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ABSTRACT

Tris-cyclometalated homoleptic iridium(l11) complexes have been shown to harbor immense
potential as functional materials constituents and actively play a critical role in the field of
photocatalysis and photosensitization. Herein, this study reports the synthesis, characterization,
photophysical and electrochemical properties of iridium(I11) complexes of 2-(1-naphthyl)-pyridine
(npy) and 1-phenyl isoquinoline (piq) ligands synthesized via Suzuki coupling protocol with
subsequent cyclometalation to generate; Ir(npy)s, C-L1; Ir(npy-OMe)s, C-L2; Ir(npy-CF3)s, C-Lg;
Ir(npy-Mez)s, C-La4; Ir(npy-Me)s, C-Ls; Ir(npy-Me)s, C-Le; Ir(pig-F)s, C-L7; Ir(pig-CFs)s, C-Lg;
Ir(pig-t-Bu)s, C-Lo and Ir(pig-Me)s, C-Lio. They were characterized using 'H, 3C, *°F, 2D COSY
and HSQC, single crystal XRD, HRMS and elemental (CHN) analyses. Their photophysical and
electrochemical properties were also probed through UV-VIS, PL, 1, ® and CV. In the results, a
systematic investigation of ligand substitution patterns showed an influence on the lifetime of the
excited state, with slight changes in the absorption and emission spectral features. Specifically, the
emission lifetime of a complex of a npy ligand substituted with a strongly electron-withdrawing
trifluoromethyl group was longer than that of the corresponding complex with the electronically
non-perturbed ligand (3.7 ps versus 1.5 us). Electronically complementary ligands and complexes
with orthogonal configurations showed slightly shorter excited state lifetimes compared with
unsubstituted npy (1.4-3.0 us). All complexes displayed reversible or quasi-reversible redox-
couple processes, with the complex of the trifluoromethylated ligand showing the highest ground-
state oxidation potential Eoxu [Ir'"/Ir'Y = 0.95 V vs. SCE in CH.Cl.]. This study showed that these
complexes can be used as efficient photoredox catalysts, as demonstrated by the six of the
complexes (C-Li-C-Ls) in their application in a regioselective methoxytrifluoromethylation in
which the npy complexes showed equal or better performance compared with the archetypical
photoredox catalyst tris 2-phenyl pyridine iridium(lI1). Their second photoredox application was
in photobleaching of morin, as model reaction. C-L1 to C-Le were found to catalyse the degradation
of morin in 12 minutes under ambient temperatures in O2 environment at pH 10 with degradation
rate constants, Kobs 0.023 s to 0.036 s?. C-La, exhibited the highest Kons = 0.036 s. The
photoredox catalytic degradation reaction of Morin dye was found to follow first order kinetics.
The third photoredox application was on photooxidation of alcohols; benzyl alcohol and 4-
methoxy benzene alcohol to corresponding aldehydes. C-L1 had higher yields of 30% and 58% for
both reactions under study as compared to the rest of the complexes. In all cases selectivity was >
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99% for the product. Complexes C-L1 to C-Le selectively hydrogenated furfural to furfuryl alcohol
with C-Li giving the highest 21% vyield. In conclusion, the chemistry of tris homoleptic
cyclometalated Ir(111) complexes bearing variants of 2-(naphathalen-1-yl) pyridine and 1-phenyl
isoquinoline ligands and their various applications has been reported. The complexes, C-L1-C-Ls,

were successful in photoredox catalysis and selective hydrogenation of furfural.

Vi



TABLE OF CONTENTS

DECLARATION. ..ttt ettt ettt e s he e b e e e be e et e e s ee e et e e nbeeanneeas I
DEDICATION. ...ttt b e e b et e s b e e e r e e e nn e e nneeannas ii
ACKNOWLEDGEMENT ...ttt sttt a e e e beesnne s iv
A B S T R A T ettt b ettt s bt e bt e bt e e Rt e e s bt e e bt e b e et e e nhe e beenreeenne e v
TABLE OF CONTENTS ...ttt e e vii
LIST OF SCHEMES ... oottt et beenaeas XV
LIST OF FIGURES ... XVii
LIST OF TABLES ... .ottt sttt b e sbe e be e sneeenes XXi
LIST OF ABBREVIATIONS AND SYMBOLS ..o XXii
CHAPTER ONE ..ttt b e e 1
INTRODUGCTEION. ...ttt ettt sttt b et et e e sae e e sbe e s sb e e beesreeebeenneas 1
I == Tl (o 01U Lo SO PSRR 1
1.2 Statement Of the ProbIEM ..o s 4
IR O o] =01 (1TSS 6
1.3.1 MAIN ODJECLIVE ...ttt bbbttt bbb 6
1.3.2 SPECITIC ODJECLIVES ...ttt ettt sb e be e s e aneeas 6

1.4 JUSEITICATION ...t bbbttt bbb 6
CHAPTER TWO ittt ettt bt et e et e bt e et e et e e st e e nneeanbeenteas 8

vii



LITERATURE REVIEW ... 8

2.1 Coordination COMPOUNGS .......ccueitiiiirieeiieiei ettt sttt bbb bbb 8
2.2 Cross Coupling REACTIONS. .........civeiiiie ettt nte e e e 11
2.2.1 OXidative addition (OA) .....ooeiieeieiie ettt sttt eas 13
2.2.2 Reductive elimination (RE) .......cccoiiiiiiiiiice e 14
2.2.3 TranSMELAIATION .......c.viuiiiiieiicieeee et 14
2.3 Cyclometalation REACTIONS .........ccviiiiiiiiiiiiisi i 15
2.3.1 C-H ACHIVALION ...ttt 18
2.4 Spectroscopic studies of coordination COMPIEXES..........cccoiiiiiiiiniiieeee e 19
2.4.1 Principles of photophysical properties of COMPIEXES.........ccovevveieiieiiciesieceee e 19
2.4.2 Ultraviolet- Visible spectroscopy/ electronic SPectroSCOPY ........cccovvevverveseesreervesreenne 22
2.4.3 PhotolumineSCeNCE SPECIIOSCOPY ....veuverveverterieriirieesieseestesie sttt ee et sbe b enes 24
2.4.4 Nuclear Magnetic Resonance (NMR) SPECIFOSCOPY ...cvvevverveeiiecieiieiie et 27
2.4.5 X-ray QITFTACTION ...ttt 33
2.4.6 Elemental ANGIYSES .....cc.ooiiiieie et 33
2.5 EIECTIOCHEMIISTIY ...t bbbt ene s 34
2.6 Chromatograpiy .......covieie e 36
P \Y, F= IS 01T 1 o0 0 1=] 1 PR 37
2.8 Cyclometalated Iridium(111) COMPIEXES .......oiiiiiiiieieierie e 40

viii



2.9 Photoredox Catalytic Application of Ir(111) CoOmplexes........cccccevviieiieeiesieeneere e 41

2.9.1 Methoxytrifluoromethylation of @alKenes ............coeeieiiiiii 45
2.9.2 Photodegradation 0f MOFIN.........cociiiiiieic e 46
2.9.3 Photooxidation Of AICONOIS........cc.oiiiii s 47

2.10 Selective Hydrogenation of 2-Furaldehyde to Furanmethanol and Tetrahydro-2-

FUrANMETNANON ... bbb 47
2.10.1 2-Furaldehyde (FUTUIal) ......cccooieiie e 47
2.10.2 Tetrahydro-2-furanmethanol; Tetrahydrofurfuryl alcohol (THFA) ..o 49

CHAPTER THREE ...ttt st 50
MATERIALS AND METHODS ...t 50

3.1 EXPErimental SECTION.........ciiiieiieieieie ettt 50
311 INSEUMENTALION ...ttt 50
3.1.2 REAQGENTS PreParatiONS. ....c.veviitiitiitieiieiieie ettt sttt nb et 51

3.2 SyNthesis Of the LIgandS ..........ccveiieiiiie it 52
3.2.1 Synthesis of 2-(1-Naphthyl) PYriding (L1) ...cccooeoviireinieeecreescsees e 53
3.2.2 Synthesis of 2-(1-Naphthyl)-4-methoxy Pyriding (L2).......ccccoevrirrriniiiieiseneesee, 53
3.2.3 Synthesis of 2-(1-Naphthyl)-4-trifluoromethyl Pyridine (L3) .....ccccoovevvevviieiiciece, 54
3.2.4 Synthesis of 2-(1-Naphthyl)-4-methyl Pyridine (La)........cccocevviiiiviiiiceecccceeee, 54
3.2.5 Synthesis of 2-(4-methylnaphthyl)-4-methyl Pyridine (Ls) ........ccccovvevvevviiieiieiecen, 54



3.2.6 Synthesis of 2-(4-methylnaphthyl) Pyriding (Le) .......ccccoeerereriniininieieienesc e 54

3.2.7 Synthesis 4-fluoro-1-phenyl iSOqUINOIINE (L7) ...ccveieriereieieciececeeeeiee e 55
3.2.8 Synthesis 1-phenyl-4-(trifluoromethyl) isoquinoling (Ls)..........ccevvevvevieievcseieieeneen, 55
3.2.9 Synthesis 4-tert-butyl-1-phenyl isoquinOling (Lo).......ccccuvverierviieniiiiee e 55
3.2.10 Synthesis 4-methyl-1-phenyl iSOqUINOIINE (L10) «.veververieierieiiiieeeieiesie e 55
3.3 Characterization of Ligands..........cccceiieiiiiiiie e 56
3.3.1 Yield determiNation ........cc.oiviiiiiiiieeieieie et 56
K 10 [V o1 112 =TS USSR 56
3.3.3 UV/VIS SPECLIOSCOPY ..vvnvrtetitistesieeieesie ettt sttt ettt b ettt n bbb b 56
3.3.4 MASS SPECIIOSCOPY ....vvveevrieeiiieesiieeasitteatrtesbeeessbeaessbeeessbeeessbe e e anbe e e snbe e e srbeeensbeeansbeeenseees 56
3.3.5 Proton (*H) NIMR SPECLIOSCOPY .......cveveveveeeeeeeeseeteesesesisistsistsesisssesesisssisis e sssssesssssssnanens 57
3.3.6 Carbon (13C) NIMR SPECIIOSCOPY ......cvvervverrerierreieseieseseeiesesse s essessssse s 57
3.4 Synthesis of Homoleptic Iridium (I11) COMPIEXES .......coveieiieiiceceece e 57

3.4.1 Synthesis of tris 2-(1-naphthyl) pyridyl iridium using 2-(1-naphthyl) pyridine (C-L1)58

3.4.2 Synthesis of tris 2-(1-naphthyl)-4-methoxy pyridyl iridium using 2-(1-naphthyl)-4-
MEtNOXY PYFIAINE (C-Li2) wovirieiiiieiieieie ettt 58

3.4.3 Synthesis of tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium using 2-(1-
naphthyl)-4-trifluoromethyl pyriding (C-La) ......ccoooveiiiiiiieiiie e 59

3.4.4 Synthesis of tris 2-(1-naphthyl)-4-methyl pyridy! iridium using 2-(1-naphthyl)-4-
MELNY] PYFIAINE (C-La) woveieiiiiiesieiee ettt eneeneas 59



3.4.5 Synthesis of tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium using 2-(4-
methylnaphthyl)-4-methyl PYriding (C-Ls) ......ccoiiiiiiiieieiesesesseeeee e 59

3.4.6 Synthesis of tris 2-(4-methylnaphthyl) pyridyl iridium using 2-(4-methylnaphthyl)
VLo LT (O I SOOI 60

3.4.7 Synthesis of tris 4-fluoro-1-phenyl isoquinoline iridium using 4-fluoro-1-phenyl
ISOQUINOIING (CoLL7) 1ttt b e bt eneene e 60

3.4.8 Synthesis of tris 4-trifluoromethyl-1-phenylisoquinoline iridium using 1-phenyl-4-
(trifluoromethyl) iSOQUINOIINE (C-Lg) ..veveiiiiiiiiiisiieieeie e 60

3.4.9 Synthesis of tris 4-tert-butyl-1-phenyl isoquinoline iridium using 4-tert-butyl-1-phenyl
ISOQUINOIING (C-Li9) 1.ttt bbbt 61

3.4.10 Synthesis of tris 4-methyl-1-phenyl isoquinoline iridium using 4-methyl-1-phenyl

ISOQUINOIING (C-Li10) .+t veiteitieiieiest ettt st bt 61
3.5 Characterization of Synthesized COmMPIEXES.........ccccviiiiiiiiiieieee e 61
3.5.1 SOIUDIIITY TESES ... bbb 61
3.5.2 Melting point determination ............cc.coveiuiiiie i e 61
3.5.3 UV/VIS SPECLIOSCOPY ..vveuvrveieriesiesieeseeste sttt sttt sttt b bttt n et nb et be e 62
3.5.4 PhotoluminesCence SPECIIOSCOPY ...ocvveiveeueiieiiieiteeeesteesteeresreesre e e s e ste e see e e sre e 62
3.5.5 Quantum yield MeaSUIEMENTS .........cccieiie ettt 62
3.5.6 Lifetime MEASUIEIMENTS. .......iiiiiiiiiieiieieie ettt bbbt 62
3.5.7 High resolution mass SPECLIOSCOPY ....veevveeeiieiiiiiieiieeieesireesieesireesreesae e srreesreesnae e 63
3.5.8 CYClIC VOITAMIMELIY ... 63

Xi



3.5.9 Proton (*H) NIMR SPECIIOSCOPY .......cvverveveiierereeeetssssesesesessssssessessssssessessssssssssessssssesns 63

3.5.10 Carbon (*3C) NIMR SPECIIOSCOPY .....cevvveveereereieierisereresieiesesessasietesesesessesesesssessesssesans 64
3.5.11 2D COSY NMR SPECITOSCOPY ...vveivrieiirieiiriesietessireesbeeessseesssseesssseesssseesssseesssseesssness 64
3.5.12 Elemental @nalySES ..o 64
3.5.13 Crystallography (XRD) ......cciiiiiiiieieiee e 64

N o 010] (o] g=To (o) QO 1= 1Y £] SRRSO 64
3.6.1 Oxytrifluoromethylation Of SEYTENE .........ccoiiiiiiiicieee e 65
3.6.2 Photocatalytic degradation/bleaching of MOrin ...........cccccoeiieiiiiic i, 65
3.6.3 Photooxidation of @lCONOIS ..o 66

3.7 Hydrogenation of Furfural to THFA ..o 67
CHAPTER FOUR.....co ettt ettt ettt et b e e e 68
RESULTS AND DISCUSSIONS ... oottt 68
4.1 SYNthesis OF LIgANGS.........coiiiiiiiiiicce ettt sra e nre e 68
4.1.1 2-(1-Naphthyl) PYriding (L1) .coeoveveeeeieirisieieeesesieeieesesiseseese s sessssesenas 68
4.1.2 2-(1-Naphthyl)-4-methoxy Pyridine (npy-OME) (L2) ...covevveireiiiiieieieieie e 72
4.1.3 2-(1-naphthyl)-4-trifluoromethylpyridine (Npy-CF3) (L3).....cooovrvrinieiiieieic e 75
4.1.4 2-(1-Naphthyl)-4-methyl PYriding (La) .....ccocoovriiieiieieeie e 77
4.1.5 2-(4-methylnaphthyl)-4-methyl Pyridine (Npy-Me2) (Ls) «..cocvevrveinieieieienc e 80
4.1.6 2-(4-methylnaphthyl) Pyriding (Me-npy) (L6) .. .cooererreiriieineirieesee s 82

Xii



4.1.7 4-Fluoro-1-phenyl isoquinoling (Pig-F) (L7) . .coeoviiriiiiicieincese e 84

4.1.8 4-Trifluoromethyl-1-phenylisoquinoline (Pig-CF3z) (Lg).......cccuvvererierneerirnieiieriennene 86
4.1.9 4-Tert-butyl-1-phenyl isoquinoling (Pig-tBuz) (La) .....ccocerereririneninienie e 88
4.1.10 4-Methyl-1-phenyl isoquinoling (Pig-Me) (L10)... . eeoververrerereriininieieie e 90
4.2 Synthesis of tris cyclometalated homoleptic Ir (I111) complexes.........ccccoooviiiiiininnnnn. 92
4.2.1 Tris 2-(1-naphthyl) pyridyl iridium (C-L1); Ir(NPY)3..cceieeiiiieireieceeseee e 92
4.2.2 Tris 2-(1-naphthyl)-4-methoxy pyridyl iridium (C-Lz); Ir(npy-OMe)s.......ccevvvrernee 96
4.2.3 Tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium (C-L3); Ir(npy-CF3)s.............. 100
4.2.4 Tris 2-(1-naphthyl)-4-methyl pyridyl iridium (C-La); Ir(npy-Me)s ......cccovvrvrvninnnns 104
4.2.5 Tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium (C-Ls); Ir(npy-Me2)s............... 106
4.2.6 Tris 2-(4-methylnaphthyl) pyridyl iridium (C-Ls); Ir(Me-npy)3 ...ccccovvvvvrivrerierrrnne 109
4.2.7 Tris 4-fluoro-1-phenyl isoquinoline iridium (C-L7); Ir(Pig-F)3..ccccoeoeiiiiiiiiiiiins 112
4.2.8 Tris 1-phenyl-4-(trifluoromethyl) isoquinoline iridium (C-Ls); Ir(pig-CFs)s............ 115
4.2.9 Tris 4-tert-butyl-1-phenyl isoquinoline iridium (C-Lo); Ir(pig-tBuz)s .........cccoevrurnnene 118
4.2.10 Tris 4-methyl-1-phenyl isoquinoline iridium (C-Lio); Ir(pig-Me)s.......ccovvveverennene. 121
4.3 Photophysical Properties Variations of Ir(111) COMPIEXes .........ccoovvvveienenieniinninns 123
4.3.1 EmisSion HEETIMES, Tu..ccooiuiiiiiiiiiie ittt e et e e e s eatee e e e et e e e e e nae e e e e eneees 125
4.3.2 Photoluminescence Quantum Yields, @f ..o, 126
4.4 Electrochemical Properties 0f COMPIEXES.........ccoviiiiiiiiiiiieee e 128

Xiii



4.5 Applications of Iridium(I1) COMPIEXES.......ccveiiiieiieie e 130

4.5.1 Oxytrifluoromethylation Of STYIENe .........c.cocveiiiiiiee e 130
4.5.2 Photocatalytic Degradation/bleaching of Organic Dye (MOrin) .........cccccevvivieieennnns 132
4.5.3: Selective Photooxidation of Benzyl Alcohols to Aldehydes...........ccccooviiininininnns 136

4.6 Selective Reduction of 2-furaldehyde to (tetrahydrofuran-2-yl) methanol (THFA). 138

CHAPTER FIVE ... 141
CONCLUSIONS AND RECOMMENDATIONS.......ooiiiiiieecee e 141
O.1 CONCLUSIONS ..o 141
5.2: RECOMMENDATIONS . ..o 143
REFERENCES. ... ..o 144
APPENDICES ... .o 157

Xiv



LIST OF SCHEMES

Scheme 1: The SUZUKiI-IMIYaura rEACTION. .........eiieiieieiierie et 12
Scheme 2: Catalytic cycle of Suzuki cross coupling reactions...........cccceeeveveveevievesieese e 13
Scheme 3: Oxidative Addition and Reductive Elimination Reaction..............ccccceevvenciiiinnnnnns 14
Scheme 4: Cyclometalation (E-donor atom; M-transition metal; X-leaving group) ..........cc.co..... 15
Scheme 5: Single Electron transfer (SET) .....voviiioii et 43
Scheme 6: Pathways for production of THFA and Diols from biomass .........ccccccevevvveenvnieieenee. 48
Scheme 7: Ligand SYNTNESIS .....c..civeiice ettt nas 52
Scheme 8: Cyclometalation; Chemical Structures 0f C-L1-C-Le ..c.cocvvvvvvviiviiiiieecieseee e 57
Scheme 9: Cyclometalation; Chemical Structures 0f C-L7-C-L10....ccocvvervriiniininieiene e 58
Scheme 10: Three-component Oxytrifluoromethylation of Styrene ...........cccooovviveiicceccecee. 65
Scheme 11: Photooxidation of Phenylmethanol ..............ccoooiiiiiiiiie s 67
Scheme 12: Hydrogenation of Furfural to THFA ..o 67
Scheme 13: Synthesis of 2-(1-Naphthyl) PYriding ... 68

Scheme 14: A) Concerted Mechanism B) Schematic Representation of Suzuki Coupling for

[T g0 TSP PPORTRPPRURURURPIN 72
Scheme 15: Synthesis of 2-(1-Naphthyl)-4-MethoxXyPyriding ...........cccccocevvieiiiiiiiciie e 73
Scheme 16: Synthesis of 2-(1-naphthyl)-4-trifluoromethyl pyriding ..o 75
Scheme 17: Synthesis for 2-(1-Naphthyl)-4-methylpyriding .........cccoooeiiiiieiii e 78

XV



Scheme 18:

Scheme 19:

Scheme 20:

Scheme 21:

Scheme 22:

Scheme 23:

Scheme 24:

Scheme 25:

Scheme 26:

Scheme 27:

Scheme 28:

Scheme 29:

Scheme 30:

Scheme 31:

Scheme 32:

Scheme 33;

Scheme 34:

Synthesis of 2-(4-methylnaphthyl)-4-methyl pyridine..........ccccccooeviiiiiienieircee, 80
Synthesis of 2-(4-methylnaphthyl) Pyridine..........cccooovviiiieiii e, 83
Synthesis of 4-fluoro-1-phenyl iSoquINOlINg..........c.cccoevi i, 85
Synthesis of 4-trifluoromethyl-1-phenyl iSoquUINOIINE .........cccooviiiiiiii e 87
Synthesis of 4-tert-butyl-1-pheny! isoquinOliNg ..........cccooviiiiiiini e 88
Synthesis of 4-methyl-1-phenyl isoquinoling ...........ccccooveeieeie i, 90
Structure for tris 2-(1-naphthyl) pyridyl irfidium ..o 92
Structure for tris 2-(1-naphthyl)-4-methoxy pyridyl iridium.............ccccoovevviininenee. 97
Structure for tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium ...................... 100
Structure for tris 2-(1-naphthyl)-4-methyl pyridyl iridium.............cccooveiiiiiiienns 104
Structure for tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium.......................... 107
Structure for tris 2-(4-methylnaphthyl) pyridyl iridium ... 110
Synthesis of Tris 4-fluoro-1-phenyl isoquinoline iridium ............cccccooeveviiieieenns 113
Synthesis of Tris 1-phenyl-4-(trifluoromethyl) isoquinoline iridium.................... 116
Synthesis Tris 4-tert-butyl-1-phenyl isoquinoline iridium ..............cccoooeveiiieieenns 118
Synthesis of Tris 4-methyl-1-phenyl isoquinoline iridium ..........cccocoeeieiiicnnnnnn 121
Photodegradation of Morin with Ir(111) Complexes and Blue Light...................... 132

XVi



LIST OF FIGURES

Figure 1: A) Molecular orbital diagram B) MO showing transitions in an O complex.............. 10
Figure 2: JabloNSKi DIAQIaM .......cc.ooiiiieicie st e e e e sneeee s 24
Figure 3: CycliC VOIAMMOGIaM .......coiiiiiiieieiee e 36
Figure 4: Simplified Potential Energy Surface Diagram ...........cccceoeieiinininiinieiee e 45
Figure 5: Mass spectrum for 2-(1-naphthyl) pyridine...........cccooveieiiiiicic e 69
Figure 6: 'H NMR Spectrum for 2-(1-naphthyl) pyriding..........cccccccevveevirecerieeeeeeeeceseees 70
Figure 7: Mass Spectrum for 2-(1-Naphthyl)-4-Methoxy Pyridine..........c.ccccceveviiiieiciiieseenns 73
Figure 8: 'H NMR Spectrum for 2-(1-Naphthyl)-4-Methoxy Pyridine............ccccoeeerriererernenne. 74
Figure 9: Mass Spectrum for 2-(1-naphthyl)-4-trifluoromethylpyridine........c..ccccccvveviiieinenns 76
Figure 10: *H NMR Spectrum for 2-(1-naphthyl)-4-trifluoromethyl pyriding............cccccovvvene... 77
Figure 11: Mass Spectrum for 2-(1-Naphthyl)-4-methylpyriding ..........cccoovvviiiiiiniie 78
Figure 12: *H NMR Spectrum for 2-(1-Naphthyl)-4-methylpyridine .............cccocovveneveveennne, 79
Figure 13: Mass Spectrum for 2-(4-methylnaphthyl)-4-methyl Pyridine...........ccccooiiiiiinnnnne 81
Figure 14: 'H NMR Spectrum for 2-(4-methylnaphthyl)-4-methyl Pyridine............cccoccevvvenee. 82
Figure 15: Mass Spectrum for 2-(4-methylnaphthyl) pyridine...........ccocooiiiniiiiiie 83
Figure 16: *H NMR Spectrum for 2-(4-methylnaphthyl) Pyridine...........cccococvvvvreseeesenn, 84
Figure 17: Mass Spectrum for 1-(4-fluorophenyl) isoquinoling...........cccecvvv i 85

Figure 18:

'H NMR Spectrum for 1-(4-fluorophenyl) isoquinoline............cccccoceevvvecuevrecverenennn. 86

xvii



Figure 19:

Figure 20:

Figure 21:

Figure 22:

Figure 23:

Figure 24:

Figure 25:

Figure 26:

Figure 27:

Figure 28:

Figure 29:

Figure 30:

Figure 31:

Figure 32:

Figure 33:

Figure 34:

Figure 35:

Figure 36:

Figure 37:

Mass spectrum 4-trifluoromethyl-1-phenyl isoquinoling..........c.cccceeevvviiiieve i 87

'H NMR Spectrum for 4-trifluoromethyl-1-phenyl isoquinoling............c.ccccveveunnen. 88
Mass Spectrum for 4-tert-butyl-1-phenyl isoquinoling............cccocovevviiiiicve e 89
'H NMR Spectrum for 4-tert-butyl-1-phenyl isoquinoling.............ccccceveevevriererennnne. 89
Mass Spectrum for 4-methyl-1-phenyl isoquinoling..........ccccooveieiiiiii i 91
IH NMR Spectrum for 4-methyl-1-phenyl iSoquUINOLINE..........ccceveveveeeveieeeeceeeee, 91
Mass Spectrum for tris 2-(1-naphthyl) pyridyl iridium...........ccoooveiiiiiee 93
UV-VIS and PL Spectra for tris 2-(1-naphthyl) pyridyl iridium ............ccccooeevieinennnne 93
'H NMR Spectrum for tris 2-(1-naphthyl) pyridyl iridium..........cc.ccocoeveeerierereenennn. 95
Crystal Structure for tris 2-(1-naphthyl) pyridyl iridium ...........ccccooeiiiiiiiee 96
HRMS Spectrum for tris 2-(1-naphthyl)-4-methoxy pyridyl iridium.............c........... 97
UV-VIS and PL spectra for tris 2-(1-naphthyl)-4-methoxy pyridyl iridium .............. 98
IH NMR Spectrum for tris 2-(1-naphthyl)-4-methoxy pyridyl iridium...................... 99
HRMS Spectrum for tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium............. 101
HRMS Spectrum for tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium............. 101
UV-VIS and PL for tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium.............. 102
IH NMR Spectrum for tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium.......... 103
HRMS Spectrum for tris 2-(1-naphthyl)-4-methyl pyridyl iridium.............c...co..... 104
UV-VIS and PL for tris 2-(1-naphthyl)-4-methyl pyridyl iridium..............c.ccocooeeee. 105

Xviii



Figure 38:

Figure 39:

Figure 40:

Figure 41:

Figure 42:

Figure 43:

Figure 44:

Figure 45:

Figure 46:

Figure 47:

Figure 48

'H NMR Spectrum for tris 2-(1-naphthyl)-4-methyl pyridyl iridium....................... 106
HRMS Spectrum for tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium............... 107

UV-VIS and PL Spectra for tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium ... 108

'H NMR Spectrum for tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium............ 109
HRMS Spectrum for tris 2-(4-methylnaphthyl) pyridyl iridium.............ccccocnine. 110
UV-VIS and PL Spectra for tris 2-(4-methylnaphthyl) pyridyl iridium................... 111
'H NMR Spectrum for tris 2-(4-methylnaphthyl) pyridyl iridium ...............co.c........ 112
HRMS spectrum for tris 4-fluoro-1-phenyl isoquinoline iridium............c..ccceveneee. 113
UV-VIS and PL Spectra for tris 4-fluoro-1-phenyl isoquinoline iridium................. 114
IH NMR Spectrum for tris 4-fluoro-1-phenyl isoquinoline iridium .............ccc........ 115
: HRMS spectrum tris 1-phenyl-4-(trifluoromethyl) isoquinoline iridium ................. 116

Figure 49: UV-VIS and PL Spectra for Tris 1-phenyl-4-(trifluoromethyl) isoquinoline iridium

Figure 50:

Figure 51:

Figure 52:

Figure 53:

Figure 54:

Figure 55:

IH NMR Spectrum forTris 1-phenyl-4-(trifluoromethyl) isoquinoline iridium........ 118

HRMS spectrum for tris 4-tert-butyl-1-phenyl isoquinoline iridium ....................... 119
UV-VIS and PL Spectra for Tris 4-tert-butyl-1-phenyl isoquinoline iridium .......... 120
1H NMR Spectrum for tris 4-tert-butyl-1-phenyl isoquinoline iridium.................... 120
HRMS Spectrum for tris 4-methyl-1-phenyl isoquinoline iridium...............cc.coooe.... 122
UV-VIS and PL Spectra for Tris 4-methyl-1-phenyl isoquinoline iridium .............. 122

XiX



Figure 56:

Figure 57:

Figure 58:

Figure 59:

Figure 60:

Figure 61:

Figure 62:

'H NMR Spectrum for tris 4-methyl-1-phenyl isoquinoline iridium........................ 123
A) Cyclic Voltammograms for C-L1-C-Le B) 1% Derivative for C-L1-C-Ls.............. 129
Oxidative and Reductive Quenching Cycles in SET processes for C-Li.................. 130
Time-resolved UV-VIS spectra of Morin solution with C-L1 and blue lights........... 133
Time-resolved UV-VIS spectra of Morin showing formation of oxidation products134
Time-resolved UV-VIS spectra of Morin Solution with C-L; and H20;.................. 134
First-order plots for catalytic oxidation of Morin as a function of time for C-L; to C-Ls

XX



LIST OF TABLES

Table 1: Summarized Photophysical and Electrochemical data for C-L1-C-L1o.....cccovvivriirnnnns 127
Table 2: Oxytrifluoromethylation of Styrene under Visible Light...........ccccoevviiiiiieiicieiiee 132
Table 3: Optimization Parameters for Benzyl alcohol using C-Li......ccccoovviveiiiiniiiieiieiies 137
Table 4: Selective Photooxidation of Benzyl AICONOIS ..........cccoeiiiiiiiiie 138
Table 5: Temperature and Pressure Optimization for Reduction of Furfural with C-L;............ 139
Table 6: Hydrogenation of Furfural With C-L1t0 C-Le ...c.cccoovveriiiiiieiieie e 140

XXi



LIST OF ABBREVIATIONS AND SYMBOLS

d Chemical Shift

D Quantum Yield

T Emission Lifetime

Ac Acetyl

AO Atomic Orbitals

acac Acetylacetonate

APCI Atmospheric Pressure chemical lonization
BzH Benzyl Aldehyde

BzOH Benzyl Alcohol

CE Counter Electrode

CFT Crystal Field Theory

CFSE Crystal Field Stabilization Energy
Cl Chemical lonization

C”N Carbon-nitrogen cyclometalating ligands
COsYy Correlation Spectroscopy

CT Charge Transfer

CTTS Charge Transfer to Solvent

Ccv Cyclic Voltammetry

DFT Density Functional Theory

Es Formal Charge

Eox Oxidation Potential

Ered Reduction Potential

EDGs Electron Donating Groups

El Electron Impact

ESI Electron spray ionization

EWGs Electron Withdrawing Groups

FAB Fast Atom Bombardment

GC Gas Chromatography

GPC Gel Permeation Chromatography
HOMO Highest Occupied Molecular Orbital

xXii



LFT
LLCT
LMCT
LUMO
MALDI
MC
MLCT
MO
MOT
NMR
npy
NHC
Ph

PL
ppy
RE

RE
SEC
SET
SFC
SIMS
soC
TLC

High Pressure Liquid Chromatography
High resolution Mass Spectroscopy
Heteronuclear Single Quantum Coherence
Intraligamd

Infrared

Intersystem Crossing

Ligand Centered

Liquid Chromatography

Ligand Field Theory

Ligand to Ligand Charge Transfer
Ligand to Metal Charge Transfer
Lowest Unoccupied Molecular orbital
Matrix Assisted Laser Desorption lonization
Metal Centered

Metal to Ligand Charge Transfer
Molecular Orbital

Molecular Orbital Theory

Nuclear Magnetic Resonance
2-(napthalen-1-yl) pyridine
N-heterocyclic carbene

Phenyl

Photoluminescence

2-phenyl pyridine

Reference Electrode

Reductive Elimination

Size exclusion Chromatography
Single Electron transfer

Super Critical Fluid Chromatography
Secondary lon Mass Spectrometry
Spin Orbit Coupling

Thin Layer Chromatography

xXiii



THFA Tetra Hydro Furfuryl Alcohol

TMCs Transition metal complexes
UV-Vis Ultra Violet — Visible

WE Working Electrode

XRD X-ray Diffraction

XXiV



CHAPTER ONE

INTRODUCTION

1.1 Background

Organometallic chemistry is a branch of coordination chemistry that deals with the chemistry of
compounds containing metal-carbon bonds (M-C). Transition metals usually have empty or
partially filled d orbitals, imparting their characteristic properties. The metal or metal ions can
therefore be bound to ligands by accepting electron pairs from the ligands, to form coordination
complexes of the type MLy, where the metal ion act as lewis acids whereas the ligands are lewis

bases forming a coordinate bond (Crabtree, 2009).

In organometallic chemistry, one of the distinctive aspects is the ability of the metal ions to
coordinate with ligands containing © electron systems. These ligands can be hydrocarbons both
linear and cyclic and those containing heteroatoms such as sulfur, phosphorous and nitrogen. They
are normally classified through denticity (number of points at which they are bound to the metal
center), which leads to classes such as mono- and poly- ligands such as bi-, tridentate. Ligands
with two or more attachment to the metal are referred to as chelating ligands and the complexes
formed thereof are chelates. These chelating ligands can form five or six membered chelates i.e.,
organometallic intramolecular-coordination complexes. Chelate effect leads to increased stability
in the chelated complexes as opposed to the non-chelated congeners. Typical
chelating/cyclometalating ligands include; 2,2- bipyridine, 1,10-phenanthroline, 2-phenylpyridine,
1-phenylisoquinoline and 2-(naphthalen-1-yl) pyridine, which can be synthesized through cross-

coupling reactions that leads to formation of new C-C bonds (Tian et al., 2011).

Organometallic intramolecular-coordination (metallacyclic) five (Omae, 2014) or six membered
(Kondrashov et al., 2015) ring complexes with either N or O exhibit high stability of the ring
(chelate effect). These can be synthesized using cyclometalation reactions, hence have been used
widely and are considered a basis for organometallic synthetic methods. These reactions are highly
regioselective and have high reactivities. The ease of the formation of the five membered ring
arises from; i) metal activation by the coordination of lone pair of electrons of the hetero atom (N,
P, O, S) to the metal; ii) the chelate effect due to the formation of the ring and; iii) the metal



activation of the ligands bonding with the metal atom e.g. hetero groups (bipyridines, phosphines,
carboxylates), unsaturated groups, carbonyl groups, N-heterocyclic carbenes (NHCs) and halogens
(Omae, 2014).

Selective activation of C-H bonds involves cleavage of these bonds, which are considered to be
relatively strong and inert. In alkanes for instance, the molecules have no empty orbitals of low
energy as in the case of unsaturated hydrocarbons. Therefore, activation of the unreactive C-H
bonds remains a key challenge in the synthetic chemistry, and has become a fast-growing field
with promising approaches. To this end, cross-coupling and cyclometalation reactions offer an
easy way of C-H activation and are extensively studied in organometallic chemistry (Polukeev et
al., 2015; Li 2014a; Labinger & Bercaw, 2002). The d,? and d«>—? orbitals form the sigma bond
while if an element carrying the lone pair has empty low energy orbitals with appropriate symmetry
overlaps with dyy, dx. or dy;, of the metals and accept the electron density, this leads to back-
bonding/ synergic bond that gives double bond character to the M-L interaction. For instance

pyridines have empty 7* orbitals hence display the backbonding (Mathey, 2013).

Coordinated complexes thus prepared offer extensive applications and have shown significant
advances and improvements for their use in organic light emitting diodes (OLEDs), dye-sensitized
solar cells, sensors, biological labels, catalysts, and therapeutics. Further, they are utilized as
photocatalysts in chemical transformations that take place via catalytic addition or removal of
electrons as well as serving as photosensitizers owing to their long-lived light induced excited
states with favorable reducing and/or oxidizing properties compared to the ground states (Singh et
al., 2015). Cyclometalated 4d® and 5d° transition metal complexes with aromatic ligands are
considered to be suitable systems for photoredox processes such as catalysis, due to the c-donor
and 7 -acceptor properties of the ligands that give rise to low-lying metal to ligand charge-transfer
(MLCT) states. The MLCT character of the lowest excited state is supposed to be highest with the
maximum number of metal-C o —bonds. Subsequently, preparing complexes with a maximum

number of coordinating C atoms is commonly preferred (Colombo et al., 1994).

d® transition metal complexes (TMCs) such as those of Re (1), Pt (1V), Os (11), Ru (11) and Ir (111)
are of interest and have been increasingly developed since they have the ability to emit both singlet
and triplet excitons as well as having high internal efficiencies. In particular, studies indicate that
Ir(111) complexes have attracted most attention due to efficient emission, excellent thermal stability

and broadly tunable emission colors at both the molecular and device levels due to the strong spin
2



orbit coupling associated with the Ir(I1l) metal ion. In tris homoleptic Ir(111) complexes, i.e.,
complexes where the metal center is coordinated to three identical cyclometalating ligands,
represented as (C”N)slr, all the cyclometalating ligands (C*N) influence the electro and optical
properties such as emission color, oxidation potential, lifetime, and quantum yield. On the other
hand, in bis heteroleptic Ir(Il1) complexes, i.e., where the metal center is coordinated to two
identical cyclometalating ligands and the third being ancillary ligand, represented as
(CAN)2Ir(LX), the ancillary ligands (LX) such as acetylacetonate (acac) typically have no
influence on the electro-optical properties of the complexes but rather influence properties like
solubility, thermal stability, and essential electron/hole transmittability. This allows for specific
functionalization of the complex with insertion of moieties that may improve charge
recombination and/or interconnection of units to increase solubility. It is noteworthy that
homoleptic Ir(111) complexes have higher chemical stability and stronger lifetimes than their
heteroleptic bis cyclometalated counterparts. It has been reported that introduction of electron
withdrawing groups such as F, -CFs lead to stabilization of highest occupied molecular orbital
(HOMO) since it depletes electron density at the metal center, to yield a wide HOMO-LUMO
(lowest unoccupied molecular orbital) gap hence high energy triplet levels are observed giving rise
to blue/hypsochromic shifts, with electron donating groups displaying a reverse effect and giving
red/bathochromic shifts (You and Park, 2005; Chen et al., 2007; Tian et al., 2009; Tian et al.,
2011; Zhuang et al., 2014; Okamura et al., 2016).

Characterization of these tris cyclometalated complexes includes physical methods such as IR,
MS, H, 13C NMR spectroscopy, UV-VIS, photoluminescence and cyclic voltammetry. The study
of these photophysical and electrochemical properties, gives a basis for establishing the
relationships between structure and properties of the complexes (Zhuang et al., 2014; Huang et
al., 2015).

Amongst the popular applications of tris homoleptic cyclometalated Ir(ll1) complexes is
photoredox/visible light photocatalysis due to the efficient utilization of solar energy/light, which
is an abundant, endless, renewable, inexpensive and nonpolluting reagent, hence, promotes green
and sustainable chemistry. Polypyridyl complexes of ruthenium and iridium constitute the most
commonly investigated visible light photocatalysts. Utilizing the said photocatalysts, in
electron/energy transfer processes to sensitize organic molecules leading to significant

photochemical reactions is of utmost importance. Irradiation of the complexes with visible light
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leads to population of the excited states via MLCT and these states can easily serve as potential
oxidants or reductants i.e. they serve as oxidative and reductive quenchers through single-electron-
transfer (SET) events (Narayanam and Stephenson 2011; Shi and Xia 2012; Liu et al., 2016).

Transition metal complexes have found use in hydrogenation reactions involving moieties such as
aldehydes (Xuefeng et al., 2016). Furfural is an aldehyde that can be derived from waste biomass
for example, maize cobs, sugarcane molasses and rice husks. These are rich in pentoses and
through acid catalyzed hydrolysis can yield furfural, which in turn can be selectively reduced to
yield Tetrahydrofurfuryl alcohol (THFA), a solvent with extensive industrial applications. THFA
is water miscible, biodegradable, has low toxicity and volatility (Ho et al., 2009).

The aim of this study was to utilize 2-(1-Naphthyl) Pyridine (npy) and 1-phenyl isoquinoline (piq)
ligands, and their various modified forms in exploring the synthesis and characterization of the
corresponding tris homoleptic cyclometalated Iridium(l11). The C-H activation of these ligands
has been previously studied and reported active (Kondrashov et al., 2015). Subsequently, potential
applications of the resulting complexes as photoredox catalysts was explored. Further selective

hydrogenation of furfural to THFA as a potential application was also explored.
1.2 Statement of the Problem

Activation of unreactive C-H bond remains a challenge in the field of synthetic organic chemistry.
Cross coupling and cyclometalation offers a pretty successful route of circumventing this
conundrum via directed activation and have been found to strongly affect the redox, electronic and
photophysical properties of the resulting complexes. There’s a growing need to continually search
for new types of C*N ligands which tune the energy levels of excited states making them versatile
with regard to potential applications in diverse fields. Despite rich exploration in the properties of
these complexes, many facial homo/heteroleptic variants often lack complete chemical,
photophysical, crystallographic and electrochemical characterization. The most archetypical
ligand used to form coordinated complexes with iridium is 2-phenyl pyridine and its derivatives.
Considering ruthenium, which has also been widely studied, mostly the ligand 2,2- bipyridine
(bpy) is utilized. However, reports on synthesis and applications of the slightly more conjugated
ligand, 2-(1-naphthyl) pyridine are scanty hence the need to explore this ligand and its tunability



in terms of photophysical and electrochemical properties. 1-phenyl isoquinoline ligand was used

for comparison due to similarity in structure with 2-(1-naphthyl) pyridine.

Photoredox catalysis is still under infancy yet it’s an emergent robust and transformative driving
force that uses mild conditions and utilizes visible light, an abundant, nonpolluting and endless
renewable resource for chemical transformations such as difunctionalization of alkenes, hitherto
inaccessible under normal thermal conditions. Despite selective difunctionalization of alkenes
being a potent chemical transformation, only a limited number of reports involving
trifluoromethylation have been shown. Moreover, while trifluoromethylation of aromatic
compounds has been extensively studied and effective methodologies established,
trifluoromethylation in simple alkenes is still lacking. Hence there is need to establish new
methodologies for highly efficient and selective insertion of CFs group into diverse skeletal
structures of organic molecules. Photoredox catalysis can also be extended to photodegradation of
industrial dyes, which has been studied under heterogeneous catalysis utilizing nanoparticles but
not with Ir(111) complexes. The catalytic effect of Ir(I11) complexes on photooxidation of alcohols
has not been exhaustively researched on.

Selective hydrogenation of the carbonyl group in furfural to produce unsaturated compounds is a
challenge since the olefinic group also gets easily hydrogenated to give undesirable saturated
products. Shortcomings of metal catalysts and supports that have been previously utilized in this
reaction include activity, selectivity, toxicity and recyclability issues. The Ir (I1l) complexes
haven’t been evaluated for their activity and selectivity in such a reaction. In Kenya, availability
of raw materials for fine chemicals is a challenge. THFA, used for this purpose and as a high purity
solvent is also unavailable locally and expensive, yet it can be manufactured locally from

agricultural wastes through selective hydrogenation of furfural.



1.3 Objectives
1.3.1 Main objective

To synthesize and characterize 2-(1-naphthyl) pyridine tris-homoleptic cyclometalated

iridium(111) complexes for photoredox catalysis and selective hydrogenation of furfural
1.3.2 Specific objectives

1. To synthesize and characterize 2-(1-naphthyl) pyridine modified ligands
2. To synthesize and characterize tris cyclometalated homoleptic Ir(I11) complexes
3. To evaluate the photoredox catalytic ability of Ir(111) complexes

4. To utilize the Ir(111) complexes in selective hydrogenation of furfural
1.4 Justification

While enormous advances in cyclometalated Ir(l111) complexes have been made and many
complexes developed, it has been demonstrated that structural changes in the skeletal as well as
substituent groups of the cyclometalating ligand (C”*N) afford significant tuning of photophysical,
electrochemical and electrophosphorescence properties due to increased ligand-field stabilization

energy.

Luminescent metal complexes are attractive for diverse applications. The usefulness and
applicability of new luminescent materials can be assessed according to their stability, external
quantum vyield, excited-state lifetime, and emission energy. Therefore, it is highly desirable to
design and synthesize novel ligands and tailor transition-metal complexes that will emit across the
visible spectrum and to produce molecules in which light emission predominates over
nonradioactive decay. These properties can be evaluated using both photo and electroluminescent
methods. Among these applications is photoredox catalysis and selective reduction/ hydrogenation
of aldehydes.

Photoredox catalysis has become popular since it involves efficient utilization of solar
energy/light, which is an abundant, inexpensive, nonpolluting and an endless renewable reagent,

hence promotes green chemistry leading to significant photochemical reactions under mild
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conditions. Through photocatalysis there is efficient conversion of light to chemical energy with
simultaneous selective molecule activation, which open pathways to access otherwise inaccessible
transformations and functionalizations under normal thermal conditions. The significance of
ability to fine-tune the photocatalyst for specific application through adjusting the ligands
emphasizes the importance of photoredox processes. As such, transformations such as
oxytrifluoromethylation, photodegradation of dyes is therefore possible under safe, mild

conditions.

Trifluoromethyl (CFz) group can influence chemical and metabolic stability, lipophilicity and
binding selectivity in biologically active molecules with trifluoromethylated and organoflourine

compounds finding extensive use in agrochemical, material sciences and pharmaceutical fields.

Photodegradation of Morin is an example of photo redox catalysis application. This catalytic
degradation of Morin and related dyes has been studied under heterogeneous conditions using
manganese oxide nanoparticle (NP) catalysts with H2O as the oxidant or Au NPs as a model

reaction but has not been studied using Ir(I11) complexes as photoredox catalysts.

2-Furanaldehyde (Furfural) can be derived from waste biomass for example maize cobs, sugarcane
molasses and rice husks, which are locally available but without any economic applications yet.
These are rich in pentoses which through acid catalyzed hydrolysis can yield furfural which in turn
can be selectively reduced by the aforementioned synthesized complexes to yield THFA, a solvent
with extensive industrial applications and by so doing add value to the agricultural wastes which
would improve the economy of the farmers and in principle environmental sustainability.
Reduction of aldehydes, abundant natural products, to their corresponding alcohols is critical in
synthetic chemistry especially by using catalytic hydrogenation with transition metal complexes

as opposed to traditional stoichiometric methods using reducing agents such as NaBHa.

Overall, synthesis of novel tris cyclometalated phosphorescent Ir(111) complexes will contribute to
achievement of Kenya’s big four agenda mainly manufacturing & universal healthcare and vision
2030 since the complexes synthesized can be utilized in making products that would be useful in

aforementioned industries.



CHAPTER TWO

LITERATURE REVIEW

2.1 Coordination Compounds

Coordination compounds comprises of a metal atom or ion, as the central coordinating substituent,
with electron-donating ligands to form complexes. Complexes containing metal-carbon
coordinating bonds are referred to as organometallic compounds (Miessler et al., 2014).
Organometallic chemistry therefore is the study of coordination compounds that bridges organic,
inorganic and bioinorganic chemistry disciplines and contributes to the understanding of material
science (Riess, 1985). Ligands are lewis bases as they donate lone pairs of electrons to metals via
coordinate bonds with chelating ligands coordinating to the metal center with two or more bonds
to form chelate complexes. Chelates are more thermodynamically stable than their corresponding
monodentate complexes of similar metal center due to chelate effect that may arise from ligands’
interaction with metal centers, either by sigma (o) or pi (n) electrons coordination (Housecroft and
Sharpe 2005; Miessler et al., 2014). Bidentate ligands are grouped by the number of atoms
separating the donor atoms and subsequently, the size of the chelate ring formed. Hence, from 1,1-
ligands chelate ring a four-membered is formed whereas 1,2-ligands, a five membered chelate ring.
Complexes in which the metal is bound to only one kind of ligand are homoleptic whilst those in

which the metal is bound to more than one kind of ligand are heteroleptic (Jones, 2002).

Coordination environments are often described in terms of regular geometries for coordination
number (CN) between two and six, with CN 6 being typical for d-block metal ions with On
geometry (Jones, 2002). The variety of coordination numbers provides a large number of isomers,
which can be classified into two groups: stereo or configurational isomers and structural or
constitutional isomers. Octahedral complexes also display geometric isomerism subject on the
orientation of the three ligands. If all lie in the same plane, they give a meridional, or mer, isomer,
while if they are adjacent, they form a triangular face of the octahedron in a facial, or fac, isomer.

X-ray crystallography allows for elucidation of isomeric structures (Jones, 2002).

The d-block metal ions form complexes, which are accompanied by color change due to their
ability to absorb light in the visible region. Absorptions arise from transitions between electronic



energy levels: i) transitions between metal centered orbitals that possess d-orbital character, the d-
d transitions; and ii) transitions between metal and ligand centered molecular orbitals which
transfer charge from metal to ligand or vice versa, known as charge transfer. Charge transfer leads
to intense absorptions whereas d-d transition bands are relatively weak. Low intensity colors are
consistent with them originating from d-d transitions. Therefore, the pale colors indicate that the
probability of the transitions occurring is low since the transition is forbidden by laporte selection
rule. (Housecroft and Sharpe 2005; Miessler et al., 2014).

The electronic structures of organometallic compounds are based on the 18-electron rule. Electron
count done through donor pair or neutral-ligand method, allows determination of the number of
shared electrons between the metal and the ligands that coordinate through their lone pairs thereby
forming n-bonds. Magnetic data allows for the determination of the number of unpaired valence
electrons in octahedral d® complexes and subsequent classification of complexes into two
categories namely paramagnetic and diamagnetic complexes, which constitute high spin and low

spin complexes, respectively (Mathey, 2013; Miessler et al., 2014).

Back bonding (back donation) is the metal to ligand (M-L) © bonding that involves d orbital
electrons occupying & orbitals of the ligands thus the metal transfers some electron density “back”
to the ligands, which is in contrast with sigma interactions where the metal accepts and the ligand
donates the electrons. Ligands having appropriate symmetry and empty = antibonding orbitals that
can accommodate the donations from the metal through the & interactions are called w acceptors
for example, CO, N2, NO, phosphines and alkenes. Conversely, ligand to metal © bonding entails
the 7 electrons from the ligands being donated to the metal ion and hence the ligands are © donors
for example, halides (CI', F, I"). This interaction results when either filled ligand p orbitals or *
orbitals interact with metal valence orbitals with compatible energies. Therefore, ligand
classification is based on their donor (¢ or © donation) or  acceptor abilities and more so in their
abilities to cause the d orbitals splitting, summarized in the spectrochemical series. The
spectrochemical series runs in order from strong m-acceptor ligands to n-donor ligands with ligands
high in the series causing larger d-orbital splitting hence high values of A and favors low spin
configurations whilst ligands low in the series have lower values of A and generate high spin
configurations (Mathey, 2013; Miessler et al., 2014; House, 2018).



The bonding of coordination compounds can be explained using various theories. Among these is
the molecular orbital theory, which considers covalent interactions between the metal center and
the ligand. Only the d;? and d,?—,2 participate in bonding hence, are raised in energy (destabilized)
to a greater extent and constitute a set of two degenerate orbitals with eg symmetry. The dxy, dx.,
and dy; form the nonbonding atomic orbitals, are stabilized and constitute a set of three degenerate
orbitals possessing tog sSymmetry with respect to the barycenter. The energy difference between the
two symmetry sets is A or 10Dq. Figure 1A shows molecular orbital diagram of an On complex
and the possible electronic transitions are shown in Figure 1B. Evidence for metal-ligand covalent
bond in coordinated complexes is provided by the nephelauxetic (electron cloud expanding) effect,

with soft ligands displaying larger effect than harder ligands.
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Figure 1: A) Molecular orbital diagram B) MO showing transitions in an On complex
Source: (Ball & Key, 2014; House, 2018)

Reported 10Dq values of some Ir(111) complexes include 27000cm™, 25000cm?, for Ir(dtp)s,

Ir(dsep)s respectively, which places the diethyldithiophosphate (dtp) and diethyldiselenophosphate

(dsep) ligands early in spectrochemical series, between Cl” and F and late in the nephelauxetic

series. Complexes with nitrogen ligands report higher 10Dq values and include [Ir(NH3)s]** with

41200cm™, [Ir(en)]ls with 41400cm™ and [Ir(NHs)sCI]Cl> with 40,400cm™ (Livingtstone, 2017).

Other studies has shown spectra of Ir(I1l) with strong field ligands to exhibit spin forbidden
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transitions: A1g3T1g (16640cm™); 1A1g3Tog (19140cm™); 1A1g»3T1g (23396cm™) and
LA143T24 (30230cm™) (Pandey et al., 2010).

2.2 Cross Coupling Reactions

The chemistry of transition-metal-cross-coupling reactions provides an approach that is regio- and
stereoselective, to synthesize highly functionalized compounds. This is achieved through the
formation of new C-C bonds by direct chemospecific linkage of reaction partners (i.e. via formal
replacement of an electronegative group X in R—X with a nucleophilic moiety R? carrying an
electropositive group m in R—m) under mild conditions and non toxic byproducts (Fihri et al.,
2011; Brown, 2015; Stein et al., 2015). Palladium and copper salts are the most favored transition
metals with halides being used as electrophilic sources, although other sources such as
phosphonates, sulfonates, tosylate and triflates can be used (Stein et al., 2015). These reactions
reach across chemistry from materials to molecular biology, are popular in industry and widely
utilized there at all scales levels, and rarely require forcing conditions. Since the award of the 2010
Chemistry Nobel Prize to Richard F. Heck, Ei-ichi Negishi, and Akira Suzuki on their pioneering
contributions in the field of cross coupling entitled “Palladium catalyzed cross couplings for
organic synthesis”, the level of activity in both innovation and application has remained high
(Brown, 2015).

Conventional methods of cross coupling include; i) Heck cross-coupling which entails Pd-
catalyzed alkenylation or arylation of olefins (Li, 2014b); ii) Hiyama cross-coupling involves
reaction of organosilicons with organic halides, triflates. In this case, transmetallation requires the
presence of activating agents such as fluoride to proceed (Li, 2014c); iii) Kumada (Kumada-
Tamao-Curio/ Kharasch) cross-coupling, involving cross coupling of Grignard reagents/
organolithium/ organomagnesium compounds with aryl or alkenyl halides with nickel or palladium
catalyst (Li, 2014d); iv) Negishi cross-coupling which features coupling of organozinc compounds
with various halides or triflates (aryl, alkenyl, alkynyl, and acyl) catalyzed by either nickel- or
palladium-(Li, 2014e); v) Sonogashira cross-coupling are Pd-catalyzed coupling between sp, and
sp? or sp® C-atoms under mild conditions (Sisodiya et al., 2015); vi) Stille cross-coupling is
palladium catalyzed coupling between organotin compounds and acyl halides (Tian, 2011); vii)
Yamamoto cross-coupling involve coupling between dibromo or diiodo monomers using nickel

catalysts is widely utilized to synthesize pi-conjugated polymers (Tian, 2011).
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Suzuki cross-coupling reaction (also called Suzuki-Miyaura reaction) (Scheme 1), discovered by
Nobel laureate Akira Suzuki, is among the most widely used protocols for the formation of carbon-
carbon bonds and have become influential for the synthesis of biaryl compounds. The reaction is
accredited with high activity and selectivity and is workable with a wide range of substrates with
many functional groups being highly tolerated due to the mild reaction conditions. In addition, the
boronic acid starting materials are readily available, stable, sustainable and not toxic (Fihri et al.,
2011). Tetrahydrofuran (THF) or toluene is commonly utilized as the organic solvents with the
addition of a small amount of an alcoholic solvent facilitating the mixing of the organic and
inorganic components. The most commonly used base in the reaction is Na2COg, but it is often
ineffective when dealing with sterically demanding substrates hence a base such as CsF is used
(Tian, 2011).

Ar-X + AryB _ PdcatalysC Ary-Ar,
_oH
X: Cl, Br, 1 B: B\
OH

Scheme 1: The Suzuki-Miyaura reaction

Aryl bromides and aryl iodides are commonly used as starting materials. One of the limitations of
Suzuki coupling is the poor reactivity of aryl chlorides despite being the most attractive family of
aryl halide substrates due to their low cost and their ready availability (Littke et al., 2000).
However, the use of bulky halides has led to improvement of this challenge. The different coupling
rates of aryl halides are related to the size of X and strength of the Ar-X bond, which increases: |
< Br < CI< F and makes the oxidative addition step increasingly difficult. This means that the
relative reactivity for this reaction follows the order: Ar-I>Ar-Br>Ar-Cl under same reaction
conditions (Tian, 2011). Since the electronegativity decreases down the halogen group while the
size increases, alkyl fluorides and fluorocarbons in general are chemically and thermodynamically
quite stable, and do not share any of the reactivity patterns shown by the other alkyl halides. Studies
have reported that the poor reactivity can be overcome by utilizing stronger base such as CsF.
More vigorous conditions are typically required to effect Suzuki cross-couplings of electron-rich
aryl chlorides (Littke et al., 2000). A wide range of palladium (0) catalysts or precursors can be
used for cross-coupling reaction. Pd(PPhs)s is most commonly used, but PdCIl>(PPhs).and
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Pd(OAcC)2 plus PPhs or other phosphine ligands are also efficient since they are stable to air and
readily reduced to the active Pd (0) complexes with organometallics or phosphines used for the
cross-coupling (Miyaura and Suzuki, 1995). Phosphines (arsines or NHC) are necessary in cross-
coupling reactions to prevent catalyst decomposition to metal. A general catalytic cycle for the
cross-coupling reaction of organometallic complexes, which involves oxidative addition-

transmetalation-reductive elimination sequences, is depicted in Scheme 2.

Ar-Ar! Ar-X
[.nPd(0) !
REDUCTIVE 86 Ogll)?%T(;; E
ELIMINATION
Ar Ar
— _—
LnPd(Il) 16e- 16e- LnP(Il
KAN ) d&x

TRANSMETALATION

1
X-B(OH), Arl-B(OH),

Scheme 2: Catalytic cycle of Suzuki cross coupling reactions

(X is Halide; L is ligand; n is number of ligands attached; Ar is aryl group)

Source: Littke et al., 2000

2.2.1 Oxidative addition (OA)

OA involves the attachment of two groups X-Y to a metal complex of relatively low oxidation
state. This produces a new complex with an oxidation state two units higher than before, an
increase in coordination number of two, and an electron count two higher than the present starting
material as shown in Scheme 3 (Mathey 2013; Spessard and Miessler 2010). It is often the rate-
determining step in a catalytic cycle. This reaction can proceed through four mechanisms: i)
concerted three-center mechanism, which is followed when homoatomic (H-H, O-O, etc.) or
weakly polar (H-Si, H-C, etc.) bonds are involved; ii) similar to Sn2 substitution type mechanism

where a highly polar (H-X, R-X) A-B type of a bond is involved and the metal is nucleophilic
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hence if B is a good leaving group then this mechanism is favored; iii) ionic mechanism occurs in
dissociating solvents with strong acids or nucleophilic anions; iv) concerted, Sn2 mechanism
(Mathey, 2013).

OA /X
LM + XY = = LM

RE
Ox. state= 0 Ox. state= +2

Scheme 3: Oxidative Addition and Reductive Elimination Reaction
2.2.2 Reductive elimination (RE)

RE is the reverse reaction of oxidative addition whereby the oxidation state, coordination number
and electron count all decrease, typically by two units. It allows for the recovery of the organic
product at the end of the catalytic cycle. The concerted mechanistic pathways of RE are exactly
the same as those for OA only that now in reverse Cf Scheme 3. RE is favored in complexes with
bulky ligands (due to relief of steric hindrance upon ligand loss), a low electron density of the
metal (high oxidation state), and the presence of groups that can stabilize the reduced metal
fragment upon ligand loss. RE is the last step of the catalytic cycle designed to join two different
carbon fragments and regeneration of the metal catalyst. This process can be enhanced through
electrochemical oxidation of the metal if it doesn’t proceed spontaneously ( Miyaura and Suzuki
1995; Spessard and Miessler 2010; Mathey 2013).

2.2.3 Transmetalation

Transmetalation step produces the exchange of organic groups between metals. The ability of
organoboron reagents to transmetalate with a variety of metal compounds has been known for
many Yyears. In particular, their versatile transmetalation with palladium (1) complexes has
allowed the Suzuki—Miyaura reaction to develop into such an important coupling process in
academic and industrial settings (Lennox & Lloyd-Jones, 2013). Mechanism of this step is less
known as compared to OA and RE since it is highly dependent on organometallics or reaction
conditions used for the couplings (Miyaura & Suzuki, 1995). The overarching mechanistic

complexity in the transmetalation event arises from the fundamental property of three-coordinate
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boron species, which are Lewis acids to varying degrees (Lennox & Lloyd-Jones, 2013).
Association of a fourth ligand to generate a four-coordinate “ate” complex is required to facilitate
efficient transfer of the organic moiety from an organoboron species to a metal center, for example,
Pd.

2.3 Cyclometalation Reactions

The cyclometalation process, introduced by Trofimenko (1968) consists of a transition metal-
mediated activation of a C-R (in most cases, C-H) bond to form five or six membered metallacycles
(chelate ring) containing a metal-carbon ¢ bond (Scheme 4) ( Bruce, 1977; Hill, 2002; Albrecht,
2010; Ahlstrand et al., 2017). The reaction proceeds via two consecutive steps: initial coordination
of the metal center via a donor group, and subsequent intramolecular activation of the C-R bond,
which closes the metallocycle (Albrecht, 2010). Cyclometalation can also be regarded as a special
case of oxidative addition, in which a C—R bond in a ligand oxidatively adds to a metal to give rise
to the metallacycle. Chelation leads to organometallic compounds with increased stability,
regioselective and easy to synthesize (Hill, 2002). Recently, it was reported that cyclometalation
can proceed without the Csp3-H activation being chelated assisted (Ahlstrand et al., 2017). The
effective bond activation is most often a heteroatom-assisted process, involving classical donors
suchas N, O, P, S, Se, and As, though cases of carbon-assisted C—R bond activation are known as
well. Consequently, the cyclometalated product often includes heteroatoms other than the metal
with cases of carbon-carbon, carbon-oxygen, and carbon-silicon bond activation having been
reported (Albrecht, 2010).

Scheme 4: Cyclometalation (E-donor atom; M-transition metal; X-leaving group)

The cyclometalation reaction has been widely studied since it represents one of the mildest routes
for activating strong C-H and C-R bonds. The tendency of transition metal salts to undergo
cyclometalation reaction, and, in particular, ortho-metalation (metalation of phenyl-substituted
ligands) reaction, with heteroaromatic ligands to give metallacycles has been demonstrated with
various metals such as Re(l), Pt(I1), Rh(I), Ir(1) and Pd(I1) (Bruce, 1977; Hill, 2002).
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The reaction mechanisms of these reactions involve the coordination of the metal with a
heteroatom followed by the activation of geometrically accessible C—H bonds, which can be
adjacent or remote, to generate a template for further functionalization and the subsequent chelate
effect from the five or six-membered ring formed (Butschke and Schwarz, 2012; Kondrashov et
al., 2014; Omae, 2014). The agostic interactions of these reactions that include but not limited to
C-H activation, C-X activation, C-H functionalizations, chelated-assisted reactions and cross-
coupling reactions, all follow the same mechanism related to cyclometalated reactions. The
products of these reactions include catalysis, CO utilizations, sensors, organic electric devices,

pharmaceuticals, and dye-sensitized solar cells (Omae, 2014).

Cyclometalation strongly affects the redox potentials as well as the photophysical properties of the
resulting complexes compared to their non-cyclometalated congeners (Wadman et al., 2010).
Cyclometalating ligands, coordinating the metal center by an anionic carbon through C-M bonds,
are strong o-donors and induce strong ligand field with high electron density around the metal
center. This leads to bigger splitting of the ligand field energy hence more intense luminescence.
In principal, cyclometalated complexes tune the frontier orbital energies by changing the electronic
properties of the ligand. The pH-responsive transition-metal complexes containing N-heterocyclic
ligands are one family of fundamental molecular devices with adjustable ground- and excited-state

properties (Wadman et al., 2009).

Metal precursor used should provide a coordination site for heteroatom (E =N, O, P, S, As, Se, C)
bonding that enable ligand attachment through to M-E interactions. Mechanistically, C-H bond
activation in cyclometalation proceeds through three possible pathways; i) electrophilic C-H bond
activation observed with electron-poor late transition metals; (ii) oxidative addition which requires
electron-rich metal center e.g. Ir(l) and Rh (1) and; (iii) o-bond metathesis being the most
predominant pathway involving electron-poor metal centers such as high valent early transition

metals, and in some cases late transition metals through modified versions (Albrecht, 2010).

Early transition metals (group 3-5) are the least prone to undergo C-H bond activation amongst
the d- block metals with the exception of the high valent tantalum (V). Other early transition metals
are rarely considered for cyclometalation because the metal precursors are poor-electron centers
containing basic alkyl or amide ligands for scavenging the proton from C—H bond activation

leading to -bond metathesis due to the strong polarization of the M— Namid and the M—Caiy bond.
16



In contrast, in group 6 and 7 metals cyclometalation with tungsten, manganese and rhenium has
been reported and involve low-valent configuration at the metal centers to give respective
metallacycles, W(0), Mn(l) and Re(l) (Albrecht, 2010).

Cyclometalation using late transition metal centers (groups 8-10) have significant electron density,
which assists in stabilizing the ¢ complex in the cyclometalation mechanism. The process has
therefore been termed o-complex-assisted metathesis (o -CAM). Cyclometalation could be
categorized in to two; first row metals (Fe, Co, Ni) and platinum group metals (Ru, Os, Rh, Ir, Pd
and Pt). Iron cyclometalation reports are scarce since its stable oxidation states, (11) and (I11), have
low tendency to form o-bond metathesis or 2-electron C-H activation and the Fe-C bond has low
stability notwithstanding the utilization of multidentate chelates. Cobaltacycles are synthesized via
transmetalation protocols with C-H bond-activation methodologies being less frequent while
nickelacycles proceed via both oxidative addition and transmetallation. Ni-mediated

cyclometalation is favored in coordination compounds with steric constraints (Albrecht, 2010).

Platinum group metals present the most popular domain of cyclometalation majorly via
heteroatom-assisted C-H activation. Cycloruthenation is versatile, broad scoped and has
widespread applications due to favorable photophysical and electrochemical properties. Osmium
mediated cyclometalation is less popular although it proceeds via oxidative addition pathway and
low valent Os(0) complexes are prevalent. In cyclorhodation the low valent Rh(l) complexes have
received a lot of attention with the oxidative addition pathway being followed. Iridacylces have
roused considerable interest owing to their exceptional activities particularly in catalysis and
photophysical applications. For example, pincer ligand complexes are known to be outstanding
catalysts for alkane dehydrogenation while tris Ir(11) complexes are used in OLEDs and potential
dopants. Cycloiradiation affords direct synthetic access to these compounds without laborious
prefunctionalization of ligand precursors or manipulation of air or moisture sensitive intermediates
(Albrecht, 2010).

Ir(111) complexes are popular due to their environmentally inertness, stability, have appropriate

energy levels and favorable phosphorescent lifetimes (Tian et al., 2009). A wide range of facial

heteroleptic variants of Ir(ppy)s have been reported with the synthesis of homoleptic complexes

counterparts missing and often lacking complete chemical, photophysical and electrochemical

characterization (Singh et al., 2015). Singh et al., have reported an extensive scope of Ir(lll)
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complexes based on the 2-phenyl pyridine ligand with varied EWGs and EDGs on the phenyl ring
and varying the substitution either in para or meta positions or in both to yield homoleptic
complexes of the type Ir(ppy-R)s where R was CF3, F and tBu as well as cationic heteroleptic
complexes of the type [Ir(R1ppy-R2)s]". Tian et al., (2009) reported synthesis of Ir(111) heteroleptic
complexes with 2-phenyl pyridine and 2-(naphthalen-1-yl) pyridine ligands with carbazolyl and
thienyl substituted B-diketones as ancillary ligands to achieve increased functionality for OLED
devices. Homoleptic complexes based on 2-(naphthalen-1-yl) pyridine ligands which is more
conjugated than the widely used 2-phenyl pyridine ligands have not been explored much yet they

offer a route for fine tuning the complexes for exploration in photocatalysis and photosensitization.
2.3.1 C-H Activation

The C-C o-bonds are the most ubiquitous bonds, relatively electronically unipolar and main
constituents of the organic compounds with C-H bonds on the periphery. Transformations of these
unactivated o-bonds remain a challenge in synthesis chemistry hence research into their activation
has become a fast growing field with promising approaches (Ahlstrand et al., 2017; Murakami &
Ishida, 2017). In order for C-H activation reaction to be of synthetic value, there needs to be
selective discrimination of one C-H bonds from all the other bonds which usually are chemically
similar (Kuhl et al., 2012; Kondrashov et al., 2015). This can be circumvented through direct C-
H activation. Typically, the position y to the donor atom undergoes functionalization. The -
position can be involved if the y-position is blocked. Since these reactions proceed via the
corresponding chelate, with the sum of ideal bond angles in five- membered rings being closer to
the ideal angle sum of a polygon than it is in the corresponding four- or six-membered analogues,
the five membered metallacycles are easily formed (Kondrashov et al., 2015). Additionally,
application of molecules with C-H bonds of different reactivity mostly in heterocycles can also
solve the problem but in benzene derivatives the discrepancy in reactivity of the bonds is less
pronounced hence other regioselectivity controlling methods are applied such as using directing
groups (DG) such as pyridine, amides, acetanilides etc. The major limitation of this method is that
it leads to mostly ortho functionalizations hence restricts the scope of products. It also requires
further synthetic steps to install the DG and manipulation after the functionalization (Kuhl et al.,
2012).
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Biaryl moiety is an important structural motif in biologically active compounds, natural products,
and materials. Its construction through a direct cross coupling of two arenes is therefore an
attractive process that offers superior sustainability and environmental compatibility to
conventional transition-metal-catalyzed cross-couplings between aryl halides or triflates and
organometallic reagents. In general, C-H arylation reactions can be divided into two classes: 1) the
coupling of a simple arene with either an aryl halide (Ar-X + Ar-H) or an organometallic species
(Ar-H + Ar-M), also called direct arylation, and; 2) dehydrogenative couplings (Ar-H + Ar-H) in
which both reaction partners contain C-H bonds.

2.4 Spectroscopic studies of coordination complexes

Cyclometalated complexes of metals such as Pt(I1), Pd(I1), Ru(ll) and Ir(111) have been extensively
studied due to their remarkable photophysical properties with their luminescent properties making
them invaluable in diverse applications. Interaction of matter with light leads to crucial processes
such as photon absorption, internal conversion, fluorescence, intersystem crossing and
phosphorescence all which gives the photophysical properties of complexes (Circu & Micutz,
2011).

2.4.1 Principles of photophysical properties of complexes

In an atom, two angular momenta, spin (ms) and orbital (m)), contribute to the total electronic
angular momentum and the interaction of these two momenta with each other is termed spin-orbit
coupling (SOC) (Circu and Micutz 2011, Khudyakov et al., 1993). The magnetic moment of the
particle should be bistable, with an energy barrier between ‘‘up’” and ‘“‘down’’ orientations of the
magnetic moment. The occurrence of an energy barrier is intimately linked to magnetic anisotropy,
which is the phenomenon that a molecule can be more easily magnetized along one direction than
the others i.e., the different orientations of the magnetic moment have different energies. In the
absence of orbital angular momentum (for instance, in many transition metal ions), this
phenomenon is called zero-field splitting. In coordination clusters of first row transition metal ions
without orbital angular momenta, the energy barrier ultimately arises from spin—orbit-coupling-
induced mixing of the electronic ground and excited states (Liddle and van Slageren, 2015). SOC

arises from interaction of the magnetic field associated with the spin angular momentum with the
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magnetic field associated with the orbital motion of the same electron in the electrostatic field of
a nucleus (Khudyakov et al., 1993).

SOC provides magnetic interactions, which lead to nonzero matrix elements between states of
different spin multiplicity, and thereby a mechanism, which allows the corresponding electronic
transitions to occur between states of different spin multiplicity. Crystal field splitting is an
important characteristic of a system in determining the magnitude of SOC (Khudyakov et
al.,1993). The most evident experimental manifestation of SOC in atoms is the fine splitting of the
atomic spectra while in molecules it is the violation of prohibition of singlet-triplet (S-T)

interconversion (Khudyakov et al.,1993).

The operable photophysical processes in a coordination complex is initiated by absorption of light
which promotes an electron from a metal-centered tyq orbital to a ligand-centered n orbital which
implies that the metal center is oxidized whereas the ligand is reduced electronically corresponding
to metal-to-ligand charge transfer (MLCT), a type of charge transfer process (Monos &
Stephenson, 2017). Charge-transfer (CT) excited states play an important role in the observed
photo-reactivity of metal complexes (Nazeeruddin et al., 1993). These complexes are known to
exhibit many of the electronically excited states found in coordination compounds. However, the
low-valent metal center and the high degree of covalency associated with the metal-ligand bond
in an organometallic complex give rise to some notable differences in the excited-state (Lees,
1987).

Charge transfer transitions occur when transition metal complexes (TMCs) absorb light, which can
lead to electron transfer from ligands to empty d orbitals or from the d orbitals to ligand. TMCs
have complex electronic structures, since both the metal and ligand contribute to available excited
states. When there is irradiation transition occurring between two MOs can be explained using the
MO involved but assignment of various bands on a TMC spectra can be challenging due to the
complex electronic structure of the complex. Therefore, CT is used to explain these transitions
since it involves displacement of electronic charge from metal to ligand or ligand to metal
(Housecroft & Sharpe, 2005).

Transition metal complexes transitions are in principle responsible for the luminescent properties

and can be classified as charge transfer (CT), intraligand (IL) or metal centered (MC). MLCT
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involves transition of an electron from d orbital to n* orbital of the ligand (d-n*) while ligand-to-
metal charge transfer (LMCT) involves electronic transition from ligand orbital to metal orbital
(w-d). When the transition is between two ligand orbitals, it is referred to as ligand-centered (LC)
or intraligand (m-7* or n-r*) transitions. Lastly, metal centered transitions (MC) are observed when
the predominant MO is localized on the metal center and essentially constitute the d-d transitions,
which are fairly weak. The charge transfer electronic transitions are shown in Figure 1. Charge
transfer to solvent (CTTS) and ligand-to-ligand charge transfer (LLCT) constitute the less common
transitions that involve transitions from a metal centered orbital to a solvent localized orbital and
transitions between two orbitals but on different ligands coordinated to the same metal center,

respectively (Brulatti, 2010).

Four types of electronic states in organometallic complexes compete for the lowest unoccupied
molecular orbital (LUMO). LUMO and HOMO are shown in Figure 1. Two of them are singlet
and triplet metal-to-ligand charge transfer states, ‘MLCT and *MLCT. The remaining two are the
singlet and triplet ligand-centered, (*LC) and (3LC) states. The involvement of the d-orbital in the
bonding is expected to be higher for MLCT states and this is reflected in the lower intensities of
the corresponding absorption bands relative to those involving ligand-centered states (Tian, 2011).
Generally, when a molecule absorbs light (steady-state absorption), one tog d —electron of ground
state octahedral complex is excited onto ©* orbital of the ligand without flipping its spin, the so-
called MLCT, which generates a singlet-excited state which can relax back to the ground state
with emission of some light (photoluminescence). The singlet-excited state can also rapidly decay
to the long-lived triplet excited state via spin-forbidden intersystem crossing (ISC). The
intersystem crossing rate can be enhanced by a heavy atom through increased spin—orbit coupling,
which consequently increases the triplet excited-state quantum yield (Li et al., 2014; Angnes et
al., 2015).

The selection rules governing d-d transitions between electronic energy levels of transition metal
complexes are: The Spin selection rule, AS = 0 where the allowed transitions must involve the
promotion of electrons without a change in their spin (singlet to singlet or triplet to triplet); and
the Laporte (parity/orbital) selection rule Al = £1 which provides that if the molecule has a center
of symmetry, as in the case of On complexes, transitions within a given set of p or d orbitals (i.e.

those which only involve a redistribution of electrons within a given subshell) are forbidden. In

21


http://chemwiki.ucdavis.edu/Physical_Chemistry/Spectroscopy/Electronic_Spectroscopy/Derivation_of_Laporte_Rule

other words, electric dipole transitions that maintain parity either symmetry or antisymmetry with
respect to an inversion center cannot occur (Laporte allowed: a change in parity occurs i.e. s — p
and p — d or g (gerade=even) — u (ungerade=o0dd) and u — g; Laporte forbidden: the parity
remains unchangedi.e. p — pand d — d or g — g and u — u) (Laporte and Meggers, 1925; House,
2018). Tetrahedral molecules are not centrosymmetric thus mixing of p and d orbitals is allowed
hence p — p and d — d transitions are not Laporte forbidden. However, this rule is only strictly
applicable to states of definite parity (i.e., those belonging to a centrosymmetric point group),
meaning that it can be relaxed by altering the symmetry of the electronic states such that they do
not have definite parity. This can be done through molecular vibrations, vibronic coupling or spin
orbit coupling thus allowing relaxation of the Laporte rule and permits weak transitions such as d-
d transitions to be observed (Wisser et al., 2015; Ellis, 1999). Therefore, d-d transitions are
observed as weak, less intense transitions since they are Laporte forbidden and are only allowed
via vibronic and spin orbit coupling. Moreover, they have lower energy charge transfer bands since

they have a smaller 10Dq values
2.4.2 Ultraviolet- Visible spectroscopy/ electronic spectroscopy

Absorption of light in the ultraviolet (UV) and visible (Vis) region leads to transition amongst the
electronic energy levels giving rise to a series of absorption bands, which constitute electronic
absorption spectra (Anderson et al., 2004). Transitions are accompanied by rotational and
vibrational transitions such that electron promotion can happen from ground state level E; to any
of the vibrational or rotational levels of E», clarifying why, for polyatomic molecules, the spectra
is characterized by broad bands since in each electronic state, rotational and vibrational energy is
considered as per Frank-Condon principle (Anderson et al., 2004; Brulatti, 2010). The strength of
electronic spectroscopy lies in its ability to measure the extent of multiple bond or aromatic
conjugation within molecules. Compounds that absorb light between 400-800 nm (visible region)
appear colored to the human eye and the resultant color is a function of which wavelengths the
compound subtracts from white light (Kemp, 1991).

Allowed transitions are determined by selection rules founded on symmetry of ground and excited
states of the molecule determine which electronic transitions are allowed (Anderson et al., 2004).
In Beer-Lambert law, the absorbance (A) of a solution is directly proportional to path length (I)

and concentration (c) of the absorbing molecule according to equation 1.
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T R — S — (1)

e, the molar absorptivity or molar extinction coefficient is characteristic of the molecule and a
measure of intensity of the absorption, ranging from 0 to 10° units. The greater the ¢ value, the
greater the probability of absorption and its associated electronic transition. Forbidden transitions
are occasioned by low-intensity bands (¢ < 10000) (Anderson et al., 2004). Integration of &€ shows
the probability of transition from ground to excited and the reciprocal of the transition probability
is the lifetime of the excited state before it relaxes to ground start with emission of a photon
(Brulatti, 2010).

Chromophores, portion of the molecule bearing electrons that are involved in absorption leading
to electronic transition, that are non-conjugated lead to high-energy absorptions with low-intensity
(e) values, although most of these get lost in atmospheric oxygen absorptions. Generally, UV
spectra are of interest in unsaturated systems; the greater the degree of unsaturation the more
intense the absorptions and at longer wavelengths. Conjugation increases the chromophore
resulting into greater intensity absorption bands with larger € values. On the other hand,
conjugation reduces the HOMO-LUMO energy gap for a system implying that less energy is
required for promoting an electron from ground state energy level. Therefore, the longer the
chromophore the longer the maxima wavelength, Amax Of absorption. Occurrence of an electron
donating substituent on an aromatic ring extends the chromophore and increases the absorption’s
wavelength. An increase in the Amax towards the red end of the absorption spectrum is called
red/bathochromic shift (shift to longer A, lower energy). The reverse effect is a shift to the blue

end of the spectrum called blue/hypsochromic shift (Anderson et al., 2004).

UV spectroscopy is utilized to identify a key chromophore of an unknown molecule for instant in
analysis of pharmaceuticals. It has been utilized for the detection of analytes in analytical
separation techniques e.g. thin layer chromatography (TLC), for rapid qualitative analysis of
reaction mixtures and as detectors in HPLC (Anderson et al., 2004).

Measurements are mostly done using a double beam spectrophotometer consisting of a UV-visible

light source, two cells through which the light passes and a detector. The double beam

spectrophotometer splits the light into two parallel beams, each passing through a cell; one with

the sample dissolved in solvent and the other cell with the solvent only. The intensity of the light
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transmitted through the solvent alone (lo) and that transmitted through the sample cell (1) are

measured and compared using a detector.
2.4.3 Photoluminescence spectroscopy

Once a complex absorbs light after irradiation, energy is utilized in the formation of the excited
state and this can be liberated in different ways; i) radiative decay which involves emitting photons,
ii) non radiative decay which can either be vibrational, transitional and translational energy within
the same molecule or to another or solvent, or thermal degradation where the energy is discharged
as heat to the environment, or the molecules taking part in chemical reactions whilst still in their
excited state. If the excitation involves light, the subsequent emission is called photoluminescence.
Excitation, which is donated by the orbital of origin, e.g. (z- «*) initially produces a singlet excited
electronic state (Sn) whose spin is anti-parallel to that of the ground state orientation, which
undergoes rapid relaxation through non-radiative pathways to give lowest singlet excited state (Sq).
From this state, two types of emissions can be observed, fluorescence and phosphorescence as

depicted in Jablonski diagram in Figure 2 (Brulatti, 2010).
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Fluorescence

Typically, an excited molecule undergoes internal conversion, a non-radiative process, which
involves reverting the molecule from S, to lower excited states or singlet ground state and the
energy difference is converted to vibrational energy and then heat. When this radiative relaxation
is from Sp to ground state this is referred to as fluorescence (Figure 2), which happens at lower
frequency than excitation energy and it fundamentally does not lead to change in spin multiplicity
(Brulatti, 2010).

Phosphorescence

Primarily, when crossing of the excited state to a second excited but of different spin occurs, this
is referred to as intersystem crossing (ISC) with a rate constant kisc, which happens due to singlet
(S) and triplet (T) energy curves crossing each other. Subsequently, conversion from 1| to 11 of
the spins, which is normally forbidden, becomes possible, essentially converting the molecule to
a triplet state. The radiative relaxation from the triplet state to a singlet ground state is
phosphorescence with a rate constant kisc> (Figure 2) and it involves a change of spin quantum
number (Brulatti, 2010). Singlet to triplet transitions are favored when spin orbit coupling (SOC)
is strong as in the case of heavy metals, and this promotes mixing of singlet and triplet states
breaking down selection rules at which point, the spin forbidden transition is competing with spin-
allowed processes. Phosphorescent emission is lower in energy than fluorescent emission since
triplet states are lower in energy than singlet state as per Hund’s rule. Luminescence quantum

yield, quantifies the efficiency with which a compound emits light.

Quantum Yield, ©

Photoluminescence/radiative quantum yield, ®, for an emissive species is a direct measure of the
efficiency of conversion of absorbed photons into emitted photons and is hence given as a ratio
between the number of photons emitted by a sample and the number of photons absorbed (Equation
2). @, can also be expressed in terms of kinetic competition where the ratio between relative rate(s)
of processes giving rise to emission and the rates of all processes that serve to deplete the
population of that emissive state is considered (Equation 3). ®, determines the achievable

sensitivity in luminescence analysis hence is a fluorometric vital parameter in determining the
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suitability of a chromophore in various applications such as sensors, labels, photoredox probes and
converters in OLEDs (Wirth et al., 2011; Arias-Rotondo et al., 2016)

#ph itted I
§ = P, @
abs
__ K _ K
Po = Ktk Ko )

Where lem and laps is the number of photons emitted and absorbed, respectively; K, Knr and Ko are

rates of processes giving rise to emission and those depleting the population of that emissive state

®, can be measured either relative to a standard with a known absolute value (method 1) (Equation
4) for example, [Ru(bpy)3]?*; or as an absolute value (method 2) that necessitates the detection of
every emitted photons per number of absorbed photons and is labor intensive; or indirect
measurements by utilizing dissipated heat using photoacoustic spectroscopy or thermal sensing
(method 3).

I o I @

Ista/Asta’ \Msta

Where; x is molecule of interest, Ix and lsw are integrated areas of corrected emission spectra for
molecule and standard, Ax and Asw are absorbance’s at excitation wavelength for molecule and
standard while nx and nsta are indices of refraction of solutions for molecule and standard. Choice

of standard used depends on the emission properties of the substrate of interest.

Relative @ measurements involve either using same excitation wavelength for the sample and
standard (method 1a). This is commonly used since it is comparatively simple, cheap and has
higher sensitivity thus minimizes amount of sample required for the measurements and allows
measurement of small fluorescence ®. Alternatively, different excitation wavelength for the
sample and standard (method 1b) can be measured. This is considered to be more efficient but
faces the challenge of excitation correction mandatory to account for wavelength dependence on
photon flux getting to the sample. Therefore, absolute measurements are considered to be the most
straightforward method for determination of ®, which exploits an integrating sphere and

essentially circumvents uncertainties arising from fluorescence standards integral to all relative
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measurement methods. The accuracy of absolute ® measurements is dependent on how reliable
the radiometric characterization of the integration sphere is and proper considerations of
reabsorption effects since these can result in substantial systematic errors (Wurth et al., 2011).
Factors affecting @ include; 1) transition type, ii) structural rigidity where the more rigid the
structure the higher the yields, iii) substitution where the nature of substituent affects the yields.
Substitution with heavy atoms such as halogens may lead to high quantum yields and is typically
indicative of phosphorescence, iv) temperature, where lower the temperatures suppress non-
radiative processes hence increasing @, v) solvent, where decrease in viscosity could reduce rate
of non-radiative de-excitation, increasing ®, vi) pH, where changes strongly alter @ since this

could lead to the luminophores changing in basic and acidic media (Omary & Patterson, 1999).
Emission Lifetimes

By following the kinetics of time-resolved emission, the radiative and non-radiative decay
processes are first-order with respect to the excited states. The rate at which the excited state is
lost can be expressed as a rate law and the inverse of the rate constant in this is called the lifetime
(to0) of the excited state, which is measured using time-resolved emission spectroscopy also called
transient absorption (TA). It has been found that longer excited state lifetimes lead to faster SET.
Classically, excitation is done at Amax OF near it and the emission collected at 90° with respect to
excitation beam with the aim of minimizing scattering of light. Solvent, oxygen concentration in
the sample and temperature among others, affect lifetime of the excited state. TA exploits laser
pulses that excite the sample and a white light source to probe the absorption of transient species
formed after excitation. Consequently, a TA signal is the change in absorbance of sample before
and after the excitation (Arias-Rotondo et al., 2016; Ochola & Wolf, 2016). The main advantage
of lifetimes is that it can be used for spectral assignment specifically by assigning if luminescence
bands are either fluorescence where they emit in sub-microseconds level (nanoseconds,
picoseconds) or phosphorescence where t is in the microseconds and longer (milliseconds,

seconds) although this is subjective (Omary & Patterson, 1999).
2.4.4 Nuclear Magnetic Resonance (NMR) spectroscopy

Atomic nuclei with odd mass or atomic numbers spin due to among spin | # 0, when placed into a
magnetic field Bo, exhibit quantization with their orientation depending on spin quantum number,
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I. The nuclei can assume (21 + 1) orientations in the field, with m; (magnetic quantum numbers)
values of I, -1+1,.. I. NMR selection rules states that transitions with Am;= % 1 are allowed. Such
nuclei display the NMR effect while nuclei with both even mass and even atomic numbers with |
= 0 can never exhibit the NMR effect. For nuclei with spin, | = % (half-spin nuclei) (such as H,
13¢C, °F and 3!P), two arrangements are possible: either aligned “with” (lowest state energy, o, M=
+ Y5; “spin up”) or aligned “against” (B, mi = - ¥2; “spin down”) the applied field B. Thus, NMR
measurements comprises of moving atomic nuclei o state to 3 state and observing this effect on
nuclei of interest for a given sample (Anderson et al., 2004). Consequently, NMR is a very popular
and powerful analytical technique for identifying, characterizing and structure elucidation of
chemical species (Willard et al., 1986; Skoog et al., 1998). NMR transitions occur in the
radiofrequency end electromagnetic spectrum owing to their low energy with the relationship
between the frequency of the transition and magnetic field being depicted by equation 5.

Where v is the frequency at which NMR transition occurs and has units Hz or s?, y is the
magnetogyric ration, measure of the size of the magnetic field or magnetic moment generated by
a particular nuclear species and has units sT? and Besr is the strength of magnetic field

experienced by nucleus and has units T (Tesla) (Anderson et al., 2004).

Therefore, the strength of Bo determines the energy difference between the possible alignments of
the nuclear magnetic dipole: the stronger the applied field, the greater the energy gap and the
greater the frequency. NMR effect cannot be observed without the applied field, since there would
be no energy difference between the nuclei’s possible alignments (Anderson et al., 2004). Poor
signal-to-noise ratio is a feature of NMR arising from the small energy gap between the possible
alignments of nuclear magnets. Moreover, the energy difference is proportional to the population,
with the Boltzmann distribution for a nucleus with spin | = % at room temperature being 50:50
i.e., nearly 50% of the nuclei will be aligned “with” and 50% will be aligned “against” the magnetic
field. Subsequently, NMR experiments are conducted at the highest frequency possible; since v is
constant, this is achieved by increasing the strength of the magnetic field (Anderson et al., 2004).
The NMR spectrum is affected by environmental effects such as chemical shift () and spin-spin

splitting both of which are monumental in structural analysis and elucidation.
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Chemical shift (6) is caused by small secondary magnetic fields that are generated by electrons as
they circulate around the nuclei giving rise to diamagnetic currents, which oppose and decreases
the strength of the applied field Boat the nucleus. Consequently, the nucleus experiences a reduced
subsequent field from the full effect of the primary field and is described as shielded. Hence, the
external field must be increased to give rise to nuclear resonance. & is used to identify functional
groups and aids in determination of structural arrangements of groups based upon empirical

correlations between structure and shift (Skoog et al., 1998).

The decrease of the main field due to spinning electrons is tiny but detectable in NMR experiment.
This is why equation 5 has the term Ber, effective magnetic field, rather than Bo, applied magnetic
field, which is the chemical shift effect. The electron density around the nucleus determines the
magnitude of this effect: high electron density causes a large effect while low electron density
causes less effect. An atom attached to an EDG has increased electron density around the nucleus,
which decreases Best. This adjustment of Bo by surrounding electrons is referred to as shielding;
higher electron density leads to greater the shielding (low frequency). Conversely, an EWG
reduces the electron density around the nucleus hence increases Bes, which is deshielding. A
deshielded nucleus thus resonates at higher frequency than would have been expected (Anderson
et al., 2004). Nuclei in the same chemical environments display similar shifts and have units’ ppm
due to the effect being very small as compared to the main field. The unwanted magnetic field
dependence chemical shift measurement is removed by in defining & to be the ratio of the
frequency at which NMR transition occurs to the strength of the applied field as measured by the

frequency at which protons resonate as illustrated in equation 6 (Anderson et al., 2004).

— 6
6= ((Vsample - Vreference) /Vspectrometer) x 10 (ppm) TTTTTTTTTmTT T T (6)
Where Vsample, Vreference aNd Vspectrometer are frequencies due to sample, reference and spectrometer

Factors affecting the chemical shifts include electronegativity, magnetic anisotropy, inductive
effects, van der waal deshielding and hydrogen bonding. Shielding of nucleus is directly related to
the electron density surrounding it. Therefore, in absence of other factors shielding decreases with
increasing electronegativity i.e., the nucleus is deshielded. Magnetic anisotropy attempts to explain
the effects of multiple bonds on 3. In aromatic compounds when the plane of the ring is

perpendicular to the magnetic field, the field induces a flow of & electrons around the ring, creating
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a ring current that corresponds to an induced secondary field opposing the applied field. In turn,
the induced field exerts a magnetic field on the protons attached to the ring hence aromatic protons
resonate at a lower external field. Ring current is absent in other orientations of the ring (Skoog et
al., 1998).

Spin-spin splitting/ spin-spin coupling/ J coupling involves mutual splitting of the sharp resonance
lines into multiplets, splitting patterns, when nuclei interact with each other (Willard et al., 1986).
Spinning nuclei create a magnetic field, which affects the distribution of electrons in its bonds to
other nuclei leading to splitting of energy levels that give rise to multiple transitions. Coupling
constant (J) is the spacing in hertz of multiplets in a spectrum and it indicates the strength of
coupling. Its magnitude is dependent on the bonding between the nuclei; the fewer bonds the larger
the J values. Its noteworthy that equivalent protons both chemically and magnetically do not couple
with each other (Skoog et al., 1998; Anderson et al., 2004). In an aliphatic system, proton-proton
coupling is transmitted only through two or three bonds although in some rigid structures with
favorable geometry, coupling through four bonds is relatively large. Conversely, in unsaturated
systems, long-range couplings are enhanced, up to J. In aromatic rings, couplings of protons in
ortho positions (through three bonds, 3J) are 7-9Hz, meta (four bonds, 4J) 2-3Hz and para (five
bonds, °J) 0.5-1Hz (Willard et al., 1986). In saturated systems, a favorable arrangement for long-

range coupling is when bonds adopt a W arrangement (Anderson et al., 2004).

Rules governing first order spectra interpretation: chemically equivalent nuclei, those that have
identical chemical shifts or are related by some symmetry element, do not interact to give multiple
absorption peaks. Coupling constants decrease appreciably with separation of groups with
coupling being rarely observed at distances greater than four bonds (*J). Moreover, coupling
constants are independent on applied field (Bo) hence multiplets can be distinguished from closely
spaced d by running spectra at two differing field strength. Multiplicity of a band is determined by
n, number of magnetically equivalent protons, those that have identical coupling constants to all
others, on the neighboring atom and is given by the quantity n+1. For protons on an atom (A) that
are affected by protons on two different nonequivalent atoms (B and C), multiplicity A in this case
is given by (ng+1)(nc+1) (Willard et al., 1986; Skoog et al., 1998).

Vicinal coupling is a three-bond (3J) coupling that is commonly observed while geminal or two-

bond coupling (%) is less frequent but displays the largest coupling constant 3J in an aliphatic
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region. The presence of electronegative elements directly attached to the same carbon atom
decreases the magnitude of the coupling constants, while the presence of electropositive elements
increases it. The effect is small in chains but more pronounced in rigid systems such as alkenes.
Geminal coupling constants increase by: i) introduction of an electronegative substituent on an
adjacent carbon atom, ii) introduction of an electropositive substituent on the same carbon atom
as the geminally coupled hydrogen’s and iii) having an adjacent n-bond, so that the C-H sigma
orbital can overlap with the n-orbitals of the 7-bond. Conversely, they are decreased by: an increase
in the H-C-H bond angle, introduction of electronegative substituent on the carbon atom as the
geminally coupled hydrogen’s and introduction of an electropositive substituent on an adjacent

carbon atom (Anderson et al., 2004).

Proton (*H) NMR is a powerful and indispensable tool that plays a vital role in identification,
characterization of pure compounds, structure elucidation of biochemical, organic and metal-
organic molecules as well as being utilized for quantitative determination of absorbing species
(Skoog et al., 1998). A *H NMR spectrum gives the number of *H in each molecular environment
since the number of *H nuclei giving rise to the peak are proportional to the area under each peak
(Anderson et al., 2004). & typically ranges between 0-15 ppm since the 6 is influenced only by the
s electron. H & are a measure of electron density with higher chemical shift of that ‘H being
observed when the carbon bearing the proton is attached to a more electronegative group
(Anderson et al., 2004).

Carbon-13 (*3C) has a natural abundance of 1.1% and a nuclear spin of % and gives rise to NMR
signals thus, *C NMR spectroscopy has become important in structure confirmation and
elucidation as it provides information about the backbone of molecules rather than about just the
periphery as in the case of *H NMR (Skoog et al., 1998; Anderson et al., 2004). The effects of
substituents on *3C shifts is not confined to the nearest atom as in *H (Skoog et al., 1998). A
convectional. *C NMR spectrum is referred to as being proton decoupled and consists of chemical
shift against intensity, with one peak for each carbon atom in the molecule. Quaternary carbons
(which have no attached protons) have no nearby nuclei with spin to which they can transfer their
energy, so they don’t have sufficient time to “relax “back to equilibrium before the next pulse is
applied. As a result, their peak intensities are normally reduced compared to other groups for
example, methyl (CHs) (Anderson et al., 2004). The chemical shift of carbon atoms lies between
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0-220 ppm, which translates to less overlap of peaks such that it becomes possible to observe
individual carbon peaks. Deshielding or shielding effects of atoms and groups influences the
chemical shifts in a manner similar to that of protons but do not necessarily match the relative
positions of the corresponding protons in the *H spectrum. Signals of carbon atoms in an alkyl
chain appear at the high-end of the spectrum, about 5 10-30; the greater substitution on a carbon,
the more deshielded the signal. Aromatic carbon atoms usually give rise to signals in the region &
120-140 although the exact chemical shift is affected by the substituents on the ring with EWG or
EDGs leading to different patterns of deshielding or shielding (Anderson et al., 2004). The most
significant effects, regardless of whether the substituent is withdrawing or donating are seen at the
2- (ortho) and the 4- (para) positions with 3- (meta) carbon being rarely affected by more than a
few ppm. Carbonyl carbons with sp? carbon bonded by a m-bond to the highly electronegative O,
have a characteristic chemical shift of 6 160-220, with the aldehyde and ketones being most
deshielded and resonating at 6185-220, while those of carboxylic acids and their derivatives
resonating at 6 160-180 (Anderson et al., 2004).

Two-dimensional, 2D Correlated SpectroscopY (COSY) NMR, presentation makes it possible to
unravel complex spectra, and determines all the coupling interactions in a single experiment. It
permits the presentation of spectra as a function of two independent frequency parameters. These
experiments involve two pulses separated by a variable time period and observation of the free
induction decay signal in a sequence of; pulse, evolution, pulse and detection. In other words, the
data is acquired as a function of time t; just as in 1D NMR, but prior to obtaining this FID signal
the system is normally perturbed by a pulse for a period t: (Willard et al., 1986; Skoog et al., 1998;
Anderson et al., 2004). HH COSY allows correlation of *H shifts of all the coupling partners in
the molecule. The COSY spectrum is symmetrical about the diagonal axis, and the cross-peaks all
appear on either side of the diagonal axis and are symmetrical about it. This symmetry makes
identification of cross peaks easy since the two-coupled peaks (on the diagonal) and the cross-
peaks (off the diagonal) form the four corners of a square. Therefore, for one to determine the
coupling partner for any peak, go down directly vertically or horizontally from any give peak until
a cross-peak is encountered, then going vertically or horizontally from this peak to the diagonal

gives the peak for the coupling partner (Anderson et al., 2004).
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Fluorine-19 (**F) has natural abundance of 100% and a spin of % hence it is NMR-active. 1°F NMR
spectroscopy provides information about fluorine in the molecule. Fluorine absorption is sensitive
to the environment and resulting o extend over a range of 300ppm. Solvent plays more significant

role in determination of the °F peaks than in 'H (Skoog et al., 1998).
2.4.5 X-ray diffraction

X-rays avail a potent technique for the study of crystal structure since they can undergo diffraction
as in the case of visible light. Typically, the ordered arrangement of atoms in a crystal with
interatomic spacing of the order of few angstroms behaves like a three-dimensional diffraction
grating for X-rays. The characteristic difference between a crystal and ordinary grating is that for
the former, the diffracting centers are not in the same plane, crystals act as space grating rather
than plane grating used to study light diffraction. Laue pattern is a grating pattern that consists of
symmetrical pattern of spots, which consists of a central spot surrounded by series of spots
arranged in a definite pattern. According to Bragg, the spots are produced due to reflection of some
incident X-rays from various sets of parallel crystal planes, Bragg’s plane, which contain a large
number of atoms. The Bragg’s law of X-ray diffraction, which governs how reflection takes place
(Equation 7),

2d SIN G = 1LA-mmmmmmm e e e e e e (7)

Where: 0, glancing angle, is the angle between the incident ray and the planes of reflection; d is
interplanar spacing of plane i.e., distance between the same set of planes and n is 1,2, 3 implying
first, second and third order respectively. From Bragg’s law, reflection occurs only for A < 2d

(Kakani & Kakani, 2004).
2.4.6 Elemental Analyses

This is a fundamental quantitative analysis technique of the major elements namely carbon,
hydrogen and nitrogen and fluorine, of an organic substance in new compounds, using either
classical or automated analyzers. The ability to measure these elements accurately is extremely
vital in the characterization and identification of organic compounds, which entails reliable
identification and verification of purity by means of proper organic elemental analysis methods.

The organic compound undergoes oxidative decomposition and subsequent reduction of nitrogen
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and any sulfur oxides followed by formation of final products such as carbon dioxide, water,
elemental nitrogen and sulfur dioxides. Elemental analyses for fluorides in polyfluoroaromatic/
fluorine containing compounds is possible although this requires stringent decomposition
conditions since such compounds are thermally stable and require removal of fluorine as an
interfering elemental in the combustion zone due to aggressiveness of F and HF formed which can

lead to corrosion of the analyzers (Ma & Gutterson, 1970; Fadeeva et al., 2008).
2.5 Electrochemistry

Electrochemistry is a quantitative analytical technique that deals with interconversion of electrical
energy and chemical energy with the principal objective being to study the behavior and reactions
of ions in a variety of environments (Atkins, 1978; Chang, 2005). Therefore, electrochemistry has
been used extensively to study heterogeneous electron transfer kinetics commonly at a metal-
solution interface (Nicholson, 1965; Rackus et al., 2015).

Voltammetry is the most comprehensively used electrochemical technique to access the ground-
state potentials of a complex and as such derive their redox behaviors. It has the ability to probe
the reversibility of the system under study (Wang et al., 2012; Rackus et al., 2015; Arias-Rotondo
et al., 2016). Ideally, a system whose electrochemical equilibrium is always maintained at the
electrode would be deemed reversible if the separation of cathodic and anodic peak potentials is
ca. 60mV (Nicholson, 1965). Derivative voltammetry possesses the distinct advantage in that vital
information seemingly lost in the original current is readily recovered from analysis of the either
1%tor 2" derivatives and can be used to inform on reversibility of the systems. In 1% derivative CV,
analysis of peak potential, peak heights and peak widths can determine satisfactorily whether a

system undergoes reversible, quasi-reversible or irreversible processes (Kim et al., 1993)

Measurements are done using an electrochemical cell comprising of a set of electrodes that act
either as a source of electrons or as a sink (Atkins, 1978). In most cases, a three electrode-system
is used; i) a working electrode (WE) which measures the occurring redox reactions of the analyte
of interest, (ii) a counter electrode (CE) which sets the WE potential, balances the current and is
typically controlled by the potentiostat and (iii) a reference electrode (RE) providing the feedback
of the WE potential to the potentiostat. During measurement, the analyte moves from the bulk
solution to the electric double layer through one or more of the three genres of mass transfer which
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includes; migration, diffusion, and convection. Subsequently, the analyte participates in reduction-
oxidation (redox) reaction due to electric potential, E, that is measured between RE and WE.
Electric potential E, and concentrations of reductants [Red] and oxidants [Ox] vary according to
Nernst relationship shown in Equation 8 (Rackus et al., 2015).

RT In 1ox]

o g &y \Yxy e e
E=E"+ nF [Red] (8)

Where: E = standard potential; E° = the formal potential; R = gas constant; T = temperature; n =
number of electrons transferred; F = Faraday’s constant; [Ox] and [Red] = the surface
concentrations of the oxidized and reduced species at the electrode/solution interface, respectively
(Rackus et al., 2015).

In cyclic voltammetry, E, which is varied with time, is applied between WE and CE and the
resultant current, | measured. Typically, E is swept in a linear cycle at a scan rate v, i.e., rate of
change of potential with time. Initially a forward potential scan is applied and then the direction
of the scan is subsequently reversed at the end of the first scan (first switching potential) and the
potential range is scanned again in the reverse direction and stopped at the final potential (BASi
Epsilon, 2009). As E, becomes increasingly positive the analyte is oxidized and conversely as E
becomes more negative, the analyte is reduced with each step of the redox process being associated
with peak current, i, (Rackus et al., 2015). In the initial forward scan, an increasing oxidizing
potential is applied and as the cathodic peak potential, Eyc is approached, there is a net cathodic
peak current, ipc that increases exponentially with potential. After ipc, current decays due to
depletion of the analyte in the interfacial region. Upon reversal of direction of potential scan the
current continues to decay until potential nears anodic peak potential, Epa at which point there
begins a net reoxidation of the reduced species to analyte which causes an anodic current, ipa (BASI

Epsilon, 2009). Randles-Sevcik equation (9), gives the relationship between ipand v.

1 3 1
i = (2.69 X 10°)ACDZ NZ UZnmmmmmmmmmm oo (9)

Where: A = electrode area; C = concentration of analyte in bulk solution; D = diffusion coefficient

of analyte; n = number of electrons involved in reaction; v = scan rate in V/s
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Consequently, the magnitude of i, can be used for determination of the analyte concentration and
reductive/ oxidative potentials can be used for qualitative identification of the analyte (Rackus et
al., 2015). A typical cyclic voltammogram is shown in Figure 3 where Epa and Epc are anodic and
cathodic potential peaks respectively whereas ipa and ipc are anodic and cathodic current peaks

respectively.
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Figure 3: Cyclic Voltammogram
Source: BASi Epsilon 2009
2.6 Chromatography

Separation of mixtures using chromatographic techniques is an integral part of analytical and
preparative chemistry. The methods include; i) liquid chromatography, LC (in columns or on thin
layers, TLC, or in high-performance liquid chromatograph, HPLC); ii) gas chromatography, GC
(in packed or capillary columns); and iii) specialized ion exchange chromatography, gel
permeation chromatography (GPC), size exclusion chromatography (SEC) and super critical fluid
chromatography (SFC) (Kemp, 1991).

Liquid Column Chromatography is utilized to separate volatile and nonvolatile solutes (Kemp,
1991), and is a strategic technology in analysis and production of value added chemicals, enables
monitoring of changes in the environment through provision of tools able to control emission of
pollutants and determine their distribution and metabolism; and provides a platform for medical

and therapeutics. In column chromatography, separation occurs in a column that has a stationary
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and a mobile phase, which transport a mixture of analytes to be resolved through the column with
subsequent separation of analytes into individual species through selective distribution between
the two phases exiting the column outlet as narrow bands that are then detected (Fadeeva et al.,
2008).

Flash Chromatography is an absorption LC for routine purification of organic compounds which
is an alternative to the traditional gravity column chromatography that is tedious, time consuming
and tends to give poor recovery due to band tailing with the shortcomings being magnified if
samples greater than 1 or 2 g must be separated. It is an air pressure driven hybrid of medium

pressure and short chromatography, optimized for mostly quick separations (Still et al., 1978).
2.7 Mass spectrometry

This analytical technique is utilized since it provides three critical pieces of information: i) to
measure with high accuracy relative molecular masses (molecular weights), from which exact
molecular formulae can be deduced; ii) to detect within the molecule the preferable fragmentation
patterns, from which the presence of recognizable groupings can be inferred; and iii) as a technique
to identify analytes through comparison of their mass spectra with libraries of digitized mass
spectra of known compounds (Kemp, 1991).

MS works on the premise that the instrument generates gas-phase ions, separates them by their
mass-to-charge ratio in an evacuated volume by utilizing an electric field and counts the number
of ions. Solvated analytes are introduced to the MS through a combined inlet/ionization source,
where introduction, desolvation and ionization of the sample are closely related. This solution is
introduced either as effluent from LC or directly via syringe pump (Henderson and Mclindoe,
2005). Conversion of some translational energy of an accelerated ion to internal energy occurs
after collision with residual gas leading to collision-induced dissociation (CID) or CAD (collision-
activated decomposition), with decomposition/fragmentation of the ion being induced by increase
in internal energy. The first step involves the collision between accelerated ions with an immobile
neutral target leading to increased internal energy of the ion, which then rapidly redistributes this
extra energy amongst its vibrational nodes. The second step is much slower and is the unimolecular
fragmentation of the excited ion into product ions and neutral fragment, with their abundance each
mass-to-charge ratio (m/z) values being measured by a detector. Typically, mass resolution
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represents the ability of MS to separate ions of varying m/z, which is represented in the peak’s
sharpness while mass accuracy, is the difference between the calculated mass of an ion and the
observed mass, AM=Mcalculated - Mobserved, EXPressed relative to the observed mass. High resolution
MS (HRMS) provide a mass accuracy of 5ppm or better and as such provide accurate mass data
(Henderson and Mcindoe, 2005).

There exist a number of vaporization and ionization processes such as electron impact (El),
chemical ionization (CI), fast atom bombardment (FAB), matrix assisted laser desorption
ionization (MALDI), electrospray ionization (ESI), field desorption (FD) and secondary ion mass
spectrometry (SIMS). Vaporization process occurs before the ionization except for the case of
electro-spray ionization (Anderson et al., 2004).

Electron Impact (El) is a relatively harsh technique and involves the sample being volatilized into
gas phase by heating in a vacuum, and then bombarded by a stream of electrons in order to cause
ionization of the sample. Chemical ionization (CI) also uses a stream of electrons in the ionization
process. However, a reagent gas such as ammonia or methane, present in high concentrations, is
in this case ionized and not the sample molecules. Cl results in the production of [M + 1]" ion with
little excess energy, hence the fragmentation is less evident than EIl. CI is capable of producing
negatively charged ions unlike EI owing to the presence of high concentrations of the reagent gas
(Anderson et al., 2004).

Fast atom bombardment (FAB) involves bombarding a solution of the analyte in a matrix with a
beam of fast-moving atoms, generally xenon atoms with energy in the range 6-9 keV. FAB can
also generate negatively charged ions and gives [M + 1]* peaks (corresponding to MH™ ion) with
little fragmentation. In negative ion mode the most abundant peaks observed are [M - 1] peaks
corresponding to [M - H]" (Anderson et al., 2004). Matrix assisted laser desorption ionization
(MALDI) uses similar principle to FAB except in this case the energy transferred to the matrix
from a laser beam and the matrix employed must have a chromophore which absorbs at the

wavelength of the laser. (Anderson et al., 2004).

Electrospray ionization (ESI) is a popular soft ionization technique where the analyte is dissolved

in a mixture of an organic solvent (usually methanol or acetonitrile) and water with a pH modifier

(for example, methanoic or ethanoic acid for positive ion model). pH modifier ensures that
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ionization takes place in the solution state, the only common case where ionization occurs before
ion vaporization. Depending on the pH modifier used, ionization takes place by deprotonation or
protonation of the analyte, hence, the molecular species detected is almost exclusively [M + H]*
in positive ion mode and [M - H] in negative ion mode, with both species undergoing very little
fragmentation. ESI’s advantage is that it gives multiply charged ions for large molecules with
many ionizable functional groups, which lowers the m/z ratio thereby allowing determination of
the masses of large molecules without the need for a detector that has a large mass range. On the
other hand, ESI is very sensitive to contaminants in the solvents, particularly alkali metal is such
that ions corresponding to [M + Na]* or [M + NH4]" can be observed. These peaks can often be
used in accurate mass determination using ESI (Anderson et al., 2004). Atmospheric pressure
chemical ionization (APCI) uses similar processes as in Cl, but at atmospheric pressure. The
reagent gas (water) becomes protonated and can act as an acid towards the analyte, leading to the
addition of a proton. The species formed in in positive ion mode is [M + H]* while in negative ion
mode the reagent acts as a base towards the analyte leading to deprotonation and subsequent
formation of [M - H]" (Anderson et al., 2004).

lon mass analysis methods characterize the type of instrument. The most common are: i) magnetic
sector mass spectrometers (and double-focusing mass spectrometers); ii) quadrupole mass filters;
iii) ion trap mass spectrometers; iv) time-of-flight (TOF) spectrometers; and v) ion cyclotron
resonance-Fourier transform (ICR-FT) mass spectrometers (Anderson et al., 2004).

Magnetic sector mass spectrometers (and double-focusing mass spectrometers) utilize a magnetic
field to analyze ions produced in the ion source. Quadrupole mass filters used to provide low-
resolution spectra, have analyzers that consist of two parallel rods providing the quadrupole field
while in ion trap mass spectrometers the quadrupole field is generated within a three-dimensional

cell using a ring electrode and no filtering of the ions occurs (Anderson et al., 2004).

Time-of-flight (TOF) spectrometers generate the mass spectrum by separating ions according to
the time it takes them to reach the detector. The separation takes place in a region without applied
magnetic or electric field, the field-free region. All ions of the same charge are given similar kinetic
energy accelerating them through a known potential difference. If kinetic energy is constant, the
ions with smaller masses have greater velocities hence take shortest time to reach the detector

while those with greater masses travel more slowly and takes longer to reach the detector. lons
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with the same charge will thus reach the detector in order of increasing mass. TOF MS are among
the most sensitive analyzers and can operate up to very high molecular masses (very low velocities)
(Anderson et al., 2004). lon cyclotron resonance-Fourier transform (ICR-FT) mass spectrometers
utilize an ion trap where the ions are trapped within a cell situated within a strong magnetic field
at right angles to the trapping plates. lons in such strong magnetic field undergo ion cyclotron
resonance and move in a circular orbit perpendicular to the magnetic field direction, at a frequency

dependent upon their m/z ratio (Anderson et al., 2004).

The biggest difference between MS of organic and organometallic compounds is the extensive
incidence of polyisotopic elements. Since the MS separates individual ions, if the ion contains one
or more polyisotopic elements it results into a couple of isotope peaks, having distinctive patterns
of spacing and intensities and is dependent on the masses and relative abundance of the isotope in
the ion, the so-called isotope pattern of the ion. Isotope pattern matching involves comparing
theoretical and experimental isotope pattern but experiences difficulties arising due to: i) low
signal-to-noise ratio where the lower intensity isotope pattern vanish into the noise; ii) low
resolution causes overlap of peak which is a problem for high molecular weight species that are
multiply charged; iii) poor calibration; iv) overlap of two patterns arising from competing
ionization pathways are e.g. between oxidation to form [M]* and protonation to form [M+H]* or
the appearance of [M+NH4]" and [M+H+H>QO]*. The best approach to sort this is to promote one
ionization pathway at the expense of the other (for instance, add H+) or look for a different
ionization source all together in this case one can use atmospheric pressure chemical ionization
(APCI) instead of the commonly used electron spray ionization (ESI); v) When two patterns
overlap from different compounds. This is more rare in organometallics than in organics but can
be resolved through separation by either LCMS or GCMS; and vi) When two patterns overlap with
one from [M]”" and the other is from the dimer, [2M] >~ (Henderson and McIndoe, 2005).

2.8 Cyclometalated Iridium(l111) Complexes

Iridium is a heavy atom, platinum group metal with a high atomic number, 77, [Xe] 4f* 5d" 6s2.
The heavy atom offers increased spin-orbital coupling (SOC) in an Ir(111) complex. Formation of
neutral complexes which allows for sublimation in vacuo is facilitated by the stable oxidation state

of Ir(111) (Tian, 2011). Ir(111) d® complexes are usually kinetically inert, low spin, diamagnetic O
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complexes with high stabilization influence of CFSE, 12/5 Ao, the maximum possible for any d*

configuration (Greenwood & Earnshaw, 1998).

The tris cyclometalated iridium complexes are d®, 18-electron complexes, which are remarkably
stable in the ground state. However, upon absorption of photons of the appropriate energy, the
complexes undergo excitation to produce an excited singlet state initially which rapidly relaxes via
spin forbidden intersystem crossing to the long-lived triplet state which has undergone a metal-to-
ligand charge transfer (MLCT) (Li et al., 2014) leading to remarkable photophysical and
photochemical properties. Consequently, the complexes have found use in a number of
applications in diverse fields including being utilized as photocatalysts in removal or addition of
electrons and serving as photosensitizers (Dedeian et al., 2005; Singh et al., 2015; Hofbeck and
Yersin, 2010). The popularity of the molecules arises mainly from the relatively intense emissions
(in terms of color and efficiency), which can be tuned by varying the electronic structures
(utilization of functional groups bearing electron withdrawing and electron donating properties) of
the ligands or combination of different ligands (Felici et al., 2010). The Ir(111) complexes display
high phosphorescence efficiencies and triplet quantum yields as a result of mixing of singlet and
triplet excited states via SOC. Interpretation of the electronic spectra of Ir(111) complexes can be
done using spin allowed d-d bands due to the small 10Dq values required to induce spin pairing.
However the second d-d bands are usually masked by C-T transitions (Greenwood & Earnshaw,
1998).

The majority of Ir(111) complexes developed to date are based on C*N chelating ligands such as 2-
phenylpyridine (ppy), which play a crucial role in modulating the energy of the emissive lowest-
lying triplet excited states such as *MLCT and *n—n* (LC®). By varying the electronic structure
C”N ligand, the phosphorescence of the C*N-chelate Ir(111) complexes can be fine-tuned over the

entire visible region (Bae et al., 2013).
2.9 Photoredox Catalytic Application of Ir(111) Complexes

Catalysis aims at developing novel methods of activating small molecules, with visible light,

photoredox, catalysis being on the forefront. Photocatalysis is based on the premise that photonic

energy is selectively targeted to a specific photon absorbing catalyst, a photocatalyst (PC), which

after excitation induces an accompanying substrate to engage in chemical transformations that

were otherwise inaccessible under thermal conditions. Typical modes by which a PC can convert
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light to chemical energy and simultaneously participate in selective molecule activation include:
i) energy transfer; ii) organometallic excitation; iii) light-induced atom transfer; and iv) photoredox
catalysis (Shaw et al., 2016). When selecting an appropriate PC, factors to consider include: i) PC
stability under reaction conditions; ii) PC’s ability to effectively absorb visible light and to give
and sustain long-lived excited states for SET to occur; and iii) suitable ground- and excited state
redox potentials that facilitate catalysis to proceed. In this regard, Ir(111) and Ru(Il) compounds are
commonly utilized due to their ability to form charge transfer excited states after absorbing visible
light and have long lifetimes (Ochola & Wolf, 2016). Photoredox catalysis entails electron transfer
processes initiated by absorption of a photon by a coordination metal complex or organic dyes
leading to single electron transfer (SET) events. Scheme 5, with organic substrates (Prier et al.,
2013; Arias-Rotondo et al., 2016). Polypyridyl complexes of ruthenium and iridium constitute the

most commonly investigated visible light photocatalysts.

The key step is usually the absorption of a photon by photocatalyst in its ground state leading to
an excited state, which then participates in a chemical reaction (Arias-Rotondo et al., 2016). An
excited electron is promoted from the photocatalyst’s HOMO to its LUMO creating an
intermediate excited state that can be viewed as charge-separated electron-hole pair. This
intermediate can then engage in intermolecular conversions if they contain adequately long enough
emission lifetimes, since the decay to singlet ground state is spin-forbidden, by either filling its
partially occupied d-orbital from an electron-rich donor (D) or donating a high energy electron to
an acceptor (A). These species are the reductive and oxidative quenchers respectively (Skubi et
al., 2016).
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Scheme 5: Single Electron transfer (SET)
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The intermediate is both more oxidizing and more reducing than its corresponding ground state
species and is said to have a dual nature hence redox transformations may proceed via either
reductive or oxidative quenching (Scheme 5), to yield both strong reductant or strong oxidant
respectively. Therefore, in photoredox catalysis, there is formal transfer of electrons with
subsequent formation of reactive radical ions (reduced acceptor A*~and oxidized donor D**) but
only one radical is engaged in any particular transformation with subsequent introduction of a
complementary redox equivalent species to initiate the second electron transfer event which is

paramount for the regeneration of the active state (Skubi et al., 2016).

Redox reactions are associated with radical reactions and traditional strategies such as electrolysis,
photolysis and use of stoichiometric amounts of reductants or oxidants experience disadvantages
such as: waste derived from oxidants and reductants; need for specialized equipment for both
photochemical and electrochemical experiments. In the event that UV light is utilized in photo-
initiating organic reactions the following disadvantages are observed: i) specialized UV reactors
are of high cost and impose serious size constraints; ii) side products formed due to light absorption
by the photo-products and other chromophores of reactants; iii) UV wavelengths for organic
photochemistry are not abundant in the solar spectrum; and iv) they are not feasible on a large

scale and have little impact on industry. Hence, the need for easy, mild, and safe to use protocols
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that afford selective and efficient outputs is enormous and exploiting sunlight/visible light can
easily solve this. As such, redox potentials of the photocatalyst and the organic reactants are vital
in the design of the reaction. (Narayanam and Stephenson 2011; Shi and Xia 2012; Koike and
Akita 2014a; Liu et al., 2016).

When designing or choosing a suitable photocatalyst (PC), the factors to consider include: i) good
absorption cross section such that the PC can absorb over a broad range of wavelengths that the
other species present does not absorb at; ii) the quantum vyield, i.e. the efficiency with which the
reactive species is formed after photon irradiation, of the PC should be high since it affects the
yield of the formed reactive excited state; iii) sufficient long lifetime of the PC so that the reactive
excited state is able to persist as long enough to undergo the expected reaction with the substrate
since lifetimes act as an intrinsic clock of that particular PC; iv) PC should exhibit reversible
electrochemical potentials, there shouldn’t be any photodegradation in the absence of a quencher;
v) ground and excited state redox potentials must provide for an exothermic reaction especially if
electron transfer events are to proceed; and vi) that the PC’s excited-state properties should be easy
to tune through synthetic modifications (Arias-Rotondo et al., 2016).

Photoredox catalysis heavily relies on the redox potentials of the ground-and excited-state hence
cyclic voltammetry comes in handy in establishing these parameters. Reversibility is paramount
and is defined by the difference between cathodic and anodic peak potentials and should be ca.
59mV for a le transfer event although in non-aqueous medium, the value observed is usually
between 70-80mV. Values contrary to these imply that the system is either quasi-reversible or
irreversible. Scheme 5 is a one-electron approximation that shows that the configuration of the
excited state can be obtained through promoting an electron of an occupied orbital in the ground
state to an empty orbital in the excited state. However, this approximation is insufficient in
explaining the chemical nature of the excited state with regards to its potential reactivity, and this
is better illustrated through potential energy surface diagrams, Figure 4, where the parabolic curves
represent the electronic states shown in Scheme 5 bearing in mind electron-electron interactions
and changes in equilibrium geometry. Hence relevant MLCT excited states shown are those

pertinent to photoredox catalysis.

Steady state emission affects photocatalytic ability of a PC as well. In this case, visible light photon

excites the PC into a short-lived singlet excited state (*MLCT), which rapidly decays to a forbidden
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triplet excited state ((MLCT) through intersystem crossing. Emission maxima are used as first-
order approximations of the energy difference between the MLCT and ground state, Eo, which is
associated with highest energy vibrational component of a spectrum at 77K. As mentioned, the
redox activity depends on the redox potentials of both ground- and excited states. However, excited
state potentials cannot be measured directly, rather, they are calculated using the energies of the

excited states and ground state redox potentials.

A MLCT
MLCT

Energy

vibrational relaxation

Nuclear Coordinate (AQ)

Figure 4: Simplified Potential Energy Surface Diagram
Source: Arias-Rotondo et al., 2016

The redox properties of polypyridyl metal complexes can be tuned by altering the ligands attached
to the metal center. Generally, electron-withdrawing substituents on ligands make them easier to
reduce while the metal becomes harder to oxidize. In contrast, with electron-donating substituents
its harder to reduce the ligands and easier to oxidize the metal center. Comparison between Ru(ll)
and the less electron rich Ir(111) makes the latter harder to oxidize (e.g., [Ru(bpy)s]** versus

[Ir(bpy)s]**) while the bpy ligand becomes easily oxidizable (Arias-Rotondo et al., 2016).
2.9.1 Methoxytrifluoromethylation of alkenes

This is an example of a critical chemical transformation that allows selective difunctionalization

of alkenes using visible-light-driven single electron transfer. Halofunctionalization of alkenes

enables the rapid buildup of complex molecules starting from simple alkenes and facilitates a

platform for further functionalization and elaboration (Griffin et al.,, 2017). Organofluorine
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compounds are increasingly vital in agrochemical, material sciences as well as in pharmaceutical
fields. Particularly, the trifluoromethyl (CFs) group is known to influence chemical and metabolic
stability, polarity, membrane permeability, lipophilicity and binding selectivity in biologically
active molecules. Hence new methodologies for highly efficient and selective insertion of CF3
group into diverse skeletal structures have become popular among synthetic chemists (Yasu et al.,
2012; Ochola & Wolf, 2016). Trifluoromethylation can be classified into three modes;
electrophilic, nucleophilic and radical which can be achieved using either Umemoto’s reagent (S-
(trifluoromethyl)dibenzothiophenium  tetrafluoroborate), for electrophilic and radical
transformations, or Togni’s reagent (1-trifluoromethyl-1,2-benziodoxol-3-(1H)-one) as precursors
to the CFzin presence of suitable photoredox catalysts. Selective difunctionalization of alkenes is
a powerful chemical transformation yet only a limited number of reports involving
trifluoromethylation have been published. Additionally, while trifluoromethylation of aromatic
compounds has been extensively researched and effective methodologies established, the
trifluoromethylation of alkenes is still at infancy (Yasu et al., 2012). Studies have demonstrated
that slight differences in structure of PCs have considerable effect on SET between the PC and
substrates such as CF3SO2Cl but don’t affect the rate of final product formation significantly
(Ochola & Wolf, 2016).

2.9.2 Photodegradation of Morin

Morin (2', 3,4', 5,7-pentahydroxyflavone) is a non-toxic flavonoid polyphenolic dye, mainly
present in tea, fruits and vegetables and ideal for studying catalytic processes in laundry detergents
(Wieprecht et al., 2004; Nemanashi and Meijboom 2015). Typically, the catalytic
degradation/oxidation catalysis of Morin and related dyes has been studied under heterogeneous
conditions using manganese oxide nanoparticle (NP) catalysts with H2O; as the oxidant or Au NPs
as a model reaction. The oxidative degradation of Morin can be studied by monitoring the
maximum absorbance of Morin via time resolved UV-Vis spectroscopy. The maximum
absorbance Amax ideally observed at ca. 410nm at pH 10 should decrease with time. Isosbestic
points obtained from the time-resolved spectra are an indication of oxidation of Morin to yield one
product and no side products. Studies have reported the disappearance of these isosbestic which is

attributable to an initiation of a secondary reaction where by the substituted benzofuranone
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decomposes to 2,4-dihydroxybenzoic acid and 2,4,6-trihydroxybenzoic acid (Nemanashi &
Meijboom, 2015).

2.9.3 Photooxidation of Alcohols

Photooxidation of alcohols using visible light potentially allows simple, selective and
environmentally benign access to valuable carbonyls groups such as aldehydes and ketones, which
are key in the manufacture of fine chemicals and intermediates under mild green conditions.
Previous studies have utilized iridium and ruthenium phenyl pyridine complexes using molecular
oxygen as an oxidant while others have utilized metal free conditions under visible light to achieve
the desired transformations (Rueping et al., 2012; Samanta & Biswas, 2015).

2.10 Selective Hydrogenation of 2-Furaldehyde to Furanmethanol and Tetrahydro-2-

furanmethanol

Selective reduction of aldehydes to corresponding alcohols is vital since it furnishes compounds
that are of economic value. In particular, furfural can be selectively hydrogenated to tetrahydro-2-
furanmethanol, which is expensive to manufacture but has potential for use in production of fine

chemicals.

2.10.1 2-Furaldehyde (Furfural)

2-Furaldehyde is produced from agricultural waste biomass that contain pentoses, which are aldose
sugars, composed of small rings formed from short five-member chains, that constitute a class of
complex carbohydrates, present in cellulose of many woody plants such as corn cobs, sugar cane
bagasse, rice and oat hulls etc. Furfural is among the organic compounds derived from biomass
that can replace the crude oil-based organics used in industry. Furfural is a clear, colorless liquid
with a characteristic ‘almondbenzaldehyde’ odor (Brady et al., 2000; Win, 2005).

Furfural is used in production of lubricating oils, specialist adhesives and plastics, and as solvent
in fungicide and weed Kkiller. It is used in the production of furfuryl alcohol, tetra hydro furfuryl
alcohol (THFA), acetyl furane, methyl furane, furoic acid and tetrahydrofuran (THF), an important

industrial solvent. Furfural and hydroxymethylfurfural (HMF) can serve as a building block for
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other potential transportation fuels including dimethylfuran and ethyl levulinate (Win, 2005). The

pathways for production of THFA and other products are shown in Scheme 6.
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Scheme 6: Pathways for production of THFA and Diols from biomass

Hydrogenation of furfural has drawn a lot of interest since it leads to production of THFA, which
has an extensive use as highly versatile, high purity solvent, as a chemical intermediate and due to
its relatively benign nature and the fact that it’s not oil-based, it is regarded as a green solvent in

industrial applications.

The use of heterogeneous catalysts for the synthesis of fine chemicals has become popular.
Hydrogenation reactions of o, B unsaturated aldehydes to produce unsaturated alcohols are of
particular importance and involves the selective catalytic hydrogenation of carbonyl groups in the
presence of olefin groups in a molecule which also contains C=C bond conjugated with the C=0
bond which appears as a difficult task, since almost all metal catalysts usually give saturated
compounds as main products (Reyes et al., 2010). The aim is to hydrogenate the carbonyl group,
keeping intact the olefinic function, in spite of the C=C double bond being easily hydrogenated

over most conventional catalysts to give saturated aldehydes as the primary products (Rojas, 2010).

Various attempts have been carried out in order to improve the selectivity of heterogeneous
supported metal catalysts in these reactions. Different metals and supports have been used to study
the selective hydrogenation of unsaturated compounds. Thus, metals such as Ru, Rh, Co, Pt, Os
and Ir have been studied, showing great differences in activity and selectivity. Metal supported

catalysts have been modified by alloying, by adding promoters, by using strong metal-support
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interaction and by inducing electronic effects. Despite the number of investigations in this field,
there is not an agreement on the nature of the effect, which may have a more significant impact on
the selectivity towards the unsaturated alcohol. Usually, the hydrogenation of furfural is done using
copper chromite as catalyst. However, the toxicity and moderate activity of this catalyst has
motivated the study of other alternative catalysts able to overcome the mentioned difficulties.
Thus, different catalysts, such as, copper supported on activated carbon, Raney Ni, amorphous Ni
alloys, Cu-Zn mixed oxides with Al, Mn and Fe, Cu-MgO and Pt dispersed on different supports
have been used in the hydrogenation of furfural (Reyes et al., 2010). Previous studies have shown
that in the case of furfural hydrogenation, the best results (97 % yield, 100 % conversion, 98 %
selectivity) were obtained in the presence of Ni and Cu. However, this catalytic mixture could not
be recycled. In the case of furfuryl alcohol hydrogenation, there is need to continue searching for
better and efficient systems to catalyze this reaction.

2.10.2 Tetrahydro-2-furanmethanol; Tetrahydrofurfuryl alcohol (THFA)

THFA is one of the promising compounds obtained by the hydrogenation of furfural and an
important building block in the synthesis of polyols. Polyols, especially diols, have direct use as

monomers in the polyester industry (Chatterjee, 2011).

The hydrogenation of furfuryl alcohol (FA) to give tetrahydrofurfuryl alcohol (THFA) is of great
importance, since it’s used as raw material for fine chemical synthesis and widely used as organic
solvent in the production of paint and resins (Song, 2007), but little information is available in this
regard. Studies show that nickel-based catalysts (alloys or Raney-nickel, promoted or supported)
are used for this reaction because of high conversion of FA and high selectivity and yields of
THFA but, drastic pressure and temperature conditions are required. Therefore, nobel metals (lIr,
Pd, Pt and Rh) supported catalysts have been reported to be highly active in hydrogenation
reactions under favorable conditions (Song, 2007; Vetere, 2010).
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Experimental section

All reactions and manipulations were carried out under standard inert atmosphere using Schlenk,
high vacuum line or glove-box techniques. Solvents were dried by standard procedures. All
reagents used were of analytical grade, purity >99%, and were obtained from commercial suppliers
(Sigma-Aldrich, Alfa Aesar, Across, Strem and VWR).

Weighing for solid samples was done on a Sartorius TE 2145 analytical balance while for liquid
samples graduated needles and pipettes were used. Purification was done using flash
chromatography or preparative thin layer chromatography (TLC) on silica gel or silica gel 60 (F2s4)

plates. Percentage yield was calculated based on limiting reagents.
3.1.1 Instrumentation

The melting points for the complexes were determined using a Gallenkamp melting point

apparatus, center of analysis and synthesis, Lund University, Sweden

High resolution mass spectrometer spectral data was obtained from Micromass Q-TOF
spectrophotometer operated either in electrospray ionization (ESI) mode or for some other
complexes, atmospheric pressure chemical ionization (APCI) mode constituting a needle with
5.0kV voltage, a heated capillary temperature of 150°C, and sheath flow N2 gas set at 25 arbitrary
units. The syringe pump was operated at a flow rate between 3-5ul/min. Data was analyzed using

Masslynx software.

NMR analyses for the ligands and complexes were done using deuterated CD2Cl,, C2D.Cls and
CDCls. *H NMR was performed using a Bruker Avance 400 FT-NMR operating at 400.1 MHz
(1H), while *C and 2D COSY NMR was performed using a Bruker 500MHz NMR operating at
499.76 MHz for *H and 125.64 MHz for *C NMR spectroscopy. Multiplicities were abbreviated
as follows: (s) singlet, (d) doublet, (t) triplet, (q) quartet and (m) multiplet.
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UV-VIS and photoluminescence measurements were done on Varian Cary 100 Bio UV-VIS
spectrophotometer and Varian Cary Eclipse fluorescence spectrophotometer, respectively.
Quantum yields and emission lifetimes were measured using home-built epifluorescence
microscope setup connected to CCD camera to measure luminescence intensity and to a time-

correlated single photon counting (TCSPC, Picoharp 300, Picoquant) system.

Electrochemical measurements via cyclic voltammetry were made with EG&G Princeton Applied
Research model 173 potentiostat—galvanostat equipped with a Sefram TGM 164 X-Y recorder.
The measurements were performed using a glassy-carbon electrode as working electrode, with
silver/silver chloride electrode as reference electrode and a platinum electrode as the counter

electrode.

Mikroanalytisches Laboratorium KOLBE(Nachf.), Milheim an der Ruhr, company in Germany
was used to determine the carbon, hydrogen, nitrogen and fluorine content for the iridium

complexes.

Single crystals were analyzed using X-ray Crystallography. Intensity data were collected with an
Oxford Diffraction Excalibur 3 system, using w-scans and Mo-Ka radiation (A = 0.71073 A). The

data were extracted and integrated using Crysalis RED.
3.1.2 Reagents Preparations

In all cases, dry solvents used were obtained from dry solvent dispenser SPS system, MBraun7656

and used without any further manipulations.

Preparation of supporting electrolyte for CV measurements, 0.1M Tetra- (n-butyl)-ammonium
hexafluorophosphate, nBusNPFs, was done by weighing 9.69 g nBusNPFe and dissolving in

CH>Cl in a 250 cm? volumetric flask.

For the photobleaching studies, a stock solution of 2 mM morin was freshly prepared for every
catalytic run by weighing 0.00604 g of sigma morin and dissolving it in a carbonate buffer solution
in a 10 cm®volumetric flask. From this, utilizing the equation C1V1= C2V2, 0.1 mM solution were
made hence 0.5 cm? of the stock solution was diluted further using carbonate buffer solution
diluting to the mark in a 10 cm®volumetric flask. The carbonate buffer solution used for the studies

was made by first diluting 0.2 M NaHCOs, by weighing 1.68 g in 100 cm® H2O and of 0.2 M
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Na>CO3 by weighing 2.12 g in 100 cm® H,0. This was followed by mixing 22.5 cm®of 0.2 M
NaHCOz and 27.5 cm® of 0.2 M NapCOs at pH 10 and diluted to the mark using deionized water
in a 200 cm? volumetric flask. Further, 100 mM HO; stock solution was made from 30% w/w
H20, (30% wi/w implies 30g H2O> per 100 g solution meaning the concentration was 9.79 M).
Hence using C1V1 = C2V2, 1.02 cm?® of H,02 (30%) was pipetted using a micropipette into 100 cm?®
deionized water to make 100 mM H>O- stock solution. From this, 10 mM of the H,O> was made
by pipetting 1 cm?® into 10 cm3 volumetric flask and diluting to the mark with deionized water and
this was subsequently used for the photobleaching reactions where necessary.

3.2 Synthesis of the Ligands

The synthesis protocols for the ligands (L1-L10) are summarized in Scheme 7. The cyclometalating
ligands were synthesized via Suzuki-Miyaura cross-coupling protocol (Miyaura & Suzuki, 1995),
which involves reaction of an aryl halide with aryl boronic acid for Li-Le and 1-chloroisoquinoline
and the appropriate phenylboronic acid for L7-Lio in weak base, catalyzed by soluble palladium
(0) complexes in organic solvents, in a homogeneous catalytic cycle (Tian et al., 2011).

Characterization was done using MS, *H- and **C-NMR spectroscopy.

R
Pd(PPh3)4 OO
Toluene; EtOH
Br 2M N32CO3, / N
X 17+6
Rl
B(OH),
N Pd(PPh), O X
+ —>
N
N Toluene; EtOH 7
Cl R 2M Na2C03;
. 0
12h; 1359C O Ly,
R

Scheme 7: Ligand Synthesis
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3.2.1 Synthesis of 2-(1-Naphthyl) Pyridine (L1)

Naphthalene-1-boronic acid (1.582 g, 9.2 mmol) and tetrakis(triphenylphosphine) palladium (0)
(0.392 g, 4 mol%) were weighed and placed in a two-neck round bottomed flask. 30 cm?® toluene
was added while stirring the mixture at room temperature under nitrogen. 2-Bromopyridine (1.244
g, 7.9 mmol), 20 ml 2 M Na,COsand 10 cm? ethanol were added one after the other. The two main
reagents naphthalene-1-boronic and 2-bromopyridine were weighed to make 1.1 and 1 equivalent
respectively, such that the latter was limiting reagent. The solution was heated to reflux while
stirring for 12 h at 135 °C under inert conditions. The mixture was cooled to room temperature and
extracted three times using 20 cm? ethyl acetate and the organic fraction dried over anhydrous
MgSOy, filtered through a pad of silica and concentrated using a rotary evaporator. TLC confirmed
the product under UV lamp and the residue was purified using flash chromatography on silica gel
with a solvent system of ethyl acetate: hexane (1:3) after which the appropriate portions collected,
dried under vacuum, to give the product. Yield was determined and product confirmed using NMR

spectroscopy and MS.
3.2.2 Synthesis of 2-(1-Naphthyl)-4-methoxy Pyridine (L2)

4-methoxybenzene boronic acid (0.511 g, 3.4 mmol) and tetrakis(triphenylphosphine) palladium
(0) (0.141 g, 4 mol%) were weighed and stirred in 30 cm? toluene at room temperature under
nitrogen. 1-Isoquinoline (0.5 g, 3.1 mmol) together with 20 cm® 2 M Na,COsand 10 cm? ethanol
were added one after the other. The solution was heated under N3 to reflux while stirring for 12 h
at 135 "C. The mixture was cooled to room temperature, extracted three times using 20 ml ethyl
acetate, the organic fraction dried over anhydrous MgSQOyg, filtered through a pad of silica and
concentrated using a rotary evaporator. The residue was purified using flash chromatography on
silica gel with a solvent system of ethyl acetate: hexane in a ratio of 1:3. TLC confirmed the
product under UV lamp and appropriate portions collected, dried under vacuum, to give the

product. Yield was determined, and product confirmed by NMR spectroscopy and MS.
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3.2.3 Synthesis of 2-(1-Naphthyl)-4-trifluoromethyl Pyridine (L3)

The third ligand followed a similar procedure for preparation and purification where naphthalene-
1-boronic acid (0.5 g, 2.9 mmol), 2-bromo-4-trifluoromethy! pyridine (0.597 g, 2.6 mmol) and
tetrakis (triphenylphosphine) palladium (0) (0.122 g, 4 mol%) were weighed and mixed with 30
ml toluene, 20 ml 2 M Na2COgzand 10 ml ethanol and the mixture refluxed under N2 for 12 h. The
product was confirmed using TLC under UV lamp and appropriate portions collected, dried under
vacuum to give the product. Yield was determined, and product was confirmed using NMR

spectroscopy and MS.
3.2.4 Synthesis of 2-(1-Naphthyl)-4-methyl Pyridine (L4)

Naphthalene-1-boronic acid (0.500 g, 2.9 mmol), tetrakis (triphenylphosphine) palladium (0)
(0.1225mg, 4 mol%) and 2-bromo-4-methyl pyridine (0.455 g, 2.6 mmol) were weighed and mixed
in 30 cm® toluene, 20 cm® 2 M Na,COsand 10 cm? ethanol. The solution was refluxed under N2
with stirring for 12 h at 135 °C. Extraction and purification were done in a similar way as preceding
ligands. Product was collected, dried under vacuum, to give the product. Yield was determined

and product confirmed using NMR spectroscopy and MS.
3.2.5 Synthesis of 2-(4-methylnaphthyl)-4-methyl Pyridine (Ls)

4-methylnaphthalene-1-boronic acid (0.500 g, 2.7 mmol), tetrakis (triphenylphosphine) palladium
(0) (0.113 g, 4 mol%) and 2-bromo-4-methyl pyridine (0.420 g, 2.6 mmol) were weighed and
stirred in 30cm? toluene, 20 cm® 2M NaCOsand 10 cm? ethanol. The solution was refluxed under
N with stirring for 12 h at 135 ‘C. Extraction and purification were done in a similar way as
preceding ligands. The product was collected, dried under vacuum, to give the product. Yield was

determined and product confirmed using NMR spectroscopy and MS.
3.2.6 Synthesis of 2-(4-methylnaphthyl) Pyridine (Ls)

4-methylnaphthalene-1-boronic acid (0.500 g, 2.7 mmol), tetrakis (triphenylphosphine) palladium

(0) (0.113 g, 4 mol%) and 2-bromopyridine (0.386 g, 2.4 mmol) were weighed into a two-neck

flask and the solution was refluxed under N with stirring for 12 h at 135 °C. Extraction and

purification were done in a similar way as preceding ligands. The product was collected, dried
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under vacuum, to give the product. Yield was determined and product confirmed using *H NMR

spectroscopy and MS.
3.2.7 Synthesis 4-fluoro-1-phenyl isoquinoline (L7)

4-fluorophenylboronic acid (0.25 g, 1.787 mmol), tetrakis (triphenylphosphine) palladium (0)
(0.192 g, 0.166 mmol) and 1-chloroisoquinoline (0.209 g, 1.276 mmol) were weighed and stirred
in 30 cm? toluene, 20 cm® 2 M Na2COs and 10 cm? ethanol. The solution was refluxed under N2
with stirring for 12 h at 135 °C. Extraction and purification were done in a similar way as preceding
npy-based ligands. The product was collected, dried under vacuum, to give the product Yield was
determined and product confirmed using NMR spectroscopy and MS.

3.2.8 Synthesis 1-phenyl-4-(trifluoromethyl) isoquinoline (Ls)

4-(trifluoromethyl) phenyl boronic acid (0.300 g, 1.58 mmol), tetrakis (triphenylphosphine)
palladium (0) (0.173 g, 0.15 mmol) and 1-chloroisoquinoline (0.185 g, 1.128 mmol) were weighed
and stirred in 30 cm® toluene, 20 cm® 2 M Na2COz and 10 cm® ethanol. The solution was refluxed
under N2 with stirring for 12 h at 135 "C. Extraction and purification were done in a similar way
as preceding ligands. The product was collected, dried under vacuum, give the product. Yield was

determined and product confirmed using NMR spectroscopy and MS.
3.2.9 Synthesis 4-tert-butyl-1-phenyl isoquinoline (Lo)

4-tert-butyl phenylboronic acid (0.178 g, 3.362 mmol), tetrakis (triphenylphosphine) palladium
(0) (0.141 g, 0.222 mmol) and 1-chloroisoquinoline (0.5 g, 3.1 mmol) were weighed and stirred in
30 cm? toluene, 20 cm® 2 M Na2COz and 10 cm? ethanol. The solution was refluxed under N2 with
stirring for 12 h at 135 "C. The product was collected, dried under vacuum, to give the product.

Yield was determined and product confirmed using NMR spectroscopy and MS.
3.2.10 Synthesis 4-methyl-1-phenyl isoquinoline (L1o)

4-p-tolylphenyl boronic acid (0.46 g, 3.36 mmol), tetrakis (triphenylphosphine) palladium (0)
(0.141 g, 0.122 mmol) and 1-chloroisoquinoline (0.5 g, 3.1 mmol) were weighed and stirred in 30
cm? toluene, 20 cm® 2 M Na,COsz and 10 cm? ethanol. The solution was refluxed under N, with
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stirring for 12 h at 135 "C. The product was collected, dried under vacuum, to give the product.

Yield was determined and product confirmed using NMR spectroscopy and MS.
3.3 Characterization of Ligands
3.3.1 Yield determination

Prior to yield determination, for all ligands, the product was dried under vacuum for 12 h then the
actual weight determined by getting the mass of the empty vial and subtracting it from the mass of

vial and product. The percent yield was then calculated using the formula:

% Yield = (actual yield / theoretical yield) X 100 %

Where, theoretical yield = moles of limiting reagent X Molecular weight of product.
3.3.2 Solubility Tests

Solubility test for all the ligands was done by weighing ca. 1 mg of samples into series of test tubes
each containing 2 cm? of solvent such as dichloromethane, trichloromethane, acetonitrile, diethyl
ether and dimethyl sulfoxide etc. The mixture was shaken in the solvent or in some cases gently

heated in an oil bath in consideration of the boiling point of the solvent used or sonicated.
3.3.3 UV/Vis spectroscopy

10 uM samples of select ligands were prepared in CH2Cl, and measured between the ranges of
200 to 800 nm. The excitation wavelength was 200 nm and emission set between 250-600 nm.
Calibration was done with a blank sample in 1 cm path length quartz cell before scanning the

samples.
3.3.4 Mass spectroscopy

Mass spectra were obtained from Q-TOF Micromass spectrometer operated under ESI mode
whose needle voltage was 5.0kV, and capillary temperature of 150 °C. 0.5 cm?® of sample prepared

in chloroform was analyzed and Masslynx software used to analyze data.
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3.3.5 Proton (*H) NMR spectroscopy

1mg of sample was dissolved in 0.5 cm? of deuterated solvent and transferred into an NMR tube.
NMR spectra were obtained and analyzed using Mnova software. *H chemical shifts (8) were
reported in parts per million (ppm) relative to the residual solvent peak and referenced against

trimethyl silane (TMS). Deuterated chloroform, CDClz was used.
3.3.6 Carbon (3*C) NMR spectroscopy

13C NMR spectra were obtained and analyzed using Mnova software. The chemical shifts were
reported in ppm relative to the residual solvent peak and referenced against trimethyl silane

Deuterated chloroform was used.
3.4 Synthesis of Homoleptic Iridium (111) Complexes

The tris homoleptic iridium complexes were synthesized in a one-step using a modified
cyclometalating procedure (Singh et al., 2015), to yield 10 complexes (C-Li1 to C-Lio)
corresponding to the respective ligands. The modifications involved using a Strauss flask and
heating H2O to 205 °C while in literature Parr reactor was used to heat H,O to 260 °C. General
procedure is shown in Scheme 8 for 2-(1-naphthyl) pyridine ligand to yield C-L1 to C-Le and
Scheme 9 for 1-phenyl isoquinoline ligand for C-L7 to C-L1o. These complexes were characterized
by NMR, MS, elemental analysis, and in the case of C1, X-ray diffraction. Photophysical and
electrochemical studies were done using UV-VIS, Photoluminescence (PL), emission lifetimes,

quantum yields and cyclic voltammograms (CV).

Ri
Ri
OO + IrCl; xH,O Na,COj; (6 equiv) ///,
(1 equiv) “ir
Z N > SN AN
| H,0,205°C, 48h | I

>

e thge ane

L;-Lg (12 equiv) Ry

Scheme 8: Cyclometalation; Chemical Structures of C-L1-C-Ls
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N
+ IrCl; xH,O Na,COj; (6 equiv)

(1 equiv)
‘ H,0, 205°C, 48h

R

Scheme 9: Cyclometalation; Chemical Structures of C-L7-C-L1o
3.4.1 Synthesis of tris 2-(1-naphthyl) pyridyl iridium using 2-(1-naphthyl) pyridine (C-L1)

2-(1-naphthyl) pyridine (0.329 g, 1.6 mmol) and Na>COs (0.0846 g, 0.8 mmol) were weighed and
mixed in a Strauss flask, which was evacuated on high vacuum line and filled with argon. This
was taken to the glove box where iridium (111) chloride hydrate (0.0398 g, 0.133 mmol) was
weighed and added. The reagents were 12, 6 and 1 equivalent respectively. 60 cm®deionized water,
which had been degassed by bubbling N2 for 2 hours, was transferred into the flask through canula
using Schlenk techniques. The mixture was then refluxed under N2 while stirring at 205 °C for 48
h. After cooling to room temperature, the mixture was extracted three times with 20 cm® CH,Cl..
The organic phase was filtered through a pad of Celite and concentrated to give a crude product.
Purification was done by flash chromatography through dry loading (where the crude compound
is mixed with silica gel and packed into the column) due to poor solubility of the crude product.
Two solvent systems were used, first a mixture of ethyl acetate: hexane in a 3:1 ratio was used to
isolate the ligand, then the solvent system was then changed to 100 % CH.CI, to isolate the
complex. A red crystalline product was obtained after concentration. The yield was determined,
and the product confirmed using NMR and crystals subsequently grown for further analysis.
Characterization for the complex was done using *H, 3C, and 2D COSY NMR spectroscopy,
HRMS, crystallography and elemental analyses.

3.4.2 Synthesis of tris 2-(1-naphthyl)-4-methoxy pyridyl iridium using 2-(1-naphthyl)-4-
methoxy pyridine (C-Lz2)

Tris 2-(1-naphthyl)-4-methoxy pyridyl iridium was prepared by first weighing 2-(1-naphthyl)-4-
methoxy pyridine (0.35 g, 1.488 mmol) and Na.COz (0.079 g, 0.744 mmol) into a Strauss flask
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and putting them under inert atmosphere then adding IrClz.xH20 (0.037 g, 0.124 mmol) inside the
glove box. 60 cmof N saturated deionized water was transferred into the flask using Schlenk line
and the mixture refluxed for 48 h at 205 "C. Upon cooling, the mixture was extracted thrice using
20 cm? CH,Cl,, the organic phase filtered through a pad of Celite, and concentrated. The residue
was then purified using preparative Thin Layer Chromatography (prep TLC) plates with UV254
organic indicator, using CH2Clz to yield red solid. The red layer was collected, dried, weighed and
NMR done to confirm and check purity of the yield. Characterization for the complex was done
using H, 3C and 2D COSY NMR spectroscopy, HRMS and elemental analyses.

3.4.3 Synthesis of tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium using 2-(1-naphthyl)-
4-trifluoromethyl pyridine (C-Ls3)

Tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium was prepared in a similar procedure as in
section 3.4.1. IrCls.xH.0 (0.032 g, 0.107 mmol), 2-(1-naphthyl)-4-trifluoromethyl pyridine (0.35
g, 1.28 mmol) and Na,COs3 (0.068 g, 0.64 mmol) were weighed and mixed in 60 cm?of N saturated
deionized water and refluxed for 48 h. Purification was done using preparative TLC plates with
UV254 organic indicator in CH2Cl,. Characterization for the complex was done using H, *C, and

2D COSY NMR spectroscopy, HRMS and elemental analyses.

3.4.4 Synthesis of tris 2-(1-naphthyl)-4-methyl pyridyl iridium using 2-(1-naphthyl)-4-methyl
pyridine (C-La4)

Tris 2-(1-naphthyl)-4-methyl pyridyl iridium was synthesized by weighing IrCls.xH.O (0.04 g,
0.133 mmol), followed by of 2-(1-naphthyl)-4-methyl pyridine (0.35 g, 1.6 mmol) and Na;CO3
(0.085 g, 0.8 mmol) in 60 cm3f N, saturated deionized water and reaction, workup and
purification carried out using similar procedure as in section 3.4.3 to yield red solid.
Characterization for the complex was done using *H, *C, and 2D COSY NMR spectroscopy,

HRMS and elemental analyses.

3.4.5 Synthesis of tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium using 2-(4-
methylnaphthyl)-4-methyl Pyridine (C-Ls)

Tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium was synthesized by weighinglrClz.xH>O

(0.0373 g, 0.125 mmol), 2-(4-methylnaphthyl)-4-methyl pyridine (0.35 g, 1.5 mmol), and Na>CO3
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(0.08 g, 0.75 mmol) in 60 cm® of N, saturated deionized water and reaction, workup and
purification carried out using similar procedure as in section 3.4.3 to yield red solid.
Characterization for the complex was done using *H, 3C, and 2D COSY NMR spectroscopy,
HRMS and elemental analyses.

3.4.6 Synthesis of tris 2-(4-methylnaphthyl) pyridyl iridium using 2-(4-methylnaphthyl)
pyridine (C-Ls)

Tris 2-(4-methylnaphthyl) pyridyl iridium was synthesized by weighing and mixing IrCls.xH20
(0.040 g, 0.133 mmol), 2-(4-methylnaphthyl) pyridine (0.350 g, 1.6 mmol), and Na,CO3 (0.085 g,
0.8 mmol) in 60 cm?® of N saturated deionized water and reaction, workup and purification carried
out using similar procedure as in section 3.4.3 to yield red solid. Characterization for the complex

was done using *H, 3C, and 2D COSY NMR spectroscopy, HRMS and elemental analyses.

3.4.7 Synthesis of tris 4-fluoro-1-phenyl isoquinoline iridium using 4-fluoro-1-phenyl

isoquinoline (C-L7)

Tris 4-fluoro-1-phenyl isoquinoline iridium was synthesized by weighing IrClz.xH>O (0.025 g,
0.085 mmol), 4-fluoro-1-phenyl isoquinoline (0.228 g, 1.02 mmol), and Na,COs (0.054 g, 0.51
mmol) in 60 cm?®of N saturated deionized water and reaction, workup and purification carried out
using similar procedure as in section 3.4.3 to yield red solid. Characterization for the complex was

done using *H, *C, and 2D COSY NMR spectroscopy, HRMS and elemental analyses.

3.4.8 Synthesis of tris 4-trifluoromethyl-1-phenylisoquinoline iridium using 1-phenyl-4-
(trifluoromethyl) isoquinoline (C-Ls)

Tris 4-trifluoromethyl-1-phenylisoquinoline iridium was synthesized by weighing IrClz.xH20
(0.0273 g, 0.092 mmol), followed by of 1-phenyl-4-(trifluoromethyl) isoquinoline (0.30 g, 1.1
mmol) and Na,COs (0.058 g,0.55 mmol) in 60 cm?® of N saturated deionized water and reaction,
workup and purification carried out using similar procedure as in section 3.4.3 to yield red solid.
Characterization for the complex was done using H, *C NMR spectroscopy, HRMS and

elemental analyses.
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3.4.9 Synthesis of tris 4-tert-butyl-1-phenyl isoquinoline iridium using 4-tert-butyl-1-phenyl

isoquinoline (C-Lo)

Tris 4-tert-butyl-1-phenyl isoquinoline iridium was synthesized by weighing IrClz.xH20 (0.033 g,
0.112 mmol), followed by of 4-tert-butyl-1-phenyl isoquinoline (0.35 g, 1.34 mmol) and Na;COs
(0.071 g, 0.67 mmol) in 60 cm?® of N, saturated deionized water and reaction, workup and
purification carried out using similar procedure as in section 3.4.3 to yield red solid
Characterization for the complex was done using H, *C NMR spectroscopy, HRMS and

elemental analyses.

3.4.10 Synthesis of tris 4-methyl-1-phenyl isoquinoline iridium using 4-methyl-1-phenyl

isoquinoline (C-L1o)

Tris 4-methyl-1-phenyl isoquinoline iridium was synthesized by weighing IrCls.xH.O (0.040 g,
0.133 mmol), followed by of 4-methyl-1-phenyl isoquinoline (0.35 g, 1.6 mmol) and Na,CO3
(0.085 g, 0.80 mmol) in 60 cm?® of N, saturated deionized water and reaction, workup and
purification carried out using similar procedure as in section 3.4.3 to vyield red solid.
Characterization for the complex was done using H, ¥C NMR spectroscopy, HRMS and

elemental analyses.
3.5 Characterization of Synthesized Complexes
3.5.1 Solubility tests

1mg samples were weighed into different test tubes and various 2 cm? solvents, MeOH, CH.Cl>,
Toluene, Et.O, CH3CN and DMSO used to test the solubility of the complexes. Either shaking the
tubes vigorously checked solubility, heating gently with shaking and/or sonication was done where

necessary.
3.5.2 Melting point determination

The melting points for the complexes were determined using a melting point apparatus. 1 mg of
sample was weighed and put into a sealed capillary tube and inserted into the instrument. The
sample was then subject to gradual heating and any changes noted in the event of melting.
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3.5.3 UV/Vis spectroscopy

10°M sample solutions were prepared for all complexes using CH.Cl, and UV/ Vis spectra
obtained on a Varian Cary 100 Bio spectrophotometer. 1 cm path length quartz curvettes were
used in a double beam spectrophotometer with CH>Cl> placed in the reference cell. The
measurements were done using both UV and Visible range of 200-800 nm. Prior to measurements

the samples were bubbled with nitrogen for 20 minutes.
3.5.4 Photoluminescence spectroscopy

Photoluminescence measurements were done on Varian Cary Eclipse fluorescence
spectrophotometer using 10°M sample solutions of Ir(111) complexes in CH2Clz. 1 cm path length
fluorescence quartz curvettes were used with blank solvent first then the sample solution. The
excitation wavelength was set as the maximum absorption wavelength (Amax) of the MLCT band

for each complex from the UV/Vis absorption spectra.
3.5.5 Quantum yield measurements

The quantum vyields were measured using Laser microscope of 2.5 MHz and 50% power. The
excitation wavelength was set at 485 nm. 1x10° M Ir(11) complex solutions were prepared in
CH2Cl> and degassed using freeze-pump-thaw on the high vacuum line. The solutions were then
transferred in 7 cm? vials with screws and the inert solutions subjected to the laser microscopy.
Solutions, which had not been degassed, were also measured as control. Analysis for quantum

yields was then done using Image J software.
3.5.6 Lifetime measurements

The lifetime and relative luminescence quantum yield measurements were done using home-built
epifluorescence microscope setup connected to CCD (charge-coupled device) camera to measure
luminescence intensity and to a time-correlated single photon counting (TCSPC, Picoharp 300,
Picoquant) system to record luminescence decay. The width of the instrumental response function
for TCSPC was 150 ps. For the measurements, a spectroscopic curvette filled with the sample was
placed in the microscope sample stage and observed with a low magnification objective lens (2X).
Luminescence was excited by 485 nm pulsed diode laser (Picoquant) working at 2.5 MHz
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repetition rate which limited the observation window of the luminescence decay to 400 ns. For
each compound, the degassed solution and air-saturated solutions of the same concentration (1x10°
® M in CH2Cl,) were measured.

The luminescence decay was calculated from the lifetime measured for the air-saturated solutions
(which was much shorter due to quenching of the triplet state by oxygen) and the ratio between
luminescence quantum yield of the degassed ®degassea and air-saturated solution (®air):

_ ¢degassed
Tdegassed = Tair
¢air

Since the excitation conditions and excitation geometry (front face excitation and detection) were
kept the same and the samples were optically thick, the ratio @degassed / @air is equal to the

ratio of the luminescence intensities measured by the microscope camera.
3.5.7 High resolution mass spectroscopy

HRMS spectral data was obtained from Micromass Q-TOF spectrophotometer operated either in
electrospray ionization (ESI) mode or for some other complexes, atmospheric pressure chemical
ionization (APCI) mode constituting a needle with 5.0kV voltage, a heated capillary temperature
of 150°C, and sheath flow N gas set at 25 arbitrary units. The syringe pump was operated at a

flow rate between 3-5 pl/min. Data was analyzed using Masslynx software.
3.5.8 Cyclic voltammetry

Measurements were performed using a glassy-carbon electrode as working electrode, with
silver/silver chloride electrode as reference electrode and a platinum electrode as the counter
electrode. All samples solutions were prepared in CH2Cl, and degassed with nitrogen for 20 min
prior to voltammetric studies. Tetra-(n-butyl)-ammonium hexafluorophosphate, nBusNPFs, (0.1

M in CH2Cl>) was used as supporting electrolyte.
3.5.9 Proton (*H) NMR spectroscopy

Proton NMR for the complexes was done using deuterated C2D>Cl, or CD2Cl,. Chemical shifts
were reported in ppm downfield from TMS (& = 0 ppm) using residual solvent peaks as internal

reference. For all cases, ca. 1mg of sample was diluted in 0.5 cm? of the solvent, sonicated where
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necessary and the measurement done. Multiplicities were abbreviated as follows: (s) singlet, (d)

doublet, (t) triplet, (g) quartet and (m) multiplet.
3.5.10 Carbon (*3*C) NMR spectroscopy

13C NMR was done using the 500MHz NMR operating at 499.76 MHz (*H). Chemical shifts were
reported in ppm downfield from TMS (6 = 0 ppm) using residual solvent peaks as internal

reference.
3.5.11 2D COSY NMR spectroscopy

All 2D NMR measurements were done on the 500 MHz NMR and were done concurrently (i.e.,

for H, C, and COSY) each sample at a time due to correlations involved between *H and *3C.
3.5.12 Elemental analyses

Mikrolab Kolbe Company determined the carbon, hydrogen and nitrogen content for the iridium
complexes. Ca. 0.7 mg of samples were weighed and dried over high vacuum line for 36 h prior

to being sent to Germany for the elemental analyses.
3.5.13 Crystallography (XRD)

The crystals were grown by dissolving in CHCl», filtering the solution using a micro filter then
recrystallizing through vapor diffusion in diethylether to give red-orange crystals. A single crystal
was mounted on a goniometer under a microscope and illuminated with finely focused beam of X-

rays to produce a diffraction pattern, which was analyzed using Mercury software.
3.6 Photoredox Catalysis

The capacity of the six tris-Iridium (I11) complexes C-L: to C-Le as catalysts in a photoredox
mediated synthetic context was investigated using the three-component oxytrifluoromethylation
of alkenes recently developed by Koike and Akita (Yasu et al., 2012). Further, the complexes were
tested in photobleaching tests, which involved photodegradation of Morin and photooxidation of
alcohols where oxidation of benzyl alcohol and 4-methoxybenzyl alcohols into corresponding

aldehydes was attempted.
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3.6.1 Oxytrifluoromethylation of styrene

An oven-dried microwave vial was cooled to room temperature under high vacuum. The vial was
charged with 5-(trifluoromethyl)dibenzothiophenium tetrafluoroborate (Scheme 10) (Umemoto’s
reagent) (0.042 g, 1.1 equiv), catalyst (C-L1 to C-Le) (0.5 mol%) and styrene (0.010 4 g, 0.1 mmol),
which had been filtered over a pad of basic Al.Oz prior to addition. The microwave vial was sealed
and carefully degassed in 3 vacuum/nitrogen cycles. A 3 freeze-pump-thaw degassed (3 cycles)
mixture of MeOH (0.2 cm®) and CH.Cl, (1.8 cm?) was added. The reaction mixture was irradiated
using blue LED light strip (7 W) at a distance of 2 cm under stirring for 4 hours. The vial was
opened and the internal standard trimethoxybenzene was added. The reaction mixture with the
internal standard was briefly stirred and subsequently transferred into a NMR tube equipped with
a sealed D,O capillary, which was used for locking and shimming of the spectrometer. The yield
was determined using 128 scans with relaxation time of 60 sec. The yield was reported based on
the integration of the most upfield signals (2.27 and 2.43 ppm) of the product. The experiments
were performed twice and the conversions and yields were reported as average values. The control
reaction was doing the reaction using Ir(ppy)s under the present conditions and comparing with

the results from previous studies.

Umemoto's reagent
9 OMe ! :

(1.1 equiv) ! CF !

©/\ catalyst (0.5 mol %) ©)\/CF3 ! S ’ BF? '
- : @ :

CH,Cl,/MeOH (9/1) | O O !

4 h, RT, ! :

blue LED light — TTTTmTmmmmmmmmmmmmeme

Scheme 10: Three-component Oxytrifluoromethylation of Styrene
3.6.2 Photocatalytic degradation/bleaching of Morin

Catalytic evaluation of the Ir (111) complexes was further studied via the oxidative degradation of
Morin with visible blue LED lights (470 nm). The catalytic runs were performed in 1 cm? glass
curvettes. The reactions were carried out in carbonate buffer. Calibration of the pH meter was done
using pH 4.00 and pH 10.01 standard solutions. Before using the pH meter, pH 7 solution would

be used to check if the meter was still calibrated.
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The catalyst was prepared by weighing 0.3mg of the photocatalyst (C-L1 to C-Le) and dissolved
in 10 cm? of the carbonate buffer followed by sonication. For all the complexes used the range
used was 3.0-3.7x10° M.

The reaction was initiated by mixing the photocatalyst (500 ul), 0.1 mM freshly prepared Morin
solution (500 pl). Time resolved UV/Vis spectra was then taken at t=0, then after every 1 min,
after having illuminated the curvette with 470 nm visible light for 15-20 mins. Control experiments
were performed by adding H202 (100 pul) into the reaction mixture then taking the UV/Vis spectra
from 0 to 90 mins at a 10 min interval without the visible light and also with the visible light

component. For all the runs, the reference cell contained the carbonate buffer.
3.6.3 Photooxidation of alcohols

The photocatalytic activity of the six Ir(I1l) complexes, C-L:-C-Le, was further investigated by
utilizing them in photooxidation of alcohols into corresponding aldehydes specifically benzyl

alcohol and 4-methoxybenzyl alcohol.
3.6.3.1 Photooxidation of Phenylmethanol (benzyl alcohol, BnOH)

In a microwave vial, the photoredox catalyst (1 mol%, 0.001 mmol), and phenylmethanol (1
equiv., 0.2 mmol) were dissolved in acetonitrile (1 cm®) and ethyl viologen (1.2 equiv., 0.24 mmol)
added into the mixture as shown in Scheme 11. The mixture was purged with N2, and H20. (10
equiv.) added under inert conditions. The reaction was then stirred under irradiation with light
source (blue light, distance ca. 0.5 cm) for 48 h. The reaction was quenched with MnO., then
filtered through a pad of silica and cotton wool and analyzed by GC. Yields were related to internal
standard, toluene. Several optimization reactions were carried out varying the solvent, amount of
catalysts, reaction time and temperatures. With time, the lamp was also changed from white lamp
to blue LED lights (A= 470 nm) and all the results compared to determine the optimal conditions

for the reaction.
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MeCN
Scheme 11: Photooxidation of Phenylmethanol

3.6.3.2 Photooxidation of (4-Methoxyphenyl)methanol

A similar procedure as that in section 3.6.3.1 was followed where, the photoredox catalyst (1 mol
%, 0.001 mmol), (4-Methoxyphenyl)methanol (1 equiv., 0.2 mmol) was dissolved in acetonitrile
(1 cm®) and ethyl viologen (1.2 equiv., 0.24 mmol) added into the mixture. The reaction was then
stirred under irradiation with blue LED lights (A= 470nm), at a distance ca. 0.5 cm from the vial
for 48 h. The reaction was quenched with MnOy, then filtered through a pad of silica and cotton

wool and analyzed by GC. Yields were related to internal standard, toluene.
3.7 Hydrogenation of Furfural to THFA

The photocatalysts C-L1 to C-Ls (1 mol%), 10 mmol of the substrate were mixed with 2 cm? of
solvent (CH3sCN) in a long glass vial and put in an autoclave where the mixture was purged with
H> (5 bar) three times as shown in Scheme 12. The chamber was then filled with 50 bar H> and
then completely sealed. The reaction was then stirred at this hydrogen pressure at 100 °C for 24 h.
After cooling, n-tridecane, CH3(CH2)1:CHs, which was the internal standard, was added, the

mixture micro filtered into a vial and analyzed with GC. Yields were calculated from

chromatograms.
/ \ Catalyst = 1 mol % / \ Catalyst = 1 mol % (>\'
_ > _ =
0" | HyMeCN; 0" | HyMeCN; O o
O 481;80°C FFA 48 h; 80°C THFA
FURFURAL

Scheme 12: Hydrogenation of Furfural to THFA
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CHAPTER FOUR
RESULTS AND DISCUSSIONS
4.1 Synthesis of Ligands

A series of ten (10) ligands was prepared, six (Li-Le) of which were based on naphthalene moiety
while the other four (L7- L1o) were on isoquinoline moiety in order to compare their properties due

to the similar structure
4.1.1 2-(1-Naphthyl) Pyridine (L1)

2-(1-Naphthyl) Pyridine, C1sH1:N, molecular weight 205.2600, was the first unsubstituted ligand
synthesized as per Section 3.2.1 and as shown in Scheme 13. Ninety two percent (1 g, 92%) yield

was obtained, and it was determined to be soluble in polar organic solvents.

oY ey ¢ OO
/N 7

B(OH), Br

2-(1-Naphthyl) pyridine

Scheme 13: Synthesis of 2-(1-Naphthyl) Pyridine

High-resolution mass spectrometer data for L1 obtained by electron spray ionization ESI, showed
that the observed HRMS-ESI+ (m/z): [M+H]" of parent ion, which was 206.0950, corresponded
with the calculated mass for CisH12N, 206.0970 as shown in Figure 5 suggesting the formulation
of L.
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Figure 5: Mass spectrum for 2-(1-naphthyl) pyridine

A notable fragmentation peak is that at 411.1901 probably arising from the dimerization of the
ligand. Figure 6 shows the major fragmentations of L: that corresponded to the expected

formulations of this ligand.

UV-VIS measurements of the 2-(1-Naphthyl) Pyridine gave intense UV absorption bands below
300 nm with a Amax 0f 294 nm. This was assigned to spin allowed intraligand (IL) or ligand-centered
(*LC) n-m* transition of the conjugated m system confirming it was a pure ligand with no metal

coordinated to it.

NMR was used to confirm the structure of all the ligands in this study. Figure 6 shows the *H NMR
spectrum for L1, which had 11 distinct peaks after integration, corresponding to the 11 protons on

the ligand.
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Figure 6: *H NMR Spectrum for 2-(1-naphthyl) pyridine

The chemical shifts for proton were found to be: *H NMR (400 MHz, Chloroform-d) & 8.81 (ddd,
J=4.9 1.9, 1.0 Hz, 1H), 8.11 (dd, J = 8.5, 1.3 Hz, 1H), 7.93 (dt, J = 7.2, 1.3 Hz, 2H), 7.82 (td, J
=7.7,1.8 Hz, 1H), 7.63 — 7.54 (m, 3H), 7.54 — 7.46 (m, 2H), 7.33 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H).
This suggested that compound synthesized maybe 2-(1-naphthyl) pyridine (L1). All the chemical
shifts were shifted to the left (downfield), occurring between 7.33-8.81 ppm, corresponding to the
aromatic region of the naphthyl-pyridine rings. Electronegativity of the nitrogen atom pulls the
electron density towards itself from the neighboring carbon atoms hence the most deshielded
proton is Ha since it is ortho to N on the pyridine ring (on C6 as numbered in Scheme 16) at 5=8.81

ppm and this is consistent with literature values of similar complexes (Tian, 2011).

In 3C NMR, 15 distinct peaks were observed corresponding to 15 carbons on the ligand as
presented; *C NMR (101 MHz, CDCls) § 159.27, 149.56, 138.51, 136.44, 133.96, 131.18, 128.93,
128.39, 127.51, 126.52, 125.90, 125.62, 125.33, 125.09, 122.06. In this ligand carbon C2 and C6
were the most deshielded due to the electronegativity of nitrogen with C2 being more deshielded

with & = 159.27 than C6 with § =149.56. The 3C NMR spectrum is given in the Appendix1.1 and
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this confirms that synthesized compound was L1 since the data matches with the theoretically

expected number of peaks.

The data from HRMS, UV-VIS, *H and *C NMR confirmed the synthesis of 2-(1-naphthyl)
pyridine.

The proposed mechanism for the synthesis of L1 is shown in Scheme 14A and 14B, entailing
oxidative addition (OA) where palladium is oxidized from Pd(0) to Pd(Il). It’s been reported that
oxidative addition is the rate-determining step and it proceeded by forming a complex between the
Pd(0) catalyst and the first reagent, 2-bromopyridine. In the transmetallation step, the second
reagent, the naphthyl-1-boronic acid was added with the loss of Br-B(OH)2 moiety to generate a
Pd(Il) species, which became a Pd electrophile and performs a transmetallation on the

organometallic component to form a di organopalladium (11) intermediate.

Presence of a base is a requirement for the coupling to happen since it aids in formation of a four-
coordinate “ate” complex, which is required to facilitate efficient transfer of organic moiety from
the organoboronic species to the metal center (Lennox & Lloyd-Jones, 2013). This then undergoes
a reductive elimination to form the new C-C bond between the pyridine and naphthyl group or
between phenyl and isoquinoline to give 2-(1-naphthyl) pyridine or 1-phenylisoginoline ligand,
which is reductively eliminated, and the catalyst regenerated and returns to Pd(0) oxidation state,
thereby obeying the 18-electron rule. It can be concluded that the reaction mechanism follows

Scheme 14A and 14B which agreed with Suzuki reactions.
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Scheme 14: A) Concerted Mechanism B) Schematic Representation of Suzuki Coupling for

Ligands

4.1.2 2-(1-Naphthyl)-4-methoxy Pyridine (npy-OMe) (L2)

2-(1-Naphthyl)-4-methoxy pyridine, C16H13NO, molecular weight 235.2860, was synthesized as

described in Section 3.2.2 by introducing a strong electron-donating group, methoxy, on the para

position of the pyridine ring, Scheme 15. The methoxy group has two competing effects; it can be

an EDG through resonance within the conjugated ring where the lone pair on oxygen delocalizes
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and increases electron density to the system making it electron rich and affects properties of the
ligand especially the chemical shift values, which were upfield as compared to the unsubstituted

ligand. Methoxy can also act as EWG inductively through sigma bonds due to the electronegative

oxygen.
MeO
+ ) N Pd(PPhy), ©
/N 7
B(OH), Br

2-(1-Naphthyl)-4-methoxy pyridine

Scheme 15: Synthesis of 2-(1-Naphthyl)-4-MethoxyPyridine

Ninety percent (0.644 g, 90%) yield was obtained and the product was soluble in polar solvents.
The structure of the L, was confirmed from mass spectrometer since the calculated peak for parent
ion HRMS-APCI (m/z): [M+H]" for C16H1sNO, 236.1075 corresponded to the observed peak,

236.1078 as shown in Figure 7, which confirmed the expected fragmentations of the ligand.

100- 236.1078

0,
%

237.1110

262 1595 417 0837
0840822 — 4n 20764972598 ™
50 100 150 200 250 300 350 400 450 500 550 600

Figure 7: Mass Spectrum for 2-(1-Naphthyl)-4-Methoxy Pyridine

The fragmentation peak at 471.2076 is notable as well probably arising from the dimerization of
the ligand.

UV-VIS measurements of the 2-(1-naphthyl)-4-methoxy pyridine gave intense UV absorption
bands below 300 nm with a Amax 0f 269 nm. This was assigned to spin allowed intraligand (IL) or
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ligand-centered (*LC) n-n* transition of the conjugated m system. This confirmed it was a ligand

without metal coordination and as consistent with literature (Tian, 2011).

Figure 8 shows the *H NMR for L. with the three chemically equivalent protons in the methoxy
group being observed at §=3.90 ppm. The proton NMR shifts were as follows: *H NMR (400 MHz,
CDCl3) 8 8.59 (d, J = 5.7 Hz, 1H), 8.15 (dd, J = 8.5, 0.9 Hz, 1H), 7.87 (d, J = 8.2 Hz, 1H), 7.70 —
7.64 (m, 3H), 7.61 (dd, J =5.7, 0.6 Hz, 1H), 7.53 (ddd, J = 8.3, 6.9, 1.3 Hz, 1H), 7.09 — 7.03 (m,
2H), 3.90 (s, 3H) and the data suggested synthesis of 2-(1-naphthyl)-4-methoxypyridine.

The chemical shift occurring at 3.90 ppm was due to the electronegative oxygen shielding the

protons from the external magnetic field, Po.
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Figure 8: *H NMR Spectrum for 2-(1-Naphthyl)-4-Methoxy Pyridine

The most deshielded proton (6= 8.59 ppm), on C6 consistent with numbering in Scheme 19 was
upfield shifted in comparison to unsubstituted L1, 5= 8.81 ppm, due to the electron donation of the
O in methoxy group into the ring via resonance whereas the protons ortho to the methoxy group,
on C3 &= 7.09 and C5 6= 7.03 ppm, were shifted slightly upfield 7.09-7.03 ppm as compared to

L1 and this was consistent with literature, which shows that protons ortho to an EDG portray
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distinct upfield shift (Reich & Reich, 2018). There are 10 chemical shifts (6= 8.59 -7.04 ppm)
corresponding to 10 protons in the aromatic region of naphthalene and pyridine rings. From the
work done by Hasan et al., 2015 it was found that methoxy substituent shifts spectrum upfield due
to electron donation and this was consistent with the results from this work.

In ¥C NMR, 16 distinct peaks were observed corresponding to 16 carbons on the ligand as
presented; *C NMR (101 MHz, CDCls) 6 160.49, 160.13, 142.32, 137.04, 132.22, 131.41, 130.03,
127.76, 127.16, 127.09, 126.84, 119.64, 113.91, 55.52, 31.71, 22.78. The *C NMR spectrum is
given in the Appendix 1.2 arising from expected L. shifts. Carbon C4 which is directly attached
to methoxy was the most shifted to the left (deshielded) with 6 =160.49 ppm due to the resonance
effect of the oxygen as compared to that of Li. This was closely followed by carbon C6 with &
=160.13 ppm due to the deshielding effect of the electronegative nitrogen. This ligand followed a
similar concerted mechanism for Suzuki coupling as shown in Scheme 14A. The MS, UV-VIS,

'H and *C NMR spectroscopy data confirmed the synthesis of 2-(1-naphthyl)-4-methoxy pyridine.
4.1.3 2-(1-naphthyl)-4-trifluoromethylpyridine (npy-CF3) (L3)

2-(1-naphthyl)-4-trifluoromethyl pyridine, CisHi0F3N, molecular weight 273.2582, Scheme 16,
was synthesized by introducing trifluoromethyl group, a strong electron withdrawing group on the
para position of the pyridine ring as summarized in Section 3.2.3. Ninety seven percent (0.750 g,

97%) yield was obtained and was soluble in polar solvents.

PO, PdePhy), ()
+ —_—
PORS T
1
B(OH), Br FsC X

2-(1-naphthyl)-4-trifluoromethylpyridine

Scheme 16: Synthesis of 2-(1-naphthyl)-4-trifluoromethyl pyridine

In contrast to Lo, -CFs group withdraws electron density from the system making it electron

deficient and affects the chemical shifts values, which were downfield shifted as compared to L.
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The structure of the Lz was confirmed where the calculated peak for parent ion HRMS-APCI (m/z):
[M+H]* for C1sH11F3N, 274.0799 corresponded to the observed peak 274.0847 as illustrated on
Figure 9.

. 274.0847
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075.0877
547 1617
] 236.1074/276 0909
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Figure 9: Mass Spectrum for 2-(1-naphthyl)-4-trifluoromethylpyridine

The fragmentation peak at 547.1617 was notable probably arising from the dimerization of the

ligand. The data confirmed the expected fragmentations of the ligand.

UV-VIS measurements of the 2-(1-naphthyl)-4-trifluoromethyl pyridine gave intense UV
absorption bands below 300 nm with a Amax of 294 nm. This was assigned to spin allowed

intraligand (IL) or ligand-centered (*LC) n-n* transition of the conjugated m system.

The proton NMR shifts were as follows: *H NMR (400 MHz, CDClz) § 8.99 (d, J = 5.1 Hz, 2H),
8.07 — 8.03 (m, 2H), 7.99 — 7.92 (m, 4H), 7.83 (s, 2H), 7.64 — 7.49 (m, 5H) which corresponds to
the spectrum in Figure 10 that showed 10 peaks in the only aromatic region since there were no
other peaks, suggesting synthesis of 2-(1-naphthyl)-4-trifluoromethyl pyridine. The proton on the
C6 in the pyridine ring, & = 8.99 ppm, was the most downfield shifted as compared to L1 6 = 8.81
ppm by + 0.18 ppm due to the electronegative trifluoromethyl substituent which removes electron

density from ring leading to deshielding.
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Figure 10: *H NMR Spectrum for 2-(1-naphthyl)-4-trifluoromethyl pyridine

The protons ortho to the EWG (C3, C5) should be shifted downfield this was observed in Lz where
a downfield shift of 6= 7.64 and 7.49 ppm respectively, was recorded as compared to L1 and Lo.
In 3C NMR, 16 distinct peaks were observed corresponding to 16 carbons on the ligand as
presented. 13C NMR (101 MHz, CDClz) § 160.88, 150.65, 137.23, 134.11, 130.98, 129.87, 128.69,
128.01, 127.10, 126.31, 125.41, 125.17, 120.75, 120.71, 117.73, 117.70 was in agreement of the
theoretically expected Lz peaks and the spectrum is given in the Appendix 1.3. Carbon C4, which
is directly attached to trifluoromethyl group, had 6 =134.11 was shifted to the right due to the
bulkiness of the -CFs and the its ability to act as an electron donating group inductively although
its an EWG. C2 and C6 were the most deshielded to due the electronegativity of nitrogen with C2
being more deshielded with §=160.88 ppm than C6 with & =150.65 ppm. The MS, UV-VIS, H
and **C NMR data confirmed the synthesis of 2-(1-naphthyl)-4-trifluoromethyl pyridine.

4.1.4 2-(1-Naphthyl)-4-methyl Pyridine (L4)

2-(1-Naphthyl)-4-methyl pyridine, CieH1sN, molecular weight 219.2870, Scheme 17, was

synthesized from npy by introducing a methyl group, a weak electron donating group in the para
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position of the pyridine ring as described in Section 3.2.4, giving ninety seven percent (0.589 g,
97%) yield, which was soluble in polar organic solvents. As expected, the chemical shifts were

upfield shifted in comparison to L.

Me | N Pd(PPh;), OO
+ —_—
OO 2N

~Z N
]

B(OH), Br Me "X
2-(1-naphthyl)-4-methylpyridine
Scheme 17: Synthesis for 2-(1-Naphthyl)-4-methylpyridine

The structure of the L4 was confirmed where the calculated mass of the peak of the parent ion
HRMS-APCI (m/z): [M+H]" 220.1082 corresponded with the observed 220.1126, as shown in
Figure 11 conforming to the expected fragmentation pattern of the molecule. Another notable
fragmentation peak is that at 439.2172 probably arising from the dimerization of the ligand.
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Figure 11: Mass Spectrum for 2-(1-Naphthyl)-4-methylpyridine

The proton NMR shifts were as follows: *H NMR (400 MHz, CDCls) § 8.66 (dd, J = 5.1, 0.8 Hz,
1H), 8.12 — 8.08 (m, 1H), 7.93 — 7.88 (m, 2H), 7.63 — 7.51 (m, 2H), 7.53 — 7.45 (m, 2H), 7.41 (dq,
J=1.7,0.8Hz, 1H), 7.16 (ddd, J =5.1, 1.7, 0.8 Hz, 1H), 2.44 (s, 3H), suggesting the synthesis of
2-(1-naphthyl)-4-methyl pyridine and the spectrum on is shown in Figure 12.
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Figure 12: 'H NMR Spectrum for 2-(1-Naphthyl)-4-methylpyridine

The methyl protons were quite shielded giving a singlet due to chemical equivalency at 6= 2.45
ppm, since methyl is a weak electron donating group. The proton on the C6 in the pyridine ring, &
= 8.66 ppm, was the upfield as compared to L1 6 = 8.81 ppm by -0.15 ppm. The aromatic protons
lay between 6= 8.66-7.16 ppm and they were shielded more than those in L; and Lz due to the
presence of weak electron donating group but deshielded more than L>. This is because in Lz, -CF3
is a stronger electron withdrawing group than methyl group, which is electron withdrawing
through anisotropy hence more deshielded than La. Alkyl groups exhibit anisotropic effects, which
could make them behave as if they are weakly electron withdrawing through anisotropy. This was
consitent with report by Reich and Reich (2018). Comparing L> and L4 shows the effect of the
stronger EDG in L2 i.e. -OMe since proton proximal to N is more shielded in L2 (6=8.59 ppm) than
L4 (6=8.66 ppm). Similar to Lo, the protons ortho to the methyl group were upfield shifted due to
the influence of EDG on that position as reported by Reich and Reich (2018).

Carbon 13 gave the corresponding 16 C peaks as shown; *C NMR (101 MHz, CDCls3) & 159.16,
149.32, 147.56, 138.72, 133.99, 131.33, 128.82, 128.38, 127.40, 126.46, 126.00, 125.88, 125.78,
125.34, 123.11, 21.24 again suggesting synthesis of L4 with the spectrum given in the Appendix
1.4. Carbon C4, which is directly attached to methyl group, had 6 =149.32 ppm was shifted to the
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left as compared to that of L1 since alkyl groups can act as weakly electron withdrawing. C2 and
C6 were the most deshielded due to the electronegativity of nitrogen with C2 being more
deshielded with 6=159.16 than C6 with 6 =149.32 with these values being comparable to those of
Li. The MS H and *C NMR data suggested the synthesis of 2-(1-naphthyl)-4-trifluoromethyl
pyridine.

The MS, *H and *C NMR data confirmed the synthesis of 2-(1-naphthyl)-4-methyl pyridine.
4.1.5 2-(4-methylnaphthyl)-4-methyl Pyridine (npy-Mez) (Ls)

2-(4-methylnaphthyl)-4-methyl pyridine, C17H1sN, molecular weight 233.3140, Scheme 18, was
synthesized by substituting two methyl groups on the pyridine and naphthyl ring as described in
Section 3.2.5. A ninety percent (0.532 g, 90%) yield was obtained and the product was soluble in

polar solvents.

Me M
Me N Pd(PPh;), e
: —
DOR®
2N
B(OH), Br S

Me

2-(-4-methyl naphthyl)-4-methylpyridine

Scheme 18: Synthesis of 2-(4-methylnaphthyl)-4-methyl pyridine

The structure of the Ls was confirmed where the calculated mass of the peak of the parent ion
HRMS-APCI (m/z): [M+H]" 234.1283 corresponded with the observed 234.1284, as shown in

Figure 13 conforming to the expected fragmentation pattern of the molecule.

80



2341284

100-
8‘9'
467.2490
220 1124 i ol
4 1361254 453.2329
0-184.0823 N < | 4692542 556 27219/_Z
WAL BARM | /

bighAd R ALY RALEN |ARA RAALY AR Bt hd id REALY RhAAL LRALY pALRY BAARA KA RELE hdohd LRI LAY LAbAY b
50 100 150 200 250 300 350 400 450 500 550 600
Figure 13: Mass Spectrum for 2-(4-methylnaphthyl)-4-methyl Pyridine

Another notable fragmentation peak is that at 467.490 probably arising from the dimerization of

the ligand.

The proton NMR spectrum for Ls gave the following chemical shifts values: *H NMR (400 MHz,
CDCls) 6 8.64 (dd, J =5.0, 0.8 Hz, 1H), 8.08 (dddd, J = 11.9, 8.4, 1.4, 0.7 Hz, 2H), 7.54 (ddd, J =
8.3, 6.8, 1.4 Hz, 1H), 7.51 — 7.45 (m, 2H), 7.41 — 7.38 (m, 2H), 7.14 (ddd, J = 5.1, 1.7, 0.8 Hz,
1H), 2.75 (d, J = 0.9 Hz, 3H), 2.44 (d, J = 0.8 Hz, 3H), corresponding to the spectrum shown in
Figure 14 and suggesting the synthesis of 2-(4-methylnaphthyl)-4-methyl pyridine. It has two
distinctive peaks upfield, corresponding to the two-methyl substitutions, with the three protons on
each methyl being chemically equivalent. One of the peaks, on the naphthyl ring is slightly
deshielded than that on pyridine ring due to resonance. Further, there are nine distinct chemical

shifts downfield corresponding to the protons in the aromatic region of the ligand.

Once again considering the proton proximal to the nitrogen in the pyridine ring shows the effect
of EDG since it is shielded, 8.64 ppm when compared to L; 8.81 ppm and Lz 8.99 ppm but
deshielded with comparison to L, 8.59 ppm. For the same proton there is a negligible difference
of 0.02 ppm when compared to L4, which has the same group on the same position. The protons
on the ortho position of the methyl group on both rings are upfield, which is consistent with the
work by Reich and Reich (2018).
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Figure 14: *H NMR Spectrum for 2-(4-methylnaphthyl)-4-methyl Pyridine

Carbon 13 gave the expected 17 peaks for the carbons in Ls and data summarized as follows: *C
NMR (101 MHz, CDCl3) & 159.52, 149.36, 147.49, 137.27, 135.13, 133.07, 131.43, 127.15,
126.45, 126.23, 126.12, 126.10, 125.76, 124.50, 122.97, 21.31, 19.85 suggesting the synthesis of
2-(4-methylnaphthyl)-4-methyl pyridine with the spectrum given in the Appendix 1.5. Carbon C4
had 6 =149.36 ppm was shifted to the left as compared to that of L1 since alkyl groups can act as
weakly electron withdrawing. C2 and C6 were the most deshielded to due the electronegativity of
nitrogen with C2 being more deshielded with 6=159.52 ppm than C6 with 6 =149.36 ppm with

these values being comparable to those of L..

The MS, *H and *C NMR data confirmed the synthesis of 2-(4-methylnaphthyl)-4-methyl
pyridine.

4.1.6 2-(4-methylnaphthyl) Pyridine (Me-npy) (Ls)

2-(4-methylnaphthyl) pyridine, C1sH13N, molecular weight 219.2870, was prepared by introducing
a methyl group on para position of the naphthyl ring as described in Section 3.2.6 to form a Me-
npy shown in Scheme 19. A ninety two percent (0.542 g, 96%) yield was obtained and the product

was soluble in polar solvents.
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Scheme 19: Synthesis of 2-(4-methylnaphthyl) Pyridine

The structure of the Les was confirmed where the calculated mass of the peak of the parent ion
HRMS-APCI (m/z): [M+H]" 220.1126 corresponded with the observed 220.1127, as shown in
Figure 15 conforming to the expected fragmentation pattern of the molecule. Another notable
fragmentation peak is that at 439.2176 probably arising from the dimerization of the ligand.
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Figure 15: Mass Spectrum for 2-(4-methylnaphthyl) pyridine

The proton NMR for Me-npy gave the following chemical shifts values: *H NMR (400 MHz,
CDCl3) 6 8.80 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H), 8.14 —8.05 (m, 2H), 7.81 (td, J = 7.7, 1.8 Hz, 1H),
7.59 — 7.45 (m, 4H), 7.41 (dd, J = 7.2, 0.8 Hz, 1H), 7.32 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H), 2.76 (d, J
= 0.8 Hz, 3H) corresponding to spectrum shown in Figure 16, which exhibited a distinct singlet
upfield at 6= 2.76 ppm that corresponded to the three protons of the methyl group. These protons
are deshielded when compared to L4 due to resonance in the naphthyl ring. The remaining aromatic
protons’ chemical shifts were in the range of 8.84-7.32 ppm. Here, the proton proximal to nitrogen

has comparable chemicals shifts (56 = 8.80 ppm) with L1 (6 = 8.81 ppm) due to absence of
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substituents on the pyridine ring with the proton ortho to the methyl group being shielded (Reich
& Reich, 2018).
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Figure 16: *H NMR Spectrum for 2-(4-methylnaphthyl) Pyridine

Carbon 13 gave the expected 16 peaks for the carbons in L and data summarized as follows *C
NMR (101 MHz, CDCl3) 6 159.16, 149.32, 147.56, 138.72, 133.99, 131.33, 128.82, 128.38,
127.40, 126.46, 126.00, 125.88, 125.78, 125.34, 123.11, 21.24 confirming L6. The *C NMR
spectrum is given in the Appendix 1.6. Carbon C4 had & =147.56 ppm was shifted to the left as
compared to that of L1 due to alkyl group, which can act as weakly electron withdrawing. C2 and
C6 were still the most deshielded due to the electronegativity of nitrogen with C2 being more
deshielded with 6=159.16 ppm than C6 with & =149.32 ppm with these values being comparable
to those of L1. The MS, *H and *3C NMR data confirmed the synthesis of 2-(4-methylnaphthyl)
pyridine.

4.1.7 4-Fluoro-1-phenyl isoquinoline (Pig-F) (L7)

4-Fluoro-1-phenyl isoquinoline, CisHioFN, molecular weight 223.2450, was prepared by
introducing a fluoro group on para position of the phenyl ring attached to isoquinoline backbone

as described in Section 3.2.7 to form a Pig-F shown in Scheme 20.
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Scheme 20: Synthesis of 4-fluoro-1-phenyl isoquinoline

Eighty four percent (0.239 g, 84%) yield was obtained and the product was soluble in polar
solvents. Its note worth that the yields of L7-Lio were comparatively lower than for Li-Le due to
the use of 1-chloroisoquinoline (Ar-Cl) as starting material. The reactivity of Ar-Cl as compared
to other halides is usually lower in Suzuki protocols under same conditions. The electronegativity
decreases down the group as the atomic radius increases making the reactivity to increase down
the group in the order Ar-1> Ar-Br > Ar-Cl (Tian, 2011). With respect to displacement of halides,

Cl is harder to displace than Br and | hence the low yields.

The structure of the Pig-F was confirmed where the calculated mass of the peak of the parent ion
HRMS-APCI (m/z): [M+H]" 224.0831 corresponded with the observed 224.0878, as shown in
Figure 17 conforming to the expected fragmentation pattern of the molecule. A notable

fragmentation peak was that at 206.0969 corresponding to the loss of the -F group.

100- 224.0878
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Figure 17: Mass Spectrum for 1-(4-fluorophenyl) isoquinoline
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The proton NMR for Pig-F gave the following chemical shifts values as shown in Figure 18: *H
NMR (400 MHz, CDCls) 6 8.67 (d, J =5.7 Hz, 1H), 8.14 (d, J = 8.5 Hz, 1H), 7.97 (d, J = 8.2 Hz,
1H), 7.77 (ddd, J = 15.4, 8.4, 3.8 Hz, 4H), 7.68 — 7.60 (m, 1H), 7.35 — 7.28 (m, 2H). The low field
compared to other protons all in the aromatic region. This was consistent to similar compounds in
literature (Tian, 2011).

RN-L7-23-1c
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Figure 18: *H NMR Spectrum for 1-(4-fluorophenyl) isoquinoline

Tian (2011) reported the CH-N i.e., on carbon C3 doublet in unsubstituted 1-phenyl isoquinoline,
is usually deshielded at 8.80 ppm. In our case the introduction of F group in the phenyl ring led to

an upfield shift to 8.67 ppm.

The MS, H and *C NMR spectroscopy data confirmed the synthesis of 4-fluoro-1-phenyl

isoquinoline.
4.1.8 4-Trifluoromethyl-1-phenylisoquinoline (Pig-CFs3) (Ls)

4-Trifluoromethyl-1-phenyl isoquinoline, CigHi0FsN, molecular weight 273.2525, was prepared
by introducing a trifluoromethyl group on para position of the phenyl ring attached to isoquinoline
backbone as described in Section 3.2.8 to form Pig-CFz shown in Scheme 21. Eighty three percent

(0.341 g, 83%) yield was obtained and the product was soluble in polar solvents.
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4-trifluoromethyl-1-phenyl isoquinoline

Scheme 21: Synthesis of 4-trifluoromethyl-1-phenyl isoquinoline

The structure of the Pig-CFz was confirmed where the calculated mass of the peak of the parent
ion HRMS-APCI (m/z): [M+H]" 274.0799 corresponded with the observed 274.0847, as shown in
Figure 19 conforming to the expected fragmentation pattern of the molecule.
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Figure 19: Mass spectrum 4-trifluoromethyl-1-phenyl isoquinoline

The proton NMR for Pig-CF3 gave the following chemical shifts values as shown in Figure 20: H
NMR (400 MHz, CDCls) 6 8.66 (d, J = 5.7 Hz, 1H), 8.09 - 8.01 (m, 1H), 7.95 (d, J = 8.2 Hz, 1H),
7.89 — 7.80 (m, 4H), 7.79 — 7.70 (m, 2H), 7.60 (ddd, J = 8.3, 6.9, 1.2 Hz, 1H) suggesting the

synthesis of 4-trifluoromethyl-1-phenyl isoquinoline.
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Figure 20: *H NMR Spectrum for 4-trifluoromethyl-1-phenyl isoquinoline

The MS, H and *C NMR spectroscopy data confirmed the synthesis of 4-trifluoromethyl-1-

phenyl isoquinoline.
4.1.9 4-Tert-butyl-1-phenyl isoquinoline (Pig-tBus) (Lo)

4-tert-butyl-1-phenyl isoquinoline, Ci9H19N, molecular weight 261.3609, was prepared by
introducing a bulky 4-tert-butyl EDG group on para position of the phenyl ring attached to
isoquinoline backbone as described in Section 3.2.9 to form a Pig-tBuz shown in Scheme 22. Sixty

five percent (0.518 g, 65%) yield was obtained and the product was soluble in polar solvents.

Me
Me Me O o
- N

Y . PA(PPhy),

s %

| (OH), Me
Me” “Me

4-tert-butyl-1-phenyl 1soquinoline

Scheme 22: Synthesis of 4-tert-butyl-1-phenyl isoquinoline
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The structure of the Pig-tBus was confirmed where the calculated mass of the peak of the parent
ion HRMS-APCI (m/z): [M+H]* 262.1551corresponded with the observed 262.1596, as shown in

Figure 21 conforming to the expected fragmentation pattern of the molecule.

100- 262.1596
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Figure 21: Mass Spectrum for 4-tert-butyl-1-phenyl isoquinoline

The proton NMR for Pig-tBus gave the following chemical shifts values as shown in Figure 22:
'H NMR (400 MHz, CDCls) & 8.63 (d, J = 5.7 Hz, 1H), 8.21 (dd, J = 8.5, 0.7 Hz, 1H), 7.90 (d, J
=8.2 Hz, 1H), 7.69 (tdd, J = 9.8, 7.3, 3.4 Hz, 4H), 7.60 — 7.53 (m, 3H), 1.43 (s, 9H).

RN-L10-33b
FIQ-tBu
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Figure 22: *H NMR Spectrum for 4-tert-butyl-1-phenyl isoquinoline
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The MS, H and ¥C NMR spectroscopy data confirmed the synthesis of 4-tert-butyl-1-phenyl

isoquinoline.
4.1.10 4-Methyl-1-phenyl isoquinoline (Pig-Me) (L10)

4-methyl-1-phenyl isoquinoline, CisHisN, molecular weight 219.2811, was prepared by
introducing a methyl group on para position of the phenyl ring attached to isoquinoline backbone
as described in Section 3.2.10 to form a Pig-Me shown in Scheme 23. Eighty nine percent (0.593

g, 89%) yield was obtained and the product was soluble in polar solvents.

\
Me IO »
=

N Pd(PPh;)4
—_—

| (OH),
Me

4-methyl-1-phenyl isoquinoline
Scheme 23: Synthesis of 4-methyl-1-phenyl isoquinoline

The structure of the Lio was confirmed where the calculated mass of the peak of the parent ion
HRMS-APCI (m/z): [M+H]" 220.1082 corresponded with the observed 220.1130, as shown in

Figure 23 conforming to the expected fragmentation pattern of the molecule.
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Figure 23: Mass Spectrum for 4-methyl-1-phenyl isoquinoline

The proton NMR for Pig-Me gave the following chemical shifts values: *H NMR (400 MHz,
CDCl3) 6 8.62 (d, J = 5.7 Hz, 1H), 8.16 (d, J = 8.5 Hz, 1H), 7.90 (d, J = 8.1 Hz, 1H), 7.70 (t, J =
7.5 Hz, 1H), 7.66 — 7.60 (m, 3H), 7.55 (t, J = 7.7 Hz, 1H), 7.37 (d, J = 8.2 Hz, 2H), 2.49 (s, 3H)

confirming 4-methyl-1-phenyl isoquinoline as shown in Figure 24.
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Figure 24: 'H NMR Spectrum for 4-methyl-1-phenyl isoquinoline

The MS, *H and *C NMR data confirmed the synthesis of 4-methyl-1-phenyl isoquinoline.
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4.2 Synthesis of tris cyclometalated homoleptic Ir (111) complexes

Ten tris homoleptic iridium(ll) complexes, C-L:-C-Lig, from each of the ten ligands were

synthesized using the modified cyclometalation protocols as explained in section 3.4.
4.2.1 Tris 2-(1-naphthyl) pyridyl iridium (C-L1); Ir(npy)s

Tris 2-(1-naphthyl) pyridyl iridium, C4sHzolrNs, molecular weight 804.9730, was synthesized from
npy (L1) as described in Section 3.4.1 and is shown in Scheme 24. Forty four percent (0.047 g,
44%) yield as red crystals was obtained.

A
(A L
e ;
+ IrCl; xH,0 Na,CO, O‘ I

a s Ir
| | SN \N N
) ge
2-(1-Naphthyl) Pyridine Tris 2-(1-naphthyl) pyridyl iridium

Scheme 24: Structure for tris 2-(1-naphthyl) pyridyl iridium

The solubility tests showed that the complex was not completely soluble in various solvents such
as MeOH, CH3CN, and DMSO even when heated or sonicated but was sufficiently soluble in
CHCl2 and C2H2Cla.

Therefore, CH2Cl, was used for subsequent studies such as photophysical and electrochemical
measurements. C-L1 was found to be air-stable, had high melting point (>300°C), indicative of
their thermal stability which was consistent with literature values of similar complexes (Tian,
2011).

The structure of the C-L1 was suggested by HRMS. The calculated peak for parent ion obtained
through Time of flight high-resolution mass spectroscopy; HRMS-ESI+ (m/z): [M+H]" for
CasHs1IrNswas 805.2069 and corresponded to the observed peak 805.2081 as illustrated in Figure
25.
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Figure 25: Mass Spectrum for tris 2-(1-naphthyl) pyridyl iridium

The fragmentation peak at 601.1263 was notable and corresponded to the complex after it had lost

one ligand. The fragmentation patterns confirmed the expected formulations of the complexes.

The photophysical properties of C-L1 were determined via UV-VIS spectroscopy and fluorescence
spectroscopy as shown in Figure 26. The maximum absorption wavelength (Amax) for C1 was
observed to be 410 nm was used as the excitation wavelength for the fluorescence measurement
giving emission maxima of 591 nm qualifying the specificity of this complex, C-L1 behaving as a
chromophore. The absorption and emission Amax values proved that the ligand had coordinated

with the Ir center.
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Figure 26: UV-VIS and PL Spectra for tris 2-(1-naphthyl) pyridyl iridium

From the UV-VIS spectrum, low energy absorption bands at ca. 348 nm were observed and
ascribed to spin-allowed metal-to-ligand charge transfer transition (*MLCT) in which an electron

is promoted from a metal d orbital to a vacant * orbital on one of the ligands. The CT transition
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are more likely to be MLCT than LMCT since the former occurs if the metal is in an oxidation
state that allows it to be easily oxidized while the latter occurs if the metal is in an oxidation state
that allows it to be easily reduced (House, 2018). The absorption above 400 nm with minimal
extinction coefficient (usually 10-100M*cm™) could be attributed to *z-n* and *MLCT d - n*
transitions. Second band d-d transitions, which could be masked by the charge transfer transitions,
can also be observed in this range albeit at low intensity with very low molar extinction coefficients
since they are Laporte forbidden but are allowed due to SOC and vibronic coupling owing to their
relatively low energy of transition. For C-L1 d-d transition corresponded to 410 nm with 10Dq
value of 24390 cm™. These observations were consistent with literature values of similar
compounds (Greenwood & Earnshaw, 1998; Ulbricht, 2009; Pandey et al., 2010; House, 2018).

The proton NMR of C-L; gave chemical shift values as: *H NMR (500 MHz, C2D2Cls) & 8.43 (d,
J=8.7Hz, 1H), 8.35 (d, J = 8.9 Hz, 1H), 7.66 — 7.56 (m, 2H), 7.46 (dd, J = 5.6, 1.0 Hz, 1H), 7.38
(ddd, J=8.5, 6.8, 1.5 Hz, 1H), 7.23 (ddd, J = 7.9, 6.8, 1.0 Hz, 1H), 7.07 (d, J = 8.3 Hz, 1H), 6.96
(d,J=8.3Hz, 1H), 6.83 (ddd, J =7.2,5.5, 1.2 Hz, 1H) corresponding to Figure 27 and confirming
C-L:. The Carbon six (C6) value in C-Ly shifted from 8.81 ppm in the ligand to 8.43 ppm in the
complex due to coordination effect arising from C-H activation and subsequent cyclometalation.
There were 10 peaks since all the ligands are chemically equivalent hence only one set of ten

peaks, instead of eleven, Figure 6, as in the case of L; is observed.

Typically, homoleptic complexes tend to form facile complexes which, was evidenced by lack of
isomers and subsequence chemical equivalency of the 3 C~N ligands in proton NMR spectroscopy
due to C3 symmetry as opposed to meridional complexes which leads to formation of isomers.
Similar to its respective ligand, electronegativity of the nitrogen atom created a deshielding effect
of the proton ortho to N on the pyridine ring (on C6) at 5=8.43 ppm and this is consistent with
literature values of similar complexes (Tian, 2011) although it was shifted upfield as compared to
the ligand 6=8.81 ppm. This could be due to pi- back bonding/synergic bonding, where metal
center receives electrons from the ligand into its empty d orbitals making it electron rich thus back-
donates these electrons into the pi-antibonding orbitals of the ligand causing an upfield shift, &
8.43-6.83 ppm.
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Figure 27: 'H NMR Spectrum for tris 2-(1-naphthyl) pyridyl iridium

Carbon 13 gave 15 non-equivalent peaks: 3C NMR (126 MHz, C2D2Cls) § 168.13, 167.09, 148.05,
137.31, 136.95, 136.38, 132.18, 130.77, 129.73, 129.21, 126.35, 123.34, 122.43, 122.16, 121.5
suggesting the synthesis of tris 2-(1-naphthyl) pyridy! iridium and the 3C NMR spectrum is given
in the Appendix 1.7. C2 and C6 were still the most deshielded to due the electronegativity of
nitrogen with C2 being more deshielded with 6= 168.13 ppm than C6 with 6 =167.09 ppm with
these values being more deshielded than L1 showing the effects of the Ir metal center.

2D COSY NMR was used to further characterize where correlations between mutually coupled

protons was established in the complex and the spectrum is given in the Appendix 1.8.

The elemental analysis for (C-L1) showed that the calculated values CssHz0lrN3: C, 67.14; H, 3.76;
N, 5.22 corresponded with the observed values of 67.11; H, 3.72; N, 5.25 suggesting the purity
and composition of tris 2-(1-naphthyl) pyridyl iridium.

A single crystal for C1 was successfully grown and its structure elucidated from XRD cf Figure
28.
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Figure 28: Crystal Structure for tris 2-(1-naphthyl) pyridyl iridium

The atom labeling corresponded with the crystal structure (Figure 28). The vital bond angles and
cyclic bond lengths of the C and N atoms around the Ir center are: Ir-N1, 2.09(1); Ir-N2 2.14(1);
Ir-N3, 2.13(1); Ir-C7, 2.03(1); Ir-C22, 2.00(2); Ir-C37, 2.03(1); Ir-N1-C1, 125(1); Ir-N1-C5,
119(1); Ir-N2-C16, 127(1); Ir-N2-C20, 116.3(9); Ir-N3-C31, 126(1); Ir-N3-C35, 115.3(9); N1-Ir-
N2, 96.4(4); N1-1r-N3, 95.8(4); N2-1r-N3, 99.2(4). All the bond angles for the complex are
summarized Appendix 4. This showed that the complex had a facial arrangement of the non-
polymeric, three-cyclometalating ligands around the iridium center, through bidentate chelation
with a 2-fold rotation axis proved that tris 2-(1-naphthyl) pyridyl iridium is octahedral structure
complex. Moreover, *H NMR shifts was also found to be consistent with a facial structure, which
corresponded to the number of coupled spins being equal to those of the protons on one ligand

since all the 3 ligands are magnetically equivalent.

The HRMS, 'H 3C and 2D COSY NMR spectroscopy, elemental analysis and XRD data
confirmed the synthesis of tris 2-(1-naphthyl) pyridyl iridium.

4.2.2 Tris 2-(1-naphthyl)-4-methoxy pyridyl iridium (C-L2); Ir(npy-OMe)s

Tris 2-(1-naphthyl)-4-methoxy pyridyl iridium, CagHssIrN3O3z, molecular weight 895.2386, was
synthesized from npy-OMe as described in Section 3.4.2 and shown in Scheme 25. Fifty percent
(0.055 g, 50%) yield of red powder was obtained. The complex was found to be soluble in
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halogenated solvents such as CH>Cl, and C2H.Cls, and it was both air and thermally stable since
it had a melting point of >300 °C. C-L> had better solubility than C-L1, which was consistent with
studies that have shown that addition of alkyl groups in the ancillary ligands of heteroleptic Ir(l11)
complexes can serve to improve the solubility of complexes in organic solvents (Tian, 2011).

+ IrCl; xH,O Na,CO4

Z>N ’
|

MeO X

Tris 2-(1-naphthyl)-4-methoxy pyridyl iridium
2-(1-Naphthyl)-4-methoxy Pyridine

Scheme 25: Structure for tris 2-(1-naphthyl)-4-methoxy pyridyl iridium

The structure of the C-L2 was confirmed where the calculated peak for parent ion obtained through
time of flight high-resolution mass spectroscopy; HRMS-ESI+ (m/z): [M+H]" for C4gHs7IrN3Os
was 896.2419 and corresponded to the observed peak 896.2465 as illustrated in Figure 29.
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Figure 29: HRMS Spectrum for tris 2-(1-naphthyl)-4-methoxy pyridyl iridium

The fragmentation peak at 661.1471 was notable and corresponded to the complex after it had lost

one ligand. The fragmentation patterns confirm the expected formulations of the complexes.

The photochemistry of Ir(npy-OMe)s as illustrated in Figure 30, gave Amax as 418 nm and
subsequently after excitation at this A, the emission for the complex was found to be 610 nm,

qualifying the specificity of this complex, C-L> behaving as a chromophore. The Amax values proved
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coordination with Ir(111) and were consistent with the expected literature values since substitution
with electron donating methoxy group, albeit on the phenyl ring, should cause a red-shift of the

emission energy (Hasan et al., 2015).
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Figure 30: UV-VIS and PL spectra for tris 2-(1-naphthyl)-4-methoxy pyridyl iridium

The 343nm absorption bands are ascribed to spin-allowed metal-to-ligand charge transfer
transition (MLCT) while the 418 nm band was ascribed to spin—orbit coupling (SOC) enhanced d-
d transitions with a corresponding 10Dq value 23923 cm™.

The methoxy electron donating group raised the energy of the HOMO level hence reduced the
HOMO-LUMO gap which led the emission to be red shifted to 610nm. This was consistent with
reports in complexes based on the 2-phenylpyridine ligand that the HOMO level is strongly
affected by substituents in the phenyl ring where the EDG raises the energy level of the HOMO
hence reducing the HOMO-LUMO gap while EWG lowers HOMO level hence increasing the gap
(Okada et al., 2005; Hasan et al., 2015).

The proton NMR of C-L2 gave chemical shift values as: *H NMR (500 MHz, C2D2Cl4) § 8.92 —
8.88 (m, 1H), 8.16 (d, J = 8.8 Hz, 1H), 7.79 — 7.73 (m, 1H), 7.67 — 7.63 (m, 2H), 7.36 (d, J = 6.2
Hz, 1H), 7.11 (d, J = 6.2 Hz, 1H), 6.54 (dd, J = 8.8, 2.8 Hz, 1H), 6.47 (d, J = 2.8 Hz, 1H), 3.56 (s,
3H), corresponding to Figure 31, gave a sharp singlet upfield at 6= 3.56 ppm corresponding to the
methoxy protons.
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Figure 31: *H NMR Spectrum for tris 2-(1-naphthyl)-4-methoxy pyridyl iridium

The rest were observed as a set of nine chemically non-equivalent aromatic protons between 8.92-
6.47 ppm as compared to 10 protons on npy-OMe. In C-L», the chemical shift values were
deshielded with the most downfield value being 8.92 ppm in comparison to 8.43 ppm in C-Lq,
which was not expected and contradicted the observed pattern of the ligands (L1 Vvs. L2). The strong
electron donating methoxy group was expected to increase the electron density of the system
leading to upfield shifts. However, downfield shifts were observed and this could be attributed to
steric hindrances caused by the bulky -OMe group having a greater influence where steric
compression forces protons to be close to each other and this typically leads to deshielding
according to literature (Reich & Reich, 2018).

Carbon 13 gave 16 chemically non-equivalent peaks of the ligand as shown: **C NMR (126 MHz,
C2D2Cls) & 168.30, 167.34, 161.19, 140.33, 138.95, 137.21, 131.99, 130.68, 127.98, 127.89,
127.50, 126.61, 121.32, 119.70, 106.40. The & were not affected by the steric hindrances as
observed in *H NMRspectrum. The *C and COSY NMR spectra are given in Appendix 1.9 and
Appendix 1.10 respectively with COSY giving correlations of mutually coupled protons in the
complex and these suggested the synthesis of tris 2-(1-naphthyl)-4-methoxy pyridyl iridium.
Carbon C4 which is directly attached to methoxy was the most deshielded with 6 =168.30 ppm
due to the resonance effect of the oxygen. This was closely followed by carbon C2 with 6 =167.34
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ppm and C6 with 6 =161.19 ppm due to the deshielding effect of the electronegative nitrogen.

These carbons were more deshielded than L2 showing the effects of the Ir metal center.

The elemental analysis for C-L. showed that the calculated values C, 64.41; H, 4.05; N, 4.69
corresponded with the observed values of C, 64.69; H, 4.41; N, 4.34 suggesting the purity and
composition of tris 2-(1-naphthyl)-4-methoxy pyridyl iridium.

C-L> did not form appropriate crystals for XRD.

The HRMS, UV-Vis, H BC and 2D COSY NMR spectroscopy and elemental analysis data
confirmed the synthesis of tris 2-(1-naphthyl)-4-methoxy pyridyl iridium.

4.2.3 Tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium (C-Ls3); Ir(npy-CFs)3

Tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium, CagH27F9lrN3, molecular weight 1008.9676,
was synthesized as described in Section 3.4.3 and as shown in Scheme 26. Thirty nine percent
(0.042 g, 39%) red powder yield was obtained. The complex was air-stable with a melting point
of >300°C.

CF3

(O O
+ IrCl; xH,0 Na,CO4 N O
1., , ‘\\\\\
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2-(1-Naphthyl)-4-trifluoromethyl Pyridine Tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium

Scheme 26: Structure for tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium

The HRMS of Ir(npy-CF3)z given in Figure 32 showed the main fragment to be m/z 274au which
corresponds to a single ligand npy-CFs while the zoomed version Figure 33, showed the observed
[M+H]* 1010.18 of the parent ion to correspond to the calculated mass of 1010. As summarized
HRMS-ESI+ (m/z): [M+H]" calc for CagH2sFalrNs, 1010.1724; found, 1010.1780.
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Figure 32: HRMS Spectrum for tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium

100. 10101780
990 1934
1003 2367
1004 2398
V4
9911850 4000 2090
“ 999 2455._ ] t l l
olull lll‘l] INENREREN Lil .
900 995 1000 1005 1010 1015 1020

Figure 33: HRMS Spectrum for tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium

The absorption Amax for C-Lz as shown in Figure 34 was 435 nm and the emission corresponding

to this excitation was found to be 603 nm qualifying the specificity of this complex, C-Lsbehaving

as a chromophore. The 351 nm absorption bands are ascribed to spin-allowed metal-to-ligand

charge transfer transition (MLCT) while the 435 nm band was ascribed to spin—orbit coupling

(SOC) enhanced d-d transitions with the corresponding 10Dq value 22988 cm™, which was

consistent with allowed d-d transitions for Ir(111) complexes bearing strong field ligands reported

in literature (Pandey et al., 2010).
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Figure 34: UV-VIS and PL for tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium

C-Lsemission was blue shifted as compared to C-L> (610 nm) by 7 nm and this is consistent with
its electron withdrawing nature. However, when compared to C-L1 (591 nm) it is red shifted by 12

nm and this could be due to the inductive effects of CFz when it mimics CHz (Nagai et al., 1991).

The proton NMR of C-L3 gave chemical shift values as: *H NMR (500 MHz, C2D,Cls) & 8.73 (s,
1H), 8.50 (d, J = 8.5 Hz, 1H), 7.87 (d, J = 5.8 Hz, 1H), 7.77 (d, J = 8.3 Hz, 1H), 7.56 (d, J = 7.0
Hz, 1H), 7.39 (t, J = 7.0 Hz, 1H), 7.25 (d, J = 8.2 Hz, 1H), 7.14 (d, J = 5.9 Hz, 1H), 7.04 (d, J =
8.3 Hz, 1H) corresponding to the spectrum shown in Figure 35, exhibited a set of 10 peaks that
were all chemically non-equivalent and corresponded to the aromatic protons with the values &=
8.7-7.04 ppm. This suggested the synthesis of tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl

iridium.

C-L3 & were shifted downfield as compared to C-Li, which is expected due to the electron
withdrawing effects of CFs. When compared to C-L., it was shifted upfield, which was unexpected
since C-L> had an -OMe EDG substituent with less steric effect than CFz hence C-L> should have
been more shielded. Therefore, the deviation could be attributed to CF3’s ability to display “mimic
effect” where the steric requirement for F is similar to H hence CF3 ends up behaving like CHz (an
electron donor) thus the upfield shift (Nagai et al., 1991). In addition, CF3 is also known to have
inductive-only nature (Coppo et al., 2004). Moreover, the synergic bonding of the metal center
here could serve to increase the electron density in the system, which had been depleted by EWG

hence the upfield shift as compared to the corresponding ligand.
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Figure 35: 'H NMR Spectrum for tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium

The C-13 NMR of C-L3 gave chemical shift values as: *C NMR (126 MHz, C2D2Cls) § 168.52,
168.30, 149.28, 136.01, 132.54, 131.43, 130.84, 130.03, 127.31, 123.28, 121.45, 121.44, 119.03,
117.19 corresponding to the 16 peaks of the chemically equivalent ligands were consistent with
theoretical peaks expected for C-Ls. Carbon C4 which was directly attached to trifluoromethyl
group, was the most deshielded with 6 =168.52 ppm due to the resonance effect of the -CFs. This
was closely followed by carbon C2 with 6 =168.30 ppm and C6 with 6 =149.28 ppm due to the
deshielding effect of the electronegative nitrogen. These values being more deshielded than Ls

showing the effects of the Ir metal center.

The 13C and COSY NMR spectra are given in the Appendix 1.11 and Appendix 1.12 respectively
while °F NMR spectroscopy was done to confirm the presence of -CF3 and the spectrum is given
in Appendix 1.13.

The elemental analysis for C-Ls showed that the calculated values to be C, 57.14; H, 2.70; N, 4.16;
F, 16.95 corresponded with the observed values of C, 57.04; H, 2.87; N, 4.09; F, 16.83 suggesting
the purity and composition of tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium

The HRMS, UV-Vis, tH 3C, 1°F and 2D COSY NMR spectroscopy and elemental analysis data
confirmed the synthesis of tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl iridium.
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4.2.4 Tris 2-(1-naphthyl)-4-methyl pyridyl iridium (C-La4); Ir(npy-Me)s

Tris 2-(1-naphthyl)-4-methyl pyridyl iridium, CasHszIrN3, molecular weight 847.0540, was
synthesized as described in Section 3.4.4 and summarized in Scheme 27. Forty-three percent
(0.048 g, 43%) yield of red powder was obtained. The complex was air and thermally stable with
its melting point being determined to be >300°C.

=+ IrC13XH20

N32CO3
Z N o
|
Me N
2-(1-Naphthyl)-4-methyl Pyridine Tris 2-(1-naphthyl)-4-methyl pyridyl iridium

Scheme 27: Structure for tris 2-(1-naphthyl)-4-methyl pyridyl iridium

The structure of the C-L4 was confirmed where the calculated peak for parent ion obtained through
Time of flight high-resolution mass spectroscopy; HRMS-ESI+ (m/z): [M+H]" was 847.2538 and
corresponded to the observed peak 847.2541 as illustrated in Figure 36. The fragmentation patterns

confirm the expected formulations of the C-La.
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Figure 36: HRMS Spectrum for tris 2-(1-naphthyl)-4-methyl pyridyl iridium

The photophysical parameters for C-Ls were measured and established to be Amax 400 nm for UV-

VIS absorbance and upon excitation of this an emission of 588 nm was observed as shown in
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Figure 37, which qualified the specificity of this complex, C-L4 behaving as a chromophore. The
345nm absorption bands are ascribed to spin-allowed metal-to-ligand charge transfer transition
(MLCT) while the 400 nm band was ascribed to spin—orbit coupling (SOC) enhanced d-d
transitions. Corresponding 10Dq value for absorption of C-L4 was found to be 25000 cm™ and was
consistent with allowed d-d transitions for Ir(111) complexes bearing strong field ligands reported
in literature (Pandey et al., 2010).
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Figure 37: UV-VIS and PL for tris 2-(1-naphthyl)-4-methyl pyridyl iridium

Alkyl groups despite being electron donating can act as if they are weakly electron withdrawing
through anisotropy hence emission for C-L4 was strongly blue shifted than C-L> (610 nm) by 22
nm and even further than C-L1 (591 nm) by 3 nm. This was consistent with literature according to
Reich and Reich (2018).

The proton NMR of C-L4 gave chemical shift values as: *H NMR (500 MHz, C2D2Cls) & 8.53 (d,
J=8.7 Hz, 1H), 8.27 (s, 1H), 7.67 (d, J = 8.0 Hz, 1H), 7.50 (d, J = 5.7 Hz, 1H), 7.44 (t, J = 7.8 Hz,
1H), 7.27 (t, J = 7.4 Hz, 1H), 7.12 (d, J = 8.3 Hz, 1H), 7.00 (d, J = 8.3 Hz, 1H), 6.75 (d, J = 5.6
Hz, 1H), 2.46 (s, 3H) suggested the synthesis of tris 2-(1-naphthyl)-4-methyl pyridyl iridium, as
shown in Figure 38. It had a singlet peak with 6= 2.45 ppm corresponding to the shielded methyl
protons and a set of 10 aromatic protons at the range of 8.53-6.75 ppm. Comparison of C-L and
C-L4 shows the expected trend where the chemical shift of C6 in C-Ls 8.53 ppm was upfield in
comparison to 8.92 ppm of C6 in C-L> since despite C-L. having a stronger electron donating
methoxy group, it is bulkier than the —Me group in C-L4 hence the steric hindrances cause

deshielding of C-L». This was consistent with literature according to Reich and Reich (2018).
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Figure 38: 'H NMR Spectrum for tris 2-(1-naphthyl)-4-methyl pyridyl iridium

The carbon-13 NMR of C-L4 gave expected chemical shift values that confirmed C4 as: *C NMR
(126 MHz, C2D.Clys) 6 167.94, 166.31, 147.49, 147.30, 136.91, 136.21, 131.93, 130.73, 129.24,
128.52, 125.78, 123.72,122.02, 121.80, 121.59, 21.26. The 13C and COSY NMR spectra are given
in the Appendix 1.14 and Appendix 1.15 respectively suggesting the synthesis of tris 2-(1-
naphthyl)-4-methyl pyridyl iridium. Carbon C4, which is directly attached to methyl group, had 6
=147.49 ppm was shifted to the right as compared to that of C-L;. C2 and C6 were the most
deshielded to due the electronegativity of nitrogen with C2 being more deshielded with 6= 167.94
ppm than C6 with 6 = 166.31 ppm. These carbons were more deshielded than Lz showing the

effects of the Ir metal center.

The elemental analysis for C-L4 showed that the calculated values to be C, 68.06; H, 4.28; N, 4.96
corresponded with the observed values of C, 68.35; H, 4.39; N, 4.82 suggesting the purity and
composition of tris 2-(1-naphthyl)-4-methyl pyridyl iridium.

The HRMS, UV-Vis, 'H C and 2D COSY NMR spectroscopy and elemental analysis data
confirmed the synthesis of tris 2-(1-naphthyl)-4-methyl pyridyl iridium.

4.2.5 Tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium (C-Ls); Ir(npy-Mez2)s

Tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium, CsiHa21rN3, molecular weight of 889.1350,

was synthesized as described in Section 3.4.5 and summarized in Scheme 28. Thirty nine percent
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(0.043 g, 39%) yield of red powder was obtained. The complex was air and thermally stable with

a melting point of > 300°C.

Me
I I + IrCl; xH,O Na,CO;
Z N >
|
Me X
2-(4-methylnaphthyl)-4-methyl Pyridine Tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium

Scheme 28: Structure for tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium

The structure of the C-Ls was confirmed where the calculated peak for parent ion obtained through
Time of flight high-resolution mass spectroscopy; HRMS-APCI+ (m/z): [M+H]* was 890.3086
and corresponded to the observed peak 890.2342 as illustrated in Figure 39. The fragmentation
patterns confirmed the expected formulation of tris 2-(4-methylnaphthyl)-4-methyl pyridyl

iridium.
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Figure 39: HRMS Spectrum for tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium

From the UV-VIS spectra, the Amax was found to be 405 nm while from the fluorescence spectra
the maximum emission was established to be at 603 nm qualifying the specificity of this complex,
C-Ls behaving as a chromophore as shown in Figure 40. C-Ls emission is consistent with the
expected red shift as compared to C-L; due to the electron donating methyl group. Additionally,

the second methyl group in the naphthyl ring increased the red shift. This was consistent with
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literature (Okada et al., 2005, Hasan et al., 2015). Corresponding 10Dq value for absorption of C-
Ls was found to be 24691 cm™ and was consistent with allowed d-d transitions for Ir(11l)
complexes bearing strong field ligands reported in literature (Pandey et al., 2010). The 352nm
absorption bands are ascribed to spin-allowed metal-to-ligand charge transfer transition (MLCT)

while the 405 nm band was ascribed to spin—orbit coupling (SOC) enhanced d-d transitions.
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Figure 40: UV-VIS and PL Spectra for tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium

The proton NMR of C-Ls gave expected chemical shift values as: *H NMR (500 MHz, C,D2Cls)
8 8.54 (d, J = 8.5 Hz, 1H), 8.19 (s, 1H), 7.86 (d, J = 8.2 Hz, 1H), 7.48 (d, J = 5.7 Hz, 1H), 7.43 (t,
J=7.7Hz, 1H), 7.32 (t, J = 7.5 Hz, 1H), 6.99 (s, 1H), 6.68 (d, J = 5.7 Hz, 1H), 2.43 (s, 3H), 2.33
(s, 3H) suggesting the synthesis of tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium. The proton
NMR obtained as given in Figure 41 showed two characteristic singlet peaks corresponding to the
two -Me substituents on the naphthalene and pyridine rings at 2.76 ppm and 2.44 ppm respectively
and a set of eight peaks of the aromatic protons at a range of 8.54 - 6.68 ppm.

C-Ls chemical shifts were very similar to C-L4 since they had the same substituent. The additional
-Me in the naphthyl ring didn’t not cause any significant effects in the 6 values of the proton
proximal to N; 8.53 vs.8.54 ppm. C-Ls was more deshielded due to the weak anisotropic effects
of -Me. This was consistent with literature (Reich & Reich, 2018).
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Figure 41: *H NMR Spectrum for tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium

13C NMR (126 MHz, C2D2Cls) § 168.94, 166.98, 147.80, 138.02, 136.23, 134.65, 132.48, 130.47,
125.85, 125.73, 123.99, 122.64, 122.15, 122.01, 30.23, 21.87, 19.96. The 3C and COSY NMR
spectra are given in the Appendix 1.16 and Appendix 1.17 respectively suggesting the synthesis
of tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium. Carbon C4 had 6 =147.80 ppm was shifted
upfield as compared to that of C-L; due to the -Me electron donating effects. C2 and C6 were the
most deshielded to due the electronegativity of nitrogen with C2 being more deshielded with
6=168.94ppm than C6 with & =166.98ppm These values being more deshielded than Ls showing
the effects of the Ir metal center.

The elemental analysis for C-Ls showed that the calculated values to be C, 68.29 H 4.76; N, 4.73
corresponded with the observed values of C, 68.26; H, 4.60; N, 4.97 suggesting the purity and
composition of tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium.

The HRMS, UV-Vis, 'H °C and 2D COSY NMR spectroscopy and elemental analysis data
confirmed the synthesis of tris 2-(4-methylnaphthyl)-4-methyl pyridyl iridium.

4.2.6 Tris 2-(4-methylnaphthyl) pyridyl iridium (C-Ls); Ir(Me-npy)s

Tris 2-(4-methylnaphthyl) pyridyl iridium, CassHs7IrN3, molecular weight of 847.0540, was
synthesized according to Section 3.4.6 and is summarized in Scheme 29. Forty four percent
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(0.0493 g, 44%) yield of red powder was obtained. The complex was thermal and air-stable with

a melting point of >300°C.
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Scheme 29: Structure for tris 2-(4-methylnaphthyl) pyridyl iridium

The structure of the C-Ls was confirmed where the calculated peak for parent ion obtained through
Time of flight high-resolution mass spectroscopy; HRMS-APCI+ (m/z): [M+H]" was 847.2617
and corresponded to the observed peak 847.2540 as illustrated in Figure 42. The fragmentation

patterns confirm the expected formulations of C-Ls.
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Figure 42: HRMS Spectrum for tris 2-(4-methylnaphthyl) pyridyl iridium

The photophysical properties of C-Le showed an absortion Amax 0f 411 nm and emission maxima
of 602 nm qualifying the specificity of this complex behaving as a chromophore as shown in Figure
43. The 354 nm absorption bands are ascribed to spin-allowed metal-to-ligand charge transfer
transition (MLCT) while the 411 nm band was ascribed to spin—orbit coupling (SOC) enhanced d-
d transitions. Corresponding 10Dq value for absorption of C-Ls was found to be 24331 cm™ and
was consistent with allowed d-d transitions for Ir(11l) complexes bearing strong field ligands

reported in literature (Pandey et al., 2010). The emission maximum for C-Lg was similar to C-Ls
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probably indicating the influence of the -Me group in naphthyl group which is common for both
complexes. The 350-400 nm absorption bands are ascribed to spin-allowed metal-to-ligand charge
transfer transition (*MLCT) and spin—orbit coupling (SOC) enhanced 3r-n* and 3MLCT tyg d - m*
and d-d transitions for those above 400 nm.
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Figure 43: UV-VIS and PL Spectra for tris 2-(4-methylnaphthyl) pyridyl iridium

The proton NMR spectrum of C-Le gave chemical shift values as: *H NMR (400 MHz, C,D2Cla)
6 8.53 (d, J=8.5Hz, 3H), 8.36 (d, J = 8.2 Hz, 3H), 7.90 (d, J = 8.3 Hz, 3H), 7.67 — 7.60 (m, 3H),
7.54 (d, J = 5.5 Hz, 3H), 7.50 — 7.43 (m, 3H), 7.40 — 7.33 (m, 3H), 7.05 (s, 3H), 6.85 (t, J = 5.9
Hz, 3H), 2.37 (s, 9H). The spectrum is given in Figure 44 and it has a singlet peak with 6=2.37
ppm corresponding to the shielded methyl protons and a set of 10 aromatic protons at the range of

8.53-6.85 ppm. The data suggested the synthesis of tris 2-(4-methylnaphthyl) pyridyl iridium.
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Figure 44: *H NMR Spectrum for tris 2-(4-methylnaphthyl) pyridyl iridium

The elemental analysis for C-Ls showed that the calculated values to be C, 68.06; H, 4.28; N, 4.96
corresponded with the observed values of C, 68.40; H, 4.35; N, 4.87, suggesting the purity and
composition of tris 2-(4-methylnaphthyl) pyridyl iridium.

The HRMS, UV-Vis, H C and 2D COSY NMR spectroscopy and elemental analysis data
confirmed the synthesis of tris 2-(4-methylnaphthyl) pyridy! iridium.

4.2.7 Tris 4-fluoro-1-phenyl isoquinoline iridium (C-L7); Ir(pig-F)s

Tris 4-fluoro-1-phenyl isoquinoline iridium, CasH27F3IrN3, molecular weight 858.9442, was
synthesized from L as described in Section 3.4.7 and is shown in Scheme 30. Eighty six percent
(0.05 g, 68%) yield of red crystals was obtained. The complex was thermal and air-stable with a
melting point of > 300°C. Despite this complex having the isoquinoline backbone, it showed

similar properties as npy based complexes which was consistent to literature values (Tian, 2011).
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Scheme 30: Synthesis of Tris 4-fluoro-1-phenyl isoquinoline iridium

The structure of the C-L7 was confirmed where the calculated peak for parent ion obtained through
Time of flight high-resolution mass spectroscopy; HRMS-ESI+ (m/z): [M+2H]" was 860.1820 and
corresponded to the observed peak 860.1848 as illustrated in Figure 45. The fragmentation patterns
confirm the expected formulation of tris 4-fluoro-1-phenyl isoquinoline iridium.
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Figure 45: HRMS spectrum for tris 4-fluoro-1-phenyl isoquinoline iridium

From the UV-VIS spectrum, the Amax was found to be 401 nm while from the fluorescence spectra
the maximum emission was established to be 598 nm qualifying the specificity of the complex
behaving as a chromophore. The spectra are given in Figure 46. Corresponding 10Dq value for
absorption of C-L7 was found to be 24938 cm™ pointing to d-d transitions for Ir(111) complexes

bearing strong field ligands. This was consistent with literature (Pandey et al., 2010).

113



Normalized Abs

300 400 500 600 700
Wavelength (nm)

Figure 46: UV-VIS and PL Spectra for tris 4-fluoro-1-phenyl isoquinoline iridium

Phenyl isoquinolines moieties have been used extensively in tuning emission energy into the red-
light emission, which leads to deep red emission. On the other hand, fluorine by its virtue of being
astrong EWG is used to push emission towards blue region. This is why C-L7 has a lower emission
value than expected. However, C-L7 is still red shifted by 8nm as compared to C-L1 due to the
influence of the isoquinoline backbone as well as the substitution being in the phenyl ring. This is
supported in literature (Okada et al., 2005, Hasan et al., 2015).

The proton NMR of C-L7 gave chemical shift values as: *H NMR (500 MHz, C2D2Cl4) § 9.43 —
9.34 (m, 1H), 8.72 (dd, J = 8.6, 5.9 Hz, 1H), 8.29 (dd, J = 6.0, 3.3 Hz, 1H), 8.19 (dd, J = 6.2, 3.2
Hz, 2H), 7.86 (d, J = 6.2 Hz, 1H), 7.69 (d, J = 6.2 Hz, 1H), 7.19 (td, J = 8.6, 2.2 Hz, 1H), 7.04 (dd,
J=10.1, 2.1 Hz, 1H) as shown in Figure 47 and suggested the synthesis of tris 4-fluoro-1-phenyl

isoquinoline iridium.

Fluorine is the most electronegative element and attracts electrons to itself strongly leaving the
system extremely electron deficient hence the chemical shifts are remarkably deshielded at 9.43
ppm. Moreover, F is attached directly to the phenyl ring hence the pr-pm bonding is prevalent
which favors deshielding. This is consistent with literature values for similar complexes (Tian,
2011; Reich & Reich, 2018).
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Figure 47: 'H NMR Spectrum for tris 4-fluoro-1-phenyl isoquinoline iridium

The elemental analysis for C-L7 showed the calculated values to be C, 62.93; H, 3.17; F, 6.64; N,
4.89 and corresponded with the observed values of C, 62.97; H, 3.20; F, 6.60; N, 4.87 suggesting

the purity and composition of tris 4-fluoro-1-phenyl isoquinoline iridium.

The HRMS, UV-Vis, H and *C NMR spectroscopy and elemental analysis data confirmed the
synthesis of tris 4-fluoro-1-phenyl isoquinoline iridium.

4.2.8 Tris 1-phenyl-4-(trifluoromethyl) isoquinoline iridium (C-Ls); Ir(pig-CF3)s

Tris  1-phenyl-4-(trifluoromethyl) isoquinoline iridium, CagH27FolrN3, molecular weight
1008.9676, was synthesized from Lg as described in Section 3.4.8 and is shown in Scheme 31.
Ninety five percent (0.075 g, 95%) yield of red crystals was obtained. The complex was thermal
and air-stable with a melting point of > 300°C.
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Scheme 31: Synthesis of Tris 1-phenyl-4-(trifluoromethyl) isoquinoline iridium

The structure of the C-Lg was confirmed where the calculated peak for parent ion obtained through
Time of flight high-resolution mass spectroscopy; HRMS-ESI+ (m/z): [M+2H]" was 1010.1724
and corresponded to the observed peak 1010.1772 as illustrated in Figure 48. The fragmentation
patterns confirm the expected formulation of tris 1-phenyl-4-(trifluoromethyl) isoquinoline
iridium.
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Figure 48: HRMS spectrum tris 1-phenyl-4-(trifluoromethyl) isoquinoline iridium

From the UV-VIS spectra, the Amaxwas found to be 417 nm while from the fluorescence spectra
the maximum emission was established to be at 612 nm qualifying the specificity of the complex
behaving as a chromophore. The spectra are illustrated on Figure 49. Corresponding 10Dq value
for absorption of C-Lg was found to be 23981 cm™ pointing to d-d transitions for Ir(111)

complexes bearing strong field ligands. This was consistent with literature (Pandey et al., 2010).
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Figure 49: UV-VIS and PL Spectra for Tris 1-phenyl-4-(trifluoromethyl) isoquinoline

iridium

Phenyl quinolines moieties have been used extensively in tuning emission energy into the red-shift
emission, which leads to deep red emission. Additionally, -CF3 tends to mimic -CH3 hence C-Lsg
was red shifted as compared to C-L7 (598 nm) by 12 nm due to the aforementioned nature of -CFs
as supported in literature (Nagai et al., 1991; Coppo et al., 2004; Reich & Reich, 2018).

The proton NMR spectrum of C-Lg gave chemical shift values as: *H NMR (500 MHz, CDCl,) &
8.71 (d, J = 5.3 Hz, 1H), 8.06 (d, J = 8.2 Hz, 1H), 7.69 — 7.60 (m, 1H), 7.57 (d, J = 4.2 Hz, 2H),
7.12 (d, J = 6.2 Hz, 1H), 7.05 (dd, J = 19.0, 9.6 Hz, 2H), 6.83 (d, J = 27.2 Hz, 1H) as shown in
Figure 50 suggesting the synthesis of tris 1-phenyl-4-(trifluoromethyl) isoquinoline iridium.

The chemical shifts of C-Lg are upfield as compared to C-L7 despite the bulky and strong EWG
substituent which is attributable to the inductive-only nature and “mimic” effects of CFs which
makes it to behave as though it’s an EDG and is supported by literature (Nagai et al., 1991; Coppo
et al., 2004; Reich & Reich, 2018).
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Figure 50: 'H NMR Spectrum forTris 1-phenyl-4-(trifluoromethyl) isoquinoline iridium

The elemental analysis for C-Lg showed the calculated values to be C, 57.14; H, 2.70; F, 16.95; N,
4.16 and corresponded with the observed values of C, 57.17; H, 2.74; F, 16.92; N, 4.20, suggesting
the purity and composition of tris 1-phenyl-4-(trifluoromethyl) isoquinoline iridium.

The HRMS, UV-Vis, H and *C NMR spectroscopy and elemental analysis data confirmed the
synthesis of tris 1-phenyl-4-(trifluoromethyl) isoquinoline iridium.

4.2.9 Tris 4-tert-butyl-1-phenyl isoquinoline iridium (C-Lo); Ir(pig-tBus)s

Tris 4-tert-butyl-1-phenyl isoquinoline iridium, Cs7HssNslr molecular weight 973.2970, was
synthesized from Lg as described in Section 3.4.9 and is shown in Scheme 32. Forty nine percent

(0.053 g, 49%) yield of red crystals was obtained.
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Scheme 32: Synthesis Tris 4-tert-butyl-1-phenyl isoquinoline iridium
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The structure of the C-Lg was confirmed where the calculated peak for parent ion obtained through
time of flight high-resolution mass spectrometer; HRMS-ESI+ (m/z): [M+H]* was 974.3981 and
corresponded to the observed peak 974.3978 as illustrated in Figure 51. The fragmentation patterns

confirm the expected formulation of tris 4-tert-butyl-1-phenyl isoquinoline iridium.
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Figure 51: HRMS spectrum for tris 4-tert-butyl-1-phenyl isoquinoline iridium

From the UV-VIS spectra, the Amax was found to be 424 nm while from the fluorescence spectra
the maximum emission was established to be at 625 nm as shown in Figure 52, which is consistent
with the deep red emission of phenyl isoquinoline moieties. Corresponding 10Dq value for
absorption of C-Lo was found to be 23585 cm™ pointing to d-d transitions for Ir(111) complexes
bearing strong field ligands. This was consistent with literature (Pandey et al., 2010). Additionally,
-tBus is a strong electron-donating group, which makes the HOMO-LUMO gap smaller adding the
red shifted emission. This was consistent with literature values of similar compounds (Okada et
al.,2005, Hasan et al., 2015).
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Figure 52: UV-VIS and PL Spectra for Tris 4-tert-butyl-1-phenyl isoquinoline iridium

The proton NMR of C-Lg gave chemical shift values as: *H NMR (500 MHz, CD,Cl.) & 8.85 —
8.75 (m, 1H), 7.95 (d, J = 8.6 Hz, 1H), 7.65 — 7.53 (m, 1H), 7.51 — 7.40 (m, 2H), 6.98 (dd, J =
14.5, 6.2 Hz, 2H), 6.83 (d, J = 8.5 Hz, 1H), 6.73 (s, 1H), 0.95 (d, J = 6.2 Hz, 9H) as shown in
Figure 53 suggesting the synthesis of tris 4-tert-butyl-1-phenyl isoquinoline iridium.

The tert butyl group is a bulky EDG hence the steric hindrance effects are more than the electron
donating effects hence chemical shift is shifted down field as compared to C-Lg. This is supported
in literature (Reich & Reich, 2018).

RN35.1
H

Lt M Aﬂt Mo, A 7J"‘LA |

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Figure 53: 'H NMR Spectrum for tris 4-tert-butyl-1-phenyl isoquinoline iridium
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The elemental analysis for C-Lo showed the calculated values to be C, 70.34; H, 5.59; N, 4.32 and
corresponded with the observed values of C, 70.30; H, 5.62; N, 4.36, suggesting the purity and

composition of tris 4-tert-butyl-1-phenyl isoquinoline iridium.

The HRMS, UV-Vis, H and *C NMR spectroscopy and elemental analysis data confirmed the

synthesis of tris 4-tert-butyl-1-phenyl isoquinoline iridium.
4.2.10 Tris 4-methyl-1-phenyl isoquinoline iridium (C-L1o); Ir(pig-Me)s

Tris 4-methyl-1-phenyl isoquinoline iridium, CagHazsN3zlr molecular weight 847.0540, was
synthesized from Lo as described in Section 3.4.10 and is shown in Scheme 33. Forty five percent

(0.05 g, 45%) yield of red crystals was obtained.
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4-methyl-1-phenyl isoquinoline Tris 4-methyl-1-phenyl isoquinoline
iridium

Scheme 33: Synthesis of Tris 4-methyl-1-phenyl isoquinoline iridium

The structure of the C-L1o was confirmed where the calculated peak for parent ion obtained through
time of flight high-resolution mass spectroscopy; HRMS-ESI+ (m/z): [M+H]* was 848.2572 and
corresponded to the observed peak 848.2559 as illustrated in Figure 54. The fragmentation patterns

confirm the expected formulation of tris 4-methyl-1-phenyl isoquinoline iridium.

121



100- 629.1562

8472529
6271533
==
3 45 2501
62051233 848.2559
844 2427 [849-2596
2201119 626 14304, 8712464 1177 4891
O"I""I:"'I""I':"‘?""'l""l""l""l""|""|""m/z
200 400 600 800 1000 1200

Figure 54: HRMS Spectrum for tris 4-methyl-1-phenyl isoquinoline iridium

From the UV-VIS spectra of C-Lig, the Amax Was found to be 440 nm while from the fluorescence
spectra the maximum emission was established to be at 623 nm as shown in Figure 55, which was
consistent with the deep red emission of phenyl quinolines moieties as well as the contribution of
the -Me group which makes the HOMO-LUMO gap smaller adding the red shifted emission.
Corresponding 10Dq value for absorption of C-Lio was found to be 22727 cm™ pointing to d-d
transitions for Ir(111) complexes bearing strong field ligands. This was consistent with literature
(Pandey et al., 2010). C-Lg and C-L1odepict the effects of EDG on phenyl ring have similar values
which was supported in literature (Okada et al., 2005; Hasan et al., 2015).
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Figure 55: UV-VIS and PL Spectra for Tris 4-methyl-1-phenyl isoquinoline iridium

The proton NMR of C-L1o gave chemical shift values as shown in Figure 56: *H NMR (500 MHz,
CD:Cl) 6 8.79 —8.70 (m, 1H), 7.88 (d, J = 8.1 Hz, 1H), 7.56 (dd, J = 6.2, 3.3 Hz, 1H), 7.47 (dd,

J=6.4,3.3 Hz, 2H), 7.01 (d, J = 6.2 Hz, 1H), 6.93 (d, J = 6.2 Hz, 1H), 6.61 (d, J = 10.8 Hz, 2H),
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1.99 (s, 3H) suggesting the synthesis of tris 4-methyl-1-phenyl isoquinoline iridium. The chemical
shift of C-L1o is downfield as compared to C-Lg due to the inductive effects of alkyl groups which
is consistent with literature (Reich & Reich, 2018).
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Figure 56: 'H NMR Spectrum for tris 4-methyl-1-phenyl isoquinoline iridium

The elemental analysis for C-L1o showed that the calculated values to be: C, 68.06; H, 4.28; N,
4.96 and corresponded with the observed values of C, 68.02; H, 4.31; N, 4.97, confirming the

purity and composition of tris 4-methyl-1-phenyl isoquinoline iridium.

The HRMS, UV-Vis, H and C NMR spectroscopy and elemental analysis data confirmed the
synthesis of tris 4-methyl-1-phenyl isoquinoline iridium.

4.3 Photophysical Properties Variations of Ir(l111) Complexes

The properties of varying structures of the first six complexes C-L; to C-Le were investigated.
These included quantum yields and emission lifetimes based on the specific chemiluminescence
properties of the complexes as described in section 3.5.5 and 3.5.6. Notable varying emission
energies were for C-L1, C-L, C-L4that were found to be 591, 588 and 610 nm respectively, while
C-Ls, C-Ls, and C-Le had the values 603 nm, 603 nm and 602 nm respectively. The corresponding
10Dq values for C-L; to C-Le from absorption spectra were; 24390cm™, 23923 cm, 22988 cm™,
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25000 cm™, 24691 cm™* and 24331 cm respectively. These values were consistent with expected
10Dq values for the crystal field splitting and were indicative of d-d transitions. The emission
spectra were attributed to electronic transitions of 10Dq splitting of the d orbitals in the octahedral
structure. Ir(111) complexes are d® low spin complexes, which typically experience high CFSE
stabilization effect of the maximum possible value of 12/50. The tris complexes were found to be

octahedral (On) complexes based on XRD results of C-L;.

The emission spectra were also influenced by nephelauxetic effect where the inter-electronic
repulsion was reduced leading to increase in effective size of metal orbitals. This is due to
contribution of negative charge by the ligands hence decreased effective positive charge on the Ir
metal center and M-L covalent bond formed as a result of overlapping of metal and ligands
evidenced by the MLCT transitions observed from emission energies.

In comparison to the unsubstituted C-L1 (591 nm) with 10 Dq value of 24390 cm®, C-L2 (610 nm)
was the most shifted to longer wavelength hence lower energy, red/bathochromic shifts, by 19nm
corresponding to a smaller splitting of the crystal field splitting in O field, 10Dq value 23923 cm"
! while C-L4 (588 nm) was shifted higher energy (blue/hypsochromic shifts) by 3 nm and a larger
Dq10 value of 25000 cm™. This was indicative of the substituent effect on the ligand towards tzg

dxy, dyz, and dx; orbitals lowering or increasing their energy.

This could have been further improved by the presence of EDG, which could have raised the
HOMO energy through resonance and reduced the energy gap. This tendency identified with both
the inductive and resonance effects of substituents of the other complexes, which largely affected
the properties of the complexes as well. C-Ls, C-Ls and C-Le displayed inductive effect influences
on the crystal field hence the 8 nm, 8 nm and 7 nm shift to longer A as compared to C-L1. This
could point to the HOMO stability and the emission energy gap being controlled by the nature of
substituents either inductively or via resonance on the aromatic ring. The emission energies had
the following trend, C-L4>C-L1>C-Ls>C-Ls>C-L3>C-L>, over the range of 588-610 nm as shown
in Table 1. The npy, L1, is an intermediate ligand in the spectrochemical series and its strength
shifted depending on degree and strength of substitution. Introducing -CF3z led to a strong field
ligand and an increase in nephelauxetic effect in C-Ls evidenced by the reduction in A, splitting
and longer emission Amax. In C-La4, the -Me made L4 a weaker field ligand relative to L; and had a
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decrease in nephelauxetic effect in C-L4 as evidenced by the 3nm decrease in emission Amax. The
rest of the complexes were made into strong field ligands through substitution implying they had
increased nephelauxetic effect and had longer emission Amax than C-L1. The introduction of these
substituents on either the phenyl, the naphthyl or pyridyl ring, allowed for the tuning of the

electronic and electrochemical properties of the resultant complexes.

For C-L7to C-Liothe emission energies were 598 nm, 612 nm, 624 nm and 652 nm respectively.
The emission energies showed bathochromic shifts, longer A and lower energy, of 7 nm, 21 nm,
33 nm and 34 nm for C-L7, C-Ls, C-Lg and C-Lao respectively as compared to C-L; indicative of
the additional effect of the phenyl isoquinoline moiety ability to raise the tog d orbitals energy. In
addition, the inductive and resonance effects of substituents affect the emission maxima such that
C-L7 had the lowest emission peak at 598 nm due to the effects of the EWG F while the EDGs led
to the highest bathochromic shift although the bulkiness of -tBus led to C-Lg not being as red
shifted as would have been expected making C-Lio with -Me to be the most red shifted. The trend

increased in the series C-L7> C-Lg> C-Lg> C-L1owith the Amax ranging between 598-625 nm.
4.3.1 Emission lifetimes, t

The emission lifetimes of complexes C-L:1 to C-Le were determined through pulsed laser
spectroscopy as described in section 3.5.6. The t for C-L1, C-L> and C-Lswere 1.5 ps, 3.0 us and
2.6 pus while for C-Ls, C-Ls and C-Lewere 3.7 pus, 1.4 us and 2.6 ps respectively. These were due
to luminescent triplet states of the complexes and since they fall in the microsecond range, they
were indicative of phosphorescence lifetimes. The spectral assignment for the luminescent bands
of these complexes could be categorized as fluorescent. Systematically, the substitution was
observed to influence the excited state lifetime in a similar fashion as the emission energies due to
heavy atom effect. All complexes had longer lifetimes than the unsubstituted C-L; with == 1.5 ps
except C-Lswith T = 1.4 ps. Specifically, C-Ls substituted with CFs, a heavy atom had the longest
1= 3.7 ps, followed by the C-L. with T =3.0 us due to the heavy -OMe substitution. C-L4 and C-Ls
both with the same -Me, substituent but on different positions, one on the pyridine ring and phenyl
ring respectively had T =2.6 ps. The trend could be indicative of the influence of substitutions
heavy atom effect leading to longer lifetimes. This tendency also identified with both the inductive
and resonance effects of substituents of the complexes, which affected the lifetimes of the

complexes.
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In aerated solutions of CH,Cl; the values were low (t =0.154-0.254 ps) due to quenching of excited
states by molecular oxygen. However, these improved significantly (t = 1.4-3.7 us) in degassed
solutions through pump-thaw-freeze system.

The luminescence decay of the degassed solutions was found to be too long, beyond the scope of
the instrument, (decay time >> 400 ns), it was not possible to extract it accurately from the TCSPC
measurement. Instead, it was calculated from the lifetime measured for the air-saturated solutions
(which was much shorter due to quenching of the triplet state by oxygen) and the ratio between
luminescence quantum yield of the degassed ®degassed and air-saturated solution (Pair).

Overall, the high t ranged between 1.4 to 3.7 us with the lifetime increasing in the series, C-Ls>C-
L1>C-L4>C-Le>C-L2>C-L3 as summarized in Table 1.

Ideally, excited state of the complex should persist long enough in order for the reaction to take
place, essentially, long lifetimes, ensuring time to react with substrate before relaxation to ground
state hence acts as an intrinsic timer for photoredox reactions (Arias-Rotondo et al., 2016). The
complexes showed their immense potential of being effective in chemical transformations.
Moreover, they had comparatively higher t than the well-studied tris (2,2’-bipyridine) ruthenium
[Ru(bpy)s]* complex that has t =1.1 us (Liu et al., 2016) and Ir(ppy)s that has T =1.6 ps both of

which have been extensively used for photoredox processes.
4.3.2 Photoluminescence Quantum Yields, ®f

The @+ for complexes C-L1 to C-Le was determined through absolute measurements as described
in section 3.5.5. The @5 for C-L1, C-L> and C-L4were 8.6, 22 and 19 while for C-Ls, C-Ls and C-
Le were 14, 9.4 and 16 respectively. The complexes exhibited these high @ since they have rigid
structures arising from the extended m-conjugated systems and further improved by the tris
cyclometalation with Ir metal center. Moreover, they had predominantly MLCT transitions, which
could have favored the high yields. Substitution could lead to heavy atom effect, which leads to
higher yields and points to phosphorescence in a luminophore. This was observed in this case,
whereby all complexes had higher quantum yields than the unsubstituted C-L; indicative of the
significance of the heavy atom effect and essentially, leading to better conversion efficiency of
absorbed photons into emitted photons as compared to C-Li. Structural rigidity, substitution and
transition type are among the factors that affect quantum yields of a luminophore (Omary &
Patterson, 1999).
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Overall, the complexes exhibited high quantum yields, which increased in the series, C-L1>C-
Ls>C-L3>C-Le>C-L4>C-L> in the range of 8.6-22 for degassed solutions as summarized in Table
1.

Table 1: Summarized Photophysical and Electrochemical data for C-L1-C-L1o

Compl | Absorption (molar coefficient given in | Emission Electrochemistry (V)
brackets) (nm)
Ama | t(us) | @ Eox(AE | Ered | E1r AB v
X p)
(nm)
480n
m
236 (97833), 268 (68594), 302 (42774), 0.53(50
C-L1 591 15 8.6 0.46 | 0.50 -1.38
405 (8258), 457 (2763) )
237 (74822), 345 (10182), 391 (4312),
C-L2 610 3.0 22 | 0.68(50 | 0.63 | 0.66 -1.37
418 (1644)
235 (62338), 270 (53434), 311 (29402), 0.96(70
C-Ls 603 3.7 14 0.89 | 0.93 -1.13
350 (20804), 435 (8240) )
237 (83509), 268 (49592), 400 (6445), 0.65(50
C-La 588 2.6 19 0.6 0.63 —1.48
451 (1933) )
237 (77709), 267 (50547), 353 (1480), 0.60(60
C-Ls 603 1.4 9.4 054 | 0.57 -1.49
405 (8039), 450 (2508) )
238 (55498), 270 (34124), 312 (17411), 0.66(60
C-Le 602 2.6 16 0.6 0.63 -1.43
355 (9424), 407 (4784), 455 (1396) )
598,
C-L7 286, 318, 348, 403, 452 603 0.74 0.65 | 0.70 -1.38
C-Ls 242, 318, 352, 416, 463 612 0.84 0.75 | 0.80
C-Lo 296, 325, 251, 442, 476, 551,594 624 0.43 0.36 | 0.40
C-L1o 253, 293, 327, 355, 423,472,583 625 0.46 0.39 | 043
b)
0.9
Ir(ppy) 519 1600 2c 0.77 -1.73
3
a) Approximated excited state redox potential in accordance with ref (Tucker & Stephenson, 2012)
b) (Hofbeck & Yersin, 2010)
c) (Sajoto et al., 2009)(® at 77K)
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4.4 Electrochemical Properties of Complexes

The electrochemical properties of the iridium complexes C-L1 to C-Le were probed via cyclic
voltammetry (CV) as per Section 3.5.8 to establish the ground state redox potentials.

The oxidation potential Eoxuy, for C-L1, C-L» and C-Lswere 0.74 V, 0.68 V and 0.65 V while for
C-Ls, C-Ls and C-Lewere 0.96 V, 0.60 V and 0.66 V, respectively. The reduction potential Ereds,
for C-Ly, C-L2 and C-Lswere 0.69 V, 0.63 V and 0.60 V while for C-L3s, C-Ls and C-Lswere 0.89
V, 0.54 V and 0.54 V respectively. The vital data is summarized in Table 1. Redox trends involve
electron moving to a lower energy level on another atom and typically involves the frontier orbitals
(HOMO and LUMO) due to a linear relationship between them and redox potentials of the
complexes.

Systematically, C-Ls exhibited the highest ground state Eoxy, due to raising of HOMO-LUMO
energy gap and had Eoxs, of +0.96 V whereas lower Eoxy, were observed for the neutral complex
C-Ly, Eoxy, = +0.74 V and even lower potentials for complexes with electron donating groups of
+0.68 V, +0.65 V, +0.60 V and +0.66 V for C-L», C-L4, C-Ls and C-Le respectively. For these
with EDGs, the stronger the EDG, the higher the oxidation potential, C-L>, while the position of
substitution on either the phenyl or pyridyl ring did not affect the potential much as in the case of
C-L4 and C-Ls but the degree of substitution lowers the oxidation potential further for C-Ls since
it is more substituted. This is because EDGs are expected to raise the HOMO energy level since
they increase the electron density of the complexes, thus reducing HOMO-LUMO gap, making
them more easily oxidizable (Liu et al., 2016).

The new family of tris-cyclometalated iridium complexes exhibited reversible oxidation waves as
shown in Figure 57A during anodic scanning, AE,=50-70 mV, which could be attributed to a single
electron transfer (SET) event at the metal-centered Ir''/Ir'Y oxidation couple, which pointed to
their potential ability to serve as single electron oxidant or reductant. Similar compounds have
successfully been utilized for this purpose (Koike & Akita, 2014). In their excited state, the
complexes can act as an energy donor, an electron acceptor or an electron donor. For any given
reaction, the process that dominates is usually determined by thermodynamic and kinetic factors
associated with the reaction. Principally, in photoredox catalysis, the ground- and the excited-state
redox potentials of a photocatalyst are utilized. The reversibility of complexes used as a

photocatalyst is vital since they must be stable in their oxidized or reduced forms if they are to be
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regenerated in a reaction and is typically based on the difference between anodic and cathodic peak
potentials (Koike et al., 2014; Arias-Rotondo et al., 2016).

The Eox: of the complexes ranged between +0.60 V to +0.96 V in the series, C-Ls>C-Ls> C-L¢>
C-L>> C-L1> C-La.
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Figure 57: A) Cyclic Voltammograms for C-L1-C-Le B) 1 Derivative for C-L1-C-Ls

The first derivative for C-L; to C-Lg is shown in Figure 57B. 1% derivative CVs is used to provide
further proof of reversibility of a system based on peak heights, peak potential and peak widths.
In a reversible process, the oxidation potentials in the 1 derivatives should be symmetric with
respect to a symmetry axis and the peaks should be sharp and reach a maximum then decrease to

a limiting value. Moreover, the peak potentials for original current (CV) should behave in a similar
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fashion as the peak potentials for 1% derivative CVs, in a reversible system, which is the observed
case (Figure 58B). In quasi-reversible and irreversible systems there is disappearance of symmetry
of the peaks and the derivatives’ peak potential is more negative than in original CV (Kim et al.,

1993).
4.5 Applications of Iridium(I11) Complexes

Photoredox catalysis proceeds via single electron transfer (SET) processes. They can either act as
oxidants in oxidative quenching cycle or as reductants in reductive oxidative cycle. For C-L; to C-
Le, the expected mechanism of the SET process is proposed as depicted in Figure 58. In this study,
it is proposed that the oxidative quenching cycle takes precedence in all the photoredox
experiments done i.e., oxytrifluoromethylation of styrene, photodegradation of Morin and

photooxidation of alcohols.

D | A
*(npy)a

Oxidative quenching cycle

X Photoexcitation, 400nm
Ir**(npy)a » It (npy)s

Reductive quenching cycle

Ir2*(npy)a

Figure 58: Oxidative and Reductive Quenching Cycles in SET processes for C-L1
4.5.1 Oxytrifluoromethylation of Styrene

The photoredox catalytic activity of C-L; to C-Ls was investigated using the challenging three-
component oxytrifluoromethylation of styrene as per Section 3.6.1 and the results are tabulated in
Table 2. C-L1 to C-Le provided the corresponding products in yield ranging from 56% to 100%.
Complexes C-L1, C-L> and C-L3 gave yields on the higher end of this range (97-100%) thus
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proving to be more efficient for this specific transformation as compared to Ir(ppy)s. Complex C-
L4 provided the product in the same yield as Ir(ppy)s (i.e., 87%). Complexes C-Ls and C-Ls gave
the product in lower yields of 79% and 56%, respectively. It is noteworthy that the electronically
neutral C-Ly, the most electron poor C-L> and the most electron rich C-Lz complexes all provided
the same vyield of the product. Common for these complexes are the relatively high reduction
potentials associated with the catalysts in the turnover event of the catalytic cycle (Ir'V/1r'' = 0.66-
0.96 V). This indicated that reaction efficiency was coupled to the efficiency of the oxidation of
the key benzyl radical intermediate. However, the other complexes C-Ls-C-Le, all potent
reductants in their excited states, had both reasonable reduction potential for the Ir'V/Ir'"" couple
(0.57-0.63 V) and more than adequate excited state life times. Taken together, these characteristics
did not greatly deviate from those of the better performing catalysts C-L1, C-L> and C-L3, which
was especially clear when comparing with C-L.. Therefore, catalyst deactivation could better
explain the lower yields of C-L4, C-Ls and C-Le. Deactivation of the catalyst is often observed in
photoredox catalysis, and it originates from the reactions between intermediate high-energy
radicals and the ligands of the catalysts. The lower performing complexes C-L4, C-Ls and C-Ls in
this work are all equipped with methyl substituents. H-atom abstraction from these substituents
must be regarded as a very likely side reaction, which can commence deactivation of the catalysts.
No side product associated with degradation of the catalysts could be observed, but this does not
rule out radical based degenerative pathways for these catalysts. As such, in outperforming Ir(ppy)s
as catalyst in the parent reaction, complex C-L1, C-L, and C-L3 provide an extension of current

photoredox catalysts in terms of accessible redox window in the catalytic cycle.
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Table 2: Oxytrifluoromethylation of Styrene under Visible Light

Entry Catalyst Consumption (%) a, b  Yield (%) a, b

1c Ir(ppy)s 100 99
2 Ir(ppy)s 87 87
3 C-L1 98 97
4 C-L2 100 100
5 C-Ls 100 100
6 C-L4 87 87
7 C-Ls 79 79
8 C-Le 65 56

a) Average of two experiments; b) yield and consumption determined by *H-NMR using an

internal standard; c) published data
4.5.2 Photocatalytic Degradation/bleaching of Organic Dye (Morin)

The photobleaching ability of the complexes C-L; to C-Le was studied through the oxidative
degradation of Morin as per Section 3.6.2, as shown in Scheme 34 by monitoring the maximum

absorbance using time-resolved UV-VIS.

OH o
HO o OH
C1-C6 O O
- OH OH
Blue irradiation ~ N
Carbonate buffer OH ©

Substituted Benzofuranone

Scheme 34: Photodegradation of Morin with Ir(111) Complexes and Blue Light
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4.5.2.1 Photodegradation of Morin using C-L1

Figure 59 shows the catalytic oxidation of Morin with C-L1 and blue lights (470 nm) with the time-
resolved measurement taken every minute for 12 minutes. Three peaks and three isosbestic points
were observed on the spectra. The maximum absorbance for Morin observed at A 410 nm decreased
steadily along with that at A 296 nm while A 321 nm increased with time. The absorbance at 321
nm is associated with the formation of the substituted benzofuranone, which is the intermediate

product of catalytic oxidation of Morin as shown in Scheme 34.
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Figure 59: Time-resolved UV-VIS spectra of Morin solution with C-L1 and blue lights

The peak at A= 321 nm vanished after 30 minutes as shown in Figure 60, with new formation of a
new peak at A 332 nm from 80-180 minutes. Previous studies report the peak vanishes due to
initiation of a secondary reaction which leads to further decomposition of the substituted
benzofuranone into 2,4-dihydroxy benzoic acid and 2,4,6 trihydroxy benzoic acid (Polzer et al.,
2012). Three isosbestic points were observed at around A 481 nm 365 nm and 290 nm, which
indicated that oxidation of Morin, produced only one product without any side products for the
observed period. This has been reported in previous studies using different catalysts (Polzer et al.,
2012; Nemanashi & Meijboom, 2015). Complexes C-L, to C-Ls followed similar degradation
patterns as C-L1 for t=12 minutes and this is shown in appendix 3.8 to appendix 3.12, respectively.
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Figure 60: Time-resolved UV-VIS spectra of Morin showing formation of oxidation products

Control studies were carried out where the oxidation was done with C-L; and H»O> without the

irradiation. A similar oxidation profile, Figure 61, was observed. However, it took a longer time

frame to completely degrade Morin t > 40 min as compared to the irradiation degradation which
took t < 12min for the peak at A 410 nm to completely disappear. It has been reported that in

absence of a catalyst and with the peroxide, the maxima peak of Morin hardly decreases even after

a long time, indicative of the critical role of the catalyst for the degradation. Further, morin

degradation by oxygen has been proven not to be significant in presence of H.O> (Polzer et al.,

2012; Nemanashi & Meijboom, 2015).
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Figure 61: Time-resolved UV-VIS spectra of Morin Solution with C-L1 and H202
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Concentration of morin is directly proportional to decrease in absorption at A= 410 nm after
irradiation hence, absorption at this wavelength can be used in determining the kinetics of the
reaction since the proportionality constant, observed rate constants, Kops, gives a direct measure
for morin’s decrease in concentration. The performance of the six complexes can thus be evaluated
by direct comparison of their respective rate constants. Kons was computed using Equation 10 to
give the degradation of morin with time at a fixed wavelength, A= 410 nm, fitted to a three-

parameter single exponential.

Abs, = Absy + (Absy + Absy) * e Kt oo S — (10)

where Abs; is the absorbance and Abso and Abs., are fitted parameters with the absorbance at time

0 and oo respectively.

Concentrations studies of C1 at 1 x10° M, 3 x10° M, 1 x10* M and 2 x10* M gave Kobs Values
of 0.22 s, 0.026 s%, 0.019 s and 0.015 s respectively showing that low catalytic loading of the

complexes, 3 x10° M gave the best degradation rates.

The observed rate constants were 0.026 s, 0.028 s, 0.028 s%, 0.036 s, 0.029 st and 0.023 s™* for
C-L1 to C-Ls respectively. C-L4 had the fastest Kops of 0.036 s hence was the most efficient in
degrading morin. This could be attributed to it being the most energetic amongst the complexes,
A= 588 nm, coupled with notable long T =2.6 us and lower Eox’2 = 0.65V thus readily oxidizable
lending it the capability to serve as single electron oxidant or reductant with ease. Conversely,
complex C-Lg had the lowest Kobs at 0.023 s despite having comparable t and Eox¥: values. The
emission wavelength for this complex was observed at 603 nm making it have lower energy as
compared to C-L4 hence the lower degradation rate. Both complexes C-L4 and C-Ls had -Me
substitution. However, the positions of substitution for differed in that the former had -Me

substituted in the pyridyl ring while the later -Me substitution was in the naphthyl ring.

On plotting the logarithmic absorbance against time, a linear relationship was obtained as shown
in figure 62, implying that Morin degradation is a first order reaction. This observation was
consistent with Nemanashi and Meijboom (2015) findings. Based on the Kops, the effectiveness of
our catalysts compared well with other catalysts that have been reported with the oxidation under

02 environment being faster than when H2O2 was utilized.
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Figure 62: First-order plots for catalytic oxidation of Morin as a function of time for C-L1 to
C-Ls

4.5.3: Selective Photooxidation of Benzyl Alcohols to Aldehydes

The selective  photooxidation of  phenylmethanol  (benzyl alcohol) and  (4-
Methoxyphenyl)methanol (4-methoxybenzene alcohol) to aldehydes was done as per Section
3.6.3. First, optimization studies were carried out at different reaction conditions i.e., catalyst
loading, times and sacrificial electron donor or acceptor (additive), in order to obtain optimum

conditions for the reaction using C-L; as shown in Table 3.
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Table 3: Optimization Parameters for Benzyl alcohol using C-L1

Entry Time (h) Cat loading Additives Yield % Conversion %
BzH BnOH

1 24 (0.5mol%) Collidine 2 13
2 72 (0.5mol%) Collidine 4 41
3 24 (0.5mol%) diazonium 3 4
4 72 (0.5mol%) diazonium 7 29
5 24 (1 mol%) Ethyl viologen 9 31
6 48 (1 mol%) Ethyl viologen 22 49
7 >100 (1 mol%) Ethyl viologen 25 83
8 24 (1 mol%) Methyl viologen 8 4
9 48 (1 mol%) Methyl viologen 11 13
10 >100 (1 mol%) Methyl viologen 8 69
11 24 (2.5 mol%) Ethyl viologen 3 24
12 48 (2.5 mol%) Ethyl viologen 5 35
13 >100 (2.5 mol%) Ethyl viologen 15 52
14 24 (5mol%) Ethyl viologen 0 25
15 48 (5mol%) Ethyl viologen 4 32
16 >100 (5mol%) Ethyl viologen 13 43
No cat 48 - Ethyl viologen - -
In dark 48 (Imol%) Ethyl viologen - -
No additive 48 (1mol%) - 7 6

Key: phenylmethanol (BnOH); phenylmethanal (BzH); 2,4,6-trimethylpyridine (collidine); 1,1°-

diethyl-4,4’-bipyridium dibromide (ethyl viologen); 1,1’-dimethyl-4,4’-bipyridium dichloride

hydrate (methyl viologen); 4-nitrobenzenediazonium tetrafluoroborate (diazonium).

The calibration graphs for the p-MBH, 4-MBA, BnOH and BzH are given as appendices 3.4, 3.5,

3.6 and 3.7 respectively. The optimum conditions for the photooxidation catalysis experiments

were found to be; 48 hours under 470 nm blue LED light strip (7 W) at a distance of 2 cm intensity,
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with catalytic loading of 1 mol % and ethyl viologen as the sacrificial electron acceptor. These

were used to investigate photooxidation reactions of C-L1 to C-Le as shown in Table 4.

Table 4: Selective Photooxidation of Benzyl Alcohols

Yield (%)
Entry
BzH p-MBH

C-L1 30 58
C-L. 11 57
C-Ls 25 50
C-L4 18 50
C-Ls 4 11
C-Ls 28 26
No additive; C-

Ly ! _
In dark - -

The highest BzH vyields achieved were 30%, 28% and 25% for complexes C-L1, C-L¢ and C-L3
respectively. The high yields of C-L: could be attributed to its unsubstitution hence no steric
hindrances. The general trend for increasing yields for all the complexes was C-Ls>C-L>>C-L4>C-
Ls>C-Le>C-L1. Experiment without the additive gave 7% of the BzH indicative of the significance
of the catalyst’s efficiency at the right loading. The highest p-MBH yields achieved were 58, 57
and 50% from complexes; C-Li, C-L> and C-L3 & C-L4 respectively. The general trend for
increasing yields for all the complexes was, C-Ls>C-Le>C-L4>C-L3>C-L>>C-L1. The high yields

of C-L1 in both reactions could be due to its unsubstitution hence steric hindrances.
4.6 Selective Reduction of 2-furaldehyde to (tetrahydrofuran-2-yl) methanol (THFA)

The selective reduction of 2-furaldehyde (furfural) to 2-Furanmethanol (furfuryl alcohol) and
(tetrahydrofuran-2-yl) methanol (tetrahydrofurfuryl alcohol, THFA) using C-Li to C-Ls was
carried out as described in section 3.7. First, optimization studies were carried out at different
reaction conditions i.e., the time, temperature, hydrogen pressure effects, solvents and in order to

obtain optimum conditions for the reaction using C-L1 as shown in Table 5.
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Table 5: Temperature and Pressure Optimization for Reduction of Furfural with C-L1

S/No. Hz(bar) T(°C) Time(h) Solvent Yield % Conversion%
(FOH)

1 30 50 24 i-PrOH; iProNEt 1 14
2 30 60 24 i-PrOH 4 17
3 30 60 48 i-PrOH 4 16
4 40 60 24 i-PrOH; iProNEt 1 5
5 40 60 24 CH3CN; iPraNEt 1 1
6 40 60 48 CH3CN; iPraNEt 3 8
7 40 60 67 CH3CN; iPraNEt 1 1
8 40 80 24 CH3CN; iPraNEt 1 14
9 40 100 24 Heptane 1 29
10 50 100 24 i-PrOH; iProNEt 6 50
11 50 70 24 CH3CN; iPraNEt 4 8
12 60 80 24 i-PrOH 6 6
13 60 80 48 i-PrOH 70 74
14 60 80 72 i-PrOH 20 25
15 60 80 48 i-PrOH; no catalyst 0 0
16 70 100 24 i-PrOH 1

Key: 2-Furanmethanol (FOH); isopropanol (i-PrOH); N, N-Diisopropylethylamine (‘Pr.Net)

The calibration curves for THFA, Furfuryl alcohol and Furfural are given in appendices 3.1, 3.2
and 3.3 respectively. The optimum conditions for the selective hydrogenation experiments were
found to be: i-PrOH without any sacrificial electron acceptor or donor (additive), 60 Hz bar, T=
80°C and t = 48 h for this reaction. These were used to investigate hydrogenation reactions of C-

L1 to C-Lg as shown in Table 6.
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Table 6: Hydrogenation of Furfural with C-L1 to C-Ls

Entry Time (h) Yield %
FOH THFA

C-L1 24 0.8 21.0
C-L1 67 - 54
C-L. 48 - -

C-Ls 48 322 15
C-L4 24 - 2.3
C-L4 48 056 -

C-Ls 48 - -

C-Ls 48 403 038

No catalyst 48 - -

C-L1, C-Ls and C-L4 gave the three highest yields for (tetrahydrofuran-2-yl)methanol with C-L;
exhibiting ten times more yield at 21% as compared to 2.3% and 1.5% for C-Lz and C-L4. This
could be due to C-L1 being unsubstituted hence no steric hindrances that could be present in the
substituted complexes. C-L1 gave lower yields of THFA at 5.4% on increasing the reaction time
by more than 2 times while FOH reduced from 0.8% to zero. The three highest yields for
Furanmethanol were 4% for C-Ls, 3.2% for C-Lz and 0.8% for C-L1. An inverse relationship with
respect to yields between the two expected products, (tetrahydrofuran-2-yl)methanol and
Furanmethanol was observed. Experiments done in absence of the catalyst gave no yield indicating
the vital role of the of the complexes as photocatalysts. Similar studies done with Ru (1) complexes
have shown higher turnover numbers hence the reaction still needs to be optimized further for
better results (Xuefeng et al., 2016).
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
5.1 CONCLUSIONS

Ten cyclometalating ligands (C"N) were synthesized using Suzuki-Miyaura cross-coupling
reaction. Six of the synthesized ligands were based on the 2-(1-naphthyl) pyridine moiety and
included the unsubstituted 2-(1-naphthyl) pyridine (L1), 92% yield, 2-(1-naphthyl)-4-methoxy
pyridine (L2) 90% yield and 2-(1-naphthyl)-4-trifluoromethyl pyridine (L3) 97% yield. Ligands
Ls-Ls gave yields ranging 90-97%, while L7-Lio ligands, which were based on 1-phenyl
isoquinoline moiety included 4-Fluoro-1-phenyl isoquinoline (L7), 84% yield, 4-Fluoro-1-phenyl
isoquinoline (Ls), 83% vyield, 4-tert-butyl-1-phenyl isoquinoline (Lo), 65% yield and 4-methyl-1-
phenyl isoquinoline (L1o), 89%) yield

UV-VIS spectroscopic measurements of the ligands gave excitation Amax 0f ca. 260 - 294nm. These

were intra-ligand n-n* transitions.

Ten tris-homoleptic cyclometalated Ir(111) complexes were synthesized with the ligands. The
yields obtained were: Tris 2-(1-naphthyl) pyridyl iridium (C-L1), 44% yield, Tris 2-(1-naphthyl)-
4-methoxy pyridyl iridium (C-L2), 50% yield and Tris 2-(1-naphthyl)-4-trifluoromethyl pyridyl
iridium (C-Lz3), 39% yield. Complexes C-L4 to C-Lg gave yields ranging 39-44%, while C-L7 to C-
L1o had 45-95%.

The UV-VIS spectroscopic measurements of C-L; to C-Lio gave excitation Amax range of 400-442
nm. On exciting at 400 nm the complexes exhibited varying emission Amax between 588-625 nm
i.e., C-Liemitted at 591 nm, C-L» 610 nm, C-L4588 nm and C-L10625 nm. The varying emission
Amax Values of the complexes showed their respective specificities. The 10Dq values of the
octahedral complexes were C-L1 24390 cm™, C-L2 23923 cm™, C-L4 25000 cm™* and C-L3 22988

cm?, resulting from d-d transitions.

Quantum yields, ®s, for C-L1 to C-Ls were C-L; 8.6, C-L2 22, C-L3 14, C-L419, C-L59.4 and C-

Le 16. Subsequently, emission lifetimes, 1, for the complexes were between 1.4-3.7 us where C-L1
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had 1.5 ps, C-L2had 3.0 us, C-Lahad 3.7 ps, and C-L4 had 2.6 ps. The high ®f and long t obtained
were consistent with the phosphorescence of the luminophores.

C-Lowith -OMe substitution at Carbon 4 had higher emission Amax relative to C-L1 by 19 nm, while
C-L3z with CFz increased by 12 nm relative to C-L1, which reflected a reduction on A, splitting. C-
L4 with -Me substitution decreased by 3 nm relative to C-L; reflecting an increase in Ao splitting.
Cyclic voltammetry of the complexes C-L;1 to C-Le showed oxidation potential, Eoxa/2, ranging
from +0.60 to +0.96 V during anodic scanning while reduction potential, Ereq1/2, values were from
+0.54 to +0.89 V during cathodic scanning. The Eoxu» values were a result of reversible, single

electron transfer (SET) process at the metal-centered Ir'"/1r'Voxidation couple.

Crystallographic evaluations of C-Li1, showed it to be octahedral. Vital bond angles of C and N
atoms around the Ir center were Ir-N1-C, 125; Ir-N1-C5, 119; Ir-N2-C16, 127; Ir-N2-C20, 116.3;
Ir-N3-C31, 126; Ir-N3-C35, 115.3; NI1-Ir-N2, 96.4; N1-Ir-N3, 95.8; N2-Ir-N3, 99.2 while the
cyclic bond lengths were Ir-N1, 2.09; Ir-N2 2.14; Ir-N3, 2.13; Ir-C7, 2.03; Ir-C22, 2.00; Ir-C37,
2.03. These values were consistent with a facile arrangement of the non-polymeric, three-
cyclometalating ligands around the iridium center through bidentate chelation with a 2-fold
rotation axis showing that the complex was octahedral.

Complexes C-L; to C-Le were subsequently utilized in three photoredox catalysis applications
using blue LED lights of 470 nm at 7 W. The first application on three-component methoxy
trifluoromethylation of styrene, gave 97%, 100%, 100% vyields for C-Li, C-L», and C-Ls,
respectively while the rest gave between the range 56 - 84%. The results showed the complexes
were able to proficiently mediate single electron transfer (SET) events to achieve highly

regioselective methoxytrifluoromethylation of styrene.

The second photoredox application was on photodegradation of Morin using blue light, as a model
reaction. C-L; to C-L¢ were found to catalyse the degradation of morin in 12 minutes under
ambient temperatures in O2 environment at pH 10 with degradation rate constants, Kops 0.023 s7!
to 0.036 s'. C-La, exhibited the highest Ko = 0.036 s™'. The photoredox catalytic degradation

reaction of Morin dye was found to follow first order kinetics.
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The third photoredox application was on selective photooxidation of alcohols; phenylmethanol
and (4-Methoxyphenyl) methanol to aldehydes. The highest phenylmethanal (BzH) yields
achieved were 30, 28 and 25% from complexes; C-Li, C-L¢ and C-Ls, respectively while the
highest 4-methoxybenzaldehyde (p-MBH) yields achieved were 58, 57 and 50% from complexes;
C-Li,C-Lyand C-Ls and C-L4respectively. In both cases C-L; had highest yields compared to the
rest of the complexes. The complexes selectively catalyzed the photooxidation and exhibited

selectivity of 99% for both oxidation reactions.

The complexes selectively hydrogenated 2-furaldehyde into 2-Furanmethanol and
Tetrahydrofuran-2-yl methanol giving 21% yield of Tetrahydrofuran-2-yl methanol with C-L; and
gave 4% yield of 2-Furanmethanol with C-Le.

5.2: RECOMMENDATIONS

1. Ir(I11) complexes were successfully synthesized and they were utilized in photoredox
catalysis and selective hydrogenation of furfural. The products of these applications can be
used in manufacturing and pharmaceutical fields.

2. A prototype for photoredox catalysis should be developed using the 2-(napthalen-1-yl)
pyridine tris homoleptic cyclometalated Ir(111) complexes C-L1 to C-Le.

3. A prototype process for selective hydrogenation of furfural to THFA utilized in the
manufacture of fine organic chemicals should be developed using the 2-(napthalen-1-yl)
pyridine tris homoleptic cyclometalated Ir(I11) complexes C-L; to C-Le.

4. Infrared, crystallographic measurements and DFT calculations should be done for the
complexes. Complexes C-L7to C-Lio should be evaluated for their photoredox catalysis
activity and selective hydrogenation.

5. Investigation of substitution positioning on the aromatic ring i.e. ortho, meta, para

positions with weak field ligand substituents and strong field ligand substituents.
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APPENDICES
Appendix 1: NMR analyses for the Ligands and Complexes
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Appendix 1.3 3C NMR for L3
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Appendix 1.4 3C NMR for L4
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Appendix 1.5 3C NMR for Ls
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Appendix 1.6 *C NMR for L
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NMR spectra of complexes C-L1-C-Ls

Appendix 1.7 C NMR for C-L4
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Appendix 1.8 COSY NMR for C-L;
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Appendix 1.9 C NMR for C-L,
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Appendix 1.11 3C NMR for C-L3
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Appendix 1.12 2D COSY NMR for C-L3
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Appendix 1.13 19F NMR for C-L3
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Appendix 1.14 C NMR for C-L4
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Appendix 1.15 2D COSY NMR for C-L4
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Appendix 1.16 3C NMR for C-Ls
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Appendix 1.17 2D COSY NMR for C-Ls
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Appendix 2: Lifetime measurement Graph for C-L;

PicoQuant FluoFit 10/29/2018 @

Model: Exp. [Tailfit] (Exponential)
Plotted Data Set #0 Decay: "\..\c1 in air 485 ex.phd" (0)
X3(reduced): 1.0079 ; Fitted Data Points: 0

Main Plot
10°
]
_?
8
z
H
£ 40
10°
4
s 2
2 0
g -2
4
0 40 80 120 160 200 240 280 320 360
time [ns]
" -1
I=)Ae "
Parameter Value Conf. Lower Conf. upper Conf. esimaion
A4 [Cnts] 861.80 -7.65 +7.65 Fitting
71 [ns] 174.55 -1.80 +1.80 Fitting
Bkgr. pec [Cnts] 32.84 -2.68 +2.68 Fitting

Average Lifetime:
TAv.1:174'55 ns (intensity weighted)
1AV‘2:174.55 ns (amplitude weighted)

Appendix 3 GC Calibration Graphs

Appendix 3.1 THFA calibration

1.20 y = 0.5236x
1.00 - R? =0.9995

0.80 1 @ Ax/Ais
0.60 -

0.40 - —— Linear

0.20 - (Ax/Ais)
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Appendix 3.2 Furfuryl Alcohol calibration

4.00 -
3.00 -
y=0.4913x
2.00 1 R*=0.9995
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Appendix 3.3 Furfural calibration

furfural calibration

4.00 :‘ y2:_0.5138x & Ax/Ais

R*=0.9998
2.00 /
0.00 T . . Linear
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Appendix 3.4 p-anisaldehyde (p-MBH) calibration

p-anisaldehyde calib

3.00 y = 0.9749x

200 4 R?*=0.9993 ¢ Ax/Ais
1.00 .
0.00 — Linear

(Ax/Ais)
0.00 1.00 2.00 3.00

Appendix 3.5 4-methoxybenzene Alcohol (4-MBA) calibration
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MBA Calib

3.00 y = 1.055x
R? = 0.9994 .
2.00 ¢ Ax/Ais
1.00 —Linear
0.00 - : : . (Ax/Ais)
0.00 1.00 2.00 3.00
Appendix 3.6 Benzyl Alcohol calibration
BzOH recalib
3.00 y = 0.9983x
2 2.00 R?=0.9996
2 2
~
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Appendix 3.7 Benzyl Aldehyde calibration

BzH calib
3.00
y=1.3418x
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Appendix 3.8 Photodegradation of Morin using C-L»

Morin degradation with C2 and Blue lights
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Appendix 3.9 Photodegradation of Morin using C-L3

Morin degradation with C3 and Blue lights
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Appendix 3.10 Photodegradation of Morin using C-L4
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Appendix 3.11 Photodegradation of Morin using C-Ls
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Appendix 3.12 Photodegradation of Morin using C-Ls

Absorbance

o
in

Morin degradation with C6 and Blue lights

~— 0 min
1 min
2 min
3 min
4 min
5 min
6 min

7 min
8 min
9 min
—— 10 min
11 min
12 min

T T
600 700 800

178



Appendix 4 Raw data for Crystallography

Table A.1: Bond Angles for C-L1 from XRD Measurements

Number Atom1 Atom2 Atom3 Angle
1 1In1 N1 C1 125(1)
2 Il N1 C5 119(1)
3 C N1 C5 115(1)
4 Irl N2 C16 127(1)
5 1Irl N2 C20 116.3(9)
6 C16 N2 C20 116(1)
7 Il N3 C31 126(1)
8 Irl N3 C35 115.3(9)
9 C31 N3 C35 118(1)
10 N1 Irl N2 96.4(4)
11 N1 Irl N3 95.8(4)
12 N1 Irl c7 77.2(5)
13 N1 Irl C22 173.9(5)
14 N1 Irl C37 89.0(5)
15 N2 Irl N3 99.2(4)
16 N2 Irl C7 83.6(5)
17 N2 Irl Cc22 78.6(5)
18 N2 Irl C37 174.3(5)
19 N3 Irl c7 172.7(5)
20 N3 Irl C22 88.4(5)
21 N3 Irl C37 78.6(5)
22 C7 Irl C22 98.7(6)
23 C7 Irl C37 99.3(5)
24 C22 Irl C37 96.1(6)
25 N1 C1 H1 118
26 N1 Cl Cc2 125(1)
27 H1 Cl Cc2 117
28 C1 C2 H2 120
29 C1 C2 C3 119(2)
30 H2 C2 C3 120
31 C2 C3 H3 121
32 C2 C3 c4 117(2)
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33
34
35
36
37
38
39
40
4
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

H3
C3
C3
H4
N1
N1
c4
C5
C5
c7
Irl
Irl
C6
c7
c7
H8
C8
C8
H9
C9
Cc9
Cl1
C10
C10
H11
C11
Cl1
H12
C12
C12
H13
C13
C13
H14
C6
C6
C10
N2

C3
c4
c4
C4
Cc5
Cc5
Cc5
Cc6
Cc6
Cc6
c7
c7
c7
cs
cs
cs
co
co
c9
C10
C10
C10
c11
c11
c11
C12
c12
c12
C13
C13
C13
Cl4
Cl4
Cl4
c15
c15
c15
C16

C4
H4
C5
C5
C4
C6
C6
Cc7
C15
C15
C6
C8
C8
H8
C9
C9
H9
C10
C10
Cl1
C15
C15
H11
C12
C12
H12
C13
C13
H13
Cl4
Cl4
H14
C15
C15
C10
Cl4
Cl4
H16

123(2)

121(1)
108(1)
131(1)
115(1)
125(1)
120(1)
117(1)
123.5(9)
119(1)

120(1)

124(1)
125(1)
118(1)

117(1)

125(2)

115(2)

124(2)

119(2)

119(1)

121(1)
119(1)

122
118

119

120

120
118

118

118

118
122

122
118

118
120

120

118
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71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

N2

H16
C16
C16
H17
C17
C17
H18
C18
C18
H19
N2

N2

C19
C20
C20
C22
Irl

Irl

c21
C22
C22
H23
C23
C23
H24
C24
C24
C26
C25
C25
H26
C26
C26
H27
c27
c27
H28

C16
C16
C17
C17
C17
C18
C18
C18
C19
C19
C19
C20
C20
C20
c21
c21
c21
Cc22
C22
C22
C23
C23
Cc23
C24
C24
C24
C25
C25
C25
C26
C26
C26
ca27
ca27
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C28
C28
C28

C17
C17
H17
C18
C18
H18
C19
C19
H19
C20
C20
C19
C21
C21
C22
C30
C30
c21
C23
C23
H23
C24
C24
H24
C25
C25
C26
C30
C30
H26
ca27
ca27
H27
C28
C28
H28
C29
C29

124(2)

119(2)

120(2)

120(1)

120(1)
112(1)
127(1)
113(1)
124(1)
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120(2)
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109
110
111
112
113
114
115
116
117
118
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120
121
122
123
124
125
126
127
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129
130
131
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133
134
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136
137
138
139
140
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Cc28
C28
H29
c21
c21
C25
N3

N3

H31
C31
C31
H32
C32
C32
H33
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C33
H34
N3

N3
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Irl
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147
148
149
150
151
152
153
154
155
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159

H41
C41
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