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Abstract

This project develops new organometallic frameworks, to target the asymmetric transfer
hydrogenation and hydrosilylation of ketones, aiming for enhanced activity and substrate
scope relative to current state-of-the-art. The anticancer activity of some of the complexes
were assessed against a human colorectal adenocarcinoma cell line. The first chapter of this
work discusses relevant research published, identifying key areas that possess limitations.

Chapter 2 describes the synthesis of tethered ruthenium(ll) half-sandwich complexes,
constructing structures bearing chirality within the tether; a prospect not yet explored. The
key to this design is the stereocentre, situated at the benzylic position. A bulky substituent,
methyl, isopropyl or t-butyl, emanates hoping to control the tether coordination. The tether
was designed to influence the metal-centred configuration and thus the configuration of the
ATH product. Although configurational exchange was seen over time, the complexes yielded
products in modest ee.

Chapter 3 describes the synthesis of manganese(l) half-sandwich frameworks, aiming to
incorporate a stereocentre into the tether so the approach of the substrate to the complex
during hydrosilylation would be influenced by the steric bulk of the tether. Irradiation of the
achiral tethered complexes outlined in this chapter showed great promise, hence if the
reaction conditions can be tuned accordingly, the frameworks can still be considered as good
target complexes to be used in hydrosilylation.

Chapter 4 describes exploration towards the synthesis of a polymer-supported ruthenium(ll)
half-sandwich complex, analogous to those developed in Chapter 2, anticipated to be
capable of the asymmetric transfer hydrogenation of ketones. Frameworks in the literature
incorporate supports through amino, sulfonamide or phenyl groups within the ligand,
allowing for cheaper and less toxic reaction conditions, and advantageous recyclability,
without loss of enantioselectivity. The anticipated immobilisation during this project was via
the stereocentre on the tether, but due to time limitations immobilisation was not performed.
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Chapter 1

Introduction and literature review

To date, chiral-at-metal complexes have found a myriad of applications in various fields
within chemistry, namely in asymmetric synthesis in addition to their use in the bioinorganic
research fields.!-25

The most popular examples in bioinorganic chemistry are enzyme inhibitors that
target protein kinases (Figure 1), whereby the aim is to design structures that mimic
biological compounds and complement the shape of their active sites.!-35.9-22.24-27

R4 =H, OH, Cl or Br
R, =H, F, CF;, CH,OH, CHj,
N(CH3),, OCH5 or CO,H
R; =H, CI, Br or CH,OH
R4 =HorBr

Figure 1. Examples of enzyme inhibitors that target protein kinases.'8.25

The purpose of the chiral metal centre is to orientate the surrounding ligands to match that
found within the target protein. As the metal itself is not directly part of the interactions that
take place, this highlights that the relative position of the ligands and their functionality, as
determined by the stereochemical configuration within the complex, is of great
importance.1257.911-13,15-19.21.22 - Researchers focus upon manipulating rigid three-
dimensional metal complexes to occupy particular geometries in the hope to “increase

structural diversity”, whilst achieving specificity and kinetic stability, and proving kinetically
inert t00.1:2:4.6.8,10-13,15-22,24,25
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Within asymmetric synthesis, chiral-at-metal catalysts have transferred chiral
information, enantioselectively catalysing various reactions, for example, aldol-type
alkylations, esterifications, Diels-Alder cycloadditions, 1,3-dipolar cycloadditions,
asymmetric cyclopropanation, olefin metathesis, ring closing alkene metathesis, kinetic
resolution of alcohols, asymmetric hydrogenation and asymmetric transfer hydrogenation. A
plethora of catalysts follow the piano stool framework; reported structures include achiral
ligands, chiral monodentate ligands and chiral bidentate ligands. To achieve the greatest
stereocontrol over the metal centre, researchers have favoured chiral bidentate ligands,
achieving high enantiocontrol during asymmetric reductions, due to an increase in stability
of the complex, reducing inversion of configuration at the metal during catalysis.28-30

Chiral-at-metal catalysts can be found as octahedral or half-sandwich
frameworks'6:30, whereby the chirality of the metal can be induced in two ways. The first is
the attachment of achiral ligands to a metal centre, resulting in metal-centred chirality due to
the enantiomers formed; this is most prominent in octahedral catalysts.1027:31-34 Alternatively,
chirality can be induced to the metal via the complexation of chiral ligands, either
monodentate or bidentate, to prevent the challenge of separating the isomers at the end of
the synthetic route, assuming that a single isomer has formed as opposed to a pair of
diastereoisomers®. This idea is more applicable for half-sandwich complexes, leaving room
for fine-tuning and modification of chiral ligands by their steric and electronic
properties.23.283034-38  Multiple studies have encountered difficulties when trying to
synthesise piano stool complexes without chiral bidentate ligands. One example is the
inversion of configuration at the metal centre during catalysis, which prevents high
enantioselectivity being achieved during asymmetric transformations.®® Unfortunately,
research thus far has therefore relied upon the use of chiral bidentate ligands to control the
chirality at the metal centre, which limits the variations of novel chiral-at-metal complexes
synthesised. Hence, if chiral ligands were no longer a requirement to synthesise a chiral-at-
metal framework, then the possible structural designs can be seen to have limitless

potentia|.16,20,22,23,31

1.1 Asymmetric catalysis

Stereochemically pure compounds can be difficult to synthesise but are hugely important in
a variety of sectors; namely fine chemicals, pharmaceuticals and agrochemicals.12.15.36:40-67
Prior to recent advances in synthesis, agrochemicals and medicines were often brought to
the market as mixtures of isomers, with each having different biological effects.41.68-"1 To be
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specific, a review in 2006 stated that 56 % of pharmaceutical drugs were chiral and of those,
88 % were marketed as racemates containing both isomers.”2 From 2007 onwards,
approximately 43 % of agrochemicals were chiral, with 47 % being marketed as racemic.®

The importance of the synthesis of enantiomerically pure products is most clearly
illustrated in the pharmaceutical industry. One example was the tragic case of thalidomide,
a drug introduced in 1957, which treated morning sickness during pregnancies. One isomer
induced sedative effects, whilst the other caused birth defects.’0.73 Another example is
formoterol, a chiral drug utilised in the therapy of asthma and chronic bronchitis. This
therapeutic alcohol comprises of two stereocentres, hence giving rise to four sterecisomers,
each with very different toxicities and effects. Of these, (S,S)-formoterol has been found to
have a toxic effect that would be harmful to the patient, compared with (R,R)-formoterol that
has shown the most promise in terms of clinical benefit.”!.7475 To avoid such dangers,
modern drug discovery focuses on separating isomers before their use in medicines.”®

Since only one isomer is often useful, 50 % of the yield of racemic processes is
wasteful. Primarily, the rotation of plane-polarised light, in equal but opposite directions, is
the physical property that allows enantiomers to be differentiated between.”” Nowadays,
simpler modern chromatographic methods are typically used to separate racemic mixtures,
into the (R) and (S) enantiomers, based upon their retention time on the chiral stationary
phase.3#41.5278.79 For example, (S)-finerenone, a receptor antagonist for the treatment of
chronic kidney disease, is synthesised as its racemic form followed by separation from the
(R)-isomer via chiral column chromatography.® Due to their identical physical and chemical
properties, enantiomer separation can be challenging and costly.4!:5267.7680 An alternative
approach is to develop reactions, like in nature, that produce only one isomer.4581

Asymmetric synthesis is one example that represents an umbrella of reactions that
aim to create chiral products. Two popular methods of asymmetric synthesis include
asymmetric hydrogenation (AH) and asymmetric transfer hydrogenation (ATH). Asymmetric
hydrogenation has eco-friendly characteristics, based on the abundance and low cost of
hydrogen as a clean proton donor.80.82-86 Comparatively, asymmetric transfer hydrogenation
uses alternative hydrogen donors, for example isopropanol, formic acid/triethylamine
azeotropes and water/sodium formate mixtures. These safer reaction conditions generate
smaller amounts of hazardous by-products and allow the catalyst to be
recycled.41:42:45:48,55,58,83,85-101 Fyrther, ATH does not require a large amount of catalyst to
perform the reduction; “typically less than 1 mol %",
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ATH is a versatile method that includes the addition of hydrogen, from a non-Hz
source, to ketones and imines by a catalyst, to create enantiomerically enriched chiral
alcohols and amines.434546,48,53,54,59,81,92,97,102-110 Explained further, ATH uses a catalyst to
transfer configurational bias to the product and therefore controls the relative ratio of the
enantiomers produced.8'.110 The enantiopurity of the reduction product is usually denoted as
the enantiomeric excess and is given as a percentage. It defines the extent to which the
major enantiomer is in excess of the minor enantiomer or in other words, the “percentage
excess of the enantiomer over the racemate™’.

In Scheme 1, the goal of the catalyst is to reduce the carbonyl bond selectively to
produce only one isomer, regardless of the difference in substituents on the substrate.

(0] Chiral catalyst OH
—_—

Scheme 1. Generic scheme showing the ATH of ketones by a chiral catalyst.!!"

The larger ball signifies a group comprising of high electron density, for example an aryl or
alkyne moiety, and the smaller ball signifies a group comprising of low electron density, for
example an alkyl moiety."!" This is a typical example of how ruthenium-based half-sandwich
ATH catalysts asymmetrically reduce achiral ketones.

ATH reactions are focused upon in ongoing research and ruthenium is a popular
transition metal investigated due to its formation of relatively kinetically stable complexes
and economic advantages over alternative transition metals.'2 As a result of poor
enantioselectivity with a range of substrate classes, the usage of homogeneous catalysts in
asymmetric catalysis is used less frequently on industrial scales than researchers would
like.528188.93.113  Similar ruthenium structures are being extensively explored in the
development of anticancer compounds, allowing dual-propertied ruthenium(ll) complexes to
become more common.'™# Further research has also focused upon alternative asymmetric
synthetic processes, for example, hydrosilylation of ketones to create chiral products''®
because the process is much simpler and allows for milder conditions to be employed,
enhancing green chemistry aspects of the catalysis.'’5-118 The majority of studies have
utilised rhenium, ruthenium and iridium complexes, but more sustainable projects have

concentrated on iron, zinc and copper catalysts.31.115.117.118
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1.1.1 Noyori’s catalysts

Noyori made several breakthroughs in the field of ATH in the mid-1990s, which later led to
his share in the 2001 Nobel Prize award for “the ability to control stereoselectivity via
catalysis”37.47.93.119, Noyori's half-sandwich ruthenium-based
Cata|yst327,39,41,43,46,48,49,53,58,67,81,86,89,96,97,99,100,106,107,110,120—122’ based upon monotosy|ated
diamines?27,39.46,47,60,64,65,86,89,90,100,105,110,112,123,124 (Table 1), inspire the majority of ruthenium
half-sandwich ATH catalysts designed nowadays?394081388:92,97,106,107.110.125  often being

referred to as the 1st generation®.

Table 1. Noyori's catalysts.®”

<o

o 1
>~
\/S\N/Ru—CI

|
R A/NHZ
P Y
Ph

Catalyst né-arene ligand R N-sulfonyldiamine
C1 Benzene 4-CH3-CeHs Ts-DPEN
C2 p-Cymene 4-CH3-CgH4 Ts-DPEN
C3 Mesitylene 4-CH3-CgH4 Ts-DPEN
C4 Hexamethylbenzene 4-CH3-CgH4 Ts-DPEN
C5 Benzene 1-naphthyl Nps-DPEN
C6 p-cymene 2,4,6-(CHs)3-CeH2  Mesitylsulfonyl-DPEN

Chiral diamine ligands possess greater stability in air than their phosphine
analogues, in addition to their ease of tunability and readily available nature.*":65126 Further,
the success of these catalysts, as a result of their flexible structure, allows easy modification
to tune the substrate scope, increasing the activity and selectivity of the catalyst.37:4145.46.53,65

Within Noyori's framework it is the stereochemical configurations at the carbon
atoms bearing the phenyl substituents that dictate the stereochemistry of the TSDPEN ligand
to be either (R,R) or (S,S). It is important to note that the (R,R)-TsDPEN and (S,S)-TsDPEN
ligands confer opposite stereochemical configuration at the metal centre and therefore
influence the chirality of the alcohol product too.394681 The (S,S)-ligand yields a complex
where the configuration at the metal centre is (R)-absolute and the (R,R)-ligand determines
the stereochemistry at the metal centre to be (S)-absolute (Figure 2).39.67.127
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(S.S)-C1 (R,R)-C1
1° 1°
., _NH HN
‘ \
R‘u. @ /
N/H

Figure 2. Noyori's catalysts bearing (S,S) and (R,R)-TsDPEN ligands.128

A favoured diastereoisomer is then able to form (Figure 3), where there is attractive CH-1r
interactions between hydrogens on the arene ring of the catalyst and the phenyl ring of the
substrate.46.59.64,67.81,86,127,129-131 Though this concept is generally accepted, it is important to
highlight this transition state is only one explanation for the enantioselectivity during ATH.

Favourable "edge-face" n-interaction

Ru
' N >
PhY 3/ >
H Me

Figure 3. Noyori's favoured diastereoisomer.27.132

Interestingly, one research group'3 investigated whether it was the anti-
arrangement of substituents or the 1,2-disubstitution of the phenyl groups within the TsSDPEN
ligand that controlled the activity and selectivity of the ligand during ATH by removing one of
the phenyl groups and reversing the ligand to a syn-arrangement (Figure 4).46:107,131,133

(R,R)-L1 (S)-L2 (R)-L3 (1S,2R)-L4
Ph,,jiNHz PhW:NHZ J/NH2 PhINHZ
Ph” “NHTs NHTs P “/NHTs Ph”” YNHTs

Figure 4. TSDPEN and variations of the ligand to investigate their influence on ATH.46.133

For L2 and L3, the configuration of the alcohol was identical to the stereochemistry of the

chiral centre on the ligand. It has been postulated that ligands L2 and L3 allowed for more
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flexibility in the catalyst due to only one phenyl group being present, which resulted in lower
conversion rates and extended periods of time for the reduction. For L1 and L4, the
configuration of the alcohol matched the stereochemistry of the chiral centre attached to the
tosylated amine. Based on the results in Table 2, both phenyl groups were favourable to be
present (L1 and L4) to achieve high enantioselectivity. When the ligand comprised of
stereogenic centres of opposite stereochemistry (L4), the lowest amount of conversion was
achieved, in addition to the longest reaction time being required. In comparison, L1 that
comprised of identical stereochemistry at the stereogenic centres, obtained the highest

activity and selectivity during ATH, in turn shortening reaction times.27:45:46.86,107,131,133

Table 2. ATH of acetophenone by ligands shown in Figure 4.46.133

Ligand Time Conversion (%)  ee (%) Chirality
L1 22 hours 100 98 (R)
L2 48 hours 95 69 (S)
L3 13 days 46 33 (R)
L4 220 hours 32 70 (S)

Once the ligand has coordinated to the metal centre, the two possible complexes
formed with each enantiomer of the TSDPEN ligand exist as diastereoisomers (Figure 5).%9

(R,R)SRu-C1 (R,R)RRU-C1

Enantiomers Enantiomers

(S,S)RRU-C1 (S,S)SRu-c1

Ts
s |
Diastereoisomers 1, (S).NH S
N (S)
- Ru—
/z
H
SN

Figure 5. The four diastereoisomers of [(n8-benzene)RuH(TsDPEN)].3?
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Of most significance is that the configuration of ligands around the metal centre influences
the chirality of the metal centre, which in turn induces chirality to the alcohol products during
ATH (assuming the standard mechanism applies - see section 1.1.4). It has been
experimentally determined that although both diasterecisomers may exist during catalysis
(due to configurational isomerism at the metal centre), one isomer is significantly more active
than the other, hence is responsible for the major product (enantiomeric excess).
Computational studies of catalysts comprising the (R,R)-TsDPEN ligand, shown in Figure 6,
confirm the more active diastereoisomer in ATH comprises (S) chirality at the metal centre.3?

(R,R)SRU-C1 (R,R)RRU-C1
1° 1°
(R) (R) H
N'\*R<s> N'\*R/ @
y— U
A S /(R
“(R)N H “(R)'N "
4. 4.
H H H H
favoured disfavoured

Figure 6. Favoured diastereoisomer as a result of the location of the hydrogen.3?

One significant ATH method includes C2 (Table 1) in a 5:2 ratio of formic
acid/triethylamine (FA/TEA) azeotrope, which acts as a source of hydrogen to be transferred
from the catalyst to the substrate, regenerating the catalyst during the cycle (see section
1.1.4 for the mechanism). The low catalyst loading required for this method is advantageous
because the reaction can be carried out cheaply.27:44-46:48,53,56,58,85,90,106,126,134-137

Other novel ruthenium AH catalysts have been discovered by Noyori and coworkers,
for example [RuCly(diphosphine)(diamine)], whereby the diphosphine86116.138 and
diamine37:49.86.90,133-141 hoth possessed chirality (Figure 7) producing a fast, stereoselective

route to reducing simple ketones.70.83.86,90,139

Figure 7. Catalyst whereby the ligands are chiral but the metal centre is not.3’
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To achieve this effective transfer of hydrogen during the ATH transition state, the larger
group within unsymmetrical ketones is orientated away from the phosphorus ligands to
prevent steric clash as a result of their bulky nature. Moreover, research has suggested that
there is a stabilising interaction between the aryl ring of the substrate with the diamine
ligands. This therefore leads to a favourable and unfavourable approach of the ketone
towards the catalyst during ATH and both have been depicted in Figure 8.142

Ph
O/‘ O/>_‘ Me
ﬁ) { }Eh \ |\'|
‘H 5 H
P// | /,," | ,N/H
R|U‘N .,
A Hz AN
h Ph ph Ph
C7
favoured disfavoured

Figure 8. Favoured and disfavoured interaction of C7 with acetophenone. 42

Incorporating BINAP into octahedral metal frameworks allows for the use of monodentate,

bidentate or tridentate ligands to contribute to inducing asymmetric catalysis (Figure 9).142

monodentate
ligand
b BINAP ——
[ . b/, lxnd monodentate
BINAP — > « |\|/|‘c>* ~— diamine LNy ligands

b BINAP —— \_j

Ligand-centred Metal-centred

chirality exclusively chirality exclusively
BINAP \
linker to form F?* “C
tridentate ligand —— «( ~ M mopodentate
a¥ | Yc ligands
BINAP — -2

Both ligand-centred
and metal-centred
chirality

Figure 9. Octahedral metal complex frameworks used in asymmetric catalysis, showing the
effects that chiral and achiral ligands can exert on the chirality of the metal. The pink colour

defines the ligand or metal to be chiral.%
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As shown in Figure 8, the two chiral ligands, BINAP and the diamine, were capable of
transferring chirality to the substrates via ligand-centred chirality as represented by the
octahedral framework on the top left of Figure 9.3” Within other catalyst frameworks BINAP
can render the metal centre chiral by placing the two BINAP ligands adjacent to one another
(Figure 9 — metal-centred chirality). If the two BINAP ligands are linked to form a tridentate
ligand, the complex becomes chiral both at the metal centre and within the ligand sphere
(Figure 9 - ligand-centred and metal-centred chirality).3”

BINAP has been key in creating (-)-menthol and selectively hydrogenating a-
(acylamino)-acrylic acids and esters, a,p- and B,y-unsaturated carboxylic acids, allylic and
homoallylic alcohols, B-Keto esters’:9 and a-chlorinated acetophenones!%.

1.1.2 Wills’ catalysts
Originally inspired by Noyori's catalyst (Table 1 — C2), Wills incorporated a tether in order to

increase the stability of the catalyst®.42:46.57.81889092.98,107,122.125,143.144 (Figure 10 - C8).

Figure 10. Most widely utilised tethered ruthenium catalyst created by Wills et al.8!

The arene was initially linked through the sulfonamide group (Figure 11 - 2d generation of
catalysts), and then later to the diamine (Figure 11 - 3 generation of catalysts). Interestingly,
the 31 generation possesses higher activities than the 2nd generation.%3.144.145 \When more
heavily substituted arene ligands were used, the rotation of the arene relative to the

remaining ligands was restricted, preventing dissociation of the arene ligand.39.46.90.131,146,147

10
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2nd generation
alkyl-tethered
CO9R=H,n=1
C10R=H,n=2
C1MR=Me,n=2
C12R=H,n=3
C13R=Me,n=3
C14R=j-Pr,n=3
C15R=0Me,n=2

| NMe
Ru. yd
cl” | N—S

H,N_ ., O2
“Ph

Ph

2nd generation
alkyl-tethered
Cc16

Chemistry PhD thesis

3rd generation
alkyl-reverse-tethered

C8R=H,n=0, Ar = toluene
C17R=H, n=0, Ar=NMe,

C18 R=H, n=0, Ar = piperidine
C19 R = Me, n =0, Ar = piperidine
C20 R =j-Pr, n =0, Ar = piperidine
C21R=H,n=1, Ar=NMe,

C22 R=H, n=1, Ar = piperidine
C23 R =H,n =2, Ar = toluene

R

| )n
o1~ SUSNJ-50,Ar

H VN

h

Ph

o

3rd generation

oxo-tethered

C24R=Ts
C25R=Ms

Figure 11. Tethered ATH catalysts by Wills, Ikariya and Mohar.57.58.81.145,147,148

Inclusion of a tether allows for lower catalyst loading and increased temperatures,

which are essential in reducing challenging substrates*28!, thereby amplifying the

activity57.92143 and speed of the ATH in comparison to untethered analogues® (see Table 3).

Moreover, varying the tether length, in addition to the inclusion of different groups to the

tether, for example, a benzene ring'2 or sulfonamide groups*6.146, provided interesting

results for Wills et al. and hence by discovering a successful catalyst structure, Wills et al.

have defined a clear template by which most research now follows.

11



Stephanie Shroot BSc Chemistry PhD thesis

Table 3. Comparison of the reduction of various substrates (under identical conditions) by
Noyori’s untethered catalyst against a few examples of Wills’ catalysts to show that the

inclusion of a tether increased activity of the catalyst.81,123.146,149-151

c3 c26 cs
Cl'"Ru CI---/Ru\ CI"'/Ru\
TsN” 'NH, TsN”  NH TsN"  NH
pf  “pn e Ph pf “ph
n=1 n=2
c27 C16
@))n Dl
CliRu Cl'iRu
TsN” "NH TsN” 'N—S
> / > ’ 2
PH Ph PH “ph
n=3 n=1
Temp Time Conversion ee
Substrate Catalyst
) () (%) (%)
acetophenone C3 28 20 >99 98
acetophenone C26 40 15 19 92
acetophenone C8 28 3 100 96
acetophenone C8 40 2 100 96
acetophenone C27 40 1.25 100 96
acetophenone C16 28 21 >99 96
1-tetralone C3 28 48 >99 99
1-tetralone C3 40 3 97 94
1-tetralone C8 40 S 100 99.8
1-tetralone C27 40 S 100 >95
1-tetralone C16 28 18 >99 98

12
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p-chloro-acetophenone C3 28 24 >99 95
p-chloro-acetophenone C3 40 2 >99 91
p-chloro-acetophenone C8 40 5 100 91
p-chloro-acetophenone C27 28 3 100 91
p-chloro-acetophenone C27 40 5 100 93
p-chloro-acetophenone C16 28 12 >99 92
p-methoxy-acetophenone C3 28 60 99 97
p-methoxy-acetophenone C8 40 1.67 100 94
p-methoxy-acetophenone C27 28 18 100 94
p-methoxy-acetophenone C16 28 44 98 90

Wills et al. also investigated the attachment of the tether to the chelating ligand in
place of the phenyl groups usually present (Figure 12). The idea was that the catalyst would
favour one diastereoisomer to form during the ATH catalytic cycle. Unfortunately, long

reaction times were required and low enantioselectivity was observed. 3!

Figure 12. Ether tethered catalysts by Wills et al., whereby n = 1 or 2.131

By modifying aspects of the framework, the hope is to tune the catalyst more
precisely'#4 because the larger the range of ketone substrates that can be reduced by a
single catalyst, the more useful the catalyst will be within industry on a larger scale. In fact,
to be utilised for multiple purposes within industrial research, catalysts ideally possess a wide
substrate scope and are also highly active.> ATH can therefore be used as a fundamental
intermediate step during the synthesis of various compounds useful in the medicinal industry,
for example, cyclic hydrazines'52 or aromatic epoxides45:58.83.85,105,144,153-155,

C8 (Figure 10)8'.92 was employed by Synthon BV to create montelukast, an anti-
asthmatic drug,8'.1% and later by Archimica GMBH to reduce cyclic ketones to prepare

13
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eslicarbazepine, an antiepileptic drug.8'1%7 Following these successes, AstraZeneca also
used this same catalyst to design an enantioselective and chemoselective pathway towards
anti-asthmatic bronchodilator drugs.8'.1%8 Alternative tethered catalysts synthesised by Wills
have been successfully used by pharmaceutical companies worldwide.925% A couple of
examples include to obtain chemokine inhibitors via reductive routes in Germany'6% and to
prepare intermediates for non-steroidal selective oestrogen receptor modulators in
Slovenia'®'. The success of Wills’ tethered catalysts also inspired Takasago International
Corp. to synthesise Ts-DENEB® (C24) which was applicable in many industrial uses.81.9

1.1.3 Reaction conditions
Ruthenium catalysts with differing chiral ligands, comprising of diamine, amino alcohol or
phosphine moieties, have been developed to be used in the asymmetric transfer
hydrogenation of ketones and imines with 2-propanol or formic acid as the hydrogen
donors.27.39,44-46,48-51,54-56,58,59,65,81,85,88-90,97,105-108,110,122,124,126,131,137,139,141,143,144,147,162-170
Formic acid is the preferred solvent as reactions are more likely to proceed to completion,
evolving CO2 as a byproduct39.45.46.53,67.105,164.169 - a5 opposed to 2-propanol which allows for
reversibility of the reaction as a result of its oxidation to acetone.#445.55.59,67,83,88,89,105,112,123,164
As the reaction proceeds, the reverse reaction becomes more predominant, encouraging
racemisation of the chiral product, hence the acetone can be distilled off during the reaction
to prevent this from occurring.#6:67 Another advantage of the FA/TEA azeotropic mix is that
the formic acid is consumed during the reaction and therefore the triethylamine can buffer
the pH to create optimum conditions.* In fact, by changing the ratio of formic acid to
triethylamine, Zhou et al. showed how the azeotropic mixture could affect the asymmetric
transfer hydrogenation of ketones. Utilising a lower formic acid:triethylamine ratio (>2.5:1),
and therefore neutral conditions, proved to be much more efficient. With an optimum FA:TEA
ratio of 0.2:1, increased rates and enantioselectivities were achieved. At higher ratios (from
4.6:1 to 3.1:1), with acidic conditions, the metal hydride and TsDPEN ligands were
protonated causing the catalyst to become less active and less enantioselective.45.171
Despite this, amino alcohol ligands are not compatible with formic
acid/triethylamine#6.90.112129 and decreased enantioselectivities have been reported after an
extended period of time8?. This has led to the more recent discovery of the metal-ligand

bifunctional mechanism to which these reactions follow.130.139

14
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1.1.4 The metal-ligand bifunctional mechanism

The metal-ligand bifunctional mechanism for the reduction of ketones by ruthenium catalysts
is carbonyl-selective, “tolerating a plethora of functional group substituents”*4? and occurs
by concerted proton-hydride transfer. This mechanism is advantageous because the ketone
converts into the alcohol directly without the formation of metal alkoxide. Furthermore, the
metal-ligand bifunctional mechanism first proved the pathway for octahedral catalysts before
later being applied to half-sandwich Ru-TsDPEN catalysts too. The cycle (Figure 13) begins

once the ketone substrate interacts via hydrogen bonding to the basic ligand on the active
bifunctional catalyst.27:39:4145-48,54,56,56,59,61,64,67,81,83,88,105,130,140-142,165,172-180

TS,
O
R»]\( R1 O
R Rz>‘.( H "\~ OH
2 H NH H
P/ N R
(L R, ] ?
PY 1 N
H H,

. H H2 H
active P, | \N P, ®.N
catalyst( JRu, ] ( vej
cs P N P" | N

H H2 H H2
O/
HO © OR
A H
P/I—!‘// N/ P/,®\N
Tsz ( 'RU ( vRuvH]
P” | N P= N
H H, H H
Q
H--OR
H—H / Hy
P,@| HN
( Ru, ]
P” | N
H H,

Figure 13. The metal-ligand bifunctional mechanism shown as a catalytic cycle.42.173

This forms a six-membered pericyclic transition state (TS1), ensuring the ketone is present
in the immediate vicinity of the metal centre. The principle of the metal-ligand bifunctional
mechanism is the hydrogen bonding between the carbonyl group of the ketone and the NH
functionality of the ligand, which stabilises the transition state and hence encourages a low
energy enantio-determining reduction step to occur. In fact, the acidity and polarity of the N-
H bond is rendered significantly larger when incorporated into a ruthenium catalyst, allowing
the hydrogen bonding to occur with more ease, known as the NH effect. Unusually, there is
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no interaction between the metal centre and carbonyl oxygen, highlighting the importance of
the NH moiety further.27.39,41,45-48,54,56,58,59,61,64,67,81,83,88,105,130,140-142,165,172-180

The NH moiety protonates the oxygen of the ketone concurrently to the
hydrogenation of the carbonyl carbon by the Ru-H moiety, directly giving the alcohol product
and a zwitterionic complex. Due to the selective simultaneous transfer of hydrogen to the
ketone substrate, it is only possible to transfer NH protons in the axial position to the ketone’s
oxygen, to prevent steric repulsion between the substrate and the ligands on the
catalyst.27:414554105130,140.173178  Next, a solvent molecule protonates the zwitterionic
ruthenium complex. As a result, the ruthenium centre becomes more electropositive, and
hence has a greater affinity for the dihydrogen. The labile 16-electron complex encourages
interaction between the dihydrogen and the alkoxide to form a six-membered cyclic transition
state (TSz). The heterolytic splitting of Hz by the alkoxide base regenerates the active
catalyst, allowing the catalytic cycle to repeat.5482.138.140,173,181

The main role of the ruthenium, which remains in its +2 oxidation state throughout
the cycle, is to activate the dihydrogen and support the hydride before it is transferred. For
this mechanism to be successful, the hydride and two nitrogens must be in a fac-position

within the octahedral complex (Figure 14).59.82,138,140,173,181
c28

e, 1N
/., W\
Ru

(iR )

H H,

Figure 14. Octahedral complex with the hydride and two nitogens in a fac-position.'2

The real success of this hydrogenation mechanism lies within the H-Ru-N-H

conformation (Figure 15).39.56,67,82,140,144,173,181

Figure 15. Conformation adopted by the H-Ru-N-H moiety to successfully activate the

carbonyl substrate through hydrogen bonding.82.140.181
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Research suggests that the closer the torsion angle of the H-Ru-N-H is to zero, the
more active the catalyst is.’#0.144 This six-membered configuration encourages the metal
hydride and the proton on the amine to recognise the polar carbonyl double bond
selectively.®0.116 The activation of the carbonyl substrate is facilitated by the nucleophilic
nature of the Ru-H moiety and the strongly dipolar nature of the H-Ru-N-H functionality, and
in turn these features help to stabilise TS1.56.67.82,144,173,181

For half-sandwich ruthenium(ll) catalysts, studies suggest that by utilising
isopropanol or formic acid as the hydrogen donor, the catalytic cycle can be illustrated as

shown in Figure 16.53:81.83,141,182

OH

C2 /}\
H
base
i -HCI |
_Ru—NTs Ru—NTs
Cl~ | |
HoN Ph HN Ph
Ph Ph
18e complex OH 16e complex

I
\ﬁ"-"H--RIu—NTs H—Ru—NTs
O----- H--” Ph H—N Ph
Ph Ph
0

Figure 16. The mechanism for the ATH by half-sandwich Ru(ll) catalysts.83.130.182

The mechanism follows a cycle of three steps; first the active catalyst is generated
by elimination of HCI, next the transfer of hydrogen from the hydrogen donor to the catalyst
and subsequently to the substrate, and finally the active catalyst is regenerated by the
hydrogen source.39:47.53.58,81,98-100,106,131,141,169,170.172.177 Ag further proof, all intermediates

were isolated and characterised except for the transition state.53.81.83,130.177,182-184
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A high linearity between conversion (%) and time was established by Wills et al.132, utilising
the inclusion of a cyclohexyldiamine ligand to replace the TsDPEN ligand (Figure 17),

suggesting the beginning of the reduction to be of zero-order.

Cc29

Figure 17. Substitution of Noyori’s TSDPEN ligand for a 1,2-cyclohexanediamine ligand. 132

This emphasised that the concentration of the ketone did not majorly affect the rate and
therefore it has been presumed that the rate determining step within the catalytic cycle does
not depend on the rate of hydrogen transfer to the substrate, but in fact relies upon the
regeneration of the metal hydride. 132170

'H-NMR and chiral GC was used to kinetically deduce how the rate was directly
affected by this mechanism (shown in Figure 18), utilising tethered catalysts comprising of
the TsDPEN ligands (shown in Table 4). Assumptions were made that the ketone reduction
followed a second-order pathway, and that the hydride was regenerated by the formic acid
in first-order fashion. Conclusions were made that the rate of Ru-H regeneration limited the
overall reduction rate of the tethered catalysts until the concentration of ketone was low. 150170

o) OH
F>h)k Ph
Y, s ),
TS\N/RIU\\ TS\N/RIU
L N
N
H /</
Ph” PR™ 7
Ph Ph
ko FAST o
1
HO” H

Figure 18. Kinetic model for the ATH of acetophenone by Ru(ll) catalysts. The rate
constants have been shown in Table 4.170
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Table 4. Table to show the structure of Ru(ll) catalysts with their rate constants included for
the reduction of acetophenone. Substrate loading: 0.5 mol %, temperature: 40 °C and 5:2
FA/TEA azeotrope. 170

Catalyst Tether length k1/M-! min-’ ka/min-t

1 ( )n
CliRu.
TsN: NH C26 2C 05 0.034
PH “Ph

n=1

1 ( )n
CliRu
TsN: NH Cc8 3C 10 3.7
PH “Ph

TsN- INH C27 4C 11 9.3
A

TsN: NH C23 5C 3.0 0.25

Gl Ry C1 Untethered 0.75 1.0
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In fact, the 4C-tethered catalyst C27 in particular gave an increased regeneration of
the hydride in comparison to similar analogues, and hence a faster rate of ketone reduction
was observed.50.170 Wills et al. proposed the idea that the tether and ligands were positioned
in such a way to allow for the most efficient transfer of hydrogen.#4 This was confirmed by
a study that calculated the torsion angles of the CI-Ru-N-H moieties for catalysts C8 and
C27, which were 4.59/4.14 (two complexes in the asymmetric unit) and 3.04 respectively.
The smaller the torsion angle was in magnitude, the more efficiently the hydrogen transfer
to the substrate was.'”0 In fact, the torsion angle of the CI-Ru-N-H moiety in C2 was
calculated to be -18.31, which gave further support that the incorporation of a tether of three
carbon atoms in length increases the activity of the complex. 162

The NH moiety attached to the ruthenium(ll) centre, that takes part in the pericyclic
six-membered transition state by “acting as the proton donor’'#1, has been concluded to
“selectively recognise substrates”4! by forming a hydrogen bond between the NH moiety
and the oxygen of the substrate (Figure 15), hence “encouraging favourable orientations in
close proximity to the ruthenium(ll) metal centre™4! if the distance between the NH moiety

and metal centre was optimum (Figure 19).141

Favourable "edge-face" n-interaction

Figure 19. Noyori’s catalyst in the transition state during ATH.%

1.1.5 Approach of the substrate to the ATH catalyst

When asymmetric ketones are used, whereby only one of the ketone substituents is aryl,
one orientation of the ketone towards the catalyst is favoured, thereby controlling the
absolute stereochemistry of the reduction product.27.39.46.58,64,67.81,.0.97,100,102,107,125,130-
132,137,144.169,172178,185 To adopt this favoured configuration, catalysts must be able to
discriminate between the two enantiofaces on the ketone substrate39.59.67.81,90,107,131,168,169,181,

hence dialkyl ketones and benzophenones are often reduced with less selectivity as a result
of the lack of discrimination39.45.67.81,90,92,98,102,106,107,131,137,168,169,172,184_
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Aromatic ketones are attractive substrates because of the CH-1 interaction, which
further stabilises the six-membered transition state (TS1) during the hydrogen
transfer.27,39,46,58,64,67,81,90,97,100,102,107,125,130-132,137,144,169,172,178,185 The combination of
stabilising attractive electrostatic CH-1r interactions and destabilising SO2-arene interactions,
as a result of the moieties lone pair, dictates the enantioselectivity of the
reduction.394297.125184,186 | the attractive CH-Tr interactions outweigh the repulsive SO.-
arene interactions, the major enantiomer forms (Figure 20 - left). However, if the SO.-arene

interactions dominate, the minor enantiomer is formed (Figure 20 - right).39.97.186

C30 C30

Figure 20. Interactions between acetophenone and a benzyl-tethered catalyst to give the
major (R)-enantiomer (left) and minor (S)-enantiomer (right).86

Alternatively, if the ring of the substrate is saturated, the major and minor enantiomers are
opposite to Figure 20 (see Figure 21). The catalyst is unable to discriminate the enantiofaces
of the substrate via electrostatic interactions, therefore the TS is stabilised via discrimination
of the enantiofaces by the attraction between the SO lone pair on the catalyst and the C-H

groups on the ketone.4267.125,186
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o

I
11O
I

Figure 21. Interactions between 1-cyclohexylethanone and a benzyl-tethered catalyst to

give the minor (R)-enantiomer (left) and major (S)-enantiomer (right).86

Research conducted by Wills et al. supports this idea. Their results concluded that
when using the (R,R)-catalyst C8, all ketones (Figure 22) reduced gave the (R)-enantiomer
except 1-cyclohexylethan-1-one which gave the (S)-enantiomer (Figure 23).2767.123,144

acetophenone propiophenone 2-methyl-1-
phenylpropan-1-one

2,2-dimethyl-1- cyclohexyl(phenyl)
phenylpropan-1-one methanone

Figure 22. Ketones reduced by C8.123
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Figure 23. The influence of electrostatic interactions on the position of the substrate
adopted during ATH.'23

This indicates that the favoured configuration, comprising of the aromatic group
occupying the site adjacent to the né-arene ligand, is adopted primarily but if the m-aryl-ng-
arene interaction is not present, then in some instances the spatial orientation of the
substrate in the transition state may be reversed (Figure 23)67.81123,144,169  with the larger
alkyl moiety facing away from the arene ligand as a result of steric hindrance, hence delivery
of the hydrogen occurs from the opposite face23.168.187_ Though this is clear evidence that
steric effects contribute to the enantioselectivity induced during ATH, research suggests that
these forces are too weak to induce high enantioselectivity towards dialkyl ketones alone. 169

A similar substrate-catalyst interaction can be formed by the electrostatic or
dispersion forces dominating. For example, addition of methyl groups to the arene ring
(Figure 24 - C31).150.169 The CH-1r interaction was “extended through the methyl group on

the arene ring”'%?, forming a stabilising interaction with the electron rich ketone group.4246

Figure 24. Conformation adopted during ATH, directed by electronic effects. 50

Another example of this alternative substrate-catalyst interaction being adopted was
when the CF3 group in 1,1,1-trifluoroacetophenone took priority and competed with the
phenyl group to occupy the site adjacent to the ns-arene ligand in the TS during the reduction
(Figure 25), which resulted in low enantioselectivities (Table 5).81.151.188
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C32,C8,C33,C34

Figure 25. Competition between CF3 and Ph groups of the substrate to occupy the space

adjacent to the arene ring of the Ru(ll) catalysts. 5188

Table 5. Catalysts investigated by Hodgkinson et al., alongside their enantioselectivity

obtained for the reduction of 1,1,1-trifluoroacetophenone. !

Catalyst R ee (%)
(I)I
C32 Ms s — 22
(0]
(I)I
c8 Ts §_ﬁ@ 45
(0]
I
C33 Mesitylene s 17
0]
135- i
C34 $—s 1

triisopropylbenzene

@]

If a ketone comprised of two aromatic rings, an out-of-plane orientation was
observed when the aromatic ring with lower electron density or higher steric demand faced
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away from the arene ring.8!147.168 The greater the difference in electron density or steric
demand between the rings, the easier it was for the catalyst to discriminate between the two
groups on the substrate. !4

Further, research showed that when a ketone comprised of both a hindered aromatic
ring with a substituent at the ortho position and a ortho-hydroxyphenyl group, very high
selectivity was obtained (Figure 26). This was because the bulky aromatic ring was forced
out-of-plane during the reduction, whilst the ortho-hydroxyphenyl group remained in-plane
with the catalyst, dictating the enantiomer formed as a result of this appended directing
effect. Moreover, the -OH was suspected to form a hydrogen bond to the carbonyl group
within the ketone whilst in the transition state, which encouraged the favoured interaction

between the aryl ring on the catalyst and the aryl ring on the substrate to occur.'8

Figure 26. In-plane and out-of-plane interaction between C8 and a diaryl ketone, whereby
X=0CHjs, Cl or Br."8

1.1.6 Types of substrates
The size of the scope of substrates successfully reduced is one important factor to be
considered when creating a catalyst to be used in ATH. A large range of substrate classes
have been reduced by various successful catalysts including benzophenones,
benzaldehydes, benzoylacetate esters, -keto esters, benzils, unsymmetrically substituted
1,2-diketones, 1,3-diketones, a-substituted acetophenones, a,a-disubtituted ketones,
sulphur- or oxygen-containing ketones, a,-unsaturated ketones, a,B-acetylenic ketones, a-
alkynyl ketones, diynones, propargylic ketones, heteroarenes, pyridones, amides and
imines.27.45,47,81,83,88,90,97,98,102,105,106,108,126,135,141,144,162,168,172,176,190-202

Most catalysts, as a result of stability and electron density or their compatibility with
ketones containing certain substituents, can only reduce a small selection of substrates. The
most difficult substrates to reduce are alkynyl ketones, a-chloroketones and 2-ketopyridines,
due to their susceptibility to side reactions leading to deactivation of the catalyst, and
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hindered dialkyl ketones, due to their nearly identical steric and electronic nature, making
discrimination of the groups chaIIenging.45*81*9297406’107'137'151!159472'134'189’192494

Activity and enantioselectivity achieved during ATH can depend upon the position
and type of substituent on the aromatic ring of the substrate.® It has been shown that para-
and meta-substituted aryl ketones produce alcohols with greater ee values than ortho-
substituted ketones due to steric hindrance.06.144.148.203 Other highly hindered substrates like
BuCOPh (Figure 27) have been reported to be difficult to reduce via ATH reactions8.123.144
with a reduction of enantioselectivity observed as the size of the aliphatic group on the ketone
increases'4. Incorporating a tether to the catalyst framework saw an increase in activity,
reducing BBuCOPh in 95 % using FA/TEA, in addition to an ee of 77%.123 Comparatively, C3
(Table 1) reduced BBuCOPh in >1 % conversion using FA/TEA.128

0 HO, H

Figure 27. Reduction of hindered substrate tBuCOPh.8!

Soni et al. focused upon the reduction of electron-rich hydroxyl- and methoxy-
substituted ketones. Ortho-methoxyacetophenone (Figure 28) was reduced with high
conversion rates and ee values of up to 96%. A majority of this class of ketone was more
soluble in FA/TEA, hence improved results determined that FA/TEA was more favourable
as the solvent for the ATH, as opposed to water.8”

OMe O

Me ———

Figure 28. Reduction of ortho-methoxy acetophenone.&

Para-methoxyacetophenone was reduced by all catalysts studied at a slower rate
than para-chloroacetophenone (Figure 29), but with higher enantioselectivity due to the
electron-donating nature of the methoxy-substituent and electron-withdrawing nature of the
chlorine substituent. 3,5-dimethylacetophenone was reduced with high ee, whereas 3,5-bis-
trifluoromethylacetophenone was reduced with 18 % ee, proving that enantioselectivity can
be affected by electron-withdrawing/-donating substituents on the substrate.45.81.151

26



Stephanie Shroot BSc Chemistry PhD thesis

(@) (@]
Meo/©)J\ CI/©)J\
para-methoxy- para-chloro-
acetophenone acetophenone
(@) (0]
CF3
3,5-dimethyl- 3,5-bis-trifluoromethyl-
acetophenone acetophenone

Figure 29.Ketones reduced by Wills et al.'".

Another investigation by Wills et al. identified that C8 (Figure 30), reduced 2-
acetylpyridine (Figure 31) with 94 % ee. Further studies revealed that this catalyst was also

compatible with some ketones comprising of a-substituents or heterocyclic moieties.81.100

C C24

8
| ; |
Ru_ O5 Ru_
TSNS, C! TsN'S ©
~N ~
Ph/\g/ H pre” Y H
Ph Ph

Figure 30. Will's catalysts: 3C-tethered (left) and Ts-DENEB® (right).8!.10

0
N
N
| SN
=

Figure 31. Reduction of 2-acetylpyridine.8!

Conversely, 2-acetylpyridine inhibited the reduction by Ts-DENEB® (Figure 30 — C24).81.100
This was due to hydrogen bonding between the protonated substrate and the catalyst (Figure
32), stabilising the transition state to such an extent that the “product was not released”1%,
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Favourable CH/ -interaction

Y
Tle'E”\H\I
Ph/\;/ \H\ ! Me
Ph

Figure 32. Additional interaction between the tether of Ts-DENEB® and 2-acetylpyridine. 00

Mohar’s catalysts (Figure 33) are unique from Wills’ catalysts in two possible ways.
The first is by incorporating an amide within the tether (C10), and the second is either an
increase in tether length, a change of the R group to an alkyl substituent, or modification of
the Ar group to an amine functionality (C17-C23).

c10 R C17R=H,n=1, Ar=NMe,
@ C18 R=H, n =1, Ar = piperidine
’ n G C19 R =Me, n =1, Ar = piperidine
C|/R\U\N—S/NMG CI/RIU N —SOAr C20 R = i-Pr, n = 1, Ar = piperidine
Hsz&/ 0, HN\)» C21R=H,n =2 Ar=NMe,
“Ph /'Ph C22 R =H, n=2, Ar = piperidine
Ph Ph C23 R =H, n =3, Ar = toluene

Figure 33. (S,S)-Mohar’s catalysts.®'

Mohar's catalysts reduce 1-naphthyl ketones81204 the most efficiently. There has been a
further increase in conversion efficiency reported for the tethered catalysts in comparison to
the untethered analogues.8! Despite this, 1’-acetonaphthone comprising of a 2'-OMe group
(Figure 34) was inert to reduction8 because the acetyl group was orientated in a different
plane to the flat aromatic rings of the substrate, preventing conjugation between the acetyl
group and the naphthalene moiety, hence hindering interaction with the catalyst.204

0]
(0]
90 o
1-(naphthalen-2-yl)ethan-1-one 1-(2-methoxynaphthalen-1-yl)-
ethan-1-one

Reduced with 96 % ee .
Inert to reduction

Figure 34. 1-naphthyl ketones subjected to reduction by Mohar catalysts.8!

28



Stephanie Shroot BSc Chemistry PhD thesis

1.2 Design factors that can be manipulated within the structures of

ruthenium(ll) catalysts

1.2.1 The half-sandwich framework

The features (Figure 35) that can be explored in order to determine their significant effect
on the reactivity and enantioselectivity on a range of substrates for ATH.

arene ring can be
substituted with
different groups

n=123o0r4 l

tether can be
varied
in length or
substituted with
various groups

A
A
tosyl group
can be
displaced by —> —<—— exchanged for

chelating ligand
alternative alternative

can be
functionalities functionalities
Figure 35. Diagram showing the distinct parts of the catalyst that can be tuned.*’

The monodentate chloride ligand has been substituted for alternative functionalities, for
example an iodide ligand, however, the complexes comprising of the chloride ligands portray
higher activity due to reduced stability and hence ease of substitution of the chloride ligand
to form the hydride intermediate for the catalytic cycle during ATH.99.205-208

1.2.2 Chiral-at-metal catalyst

The induction of chirality at the metal centre, by inclusion of chiral ligands or the organisation
of achiral ligands around the metal centre, is key to creating enantioselective half-sandwich
catalysts. This is because the bidentate ligand dictates the configuration at the metal, and,
in conjunction with stabilising interactions, namely the favourable CH-m interactions,
between the catalyst and the substrate, this ultimately determines the enantioface of the

ketone to which hydrogen will be transferred.27.32:33,35-37,172

1.2.3 Varying the chelating ligand within the ruthenium catalyst

Modifying ligands holds the key to enhanced catalytic performance because the chirality of
the ligand dictates the chirality of the metal centre, which in turn determines the chirality of
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the reduction product. To attain high catalytic activity and selectivity, the optimum steric and
electronic properties of the overall catalyst can be manipulated through variation of the

ligand’s steric hindrance and electron density (Figure 36).15.23.37.38,45-47.58,59,66,90,105,141

Br MeO
Cl % \N/ c %
% Cl
CF, MeO
§ Cl
% Cl ol OMe
g D SR
S s A v e
F F

Figure 36. Examples of chelating ligands in half-sandwich Ru(ll) ATH catalysts.#5

1.2.3.1 Functionalisation of the basic amine of the TsDPEN ligand

The introduction of groups to the basic nitrogen atom allows linkage to molecules with
varying uses, for example, “secondary catalysts, fluorescent tags or polymeric
supports™00.209.210 plys modification of the amine does not affect the stabilising hydrogen
bonding between the proton on the amine of the ligand with the oxygen on the carbonyl of
the ketone substrate during ATH.27.98.100 |ncorporating a diverse range of functionalities
(Figure 37) can improve the activity of the catalyst, alongside lower temperatures and
catalyst loading to be employed for ATH. For example, a catalyst including an N-PEG chain
was more soluble in aqueous conditions, and hence was more successful reducing ketones

in water.209
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R = COEt OMe
S aVa s

> Strong donors

J
~
=] =
Ph o > Weak donors

Figure 37. Examples of N-alkylated catalysts.03.209.211

1.2.3.2 Functionalisation of the sulfonamide group of the TsDPEN ligand

The reactivity and enantioselectivity of catalysts has been affected by the steric hindrance
and electron-withdrawing property of the sulfonamide group within the TsDPEN ligand
(Figure 38).58.124.126,151212 Electron-withdrawing groups rendered the -NH group more acidic
and the adjacent -NH. less basic, positively influencing the enantioselectivity of the
catalyst.#6.59.124126 Fyrther, incorporation of a sulfonyl group was crucial in “lowering the pKa
of the amine to permit the formation of an ionic bond between the ligand and the metal

centre™126 confirming that sulfonylated diamines accelerated hydride transferse.
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2 2
H,N  HN—S'-R H,N  HN—S'-R

Figure 38. Differing groups attached to sulfonamide moieties within chelating ligands.126

Hodgkinson et al. expanded the family of 3C-tethered and 4C-tethered ruthenium
catalysts (Table 6) by increasing the steric bulk of the R group attached to the sulfonamide
moiety; the four ligands explored were TsDPEN, MsDPEN, MtsDPEN and TrisDPEN.8.151

Table 6. Ru(ll)-TsDPEN tethered catalysts with alternative sulfonamide groups. '

Catalyst R Tether length
Ms ﬂ
C32 §—5— 3C,n=1
(MSDPEN) I
Ts ﬂ
c8 §—s@ 3C,n=1
(TsDPEN) I
Mesitylene ﬁ
C33 §—s 3C,n=1
(MtsDPEN) I
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1,3,5- o
C34 triisopropylbenzene %—% 3C,n=1
(TrisDPEN) °
Ms ﬂ
C35 §—5— 4C,n=2
(MsDPEN) 4
Ts ﬂ
c27 %—s@— 4C,n=2
(TsDPEN) 4
Mesitylene ﬁ
C36 §—s 4C,n=2
(MtsDPEN) 4
1,3,5- o
C37 triisopropylbenzene §—:s% 4C,n=2
(TrisDPEN) °

At 40 °C, a majority of substrates, including acetophenone, o-tetralone and meta-
methoxyacetophenone (Figure 39), were reduced in high enantioselectivity with very minimal
difference observed by the change in sulfonamide functionality. 51

sallisellve

ortho-chloro-
acetophenone a-tetralone acetophenone
(0] (0] (0]
Q\A /OQA @A
o~ o
ortho-methoxy- meta-methoxy- para-methoxy-
acetophenone acetophenone acetophenone

Figure 39. Substrates reduced by catalysts comprising of the ligands: TSDPEN, MsDPEN,
MtsDPEN and TrisDPEN. 51
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However, two substrates in particular, ortho-methoxyacetophenone and ortho-
chloroacetophenone (Figure 39), showed a drastic decline in enantioselectivity on increase
of steric bulk on the sulfonamide moiety, with the electron-donating methoxy substituent
being reduced with ee values as low as 22 %, in comparison to the electron-withdrawing
chloride substituent reduced with only 35 % ee.s

Conversion rates appeared to be more tolerant of change to the sulfonamide group,
with most substrates being reduced near to or at 100 %. Despite this, some substrates
showed a drop in conversion when the MtsDPEN (C33 and C36) or TrisDPEN (C34 and
C37) ligands were employed. In some cases this was a subtle decrease, for example with
a-tetralone, which was reduced by the 3C-tethered catalysts containing the MsDPEN (C31)
and TsDPEN (C8) ligands by 95 % and 100 % respectively, but only by 82 % by the two
bulkier catalysts (C33 and C34). A greater difference in conversion was spotted for para-
methoxyacetophenone (Figure 39), which was reduced fully by the two least bulky catalysts
(C32 and C8), but only 69 % and 37 % conversion was achieved by the catalysts comprising
of the MtsDPEN (C33) and TrisDPEN (C34) ligands respectively. Overall, the TsDPEN
ligand showed the most promise with regards to conversion rates and enantioselectivity for
all substrates tested, and hence was determined to be the most effective catalyst (C8).151

Another study modified the sulfonamide group with various alkyl groups (Table 7),
determining the ligand comprising of the smallest substituent to be the most active.

Table 7. Chiral ligands whereby the modification occurred on the sulfonamide group.4

Ph \Ph
> S 0 o
[ I

HN - HN=S—R HN - HN—S—R
© R 0 R
L5 Me L9 Me
L6 -(CH2)s- L10 -(CH2)s-
L7 cHex L11 cHex
L8 iPr L12 iPr

This does not allow for a trend to be spotted, therefore it has been concluded that the
influence of altering the sulfonamide moiety depends upon the nature of the substrate itself,

in particular its electronic and steric properties.58.59.151
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1.2.3.3 Changing the length of the spacer on the TsDPEN ligand

The size of the chelating ligand affects the stability, reactivity, and selectivity of catalysts.
One way that this was investigated was by changing the length of the spacer within the
diamine ligand (Figure 40). The effect was suspected to be as a result of a change to the
bite angle, affecting flexibility of the ligand and in turn the strength of coordination to the

metal centre.58

t-BunP_ _P-iMe t-Bun+R P-11Me t-Bui-P P-11Me

Me‘ t-Bu Mc—{ t-Bu Me t-Bu
MiniPHOS BisP* L13
Ph
H,N NHTs H,N NHTs : NHTs
H \:/\r HZN/\/\r
PR Ph Ph  Ph Ph
TsDPEN TsDPPN TsDPBN

Figure 40. Chelating ligands with varying spacer lengths.5

1.2.4 The incorporation of a tether

Tethered catalysts, whereby the tether is linked from the ns-arene ring to either the basic
amine moiety or the sulfonamide moiety (Figure 41), are significantly more stable than non-
tethered catalysts and catalyse ATH reactions at a much faster rate, showing their capability
to reduce electron-rich ketones, consisting of alkoxy and amine substituents, despite these

substrates reluctance to be reduced.5881,144,150
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2nd generation
alkyl-tethered

CO9R=H,n=1
C1I0R=H,n=2
Ci1MR=Me,n=2
C12R=H,n=3
C13R=Me,n=3
C14R=iPr,n=3
C15R=0Me,n=2

H,N_ >, O2
Ph

Ph

2nd generation
alkyl-tethered
Cc16

Chemistry PhD thesis

3rd generation
alkyl-reverse-tethered

C8 R=H,n =0, Ar = toluene
C17R=H,n=0, Ar=NMe,

C18 R =H, n =0, Ar = piperidine
C19 R = Me, n =0, Ar = piperidine
C20 R =/-Pr, n = 0, Ar = piperidine
C21R=H,n=1, Ar=NMe,

C22 R =H, n=1, Ar = piperidine
C23 R =H, n=2, Ar = toluene

3rd generation

oxo-tethered

C24R=Ts
C25R=Ms

Figure 41. Tethered ATH catalysts by Wills, Ikariya and Mohar.57.58.81.145,147,148

Tethered complexes have shown such increased activity that one study showed

BuCOPh, a highly hindered substrate, was reduced successfully even though it was usually

resistant to reduction by the untethered analogue. Often the untethered catalyst degrades

or its ligands dissociate in low pH, but incorporating a tether improves both activity and

stability and the catalyst continues to be active for a greater number of catalytic cycles as

compared to the untethered analogues.?! Interestingly, the most active catalyst had a tether

of four carbon atoms in length, although the tethers of three and five carbon atoms in length

also produced chiral products with high ee values.58:81.150

The increased activity of the various tethered [Ru(ll)(TsDPEN)(né-arene)] catalysts

allowed lower temperatures to be employed during the reduction, with the most successful

catalyst linking the n8-arene to the diamine via the basic N substituent (Figure 42).81
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Figure 42. Modification of Noyori’s Ru(ll) complex by incorporation of a tether.32

The potential increase in stability was suspected to be from the ‘three-point’ attachment
between the ligand and metal centre.#6.123.144 This tethered complex (C8) showed that
incorporation of the tether reduced the reduction time of acetophenone by 21 hours, in turn
allowing reduced catalyst loading.8! Moreover, (S)-1-cyclohexylethan-1-one, a dialkyl ketone
difficult to reduce enantioselectively, was reduced in 69 % ee after two hours!07.123.144
comparable to an untethered catalyst, [((1R,2S)-ephedrine)Ru(p-cymene)Cl], that reduced
the dialkyl ketone in only 6 % ee under identical reaction conditions. 07

Analysis of the x-ray crystallographic structure concluded the tether was orientated
away from the location where the ketone approached during ATH.144 Repulsive forces induce
steric control from the tether to the substrate, whereby the larger group on an alkyl/alkyl
substrate occupies the area further from the arene ring and the tether (Figure 43).97.107.144

C38 C38
RI Me RI Cy
~Ru_ —Ru_
O™ | ™H-/__ O™ | H-/__
N ; N ;
N / \ J/
Ph H“\O Cy Ph H~\o Me
Me Me
Favoured Disfavoured
conformation conformation

Figure 43. The effect of the tether on the conformation adopted during the ATH of 1-
cyclohexylethanone. 07

This was also the case for pentafluoroacetophenone but not for acetophenone because the
CH- interactions dominated over steric repulsion induced by the tether.97.188

An alternative version of tethered catalysts includes an oxygen atom incorporated
into the tether (Figure 41), increasing the electron density within the tether and in turn the
catalytic activity of the complexes.5”81 Two variations were synthesised, whereby the group
on the sulfonyl moiety was either a tosylate or mesylate. Both showed high activity and
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selectivity towards a range of ketones, including 1-indanone, 1-tetralone and
diarylmethanols, despite the longer reaction times required.578'.147 For example,
acetophenone was reduced with a S/C = 1000 and temperature of 60 °C within 3 hours to
an extent of 97 % ee for the tosylate oxo-tethered catalyst (C24), with only a 2 % drop in ee
for the mesylate analogue (C25). The tosylate oxo-tethered catalyst was superior,
maintaining stability and activity for 4 days of ATH in one experiment. Additionally, this
catalyst matched the high enantioselectivity achieved at S/C = 1000 even at S/C = 30,000,
and portrayed increased activity when compared to Wills” 4C-tethered catalyst (C27).57 81
Research investigated Noyori's catalyst by altering the sulfonamide group in the
tether to develop new catalysts (Figure 41) capable of higher conversions as a result of their
higher stability, and were found to be particularly successful in the reduction of 1-naphthyl
ketones, except acetonaphthone which proved to be inactive due to the 2'-OMe group.8!
Further investigation varied both tether length and the substituents at the para position of
the arene ring to create a rigid catalyst structure. Enantioselectivity increased marginally with
an increase of steric bulk of the para substituent on the arene ring, however, the reaction
rate decreased, requiring an increased reaction duration for complete conversion of
acetophenone. Catalyst C18 was the most efficient catalyst, reducing acetophenone at S/C
= 1000 and a temperature of 60 °C within 3.5 hours to an extent of 94.5 % ee. This result
matched the activity observed by Wills’ 3C-tethered catalyst C8 and lkaryia’s Ts-DENEB®
C24, plus the catalyst portrayed an increase in activity in comparison to 2" generation
catalysts C13 and C14. Moreover, the absence of a para substituent on the arene ring
encouraged higher activities towards 2-acetylfurans and 2-acetylthiophenes. Overall, a
broad range of ketones were reduced with excellent enantioselectivities including indanones

and o-tetralones.!45

1.2.5 Bulky substituent on the benzylic carbon

One example was the incorporation of a benzyl tethering group (C30) to replace the aliphatic
tether usually present (Figure 44), which proved higher enantioselectivity and conversion
rates than the first 3C-tethered catalyst (C8) synthesised.125.132/168
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Figure 44. Modification of Wills’ tethered catalyst framework to incorporate a bulkier
benzylic tether.'32

Acetophenone derivatives with chloro-substituents were reduced at 28 °C, producing high
ee values.'32 Additionally, smaller aliphatic substituents on substrates gave more selective
ATH, plus aromatic ketones were reduced with higher enantioselectivity than alkyl ketones
due to the presence of strong interactions between the aryl ring and the catalyst.25.168
However, most ketone substrates were reduced at a decreased rate to other tethered
catalysts due to the increased bulky nature of the benzylic tether.132 Studies found that it was

possible to maintain enantiocontrol whilst increasing the reaction temperature to 40 °C.123.125

1.2.6 nf-arene substitution

Of particular interest was a catalyst proposed by Wills et al. that introduced a tert-butyl group
onto the arene ring (Figure 45) in the hope to encourage the larger substituent on a ketone
substrate away from the arene ring and hence render hydrogen delivery only possible
towards one face of the substrate, in turn portraying high enantioselectivity.

C39

O

[
Ts—N-RUsg
N\
| ~H
Ph Z Me
Ph
Figure 45. Catalyst created to promote stereocontrol via steric forces in place of electronic

forces.169

Unfortunately, the research suggested that this framework would be difficult to create as
fixing the tert-butyl group in one position would be challenging “due to the flexibility of the
arene ligand™69, Instead, the group decided to incorporate a tether to “restrict the possible
conformations of the arene ligand”?, which has been discussed in section 1.2.4.
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Despite this, one study successfully substituted the arene ring with two methyl
groups (Figure 46).81.150

Figure 46. Substitution of the arene ring with methyl groups. %0

Their results show there was significant steric hindrance which forced the large substituent
of the ketone away from the methyl groups, indicating that steric factors outweighed
electronic ones. Therefore, substrates like acetyl cyclohexanone were reduced with higher
ee values, in comparison to the tethered analogue without a substituted arene ring.8!.150
Interestingly, Nedden et al. pointed out that when two methoxy groups were
substituted onto the arene ring of the ruthenium catalyst (Figure 47), reduction of aromatic

ketones occurred with lower enantioselectivity.8!.168

OMe
| |
,'R|U\CI R|U\CI
TSN N—yy TSNN_
Ph/%;/ Ph/§/
Ph Ph

Figure 47. Comparison of 4-methoxy and 3,5-dimethoxy Ru(ll) catalysts.8!

Competing effects were observed as the methoxy group acted as a m-donor, via the oxygen
lone pair, which donated electron density into the m-system of the ring, but these groups
were inductively electron-withdrawing due to the electronegativity of the oxygen. When a
single methoxy group was present, it lay para to the tether, hence the ring had an increase
in electron-rich properties. The second complex contained two methoxy groups, that lay
meta to the tether, rendering the complex more unstable as the ring was less electron rich,
which decreased the CH-1r interactions between the catalyst and the substrate during ATH.8!
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The arene ring can also be substituted for bulkier alternatives, however, research
shows that the enantioselectivity of ATH reactions decrease with the increase of the size of
the ligand. For example, the catalysts bearing a né-benzene ligand was more reactive than
those with p-cymene, mesitylene or hexamethylbenzene ligands (Figure 48).81.105.106

C1 c2 c3 c4
| Q | Q
Ts—N™"|"~¢J Ts—N~"|"g| TS—N”R|U\C| Ts—N~"|~g|
N
N ~N /k/ ~N ~
Ph | H pn” Y L H ph” Y Ph | H
Ph Ph Ph Ph

Figure 48. Substitution of the arene ring by Wills et al.03.176

Additionally, a report by Ikariya et al. altered one of the substituents on the arene

ring to investigate its effect on the activity of the non-tethered catalysts (Figure 49).57

Ca2 C44
@COzCsz @CHZOH
RI c43 RI
Ts—N~ |U\C| @ Ts—N~ |U\C|
N N
AN, AN,
Ph 3 H | Ph o H
Ts—N~ | ~Cl
14 % yield ph?” Y | TH >99 % vyield
94 % ee Pﬁ: H 97 % ee
69 % yield
97 % ee

Figure 49. Non-tethered catalysts comprising of varying substituted arenes, alongside the

yields and enantioselectivities for the reduction of acetophenone.?’

When electron-donating p-xylene was incorporated, an increase in activity was observed in
comparison to an electron-withdrawing ester group. Further, when the arene ring was
substituted with an alcohol group, full conversion and high enantioselectivity was achieved.*
Conclusions were made that the addition of electron-donating groups on the arene ring was
beneficial for activity of the catalyst, whereas electron-withdrawing groups encouraged a
large drop in ATH reactivity'24.145 particularly if the arene ring was substituted in positions 3
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and 5 as opposed to position 4.8" It is therefore of great importance to finely tune the arene
ring, as the CH-r interaction is often responsible for the degree of enantioselectivity.+146
For more improved results, the choice of solvents, temperature and the hydrogen
donor employed can be adjusted to suit the substrate specifically,4!:46.53.59.81.106,140 p|ys tether
type and length can be manipulated to tune the electronic and steric catalyst properties and
target specific molecules more effectively.!5:46.5381.107.144 Additionally, by incorporating the
tether, the arene ring is locked into place and hence directing groups can be added at precise
points (on the arene ring or on the tether) to finely tune the resulting catalyst.!5:81.129,144

1.3 Anticancer activity

The design of organometallic complexes has a large impact on their ability to become
successful anticancer drugs.'7:208.208 The oxidation state of the metal and the properties of
the ligands define the biological activity of the complex.3.17.208213-215 Rythenium compounds,
NAMI-A and KP1019 in particular, have shown great medicinal progress within this field,
passing Phase 1 and Phase 2 clinical trials.205215216 Following this, half-sandwich
ruthenium(ll) complexes were found to have applications as anticancer agents in addition to
their ATH activity.26.205:207.208.214-217 The importance of this research stems from the idea to
introduce less toxic metallodrugs in place of well-known platinum anticancer complexes. The
hope is also to circumvent cisplatin resistance which currently limits clinical research.218

Water soluble TH catalysts, in particular those with a framework based on C1%
(Figure 50), can reduce the coenzyme NAD* to NADH using sodium formate as the hydrogen
donor (Figure 51).114.208217-221 However, the hydrophobic phenyl groups on the diamine
ligand have been suggested to render the complex less soluble in water and hence minimise
the activity of the complex towards the reduction of NAD* in biological conditions, hence the
phenyl groups were removed from the half-sandwich Ru(ll) frameworks.%

Figure 50. Noyori's catalyst.%

42



Stephanie Shroot BSc Chemistry PhD thesis

Figure 51. Proposed transition state for the ATH of NAD*.220

The mode of action inhibited the functioning of the mitochondria, which in turn killed the
cancerous cells due to the decrease in NAD* concentration.206219220 The observed
cytotoxicity by these complexes was greater by fifty times magnitude, due to the presence
of sodium formate.96.206

Incorporating sulfonamide groups into the diamine chelating ligand and tuning of the
arene ligand has been confirmed to improve the efficiency of the complex.14220-222 Studies
confirmed that hydride transfer between sodium formate and NAD* was facilitated with
greater effectiveness by an increased electron-withdrawing nature of the sulfonamide
moiety.!4.218-220 Moreover, the favourable increase in hydrophobicity of the arene ligand has
been postulated to be as a result of the increase in lipophilicity, which influenced the uptake
of the complex by the cell, increasing the anticancer activity.21%-221 A representative range of
complexes that have been investigated for their catalytic activity towards the reduction of
NAD* in the presence of formate has been shown in Table 8.
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Table 8. Complexes investigated for their ATH activity towards NAD*.%:218.220
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Chirality is important in the recognition of substrates, therefore by comparing the
anticancer activity exhibited by each enantiomer, research may be able to conclude the exact
role that chirality plays in the mechanisms of action by these complexes.'* In this context,
chiral-at-metal complexes are of significant interest due to the potential to tune interactions
between biomacromolecules and metal configurations.

One literature precedent has reported a family of chiral tethered Ru(ll) catalysts
(Figure 52), which have been proven to possess dual properties, acting as effective ATH
catalysts and as catalysts inside cells to produce cytotoxic agents.14.217

(R,R)-C8 | (S,5)-C8
O W
Ts Ru : Ru. Ts
NIl tooc” N
O Q
(R,R)-C45 (S,5)-C45
Ts ,R'u Ru s

Figure 52. Chiral tethered Ru(ll)-TsDPEN enantiomers. 14217

They portrayed antiproliferative activity against NCI-60 cancer cell lines, including towards
A2780 human ovarian cancer cells, with a further potency of 25 % when sodium formate was
incubated alongside the catalyst.42!7 Upon replacing the NH moiety of the chelating ligand
with a N-CH3 moiety, the complexes became more efficient in their cytostatic activity, but
their cytotoxic activity decreased. Complexes (Figure 52) comprising of the (R,R)-ligand
showed increased activity compared to complexes with the (S,S)-ligand (Table 9).217
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Table 9. Anticancer activity of catalysts C8 and C45 (Figure 52) towards the proliferation of

A2780 human ovarian carcinoma cells.2!”

Catalyst Ligand chirality ~ Metal chirality ~ Glso (uM) ICs0 (UM)

c8 (RR) (S) 55+05  1.1+0.1
c8 (S,9) (R) 137404  15+02
C45 (RR) (R) 12+03 1743
C45 (S,9) (S) 18+0.2 25+3

“Glso: the concentration which inhibits cell growth by 50 %217
“ICs0: the concentration which kills 50 % of the original cells™!?

Sadler et al. also confirmed a faster reaction rate for tethered complexes, in comparison to
non-tethered analogues, as the catalyst was able to interact more tightly with the substrate
NAD* during the transfer hydrogenation catalytic cycle.!14.217.219.220 Their research altered
the sulfonyl group of the chelating ligand, also discovering that the more electron withdrawing
groups increased the rate of hydride transfer from the formate to the NAD+.114

Overall, this NAD* reduction via ATH by these half-sandwich Ru(ll) complexes has
shown good success thus far, allowing an alternative mechanism to be employed to the DNA
attack observed for cisplatin drugs currently.%

1.4 Hydrosilylation of ketones

Despite their success, ruthenium catalysts have their drawbacks, namely cost and toxicity. 5
Less toxic alternatives are now emerging based on first-row transition metals, including iron
and manganese3'$5223224 - with activity and selectivity that matches or even exceeds
precious metal catalysts?25, more readily available and at a lower cost t00.31.35.115.117.224
Researchers nowadays hope to develop catalysts, based on these more environmentally
friendly metals, to facilitate the selective transfer of chiral information to prochiral substrates
producing desired intermediates fundamental in the agrochemical, pharmaceutical and fine
chemical industries. Despite the success of ATH, research is now switching some attention
towards the activity of catalysts towards the hydrosilylation of ketones to their corresponding
silyl ethers, which are subjected to hydrolysis to produce chiral alcohols (Scheme 2 - The
larger ball signifies a group comprising of high electron density, for example an aryl or alkyne
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moiety, and the smaller ball signifies a group comprising of low electron density, for example

an alkyl moiety.11).115.226

o Chiral catalyst OSiPh,H H,O OH
N — _—

*Common silane utilised

Scheme 2. Generic scheme showing the asymmetric hydrosilylation of ketones by a chiral
catalyst.226

1.4.1 Iron catalysts
Half-sandwich iron catalysts (Figure 53) relevant to this project were devised by two main
research groups; first Royo and then Darcel and Sortais.??

C
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Figure 53. Royo, Darcel/Sortais and Ozdemir’s half-sandwich iron catalysts.228-230
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Royo and coworkers created tethered half-sandwich Cp-NHC iron(Il) complexes, efficient
and selective in producing enantiomerically enriched products via both transfer
hydrogenation and hydrosilylation, making them novel in current literature as a result of their
duel usage.230-232 Darcel and Sortais developed piano-stool Cp-NHC iron(ll) catalysts of
similar structure to Royo et al. but without the tether.228231233 These frameworks (C50 and
C53) were originally prepared by Guerchais?%, but had not been tested for their activity.
Another research group led by Ozdemir reported a family of piano-stool complexes capable
of reducing carbonyl compounds, but they required high temperatures of 100 °C.229.23

1.4.2 Manganese catalysts
The research on iron catalysts by Darcel and Sortais consequently stimulated interest into

the creation of isostructural half-sandwich Cp-NHC manganese(l) catalysts (Figure 54).236.237

C58 R, = Me, R, = Me ce4 Cc65
C59 R, = i-Pr, R, = i-Pr
C60 R, = Cy, R, = Cy . :
C61 R4 = Mes, R, = Me Mn Mn
= = 0C' 4 0C' 4
€62 Ry = Mes, R, = Mes 5 7——N 5 7—N
C63 R, = Dipp, R, = Dipp NJ NJ
: Mes™ Mes™
|
Mn /R2
N

e
Figure 54. Half-sandwich manganese catalysts by Darcel/Sortais et al.236.237

The synthesis began with cymantrene, due to its commercial availability and low
cost, and simply displaced a carbonyl ligand directly with the NHC ligand via irradiation with
UV light >250 nm. The untethered catalysts C58-C63 were created in yields of 46-80 %, and
were active towards a range of substrates, aldehydes and ketones, with differing functional
groups.23” The success of this project inspired the development of tethered analogues. The
most active catalyst was C62, whereby both R groups were 2,4,6-trimethylphenyl-
substituents, hence it can be presumed this was the reason for the incorporation of this
particular NHC into the tethered catalysts. The hope was that increased stability of the
catalyst, by tethering the Cp ring to the NHC ligand, would boost the catalytic activity
observed during hydrosilylation. The catalysts had varying tether length; one carbon atom
(C64) and two carbon atoms (C65). Direct comparison shows that the untethered catalysts
were more active towards 2-acetonaphthone than the tethered catalysts. Interestingly, the
catalyst C65, comprising of a longer tether length, was more active than the catalyst C64.236
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Alberto et al. targeted half-sandwich manganese complexes (Figure 55).238

C66 COOH Cc67 COOH
| |
“Mn, NH;CI “Mn, NH,
OC™ 1 ‘CcO OC™ i ‘co
CO CO

Figure 55. Half-sandwich manganese catalysts by Alberto et al.238.

The complexes were novel as a result of their stereocentres. C66 had the stereocentre next
to the Cp ring, whereas C67 had the stereocentre next to the functional groups. Though
similar to the frameworks targeted during this project, neither C66 nor C67 comprised of

enantiopure ligands, hence these compounds were not suitable for asymmetric synthesis.2%

1.4.3 Reaction conditions
The hydrosilylation of carbonyl compounds depends upon the following: reaction time,
temperature, solvent, silane and amount of catalyst loaded. When a new catalyst is
synthesised by a research group and is ready for activity testing, conditions have to be re-
established due to vast differences in catalyst solubility.23? To date, long reaction times and
high temperatures are required, hence further research needs to be carried out to optimise
the structure of the catalyst, which in turn will influence more desirable reaction conditions.
For the hydrosilylation of manganese untethered catalysts C58-C63 (Figure 54), a
universal method was employed for both aldehydes and ketones. This protocol comprised
of 1 mol % catalyst loading, 1.50 equivalents of diphenylsilane, 350 nm UV light, toluene
solvent and a temperature of 25 °C. Tuning the amount of catalyst loaded had a major impact
on the selectivity of the reduction, whereas lowering the amount of silane introduced (to one
equivalent) had no effect on the conversion. The typical reaction length for aldehydes was
an hour, but in some cases an increase to eight hours total was required. Similarly, ketone
reduction duration was four hours, but for certain substrates had to be lengthened to twenty-
four hours. For tethered catalysts C64 and C65, the hydrosilylation method was identical to
that described above for the untethered analogues. In spite of this, higher yields for the
reduction of 2-acetonaphthone were achieved by increasing the reaction duration from two
to twenty-four hours, in conjunction with reduction of the catalyst loading to 0.50 mol %.2%
It is important to note that there was an improvement of protocol for the reduction of
ketones by manganese catalysts from that employed for the iron catalyst analogues. To be
specific, catalyst loading was reduced from 2 mol % to 1 mol %, the temperature of the
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reaction was reduced from 50-70 °C to 25 °C, and finally a reduction in the duration of the

hydrosilylation was observed from sixteen hours to only four hours.237

1.4.4 Mechanism

A mechanism for the hydrosilylation of carbonyl compounds by manganese catalysts has
been proposed by Lugan et al. (Figure 56), including the substitution of the carbonyl ligand
for diphenylsilane in the presence of photochemical light. Following this oxidative addition of
the Si-H bond occurs, then photochemical dissociation of the carbonyl ligand. Next, the
carbonyl compound coordinates to the metal, followed by insertion of the carbonyl into the
metal-Si bond, then finally the silyl ether product is released by reductive elimination.226.236

2 eq.
Ph,SiH,
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@I\W)n (350 nm) TQHW’“ ==
Mn — L._a Mn <~— phyHsivMN N
. N Ph—Si .. N 2 7\
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Lo T N Ao co{,J
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Figure 56. Catalytic cycle for the ketone hydrosilylation catalysed by Mn(l) NHC

complexes, whereby n = 1 or 2.236

1.4.5 Types of substrates

Preliminary testing of the activity of catalysts C58-C63 (Figure 54) focused on the reduction

of acetophenone only. All catalysts reduced acetophenone in two hours, but only C61 and

C62 achieved >97 %; all other catalysts converted the substrate in low to moderate yields.
After optimisation of the reaction conditions, both aldehydes and ketones were

utilised in the hydrosilylation reductions. One successful example showed that >97 % of
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benzaldehyde was reduced to its corresponding alcohol by C62 within 30 minutes. Further,
aldehydes bearing para-substituents, irrelevant of their electron-withdrawing or electron-
donating nature, were reduced by >97 % within an hour. Meta-fluorobenzaldehyde was
converted by 92 %, notwithstanding a longer reaction time of eight hours was required. The
most important case to note was that of 2-formylpyridine. Catalyst C62 reduced this aldehyde
by >97 % in one hour at 25 °C, in comparison to its iron analogue [Cp(CO)2Fe(IMes)]l which
required just under sixteen hours to convert the substrate by 88 % at 70 °C. Additionally,
both aromatic and aliphatic ketones were subjected to hydrosilylation by C62. Most
substrates were converted efficiently, however, some required a duration of twenty-four
hours; namely ortho-methylacetophenone, acetylferrocene, undecan-2-one and 3,4-
dihydronaphthalen-1(2H)-one. Unfortunately, no conversion was observed for 4-
chloroacetophenone and 4’-bromoacetophenone, suspected to be as a result of
photochemical decomposition of the catalyst during the reduction.23” Catalysts C64 and C65
were only tested for their activity against 2-acetonaphthone. This benchmark substrate
allowed for unambiguous comparisons to be made between the untethered and tethered
catalysts. At the optimum catalyst loading of 0.50 mol %, 2-acetonaphthone was reduced in
98 %, 92 % and 98 % yields respectively for catalysts C62, C64 and C65.236

1.5 Immobilisation to solid supports

The production of chiral alcohols and amines by ATH is well established, with a vast range
of catalysts capable of obtaining high conversion rates coupled with favourable
enantiocontrol. The most popular catalysts are based upon the chiral (1R, 2R)- or (1S,2S)-
N-(p-tolylsulfonyl)-1,2-diphenylethylenediamine ligands that are capable of achieving up to
99 % enantioselectivity when reducing aryl ketones, alkynyl ketones and imines during
ATH.4346,606364,67,90,91,102,162.240-245 However, the chiral ligands are expensive or require a
difficult and lengthy synthesis,3852659195116,125241 whilst the transition metal is toxic and
expensive t0065.90,91,95,116,136,241,246

Due to the difficulty and time-consuming nature of separating enantiomers, research
considers immobilising the catalyst to a solid support to promote easier catalyst separation®2,
focusing upon attaching these successful catalysts to solid phase supports in order to
minimise metal leaching®2242247 (and hence contamination of the chiral product with toxic
metals*67) and make the separation of the catalyst from the reduction product

eaSier43’45*51*52*62*64*67'88*90*91*95*136'155'185'240_243'245’246*248'249, a”owing them to be

reused43:45,52,64,83,88,90,91,241,243,246,247,249,250 by extraction into an Organic So|vent45,52’
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ﬁ|tration52,65,67,91,241,249,251,252, precipitation in organic solvent45.46.65,67,91,249,253254 o
centrifugation?’, thereby ensuring no work-up or column is required to remove the catalyst.

The most significant framework, Noyori's Ru(ll)-TSDPEN#3:46.60,63,241,244,249,255,256
(C2), has been anchored to solid supports in various locations (Figure 57) by derivatisation
through covalent bonding to soluble supports (e.g. PEG chains45:46.65.67,90,91,176,240,246,249,253-
255257261 nolymers comprising of methacrylate units linked through a triazole ring'76.262,
p0|ystyrene43,48,67,83,91,176,240,241,244,249,252,255,256,263’ dendrimers45’45’65’67y91'249-251, silica or
mesopores*5.6267,90,242249.264-267) 'y entrapment within the support (e.g. silica or
mesopores?7.266.268-270) or modified into a structure that can be removed from catalysis (e.g.

Surfactants or |On|c |iquids)50,51,85,90,91,94,137,155,185,243,247,262,271_

Figure 57. Noyori's Ru(ll)-TsDPEN with the sites of possible attachment circled to
represent where the solid support could be anchored to.

These ATH catalysts have portrayed higher activity and enantioselectivity than their
unsupported analogues.60.90.94.248.261.272 Fyrther, a favourable reduction of costs due to the
reductions in temperatures and lower substrate to catalyst ratios62.149.253.254 'in addition to the
recovery and recycling of these chiral catalysts!55:240.241,256.261,264272 has proven the

importance of these immobilised frameworks as environmentally benign alternatives.

1.5.1 Reaction conditions

Current research is searching for cleaner approaches to creating ATH catalysts, by switching
the reaction solvent to water as one key feature, to match the conditions utilised by enzymes
in nature.#4465167.90137 Creating analogues of previously successful ATH catalysts with
increased solubility is challenging*6:51.5290, but allows for a greener ATH process when
operated at industrial levels. This is because water is a safer and eco-friendlier option than

the FA/TEA azeotrope and organic solvents utilised by unmodified catalysts during the
reduction.44.50,51,53,60,63,64,67,85,88,90,94,124,130,137,155,185,243,247,272-277
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Research has shown that the use of water has promoted mechanistic advantages,
in particular, in aiding the decarboxylation during the catalytic cycle and hence has formed
the hydride rapidly.7 It has also been postulated that water can help to conduct the proton
transfer during ATH by acting as a proton donor or alternatively by forming hydrogen bonds
with the lone pair on the oxygen of the ketone to stabilise it.#4.5367.175 This hydrogen bonding
reduces the energy barrier of the proton transfer and renders it a stepwise mechanism.53.67.90
The use of water has often been coupled with sodium formate as the hydrogen donor (Figure
58), leading to fast reaction times and a longer lifetime of the catalyst.50.51:53,67.90,124,185,275-277
However, it must be considered that the vast changes in reduction time could be as a result
of the solubility of the catalyst in the ketone as opposed to in the water.67.276
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Figure 58. Proposed ATH mechanism in water with sodium formate.26
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Unfortunately, biphasic catalysis has also been observed due to the catalyst, and
their substrates, being insoluble in water454651536367,90,137155.273.275.276 ~ hence new
methodology is required to overcome this  limitations367.137.247.273  The
hydrophilic/hydrophobic nature of a catalyst depends upon the nature of the ligands
surrounding the metal centre, and therefore attaching a hydrophilic ligand has been
proposed to increase solubility.67.137.275 Other solutions include the addition of surfactants as
cosolvents during ATH to help solubilise the catalyst44.46.51.53,90,137,155,243,247.273, 275,277 " |y
particular, PEG can act as both a support or a cosolvent.t59.261 The idea behind the use of
surfactants lies with their ability to form micelles in water, whereby the ketone substrates can
be solubilised within the micelles and the sodium formate resides outside the micelle. The
cationic charge on the surfactant micelles attracts the HCOO- ions from the sodium formate
hydrogen source. This therefore facilitates the transfer of hydrogen between the water-
soluble catalyst and the hydrophobic ketones®3.137.273.274  driving the transfer hydrogenation,
and in turn increasing the rate of reaction#4:50.53,67,137,155,272,

Despite this, some research still utilises the FA/TEA azeotrope in water.4567.124,164,272
ATH in water is pH dependent?3.67.90,185272.275 \When the pH is above 44520272 more precisely
between 5 and 84667272 the catalyst becomes most active, likely as a result of an increased
concentration of HCOO-. This pH range matches the pKa of aqueous formic acid (pKa = 3.6)
closely. Further, the CO2 evolved in aqueous reaction conditions may form bicarbonate,
which could lead to a shift in pH of the reaction as a function of time, as the bicarbonate
concentration increases, in turn controlling the rate of reaction.45.53.90.185.268.272 However, if
reaction conditions are acidic, the TSDPEN ligand can partially dissociate due to protonation
of the sulfonamide nitrogen, reducing the activity and selectivity of the ATH.67.81.90

1.5.2 Attachment to polymer supports

1.5.2.1 Immobilisation through the phenyl groups

One key example is the immobilisation of TSDPEN with two PEG-2000 chains at the meta-
position of the phenyl groups to create the PTSDPEN ligand (Figure 59).67:246.253.259 Djrect
comparisons have been made between Ru-PTsDPEN C68 (Table 10) and its unsupported
analogue (

Table 1 1).149,254,276
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Qo@

TsDPEN PTsDPEN

Figure 59. Chiral diamine ligands based on TsDPEN; the ligand on the right is supported
by PEG chains through the phenyl rings.253

Table 10. The catalytic performances of Ru-PTsSDPEN (C68).149.254.276

Substrate Temp (°C) Time (h) Conversion (%)  ee (%)
acetophenone 22 8 >99 93
acetophenone 40 1 99 92

1-indanone 22 18 >99 93

1-indanone 40 3 100 92

1-tetralone 22 18 >99 94

1-tetralone 40 3 98 92

p-chloroacetophenone 22 13 >99 90
p-chloroacetophenone 40 1.5 100 85
p-methylacetophenone 22 18 >99 86

Conditions: H;0, 5 eq. HCOONa, S/C = 100. 149254276
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Table 11. The catalytic performances of Ru-TsDPEN (C2).149.254.276

c2
H_R
Ts—N~"'~gj
N\
ph” YL
Ph
Substrate Conditions  Time (h)  Conversion (%)  ee (%)
acetophenone A 20 >99 98
acetophenone B 2 >99 94
1-indanone A 48 >99 99
1-indanone B 2 93 95
1-tetralone A 48 >99 99
1-tetralone B 3 97 94
p-chloroacetophenone A 24 >99 95
p-chloroacetophenone B 2 >99 91
p-methylacetophenone B 2 98 90

Conditions A: Neat FA/TEA, S/C = 200, 28 °C;
Conditions B: H20, 5 eq. HCOONa, S/C = 100, 40 °C.149.254276

The results indicate that the Ru-PTsDPEN catalyst showed enhanced activity towards 1-
indanone and 1-tetralone, with a reduced reaction time in water at 22 °C (18 hours for both
substrates) compared to the unsupported Ru-TsDPEN catalyst in FA/TEA at 28 °C (48 hours
for both substrates). Alternatively, if both catalysts were investigated in water, although Ru-
PTsDPEN required a longer period of time (18 hours) for the reduction than the unsupported
Ru-TsDPEN catalyst (3 hours), a much lower temperature of 22 °C could be employed
instead of 40 °C, which supports the idea that using an eco-friendly solvent can match the
activity obtained in the more popular azeotrope, in addition to other advantages like a
reduction in temperature and cheaper reaction media.

A similar trend, in the vast reduction of ATH duration and catalyst loading with
retention of enantioselectivity, was seen for acetophenone, p-chloroacetophenone and p-
methylacetophenone too (compare TSDPEN ligand in FA/TEA to PTSDPEN ligand in water),
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as aresult of immobilising the catalyst. Further, if the duration of the reduction was increased,
the temperature of the ATH in water could be reduced by nearly half for some of the
substrates. In general, the catalyst showed a preference for electron-withdrawing substrates,
but unfortunately the catalyst was less selective towards substrates with bulky or electron-
donating substituents in the ortho-position. This was in agreement with the trend observed
towards substrates reduced by C2,46.124,149.253,254.276

Overall, this catalyst was created to enable its separation from the reduction product
and was successfully recovered fourteen times. During the repeat three runs of the reduction
of acetophenone in water using sodium formate as the hydrogen source, only 0.4 mol % of
ruthenium leached into the organic phase®-254. This low degree of leaching suggest that the
catalyst may be suitable for applications in the synthesis of pharmaceutical products as
guidelines allow a maximum daily intake level of 10 ppm of ruthenium?78, However, in
FAITEA, the catalyst decomposed and could not be recycled.9:253.254 Moreover, the research
suggests that discrimination of the enantiofaces of the ketone substrate by the catalyst
remains unaffected when the support is immobilised through the phenyl groups.2%

1.5.2.2 Immobilisation through the sulfonamide moiety

The Ru-PEG-BsDPEN catalyst C69 comprised of the PEG-BsDPEN ligand (Figure 60) that
was immobilised to a single PEG-750 chain at the para-position of the arene substituent of
the sulfonamide functional group through an oxygen atom.67.259

O Q
\©\ /\@o\/)o

I
—S
Figure 60. Chiral ligand based on TsDPEN; derivatised through the sulfonamide moiety.259

PEG-BsDPEN

The catalyst was both active and selective (Table 12)'49259276  reducing electron-
withdrawing para-substituted acetophenones with higher enantioselectivities than those with
electron-donating substituents. In fact, 4'-fluoroacetophenone was reduced with 99 % ee,
the highest in the whole experiment.25?
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Table 12. The catalytic performances of Ru-PEG-BsDPEN (C69). 259

C69

0 |

I H/Ru
Q- )t

e} N

I
l\
Ph™ : H

Y I TH
Ph

Substrate Temp (°C) Time (h)  Conversion (%) ee (%)
acetophenone 22 2 99 96
1-indanone 22 2 99 95
1-tetralone 22 2 99 96
p-chloroacetophenone 22 2 99 97
p-methylacetophenone 22 2 99 92

Conditions: H20, 5 eq. HCOONa, S/C = 100.2%9

Observations can be made that the Ru-PEG-BSDPEN catalyst (C69) ensures
accelerated ATH activity in water, with the key fact being that it can be recovered and reused
eight times whilst retaining its increased activity and selectivity, with no mention of leaching
of the metal, in environmentally benign conditions. Interestingly, C69 reduced all substrates
in two hours, compared with Ru-PTsDPEN (Table 10 - C68) that reduced a majority of
substrates between eight to thirty-six hours, when employing identical reaction conditions.2%

1.5.2.3 Immobilisation through the amino moiety
The N-PEG-TsDPEN catalysts comprised of ligands (Figure 61) that had different PEG chain

lengths and substituents on the amino group.260
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Figure 61. Chiral ligand based on TsDPEN; derivatised through the amino moiety.260

In particular, increased activity and selectivity was portrayed towards 1-indanone and 1-
tetralone when utilising the N-PEG750-TsDPEN catalyst (C70) (Table 13).149.260.276

Table 13. The catalytic performances of Ru-N-PEG-TsDPEN (C70).260

Ph o H
Substrate Temp (°C) Time (h)  Conversion (%) ee (%)
acetophenone 22 <15 >99 94
1-indanone 22 <15 97 99
1-tetralone 22 <15 98 99
p-chloroacetophenone 22 <15 >99 89
p-methylacetophenone 22 <15 >99 99

Conditions: H20, 5 eq. HCOONa, S/C = 100.260

The catalyst was highly favourable for substrates like 2,3-dihydro-1H-inden-1-ol, which acts
as an intermediate for various drugs, including neuroprotective and anti-AChE agents
Rasagiline and Ladostigil, demonstrating a clear path towards industrial level research.260
Also, the catalyst reduced electron-donating para-substituted acetophenones with higher
enantioselectivities than those with electron-withdrawing substituents, which was opposite

59



Stephanie Shroot BSc Chemistry PhD thesis

to the results found for C69 (Table 12). C70 showed preference for acetophenone substrates
with electron-donating substituents instead.259.260

Increasing the length of the PEG chain had negligible influence on conversion rates
and enantioselectivity.85260 Despite this, a longer PEG chain was associated with greater
ease of reuse, with the PEG-2000 ligand being reused eight times with retention of high
conversion, in comparison to the PEG-750 ligand that was recycled five times and the PEG-
200 ligand only three times, with no discussion of leaching of the metal.260

1.6 Summary

ATH is an established approach to producing chiral compounds with enriched
enantioselectivity, allowing the difficulty and cost of separating isomers to be avoided.16781
Noyori developed ruthenium(ll)-based half-sandwich catalysts that were efficient in
catalysing ATH reductions.2'.13 Since then, there has been continual development within
this field, which has led to excellent progress. Of great importance was incorporation of a
tether to increase stability of Noyori’s [Ru(ll)(p-cymene)-TsDPEN] catalyst (C2). This led to
enhanced activity towards a larger group of substrates.8190.122 Manipulating the catalyst
framework further to achieve higher activity, selectivity and compatibility towards substrates
is an ongoing investigation. Continuing progress focuses on linkage of the basic amine to
diversify the catalyst's applications2%9, addition of steric bulk to the benzylic carbon allowing
for greater selectivity'83, and tuning of steric hindrance and the electron-withdrawing nature
of the sulfonyl group to affect the catalyst’s reactivity and enantioselectivity, showing bulkier
electron donating ligands to be less preferable.05.124.151

Despite this, severe limitations persist, notably the activity of these current chiral
catalysts lags behind that of achiral catalysts279280 and the range of substrates reduced is
lacking, rendering ATH to be infrequently used on industrial scales.8¢ Most frequently, aryl
ketones are focused upon and it has been found that due to their steric hindrance, para- and
meta-substituted aryl ketones produce alcohols with greater ee values than ortho-substituted
ketones.#6.148203 So far, the stereochemistry of chiral ligands'21123.147 has dictated the
enantioselectivity within existing catalysts, but only a limited range of chiral ligands are
commercially available, restricting the ability to tune electronic and steric properties at the
metal centre, which is responsible for the catalytic activity observed.%

More recent research has proven ruthenium catalysts to be capable of both ATH
and anticancer activity. Moreover, complexes were able to reduce the coenzyme NAD* using
sodium formate.14.217-221 The research thus far shows great promise, but this niche area is
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lacking support, still searching for highly active catalytic metallodrugs to be administered in
a low dose, capable of overcoming platinum-drug resistance in cells.213.219

Research has also turned its attention towards cheaper and less toxic alternatives
to Ru-based ATH catalysts, primarily first row transition metal half-sandwich catalysts to
reduce aldehydes and ketones. In particular, iron has received the greatest amount of focus,
but manganese also offers cheaper and safer advantages over ruthenium, due to the mild
reaction conditions employed during hydrosilylation.23” Current catalysts require long
reaction times, high temperatures and high catalyst loading, therefore greater efficiency
towards hydrosilylation is desirable.

To provide a cheaper and more environmentally friendly route to chiral alcohols,
ruthenium ATH catalysts have been immobilised onto solid supports to allow for their
recovery and reuse.626483.90241.25 The most significant examples are based upon Noyori's
chiral TSDPEN ligand, differing in location of the linkage; phenyl groups, sulfonamide group
or amino group.2%9.280 These catalysts act as phase-transfer catalysts between the water and
substrates, explaining the high conversion rates and enantioselectivities observed.253.254
Overall, high recovery rates have been possible but leaching, as a result of the dissociation
of the metal from the ligand, is common®2176, minimising the amount of catalyst that can be
recycled. To date, limitations in the diverse functionalities on the polymer chain end has been
proven to be undesirable,2% plus immobilisation through the sulfonamide or amine group
prevents further tuning of the bidentate ligand to be carried out.25

In short, there is demand for more selective catalysts towards a larger substrate
scope including challenging substrates, for example, dialkyl ketones, a-chloroketones and
alkynyl ketones*547.83.106,151,189 jn ATH and ortho-substituted aldehydes, diaryl ketones and
a,B-unsaturated ketones®-228 in hydrosilylation. The following work produces novel catalysts
with the hope to exert increased stability, activity and selectivity towards substrates, offering
areduction in costs, safety and toxicity. For even more improved results, the tether, chelating

ligand and immobilisation will be manipulated to target specific substrates more effectively.
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Chapter 2
Novel ruthenium(ll) chiral-at-metal tethered half-sandwich

complexes

2.1 Background

As the safety of drugs increases in importance, the pharmaceutical industry continues to
invest significantly in the research and development of active pharmaceutical ingredients
and the processes needed to manufacture them.”® Whilst nature is adept at performing
reactions with a high degree of atom efficiency and enantio-control, synthetic chemistry has
until recently found this challenging®72%'; traditionally relying on the chiral resolution of
racemic mixtures by chromatography3441.79 or fractional crystallisation techniques.

A very successful approach to the preparation of chiral alcohols is asymmetric
transfer hydrogenation (Scheme 3), whereby a chiral catalyst transfers hydrogen to a once

optically inactive reagent to produce an enantiomerically pure product.414245.77.112

(0] Chiral catalyst OH
_—

Scheme 3. Generic scheme showing the asymmetric transfer hydrogenation of ketones by
a chiral catalyst. The larger ball signifies a group comprising of high electron density, for
example an aryl or alkyne moiety, and the smaller ball signifies a group comprising of low
electron density, for example an alkyl moiety. "

The key aspect of this chemoselective and reproducible reaction is the ability of the catalyst
to chirally discriminate between the groups on the substrate to allow for the transfer of
hydrogen enantioselectivity. ATH is a fundamental reaction for modern synthetic chemistry,
with high atom economy and efficiency, allowing reduced costs and simplified methodology
for industrial syntheses.62:64.98,165262,67,84,88,9092.93.959 This vital reaction supports high
conversion rates, hence has been a successful route to reducing prochiral ketones for many
yearS_62,64,67,84,88,90,92,98,150,282

The separation of drugs to their enantiomerically pure products is important within
the pharmaceutical industry to prevent the implicit dangers racemic drugs have on the body.
Since the risk to a patient is high because of the large differences in biological activity and

62



Stephanie Shroot BSc Chemistry PhD thesis

therapeutic effect exhibited by isomers, researchers target enantio-control via catalyst or
ligand selection.!.76.77 For example, C3 (Figure 62) selectively obtained the building blocks
for the popular drugs MK-0417 (“a carbonic anhydrase inhibitor to treat glaucoma”8) and L-
699,392 (“an LTD4 antagonist™®) as their alcohols with 98 % and 92 % ee

respectively.27.58.59.128

o) OH
|
C3 MK-0417
| A\ m building
block
S S S S
2R\ VZIRNS
O/ \O O/ \O 3
O~_ _OM
A 0 € Cl— Ru

Ts —N

/K/|H
i

L-699,392
building
block

Figure 62. Noyori's (R,R)-catalyst responsible for reducing key intermediates highly
selectively for the pharmaceutical industry.128.283.284

Following this, C8 (Figure 63)8'92 was proven to be a huge success within the
pharmaceutical industry, taken advantage of for its high activity, enantioselectivity and

chemoselectivity when reducing ketones to their corresponding alcohols.5881.92.93

Figure 63. Tethered ruthenium catalysts created by Wills et al.8!.93

63



Stephanie Shroot BSc Chemistry PhD thesis

The synthesis of chiral alcohols via asymmetric transfer hydrogenation is also
fundamental in the agrochemical industry. These enantiomerically pure building blocks are
significant intermediates to produce pesticides and fungicides.®'-285 Unfortunately, there is a
huge lack of research towards the production of chiral agrochemicals in comparison to the
development of chiral drugs within the pharmaceutical area. The agrochemical industry still
requires more environmentally safe and economic prospects.t9.76

A majority of research never reaches industrial markets due to the difficult nature to
scale up the processes, whilst ensuring high enantiomeric excess and conversion rates and
preventing potential side reactions. A successful example within the agrochemical industry
is the manufacture of (S)-MA20565 by Mitsubishi Chemical. The ATH (Scheme 4) in an

equimolar mixture of formic acid to triethylamine produced this agricultural fungicide.45.88.286

: . F 0O
~Ru_ C2
Ts—N™" | >¢| F —
/k/,}l\H
Ph” Y

Scheme 4. ATH to produce (S)-1-(3-trifluoromethylphenyl)ethanol by Noyori's chiral Ru(ll)-
(S,S)-TsDPEN complex.45.88,286

The use of the azeotrope in a small excess to the ketone led to completion of the reaction
with the ability of recycling the triethylamine if employed at an industrial scale. The reaction
was scaled up to 100 kg through pilot plant testing and an increase in the rate of the reaction
was observed due to the evolution of CO2 as a by-product.#58.286 Nevertheless, researchers
focusing on the agrochemical industry continue to search for novel and innovative chiral
intermediates with the hope to produce more enantiomerically pure agrochemicals.

Homogeneous asymmetric catalysis is infrequently used at an industrial-scale due
to low catalytic activity and minimal substrate scope.*8288 The structural differences of
substrates elucidates that no single catalyst can be utilised universally; hence ligand tuning
is necessary to create highly selective and specific catalysts with broader
SCOpe.37*38*41*45'46’56’67'82'105

The widely investigated field of piano-stool ruthenium(ll) catalysts began with the
design of Noyori's catalysts#!.120 (Figure 64), which forms the basic framework of new

transition metal ATH catalysts developed today.4088
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Figure 64. Ru(ll)-TsDPEN catalysts with different substitutions of the arene ligand.®'

The most promising piano-stool structure for ATH was devised by Wills (Figure 65), whereby
a tether was incorporated to increase the activity and stability of Noyori’'s framework.2!

C8

Figure 65. Structure of Wills” half-sandwich piano stool catalyst.12!

The success of Noyori's prototypical catalyst, and the tethered analogue by Wills, inspired

other research groups to create similar frameworks (Figure 66).%

ills & Mohar lkaryia
<>
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\ ) | = 2, O,
OZS\Nleu\CI NH or NAlkyl R\N/Rlu\N NH or NAIkyl
N n=0,1,2,3 N Tf
Ph/g/ | “H PhA/ Ny
s H J H
Ph Ph
Takasago. Int. Corp Kayaki
( n
O 0
ny _ HO Ru_ 0 F
Ts—\N""| "~ n=0123 H;{\'/L cl
} ™
NN\H Ts-DENEB Ph \ ~g F
Ph : N 0,
Ph Ph
F F

Figure 66. Tethered catalyst variations by different research groups.®

Within these frameworks, the chelating ligand is responsible for determining the
stereochemistry at the metal.3967.86.121 |n turn, the stereochemical configuration at the metal

centre of the catalyst, coupled with substrate-ligand interactions, is what determines the
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stereochemistry within the alcohol product and hence it is important to influence control over
the absolute configuration at the metal. 15373867150

Discrimination of the enantiofaces of prochiral ketones is what allows chiral catalysts
to yield chiral alcohols of specific configuration. The stabilising CH-T interaction between the
catalyst and the substrate®®8! that result in the positioning of the ketone, with the phenyl
group of the substrate occupying the site adjacent to the arene ligand, into the favoured

orientation (Figure 67) is vital'50.

Favourable "edge-face" n-interaction

Ru
TS\ <
N | “He

~C N b
Ph" 3/ | “H--O
H Me

Ph

Figure 67. The most sterically favoured diasterecisomer.1%0

In addition to studies looking at the utility of these novel catalysts in ATH, similar
ruthenium structures are reported as novel anticancer compounds, so called dual-propertied.
More recently, transfer hydrogenations in cellular systems by half-sandwich ruthenium
catalysts have been reported. In particular, the in vitro reduction of the coenzyme NAD* to
NADH has been of great focus, utilising non-toxic concentrations?8 of sodium formate as
the hydride donor.%114.217-221.287 The complexes target cancerous cells by reducing the
concentration of NAD* in the cells to cause apoptosis, leaving the normal cells
unaffected.220287

Taking all of the above into consideration forms the basis of this chapter of the
research project. The interest is to design novel catalytic compounds, aiming to impact this
area through the development of fundamental understanding of the structure-activity
relationship for ruthenium-based transfer hydrogenation catalysts and therefore this
research builds on seminal work by Noyori and Wills. An overlap between ATH and
anticancer activity is clear and if tuned precisely, creation of dual-propertied ruthenium(ll)

complexes would have a massive impact on current research and industry.
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2.2 Ligand and complex design

The approach taken to design the chiral-at-metal ruthenium(ll) complexes in this project was
based around a scaffold previously utilised by a myriad of research groups. The piano-stool
structure has portrayed success in both ATH and anticancer fields; however, the major
difference incorporated into the catalyst framework presented here is the introduction of a
bulky substituent at the benzylic carbon of the arene ligand (Figure 68 - group R1). A range
of complexes were proposed, where the benzylic substituent ranged from a methyl group to
an isopropyl and tert-butyl group and even further to a mesityl group.

tosyl group

that can be

exchanged for

alternative
functionalities

R groups can be
tuned with
various

to increase the

activity of the
catalyst

Figure 68. Various moieties that can be manipulated in the proposed catalyst framework.

The inclusion of a bulky functionality at the benzylic position was postulated to be
able to dictate the manner by which the tether ligates to the metal centre, and hence
promoting a single stereochemical configuration at the metal centre. The modulation of steric
bulk at the benzylic carbon was identified as a major factor that could potentially influence
the absolute configuration at the metal centre. Which diasterecisomer forms depends on
how the ligands bind to the metal centre, determining metal-centred chirality. As discussed
earlier, different sterecisomers of each compound are likely to interact and bind differently
with biomacromolecular targets so investigating both isomers of a catalyst separately is of
great importance.'* Moreover, research has suggested that the addition of a bulky group to
the arene ring would limit the number of possible conformations of the arene ligand, which
would force the ketone substrate into one diastereoisomer predominantly during ATH.69

During interactions, for example with unsymmetrical diaryl ketones, the increased
bulk of the substituent was hypothesized to better discriminate between the substituents of
the aryl groups due to steric interactions, allowing substrates to approach the catalyst from
only one face during ATH reactions, increasing enantioselectivity of the alcohol product.
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Literature confirms a tethered complex gives a more stable catalyst and increased
activities in comparison to untethered analogues.8! Research has focused mainly on tethers
of three, four or five carbon atoms in length, with a lack of investigation towards tethers of
two carbon atoms in length. In this project, initial complexes comprise of tethers of two
carbon atoms in length. It was hoped that the tether incorporation would promote locking of
the bulky substituent above the plane of the arene ligand*® (Figure 69), preventing free
rotation46.146 and resulting in a single stereochemical configuration at the metal centre on

ligation of the tether nitrogen atoms.

~

2

H™ = “CH,NH
Ru 2 2

Figure 69. The postulated lowest energy conformation for the proposed new framework;
with the red line acting as the arene ligand and the red circle indicating the stereocentre.

This project primarily aimed to investigate whether stereochemistry of the metal
could be controlled by a single stereocentre on the tether as an alternative to the chiral
phenyl groups that control stereochemical configuration at the metal in established catalysts.
Though catalysts comprising of these phenyl groups have shown great ATH and anticancer
activity, research has shown that their hydrophobicity prevent complexes from performing
efficient transfer hydrogenation of NAD*.% Wills et al. have created one ruthenium(ll)
complex without the phenyl groups, but described the synthesis to be challenging.109

Further, if successful, this project was interested in investigating if this novel
induction of stereochemistry could effect conversion and enantioselectivity of ketones during
ATH. The project also intended to determine which length of tether was optimal, and hence
whether the tether was influential towards the conversion and enantioselectivity obtained.
The final aim was to conclude whether the bulky group and tether influenced ATH activity
simultaneously or mutually exclusively. Overall, the hope was that the library of complexes
developed during this project would be assessed for their ability to act as ATH catalysts
against a range of substrates. The choice of ketone was led by literature precedents to allow
the activity and enantioselectivity to be benchmarked against reported structures. Utilising
techniques like NMR and x-ray diffraction enabled the research here to be further understood
in terms of conformations and stability. The initial Ru(ll) complexes would also be tested for
their anticancer activity.
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2.3 Ligand and complex synthesis

It is worth noting that the stereochemistry’s for the final chiral complexes have been drawn

to reflect the major diastereosiomer (see section 2.4.2).

2.3.1 Synthesis of complex 6a

CHj,
I/H
Ru
NN
TsN C| NH
J/
6a

Figure 70. Structure of 6a.

Development of a synthetic route to produce the first chiral-at-metal ruthenium framework,

given as an overview in Scheme 5, was inspired by Wills et al."09,

CI/\I CIftaN > CI—Ru

TsN' 'NH

NH,CI \/ |
6

5

Scheme 5. Global synthetic scheme to show the successful synthesis of 6a and 6b.
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1 was prepared as a fine white powder in a suitable yield of 89 % via a substitution
reaction of ethylenediamine, in a vast 10 fold excess, with p-toluenesulfonylchloride

(Scheme 6), following the procedure reported by Pedrosa et al. 288,

DCM Y

NH, * Cl - N—S

I

H2N—/_ o//S\\o HzN_/_ 0

1
89 %

Scheme 6. Synthesis of N-(2-aminoethyl)-4-methylbenzenesulfonamide.288

Electrospray ionisation mass spectrometry verified the product by showing a molecular ion
peak of 215.0 m/z, equivalent to the [M + H]* ion. The peak was also observed by Hou et
al.29, Further, the "H-NMR spectrum produced with peaks correctly corresponding to each
proton environment, with identical chemical shifts to that found by Pedrosa et al.2s8.
Furthermore, all seven distinctive carbon environments were accounted for with ease in the
13C-NMR, which were in agreement with that reported in the literature2.

Concurrently, 2a was synthesised via the Birch reduction of (R)-2-phenyl-propionic
acid (Scheme 7), giving a yield of 92 %.

OxOH O OH
NHg, Li, -78 °C
CHy = “CH,
ethanol
2a
92 %

Scheme 7. Synthesis of (R)-2-(cyclohexa-1,4-dien-1-yl)propanoic acid.

The first attempt at this reaction used nine equivalents of Li but non-reduced aromatic was
still present after work-up and hence subsequent attempts at this reaction were monitored
by 'H-NMR to ensure the amount of non-reduced aromatic was minimised. Repetition of the
reaction added 31 equivalents of Li and still approximately 3 % of non-reduced material was
observed in the "H-NMR, however, this was not significant enough to impact the remainder
of the synthetic route. Inspection of the 'H-NMR spectrum proved the reaction to be
successful due to the appearance of signals from the alkenyl ring protons at & = 5.62-5.73
ppm and loss of signals in the aromatic region at d = 7.23-7.25 ppm. The diene environments
were also observed in the 1¥C-NMR at & = 124.1, 123.9 and 121.9 ppm, with the CHz groups
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from the ring appearing at & = 27.1 and 26.9 ppm. Further, the CH2 groups from the diene
ring were found at & = 2.61-2.79 ppm in the "H-NMR and at & = 26.9 ppm and 6 = 27.1 ppm
in the 13C-NMR. The CH. environments were not identical as a result of the 3D nature and
twisting of the diene ring, hence two carbon environments were observed, but these couldn’t
unambiguously be assigned. On analysis by electron impact ionisation mass spectrometry
the predicted fragmentation pathway was seen with the loss of the -COOH at 107.3 m/z.
Additionally, analysis by high resolution ESI in negative mode gave a peak at 151.0764 m/z
responsible for the [M - H]- ion.

Following this, 2a was coupled to 1 using TBTU and HOBt in a solvent mixture of
DCM and DMF (Scheme 8).

0
N—§
HQN—/_ . 0

’ )

O~ _OH 1 O~_ _NH o)
—_—
“ICH, HOBt, TBTU, "/CHj,
DIPEA,
DMF, DCM
2a 3a
89 %

Scheme 8. Synthesis of (R)-2-(cyclohexa-1,4-dien-1-yl)-N-(2-((4-
methylphenyl)sulfonamido)ethyl)propenamide.

The combination of TBTU and HOBt and were utilised to reduce racemisation2®12%2 and
retain the stereochemical purity of the starting material. The product 3a was obtained,
following purification, in 85 % yield as a white solid. The "H-NMR and ®C-NMR spectra of
3a were recorded in CDClI3 to confirm the bonding of the acid to the sulfonamide. In the 13C-
NMR spectrum, the carbonyl resonance was shifted upfield relative to the starting material,
now being observed at & = 175.4 ppm. This was in agreement with the CHz groups of the
amine which also shifted downfield, to & = 39.4 ppm and & = 43.5 ppm, after coupling to the
acid. A clear indication of this coupling was also seen in the appearance of the broad peak
at & = 6.26 ppm in the H-NMR signifying the NH environment adjacent to the carbonyl
moiety, confirmed by a COSY experiment. Furthermore, the CH> protons from N-(2-
aminoethyl)-4-methylbenzenesulfonamide became further deshielded and shifted downfield
upon coupling due to the change in environment, including the interaction with the
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stereocentre and the electronegativity of the carbonyl moiety nearby. From the integrals of
the phenyl protons to the alkene protons, a 4:3 ratio was observed proving that the
components had reacted in a stoichiometric 1:1 ratio with no major excess of reagents in the
isolated sample or formation of by-products. Only minor impurities were seen along the
baseline of the spectrum, which was suspected to be unreacted starting material. Further
confirmation of the desired product was granted via ESI mass spectrometry in positive mode
with a peak at 349.1584 m/z corresponding to the [M+H]* ion in high resolution.

Next, the amide 3a was reduced to its corresponding amine by LiAlHs (Scheme 9),
producing 4a in 82 % yield. The reflux temperature was required to push the reaction to
completion, indicating that the reaction had a high energy barrier.

(0] 0]

I I
(\N—S (\N—S
H ol H ol
O NH NH 0
, LiAIH,, THF ,
‘1 ‘1
CHs reflux CHs
3a 4a
82 %

Scheme 9. Synthesis of (R)-N-(2-((2-(cyclohexa-1,4-dien-1-yl)propyl)amino)ethyl)-4-

methylbenzenesulfonamide.

Confirmation of completion of the reaction was by TLC analysis and the use of ninhydrin
staining. Clear indications towards product formation were seen by the appearance of the
CH> protons in the alkyl region of the TH-NMR, at 6 = 2.26-2.33 ppm and & = 2.41-2.44 ppm,
and the disappearance of the C=0 peak in the 13C-NMR at 6 = 175.4 ppm. Additionally, in
comparison to the starting material 3a, the protons observed in the alkyl region of the product
amine shifted upfield slightly and showed a more complex splitting pattern due to the
interaction of the CH2 protons with the stereocentre. This was made possible by the loss of
the rigid carbonyl group, which allowed for greater bond rotation within the amine. Multiple
impurities were seen along the baseline, suspected to be present as a result of the harsh
forcing conditions by LiAlHs. In the future, the use of a milder reducing agent may give a
cleaner spectrum. Finally, analysis using high resolution ESI gave a peak at 335.1799 m/z,
which proved to be the [M+H]* ion, further confirming the formation of 4a.
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The penultimate step was complexation of the ligand 4a to form the ruthenium-
based dimer (Scheme 10). A fairly low yield of 5a was obtained in two batches as a brown
solid; 23 % and 21 %.

o
o
Il
2}
I
o

RuCl3xH,0, HCl,

EtOH, reflux Ru-Cl NH
Hie
H,C

4a 5a

Batch 1: 23 %
Batch 2: 21 %

Scheme 10. Synthesis of [Ru(n®-(R)-4-methyl-N-(2-((2-
phenylpropyl)amino)ethyl)benzenesulfonamide)Cl]2.2HCI.

The change in shift of the alkene protons originally seen as two environments, at & = 5.45
ppm and 0 = 5.69 ppm, to a single environment, at & = 5.97-6.03 ppm (a typical chemical
shift of Ru-coordinated arene protons), confirmed the capping of the two ruthenium centres
by the arene rings. This slight shifting downfield compared to the original ligand before
coupling to the ruthenium suggested deshielding of the protons due to their coordination to
the ruthenium. Further, a drastic change in the chemical shift of the arene environments in
the 13C-NMR was noted, previously seen at & = 119.8 ppm, & = 124.2 ppm and 6 = 124.5
ppm as alkene environments in the ligand, with the quaternary carbon at & = 136.8 ppm.
Now, five peaks were observed between 6 = 85.3-88.3 ppm and a single peak at 6 = 103.6
ppm for the quaternary carbon. It was postulated that there was limited rotation either around
the Ru-arene bond or by the tether at the arene-benzyl bond, or both, which rendered the
arene environments non-equivalent and hence five peaks were observed.

The final step of this synthesis was to cleave the dimer 5a and isolate the ruthenium
complex 6a by treatment with a base (Scheme 11). The light brown solid was obtained in
86 % yield from the purification step by column chromatography.
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Scheme 11. Synthesis of final complex 6a.

In the "H-NMR spectrum, ten arene signals were observed, indicating that on coordination
of the tether to the metal centre, the arene rotation was now restricted, rendering each arene
proton environment non-equivalent. As 6a only contains five arene protons, the presence of
ten arene resonances indicated the presence of two isomers, in a relative abundance of
35 % and 65 % respectively. The isomers have been attributed to the formation of two
configurational isomers, whereby the tether wrapped around the metal centre in two different
directions (Figure 71), imparting opposing chirality to the metal centre, whilst the carbon
stereocentre remained the same chirality.

N\-H

Figure 71. Possible two configurational isomers formed as a result of the second N-atom
on the chelating ligand changing coordination site on the complex, with the first N-atom

remaining in the same position. 50

The fact that one conformer was in excess of the other suggested that one was of greater
stability, hence was the kinetic product of the tethering process, and therefore had a larger
probability of being adopted.

Further evidence of two diastereoisomers residing in the solution was found in the
13C-NMR as two distinct peaks were assigned to each environment on the complex. Initially
the assignments were challenging, however, collecting 2D NMR allowed for greater
confidence. For example, the DEPT spectrum confirmed the CH, groups to be of shifts 8 =
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49.9 ppm, & = 51.2 ppm, & = 56.1 ppm, & = 56.5 ppm, & = 67.9 ppm and & = 69.8 ppm.
Additionally, the HMBC spectrum displayed correlation between the CH3 adjacent to the
stereocentre (& = 1.43-1.48 ppm) to the stereocentre (& = 41.6 ppm), CH2 next to the
stereocentre (8 = 67.9 ppm) and the quaternary carbon on the arene ring (& = 104.6 ppm
and & = 104.7 ppm). Moreover, the high resolution ESI spectrum collected showed an
envelope of peaks at 433.0534 m/z, corresponding to the [M - CI]* ion of the complex 6a,
displaying the characteristic ruthenium isotopic pattern. All data obtained for this compound
('H-NMR, 3C-NMR and MS) was in close agreement to a similar analogue synthesised by
Wills et al.’0 (Figure 72 — C26).

C26
CHs
g g i
Ru Cl*'Ru
This project: Tchc‘;l\NH Wills' catalyst: TsN” NH
6a PH “Ph
n=1

Figure 72. Comparison of 6a to one of Wills’ catalysts with the same tether length. 150

Elemental analysis was collected and the results indicated the complex was pure
when solvent of crystallisation was accounted for. Studying the 'H-NMR, it was clear that
DCM was contaminating the product, hence integration of the solvent peak against product
peaks allowed conclusions to be drawn as to how many equivalents of solvent were present.

This was close enough to the elemental data to proceed with catalysis at a later point.

2.3.2 Synthesis of complex 6b

6b

Figure 73. Structure of 6b.
The stereochemical purity of the complex is of great importance in effecting enantioselectivity
during ATH of ketones to produce one predominant alcohol in high enantiomeric excess. As

discussed previously, 6a was synthesised, and hence to allow for direct comparisons during
ATH reactions, an identical synthetic route was repeated for the (S)-analogue (Scheme 5).
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The analysis (H-NMR, ¥C-NMR, and MS) was compared to that obtained for the
(R)-analogue at every step and has been included in the experimental section but will not be
discussed in depth here due to the identical nature of them all. The synthetic route to 6b
began with a Birch reduction of the commercially bought (S)-2-phenyl-propionic acid, using
liquid ammonia and lithium wire in ethanol to form the corresponding diene 2b in 92 % yield.
A large excess of Li (34 equivalents) was required to push the Birch reduction to completion.
Chiral HPLC was performed on both the non-Birch reduced (Figure 74) and the Birch
reduced product (Figure 75). The (S)-2-phenyl-propionic acid was utilised as a comparison
for 2b, to allow for proof of retention of stereochemistry, alongside the alternate isomers; (R)-
2-phenyl-propionic acid and 2a. Unfortunately, the spectrum in Figure 75 shows that 2a didn’t
experience full reduction of the aromatic ring due to the small peak observed at 8.51.

(R)-2-Phenyi-
propionic acid (S)-2-Phenyk
propionic acid

m N

200 1 |

175 |
150 1
125 | |

100 - |

Peak height (uV)

75 - "

|
50 - |

25 4 \

6 7 8 9 10 11 12 13 14 15 16

Retention time (minutes)

Figure 74. Overlay of the chromatograms of (R)- and (S)-2-phenyl-propionic acid (both
isomers were purchased with 98 % enantiopurity) obtained using chiral HPLC. The black
peak at 8 minutes corresponds to (R)-2-phenyl-propionic acid and the red peak at 9

minutes corresponds to (S)-2-phenyl-propionic acid.
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Figure 75. Overlay of the chromatograms of (R)- and (S)-2-(cyclohexa-1,4-dien-1-
yl)propanoic acid obtained using chiral HPLC, whereby the two peaks overlayed relate to
the two isomers of 2a and 2b. The blue peak at 11 minutes corresponds to 2a and the red
peak at 12 minutes corresponds to 2b. The additional peaks at 8 and 9 minutes represent
residual non-Birch reduced starting material (also confirmed by 'H-NMR) and the additional

peaks at 15 minutes represent unidentified impurities from the Birch reduction.

Next, the amide was prepared by attachment of the diene 2b to the diamine
precursor 1 in the presence of HOBt and TBTU to prevent racemisation?91292, Further
purification by column chromatography produced the amide 3b as a white solid in a high
yield of 79 %. The enantiopurity of 3b was confirmed via chiral HPLC, with comparison to
the alternate isomer 3a (Figure 173).

The amide was subsequently reduced by LiAlH4 to form the final amine ligand 4b in

89 % yield. The enantiopurity of 4b was confirmed via chiral HPLC, with comparison to the
alternate isomer 4a (Figure 174).
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Following this, the isolated ligand was reacted with RuClsxH-0 to form the dimer 5b
as an orange solid in 22 % yield, which was then converted to the final complex 6b by
treatment with DIPEA. The resulting orange solid was obtained in 96 % yield. The "H-NMR
spectrum of the final complex successfully confirmed full coordination of the ligand to the
ruthenium centre with subsequent cleaving of the dimer and was in agreement with the
spectra assigned to 6a and also to a similar catalyst by Wills et al.'®. As with 6a, two
configurational isomers were observed in the 'H-NMR and the relative proportion of each
was calculated from the ratio of arene peaks, indicating that a minor isomer was present in
30 % and the major isomer was present in 70 %. The presence of two diastereoisomers
formed upon synthesis of complex 6b was further confirmed by '3C-NMR, due to two peaks
per distinct environment. Mass spectrometry (ESI) of the product revealed an envelope of
peaks characteristic of the ruthenium isotope pattern. Elemental analysis was obtained and
determination of the number of equivalents of DCM present was calculated from the 'H-
NMR. The theoretical elemental compositions were in close enough agreement (+ 0.3 %) to
utilise this complex as a catalyst in the ATH experiments for this project.

2.3.3 Synthesis of complex 7

Cl—Ru
/7 N\
TsN* NH
-
7
Figure 76. Structure of 7.
The racemic dimer bearing an isopropyl group was synthesised by Dr Murray’s research
group. The dimer was treated with base, followed by purification on silica (Scheme 12) to

form the mononuclear complex.
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Scheme 12. Synthesis of final complex 7.

Complex 7 was obtained in 95 % vyield as an orange crystalline solid, which was fully
characterised by 'H-NMR, ®C-NMR, ESI and elemental analysis. The 'H-NMR of the
complex revealed multiple different Ru-arene environments, indicating the presence, like for
the methyl analogues 6a and 6b, of configurational isomers. Significant peaks in the 1H-NMR
include those attributed to the arene ring, found as doublets and triplets in the region & =
4.87-6.70 ppm, the two CHs groups of the isopropyl moiety were seen separately at d = 1.01-
1.03 ppm and & = 1.10-1.13 ppm, and the CH on the isopropyl group at & = 1.98-2.08 ppm.
The BC-NMR spectrum indicated the presence of two diastereosiomers, for example the
stereocentre was confirmed at = 54.7 ppm and 6 = 57.0 ppm, whilst the 'H-NMR spectrum
indicated a third diastereoisomer of relatively lower intensity to the other two. The relative
abundance of each isomer was calculated from the arene peaks in the 'H-NMR. The
increased steric bulk of the substituent to an isopropyl group dictated the relative proportions
of the isomers to a different extent to that of the methyl substituent; a 20 %:80 % ratio was
observed for 7 in comparison to 35 %:65 % for 6a. The use of the 2D NMR data collected
allowed for ambiguous assignments of all environments in the complex, bar the three CH
groups that could not be distinguished between. Further confirmation of the complex
formation was by high resolution ESI, whereby the [(M - Cl)]* ion was found at 461.0843 m/z
as an envelope of peaks characteristic of the ruthenium isotope pattern. Additionally, the
complex was recrystallised using ethanol to isolate one of the diastereosiomers, observed
in the "H-NMR, in >94 % excess, which was then analysed by x-ray diffraction (see section
2.1.3.2). Elemental analysis confirmed the purity of the complex 7.
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2.3.4 Synthesis of complex 14a

14a

Figure 77. Structure of 14a.

Promising initial results achieved with complexes 6a, 6b and 7 prompted the idea of
increasing the bulky substituent even further to a tert-butyl group. Initially, the route
attempted arene exchange as an alternative approach to the Birch reduction due to the
hazardous reaction conditions of the Birch reduction, plus arene exchange would reduce the
number of steps required to form the complex, which in turn would hopefully have improved
the yield obtained. Explained simply, arene exchange is the substitution of an electron-poor
né-arene by an electron rich one, whereby the desired tethered ligand displaces the arene

ligands coordinated to ruthenium in a dimer such as [Ru(CeHsCO2Et)Cl2]> (Scheme 13).

Scheme 13. The arene exchange step attempted to form 14a.

The arene exchange was attempted as both a reflux and in a microwave, following methods
employed by a literature precedent'?2, and full experimental procedures can be found in the
experimental chapter. Neither methods isolated 14a and therefore the Birch reduction route

was focused upon instead. The synthetic route followed that shown in Scheme 14.
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14 13

Scheme 14. Global synthetic scheme to show the successful synthesis of 14a and 14b.
14a is suspected to be of (R) stereochemistry at the benzylic stereocentre and 14b is
suspected to be of (S) stereochemistry at the benzylic stereocentre (for full discussion see
section 2.4.3.2).

The starting material was achiral with the idea to introduce stereochemistry and then
to separate the isomers in the subsequent steps. B-nitrostyrene was subjected to Michael-
type nucleophilic addition with tert-butylmagnesium chloride at -20 °C (Scheme 15) and later
treated with 5 % HCI before the rest of the workup steps. It was important to note that the

weak concentration of acid was important in obtaining the nitro moiety. Multiple trial and error
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reactions were required otherwise the functional group comprised of an “NO” moiety
attached to the carbon adjacent to the stereocentre via a triple bond (see Scheme 15).

tBuMgCl, 5% HCI

~ _No, -20 °C, 30 mins NO,
—_— ~
©/\/ THF ~NO
8
36 % Side product

if HCI
concentration
not correct

Scheme 15. Synthesis of (3,3-dimethyl-1-nitrobutan-2-yl)benzene.

Purification by column chromatography yielded the racemic compound 8 as a red/orange
solid with a yield of 36 % with full characterisation by IR, 'H-NMR, 1*C-NMR and MS. The IR
spectrum gave rise to the expected bands corresponding to the nitro compound, in particular
the N-O stretching mode (1546.19 cm-*), which was in similar agreement to the IR spectrum
produced by Bandichhor et al.2%® who synthesised the identical nitro compound. The lack of
IR stretching or bending modes associated with alkene C=C moieties proved the completion
of the reaction and hence disappearance of -nitrostyrene. The creation of the stereocentre
was clearly shown in the 'H-NMR as a double doublet at & = 3.35 ppm, and the appearance
of the CH2 protons at 8 = 4.76-4.87 ppm also proved the reaction to be successful. Moreover,
the CH2 environment was observed as the furthest shifted peak in the 3C-NMR at 6 = 137.6
ppm due to the electron withdrawing nature of the NO2 group. Additionally, low resolution
ESI found the [M + NaJ* peak at 230.1 m/z. Overall, all data collected (IR, 'H-NMR, 3C-NMR
and MS) was in agreement with that found in the literature2®.

Subsequent treatment of 8 with iron powder at 70 °C for one hour afforded, after

extractions and pH adjustments, the corresponding amine 9 in 99 % yield (Scheme 16).

Fe powder, NH,CI

NO, 70 °C, overnight NH,
R
EtOH/H,0
8 9
99 %

Scheme 16. Synthesis of 3,3-dimethyl-2-phenylbutan-1-amine.2%
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Confirmation of the amine was by '"H-NMR, whereby the amine protons showed as a broad
peak at 5 = 1.38 ppm. The 3C-NMR showed that the carbon environments belonging to the
stereocentre and the CH2 moiety shifted upfield in comparison to the starting material due to
the less withdrawing nature of the NH2 group and hence the reduced shielding. Additionally,
low resolution ESI found the [M + HJ* peak at 178.2 m/z, and further confirmation of the
amine was achieved by TLC analysis using ninhydrin staining. Moreover, all data collected
('H-NMR, 3C-NMR and MS) was in agreement with that found in the literature29.

To separate out the isomers, (S)-mandelic acid and 9 were combined to create
diastereoisomeric pairs (Scheme 17), followed by separation via fractional crystallisation.

HO
(S)-mandelic acid,
NH, EtOH NI

H —_—

Scheme 17. Synthesis of the acid-base pair formed between (S)-mandelic acid and

racemic 3,3-dimethyl-2-phenylbutan-1-amine 9.

Proof of the structure of these acid-base pairs was seen by the growth of clear single
crystal needles, analysed by x-ray diffraction (Figure 78).

c12

C37 c38

Qc

H
Qx
@o

Figure 78. Structures of the acid-base pair formed between (S)-mandelic acid and 9.
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The structure was solved by setting the mandelic acid chiral centre to be of (S)
stereochemistry. The data confirmed the (S) configuration for the two acids and revealed
each of the bases to be of (R) configuration. Two slightly different conformations were seen
for the (S)-mandelic acid, with a similar angle at the chiral centre of 107.96 and 111.35 for
C13-C14-C15 and C33-C34-C35 respectively. The two amines had different conformations,
in particular relating to the orientation of the aromatic ring and the tert-butyl group, confirmed
by a difference in torsion angles of 176.71 and 165.83 for C8-C1-C9-C11 and C28-C29-C31
respectively. An overlay of the two acids and two bases can be seen in Figure 79.

Figure 79. An overlay of the two acid-base pairs found during x-ray diffraction analysis. The
grey structures represent the acid with O3 and the amine with N1 from Figure 78. The
green structures represent the acid with 04 and the amine with N2 from Figure 78.

Continuous recrystallisations were carried out in the hope to achieve >95 %
enantiopurity. Chiral HPLC analysis showed that the starting material was in an isomeric
ratio of 47 % (R) isomer:53 % (S) isomer (Figure 80). The commercially purchased (R)- and
(S)-2-phenyl-propionic acid for the synthetic routes followed for 6a and 6b were run on the
same chiral HPLC column, along with the subsequent steps, which indicated that the (R)
isomer interacted with the column for a shorter length of time than the (S) isomer. Due to
this consistency and therefore on the basis of the columns selectivity, it was suspected that
the isomers of 9 were retained in the order (R) then (S). Furthermore, the crystals obtained

during the recrystallisations, with confirmed stereochemistry by x-ray diffraction as seen in
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Figure 78 and Figure 79, was also analysed by chiral HPLC displaying the peaks in a ratio
of 84 %: 16% (Figure 175) and hence was further proof that the (S) isomer retained on the

column for longer.
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Figure 80. Chromatogram obtained using chiral HPLC, whereby the ratio of peaks relates

to the percentage of isomers in the starting amine 9.

Multiple solvents were screened and it was concluded that the salt was very soluble
in methanol, fairly soluble in ethanol and sparingly soluble in isopropanol. Confirmation of
the ratio of isomers at each stage was by chiral HPLC. Figure 81 and Figure 82 show the
enhancement of enantioselectivity after the first recrystallisation in ethanol.
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Figure 81. Chromatogram obtained using chiral HPLC, whereby the ratio of peaks relates
to the percentage of isomers after the first recrystallisation, representing the solid
precipitate (33 %:67 %). The peak at 36 minutes is suspected to be of (R) stereochemistry
and the peak at 40 minutes is suspected to be of (S) stereochemistry (for full discussion
see section 2.4.3.2).
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Figure 82. Chromatograms obtained using chiral HPLC, whereby the ratio of peaks relates

to the percentage of isomers after the first recrystallisation, representing the supernatant

(53 %:47 %). The peak at 36 minutes is suspected to be of (R) stereochemistry and the

peak at 40 minutes is suspected to be of (S) stereochemistry (for full discussion see

section 2.4.3.2).

The hot recrystallisations in these alcohols could not exceed ratios of 70 %:30 % and 20

%:80 %. This method was both time consuming and also resulted in large losses of product.

Subsequently, ether on its own, mixtures of ether/hexane and DCM alone were

investigated as alternative recrystallisation solvents, whereby the salt was stirred at room

temperature with the respective solvent, followed by separation of the solid and liquid phase,

whereby the solvent was removed in vacuo from the liquid phase. Extractions were carried

out to liberate the amine from the diasterecisomeric pair. In the later stages, hexane was

utilised to encourage precipitation as ether alone only achieved ~80 %:20 %. After a total of
78 recrystallisations, 1.04 g of 9b (91 % ee S), 0.41 g of 9b (80 % ee S) and 0.71 g of 9a
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(72 % ee R) were obtained. Due to the lower yield of 0.41 g, which still required extraction
to remove the mandelic acid, 9b (80 % ee) was utilised to investigate the proposed route on
a test scale. The route was determined successful and hence was applied to the other two
amines yielded from the recrystallisations.

Following the synthetic scheme shown in Scheme 14, the next step was the Birch
reduction of 9a, taken from the crystallisation that yielded 9a in 72 % ee, which was produced
in 53 % yield (Scheme 18). The amine 9a showed good solubility during the Birch reduction,
requiring only ten equivalents to reduce the aromatic ring. Despite this, the low yield obtained
was suspected to be as a result of solubility issues, whereby too large a volume of solvent
was utilised during workup, solubilising the amine into both the organic and aqueous phases.

NH, NHs, Li,-78°C

—_—

ethanol

10a
53 %

Scheme 18. Synthesis of (R*)-2-(cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutan-1-amine.

Confirmation of the reduction of the aromatic ring was by "H-NMR where there was a loss of
the peaks at & = 7.18-7.33 ppm, which instead appeared simultaneously as diene protons at
0 = 5.45-5.50 ppm and 6 = 5.64-5.70 ppm, and two CH, groups observed at & = 2.53-2.81
ppm. No non-reduced starting material was observed in the 'TH-NMR even at a baseline level
and hence the reaction was confirmed as complete. Unfortunately, another product was
formed during the reduction and was of similar structure to 10a but was not identified. Using
2D NMR, the diene carbon environments of 10a were confirmed in the *C-NMR at & = 124.1,
123.9 and 122.1 ppm, which were slightly upfield in comparison to the carbon environments
in the 18C-NMR of the starting material. Further confirmation of the successful formation of
10a was by high resolution ESI, whereby the [M + H]* peak was found at 180.1747 m/z.
Next, 10a was coupled to (p-toluenesulfonyl)glycine in the presence of TBTU, to
prevent racemisation2'2%2 in a mixture of DMF and DCM (Scheme 19). Following work-up
and purification by column chromatography, 11a was obtained as a white solid in 67 % yield.
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TsHN\)J\OH '
- \H/\NHTS
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Scheme 19. Synthesis of (R*)-N-(2-(cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutyl)-2-((4-
methylphenyl)sulfonamido)acetamide.

Analysis of the "H-NMR saw a change in chemical shift of the CH. adjacent to the NH in the
starting material amine from & = 1.50-1.73 ppm to & = 1.77-2.12 ppm as a result of its change
in environment. Furthermore, evidence showed the shift of the carbon environment
associated with this CHz group from & = 60.7 ppm to & = 56.6 ppm, due to the electron
withdrawing nature of the carbonyl group, which in turn shielded the nucleus of the CH
carbon environment. The amide 11a was also successfully confirmed by high resolution ESI
in the positive mode as a peak at 413.1868 m/z, associated to the [M + NaJ* ion.

The unknown side product formed in the previous step appeared to be substituted
at this step and remained present in the NMR spectra, with similar structure to the anticipated
product. The stereocentre coupled with the bulky tert-butyl group and conformational
flexibility of the cyclohexadiene ring led to two or more different chemical environments for
some protons. This resulted in multiple peaks in the 'H-NMR spectrum that integrated to
non-integer values, which were situated at unusual chemical shifts from what would initially
have been expected. A prime example was the two diene CH2 groups found at & = 1.77-2.12
ppm and & = 2.55-2.78 ppm.

Reduction of 11a using LiAlH4 in anhydrous THF yielded 12a (Scheme 20) in 73 %.

LiAIH,, THF

S —_—

reflux

12a
73 %

Scheme 20. Synthesis of (R*)-N-(2-((2-(cyclohexa-1,4-dien-1-yl)-3,3-
dimethylbutyl)amino)ethyl)-4-methylbenzenesulfonamide.
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Successful confirmation of the reduction was found in the 'H-NMR, whereby the new CH.
group appeared at either & = 2.38-2.86 ppm or & = 2.91-2.95 ppm, as it could not
unambiguously be assigned, and the carbonyl peak originally found in the 3C-NMR at & =
167.9 ppm was no longer observed. Upon reduction of the carbonyl bond, the splitting of the
peak attributed to the tert-butyl group became more complex in the 'H-NMR. Plus, high
resolution ESI confirmed the product as the [M + H]* ion at 377.2265 m/z.

Complexation of the chiral ligand 12a with RuClsxH20 allowed formation of the
anticipated ruthenium dimer 13a (Scheme 21) in 39 % yield as a brown solid. This was
carried forward to the next step without full characterisation.

H RuCl;xH,0, HClI,
EtOH, reflux
N ’ TsHN
"NHTs . CI/ \CI CIH,N

\
NHZ?_: Ru/—CI

NHTs

12a

13a
39 %

Scheme 21. Synthesis of [Ru(n’-(R*)-N-(2-((2-(cyclohexa-1,4-dien-1-yl)-3,3-
dimethylbutyl)amino)ethyl)-4-methylbenzenesulfonamide)Cl2]2.2HCI.

Finally, 13a was subjected to cleavage, induced by the addition of DIPEA, to form
the target complex 14a (Scheme 22) in 17 % yield. The product was obtained in low yield
and contaminated with DIPEA even after purification, therefore due to the assumption that
DIPEA wouldn't affect the ATH results, the contaminated product was carried forwards.

13a

Scheme 22. Synthesis of final complex 14a.
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The "H-NMR spectrum of 14a revealed the presence of two diastereoisomers, present in an
abundance of 30 % for the minor conformer and 70 % for the major conformer. The arene
protons were displayed as three triplets, one doublet and three multiplets in the region of 6
= 4.93-6.67 ppm. Further, the high resolution ESI spectrum found the [M - CI]* peak at
475.0998 m/z as an envelope of peaks characteristic of the ruthenium isotopic pattern.

2.3.5 Synthesis of complex 14b

Figure 83. Structure of 14b.

Concurrently, the other isomer hypothesised to be (S), separated during the
recrystallisations earlier, followed the synthetic pathway shown in Scheme 14. The starting
amine 9, from the recrystallisation that yielded 9b in 91 % ee, was Birch reduced to 10b in
47 % yield. The Birch reduction was monitored by "H-NMR to ensure sufficient Li was added,
concluded to be ten equivalents. Non-reduced starting material was observed at a baseline
level in the 'TH-NMR and the same side product formed as found for 10a. 10b was then
coupled to (p-toluenesulfonyl)glycine in the presence of TBTU, to prevent racemisation291.292,
and was obtained in 63 % yield as a white solid after purification by column chromatography.
Then 11b was reduced to 12b in 95 % yield, which was refluxed with RuClsxH20 to form 13b
in 16 % yield as an intermediate step to the final complex 14b, which was obtained in 76 %
yield. All 'TH-NMR, 3C-NMR and high resolution MS was in agreement with that found for
the alternate isomer and can be found in Chapter 5. Two diastereoisomers were observed
in the 'H-NMR, whereby the minor and major isomers were found in 35 % and 65 %
abundance, which was marginally different to that found for 14a, hence the complex
appeared to be flexible due to the variation in the ratio of conformers formed, suggesting that
the ratio of isomers can be influenced by experimental conditions, in particular the
concentration of the catalyst in NMR solvent and the temperature surrounding the sample,
which is in accordance with the NMR studies carried out for 6a and 7 in section 2.4.1. that

discusses the exchange/interconversion between isomers at room temperature.
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2.3.6 Synthesis of complex 14

Cl—Ru
/7 '\
TsN” NH
-/

14
Figure 84. Structure of 14.

For comparison, and to later be used in the ATH NMR time course studies, the racemic
analogue 14 was synthesised but only obtained in 5 mg yield. The route employed was
identical to that shown in Scheme 14. The data collected for the complex ("H-NMR, 3C-NMR
and high resolution ESI) matched that found for 14a and 14b, with the two diasterecisomers
found in solution in a relative abundance of 35 % and 65 % for the minor and major
conformers respectively in the 'H-NMR spectrum, calculated by determining the ratio of the

arene peaks of the respective isomers.

2.3.7 Synthesis of complex 19
Due to the successful synthesis of 6a, 6b, 7, 14a and 14b, a further branch of this project

focused on increasing the tether length by one carbon length to give rise to 19 (Figure 85).

Cl—/Rlu\ : Cl—/Rlu\ j
TsN NH TsN NH

6 19
Figure 85. 2C- and 3C- tethered Ru(ll) complexes synthesised in this project.

The rationale was that a longer tether would reduce the amount of strain within the catalyst,
hence reducing conformational restraints, allowing for greater activity towards ketone
substrates. Catalysts with tethers of three carbon atoms in length are the most active.'%0
3-Phenylbutyric acid was purchased as its racemate to purely test the activity of the
catalyst with a longer tether without focusing on the enantioselectivity. To investigate
whether the shorter length of tether affected the failure of the arene exchange, this attempt
utilised racemic 3-phenylbutyric acid to create a tethered ligand, comprising of a longer tether
of three carbon atoms in length, which was refluxed with [Ru(CsHsCO2Et)Cl2]2 (Scheme 23).
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Scheme 23. The arene exchange step attempted to form 19.

The method employed followed a literature precedent'?2 and has been fully described in the
experimental chapter. Unfortunately, 19 was not detected and therefore the Birch reduction
route was employed. Therefore, to produce the fourth chiral-at-metal ruthenium catalyst

framework in this project, the route followed that shown in Scheme 24.

o) o)
15

NHTs
zN_‘/r_

1
/ \ O / \
NH  NHTs NH  NHTs
-
C;J :

TSHN
Ru Cl

Ru Cl
NHTs

19

Scheme 24. Global synthetic scheme to show the successful synthesis of 19.
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The synthetic route followed was based entirely on that described previously for 6a
and 6b, commencing with a Birch reduction to form the diene 15 in 84 % yield (Scheme 25).

(0]
NHs, Li, -78 °C

OH

OH

ethanol
15

84 %

Scheme 25. Synthesis of 3-(cyclohexa-1,4-dien-1-yl)butanoic acid.

An excess of 19 equivalents of Li was required to push the reaction towards completion.
Minimal non-reduced starting material was observed in the 'H-NMR spectrum. The Birch
reduction was confirmed by the appearance of the diene ring protons at & = 5.50-5.50 ppm
and & = 5.65-5.75 ppm in the 'H-NMR, and & = 118.3, 124.3 and 124.3 ppm in the 3C-NMR.

Coupling of 15 to the tosylated amine precursor 1 (Scheme 26), which was purified
by column chromatography, yielded 72 % of the pure amide 16 as a white solid.

NHTs
HoN™ 0
Q /N
1 NH HN—S
0 I
HOBt, TBTU, o
OH DIPEA
—_—
15 DMF, DCM 16
' 72 %

Scheme 26. Synthesis of 3-(cyclohexa-1,4-dien-1-yl)-N-(2-((4-

methylphenyl)sulfonamido)ethyl)butanamide.

Evidence for the success of this reaction was found by the shielding of the CH2 group
adjacent to the carbonyl group from 6 = 2.28-2.34 ppm and 6 = 2.48-2.54 ppm to & = 2.05-
2.15 ppm and 0 = 2.26-2.34 ppm in the 'H-NMR. Baseline impurities were also present,
possibly attributed to unreacted starting material. A shift of the carbonyl group in the 3C-
NMR was observed from & = 179.4 ppm for the acid to & = 173.4 ppm for the amide.
Furthermore, high resolution ESI found the [M + Na]* peak at 385.1556 m/z.

16 was treated with LiAIH, at reflux overnight to obtain 91 % of 17 (Scheme 27).
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O (0]
Q / \ |l / \ [
NH HN—ﬁ NH HN—ﬁ
o LiAIH,, THF o
—_—
16 reflux 17

Scheme 27. Synthesis of N-(2-((3-(cyclohexa-1,4-dien-1-yl)butyl)amino)ethyl)-4-

methylbenzenesulfonamide.

Completion of the reaction was confirmed by TLC analysis and ninhydrin staining. Success
of this reduction was observed by the disappearance of the C=0 peak in the 3C-NMR, plus
the protons of the CH2 group appeared at 6 = 2.37-2.41 ppm in the 'H-NMR. Additional
support was found by the ESI spectrum, whereby 349.1944 m/z confirmed the [M + HJ* ion.

Following this, the ligand 17 was reacted with RuClsxH20 to form the dimer 18 in 44
% yield (Scheme 28) as a light brown/orange solid.

0=s=0
/N0 0
I ~
SEO- e R
o NHACI c CIH,N
RuCl3xH,0, HCI, 2C 8
17 EtOH, reflux Ru cl
| @ b
0=5=0

Scheme 28. Synthesis of [Ru(n®-N-(2-((3-(cyclohexa-1,4-dien-1-yl)butyl)amino)ethyl)-4-
methylbenzenesulfonamide)Clo]2.2HCI.

Unfortunately, the dimer was not pure and from the 'H-NMR it appeared that a small amount
of chelation may have occurred. Despite this, distinctive arene protons were observed at &
=5.19-6.45 ppm, indicative of the different environments of the arene ring on the dimer. The
13C-NMR was successfully assigned utilising the assignments made for 6a and 6b coupled

with 2D NMR experiments that were also run.
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18 was treated with DIPEA to create the final complex 19 (Scheme 29), obtained as

a light brown solid in 62 % yield from the purification step by column chromatography.

0=$=0
HN Ru—Cl
u—
8 A DIPEA, DCM
\H c C

C | | CIH2
Ru—CI \_/
ITIH
< > 0=S=0 19
62 %
18

Scheme 29. Synthesis of final complex 19.

The arene protons in the 'H-NMR were observed as seven arene environments with the
integrations adding to ten protons, indicating that two configurational isomers were present
in solution in equal abundance. These two configurational isomers were suspected to be as
a result of the differing stereochemistry surrounding the metal centre, likely as a result of the
tether chelating around the metal centre in both possible senses. This idea was further
supported by the 8C-NMR, which displayed two peaks per distinct carbon environment.
Further evidence for the formation of complex 19 was found by collecting high resolution
ESI, whereby the [M - Cl]* ion was observed at 447.0686 m/z as an envelope of peaks
displaying the characteristic ruthenium isotope pattern. The data found for this compound
was closely supported by two complexes of similar structure previously synthesised in the
literature.109.123 Elemental analysis was collected but the expected and found values did not
match within the acceptable margin error of £ 0.3 %. Trying to fit solvent or known impurities
did not solve the problem, however, vanadium pentoxide was not utilised (as it was for the
majority of the other analyses presented in this thesis) and therefore incomplete combustion
of the sample is the most likely source of the deviation.
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2.3.8 Synthesis of complex 19a

CHj,
am
Cln -Rlu
«
TsN HN
\_J

19a
Figure 86. Structure of 19a.

Due to the success of this route, the synthetic pathway was repeated with an enantiopure
starting material (Scheme 30).

20

o)
/7 \
H,C NH  NHTs H,C NH  NHTs
-
17a 21
CH,
iH
TsHN . CHs
Ru-ClI 4
/ N\ "'H
NH,CI C'\/C' CIHN ——>  CcmRu
4
Ru-Cl 8 TsN HN
NHTs —
HY! 19a
H,C
18a

Scheme 30. Global synthetic scheme to show the successful synthesis of 19a.

The first step (Scheme 31) comprised of the Birch reduction of the enantiopure amine,
previously synthesised by Dr Murray’s research group, to produce 20 in 79 % yield.
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CH, CH,

NHj, Li, -78 °C
NH, —> NH,
ethanol
20
79 %

Scheme 31. Synthesis of (S)-3-(cyclohexa-1,4-dien-1-yl)butan-1-amine.

Due to greater solubility, only seven equivalents of Li were required to reduce the aromatic
ring. The "H-NMR proved the reaction to be complete due to the appearance of signals from
the alkenyl ring protons at & = 5.37-5.44 ppm and & = 5.63-5.72 ppm and lack of signals in
the aromatic region. The carbon peaks relating to the diene environments were observed at
0 =118.1 and 124.4 ppm and the CH groups of the ring were found at & = 25.5 ppm and &
= 26.8 ppm, further confirming the successful production of the Birch reduced amine.
Moreover, high resolution ESI showed the [M + H]* ion at 152.1436 m/z.

Following this, 20 was coupled with (p-toluenesulfonyl)glycine (Scheme 32) in a
mixture of DMF and DCM. In addition to its use as a coupling agent, TBTU helped to prevent

racemisation291.292,

0
o)
HsC NH HN—S
CH, I
o}

HOBt, TBTU,
NH, DIPEA
21
20 DMF, DCM

65 %

Scheme 32. Synthesis of (S)-N-(3-(cyclohexa-1,4-dien-1-yl)butyl)-2-((4-
methylphenyl)sulfonamido)acetamide.

21 was purified by column chromatography in 65 % yield. The 'H-NMR confirmed a 1:1
reaction between the amine and acid due to the integration of 3:4 of the diene to aromatic
protons. The NH. peak was no longer observed, but instead a new resonance appeared,
which integrated to one proton, corresponding to the newly formed amide NH. Furthermore,
the CHz protons immediately adjacent to the NH, moiety shifted from & = 2.46-2.68 ppm to
0 = 3.04-3.21 ppm upon coupling to the acid, and the carbon environment from & = 40.5 ppm
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to d = 38.4 ppm as a result of deshielding due to interaction with the nearby electronegative
carbonyl group. Additionally, high resolution ESI found the [M + H]* ion at 363.1732 m/z.

21 was reduced to 17ain 19 % yield using LiAlH4 (Scheme 33). The low yield may
be due to loss of product during work-up steps, e.g. extraction, or formation of side products.

(@)
(0]
ﬁ / \ I
H;C NH HN—ﬁ H3C NH HN—ﬁ
0 (e}
LiAIH,, THF
21 - 17a
reflux 19 %

Scheme 33. Synthesis of (S)-N-(2-((3-(cyclohexa-1,4-dien-1-yl)butyl)amino)ethyl)-4-

methylbenzenesulfonamide.

Confirmation of the reaction was by TLC analysis and ninhydrin staining. Moreover, the
appearance of the CHy protons at & = 2.22-2.35 ppm in the 'H-NMR and the disappearance
of the carbonyl environment at & = 167.9 ppm in the 1*C-NMR validated the reduction. The
new CH> environment appeared at 6 = 48.0 ppm, distinctive of an aliphatic moiety. Also, the
[M + H]* ion was observed at 349.1952 m/z in the high resolution ESI.

Sequentially, 17a was refluxed with RuClsxH20 (Scheme 34) to obtain 18a in 52 %
yield as a brown solid, but was carried forwards to the next step without full characterisation.

@]

CHs
H,C NH HN—S 0=S=0
I ] &
"N Ru—Cl
u—
17a RUCI3XH20, HCl, % / \
N

EtOH, refl
, reflux H,Cl Cl Cl CIH,N

’ Vo <
>S5
HaC

18a
52 %

Scheme 34. Synthesis of [Ru(n®-(S)-N-(2-((3-(cyclohexa-1,4-dien-1-yl)butyl)amino)ethyl)-4-
methylbenzenesulfonamide)Clo]2.2HCI.
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The final step of this reaction pathway required cleavage of the chloride ligands in
18a (Scheme 35), which was successful in obtaining 19a in 33 % yield as a brown oil. The
product was unfortunately contaminated with DIPEA even after purification was attempted.
Therefore due to the low quantity of product obtained, coupled with the assumption that
DIPEA wouldn't affect the ATH results, the contaminated product was carried forwards.

H,ClI Cl Cl CIH,;N -

CH3
0=S=0 an
|

HN : CHs
Ru—Cl o

/N DIPEA, DCM .

N Clh'Ru

4
TsN HN

Ru/—CI % \
<
H 0=s=0 19a
HsC 33 %
18a

Scheme 35. Synthesis of final complex 19a.

Analysis by H-NMR and '3C-NMR confirmed the production of the complex 19a.
Unfortunately, the integrals of the aliphatic protons did not perfectly match the arene protons
(or simply were not observed) due to the contaminating DIPEA, however, the chemical shifts
of identified signals did match that of the racemic analogue 19. Further, important peaks
corresponding to the arene ring were observed in the 'H-NMR at 6 = 4.92-6.58 ppm. There
appeared to be two diastereoisomers present in equal abundance. The 3C-NMR displayed
the same issues found in the 'H-NMR, namely contamination by DIPEA and poor signal to
noise ratio, providing small or absent peaks. Though the complex could not be
unambiguously assigned, peaks were able to be picked out based on the *C-NMR data
collected for the racemic analogue 19. Most importantly, two diastereoisomers were
observed due to two peaks of similar shift per each distinct carbon environment, for example,
0 =20.5 ppm and & = 20.6 ppm, responsible for the CH3 group adjacent to the stereocentre.
Further evidence for the formation of the complex was observed in the high resolution ESI
spectrum at 447.0688 m/z, consistent with the predicted peak for the [M - CIJ* ion, observed
as an envelope of peaks displaying the characteristic ruthenium isotope pattern.
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2.3.9 Synthesis of complex 24

CHj3
1 ///H
.Ru
CPI N
Cl N
Hy
24

Figure 87. Structure of 24.

To investigate the stereochemical control and stability of this family of complexes further, a
route to produce a monodentate complex was followed as shown in Scheme 36.

CH, CH,
NH, NH>
_—
22
CHs CH,

R D — Ru—Cl

ch lu\ u—C
Ccl N
H>

\ NHCI
CI/ Cl 3

\/

24 Ru—Cl

CIH3N
H3C

23

Scheme 36. Global synthetic scheme to show the successful synthesis of 24.

The complex would confirm if the two diasterecisomers, observed in solution by 'H-NMR for
all previous complexes discussed in this chapter, were as a result of the tethered section
between the benzylic carbon and chelating moiety or the chelating moiety alone. The
synthesis of 24 would also allow comparison for characterisation purposes. Furthermore, the
results from the ATH would highlight the importance of the incorporation of the chelating
section within the ligands of the original family of complexes synthesised in this project.

The starting material was commercially purchased with 99 % enantiopurity of (R)-
stereochemistry and the synthetic pathway begun with the Birch reduction of this amine to
produce 22 (Scheme 37) in 88 % yield.
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CHs NH,, Li, -78 °C CHs
NH, — o NH,
ethanol
22
88 %

Scheme 37. Synthesis of (R)-2-(cyclohexa-1,4-dien-1-yl)propan-1-amine.

Particularly good solubility was observed for the starting material, hence only 3.60
equivalents of Li were used to reduce the aromatic ring. Three protons were seen at d = 5.47
ppm and & = 5.65-5.72 ppm in the 'H-NMR, which was a clear indication of the success of
the reduction of the aromatic ring, coupled with the absence of aromatic protons. The arene
environments were observed in the 3C-NMR at & = 119.8, 124.3 and 124.4 ppm. Further,
the [M + H]* peak was found in the high resolution ESI spectrum at 138.1277 m/z.
Consequently, the chiral ligand 22 was refluxed with RuClaxH20 to obtain the dimer

23 (Scheme 38) in 9 % yield as an orange solid.

CHj
CHj \''H
NH, RuClaxHO, HCI, Ru—Cl
EtOH, reflux / \ NH-CI
— c’ Tl 3
22 \/
Ru—Cl
CIH N !
Hie
HsC
23
9%

Scheme 38. Synthesis of [Ru(n®-(R)-2-(cyclohexa-1,4-dien-1-yl)propan-1-amine)Cl]2.2HCI.

The dimer was fully characterised by 'H-NMR and '3C-NMR. Of particular interest was the
change of the diene ring in the starting material, found at & = 5.47-5.72 ppm, to the arene
ring in the dimer 23, found at & = 5.97-6.02 ppm. Additionally, the stereocentre shifted from
0 =2.05-2.13 ppm in the starting material to & = 3.21-3.29 ppm in the product, whereby the
stereocentre in the dimer experienced deshielding as a result of decreased electron density
at the nucleus, which caused a downfield shift in the 'H-NMR, suggesting that the arene ring
was more electron withdrawing than the diene ring. Unfortunately, the spectrum was

contaminated with an impurity, likely to be the arene analogue of the diene ligand.
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Fortunately, this impurity would be removed at the next step by purification on silica. Utilising
2D NMR data, the 3C-NMR was successfully assigned.

Finally, the dimer 23 was subjected to deprotonation by DIPEA (Scheme 39), which
simultaneously caused cleavage of the chloride ligands. The resulting complex 24 was
purified by column chromatography to obtain the orange sold in 95 % yield.

CH,
Ru—Cl DIPEA, DCM “H

/ \ NH,CI .
c’ cl — gRu
\ 4\
c ¢ N
Ru—Cl
CIH N ! 2
H,C 95 %
23

Scheme 39. Synthesis of final complex 24.

The complex was fully characterised by 'H-NMR, 3C-NMR, ESI and elemental analysis. The
'H-NMR displayed the arene ring as three triplets and two doublets in the region & = 5.25-
5.94 ppm, characteristic of arene ring protons and indicating that the arene protons were in
non-equivalent environments, and the stereocentre proton was observed at & = 3.15-3.24
ppm, which therefore had experienced further deshielding than that seen for the dimer. From
analysis of the 2D NMR, each distinctive carbon environment of the complex 24 was
assigned to the nine peaks found in the 3C-NMR, with a particularly large shifts for the
stereocentre from & = 34.6 ppm in the dimer 23 to 6 = 43.0 ppm in the complex 24 and for
the CHz from & = 43.3 ppm in the dimer 23 to = 62.8 ppm in the complex 24, indicating a
significant change in environments upon complexation. A single enantiomer was found as
the starting ligand used was enantiopure. As the metal centre remained achiral,
diastereoisomers were not possible. This suggested that the chelating section of the tether
was responsible for the diastereocisomers found in the 'H-NMR, 8C-NMR and x-ray
diffraction of complexes 6a, 6b, 7, 14a, 14b, 19 and 19a. High resolution ESI confirmed the
[M - CI]* peak of 24 at 271.9781 m/z as an envelope of peaks, characteristic of the ruthenium
isotope pattern. Unfortunately, the identity of the complex was not confirmed by elemental
analysis due to the expected and found values not matching within the acceptable margin
error of £ 0.3 %. The deviation was determined to be as a result of the lack of vanadium
pentoxide, which was used during elemental analysis for the majority of the other compounds
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analysed during this project. This piece of evidence does not hold too much significance as
compound 24 was synthesised to allow for comparison to all other complexes made in this
project and further to confirm that the chelating ligand was a requirement for achieving good
activity during ATH.

2.4 Further investigative analysis of final complexes

2.4.1 NMR studies

To investigate the idea of the possibility of interchange between the configurational isomers
formed further, 'H-NMR studies were performed (Figure 88) in DMSO-ds at varying
temperatures (25 °C, 40 °C, 60 °C, 80 °C and 100 °C).
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Figure 88. Stacked NMR showing the arene and aromatic regions from a temperature
variation experiment carried out on 6b to monitor configurational isomerism. Pink asterisks

denote the ten peaks associate with two configurational isomers initially observed for 6b.

Conclusions were drawn from observations of changes to the two triplets at d = 6.00-6.20
ppm that correspond to protons within the arene ligands of the two configurational isomers.
Upon increasing the temperature from 25 °C to 80 °C, a change in the ratio of peaks was
noted from 1.00:2.31 (6.20 ppm:6.00 ppm) to 1.00:1.55 (6.20 ppm:6.00 ppm). At 80 °C, the

signals corresponding to the ten arene proton resonances of the two configurational isomers
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were observed to have reduced in intensity. At 100 °C, free arene ligand was observed in
the spectrum, however, no peaks corresponding to arene ligands coordinated to ruthenium
were seen and hence the assumption was that the complex had decomposed. To confirm
this, the NMR sample was rerun at 25 °C and the lack of peaks observed in the spectrum
proved decomposition had occurred. Additionally, a fresh sample was made, and the NMR
run three times; first at 25 °C, then at 60 °C and finally again at 25 °C. At 25 °C, the two
triplets focused upon were in the ratio of 1.00:2.12 (6.20 ppm:6.00 ppm). At 60 °C, the two
triplets focused upon were in the ratio of 1.00:2.21 (6.20 ppm:6.00 ppm). Upon returning the
temperature to 25 °C, the two triplets focused upon were in the ratio of 1.00:2.14 (6.20
ppm:6.00 ppm). This confirmed that the minimal interconversion observed reverted upon
cooling, plus the majority of interconversion occurred between 60 °C to 80 °C.

In summary, the change of temperature allowed slow interconversion between the
two configurational isomers. The peaks did not converge into one isomer, suggesting that
interchange between the two configurational isomers was sufficiently slow at the
temperatures the experiments were ran at. This further confirmed that the arene peaks were
in different chemical environments to one another, although the results overall remain
inconclusive as to which diastereoisomer species were in fact observed in solution.
Additional species were observed in DMSO-ds, which were not observed in CDCls-d,
possibly as a result of the DMSO displacing the chloride ligand, arene ligand or tethered
ligand and coordinating to the metal centre of 6a. This postulated complex was rendered
unstable due to the disappearance of these additional resonances at higher temperatures.
DMSO-ds was chosen as the initial solvent for studying configurational isomers at elevated
temperatures due to the lower boiling point of CDCls-d. Nevertheless, upon noticing
decomposition above 60 °C, it was of interest to repeat the NMR study in CDCls-d.

'H-NMR studies were performed in CDCls-d, whereby two diasterecisomers were
observed (Figure 89).

R HR

CII'-Rlu g (R)—>Rlu
PN / SN
TsN NH TsN' CI NH

__/

(S)

Figure 89. Two diastereoisomers proposed to be present in the NMR spectra of 6a and 7.
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Complex 6a was dissolved in CDClz-d and left to stand at 25 °C. Slow exchange of the two
isomers were observed with an equilibrium being reached after 60 hours, portraying the two
diastereoisomers in a 1:1 ratio (Figure 90). Upon further heating at 40 °C for 24 hours, no
further change in the ratio of isomers was observed.
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Figure 90. Stacked NMR showing the ten arene peaks from the time variation experiment

carried out on 6a at 25 °C to monitor conformer % change.

Comparatively, 7 was dissolved in CDCls-d and left to stand at 25 °C. This sample
never reached equilibrium, even after seven days, and showed the diastereoisomers in a
ratio of 0.35:1.00. Further analysis confirmed a third isomer in the spectra for both 6a and 7,
however this project was not able to identify the nature of this species.

Overall, it was postulated that the "H-NMR arene protons were influenced by the
positioning of tether, which was predicted to be controlled by the bulky substituent at the
carbon stereocentre and the amount of strain exerted within the complex. As a result, one
diastereoisomer was initially formed preferentially (shown by one diasterecisomer being
present in excess in the 'H-NMR spectra), due to the bulky substituent residing at a

perpendicular angle to the arene ligand (see section 2.4.2), giving a less strained complex.
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For final confirmation, it would have been useful to have carried out H-NMR studies
of the catalysts in the FA/TEA azeotrope, utilised during the ATH studies, at 40 °C to confirm

the relative abundance of each diastereoisomer under these conditions.

2.4.2. X-ray diffraction

Single orange crystals for complexes 6a, 6b, 7, 19 and 24, suitable for single crystal X-ray
diffraction, were obtained via slow evaporation of a solution of the complex in ethanol.

The crystal structure of 7 was utilised to determine the major diastereoisomer
observed in the 'H-NMR spectra for all complexes. This was possible because the complex
was recrystallised to obtain one diastereosiomer in >94 % excess. Although the complex
synthesised was racemic, hence both enantiomers were present, only one diasterecisomer
was observed in the solid state and has been shown in Figure 91, whereby the benzylic
stereocentre was of (S) configuration and the metal centre was of (R) configuration2%.

Js c20

Figure 91. Structure showing how complex 7 crystallised.

The chirality at the metal centre was determined by utilising a literature precedent that set
the arene ligand as the first priority group as a result of “summing the atomic weights of all
the atoms bonded to the metal centre™17.2%, There was observable bending of the tether to
position the benzylic carbon below the plane of the arene ligand, whilst the iso-propyl group
was orientated above the plane of the arene ligand, at an approximately perpendicular angle.
It was determined that this was the major diastereosiomer observed in the "H-NMR.
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Structural data for 6a showed two diasterecisomers (Figure 92), whereby the
complex on the left had the CHs group orientated above the plane of the arene ligand,
approximately at a perpendicular angle, displaying (S) stereochemistry at the carbon
stereocentre and (R) stereochemistry at the metal centre217.2%,

Figure 92. Structures of the two diastereoisomers observed for the complex 6a.

The alternate diastereoisomer (Figure 92 - right) comprised of (R) stereochemistry at the
carbon stereocentre, as anticipated from the starting material 2a, and (S) stereochemistry at
the metal centre2!72% and was predicted to be the major diastereoisomer observed in the
'H-NMR spectrum.

In addition, both enantiomers of each diastereoisomer was observed in structural
data. The mixture of stereoisomers in the crystal analysed was apparent from the disorder
seen in the resulting structures in the region of the tether, resulting from complexes with the
same metal-centred configuration but differing configurations at the benzylic position. If both
orientations of the molecule were overlayed, a clustered structure was observed (Figure 93).
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Figure 93. Overlay of two structures showing how the complex 6a crystallised.

This data confirms that both configurations at the ruthenium ion and both configurations at
the stereogenic centre C7 were observed, giving rise to a total of four sterecisomers of the
complex within this crystal sample.

Although both possible stereochemical configurations at the benzylic stereocentre
were observed in the crystals of 6a, HPLC analysis showed that the bulk ligand 4a was
enantiomerically pure, so by extension the ligand component of 6a had not racemised.
Therefore, it was possible that the recrystallisation managed to co-crystallise the 2 % of the
isomer comprising of (S) stereochemistry at C7a (Figure 92), alongside the anticipated
complex with (R) stereochemistry at C7a, suggesting that the presence of the enantiomeric
complex in the x-ray sample was due to the commercially available starting material being
purchased at only 98 % enantiomeric excess.

Structural data for 6b portrayed a centrosymmetric and enantiomerically pure
structure, whereby a single configuration at the carbon stereocentre was seen. Despite this,
two different modes of tether binding at the metal centre was observed, indicating that two
diastereoisomers were present in the solid state, with the two diastereosiomers assembling
into centrosymmetric dimers via hydrogen bonds as shown in Figure 94.
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Figure 94. Structure showing how the complex 6b crystallised.

The two diastereoisomers have been depicted in Figure 95.

CHs__(s) H CH,
CII--Ru\ / (R)—Ru

I \“ i\
TsN NH TsN' CI NH
\__/

(S)

Figure 95. Proposed diastereoisomers present in the crystal structure of 6b from the
binding of the bidentate chelating section of the tether to the metal centre in two different
geometries; observed tether wraps behind the metal centre (left) and infront of the metal

centre (right).

When the benzylic carbon was orientated perpendicular to the CHz group, the complex had
(S) stereochemistry at the carbon stereocentre and (R) stereochemistry at the metal
centre?!7.2% identical to Figure 92. Alternatively, the other diastereoisomer had the benzylic
carbon in the same plane as the arene ligand, which orientated the CH3 group slightly below
the plane of the arene ligand and found the amine group of the tether directly below the
arene carbon from which the tether emanates. This was representative of the complex that
had (S) stereochemistry at both the carbon stereocentre and the metal centre?!7.2%,

110



Stephanie Shroot BSc Chemistry PhD thesis

Interestingly, the tether of 19 was only observed to orientate in one direction in the
solid state, indicating that only one diasterecisomer was present (shown in Figure 96).

Figure 96. Structure showing how the complex 19 crystallised.

In fact, the tether was observed in the opposite direction to that observed for the 2C-tethered
analogues 6a, 6b and 7 (Figure 92, Figure 94 and Figure 91). For the single diasterecisomer
observed for 19, the benzylic stereocentre was bearing (R) chirality and the metal centre
was bearing (S) chirality2'7.2% |n this configuration, the CHz group was perpendicular to the
arene ligand, orientating above the plane of the arene ligand. As a result of reduced strain,
this longer chained complex saw the benzylic carbon align in the same plane as the arene
ligand, which was opposite to the shorter tethered complexes that portrayed the benzylic
carbon below the plane of the arene ligand.

Although each complex was chiral, the centre of symmetry meant that the crystal
analysed was a racemic mixture; the solid contained both enantiomers (Figure 97) in an
ordered arrangement because of the presence of the inversion centre at C7. This was
expected as the reaction pathway stemmed from a racemic starting material.
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19a 19b

Figure 97. The two diastereoisomers of complex 19, whereby both comprised of (S)-
stereochemistry at the metal centre2'7.2%, observed in the x-ray diffraction data and

suspected to be present in the NMR solution too.

Pairs of enantiomers were assembled into centrosymmetric dimers by hydrogen bonds as

shown in Figure 98.

Figure 98. Packing of the complexes 19a and 19b within the crystals grown.

The two enantiomers were seen as a result of the difference in stereochemistry at the
benzylic carbon C7, which in turn also affected the stereochemistry of the ruthenium centre
and NH moiety. Confirmation of two diastereoisomers was concluded by the 'H-NMR due to
two sets of arene peaks being observed in a 1:1 ratio. Therefore overall, it was concluded
that the full tether was able to coordinate to the metal centre in both senses, giving rise to a
total of four stereoisomers.

24 (Figure 99) possessed (R) chirality at the stereocentre on the tether, as
anticipated from the (R) chirality of the starting ligand, but the metal centre was confirmed

as non-chiral due to the complex comprising of two chloride ligands.
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Hlb

Ccl1i Hla

Figure 99. Structure showing how the complex 24 crystallised.

The data showed four independent ruthenium units in the asymmetric unit, whereby
one asymmetric unit is shown in Figure 99 as a representative. The CHs group was found
perpendicular to the plane of the arene ligand, with bending of the arene-benzylic carbon
due to the benzylic carbon present below the plane of the arene ligand, creating strain within
the complex. Three out of the four units were identical configurations, however, the bulky
CHs group of one unit was fixed at a different angle to the other units. An overlay of the
centres of mass for the four units can be seen in Figure 100 and shows down the Ru-N bond.

Figure 100. An overlap of the four independent ruthenium units observed in the asymmetric
unit of the single crystal of complex 24.
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Comparisons of torsion angles (Table 14) further confirms that the four molecules were
identical but that the conformation of the unit comprising Ru2 was different to the other three

units (Figure 101).

Table 14. Comparison of torsion angles for the four ruthenium units observed in the

asymmetric unit of the single crystal of complex 24.

Metal centre notation ~ Atoms in torsion angle

Torsion angle value

Rut N1-C8-C7-C9 167(1)

Ru2 N2-C18-C17 - C19 80.0(12)
Ru3 N3 - C28 - C27 - C29 173.9(10)
Ru4 N4 - C38 - C37 - C39 169.7(10)

CS_ I\

® @17‘0/08 \

&39 EICG R@
4
&

Figure 101. The four ruthenium units observed in the asymmetric unit of the single crystal
of complex 24.

2.4.3 Asymmetric Transfer Hydrogenation

To measure the activity of these complexes, ATH reactions were performed to evaluate the
extent to which the complexes could reduce various substrates to their corresponding
alcohols. In this study, FA/TEA was employed as the solvent to allow for completion of the
reaction, if possible, and a greater comparison to literature precedents'231%0, The azeotrope
was bought in commercially and checked for the correct 5:2 ratio by 'H-NMR before
commencing ATH reactions. Further, a S/C (S/C is the substrate to catalyst molar ratio2%7)

loading of 0.50 mol %, i.e. 200 equivalents of substrate to catalyst, was chosen due to
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success in previous literature'23.1%0 hence consolidating the possibility of direct comparison.
The overall method employed here was followed from a literature precendent'®0 but instead
the substrates were added directly by syringe to the reaction mixture during this project,
whereas the research group added their substrate solubilised in DCM to the reaction mixture.
Purification of the reduction products in order to remove excess catalyst followed
methodology by Wills et al.'2%. A blank reaction was run without any complex present (i.e.
azeotrope and substrate only), which showed no conversion of acetophenone by 'H-NMR.
This confirmed that any activity seen in future reactions would solely be attributed to the
complex itself.

2.4.3.1. Acetophenone

Acetophenone is the most widely studied substrate within ATH, granting a benchmark for
direct comparison of all catalysts synthesised and tested for their activity by ATH. In fact, a
majority of successful catalysts reduce acetophenone in 100 % conversion with
enantioselectivity >90 %107.123.150 " allowing the focus of researchers to shift onto tuning
reaction conditions in the hope to reduce reaction times and catalyst loading.

Preliminary experiments were carried out at 28 °C for 24 hours with acetophenone,
to ensure enough time to allow for full conversion, and the lower temperature investigated
the extent of activity of the catalyst. The quick screen was carried out against C2, used as a
control, and 7 (Figure 102).

C2

Cl*Ru Ru

TSN NH TsN" & 'NH
5—1_ v
Ph  Ph
Noyori 6a 7

Figure 102. Noyori's catalyst8' and Ru(ll) complexes synthesised in this project; 6a and 7.

The results showed poor conversion rates for 6a and 7, especially in comparison to
C2. Due to this lack of conversion (>10 %) initially observed at 28 °C, the subsequent ATH
reactions were carried out at 40 °C for 24 hours with the hope to improve conversion rates.
This increase of temperature to 40 °C has been described in numerous papers!23.144.150,
Comparing the two preliminary experiments at 28 °C and 40 °C, it can be noted that an

increase in temperature made a drastic improvement in the conversion of acetophenone to
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by all three complexes. In particular, the complexes synthesised in this project became more
active by 4-fold.

Once the temperature for the reactions had been decided upon, an investigation into
whether the inclusion of an induction period to activate the complex was beneficial in order
to improve results. The reason for this suggested induction period was to encourage
formation of the hydride (Scheme 40), which was therefore ready to perform reduction on

the substrate immediately as it was added.

HCO,H co,
I I
Ru-NTs — H—Ru-NTs
|~ < |2
N e H—N >
Ru complex alcohol ketone Ru hydride

Scheme 40. Formation of the hydride during the induction period.!50

As seen in Table 15, the presence of an induction period did make a substantial difference
to the conversion. The longer the reaction was left for, the more significant the induction
period was. On the other hand, the induction period had absolutely no impact on the
enantioselectivity of the reaction after the 72 hours. From these conclusions, it was decided
that an induction period would be included in all ATH reactions run from this point on.

Table 15. Comparison of experiments run with and without a 30 minute stirring induction
period of the complex and azeotrope before addition of the substrate.
ATH of acetophenone by 6b (0.5 mol % loading, 40 °C, 24 hours, 3 repeats).

6b Conversion (%)
Time (hours) No induction period  Induction period
24 140 18+ 1
48 3310 46 +4
72 59 +4 74+£5
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The results for the conversion and enantioselectivity for the reduction of
acetophenone at 40 °C for 24 hours in FA/TEA can be seen in Figure 103.

o F

TsN* CINH
6a
23 + 6 % conversion CH,
CHs 18 + 3% ee (R)
o zH
ChRu CitRy ~_~
M TsN NH

c' N
J

Ha
24 \ 6b
. 22 + 1 % conversion

0,
2+ 0 % conversion 20+ 2 % ee ()

(0]
7+1 % ee (S)

/

» i
CHs R'u
‘U TsN* Cl NH
Ch-Ru
TN’ NH 14a*
wJ 4 % conversion
19a* Ch Ru 31 % ee (R)

99 % conversion
18 % ee (S)
14b*

7 % conversion
34 % ee (S)

*n=1

Figure 103. ATH of acetophenone catalysed by various complexes synthesised within this
project. Substrate loading: 0.5 mol %, temperature: 40 °C and reduction duration: 24 hours.
Reaction set up in oil bath followed by workup and purification by column (see
experimental section). The conversion rates and enantioselectivities are averages of the
three replicas of each substrate experiment. Conversion rates for 6a, 6b and 24 were
calculated from the 'H-NMR (CDCls) after workup. Conversion rates for 14a, 14b and 19a
were calculated from the TH-NMR (no solvent) before workup. All enantioselectivities were

obtained after purification by column.

6a, comprising of (S)-stereochemistry at the metal stereocentre, produced (R)-1-
phenylethanol in excess, whereas 6b, comprising of (R)-stereochemistry at the metal
stereocentre, produced (S)-phenylethanol in excess, confirming that the metal stereocentre
transferred chirality to the alcohol product as supported by previous literature®. The degree
of enantioselectivity was equal for 6a and 6b, therefore the chirality at the carbon
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stereocentre was influential towards which isomer was produced predominantly during ATH;
however, it did not determine the extent of enantiomeric excess achieved.

Interestingly, the conversion of acetophenone decreases from 6a / 6b to 14a / 14b,
suggesting that the increase of bulk at the stereocentre was influential to the activity of the
complex. On the other hand, the increase of the tether, from two carbon atoms to three
carbon atoms in length, drastically increased the conversion. Overall, this indicated that
conversion of the ketone to the alcohol was significantly influenced by the length of the
tether, with a smaller effect observed from changing the bulk of the group at the stereocentre.

Unfortunately, the chirality at the carbon stereocentre of 14a and 14b was not
unambiguously confirmed during this project, but techniques like XRD could have been
useful to determine this. Regrettably, crystals of 14a and 14b were not obtained during this
project. Although the chirality at the stereocentre could not be determined conclusively, the
enantioselectivity of the alcohol products along with the selectivity of the chiral HPLC column
(for full discussion see section 2.4.3.2) were utilised as an indication that the complexes
formed the same diasterecisomer as 6a and 6b due to the identical tether length. As a result
of the which isomer was formed in excess matching respectively (6a with 14a and 6b with
14b), it was postulated that major diasterecisomer of 14a was of (R)-configuration at the
carbon stereocentre and (S)-configuration at the metal stereocentre, whilst 14b was of (S)-
configuration at the carbon stereocentre and (R)-configuration at the metal stereocentre.
Moreover, the fact that acetophenone was reduced by 14a and 14b with opposing
enantioselectivity (Figure 104) was confirmation that enantiopure complexes were
synthesised, as literature has predicted that “inverting the stereochemistry of the metal

centre leads to alcohol products of opposite stereochemistry”s.
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(R)-1-Phenylethanol (S)-1-Phenylethanal
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Figure 104. Representative chiral GC chromatogram of the 1-phenylethanol enantiomers

obtained from the reduction of acetophenone by 14a (black) and 14b (red).

A trend was observed in the increase of enantioselectivity as the group at the carbon
stereocentre increased in size, suggesting that the bulkier substituents were the reason for
promoting higher enantioselectivity during ATH. This is supported by literature that discusses
a catalyst (C31) with methyl groups attached to the arene ring, which lengthen the CH-r
interaction and therefore attracted the electron rich ring of acetophenone (Figure 24). It may
therefore be possible that the alkyl substituents on the tethers in this project’s frameworks
adopt this CH-m interaction extension too, explaining the increase in
enantioselectivity.4246.150.169 Fyrther, the enantioselectivity obtained by 6a and 19a matched
identically, proposing that the length of the tether had no influence on the enantioselectivity
of the ATH of acetophenone, but in fact that it was the size of the group at the carbon
stereocentre solely responsible. Despite this observable trend from the results presented
here, the caveat was that only one repeat was performed for 14a and 14b, therefore further
experiments would be required to confirm the postulation here.

On the other hand, the results suggest that tether length influenced the enantiomer
produced in excess, likely to be as a result of the configuration adopted during ATH. 19a,
which possessed (R)-stereochemistry at the metal stereocentre, produced (S)-1-
phenylethanol in excess. This was opposite to 6a, which comprised of (S)-stereochemistry
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at the metal stereocentre but produced (R)-1-phenylethanol in excess. Both product
enantiomers produced in excess matched that predicted to be formed by the hydride
derivative of the major diastereosiomer observed during the NMR studies, assuming the
mode of action was the same as that reported for tethered TsSDPEN catalysts previously.'0
Interestingly, despite displaying a 1:1 ratio of diastereosiomers during the NMR studies, 19
did produce an isomer in enantiomeric excess, which suggests that the catalyst with (R)-
stereochemistry at the metal stereocentre is dominant/possesses greatest activity under the
ATH reaction conditions.

As a result of two diastereoisomers being observed in the 'H-NMR and x-ray
diffraction studies, two hypotheses were proposed. The first was that the diastereoisomer in
excess in the "H-NMR remained in excess during ATH, therefore producing one alcohol in
excess. The second was that both diastereoisomers catalysed the ATH, producing alcohols
of opposite chiralities, however, the diastereosiomer in excess in the 'H-NMR possessed
greater activity than the minor diastereoisomer, which induced the enantioselective excess
during the ATH. Research carried out prior to this project also observed two
diastereoisomers of the active hydride complex and the ratios of each did not vary much
during ATH. Researchers confirmed the diastereoisomers were vastly different in activity
with one diastereoisomer much more active than the other towards the acetophenone
reduction due to the large enantiomeric excess observed.®%.170 They explained that if the
diastereosiomers were equally active, the "maximum ee would be 50 %170,

The increase of tether length by one carbon length drastically increased the extent
of conversion of acetophenone by ATH. This was further highlighted by the NMR studies
described below.

NMR time course studies were performed to compare the activity of 6b, 7, 14 and
19 to further conclude the influence that both tether length and bulk of the substituent at the
stereocentre had on the conversion of acetophenone over time.

Full conversion of acetophenone by 19 was observed during the NMR studies and
hence a separate graph had to be plotted for this set of data (Figure 105).
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Figure 105. Conversion of acetophenone by 19 at 40 °C over 5 hours; n=3.

The conversion reached 100 % after five hours, which was drastically faster than all other
complexes in this project, therefore it was deduced that an increase in tether length
encouraged a more active catalyst. The shape of the curve displayed an increase of
conversion over time, with an induction period showing slow initiation at the beginning and
once 100 % conversion was achieved, the graph levelled off. These trends were also
observed by Wills et al.102144 except the non-tethered analogue (C2) was slower to convert
acetophenone than 19 and inclusion of phenyl groups to the chelating ligand of the tethered
analogue (C8) decreased reaction time (Figure 106). This suggested that the removal of the
phenyl groups from the complexes in this project may have been one factor as to why
reduced activity was observed, although further studies would be required to confirm this.

C8 Cc2
ClI—Ru j ChRu ChRu
TsN NH TsN NH TsN NH,
19 Ph  Ph Ph  Ph
5 hours 2 hours 18 hours

Figure 106. Time required to achieve 100 % conversion of acetophenone (FA/TEA (5:2),

40 °C, 0.5 mol % loading) alongside the corresponding complex framework. 144

The ATH reactions for 6b, 7 and 14 were performed over 24 hours with data
collected every thirty minutes, allowing a scatter graph to be plotted (Figure 107) to observe
the shape of the curves, reflective of the activity of the complexes.
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(S)-Ruthenium 2C-Me bidentate mononuclear complex (6b)
Racemic Ruthenium 2C-iPr bidentate mononuclear complex (7)

Racemic Ruthenium 2C-tBu bidentate mononuclear complex (14)

Figure 107. Conversion of acetophenone by 6b, 7 and 14 at 40 °C over 24 hours; n=3.

The shapes of the curves agreed with that found by Wills et al.’92144 however, due to the
lag in activity by 6b, 7 and 14, only the first section of the full trend was observed. The trend
seen from this graph was that the increase of the size of the group at the stereocentre (Me
< jPr < tBu) displayed a decrease in conversion, attributed to the bulk of the group making it
more challenging for the substrate to approach and interact with the complex.

Due to the slow conversion observed, the reaction time was extended to 72 hours
to see how far the reaction went. A time point at 48 hours was also included. The conversions
at 24 hours, 48 hours and 72 hours for 6b, 7 and 14 can be seen in Figure 108. The bar

graph shows that with an increase in time, the conversion of acetophenone by all three
complexes increased.
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Figure 108. Conversion of acetophenone by 6b, 7 and 14 at 40 °C at 24, 48 and 72 hours;
n=3.

In this NMR study only 6b was an enantiopure complex, hence after the 72 hour
experiment the reaction was worked up and purified by column to analyse the sample by
chiral GC. This allowed direct comparison to the results obtained at 24 hours (Figure 109).

a) 100 b) 128
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@50 5 50
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| |
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24 72 24 72
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m (S)-Ruthenium 2C-Me bidentate m (S)-Ruthenium 2C-Me bidentate
mononuclear complex (6b) mononuclear complex (6b)

Figure 109. Graphs to show a) conversion (%) and b) ee (%) for the ATH of acetophenone
at 40 °C by 6b at 24 and 72 hours; n=3.

The data showed that no loss of enantioselectivity was observed with an extended reaction
time. In fact, both conversion and ee increased with time, suggesting that these complexes
were simply slow to portray sufficient activity and selectivity.
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Evaluation of the conversion and enantioselectivity rates obtained in this project
were comparable (Table 16) to those achieved by a collection of Wills’ catalysts (Figure 110).

Table 16. Comparison of the ATH of acetophenone catalysed by ruthenium(ll) complexes
in this project against ruthenium(ll) catalysts in the literature. 0

(0]

H pH
@)k HCO,H/EtN (5:2) ©)\
Catalyst Tether  Loading Temp Time  Conversion ee
length  (mol %) (°C) (h) (%)2 (%)P
Wills (R,R)!50 2C 0.50 40 15 19 92 (R)
C26
6b 2C 0.50 40 24 2211 20+ 2(S)
6b 2C 0.50 40 72 74+5 36 2 (S)
7 2C 0.50 40 24 14 £2 -
7 2C 0.50 40 72 66 +9 -
14a 2C 0.50 40 24 4** 31 (R)*
14 2C 0.50 40 72 19+2 -
Wills (S,S)®%°C8  3C 0.50 40 2 100 96 (S)
19a 3C 0.50 40 24 99* 18 (S)*
19 3C 0.50 40 5 100 -
Wills (R,R)!50 4C 0.50 40 1.25 100 9 (R)
C27
Wills (R,R)"50 5C 0.50 40 6 38 % (R)
C23

*Racemic catalyst therefore ee not collected.
**No uncertainty, n=1.
aDetermined by "H-NMR.
bDetermined by chiral GC.
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Figure 110. Comparison of 6a and 6b to a collection of Wills’ catalysts with tether lengths

varying between two and five carbons. %0

From the data obtained from the literature, there was a clear increase in activity of
the catalyst on expansion of the tether from two to three to four carbon atoms in length, with
a dip in activity upon reaching five carbon lengths, hence the optimum tether appeared to be
four carbon atoms in length. 50 Comparison of the C26 against 6a, which both comprised of
a tether with two carbon atoms in length, showed that this new framework achieves a similar
degree of conversion of acetophenone, but over a longer period of time. Furthermore, it
proved that the removal of the phenyl groups on the diamine moiety did not have a negative
impact on the results obtained thus far. However, C26 was able to obtain ATH with much
greater selectivity than that observed for 6a.!50

Full conversion of acetophenone was achieved by the C8, 19 and 19a, all
comprising of a tether with three carbon atoms in length. Although, the rate of reaction was
slower for 19, which required five hours, whereas C8 performed the reduction in two hours,
indicating that 19 was less active than C8. There was also a significant difference in
enantioselectivity between C8 and 19a."%0

Overall, the conversions in this project were supported by literature precedents, but
Wills’ et al.1%0 achieved the conversions in faster times, coupled with vast improvements in
enantioselectivities, suggesting that the bulky substituent on the tether was one factor
influencing the reduced activities and selectivity's within this project. The more likely
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explanation is the absence of phenyl groups on the chelating ligand, hence further studies
would be required to investigate this. Despite this, one literature precedent synthesised a
catalyst comprising of a benzyl tether and the diamine component without the phenyl
substituents. C72 (Figure 111) converted acetophenone by 100 % at 28 °C within 24.5
hours'86, which indicated that the complexes synthesised during this project were inferior to
C72 in both activity and selectivity, however the results may not be due to the hypotheses
suggested above; presence of the bulky substituent on the tether or absence of phenyl
groups on the chelating ligand. Further experiments with varying reaction conditions may aid
the resolution to the question that asks why the complexes during this project were minimally

active and selective towards acetophenone.

Figure 111. Benzyl-tethered Ru(ll) catalyst.'86

2.4.3.2. Other substrates

As discussed earlier, preliminary experiments were carried out to establish whether the
complexes from this project were efficient in ATH. Following this, further testing in replicas
of three were performed on a range of substrates at the more profitable reaction temperature
of 40 °C, as previously determined. Nine substrates were focused upon, with each being
selected carefully for a particular reason. Results including conversion rates and
enantioselectivity can be seen for all chosen substrates in Figure 112 and Figure 113.
Unfortunately, not all chiral commercial standards were available in the lab and so the Restek
certificate of analysis, which accompanied the chiral GC column and showed the retention
times of the test mix and alcohols of similar structure, was utilised to base the chirality
assignments on, which indicated that (R)-1-phenylethanol interacted with the chiral GC
column for a shorter length of time than (S)-1-phenylethanol. This pattern was consistent
with other alcohols on the certificate of analysis, therefore on the basis of the columns
selectivity, it was suspected that the isomers of all other alcohol ATH products were retained
in the order (R) then (S). For the substrates that were subjected to ATH using both 6a and
6b, similar conversions were observed by both complexes and the enantioselectivities of the
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complexes matched closely but comprised of opposite configuration. For example, 6a
produced (R)-1-phenylethanol in excess and 6b produced (S)-1-phenylethanol in excess.
This confirmed that the chirality of the alcohol products were induced via the chirality at the
metal stereocentre of the complex.

1+0 % conversion
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8+ 0 % conversion
16 £2 % ee (R)
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Figure 112. ATH of ketones catalysed by 6a. Substrate loading: 0.5 mol %, temperature:
40 oC and reduction duration: 24 hours. The conversion rates and enantioselectivities are
averages of the three replicas of each substrate experiment. Enantioselectivities were only
calculated if sufficient conversion yield was obtained, with the chirality of the alcohol in ee
defined by the assumption that the (S)-isomers interacted for longer on the chiral column.

127



Stephanie Shroot BSc Chemistry PhD thesis

22 + 1 % conversion 11 £2 % conversion
20+ 2 % ee (S) 18 £0 % ee (S)

7 + 2 % conversion

78 + 4 % conversion
1+0%ee(R)

Figure 113. ATH of ketones catalysed by 6b. Substrate loading: 0.5 mol %, temperature:
40 °C and reduction duration: 24 hours. The conversion rates and enantioselectivities are
averages of the three replicas of each substrate experiment. Enantioselectivities were only
calculated if sufficient conversion yield was obtained, with the chirality of the alcohol in ee
defined by the assumption that the (S)-isomers interacted for longer on the chiral column.

The first trend to be focused upon was to investigate whether increasing the steric
bulk of the alkane substituent on the substrate had an effect on the activity of the complex.
For this, acetophenone, propiophenone and isobutyrophenone were studied. A similar study
had been carried out before by both tethered and untethered catalysts, which confirmed that
increasing the hindrance of the substrates decreased reactivity, owing to longer reaction
times and in the case of the untethered catalyst, a large reduction in both yield and
enantioselectivity.46.8184.100.144 |t may be postulated that the reduction in activity may be due
to the steric bulk preventing the favoured diastereosiomer from being adopted, with the steric
factors taking precedence (Figure 46). Results obtained here confirmed that the increase of
steric hindrance around the ketone decreased the amount of ketone converted, with
isobutyrophenone being reduced with such low conversion (1 + 0 %) that analysis by chiral
GC to determine the enantioselectivity of the reaction was not possible. Despite this, 1-
phenylethanol and 1-phenylpropanol were successfully resolved into their respective
isomers using chiral GC and the chromatograms can be seen in Figure 114 and Figure 115.
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Figure 114. Representative chiral GC chromatogram of the 1-phenylethanol enantiomers
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obtained from the reduction of acetophenone by 6a.
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Figure 115. Representative chiral GC chromatogram of the 1-phenylpropanol enantiomers

obtained from the reduction of propiophenone by 6a.
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The reduction of propiophenone could be compared to Wills et al.'® (Figure 116) who
achieved 99 % conversion and enantioselectivity of 94 % (R) in 26 hours.

Figure 116. Wills’ catalyst used for the comparison of the reduction of propiophenone. 86

However, it must be taken into account that their project loaded half the amount of substrate,
giving a lower ratio of S/C = 100, in comparison to this project which employed S/C = 200.
The second trend to be tested was the effect of electron withdrawing or donating
groups on the aromatic ring of the substrate with one of each class chosen; 4-
chloroacetophenone and 4’-methylacetophenone. Research suggests that electron
withdrawing groups on the substrate encourage a decrease in enantioselectivity.45:46.59.184
This is because the withdrawing nature of the groups render the aromatic ring of the
substrate less electron rich, which results in minimal difference in electron density between
the arene ring of the catalyst and the aromatic ring of the substrate, therefore weak CH-1
interactions are observed.4246.150.169 A |arger conversion rate of 21 £ 6 % was seen for 4'-
chloroacetophenone compared to 9 + 1 % for 4-methylacetophenone, suggesting that it was
more favourable to reduce a substrate comprising of an electron-withdrawing group.
Nevertheless, 4’-chloroacetophenone was reduced marginally less than the benchmark
acetophenone, therefore it was decided that this complex was not significantly active towards
this class of substrate. Previous studies by other research groups confirm this, showing
100 % conversion within three hours'0. 6a showed a slight preference towards 4'-
methylacetophenone, as opposed to 4-chloroacetophenone, in terms of selectivity (Figure
117 and Figure 118), however, the enantioselectivity was minimal in comparison to a similar

catalyst (Figure 119 - C27) which portrayed an enantioselectivity of 91 % (R)150.186,
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Figure 117. Representative chiral GC chromatogram of the 1-(4-chlorophenyl)-ethanol

enantiomers obtained from the reduction of 4’-chloroacetophenone by 6a.
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Figure 118. Representative chiral GC chromatogram of the 1-(4-methylphenyl)-ethanol
enantiomers obtained from the reduction of 4’-methylacetophenone by 6a.
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Figure 119. Complex synthesised during this project adjacent to one of Wills’ catalysts. 50
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Unfortunately, 6a was unsuccessful at reducing 2-acetylpyridine which was in
agreement with the results found by Wills et al.8" who confirmed that 2-acetylpyridine
inhibited their catalyst (Ts-DENEB® - C24) during ATH potentially due to hydrogen bonding
between the catalyst and protonated substrate. Despite this, Wills" 4C-tethered catalyst
(C27) reduced 2-acetylpyridine fully in two hours with a high ee value of 91 % (R).150

The substrate cyclohexylmethyl ketone has been utilised by many researchers to
prove the importance of the stabilising CH-1T interactions and destabilising SOz-arene
interactions between the substrate and the catalyst. Literature states that the opposing
enantiomer forms when reducing cyclohexylmethyl ketone.?7.144.18 Discrimination between
the substituents on the substrate no longer occurs by CH-1T interactions, instead, the
transition state is stabilised by the attraction between the SO2 lone pair and the CH groups
of the cyclohexane ring on the ketone.%”.186 |n this project, cyclohexylmethyl ketone was
reduced by 6a (Figure 120) in low yield and the enantioselectivity suggested the opposing
(S)-enantiomer was formed in excess (Figure 121), by comparison of the stereochemistry of

the acetophenone reduction.

cs c27
CHs
. : (o g (M
R‘u / CliiRu Cl*Ru
N U ]
TsN ¢ NH TsN™ NH TsN” NH
6a Ph “Ph Ph ‘Ph
n=2 n=3

Figure 120. 6a synthesised during this project, alongside Wills’ 3C-tethered (C8) and 4C-
tethered (C27) catalysts.123.150
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Figure 121. Representative chiral GC chromatogram of the 1-cyclohexylethanol
enantiomers obtained from the reduction of cyclohexylmethyl ketone by 6a.

Other research achieved 100 % conversion of this substrate at 28 °C, with an
enantioselectivity of 69 % (S) for the 3C-catalyst (Figure 120 — C8) and 66 % (S) for the 4C-
catalyst (Figure 120 - C27) respectively!23.150.186 |t is noteworthy that longer reaction times
of 41 hours'8¢ or overnight'%® were employed by others, likely to be as a result of the lower
temperature employed.

a,a,a-trifluoroacetophenone is another substrate that has previously been seen to
reverse the conformation taken up during ATH, allowing the CF3 group to take priority and
occupy the space alongside the arene ligand within the transition state. A study testing the
activity of catalysts with varying sulfonamide groups achieved 100 % conversion of a,a,0-
trifluoroacetophenone in all reductions performed, although enantioselectivity was
comparatively low with one catalyst only obtaining 56 % ee. However, results were
consistent in obtaining the predicted major isomer, which would be formed as a result of the
competition between the CF3 and phenyl groups for the position adjacent to the arene
protons in the transition state.'s In this project, a,a,a-trifluoroacetophenone displayed a low
enantioselectivity of 2 + 0 % with a slight preference for the (S)-isomer (Figure 122), opposite
to the reduction of acetophenone that gave the (R)-isomer, which was expected from
carrying out the ATH with the 6a, hence supporting the evidence of chirality reversal found
in the literature.
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Figure 122. Representative chiral GC chromatogram of the 1-phenyl-2,2,2-trifluoroethanal

enantiomers obtained from the reduction of a,a,a-trifluoroacetophenone ketone by 6a.

Additionally,  6b

trifluoroacetophenone to (R)-1-phenyl-2,2,2-trifluoroethanol, displaying that the reversed

conformation was also adopted here too. The ee’s obtained were disappointing but were

reduced acetophenone to (S)-1-phenylethanol and a,q,0-

counteracted by the highest conversion rate of 79 £ 3 % seen within this project.

Dialkyl ketones are a difficult class of substrate to reduce as a result of their lack of
stabilising CH-11 interactions, due to the absence of an aromatic ring on one
face.45.92123,137,184 Pinacolone was reduced in low yield during this project so calculation of
enantioselectivity was unsuccessful. Research!23.144 reported a successful reduction of
pinacolone, however, the substrate failed to be reduced enantioselectively, as a result of the
steric interactions between the methyl groups on the ketone and the tether on the catalyst.!44

Direct comparison for all substrates (other than acetophenone) focused upon in this
project is not possible because all tethered catalysts synthesised by other groups incorporate
a tether larger than two carbon atoms in length. Conclusions were made that 6a and 6b
showed minimal activity towards this range of substrates, likely to be as a result of the shorter

tether of two carbon atoms in length. This hypothesis was investigated further by searching
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the literature for ideas that might explain the trends observed during this project and hence
been included in section 2.4.3.3.

2.4.3.3. ATH conclusions

To summarise, two main trends were spotted from the data in this project collectively.

The first trend seen was that the increase of the size of the group at the carbon
stereocentre (Me < iPr < tBu) displayed a decrease in conversion. It was anticipated that this
may have been as a result of steric hindrance between the bulky substituent at the carbon
stereocentre with the substrate in the transition state adopted during ATH, preventing or
minimising the favourable CH-Tr interaction®'.'%0 and making it more challenging for the
substrate to approach and interact with the complex. Despite this, the larger the group at the
carbon stereocentre was, the more selective the complex was, suggesting enantioselectivity
was influenced primarily by the bulky substituent at the stereocentre.

The second trend was that the tether length influences the degree of conversion of
acetophenone, with the longer tether of three carbon atoms in length obtaining full
conversion and the complexes with shorter tethers of two carbon atoms in length showing
decreased activity. Therefore, it could be inferred that the increased tether length
encouraged the substrate to approach with the aromatic ring pointing upwards, to allow for
CH-mr interaction which stabilises the six-membered transition state (TSs) during the
hydrogen transfer46.58.132,137,144,178,185,64,67,81,90,102,107,125,130 'hence explaining the high activity
and selectivity observed. In comparison, it could be postulated that the 2C-diasterecisomer
had the phenyl group of the acetophenone facing away from the arene ligand, indicating that
no CH-1r interaction could take place and therefore delivery of the hydrogen occurred via the
opposite face, in turn inverting the enantioselectivity of the alcohol product67.81.123,144.187 Thjs
would explain the slow activity, low conversion and minimal ee observed for the shorter
tethered complexes.

Alternatively, as a result of the increase of tether length, the more likely explanation
suggests that the more favourable dihedral angle was responsible for the enhanced
hydrogen transfer to the substrate during catalysis, influencing different geometric
constraints to those imposed by the shorter tether of two carbon atoms in length. This
hypothesis was supported by literature, whereby the closer the torsion angle was to zero for
the H-Ru-N-H moiety, the higher the activity observed for the catalyst was, as a result of
favoured pre-organisation of the diastereocisomer adopted during ATH.39.144170 |n other

135



Stephanie Shroot BSc Chemistry PhD thesis

words, when the torsion angle was close to zero, the ketone approached the catalyst with
the most preferable orientation, encouraging hydride transfer with greatest ease.'”0

From the x-ray diffraction data obtained from the growth of crystals for 6b, 7 and 19,
utilised in the ATH experiments performed during this project, a trend was observed in the
size of the torsion angle for the CI-Ru-N-H moiety. Though this angle was not directly
equivalent to the H-Ru-N-H angle discussed within the literature, calculating the estimate
value for this similar torsion angle using the chloride ligand was still comparable to
understand the effect these angles had over activity. Plus, it was comparable to one study
by Wills et al.'”0 (Table 17).

Table 17. Comparison of the dihedral angles of the CI-Ru-N-H moiety ruthenium(ll)
complexes in this project against ruthenium(ll) catalysts in the literature (Figure 123).162.170

Catalyst Tether length  Dihedral angle (°)
6b 2C -17.11
7 2C -19.49
19 3C 12.70
C8 3C 4.59/4.14*
C27 4C 3.04
cM 3C 14.25
C2 0C -18.31

*Two complexes found in the asymmetric unit.
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Figure 123. 6a, 7 and 19 synthesised during this project alongside Wills’ 3C-tethered (C8
and C71) and 4C-tethered (C27) catalysts and Noyori's untethered (C2)

Cata|yst_123,150,162,170

The values of Wills’ torsion angles are significantly closer to zero, explaining that a
longer tether length creates catalysts with less strain and a preferrable conformation, which
allowed for higher activities to be observed. Further, Wills’ et al. measured the angle of C71,
which was in similar magnitude to 19 from this project. It could be postulated that the
inclusion of additional alkyl substituents to the complex framework creates greater steric
strain, enforcing a larger torsion angle, therefore decreasing the activity of the complex.170
The torsion angle of the Cl-Ru-N-H moiety in C2 further confirmed that a tether of three
carbon atoms in length increases the activity of the complex.162

The x-ray diffraction data from this project predicted 19 would have the highest
activity, due to the torsion angle being closest to zero, and that 6b would convert
acetophenone to a greater extent than 7, which was exactly what was found within this
project. Overall, both the tether length and size of the group at the carbon stereocentre had
an effect on the torsion angle of the CI-Ru-N-H moiety, which influenced the activity of the
complex during ATH.

2.4.4 Anticancer studies

Preliminary experiments using a human colorectal adenocarcinoma cell line were performed

to identify any activity of 6a and 6b as anticancer compounds (Figure 124-Figure 127). At
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the highest concentration of 500 puM, the results showed similar values of cell survival for

both sets of studies indicating that the toxicity was not isomer specific.
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Figure 124. Cytotoxicity of 6a (shown in Figure 70) over HT-29 cells after 72 hours of

incubation. Error bars represent x + sd (where n=5).
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Figure 125. Graph showing the dose-response plot of the cytotoxicity test of 6a (shown in
Figure 70) and hence a calculation of the ICso value. Error bars calculated using n=5.
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Figure 126. Cytotoxicity of 6b (shown in Figure 70) over HT-29 cells after 72 hours of

incubation. Error bars represent x + sd (where n=5).
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Figure 127. Graph showing the dose-response plot of the cytotoxicity test of 6b (shown in
Figure 70) and hence a calculation of the ICso value. Error bars calculated using n=5.

Experimental design dictated that high concentrations of DMSO were required to
fully solubilise the complex, hence the concentration of the catalyst was limited.2% It can be
seen that the high DMSO concentrations required resulted in significant cell death, and the
results reported are those corrected for the impact of DMSO, but the fact that DMSO caused
high cell death was a limitation to gauging the full impact of metallodrug biological activity. It
was concluded that the low cytotoxicity observed for these complexes may be useful for work

similar to literature precedents that focused on reducing the coenzyme NAD* to NADH using
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sodium formate as the hydrogen donor9.114206.217-221 " where cytotoxicity would be activated
in the presence of the hydrogen donor, whilst inactive without. Future work would aim to
produce a more water-soluble analogue to modulate biological activity that would allow for
tuning of intracellular localisation by investigating the change in hydrophobicity and in turn

the change of cytotoxicity.

2.5 Conclusions

This chapter describes the synthesis of novel tethered-Ru(ll) complexes, with variation to
the bulky substituent on the benzylic carbon and the length of the tether, inspired by
influential work by Noyori and Wills. The data for this full family of complexes supported one
another and was backed up by literature precedents t00.109.123.150 The main disadvantage
was that complexes were isolated as a mixture of diastereoisomers, confirmed by NMR and
x-ray diffraction, due the second N-atom on the chelating ligand changing coordination site
(Figure 128), thereby inducing two different configurations at the metal centre.

Hydrogens not orientated

correctly to form favoured
diastereoisomer

Favourable "edge-face"
n-interaction

Figure 128. The two configurational isomers predicted to be present for 6a.'50

The relative abundance of the two configurational isomers initially isolated were
calculated, confirming that one was formed in excess of the other, except in the case of 19.
From these results, coupled with literature39.170, two ideas have been postulated. The first
suggests the diastereoisomer obtained in excess remained in excess during ATH, reducing
the substrate with an excess towards one isomer. The second suggests both
diastereoisomers are reducing the substrate simultaneously but that one diasterecisomer
was more active, hence the enantiomeric excess towards one isomer.

ATH studies revealed that the complexes were able to portray activity towards a
large percentage of the substrates, however, they were not very selective with regards to
which enantiomer was produced in excess. In summary, two main trends were spotted. The
first was that an increase of steric bulk at the benzylic carbon limited the amount of

acetophenone converted, but the selectivity transferred to the alcohol product was greater.
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The second was that an increase in the length of tether portrayed a vast improvement in the
conversion of acetophenone, but the enantioselectivity remained on par with the 2C-
analogues, suggesting that the enantioselectivity was influenced by the bulky substituent on
the tether.

The complexes showed a preference for ketones with aromatic rings, in support of
the stabilising CH-1T interactions established during the transition state, formed by the
favoured diastereoisomer being adopted. Differences in chirality transferred from the metal
centre to the alcohol product were observed between the 2C- and 3C-tethered complexes,
which agrees with previous discussions in literature.3® This suggested an alternative
configuration of the favoured diastereoisomer was adopted during ATH, encouraging
approach by the substrate in an opposite manners for the 2C- and 3C-tethered analogues.
This hypothesis was supported by x-ray diffraction data, whereby upon lengthening the
tether, much less strain was observed, and the complex comprised of opposite chirality due
to the tether coordinating to the metal centre in the opposing sense. Two explanations are
proposed based on ideas in the literature: the size of the dihedral angle and the orientation
of the tether with regards to substrate approach.

Literature explains the favoured diastereoisomer is adopted when the dihedral angle
is favourable; the closer the angle to zero, the more active the catalyst.4170 The H-Ru-N-H
angle was not calculated, but a similar angle of CI-Ru-N-H was calculated and was
comparable to, and in accordance with, literature.'0 Conclusions suggest a larger
substituent at the carbon stereocentre resulted in a larger dihedral angle, inducing greater
strain, hence the catalyst displayed decreased activity. The longer tether length gave a
smaller dihedral angle, presenting less strain and a more active catalyst.

Research has previously explained that high activity was observed when the tether
of a complex was orientated away from the approach of the ketone. Due to two
configurational isomers being observed in solution during this project, it was postulated that
one of the diasterecisomers, likely the major isomer, did not follow this ideal, inducing
repulsive forces towards the substrate from the tether. Though the explanation is not
conclusive, it suggests that the larger group on the ketone was orientated away from the
tether, either not promoting the attractive CH-11 interactions, or just minimising the degree
of CH-1T interactions present.'07.144 \We suggest that the first idea of the influence of the size
of the dihedral angle is a much more likely explanation for the minimal ATH activity observed
during this project.
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In addition to the investigation of their ATH activity, 6a and 6b were tested for their
anticancer activity. Cytotoxicity studies proved the complexes to only be cytotoxic at high
concentrations. Future work has been suggested to modulate biological activity via tuning of
the solubility of these complexes.

In conclusion, it was determined that tether length influenced the extent of
conversion, whilst the size of the bulky substituent at the carbon stereocentre was
responsible for the enantioselectivity. The initial aims of this project anticipated a bulky
substituent at the carbon stereocentre would encourage the chiral ligand to coordinate to the
metal centre in a strong enough fashion to obtain a single stereochemical configuration at
the metal centre. Although the design didn’t allow for complete stereocontrol at the metal
centre, these complexes provided an alternative route towards enforcing chirality at the metal
centre. Improvements have been proposed to reduce the flexibility of the tether, to
encourage only one configurational isomer to form, which would allow for the single
diastereoisomer to enhance our knowledge towards the asymmetric synthesis and biological
fields. Lastly, this project investigated whether removal of the phenyl groups from the
chelating ligand was detrimental to results achieved during ATH. Conclusions suggest their
removal did have a negative impact on the activity and selectivity of the complexes, however,
we suspect that once the remainder of the framework has been tuned, namely the length of
the tether, this novel incorporation of a stereocentre at the benzylic carbon will override the
need for the phenyl groups within the chelating ligand. This would be advantageous due to
the limited solubility observed for half-sandwich Ru(ll) complexes comprising of phenyl
groups on the diamine ligand under biological conditions for the reduction of NAD* by ATH.%

2.6 Future work

First and foremost, repetition of the synthesis of 14a and 14b on a larger scale would
influence higher yields and therefore allow for numerous ATH repeats on a larger variety of
substrates to be conducted. This could be extended to 6a and 6b, which was synthesised in
good yield, however there was not enough time during this project to run ATH on a greater
scale of substrates. Additionally, confirmation of 14a and 14b by passing elemental analysis
or the growth of crystals to allow analysis by x-ray diffraction would be useful to further prove
that the activity seen during ATH is in fact due to the complex itself, plus determination of
chirality would be helpful.

Secondly, as a result of time restraints and resources, only one temperature and

time duration were carried out for the ATH in this project. Therefore, by extending the length
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of time for the ATH reaction to run, varying the reaction temperatures, and adjusting
substrate/catalyst loading ratios, a larger pool of results would be obtained and would allow
for optimum reaction conditions to be chosen for testing the impact of the activity of the
complex whilst also encouraging direct comparisons to literature results. Further, it would be
good practice to repeat all ATH experiments on both isomers of complexes to prove that the
complexes can reduce the substrates in equal but opposite enantioselectivity. By testing
more unusual substrates, surprising results may be found in the form of conversion rates or
enantioselectivity because research has confirmed that each individual complex interacts
differently with substrates, rendering the results of ATH to be substrate dependent.58.59.151

Thirdly, repetition of the synthesis of the enantiopure analogues of 19 so that ATH
reactions can be carried out to obtain full conversion in shorter time frames, but prevent
diminishing of enantioselectivity due to prolonged exposure with the catalyst and azeotrope
at high temperatures. The graphs obtained confirmed full conversion of acetophenone in five
hours, the fastest experiment in this project. Despite this, 19 and 19a were not subjected to
any other substrates and hence this would be of interest to explore.

Increasing the time of the NMR time course experiments for catalysts 6a, 6b and 7
to obtain the full curve would allow calculation of the time required to achieve full conversion
of acetophenone. It is expected that this would require a time frame in the magnitude of days
not hours, with 7 requiring longer than 6a and 6b. Comparison to the graph plotted for
catalyst 19 would show if the complexes react in a similar fashion by the shape of the curve.

During the project, results indicated that incorporation of a bulky group was
beneficial towards the enantioselectivity obtained during ATH. To investigate the effects of
incorporating a planar bulky group, a suggestion of a mesityl group at the benzylic carbon
was raised. Devising a synthetic route for the mesityl analogue was time consuming and
difficult. Various routes were investigated, but the route to this target complex was terminated
due to the success of the methyl, iso-propyl and tert-butyl complexes. As this route remains
incomplete, it may be of interest to repeat the pathway to the final complex to investigate the
influence that this varying substituent may have on the results yielded from ATH studies.

Evidence points towards utilising a tether of greater length to achieve full conversion.
The length of the tether in Wills’ catalysts'®® has previously been investigated and a longer
tether is more likely to prevent strain and bending of bonds to give a more stable catalyst.
Abundant research has been performed in the literature on various tether lengths, with a
tether of three or four carbon atoms in length appearing the most effective.'® It would be of
interest to investigate a tether of three and four carbon atoms in length, with a bulky
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substituent attached, allowing for more direct comparisons to Wills’ catalysts. Including a
methyl group would allow for greater conversion, although the tether length should dominate
this, whilst improved enantioselectivity should be observed with the tert-butyl group attached
following trends found during this project. Though a framework hasn't been chosen,
synthesis of the four suggested frameworks (Figure 129) would allow for trends to be found,
with anticipation of increased activity and selectivity by at least one of the complexes.

Figure 129. Suggested frameworks for future work based upon the results found in this
project; a 3C-tether would have n=1, a 4C-tether would have n=2.

Following this, it would be of interest to modify the framework even further.
Removing the tosyl group of the most active catalyst of the four (Figure 129), this could be
substituted by alternative functionalities, for example, P or N chelates?13.166.280.298.299  Schiff
base scaffolds300.301 heteroaromatic compounds® and N-heterocyclic carbenes80.302.303 |
these frameworks show promise, further substituents could be introduced to the arene ligand
too. This hopefully would affect the steric interactions with the substrate during ATH and
would help tune the electronic properties of the complex.

Lastly, it may be beneficial to carry out in vitro testing using cell cultures in replicas
to investigate the selectivity and cytotoxicity of all pure complexes synthesised irrelevant of
their ATH activity. This would allow for more reliable results than that given in this report
currently. In fact, it may even be possible to carry out an investigation on the catalytic activity
within cells alike Wills et al. or show antiproliferative activity as opposed to cytotoxicity.1'4

Overall, there is scope for development to further tune the properties of the
complexes designed during this project to allow for better ATH results and more selectivity

towards targeting cancerous cells.
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Chapter 3
Novel manganese(l) cyclopentadienyl complexes comprising

of a chiral tether

3.1 Background

Chiral alcohols and amines are of great importance in the construction of fine chemicals,
pharmaceuticals and agrochemicals.4682118 ATH is a major route to prepare these
stereochemically pure products due to high atom economy and efficiency. However, the
asymmetric hydrosilylation of prochiral ketones (Scheme 41) is becoming an increasingly
popular two step alternative due to its simplicity and mild conditions.15.118

@) Chiral catalyst OSiPh,H H,O OH

—_— —_—

*Common silane utilised

Scheme 41. Generic scheme showing the asymmetric hydrosilylation of ketones by a chiral
catalyst.228 The larger ball signifies a group comprising of high electron density, for
example an aryl or alkyne moiety, the smaller ball signifies a group of low electron density,

for example and alkyl moiety.'"!

Second and third row transition metals, including rhenium, ruthenium and iridium,
have already been extensively explored in the reduction of ketones via hydrosilylation.115.118
Researchers have focused on routes to recover and recycle the catalyst3% but unfortunately,
on repeated cycles of use, catalyst degradation results in decreasing activity and selectivity
of the reaction.® Therefore, work has been performed with eco-friendly catalysts, in
particular those base on iron, zinc and copper, to reduce the cost and toxicity, which is
detrimental to both our welfare and the environment28!, when performing hydrosilylation of
aldehydes and ketones with noble metals.1'5117 Despite the impact already made by first
row transition metal catalysts for the hydrosilylation of aldehydes and ketones, there is still
a large gap pending within this field of research with the need for a catalyst capable of
reducing a broader range of ketones, in particular dialkyl ketones, by cheaper silanes226 with
lower temperatures and shorter reaction times, whilst ensuring high yield and

enantioselectivity. 5
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Half-sandwich manganese(l)-NHC catalysts (Figure 130) capable of the
hydrosilylation of ketones, as cheaper and less toxic alternatives to second-row transition

metal complexes, have been synthesised from commercially available cymantrene due to its

low cost.236
C58 R, = Me, R, = Me c64 C65
C59 Ry = i-Pr, Ry = i-Pr
C60 Ry =Cy, R, = Cy : ,
C61 Ry = Mes, R, = Me Mn Mn
= = oC' 4 oC' 4
C62 Ry = Mes, R, = Mes od 7—N o 7—N
C63 R, = Dipp, R, = Dipp NJ NJ
@ Mes™ Mes™
|
Mn 2
OC' 4
o)

R
/
C 7~N
Figure 130. Half-sandwich manganese catalysts by Darcel/Sortais et al.236.

The untethered catalysts showed good functional group tolerance reducing
aldehydes and ketones with “mild conditions (1 mol % catalyst loading, 1.5 equivalents of
diphenylsilane, 350 nm UV light, toluene solvent, 25 °C and a maximum of 24 hours)"2%,
This research inspired a subsequent project, whereby two catalysts were synthesised with
variant tether lengths; one carbon (C64) and two carbons (C65). The idea of tethering the
Cp ring to the NHC ligand was to increase the catalysts’ stability and activity. The method of
reduction was identical to that utilised to investigate the untethered analogues and it was
found that both tethered catalysts were capable of reducing 2-acetonaphthone. Interestingly,
the longer tether length of two carbons was more active than the catalyst comprising of a
one carbon tether. Direct comparison showed that the untethered equivalents were more
active, however, higher yields were exhibited upon lengthening of the reaction time from two
to twenty-four hours whilst also reducing the catalyst loading to 0.5 mol %.236

Similar frameworks to those targeted during this project, whereby one manganese
complex comprised of a stereocentre adjacent to the Cp ring (Figure 131 - left), whilst the
other included the stereocentre adjacent to the functional groups (Figure 131 - right).238

C66 COOH Cc67

, COOH
) In' NH3C| /l\/in' NH2
OC” 1 ’CO OC” 1 ’CO
CO CO

Figure 131. Half-sandwich manganese catalysts by Alberto et al.23,
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Both complexes contained carboxylic acid and amine functional moieties that allowed for
further derivatisation if necessary. Unfortunately, none of the target complexes were tested
for their activity in hydrosilylation reactions as enantiopure ligands were not utilised.23

To date, there are limited enantiopure Cp-tethered complexes in the literature.305
The majority of hydrosilylation is performed by achiral catalysts to produce racemic primary
and secondary alcohols, therefore it is of interest to synthesise a chiral catalyst to produce
hydrosilylation products with enriched enantioselectivity suitable as intermediates on
industrial scales in the fine chemical, pharmaceutical or agrochemical sector.8291

This project focuses on the catalyst framework shown in Figure 132, whereby the
moieties that could be modified have been circled including tether length and functional
groups labelled R1 and Rz. The rationale, based upon literature precedents, has been

described in section 3.1.1.

Figure 132. Proposed framework of the manganese complexes bearing Cp tethered
ligands to be synthesised in this project.

3.1.1 The approach to creating novel half-sandwich manganese(l) catalysts

The investigation into iron half-sandwich catalysts has received a greater amount of
popularity than manganese piano-stool frameworks to date.3% However, manganese
catalysts offer the same advantages, in comparison to noble transition metals alternatives,
particularly lower cost and toxicity, hence manganese will be focused upon in this project.23”
The half-sandwich framework encourages a versatile range of ligands to be incorporated, in
order to determine their significant effect on activity and enantioselectivity towards substrates
during asymmetric hydrosilylation.30” Metal-carbonyl complexes are key examples as the

loss of a carbonyl ligand is promoted by exposure to UV light.308

3.1.1.1 A framework based on cymantrene

Cymantrene is a useful manganese framework that can be easily derivatised, to allow for
promising performance in multiple fields; “fuel additives, photochromic materials,
polymerisation catalysts and for the treatment of cancer, malaria and bacterial infections”3,
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In fact, both cymantrene and its methylated derivative are advantageous due to their cheap

cost and high quality, synthesised by industry.

3.1.1.2 Varying the chelating ligand, with preference for NHCs

Phosphine-based ligands were the first chiral ligands incorporated into catalysts capable of
performing hydrosilylation.226 Unfortunately, research found phosphine ligands to be
sensitive to oxygen, alongside the dangers they exerted whilst being synthesised and during
catalysis.'79.180310-312 Although phosphines are attractive ligands, N-heterocyclic carbenes
(NHCs) have shown equal strength, possessing advantageous steric and electronic
properties.79310-312 |n fact, NHCs are more basic than phosphines, allowing activation of the
C-H bond to occur with more efficiency, forming a more stable complex.3' Bulky chiral NHCs
have risen in popularity in recent years due to their stabilising nature as strong o-donor
ligands and weak Tr-acids, which allows them to form strong bonds with electron-rich metals
of choice, creating highly covalent M-Cnuc bonds.34179.213,311.314-317 This strong bond
formation between the NHC and the metal ensures that the catalyst stays active, preventing
dissociation of the NHC ligand3'¢ and increasing stability of the complex.312318

3.1.1.3 Incorporation of a tether

To further increase the stability of these half-sandwich complexes, it has been postulated
that tethering the Cp ring to the NHC ligand provides significant support and rigidity,
influencing the catalytic activity of the complex.230236.305319 The idea stemmed from the
limitations observed towards half-sandwich complexes, shown on the left of Figure 133,
where only a single coordination site was left vacant. By tethering the NHC ligand to the Cp
ligand, the framework freed up a second coordination site as seen on the right of Figure
133.307

/'\7'" E /l\jn\(N
[] []
Y N\/> [] /N\/>
R
Figure 133. Frameworks with the NHC as a chelating ligand or linked through a tether.307

Overall, it has been confirmed by numerous research groups that an increase in
performance towards catalysis, coupled with greater stability, has been as a result of the
introduction of a tether between the Cp ring and NHC.305.307
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3.2 Ligand and complex design

Manganese catalysts3%, a cheap and safe alternative, for the asymmetric hydrosilylation of
ketones237:3%6 remain underexplored, hence this chapter aims to contribute to bridging this
gap. The aim of this work was to develop new tethered half-sandwich manganese complexes
to be utilised for the asymmetric hydrosilylation of ketones, whereby the chirality of the tether,
induced by incorporating a stereocentre adjacent to the Cp ligand (Figure 134), would be the
origin of selectivity, transferring chirality to the substrates. Previous work outlined in Chapter

2 inspired the design and synthesis of the following novel manganese(l) complexes.

OH

|
ocMn (:
oc’ N
N
Figure 134. Example of one final manganese(l) complex targeted during this project.

The half-sandwich piano-stool framework was a key feature to retain when
developing the catalysts. The insertion of a single stereocentre to control the stereochemistry
of the complex is the defining feature of the proposed catalyst. By tuning aspects of the
framework, in particular the ligands and tether, this project will investigate the influence that
the individual components of the complex exert on the activity and stereochemical control of
the complex towards the hydrosilylation of ketones.3':312 With this catalyst design, on
irradiation, a carbonyl ligand would be replaced by the coordinating functionality present on

the tether, yielding an intramolecular tethered species (Scheme 42).

R4 R,
UV light
M M
n n
~ 1 ~CO R Sk
oc' Ly oc’ L oR;

Scheme 42. Representative complexation step showing the pendant tether on the left and

the final complex on the right.

It is postulated that the tether stereocentre, and the control this has on the position of the
tether, could, due to steric interactions, potentially restrict substrate approach to the complex
to be limited to a defined segment of the metal coordination sphere during hydrosilylation,
enhancing stability and catalytic activity and allowing for a greater degree of selectivity.3°
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3.3 Ligand and complex synthesis

Multiple routes were employed to target an Mn-NHC complex suitable for hydrosilylation. All
routes were based on literature precedents that “anchor the imidazolium moiety to the
cyclopentadienyl ring, followed by complexation to the manganese metal’2%, though
alternative ligands to imidazolium based ligands were investigated first in this project.

The first route aimed to anchor ligand 34 onto complex 35 (Scheme 43).

: : Li
| | 34 > |
Nin\CO An\CO n\CO e
N N N A
oC co oC co ocC co
35 36
Cl

NH,HCI
34=

Scheme 43. Global scheme to show the route employed to synthesise 36.

The ligand was synthesised by addition of SOCI; in anhydrous toluene to (R)-2-amino-1-

phenylethanol-1-ol (Scheme 44), obtaining 34 as a crude product in 90 % yield.

OH SOCl, Cl
NH, 60 °C, 6h NH,HCI
—_—
toluene
34
90 %

Scheme 44. Synthesis of (R)-2-amino-1-phenylethan-1-ol hydrochloride.

Confirmation of the formation of the desired product was observed by the shift of the
stereocentre from & = 4.43 ppm to & = 5.46 ppm in the "H-NMR from the starting material to
the product 34. This accounts for the substitution of the more electron-withdrawing chlorine
due to the deshielding effect seen towards the stereocentre. Further, the protons from the
NH2 moiety were seen as a broad singlet at & = 8.62 ppm. Unfortunately, baseline impurities
were found to be contaminating the 'H-NMR and '3C-NMR, however, both were assigned

successfully. Despite this, the CH and CHz environments could not be distinguished between
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in the 18C-NMR. This could have been solved by running 2D NMR experiments. Additional
analysis by mass spectrometry gave a peak at 156.9 m/z representing the [M - CI]* ion, with
the isotopic pattern for chlorine also observed in the spectrum.

Utilising the successful design of Mn(l) tethered complexes by Lugan et al.2% as a
template, the next route (Scheme 45) achieved “selective deprotonation of the Cp ring of
[CpMn(CO)3] using n-BuLi in THF at -80 °C"2% to produce the organolithium compound 35.
Following this, sequential attachment of the amine hydrochloride 34 was attempted, with the
hope that leaving the amine free would allow for multiple derivatisations of the final complex.

n-BuLi
@ _80 OC, 15 h ©/

Mn —
oc' A co  THF M co Meo
co € co Cco
35 36

Scheme 45. Synthesis of [(n%-CsH4CH(CeHs)CH2NH2)Mn(CO)3].

Upon analysis, the chemical shifts for the CH2 and CH moieties in 36 were not found in their
expected regions in the 'H-NMR, but impurities were found between 6 = 1.29 ppm and 6 =
3.27 ppm. This was not consistent with shifts found for the starting material 34, in fact, there
were no peaks present that indicated excess starting material 34. Despite this, five protons,
corresponding to the phenyl ring, were found at & = 7.14-7.29 ppm. Further, the Cp protons
were observed as a singlet at & = 5.01 ppm consistent with that seen in the 'H-NMR of the
starting material cymantrene with an integration of eight protons, consistent with the 2:1 ratio
of 35:34, suggesting that the lithium species had been quenched to reform the starting
cymantrene product. It was expected that the singlet would have split into more than one
peak upon creation of the mono-substituted Cp ring as seen by Lugan et al.23 upon
attachment of their ligand to the organolithium complex 35. This was all evidence for the
failure of this reaction, rendering this route unsuccessful. The main suspicion for the failure
of the reaction pathway was the choice of ligand, perhaps due to the bulky phenyl group,
therefore an alternate route would be attempted with a different group substituted onto the
cymantrene Cp ring.

The synthesis described in Scheme 46 originated from ruthenium-based research
by Wills et al.18, due to the success of Chapter 2, where the Cp ligand was acetylated in the

presence of aluminium chloride and benzene (Scheme 47)320,
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Scheme 46. Scheme showing the overall route employed to synthesise 39.
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Scheme 47. Synthesis of acetylcymantrene.3?'

Purification of the reaction product by column chromatography yielded three products; the
starting material cymantrene, acetophenone as the side product and the target product 37,
initially seen in the "H-NMR of the crude product in a ratio of approximately 0.30:1.70:1.00.
Optimisation and refinement of the method was investigated via use of an alternative choice
of solvent (DCM) and a reduced number of equivalents of aluminium chloride and acetyl
chloride, with an extension of reaction time, which resulted in 37 as a single spot on the TLC
plate. The primary evidence for the success of the reaction was from the 'H-NMR. Upon
formation of the ketone, the single peak at & = 5.04 ppm representing all five protons in the
Cp ring of [CpMn(CO)3] split into two distinctive triplet environments representing two sets
of two protons at & = 5.22 ppm and & = 5.80 ppm. Further proof of acetylation of the Cp ring
was confirmed by the non-equivalence of the carbon environments of the cyclopentadienyl
ring in the 8C-NMR at & = 85.3 ppm, & = 87.9 ppm and & = 92.3 ppm, plus the appearance
of the C=0 environment from the acetyl chloride moiety was observed at & = 195.4 ppm.
Moreover, high resolution MS found the [M + Na]* ion at 268.9612 m/z.
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This route incorporated compound 1, previously discussed in Chapter 2, to form the
imine tethered complex 38 in the presence of a few drops of acetic acid followed by partial

reduction of the imine using NaBH4 to 39 (Scheme 48).

NHTs
uN— 0:8:0
1 NH
O  CH,COOH \ I
overnight, |
=" s @\
Mn —
Sr Methanol UN
oc’ A CO 1 °CO
co 0C &g

Scheme 48. Synthesis of [(n%-CsH4CH(CH3)NHCH2CH2NHTs)Mn(CO)s].

The formation of the imine was monitored by 'H-NMR via integration of the starting material
protons to the product protons. Both the Cp ring protons and the CHs protons experienced
an upfield shift when the imine was formed. Upon addition of two equivalents of the linker,
the peaks corresponding to the starting material decreased in intensity whilst the product
signals, that were found further upfield, increased in intensity. Completion of the reaction
was not reached entirely despite a further addition of one equivalent of linker 1 and heating
to 50 °C overnight, plus the separation of excess linker from the imine product was difficult,
therefore a new route would be employed. Although the formation of 37 was successful, the
attachment of the ligand was still unfavourable.

Therefore, the third route (Scheme 49) aimed to derivatise the functional group once
the ligand was anchored to the Cp ring as opposed to the addition of a pre-derivatised ligand
to the Cp ring. This route followed a literature precendent®?, transforming the previously

synthesised 37 (Scheme 47) to a complex comprising a longer tether.
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Scheme 49. Global scheme to show the route employed to synthesise 42.

Subsequent treatment of 37 with NaBH4 in methanol afforded the corresponding
alcohol 40 (Scheme 50) in 90 % yield.

(0] OH

@JJ\ NaBH ©)\
: 0°C,2h W=
—

Mn Mn
S Methanol S
OC\ AL CO OC\ i CO

(6]0) (6]0)
37 40
90 %

Scheme 50. Synthesis of 1-cymantrenylethanol.309.322

Confirmation of the product was primarily by the appearance of the stereocentre in the H-
NMR at d = 4.36-4.42 ppm and by a D.O shake with the peak farthest downfield at & = 5.26
ppm disappearing to prove the presence of the OH moiety. The 3C-NMR, which was in
agreement with Potkin et al.3%9, showed the disappearance of the C=0 carbon environment
at & = 195.4 ppm and the appearance of the stereocentre environment at & = 61.9 ppm.
Furthermore, high resolution ESI found the [M + Na]* ion at 270.9770 m/z.

Under anhydrous conditions, 40 was reacted with PBrs (Scheme 51), however, the
reaction did not reach completion despite stirring for four hours with the brominating agent

in excess of nine equivalents.
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Scheme 51. Synthesis of [(n%-CsH4CH(CH3)Br)Mn(CO)s].322

Evidence of the conversion from alcohol to bromide was seen in the 'H-NMR, whereby the
stereocentre proton shifted from & = 4.36-4.42 ppm to 6 = 5.13-5.20 ppm. Baseline impurities
were observed in both the 'H-NMR and ®C-NMR, in addition to a mixture of starting material
40 and anticipated product 41. For example, two peaks were observed at d = 61.9 ppm and
0 =66.4 ppm corresponding to the stereocentre carbons in the 3C-NMR of starting material
40 and anticipated product 41, and approximately twelve or more peaks in the region of d =
81.0-83.2 ppm, typical of Cp ring environments. Even though a yield of 0.80 g of crude
product was obtained, the reaction produced approximately a 1:1 ratio of starting material to
product, which was used without further purification in the next step.

The corresponding crude bromide 41 was treated with KCN in anhydrous DMF

(Scheme 52) in the hope to increase the length of the linker by one carbon length.

N
Br  KCN I T g
80 °C ¢ !
©)\ P e Mco
: overnight ' oC co
Mn K—> Mn_

oc' A “co DMF  oc 4 “CO proposed
CcoO CO structure

41 42 formed
instead

Scheme 52. Synthesis of [(n5-CsH4CH(CH3)CN)Mn(CO)s].

The product was confirmed by 'H-NMR to in fact be an alkene, as opposed to the expected
nitrile. It appeared that an elimination took place, showing the disappearance of the CHs
protons in the spectrum and the appearance of three distinct environments each accounting
for one proton within the alkene moiety. The ¥C-NMR was in agreement, showing five
carbon environments; three corresponding to the Cp ring and the furthest two shifted
environments characteristic of the two alkene carbons at & = 115.8 ppm and 6 = 129.1 ppm.
Moreover, the high resolution ESI found the [M + H]* ion at 230.9851 m/z.
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The anticipated route would have converted the nitrile to its corresponding
carboxylic acid, followed by reduction to the alcohol and conversion to the bromide. The final
steps would have attached 43, then coordinated the tether to the manganese metal centre.
Due to the unsuccessful nature of the nitrile step, this route was terminated.

The next route (Scheme 53) originates from the success in the first few steps of
route three. All steps were identical to produce 41 (Scheme 47, Scheme 50 and Scheme
51), but instead of conversion to 42, 43 was reacted directly with 41 in DMF in the presence

of NaH, taking inspiration from Loim et al.322,

@jk @ji
n IVIIn l\/;n
~ 4 "CO ~ 4 TCO ~ i TCO
oC co oC co oC co
37 40

oC co - OC co
44 e LY
Br

Scheme 53. Global scheme to show the route employed to synthesise 44.

43 was synthesised (Scheme 54) in a fair yield of 50 %, with confirmation of the product by
'H-NMR, 3C-NMR and MS, in agreement with a literature precedent323,

glacial acetic acid
formaldehyde —
glyoxal NWN

—_—

NH,

ammonium acetate

43
50 %

Scheme 54. Synthesis of 1-mesitylimidazole.323

Further, crystals of 43 were grown and analysed by x-ray diffraction to produce a unit cell
with values a: 10.38 A, b: 9.25 A, c: 10.82 A, which closely match the unit cell found by J.

Brannon et al.324.

156



Stephanie Shroot BSc Chemistry PhD thesis

The anticipated reaction of 41 with 43 can be seen in Scheme 55.

Br
0°Cto ®
roomtemp., NlL\
I\/;n overnight I\/{n\ N
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41 DMF 44 o

NaH Br
1-Mesitylimidazole

Scheme 55. Synthesis of [(n3-CsH4CH(CHz)NHCMes)Mn(CO)s]Br.

Initially, the expected reaction appeared successful with a shift of the imidazole proton, the
proton that resided between the two nitrogen atoms, to & = 7.95 ppm and the stereocentre
from 6 = 5.13-5.20 ppm in 41 to & = 4.36-4.42 ppm for the product obtained. The hope for
this reaction was that 43 would be deprotonated at the carbon present between the two
nitrogens, allowing for attachment to the metal centre by displacement of a carbonyl ligand,
followed by N-alkylation to replace the bromine with the nitrogen on 43 to result in formation
of the intramolecular tether. Unfortunately, upon looking closer, the stereocentre proton
signal was identical to that found for 40, and further inspection indicated that all shifts found
for the product matched that for the alcohol synthesised two steps prior, with multiple Cp
resonances present that indicated more than one product. Further, no other peaks
corresponding to 43 shifted in the 'H-NMR. A likely explanation was the reduced number of
0.4 equivalents of 43 added. This was supposed to be one equivalent but calculations in the
lab were carried out incorrectly, hence a mixture of Cp resonances were observed indicating
that some product may have formed, but an excess of starting material or side products, all
comprising Cp rings, were present. Moreover, the stability of 41 was already questioned in
the step before, hence conversion back to the alcohol was not surprising. Analysis by 'H-
NMR proved the reaction to be unsuccessful, with 43 being clearly present but not
coordinated to 40.

The subsequent route (Scheme 56) was inspired by the original literature precedent
discussed by Lugan et al.23,
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Scheme 56. Global scheme to show the route employed to synthesise 46.

This method also follows route three (Scheme 49), but instead treats 40 with MsCl in the
presence of TEA and DMAP (Scheme 57).
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Scheme 57. Synthesis of 1-cymantrenylethyl methanesulfonate.

Due to the shift of the stereocentre from & = 4.36-4.42 ppm to & = 4.78 ppm coupled with
TLC analysis, it was clear that the reaction had worked successfully. Plus, observation of
the CHs from the mesylate at = 1.25 ppm gave further certainty. The mesylate was carried
forwards as an intermediate to the next step without isolation and full characterisation.

45 was treated insitu with 43, in the presence of NaH, but was proved unsuccessful
by 'H-NMR. This route was repeated, but as an alternative, 43 was added directly to 45
(Scheme 58) without deprotonation by NaH, allowing for nucleophilic substitution 43.
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Scheme 58. Synthesis of [(n%-CsH4CH(CH3)NHCMes)Mn(CO)3]OMs.

The resulting product was filtered through celite and treated with ether to induce precipitation
of impurities. A second purification through silica, using toluene/hexane then DCM/MeOH,
obtained a brown oil, suggesting that the product was not completely dry. All chemical shifts
in the TH-NMR were in fair agreement with the results found in the paper by Lugan et al.2%,
which influenced this method. The protons from the imidazole ring shifted drastically upfield
upon coupling to the manganese complex from & = 7.11-7.63 ppm to & = 5.16-6.25 ppm.
Further, the stereocentre proton shifted from & = 4.78 ppm to & = 3.14 ppm. However, on
comparison to the "H-NMR obtained for [(44)Br], the peaks for the imidazole, mesityl and
stereocentre were found to be significantly different shifts to that found for this compound.
Unfortunately, the integrals did not portray the correct ratios, with the NHC and stereocentre
environments comprising of integrals slightly too high and the Cp environments displaying
integrals too low. Further purification may have solved this; however, the yield was already
low, and it was suspected that the bulk of the NHC may have contributed to the issues
occurring, therefore two amines of smaller size would be investigated in the pursuing routes.
Due to the success of steps in the previous routes three to five, the penultimate
route (Scheme 59) followed that employed previously, whereby cymantrene was acetylated
to form 37, followed by reduction to 40 (Scheme 49).
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Scheme 59. Global scheme to show the route employed to synthesise 48 and 49.

From here, the alcohol was reacted with acetic anhydride to form the ester 47
(Scheme 60) as a yellow oil in 49 % yield as a crude product.
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Scheme 60. Synthesis of 1-cymantrenylethyl acetate.

Interestingly, the "H-NMR showed a significant shift of the stereocentre to & = 5.55 ppm,
originally observed at & = 4.36-4.42 ppm in the "H-NMR of 40. Also, the disappearance of
the OH peak at & = 5.26 ppm indicated completion of the reaction. Moreover, the appearance
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of the second CH3 group, adjacent to the carbonyl carbon, was at 8 = 2.03 ppm, found as a
singlet. In the 18C-NMR, the carbonyl peak appeared at & = 169.5 ppm and the quaternary
carbon of the Cp ring shifted from & = 112.3 ppm to & = 104.6 ppm.

We decided to attempt displacement of the ester group with two different ligands to
investigate their differing properties towards substrates once the catalyst was formed. The
first ligand used was 1-methylimidazole with two solvent conditions investigated

simultaneously: acetic acid and a mixture of MeCN/H20 (Scheme 61).
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Scheme 61. Synthesis of [(n®-CsH4CH(CH3)CH3C3H3N2)Mn(CO)3]OAc.

Both routes failed, with only 47 observed in the 'H-NMR, regardless of the solvent was used.
It was unclear why the amine ligand failed to displace the ester moiety of 47.

The second ligand used was dimethylamine (Scheme 62). The inspiration stemmed
from a literature precedent that substituted the dimethylamine moiety with the desired

imidazole.325

/Lk ®
0 D oA
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~4 ~CO X ~1 ~CO
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47 24h 49

Scheme 62. Synthesis of [(n%-CsHsCH(N(CH3)2)CH3)Mn(CO)3]OAc.

This reaction was unsuccessful, producing an "H-NMR spectrum identical to 40, indicating
the alcohol reformed due to hydrolysis by the water present in the dimethylamine reagent. A
D-0 shake confirmed this as the peak at & = 5.24-5.25 ppm disappeared. It was suspected
that the reaction conditions employed were too harsh, displacing the ester moiety of 47.
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Due to the failure of both ligands, an entirely new route (Scheme 63) was proposed,

following a literature precedent that substituted nucleobases onto 50.326
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Scheme 63. Global scheme to show the route employed to synthesise 52.

The final route began with substitution of 3-chloropropionyl chloride onto the Cp ring

of cymantrene in the presence of AICI3 in DCM (Scheme 64).

AICl;,
CICH,CH,COCI 0
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@ temp., 5h Cl
Mn ;M
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Scheme 64. Synthesis of chloropropionylcymantrene.326

Purification through silica using Hexane/EtOAc as the eluent produced the acid chloride
derivative 50 as a yellow oil in 24 % yield. This suggests that the product may not have been
completely dry as the literature reports a yellow solid, however, in the literature the solid was
then crystallised from dichloromethane/n-pentane at -78 °C to yield yellow crystals.326 The
product was obtained and matched the data reported in the literature.3% Further, high
resolution MS confirmed the product as the [M + NaJ* ion at 316.9391 m/z.
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The second step substituted 1-methylimidazole onto the tether of the Mn complex
utilising TEA as the base and DMF as the solvent (Scheme 65). [(51)CI] was obtained as a
dark brown solid in 97 % yield.
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50 51
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Scheme 65. Synthesis of [(n3-CsH4COCH2CH2(NHC-CHz))Mn(CO)s3]Cl.

Analysis by "H-NMR confirmed all environments. In particular, one of the CHz environments
shifted to & = 4.46 ppm from either & = 3.84 ppm or 6 = 3.16 ppm in the H-NMR of the
starting material. 2D NMR would have been useful to distinguish between the two CH
environments, however, the experiments were unsuccessful, likely due to concentration
issues or decomposition on prolonged exposure to DMSO. Furthermore, the 'H-NMR
spectrum was missing a CH2 environment, suspected to be hidden under the H.O peak due
to comparison to literature precedents326. COSY and HMBC would have been particularly
useful to allow for correlations to be observed. The *C-NMR, comprising of eleven peaks,
was easy to assign with shifts associated to each distinct environment in their anticipated
regions. High resolution MS confirmed the product as the [M - Cl]* ion at 341.0331 m/z.
Following this, the final complex was anticipated to be made by deprotonation of the
imidazole ring and irradiation by UV light to displace one of the carbonyl ligands attached to
the metal centre (Scheme 66). The methods attempted here were inspired by Lugan et al.23,
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Scheme 66. Synthesis of (n3-CsHsCOCH2CH2(NHC-CHs))Mn(CO)..

An initial experiment using cymantrene was carried out to see if the equipment in the lab was
capable of removing a carbonyl ligand to allow for complexation later on. The cymantrene
was dissolved in anhydrous THF to give a yellow solution. Upon irradiation with UV light on
the long wavelength setting of the lamp, a colour change to a cloudy orange suspension was
observed. TLC analysis on silica with EtOAc/Hexane (5 % EtOAc) confirmed the starting
material spot was still present at Rf = 0.70, with an additional new intense yellow spot at Rt
= 0.95. This gave confidence to pursue further irradiation studies with complex [(51)ClI].

Two bases were tested during this project, KHMDS and KO?Bu. Intially, KHMDS in
anhydrous toluene was investigated. After 45 minutes of irradiation, a new spot was
observed on the alumina TLC plate at Rs = 0.57, utilising a solvent system of EtOAc/Hexane
(20 % EtOAc). However, after one hour, the eluted spot went brown, indicating that
decomposition had occurred. As a direct comparison, the alternative choice of base, KOBu,
was employed with anhydrous toluene, but the reaction route was terminated due to
insolubility issues. This led to the investigation of KOtBu in THF, despite the literature
precedent utilising toluene236. Though [(51)CI] was of similar structure to the Mn complexes
described by Lugan et al.23, the complex in this project comprised of a less bulky NHC and
the carbonyl bond adjacent to the Cp ring affected the acidity surrounding this environment,
which let us anticipate a difference in solubility.

The respective base was added in various amounts ranging from 0.30 to two
equivalents. Experiments began utilising the larger number of equivalents to ensure

deprotonation was occurring, however, it was later suspected that excess of base was
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causing the site adjacent to the carbonyl moiety to be deprotonated simultaneously,
therefore an experiment was conducted whereby base was added in 0.10 equivalents and
analysed by 'H-NMR until the imidazole proton peak disappeared at & = 9.12 ppm. The
minimum amount of base required to therefore deprotonate the NHC was 0.30 equivalents,
indicating that impurities were present in the crude complex.

'H-NMR was run immediately after addition of base before irradiation began to
confirm deprotonation of the NHC. Initial experimentation ran the '"H-NMR and TLC at time
points 15, 30, 45 and 60 minutes of irradiation, however, a dark brown colour change was
observed after 30 minutes, followed by a precipitate formation after 45 minutes, both of which
were suspected to be as a result of decomposition. Alongside this experiment, an experiment
of identical conditions, but utilising KHMDS in THF, was run but the red/brown colour change
occurred faster, coupled with the formation of the dark brown precipitate, after just 5 minutes
of irradiation. This indicated that the weaker base KOtBu was more suitable for [(51)CI] and
hence the reaction utilising KOtBu in THF would be repeated. The reaction time was reduced
to a total of 15 minutes, with time intervals of 5, 10 and 15 minutes to run the analysis. The
initial NMR before irradiation showed the Cp resonances at 6 = 5.27 ppm and 6 = 5.94 ppm,
both which were shifted slightly downfield upon addition of base. This suggested that the
CH: adjacent to the carbonyl may have been deprotonated despite a reduction in the number
of equivalents of base, hence suggesting that the base was still too strong. After 5 minutes,
a colour change to red/brown colour was observed, from an initially light brown sample, and
the TLC analysis showed three new faint spots of Rr values 0.66, 0.88 and 0.95. Plus,
multiple peaks in the region of & = 4.00-6.00 ppm were observed, indicating that more than
one species was being formed, which was in agreement with the TLC analysis. However,
after 10 minutes of irradiation, the peaks disappeared, therefore it was inferred that
decomposition had taken place. In conclusion, it was suggested that the base employed was
still too strong and therefore a weaker choice of base coupled with a solvent that offered
increased solubility from that observed during this project would be preferable.

Overall, four manganese precursors were targeted. Complexes comprising of a CHs
at the carbon stereocentre adjacent to the Cp ring showed greater progress than the initial
bulkier phenyl group investigated, hence investigation into the size of the bulk at the
stereocentre, dictating the stability of the final complex, was terminated. However, the
complexes comprising of a CH3 group emanating from the stereocentre had to be modified
due to a lack of success, despite multiple routes being attempted.
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Instead, a carbonyl moiety replaced the CHs group. A literature precedent?36 led the
synthesis towards the proposed final framework. [(51)CI] was successfully synthesised and
subjected to deprotonation and irradiation in the hope to obtain the final complex. Following
complexation, it was anticipated that the carbonyl moiety would be reduced to its
corresponding alcohol, to create a stereocentre, following a method found in another
research article3%. From there, simple derivatisations could be carried out to modify the
framework further with various functional groups or even attachment to solid supports (see
Chapter 4) in order to encourage recyclability of the catalyst. Unfortunately, the reaction
conditions employed here were not successful, leaving room for improvement in future work.
With regret, there was not enough time during this project to tune irradiation conditions,
reduce the carbonyl bond or modify the stereocentre.

3.4 Conclusions

The aim of this chapter was to produce novel tethered manganese complexes for the
asymmetric hydrosilylation of ketones due to the current gaps in research within this field of
work. To date, all frameworks reported are racemic, which is unfavourable within the
agrochemical, pharmaceutical and fine chemical industries.!"> This work followed on from
Chapter 2, whereby enantiopure complexes were created, with control over the metal centre
and alcohol product during ATH via the insertion of a stereocentre adjacent to the arene ring.
Therefore, within this chapter, the idea initially was to incorporate a stereocentre adjacent to
the Cp ring in order to render the complex chiral and to influence its interactions with
substrates. The synthesis was performed to yield racemic products, with the hope to later
separate the isomers by chromatography.3!®

The synthesis of four manganese precursors was attempted, with only one of these
showing promise at the final synthetic step. Data obtained during the irradiation of [(51)ClI]
showed great promise and therefore there is confidence in forming the final complex if the
reaction conditions can be tuned correctly, allowing for multiple analogues of these
manganese complexes to be targeted in the future. Further, no hydrosilylation reactions were
performed since no final complexes were obtained, therefore conclusions as to whether the
insertion of a chiral stereocentre adjacent to the Cp ring could not be made. Due to this idea
being completely novel and showing success in alternative fields of work, namely
ruthenium(ll) piano-stool frameworks, it is expected that this work will be pursued by other

researchers.
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3.5 Future work

The tethered Mn complexes outlined in this chapter can still be considered as good target
complexes to be used in hydrosilylation. Although the partial insolubility in various solvents
observed during this project proved problematic and consequently precluded detailed
analysis after subsequent irradiation with UV light. Future work may focus upon tuning of the
reaction conditions when attempting to deprotonate the NHC and simultaneously
encouraging displacement of one of the carbonyl ligands. Namely, the solvent in which the
deprotonation and irradiation is carried out in could be investigated. Interestingly, the Mn
complex [(51)CI] was very soluble in MeOH, however, it was anticipated that MeOH would
quench the base, or in other words, the chosen base would deprotonate the MeOH instead
of the target site on the Mn complex, and hence the deprotonated MeOH could coordinate
to the metal centre. Though it was considered to use MeOH as a dual solvent and base, it
was suspected that the strength of methoxide as a base may not have been great enough
to deprotonate the NHC. Despite this, the doubts here are merely postulated, thus differing
solvent studies would be of interest in an attempt to achieve the desired Mn complexes.

An extension of the tuning of the deprotonation and irradiation reaction conditions
includes investigation of different bases, for example utilising a weaker base. The reason for
the use of a weaker base arises from the current failure whilst using KOBu and KHMDS in
this project. Though the 'H-NMR indicated successful deprotonation of the imidazole ring, it
was unclear as to whether the base was also deprotonating the CH; adjacent to the carbonyl
moiety on the tether. The protons on this CH2 group were very acidic protons and suspected
to be of similar pKa to the proton on the NHC, susceptible to deprotonation by addition of
base, therefore a weaker base is less likely to induce these same problems. The addition of
K2COs, which has been utilised previously in literature327, would not lead to immediate and
quantitative deprotonation of the imidazole in the same way that addition of KOtBu and
KHMDS did due to its weaker properties. However, addition of K2COj3 followed by immediate
irradiation of the sample is suspected to lead to the formation of the target Mn-NHC complex
52. This is because there is a vacant coordination site at the metal centre, from loss of one
carbonyl ligands during irradiation, and the weaker base is present to remove the proton
from the imidazole ring of the activated intermediate complex. To summarise, KOtBu and
KHMDS were both utilised during this project but were suspected to be too strong, therefore
weaker alternatives of methoxide or K2COj3 could be investigated. The order of strength for
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these four bases are as follows: KHMDS, KOtBu, methoxide, K2CO3, with KHMDS being the
strongest and K2COs being the weakest.

Alternatively, to combat the deprotonation of these acidic protons adjacent to the
carbonyl moiety, reduction of the carbonyl bond to its corresponding alcohol, as discussed
by Kowalski et al.326, would render these protons less acidic and hence less susceptible to
deprotonation. It is important that the choice of base to aid coordination of the tether to the
metal centre must be strong enough to deprotonate the NHC, but not too strong that the
alcohol would be deprotonated.

Furthermore, it may be of interest to modify the Mn framework to comprise of
alternative ligands, for example phosphine-based. Current projects being pursued in Dr
Murray’s research lab include the addition of 2-(diphenylphosphino)ethylamine to
acetylcymantrene 37, followed by reduction of the imine bond before irradiation and
complexation (Scheme 67).
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Scheme 67. Synthesis of [n%-CsH4CH(CH3)NHCH2CH2PPhMn(CO).].

This alternative ligand does not require a base for deprotonation, instead the phosphine lone
pair forms a dative bond with the metal centre once the complex is irradiated and a carbonyl
ligand lost. Current literature reports poor phosphine-based half-sandwich manganese
complexes®¥; therefore we hope that this new framework will portray improved activity
during hydrosilylation due to the inclusion of the tether to increase the stability of the
complex.

The work during this project and proposed for future work therefore indicates that
the Mn frameworks targeted here show promise as appropriate candidates for hydrosilylation
catalysts. As suggested above, there are new avenues that can be pursued to achieve these
target complexes, and hopefully bring success to this underdeveloped field of work.
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Chapter 4
Novel polymer-supported ruthenium(ll) chiral-at-metal

tethered half-sandwich complexes

4.1 Background

The immobilisation of ATH catalysts to polymer supports allows for cheaper and more
environmentally friendly reaction conditions.80.64.95.256.261 | light of the discussion in Chapter
1, the approach in this chapter aims to investigate and evaluate whether the tethered
catalysts developed in Chapter 2 are able to be readily immobilised to a solid support.
Polymer beads have been chosen as a result of their commercially available nature, and
hence cost effectiveness, and the tunability of functional groups on the polymer bead
enabling easy attachment of the bead to the catalyst.?® These advantages are also
supported by the high yields and enantioselectivities observed in literature precedents
discussed in Chapter 1.60.241249.253,254,259.260 Fyrther, polymer supports are partially soluble
and hence allow for homogeneous ATH, overcoming solubility and kinetic problems often
observed with insoluble supports.328

Thus far, research of PEG-supported catalysts in water has successfully shown high
enantioselectivity and recycling of the catalyst. As described earlier, ATH is a significant
method towards the preparation of key drug intermediates. For example, production of (R,R)-
formoterol and (R)-salmeterol was possible with a catalyst comprising of the ligand PEG-
BsDPEN (Figure 135) with molecular weights of 2000 and 800 g/mol respectively.58.67.74.85.329

Figure 135. PEG-BsDPEN ligand.25

Further, the ATH of ketones to produce enantiomerically enriched alcohols, as intermediates
for the synthesis of the antidepressant (S)-fluoxetine, has been successfully carried out by
immobilising the chiral DPEN ligand onto aminomethylated polystyrene polymer beads. This
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research was environmentally green and supported the recovery and reuse of the catalyst,
minimising toxic contamination by the ruthenium metal.5867241 Despite these advantages,
immobilisation to solid supports has disadvantages too, namely the complex synthetic
pathways necessary to create these catalysts?#!, incompatibility with solvents which hinders
access to active sites and difficulty in calculating the ratio of catalyst loaded onto the polymer
bead?4. It is for this reason that the following catalyst design was prepared very carefully.

4.2 Ligand and complex design

To date, researchers have immobilised ruthenium(ll) half-sandwich catalysts at various

locations on the framework (Figure 136).

Previous work

[l
This project 4@7

Figure 136. Various locations that have been attached to solid supports in literature
precedents253254.259.260 glongside where the framework will be immobilised during this

project.

The location of the attachment of the support in this project is novel, with current
work linking the support through the phenyl groups, the amino moiety or the sulfonamide
moiety.253.254259.260 This is advantageous as the remaining framework can be tuned to
heighten activity observed during ATH.25% Important research suggests the reactive Ru-Cl
and NH of the TSDPEN must be left unoccupied due to their essential roles during ATH.67
Therefore, introducing reactive functionality at the benzylic position provides a route by which
the catalysts could be attached to a solid support without the inhibition of ATH activity.2%3
Another advantage of using this position is that the support would be attached to the catalyst

without unduly interfering with the rest of the catalyst, as compared to the non-supported
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catalyst. The attachment can be done with or without the addition of a linker between the
catalyst and the solid support because immobilisation by this method allows the catalyst to
be hanging pendant from the support. The inclusion of a linker also allows for “sufficient
distance between the polymeric support and the catalytic centre"53.257.25 during ATH,
allowing for easier approach of the substrate.328

Furthermore, all solid supported catalysts synthesised to date focus upon the
untethered Noyori ligand.240.251.262,264-266,268,281,304.253-260 However, it has been concluded that
the incorporation of a tether to Noyori's framework has increased stability and enantioface
discrimination, therefore enhancing activity of the unsupported catalyst during ATH.81.257 As
discussed earlier, two carbon tethers have been minimally researched, hence the design of
novel complexes for this project follows on from Chapter 2.

The functional group stemming from the carbon stereocentre differs here to allow
for easier attachment of the support. The methyl group from Chapter 2 was replaced with an
NH. moiety (Figure 137), which has been shown to be a desirable functional group to
immobilise solid supports onto as a result of its nucleophilic nature, meaning that it can be
alkylated or used in amide bond formation.'#! This NH2 moiety required protection during the
route and Boc was chosen due to the milder conditions required to remove the protecting

group in comparison to Fmoc for example.
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Figure 137. Structures of the final immobilised chiral ligand above (A) the immobilised
chiral catalyst to be targeted during this chapter and (B) the 2C-tethered complex 6a
synthesised in Chapter 2.
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This research inspired us to design a solid supported ruthenium(ll) catalyst both
tethered and controlled in its stereochemistry. Previous studies have focused on attaching a
ligand to a solid support, followed by subsequent formation of the metal complex.3% The
alternative route of directly attaching the complex to the solid support has been investigated
to a lesser extent. The direction taken in this chapter follows the former route route, aiming
to anchor the chiral chelating ligand to the polymer bead prior to reaction with ruthenium as
it has been postulated that the free amine at the stereocentre could coordinate to the
ruthenium metal centre in place of the anticipated amines on the chiral ligand.

4.3 Ligand and complex synthesis

The first route proposed follows that displayed in (Scheme 68) and began with the Birch
reduction of (R)-2-amino-2-phenylacetic acid hydrochloride (Scheme 69).
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Scheme 68. Global scheme of the first solid supported route proposed.
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Scheme 69. Synthesis of (R)-2-amino-2-(cyclohexa-1,4-dien-1-yl)acetic acid.

53 was obtained in 78 % yield as a pearlescent white solid with confirmation by 'H-NMR,
whereby the disappearance of peaks at & = 7.10-7.38 ppm was accompanied by the
appearance of peaks at & = 5.69 ppm and & = 6.01 ppm, indicating that the aromatic ring
had been successfully reduced. Furthermore, the two CH2 groups of the diene ring were
observed at & = 2.50-2.74 ppm. From this, 2D NMR was utilised to assign the peaks in the
13C-NMR spectrum with all eight peaks being accounted for. Of note were the alkenyl carbon
environments of the diene ring, at & = 122.8 ppm, & = 123.7 ppm and & = 126.0 ppm, and
the CH. groups of the diene ring, at & = 24.6 ppm and & = 26.2 ppm. Furthermore, high
resolution MS run in negative mode confirmed the [M - H] peak at 152.0717 m/z. Though
the compound had been previously synthesised, it had not been characterised.33!

Next, 53 was protected with Boc (Scheme 70), producing 54 as a white honeycomb
solid in 55 % yield.

O

K,CO
H,O/
O 2
MeOH o
53 54
55 %

Scheme 70. Synthesis of (R)-2-((tert-butoxycarbonyl)amino)-2-(cyclohexa-1,4-dien-1-
yl)acetic acid.

The three CH3 groups from the Boc group were observed in the 'H-NMR spectrum at 6 =
1.42-1.44 ppm and in the "8C-NMR spectrum at & = 28.3 ppm. Moreover, the quaternary
carbon and the carbonyl moiety of the Boc group were seen in the 1¥C-NMR at & = 81.6 ppm
and & = 157.2 ppm respectively, assigned with help from the 2D NMR experiments.
Unfortunately, the 13C-NMR spectrum appeared to be contaminated with a minor impurity,
suspected to be excess starting material. Low resolution MS confirmed the product as the
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[M + NaJ* ion at 276.1 m/z. Both NMR and MS analysis were in agreement with that found
in the literature.332

Following this, 54 was coupled to 1 in the presence of TBTU to prevent
racemisation22'292 (Scheme 71). After purification by column chromatography on silica, 55
was obtained as a white honeycomb solid in 70 % yield.

W
O N—S o}
B s Va1
0~ “NH © 0~ “NH
1 H (0]
HOBt, TBTU,
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Scheme 71. Synthesis of (R)-tert-butyl (1-(cyclohexa-1,4-dien-1-yl)-2-((2-((4-
methylphenyl)sulfonamido)ethyl)amino)-2-oxoethyl)carbamate.

Success of the reaction was observed by the 3:4 ratio of diene protons (at & = 5.58-
5.79 ppm) to aromatic protons (at & = 7.69 ppm and & = 7.26 ppm). Moreover, 55 was now
soluble in CDCl3 unlike the starting material 54. Confirmation of the product was found in the
high resolution MS, whereby the [M + Na]* ion was observed at 472.1879 m/z.

The penultimate step to synthesise the target ligand required removal of the Boc
group (Scheme 72) from 55. This was essential before the LiAlHs reduction as the Boc
carbonyl group could also be reduced under these conditions.
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Scheme 72. Synthesis of (R)-2-amino-2-(cyclohexa-1,4-dien-1-yl)-N-(2-((4-
methylphenyl)sulfonamido)ethyl)acetamide.

56 was produced in 77 % yield. Upon analysing the "H-NMR spectrum, the disappearance
of the three CHs groups of the Boc group at 6 = 1.39 ppm replaced with a broad singlet at &
= 1.68 ppm, responsible for the NH3*, confirmed successful removal of the Boc group by
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TFA. The most significant shift was observed for the stereocentre from & = 4.54-4.56 ppm in
the starting material 55 to & = 3.89 ppm in the product 56. Furthermore, the peaks
representing the three different carbon environments of the Boc group at & = 155.5 ppm, &
=80.0 ppm and 6 = 28.4 ppm were no longer present in the 3C-NMR spectrum. Additonally,
9F-NMR was run and displayed a single peak at & = -75.5 ppm, which represented the
CF3COO- counterion. The peak for the [M + H]* ion was observed at 350.1533 m/z in the
high resolution mass spectrum.

The final step aimed to reduce the amide 56 to amine 57 using LiAIH4 (Scheme 73).

H o} LiAIH, H ¥
O e o O
_
H Il H [l
o o THF, reflux %
56 57

Scheme 73. Synthesis of (R)-N-(2-((2-amino-2-(cyclohexa-1,4-dien-1-yl)ethyl)amino)ethyl)-
4-methylbenzenesulfonamide.

Despite manipulation of the conditions, including an increase of the reaction length at room
temperature to 96 hours and then an increase of reaction temperature to 60 °C overnight,
the reaction was unsuccessful. Starting material was observed in the "H-NMR and '3C-NMR
spectra, alongside multiple impurities, and analysis by TLC confirmed purification would be
too challenging. This route was terminated and another route proposed instead (Scheme
74).
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Scheme 74. Global scheme of the second solid supported route proposed.

The second route begun with the reduction of the carbonyl bond of (R)-2-amino-2-
phenylacetic acid hydrochloride by LiAlH4 (Scheme 75).

NH,
OH L|AIH4
0 THF, reflux
71 %

Scheme 75. Synthesis of (R)-2-amino-2-phenylethan-1-ol.
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58 was obtained in 71 % yield with the diastereotopic CH, protons observed at & = 3.72-3.75
ppm and 0 = 3.54-3.58 ppm in the 'H-NMR spectrum. Furthermore, the CH2 environment
was observed in the 3C-NMR spectrum at & = 68.0 ppm, with no peaks seen in the expected
carbonyl region of the spectrum. Low resolution MS confirmed the product as the [M + HJ*
ion at 138.1 m/z. The data obtained for this compound matched that reported in the
literature. 333

Subsequently, 58 was protected with a Boc group (Scheme 76), acquiring 59 in

quantitative yield.
>L (0]
OJ\NH

BOC,0
OH K2C03 OH
—_—

MeOH 59

Scheme 76. Synthesis of (R)-tert-butyl (2-hydroxy-1-phenylethyl)carbamate.

The stereocentre proton was found to shift upon addition of the Boc group from & = 4.03-
4.06 ppm in the starting material 58 to & = 4.78 ppm in the product 59. The broad singlet
representative of the NH2 group was no longer seen in the 'H-NMR spectrum at & = 2.49
ppm, instead the NH moiety from the amide was found at 6 = 2.37 ppm and the three CHs
groups of the Boc group at & = 1.44 ppm. By inspecting the 3C-NMR spectrum, the CHs
groups, quaternary carbon and carbonyl moiety of the Boc group were seen at d = 28.4 ppm,
0 =80.0 ppm and d = 156.3 ppm respectively. Low resolution MS confirmed the product as
the [M + NaJ* ion at 260.1 m/z. The data here was in agreement with that found previously
in the literature.33

Next, 59 was converted to a mesylate via reaction with methanesulfonyl chloride
(Scheme 77), obtaining 60 in 87 % yield.
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59 60

Scheme 77. Synthesis of (R)-2-((tert-butoxycarbonyl)amino)-2-phenylethyl

methanesulfonate.

In the "H-NMR spectrum, the CHs of the mesylate was present at 6 = 2.86 ppm and was also
found in the "8C-NMR spectrum at & = 37.5 ppm. The CH2 group adjacent to the mesylate
moiety became less shielded, shifting from & = 3.84 ppm to & = 4.37-4.47 ppm in the 'H-
NMR specta and from & = 66.6 ppm to 6 = 71.4 ppm in the "3C-NMR spectra. Low resolution
MS found the [M + NaJ* ion of 60 at 338.1 m/z. Data obtained for this compound matched
that reported in the literature.33

The subsequent step attempted to convert 60 to 61 (Scheme 78).

>|\ (e} (0]
)J\ H2N >I\ )J\
(@) NH _\_ O NH
NH, H

O\S//o —XK—> N\/\NH

20N 2

o

THF, reflux
60 61

Scheme 78. Synthesis of (R)-tert-butyl-(2-((2-aminoethyl)amino)-1-phenylethyl)carbamate.

It was challenging to confirm whether the reaction had been successful in the crude 'H-NMR
spectrum but the Boc group was still present at & = 1.43 ppm, which seemed promising.
Also, two triplets were observed at d = 2.63 ppm and 6 = 2.73 ppm, however, it was unclear
as to whether these were corresponding to ethylenediamine or anticipated product 61. With
regret, the product decomposed during purification on alumina. The route was therefore

terminated, and a third route proposed (Scheme 79).
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Scheme 79. Global scheme of the third solid supported route proposed.

To begin with, (R)-2-amino-2-phenylacetic acid hydrochloride was reduced using
LiAlH; to yield 58. The 'H-NMR spectrum matched the data obtained earlier, which was in
agreement with literature333, and therefore further analysis was unnecessary.

Next, 58 was subjected to a Birch reduction to produce 62 in 74 % (Scheme 80).

NH, NH,
OH NHg, Li, -78 °C OH
—_—
ethanol
58 62

74 %

Scheme 80. Synthesis of (R)-2-amino-2-(cyclohexa-1,4-dien-1-yl)ethan-1-ol.
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The diene ring was observed in the "H-NMR spectrum with the two CH2 groups at 6 = 2.53-
2.75 ppm and the diene protons at 6 = 5.68-5.74 ppm, which were also found in the 13C-
NMR spectrum at d = 26.4 ppm and & = 26.6 ppm for the CH2 groups, and at d = 120.1 ppm,
0 =124.0 ppm and & = 124.3 ppm for the diene moieties. The loss of the aromatic protons
at & =7.26-7.38 ppm in the 'H-NMR spectrum and & = 128.7 ppm in the 3C-NMR spectrum
was evidence of complete reduction of the aromatic ring. Additionally, in the '3C-NMR
spectrum the quaternary carbon of the ring shifted from & = 142.6 ppm in the starting material
58 to & = 135.8 ppm in the product 62. Low resolution MS confirmed the product as the [M
+ H]* ion at 140.1 m/z. All data collected was in agreement with that found in the literature.336
Subsequent protection of 62 with Boc produced 63 in 47 % yield (Scheme 81).

o)
NH, >‘\O)J\NH

BOC,0
OH K,CO4 OH
—_—
H,0/MeOH
62 63
47 %

Scheme 81. Synthesis of (R)-tert-butyl (1-(cyclohexa-1,4-dien-1-yl)-2-
hydroxyethyl)carbamate.

The stereocentre proton shifted from 6 = 3.32-3.35 ppm to & = 4.06 ppm in the H-NMR
spectra. A singlet for the Boc protons was seen at 6 = 1.45 ppm, with the carbon environment
corresponding to these three CHs environments at 6 = 28.5 ppm in the 3C-NMR spectrum.
The quaternary carbon of the Boc group was at 6 = 79.9 ppm and the carbonyl moiety at &
=156.3 ppm. The [M + NaJ* ion was found in the high resolution MS at 262.1414 m/z.

63 was reacted with methanesulfonyl chloride to form 64 in 97 % yield (Scheme 82).

(0] (Ijl ﬁ\ (0]
>LO)J\NH _E_C' O)J\NH

oOH __ ~ O\s Y
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Scheme 82. Synthesis of (R)-2-((tert-butoxycarbonyl)amino)-2-(cyclohexa-1,4-dien-1-
yl)ethyl methanesulfonate.
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Evidence of the success of this reaction was seen by the disappearance of the OH peak in
the "H-NMR spectrum at & = 4.97-4.99 ppm, in addition to the appearance of the mesylate
CHs at 6 = 2.99-3.03 ppm in the 'H-NMR spectrum and at & = 37.7 ppm in the 3C-NMR
spectrum. Furthermore, a shift downfield was observed for both the stereocentre, from & =
4.06 ppm to & =4.88 ppm, and the CH> adjacent to the stereocentre, from & = 3.69-3.70 ppm
to & = 4.29-4.31 ppm, as a result of deshielding. Described further, this was due to the
decrease in electron density at the nuclei because of the larger electron withdrawing nature
of the mesylate moiety in comparison to the alcohol moiety in the starting material. Finally,
the [M + Na]* ion was observed at 340.1192 m/z in the high resolution mass spectrum.
64 was then reacted with linker 1 in the hope to obtain 65 (Scheme 83).

LA, O,

o) \\
S N \
THF, reflux

64

O

O_

Scheme 83. Synthesis of (R)-tert-butyl (1-(cyclohexa-1,4-dien-1-yl)-2-((2-((4-
methylphenyl)sulfonamido)ethyl)amino)ethyl)carbamate.

Unfortunately, the reaction proved stubborn requiring multiple attempts with varying
conditions: anhydrous THF at 50 °C, ethanol at 50 °C, ethanol at room temperature and
DCM at room temperature. Despite attempting differing conditions, all methods gave the
same product, which was not the anticipated one. After purification by column
chromatography to remove excess linker, the "H-NMR spectrum indicated two products were

present: a cyclic carbamate and a ditosylated linker (Figure 138).

Figure 138. Structures of the products suspected to have formed for the reaction of 64 and
1.
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Utilising 2D NMR experiments allowed for complete assignments of both the "H-NMR and
13C-NMR spectra for both the Birch reduced cyclic carbamate and the ditosylated linker. The
cyclic carbamate and ditosylated linker appeared to be present in a ratio of 2:1, with the
ditosylated linker environments overlapping due to the symmetry of the molecule. The
ditosylated linker had similar shifts to linker 1, but only showed one CHz environment which
confirmed ditosylation had occurred during the reaction. Further, the 'H-NMR and '3C-NMR
spectra for the ditosylated linker matched that found in the literature.33" It was suspected that
intramolecular cyclisation occurred due to the oxygen from the Boc group acting as a
nucleophile. From this, it can be explained that the Boc group was no longer present, which
was confirmed by the NMR spectra, x-ray diffraction data and MS. The distinctive
environments of the stereocentre and CH2 group of the cyclic carbamate were found at =
4.11-4.14 ppm, & = 4.34-4.38 ppm and & = 4.49-4.53 ppm. This was in agreement with a
literature precedent.3% Interestingly, the cyclic carbamate was present with the Birch
reduced ring still intact, with the diene protons found at & = 5.67-5.76 ppm in the 'H-NMR
spectrum. Crystals grew from the NMR sample and hence were analysed by x-ray diffraction.
Two structures were obtained and have been shown in Figure 139.

Figure 139. Structures obtained upon crystallising the NMR sample from the reaction
between 64 and 1.
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Oddly, the diene had converted to the aromatic analogue upon crystallisation. It remains
inconclusive as to why this occurred. Despite this, low resolution MS showed the [M + NaJ*
ion for both the Birch reduced cyclic carbamate and the ditosylated linker at 188.1 and 391.1
m/z respectively.

Due to time restraints, the final two routes were carried out simultaneously on test
scales, meaning that only raw data was collected. The idea was to approach 67 from two
different angles in order to increase the chances of reaching the final target ligand. 67 would
then be coupled to a linker, which would be attached to a solid support and then reacted with
ruthenium to create a metal complex comprising of a bidentate chelating ligand.

One route (Scheme 84) followed the reaction pathway that utilised the azide ion to

create a reactive intermediate 66 that could then be reduced to the corresponding amine 67.

BOC BOC

HN” HN”
©/K/O\ //O ©/k/N3
S —_—
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o}

64 66

_BOC _BOC
HN HN

Scheme 84. Global scheme of the fourth solid supported route proposed.

Conversion of 64 (synthesised in previous route — Scheme 82) to 66 (Scheme 85) required
only a short heating period in DMF, with the azide being confirmed by 'H-NMR, 3C-NMR,
IR and high resolution MS. This reaction was carried out on a test scale with no further

purification or calculation of yield due to the preliminary experimental nature of this route.
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Scheme 85. Synthesis of (R)-tert-butyl (2-azido-1-(cyclohexa-1,4-dien-1-
yl)ethyl)carbamate.

The "H-NMR spectrum showed the loss of the mesylate CH3 peak at 8 = 2.99-3.03 ppm and
at & = 37.7 ppm in the 3C-NMR spectrum. The stereocentre shifted from 6 = 4.88 ppm to 6
=4.11-5.10 ppm, plus the CH> shifted from & = 4.29-4.31 ppm to 6 = 3.42-3.51 ppm. Despite
this, the integration of the Boc group decreased to 7H, suggesting slight removal or
decomposition of the Boc group under the conditions of this reaction. The 13C-NMR spectrum
allowed for assignments to each differing environment, however, peaks were also observed
of identical chemical shifts to that found in the 3C-NMR spectrum of the starting mesylate,
in particular that of the Birch reduced ring, suggesting unreacted starting material. Of
particular interest was the shift of the CH adjacent to the functional group moiety, from 6 =
69.6 ppm in the starting material 64 to d = 53.2 ppm in the product 66. IR indicated successful
installation of the azide moiety due to the appearance of a band at 2099.02 cm-! that was
not present in the IR spectrum of 64. To confirm that the band observed was not residual
NaNs, the IR sample of the azide product was spiked with NaN3 and two overlapping bands
were observed; 2099.02 cm! for 66 and 2040.29 cm-' for NaNs. Finally, 66 was found as the
[M + NaJ* ion at 287.1499 m/z in both the low and high resolution spectra. A fragment in the
low resolution spectrum at 188.1 m/z was consistent with the loss of the C4HgO fragment of
the Boc group, confirming the loss of Boc can occur with ease.
Following this, 66 was reduced using LiAlH4 to obtain 67 (Scheme 86).

A, A,

N3 LiAIH, NH,
—_—
THF

66 67

Scheme 86. Synthesis of (R)-tert-butyl (2-amino-1-(cyclohexa-1,4-dien-1-
yl)ethyl)carbamate.
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Purification by column chromatography was attempted and although improved purity was
observed by TLC, minimal difference was observed in the "H-NMR spectrum. 67 eluted in
DCM/MeOH (1 % MeOH) gave an R¢ = 0.11, coupled with slight staining by ninhydrin. Other
impurities were also seen on the TLC plate and would need to be removed by an additional
column if this route was chosen to be pursued and repeated. Due to the route being
preliminary, a yield was not calculated. The H-NMR spectrum was complex and though
rough assignments could be made, the data obtained in the '3C-NMR and 2D NMR spectra
provided peaks for all environments except for the Boc group. Impurities were also observed
in the aromatic region of the TH-NMR spectrum, which could not be attributed to the desired
product, instead it may have been as a result of rearomatisation of the diene ring. Of
particular interest was the shift of the CH, group adjacent to the amine moiety in the 3C-
NMR spectrum from & = 53.2 ppm in the starting material 66 to & = 69.0 ppm in the product
67. Though it was possible that the peak attributed to the Boc group may have been present
in the "H-NMR spectrum, with significant further decrease of integration to 2H under the
impurity at & = 1.36-1.51 ppm, the most likely explanation was complete loss of the Boc
group. Further support of this was the appearance of the free amine protons at d = 3.78 ppm
and & = 3.63 ppm and the absence of the Boc group in the 13C-NMR spectrum. This matched
the evidence found in the low resolution MS, whereby the peak of highest abundance at
188.1 m/z corresponded to loss of part of the Boc group (C4HgO). Moreover, low resolution
MS confirmed 67 both as the [M + Na]* ion at 262.2 m/z and as the [M + H]* ion at 239.2
m/z, with high resolution observing the [M + H]* ion at 239.1753 m/z too. IR data collected
indicated that the reaction to form 67 was complete due to the loss of the band at 2099.02
cm! observed in the IR spectrum of 66. Therefore, it appeared that although the LiAlH4
successfully reduced the azide group, this reagent was too strong a reducing agent for the
Boc group to withstand, hence this route was terminated.

The alternative route (Scheme 87) of this project mimics the Gabriel synthesis,
whereby a primary alkyl halide is transformed into a primary amine using potassium
phthalimide followed by hydrazine hydrate. Instead, in this pathway, the transformation
would occur from 64 (synthesised previously — see Scheme 82).
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Scheme 87. Global scheme of the fifth solid supported route proposed.

This route was chosen as a result of the milder conditions it would employ in comparison to
the previous route that used LiAlHa4, which caused drastic reduction of the Boc group. The
first step (Scheme 88) successfully produced the phthalimide derivative 68. This reaction
was carried out on a test scale with no further purification or calculation of yield due to the

preliminary experimental nature of this route.
0

©
N

>L (6] K@ >L (6]
A L
o P °
C?S\\ 6]
DMF N
64 (6]
68

Scheme 88. Synthesis of (R)-tert-butyl-(1-(cyclohexa-1,4-dien-1-yl)-2-(1,3-dioxoisoindolin-
2-yl)ethyl)carbamate.
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The "H-NMR spectrum showed the presence of the phthalimide group, but not with a 3:4
ratio of diene protons to aromatic protons from the phthalimide ring, suggesting incomplete
addition of the phthalimide group. The integration of the Boc group decreased to 5H,
suggesting slight removal or decomposition of the Boc group under the conditions included
in this reaction. Despite this, the stereocentre shifted from & = 4.88 ppm in the starting
material 64 and the CH> group adjacent to the stereocentre shifted from & = 4.29-4.31 ppm
in the starting material 64 to overlap with one another at & = 3.70-4.53 ppm in the product
68. The "3C-NMR spectrum was difficult to assign with the 2D NMR experiments presenting
unsuccessful bar the DEPT experiment which was very useful. Therefore most assignments
were based on previous analogues, whilst the phthalimide moiety was compared to the 'H-
NMR and ®C-NMR spectra of phthalimide in a literature precedent.3¥® The product was
confirmed as the [M + Na]* ion at 391.1633 m/z in both the low and high resolution MS. In
addition to the anticipated product, a side product (Figure 140) formed by loss of the Boc

group followed by cyclisation.

Figure 140. Structure of the side product suspected to be present during the formation of
68.

The side product was only detected in the low resolution MS, therefore it is inconclusive as
to whether the mechanism occurred during the reaction or just during MS analysis.

The second step (Scheme 89) of the Gabriel synthesis yielded 67. This reaction was
carried out on a test scale with no further purification or calculation of yield due to the

preliminary experimental nature of this route.
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Scheme 89. Synthesis of (R)-tert-butyl (2-amino-1-(cyclohexa-1,4-dien-1-
yl)ethyl)carbamate.
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Analysis by TLC showed 67 at R¢ = 0.11 when eluted in DCM/MeOH (1 % MeOH), with
strong staining by ninhydrin confirming the primary amine was present. Additional impurities
were also observed by TLC, which would require removal by column chromatography if this
route was chosen to be pursued and repeated.

The peak corresponding to the Boc group integrated to 12H in the 'H-NMR
spectrum, which suggested that there were two different species present in this reaction
sample due to the spectrum of the previous step displaying an integration of 7H. The
anticipated product 67 displayed the stereocentre and CH. group at & = 3.88-5.07 ppm in
the "H-NMR spectrum, which overlapped with the side product obtained from this reaction.
In addition to the main product, the side product was also observed in the 3C-NMR
spectrum, whereby the two species were observed with similar shifts for each individual
environment, and in the low resolution MS, whereby a peak was found at 185.1 m/z predicted
to be the sodium adduct of the cyclised side product, suggesting the mechanism was
occurring during the reaction as opposed to in the analysis stages. The side product was the
same cyclised compound observed for the previous step (Figure 140), which closely
matched the data found for the cyclic carbamate formed when attempting the synthesis of
65 (Scheme 83). Following on from this, it would have been of interest to separate the
desired product from the cyclised side product by column chromatography. Unfortunately
time limitations prevented purification from being carried out.

All shifts matched 67 previously synthesised (Scheme 86), with the presence of the
Boc group for this attempt, suggesting that this methodology was more effective in obtaining
67 provided further purification was successful. Confirmation that the Boc group was still
attached was the absence of free amine protons that were found for the previous route to
obtain 67. Moreover, the [M + H]* was observed in both the low and high resolution MS at
239.1758 m/z, indicating that the Boc group remained attached during analysis.

The final two routes; via the azide and via the phthalimide, successfully produced
67. However, both routes encountered problems respectively and hence the pros and cons
would require weighing up before choosing to repeat one of the routes on a larger scale.

The azide route (Scheme 84) produced 66 and 67 successfully with full
characterisation. Unfortunately, during the LiAlH4 reduction, the Boc protecting group was
completely cleaved off due to the harsh forcing conditions. Overall, it was therefore possible
that the reaction conditions were not optimum and therefore a milder reducing step should
be employed if this route was repeated. The route would also be hazardous to scale and

thermally unstable.
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The Gabriel synthesis (Scheme 87) offered milder conditions to form 67, displacing
64 with a phthalimide protecting group as an intermediate step. This phthalimide route was
successful, however, it was suspected that the reactions did not reach completion and hence
excess starting material remained. Moreover, a cyclised side product formed simultaneously
during the reaction. To combat these issues, the reactions could either be left for longer, the
temperature could be increased or separation by column chromatography would allow for
pure product to be obtained. The scale up of this route seems more viable in producing the
pure desired product 67, including the fact that the phthalimide is less polar and so would
extract better into the organic layer during work-up. All data obtained for 67 pointed towards
success, despite a side product forming too.

4.2 Conclusions

In conclusion, the two final routes proposed simultaneously showed great promise.
Preliminary experiments on test scales meant that no final yields were obtained and data
collected was raw, purely to indicate whether the reactions showed promise. After attempting
both routes, comparison of the data for 67 was carried out to gain more confidence in the
success of synthesising the desired amine. Overall, the TLC evidence for the amine matched
in both routes, as did the 'H-NMR, ®C-NMR and MS analysis. The only minor difference
was the degree of the loss of the Boc group, which would be removed in the later stages of
the reaction pathway anyway. It can therefore be concluded that both routes would allow the
target amine 67 to be reached.

Overall, multiple synthetic pathways were attempted to anchor a chiral ligand onto
a solid support. Regrettably, aims of this chapter remain unmet, with no immobilisation
attempted. Further work to achieve the aims set out at the beginning of this chapter was not
able to be performed due to the time period of the project ending. Despite this, two routes
employed during this project showed great promise, hence allowing for the desired ligand to
be achieved prior to immobilisation, and therefore have been discussed in section 4.3.

4.3 Future work

If the project comprised of more time, it would have been of interest to repeat the phthalimide
route. The subsequent steps following the formation of 67 have been performed previously
on very similar analogues by Dr Murray’s research group, in particular the route towards the
complex 7 in Chapter 2, therefore there is confidence in the final chelating ligand being
successfully targeted. A change in the choice of protecting group may be of interest as it
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remains possible that intramolecular cyclisation was occurring with the Boc protecting group.
As an alternative, the use of the protecting group benzyloxycarbonyl (Cbz) may be wise as
this group would not fragment via formation of the relatively stable 'Bu carbocation,
preventing cyclisation from occurring. It may also be interesting to repeat the azide route but
to pursue the route with an alternative protecting group due to that being the reason for the
failure of the current attempt. One example would be to use Fmoc?340 as the removal by 20 %
piperidine34! provides milder conditions, avoiding the use of TFA, which was anticipated to
cause issues with the diene ring and amine moieties of the target chelating ligand.

Unfortunately, no final target chiral ligand was reached and hence none of the
anticipated solid supports were attached. In turn, this meant that no ATH was performed and
so it remains unclear as to whether the inclusion of a solid support to these catalyst
frameworks would have heightened activity or selectivity. If the final catalyst is therefore
synthesised, ATH could be run in both FA/TEA azeotrope, to allow for direct comparison to
untethered analogues described in Chapter 2, and in water to investigate the more
sustainable and recyclable approach anticipated for solid supported catalysts#445.5167.90.137,
By using water as the solvent, the ATH could be performed with FA/TEA in
addition#5.67.124.164272 to help solubilise the catalyst and act as the hydrogen source, or with
sodium formate as the hydrogen donor due to its success in increasing the rate of
reaction44.50.53,67,137,155,272

Although no investigations towards the ATH of acetophenone were carried out, this
project was productive in taking great strides towards accessing new structures that could
be explored as tools to identify targets of chiral organometallic frameworks. The idea would
be that the chiral complexes could be tethered to solid supports before being exposed to cell
lysate. The biomacromolecules which bind could then be eluted with a suitable buffer and
analysed by mass spectrometry, in particular fragmentation studies. This would identify the
targets of the complex, inclusive of binding sites, and may even allow for the development
of metal-based chemotherapeutics to target specific protein or DNA/RNA targets.
Particularly of interest would be the impact of metal-centred chirality on this process.
Furthermore, target selectivity could be probed via this methodology.

Overall, there is still potential for advances to be made in this area of chemistry and
this project has enabled confidence in new routes to create novel chiral solid supported
catalysts. With additional research, there is promise that the target complexes anticipated
here can be obtained and tested for their ATH activity and selectivity, in addition to their

biological activity within cells.
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Chapter 5

Experimental

5.1 Materials and methods

All commercially purchased materials were used as received. It was assumed that all
solvents were not anhydrous and all analysis conducted at room temperature (21 °C), unless
stated otherwise. Schlenk-lines were used under a nitrogen atmosphere for reactions that
required anhydrous conditions, plus glassware was oven-dried. Liquids greater than 20 mL
were added or moved by cannula transfer.

'H and 3C-NMR spectra were recorded on a JEOL ECZ 400S spectrometer ('H at
400.2 MHz, 3C at 100.6 MHz) at 295 K unless stated otherwise. Spectra are referenced
internally relative to the solvent used (D20: 'H & 4.79 ppm, 3C & unreferenced; DMSO-d®:
H 6 =2.50 ppm, 3C 6 = 39.52 ppm; CDCl3: H & = 7.26 ppm, 3C 6 = 77.16 ppm).

Mass spectra were recorded at the University of Hull using a Bruker Maxis Impact
QqTOF MSMS. Calibration of the instrument against sodium formate over the range 90 to
1550 Da was conducted before mass measurement. Resolution used was typically 45000.
Unless stated otherwise, samples were prepared as solutions in methanol (10 M), these
were injected into the solvent stream from a syringe pump at 3 uL min-! via a 5 pL loop
injector. The data was then internally mass measured against an internal calibrant peak from
hexakis(1H,1H,4H-hexafluorobutyloxy)phosphazine (CAS No. 186406-47-2)
Ca24H1806N3P3F36 m/z 1220.99064. An average result from 3-5 separate injections is quoted.
The mass was measured and calculated using Bruker DataAnalysis 4.2 software.

HPLC analysis was performed with a Varian Prostar gradient high
performance/pressure liquid chromatography system, comprised of two reservoirs, two
pumps (Varian Prostar, 10 mL pump head), a two-position rheodyne valve, an autosampler
(model 410), a chromatography column and an ultra-violet/visible detector (Varian Prostar
with deuterium lamp). HPLC chiral column: Phenomenex Lux 3 um AMP, 150 mm x 4.6 mm.
Method A: flow rate = 1 mL/min, wavelength (A) = 230 nm, injection volume = 20 pL, isocratic
gradient = 50 %: 50 % (aqueous ammonium formate pH 3.20:methanol). Method B: flow rate
= 1 mL/min, wavelength (A) = 230 nm, injection volume = 20 L, isocratic gradient = 60 %:
40 % (aqueous ammonium bicarbonate pH 10.50:acetonitrile). Method C: flow rate = 0.2
mL/min, wavelength (A) = 210 nm, injection volume = 10 pL, isocratic gradient = 35 %: 65 %
(aqueous ammonium bicarbonate pH 11:methanol).
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GC analysis was recorded with a Varian 430 GC-FID system, comprising of an
autosampler, column oven and flame ionisation detector. GC chiral column: Restek RT-
BDEXsm, 30 m x 0.25 mm x 0.25 pm. Method D: flow rate = 2.0 mL/min, start temperature
=60 °C, end temperature = 177 °C, rate of temperature ramp = 5 °C/min. Method E: flow
rate = 2.0 mL/min, start temperature = 100 °C, end temperature = 100 °C, rate of
temperature ramp = 0 °C/min.

Experimental X-ray single crystal diffraction data were collected using a Stoe IPDS2
image plate diffractometer operating with Mo radiation. Crystals were covered in a thin film
of perfluoropolyether oil and mounted on a Mitogen®© loop and held at 150 K using an Oxford
Cryosystems nitrogen gas cryostream. Data were scaled and merged and treated for the
effects of absorption using standard methods. Crystal structures were solved using dual
space methods implemented within SHELXT. and refined using SHELXL-2018/3
implemented with Olex2. Non-hydrogen atoms were located using difference Fourier
methods and refined using anisotropic displacement parameters. Hydrogen atoms were

placed at geometrically calculated positions using a riding model.

5.2 Synthetic procedures

N-(2-Aminoethyl)-4-methylbenzenesulfonamide289.290342 (1)

D E
o 2 E
N e
HzN—/_ IC;Q -
A D E

p-Toluenesulfonylchloride (6.00 g, 0.03 mol, 1 eq.) in DCM (75 mL) was added dropwise to
a stirred solution of ethylenediamine (20 mL, 0.30 mol, 10 eq.) in DCM (75 mL) at 0 °C under
N,. During addition, white clouds formed and a brown oil-like precipitate was observed. The
resulting mixture was stirred for a further 30 minutes before washing with H20 (2 x 30 mL).
The organic layer was dried with Na2SQs, then filtered. The solvent was removed under
reduced pressure and the product dried further on a vacuum line to afford a white solid (5.74
g, 26.79 mmol, 89 %). H-NMR (CDCls, 400 MHz): & = 7.74 (d, 2H, J = 8.25 Hz, Hp) , 7.30
(d, 2H, J = 8.48 Hz, He), 2.95 (t, 2H, J = 5.62 Hz, Hg), 2.78 (t, 2H, J = 5.62 Hz, Ha), 2.41 (s,
3H, Hg); BC{"H}-NMR (CDCl3,400 MHz): 8 = 143.4 (1C, Cc), 137.0 (1C, C¢), 130.0 (2C, C¢),
127.1 (2C, Cp), 45.4 (1C, Cg), 41.0 (1C, Ca), 21.6 (1C, Cg) ppm; LRMS (ESI*): m/z found
215.0 [M + HJ*; CoH15N202S [M + H]* requires 215.3 m/z; 1 (CoH14aN20S; 214.3 g/mol).
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(R)-2-(Cyclohexa-1,4-dien-1-yl)propanoic acid (2a)

A solution of (R)-2-phenylpropanoic acid (4.50 g, 29.97 mmol, 1 eq.) in ethanol (50 mL) was
added to liquid NH3 (1 L) at -77 °C. Lithium wire (6.52 g, 0.94 mol, 31 eq.) was washed in
hexane before addition in 0.50 g portions until a dark blue colour persisted. The reaction was
left to stand overnight to leave a white solid. H2O (1 L) was added whilst stirring at 0 °C,
followed by addition of HCliaq) (12 M, 78 mL) to acidify the solution. The cloudy suspension
was extracted with Et20 (3 x 100 mL), the organic layers combined, dried with Na>SO4 and
then filtered. The solvent was removed under reduced pressure and the product was dried
further on a vacuum line as a yellow oil (4.21 g, 27.66 mmol, 92 %). 'H-NMR (CDCls, 400
MHz): & = 5.62-5.73 (m, 3H, Ha1 + Ha2), 3.06-3.14 (m, 1H, Hp), 2.61-2.79 (m, 4H, Hg), 1.29
(d, 3H, J = 7.11 Hz, He) ppm; 3C{'H}-NMR (CDCls, 400 MHz): 6 = 181.3 (1C, C¢), 133.2
(1C, Cc), 124.1 (1C, Ca1), 123.9 (1C, Ca1), 121.9 (1C, Ca2), 46.6 (1C, Cp), 27.1 (1C, Ca),
26.9 (1C, Cg), 15.3 (1C, Ce) ppm; HRMS (ESI-) m/z found 151.0764 [M - H];; CoH1102 [M -
HI requires 151.0765; LRMS (EI*): m/z found 153.3 [M + HI* (5 %), 152.3 [M]* (25 %), 107.3
[M - CHOZJ* (100 %); CoH1302 [M + H]* requires 153.2; 2a (CoH1202; 152.1904 g/mol);
Enantiopurity confirmed by chiral HPLC using method A.
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(R)-2-(Cyclohexa-1,4-dien-1-yl)-N-(2-((4-
methylphenyl)sulfonamido)ethyl)propenamide (3a)

[ss]

‘|_\>

(R)-2-(Cyclohexa-1,4-dien-1-yl)propanoic acid (2.22 g, 14.59 mmol, 1 eq.), HOBt.xH20 (1.97
g, 14.59 mmol, 1 eq.) and TBTU (5.63 g, 17.50 mmol, 1.2 eq.) were dissolved in DMF (20
mL), DCM (20 mL) and DIPEA (5.10 mL, 29.30 mmol, 2 eq.). The solution was left to stir for
10 minutes before N-(2-aminoethyl)-4-methylbenzenesulfonamide (3.18 g, 14.59 mmol, 1
eq.) was added and the resulting yellow solution was left to stir overnight. Following this, the
product solution was pipetted into a separating funnel containing HCl(a) (1 M, 100 mL) and
extracted with DCM (3 x 50 mL). The organic layers were combined and washed with H20
(100 mL). The organic layer was dried with Na-SO4 and filtered, then the solvent was
removed under reduced pressure. The yellow/orange oil was dissolved in Et,0 (50 mL) and
washed with H20 (8 x 50 mL) to remove DMF residues. The organic layer was dried with
Na,SOq, filtered and the solvent removed under reduced pressure to yield an orange oil. The
oil was purified by column chromatography on silica gel with a solvent system of DCM/MeOH
(0-3 % MeOH) to yield the product as a white solid (4.33 g, 12.43 mmol, 85 %). "H-NMR
(CDCl5,400 MHz): 8 =7.72 (d, 2 H, J = 8.46 Hz, H,), 7.30 (d, 2H, J = 8.23 Hz, H), 6.26 (br.
s, 1H, NH-C=0), 5.69 (s, 2H, Hat), 5.65 (s, 1H, Haz), 3.26-3.40 (m, 2H, Hg), 3.04 (t, 2H, J =
5.61 Hz, Hy), 2.92 (q, 1H, J = 7.32 Hz, Hp), 2.44-2.76 (m, 4H, Hg), 2.42 (s, 3H, Hw), 1.24 (d,
3H, J = 7.32 Hz, He) ppm; 3C{'H}-NMR (CDCls, 400 MHz): 6 = 175.4 (1C, Cf), 143.6 (1C,
C), 136.8 (1C, Cv), 134.8 (1C, Cc), 129.9 (2C, Ck), 127.1 (2C, Cy), 124.1 (1C, Ca1), 124.0
(1C, Ca1), 122.2 (1C, Ca2), 48.3 (1C, Cp), 43.5 (1C, Ch), 39.4 (1C, Cq), 26.9 (2C, Cs), 21.7
(1C, Cw), 15.1 (1C, Cg) ppm; HRMS (ESI*) m/z found 349.1584 [M + H]*; C1gH25N203S [M +
H]* requires 349.1580; 3a (C18H24N203S; 348.4598 g/mol); Enantiopurity confirmed by chiral
HPLC using method B.
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(R)-N-(2-((2-(Cyclohexa-1,4-dien-1-yl)propyl)amino)ethyl)-4-
methylbenzenesulfonamide (4a)

[o3]

>

(R)-2-(Cyclohexa-1,4-dien-1-yl)-N-(2-((4-methylphenyl)sulfonamido)ethyl)propanamide
(4.20 g, 12.05 mmol) was dissolved in anhydrous THF (50 mL) and added dropwise to a
suspension of LiAlH4 (0.95 g, 30.13 mmol, 2.50 eq.) in anhydrous THF (50 mL) under N2.
The reaction was heated at reflux overnight. The reaction was allowed to cool to room
temperature, quenched with NaHCO3 (50 mL), to give a biphasic mixture, which was then
filtered. The sticky solid left behind in the flask was washed with Et20 (40 mL). The combined
organic phases were concentrated under reduced pressure to a volume of approximately 20
mL. E2O (40 mL) was added and the organic solution was extracted with H20 (10 mL). The
aqueous layer was washed with Et20 (2 x 30 mL) and the organic layers combined, dried
with Na2SOs then filtered. The solvent was removed under reduced pressure to obtain an
orange oil. To remove any residual THF, the oil was dissolved in DCM (5 mL) then the solvent
was removed under reduced pressure. This process was repeated twice. The product was
dried further on a vacuum line to yield a yellow il (3.31 g, 9.90 mmol, 82 %). 'H-NMR (CDCl3,
400 MHz): 8 = 7.74 (d, 2H, J = 8.46 Hz H,), 7.30 (d, 2H, J = 8.0 Hz, Hk), 5.69 (s, 2H, Ha1),
5.45 (s, 1H, Haz), 2.95 (t, 2H, J = 5.72 Hz, Hg), 2.65-2.70 (m, 2H, Hy), 2.45-2.71 (m, 4H, Hg),
2.41-2.44 (m, 1H, HF), 2.42 (m, 3H, Hu), 2.26-2.33 (m, 1H, Hf), 2.15-2.24 (m, 1H, Hp), 0.95
(d, 3H, J = 6.86 Hz, He) ppm; 13C{'H}-NMR (CDCl3,400 MHz): & = 143.4 (1C, Cy), 136.8 (1C,
Cu), 136.8 (1C, Cc), 129.7 (2C, Ck), 127.2 (2C, Cy), 124.5 (1C, Ca1), 124.2 (1C, Ca1), 119.8
(1C, Ca2), 52.5(1C, CF), 47.7 (1C, Cn),42.2 (1C, Cg), 41.0 (1C, Cp), 26.8 (1C, Cg), 25.5 (1C,
Cg), 21.6 (1C, Cwm), 17.3 (1C, Cg) ppm; HRMS (ESI*) m/z found 335.1799 [M + HJ;
C18H27N202S [M + HJ* requires 335.1788; 4a (C1sH26N20,S; 334.4762 g/mol); Enantiopurity
confirmed by chiral HPLC using method B.
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[Ru(nS-(R)-4-methyl-N-(2-((2-
phenylpropyl)amino)ethyl)benzenesulfonamide)Cl.]..2HCI (5a)

HCl(ag) (12 M, 0.99 mL, 12.02 mmol, 2 eq.) was added to (R)-N-(2-((2-(cyclohexa-1,4-dien-
1-yl)propyl)amino)ethyl)-4-methylbenzenesulfonamide (2.01 g, 6.01 mmol) dissolved in
ethanol (32 mL). The solution was stirred for 5-10 minutes and then RuClsxH20 (0.31 g, 1.50
mmol, 0.25 eq.) was added to the stirring solution. The reaction was heated at reflux
overnight to yield a red solution. The reaction was allowed to cool to room temperature then
approximately half of the solvent was removed under reduced pressure. The solution was
then stored in the freezer (-18 °C) for two hours before the solid, which precipitated, was
separated from the solution by centrifugation at 10,000 rpm for ten minutes. The solid was
washed with Et20 (15 mL) and separated again by centrifugation before being dried on a
vacuum line to yield a brown solid (0.38 g, 0.35 mmol, 23 %). The supernatant contained
unreacted diene ligand so was heated at reflux overnight with additional RuClzxH20 (0.31 g,
1.50 mmol, 0.25 eq.). The work up procedure was repeated as per the first batch to yield a
brown solid (0.35 g, 0.32 mmol, 21 %). Note: Number of moles and % yields were calculated
assuming zero equivalents of H,O for RuClsxH20 as the extent of hydration was not
calculated. TH-NMR (DMSO, 400 MHz): 6 = 9.28 (br. s, 2H, NH.Cl), 8.85 (br. s, 2H, NH2Cl),
8.03 (t, 2H, J=5.50 Hz, 2 x NH), 7.72 (d, 4H, J = 8.25 Hz, H)), 7.42 (d, 4H, J = 8.02 Hz, H,),
5.97-6.03 (m, 10H, Ha), 3.00-3.27 (m, 14H, Hc + He + Hr + Hg), 2.39 (s, 6H, HL), 1.36 (d, 6H,
J =5.73 Hz, Hp) ppm; 1BC{'H}-NMR (DMSO, 400 MHz): 6 = 143.1 (2C, Cn), 136.8 (2C, Ck),
129.8 (4C, Cy), 126.7 (4C, Cy), 103.6 (2C, Cs), 88.3 (2C, Ca), 87.9 (2C, Ca), 86.7 (2C, Ca),
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85.8 (2C, Ca), 85.3 (2C, Ca), 51.6 (2C, Ck), 47.0 (2C, Cq), 38.5 (2C, Cf), 33.6 (2C, Cc), 21.0
(2C, Cv), 17.0 (2C, Cp) ppm; 5a (C3sHs50ClsN4O4Ru2S2; 1081.7946 g/mol).

Final complex (6a)
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[Ru(n®-(R)-4-methyl-N-(2-((2-phenylpropyl)amino)ethyl)benzenesulfonamide)Cl]2.2HCI

(0.50 g, 0.46 mmol, 1 eq.) was suspended in DCM (100 mL) then DIPEA (0.32 mL, 1.84
mmol, 4 eq.) was added and the suspension was stirred under N2. After 1.5 hours, the dark
brown solution was reduced to a quarter of its volume under reduced pressure and then
purified by column chromatography on silica gel with a solvent system of DCM/MeOH (0-1
% MeOH). Fractions containing the product, which were intensely yellow in colour, were
combined. The solvent was removed under reduced pressure and the product was dried
further on a vacuum line to afford a light brown solid (0.37 g, 0.79 mmol, 86 %). 'H-NMR
(CDCl3, 400 MHz): & = 7.71-7.76 (m, 4H, Hp), 7.13-7.16 (m, 4H, Hc), 6.69 (t, 1H, J = 5.62
Hz, H.), 6.49 (t, 1H, J = 5.50 Hz, Hy), 5.78 (t, 1H, J = 5.73 Hz, HL), 5.73 (t, 1H, J = 5.62 Hz,
Hu), 5.60 (t, 1H, J = 5.62 Hz, HL), 5.46 (t, 1H, J = 5.62 Hz, Hy), 5.28-5.30 (m, 1H, H.), 5.10-
5.14 (m, 2H, Hy), 4.97 (d, 1H, J = 5.50 Hz, Hy), 4.51 (br. s, 2H, NH), 3.55-4.00 (m, 4H, Hu),
3.13-3.31 (m, 4H, Hi + Hrg), 2.79-2.86 (m, 2H, Hrig), 2.47-2.67 (m, 2H, Hrig), 2.32-2.33 (m,
6H, Ha), 2.16-2.40 (m, 2H, Hrc), 1.43-1.48 (m, 6H, Hy) ppm. Note: "H-NMR assigned to
show the 2 diastereoisomers present in the sample, however, the signals overlap directly
due to identical properties; 1*C{'H}-NMR (CDCls, 400 MHz): & = 140.7 (1C, Cg), 140.5 (1C,
Ce), 140.3 (1C, Cs), 140.2 (1C, Cg), 128.9 (1C, Cc), 128.7 (1C, Cc), 127.6 (1C, Cp), 127.4
(1C, Cp), 104.7 (1C, Ck), 104.6 (1C, Ck), 95.1 (1C, Cy), 94.3 (1C, Cv), 93.6 (1C, Cy), 92.9
(1C, Cv), 78.7 (1C, Cv), 75.3 (1C, Cv), 75.1 (1C, Cy), 74.6 (1C, Cr), 72.8 (1C, Cv), 70.8 (1C,
C), 69.8 (1C, Cn), 67.9 (1C, Ch), 56.5 (1C, Crg), 56.1 (1C, Crrs), 51.2 (1C, Cris), 49.9 (1C,
Cris), 44.1 (1C, Cy), 41.6 (1C, Cy), 21.5 (2C, Ca), 15.8 (1C, Cy), 15.3 (1C, Cy) ppm; HRMS
(ESI*) m/z found 433.0534 [M - CIJ*; C1gH23N202RuS [M - CIJ* requires 433.0522; 6a
(C18H23CIN202RuS; 467.9754 g/mol); Found (%): C, 45.28; H, 5.12; N, 6.02; S, 6.60.
Calculated [M + 0.20 eq DCM] (%): C, 45.07; H, 4.86; N, 5.78; S, 6.61. Expected (%): C,
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46.20; H, 4.95; N, 5.99; S, 6.85; Single orange crystals were grown in EtOH (5 mL), unit
cel: a=7.8771(17) A, b = 11.646(3) A, ¢ = 13.554(4) A. a = 113.68(2)°, B = 100.79(2)°, y =
97.053(18)°.

(S)-2-(Cyclohexa-1,4-dien-1-yl)propanoic acid (2b)

A solution of (S)-2-phenylpropanoic acid (4.02 g, 26.77 mmol) in ethanol (50 mL) was added
to liquid NH3 (1 L) at -77 °C. Lithium wire (6.33 g, 0.91 mol, 34 eq.) was washed in hexane
before addition in 0.5 g portions until a dark blue colour persisted. The reaction was left to
stand overnight to leave a white solid. H2O (1 L) was added whilst stirring at 0 °C, followed
by addition of HClaq) (12 M, 86 mL) to acidify the solution. The cloudy solution was extracted
with Et20 (3 x 100 mL), the organic layers combined, dried with Na,SO4 and the solution
was filtered. The solvent was removed under reduced pressure and the product was dried
further on a vacuum line to yield the acid as a yellow oil (3.75 g, 24.64 mmol, 92 %). 'H-NMR
(CDCl3, 400 MHz): = 5.62-5.73 (m, 3H, Ha1 + Haz), 3.06-3.14 (m, 1H, Hp), 2.62-2.80 (m,
4H, Hg), 1.29 (d, 3H, J = 7.11 Hz, He) ppm; 3C{'H}-NMR (CDCl3, 400 MHz): & = 181.2 (1C,
Cr), 133.2 (1C, Cc), 124.1 (1C, Ca1), 123.9 (1C, Ca1), 121.9 (1C, Cn2), 46.6 (1C, Cp), 27.1
(1C, Cs), 26.9 (1C, Cg), 15.3 (1C, Ce) ppm; HRMS (ESI) m/z found 151.0769 [M - HJ;
CoH1102 [M - H] requires 151.0765; LRMS (EI*): m/z found 153.1 [M + H]* (6 %), 152.1 [M]*
(49 %), 107.1 [M - CHO2J* (100 %); CoH1302 [M + H]* requires 153.2; 2b (CoH1202; 152.1904
g/mol); Enantiopurity confirmed by chiral HPLC using method A.
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(S)-2-(Cyclohexa-1,4-dien-1-yl)-N-(2-((4-
methylphenyl)sulfonamido)ethyl)propenamide (3b)

[vs]

>

(S)-2-(Cyclohexa-1,4-dien-1-yl)propanoic acid (2.22 g, 14.59 mmol), HOBt.xH.0 (1.97 g,
14.59 mmol, 1 eq.) and TBTU (5.63 g, 17.50 mmol, 1.20 eq.) were dissolved in DMF (20
mL), DCM (20 mL) and DIPEA (5.10 mL, 29.30 mmol, 2 eq.). The solution was left to stir for
10 minutes before N-(2-aminoethyl)-4-methylbenzenesulfonamide (3.18 g, 14.59 mmol, 1
eq.) was added and the resulting yellow solution was left to stir overnight. Following this, the
product solution was pipetted into a separating funnel containing HCl(a) (1 M, 100 mL) and
extracted with DCM (3 x 50 mL). The organic layers were combined and washed with H20
(100 mL). The organic layer was dried with Na2SOy, filtered and the solvent was removed
under reduced pressure. The orange oil was dissolved in Et;0 (50 mL) and washed with
H.0 (8 x 50 mL) to remove DMF residues. The organic layer was dried with Na2SOy, filtered
and the solvent removed under reduced pressure to yield an orange oil. The oil was purified
by column chromatography on silica gel with a solvent system of DCM/MeOH (0-3 % MeOH)
to yield the product as a white solid (4.02 g,11.54 mmol, 79 %). 'H-NMR (CDCls, 400 MHz):
0=7.72(d, 2H, J=8.25Hz, H,), 7.30 (d, 2H, J = 8.25 Hz, Hk), 6.20 (br. s, 1H, NH-C=0),
5.69 (s, 2H, Hat), 5.65 (s, 1H, Haz), 5.36 (br. s, 1H, NH-SO3), 3.26-3.39 (m, 2H, Hg), 3.04 (q,
2H, J=5.35Hz, Hy), 2.91 (q, 1H, J = 7.19 Hz, Hp), 2.44-2.76 (m, 4H, Hg), 2.42 (s, 3H, Hw),
1.24 (d, 3H, J = 7.34 Hz, He) ppm; 3C{'"H}-NMR (CDCls, 400 MHz): 6 = 175.4 (1C, Cf), 143.6
(1C, C)), 136.9 (1C, Cv), 134.8 (1C, Cc), 129.9 (2C, Ck), 127.1 (2C, Cy), 124.1 (1C, Ca1),
124.0 (1C, Car), 122.2 (1C, Ca2), 48.4 (1C, Cp), 43.5 (1C, Cu), 39.4 (1C, Cq), 26.9 (2C, Cs),
21.7 (1C, Cw), 15.1 (1C, Cg) ppm; HRMS (ESI*) m/z found 349.1578 [M + H]*; C1gH25N203S
[M + H]* requires 349.1580; 3b (C1sH24N203S; 348.4598 g/mol); Enantiopurity confirmed by
chiral HPLC using method B.
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(S)-N-(2-((2-(Cyclohexa-1,4-dien-1-yl)propyl)amino)ethyl)-4-
methylbenzenesulfonamide (4b)

[o3]

>

(S)-2-(Cyclohexa-1,4-dien-1-yl)-N-(2-((4-methylphenyl)sulfonamido)ethyl)propanamide
(3.90 g, 11.19 mmol) was dissolved in anhydrous THF (50 mL) and added dropwise to a
suspension of LiAlH4 (0.95 g, 27.98 mmol, 2.50 eq.) in anhydrous THF (50 mL) under N2.
The reaction was heated at reflux overnight. The reaction was allowed to cool to room
temperature, quenched with NaHCO3 (50 mL), to give a biphasic mixture, which was then
filtered. The sticky solid left behind in the flask was washed with Et20 (40 mL). The combined
organic phases were concentrated under reduced pressure to a volume of approximately 20
mL. E2O (40 mL) was added and the organic solution was extracted with H20 (10 mL). The
aqueous layer was washed with Et20 (2 x 30 mL) and the organic layers combined, dried
with Na2SQO; then filtered. The solvent was removed under reduced pressure to obtain a
yellow oil. To remove any residual THF, the oil was dissolved in DCM (5 mL) then the solvent
was removed under reduced pressure. This process was repeated twice. The product was
dried further on a vacuum line to yield a yellow oil (3.35 g, 10.02 mmol, 89 %). 'H-NMR
(CDCls, 400 MHz): & = 7.75 (d, 2H, J = 8.02 Hz, Hy), 7.30 (d, 2H, J = 7.79 Hz, Hk), 5.69 (s,
2H, Ha1), 5.44 (s, 1H, Ha2), 2.95 (t, 2H, J = 5.72 Hz, Hg), 2.65-2.69 (m, 2H, Hy), 2.45-2.71
(m, 4H, Hs), 2.40-2.43 (m, 1H, Hf), 2.42 (m, 3H, Hw), 2.27-2.32 (m, 1H, Hf), 2.14-2.23 (m,
1H, Hp), 0.95 (d, 3H, J = 6.88 Hz, He) ppm; 1®C{'H}-NMR (CDCls,400 MHz): 6 = 143.4 (1C,
Ci), 136.8 (2C, Cc + Cv), 129.8 (2C, Ck), 127.3 (2C, Cy), 124.5 (1C, Ca1), 124.2 (1C, Ca1),
119.9 (1C, Ca2), 52.6 (1C, C¢), 47.7 (1C, Cu), 42.2 (1C, Cq), 41.1 (1C, Cp), 26.8 (1C, Cs),
25.6 (1C, Cs), 21.7 (1C, Cw), 17.4 (1C, Cg) ppm; HRMS (ESI*) m/z found 335.1804 [M + H]*;
C18H27N202S [M + H]* requires 335.1788; 4b (C1sH26N202S; 334.4762 g/mol); Enantiopurity
confirmed by chiral HPLC using method B.
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[Ru(n®-(S)-4-methyl-N-(2-((2-
phenylpropyl)amino)ethyl)benzenesulfonamide)Cl.]..2HCI (5b)

HClag) (12 M, 0.82 mL, 9.94 mmol, 2 eq.) was added to (S)-N-(2-((2-(cyclohexa-1,4-dien-1-
yl)propyl)amino)ethyl)-4-methylbenzenesulfonamide (1.66 g, 4.97 mmol) dissolved in
ethanol (29 mL). The solution was stirred for 5-10 minutes then RuClaxH20 (0.52 g, 2.49
mmol, 0.50 eq.) was added to the stirring solution. The reaction was heated at reflux
overnight. The reaction was allowed to cool to room temperature then approximately half of
the solvent was removed under reduced pressure. The solution was stored in the freezer (-
18 °C) for two hours before the solid, which precipitated, was separated from the solution by
centrifugation at 10,000 rpm for ten minutes. The solid was washed with Et:O (15 mL) and
separated again by centrifugation before being dried on a vacuum line to yield an orange
solid (0.60 g, 0.55 mmol, 22 %). Note: Number of moles and % yields were calculated
assuming zero equivalents of H,O for RuClsxH20 as the extent of hydration was not
calculated. 'H-NMR (DMSO, 400 MHz): & = 9.25 (br. s, 2H, NH.Cl), 8.83 (br. s, 2H, NHCl),
8.03 (t, 2H, J=5.50 Hz, 2 x NH), 7.72 (d, 4H, J = 8.25 Hz, H)), 7.43 (d, 4H, J = 8.02 Hz, H,),
5.97-6.03 (m, 10H, Ha), 3.00-3.28 (m, 12H, Hc + He + Hr + Hg), 2.39 (s, 6H, HL), 1.36 (d, 6H,
J =5.73 Hz, Hp) ppm; 3C{'H}-NMR (DMSO, 400 MHz): & = 143.1 (2C, Cn), 136.8 (2C, Ck),
129.8 (4C, Cy), 126.7 (4C, Cy), 103.6 (2C, Cs), 88.3 (2C, Ca), 87.9 (2C, Ca), 86.7 (2C, Ca),
85.7 (2C, Ca), 85.3 (2C, Ca), 51.6 (2C, Ck), 47.0 (2C, Cg), 38.5 (2C, Cr), 33.6 (2C, Cc), 21.0
(2C, Cu), 17.0 (2C, Cp) ppm; 5b (CasHs0ClsNsO4Ru2S2; 1081.7946 g/mol).
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Final complex (6b)
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[Ru(n®-(S)-4-methyl-N-(2-((2-phenylpropyl)amino)ethyl)benzenesulfonamide)Cl2]2.2HCI
(0.50 g, 0.46 mmol, 1 eq.) was suspended in DCM (100 mL) then DIPEA (0.32 mL, 1.84
mmol, 4 eq.) was added and the suspension was stirred under N2. After 1.5 hours, the
solution was reduced to a quarter of its volume under reduced pressure and then purified by
column chromatography on silica gel with a solvent system of DCM/MeOH (0-1 % MeOH).
Fractions containing the product, which were intensely yellow in colour, were combined. The
solvent was removed under reduced pressure and the product was dried further on a vacuum
line as an orange solid (0.41 g, 0.88 mmol, 96 %). '"H-NMR (CDCl3, 400 MHz): & = 7.71-7.76
(m, 4H, Hp), 7.13-7.16 (m, 4H, Hc), 6.69 (t, 1H, J = 5.62 Hz, H.), 6.49 (t, 1H, J = 5.62 Hz,
Hu), 5.78 (t, 1H, J=5.85 Hz, Hy), 5.73 (t, 1H, J = 5.73 Hz, HL), 5.60 (t, 1H, J = 5.62 Hz, H.),
5.46 (t, 1H, J = 5.62 Hz, H), 5.28-5.30 (m, 1H, Hv), 5.10-5.14 (m, 2H, Hy), 4.97 (d, 1H, J =
5.50 Hz, Hv), 4.52 (br. s, 2H, NH), 3.55-4.00 (m, 4H, Hy), 3.12-3.31 (m, 4H, Hi + Hrg), 2.78-
2.87 (m, 2H, Hrsc), 2.47-2.67 (M, 2H, Hrie), 2.32-2.33 (m, 6H, Ha), 2.16-2.40 (m, 2H, Hra),
1.44-1.45 (m, 6H, Hy) ppm. Note: 'H-NMR assigned to show the 2 diastereoisomers present
in the sample, however, the signals overlap directly due to identical properties; 1*C{'H}-NMR
(CDCls,400 MHz): & = 140.7 (1C, Ck), 140.4 (1C, Cg), 140.3 (1C, Cs), 140.2 (1C, Cg), 128.8
(1C, Cc), 128.7 (1C, Cc), 127.5 (1C, Cp), 127.4 (1C, Cp), 104.8 x 2 (2C, Ck), 95.1 (1C, Cv),
94.2 (1C, Cv), 93.6 (1C, Cy), 92.8 (1C, Cv), 78.6 (1C, Cv), 75.3 (1C, Cv), 75.1 (1C, Cy), 74.5
(1C, Cv), 72.8 (1C, Cy), 70.8 (1C, Cy), 69.8 (1C, Cn), 68.0 (1C, Cn), 56.5 (1C, Cr/g), 56.0
(1C, Crig), 51.1 (1C, Crig), 49.9 (1C, Crig), 44.1 (1C, C)), 41.5 (1C, Cy), 21.5 (2C, Ca), 15.8
(1C, Cy), 15.3 (1C, Cy) ppm; HRMS (ESI*) m/z found 433.0540 [M - Cl]*; C18H23N202RuS [M
- CIJ* requires 433.0522; 6b (C18H23CIN202RuUS; 467.9754 g/mol); Found (%): C, 45.13; H,
5.15;N, 6.01; S, 6.63. Calculated [M + 0.25 eq DCM] (%): C, 45.20; H, 4.88; N, 5.78; S, 6.61.
Expected (%): C, 46.20; H, 4.95; N, 5.99; S, 6.85; Single orange crystals were grown in EtOH
(5mL), unit cell: a = 12.3198(5) A, b = 14.4079(8) A, ¢ = 20.7842(8) A. a =90°, B =90°, y =
90°.
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Final complex (7)

[Ru(n8-4-methyl-N-(2-((3-methyl-2-

phenylbutyl)amino)ethyl)benzenesulfonamide)Clz]..2HCI* (0.50 g, 0.44 mmol, 1 eq.) was
suspended in DCM (15 mL) then DIPEA (0.15 mL, 0.88 mmol, 2 eq.) was added and the
suspension was stirred for two hours under N2. After analysis by 'H-NMR, additional DIPEA
(2 eq.) was added, and the suspension was stirred for 30 minutes under N.. The orange
solution was purified by column chromatography on silica gel with a solvent system of
DCM/MeOH (0-1 % MeOH). Fractions containing the product, which were intensely yellow
in colour, were combined. The solvent was removed under reduced pressure and the product
was dried further on a vacuum line as an orange crystalline solid (0.41 g, 0.84 mmol, 95 %).
'H-NMR (CDCls, 400 MHz): & = 7.70-7.76 (m, 4H, Hp), 7.13-7.16 (m, 4H, Hc), 6.70 (t, 0.40H,
J =5.73 Hz, Hw), 6.44 (t, 1.60H, J = 5.50 Hz, Hu), 5.73 (t, 2H, J = 5.85 Hz, Hw), 5.63 {t,
1.60H, J = 5.62 Hz, Hw), 5.45 (t, 0.40H, J = 5.62 Hz, Hw), 5.23 (d, 0.40H, J = 6.19 Hz, Hw),
5.07 (d, 1.60H, J = 6.19 Hz, Hu), 5.00 (d, 1.60H, J = 5.50 Hz, Hw), 4.87 (d, 0.4H, J = 5.50
Hz, Hv), 4.47-4.55 (m, 2H, 2 x NH), 3.95-4.10 (m, 2H, Hrien), 3.15-3.68 (m, 4H, Hriom),
2.77-2.89 (m, 2H, Hrigm), 2.47-2.71 (m, 4H, Hi + Hrigm), 2.32-2.33 (m, 6H, Ha), 2.15-2.26
(m, 2H, Hrgm), 1.98-2.08 (m, 2H, Hy), 1.10-1.13 (m, 6H, Hk), 1.01-1.03 (m, 6H, Hk) ppm.
Note: 'H-NMR assigned to show the two enantiomers present in the sample, however, the
signals overlap directly due to identical properties. Two diastereoisomers are also present,
explaining the non-integer integrals, indicating a total of four diastereosiomers; 13C{'H}-NMR
(CDCls, 400 MHz): 6 = 140.4 x 3 (3C, Cs + Cg), 140.3 (1C, Csg), 128.7 (1C, Cc), 128.6 (1C,
Cc), 127.5 (1C, Cp), 127.3 (1C, Cp), 104.4 (1C, Cv), 104.1 (1C, Cy), 95.1 (1C, Cw), 94.4 (1C,
Cw), 93.6 (1C, Cw), 92.6 (1C, Cw), 79.0 (1C, Cw), 75.8 (1C, Cw), 74.8 (1C, Cw), 74.7 (1C,
Cw), 72.8 (1C, Cw), 70.7 (1C, Cw), 67.3 (1C, Ch), 65.5 (1C, Ch), 57.0 (1C, C)), 56.5 (1C,
Cris), 56.0 (1C, Crre), 54.7 (1C, Cy), 51.0 (1C, Crg), 49.5 (1C, Crig), 30.6 (1C, Cy), 30.5 (1C,
Cy), 22.3 (1C, Ck), 22.1 (1C, Ck), 21.4 (2C, Ca), 21.1 (1C, Ck), 20.8 (1C, Ck) ppm; HRMS
(ESI*) m/z found 461.0843 [M - CIJ*; C20H27N202RuS [M - CI]* requires 461.0836; 7
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(C20H27CIN20;RUS; 496.0286 g/mol); Found (%): C, 48.18; H, 5.69; N, 5.48; S, 6.23.
Expected (%): C, 48.40; H, 5.49; N, 5.65; S, 6.46; Unit cell: a= 11.8781(11) A, b=
10.8315(5) A, ¢ = 16.9586(12) A. o = 90°, B = 98.221(7)°, y = 90°.

*Orange solid previously synthesised by Dr Murray’s research group.

(3,3-Dimethyl-1-nitrobutan-2-yl)benzene2* (8)

Im

m

B-Nitrostyrene (3.00 g, 20.11 mmol) in anyhdrous THF (50 mL) was added dropwise to
BuMgCl (50.25 mL, 2 M in diethyl ether, 100.50 mol) in anyhdrous THF (150 mL) at -20 °C
to afford an orange solution. Within 20 minutes, the solution was added dropwise to ice cold
concentrated 5 % HCI (100 mL) and the solution was stirred for a further 30 minutes. H.0
(40 mL) was added and the biphasic mixture was extracted with DCM (3 x 75 mL). The
organic layers were combined, dried with Na2SO4 and filtered. The solvent was removed
under reduced pressur. The brown oil was purified by column chromatography on silica gel
with a solvent system of EtOAc/Hexane (95/5 %) to obtain the desired product as a
red/orange solid (1.51 g, 7.29 mmol, 36 %). 'H-NMR (CDCls, 400 MHz): & = 7.16-7.32 (m,
5H, Ha), 4.76-4.87 (m, 2H, Hf), 3.35 (dd, 1H, J = 11.0, 5.03 Hz, HE), 0.95 (s, 9H, Hu) ppm;
13C{'H}-NMR (CDCls, 400 MHz): & = 137.6 (1C, Cp), 129.2 (2C, Ca), 128.3 (2C, Ca), 127.6
(1C, Ca), 77.3 (1C, Cf), 54.4 (1C, Cg), 33.8 (1C, Cg), 28.2 (3C, Ch) ppm; IR: Lmax = 2962.52
(aliphatic C-H stretch), 2869.44 (aromatic C-H stretch), 1546.19 (aliphatic N-O stretch),
1378.44 (aliphatic C-N stretch), 745.61 (aliphatic C-H bend), 701.57 (aromatic C-H bend)
cm'; LRMS (ESI*): m/z found 230.1 [M + NaJ* (100 %); C12H17NNaO2 [M + Na]* requires
230.3; 8 (C12H17NO2; 207.3 g/mol).

204



Stephanie Shroot BSc Chemistry PhD thesis

3,3-Dimethyl-2-phenylbutan-1-amine2% (9)

m M

To a stirred solution of (3,3-dimethyl-1-nitrobutan-2-yl)benzene (2.62 g, 12.64 mmol) in
ethanol/H20 (200 mL, 4:1) was added Fe powder (7.05 g, 0.13 mol, 10 eq.) and solid NH4ClI
(6.76 g, 0.13 mol, 10 eq.). The mixture was stirred at 70 °C overnight and the solution turned
dark brown. TLC analysis confirmed residual starting material. Additional Fe powder (0.71
g, 12.64 mmol, 1 eq.) and NH4Cl (0.68 g, 12.64 mmol, 1 eq.) were added and stirred for 1 h
at 70 °C. TLC analysis confirmed completion of the reaction. The warm reaction mixture was
filtered to give an orange solution. The solvent was removed under reduced pressure to give
a pale orange solid, which was dissolved in DCM (250 mL) and extracted with H20 (3 x 200
mL) to remove residual Fe residues and salts. The organic layer was disposed of, whilst the
aqueous phase was adjusted to pH 11 using NaOHag) (1 M, 150 mL). The pH adjusted
aqueous phase was extracted with DCM (2 x 400 mL). The organic layers were combined,
dried with Na2SO4 and filtered. The solvent was removed under reduced pressure to yield a
pearlescent white solid (1.76 g, 9.93 mmol, 99 %). 'H-NMR (CDCls, 400 MHz): & = 7.18-7.33
(m, 5H, Ha), 3.04-3.15 (m, 2H, Hf), 2.44-2.48 (m, 1H, He), 1.38 (br. s, 2H, NH2), 0.89 (s, 9H,
Hh) ppm; 3C{'H}-NMR (CDCls, 400 MHz): & = 141.1 (1C, Cp), 129.9 (2C, Ca), 128.1 (2C,
Ca), 126.5 (1C, Ca), 60.4 (1C, Cr), 41.7 (1C, Cg), 33.5 (1C, Cg), 28.5 (3C, Cn) ppm; LRMS
(ESI*): m/z found 178.2 [M + H]* (100 %); C12H2oN [M + H]* requires 178.3; 9 (C12H1oN;
177.3 g/mol).
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(R)- or (S)-3,3-Dimethyl-2-phenylbutan-1-amine (9a/9b)

A
A A
A
A
NH»,
) (e}
H via
9
(R)or (S)

(S)-Mandelic acid (3.64 g, 24.00 mmol) in ethanol (10 mL) was added to 3,3-dimethyl-2-
phenylbutan-1-amine (4.24 g, 24.00 mmol)a in ethanol (10 mL), and the solvent was removed
under reduced pressure®. The ratio of isomers in the starting material was 47 %:53 % with
retention times of 36.60 minutes and 40.20 minutes respectively (confirmed by chiral HPLC
using method C). The salt was recrystallised from diethyl ether, mixtures of diethyl
ether/hexane or DCM. Diethyl ether and DCM were responsible for increasing the purity of
the (R) isomer* and (S) isomer* respectively, whereby the (S) isomer* was retained for longer
on the chiral HPLC column. Hexane was utilised to encourage precipitation in the later
stages as diethyl ether alone only achieved isomer ratios of ~80 %:20 %. The precipitated
crystals were separated from the liquid and then separate extractions were performed on
the salt (isolated crystals or solid from the filtrate once the solvent was removed under
reduced pressure), in diethyl ether (5 mL) with NaOHaq) (0.1 M, 2 x 5 mL) then H20 (5 mL),
were carried out to isolate the free amine. This allowed confirmation of the ratio of isomers
at each stage by chiral HPLC using method C. After a total of 78 recrystallisations, 1.04 g of
(S)-3,3-dimethyl-2-phenylbutan-1-amine (91 % ee), 041 g of (S)-3,3-dimethyl-2-
phenylbutan-1-amine (80 % ee)c and 0.71 g of (R)-3,3-dimethyl-2-phenylbutan-1-amine (72
% ee) were obtained. 1.43 g (4.35 mmol, ~65 %:35 %) of the salt was removed mid-way
through the recrystallisation procedure to allow for the synthesis of the racemic complex to
attempt arene exchange. After the base wash and extraction using diethyl ether (100 mL)
with NaOHzg) (0.1 M, 2 x 100 mL) then H20 (100 mL), the final yields of the amine were as
follows: 0.36 g (91 % ee), 0.15g (80 % ee) and 0.26 g (72 % ee). Clear single crystal needles
of the salt were grown in diethyl ether (20 mL). Unit cell: a =24.181(3) A, b = 6.3638(7) A, c =
25.641(3) A. a=90°, B =111.358(8)°, y = 90°. The ratio of isomers for this batch were found
to be 84 %:16 % by chiral HPLC using method C.

aThe yields represent multiple batches of 3,3-dimethyl-2-phenylbutan-1-amine combined.

206



Stephanie Shroot BSc Chemistry PhD thesis

bData for 'TH-NMR (DMSO, 400 MHz): & = 7.16-7.38 (m, 10H, Ha), 4.59 (s, 1H, He), 3.18-3.26
(m, 2H, Hp), 2.63-2.68 (m, 1H, Hg), 0.79 (s, 9H, Hc) ppm

°Two batches of recrystallisations were combined: 0.23 g of 7 %: 93 % and 0.18 g of 14 %:
86 %.

*On the basis of the chiral HPLC columns selectivity, it was suspected that the isomers of 9
were retained in the order (R) then (S). This was later confirmed by the results obtained
during the ATH experiments. For full explanation see section 2.4.3.2.

(R*-2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutan-1-amine (10a)

A solution of (R*)-3,3-dimethyl-2-phenylbutan-1-amine (260 mg, 1.47 mmol) in ethanol (10
mL) was added to liquid NH3 (50 mL) at -77 °C. Lithium wire (0.10 g, 14.70 mmol, 10 eq.)
was washed in hexane before addition in 0.5 g portions until a dark blue colour persisted.
The reaction was left to stand overnight to leave a white solid. H20 (50 mL) was added whilst
stirring at 0 °C and the pH was found to be ~10. The aqueous mixture was diluted with further
H20 (50 mL) then extracted with DCM (3 x 100 mL). The organic phases were combined,
dried with Na2SO4 and filtered. The solvent was removed under reduced pressure and the
product was dried further on a vacuum line as a yellow oil (0.14 g, 0.78 mmol, 53 %). 'H-
NMR (CDCls, 400 MHz): & = 5.64-5.70 (m, 2H, Ha1), 5.45-5.50 (m, 1H, Ha2), 2.53-2.81 (m,
5H, Hg + Hp), 1.50-1.73 (m, 2H, Hg), 1.02-1.05 (m, 2H, NH), 0.86-0.89 (m, 9H, Hf) ppm;
13C{'H}-NMR (CDCl3, 400 MHz): 6 = 134.5 (1C, Cc), 124.1 (1C, Ca1), 123.9 (1C, Ca1), 122.1
(Ca2), 60.7 (1C, Cg), 40.1 (1C, Cp), 33.2 (1C, Cg), 28.6 (3C, Cr), 26.6 (2C, Cs) ppm; HRMS
(ESI*): m/z found 180.1747 [M + H]*; C12H22N [M + H]* requires 180.1750; 10a (C12H21N;
179.3018 g/mol).
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(R*)-N-(2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutyl)-2-((4-
methylphenyl)sulfonamido)acetamide (11a)

L N
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(R¥)-2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutan-1-amine (0.13 g, 0.73 mmol) and TBTU
(0.26 g, 0.80 mmol, 1.10 eq.) were dissolved in a mixture of DMF (2 mL), DCM (3 mL) and
DIPEA (0.38 mL, 2.18 mmol, 3 eq.). The solution was left to stir for 5 minutes before (p-
toluenesulfonyl)glycine (0.18 g, 0.80 mmol, 1.10 eq.) was added and the resulting orange
suspension was left to stir overnight. Following this, the product solution was diluted with
DCM (100 mL) and extracted with sat. NH4Cl(aq) (3 x 50 mL). The organic layer was dried
with Na2SOs4 and filtered. The solvent was removed under reduced pressure to give an
orange oil with a white precipitate. The product was purified by column chromatography on
silica gel with a solvent system of DCM/MeOH (0-1 %) to obtain the desired product as a
white solid (0.19 g, 0.49 mmol, 67 %). "H-NMR (CDCls,400 MHz): & = 7.69-7.73 (m, 2H, Hx),
7.30 (d, 2H, J = 8.00 Hz, H), 6.15-6.20 (m, 1H, NH), 5.49-5.72 (m, 3H, Ha), 5.38 (br. s, 1H,
NH), 3.50-3.60 (m, 3H, Hi + Hg), 3.03-3.12 (m, 1H, Hp), 2.55-2.78 (m, 3H, Hg), 2.42 (s, 3H,
Hn), 1.77-2.12 (m, 2H, Hg + Hg), 0.90-0.92 (m, 9H, Hr) ppm; 13C{'H}-NMR (CDCls,400 MHz):
0 =167.9 (1C, Cy), 143.8 (1C, Cy), 136.0 (1C, Cw), 134.0 (1C, Cc), 129.8 (2C, Cv), 127.2
(2C, Ck), 124.2 + 124.1 (3C, Ca), 56.6 (1C, Cg), 45.8 (1C, C)), 38.1 (1C, Cp), 33.0 (1C, Ce),
28.7 (3C, Cf), 26.7 (2C, Cs), 21.5 (1C, Cn) ppm; HRMS (ESI*): m/z found 413.1868 [M +
Na]*; C21H30N2NaOsS [M + NaJ* requires 413.1869; 11a (C21H30N203S; 390.5395 g/mol).
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(R*)-N-(2-((2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutyl)amino)ethyl)-4-
methylbenzenesulfonamide (12a)

A

(R*)-N-(2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutyl)-2-(methylamino)acetamide (0.17 g,
0.44 mmol) was dissolved in anhydrous THF (25 mL) and added dropwise to a suspension
of LiAlH4 (0.04 g, 1.09 mmol, 2.50 eq.) in anhydrous THF (5 mL) under N2. The reaction was
heated at reflux overnight. The reaction was allowed to cool to room temperature, quenched
with NaHCO3 (20 mL), to give a biphasic mixture, which was then filtered. The sticky solid
left behind in the flask was washed with Et20 (40 mL). Et2O (50 mL) was added and the
organic solution was extracted with H2O (50 mL). The aqueous layer was washed with Et,0
(2 x 50 mL) and the organic layers combined, dried with Na2SOs, then filtered. The solvent
was removed under reduced pressure and the product was dried further on a vacuum line
to yield an orange oil (0.12 g, 0.32 mmol, 73 %). 'H-NMR (CDCls, 400 MHz): 6 = 7.69-7.79
(m, 2H, Hy), 7.27-7.29 (m, 2H, Hk), 5.38-5.70 (m, 3H, Ha), 2.91-2.95 (m, 1H, Hem), 2.40 (s,
3H, Hn), 2.38-2.86 (m, 7H, Hg + Hs + Hyx + Hi), 1.47-2.07 (m, 3H, Hg + Hp), 0.81-0.90 (m,
9H, Hr); 3C{'"H}-NMR (CDCls,400 MHz): 5 = 143.3 (1C, Cwu), 136.8 (1C, Cy), 134.9 (1C, Cc),
129.7 (2C, Cv), 127.2 (2C, Ck), 124.4 x 2 (3C, Ca), 47.8 (1C, Cem), 47.2 (1C, Capm), 42.2
(1C, Camn), 33.0 (1C, Cg), 30.4 (1C, Cp), 28.8 (3C, Cr), 26.8 (2C, Cg), 21.6 (1C, Cn) ppm;
HRMS (ESI*): m/z found 377.2265 [M + H]*; C21H33N20.S [M + H]* requires 377.2257; 12a
(C21H32N20:2S; 376.5560 g/mol).
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[Ru(n®-(R*)-N-(2-((2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutyl)amino)ethyl)-4-
methylbenzenesulfonamide)Cl.]..2HCI (13a)

RuClsxH20 (16.59 mg, 0.08 mmol, 0.25 eq.) in ethanol (4 mL) was heated at reflux for three
hours. Separately, HClag) (12 M, 50.41 L, 0.61 mmol, 2 eq.) was added to the (R*)-N-(2-
((2-(cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutyl)amino)ethyl)-4-methylbenzenesulfonamide
(0.12 g, 0.31 mmol, 1 eq.) dissolved in ethanol (2 mL). The solution was stirred for 5-10
minutes, then added to the RuClsxH20 in ethanol. The reaction was heated at reflux
overnight to give a brown solution. Analysis by 'H-NMR confirmed that excess diene
remained, therefore additional RuClaxH20 (16.59 mg, 0.08 mmol, 0.25 eq.) was added. The
reaction was heated at reflux for six hours, then allowed to cool to room temperature. The
solution was concentrated to a volume of ~2 mL and left in the fridge (5 °C) overnight to
precipitate. The brown solid was separated from the supernatant by centrifugation (10,000
rpm for 5 minutes) to isolate the product (35.00 mg, 0.03 mmol, 39 %). Note: Number of
moles and % yields were calculated assuming zero equivalents of H20 for RuClaxH20 as
the extent of hydration was not calculated. Due to the low quantity of solid obtained, and the
difficulty in separating the product from excess ligand used in the reaction, the product was
taken forward and used directly in the next step of the synthesis without further purification
or full characterisation. 13a (C42Hs2CleN4O4Ru2S2; 1165.95 g/mol).
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Final complex (14a)

= X

[Ru(n®-(R*)-N-(2-((2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutyl)amino)ethyl)-4-
methylbenzenesulfonamide)Clo]2.2HCI (0.03 g, 0.03 mmol, 1 eq.) was suspended in DCM (5
mL) then DIPEA (0.04 mmol, 6.72 uL, 1.50 eq.) was added and the suspension was stirred
under N2. After one hour, the solution was purified through a pipette column containing silica
gel using a solvent system of DCM/MeOH (0-1 % MeOH). The solvent was removed under
reduced pressure and the product was dried further on a vacuum line as a brown oil (6.10
mg, 0.01 mmol, 17 %). 'H-NMR (CDCl3,400 MHz): 6 = 7.71-7.75 (m, 4H, Hp), 7.14-7.16 (m,
4H, Hc), 6.67 (t, 1.50H, J = 5.61 Hz, Hw), 6.38 (t, 1H, J = 5.49 Hz, Hw), 5.65-5.73 (m, 3.50H,
Hw), 5.32-5.43 (m, 1H, Hu), 5.15 (t, 1.50H, J = 5.49 Hz, Hu), 5.00-5.01 (m, 1H, Hw), 4.93 (d,
0.5H, J = 5.49 Hz, Hw), 3.97-4.01 (m, 2H, 2 x NH), 2.60-3.67 (m, 14H, Hr + Hg + Hu + H)),
2.33 (s, 6H, Ha), 1.15 (s, 18H, Hk) ppm. Note: 'H-NMR assigned to show the 2
diastereoisomers present in the sample, however, the signals overlap directly due to identical
properties. DIPEA was heavily contaminating the catalyst, therefore poor spectra were
acquired. Broad peaks made the spectrum challenging to determine. Only some distinct
environments were observed with vague integration obtained, therefore the assignments
were made based on the other catalysts within this family (especially by comparison to the
opposite catalyst enantiomer and racemic analogue); *C{'H}-NMR (CDCls, 400 MHz): & =
129.8 (Cc), 127.6 (Cp), 92.4 (Cw), 81.4 (Cw), 77.6 (Cwm), 77.5 (Cw), 77.2 (Cw), 76.0 (Cwn), 72.8
(Cm), 68.3 (Cwm), 57.3 (Criamn), 51.7 (Criamn), 42.3 (Cricimn), 41.9 (Cricmn), 30.0 (Crramn), 28.1
(Ck), 21.7 (Ca) ppm. Note: Assignments obtained from DEPTq experiment, hence no
quaternary carbons observed. Only one diastereoisomer observed, however this could have
been due to the dilute concentration, HRMS (ESI*) m/z found 475.0998 [M - CIJ*;
Ca1H20N202RuS [M - CIJ* requires 475.0993; 14a (C21H29CIN2O2RuS; 510.0552 g/mol).
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(S*)-2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutan-1-amine (10b)

M Im

A solution of (S*)-3,3-dimethyl-2-phenylbutan-1-amine (360 mg, 2.03 mmol) in ethanol (10
mL) was added to liquid NH3 (50 mL) at -77 °C. Lithium wire (0.10 g, 14.70 mmol, 10 eq.)
was washed in hexane before addition in 0.5 g portions until a dark blue colour persisted.
The reaction was left to stand overnight to leave a white solid. H20 (50 mL) was added whilst
stirring at 0 °C and the pH was found to be ~10. The aqueous mixture was diluted with further
H20 (50 mL) then extracted with DCM (3 x 100 mL). The organic phases were combined,
dried with NaSO4 and filtered. The solvent was removed under reduced pressure and the
product was dried further on a vacuum line to yield the amine as a yellow oil (0.17 g, 0.95
mmol, 47 %). TH-NMR (CDCls,400 MHz): 6 = 5.65-5.71 (m, 2H, Ha1), 5.46-5.50 (m, 1H, Ha2),
2.54-2.82 (m, 5H, Hg + Hp), 1.50-1.74 (m, 2H, Hg), 1.08 (br. s, 2H, NH), 0.87-0.90 (m, 9H,
Hr) ppm; 3C{'H}-NMR (CDCl3, 400 MHz): 6 = 134.6 (1C, Cc), 124.2-124.5 (3C, Ca), 60.6
(1C, Cg), 40.2 (1C, Cp), 33.2 (1C, Ck), 28.9 (3C, Cr), 26.9 (2C, Cg) ppm; HRMS (ESI*): m/z
found 180.1747 [M + HJ]*; C12H2N [M + HJ* requires 180.1742; 10b (C12H21N; 179.3018
g/mol).

(§%-N-(2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutyl)-2-((4-
methylphenyl)sulfonamido)acetamide (11b)
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(S*)-2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutan-1-amine (0.16 g, 0.89 mmol) and TBTU
(0.32 g, 0.98 mmol, 1.10 eq.) were dissolved in a mixture of DMF (2 mL), DCM (3 mL) and
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DIPEA (0.47 mL, 2.68 mmol, 3 eq.). The solution was left to stir for five minutes before (p-
toluenesulfonyl)glycine (0.23 g, 0.98 mmol, 1.10 eq.) was added and the resulting orange
suspension was left to stir overnight. Following this, the product solution was diluted with
DCM (100 mL) and extracted with sat. NH4Cliaq) (3 x 50 mL). The organic layer was dried
with Na2SO; and filtered. The solvent was removed under reduced pressure to give a yellow
oil with a white precipitate. The product was purified by column chromatography on silica gel
with a solvent system of DCM/MeOH (0-1 %) to obtain the desired product as a white solid
(0.22 g, 0.56 mmol, 63 %). "H-NMR (CDCls, 400 MHz): 6 = 7.68-7.71 (m, 2H, Hk), 7.28 (d,
2H, J = 8.02 Hz, Hy), 6.24-6.29 (m, 1H, NH-CO), 5.47-5.69 (m, 3H, Ha), 3.48-3.57 (m, 3H,
He + Hi), 3.02-3.11 (m, 1H, Hp), 2.54-2.75 (m, 3H, Hg), 2.40 (s, 3H, Hn), 1.76-2.08 (m, 2H,
Hs + Hg), 0.89-0.91 (m, 9H, Hr) ppm; 3C{'H}-NMR (CDCl3, 400 MHz): & = 167.8 (1C, Cn),
144.0 (1C, Cy), 135.9 (1C, Cw), 134.1 (1C, Cc), 129.9 (2C, Cv), 127.3 (2C, Ck), 124.1 + 124.3
(3C, Cn), 56.7 (1C, Cs), 45.8 (1C, C)), 38.1 (1C, Cp), 33.1 (1C, Cg), 28.7 (3C, Cr), 26.8 (2C,
Csg), 21.6 (1C, Cn) ppm; HRMS (ESI*): m/z found 391.2053 [M + HJ*; C21H31N203S [M + H]*
requires 391.2050; 11b (C21H30N203S; 390.5395 g/mol).

(§*-N-(2-((2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutyl)amino)ethyl)-4-
methylbenzenesulfonamide (12b)

A

(S*)-N-(2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutyl)-2-(methylamino)acetamide (0.22 g,
0.56 mmol) was dissolved in anhydrous THF (15 mL) and added dropwise to a suspension
of LiAlH4 (0.05 g, 1.41 mmol, 2.50 eq.) in anhydrous THF (5 mL) under N2. The reaction was
heated at relux overnight. The reaction was allowed to cool to room temperature, quenched
with NaHCO3 (20 mL), to give a biphasic mixture, which was then filtered. The sticky solid
was washed with Et20 (200 mL). Et20 (200 mL) was added and the organic solution was
extracted with H20 (50 mL). The aqueous layer was washed with Et20 (2 x 30 mL) and the
organic layers combined, dried with Na2SOs, then filtered. The solvent was removed under
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reduced pressure and the product was dried further on a vacuum line to yield a yellow oil
(0.20 g, 0.53 mmol, 95 %). H-NMR (CDCls, 400 MHz): & = 7.67-7.78 (m, 2H, Hy), 7.24-7.28
(m, 2H, Hk), 5.39-5.69 (m, 3H, Ha), 2.91-2.94 (m, 1H, Hemn), 2.43 (s, 3H, Hn), 2.39-3.12 (m,
7H, Hs + Hg + Hy + H)), 1.47-2.01 (m, 3H, Hg + Hb), 0.80-0.91 (m, 9H, He); 3C{'H}-NMR
(CDCls,400 MHz): & = 143.3 (1C, Cw), 136.8 (1C, Cy), 134.8 (1C, Cc), 129.7 (2C, Cr), 127.1
(2C, Ck), 124.3 + 124.4 (3C, Ca), 47.8 (1C, Cemn), 47.2 (1C, Camn), 42.2 (1C, Comn), 33.0
(1C, Cg), 30.4 (1C, Cp), 28.8 (3C, Cr), 26.8 (2C, Cg), 21.5 (1C, Cn) ppm; HRMS (ESI*): m/z
found 377.2260 [M + HJ*; C21H33N202S [M + HJ* requires 377.2257; 12b (C21H32N20-S;
376.5560 g/mol).

[Ru(ns-(S*)-N-(2-((2-(Cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutyl)amino)ethyl)-4-
methylbenzenesulfonamide)Cl2]2.2HCI (13b)

RuClsxH20 (26.97 mg, 0.13 mmol, 0.25 eq.), HCl(aq) (12 M, 84.30 pL, 1.02 mmol, 2 eq.) and
ethanol (1 mL) were added to the (S¥-N-(2-((2-(cyclohexa-1,4-dien-1-yl)-3,3-
dimethylbutyl)amino)ethyl)-4-methylbenzenesulfonamide (0.20 g, 0.51 mmol, 1 eq.). The
reaction was heated at reflux overnight. The solution was pipetted into Et2O (10 mL) and left
in the fridge (5 °C) for two hours to precipitate. The light brown solid was separated from the
supernatant by centrifugation (10,000 rpm for 5 minutes). Analysis by 'H-NMR confirmed
excess diene remained, therefore additional RuClsxH20 (26.97 mg, 0.13 mmol, 0.25 eq.)
was added. The reaction was heated at 70 °C overnight, then allowed to cool to room
temperature. The solution was pipetted into Et20 (10 mL) and left in the fridge (5 °C) for two
hours to precipitate. The brown solid was separated from the supernatant by centrifugation
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(10,000 rpm for five minutes) and combined with the earlier crop (24.10 mg, 0.02 mmol, 16
%). Note: Number of moles and % yields were calculated assuming zero equivalents of H,O
for RuCl3xH20 as the extent of hydration was not calculated. Due to the low quantity of solid
obtained, and the difficulty in separating the product from excess ligand used in the reaction,
the product was taken forward and used directly in the next step of the synthesis without
further purification or full characterisation. 13b (Ca2Hs2ClsN2sO4Ru2S2; 1165.95 g/mol).

Final complex (14b)

[Ru(ns-(S*)-N-(2-((2-(cyclohexa-1,4-dien-1-yl)-3,3-dimethylbutyl)amino)ethyl)-4-

methylbenzenesulfonamide)Clo]2.2HCI (24.10 mg, 0.02 mmol, 1 eq.) was suspended in DCM
(5 mL) then DIPEA (0.04 mmol, 7.19 uL, 2 eq.) was added and the suspension was stirred
under N2. After 20 minutes, the solution was purified through a pipette column containing
silica gel using a solvent system of DCM/MeOH (0-1 % MeOH). The solvent was removed
under reduced pressure and the product was dried further on a vacuum line as a brown oil
(15.60 mg, 0.03 mmol, 76 %). "H-NMR (CDCls, 400 MHz): & = 7.71-7.76 (m, 4H, Hp), 7.15-
7.16 (m, 4H, Hc), 6.67 (br. s, 1H, Hw), 6.38 (br. s, 1H, Hu), 5.67-5.88 (m, 1H, Hw), 5.37-5.41
(m, 1.50H, Hw), 5.14 (br. s, 1H, Hw), 4.92-5.01 (m, 1.50H, Hw), 3.97-4.00 (m, 2H, 2 x NH),
2.40-3.55 (m, 14H, Hr + Hg + Hy + H)), 2.33 (s, 6H, Ha), 1.14 (s, 18H, Hk) ppm. Note: 'H-
NMR assigned to show the two diastereoisomers present in the sample, however, the signals
overlap directly due to identical properties. Broad peaks made the spectrum challenging to
determine, therefore the assignments were made based on the other catalysts within this
family; 3C{'"H}-NMR (CDCls, 400 MHz): & = 140.8 (1C, Ck), 140.7 (1C, Cg), 140.4 (1C, Cg),
140.3 (1C, Cg), 128.9 (2C, Cc), 128.8 (2C, Cc), 127.5 (2C, Cp), 127.4 (2C, Cp), 102.0 (1C,
Cv), 101.5 (1C, Cv), 94.6 (1C, Cw), 94.5 (1C, Cw), 93.1 (1C, Cw), 92.2 (1C, Cw), 81.1 (1C,
Cw), 77.4 (1C, Cw), 77.2 (1C, Cw), 75.8 (1C, Cw), 73.4 (1C, Cw), 72.7 (1C, Cw), 63.3 (1C,
Cn),61.4 (1C, C1),61.2 (1C, Cn), 58.4 (1C, Cy), 57.0 (1C, C)), 56.0 (1C, Crss), 51.5 (1C, Cria),
49.7 (1C, Cris), 33.3 (2C, Cy), 28.9 (2C, Ck), 28.7 (2C, Ck), 28.2 (2C, Ck), 21.7 (1C, Ca),
21.5 (1C, Ca) ppm. Note: 3C-NMR showed two diastereoisomers were present, plus excess
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ligand was observed in the spectrum; HRMS (ESI*) m/z found 475.1001 [M - CIJ*;
C21H29N202RuS [M - CIJ* requires 475.0993; 14b (C21H29CIN202RuUS; 510.0552 g/mol).

Final complex (14)

Brown oil (5 mg, 9.80 x 103 mmol) synthesised by Dr Murray’s research group. 'H-NMR
(CDCls, 400 MHz): & = 7.71-7.76 (m, 4H, Hp), 7.14-7.16 (m, 4H, Hc), 6.67 (t, 1H, J = 5.61
Hz, Hw), 6.38 (t, 1H, J = 5.15 Hz, Hu), 5.66-5.74 (m, 4H, Hu), 5.35-5.43 (m, 1.50H, Hu), 4.92-
5.15 (m, 3.50H, Hw), 2.25-4.36 (m, 12H*, He + Ho + Hy + Hi), 2.33 (s, 6H, Ha), 1.14 (s, 18H,
Hk) ppm. Note: "H-NMR assigned to show the 2 diasterecisomers present in the sample,
however, the signals overlap directly due to identical properties. Broad peaks made the
spectrum challenging to determine, therefore the assignments were made based on the
other catalysts within this family; 13C{'H}-NMR (CDCls, 400 MHz): 6 = 140.8 (2C, Ck), 140.3
(2C, Cg), 129.0 (4C, Cc), 127.3 (4C, Cp), 101.2 (2C, Cv), 94.7 (1C, Cu), 94.5 (1C, Cw), 93.0
(1C, Cw), 92.2 (1C, Cw), 81.2 (1C, Cw), 77.4 (1C, Cu), 77.3 (1C, Cw), 75.8 (1C, Cu), 73.4
(1C, Cwm), 72.7 (1C, Cw), 63.2 (2C, Ch), 61.5 (2C, C)), 57.1 (2C, Crsc), 51.5 (2C, Crss), 33.4
(2C, Cy), 28.6 (6C, Ck), 21.6 (2C, Ca) ppm. Note: peaks found based on previous
assignments by other catalysts within this family that had provided more concentrated
samples with cleaner spectra. Only one diasterecisomer observed, however this could have
been due to the dilute concentration; HRMS (ESI*) m/z found 475.0992 M - CIJ*;
Ca1H20N202RuS [M - CIJ* requires 475.0993; 14 (C21H29CIN202RuS; 510.0552 g/mol).

*Should integrate to 14H.
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3-(Cyclohexa-1,4-dien-1-yl)butanoic acid (15)

los]

>

A solution of 3-phenylbutyric acid (5.00 g, 30.45 mmol, 1 eq.) in ethanol (200 mL) was added
to liquid NH3 (400 mL) at -77 °C. Lithium wire (4.10 g, 0.59 mol, 19 eq.) was washed in
hexane before addition in 0.50 g portions until a dark blue colour persisted. The reaction was
left to stand overnight to leave a white solid. H20 (500 mL) was added whilst stirring at 0 °C,
followed by addition of HCl(ag) (12 M, 100 mL) to acidify the solution. The cloudy suspension
was extracted with Et20 (3 x 100 mL) and the organic layers combined. After drying with
Na>SOy4, the solution was filtered and the solvent removed under reduced pressure to yield
the acid as a colourless oil (4.28 g, 25.75 mmol, 84 %). 'H-NMR (CDCls,400 MHz): 6 = 5.65-
5.75 (m, 2H, Ha1), 5.50-5.50 (m, 1H, Ha2), 2.55-2.71 (m, 5H, Hg + Hp), 2.48-2.54 (m, 1H, Hf),
2.28-2.34 (m, 1H, He), 1.10 (d, 3H, J = 6.88 Hz, He) ppm; "*C{'H}-NMR (CDCl3, 400 MHz):
0=179.4 (1C, Cg), 137.8 (1C, Cc), 124.3 (1C, Ca1), 124.3 (1C, Ca1), 118.3 (1C, Ca2), 40.5
(1C, Cf), 37.4 (1C, Cp), 26.8 (1C, Cg), 26.5 (1C, Cs), 19.2 (1C, Cg) ppm; HRMS (ESI) m/z
found 163.0769 [M - 3H]; C1oH1102 [M - 3H] requires 163.0765; 15 (C10H1402; 166.2170
g/mol). This piece of MS data was unexpected and not in agreement with other data found
for the compound. The data suggests re-aromatisation of the ring but this piece of evidence
was an outlier as the Birch reduced ring was confirmed in the subsequent steps of this

reaction pathway.

3-(Cyclohexa-1,4-dien-1-yl)-N-(2-((4-methylphenyl)sulfonamido)ethyl)butanamide (16)

3-(Cyclohexa-1,4-dien-1-yl)butanoic acid (2.00 g, 12.03 mmol, 1 eq.), HOBt.xH20 (1.62 g,
12.03 mmol, 1 eq.) and TBTU (4.62 g, 14.44 mmol, 1.20 eq.) were dissolved in DMF (20
mL), DCM (20 mL) and DIPEA (4.18 mL, 24.06 mmol, 2 eq.). The solution was left to stir for
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5 minutes before N-(2-aminoethyl)-4-methylbenzenesulfonamide (2.61 g, 12.03 mmol, 1 eq.)
was added and the resulting yellow solution was left to stir overnight at room temperature.
The solution was pipetted into HCliag) (1 M, 100 mL) and extracted with DCM (2 x 50 mL).
The organic layers were combined, dried with Na.SO4 and filtered. The solvent was removed
under reduced pressure. The product was redissolved in Et.0 (150 mL) and the organic
layer washed with H20 (5 x 50 mL) to remove residual DMF. The organic layer was dried
with Na»SOs4 and filtered. The solvent was removed under reduced pressure to yield an
orange oil and the crude product was purified by column chromatography on silica gel with
a solvent system of DCM/MeOH (0-3.50 %) to obtain the desired product as a white solid
(3.11 g, 8.58 mmol, 72 %). 'H-NMR (CDCls, 400 MHz): & = 7.68-7.74 (m, 2H, Hk), 7.27-7.32
(m, 2H, Hy), 6.27-6.39 (m, 1H, NH-C=0), 5.66-5.80 (m, 2H, Ha1), 5.43-5.47 (m, 1H, Ha2),
5.53-5.57 (m, 1H, NH-SO), 3.22-3.41 (m, 2H, Hy), 3.01-3.05 (m, 2H, Hy), 2.52-2.69 (m, 5H,
Hs + Hb), 2.42 (s, 3H, Hn), 2.26-2.34 (m, 1H, Hr), 2.05-2.15 (m, 1H, Hr), 0.98-1.06 (m, 3H,
He) ppm; 3C{'"H}-NMR (CDCls, 400 MHz): 6 = 173.4 (1C, Cg), 143.6 (1C, Cy), 138.1 (1C,
Cc), 136.8 (1C, Cu), 129.9 (2C, Cv), 127.0 (2C, Ck), 124.3 (2C, Ca1), 118.4 (1C, Ca2), 43.3
(1C, Cg), 42.3 (1C, Cf), 39.3 (1C, Cy), 37.8 (1C, Cp), 26.7 (1C, Cg), 26.3 (1C, Cs), 21.6 (1C,
Cn), 19.0 (1C, Ce) ppm; HRMS (ESI*): m/z found 385.1556 [M + Na]*; C1gH2oN2NaO.S [M +
Na]* requires 385.1560; 16 (C19H26N203S; 362.4863 g/mol).

N-(2-((3-(Cyclohexa-1,4-dien-1-yl)butyl)amino)ethyl)-4-methylbenzenesulfonamide
(17)

3-(Cyclohexa-1,4-dien-1-yl)-N-(2-((4-methylphenyl)sulfonamido)ethyl)butanamide (3.09 g,
8.52 mmol, 1 eq.) was dissolved in anhydrous THF (120 mL) and added dropwise to a
suspension of LiAlH4 (0.81 g, 21.31 mmol, 2.50 eq.) in anhydrous THF (30 mL) under N at
0 °C. The reaction was heated at reflux overnight. The reaction was allowed to cool to room
temperature, quenched with NaHCO3(q) (50 mL), to give a biphasic mixture, which was
filtered. The sticky residue was washed with Et,O (100 mL). Et20 (200 mL) was added and
the organic solution was extracted with H2O (50 mL). The aqueous layer was then washed
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with Et20 (2 x 30 mL). The organic layers were combined, dried with Na,SO4 and filtered.
The solvent was removed under reduced pressure and the product was dried further on a
vacuum line to yield a yellow oil (2.69 g, 7.72 mmol, 91 %). 'H-NMR (CDCl3, 400 MHz): & =
7.74 (d, 2 H, J=8.02 Hz, Hk), 7.29 (d, 2H, J = 8.25 Hz, H.), 5.66-5.72 (m, 2H, Ha1), 5.39 (s,
1H, Ha), 2.94-2.97 (m, 2H, H)), 2.62-2.68 (m, 4H, Hg + Hy), 2.46-2.56 (m, 2H, Hg), 2.41 (m,
3H, Hn), 2.37-2.41 (m, 2H, Hg), 2.03-2.12 (m, 1H, Hb), 1.30-1.52 (m, 2H, H¢), 0.97 (d, 3H, J
= 6.88 Hz, He) ppm; "3C{'H}-NMR (CDCl3, 400 MHz): & = 143.4 (1C, Cy), 138.7 (1C, Cc),
137.0 (1C, Cwu), 129.8 (2C, Cv), 127.2 (2C, Ck), 124.5 (1C, Ca1), 124.4 (1C, Ca1), 118.3 (1C,
Ca2), 48.1 (1C, Cn), 47.6 (1C, Cg), 42.5 (1C, Cy), 39.1 (1C, Cp), 34.9 (1C, C¢), 26.8 (1C, Ca),
25.5 (1C, Cg), 21.6 (1C, Cn), 19.7 (1C, Cg) ppm; HRMS (ESI*): m/z found 349.1944 [M +
HI*; C19H20N202S [M + H]* requires 349.1947; 17 (C19H28N202S; 348.5028 g/mol).

[Ru(ns-N-(2-((3-(cyclohexa-1,4-dien-1-yl)butyl)amino)ethyl)-4-
methylbenzenesulfonamide)Cl2]2.2HCI (18)

2

le—

o

HClag) (12 M, 1.19 mL, 14.34 mmol, 2 eq.) was added to N-(2-((3-(Cyclohexa-1,4-dien-1-
yl)butyl)amino)ethyl)-4-methylbenzenesulfonamide (2.50 g, 7.17 mmol, 1 eq.) dissolved in
ethanol (60 mL). The solution was stirred for 5-10 minutes then RuClaxH20 (0.37 g, 1.79
mmol, 0.25 eq.) was added to the stirring solution. The reaction was heated at reflux
overnight. Additional RuClaxH20 (0.37 g, 1.79 mmol, 0.25 eq.) was added and the reaction
was heated at reflux overnight again. The reaction was allowed to cool to room temperature.
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Et,0 (5 mL) was added and the mixture was left in the freezer (-18 °C) for two hours to allow
for precipitation. Centrifugation for 5 minutes at 10,000 rpm allowed the solid to be separated
from the supernatant. The product was dried on a vacuum line as a light brown/orange solid
(0.87 g, 0.79 mmol, 44 %). Note: Number of moles and % yields were calculated assuming
zero equivalents of H20 for RuClsxH20 as the extent of hydration was not calculated. 'H-
NMR (DMSO, 400 MHz): & = 8.68 (br. s, 4H, 2 x NH2Cl), 7.90 (m, 2H, 2 x NH), 7.68-7.72 (m,
4H, Hy), 7.42-7.44 (m, 4H, Hk), 7.14-7.33 (starting ligand), 5.19-6.45 (m, 9H*, Ha), 2.74-3.00
(m, 18H, Hc + He + Hr + He + Hy), 2.40 (s, 6H, Hu), 1.19-1.27 (m, 6H, Hp) ppm; 13C{'H}-
NMR (DMSO, 400 MHz): & = 143.2 (2C, Cy), 136.6 (2C, Cv), 129.9 (4C, Ck), 126.7 (4C, Cy),
109.0 (2C, Cag), 86.9 (2C, Ca), 86.6 (2C, Ca), 86.2 (2C, Ca), 85.4 (2C, Ca), 85.1 (2C, Ca),
46.2 (2C, Cg), 45.5 (2C, Cr), 44.9 (2C, Ch), 38.8 (2C, Cg), 33.3 (2C, Cc), 21.0 (2C, Cn), 18.6
(2C, Cp) ppm; 18 (CasHs4ClgN4O4Ru2S2; 1109.8478 g/mol).

*Peaks only integrated to 9H but represent ten arene protons.

Final complex (19)

[Ru(ns-N-(2-((3-(cyclohexa-1,4-dien-1-yl)butyl)amino)ethyl)-4-

methylbenzenesulfonamide)Cl2]22HCI (0.50 g, 0.45 mmol, 1 eq.) was suspended in DCM
(15 mL) then DIPEA (86.30 uL, 0.50 mmol, 1 eq.) was added and the suspension was left
to stir under N2. After 20 minutes, a sample was removed and analysed by 'H-NMR to
confirm an incomplete reaction. Additional DIPEA (86.30 pL, 0.50 mmol, 1 eq.) was added
and left to stir for another 20 minutes. '"H-NMR confirmed completion of the reaction. The
product was purified by a plug of silica with a solvent system of DCM/MeOH (1 % MeOH).
The product fractions, which were intensely yellow in colour, were combined. The solvent
was removed under reduced pressure and the product was dried on a vacuum line as a light
brown solid (0.27 g, 0.56 mmol, 62 %). "H-NMR (CDCl3, 400 MHz): & = 7.73 (t, 4H, J = 7.68
Hz, Hp), 7.14-7.17 (m, 4H, Hc), 6.58 (t, 1H, J = 5.62 Hz, Hw), 6.27 (t, 1H, J = 5.39 Hz, Hw),
6.00 (t, 1H, J = 5.62 Hz, Hu), 5.82-5.91 (m, 3H, Hw), 5.11 (d, 1H, J = 5.73 Hz, Hu), 4.97 (d,
1H, J=5.73 Hz, Hu), 4.92 (d, 2H, J = 5.73 Hz, Hu), 3.74-3.92 (m, 2H, 2 x NH), 3.16-3.41 (m,
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2H, Hw), 3.00-3.08 (m, 3H, Hx + Hrss), 2.36-2.74 (m, 8H, Hy + Hr + Hg), 2.33-2.34 (m, 6H,
Ha), 1.84-2.29 (m, 5H, H, + Hr + Hg), 1.39 (dd, 6H, J = 7.11 Hz, 2.52 Hz, Hk) ppm. Note: 'H-
NMR assigned to show the 2 diasterecisomers present in the sample, however, the signals
overlap directly due to identical properties; 1*C{'H}-NMR (CDCls, 400 MHz): 6 = 140.6 (2C,
Ce), 140.4 (2C, Cs), 128.9 (1C, Cc), 128.8 (1C, Cc), 127.6 (1C, Cp), 127.4 (1C, Cp), 103.4
(1C, Cv), 103.3 (1C, Cy), 94.0 (1C, Cw), 93.7 (1C, Cw), 92.4 (1C, Cw), 90.1 (1C, Cw), 79.6
(1C, Cw), 77.5 (1C, Cw), 77.43 (1C, Cu), 75.1 (1C, Cw), 75.0 (1C, Cw), 68.6 (1C, Cw), 58.4
(1C, Crig), 57.1 (1C, Cric), 53.8 (1C, Ch), 51.7 (1C, Cn), 47.9 (1C, Cris), 47.7 (1C, Crg),
38.5 (1C, Cy), 36.0 (1C, Cy), 35.7 (1C, Cy), 34.7 (1C, C)), 21.6 (2C, Ca), 20.6 (1C, Ck), 20.5
(1C, Ck) ppm; HRMS (ESI*) m/z found 447.0686 [M - CI]*; C19H25N202RuS [M - CIJ* requires
447.0679; 19 (C19H25CIN202RuUS; 482.0020 g/mol); Found (%): C, 46.66; H, 4.92; N, 5.68.
Expected (%): C, 47.34; H, 5.23; N, 5.81 (analysis performed without the addition of V20s);
Unit cell: a = 10.6086(15) A, b = 17.320(4) A, ¢ = 21.602(4) A. a = 90°, B = 90°, y = 90°.

(S)-3-(Cyclohexa-1,4-dien-1-yl)butan-1-amine (20)

A solution of (S)-3-phenylbutan-1-amine (0.60 g, 4.02 mmol, 1 eq.) in ethanol (60 mL) was
added to liquid NH3 (170 mL) at -77 °C. Lithium wire (0.20 g, 28.00 mmol, 7 eq.) was washed
in hexane before addition in 0.5 g portions until a dark blue colour persisted. The reaction
was left to stand overnightto leave a white solid. H2O (100 mL) was added whilst stirring at
0 °C and the pH was found to be ~10. The aqueous mixture was washed with DCM (3 x 100
mL) and the organic layers combined. After drying with Na2SO4, the solution was filtered and
the solvent was removed under reduced pressure. The product was dried further on a
vacuum line to yield the amine as a yellow oil (0.48 g, 3.17 mmol, 79 %). 'H-NMR (CDCls,
400 MHz): & = 5.63-5.72 (m, 2H, Ha1), 5.37-5.44 (m, 1H, Haz), 2.46-2.68 (m, 6H, Hs + Hg),
2.11-2.19 (m, 1H, Hp), 1.61 (br. s, 2H, NH2), 1.35-1.57 (m, 4H, Hr), 0.97 (d, 3H, J = 6.86 Hz,
He) ppm; 13C{'H}-NMR (CDCls, 400 MHz): 6 = 138.8 (1C, Cc), 124.4 (2C, Ca1), 118.1 (1C,
Ca2), 40.5 (1C, Cg), 38.8 (1C, Cp), 38.7 (1C, Cr), 26.8 (1C, Cs), 25.5 (1C, Cs), 19.6 (1C, Cg)
ppm; HRMS (ESI*): m/z found 152.1436 [M + H]*; C1oH1gN [M + HJ* requires 152.1434; 20
(C1oH17N; 151.2487 g/mol).
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(S)-N-(3-(Cyclohexa-1,4-dien-1-yl)butyl)-2-((4-methylphenyl)sulfonamido)acetamide
(21)

To a solution of (p-Toluenesulfonyl)glycine (0.44 g, 1.91 mmol, 1 eq.) in DMF (4 mL) was
added TBTU (0.61 g, 1.91 mmol, 1 eq.) and DIPEA (1.00 mL, 5.73 mmol, 3 eq.). The solution
was left to stir for 5 minutes before (S)-3-(cyclohexa-1,4-dien-1-yl)butan-1-amine (0.29 g,
1.91 mmol, 1 eq.) as a solution in DCM (6 mL) was added. The resulting orange suspension
was left to stir overnight. Following this, the product solution was diluted with DCM (100 mL)
and extracted with sat. NH4Cl(ag) (3 x 50 mL). The organic layer was dried with Na,SO4 and
filtered. The solvent was removed under reduced pressure. The product was purified by
column chromatography on silica gel with a solvent system of DCM/MeOH (0-1 %) to obtain
the product as a yellow oil (0.45 g, 1.24 mmol, 65 %). 'H-NMR (CDCls, 400 MHz): & = 7.69-
7.73 (m, 2H, Hk), 7.28-7.31 (m, 2H, Hy), 6.52 (t, 1H, J = 5.72 Hz, NH), 5.66-5.72 (m, 2H,
Ha1), 5.44-5.46 (m, 1H, Ha2), 3.52 (s, 2H, H)), 3.04-3.21 (m, 2H, Hg), 2.40-2.73 (m, 4H, Hs),
2.41 (s, 3H, Hn), 2.07-2.16 (m, 1H, Hp), 1.38-1.61 (m, 2H, Hf), 0.99 (d, 3H, J = 6.86 Hz, HE)
ppm; 18C{'H}-NMR (CDCl3, 400 MHz): 6 = 167.9 (1C, Cu), 144.2 (1C, C,), 138.2 (1C, Cq),
135.8 (1C, Cw), 130.1 (2C, Cv), 127.3 (2C, Ck), 124.7 (1C, Ca1), 124.4 (1C, Car), 118.9 (1C,
Ca2), 46.0 (1C, C)), 39.3 (1C, Cp), 38.4 (1C, Cs), 33.8 (1C, Cr), 26.8 (1C, Cs), 25.3 (1C, Ca),
21.7 (1C, Cn), 19.6 (1C, Cg) ppm; HRMS (ESI*): m/z found 363.1732 [M + HJ*; C19H27N203S
[M + H]* requires 363.1737; 21 (C19H26N203S; 362.4863 g/mol).
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(S)-N-(2-((3-(Cyclohexa-1,4-dien-1-yl)butyl)amino)ethyl)-4-
methylbenzenesulfonamide (17a)

(S)-N-(3-(Cyclohexa-1,4-dien-1-yl)butyl)-2-((4-methylphenyl)sulfonamido)acetamide  (0.45
g, 1.24 mmol, 1 eq.) was dissolved in anhydrous THF (25 mL) and added dropwise to a
suspension of LiAlH4 (0.12 g, 3.10 mmol, 2.50 eq.) in anhydrous THF (5 mL) under N2. The
reaction was stirred at room temperature for 96 hours. The reaction was cooled to 0 °C and
quenched with NaHCO3(aq) (50 mL), to give a biphasic mixture, which was filtered. The sticky
grey solid was washed with Et2O (50 mL). Et.0 (50 mL) was added and the organic solution
was extracted with H2O (50 mL). The aqueous layer was washed with Et2O (2 x 30 mL). The
organic layers were combined, dried with Na2SO4 and filtered. The solvent was removed
under reduced pressure. The crude product was purified by column chromatography on silica
gel, eluting with DCM to obtain the product as a yellow oil (0.08 g, 0.23 mmol, 19 %). 'H-
NMR (CDCls, 400 MHz): & = 7.64-7.68 (m, 2H, Hk), 7.18-7.23 (m, 2H, Hv), 5.59-5.65 (m, 2H,
Ha1), 5.28-5.37 (m, 1H, Ha2), 2.84-2.92 (s, 2H, H)), 2.52-2.64 (m, 4H, Hg + Hg), 2.38-2.51 (m,
2H, Hg), 2.34 (s, 3H, Hn), 2.22-2.35 (m, 2H, Hw), 1.88-2.05 (m, 1H, Hp), 1.18-1.52 (m, 2H,
Hr), 0.90 (d, 3H, J = 7.09 Hz, He) ppm; 3C{'H}-NMR (CDCls, 400 MHz): 6 = 143.3 (1C, Cy),
138.5 (1C, Cc), 136.9 (1C, Cw), 129.7 (2C, Cv), 127.2 (2C, Ck), 124.4 (1C, Ca1), 124.3 (1C,
Ca1), 118.2 (1C, Ca2), 48.0 (1C, Ch), 47.5 (1C, Cg), 42.3 (1C, Cy), 39.1 (1C, Cp), 34.6 (1C,
Cr), 26.7 (1C, Cs), 25.4 (1C, Cg), 21.6 (1C, Cn), 19.6 (1C, Cg) ppm; HRMS (ESI*): m/z found
349.1952 [M + H]*; C19H20N202S [M + H]* requires 349.1944; 17a (C19H28N20.S; 348.5028
g/mol).
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[Ru(ns-(S)-N-(2-((3-(cyclohexa-1,4-dien-1-yl)butyl)amino)ethyl)-4-
methylbenzenesulfonamide)Cl2]2.2HCI (18a)

M

X

[

(®)

RuClsxH20 (12.45 mg, 0.06 mmol, 0.25 eq.) in ethanol (1 mL) was refluxed for three hours.
HClag) (12 M, 38.02 uL, 0.46 mmol, 2 eq.) was added to (S)-N-(2-((3-(Cyclohexa-1,4-dien-
1-yl)butyl)amino)ethyl)-4-methylbenzenesulfonamide (0.08 g, 0.23 mmol, 1 eq.) dissolved in
ethanol (2 mL). The solution was stirred for 5-10 minutes and then was added to the
RuClsxH20 in ethanol. The reaction was heated at reflux overnight. The reaction was allowed
to cool to room temperature. The solution was added to Et:O (8 mL) and left in the fridge (5
°C) to precipitate. The dark brown solid was separated from the liquid by centrifugation at
10,000 rpm for five minutes. The solid was confirmed by H-NMR to not be the product. The
solvent of the liquid phase was removed under reduced pressure and then the product was
redissolved in ethanol (1 mL). RuClsxH20 (12.45 mg, 0.06 mmol, 0.25 eq.) was added and
the solution was heated at reflux overnight. The reaction was allowed to cool to room
temperature. The solution was added to Et,0 (8 mL) and leftin the fridge (5 °C) to precipitate.
The light brown solid was separated from the liquid by centrifugation at 10,000 rpm for five
minutes. The product was dried on a vacuum line to give the product as a light brown solid
(0.03 g, 0.03 mmol, 52 %). Note: Number of moles and % yields were calculated assuming
zero equivalents of H.O for RuClsxH20 as the extent of hydration was not calculated. Due
to the low quantity of solid obtained, and the difficulty in separating the product from excess
ligand used in the reaction, the product was taken forward and used directly in the next step
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of the synthesis without further purification or full characterisation. 18a
(C3gHs4CleN4O4Ru2S2; 1109.8478 g/mol).

Final complex (19a)

[Ru(ns-(S)-N-(2-((3-(cyclohexa-1,4-dien-1-yl)butyl)amino)ethyl)-4-
methylbenzenesulfonamide)Cl2]22HCI (0.03 g, 0.03 mmol, 1 eq.) was suspended in DCM (5
mL) then DIPEA (10.45 uL, 0.06 mmol, 2 eq.) was added and the suspension was stirred
under N2. After one hour, a colour change to yellow/orange was seen and the suspension
became a solution. 'H-NMR confirmed completion of the reaction. The product was purified
through a pipette column containing silica gel using a solvent system of DCM/MeOH (0-5 %
MeOH). The solvent was removed under reduced pressure and the product was dried further
on a vacuum line as a brown oil (7.50 mg, 0.02 mmol, 33 %). 'H-NMR (CDCls, 400 MHz): &
=7.73 (t, 4H, J = 6.63 Hz, Hp), 7.15-7.16 (m, 4H, Hc), 6.54-6.58 (m, 1H, Hu), 6.24-6.28 (m,
1H, Hu), 5.97-6.01 (m, 1H, Hw), 5.83-5.89 (m, 3H, Hw), 5.11-5.13 (m, 1H, Hu), 4.92-4.98 (m,
3H, Hw), not observed (br. s, 2H, 2 x NH), 3.34-3.41 (m, 2H, Hx), not observed (3H, Hy +
Hric), 2.67-2.74 (m, 2H, Hr/e), not observed (6H, Hrie), 2.33 (s, 6H, Ha), 1.84-2.29 (m, 5H,
Hi + Hr + Hg), not observed (6H, Hk) ppm. Note: 'H-NMR assigned to show the two
diastereoisomers present in the sample, however, the signals overlap directly due to identical
properties. Integrals of aliphatic protons did not perfectly match arene protons (or simply
were not observed) due to contaminating DIPEA, however, ppm shifts match that of the
racemic analogue; 3C{'H}-NMR (CDCls, 400 MHz): & = 140.7, 140.4, 128.9, 128.8, 127.6,
127.4,103.4, 103.3, 94.0, 93.7, 92.4, 90.1, 79.6, 77.5, 77.3, 75.2, 75.0, 68.6, 58.6, 57.1,
93.9, 51.7,47.9, 47.7, 38.5, 36.0, 35.7, 34.7, 21.6, 20.6, 20.5 ppm. Note: ppm shifts were
identified by comparison to the racemic analogue, some peaks were very small in size.
Assignments can be assumed to match that assigned for the racemic analogue but cannot
be unambiguously assigned based on the NMR data (including 2D-NMR) collected for this
compound; HRMS (ESI*) m/z found 447.0688 [M - CI]*; C19H2sN202RuS [M - CIJ* requires
447.0679; 19a (C19H25CIN202RuS; 482.0020 g/mol).
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(R)-2-(Cyclohexa-1,4-dien-1-yl)propan-1-amine (22)
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A solution of (R)-2-phenylpropan-1-amine (5.00 g, 36.98 mmol, 1 eq.) in ethanol (100 mL)
was added to liquid NH3 (500 mL) at -77 °C. Lithium wire (0.92 g, 0.13 mol, 3.60 eq.) was
washed in hexane before addition in 0.5 g portions until a dark blue colour persisted. The
reaction was left to stand overnight to leave a white solid. H2O (200 mL) was added whilst
stirring at 0 °C and the pH was found to be ~10. The aqueous mixture was extracted with
DCM (3 x 100 mL) and the organic layers were combined. After drying with Na2SOs, the
solution was filtered and the solvent was removed under reduced pressure. The product was
dried further on a vacuum line as a yellow oil (4.45 g, 32.43 mmol, 88 %). 'H-NMR (CDCl3,
400 MHz): 6 = 5.65-5.72 (m, 2H, Ha1), 5.47 (s, 1H, Ha2), 2.45-2.72 (m, 6H, Hs + Hg + Hf),
2.05-2.13 (m, 1H, Hp), 0.98 (d, 3H, J = 7.09 Hz Hr) ppm; 3 C{'H}-NMR (CDCls,400 MHz): &
=136.7 (1C, Cc), 124.4 (1C, Ca1), 124.3 (1C, Ca1), 119.8 (1C, Ca2), 45.9 (1C, C), 44.6 (1C,
Co), 26.8 (1C, Cs), 25.9 (1C, Cs), 16.8 (1C, Cg) ppm; HRMS (ESI*): m/z found 138.1277 [M
+ HJ*; CoH1sN [M + HJ* requires 138.1276; 22 (CoH1sN; 137.2221 g/mol).

[Ru(ns-(R)-2-(cyclohexa-1,4-dien-1-yl)propan-1-amine)Cl2]..2HCI (23)

A A <
g CHs
A D-IIIH
A Ru-ol E
/\ NH;,Cl
cl cl
E Ru-Cl
CHN—y AN
Hl-..D A
5 A
H S =
C A A

HCl@ag) (12 M, 2.41 mL, 29.20 mmol, 2 eq.) was added to (R)-2-(cyclohexa-1,4-dien-1-
yl)propan-1-amine (2.00 g, 14.60 mmol) dissolved in ethanol (30 mL). The solution was
stirred for 5-10 minutes then RuClsxH20 (1.65 g, 7.30 mmol, 0.50 eq.) was added to the
stirring solution. The reaction was heated at reflux overnight. The reaction was allowed to
cool to room temperature. The sample was put in the freezer (-18 °C) for two hours. The
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precipitate was isolated by centrifugation at 8,000 rpm for five minutes. The product was
dried on a vacuum line as an orange solid (0.45 g, 0.65 mmol, 9 %). Note: Number of moles
and % yields were calculated assuming zero equivalents of H20 for RuClsxH20 as the extent
of hydration was not calculated. 'H-NMR (DMSO, 400 MHz): & = 8.12 (s, 5H, NH3Cl), 7.81-
7.94 (m, 1H, NH3Cl), 5.97-6.02 (m, 10H, Ha), 3.21-3.29 (m, 2H, Hp), 2.96-3.07 (m, 4H, He),
1.33(d, 6H, J =6.17 Hz Hc) ppm; 3C{'H}-NMR (DMSO, 400 MHz): & = 104.0 (1C, Cg), 87.9
(2C, Ca), 86.4 (1C, Ca), 85.8 (1C, Ca), 85.6 (1C, Ca), 43.3 (1C, Cg), 34.6 (1C, Cp), 16.9 (1C,
Cc) ppm; 23 (C1gH28ClsN2Rus; 687.2863 g/mol).

Final complex (24)

Ha

[Ru(ns-(R)-2-(cyclohexa-1,4-dien-1-yl)propan-1-amine)Clz]2.2HCI (0.20 g, 0.29 mmol, 1 eq.)
was suspended in DCM (20 mL) then DIPEA (0.20 mL, 1.17 mmol, 4 eq.) was added and
the suspension was left to stir under N2 for 10 minutes. The reaction was purified on a plug
of silica gel with a solvent system of DCM/MeOH (0-1 %). The product fractions, which were
pale yellow coloured, were combined. The solvent was removed under reduced pressure
and the product was dried further on a vacuum line to yield an orange solid (0.17 g, 0.55
mmol, 95 %). To remove residual DIPEA, the solid was dissolved in ethanol (~10 mL) and
then the solution was concentrated to a volume of ~5 mL. The solution was left in the fridge
(5 °C) to yield orange crystals, which were dried on a vacuum line (7.10 mg, 0.02 mmol, 3
%). 'H-NMR (CDCl3, 400 MHz): & = 5.94 (t, 1H, J = 5.61 Hz, Ha), 5.83 (t, 1H, J = 5.61 Hz,
Ha), 5.48 (t, 1H, J = 5.72 Hz, Ha), 5.34 (d, 1H, J = 5.49 Hz, Ha), 5.25 (d, 1H, J = 5.95 Hz,
Ha), 3.33-4.03 (m, 4H, He +NHy), 3.15-3.24 (m, 1H, Hp), 1.45 (d, 3H, J = 6.86 Hz, Hc) ppm;
13C{'H}-NMR (CDCls, 400 MHz): & = 108.2 (1C, Cg), 93.2 (1C, Ca), 92.4 (1C, Ca), 77.3 (1C,
Ca), 72.8 (1C, Ca), 72.7 (1C, Ca), 62.8 (1C, Cg), 43.0 (1C, Cp), 15.2 (1C, Cc) ppm; HRMS
(ESI*) m/z found 271.9781 [M - CIJ*; CoH13CINRu [M - CIJ* requires 271.9774; 24
(CoH13Cl2NRu; 307.1822 g/mol); Found (%): C, 34.66; H, 3.77; N, 4.22. Expected (%): C,
35.19; H, 4.27; N, 4.56 (analysis performed without the addition of V20s, therefore we believe
the difference in the theoretical and obtained results may be due to the incomplete

227



Stephanie Shroot BSc Chemistry PhD thesis

combustion of the sample); Unit cell: a = 7.9073(8) A, b = 9.8097(11) A, ¢ = 14.1690(17)
A a=76.958(9)°, B = 81.930(9)°, y = 89.229(8)°.

Arene exchange'?2

The ligand* was added to [Ru(CsHsCO2Et)Cl2]2 in chlorobenzene. The red reaction mixture
was heated to 90 °C for twenty-seven hours. After five hours the reaction turned black. The
product was purified by column chromatography on silica gel with a solvent system of pure
DCM. The different products observed by TLC were separated and the 'H-NMR run, showing
either no product or starting ligand.

Alternatively, the ligand* was added to [Ru(CeHsCO2Et)Cl2]2 in chlorobenzene. The red
reaction mixture was heated to 140 °C in a microwave for three consecutive runs; thirty
minutes, thirty minutes and one hour. Although TLC analysis proved promising with the
appearance of a new product spot, decomposition occurred, and 'H-NMR confirmed the
expected product was not present.

*Ligands investigated were the aromatic analogues of compounds 12 and 17, i.e., the ring
was not Birch reduced.

General procedure for the ATH reactions'®0

O Chiral catalyst OH

O)J\O HCO,H/Et;N (5:2) O)\O

Scheme 90. Generic scheme showing the asymmetric transfer hydrogenation of ketones

by a chiral catalyst. The larger ball signifies a group comprising of high electron density, for
example an aryl or alkyne moiety, and the smaller ball signifies a group comprising of low
electron density, for example an alkyl moiety. "

A solution of ruthenium complex (0.0150 mmol - 6a, 6b, 7, 14a, 14b, 19a, 24) in an
azeotropic mixture of formic acid/triethylamine (5:2, 1.50 mL) was stirred for 30 minutes at
40 °C under an inert atmosphere. The ketone substrate (3.00 mmol) was then added and
the reaction mixture was stirred at 40 °C for 24 hours. The reaction mixture was diluted with
DCM (20 mL) and then washed with NaHCO3(aq) (3 x 15 mL). The organic phase was dried
with Na>2SO; and filtered. The solvent was removed under reduced pressure prior to analysis
by 'H-NMR. Residual metal-containing residues were removed from the resulting oil by
purification through a plug of silica in a pipette eluting with a solvent system of EtOAc/Hexane
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(1:1). The solvent was removed under reduced pressure and then the sample was analysed
by chiral GC. GC chiral column: Restek RT-BDEXsm, 30 m x 0.25 mm x 0.25 pm. Method
D: flow rate = 2.0 mL/min, start temperature = 60 °C, end temperature = 177 °C, rate of
temperature ramp = 5 °C/min. Method E: flow rate = 2.0 mL/min, start temperature = 100 °C,

end temperature = 100 °C, rate of temperature ramp = 0 °C/min.

Reduction products
1-Phenylethanol (25)

Prepared using general ATH procedure described above. Beige oil. Conversion determined
by 'H-NMR (CDCls,400 MHz): & = 7.96-7.99 (m, 2H, ketone Ph H), 7.56-7.60 (m, 4H, alcohol
Ph H), 7.46-7.50 (m, 2H, ketone Ph H), 7.34-7.41 (m, 1H, ketone Ph H), 7.26-7.30 (m, 1H,
alcohol Ph H), 4.92 (g, 1H, J = 11.6, 6.54 Hz, alcohol CHOH), 2.62 (s, 3H, ketone CHj), 2.28
(br. s, 1H, OH), 1.52 (d, 3H, J = 6.42 Hz, alcohol CH3) ppm. Enantioselectivity determined
by chiral GC: METHOD D, ketone = 16.09 minutes, (R)-isomer = 18.72 minutes, (S)-isomer

=18.93 minutes.
1-Phenylpropanol (26)

@)OJ\/ @)Oi/
Prepared using general ATH procedure described above. Beige oil. Conversion determined
by "H-NMR (CDCl3, 400 MHz): & = 7.94-8.03 (m, 2H, ketone Ph H), 7.55-7.58 (m, 1H, ketone
Ph H), 7.43-7.53 (m, 2H, ketone Ph H), 7.35-7.41 (m, 4H, alcohol Ph H), 7.26-7.34 (m, 1H,
alcohol Ph H), 4.60-4.64 (m, 1H, alcohol CHOH), 2.95-3.08 (m, 2H, ketone CH>), 2.14 (br.
s, 1H, OH), 1.72-1.90 (m, 2H, alcohol CHz), 1.19-1.30 (m, 3H, ketone CHs), 0.90-0.98 (m,
3H, alcohol CHs) ppm. Enantioselectivity determined by chiral GC: METHOD E, ketone =

36.16 minutes, (R)-isomer = 81.58 minutes, (S)-isomer = 84.91 minutes.
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2-Methyl-1-phenylpropanol (27)

Prepared using general ATH procedure described above. Colourless oil. Conversion
determined by 'H-NMR (CDCl3, 400 MHz): 6 = 7.93-8.02 (m, 2H, ketone Ph H), 7.54-7.58
(m, 1H, ketone Ph H), 7.46-7.49 (m, 2H, ketone Ph H), 7.33-7.35 (m, 1H, alcohol Ph H),
7.27-7.29 (m, 4H, alcohol Ph H), 4.39 (br. d, 1H, J = 6.19 Hz, alcohol CHOH), 3.50-3.65 (m,
1H, ketone CH), 1.95-2.00 (m, 1H, alcohol CH), 1.85 (br. s, 1H, OH), 1.19-1.28 (m, 6H,

ketone CHs), 1.02 (d, 3H, J = 6.65 Hz, alcohol CHs), 0.82 (d, 3H, J = 6.65 Hz, alcohol CHs)
ppm. Low conversion did not allow for the enantioselectivity to be determined by chiral GC.

1-(4-Chlorophenyl)-ethanol (28)

0] OH

SeainSen

Prepared using general ATH procedure described above. Beige oil. Conversion determined
by "H-NMR (CDCl3, 400 MHz): & = 7.84-7.94 (m, 2H, ketone Ph H), 7.39-7.52 (m, 2H, ketone
Ph H), 7.31 (s, 4H, alcohol Ph H), 4.84-4.93 (m, 1H, alcohol CHOH), 2.59 (s, 3H, ketone
CHs), 1.47 (d, 3H, J = 6.42 Hz, alcohol CHs) ppm. Enantioselectivity determined by chiral
GC: METHOD D, ketone = 24.31 minutes, tr1 = 28.23 minutes, tr2 =28.41 minutes.

1-(4-Methylphenyl)-ethanol (29)

Prepared using general ATH procedure described above. Colourless oil. Conversion
determined by 'H-NMR (CDCls, 400 MHz): 6 =7.87 (d, 2H, J = 8.23 Hz, ketone Ph H), 7.30
(2H, alcohol Ph H hidden under ketone Ph H peak), 7.27 (d, 2H, J = 8.00 Hz, ketone Ph H),

7.16-7.18 (m, 2H, alcohol Ph H), 4.89 (q, 1H, J = 12.8, 6.4 Hz, alcohol CHOH), 2.59 (s, 3H,
ketone CHs), 2.42 (s, 3H, ketone CHs), 2.35 (s, 3H, alcohol CHs), 1.50 (d, 3H, J = 6.63 Hz,
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alcohol CH3) ppm. Enantioselectivity determined by chiral GC: METHOD D, ketone = 22.85

minutes, tr1 = 23.96 minutes, tr2 = 24.21 minutes.

1-(Pyridin-2-yl)ethanol (30)

Prepared using general ATH procedure described above. Colourless oil. Conversion
determined by 'H-NMR (CDCl3, 400 MHz): & = 8.68-8.69 (m, 1H, ketone Ph H), 8.03-8.04
(m, 1H, ketone Ph H), 7.83 (td, 1H, J=7.72, 1.68 Hz, ketone Ph H), 7.46-7.49 (m, 1H, ketone
Ph H), 2.72 (s, 3H, ketone CHs) ppm. No conversion therefore enantioselectivity not

determined by chiral GC.
1-Cyclohexylethanol (31)

O OH
Prepared using general ATH procedure described above. Colourless oil. Conversion
determined by 'H-NMR (CDCls, 400 MHz): & = 3.50-3.57 (m, 1H, ketone CHOH), 2.27-2.36
(m, 3H, alcohol cyclohexyl + CH3), 2.12 (s, 3H, ketone CHs), 1.64-1.87 (m, 5H, ketone

cyclohexyl), 1.14-1.36 (m, 5H, ketone cyclohexyl) ppm. Enantioselectivity determined by
chiral GC: METHOD E, ketone = 18.45 minutes, tr1 = 30.52 minutes, tr2 = 31.01 minutes.

1-Phenyl-2, 2, 2-trifluoroethanol (32)

Prepared using general ATH procedure described above. Orange oil. Conversion
determined by 'H-NMR (CDCls, 400 MHz): 6 = 8.10 (d, 2H, J = 7.78 Hz, ketone Ph H), 7.73
(t, 1H, J = 7.44 Hz, ketone Ph H), 7.57 (t, 2H, J = 7.89 Hz, ketone Ph H), 7.47-7.50 (m, 2H,
alcohol Ph H), 7.42-7.44 (m, 3H, alcohol Ph H), 4.99-5.05 (m, 1H, alcohol CHOH) ppm.
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Enantioselectivity determined by chiral GC: METHOD D, ketone = 9.09 minutes, tr1 = 20.63

minutes, tr2 = 20.73 minutes.
3,3-dimethylbutan-2-ol (33)

)(L’< /?i’<
Prepared using general ATH procedure described above. Colourless oil. Conversion
determined by 'H-NMR (CDCl3,400 MHz): & = 3.47 (q, 1H, J=12.8, 6.40 Hz, alcohol CHOH),
2.13 (s, 3H, ketone CH3), 1.14 (s, 3H, ketone CHs), 1.11 (d, 9H, J = 6.40 Hz, alcohol CH3

hidden under ketone CHs peak), 0.88 (s, 9H, alcohol CHs) ppm. Low conversion did not allow
for the enantioselectivity to be determined by chiral GC.

Cytotoxicity MTT assay

The cytotoxicity of the complexes 6a and 6b were determined using the Human Colorectal
Adenocarcinoma cell line HT-29 grown in McCoy’s 5A modified medium + 10% foetal bovine
serum. 100 uL of an initial concentration of 3x104 cells/mL was added to wells of a 96-well
plate and left to attach for 24 hours. After this period, 100 yL of medium was carefully
removed and replaced by the same amount of the complexes (solubilised in DMSO then
diluted in medium as above) at various concentrations and left to incubate for 72 hours. The
cell viability was determined using an MTT colorimetric assay as follows: 10 uL of a 12 mM
MTT solution was added to each well and returned to incubate at 37 “C. Once the colour had
developed sufficiently (1 to 2 hours), 150 uL of an acid-alcohol mixture (0.04 M HCI in
isopropanol) was added to each well and the contents triturated to release the colour. The
absorbance was read at 570 nm using a Biotek ELX800 Universal Microplate Reader. The
results were expressed with respect to control values (i.e. cells only wells = 100% cell
survival). (R)-catalyst (compound 6a) ICso = 106.00 pM. (S)-catalyst (compound 6b) ICso =
114.80 pM. 1Cso values were calculated by dose response curves using non-linear
regression of log(agonist) vs. response, where the agonist was the concentration of the
catalyst, and the response represented the cell survival/viability (%).
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(R)-2-amino-1-phenylethan-1-ol hydrochloride (34)

[>

[>

To a solution of (R)-2-amino-1-phenylethan-1-ol (3.63 g, 0.03 mol, 1 eq.) in anhydrous
toluene (40 mL), SOCI> (4.00 g, 0.03 mol, 1.26 eq.) was slowly added and the reaction
mixture stirred at 60 °C for six hours. The reaction mixture was left to cool to room
temperature and the product started to precipitate. The solid was collected by filtration,
washed with toluene (60 mL) and dried on the vacuum line to afford the crude product as a
brown solid (2.52 g, 13.12 mmol, 90 %). 'H-NMR (DMSO, 400 MHz): 6 = 8.62 (br. s, 2H, He),
7.34-7.52 (m, 5H, Ha), 5.45-5.48 (m, 1H, Hc), 3.41 (s, 2H, Hp) ppm; "¥C{'H}-NMR (DMSO,
400 MHz): & = 137.7 (1C, Cag), 129.3 (2C, Ca), 129.0 (2C, Ca), 127.5 (1C, Ca), 59.7 (1C,
Ceip), 45.3 (1C, Ccp) ppm; LRMS (ES*): m/z found 156.9 [M - 35ClJ* (17 %), 155.9 [M -
H35CI)* (100 %), 154.9 [M - 37CI)* (10 %); CeH1oCIN [M - CIJ* requires 155.6 m/z; 34
(CgH11CI2N; 192.1 g/mol).

Organolithium derivatised cymantrene intermediate (35)

Li

=

‘Nln\CO
oC co

A solution of n-BuLi (0.34 mL of 1.6 M solution in hexanes, 0.54 mol, 1.10 eq.) was added
dropwise to a solution of cymantrene (0.10 g, 0.49 mmol) in anhydrous THF (20 mL) at
-80 °C. The reaction mixture was further stirred at -80 °C for 1.5 hours. The lithium
intermediate was carried forwards to the next step without isolation and characterisation. 35
(CeH4LiMnO3; 209.9946 g/mol).
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[(n5-CsH4CH(CsHs)CH2NH2)Mn(CO)s] (36)

Y

|

Mn
OC" i1 ~CO
CcoO

NH,

34 (0.05 g, 0.25 mmol, 0.50 eq.) was added in situ to 35 to produce a yellow solution. After
two hours the reaction mixture changed colour to orange and was quenched with a couple
of drops of MeOH/H20. 'H-NMR and "3C{'H}-NMR (DMSO, 400 MHz): inconclusive, reaction
determined unsuccessful; 36 (C16H14MnNO3; 323.2253 g/mol).

Acetylcymantrenes?' (37)

0
A
B
e oo
AT A
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oc Co '

A mixture of cymantrene (0.77 g, 3.79 mmol, 1 eq.) and AICl5 (1.00 g, 7.57 mmol, 2 eq.) in
anhydrous benzene (8 mL) was cooled at 5 °C, then a solution of acetyl chloride (0.27 g,
3.79 mmol, 1 eq.) in anhydrous benzene (4 mL) was added dropwise over 30 minutes
causing a colour change from yellow to orange to red. The solution was stirred at room
temperature for three hours. The solution was quenched with H20 (50 mL), neutralised with
1M NaOH solution (50 mL) from pH 2 and extracted with EtOAc (2 x 200 mL). The organic
phases were combined, dried with Na>SO4 and filtered. The solvent was removed under
reduced pressure and the product was purified by column chromatography on silica gel with
a solvent system of Et,0/Hexane (5-50 % Et20) to obtain the pure product as an orange oil
(0.52 g, 2.11 mmol, 56 %). Though only one spot was observed on the TLC plate, the product
was highly contaminated with solvent, hence the % yield being over that expected from the
ratios collected during the crude 'H-NMR analysis (0.30:1.70:1.00 for cymantrene,
acetophenone and 37 respectively). 'TH-NMR (DMSO, 400 MHz): 6 = 5.79 (s, 2H, Ha), 5.21
(s, 2H, Ha), 2.29 (s, 3H, Hp) ppm; '3C{'H}-NMR (DMSO, 400 MHz): 6 = 223.8 (3C, Cg), 195.4
(1C, Cc), 92.3 (1C, Cg), 87.9 (2C, Ca), 85.3 (2C, Cn), 26.8 (1C, Cp) ppm; HRMS (ES*) m/z
found 268.9612 [M + NaJ*; C1oHoMnNaO4 [M + Na]* requires 268.9617; 37 (C1oH7/MnOq;
246.0982 g/mol).
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[(n5-CsH4C(CH3)NCH2CH.NHTs)Mn(CO)3] (38)
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A few drops of acetic acid were added to a stirred solution of 37 (0.10 g, 4.07 mmol, 1 eq.)
and 1 (0.06 g, 4.07 mmol, 1 eq.) in MeOH (5 mL) at room temperature. The mixture was
stirred overnight and analysed by TLC the following morning. Another equivalent of 1 was
added and the solution was left to stir overnight at 50 °C. The solvent was removed under
reduced pressure and the product re-dissolved in MeOH (2 mL) with an additional one
equivalent of 1. The reaction was left to stir overnight at 50 °C. An additional one equivalent
of 1 was added with stirring overnight at 50 °C. The solvent was removed under reduced
pressure and the brown solid dried on a vacuum line as a crude product. 'H-NMR (DMSO,
400 MHz): & = 7.59-7.69 (m, 2H, Hp), 7.37-7.40 (s, 2H, Hp), 5.55 (s, 0.30H*, Ha), 5.06 (s,
0.30H*, Ha), 3.17 (s, 2H, Hc), 2.67-2.99 (m, 2H, Hc), 2.38 (m, 3H, tosyl He), 1.87 (s, 0.40H**,
Hg) ppm; 38 (C1oH1aMnN20sS; 442.3676 g/mol). Route terminated; full analysis not
collected.

*Should integrate to 2H.
**Should integrate to 3H.

1-cymantrenylethanol3%9:322 (40)

To a solution of 37 (0.84 g, 3.41 mmol) in MeOH (20 mL) cooled to 0 °C, NaBH4 (0.26 g,
6.82 mmol, 2 eq.) in MeOH (10 mL) was added dropwise. The mixture was stirred for two

hours. The solvent was removed under reduced pressure. The product was dissolved in

235



Stephanie Shroot BSc Chemistry PhD thesis

EtOAc (70 mL), extracted with 1M HCI (2 x 50 mL) then NaHCO3 (50 mL). The aqueous
phase was washed again with EtOAc (50 mL). The organic layers were combined, dried over
Na>SOs and filtered. The solvent was removed under reduced pressure and the product was
dried on a vacuum line as a yellow oil (0.76 g, 3.06 mmol, 90 %). 'H-NMR (DMSO, 400 MHz):
0=5.26 (d, 1 H, J=5.03 Hz, OH), 5.04-5.07 (m, 2H, Ha), 4.85-4.92 (m, 2H, Ha), 4.36-4.42
(m, 1H, Hc), 1.26 (d, 3H, J = 6.40 Hz, Hp) ppm; D20 shake confirmed assignment of peak at
& =5.26 ppm to be the OH group due to disappearance of the peak; 1*C{'H}-NMR (DMSO,
400 MHz): & = 112.3 (1C, Cs), 83.0 (1C, Ca), 82.0 (1C, Ca), 81.9 (1C, Ca), 81.2 (1C, Ca),
61.9 (1C, Cc), 24.4 (1C, Cp) ppm. Carbonyl ligands not observed as ppm window was not
large enough for the "H-NMR spectrum collected; HRMS (ES*) m/z found 270.9770 [M +
Na]*; C1oHoMnNaO4 [M + NaJ* requires 270.9773; LRMS (ES*) m/z found 287.1 [M + K]*
(100 %); C10HoKMnO4 [M + K]* requires 287.2; 40 (C10HsMnOy; 248.1141 g/mol).

[(n5-CsH4CH(CHs)Br)Mn(CO)s]322 (41)

e s
A Mln\A

oc' 4 ,C0
To a solution of 40 (0.79 g, 3.16 mmol) in anhydrous benzene (40 mL) cooled to 0 °C, PBr3
(1.58 mL, 16.8 mmol, 5 eq.) in anhydrous benzene (40 mL) was added dropwise. The mixture
was stirred for two hours. Additional PBrs (4 eq.) was added over the course of one hour with
stirring. The mixture was poured onto ice and left to stand for one hour. The mixture was
extracted with Et20 (3 x 100 mL), followed by NaHCO3 (100 mL), H20 (100 mL) and then
brine (100 mL). The organic layers were combined, dried over NaxSOs and filtered. The
solvent was removed under reduced pressure and the crude product was dried further on a
vacuum line as a yellow oil (0.80 g), which comprised of starting material 40 and anticipated
product 41 in a 1:1 mixture. Unfortunately we were unable to separate 41 from the starting
material. TH-NMR (DMSO, 400 MHz): & = 5.49-5.50 (m, 1H, Ha), 5.28-5.29 (m, 1H, Ha), 5.13-
5.20 (m, 1H, Hg), 5.04-5.07 (m, 1H, Ha), 4.93-4.94 (m, 1H, Ha), 1.85 (d, 3H, J = 6.86 Hz, Hc)
ppm; 1C{"H}-NMR (DMSO, 400 MHz): inconclusive; 41 (C10HgBrMnOs; 311.0107 g/mol).

236



Stephanie Shroot BSc Chemistry PhD thesis

[(n5-C5sH4CH(CH3)CN)Mn(CO)s] (42)
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Crude 41 (0.80 g, 2.58 mmol, 1 eq.) was dissolved in anhydrous DMF (10 mL) and added
dropwise to KCN (0.19 g, 2.83 mmol, 1.10 eq.). After stirring at 80 °C overnight, the reaction
was left to cool to room temperature and H-0 (20 mL) was added slowly. The mixture was
pipetted into Et,O (50 mL) and extracted. The aqueous layer was washed with EtO (2 x 50
mL). The organic layers were combined and washed again with H20 (50 mL). The resulting
organic layer was dried with Na2SOs, filtered and the solvent was removed under reduced
pressure. The crude product was dried on the vacuum line as a brown oil (0.28 g, 1.22 mmol).
'H-NMR (DMSO, 400 MHz): & = 6.26-6.33 (m, 1H, Hc), 5.61-5.66 (m, 1H, Hc), 5.36 (t, 2H, J
= 2.00 Hz, Ha), 5.17-5.20 (m, 1H, Hc), 5.03 (t, 2H, J = 2.06 Hz, Ha) ppm; 3C{'H}-NMR
(DMSO, 400 MHz): & = 129.1 (1C, Cc), 115.8 (2C, Cc), 101.0 (1C, Cg), 83.1 (2C, Ca), 82.0
(2C, Ca) ppm. Carbonyl ligands not observed as ppm window was not large enough for the
'H-NMR spectrum collected; HRMS (ES*) m/z found 230.9851 [M + H]*; C1oHsMnOs3 [M +
H]* requires 230.9848; 42 (anticipated: C11HsMnNO3; 257.1241 g/mol, actual: C1oH7MnNO3;
230.0988 g/mol).

1-Mesitylimidazole®23 (43)

Glacial acetic acid (10 mL), aqueous formaldehyde (3 mL, 37 wt %, 0.04 mol), and aqueous
glyoxal (4.60 mL, 40 wt %, 0.04 mol, 1 eq.) were combined and heated at 70 °C. A solution
of glacial acetic acid (10 mL), ammonium acetate (3.08 g in 2 mL of H20, 0.04 mol, 1 eq.),
and mesitylamine (5.60 mL, 0.04 mol, 1 eq.) was added dropwise to the reaction mixture.
The resulting solution was continuously stirred and heated overnight, resulting in a dark

brown solution. The reaction mixture was left to cool to room temperature and then added
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dropwise to a stirred solution of NaHCO3 (29.4 g in 300 mL of H20). The product formed a
precipitate, which was filtered off and washed with H20 before being allowed to air-dry. The
product was purified by flash column chromatography on silica gel with a solvent system of
DCM/MeOH (0-50 % MeOH) to obtain a purer product as a brown solid (3.67 g, 19.59 mmol,
50 %). "H-NMR (DMSO0, 400 MHz): 8= 7.63 (s, 1H, Ha), 7.18 (s, 1H, Hg/c), 7.11 (s, 1H, Hgrc),
7.03 (s, 2H, Hg), 2.29 (s, 3H, Hu), 1.92 (s, 6H, He); 'H-NMR (CDCls, 400 MHz): 5 = 7.43 (s,
1H, Ha), 7.23 (s, 1H, Hgrc), 6.96 (s, 2H, Hg), 6.89 (s, 1H, Hg/c), 2.33 (s, 3H, Hh), 1.98 (s, 6H,
He); 13C{'H}-NMR (CDCl3, 400 MHz): & = 138.9 (1C, Cp), 137.6 (1C, Ca), 135.5 (2C, C¢),
133.5 (1C, Cr), 129.7 (1C, Carc), 129.1 (2C, Cq), 120.2 (1C, Csic), 21.1 (1C, Cn), 17.4 (2C,
Ce) ppm; HRMS (ES*) m/z found 187.1240 [M]*; C12H1sN2 [M]* requires 187.1230; LRMS
(ES*) m/z found 187.1 [M]* (100 %); 43 (C12H1sN2; 187.2609 g/mol); unit cell: a = 10.38
A b=925A¢c=1082A a=90° B=90°y=90°

[(n5-CsH4CH(CH3)NHCVes)Mn(CO)s]Br [(44)Br]
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NaH (60% dispersion in mineral oil, 32.40 mg, 0.81 mmol, 1 eq.) was added slowly to 43
(66.42 mg, 0.35 mmol, 0.40 eq.*) in anhydrous DMF (0.6 mL) at 0 °C and the mixture was
kept stirring at this temperature for 15 minutes. 41 (0.25 g, 0.81 mmol, 1 eq.) in anhydrous
DMF (0.8 mL) was added dropwise. The mixture was heated to room temperature and stirred
over the weekend. H,O was added slowly to the reaction mixture on ice and the reaction
mixture was extracted with DCM (3 x 75 mL). The organic extracts were dried over Na;SO4
and the solvent was removed under reduced pressure to give a brown oil (0.26 g) as a crude
product. "H-NMR (CDCls, 400 MHz): & = 7.95 (s, 1H, Hpb), 7.63 (s, 1H, Her), 7.11-7.19 (m,
1H, Her), 7.03 (s, 2H, Hy), 4.86-5.36** (m, 4H, Ha), 4.36-4.42 (m, 1H, Hc), 2.29 (s, 3H, Hi),
1.92 (s, 6H, He), 1.26 (d, 3H, J = 6.40 Hz, Hs) ppm; [(44)Br] (C22H22BrMnN203; 497.2637

g/mol); Route terminated; full analysis not collected.

*Should have added 1 eq. but calculations in the lab were carried out incorrectly.
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**Full region stated integrated to 13H; unclear which environments corresponded to

anticipated product’s Cp ring.

1-cymantrenylethyl methanesulfonate (45)

MsCl (0.04 mL, 0.56 mmol) in anhydrous DCM (7 mL) was added dropwise to a stirring
solution of 40 (0.14 g, 0.56 mmol, 1 eq.), TEA (0.08 mL, 0.56 mmol, 1 eq.) and DMAP (0.07
g, 0.56 mmol, 1 eq.) in anhydrous DCM (7 ml) at 0 °C. The mixture was left to stir at room
temperature for three hours until the solution turned orange. 'H-NMR (CDCls, 400 MHz): & =
4.92-4.96 (m, 2H, Ha), 4.78 (q, 1H, J = 13.53, 6.88 Hz, Hg), 4.64-4.72 (m, 2H, Ha), 1.75 (d,
3H, J = 6.88 Hz, Hc), 1.25 (s, 3H, Hp); 45 (C11H11MnSOg; 326.2045 g/mol). The mesylate
was carried forwards as an intermediate to the next step without isolation and full

characterisation.

[(n5-CsH4CH(CH3)NHCMes)Mn(CO)s]OMs [(46)OMs]
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Crude 45 was centrifuged to remove a white coloured solid. The solvent was removed under
reduced pressure from the liquid phase. 43 (0.57 g, 3.06 mmol, 1 eq.) was added and the
combined solids were dissolved in anhydrous toluene (10 mL). The mixture was heated to
110 °C and stirred overnight. The reaction mixture was left to cool to room temperature and
the solvent was removed under reduced pressure to obtain a brown sticky oil. The oil was
dissolved in DCM and filtered through celite until the washings were colourless. The organic
extracts were combined and the solvent was evaporated under reduced pressure. Et20 (30
mL) was added dropwise whilst stirring to induce precipitation of impurities. This step was
repeated twice more. The solution was filtered and the solvent was removed under reduced
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pressure to obtain the product. The brown solid was dried on a vacuum line. The crude
product was purified through a silica plug in a sintered fritt under vacuum with a solvent
system of toluene/hexane (50 %) then DCM/MeOH (50 %). The fractions were combined to
obtain a purer product as a brown oil (0.18 g). "H-NMR (CDCls, 400 MHz): & = 6.98 (s, 2H,
HL), 6.18-6.25 (m, 1H, HE), 5.45-5.49 (m, 1H, Hom), 5.16-5.18 (m, 1H, Ham), 4.90 (t, 2H, J =
2.18 Hz, Hg), 4.70 (t, 2H, J = 2.18 Hz, Hg), 3.14 (q, 1H, J = 14.67, 7.34 Hz, Hg), 2.34 (s, 3H,
Hw), 1.99 (s, 6H, Hk), 1.37 (t, 3H, J = 7.34 Hz, Hp). Mesylate CH3 not observed, assignments
in agreement with Lugan et al.2%; 13C{'"H}-NMR (CDCls,400 MHz): 6 = 224.7 (3C, Ca), 138.9
(1C, C)), 136.3 (1C, Cr), 129.4 (3C, Cy), 129.1 (2C, C1), 115.9 (2C, Cs + Ch), 100.5 (1C, Cc),
82.3 (2C, Cg), 81.1 (2C, Cg), 46.2 (1C, Ck), 21.1 (1C, Cw), 17.4 (2C, Cx), 8.7 (1C, Cp) ppm.
Mesylate CH3 not observed, shifts assignments based on those made by Lugan et al.236 as
no 2D NMR experiments were run; HRMS (ES*) m/z found 417.1013 [M - OMs]*;
Ca2H22MnN203 [M - OMs]* requires 417.1005; [(46)OMs] (C23H2sMnN20eS; 512.4574
g/mol).

1-cymantrenylethyl acetate (47)
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Acetic anhydride (5 mL) was added to 40 (0.42 g, 1.70 mmol) and the yellow solution was
heated at 40 °C for one hour. The reaction mixture was left to cool to room temperature but
no precipitate was observed. The solvent was removed on the rotary evaporator slowly in
intervals over three weeks with the flask residing in the fridge (5 °C) between each removal
of solvent. Unfortunately, no product precipitated out. Instead, the yellow solution was diluted
with acetic anhydride (2 mL) and anhydrous pyridine (2 drops) was added, then the reaction
mixture was heated at 40 °C overnight. The solvent was removed under reduced pressure
and the crude product dried further on a vacuum line as a yellow oil (0.24 g, 0.83 mmol, 49
%). "H-NMR (400 MHz, DMSO): & = 5.55 (q, 1H, J = 12.95, 6.54 Hz, Hc), 5.26-5.26 (m, 1H,
Ha), 5.20-5.20 (m, 1H, Ha), 4.93-4.94 (m, 2H, Ha), 2.03 (s, 3H, Hr), 1.38 (d, 3H, J = 6.65 Hz,
Hp) ppm; 3C{'H}-NMR (400 MHz, DMSO): & = 169.5 (1C, Cg), 104.6 (1C, Cg), 84.6 (1C,
Ca), 84.2 (1C, Ca), 82.2 (1C, Ca), 82.0 (1C, Ca), 65.3 (1C, Cc), 20.9 (1C, Cor), 20.7 (1C,
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Corr) ppm. Carbonyl ligands not observed as ppm window in the 3C-NMR spectrum was not
large enough for the carbonyl ligands to be observed; 47 (C12H11MnOs; 290.1508 g/mol).

[(n5-CsHaCH(CH3)CHsC3HsN2)Mn(CO)s]OAc [(48)0Ac]
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47 (90 mg, 0.31 mmol) was stirred in acetic acid (3 mL) with 1-methylimidazole (0.03 mL,
0.37 mmol) at 60 °C overnight under N2. The solvent was removed under reduced pressure
to give an orange oil. Nal (0.23 g, 1.55 mmol) in ethanol (10 mL) was added and the resulting
mixture was stirred at room temperature for one hour. The solvent was removed under
reduced pressure to give a yellow solid. DCM (12 mL) was added and the sample was
centrifuged at 10,000 rpm for five mins. The intense yellow liquid was pipetted off and the
solvent removed under reduced pressure to yield a yellow solid (0.16 g). The crude product
was purified through a plug of silica (~3 cm) with a solvent system of DCM/MeOH (1-25 %).
The product eluted at 1 % MeOH, but analysis confirmed it to be the starting material 47 (20
mg). This reduction in yield indicates that a majority of the starting material was consumed
and either decomposed on the column or reacted to form a product that couldn’t be isolated.
Excess 43 was also found in the "H-NMR. The reaction was therefore unsuccessful. '1H-NMR
(400 MHz, DMSO): 6 = 8.64 (s, 4H, imidazole - should be 1H but excess), 7.45-7.54 (m, 8H,
imidazole - should be 2H but excess), 5.54 (q, 1H, J = 12.92, 6.54 Hz, Hc), 5.27 (q, 1H, J =
4.00, 1.95 Hz, Ha), 5.21 (q, 1H, J = 3.89, 1.83 Hz, Ha), 4.95 (t, 2H, J = 2.06 Hz, Ha), 2.03 (s,
3H, Hr), 1.91 (s, 8H, imidazole CH3- should be 3H but excess), 1.38 (d, 3H, J = 6.63 Hz, Hp)
ppm; [(48)OAc] (anticipated: C1sH17MnN20s; 372.2546 g/mol, actual: Ci2H11MnOs;
290.1508 g/mol). Route terminated:; full analysis not obtained.

Alternatively, 47 (50 mg, 0.17 mmol) was stirred in a mixture of MeCN (1.90 mL) and H20
(0.96 mL) with 1-methylimidazole (0.02 mL, 0.21 mmol) at 60 °C overnight under N2. The
solvent was removed under reduced pressure to give a brown oil. Nal (0.23 g, 1.55 mmol)
in ethanol (10 mL) was added and the resulting mixture stirred at room temperature for one
hour. The solvent was removed under reduced pressure to give a yellow solid, which was
dissolved in DCM (12 mL). The solution was centrifuged at 10,000 rpm for five mins. The
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intense yellow liquid was pipetted off and the solvent removed under reduced pressure to
yield a yellow solid (0.04 g). The crude product was purified through a plug of silica (~3 cm)
with a solvent system of DCM/MeOH (1-25 %). The product eluted at 1 % MeOH, but
analysis confirmed it to be the starting material 47 (20 mg). This reduction in yield indicates
that a majority of the starting material was consumed and either decomposed on the column
or reacted to form a product that couldnt be isolated. The reaction was therefore
unsuccessful. 'TH-NMR (400 MHz, DMSO): & = 5.54 (q, 1H, J = 12.92, 6.52 Hz, Hc), 5.27 (m,
1H, J=4.12,1.83 Hz, Ha), 5.21 (m, 1H, J = 4.12, 1.83 Hz, Ha), 4.95 (t, 2H, J = 2.06 Hz, Ha),
2.03 (s, 3H, Hf), 1.38 (d, 3H, J = 6.65 Hz, Hp) ppm; [(48)0Ac] (anticipated: C14H17MnNOs;
334.2265 g/mol, actual: C12H11MnOs; 290.1508 g/mol). Route terminated; full analysis not

obtained.

[(n5-CsH4CH(N(CH:)2)CH;)Mn(CO):]OAc [(49)OAc]
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47 (20.00 mg, 0.069 mmol) was dissolved in MeOH (0.6 mL) and dimethylamine (40 % in
H-0, 8.73 pL, 0.069 mmol) was added. The reaction mixture was left to stir under N2 at room
temperature overnight. Analysis by "H-NMR confirmed conversion to the product by 16 %*.
The reaction mixture was left to stir for another five hours at room temperature. Analysis by
'H-NMR confirmed no change to conversion to the product®. Additional dimethylamine (4
eq.) and MeOH (0.6 mL) was added and the reaction mixture was left to stir overnight.
Analysis by "H-NMR confirmed conversion to the product by 74 %*. The reaction mixture
was left to stir for another seven hours at room temperature. Analysis by 'H-NMR confirmed
conversion to the product by 87 %*. Additional dimethylamine (1 eq.) was added and the
reaction mixture was left to stir under N2 at room temperature overnight. Analysis by 'H-NMR
showed full conversion to the product* but upon full analysis, it was confirmed that the
product formed was in fact compound 40309.322, 1H-NMR (400 MHz, DMSO): & = 5.24-5.25
(m, 1H, OH), 5.04-5.06 (m, 2H, Ha), 4.85-4.92 (m, 2H, Ha), 4.36-4.42 (m, 1H, Hc), 1.26 (d,
3H, J = 6.40 Hz, Hp) ppm; D20 shake confirmed assignment of peak at & = 5.24-5.25 ppm
to be the OH group due to disappearance of the peak; [(49)OAc] (anticipated: C14H17MnNOs;
334.2265 g/mol, actual: C10HsMnO4; 248.1141 g/mol). Reaction unsuccessful.
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*Calculated by integrating the two CHs groups correlating to starting material and product,
and ratioing the integrals against each other.

Chloropropionylcymantrene32 (50)

o)
A
B E
C
0
~ 1 ~CO
OFC COF
F

A

Cymantrene (500 mg, 2.45 mmol) in dichloromethane (25 mL) was treated with 3-
chloropropionyl chloride (234 pL, 2.45 mmol) and AICl; (327 mg, 2.45 mmol). After stirring
for five hours at room temperature, the reaction mixture was poured into 3 % HClag). The
organic phase was dried with NaxSOs, filtered, and the solvent was removed under reduced
pressure. The product was dried on a vacuum line as a yellow solid (0.62 g, 2.10 mmol, 86
%). The crude product was purified by column chromatography on silica with a solvent
system of hexane/EtOAc (0-20 % EtOAc) to obtain a purer product as a yellow oil (0.17 g,
0.58 mmol, 24 %). 'H-NMR (400 MHz, DMSO): 6 = 5.87-5.88 (m, 2H, Ha), 5.22-5.23 (m, 2H,
Ha), 3.84 (m, 2H, J = 5.95 Hz, Hpg), 3.16 (m, 2H, J = 5.95 Hz, Hpe) ppm; *C{'H}-NMR (400
MHz, DMSO): & = 222.8 (3C, Cr), 193.6 (1C, Cc), 90.9 (1C, Cg), 87.2 (2C, Ca), 84.5 (2C,
Ca), 40.3 (1C, Cpg), 38.3 (1C, Coe) ppm; HRMS (ES*) m/z found 316.9391 [M + NaJ*;
C11HsCIMnNaO4 [M + Na]* requires 316.9384; 50 (C11HsCIMnOy4; 294.5700 g/mol).

[(n5-CsHsCOCH,CH(NHC-CH3))Mn(CO)s]CI [(51)CI]

0]

o
A B cl
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Triethylamine (0.15 mL, 1.09 mmol, 2 eq.) was added to 50 (0.16 g, 0.54 mmol) in DMF (15
mL) and stirred for 20 minutes at room temperature. 1-methylimidazole (43.2 L, 0.54 mmol,
1 eq.) was added and the reaction heated to 75 °C for five hours. The reaction was left to
cool to room temperature and then the solvent was removed under reduced pressure. The
resulting dark brown oil was dissolved in DCM (3 mL) and then Et,O (7 mL) was added to
precipitate the product. The product was separated from the supernatant by centrifugation
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(10,000 rpm for 5 minutes) and the crude product was dried further on a vacuum line as a
dark brown solid (0.20 g, 0.53 mmol, 97 %). 'H-NMR (400 MHz, DMSO): 6 = 9.12 (s, 1H,
Hg), 7.69-7.74 (m, 2H, Hr), 5.80 (t, 2H, J = 2.29 Hz, Ha), 5.25 (t, 2H, J = 2.29 Hz, Ha), 4.46
(t, 2H, J = 6.17 Hz, Hoge), 3.82 (s, 3H, Hu), under H20 peak in range of 3.14-3.52 (s, 2H,
Hoe) ppm; BC{'H}-NMR (400 MHz, DMSO): & = 222.4 (3C, C)), 194.4 (1C, Cc), 136.6 (1C,
Cs), 123.2 (1C, Cr), 122.1 (1C, Cf), 90.4 (1C, Cg), 87.3 (1C, Ca), 84.8 (1C, Ca), 44.8 (1C,
Cok), 43.6 (1C, Coee), 36.0 (1C, Ch) ppm; HRMS (ES*) m/z found 341.0331 [M - CIJ*;
C15H1aMnN2O4 [M - Cl]* requires 341.0329; [(51)CI] (C15H14CIMnN2O4; 376.6737 g/mol).

(n3-CsHsCOCH2CH2(NHC-CH;3))Mn(CO)2 (52)

To a stirring suspension of [(51)CI] (5.26 mg, 0.014 mmol) in THF-d® (5 mL) was slowly
added a solution of KOtBu (0.30 eq. in 0.3 mL THF-d®*) at room temperature. The reaction
mixture was stirred for 15 minutes, the volume was reduced to ~0.5 mL and the reaction
mixture was transferred to an NMR tube made of borosilicate glass. 'H-NMR confirmed
successful deprotonation of the NHC. The sample was set up ~1-2 cm from the light source
and irradiated with UV light on the long wavelength setting (315 nm, 6W) with N2 bubbling
through the solvent. The irradiation was carried out at room temperature with no cooling
required as the vessels did not get hot. Results were inconclusive, therefore the route was
terminated; full analysis not collected.

*A stock solution (x20) was made up i.e. 0.0314 g of KOfBu in 20 mL THF-d8.
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(R)-2-Amino-2-(cyclohexa-1,4-dien-1-yl)acetic acid (53)
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A solution of (R)-2-amino-2-phenylacetic acid hydrochloride (5.00 g, 26.60 mmol, 1 eq.) in
ethanol (120 mL) was added to liquid NH3 (300 mL) at-77 °C. Lithium wire (1.22 g, 0.18 mol,
6.60 eq.) was washed in hexane before addition in 0.50 g portions until a dark blue colour
persisted. The reaction was left to stand overnight to leave a white solid. H20 (100 mL) was
added whilst stirring at 0 °C and the pH was found to be ~10. The solvent was removed
under reduced pressure. Acetic acid (~ 5 mL) was added to acidify the solution to pH 7. A
white solid precipitated, which was filtered under vacuum and washed with H20. The crude
product was dried further on a vacuum line to yield the product as a pearlescent white solid
(3.18 g, 20.76 mmol, 78 %). 'H-NMR (D20 + 3 drops of DCI, 400 MHz): & =6.01 (s, 1H, Ha2),
5.69 (s, 2H, Ha1), 4.53 (s, 1H, Hp), 2.50-2.74 (m, 4H, Hg) ppm; *C{'H}-NMR (D20 + 3 drops
of DCI, 400 MHz): 6 =170.5 (1C, Cr), 130.4 (1C, Cc), 126.0 (1C, Ca2), 123.7 (1C, Ca1), 122.8
(1C, Ca1), 58.2 (1C, Cp), 26.2 (1C, Cg), 24.6 (1C, Cg) ppm; HRMS (ES-): m/z found 152.0717
[M - H]; CeH1oNO2 [M - H] requires 152.0719; 53 (CsH11NO2, 153.1784 g/mol).

(R)-2-((Tert-butoxycarbonyl)amino)-2-(cyclohexa-1,4-dien-1-yl)acetic acid332 (54)

Di-tert-butyl dicarbonate (2.14 g, 9.80 mmol, 1 eq.) suspended in a mixture of H2O (15 mL)
and MeOH (3.75 mL) was added dropwise to a stirred mixture of 53 (1.50 g, 9.80 mmol, 1
eq.) and K2COs (1.35 g, 11.76 mmol, 1.20 eq.) in H20 (15 mL) and MeOH (3.75 mL) at 0 °C.
The cloudy white suspension was left to stir overnight at room temperature. After 24 hours,
1M HCI (~ 20 mL) was added slowly to acidify the reaction mixture from pH 9 to pH 4.95.
The reaction mixture was extracted with EtOAc (100 mL) and H20 (100 mL). The aqueous

layer was washed with EtOAc (2 x 50 mL). The organic layers were combined and washed
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with brine (50 mL). The organic layer was dried over Na2SOs, filtered and the solvent was
removed under reduced pressure. The crude product was dried further under vacuum to
yield the product as a white honeycomb solid. The product was purified through a plug of
silica using DCM/MeOH (3 % MeOH) and the solvent was removed under reduced pressure.
The purified product was dried further on a vacuum line as a white honeycomb solid (1.36 g,
5.37 mmol, 55 %). "H-NMR (CDCls, 400 MHz): & = 5.84 (s, 1H, Ha), 5.65-5.73 (m, 2H, Ha),
4.52-4.75 (m, 1H, Hp), 2.60-2.75 (m, 4H, Hg), 1.42-1.44 (m, 9H, Hy) ppm; 1¥C{'H}-NMR
(CDCls, 400 MHz): 6 = 173.7 (1C, Cg), 157.2 (1C, C), 131.5 (1C, Cc), 124.0 (1C, Ca), 123.8
(1C, Ca), 123.7 (1C, Ca), 81.6 (1C, Cg), 60.3 (1C, Cp), 28.3 (3C, Ch), 26.8 (1C, Cg), 26.0
(1C, Cg) ppm; LRMS (ES*): m/z found 276.1 [M + Na]* (100 %); C13H1sNNaO4 [M + Na]*
requires 276.3; 54 (C13H19NO4; 253.2943 g/mol).

(R)-Tert-butyl (1-(cyclohexa-1,4-dien-1-yl)-2-((2-((4-
methylphenyl)sulfonamido)ethyl)amino)-2-oxoethyl)carbamate (55)

54 (1.30 g, 5.13 mmol, 1 eq.), DIPEA (2.68 mL, 15.39 mmol, 3 eq.) and TBTU (1.98 g, 4.28
mmol, 1.20 eq.) were dissolved in a mixture of DMF (10 mL) and DCM (10 mL). The solution
was stirred for five minutes then N-(2-aminoethyl)-4-methylbenzenesulfonamide (1.12 g,
5.13 mmol, 1 eq.) was added and left to stir at room temperature overnight. The reaction
was pipetted into 1M HCI (100 mL) and extracted with DCM (3 x 100 mL). The organic layers
were combined and extracted with H2O (3 x 100 mL). The solvent of the organic layer was
removed under reduced pressure. The yellow oil was redissolved in EtO (100 mL) and
extracted with H20 (5 x 100 mL). The organic layer was dried with Na2SOs, filtered and the
solvent was removed under reduced pressure. The product was dried further on a vacuum
line as a yellow honeycomb solid. The crude product was purified by column chromatography
on silica gel using a solvent system of DCM/Methanol (0-1 % MeOH). The solvent was
removed under reduced pressure and the purified product was dried further on a vacuum
line as a white honeycomb solid (1.61 g, 3.58 mmol, 70 %). "H-NMR (CDCl3, 400 MHz): & =
7.69 (d, 2H, J=8.23 Hz, H)), 7.26 (d, 2H, J = 8.00 Hz, H,), 6.86-6.89 (m, 1H, NH), 5.90-5.94
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(m, 1H, NH), 5.58-5.79 (m, 3H, Ha), 4.54-4.56 (m, 1H, Hp), 3.23-3.42 (m, 2H, Hs), 2.98-
3.02 (m, 2H, Hrss), 2.42-2.71 (m, 4H, Hg), 2.38 (s, 3H, Hy), 1.39 (s, 9H, Ho), ppm; 3C{'H}-
NMR (CDCls, 400 MHz): & = 170.9 (1C, Ck), 155.5 (1C, Cwm), 143.5 (1C, Ch), 136.7 (1C, Ck),
131.7 (1C, Cc), 129.8 (2C, Cy), 127.0 (2C, Cy), 124.5 (1C, Ca), 123.7 (1C, Ca), 123.6 (1C,
Ca), 80.0 (1C, Cn), 60.3 (1C, Cp), 42.8 (1C, Crsg), 39.7 (1C, Crrs), 28.4 (3C, Co), 26.7 (1C,
Cg), 25.3 (1C, Cg), 21.6 (1C, C.) ppm; HRMS (ES*): m/z found 472.1879 [M + NaJ;
C22H31N3NaOsS [M + NaJ* requires 472.1877; 55 (C22H31N30sS. 449.5636 g/mol).

(R)-2-Amino-2-(cyclohexa-1,4-dien-1-yl)-N-(2-((4-
methylphenyl)sulfonamido)ethyl)acetamide (56)
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55 (1.61 g, 3.58 mmol) was dissolved in anhydrous DCM (6.5 mL). TFA (5.5 mL) was added
slowly and the reaction mixture was stirred at room temperature under N> for one hour. The
solvent was removed under reduced pressure and then the product was redissolved in DCM
(10 mL). The solvent was removed under reduced pressure and the process was repeated
five times to yield a yellow/orange oil. The sample was dissolved in DCM (200 mL) and
washed with NaHCOs (3 x 100 mL). A white solid precipitated. The organic layer was dried
over Na;SOs, filtered and the solvent was removed under reduced pressure. The crude
product was dried further on a vacuum line as a yellow honeycomb solid (0.96 g, 2.75 mmol,
77 %). "H-NMR (CDCls, 400 MHz): 6 = 7.72 (d, 2H, J = 8.46 Hz, H)), 7.29 (d, 2H, J=7.78
Hz, H,), 5.64-5.77 (m, 3H, Ha), 3.89 (s, 1H, Hp), 3.32-3.42 (m, 2H, Hrsc), 3.05-3.11 (m, 2H,
Hrc), 2.45-2.81 (m, 4H, Hg), 2.41 (s, 3H, Hy), 1.68 (br. s, 2H, NH2) ppm; ®C{'"H}-NMR
(CDCls, 400 MHz): 6 =174.1 (1C, C), 143.5 (1C, Cn), 137.0 (1C, Ck), 134.5 (1C, Cc), 129.8
(2C, Cy), 127.1 (2C, Cy), 123.9 (1C, Ca), 123.8 (1C, Ca), 123.1 (1C, Ca), 61.4 (1C, Cp), 43.2
(1C, Crrs), 39.2 (1C, Crre), 26.8 (1C, Cs), 25.3 (1C, Cs), 21.6 (1C, Cr) ppm; HRMS (ES*):
m/z found 350.1533 [M + H]*; C17H24N303S [M + H]* requires 350.1535; 56 (C17H23N303S;
349.4478 g/mol).
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(R)-N-(2-((2-Amino-2-(cyclohexa-1,4-dien-1-yl)ethyl)amino)ethyl)-4-

methylbenzenesulfonamide (57)

56 (0.83 g, 2.38 mmol, 1 eq.) was dissolved in anhydrous THF (20 mL) and added dropwise
to the stirring solution of solid LiAlH4 (0.23 g, 5.94 mmol, 2.50 eq.) in anhydrous THF (5 mL)
under N2. The reaction was stirred at room temperature for three days. The reaction was
cooled to 0 °C and effervescence was observed whilst NaHCO; (50 mL) was added, to give
a biphasic mixture, which was filtered. The sticky grey solid was washed with Et,0 (40 mL).
The organic solvent was removed under reduced pressure. Et,O (50 mL) was added to
redissolve the product, which was extracted with H2O (50 mL). The aqueous layer was
washed with Et20 (2 x 50 mL) and the organic layers were combined, dried over NaxSO4
and filtered. The solvent was removed under reduced pressure and the crude product dried
further on a vacuum line to yield a yellow oil (0.25 g).The product was found to be impure

starting material. Route terminated; full analysis not collected.
(R)-2-Amino-2-phenylethan-1-o0l3% (58)
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LiAlH4 (1.82 g, 48.00 mmol, 2 eq.) was suspended in anyhdrous THF (100 mL) under N2 at
0 °C. Solid (R)-2-amino-2-phenylacetic acid hydrochloride (4.50 g, 24.00 mmol, 1 eq.) was
added in small portions. The mixture was stirred at 0 °C for one hour, then slowly heated to
reflux and left to stir with heat overnight under N2. The reaction was allowed to cool to room
temperature and then was cooled further to 0 °C. THF (50 mL) was added and a saturated
K2COs solution (50 mL) was added very slowly to the mixture. The mixture was filtered and
the sticky grey solid was washed with THF (50 mL). The organic solvent was removed under
reduced pressure. The orange oil was purified through a plug of silica. DCM was used to
flush off the impurities and the pure product was eluted with DCM/MeOH (10 % MeOH). The
solvent was removed under reduced pressure and the purified product was dried further on
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a vacuum line as an orange solid (2.33 g, 17.11 mmol, 71 %). "H-NMR (CDCls, 400 MHz): &
= 7.26-7.37 (m, 5H, Ha), 4.03-4.06 (m, 1H, Hc), 3.72-3.75 (m, 1H, Hpb), 3.54-3.58 (m, 1H,
Hp), 2.49 (s, 2H, NH2) ppm; 13C{'H}-NMR (CDCl3, 400 MHz): 6 = 142.6 (1C, Cs), 128.7 (2C,
Ca), 127.6 (1C, Ca), 126.6 (2C, Ca), 68.0 (1C, Cp), 57.5 (1C, Cc) ppm; LRMS (ES*): m/z
found 138.1 [M + H]* (100 %); CsH12NO [M + H]* requires 138.2; 58 (CgH11NO; 137.2 g/mol).

(R)-Tert-butyl (2-hydroxy-1-phenylethyl)carbamate?3* (59)

Di-tert-butyl dicarbonate (2.92 g, 13.40 mmol, 1 eq.) suspended in a mixture of H20 (22.50
mL) and MeOH (5.50 mL) was added dropwise to a stirred mixture of 58 (2.33 g, 13.40 mmol,
1 eq.) and K2CO3 (2.23 g, 16.08 mmol, 1.20 eq.) in H20 (22.50 mL) and MeOH (5.50 mL) at
0 °C. The cloudy yellow suspension with orange clumps was left to vigorously stir overnight
at room temperature under Na. A light yellow precipitate was observed in place of the orange
clumps. The solvent was removed under reduced pressure and the product was extracted
with H20 (50 mL) and DCM (3 x 100 mL). The organic layers were combined, dried over
Na>SOs and filtered. The solvent was removed under reduced pressure and the crude
product was dried further on a vacuum line as a yellow solid (3.23 g, 13.60 mmol, 101 %).
The yield can be explained by the excess DCM observed in the H-NMR. 'H-NMR (CDCls,
400 MHz): 6 = 7.27-7.38 (m, 5H, Ha), 4.78 (s, 1H, Hc), 3.84 (s, 2H, Hp), 2.37 (s, 1H, NH),
1.44 (s, 9H, Hg) ppm; 1C{'H}-NMR (CDCls, 400 MHz): & = 156.3 (1C, Cg), 139.7 (1C, Cs),
128.7 (2C, Ca), 127.7 (1C, Ca), 126.6 (2C, Ca), 80.0 (1C, Cf), 66.6 (1C, Cp), 56.8 (1C, Cc),
28.4 (3C, Cg) ppm; LRMS (ES*): m/z found 260.1 [M + Na]* (100 %); C13H1eNNaO3 [M +
Na]* requires 260.3; 59 (C13H19NO3; 237.3 g/mol).
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(R)-2-((Tert-butoxycarbonyl)amino)-2-phenylethyl methanesulfonate33> (60)
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A solution of 59 (3.23 g, 13.60 mmol, 1 eq.) in DCM (100 mL) was cooled to 0 °C, followed
by the addition of TEA (3.79 mL, 27.20 mmol, 2 eq.). The solution was stirred for ten minutes

>

before methanesulfonyl chloride (1.16 mL, 15.00 mmol, 1.10 eq.) was added dropwise. The
solution was stirred for 1.5 hours at 0 °C under N2 and then washed with brine (3 x 50 mL).
The organic phase was dried over NaxSOy, filtered and the solvent was removed under
reduced pressure. Hexane (100 mL) was added to the resulting yellow solid and the product
was collected by filtration. The crude product was dried further on a vacuum line to yield a
beige solid (3.75 g, 11.89 mmol, 87 %). "H-NMR (CDCls, 400 MHz): 6 = 7.29-7.39 (m, 5H,
Ha), 5.25-5.27 (m, 1H, NH), 5.01 (s, 1H, Hc), 4.37-4.47 (m, 2H, Hp), 2.86 (s, 3H, Cg), 1.43
(s, 9H, Hy) ppm; 3C{'H}-NMR (CDCls, 400 MHz): & = 155.2 (1C, C¢), 137.8 (1C, Cg), 129.0
(1C, Ca), 128.4 (2C, Ca), 126.8 (2C, Ca), 80.4 (1C, Cq), 71.4 (1C, Cp), 53.7 (1C, C¢), 37.5
(1C, Cg), 284 (3C, Cx) ppm; LRMS (ES*): m/z found 338.1 [M + Na]* (100 %);
C14H21NNaOsS [M + NaJ* requires 338.4; 60 (C14H21NOsS; 315.4 g/mol).

(R)-Tert-butyl-(2-((2-aminoethyl)amino)-1-phenylethyl)carbamate (61)
S
OJ\NH

H
Oy

60 (3.75 g, 11.89 mmol, 1 eq.) and ethylenediamine (16 mL, 0.24 mol, 20 eq.) were dissolved
in anhydrous THF (75 mL). The solution was heated at 60 °C overnight. The reaction mixture
was allowed to cool to room temperature, then the solvent was removed under reduced
pressure. The product was redissolved in DCM (200 mL) and extracted with H20 (3 x 100
mL). The organic phase was dried with Na2SQOs, filtered and the solvent removed under

reduced pressure. The crude product was dried further on a vacuum line to yield an orange
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oil (3.00 g). Purification on 60 A alumina using DCM/MeOH (0-5 %) decomposed the product.
Route terminated; full analysis not collected.

(R)-2-Amino-2-(cyclohexa-1,4-dien-1-yl)ethan-1-0133¢ (62)

A solution of 58 (2.75 g, 20.20 mmol, 1 eq.) in ethanol (80 mL) was added to liquid NH3 (300
mL) at -77 °C. Lithium wire (0.93 g, 0.13 mol, 6.60 eq.) was washed in hexane before
addition in 0.50 g portions until a dark blue colour persisted. The reaction was left to stand
overnight, followed by addition of H2O (400 mL) and extraction with Et20 (3 x 100 mL). The
organic layers were combined, dried with Na2SO4 and filtered. The solvent was removed
under reduced pressure. The aqueous phase was re-extracted with DCM (5 x 100 mL). The
organic layers were combined, dried with Na2SO4 and filtered. The solvent was removed
under reduced pressure. The crude product was dried further on a vacuum line as an orange
oil (2.07 g, 15.00 mmol, 74 %). 'H-NMR (CDCls, 400 MHz): 6 = 5.68-5.74 (m, 3H, Ha1 + Ha2),
3.60-3.66 (m, 1H, He), 3.40-3.46 (m, 1H, He), 3.32-3.35 (m, 1H, Hp), 2.53-2.75 (m, 4H, Hg),
2.34 (s, 2H, NH2) ppm; 3C{'H}-NMR (CDCls, 400 MHz): 6 = 135.8 (1C, Cc), 124.3 (1C, Ca1),
124.0 (1C, Ca1), 120.1 (1C, Ca2), 65.1 (1C, Ce), 58.4 (1C, Cp), 26.6 (1C, Cs), 26.4 (1C, Cs)
ppm; LRMS (ES*): m/z found 140.1 [M + HJ* (100 %); CeH14NO [M + H]* requires 140.2; 62
(CgH13NO; 139.2 g/mol).

(R)-Tert-butyl (1-(cyclohexa-1,4-dien-1-yl)-2-hydroxyethyl)carbamate (63)

Di-tert-butyl dicarbonate (3.27 g, 15.00 mmol, 1 eq.) suspended in MeOH (10 mL) was added
dropwise to a stirred mixture of 62 (2.07 g, 15.00 mmol, 1 eq.) and K.CO3 (2.48 g, 18.00
mmol, 1.20 eq.) in MeOH (20 mL) at 0 °C. The yellow suspension was left to stir overnight

at room temperature under N2. Analysis by "H-NMR proved the reaction to be incomplete,
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therefore MeOH (30 mL) was added and the yellow suspension was left to stir for one hour
at room temperature under N,. The solvent was removed under reduced pressure and the
product was extracted with H2O (100 mL) and DCM (3 x 100 mL). The organic layers were
combined, dried with Na2SO4 and filtered. The solvent was removed under reduced pressure
and the product was dried further on a vacuum line as an orange solid. Hexane was used to
triturate the product. The solid was collected by filtration and washed further with hexane.
The crude product was dried further on a vacuum line to yield a beige solid (1.68 g, 7.05
mmol, 47 %). 'H-NMR (CDCls, 400 MHz): & = 5.68-5.73 (m, 3H, Har + Ha2), 4.97-4.99 (m,
1H, OH), 4.06 (s, 1H, Hp), 3.69-3.70 (m, 2H, He), 2.63-2.73 (m, 4H, Ha), 1.45 (s, 9H, Hh)
ppm; BC{'H}-NMR (CDCls, 400 MHz): & = 156.3 (1C, Cf), 132.6 (1C, Cc), 124.2 (1C, Ca1),
123.8 (1C, Car), 121.2 (1C, Ca2), 79.9 (1C, Cq), 64.2 (1C, Ce), 57.4 (1C, Cp), 28.5 (3C, Cn),
27.1(1C, Cg), 26.6 (1C, Cs) ppm; HRMS (ES*): m/z found 262.1414 [M + Na]*; C13H21NNaO3
[M + Na]* requires 262.1421; 63 (C13H21NO3; 239.3107 g/mol).

(R)-2-((Tert-butoxycarbonyl)amino)-2-(cyclohexa-1,4-dien-1-yl)ethyl
methanesulfonate (64)

A solution of 63 (1.66 g, 6.97 mmol, 1 eq.) in DCM (50 mL) was cooled to 0 °C, followed by
the addition of TEA (1.94 mL, 13.90 mmol, 2 eq.). The solution was stirred for ten minutes
before methanesulfonyl chloride (0.59 mL, 7.67 mmol, 1.10 eq.) was added dropwise. The
solution was stirred for 1.5 hours at 0 °C under N, diluted with DCM (50 mL) and then
washed with brine (3 x 50 mL). The organic phase was dried with Na>SOs, filtered and the
solvent was removed under reduced pressure. The crude product was dried further on a
vacuum line to yield an orange solid (2.15 g, 6.77 mmol, 97 %). 'H-NMR (CDCls, 400 MHz):
0 =5.65-5.71 (m, 3H, Ha1 + Ha2), 4.88 (s, 1H, Hp), 4.29-4.31 (m, 2H, Hg), 2.99-3.03 (m, 3H,
Cr), 2.62-2.76 (m, 4H, Hg), 1.43 (s, 9H, H)) ppm; 3C{'"H}-NMR (CDCls, 400 MHz): & = 155.3
(1C, Cg), 131.1 (1C, Cc), 124.0 (1C, Ca1), 123.5 (1C, Ca1), 122.4 (1C, Ca2), 80.2 (1C, Ch),
69.6 (1C, Cg), 54.2 (1C, Cp), 37.7 (1C, Cr), 28.4 (3C, C)), 26.8 (1C, Cs), 26.6 (1C, Cg) ppm;
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HRMS (ES*): m/z found 340.1192 [M + NaJ*; C14H23NNaOsS [M + NaJ* requires 340.1189;
64 (C14H23NOsS; 317.4011 g/mol).

(R)-Tert-butyl (1-(cyclohexa-1,4-dien-1-yl)-2-((2-((4-
methylphenyl)sulfonamido)ethyl)amino)ethyl)carbamate (65)
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64 (20 mg, 0.064 mmol, 1 eq.) and 1 (0.14 g, 0.64 mmol, 10 eq.) were dissolved in ethanol
(4 mL). The solution was heated to 100 “C overnight. The reaction was allowed to cool to
room temperature, then DCM (100 mL) was added and the reaction mixture was extracted
with H20 (3 x 100 mL). The organic phase was dried with Na2SOs, filtered and the solvent
was removed under reduced pressure. The product was dried further on a vacuum line to
yield yellow solid. The crude product was purified by column chromatography with a solvent
system of DCM/MeOH (0-13 % MeOH) to obtain the purer product as a pale yellow solid.
The yield has not been included as the actual products obtained were not those that were
anticipated. 'H-NMR (CDCls, 400 MHz): & = 7.70 (d, 4H, J = 8.23 Hz, H)), 7.29 (d, 4H, J =
8.00 Hz, H,), 5.67-5.76 (m, 6H, Ha1 + Haz), 5.35-5.42 (m, 2H, linker NH), 4.49-4.53 (m, 2H,
He), 4.34-4.38 (m, 2H, Hp), 4.11-4.14 (m, 2H, He), 3.03-3.04 (m, 4H, HL), 2.61-2.75 (m, 8H,
Hs), 2.42 (s, 6H, Hg), 1.70 (br. s, 2H, cyclic carbamate NH) ppm. Spectrum assigned to show
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the correct number of protons for the ditosylated linker**, indicating that there were then two
cyclic carbamate™ molecules for every ditosylated linker molecule; '3C{'H}-NMR (CDCls, 400
MHz): 6 = 160.0*** (2C, Cr), 143.7 (2C, Ch), 136.6 (2C, Ck), 132.4 (2C, Cc), 129.2 (4C, Cy),
127.2 (4C, Ci), 124.2 (2C, Ca2), 123.3 (2C, Ca1), 123.2 (2C, Ca1), 69.1 (2C, C), 58.0 (2C,
Cp), 43.0 (4C, C), 26.6 (2C, Cs), 24.1 (2C, Cg), 21.7 (2C, Cs) ppm. Spectrum assigned to
show the correct number of carbons for the ditosylated linker, indicating that there were then
two cyclic carbamate* molecules for every ditosylated linker** molecule; LRMS (ES*) m/z
found 391.1 [M + NaJ* (100 %), C16H20N2NaO4S2 requires 391.5 m/z; found 188.1 [M + NaJ*
(33 %), CoH11NNaO2 requires 188.2 m/z; 65 (anticipated: CaoH33N304S; 435.5801 g/mol,
actual: C16H20N204S2 and CoH11NOo; 368.4710 g/mol and 165.1891).

*Cyclic carbamate "H-NMR and 3C-NMR in close agreement with the literature.338
**Linker '"H-NMR and 3C-NMR in close agreement with the literature.337

***Baseline level peak, picked out based on literature.338

(R)-Tert-butyl (2-azido-1-(cyclohexa-1,4-dien-1-yl)ethyl)carbamate (66)

64 (50 mg, 0.16 mmol, 1 eq.) was dissolved in DMF (1 mL), followed by addition of sodium
azide (51 mg, 0.79 mmol, 5 eq.), which was insoluble in the DMF reaction mixture. The
reaction was heated to 80 °C under N> for four hours, which was coupled with a colour
change from yellow to orange after heating. The reaction was quenched with H2O (10 mL),
followed by extraction with Et20 (3 x 10 mL). The organic layers were dried with Na2SOs,
filtered and the solvent was removed under reduced pressure. The crude product was dried
further on a vacuum line to yield a yellow oil. The yield of the pure product was not calculated
as the route was preliminary. 'H-NMR (CDCls, 400 MHz): & = 5.66-5.76 (m, 3H, Ha1 + Ha2),
4.11-5.11 (m, 2H, Hog), 3.42-3.51 (m, 1H, Ho), 2.58-2.76 (m, 4H, Hg), 1.45 (s, 7H, Hu) ppm;
13C{'H}-NMR (CDCls, 400 MHz): & = 155.3 (1C, C), 132.3 (1C, Cc), 124.1 (1C, Ca1), 123.5
(1C, Ca1), 121.8 (1C, Ca2), 80.1 (1C, Cg), 57.9 (1C, Cp), 53.2 (1C, Ck), 28.5 (3C, Cn), 26.8
(1C, Cg), 26.7 (1C, Cg) ppm; IR: Lmax = 2099.02 (aliphatic C-N stretch) cm-'; HRMS (ES*)
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m/z found 287.1481 [M + NaJ*; C1sH20NsNaO2 [M + NaJ* requires 287.1478; LRMS (ES?)
m/z found 287.1 [M + Na]* (100 %), 188.1 [(M — C4HeO*) + Na]* (26 %); 66 (C13H20N4Oz;
264.3235 g/mol).

*Loss of Boc group only occurred during MS analysis.

(R)-Tert-butyl (2-amino-1-(cyclohexa-1,4-dien-1-yl)ethyl)carbamate (67)
H
H ﬁ\ Q
H™G O)FJ\NH
A
B

X C_N_E_NH,
D
A B

A

66 (50 mg, 0.19 mmol, 1 eq.) was dissolved in anhydrous THF (1 mL) and cooled to -41 °C,
using a dry ice and acetonitrile cooling bath, followed by addition of LiAlHs (7.17 mg, 0.38
mmol, 2 eq.). The reaction mixture was left to stir under N2 for seven hours, then a 0.5M
solution of NaHSOs4 (5 mL) was added dropwise with fizzing observed. EtOAc (5 mL) was
added and the mixture was filtered through celite under vacuum. The organic layer was dried
with Na2SOsq, filtered and the solvent was removed under reduced pressure. The product
was dried further on a vacuum line to yield a yellow oil. The crude product was purified
through silica under vacuum, using EtOAc/Hexane (10 % EtOAc) to flush the impurities off,
followed by DCM/MeOH (20 % MeOH). The yield of the pure product was not calculated as
the route was preliminary. 'H-NMR (CDCls, 400 MHz): & = 5.54-5.75 (m, 3H, Ha1 + Ha2),
4.05-5.05 (m, 3H, Hp + He), 3.78 (br. s, 1H, NHy), 3.63 (br. s, 1H, NHy), 2.55-2.77 (m, 4H,
Hs), 1.36-1.51 (m, 2H, Hy*) ppm; "8C{'H}-NMR (CDCl3, 400 MHz): 6 = 132.5 (1C, Cc), 126.2
(1C, Ca2), 124.2 (1C, Ca1), 123.3 (1C, Ca1), 69.0 (1C, Ce), 58.0 (1C, Cp), 26.6 (1C, Cs), 24.1
(1C, Cg) ppm; HRMS (ES*) m/z found 239.1753 [M + HJ*; C13H2sN202 [M + H]* requires
239.1754; LRMS (ES*): m/z found 239.2 [M + HJ* (32 %), 188.1 [(M — C4HsO*) + NaJ*
(100 %); 67 (C13H22N202; 238.3 g/mol).

*Unconfirmed if Boc or just an impurity. More likely to be an impurity as Boc was not observed
in the 13C-NMR. However, loss of part of the Boc fragment (C4HoO) was observed during MS
analysis, though this technique is much more sensitive and hence the amount of Boc
protected product could have been too small to observe by NMR.
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(R)-Tert-butyl-(1-(cyclohexa-1,4-dien-1-yl)-2-(1,3-dioxoisoindolin-2-yl)ethyl)carbamate
(68)

Target product (successfully obtained):

Side product: - =

64 (100 mg, 0.32 mmol, 1 eq.) was dissolved in DMF (1 mL), followed by addition of
potassium phthalimide (64.60 mg, 0.35 mmol, 1.10 eq.) and the reaction was heated to 100
°C overnight under N2. The reaction was allowed to cool to room temperature before DCM
(50 mL) and H20 (50 mL) were added. The mixture was extracted and the aqueous layer
was washed with DCM (2 x 50 mL). The organic layers were combined and washed with
0.2M NaOH solution (100 mL). The organic layer was dried with Na,SOs, filtered and the
solvent was removed under reduced pressure. The crude product was dried further on a
vacuum line to yield a yellow solid. The yield of the pure product was not calculated as the
route was preliminary. '"H-NMR (CDCls, 400 MHz): 6 = 7.71-7.86 (m, 3H*, Hy), 5.65-5.74 (m,
3H, Ha1 + Ha2), 3.70-4.53 (m, 3H, Hp + He), 2.61-2.74 (m, 4H, Hg), 1.24 (s, 5H**, HL) ppm;
13C{'H}-NMR (CDCl3, 400 MHz): & = 168.7 (2C, Cr), 134.2 (2C, Cg), 134.1 (2C, Ch), 124.0
(1C, Ca1), 123.7 (1C, Ca1), 123.5 (2C, Cn), 121.3 (1C, Ca2), 77.8 (1C, Ck), 69.0 (1C, Cg),
57.9 (1C, Cp), 28.2 (3C, Cy), 26.7 (1C, Cag), 26.6 (1C, Cg) ppm; HRMS (ES*) m/z found
391.1633 [M + Na]*; C21H24N2NaO4 [M + NaJ* requires 391.1628; LRMS (ES*): m/z found
391.2 [M + Na]* (100 %), 185.1 [side product + Na]* (50 %); CoH10N2NaO [side product +
Na]* requires 185.2; 68 (C21H24N204; 368.4262 g/mol), side product (CoH1oN2NaO; 162.1885
g/mol).

*Should integrate to 4H.
**Should integrate to 7H.
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Note: The side product was not observed in the NMR spectra. It is suspected that this
cyclisation occurs due to easy loss of the Boc group, however, it has not been concluded as
to the conditions allowing for the mechanism to happen since we can’t determine whether
the cyclisation is occurring during the reaction or just analysis.

(R)-Tert-butyl (2-amino-1-(cyclohexa-1,4-dien-1-yl)ethyl)carbamate (67)

Target product (successfully obtained): Ay

Side product:

68 (0.14 g, 0.38 mmol, 1 eq.) was dissolved in ethanol (4 mL), followed by addition of
hydrazine hydrate (42.50 pL, 2.66 mmol, 7 eq.) and the reaction was heated at reflux for five
hours under N». The reaction was allowed to cool to room temperature and a white solid
precipitated. The solvent was removed under reduced pressure before H20 (50 mL) was
added. The aqueous layer was washed with DCM (4 x 20 mL). The organic layers were
combined, dried with Na2SO4 and filtered. The solvent was removed under reduced pressure
and the crude product was dried further on a vacuum line to yield a yellow oil. The yield of
the pure product was not calculated as the route was preliminary. 'H-NMR (CDCls, 400
MHz): & = 5.52-5.72 (m, 3H, Har + Haz), 3.88-5.07 (m, 3H, Hp + He), 2.55-2.78 (m, 4H, Hg),
1.41 (m, 12H, Hy*) ppm; 3C{'H}-NMR (CDCls, 400 MHz): 6 = 160.1 (1C, Cn), 155.8 (1C,
Cr), 135.1 (1C, Cc), 132.5 (1C, Ck), 125.7 (1C, Ca2), 124.2 (1C, Ca1), 124.1 (1C, C)), 123.8
(1C, Cy), 123.3 (1C, Ca1), 122.9 (1C, Cy), 79.4 (1C, Cg), 69.3 (1C, Ck), 69.0 (1C, Cw), 58.2
(1C, Cp), 57.9 (1C, C1), 28.5 (3C, Cn), 26.6 (1C, Cy), 25.8 (1C, Cy), 25.0 (1C, Cs), 25.0 (1C,
Cg) ppm; HRMS (ES*) m/z found 239.1758 [M + H]*; C13H2sN202 [M + H]* requires 239.1754;
LRMS (ES*): m/z found 239.2 [M + H]* (100 %), 185.1 [side product + Na]* (56 %);
CoH10N2NaO [side product + Na]* requires 185.2; 67 (C13H2oN202; 238.3260 g/mol), side
product (CoH10N2NaO; 162.1885 g/moal).
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*Should integrate to 9H.

Note: The side product was not observed in the 'H-NMR spectra, likely due to overlapping
signals with the desired product. It is suspected that this cyclisation occurs due to easy loss
of the Boc group, however, it has not been concluded as to the conditions allowing for the
mechanism to happen since we can’t determine whether the cyclisation is occurring during

the reaction or just analysis.
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Figure 141. 'H (top) and 3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 4a

Intens. [~ +MS, 11.7-12.3min #701-735, -Peak Bkgrnd
x105 | C18H27N202S1, [M+H]
b 1+
6 3350799
4]
24 1+ 1+
333.1640 1+ 336.1827 1+
I 334.1669 337,189
0 A
400 I+ 1+ CisH27N,0,5,, 335.1788
] 335.1788
300
200
100 o
E 336.1818 1.
] 337.1781
0 T T T T T T T T
332 333 334 335 336 337 338 mz

Figure 142. High resolution ESI* spectra of 4a
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Figure 143. 'H (top) and 3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 6a
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Figure 144. High resolution ESI* spectra of 6a
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Figure 145. 'H (top) and 3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 4b
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Figure 146. High resolution ESI* spectra of 4b
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Figure 147. 'H (top) and 3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 6b
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Figure 148. High resolution ESI* spectra of 6b
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Figure 151. 'H (top) and 3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 12a

Intens. J5 +MS, 8.8-9.7min #525-581, -Peak Bkgrnd
x1083 C21H33N202S 1, [M+H]
23 377:2265
E 1+
14 1+ I+ 3792405
1 375.2105 378.I2293 Tz 3801;438
] | i
x10%515 i’ CH33N,0,S, 377.2257
203 377.2257
153
1.03 1+
053 378.2288 14
E I 379.2217
0.0 3 A
T T T T T T
372 374 376 378 380 382 mz
Figure 152. High resolution ESI* spectra of 12a
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Figure 153. 'H (top) and 3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 14a
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Figure 154. High resolution ESI* spectra of 14a
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Figure 155. 'H (top) and 3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 12b
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Figure 156. High resolution ESI* spectra of 12b
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Figure 157. 'H (top) and 8C{'H} (bottom) NMR spectra (recorded in CDCl3) of 14b
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Figure 158. High resolution ESI* spectra of 14b
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Figure 159. 'H (top) and '3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 14
Intens. 17, +MS, 12.8-13.0min #767-780, -Peak Bkgrnd
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Figure 160. High resolution ESI* spectra of 14
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Figure 161. 'H (top) and 3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 17
Intens. [0, +MS, 13.3-13.8min #797-828, -Peak Bkgrnd
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Figure 162. High resolution ESI* spectra of 17
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Figure 163. 'H (top) and '3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 19
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Figure 164. High resolution ESI* spectra of 19
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Figure 165. 'H (top) and 3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 17a
Inter"5-211. +MS, 7.9-8.4min #471-505, -Peak Bkgrnd
X106; C19H29N202S1, [M+H]
2,03 1+
E 349¢952
1.5§ ¢
1'0§ 1+ 1+
0.5% 347.1793 350.1982
0.03
511. 1+ CigH29N, 0,51, 349.1944
400 3 349.1944
300 3
200 i
100 3 350.1975
0 1 T T T T T T T T T
342 344 346 348 350 352 354 356 358 miz

Figure 166. High resolution ESI* spectra of 17a
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Figure 167. 'H (top) and 3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 19a
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Figure 168. High resolution ESI* spectra of 19a
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Figure 169. 'H (top) and 3C{'H} (bottom) NMR spectra (recorded in CDCl3) of 22
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Figure 170. High resolution ESI* spectra of 22
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Figure 171. 'H (top) and '3C{'H} (bottom) NMR spectra (recorded in CDClz) of 24
Intens. Ty 7. +MS, 6.7-8.1min #405-485, -Peak Bkgrnd
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Figure 172. High resolution ESI* spectra of 24
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Figure 173. Chromatogram of (R)- and

(S)-2-(cyclohexa-1,4-dien-1-yl)-N-(2-((4-
methylphenyl)sulfonamido)ethyl)propenamide obtained using chiral HPLC, whereby the two

peaks overlayed relate to the two isomers of 3a and 3b. The peak at 15 minutes corresponds
to 3a and the peak at 16 minutes corresponds to 3b.
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Figure  174. Chromatogram of (R)- and (S)-N-(2-((2-(cyclohexa-1,4-dien-1-
yl)propyl)amino)ethyl)-4-methylbenzenesulfonamide obtained using chiral HPLC, whereby

20 25 30

Retention time (minutes)

the two peaks overlayed relate to the two isomers of 4a and 4b. The peak at 26 minutes
corresponds to 4a and the peak at 28 minutes corresponds to 4b.
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Figure 175. Chromatogram of 9 (crystals analysed by x-ray diffraction - see section 2.4.2)

obtained using chiral HPLC, whereby the ratio of peaks gave the percentage of isomers in
the amine to be 84 %:16 % (68 % ee).
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Figure 176. Chromatogram of 9 obtained using chiral HPLC, whereby the ratio of peaks gave
the percentage of isomers in the amine to be 4.5 %:95.5 % (91 % ee).
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Figure 177. Chromatogram of 9 obtained using chiral HPLC, whereby the ratio of peaks gave
the percentage of isomers in the amine to be ~10 %:90 % (80 % ee). Two batches of
recrystallisations were combined: 0.23 g of 7 %: 93 % and 0.18 g of 14 %: 86 %. Note: this
chromatogram represents the isomers in the ratio of 13 %:87 %.
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Figure 178. Chromatogram of 9 obtained using chiral HPLC, whereby the ratio of peaks gave

the percentage of isomers in the amine to be 86 %:14 % (72 % ee).
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Figure 179. 'H (top) and 8C{'H} (bottom) NMR spectra (recorded in DMSO) of [(51)CI]
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Figure 180. High resolution ESI* spectra of [(51)Cl]
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Figure 181. 'H (top) and '3C{'H} (bottom) NMR spectra (recorded in CDClz) of 67 (via the

azide route)
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Figure 182. High resolution ESI* spectra of 67 (via the azide route)
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Figure 183. 'H (top) and '3C{'H} (bottom) NMR spectra (recorded in CDClz) of 67 (via the
phthalimide route)
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Figure 184. High resolution ESI* spectra of 67 (via the phthalimide route)
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