8.9 Hz,
Ar-H), 7.86 (1H, dd J = 7.8 Hz, 4J = 1.6 Hz, Ar-H), 7.78
(1H, d J = 8.3 Hz, Ar-H), 7.65 (1H, ddd J = 8.4 Hz, 7.0
 H m Hz,%J = 1.6 Hz, Ar-H), 7.42 (1H, ddd J = 8.1 Hz, 6.9 Hz,
S A 43 = 1.4 Hz, Ar-H), 7.00 (1H, d J = 8.9 Hz, Ar-H), 3.98
108a (3H, s, O-CHb).
(13.7 mg, 0.086 mmol) Incorporation expected at 6 3.98.
Determined against integral at 6 7.00.

LCMS data
Retention time: 3.00 min; Mass ion: 160.1 (M+H)*

D-Incorporation (%)
Protocol Run

1 > Average
1 13 15 14
2 79 80 80
Substrate !H NMR data®®
IH NMR (300 MHz, DMSO): & 8.04 (1H, dd J = 4.9
Hz, 4J = 2.1 Hz, Ar-H), 7.45 (1H, ddd J = 8.7 Hz, 7.1
N Hz, 4 = 2.1 Hz, Ar-H), 6.57 (1H, d J = 8.7 Hz, Ar-
H& H
- H), 6.50 (1H, dd, J = 7.1 Hz, 4.8 Hz, Ar-H), 3.53 (2H,
N" N qJ =7.1Hz, N-CHy), 2.94 (3H, s, N-CHs), 1.05 (3H,
o e 108 tJ = 7.1 Hz, CH2-CH).
Ha@ Incorporation expected at & D? 3.53, D 2.94.

(11.7 mg, 0.086 mmol) Determined against integral at 6 1.05.

LCMS data

Retention time: 0.30 min; Mass ion: 137.2 (M+H)*

D-Incorporation (%)
Protocol 1 Run > Average

D2 D’ D* D* D2 D

1 0 0 0 0o 0 O

2 93 93 90 90 92 92
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Substrate 'H NMR data®®*
IH NMR (300 MHz, DMSO):  7.96 (1H, dd J = 5.0 Hz,
N 4J=2.0 Hz, Ar-H), 7.34 (1H, ddd J = 8.4 Hz, 7.0 Hz, 4J
H>'|"\ J\/j = 2.0 Hz, Ar-H), 6.50-6.37 (2H, m, Ar-H), 6.31 (1H, br
WO N s, N-H), 2.75 (3H, d J = 4.9 Hz, NH-CHa).
H 108c Incorporation expected at 8 2.75.

(9.3 mg, 0.086 mmol)

Determined against integral at 6 7.34.

LCMS data

Retention time: 0.25 min; Mass ion: 109.2 (M+H)*

D-Incorporation (%)

Protocol Run
——~— Average
1 2
1 0 0 0
2 33 41 37
3 88 85 87
Substrate 'H NMR data®®
'H NMR (300 MHz, DMSO): § 7.94 (1H, dd J = 4.9 Hz,
43 = 2.1 Hz, Ar-H), 7.41-7.14 (5H, m, Ar-H), 6.97-6.86
H H | A (1H, m, Ar-H), 6.55-6.39 (2H, m, Ar-H), 4.47 (2H, d 4J
N N/ =6.1 Hz, NH-Cm)
H 108d Incorporation expected at 6 4.47.

(15.8 mg, 0.086 mmol)

Determined against integral at 6 6.55-6.309.

LCMS data

Retention time: 0.25 min; Mass ion: 109.2 (M+H)*

D-Incorporation (%)

Protocol Run Average
1 2
1 0 0 0
2 13 17 15
3 9% 90 93
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Scheme 2.77 HIE upon FG-activated, non-cyclic, sp® positions.

The reactions were carried out following general procedure A and analysed by LCMS

to confirm the extent of exchange. The position was confirmed through *H NMR

spectroscopy.
Protocol 1
Complex Solvent Tem?oecr::);lture Time (h)
Mes\Nk-\ BArF
/\Ir)\ Niv| DCM 25 1
es
/" PPh, (1 mL)
Y 71c
(1.5 mg, 0.86 pmol)
Protocol 2
Complex Solvent Tem?oeéz);lture Time (h)
Mes < BArF
N™ N
-
/\Ir)\ N DCM 25 3
N ppp e (1 mL)

71c
(7.4 mg, 4.30 pmol)

Substrate IH NMR data?®®
IH NMR (300 MHz, DMSO): & 12.10 (1H, br s, O-H),
8.46 (1H, dd J = 5.1 Hz, 4 = 1.9 Hz, Ar-H), 7.68 (1H,
ddJ=7.7Hz %) =19 Hz, Ar-H), 7.26 (1H,d, J=7.9
HH [ Hz, Ar-H), 7.19 (1H, dd J = 7.7 Hz, 5.0 Hz, Ar-H), 2.96
HO N (2H, t J = 7.4 Hz, Ar-CHy), 2.65 (2H, t J = 7.4 Hz, CO-
O 108e CHy).

(13.0 mg, 0.086 mmol)

Incorporation expected at & 2.65.
Determined against integral at § 7.68.

LCMS data

Retention time: 0.29 min; Mass ion: 134.1 (M+H)*

D-Incorporation (%)

Protocol Run
——————~— Auverage
1 2
1 16 15 16
2 64 66 65
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Substrate IH NMR data?®’

'H NMR (300 MHz, DMSO): 6 8.45 (1H,d J =4.9
Hz, Ar-H), 7.68 (1H, td J = 7.7 Hz, 4] = 1.8 Hz, Ar-
H), 7.26 (1H,d J = 7.5 Hz, Ar-H), 7.18 (1H, dd J =

HH [ 73 Hz, 4.8 Hz, Ar-H), 402 (2H. q J = 7.2 Hz, O-
~.© N“ >t CHa), 2.99 (2H,tJ = 7.3 Hz, Ar-CHy), 2.72 (2H, t J
0 108f =7.3Hz, CO-CHy), 1.13 (3H, tJ = 7.2 Hz, CH,-CHj3).

Incorporation expected at 6 2.72.

(15.4 mg, 0.086 mmol) Determined against integral at 6 1.13.

LCMS data

Retention time: 0.46 min; Mass ion: 180.2 (M+H)*

D-Incorporation (%)
Protocol 1 Run > Average

D2 D’ D* D° D* D°P

1 0 0 0 0O 0 ©

2 26 11 20 9 23 10
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Table 2.11 Investigating the selectivity of sp® HIE.

To allow quantification of the substrate and additive remaining after the reaction, each
additive 90I-u and substrate 104 were calibrated against an internal standard through
LCMS analysis. The calibration results are detailed previously, apart from 104 and

90u, which are given below:

Additive LCMS data
| A Retention time (min) Mass ion
—
NN 0.29 165.1 (M+H)*
O 104
Mass Area Additive /
(mg) Internal standard Additive internal standard
4.1 2500 480 0.192
7.5 3800 1400 0.368
10.3 2800 1300 0.464
14.6 4500 4500 0.711
0.8
0.7
T 0.6
; 0.5 y = 0.0485x - 0.0089
Z 04 R2=0.9927
- 0.3
< 02
0.1
0
0 2 4 6 8 10 12 14 16
Mass (mg)
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Additive LCMS data
0o Retention time (min) Mass ion
XN
/O/\)\ 258 177.2 (M+H)*
\o 90u
Mass Area Additive /
(mg) Internal standard Additive internal standard
3.2 3000 81 0.027
7.3 4200 270 0.064
11.4 4100 390 0.095
15.1 2000 220 0.110
0.14
0.12
2 o1
£ 0.08 y = 0.0071x + 0.0088
= 0.06 R?=0.9757
§ 0.04
0.02
0
0 2 4 6 8 10 12 14 16
Mass (mg)

Following calibration, the reactions were carried out following general procedure A,
which was modified by adding a stock solution of internal standard S2 (1 mL of a 10
mg/mL solution) at the end of the reaction, and analysed by LCMS to confirm the
extent of exchange and the amount of acid and additive remaining. The position of

exchange in additives is assumed from similar known compounds.*>4’

Internal Standard LCMS data
[0)

/@)}\ Retention time (min) Mass ion
O/
HO S2 2.09

No mass ion observed
(10 mg)
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Complex Substrate Solvent
Mes - BArF \ DCM
& W) ()
/\Ir)\ NM % N" N Temperature . (h)
S PPny O\/(\H 104 S
Y 71c H
(1.5 mg, 0.86 umol) (14.1 mg, 0.086 mmol) 25 1
Add Add. Sub. Sub.
Additive Run ield ((')/) incorporation yield incorporation
e (%) (%) (%)
H O 1 90 23 99 92
/@N\o- 2 96 24 93 95
~0 H 90l
13.2mg (0.086  Average 93 24 96 94
mmol)
Add. Add. Sub. Sub.
Additive Run yield  incorporation vyield incorporation
(%) (%) (%) (%)
H O 1 95 5 99 94
/@5‘\ 2 96 6 99 93
~o H 90m
12.9 mg (0.086 Average 96 6 99 9
mmol)
Add Add. Sub. Sub.
Additive Run ield ony Incorporation yield incorporation
neld ) "y ) ()
H = | 1 99 12 97 0
SN 2 90 16 93 0
\O H 90n
15.9 mg (0.086 Average 95 14 95 0
mmol)
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Add. Add. Sub. Sub.
Additive Run yield incorporation yield incorporation
(%) (%) (%) (%)
H 1 99 0 93 80
/C[Nm/ 2 99 0 90 84
~0 o © 9on
14.4 mg (0.086 Average 99 0 92 82
mmol)
Add Add. Sub. Sub.
Additive Run ield (c'y) incorporation yield incorporation
e 2 M ) W (L)
H HN-N 90 24 99 0
SN 2 80 25 99 0
o H 90p
15.2 mg (0.086 Average 85 25 99 0
mmol)
Add. Add. Sub. Sub.
Additive Run yield incorporation vyield incorporation
(%) (%) (%) (%)
H O 97 17 95 91
/dLN/O\ 2 99 17 03 92
%09 Average 98 17 94 92
16.8 mg (0.086
mmol)
Add. Add. Sub. Sub.
Additive Run yield incorporation vyield incorporation
(%) (%) (%) (%)
H O 1 90 38 90 88
w 2 92 32 99 87
\O 90u
16.8 mg (0.086 Average 91 35 95 88

mmol)
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Scheme 2.78 HIE upon substrates containing multiple labelling sites.

The reactions were carried out following general procedure A and analysed by LCMS

to confirm the extent of exchange, position was confirmed through *H NMR.

Complex Solvent Tem?oeé;;lture Time (h)
Mes <\ BArF
-
’\Ir)\ N DCM . .
N/ Npphg (ImL)
y 71c
(1.5 mg, 0.86 pmol)
Substrate H NMR data?®®
IH NMR (300 MHz, DMSO): 5 8.65 (1H, d 2J = 25
H® O Hz, Ar-H), 7.96 (1H, dd J = 9.1 Hz, “J = 2.4 Hz, Ar-H),
o b | o~ 687 (1H, d J = 9.2 Hz, Ar-H), 3.78 (3H, s, O-CH),

H®  109a
(19.1 mg, 0.086 mmol)

3.71-3.64 (4H, m, O-CHy2), 3.63-3.56 (4H, m, N-CH>).
Incorporation expected at 6 D?* 3.71-3.64, DP 8.65, D¢
7.96.

Determined against integral at d 3.78.

LCMS data

Retention time: 2.00 min; Mass ion: 223.2 (M+H)*

D-Incorporation (%)

Run
1 5 Average
D2 Db D¢ D2 DP D¢ D* DP D¢
92 4 0 94 5 0 93 5 O
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Substrate 1H NMR data®®

TH NMR (300 MHz, DMSO): 8 8.96 (1H, d *J = 2.8 Hz,

H® O
Nt Ar-H), 8.23 (1H, dd J = 9.6 Hz, *J = 2.8 Hz, Ar-H), 6.93
e H2 = | "O° (1H,dJ=9.6 Hz, Ar-H), 3.81-3.59 (8H, m, CHy).
NT SN P Incorporation expected at 6 D? 3.81-3.59, DP 8.96, D¢
O\/{\ . 8.23.
HaH 109b Determined against integral at 6 6.93.

LCMS data

(19.1 mg, 0.086 mmol) Retention time: 2.38 min; Mass ion: 210.1 (M+H)*

D-Incorporation (%)

Run

1 5 Average

D2 D" D¢ D DP D¢ D® DP D¢

89 90 53 85 91 60 87 91 57
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Scheme 2.79, Graph 2.12 KIE experiment for sp® HIE.

The reactions were carried out following general procedure A and analysed by LCMS
to confirm the degree of deuterium (or hydrogen) incorporation. The position of

exchange is assumerd based upon earlier results.

Complex Solvent Temperature (°C)
Mes\ BArF
\ )‘ N DCM -
es
\/ “PPhy” (I mL)
71c

(1.5 mg, 0.86 pmol)

Substrate data
Br
WY
Data was consistent with that reported on page 436.
H 105v

(20.8 mg, 0.086 mmol)
H-Incorporation (%)

Time (min) Run
1 2 3 Average
5 31 33 31 32
7 44 46 47 46
9 60 61 61 61
Substrate 'H NMR data’®®

__8Br __H NMR (300 MHz, DMSO): 5 8.38 (2H, br s, Ar-H),
5 D )N\/T 3.75-3.62 (0.02H, m, N-CH,), 1.66-1.56 (2H, m, CH,),
@ SN 1.55-1.43 (4H, m, CHy).

D D105v Incorporation expected at 6 3.75-3.62.

D Determined against integral at 6 1.55-1.43.
(21.1 mg, 0.086 LCMS data
mmol) Retention time: 3.54 min; Mass ion: 242.1 (M+H)*
H-Incorporation (%)
Time (min) - R;n . Average

5 30 31 30 30

7 34 34 34 34

9 39 38 40 39
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Scheme 2.80 HIE on drug substrates.

Chapter 2

The reactions were carried out following general procedure A and analysed by LCMS

to confirm the extent of exchange. The position was confirmed through *H NMR

spectroscopy.
Protocol 1
Complex Solvent Tem?oecr::);lture Time (h)
Mes\Nk-\ BArF
/\Ir)\ g¥ DCM 25 1
es
N/ Npph, (ImL)
Y 71c
(1.5 mg, 0.86 pmol)
Protocol 2
Complex Solvent Tem?oeéz);lture Time (h)
Mes < BArF
N™ N
-
/\Ir)\ "M DCM 25 3
es
N/ “pphg (ImL)
y 71c
(7.4 mg, 4.30 pmol)
Protocol 2
Complex Solvent Tem?oeg)ature Time (h)
Mes < BArF
NN
S s MTBE 50 1
" “PBng (I mL)

87a
(7.6 mg, 4.30 umol)
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Substrate

IH NMR data?®®

—

N
H
A

110 - Mirtazapine
(22.8 mg, 0.086 mmol)

'H NMR (300 MHz, DMSO): § 8.08 (1H, dd J = 4.9 Hz,
%) = 1.9 Hz, Ar-H), 7.43 (1H, d J = 7.3 Hz, Ar-H), 7.30-
7.07 (4H, m, Ar-H), 6.77 (1H,dd J = 7.3 Hz, 4.9 Hz, Ar-
H), 4.39-4.19 (2H, m, N-CH & Ar-CHy), 3.67 (1H, d 4
= 13.5 Hz, Ar-CHy), 3.48-3.36 (2H, m, N-CH), 2.84-
2.66 (2H, m, NMe-CH), 2.52-2.45 (1H, m, NMe-CH>),
2.36-2.19 (4H, m, N-CHs & NMe-CH>).

Incorporation expected at 6 3.48-3.36.

Determined against integral at 6 3.67.

LCMS data

Retention time: 0.50 min; Mass ion: 266.3 (M+H)"

D-Incorporation (%)

Run

1 2 Average
94 94 94
Substrate 'H NMR data?'!
'H NMR (300 MHz, DMSO): & 8.15-7.91
(3H, m, Ar-H), 7.49 (1H, ddd J =8.5Hz, 7.7
Hz, 4 =2.2 Hz, Ar-H), 7.39-7.24 (2H, m, Ar-
Hb r H), 6.76 (1H, d J = 8.6 Hz, Ar-H), 6.60 (1H,
Ha dd J=7.7 Hz, 4.8 Hz, Ar-H), 3.43-3.32 (4H,
Ha%N/\/\ﬂJQ/ m, Ar-N-CHy), 3.01 (2H, t J = 7.0 Hz, N-
N S b CHy), 2.45-2.27 (6H, m, CH2 & N-CH), 1.90-
| N %a 1.77 (2H, m, CH>).
_N He H Incorporation expected at & D? 3.43-3.32, D°
111 - Azaperone 8.15-7.91.
(28.2 mg, 0.086 mmol) Determined against integral at  1.90-1.77.
LCMS data
Retention time: 0.38 min; Mass ion: 328.4
(M+H)"
D-Incorporation (%)
Run Average
1 2
D2 Db D2 Db D2 D
98 13 96 12 97 13
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Substrate IH NMR data?'?
u Ny 'H NMR (300 MHz, DMSO): & 7.98 (1H, s, Ar-H), 3.87
4( (3H, s, N-CHs), 3.40 (3H, s, N-CH3), 3.21 (3H, s, N-CHa).
Os_N__N Incorporation expected at 6 3.40.
Y\'gi S Determined against integral at & 3.87.
N N LCMS data
\
o]
112 - Caffeine . . ; ; +
(16.7 mg, 0.086 Retention time: 0.92 min; Mass ion: 195.1 (M+H)
mmol)
D-Incorporation
Protocol (%)
_ Run__ Average
1 2
1 41 40 41
2 91 93 92
Substrate 'H NMR data?’3
H IH NMR (300 MHz, DMSO): 5 7.37-7.26 (LH, m, Ar-H),
N 7.22-7.12 (2H, m, N-H and Ar-H), 7.07-6.94 (2H, m, Ar-
/@ H), 6.90-6.79 (3H, m, Ar-H), 3.39-3.25 (4H, m, N-CH>),
Cl

2.44-2.31 (4H, m, NMe-CHy), 2.21 (3H, s, N-CH).

N H
H N/% Incorporation expected at 6 3.39-3.25.
HKN\ Determined against integral at 8 2.21.

LCMS data
113 - Clozapine ] . ] .
(28.1 mg, 0.086 mmol) Retention time: 1.72 min; Mass ion: 327.2 (M+H)*

D-Incorporation

Protocol (%)
__Run__ Average
1 2
1 0 0 0
2 11 12 12
3 53 54 54
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6.5. Understanding Selectivity in HIE

Graph 2.13 Eyring-Polanyi plot of HIE upon chalcone derivative 98c.

The reactions were carried out following general procedure C and analysed by 'H
NMR spectroscopy to confirm the position and degree of deuterium incorporation. The
rate data for each temperature is given below. This data was obtained over a short

reaction time, during which the reaction was considered to be linear.

Complex Solvent
Mes <\ -\ PFe
/\Ir)\\ NM DCM
N Nppng (5mL)
\ 64a

(0.4 mg, 0.0004 mmol)

Substrate Data

H2 O HP

N
Data was consistent with that reported on page 384.
MeO HP

(505 mg, 2.0 mmol)

-10 °C
: D-Incorporation (%) Concentration (mmolL?)
Time Da Db Da Db
7 8.6 1.7 0.366 0.787
9 10.3 1.8 0.259 0.786
11 12.6 2.0 0.350 0.784
13 15.7 2.2 0.337 0.782
15 19.6 2.5 0.322 0.780
25 - 3.5 - 0.772
Table E2.17
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0°C
Time D-Incorporation (%) Concentration (mmolL™)
D2 Db D2 Db
7 12.2 2.8 0.351 0.776
9 16.0 3.0 0.336 0.773
11 19.0 3.4 0.324 0.769
13 23.2 3.9 0.307 0.766
15 27.4 4.2 0.290 0.763
25 - 7.2 - 0.742
Table E2.18
10 °C
Time D-Incorporation (%) Concentration (mmolL?)
D2 Db D2 Db
7 15.1 2.8 0.340 0.775
9 19.7 3.1 0.321 0.771
11 23.8 3.6 0.305 0.766
13 28.3 4.3 0.287 0.761
15 32.4 4.9 0.270 0.758
25 - 5.3 - 0.729
Table E2.19
17 °C
Time D-Incorporation (%) Concentration (mmolL?)
D2 Db D2 Db
7 17.0 3.0 0.332 0.776
9 22.0 4.4 0.312 0.765
11 28.2 5.7 0.287 0.755
13 33.6 6.6 0.266 0.747
15 38.1 8.4 0.248 0.733
25 - 12.3 - 0.702
Table E2.20
25 °C
. D-Incorporation (%) Concentration (mmolL?)
Time DA DP DA Db
7 22.4 4.0 0.302 0.768
9 30.0 55 0.276 0.756
11 36.7 8.0 0.250 0.736
13 44.2 9.5 0.231 0.724
15 49.3 12.5 0.212 0.700
25 - 23.0 - 0.616
Table E2.21
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The relevant data was then used to obtained the rate constant at each temperature. This
was achieved by assuming Michealis-Menten kinetics, in which the rate of product
formation is equal to the rate constant and the concentration of substrate catalyst

complex in solution.

d[P]

Tk keqe[cat: sub]

Furthermore, with a very large excess of substrate in solution (1: 1000, catalyst:
substrate) we can assume that the catalyst is always bound to a substrate molecule.
Therefore, we observe the maximum rate of reaction and can relate it to the initial

catalyst concentration.

VUmax = Keac[cato]

Temperature (°C)  Keat-pa (S1)  Keat-ob (51)

-10 0.211 0.0355

0 0.303 0.0750

10 0.358 0.103

17 0.470 0.171

25 0.593 0.345
Table E2.22

The data above was then utilised to form an Eyring-Polanyi plot according to the
equation below, and the relevant enthalpy, entropy and activation energy were

extracted.

| (k)_—AH* 1, (kb>+AS*
) TR T W) TR
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Graph 2.14 Eyring-Polanyi plot of HIE upon different directing group substrates.

The reactions were carried out following general procedure C and analysed by 'H
NMR to confirm the position and degree of deuterium incorporation, and the rate data
for each temperature is displayed below. This data was obtained over a short reaction

time, during which the reaction was considered to be linear.

Complex Solvent

MeS\Nl/\§ PFg
L§N\

N\ )\ DCM

S Nppny (5mL)
\ 64a
(0.4 mg, 0.0004 mmol)

Substrate data
H® O
\ - -
Data was consistent with that reported on page 362.
D94
(293 mg, 2.0 mmol)
H° O
Data was consistent with that reported on page 395.
Hb 61

(240 mg, 2.0 mmol)

D° N=
()
Data was consistent with that reported on page 396.

pc D100b
(290 mg, 2.0 mmol)
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0°C

Time D-Incorporation (%) Concentration (mmolL™)
(min) D? D¢ D2 D¢

7 2.4 8.3 0.394 0.734

9 3.3 9.7 0.390 0.723

11 4.5 10.7 0.387 0.715

13 6.2 114 0.382 0.709

15 7.3 12.4 0.375 0.701
Time D-Incorporation (%) Concentration (mmolL™)
(min) Db DP

11 6.6 0.748

15 7.4 0.741

25 8.3 0.734

40 10.0 0.720

60 12.2 0.703

Table E2.23
10 °C

Time D-Incorporation (%) Concentration (mmolL™?)
(min) D2 D¢ Da D¢

7 6.7 8.7 0.373 0.731

9 8.0 10.3 0.368 0.718

11 9.7 114 0.361 0.709

13 11.5 13.0 0.354 0.696

15 13.0 13.9 0.348 0.689
Time D-Incorporation (%) Concentration (mmolL™)
(min) Db Db

11 6.0 0.752

15 7.1 0.743

25 8.2 0.734

40 11.2 0.710

60 13.4 0.693

Table E2.24
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17 °C
Time D-Incorporation (%) Concentration (mmolL?)
(min) D2 D¢ D? D¢
7 7.2 10.1 0.371 0.720
9 8.9 11.2 0.364 0.711
11 11.6 12.4 0.354 0.701
13 13.2 14.2 0.347 0.686
15 16.0 15.8 0.336 0.674
Time D-Incorporation (%) Concentration (mmolL1)
(min) Db DP
11 8.2 0.735
15 9.3 0.726
25 11.2 0.711
40 13.5 0.692
60 17.3 0.662
Table E2.25
28 °C
Time D-Incorporation (%) Concentration (mmolL?)
(min) D2 D¢ D? D¢
7 12.1 13.2 0.352 0.695
9 16.6 15.4 0.334 0.677
11 20.0 17.7 0.320 0.658
13 24.5 20.4 0.302 0.637
15 28.4 22.8 0.286 0.618
25°C
Time D-Incorporation (%) Concentration (mmolL?)
(min) Db DP
11 7.9 0.737
15 9.1 0.727
25 12.1 0.704
40 15.0 0.680
60 19.0 0.648
Table E2.26
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The relevant data was then used to obtained the rate constant at each temperature. This
was achieved by assuming Michealis-Menten kinetics, in which the rate of product
formation is equal to the rate constant and the concentration of substrate catalyst

complex in solution.

alP]

prale keqe[cat: sub]

Furthermore, with a very large excess of substrate in solution (1: 1000, catalyst:
substrate) we can assume that the catalyst is always bound to a substrate molecule.
Therefore, we observe the maximum rate of reaction and can relate it to the initial

catalyst concentration.

VUmax = Keac[cato]

Temperature (°C) kpa (s?) kob (s1)  koc (s1)

0 0.100 0.037 0.142
10 0.138 0.050 0.167
17 0.176 0.060 0.218

28 (DPat25) 0330 0.075  0.243

Table E2.27

The data above was then utilised to form an Eyring-Polanyi plot, according to the
equation below, and the relevant enthalpy, entropy and activation energy were

extracted.

| (k)_—AH* 1+l (kb>_|_AS¢
n(=)= n{- =

469



Chapter 2

Scheme 2.86 Selectivity investigations with different ring sizes.

The reactions were carried out following general procedure A and analysed by LCMS

to confirm the extent of exchange in each substrate, the labelling position is assumed

based upon our previous findings.

Complex Solvent Tem?oeéz);lture Time (h)
Mes < BArF
NN
-
’\Ir)\ N e DCM . .
N/ “pphg (ImL)
Y 71c
(1.5 mg, 0.86 pmol)
Substrate LCMS data
Br
a H2 N7
T
@ N Retention time: 3.54 min; Mass ion: 242.1 (M+H)*
H? 105v
Ha

(20.8 mg, 0.086 mmol)

B
o H N
Pl
N

N
H° 105w
Hb

Retention time: 0.29 min; Mass ion: 184.1 (M+H)*

(22.0 mg, 0.086 mmol)

D-Incoporation (%)
D? DP
66 7
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Substrate LCMS data
Br
Ha H2 N*
Retention time: 3.54 min; Mass ion: 242.1 (M+H)*
H? 105v
Ha

(20.8 mg, 0.086 mmol)

N
HbHb105x
(19.6 mg, 0.086 mmol)

Retention time: 2.85 min; Mass ion: 228.1 (M+H)*

B
be N X r
Hdk i

D-Incoporation (%)

D2 DP
85 30
Substrate LCMS data
Br
Ha H& N&
Retention time: 3.54 min; Mass ion: 242.1 (M+H)*
H? 105v
Ha

(20.8 mg, 0.086 mmol)

Retention time: 2.30 min; Mass ion: 214.0 (M+H)*

N
I
b 105y

B
s
HP. =
e
HbH

(18.4 mg, 0.086 mmol)

D-Incoporation (%)
D? DP

80 0
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