UNIVERSITA
DEGLI STUDI
DI PADOVA

/% wlxxn J’;Q
TS

UNIVERSHADEGLI STUDI DI PADOVA
DIPARTIMENTO DI SCIENZE CHIMICHE

CORS®I LAUREA MAGISTRALE IN CHIMICA
TESI DI LAUREA MAGISTRALE

Synthesis and characterization of
NOHC organometallic complexes

Relatice Prof.Cristina Tubaro
Carelatore Prof.Dr. Thomas Strassner

ControrelatoreProf.Paolo Maria Scrimin

LAUREANDAIliceBenin

Anno Accademico 2022022






TABLE OF CONTENTS

LIST OF ABBREVIATIONS
ABSTRACT
Chapter 1: INTRODUCTION

11
1.2
1.3
1.4
15
1.6
1.7
1.8
1.9

History of Nheterocyclic carbenes (NHCs)

Syntesis of NHC complexes

Applications of NHC complexes

Photoluminescence properties of metehrbene complexes
Metallophilic interactions

N-Oxy-heterocyclic carbenes (NOHCs)

Synthesis and reactivity of-dky-imidazolium species
Applications of Noxy-imidazolium species

Aim of the project

Chapter 2: RESULTS AND DISCUSSION

2.1

2.2

© oo 0 kP

13
14
16
19
19

21

Silver(lJand gold(l) complexes with symmetrically substituted NOHC ligand21
2.1.1 Introduction

2.1.2 Synthesis and characterization of proligands
2.1.3 Silver(l) and gold(l) complexes

Metal compexes with phenybubstituted NOHC ligands

2.2.1 Introduction

2.2.2 Synthesis and characterization of the proligands

2.2.3 Platinum(ll) complexes based om@zthyl and Gbenzytsubstituted NOHCs
2.2.4 Silver(l) and gold(l) complexes based abebzyisubstituted phenyl NOHCs
2.2.5 Photophysical properties of the Pt(Il) complexes

2.2.6 Electrochemistry

2.2.7 Quantum chemistry

2.3 Attempted synthesis of unsymmetrically functionalised NOHC proligands

2.3.1 Deoxygenation attempts

Pd/C and K
RaneyNickel

2.3.2 Additional synthesis attempts

2.3.2.1 Asymmetrially substituted ihydroxyimidazoliurB-oxide
2.3.2.2 Attempted syntheses of-phenyloxy4,5-dimethylimidazole3-oxides
2.3.2.3 Attempted syntheses of macrocyclic NOHC precursors

Chapter 3: CONCLUSIONS

21
22
26

28
28
29
31
41
43
50
52

57
58
58
60
61
61
62
63

65



Chapter 4: EXPERIMENTAL SECTION 69

4.1 Materials and methods 69
4.2  Silver(l) and gold(l) complexes with symmetrically substitut&obdd heterocyclic
carbene ligands 71
Dichloro(1,5cyclooctadiene)platinum(ll) [Pt(CODB]CI 71
4.2.1 Preparation of dhydroxyimidazoliunB-oxide*® 71
4.2.2 Preparation of 1,3lisubstitutedoxyimilazolium hexafluorophosphate 72
4.2.3 General procedure for the synthesis of metal complex&s 4 74
Silver (I) complexes 4 and 6 74
Gold (I) complexes 5 and 7 75
4.3 Metal complexes with phemdubstituted NOHC ligands 76
4.3.1 Preparation of hexahydra,3,5triphenyt1,3,5triazine®® 76
4.3.2 Preparation of 3hydroxyimino)butar2-one>® 77
4.3.3 Preparation of Iphenylimidazoliurs3-oxide 78
4.3.4 Preparation of Iphenyt3-alkyloxyimidazeum halide 79
4.3.5 General procedure for the synthesis of metal complexes 11 and 12 81
4.3.6 General procedure for the synthesis of metal complexes 13 and 14 84
4.3.7 Synthesis of bromo¢phenyt3-benzyloxyimidazolydene) gold(l) complex 86
Transmetalation procedure. 86
Direct synthesis procedure. 86
4.4  Attempts to isolate compound 16 87
4.4.1 Pd/CandH 87
4.3.1 RaneyNickel 89
4.5 Synthesis attempts 89
4.5.1 Asymmetrically substituted-fhydroxyimidazoliung-oxide 89
2-(bromomethyl)naphthalene 89
4.5.2 1-phenyloxyimidazolium3-oxides 92
4.5.3 Macrocytes 95
4.5.4 New synthesis of-hydroxyimidazoliunB-oxide 96
4.5.5 1-phenykimidazolium3-alcoxydes 97
4.5.6 Phenylation 99
4.5.7 Pt(Il) and Ag(l) NOHC complexes 101
4.6 Solid state structure details 103
Chapter 5: APPENDIX 1

BIBLIOGRAPHY 23



LIST OF ABBREVIATIONS

CIE Color coordinates, defined by an international commissi@IE ¢ Commission
AYOSNYFGA2yDES RS £ QSOf Il ANY IS
COSXYCorrelated Spectroscopy (2NMR)

DME dimethylformamide

EBL.: electron blocking layer

EML: emission layer

ETL: electron transport layer

HBL: hole blocking layer

HMBC Heteronuclear Multiple Bond Correlation Spectroscopy-KadR)
HSQCHeteronuwlear Single Quantum Coherence SpectroscopyNRIR)
HTL: hole transport layer

ILCT: intrdigand charge transfer

LLCT: ligantb-ligand charge transfer

MS coinage metal

MLCT: metato-ligand charge transfer

MMLCTmetalmetakto-ligand charge transfer

NOESMuclear Overhauser ffct spectroscopy2D-NMR)
NHCN-heterocyclic carbenes

NOHC: Moxyheterocydt carbenes

PLQY: photoluminescence quantum yield

PMMA polymethylmethacrylate

PQY: phosphorescent quantum yield






ABSTRACT

N-heterocyclic carbenégands in transition metal complexbave been wdely studied in the
last decades. Surprisingld-oxy-heterocycliccarbenespecies(abbreviated NOHQ)ave not
raisedas much interest in scientific community. Aftee eariest researckson Ni(ll), Pd(ll),
Rh(l), Ag(l) and Au(l) complexe#h these types of ligandgn 2007 and 2010 no new
progresses have been reported until 2021

In this master thesis, a collaboration betwedniversita degli Studi di Padova and Technische
Universitt Dresden, wdocused on the synthesis 8fg(l), Au(l) and Pt(Il) NOHC complexes in
order to explore different synthesis pathways for extended aromatic f®atid to evaluate
the photoluminescence properties of the Pt(Il) compounds.

The project can be summarized in tleesections:

)] silver(l) and goldl) complexes with symmetrically substituted-®theterocyclic
carbene ligands
i) metal complexes witlphenytsubstitutedNOHC ligands

iii) deoxygenatiorexperimentsn order to expand the type of NOHC ligands.

i) Silver(l) and gold(l) complexes with symmetrically substith@#idigands.

Two biscarbene silver(l) complexes and thgold(l) analogwes, with the general formula
[MLo]*(PF) (L=NOHC ligandhave been synthesized:he Au(l) compounds were obtained
through transmetalation fromsensitive Ag(l) precursors The symmetrically substituted
benzyiINOHC was already reported in the literature, whereas thmeZhylnaphtaleryl
analoguewas not. The proligand with the larger substituent contains small amounts of
impurities (the monosubstitutedcompound)in both the proligand and complexes samples
That proved that for large aromatic substituents the synthesis via nucleophilic attaakt is n

satisfactory.



i) Metal complexes with phenglbstituted NOHC ligands

Four Pt(ll)

cyclometalated complexes with a general

formula

[PYC QLI L]

(CrC*=cyclometalated NOHC ligand; Lidiketonateligand)have been obtained and fully

characterizedPart of the structue of complex13 wasnot definedby the obtaineddata
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Single crystals of compound4 and 14 were analysed and the structure geometry have been

confirmedas reported below
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Photophysical characterization of the four compoumasl comparison with results reported

in the literature highlighted that the addition of an oxygebearing moiety on the nitrogen

atom of the imidazole ringas a limited influence

Compound ) <em (NM) Clecoordinates(xy)| _o(>s) |k (x1Cs?h) | knr (x1C s?)
11 0.07 423; 449; 472 0.1620.128 281 35.6 4731
12 0.04 424; 447, 475 0.1690.12 612 16.3 3922
13 0.70 482 0.122;0.319 15 6599 2828
14 0.17 482 0.198;0.318 6.3 1579 7709

Cyclic voltammetries and quantum chemicalculations corerning the electron density

distribution and the free energies @he ground singlet andhe first excited triplet state

confirmedthe emission features angave an estimation of the HOMOUMO gap.

TheAu(l) complexl5 was synthesized botkia weak bas assisted metalatioand through

transmetalation route Nonetheless, this last procedure afforddess impuritiescontaining

product as demonstrated byHNMR spectrumThe crystalstructure of complex15 was

determined as well
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iif) Deoxygenatiorexperiments

To further modulate the properties of NOl@mplexes, the cleavage of one of thed\bonds
could be considered as the synthesis ehydroxyimidazole3-oxide is easier and more
efficient than the singhpxygenated imidazolium rings.

Pd/C hydrogenation of-hydroxyimidazole3-oxide provel to be unproductive agmidazole,

the main side produgtis barelyseparabldrom the monedeoxygenated one.

1. Hy/Pd-C, HCI/H,O /—\
2. KHCO;, NVN\OH
7 16

o =
o-NEN-gy

RaneyNickel did not give the expected result as well, since no proskag detected. A

polymerization of the resulting compound can Ingoothesizedriom the HRMS analysis.
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Chapter 1: INTRODUCTION

1.1 History ofN-heterocyclic carbenes (NHCs)

N-heterocyclic carbenes are wédhown to the literature since 1968, when their synthesis was
discovered by Wanzlick and OféléHowever, an impodnt step in the research regarding
these compounds was reached in 1998 when Arduengo published the proof of the
crystallization of the first free carbene, idBadamatylimidazeR-ylidene, isolated by
deprotonation of 1,2diadamantylimidazolium iodid&? Since then, these species themselves

and their corresponding metal complexes have been widely studied.

The particular stability of these types of carbenes can be explained considering their electronic
properties.Six electrons are located in the outer e the carbene carbon.

A general XCX carbene can be taken into account, where X can be either eleitiidnawing

or electrondonating substituentsThey can assume either a linear or a bent geométhe

orbitals of the central carbon atorparticipatingin the linear geometry are the orbitals,
whereas I Y R | sarehwaletifithefcarbene has a bent geometiphe” 2 Nid A O | €
madeof a combination obandporbitals and is therefore lower in energy than therbital.

Three electronic configurations of the carbene can be easily deducted from this simple orbital
description Figurel). In particular, the noionding electrons in the ggype conformation
60Syid 3IS2YSIHINRBO OHMHp? odidthréepodsihiesiiglel syated p-&ENAY LI S (i
p-2, but tk S2 reépresents the mosstableand commonsingletconfiguration® The band gap
0St6SSy (K SorbitalsldgfeRmingsiktie muldiplicityf the carbene. In general, this

gap is lower than 1.5 eV in case of a triplet carbene, whereas it is higher than 2 eV in case of a

singlet carbeneRigurel).®
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Figurel. Energy levels of frontier orbitals and spin multiplicity of linear and bent, triplet and singlet carbenes.

The multiplicity of the substituted carbenes in their groustdte determines the reactivity of

the species: singlet carbenes hawee completelyfilled orbital and one completely vacant,
hence they have an amphiphilic behaviour, instead triplet carbenes have twe-sicglpied
orbitals and their reactivity resembles that of diradicals.

The multiplicity of a carbene speciesaitectedby the electronic properties of the substituents
bound to the carbene carbgrbecause they directly influence the energy gap between the

and p- orbitals. The stronger the electron donation from these fragments, the largeisthe
OKIF NI OGSNI Ay@2f SR Ay arbitadls/AS a r2stiltthé &n§le etweed Sy S
the three unitsdecreasesAll the explanations of this property in the literature involve the
differential stabilization given to the and p- orbitals by the orbitals of the connected

Y 2 A S ( refedtron dbnation favours the singlet state because the superimposition to the
vacant p- orbital is favoured. In this case the hybridization of the caeb€énis splike, the
energy gap between and p- orbitals is increased, therefore the species acquires a bent
geometry with a smaller angle between the substituents and the C. This effect can be analysed
also in terms of electronegativity: the withdrawal of electron density from the cagb@n
increaseghe positive charge on it and better stabilizes treo2bital with the respect to the
2pone>7"9

Examining the impact of the electron density on the molecular orbitals, we canehenae
precise description of the carbene multiplicity. The inductive effect is realized through the

superimposition between the 2s orbital of the carlee@ atom and the combination of the



adzoadAGdzZSYdaqQ 2NDA G| tectranywithdidwiignivietes/arelio& in 6 2 y R
energy and better interact with thesbrbitals of thecarbene/ @ C2 NJ G KA & NBI &2
has a higher s character, is lower in energy and the difference in energy with tibital -

which does not experience this effect and remains unchangettreases, favouring the

singlet state.

On the other handthe energy of electron donating substituents (i.e. the substituents with a
lower electronegativity than carbon) ishighd, S NS F2 NE G KS ° 2NBAGFf K
and a higher energy. This implies a lower energy difference betwes p- orbitals, hence

the triplet state is favoured.

Concerning the mesomeric effethe interaction béween p or™ orbitals of the substituents

and p orbitals of the C centghouldbe taken into account Thepxandpy O N Sy A O OI N.
2NDAGEE A SELSNASYOS | t2848 27 RBdéySatihgde | (
substituents: increasingcharacter of favours the singlestate by enlarging the band gap.

The opposite effect is registered when the C substituents agfectron withdrawing?

—NR',

V4
R,N

Figure2. Representation of inductive (orange) and mesomeric (purple) effects on the cabenic

The nitrogerd & SR & dzo & G A (i dzS yelécronwitlytirawing /arid ~ -eledMBn
R2YyFGAy3d ¢KS AYyRdzOGAGS STFFSOG Aa UGKSNBT2NJ
the electron density provided by the mesomeric effect reduces the electronic unsaturation of

the carbere C Figure2 and Figure3). These combined effects increase the- energy gap,

favouring the singlet ground state multiplicity.
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In this thesis projecthe focusis on imidazole2-ylidene derivativesKigure4) whose metal
complexes have been widely studied both with alkaline, alkedarth metals and transition

metals. The latter proved to be the most interestinigh respect tathe possible apjtations?®

)_‘
R(N\/N\Rz

Figure4. Generic structure amidazole2-ylidene.

Concerning the formation of a{@ bond, the carbene metal complexes are differentiated into
two categories: Fischaype and Schrockype Figureb).
Generally, these two types of carbenes show these characteristics:

T CAaO0KSNJ OF NbSySa I NB &aAa y-dbhobdubstiuetss®ly s 4 =
-OMe or-NMe, hence the carbenic C behaves as an electrophilic specieméihkis
usually a late transition metal in low oxidation state (e.g.°Meé&, CFP) and the
ancillary ligands coordinated to this metal centres are goeatceptors in order to

withdraw some electron density from it. The formation of the@menebond cbes not

4



change the oxidation state of the central metal. The carbene can be considered as an
Ltype, 25t SOUNR Yy & R2 Yy | (iback Hondtidh Fomytte Inetdl dentré €S -
fAYAGSR® ¢KS ylGdz2NBE 2F (KS CHan@a&dweakOl ND S
"~ -acceptor ligandThe bond with the metal centre is defindm/ two opposite dative
electroninteractions.

1 Schrock carbenes are triplet carbenes, they behave as nucleophilic ligands and their
typical substituents are alkyl chains or hydrogen atom& Mietal centres are early
transition metals in high oxidation states (e.g.Y,T@); in the formation of the M
Carbenebond, the oxidation state of the metal is formally increasedvad units. The
carbene is conventionally a triplet-¥/pe ligand andhe bond can be described as two
nonpolar covalent interaction¥.*!

Fischer carbenes are also known to be carbeaasfer agentsfor the production of
cyclopropanes. Schrock carbenes, instead, can act as metal ylides and tramsdryéene

derivative to a carbonylic carbdf.

e Atk

M= M= C

Figure5. Schematic representation of the-®arnenebond in Fischer (left) and Schrock (right) metabene
complexes.

NHCs are classified as Fisehygre carbenes even though thebackdonation from the M¢-)

orbital is considered negligible compared to the electron density donated to roetdte>

1.2 Synthesis of NHC complexes

The two main approaches to obtain an imidazédglidene are i) deprotonation of an
imidazolium salt and ii) reductive desulfurization of an imidazeBilkeione (Schemel). The
coordination of the carbene to the metal complex can be either performed in the same step

as the NHC is produced or, if the compound is stable, in a secondvgtepr(frg.



Generallyi KS aéeyikKSaira 2F (KS disubsitltdd2irg ks davistepe Y Y S (
procedure starting from a 1;8iketone, two equivalents of a primary amine and formaldehyde

Ay LINBaSyO0S 2F | . NDXZaidSR | OA R ddisubsktuled LINE O
imidazolium unit requires instead two steps: in the first step the reaction of alik&tone,

one equivalent of primary amine, formaldehyde and one equivalent of ammonium salt are
reacted toform the imidazolium protonated at one of the two nitrogen atoms. In the second

step a mild base like sodium bicarbonate deprotonates the unsubstituted nitrogen which

nucleophilically attacks an alkyl or aryl hali&eliemel).

O\ /O + + 2 R-NH,
HX
-3H,0
if R1=R2=R
Ri o R R
X base N oK
[@»—H [> 2KS[>:S
R, R, hz
base
+ RyX
-HX

H-N7ZIN-Ri QL 0 + RiNHgX + INHaY + ]
N“®'N - N\ / [R1NH3] [NHg4] )J\

Schemd® wSI OGA2y Qa LI GKgI & &-2-ylideNd. Rel: SnstapsynthésiS@rA a 2 F A Y
& @ YYS i NX-@dubbstitided imBdrdhum salts; blusvo-step synthesis for asymmetrically disubstituted
imidazolium salts; green: deprotonation of imidazolium salt; purplesudirization of imidazolin@-thione.

The routes to obtain the imidazo2ylidene metal complex starting form imidazolium salts
are:
1 deprotonation of the gposition in the presence of a metal precursor gL
i formation of the Ag(INHC complex and subsequent transmetalation of the carbene
to a second metal centr.
The latter method is usually carried out with,@gbut also with ACQ, AgNQ and AgOAc
(Scheme2).
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Scheme. Synthesis of NHC metal complexes starting from imidazolium or imidazolinium derivatives.

TheA YARFT 2f AdzyQa O2dzyGSNA2y & |yR &adzoadAiddzsSyi
isolated NHC complex: a coordinating counterion, such as an halide, leads to a saligNHC
NHCi[AgX], which is in equilibrium with the neutral complgfHCGAgGX], instead a
noncoordinating species, e.g. &Fgivesonly the charged bicarbene complex [NHE8g

NHCiX (Scheme3).2 The majority of examples dealing with the transmatain procedure

uses AgO as a silver source; the protocol does not require an inert atmosphere nor the

addition of a base and the deprotonation is usually selective at shpo§ltion 81112

R o R R
N X AG,O N N
2 @@»_ H —xesr >>—A9—<(I>
N NN
R R | BrR
Ag
Br
AgzO
X=PFg
R R R
N N N
@: P—na—( :@ | PFs ] 2 @: D—Ag—Br
N N N
R R R

Scheme. Synthesis of AYHC complexes with different counterions.



If the substituents at the nitrogen atoms are short alkylains, Ag---Ag and Ag---halide
interactions can be established, thus producing different structures, as can be observed from
the single crystal-Xay diffraction analysi&

The transmetalation mechanism can either be monomolecular dissociative or bimolecular
associative. The lattavasevidencel in the Group 11 transmetalation compounds, the-so
called coinagenetals (M). M-NHGCM transition states have been confirmed in {oisrbene

Cu(l) and Ag(l) compoundscheme4).*3

R/N\_/N\R —— R/N\_/N\R

N
%x : \[(/I]Y

~Ns_ N~
R R
e
X
”\\[N‘f D =\ =\
b VN\R or R/N\/N\ R/N\/N\R
\<,[M]Y XMC\<[M] - MCx g

[M]Y

Schemel. Transmetalation mechanisms: a) monomolecdiasociative and b) bimolecular associative.

Ni(Il), Pt(ll), Pd(Il), Cu(l), Cu@y(l), Co(InAu(l), Rh(l), Rh(IIN), Ir(1), Ir(lll), Ru(ll), Ru(lll) and

Ru(IV) NHC complexes have been synthesised via transmetalation from Ag(l) corffplexes.

1.3 Applications of NHC complexes

The main application of NHC metal complexes is as homogeneous catalysts for different
reactions. Irparticular palladium(ll) complexes proved to be efficient4@ €oupling (Suzuki
Miyaura, MizorokiHeck), @ | OUA Q@I GA2Yy S MIH FRRAGAZY- 2F |
unsaturated compounds, Wacker oxidation reactiéh¥

Regarding copper, the reduction of cyclic enones and the hydrosilylation of ketones, esters
and alcehydes and reduction of G@to COmust be highlited

GC crosgoupling, tydrogenation, PauseKhand cycloaddition and hydrofunctionalization

can be catalysed by @¢HC complexe¥instead NiINHCs can activate©, GF and €H bonds

and promote cycloaddition, polymerization anédCoupling reaction®.



Ru(IBNHC carbeneomplexes and the study of the mechanism for the olefin metathesis
process earned Grubbs, Schrock and Chauvin the Nobel Prize in Chemistry in 2005.

Ly LI NIAOdzZ I NE aSO2yR 3ISYSNI A2y DNMHz6Qa Y.
exchange moiety rad a Nheterocyclic carbene as a supporting ligand. These proved to be
more efficient than the first generation ones, with a phosphine in place of the NHC ligand, as

they better orient the incoming olefirfF{gure6).’

Figure6.l 0 CANRG 3ISYySNI GA2Y FYR 60 a8S02yR 3ISy SN

Finally, NHC complexes with coinage metals exhibit highly chemotherapeutic efficiency and
lowi 2 EAOAGE (26 NRa K dz¥dasedNHClcanplekésprove antadmioral |y
activity and Ag(l) analogous species have a remarkable antimicrobial ativity.

These features depend on the stability of th&-MHC bond which allows a slow release of the
metal MCin the cells, on the lipophilicity of the compounds which helps the cell penetration

or on the generation of reactive oxygen species (ROS) as in the case-dfltigpbmplexe’.

1.4 Photoluminescence propertiesf metal-carbene

complexes
Particularly interesting for the aim of this thesis project are the luminescence properties of

NHC metallic species.

Transition metal complexes feature a widenissioncolour range in the visible part of the
spectra due to the electronic transitions betweemolecular orbitals formed by the
ddzLISNA YL aAGA2yY 2F R 2NbAGLIEA 2F (GKS YSal
SYrAaaarzy ¢+ @StSy3adkK 2F GKSasS 02YLRdzyRa Oy

properties.



Exploiting the light emitted by thescompounds when photmr electroexcited is nowadays
possible. Organic Light Emitting Diode (OLED) devices are used to create flexielegigy
consumption and higiperformance screens. The sep of an OLED device can be summarized

as a series of la&ys between the cathode and the anodeigure7). Holes are injected in
transparent anode mainly consistent of indittim-oxide, namely a nostoichionetric
material based on SnGand InO:® ¢ KS& aY2@S¢ Ay | K2tS (NI
St SOGNRY K2LIWAYy3 0SG6SSYy ySINBAG ySAIKO 2 dzNE
of the positively charged hole carrier spect@s.

Next to thecathode, where electrons are injected, the correspmgelectron transport layer
(ETLENnableshe movement of the electrons toward the emission layer (EML) where electron
and hole recombindorming an excitonand excite the emitter molecule through a arge

transfer or the emitter traps one of the two charge carriers and becomes the site of the
charges recombinatioff»?!

Hole-blocking layers (HBLs) and electtdoncking layers (EBLs) between EML and ETL and
between HTL and EML respectively, can protect cathode and anode and make the transport
more efficient minimizing ohmic lossé3A transparent glass on the ITO layer is generally

added to protect the device.

C + Transparent substrate

Electron-blocking
layer (EBL) Anode

s Hole transport layer (HTL)

. Emission layer (EML)

. + Electron transport layer (ETL)

Hole-blocking
layer (HBL)

Figure7. Simplified representation of an OLED device.
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The emissive layer EML typically consists of host materials and light emissive ddpaavsid
guenching of the emitting light through the population of the triplet state by excitation energy
transfer of the host materialthis should lie at least 0.A/higher in energy than the triplet of
the emitting complex?

Metalorganic moleculeserveas dopansfor the EML due to the fine tunability of the emitted
light and the possibility to tolerate higbnergy transition states associated witietemission

of deep blue light. Moreover, another advantage in the use of metal complexes is the
exploitation of 75% of electroto-photon conversion from the triplet state, which is dispersed

in the form of heat in the case of organic moleculegre fluaescent emitter can only achieve
quantum yields up to 25% according to sgiatistics.

Spirorbit coupling(SOC)nduced by the central metal mixes singlet and triplet states. After
excitation, electrons populate the first excited singlet state and thaa intersystem crossing
(ISC} the lowestlyingtriplet state. This effect iscalledtriplet harvesting Organic molecules

do not experience a considerable ISC, because the mixing of singlet and triplet states is
negligible and theriplet-to-singlet transition rates’Q) are orders of magnitude smaller than
the non-radiative relaxatiorrates 8 Q ).20.22

"Q is proportional to the spiforbital interaction of the triplet state with the correspondent
excited singletEquation }.2°

Qe B L% ® [Eq 1]

SOC is proportional td Avhere Z is thatomic number, hence the effect of singlet and triplet
states mixing is massive for heavy metdl& For this reason, the population of the triplet
state decays radiatively to the singlet ground state and the exciton to photon conversion
reaches 100%, increasing the phosphorescent quantum yield @&Y).

The group offubarqg as well as other groups in the literature, has intensively investighie
properties of dinuclear Au(l) NHC {oigrbene complexes which prove to have luminescence
properties that make them available for OLED and bioimaging applications, considering the
low toxicity of Au centres? The synthesis of these complexes can follow two possible routes:

i) transmetallation froma Ag complexprecursotf®2?4 and ii) baseassisted metalation with
KoCQor NaOAE426

11



The particular luminescence properties of Au(l) complexes should be analysed taking in
account not only sphorbit coupling, but also a relativistic contraction of 5d orbitals and
aurophilic interaction which is explained further in this chaptéer.

As reported for the compounds showéal Figure8, the shorter the distance between two

gold centres, the less energetic the light emitted after photoexcitation by the coniplex.

o O o
YTTY N0
Au Au Au ji
N N NAN/ NWNAN/
N=N = =N =
QY=5% QY=8 %
Aem = 330 nm (Agye= 430 nm) Aem = 360 nm (Agyc= 480 nm)
T9=1.21 pus Tg = 0.23 us
Au---Au distance = 3.348 A Au---Au distance = 3.068 A

Figure8. Dinuclear Au(l) complexes synthesized by Tubaro amdars. The reported is the average of the
three values obtained from a thremmmponent exponential decay.

Octahedral iridium(lll) and squapanar platinum(ll) NHC complexes proved to be efficient
deepblue emitters. The stability of these compounds is the main challenge because, to obtain
an emission wavelength of about 460 nm, the excitation energy should be equal or greater
than 2.70 eV, that is nearly the energy of a chemical bond. A glhuadriplet emitter should

fulfil these requirements: 4 > a R S @)linrder to eSp thee complex f@ short time
frame in an higkenergy excited transition state; highlQY; emission wavelength between

440 and 475 nm?

bl/a SEOSt a fA3IFyRA& ¥F2N G NkdodatBg abiyhaving S NI ¢

two main effects:
1 the metal centred transition (MC-d), which reduces the PQY, is not thermally
accessible, and the nemadiative decay is hampered,;
T 0 KS S Yadrhital is deptabilized, producing an increase in the HANMMO gap

which is responsible of an hypsochromic shift of the emitted wavelefigik:°

12



Theintrat A 3+ Yy R OKIF NBS f ih NI y & Ft&HKa I difge trahsfer (MLCT-5d
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The rigid square planar conformation of Pt(f)atlows the maintenance of the geometry in

the transition state enhancing the triplet emissicgf3%34

Strassnerand co-workersreport the photophysical properties of Pt(Il) NHC complexes and
their research is focused on the modification of the cyclometalated NHC to tune the emission
wavelength and to increase the PLEY?

The use of ifferent diketonate ligandsesults indifferent ALQY: in particular changing from
acetylacetonate to mesitylacetylacetonate the emitted light has a massive irecipaBLQY

as their steric hindrance is responsible of a more planar geometry in the excited triplet state,
hence of a higher metal contribution to the decay emissive pathways which are more

favourablethan thenon-radiativeones(Figure9).213¢

N/
G o_ o_ [) 0=
N Pt/ Y
0
O &
QY =7% QY =90% QY =82%
Aem =441 nm Aem = 463 nm Aem =482 nm

Figure9. Quantumyields and emission wavelength of Pt(ll) NHC complexes synthesized by Strassner and co

workers?!

1.5Metallophilic interactions
The filledQ and the vacanp; orbitals along the z axis of thé domplexes, such as Pt(Il) and

Au(lll)complexescan interact iraso-called metallophilic interaction. Experimentally, this can
be confirmed if the distance between two metal centres is smaller than the sum oftthe

Van der Waals radii. The close pirnity can either be due to sedfssociation or induced by
one or more briding ligands®’

In assemblynduced complexes, the proximity between the metallic centres is responsible of
a superimposition of th& and thep; orbitals, henceanincrease in the energy of the HOMO

and a decrease in the LUMO of the newly formed M&sbe observe@Figurel0). The weak
13



bonding interaction betwer the zoriented orbitals determines a general decrease of the
band gap and a bathochromic shift of the emitted light. The latter effect can be explained by
the enhancement of the metal component in the frontier orbitals: this changes the excitation
proces from LC to metaietalto-ligand charge transfer (MMLCT), which is characterized by

lower energy?227:31,3¢40

T\
7 \\
//, \\\
6pz /,’ AN 6pz
. i _ @
. ) 'y
Single Pt(Il) Pt(Il)
complex dimer

FigurelO. Qualitative MOscheme for the-priented Pt(ll) interacting orbitals in assembled complexes. In red
the different HOMG.UMO gap for single Pt(ll) complexes and for interacting Pt(Il) centres.

It has beenshownthat monometallic platinum complexes have lower quantum dsebf
emission, longer radiative decay times dolde-shifted emission wavelengsithan related
bimetallicPt(ll) complexes with bridging amidinate ligafds

According to the literature, the sum of two Van der Waals radii for Au is 1.66 A and for Pt is
1.72 A% Platinophilic interactioncan be observed a& Pt---Pt diance between 2.9 and

3.5 A36

1.6 N-Oxy-heterocyclic carbenes (NOHCs)
SurprisinglyN-alkyloxy and MNaryloxy heterocyclic carbenes, namely NOHRZ3ufell), have

not been widely studieds NHC ligands in metal complexes

14



R—0-N_N-0-R,

Figurell N-Oxyimidazol2-ylidene. R R= alky}, ary}.

The works of.ausand Schottenbergeduring the first decade of the 2century marked the
beginning in the study of these compounds and thdifll), Pd(Il)Au(l), Ag(l) and Rh(l)
complexes'®*44 Not having any interesting application apart from being room temperature
ionic liquids if asymmetrically substituted, the synthesis of these imidazolium salts was
virtually neglected until 2021, when the research®shreiner, Lamatgnd co-workersput a
ySg fAIKG 2y GKS&aS O2YLREYRAQ adyidiKSaira I yR
The more interesting feature of -Bryloxy and Nalkylacyimidazolbased carbenes is the
influence given by one or twoxggens to the overall aromatic system. Being the oxygen both

I -R2y 2 NJ | ¥ Racdeptad tBaimitr&ghid the carbene carbon is more nucleophilic and
generally an upfield shift of it¥C NMR signal is observeeiqurel12). In a recent paper by
Schreineret al. two imidazole ringswith adamantyl and adamantyloxy substituentsere
comparedand both!*C and’’Se NMR confired a remarkable increase in the electron donor
properties of the carbene when the adamantyloxy substitueas present?®

In the sane work, they underlined how the presence of alkyl groups in the backbone of the
imidazole must be carefully taken into consideration: the addition of electron detesity

and Gs through inductive effect can decrease tbiectronic localizatiorf the imidazaé ring

shifting the signalsf the carbene centrelown-field.*

0-Ad Ad o-Ad 0-Ad
/ / h /
N N N N
| >:Se [ >:Se [ >:Se [ >:Se
N N N N
\
Ad Ad Ad O-ad
\I ( // } // |
- d 7 :
201 197 4 130 4 70

Figurel2. "Se NMR of the compounds synthetized by Schreiner andi@rs.
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1.7 Synthesis and reactivity dN-oxy-imidazolium species

Single and double oxygenatedaXy-imidazolium species have been studied so far, with short
alkyl chains, benzyl and adamantyl moieties as oxjmemd fragments.
1-hydroxyimidazole3-oxide and its £and G substituted derivativegrethe starting material

for the two-oxygers NOHC proligarsl Their synthegs are one-step condensatios of
monooximes of 1,2liketones with either an aldehyde and ammonia or an adimiré.In
particular, Thydroxyimidazole3-oxide can be obtained in a orstep synthesis from glyoxal,
formaldehyde, two equivalents of hydroxylamine and HCI in methanol basifying thareixt
at 0°C afterward4®

Further O-alkylation or Garylation lead to the symmetrically or asymmetrically substituted

species $chemeb). 4245

1. H,0/MeOH, 0°C OH

RO o 2. HCI, 20°C, 24h Ry N N
I + ]| -a.NaoH.0C I@» ReX, KOH, MeOH I@)
N
R™> H H

Ri \ R4 N\
O@ 0
R,
2 sz, NaHCO3 R3X
Ry Rs
5 b
Ri<__N 1NN
©) ©)
I@) X I@) X
R N R N
/O /O
R2 RZ

Scheméb. Synthesis of Mxyimidazaum ligandprecursorgR=H, Me)

As alkylation and arylationrequire the oxygen atonto be deprotonated, a mild base is
necessary. In presence of a strong base the formation of the carbene is possible. For the
double benzylation of-hydroxyimidazole3-oxide NaHCgis used, whereas KOH in methanol

is added for thetwo-step alkylation withdifferent alkyl chains not longer thaiour carbon
atoms?#344

In a recent paper, vibratory ball milling (vbm) was used for a faastet solventfree
mechanosynthesis of-ienzybxyimidazole3-oxide and their Ag(l), Au(l) and Cu(l) cometex

with CsCQ asthe deprotonating agent$chemeb).*°
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): | D-Au—ci

Pa

AuCIl(SMey)
vbm
87%

. ?f

/
Cs,CO; ‘>[GN>> B _ A%O >>—Ag Br

o-2&Z-00

vbm N vbm
H 98% O; 89% ;
CuCl
vbm
92%

o

): | D—cu—ci

Pa

Schemeb. Synthesis of symmetrically substituted proligand, Ag(l), Au(l) and Cu(l) complexes through
mechanochemical vibratory ball milling.

As thydroxyimidazole3-oxide derivativesare easily accessible compared tmono-

oxygenated analogs,they arethe mostlyused starting material for these compounds.
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To study the behaviour of @ bonds and toisolate singleoxygen NORB species, the
deoxygenation of a doublexygenated NOHC has been explored by several research groups.
PC4 and TiGin acid environment proved to bableto cleavethe N-O bond of thydroxy-3-
benzyloxyimidazolium derivativg$cheme7, a), whereas Pd/C can remove the benzyloxy
moiety as wel(Scheme?, b).*®

The selective elimination of one of the two oxygen atoms in a deakygenated imidazolium

salt has been obtained bieimgartneret al. treating adamantyloxyimidazolius3-oxide

with RaneyNickel in methanol at room temperature or via suduansfer metianism with a

dithione Scheme?, ¢).4’

/O’Bn o-Bn
a @ PCls, CHCI3, reflux
I,3> or T3iCI3, Hélaq_ ” I />
R \ R N
O
©
0-Ad pzAd
R. N RN
N .
> Yoy s T
R~ N R™ N
\
O
©

O’Ad O/Ad
CH,Cly, 1h, rt.
@

Scheme. Selective reduction adne NO bond.

According tl tzer, cleaving one of the two oxygen ohydroxyimidazole3-oxide is possible

with Pd/C ina hydrogen atmosphere under mild heatingoghemes).*°

Cg 1. HCI, Pd/C, Ha, rt.
N 2. 'PrOH/Pr,0 N
3. KHCO4/H,0
[ -
N N
OH OH

86%
Scheme. Selective deoxygenation oftlydroxyimidazole3-oxide with Pd/C.
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1.8 Applications of N-oxy-imidazolium species

Silver(l), gold(l), copper(l), palladium(ll) and rhodium(l) are theroatgl centres with NOHC
ligands reported in the literature so far. They are synthetized by deprotonation of the azolium
salt or via transmetalation as shown previousiy>50

Not many applicationgvhich strongly diverge from the ones typical for NHC analopaes
beeninvestigatedor thistype of metal omplexes The catalytical activitpf the palladium(ll)
complexin the Suzuki couplingroved to be worse than that with the correspondent NHC
ligands because of a minor steric bulk next to the carbenoid centre which slows down the

reaction rate(Scheme9).>!

3 mol-% Pd(OAc), salt:
3mol-% salt ©

. Cs,COs Q R Ro X
B(OH), dioxane/H,0 3NN
80°C, 2h | )—H
4 \
R1

Scheme. Schematic representation of Suzuki coupling reactiorcbi@rotoluene with benzene boronic acid
catalysed by an in situ catalytic system reported\tggner et aP! R;, R = OH,0(no X)/OMe (X= Pk)/OEt(X=
PF). Rs, R = H/ Me/ Et/ Pr/ Ph.

Ruthenium(l) Grubbs catalysts in presence of NOH ligands lead to hyigids inring closing
metathesisthan thoseobserved irthe same conditiongvithout any additivesbut the reason

and the mechanism have not bestudied yet>?

Cytotoxicity against colorectal meer, promyelocytic leukemia and breast cancer cell lines
have been testedisingAu(l) and Ag(l) benzylated NOHC: the structural similarity leads to a
release of the metal centre in the biological tissue analogous to what it is registered with NHC
metal complexed>53

Furthermore, as already written previoushhe imidazolium oxide species themselves are

room temperature ionic liquid$44

1.9 Aim of the project

The researchconducted in the framework of this master thesd$ocused on the synthesis and

characterization of Moxyimidazolium proligarsland ther correspondent Ag(l), Au(l) mono
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and biscarbene complexeas well a®t(ll) cyclometalated complexes. The synthetical interest
isdirectedtoward extended aromatic systems which have not been reggbin the literature
so far.

The type of proligands we plan to isolate are those reported in the following (Figtrel3):

/’7 - ’\\\\
4 7
R2 RZ
o o
R R _N Ri<_N
» o R
R N R1 R1 \
1 \ 0
i @ v
«, | R4 = H, alkyl group
‘\\‘\j//) R, = alkyl group, aryl group

Figurel3. General epresentation of the synthetized proligands.

Concerning the Pt(Il) complexes, the photophysical properties will be analysed in order to
compare the results with those of similar NHC complexes already published. Absorption in a
dichloromethane solution, emission from a PMMA doped matrix and decay time
measurements will give an evaluation of which featuaesacquired by the molecules in the
presence of an oxygelpearing moiety. The optimization of the structural properties of these
C/C* compounds look at the production of highly efficient dédye triplet emitters for OLED
applications.

Quantum chemical optimization of the structure and calculation of both the excited triplet
state electron density and HOMO and LUMO electron distribution can give further evidence
on the emission and absorption resyltespectively. The HOMOJMO gap will be analysed
beyond with cyclic voltametric measurements.

Platinum species and their characterization will be realized in the Neubau Chemische Institute
of the Technische Universitat Dresden in the frame of a colldalmoravith the group of

Prof.Dr. ThomasStrassner
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Chapter 2: RESULTS AND DISCUSSION

This Chapter is divided in three main sections. The first one (S&cfijpregards the synthesis
and the characterisation of silver(l) and gold(l) complexes with symmetrically substituted
NOHCligands, having benzyloxy @methylnaphtalenyloxy substituents at the nitrogen
atoms of the heterocyclic ring. The second part (SecBd) deals with the synthesis and
characterisation of ratal complexes (specifically platinum(ll), silver(l) and gold(l)) with NOHC
ligands bearing an oxyoiety at one nitrogen atom and a phenyl ring as substituent at the
second nitrogen atom. The last sectif®ection2.3) summarizes all the attempts performed
with the aim of isolating symmetrically and unsymmetrically substituted imidazolium salts
different from those reprted in the previous two sections. It can be anticipated that these
attempts were mostly unsuccessful, but they are reported in order to underline the difficulties

encountered in the broadening of this class of compounds.

2.1 Silver(l) and gold(l) complexes with symmetrically
substituted NOHdigands

2.1.1Introduction

As reported in Chapter 1, the synthesis of both symmetrically and asymmetrically substituted
NOHC proligands is already known in the literature, but the acualNJHzO (i dzNB a Q f A ¢
from being considered exhaustive.

The works ofSchottenberger et al. focused on nucleophilic attack of deprotonated exy
imidazolium rings to benzyl groups or short alkyl chains, such as methyl, butyl, allyl and propyl.
Furthermore the only application reported to date fdrese compoundss theiruse as ionic
liquids#3:44.54

In thisSectionthe focusison the synthesis of 1;8isubstituted oxyimidazolium salts and their
correspondentsilver(l) and gold(l) complexes. The general structure of these species is
described irFigurel4. Thebis-benzyloxysubstituted NOIis already known in the literature,

howeverthe bis-2-methylnaphtaleryloxy 3 is not#3:4454
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Figurel4. NOH proligands synthieed for Agl) and Adl) complexation.

2.1.2 Synthesis and characterization of proligands

With a procedure already reported yriksenet al. 1-hydroxyimidazoliurB-oxide (1) was
synthesized in large scale via condensation of glyoxal, formaldehyde and two equivalents of
hydroxylammonium chloride in hydrochloric act8chemel0). The pHvas adjusted to4.5

upon addition oNaOH, avoiding exceeding 20 because of the violent decomposition of the
product at high temperaturé® Even though part of the compound wdost due to the
imprecise pH determination in water/methanol solution, the low cost of starting material, the
scalability, thenigh yield and the absence of side products render this protocol efficient

OH
1. MeOH, HCl,q, 0°C

Q O 2.20°C, 24h N
)H(H + 2NH0H - HCl +  J| — =~ [@)>
H H™ "H  3.NaOH,, N\
O 0©
1
77-88%

Schemel0. Preparation ofl-hydroxyimidazole3-oxidel.

Following the procedures &chottaberger, the nucleophilic attack of-bhydroxyimidaslium-
3-oxide(1) on two different bromidespeciesvas performed $chemel 1).54

The last step of the synthesis involves the exchabgeveen halide counterions and
hexafluorophosphates, to obtain a sokdluble in most of the orgaoisolventsin order to

facilitate the subsequent metalation.
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SIS ] ! R, R
O’N\\@N\OH + 2RBr ——— O’N@N\O

w®< j

r
1

NH,4PFg

R /&L R
'0-NEN-

¢

PFg

2,R=Bn
3, R= 2-methylnaphtalenyl

Schemdl. Synthesis of compour2{R=Bni= 1. neat, 2h 60°C; 3hr.t.; 2. NaH®O, 17h, r.t. yield
48%)and 3 (R=2methylnaphtyli= 1. neat, 2h 60°C; 3h r.t.; 2. NaH(®O, 3d, r.t.ji& 1. CHCb, 2h
60°C; 3hr.t.; 2. NaHGO®+O, 3, r.t).

Compound2 was isolated and characterised without problerBenzylbromide was used as
the solvent for the dissolution of the zwitterionic starting materal
2-(Bromomethyl)naphtalene however, has a higher melting point (5Z). Thereforetwo
procedures weretried: i) neat conditios (60 °C) or ii) dissolution of the solidsin
dichloromethaneand reflux

NMR spectra of the solids obtained with both these procedimeshe synthesis 08 suggest
some impurities were presenflwo peaks associable to the GHoenzylic protons, are
observedat 5.59 and 4.88 ppm in th#H NMRspectrum registered in DMS@@ after the
nucleophilic substitution reaction with bromomethylnaphtalene; these two digjoauld be
ascriledto the di and monasubstituted compoundConsidering the relative intensities and
the integrals, we can conclude that the peak at 5.59 ppm corresponds to the disubstituted
compound3 (with bromide as anion), whereas the one at 4.§8rpto the monosubstituted
one (Figurelb5). A separation of these two compounds might be possible exploiting their
different polarity, hence the solubility in different deuterated solvents (acetonitfi®|SQ
water, chloroform) was tested. Unfortunately, differential solubility was not satisfadiory
separate the compoundghe NMRexperiments lead to the conclusion, that the merand

the disubstituted products of compouricould not be separated by using different solubility
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Figurel5. Comparison between tH&l NMR spectra df,3-di(2-methylnaphtaleryloxy)imidazoliumons (25°C,
DMSGds) obtained in neat conditions, in €t and after ion exchangeith hexafluorophosphateThe red
arrows mark the monoand disubstituted Cklgroups at 4.48 and 5.59 ppm, respigely.

ESIMS analysis supports the formation of the disubstituted compound, as the most abundant

signal is am/z 381.16, which correspond to the singly charged positive Fogufel6).

381.1601

Relative Abundance
w
i

o o N
;o o O
e bl

169.1107  191.0927
S O | 2251217 241, |0974 271 0901 3091533 325 1491 341.1249 365 1653 \3{375.,1162
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m/z

o

Figurel6. ESMS spectrum of 1;8i(2-methylnaphtaleryloxy)imidazolium hexafluorophosphate
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The peak at 10.19 ppin the *H NMR spectra of compour®kan beassigned to the carbenic
proton of the disubstituted compound because, as obserbgdcomparingthe *H NMR
spectra  of 1,3di(benzyloxy)imidazolium  hexafluorophosphate (2) and 1-
benzyloxyimidazoliun3-oxide (compound 17, see further in the text)the proton in C2
position is shifteddown-field for the disubstituted compound (10.12 pprmmompared to
8.53 ppm, Figurel?). Thiscould be explained by the decrease@sonance stabilization given
by the presence of two substituents bound to the O atdifighe increase of the acidity of the
disubstitutedN-oxy imidazolium proligands can be observed irdaubstitited compounds
compared to the singlsubstituted ones synthesised I8chotenbergerand co-workers as

well 42

17

u | ‘ |
s——————— - -:‘L- UM IO WM DU ol LW T

i T T | T i T T i T T T T | T T | T T T T | T
105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
f1 (ppm)

Figurel7. Comparison betweelid NMR spectra of 1;8i(benzyloxy)imidazolium hexafluorophosphatend 1-
benzyloxyimidazot8-oxidel7 (25°C, DMS®@s). The red arrows underline the C2 proton signals which
correspond to 8.58pm for the monosubstitudeti7 and to 10.12 ppm for the disubstituted

1,3-Di(benzyloxy)imidazolium is a viscous liquid with bromide as a counterion, whereas its

hexafluorophosphat salt is a solid. The difference in tH¢ NMR spectrum changing the Br
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with the Pk anion leads to a difference of almost 0.1 ppm in theHC@roton resonance as
described in the literaturé?

The  1,3di(2-methylnaphtaleryloxy)imidazolium  salts, both  bromide and
hexafluorophosphateare solids probablydue to the larger aromatic system which allows for

a better stacking of diffemt units.

2.1.3 Silver(l) and gold(l) complexes

The obtained hexafluorophosphate NOHC precursors were emplfnyethe synthesis of
silver(l) complexesven if compound3 is not completely pureln order to circumvent the
photosensitive behaviour ofsilver(l) complexes, Au(l) complexes were obtained by
transmetalation reactionsThe procedure was derived fror8chottenberger et al. using
methanol as a solvent at room temperature undarinert atmosphere (Ar). Theolarratio
between silver andigandprecursorwas 1.2, hence some silver sadsidueswere expected

to be present in the precipitate. Chloro(dimethylsulfide)goldilas used for the

transmetalation reactionn dichloromethang(Schemel?).

R\ N U N /R R\ N o N /R
— oY ="N~0 o-NN~0
RO N.® N R g0 meoH ®Q  AuMeSOLCH L, ® "o
00 24h, 1t Ag  PFg 19h, rt. Au PFg
o it
PF6 R/O\N — N/O\R R/O\N — N/O\R
\—/ \—/
23 4,5 6,7
2,4,5.R=Bn
3, 6, 7. R = 2-methylnaphtalenyl

Schemel2. Synthesis of Ag and Au complexes

The reactiorfor the synthesis of gold(l) complexesas continued for a longer time than what
suggested by the literature (19h comparedadh). The mixture should be filtered, and the
product precipitated adding diethyl ether. However, gold complexes easily decoraptise
pressure even at room temperature, hence we tried to promote crystallization storing the
samples at 4°C. Since no solid precipitated, dichloromethane was removed under vacuum and
a sample of each compound was dissolved in the minimum amount dbdichethane with

hexane added on top to promote crystallization.
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Bis[1,3di(benzyloxy)imidazoli2-ylidene]gold(l) hexafluorophosphate is already literature
knowrP4, so the colourless crystals obtained from its sample were not analysed thretagh X
but the *H and**C{H}NMR spectra were simply compared with the literature.

The absence of the carbene proton sigimahe 'H NMRindicatesthe formation of the metal
carbenecomplexes, as shown iRigure18. Both *H and*3C{H}NMR spectra confirm the

complexation and the frequencies of the signals are corroborated by the liter&ture.

T

11.0 105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figurel8. Comparison betweelid NMR spectra (25°C, DM8 of compound®, 4 and5.

Concerning the2-methylnaphtaleryloxy compex 6,'*C£H}NMR spectrumreports the
expectedsignals but ca7-9%of the proligand was not converted in the silver complex (and
thus in the gold complex as well) as it can be obseimdte 'H NMRspectrumin Figurel9.
Moreover, for complex7 the integrals of the signals in thtH NMR aromatic region, the
presence of multiple peaks between 5.3 and 5.6 ppm and the high number of signals in the
BC{H}NMR spectrum support the hypothesis of the presence of the free proligand and/or
complexes without one or -Bhethylnaphthalene moieéis. These observations lead to the
conclusion that the attempted experimental protocol does not provide access to the desired

gold(l) complex in sufficient purity.
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The bindingof one or two benzyl fragments iNOHC structure was confirmdaly these
experiments but should be optimized for2-methylnaphtaleroxy nucleophilic attack. A
synthetic route whiclproduces a purer methylnaphthalenebearing precursor could lead to

less impurities in the reaction mixture.

| H\ ﬁ' ||
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f1 (ppm)

Figurel9. Comparison betweelid NMR spectra (25°C, DM8§ of3, 6 and 7.

2.2 Metal complexes withphenylsubstituted NOHC ligands

2.2.1Introduction

BidentateC"C* cyclometalatetlHCPt(Il) complexes have been studied®tyassneand co-
workersin the last decades. For OLED applications the thermal stability and charge neutrality
of the compounds is fundamental as vapour deposition is the most used techniqueefor
formation oflayers?330:34

Therefore, Pt(ll) compoundzresentedin this section are neutral to matdhdustrialneeds

for applicaility and more easily study the photophysical properties.

The melting point islsoanalysed in order to bettaunderstand andiefine the stability of the

compounds.
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Four Pt(Il) complexes were synthesizsmanbiningtwo methoxy and benzyloxysubstituted
proligands withtwo different auxiliary ligandécetylacetonate (acac) and mesitybstituted
acetylacetonate (B-bis(2,4,6trimethylphenyl)propanel,3-dione = mesacag)

Additionally, poligand10 (Schemel4) was also complexated with silver (1) and gold (I) metal

salts

2.2.2 Synthesis and characterization tiie proligands
The starting material for the generation of the C/C* proligands iphényt4,5

dimethylimidazoliuml-oxide g), choserbecause thghenyl ringcouldbe orthometalated by

the platinum centre.

=
!

Figure20. 3-phenyt4,5-dimethylimidazoliurdl-oxide.
Compound was obtainedaccording to a modifiegrocedure reported bylostonfor similar
compounds with methyl and phenyl groups on the backbone and isopropyl, isobutyl and
adamantylgroupsbound to the nitroger??
Diacetyl monoxime and hexahydl,3,5triazine were synthesized and used as starting

materials in a 3:1 molar ratio in glacial acetic acid at room temperature for &chefme

13).55,56
O@
QH IN/
N 2N AGOH, rt. 40h o)
13 + I It 40h N
o <

8
Yield: 9.9-51.2%

Schemel 3. Synthesis of compour&d
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Concentrated sulphuric acid waslded dropwise througfa funnel iro a flask charged with
sodium chloride. Hydrogen chloride was generated &adsferred via inleinto the reaction
flask for 2 h. Excess of i§@las directed ito a 30% aqueous solutiarf sodium hydroxide.

The system was not cooled down to 0°C as reported in the paper because that causes freezing
of glacial acetic acid, hence the impossibility of stirring the solutionfarheed hydrochloride

salt of 8 was then precipitated with dietHyether and cooled down to 4°C. After filtration,
washing and dissolution in CB®eOH 5:1 mixture, the product was basified with sodium
carbonate which was fitred before purificationby column chromatography. Four batches of
compound8 were synthetizedn different scalesthe yields varied betweern9.9 and 51.2%

The poor scalability of this reaction should be mentioned at this pointbnsidering the low
cost of the production of the reagents and reactants it was considered worth the effort.

The hydrochloridesalt of 8 showed a significant dowfield shift for the carbene tdtom in

the 'H NMR This could be explained with tHegher pority in relation to the zwitterionic
speciesigure Al).

Elemental analysis did not verify the calculated percentage, but this could be due to the
hygroscopic nature of thepecies. High resolution mass spectrometry (HRMS) confirms the
formation of this zwitterionic compound with a [M+Hjnd a [2M+Hsignalsat m/z 189.10

and 377.20, respectively

The poligands9 and 10 were obtained by mixin@ with methyl iodideor benzyl bromide
respectivelyjn anhydrous tetrahydrofurane in a pressure tube at room temperaf{&eeme

14). Nucleophilic attaclonto isobutyl bromide and several attempts of phenylatiaith a
diphenyliodonium salivere not successfiiseechapter4.5.6. Methylation ofoxyimidazolium
rings using the Meerwein salt or dimethylsulphate was already reportéél Methyl iodide
proved to give good results as no side products were present and the yielohwhas range

81-94%.
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10. R=Bn, X=Br

Schemel4. Methyl and benzyl substituted proligand§elds 9, 93.5% 10, 61.8%

The obtained proligandd and 10 were successfully analysed and confirmed by NMR, EA and
ESIHRMS. The melting points 8fand 10 are within the same range as for the adamantly

analoges, reported in literaturé?>’

2.2.3Platinum(ll) complexesbased on O-methyl- and O-benzyt

substituted NOHCs
| R | R
11 Me Me
O 12 Bn Me
t J 14| Bn Mesityl
R’1 R,

Figure21l. C"C* cyclometalated Pt(ll) complexes synthesized in this project.

Themethodology for the synthesis of complexEl14 was adapted fronthe one developed

by the group ofStrassnerfor the synthesis of C*C* cyclometalatd&dHCPt(Il) complexes
(Schemel4). Under inert conditions]-R-oxy-3-phenylimidazolium bromidéR=Me or Bnjvas
mixed with0.5 eq.of silver(l) oxide in degassed and anhydrous dimethylformamide at room
temperature to generaten situ the silverNOHCcomplex Then, transmetalation was
achievedaddingdichloro(1,5cyclooctadiene)platinum(ll) isquimolaramount with respect

to the carkene precursor According to the literature, cyclometalation of the proligand into
the metal centre occursvhen the PENOHC complex is heated after the transmetalafidn.
Indeed, the mixture was heated overnight at 120 after the addition of Pt(COD)CI

Acetylacetonate, which was provided as a sodium salt, was addbdut the presence of a
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strong basewhereador the isolation of the complexes withesacadigand,two equivalents

of potassiumtert-butoxide are requiredfor in situ deprotonation of the diketone After
heatingto 110°C and evaporating the solvent under mild heating, the products were extracted
with dichloromethane and the silver kyroducts filteredthrougha Celite pad. After removal

of the solvent and purificatioby column chromatographythe desired novel Pt(ll) complexes
were obtained in low yieldsl: 23.9%,12: 6.4%,13: 5.0%,14: 9.0%)

)I N o )Ag,0 ; )Ag,0
I

Pt ii) P{(COD)Cl, N ii) PtCOD)Cl, N
’\2>_ \ iii) 2K'OBu, mesacac)[®>> iii) Na(acac) )I )>—Pt/0
\O anhydrous DMF N anhydrous DMF '\l\ \O )
7z \
R 0 0
R o R
X
13,14 9,10 1,12

Schemédl5. Synthesis of Pt(ll) CAC* complexes. R=1#)e R=BnX2, 14). The characterisation of compl&8
suggests the presence of R=H group or the replacement of the OMe group with a hydrogen (see further in the
text).

The obtained Pt(Il) complexes were fully characterized, incldtipngC and*>Pt NMRspectra
as well as 2BNMR experimentsFor compkxes 11 and 14, solid state structures were
obtained by Xay diffractometry.

Successful cyclometalation was confirmed by the appearance of satellite peaksHNMR
of all Pt(ll) complexes in the aromatic region (7.40 pp856 ppm). These smallerigébouring

signals typically indicate&-19Pt-coupling(Figure22).
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Figure22. Magnified*H NMR spectra of complex&$-14 showing the characteristi+-'9Pt coupling in the
phenyl moiety

COSY, HSQC, HMBC and NOESY 2D NMR also give important information on the structure of
the synthesized compoundAs an exampleahe correlationsfound in the2D NMR spectra of

compoundll are reported(Figure23).
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Figure23. 'H NMR spectrum of compouid and its assignations

The COSY experiment proves the relationship betwekesignals at 56ppm and 2.@ ppm,

that were assigned to the CH proton and a methyl group of the acetylacetonate ligand
respectively. Moreover, the multiplet between 6.89 and 7.03 ppm integrating fanogons,
should be designated to proton number 2 and 3 of the aromatic ring (numbering
counterclockwise from the one next to the Pt centre), because they are coupled with the other
two aromatic signals that, according to their coupling constants, are ootlated among
themselves. The latter consideration is sustained by the evittgAtPt coupling of the peak

at 7.72 ppm, which is the one next tilie platinum centrein the cyclometalated structure and

by theNOESYH-H correlation between thenethyl group in the imidazole backbone and the
aromatic signal at 7.Lppm which can be assigned to proton 4 of the phenyl ring. Signal at
2.50 ppm can be attributed to the Ggroup bound to carbon 5 of the imidagtilenering,
whereasthe OCH groupgives a signadt 4.16 ppm whichcorrelates with the methyl signals

at 2.04 and 2.8 ppm, which should correspond to acetylacetonate and the i@idazole
methyl groups respectively. With HSQC and HMBC, carbons were associated with the

respective groups in tiamolecules for the all four Pt(ll) complexes.
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195pt NMR signals are betweedd54 ppm ofl2and-3397 ppm ofl3, in accordance with what
has already been reported in the literature for C*C* Pt(ll) complexigsi(e24).

It is apparent that mesacac compounti3and 14 have an electron poorer Pt centre as their
signals are uield shifted incomparisonto acacanalogues A further support of this

conclusiorcomes from the photophysical anaéss{ideinfra).

14
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Figure24. 1%Pt NMR spectrél29 MHz, CETh, 25°C) of complexdd-14.

Although demental analyss of 11 and12do not perfectly fitthe calculated percentages, the
exact mass of1, 12and14 weredetected in HRMS.

A surprisingresult is the absence of the methoxy group timee compoundisolated in the
attempt of synthesising compled3. Inthe *H and**C NMR spectra, no signal attributed to the
methoxy group is present, as itakarly evidenby the comparison with the spectra 8fand
11 (Figure25).
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Figure25. 'H NMR (600MHz, GDb, 25°C) spectra of the reported proligand and acetylacetonate complexes. In
the yellow rectangle it is evidenced the signal attributed to the methoxy group bound to the N. In coriound
this signal is not present.

The so far only possibility to justiffiis result could be the presence of a strong base in the
synthesis ofL3.

One equivalent oftert-butoxide might actas a nucleophile attacking either the imidazole
nitrogen or the methoxy carbon of the positively charged cyclometalated Pt(ll) complex

genemted before the addition of théiketonat ligand Eigure26).

Figure26. Possible structure of compouthd@ according to the analysis.

Since no suitable single crystal of tbmmpound could be growmo proof of the assumed
structure for complex13 could be obtainedIn the HRMSspectrum, the most intensen/z
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peak correspond to a compound withoatmethoxy group, but we cannot consider this a
sufficient praof for the absence ofhe oxygen as electron spray ionization can be particularly
destructivefor the N-O bond. A more reliable result could be obtained with a milder ionization
method.

13C NMR and 2DIMRexperimentsallow to assign the carh®e carbon signal at the peaks
between 148 and 151 ppm for all folt(ll) complexesThesignal is dowsield shifted if
compaed with the carbene carbon signal registered fibre Pt(ll) complexPt(MPIM)(acac)
(seeFigure36) reported byUngeP®, similar to complex. 1 without the methyl groups in the
backbone and with a methyl group instead of a methoxy at the imidazole nitrmptween

125 and 14ppm). the minor resonance stabilization due to the methyl groups and the
withdrawing effect of the methoxy groupould render electrordonation toward the Pt
centre less efficient.

The nelting points are considerably low, between 150 arf@ 1C, apart fronilwhich melts

at 216°C without decompositiof®

Single crystals df1 and 14 were grown by slow diffusion of isohexane in concentrated and
filtereddichloromethane solution of the complexes.

X-ray diffractometryof compoundl1 confirms the square planar geometry of the NOHC Pt(ll)
complex Figure27). ThecheckCIFgenerates one Blert but the obtaineddata givea clear

indication of the connectivity
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Figure27. ORTEP view of complek(hydrogens haveeen omitted). Ellipsoids are drawn at their 50 % probability. Selected
bond distances (A) and angles (deg):@21.334(5), GK1 1.369(6), N®1 1.382(6), GRt01 1.941(4), GBt01 1.985(5),
O2Pt01 2.081(3), OBt01 2.051(3); GRt01-C8 80.1(2), GRt01-02 97.0(2), GBt01-0O3 92.3(2), OPt01-03 90.6(1), O2

Pt01-C8 176.9(2).

The fivemembered ring is planar as confirmed by the small dihedral angle of the atoms C4
N1-C#C8 (1.7(6)°)The C8P1t01-C4 angle (80.1(2)differs from the ideal value of 90° foa
square planar geometrywhereas the OPt01-O3 angle (90.56(1)f in accordance with the
anticipated angle valud’t-Ccarbenebond length is in accordance wisimilar NHC Pt complexes
reported in the literature, about 1.4 3436.6061N2-01 bondlength of 1.38A is in accordance
with N-O distances measured in similar NOH compounds, usually between 1.36 and*3.38 A.
In general, he observed bond andnglescompare vell with thebond andanglesof the NHC
analogies without methyl groupsn the backboné®

The species crystallized in the space group with two molecules in the unit c&ligure28).
Having the two solid state structures in the unit cell rotated by 1B®ecomes clear that the
methoxy groups point away from each other and occupy the free space above and below the

unit cell pair. The PPt distance is 6.988A, hence a platinophilic interaction can be excluded.
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Figure28. ORTEP views of compleixcrystallization cell structurénydrogens have been omitted). Ellipsoids are
drawn attheir 50 % probability.

A solidstate structureof compoundl14 was alsoobtained through Xray diffractometry as
shown inFigure29 andFigure30. Mesitylmoietiesare orthogonal to the plane defined by the
I -diketonateauxiliaryligand, as the C2021C22C23 dihedral angle is 86.6(2)idthe C20
C19C31C38dihedralis 57.0(3)°. The squag#anar geometry is maintained, but it is more
distorted as the four angles around the Pt centre divefgem 90° more than the
corresponding angle in compléx (Figure29).

The planarity of the central fivenembeledring is confirmed by a 3.1(2angle between G5
N1-CeC7.
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Figure29. ORTEP view of complek(hydrogens have been omitted). Ellipsoids are drawn at their 50 %
probability. Selected bond distances (A) and angles (degpANR400(3), GR1 1.395(2), NE5 1.365(2), G5
Ptl 1.942(2), GPtl 1.977(2), OPt1 2.102(1), O®tl 2.046(2); CPt1-C7 174.70(6), CBt1-O2 99.57(6), G7

Pt1-03 91.69(6), OP11-03 89.31(6), OPt1-C7 79.66(7).

No PtPt interaction is verified as the metal centres are not superimppdezhce their
distance in larger than the sum of their Van der Waatsi. The crystallization is defined by a
0p space group withite aromatic cyclometalated ring and the imidazolium ring stacked by a
180° onplane rotation(Figure30). As in the previous samplkiie moiety bound to the oxygen,

in this case the benzyl fragment, lays over the volume in between the tweaelitmolecules.
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Figure30. ORTEP views of complekcrystallization cell structurghydrogens have been omitted). Ellipsoids are
drawn at their 50 % probability.

2.2.4Silver(l) and gold(l) complexdmsed onO-benzytsubstituted
phenyl NOHCs

Monocarbene gold(l) complexes of proligabdwassynthetized according to two different
procedures already reported Byubaro'®2426 namely the transmetalation of Ag(l) complexes

and theweak basalirect metalation(Schemeél6).

©
Br@ Br

0 N=(’ 0
N N
1. Ag,0 Ny N~ Au(Me,S)CI
Iﬁ) 2. Au(Me,S)ClI ®/ \( O ‘7,(20032 | il»
a A b
Br
15

Schemel6. Au (I) complex obtained through transmetalatiooute a)(15a) and via direct synthes{soute b)
(15b).

The twoprotocols used acetonitrile as a solvent and were performed under inert atmosphere

(Ar). Bases were not necessary in the transmetalation protocol #9 Asglf acs as a base.
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No ligandresidueswere detected in the'H NMR spectrum of both the Ag(l) anuetAu(l)
complexesfrom the transmetalationreaction However no crystal was obtained from this
procedure

The direct synthesis involves the use of a base to deprotonate the cafbatom, in this case
potassium carbonate. After 48h some residual ligared detected on théH NMR spectrum
due to the carber proton still present. Moreover, some gold complex decompasealblack
powder during the concentration of acetonitrile in the rotary evaporator. Hence the mixture
was filtrated again and stored at 4t promote the formation of crystals which wethen
analysed at the Xay diffraction (Figure31).

The!H and*C{H} NMR of the crystals in gIN and the HRMS confirtine composition of

the complex andhe absencef free proligand.

Figure31. ORTEP view of complex(hydrogens have been omitted). Ellipsoids are drawn at their 50 %
probability. Selected bond distances (A) and angles (dedyu BB865(1), AC1 1.975(5), G2 1.353(6), GN1
1.353(6), N2 1.382(6)N1-C2 1.345(8); BAU-C1 178.4(2), NE1EN1 102.7(4), CI@-N2 110.9(4).

The Igands areoriented in alinear geometry along the Au(l) centi@:arveneAu-Br 178.36°)
and there is accordance between the-Gamenedistance 1.975A) and thevalues reported in

the literature for this bond.
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The cell has a R/A space group containing four molecules. Complexes are not superimposed,

therefore Au(l) centres are not next to the othe(Bigure 32). Imidazolium rings are

overlapped, but 180° rotated.

Figure32. ORTEP views of compléxcrystallization cell structurégnydrogens have beaymitted). Ellipsoids are
drawn at their 50 % probability.

2.2.5Photophysical properties ofhe Pt(ll) complexes

Photoluminescence is one of the main industrially kncavnd appliedfeature of (heavy)
metals organometallic complexeand gold(l) and platinum(ll)specieshave interesting
features!®2®

Three spectroscopic terms give rise fréme d® configuration ofPt(Il)complexes, that when
excited canundergo three @ transitions, namely to the, Bigand g states, the ordeis
highlydependent on the extent of the spirorbit coupling®?

Hence, three absorption bands should be visibléhe U\Vis spectra of these compounds.
Cyclometalation ismportant in defining the properties of these compounds as structure
rigidity makes it possible to better maintain the pseushjuare planar geometry in the excited
state, therefore enhancing the radiative decay rate towards the ground state.

Absorption data werecollected at room temperature with a -50°M dichloromethane
solution (Figure33). As expected, three bands are observable in each of the four spectra,

because the metal centre is in &cbnfiguration and the spectral range is in the-Uig.



Referring thewavelengthmaxma, no significant difference in the absorption abserved
when changing thehydrocarbonmoiety bound to the oxygen atorat the NOHC othe

diketonateauxiliaryligand (

Table1).
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Figure33. Absorption spectra of compoundd-14recordedin CHCE solutiors (5-10°M) at room temperature.
Cuvette length d=1 cm.

Tablel. The naxima wavelengthdetected in the absorption spectra of compoutidsl4in CHCE solution
5-10°M at room temperature.

Absorption wavelength (nm

Compound band n.1y band n.2 band n.3
11 317 279 237
12 318 281 240
13 315 280 237
14 319 282 240

The emission spectra werecordedin a 2 wt %matricesof PMMA(0.6>m) on aquartz glass
substrateunderN. atmosphere at room temperaturd-{gure34). Compound43and14show

a significantathochromic shift of 335 nm with the respect to the maiemissionband of

the corresponthgacac complexesland12. This effect is accompanied by a massive increase
in the quantum yield and a decrease of the decay t(ifable2). These latteiproperties make

the mescac complexesore suitablefor OLED application®revious report®bserved for
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other acac and mesacd&(ll) canplexesand duryl diketonatesuggest similar conclusions

(videinfra).36:57

Inorm

. : . s . 84 e
400 500 600 700
Wavelength (nm)

Figure34. Normalized emission spectra of compouh#id4in a 2 wt % emitter load in a PMMA matdr a
quartz glass substratat room temperature <ex=320 nm, N atmosphere).

The profiles of the emission spectra are virtually unchanged by the alkyloxy moiety bound to
the CAC* ligands, confirming that thpresence of Me or Bn substituentoietiesdo notalter

the photophysical properties of the @) complexes.

Table2. Photoluminescence data from emission spectra of compolixdd in a 2 wt % emitter load in a
PMMA matrixon a quartz glass substratd room temperature <ex= 320 nm, N atmosphere).

Compound| . <em (NM) ClEcoordinates (X,y) _exp(>s) | .o(>s) | ke (1B s?) | kar (x1F s)
11 0.07 | 423; 449; 472 0.162; 0.128 2.0 28.1 35.6 473.1
12 0.04 | 424; 447; 475 0.169; 0.142 2.4 61.2 16.3 392.2
13 0.70 482 0.192; 0.319 1.1 1.5 659.9 282.8
14 0.17 482 0.198; 0.318 1.1 6.3 157.9 770.9

Experimental emission lifetimesxpwere determined from the decay timeiexponential fit,
measurel in the 2 wt% doped®MMAfilms. Theemission lifetimeso were then calculated
according tcEquation2.

t — [EqZ2]
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_expWas calculated by a biexponential fit at the emission maximum wavelength of the decay
kinetics values: and _», which were chosen by the software afteaving obtained the a
suitable fit quality, given by the’ paramete (Table Al).

k-and kr were obtained as reported in Equati@eand Equatior.

0 — [Eq3
Q — [Eq4]

The low photoluminescence quantum yield of emissionL@QY) of acac compounds is
connected to the long decay times. As previously mentioned, this should be between 1 and
2>3a G2 KIFI @S | adal of S eseladtathékchtiBoat@eSopripoddda G G S N.
only is suitable for this application as bogand the PLQY are not outstanding for the others.
Consideringhat the triplet spin density of complexekl, 12 and 14 is mainly distributed on

the auxiliary ligand and odifferent extent on the metaland that in the HOMO is more
localized in the C"C* ligar(ffigure A37), suggests a metgderturbedligandto-ligand charge
transfer (LLCTyom the acac to the C*C¥ The short decay time, the loss of vibronic fine
structure andthe higher PLQY inl3 point toward MLCT Undesirable radiationless ed
transitionscould be the cause for the lower PLQY and the largeflcomplexl4.

CIE Commission internationale de I'éclairggenlour coordinates were investigated. The
compounds can be classified in the blue and grbkre region othe spectrum Eigure35). In

order to bedesigrated asa deep blue emitterthe CIE coordinatesf a compoundhould be

below (0.150; 0.150%
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Figure35. CIE color coordinates of compouddsl4in a 2 wt % emitter load in a PMMA matrix at room
temperature &x=320 nm, N atmosphere).

The rigidity of the compound is responsible for both the high PLQY and thenlpwask
vibrational and rotational transitions should be disadvantaged with th@eesto radiative
decay to the ground staté® Out of plane bending is more favoured in case of a less sterically
hinderedi -diketonate ligand such as acetylacetonate, hence rearranging to a pssspdoe

planar geometry of the ground state is more challengthg.

11and therelatedcompound synthesized IStrassneandco-workersPt(MPIM)(acaaxhibit

the same PLQY and very similar emission wavelength, highlighting that both the oxygen and
the methyl groups in the backbone have a negligible effect on the emission parantatgrse(

36, Table3d).36:60.63

N o N —
T s
5 o | o

1" Pt(MPIM)(acac)

Figure36. Structures of the compounds under comparison. Pt(MPIM)(acac) was reported by Sffassner.
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Table3. Photoluminescence data of compleft&and Pt(MPIM)(mes) in a 2 wt % emitter load in a PMMA
matrix at room temperature<xe= 320 nm, N atmosphere).

Compound | . | <em (NM) | CIE coordinates (X,f| _0(>s)
11 0.07 423; 449; 472 0.162; 0.128 28.1
Pt(MIPM)(acac] 0.07 416; 441; 464 0.190; 0.190 -

Electron donating groups in the backbone can reducedleetronicdelocalizationon the
imidazole ringlecreasing the electron donation toward the Pt cenknat being the oxygen-
electron-donating the former effect can be partly or totally balanced. Althlothe structures

are not perfectly identical, we can conclude that the addition of the oxygen does not
significantly modify the photophysical parameters.

A confirm of what already stated comes from the comparison between compd@rtie
mesacac Pt(Il) chametalated compleXt(MPIM)(mesacackported byStrassne(Figure37,
Table4).36

13 Pt(MPIM)(mesacac)

Figure37. Structures of the compounds under comparison. Pt(MPIM§ca€swas reported by Strassn#r.

Table4. Photoluminescence data of complet&and Pt(MPIM)(mes) in a 2 wt % emitter load in a PMMA
matrix at room temperature<sxe= 320 nm, N atmosphere}®

Compound | . | <em (NM) | CIE coordinates (x;)l _exp(>5)| .0 (>s)| ke (X1 sY) | kar (X1C s)
13 0.70 482 0.192; 0.319 1.1 15 659.9 282.8
Pt(MPIM)(mes)| 0.82 482 0.196; 0.326 2.6 3.1 320.5 70.4

The fragment bound to the nitrogen and tmeethyl groups on £and G apparently do not
generate any difference on the photophysical behaviour of the complexes, as the two PLQY
are high, the emission wavelength is the same and the radiative decay time is considerably

low for both the two compound¢Table4). Unfortunately, the absence of a crystalline form
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of compoundl3 makesit impossible to judge whether the high PLQY is due to the absence of
an hydrocarbon chain or due to the absence of the oxygen atom.

The redshift of the mesacac compounds can ¢dlearlyobserved in the PMMA films as the
acac complexetsland12emit in a deepeblue region of the visible part of the spectra when

irradiated with an ultraviolet light (365 nnfrigure38).

Figure38® H ¢ U 2 S YA G (S NIon daqgyiartz glass!substrabeadiated with 365 Nhdilight.
Confirming the analytical results, samples of complé&&send 14 emitted light is reeshifted. The intensity of
light emitted byl3is noticeably higher as its PQY {$0Qitimes the others.

As a conclusion based on the obsations of complexedl, 12 and 14, the nature of thei -
diketonat ligand ismainly responsible for the photophysical properties of the synthesized
complexesThe localization of electron density in thexiliaryligand of mesacac compounds

in their triplet states results in a bathochromic shift of the emitted light. Evaluating the effects
of the fragments bound to the oxygen atom of the C"C* ligand is only possible for the
compoundsll, 12 and 14 for the problems in the synthetic procedure D8 already reported.
However, even from the comparison b8 and 14, we can conclude that the benzyhoiety

has a negligible effect on the absorption and emission spectra profiles, but strongly influences
thePv, |yYyR (GKS NIRAIGADGS RSOFIe (GAYS® ¢KS&S
stacking promoted by the benzyl ring, which is responsible for the shortening of the radiative
lifetime, hence of a worse PL@For cyclometalated-alkyt3-phenylimicazolium diketonate

Pt(Il) complexes the major influence proved to be given by the substituents at the aromatic

ring and theancillaryligand rather than by thaitrogen N1 substituent&?
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2.2.6Electrochemistry
Cyclic voltammetry is an important analysis toottdculatethe energy of the HOMQUMO

gap ofcyclometalated Pt (II) complexes. The potentials here presented belong to the first
oxidative and first reductive events derived from the DPV experiments and are referenced
internally vs Fc/Ft None of the event under considerationreversible, and this is a typical
feature of Pt(ll) complexes as in thefr @bnfiguration a radical structural change is involved

in every redox event, thus irreversibility is a usual propefigre39 andFigure40).
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Figure39. Cyclic voltammograms of complexdsl4in dimethylformamide, referenced internally against
Fc/FC.
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Figure40. Stacked cyclic voltammograms of complekk44in dimethylformamide, referenced internally
against Fc/Ft

The potential of the LUMO levslof compoundsll and 12 is close ¢a.-1.51V). The DFT
calculations fothese complexesupport this result as the electron densitythe LUMO level

is mostly concentrated in the acac ligarahd it is almost identical for the two species (see
Chapter2.2.7). A minimal difference in the oxidation potentialhighlighted between the two
acac and the two mesacac complexes; which is consistent with a major concentration of

electron density on the orthometalated phenyl ring evidenced by the DFT calculations.

Table5. Redox potentials and calculated energies for HOMO, LUMO and band gap of compilddEox and
Eed resultfrom DPV data, referenced internally vs. F¢/Egomo[eV]=- 1.4*Eox - 4.654
Bumo[eV]=- 1.19*Eed - 4.78 5° EgQ=Homo- BLuma

Compounq E, (V) | Biowo(€V)]| Eed (V) | Eumo(eV)| E (eV)
11 0.25 -4.95 -2.73 -1.53 343
12 0.32 -5.05 -2.75 -1.51 354
13 0.63 -5.48 -2.60 -1.69 3.80
14 0.61 -5.59 -1.86 -2.51 3.08

51



Asdisplayed for similar compounds, the substitution of the acac with the mesacac ligand leads
to a positive shift of both HOMO potentials.

2.2.7Quantumchemistry

As confirmation of the photophysicploperties density functional theory (DF€alculations

with PBEO functional and®&1L1G* basis set was employed to optimize the geometiethe
complexesand define the energieof both ground singlet and xeited triplet states,
confirming true minima by the absence of negative eigenvalues in the vibrational frequencies.
LANL2TZ ECP was combined with the aforementioned method in order to consider only the
valence electron behaviour of the metal, reducing tadculation time and cost.56

Geometries of both ground singlet and excited triplet states have been calculated, together
with the HOMO and LUM@lots of the ground stateand spin densit plotsof the emissive
triplet state.

Considering that the structure of compout@ could not be confirmed so faonly complexes

11, 12 and 14 have beerinvestigated(Figure41l).
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Figure4l. Optimized geometries of complék, 12 and 14in the ground state

The more bent the geometry in the excited triplet state, the leffgientisthe emission from

the triplet statebecausehe superimposition ofthe wavefunction of the triplet state with the
wavefunction of the ground stateecomes smallefTherefore, tle loweristhe FranckCondon
integral the lower the PLQY of the compound. Acetylacetonate complexes triplet state
geometries are distorted, and this factor can strongly reduceetméssion?*

Thei -diketonate ligand of compoundl in the triplet stateis bent respect to the plane
defined by the platinum centre, the orthometalated ring and the oxygen atoms of the

diketonate ligand.In 12, instead, the diketonate ligands perpendicular to the planar
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geometrydefined in the singlet site (Figure42). The steric hindrance of the mesityl fragments
in complexi4 allows for a reduced bending of the aromatic rings in the triplet state. All these

observationan be related to the measuredghier PLQY df4related tolland12.

Figure42. Side views of the squapdanar coordination of the Pt(ll) centre in the ground singlet state (top) and
excited triplet state (bottom) of complex&g, 12, 14.

The localization of electron density in the triplet stakegure43) is prevalently centred in the
i -diketonate ligand in11, whereasin 12 a significant contribution orthe metal centreis
present thus they exhibita LLCEmitting state,with an highe metal contribution inl2. These
observations explain the very low PLQY of compleand 12 (7 and 4% respectively).

The rigidity ofl4 can be responsible for its higher PLQY, as olskhe triplet and singlet

states geomeiesin Figure42.
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Figure43. Localization of the spin density in the triplet state for compoudrid&2 and 14 (B3LYP/&11G", ECP
LANL2DZ, isovalue @)0

A rotation of the aromatic ringjof the mesacac ligand in the triplet state favours a larger
system, hence a stronger participation of thecillaryligand in this state. Therefore, the
dihedral angle between @ Garom-Garom Of the medtyl aromatic ring ofl4 closer to the benzyl
ring changes fronb6.43 of the singlet ground state to 51.11° of the triplet. For this reason
the LUMO ofl14 is more strongly influenced by thediketonateligand than the LUMOs of

compounds with acac ligand.
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Using the sum of electronic and thermal free enesgat 298.15 K (25.0°C) provided by the

calculation results, we estimate the energy difference between the excited triplet state and

the singlet ground state, thus obtaining the approximated energy of the emission process and

the wavelength of the emittedight (Table6).3?

As reported by Pinter, in case of vibronically resolved spectra such as the ohktaraf12,

S O2YLJ NBR

GKS Y2NB R GSyas

6l YRQA

g1 BSt Sy

Table6. Sum of electronic and thermal free energjes9), sum of electronic and thermal enthalpied ),
difference between triplet and singlet states free energief(r-s), predicted emission wavelengtf cai) and
more intense experimental emissioawvelength €emex) at 298.15 K12_7"™MR = compoundL2in a seven

memberring geometry(seeFigure44).

Singlet Triplet
nbDc nilc nbDc nilc N BG%s NN Rl <emcae | <emexp
(kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol) (kcal/mol) (eV) (nm) (nm)
11 -698412 | -698363 -698346 -698296 66 2.85 435 449
12 -843219 | -843163 -843154 -843095 65 2.81 442 447
12_7MR} -843211 | -843154
14 -1231354 ] -1231272 | -1231294 | -1231211 60 2.60 477 482

The comparison between experimental and calculated emission wavelengths confirms the

validity of this method, as a difference between 5 and 14 nm is detected for the three

compounds.

Compoundl2 structure was analysed patrticularly in detail as it contains two aromatic rings,

namely the phenyl and benzyloxy moieties bound to each of thegen atomstherefore

during the synthesis of the complée formation ofeither afive-memberring (by metalation

of the phenyl nitrogen substituenas evidenced by experimental res)lts asevermember

ring (by metalation of the benzyloxy nitrogen substitueigtpossible Being the energy of the

severmemberring complext2_7MRalmost 0.4 eV higher than tfemembered ringof 12,

the latter can be considered thermodynamically more stabigure44).
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Figured4. Optimized geometries of compl&® MRin asevenmemberring geometryin the ground state, not
detected in the experimental results.

2.3 Attempted synthesis of unsymmetrically functionalised

NOHC proligands

One of the aims of the thesis is to expand the class of NOHC ligand, deriving from imidazolium
rings with one or both nitrogen atoms having an oxygen atom in the sidearm, like those
depicted in the following figure:

R’ R'

R. JaN -
0-NEN-g rR-NEN-
Thestrategies followed during this thesis to reach this goal w&ehemel?):
)] deoxygenation of one of the two nitrogen atoms, followed by arylation of the
oxygen and finally quaternization of the second nitrogen gtom

i) stepwise functionalization of the oxygen atoms
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Schemel7. Synthetic pathways for the synthesis of unsymmetrically functionalised NOHC proligands followed in
this project starting from -hydroxyimidazoliunB-oxide ().

2.3.1Deoxygenation attempts

Being aware of the simple accessibilityldfydroxyimidazole3-oxide(1), a possible approach

to isolate the imidazolium with only one oxygen function is to cleave orn@ Moiety
afterwards. Previoubterature reportsinvolve the e of Pd/C and +br Raney Nickel4°We

tried both these approaches with different substrates, but none of these worked as

reported in the following sections

Pd/C and H
The selective deoxygenation ofhiydroxyimidazoliun3-oxide () to 1-hydroxyimidazole16)
wasreported in a paper ofausof 1989 isolating compound6in 86% yield(Schemel 8).4°

o [\ 1. Hy/Pd-C, HCI/H,0 )\

O/N\@/N\OH N N<
~ 2. KHCO, X~ TOH
1 16

Schemél8. Selective deoxigenation oftlydroxyimidazoliunB-oxide into thydroxyimidazole.
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They used Pd/C as a catalysamH, atmosphere and noticed a more rapid hydrogen uptake
when hydrochloric acid is dissolved the soution, with the formation of the hydrochlorides
of 1, 16 and imidazoleln our casethe reaction wadollowed analysing the integrals of the C

proton of the three compoundwith time (Figure45).

255h (40°C) l | “
A Jk_)h\ J ‘M_J k _
216h (40°C) M
A M |
150h |
(. 5
Il |N\ I | | \l\ |ﬂ|
) . Y S UM
85h
| l r
_ JH', . A _ ,-‘I‘ S W
70h r‘
\ “ \ K
40h |
24h A

T T T T T T T T T T T T T T T T T T T T T T
106 104 10.2 10.0 9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4
f1 (ppm)

Figure45. 'H NMR (25°C, DM8&#) spectra of the hydrogenation reaction under atmospheric pressureaif H
different times A rough estimation of the concentration of the compounds was obtained fro@2higpeak
integralsas reported by.aus et af® (vide infra Chapte#.4.]). Assignments: -hydroxy1H-imidazole3-oxide
hydrochloride T*HC| green arroy 9.67ppm; thydroxylHimidazole hydrochloridel6*HCI blue arrovy 9.29

ppm; imidazole hydrochloridg@ink arrow)9.09 ppm.

As evident fromFigure45, we were not able to fully convert compouddo compound16,

even at very long reaction times: formation of the completely deoxygenated product, namely
simple imidazole, was observed. Moreover, when we tried to isolate comp6nidllowing

a multi-step purification procedurécrystallization inPrOHIPrO, badication with KHC@and

the dissolution in acetonghe desired singlgleoxygenated compouncbuld not be obtained.

To optimize the reaction process and the product yield and to minimize the quantity of

imidazole, some parametelsave beemodified: H pressure, temperature, the quantity and
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the type of catalysas well as the reactioime. Three trials were performed #n autoclave

at almost 1.5 bar bpressure, at 40°C @ble7) but without a significant improvement.

Table7. Reaction parameters of autoclave deoxygenaidime relative percentagef the compoundi
hydrochloride solventereevaluated comparinghe H2 peaks integratsf 'H NMR spectrasing the data
provided by Laus et &l.

Trial| T(°C)] P Time (h)] Pd/C | Hxuptake | 1(%) | 16(%) | Imidazole
(bar) (mmol) (%)
1 40 1.51 24 10% wt 1.2 36 42 22
2 40 1.58 24 1% wt 1.2 50 50 0
3 40 1.62 48 1% wt 2.2 20 64 15

P

Considering the difficulties in both the reactibdr NI YSGSNBQ O2y (i NRdE |y

further trialson this synthesisvere carried out.

RaneyNickel
OH
N R Nickel, MeOH N
ane ICKel, Vie!

[ oo L)
N N
P A
24 25

Schemel9. Selective deoxygenation with Rarickel.

The selective NO cleavage of -fadamantyloxy)imidazol8-oxides was reported by
Heimgartnerin 2019%” They isolated 4adamantyloxy)imidazole in 39% vyield and similar
results were obtained with C4 and C5 substituted imidazolium rings. Rdickgl is a stronger
reducingagent than Pd/C, hence protecting one of th€&ONmoieties with an orgnic fragment
proved to be sufficient.

Following the same procedure reported by the literature, we tried the selective deoxygenation
of 1-methyloxy3-hydroxyimidazolium hexafluorophosphate in methanol with this reducing
agent, but no analytically pure pducts were detected*H NMR and TLC proved the final
mixture had no soluble organic species nor photoactive species, respectively.

In HRMS polymerization patterns were detectedich could not be attributed to a chemical

structure (Figure A29).
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Begrupet al. successfully performed the-0 cleavage of-benzyloxyimidazole3-oxide into
1-benzyloxyimidazole using excess of phosphorous trichloride. It will be interesting to

investigate this strategy ifuture research.

2.3.2Additional synthesis attempts

23.2.1 Asymmetrically substituted.-hydroxyimidazolium3-oxide

The synthesis of an asymmetric imidazolium oxide species was attempted starting from the

literature known tbenzyloxyimidazoliur3-oxide (L7, Scheme20).4?

/ \ 1. MeOH, KOH. / \
9 N@N- ° N@N. O
2.1eq ©/Br

1 17

Scheme0. Synthesis of-benzyloxyimidazolium-oxide.Yields: literature 83%, this wo84 %.

Employingcommercially available-bromomethyl)naphthalenghe reaction was performed

in dichloromethane under refluScheme21).

Br ! N
@AO,N@N\ 1. CHzClz 1h, 50°C @/\:,N\@/N\
2. NH4PFg, H
F
17

Schemel. Synthesis attempt of-Benzyloxy8-methylnaftalenoxyimidazolim hexafluorophosphate.

Several products were detecteth the 'H NMR spectrum including the disubstituted
compounds2 and 3, the starting materiall7 and probably the methylnaphtalenyloxy
monosubstituted product, identified by comparison with literature datéence productl8

was not isolate in a pure form.
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2.3.2.2 Attempted synthegs of 1-phenyloxy4,5-dimethylimidazole 3-

oxides
The synthesis of 1-adamantyloxy4,5-dimethylimidazole3-oxides was reported by
Heimgartneret al. reacting N-adamantyloxy imine and-hydroxyiminoketones! A similar
procedure was used in order tbtain the analogoud-phenyloxy4,5-dimethylimidazole3-

oxide @2, Scheme2?2).

©
0 BF, 0
I@ K'OBu, THF, 4h, r.t.
N-OH + ®/\© -~ N-O
o} 0 ©
19
1%
N2H4'H20,
MeOH/CHCI3,
(?H H 22h, r.t.
Q N )
N :\E ¢-0
e} o nol,
l}l e mmme oo o =
0 AcOH, 16h, r.t. N MeOH, 3h, 70°C 0
\© N NH,
22 21 20

100%

Scheme2. Synthetic route developed and experimentally exettedbtain compound@2.

The N-phenoxy substituted intermediate19 was synthesized via nucleophilic attack of
deprotonated N-hydroxyphtalimide and diphenyliodonium tetrafluoroborate in anhydrous
tetrahydrofurane®’ Purificationby column chromatography and crystallization lead 9 with
11% yield Treatingl9 with hydrazine in a methanol/chloroform mixture produced the amine
20 without further purification in contrast to what suggested in the literat§félhe material
was dissolved in methanol and reacted with paraformaldehyde umdBux, but after the
work up the product decomposequickly(Figure A30).57:68

SinceN-phenoxy imine Z1) is unstable, considerations lead to attempts iioisituformation

of 21 and to add 3(hydroxyimino)butar2-one subsequently to in the reaction mixtyreut
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this pathway was abandoned in favour of nucleophilic attack on the double oxygenated NOH

proligard (see ChapteR.1.2.

2.3.2.3 Attempted synthegs of macrocyclic NOHC precursors
The nucleophilic attack towardl@enzylbromidespecies wasalsoexploited for two attempts
in synthetizing a NOHI@earing macrocyclic ligand-Hydroxyimidazoles-2 EA RS ky R h
dibromometaxylene were chosen as the startmgterials
Two approaches were tested using different solvents in high dilution:
1 Deprotonation of two equivalent of-lhydroxyimidazole3-oxide in methanol (85mM)
with potassium hydroxide, as reported for a single nucleophilic attack carried out by
NNh AYARIT 2t A0 aLISOASad { f 2dibromdiBtaxilen@ty 2 F
the mixture and heating under reflux for 2h. Cooling down to room temperature and
I RRAGAZ2Y 2F GKS admghivta§lgndsciiem®3sy G 2F h xh

O/N\/N\o

2\
? NEB\N oww(?ﬁ 2KOH d

N@N’O ©
Br

Br
@

/N\_/N\o——\

N/\N o)

Br
23

Scheme3. First synthesis attempt of a macrocyclic N#4ring species: deprotonation with a base of the
nucleophilic centre.
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1 Slow addition of one equivalent 6f Z-dilomometaxylene to an acetone solution

(40mM) of 1-hydroxyimidazole3-oxide without previous deprotonation to separate

the tridentate ligand $cheme24).

@
Br
° o-NSN-g,
N/\N’OH

Scheme4. Second synthesis attempt of a macrocyclic 80&hring species.
None of these attempts worked, as evidencedHyYNMR spectrum and HRMBectrawhere

a polymerization patternfigure A31) is obseved.
aAAYy3a I A@NAY3IAS LlzYLl G2 KI dibrononfetadlénd vr ada f 2 ¢
templating agent to move the charged extremities closer or a siogygenated NOH

precursor can been evaluated for further trials.
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Chapter 3: CONCLUSIONS

In this thesis project we focused on the synthesis of mara dioxygenated imidazolium
precursors starting from -hydroxyimidazole3-oxide GScheme 25 and from 1
phenylimidazole4,5-dimethyl3-oxide Scheme26). The synthesis of th@roligands is not
simple and it must be underlined that the substituents on the scaffold cannot be easily
changed, going for example from aryl to alkyl groups. The proligands that have been
successfully isolated and characterised are highlightegBicileme25 and Scheme26, which
sunmarise also all the attempted synthesis to broaden the scope of the reactions.

Starting from proligand® and 10, and following synthetic procedures already reported by
Strassner et althe platinum(ll) complexekl-14were isolated. To the best of our knowledge,
theyare the first Pt(IINOHC compounds ever reported. The structureklatnd 14 were also
solved wih X-ray diffraction analysis. The structure of complEkwas not unambiguously
defined as no signals ascribable to the methyl group bound to the oxygen are present and the
single crystal was not obtainetihe presence of the oxygen bound to the imidaaoiinitrogen

is still unclearThe yields of the complexes are quite Id\24%) if compared with those of
similar complexes with simple imidazedased carbene(44%). This further underlines the
instability of this oxysubstituted compunds. It must be remarkedh fact, that they must be
handled with care, since in the literatutbe decomposition of similar compounds when
heated at 150 °@ reported

Absorption and emission features of compouhicompared to the analogous compound
Strassnewithout the oxygen bound to the imidazolic nitrogen, proved that this modification

in the structure does not lead to a significative change in the photophysical properties. A more
consistent difference is caused by exchangingithiketonateligand from acetylacetonate

to the mesityl derivative. As already reported, a 1&uft of the emitted wavelength and a
shortening of the decay time were verified in mesacac compo3asd 14.

No reversible first oxidative and first reductive events ravedetected in the cyclic
voltammograms ofl1-14, as expected from&bkquareplanar compounds. The HOMQMO

gap was calculated from these results after referencing internally against'Fc/Fc

Quantum chemistry calculation showed how the electronic densigpreadverthe frontier
orbitals and in the triplet excited state, leading to considerasion which type of emission

and PLQY is expected in comparison with similar compounds. Finally, the emission wavelength
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is calculated through the differenda the free energy between the ground singlet and the
excited triplet. The theoretical values fit well with the experimental ones

The Au(l) complek5was isolated from theroligand10 both through Ag(l) transmetalation
and via direct synthesisvith good and moderate yiel@gspectively The yields are higher with
this metal centre compared to theplatinum ones, probably because of milder reaction
conditions.The structure of compled5 has been solveavith XRDas welland shows the

typical linear coordination of gold(l) centres
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Scheme5. Summary of synthesized species starting frehydroxyimidazoles-oxide.In a green rectangle the
species obtained in a pure form.
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Chapter 4. EXPERIMENTAL SECTION

4.1 Materials and methods

The reactions in this work were performed with Schlenk techniques under Ar inert

atmosphere (99.999%). Dimethylformamide (DMF) was dried over activated molecular sieves

(3A) and degassed by freepamp-thaw cyclesDichloromethane, isohexane, ethyl acetate
and tetrahydrofuran weredistilled before use; other solvents were used without further
purifications. Column chromatography was carried out using silica gel 6@4@3énesh).
Chemicals were obtained from suppliers and were used without further purification.

NMR spectra were recorded on a Bruker Avance 300 MHz (300.1 MH4, f65.5 MHz for

13C 282.2MHz for1®F,121.5MHz for3'P and spectrometer or on Avance 300P and Avance
111 600 Brukerg00OMHz for'H, 150MHz for*Cand 129 MHz fo®5Pt) spectrometers. All the
spectra have been recorded at 298 K. The chemical shift valyesq reported in units of
ppm relative to the reidual of the deuterated solverthe 1°>Pt NMR spectra were referenced
externally by usingaRtChin DO @ =HL617.2 ppm in BD for PtGF’) andthe 3P spectra were
referenced externally against triphenyl phosphate in acetdg® b MT @ tBO)YAI T & ©
the coupling constantsljare reported in Hertz. The multiplicities of the signals are reported
using these abbreviations: singlet (s), doublet (d), triplet (t), multiplet (m) and broad (br).
The following experiments have been carried otttNMR, 1*C{H}NMR, 31P{H}FNMR,
PELHINMR, 199PtHFNMR, HMQCHeteonuclear Multiple Quantum Goherence), HMBC
(HeteronuclearMultiple Bond Goherence) and NOESNMuglear OverhausereEnhancement
Spectroscopy).

Elemental analyses were performadth a FlashSmart Elemental Anlyzer EA IsoLink or with a
Thermo Scientific FLASH 2000 apparatus.

HRMS measureentswere carried out with a €xactive hybrid quadrupol®rbitrapt mass
spectrometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Moosndere

as followed: electrospray ionization in positive mode, resolution 70 000, AGC target’l x 10
max injection time of 50 ms, scan range ¢83000 amu, capillary voltage 3.5 kV and RF voltage
at 50 V, capillary temperature 320°C and probe tempet850°C; nitrogen was used as

shealth gas at 11 psi. Calibration was performed with a standard solution purchased by

Thermo Fisher Scientific (Pierces ESI positive lon Calibration Solution). The software for
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analysis of MS data was Xcalibur 3.1 (Thernshefi Scientific). Otherwise, HESl mass
spectra were recorded on a Waters XevoX® QTOF mass spectrometer.

El mass spectra were recorded by-KS coupling on an Agilent Technologies 6890N GC
system equipped with a 5973 N masslective detector (70 eWetecting positive and
negative ions.

Hydrogenation trials with Pd/C and: Mere performed in a 8chi miniclave steel (up to
10bar, 300 ml) in borosilicate glass 3.3, stainless skégstelloy®PTFE.

Absorption spectra were measured on a Perkin Elmer Lambda 3ébsl&yectrometer in
dichloromethane 5x18M solutions, with a quartz cuvette (cell length of 1 cm). The spectra
were recorded with a sm speed of 600 nm/min.

The emission spectra were measured with a Hamamatsu Quantaurus Quantum Yield
Spectrometer C1134@1. The samples were prepared by doctor blading a solution with the
respective concentration of emitter in a 10 wt% PMMA solution chidromethane on a
guartz substrate with a 66m doctor blade. The film was dried under nitrogen flow, and the
emission was measured under nitrogen at room temperature.

The phosphorescence decay was measured with an Edinburgh Instruments byni
excitaton with pulses of an EPLED (360 nm, 20 kHz) andrésmved photon counting
(TCSPC).

Melting points were measured by a Wagner and Munz PolyTherm A system and were not
corrected.

Cyclic voltammetry and differential scanning voltammetry experiments warded out
using a Biologic S50 potentiostat in degassed, anhydrous DMFrAM solutions with 0.1M
supporting electrolyte (NBukClQ), employing a platinum wire counter electrode, a glassy
carbon working electrode and a AgfAgseudo reference electrode. The measurements were
conducted with a sweep rate of 100 m\éadinternally referenced against Fc/f-evhereas

the DPV measurements were carried out with a sweep rate of 50 mV/s.

The Gaussian®8package was used for all quantum chemical calculations employing the
hybrid functional PBE®’! and the 6311G*¥%’4 basis set. Platinum was described through
the LANL2TZ ECP and basig>3é&t Dispersion forces were employed by using the D3
dispersion caection with Beckelohnson damping (D3B3F° All given structures were
verified as true minima by vibrational frequency analysis and the absence of negative

eigenvaluesCalculated geometries were visualized with GaussView.

70



4.2 Silver(l) and goldl) complexes with symmetrically
substituted N-Oxy heterocyclic carbene ligands

Dichloro(1,5cyclooctadiene)platinum(ll) [Pt(COD)I

Cl, /\
In a 500 mL singleecked round bottom flask open to air, potassium tetrachloroplatinate(ll)
(4.98 g, 12 mmol) was stirred anmixture of water/glacial acetic acid (4:5, 180 ml) at 50°C.
1,5-cyclooctadiene (3.96 g, 36.6 mmol) wadkded dropwisewith a syinge and the mixture
was heated at 110°C under reflux conditions. After having cooled dovaoto temperature
the mixture was concentrated at the rotary evaporator to about 1/3 of its volume and kept
overnight in the fridge. The precipitated wéklered andwashed twice with distilled water
(3x5 ml), ethanol (3x5 ml) and diethyl ether (20 nilhe solid was further crystallized,

dissolving the sample in @b and adding isohexaras precipitation solventThe beigesolid
wasfiltrated andwashed with dethyl ether. Yield: 2.81 g, 7.5mmol, 62.1%.

EA: Calcd fori@Hi1oN20O (188.09 g mdl): C, 25.68; H, 3.28 Found: C, 26.17; H, 3.25.

4.2.1 Preparationof 1-hydroxyimidazolium3-oxides

Glyoxal (7.6 ml, 66.5 mmol 40% aqueous solution), formaldehyde (6.0 ml, 80.6 mmol, 37% in
water and methanol solution) and methanol (15 ml) were stirred in a 200 ml thes&ed

round bottom flask at 0°C. A saturated aqueous solution of hydroxylammoniuionics
(9.289g, 133.5 mmol in 12.2 ml) and hydrochloric acid (3¥A&, 1.33 ml, 44 mmol) were
added to the solution while stirring. Stirring was continued for 2h at 0°C and for 22h at 20°C.

The pH was adjusted to 4.5 (pH meter) adding slowly sodium hyldr@gabout 20 ml, 33%
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aqueous solution) avoiding exceeding 15°C. The white powdery solid was washexbleith
water (20 ml, 0°C), methanol (10 ml, 0°C) and diethyl ether (20 ml) and dried under vacuum
Yield: 5.10 g, 50.9 mmol, 77.0%.

IHNMR (300 MHz,D)Y + O LIIYO T Tdnu ORI WIHITZ HIOI vy
IHNMR (300 MHz,DMSf0 Y + O LIJIYO I TdHAn ORI WIHITZIZ HID

The NMR characterisation of the productincides with that reported in the literatur®.

4.2.2 Preparationof 1,3-disubstitutedoxyimidazolium
hexafluorophosphate

©)
PFe

O~NDN-Os

R R

2 R=benzyl
3 R=methylnaphtalenyl

2.

1-hydroxylimidazole3-oxide (0.® g, 5.1 mmol) was stirred in a 100 ml tmecked round
bottom flask for 2h at 60°C (oil bath) with benzyl bromide (0.12 ml, 9.9 mmel). 1
hydroxylimidazole3-oxide dissolved in a few minutes after the beginning of the heating.

The mixture was initially whet later yellowish and at the end brown. It was then stirred for
3h at room temperature. Sodium hydrogencarbonate (0.43 g, 5.1 mmol) and water (2 ml)
were added and the mixture was stirred for 17 h at room temperature. The yddtown oil
wasseparatedrom the aqueous layer with a separating funnel. The product was washed with
H.O (5ml) and EO (5ml) and dissolved in &Eb (10 ml).The organic phase was dried over
magnesium sulphate it was dried under vacuum. A yelboswn wax was obtained.
1,3-di(benz/loxylyimidazolium bromide (1.84 g.bmmol) was stirred with water (10 ml) in

a 100 ml twenecked round bottom flask for 3h. The dense oil was not miscible in water and
drops were dispersed in the solvent. A solution oRIE(0.85 g, 5.2 mmol) in wat€3.5 ml)

was added slowly to the mixture and a white precipitate formed as soon as the solution of
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NHPF was added. The solution was stirred for three days. The white powdery solid was

filtered under vacuum and washed with water (25 ml). Yield: 1.@342, mmol, 48.4%.

IHNMR (300 MHz,DMSf0 Y + O LILIYO T p PN bom Q0P 8. 13 (dEz, Nl 03X 7
H4 and H5 imidazole, 2H), 10.12 (t, J=2 Hz, H2 imidazoleTHHNMR characterisation of

the productcoincides with thateported in the literature.

EA: Calcd fori@H17N20, PR (426.29 g mdt): C, 47.00; H, 4.02; N, 6%7Found: C, 44.85; H,

4.07; N, 6.0%

3.

Neat conditions 1-hydroxyimidazole3-oxide (0.50 g 5.1 mmol) was mixed with -2
bromo(methyl)naphthalene (2.2 g, 10 mmol)arglove box because of the toxicity of the
latter compound. The two solids were stirred in a 100 ml4vezked round bottom flask for
2h at 60°C to melt th@-bromo(methyl)naphthalene. The white mixture was then stirred for
3h at room temperature.
Sodium hydrogencarbonate (0.42 g, 5.0 mmol) and water (8 ml) were added, and the mixture
was stirred for 3 days at room temperature. The watemiscible wax was féred, washed
with water (10 ml), EO (10 ml) and dissolved in &3 (10 ml). The solvent was evaporated
in vacuo and a greyish solid was obtained. The solid was stirred in water soildtian of
NHiPFs (0.82g, 5mmol) in water (3.5ml) was slowly add€élde stirring was continued for 30
minutes and thdormed pale pink solid was filtered in a sintered glass filter and washed with
water (2x10 ml)The *H NMR of the product present two set of signals (this is particularly
evident in the CH benzylic regionjattributed to the monosubstituted OR and the bis
functionalized compounds i8:5 ratio. Some solubilities trials in deuterated solvents were
performed:

1 D20: no dissolved species.

1 CRCN: no precipitate is present, everything is dissolved.

1 CDG: awhite precipitate is visible.
The solid and liquid phases of the CHfiikture were separated and dissolved in DM&O
In the solid phase a lower amount of monosubstituted product was present as it can be seen

by the relative intensities of the GHenzylpeaks of the diand monosubstituted at 5.59 and
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4.86 ppm in the DMSO spectra, respectively. Differential solubility was not satisfactory to

separate the compounds.

IH NMR (300 MHz, DMSOc 0 Y 1+ 6 LILIY O T 2, 4HW p.4F7.68 @ny1314), &1 &t A O
8.04 (m, 16H), 8.13 (s, 2H), 10.22 (t, H2, 1H).

EA: Calcd forH1N20, PR (526.41 g mdt): C, 57.04; H, 4.02; N, 5%2Found: C, 51.43; H,

3.80; N, 3.2%

HRMS (ESI): (m/z) 382.1632 ([M3381.1601 (M).

In CHCb. 1-hydroxylimidazoleé3-oxide (0.26 g, 2.6 mmol) was mixed with- 2
bromo(methyl)naphthalene (1.1 g,®mmol) in CECE (4 ml) in the glove box. The mixture
was stirred in a 100 ml twoecked round bottom flask for 2h at 30°C and then for 3h at room
temperatue. The mixture was pale yellow and after the solvent was evaporated under
vacuum a brown wax was obtained. Sodium hydrogencarbonate (0.22 g, 2.6 mmol) and water
(10 ml) were added and the mixture was stirred for 3 days at room temperature.

The product wasvashed with water, ethanol, diethyl ether and dried in the Schlenk line.

No significative difference between this batch and the former was detected atHhEMR

spectra: both the moneand the disubstituted species were present.

4.2.3 General procedure for the synthesis of metal complexes

Silver (I) complexe4 and 6

R R

\O/N\/N\O/

® S)
Ag PFg

A

LO~NAN-O.

R R

4 R=benzyl
6 R=2methylnaphtalenyl

1,3-disubstitutedoxyimidazolium hexafluorophosphate (1 mmol) was stirred witho@\g
(0.1336 g, 0.58 mmol) in methanol (10 ml) in a 100 ml threeked round bottom flask for

24 h. The glass flask was covered with aluminium foil to prevent the photodecomposition of
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the Ag complex. A beige solid was filtrated and washed with methanol.dtsteaied under
inert atmosphere (Ar) overnight before the transmetalation toward the more stable Au

complex.

4,
Yield: 285.4 mg (0.32 mmol, 68.1%)

IH NMR (300 MHz, DMS®c 0 Y 1+ 6 LILJY, éH),[7.39(spdrbng 1016) 3775 (5, H4 and
H5, 2H).
BCEHFNMR (75 MHz, CREIR - 6 LILIY 0 o 117.1 ©28.5189/41129.8 132.8(Garom,

CHuom, G) The carbene signal was not detected.

6.
Yield first batch: 228 mg, 225 mmol, 45%. Yield second batch: 525&gnmol, 37%.

IH NMR (300 MHz, DMS®c 0 Y {0 LILJY,@H),I7.3%5.86H1s, Hen, ), 7/667.94
(m, Hromand H4 and H5, 11H).

I3CEHINMR (75.475 MHz, CRECL 6 LILIY 0 4 11Y.m12¢.3 186.71127.4 127.8,
128.3, 129.2130.4, 132.3, 132.8%rom, CHrom, G). The carbene signal was not detected.

Gold (I) complexeS and 7

R o R
\O/NVN\O/

® ©
Au PFs

/O\ 7N\ ’O\
R N N"TR

5 R=benzyl
7 R=methylnaphtalenyl

5.
Compoundgt (0.13mmol) wasmixed with Au(MeS)CI (0.185nmol) in CECh (3 ml) for 19 h

at room temperature in a 100 ml threeecked round bottom flask covered with aluminium

foil under inert atmosphere (Ar). Thrixture wasfiltered with filter syringes (25 mm, PTFE,
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n ®n p toreMave the silvesalt The solvent was remodeunder vacuum (Schlenk line).

The powderwas solubilized in the minimum quantity of £H (10 ml) and was stored at 4°C

for 18 days covered with aluminium foil. A crystalline solid was obtained. Yield: 77.8 mg, 0.09
mmol, 66.3%.

The stabilities of botlthe Ag and Au complexes with silica were validated by TLC plates
(hexane and EtOAc/hexane). The spots were fully retained by the silica and that can be

explained considering they are salts.

IH NMR (300 MHz, DMS®c 0 Y + 0 LILIYz04H)[ 7.3p @blafam, 10H),37.85 ($, H4
and H5, 2H)

7.

Same procedure reported for compl&x although using comple& (0.23 mmol) as starting

material andAu(MeS)Cl (3 mmol).
H NMR (300 MHz, DMS®c 0 Y + 0 LILIY2p4H) 5.4868% (4.5 H)A3E-7.49 [m,

8H), 7.567.63 (m, 7H), 7.6%.81 (m, 7H), 7.84.97 (13H), 10.15 (0.1H).

B3CLH}FNMR washot defined due to the presence of many peaks.

4.3 Metal complexes with phenybubstituted NOHC
ligands

4.3.1Preparationof hexahydrel,3,5triphenyl-1,3,5triazines®
L
ES
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Aniline (5.5 ml, 60 mmol) and paraformaldehyde (2.0 g, 66 mmol) were mixed sugiRkane

(20 ml) under reflux for 30 minutes in a enecked round bottom flask. A viscous liquid was
separated after the removal of the solve(rotary evaporator, 100 mbar), but a solid was
expected (literature melting point: 144°C). After 17 h a solid was present at the bottom of the
flask, so 10 ml of-hexane were added and thsirring was continuedfor other 3h until a
beige solid precipated.

The solvent was removedotary evaporator, 500 mbar), and the remaining white solid was
dried with the Schlenk line (¥dmbar). Yield: 3.09 g, 9.8 mmol, 49.0%.

A second and a third batch with twice the amount of the starting material vperéormed

and the reaction mixture were kept stirring overnight.

Yield second batch: 10.58 g, 33.5 mmol, 83.8%. Yield third batch: 10.44 g, 33.1 mmol, 82.8%.

IH NMR (300 MHz, CRCl 6 L3L4¥W (s, CH2H), 6.88 (t, J=7.6 Hz, 1H), 6R06 (m,
Herom, 2H) 7.187.27 (M, Chlom, 2H).

4.3.2Preparationof 3-(hydroxyimino)butan2-oness

Pyridine (9 ml, 111 mmol) was added dropwise with a syringe during 15 minutes to a solution
of diacetyl (9 ml, 103 mmol) ariydroxylamine hydrochloride (35 g, 105 mmol) in methanol
(190 mL) in a oneecked round bottom flask at room temperature. The solution waglly

pale yellow, but during pyridine addition it became colourless and producetewhpous
because of theacidbase reaction between pyridine and HCI. The mixture was stirred for 2 h
and then he solvent was removed under vacuum. The residue was extracted with ethyl
acetate (50mL) and then washed with distilled water (50 ml) and a saturated aqueous
solution d NHiCl (19 g/50 ml). The organic layer was separated with a separating funnel and
dried over NaSQ for 15 minutes. After filtration of the salt, the solvent was removed under

vacuum. As confirmed by thtd NMR spectrum, organic sigeoducts were not preent,
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hence no column chromatography was performed as otherwise stated in the literztiitee
compound was vacuum dried at the Schlenk line to evaporate the residual pyridine. Yield:
5.57 g, 55.Inmol, 53.5%.

A new batch with twice the amount of the first was synthetized. Yield: 15.9 g, 77.2 mmol,
76.3%.

IH NMR (300 MHz, CREIY ¢+ 6 LO(SYOl| 3H), 218 7(sh GH3H), 8.70 (s br, NOH, 1H).

4.3.3 Preparationof 1-phenylimidazolium3-oxide

3-(hydroxyimino)butar2-one was stirred with hexahydrd,3,5triazine in glacial acetic acid

for 40 h at roomtemperature in a twenecked round bottom flaskThe yellow solution
changed its colour to orange after 40Fhen HCI (g) was bubbledtmthe solution for 2h at
room temperature. Diethyl ether (almost 200 ml) was added until the solution became turbid,
and a white precipitate appeared. The mixture was kept at 4°C overnight. The hydrochloride
was filtrated with a sintered glass filter, washed with diethyl ether (4x50 ml) and dissolved in
the mixture CHG@IMeOH (5:1, 30 ml). N&€Q was added in excess todtsolution, which was
stirred for 30 minutes. The solid was filtrated with a paper filter and the solvent was
evaporated to dryness under vacuuahthe rotary evaporator. The product was isolated by
column chromatography (EtOAc/MeOH 1:1 or 1:2) and th&esulwas evaporatedThe
reaction was repeated in batches of different size. The results of each reaction are presented
below (cf.Table8).

78



Table8. Quantities of starting materials and reagents for compo8isgnthesis.

Trial | Diacetyl monoximg Hexahydre Solvent NaCQ N-phenylimidazole| Yield
1,3,5triazine 3-oxide
1 21 mmol, 2.13g | 7 mmol, 2.19g| 60 ml | 26 mmol, 2.8 g 10.3 mmol, 1.45g| 36.7%
2 60mmol, 6.07 g | 20 mmol, 6.31qd 40ml | 78 mmol, 8.4 6.0 mmol, 1.12g| 9.9 %
3 39 mmol, 3.95g | 13 mmol, 4.10gd 20ml | 52 mmol, 1.9g9 6.5 mmol, 1.22g| 16.7 %
4 39 mmol,3.95g | 13 mmol,4.10gd 20ml | 52 mmol, 1.9 20 mmol, 3.76 g | 51.2%

1H NMR (300 MHz, CREIY ¢+ 0 LILIY G, 3H), 2130N(s @HBH), & .287.831(m, Chom,
2H), 7.477.58 (M, Chlom, 3H), 8.23 (s, H2, 1H).

I3CEHINMR (75.475 MHz, CREIY + 0 LILIY 0 3), 0.6 (1@ ) 72/ (tZCDE)I
122.2(1C, §, 125.7 (1C,&m), 126.1 (2C, 4om), 127.4 (1C,5129.7 (1C, NC(H)N), 130.1 (2C,
CHirom), 134.9 (1C, GHn).

I3C{H}NMR (75.475 MHz dept., CRCI (ppm) = 7.6 (1C, GH 9.6 (1C, G} 125.7 (1C,
Carom), 126.1 (2C, &om), 129.7 (1C, NC(H)N), 130.1 (2GydaH

HRMS (TOF, 0.5 mM MBAC):(m/z) 189.1032 [M+H} 377.1983 [2M+Hi]

EA: Calcd for@Hi2N,O (188.09 g mdl): C, 70.24; H, 6.43; N, 14%9%ound: C, 66.90; H,
6.15; N, 14.06; S, 0.68

Melting point (°C): 170.6

4.3.4Preparationof 1-phenyl3-alkyloxyimidazolium halide

)

/

R

9 R=Me, X=I
10R=Bn, X=Br

9.
1-phenylimidazole3-oxide 8, 0.67 g, 3.56 mmol) anchethyl iodide (0.22 ml, .36 mmol)

were dissolved in anhydrous THF (10 ml) and stirred for 24h at room temperature in a

pressure tube. The reaction was controlled with TLC in MeOH/EtOAGhE Yeaction was
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stopped after 24 hwhen no significat amount of starting material was detected in the
reaction mixture. The product was filterediashed with diethyl etheand driedin vacuo
Yield:0.952 g, 2.9 mmol, 81.0%.

This synthesis was performed again with half the amount of the starting materials.
Yield:0.338 g, 1.7 mmol, 93.5%.

1H NMR (300 MHz, CREIY + 6 LILIY VO ), 238Ns 8H, G450 (s, I3H, OGH
7.51-7.59 (m, 3H, Cdbm), 7.647.72 (M, 2H, Cdbm), 10.00 (s, 1H, H2).

L3CLHINMR (75.475 MHz, CREIY ¢+ 6 LILIY 03), 9.8 (10LK), 76.5 (1& NOGH
125.0 (1C, { 127.0 (1C, 5 126.6 (2C, GHm), 130.4 (2C, GHn), 130.8 (1C, GHm), 131.2
(1C, NGondN), 132.9 (1C, Gldm).

EA: Calcd forigHisN2Ol (330.17 g mdl): C, 43.65; H, 4.58; N, 8%8Found: C, 43.48; H,29;
N, 8.884

HRMS (TOF, 0.5 mM ABAC):(m/z) 172.0999 [MOCH]*; 203.1189 [M]; 204.1221 [M+H]
126.9039 [l.

Melting point (°C): 123.7

10.
1-phenylimidazole3-oxide (0.50g, 2,66 mmol) and benzyl bromide (0.32 ml, 2.66 mmol) were

dissolved iranhydrous THF (10 ml) and stirred for 6 days at room temperature in a pressure
tube. The beige solid was filtrated and washed with diethyl ether. Yield: 0.59 g, 1.64 mmol,
61.7%.

A second batch with twice the amounts of starting materials was synthesyzeld: 1.20 g,

3.3 mmol, 62.8%.

IH NMR (300 MHz, CREIY + 6 LILIY O d), 2.13¢sm3m, G} 5.8D (sp2H XGH 7.26
(CHQ), 7.357.44 (m, 3H, Cfbm), 7.527.59 (m, 3H, Clbm), 7.607.69 (m, 4H, Clnm), 10.65
(s, 1H, H2).

I3C{H}NMR (300MHz, CD@ Y + 6 LILIY (), A6 (1€ 4T 8H5MUCINOGH 124.7
(1C, §, 125.4 (1C,i}; 126.3 (2C, GHm), 129.1 (2C, GHm), 130.3 (1C, GHm), 130.5 (2C,
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CHurom), 131.0 (2C, GHm), 131.1 (1C, NGrdN), 132.4 (1C, Glgm), 132.6 (1C, iarom), 133.0
(1C, Chiom).

EA: Calcd for1gHioN2OBr (359.27 g m#dl): C, 60.18; H, 5.33; N, 7%0Found: C, 56.81; H,
4.94; N, 6.8%

HRMS (TOF, 0.5 mM ABAC):(m/z) 280.1531 [M+H] 279.1497 [M} 78.9174 and 80.9159
[BrT.

Melting point (°C): 124.7

4.3.5 General procedure for the synthesis of metal complexes 11
and 12

I”\)

R

11R=Me
12R=Bn

Compounds3 or 9 (0.80 mmol) and silver(l) oxide (0.40 mmol) were added in a dried Schlenk
tube. Ar atmosphere was provided and anhydrous dimethylformamide was added in
counterflow. The reaction was stirred overnight at room temperature. Dichlore(1,5
cyclooctadiene)platinm(ll) (0.80 mmol) wathen added in Ar counterflow. The mixture was
stirred for 24h at room temperature and overnight at 120°C. Na(acac) (1.60 mmol) was added
in Ar counterflow. The mixture was stirred 110°C for 5h and cooled down to room
temperature. Thesolvent was evaporated in high vacuum (Schlenk line) under mild heating.
The black crudeolidwas extracted with dichloromethane arlde mixturefiltered through a

Celite pad. The regburple liquid was evaporated under vacuurotéry evaporator)o givea

residue that was purified as specified below.
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11.

The crudesolidwas purified through a chromatographic column with pure dichloromethane
as an eluent (R0.5). A yellow solid was obtaindcbm fractions: 1721. It was washed with
diethyl ether and distilled pentane antH NMR confirmed the removal of undesired
compounds. Yield: 95.0 mg, 0.20 mmol, 23.9%.

IH NMR (600 MHz, @0 Y + 6 LILIY 0 dJacas) @ d4l(s, 8H S&tao),1238 (¢, BH,
CH), 2.50 (s3H, CHl), 4.16 (s, 3H, OGH5.5 (s, 1H, Clda) 6.897.03 (M, 2H, Cm), 7.17
(dd; J=1.5 HZ7.9 Hz 1H, Clom), 7.72 (dd; J=1.7 Hz, 7.2 HtH, Chom).

BCEHINMR (150.92 MHz, GOWO Y 1 6 LILIY &), 11.2 (E)M27.D (Chlaca),
28.1(CH acag, 67.4 (OCH), 102.1 (Cldag, 112.5 (Ckom), 120.8 (§, 121.5 (¢, 123.7 (Chdom),
126.0 (NGom), 131.9 (Cliom), 144.4 (Gom), 149.6 (NGond\), 184.8 (&), 186.1 (Ga).

195Pt NMR (129 MHz, @O0 Y 1+ 843080 T

HRMS (TOF).5 mM NHOAC): (m/z) 496.1204 [M+H} 496.1204 [M+H] 465.1073 [M
OMe+HY; 831.1592 [2M2OMeacac+H} 861.1699 [2MOMeacac+H} 891.1812 [2M
acac+Hj

EA: Calcd fori@HoN20sPt- %2 CHCh (1075.74g-mob'): C,39.07 H,3.93 N,5.21%. Found: C,
39.24 H,3.92 N,5.27%.

Melting point (°C): 216.0

In a precedent trial, milder reaction conditions were employed as the NOHC ligand is a
temperature sensitive species. However, the very low yield suggests using the general

protocol estabished byStrassneandco-workersis preferable.

First trial 11.

1-methyloxy3-phenylimidazolim iodide (265 mg, 0.80 mmol) and silver(l) oxide (93 mg, 0.40
mmol) were added in a dried Schlenk tube. Ar atmosphere was provided and anhydrous
dimethylformamide was added in counterflow. The reaction was stirred overnigraaah
temperature. Dichloro(1,&yclooctadiene)platinum(ll) (0.30 mg, 0.80 mmol) was added in Ar
counterflow. The mixture was stirred for 2h at rt, for 4h at 110°C and overnight at rt. Na(acac)
was added in Ar counterflow. The mixture was stirred for 30ut@s at room temperature,

for 1h at 110°C and cooled down to room temperature. The solvent was evaporated in high
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vacuum (Schlenk line) under mild heating. The black crude was extracted with
dichoromethane and filtered through &elite pad. The regburple coloured liquid was
evaporated under vacuumdtavapor). The crude was separated through a chromatographic
column (2:1 CECh:isohexane). A pale yellow solid was obtained. The low quantisotsted
material enabled onlyto registerthe NMR spectra, whib are in agreement with those
reported above for complekl. Yield: 25.6 mg, 0.052 mmol, 6.4%.

The product was solubilized in dichloromethane and 2 ml of isohexane were added on top to
promote crystallization. The tube was stored in the fridge for 5 dagstlae crystals emitted
orange light when irradiated with the long wave UV light. A sample of the crystals was

observed under the microscope attie structure was determinedith XRD analysis.

12.
The crude was separated throutyilo chromatographic coluns(1:1 CHCb/isohexaneR=0,3

and then 3:2 CiCb/isohexaneR=0.4. A white solid was obtained after removal of the
solvents. The solid wagashed with isohexane and finatlyied in the Schlenkrie.
Yield: 38.3 mg, 0.0mmol, 6.4%.

IH NMR (600 MHz, GORO Y {  &HLNIMR (300M3 MHz, @00 Y + o LILIYO T
CH), 1.86 (s, 3H, GH 2.04 (s, 3H, GK12.44 (s, 3H, GH 5.44 (s, 2H, Glgknz), 5.52 (s, 1H,
CHicag, 6.887.04 (m, 2K CHrom), 7.18 (dg J=7.7 Hz, 1.4 HiH, CHyom), 7.337.46 (m, 5H,
CHuyom), 7.76 (dd J=1.7 Hz7.2 Hz 1H, CHirom).

LBCEHINMR (150.92 MHz, GDRO Y 1 6 LJILIY, 62.8{CEy29.8(Ct§, 29.7 (Ch), 83.5
(CH), 103.8 (Cliom), 114.1 (Cklom), 122.0 (¢, 124.1 (¢, 125.3 (Clor), 125.4(CHrom), 127.5
(Guom), 130.5 (Ckom), 130.9 (Cklom), 131.4 (Ckom), 133.4 (Ckbom), 136.5 (&om), 146.0
(Gurom), 151.2 (NfondN), 186.4 (Gead, 187.9 (Gead.

195Pt NMR (129 MHz, QDO Y 1+ 849430 T

HRMS (TOF, 0.5 mM MPAC):(m/z) 594.1332 [M+Nd] 487.0865 [MOBn+Nat} 1165.2794
[2M+Na].

EA: Calcd for @HaN20sPt: 2 CHCh- CO etia (2414.00g-mol): C,47.76 H,4.38 N,4.6%4
Found: C47.72 H, 409; N,4.58%

Melting point (°C)154.7.
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4.3.6 General procedure for the synthesis of metal complexes 13
and 14

13R=Me
14R=Bn

Compounds8 or 9 (1.0 mmol) and silver(l) oxide (0.60 mmol) were added in a dried Schlenk
tube. Ar atmosphere was provided amahhydrous dimethylformamide was added in
counterflow. The reaction was stirred overnight at room temperature. Dichlore(1,5
cyclooctadiene)platinum(ll) (@mmol) was added in Ar counterflow. The mixture was stirred
for 24h at room temperature and overnighat 120°C.Dried potassium tert-butoxide

(2.0 mmol) and 1,2bis(2,4,6trimethylphenyl)propanel,3-dione (20 mmol) were added in

Ar counterflow. The mixture was stirred 110°C for 5h and cooled down to room temperature.
The solvent was evaporated in higlcuam (Schlenk line) under mild heating. The black crude
was extracted with dichloromethane and filtered througltGalite pad. The dark red liquid
was evaporated under vacuumnofary evaporator)to give a residue that was purified as

specified below

13.

The crude was separated through a chromatographic column (1:9 EtOAc/isohexaidy R
and then 1:5 EtOAc/isohexanesR,4). A yellow liquid was obtained. The solvent was dried
in the Schlenk line. The crystallization from:Clfpentane wasunsuccessful. The product
was dissolved in 10 ml of distilled pentane and after sonication a solid precipitated.

A second column was performed to separate the gpdeductsincreasing the polarity of the
eluent, from 2:1 CEChb/isohexane to 4:1 Ci€b/isohexane (R=0.4, fractions: 3%2). The

yellow powder was washed with isohexane and sonicated twice before drying in the Schlenk
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line. The crossed spot withl showed that the new compound is less polar due to the

presence of the mesytilene moiety. Yield.331g, 0.05 mmol, 5.0%.

IHNMR (600 MHz, @G0 Y + O LILIY O J), 2.28@2364m, H8E Thherata)r2.50 (s,
3H, CH), 5.64 (s, 1H, Gidaca}, 6.836.98 (m, 5H, Cibm), 6.98 (td J=1.5 Hz, 7.8HAH,
CHvom), 7.22 (ddJ=7.8 HZl..1 Hz 1H, CHyom), 7.55 (ddJ=1.5 HZ7.5 Hz 1H, CHirom), 9.59 (s,
1H, OH or NH or QH

I3CEHINMR (150.92 MHz, GOWO Y 1 6 LILIY %), 9.8 (CH,dB.5 (€Wmbsaca),
18.8(CH mesaca}, 20.0 (ChJ, 20.1 (Ch), 106.3 (Chbom), 111.0 (Chbm), 120.8 (¢, 121.3 (Ci),
122.6 (Chlom), 122.7 (Ckbom), 125.5 (Gom), 127.3 (Chlom,mesacah 127.4 (Chlom,mesacah
131.2(CHirom), 132.9 (Gom,mesacah 133.2 (Gom mesacah 137.0 (Gom,mesacah, 138.6 (C), 138.7
(C), 147.5 (C), 148.4 (NGN), 184.2 (Gescad, 184.4 (Gesxad.

195Pt NMR (129 MHz, @O0 Y 1+ 839630 T

HRMS (TOF, 0.5 mM MbAC)(m/z) 674.2347 [MOMe+2HY; 696.2167 [MOMe+H+N4]

14.

The crude was separated through a chromatographic column with 1:Zkisbhexane
(Rf=02). A second column was performed to separate the free mesacac (from 1:3
CHClb/isohexane to 1:2 Ci&b/isohexane, Rf=0.1). The solid wasshed with distilled
pentane and sonicated twice before drying in the Schlenk line. Yield: 80.4 mg, 0.10 mmol,

9.0%.

IH NMR (600 MHz, GBRO Y 1 6 LIRIIBUmM,TIH, EHbsatact CH), 2.50 (s, 3H, GH
5.24 (s, 2H, Gl 5.68 (s, 1H, Glasaca}, 6.777.12 (M, 10H, Gim), 7.157.31 (m, 2H, Cln),
7.63 (dd J=7.6 Hz, 1.5 HiH CHyom).

I3CEH}NMR (150.9MHz, CBCbO Y + 0 LILI¥),011.4 (CH, ®c7 (G), 0.0 (Ch,
21.2 (CH), 21.3 (CH, 82.1 (CH, 107.6 (Ckom), 112.6 (Ckbm), 120.7 (§, 122.2 (¢,
123.8(CHirom), 123.9 (Chiom), 125.8 (NGom), 128.4 (Chad, 128.5 (Clibom), 128.6 (Chom),
128.7 (Cltom), 129.1 (Chlom), 132.0 (Cliom), 134.0 (Gom), 134.2 (Gom), 134.4 (Gom), 184.3
(Gresaad, 186.6(Gneszad.-

195pt NMR (129 MHz, GO0 Y +  8398IY 0 [
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HRMS (TOF, 0.5 mM MPAC):(m/z) 696.2163 [MOBNn+H+N4&]j 780.2770 [M+H} 802.2599
[M+Na]".

4.3.79ynthesis of bromo(3phenyl3-benzyloxyimidazolydene)
gold(l) complex

Transmetalationprocedure.
1-phenyt3-benzyloxyimidazolium bromide (72 mg, 0.2 mmol) was stirred wit®Ag8 mg,

0.12 mmol) in acetonitrile (40 ml) for 24h at room temperature under inert atmosphere in a
250 ml twenecked round bottom flaskkH NMRof a small amount of the reaction mixture
proved the proligand was not present anymore. Chloro(dimethylsulfigmId(l) (30 mg,
0.1mmol) was added in Ar counterflow to the mixture which was stirred for three more hours.
Themixture wasthenfiltrated in a syringe fiteo Hp YYZX t ¢C9XZ ndnp >YO
no solid precipitatedThe solvent was removed undeacuum to give an ofivhite solid

IH NMR 800 MHz, CEENO Y 1 6 LILIY 0  B), 5M4N(sh &H, G)H6340753 (B, 5H,
CHyrom), 7.547.64 (M, 5H, Clrbm).

Direct synthesigprocedure
1-phenyt3-benzyloxyimidazolium bromide (72 mg, Gritnol) was stirred with Au(M&S)CI

(59mg, 0.2mmol) and KCQ (276 mg, 2mmol) in acetonitrile (40ml) overnight at room
temperature under inert atmosphere in a 250 ml tmecked round bottom flaskH NMRof
reaction mixture withdrawalsfter 24 h and 48h detected the presence of some residual
ligand(5:2 complex:proligand Hencethe mixture was concentrateddtary evaporator) and
almost 30 ml of diethyl ethewere added. During the evaporation of acetoriliér some gold
complex decomposed in a black powder, hence the mixture was filtratedtaneldfor three
days at 4°C until some crystals formed. They were analysed withftay dnd used for NMR
and HRMS experiment¥ield:31.9mg, 006 mmol, 30.3%.
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1H NMR 300 MHz, CBEINO Y+ 4.96L3Y6H, @) 5.44 (s, 2H, GH 6.407.53 (m, 5H,
CHiom), 7.547.64 (m, 5H, Cdbm).

I3CLHINMR (75.475 MHz,05CN:+ 6 LJLEIY (CH)18.9 (CH); 82.3 (CH); 100.0, 127.4,
127.5, 128.9, 129.6, 129.7, 130.3, 13(C4 Chom, G). The carbene signal was not detected.
HRMS TOF){m/z) 753.2494L,AU*.

4.4 Attempts to isolate compound 16

4.4.1Pd/C and H

o 1. Hy/Pd-C, HCI/H,0 =

O/NV@/N\OH 2. KHCO;, NyN-oH
1 16

BallooncontainingHs.

1-hydroxyimidazoliurB-oxide (3.0095 g, 30 mmol) was stirred with HCI (3.5 ml, 10 M) and
Pd/C 10% (0.1512g) in water (20 ml) in a 250 ml threecked round bottom flask. H
atmosphere was provided using a balloon as a container (approximately 1.5 Lgatherr

progression was followed wittH NMR spectran mixture withdrawalgTable9).

Table9. 'H-NMR data ohydrochloride mixtures: species percentages in aqueous mixture.

1-HydroxylHimidazole | 1-HydroxylHimidazole Imidazole Hydrochloride
3-oxide Hydrochloride Hydrochloride
1-HCI 16-HCI
H2 H4, H5 H2 H4, H5 H2 H4, H5
1 6 LI 967(J=2)] 7.80(d,J=2H) | 9.29 (1, 3=1.5)| 7.57 (1, 3=1.5)| 9.09 (t, I=1.1)| 7.63(d, I=1.1, 2H,

24h 100 - -

40h 97 3 -

70h 73 19 8

85h 73 19 8

150h 33 41 26

216h 25 a7 28
(Heating)

255h 20 49 31
(Heating)
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Comparing the results 8H NMR spectra and the data provided by Letie #° for the species
in hydrochloride solvent, a rough estimation dfet concentration of the compounds was

obtained from the H2 peaks integrals. After nine daysvlls recharged, and the mixture was

gently heated (40°C) for 3 days as suggested by literature. We stopped the reaction after

255h, when no significative increasé16 hydrochloride from the previous sample collection
was detected.
Despite the numerous attempts, following the procedure reported in the literature it was not

possible to separateompoundl6from 1 and the imidazole.

Autoclave trials.

Three attempts were performed using autoclave to ensure a controliagotdke.

1 1-hydroxylHimidazole3-oxide (0.525 g, 6.2 mmol) was stirred with Pd/C catalyst
(10% wt, 0.025 g) and HCI () 0.6 ml) in water (5 ml) for 24 h. The pressure drop
was 0.13 bar (1.2 mmol).

1 21-hydroxylHimidazole3-oxide (0.500 g, 5.9 mmol) watreed with Pd/C catalyst
(1% wt, 0.030 g) and HCI (0 0.6 ml) in water (5 ml) for 24 h. The pressure drop was
0.13 bar (1.2 mmol).

1 1-hydroxy1lHimidazole3-oxide (0.516 g, 6.1 mmol) was stirred with Pd/C catalyst
(1% wt, 0.026 g) and HCI (%0 0.6 ml) n water (5 ml) for 48 h. The pressure drop was
0.23 bar (2.2 mmol).

The second batch was purifs reported in the literaturgcentrifugation to separate Pd/C,
precipitation from {PrO, washing with-Pr.O/i-PrOH, treatment with ED and KHC
solubilizaton in acetone and vacuum drying of the mixture), but a very low amount of product

was obtained.

IHNMR (300 MHz,DMS&@R0 Y + O LIIYO T ¢ oI6,2H),BRES, WAomHES | n
1H), 7.28 (s, H4 or H5 2H), 7.38 (s, HR, 1H), 7.53 (t, J=2, HB, 1H).
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4.3.1RaneyNickel

OH
/
N . N
| ®>> e Raney Nickel, MeOH N\ O
I | > PF
N N 6
\
0 /b
24 25

A sample of a 50% aqueous slurry of Raney Nickel was washed with methanol in Ar
atmosphere and 2 spatulas were mixed in a Schlenk tube witmethoxy3-
hydroxyimidazolium heafluorophosphate Z4) and methanol (3nl). The reaction was
controlled with TLC plates (&Cb+10% MeOH). After 4h the starting material was still
present, hence almost 1 ml of the 50% aqueous slurry was added to the Schlenk tube and the
mixing wascontinued overnight. Raney Nickel was filtrated, and the solvent removed under
vacuum fotary evaporator). The pale green solid was not photoactive on a TLC plate, hence
it was not the product nor imidazoléH NMR confirmed there was no species left. HRMS
showed a polymerization pattern.

The residual Ni was quenched with aqueous solution of HCI 25% and hydrogen peroxide 33%
to fasten the reaction. Sodium thiosulfate was added to reduce the residp@}.Fhe

formation of NiClleaded to a deep green solati.
4.5 Synthesis attempts

4.5.1Asymmetrically substituted dhydroxyimidazolium3-oxide

2-(bromomethyl)naphthalene

™

In a singlenecked 250 ml round bottomed flaskri@ethylnaphtalene (8.8 g, 61,9 mmol) was

dissolved inchloroform (64 ml) which substituted GQlecause of its lower toxicity. -N
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bromosuccinimide (12.9 g, 71.8 mmol) and dibenzoylperoxyl (0.50 g, 1.21 mmol) were added.
The mixture was stirred under reflux (T® and the evolution of the reaction was followed
with TLC (pure isohexeane and 1:7 EtOAc/isohexane). After 4h, when the starting material
was no more visible in the TLC plate, the reaction wasaoéed for 30 minutes and the solid
succinimide was filtered. The solvent was evaporated under vacuum arsbtid redissolved

in ethanol with sonication. The solution was kept at 4°C for 3 days and the white solid which
had precipitated was filtered. The product was dried in the Schlenk lin¢HTN&R spectrum

of the compound showed two peaks at 2.77 and46pm due to the presence of starting
material of the dibrominated compound. Hence, a new crystallization from hot ethanol was
performed. The mixture was stirred for 24h, filtrated and the solvent evaporated.

A second batch of this reaction was performbdt dibrominated compound was detected as

well.

IH NMR (300 MHz, CREIY {6 LILJIY 6,2HJ, 6.84¢; dibromidaked dompound), 7.26
(CHG) 7.467.57 (M, Chlom, 6H), 7.767.93 (M, Cllom, 11H).

17.

Trial 1 1-hydroxyimidazole3-oxide (, 0.50 g, 5 mmol) in a 150 ml flask in -m@oled
methanol(5 ml) was stirred while adding KOH (85%, 0.43g, 6.5 mmol). The yellow solution
became clearer after 10 minutes and benzyl bromide (0.6 ml, 5 mmol) was added slowly (2
minutes). The mixture was refted for 1h, filtered in vacuo and washed with methanol (2x4
ml): a white powder and a dark red solution were obtained. After filtration the methanol
solution was evaporated under vacuum, the resulting-bedwnish oil was redissolved in
acetonitrile, filtered in a sintered glass filter to separate the solid phase (which did not contain
the product, as théH NMR showed). The solvent was evaporated under vacuum in vigorous

stirring to obtain a reebrownish dense oil. Yield: 772.5 mg, 4.06 mmol, 81.2%.

IH NMR (300 MHz, DMSRc 0 Y ¢ LILIY 0), .1 (BHLE, Hé Gt BI5), #-B4%5 (m, |
6H, H4 or H5 andadm), 8.58 (t, 1H, H2).
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HRMS (ESIjm/z) 213.0634 ([M+N4d]), 191.0925 (M), 175.0869 ([MO+H}), 157.0352 ([M
Ph+2Naj) 123.0150 ([MOBn+Na+H], 1070412 ([BnOH), 91.0549 (B), 85.0595 ([M
oBnY).

Trial 2 KOH (0.66 g, 15 mmol) was added to arcmeled solution of dhydroxyimidazoles-

oxide (, 1.0 g, 10 mmol) in MeOH (10 ml) in a single neck remitbmed flask until the
solution became cleaBenzyl bromide (1.2 ml, 10 mmol) was added slowly with a syringe.
The solution was refluxed for 1h and cooled down overnight. The solid was filtrated and
washed with methanol. The solvent was evaporated to dryness and acetonitrile was added to
the brown lguid. The precipitate was filtered and washed with acetonitrile. The solvent was
evaporated to dryness. Since tHd NMR spectrum showed the presence of benzyl bromide,
the product was washed with diethyl ether and sonicated. Being thprbgluct still present,

the viscous liquid was dissolved in dichloromethane and poured dropwise in diethyl ether
cooled with liquid nitrogen. The product was stirred overnight with a saturated solution of
KPFE in water (22.0 ml, 10 mmol). Since the product was still a viscous liquid, water was
removed under vacuum and the liquid was dissolved in acetonitrile. Two samples were mixed

with water and tetrahydrofuran, respectively, but no solid was obtained.

18.
[\
©pFs

A solution of Zbromo(methyl)naphthalene (0.9 g, 4.1 mmol) in.CkHwas added to 1
benzyloxyimidazold-oxide (772.5 mg, 4.1 mmol) in a enecked rounebottom flask in a
glove box. The brown solution was stirred under reflux for 1h at 50°C.

By comparison with théH NMR spectra o and 17 the presence of the benzyband
methylnaphtalea  monosubstituted  products is  detected, whereas -1,3
dibenzyloxyimiazolium bromide is not present.

The solvent is evaporated in an NMR tube and dissolved@ Dhe liquid and solid phase
were separated and dissolved in DM8§) but all the peaks of the different products were

visible in both the solid and liquid phase. The product was filtered, a little amount of product
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was mixed with hexane and the precipitated solid was dissolved in Bdd8ad analysed by

'H NMR.

IH NMR (300 MHEMSOGR c 0 Y ¢ 6 LJLIY,®H)[5.63 (S Gaphiatertoxyl moiety
18and CH2, 2H), 7.268.00 (m, H4+H5 andaldm, 16H), 10.19 (t, H2, 1H), 10.25 (t, H2, 1H).

The zwitterionic species {({lnethyl)naphtalenoxyimidazoliufB-oxide andl7) were removed

from the mixture by dissolution in hexane. Only ssdbstituted imidazole, here considered

to be 2 by comparison with the respective spectrum and due to the high chemical shift of its
acid proton, is present as a side product. Considering the resultsirdat by hexane
dissolution, CECh was evaporated under vacuum in a threecked round bottom flask and

the brown viscous product was stirred with hexane (15 ml). Most of the solid was sticked on
the glass surface after the filtration of the hexane migtuHexane was evaporated under
vacuum. Then water (10 ml) and a solution ofsRIK (0.67 g, 4.1 mmol) were slowly added

to the mixture which was stirred overnight. A mixture of products was still visible attthe
NMR analysis and dissolution in methawda| CDG| CRCN, RO did not lead to a separation

of the products.

4.5.21-phenyloxyimidazolium-3-oxides

e

In an overdried 500m| onenecked round bottom flask anhydrous tetrahydrofuran (200 ml)

19.

andN-hydroxyphtalimide (8.32 g, 50 mmol) were stirred with a magnetic bar for 10 minutes,
closing the opening with a septum!Q8u (5.63 g, 50 mmol) was added portionwise to the
yellow solution which was stirred for 15 minutes opened to the air and becam réal:
Diphenyliodonium tetrafluoroborate (18.5 g, 50 mmol) was added and the stirring was

continued for 4h. The suspension was filtered through a sintered glass filter. The filtrate was
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poured into a separatory funnel with ethyl acetate (100 ml) and arsé¢d solution of
NaS03(70.1 g, 100 ml). The mixture was shaken, and the aqueous phase was extracted with
ethyl acetate (3x100 ml). The organic layer was washed with brine (200 ml, saturated aqueous
solution), dried over with N&Q, filtered and the elvent removedin vacuo Two
crystallization trials were performed as we obtained a brown solid whereas in the literature
it was described as white. The product was first solubilized in ethyl acetate (190 ml) adding n
hexane (190 ml) on top. Some coloudexystals formed overnight, but most of the solid
precipitated. After filtering the solid was solubilized in 500 ml of EtGAexane 1:1 under
heating and sonication, but this attempt was unsuccessful as Welhnd*C NMR spectra
showed thepresence of impurities. A column chromatography using first hexane to remove
the more unpolar species and then 1:2 EtOAc/isohexane leaded a white solid after the

evaporation of the solvent. Yield: 2.57 g, 10.7 mmol, 21.5%.

IH NMR (300 MHz, CRBEIY { =& LHZIZOO(M, Chom, 3H), 7.26 (CH$)J 7.367.39 (m,
CHurom, 2H), 7.797.85 (m, Chom, 2H), 7.897.96 (M, Ckom, 2H).

I3CLHINMR (75.475 MHz, CREIY {6 LILIY 1), 114.62C)P14.15(2CY, 1%4.8 (1C),
129.0 (1C, Lom), 129.9 (2C), 135.QC), 159.0 (1Ca6m), 163.1 (1C, &om).

I3CLHINMR (75.475 MHz dept., CRCNY {0 LILIY 8), 1L4.6(2€)p124.16(2C, 124.8
(1C), 129.9 (2C), 135.0 (2C).

The integrals in thé3C spectrum do not correspond to the number of signals that are

expected but they are the same reported by the literature.

A new batch was performed with twice the quantities of the first one. Part of the crude was
purified with two columns (1:1 EtOAc/Isohexane) and the reminiiegrecrystallization

dissolving the cruda hot EtOAc (50 ml) and adding hexane (40 ml) until the solution became
turbid. The mixed fractions were crystallized with hot ethyl acetate and isohexane after the

removal of the solvent. Yield: 10.90 g, 45.6 mmol, 46.6%.

20.

L,

|
NH,
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In a 250 ml single necked round bottomed flaskid¢noxyphtalimide (2.40 g, 10 mmol) was
dissolved in a mixture of methanol (10 ml) and chloroform (90 ml) at room temperature open
to the air. The mixture was at first yelloand it turned into white after some minutes.
Hydrazine hydrate (1,5 ml, 31 mmol) was added dropwise via a syringe (it was not miscible in
the solvent mixture). The solution was stirred with a stirring bar for 22 h. The white
suspension was filtered with Celite pad. The solvent was evaporated from the yellow
solution. The yield was higher than 100%, hence some impurities which were not visible at
the 'H NMR were present.

A second batch of this reaction was performed with the same amounts of starting material of
the previous. Even thoughd NMR spectrum after filtering the reaction mixture with a PTFA
filter proved the product to be formed, some other peaks in the aliph&iigon were present.
Therefore, the stirring was continued until 40 h. After filtration wit@site pad and vacuum
drying of the solvent, the solid was dissolved in hot ethyl acetate and hexane for the
recrystallization. A white solid was separated fittyation and analysed with aH NMR
spectrum: no product was detected in this phase using both £iD@IDMS@is as solvents.

In the yellow liquid phaséH NMR spectrum detected the product and some impurities.
Perhaps, a difference in the polarity ofethsolvent made it possible to dissolve some
succinimide in the product mixture. The product was not soluble in isohexane and no species
precipitated dissolving it in ethyl acetate. Hence a chromatographic column was necessary,
as described by the literatar(1:9 EtOAc/Isohexane). The product was a yellow oil. Yield:

101mg, 0.9 mmol, 10.0%.

IH NMR (300 MHz, CREIY + ¢ LILIY 02, 2H), 698 (itp31. DHz I57.D Mz, Clrbm,
1H), 7.167.18 (M, Chlom, 2H), 7.217.34 (M, Chlom+CHG| 2H).

A third batch with twice the amount of starting material was performed. The NMR
spectrum of the product after 10 days of storage did not correspond to the one expected
because of the absence of the amine peak at 5.85 ppm and the product colour turned into

red, confirming the oxidation availability of the amine compound.
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G,

AN
Phenoxyamine (1.09 g, 10 mmol) was dissolved in methanol (35 ml). Paraformaldehyde
(0.33g, 11 mmol) was added to the pajellow solution. The mture was stirred for h under
reflux. The dark red solution was filtered in a sintered glass filter under vacuum and
evaporated to dryness. Since thd NMR spectrum showed peaks which were not ascribable
to the product, a new crystallization was attemptdissolving the product in acetonitrile and
adding diethyl ether. A tan solid precipitated and it was separated from the dark red solution
through filtration. This reaction did not work, because -K8 highlighted the product

decomposed in phenol and théasting material.

GCMS (30m x 0.25 mm): retention time (min) 5.412, 9.417.
5.412 min (m/z): 94 ([MNCH]*, phenol) 9.417 min (m/z): 109 ([MCH]™).

4.5.3Macrocycles

©
Br

NN
@\NA ;

@N—O
Br

23.
Trial 1 In a 250 ml on@ecked round bottomed flask KOH (0.50 g, 7.8 mmol) was added to
an icecooled solution of dhydroxyimidazole3-oxide (0.60g, 6 mmol) in methanol (70 ml).
| £ F 27F (KS-dijrozornfeiakylere (0B¥5 gh3Inmel) was added to thetone
while stirring. The transparent solution was heated under reflux for 2 h and then cooled down
to room temperature. The remining kd(methylbromo)benzene (0,816 g, 3 mmol) was
slowly added to the solution. The transparent mixture was stirred ovatni§y precipitate

appeared. The solvent was evaporated and YHeNMR spectrum was difficult to interpret.
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The solid was barely dissolved in water (50 ml) and an aqueous solution @f335g, 18
mmol) was added dropwise with a syringe. A brown soletipitated. It was washed with
methanol, sonicated, and wash with diethyl and dried at the Schlenk line. The HRMS analysis

showed a pattern at m/z higher than 650 proved that polymeric chains were formed.

Trial 2 In a 100 ml on@mecked round bottomed &8sk thydroxyimidazole3-oxide (0.3 g, 3
YY2f0 gFa a0GANNBR Ay I OS i 2dbfomanetaxyleyié (0.41@K A f S
1.5 mmol). The mixture was heated under reflux overnight because a white precipitate was
still present at the bottom of the #isk. The mixture was cooled down to room temperature

and the solvent was removed under vacuuratéry evaporator). The yellow viscous liquid

was not soluble in hexane, diethyl ether and dichloromethane. After 15 h some crystals were
visible: the water whie could be still present in the mixture was-ewaporated with
acetonitrile, but no solid was obtainetH NMR spectrum did not demonstrate any imidazole
containing species.

HRMS (TOF, 0.5 mM hbAC)(m/z) 339.1348 [Mimidazole]; 355.1655 [Mimidazole+Nk*.

4.5.4New synthesis of hydroxyimidazolium3-oxide

OH
N
[
N
00
1
Trial 1 Dimethylglyoxime (0.03 mol, 3.48 g) and formaldehyde (30%, 0.03 mol, 2.25 ml) were
stirred with methanol (40 ml) at room temperature for 20 h in a 250 ml singlek round
bottomed flask. NaOH (30% aqueous solution) was added to 50 ml of the solutiba gobd
amount of white solid precipitated. After 5 minutes the white solid became yellow and then
tan. 'H NMR spectrum confirmed no product was formed.
Dimethylglyoxime is not soluble in methanol, but this was chosen as a solvent because it is

the sameused in the literature procedure. A second trial was performed with the same

guantities of starting material, the same procedure and with acetone as a solvent, even
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though this may cause the formation of undesired products due to its similarity with

formaldehyde.'H NMR spectrum did not show the presence of any product.

Trial 2 Dimethylglyoxime (5 mmol, 0.581 @), formaldehyde (5 mmol, 0.14 ml) and
concentrated HCI (1.25 mmd.11 mlwere stirred in DMSO (@l) at room temperature for

20 hin a 25 ml sgie-necked round bottomed flask. NaOH (30% aqueous solution) was added
to 50 ml of the until a solid precipitated. The solvent was evaporated'BhbIMR spectra
were performed. According to the results of the NMR spectra more than one species were
presentin the reaction mixture.

A second trial was performed with the same quantities of starting material, the same
procedure and with DMF as a solvent. The product mixture was washed and sonicated three

times with ether and a newH NMR in CD&lvas performedput no product was detected.

4.5.51-phenykimidazolium3-alcoxydes

[ @5
“IZ-00

No-

24

Trial I 1-hydroxyimidazole3-oxide (1.5 g, 15 mmol) was stirred in a pressure tube with
methyl iodide (0.95 ml, 15 mmol) in anhydrous THF for 4h at 65°C. The grey solid was
separated by the deep red solution by filtration and washed with diethyl ether FINMR

of the product mixed with the starting material gave just the signal of the starting material:

no product detectedthe reaction did not work.

Trial 2 1-hydroxyimidazole3-oxide (1.5 g, 15 mmol) was stirred in a pressure tube with
methyl iodide (0.98l, 15 mmol) in HPLC grade acetonitrile for 10h at 70°C. The dark red
solution was filtrated and the solid washed with acetonitrile (10 ml) and ether (10HNMR

showed no methylation occurred.
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Trial 3 1-hydroxyimidazole3-oxide (1.5 g, 15 mmol) wadirred in a pressure tube with
methyl iodide (0.95ml, 15 mmol) in dried DCM for 80 h at 30°C. The solid was filtrated and
washed with dichloromethane (10 ml) and diethyl ether (10 ml).

'H NMR showed no methylation occurred.

Synthesis KOH (0.66g, 15 mnmakas added to an ieeooled solution of dhydroxyimidazole
3-oxide (1.0 g, 10 mmol) in MeOH (10 ml) in a pressure tube. When the solution became clear
methyl iodide (0.650 ml) was added slowly with a syringe. The solution was stirred under
heating overnght. The dark red solution was evaporated to dryness. DCM (40 ml) was added
and the mixture was stirred for 30 minutes. The solid was filtrated and the solution was
evaporated to drynes$H NMR confirmed the formation of the desired product. Yield: §,89

7.8 mmol, 52.1%.

In a second attempt twice the amount of starting materials were used. The product was
stirred with a saturated solution of KPPk water (70.5 ml, 32 mmol). The solvent was
evaporated to dryness. The viscous liquid was washed with water and recrystallized from hot
water in a black solid. Yield: 4.74 g, 18.2 mmol, 61%.

IH NMR (300 MHz, CREIY + 6 LILIY 3,3H), 7.09M24 ¢m, © 24 7.26 (CHE)) 9.04

(s, N(CH)N, 1H).

I3CEHINMR (75.475 MHz, CREIY + 6 LILIY 0 3)['77.2 (b ©DE)l Bl43 (IC, K |
118.6(1C, {; 125.8 (1C, NC(H)N).

L3CLH}NMR (75.475 MHz dept., CRCY {6 LILIY 0 3),[77.2r(n @DE)| 1446/(IT, / |
G), 118.6(1C,¥; 125.8 (1C, NC(H)N).

9FAHINMR (282.2 MHz, CREIY + 2.9V d=712 Hz, R

SIPEHINMR (121.5 MHz, CREIY 1 d4414héptet, 3=712 Hz, Ry

HRMS (TOF, 0.5 mM MbAC):(m/z) 115.0504 [M; 137.0326 [MH+Nal; 144.9633 [P§.
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1-phenylimidazole3-oxide (0.70g, 3.72 mmol) and isobutyl bromide (0.40 ml, 3.72 mmol)
were dissolved in anhydrous THF (10 ml) and stirred for 80h at room temperature in a
pressuretube. A TLC in MeOH/EtOAc 1:1 was performed but no product was detected. The
mixture was heated at 60°C for 24h. To better dissolve the clumps, diethyl ether was added
and the mixture was stirred overnight. A viscous liquid produced, so the mixture was
sonicated, the solvents removed by decanting. The product was sonicated with diethyl ether,
filtrated, and dried in the Schlenk lind NMR showed a mixture of at least 2 products. THF
(20 ml) and isobutyl bromide (0.27 ml, 2.48 mmol) were added to thd Bo& pressure tube

and stirred with anhydrous THF (10 ml) for overnight at 100°C.:AhdMR showed the

reaction did not work.

4.5.6Phenylation

IN@@

7

©)

27
In a Schlenk tube anhydrous dimethylformamide (20 ml) andepheny4,5

di(methyl)imidazole3-oxide @, 0.565g, 3 mmol) were stirred with a magnetic bar for

10 minutes closing the opening with a septum. Diphenyliodonium tetrafluoroborate (1.1 g,

3 mmol) was added and the stirring was continued overnight. TLC (E#@®¢i 1:1) showed

the presence of starting material. Hence the mixture was heated overnight at 110°C. In TLC

(EtOAc:MeOH 1:1) there was no starting material. This product was lost during the laboratory
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process, but considering the analogous reaction wihydiroxyimidazoliun8-oxid did not

work, we tried to add copper(ll) as a catalyst.

[§§?\<i:>

©
Oo— X

29axX=BFk
29b X=ClI

29a, trial 1 In Schlenk tube anhydrous dimethylformamide (20 ml) dnRchetoxy-3-
hydroxyimidazolium iodide (1.79 g, 7.4 mmol) were stirred with a magnetic bar for 10 minutes
closing the opening of the singleeck round bottomed flask with a septum:Q8u (0.83 g,
7.4mmol) was added portionwise to the solution while stirrifog 15 minutes open to the

air. Diphenyliodonium tetrafluoroborate (2.72 g, 7 mmol) was added and the stirring was
continued overnight. TLC in 1:2 MeOH:EtOAc showed no more starting material was present.
The solvent was evaporated, and the dark brown migtextracted with CKHCb. The mixture

was filtered and mixed with water (2x40ml) in a separatory funnel. A black solid was retained
in the aqueous phase. @bwas evaporated to dryness. Since some impurities were detected
at the 'H NMR spectrum, the brawviscous liquid was dissolved inCH isohexane was
added on top and it was stored in the fridge overnigitt. NMR showed no presence of the

phenylated product.

29a, trial 2. In a notdried Schlenk tube -inetoxy-3-hydroxyimidazolium
hexafluorophosphat (2.6 g, 10 mmol) and potassium carbonate (1.38g, 10 mmol) were
stirred for 30 minutes in dry dimethylformamide (25ml). Diphenyliodonium tetrafluoroborate
(4.42 g, 12 mmol) and copper(ll) acetate monohydrate (99.8 mg, 0.5 mmol) were added. The
mixture wasstirred at 100 °C for 20 h and cooled down to room temperature. DMF was
removed from the black mixture under vacuum (Schlenk line) under mild heating. The crude
was extracted with CHb and filtrated. The liquid part was concentrated under vacuum

(Schlek line) and the solid part was washed with diethyl ether and dried under vacuum. The
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solid part was made of carbonate and acetate salts as it was confirmed by the absence of
peaks in théH NMR spectrum and the presencewb species in thé®F NMR (Rfand BE).

The liquid part probably contained a phenylated species, as we can assume fréirh iR
spectrum, but TLCs in &Eb, CHCb+1% MeOH, GBb+5% MeOH, Gab+10% MeOH proved

it difficult to separate the desired product. The product mixture was not the tetrafluoroborate

species that was assumed because teNMR showed no peaks.

29b. Aniline (0.1 ml, 1 mmol) was dissolved in solution of sodium nitrite (0.069 g, 1 mmol) in
water (0.5 ml) in a closed vial. The solution was stirred for 30 minuteSGt©oncentrated

HCI (0,3 ml) was added and the solution was stirred°@tfor 30 minutes. A solution of 1
methyloxyimidazole8-oxide (0.244 g, 1 mmol) in water (3 ml) was cooled 16 @nd the
diazonium salt solution was added dropwise. The mixture was stirred in a closed vidl for 1
at room temperature!H NMR showed that the black organic phase was not the product. The

water phase was dried aritH NMR spectrum did not show peaks #@sable to phenylation.

4.5.7Pt(Il) and Ag(l) NOHC complexes

1-Phenylimidazoles-oxide (90.9 mg, 0.48 mmol) and silver oxide (48.8 mg, 0.21 mmol) were
added in a heated Schlenk tube. Ar atmosphere was provided and anhydrous DMF was added
in counterflow. The mixture was stirred overnight at room temperature. Dicliigbe
cyclooctadiene)platinum(ll) was added in Ar counterflow. The mixture was stirred foaR4

room temperature for 4h at 120°C and overnight at room temperature. The solvent was
evaporated in high vacuum (Schlenk line) under mild heating. The black crude waseeitract

with dichloromethane and filtered through @lite pad. The regburple coloured liquid was
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evaporated under vacuunrdtary evaporator). The crude was passed through a column
chromatography changing the eluents: 1:4 hexane@Hpure CHCb; 1%MeOH in CLCb.
Considering that the complex was retained by the chromatographic column, we can suppose

it was charged.

O
:Q\H\g_'

30

1-phenylimidazole3-oxide (0.33 g, 1 mmol) and silver(l) oxide (0.116 g, 0.5 mmol) were
stirred overnight in acetonitrile (15 ml) under inert atmosphere (Ar) in a-daed Schlenk

tube. The mixture was filtered with @lite pad and the solvent evaporated from the pale
yellow liquid (otary evaporator) covering the apparatus with aluminum foil. Tokdswas
dissolved in dichloromethane (2 ml) with an isohexane (3 ml) diffusing layer. Since no solid
was obtained, the solvents were evaporated and the product was sonicated in 50 ml of
isohexane for 2 times and the white powder precipitated was washécktwith diethyl ether

and dried in the Schlenk lin¥ield: 0.281 g, 0.6 mmol, 64.3%.

IH NMR (300 MHz, DM&#B):4 6 L32192Xs, 3H, GH2.43 (s, 3H, GH3.99 (s, 3H, OGH
7.437.50 (m, 2H, Glm), 7.5067.56 (M, 3H, Cirbm).

A singlet at 9.93 ppm shows the presence of -meacted proligand. To remove it some
solubility trials were performed, but the complex and thH& are both soluble in
dichloromethane and isohexane and insoluble in ethyl acetate. The product did not move in
TLC using dichloromethane as an eluent. 5% methanol in dichloromethane gave smeared
spots.

Oneequivalent of AgO (0.6mmol, 0.067 g) was added to the product (0.2537 g, 0.6 mmol)
and stirred overnight in acetonitrile (9 ml) under inert atmosphere in adrad Schlenk tube

in order to complex the remaining free NOH proligand. The product was a viscous black liquid

and the'H NMR spectrum showed the presence of the
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4.6 Solid statestructure details

Preliminary examination and data collection for single crystalsl@ind 14 were carried out

on a Bruker D8 VENTURE (KAPPA goniometer, PHOTON detector) singtiiftrystaineter
equipped with an Oxford Cryosystem (Cryostream 800) cooling system atitkdew of a
sealed xay tube using monochromated Mg radiation ¢ = 0.71073 A) (Incoatee$3.0
microfocus source equipped with multilayer optics).

Idealized geometries were assigned to the hydrogen atoms. Intensity data were extracted
using the APEX&iite®?including the SAINT software pack&d@he reflections were merged

and corrected from Lorentz, polarization and decay effects and absorption correction was
applied based on multiple scaf§The structure was solved by a combination of dual sjace,
dired methods with the aid of difference Fourier synthesis and were refined against all data
using SHELXKTMP¢ Hydrogen atoms were assigned to ideal positions using the SHELXTL
XTMP riding model. All ndmydrogen atoms were refined with anisotropic displacerne
parameters. Fulnatrix leastsquares refinements were carried out by minimizing

3 w(Fo-F)? with the SHELXTXTMP weighting scheme. Neutatbm scattering factors for

all atoms and anomalous dispersion corrections for the-hgdrogen atoms were takefrom

the International Tables for CrystallograpHAll calculations were performed with the APEX3
suiteé®? including SAINT software packadgehe SHELX program packé&tgnd PLATOR?.
Complex15 crystallographic datavere collected on a Bruker D8 Venture Photbsingle
crystal diffractometer working with monochromatic Moh NI RA I G A2y Yy R Sl dz
area detector. The structures were solved by direct methods and refined against F2 with
SHELXP014/7 with anisotropic thermal parameters for all nbgdrogenatoms&-°°For the
visualization Mercu} was used.

In Tablel0details of Xray data collection are reported.
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Tablel0. XRay data collected.

Complex 11 14 15
Formula Ci7H20N203Pt GaoHaoN20O3Pt CGisHisAUBrNO
Formula weight 495.43 779.81 698.09
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P 2/n
a/A 7.4545(9) 7.0873(4) 11.184(3)
b/A 10.2906(12) 15.5352(10) 14.559(5)
c/A 11.2348(13) 15.6123(10) 11.536(4)
h K c 79.217(4) 73.911(2) 90.00
i Kc 84.616(4) 87.614(2) 105.929(14)
I'KcC 74.004(4) 87.428(2) 90.00
Volume/& 813.02(17) 1649.20(18) 1806.26
T (K) 150 150 200
Z 2 2 4
Dcadg-cnm® 2.024 1.570 2.042
F(000) 476.0 780.0 1048
> 0 a¥zh 0 KY'Y 8.645 4.294 10.362
Reflections collected 38885 234359 76346
Unigue reflections 4064 8196 4522
Observed reflections 3994 7946 4021
[1>2 ()] [Rint = 0.0435] [Rint = 0.0314] | [Rint =0.0590,]
RoL B H° Rl = 0.0274, Rl =0.0147, Rl = 0.0324,
wR2 = 0.0648 wRz2 = 0.0410 wR2 = 0.0918
R[all data] Rl = 0.0279, Rl = 0.0156, Rl = 0.0382,
wR2 = 0.0651 wR2 = 0.0417 wR2 = 0.0961
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Chapter 5 APPENDIX
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