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Summary

In this project, two unique imidazolium N-benzyl, N-methylene-(Cy4-substitued)-oxazoline
imidazolium NHC precursors 7a (iPr-C4) and 7b (tBu-C,) NHC precursors have been
prepared in three steps.
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Synthetic route leading to the NHC precursor imidazolium salts 7a,b.

A condensation of the chiral amino alcohols 1a,b with 2-chloroacetyl chloride (2) yielded
the corresponding chiral amides 3a,b. The amides 3a,b were then subjected to an in-
tramolecular dehydration facilitated by Burgess’ reagent, and produced the chloromethyl
oxazolines 5a,b. The oxazolines 5a,b underwent a halogen exchange to their iodized
counterparts, utilizing the Finkelstein protocol, before final N-alkylation with 1-benzyl
imidazole 6 to afford the imidazolium salts 7Ta,b (50%, 77%), with an overall yield of 21
and 22% for imidazolium salt 7a and Tb respectively.

The imidazolium salts (7a,b) were coordinated to a gold(I) atom centre by transmetalla-
tion from a silver intermediate, which yielded the novel Au(I)NHC-complexes 8a (69%)
and 8b (18%).
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A summary of the coordination of imidazolium salts 7a,b to gold, yielding the Au(I)-complexes
8a,b

The large difference in obtained yields of the Au(I)NHC-complexes 8a,b suggests that the
preparation of the Au(I)-complex 8b is obstructed by a more sterically hindered ligand
(tBu) than the Au(I)-complex 8a (iPr).

The novel Au(I)NHC-complexes (8a,b were oxidised to their corresponding Au(III)NHC[Cl;]-
complexes 10a,b by dichloro-iodobenzene and subsequent anion exchange to give the
bidentate C,N-Au(IIT)NHC|oxazoline] complexes 11a,b.
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Preparation of the Au(III)NHC|[Cls[-complezes 10a,b and the bidentate C,N-
Au(IIT)NHC[ozazoline] complezes 11a,b

While neither of the four Au(Ill)-complexes were isolated nor fully characterised, their
crude reaction mixtures were analysed by 'H-NMR and 'H,*>N-HMBC . The changes in
§19N-shifts (AIN°*, ASN4F) for the nitrogens atoms by oxidation and anion exchange co-
ordination strongly indicate the formation of the Au(III)NHC]|Cls]complexes 10a,b and
the bidentate C,N-Au(IIT)NHC[Oxazoline| complex 11a.



Sammendrag

I dette prosjektet har to unike imidazolium N-benzyl, N-metylene - (C,-substituerte)
-oxazoline imidazolium NHC-forlgpere 7a (iPr-Cy4) og 7b (tBuC4) utarbeidet i tre trinn.
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Syntese veien til NHC imidazolium saltene Ta,b.

En kondensasjon av de chirale amino alkoholene 1a, b med 2-kloroacetylklorid (2) ga
de tilsvarende chirale amidene 3a, b. Amidene 3a, b ble deretter utsatt for en in-
tramolekyleer dehydrering i naerveer av Burgess 'reagens, og produserte klormetyloxsazo-
linene 5a, b. Oxazolinene 5a, b gjennomgikk en halogenutveksling til sine joderte mot-
parter, ved Finkelstein-protokollen, fgr den endelige N-alkyleringen med 1-benzylimidazol
6 ga imidazoliumsaltene 7a, b (50 %, 77 %), med et samlet utbytte pa henholdsvis 21
og 22 % for imidazolium salt 7a og 7b.

Imidazolium-saltene (7a, b) ble koordinert til et gullsenter (I) ved transmetallering fra
et sglvintermediat, som ga de nye Au (I) NHC-kompleksene 8a (69 %) og 8b (18 %).
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Koordinasjon av imidazoliumsaltene 7a, b til gull, for d framstille Au(I)-kompleksene 8a, b

Variasjonen i oppnadde utbytter av Au(I)NHC-kompleksene 8a, b antyder at fremstill-
ingen av Au I)-komplekset 8b er heftet av en mer sterisk hindret ligand (¢Bu) enn Au
(I)-komplekset 8a (iPr).

De nye Au (I) NHC-kompleksene (8a, b ble oksidert til deres tilsvarende Au (IIT)NHC[Cl;]
- komplekser 10a, b med diklor-jodbenzen og et pafglgende anion-bytte for & gi bidentate
C, N- Au(IIT)NHC[oxazoline]-kompleksene 11a, b.

Mens ingen av de fire Au(Ill)-kompleksene ble isolert eller fullstendig karakterisert, ble
deres urensede reaksjonsblandinger analysert med 'H-NMR og 'H,"’N-HMBC . Endrin-
gene i 61°N- skift (ASN°*, ASNAF ) for nitrogenatomene ved oksidasjon og anionebyt-
tekoordinasjon indikerer sterkt dannelsen av Au (IIT) NHC [Cls]-kompleksene 10a, b og
bidentatet C, N-Au(III)NHC[Oxazoline|] complex 11a.
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Framstilling av Au(III)NHC[Cl3]-komplekser 10a, b og bidentate C, N-Au(IIIl)NHC[ozazoline/-
komplekser 11a, b
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1 INTRODUCTION

1 Introduction

Few other metals have had the same impact on human history as gold. This soft, yellow,
gleaming bit of rock has been valued by humanity on all continents for thousands of years
for its appearance and rarity. In early history, gold occupied a spiritual position. Find-
ings in Egypt and western Africa have linked the spiritual value of gold to its imitation
of the sun, a highly worshipped deity in ancient times.??3

It has also made appearances in the earliest stories of the monotheistic religions, as Moses
descended mount Sinai and found his followers worshipping a calf made of gold.

Throughout history, gold has shared this spiritual position with its monetary and scientific
value. This monetary value which drove the conquistadors to south America* and fueled
a slave trade along the western shore of Africa for use in the mines owned by the Asante
king.® While the European and African kings traded slaves and fared wars to fill their
treasure chambers, Arabic alchemists attempted the much more difficult, and much less
successful, transmutation. While the scientific reputation of alchemy is dubious at best,
it is the origin of modern chemistry, pharmacology, and medicine. With its name rooting
back to the Egyptian word "khem" which constitutes the primordial soup in which the
god Ra was created,® alchemists have always sought the knowledge necessary to create
divinity from nothing. To the alchemist this divinity was, of course, gold the purest and
most perfect of all matter.® The alchemical symbol of gold is the circumpunct. A simple,
yet significant symbol, representing god in Christianity and earlier a symbol for the sun,
which rose from the khem in Egyptian mythology.©

Figure 1.1: The circumpunct is represented by a circled dot, which can represent a multitude
of things. One of which is gold.

In modern times, gold is still highly priced for its monetary value, and is highly used in
jewelries, but it has also found extraordinary use in the production of electronics due to
its excellent conductive properties.” While the chemical interest for gold slightly faded
after the decline of alchemy in the 19th century, it has experienced a surge in interest
the last 40 years. While no credible scientist is publishing articles on the miracles of
transmutation, gold is now researched for its ability to "transmute" other compounds, in
the modern science of catalysis.



1.1 Outline 2 THEORY

1.1 Outline

The goal of this project was to synthesise and charactherise a range of bidentate C,N-
Au(IIT)NHC[Oxazoline]-complexes (fig. 1.2), and all intermediate products.

Figure 1.2: The target compounds of this project.

In addition to the synthetic route leading to these complexes, the theory surrounding gold
catalysis and N-heterocyclic carbene ligands will be presented, along with a brief overview
of the theory necessary for preparing both the NHC-ligands, gold(I),- and gold(III)-
complexes, and all related intermediates.

2 Theory

Elemental gold (Au’) is remarkably resistant to both air and moisture and is virtually
immune to oxidation. Only by the use of a mixture of hydrochloric,- and nitric acid, or
by oxidation in the presence of cyanide is it oxidised and dissolved. These properties
combined with the ability to catalyse a wide variety of reactions will be presented and
discussed further in the following section.

2.1 On the Stability of Gold

Gold will only dissolve in oxidising solutions containing certain species that can stabilise
the cationic gold atoms. In aqua regia, the nitric acid (HNOj) is the oxidising species,
and hydrochloric acid (HCI) contributes the Cl™ counterion which donates electrons to
stabilise the positively charged ion.® Resulting in eq. (2.1)

Au (S) + 4C1™ + NOg_ + 4H30+ <— AHC14_ + NO (g) + GHQO (21)

While the use of aqua regia might be the most famous way of dissolving gold, it is not the
only method available. The MacArthur-Forrest process utilises cyanide to dissolve and
stabilise gold complexes in the presence of oxygen as represented by the Elsner equation?
eq. (2.2). This method was developed for the mining industry, and is still used to extract
gold from low grade ores.

2 Au + 4KCN + ; Os + Hy0 +— 2 AuK(CN), + 2KOH (2.2)

Depending on the complexing ligand, the oxidation state may vary, due to the different
stability constants. Electron donors like cyanide are what is called soft electron donors,
and prefer the Au(I) oxidation state. Other donors like chlorine and other halides prefer
the Au(III) state.
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Despite the stability of these complexes, they are however susceptible to reduction in
the presence of a more preferred reaction. This is again exemplified by the MacArthur-
Forrest process, as the recovery of the gold from solution is done by the addition of zinc
powder.!® This method works due to the electrochemical reaction that occurs between
zinc (Zn) and the gold-cyano complex (Au(CN)s ) as shown in eq. (2.3). The reaction
has a positive electron potential, but a negative free Gibbs energy, which results in the
spontaneous precipitation of Au’.?

2 Au(CN)y™ 4 Zn <— 2 Au + Zn(CN),*"? (2.3)

The required reduction agent is depending on the stability of the gold complex, a more
stable complex requires a stronger reduction agent than an unstable one. In the field of
homogeneous gold catalysis, an important considertation for the choice of ligand is its
ability to form stable complexes that are highly resistant to reduction.

2.2 Gold Catalysis

The long lasting belief that gold was completely inert!! led to it being used as the inner
layer of various reactors designed to prevent unwanted catalysis of reactions. This led to
a surprising result when Meyer and Meijere (1976) decided to study the thermal [2+2+2]-
cycloreversion of diademane to triquinacene, but instead, they observed a 50% conversion
to snoutene scheme 1. The latter reaction was found to be catalysed by both the walls
of the gold reactor and gold(I)-dicyclopentadiene-chloride (Au(CyoH;2)Cl) complexes. '
Since then gold catalysis as a field has exploded, and numerous new applications have
been discovered within both homogeneous and heterogeneous catalysis.

Triquinacene Diademene Snoutene

Scheme 1: Reaction scheme for the expected thermal cycloreversion to triquinacene(left)
alongside the gold catalysed conversion to snoutene (right)

2.3 Heterogeneous catalysis

The field of heterogeneous gold catalysis gained substantial traction in the mid 80s af-
ter two simultaneous and independent discoveries were made by Haruta and Hutchings.
They discovered that gold had exceptional abilities to catalyse both the oxidation of CO
at low temperatures'® and the hydrochlorination of acetylene.!4

Since this discovery, publications on heterogeneous gold catalysis saw an exponential in-
crease and several new applications and transformations have been discovered!®. Due
to its ability to oxidise CO, it was a natural step to study its possible applications in
the water-gas shift.'® These studies revealed that Au/a-Fe,O3 had a much greater cat-
alytic ability than the most active catalyst already in use!”. The ability to oxidise CO
at low temperatures also has applications outside the industrial perspective. There are
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potentials for it to be used in respirators'® and hydrogen fuel cells,!® as a gold catalyst is
active in much lower temperature ranges compared to catalysts such as Pt, Pd, and Rh.
Gold based catalysis is also much more active than copper oxides which exhibit catalytic
activity at the same temperatures.!®

Despite being a huge field of research and even having commercialised applications, there
has been an intense discussion amongst scientist regarding the active sites of the catalyst.
In 2004, Lopez et al. observed that an increased concentration of low-coordinated Au
atoms lowered the O and CO adsorption energies.'® Lower adsorption energies correlates
closely to lower activation barriers for surface reactions® and thus it can be concluded
that the availability of low coordinated gold atoms contributes to the catalytic ability of
gold. Such an increased availability is achieved by a reduced particle size of gold.

In 2008 Coquetet. al?' published a review in which the gold catalysed oxidation of CO
was compared to theoretical calculations in an attempt to explain the mechanism be-
hind it.2! The review elaborates upon the conclusion made by Lopez et al.'®, considering
the added effects of the support structure and its electronic effects. While CO is ad-
sorbed at low-coordinated Au-atoms in Au,o and Au,, particles, the adsorption of O,
requires a negative charge. This is where the support structure becomes relevant. A
reducible support structure creates a negatively charged cluster upon the adsorption of
Au. These anionic clusters facilitate the adsorption of molecular Os, but because the
charge is localised, the top of the Au-particle maintains a neutral charge, which allows
for the adsorption of CO.

This explanation does however leave out the effects of cationic species which is often
observed in experimental data. There is suggested that the formation of gold oxides that
are stable at the reaction conditions may provide a cationic species which will impact the
oxidation, but such a theory is still in need of further study. Other models also assume
dissociative adsorption of oxygen??, or Oy adsorption at oxide lattice defects.?® The var-
ious mechanisms theorised by the review is summarised in fig. 2.1.

Dissociative Adsorption Simultaneous O, cleavage and C-0 bond formation Cooperative Ozand CO adsorption

Oule) 4 + —— O Oalg) + - — Oy Ay + Oalg —+ Ang()y
"'“'“ 20 CO(g) + - —3 CO- A0y + CO(g) — AupCOy
e 3 20 (8

) ¥
) 3
('”[,“,] 0. (J_", L0 - --)-('U_:- L. ;\'Il-_s('[);| E('[]‘[;;;I ").\ll"] i'_t’i'“u.'_;q]
) =
) ¥
¥

CO-+0- — COy- + - COs+ - —> COy- O Auz0;” + CO(g) — AuCOO,

AuCOO0: + CO(g) — A COy + COy(g)
AupCOy Ang  + COqy

COy- 3 COu(g) COy- — COy(g)
Figure 2.1: The three different mechanisms for CO oxidation investigated by Coquet et al.
For the first two mechanisms - indicates a single Au-particle site.

As per 2012, there has yet to be published a definitive study concerning the active sites
for the catalytic reactions of gold nano-particles (NPs), despite an abundance of atten-
tion from a multitude of surface scientists.?* Instead, the takeaway from all the studies
performed is that the catalysts needs to be custom made for their intended reaction. This
reaffirms Harutas point from his lecture the previous year, where he presents the concept
of a hierarchy of activity for gold species.?> In 2018, Hutchings published an article in

4
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where the activity of gold species were compared for both the oxidation of CO and the
hydrochlorination of acetylenes.?® While the active species for the hydrochlorination of
acetylenes is the highly dispersed Au(I) cations, the CO oxidation is catalysed by a hier-
archy of active species, among which small clusters contribute the most when performed
on an iron oxide support.

2.4 Homogeneous catalysis

Gold complexes used in homogeneous catalysis have shown to be remarkably strong, yet
air,- and moisture resistant carbophilic Lewis acids.?” Au(I) and Au(III) complexes’ abil-
ity to activate m-bonds presents an attractive option to synthetic chemists, as these bonds
previously have been approached using Hg(IT) and Ti(III)?". While the first reported ex-
periments on homogeneous gold catalysis appeared as early as 1935, where AuCl; was
found to catalyse the chlorination of naphthalene?® the real start of the gold rush in or-
ganic chemistry?® began in 1986 with the discovery of a chiral gold(I) complexes’ ability
to catalyse the asymmetric aldol reaction of an isocyanoacetate with various aldehydes to
enantioselectively produce 5-alkyl-2-oxazoline-4-carboxylates.®® This discovery presented
a milestone in homogeneous gold catalysis and sparked a rise in publications on the topic.
A second milestone came with Teles et al. and their presentation of monoligated Au(I)
complexes as catalysts for the addition of heteronucleophiles to alkynes.3! This reaction
is representative for golds’ ability to activate m-alkyne systems to give incorporation of
a range of nucleophiles via the vinyl-gold intermediate. A representative mechanism is
shown in scheme 2.

H
Nu \/\ R R
Aut //
Protodeauration
Coordination
H+
[Au] A
u, R
Nu \/\ R //\//
H* NuH
Anti Nucleophilic

Addition

Scheme 2: Mechanistic scheme for gold-catalysed nucleophillic addition to alkynes.

Since the turn of the millennium, homogeneous gold catalysis has seen a massive surge in
publications and applications, and afforded a wide array of new transformations,3? cat-
alyzed by various species of gold. These species range from simple gold salts, AuX/AuXs,
and ligated gold(I)/gold(III) species, to dual gold activated reactions, and bifunctional
ligand effects.
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2.4.1 Gold salts (AuX/AuXs)

The first use of gold as a homogeneous catalyst naturally used simple gold salts, such
as AuClz, Auls etc, as they are the most easily available catalytic species. AuCls has
shown to be exceptionally effective in reactions involving both carbon-carbon multiple
bonds and a heteroatom like oxygen or nitrogen. It has proven its usefulness in reactions
such as cyclizations of allenyl azetidiones®® and provided a way of making substituted
polyaromatics by catalysing a [442] benzannulation between o-alkenylbenzaldehydes and
alkynes.?* It has also seen use in the field of biochemistry, where a catalytic system of
AuCl3 and phenylacetylene proved to be excellent at the glycosylation of both armed and
disarmed trichloroacetamide-based glycosol donors.3?

While gold salts, AuCls especially, have shown remarkable versatility, the field in which
it has received the most attention, is the chemistry of furanes. In 2000 Hashmi et al.
reported a novel gold-catalysed cycloisomerizations of alkenyl and allenyl ketones which
previously had been impossible using Ag(I), and at much lower temperatures than that
utilising Pd.?6

0.1 mol% 0.1 mol%
——Et AuClg Et AuCls —C=—Ft
A - e
o MeCN 7 TEt MeCN o

Scheme 3: Example of gold-catalyzed cycloisomerization reported by Hashmi et al3®

The need for highly substituted furanes®”® led to further research into the use of AuCls as
a catalyst. In 2004, Larock et al. reported that highly substituted furans were available
through the transition-metal catalysed addition of a nucleophile to an alkenynone, in
which AuCls displayed the greatest activity.3® In 2011, this work was supplemented by
a DF'T study performed by Fang et al. which confirms the theory presented by Larock
et al., that the reaction occurs due to AuCl; activating the triple bond, to facilitate the
cyclization of the carbonyl oxygen.

In addition to allow new ways of synthesising furanes, use of AuCl; has also paved the way
for new utilisations of furanes in further synthesis. The gold-catalysed synthesis of phenols
from furanes presented by Hashmi et al.%° transferred the regioselective introduction of
substituents on a phenol, from an arene to a furane. In 2006, Rabbaa et al. showed that
this reaction proceeds by an intramolecular Au(IlI)-catalysed [4+2] Diels-Alder process
in which the furane attacks the alkyne, rather than by a Au(I)-catalysed exo-vinylidene
complex, despite it being kinetically favoured.*!

2.4.2  Gold(I)

Probably the most researched area of gold catalysis, Au(I) catalysts have been widely
studied, and several transformations reported. A large number of these transformations
consider various cyclization reactions.3? Examples of such transformations include car-
boxylative cyclization of propargylamines to oxazolidinones*?, the preparation of poly-
functionalized carbazoles from indole-linked alkynoles,*?, synthesis of indoles from alkyny-
lated anilines,** and dehydrative spirocyclization of triols.*> Another class of compounds
gold has proven quite appllicable is in the chemistry of pyrroles. With the ability to
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catalyse both inter,- and intramolecular reactions of pyrroles and alkynes,?% and the tan-
dem synthesis of substituted pyrroles, gold(I) has shown remarkable applicability in the
synthesis of pharmaceuticals and natural products*”

The Fiksdahl-group has also devoted considerable resources to the study of Au(I)-catalysed
transformations. Working with various propargyl acetals, a multitude of papers have been

published covering cycloproanations*®, [2+3] cycloadditions,*® [2+5] cycloadditions,?

[343] cycloadditions, ! [2+2+2] cyclotrlmerization, 52 and tandem cyclizations. 5354

2.4.3 Dual-gold

In 2012, two publications independently reported the dual gold-catalysed reaction of
diynes.?>*% Up until this point all gold catalysed reactions were based on the activation
of the substrate, using just one gold nucleus. The newly observed activation mode of two
independent gold centres, in which one gold-atom is 7 bonded to a triple-bond while the
second gold atom is o-bonded to either the same, or more commonly, a different triple
bond, is fascinating. Not just for the field of gold catalysis, but for all transition-metal
based catalysis.®”

This field of gold chemistry is still young and so far it only has two rough applications:
Intramolecular activation and intermolecular activation. Intramolecular activation of
conjugated® and non-conjugated diyne systems has proven useful for the construction
of polycycles.®” A suggested mechanism for such an intramolecular reaction is shown in

scheme 4.
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Scheme 4: A suggested catalytic cycle for the dual gold-catalysed formation of benzofulvenes. >

The intermolecular reactions are limited to haloalkynes in which two gold atoms coordi-
nate to the same triple-bond in both a o and 7 fashion. A transfer of one gold species to a
second molecule activates it and enables a nucleophilic attack by the gold acetylide. This
is followed by a final catalyst transfer with a new haloalkyne which yields the product
and completes the catalytic cycle,” (scheme 5). The Fiksdahl group has also performed
work on dual gold with the study of its ability to catalyse the triluoromethylation of ter-
minal aromatic alkynes®, and the cyclopropanation and cyclopentenylation of propargyl
-esters and -acetals (ee up to 65%).6!
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Scheme 5: The catalytic cycle for a dual gold catalysed coupling of haloalkyne. >

2.4.4 Gold(III)

Gold(III) complexes have received less attention by the catalytic chemist than their Au(I)
counterparts, instead, most research conducted on Au(III) complexes have focused on
their ability to form cyclometalated complexes, and the preparation and ligand-exchange
reactivity of these.®® This ability for cyclometallation stems from the geometry of Au(III)
complexes, which prefer a square planar geometry over the linear geometry seen in Au(I)
complexes. A square planar geometry allows for more tuning of the spatial environment
of the gold centre by ligand design.% This was first explored using pyridine derivatives
with chelating oxygen functionalities (PicAuCly) (fig. 2.2).

= | 5 = N‘Aqo
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Figure 2.2: Different PicAu(IIT)Cly compounds prepared and tested by Hashmi et al.%*

Hasmi et al reported that these complexes surpassed their respective Au(I) derivatives
for the synthesis of tetrahydroisoquinolines with respect to selectivity (scheme 6).%4
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Scheme 6: Synthesis of tetrahydroisoquinolines using PicAu(III)Cly as a precatalyst.

Continuing with the development of PicAuCly catalyst, Toste et al. described the syn-
thesis of azepines via an intermolecular [4+43]-annulation reaction.®® and Waser et al
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developed the selective synthesis of 2- and 3-alkynylated furans based on a domino cy-
clization /alkynylation process in 2013.%

In recent years however, gold(I1I) complexes have been more widely studied for the ability
of their geometry to facilitate enantioselective catalysis.

2.5 Enantioselective Gold Catalysis

In parallel with the development of gold catalysed transformations, there has been a
similar development of enantioselective transformations. %

Several different strategies have been developed to achieve this for both Au(I),- and
Au(III)-catalysts.

2.5.1 Au(I) Strategies

The linear geometry of Au(I)-complexes requires complex ligand structures in order for
the chiral effect of the ligand to affect the active site.%” There are three main systems
that have seen success in enantioselective gold catalysed transformations. The use of
bimetallic gold, chiral counterions, and monodentate phosphoramidite-type ligands. 272968
The latter strategy has especially proven effective for intramolecular [4+2] cycloadditions
of allene-dienes.% and the [3+2] cycloaddition of propargyl acetals with aldehydes.™

.o O>\\1 -Ad OO O>\\1 -Ad

Figure 2.3: Some phosphite ligands developed by Toste et al for enantioselective Au(I) catal-
;o 69
ysis.

2.5.2  Au(IIl) Strategies

While monoligated Au(I)-complexes exhibit a linear geometry, Au(Ill)-complexes prefer
a square planar geometry which should provide alternative solutions for enantioselective
catalysis 1?7, Examples of this is the gold catalyzed asymmetric epoxidation of alkenes
where molecular oxygen is incorporated directly onto to alkene via a gold-oxo, or -peroxo
species (7).7
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Scheme 7: The enantioselective epoxidation of 1-phenyl cyclohexene with a chiral bidentate
Au(III) catalyst and stochiometric amounts of oxidant.

The Fiksdahl group has also reported cases where a chiral butyl-bisoxazoline-Au(III) com-
plex catalyse the formation and cis-to-trans isomerization of cyclopropanes (scheme 8).7
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-catalysed cyclopropanation with subsequent cis-to-trans isomerization.

MeO 2

Scheme 8: The Au(III

The challenge such complexes face is the intrinsic instability of Au(III), which is readily
reduced to Au® or Au(I) in the presence of electron-rich reagents.”™ A straightforward
strategy for overcoming these challenges is by the coordination of o-donating ligands
which stabilise the complex. A type of ligands that accomplishes this are N-heterocyclic
carbenes (NHCs).™

2.6 N-Heterocyclic Carbenes

N-Heterocyclic Carbenes (NHCs) belong to a class of compounds defined as heterocyclic
species containing a carbene carbon and at least one nitrogen atom within the ring
structure.” A complete overview of the history, properties, and synthetic applications of
carbenes would be far to extensive, and outside the scope of this thesis, to be adequately
covered. In brief, they are a highly reactive species of compounds consisting of a neutral
divalent carbon with a six electron valence shell.”” This leaves two valence electrons
to occupy to empty orbitals. The electronics can occupy these orbitals in two different
ways, which is differentiated by the spin state of the electron. If the spins are aligned, the
electrons will occupy two each their orbital with an overall spin state of S = (1)+(3) =1,
giving a multiplicity of my; = 25 + 1 = 3, in other words, a triplet state. If the spins
are opposed to each other, this results in a spin state of S = (3) + (—3) = 0 with
a corresponding multiplicity of my = 25 + 1 = 1, a singlet state. Two states which
distinctive in their own reactivity and geometry,” and will be touched upon later in this
section.

The high reactivity of carbenes is what drove the development of NHCs as a tool to
stabilise carbenes sufficiently enough to isolate them. This was first accomplished by
Arduengo et al. who presented the first crystalline carbene, 1,3-di-1-adamantyl-imidazol-
2-ylidene, which exhibited both kinetic and thermodynamic stability in the presence of

both oxygen and moisture. ™

The most common NHCs are based on the imidazole structure, saturated or unsaturated,

10
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Figure 2.4: The first crystalline carbene, 1,3-di-1-adamantyl-imidazol-2-ylidene, prepared by
Arduengo et al. in 1991.7

with various N and C4-C5 substituents. Some of the most common NHCs reported are
presented in fig. 2.5. There have also been reported several other NHCs that have other
heteroatoms in the cyclic structure, or different numbers of heteroatoms altogether, as
well as abnormal NHCs in which the carbene isn’t situated on the Cy-carbon. ™
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Figure 2.5: An overview of some of the most common NHCs

There are two overarching aspects that explain NHCs ability to stabilise carbenes, and
are important to keep in mind when designing new NHCs. Their electronic effects, and
their kinetic effects. Calculations have shown that the nitrogen atoms positioned next
to the carbene carbon stabilise it both via their inductive electron-withdrawing ability,
and their m-donation to the empty p-orbital of the carbene.®® This effect is visualised in
fig. 2.6. There are several additional electronic effects that contribute to the stability of
the carbenes, such as the aromaticity of the imidazoles and w-donating/o-withdrawing N-
substituents. However, Arduengo et al. proved that the m-donating carbene substituents
(i.e N, S, P.. etc) are the critical components when they synthesised the saturated 1,3-
dimesitylimidazoliin-2-ylidene. 8!

The use of sterically large substituents on the nitrogen atoms helps kinetically stabilise the
species by sterically disfavouring dimerization. This effect is illustrated by the Wanzlick
equilibrium (9) which states that the tetraaminoethylene and its corresponding carbenes
exist in an equilibrium, where sterically demanding substituents push the equilibrium

11
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Figure 2.6: Electronic stabilisation effects of nitrogen on a sp?-hybridised carbene. Used with
permission from the authors™.

towards the carbene, whereas less sterically demanding substituents push the equilibrium
towards the olefin.%?

N’ R
/
O — %
N 1 N
!
R \ R
Scheme 9: The carbene-olefin equilibrium described by the Wanzlick equilibrium.

A third aspect which defines the electronic configuration of the carbene is the ring size.
Most NHCs are five-membered rings which create a N-C-N bond angle of 108°. Such an
angle creates an sp?-like arrangement which favours the carbene singlet state. However,
larger rings produce a greater N-C-N bond angle, which effectively pushes the nitrogen
substituents closer to the catalytic site, increasing the steric effect.

NHCs are exceptionallly suited for transition metal coordination due to their strong o
donation and 7 back-bonding ability. NHCs exhibit an even larger electron-donating
ability than, the more historically used, phosphines. A greater o-donating ability creates
a more thermodynamically stable metal-ligand complex, and is reflected in the greater
bond-dissociation energies and shorter metal ligand bonds observed for NHC complexes
compared to their phosphine counterparts.

Several basic NHC-ligands are available for purchase. Particularly on the form 1R-
imidazole. Such imidazoles are primed to undergo N-alkylation on the non-substituted
nitrogen through either a Sy1 or a Sy2 reaction. Tuning of the ligand properties is then
left to the choice of N-substituent, which will act as an auxiliary ligand.

2.7 Oxazolines as Ligands

Oxazolines have been utilised as versatile chiral auxiliaries for a long time®, however,
Brunner et al. (1988) were the first to report the use of pyridinyloxazolines as a cocata-

layst to enantioselectively catalyse the monophenylation of meso-diols, with %ee up to
50.4% (scheme 10).3*

12
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Scheme 10: The enantioselective monophenylation of (1R,25)-cyclopentane-1,2-diol with
Cu(OAc)s /pyridinyloxazoline catalyst.3*

Continuing this work Bolm et al. synthesised a series of oxazoline-metal complexes for
use in catalytic testing.®

O

Scheme 11: A series of oxazoline-metal complexes prepared by Bolm et al.8?

Andreas Pfaltz has also reported his success using bis-oxazoline for both enantioselective

cyclopropanations and allylic alkylations.®® As previously demonstrated (scheme 8), these

ligands have also been utilised effectively in enantioselective gold catalysis by the Fiksdahl
73

group.

2.8 Synthesis of Imidazolium Salt Based NHC Precursors

The following section will elucidate the theory relevant to the preparation of an imidazole-
based NHC ligand with an oxazoline structure as an auxiliary ligand.

2.8.1 Amidation of an acyl chloride

Amides are a class of compounds defined by a carbonyl group connected to a nitrogen
atom with or without substituents. They most commonly exist as the product of the con-
densation reaction that occur between amines and carboxylic acids. In biology, amides
are most commonly found in proteins, as part of the polymer structure formed by amino
acids. Amides are also widely present in synthetic polymer chemistry, nylon is a great
example of how synthetic amides can be of great commercial value.

Amides can be prepared in a range of different ways, however, what all of them have in
common, is that they involve nucleophilic addition-elimination at at an acyl carbon. And
as such, acid chlorides are the most reactive reagent. Amines and ammonia quickly react
with acid chlorides to form amides, with an excess amine or different tertiary amine to
neutralise the formed hydrochloric acid.®” The mechanism for the addition-elimination
between a primary amine and am acid chloride is shown in scheme 12

13
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Scheme 12: Mechanism for the nucleophilic addition-elimination of acid chlorides with a
primary amine and a tertiary amine acting as a base.

Due to the carbonyl group, amides are susceptible to hydrolysis in the presence of an
aqueous acid or base. They are however less susceptible to this kind of hydrolysis than a
corresponding ester would, and as so requires harsher conditions as heat or strong acids
or bases.

2.8.2 Cyclodehydration of Hydroxy Amides

Oxazolines are five-membered heterocycles containing an oxygen atom in the 1-position,
and an imine nitrogen atom in the 3-position. This class of compounds has been known
to chemists for more than a century®® and numerous methods for their preparation have
been developed. The simplest of these methods is the direct formation through the cy-
clodehydration between a carboxylic acid and a $-amino alcohol® as shown in scheme 13.

a) A N a) 2 H,0

i + HO -~ b) PPhs VAN
R” “OH NHz CCl ~ b) 2 POPhg
NEt, R 2 HNEtg*CI

Scheme 13: Reaction scheme for the formation of 2-oxazoline from a carboxylic acid and a
B-amino alcohol under various conditions.3?

Cyclodehydration of hydroxy amides to oxazolines has been achieved by the use heat,
sulfuric acid and phosphorus pentoxide or pentachloride.”® Bergmann et al. developed
the use thionyl chloride to activate the hydroxy group.?! However, this reagent is too
reactive, and as such a number of milder alternatives were developed.®® A turning point
came when Wipf and Miller reported the effectiveness of Burgess reagent exceeding that
of the results achieved under Mitsunobu conditions.%?

2.8.3 Burgess Reagent

Developed bu Peter Burgess in 1968, methyl N-(triethylammonioumsulfonyl)carbamate
is a mild and powerful dehydrating agent. While the reagent has applications for a
wide array of transformations, such as the formation of alkenes from second and tertiary
alcohols?® and the formation of nitriles from primary amines,* the most noteworthy
application is its ability to cyclodehydrate hydroxy amides and hydroxy thioamides to
afford the corresponding oxazolines and thiazolines.?

The structure of the Burgess reagent and a suggested mechanism for the cyclodehydration
of an hydroxy amide to afford the five-mebered heterocycle is shown in scheme 14.

The applications of the Burgess reagent is not only limited to the fomration of five-
membered heterocycles, it is also useful for the formation of 6-membered oxazines and
thiazines® as well as the seven-membered oxazepines and thiazepines. 7

14
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Scheme 14: A suggested mechanism for the cyclodehydration reaction that occurs between a
hydroxy amide and the Burgess reagent.

In 1996, Wipf and Venkatraman developed a polyethyleneglycol-linked version of the
Burgess reagent, and applied it in the synthesis of five,- and sixmembered heterocycles to
great effect.9®%. However in the case of seven membered thiazepine, the use of (PEG)-
linked Burgess resulted in a greatly reduced yield compared to the standard Burgess
reagent. 7

2.8.4 Finkelstein reaction

The N-alkylation of alkyl halides progress through a common Sy2 reaction where the
nitrogen atom acts as a nucleophile with the subsequent elimination the leaving group.
Due to the good nucleophility of the chloride anions,®” the Sy2 reactions where it acts as
the leaving group, progress slowly (scheme 16). Therefore, it is beneficial to substitute it
with a better leaving group when it’s possible. This is accomplished by the Finkelstein
reaction. The Finkelstein reaction is a Sy2 reaction with the iodine ion acting as a
nucleophile. Whilst KI is soluble in acetone, other halogen salts are not. Therefore,
as the transhalogenation progresses, KX precipitates, and this drives the reaction in
accordance with Le Chateliers principle. %

acetone H acetone

--C=X

R

RH.C-X  Ki (aq) RH.C—1 KX (s)

Scheme 15: Finkelstein reaction scheme (X=Cl, Br)
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Scheme 16: Compartive reaction schemes for the N-alkylation of alkyl halides.

2.9 Coordination of NHC precursor to Au

Historically there have only been two commonly used methods of coordinating NHCs
to transition metals such as gold. One being the generation of a free carbene which
coordinates directly, but since this method requires the use of a glove box and an argon
atmosphere, %° most work is done utilising the second method. This method generates a
silver complex which undergoes transmetallation to the corresponding gold complex. The

15
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most common way of generating this silver complex is by reacting the NHC precursor
with Ag,O as shown in scheme 17.

. R
fN I’ Ag,0 — > fN AgOH
FiN+’J\H + g2 FiNJ\Ag| + g

R

fN"' AGOH — > fNIR H,0
FiN;J\H v FiNJ\Am TR

Scheme 17: The reaction scheme for the coordination of a NHC to silver via AgsO as a mild
base and silver source.

The reaction occurs in two steps, where the first step occurs rapidly due to the pKa
difference between the imidazolium cation and the protonated Ag,O. The second de-
protonation of an imidazolium cation by AgOH is not energetically favourable, but the
exothermic formation of the NHC-Ag(I) drives the reaction.'®

Some of the drawbacks to this method of Au-coordination lies in the atomic economy, as
it requires one mole of Ag, for each mole of Au, and it is unfit for the synthesis of gold
complexes bearing very large, sterically demanding, ligands. %2

In 2013, Gimeno et al. reported a new and simple method of directly coordinating an NHC
to a gold atom in a one pot synthesis. Utilising a mild base such as KoCOj3 Alternatively it
may be coordinated directly to gold by first forming a [NHC—H]"[AuCl,]~ salt, followed
by deprotonation of the imidazolium salt to form the Au(I)-NHC complex!® (scheme 18).

AuCI(SMey) Ko,CO3 N
,\E/\ N-R . [\Q N-R KOs \f\
u
cr [AuCloT \C|

Scheme 18: Reaction scheme for the coordination of a NHC precursor to gold via deprotonation
of a [NHC—H]"[AuCls] ™ intermediate.

2.10 Oxidation of Au(I) complexes

In 2010, Nolan et al., described a fast and effective method of preparing Au(I1I)-complexes
from their corresponding Au(I)-complexes by oxidative addition of chloride using dichloro-
iodobenzene. % This method is superior to the previously conventional way of preparing
the AuCl;(NHC) which utilised Cly (g) in several aspects like reactivity, selectivity, us-
ability, and sustainability. Traits like these is also why hypervalent iodine compounds is
gaining increasing interest among synthetic chemists. 195106
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3 Results and Discussion

This section is divided into two main parts. The first section will describe the synthetic
work that produced the chiral NHC precursors discussed in this paper, and the challenges
that this work faced.

The second section will describe the synthetic work conducted as a means of coordinating
the aforementioned NHC precursor, and the auxillary oxazolineligand to a central gold
atom. After this, an evaluation of the changes in »N-NMR shifts will presented along
with their implications on the geometry and structure of the Au(IIl)-complexes.

3.1 Synthesis of Imidazolium Salt Based NHC Precursors
3.1.1 DMotivation

As previously described in section 2.5.2, the square-planar geometry of Au(III) provides
new possibilities for enantioselective gold-catalysis as it allows the ligands to be closer to
the catalytic cite. Despite the new geometry of the gold atom, it will still be energetically
favourable for the substrate and ligand to be on opposite sides of the gold atom. It is
therefore of interest to develop NHC ligands which have a secondary ligand that can
also coordinate to the central gold atom, and force the substrate into a more sterically
controlled environment (scheme 19)

Qo UL
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Scheme 19: Left: Monodentate Au(III)NHC coordinated ligand; Right: Bidentate C,N-
coordinated Au(IIT)NHC ligand

3.1.2 Synthesis of 1-Benzyl-3-Oxazolineimidazoles.

Previously in this text, several different types of NHCs have been presented. Herein, the
synthetic route to a range of imidazole-based precursor will be presented.

Route 1
R 0 O R )
1 Et3;N, DCM 1 Burgess' reagent (| 0 N
Ao - I _on 9% RGN | - NN
HoN al N N/ ——— RV
& a H THF, reflux A P
R1 ’ ‘/\N‘Rg N/ ?
1 2 3 5 g ! \/,
R¢= iPr, tBu Ro=Bn

Scheme 20: The synthetic route towards the target 1-benzyl-3-oxazolinimidazole.

Structural variations in the C-4 position of the oxazoline will affect the steric and chemical
environment of the catalytic site, and control of this is achieved by starting from the 1,2-
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amino-alcohols 1, following a documented route!'®” giving 7 in three steps (scheme 20).

The reactions in route 1 resulted in mediocre to good yields in step 2 and 3 (42-80%),
but surprisingly only afforded poor to mediocre yields in step 1 (22-52%).

3.1.3 Synthesis of Chiral Amides

Through the condensation of the 1,2-amino alcohols 1la,b on chloroacetyl chloride 2
(scheme 21) amides 3a,b were prepared as white wax-like solids in poor to mediocre
yields (22-52%).

NH2 (@] O R1
HO_No, G C NES o A Ao 3a: 34.529%
1+ —
om H 3b: 22-37%
1 2 3
1a, 3a, Ry =/Pr
1b, 3b, Ry = Bu

Scheme 21: General reaction scheme for the preparation of Amide 3a-b

The reaction was initiated by dissolving amino alcohols 1a,b and NEt3; in DCM. This
mixture was cooled to 0°Cusing an ice-bath, before 2-chloro acetylchloride was added
dropwise using a syringe. Upon injection of the syringe into the closed system there was
visible oozing of white smoke from the needle, which visually demonstrates the reactivity
of 2. During addition of acetylchloride 2 the reaction mixture displayed different be-
haviour in different iterations of the experiment. Most commonly the solution obtained
a dim yellow shade during the addition, which remained throughout the entire reaction.
There were also iterations where the entire mixture turned bright red, before spontaneous
boiling with an instant colour shift to the common yellow, and iterations where the mix-
ture remained completely clear throughout.

After the reactions were terminated, DCM was removed under reduced pressure, which
prompted the precipitation of [HNEt3]*Cl™ as a white solid alongside the formed amide.
The residue was diluted in EtOAc and filtered through celite. The insoluble amine salt
was washed repeatedly to prevent mechanical loss of product trapped in the insoluble ma-
trix. The mixture was concentrated under reduced pressure and purified by flash column
chromatography, eluting with EtOAc. This yielded amides 3a,b as a dark or clear oil at
40°C. Cooling to room temperature caused the oil to solidify, and form a light brown or
white wax. Despite the variations in colour, all 'H-NMR spectra showed that the amides
3a,b contained no organic impurities.

The compounds were characterised by HRMS, 'H-NMR , B¥C-NMR , COSY, HSQC,
'H,B3C-HMBC and IR. The results of the NMR analysis’ are summarised in fig. 3.1 and
fig. 3.2. The shifts are readily assigned by their integrals, multiplicity, coupling constants
and 2D-NMR spectra.

An interesting structural observation found in these 'H-NMR spectra is the revelation
of amide 3b as a diastereotope as evidenced by the splitting of the methylene 'H-NMR
signals. (fig. 3.3). This is caused by a locking of the NCH—-CH,OH bond for the amide 3b,
whilst the same bond in amide 3a Can rotate freely. An explanation to this might be the
formation of an intramolecular five-membered ring through hydrogen interaction between
the amide and hydroxy group, but if this was the case it should be affect the C=0 bond
of the amide. Partial bonding between the amide proton and the hydroxy oxygen would
increase the electron density donated to the carbonyl carbon by the nitrogen, resulting
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6.74

Figure 3.1: Compound 3a with assigned "H-NMR and "*C-NMR shifts.

Figure 3.2: Compound 3b with assigned 'H-NMR and *C-NMR shifts.

in a C=0 stretch a lower wavenumbers. The observed IR signals of the carbonyl stretch
for 3a and 3b occur at 1650.7 and 1658.2 respectively. This observation excludes the
possibility of amide-hydroxy interactions as the reason for amide 3b appearing as a
diastereotope. It is therefore suggested that the free rotation of the NCH-CH,OH bond
is hindered by steric interactions from the tert-butyl group. This indicates that the tert-
butyl substituent is far more sterically demanding than the iso-propyl group, since the
NCH-CH,O0H bond in amide 3a rotates freely.
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Figure 3.3: A comparison of the 'H-NMR spectra for 3a (bottom) and 3b (top) visualising
the effect of different steric environments on the molecules’ geometric configuration.

3.1.4 Condensation Complications

In the amide condensation of amino alcohols 1a,b, distinct byproducts 12a,b were re-
peatedly formed parallel to amides 3a,b (fig. 3.4).

O
H
Cl\)J\O/YNT]/\m
Ri O

12

Figure 3.4: By-product identified and isolated in condensation of 1.
These byproducts were isolated by flash column chromatography and identified by NMR-

characterisation and HRMS. The 1-amide-2-esters 12a,b are results of additional hydroxy
attack of amino alcohol 1 on acetylchloride 2 in parallel with the amino group (scheme 22).
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Scheme 22: Reaction mechanism for the formation of amide 3 and the formation of the
undesired dimer 12

Whilst the amide-ester 12 was formed in large quantities, the pure ester formed through
pathway b was never isolated, indicating that the amino groups are more potent nucle-
ophiles than the alcohols. Despite this, the dimer is formed in large amounts (25-100%).
A possible explanation for this is the triethylamine completely or partially deprotonating
the hydroxy group, activating it as a nucleophile.

3.1.5 The Oxazoline Obstacle

The first attempt at synthesising the oxazoline 5a resulted in the, rather disappointingly,
complete loss of product (crude NMR had proven the presence of the oxazoline). After
purification of by flash column chromatography (4:1 pentane:EtOAc), with subsequent
removal of the solvent on the rotary evaporator (40°C, 1 mbar) no product remained. A
look into the literature revealed that oxazoline 5a has a bp. of 40°C, at 1 mbar. Other
reported methods purify the oxazoline by distillation, but the mechanic loss that distil-
lation entails would be punishing to the yields in this synthesis due to the scale on which
it is performed (50 - 180 mg theoretical mass). It was therefore attempted two different
ways of circumventing the volatility of the oxazoline 5a.

Heavier compounds are less volatile than light ones, and since the both chloromethyl
oxazolines 5a,b were set to undergo halogen exchange to its iodised counterpart, the idea
of reacting compound 5a further directly before isolation therefore fell quite naturally.
Two attempts at circumventing this problem were performed (scheme 23).

The volatility of the oxazoline 5a is not an issue until the eluent, EtOAc, needed to be
removed since EtOAc also evaporates at 40°C, 240 mbar. EtOAc is only introduced as
en eluent in the flash column purification, and as so, the first attempted workaround
simply skipped the purification. Instead, the reaction mixture was filtered through celite,
removing most of the unreacted Burgess reagent and precipitated solids, before the THF
was somewhat removed. The rotary evaporator was still employed to remove the solvent,
but the pressure was never below 300 mbar. The clear oil was then diluted in acetone,
and KI was added to initiate the halogen exchange. After one hour, the precipitation
of fine-grained particles had ceased, and so the reaction mixture was filtered, acetone
removed on the rotary evaporator (P>300mbar), and the now yellow oil was diluted in
dry MeCN and imidazole 6 was added.
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Scheme 23: The attempted workarounds to the volatility of 5a.

This method did produce the imidazolium 7a, but 'H-NMR of the crude mixtures showed
enormous excess of the imidazole 6 and as so, quantitative control of the reaction becomes
an issue when the oxazoline intermediate is not isolated. The final yield of the reaction
(16%) was not very informative as the loss of product may have occurred over all, or just

one of the reactions performed, and with no intermediate isolation, it is impossible to tell
which.

The second attempt tried to address the problems of the first attempt by isolating the
iodised oxazoline 13. Simultaneously it was attempted to avoid the use of THF for the
dehydration as well, as it would have to be removed before halogen exchange could be
attempted, and residual solvent might affect the solubility of KCI which would interfere
with the Finkelstein equilibrium. The dehydration was therefore attempted in acetone
as the solvent. This substitution did not achieve full conversion of the amide 3a, even
after 16 hours of reflux. It was therefore decided to move on to the next step despite
incomplete conversion. The reaction mixture was filtered through celite with additional
acetone and KI was added. After 3.5 hours the mixture had taken on a deep orange
colour and the solvent was removed before the formed residue was flashed, eluting with
4:1 Pentane:EtOAc. This did however not result in a pure product, instead, 'H-NMR
revealed that most or all of the compound decomposed on the column.

3.1.6 Synthesis of Oxazolines

The intermolecular dehydration of amides 3 using Burgess reagent 4 in dry THF yielded
the oxazolines 5 as clear colourless oils in good yields (41-80%) (scheme 24).

The reaction was initiated by dissolving amides 3a,b and Burgess’ reagent 4 in dry THF.
The mixtures were then refluxed at 70°Cfor 2-6 hours before the product mixture was con-
centrated under reduced pressure (>180 mbar), and purified by flash column chromatog-
raphy eluting with 4:1 pentane:EtOAc. The eluent was removed under reduced pressure
(40°C, >180 mbar) and dried further under vaccum at room temperature. Despite this,
complete removal of EtOAc was not always achieved, and as such, the yields of the tar-
get oxazoline compounds 5a,b were theoretically calculated by estimating the product
composition from the 'H-NMR spectrum and the average molecular weight (M,,).

The compounds were characterised by HRMS, 'H-NMR , ¥C-NMR , COSY, HSQC,
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Scheme 24: General reaction scheme for the preparation of Oxazolines 5a-b. *Calculated
yields from 'H-NMR , corrected for EtOAc impurities.

'H,13C-HMBC , and IR. The results of the NMR analysis’ are summarised in fig. 3.5 and
fig. 3.6. The shifts are readily assigned by their integrals, multiplicity, coupling constants
and 2D-spectra.
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Figure 3.5: Compound 5a with assigned '"H-NMR and "3*C-NMR shifts.

An interesting change occurred in the coupling constant between the vicinal CH,O pro-
tons(H5) and the CHN proton (H4) after the ringclosing of the amides 3a,b. Of the two
amides 3a,b, the tBu-amide 3b is the only compound that produce two unique 'H-NMR
signals for the vicinal H5-protons. These signals couple to the H4-proton in two different
ways (Jyrans = 3 40, Jos = 7 70 Hz). The coupling constants follow the ordinary pattern
of Jus > Jirans. As expected, after ringclosing and the formation of the five-membered
oxazoline, both the iPr-oxazoline 5a and the tBu-oxazoline5b observe a splitting of the
'H-NMR signal for the vicinal H5 protons. For the oxazolines 5a,b the observed coupling
constants J.s = 972,10 16 and Jy.qns = 8 31,8 46 respectively (fig. 3.7).
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Figure 3.6: Compound 5b with assigned 'H-NMR and '*C-NMR shifts.

Figure 3.7: The vicinal H5-protons and their coupling constants to the H4 proton for both
oxazoline 5a and 5b.

The explanation for these similiar values in coupling constants (Jus & Jyans is eluci-
dated by referring to the Karplus equation, and the Newman projection of the oxazolines

(fig. 3.8).

When the five-membered ring is formed, the vicinal CH, protons H5 are forced into cis,-
and trans-coplanar positions, eclipsing the H4-proton.

This configuration is formed due to the rigid structure of the five-membered ring. The
dihedral angles of the ring are significantly smaller than those found in large rings, such
as cyclohexanes. The additional presence of an sp? hybridized N - and C,- atom, and the
imine m-bond reduces the flexibility of the ring further, resulting in J,s ~ Jirans. "
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Figure 3.8: A graphical presentation of the original, and modified Karplus equation, along
with a sketched Newman projection of the oxazoline 5.

3.1.7 Imdiazolium Salt Synthesis

Through the Finkelstein halogen exchange with subsequent N-alkylation, as shown in
scheme 25. The imidazolium salts 7 were prepared in mediocre to good yields (38-77%).

peey I-
Cl O 1. Kl, Acetone I/\N+
/\,\D _ N 7a: 38-50%
. r =N 7b: 68-77%
R, 2 [F N MeCN Ph o_J
| (N\//N ’ "Ry
5 b, 6 7
5a, 7a: Ry = /Pr
5b, 7b: Ry = 1Bu
Scheme 25

The first part of the reaction was initiated by dissolving KI in acetone. Upon complete
dissolution, one equivalent of oxazoline 5 was added. This caused the precipitation of
white solid (KCI) over the course of 1-2 hours. The reaction mixture took on a dim yellow
shade over the course of the reaction. After termination, the mixture was filtered through
celite in order to remove the precipitated salt.The solvent was then removed under reduced
pressure and the residue formed was diluted with dry MeCN before 1-benzylimidazole,
6, was added. The alkylation was run at room temperature for 2-20 hours before the
solvent was removed and the product 7 was purified by flash column chromatography,
eluting with 1:5 MeOH:DCM. This yielded the imidazolium salts 7a,b as yellow,- green-
ish solids. The compounds 7a,b were analysed by HRMS, which confirmed that the
products were formed, and fully characterised by 'H-NMR , 3C-NMR , COSY, HSQC,
'H,B3C-HMBC and IR. The results are summarised in fig. 3.9 and fig. 3.10.
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Figure 3.9: Compound 7a with assigned "H-NMR and "*C-NMR shifts.
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Figure 3.10: Compound 7b with assigned 'H-NMR and *C-NMR shifts.
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3.2 Synthesis of AuNHC-Complexes
3.2.1 Synthesis of Au(I)NHC-Complexes

Through an initial Ag-coordination and subsequent transmetallation the Au(I)-NHC com-
plexes 8 were prepared in poor to good yields (9-69%) as shown in scheme 26. An instantly
apparent trend is the remarkably low yields for tBu-Au(I)NHC-complex 8b versus the
iPr-Au(I)NHC-complex 8a, which is likely due to the sterically demanding ¢-Bu group
on the oxazoline that, as shown in the 'H-NMR spectra of the amides, exerts far more
steric effect than the i-Pr group.

»\\R .-\R1
oy R 1. Agz0, DCM Sy 8a: 21-69%
- ‘ !4\ \):N - @/ F\NjN 8b 9_180/00
“ N\//N"Ir 2. Au(SMe,)Cl, DCM ~ N\( :
Au
cl
7a, 8a, Ry: iPr
7 7b. 8b, Ry: Bu 8
Scheme 26

The initial silver coordination was performed by the well established silver base tech-
nique utilizing Ag,;O as both a base and Ag source.®* The NHC precursor was dissolved
in DCM and 0.5 equivalent of base was added to initiate the reaction which proceeded
while shielded from light. The deprotonation was confirmed by 'H-NMR and the mix-
ture was filtered through celite and the solvent removed. The resulting white residue
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was diluted in DCM before Au(SMe;)Cl was added. The addition caused the solution
to immediately take on a new colour. Interestingly, the colour varied between parallels,
even those originating from the same batch of NHC precursors. The two most distinct
colours were yellow and purple. The solutions that turned purple did in some instances
initially take on a cloudy shade which is likely caused by the precipitation of AgX (X=
I, Cl) which indicates the progress of the transmetallation. The solutions that took on
a yellow colour and remained clear never yielded any product, which corresponds to the
expectation of seeing precipitated silver salts as the silver complex undergoes transmet-
allation to gold.

The formed products 8a,b were analysed by HRMS which confirmed that the product
had formed. The Au(I)NHC complexes were fully characterised by 'H-NMR , ¥C-NMR
, COSY, HSQC, 'H,'3C-HMBC , 'H,’?’N-HMBC , and IR. These results are summarized
in fig. 3.11 and fig. 3.12.
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Figure 3.11: Compound 8a with assigned 'H-NMR and *C-NMR shifts.

419 407
0.79
69%81 kﬁ 5
75.8
6.87 1220

7.25 7.24 1208
127.8 160
—_ 95.1 N 480 4.94
1353
5.32 172

CI
Figure 3.12: Compound 8b with assigned 'H-NMR and '3C-NMR shifts.

The initial coordination to silver occurred rapidly, and was monitored by 'H-NMR spec-
troscopy. As described previously, the silver complexes formed in two steps. What is
interesting, is that the separation of these steps is visible in the 'H-NMR spectra of the
reaction mixture. The free NHC imidazole proton (H2) of 7a appears at 6 = 10.50 ppm.
This proton reappeared 1 hour after addition of Ag,O at 6 = 8.08 ppm, with an integral
of 0.5. It is unclear what exactly causes this upfield shift, but it seems likely that it was
caused by the partial bonding of the H2-proton to the in situ formed AgOH (fig. 3.13)
which eventually would deprotonate the imidazole salt.
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Figure 3.13: Proposed electron interaction which causes the upfield change in the carbenic
proton shift.

Figure 3.14 illustrates the characteristic 'H-NMR spectra of the (a) free NHC precursor
Ta, the (b) incomplete Ag-coordinated complex, the (¢) complete Ag-NHC-coordinated
complex, and the (d) Au(I)NHC-coordinated complex 8a. The most obvious difference
is the upfield shift of the two singlets of the imidazole H4,H5-protons, which experience
a shift upwards of 0.25 and 0.19 ppm respectively upon coordinating to the silver atom,
and an additional shift upfield by 0.06 ppm upon coordination to gold.

The shift observed upon coordinating to the silver atom is expected to be the largest, as
the heterocycle no longer possess a formal charge, and no longer need to donate electron
density to stabilise this charge. Upon transmetallation to gold, these protons shift even
further upfield, indicating that the Au atom is less acidic than silver, pulling less electron
density from the NHC than Ag.
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Figure 3.14: 'H-NMR spectra of (a) 7a and (d) 8a, with the two intermediate AgNHC
complexes (c,d).

The second important NMR change that is observed, is the *C-NMR of the imidazolium
C2 carbon, which for the free NHC precursor 7a is 138.1, but is vastly shifted downfield
to 172.7 ppm upon coordination to gold (fig. 3.15). This observation is in accordance
with the theories postulated by Herman et al.', and shows that the carbenoid carbon
has a higher electron density available when coordinated to a metal centre, compared to
the salt.

The downfield shift of the C2-carbon signal is the most convincing evidence for the
coordination of the NHC ligand 7a to a gold centre to afford the Au(I)NHC complex 8a
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Figure 3.15: Comparison of carbon atoms for the imidazole ligand and Au(I)-complex.

obtained. The C2-carbon signal of the imidazolium salt 7b was subject to a similar shift,
0 = 138 1ppm —— 0 = 172 6ppm when it was coordinated to a gold atom to afford the
Au(I)NHC-complex 8b.

3.2.2 Synthesis of Au(III)NHC-complexes from Au(I)NHC-complexes

Four different Au(III)-complexes (10a, 10b, 11a, 11b) have been synthesised in this
project. Originally, the monodentate Au(IIT)NHC complexes 10a and 10b were intended
to be intermediates, formed by oxidation of their corresponding Au(I)NHC-complexes
through a halogen transfer from dichloroiodobenzene. These Au(III)NHC complexes
10a,b were intended to be directly reacted further by addition of AgSbFg which would
afford anion exchange (ClI° —— SbFg ), and facilitate the N-coordination of the auxil-
iary oxazoline ligand. However, initial trials of this method proved unsuccessful, and it
was therefore attempted to isolate the Au(III)[NHC|Cl;3 compounds 10a,b before they
were reacted further. This step-wise approach proved to be more successful, and allowed
for the synthesis of the target compounds 11a,b. This synthetic route is summarized in
scheme 27.

Unfortunately, due to limited time, none of the four Au(III) compounds were fully iso-
lated, and as such not fully characterized by NMR methods or HRMS.

"H-NMR of the Au(IIT)NHC complexes 10a,b 30 minutes after addition of PhICl, usually
showed complete conversion of the Au(I)NHC complex 8a,b, and always full conversion
within 1 hour. The conversion could also be estimated by the colour of the reaction
mixture, as it went from being bright yellow to an almost colourless solution. The iso-
lation of Au(IIT)NHC complexes 10 was done by precipitation from DCM by addition
of pentane. This method did not remove all impurities from the reaction mixture, but
the Au(III)-complexes 10 proved to be too unstable in solution to be eligible for a slow
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Scheme 27: Schematic presentation of the intended, and the successful synthetic route yielding
the bidentate C,N-Au(III)NHC[Oxazoline| complexes 11a,b via the monodentate Au(III)NHC
complexes 10a,b

recrystallization. Although the Au(III)-complexes 10 were not completely purified, the
residue formed was pure enough to survive the counter-ion exchange step of the synthesis.
The addition of AgSbFg was immediately followed by the visible precipitation of a white
solid (AgCl (s)) which stopped after 15-30 minutes.

3.2.3 Coordination Effects on Nitrogen

Aware of the time limit on the project and the instability of the complexes which might
lead to an unsuccessful isolation, it was decided to run 'H,*>N-HMBC experiments of the
crude reaction mixtures in order to observe the changes in the nitrogen shifts at different
stages of oxidation and geometry. A summary of these results for complexes 8-10-11a
and 8-10-11b is presented in fig. 3.16 and fig. 3.18. A comparison of the 'H-NMR spec-
tra and 1D N-NMR for the complexes 8-10-11a and 8-10-11b are also presented in
fig. 3.17 and fig. 3.19 respectively.

Assignment of the °N-shifts (§N) is done by recognising that the correlation between the
imidazole protons (H4, H5) and the imidazole nitrogens (N1, N3) appear as four distinct
correlation peaks, that comprise each corner of a rectangle. In addition to the H4 and
H5, the nitrogen nuclei Ny and Ny correlate to the benzyllic protons (BnH2) and the
methylene oxazoline protons (OxCH2) respectively, the OxCH2 protons also correlate to
Nj.

By utilising the correlations described, the N for the Au(I)NHC-complexes 8a,b (blue)
are easily assigned (0N;g,,=190.8, 190.8, 6Nag, ,=179.7, 179.8, 0N3s,,=235.0, 234.1).
The 'H,">N-HMBC of the tBu-Au(I)NHC complex 8b highlights the benzyllic diastero-
tope by rendering two peaks for the N;-BnH2 correlation. This does not occur for the
benzyllic protons belonging to ¢Pr-Au(I)NHC 8a, which might be due to the N; signal
only correlating to one of the benzyllic protons, or it might simply be due to the resolu-
tion of the spectrum.
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Upon oxidation of the Au(I)NHC-complexes 8a,b to their Au(III)NHCICl3] counterparts
10a,b the 'H,">’N-HMBC of both complexes 10a,b display several new '°N signals in
the range associated with the imidazole nitrogens (Nj, Nj). The 'H-NMR of both
Au(IIT)NHCICl3] complexes 10a,b show an acidic proton (dH=8.49, 8.40 ppm) which
indicate the hydrolysis of the auxiliary oxazoline ligands. The range explored by the
"H,’>N-HMBC experiment (160 - 350 ppm) is downfield of the area where amines are
expected to appear ("N = 90), and as such, the nitrogen signals of the free amines do
not appear in the produced spectrum.

The imidazole nitrogens of the Au(III)NHC[Cl;] complexes 10a,b (red) were elucidated
by the peaks formed by the N;-BnCH2,- and N»-OxCH2 correlations (6Ny,,=189.1, 188.9,
Ny, ,=176.8, 177.0) The oxazoline nitrogen N3 was easily elucidated by its correlation to
the OxCH2 protons (N3, ,=239.6, 234.1).

The preparation of the Au(IIT)NHC[Cl;] complexes 10a,b by oxidation of the Au(I)NHC-
complexes 8a,b caused a marginal shift of the nitrogen signals. The values of these shifts
are expressed by the value AGN°*, which is defined by eq. (3.1)

A(SNOQ? — 5NAU(I) _ 5NAU(HI)CI3 (31)

A positive AN value indicates an upfield shift of the nitrogen signal, whilst a negative
value represents a downfield shift. This correlation translates further to imply that a
positive A9N°* value for a nitrogen atom corresponds to a decreased electron density
around the nitrogen nuclei, whilst a negative AJON translates to an increased electron
density around the N-nuclei.

The oxidation of the ¢Pr-Au(I)NHC-complex 8a to the corresponding Au(IIT)NHCI[Cl;]-
complex 10a caused a marginal upfield shift of the N; and Ny nitrogens (AONJZ =17
ppm, A6NS* = 29 ppm). This upfield shift was mirrored by a downfield shift of the
N3 oxazoline nitrogen (AONSZ = —4 6 ppm). The observed AJN®* values correspond
to the expected changes followed by a displacement of the oxazoline ring by the three
chloride anions of the Au(III)NHC-complex 10a that are more spatially demanding than
the single chloride anion of the Au(I)NHC-complex 8a. The displacement moves the
oxazoline nitrogen (N3) away from the acidic gold(III) centre, causing the N3 to donate
less electron density away from its nitrogen nucleus, as is mirrored by the negative AGN3”
value. The decreased electron donation from the displaced oxazoline is countered by an
increased electron donation from the imidazolium nitrogens N; and Ny, which corresponds
to the positive AONT* and AGN5” values.

The same trends as observed for the oxidation of the ¢Pr-Au(I)NHC complex 8a occur
for its t{Bu-Au(I)NHC counterpart 8b. The imidazole nitrogens N; and Ny experience
an upfield shift, AON{? =19 ppm, AIN> = 2 8 ppm respectively. While the oxazoline
nitrogen N3 experienced a downfield shift, AONg, = —3 8 ppm.

The slight geometrical reconfiguration of the Au(I)NHC-complexes 8a,b upon oxidation
to the Au(IIT)NHC[Cl3]-complexes 10a,b also presents itself in the "H-NMR, spectra of
the compounds. (fig. 3.17, fig. 3.19).
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Figure 3.16: Overlapping 'H,'>N-HMBC of the Au(I)NHC-complex 8a (blue), Au(III)NHC-
complex 10a (red), and bidentate C,N-Au(III)NHC[Oxazoline] complex 11a (green).

Due the non-isolated reaction mixture, the imidazole protons (H4, H5) does not imme-
diately present themselves, but analysis of the 'H,*N-HMBC correlations indicate that
they are present at 0H4=7.36, H5=7.08 ppm and 0 =H4=7.29, H5=7.00 ppm for the
Au(IIT)NHCICl3])-complexes 10a and 10b respectively.

The Au(IIT)NHC|CIl3] imidazole protons appear at significantly higher shifts than their
Au(I)NHC equivalents, which indicates that the imidazole ring donates more electron
density to the gold(III) centre compared to the previous gold(I) centre.'" These shifts
are expected as the Au-centre atom obtaines a greater charge (Au™ —— Aus™)-

The benzyllic protons (BnH2) and methylene oxazoline protons (OxCH?2) also experience
a similar downfield shift, although at a lesser extent than the imidazole protons. The two
signals do however undergo a distinct change. The benzyllic protons are diastereotopic,
and appear as two signals in the '"H-NMR of the Au(I)NHC-complexes 8a,b, but reap-
pear as a singlet in the Au(IIT)NHC[Cl;]-complexes at 10a,b, at 6H=>5.89 and 5.41 ppm
respectively.

The diastereotopic methylene oxazoline protons however, appear as a singlet in the
Au(I)NHC-complexes 8a,b at 0H=4.94. Upon oxidation to the Au(III)NHC[CIl3] com-
plexes 10a,b, the OxCH2 protons reappear as two signals. This change implies that the
Au(I)NHC-complexes 8a,b are spatially arranged in a way that enforce a chiral environ-
ment on the benzyllic protons, while the OxCH2 protons are interchangeable. This might
occur by the Au(I)-atom attracting the mw-system of the benzene so it orientates to place
the 7 system perpendicular to coordination plane of the gold(T) centre.!!?

Upon oxidation to the Au(IIT)NHC][Cls]-complexes 10a,b, this geometry changes, and
rather enforces a chiral environment on the methylene oxazoline protons instead of the
BnH2 protons. It can also be observed that the diastereotopic methylene oxazoline pro-
tons of the tBu-Au(III)NHC[Cl;3]-complex 10b are split further apart than the OxCH2
protons of the ¢Pr-Au(III)NHC|Cl;] complex 10a, which indicates that the tert-butyl
oxazoline of the complex 10b experiences a more rigid environment.

Each of the diasteretopic OxCH2 protons correlate independently with both the Ns.-
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Figure 3.17: Individual 1D >N - and '"H-NMR for the complexes 8a, 10a, and 11a

and Ns-nitrogen of the Au(III)NHC]Cls]-complex 10b, and the Ny-nitrogen of the corre-
sponding 7Pr-Au(III)NHC|Cl3] complex 10a.

Elucidation of the 'H,">N-HMBC of the bidentate C,N-Au(IIT)NHC[Oxazoline| complexes
11a,b afforded from the Au(III)NHC|Cl;]-complexes 10a,b by anion exchange proved to
be more complicated than the previous 'H,'>N-HMBC spectra. This is in large due to
the cluttered 'H-NMR spectrum, caused by the impure mixture analysed, complicating
the elucidation of the protons contributing to the correlation peaks of the 'H,">’N-HMBC
spectra.

The 'H,">’N-HMBC spectrum of the bidentate C,N-Au(IIT)NHC[iPr-Oxazoline] 11a dis-
played three distinct '°N-signals at §=195, 170.5, and 168.3 ppm. The distinct imidazole
Ny, Ny, H4, H5 correlations in the upper left part of the spectrum implies that 0N3 = 168 3
ppm. It would be expected that the N3 nitrogen correlates to the methylene oxazoline
protons.

The OxCH2 protons have previously shown that their two diastereotopic protons can
correlate independently to the Ny and Ns-nitrogens. Keeping this in mind, an argument
can be made that the adjacent correlation peak at 0H,n=5.27, 170.7 ppm belongs to the
imidazole nitrogen Ny. This leaves the {N=195.0 ppm as the N; nitrogen.

The Nj-nitrogen does produce a small correlation peak at 0H,n=5.94, 195.0 ppm, which
corresponds to a doublet in the "H-NMR spectrum of the C,N-Au(III)NHC|[Oxazoline]
complex 11a (§H=5.94 ppm, J=15.00 (Hz)). The '"H-NMR signal at 6H=>5.94 is small,
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Figure 3.18: Overlapping 'H,'>N-HMBC of the Au(I)NHC-complex 8b (blue), Au(III)NHC-
complex 10b (red), and bidentate C,N-Au(III)NHC[Oxazoline] complex 11b (green).

but there are no other distinct proton signals that can be assigned to the C,N-Au(III)NHC|oxazoline]
complex with certainty, so it can not be immediately dismissed. The signal also displays
a slight roofing effect upfield, hinting at a coupling to another signal among the mulit-
plet at dH=5.5-5.3 ppm. A coupling constant of 15.0 Hz also corresponds well with a
vicinal proton, and so the signal might belong to one of the benzyllic protons, which also
implies that the benzyllic protons experience the same phenomeon as the methylene oxa-
zoline protons, where the nitrogen signal only correlates to one of the two vicinal protons.

With the anion exchange of the Au(III)NHC[Cl;]-complex 10a to the bidentate C,N-
Au(IIT)NHC[Oxazoline] complex 11a, a need to express the changes in the JN shifts
arose. An expression for this change is formulated in eq. (3.2). The values of AGNAF
express the same spectroscopic and physical implications as the values of AJN*.

A5NAE _ 5NAu(IH)NHC[Clg . 5NC7N—Au(III)NHC (32)

The ASN,*¥ for the anion exchange of the 7Pr-Au(III)NHC[Cls]-complex 10a to yield
the bidentate iPr-C,N-Au(III)NHC[Oxazoline]-complex 11a becomes; AJN = -5.9,
ASN E= 6.3, and ASN,**= 71.3 ppm. The huge upfield shift expressed by the
ASN;, AP is the most significant evidence to argue the coordination of the oxazoline
nitrogen atom (Nj3) to the gold(III) centre. The massive upfield shift corresponds to a
decreased shielding of the N3-nuclei which occurs by the increased electron donation from
the Ns-nitrogen to the acidic gold atom. The small positive value of ANy, **=6.3 can be
explained by the six-membered metallacycle which dislocates more of the electron density
from the imidazole Ny-nitrogen. The negative value of AdN,*F=-5.9 stands apart as the
only downfield Ny shift which might be explained by its position outside the metallacycle.

Similar arguments as the ones used for the elucidation of the bidentate iso-propyl C,N-
Au(III)NHC[Oxazoline] complex 11a nitrogens, can also be applied for the elucidation of
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Figure 3.19: Caption

the bidentate C,N-tBu-Au(III)NHC[Oxazoline] complex 11b nitrogens. The distinct Ny,
No, H4, and H5 correlations combined with the BnH2 and OxCH2 correlations affords
the assigned nitrogens Ni= 190.0 ppm, and No= 174.7 ppm. This leaves N3=182.8 ppm.
Unlike the *H,'*>N-HMBC for the bidentate C,N-Au(III) complex 11a, the 'H,'>’N-HMBC
of the C,N-Au(IIT) complex 11b contains several nitrogen signals above dN=260 ppm,
which correlate to protons in the )H=6.5-6.3 ppm region. Such signals imply the decom-
position of the desired product 11b. Further doubts about the formation of the bidentate
C,N-complex 11b can be made by the N3 correlation to a proton in the aromatic region,
that is not one of the imidazole protons H4, or H5.

While neither of the Au(III)NHC-complexes 10a, 10b, 11a, or 11b were isolated nor
fully characterised by NMR, the observed ASN°® and ASNAF values strongly indicate
that the Au(III)NHC|Cl;]-complexes 10a,b were formed, and the subsequent anion ex-
change successfully afforded the bidentate C,N-Au(III)NHC[Oxazoline] complex 11a.
"H,">N-HMBC of the Au(III)NHC[Cl3]-complexes 10a,b visualize the instability of the
Au(IIT)NHCI[CI;] complexes, which are rapidly hydrolysed at the imine bond of the ox-
azoline. It might also be suggested that the more sterically demanding tBu-oxazoline
C,N-Au(IIT)NHC-complex 10b is less easily formed due to repulsive steric interactions.
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4 CONCLUSION

4 Conclusion

In this project, two unique N-Benzyl, N-methylene-(C;-substitued)-Oxazoline imida-
zolium NHC precursors 7a (¢Pr-Cy4) and 7b (tBu-C,) have been prepared in three steps.
Initial condensation of the chiral amino alcohols 1a,b with 2-chloroacetyl chloride (2)
yielded the corresponding chiral amides 3a,b (52%, 37%). The amides 3a,b underwent
intramolecular dehydration facilitated by Burgess’ reagent, to produce the chloromethy-
lene oxazolines 5a,b (80%, 76%). Halogen exchange and subsequent N-alkylation of
oxazolines 5a,b with 1-benzyl imidazole 6 to yield the imidazolium salts 7a,b (50%,
77%) with an overall yield of 21% and 22%.

The imidazolium salts 7a,b were coordinated to a gold(I) atom centre by transmetallation
from a silver intermediate, which yielded the novel Au(I)NHC-complexes 8a,b (69% and
18%). The Au(I)NHC-complexes 8a,b and all intermediates were fully characterised by
"H-NMR , 3C-NMR , COSY, HSQC, HMBC, HRMS, and IR. The Au(I)NHC-complexes
8a,b were additionally analysed by 'H,*>N-HMBC .

The synthesis of the the imidazolium salts (7a,b) have the potential to be improved by
a more selective amidation to more efficiently yield the amide intermediates (3a,b)

The coordination of the imidazolium salts (7a,b) to gold(I) afford large variations in
the yield of the Au(I)-complexes 8a (69%) and 8b (18%). NHC precursor 7b has a
more sterically demanding ¢tBu ligand than the ¢Pr ligand of 7a. As observed by 'H-
NMR of amides 3a,b, the tert-butyl group in amide 3b enforces a more demanding
steric environment than the iso-propyl amide 3a, which supports the theory that the
preparation of the Au(I)NHC-complex 8b is complicated by the more sterically hindered
tBu ligand than the ¢Pr-Au(I)NHC-complex 8a.

The novel Au(I)NHC-complexes (8a,b) were oxidised to their corresponding Au(IIT)NHC[Cl;]-
complexes (10a,b) by halogen transfer from dichloro-iodobenzene and subsequent anion
exchange to the bidentate C,N-Au(III)NHC[Oxazoline| complexes 11a,b.

While neither of the four Au(Ill)-complexes were isolated nor fully characterised, their
crude reaction mixtures were analysed by 'H-NMR and 'H,">’N-HMBC .

The changes in d7-shifts (AIN°® AGN4E) for the nitrogens atoms by oxidation and anion
exchange coordination strongly indicate the formation of the Au(IIT)NHC[Cl;]complexes
10a,b and the bidentate C,N-Au(IIT)NHC[Oxazoline|] complex 11a.
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5 EXPERIMENTAL

5 Experimental

Preparation of moisture sensitive compounds were performed under dry condition and
inert atmoshphere. Dry solvents were collected from a MB SPS-800 solvent purification
system. All reactions were monitored by 'H-NMR and thin-layer chromatography (TLC)
using silica gel 60 F254 (0.25 mm thickness). TLC plates were developed using UV-light
(254 nm) phosphomolybdic acid, and heat. Flash chromatography was performed with
Merck silica gel (poresize 60 A, 230-400 mesh, 40-63 mm particlesize). 'H-NMR and
I3C-NMR spectra were recorded using either a Bruker Avance DPX 400 MHz or a Bruker
Avance III 600 MHz spectrometer. Chemical shifts are reported in ppm (J) downfield
from tetrametylsilane (TMS) as an internal standard. Accurate mass determination was
performed on a Synapt G2SQ-TOF instrument from Waters. Samples were ionized with
an ASAP probe with no chromatography separation performed before mass analysis.
IR spectra were recorded with a Nicolet 20SXC FT-IR spectrometer using EZ OMNIC
software to analyse the spectra and a Bruker Alpha FT-IR spectrometer using OPUS V7
software to analyze the spectra.

5.1 Synthesis of Amides
5.1.1 General procedure A

Amine 1la-b was added to a solution of anhydrous DCM and 1-1.2 equiv. triethylamine
was added. The solution was cooled to 0°Cusing an ice-bath and 1 equiv. of 2-chloro
acetylchloride 2 was added dropwise over 3-5 minutes. The ice bath was then removed
and the mixture was stirred at rt. for 3 - 26 hours

The solvent was removed in vacuo, which yielded a white residue that was washed with
EtOAc, and filtered off. The product was dried and purified by silica flash chromatogra-
phy (EtOAc) to afford the pure amides 3a-b.

(S)-2-Chloro-N-(1-hydroxy-3-methylbutan-2-yl)acetamide (3a)

1L

Cl
3a

Following general procedure A, 1la (399.2 mg, 3.86 mmol) was reacted with 2 (438 mg,
309 pl, 3.88 mmol) in DCM (10 ml) in the prescene of NEt3 (392 mg, 540 pl, 3.87 mmol).
This yielded 3a (361.7 mg, 2.01 mmol, 52%) as a dark oil after purification by flash column
chromatography. 'H-NMR (600 MHz, CDCl3, 300K): §(ppm)= 6.74 (br, 1H; NH), 4.10
(s, 2H; CICH2), 3.76 (m, 1H; NHCH), 3.73 (d, 2H; CH20H J(Hz)=4.70 Hz), 2.30 (br,
1H; OH), 1.96 (m, 1H; CH(CHj), J(Hz)=6.80), 0.99 (d, 3H; CH,, J(Hz)=6.79), 0.96 (d,
3H; CHs, J(HZ)=6.83); 3C-NMR (151 MHz, CDCl3, 300K): §(ppm)=166.7 (CO), 63.5
(NCHiPR), 57.5 (CH,OH, 42.8 (CH,C1), 28.9 (CH(CHs)s, 19.5 (CHy), 18.6 (CHa)
HRMS: 180.79 m/z = M+H
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5.2 Synthesis of Oxazolines 5 EXPERIMENTAL

(S)-2-Chloro-N-(1-hydroxy-3,3-dimethylbutan-2-yl)acetamide (3b)

i j;
H
%H 0
Cl
3b

Following general procedure A, 1b (583.4 mg, 4.98 mmol) was reacted with 2 (567 mg,
400 pl, 5.02 mmol) in DCM (10 ml) in the prescene of NEt3 (508 mg, 700 ul, 5.02 mmol).
This yielded 3b (357.1 mg, 1.844 mmol, 37%) as a yellow solid after purification by
flash column chromatography. 'H-NMR (600 MHz, CDCl3, 300K): § (ppm) = 6.76 (br,
1H; NH), 4.13 (s, 2H, CH,C1), 3.90 (dd, 1H; CH,OH, J(Hz)=3.56, 11.5), 3.84 (m, 1H;
NHCHtBU, J(Hz)=3.56, 7.58), 3.62 (dd, 1H; CH,OH, J(Hz)=11.5, 7.58), 2.08 (br, 1M;
OH) 0.99 (s, 9H; CHy). BC-NMR 151 MHz, CDCls, 300K), 167.0, 63.0, 60.2, 42.9, 33.6,
26.9. HRMS: 194.095 m/z = M+H

5.2 Synthesis of Oxazolines
5.2.1 General procedure B

Amide 3a-b was dissolved in anhydrous THF. 1 equiv. of 4 was added and the mix-
ture was refluxed for 2-4 hours at 70°C. THF was removed under reduced pressure and
the resulting dark oil was purified by flash column cromatography, eluting with 4:1 Pen-
tane:EtOAc.

5.2.2 (R)-2-(Chloromethyl)-4-isopropyl-4,5-dihydrooxazole (5a)
C|/\/O
|

/\

5a

Following general procedure B. 3a (121.3mg, 675 pmol) was reacted with 4 (161.3mg,
675 umol) in anhydrous THF (5ml). This yielded the product as a colourless oil after
purification, 108.4mg (80%). 'H-NMR (600 MHz, CDCl3, 300K): § (ppm) = 4.36 (t,
1H; CH,0, J(Hz)=8.42, 9.69), 4.11 (s, 2H; CH,Cl), 4.07 (t, 1H; CH0), J(Hz)=8.32),
3.97 (k, 1H; NCH, J(Hz)= 9.47, 8.18), 1.79 (o, 1H; CH(CHy),, J(Hz)=6.74), 0.98 (d, 3H;
CHs,, J(Hz)=6.76), 0.90 (d, 3H; CHs, J(Hz)=6.76). C-NMR (151 MHz, CDCly, 300K):
§ (ppm) = 162.4, 72.5, 71.2, 36.5, 32.5, 18.7, 18.1. HRMS: 162.069 m/z = M+H

5.2.3 (R)-4-(tert-Butyl)-2-(chloromethyl)-4,5-dihydrooxazole (5b)
Cl O
v,
2%

5b
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5.3 Synthesis of lodized Oxazolines 5 EXPERIMENTAL

Following general procedure B. 3b (117.1 mg, 605 umol) was reacted with 4 (152.8 mg,
641 pmol) in anhydrous THF (10ml). This yielded the product as a colourless oil after
purification 80.6 mg (76%). '"H-NMR (600 MHz, CDCl3, 300K): § (ppm) = 4.29 (t, 1H;
CH,0, J(Hz)=10.17, 8.79), 4.16 (t, 1H; CH,0, J(Hz)=8.43), 4.12 (d, 2H; CH,C1), 3.93 (t,
1H; NCH, J(Hz)=10.11, 8.19), 0.91 (s, 9H; CH,). 3C-NMR (151 MHz, CDCly, 300K):
5 (ppm) = 162.3, 76.0, 69.7, 36.4, 33.7, 25.7. HRMS: 176.085 m/z = M+H.

5.3 Synthesis of lodized Oxazolines
(R)-2-(Iodomethyl)-4-isopropyl-4,5-dihydrooxazole (13a)

3a (182.7mg, 1.02mmol) was dissolved in acetone (10ml) and 4 (268.7mg, 1.13 mmol)
was added. The reaction was refluxed at 50°Cfor 4.5 hours before the heat was turned
off, and KI 180.2mg, 1.09 mmol) was added, and the reaction was run overnight. The
precipitated KCl was filtered off, and the product flashed, eluting with EtOAc. 'H-NMR
showed a highly contaminated product, and so it was flashed one more time (EtOAc).
After this second run it appeared as if the product had completely decomposed.

5.4 Synthesis of Imidazolium Salts
5.4.1 General procedure C

The oxazoline 3a-b, was dissolved in acetone and 1 equiv. of KI was added. The reaction
was let stir at rt for 1-3 hours before the precipitated solid was filtered off and the solvent
removed. The new iodized oxazoline (9a-b) was dissolved in anhydrous MeCN and 1
equiv. of 1-benzyl-1H-imidazole (6) was added. The reaction was run at rt (2-20 hours).

The solvent was removed, and the product was purified by silica column chromatography,
eluting with 1:5 MeOH:DCM.

5.4.2 (R)-1-Benzyl-3-((4-isopropyl-4,5-dihydrooxazol-2-yl)methyl)-1H-imidazol-
3-ium iodide (7a)

= O\_ﬁ\(

7a

Following general procedure C, 5a (26.3mg, 163 pmol) was reacted with KI 28.4mg,
171 pmol) in acetone (2ml. The formed product was reacted further with 6 (28.4mg,
180 pmol) in MeCN (10ml). This yielded the product as a dim yellow solid after pu-
rification, (33.5mg, 50%). 'H-NMR (600 MHz, CDCIl3, 300K): § (ppm) = 10.45 (s, 1H;
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NCAHN), 7.47-7.43 (m, 5H; Ar—H), 7.36 (s, 1H; Imid CH), 7.12 (s, 1H; Imid CH), 5.54 (s,
9H; ArCHy), 5.25 (k, 2H; OxCH,), 4.40 (t, 1H; OCH,, J(Hz)=9.55), 4.08 (t, 1H; OC Hy,
J(Hz)=8.42), 3.91 (k, 1H; OxCH, J(Hz)=8.42), 1.72 (o, 1H; CH(CHy)s, J(Hz)=6.75),
0.92 (d, 3H; CHs, J(Hz)=6.75), 0.86 (d, 3H; CH,, J(Hz)=6.75). 3C-NMR (151 MHz,
CDCly, 300K): § (ppm) = 159.3, 138.1, 131.9, 129.9, 129.7, 129.2, 123.0, 121.1, 72.4, 72.0,
53.9, 46.6, 32.6, 18.8, 18.4. HRMS: 284.177 m/z = M+

5.4.3 (R)-1-Benzyl-3-((4-(tert-butyl)-4,5-dihydrooxazol-2-yl)methyl)-1H-imidazol-
3-ium iodide (7b)

- }j\é

7b

Following general procedure C, 5b (14.3mg, 81 pmol) was reacted with KI (15.2mg,
92 pmol) in acetone (2ml). The formed product was reacted further with 6 (13.3mg),
84umol) in MeCN (10ml). This yielded the product as a dim yellow solid after purifi-
cation, (26.6mg, 77%). 'H-NMR (600 MHz, CDCIl3, 300K): 6 (ppm) = 10.38 (s, 1H;
NCAHN), 7.46-7.43 (m, 5H; ArH), 7.37 (s, 1H; Imid CH), 7.14 (s, 1H; Imid CH), 5.55 (s,
OH; ArCH,), 5.25 (k, 2H; OxCH,), 4.33 (t, 1H; OCH,, J(Hz)=9.49), 4.16 (t, 1H; OCH,,
J(Hz)=8.61), 3.89 (t, 1H; OxCH, J(Hz)=9.35), 0.85 (s, 9H; CH;). *C-NMR (151 MHz,
CDCl3, 300K) § (ppm)= 159.3, 138.1, 131.9, 129.9, 129.7, 129.1, 123.0, 121.2, 75.8, 70.3,
53.9, 46.6, 33.5, 25.8. HRMS: 288.192 m/z = M+

5.5 Synthesis of Au(I)-NHC complexes
5.5.1 General Procedure D

The imidazole salt 7 was dissolved in dry DCM, 0.5-1.5 equiv. of Ag,O was added
and the mixture was stirred at rt for 1-2 hours. After deprotonation, the mixture was
filtered through celite, and the solvent was removed. The formed residue was dissolved
dry DCM and 1 equiv. of Au(SMey)Cl was added. The mixture was stirred at rt for
1-4.5 hours before the mixture was filtered through celite and purified by flash column
chromatography eluting with EtOAc.

5.5.2 (1-Benzyl-3-(((S)-4-isopropyl-4,5-dihydrooxazol-2-yl)methyl)-2,3-dihydro-
1H-imidazol-2-yl)gold(I) chloride (8a)

/
X N/k
N
| = =/ =N
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5.6 Synthesis of Au(III)NHC[CI;] complexes 5 EXPERIMENTAL

Following general procedure D, imidazole 7a (8.7mg, 21 pmol) was reacted with Ag,O
(3.8 mg, 16 pmol) in DCM (2ml). The formed product was further reacted with Au(SMe,y)Cl
(6.4mg, 22pmol) in DCM (2ml). This caused the solution to take on a cloudy shade
which slowly turned into a solid purple. The reaction yielded 8a as a weakly yellow
solid after purification, (7.5mg, 69%). 'H-NMR, (600 MHz, CD,Cl,, 300K): ¢ (ppm) =
7.3017.24 (m, 5H; Ar-H), 7.05 (s, 1H; Imid-CH), 6.87 (s, 1H; Imid-CH), 5.32 (q, 2H;
ArCH,), 4.94 (s, 2H; OxCH,), 4.25 (t, 1H; OCHy, J(Hz)=9.12), 3.97 (t, 1H; OCH,,
J(Hz)=7.64), 3.85 (k, 1H; OxCH, J(Hz)=8.01), 1.65 (o, 1H; CH(CHz)s, J(Hz)=6.68),
0.85 (d, 3H; CH,, J(Hz)=6.75), 0.78 (d, 3H; CHa, J(Hz)=6.76). C-NMR (151 MHz,
CD,Cly, 300 K): § (ppm) = 172.7, 160.9, 135.4, 129.2, 128.8, 128.1, 122.2, 120.9, 72.5,
71.5, 55.3, 48.2, 32.7, 18.5. PN-NMR (61 MHz, CD,Cl,, 300K): § (ppm) = 235.0 (Imin-
N), 190.8 (Bn-N), 179.7 (Oxazoline-N). HRMS: 521.162 m/z = M+ MeCN - Cl

5.5.3 (1-Benzyl-3-(((S)-4-(tert-butyl)-4,5-dihydrooxazol-2-yl)methyl)-2,3-dihydro-
1H-imidazol-2-yl)gold(I) chloride (8b)

8b

Following general procedure D, imidazole Tb (49.8 mg, 117 umol) was reacted with AgsO
(13.6 mg, 59 pmol) in DCM (2 ml). The formed product was further reacted with Au(SMe,)Cl
(37.3mg, 127 pmol) in DCM (1 ml). This caused the solution to instantly take on a cloudy
yellow shade. The reaction yielded 8b as a weakly yellow solid after purification (11.4 mg,
18%). "H-NMR (600 MHz, CD,Cl, 300K): § (ppm) = 7.31- 7.24 (m, 5H; Ar-H), 7.05
(s, 1H; Imid-CH), 6.87 (s, 1H; Imid-CH), 5.32 (q, 2H; ArCH,), 4.94 (s, 2H; OxCH,),
4.19 (t, 1H; OCH,), J(Hz) = 10.02, 8.90), 4.07 (t, 1H; OCHy, J(Hz)=8.39), 3.81 (t, 1H;
OxCH, J(Hz)=9.90, 8.21), 0.79 (s, 9H; CH(CHj),). *C-NMR (151 MHz, CD,Cl,, 300
K): § (ppm) = 172.6, 160.8, 135.3, 129.0, 128.6, 127.8, 122.0, 120.8, 75.8, 69.8, 55.1, 48.0,
33.5, 25.5. PN-NMR (61 MHz, CD»Cly, 300K): § (ppm) = 234.1 (Imin-N), 190.8 (Bn-N),
179.8 (Oxazoline-N). HRMS: 535.178 m/z = M+ MeCN - Cl

5.6 Synthesis of Au(III)NHCJ[CIl;] complexes
5.6.1 General Procedure E

The Au(I) complex 8 was dissolved in deuterated DCM and 1 equiv. of 9 was added. The
mixture was stirred at rt for 30 min before the product was precipitated from solution
by addition of pentane. The formed residue was washed with pentane, before the residue
was directly diluted in deuterated DCM and 1 equiv. of AgSbFg was added. The mixture
was stirred at rt for 15 minutes before it was filtered through celite and dried in vacuo.
The product was then recrystallised from DCM /pentane.
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5.7 Synthesis of Bidentate C,N-Au(I1I)NHC|[Oxazoline] complexé&s EXPERIMENTAL

5.6.2 (S)-(1-Benzyl-3-((4-isopropyl-4,5-dihydrooxazol-2-yl)methyl)-1,3-dihydro-
2H-imidazol-2-ylidene)gold (I1I) chloride (10a)

Following general procedure E, 8a (8.0 mg, 16 pmol) was dissolved in DCM (0.5 ml) and 9
(4.4mg, 16 pmol) The formed product was directly reacted further after recrystalization.
I"'N-NMR (61 MHz, CDyCly, 300K): § (ppm) = 239.6 (Imin-N), 189.1 (Bn-N), 176.8
(Oxazoline-N).

5.6.3 (S)-(1-Benzyl-3-((4-(tert-butyl)-4,5-dihydrooxazol-2-yl)methyl)-1,3-dihydro-
2H-imidazol-2-ylidene)gold (III) chloride (10b)

Following general procedure E, 8b (10.2 mg, 19 umol) was dissolved in DCM (0.5 ml) and
9 (5.7mg, 21 pmol) The formed product was directly reacted further after recrystalization.
ISN-NMR (61 MHz, CDyCly, 300K): § (ppm) = 237.9 (Imin-N), 188.9 (Bn-N), 177.0
(Oxazoline-N).

5.7 Synthesis of Bidentate C,N-Au(III)NHC[Oxazoline| com-
plexes

5.7.1 (S)-(1-Benzyl-3-((4-isopropyl-4,5-dihydrooxazol-2-yl)methyl)-1,3-dihydro-
2H-imidazol-2-ylidene) bidentate C,N-gold(III) dichloride-antimony hex-
afluoride (11a)

SbFg”
(0]
T

A
@Jmm/\

11a

After precipitation from DCM, 10a (2.0 mg, 3 pmol) was dissolved in DCM (0.5ml) and
AgSbFg (0.8 mg, 5.2mol). The formed product was unsuccessfully recrystallised from
pentane and DCM. PN-NMR (61 MHz, CD,Cl,, 300K): 6 (ppm) = 195.0 (Bn-N), 170.5
(Oxazoline-N), 168.3 (Imin-N).
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5.7.2 (S)-(1-Benzyl-3-((4-(tert-butyl)-4,5-dihydrooxazol-2-yl)methyl)-1,3-dihydro-
2H-imidazol-2-ylidene) bidentate C,N-gold (III) dichloride-antimony hex-
afluoride (11b)

SbFg
(0]
LI

@J o' o /T

11b

After precipitation from DCM, 10b was dissolved in DCM (0.5ml) and AgSbFg (6.6 mg,
19 pmol). The formed product was unsuccessfully recrystallised from pentane and DCM.
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A SPECTRA OF AMIDES 3A, 3B

A Spectra of Amides 3a, 3b
'H-NMR of Amide 3a

sl o1 g 0
| 1 ! 1 | | |
FE
o,
)
1856°0
76960 = 56556 |
18860 f ==I-
£666°0
9826’1 F
66661 ~
£166° L —= 1z50°L |
9296'L N
ori6 L
£686°L Izt
Sp08°Z — £Z10°1
il
16216 —— _i_—g) —
089L'c —— Lesre |
— <
1001y — —= 1581z
T ]
© L
™
ZT r
o o
peeL’'s — < 0000°L
— k=

52



A SPECTRA OF AMIDES 3A, 3B

BC-NMR of Amide 3a
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A SPECTRA OF AMIDES 3A, 3B

COSY of Amide 3a
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A SPECTRA OF AMIDES 3A, 3B

HSQC of Amide 3a
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A SPECTRA OF AMIDES 3A, 3B

HMBC of Amide 3a
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A SPECTRA OF AMIDES 3A, 3B

HRMS of Amide 3a

Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 2.0 PPM / DBE: min = -5.0, max = 50.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons
253 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:0-100 H:0-100 N:0-2 0:0-10 Na:0-1 CI:0-1
2020_169 117 (1.109) AM2 (Ar,35000.0,0.00,0.00); Cm (112:117)
1: TOF MS ES+
1.40e+005
100- 162.0687
158.1547
%] 180.0794
164.0658 217.1051
186.1496
170.1547 2111811
156.1391 188.1651 '
133.0867 1461180 ‘ X J 7 197.1654 218.1090
0 IAA L ML\ " l. oLl kl.” AJIA‘\\ el L
T T T T T T T T T T T | T T T T T T LI T m/z
130 140 150 160 170 180 190 200 210 220
Minimum: -5.0
Maximum: 5.0 2.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf(%) Formula
180.0794 180.0791 0.3 1.7 0.5 1477.2 n/a n/a C7 H15 N 02 CI
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A SPECTRA OF AMIDES 3A, 3B

I'H-NMR of Amide 3b
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A SPECTRA OF AMIDES 3A, 3B

BC-NMR of Amide 3b
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A SPECTRA OF AMIDES 3A, 3B

COSY of Amide 3b
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A SPECTRA OF AMIDES 3A, 3B

HSQC of Amide 3b
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A SPECTRA OF AMIDES 3A, 3B

HMBC of Amide 3b
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A SPECTRA OF AMIDES 3A, 3B

HRMS of Amide 3b

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 2.0 PPM / DBE: min =-5.0, max = 50.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

289 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 N:0-2 0:0-10 Na:0-1 CI:0-1

2020_170 58 (0.553) AM2 (Ar,35000.0,0.00,0.00); Cm (46:58)

1: TOF MS ES+
1.10e+006
1004 194.0950
%7 176.0845
351.2051
196.0921
257.2230
353.2024
432.2991 610.1840
oLt . hisaaort | o 7365871 650 o504
T T T T T T T T T T T T T T T T T T T T T T T T T Ile
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Minimum: -5.0
Maximum: 5.0 2.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf(%) Formula
194.0950 194.0948 0.2 1.0 0.5 1740.8 n/a n/a C8 H17 N 02 CI
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A SPECTRA OF AMIDES 3A, 3B

IR of Amide 3b
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B SPECTRA OF OXAZOLINES 5A, 5B

B Spectra of Oxazolines 5a, 5b

I'H-NMR of Oxazoline 5a
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B SPECTRA OF OXAZOLINES 5A, 5B

BC-NMR of Oxazoline 5a
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B SPECTRA OF OXAZOLINES 5A, 5B

COSY of Oxazoline 5a
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B SPECTRA OF OXAZOLINES 5A, 5B

HSQC of Oxazoline 5a

oL

09

0§

or

oe

0z

[wdd] 14

[wdd] z4 1 2 e v
L 1 1 1 1
=25 o=
=
eg
- &
N
(0] \f\ 10
=4
P
= Z unjasof Suawnao\nsIunsSIas I\ O} 1000 NNAN HEDEobsy I
04 X008t ‘6234529
: | d E
O

HL

69



B SPECTRA OF OXAZOLINES 5A, 5B

HMBC of Oxazoline 5a
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B SPECTRA OF OXAZOLINES 5A, 5B

HRMS of Oxazoline 5a

Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 5.0 PPM / DBE: min = -5.0, max = 50.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 3
Monoisotopic Mass, Even Electron lons
177 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:
C:0-100 H:0-100 N:0-3 0:0-5 CI:0-3
JA_SVG_20200507_138 31 (0.585) AM2 (Ar,35000.0,0.00,0.00); Cm (29:31)
1: TOF MS ES+
6.50e+004

1004 232.1106

] 201.1240

% 162.0686
1 234.1081
7
] 114.0921
| 164.0659
69.0705 223.1063 Joe 1100
86.0967 94.0060 2021274 .
( 136.6159 156.1395 l 1831007 ‘ (

[T L chbbilbbetbics ) Lol [ L L L Lablid " " f
GIIIIIIIIII‘IIIIIIIIIIIIIIIIIIIII‘III m/z
70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250

Minimum: -5.0

Maximum: 5.0 5.0 50.0

Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf(%) Formula
162.0686 162.0686 0.0 0.0 1.5 1082.6 n/a n/a C7 HI3 N O CI
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B SPECTRA OF OXAZOLINES 5A, 5B

IR of Oxazoline 5a
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B SPECTRA OF OXAZOLINES 5A, 5B

I'H-NMR of oxazooline 5b
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B SPECTRA OF OXAZOLINES 5A, 5B

BC-NMR of oxazoline 5b
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B SPECTRA OF OXAZOLINES 5A, 5B

COSY of oxazoline 5b
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B SPECTRA OF OXAZOLINES 5A, 5B

HSQC of oxazoline 5b
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B SPECTRA OF OXAZOLINES 5A, 5B

HMBC of oxazoline 5b
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B SPECTRA OF OXAZOLINES 5A, 5B

HRMS of Oxazoline 5b

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -5.0, max = 50.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

201 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 N:0-3 0:0-5 CI:0-3

2020_125 30 (0.341) AM2 (Ar,35000.0,0.00,0.00); Cm (28:30)

1: TOF MS ES+
1.56e+005
100 176.0845
o
178.0815
453.7866
233.1057
§3.0863 235.1026 451'7906554.7879 6634520 705 1105
s um*u N | /oo 8247712 111935171166 4388
0 1 T 1 1 1 1 1 1 T 1 T 1 T 1 1 1 T 1 1 m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200
Minimum: -5.0
Maximum: 5.0 5.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf(%) Formula
176.0845 176.0842 0.3 1.7 1.5 1495.2 n/a n/a C8 H15 N O CI
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B SPECTRA OF OXAZOLINES 5A, 5B

IR of Oxazoline 5b
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

C Spectra of Imidazollium salts 7a, 7b

I'H-NMR of Imidazolioum salt 7a
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

BC-NMR of Imidazolioum salt 7Ta
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

COSY of Imidazolioum salt 7a
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

HSQC of Imidazolioum salt 7a
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

HMBC of Imidazolioum salt 7a
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

HRMS of Imidazolium salt 7a

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 2.0 PPM / DBE: min =-5.0, max = 50.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

347 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 N:0-3 0:0-12 S:0-1

2020-145 237 (4.617) AM2 (Ar,35000.0,0.00,0.00); Cm (203:239)

1: TOF MS ASAP+

2.53e+007
100= 284.1765
%]
325.2030
7
1941297 326.2060
- 474.0021
1272002) | | || [ 4002600( 7524689 8605435 11507508 1177 7055 33371767
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T Ile
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Minimum: -5.0
Maximum: 5.0 2.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf(%) Formula
284.1765 284.1763 0.2 0.7 8.5 1792.6 n/a n/a C17 H22 N3 O
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

IR of Imidazolium salt 7a
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

I'H-NMR of Imidazolioum salt 7b
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

BBC-NMR of Imidazolioum salt 7b
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

COSY of Imidazolioum salt 7b
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

HSQC of Imidazolioum salt 7b
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

HMBC of Imidazolioum salt 7b
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

HRMS of Imidazolium salt 7b

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 5.0 PPM / DBE: min = -5.0, max = 50.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

136 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 N:0-3 O:0-7

JA_SVG_20200507_146 27 (0.505) AM2 (Ar,35000.0,0.00,0.00); Cm (22:27)

1: TOF MS ES+
1.99e+006

1004 298.1924

%

299.1953
271.1887
91.0549 N 300'1? " 4537860  610.1845 9634537 7733534 906.2582
0 T T T T T T T T T T T T T T T T T T T T T 1 m/z
100 200 300 400 500 600 700 800 900 1000 1100 1200

Minimum: -5.0
Maximum: 5.0 5.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf(%) Formula
298.1924 298.1919 0.5 1.7 8.5 1263.0 n/a n/a C18 H24 N3 O
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C SPECTRA OF IMIDAZOLLIUM SALTS 7A, 7B

IR of Imidazolium salt 7b
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D SPECTRA OF AU(I)-COMPLEXES 8A,

D SPectra of Au(I)-complexes 8a, 8b

'H-NMR of Au(I)-Complex 8a
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

BC-NMR of Au(I)-Complex 8a
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

COSY of Au(I)-Complex 8a
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

HSQC of Au(I)-Complex 8a
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

HMBC of Au(I)-Complex 8a
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

'H,'’’N-HMBC of Au(I)-Complex 8a
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

HRMS of Au(I)-complex 8a

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 2.0 PPM / DBE: min =-5.0, max = 50.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

265 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 N:0-5 0:0-2 Au:0-3

2020_149 253 (2.357) AM2 (Ar,35000.0,0.00,0.00); Cm (244:263)
1: TOF MS ES+

5.52e+006
100— 621.2146
%_
480.1357
] 622.2176
637.2091
g 480.6371 521.1619
638.2142
1 481.1387 [522.164 214 763.3024 852.1892
4293103 | p?21649 0092183 6392105 5962251 807.1885
o " N Lol - 4 N I, ool I
T T T T T T T T T T T T T T T T T T miz
425 450 475 500 525 550 575 600 625 650 675 700 725 750 775 800 825 850 875
Minimum: -5.0
Maximum: 5.0 2.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf(%) Formula
521.1619 521.1616 0.3 0.6 10.5 878.2 n/a n/a C19 H24 N4 O Au
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

IR of Au(I)-complex 8a
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| Measured on : 28.05.2020
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(3144

18'0€€C
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. Alpha
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Instrument
Acquisition :
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Zerofilling : 2
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Technique :
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

'H-NMR of Au(I)-Complex 8b
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

BC-NMR of Au(I)-Complex 8b
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

COSY of Au(I)-Complex 8b
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

HSQC of Au(I)-Complex 8b
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

'H,C-HMBC of Au(I)-Complex 8b
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

'H,’’N-HMBC of Au(I)-Complex 8b
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

HRMS of Au(I)-complex 8b

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 2.0 PPM / DBE: min =-5.0, max = 50.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 3

Monoisotopic Mass, Even Electron lons

274 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-100 N:0-5 0:0-2 Au:0-3

2020_148 73 (0.700) AM2 (Ar,35000.0,0.00,0.00); Cm (67:73)
1: TOF MS ES+

3.88e+005
100- 535.1775
%_
5361813
1 541.1312
552.1094
533.1617
4 505.1558 N 5431290 954.1084 £64.0900
,510.1476  523.32475330.1269+ ‘ i H 5441307 | || (. 5701465 579.0987
0 T T T T T T T T T T T T T T T miz
510.0 520.0 530.0 540.0 550.0 560.0 570.0 580.0
Minimum: -5.0
Maximum: 5.0 2.0 50.0
Mass Calc. Mass mDa PPM DBE i-FIT Norm Conf(%) Formula
535.1775 535.1772 0.3 0.6 10.5 832.5 n/a n/a C20 H26 N4 O Au
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D SPECTRA OF AU(I)-COMPLEXES 8A, 8B

IR of Au(I)-complex 8b
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E SPECTRA OF AU(III)[C5)-COMPLEXES 10A, 10B

E Spectra of Au(IIT)[Cs]-complexes 10a, 10b
'H-NMR of Au(IIT)NHC|CI;3]-Complex 10a
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E SPECTRA OF AU(III)[C5)-COMPLEXES 10A, 10B

'H,’’N-HMBC of Au(III)NHC[Cl;-Complex 10a
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E SPECTRA OF AU(III)[Cs]-COMPLEXES 10A, 10B

'H-NMR of Au(IIT)NHC|CI;3]-Complex 10b
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E SPECTRA OF AU(III)[C5)-COMPLEXES 10A, 10B

'H,’’N-HMBC of Au(III)NHC[Cl;-Complex 10b
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F SPECTRA OF BIDENTATE C,N-AU(III)NHC[CL; COMPLEXES 11A, 11B

F Spectra of Bidentate C,N-Au(III)NHC|[CIl; com-
plexes 11a, 11b

'H-NMR of Bidentate C,N-Au(III)NHC|[CI3 complexes 11a
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F SPECTRA OF BIDENTATE C,N-AU(III)NHC[CL; COMPLEXES 11A, 11B

H,’"N-HMBC of Bidentate C,N-Au(III)NHC][Cl3 complexes 11a
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F SPECTRA OF BIDENTATE C,N-AU(III)NHC[CL; COMPLEXES 11A, 11B

'H-NMR of Bidentate C,N-Au(IITI)NHC|[CI; complexes 11b
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F SPECTRA OF BIDENTATE C,N-AU(III)NHC[CL; COMPLEXES 11A, 11B

H,’"N-HMBC of Bidentate C,N-Au(III)NHC|[CI; complexes 11b
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