UNIVERSITA DEGLI STUDI DI MILANO
FACOLTA DI SCIENZE E TECNOLOGIE

Dipartimento di Chimica

Corso di Dottorato in Chimica - XXXV ciclo

New NCN-platinum(II) complexes with luminescent properties

Francesco Fagnani

R12748

Tutor: prof.ssa Claudia Dragonetti
Co-tutor: prof.ssa Alessia Colombo

Coordinatore del Corso di Dottorato: prof. Daniele Passarella

A.A.2021/2022






CONTENTS

AIM OF THE THESIS....cuuotiiiiiniiiniiiininiiiniiiiiisniissiissisississssissssssssssssssssssssssssssssassssssssssssssssssssssssssssssons 8
I - PHOTOLUMINESCENCE AND RELATED APPLICATIONS......cocovniiniinniniisiniisissesessesssseessesseseasnes 9
1. Introduction tO IUMINESCENCE. .....cviuirieriiininrinriniintititiisinissississessessissessssessessessessessessesssssessssssssssssssssanes 9
L N Y0 T 10 L 9
1.2 PhOtOlUMINESCENCE. ...vverirereretirenteinteietesietentesense et sssessse s sessesesaesesesessesassesssessesesnesessesessenssnenes 9
1.3 Fluorescence vs PhoSPROTESCENCE ......cuuuvuinrinrinuiuirtirininsinsinsinsinsinsiniiiststssississsssessessessesssssessssssssssesses 11
1.4 Luminescence of transition metal COMPIEXES .....ccovveirrirrinrirurrenrinsinsinsinsenesscssesensssssssessssssssessessessosees 11

2. OLEDS c.cuuinrriteniinrenenisieseseisesesesssesssissesssssssssssssssssessssssssessssssssesssssssssssssssssssssssssessssssesssssssssssssssssessssssssns 12
2.1 Working mechaniSmm .......coucucruinuirienenenineninninuinuiniesisisisesessissessessesssssssesssssesseosssssssssssssssssssssssssonses 13
2.2 CIE COOTAINALES ...ueeueiriirinrinriririesiisinieisississississessessssessssessessessessessessessesssssssesssssessessessessessesssssssssssnens 13
2.3 Transition metal complexes fOr OLEDS.......coociiiniiinninninsinnuininsenncssinnisisssescssessessesssesesssessessessss 14
2.3.1 GIEeN EIMULLEIS vttt bbb 15
2.3.2 Red EIMILETS..c.ucvuiieiiiriii s 16
2.3.3 BIUE @IMIIETS ....vvieiiniiii e 17

3. BIO-IMAGING ccuvriiiiiriiniiitiiniiniinieniieiiieniesieesiessisesssesnessesssessssssssesssesssesssessssesssssssesssesssesssssssssassssesne 18
3.1 Transition metal complexes for bio-IMaging.........cccocererrerinrirrinuisuiseesnsinsinsininessesessesnesessessessesseosees 18

4. Photodynamic therapy ... it 20
4.1 Transition metal complexes for PDT .........coccvviivimninvinnininsinninsinninnceninsisissiisiesioesssssesssssssess 22

IT - NCN-Pt(IT) COMPLEXES AND THEIR APPLICATIONS.....ccccverirnuinrinrunsnsssssunsssssssssssssosassssossssassses 24
1. 1,3-di(2-pyridyl)benzene ligand and related COMPIEXES .......covevuirririeriiinininrinreninnisiisicinisesinsessessenens 24
1.1 Complexes of nickel(II) and palladittm (I1) c..cc.ceuevvereererreeresesennessnsussessessessesessesssssessessosssssosssssosessssnes 24
1.2 Platinum(IT) complexes having an ancillary Clligand...........cocoeuvvinrininenninencrensensensenessesscssessenees 26
1.3 Platinum(IT) complexes having other ancillary ligands .........ccccecevuveeinenenrinunsunsunrensenenenscsscssesnenees 31
1301 ALKRYIIES ..ttt ettt st ee st st ta st bbbttt st et st ae ettt benataes 31

1.3.2 ISOCYANIAES.....ecuvenceiiereetreciineectetreeiescret et seseae s st eseae s et e sata et st baesc st st sats et st sescaesseacsesstncssnsacs 33

1.3.3 Thiolates and PhenOlates .........c.corieineiiieirecicretree ittt eeese e aeses st ssesesesseseseseacsesseacs 34

1.3.4 Nitrogen-based LHZaNndS ........ccceereuriieiriniriniietneenieectetnee ettt iesesessese e saesesstseseseesesessescseseacsesscnc 35

1.3.5 Other types of ancillary HGands.........ccceveeeeireneninicieineeiccereneisieeceeeseesesesesseseaessesesessesesesescsensenns 36

2. Applications of NCN-Pt(II) COMPIEXES.....ccvirrirriruirinsinrinsinsenississisuisiesiesessessessessessessessessessssesssssessesssseses 37
2.1 NCN-Pt(II) complexes fOr OLEDS.....c.coninuiniiniiniisinsininininsinisieseinisisisissississssssssssssssssssssssssssess 37
2.2 NCN-Pt(II) complexes for bio-imaging .......ccceceveererreereninresnisuiseesessensissessessessessessesssssssessessessessesssssens 40
2.3 NCN-Pt(II) complexes fOr PDT ...t 41



III - SYNTHESIS OF THE COMPLEXES......coninninninninniinsiinsinsesseesisssseossesssesssesssessssssssssssesssssssssssssons 43

1. Synthesis of ligands L1-L7 and of complexes PtCI1-PtCl7........ccocvueruerurrenrensenenenessessesuesessessessessessessens 43
1.1 Synthesis of intermediate cOMPOUNS I1-I6 ......cucoucerrerviririnirininriiniiinreinsisissiissesissessssessssessesessesens 44
1.1.1 SYNthesis Of T1-I4 ..ottt asese et sesesesesassssseseesasasssssenes 44

1.1.2 SYNLRESIS Of 5.ttt sas sttt besasasssese e sasacsesssaes 44

1.1.3 SYNLRESIS Of I6..c.uvuiviiiiiiiiiiiiciiiciitniriccrr ettt sttt besssisssese e sasacsesssaes 44

1.2 Synthesis Of LIgands LI-L7......cocviviinirinirinisinisinsisininiscsisisieisssissssssesssssssssssssessssssssscssssssssssssssess 45
1.3 Synthesis of complexes PLCIL-PtCl7........ccouevueruirinrininininninrinuisinsinsissininissessessesssssssssssssessssscssssesses 45

2. Synthesis of COMPIEXES PLLI-PLLS ......cuiiiiirirrininriniiniiniiinininissississessessissessssessessessessesssssssssssesssssssssssssens 46
2.1 Aim of the tested ancillary ligands ... 46
2.2 FULUre POSSIDILITIES c.vcvereririiiiruiiinsiiiriiiiniininuinintcsststnsstestsscsstssessssssssssesstsssessssssssssesssssesassssessessssnss 46
2.2.1 ISOThIOCYANALE ..ottt e bs et 47
222 AZI o 47

2.3 Derivatives Of PECLL.....uuuiiiiiiiriiiiiiniiiciiiiiiiiicincncieseiesesesssssssesssssssssessssssssssssssssssssasssssessasens 48
2.4 Derivatives of PLCI2........uiriiiiiiiiiininiiiiniiniiniiiicinnnnninininenenensssssssssssssssessssssssssssssssssssses 49
2.5 Derivatives Of PLCIO.........cviiiiiiiiiiiiniininiiiiiiniiiiiinininiiineninensssssssssisssssesssssssssssssssssssesses 50
2.6 Derivatives Of PLCLT.....u.uiiiiiiiiiciiiniiictiictiiciicnncincnsesesssesssssssesssssssssessssssssssssssssssssassssssessanens 51

3. Synthesis of ligands L8-L13 and of complexes PLCI8-PtCl13........ccccouererrerrenenrisrisuerunsensessessessessessessessones 52
3.1 Synthesis of intermediate compounds I7-I8 .........cocveinininininriniiniininnininininenienenesisseeens 53
3.2 Synthesis of boronic esters BI1-B5........uuiiiiniiniiniiniinininininininininiiiimimimisssssssass 53
3.2.1 SYNtReSiS Of B1-B4 ... cnriisesrisisessisesessisesessasasesssesssesesesssenssesssesesssssesessessesessens 53
3.2.2 SYNLRESIS O BS..oviiiiiiiiciircieincicreiccrinis et sas e esesesesasesesas e sesssssesessessesesscns 54

3.3 Synthesis of ligands L8-L13.......cocvevvrinininrininesinsinsininincssississessssessessessessessessessssssssssssssssssssssssssssens 54
3.3.1 Synthesis Of Hgands L8-L10 ......ccveeerrireueunirrerrieiniieteineienietreeseeseseseseesesesasesessesesesesesessescsssstscsesescsens 54
3.3.2 Synthesis Of HZand L1T ...t iiseses e esseseseesese e asssessesesessesssessesesssstscsesncscsesns 55
3.3.3 Synthesis of igands L12-L13.....ccoieinereiniciniieieeneeiieresseeseseseseesesessssssessesesesesesessesesesssassssscsessns 55

3.4 Synthesis of complexes PtCI8-PtClI3........cccoiviruinririnrinsinsininsininnisiesisssiesisessessessessessesssssssssssssssses 56
3.4.1 Synthesis of complexes PLCI8-PLCIL0 ........cceurereureercreereeiiireereneinieeeeeesesessesesessteseaesesessesessesesessescsessens 56
3.4.2 Synthesis 0f COMPIEX PLCILT ....cuuiuiuiiriniiiicicireeri ettt steseseese e ssaseses st sesesessesesesssacsssscsesnes 56
3.4.3 Synthesis of complexes PLCI12-PtCL13 ........ccvveuicieenieiniereerenerieeeeeseesesesesstsesesesesessesessssesessescscseens 56

IV - CHARACTERIZATION OF THE COMPLEXES........covirintiinriinrererenisesnesessessssessssessssessessssssssessanes 57
1. General COMMENLS........ccueiueniinieriiieiiininenieieieiereseseaesssessessessesessessssssssesassessessessessessssssssesessessessessens 57
1.1 UV-Vis absorption spectra and molar extinction coefficients..........cceeveereeercnrisuesesnsenseesessessessenes 57
1.2 Excitation and emission MeasuremMents..........occeevererrirerreresrerensessnsesnssessesessesessessssessssessssesssssssssessessanes 57



1.3 Absolute Quantum Yield MeasuremeEnts .........ccceeereeereeereecreeereeeseeseesseessesssasesasesseessasssssssasssasssaasssasns 58

1.4 Lifetime MeasureMeEnts ... ... uuivuireereerinrensenensessissestesussessissessessessessessessssssstsssssessssssssssssssessessesssssssssssanes 60
2. Photophysical characterization of complexes PtCIL-PtCl7..........cceuevirrerenririnrisenrisinsesinesnecsseessesessessenes 60
2.1 UV-Vis absorption spectra of complexes PLCI3-PCl5.......ccccevrverunrenrensenensesuessesussussessessessessessesseaons 60
2.2 Molar extinction coefficients of complexes PtCI1-PtCl7 ........cocvverueruirenrenenenessesuesucsucsessessessessesnens 62
3. Photophysical characterization of complexes PE1-Pt15 ........ccoieirrirucruisnsensensenensessessessesssseesessessessessens 63
3.1 UV-Vis absorption spectra of complexes PEI-PL15 .......cccoceerrrreerensensensesessessesssssesssssssessessessessessossoss 63
3.2 Molar extinction coefficients of complexes PLI-PL15 ......ccccccceverurrunrenrensenessessessesussessessessessessessessosaone 71
3.3 Excitation and emission spectra of complexes PL1-Pt15.......cccocevvrerrenreneninrisuisuesensessessessessessessenens 73
3.4 Absolute Quantum Yields and LIfEtimes .........ccceerrveeeeerrreeeerrreeeecssseeeecsssseeesssssseesssssseessssaseessssssssssssnane 80
3.5 Comparison with parent compounds PtCl1-PtClI2 and PtCl6-PtCl7 ..........cccovuevuirverrcnernuencnsecsucnne 82
3.6 Solid state characterization Of Ptl......cciiiiniiniiniininnininininincniniesisesisisesscossssessssssssssssssssesscosees 84
3.7 Solid state characterization Of Pt5.....iiinininininnnnininininininiiiesisisesisissesssssessssssssssssssssssssosees 85
4. Photophysical characterization of complexes PtCI8-PtCl13..........cocevuvrininininrenesnisinsnnsensessesesessessesnens 88
4.1 UV-Vis absorption spectra of complexes PtCI8-PtCl13........ccccoceeverruininrurninsinsucnsensecscssessscssesssessesne 88
4.2 Molar extinction coefficients of complexes PtCI8-PtCl13 ........ccccoevuerurreninrenrinresuesucsuesensessessessessennes 91
4.3 Excitation and emission spectra of complexes PtCl8, PtCl10, PtCl12 and PtCl13..........cccceruevucnneee 92
4.4 Absolute Quantum Yields and LIEEIMIES .....cccvueeeerrrreeeerrrneecerrreeessrseeessssseesssssssessssasseessrasasesssssssesses 94
4.5 Comparison with related compounds PtCl1, PtCI2 and PtCl6............ccccevcererrenreruesuesunsensenenessessennes 95
5. Crystal StrUCtUre Of PLL c..cucouiiuiiuinuirinrinsinininiinninuinuiiesisisisesesscssissessesssssssssssssessssssssssssssssssssssssssssssssossons 926
6. OLEDs produced with the Pt(II) COMPLEXES ......covuirirruiiirrunsricrensuinrensuesissinssissesssnsseesessasesssssessssssossessesses 98
6.1 OLEDS produced With PL1 ........ciiiiiinniininrinnininiineniininineiniseiniissiisissessisssssisssssssssese 98
6.2 OLED produced With Pt9.......ccciiiiininuininiiinininsinininsinnssisissisisesissssscsssssessessssssssssssssssssscsssssens 102
6.3 Comments about the prepared OLEDS .........coiuiiiiriinininncisinnenninninninsissesscssssscsisssssscsssssssssessees 103
V — EXPERIMENTAL SECTION ....ucoiinuiinnirinrisinsisissisissisisscssssessssessesissesessessssessssessssssssessssesssssssessssesssses 104
1. General COMMENTS......ucuiireiniirinnuiiinstenisiisuisissuesisstsssisstsssssstssesssesstessesstsssessesstessessessssssssssessssssessessessess 104
1.1 SYNUHESIS Of I .cuciuiiiiiiiiiiiiiiiininisinsinsinsissistestssistsssssessesssssessessesssssssssssessssssssssssesssssessessossssssssssens 105
1.2 SYNHhesis Of L1 a...couiiiiiniiniiniiiiiiiniiiniinniniininiiiiiisisininininissssssssssssssssssssssssessssssssssssssssssssssens 106
1.3 SYNthesis Of PECIL.....cuiuivuiniirinrinrinininininsissisiesiisissisissessesssssissessssssssssssssssssssssessossesssssssssssossonssssssens 107
1.4 SYNTRESIS Of PLL...cucuiiiiriiiiiiiininininsiniistissistesissisisssssessissssssssessssssssssssssossossssssssssesssssossssssssssssssssons 108
1.5 SYNHhesis Of Pl2.....ucouiiiiiuiniiiiiiiiinininininiiiciinineieiiisesessissisisnesssssssssssssssssssesssssesssssssssssssssses 109
1.6 SYNHhesis Of P3......coiiiiiniiiiiiiiiniiininniiiiciiiiiiieiissisesisnininsssssssssstssssssssisssssssssssessssssssssses 110
1.7 SYNURESIS Of Plh.....ucuiiririiiiiiiininininiinninsisiistitsisississississsssessessessssssssssssssosssssssessssssssssssssossssssssssens 111



1.8 SYNTRESIS Of PL5....ceeereiicreiitctiiiicieiietcenneteesssessesssssssessssessessssesssssssssssssssssssssssssssssssssssssssnes 112

1.9 SYNURESIS Of PL6.....uccueririririiiiiinintinniniinsiicnieiiiiiesisstssissississessisssssesssstsssssessssssssssessessssssssssssssosses 113
1.10 SYNtResis Of I2....cuuiuiiiiniiiniiiniiiniiiniiinsiiesiisisneisseissisessssssissssesssssssessssesssssssssessssssssssssssssssssasssess 114
111 SYNRESIS Of L2 c.uueviniiriiiiiiniiiiniiiiiiinniisniissiississsissesessssssssssssessssssssssssssesssssssssssssssssssssssssssssssssns 115
1.12 Synthesis of PtCI2.........cuiuiviiinininininiinninuisinsieinesessississesssssssessessessesscsscsesses 116
1.13 SYNRESIS Of Pt7...ucuiiiiiiiiiiiiiiininininsintiicniiiiisiesissississessisssssissssssssssssssssssssssssesssssessssssssssssssssss 117
1.14 SYNResis Of I3....cuiiiiiniiiniiiniiiniiiiiiiniiniieiieiseissiiesesesissssissesssssssssssssssssssesssssssssssssssssssssssess 118
115 SYNRESIS Of L3 cuuuvuiiiiiiiiiiniiiiiiiiiiiniinniissiissinssiiessssssisssssssessssssssssssssssssssssssssssssssssssssssssssssssns 119
1.16 Synthesis of PtClI3.........coiiinrinrinininininniniisicsissinisissinsissesssssssssssesssssssscsesses 120
1.17 SyNthesis Of I4......coiiiniiniiniiniiniininininiiniiiiieiiiciiieisieininssssssesessssssssssssssssesssssssssssssssens 121
1.18 SYNRESIS Of L4 c.cuuviniriniiriiniiiiniinsiinsiniinsiisseissiessisisscssssesssssssessssssssssssssssssessssssssssssssesssssssssssssns 122
1.19 Synthesis of PtCH.........cuivuiiirininininrinrinuisiisinsissinesessissessesssssssessessessessesessesaes 123
1.20 SYNRESIS Of I5..uuiiiiiiiiiiiniiiiiinininsinsinsinicnnessitetesissesstssesstssessssssssssesstsstssesssssssesssssessssssssssssssosses 124
1.21 SYNRESIS Of L5 uuueviniiriiiiiiniiiisitisisiisiniissiissesissiessisissessssissssssssssssssssssstssesssssssssssssssssssssssssssssssssns 125
1.22 Synthesis of PLCIS......uiuiiiiiiiiniiinininiiciiiiicieinnssssssissessinesnssssssssssssssssssessssssssssssssssssssssses 126
1.23 SYNRESIS Of I6..ucuuiiuinriniririiiiiininininsissinncstistisietesississessessissessisssssesssstsssssessesssssssssssessssssssssssssosses 127
1.24 SYNRESIS Of L6 .cueuviniriniiriiiniiiniiisiiisitiinsiisscissiissisisscssssissssssssssssssssssssssssessessssssssssssssssssssssssssssns 128
1.25 Synthesis Of PLCIO......cuiuiriniiiiiniiinininiiiiiiiiiiieinieissississisisnssssssssssssssssssssssssssssssssssssssssssses 129
1.26 SYNRESIS Of Pt8......ucouivuiruiriiriirinrinininsinsinsissistesissississessissessessissessesesssssessssssssssssssessessssssssssssssssssssssens 130
1.27 SYNRESIS Of PtOu..ucuiiuiiuiiuiiiiiiiinininsinsinsissisiesiesissississississessessessssssssssssssssssssssssssssessssssssssssssssssssssens 131
1.28 Synthesis Of PL10.......couiiuiniiniiriiinininininiiniiniiniiiiieisissesinimosssssssssssssssssssssessessssssssesssssssssssssens 132
1.29 SYNRESIS Of PLL Lu.cucuiuiiuiiiiirininininsinsinsessistesissessessessessessessessessessssessesssssessssssssessesssssssssssssssssssssens 133
1.30 SYNERESIS Of L7 wuccueriiriniiririiiiniiisinsinsensissessessisiestssssissessesscssesssssessssssstssssssssssssssssssssssssssssssssssnses 134
1.31 Synthesis of PLCI7.....uuuiiiiiiiniiiniiinininiiiciiiiicieiiisisisnisnininsssssssssssssssssssessssssssssssssssssssssses 135
1.32 SyNthesis Of PL12......uiuiiiiiiiiiininininiiniiiiiiniiiieisisnisnininissssssssssisssssssssssssessssssssssssssssess 136
1.33 SYNReEsis Of PLI3.....cuiiuiiuiniirinninininininsissessestesissessissessessessesssssessesssssssssssossosssssssessesssssesssssosssnssssssens 137
1.34 SYNRESIS Of PL14....cuiuiiiiiininininsiniinsississestosissessisssssessessessessessesssssossessossosssssssessesssssosssssossosssssssons 138
1.35 SYNResis Of PLI5.....cuiiiniiniiniiinrinininininniiiiiiiinisisninissisninissssssssssssssssssssssessessssssssssssssssssssssens 139
1.36 SYNERESIS Of I7..ucuiiuiririiitiiiininininsinsinsissistesisistssissessisssssessessessssssssessossossssssssssssssssossessosssssssessons 140
1.37 SYNRESIS Of Bl...uucouiiriiuiiriiiiiniiinininsinsinsinscssissisiesisssssesssssssssssssssssessssssssesssssosssssssssesssssesssssssssssosses 141
1.38 SYNResis Of L8 .....couviiuinriniiniiniiiiininininiiniinniiinieiesiisisississississessssssesssssssssssssssssssesssssssssssssssses 142
1.39 Synthesis of PtCI8........couvuiiiinrinininininiiniinininineninincnnesossssmssssessses 143
1.40 SYNRESIS Of B2 ...ucouiirinuiiiriiiiiininininsinsinncssissisiesissississsssisssssssssssessssssssssssssossssssssssesssssesssssssssssosses 144



1.41 Synthesis Of B3......cuoiiiiiiniciiiiiiceiitneeincenencesssesssssssssssssssssssssessssssssssssssssssssssasssssssssnes
1.42 SYNRESIS Of LI ...ucuiniiiiirininiiiiiininsininsiicniiiieieississsssississississessssssstsssssessssssssssssssesssssossssssssonses
1.43 SYNthesis Of PECI9......uiiiiniiinriiiiinniinniiniiiniinineisseisseississsissessssssssssssssssssssssssssssssssssssssssssssess
1.44 SYNRESIS Of B....uouciiiiiiiiiniiiiiiiiiiiniiniincisinssiiesissssisssssssessssssssssssssesssssssssssssssssssssssssssssssens
1.45 SYNREsis Of L10 ..cucouinuiiuiniiniirinininininninsinsistesissessesessessessessessesssssssesssssssssssssssssesssssssesssssssssssssssssens
1.46 Synthesis of PtCI10.......c.cvuiviiriiininininrisuisiisunsensinessessessessessesssssesessessessessessssseses

.
1.47 SYNRESIS Of B5...ucviiiiiiiiiiniiiniiiniiiiiiiniisniisinsiiescssssisssssssessssssssssssssessssssssssssssssssssssssssssssssens
1.48 Synthesis of L11

48 SYNLhesis Of L1T ...uuiiuiiiiiiiiieiiiieniiectecnitcctecnieecteesteesnseessseessasessssssesssesssssssssssesssassssssessassssases

1.49 Synthesis of PtCI11.......cuuiuiiirinrininininrinncsuisinsensinessississessesssssessesessessessessessssseses
1.50 SyNthesis Of I8.......cuiiniiniiniiniiniininininiinniniiiiiiieiniesiiiininessssssssssssssssssssssssssssssssesssssssssssssens
1.51 SYNthesis Of L12 ....uciiviiniiniiniiniiininininiiniiiiiininiiiiiinininiisisissssssisissssssssessssssssssssssens

1.52 Synthesis of PtCI12.......cucuiviirinrininrinrinrinuisuisunsessenesessessessessssssssssessessessessessssseses

1.53 SYNhesis Of L13 .....ciiiininuiniininrininininninnisiistesissesisissessessississesssssssesssssssssosssssssssssssssssssessssssnssssssens
1.54 Synthesis of PLCIL3.......cuiiiiiiiinininininiiniiiiiiicieninssininininsnssssssssssssisssssssssssssssssses
VI - CONCLUSIONS .....ooitiitetetitienteenteiesesssesesessesessesessessssesssssssessssesessessssesssssssssessssesssssssssssssssssesssseses
VII - BIBLIOGRAPHY ..uccutiiniitiiniiniiniinniinniinieniesiesnisseeniensessesseossesssesssesssessssssssssssssssssssssssssssesssens
APPENDIX ...oiuitiinteinteiiteietenieenieessesssessesessesessesessessssessssessssessssssssssssessssessssessssessssessssessssssssssssssessesssseses
INMR SPOCLLA ccccuueiiisrniiiuricstiisuricseecssueessnecsssesesaesssaresssassssanessssssssssssssassssassssssssssassssssssssassssssssssassssanssssass

Lifetilne M EaSUTCINEITS cceeeerrrrrrrrereeeeeeerssssssrereeeessssssssssresssssssssssssssssssssssssssssssasssssssssssssssssssssssssssssssssssssssses

150
151
152
153
154
155
156



AIM OF THE THESIS

Luminescent complexes of transition metals are characterized by appealing features which make them
interesting for different applications, with the possibility to play an important role in everyday life.

Among the wide variety of metals, ligands, coordination environments and oxidation states which these
complexes can present, platinum(II) compounds are particularly important because of their remarkable
photophysical properties due to the presence of the heavy metal atom; moreover, complexes characterized by
a rigid terdentate ligand, such as a 1,3-di(2-pyridyl)benzene, show high phosphorescence Quantum Yield and
an intense luminescence emission which can be tuned through the introduction of the proper substituents on
the aromatic rings and with the appropriate choice of the ancillary ligands on the platinum center.

In this PhD project, different pathways were followed to explore the possibility to improve the mentioned
properties: i) maintaining the typical scaffold of the NCN ligand and introducing new aromatic moieties (e.g.
carbazole, pyrene, etc.) on the benzene ring; ii) starting from already known ligands and the corresponding Pt-
Cl complexes but replacing the chloride with other anionic species such as thiolates and azides; iii) expanding
the aromatic system of the terdentate ligand with the introduction of new substituents (2-thienyl, p-NPh,-
phenyl) on the pyridines.

As a result, almost thirty NCN-Pt(II) complexes were synthesized, and the majority of them was also fully
characterized from the luminescence point of view. The possible applications of these compounds, as reported
more in detail in the following chapters, range from the preparation of OLED devices to the testing in the field
of cellular biology, both as dyes for bio-imaging and as sensitizers for anticancer therapies.



I- PHOTOLUMINESCENCE AND RELATED APPLICATIONS

1. Introduction to luminescence

The phenomenon of luminescence is the spontaneous emission of ultraviolet, visible or infrared light from an
excited state of a molecule; differently from incandescence, light is not emitted as a consequence of an increase
of temperature.

Several kinds of luminescence can be distinguished on the basis of the source of excitation:

*  Photoluminescence, if excitation comes from light;
= Electroluminescence, if from current or electric field;
*  Triboluminescence, in the case of mechanical energy;

*  Chemiluminescence or bioluminescence, if excitation is caused by a chemical reaction.

1.1 Absorption
In order for a molecule to reach one of its possible excited states, at first light must be absorbed; the absorption
of radiation is generally quantified by referring to the transmittance or to the absorbance of a sample. The

transmittance (7T) is defined as the ratio between the intensity of the transmitted and of the incident light:

T=—
Iy

where I and I, represent the transmitted and the incident light intensities, respectively.
By calculating the negative decimal logarithm of T, the absorbance (A) value is obtained:
A= —log;, T

Absorbance and concentration of a solution are related through the Lambert-Beer law, stating a direct
proportionality between them:

A = ecl

in which e is the molar extinction coefficient (in cm™ M), ¢ is the molar concentration of the sample,  is the
optical path length (in cm). This law is obeyed only for dilute solutions, since at higher concentrations different
optical phenomena (such as scattering) can occur, leading to a deviation from the linearity described by the
Lambert-Beer relationship.

1.2 Photoluminescence

In the case of photoluminescence, a photon with proper energy interacts with a molecule A, promoting it from
its fundamental state to an excited state, thus producing a new chemical species with different properties and
reactivity. The excited state (indicated as *A) can lead a product (P) or can go back to the fundamental state,

following many possible photophysical pathways, both radiative and non-radiative (Figure 1).

The population of the excited state is possible only if the energy of the incident photon equals the energetic
gap between the two electronic states involved in the transition, according to Bohr’s equation:



Ephoton = hv = AEqansition = Ef — Ej

Erand E; being the energies of the final and of the starting states, respectively.

P Chemical reaction
e
* kr 3
A+hv A A+hv Radiative decay
kﬂf
A + heat Non-radiative decay

Figure 1. General scheme of the possible deactivation pathways for an excited molecule *A.

All processes leading to the decay from the excited state of a molecule compete with each other and can occur
simultaneously; each of them is characterized by a kinetic constant k, from which the probability associated to
a photophysical pathway can be obtained.

From the kinetic constants k; it is possible to calculate the lifetime of an excited state, defined as the time
required to reduce the number of molecules in the excited state to 1/e times the initial value (e is Neper’s
constant):

1 1

* — —_
T(*A) = kptketknr Xk

where p refers to a chemical reaction of the excited molecule, r to a radiative process, nr to a non-radiative
process.

The probability n; of each process i is expressed as follows:

ki

n =—-

kit(*A)

In the case of processes involving light absorption, we can define a Quantum Yield (®;):

nex, i
CDi ==
Nph, A

in which 7.y ; is the number of excited molecules *A following that pathway and 7, 4 is the number of photons
absorbed by molecule A.

The possible deactivation processes are reported in the so-called Jablonski diagram, proposed by Aleksander
Jablonski in 1933 [1] (Figure 2). Starting from the fundamental singlet state So, the molecule absorbs radiation
and higher excited states are populated; from the higher vibrational levels of an excited state (for example S,),
the excess energy can be lost through vibrational relaxation and the lower level of S, is therefore reached. The
same level can also be reached by internal conversion, this being a radiationless transition from a higher to a
lower excited state (in this case from §; to S;). From S, different processes can occur: if radiation is emitted,
we observe the phenomenon of fluorescence, conserving the spin between the starting and final states of the

molecule.
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If a triplet excited state is close enough in energy, it can be populated through another type of radiationless
transition, i.e. by intersystem crossing, involving a change in spin and consequently being formally forbidden.

If emission of radiation occurs from a triplet state, the process is defined phosphorescence.

If the excited state lies at sufficiently low energy, the non-radiative decay can become favored, due to the so-
called energy gap law. This law arises from the fact that the vibrational levels of the excited and fundamental
states can be close enough to give an easy deactivation process not resulting in the emission of light.

S Y internal

2 conversion vibrational
T 4 {relaxation
S, ——

absorption

phosphorescence

pd
So ra

Figure 2. The Jablonski diagram, showing the possible photophysical processes.

1.3 Fluorescence vs phosphorescence

Fluorescence and phosphorescence are the two processes through which an excited state can decay in a
radiative way. Fluorescence occurs between two states having the same spin multiplicity (singlet), so that AS=0.
Being an allowed transition, fluorescence is very rapid and has a timescale of 10°-107 s; in most cases the
emission comes from the lowest excited state, according to Kasha’s rule [2]. This rule is generally obeyed and
states that the excess energy provided upon excitation is dispersed until the lowest excited state is reached,
having as a result that the emission is practically independent on the excitation energy and comes from the
lowest excited state.

An important consequence of this process is the so-called Stokes shift: the emitted light has a lower energy
with respect to the exciting radiation, since a part of the energy is always lost in vibrational and relaxational
processes or is dispersed to the surrounding environment.

On the other hand, phosphorescence has a much wider timescale, from 10 to 10* s, with the emission of light
able to continue even after the exciting source is removed. This can happen because the intersystem crossing
(and so the triplet population) is formally forbidden, involving a change in spin multiplicity and a AS#0. Since
the T'-So transition is kinetically disfavored, the lifetime of the excited triplet state is long and so this radiative
decay occurs for longer time.

1.4 Luminescence of transition metal complexes

Even if it is a formally forbidden mechanism, intersystem crossing can occur if the molecule presents a strong
spin-orbit coupling, in general thanks to the presence of a heavy atom such a transition metal. In this case, an
efficient population of the excited triplet state is likely, and phosphorescence becomes the favored process of
radiative decay.

11



Nevertheless, since the emitting state is a long-living triplet and molecular oxygen has a fundamental triplet
state, this molecule can very efficiently quench the emission of compounds such as Pt and Ir complexes. The
energy transfer from the excited state of the complex to O, is so favored that the @i can have very low values,
limiting the applications of such compounds. Therefore, to obtain meaningful luminescence spectra and valid
Quantum Yield values in solution, measurements must be performed on dearated solutions, in which this type
of quenching is strongly limited or absent.

Metal complexes show important features making them very useful for different purposes:

e the emission from triplet states allows for a wide Stokes shift, hampering the phenomenon of self-
absorption;

e the proper choice of ligands helps the tuning of the emission color;

e they have high stability towards photo- and chemical degradation;

e they have long-living excited states;

e they have a wide range of excited states, depending on the metal and on the ligands.

The most common states populated by excitation of a transition metal complex include MC (metal-centered),
metal-to-ligand charge-transfer (MLCT) and ligand-to-ligand charge-transfer (LLCT) transitions. These states
are reached depending on numerous factors: the metal center, the structure and the electronic levels of the
ligands, the environment, the intramolecular and intermolecular interactions.

2. OLEDs

Organic Light-Emitting Diodes (OLEDs) are multi-layer electronic devices born as a development of the
already widespread LEDs, based on inorganic semiconductors such as GaN or GaAs. Like their parent devices,
OLEDs are able to emit light when a voltage is applied to the electrodes.

Compared to traditional LCD technology, this kind of displays are self-luminescent and so they do not require
backlighting, thus allowing the devices to be thinner and lighter; consequently, only the needed pixels are lit
up, leading to a decrease of the energy consumption ranging from 20 to 80%. As a further advantage, OLED
displays are characterized by truer colors and wider viewing angles.

The first device based on organic thin films, and showing light emission with a voltage as low as 2.5 V, was
published in 1987 by Tang and Val Slyke [3]; in their work, the organic component was sandwiched between
an ITO anode and a cathode made up of a Mg:Ag alloy; it was obtained via vapor deposition and presented
two different layers: the former containing the fluorescent AI(III) complex Alqs (structure in Figure 3), the
latter being made of a diamine (Figure 3). The mentioned device emitted in the green region with a maximum
at 550 nm, an External Quantum Efficiency (EQE) of 1% and a brightness of over 1000 cd m™.

Figure 3. Structure of the AI(III) complex and of the diamine employed in 1987 by Tang and Van Slyke.
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When dealing with the development of OLEDs, their history is generally divided into three “generations” [4],
depending on the mechanism through which the emission of light occurs. The first generation is that of
fluorescent OLEDs, the second refers to phosphorescent devices, while the third is related to OLEDs based on
the phenomenon of the thermally activated delayed fluorescence (TADF). The different generations and
working principles are discussed in detail in the following sections.

2.1 Working mechanism

The external components of an OLED are typically a transparent anode (generally ITO) and a metallic cathode
(made of Mg-Ag, Li-Al, efc.); between them, two charge-carrying organic layers are present, namely an
electron-transporting layer (ETL) and a hole-transporting layer (HTL), whose function is to allow the
generated charges to migrate through the layers and to reach the central emissive layer (EL). Once reached the
emissive layer (consisting in a dopant emissive compound dispersed in an organic host material), holes and
electrons can recombine, generating neutral excited species called excitons; the radiative decay of the produced

excitons leads to the emission of light from the device. Figure 4 reports the simplified general structure of an
OLED.

Cathode
€ Electron-Transporting Layer

4 Emissive Layer

h* Hole-Transporting Layer
Anode

Figure 4. Simplified general structure of an OLED device.

A more detailed discussion of the theoretical efficiency of an OLED device and of the advantages arising from
the use of transition metals will be presented in Chapter I — Section 2.3, while some representative examples
of compounds used as HTL and/or ETL will be discussed in Chapter II - Section 2.1.

2.2 CIE coordinates
In order to have a precise description of the color of the light emitted by a device, the CIE chromaticity diagram
(shown in Figure 5) is generally used. This diagram was adopted in 1931 [5] by the Commission Internationale

de I'Eclairage (CIE) and finds application in identifying the exact color of a visible radiation.

Every point of the diagram corresponds to a color visible to humans and is represented by a couple of (x, y)
coordinates; while pure white is identified by (0.33, 0.33), saturated colors are located on the border of the
scheme and are defined by the corresponding wavelength values.

By referring to this standardized method of color identification and description, the comparison between the
light produced by different devices becomes possible.
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Figure 5. CIE chromaticity diagram.

2.3 Transition metal complexes for OLEDs

As previously mentioned in Chapter I - Section 2.1, the emission of light in an OLED occurs from the radiative
decay of excitons, originating from the recombination of positive holes with electrons. Up to 1997, only
fluorescent organic compounds were employed in the organic layers (first generation), thus limiting the
theoretical maximum efficiency of the device, since the statistical singlet:triplet ratio for excitons is 25:75 and
only the singlet ones could be exploited. If a compound having a heavy atom (such as a transition metal
complex) is used as dopant in the emissive layer, also the triplet excitons can transfer their energy to the
complex; in this way, the theoretical maximum efficiency is increased up to 100% and all produced excitons
can be exploited if the dopant has an efficient and fast intersystem crossing populating its excited triplet states.

As already stated when presenting the basic notions about luminescence (Chapter I - Sections 1.2 and 1.3),
emission from triplet excited states is formally forbidden by quantomechanic rules, but nevertheless the
phenomenon of phosphorescence can occur due to the high spin-orbit coupling of the heavy metal atom.
Consequently, the research in this field has led to the so-called triplet-harvesting OLEDs (i.e. phosphorescent
OLEDs or PHOLEDs, second generation), based on the use of transition metal complexes [6-10].

The first examples of phosphorescent compounds employed in OLEDs were independently published in 1998
by Ma and Che et al. [11] and by Baldo and coworkers [12].

In the first case, the phosphorescent compound was an octahedral complex of Os(II) bearing a 4,4’-diphenyl-
2,2’-bipyridine, two triphenylphosphines and two cyanides; in the second paper, the emitting complex was a
Pt(IT) octaethyl-porphyrin.

Figure 6 shows the structure of the mentioned molecules.
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Figure 6. Structure of the emitting complexes employed in the first examples of 1998.

A different approach is that of the so-called third generation of OLEDs, based on the use of molecules whose
excited singlet states can be populated through a reverse intersystem crossing, namely a process in which the
energetic gap between the involved states is sufficiently small to allow for a thermal activation at room
temperature. Therefore, a thermally activated delayed fluorescence (TADF) can occur, resulting in the
theoretical use of 100% of the excitons, with a radiative emission arising from the singlet excited states.

When designing phosphorescent compounds with potential use for OLEDs, some parameters should be
carefully taken into account:

= emission wavelength (Aem). In order to have full-color devices, the emitted light should cover all the
visible region, with the primary colors blue (450-470 nm), green (500-550 nm) and red (650-700 nm).
While red and green emitters are diffused, blue emitters are much rarer, since they require a large
energy gap, this increasing the probability of non-radiative decay from the excited state.

= lifetimes (7). If the compound remains in the excited triplet state for a long period, the repopulation of
the excited states becomes slow and the conversion of electricity into light becomes a limiting factor.

*  Quantum Yields (QY). Ideally, at room temperature the phosphorescence QY should approach unity,
to achieve a good efficiency of the device.

Up to now, a remarkable variety of phosphorescent compounds has been published and tested in OLEDs [4];
in the following sections, only few selected examples of Ir(III) and Pt(II) complexes will be presented: these
compounds belong to the second generation and can be divided into different categories on the basis of the
emission color they provide.

2.3.1 Green emitters

In 1999 Forrest and coworkers [13] tested the already known complex fac-[Ir(ppy)s] (where ppy = 2-
phenylpyridine) in a phosphorescent OLED device, resulting in a green emission with a peak at 510 nm and a
EQE of 8%. Two years later, Thompson et al. [14] used the similar compound [Ir(ppy):(acac)], with a ppy
substituted by an acetylacetonate (acac) bidentate ligand; by means of this replacement, the fabricated device
presented an EQE of 12.3% and a Aew = 525 nm.

A different dendrimer-based structure was at the basis of the work of 2006 by Wang et al. [15], in which the

[Ir(CAN);] complex G2 gave an EQE of 16.6% and brightness above 20000 cd m, showing an emission at 528
nm.

Figure 7 shows the structure of the three Ir(III) green emitters.
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Figure 7. Examples of green Ir(III) emitters.

Moving to Pt(II), in 2007 Williams and coworkers reported the use of the cyclometalated [Pt(Me-NCN)CIl],
having a terdentate NCN ligand [16]; this dopant exhibited an EQE of 10% and an emission at 510 nm. In
2015, Che et al. published a series of CNN-based platinum(II) complexes [17], among whom the best
compound was [Pt(tBuPh-CNN-Qu)(CC-PhFs;)], providing an efficiency of 22.8% and a green emission with
CIE coordinates (0.368, 0.598). These two complexes are shown in Figure 8.

[Pt(Me-NCN)CI] [Pt(tBuPh-CNN-Qu)(CC-PhFy)]

Figure 8. Examples of green Pt(II) emitters.

2.3.2 Red emitters

In the already discussed work of Thompson et al. of 2001 [14], the simple acetylacetonate ligand was tested for
Ir(III) not only with the simple ppy but also together a CAN bidentate ligand being a pyridyl-substituted
benzothiophene, giving complex [Ir(btp).(acac)]; the corresponding OLED emitted in the red region (616 nm)
with a EQE of around 7%. In 2003, Hoshino and coworkers published complex [Ir(piq)s] [18] in which the
iridium cation was bound to three 1-phenyl-isoquinolines; the device doped with this compound emitted at
620 nm and had a EQE of 12.3%.

Another Pt(II) complex with an NCN-terdentate ligand ([Pt(COOMePh-NCN)CI]) was published by
Williams et al. in 2008 [19]; in this case, the central benzene ring presented a 4-COOMe-phenyl moiety, and
the corresponding OLED device exhibited a Aew of 700 nm, with an EQE of 14.5%.

A different bidentate anionic ligand was chosen by Chi and coworkers, whose paper from 2016 [20] reported
complex [Pt(fprpz).], which emitted in the NIR (at 740 nm) and provided the produced OLED with an

efficiency of 24%. Figure 9 shows the structure of the discussed red emitters of iridium(III) and platinum(II).
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Figure 9. Examples of red Ir(III) and Pt(II) emitters.

2.3.3 Blue emitters

One of the first examples of blue-emitting phosphorescent OLEDs was published in 2001 by Forrest and
coworkers [21] and consisted in the [Ir(dFppy).(picolinate)] dopant, having two dFppy ligands (dFppy = 2-
(2,4-difluorophenyl)pyridine) and a chelating picolinate; the obtained device had an efficiency of 5.7% and an
emission at 475 nm (CIE coordinates: 0.16, 0.29). After ten years, Lee and Yook presented the very similar
complex [Ir(CN-dFppy).(picolinate)] [22], having the only difference of an additional CN substituent
between the fluorine atoms on the phenyl ring; this structural modification led to an important increase in the
triplet energy, reaching a value of 2.74 eV and a Aen of 466 nm; the EQE of the fabricated device was 22.1%. An
additional development of the same family was that of Kim and coworkers of 2019 [23]: besides the picolinato,
in compound [Ir(dF-SiMes-ppy).(picolinate)] the other ligands were two 2,3’-bipyridines bearing two
fluorine atoms and a SiMe; moiety. The emission energy was furtherly increased with an emission around 445
nm and a remarkable OLED efficiency of 31.9%.

Considering the Pt(II) dopants, an important example was that of Li et al. of 2014 [24], in which a rigid
tetradentate ligand in complex [Pt(ON1-tBu)] provided an efficiency of 24.8% and an emission maximum at
451 nm.

Figure 10 presents the structure of the discussed blue emitters based on iridium and platinum.
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[Ir(dFppy)(picolinate)] [Ir(CN-dFppy),(picolinate)] [Ir(dF-SiMe;-ppy),(picolinate)] [Pt(ON1-tBu)]

Figure 10. Examples of blue Ir(III) and Pt(II) emitters.
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3. Bio-imaging

Luminescent compounds can be employed in the field of biological imaging, in which their features result
useful in order to have a good vision inside cells and to study biologically relevant mechanisms occurring inside
living organisms.

This technique consists in the injection of a solution containing the dye inside the cell or tissue under study,
and in the consequent detection of the radiative emission arising from the excitation of the fluorophore,
induced by an external source of radiation having the proper energy. In that way, also the pathway followed by
the molecule inside the cell can be observed, as well as the parts of the cell in which the molecule accumulates
due to the structure and to the lipophilic/lipophobic substituents it is characterized by.

On the basis of the charge, of the hydrophilicity, of the size and of the conjugation with biologically active
molecules (biotin, estradiol, folates, peptides, etc. ), the sensitizer can reach different parts of the cell or tissue
under exam and can bind to the aimed organelles, cellular structures or nucleic acids, enabling their detection.

3.1 Transition metal complexes for bio-imaging

Complexes of transition metals are particularly appealing for bio-imaging, because of many features providing
advantages for their use. For instance, the heavy metal atom brings about a long-living luminescence, some
orders of magnitude longer than that of most classical organic fluorophores; this represents the main difference
with purely organic dyes and allows for the removal of background fluorescence from biological compounds
on the basis of time, thus improving the quality of the images: by measuring the emission at longer times, a
differentiation of the emitting species can be easily obtained, together with a time-resolved mapping of cells or
tissues [25-27].

As previously discussed, such transition metal complexes show a wide Stokes shift, allowing for the detection
of the emitted light in a different spectral region with respect to the exciting radiation, hence limiting the
overlap between the exciting and detected light. Moreover, these compounds can be excited using low-energy
red or near-infrared light, able to deeply penetrate in tissues without interfering with their normal
autofluorescence.

Moreover, other remarkable advantages are:

* alarge emission color tunability, easily controlled by a suitable choice of the ligands;

* alarger range of excited states when compared to organic molecules;

* ahigh stability towards photo- and chemical degradation;

* convenient synthetic strategies involving the step-by-step introduction of substituents, whereas the
modification of various fluorescent organic compounds can be more difficult.

Among the transition metals employed in the field of bio-imaging, a key role is played by Ru(II), Ir(III) and
Pt(II), characterized by a d° or d® electronic configuration [28-33].

One of the most important transition metal compounds applied as dye for bio-imaging is [Ru(bipy)s]** (bipy
= 2,2’-bipyridine), in which the metal presents an octahedral coordination and a d° configuration. Thanks to
the Ru(II) cation and the m-accepting ligands, the lowest excited state has a MLCT character, with a triplet
emitting state having a lifetime of around 500 ns, two orders of magnitude longer than the commonly used

fluorescent organic dyes.
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Starting from 1990 [34], many examples of differently substituted [Ru(bipy).(dppz)]** (dppz = dipyrido[3,2-
a:2',3'-c]phenazine) complexes have been published and tested [35-37], replacing the simple bipy with
differently substituted NAN ligands. The dppz chelating ligand is able to intercalate into DNA, causing a
variation in the luminescence properties of the compounds and also providing cytotoxicity to the target cell.

The discussed Ru(II) complexes are shown in Figure 11.
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Figure 11. Structure of [Ru(bipy);]** and of [Ru(N~AN),(dppz)]** derivatives.

W
\W
/
/
;/ \22
7 N\_ 7/ \

Moving to iridium(III) complexes, the first examples were reported in 2008 by Li et al. [38] and by Lo and
coworkers [39], and consisted in cyclometalated compounds with general formula [Ir(CAN)(NAN)][PF],

with CAN and NAN bearing various substituents. Figure 12 resumes some examples of such dyes.
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Figure 12. Structure of some examples of [Ir(CAN),(NAN)][PFs] complexes.

Important examples of platinum(II) complexes tested for bio-imaging were presented in 2005 by Che et al.
[40] and by Nair and coworkers [41]. In the former paper, the Pt(II) cation was bound to a cyclometalating 2-
(2-thienyl)pyridine and to an OAN-coordinating amino acid (glycine, phenylalanine and tryptophan); in the
latter, the metal was chelated by a terdentate NNN bzimpy ligand (bzimpy = 2,6-bis(benzimidazo-2-
yl)pyridine).
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Figure 13 shows the structure of complexes Pt-AA and [Pt(bzimpy)Cl][PF].
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Figure 13. Structure of complexes Pt-AA and [Pt(bzimpy)CI][PF;].

More examples of Pt(II) compounds, based on NCN terdentate ligands, will be discussed in Chapter II -
Section 2.2.

4. Photodynamic therapy
Organic or organometallic compounds able to be excited by an external source of radiation can be tested for
anticancer treatments such as the so-called photodynamic therapy (PDT). In this kind of therapy, luminophores

are activated by light and cause cytotoxic reactions leading to severe damages (or even the death) of the cells
hit by the exciting radiation, without involving cells and tissues not exposed to the radiation [42-44].

In the presence of the activated photosensitizer, the excess energy of the excited state can be transferred to
molecular oxygen, generating cytotoxic species through different processes: in this way, both reactive oxygen
species (ROS, such as OH:, Oy, H,O, efc.; type I mechanism) or singlet oxygen ('O, type II mechanism) can
be produced. A third mechanism is independent on the presence of oxygen, since the excited state of the active
compound directly reacts with cellular biomolecules, causing the death of the cell.

Figure 14 shows the mentioned mechanisms.
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Figure 14. Photophysical mechanisms of PDT.
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Up to now hundreds of compounds have been designed and tested for the purpose of photodynamic therapy
(45, 46], even if only few have reached a clinical trial due to many difficulties arising from the requested
characteristics these molecules should have. Ideally, the best compound for application in PDT should:

* have a high Quantum Yield of triplet formation;

* for mechanisms I and II, efficiently react with oxygen;
= not to be toxic in the absence of exciting radiation;

= Dbe soluble and stable in the biological medium;

= accumulate preferentially in the target cells or tissues;

absorb light at long wavelengths, at which photons can penetrate more in depth in tissues.

Up to now, the oligomeric porphyrin-based compound Photofrin® [47] (structure in Figure 15) is the only
photosensitizer which has received approval for anticancer therapy all over the world; this molecule shares a
common scaffold with an important quantity of the other compounds actually tested for PDT, namely a
tetrapyrrolic core. This structure is at the basis of both their photophysical properties and drawbacks; the main
problems associated with the use of such sensitizers are represented by their poor solubility in water, low
photostability, quite difficult synthesis and low selectivity towards cancer.

A further step in this field is the coordination of this kind of molecules to different metals, such as tin,

aluminum, or various transition metals (for them, see Chapter I - Section 4.1).

The tin- and aluminum-based sensitizers Purlytin® and Photosens®, which have received approval for certain

types of cancer or are undergoing clinical trials [48] are reported in Figure 15.
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Figure 15. Structure of Photofrin®, Purlytin® and Photosens®.
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The main challenges associated with the research of new candidates for PDT are related to different aspects of
the therapy itself: the compound must accumulate only (or at least preferentially) in tumor cells, the local
environment should be rich of oxygen, the exciting radiation must reach the sensitizer at the appropriate depth
in cells and tissues, the water solubility should be increased in order to use lower doses of sensitizers (to reduce
side effects in other parts of the body), the compound should have high molar extinction coefficient in the low-
energy range (~700-900 nm).

4.1 Transition metal complexes for PDT

Considering transition metal compounds, a lot of effort has been devoted to test the different elements
belonging to these periods of the periodic table [48, 49]; the most investigated family is certainly that of diimine
complexes of ruthenium(II), based on parent compound [Ru(bipy)s]**. As already discussed in Chapter I -
Section 3.1 about bio-imaging, many dppz-based Ru(II) complexes have been checked up to now. These
molecules show long-living triplet states and an efficient production of singlet oxygen; moreover, the careful
design of the chelating ligands allows for a tuning of the possible excited states, and consequently of the
associated photophysical properties.

The first Ru(II) photosensitizer to enter a human clinical trial was compound TLD1433 (Figure 16), being a
racemic A/A mixture of an octahedral complex presenting two 4,4’-dimethyl-bipyridines and a
phenanthrolinic ligand bearing a terthiophene moiety [50].
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Figure 16. Structure of the Ru(Il) sensitizer TLD1443.

Moving to other groups of the periodic table, also compounds of Ir(III), Pd(II) and Pd(II) have been proposed
as PDT sensitizers.

Figure 17 shows some representative examples of complexes based on such metals: the Ir-BODIPY family
[51] consists of a BODIPY unit linked to the iridium-bearing core in which the metal is bound to three
chelating bipyridines; a porphyrin-based ligand is employed with palladium in the case of Padeliporfin [52],
while another metal-free porphyrinic core is used as linker for four Pt(II) moieties in the case of the Pt-PORF
series [53].

Other platinum(II) candidates for photodynamic therapy will be discussed in Chapter II — Section 2.3.
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Figure 17. Structure of Ir-BODIPY, Padeliporfin and Pt-PORF.
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IT - NCN-Pt(II) COMPLEXES AND THEIR APPLICATIONS

1. 1,3-di(2-pyridyl)benzene ligand and related complexes

Complexes based on an NCN ligand like 1,3-di(2-pyridyl)benzene (dpby, structure in Figure 18) show
numerous advantages and useful features, such as:

* they present a terdentate chelating ligand, binding the metal via two nitrogen atoms and a
cyclometallating carbon atom, providing a rigid coordination environment around the metal center
and hence reducing non-radiative decays from the excited states;

» the synthesis is quite simple, involving Pd-catalyzed cross-coupling reactions (such as Suzuki-Miyaura
and/or Stille) for a step-by-step introduction of the pyridine rings and other moieties directly on the
benzene core;

* the substituents on the aromatic rings (like the possible R, shown in Figure 18) can be aimed at the
tuning of important features of the complex, resulting in a wide range of possibilities: the solubility in
water, the introduction of chirality through the presence of the suitable moieties, the increase or the
reduction of aggregation and/or excimer formation on the basis of intramolecular interactions, the
possibility to bind the molecule to other compounds, the sensing of particular species, efc.;

= the HOMO and the LUMO levels are located on different parts of the complex: the former on the
benzene-platinum region and the latter on the pyridines, allowing for a fine modulation of the
electronic features. In this way, the emissive properties of the complex can be modified by introducing
the proper substituents on the ligand.

_R3

R,—
’ K&N N A
Figure 18. General structure of dpyb, with the possible substitution positions on the rings.

This type of NCN ligand has been tested for many transition metals, belonging to different groups of the
periodic table; in particular, complexes of Au(III) [54], Ru(II) [55, 56], Os(II)[57], Fe(III) [58], Ni(II), Pd(II)
and Pt(II) have been synthesized.

Compounds of metals of group 10 will be discussed in detail in Chapter II — Section 1.1 (for Ni and Pd) and
Chapter II - Sections 1.2-1.3 (for Pt).

1.1 Complexes of nickel(II) and palladium(II)

A first example of (dpyb)Ni complex was published in 2020 by Yam and coworkers [59], with the aim of
exploiting the useful features of this class of ligands by binding it to an earth-abundant metal such as nickel.
The synthesis was performed by firstly binding the cyclometallating carbon atom to mercury(II) and then
transmetallating to nickel, to give [Ni(dpyb)Cl]. From this compound, by reacting it with carbazole in the
presence of NaH, the corresponding carbazolyl complex was also obtained.

It was pointed out that the chlorido complex was not luminescent, neither at room temperature nor at 77 K,
while the carbazolyl compound showed emissive properties also at rt.
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In the same year Horner and Klein [60] achieved the synthesis of this type of complexes without the need of
transmetallation from the highly toxic Hg; the [Ni(dpyb)X] (X = Cl, Br, I) family of compounds was obtained
from NiX, through a base-assisted C-H activation in a high-boiling nonpolar solvent such as p-xylene.

The synthetic pathways reported by the two papers are shown in Figure 19.
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Figure 19. The synthetic pathways followed by Yam and by Klein to obtain the (dpyb)Ni complexes.

Concerning the homologous Pd complexes, a first attempt was made by Cardenas et al. in 1999 [61], by testing
the same procedure already known for the obtaining of the similar platinum(II) compound, i.e. by using a salt
of the metal and refluxing the reaction mixture in glacial AcOH. As a result, only dimers were obtained: in the
case of Pd(OAc),, the terdentate ligand behaved as a simple 2-phenylpyridine, cyclometallating with the carbon
atoms in positions 4 and 6 of the benzene ring and having bridging acetates connecting two ligand molecules.
The use of Li,PdCl, as a source of the metal did not result in cyclometallation, but in a dimer with the NCN
ligand binding only through the nitrogen atoms.

The desired complex with the ligand binding via the carbon atom in position 2 was synthesized only in 2005
by Soro and coworkers [62], by obtaining at first the Hg-Cl compound, then transmetallating with Pd(OAc),
and finally adding the lithium salt of the desired halide (the same procedure at the basis of Yam’s work of 2020,

previously discussed). The mentioned syntheses are shown in Figure 20.
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Figure 20. The synthetic strategies reported by Cardenas and Soro.
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1.2 Platinum(II) complexes having an ancillary Cl ligand

Besides the already discussed paper of Cardenas of 1999 [61], being the first to report the synthesis of simple
[Pt(dpyb)Cl] (1), a pioneering article was published in 2003 by Williams and Weinstein [63]. In this work,
other two ligands of the same family were synthesized, having a -Me (2) and a -COOMe (3) substituent in
position 5 on the benzene ring; the corresponding complexes were obtained by refluxing the ligand and K,PtCl,
in acetic acid or acetonitrile. In the following years, a very wide range of aromatic substituents were tested on
the benzene ring, starting from the important works of Williams et al. of 2005 [64] and 2009 [65]; the structure
of the new NCN-based complexes 4-15 is reported in Figure 21, together with compounds 1-3. The
introduction of differently substituted aryl or heteroaryl groups was meant to explore their influence on the
luminescence properties of the complexes, and in fact the emission maxima of the compounds was found to
be dependent on the effect of the substituent on the HOMO of the molecule. In the case of 12 and 15, the aza-
crown and benzo-18-crown-6 moieties were used to observe the change in luminescence in the presence of
different cations of groups I and II.

10 1 12 13 14 15

Figure 21. Structure of compounds 1-15.

In 2009 Cocchi, Kalinowski and coworkers published a paper [66] reporting the first complexes (16-18)
bearing fluorine atoms on the benzene ring, a scaffold which will give inspiration for other works in the
following years, such as that of Cocchi and Williams of 2012 (complex 19, [67]), that of Li et al. of 2010
(compounds 20-24, [68]), the paper of Roberto and Williams of 2011 (25-27, [69]) and the article by
Kozhevnikov and Bruce in 2014 (28-29, [70]).

The main feature shared by the majority of the presented Pt(II) complexes is the presence of fluorine atoms
(or other electron-withdrawing groups like -CF;) on the terdentate ligand, aiming at the understanding of the
effect exerted by these moieties on the position of the HOMO and the LUMO levels of the compounds, and
consequently on the emissive properties of the molecule.

The structure of compounds 16-29 is shown in Figure 22.
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Figure 22. Structure of compounds 16-29.

In 2014 Roberto, Cocchi and Williams published [71] the first two Pt(II) complexes having an NCN ligand
with an alkynyl (30) or alkenyl (31) spacer between the cyclometallating benzene ring and a triphenylamine
substituent; this scaffold was employed also in the works of Fantacci and Roberto of 2017 [72] for compounds
32 and 33, and in the paper of Colombo, Guerchais and Fantacci [73] of 2018 (complex 34). In this way, a
simple phenyl, a pyrene and a terthiophene were introduced as -R substituent on the central ring of the ligand.

A similar moiety, but with a guaiazulene group (compound 40), was present in the article of Colombo and
Fantacci of 2019 [74], together with other five complexes having a 2-thienyl directly bound to the benzene ring:
complexes 35-39 bear respectively a methyl, a hexyl-thiophene, a triphenylamine, a p-CN-phenyl and a pyrene
in position 5 of the mentioned thiophene ring. Furthermore, a Mes,B-substituted complex (41) was presented
by Kang and Wang in 2012 [75], to be tested for the production of OLED devices together with other Pt(II)
complexes to explore the effect of the boron-based group on the emission properties. All discussed complexes
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Figure 23. Structure of compounds 30-41.
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In 2014 an NCN platinum(II) complex bearing a -CH,NH;Cl chain (42) was published by Botchway, Haycock,
Williams and Weinstein [76], and was employed as water-soluble probe in cellular bio-imaging studies. A
similar purpose was presented in the paper by Dragonetti, Mauro and De Cola of 2015 [77], in which the
complexes (43 and 44) had two hydrophilic chains with different length, and in that of Sarli of 2017 [78], in
which compounds 2, 42, 45 and 46 were tested in studies about their efficacy in photodynamic treatment of
cancer. In particular, in complex 45 the NCN scaffold was linked to oligopeptide c(RGDyK), whose function
was to guide the compound to the targeted cancer cells.

Figure 24 shows the structure of compounds 42-46.

Figure 24. Structure of compounds 42-46.

In the field of non-linear optics (NLO), NCN-Pt(II) complexes have attracted remarkable interest in the past
years and new compounds have been designed for this purpose; for example the two new complexes 47 and

48, bearing a strongly electron-withdrawing group and presenting a “push-pull” structure, were published by
Odobel and coworkers in 2009 [79].

Moreover, in 2018 Dragonetti, Jacquemin and Boixel reported other two compounds [80] in which a
dithienylethene (DTE) moiety was bound to the NCN scaffold in different ways: directly in position 5 of the
benzene ring in the case of complex 49, and via a -O-CH,CH,-O-CsHs- linker for 50.

The DTE group is known for the ability of switching its structure from the open to the closed form depending
on the applied light; this feature causes an important variation of the NLO properties of the compounds.

Complexes 47-50 are presented in Figure 25.
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Figure 25. Structure of compounds 47-50.

A particular substituent meant to hamper the n-stacking between complex molecules, and consequently to
improve their photoluminescence properties, is the pentiptycene, i.e. a rigid H-shaped scaffold introduced in
compound 51 [81] by linking it to the NCN core through a C-C triple bond, also bearing an octyloxy chain. In
that way, the resulting molecule showed both mechanochromism and vapocromism, with a switchable
emission from the excimeric to the monomeric form.

A further development of this strategy was published by Yang and coworkers in 2020 [82], by adding a -fBu
group in position 4 of the pyridine rings (compound 52) to introduce the proper steric hindrance on the ligand,
able to increase the luminescence performance of the compound. Together with the new complex 52, also a

reference compound 53 was presented, being a simple NCN-PtCl with the mentioned terz-butyl groups.

A different aim was at the basis of the work of Takata and coworkers of 2020 [83], who published two
complexes tested as active catalysts in the hydrosilylation reaction; while complex 54 had an open structure,
with a 4-OMe-phenyl ring in a position on each pyridine, in 55 the corresponding oxygen atoms were
connected by a triethylene glycol chain, thus obtaining a macrocycle.

Figure 26 reports the structure of complexes 51-55.

51 52 53 54 55

Figure 26. Structure of compounds 51-55.
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Besides the monomeric compounds discussed up to now, some dimeric species were synthesized by choosing
the proper manner to connect two NCN-PtCl units. Taking inspiration from the paper of Tanaka and
coworkers of 2004 [84], in 2008 Williams et al. [85] employed a xanthene scaffold to obtain a ligand (and the
related complexes 56-57) in which two 1,3-di(2-pyridyl)benzenes lied parallel in a face-to-face manner. The
short distance between the two metal centers allowed for the formation of intramolecular excimers, having as
a result the shift of the emission maximum to the deep red (690 nm). By varying the reaction time, complex 56
or 57 was preferentially obtained, since the introduction of the second Pt atom required much longer time (11

vs 3 days).

A similar monometallic complex was published in 2010 by Chan and coworkers [86]: the same xanthene core
was used to obtain an amino acid-sensitive compound having the NCN-PtCl moiety parallel to a -CcHs-COOR
group (R = H for 58 and CH; for 59). By testing them with numerous amino acids, complex 58 was found to
be effective in the preferential binding of cysteine to the Pt center, also exploiting the stabilizing interaction
between the carboxylic group of the complex and the amine moiety of the amino acid.

In 2017 a dimer (60) was obtained by Zhong et al. [87] by using a N,N-dimethyl urea as bridging unit between
two di(pyridyl)benzene scaffolds. In that way, the authors synthesized a U-shaped compound, whose crystal
structure and photophysical properties were explored in deep.

In the work of Jacquemin and Guerchais of 2018 [88], another dimeric structure was obtained via a
tetraethylene glycol chain connecting the NCN-PtCl moieties from positions 5 of the benzene rings.
Interestingly, compound 61 showed the ability to self-associate with both an intra- and an intermolecular
arrangement. Moreover, complex 62 was synthesized and studied as a reference for luminescence
measurements and DFT calculations.

Figure 27 presents compounds 56-62.

60 61 62

Figure 27. Structure of compounds 56-62.
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1.3 Platinum(II) complexes having other ancillary ligands

Different species have been tested as ancillary ligand on the Pt(II) center, by replacing the chloride with
acetylides, isocyanides, phenolates, thiolates, azides, isothiocyanates, efc. The following sections discuss the
numerous complexes obtained through the substitution of the -Cl, presenting the obtained Pt(II) compounds
on the basis of the nature of the new ancillary ligand.

1.3.1 Alkynes

In the last paper discussed in the previous section [88], also a dimeric bimetallic compound was synthesized
and studied, namely complex 63 (Figure 28). In this case, a bis(alkynyl) ligand with a glycol chain linking two
phenylacetylenes was bound to both Pt(II) atoms, giving a structure able to form excimers in a very efficient
manner through intramolecular interactions.
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Figure 28. Structure of compound 63.

Another example was reported in the already mentioned work of Odobel of 2009 [79], by reacting compound
47 with 4-NHex,-phenylacetylene, to give complex 64. Similarly in 2012 Roberto, Cocchi and Williams [89]
synthesized two complexes having a 3,5-difluorophenylacetylene ligand on the metal and a methyl or mesityl

substituent on the benzene (compounds 65 and 66, respectively).

Figure 29 shows the discussed compounds.

64 R = Methyl 65
~ Mesityl 66

Figure 29. Structure of compounds 64-66.

In their papers of 2017 [90] and 2020 [91] Yang et al. had shown not only compounds 51 and 52, but also the
alkynyl-substituted analogues 67 and 69, together with reference compound 68. With these molecules the
authors aimed at the study of the effect of different grades of steric hindrance, provided by the presence of the
big pentiptycene moiety, but also by the tBu groups on the NCN-pyridines. In particular, complex 67 had
pentiptycene substituents both on the terdentate ligand and on the Pt(II), in both cases linked by a C-C triple
bond.
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The structure of complexes 67-69 is reported in Figure 30.

67 68 69
Figure 30. Structure of compounds 67-69.

In 2019 Li, Yam and coworkers [92] proposed some new Pt(II) complexes to be tested as building blocks for
molecular motion. In fact, compounds 70-72 represented a “molecular hinge” with a diyne axis connecting
two NCN-Pt structures: upon excitation under the proper radiation, they observed a motion around the axis,
which could be monitored through changes in the phosphorescence properties of the compound.

The mentioned switch between an open and a closed form was an important development towards future
application in the field of molecular machines; as reference compounds, alkynyl-based complexes 73-75 were
also obtained and studied.

Figure 31 presents the structure of complexes 70-75.
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Figure 31. Structure of compounds 70-75.

Also in 2021 Yam and Li published a paper [93] dealing with alkynyl NCN-Pt(IT) complexes, this time having
a terdentate ligand bearing two methyl groups on the central benzene ring and a 4-R-phenylacetylene on the
metal, with R being a formyl in the case of 76 and different imines in compounds 77-80. In particular,

complexes 79 and 80 presented a chiral moiety, i.e. a methyl-benzylamine.

All mentioned compounds are shown in Figure 32.
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Interestingly, the S and the R enantiomeric complexes did not have the same solid-state structure: the former

(79) formed nanospheres, while the latter (80) leaf-like lamellae; in that way, the chirality of the substituent
was transferred to the whole complex and exerted a remarkable influence on the luminescence, on the packing
and on chiroptical properties of the synthesized compounds.
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Figure 32. Structure of compounds 76-80.

1.3.2 Isocyanides

A neutral species which can be bound to the platinum center, resulting in cationic complexes, is the isocyanide.
The first paper to deal with this monodentate ligand was that of Che and coworkers of 2013 [94], in which the
compounds differed on the basis of the substituent on the chelating ligand, being a simple -H for 81, a -CF; for
82 and a -CHj in 83; in all cases the ancillary ligand was a 2,6-dimethylphenyl isocyanide and the counterion
a hexafluorophosphate.

Later, the same ancillary ligand was employed by Kuwabara and Kanbara in their works of 2017 [95] and 2018
[96], even if together with a much more substituted NCN ligand having a benzenamide on the two pyridines,
each of them bearing dodecyloxy chains. The counteranions were a B(CsFs)s, a Cl" and a PFs for 84, 85 and
86, respectively. Thanks to the structure of the ligands and to the chosen anions, different emission colors of
the complexes could be achieved through molecular interactions, hydrogen bonding and solvophobic effects,
ranging from blue to yellow to orange.

The structure of complexes 81-86 is shown in Figure 33.
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Figure 33. Structure of compounds 81-86.
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1.3.3 Thiolates and phenolates

An important first attempt to bind sulfur-based ligands to the platinum center was made by Williams and
coworkers in 2014 [97]; in their paper, the authors employed the simple NCN ligand without substituents and
the corresponding ligand bearing a COOMe group on the benzene. For both Pt(II) complexes, five different
thiolates were tested, namely the simple CHs;SH (for compounds 87 and 88) and four 4-R-thiophenols (R being
-H, -CHj3, -OCHs and -NO; for 89-96). The structures of the mentioned complexes are presented in Figure 34.
From the luminescence point of view, the result of the substitution on the platinum center was a red-shift of
the emission, reaching maxima between 634 and 714 nm, even if with a remarkable decrease of the Quantum
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Figure 34. Structure of compounds 87-96.

In the work of Cockroft of 2019 [98] other thiolates (anionic forms of thiophene-2-thiol and 5-methyl-1,3,4-
thiadiazole-2-thiol) were introduced on the Pt(II) by replacement of the Cl ligand, obtaining complexes 97 and
98. These two compounds, also having hexyloxy chains in position 5 of the pyridines, were used as model
compounds to test metallophilic interactions, which were found to be sufficiently weak in most common
solvents to play a noticeable role in intermolecular interactions.

Starting from 98, in their paper of 2020 [99] the same authors explored the photophysical properties of a
dimeric compound formed by the chosen thiolate, which was able to bind a second platinum center via one of
its nitrogen atoms: in that way, from two molecules of 98, the new cationic compound 99 was obtained, having
the second thiolate molecule as counteranion.

Considering phenolates, or more in general alkoxides, as ancillary ligands, it appears that the only published
complex (among those having a terdentate di(pyridyl)benzene) is 100; this complex is in the already discussed
paper of Li from 2010 [68], in which the synthesis and the luminescence characterization of many new NCN-
Pt complexes were reported. Compounds 97-100 are shown in Figure 35.

97 98 99 100

Figure 35. Structure of compounds 97-100.
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1.3.4 Nitrogen-based ligands

Moving to monodentate nitrogen-based ligands, an isothiocyanate, an azide and a pirazolate have been
introduced on the Pt(II).

In 2011 Mrdz, Roberto and Williams [100] presented various NCN-complexes and among them also
compound 101, synthesized from parent complex 3 (Figure 21) by reacting it in the presence of an excess of
NaNCS. Similarly did Roberto, Cocchi and Williams both in 2012 [101] for complex 102 (from 5, Figure 21)
and in 2014 [71] for compound 103 (from 30, Figure 23); finally in 2015 Dragonetti, Mauro and De Cola [77]
obtained compound 104 from 43 (Figure 24).

While complexes 101, 102 and 103 were aimed to be employed in OLED devices, compound 104 was tested
for bio-imaging application in cells.

Figure 36 shows compounds 101-104.
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Figure 36. Structure of compounds 101-104.

The other anionic ligand was the azide, used in the work of Sadler et al. of 2019 [102]; in that paper, the authors

obtained the simple unsubstituted NCN-Pt(II) complex 105 with the N; ligand directly bound to the metal, to
test it in the field of photochemotheraupetics. In fact, the mentioned ligand could be photoreleased by applying
the proper radiation, producing reactive species with a detrimental effect on cancer cells.

In the same year Slinker and coworkers [103] employed a 3,5-diphenylpyrazole to bridge two NCN-Pt units,
binding the metal with both nitrogen atoms and resulting in the cationic dimeric species 105. This compound

was studied from the point of view of the electrochemical and photophysical properties, also testing it in a
light-emitting cell (LEEC). Figure 37 reports the structure of compounds 105 and 106.
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Figure 37. Structure of compounds 105 and 106.

35



1.3.5 Other types of ancillary ligands

A different ligand was employed by Che et al. in 2011 [104]: starting from the simple unsubstituted NCN-PtCl
complex and the corresponding compound with a -CF; group, the chloride was replaced by a carbene ligand
with #nBu chains on the two nitrogen atoms of the five-membered ring. The resulting complexes (107 and 108,
structure in Figure 38) were effective as solid-state sensors for acidic vapors, in the presence of whom the
intensity of the emitted radiation was reversibly increased.

I+ L PFg

PFg

Figure 38. Structure of compounds 107 and 108.

Finally, two classes of heterobimetallic compounds were published in 2017 and had the NCN-Pt moiety
connected to another transition metal complex.

In the work of Yam and Amouri [105], the sulfur- or seleno-based 1,4-benzoquinone was bound to a Cp*Ir
unit (Cp* being pentamethylcyclopentadienide) and to two NCN-Pt scaffolds, giving dicationic complexes
109-113, having triflates or hexafluoroantimoniates as counterions. The self-aggregation, the structure and the
luminescence of these compounds were investigated in the mentioned work.

In the article of Hirva, Tunik and Koshevoy [106], a bidentate ligand made up of a pyridine presenting a -p-

(CH,).NH; chain (n = 1 for 114 and n = 2 for 115) was used to link the NCN-Pt unit to a Rhenium(I) center,
also bearing a 1,10-phenanthroline and three CO ligands.

Figure 39 reports the structure of complexes 109-115.
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Figure 39. Structure of compounds 109-115.
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2. Applications of NCN-Pt(II) complexes

NCN complexes of Platinum(II) have found applications in various fields in the last decades, from the
production of electrochemical devices to biological imaging and sensing. The following sections will present
the main results concerning these possibilities.

2.1 NCN-Pt(II) complexes for OLEDs

Because of the good phosphorescent properties of Pt(I1I) complexes provided by the presence of the heavy metal
atom and of its high spin-orbit coupling, these kinds of compounds can find useful application in the field of
OLED production [9, 10].

Up to now, many of the already presented NCN-Pt(II) compounds (shown in Figure 40) were tested as dopants
in OLED devices. Tables 1 and 2 resume the composition, the CIE coordinates and the External Quantum
Efficiency (EQE) of the OLEDs produced with the mentioned Pt(II) complexes; the EQE values refer to the
current density j (expressed in A cm™?).

The main organic compounds usually employed as hole-transporting layers, emitting layers and electron-

transporting layers are shown in Figure 41.
The following abbreviations are used in Tables 1 and 2, and they stand for:

CBP = 4,4'-N,N'-dicarbazole-biphenyl;

TPD = N,N’-bis(3-methylphenyl)-N,N'-diphenylbenzidine;

PC = bisphenol-A polycarbonate;

TCTA = tris(4-carbazoyl-9-ylphenyl)amine;

TBPi = 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole);
TAZ = 3-(4-biphenyl)-4-phenyl-5-tert-butylphenyl-1,2,4-triazole;
OXA = 3,5-bis[5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl|benzene;
HTL: hole-transporting layer;

EL: emissive layer;

ETL: electron-transporting layer;

EQE: external quantum efficiency.
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Figure 41. Structure of some organic compounds employed in HTL, EL and ETL.
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Table 1. Composition, CIE coordinates and EQE of the OLEDs produced with complexes 1-5, 10, 30-31, 41, 102-103.

Complex HTL EL %Pt ETL CIE EQE ref
1 TPD:PC CBP 6% OXA - ~10% [16]
1 TPD:PC CBP:OXA 6% OXA (0.23,0.57) ~10.5% [16]
2 TPD:PC CBP:OXA 6% OXA (0.14, 0.46) ~9% [16]
3 TPD:PC CBP:OXA 6% OXA (0.31,0.61) ~10% [16]
4 TPD:PC CBP:OXA 6% OXA (0.20, 0.76) ~9% [16]
5 TPD:PC CBP:OXA 6% OXA (0.24, 0.63) ~5% [16]
10 TPD:PC CBP:OXA 6% OXA (0.48,0.51) ~10% [16]
30 TCTA - 100% TBPi - ~0.2% [71]
31 TCTA - 100% TBPi (0.673, 0.315) ~1% [71]
31 TCTA TCTA 5% TBPi (0.302, 0.203) ~1% [71]
31 TCTA CBP 5% TBPi (0.537,0.203) ~0.3% [71]
41 CBP CBP 12% TBPi (0.34, 0.56) 30% [75]

102 TPD:PC - 100% TAZ - ~1% [101]
103 TCTA - 100% TBPi - ~0.1% [37]

Table 2. Composition, CIE coordinates and EQE of the OLEDs produced with complexes 16-19 and 25-27.

Complex HTL EL %Pt ETL CIE EQE ref
16 TPD:PC TCTA 5% TAZ (0.19,0.42) 7.8% [66]
16 TPD:PC - 100% TAZ (0.63, 0.35) 5.3% [66]
17 TPD:PC TCTA 5% TAZ (0.18,0.35) 13.0% [66]
17 TPD:PC TCTA 10% TAZ (0.27,0.37) 18.3% [66]
17 TPD:PC TCTA 15% TAZ (0.33, 0.38) 18.1% [66]
17 TPD:PC TCTA 20% TAZ (0.45, 0.38) 14.9% [66]
17 TPD:PC TCTA 25% TAZ (0.53, 0.38) 16.8% [66]
17 TPD:PC - 100% TAZ (0.61, 0.38) 14.7% [66]
18 TPD:PC TCTA 5% TAZ (0.24, 0.57) 15.5% [66]
18 TPD:PC - 100% TAZ (0.57, 0.40) 0.1% [66]
19 TPD:PC | TCTA:TCP 3% TAZ (0.20, 0.30) 3.9% [67]
19 TPD:PC | TCTA:TCP 6% TAZ (0.26, 0.34) 11.3% [67]
19 TPD:PC | TCTA:TCP 12% TAZ (0.32, 0.37) 7.1% [67]
19 TPD:PC | TCTA:TCP 20% TAZ (0.36, 0.37) 3.7% [67]
19 TPD:PC | TCTA:TCP 25% TAZ (0.37,0.39) 2.7% [67]
19 TPD:PC | TCTA:TCP 100% TAZ (0.52, 0.47) 6.4% [67]
25 TPD:PC TCTA 5% TAZ (0.35, 0.62) 7.0% [69]
25 TPD:PC TCTA 100% TAZ (0.65, 0.33) 0.3% [69]
26 TPD:PC TCTA 5% TAZ (0.30, 0.59) 4.9% [69]
26 TPD:PC TCTA 100% TAZ (0.65, 0.35) 0.4% [69]
27 TPD:PC TCTA 5% TAZ (0.31, 0.54) 4.9% [69]
27 TPD:PC TCTA 100% TAZ (0.67,0.32) 1.2% [69]
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By observing the collected data, it can be noticed that very often the best efficiencies were reached in the case
of “dilute” Emitting Layers, having a low amount of Pt(II) complex in the organic matrix; this remarkable
decrease in efficiency (e.g. for compounds 18, 25-27) is a consequence of the quenching of the emission caused
by aggregates and/or excimers, whose formation in the layer is favored by the high concentration of the
molecules in the solid state. In other cases, such as for complexes 17 and 19, the trend is not regular, and a
general conclusion cannot be achieved by simply comparing the %Pt and EQE values.

2.2 NCN-Pt(II) complexes for bio-imaging

NCN platinum complexes can find convenient application for bio-imaging, since they possess the ability to
interact with nucleic acids, to intercalate in DNA (due to the planar structure) and/or to bind to nucleobases
by replacement of the ancillary Cl ligand by nitrogen atoms. Another possible bonding manner could be that

with thiols (e.g. with cysteine or glutathione), because of the thiophilic nature of the soft platinum(II) center.

Furthermore, by taking advantage of the quenching of luminescence brought about by molecular oxygen, it
can be possible to develop lifetime maps which give a good approximation of the O, concentration in the
different parts of the cells (membrane, cytoplasm, nucleus, etc.), as a consequence of the different degree of
exposition to oxygen.

Up to now, many of the previously presented Pt(II) complexes based on an NCN scaffold (structure in Figure

42) have been tested as dyes in biological imaging [107].
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Figure 42. Structure of the NCN-Pt(II) complexes tested for bio-imaging.

Compounds 1-4 were presented by Haycock, Weinstein, Williams et al. [25] and employed in cells using two-
photon excitation (TPE) and time-resolved emission imaging microscopy (TREM); the TREM technique
implies longer time scales, which allow for a better discrimination between wide changes in lifetimes, and time-
gated experiments, able to distinguish the emitted radiation from the biological autofluorescence.
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Particularly interesting are the results of 1: after an MTT assay, performed to determine the cytotoxicity of the
compounds, the luminescence properties of this complex were studied by incubating the cells using a 100 uM
solution of the dye in phosphate buffer solution (PBS) containing 1% of DMSO. The maximum intensity of
emission was reached after only 5 minutes, suggesting that the small neutral complex could easily permeate
through the membrane of the cell by diffusion, without the need of specific transport mechanisms such as
endocytosis or activated channels.

Further experiments involved cell co-staining, employing the standard dye 4',6-diamidine-2'-phenylindole
dihydrochloride (DAPI), whose emission did not overlap with that of 1, allowing for a clear view of the
localization of the two compounds inside the cell; this test confirmed that 1 preferentially accumulated in the
nucleus of the cell.

Dyes 42-44 and 104 were designed with the aim of testing the effect of different substituents on the central
benzene ring on cellular diffusion and on the photophysical properties. In fact, complex 42 [27, 108], water-
soluble thanks to the -CH,NH;*Cl chain, could be tested without the need to be pre-solubilized in an organic
solvent that can be toxic for cells.

Moreover, in 43-44 and 104 [77] glycol chains with different length were introduced to achieve a higher
solubility in water. They were tested in HeLa cells, stained with a 50 pM solution of platinum complex in PBS
containing less than 1% of DMSO; for all the three complexes the internalization into the cells was very rapid,
being complete within 10 minutes and without negative effects arising from the presence of the hydrophilic
chain or of the ancillary NCS ligand.

2.3 NCN-Pt(II) complexes for PDT

Besides bio-imaging in cells and tissues, NCN complexes of Pt(II) can be employed in the field of PDT [107].
A first application of this family of complexes for photodynamic therapy was presented in 2016 by Weinstein
et al. [109]: in their paper the simple compound 3, bearing a methyl group on the benzene ring (Figure 21),
was tested in HeLa cancer cells, working with various concentrations of the complex and monitoring the effect
at different time points during a period of 12 days. Remarkably, no dark toxicity was observed up to a
concentration of 1 uM. Later, the same complex was applied to colorectal cancer cell line SW480 and to bladder
cancer cell line EJ, showing very important effects, since the exposure to light led to cell death even in tumor

cells resistant to the well-known cis-platin agent.

A similar approach was reported by Sarli and coworkers in 2017 [78] with compound 46, bearing a c(RGDyK)
oligopeptide coupled to the NCN scaffold. This substituent was meant to target integrin receptors, tipically
overexpressed in some cancer types (such as melanoma, glioblastoma, efc.). Complex 45, having a carboxylic
group, was used as reference compound for cellular studies. After having confirmed the efficient targeting of
the RGD fragment towards a.Ps receptors, a cytotoxicity investigation was performed, pointing out the
effective cellular death caused by the compound, even if it was due to cytostatic rather than cytotoxic
properties.

Figure 43 shows the structure of complexes 45 and 46.
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Figure 43. Structure of complexes 3, 45 and 46.

42



III - SYNTHESIS OF THE COMPLEXES

1. Synthesis of ligands L1-L7 and of complexes PtCl1-PtCl7

In this section the synthetic strategies for NCN-PtCl complexes PtCl1-PtCl7 are briefly presented, while all
details and procedures are reported in Chapter V, together with NMR spectra in the Appendix.

All compounds present the NCN terdentate chelating ligand, with a monodentate ancillary chloride ligand on
the platinum center.

Complexes PtCl1, PtClI2, PtCl6 and PtCl7 were already known and published (being the same as compounds
5, 10, 8 and 3 respectively, reported in Figure 21), but were re-synthesized in order to use them as starting
materials for the derivatives which will be presented and discussed in Chapter II - Sections 2.3-2.6. On the

contrary, complexes PtCI3-PtCl5 are new and never appeared in published papers.

The pyrenyl group in PtCI3 was introduced with the aim of testing the luminescence properties of an NCN-Pt
complex bearing this kind of polycyclic aromatic moiety, which could provide an interesting emission region.

Considering PtCl4 and PtCl5, the purpose was to observe the effect of the expansion of the aromatic system
and of the presence of an amino group directly bound to the NCN scaffold (in the case of PtCl5), to be
compared with the analogue PtCl4 having a phenylene spacer between the two parts of the ligand.

Figure 44 shows the structure of complexes PtCl1-PtCl7.

PtCl4 PtCI5S PtCI6 PtCI7

Figure 44. Structure of the synthesized NCN-Pt(II) complexes PtCl1-PtCl7.
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1.1 Synthesis of intermediate compounds I1-16
To achieve the NCN ligands and the corresponding platinum(II) complexes, some intermediate compounds
had to be synthesized, starting from the central benzene ring and the adding the suitable substituent and the

two pyridines.

1.1.1 Synthesis of I11-14
For complexes PtCl1-PtCl4, the synthesis started from 1,3,5-tribomobenzene, being the core ring of the NCN
terdentate ligand. The substrate underwent a Suzuki-Miyaura Pd-catalyzed cross-coupling reaction with the

suitable arylboronic acid to give intermediates I1-I4; the synthetic pathway is reported in Figure 45.

Br Ar

0.0
$o g

)| 12 13 14

Figure 45. Synthesis of intermediate compounds I1-14, obtained through Suzuki-Miyaura cross-coupling.

1.1.2 Synthesis of I5

Unlike the other dibromo-aryl-benzene intermediates presented in this section, 16 was not obtained from a
boronic acid or ester, but via the direct N-arylation of carbazole [110]; this nucleophilic aromatic substitution
was performed in the presence of a strong base (KOH) and without the need of a transition metal catalyst

o g e &

15

Figure 46. Synthesis of intermediate compound I5.

1.1.3 Synthesis of 16
Compound 16 was obtained reacting 1,3,5-tribromobenzene with 2-(tributylstannyl)thiophene, by means of a

Stille coupling (Figure 47) catalyzed by Pd(PPhs)s.
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Figure 47. Synthesis of intermediate compound I6, obtained through Stille cross-coupling.
1.2 Synthesis of ligands L1-L7

Once intermediates I1-16 were obtained, the synthesis of the NCN ligands continued by reacting them (or the

commercially available 3,5-dibromotoluene in the case of L7) via a Stille cross-coupling with 2-
(tributylstannyl)pyridine in the presence of Pd(PPhs),Cl; as catalyst. In that way the introduction of the pyridyl
rings was performed and gave ligands L1-L7. Figure 48 shows the general synthesis of the mentioned ligands.
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Figure 48. Synthesis of ligands L1-L7, obtained through Stille cross-coupling.

1.3 Synthesis of complexes PtCl1-PtCl7
For all ligands the complexation procedure was the same, i.e. using K,PtCl, as source of the metal and

refluxing the reagents in glacial acetic acid under argon atmosphere [61] (Figure 49).
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Figure 49. Synthesis of complexes PtCI1-PtCl7.
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2. Synthesis of complexes Pt1-Pt15

As extensively discussed in Chapter II - Section 1.3, the chloride ligand can be quite easily replaced by other
species, to give new complexes from the parent NCN-PtCl compounds.

Here is reported the synthesis of fifteen derivatives, having as ancillary ligand three different thiolates (i.e. 1-
phenyl-1H-tetrazole-5-thiolate, 4-phenylthiazole-2-thiolate, thioacetate), an azide, a phthalimide and an
isothiocyanate. Figure 50 shows the structure of the sodium or potassium salt of the employed species; except

for the NCS-substituted compound Pt6 (being the same as 102, see Figure 36), all complexes are new.

SNa K
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N N
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Figure 50. The salts employed as source of the anionic ancillary ligands.
The synthetic details and procedures are reported in Chapter V, while the NMR spectra in the Appendix.

As a general remark, one should be careful when using azides and should work on a small scale; heavy metal
azides can be heat- and shock-sensitive, and can explosively decompose with little input of external energy.
However, during this work, no problems were encountered.

2.1 Aim of the tested ancillary ligands
Phenyl-substituted heteroaromatic thiolates T1 and T2 were chosen with the purpose of testing the effect of
new sulfur-based aromatic ligands on the Pt(II) center, in order to make a comparison with luminescence data

of compounds 87-96 ([97], Figure 34), in which the ancillary ligand was a simple CH:S or a 4-R-thiophenolate
(R being -H, -Me, -OMe, -NO,).

Moving to T3, this species was employed to test the possibility of replacing the chloride of the parent
compound with a non-aromatic thiol such as the thioacetate.

In the case of the azide and the phthalimide, these common reagents were tested as representative examples of
N-based ligands, being commercially available compounds that can easily bind a variety of transition metals.

Finally, the isothiocyanate ligand was expected to bind the Pt(II) with the sulfur atom (according to the
thiophilic nature of the soft platinum cation), but through the X-ray analysis of the crystals it was found that

this bidentate anion binds the metal via the nitrogen atom.

2.2 Future possibilities

Up to now, only few derivatives of the NCN-Pt complexes presenting the -NCS or -Ns ligand have been
synthesized and characterized, but in the future it will be surely interesting to develop new compounds, since
various biological applications of these complexes can be tested.
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2.2.1 Isothiocyanate

The presence of the NCS on the metal can open new possibilities in the field of this family of NCN-Pt
complexes, since this class of molecules could act as sensors for thiol-bearing biologically active species, such
as cysteine. In fact, isothiocyanates can rapidly react with cysteine to form an adduct which undergoes
intermolecular cyclization to give a 5-membered ring, that can produce further species by releasing an amine

or H,S [111] (see Figure 51 for the proposed mechanisms).

N

§ MM + R-NH,
N_Zs —(
HS R” \c// >\ COOH
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Figure 51. Proposed general mechanism for the reaction of an isothiocyanate with cysteine.

This reaction can be not only a sensing technique for thiolates (by monitoring the process through
luminescence variations) or a useful method for the labelling of proteins (as shown by Chudasama and Keserti
[112]), but also a synthetic procedure to develop new ligands by adding moieties to the simple NCS.

2.2.2 Azide
The use of an azide as ancillary ligand is particularly appealing because azido complexes of Pt(II) can find
application in photoactivated chemotherapy, due to their ability to intercalate in DNA (because of the planar

coordination environment) and to photorelease azidyl radicals that can attack and damage cancer cells [102,
113-115].

Furthermore, this ancillary ligand can be the starting point for the well-known click reaction with an alkyne.
As shown in the papers of Schatzschneider and coworkers of 2019 [116] and 2021 [117], square planar
platinum(II) complexes can easily react at room temperature and without the need of a catalyst with an
electron-poor alkyne, to give triazolate complexes. Once formed, such complexes can undergo isomerization
to change the nitrogen atom they bind the metal with (see Figure 52), passing from a N1- to a N2-triazole;
obviously, if the employed alkyne is not symmetrical, different products can be obtained, with a different
structure depending on the position of the electron-withdrawing groups.

| 0 =
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Figure 52. General example of reaction between an azido complex and an alkyne.
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2.3 Derivatives of PtCl1

Complex PtCI1 has been used as parent compound to react with all the six species presented in Figure 50, to

give complexes Pt1-Pt6 (Figure 53):
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Figure 53. Synthesis of complexes Pt1-Pt6, starting from parent compound PtCl1.
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2.4 Derivatives of PtCl2
Complex Pt7 has been obtained by reaction of PtCI2 with sodium 4-phenylthiazole-2-thiolate (Figure 54):

A,

Pt7

Figure 54. Synthesis of complex Pt7, starting from parent compound PtCI2.

Up to now, this is the only example of derivative of PtCl2, obtained by replacement of the chloride with another
anionic species.
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2.5 Derivatives of PtCl6
Complexes Pt8-Pt11 (structure in Figure 55) were obtained from parent compound PtCl6 by reacting it with

four of the salts shown in Figure 50.

SNa

Figure 55. Synthesis of complexes Pt8-Ptl1, starting from parent compound PtCl6.
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2.6 Derivatives of PtCl7
Through the already presented reactions of the NCN-Pt(II) complex PtCl8, compounds Pt12-Pt15 were

obtained. Their structure is reported in Figure 56.

Figure 56. Synthesis of complexes Pt12-Pt15, starting from parent compound PtCl7.
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3. Synthesis of ligands L8-L13 and of complexes PtCI8-PtCl13
Since complexes PtCI8-PtCl13 present aryl substituents also on the pyridine rings, their synthesis started from

the introduction of such moieties via Suzuki-Miyaura coupling, employing the suitable aryl bromide (2-Br-4-
hexylthiophene for PtCI8-PtCl11 and 4-Br-triphenylamine for PtCl12-PtCl13) together with 2-Cl-pyridine-
4-boronic acid. The long hexyl chains on the thienyl rings aimed at the increase of the solubility of the related
complexes and resulted very effective in this.

In the meanwhile, the already presented intermediates I1,12,13,16 and 1,3-dibromo-4,6-difluorobenzene were
used to synthesize the corresponding boronic pinacol esters, to be reacted in another Suzuki-Miyaura coupling

with the mentioned 2-Cl-4-arylpyridines, to give ligands L8-L13.

Finally, as shown before in Chapter III — Section 1.3, the usual complexation reactions gave compounds
PtCI8-PtCl13, whose structure is here reported in Figure 57.

PtCI10 PtCI11

PtCI12 PtCI13

Figure 57. Structure of the synthesized NCN-Pt(II) complexes PtCI8-PtCl13.
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3.1 Synthesis of intermediate compounds I17-18

Intermediates I7 and I8 were 2-chloro-pyridines bearing an aryl substituent in position 4, namely a 4-hexyl-2-
thienyl for the former compound and a 4-diphenylamino-phenyl for the latter. The compounds were obtained

with a Suzuki-Miyaura coupling, as shown in Figure 58.
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Figure 58. Synthesis of intermediates I7 and I8.

3.2 Synthesis of boronic esters B1-B5
The other reagents needed to perform the Suzuki-Miyaura cross-coupling, to give the NCN ligands, were the
diboronic esters of the differently substituted benzene core; these compounds were obtained through a

Miyaura coupling catalyzed by Pd(dppf)CL.

3.2.1 Synthesis of B1-B4
Using intermediates I1-13 and I6, boronic esters B1-B4 were achieved. The general synthesis is shown in

Figure 59.

Figure 59. Synthesis of boronic esters B1-B4.
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3.2.2 Synthesis of B5
Compound B5 was synthesized starting from the commercially available 1,3-dibromo-4,6-difluorobenzene

(Figure 60), through a Miyaura Pd-catalyzed reaction.
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Figure 60. Synthesis of boronic ester B5.

3.3 Synthesis of ligands 1L.8-L13

By combining pyridines 17-I8 with boronic esters B1-B5, six new NCN ligands were synthesized through
Suzuki-Miyaura cross coupling reactions.

3.3.1 Synthesis of ligands L8-L10
The synthetic pathway for ligands L8-L10 is shown in Figure 61.
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Figure 61. Synthesis of ligands L8-L0.
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3.3.2 Synthesis of ligand L11
Ligand L11 was obtained by reacting B5 with 17, as reported in Figure 62.
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Figure 62. Synthesis of ligand L11.

3.3.3 Synthesis of ligands L12-L13
Through the same procedure presented for ligands L8-L10 (Figure 61), also compounds L12 and L13 were
obtained, by using intermediate I8 together with boronic esters B1 and B2 (Figure 63).
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Figure 63. Synthesis of ligands L12-L13.
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3.4 Synthesis of complexes PtCI8-PtCl13

The synthesis of the corresponding platinum(II) complexes was the same for all ligands L8-L13 and involved
the reaction with K,PtCl in glacial acetic acid at reflux under argon atmosphere, as discussed for compounds

PtCl1-PtCl7 (Figure 49).

3.4.1 Synthesis of complexes PtCI8-PtCl10
The synthesis of complexes PtCI8-PtCl10 is presented in Figure 64.

+ KyPtCl, ——»

PtCI8 PtCI9 PtCI10

Figure 64. Synthesis of complexes PtCI8-PtCl10, starting from ligands L8-L10.

3.4.2 Synthesis of complex PtCl11
Complex PtCl11 was obtained from ligand L11, as shown in Figure 65.
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Figure 65. Synthesis of complex PtCl11, starting from ligand L11.

3.4.3 Synthesis of complexes PtCl12-PtCl13
Figure 66 reports the synthesis of complexes PtCl12 and PtCl13 from the corresponding ligands L12 and L13.
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Figure 66. Synthesis of complexes PtCl12 and PtCl13, starting from ligands L12 and L13.
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IV - CHARACTERIZATION OF THE COMPLEXES

1. General comments

The new platinum(II) complexes were characterized from the photophysical point of view by means of
different techniques.

For a complete photophysical characterization, at first the UV-Visible absorption spectra were recorded,
followed by emission and excitation spectra and by measurements of the absolute Quantum Yield (QY) and of
the lifetimes.

Luminescence measurements were carried out after three Freeze-Pump-Thaw (FPT) cycles, necessary to

remove the oxygen present in the cuvette and in solution, as explained in Chapter I — Section 1.4.

The performed measurements will be presented in the following sections, together with a description of the
employed instruments.

Luminescence data (i.e. emission wavelengths, Quantum Yields and lifetimes) for the already published
complexes PtCl1-PtCl2 and PtCl6-PtCl7 were taken from literature [63-65] and listed in Table 7 for a
comparison with the new compounds. Among the presented Pt(II) complexes, up to now compounds Pt1-
Pt3, Pt5, Pt7-Pt10, Pt12-Pt14, PtCIS8, PtCl10, PtCl12 and PtCl13 have been studied from the luminescence
point of view. The photophysical analysis of the other complexes will be carried out in the near future.

1.1 UV-Vis absorption spectra and molar extinction coefficients
For all complexes, the UV-Vis absorption spectra at different concentrations were registered with a Shimadzu
UV3600 spectrophotometer, using quartz cuvettes with 1 cm optical path length.

Dichloromethane solutions at different concentrations were prepared, in order to calculate the molar
extinction coefficients (¢) for wavelengths corresponding to the absorption maxima.

1.2 Excitation and emission measurements

The excitation and emission spectra of the Pt complexes were registered from dichloromethane solutions after
three Freeze-Pump-Thaw (FPT) cycles, using a FLS980 spectrofluorimeter (Edinburg Instrument Ltd);
emission spectra were corrected for background intensity and quantum efficiency of the photomultiplier tube,
while excitation spectra were corrected for the intensity fluctuation of the 450 W Xenon arc lamp.

As already mentioned, the FPT procedure was necessary to remove the oxygen dissolved in the solution and
present in the cuvette, since O, can efficiently quench the emission coming from the excited triplet states of
the Pt(II) complexes; since these excited states are long-living and dioxygen molecule has a triplet fundamental
state, the energy from the NCN complex can be easily transferred to O,, being lost without emission of

radiation.

For each mentioned complex, an excitation and an emission spectrum are reported for both a dilute and a
concentrated dichloromethane solution; the dilute solution is in the range 1.10° - 5-10° M, while the
concentrated one in the range 6-10° - 2.10* M.
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The concentrations were not always the same since different aspects had to be taken into account for each
compound, as a consequence of the specific behavior and features of the complex molecules in solution.

In the case of the dilute solution, the chosen concentration not only had to ensure the detection of just the
monomeric species, but had to be chosen also on the basis of the corresponding absorbance value; in fact, the
absorbance of the solution employed for the determination of the absolute QY must be in the proper range
(not exceeding 0.1, but also not being too low for the detection limit of the instrument) to have a meaningtul

value without notable errors coming from an incorrect measurement procedure.

Concerning the concentrated solutions, the concentration was the result of a balance between the minimum
amount necessary to appropriately observe the aggregate species and the solubility limit of each complex.
Moreover, even for the compounds characterized by a very high solubility in dichloromethane, too high
concentrations were not employed, since the undesirable inner filter effect could be present and could lead to
difficulties in the registration of valid spectra.

The so-called inner filter effect is a phenomenon arising from the fact that the radiation emitted from the first
thin layers of solution is then re-absorbed by the other complex molecules in the cuvette, preventing the
possibility to register a valid spectrum since only a limited amount of emitted light reaches the detector. This
effect causes the deviation of the excitation spectra of the concentrated solutions with respect to the UV-Vis
absorption spectra. When possible, a cuvette with an optical path length of only 2 mm was employed, but in
that case without the possibility to perform the FPT cycles.

For all studied complexes, even if with different intensity, the presence of aggregate species (leading to the
appearance of a new emissive band at longer wavelengths) could be clearly observed when a concentrated
solution was analyzed. Depending on the molecular structure, and consequently on the ease to form aggregates
(whose structure and origin are yet unclear), the intensity of the emission at lower energy could appear
predominant with respect to the monomer emission.

The identification of the multinuclear species as aggregates was due to the evidence that the excitation spectra
of the complexes varied depending on the exciting wavelength, this not being possible for excimers since that
kind of dimeric species do not exist as fundamental state and therefore cannot be excited and give different
spectra when different exciting energies are employed.

Nevertheless the presence of excimers, and consequently their contribution to the luminescence results, could
be excluded, even if these species did not appear to be the predominant ones.

The emission region and the radiative features of the complexes will be discussed in the following sections.

1.3 Absolute Quantum Yield measurements

Absolute photoluminescence Quantum Yields (®m) were measured using a C11347 Quantaurus Hamamatsu
Photonics K.K spectrometer equipped with a 150 W Xenon lamp, an integrating sphere and a multichannel
detector, both before and after the FPT cycles.
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D was calculated according to the following equation:

CPN(em) S o) - 1xs)]an
PN (abs) fhlc [Isample()\) _ Iggg()\)]d}\

exc

where PN(em) is the number of emitted photons, PN(abs) the number of absorbed photons, A is the wavelength,

h the Planck’s constant, ¢ the speed of light; [ :f,tlmpleand I gf;[ represent the photoluminescence intensities of the

sample solution and of the pure CH,Cl, used as reference, respectively, while I5vp Pland] ;‘j{ are the excitation
light intensities of the sample solution and reference in dichloromethane. The error made was estimated at
around 5%.

Table 6 resumes the values of Quantum Yield and lifetimes for complexes Pt1-Pt3, Pt5, Pt7-Pt10, Pt12-Pt14,
with a dilute and a concentrated dichloromethane solution for each new compound. In the case of the absolute
QY, the measure was performed both before and after the Freeze-Pump-Thaw procedure, to have a
comparison between the data collected in the presence and in the absence of O..

From the reported data, it can be observed that the Quantum Yield is characterized by a strong dependence on
both the presence of oxygen and the concentration of the solution under study, since the formation of
aggregates at higher concentrations causes a quenching of the emission.

As an illustrative example, Figure 67 shows the QY values of complex Ptl at different intermediate
concentrations, both before and after the FPT cycles: as a matter of fact, a dramatic decrease of the emission
Quantum Yield is caused by the increase of concentration. This aggregation-caused quenching can be mainly
attributed by the low-lying excited state of the aggregate species, favoring non-radiative decays according to
the energy gap law (Chapter I — Section 1.2).
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Figure 67. Absolute QY vs Concentration for dichloromethane solutions of Pt1 at different concentrations.

A similar remarkable difference will be found also for lifetime values: the efficient quenching caused by the

appearance of aggregates reduced the lifetime of the excited state, leading to an important decrease of the
mentioned values.
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1.4 Lifetime measurements

Time-resolved fluorescence data were obtained using a FLS980 spectrofluorometer (Edinburg Instrument Ltd)
through the Time-Correlated Single Photon Counting (TCSPC) technique.

TCSPC is a common statistical technique employed to measure luminescence decays in the time domain. The
sample is excited by a pulsed laser source with a high repetition rate, the time measure is started by the signal
pulse and is then stopped by the arrival of the photon emitted by the sample. By counting many events, a
histogram of the photon distribution over time is achieved. In order to have meaningful lifetime values, only a
small fraction (generally <5%) of the emitted pulses must reach the sample, so that a maximum of one emitted
photon is detected at a time; this is required since the simultaneous arrival of multiple photons would cause an
important error in the attribution of the signal to the correct time slot: if for example two photons arrive at the
detector in a short time range, the first one stops the time measurement, so that the second photon is not
detected and an accumulation of low-time photons is produced, while many photons at larger times are
neglected.

After the measurement, time-resolved fluorescence curves were reconvoluted using the following multi-
exponential impulse response function:

n

0,0 = ) a®exp C—t>

i=1

where # is the number of exponentials, «; (A) is the amplitude at wavelength A and 7; is the lifetime of the
component i. The quality of the fit was evaluated through the reduced y* values.

All registered decay graphs are reported in the Appendix.

2. Photophysical characterization of complexes PtCl1-PtCl7

In this section only UV-Vis spectra and molar extinction coefficients for complexes PtCI3-PtCl5 are presented,
since luminescence measurements for these compounds have still to be carried out. Emission maxima for
PtCl1-PtCI2 and PtCl6-PtCl7, together with Quantum Yield and lifetime values, are reported in Table 7, to
give a comparison with the complexes derived from them by substitution of the chloride ligand.

2.1 UV-Vis absorption spectra of complexes PtCl3-PtCl5

Figures 68-70 report the UV-Visible absorption spectra of complexes PtCI3-PtCl5. Compounds PtCl1-PtCI2
and PtCl6-PtCl7 were already known in literature [63-65] and correspond to compounds 5, 10, 8 and 3,
respectively (Figure 21).

In the case of PtCl3, a small amount of DMSO (4% v/v) was added to the CH>Cl; in order to fully dissolve the
compound.
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Figure 68. UV-Vis absorption spectra of complex PtCl3 in CH,Cl, (containing 4% DMSO) at different concentrations.
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Figure 69. UV-Vis absorption spectra of complex PtCl4 in CH,Cl, at different concentrations.
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Figure 70. UV-Vis absorption spectra of complex PtCl5 in CH,Cl, at different concentrations.

2.2 Molar extinction coefficients of complexes PtCl1-PtCl7
Table 3 resumes the molar extinction coefficients (e)for the absorption maxima of complexes PtCl1-PtCl7.
Data for PtCl1-PtCl2 and PtCl6-PtCl7 are taken from literature.

Table 3. Absorption maxima and corresponding molar extinction coefficients for complexes PtCI1-PtCl7.

Complex Amax, abs / DM e/ (10°cm™* M)

332 5.6
363 3.8

a
ptcli 381 5.4
410 5.2
380 7.2

b
PtCl2 422 7.2
250 48.6
PtCl3 281 53.1
346 31.9
240 50.5
PtCla 292 43.1
379 6.0
420 5.8
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Complex >\m;\x, z\bs/ nm e/ (103 cm’? M-l)

238 64.3

PLCI5 290 34.9

379 5.2

413 5.1

363 3.3

PtCl6* 380 4.7

426 5.1

335 5.7

~AA A PLCl7 381 6.9
AT 412 6.8

2 From ref. [64]; ® from ref. [65].

3. Photophysical characterization of complexes Pt1-Pt15

For all complexes Pt1-Pt15 the UV-Vis spectra are reported in this section, together with the corresponding
molar extinction coefficients. For compounds Pt1-Pt3, Pt5, Pt7-Pt10 and Pt12-Pt14, also the complete
luminescence data are listed in this section.

Compound Pt6 was already known [101] and corresponds to compound 102 (Figure 36).

3.1 UV-Vis absorption spectra of complexes Pt1-Pt15
Figures 71-85 show the UV-Visible absorption spectra of complexes Pt1-Pt15.
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Figure 71. UV-Vis absorption spectra of complex Pt1 in CH,ClL, at different concentrations.
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Figure 72. UV-Vis absorption spectra of complex Pt2 in CH,Cl, at different concentrations.
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Figure 73. UV-Vis absorption spectra of complex Pt3 in CH,Cl; at different concentrations.
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Figure 74. UV-Vis absorption spectra of complex Pt4 in CH,Cl, at different concentrations.
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Figure 75. UV-Vis absorption spectra of complex Pt5 in CH,Cl, at different concentrations.

65



0.4 —1E6M

—2E6M
5E-6 M

0,34 —1E-5M

0,2

Absorbance

0,1

/,y\\,,

T T T T T
250 300 350 400 450

0,04

A/ nm

Figure 76. UV-Vis absorption spectra of complex Pt6 in CH,Cl; at different concentrations.
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Figure 77. UV-Vis absorption spectra of complex Pt7 in CH,Cl; at different concentrations.
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Figure 78. UV-Vis absorption spectra of complex Pt8 in CH,Cl; at different concentrations.
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Figure 79. UV-Vis absorption spectra of complex Pt9 in CH,Cl, at different concentrations.
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Figure 80. UV-Vis absorption spectra of complex Pt10 in CH,Cl; at different concentrations.
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Figure 81. UV-Vis absorption spectra of complex Pt11 in CH,Cl, at different concentrations.
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Figure 82. UV-Vis absorption spectra of complex Pt12 in CH,Cl, at different concentrations.
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Figure 83. UV-Vis absorption spectra of complex Pt13 in CH,Cl, at different concentrations.
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Figure 84. UV-Vis absorption spectra of complex Pt14 in CH,Cl; at different concentrations.
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Figure 85. UV-Vis absorption spectra of complex Pt15 in CH,Cl, at different concentrations.
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3.2 Molar extinction coefficients of complexes Pt1-Pt15

Table 4 resumes the molar extinction coefficients for the absorption maxima of complexes Pt1-Pt15.

Table 4. Absorption maxima and corresponding molar extinction coefficients for complexes Pt1-Pt15.

Complex Amax, abs/ NM e/ (10°cm™* M1)
240 349
Pt1 293 24.6
389 52
238 524
PO 293 35.5
380 7.0
408 6.1
251 36.8
PE3 293 24.3
381 5.6
412 5.7
238 58.2
Pt4 293 30.8
383 8.6
Pt5 292 8.4
391 2.2
246 41.5
294 28.6
Pt6 333 7.3
380 6.6
402 6.5
253 14.6
Pt7 292 14.2
408 1.7
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Complex >\max, abs/ NM e/ (103 cm! M-l)

232 31.9

Pt8 297 47.1

411 6.1

238 40.1

Pt 297 48.5

381 49

415 5.3

255 27.2

Pt10 297 39.9

381 3.9

436 6.3

237 34.2

Pt 297 36.2

384 4.7

412 4.5

~ ~ 237 40.0

AT Pt12 292 27.8

df 389 7.3

- - 236 33.4

' ,N_T_N‘ P L3 283 20.4

N 380 4.1

6 410 3.5

236 30.1

260 21.7

s ~ Pt14 291 18.5
N—Pt—N._=

L, 381 5.7

407 5.3

- - 237 39.0

Lon—p— Ptl5 292 18.9

? § 383 6.2




3.3 Excitation and emission spectra of complexes Pt1-Pt15

For each of the studied compounds (Pt1-Pt3, Pt5, Pt7-Pt10, Pt12-Ptl4) representative excitation and
emission spectra are reported in Figures 86-96, for a dilute and a concentrated solution in dichloromethane,
after the FPT procedure.

Emission maxima for the mentioned complexes, with the values corresponding to both the monomeric species

and the related aggregates appearing at higher concentrations, are listed in Table 5.

1,0 4 Ex 1E-6 M, Em 520 nm
Ex 2E-4 M, Em 520 nm

= —— Em 1E-6 M, Ex 300 nm
8 0,84 —— Em 2E-4 M, Ex 300 nm
P
i)
S
£ 067
©
[0
N
® 044
£
(o]
b4

0,2

0,0+ T | B T T T

300 400 500 600 700
A/ nm

Figure 86. Normalized excitation and emission spectra of a dilute (1-10° M) and a concentrated (2-10* M) solution of

complex Pt1 in CH,CL, after three Freeze-Pump-Thaw cycles
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Figure 87. Normalized excitation and emission spectra of a dilute (1-10° M) and a concentrated (2-10* M) solution of

complex Pt2 in CH,Cl, after three Freeze-Pump-Thaw cycles.

73



1.0 Ex 3.5E-6 M, Em 499 nm
—— Ex 2E-4 M, Em 499 nm

:é 0,8 —— Em 3.5E-6 M, Ex 300 nm
8 —— Em 2E-4 M, Ex 300 nm
2
(2]
c
& 064
=
ie]
[0}
N
= 0,4
£
(=]
Z
0,2
0,0 T T T T T T T T T T T
300 400 500 600 700 800
A/ nm

Figure 88. Normalized excitation and emission spectra of a dilute (3.5-10° M) and a concentrated (2-10* M) solution of

complex Pt3 in CH,CL, after three Freeze-Pump-Thaw cycles.
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Figure 89. Normalized excitation and emission spectra of a dilute (5-10° M) and a concentrated (2-10* M) solution of

complex Pt5 in CH,Cl, after three Freeze-Pump-Thaw cycles.
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Figure 90. Normalized excitation and emission spectra of a dilute (1-10° M) and a concentrated (2-10* M) solution of

complex Pt7 in CH,Cl, after three Freeze-Pump-Thaw cycles.
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Figure 91. Normalized excitation and emission spectra of a dilute (2-10° M) and a concentrated (2-10* M) solution of

complex Pt8 in CH,Cl, after three Freeze-Pump-Thaw cycles.
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Figure 92. Normalized excitation and emission spectra of a dilute (1-10° M) and a concentrated (2-10* M) solution of

complex Pt9 in CH,ClL, after three Freeze-Pump-Thaw cycles.
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Figure 93. Normalized excitation and emission spectra of a dilute (2-10° M) and a concentrated (6-10° M) solution of

complex Pt10 in CH,CL, after three Freeze-Pump-Thaw cycles.
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Figure 94. Normalized excitation and emission spectra of a dilute (1-10° M) and a concentrated (2-10* M) solution of

complex Pt12 in CH,CL, after three Freeze-Pump-Thaw cycles.

Ex 1E-6 M, Em 505 nm —— Em 1E-6 M, Ex 300 nm
—— Ex 2E-4 M, Em 504 nm —— Em 2E-4 M, Ex 300 nm
1,0 1
3
A
> 0,8
‘0
c
g
£ 0,61
e}
(0]
N
] i
g 0,4
o
zZ
) ,/
0,0 - T T T T T
300 400 500 600 700
Al nm

Figure 95. Normalized excitation and emission spectra of a dilute (1-10° M) and a concentrated (2-10* M) solution of

complex Pt13 in CH,CL, after three Freeze-Pump-Thaw cycles.
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Figure 96. Normalized excitation and emission spectra of a dilute (1-10° M) and a concentrated (2-10* M) solution of

complex Pt14 in CH,CL, after three Freeze-Pump-Thaw cycles.

Table 5. Emission maxima for complexes Pt1-Pt3, Pt5, Pt7-Pt10, Pt12-Pt14, for both the monomer and the aggregates.

}\ma.x, em / nm }\ma.x, em / nm
Complex
(monomer) (aggregates)
498
Pt1 531 ~650
498
~667
Pt2 531
500
Pt3 532 ~703
499
Pt5 532 ~670
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C 1 >\max, em / nm >\max, em / nm
ompriex (monomer) (aggregates)

496

a ~670
Pt6 530

Pt7 556 ~681
545

~661
Pt8 583
545

~684

Pt9 582 68

547

~660
Pt10 582
[ i 504

AT Pt12 ~663
\(,";N 540

‘ :N—II’t—NI : P13 503 633

\r% t 539 -

504

N ~ ~671
: G Pt14 538

2Data from ref [101].
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3.4 Absolute Quantum Yields and lifetimes

In Table 6 all data about the absolute Quantum Yields are listed, for a dilute and a concentrated
dichloromethane solution, both before and after the FPT procedure. Lifetime values are also reported, with the
employed excitation and emission wavelength; in the case of non-monoesponential decays, the percentage
relative to the different contributions is indicated.

Complete graphs about the excited state decay are reported in the Appendix.

Table 6. Quantum Yield and lifetime values for complexes Pt1-Pt3, Pt5, Pt7-Pt10, Pt12-Pt14.

Complex c/M QYafter (QYbefore) T/ us }\e)n )\em /nm
1.10° 90% (5%) 7.39 374, 498
Pt1
0.73 (72.11%)
2.10* 12% (39 374, 498
P B%) 43 (27.89%)
7.7 374, 498
1.10° 4.6% (3.59 .
0 546% (3.5%) 7.5 374, 532
1.1 374, 498
0.31 (27.8%)
374, 659
Pt2 1.38 (72.2%)
2.10* 15.3% (3.1%) 0.33 (22.8%)
442, 498
1.25(77.2%)
0.28 (15.2%)
1.26 (84.8%) 442,659
3.5-10°¢ 86.5% (5.7%) 7.48 380, 499
Pt3
2.4.10* 25.2% (3.0%) 1.38 374, 499
0.34 (2.19
7.61 ((97 9/02) 404, 498
5.10° 22.2% (4.5%) : :
0.30 (2.7%) 404. 620
b 7.97 (97.3%) :
0.24 (50.39
310 2497;; 404, 499
. /70
2.10* 3.3% (1.4%)
0.24 (60.5%) 404. 620
3.25 (39.5%) :
Pt6* - 60% (-) 8.6 374, 495
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Complex C / M QYafter (QYbefore) T / P-S }\e)n )\em / nm
13.58 404, 520
1.10°¢ 69.0% (2.5%) 13.96 404, 555
@@ 12.97 404, 663
® 0.38 (31.4%)
404, 52
S 1.02 (68.6%) 04, 520
N N P 42 (40.49
paAD 7 042 (40 f’) 404, 550
s 210" 9.3% (2.0%) 108 (59.6%)
Y ' ' 0.23 (5.7%) 104, 670
1.05 (94.3%) ’
0.21 (4.7%)
1.05 (95.3%) 442,670
19.16 404, 545
5.10° 83.2% (3.0%)
19.04 404, 650
Pt8 1.85 404, 545
210" 18.5% (2.6%)
1.76 404, 650
19.09 374, 440
1.10° 89.3% (3.0% :
% (3.0%) 19.20 374, 545
0.42 (26.4%)
440, 54
e 210 9.5% (2.4%) 1.28 (75.6%) w
' 2R AR 0.29 (4.5%) 140, 670
1.05 (95.5%) ’
17.77 404, 547
2.10°¢ 78.5% (2.1%)
17.88 404, 586
Pt10 6.58 404, 549
6-10° 1.7% 6.58 404, 588
6.80 404, 680
8.7 445, 505
5.10° 41.6% (4.79 :
~ ~ % (4.7%) 7.9 404, 505
AT Pt12
O\r 2.10* 14% (2.2%) 0.72 404, 503
1.10¢ 65% (2.5%) 7.94 374, 495
0.18 (10.9%)
~ \ 374, 495
| NP 0.69 (89.1%)
- Pt13
N‘g 210" 8.8% (2.1%) 0.27 442, 575
0.23 (24.2%)
442,
0.82 (75.8%) 68>
1.10° 59.2% (4%) 8.07 374, 504
~ ~ Pt14
i 2.10* 18% (3%) 0.87 374, 495

N3

*Data from ref. [101], missing values are not given in the paper.
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3.5 Comparison with parent compounds PtCI1-PtCI2 and PtClé6-PtCl7
For comparison’s sake, data of related parent NCN-PtCl compounds PtCl1-PtCI2 and PtCl6-PtCl7 are

resumed in Table 7.

Table 7. Emission maxima, QY and lifetimes for complexes PtCl1-PtCI2 and PtCl6-PtCl7; data are from reff. [64] and

[65], and refer only to monomeric emission.

Amax, em
Complex ’ /nm QYafter (QYbefore) T/ us
(monomer)
501
V) V)
PtCl1 534 62% (4.5%) 7.9
PtCI2 557 29% (-) 9.0
505
0, V)
PtCl6 539 54% (1.5%) 20.5
548
= A 9 .59 .
i /N—Tl—NI S PtCl7 584 68% (2.5%) 7.8

From data listed in Tables 6-7, it appears evident that the effect of the substitution of the chloride ligand with
other anionic species does not bring about a variation in the emission wavelengths, since the emission maxima
differ only for few nanometers (in any case the difference does not exceed 5 nm). As will be discussed later, the
main effect was on the emission Quantum Yield.

The emission at lowest energy was provided by the thienyl-bearing NCN complexes, being around 40 nm more
red-shifted with respect to the mesityl-, 4-NPh,-phenyl- and methyl-substituted ones.

To have a better overview of the QY values, and to compare them with those of the parent complexes, data for
dilute solutions were collected in a graph (Figure 97). The first column of each group stands for the Pt-Cl
complex, with the values being taken from literature [63-65].

Considering the mesityl-bearing complexes, it is not possible to point out a general trend, since the replacement
of the chloride ligand causes an important increase of the Quantum Yield only in the case of the phenyl-
tetrazole-thiolate and of the azide (passing from 62% to 90% and 86.5%, respectively); the variation is limited
in the case of the phenyl-thiazole-thiolate (54.6%) and of the isocyanate (60%), while a remarkable decrease is
observed in the presence of the thioacetate (22.2%).
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Moving to the 4-diphenylamino-phenyl moiety, the QY undergoes a large increase, passing from 29% to 69%;
unfortunately, having only one example of such substitution of the ancillary ligand, no general conclusion can

be achieved up to now.

Only in the case of the 2-thienyl substituent, for all derivatives Pt8-Pt10 the Quantum Yield reaches very high
values (up to 89.3%), so that the introduction of the aromatic thiolates and of the azide has a positive effect.

Finally, for the methyl group, the QY values do not change noticeably, remaining in the range 41-65% and

without a large difference with respect to parent compound PtCl7.
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Figure 97. Graphical comparison of the QY values for the studied complexes, referring to dearated diluted solutions.

Concerning the lifetimes, they can be grouped on the basis of the moiety present on the central benzene ring.

For complexes Pt1-Pt3 and Pt5, the values range from 7.39 s to 7.6 ps, not far from the parent compound
PtCl1, whose lifetime is 7.9 ys.

Pt7 shows a lifetime of 13.5 s, quite longer than that of PtCI2 (9.0 ps).

The longest lifetimes are those of the thienyl-bearing complexes, being in the range 17.82-19.20 ps, close to the
value reported for PtCl6, i.e. 20.5 ys.

Finally, while PtCl7 has a lifetime of 7.8 us, the methyl-substituted compounds Pt12-14 have a lifetime going
from 7.94 ps to 8.3 ps.

Consequently, the substitution of the ancillary ligand does not bring about a significant variation of the

lifetimes, since the average values are in good agreement with those of the Pt-Cl complexes.

83



3.6 Solid state characterization of Pt1

Complex Pt1 was studied from the luminescence point of view also at the solid state. The measurements were
carried out on the powders both at Room Temperature (RT, 293 K) and at Low Temperature (LT, 77 K).

Figures 98 and 99 show the excitation and emission spectra of Ptl at RT and LT.
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Figure 98. Normalized excitation and emission spectra of the powders of complex Ptl, at Room Temperature.
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Figure 99. Normalized excitation and emission spectra of the powders of complex Ptl, at Low Temperature.

The emission of the powder is in the red region, with a maximum at 703 nm at RT and at 713 nm at LT, with
a slight shift towards lower energies and a narrowing of the peak when the measurement was performed at 77
K. The effect of the temperature is particularly evident when considering the lifetimes, since the value increases
from 1.24 ps at RT to 2.03 us at LT, this being due to the reduced non-radiative transitions occurring at 77 K.

The lifetime decays are reported in the Appendix.
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The absolute Quantum Yield was measured at Room Temperature and it shows a remarkable value of 62%,
being very high when compared to other members of the NCN-Pt(II) family.

Table 8 resumes and compares the registered data concerning Pt5 at RT and LT.

Table 8. Emission maxima, QY and Lifetimes for complex Ptl as powder, at RT and LT.

Temperature )\max, em / nm QY T/ us )\ex 5 >\em / nm
293 K (RT) 703 62% 1.24 374,703
77 K (LT) 713 - 2.03 374,713

3.7 Solid state characterization of Pt5

The photophysical properties of complex Pt5 were studied also at the solid state at Room Temperature, both
as powders and as thin films. Thin films were obtained through the spin-coating technique, starting from
dichloromethane solutions, and were prepared as blend in PMMA at two different concentrations (7.5 % and
15% w/w). As for the solutions, also in the case of films and powders the sample was characterized with
absorption, excitation and emission spectra, and measuring the Quantum Yield and the lifetimes.

Figure 100 shows the normalized UV-Vis absorption spectra of the 7.5% and 15% films in PMMA: they are
quite similar to those observed for the solutions at high concentration, and in particular it is possible to notice
more clearly the presence of an absorption band in the range between 450 and 600 nm, which is consistent
with a solid-state aggregation behavior (due to the probable formation of dimers) typical of this kind of square-
planar Pt(II) complexes.
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Figure 100. UV-Vis absorption spectra of complex Pt5 in PMMA films.
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The excitation and emission spectra of the thin films in PMMA, at both w/w concentrations, are reported in

Figures 101-102, while the spectra relative to the powders are shown in Figure 103.
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Figure 101. Normalized excitation and emission spectra of complex Pt5 as thin film in PMMA (7.5% w/w).
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Figure 102. Normalized excitation and emission spectra of complex Pt5 as thin film in PMMA (15% w/w).
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Figure 103. Normalized excitation and emission spectra of complex Pt5 as powders.

Figure 104 reports the emission spectrum of the powders of Pt5, compared to the emission of the PMMA
films. The different spectra are normalized at 532 nm, in order to present a comparison between them and to
show the effect of increasing concentration on the emission maximum.

4 -
—— Em 7.5 wt%, Ex 430 nm

;-‘ Em 15 wt%, Ex 450 nm
] Em Powders, Ex 474 nm
> °7
‘@
c
2
£
T 2
7]
N
©
E
o
Z 14

0 T T T T T T T T T T T T

450 500 550 600 650 700 750

A/ nm

Figure 104. Normalized emission spectra of Pt5 as thin films and as powder. Spectra are normalized at 532 nm.
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As expected, the increase in concentration (from 7.5% to 15% to the powders) caused a red-shift of the
emission, due to formation of aggregates in the solid state. These aggregates lie at lower energy, having as a
result the shift of the emission maximum from 500 to 532 to ~601 nm.

Table 9 resumes the most relevant photophysical data for complex Pt5, including the emission maxima, the

QY and the lifetime values.

Table 9. Emission maxima, QY and lifetimes for complex Pt5 as film in PMMA and as powder.

Complex Pt5 Amnax, em (Aex) / M QY T/ s Aex> Aem / NIM
7.5% in PMMA ;LZE 83(1); 17% ;Si 82:22;:; 404, 500
15% in PMMA ;Liz 83(1)3 10% (2)23 Ezz:gzj:; 404, 500

powder 601 1% 0(?'9095 ((990460{’2) 404, 507

As it was already pointed out by the spectra, the increase in concentration is at the basis of a red-shift in the
emission and of a decrease in the absolute Quantum Yield, followed by a reduction of the lifetimes. The lifetime

decays are reported in the Appendix.

4. Photophysical characterization of complexes PtCI8-PtCl13

For all complexes Pt8-Pt13 the UV-Vis spectra are reported in this section, together with the corresponding
molar extinction coefficients. For compounds PtClI8, PtCl10, PtCl12 and PtCl13 also the complete

luminescence data are presented here.

4.1 UV-Vis absorption spectra of complexes PtCI8-PtCl13
Figures 105-110 report the UV-Visible absorption spectra of complexes PtCI8-PtCl13.
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Figure 105. UV-Vis absorption spectra of complex PtCI8 in CH,CL at different concentrations.
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Figure 106. UV-Vis absorption spectra of complex PtCl9 in CH,ClL, at different concentrations.
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Figure 107. UV-Vis absorption spectra of complex PtCI10 in CH,CL at different concentrations.
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Figure 108. UV-Vis absorption spectra of complex PtCI11 in CH,Cl; at different concentrations.
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Figure 109. UV-Vis absorption spectra of complex PtCl12 in CH,CL at different concentrations.
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Figure 110. UV-Vis absorption spectra of complex PtCI13 in CH,Cl, at different concentrations.

4.2 Molar extinction coefficients of complexes PtCI8-PtCl13

Table 10 resumes the molar extinction coefficients for the absorption maxima of complexes PtCI8-PtCl13.

Table 10. Absorption maxima and corresponding molar extinction coefficients of complexes PtCI8-PtCl13.

Complex )\me\x, abs/ nm e/ (103 Cmil Mil)
289 436
PtCI8 336 402
405 431
241 70.8
284 55.7
PtClo 338 60.8
405 38.0
291 53.6
PLCI10 335 41.0
406 34.8
243 20.0
285 20.6
PtCI11 337 17.7
349 16.5
392 18.0
- 295 58.9
424 79.6
296 75.1
PtCl13 425 71.1
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4.3 Excitation and emission spectra of complexes PtCI8, PtCl10, PtCl12 and PtCl13
For each of the studied compounds (PtCI8, PtC110, PtCl12, PtCl13), representative excitation and emission
spectra are reported (Figures 111-114) for a dilute and a concentrated solution in dichloromethane, after the

FPT procedure.

Emission maxima for the mentioned complexes, with the values corresponding to both the monomeric species

and the related aggregates appearing at higher concentrations, are listed in Table 11.
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Figure 111. Normalized excitation and emission spectra of a dilute (2.5-10° M) and a concentrated (1-10* M) solution
of complex PtCl8 in CH,CL, after three Freeze-Pump-Thaw cycles.
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Figure 112. Normalized excitation and emission spectra of a dilute (2-10° M) and a concentrated (2.3-10* M) solution

of complex PtCI10 in CH,CL, after three Freeze-Pump-Thaw cycles.
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Figure 113. Normalized excitation and emission spectra of a dilute (2-10° M) and a concentrated (1-10* M) solution of

complex PtCl12 in CH,Cl,, after three Freeze-Pump-Thaw cycles.
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Figure 114. Normalized excitation and emission spectra of a dilute (2-10°° M) and a concentrated (2-10* M) solution of

complex PtCl13 in CH,Cl,, after three Freeze-Pump-Thaw cycles.
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Table 11. Emission maxima for complexes PtCl8, PtCl10, PtCl12, PtCl13, for both the monomer and the aggregates.

)\max, em / NM >\max, em / NM
Complex
(monomer) (aggregates)
534

PtCI8 568 ~752
PtCI10 554 ~738
PtCl12 548 ~725
PtCl13 560 ~705

4.4 Absolute Quantum Yields and lifetimes

In Table 12 all data about the absolute Quantum Yields are listed, for a dilute and a concentrated
dichloromethane solution, both before and after the FPT procedure.

Table 12. Quantum Yield and lifetime values for complexes PtCI8, PtC110, PtCl12, PtCl13.

Complex c/M QVYater (QYvefore) T/ s Aexs Aem / DM
24.08 405, 532
2.5.10° 96.4% (2.6%)
23.73 405, 725
PtCl8 6.06 405, 532
1.10* 50.1% (2.1%)
6.29 405, 753
5.94 405, 553
1-10°¢ 100% (6.09 :
0 00% (6.0%) 6.01 405, 700
PtCl10 141 405, 553
2310 42.5% (4.6%)
1.51 405, 740
50.0 424, 511
2.10° 89.4% (1.0%) 50.0 424, 549
PtCl12 49.8 424, 700
16.45 424, 549
1.10% 43.7% (0.89 ’
% (0.8%) 16.30 424, 730
6 6.57 424, 561
210 9% (5.19
0 87.9% (5.1%) 6.42 424,700
PtCl13 3.02 424, 561
210 70.1% (3.29
% (3.2%) 2.96 445, 561
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4.5 Comparison with related compounds PtCl1, PtCI2 and PtCl6

To make a comparison, data of the related parent NCN-PtCl compounds PtCl1, PtCI2 and PtCl6 are resumed
in Table 13.

Table 13. Emission maxima for complexes PtCl1-PtCI2 and PtCl6; data are from reff. [64] and [65] and refer only to

monomeric emission.

Amax, em / M
Complex QYafter (QYbefore) T/ us
(monomer)
PtCl1 201 62% (4.5%) 7.9
534 0 . 0 .
PtCI2 557 29% (-) 9.0
PtCle 205 54% (1.5%) 20.5
539 (V] . (V] .

As can be pointed out by the data collected in Tables 12-13, the introduction of aromatic substituents on the
pyridyl rings causes a red-shift of the emission in the case of the ligands bearing a mesityl and 2-thienyl group.

This shift exceeds 30 nm in the case of PtCl8 and almost reaches 50 nm for PtCl12; a variation of about 50 nm

is observed also in the case of complex PtCl10, while for PtCl13 the emission is practically unchanged.
A graphical comparison of the QY values for diluted dichloromethane solutions is presented in Figure 115.

In all cases the absolute Quantum Yield of the compound is exceptionally higher than the value of the related
complex. The mesityl-bearing complexes PtCI8 and PtCl12 undergo an increase from 62% to 96.4% and
89.4%, respectively.

The most remarkable effect is observed for compounds PtCl2 and PtCl13, with a threefold growth of the
Quantum Yield (from 29% to 87.9%). Extraordinary is also the increase for complex PtCl10, having a thienyl
moiety, since the QY passes from 54% to 100%, almost doubling its original value and reaching unit efficiency.
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Figure 115. Graphical comparison of the QY values for the studied complexes, referring to diluted solutions.

Considering the lifetimes, no general consideration can be pointed out, since the effect of the introduction of
substituents on the pyridines caused different effects. In fact, an important increase of the value is observed in
the case of the complexes having a mesityl group on the benzene, with the lifetime passing from 7.9 s to 24.08
us and 50.0 ps for PtCl8 and PtCl12, respectively. Moreover, the value for PtCl10 undergoes a remarkable
decrease, going from 20.5 ps to 5.94 ps, while that of PtCl13 passes from 9.0 ps to 6.57 ys.

All decay graphs can be found in the Appendix.

5. Crystal structure of Pt1

Crystals of complex Pt1 were obtained from the slow evaporation of a CH,Cl, solution of the compound.
Here the complete data and details about the X-ray characterization are reported.

C3HaNeSPt-0.5CH,Cl: M = 764.20 g/mol, monoclinic, a = 20.869(2), b = 9.272(1), ¢ = 29.834(3) A, B =
92.711(2), V = 5766(2) A%, T = 200(2) K, space group P2,/n (No. 14), Z = 8, u = (Mo-Ka) 5.066 mm’; 39 824
reflections (10 463 unique; Rin = 0.0882) were collected in the range 2.32° < 26 < 50.58°, using a 0.15 x 0.06 x
0.01 mm’ crystal mounted on a BrukerAPEX II CCD diffractometer and using graphite-monochromatized
Mo-Ka radiation (A = 0.71073 A).

Data sets were corrected for the Lorentz polarization effects and for absorption (Tmin = 0.699) (SADABS). The
structure was solved by direct methods (SIR-92) and was finished by iterative cycles of full-matrix least-squares
refinement on F,? and AF synthesis using the SHELXL-97 program (the WinGX suite). Hydrogen atoms were
located on the AF maps and allowed to ride on their carbon atoms. Final R, [wR;] values are 0.0618 [0.1264]
onl>20(l).

Crystallographic data for Ptl have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication n. CCDC 1979249.
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Observing the crystal structure of the complex (Figure 116), it appears that the asymmetric unit is composed
of two independent molecules of Pt1, together with half molecule of CH,CL. Both n-n and Pt---Pt interactions
can be noticed in the structure, with the planes of the aromatic system of the NCN ligand almost parallel. As
expected because of its steric hindrance, the mesityl group lies almost perpendicular to the NCN plane, while
the phenyl-tetrazole thiolate points away from the metal center.

\ 4
74

Figure 116. X-ray structure of Ptl, with the asymmetric unit and two views of the unit cell.
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6. OLEDs produced with the Pt(II) complexes

Among the presented NCN-platinum(II) complexes, compounds Ptl and Pt9 have been employed by dr.
Massimo Cocchi (ISOF-CNR, Bologna) for the preparation of some OLED devices.

In this section all data about the OLED fabrication, together with the related spectra and graphs, are reported.

6.1 OLEDs produced with Pt1

Pt1 has been used for the preparation of three OLED devices, having different amount of platinum complex
in the Emitting Layer. The composition of the three OLEDs is the following:

= ITO (120 nm) / PEDOT:PSS (40 nm) / 8% wt Ptl in TCTA (40 nm) / TPBi (30 nm) / LiF (0.5 nm) / Al (100 nm)
= ITO (120 nm) / PEDOT:PSS (40 nm) / 25% wt Ptl in TCTA (40 nm) / TPBi (30 nm) / LiF (0.5 nm) / Al (100 nm)
= ITO (120 nm) / PEDOT:PSS (40 nm) / 100% Pt1 (40 nm) / TPBi (30 nm) / LiF (0.5 nm) / Al (100 nm)

The layers of Pt1 were deposited by spin coating (2000 rpm) from a 10 mg mL" dichloromethane solution of
the complex.

PEDOT:PSS (Figure 117) is a conductive polymer made of poly(3,4-ethylenedioxythiophene) and polystyrene

sulfonate; TCTA and TBPi were already presented in Chapter II — Section 2.1 and act as HTL and ETL,
respectively.
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Figure 117. Structure of PEDOT:PSS, TCTA and TBPi.

Figure 118 shows the normalized emission spectra of the three devices produced with Pt1. It can be observed
that the different amount of complex in the Emitting Layer brings about different emission colors, due to the
formation of molecular aggregates when the concentration becomes sufficiently high: while the spectrum of
the 8% device corresponds well with that of the monomer (see Figure 86), at 25% the monomer coexists with
the aggregates and finally at 100% only the aggregates (with their red-shifted emission) are visible.

The CIE coordinates for the three devices are: (0.27, 0.59) for 8%, (0.40, 0.52) for 15% and (0.63, 0.36) for 100%.
As shown in the CIE diagram in Figure 119, also reporting the real images of the devices, the emission color
moves from green to yellow to red, thus providing the possibility to be tuned on the basis of the amount of
Pt(IT) complex.
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Figure 118. Normalized emission spectra of the three OLEDs produced with complex Pt1.
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Figure 119. CIE diagram of the emission color of the three OLEDs produced with complex Pt1.
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Figures 120 and 121 report the graphs relative to Luminance vs Voltage and Efficiency vs Current density for
the OLEDs having 8% and 25% of Pt1 in the Emitting Layer.
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Figure 120. Luminance vs Voltage for the OLEDs having 8% and 25% of Ptl in the EL.
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Figure 121. Efficiency vs Current density for the OLEDs having 8% and 25% of Ptl in the EL.
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Figures 122 and 123 report the graphs relative to Electroluminescence intensity vs Voltage and Efficiency vs
Current density for the OLED having 100% of Pt1 in the Emitting Layer.
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Figure 122. Electroluminescence intensity vs Voltage for the OLED having 100% of Pt1 in the EL.
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Figure 123. Efficiency vs Current density for the OLEDs having 100% of Pt1 in the EL.
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6.2 OLED produced with Pt9

Also compound Pt9 has been tested as dopant in an OLED device, having the following composition:
=  ITO (120 nm) / PEDOT:PSS (40 nm) / 8% wt Pt9 in TCTA (40 nm) / TPBi (30 nm) / LiF (0.5 nm) / Al (100 nm)

The emission spectrum of the OLED having 8% of Pt9 in the Emitting Layer is reported in Figure 124; the
emission has CIE coordinates (0.42, 0.52), as shown in Figure 125.

Figures 126 and 127 report the graphs relative to Luminance vs Voltage and Efficiency vs Current density for
the OLED having 8% of Pt9 in the Emitting Layer.
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Figure 124. Normalized emission spectrum of the OLED produced with complex Pt9.
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Figure 125. CIE diagram of the emission color of the OLED produced with complex Pt9.
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Figure 127. Efficiency vs Current density for the OLED having 8% of Pt9 in the EL.

6.3 Comments about the prepared OLEDs

As it can be observed from data reported in the graphs, the best results come from the device having only 8%
of Ptl in the Emissive Layer, this being probably due to the aggregation-caused quenching of the luminescence
arising from higher amounts of complex in the organic layers. At that concentration, the Luminance reaches a
value of 6000 cd m™ at ~16 V, while the photon/electron Efficiency approaches 7% at a current density of ~1
mA c¢m. By comparing these data with those of more “diluted” EL, it is clear that the even higher concentration

of the pure layer of Pt1 gives rise to a very low Efficiency, being always < 0.5%.

Moving to Pt9, the Luminance value reached 1000 cd m™ at a voltage > 20 V, while the Efficiency remained
under 0.5% even at 100 mA cm™

At the moment, the aforementioned low efficiencies are undoubtedly the most relevant limitation of such
devices; the low Efficiency values and the red-shift of the emission arise from the same phenomenon, i.e. the
aggregation of complex molecules when their concentration in the organic layer becomes sufficiently high.
This drawback could be faced through the proper design of new complexes, always belonging to the NCN-
Pt(II) family but able to maintain remarkable QY values avoiding the ease of aggregation.
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V - EXPERIMENTAL SECTION

1. General comments

All the commercially available reagents and solvents were used as received from the supplier; all dry solvents
were bought and used without further purification.

Air- and water-sensitive reactions were performed in flame-dried glassware under argon atmosphere.

All organic compounds were purified through column flash chromatography on silica gel (Sigma-Aldrich, pore
size 60 A, 230-400 mesh particle size).

Analytical thin layer chromatography (TLC) was performed on silica gel Al foils (Sigma-Aldrich, fluorescent
indicator 254 nm).

When necessary, platinum complexes were purified by recrystallization from pentane/dichloromethane
mixture.

The characterization of each intermediate and of the final products was performed recording the NMR spectra
on a Bruker AV II1 300 MHz or AV III 400 MHz spectrometers. Chemical shifts of 'H, '>C and "’F NMR spectra
are reported in parts per million (ppm) and the coupling constants are measured in Hertz (Hz). Signal
multiplicities are listed as singlet (s), d (doublet), t (triplet), quartet (q), multiplet (m).

All registered NMR spectra are reported in the Appendix.
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1.1 Synthesis of I1

Br

Pd(PPh3),, O
Ba(OH); 8H,0
+ >
Br Br Meir/:o/:)oMezb:zo O
B(OR)2 Br Br
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
1,3,5-tribromobenzene 314.80 6.112 1.924 ¢ 1
mesitylboronic acid 164.01 6.250 1.025¢g 1.02
Pd(PPhs), 1155.56 0.181 209 mg 0.03
Ba(OH). - 8H,0O 315.86 9.150 2.890¢g 1.5
1,2-dimethoxyethane 12 mL
H,O 2.0 mL

Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at 80 °C under Ar
atmosphere. After 20 h the reaction was cooled to rt, toluene and water were added and the phases were
separated. The organic phase was washed with brine (2x) and water (2x), dried over Na,SO, and evaporated at

reduced pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane).

Mass of the product = 1.67 g.
Yield = 77%.

Characterization

'H-NMR (300 MHz, CDCL) & (ppm): 7.66 (1H, t, ] = 1.6 Hz), 7.26 (2H, d, ] = 1.6 Hz), 6.94 (2H, s), 2.34 (3H,

s), 2.02 (6H, s).
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1.2 Synthesis of L1

PdCly(PPhs),, l
X Licl
n - C
— toluene
O N© o Sn(BUs s 24 | X | X
Br Br _N N__—
Reagent/Solvent PM (g/mol) mmol Mass eq Volume Density
I1 354.08 0.565 200 mg 1
nBu;Sn-pyridine 368.14 1.695 624 mg 3 550yl | 1.14 g/mL
PdCly(PPhs), 701.90 0.017 13 mg 0.03
LiCl 42.39 5.085 213 mg 9
dry toluene 2.0mL
Procedure

The reagents were added to the solvent in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h a solution of NaOH (1 M, 7 mL), water and AcOEt were added and the phases were
separated. The aqueous phase was extracted with AcOEt (4x), the organic phases were dried over Na,SO4 and

evaporated.

The product was purified by flash chromatography on silica gel (eluent: from hexane to hexane/AcOEt 9:1).

Mass of the product = 116 mg.

Yield = 59%.

Characterization

'"H-NMR (400 MHz, CDCl3) 8 (ppm): 8.76-8.72 (2H, m), 8.70 (1H, t, ] = 1.7 Hz), 7.89-7.84 (4H, m), 7.79 (2H,
dd, ] =7.6 Hz, ] = 8.0 Hz), 7.30-7.24 (2H, m, under residual CHCls), 6.99 (2H, s), 2.37 (3H, s), 2.11 (6H, s).
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1.3 Synthesis of PtCl1

O +  KyPtCl,
A X

AcOH

—_—
Ar, 120 °C, 24 h

=N N A
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
L1 350.46 0.171 60 mg 1
K,PtCly 415.09 0.205 85 mg 1.2
glacial AcOH 6.0 mL

Procedure

The reagents were added to the glacial AcOH in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the orange precipitate was filtered on a Buchner funnel, washed with MeOH, H.O,
EtOH and Et,0, and dried.

The product was not furtherly purified.
Mass of the product = 45 mg.

Yield = 45%.

Characterization
"H-NMR (400 MHz, CD,CL) § (ppm): 9.34 (2H, d, ] = 5.6 Hz, J(**°Pt) = 42 Hz), 8.00 (2H, dd, J=7.6 Hz, ] =
7.7Hz),7.72 (2H, d,] =7.7 Hz), 7.37 (2H, dd, ] = 5.6 Hz, ] = 7.6 Hz), 2.37 (3H, s), 2.11 (6H, s).

107



1.4 Synthesis of Pt1

acetone

+ _— ’
~N Ar, rt, 24 h, dark
SN
W
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl1 579.98 0.190 110 mg 1
- -1H- .
I-phenyl-1H-tetrazole 200.20 2.647 530 mg 14
5-thiol sodium salt
acetone 250 mL

Procedure

In a two-necked round-bottom flask the platinum complex and the sodium salt were added to the solvent and
the mixture was stirred at rt in the dark under Ar atmosphere. After 24 h the acetone was evaporated at reduced
pressure and DCM was added to dissolve the product; the evaporation of the DCM gave the product as an
orange solid.

The product was recrystallized from DCM/hexane and dried.
Mass of the product = 129 mg.

Yield = 94%.

Characterization

'"H-NMR (400 MHz, CD,CL) & (ppm): 9.19 (2H, d, ] = 4.9 Hz, J(**Pt) = 40 Hz), 7.98 (2H, dd, ] =7.7 Hz, ] =
79 Hz),7.88 (2H,d, ] =7.6 Hz), 7.71 (2H, d, ] = 7.7 Hz), 7.52-7.40 (3H, m), 7.33 (2H, s), 7.26 (2H, dd, ] = 4.9
Hz,]=7.9Hz), 2.38 (3H, s), 2.13 (6H, s).

BC-NMR (100 MHz, CD,CL) 8 (ppm): 153.57, 139.85, 136.37, 129.22, 128.48, 125.53, 124.05, 120.00, 30.06,
20.99.
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1.5 Synthesis of Pt2

acetone
+ e A
— Ar, rt, 24 h, dark
N
S/
SNa
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl1 579.98 0.086 50 mg 1
4-phenylthiazole-2-thiol
phenylthiazole-2-thiol | )5 »s 0.859 185 mg 10
sodium salt
acetone 50 mL

Procedure

In a two-necked round-bottom flask the platinum complex and the sodium salt were added to the solvent and
the mixture was stirred at rt in the dark under Ar atmosphere. After 24 h the acetone was evaporated at reduced
pressure and DCM was added to dissolve the product; the evaporation of the DCM gave the product as an
orange solid.

The product was recrystallized from DCM/hexane and dried.
Mass of the product = 51 mg.

Yield = 81%.

Characterization

"H-NMR (400 MHz, CD,CL) 8 (ppm): 9.48 (2H, d, ] = 5.6 Hz, J(**°Pt) = 44 Hz), 7.99 (2H, dd, ] =8.1 Hz, ] =
8.2 Hz),7.88 (2H, d, ] = 7.5 Hz), 7.74 (2H, d, ] = 7.6 Hz), 7.43-7.35 (4H, m), 7.34-7.26 (3H, m), 7.05-6.98 (3H,
m), 2.38 (3H, s), 2.14 (6H, s).
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1.6 Synthesis of Pt3

MeOH/DCM
+  NaNs e
Ar, rt, 24 h, dark
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl1 579.98 0.052 30 mg 1
NaN3 65.01 1.034 67 mg 20
MeOH 4.0 mL
DCM 4.0 mL
Procedure

In a two-necked round-bottom flask a solution of NaN; in MeOH was added to a solution of platinum complex
in DCM,; the orange solution was stirred at rt in the dark under Ar atmosphere. After 24 h the precipitation of
the product was observed and MeOH was added to dissolve the NaNjs in excess; after further 10 minutes of
stirring, the solid was filtered on a Buchner funnel, washed with MeOH and Et,O, and dried.

The product was not furtherly purified.
Mass of the product = 23 mg.

Yield = 75%.

Characterization

'"H-NMR (400 MHz, CD,ClL) 8 (ppm): 8.90 (2H, d, ] = 5.7 Hz, J(***Pt) = 41 Hz), 8.04 (2H,dd, ] =74 Hz, ] =
7.8 Hz), 7.75 (2H, d, ] = 7.8 Hz), 7.42 (2H, dd, ] = 5.7 Hz, ] = 7.4 Hz), 7.32 (2H, s), 7.01 (2H, s), 2.37 (3H, s),
2.11 (6H, s).

BC-NMR (100 MHz, CD,CL) 8 (ppm): 152.49, 151.09, 139.95, 128.48, 125.64, 123.96, 123.78, 120.13, 21.13,
21.02.
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1.7 Synthesis of Pt4

O
MeOH
+ NK
Ar, rt, 3 d, dark
o}
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl1 579.98 0.062 36 mg 1
potassium phthalimide 185.22 0.620 115 mg 10
MeOH 5mL
Procedure

In a Schlenk tube the platinum complex and the potassium salt were added to the solvent and the mixture was
stirred at rt in the dark under Ar atmosphere. After 72 h the yellow precipitate was filtered on a Buchner funnel,
washed with MeOH and Et,O, and dried.

The product was not furtherly purified.
Mass of the product = 25 mg.

Yield = 58%.

Characterization

"H-NMR (400 MHz, CD,CL) 8 (ppm): 8.90 (2H, d, ] = 5.7 Hz, J(**°Pt) = 43 Hz), 7.98 (2H, dd, ] =7.6 Hz, ] =
7.8 Hz), 7.82-7.78 (2H, m), 7.74 (2H, d, ] = 7.6 Hz), 7.70-7.66 (2H, m), 7.34 (2H, s), 7.22 (2H, dd, ] = 5.7 Hz, ]
=7.8 Hz), 7.02 (2H, s), 2.38 (3H, s), 2.13 (6H, s).
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1.8 Synthesis of Pt5

acetone
Ar, rt, 24 h, dark
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl1 579.98 0.121 70 mg 1
AcSK 114.21 1.45 166 mg 12
acetone 25 mL
Procedure

In a two-necked round-bottom flask the platinum complex was suspended in acetone and potassium
thioacetate was added; the mixture was stirred at rt in the dark under Ar atmosphere. After 24 h the dark yellow
precipitate was filtered on a Buchner funnel, washed with acetone and Et,O, and dried.

The product was not furtherly purified.
Mass of the product = 64 mg.

Yield = 86%.

Characterization
"H NMR (400 MHz, CD,CL) & (ppm): 9.34 (2H, d, ] = 5.3 Hz, J(***Pt) = 45 Hz), 7.99 (2H, dd, ] = 7.8 Hz,] = 8.8
Hz),7.71 (d,] = 7.8 Hz), 7.36-7.29 (4H, m), 7.01 (2H, s), 2.57 (3H, s), 2.37 (3H, s), 2.11 (6H, s).

C NMR (100 MHz, CD,Cl,) 6 (ppm): 154.17, 139.07, 136.14, 128.20, 124.87, 123.52, 119.29, 21-04, 20-84.
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1.9 Synthesis of Pt6

acetone

+ NaSCN
Ar, rt, 24 h, dark
NCS
Reagent/Solvent PM (g/mol) mmol Mass eq Volume

PtCl1 579.98 0.074 43 mg 1
NaSCN 81.07 0,890 72 mg 12
acetone 15 mL

Procedure

In a two-necked round-bottom flask the platinum complex was suspended in acetone and sodium
isothiocyanate was added; the mixture was stirred at rt in the dark under Ar atmosphere. After 24 h the dark
green precipitate was filtered on a Buchner funnel, washed with acetone and Et,O, and dried.

The product was not furtherly purified.

Mass of the product = 33 mg.

Yield = 73%.

Characterization

'H NMR (400 MHz, CD,CL) & (ppm): 8.88 (2H, d, ] = 4.9 Hz, J(**Pt) = 42 Hz), 8.04 (2H, dd, ] =8.0 Hz, ] = 8.7
Hz), 7.73 (d, ] = 7.8 Hz), 7.41 (2H, dd, ] = 6.4 Hz, ] = 8.0 Hz), 7.30 (2H, s), 7.01 (2H, s), 2.37 (3H, s), 2.10 (6H,

s).
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1.10 Synthesis of 12

9ue L
Br N Pd(PPhs)s,

Ba(OH)2 8H20
+ >
Meo”~Me 1,0
Br Br Ar, 80 °C, 24 h
B(OH), O
Br Br
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
1,3,5-tribromobenzene 314.80 1.588 500 mg 1.2
4-NPh,-phenyl i
NPh.-phenylboronic | o5 | 1325 383 mg 1
acid
Pd(PPhs;), 1155.56 0.0432 50 mg 0.03
Ba(OH), - 8H,O 315.86 1.975 624 mg 1.5
1,2-dimethoxyethane 3.0 mL
HzO 0.5 mL

Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at 80 °C under Ar
atmosphere. After 24 h the reaction was cooled to rt, toluene and water were added and the phases were
separated. The organic phase was washed with brine (2x) and water (2x), dried over Na,SO4 and evaporated at
reduced pressure.

The product was purified by flash chromatography on silica gel (eluent: from hexane to hexane/AcOEt 9:1).
Mass of the product = 435 mg.

Yield = 69%.

Characterization
"H-NMR (400 MHz, CDCl;) 8 (ppm): 7.64 (2H,d, ] =1.7 Hz), 7.60 (1H, t,] = 1.7 Hz), 7.40 (2H, d, ] = 8.7 Hz),
7.31 (4H,t, ] = 8.2 Hz), 7.18-7.06 (8H, m).
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1.11 Synthesis of L2

A

WY

PdCIy(PPhg),,
AN LicCl
+ |l
7 toluene
N©Sn(Buks s 15ec, 40n O
(. N N
Br Br | |
N N~
Reagent/Solvent PM (g/mol) mmol Mass eq Volume Density
I2 479.21 0.565 190 mg 1
nBusSn-pyridine 368.14 1.695 456 mg 3.1 400 uL 1.14 g/mL
PdCL(PPhs;), 701.90 0.017 14 mg 0.05
LiCl 42.39 5.085 151 mg 9
dry toluene 2.8 mL

Procedure

The reagents were added to the solvent in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 40 h a solution of NaOH (1 M, 5 mL), water and AcOEt were added and the phases were
separated. The aqueous phase was extracted with AcOEt (2x), the organic phases were dried over Na,SO, and

evaporated.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 9:1).

Mass of the product = 118 mg.
Yield = 44%.

Characterization

'H-NMR (400 MHz, CD,CL) & (ppm): 8.76 (dd, 2H, ] = 4.8 Hz, ] = ), 8.67 (t, 1H, ] = 1.6 Hz), 8.34 (d, 2H, ] =
1.6 Hz), 7.96 (d, 2H, J = 7.8 Hz), 7.86 (2H, dd, ] = 7.8 Hz, ] = 8.0 Hz), 7.70 (d, 2H, J = 8.8 Hz), 7.36-7.30 (m,
6H), 7.24-7.17 (m, 6H), 7.09 (dd, 2H, ] = 4.8 Hz, ] = 8.0 Hz).
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1.12 Synthesis of PtCI2

A,
C

+  Kpcl, —————>
Ar, 120 °C, 24 h

N N A
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
12 475.58 0.168 80 mg 1
K,PtCly 415.09 0.202 84 mg 1.2
glacial AcOH 5mL

Procedure
The reagents were added to the glacial AcOH in a Schlenk tube and the mixture was stirred at reflux under Ar

atmosphere. After 24 h the reaction was cooled to rt and the orange-yellow precipitate was filtered on a Buchner
funnel, washed with H,O, MeOH and Et,0O, and dried.

The product was not furtherly purified.
Mass of the product = 91 mg.

Yield = 77%.

Characterization

"H-NMR (300 MHz, CD-CL) é (ppm): 9.35 (2H, d, ] = 5.7 Hz, J(***Pt) = 42 Hz), 8.05 (2H, dd, ] =7.6 Hz, ] =
8.5 Hz), 7.85 (2H, d, ] = 7.6 Hz), 7.75 (2H, s), 7.61 (2H, d, ] = 8.6 Hz), 7.42-7.28 (6H, m), 7.24-7.14 (6H, m),
7.10 (2H, dd, ] =7.3 Hz, ] = 8.0 Hz).
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1.13 Synthesis of Pt7

A,

O acetone
S\/<N Ar, rt, 24 h, dark
N O N SNa
l — N—Pt—N| Pz
4

Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCI2 705.11 0.057 40 mg 1
4-phenylthiazole-2-thiol | =, 0.798 172 mg 14
sodium salt
acetone 60 mL

Procedure

In a two-necked round-bottom flask the platinum complex and the sodium salt were added to the solvent and
the mixture was stirred at rt in the dark under Ar atmosphere. After 24 h the acetone was evaporated at reduced
pressure and DCM was added to dissolve the product; the sodium salt in excess was filtered through cotton
and the evaporation of the DCM gave the product as an orange solid.

The product was not furtherly purified.

Mass of the product = 31 mg.
Yield = 63%.

Characterization
"H-NMR (300 MHz, CD,CL) 8 (ppm): 9.45 (2H, d, ] = 5.7 Hz, J(**°Pt) = 41 Hz), 8.02 (2H, dd, ] =8.0 Hz, ] =
8.4 Hz), 7.91-7.81 (4H, m), 7.79 (2H, s), 7.62 (2H, d, ] = 8.6 Hz), 7.44-7.05 (15H, m), 6.99 (1H, s).
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1.14 Synthesis of I3

Br ‘O Pd(PPhs)s,
Ba(OH), 8H,0
+ »
MeoMe H0

Br Br B(OH) Ar, 80 °C, 20 h
? Br Br
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
1,3,5-tribromobenzene 314.80 0.651 205 mg 1
pyrene-1-boronic acid 246.07 0.650 160 mg 1
Pd(PPhs), 1155.56 0.0199 23 mg 0.03
Ba(OH). - 8H,0O 315.86 0.969 306 mg 1.5
1,2-dimethoxyethane 3.0mL
H,O 0.5mL

Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at 80 °C under Ar
atmosphere. After 24 h the reaction was cooled to rt, toluene and water were added and the phases were
separated. The organic phase was washed with brine (2x) and water (2x), dried over Na,SO4 and evaporated at

reduced pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane).

Mass of the product = 145 mg.

Yield = 51%.

Characterization

"H-NMR (400 MHz, CD-CL) § (ppm): 8.32-8.07 (8H, m), 7.98 (1H, d, ] = 7.9 Hz), 7.87 (1H, t, ] = 1.7 Hz),

7.79 (2H, d, ] = 1.7 Hz).
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1.15 Synthesis of L3

PdCly(PPha)y,
X LiCl
+ | —_—
7 toluene
O N7 > Sn(nBu)s
Ar, 115 °C, 24 h
Br Br
Reagent/Solvent PM (g/mol) mmol Mass eq Volume Density
I3 354.08 0.280 122 mg 1
nBusSn-pyridine 368.14 0.929 342 mg 33 300 pL 1.14 g/mL
PdCL(PPhs;), 701.90 0.014 10 mg 0.03
LiCl 42.39 2.500 106 mg 9
dry toluene 2.0 mL
Procedure

The reagents were added to the solvent in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h a solution of NaOH (1 M, 3.5 mL), water and AcOEt were added and the phases were

separated. The aqueous phase was extracted with AcOEt (2x), the organic phases were dried over Na,SO4 and
evaporated.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 7:3).

Mass of the product = 99 mg.
Yield = 82%.

Characterization
"H-NMR (400 MHz, CD,CL) § (ppm): 8.90 (1H, dd, ] = 1.7 Hz, ] = 2.0 Hz), 8.77 (2H, d, ] = 4.7 Hz), 8.38 (2H,

d, ] =1.7 Hz), 8.37-8.06 (9H, m), 8.00 (2H, d, ] = 8.1 Hz), 7.86 (2H, dd, ] = 7.6 Hz, ] = 8.1 Hz), 7.34 (2H, dd, ]
=4.7 Hz, ] =7.6 Hz).
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1.16 Synthesis of PtCI3

AcOH
+ K,PtCly, ————>»

Ar, 120 °C, 24 h

Reagent/Solvent PM (g/mol) mmol Mass eq Volume
FF141 432.51 0.208 90 mg 1
K,PtCly 415.09 0.250 104 mg 1.2
glacial AcOH 7.5mL
Procedure

The reagents were added to the glacial AcOH in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the reaction was cooled to rt and the orange-yellow precipitate was filtered on a Buchner
funnel, washed with H,O, MeOH and Et,O, and dried.

The product was not furtherly purified.
Mass of the product = 106 mg.

Yield = 77%.

Characterization
'"H-NMR (400 MHz, CD,CL) &§ (ppm): 9.40 (2H, d, ] = 5.7 Hz, J(**Pt) = 42 Hz), 8.36-8.07 (9H, m), 8.04 (2H,
dd,]=7.9Hz, ] = 8.3 Hz), 7.86-7.78 (4H, m), 7.42 (2H, dd, ] = 5.7 Hz, ] = 7.9 Hz).
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1.17 Synthesis of 14

Br N Pd(PPha)s,
Ba(OH); 8H,0 O
+ >
Br Br Meir/‘;o/?chilz;l?o
B(OH), O
Br Br
Reagent/Solvent PM (g/mol) mmol Mass Eq Volume
1,3,5-tribromobenzene 314.80 0.953 300 mg 1.2
9H-carbazole-9-(4-
phenyl)boronic acid 369.26 0.793 293 mg 1
pinacol ester
Pd(PPhs;), 1155.56 0.024 28 mg 0.03
Ba(OH), - 8H,O 315.86 1.190 376 mg 1.5
1,2-dimethoxyethane 20mL
H,O 0.5mL

Procedure
The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at 80 °C under Ar
atmosphere. After 24 h the reaction was cooled to rt, DCM and water were added and the phases were

separated. The aqueous phase was extracted with DCM (2x), dried over Na,SO, and evaporated at reduced
pressure.

The product was purified by flash chromatography on silica gel (eluent: from hexane to hexane/AcOEt 95:5).

Mass of the product = 228 mg.
Yield = 60%.

Characterization

'H-NMR (400 MHz, CDCls) § (ppm): 8.18 (2H, d, ] = 7.8 Hz), 7.81-7-77 (4H, m), 7.73 (1H, 1, ] = 1.6 Hz), 7.70
(2H, d, ] = 8.5 Hz), 7.50-7.44 (4H, m), 7.34 (2H, dd, ] = 6.0 Hz, ] = 7.8 Hz).
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1.18 Synthesis of L4

N
PdCly(PPh3),,
X Licl
N | —
Z toluene
N© SnBuls ur 11sec 241 O
® SN
Br Br | |
N N~
Reagent/Solvent PM (g/mol) mmol Mass eq Volume Density
14 477.19 0.287 137 mg 1
nBusSn-pyridine 368.14 0.861 317 mg 3 278 uL 1.14 g/mL
Pd(PPhs), 1155.56 0.011 13 mg 0.04
LiCl 42.39 2.571 109 mg 9
dry toluene 1.0 mL
Procedure

The reagents were added to the solvent in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h water and DCM were added and the phases were separated. The aqueous phase was

extracted with DCM (2x), the organic phases were dried over Na,SO, and evaporated.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 8:2).

Mass of the product = 97 mg.

Yield = 71%.

Characterization

"H-NMR (400 MHz, CD,CL) & (ppm): 8.81 (2H, d, ] =4.8 Hz), 8.79 (1H, t ] = 1.6 Hz), 8.52 (2H, d, ] = 1.6 Hz),
8.22 (2H, d, J = 7.7 Hz), 8.10 (2H, d, ] = 8.5 Hz), 8.06 (2H, d, ] = 8.0 Hz), 7.94 (2H, dd, ] = 7.8 Hz, ] = 8.4 Hz),
7.77 2H, d, ] =8.4 Hz), 7.56 (2H, d, ] = 8.2 Hz), 7.49 (2H, dd, ] = 7.0 Hz, ] = 8.2 Hz), 7.40 (2H, dd, ] = 4.8 Hz,
]=7.6Hz),7.35(2H,dd, ] = 7.4 Hz, ] = 8.0 Hz).

BC-NMR (100 MHz, CD,CL) § (ppm): 156.41, 149.30, 141.41, 140.85, 140.08, 139.84, 137.42, 137.22, 128.80,
127.31, 126.45, 126.01, 124.78, 123.39, 122.73, 120.94, 120.22, 119.99, 109.83.
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1.19 Synthesis of PtCl4

AcOH
+ K,PtCly, ——>

Ar, 120 °C, 48 h

X l

| X
| =N N A
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
L4 473.58 0.089 42 mg 1
K,PtCly 415.09 0.106 44 mg 1.2
glacial AcOH 1.5mL

Procedure

The reagents were added to glacial AcOH in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 48 h the yellow-orange precipitate was filtered on a Buchner funnel, washed with MeOH,
H,O and Et,0, and dried.

The product was not furtherly purified.

Mass of the product = 52 mg.
Yield = 83%.

Characterization

'H-NMR (400 MHz, CD,CL) & (ppm): 9.38 (2H, d, ] = 5.6, J(***Pt) = 41 Hz), 8.22 (2H, d, ] = 7.7 Hz), 8.07 (2H,
dd,]=79Hz, ] =87Hz),798 (2H, d, ] =8.4 Hz),7.92 (2H, d, ] = 7.7 Hz), 7.88 (2H, s), 7.75 (2H, d, ] = 8.4
Hz), 7.55 (2H, d, ] = 8.2 Hz), 7.50 (2H, dd, ] = 7.0 Hz, ] = 8.4 Hz), 7.42 (2H, dd, ] = 6.0 Hz, ] = 7.5 Hz), 7.36
(2H,dd,J=7.0Hz,]=7.9 Hz).

123



1.20 Synthesis of I5

H F
N
KOH
+
Br Br Ar, 115 °C, 24 h
Br Br
Reagent/Solvent PM (g/mol) mmol Mass eq Volume Density
carbazole 167.21 1.495 250 mg 1
1,3-di -5-11
dibromo-5-fluoro 253.91 3.738 949 mg 2.5 470 uL | 2.018 g/mL
benzene
KOH 56.11 4.485 252 mg 3
DMSO 7.5mL

Procedure

The reagents were added to the solvent in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the solution was cooled to rt, DCM and water were added and the phases were

separated. The organic phase was dried over Na,SO, and evaporated.

The product was purified by flash chromatography on silica gel (eluent: hexane).

Mass of the product = 281 mg.

Yield = 47%.

Characterization

'H-NMR (400 MHz, CDCls) § (ppm): 8.15 (2H, d, ] = 7.8 Hz), 7.79 (1H, t, ] = 1.7 Hz), 7.73 (2H, d, ] = 1.7 Hz),
7.50-7.41 (4H, m), 7.34 (2H, dd, ] = 7.2 Hz, ] = 7.8 Hz).
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1.21 Synthesis of L5

PdCIo(PPha),,
_ue
+
toluene
Sn(nBu)s Ar, 115 °C, 24 h
Br Br
Reagent/Solvent PM (g/mol) mmol Mass eq Volume Density
15 401.09 0.499 200 mg 1
nBusSn-pyridine 368.14 1.496 551 mg 3 483 uL 1.14 g/mL
PdCL(PPhs;), 701.90 0.030 21 mg 0.06
LiCl 42.39 4.491 190 mg 9
dry toluene 1.5mL
Procedure

The reagents were added to the solvent in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the reaction was cooled to rt, water and AcOEt were added and the phases were
separated. The aqueous phase was extracted with AcOEt (2x), the organic phases were dried over Na,SO4 and

evaporated.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt from 9:1 to 8:2 to 1:1).

Mass of the product = 92 mg.

Yield = 46%.

Characterization

'H-NMR (400 MHz, CD,CL) 8 (ppm): 8.90 (1H, t, ] = 1.6 Hz), 8.77 (2H, d, ] = 4.7 Hz), 8.3 (2H, d, ] = 1.6 Hz),
8.23 (2H, d,] = 7.5 Hz), 7.98 (2H, d, ] = 8.0 Hz), 7.88 (2H, dd, ] = 7.9 Hz, ] = 8.3 Hz), 7.58 (2H, d, ] = 8.2 Hz),
7.48 (2H, dd, J = 7.4 Hz, ] = 8.2 Hz), 7.39-7.33 (4H, m).
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1.22 Synthesis of PtCl5

AcOH
+  Kptcl, ——>
Ar, 120 °C, 48 h
X | X
N N~
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
L5 397.47 0.161 64 mg 1
K,PtCly 415.09 0.193 80 mg 1.2
glacial AcOH 1.5mL

Procedure

The reagents were added to glacial AcOH in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 48 h the yellow-orange precipitate was filtered on a Buchner funnel, washed with MeOH,
H>0O and Et,0, and dried.

The product was not furtherly purified.
Mass of the product = 86 mg.

Yield = 85%.

Characterization

"H-NMR (400 MHz, CD,CL) & (ppm): 9.42 (2H, d, ] = 5.6, J(***Pt) = 42 Hz), 8.22 (2H, d, ] = 7.7 Hz), 8.05 (2H,
dd,]=7.7Hz J=8.8Hz),7.76 (2H, d, ] = 7.7 Hz), 7.72 (2H, s), 7.51-7.41 (6H, m), 7.35 (2H, dd, ] = 7.1 Hz, ]
=7.8 Hz).
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1.23 Synthesis of 16

Br
s Pd(PPh3)s S
. ws (Bu) Licl
n(nbu —_—
/ ® toluene
Br Br Ar, 115°C, 24 h
Br Br
Reagent/Solvent PM (g/mol) mmol Mass eq Volume Density
1,3,5-tribromobenzene 314.80 1.439 453 mg 1
nBusSn-thiophene 373.18 1.572 587 mg 1.1 502 uL 1.17 g/mL
PdCl,(PPhs); 701.90 0.070 49 mg 0.05
LiCl 42.39 7.162 304 mg 5
dry toluene 2.0 mL
Procedure

The reagents were added to the solvent in a Schlenk tube and the mixture was stirred at reflux under Ar

atmosphere. After 24 h the solution was cooled to rt, the toluene was evaporated at reduced pressure, DCM

and water were added and the phases were separated. The organic phase was dried over Na,SO4 and evaporated.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt from 8:2 to 6:4).

Mass of the product = 224 mg.

Yield = 48%.

Characterization

'"H-NMR (400 MHz, CDCl3) § (ppm): 7.69 (2H, s), 7.58 (1H, s), 7.37 (1H, d, ] = 5.0 Hz), 7.33 (1H, d, ] = 3.4

Hz),7.11 (1H,dd, ] =3.4 Hz, ] = 5.0 Hz).
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1.24 Synthesis of L6

— S
™ PdCIy(PPha)y, N
X LicCl
S e
N/ Sn(nBu) toluene
n(nBu)s Ar, 115 °C, 24 h X |
Br Br _N N
Reagent/Solvent PM (g/mol) mmol Mass eq Volume Density
16 318.03 2.097 667 mg 1
nBusSn-pyridine 368.14 6.370 2.345¢ 3.03 2.0 mL 1.14 g/mL
PdCL(PPhs;), 701.90 0.064 45 mg 0.03
LiCl 42.39 18.919 802 mg 9
dry toluene 6.5 mL

Procedure

The reagents were added to the solvent in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the reaction was cooled to rt, a solution of NaOH (1 M, 15 mL), water and AcOEt were
added and the phases were separated. The aqueous phase was extracted with AcOEt (4x), the organic phases

were dried over Na,SO4 and evaporated.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 7:3).

Mass of the product = 489 mg.

Yield = 74%.

Characterization

'"H-NMR (400 MHz, CDCl;) 8 (ppm): 8.76 (2H, d, ] = 4.8 Hz), 8.54 (1H, t, ] = 1.5 Hz), 8.33 (2H, d, ] = 1.5 Hz),
7.89 (2H, d, ] = 8.0 Hz), 7.80 (2H, dd, J]=7.6 Hz, ] = 8.0 Hz), 7.53 (1H, d, ] = 3.6 Hz), 7.34 (1H, d, ] = 5.1 Hz),

7.28 (2H,dd,J=4.8Hz,] =7.6 Hz), 7.14 (1H, dd, ] = 3.6 Hz, ] = 5.1 Hz).
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1.25 Synthesis of PtCl6

QS
AcOH
+  K,ptcl, ———————>
Ar, 120 °C, 24 h

X | X

N N~

Reagent/Solvent PM (g/mol) mmol Mass eq Volume
L6 314.41 0.381 120 mg 1
K,PtCly 415.09 0.458 190 mg 1.2
glacial AcOH 10 mL

Procedure

The reagents were added to glacial AcOH in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the orange precipitate was filtered on a Buchner funnel, washed with MeOH, H,O,
EtOH and Et,0, and dried.

The product was not furtherly purified.
Mass of the product = 140 mg.

Yield = 67%.

Characterization

"H-NMR (400 MHz, CD,CL) & (ppm): 9.33 (2H, d, ] = 5.5, J(***Pt) = 41 Hz), 8.06 (2H, dd, ] = 7.8 Hz, ] = 8.6
Hz),7.85 (2H, d, ] =7.8 Hz), 7.78 (2H, s), 7.40 (1H, d, ] = 3.5 Hz), 7.43-7.35 (3H, m), 7.17 (1H, dd, ] = 3.5 Hz,
] =5.2 Hz).
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1.26 Synthesis of Pt8

MeOH/DCM
+ —  »
~N Ar, rt, 22 h, dark
N Y )
N\N>— S N
N
N~/
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl6 544.94 0.066 36 mg 1
1-phenyl-1H-tetrazole- 500.20 0.799 160 mg 12
5-thiol sodium salt ’ '
MeOH 6.0 mL
DCM 6.0 mL

Procedure

In a two-necked round-bottom flask a solution of the sodium salt in MeOH was added to a solution of the
platinum complex in DCM; the solution became almost black and was stirred at rt in the dark under Ar
atmosphere. After 1 h the solution became orange and after 22 h the precipitation of the product was observed;
the solid was filtered on a Hirsch funnel, washed with MeOH and Et,O, and dried.

The product was not furtherly purified.
Mass of the product = 22 mg.

Yield = 49%.

Characterization

'"H-NMR (300 MHz, CD,CL) § (ppm): 9.19 (2H, m), 8.07-7.99 (2H, m), 7.92-7.77 (5H, m), 7.53-7.42 (3H, m),
7.40 (1H,d, ] =3.7 Hz), 7.33-7.25 (2H, m), 7.20-7.15 (1H, m). For some reason, not for all peaks the multiplicity
is clear, and so their ] cannot be calculated properly.
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1.27 Synthesis of Pt9

MeOH
' N Ar, 1t, 24 h, dark S _-S
r, rt, , aar
S/
X AW,
SNa
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl6 543.93 0.055 30 mg 1
4-phenylthiazole-2-thiol
phenylthiazole-2-thiol | 5 57 0.218 47 mg 4
sodium salt
MeOH 3.0mL

Procedure

In a two-necked round-bottom flask the platinum complex was added to a solution of the sodium salt in MeOH
and the suspension was stirred at rt in the dark under Ar atmosphere. After 24 h an orange precipitate was
observed, MeOH was added to dissolve the sodium salt in excess and after 10 minutes of stirring the solid was
filtered on a Buchner funnel, washed with MeOH and Et,O, and dried.

The product was not furtherly purified.
Mass of the product = 35 mg.

Yield = 90%.

Characterization
"H-NMR (400 MHz, CD,CL,) § (ppm): 9.41 (2H, d,] =5.7 Hz, J(*¥**Pt) = 44 Hz), 8.02 (2H, dd, ] =7.7Hz, ] =

8.6 Hz), 7.90-7.80 (4H, m), 7.78 (2H, s), 7.47 (1H, d, ] = 3.5 Hz), 7.42-7.36 (3H, m), 7.20-7.16 (3H, m), 6.99
(1H, s).
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1.28 Synthesis of Pt10

MeOH/DCM
+  NaN,
Ar, rt, 24 h, dark
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl6 544.94 0.038 17 mg 1
NaN3 65.01 0.754 50 mg 20
MeOH 3.0mL
DCM 3.0 mL
Procedure

In a Schlenk tube a solution of NaN; in MeOH was added to a solution of platinum complex in DCM; almost
immediately the solution became dark green, with the precipitation of the product, and the mixture was stirred
at rt in the dark under Ar atmosphere. After 24 h water was added to dissolve the NaN; in excess and after 5

minutes of stirring the solid was filtered on a Buchner funnel, washed with MeOH and Et,O, and dried.

Mass of the product = 17 mg.

Yield = 81%.

Characterization

"H-NMR (300 MHz, CD,CL) § (ppm): 8.83 (2H, d, ] = 5.6 Hz, J(**°Pt) = 42 Hz), 8.07 (2H, dd, ] =7.7Hz, ] =

8.8 Hz),7.85(2H, d, ] =7.7 Hz), 7.72 (2H, s), 7.47-7.35 (4H, m), 7.17 (1H, dd, ] = 3.8 Hz, ] = 5.0 Hz).
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1.29 Synthesis of Pt11

O
MeOH
+ NK
Ar, rt, 3 d, dark
(¢]
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl6 544.94 0.055 30 mg 1
potassium phthalimide 185.22 0.550 102 mg 10
MeOH 4.0 mL
Procedure

In a Schlenk tube the platinum complex and the potassium salt were added to the solvent and the mixture was
stirred at rt in the dark under Ar atmosphere. After 72 h the yellow precipitate was filtered on a Buchner funnel,
washed with MeOH and Et,0O, and dried.

The product was not furtherly purified.
Mass of the product = 18 mg.

Yield = 50%.

Characterization

'"H-NMR (400 MHz, CD,CL) & (ppm): 8.49 (2H, d, ] = 5.8, J(***Pt) = 42 Hz), 8.00 (2H, dd, ] =7.5Hz, ] =7.9
Hz), 7.87 (2H, d, ] = 7.5 Hz), 7.83-7.79 (4H, m), 7.71-7.67 (2H, m), 7.47 (1H, dd, ] =1.1 Hz, ] = 3.6 Hz), 7.36
(1H,dd,J=1.1Hz,J=5.1Hz), 7.21 (2H, dd,J=5.8 Hz,] = 7.9 Hz), 7.14 (1H, dd, ] = 3.6 Hz, ] = 5.1 Hz).
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1.30 Synthesis of L7

PdACI(PPhs),,
X LiCl
* Q toluene A
Br Br N “Sn(nBu)s Ar, 115 °C, 24 h _N Nl
Reagent/Solvent PM (g/mol) mmol Mass eq Volume Density
3,5-dibromotoluene 249.96 0.800 200 mg 1
nBusSn-pyridine 368.14 2.400 884 mg 3 775 pL 1.14 g/mL
PdCL(PPhs), 701.90 0.04 28 mg 0.05
LiCl 42.39 7.200 305 mg 9
dry toluene 5.0 mL
Procedure

The reagents were added to the solvent in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h a solution of NaOH (1 M, 10 mL), water and AcOEt were added and the phases were
separated. The aqueous phase was extracted with AcOEt (3x), the organic phases were dried over Na,SO4 and

evaporated.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 7:3).

Mass of the product = 138 mg.

Yield = 70%.

Characterization

'H-NMR (400 MHz, CDCL;) 8 (ppm): 8.72 (2H, d, ] = 4.6 Hz), 8.39 (1H, s), 7.91 (2H, s), 7.99-7-79 (6H, m),
7.25 (2H, dd, ] = 4.6 Hz, ] = 7.4 Hz), 2.53 (3H, s).
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1.31 Synthesis of PtCl7

AcOH
A | Xy + Kyptcly, ————>
_N N Ar, 120 °C, 24 h
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
L7 246.31 0.524 129 mg 1
K,PtCly 415.09 0.628 260 mg 1.2
glacial AcOH 8.0 mL

Procedure

The reagents were added to glacial AcOH in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h some water was added to dissolve the excess K,PtCly, the yellow precipitate was filtered
on a Buchner funnel, washed with H,O, MeOH and Et,O, and dried.

The product was not furtherly purified.
Mass of the product = 229 mg.

Yield = 92%.

Characterization
"H-NMR (400 MHz, CD,CL,) § (ppm): 9.28 (2H, d, ] = 5.7 Hz, J(**°Pt) = 42 Hz), 8.00 (2H,dd, ] = 7.7 Hz, ] =
8.0 Hz),7.73 (2H, d,] =8.0 Hz), 7.37 (2H, s), 7.33 (2H, dd, ] = 5.7 Hz, ] = 7.7 Hz), 2.40 (3H, s).
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1.32 Synthesis of Pt12

|
MeOH/DCM |
+
N Ar, tt, 16 h, dark N
N s 1 ) — N\
1l / SNa \r /
N\N N—N
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl7 475,83 0.029 14 mg 1
1-phenyl-1H- le-5-
phenyl- 11 tetrazole-> 200.20 0.589 118 mg 20
thiol sodium salt
MeOH 3.0 mL
DCM 3.0 mL

Procedure

In a two-necked round-bottom flask a solution of sodium salt in MeOH was added to a solution of platinum
complex in DCM; the dark green solution was stirred at rt in the dark under Ar atmosphere. After 1 h the
solution became orange and after 22 h the precipitation of the product was observed; MeOH was added to
dissolve the sodium salt in excess, after further 10 minutes of stirring the orange solid was filtered on a Hirsch

funnel and dried.

The product was not furtherly purified.

Mass of the product = 17 mg.
Yield = 94%.

Characterization

'H-NMR (400 MHz, CD,CL) & (ppm): 9.14 (2H, d, ] = 5.7 Hz, J("**Pt) = 41 Hz), 7.97 (2H, dd, ] = 7.3 Hz, ] =

7.7Hz),7.88 (2H, d, ] =7.0Hz), 7.73 (2H, d, ] = 7.7 Hz), 7.53-7.37 (5H, m), 7.23 (2H, m), 2.44 (3H, s).
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1.33 Synthesis of Pt13

acetone |
+ = S S
N Ar, rt, 24 h, dark
SN/ \W /)
N
SNa
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl7 475.83 0.210 100 mg 1
4-phenylthiazole-2-thiol
phenylthiazole-2-thiol | 515 55 1.468 316 mg 7
sodium salt
acetone 100 mL

Procedure

In a two-necked round-bottom flask the platinum complex and the sodium salt were added to the solvent and
the mixture was stirred at rt in the dark under Ar atmosphere. After 24 h the acetone was evaporated at reduced
pressure and DCM was added to dissolve the product; the sodium salt in excess was filtered through cotton
and the evaporation of the DCM gave the product as an orange solid.

The product was not furtherly purified.
Mass of the product = 80 mg.

Yield = 60%.

Characterization

"H-NMR (400 MHz, CD,CL) 8 (ppm): 9.41 (2H, d, ] = 5.8 Hz, J(**Pt) = 44 Hz), 7.99 (2H, dd, ] =7.8 Hz, ] =
7.2Hz),7.87 (2H,d,]=8.7Hz),7.76 (2H, d, ] =7.9 Hz), 7.44 (2H, s), 7.39 (2H, dd, ] = 7.3 Hz, ] = 8.0 Hz), 7.32-
7.23 (3H, m), 6.98 (1H, s), 2.46 (3H, s).

BC-NMR (100 MHz, CD,Cl) & (ppm): 153.51, 139.35, 128.41, 127.19, 125.91, 124.87, 123.64, 119.43, 109.84,
21.76.
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1.34 Synthesis of Pt14

acetone
+  NaN,
Ar, rt, 24 h, dark
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl7 475.83 0.168 80 mg 1
NaN; 65.01 2.523 164 mg 14.8
acetone 250 mL
Procedure

In a two-necked round-bottom flask the platinum complex and the NaN; were added to the solvent and the
mixture was stirred at rt in the dark under Ar atmosphere. After 24 h the acetone was evaporated at reduced
pressure and DCM was added to dissolve the product; the NaN; in excess was filtered through cotton and the
evaporation of the DCM gave the product as an orange solid.

The product was recrystallized from DCM/pentane and dried.
Mass of the product = 40 mg.

Yield = 49%.

Characterization
'"H-NMR (400 MHz, CD,CL) & (ppm): 8.74 (2H, d, ] = 5.5 Hz, J(**Pt) = 42 Hz), 8.00 (2H, dd, ] =7.9 Hz, ] =
8.0Hz),7.71 (2H, d,] =8.0 Hz), 7.34 (2H, dd, ] = 5.5 Hz, ] = 7.9 Hz), 7.29 (2H, s), 2.37 (3H, s).

BC-NMR (100 MHz, CD,CL) & (ppm): 150.77, 139.52, 125.11, 123.56, 119.80, 22.10.
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1.35 Synthesis of Pt15

(0]
MeOH
+ NK
Ar, rt, 3 d, dark N
0} O
(0]
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
PtCl7 475.83 0.063 30 mg 1
potassium phthalimide 185.22 0.946 175 mg 15
MeOH 4.0 mL

Procedure

In a Schlenk tube the platinum complex and the potassium salt were added to the solvent and the mixture was
stirred at rt in the dark under Ar atmosphere. After 72 h the yellow precipitate was filtered on a Buchner funnel,
washed with MeOH and Et,O, and dried.

The product was not furtherly purified.
Mass of the product = 15 mg.

Yield = 41%.

Characterization
'"H-NMR (400 MHz, CD,CL) & (ppm): 8.47 (2H, d, ] = 4.9 Hz, J(**Pt) = 43 Hz), 7.97 (2H,dd, ] =7.9 Hz, ] =
8.0 Hz), 7.82-7.73 (4H, m), 7.70-7.64 (2H, m), 7.42 (2H, s), 7.19 (2H, dd, ] = 7.8 Hz, ] = 4.9 Hz),2.44 (3H, s).
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1.36 Synthesis of I7

B(OH) -
2 / . Pd(PPhy),, S
A + —_—»
| _ 7 Br dioxane, H,O AN
N Ar, 100 °C, 48 h |
—
N~ cl
Reagent/Solvent PM (g/mol) mmol Mass eq Volume Density
2-Br-4-hexylthiophene 247.20 2.382 589 mg 1.5 482 uL 1.222 g/mL
- Clovridine 4. .
Cl-pyridine-4-boronic | - ¢ 1.589 250 mg 1
acid
Pd(PPhs;), 1155.56 0.718 83 mg 0.045
Na,COs3 105.99 4.793 508 mg 3
1,4-dioxane 9.0 mL
H,O 3.0 mL
Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 48 h water and AcOEt were added and the phases were separated. The organic phase was
washed with water (3x), then dried over Na,SO,4 and evaporated.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt from 9:1 to 8:2).

Mass of the product = 265 mg.

Yield = 60%.

Characterization

'H-NMR (400 MHz, CDCl;) § (ppm): 8.35 (1H, d, ] = 5.3 Hz), 7.51 (1H, d, ] = 1.0 Hz), 7.41-7.36 (2H, m), 7.07
(1H, s), 2.65 (2H, t, ] = 7.8 Hz), 1.71-1.61 (2H, m), 1.42-1.28 (6H, m), 0.92 (3H, t, ] = 6.8 Hz).
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1.37 Synthesis of B1

Pd(dppf)Cly, O
O\ /O AcOK
+ B—B,
O/ \O toluene
O Ar, 115°C, 24 h o O o
Br Br \l/3 %/
o) o]
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
I1 352.08 0.860 303 mg 1
bis(pinacolato) diboron 253.94 1.878 477 mg 2.2
Pd(dppf)CL 731.70 0.060 44 mg 0.07
AcOK 98.14 4.269 419 mg 5
toluene 3.0 mL
Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the reaction was cooled to rt, AcOEt and water were added and the phases were
separated. The organic phase was washed with water (2x) and the aqueous phase was extracted with AcOEt.

The organic phases were dried over Na,SO4 and evaporated at reduced pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 9:1).

Mass of the product = 217 mg.

Yield = 54%.

Characterization

'H-NMR (400 MHz, CDCls) § (ppm): 8.25 (1H, t, ] = 1.0 Hz), 7.70 (2H, d, ] = 1.0 Hz), 6.90 (2H, s), 2.32 (3H,

s), 1.99 (6H, s), 1.36 (24H, s).
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1.38 Synthesis of L8

Pd(PPhg3)s,
Na,CO.
\ S 2 3
Oy _0 Meo™~-Me H.0
I

{oe]

A/

o

%\
O/

\§ Ar, 100 °C, 48 h

Reagent/Solvent PM (g/mol) mmol Mass eq Volume
17 279.83 0.207 58 mg 3
B1 464.25 0.069 32 mg 1
Pd(PPhs). 1155.56 0,0052 6 mg 0.07
Na,CO; 105.09 0.514 54 mg 7.4
1,2-dimethoxyethane 1.0 mL
H,O 1.0 mL
Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 48 h the reaction was cooled to rt, AcOEt and water were added and the phases were
separated. The organic phase was washed with water and the aqueous phase was extracted with AcOEt; the
organic phases were dried over Na,SO, and evaporated at reduced pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 9:1).
Mass of the product = 21 mg.

Yield = 45%.

Characterization

"H-NMR (400 MHz, CD,CL) 8 (ppm): 8.88 (1H, bs), 8.71 (2H, d, ] = 5.2 Hz), 8.11 (2H, s), 7.95 (2H, d, ] = 1.3
Hz), 7.57 (2H, s), 7.52 (2H, dd, ] = 1.3 Hz, ] = 5.2 Hz), 7.11 (2H, s), 7.04 (2H, s), 2.69 (4H, t, ] = 7.6 Hz), 2.39
(3H, s), 2.15 (6H, s), 1.75-1.67 (4H, m), 1.43-1.32 (12H, m), 0.93 (6H, t, ] = 6.8 Hz).

BC-NMR (100 MHz, CD,CL) § (ppm): 149.52, 128.86, 128.09, 127.46, 124.24, 122.46, 118.56, 116.83, 31.63,
30.44, 30.40, 28.93, 22.59, 20.74, 20.64, 13.81
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1.39 Synthesis of PtCI8

AcOH
+ KyPtCl, ——————>

Ar, 120 °C,
48 h
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
LS8 683.02 0.031 21 mg 1
K,PtCly 415.09 0.036 15 mg 1.2
glacial AcOH 1.0 mL
Procedure

The ligand and the K,PtCl, were added to the glacial AcOH in a Schlenk tube and the mixture was stirred at
reflux under Ar atmosphere. After 48 h the reaction was cooled to rt and water was added to precipitate more

product. The orange precipitate was filtered on a Buchner funnel, washed with H,O, MeOH and Et,O, and
dried.

The product was not furtherly purified.

Mass of the product = 17 mg.
Yield = 61%.

Characterization

'"H-NMR (400 MHz, CD,CL) § (ppm): 9.20 (2H, d, ] = 6.1 Hz, J(**°Pt) = 40 Hz), 7.86 (2H, d, ] = 2.0 Hz), 7.55
(2H,d,J=1.1Hz),7.49 (2H,dd, ] =2.0Hz, ] = 6.1 Hz), 7.41 (2H, s), 7.19 (2H, d, ] = 1.1 Hz), 7.04 (2H, s), 2.69
(4H,t,]=7.6 Hz), 2.39 (3H, s), 2.16 (6H, s), 1.74-1.64 (4H, m), 1.42-1.32 (12H, m), 0.93 (6H, t, ] = 6.9 Hz).

BC-NMR (100 MHz, CD,CL,) § (ppm): 151.73, 145.55, 139.24, 136.05, 128.68, 128.05, 125.26, 124.32, 122.59,
118.59, 115.01, 31.61, 30.37, 28.89, 22.57, 20.66, 13.81.
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1.40 Synthesis of B2

: N :
Pd(dppf)Cly,
O\ /O AcOK
+ B—B —_—
O/ \O toluene
Br O Br

N
Ar,115°C, 24 h O
B

O _0

B
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
I2 479.21 0.357 171 mg 1
bis(pinacolato) diboron 253.94 0.785 200 mg 2.2
Pd(dpphCL, 731.70 0.025 19 mg 0.07
AcOK 98.14 1.784 175 mg 5
toluene 1.25 mL
Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the reaction was cooled to rt, AcOEt and water were added and the phases were
separated. The aqueous phase was extracted with AcOEt (3x). The organic phase was washed with brine and
water, dried over Na,SO, and evaporated at reduced pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 9:1).
Mass of the product = 117 mg.

Yield = 57%.

Characterization
"H-NMR (400 MHz, CD-CL) é (ppm): 8.12 (1H, bs), 8.09 (2H, d, ] = 0.9 Hz), 7.57 (2H, d, ] = 8.6 Hz), 7.32
(4H,t,] =8.4 Hz), 7.18-7.12 (6H, m), 7.07 (2H, t, ] = 7.3 Hz), 1.39 (24H, s).
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1.41 Synthesis of B3

e e (I
O\ /O AcOK
+ B—B —_—
O/ \O toluene
O Ar,115°C, 24 h o O o
Br Br \? B\/
0 o}
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
I3 436.14 0.314 137 mg 1
bis(pinacolato) diboron 253.94 0.791 201 mg 2.5
Pd(dppfCl, 731.70 0.022 16 mg 0.07
AcOK 98.14 1.570 154 mg 5
toluene 2.0 mL
Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the reaction was cooled to rt, AcOEt and water were added and the phases were
separated. The organic phase was washed with water (2x) and the aqueous phase was extracted with AcOEt.
The organic phases were dried over Na,SO4 and evaporated at reduced pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt from 9:1 to 8:2 to 7:3).

Mass of the product = 103 mg.

Yield = 62%.

Characterization

'H-NMR (400 MHz, CDCls) 8 (ppm): 8.42 (1H, bs), 8.25-7.98 (11H, m), 1.38 (24H, s).
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1.42 Synthesis of L9

_ . PA(PPhy),
9! Na,CO,
osg O e Me0™~OMe /H,0
| t é’é 5\§ Ar, 100 °C, 48 h
N Cl
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
17 279.83 0.297 83 mg 3
B3 530.27 0.096 51 mg 1
Pd(PPhs)4 1155.56 0.0069 8 mg 0.07
Na,COs 105.09 0.704 75 mg 7.4
1,2-dimethoxyethane 1.5mL
H,O 1.5mL
Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 48 h the reaction was cooled to rt, AcOEt and water were added and the phases were
separated. The organic phase was washed with water and the aqueous phase was extracted with AcOEt; the
organic phases were dried over Na,SO, and evaporated at reduced pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 85:15).
Mass of the product = 22 mg.

Yield = 30%.

Characterization

"H-NMR (300 MHz, CD,CL) & (ppm): 8.86 (1H, t, ] = 1.5 Hz), 8.73 (2H, d, ] = 5.2 Hz), 8.38 (2H, d, ] = 1.5 Hz),
8.34-8.01 (11H, m), 7.50-7.43 (4H, m), 7.02 (2H, s), 2.64 (4H, t, ] = 7.5 Hz), 1.72-1.59 (4H, m), 1.41-1.25 (12H,
m), 0.95-0.83 (6H, m).
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1.43 Synthesis of PtCI9

AcOH
+ KoPtCl, —————>
Ar, 120 °C
48h

Reagent/Solvent PM (g/mol) mmol Mass eq Volume
L9 765.08 0.029 22 mg 1
K,PtCly 415.09 0.034 15 mg 1.2
glacial AcOH 1.0 mL
Procedure

The ligand and the K,PtCls were added to the glacial AcOH in a Schlenk tube and the mixture was stirred at
reflux under Ar atmosphere. After 48 h the reaction was cooled to rt and water was added to precipitate more

product. The orange precipitate was filtered on a Buchner funnel, washed with H,O, MeOH and Et,O, and
dried.

The product was not furtherly purified.

Mass of the product = 15 mg.
Yield = 52%.

Characterization

'"H-NMR (300 MHz, CD-CL) & (ppm): 9.26 (2H, d, ] = 6.2 Hz, J(**°Pt) = 40 Hz), 8.40-8.23 (5H, m), 8.20-8.06
(4H, m), 7.93 (2H, d, ] =1.8 Hz), 7.88 (2H, s), 7.58-7.51 (4H, m), 7.17 (2H, s), 2.65 (4H, t, ] = 7.3 Hz), 1.70-1.60
(4H, m), 1.39-1.26 (12H, m), 0.94-0.84 (6H, m).
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1.44 Synthesis of B4

- X
S Pd(dppf)Cl
O\ /O AcOK
+ BB —Q
o e} toluene
Ar, 115 °C, 24 h O~p g—©
Br Br é/é (\)\g
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
16 318.03 0.472 150 mg 1
bis(pinacolato) diboron 253.94 1.040 264 mg 2.2
Pd(dppf)CL 731.70 0.033 24 mg 0.07
AcOK 98.14 2.364 232 mg 5
toluene 1.6 mL

Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the reaction was cooled to rt, AcOEt and water were added and the phases were
separated. The organic phase was washed with water (3x) and the aqueous phase was extracted with AcOEt
(3x). The organic phases were dried over Na,SO, and evaporated at reduced pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 9:1).

Mass of the product = 43 mg.
Yield = 22%.

Characterization
"H-NMR (400 MHz, CDCl;) 6 (ppm): 8.21 (1H, t, ] = 1.0 Hz), 8.15 (2H, d,] = 1.0 Hz), 7.42 (1H, d, ] = 3.6
Hz), 7.29 (1H, d, under residual CHCI;), 7.09 (1H, dd, ] = 3.6 Hz, ] = 5.0 Hz).
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1.45 Synthesis of L10

Pd(PPh,),
Na,COs

Me0™~OMe/ H,0

Ar, 100 °C, 48 h

\

O\B B/O
SN / \
o o
N

Reagent/Solvent PM (g/mol) mmol Mass eq Volume
17 279.83 0.312 87 mg 3
B4 412.16 0.104 43 mg 1
Pd(PPhs). 1155.56 0,0073 8 mg 0.07
Na,COs3 105.09 0.768 81 mg 7.4
1,2-dimethoxyethane 1.5mL
H,O 1.5 mL
Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 48 h the reaction was cooled to rt, AcOEt and water were added and the phases were
separated. The organic phase was washed with water and the aqueous phase was extracted with AcOEt; the
organic phases were dried over Na,SO, and evaporated at reduced pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 8:2).
Since from a '"H-NMR in CD,Cl, it was observed that the product was not sufficiently pure, a preparative TLC
was carried out (eluent: hexane/AcOEt 9:1).

Mass of the product = 10 mg.
Yield = 15%.

Characterization

'"H-NMR (400 MHz, CD,CL) & (ppm): 8.74 (2H, d, ] =5.2 Hz), 8.86 (1H, t,] = 1.5 Hz), 8.42 (2H, d, ] = 1.5 Hz),
8.12(2H,d,J=0.9 Hz), 7.63 (1H, d, ] = 3.6 Hz), 7.58 (2H, d, ] = 1,1 Hz), 7.54 (2H, dd, ] = 0.9 Hz, ] = 5.2 Hz),
743 (1H, d, ] = 5.1 Hz), 7.21 (1H, dd, J = 3.6 Hz, ] = 5.1 Hz), 7.13 (2H, s), 2.71 (4H, t, ] = 7.6 Hz), 1.77-1.66
(4H, m), 1.46-1.33 (12H, m), 0.94 (6H, t, ] = 7.1 Hz).

BC-NMR (100 MHz, CD,CL) & (ppm): 156.99, 149.77, 145.14, 143.79, 143.01, 140.55, 140.11, 135.44, 128.19,
127.34, 125.38, 125.27, 124.80, 124.07, 122.41, 118.73, 116.86, 31.65, 30.43, 30.42, 28.96, 22.61, 13.84.
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1.46 Synthesis of PtCl10

AcOH

+ K,PtCl, ——————>
Ar, 120 °C
48 h
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
L10 646.97 0.015 10 mg 1
K,PtCly 415.09 0.019 8 mg 1.2
glacial AcOH 0.5 mL

Procedure

The ligand and the K,PtCls were added to the glacial AcOH in a Schlenk tube and the mixture was stirred at
reflux under Ar atmosphere. After 48 h the reaction was cooled to rt and water was added to precipitate more
product. The orange precipitate was filtered on a Buchner funnel, washed with H,O, MeOH and Et,O, and
dried.

The product was not furtherly purified.

Mass of the product = 8 mg.
Yield = 61%.

Characterization

'"H-NMR (400 MHz, CD-CL) é (ppm): 9.15 (2H, d, ] = 6.1 Hz, J(**°Pt) = 39 Hz), 7.89 (2H, s), 7.81 (2H, s), 7.59
(2H, s), 7.54 (1H, d, ] = 3.5 Hz), 7.47-7.39 (3H, m), 7.23-7.18 (3H, m), 2.71 (4H, t, ] = 7.7 Hz), 1.76-1.67 (4H,
m), 1.47-1.34 (12H, m), 0.95 (6H, t, ] = 6.7 Hz).
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1.47 Synthesis of B5

Pd(dppf)Cly, Fj@[F
AcOK
oluene / \
Ar, 115 °C, 24 h éfo O\é
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
1,3-dibromo-4,6-
271.88 3.678 1.000 1
difluoro benzene 8
bis(pinacolato) diboron 253.94 8.092 2.055¢g 22
Pd(dppfHCl, 731.70 0.368 269 mg 0.1
AcOK 98.14 18.390 1.805¢ 5
toluene 12 mL

Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the reaction was cooled to rt, toluene was added and the solution was filtered through

a Celite pad.

The filtered solution was evaporated, and the residue was purified by chromatography on a short silica pad
(eluent: hexane/AcOEt 8:2), obtaining a pale yellow solid.

The product was furtherly purified by dissolving it in the minimum amount of pentane and leaving it in the
freezer overnight; the crystalized solid was then recovered from the pentane and dried.

Mass of the product = 622 mg.

Yield = 63%.

Characterization

'H-NMR (400 MHz, CDCls) 8 (ppm): 8.15 (1H, t, J(**F) = 10.1 Hz), 6.74 (1H, t, J("F) = 12.9 Hz), 1.37 (24H,

s).

PF-NMR (MHz, CDCl) § (ppm): -94.15 (s).
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1.48 Synthesis of L11

Pd(PPh3),
Ba(OH) BHZO
Meo/\/OMe/ H,O
Ar, 100 °C, 48 h

T =S

N Cl
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
17 279.83 0.369 103 mg 3
B5 366.02 0.123 45 mg 1
Pd(PPhs), 1155.56 0.010 12 mg 0.08
Ba(OH), - 8H,O 315.48 0.246 78 mg 2
1,2-dimethoxyethane 1.0 mL
H,O 0.5 mL
Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 48 h the reaction was cooled to rt, AcOEt and water were added and the phases were
separated. The organic phase was washed with water and the aqueous phase was extracted with AcOEt; the
organic phases were dried over Na,SO, and evaporated at reduced pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt from 9:1 to 8:2 to 7:3).
Mass of the product = 22 mg.

Yield = 30%.

Characterization

'H-NMR (400 MHz, CD,CL) 8 (ppm): 8.69 (2H, d, J = 5.2 Hz), 8.64 (1H, t, J(°F) = 8.9 Hz), 7.97 (2H, s), 7.46
(2H, d,J = 5.2 Hz), 7.43 (2H, s), 7.10 (1H, t, J(**F) = 10.6 Hz), 7.05 (2H, s), 2.66 (4H, t, ] = 7.6 Hz), 1.73-1.63
(4H, m), 1.43-1.30 (12H, m), 0.92 (6H, t, ] = 6.5 Hz).
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1.49 Synthesis of PtCl11

AcOH
+ KPtCl, —————>

e
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
L11 600.83 0.035 21 mg 1
K,PtCly 415.09 0.043 18 mg 1.2
glacial AcOH 1.0 mL

Procedure

The ligand and the K,PtCls were added to the glacial AcOH in a Schlenk tube and the mixture was stirred at
reflux under Ar atmosphere. After 48 h the reaction was cooled to rt and water was added to precipitate more
product. The orange precipitate was filtered on a Buchner funnel, washed with H,O, MeOH and Et,O, and
dried.

The product recrystallized by dichloromethane/pentane.

Mass of the product = 13 mg.
Yield = 45%.

Characterization

'"H-NMR (400 MHz, CD,CL) é (ppm): 9.21 (2H, d, ] = 6.3 Hz, J(***Pt) = 39 Hz), 8.11 (2H, s), 7.58 (2H, s), 7.50
(2H, d, J = 6.6 Hz), 7.23 (2H, s), 6.86 (1H, t, J(**F) = 11.3 Hz), 2.71 (4H, t, ] = 7.9 Hz), 1.75-1.66 (4H, m), 1.41-
1.33 (12H, m), 0.97-0.90 (6H, m).

The signals are not clearly visible due to very low solubility of the compound.
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1.50 Synthesis of I8

0 N

B(OH),
X . Na,CO3
| P dioxane, H,O
N~ cl Ar, 100 °C, 24 h AN
Br P
N Cl
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
2—Cl-pyridin.e-4-bor0nic 157.36 198 202 mg !
acid
4-Br-triphenylamine 324.22 1.54 500 mg 1.2
Pd(PPhs;), 1155.56 0.064 74 mg 0.05
Na,COs3 105.99 3.84 407 mg 3
1,4-dioxane 9.0 mL
H,O 3.0 mL

Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the reaction was cooled to rt, AcOEt and water were added and the phases were
separated. The aqueous phase phase was extracted with AcOEt. The organic phase was washed with brine and
water, dried over Na,SO, and evaporated at reduced pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 9:1).

Mass of the product = 227 mg.
Yield = 50%.

Characterization
"H-NMR (400 MHz, CD,CL,) § (ppm): 8.39 (1H, d, ] =5.2Hz), 7.53-7.48 (3H, m), 7.41 (1H,dd, ] = 1.6 Hz, |
= 5.3 Hz), 7.36-7.29 (4H, m), 7.19-7.09 (8H, m).

PC-NMR (100 MHz, CD,CL) § (ppm): 152.13, 150.97, 149.78, 149.57, 147.04, 129.50, 129.23, 127.75, 125.22,
123.91, 122.46, 121.09, 119.63.
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1.51 Synthesis of L12

Pd(PPhy), O
__ NaCOs
MeO’\’OMe/ H,0 N N
Lo Fa o O 0
X | X
I N N~
Reagent/Solvent PM (g/mol) mmol Mass eq Volume
I8 356.11 0.255 91 mg 3
B1 464.25 0.084 39 mg 1
Pd(PPhs), 1155.56 0.006 7 mg 0.07
Na,CO; 105.09 0.595 63 mg 7.1
1,2-dimethoxyethane 1.0 mL
H,O 1.0 mL

Procedure
The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the reaction was cooled to rt, AcOEt and water were added and the phases were

separated. The organic phase was washed with water (2x), dried over Na,SO, and evaporated at reduced
pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 9:1).

Mass of the product = 40 mg.
Yield = 57%.

Characterization

"H-NMR (400 MHz, CD,CL) 8 (ppm): 8.90 (1H, bs), 8.74 (2H, d, ] = 5.4 Hz), 8.15 (2H, s), 7.97 (2H, d, ] = 1.6
Hz), 7.70 (4H, d, ] = 8.8 Hz), 7.55 (2H, dd, ] = 1.5 Hz, ] = 5.2 Hz), 7.38-7.31 (8H, m), 7.21-7.10 (16H, m), 7.02
(2H, s), 2.37 (3H, s), 2.14 (6H, s).
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1.52 Synthesis of PtCl12

N N AcOH
+ KyPtCly, —————>
Ar, 120 °C
| A | A 48 h
N N~

Reagent/Solvent PM (g/mol) mmol Mass eq Volume
L12 837.06 0.017 14 mg 1
K PtCly 415.09 0.022 9mg 1.3
glacial AcOH 1.0 mL
Procedure

The reagents were added to the glacial AcOH in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 48 h the reaction was cooled to rt and water was added to precipitate more product. The
orange precipitate was filtered on a Buchner funnel, washed with H,O, MeOH and Et,0, and dried.

The product was not furtherly purified.
Mass of the product = 16 mg.

Yield = 88%.

Characterization

"H-NMR (400 MHz, CD,CL,) 8 (ppm): 9.15 (2H, d, ] = 6.1 Hz, J(***Pt) = 40 Hz), 7.92 (2H, d, ] = 1.8 Hz), 7.67
(4H, d, ] = 8.8 Hz), 7.54 (2H, dd, ] = 2.1 Hz, ] = 6.1 Hz), 7.40-7.32 (10H, m), 7.21-7.12 (16H, m), 7.01 (2H, s),
2.36 (3H, s), 2.13 (6H, s).
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1.53 Synthesis of L13

A, 10

O Pd(PPh3),
N32003
— 27 e
Me0™~OMe/ H,0 N N
oW OO OO
? X SN
o | |
N N A

Ar, 100 °C, 24 h

Reagent/Solvent PM (g/mol) mmol Mass eq Volume
I8 356.11 0.510 181 mg 2.5
B2 573.34 0.204 117 mg 1

Pd(PPhs), 1155.56 0.014 17 mg 0.07

Na,COs3 105.09 1.522 160 mg 7.4
1,2-dimethoxyethane 3.0 mL
H,O 3.0 mL

Procedure

The reagents were added to the solvents in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 24 h the reaction was cooled to rt, AcOEt and water were added and the phases were
separated. The organic phase was washed with water (2x), dried over Na,SO, and evaporated at reduced
pressure.

The product was purified by flash chromatography on silica gel (eluent: hexane/AcOEt 75:25).
Mass of the product = 107 mg.

Yield = 55%.

Characterization
"H-NMR (300 MHz, CD,Cl,) § (ppm): 8.79-8.74 (3H, m), 8.40 (2H, d, ] = 1.4 Hz), 8.15 (2H, s), 6.76-6.67 (6H,
m), 7.53 (2H, dd, ] = 1.4 Hz, ] = 5.4 Hz), 7.39-7.29 (12H, m), 7.24-7.06 (24H, m).

BC-NMR (75 MHz, CD,CL) § (ppm): 157.46, 150.04, 148.98, 148.62, 147.67, 147.55, 147.30, 141.61, 140.55,

134.80, 131.32, 129.39, 129.27, 129.08, 128.03, 127.81, 127.14, 125.82, 124.96, 124.43, 124.09, 123.81, 123.57,
123.01, 122.85, 119.78, 117.97.
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1.54 Synthesis of PtCl13

A3

AcO
T AT O g 000
40 h

SAe

Reagent/Solvent PM (g/mol) mmol Mass eq Volume
L13 962.19 0.104 100 mg 1
K,PtCly 415.09 0.125 52 mg 1.2
glacial AcOH 2.0 mL
Procedure

The reagents were added to the glacial AcOH in a Schlenk tube and the mixture was stirred at reflux under Ar
atmosphere. After 40 h the reaction was cooled to rt and water was added to precipitate more product. The
orange precipitate was filtered on a Buchner funnel, washed with H,O, MeOH and Et,O, and dried.

The product was not furtherly purified.
Mass of the product = 116 mg.

Yield = 93%.

Characterization

"H-NMR (400 MHz, CD,CL,) 8 (ppm): 9.15 (2H, d, ] = 6.1 Hz, J(***Pt) = 38 Hz), 8.02 (2H, d, ] = 1.9 Hz), 7.82
(2H, s), 7.72 (4H, d, ] = 8.8 Hz), 7.65 (2H, d, ] = 8.6 Hz), 7.55 (2H, dd, ] = 1.9 Hz, ] = 6.1 Hz), 7.40-7.30 (12H,
m), 7.23-7.15 (22H, m), 7.09 (2H, t, ] = 7.3 Hz).
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VI - CONCLUSIONS

During the doctoral period, my research has been focused on the synthesis and characterization of novel NCN-
based platinum(II) complexes, obtaining more than twenty completely new compounds.

These complexes were designed following different strategies:

* A first group of compounds (PtCl3, PtCl4 and PtCl5) presents new moieties on the central benzene
ring, without any substituents on the pyridines or other species on the Pt(II) center than the simple Cl.

* The complexes belonging to the second group (Pt1-Pt15) share the NCN scaffold with their parent
compounds PtCl1, PtCl2, PtCl6 and PtCl7, but bear other ancillary ligands on the metal (thiolates,
azide, phthalimide and isothiocyanate).

*  Finally, PtCI8-PtCl13 still have the same -Cl ancillary ligand and substituents on the benzene ring
(mesityl, 4-NPh,-phenyl, 2-thienyl, methyl) of some previously reported compounds, but new groups
(i.e. 4-hexyl-2-thienyl, 4-NPh,-phenyl) have been added to the pyridines, to test the effect of an
expanded aromatic system.

In this way, new NCN-Pt(II) complexes have been achieved by varying different parts of the 1,3-(di-2-
pyridyl)benzene core, to try to develop a relationship between the substituents and the luminescence properties
of the final molecules.

Up to now, all complexes have been studied from the UV-Vis absorption point of view, calculating the molar
extinction coefficient for all of them; moreover, complexes Pt1-Pt3, Pt5, Pt7-Pt10, Pt12-Pt14, PtCI8, PtCl10,
PtCl12 and PtCl13 have been fully characterized for their photophysical properties, measuring the excitation
and emission spectra, the absolute Quantum Yields and the lifetimes in dichloromethane solutions.

For what concerns the luminescence, some key points have been confirmed:

* Considering the emission of the monomeric species having unsubstituted pyridines, the emission
measured from diluted solutions only depends on the substituent on the benzene ring, not being
particularly influenced (besides a negligible shift of few nm) by the replacement of the -Cl ligand.

* Regarding the absolute Quantum Yields, the substitution of the chloride is generally helpful to improve
the QY values, in many cases causing an important increase up to 90%; this influence is not observed
for the lifetimes, which remain in the ranges typical of the parent Pt-Cl compounds.

* The most relevant effects are surely visible for those complexes presenting an expanded aromatic
system on the pyridines, since for all of them a very important growth in the QY has been achieved (in
the case of PtCl10 reaching unity), together with a noticeable red-shift of the emission.

* Forall complexes, an emission band at lower energies (with maxima in the range 650-750 nm) appears
when the concentration is increased; this is due to formation of aggregates and can be seen also from
pure layers of compounds in solid-state analysis; nevertheless, the concurrent formation of excimers,
participating in the luminescent properties, cannot be excluded.

In the case of Ptl, the luminescence has been assessed also for the powders, both at Room and Low
Temperature; furthermore, the X-ray crystal structure of the compound has been obtained. Compound Pt5,
bearing a thioacetate on the Pt center, has been studied non only as powders but also as blend in PMMA matrix
at two different concentrations.
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Together with Pt9, the aforementioned Ptl complex has been employed to produce some OLED devices,
showing different emission colors on the basis of the amount of compound in the Emitting Layer. These tests
can open the way for further strategies of color tuning, designing the device with the proper concentration of

complex in order to modulate the emission.

The next thing to do will be surely the study of the remaining complexes, to achieve a complete and clear
overview of the photophysical properties of these series of compounds. Moreover, will also be important the
testing of the already characterized complexes, both by preparing other OLED devices based on these
molecules (to explore the different colors which can be achieved through them) and by applying the
synthesized compounds in the biological field, as sensitizers in the bio-imaging of cells and tissues and as active
dyes for photodynamic therapies.

To conclude, another important step for the near future can be the synthesis of new members of the NCN-
Pt(II) family, in particular following various strategies: i) the substitution of the ancillary -Cl in complexes such
as PtCl8, PtCl110, PtCl12 and PtCl13, to observe the variation in the luminescence arising by the replacement
with thiolates or azides, which is in general positive for what concerns the QY values; ii) the use of new thiolates
or, in general, new anionic species to replace the chloride ligand; iii) the introduction of new moieties on the
pyridines, to confirm the mentioned helpful changes in the properties of such complexes, and to better
understand the effect exerted by electron-donor or withdrawing groups, in particular on the emission color.

As a result of the work done up to now, many of the presented and discussed new complexes have become the
object of publications, here reported:

1. C. Dragonetti, F. Fagnani, D. Marinotto, A. di Biase, D. Roberto, M. Cocchi, S. Fantacci, A. Colombo
First member of an appealing class of cyclometalated 1,3-di-(2-pyridyl)benzene platinum(II)
complexes for solution-processable OLEDs
Journal of Material Chemistry C 2020, 8, 7873-7881. DOI: 10.1039/d0tc01565b

2. F.Fagnani*, A. Colombo, C. Dragonetti, D. Roberto, D. Marinotto
The intriguing effect of thiolates as co-ligands in platinum(II) complexes bearing a cyclometalated
1,3-di(2-pyridyl)benzene
Inorganica Chimica Acta 2022, 532, 120744. DOI: 10.1016/j.ica.2021.120744

3. A. Colombo, G. De Soricellis, F. Fagnani, C. Dragonetti, M. Cocchi, B. Carboni, V. Guerchais, D.
Marinotto
Introduction of a triphenylamine substituent on pyridyl rings as a springboard for a new
appealing brightly luminescent 1,3-di-(2-pyridyl)benzene platinum(II) complex family
Dalton Transactions 2022, 51, 12161-12169. DOI: 10.1039/d2dt01792j

4. D. Roberto, A. Colombo, C. Dragonetti, F. Fagnani*, M. Cocchi, D. Marinotto
A Novel Class of Cyclometalated Platinum(II) Complexes for Solution-Processable OLEDs
Molecules 2022, 27, 5171. DOI: 10.3390/molecules27165171

The first paper deals with complex Ptl, its crystal structure and the related OLED devices; the second article is
about compound Pt5 and the in-depth photophysical characterization carried out on this complex. In the third
paper PtCl12 and PtCl13 are presented, together with the study of their luminescence properties, while in the
fourth publication the synthesis and the characterization of Pt2, Pt7, Pt9 and Pt13 are reported.
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APPENDIX

In this section all NMR spectra and lifetimes graphs are reported.

For all intermediates, boronic esters, NCN ligands and Pt(II) complexes, the "H NMR spectra have been
registered; when possible, also the >C and ’F NMR spectra were obtained.

NMR spectra were recorded on a Bruker AV III 300 MHz or AV III 400 MHz spectrometers, using deuterated
chloroform (CDCls) or dichloromethane (CD,Cl,) as solvents.

All spectra are already listed in the Experimental Section (Chapter V), as part of the characterization carried
out on the synthesized compounds. Chemical shifts of 'H, *C and '"F NMR spectra are reported in parts per
million (ppm) and the coupling constants are measured in Hertz (Hz). Signal multiplicities are listed as singlet
(s), d (doublet), t (triplet), quartet (q), multiplet (m).

For most compounds having aromatic signals, the aromatic region is shown on expanded scale for clarity.

Concerning the lifetime measurements, all details about the employed technique, the instrument and the

applied mathematical procedure have already been provided in Chapter IV - Section 1.4.

All graphs report the excitation and emission wavelengths together with the percentages relative to the different
contributions in the case of multi-exponential decays.
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Lifetime measurements

Lifetimes of Ptl
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Lifetime measurements of a dilute (1-10° M, on the left) and of a concentrated (2-10* M, on the right) dichloromethane
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Lifetime measurements of the powders of complex Ptl, at Room (on the left) and at Low (on the right) Temperature.
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Lifetimes of Pt2
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Lifetime measurements of a dilute (1-10° M) dichloromethane solution of Pt2.
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Lifetime measurements of a concentrated (2-10* M) dichloromethane solution of Pt2.
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Lifetimes of Pt3

Lifetime measurements of a concentrated (2:10* M) dichloromethane solution of Pt3.

Ex 380 nm, Em 499 nm

1000 — IRF
—Fit

]

: = 7.48 us
S 100 4 K i
§4]
c
>
S

10

—_ 14 T T — T T

g 20000 40000 60000 80000
o 2

g 54 =1371

3 o JWWMWWWWWWWWWWWWW
5

g -5 T T T T

20000 40000 60000 80000
Time (ns)
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Lifetimes of Pt5
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Lifetime measurements of a concentrated (2:10* M) dichloromethane solution of Pt5.
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Lifetime measurement of a 7.5% w/w film of Pt5 in PMMA.
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Lifetimes of Pt7
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Lifetime measurements of a concentrated (2:10* M) dichloromethane solution of Pt7.
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Lifetimes of Pt8
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Lifetimes of Pt9
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Lifetime measurements of a concentrated (2:10* M) dichloromethane solution of Pt9.
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Lifetimes of Pt10
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— IRF
1000 —Fit
= 17.88 s
100
2
c
= 10 o
o
o
14
013 T T T
_ 5.0x10° 1.0x10° 1.5x10°
© 2 _
S 4, £=1054
g 2]
x 949
e
2 4
.g’ T T T
‘D 5.0x10* 1.0x10° 1.5x10°
= Time (ns)
1000 4 Ex 404 nm, Em 549 nm
— IRF
— Fit
100
P 1= 6.58 us
c
=3
o
© 104
hhln'nm |
14
T T T
= 2,0x10* 4,0x10* 6,0x10*
3 ¥’ =1.249
glJ 4
x 3
g3
g -
2 6 T T T
2 2,0x10* 4,0x10* 6,0x10*
Time (ns)

Counts

Weighted Residual

1000 o

— Ex 404 nm, Em 588 nm
— IRF
— Fit
100
10 o
14
T T T
2,0x10* 4,0x10* 6,0x10*
4 7 =1428
24
04
24
43
-6 T T T
2,0x10* 4,0x10* 6,0x10*
Time (ns)

Lifetime measurements of a concentrated (6-10° M) dichloromethane solution of Pt10.



Lifetimes of Pt12
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Lifetime measurement of a concentrated (2:10* M) dichloromethane solution of Pt12.
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Lifetimes of Pt13
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Lifetime measurements of a concentrated (2-10* M) dichloromethane solution of Pt13.
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Lifetimes of Pt14
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Lifetime measurement of a dilute (1-10°° M) dichloromethane solution of Pt14.
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Lifetime measurement of a concentrated (2:10** M) dichloromethane solution of Pt14.
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Lifetimes of PtCI8
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Lifetime measurements of a concentrated (1-10* M) dichloromethane solution of PtCI8.
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Lifetimes of PtCl10
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Lifetime measurements of a dilute (2.5-10° M) dichloromethane solution of PtCI10.

—— Ex 405 nm, Em 553 nm
— Fit
100
4]
c
3
o
[&]
10 A
14
= T T
= 0,0 2,0x10* 4,0x10*
= 2 -
tl1/3 5. =1.017
3 °f WMWWMWWWWWWWWMWM
5 51
‘1;-’ T T
0,0 2,0x10* 4,0x10*
Time (ns)
—— Ex 405 nm, Em 553 nm
100 4 — Fit
g t =141 ps
3
o
© 104
|
§ 0,0 5,0x10° 1,0x10* 1,5x10* 2,0x10*
P
D ©=1.152
g 54
8 °1
5 5
ﬂg) T T T T 1
0,0 5,0x10° 1,0x10* 1,5x10* 2,0x10*
Time (ns)

Counts

Ex 405 nm, Em 740 nm
— Fit

y = Al*exp(-x/t,) + A2*exp(-x/t,) +y0
t, = 151pus A;= 84136
t, = 050 ps A, =-1285.04
Yo =181

100 o

104

T T T
10000 15000 20000

Time (ns)

T
0 5000
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Lifetimes of PtCl12
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Lifetime measurements of a dilute (2-10° M) dichloromethane solution of PtCI12.
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Lifetime measurements of a concentrated (1-10* M) dichloromethane solution of PtCl12.
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Lifetimes of PtCl13
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Lifetime measurements of a dilute (2-:10° M) dichloromethane solution of PtCl13.
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Lifetime measurements of a concentrated (2:10* M) dichloromethane solution of PtCl13.
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