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Synthesis of Functional Polyaromatic Heterocycles and their Material and Medicinal 
Applications 

by 

Ashley David Shiels 

 

Polyaromatic heterocycles can be found in almost all areas of chemistry being a highly versatile 
class of compounds. From materials to therapeutic agents, the extensive applications make 
them the targets of many research pursuits. Carbazole derived compounds have seen 
applications in OLEDs and LECs in the form of highly novel TADF emitters, then also appear in the 
anti-cancer and anti-fungal research centred around the indolocarbazole alkaloids. 

Chapters 1 and 2 of this thesis describe the synthetic approaches utilised to access novel 
ionic salts combining fluorescent heterocyclic cations with polyoxometalate anions. A series of 
7 novel polyoxometalate containing salts are isolated and their physical and optical properties 
examined. In this work we demonstrate the ability of polyoxometalate anions to enhance the 
solid-state photoluminescence of associated emissive heterocyclic cations.  Furthermore, we 
have investigated the potential of these salts in the active layer of LECs, demonstrating the limited 
hole transporting ability of the materials.   

Chapter 3 of this research endeavour displays the synthetic advances towards carbazole-
based TADF emitters. The ability to control sequential SNAr reactions on polyfluorinated aromatic 
systems, hexafluorobenzene and tetrafluoroisophthalonitrile, is explored. The capability to limit 
the substitution of carbazole to 2 positions with hexafluorobenzene and 3 positions with 
tetrafluoroisophthalonitrile was determined and further substitution with derivatised carbazole 
compounds scrutinised. The inability to substitute these final positions efficiently leads to a new 
approach targeting a difluoro-diiodo aromatic system that provides orthogonal opportunities for 
functionalisation. This system was successfully accessed in 2 steps with a 22% yield. 

The final part of this thesis, Chapters 4 and 5, outline the refinement of the Brown group’s 
approach to a reduced form of the staurosporine aglycone which presents as an indole-indoline 
system then investigates its regioselective functionalisation. Successful selective glycosylation 
of the indoline moiety allowed for the total synthesis of K252d as well as its β-anomer in a 4% 
yield over 6 steps. Furthermore, glycosylation with D-glucose and D-galactose yielded two 
previously unknown glycosidic analogues. The nature of the glycosylation step is studied, and the 
limitations of this approach made clear in the form of an equilibrium that limits the conversion to 
the initial glycosylated intermediate to approximately 40%. 

 

 



 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

3 

  

Table of Contents 

Table of Contents ....................................................................................... 3 

Table of Tables ........................................................................................... 7 

Table of Schemes ...................................................................................... 9 

Table of Figures ....................................................................................... 11 

Research Thesis: Declaration of Authorship .............................................. 15 

Acknowledgements ................................................................................. 17 

Definitions and Abbreviations .................................................................. 19 

Chapter 1 Introduction ........................................................................... 25 

1.1 Smart Materials and E-textiles .................................................................. 25 

1.2 Luminescent Materials ............................................................................. 26 

1.3 Luminescence .......................................................................................... 26 

1.3.1 Fluorescence and Phosphorescence ....................................................... 26 

1.3.2 Metal-organic Phosphorescence ............................................................. 28 

1.3.3 Delayed Fluorescence ............................................................................. 28 

1.3.4 Aggregation Induced Emission ................................................................. 29 

1.4 Organic Light-emitting Diodes (OLEDs) ...................................................... 30 

1.4.1 OLED Device Structure ............................................................................ 30 

1.4.2 Brief History of OLED development .......................................................... 31 

1.5 Light-emitting electrochemical cells (LECs) ............................................... 31 

1.5.1 LEC Device Structure .............................................................................. 31 

1.5.2 Types of LEC Active Materials .................................................................. 32 

1.6 The Challenges of Luminescence and Degradation mechanisms ................ 33 

1.6.1 Wide Band-gap Instability ........................................................................ 34 

1.6.2 Concentration Quenching ....................................................................... 35 

1.7 Active Layer and Molecular Design ............................................................ 35 

1.7.1 Doped and Non-doped Layers ................................................................. 36 



 

4 

1.7.2 Charge Carrier Ability .............................................................................. 37 

1.7.3 Wavelength Tuning .................................................................................. 37 

1.8 Small Molecules and Their Use in LECs ...................................................... 38 

1.8.1 Non-ionic Small Molecule LECs ............................................................... 38 

1.8.2 Ionic Small Molecule LECs ...................................................................... 46 

1.8.3 Host-Guest Small Molecule LECs ............................................................ 57 

1.9 Conclusions and Future Perspectives ....................................................... 60 

Chapter 2 Polyoxometalate Anions in LECs ............................................. 61 

2.1 Background .............................................................................................. 61 

2.1.1 The Effect of Polyoxometalate Anions on Solid-State Photoluminescence . 61 

2.1.2 LEC Fabrication and Application to Textiles .............................................. 61 

2.1.3 Aims ....................................................................................................... 62 

2.2 Phenanthroimidazole-Polyoxometalate Emitters ....................................... 63 

2.2.1 Synthesis ................................................................................................ 63 

2.2.2 Optical Properties ................................................................................... 66 

2.2.3 Electrochemical Properties ..................................................................... 68 

2.2.4 Solid-state Photoluminescent Properties ................................................. 70 

2.2.5 LEC Fabrication and Testing .................................................................... 74 

2.2.6 Doped Layer Formulation ........................................................................ 75 

2.3 BODIPY-Polyoxometalate Emitters ............................................................ 77 

2.3.1 Synthesis ................................................................................................ 77 

2.3.2 Optical Properties ................................................................................... 79 

2.3.3 Photoluminescent Properties .................................................................. 80 

2.3.4 LEC Fabrication and Testing .................................................................... 82 

2.4 Conclusions and Future Perspectives ....................................................... 84 

Chapter 3 Carbazole-Based TADF Emitters .............................................. 85 

3.1 Background .............................................................................................. 85 

3.1.1 4CzIPN ................................................................................................... 85 



 

5 

3.1.2 SNAr Reactions on Polyfluorinated Aromatics ........................................... 86 

3.1.3 Aims ....................................................................................................... 88 

3.2 SNAr of Hexafluorobenzene Towards Ionic Carbazole-Based Emitters ......... 88 

3.3 SNAr of Tetrafluoroisophthalonitrile Towards Ionic Carbazole-Based Emitters

 ................................................................................................................ 91 

3.4 A New Approach ....................................................................................... 93 

3.5 Conclusions and Future Perspectives ....................................................... 95 

Chapter 4 Introduction to the Indolocarbazole Alkaloids and their Synthesis

 .............................................................................................. 97 

4.1 Indolocarbazole Alkaloids ........................................................................ 97 

4.1.1 Discovery and Interest ............................................................................. 97 

4.1.2 PKC Inhibition ......................................................................................... 98 

4.2 Indolocarbazole Alkaloids and Their Anti-cancer and Antifungal Properties

 .............................................................................................................. 100 

4.2.1 Anti-cancer Activity ............................................................................... 100 

4.2.2 Antifungal Activity ................................................................................. 101 

4.3 Synthesis of the Staurosporine Aglycone ................................................. 102 

4.4 Synthesis of Staurosporine ..................................................................... 107 

4.5 Glycosylation of Indolocarbazole Alkaloids ............................................. 112 

4.6 Conclusions and Future Perspectives ..................................................... 115 

Chapter 5 Regioselective Functionalisation of the Staurosporine Aglycone

 ............................................................................................. 117 

5.1 Background ............................................................................................ 117 

5.1.1 Indoline Glycosylation ........................................................................... 117 

5.1.2 Previous Work in the Brown Group ......................................................... 118 

5.1.3 Aims and Conclusions ........................................................................ 1200 

5.2 Consolidation of the Brown Group’s Approach to a Useful Indole-Indoline 

System ................................................................................................... 121 



 

6 

5.3 Synthesis of K252d and Related Staurosporine Aglycone Glycosidic 

Analogues .............................................................................................. 125 

5.4 Conclusions and Future Perspectives ..................................................... 129 

Chapter 6 Experimental ......................................................................... 131 

6.1 General Procedures ................................................................................ 131 

6.2 Procedures and Characterisation Data .................................................... 133 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

 



 

7 

Table of Tables 

Table 1: Doped active layer formulations. ..................................................................... 76 

Table 2: Conditions for attempted SNAr reactions of tetra-carbazolyl 3.04. .................... 89 

Table 3: Conditions tried for diiodination of 3.27. .......................................................... 94 

Table 4: Glycosylation 2,2’-Indolylindoline 5.01 by Chisolm and co-workers. ............... 117 

Table 5: Some of the attempted glycosylation conditions by Chambers. ...................... 120 

Table 6: Attempted conditions for the deoxygenation of hydroxy lactam 5.14. .............. 123 

Table 7: Attempted conditions for the deprotonation of TFA salt 5.19. .......................... 124 

Table 8: Conditions for N-glycosylation of indoline 5.16. .............................................. 126 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

9 

Table of Schemes 

Scheme 1: Costa and co-workers’ synthesis of imidazo-pyridine based emitter. ............ 44 

Scheme 2: Chen H. F. and co-workers’ synthesis of terfluorene derivative 1.45. ............. 47 

Scheme 3: Synthesis of ionic phenanthroimidazole emitter 2.12. .................................. 64 

Scheme 4: Anion exchange reactions. .......................................................................... 65 

Scheme 5: Synthesis of electron transport material for host-guest active layer formulation.

 ........................................................................................................... 75 

Scheme 6: Synthesis of BODIPY 2.32. ........................................................................... 78 

Scheme 7: Synthesis of BODIPY-triflate emitters (2.34 and 2.38) and BODIPY-polyoxometalate 

emitters (2.35 and 2.36). ...................................................................... 79 

Scheme 8: Adachi and co-workers’ synthesis of 4CzIPN................................................ 86 

Scheme 9: SNAr reactions with carbazole and hexafluorobenzene (3.03). ...................... 87 

Scheme 10: Selective deprotection of phenol by Jarman and McCague. ........................ 88 

Scheme 11: SNAr reactions of hexafluorobenzene with carbazole. ................................ 89 

Scheme  12: Attempted SNAr reactions of tetra-carbazolyl 3.04. ................................... 89 

Scheme 13: Attempted introduction of charge via pendant alkyl chains. ........................ 90 

Scheme 14: Attempted SNAr of our di-carbazolyl product 3.09. ..................................... 91 

Scheme 15: SNAr reactions of tetrafluoroisophthalonitrile (3.02) with carbazole (3.09) and α-

carboline (3.20) and the examination of their reactivity. ........................ 92 

Scheme 16: SNAr reaction of tri-carbazolyl compound 3.21. ......................................... 93 

Scheme 17: Synthesis of diiodo-difluoro target 3.29. ..................................................... 94 

Scheme 18: Attempted SNAr cross-coupling approach. ................................................ 94 

Scheme 19: Unsuccessful SNAr attempts. ................................................................... 95 

Scheme 20: Proposed method to access derivatised carbazole-based TADF emitters. ... 96 

Scheme 21: Synthesis of the staurosporine aglycone by Winterfeldt and co-workers’. .. 103 

Scheme 22: Synthesis of the staurosporine aglycone by Hill and co-workers’. ............. 104 



 

10 

Scheme 23: Synthesis of the staurosporine aglycone by Faul and co-workers’. ............ 105 

Scheme 24: Synthesis of the staurosporine aglycone by Pabbaraja and co-workers’. ... 106 

Scheme 25: Total synthesis of staurosporine (4.01) by Danishefsky and co-workers. ... 108 

Scheme 26: Preparation of the requisite sugar in Danishefsky and co-workers’ approach to the 

synthesis of staurosporine (4.01). ...................................................... 109 

Scheme 27: Total synthesis of the staurosporine (4.01) by Wood and co-workers’. ...... 110 

Scheme 28: Wood and co-workers’ preparation of furanose 4.60. ............................... 111 

Scheme 29: Formal synthesis of the staurosporine (4.01) by Seo and co-workers’. ...... 112 

Scheme 30: a) Synthesis of the rebeccamycin (4.07) by Clardy and co-workers’, b) Synthesis of 

the rebeccamycin (4.07) by Danishefsky and co-workers’ ................... 113 

Scheme 31: Regioselective glycosylation in the total synthesis of K252a (4.02) by Fukuyama and 

co-workers’. ...................................................................................... 114 

Scheme 32: Investigation of the glycosylation of 2,2’-indolylindolines by Chisolm and co-

workers’. ........................................................................................... 117 

Scheme 33: Faul and co-workers’ efforts to prepare indolocarbazole glycoside analogues of 

acryriaflavin A. .................................................................................. 118 

Scheme  34: Chambers’ route towards successful glycosylation indolylindoline 5.16 and 

ultimately total synthesis of K252d (5.17). .......................................... 119 

Scheme 35: Preparation of bisindolylmaleimide 4.28. ................................................. 121 

Scheme 36: Preparation of TFA salt 5.19. .................................................................... 122 

Scheme 37: Deoxygenation of hydroxy lactam 5.14. .................................................... 123 

Scheme  38: Deprotonation of TFA salt 5.19. ............................................................... 124 

Scheme 39: N-glycosylation of indoline 5.16 with L-rhamnose. ................................... 126 

Scheme 40: Glycosylation of indoline 5.16 with different sugars. ................................. 128 

Scheme 41: Evaluation of DDQ oxidation of indoline glycoside intermediates 5.23-5.25.129 

Scheme 42: Cyclisation, glycosylation, and oxidation to regioselectively functionalise the 

staurosporine aglycone. .................................................................... 130



 

11 

Table of Figures 

Figure 1: Multidisciplinary nature of e-textiles. .............................................................. 25 

Figure 2: Jablonski diagram of electron excitation leading to fluorescence and phosphorescent 

emission. ............................................................................................ 26 

Figure 3: Hole electron recombination in a light emitting diode. ..................................... 27 

Figure 4: Thermally activated delayed fluorescence process represented on a Jablonski 

diagram. ............................................................................................. 29 

Figure 5: Representation of RIR and RIV behaviour upon aggregation. ............................ 30 

Figure 6: OLED general structure. ................................................................................. 31 

Figure 7: General LEC structure. Indium tin oxide anode (blue), active layer (green), aluminium 

cathode (grey). .................................................................................... 31 

Figure 8: Illustration of a) electrodynamic model and b) electrochemical doping model for LEC 

operating mechanism. ......................................................................... 32 

Figure 9: Examples of the constituents of a) iTMC active layer, b) conjugated polymer active 

layer, c) small molecule active layer. .................................................... 33 

Figure 10: Effect of derivatisation on bond dissociation energy. ..................................... 34 

Figure 11: Components of a doped LEC active layer. ..................................................... 36 

Figure 12: HOMO LUMO energy levels of PVK, OXD-7 and 4CzIPN. ................................. 37 

Figure 13: Derivatisation of 4CzIPN to achieve a range of emission wavelengths. ........... 38 

Figure 14: Red emitting perylene derivative utilised by Hill and co-workers’. ................... 39 

Figure 15: Structure of small molecule emitters referred to as red (1.12) and green (1.13).40 

Figure 16: Structure of bilayer LEC device fabricated in the work of Edman and co-workers’.

 ........................................................................................................... 40 

Figure 17: Blue emitting borazine derived fluorophores implemented by Kervyn and co-workers’.

 ........................................................................................................... 41 

Figure 18: Synthesis and derivatisation of phenanthroimidazole based targets by Choe and co-

workers’. ............................................................................................. 42 



 

12 

Figure 19: Pentacene based emitter 1.21 and pseudo-host dimers used by Costa and co-

workers’. ............................................................................................. 42 

Figure 20: Neutral porphyrin emitters applied to LEC devices by Costa and co-workers’. 43 

Figure 21: Metal-organic emitters investigated by Costa and co-workers’. ..................... 44 

Figure 22: Bithiazole emitters tested by Chen D. and co-workers’. ................................. 45 

Figure 23: Porphyrin BODIPY dyad emitters investigated by Costa and co-workers’. ....... 46 

Figure 24: 2,2'-Bifluorene emitter studied by Chen H. F. and co-workers’. ...................... 48 

Figure 25: Triarylamine HTM and triazine ETM implemented by Chen H. F. and co-workers’.

 ........................................................................................................... 49 

Figure 26: Structures of fluorene-based emitters used in the work of Choe and co-workers’.

 ........................................................................................................... 50 

Figure 27: Novel TADF emitters synthesised and tested by Wong and co-workers’. ......... 50 

Figure 28: Ionic phenanthroimidazole derived emitters from the work of Choe and co-workers’.

 ........................................................................................................... 51 

Figure 29: Phenothiazine emitter 1.56 and its sulfone analogue 1.57 studied by Choe and co-

workers’. ............................................................................................. 52 

Figure 30: Diphenylsulfone TADF emitters analysed by Wong and co-workers’. .............. 52 

Figure 31: Phenanthroimidazole and pyrene-imidazole derived emitters studied by Choe and 

co-workers’. ........................................................................................ 53 

Figure 32: The next generation of phenothiazine emitters studied by Choe and co-workers’.

 ........................................................................................................... 54 

Figure 33: Tetraphenylethene bearing AIE compounds analysed by Choe and co-workers’.55 

Figure 34: Triazine donor-acceptor emitters reviewed by Choe and co-workers’. ............ 55 

Figure 35: Thenil based emitters examined by Choe and co-workers’. ............................ 56 

Figure 36: Red emitting benzothiadiazole compounds presented by Choe and co-workers’.

 ........................................................................................................... 57 

Figure 37: V-shaped acceptor-donor-acceptor emitters investigated by Choe and co-workers’.

 ........................................................................................................... 57 



 

13 

Figure 38: Guest ionic iridium complex (1.81) and host ionic NIR dye (1.82) introduced by Su and 

co-workers’. ........................................................................................ 58 

Figure 39: Structures of host materials, poly(9-vinylcarbazole) (1.07), OXD-7 (1.09), and 

carbazole-based TADF emitter presented in the work of Niu and co-workers’.

 ........................................................................................................... 59 

Figure 40: Carbazole-based TADF emitter and diphenylsulfone TADF sensitizer described in the 

work of Yao and co-workers. ................................................................ 59 

Figure 41: Emissive BODIPY cation and polyoxometalate anion used to enhance solid-state 

emission performance by Dessapt and co-workers’. ............................ 61 

Figure 42: Structures of PEDOT:PSS (2.03) and superyellow (2.04) implemented in the work of 

Beeby and co-workers’. ....................................................................... 62 

Figure 43: a) Structure of ionic phenanthrimidazole based salts, b) Molar absorbance of 2.14 – 

2.16 and 2.19 in DMF, c) Molar absorption of 2.17 – 2.19 in DMF. .......... 66 

Figure 44: a) Structure of ionic phenanthrimidazole based salts, b) Relative fluorescence 

intensities of 2.14 – 2.16 and 2.19 in DMF. c) Relative fluorescence intensities 

of 2.17 – 2.19 in DMF. .......................................................................... 67 

Figure 45: Cyclic voltammogram of 2.14. ...................................................................... 68 

Figure 46: Cyclic voltammogram of 2.15. ...................................................................... 69 

Figure 47: Cyclic voltammogram of 2.16. ...................................................................... 69 

Figure 48: Cyclic voltammogram of 2.19. ...................................................................... 69 

Figure 49: a) Structure of ionic phenanthroimidazole based salts, b) solid-state absorption of 

2.14 – 2.16 and 2.19. ........................................................................... 70 

Figure 50: Structure of ionic phenanthrimidazole based salts, b) solid-state photoluminescence 

of 2.19, c) solid-state photoluminescence of 2.14 – 2.16. ...................... 71 

Figure 51: Potential conformer of compound 2.19 in solid-state. ................................... 72 

Figure 52: Non-radiative decay pathways that may influence the emissive character of 

molybdenum containing salts 2.15 and 2.16. ....................................... 73 

Figure 53: SEM imaging of uneven doped active layers. Left - entry 1. Right - entry 2 ........ 77 

Figure 54: SEM imaging of a uniform active layer. .......................................................... 77 



 

14 

Figure 55: a) Structure of emissive pyridine containing BODIPY salts, b) absorbance of salts 2.34 

- 2.36 and 2.38 in DMSO, c) structure of emissive phosphine containing BODIPY 

salts, d) emission of salts 2.34 - 2.36 and 2.38 in DMSO. a Phosphine-BODIPY 

cation. ................................................................................................ 80 

Figure 56: a) Structure of emissive pyridine containing BODIPY salts, b) solid-state 

photoluminescence of salts 2.34 and 2.35, c) structure of emissive phosphine 

containing BODIPY salts, d) solid-state photoluminescence of salts 2.36 and 

2.38. a Phosphine-BODIPY cation ......................................................... 82 

Figure 57: SEM cross-section analysis of active layers. Left – BODIPY-triflate salt 2.34. Right – 

BODIPY-hexatungstate 2.35. ............................................................... 83 

Figure 58: Electroluminescence of BODIPY triflate 2.34. ................................................ 83 

Figure 59: Structure of redox active vanadium polyoxometalate cluster. ........................ 84 

Figure 60: Structures of staurosporine (4.01), K252a (4.02), K252b (4.03), staurosporine 

aglycone (4.04), holyrine (4.05), rebeccamycin Aglycone (4.06), rebeecamycin 

(4.07), 7-hydroxy-K252c (4.08), acryriaflavin A (4.09), UCN-01 (4.10) and UCN-

02 (4.11).............................................................................................. 98 

Figure 61: Structures of IP3 (4.12), PIP2 (4.13), ATP (4.14), DAG (4.15) and ADP (4.16). ..... 99 

Figure 62: Protein kinase C-mediated signal transduction. .......................................... 100 

Figure 63: Structures of Imatinib/Glivec® (4.16) and Midostaurin/Rydapt ® (4.17). ........ 101 

Figure 64: Structure of recently published staurosporine derivative (4.18). ................... 102 



 

15 

Research Thesis: Declaration of Authorship 

Print name: Ashley David Shiels 

Title of thesis: Synthesis of Functional Polyaromatic Heterocycles and their Material and 

Medicinal Applications 

I declare that this thesis and the work presented in it are my own and has been generated by me 

as the result of my own original research. 

I confirm that: 

1. This work was done wholly or mainly while in candidature for a research degree at this 

University; 

2. Where any part of this thesis has previously been submitted for a degree or any other 

qualification at this University or any other institution, this has been clearly stated; 

3. Where I have consulted the published work of others, this is always clearly attributed; 

4. Where I have quoted from the work of others, the source is always given. With the exception 

of such quotations, this thesis is entirely my own work; 

5. I have acknowledged all main sources of help; 

6. Where the thesis is based on work done by myself jointly with others, I have made clear 

exactly what was done by others and what I have contributed myself; 

7. None of this work has been published before submission 

Signature:  ........................................................................... Date: ........................  

 

 

 

 

 

 

 

 



 

16 

 

 

 

 

 



 

17 

Acknowledgements 

First, I would like to thank my supervisor Professor Richard Brown, and the person he took over 

from Dr Lynda Brown, for providing me the opportunity to undertake this PhD. Early in my time at 

Southampton you both gave me support but also the freedom to pursue my own ideas and 

interests, this gave me the chance to build confidence in my own ability and make this PhD one I 

could enjoy. You also provided all the input and suggestions I could hope for, helping me learn a 

lot in my time with you. 

A huge thank you to Professor David Harrowven and SmartT Interreg for providing the funding for 

this research. Also, to our collaborators in ECS, Katie Court, Yi Li, Sasikumar Arumugam and their 

supervisor Professor Stephen Beeby for their role in this project and for dealing with us chemists, 

who at times could be quite demanding. I would like to thank Julie, Jon, and Neil for always helping 

whenever I had issues identifying or characterising my compounds. Additionally, thank you to the 

store’s guys, Mark, and Keith who we all rely on to keep our work going.  

A big thank you to the entire Brown group for all the help you have given me throughout these 4 

years. Specifically, Nikita for always trying to help whenever she could, even if I was not always 

equally as useful, and for supporting me and sharing the burden when the jobs piled up as we 

became more experienced. Jack for always helping me tackle my synthetic challenges and for 

livening up the lab with your music. And George for being one of the only people I could to talk 

about football with. 

Finally, thank you to my family for supporting me through this journey especially my brother for 

providing his unique insight into my challenges with his inferior inorganic chemistry mind. Also, 

for providing me with my polyoxometalate materials even if you were really just hoping for your 

name on a paper. 

 

 

 

 

 

 

 



 

18 

 



 

19 
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d - Doublet 

d.r. – Diastereomeric ratio 

DAG – 1,2-Diacylglycerol 

DBU – 1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCC – N,N’-Dicyclohexylcarbodiimide     

DDQ – 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 

DEAD – Diethyl azodicarboxylate 

DET – Dexter energy transfer 

DIBAL-H – Diisobutylaluminium hydride 

DMAP – 4-(Dimethylamino)-pyridine 

DMF – Dimethylformamide 

DMSO – Dimethylsulfoxide 

e.e. – Enantiomeric excess 

ED – Electrodynamic 

EI – Electron ionisation 

Equiv. – Equivalents 

ESI – Electrospray ionisation 

Et – Ethyl 

E-textiles – Electronic textiles 

FLT3 – FMS-like tyrosine kinase 3 

FMS – Feline McDonough Sarcoma 

FRET - Förster resonance energy transfer 

FT-IR – Fourier-transform infrared 

g – Gram 

GC – Gas chromatography 
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h – Hour(s) 

HOMO – Highest occupied molecular orbital 

HRMS – High-resolution mass spectrometry 

IP3 – Inositol triphosphate 

ISC – Inter-system crossing 

iTMC – Ionic transition metal complex 

ITO – Indium tin oxide 

J – Coupling constant 

K – Kelvin 

LDA – Lithium diisopropylamide 

LEC – Light-emitting electrochemical cell 

LiTMP – Lithium tetramethylpiperidide 

LRMS – Low-resolution mass spectrometry 

LUMO – Lowest unoccupied molecular orbital 

m – Multiplet 

mCPBA – meta-Chloroperoxybenzoic acid 

Me – Methyl    

mg – Milligram 

min – Minute(s) 

mmol – Millimole(s) 

MS – Mass spectrometry 

Ms – Mesyl 

MW – Molecular weight 

NBS – N-Bromosuccinimide 

n-BuLi – n-Butyllithium 
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NMR – Nuclear-magnetic resonance 

NR – Non-radiative decay 

OLED – Organic light-emitting diode 

OXD-7 – 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene 

p – Para 

PEO – Polyethylene oxide 

Ph – Phenyl 

PIP2 – Phosphatidylinositol-4,5-biphosphate 

PKC – Protein kinase C 

PMMA – Polymethyl methacrylate 

ppm – Parts per million 

Pr – Propyl 

PTSA – para-Toluenesulfonic acid 

PVK – Poly(9-vinylcarbazole) 

q – Quartet 

RCM – Ring-closing metathesis 

RIM – Restricted intermolecular motion 

RIR – Restricted intermolecular rotation 

RISC – Reverse inter-system crossing 

RIV – Restricted intermolecular vibration 

rt – Room temperature 

s – Singlet 

S0 – Ground state 

S1 – Singlet state 

sat. – Saturated 



 

23 

SEM – 2-(Trimethylsilyl)ethoxymethyl 

SSA – Singlet-singlet annihilation 

T – Temperature 

t – Tertiary 

t – Triplet 

T1 – Triplet state 

TADF – Thermally activated delayed fluorescence 

TBA – Tetrabutylammonium 

TBAF – Tetrabutylammonium fluoride 

TBDMS – Tetrabutyldimethylsilyl 

THBA – Tetrahydrobidibenzoannulenylidene 

THF – Tetrahydrofuran 

TICT – Twisted intermolecular charge transfer 

TLC – Thin-layer chromatography 

TMS – Trimethylsilyl 

TOF – Time of flight 

TPE – Tetraphenylethene 

Ts – Tosyl 

TTA – Triplet-triplet annihilation 

UCN-01 – 7-Hydroxystaurosporine 

UV – Ultraviolet 

WSCD – 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide  

Δ – Heating to reflux 
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Chapter 1 Introduction  

This thesis explores two independent bodies of work. The first body of work explores the synthesis 

of ionic fluorescent materials for application to light-emitting electrochemical cells. Chapter 1 

will introduce this area giving relevant and contextual background information then Chapters 2 

and 3 go on to outline my work in this area. Chapters 4 and 5 move away from this topic with 

Chapter 4 introducing the relevant and contextual background for my second body of work and 

Chapter 5 describes this work. 

1.1 Smart Materials and E-textiles 

Smart materials are defined as materials that can interact with the environment around us or a 

user. This broad definition encompasses numerous different types of materials with applications 

to various fields. Electronic textiles (e-textiles) are a type of material that come under this 

definition of smart materials. E-textiles are textiles that incorporate an electronic component, 

these can be wearable textiles, but any textile that has an electronic component is part of this 

field. This is a highly multidisciplinary area due to the numerous applications of these 

technologies as well as the wide range of skills required to create these textiles.1, 2 Enforcing this 

point, a review from Ruckdashel and co-workers examined 300 publications in this field between 

2017 and 2022 and found that approximately 25% of publications were achieved by collaboration 

of researchers in two or more countries.3 

 

Figure 1: Multidisciplinary nature of e-textiles. 

Some of the applications of e-textiles include; temperature sensing and control4, power 

generation and storage5, 6, sensing modules for blood oxygen levels, respiration, 

electrocardiogram and sweat levels7, proximity sensing8 and luminescent materials.9, 10 This vast 

array of applications means the potential for growth in this market is significant, the growth of the 

e-wearables market between 2014 and 2020 has been explosive as the abundant ways that E-

textiles can enhance a person’s life are exploited.11 The e-wearables market covers all 
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electronically wearable products, including e-textiles, the e-textile market itself is expected to 

grow from approximately €100 million to over €2 billion in the next decade.12  

1.2 Luminescent Materials 

As has been mentioned, one of the applications of e-textiles is luminescent materials. To develop 

such materials there is a need for development of molecules that emit light upon electrical 

stimulation as well as appropriate devices that utilise such molecules and are suitable for 

integration into textiles. However, to do this a comprehensive understanding of the process of 

luminescence, the factors that hinder luminescence and the appropriate devices is a necessity, 

as well as this it is important to address how problems in a device’s performance can be 

addressed through modification to emissive molecule or layer. 

1.3 Luminescence 

1.3.1 Fluorescence and Phosphorescence 

For a molecule to be emissive it must first be electronically excited in some way.  One method to 

achieve this is irradiation with light to give the molecule enough energy for an electron to 

transition from the ground state (S0) to the first excited state (S1) or a higher energy excited state 

(Figure 2). An electron from the HOMO is excited to the LUMO retaining its spin creating a singlet 

exciton. When excitation energy is converted to motion energy of nucleus oscillation, the 

molecule quickly relaxes to the state of lowest oscillation in the excited state. This means that 

excited states above S1 quickly decay non-radiatively to S1. The singlet excited state is generally 

short-lived (a few nanoseconds) before returning to the ground state through fluorescent 

emission or a non-radiative decay process (Figure 2, red box).13, 14 

 

Figure 2: Jablonski diagram of electron excitation leading to fluorescence and phosphorescent 

emission. 
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Another method of excitation is the combination of negatively charged electrons and positively 

charged holes to form an excited state and this is how electro-luminescence is achieved (Figure 

3).15 A semiconductor material capable of losing an electron from its HOMO, creating a positively 

charge hole, and capable of accepting an electron into its LUMO is employed. Electrons and holes 

move away from areas of high concentration, eventually meet, and can combine to produce an 

excited state.  

 

Figure 3: Hole electron recombination in a light emitting diode. 

Phosphorescence occurs upon emissive relaxation of the triplet state to the ground state, T1 -> S0 

(Figure 2, blue box). This process is incredibly low probability and generally does not occur at 

ambient temperatures in typical organic molecules excited by UV light. This is because an inter-

system crossing (ISC) required between singlet and triplet state to form a triplet exciton, the rate 

of which is generally slow (0.1 to 1 µs)13 due to the spin-forbidden nature of the process. Even 

when triplet excitons form, their long-lived nature tends to result in non-radiative decay and rarely 

leads to phosphorescence such that standard luminescent molecules are often treated as being 

incapable of phosphorescence. However, phosphorescence can occur when thermal non-

radiative decay pathways (such as molecular vibration) are reduced at very low temperatures 

(cryogenic temperatures). In electro-luminescence negatively charged electrons and positively 

charged holes combine to form excitons thus the singlet or triplet nature of an exciton is dictated 

by spin statistics. There are four ways a hole and an electron can recombine defined by equation 

1 where s1 and s2 are the spins associated to the electron and hole and m1 and m2 are their 

projections onto the z-axis.  

1. |𝑠, 𝑚⟩ =  ∑ 𝐶𝑚1𝑚2𝑚
𝑠1𝑠2𝑠 |𝑠1, 𝑚1⟩𝑚1+𝑚2=𝑚 |𝑠2, 𝑚2⟩ 

The four combinations of spin and z-axis projection give equations 2 to 5. 
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These equations return values for the total spin of a state. There are three states with a total spin 

angular momentum of 1 and one with a total spin angular momentum of 0.16, 17 

 

|1, 1⟩ =  ⬆⬆ 

|1, 0⟩ =  
1

√2
(⬆⬇ +  ⬇⬆) 

|1, −1⟩ =  ⬇⬇ 

And, 

|0, 0⟩ =  
1

√2
(⬆⬇ −  ⬇⬆) 

This means that 75% of excitons formed are triplet and 25% are singlet.18 The result is that a 

standard fluorescent molecule is limited to a total quantum yield of 25% as only singlet excited 

states can be harvested radiatively. 

1.3.2 Metal-organic Phosphorescence 

Room temperature phosphorescence in organic molecules is rare as but, in metal-organic 

complexes, phosphorescence becomes a viable route of radiative decay and even out-competes 

fluorescence. The coupling of heavy metals (such as Pt, Ir, Cu etc) gives rise to spin-orbit coupling 

between the metal and ligand. This reduces phosphorescence lifetime, increases rates of ISC 

and triplet states gain additional singlet character.19 The result is radiative decay from T1 to S0 in 

reasonable rates at room temperature which results in emissive complexes that can achieve 

100% internal quantum efficiency by being able to harvest all excited states radiatively.20  

1.3.3 Delayed Fluorescence  

As has been discussed a key drawback of traditional fluorescent emitters, when applied to 

electro-luminescence, is their inability to utilise triplet excitons for emission. However, this is not 

the case for all fluorescent emitters as there are some examples where specific organic 

molecules have harnessed triplet excitons for emission through processes commonly referred to 

as delayed fluorescence. The first type of delayed fluorescence discovered was p-type delayed 

fluorescence (also known as triplet-triplet annihilation). This is a process whereby two triplet 

s = 0 (singlet) 

s = 1 (triplet) 
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states on separate molecules interact to leave one molecule in the ground state and the other in 

an excited singlet state. This process in theory means that two excited triplet states can lead to 

an fluorescence thereby bringing the total maximum quantum yield (the ratio of photons emitted 

to photons absorbed), of a molecule that shows this process, up to 62.5%.21 This process was 

first seen in pyrene hence the name p-type delayed fluorescence.22  

The other type of delayed fluorescence is commonly referred to as thermally activated delayed 

fluorescence (TADF). In this process, a very narrow energy gap (<0.2 eV) between S1 and T1 allows 

for a reverse inter-system crossing (RISC) process to occur. This means that triplet excitons, with 

a small amount of energy (induced by heat), can cross to singlet excitons and decay to the ground 

state radiatively. A fluorescent molecule that displays this process could show enhanced 

performance by radiative triplet harvesting (Figure 4).23  

 

Figure 4: Thermally activated delayed fluorescence process represented on a Jablonski 

diagram. 

1.3.4 Aggregation Induced Emission 

Aggregation induced emission (AIE) is a process whereby a molecule that is not emissive in 

solution becomes emissive in solid-state.24, 25 Initially, there was a variety of proposed 

mechanisms for this process; restriction of intramolecular rotation (RIR), J-aggregation, 

molecular planarization, and twisted intramolecular charge transfer (TICT). 24-26 RIR seemed to be 

the mechanism that could best explain the rise of this process in most molecules. This theory 

suggests that, in solution, free rotation of certain groups consumes exciton energy and provides 

a pathway of non-radiative decay. However, upon the formation of a solid film, free rotation is 

restricted, and the pathway of non-radiative decay is hindered which leads to emission upon 

aggregation but not in solution. This theory is commonly represented using tetraphenylethene 

(TPE) as an example (Figure 5). TPE in solution has free rotation of the phenyl groups however 

upon aggregation this movement is hindered, and emissive behaviour is induced. THBA was used 

to test this mechanism as the fusing of the phenyl groups should reduce rotation in solution and 
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lead to emissive behaviour in solution, however again AIE behaviour was observed so suggested 

that not only rotation, but intermolecular vibration can consume exciton energy. This theory has 

since been expanded to include restriction of intermolecular vibration (RIV) to give an overall 

mechanism referred to as restriction of intermolecular motion (RIM).27  

 

Figure 5: Representation of RIR and RIV behaviour upon aggregation. 

1.4 Organic Light-emitting Diodes (OLEDs) 

1.4.1 OLED Device Structure 

To create luminescent materials there is a need for devices that incorporate organic emissive 

molecules and can electrically stimulate them. One such device is an organic light-emitting diode 

(OLED). These types of devices have seen much interest over the last 20 years,28, 29 mainly due to 

their applications to display technologies. The general structure of a multi-layer OLED device is 

represented below (Figure 6). OLEDs in general do not necessarily need to contain as many 

layers, as shown in Figure 6, a single emitting layer between an anode and a cathode would still 

class as an OLED. However, multi-layer devices are commonplace today usually adding hole 

transport, hole injection, electron transport and electron injection layers to the device. These 

layers aid in charge carrying through the device. A single-layer setup would mean one layer is 

responsible for having good photoluminescence and external quantum efficiency (EQE, the ratio 

of photons that are emitted from the device to the number of electrons injected into it) properties 

as well as being a good hole and electron transport material. This puts a lot of demand on a single 

molecule/layer however, by adding more layers to do specific jobs, molecules can be designed 

to be good at their role and work well with the other layers. This leads to a reduction in exciton 

quenching and charge carrier leakage, improving the device’s performance.14 
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Figure 6: OLED general structure. 

1.4.2 Brief History of OLED development 

OLEDs have seen continuous development since they first were constructed in 1987.30 The 

general history of the development of these devices can be split into three major sections. First-

generation OLEDs that employ a fluorescent emitter and are limited to 25% internal quantum 

efficiency. Second-generation OLEDs, first reported in 1998, that utilised a metal-organic 

complex in the emissive layer to enable up to 100% internal quantum efficiency through 

phosphorescence emission.19, 31 Then finally third-generation, reported in 2009, use TADF type 

emitters to maintain the potential 100% internal quantum efficiency but move away from the use 

of rare, non-sustainable, earth metals in devices.32 

1.5 Light-emitting electrochemical cells (LECs) 

1.5.1 LEC Device Structure 

The general structure of a LEC device differs in one significant way from that of an OLED. That 

major difference is the presence of mobile ions in the devices active layer (emissive layer). Further 

to this LECs tend to have a much more simplified device structure having only three key layers, a 

transparent anode, air-stable cathode and an active layer responsible for emission.33  

 

Figure 7: General LEC structure. Indium tin oxide anode (blue), active layer (green), aluminium 

cathode (grey). 
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The operating mechanism of these types of devices has been a topic of debate since their 

discovery. There are two generally accepted models: the electrodynamic model (ED)34 and the 

electrochemical doping model.35, 36 LECs usually operate under a constant applied voltage due to 

the migration of mobile ions in the active layer. When an external bias is applied mobile ions move 

towards the electrodes facilitating the injection of holes and electrons. In both models, the 

injection barrier is reduced due to the rearrangement of mobile ions under an applied bias (Figure 

8).37 Holes and electrons can then migrate towards a recombination zone and form excited states 

ultimately leading to the possibility of radiative recombination.  

 

Figure 8: Illustration of a) electrodynamic model and b) electrochemical doping model for LEC 

operating mechanism. 

1.5.2 Types of LEC Active Materials 

Various types of active layer are employed in LEC devices and generally differ by the type of 

emissive molecule they utilise. There are three major categories that have received the bulk of 

development, these are polymer LECs, ionic transition metal complex (iTMC) LECs and small 

molecule LECs.  

Polymer-based active layers contain fluorescent conjugated polymers as their emissive 

molecule, the active layer may also contain p and n-doping materials to assist with charge 

carrying as well as a solid electrolyte material (Figure 9, b). iTMC LECs use charged 

phosphorescent metal-ligand complexes with an associated counter ion for emission and 
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charge-carrying (Figure 9, a).37 Small molecule LECs utilise a small molecule emitter and, like 

polymer LECs, they often see the addition of p and n-doping materials as well as solid electrolytes 

(Figure 9, c). However, it is also possible to employ ionic small molecules to alleviate the need for 

additional compounds. It is worth noting that these are the basic formulations of these types of 

active layer. Host-guest type setups are very common where a host material in high concentration 

is used that essentially works to funnel excited states onto an emissive guest material. In these 

types of setups, mixtures of all of these types of material have been fabricated.38 

 

Figure 9: Examples of the constituents of a) iTMC active layer, b) conjugated polymer active 

layer, c) small molecule active layer. 

1.6 The Challenges of Luminescence and Degradation mechanisms 

The general mechanisms by which a molecule comes to show emission and the device setups 

that can bring about such emission by electrical stimulation have been introduced. However, 

there is a large gap between understanding these fundamental principles and being able to design 

effective working devices. This is because there are also many challenges that can be 

encountered that limit a devices or molecules performance. These problems differ depending on 

the wavelength of emission of the molecule, the type of device being fabricated and the 

mechanisms by which the molecule shows emission. 
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1.6.1 Wide Band-gap Instability 

The first major challenge to address is wide band-gap instability. This is a problem for molecules 

showing emission in the blue to UV region of the electromagnetic spectrum. Inherently, 

molecules that emit in this region have a wide energy gap between the ground and excited state 

as this large energy gap is what gives rise to blue or UV emission. However, because of this there 

is a requirement for significantly higher power to achieve the same luminance intensity as green 

or red emission. This leads to much more heat generation in blue and UV devices leading to 

reduced stability of these devices due to morphological changes in the emissive layer.39 

Further to this, high levels of energy present in these devices is expected to lead to direct 

degradation of the organic molecules in the emissive layers.40 For example, the S1 (first singlet 

excited state) energy for a blue emitter can exceed 3.1 eV, this is approximately the same as C-N 

bond energy. As a result, homolysis of C-X bonds (X = N, S, P etc) can occur and the generated 

free radicals can further quench emission.41 The ability to address this problem in molecular 

design has been explored in the work of Wang and co-workers’. Substitution of donating and 

withdrawing groups onto the degraded molecule can have significant effects on bond 

dissociation energies (Figure 10),42 however it is worth noting that these substitutions will also 

impact the wavelength of emission. Some substitutions can improve bond stability making 

emissive molecules more robust under these high energy conditions. 

 

Figure 10: Effect of derivatisation on bond dissociation energy. 
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1.6.2 Concentration Quenching 

Concentration quenching is another challenge that has been encountered, primarily during the 

fabrication of OLEDs. Unlike other problems, concentration quenching has appeared when using 

various types of emissive molecule however, the mechanism by which it occurs seems to differ 

depending on the class of emissive molecule. For example, traditional fluorescent emitters are 

expected to experience fluorescence quenching at higher concentrations due to Förster 

resonance energy transfer (FRET). This process is a classical long-range dipole-dipole interaction 

where one excited molecule can transfer energy, non-radiatively to another non-excited molecule 

returning to the ground state and exciting the other molecule,43 multiple energy transfers dampen 

radiative excitons.44 This can also occur between two singlet excited states that can annihilate 

(singlet-singlet annihilation (SSA)) leaving one molecule in the ground state and the other in a 

higher level singlet excited state.45 This applies to a large amount of fluorescent molecules but 

will not be prevalent in molecules that contain little to no dipole moment.  

Concentration quenching also appears when utilising metal-organic phosphorescent emitters. In 

this case, again a FRET process is responsible but between triplet states. A single-step 

bimolecular combination of two triplet states results in one molecule left in the ground state and 

the other in a higher-level triplet state (TTA).45 In a standard fluorescent emitter this helps breaks 

through the 25% limit for exciton harvesting but in a phosphorescent emitter, the high energy 

triplet exciton is expected to lead to degradation.46 These annihilations can also occur with 

polarons which is the general name for the species with an electron or a hole that recombine to 

give an excited state. 

In TADF type emitters concentration quenching is again encountered however, the mechanism 

by which it occurs is expected to be slightly different. In this case, the non-radiative pathways 

such as ISC or non-radiative decay are preferable when the concentration of emissive molecule 

is increased. This is due to increased electronic stabilisation of excited states in higher 

concentrations meaning the rate of ISC depends on concentration. The mechanism by which the 

stabilisation occurs is known as the Dexter energy transfer (DET) model.47 This process decreases 

exponentially with distance.  

1.7 Active Layer and Molecular Design 

Now most relevant areas of background information have been introduced, understanding these 

core concepts is key to begin to be able to think about how to pull together the information to 

utilise the best device and emitter for a given application. In this section, some of the major design 

points of an emissive molecule or layer will be discussed.  
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1.7.1 Doped and Non-doped Layers 

Concentration quenching is a big problem that reduces a device’s performance. This issue is 

facilitated by energy transfer between excited states or polarons and the extent to which this 

occurs is directly related to the distance between molecules. LECs and OLEDs are both solid-

state devices therefore the best way to increase the distance between emissive molecules is to 

add another component to the layer reducing the concentration of emitter in the emissive layer. 

These types of devices have been previously introduced as host-guest devices. Using a host 

material in high concentrations alleviates degradation mechanisms and you can also add other 

components to aid with charge mobility. The major drawback of this is it adds more complexity to 

the fabrication of the emissive layer. Furthermore, the selection of materials to add to a layer 

needs to be given great consideration, materials need to be able to suitably trap excited states on 

the emitter molecule, avoid quenching and have suitable stability.48 The work of Lundberg and co-

workers’ outlines the components of a doped layer utilising a TADF emitter 1.09 commonly 

referred to as 4CzIPN, with polymer host polyvinyl carbazole (PVK, 1.06), n-doping material 

commonly referred to as OXD-7 (1.08) and an ionic liquid 1.07 as a source of mobile ions in an 

LEC device(Figure 11). These components have been carefully chosen to trap electrons on 

4CzIPN due to its lower LUMO energy as well as aid in charge carrying due to the reversible 

oxidation and reduction nature of p and n-doping materials (Figure 12).49 

 

Figure 11: Components of a doped LEC active layer. 
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Figure 12: HOMO LUMO energy levels of PVK, OXD-7 and 4CzIPN. 

Non-doped layers in LECs are much simpler employing only an ionic emitter in the emissive layer 

however, this requires much more careful design of the molecule as it needs to be able to resist 

degradation mechanisms as well as perform well as an emitter and charge carrier. 

1.7.2 Charge Carrier Ability 

A concept that has been mentioned extensively so far is charge carrier ability. This is necessary 

for electrically stimulated fluorescence as excitation is not done by simply exciting an electron 

from the ground state to an excited state. An excited state is achieved by the combination of 

polarons (holes and electrons) therefore there is a need for the emissive molecule, and other 

charge carriers, to be able to gain and lose an electron (be oxidised or reduced) in a reversible 

manner. This allows holes and electrons to move through the solid layer and combine to form an 

excited state. This is a feature that needs to be designed into emissive molecules. The simplest 

way this is done is to have both donor and acceptor moieties present in the emitter which usually 

results in a spatial separation of the HOMO and LUMO on the molecule.50 The donor-acceptor 

design of emissive molecules is incredibly popular and successful in LECs and OLEDs however, 

non-donor acceptor structures can also work as long as reversible reduction and oxidation ability 

is present.51 

1.7.3 Wavelength Tuning 

One subject that has not been discussed in detail so far is emission wavelength despite it being 

a key feature that is one of the largest contributors to the design of an emitter. Every organic 

molecule will have an associated absorption and emission but the factors that affect whether a 

molecule will be a good emitter are extensive. Some examples of these may be the extent of 

conjugation, aromaticity, heteroatoms, and intermolecular motion. These all contribute to the 

rates of non-radiative and radiative decay which ultimately govern a molecules ability to be 
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emissive. Each molecule has an associated emission wavelength but one strategy to achieve the 

desired wavelength is to adjust the wavelength of a good performing emitter by derivatisation. 

This is generally done by substituting electron-donating or withdrawing groups onto certain 

positions to adjust HOMO or LUMO energy levels. For example, stabilization of the HOMO or 

destabilization of the LUMO increases the HOMO-LUMO energy gap resulting in a wavelength 

shift towards the blue region.52 This type of wavelength tuning has been conducted on metal-

organic complexes53 as well as fluorescent organic molecules (Figure 13).54 

 

Figure 13: Derivatisation of 4CzIPN to achieve a range of emission wavelengths. 

1.8 Small Molecules and Their Use in LECs 

The reviewed material so far, has covered various fundamental principles and introduced the 

main points of consideration needed to understand the function of a fluorophore within an 

electroluminescent device. We have established the working principal of an LEC device and some 

of the factors that contribute to a successful luminescent device. Here in we will explore how 

small molecules have been applied to LEC devices previously, evaluating attempts to develop a 

comprehensive understanding of the technology and improve its performance. It is worth noting 

a large amount of the initial development of LECs was conducted utilising conjugated polymers 

which will not be covered here however, a comprehensive review of the use of polymers in light 

emitting technologies can be found in the review of Leni Akcelrud55 and their application to LECs 

is covered in the review of Youssef and collaborators.56 

1.8.1 Non-ionic Small Molecule LECs 

The first group to utilise a small molecule as an emitter in a LEC device was Hill and co-workers’ 

in 2008.57 A device was fabricated employing perylene derivative 1.11 (Figure 14) as the 

fluorescent emitter along with polyethylene oxide (PEO, 1.05) and lithium triflate (1.04) in a 5:1:1 

ratio respectively (by weight) as the active layer. Electroluminescence was generated at 622 nm 
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and the group reported a visibly red emission. The neutral perylene derivative 1.11 was selected 

for various reasons including high thermal, chemical, and photostability58-60 as well as easy 

potential derivatisation at the imide and phenol ether positions. To add to this at this time the use 

of n-type materials that are more easily and reversibly reduced could be beneficial in balancing 

doping effects in this type of device.  

 

Figure 14: Red emitting perylene derivative utilised by Hill and co-workers’. 

In 2013, Edman and co-workers’ made great progress in understanding the operating mechanism 

of LEC devices.35 The group employed two small molecule emitters, referred to as red (1.12) and 

green (1.13) due to their emission colours, in two different types of LEC device (Figure 15). One of 

these devices employed a very standard setup (Figure 8) and the other was a bilayer device with 

a top layer consisting of the small molecule emitter and the bottom comprised of solid potassium 

triflate in PEO electrolyte (Figure 16). The result was that the bilayer device showed in-situ 

electrochemical doping and p-n junction formation demonstrating the ability of non-ionic small 

molecules to fulfil the role of both electrochemical doping and emission. This work gave 

unambiguous evidence for the electrochemical doping mechanism previously introduced (Figure 

8b). The formulated devices also showed low turn on voltages of approximately 4.0 V and devices 

utilising red (1.12) and green (1.13) reported maximum brightness of 3700 and 750 cd m-2 

respectively. Maximum efficiency was measured at 2.25 and 1.05 cd A-1 and the red device 

showed emission at 618 nm with CIE colour coordinates of (0.65, 0.36) which is close to the ideal 

red point for displays.  
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Figure 15: Structure of small molecule emitters referred to as red (1.12) and green (1.13). 

 

Figure 16: Structure of bilayer LEC device fabricated in the work of Edman and co-workers’. 

In the same year, Kervyn and co-workers’ attempted the implementation of a blue emitting 

borazine based small molecule into an LEC device.61 Borazine derivatives 1.14 and 1.15 (Figure 

17) were tested for this role with initial photoluminescent data showing an interesting deviation 

of the emission profile depending on the obtained polymorph of the emitter. The range of 

polymorphs showed photoluminescence in the deep-blue and UV region between 300-375 nm 

varying with the polymorph. Such molecules rarely see application in luminescent devices due to 

the moisture sensitivity of B-N bonds, undergoing hydrolysis readily in the presence of moisture.62 

However, the use of mesityl groups in 1.15 was expected to improve the resistance of the 

compound towards hydrolysis. For application of these borazine derivates to a device, a low work 

function cathode of LiF (6 nm)/Ca (30 nm)/Al (150 nm) was fabricated to facilitate electron 

injection however, this created a device bearing more similarity to a simple OLED. The resulting 
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devices showed poor performance with high turn on voltages of approximately 9.5 V and low EQE 

of <10-4 %. 

 

Figure 17: Blue emitting borazine derived fluorophores implemented by Kervyn and co-workers’. 

Choe and co-workers’ were next to take up the mantle, attempting to expand the range of easily 

accessible small molecule blue emitters applied to LECs.63 In 2015, the group synthesised a 

phenanthroimidazole based target (1.18) utilizing the one-pot Debus–Radziszewski imidazole 

synthesis (Figure 18).64 The aim was to access a class of emitter that showed good solubility in 

common solvents, strong luminescence, and good thermal stabilities. 1.18 showed emission at 

428 nm in solution with a good quantum yield of 0.6 and thus was applied to an LEC device being 

part of a 3-component active layer consisting of 1.18, lithium triflate and PEO in a 1:0.18:0.1 mass 

ratio. The resulting device showed a low turn on voltage of 4.3 V with a maximum luminance of 

125 cd m-2, the cause of low luminance at high current densities was expected to be a 

consequence of aggregation in the solid state. To add to this a large undesirable redshift was 

observed between photo and electroluminescence expected to have been caused by interaction 

of the imidazole NH and the salt added to the active layer. This was addressed when the group 

later published investigation into 1.19 and 1.20 which contained alkyl substitution on the 

imidazole ring. The modified targets showed maximum brightness of 49 and 278 cd m-2 

respectively. Compared to the parent compound 1.18 the butyl containing derivative 1.19 

showed diminished performance expected to be the result of challenges in thin film formation 

but the hexyl containing derivative 1.20 saw a two-fold improvement in performance. The hexyl 

chain is thought to have disrupted aggregation and eliminated interaction with the salt as 

intended.  



  

42 

 

Figure 18: Synthesis and derivatisation of phenanthroimidazole based targets by Choe and co-

workers’. 

Introducing a new family of small molecules emitters to the field, Costa and co-workers in 2015 

pioneered the use of pentacene based emitters (Figure 19).65 Linearly fused benzene rings called 

acenes have outstanding features like ease of energy bandgap tuning by increasing number of 

benzene rings, and stability. The group studied a rather unique approach to the formulation of an 

active layer to apply to an LEC in which pentacene 1.21 was subjected to a photoinduced 

cycloaddition producing mixtures of 1.21, 1.22 and 1.23. 3-, 7- and 10-day aged solutions were 

mixed with lithium triflate and trimethylolpropane ethoxylate used to fabricate LEC devices, and 

the best performance was observed with the 10-day aged solution which was the only solution 

that contained the dimeric species. Stable white light devices featuring a maximum brightness of 

10 cd m-2 were formed. The groups rationale for the improved performance with the presence of 

dimers 1.22 and 1.23 is that the dimers were acting as a high band-gap host with residual 1.21 

acting as a low band-gap guest, giving a host-guest type active layer.  

 

Figure 19: Pentacene based emitter 1.21 and pseudo-host dimers used by Costa and co-

workers’. 
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Looking to investigate the relationship between molecular design and electroluminescence 

behaviour Costa and co-workers’ continued their work with LEC devices as the suitable medium 

for such exploration.66 This is due to the requirement of the emitter to perform the roles charge 

injection, charge transport, electron–hole recombination, and emission. The group examined the 

use of two porphyrin derived emitters, the free base 1.24 and the neutral metal organic complex 

1.25 (Figure 20). Initial photoluminescence studies revealed the free base 1.24 had superior 

performance and was expected to produce better electroluminescence when applied to an LEC. 

Devices were fabricated with lithium triflate, trimethylolpropane ethoxylate, and porphyrins in the 

mass ratio of 0.06:0.15:1. Zn-porphyrin 1.25 produced a deep red emitting LEC with CIE colour 

coordinates of (0.68, 0.30) whilst the free base showed yellow/white emission with CIE of (0.44, 

0.43).  

 

Figure 20: Neutral porphyrin emitters applied to LEC devices by Costa and co-workers’. 

Costa and co-workers’ furthered this work with their other publication in 2016 exploring the use 

of other metal centres with similar porphyrin scaffolds (Figure 21).67  Interestingly initial scrutiny 

of the characteristic photoluminescence of the emitters revealed differing modes of 

luminescence depending on the metal centre. The Zn-porphyrin 1.28 produced fluorescence at 

600 and 650 nm with a 3.8% quantum yield. Pt-porphyrin 1.27 showed phosphorescence at 695 

and 730 nm with a 0.095% quantum yield. Pd-porphyrin 1.26 had a dual emission character 

producing both fluorescence and phosphorescence at 565-610 nm and 700 nm respectively with 

quantum yields of 0.047% and 0.0013%. Finally, Sn-porphyrin 1.29 displayed TADF at 610 and 

665 nm with a quantum yield of 1.2%. LECs were fabricated with lithium triflate, 

trimethylolpropane ethoxylate, and the porphyrins in a 0.06:0.15:1 mass ratio. All devices 

produced deep red emission with Pt-porphyrin 1.27 being the standout performer boasting a EQE 

of 0.16%. 
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Figure 21: Metal-organic emitters investigated by Costa and co-workers’. 

Maintaining their interest in this field, in 2018, Costa and co-workers provided a facile, low-cost 

synthesis of an imidazo-pyridine emitter with excellent redox properties to be applied to LECs 

(Scheme 1). The approach used double substitution on diethyl carbonate with the lithiated form 

of pyridine 1.30 to give ketone 1.31 which could undergo a cyclization with aldehyde 1.32 to form 

imidazo-pyridine 1.33 in the presence of ammonium acetate and acetic acid. The isolated emitter 

showed blue photoluminescence at 436 nm with a quantum yield of 0.4. An LEC device was 

fabricated using imidazo-pyridine 1.33, trimethylolpropane ethoxylate, lithium triflate in the mass 

ratio 1:0.15:0.06. The device showed electroluminescent emission at 560 nm with CIE colour 

coordinates of (0.42, 0.50) indicating orange emission with a maximum luminance of 2.5 cd m-2. 

Further to this the authors also tried doping the material with poly(methyl methacrylate) to try and 

reduce aggregation in the solid state which they suggested was causing a red-shift in emission. 

With 20% by weight presence of poly(methyl methacrylate) electroluminescence was observed 

at 480 nm confirming the groups suspicions. To add to this the synthesised emitter was also used 

as a ligand to create metal-organic complexes to be used as emitters however, devices fabricated 

with these complexes showed no improvement on their initial device.  

 

Scheme 1: Costa and co-workers’ synthesis of imidazo-pyridine based emitter. 

A major step forward in the work on neutral small molecule LECs was achieved in the work of 

Chen D. and co-workers’ when, in 2019, they reported devices utilising a series of bithiazole 
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derived emitters (Figure 22).68 The groups work focused on their unique approach in applying 

inkjet printing to the fabrication of the LEC devices. The standout performing emitter was 

bithiazole 1.36 producing a yellow/green electroluminescence with CIE of (0.28, 0.42). The LEC 

device exploiting this emitter gave a maximum luminance of 18 000 cd m−2 and an EQE of 12.8% 

which represents, by far, the best performing non-ionic small molecule LEC to date. 

 

Figure 22: Bithiazole emitters tested by Chen D. and co-workers’. 

Costa and co-workers’ final contribution to date to the area of applying neutral small molecule 

emitters to LECs came in the form of investigation of so-called dyad small molecules in pursuit 

of efficient near-infrared (NIR) emission. This was work started in 2016 with scrutiny of porphyrin 

dyads 1.36 and 1.37 then more recently, in 2021, continued with modified dyads 1.38 to 1.41 

(Figure 23). This was work was a development of their initial investigation of porphyrin metal 

complexes 1.26 to 1.29 (Figure 22) where the group noted achieving either high efficiency but low 

stability with Pt-porphyrin 1.27 or high stability but low efficiency with Zn-porphyrin 1.28. To 

improve upon this work dyad type molecules that covalently combine host type unit, in this case 

a boron dipyrromethene (BODIPY) with their guest emitter, the porphyrin metal complex. Their 

preliminary study with Zn-porphyrin dyads 1.36 and 1.37 produced devices that achieved 

lifetimes of >1000 hours which was a 10-fold improvement on the stability of their non-dyad 

devices.69 The group followed up with analysis of Pt-porphyrin dyad where they saw a similar 

improvements performance with the outstanding results being obtained when incorporating 2 

BODIPY (1.39) units into their dyad system.70  
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Figure 23: Porphyrin BODIPY dyad emitters investigated by Costa and co-workers’. 

1.8.2 Ionic Small Molecule LECs 

Ionic small molecule emitters provide an opportunity to simplify the LEC fabrication process 

providing the opportunity to forego the addition of solid electrolyte as mobile ions. The first 

implementation of an ionic small molecule emitter in an LEC was published in 2008 by Chen. H. 
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F. and co-workers’.71  They put to work a terfluorene derivative 1.45 which they prepared via a 

Suzuki coupling of boronate ester 1.42 with dibromo fluorene derivative 1.43. This furnished the 

terfluorene core and subsequent substitution with 1-methylimadazole on the pendant alkyl 

bromide chains afforded the desired ionic emitter 1.45 (Scheme 2).71 LEC devices were fabricated 

and evaluation of whether an added ionic liquid would improve performance was conducted. One 

device exploited only terfluorene 1.45 and the other was doped with an added 10% 1-Butyl-3-

methylimidazolium hexafluorophosphate ([BMIM][PF6]) by weight. The devices boasted similar 

performance producing blue electroluminescence (424 nm) with an EQE of 1.04% for the non-

doped device and an EQE of 1.14% for the device doped with the ionic liquid. However, the doped 

device did boast a significantly higher power efficiency expected to be a result greater 

accumulation of mobile ions and accelerated formation of doped regions. 

 

Scheme 2: Chen H. F. and co-workers’ synthesis of terfluorene derivative 1.45. 
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Chen H. F. and co-workers’ continued this work moving to the use of a 2,2'-bifluorene 1.46 

derivative to attempt to achieve a UV emitting LEC.  In a similar approach to their previous work, 

in this investigation the group investigated the effect of doping their active layer with 10% by 

weight polymethyl methacrylate (PMMA). This additive was not added to improve charge injection 

or mobility as it is a neutral additive. The expected role of PMMA is to disrupt aggregates in the 

solid phase and improve power efficiency. However, the group interestingly noted that the 

electroluminescent properties of devices fabricate with and without PMMA were almost entirely 

unchanged with similar emission wavelength of 386 nm observed. This suggests PMMA does not 

completely disrupt aggregation as a shift in wavelength would be expected, instead it is expected 

that smaller aggregates are formed. The doping with PMMA saw significant improvement in the 

performance of the device with EQE of 1.06% with PMMA compared to EQE of 0.15% without 

PMMA reported. Further to this, a seven-fold improvement in power efficiency was noted.  

 

Figure 24: 2,2'-Bifluorene emitter studied by Chen H. F. and co-workers’. 

The next contribution to the implementation of ionic small molecule emitters in LECs by Chen H. 

F. and co-workers’ came in 2013.72 The authors move in a new direction with an interesting 

approach that looked to use a mixture of two ionic small molecules in one active layer. Their 

premise was the use of one small molecule as a hole transport material (HTM) and another as the 

electron transport material (ETM). The two could then combine to form an exciplex capable of 

emission. This type of setup would benefit from efficient and balanced charge transport. To 

achieve this triarylamine 1.47 as the HTM and triazine 1.48 as the ETM were used (Figure 25). 

Mixtures of the ETM and HTM produced a broad green emission which changed slightly dependent 

on the ratio of HTM and ETM used. To further confirm the formation of the exciplex, thin films were 

doped with PMMA which disrupted exciplex formation and suppressed emission. An LEC device 



  

49 

with optimal ratio of HTM and ETM produced green emission at 550 nm with EQE of 3.04%. The 

mixing ratio proved pivotal to device performance as other devices showed significantly worse 

results.  

 

Figure 25: Triarylamine HTM and triazine ETM implemented by Chen H. F. and co-workers’. 

Continuing with the exploration of the use of fluorene based emissive small molecules in LECs, 

Choe and co-workers’ published work, in 2015, researching blue emitting fluorene derivative 1.49 

(Figure 26).73 In a very similar study to Chen. H. F. and co-workers’ with 1.45, the authors again 

wanted to examine the influence of doping with ionic liquid [BMIM][PF6]. Devices were fabricated 

with and without the ionic liquid present (10% by weight ionic liquid was added) producing blue 

electroluminescence at 454 nm with impressive maximum luminance’s of 1105 cd m-2 without 

ionic liquid addition and 1247 cd m-2 with addition. Encouraged by these results the group went 

on to publish a study of fluorene derivatives 1.50 and 1.51 in 2016.74 However, sadly devices 

fabricated incorporating these emissive fluorene derivatives saw drastically reduced maximum 
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luminance’s of 120 and 136 cd m−2 respectively. The authors suggest that the reason for this is 

higher rates of nonradiative decay such as quenching of excitons in the active layer. 

 

Figure 26: Structures of fluorene-based emitters used in the work of Choe and co-workers’. 

Pushing the field of ionic small molecule emitters applied to LECs in a new direction Wong and 

co-workers’ looked to be the first to apply TADF emitters. In 2015, the group synthesised two novel 

N-carbazoyl-dicyano benzene targets (1.52 and 1.53) and analysed their photoluminescence 

properties.75 The resulting study showed long (microsecond) average lifetime and the shortening 

of the lifetime in air suggesting a triplet derived TADF process was occurring. With this conclusion 

application of the TADF emitters to LEC devices was the next task, devices were fabricated with 

either the emitter alone or doped with [Bmim][PF6] at a molar ratio of 4:1 (4 parts emitter). 

Unfortunately, no emission was observed with devices fabricated with N-carbazoyl-dicyano 

benzene 1.52. The devices fabricated with emitter 1.53 showed green emission at 538 nm with 

the best performance being obtained in the use of the doped active layer. A maximum luminance 

of 24 cd m−2 and an EQE of 0.29% were recorded. The authors suggested that generation of a more 

polar environment and widening of the singlet-triplet energy gap inhibited the TADF phenomenon 

resulting in poor performance.  

 

Figure 27: Novel TADF emitters synthesised and tested by Wong and co-workers’. 



  

51 

Phenanthroimidazole based emitters 1.19 and 1.20 (Figure 18) were introduced by Choe and co-

workers’ as neutral small molecule emitters to be applied to LECs. Later they continued this work 

wanting to compare the performance of structurally similar ionic and non-ionic targets. Thus, 

ionic phenanthroimidazole compounds 1.54 and 1.55 were produced (Figure 28).76 

Electroluminescent devices were fabricated without addition of any other components and 

produced blue emission at 484 nm for emitter 1.54 and 487 nm for emitter 1.55. Superior device 

performance was reported with the use of the hexyl chain spacer (1.55) with a maximum 

luminance of 711 cd m−2 observed, this is nearly 3 times better than the performance of the 

neutral analogue.  

 

Figure 28: Ionic phenanthroimidazole derived emitters from the work of Choe and co-workers’. 

Choe and co-workers’ continued to expand their influence on the field of small molecule LECs, 

in 2016, with the development of green phenothiazine emitter 1.56 (Figure 29).77 The emitter bore 

structural similarities with their earlier successful fluorene-based emitter 1.49 (Figure 27). 

Electroluminescent devices operated at low turn-on voltages exhibiting emission at 530 nm with 

the phenothiazine emitter and offering maximum brightness of 499 cd m−2. In a following study 

the group looked to evaluate the effect on device performance of changing the oxidation on 

sulphur.78 The sulfone analogue 1.57 was prepared and LECs fabricated. Interestingly an 

electroluminescence emission of 498 nm with maximum luminance of 509 cd m−2 was reported 

indicating that oxidation provided a relatively simple way to tune emission wavelength with little 

no influence on the device’s performance.   
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Figure 29: Phenothiazine emitter 1.56 and its sulfone analogue 1.57 studied by Choe and co-

workers’. 

The inquiry into the use of ionic TADF emitters in LECs was picked up by Wong and co-workers’ in 

2017, looking to also fill an apparent absence of effective deep-blue emitters applied to LECs.79 

The authors reported the use of two diphenylsulfone emitters (1.58 and 1.59) based on TADF 

emitters that had previously been applied to OLEDs.80, 81 Thin-film photoluminescence 

measurements showed emission at 414 nm for target 1.58 and at 409 nm for emitter 1.59. The 

group reported high photoluminescence quantum yields of 0.44 and 0.49 respectively making the 

emitters promising candidates for high performing devices. Disappointingly, electrochemical 

instability of the diphenylsulfone emitters in the LEC devices resulted in only one functional 

device, employing emitter 1.58. Deep blue emission was achieved however, with low luminance 

of 2.5 cd m−2. Evidence of the electrochemical instability was the observation of an additional 

emission peak at 550 nm in the electroluminescence spectra.  

 

Figure 30: Diphenylsulfone TADF emitters analysed by Wong and co-workers’. 
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Choe and co-workers’ returned to their inspection of phenanthroimidazole based emitters in 

2017 with the publication of four novel pyrene or anthracene bearing compounds (1.60 to 1.63).82 

The pyrene and anthracene units were bound in either an ortho or meta position and the group 

looked to evaluate the effect of such a difference. The authors report significantly worse solubility 

with the ortho linked emitters 1.62 and 1.63 to the extent that the group were unable to 

successfully fabricate LECs with these emitters. LECs fabricated with the meta linked emitters 

1.60 and 1.61 showed blue electroluminescence at 485 and 474 nm respectively with maximum 

luminance of 179 and 26 cd m−2 noted. An interesting experiment followed this in which the effect 

of doping the active layer with lithium triflate was examined. Three devices were manufactured 

using meta-pyrene emitter 1.60 and differing concentrations of lithium triflate (5%, 10% and 15% 

by weight). Pleasingly, the devices reported improved maximum luminance of 465, 440, and 585 

cd m−2 respectively demonstrating the utility of this approach. The group followed up this work 

with the analysis of the, less-fused, pyrene imidazole emitters 1.64 and 1.65.83 The aim of this 

work was to achieve a blue-shifted emission due to the reduced conjugation. This premise was 

successful with electroluminescence at 451 nm being reported when using emitter 1.64.  

 

Figure 31: Phenanthroimidazole and pyrene-imidazole derived emitters studied by Choe and 

co-workers’. 
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Revisiting their work on phenothiazine emitters, in 2018, Choe and co-workers’ developed two 

new emissive compounds, 1.66 and 1.67.84 These emitters incorporated naphthalene and 

phenanthrene units as opposed to their previously successful parent emitter that incorporated 

pyrene (1.56, Figure 29). Unfortunately, these new derivatives did not boast the same levels of 

performance with low luminance of 129 and 59 cd m−2 at 499 and 505 nm reported respectively. 

The authors disclosed issues with stability and lifetime of the molecules, as well as the absence 

of n-doping. With this result in mind, structure 1.68 bearing carbazole moieties was later 

published with the group noting its improved thermal and electrochemical stablility.85 Devices 

fabricated with this emitter electroluminescence at 485 nm with a maximum brightness of 454 cd 

m−2 and EQE of 1.76%. This performance was analogous to the parent compound 1.56. 

 

Figure 32: The next generation of phenothiazine emitters studied by Choe and co-workers’. 

In a new direction Choe and co-workers’ next considered the application of AIE to LECs.86 With 

this goal they synthesised tetraphenylethene bearing emitters 1.67 and 1.68 and began 

photoluminescence investigations. As desired the emitters produced no fluorescence in solution 

but in thin film emission at 475 nm was observed. Devices were fabricated with only the emissive 

molecules present in the active layer and the result was blue electroluminescence at 474 nm for 
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both compounds. The para compound 1.67 displayed good performance with a maximum 

brightness value of 644 cd m-2 and an EQE of 2.63%. However, this was overshadowed by the 

performance of meta emitter 1.68, producing a maximum brightness value of 1466 cd m−2 with an 

EQE of 2.95%.  

 

Figure 33: Tetraphenylethene bearing AIE compounds analysed by Choe and co-workers’. 

Establishing themselves as the main force in the field of ionic small molecules LECs, Choe and 

co-workers’ continued their high publication output with their next study of green triazine based 

emitters 1.69 and 1.70 (Figure 34) in 2020.87 These emitters fit the description of so-called donor-

acceptor type emitters, which employ a donor unit with conjugated connectivity to an acceptor 

unit to allow intramolecular charge transfer (ICT) lowering the energy of molecular orbitals.88 LEC 

devices fabricated with these emitters showed a sharp green emission at 505 nm with triazine 

1.69 and 499 nm with triazine 1.70. The phenanthroimidazole derived target 1.69 disclosed 

superior device performance with a maximum brightness of 1453 cd m-2 and an EQE of 1.65% 

compared to 1048 cd m-2 and 1.23% with diphenylimidazole 1.70.   

 

Figure 34: Triazine donor-acceptor emitters reviewed by Choe and co-workers’. 
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Looking to investigate new donor-acceptor type emitters, in 2021, Choe and co-workers were the 

first to introduce a thenil based small molecule into an LEC device.89 This step came in the form 

of thenil-pyrene emitters 1.71 and 1.72 (Figure 35). Devices created incorporating these emitters 

showed ‘ultra-pure’ green electroluminescence at 521 and 525 nm respectively and enjoyed high 

maximum brightness values of 2307 cd m-2 and 2479 cd m-2. EQE of 3.47% was reported with 

emitter 1.71 and a similar 3.71% recorded with emitter 1.72. These results were particularly 

pleasing as the reported CIE colour coordinates of (0.21, 0.65) and (0.19, 0.70) respectively were 

very close to ultrapure green emission in accordance with the recommendation ITU-R BT.2020. 

The ITU-R Recommendation BT.2020, defines various ideal aspects of ultra-high-definition 

television (UHDTV) including colour primaries (the ideal CIE coordinates of red, green and blue 

emission).90   

 

Figure 35: Thenil based emitters examined by Choe and co-workers’. 

To be the first group to introduce non-doped red-emitting LECs, Choe and co-workers’ looked into 

the use of two benzothiadiazole emitters 1.73 and 1.74 (Figure 36) completing their publication 

of red, green and blue emitting LECs.91 Devices constructed with emitter 1.73 presented ‘hyper 

red’ emission colour with the electroluminescence peak centered at 663 nm, the devices reached 

good maximum luminance of 1393 cd m-2 with EQE 3.20%. When creating devices with emitter 

1.74 a clear orange-red emission with electroluminescence peak at 622 nm was detected with 

maximum luminance 1955 cd m-2 and EQE of 3.96%. These devices represent the best EQEs 

reported by the group to date.  
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Figure 36: Red emitting benzothiadiazole compounds presented by Choe and co-workers’. 

In their most recent work, in 2023, Choe and co-workers’ report the integration of V-shaped 

acceptor-donor-acceptor emitters 1.79 and 1.80 into LECs.92 Inspired by the application of such 

emitters to OLEDs93-95 the authors implemented their familiar thenil and phenanthroimidazole 

acceptors around an acceptor triphenylamine core. Resulting LECs integrating emitters 1.79 and 

1.80 revealed electroluminescence at 479 and 458 nm respectively with maximum luminance of 

1073 and 899 cd m-2 and EQE of 1.83 and 1.70%.  

 

Figure 37: V-shaped acceptor-donor-acceptor emitters investigated by Choe and co-workers’. 

1.8.3 Host-Guest Small Molecule LECs 

Host-guest type LECs have previously been introduced as devices that incorporate a blend of a 

semi-conductor host with small concentrations of an emitting guest molecule. To add to this the 

layer may also contain solid electrolyte, n-doping, and p-doping materials. This can make the 

fabrication of such layers difficult as ideal concentrations of the constituent materials need to be 

established however, these efforts have produced the best performing small molecule LECs to 

date. 
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An early example of the effectiveness of small molecule host-guest LECs was presented by Su 

and co-workers’ in 2011.48 The group use a ionic NIR dye 1.82 as a charge carrying host material 

and iridium complex 1.81 as the guest emitter. The two materials were selected due to their 

frontier molecular orbital energies, specifically they possessed similar LUMO energies but 

emitter with a significant energy offset in the HOMO energy levels. The significantly higher HOMO 

energy of guest 1.82 impedes hole transport whilst the similar LUMO energies leaves electron 

transport unaffected. This choice was made to address previously observed imbalances in 

charge transport.96 Four different types of LEC devices were fabricated with various 

concentrations of host material 1.82,  0.00, 0.01, 0.10 and 1.00 % by weight. With the 

concentration of 0.01 % by weight the peak EQE and maximum luminance of the device reached 

12.75% and 114 cd m-2. 

 

Figure 38: Guest ionic iridium complex (1.81) and host ionic NIR dye (1.82) introduced by Su and 

co-workers’. 

In the following years a lot of progress was made in the development of host-guest small molecule 

LECs with an outstanding example being reported by Niu and co-workers’ in 2022.97 Here, 

carbazole-based TADF emitter 1.83 along with a host blend of polyvinyl carbazole (1.07) and OXD-

7 (1.09) were used with added electrolyte tetrahexylammonium tetrafluoroborate to formulate an 

active layer. Concentrations of the guest emitter 1.83 were varied, and performance analysed 

until an ideal 18% by weight device was produced. This device boasted extremely good 

performance producing green electroluminescence at 533 nm with an exceptional maximum 

brightness of 3696 cd m-2 and impressive EQE of 7.67%. At this point in time this represented the 

best performing TADF LEC to date.  
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Figure 39: Structures of host materials, poly(9-vinylcarbazole) (1.07), OXD-7 (1.09), and 

carbazole-based TADF emitter presented in the work of Niu and co-workers’. 

Yao and co-workers’ continued the development of host-guest small molecule LECs following on 

with the use of TADF emitters.98 This work deviated from approaches previously introduced 

however, as the group looked to exploit the so-called TADF-sensitized fluorescent (TSF) strategy. 

This strategy integrates a TADF sensitizer with a rapid RISC rate that can more efficiently convert 

triplet excitons into singlet excitons, these excitons can then be transferred to a TADF emitter with 

high radiative transition rates for efficient emission.99-102 Carbazole based TADF emitter 1.84 was 

implemented into an LEC device along with TADF sensitizer 1.85, polyvinyl carbazole, OXD-7 and 

tetrahexylammonium tetrafluoroborate (ideal ratios were found to be 52.2 wt.% polyvinyl 

carbazole, 34.8 wt.% OXD-7, 3 wt.% tetrahexylammonium tetrafluoroborate, 8 wt.% 1.85 and, 2 

wt.% 1.82. This afforded a device with an EQE of 9% which was 1.5 times greater than that of LECs 

fabricated without TADF sensitizer 1.85 and is the highest EQE reported for a TADF LEC thus far. 

 

Figure 40: Carbazole-based TADF emitter and diphenylsulfone TADF sensitizer described in the 

work of Yao and co-workers. 

Some of the best performing host-guest small molecule LECs have been introduced to provide 

context for the performance of the simpler neutral and ionic small molecule LECs. A 
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comprehensive overview of development of host-guest small molecule LECs can be found in the 

review of Choe and co-workers.37 

1.9 Conclusions and Future Perspectives 

The goal of the LEC is to eliminate the need for the sophisticated multilayered structure found in 

conventional OLEDs.56 Small molecule LECs have seen extensive interest and development over 

the last 25-30 years and are beginning to become an efficient and competitive technology. Recent 

research has seen a fragmentation of interests between the exceedingly simple ionic and neutral 

small molecule LECs, which typically limit the number of components in the active layer, and the 

more complex host-guest type LECs which see the integration of various materials. Host-guest 

LECs currently enjoy superior results however, considering the added complexity of the 

fabrication, the results are not necessarily congruent with this effort.  

Ionic small molecule LECs seem to present an opportunity as the single-component active layer 

leads to incredibly simple, easy to fabricate and potentially low-cost devices. To add to this the 

current best performance levels of ionic small molecule LECs are not drastically outdone by 

state-of-the-art host-guest LECs. Furthermore, ionic small molecule LECs have not seen 

extensive application of TADF emitters which currently dominate host-guest LECs, presenting 

further prospects for improvement.  

However, a shortcoming of this field seems to be the lack of molecular design strategies identified 

by authors in their publications. Various improvements have been noted when derivatising 

structures of emitters, but often little insight is given as to the reasons behind the improved 

performance. This presents a further opportunity as being able to outline clear reasons for 

differences in the performance levels of emitters and, use those reasons to formulate efficient 

methods for emitter design would bring a much-needed insight into the field. 
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Chapter 2 Polyoxometalate Anions in LECs 

2.1 Background 

2.1.1 The Effect of Polyoxometalate Anions on Solid-State Photoluminescence 

Ionic small molecule LECs have previously been introduced, and the general trend is the use of 

hexafluorophosphate anions with an emissive cation. Early work in neutral small molecule LECs 

evaluated the influence of different doping electrolytes on active layer morphology and device 

turn-on times.103, 104 However, little research has been done to investigate the effect of different 

anions in ionic small molecule LECs and what has been done has focused around investigating 

the effects they have on electrochemical doping and device lifetimes.105, 106 So far, no group has 

sought to utilise the counter anion to affect the emissive performance of the cation.  

The use of polyoxometalates with organic fluorophores is not without precedent however, the two 

are usually bound covalently and applied to fields such as bioimaging, catalysis or molecular 

switches.107-109 In 2021, Dessapt and co-workers’ outlined the potential of polyoxometalate 

anions to affect the solid state emission intensities of associated emissive cations.110 The group 

reported that the pairing of BODIPY cation 2.01 with hexatungstate anion 2.02 produced a notable 

improvement in solid-state emission intensities when compared to pairing with bromide, this 

effect was reproduced with other polyoxometalate clusters. The effect is expected to be a result 

of disruption of aggregation in the solid state. 

 

Figure 41: Emissive BODIPY cation and polyoxometalate anion used to enhance solid-state 

emission performance by Dessapt and co-workers’. 

2.1.2 LEC Fabrication and Application to Textiles 

The potential types of LEC device have also been summarized and the advantages of ionic small 

molecule LECs and host-guest small molecule LECs contrasted. However, so far, we have not 

evaluated the specific nature of the fabrication process. This is because the fabrication process 



 

62 

is different depending on the potential application, the active layer of choice and the processing 

techniques available to the group. 

 At the University of Southampton, our collaborators on this project, Beeby and co-workers 

outlined the fabrication of LEC devices onto woven textiles.111 This process began with planarizing 

of the textile surface to reduce the roughness of the surface which was done by screen-printing a 

polyurethane layer which the undergoes UV-curing. Next, onto the smooth surface, a silver 

electrode was spray coated using a silver nanoparticle suspension. This step was performed 

under inert atmosphere to avoid oxidation of the silver. Next the transparent conductive polymer 

mixture PEDOT:PSS (2.03, Figure 42)111 was spray coated onto the silver layer in toluene. This then 

allowed spray coating of the active layer which was met with initial challenges as the active layer, 

comprised of the electroluminescent polymer Super Yellow (2.04, also known as Livilux®), ion-

dissolving polymer PEO and, electrolyte potassium triflate was dissolved in a mixture of 

cyclohexanone and toluene. The result of this was partial dissolution of the previous PEDOT:PSS 

layer during spray coating, however the problem was addressed by heating the textile substrate 

during the spray coating. Finally, the top transparent silver nanowire electrode was deposited 

which gave the functional LEC device integrated on a textile surface. 

 

Figure 42: Structures of PEDOT:PSS (2.03) and superyellow (2.04) implemented in the work of 

Beeby and co-workers’. 

2.1.3 Aims  

The potential of anions to play an active role in the performance of a cationic emitter has been 

outlined. We can see that the anion can at least affect the solid-state emission intensities of the 

cationic emitter but beyond this there has been little investigation of the role it can play. The 

consideration of the anion as a bystander in the LEC device, only contributing to the mobility of 

charge needs challenging however, one also must be careful not to disrupt the crucial role the 

ions play in the active layer. We aim to explore the more active role an anion can take and 

specifically apply the same improvement in solid-state emission intensities, observed in the work 

of Dessapt and co-workers’,110 to LEC devices. 
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The nature of the fabrication process, specifically towards the integration of LEC devices into 

textiles, has been introduced. We can see that there may be potential challenges with this 

process such as high temperature deposition of the active layers making thermal stability a 

factor. Also, the solution processing method itself will require reasonable solubility of the active 

layer materials in suitable solvents. However, the potential to apply ionic small molecule emitters 

to this type of device presents opportunities to simplify the fabrication process. Furthermore, the 

application of TADF type emitters, in-line with current trends in frontier research, presents the 

chance to improve the performance of these e-textiles.  

2.2 Phenanthroimidazole-Polyoxometalate Emitters 

2.2.1 Synthesis  

The starting point for our investigation was the synthesis of a suitable small molecule cation to 

pair with polyoxometalate anions. We selected the phenanthroimidazole system outlined in the 

work of Choe and co-workers’ due to its impressive performance, application in non-doped ionic 

LECs, its blue emission (a rarer colour form high performance devices) and finally its convergent 

synthesis that offers the potential of easy derivatisation.112 Synthesis began with the reaction of 

phenanthrenequinone (2.05) with 4-bromo-benzaldehyde (2.06) in the presence of excess 

ammonium acetate which formed phenanthroimidazole 2.07 in high yields (Scheme 3). Then 

Suzuki coupling with the prepared benzothiophene-2-boronic acid (2.09) yielded the conjugated 

donor-acceptor type backbone 2.10. Alkylation of the imidazole ring by an SN2 type reaction 

followed by reaction with 1-methylimidazole furnished the desired bromide salt 2.13. This was 

prepared by adaptation of methods outlined by Choe and co-workers’.112 This preparation worked 

well on small scale however when trying to scale up the reaction for our next steps problems were 

encountered during purification of both 2.10 and 2.11. These materials were simply too insoluble 

for purification by column chromatography in the described eluent system (hexane/ ethyl 

acetate). In the end, both recrystallisation and column chromatography in THF-hexane proved a 

lot more successful.  
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Scheme 3: Synthesis of ionic phenanthroimidazole emitter 2.12. 

The isolation of the bromide salt 2.13 was followed by the investigation of a series of anion-

exchange reactions to produce polyoxometalate salts to be evaluated for solid-state emission. 

Exchange reactions were performed on bromide salt 2.13 with a series of five 

tetrabutylammonium (TBA) salts of polyoxometalates (Scheme 4).  Due to the likelihood of lower 

solubility of the newly formed salts, it was expected that the ion exchange reaction would occur 

readily with precipitation of the phenanthroimidazole-polyoxometalate salts acting as the driving 

force for the reactions. This was the generally observed case and thus dissolving the bromide salt 

2.13 in a minimum amount of hot acetonitrile and adding the desired TBA-polyoxometalate salt 

in a hot saturated solution produced the phenanthroimidazole-polyoxometalate salts 2.14 - 2.18 

in good yields. The confirmation of anion exchange in these reactions could conveniently be 

observed by 1H NMR. The absence of TBA as well as a characteristic shift of the three imidazolium 

protons was observed upon exchange. As a reference structure would be needed to evaluate the 
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impact of our polyoxometalate anions on emitter performance the hexafluorophosphate salt was 

also targeted. A one-pot reaction of alkyl bromide 2.11 with 1-methylimidaziole (2.12) followed 

by anion exchange by addition ammonium hexafluorophosphate afforded the 

hexafluorophosphate salt 2.19.  

 

Scheme 4: Anion exchange reactions. 

Problems were encountered however when exchanging the Keggin-type polyoxometalates 

(heteroatom-containing, PW12O40 and PMO12O40). In these cases, the products of the reactions 

retained relatively large amounts of TBA. This was determined by NMR and is expected to be a 

result of either incomplete exchange, thus isolation of the polyoxometalate with a mixture of TBA 

and phenanthroimidazole emitter associated, or simply an inability to remove TBA bromide, the 

by-product in these exchange reactions. We were informed of inherent difficulties removing TBA 

bromide from certain polyoxometalate structures by the Errington group at the University of 

Newcastle, the providers of the TBA-polyoxometalate salts. Attempts to purify these compounds 

by numerous washes, trituration and precipitation experiments proved unsuccessful therefore 

yields were calculated by 1H NMR spectroscopy using an internal standard.  
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2.2.2 Optical Properties 

Absorption and emission data were collected in solutions of DMF using the HORIBA Duetta™ 

absorption emission spectrometer with Hellma Cellect Absorbance/Transmission Cuvette 

QS/QG Quartz with path length of 10 mm. Samples were prepared at concentrations of 

approximately 0.025 mg/mL and the varying concentration between samples was accounted for 

by the plotting of molar absorption coefficient in absorption plots and the normalisation of 

emission data.  The excitation wavelength employed for emission measurements was 350 nm. 

For compounds 2.14 – 2.19 a characteristic broad absorption was observed between 260 nm and 

390 nm (Figure 43b and c). The major observed absorption bands for 2.14 – 2.18 were at 270, 334 

and 362 nm, these are expected to be attributed to the π-π* transitions of the main donor-

acceptor backbone. Similar absorption was observed for 2.19, at 272, 332 and 362 nm. From this 

absorption data the energy gap for compounds 2.14 – 2.19 was estimated to be 3.24 eV (this is 

the average value; all band gaps were within ± 0.02 eV of this value). This was calculated using 

the Tauc plot method. 

 

 

Figure 43: a) Structure of ionic phenanthrimidazole based salts, b) Molar absorbance of 2.14 – 

2.16 and 2.19 in DMF, c) Molar absorption of 2.17 – 2.19 in DMF. 

a) 

b) 

c) 
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Fluorescent emission for compounds 2.14 – 2.19 was measured in DMF and all salts showed a 

single emission peak at 442 nm (Figure 44). It should be noted that relative fluorescence was 

plotted however, these intensities were not adjusted for absorbance hence no comparison can 

be made about the solution emission performance. This is not a problem as we are not 

investigating emission performance in solution. The observed single emission peak in both 

polyoxometalate salts and the hexafluorophosphate salt is a positive result as we wanted to 

confirm that the polyoxometalate anions were not interacting in any way that could lead to 

quenching of emission. The other notable observation to be made here is the translation of 

multiple absorption peaks to a single emission peak in all our compounds. Typically, it might be 

expected that each major absorption be reflected by an independent emission peak. However, 

here we see a relatively broad single emission peak. One possible reason for this is the 

aggregation of the emissive molecules in solution. Such aggregation causes restricted molecular 

motion and reduced non-radiative energy dissipation affecting emission wavelengths. This can 

result in new emission peaks being observed or can result in broad emission peaks like we see in 

our plots.113 In our case it may be that we see multiple broad emission peaks that are overlapping 

giving the illusion of a single emission peak.  

  

 

Figure 44: a) Structure of ionic phenanthrimidazole based salts, b) Relative fluorescence 

intensities of 2.14 – 2.16 and 2.19 in DMF. c) Relative fluorescence intensities of 

2.17 – 2.19 in DMF. 

a) 

b) 

c) 



 

68 

2.2.3 Electrochemical Properties 

The electrochemical properties of compounds 2.14 – 2.16 and 2.19 have been investigated using 

cyclic voltammetry (Figures 45 - 48). Cyclic voltammograms were recorded using a 3-electrode 

configuration with SCE as reference electrode at 100 mV s–1, with a glassy carbon (3 mm Ø) 

working electrode and a Pt counter electrode in degassed unstirred dry DMF with 100 mmol 

Et4NBF4 and 5 mmol of the analysed compound. The optical energy levels of the HOMO and LUMO 

were examined from the collected data. The HOMO energy level was calculated by equation 6, 

where Eox is the oxidation onset voltage.  

6.  HOMO = -(Eox + 4.40) eV 112 

The oxidation onset voltage was measured to be 1.21 V therefore the HOMO energy calculated to 

be -5.61 eV. This allows us to calculate an experimental LUMO energy using the HOMO energy as 

well as the bandgap calculated from the absorption data. In this case, we get an experimental 

LUMO energy of -2.37 eV. Alternatively, we can calculate the LUMO energy from the reduction 

onset voltage using equation 7. The onset voltage of reduction was measured to be -1.88 eV which 

gives a LUMO energy of -2.53 eV and the resulting bandgap would 3.08 eV (this is the average 

value; all band gaps were within ± 0.04 eV of this value). Both experimentally calculated bandgaps 

seem to underestimate the bandgap of our compounds however, this is a common problem with 

the Tauc method known to occur when materials show non-ideal optical behaviour.114 

Alternatively the use of CV data is generally seen as a rough approximation due to it actually 

measuring redox potentials which relate to charge transfer reactions, not the actual orbital 

energies involved in the band gap.115 

7. LUMO = -(Ered + 4.40) eV  

 

Figure 45: Cyclic voltammogram of 2.14. 
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Figure 46: Cyclic voltammogram of 2.15. 

 

Figure 47: Cyclic voltammogram of 2.16. 

 

Figure 48: Cyclic voltammogram of 2.19. 
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2.2.4 Solid-state Photoluminescent Properties 

Solid-state photoluminescent absorption and emission measurements were performed using a 

Thorlabs-supplied 340 nm laser (M340L4) with a power output of 53 mW (minimum) and 700 mA 

served as the excitation source for photoluminescence emission which was lowered to 500 mA 

when analysing polyoxometalate containing compounds. An adjustable Collimation Adapter 

(SM2F32-A) featuring a Ø2″ Lens with AR Coating and a wavelength range of 200 nm–700 nm was 

used in conjunction with the 340 nm laser source for photoluminescent absorption 

measurements. Measurements were performed on spray-coated films. The coated film on a glass 

ITO slide possessed a thickness of 250 nm. 

The pivotal part of our work with polyoxometalate anions centred around the potential ability of 

the polyoxometalates to enhance the performance of our emissive cations in solid-state. To 

establish whether this was the case, solid-state absorption and emission data was collected 

(Figure 49). The performance of phenanthroimidazole-polyoxometalate salts 2.14 – 2.16 and 

phenanthroimidazole-hexafluorophosphate salt 2.19 was investigated. Compounds 2.17 and 

2.18, containing the Keggin-type polyoxometalates were not analysed as the potential 

contamination with TBA bromide could interfere with any conclusions about their performance.  

The solid-state absorption of compounds 2.14 – 2.16 and 2.19 was characteristically broad with 

absorbance between 200 and 400 nm. This presented little to distinguish the compounds which 

is theoretically a positive as we expect the cationic emitter, that is the same in each salt, to be 

responsible for absorption. However, it is notable the molybdenum containing compounds show 

slightly diminished absorbance above 300 nm although the reasoning for this is unclear.  

 

Figure 49: a) Structure of ionic phenanthroimidazole based salts, b) solid-state absorption of 

2.14 – 2.16 and 2.19. 

Photoluminescent emission data was then collected to facilitate a comparison of emission 

intensity with and without an associated polyoxometalate anion. In general, we can see that 

a) 

b) 
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polyoxometalate containing compounds 2.14 – 2.16 show more intense emission than the 

hexafluorophosphate analogue 2.19 (Figure 50). Direct comparison cannot be established from 

the data presented here as the strength of the excitation source was reduced for measurements 

of polyoxometalate salts 2.14 – 2.16. This is due to the polyoxometalate containing compounds 

2.14 – 2.16 being less absorbing of the excitation laser than sample 2.19 which can be 

rationalised by the fact that the thin-films of compounds 2.14 – 2.16 are more than fifty percent, 

by weight, polyoxometalate. These anions do not absorb at this energy which meant the strength 

of the excitation source had to be reduced to avoid saturation of the detector. This manifests in 

large emission peaks observed at 343 nm which belong to the excitation source (Figure 50c). Here 

we can draw the conclusion of more intense emission observed in the polyoxometalate 

containing compounds despite lowering in strength of the excitation source. This could represent 

enhanced solid-state emission due to the presence of polyoxometalate anions however changing 

the strength of the detector may have an unknown effect.  

 

Figure 50: Structure of ionic phenanthrimidazole based salts, b) solid-state photoluminescence 

of 2.19, c) solid-state photoluminescence of 2.14 – 2.16. 

a) 

b) 

c) 
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The next thing to be noted is the red-shifted emission of the phenanthroimidazole-

hexafluorophosphate salt 2.19 when compared to its solution emission. A shift in the emission 

wavelength from solution to solid-state is not uncommon and is to be expected due to the 

significant intermolecular forces in closely packed solids that are likely to impact HOMO and 

LUMO energies. However, in this case we see a significant shift with the photoluminescent 

emission wavelength of 489 nm. This differs drastically from compounds 2.14 – 2.16 that show 

major emission at 429 nm which is much closer to what was expected.  To add to that literature 

compound, that only differs from ours by an extra two carbons in the pendant alkyl chain, is 

reported to have a photoluminescent emission of 435 nm. 112  

It can be very difficult to predict and rationalise differences in wavelengths as ideas on the matter 

are difficult to prove. For example, in this case it may be the four-carbon pendant alkyl chain is 

the perfect length to allow the imidazole ring to bend back on the structure and have π-stacking 

or dipole-dipole type interaction with one part of our structure (Figure 51). The electron-rich 

nature of this ring may substantial enough to stabilise the HOMO or destabilise the LUMO which 

would reduce the bandgap in the molecule resulting in a redshift. The significant difference in 

photoluminescent emission wavelength with the hexafluorophosphate anion compared to when 

the polyoxometalates are used could be a result of the large polyoxometalate anions disrupting 

this effect in those structures. We do see a still very prevalent secondary emission peak in 2.19 

at 430 nm where the described conformational effect may not be present. 

 

Figure 51: Potential conformer of compound 2.19 in solid-state. 

Another point about the photoluminescent emission data acquired is that the molybdenum-

containing polyoxometalate salts 2.15 and 2.16 show a dual-emission character which is 

somewhat unexpected. From the solution emission data (Figure 44b) we thought we had 

established a lack of quenching of our emission by the polyoxometalate anions. This was 

expected to be the case due to the large bandgaps generally observed in polyoxometalates.116 

However, the solid-state photoluminescent data for hexamolybdate salt 2.15 shows major 

emission at 429 nm but also red-shifted emission at 493 nm. A similar, more pronounced, 

situation is present in octamolybdate salt 2.16 that shows major emission at 415 nm with a red-

shifted emission also at 517 nm. A potential explanation for this would be that we have some of 

our cationic emitter, associated to the polyoxometalate anion, in a different conformation like 
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was suggested for compound 2.19. This idea is unlikely however due to the absence of such a 

peak in the photoluminescent emission spectrum of hexatungstate salt 2.14. Interaction of the 

polyoxometalate species with the emitter could lead to quenching of emission by electron 

transfer from the excited cationic emitter to the polyoxometalate resulting in non-radiative decay 

and there is precedent for such an effect outlined in the literature (Figure 52).117 This effect would 

likely be limited to the molybdenum containing salts due to the smaller HOMO-LUMO energy gap 

for molybdenum type polyoxometalates compared to that of the tungsten containing 

structures.118 However, this does not explain the secondary emission peak as emissive relaxation 

from the polyoxometalate through charge recombination, similar to the exciplex outlined in Figure 

26, is without precedent. 

 

Figure 52: Non-radiative decay pathways that may influence the emissive character of 

molybdenum containing salts 2.15 and 2.16. 
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2.2.5 LEC Fabrication and Testing 

With our ionic emitters synthesised and the improvement of solid-state photoluminescence 

performance observed when pairing with polyoxometalate anions, we could now move on to 

integration of the emitters into an LEC device. Devices were fabricated by our collaborators at the 

University of Southampton; Katie Court, Yi Li and Sasikumar Arumugam working under the 

supervision of Prof. Stephen Beeby.  

This process began with the washing of an ITO glass slide with deionised water and acetone 

followed by UV ozone treatment in sequence to remove any surface contamination. A PEDOT: 

PSS suspension in water was then spin coated directly on the ITO slide and annealed on a 

hotplate at 120 °C for 20 min. Spin coating of the active layer followed which used DMF solutions 

of our ionic emitters with varying concentrations due to the relative solubility of each emitter 

(desirable solubility was 0.2 g/mL). We had to use DMF as opposed to the favoured acetonitrile 

for this process due to the low solubility of our emitters in acetonitrile. Annealing of the spin 

coated active layer was undertaken at 70 °C for 5 h in a nitrogen filled box oven. The silver top 

electrode was then sputter coated through a pre-defined shadow mask and finally the device 

encapsulated with an epoxy-resin.  

Testing of the formulated devices disappointingly resulted in only one working device for 

phenanthroimidazole-hexatungstate salt 2.14 out of nine fabricated. This device showed very 

weak emission at approximately 500 nm. Use of the molybdenum containing salts 2.15 and 2.16 

resulted in no working devices, however it was noted that the compounds were readily 

precipitating from the solutions before spin coating resulting in patchy layers. We did, as 

expected, see working devices with phenanthroimidazole-hexafluorophosphate salt 2.19 

producing emission at 500 nm.  

With these results we had various potential issues to address. Firstly, the poor solubility of our 

compounds was resulting in difficulties producing suitable film formations. Secondly, there was 

a prevalent reporting of devices short circuiting which may indicate the presence of moisture in 

the active layer, this issue may have been compounded by using the hygroscopic DMF solutions. 

Finally, the general poor performance from our polyoxometalate containing salts in LEC devices 

suggests a potential shortcoming of these anions. This may be related to the charge mobility in 

the device as, although our salts as a whole show redox activity, the polyoxometalate is unlikely 

to undergo oxidation as the metal is already in its highest oxidation state. Therefore, the spatial 

separation that is enhancing our solid-state emission may be hindering the movement of holes.  
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2.2.6 Doped Layer Formulation 

Due to the likely need to change the cationic emitter in our salts to achieve improved solubility 

we first investigated the potential charge mobility issues in our layer. To do this we decided to 

fabricate LEC devices with a doped or host-guest active layer. If we found that devices were 

successful when hole-transport, electron transport or solid electrolyte were added to the active 

layer then we may be able to make deductions about the shortcomings of our ionic emitters. 

To investigate this, we first needed to decide suitable host materials to pair our ionic emitters 

with. A commonly encountered host material is the blend of PVK and OXD-7. For our compounds 

PVK, which plays the role of hole transport material, is a suitable choice due to its low HOMO 

energy (-5.8 eV)49 however, the use of OXD-7 as an electron transport material would be 

inappropriate as our emitters LUMO (-2.37 eV) is significantly higher in energy than that of OXD-

7. Therefore we needed to identify as suitable replacement and this came in the form of 

dibenzothiophene 2.26 (Scheme 5) with a LUMO level of -2.39 eV.119 The electron-transport 

material boasted a similar LUMO energy to our cationic emitter which should result in unaffected 

electron transport.  Synthesis of the electron-transport material started with bromination of 

dibenzothiophene which was followed by oxidation to the corresponding sulfone 2.22. This step 

was to activate the material for the subsequent Ullmann coupling reaction with α-carboline 

(2.23). Finally, reduction of the sulfone furnished our desired electron-transport material 2.26. 

 

Scheme 5: Synthesis of electron transport material for host-guest active layer formulation. 
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A series of different doped active layer solutions were prepared to attempt to establish whether 

charge mobility was the main problem inhibiting our device performance (Table 1). We decided 

to study molybdenum containing polyoxometalate salt 2.15 due to it producing no working LECs 

in the first round of testing. In host-guest devices an emitter concentration of 17.8% by weight 

was used as that would result in a 5% by weight presence of the cationic emitter. A host blend of 

hole and electron transport materials as well as solid electrolyte was used in entry 1, these ratios 

were established from successful literature setups.98 Apart from this formulations using only hole 

or electron transport material were tested as well as just doping with solid electrolyte.  

Table 1: Doped active layer formulations. 

Entry Wt. % 2.15 Wt. % PVK Wt. % 2.26 Wt. % TBABF4 Number of 
functional 

devices 

1 17.8 48.0 32.0 2.2 1/12 

2 17.8 0.0 80.0 2.2 0/12 

3 17.8 80.0 0.0 2.2 4/12 

4 80.0 0.0 0.0 20.0 3/12 

Entries 1, 3 and 4 produced some working LECs however, the devices showed no emission and 

were very prone to short circuiting. The fabrication of functional LECs with these doped 

formulations does suggest that our polyoxometalate anions may not be suitable in the charge 

carrying process. The lack of emission observed with these devices indicates that the host-guest 

combinations maybe not be effective at trapping excited states on the guest emitter although, our 

goal in this work was not the production of host-guest type LECs therefore additional investigation 

around this idea was not conducted.  

Though this progress in understanding our active layer was encouraging, issues were reported 

again in thin film formation. The use of DMF in the spin coating process was resulting in 

inconsistent formation of active layers. It was suggested that the variance in our results, such as 

a working device with phenanthroimidazole-hexatungstate salt 2.14 in the first round of testing 

and the relatively unreliable success of devices fabricated this time, may be a result of the use of 

DMF. We were strongly advised to switch to acetonitrile due to the uneven thin-film formation 

observed with our compounds (Figure 53).     

The Phenom G6 ProX Scanning Electron Microscope (SEM) system was employed to capture 

cross-sectional SEM images of the LEC devices to assess the thickness of the functional layers. 
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Figure 53: SEM imaging of uneven doped active layers. Left - entry 1. Right - entry 2 

 

Figure 54: SEM imaging of a uniform active layer. 

2.3 BODIPY-Polyoxometalate Emitters 

2.3.1 Synthesis 

To achieve higher solubility when incorporating polyoxometalate anions into emissive salts we 

needed to target a readily soluble cationic emitter. Along with this consideration we also wanted 

to target a smaller bandgap emitter with a lower LUMO energy. This was to see if this would affect 

the observation of a secondary emission peak when incorporating molybdenum containing 

polyoxometalates. In principle, if electron transfer is happening between the LUMO of our 

cationic emitter and the LUMO of associated anion then a lower LUMO energy in the cationic 

emitter would disrupt this process. We decided to target a BODIPY emitter as BODIPY’s show high 

solubility, with some structures even exhibiting solubility in water.120 Furthermore, BODIPY 

structures with emission colours ranging from blue to red have been reported making targeting a 

structure with a low lying LUMO trivial.121, 122 

Our synthesis began with the Knorr pyrrole synthesis in which we took ethyl acetoacetate (2.27) 

and reacted it with half an equivalent sodium nitrite followed by reduction with zinc (Scheme 6). 

The formed mixture of primary amine and remaining ethyl acetoacetate can then cyclise to form 

pyrrole 2.28. Hydrolysis and decarboxylation then afforded dimethylpyrrole 2.29. We could then 
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form our BODIPY moiety in a 3-step one-pot reaction, the first of these steps being the 

condensation of two equivalents of 2.29 with prepared the aldehyde 2.31. This produced the 

corresponding dipyrromethene which was then oxidised with p-chloranil to convert it to the 

dipyrromethene, and finally complexation of boron afforded the desired alkylated BODIPY 

scaffold ready to be converted to a salt. 

 

Scheme 6: Synthesis of BODIPY 2.32. 

To isolate our emissive salt we next looked to continue with the synthesis outlined by Dessapt 

and co-workers’,110 this was to substitute the alkyl bromide of 2.32 with trimethylamine. However, 

to our surprise attempts to substitute with this nitrogen nucleophile led to the isolation of 

complex mixtures seemingly a result of degradation. There is evidence of instability of BODIPYs 

in alkaline solution, where hydrolysis of the nitrogen-boron bonds is the first step of degradation 

that can ultimately lead to the recovery of mono-pyrrole products.123 Our attempted approach did 

employ aqueous solutions of trimethylamine so we assumed this could be our problem. We 

initially tried to switch to organically soluble nitrogen nucleophiles like triethylamine and n-

methyl morpholine, but again complex mixtures were obtained. Believing the base strength of the 

nucleophile may be our issue we then tried pyridine and tri-butyl phosphine and pleasingly we 

found success with this method.  

Substitution reactions on alkylated BODIPY 2.32 with pyridine and tributyl phosphine proceeded 

smoothly to afford bromides salts 2.33 and 2.37 (Scheme 7). Anion exchange was performed with 

potassium triflate to provide our reference ionic BODIPY emitters 2.34 and 2.38. Reaction of 

bromide salt 2.33 with TBA salts of our polyoxometalates resulted in incomplete exchange in the 

first attempts however, putting the reaction back on a second time afforded our desired BODIPY-

polyoxometalate salts 2.35 and 2.36, albeit with diminished yield due to the initial isolation. 
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Scheme 7: Synthesis of BODIPY-triflate emitters (2.34 and 2.38) and BODIPY-polyoxometalate 

emitters (2.35 and 2.36). 

2.3.2 Optical Properties 

Absorption and emission data were collected in solutions of acetonitrile using the HORIBA 

Duetta™ absorption emission spectrometer with Hellma Cellect Absorbance/Transmission 

Cuvette QS/QG Quartz with path length of 10 mm. Samples were prepared at concentrations of 

approximately 0.025 mg/mL and the varying concentration between samples was accounted for 

by the plotting of molar absorption coefficient in absorption plots and the normalisation of 

emission data.  The excitation wavelength employed for emission measurements was 350 nm 
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Analysis of our salts optical properties revealed consistent results with no variation between 

triflate and polyoxometalate anions or between terminal pyridine or phosphine cations. All salts 

displayed a sharp absorbance at 502 nm in DMSO with emission being found at 517 nm (Figure 

55b and d). This represented a prominent green emission in solution. 

 

Figure 55: a) Structure of emissive pyridine containing BODIPY salts, b) absorbance of salts 2.34 

- 2.36 and 2.38 in DMSO, c) structure of emissive phosphine containing BODIPY 

salts, d) emission of salts 2.34 - 2.36 and 2.38 in DMSO. a Phosphine-BODIPY 

cation. 

2.3.3 Photoluminescent Properties 

Solid-state photoluminescent absorption and emission measurements were performed using a 

Thorlabs-supplied 340 nm laser (M340L4) with a power output of 53 mW (minimum) and 700 mA 

served as the excitation source for photoluminescence emission which was lowered to 500 mA 

when analysing polyoxometalate containing compounds. An adjustable Collimation Adapter 

(SM2F32-A) featuring a Ø2″ Lens with AR Coating and a wavelength range of 200 nm–700 nm was 

used in conjunction with the 340 nm laser source for photoluminescent absorption 

a) 
b) 

c) 

d) 
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measurements. Measurements were performed on spray-coated films. The coated film on a glass 

ITO slide possessed a thickness of 250 nm. 

We next looked to examine the photoluminescent properties of our ionic emitters to establish if 

the improvement of emissive performance, when pairing with a polyoxometalate anion, was 

maintained. This trend indeed continued with our polyoxometalate salts routinely outperforming 

our reference triflate salts (Figure 56b and d). All compounds showed similar emission 

wavelengths between 570 nm (2.35) and 585 nm (2.38) which represents yellow emission. The 

only compound with a prevalent secondary emission peak was our pyridinium-triflate salt 2.34. 

This is expected to be due to conformational variance in which the pendant pyridinium can affect 

the bandgap of the emissive BODIPY as was previously suggested for 2.19 (Figure 51). We 

fabricated phosphonium emitter 2.38 to attempt to test this theory as a non-aromatic pendant 

group will not have ϖ-stacking interactions that facilitate the proximity of the pendant group to the 

emissive core. We can see that phosphonium emitter 2.38 does not possess such a broad 

emissive profile which supports our idea. 

Also of note is the absence of a secondary, red-shifted, emission peak in our molybdenum 

containing salt 2.36. We hypothesised that using a cationic emitter with a lower LUMO energy 

would inhibit any electron transfer between cation and anion. As we see no red-shifted emission 

it represents a small amount of evidence supporting emissive charge recombination in 

molybdenum containing salts 2.15 and 2.16.  
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Figure 56: a) Structure of emissive pyridine containing BODIPY salts, b) solid-state 

photoluminescence of salts 2.34 and 2.35, c) structure of emissive phosphine 

containing BODIPY salts, d) solid-state photoluminescence of salts 2.36 and 2.38. a 

Phosphine-BODIPY cation 

2.3.4 LEC Fabrication and Testing 

LEC devices were fabricated by the same method outlined in section 2.2.5. This time, as was our 

aim, we managed to spray coat our active layers in acetonitrile due to the much-improved 

solubility of the BODIPY cation. This resulted in significantly better thin-film formation, enhancing 

both uniformity and thickness of the layers (Figure 57).  

a) 
b) 

c) 

d) 
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Figure 57: SEM cross-section analysis of active layers. Left – BODIPY-triflate salt 2.34. Right – 

BODIPY-hexatungstate 2.35. 

Sadly, the resulting performance of the fabricated devices was like that of our first tested devices. 

The devices employing BODIPY-triflate 2.34 in its active layer were consistently functional with 7 

out of 9 of the fabricated devices producing emission. Electroluminescence was observed at 603 

nm revealing orange emission (Figure 58). Devices fabricated using BODIPY polyoxometalate 

salts 2.35 and 2.36 produced no working cells conclusively proving that the issue was not the use 

of DMF in fabrication but more likely the charge carrying potential of our counter anions. Finally, 

devices employing our BODIPY-phosphonium cation also produced functional cells (4 out of 12) 

however the emission from these devices was too weak to capture. 

 

Figure 58: Electroluminescence of BODIPY triflate 2.34. 
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2.4 Conclusions and Future Perspectives 

We have successfully synthesised various novel, polyoxometalate containing emissive salts. 

These ionic emitters have demonstrated enhance solid-state emission that is expected to be a 

result of disruption of aggregation in the solid-state. The large polyoxometalate anions effectively 

space the cationic emitters away from each other reducing the concentration quenching effect 

commonly observed in solid-state emission. We have investigated the optical, photoluminescent 

and electrochemical properties of our emitters and studied physical properties such as solubility 

and thermal stability. Finally, our study led us to the implementation of our novel materials into 

LECs. In this research we have realised the shortcomings of our polyoxometalate anions in this 

technology with their inability to effectively support the movement of holes in the active layer 

being the principle suspected reason behind the failure of our devices.  

The theory that our polyoxometalates cannot facilitate hole injection suggests the need for a 

redox active polyoxometalate that could potentially perform the way we desire. Such systems are 

rare however recently, the development of redox active vanadium clusters for application to 

redox flow batteries may have provided a solution to our problem.124-126 These clusters show 

reversible oxidation and reduction with electrochemical stability making them suitable 

candidates for our work. Unfortunately, such materials are usually only prepared by a handful of 

people worldwide therefore we could not investigate the application of these clusters to our work.  

 

Figure 59: Structure of redox active vanadium polyoxometalate cluster. 
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Chapter 3 Carbazole-Based TADF Emitters 

3.1 Background 

3.1.1 4CzIPN 

We have previously outlined the effectiveness of TADF type emitters when applied to host-guest 

small molecule LECs. However, the application of such emitters to ionic light emitting 

electrochemical cells remains seldom. At the point of undertaking this work, TADF emitters had 

been thrust into the spotlight due to their continuing improved performance in both OLEDs and 

LECs. One of the most prominent TADF emitter to see application to these devices during this 

time was the carbazole-based emitter 4CzIPN (1.10, Figure 59). Edman and co-workers published 

twice with this emitter, first in 2017, with the fabrication of a device employing guest emitter 

4CzIPN with host material p-CBP (3.01).127 The LEC demonstrated a maximum brightness of 760 

cd m-2. Then, in 2019, the group published a host-guest LEC device utilising emitter 4CzIPN, host 

blend of PVK and OXD-7, and solid electrolyte tetrahexylammonium hexafluorophosphate. This 

device achieved a peak luminance of 430 cd m−2 with an EQE of 1.8%.49 

 

Figure 59: Structure of 4CzIPN (1.10), PVK (1.07), tetrahexylammonium hexafluorophosphate 

(1.08), OXD-7 (1.09), p-CBP (3.01). 

Furthermore, in the field of OLEDs 4CzIPN has seen extensive application. Kido and co-workers 

reported OLEDs with 13.0% EQE at a luminance of 1000 cd m-2 when using this emitter.128 Then 

later continued their work achieving an EQE of 25.7% at a luminance of 1000 cd m-2, again using 

4CzIPN as their emitter.129 Various other investigation has been done in the application of this 

emitter to OLEDs.130-132 
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3.1.2 SNAr Reactions on Polyfluorinated Aromatics 

Such TADF emitters as 4CzIPN are often synthesised by nucleophilic aromatic substitution (SNAr) 

reactions on polyfluorinated aromatics. These reactions are somewhat well explored however, 

substituting four positions in one step has meant that the exploration of partial substitution or the 

selectivity of which positions substitution may favour has received less investigation. Although, 

this is to be somewhat to be expected due to the rare need for sequential SNAr reactions. 4CzIPN 

was first synthesised by Adachi and co-workers’, in 2012, by substituting the four fluorine 

positions of tetrafluoroisophthalonitrile (3.02) with carbazole in a single step (Scheme 8).132 

 

Scheme 8: Adachi and co-workers’ synthesis of 4CzIPN. 

A similar approach was seen in the work of Feng and co-workers when they targeted carbazole 

containing compounds 3.04 and 3.05 in their study of room temperature phosphorescence. 

These compounds were formed again by substituting four fluorine positions in a single step, this 

time on hexafluorobenzene (3.03), which gave 3.04 and further treatment with hydroxide resulted 

in the substitution of the two remaining fluorine’s (Scheme 9).133 Alternatively, in the research of 

Yang and co-workers’ this substitution reaction was taken further with prolonged heating in an 

excess of carbazole and sodium hydride resulting in substitution at all six positions in a single 

step.134 These investigations highlight the potential to control or limit substitution giving the ability 

to substitute different nucleophiles in sequential reactions. 
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Scheme 9: SNAr reactions with carbazole and hexafluorobenzene (3.03). 

Underpinning these type of substitution is the fundamental kinetic studies of Rodionov and Furin 

who, in 1990, studied the favoured position of substitution in these kind of sequential SNAr 

reactions of polyfluorinated aromatics.135 This study was covered well in the book chapter of Steel 

and indicates that substitution is observed at the position with the most ortho and meta fluorine 

atoms (Figure 60).136  

 

Figure 60: Preferred position of SNAr.  

A practical example of this effect was observed in the selective phenol deprotection reaction of 

Jarman and McCague (Scheme 10).137 In this reaction, treatment of diol 3.07 with sodium 

methoxide resulted in selective cleaving of the phenolic heptafluoro-p-tolyl protecting group and 

also methoxide substitution on the reaming protecting group. The positions of substitution were 

ortho to one fluorine, meta to another and finally ortho to the more electron withdrawing 

trifluoromethyl group.  
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Scheme 10: Selective deprotection of phenol by Jarman and McCague. 

3.1.3 Aims 

The potential of TADF emitters in LECs is undeniable with some of the devices leading the way in 

terms of performance employing such emitters. Specifically, carbazole-based TADF emitters 

have seen extensive application, and their conveniently simple preparation makes them even 

more appealing. The ability to introduce a huge amount of complexity to a simple substrate by 

SNAr reactions and the potential to control such reactions presents an opportunity to be able to 

create and derivatise complex emitters in minimal synthetic steps. We would like to explore the 

ability to control these reactions as limiting the reaction of a polyfluorinated aromatic to a single 

or double substitution would allow for the introduction of various nucleophiles to the same 

system. This creates a huge chance to tune emission wavelength and a simple way to introduce 

charge in the formation of the desired emissive salts.  

3.2 SNAr of Hexafluorobenzene Towards Ionic Carbazole-Based 

Emitters 

Our investigation began with the study of the hexafluorobenzene substitutions outline by Feng 

and co-workers.133 We looked to replicate their work and establish the ability to limit the extent of 

substitution further. Reaction of hexafluorobenzene (3.03) with 6 equivalents of carbazole 

reliably produced the tetra substituted product 3.04 although complex mixtures, presumed to 

contain products with varying degrees of substitution, were observed by TLC (Scheme 11). The 

mixtures proved difficult to separate as poor solubility made effective separation of these closely 

related structures problematic by column chromatography. However, recrystallisation 

successfully afforded pure material that seemed to represent the major product of the reaction. 

We looked to limit the extent of substitution next and found that using one equivalent of carbazole 

was the most effective way to isolate of the di substituted product 3.10. Attempts to limit 

substitution further were unsuccessful however as even using less than one equivalent of 

carbazole in cooled conditions saw the mixture of mono and di substituted products form within 

5 minutes. 
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Scheme 11: SNAr reactions of hexafluorobenzene with carbazole. 

With the ability to limit the degree of substitution clear, we looked to investigate the substitution 

of the final two fluorine atoms of 3.04. This would allow us to functionalise hexafluorobenzene 

three different nucleophiles in sequential SNAr reactions. This would be convenient as the 

introduction of charge through this final two positions would allow easy access to ionic emitters. 

Disappointingly, our attempts to replicate the hydroxide substitution outlined by Feng and co-

workers’133 was unsuccessful. The group reported substitution even upon aqueous work up of 

tetra substituted product 3.04. However, our probing (Table 2) revealed a quite unreactive nature 

of to these two final positions, potentially a result of steric hinderance from the bulky carbazole 

group or maybe due to the absence of ortho and meta-activating groups.  

 

Scheme  12: Attempted SNAr reactions of tetra-carbazolyl 3.04. 

Table 2: Conditions for attempted SNAr reactions of tetra-carbazolyl 3.04. 

Entry Conditions Result (yield %) 

1 NaOH, DMF, 100 °C, 7 h tetra-carbazolyl 3.04 recovered (91%) 

2 NaOH, DMF, ∆, 3 h tetra-carbazolyl 3.04 recovered (88%) 

3 NaOH, CH3CN, ∆, 16 h tetra-carbazolyl 3.04 recovered (94%) 

4 NaH, MeOH, ∆, 7 h tetra-carbazolyl 3.04 recovered (85%) 

5 NaOMe (25% in MeOH), ∆, 72 h tetra-carbazolyl 3.04 recovered (77%) 
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After encountering this small setback, we had to change our approach and look to introduce 

charge through the derivatisation of some or all our carbazole units. To do this we looked to 

introduce a pendant alkyl chain as was seen in the ionic TADF emitters 1.52 and 1.53 (Figure 28) 

explored by Wong and co-workers’.75  This effort began with the mono bromination of carbazole 

(3.09) with NBS to afford bromocarbazole 3.12 which was then followed by nitrogen protection 

with the tert-butyldimethylsilyl group (Scheme 13). Subsequent lithium halogen exchange and 

reaction with 1,4-diiodobutane furnished alkylated carbazole 3.14. Finally, substitution of the 

pendant alkyl iodide with imidazole in the presence of sodium hydride and somewhat surprising 

deprotection under the same conditions produced our desired imidazole bearing carbazole 3.15. 

We then tried to incorporate this derivatised carbazole nucleophile by the previously explored 

nucleophilic aromatic substitution reaction. This however was not successful as the obtained 

complex mixtures were not purifiable by recrystallisation and this was expected to be the result 

of the conformational freedom the alkyl chains offer being counterproductive to the formation of 

crystals. 

 

Scheme 13: Attempted introduction of charge via pendant alkyl chains. 
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Due to the complex mixture obtained previously we assumed the use of our di-carbazolyl 

substituted product 3.10 would limit the number of products formed (Scheme 14). However, once 

again we appeared to obtain a complex mixture leading us to reconsider whether we were seeing 

further substitution of last two fluorine atoms. Mass spectrometry of our mixture did not suggest 

this was the case leading to the conclusion that the restricted rotation of our carbazole groups 

was resulting in regioisomeric mixtures due to the asymmetric nature of our derivatised alkylated 

carbazole (3.16). Separation of this mixture proved to be incredibly difficult leading us to 

reconsider our approach.  

 

Scheme 14: Attempted SNAr of our di-carbazolyl product 3.09. 

3.3 SNAr of Tetrafluoroisophthalonitrile Towards Ionic Carbazole-

Based Emitters 

Whilst exploring the ability to control the SNAr reactions of hexafluorobenzene we also wanted to 

do the same with the tetrafluoroisophthalonitrile scaffold due to its use in the synthesis of 

4CzIPN. Tetrafluoroisophthalonitrile (3.02) is limited to four substitution reactions therefore we 

started by probing the substitution of only one or two positions. Interestingly, we found it very 

difficult to limit the extent of substitution, observing the formation of the tri-substituted 

compound 3.19 predominantly when using both one and two equivalents of carbazole. Even 

when we ran these reactions at room temperature the tri-substituted carbazole 3.19 was our 

major product. Unable to affect the reactivity of our fluorinated aromatic scaffold easily we 

attempted the substitution reaction with α-carboline as a slightly less reactive nucleophile. 

However, we observed the same results in this case with the tri-substituted product 3.21 being 

formed preferentially. Further investigation of whether there was an exploitable difference in the 

reactivity of carbazole (3.09) and α-carboline (3.20) revealed no real difference when using a 

mixture of the two nucleophiles in the SNAr reaction of 4-fluoronitrobenzene (3.22). 
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Scheme 15: SNAr reactions of tetrafluoroisophthalonitrile (3.02) with carbazole (3.09) and α-

carboline (3.20) and the examination of their reactivity. 

Though unable to achieve mono or di-substitution of tetrafluoroisophthalonitrile the tri-

substituted product 3.19 still present the opportunity for introduction of charge and completion 

of the synthesis of an ionic emitter through substitution of the final remaining fluorine. We 

attempted to do this simply by the reaction with α-carboline (3.20) as the extra nitrogen in the ring 

system can be alkylated to introduce charge.138 Frustratingly, attempts to substitute the final 

position with α-carboline were unsuccessful and to add this setback obtained diminished 

recovery of our starting material due to significant hydroxide substitution upon aqueous work up. 

This result shows that the final position is still reactive to SNAr and the synthesis of 4CzIPN 

(Scheme 8) suggests that there should be no steric issue with substitution of the final position but 

despite trying to force the reaction, no α-carboline substitution was observed.  
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Scheme 16: SNAr reaction of tri-carbazolyl compound 3.21. 

3.4 A New Approach 

As a result of our unsuccessful attempts to really exploit the controlled SNAr reactions of 

polyfluorinated aromatics we looked for a different approach. This being the introduction of 

orthogonal functional groups that can be substituted by different reactions. Our idea was to 

exploit the differing reactivity of fluorine and iodine towards SNAr and cross coupling reactions, 

this should eliminate any issue with trying to control the extent of substitution. Also, it could allow 

us to bolster the somewhat lacking yields we have seen from recrystallisation of the complex 

mixtures obtained previously.  

We started this inquiry with the reaction of 2,4-dibromo-1,5-difluorobenzene (3.26) with copper 

(I) cyanide to yield difluoroisophthalonitrile (3.27) which we be the focus of our work (Scheme 17). 

We looked now to introduce two iodine groups via ortho lithiation then trapping the lithiated 

species with iodine (Scheme 17). The most standard literature conditions of LDA and iodine saw 

no reaction however, these conditions have not been reported for successful iodination with two 

ortho nitrile groups (Table 3, entry 1).  Uchiyama published direct ortho cupration between two 

nitrile groups with a tetramethylpiperidino-cuprate which could then be treated with iodine to 

afford the iodinated product.139 However, our attempts yielded a mixture of the mono-iodinated 

products (Table 3, entry 2). Further investigation revealed the work of Daugulis and co-workers 

who reported base-mediated halogenation of acidic sp2 C-H bonds but application of this method 

to our substrate again saw no return (Table 3, entry 3). Finally, we came to conditions outlined by 

Martin and co-workers’ where they employed LiTMP as a more basic substitute for LDA citing its 

necessity to deprotonate more stubborn substrates.140 We tried their in-situ trapping method 

which added our substrate (3.27) to a low temperature mixture (-78 °C) of LiTMP and the desired 

electrophile yielding silylated product 3.28 with trimethylsilyl chloride and diiodinated product 

3.29 with iodine (Table 3, entry 4). Attempts to convert the silylated product with iodine 

monochloride were unsuccessful.  
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Scheme 17: Synthesis of diiodo-difluoro target 3.29. 

Table 3: Conditions tried for diiodination of 3.27. 

Entry Conditions Result (yield %) 

1 LDA, I2, THF, -78 °C to rt, 16 h No reaction  

2 MeCu(TMP)(CN)Li2, THF, -78 °C to rt, 16 h Mixture of mono-iodinated products 

3 tBuOLi, I2, DMF, 80 °C, 3 h No reaction 

5 LiTMP, I2, THF, -78 °C to rt, 16 h 3.29 isolated (44%) 

With our orthogonally functionalised aromatic system 3.29 in hand our next step was to evaluate 

the substitution and cross-coupling reactions. The SNAr reaction with carbazole proceeded well 

to give di-carbazolyl 3.30 (Scheme 18). We then attempted an Ullmann coupling with α-carboline 

but did not observe the formation of our desired product. Palladium-catalysed cross coupling 

conditions were also attempted but the same result encountered. We wondered if the issue may 

be steric hindrance and if reversing the order of our steps may be the better approach.  Sadly, at 

this point we ran out of time to continue our investigation. 

 

Scheme 18: Attempted SNAr cross-coupling approach. 
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3.5 Conclusions and Future Perspectives 

Our investigation of an efficient approach to tetra-substituted carbazole-based emitters has 

yielded various insight into the reactivity of polyfluorinated aromatic systems. We have 

demonstrated the ability to limit and control the extent of substitution to some degree, however, 

have failed to capitalise on this achievement. Specifically, we note the strange apparent reduced 

reactivity of isolated tetra and tri-substituted compounds 3.04 and 3.21 with further substitution 

of these compounds proving difficult (Scheme 19).  

 

Scheme 19: Unsuccessful SNAr attempts. 

We explored and achieved an effective synthesis of the diiodo-difluoro compound 3.29 with the 

utility of this compound sadly not yet fully investigated. Its reactivity towards SNAr has been 

established however the cross-coupling step still requires further probing. With this method in 

hand, we could hope for it to be applied to a convenient preparation of derivitised TADF systems 

and allow an effective investigation to how the introduction of charge affects the TADF properties 

of the system. Libraries of such systems have not been explored as introducing small 

derivatisations is challenging with the standard SNAr approach to the synthesis of these 

compounds. We hope our approach could offer a solution to this and help push forward our 

understanding of how structural changes affect the TADF phenomena (Scheme 20).  
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Scheme 20: Proposed method to access derivatised carbazole-based TADF emitters. 
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Chapter 4 Introduction to the Indolocarbazole 

Alkaloids and their Synthesis 

In Chapter 4 we move away from the investigation of fluorescent materials for application to LEC 

devices and introduce and contextualize the second body of work which is described in Chapter 

5. 

4.1 Indolocarbazole Alkaloids 

4.1.1 Discovery and Interest 

While screening for microbial alkaloids at the Kitasato Institute in 1977, Omura and co-workers 

isolated an alkaloid in a culture of actinomycete (Streptomyces strain AM-2282).141 Initial testing 

of AM-2282 showed promising hypotensive activity along with antimicrobial activity against fungi 

and yeast.141, 142 The alkaloid, later renamed staurosporine (4.01, Figure 60), was comprised of an 

indolocarbazole core bearing a sugar connected by glycosyl linkages at both indolic nitrogens. 

This structure was determined by X-ray crystallography later in 1994.143 

A galvanising moment for the interest in staurosporine related compounds was Tamaoki and co-

workers’ report, in 1986, of staurosporine’s potent inhibitory activity for protein kinase C (PKC).144, 

145 This contributed to a drastic increase in the number of staurosporine related papers, in 

particular in 1992 when over 450 papers were published including staurosporine in their titles.146 

Thus, in the 30 years after the initial discovery staurosporine, various indolocarbazole 

compounds (Figure 2) have been isolated from actinomycetes, myxomycetes (slime molds) and 

cyanobacteria.147, 148 
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Figure 60: Structures of staurosporine (4.01), K252a (4.02), K252b (4.03), staurosporine 

aglycone (4.04), holyrine (4.05), rebeccamycin Aglycone (4.06), rebeecamycin 

(4.07), 7-hydroxy-K252c (4.08), acryriaflavin A (4.09), UCN-01 (4.10) and UCN-02 

(4.11).  

4.1.2 PKC Inhibition  

Protein kinases are generally classified into serine/threonine kinases and tyrosine kinases. PKC 

belongs to the former, catalysing phosphorylation at serine and threonine and is thought to play 

a part in the regulation of many cellular processes crucial for growth, differentiation, and tumour 

promotion.145  

The activity of PKC has been explored in detail.149 Extracellular agonists bind specifically to a cell 

surface receptor. These then activate phospholipase C, either by direct phosphorylation if the 

receptor is a tyrosine-specific protein kinase or via a G-protein. Phospholipase C then cleaves 
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phosphatidylinositol-4-5-biphosphate (PIP2, 4.13, Figure 61) to release inositol triphosphate (IP3, 

4.12, Figure 61) and diacylglycerol (DAG, 4.15, Figure 61). IP3 then mobilizes Ca2+ ions stored in 

the endoplasmic reticulum which, along with DAG, activates PKC. PKC catalyses the ATP-

dependent phosphorylation of substrate proteins, ultimately resulting in a cellular response 

(Figure 62).149, 150 

PKC inhibitors can be categorised into two groups depending on whether their activity targets the 

regulatory or catalytic domain. Staurosporine targets the catalytic domain, by blocking the ATP 

binding sight in the protein kinase151, 152 and shows high levels of PKC inhibition (IC50 = 2.7 nm).145, 

153 This made it and related compounds interesting targets as potent and selective inhibitors are 

required to deduce the physiological role of protein kinases.145 

 

Figure 61: Structures of IP3 (4.12), PIP2 (4.13), ATP (4.14), DAG (4.15) and ADP (4.16). 
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Figure 62: Protein kinase C-mediated signal transduction. 

4.2 Indolocarbazole Alkaloids and Their Anti-cancer and Antifungal 

Properties 

4.2.1 Anti-cancer Activity 

Since the 1980s, protein kinases have been the primary cellular targets when it comes to anti-

cancer agents, becoming the second most important group of drug targets after G-protein-

coupled receptors.154 This culminated in various commercialised treatments utilising derivatives 

of staurosporine or other indolocarbazole alkaloids. The first of these kinase inhibitors to gain 

FDA approval and reach the market was Gleevec/Glivec® (4.16, Figure 63) also known as Imatinib 

which was approved in 2001.150 This kinase inhibitor, was introduced as a treatment chronic 

myeloid leukaemia (CML) and revolutionised the treatment of the disease. The introduction of 

this treatment was so prolific that CML’s status was changed to chronic disease from potentially 

fatal cancer and the treatment was known to be highly selective with limited side effects.155-157 
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Figure 63: Structures of Imatinib/Glivec® (4.16) and Midostaurin/Rydapt ® (4.17). 

UCN-01 (4.10, Figure 60) is another indolocarbazole alkaloid that has shown anti-cancer activity. 

It is known to inhibit various protein kinases and has been a part of phase I and II trials for 

treatment of leukaemias, lymphomas, advanced solid tumours, melanomas, and small-cell lung 

cancer.158-160  

Finally, Midostaurin (trade name of Rydapt ®) was approved for clinical use in 2017. This is a 

derivative of staurosporine, made via a semi-synthetic derivatisation. This is a non-specific 

kinase inhibitor and was approved for its activity on the FLT3 kinase but also shows inhibitory 

activity against PKC and VEGF.150 Midostaurin has been shown to prevent tumour angiogenesis 

and cell proliferation, and it has also been tested against acute myeloid leukaemia.161 

4.2.2 Antifungal Activity 

Staurosporine’s antifungal activity was reported along with its initial discovery in 1977, discussing 

its in vitro activity against various fungi. Against human pathogenic fungi, staurosporine was 

found to be most active against Candida pseudotropicalis and Aspergillus breuipus (MIC = 3.13 

μg/mL for both). The alkaloid also showed activity against Candida albicans and Aspergillus niger 

(MIC = 6.25 and 25 μg/mL respectively) and for hytopathogenic fungi Piriculuria oryzae and 

Sclerotiniu cinereci outstanding effectiveness was reported (MIC = 0.78 μg/mL).141, 162 The 

antifungal activity of staurosporine and related alkaloids was overshadowed subsequently due 

to the discovery of their PKC inhibition properties and thus their application to anti-cancer 

therapeutics.  

However recently changes in the challenges in the field of antifungal medicine have led to 

increased pursuit of a broad spectrum of antifungal agents. This is mainly to combat the 

increased prevalence of multi-drug resistant fungal infections.163, 164 Specifically members of the 

genus Candida have recently been added to the list of priority pathogens, one being Candida 

auris, a multidrug-resistant yeast that in 2016 became associated with invasive healthcare 
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associated infections throughout the world.165 Staurosporine has been demonstrated to have 

potent anti-Candida activity164, 166-168 which is renewing the continued interest around the 

indolocarbazole alkaloids and their therapeutic potential. Demonstrating this, in 2023, another 

novel staurosporine derivative (4.18, Figure 64) was reported and this compound demonstrated 

anti-fungal activity against Candida albicans (MIC = 12.5 μg/mL).169  

 

Figure 64: Structure of recently published staurosporine derivative (4.18). 

 

4.3 Synthesis of the Staurosporine Aglycone 

The extensive therapeutic application of the indolocarbazole alkaloids has made the effective 

synthesis and derivatisation of this family of compounds a priority. To outline the efforts made we 

begin with the journey to achieve an efficient synthesis of the staurosporine aglycone (4.04), the 

most popular natural product in the family.   

The first synthesis of the staurosporine aglycone was reported in 1983 by Winterfeldt and 

collaborators (Scheme 21).170 In this preparation tryptamine (4.20) was coupled with acid chloride 

4.19 to give an amide (4.21) which was subsequently oxidised at the benzylic positions to create 

oxoacetamide 4.22. The oxoacetamide was then reduced selectively due to its electron 

deficiency to give the corresponding hydroxyacetamide 4.23. Treating the hydroxyacetamide with 

acetic anhydride (and DMAP) resulted in acylation and cyclisation to the lactam 4.24. However, 

further treatment with TiCl3 was required form the conjugated lactam 4.25. Finally, deprotection 

of the acylated indoles followed by a photochemical cyclisation gave the staurosporine aglycone 

(4.04) in a reasonable yield.  
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Scheme 21: Synthesis of the staurosporine aglycone by Winterfeldt and co-workers’. 

 

After this initial synthesis there still appeared to be room to improve on the approach, both in 

terms of the length of the route and the overall yield. In 1993, Hill and collaborators developed a 

short approach (Scheme 22)171, building on the earlier work of Steglich172, 173 and later Weinreb174. 

This approach reacted dibromomaleimide (4.26) with magnesiated indole 4.27 to give 

bisindolylmaleimide (4.28) which then underwent an oxidative cyclisation in acetic acid to give 

acryriaflavin A (4.09). Acryriaflavin A was then treated with lithium aluminium hydride to give 7-

hydroxy-K252c and further reduction with hydrogen and palladium on carbon gave the 

staurosporine aglycone (4.04). This method was the shortest approach at the time and benefited 

from being a protecting group free approach.  
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Scheme 22: Synthesis of the staurosporine aglycone by Hill and co-workers’. 

Another hallmark approach in the journey to achieve an efficient high yielding synthesis was the 

work of Faul and collaborators. Faul and co-workers’ initially worked on a modification of Hill and 

co-workers’ approach using dichloromaleimide which resulted in a highly effective synthesis 

yielding 34% over the short 4-step approach.175 The group then came back with a second, more 

novel, approach in 1998 (Scheme 23).176 In this approach they took indole (4.29) and performed 

an electrophilic aromatic substitution with oxalyl chloride (4.30) followed by an esterification with 

sodium methoxide to give the ester 4.31. This ester then underwent a Perkin-type condensation 

reaction to give intermediate 4.22 which was treated with acid and cyclised to give 

bisindolylmaleimide (4.28). This then underwent the same oxidative cyclisation followed by the 

same two-step reduction approach that was outlined by Hill and co-workers’ and resulted in the 

highest yielding approach giving the staurosporine aglycone in a total 36% yield (over 5 steps). 
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Scheme 23: Synthesis of the staurosporine aglycone by Faul and co-workers’. 

The most recent synthesis, published in 2019, is that of Pabbaraja and co-workers’ (Scheme 

24).177 This method takes phenyl acetylene in the presence of n-butyllithium and adds the 

aldehyde 4.34 where addition to the carbonyl followed by workup results in the alkynol which is 

oxidised, to ynone 4.35 by manganese dioxide without isolation. The ynone was then treated with 

ethyl nitroacetate (4.36) in basic conditions which is expected to first trigger a Michael addition of 

the nitromethane-derived anion to the alkyne, this is followed by an aldol-type addition to access 

a cyclobutene intermediate. The strained system is expected to open in a retro-nitroaldol process 

which is then followed by generation of an iminium ion which facilitates the final C-C bond 

formation, aromatisation of the intermediate yields carbazole 4.37. The alcohol of this carbazole 

is then activated by formation of the corresponding triflate 4.38 which then allows for a Negishi-

coupling forming the cyanated carbazole 4.39. Cadogan’s reductive cyclisation is the next step 

and affords the indolocarbazole 4.40, subsequent reduction with Raney nickel sees formation of 

the desired lactam 4.41. Finally, deprotection of the indolic nitrogen with aluminium trichloride 

and anisole yields the staurosporine aglycone. Although this method is not as high yielding, the 

final benzyl protected aglycone (4.41) is an attractive intermediate for accessing those alkaloids 

containing only a single indolic glycosyl linkage.  

This has highlighted a few of the key approaches to the synthesis of the staurosporine aglycone 

however, the review by Chambers and co-workers gives a very complete overview of the efforts 

conducted towards the synthesis of the staurosporine aglycone.178 
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Scheme 24: Synthesis of the staurosporine aglycone by Pabbaraja and co-workers’. 
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4.4 Synthesis of Staurosporine 

As has been outlined in sections 4.1.1 and 4.1.2, staurosporine is a highly effective therapeutic 

agent with broad applications due to its non-specific nature and has thus been used extensively 

in the field of medicinal chemistry. This nature has made an efficient and high yielding approach 

to staurosporine’s synthesis a matter of importance.  To date there has only been two methods 

published for the total synthesis of staurosporine, however recently a new formal synthesis was 

also published.  

 

The first of these approaches, in 1995, was the work of Danishefsky and collaborators (Scheme 

25).179, 180 This approach began with the protected dibromomaleimide 4.42 which was subjected 

to sequential additions of magnesiated indole 4.43 that allowed for protection of a single indole 

group yielding bisindolylmaleimide 4.46. The single available indolic nitrogen had been 

positioned for the ensuing glycosylation. The sugar to be used for this step was prepared from the 

protected L-glucal derivative 4.53 (Scheme 26) by formation of the bis-(trichloroacetimidate), 

which then formed an oxazoline that was next hydrolysed to give the trichloroacetimidate 4.54. 

The trichloroacetimidate was treated with sodium hydride to form the desired oxazoline and this 

was followed by protecting group manipulations before the final oxidation with 2,2-

dimethyldioxirane afforded a 2.5 to 1 mixture of epoxides 4.55 and 4.56. Glycosylation of the 

unprotected indole followed yielding alcohol 4.47 which was then subjected to deoxygenation 

conditions giving the glycosylated bisindolylmaleimide 4.48. Subsequent deprotection of SEM 

and PMB groups followed by oxidative photocyclization and finally iodination gave rise to 

acryriaflavin A derivative 4.49. The stage was set for the formation of the second glycosyl linkage, 

this was performed through elimination of iodide to give an exocyclic double bond that, upon 

treatment with potassium tert-butoxide and iodine, provided the desired cyclic structure 4.50. 

Dehalogenation preceded deprotection of the BOM groups, this was followed by selective Boc 

protection of the oxazoline ring then reprotection of the maleimide with BOM-Cl and finally 

reaction with caesium carbonate and methanol to provide alcohol 4.51. Methylation of the 

alcohol and amine groups was up next and ensuing BOM deprotection allowed for the final 2-step 

maleimide reduction to yield a 1 to 1 mixture of staurosporine (4.01) and iso-staurosporine (4.52). 
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Scheme 25: Total synthesis of staurosporine (4.01) by Danishefsky and co-workers. 
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Scheme 26: Preparation of the requisite sugar in Danishefsky and co-workers’ approach to the 

synthesis of staurosporine (4.01). 

The second methodology was outlined by Wood and co-workers’ in 1996 (Scheme 27 and 28).181-

183 This approach begins with a coupling of diazolactam 4.57 with 2,2'-biindole (4.58) in a 

cycloaromatisation producing staurosporine aglycone derivative 4.59. This can then undergo the 

key double glycosidation step with the readied furanose 4.60, prepared by a novel tandem 

rearrangement protocol that combines methyl 2-diazo-3-oxobutyrate (4.65) and R-(─)-4.66 to 

furnish alcohol 4.68 in a single pot and allows subsequent ozonolysis then acid-mediated 

cyclisation to give furanose 4.60. Glycosidation proceeded by the formation of two regioisomers 

in a 2:1 ratio, fortunately the distribution of products favoured the desired regioisomer 4.61a 

corresponding to K252a. Reduction of 4.61 to the corresponding alcohol then oxidation to the 

aldehyde 4.62 followed, setting up for the BF3•OEt2 mediated ring expansion to afford ketone 4.63. 

Amination with hydroxylamine hydrochloride with ensuing methylation gave ketoxime 4.64 which 

was the subject of a stereoselective reduction, mono-methylation and DMB deprotection to give 

staurosporine (4.01).  
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Scheme 27: Total synthesis of the staurosporine (4.01) by Wood and co-workers’. 
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Scheme 28: Wood and co-workers’ preparation of furanose 4.60. 

The final, and most recent, approach was made in 2021 by Seo and co-workers’ (Scheme 29).184 

This actually represented a formal synthesis of staurosporine whereby the group synthesised a 

protected derivative of 7-oxostaurosporine (4.51), intersecting with Danishefsky and co-workers’ 

method. The synthesis begins with the protected form of acryriaflavin A 4.69 which can form the 

first glycosidic bond by asymmetric addition of alkoxyallene 4.70 under palladium catalysis. This 

reaction was earlier published by the group185 and in this case, after tuning of the ligand, a 14:1 

diastereoselectivity could be achieved with ligand 4.80. The diene 4.71 was then poised for RCM 

with the 2nd generation Hoveyda–Grubbs catalyst (4.73) resulting in a near quantitative yield of 

cyclic allylic acetal 4.74. Next, once again based on the groups earlier work,186, 187 a 

chemoselective olefin migration was performed to afford enol acetal 4.76 with incredibly high 

retainment of chirality. The second glycosidic link was then installed using palladium (II) acetate 

under oxygen atmosphere to give the cyclised product 4.77. Syn-dihydroxylation followed to yield 

diol 4.78 which was then activated by selective mono-mesylation, reacted with sodium azide, 

subsequently reduced, and finally protected to produce the protected amine 4.79. Inversion of 

C2-OH stereochemistry could now be achieved by oxidation then diastereoselective reduction 

delivering alcohol 4.51 and intersecting with Danishefsky’s and co-workers’ route.  
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Scheme 29: Formal synthesis of the staurosporine (4.01) by Seo and co-workers’. 

4.5 Glycosylation of Indolocarbazole Alkaloids 

As has already been introduced, the indolocarbazole alkaloids have shown extensive promise for 

their medicinal and biological applications.188 A common theme among some of the most useful 

alkaloids in this family is the presence of a sugar bound to either one or both indolic nitrogens. 
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This feature has added complexity to the task of synthesising these natural products and 

derivatising them. Previously, in the efforts to synthesise staurosporine (4.01), we have seen 3 

different attempts to introduce these sugar moieties, similar works have been attempted in the 

pursuit of the total synthesis of related alkaloids.   

Rebeccamycin (4.07), as the most potent indolocarbazole antitumor agent,189-191 has been the 

subject of synthetic investigations that have yielded good routes to the natural product. First 

isolated by Clardy and co-workers’ in 1985 (Scheme 30a),192 their method built protected 

rebeccamycin aglycone 4.81 and subjected it to a silver promoted Koenigs-Knorr glycosylation 

with halogenated sugar 4.82. This allowed for subsequent deprotection to produce rebeccamycin 

(4.07) in a total of 6 steps with 8% yield. Later, in 1993, Danishefsky and co-workers’ tried their 

hand at the synthesis using a similar approach to the one they later applied to staurosporine 

(Scheme 30b).193 The protected bisindolylmaleimide 4.84 was glycosylated using the epoxidised 

carbohydrate 4.85. This was followed by oxidative cyclisation and deprotection steps to afford 

rebeccamycin (4.07) with a total yield of 10% over 8 steps. 

 

Scheme 30: a) Synthesis of the rebeccamycin (4.07) by Clardy and co-workers’, b) Synthesis of 

the rebeccamycin (4.07) by Danishefsky and co-workers’ 

K252a (4.02) is another indolocarbazole alkaloid bearing 2 glycosidic links, like staurosporine. 

This nature introduces a regioselectivity issue in the pursuit of an effective synthesis. So far, none 

of the syntheses discussed have successfully addressed this issue in the glycosidation steps, 
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and instead groups have simply obtained mixtures in the formation of their glycosidic links or 

produced mixtures in late stage maleimide reduction. The work of Fukuyama and co-workers with 

their synthesis of K252a, in 1999 (Scheme 31),194 represents the first regioselective approach. To 

achieve this, they prepared brominated indole 4.87 and treated it with sodium hydride then 

reacted it with furanose 4.88 to furnish N-glycosylated indole 4.89. Deprotection of the allyl ester 

allowed for the amide coupling with tryptamine (4.20) in the prescnce of WSCD (1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide) to precede benzylic oxidation with DDQ and acetylation of 

the indole and amide nitrogens to give bisindole 4.90. Cyclisation to the corresponding lactam 

was followed by photocyclisation then deprotection of the acyl and toluoyl groups to allow for 

substitution of the primary alcohol and produce iodide 4.91.  Here we can see the completion of 

regioselective glycosylation of the staurosporine aglycone moiety.  

 

Scheme 31: Regioselective glycosylation in the total synthesis of K252a (4.02) by Fukuyama and 

co-workers’. 
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4.6 Conclusions and Future Perspectives 

The indolocarbazole alkaloids are undeniably an important class of natural products and some 

of them and their derivatives show incredible evidence of being potent therapeutic agents. 

Demonstrating this has been their application to the treatment of chronic myeloid leukaemia, 

lymphomas, advanced solid tumours, melanomas, and small-cell lung cancer.155-160  However, 

beyond this the PKC inhibition property that is characteristic of staurosporine and some of its 

derivatives proves to be an invaluable tool in deducing the physiological role of protein kinases.145, 

153 

Due to these medicinal applications the indolocarbazole natural products have long been the 

subject of synthetic investigations to try and produce these useful compounds in an efficient and 

economical manner. These investigations have yielded promising results; however some major 

challenges remain unaddressed. Chiefly, the application of regioselective approaches in efforts 

towards the derivatisation of the staurosporine aglycone remain elusive or inefficient. Fukuyama 

and co-workers have worked to resolve the regioselectivity in a creative and successful manner. 

However, the 21-step approach towards the synthesis of K252a does not represent a useful, 

widely applicable approach to the indolocarbazole alkaloids due to its length.194 The asymmetric 

nature of the staurosporine aglycone provides a level of complexity to the total synthesis of it and 

its derived natural products leaving an opportunity for new and inventive approaches to address 

this.  
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Chapter 5 Regioselective Functionalisation of the 

Staurosporine Aglycone 

5.1 Background 

5.1.1 Indoline Glycosylation 

In chapter 4, the formation of glycoside linkages between various carbohydrates and 

indolocarbazoles were evaluated. However, the use of indolylindoline systems provides a unique 

way to differentiate the reactivity of two nitrogens. Chisolm and co-workers reported 

investigations along these lines in 1995.195 They explored the glycosylation of 2,2’-indolylindoline 

5.01 (Scheme 32) with the thought that such reaction could find extensive application to the total 

synthesis of the indolocarbazole alkaloids.  

 

Scheme 32: Investigation of the glycosylation of 2,2’-indolylindolines by Chisolm and co-

workers’. 

Investigation showed selectivity for the indoline nitrogen with good yields when refluxing in 

ethanol and mostly in the presence of the weak acid catalyst ammonium sulfate (Table 4). The 

group subsequently showed the smooth oxidation of product 5.07 with DDQ to give the 

corresponding glycosylated bisindole in an 88% yield. 

Table 4: Glycosylation 2,2’-Indolylindoline 5.01 by Chisolm and co-workers. 

Sugar Additive Yield (%) Product (R =) 

D-Glucose b 93 

5.07  

D-Galactose b 68 

5.08  
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L-Fucose a 95 

5.09    

D-Xylose a 85 

5.10    

L-Rhamnose b 72 

5.11c    

a No additive. b 3 eq. of ammonium sulfate added. c 1:1 Mixture of anomers obtained. 

Faul and co-workers then took the next step in this path with their exploration of the glycosylation 

of what could be seen as the indolylindoline precursor to acryriaflavin A 5.12. In 2004, the group 

showed the ability to cyclise bisindolylmaleimide (4.28) under acid conditions to form 

indolylindoline 5.12 which could be selectivity substituted and the indoline nitrogen with a 

desired sugar (Scheme 33).196 To add to that, the glycosylated indoline could be oxidised 

efficiently without isolation to provide the sugar bearing indolocarbazole 5.13 in high yield. 

Similarly to Chisolm and co-workers, the success of the reaction was demonstrated with a 

selection of common sugars where yields ranged from 49–97%.  

 

Scheme 33: Faul and co-workers’ efforts to prepare indolocarbazole glycoside analogues of 

acryriaflavin A. 

5.1.2 Previous Work in the Brown Group 

The promising potential of indolylindoline systems looked ready to be capitalised upon in the 

wake of Faul and co-worker’s publication, however to this date, this approach has not been 

applied to the regioselective derivatisation of the staurosporine aglycone. This set the stage for 

the Brown group to pick up this work and attempt to resolve this synthetic challenge. Much of this 

work was performed by George Chambers, and is outlined thoroughly in his thesis.197 In this work 
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there were expansive attempts made to tackle the regioselectivity problem currently discussed 

and also make improvements toward a practical and scalable synthesis of the staurosporine 

aglycone. Where we will focus is the culmination of this work which led to a breakthrough in the 

use of an indolylindoline in the regioselective functionalisation of the staurosporine aglycone. 

Bisindolylmaleimide (4.28) was reduced with LiAlH4 yielding a 1 to 1 mixture of hydroxy lactam 

5.14 and lactam 5.15. Efforts to push this to completion were made however treating the hydroxy 

lactam with LiAlH4 again only saw a similar conversion as the first attempt. Nevertheless, the 

good yield and starting material recovery meant the process was not wasteful. This was followed 

by an acid cyclisation, similar to that of Faul and co-workers,196 which yield indolylindoline 5.16. 

This system was the subject of extensive unsuccessful attempts towards glycosylation. Some of 

the results are outlined in Table 5. To add to these, silver promoted Koenigs-Knorr type 

glycosylations with halogenated sugars were also attempted with no success. The breakthrough 

came upon addition of DMSO to the ethanol solvent system to fully solubilise the entire mixture. 

Although seemly obvious, previously successful glycosylations performed in the group had 

occurred with stirred suspensions so complete dissolution of starting materials had not been 

considered vital to success. Successful glycosylation of indoline 5.16 was performed with L-

rhamnose yielding a 1:1 mixture of anomers after oxidation with DDQ, of which the alpha anomer 

(5.17) is the natural product K252d, which could be separated by column chromatography.  

 

Scheme  34: Chambers’ route towards successful glycosylation indolylindoline 5.16 and 

ultimately total synthesis of K252d (5.17). 
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Table 5: Some of the attempted glycosylation conditions by Chambers. 

Entry Conditions Crude result (yield %) 

1 (NH4)2SO4, EtOH, Δ, 14 h Aglycone 4.04 (65%) 

2 (NH4)2SO4, EtOH, Δ, 30 h Aglycone 4.04 (70%) 

3 EtOH/H2O, Δ, 5 days Clean indoline 5.16 a 

4 (NH4)2SO4, CF3CH2OH, rt Recovered indoline 5.16 a 

5 (NH4)2SO4, HFIP, rt Aglycone 4.04 and several glycosylated products a 

6 AcOH, EtOH, 80 °C, 48 h No observable glycosylated products b 

7 (NH4)2SO4, DMF, Δ 21 h Aglycone 4.04 isolated c 

a Mixture not subjected to oxidation step. b Glycosylated material unable to be isolated. Material did not 

react in presence of DDQ. c Lots of degradation. 

5.1.3 Aims and Conclusions 

The potential of indole-indoline systems has successfully been applied to a regioselective 

synthesis of indolocarbazole natural product K252d.197 This success was through the realisation 

of the requirement of complete solubilisation in the formation of this particular glycosidic linkage. 

Sadly, the formation of K252d is as far as the investigation into glycosylation of the asymmetric 

indole-indoline system 5.16 has progressed which leaves room for further examination of the 

potential of this approach. 

The first aim would be to confirm the reproducibility of this approach and look to enhance the 

glycosylation step. The reported yield of 35% was the result of complete solubilisation which 

suggests that other potential methods may have failed due to the same factor, this outlines the 

need for the re-examination of the optimisation of this reaction. Furthermore, expanding the 

range of sugars used is a necessity as L-rhamnose was one of the lower yielding sugars in both 

Faul and Chisholm’s work (60 and 72% respectively).195, 196 

Finally, improvements of the route towards the relevant indole-indoline compound 5.16 may be 

warranted. The LiAlH4 reduction step leaves half the isolated material as hydroxy lactam 5.14, 

therefore a productive deoxygenation step to convert this to lactam 5.15 would be incredibly 

beneficial to the overall efficacy of the route. Also, the acid cyclisation in neat TFA is somewhat 

undesirable due to the large volumes needed for gram scale reactions (30 mL of TFA per gram of 

lactam 5.15).197  
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5.2 Consolidation of the Brown Group’s Approach to a Useful Indole-

Indoline System 

To begin our inquiry, we first needed the indoline 5.16 in hand which meant repeating the groups 

previous synthesis.197 This began with the approach of Faul and co-workers176 where indole (4.29) 

was subjected to a substitution reaction with oxalyl chloride (4.30) with subsequent esterification 

with methanol affording ester 4.31 (Scheme 35). Amide 4.32 was prepared from commercially 

available indole-3-acetic acid (5.171) using coupling agent CDI (5.181) and ammonium 

hydroxide. Our prepared ester and amide could now be coupled under basic conditions which 

then yielded bisindolylmaleimide (4.28) after treatment with concentrated HCl. Reduction with 

LiAlH4 was our next step and, as had been previously reported, creation of a 1:1 mixture of hydroxy 

lactam 5.14 and lactam of 5.15 was the result (Scheme 36).  At this point reflection of our progress 

reports that we have reproduced all steps with analogous yields and an important development 

is the successful scaling of all these reactions to >10-gram scale without any notable problems. 

After separation of hydroxy lactam 5.14 and lactam 5.15 we progressed with a gram scale acid 

cyclisation furnishing TFA salt 5.19 with a good yield and in a regiocontrolled manner (Scheme 

16). Concerned of the potential oxidative instability of the free base of salt 5.19, we thought 

storing the compound as the salt and releasing the free base prior to use may be the best 

approach. 

 

Scheme 35: Preparation of bisindolylmaleimide 4.28. 
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Scheme 36: Preparation of TFA salt 5.19. 

Our route now tested; we decided stockpiling of as much of TFA salt 5.19 as possible would be 

incredibly helpful in our later pursuit of efficient glycosylation. With this in mind our focus turned 

to hydroxy lactam 5.14 as efficient deoxygenation could potentially double the amount of lactam 

5.15 produced. Evaluation of the literature highlighted our first potential problem, that being that 

many deoxygenation reactions are performed in non-polar solvents which lactam 5.15 showed 

little solubility in.198 Deoxygenation reactions that can be performed in moderately polar solvents 

(THF) are usually hydride reductions and previous work in the group showed the limitations of this 

approach. However, there was some precedent for successful reductions of hydroxy lactams 

using organosilanes in moderately polar or polar solvents. For example, Butenschön and co-

workers described the deoxygenation of a phthalimide system with triethylsilane and BF3•OEt2 in 

THF.199 Furman and co-workers described the use of mixed solvent systems of DCM and 

acetonitrile in the deoxygenation of lactams with triethylsilane and BF3•OEt2. 200, 201 Furthermore 

Xie and co-workers presented the deoxygenation of phthalimide systems with various silanes and 

KOH in DMF.202 

Acetonitrile was the solvent of choice for our investigation of the silane mediated deoxygenation 

of hydroxy lactam 5.14 due to it showing acceptable solubility (100 mg dissolved in ≈ 10 mL) at 

the low temperatures instructed by literature (-25 °C).200, 201  Pleasingly our first attempt, based on 

the procedure of Szcześniak and co-workers’ gave us a 38% yield of lactam 5.15 (Table 6, entry 1) 

that was pure by 1H NMR without purification. However, the material was noticeably discoloured 

when compared with material from the original LiAlH4 reduction, being an orange/brown solid as 

opposed to the previously isolated off-white solid. A prominent darkening of the reaction mixture 
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was also observed during warming. Nonetheless, the material appeared pure so was subjected 

to acid cyclisation conditions but here we encountered a drastic reduction in yield, producing 

only 15% of the TFA salt 5.19 after purification.  

Further analysis of our discoloured material showed a residual peak in the 19F NMR suggesting 

that BF3 or BF2 may be bound to our product. This issue was resolved by washing the material with 

aqueous acid but no improvement to the following cyclisation was observed. Recrystallisation 

was unsuccessful and purification by column chromatography again had little effect. Our final 

line of thinking is that the inhibition of our TFA cyclisation and the discolouration may have the 

same cause. Therefore, substitution to propionitrile as our solvent allowed for lower 

temperatures to be achieved and gradual warming as well as a cold quench afforded lactam 5.15 

in an improved 60% yield (Table 6, entry 5) as a pale yellow solid. Sadly, the ensuing cyclisation 

gave a 20% yield, like previous attempts. Thus, due to our main ambition to tackle the 

regioselective glycosylation being a priority, we had to progress without a convincing answer to 

this problem. 

 

Scheme 37: Deoxygenation of hydroxy lactam 5.14. 

Table 6: Attempted conditions for the deoxygenation of hydroxy lactam 5.14. 

Entry Conditions Result (yield %) 

1 Et3SiH (10 eq.), BF3•OEt2 (3 eq.), 

CH3CN, -20 °C, 4 hours (warm to rt for 

quench) 

Lactam 5.15 isolated (38%) b 

2 Et3SiH (10 eq.), BF3•OEt2 (3 eq.), 

CH3CN, -40 °C, 6 hours (warm to rt for 

quench) 

Lactam 5.15 isolated (51%) a b 

3 TFA (neat), Et3SiH, -10 °C Degradation observed 

4 PhSiH3 (0.33 eq.), K3PO4 (0.05 eq.), 

DMF, rt, 3 days 

No reaction observed 
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5 Et3SiH (10 eq.), BF3•OEt2 (3 eq.), 

CH3CH2CN, -60 to -20 °C, 5 hours 

Lactam 5.15 isolated (60%) b 

6 Et3SiH (10 eq.), BF3•OEt2 (6 eq.), 

CH3CH2CN, -60 to -20 °C, 5 hours 

Lactam 5.15 isolated (53%) b c 

a Material isolated after column chromatography. b Isolated material could not be cyclised in TFA with 

reasonable yield. c Gram scale reaction.  

Progression of our work now required the conversion of TFA salt 5.19 to the free base 5.16 

(Scheme 38). This simple reaction was reportedly previously achieved in the group by sonicating 

the salt 5.19 in a saturated aqueous solution of sodium bicarbonate. However, to our surprise 

treatment with these conditions resulted in near quantitative recovery of our starting salt. The 

only plausible explanation was that the extreme insolubility of the salt made it essentially 

hydrophobic and thus was not interacting with the basic solution at all. Yet, exposure to more 

solubilising conditions still resulted in no deprotonation. To overcome this exceedingly odd 

situation sodium hydride was added to a solution of the salt in DMSO which allowed indoline 5.16 

to be recovered in near quantitative yield.   

 

Scheme  38: Deprotonation of TFA salt 5.19. 

Table 7: Attempted conditions for the deprotonation of TFA salt 5.19. 

Entry Conditions Result (yield %) 

1 Sat. aq. NaHCO3 sol. 

sonication, rt 5 min 

Salt 5.19 recovered (94%) 

2 Sat. aq. K2CO3 sol. 

sonication, rt, 10 min 

Salt 5.19 recovered (97%) 
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3 Cs2CO3 (30 eq.), H2O/EtOH (1:1), rt, 1 

h 

Salt 5.19 recovered (94%) 

4 CsCO3 (30 eq.), H2O/DMSO (1:2), rt, 

1h 

Salt 5.19 recovered (51%) a 

5 NaHCO3 (30 eq.), H2O/DMSO (2:5), 

40 °C, 1h 

Salt 5.19 recovered (60%) a 

6 NaH, DMSO, rt, 5 min Indoline 5.16 isolated (98%) 

a Salt 5.19 was recovered by extraction in EtOAc which is not expected to be efficient due to the salt’s low 

solubility in EtOAc. 

 

 

5.3 Synthesis of K252d and Related Staurosporine Aglycone 

Glycosidic Analogues 

With the previously successful efforts in the group in mind, N-glycosylation of indoline 5.16 with 

L-rhamnose was a good place to begin. This would allow us to test the previously elucidated 

conditions and complete the synthesis of K252d, allowing us to fully characterise for potential 

publication.  

Previously indicated conditions suggested full dissolution in a 1:1 mixture of DMSO and ethanol. 

However, straight away we were met with the problem that indoline 5.16 was insoluble at the 

concentrations suggested. Proceeding with the reaction anyway led to no conversion (Table 8, 

entry 1) so efforts were made to ensure full dissolution was achieved but still no reaction was 

observed (Table 8, entry 2). Fearing the low concentration of indoline 5.16 may be leading to a 

very slow reaction, we biased the solvent system towards DMSO alleviating this somewhat only 

to see the same result again (Table 8, entry 3). This led to us taking a more aggressive approach, 

trying Faul and co-workers’ conditions196 with our solvent system and gratifyingly we achieved 

successful glycosylation (Table 8, entry 4). We attained a 31% yield of the expected mixture of 

anomers (5.16 and 5.17). However, we noted a significantly reduced recovery of aglycone 4.04 

(35% compared to 64%). Adjusting the reaction time saw that shorter reactions produce less 

glycosylated product and give higher aglycone recovery and longer reaction times saw similar 

yields of glycosylation but lower aglycone recovery (Table 8, entry 5 and 6). This fuelled the 

conclusion that we were reaching an equilibrium between indoline 5.16 and glycosylated 
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products 5.17 and 5.18 at the 6–8-hour mark. We could also deduce that degradation of either 

starting material or product was occurring however, no significant by-products were observed.  

 

Scheme 39: N-glycosylation of indoline 5.16 with L-rhamnose. 

To try to influence the equilibrium of N-glycosylation drying agents such as silica, alumina, 

magnesium sulfate and molecular sieves were added. Nevertheless, the yield of glycosylated 

product remained steadfast.  The role of ethanol in the reaction was also scrutinised but removal 

of this component of our solvent seemly saw the reaction progress much slower, resulting in 

diminished yield after 16 hours. Separately we also noted that our sugar was seemingly falling off 

during in work-up (column chromatography) resulting in difficulty obtaining pure samples. With 

little success in the optimisation of this reaction, our attention turned to the sugar. Previously, we 

have mentioned that L-rhamnose was one of the less effective sugars in both Faul and Chisholm’s 

work (60 and 72% respectively)195, 196 which led us to wonder if alternate sugars may perform 

significantly better in our approach. 

Table 8: Conditions for N-glycosylation of indoline 5.16. 

Entry Conditions Result (yield %) 

1 L-rhamnose (5 eq.), (NH4)2SO4 (0.5 eq), 

DMSO/EtOH (1:1, 23 mg/mL), rt, 2 days 

Indoline 5.16 recovered a 

2 L-rhamnose (5 eq.), (NH4)2SO4 (0.5 eq), 

DMSO/EtOH (1:1, 6 mg/mL), rt, 2 days 

Indoline 5.16 recovered a 

3 L-rhamnose (5 eq.), (NH4)2SO4 (0.5 eq), 

DMSO/EtOH (5:3, 13 mg/mL), rt, 2 days 

Indoline 5.16 recovered a 

4 L-rhamnose (10 eq.), (NH4)2SO4 (3 eq), 

DMSO/EtOH (5:3, 13 mg/mL), 70 °C, 8 h 

1:1 mixture of K252d 5.17 and β-K252d 

5.18 (31%), aglycone 4.04 (35%) 
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5 L-rhamnose (10 eq.), (NH4)2SO4 (3 eq), 

DMSO/EtOH (5:3, 13 mg/mL), 70 °C, 4 h 

1:1 mixture of K252d 5.17 and β-K252d 

5.18 (22%), aglycone 4.04 (51%) 

6 L-rhamnose (10 eq.), (NH4)2SO4 (3 eq), 

DMSO/EtOH (5:3, 13 mg/mL), 70 °C, 12 h 

1:1 mixture of K252d 5.17 and β-K252d 

5.18 (30%), aglycone 4.04 (21%) 

7 L-rhamnose (10 eq.), (NH4)2SO4 (3 eq), 

DMSO, 70 °C, 16 h 

1:1 mixture of K252d 5.17 and β-K252d 

5.18 (24%), aglycone 4.04 (16%) 

8 L-rhamnose (10 eq.), (NH4)2SO4 (3 eq), 

DMSO/EtOH (5:3, 13 mg/mL), 70 °C, 8 h, 

3 Å MS 

1:1 mixture of K252d 5.17 and β-K252d 

5.18 (28%), aglycone 4.04 (33%) 

a Reaction mixture was not treated with DDQ.  

The three sugars we had to hand were D-glucose, D-galactose, and D-glucosamine (Boc-

protected). Glucose and galactose performed significantly better in Faul and co-workers’ studies 

with yields of glycosylated products of 88% and 96% respectively,196 glucosamine has not 

previously been investigated but the presence of the amine group provides opportunity to 

investigate the tolerance of the reaction. Using our established conditions afforded successful 

glycosylation producing staurosporine aglycone glycosides 5.20 and 5.21 as single anomers 

(Scheme 40). We saw reproducibly higher yields (~10%) with glucose and galactose compared to 

mannose. Although improved, the result still felt somewhat lacking, but investigation seemed to 

reveal a similar equilibrium being achieved in these reactions. The reaction with Boc-protected 

glucosamine was sadly unsuccessful with study of the reaction revealing deprotection of the 

amine being prevalent.  
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Scheme 40: Glycosylation of indoline 5.16 with different sugars. 

Our investigation of the glycosylation approach revealed what seemed to be a ceiling to the 

conversion. However, to confirm this conclusion we still needed to verify the efficacy of our DDQ 

oxidation. Previous work in the group had suggested that the oxidation step could be near 

quantitative with L-fucose glycosylation of indoline 5.12 furnishing a 97% yield after DDQ 

oxidation. To test this, we carried out a series of glycosylation reactions in DMSO-d6 and recorded 

the NMR yield of the glycosylated indoline before oxidation and compared this with the isolated 

yield after oxidation (Scheme 41). This revealed that DDQ oxidation of indoline glycosides 5.24 

and 5.25, formed by glycosylation of indoline 5.16 with D-glucose and D-galactose respectively, 

were near quantitative. However, the DDQ oxidation of indoline glycoside 5.23, formed by 

glycosylation with L-rhamnose, resulted in a diminished isolated yield.  This inferred that the 

initial glycosylation step of all reactions was similar in terms of productivity, but the lower yield 

observed with L-rhamnose was a result of instability during the oxidation step. This is a thought 

echoed by Faul and co-workers in their analyses.196 
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Scheme 41: Evaluation of DDQ oxidation of indoline glycoside intermediates 5.23-5.25. 

5.4 Conclusions and Future Perspectives 

Extensive probing of the glycosylation of indole-indoline system 5.16 has been the focus of this 

short investigation. We can celebrate successfully expanding the range of staurosporine 

aglycone glycosides isolated with effective glycosylation’s with D-glucose and D-galactose being 

achieved (Scheme 42).  Beyond this we have also managed to tackle challenges in reproducing 

previous work in the group. Much to our surprise some of the steps, expected to be trivial, needed 

re-evaluation and this also included developing modified conditions for glycosylation reactions.  

Our exhaustive examination of glycosylation appears to have revealed its limitations, these being 

an apparent equilibrium in our glycosylation step that is difficult to affect and oxidative instability 

of some of our glycosylated indolines. To add to that, instability of oxidised glycosylated products 

during work-up also seems to contribute to reduced returns.   



 

130 

 

Scheme 42: Cyclisation, glycosylation, and oxidation to regioselectively functionalise the 

staurosporine aglycone. 

With the shortfalls of our method, future work likely needs to reconsider other approaches. In this 

consideration the main factor is likely the requirement of DMSO to dissolve our indole-indoline 

system. A comprehensive solvent screen should precede any decisions, but our own experiences 

suggest that options will be limited. Palladium couplings are routinely performed in polar aprotic 

solvents such as DMF, therefore an approach similar Seo and co-workers’184 may be the most 

appealing. However, the selectivity of such techniques for the indoline functionality over that of 

the indole would need investigating. Apart from this there has also been efforts to achieve 

glycosylation of indoles (towards glycosylated indolocarbazoles) utilising the Mitsunobu reaction 

and such attempts often exploit polar aprotic solvent systems.203 

Finally, the original and continued aim of this project is the total synthesis of Staurosporine and 

derivatives of the natural product towards collaborative investigation of the anti-fungal properties 

of such compounds. Therefore, application our successful regioselective methodology to this 

task would be incredibly satisfying however, to achieve this work still needs to be done to 

elucidate the most effective regioselective reaction to employ.  
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Chapter 6 Experimental 

6.1 General Procedures 

Chemicals were purchased from Sigma–Aldrich, Fisher Scientific, Fluorochem Ltd or Alfa Aesar. 

NaH was used as a 60% dispersion in oil. All air/moisture sensitive reactions were carried out 

under an inert atmosphere, in oven–dried or flame–dried glassware. CH2Cl2 (from CaH2) was 

distilled before use, and where appropriate, other reagents and solvents were purified by 

standard techniques.  Molecular sieves, 3 Å or 4 Å were activated by heating to 130 °C under high 

vacuum (>0.1 mbar) for 16 hours. TLC was performed on aluminium–precoated plates coated 

with silica gel 60 with an F254 indicator; visualised under UV light (254 nm) and/or by staining with 

potassium permanganate. Flash column chromatography was performed using high purity silica 

gel, pore size 60 Å, 230–400 mesh particle size, purchased from Merck. Automated flash 

chromatography was performed using the Biotage® Selekt System with Biotage® Sfär Silica D Duo 

columns with 100 Å pore size and 60 μm particle size. 1H NMR, 19F NMR and 13C NMR spectra were 

recorded in CDCl3 or DMSO-d6 (purchased from Cambridge Isotope Laboratories) at 298 K using 

Bruker DPX400 (400, 376 and 101 MHz respectively) spectrometers. Chemical shifts are reported 

on the δ scale in ppm and were referenced to residual solvent (CDCl3: 7.27 ppm for 1H NMR 

spectra and 77.0 ppm for 13C NMR spectra. DMSO-d6: 2.50 ppm for 1H NMR spectra and 39.52 

ppm for 13C NMR spectra). All spectra were reprocessed using ACD/Labs software version 2015 

or ACD/Spectrus. Coupling constants (J) were recorded in Hz. The following abbreviations for the 

multiplicity of the peaks are s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), br (broad), 

and m (multiplet). Electrospray (ES) low resolution mass spectra were recorded on a Waters TQD 

quadrupole spectrometer coupled to a waters UPLC. Electronimpact (EI) low resolution mass 

spectra were recorded on a Trace 2000 Series GC–MS coupled to a HP5890 GC. High resolution 

mass spectra were recorded on a Bruker APEX III FT–ICR mass spectrometer. Fourier–transform 

infrared (FT IR) spectra are reported in wavenumbers (cm–1) and were collected as solids or neat 

liquids on a Nicolet 380 using OMNIC software package. Melting points were obtained using a 

Gallenkamp Electrothermal apparatus.  

Solution absorbance and emission data were collected with the HORIBA Duetta™ using Hellma 

Cellect Absorbance/Transmission Cuvette QS/QG Quartz path length 10 mm. Samples were 

prepared at concentrations of approximately 0.025 mg/mL and the excitation wavelength 

employed for emission measurements was 350 nm. 

Solid-state photoluminescent absorption and emission measurements were performed using a 

Thorlabs-supplied 340 nm laser (M340L4) with a power output of 53 mW (minimum) and 700 mA 

served as the excitation source for photoluminescence emission which was lowered to 500 mA 
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when analysing polyoxometalate containing compounds. An adjustable Collimation Adapter 

(SM2F32-A) featuring a Ø2″ Lens with AR Coating and a wavelength range of 200 nm–700 nm was 

used in conjunction with the 340 nm laser source for photoluminescent absorption 

measurements. Measurements were performed on spray-coated films. The coated film on a glass 

ITO slide possessed a thickness of 250 nm. 

Cyclic voltammograms were recorded using a 3-electrode configuration with SCE as reference 

electrode at 100 mV s–1, with a glassy carbon (3 mm Ø) working electrode and a Pt counter 

electrode in degassed unstirred dry DMF with 100 mmol Et4NBF4 and 5 mmol of the analysed 

compound. 

LEC device fabrication started with a PEDOT: PSS suspension in water which was first spin coated 

directly on the ITO patterned substrate and annealed on a hotplate at 120 °C for 20 min in a The 

UV emitting active layer 5a was spin coated in an ambient environment. The utilised emissive 

molecule was dissolved in acetonitrile or DMF at a concentration of 0.2 g/mL. Annealing of the 

spin coated emissive layer was undertaken at 70 °C for 5 h in a nitrogen filled box oven. To 

complete LEC fabrication, a silver top electrode was sputter coated through a pre-defined 

shadow mask, by a coating current of 70 mA to achieve a thickness of 100 nm. The top electrode 

mask was pre-defined to achieve three light emitting pixels (active area of the electrode, 2 mm2). 

Silver conductive paint was subsequently applied to establish contact points for testing. Finally, 

the devices were encapsulated by drop casting an epoxy formulation onto the surface and 

covering with a coverslip. The fully encapsulated system was then UV cured with a 365 nm 

wavelength mercury lamp. The encapsulation process was performed in an argon filled glove box 

to avoid oxygen being trapped in the devices. 

Phenom G6 ProX Scanning Electron Microscope (SEM) system was employed to capture cross-

sectional SEM images of the UV OLEC devices to assess the thickness of the functional layers. 
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6.2 Procedures and Characterisation Data 

2-(4-Bromophenyl)-1H-phenanthro[9,10-d]imidazole (2.07)  

2-(4-Bromophenyl)-1H-phenanthro[9,10-d]imidazole (2.07) 

was prepared according to the procedure described by J. C. 

John and co-workers’.112 

 

Under argon atmosphere phenanthrenequinone (4.00 g, 19.2 

mmol), 4-bromobenzaldehyde (3.55 g, 19.2 mmol) and 

ammonium acetate (14.8 g, 192 mmol) were added to a round-bottomed flask and glacial acetic 

acid (75 mL) added. The mixture was stirred under reflux and large amounts of precipitate formed. 

At this point a further 20 mL of glacial acetic acid was added to help the mixture stir more 

effectively. This mixture was refluxed for 16 hours then allowed to cool to rt. Deionised water (70 

mL) was added then the mixture filtered. The isolated solid was washed thoroughly with deionised 

water then with hexane followed by a small amount of diethyl ether. The material was dried in the 

vacuum oven at 75 ℃ to remove residual acetic acid, this afforded the title compound as an off-

white solid. (7.48 g, 91%). 

 

M.P. 245 – 248 °C (lit. 244 – 247 °C)204 

 
1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 13.53 (s, 1H, 15), 8.84 (dd, J = 13.6, 8.4 Hz, 

2H, 2 + 11), 8.59 (d, J = 7.7 Hz, 1H, 5/14), 8.53 (d, J = 7.8 Hz, 1H, 5/14), 8.27 (dt, J = 

8.8, 2.1 Hz, 2H, 18 + 22, 7.81 (dt, J = 8.8, 2.1 Hz, 2H, 19 + 21), 7.70 – 7.79 (m, 2H. 6 + 

13), 7.64 (dd, J = 13.3, 6.6 Hz, 2H, 1 + 12) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 148.0 (C, C16), 137.0 (C, C10), 131.9 (CH, 19 

+ 21), 129.6 (C, C17), 128.0 (CH, C18 + C22), 127.9 (C, C9), 127.8 (C, C4/C8), 127.6 

(C, C4/C8), 127.2 (CH, C6/C13), 127.1 (CH, C6/C13), 126.9 (C, C20), 125.5 (CH, 

C1/C12), 125.3 (CH, C1/C12), 124.1 (CH, C5/C14), 123.8 (CH, C5/C14), 122.5 (C, 

C3/C7), 122.3 (C, C3/C7), 122.0 (CH, C2/C11), 121.9 (CH, C2/C11) 

 

LRMS ES+ m/z = 373.2 [M79Br+H]+, 375.2 [M81Br+H]+ 

 

FT-IR (neat) νmax 3193, 1683, 1477, 1010, 827, 751, 722 cm-1 
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Benzo[b]thiophen-2-ylboronic acid (2.09)  

Benzo[b]thiophen-2-ylboronic acid (2.09) was prepared according to 

the procedure described by K. Górski and co-workers’.205 

 

Benzothiophene (4.34 g, 32.3 mmol) was dissolved in dry THF (40 mL) 

under argon atmosphere and the solution cooled to -78 ℃. Then n-

BuLi (2.5 M in hexanes, 12.9 mL, 32.3 mmol) was added dropwise. The mixture was stirred for 1 

hour and a white precipitate formed. The mixture was allowed to warm to rt before being cooled 

back down to -78 ℃. At -78 ℃ trimethyl borate (4.06 mL, 36.4 mmol) was added dropwise and 

once addition was complete the mixture allowed to warm to rt. Aqueous HCl (2 mL of conc HCl 

in 10 mL of deionised water) was added and the mixture extracted with DCM (3 x 40 mL). The 

combined organic extracts were dried (MgSO4) and then solvent removed under reduced 

pressure. To this solid hexane (35 mL) was added and the mixture cooled to 0 ℃ before filtering. 

This gave the titled compound as a white solid. (3.04 g, 53%). 

 

M.P. 250 – 253 °C (lit. 260– 262 °C)206  

 
1H NMR (400 MHz, acetone-d6, 298 K) δ (ppm) = 7.93 – 7.98 (m, 2H, 6 + 7), 7.89 (m, 1H, 3), 

7.56 (s, 1H, OH), 7.32 – 7.42 (m, 2H, 1 + 2) 

 
13C NMR (101 MHz, acetone-d6, 298 K) δ (ppm) = 143.9 (C, C5), 141.3 (C, C4), 133.1 (CH, C7), 

125.3 (C, C8), 124.5 (CH, C1 + C2), 124.3 (CH, C3), 122.7 (CH, C6) 

 

LRMS EI m/z = 134.0 (100% [M-B(OH)2]+) 

 

FT-IR (neat) νmax 3241, 1515, 1343, 1153, 1054, 762, 636 cm-1 
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2-(4-(Benzo[b]thiophen-2-yl)phenyl)-1H-phenanthro[9,10-d]imidazole (2.10)  

2-(4-(Benzo[b]thiophen-2-yl)phenyl)-1H-phenan- 

thro[9,10-d]imidazole (2.10) was prepared 

according to the procedure described by J. C. John 

and co-workers’.112 

 

2.07 (6.80 g, 18.2 mmol), benzo[b]thiophen-2-

ylboronic acid (4.99 g, 25.2 mmol) and potassium carbonate (12.58 g, 91.0 mmol) were added to 

a round-bottomed flask under argon atmosphere. Toluene (160 mL) ethanol (80 mL) and 

deionised water (80 mL) were added, and the mixture degassed for 30 minutes. Pd(PPh3)4 (1.05 g, 

0.91 mmol) and tetrabutylammonium bromide (0.590 g, 1.82 mmol) were added, the mixture 

heated to 80 ℃ and stirred for 16 hours. The mixture was then allowed to cool to rt and deionised 

water (80 mL). The solid precipitate was filtered, and the filtrate extracted with ethyl acetate (3 x 

60 mL). The combined organic extracts were washed with brine, dried (MgSO4) and solvent 

removed under reduced pressure. The extracted material as well as the filtered solid were 

combined and further purified by silica plug (100% ethyl acetate). This gave the gave the title 

compound as a yellow solid. (5.27 g, 68%). 

 

M.P. 245 – 248 °C   
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 13.56 (s, 1H, 8), 8.86 (t, J = 8.4 Hz, 2H, 2 + 

25), 8.61 (dd, J = 17.5, 7.3 Hz, 2H, 5 + 28), 8.43 (d, J = 8.3 Hz, 2H, 13 + 30), 7.97 – 

8.05 (m, 4H, 12 + 17 + 18 + 31), 7.88 (dd, J = 7.5, 1.2 Hz, 1H, 21), 7.76 (d, J = 6.7 Hz, 

2H, 6 + 27), 7.65 (t, J = 7.5 Hz, 2H, 1 + 26), 7.40 (quind, J = 7.4, 1.2 Hz, 2H, 19 + 20) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 148.5, (C, C9), 142.6 (C, C7/C24), 140.5 (C, 

C15), 138.7 (C, C16), 137.2 (C, C7/C24), 134.0 (C, C10), 130.2 (C, C3/C22), 127.7 

(C, C3/C22), 127.1 (C, C6 + C27), 126.8 (CH, C12 + C31), 126.5 (CH, C13 + C30), 

125.4 (CH, C1/C26), 125.3 (CH, C1/C26), 124.9 (CH, C19/C20), 124.9 (CH, 

C19/C20), 124.1 (CH, C2/C21/C25), 123.9 (CH, C2/C21/C25), 123.8 (CH, 

C2/C21/C25), 122.5 (CH, C17/C18), 122.3 (C, C4/C22), 122.0 (CH, C5 + C28), 

120.6 (CH, C17/C18) 

 

LRMS 
 

ES+ m/z = 427.2 [M+H]+ 
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FT-IR (neat) νmax  3460, 3053, 1616, 1453, 1323, 814, 740, 718 cm-1 
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2-(4-(Benzo[b]thiophen-2-yl)phenyl)-1-(4-bromobutyl)-1H-phenanthro[9,10-d]imidazole 

(2.11) 

2.10 (0.100 g, 0.230 mmol) was dissolved in dry 

THF (5 mL) under argon atmosphere. The solution 

was cooled to 0 ℃ and potassium tert-butoxide (1 

M in THF, 1.17 mL, 1.17 mmol) added. This mixture 

was stirred for 30 minutes as it was allowed to 

return to rt. 1,4-dibromobutane (0.251 g, 1.17 

mmol) was added, the mixture heated to 60 ℃ and 

stirred for 16 hours. The mixture was allowed to 

cool to room temperature then deionised water (2 

mL) added. The solid precipitate was filtered, and 

the filtrate extracted with ethyl acetate (3 x 5 mL). The combined organic extracts were washed 

with brine, dried (MgSO4) and solvent removed under reduced pressure. This extracted solid was 

combined with the filtered solid and the crude material further purified by silica gel column 

chromatography (hexane:ethyl acetate = 5:1 → 7:3). This gave the title compound as an off-white 

solid. (76 mg, 59%). 

 

M.P. 168 – 170 °C   
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 8.99 (dd, J = 8.6, 1.0 Hz, 1H, 29), 8.87 (d, J = 

8.3 Hz, 1H, 2), 8.62 (dd, J = 7.9, 1.2 Hz, 1H, 5), 8.46 (d, J = 7.7 Hz, 1H, 32), 8.00 – 8.06 

(m, 4H, 12 + 17 + 18 + 35), 7.88 – 7.95 (m, 3H, 13 + 21 + 34), 7.79 (td, J = 7.6, 1.1 Hz, 

1H, 31), 7.63 – 7.76 (m, 3H, 1 + 6 + 30), 7.42 (quind, J = 7.1, 2.1 Hz, 2H, 19 + 20), 4.78 

(t, J = 7.3 Hz, 1H, 22), 3.39 (t, J = 6.4 Hz, 2H, 25), 1.99 (quin, J = 7.3 Hz, 2H, 23), 1.69 

(quin, J = 7.0 Hz, 1H, 24) 

 
13C NMR (101 MHz, DMOS-d6, 298 K) δ (ppm) = 151.8 (C, C9), 142.3 (C, C14), 140.4 (C, C15), 

138.8 (C, C16), 137.4 (C, C7/C28), 134.3 (C, C11), 130.6 (CH, C13 + C34), 130.4 (C, 

C10), 128.3 (C, C27), 127.7 (C, C4), 127.5 (CH, C31), 127.3 (CH, C1/C6), 126.8 (C, 

C3), 126.2 (CH, C12 + C35), 126.0 (C, C7/C28), 125.7 (CH, C1/C6), 125.2 (CH, C30), 

125.0 (CH, C19/C20), 125.0 (CH, C19/C20), 124.5 (CH, C29), 123.6 (CH, C2), 124.0 

(CH, C21), 122.8 (C, C26), 122.6 (CH, C17/C18), 121.9 (CH, C5), 121.3 (CH, C32), 

121.1 (CH, C17/C18), 45.8 (CH2, C22), 34.1 (CH2, C25), 29.0 (CH2, C24), 28.3 (CH2, 

C23) 
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LRMS 

 

ES+ m/z = 561.3 [M79Br+H]+, 563.3 [M81Br+H]+ 

HRMS 

 

ES+ m/z calcd for C33H26BrN2S / [M79Br+H]+ requires 561.1000 found 561.0998. 

[M81Br+H]+ requires 563.1000 found 563.0981 

 

FT-IR 

 

 

 

 

 

 

(neat) νmax  3384, 3051, 1571, 1448, 1357, 1162, 748, 722 cm-1 
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1-(4-(2-(4-(Benzo[b]thiophen-2-yl)phenyl)-1H-phenanthro[9,10-d]imidazol-1-yl)butyl)-3-

methyl-1H-imidazol-3-ium bromide (2.13) 

To 2.11 (1.22 g, 2.17 mmol) was added excess 1-

methylimidazole (20 mL) and the solution 

heated to 100 ℃ under argon atmosphere. The 

solution was stirred at 100 ℃ for 2 hours then 

allowed to cool to rt and deionised water (20 mL) 

added. IPA (10 mL) was added then HBr (48% 

aqueous) added slowly to bring the pH of the 

mixture from approximately 9 to 7 (as indicated 

by universal indicator paper). These induced 

large amounts of precipitation, this precipitate 

was filtered and washed thoroughly with water 

followed by washing with small amounts of ethyl acetate and diethyl ether. This gave the title 

compound as a light-yellow solid. (1.31 g, 94%). 

 

M.P. 177 – 181 °C   
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 9.02 (s, 1H, 25), 8.99 (d, J = 8.2 Hz, 1H, 32), 

8.87 (d, J = 8.3 Hz, 1H, 2), 8.61 (d, J = 8.2 Hz, 1H, 5), 8.37 (d, J = 8.1 Hz, 1H, 35), 7.98 

– 8.10 (m, 4H, 11 + 16 + 17 + 39), 7.87 – 7.95 (m, 3H, 12 + 20 + 38), 7.58 – 7.82 (m, 

6H, 1 + 6 + 26 + 27 + 33 + 34), 7.43 (quind, J = 7.1, 1.2 Hz, 2H, 18 + 19), 4.78 (t, J = 6.4 

Hz, 2H, 21), 4.08 (t, J = 6.5 Hz, 2H, 24), 3.74 (s, 3H, 26), 1.77 – 1.85 (m, 2H, 22), 1.67 

– 1.77 (m, 2H, 23) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 151.8 (C, C8), 142.3, (C, C13), 140.4 (C, C14), 

138.8 (C, C15), 137.4 (C, C7/C31), 136.5 (CH, C25), 134.4 (C, C10), 130.6 (CH, C12 

+ C38), 130.4 (C, C9), 128.3 (C, C30), 127.7 (C, C4), 127.5 (CH, C33/C34), 127.4 

(CH, C1/C6), 126.8 (C, C3), 126.3 (CH, C11 + C39), 125.9 (C, C7/C31), 125.7 (CH, 

C1/C6), 125.2 (CH, C33/C34), 125.1 (CH, C18/C19), 125.0 (CH, C18/C19), 124.6 

(CH, C32), 124.1 (CH, C20), 123.6 (CH, C2), 123.5 (CH, C26), 122.8 (C, C29), 122.6 

(CH, C16/C17), 122.0 (CH, C5), 121.9 (CH, C27), 121.2 (CH, 35), 121.1 (CH, 

C16/17), 48.1 (CH2, C24), 46.1 (CH2, C21), 35.7 (CH3, C28), 26.5 (CH2, C22), 26.2 

(CH2, C23) 
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LRMS ES+ m/z = 563.4 [M-Br]+ 
 

HRMS ES+ m/z calcd for C37H32N4SBr / [M-Br]+ requires 563.2269 found 563.2269 
 

FT-IR (neat) νmax  3049, 1466, 1207, 818, 744, 721 cm-1 
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1-(4-(2-(4-(Benzo[b]thiophen-2-yl)phenyl)-1H-phenanthro[9,10-d]imidazol-1-yl)butyl)-3-

methyl-1H-imidazol-3-ium hexatungstate (2.14) 

2.13 (0.300 g, 0.466 mmol) was 

dissolved in the minimum 

required amount of hot 

acetonitrile (approximately 40 mL 

at 80 ℃) under argon atmosphere. 

To this was added (TBA)2[W6O19] 

(0.443 g, 0.232 mmol) in warm 

acetonitrile (10 mL at 50 ℃). A 

yellow precipitate was observed. 

The mixture was heated at 80 ℃ 

under argon atmosphere for 14 

hours then the mixture allowed to 

cool to rt and the solid filtered. The solid was washed thoroughly with ethyl acetate and diethyl 

ether. This afforded the title compound as a yellow solid. (445 mg, 93%). 

 

M.P. > 296 °C   
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 9.00 (d, J = 7.7 Hz, 1H, 32), 8.92 (s, 1H, 25), 

8.88 (d, J = 8.2 Hz, 1H, 2), 8.61 (dd, J = 7.9, 1.3 Hz, 1H, 5), 8.37 (d, J = 8.1 Hz, 1H, 35), 

7.99 – 8.10 (m, 4H, 11 + 16 + 17 + 39), 7.87 – 7.96 (m, 3H, 12 + 20 + 38), 7.63 – 7.80 

(m, 4H, 1 + 6 + 33 + 34), 7.61 (t, J = 1.7 Hz, 1H, 27), 7.57 (t, J = 1.7 Hz, 1H, 26), 7.43 

(quind, J = 7.1, 1.5 Hz, 2H, 18 + 19), 4.79 (t, J = 6.8 Hz, 2H, 21), 4.06 (t, J = 6.6 Hz, 2H, 

24), 3.73 (s, 3H, 28), 1.76 – 1.86 (m, 2H, 22), 1.64 – 1.76 (m, 2H, 23) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 151.8 (C, C8), 142.3, (C, C13), 140.4 (C, C14), 

138.8 (C, C15), 137.4 (C, C7/C31), 136.5 (CH, C25), 134.4 (C, C10), 130.6 (CH, C12 

+ C38), 130.4 (C, C9), 128.3 (C, C30), 127.7 (C, C4), 127.4 (CH, C1/C6), 126.8 (C, 

C3), 126.3 (CH, C11 + C39), 125.9 (C, C7/C31), 125.7 (CH, C1/C6), 125.2 (CH, 

C33/34), 125.1 (CH, C18/C19), 125.0 (CH, C18/C19), 124.6 (CH, C32), 124.0 (CH, 

C20), 123.6 (CH, C2), 123.5 (CH, C26), 122.8 (C, C29), 122.6 (CH, C16/C17), 122.0 

(CH, C5), 121.9 (CH, C27), 121.2 (CH, 35), 121.1 (CH, C16/17), 48.1 (CH2, C24), 

46.1 (CH2, C21), 35.7 (CH3, C28), 26.5 (CH2, C22), 26.2 (CH2, C23) 
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HRMS 

 

ES+ m/z calcd for C74H62N8S2W6O19 / [M-W6O19]2+ requires 563.2269 found 

563.2268, ES- m/z = 1407.6 [M-C74H62N8S2]- 

 

FT-IR 

 

(neat) νmax  3127, 1573, 1164, 975, 801, 747, 722 cm-1 
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1-(4-(2-(4-(Benzo[b]thiophen-2-yl)phenyl)-1H-phenanthro[9,10-d]imidazol-1-yl)butyl)-3-

methyl-1H-imidazol-3-ium hexamolybdate (2.15) 

2.13 (0.350 g, 0.542 mmol) was 

dissolved in the minimum required 

amount of hot acetonitrile 

(approximately 40 mL at 80 ℃) under 

argon atmosphere. To this was 

added (TBA)2[Mo6O19] (0.372 g, 0.270 

mmol) in warm acetonitrile (10 mL at 

50 ℃). An orange precipitate was 

observed. The mixture was heated 

at 80 ℃ under argon atmosphere for 

14 hours then the mixture allowed to 

cool to rt and the solid filtered. The solid was washed thoroughly with ethyl acetate and diethyl 

ether. This afforded the title compound as an orange solid. (465 mg, 87%). 

 

M.P. 293 °C  decomposed 
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 8.97 (d, J = 8.3 Hz, 1H, 32), 8.93 (s, 1H, 25), 

8.87 (d, J = 8.3 Hz, 1H, 2), 8.61 (dd, J = 7.9, 1.3 Hz, 1H, 5), 8.36 (d, J = 8.2 Hz, 1H, 35), 

7.98 – 8.08 (m, 4H, 11 + 16 + 17 + 39), 7.87 – 7.95 (m, 3H 12 + 20 + 38), 7.64 – 7.81 

(m, 4H, 1 + 6 + 33 + 34), 7.60 (t, J = 1.7 Hz, 1H, 27), 7.56 (t, J = 1.7 Hz, 1H, 26), 7.42 

(quind, J = 7.0, 1.4 Hz, 2H, 18 + 19), 4.78 (t, J = 6.8 Hz, 2H, 21), 4.06 (t, J = 6.7 Hz, 2H, 

24), 3.73 (s, 3H, 28), 1.76 – 1.85 (m, 2H, 22), 1.65 – 1.76 (m, 2H, 23) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 151.7 (C, C8), 142.3, (C, C13), 140.4 (C, C14), 

138.8 (C, C15), 137.4 (C, C7/C31), 136.4 (CH, C25), 134.4 (C, C10), 130.6 (CH, C12 

+ C38), 130.3 (C, C9), 128.3 (C, C30), 127.7 (C, C4), 127.4, (CH, C33/C34) 127.4 

(CH, C1/C6), 126.7 (C, C3), 126.3 (CH, C11 + C39), 125.9 (C, C7/C31), 125.7 (CH, 

C1/C6), 125.2 (CH, C33/34), 125.0 (CH, C18/C19), 125.0 (CH, C18/C19), 124.6 

(CH, C32), 124.0 (CH, C20), 123.6 (CH, C2), 123.5 (CH, C26), 122.8 (C, C29), 122.6 

(CH, C16/C17), 122.0 (CH, C5), 121.9 (CH, C27), 121.1 (CH, 35), 121.1 (CH, 

C16/17), 48.2 (CH2, C24), 46.1 (CH2, C21), 35.7 (CH3, C28), 26.5 (CH2, C22), 26.2 

(CH2, C23) 
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HRMS 

 

ES+ m/z calcd for C74H62N8S2Mo6O19 / [M-Mo6O19]+ requires 563.2269 found 

563.2268, ES- m/z = 891.3 [M-C74H62N8S2]- 

 

FT-IR 

 

(neat) νmax  3116, 1574, 1165, 953, 788, 746, 721 cm-1 
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1-(4-(2-(4-(Benzo[b]thiophen-2-yl)phenyl)-1H-phenanthro[9,10-d]imidazol-1-yl)butyl)-3-

methyl-1H-imidazol-3-ium octamolybdate (2.16) 

2.13 (1.07 g, 1.09 mmol) was 

dissolved in the minimum 

required amount of hot 

acetonitrile (approximately 60 mL 

at 80 ℃) under argon atmosphere. 

To this was added (TBA)4[Mo8O26] 

(0.594 g, 0.273 mmol) in warm 

acetonitrile (10 mL at 50 ℃). A 

white precipitate was observed. 

The mixture was heated at 80 ℃ 

under argon atmosphere for 14 

hours then the mixture allowed to 

cool to rt and the solid filtered. The solid was washed thoroughly with ethyl acetate and diethyl 

ether. This afforded the title compound as an orange solid. (740 mg, 79%). 

 

M.P. 260 - 263 °C   
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 8.99 (s, 1H, 25), 8.94 (d, J = 8.3 Hz, 1H, 32), 

8.83 (d, J = 8.4 Hz, 1H, 2), 8.59 (dd, J = 7.9, 1.3 Hz, 1H, 5), 8.34 (br d, J = 8.2 Hz, 1H, 

35), 7.96 – 8.09 (m, 4H, 11 + 16 + 17 + 39), 7.87 – 7.94 (m, 3H, 12 + 20 + 38), 7.79 (t, 

J = 7.6 Hz, 1H, 34), 7.61 – 7.73 (m, 3H, 1 + 6 + 33), 7.56 (t, J = 1.5 Hz, 1H, 27), 7.51 (t, 

J = 1.5 Hz, 1H, 26), 7.39 (sxtd, J = 7.1, 1.5 Hz, 2H, 18 + 19), 4.68 – 4.85 (m, 2H, 21), 

4.07 (t, J = 6.5 Hz, 2H, 24), 3.68 – 3.79 (m, 3H, 28), 1.76 – 1.84 (m, J = 6.0 Hz, 2H, 22), 

1.69 – 1.76 (m, 2H, 23) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 151.7 (C, C8), 142.3, (C, C13), 140.5 (C, C14), 

138.8 (C, C15), 137.4 (C, C7/C31), 136.5 (CH, C25), 134.3 (C, C10), 130.6 (CH, C12 

+ C38), 130.3 (C, C9), 128.2 (C, C30), 127.7 (C, C4), 127.5, (CH, C33/C34) 127.3 

(CH, C1/C6), 126.8 (C, C3), 126.3 (CH, C11 + C39), 126.0 (C, C7/C31), 125.6 (CH, 

C1/C6), 125.2 (CH, C33/34), 124.9 (CH, C18/C19), 124.9 (CH, C18/C19), 124.4 

(CH, C32), 124.1 (CH, C20), 123.5 (CH, C2), 123.5 (CH, C26), 122.7 (C, C29), 

122.5(CH, C16/C17), 122.0 (CH, C5), 121.9 (CH, C27), 121.1 (CH, 35), 121.1 (CH, 

C16/17), 48.2 (CH2, C24), 46.1 (CH2, C21), 35.6 (CH3, C28), 26.6 (CH2, C22), 26.4 

(CH2, C23) 
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FT-IR 

 

(neat) νmax  3054, 1473, 1358, 1167, 949, 913, 749, 724 cm-1 
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1-(4-(2-(4-(Benzo[b]thiophen-2-yl)phenyl)-1H-phenanthro[9,10-d]imidazol-1-yl)butyl)-3-

methyl-1H-imidazol-3-ium phosphotungstate (2.17) 

2.13 (0.224 g, 0.333 mmol) was 

dissolved in the minimum 

required amount of hot 

acetonitrile (approximately 25 

mL at 80 ℃) under argon 

atmosphere. To this was added 

(TBA)3[PW12O40] (0.400 g, 0.111 

mmol) in warm acetonitrile (5 mL 

at 50 ℃). A light brown 

precipitate was observed. 

Straight after addition the 

mixture was allowed to cool from 80 ℃ to rt and stirred under argon atmosphere at rt for a further 

14 hours then the brown precipitate filtered. The solid was washed thoroughly with warm 

acetonitrile, ethyl acetate and diethyl ether. This gave the title compound, NOT pure, 

characterised containing TBA. (422 mg, 84%). Yield is the mass of material – TBA, calculated by 
1H NMR. 

 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 9.00 (d, J = 8.5 Hz, 1H, 32), 8.92 (s, 1H, 25), 

8.88 (d, J = 8.2 Hz, 1H, 2), 8.61 (dd, J = 7.9, 1.3 Hz, 1H, 5), 8.37 (d, J = 8.1 Hz, 1H, 35), 

8.00 – 8.09 (m, 4H, 11 + 16 + 17 + 39), 7.88 – 7.96 (m, 3H, 12 + 20 + 38), 7.65 – 7.80 

(m, 4H, 1 + 6 + 33 + 34), 7.61 (t, J = 1.7 Hz, 1H, 27), 7.57 (t, J = 1.6 Hz, 1H, 26), 7.43 

(quind, J = 7.1, 1.4 Hz, 2H, 18 + 19), 4.79 (t, J = 6.7 Hz, 2H, 21), 3.99 – 4.11 (m, 2H, 

24), 3.73 (s, 3H, 28), 1.76 – 1.87 (m, 2H, 22), 1.64 – 1.76 (m, 2H, 23) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 151.7 (C, C8), 142.2, (C, C13), 140.4 (C, C14), 

138.8 (C, C15), 136.5 (CH, C25), 134. 8 (C, C7/C31), 134.4 (C, C10), 130.6 (CH, C12 

+ C38), 130.2 (C, C9), 128.3 (C, C30), 127.7 (C, C4), 127.4, (CH, C33/C34) 127.4 

(CH, C1/C6), 126.6 (C, C3), 126.3 (CH, C11 + C39), 125.9 (C, C7/C31), 125.8 (CH, 

C1/C6), 125.3 (CH, C33/34), 125.1 (CH, C18/C19), 125.0 (CH, C18/C19), 124.6 

(CH, C32), 124.0 (CH, C20), 123.6 (CH, C2), 123.5 (CH, C26), 122.7 (C, C29), 122.6 

(CH, C16/C17), 122.0 (CH, C5), 121.9 (CH, C27), 121.1 (CH, 35), 121.1 (CH, 

C16/17), 48.2 (CH2, C24), 46.1 (CH2, C21), 35.6 (CH3, C28), 26.6 (CH2, C22), 26.4 

(CH2, C23) 
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FT-IR 

 

(neat) νmax  3085, 1469, 1358, 1076, 973, 893, 747, 722 cm-1 
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1-(4-(2-(4-(Benzo[b]thiophen-2-yl)phenyl)-1H-phenanthro[9,10-d]imidazol-1-yl)butyl)-3-

methyl-1H-imidazol-3-ium phosphomolybdate (2.18) 

2.13 (0.350 g, 0.542 mmol) was 

dissolved in the minimum 

required amount of hot 

acetonitrile (approximately 40 

mL at 80 ℃) under argon 

atmosphere. To this was added 

(TBA)3[PMo12O40] (0.463 g, 0.182 

mmol) in warm acetonitrile (10 

mL at 50 ℃). A green precipitate 

was observed. The mixture was 

heated at 80 ℃ under argon 

atmosphere for 14 hours then the mixture allowed to cool to rt and the solid filtered. The solid was 

washed thoroughly with warm acetonitrile, ethyl acetate and diethyl ether. This gave the title 

compound, NOT pure, as a green solid containing TBA. (487 mg, 77%). Yield is the mass of 

material – TBA, calculated by 1H NMR. 

 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 8.99 (d, J = 8.3 Hz, 1H, 32), 8.84 – 8.94 (m, 2H, 

2 + 25), 8.61 (d, J = 7.7 Hz, 1H, 5), 8.37 (d, J = 7.9 Hz, 1H, 35), 7.99 – 8.11 (m, 4H, 11 

+ 16 + 17 + 39), 7.88 – 7.96 (m, 3H, 12 + 20 + 38), 7.81 (t, J = 6.6 Hz, 1H, 34), 7.66 – 

7.78 (m, 3H, 1 + 6 + 33), 7.61 (s, 1H, 27), 7.57 (s, 1H, 26), 7.43 (quin, J = 6.8 Hz, 2H, 

18 + 19), 4.80 (br s, 2H, 21), 4.08 (br t, J = 5.7 Hz, 2H, 24), 3.67 – 3.80 (m, 3H, 28), 

1.77 – 1.88 (m, 2H, 22), 1.73 (br s, 2H, 23) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 151.3 (C, C8), 142.2, (C, C13), 140.4 (C, C14), 

138.8 (C, C15), 137.2 (C, C25), 134. 7 (C, C7/C31), 130.7 (CH, C12 + C38), 128.4 (C, 

C30), 127.8 (C, C4), 127.6, (CH, C34) 127.4 (CH, C1/C6), 126.3 (CH, C11 + C39), 

126.1 (C, C7/C31), 126.1 (CH, C1/C6), 125.8 (CH, C33), 125.5 (CH, C1/C6), 125.1 

(CH, C18/C19), 125.0 (CH, C18/C19), 124.6 (CH, C32), 124.1 (CH, C20), 123.7 (CH, 

C2), 123.6 (CH, C26), 122.5 (C, C29), 122.3 (CH, C27 + C16/C17), 121.9 (CH, C5), 

121.2 (CH, 35 + C16/C17), 48.3 (CH2, C24), 46.2 (CH2, C21), 35.7 (CH3, C28), 26.4 

(CH2, C22), 26.2 (CH2, C23) 

 

FT-IR (neat) νmax  3079, 1472, 1060, 952, 877, 796, 749, 722 cm-1 
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1-(4-(2-(4-(Benzo[b]thiophen-2-yl)phenyl)-1H-phenanthro[9,10-d]imidazol-1-yl)butyl)-3-

methyl-1H-imidazol-3-ium hexafluorophosphate (2.19) 

To 2.11 (0.500 g, 0.893 mmol) was added 

excess 1-methylimidazole (5 mL) and the 

solution heated to 100 ℃ under argon 

atmosphere. The solution was stirred at 100 ℃ 

for 2 hours then allowed to cool to rt. 

Ammonium hexafluorophosphate (0.440 g, 

2.67 mmol) in deionised waster (10 mL) was 

then added to the mixture, which produced a 

white precipitate, and the mixture stirred at rt 

for a further 14 hours. To the mixture, deionised 

water 10 mL was added, and the precipitate 

then filtered and washed with ethyl acetate 

and diethyl ether. This gave the title compound as a white solid. (450 mg, 71%). 

 

M.P. 157 - 159 °C   
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 9.00 (d, J = 7.8 Hz, 1H, 32), 8.92 (s, 1H, 25), 

8.88 (d, J = 8.2 Hz, 1H, 2), 8.62 (dd, J = 7.9, 1.3 Hz, 1H, 5), 8.37 (d, J = 7.8 Hz, 1H, 37), 

7.99 – 8.08 (m, 4H, 11 + 16 + 17 + 39), 7.87 – 7.96 (m, 3H, 12 + 20 + 38), 7.65 – 7.81 

(m, 4H, 1 + 6 + 33), 7.61 (t, J = 1.8 Hz, 1H, 27), 7.58 (t, J = 1.7 Hz, 1H, 26), 7.39 – 7.48 

(m, 2H, 18 + 19), 4.79 (br t, J = 6.9 Hz, 2H, 21), 4.06 (t, J = 6.7 Hz, 2H, 24), 3.69 – 3.76 

(m, 3H, 28), 1.77 – 1.86 (m, 2H, 22), 1.64 – 1.75 (m, 2H, 23) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 151.8 (C, C8), 142.2 (C, C13), 140.4 (C, C14), 

138.8 (C, C15), 137.5 (C, C7/C31), 136.5 (CH, C25), 134.4 (C, C10), 130.6 (CH, C12 

+ 38), 130.4 (C, C9), 128.3 (C, C30), 127.7 (C, C4), 127.4 (CH, C33/C34), 126.8 (C, 

C3), 126.3 (CH, C11 + C39), 125.9 (C, C7/C31), 125.7 (CH, C1/C6), 125.2 (CH, 

C33/C34), 125.1 (CH, C18/C19), 125.0 (CH, C18/C19), 124.6 (CH, C32), 124.0 

(CH, C20), 123.6 (CH, C2), 123.5 (CH, C26), 122.8 (C, C29), 122.6 (CH, C16/C17), 

122.0 (CH, C5), 121.9 (CH, C27), 121.1 (CH,  C35), 121.1 (CH, C16/C17), 48.2 (CH2, 

C24), 46.1 (CH2, C21), 35.6 (CH3, C28), 26.5 (CH2, C22), 26.2 (CH2, C23) 

 

LRMS ES+ m/z = 563.4 [M-PF6]+ 
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HRMS ES+ m/z calcd for C37H32N4SPF6 / [M-PF6]+ requires 563.2269 found 563.2253 
 

FT-IR (neat) νmax  3158, 1671, 1471, 1166, 824, 724, 555 cm-1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

152 

2,8-Dibromodibenzo[b,d]thiophene (2.21) 

2,8-Dibromodibenzo[b,d]thiophene was prepared according to the 

procedure described by Tang and co-workers’.207 

 

Dibenzothiophene (5.00 g, 27.1 mmol) was dissolved in dry 

chloroform (30 mL) and cooled to -5 ℃ under nitrogen atmosphere. 

To this solution bromine (3.10 mL, 60.5 mmol) was added dropwise maintaining a temperature of 

between -5 and 0 ℃. After addition was completed, the mixture was stirred at 0 ℃ for 10 minutes 

then allowed to warm to room temperature. At this point a large amount of precipitate was 

observed therefore dry chloroform (10 mL) was added to help maintain good stirring. The mixture 

was stirred at room temperature for 16 hours then the precipitate filtered and washed with 

methanol (100 mL). This gave the title compound as an off-white powder (7.65 g, 82%).  

 

M.P. 221 - 222 °C  (lit 223 - 225 °C)208   
 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) = 8.23 (dd, J = 2.0, 0.5 Hz, 2H, 3), 7.71 (dd, J = 8.5, 

0.4 Hz, 2H, 6), 7.58 (dd, J = 8.4, 2.0 Hz, 2H, 5) 

 
13C NMR (101 MHz, CDCl3, 298 K) δ (ppm) = 138.6 (C, C2), 136.1 (C, C4), 130.6 (CH, C5), 

124.7, (CH, C3), 124.2 (CH, C6), 118.6 (C, C1) 

 

LRMS EI m/z = 344.0 (45% [M81Br81Br]•+), 342.0 (45% [M79Br81Br]•+), 340 (85% [M79Br79Br]•+), 
182.1 (95% [M-Br2]+) 
 

FT-IR (neat) νmax  cm-1 3370, 3073, 2918, 1874, 1654, 1411, 796 
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2,8-Dibromodibenzo[b,d]thiophene 5,5-dioxide (2.22) 

2,8-Dibromodibenzo[b,d]thiophene 5,5-dioxide was prepared 

according to the procedure described by Tang and co-workers’.207 

 

2.21 (7.51 g, 22.0 mmol) was added to glacial acetic acid (150 mL) 

under nitrogen atmosphere. To this mixture hydrogen peroxide 

(30% in H2O, 18.3 mL, 179 mmol) was added then the mixture refluxed for 18 hours. The mixture 

was then allowed to cool to room temperature and the formed precipitate filtered. The collected 

precipitate was recrystalised from chloroform to give the title compound as a white solid (6.34 g, 

77%). 

 

M.P. > 297 °C  (lit 360 - 361 °C)209  
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 8.63 (d, J = 1.5 Hz, 1H, 3), 7.98 (d, J = 8.2 Hz, 

1H, 6), 7.89 (dd, J = 8.2, 1.7 Hz, 1H, 5) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 136.2 (C, C4), 134.2 (CH, C5), 131.9 (C, C2), 

128.5 (C, C1), 126.6 (CH, C3), 123.9 (CH, C6) 

 

LRMS EI m/z = 375.9 (20% [M81Br81Br]•+), 373.9 (40% [M79Br81Br]•+), 371.9 (20% 
[M79Br79Br]•+) 
 

FT-IR 
 

(neat) νmax  cm-1 3069, 1557, 1296, 1065, 825, 565 
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2,8-Bis(9H-pyrido[2,3-b]indol-9-yl)dibenzo[b,d]thiophene 5,5-dioxide (2.25) 

2,8-Bis(9H-pyrido[2,3-b]indol-9-yl)dibenzo[b,d]- 

thiophene 5,5-dioxide was prepared according to 

the procedure described by  Choi and co-

workers’.119 

 

2.22 (200 mg, 0.540 mmol), α-carboline (180 mg, 

1.11 mmol), tripotassium phosphate (683 mg, 

3.22 mmol), copper (I) iodide (61 mg, 0.320 mmol) and trans-1,2-diaminocyclohexane (40 μL, 

0.320 mmol) were added to a flame dried RBF under nitrogen atmosphere. Dry toluene (20 mL) 

was then added, and the mixture degassed, by bubbling nitrogen, for 30 minutes. The mixture was 

then heated to reflux and stirred for 16 hours. The mixture was then allowed to cool to room 

temperature before the addition of deionised water (20 mL) and DCM (30 mL). The organic layer 

was separated, and the aqueous layer extracted with DCM (2 x 20 mL). The combined extracts 

were dried (Na2SO4), solvent removed under reduced pressure and the resulting crude material 

purified by silica gel column chromatography (DCM/ethyl acetate, 1:1) followed by 

recrystallisation from toluene. This yielded the title compound as a white solid (151 mg, 51%). 

 

M.P. 361 °C decomposed. 
 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) = 8.74 (d, J = 1.2 Hz, 2H, 3), 8.66 (dd, J = 7.7, 1.3 

Hz, 2H, 11), 8.46 (dd, J = 4.8, 1.3 Hz, 2H, 17), 8.32 (t, J = 8.5 Hz, 4H, 14 + 15), 8.04 

(dd, J = 8.2, 1.6 Hz, 2H, 6), 7.66 (d, J = 8.2 Hz, 2H, 5), 7.52 (t, J = 7.0 Hz, 2H, 12), 7.44 

– 7.33 (m, 4H, 13 + 16) 

 
13C NMR (101 MHz, CDCl3, 298 K) δ (ppm) = 151.0, 146.4, 141.4, 138.6, 135.6, 132.2, 129.8, 

129.2, 127.5, 123.3, 122.0, 121.5, 121.5, 120.7, 117.2, 116.0, 110.6 

 

LRMS 
 

ES+ m/z = 549.4 [M+H]+ 
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2,8-Bis(9H-pyrido[2,3-b]indol-9-yl)dibenzo[b,d]thiophene (2.26) 

2,8-Bis(9H-pyrido[2,3-b]indol-9-yl)dibenzo[b,d]- 

thiophene was prepared according to the 

procedure described by Choi and co-workers’.119  

 

To 2.25 (900 mg, 1.64 mmol) in dry diethyl ether 

(10 mL) was added LiAlH4 (2 M in THF, 4.10 mL, 

8.22 mmol) dropwise at 0 ℃ under argon 

atmosphere. The mixture was allowed to warm to room temperature and stirred for 16 hours. 

Deionised water was then added dropwise at 0 ℃ until the mixture stopped bubbling upon 

addition. DCM (20 mL) and deionised water (15 mL) were then added, and the organic layer 

separated. The organic layer was washed with deionised water (2 x 10 mL), dried (Na2SO4) and the 

solvent removed under reduced pressure. The crude material was purified by silica gel column 

chromatography (hexane/DCM, 4:1 → 1:1). This gave the title compound as a white solid (361 mg, 

42%). 

 

M.P. 318 - 319 °C  
 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) = 8.48 (dd, J = 4.9, 1.7 Hz, 2H, 17), 8.41 (td, J = 3.8, 

1.7 Hz, 4H, 14 + 15), 8.14 (d, J = 8.2 Hz, 4H, 3 + 11), 7.79 (dd, J = 8.5, 2.0 Hz, 2H, 6), 

7.53 – 7.45 (m, 4H, 5 + 12), 7.38 – 7.32 (m, 2H, 13), 7.25 (dd, J = 7.6, 5.0 Hz, 2H, 16) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 152.0, 146.3, 140.4, 139.6, 136.5, 133.2, 

128.5, 127.1, 126.7, 124.1, 121.1, 121.0, 120.9, 120.8, 116.5, 116.1, 110.3  

 

LRMS 
 

ES+ m/z = 517.4 [M+H]+ 

FT-IR 

 

(neat) νmax  cm-1 3050, 1572, 1450, 1405, 766, 631 
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Diethyl 3,5-dimethyl-1H-pyrrole-2,4-dicarboxylate (2.28) 

Diethyl 3,5-dimethyl-1H-pyrrole-2,4-dicarboxylate was prepared 

according to the procedure described by G. Meng and co-

workers.210 

 

Ethyl acetoacetate (100 mL, 0.780 mol) and glacial acetic acid 

(100 mL) were stirred at 0 ℃. To this mixture sodium nitrite (27.3 

g, 0.320 mol) in deionised water (40 mL) was added dropwise at <10 ℃. The mixture was stirred 

at <10 ℃ for 2.5 hours. Zinc powder (51.3 g, 0.780 mol) was then added portion wise (11 x 4.60 g) 

while maintaining a temperature of <25 ℃. The mixture was then heated to 45 ℃ and stirred for 

15 minutes, followed by heating at 95 ℃ for 1 hour. The mixture was then allowed to cool to rt and 

the precipitate filtered and washed thoroughly with water (≈ 200 mL). The crude solid was then 

recrystalised from ethanol (repeated 3 times) to give the title compound as a pale yellow solid 

(56.84 g, 61%). 

 

M.P. 132 - 134 °C (lit 133 - 134 °C)210 
 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) = 9.25 (br s, 1H, 13), 4.32 (dq, J = 16.3, 7.1 Hz, 4H, 

9 + 11), 2.55 (d, J = 17.9 Hz, 6H, 7 + 8), 1.37 (td, J = 7.1, 5.1 Hz, 6H, 10 + 12) 

 
13C NMR (101 MHz, CDCl3, 298 K) δ (ppm) = 165.5 (C, C6), 161.8 (C, C5), 139.0 (C, C4), 130.9 

(C, C2), 117.9 (C, C1), 113.6 (C, C3), 60.3 (CH2, C9/C11), 59.5 (CH2, C9/C11), 14.4 

(CH3, 10), 14.4 (CH3, C12), 14.3 (CH3, C7/C8), 12.0 (CH3, C7/C8) 

 

LRMS 

 

ES+ m/z = 240.3 [M+H]+ 

FT-IR 

 

(neat) νmax  cm-1 3261, 2978, 1665, 1435, 1259, 1086, 787 
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2,4-Dimethyl-1H-pyrrole (2.29) 

2,4-Dimethyl-1H-pyrrole was prepared according to the procedure 

described by H. Yuwei and co-workers.211 

 

Diethyl 3,5-dimethyl-1H-pyrrole-2,4-dicarboxylate (3.00 g, 14.0 mmol) was 

added to ethylene glycol (10 mL) under argon atmosphere. Potassium 

hydroxide (4.00 g, 72.0 mmol) was added, and the mixture heated to 160 ℃ and stirred for 6 hours. 

The mixture was then allowed to cool to rt and extracted with chloroform (3 x 20 mL) and the 

combined extracts dried (Na2SO4). The solvent was then removed under reduced pressure and 

the crude product further purified by vacuum distillation to give the title compound as a 

colourless liquid. (0.57 g, 43%).   

 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) = 6.46 (s, 1H, 4), 5.82 (s, 1H, 2), 2.29 (s, 3H, 5), 

2.15 (s, 3H, 6) 

 
13C NMR (101 MHz, CDCl3, 298 K) δ (ppm) = 127.6 (C, C1), 119.0 (C, C3), 113.8 (CH, C4), 

107.6 (C, C2), 12.9 (CH3, C5), 11.8 (CH3, C6) 

 

FT-IR 

 

(neat) νmax  cm-1 3264, 1670, 1261, 1195,1088, 788 
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4-(4-Bromobutoxy)benzaldehyde (2.31) 

4-(4-Bromobutoxy)benzaldehyde was prepared according to the 

procedure described by Wang. J L and co-workers.212 

 

4-hydroxybenzaldehyde (10.0 g, 0.0821 mol) and potassium 

carbonate (22.6 g, 0.170 mol) were stirred in dry DMF (200 mL) 

under argon atmosphere. The mixture was stirred at room 

temperature for 1 hour. 1,4-dibromobutane (35.4 g, 0.170 mol) in dry DMF (50 mL) was then slowly 

added by cannula transfer over 30 minutes. This mixture was then stirred at room temperature for 

48 hours. The mixture was then filtered and then filtrate extracted with ethyl acetate (3 x 100 mL) 

after addition of deionised water (200 mL). The combined organic extracts were dried (MgSO4) and 

concentrated under reduced pressure. The crude material was purified by silica gel column 

chromatography (hexane:ethyl acetate =6:1). This gave the title compound as a pale-yellow oil 

which became a white solid upon storage in the fridge. (15.16 g, 72%). 

 

M.P. 42 - 44 °C (lit 42 - 44 °C)213  
 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) = 9.89 (s, 1H, 5), 7.83 (dt, J = 8.9, 2.1 Hz, 2H, 2), 

6.99 (d, J = 8.7 Hz, 2H, 3), 4.09 (t, J = 6.0 Hz, 2H, 6), 3.50 (t, J = 6.5 Hz, 2H, 9), 2.12 – 

2.04 (m, 2H, 7), 2.04 – 1.96 (m, 2H, 8) 

 
13C NMR (101 MHz, CDCl3, 298 K) δ (ppm) = 190.7 (CH, C5), 163.9 (C, C4), 132.0 (CH, C2), 

130.0 (C, C1), 114.7 (CH, C3), 67.2 (CH2, C6), 33.2 (CH2, C9), 29.3 (CH2, C7/C8), 

27.7 (CH2, C7/C8) 

 

LRMS 

 

ES+ m/z = 257.2 [M79Br +H]+, 259.2 [M81Br +H]+ 
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4,4-Difluoro-8-(4-(4-bromobutoxy)phenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-

indacene (2.32) 

4,4-difluoro-8-(4-(4-Bromobutoxy)phenyl)-1,3,5,7-tetramethyl-

4-bora-3a,4a-diaza-s-indacene was prepared according to the 

procedure described by Wang. J L and co-workers.212 

 

2,4-dimethylpyrrole (0.380 g, 4.00 mmol) and 4-(4-

bromobutoxy)benzaldehyde (0.513 g, 2.00 mmol) were 

dissolved in DCM (100 mL) and the mixture degassed for 30 

minutes by bubbling argon through the solution. TFA (0.1 mL) 

was then added and the mixture stirred at rt for 2 hours. The mixture was then washed with 

aqueous NaOH (1 M, 200 mL) followed by deionised water (200 mL) and then dried (Na2SO4). The 

mixture was then concentrated to approximately 50 mL and p-chloranil (0.732 g, 3.00 mmol) 

added and the mixture stirred for 30 minutes at rt. Triethylamine (5 mL) was then added followed 

quickly by the addition of boron trifluoride diethyl etherate (8 mL, 60.00 mmol) dropwise 

(WARNING: significant evolution of dense vapours). The mixture was stirred at rt for 16 hours then 

washed with saturated NaHCO3 (200 mL) and deionised water (100 mL). The isolated organic 

phase was dried (Na2SO4) and the solvent removed under reduced pressure. The crude solid was 

purified by silica gel column chromatography (PET ether/ hexane = 20:1 → 10:1). This gave the title 

compound as a bright orange solid (0.29 g, 30%).  

 

M.P. 134 - 136 °C (lit 134 - 136 °C)  
 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) = 7.16 (d, J = 7.7 Hz, 2H, 2), 6.99 (d, J = 7.5 Hz, 2H, 

3), 5.98 (s, 2H, 8), 4.06 (t, J = 6.1 Hz, 2H, 12), 3.52 (t, J = 6.6 Hz, 2H, 15), 2.55 (s, 6H, 

11), 2.15 – 2.08 (m, 2H, 13), 2.06 – 1.98 (m, 2H, 14), 1.44 (s, 6H, 10) 

 
13C NMR (101 MHz, CDCl3, 298 K) δ (ppm) = 159.4 (C, C4), 155.2 (C, C7), 143.1 (C, C6) , 141.8 

(C, C5), 131.2 (C, C9), 129.2 (CH, C2), 127.0 (C, C1), 121.1 (CH, C8), 115.0 (CH, C3), 

66.9 (CH2, C12), 33.3 (CH2, C15), 29.43 (CH2, C13/C14), 27.81 (CH2, C13/C14), 14.5 

(CH3, C10), 14.5 (CH3, C11) 

 
19F NMR (376 MHz, CDCl3, 298 K) δ (ppm) = -113.2 (s, F16), -115.0 (s, F17) 
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LRMS 

 

ES+ m/z = 427.3 [M79Br +H]+, 429.3 [M81Br +H]+ 

FT-IR 

 

(neat) νmax  cm-1 3368, 2913, 1407, 1077, 968, 703 
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2,2'-(Phenylmethylene)bis(1H-pyrrole) 

2,2'-(Phenylmethylene)bis(1H-pyrrole) was prepared according to the 

procedure described by E. N. Durantini and co-workers’.214 

 

Benzaldehyde (0.82 mL, 8.00 mmol) was added to pyrrole (12.4 mL, 

0.180 mol) under argon atmosphere. To this mixture TFA (0.1 mL) was 

added and the mixture allowed to stir at room temperature for 30 

minutes. DCM (100 mL) and NaOH (0.1 M, 100 mL) were added, and the organic phase separated 

and subsequently washed with deionised water (100 mL) and dried (Na2SO4). The solvent was 

removed under reduced pressure and the crude product purified by silica gel column 

chromatography (hexane/ethyl acetate/triethylamine = 14:5:1) This gave the title compound as 

an off-white solid (1.26 g, 71%). 

 

M.P. 99 - 101 °C (lit 102 - 103 °C)215  
 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) = 7.91 (br s, 2H, 10), 7.36 – 7.22 (m, 5H, 7 + 8 + 9), 

6.71 (td, J = 2.7, 1.6 Hz, 2H, 4), 6.18 (q, J = 2.7 Hz, 2H, 5), 5.96 – 5.92 (m, 2H, 6), 5.49 

(s, 1H, 2) 

 
13C NMR (101 MHz, CDCl3, 298 K) δ (ppm) = 142.1 (C, C1), 132.5 (C, C3), 128.6 (CH, C7), 

128.4 (CH, C8), 127.0 (CH, C9), 117.2 (CH, C4), 108.4 (CH, C5), 107.2 (CH, C6), 44.0 

(CH, C2) 

 

LRMS 

 

ES+ m/z = 223.3 [M+H]+ 

FT-IR 

 

(neat) νmax  cm-1  3339, 3139, 1455, 1113, 1024, 713 
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2-(Phenyl(2H-pyrrol-2-ylidene)methyl)-1H-pyrrole 

2-(Phenyl(2H-pyrrol-2-ylidene)methyl)-1H-pyrrole was prepared 

according to the procedure described by K. Siwawannapong and co-

workers’.216 

 

 2,2'-(Phenylmethylene)bis(1H-pyrrole) (657 mg, 2.96 mmol) was 

dissolved in dry toluene (36 mL) under argon atmosphere and DDQ 

(680 mg, 2.96 mmol) added. The mixture was stirred at room temperature for 1 hour and then the 

mixture poured into deionised water (200 mL). The resulting mixture was stirred vigorously and 

treated with 2 M HCl until pH ≈ 3 and the acidified mixture washed with ethyl acetate (3 x 100 mL). 

The aqueous layer was then treated with 5 M NaOH until pH ≈ 12 and then extracted with ethyl 

acetate (3 x 100 mL), the combined organic extracts were dried (MgSO4) then concentrated under 

reduced pressure. This gave the title compound as a pale brown oil (333 mg, 51%). 

 

M.P. 168 - 171 °C  
 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) = 7.67 (t, J = 1.3 Hz, 2H, 4), 7.53 – 7.43 (m, 5H, 7 + 

8 + 9), 6.62 (dd, J = 4.2, 1.0 Hz, 2H, 6), 6.41 (dd, J = 4.2, 1.5 Hz, 2H, 5) 

 
13C NMR (101 MHz, CDCl3, 298 K) δ (ppm) = 143.6 (CH, C4), 141.9 (C, C3), 140.8 (C, C1), 

137.2 (C, C2), 130.7 (CH, C6), 128.8 (CH, C7), 128.8 (CH, C8), 127.5 (CH, C9), 

117.6 (CH, C5) 

 

LRMS 

 

ES+ m/z = 221.2 [M+H]+ 

FT-IR 

 

(neat) νmax  cm-1 3504, 1563, 1381, 1073, 938, 714 
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4,4-Difluoro-8-(4-(4-pyridin-1-iumbutoxy)phenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-

indacene bromide (2.33) 

2.32 (0.100 g, 0.201 mmol) was dissolved in dry toluene 

(1 mL) under argon atmosphere. Pyridine (0.02 mL, 

0.242 mmol) was added, and the mixture heated to 80 ℃ 

and stirred for 48 hours. An orange precipitate was 

observed. The mixture was allowed to cool to rt and the 

precipitate filtered then washed with toluene (3 mL). 

Drying gave the title compound as a dark orange solid 

(0.098 g, 88%). 

 

 

M.P. 244 - 247 °C  
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 9.17 (d, J = 5.6 Hz, 2H, 16), 8.63 (t, J = 7.6 Hz, 

1H, 18), 8.19 (dd, J = 7.7, 6.7 Hz, 2H, 17), 7.26 (d, J = 8.6 Hz, 2H, 2), 7.10 (d, J = 8.8 

Hz, 2H, 3), 6.17 (s, 2H, 8), 4.73 (t, J = 7.3 Hz, 2H, 15), 4.08 (t, J = 6.2 Hz, 2H, 12), 2.44 

(s, 6H, 11), 2.13 (quin, J = 7.5 Hz, 2H, 14), 1.78 (qd, J = 7.3, 6.1 Hz, 2H, 13), 1.39 (s, 

6H, 10) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 159.0 (C, C4), 154.6 (C, C7), 145.5 (CH, C18), 

144.8 (CH, C16), 142.6 (C, C9), 142.1 (C, C5), 131.0 (C, C6), 129.1 (CH, C2), 128.1 

(CH, C17), 126.0 (C, C1), 121.2 (CH, C8), 115.1 (CH, C3), 66.9 (CH2, C12), 60.4 (CH2, 

C15), 27.7 (CH2, (C13/C14), 25.2 (CH2, C13/C14), 14.2 (CH3, C11), 14.2 (CH3, C10) 

 
19F NMR (376 MHz, DMSO-d6, 298 K) δ (ppm) = -143.5 (s, F19) 

 

LRMS 

 

ES+ m/z = 474.3 [M-Br]+ 

HRMS ES+ m/z calcd for C28H31BF2N3OBr / [M-Br]+ requires 474.2528 found 474.2538 
 

FT-IR 

 

(neat) νmax  cm-1 2497, 2871, 1545, 1153, 969, 699, 688 
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4,4-Difluoro-8-(4-(4-pyridin-1-iumbutoxy)phenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-

indacene trifluoromethanesulfonate (2.34) 

2.33 (70 mg, 0.126 mmol) was added to dry acetonitrile 

(10 mL) under argon atmosphere. Potassium triflate 

(0.232 g, 1.26 mmol) in deionised water (5 mL) was then 

added and the mixture heated to 40 ℃ and stirred for 6 

hours. The mixture was then allowed to cool and filtered. 

The solvent was removed from the filtrate and the crude 

solid was triturated with deionised water (2 x 10 mL) then 

with toluene (10 mL). The resulting solid was collected 

by filtration and washed thoroughly with water (50 mL) 

then toluene (50 mL) and finally diethyl ether (30 mL). 

Drying gave the title compound as an orange-red solid. (67 mg, 83%). 

 

M.P. 263 °C decomposed. 
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 9.13 (dd, J = 6.6, 1.2 Hz, 2H, 16), 8.62 (t, J = 7.5 

Hz, 1H, 18), 8.18 (t, J = 6.7 Hz, 2H, 17), 7.26 (d, J = 8.6 Hz, 2H, 2), 7.10 (d, J = 8.6 Hz, 

2H, 3), 6.17 (s, 2H, 8), 4.70 (t, J = 7.3 Hz, 2H, 15), 4.08 (t, J = 6.2 Hz, 2H, 12), 2.44 (s, 

6H, 11), 2.17 – 2.07 (m, 2H, 14), 1.85 – 1.71 (m, 2H, 13), 1.39 (s, 6H, 10) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 159.1 (C, C4), 154.7 (C, C7), 145.6 (CH, C18), 

144.8 (CH, C16), 142.7 (C, C9), 142.1 (C, C5), 131.1 (C, C6), 129.2 (CH, C2), 128.2 

(CH, C17), 126.0 (C, C1), 121.3 (CH, C8), 115.1 (CH, C3), 67.0 (CH2, C12), 60.5 (CH2, 

C15), 27.7 (CH2, (C13/C14), 25.3 (CH2, C13/C14), 14.2 (CH3, C11), 14.2 (CH3, C10) 

 
19F NMR (376 MHz, DMSO-d6, 298 K) δ (ppm) = -77.8 (s, F20), -143.5 (s, F19) 

 

LRMS 

 

ES+ m/z = 474.4 [M-CF3SO3]+ 

HRMS ES+ m/z calcd for C28H31BF2N3OCF3SO3 / [M-CF3SO3]+ requires 474.2528 found 
474.2542 
 

FT-IR 

 

(neat) νmax  cm-1 2927, 1542, 1250, 1152, 970, 763, 636 
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4,4-Difluoro-8-(4-(4-pyridin-1-iumbutoxy)phenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-

indacene hexatungstate (2.35) 

2.33 (70 mg, 0.126 mmol) was added to 

dry acetonitrile under argon atmosphere 

and the mixture heated to 80 ℃. 

(TBA)2[W6O19] (0.131 g, 0.0690 mmol) 

was dissolved in dry acetonitrile (5 mL at 

50 ℃) and the warm solution added to 

the mixture. The mixture was stirred at 

80 ℃ for 16 hours then allowed to cool to 

rt. The mixture was concentrated under 

reduced pressure (to approximately 5 

mL) and a small amount of orange 

precipitate was observed. Toluene (10 mL) was added, and the mixture sonicated for 1 minute 

which gave a large amount of orange precipitate. This crude material was filtered, dried, and 

analysed however the presence of TBA showed the reaction was incomplete. The crude material 

(0.130 g) was dissolved in dry acetonitrile (15 mL) and heated to 80 ℃. 2.33 (40 mg, 0.722 mmol) 

was added and the mixture stirred at 80 ℃ for 16 hours. The mixture was allowed to cool and 

concentrated under reduced pressure (to around 5 mL). Toluene (10 mL) was added, and the 

mixture sonicated for 1 minute, the resulting solid was filtered and washed with ice cold 

acetonitrile (3 mL) followed by diethyl ether (10 mL). Drying gave the title compound as a red solid 

(69 mg, 42%). 

 

M.P. 240 °C decomposed. 
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 9.13 (d, J = 5.6 Hz, 2H, 16), 8.62 (t, J = 7.8 Hz, 

1H, 18), 8.18 (t, J = 7.1 Hz, 2H, 17), 7.26 (d, J = 8.6 Hz, 2H, 2), 7.10 (d, J = 8.7 Hz, 2H, 

3), 6.17 (s, 2H, 8), 4.71 (t, J = 7.3 Hz, 2H, 15), 4.08 (t, J = 6.2 Hz, 2H, 12), 2.44 (s, 6H, 

11), 2.13 (quin, J = 7.5 Hz, 2H, 14), 1.86 – 1.71 (m, 2H, 13), 1.39 (s, 6H, 10) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 159.1 (C, C4), 154.7 (C, C7), 145.5 (CH, C18), 

144.8 (CH, C16), 142.7 (C, C9), 142.1 (C, C5), 131.1 (C, C6), 129.1 (CH, C2), 128.1 

(CH, C17), 126.0 (C, C1), 121.3 (CH, C8), 115.1 (CH, C3), 66.9 (CH2, C12), 60.5 (CH2, 

C15), 27.7 (CH2, (C13/C14), 25.2 (CH2, C13/C14), 14.2 (CH3, C11), 14.2 (CH3, C10) 
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19F NMR (376 MHz, DMSO-d6, 298 K) δ (ppm) = -143.2 (s, F19) 

 

LRMS 

 

ES+ m/z = ES+ m/z = 474.4 [M-W6O19]+ 

HRMS ES+ m/z calcd for C56H62B2F4N6O2W6O19 / [M-W6O19]2+ requires 474.2528 found 
474.2516 
 

FT-IR 

 

(neat) νmax  cm-1 3068, 2941, 1541, 1194, 976, 799 
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4,4-Difluoro-8-(4-(4-pyridin-1-iumbutoxy)phenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-

indacene hexamolybdate (2.36) 

2.33 (0.112 g, 0.198 mmol) was added to 

dry acetonitrile under argon atmosphere 

and the mixture heated to 80 ℃. 

(TBA)2[Mo6O19] (0.131 g, 0.0690 mmol) 

was dissolved in dry acetonitrile (5 mL at 

50 ℃) and the warm solution added to 

the mixture. The mixture was stirred at 

80 ℃ for 16 hours then allowed to cool to 

rt. The mixture was concentrated under 

reduced pressure (to approximately 5 

mL) and a small amount of orange 

precipitate was observed. Toluene (10 mL) was added, and the mixture sonicated for 1 minute 

which gave a large amount of orange precipitate. This precipitate was filtered and washed with 

ice cold acetonitrile (5 mL) and diethyl ether (10 mL). Drying afforded the title compound as an 

orange solid (85 mg, 67%).  

 

M.P. 280 °C decomposed. 
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 9.13 (d, J = 5.5 Hz, 2H, 16), 8.62 (t, J = 7.8 Hz, 

1H, 18), 8.18 (dd, J = 7.6, 6.7 Hz, 2H, 17), 7.26 (d, J = 8.7 Hz, 2H, 2), 7.10 (d, J = 8.7 

Hz, 2H, 3), 6.17 (s, 2H, 8), 4.71 (t, J = 7.3 Hz, 2H, 15), 4.08 (t, J = 6.2 Hz, 2H, 12), 2.44 

(s, 6H, 11), 2.13 (quin, J = 7.5 Hz, 2H, 14), 1.85 – 1.72 (m, 2H, 13), 1.39 (s, 6H, 10) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 159.1 (C, C4), 154.6 (C, C7), 145.5 (CH, C18), 

144.8 (CH, C16), 142.7 (C, C9), 142.1 (C, C5), 131.1 (C, C6), 129.1 (CH, C2), 128.1 

(CH, C17), 126.0 (C, C1), 121.3 (CH, C8), 115.1 (CH, C3), 66.9 (CH2, C12), 60.5 (CH2, 

C15), 27.7 (CH2, (C13/C14), 25.3 (CH2, C13/C14), 14.2 (CH3, C11), 14.2 (CH3, C10) 

 
19F NMR (376 MHz, DMSO-d6, 298 K) δ (ppm) = -143.2 (s, F19) 

 

LRMS 

 

ES+ m/z = 474.4 [M-Mo6O19]+ 

HRMS ES+ m/z calcd for C56H62B2F4N6O2Mo6O19 / [M-Mo6O19]2+ requires 474.2528 found 
474.2517 
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FT-IR (neat) νmax  cm-1 3066, 2940, 1541, 954, 784, 582 
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4,4-Difluoro-8-(4-(4-tributylphosphoniumbutoxy)phenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-

diaza-s-indacene bromide (2.37) 

2.32 (0.100 g, 0.201 mmol) was dissolved in dry toluene 

(2 mL) under argon atmosphere and the solution 

degassed for 15 minutes by bubbling argon through the 

solution. Tri-n-butyl phosphine (0.100 mL, 0.404 mmol) 

was added, and the mixture heated to 80 ℃. After 

stirring at this temperature for 16 hours a residue 

believed to be the product observed stuck the bottom 

of the RBF. The mixture was allowed to cool to rt and 

then then solvent was removed under reduced 

pressure. The resulting residue was triturated with 

hexane (10 mL) followed by diethyl ether (10 mL). Drying 

gave the title compound as an orange oil (104 mg, 77%). 

 
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 7.27 (d, J = 8.3 Hz, 2H, 2), 7.11 (d, J = 8.3 Hz, 

2H, 3), 6.17 (s, 2H,8), 4.16 – 4.04 (m, 2H, 12), 2.44 (s, 6H, 11), 2.32 (br s, 2H, 15), 

2.21 (br t, J = 14.2 Hz, 6H, 16), 1.99 – 1.79 (m, 2H, 13), 1.70 (br s, 2H, 14), 1.53 – 1.34 

(m, 18H, 10 + 17 + 18), 0.97 – 0.85 (m, 9H, 19) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 159.1 (C, C4), 154.7 (C, C7), 142.7 (C, C9), 

142.1 (C, C5), 131.1 (C, C6), 129.2 (CH, C2), 126.0 (C, C1), 121.3 (CH, C8), 115.1 

(CH, C3), 66.5 (CH2, C12), 23.4 (CH2, C13), 23.3 (CH2, C16), 22.6 (CH2, C15), 22.6 

(CH2, C14), 17.6 (CH2, C17), 17.1 (CH2, C18),  14.2 (CH3, C10), 14.2 (CH3, C11), 13.3 

(CH3, C19) 

 
19F NMR (376 MHz, DMSO-d6, 298 K) δ (ppm) = -143.2 (s, F20) 

 

LRMS 

 

ES+ m/z = 597.5 [M-Br]+ 

HRMS ES+ m/z calcd for C35H53BF2N2OPBr / [M-Br]+ requires 597.3956 found 597.3942 

 

FT-IR 

 

(neat) νmax  cm-1 3385, 2917, 2849, 1508, 1155, 972, 705 
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4,4-Difluoro-8-(4-(4-tributylphosphoniumbutoxy)phenyl)-1,3,5,7-tetramethyl-4-bora-3a,4a-

diaza-s-indacene trifluoromethanesulfonate (2.38) 

2.37 (70 mg, 0.131 mmol) was added to dry acetonitrile 

(10 mL) under argon atmosphere. Potassium triflate 

(0.232 g, 1.26 mmol) in deionised water (5 mL) was then 

added and the mixture heated to 40 ℃ and stirred for 6 

hours. The mixture was then allowed to cool and 

filtered. The solvent was removed from the filtrate and 

the crude solid was triturated with deionised water (2 x 

10 mL) then with toluene (10 mL). The resulting solid 

was collected by filtration and washed thoroughly with 

water (50 mL) then toluene (50 mL) and finally diethyl 

ether (30 mL). Drying gave the title compound as an 

orange oil. (55 mg, 56%). 

 

M.P. 150 - 154 °C  
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 7.28 (d, J = 8.8 Hz, 2H, 2), 7.11 (d, J = 8.7 Hz, 

2H, 3), 6.18 (s, 2H, 8), 4.10 (t, J = 6.1 Hz, 2H, 12), 2.44 (s, 6H, 11), 2.36 – 2.26 (m, 2H, 

15), 2.25 – 2.16 (m, 6H, 16), 1.89 (quin, J = 6.6 Hz, 2H, 13), 1.70 (sxt, J = 7.7 Hz, 2H, 

14), 1.52 – 1.33 (m, 18H, 10 + 17 + 18), 0.92 (t, J = 7.1 Hz, 9H, 19) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 159.1 (C, C4), 154.7 (C, C7), 142.7 (C, C9), 

142.1 (C, C5), 131.1 (C, C6), 129.2 (CH, C2), 126.0 (C, C1), 121.3 (CH, C8), 115.1 

(CH, C3), 66.5 (CH2, C12), 23.4 (CH2, C13), 23.3 (CH2, C16), 22.6 (CH2, C15), 22.6 

(CH2, C14), 17.5 (CH2, C17), 17.1 (CH2, C18),  14.2 (CH3, C10), 14.1 (CH3, C11), 13.2 

(CH3, C19) 

 
19F NMR (376 MHz, DMSO-d6, 298 K) δ (ppm) = -77.5 (s, F21), -143.2 (s, F20) 

 

HRMS 

 

ES+ m/z calcd for C35H53BF2N2OPCF3SO3 / [M-CF3SO3]+ requires 597.3956 found 

597.3944 

 

FT-IR 

 

(neat) νmax  cm-1 2931,2874, 1542, 1257, 1153, 1029, 972, 636 
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9,9',9'',9'''-((1r,2s,4s,5s)-3,6-difluorobenzene-1,2,4,5-tetrayl)tetrakis(9H-carbazole) (3.04)  

9,9',9'',9'''-((1r,2s,4s,5s)-3,6-difluorobenzene-1,2,4,5-

tetrayl)tetrakis(9H-carbazole) (3.04) was prepared 

according to the procedure described by H. Feng and co-

workers’.133 

 

To a stirred suspension of NaH (60% in mineral oil, 1.45 g, 

36.0 mmol) in dry DMF (12 mL) was added a solution of 

carbazole (3.00 g, 18.0 mmol) in dry DMF (12 mL) dropwise, at 10 ℃, under argon atmosphere. 

The resulting mixture was shielded from light and stirred for 30 minutes at rt before addition of a 

solution of hexafluorobenzene (0.591 g, 3.00 mmol) in dry DMF (6 mL). The mixture was heated to 

70 ℃ and stirred for 3 hours. The reaction was then allowed to cool and quenched slowly with 

water until H2 evolution ceased. The precipitate formed was filtered and washed with water to 

give an off-white solid. This solid was recrystalised from toluene to yield the title compound as 

white, needle-like, crystals. (1.23 g, 1.59 mmol, 53%). 

 

M.P. 250 °C decomposed. 
 

1H NMR (400 MHz, CDCl3, 298K) δ (ppm) = 7.77-7.82 (m, 8H, 8), 7.24-7.28 (m, 8H, 10), 7.09-

7.16 (m, 16H, 9 + 11) 

 
13C NMR (101 MHz, CDCl3, 298 K) δ (ppm)= 139.0 (C, C7), 125.7 (CH, C10), 124.0 (C, C6), 

120.9 (CH, C9), 120.1 (CH, C8), 109.9 (CH, C11) 

 
19F NMR (376 MHz, CDCl3, 298 K) δ (ppm) = -119.4 (s, F15) 

 

HRMS ES+ m/z calcd for C54H33F2N4 / [M+H]+ requires 775.2673 found 775.2653  

 

FT-IR (neat) νmax 2981, 1621, 1439, 1222, 837, 741 cm-1 
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9,9'-(perfluoro-1,4-phenylene)bis(9H-carbazole) (3.10)  

To a stirred suspension of NaH (60% in mineral oil, 0.320 g, 

4.00 mmol) in dry DMF (5 mL) was added a solution of 

carbazole (0.666 g, 2.00 mmol) in dry DMF (5 mL) dropwise, at 

10 ℃, under argon atmosphere. The resulting mixture was 

shielded from light and stirred for 30 minutes at rt before 

addition of a solution of hexafluorobenzene (0.372 g, 2.00 

mmol) in dry DMF (3 mL). The mixture was heated to 70 ℃ and 

stirred for 30 minutes then stirred for a further 24 hours at rt. 

The reaction was then quenched slowly with water until H2 evolution ceased. The precipitate 

formed was filtered and washed with water to give an off-white solid. This solid was recrystalised 

from toluene to yield the title compound as white, needle-like, crystals. (0.24 g, 7.31 mmol, 73%). 

 

M.P. 235 °C decomposed. 
 

1H NMR (400 MHz, CDCl3, 298K) δ (ppm) = 8.20 (d, J = 8.2 Hz, 4H, 7), 7.55 (ddd, J = 8.3, 7.2, 

1.2 Hz, 4H, 9), 7.42 (t, J = 7.4 Hz, 4H, 8), 7.33 (d, J = 8.2 Hz, 4H, 10) 

 
13C NMR (101 MHz, CDCl3, 298K) δ (ppm) = 139.8 (C, C6), 126.6 (CH, C9), 124.3 (C, C5), 121.5 

(CH, C8), 120.7 (CH, C7), 109.9 (CH, C10) 

 
19F NMR (376 MHz, CDCl3, 298 K) δ (ppm) = -141.3 (s, F11) 

 

HRMS ES+ m/z calcd for C30H17F4N2 / [M+H]+ requires 481.1328 found 481.1327  

 

FT-IR (neat) νmax 3049, 1603, 1520, 1230, 1029 cm-1 
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3-bromo-9H-carbazole (3.12)  

3-bromo-9H-carbazole (3.12) was prepared according to the 

procedure described by M. Y. Wong and co-workers’.75 

 

Carbazole (6.58 g, 39.3 mmol) was dissolved in THF (100 mL). To this 

a solution of NBS (7.00 g, 39.3 mmol), that had been recrystalised 

from water, in THF (100 mL) was added dropwise at 0 ℃. The reaction mixture was stirred at 0 ℃ 

for 6 hours then allowed to stir at rt for a further 12 hours. After this THF was removed under 

reduced pressure then ethyl acetate (100 mL) and deionised water (100 mL) were added. The 

separated aqueous layer was extracted with ethyl acetate (2 x 50 mL) and the combined organic 

extracts washed with brine and dried (MgSO4). Solvent was removed under reduced pressure and 

the isolated white solid recrystalised from chloroform:IPA (1:1) to yield the title compound as 

white flakes. (4.36 g, 17.72 mmol, 45%). 

 

M.P. 197 - 198 °C (lit 195 - 196 °C)217 
 

1H NMR (400 MHz, CDCl3, 298K) δ (ppm) = 8.20 (d, J = 2.0 Hz, 1H, 10), 8.04 (dd, J = 7.8, 0.9 

Hz, 1H, 9), 7.51 (dd, J = 8.6, 2.0 Hz, 1H, 6), 7.42-7.47 (m, 2H, 7 + 12), 7.32 (d, J = 8.6 

Hz, 1H, 13), 7.23-7.33 (m, 2H, 7 + 8) 

 
13C NMR (101 MHz, CDCl3, 298K) δ (ppm) = 139.8 (C, C5), 138.0 (C, C3), 128.5 (C, C12), 126.6 

(CH, C7), 125.2 (C, C1), 123.1 (C, C2), 122.4 (CH, C9), 120.5 (CH, C10), 119.9 (CH, 

C8), 112.2 (CH, C13), 112.0 (C, C11), 110.8 (CH, C6) 

 

LRMS EI m/z = 247.0 (96% [M81Br]•+), 245.0 (100% [M79Br]•+), 166.1 (95% [M-Br]+) 

 

FT-IR (neat) νmax 3401, 3048, 1723, 1598, 1438, 809, 723 cm-1 
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3-bromo-9-(tert-butyldimethylsilyl)-carbazole (3.13)  

3-bromo-9-(tert-butyldimethylsilyl)-carbazole (3.13) was prepared 

according to the procedure described by M. Y. Wong and co-

workers’.75 

 

To a stirred suspension of NaH (60% in mineral oil, 0.65 g, 16.1 

mmol) in dry THF (20 mL) was added a solution of 3-bromo-9H-

carbazole (2.64 g, 10.7 mmol) in dry THF (20 mL) dropwise under 

argon atmosphere. The mixture was stirred for 30 minutes, at rt, then t-butyldimethylsilyl chloride 

(1.77 g, 11.8 mmol) was added. The reaction mixture was stirred for 30 minutes then poured onto 

ice cold deionised water (80 mL). This was then extracted with DCM (2 x 80 mL) and the combined 

organic extracts dried (Na2SO4). Solvent was removed under reduced pressure and the remaining 

residue purified by silica gel column chromatography (hexane 100%). This yielded the product as 

a white solid. (3.11 g, 8.63 mmol, 83%). 

 

M.P. 98 - 99 °C (lit 98 - 99 °C)75  
 

1H NMR (400 MHz, CDCl3, 298K) δ (ppm) = 8.18 (dd, J = 2.1, 0.6 Hz, 1H, 9), 8.02 (d, J = 7.6 Hz, 

1H, 8), 7.61 (d, J = 7.6 Hz, 1H, 5), 7.39-7.50 (m, 3H, 8 + 12 + 13), 7.23-7.28 (m, 1H, 

6), 1.05 (s, 9H, 16 + 17 + 18), 0.76 (s, 6H, 13 + 14) 

 
13C NMR (101 MHz, CDCl3, 298K) δ (ppm) = 145.4 (C, C3), 143.7 (C, C4), 123.2 (C, C2), 127.8 

(CH, C11), 126.0 (CH, C6), 125.2 (C, C1), 122.5 (CH, C9), 120.0 (CH, C7), 119.9 (CH, 

C8), 115.4 (C, C10), 114.2 (CH, C12), 112.5 (CH, C5), 26.5 (CH3, C16 + C17 + C18), 

20.5 (C, C15) 

 

LRMS EI m/z = 361.1 (50% [M81Br]•+), 359.1 (48% [M79Br]•+), 304.0 (100% [M81Br-C4H9]+), 

302.0 (89% [M79Br-C4H9]+) 

 

FT-IR (neat) νmax 2949, 2856, 1438, 1268, 1209, 1012, 804 cm-1 
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9-(tert-butyldimethylsilyl)-3-(4-iodobutyl)-carbazole (3.14)  

 9-(tert-butyldimethylsilyl)-3-(4-iodobutyl)-carbazole 

(3.14) was prepared according to the procedure described 

by M. Y. Wong and co-workers’.75 

 

To a solution of 3.13 (2.00 g, 5.55 mmol) in dry THF (30 mL) 

was added n-BuLi (2.5 M in hexanes, 2.67 mL, 6.65 mmol) 

at -78 ℃ under argon atmosphere. The mixture was stirred 

for 30 minutes then added, via cannula, to a solution of 1,4-diiodobutane (2.58 g, 8.35 mmol) in 

dry THF (20 mL) at -78 ℃. The mixture was stirred for a further 30 minutes, warmed to rt, then 

poured slowly onto ice cold deionised water (75 mL). This mixture was extracted with DCM (3 x 50 

mL) and the combined organic layers dried (Na2SO4). Solvent was then removed under reduced 

pressure to leave a colourless oil which was purified by silica gel column chromatography 

(hexane:DCM = 1:0 → 5:1) affording the title compound as a colourless oil. (1.17 g, 2.53 mmol, 

44%). 

 

1H NMR (400 MHz, CDCl3, 298K) δ (ppm) = 8.05 (d, J = 7.6 Hz, 1H, 6), 7.86 (d, J = 2.5 Hz, 1H, 

13), 7.59 (dt, J = 8.5, 0.9 Hz, 1H, 9), 7.52 (d, J = 8.3 Hz, 1H, 10), 7.35 (ddd, J = 8.4, 7.1, 

1.5 Hz, 1H, 7), 7.16-7.25 (m, 2H, 8 + 11), 3.24 (t, J = 6.9 Hz, 2H, 17), 2.81 (t, J = 7.4 

Hz, 2H, 14), 1.89-1.97 (m, 2H, 16), 1.81-1.88 (m, 2H, 15), 1.05 (br s, 9H, 20), 0.75 (s, 

6H, 18) 

 
13C NMR (101 MHz CDCl3, , 298K) δ (ppm) = 145.3 (C, C3), 143.5 (C, C5), 132.9 (C, C12), 126.4 

(CH, C11), 126.1 (C, C1), 125.9 (CH, C8), 125.1 (C, C2), 119.7 (CH, C6), 119.4 (CH, 

C7), 119.1 (CH, C13), 114.0 (CH, C9), 113.9 (CH, C10), 34.6 (CH2, C14), 33.0 (CH2, 

C15/C16), 32.8 (CH2, C15/C16), 26.6 (CH3, C20), 20.6 (C, C19), 7.0 (CH3, C18) 

 

LRMS EI m/z = 463.0 [M]•+ 

 

FT-IR (neat) νmax 2926, 2855, 1601, 1448, 1256, 1210, 966, 805 cm-1 
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3-(4-(1H-imidazol-1-yl)butyl)-9H-carbazole (3.15)  

3-(4-(1H-imidazol-1-yl)butyl)-9H-carbazole (3.15) was 

prepared according to the procedure described by M. 

Y. Wong and co-workers’.75 

 

Imidazole (0.443 g, 6.24 mmol) was dissolved in dry 

THF (20 mL) under argon atmosphere. To this solution, 

NaH (60% in mineral oil, 0.251 g, 6.24 mmol) was 

added portion wise at rt. The mixture was stirred for 30 minutes then a solution of 3.14 (1.45 g, 

3.21 mmol) in dry THF (10 mL) was added and the mixture refluxed for 4 hours. The mixture was 

then cooled to rt before a second, portion wise, addition of NaH (60% in mineral oil, 0.25 g, 6.24 

mmol). The resulting mixture was refluxed for a further 4 hours, cooled to rt then slowly poured 

onto ice cold deionised water (25 mL). This was then extracted with DCM (3 x 50 mL) and the 

combined organic layers dried (Na2SO4). Solvent was removed under reduced pressure to give an 

orange solid which was purified by silica gel column chromatography (hexane:DCM:triethylamine 

= 4:1:5%). The isolated product was washed with water to yield the title compound as an off-white 

solid. (491 mg, 1.70 mmol, 53%). 

 

M.P. 169 - 172 °C (lit 166 - 167 °C)75  
 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) = 8.26 (br s, 1H, 4), 8.06 (dq, J = 7.7, 0.8 Hz, 1H, 6), 

7.85 (t, J = 0.8 Hz, 1H, 13), 7.47 (s, 1H, 19), 7.40-7.42 (m, 2H, 8 + 9), 7.35 (d, J = 8.3 

Hz, 1H, 10), 7.18-7.25 (m, 2H, 7 + 11), 7.07 (s, 1H, 21), 6.89 (s, 1H, 22), 3.95 (t, J = 7.0 

Hz, 2H, 17), 2.82 (t, J = 7.4 Hz, 2H, 14), 1.81-1.91 (m, 2H, 16), 1.69-1.79 (m, 2H, 15) 

 
13C NMR (101 MHz, CDCl3, 298 K) δ (ppm) = 139.9 (C, C3), 138.1 (C, C5), 137.1 (CH, C19), 

132.5 (C, C12), 129.4 (CH, C21), 126.4 (CH, C8), 125.8 (CH, C11), 123.5 (C, C1), 

123.1 (C, C2), 120.2 (CH, C6), 119.6 (CH, C7), 119.3 (CH, C13), 118.8 (CH, C22), 

110.6 (CH, C9/C10), 110.5 (CH, C9/C10), 47.0 (CH2, C17), 35.3 (CH2, C14), 30.6 

(CH2, C16), 29.0 (CH2, C15) 

 

LRMS ES+ m/z = 290.2 [M+H]+ 

 

FT-IR (neat) νmax 3023, 2934, 2856, 1610, 1481, 1327, 1240, 810, 735 cm-1 
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9-(4-Nitrophenyl)-9H-carbazole (3.24) 

9-(4-Nitrophenyl)-9H-carbazole (3.24) was prepared according to 

the procedure described by L. Shi and co-workers’.218 

 

4-fluoronitrobenzene (150 mg, 1.06 mmol) and carbazole (194 mg, 

1.16 mmol) were dissolved in dry DMF (10 mL) under nitrogen 

atmosphere.  Potassium carbonate (162 mg, 1.16 mmol) was then 

added, and the mixture heated to 150 ℃ and stirred for 16 hours. The 

mixture was allowed to cool to room temperature and then poured into deionised water (100 mL) 

and a yellow precipitate observed. The precipitate was filtered and washed with deionised water 

(100 mL) and then the isolated solid recrystallized from ethanol to yield the title compound as 

yellow crystals (263 mg, 86%). 

 

M.P. 208 - 209 °C (lit 208 - 210 °C)219 
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 8.50 (d, J = 9.0 Hz, 2H, 3), 8.28 (dq, J = 7.8, 0.7 

Hz, 2H, 7), 7.98 (d, J = 9.0 Hz, 2H, 2), 7.56 (dt, J = 8.2, 0.9 Hz, 2H, 10), 7.48 (ddd, J = 

8.3, 7.1, 1.2 Hz, 2H, 9), 7.35 (ddd, J = 7.8, 7.0, 1.1 Hz, 2H, 8) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 145.4 (C, C1), 142.9 (C, C4), 139.2 (C, C6), 

127.0 (CH, C2), 126.6 (CH, C9), 125.6 (CH, C3), 123.4 (C, C5), 121.1 (CH, C8), 120.7 

(CH, C7), 109.9 (CH, C10) 

 

LRMS 

 

ES+ m/z = 289.3 [M+H]+ 

FT-IR 

 

(neat) νmax  cm-1 3051, 2918, 1594, 1478, 1312, 741, 718 
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9-(4-Nitrophenyl)-9H-pyrido[2,3-b]indole (3.23) 

9-(4-Nitrophenyl)-9H-pyrido[2,3-b]indole (3.23) was prepared by 

adapting  the procedure described by L. Shi and co-workers’.218  

 

4-fluoronitrobenzene (150 mg, 1.06 mmol) and α-carboline (196 mg, 

1.16 mmol) were dissolved in dry DMF (10 mL) under nitrogen 

atmosphere.  Potassium carbonate (162 mg, 1.16 mmol) was then 

added, and the mixture heated to 150 ℃ and stirred for 16 hours. The 

mixture was allowed to cool to room temperature and then poured into deionised water (100 mL) 

and a yellow precipitate observed. The precipitate was filtered and washed with deionised water 

(100 mL) and then the isolated solid recrystallized from ethanol to yield the title compound as 

yellow/brown solid (236 mg, 77%). 

 

M.P. 186 - 188 °C 
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 8.68 (dd, J = 7.7, 1.6 Hz, 1H, 7), 8.50 – 8.46 (m, 

3H, 3 + 9), 8.33 (dt, J = 7.5, 1.0 Hz, 1H, 15), 8.07 (d, J = 9.3 Hz, 2H, 2), 7.67 (d, J = 8.3 

Hz, 1H, 12), 7.56 (ddd, J = 8.3, 7.1, 1.2 Hz, 1H, 13), 7.45 – 7.39 (m, 2H, 8 + 14) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 150.7 (C, C6), 146.4 (CH, C9), 145.3 (C, C1), 

141.7 (C, C4), 138.2 (C, C10), 129.3 (CH, C7), 127.6 (CH, C13), 127.3 (CH, C2), 

124.8 (CH, C3), 121.8 (CH, C14), 121.7 (CH, C15), 121.0 (C, C5), 117.5 (CH, C8), 

116.2 (C, C11), 110.5 (CH, C12) 

 

LRMS 

 

ES+ m/z = 290.2 [M+H]+ 

FT-IR 

 

(neat) νmax  cm-1 3057, 1592, 1514, 1410, 1346, 854, 731 
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4,6-Difluoroisophthalonitrile (3.27) 

4,6-Difluoroisophthalonitrile (3.27) was prepared by according to the 

procedure described by N. Nazarpack-Kandlousy and co-workers’.220  

 

2,4-Dibromo-1,5-difluorobenzene (4.75 g, 17.5 mmol) was dissolved in 

dry DMF (70 mL) under argon atmosphere. Copper (I) cyanide (6.92 g, 

77.2 mmol) was then added, and the mixture heated to 150 ℃ for 16 hours. The mixture was then 

allowed to cool to room temperature and filtered. The filtrate was concentrated under reduced 

pressure then DCM (150 mL) and ice-cold deionised water (50 mL) added. The aqueous layer was 

separated and extracted with DCM (2 x 30 mL) then the combined organic extracts washed with 

deionised water (3 x 50 mL). The organic extracts were dried (Na2SO4) and the solvent removed 

under reduced pressure. The resulting crude material was purified (Biotage Selekt, hexane/DCM, 

9:1 → 1:1) to yield the title compound as a white solid (1.44 g, 50%). 

 

M.P. 121 - 123 °C 
 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) = 8.02 (t, J = 6.7 Hz, 1H, 1), 7.22 (t, J = 8.4 Hz, 1H, 

2) 

 
13C NMR (101 MHz, CDCl3, 298 K) δ (ppm) = 166.1 (dd, J = 272.5, 13.6 Hz, C, C3), 138.1 (t, J = 

2.6 Hz, CH, C1), 110.9 (C, C5), 107.1 (t, J = 24.2 Hz, C, C4), 100.2 (dd, J = 13.2, 8.8 

Hz, CH, C2) 

 
19F NMR  (376 MHz, CDCl3, 298 K) Shift (ppm) = -90.5 (F6) 

 

LRMS 

 

EI m/z = 164.0 (100% [M]•+) 

 

FT-IR 

 

(neat) νmax  cm-1 3137, 3061, 2245, 1591, 1499, 1308, 1094, 873 

 

 

 



 

180 

4,6-difluoro-2,5-bis(trimethylsilyl)isophthalonitrile (3.28) 

2,2,6,6-Tetramethylpiperidine (0.685 mL, 4.02 mmol) was dissolved in 

dry THF (7 mL) under argon atmosphere. The solution was cooled to -

78 ℃ and n-BuLi (2.5 M in hexanes, 1.46 mL, 3.66 mmol) added slowly. 

The mixture was stirred at -78 ℃ for 40 minutes then Me3SiCl (0.930 mL, 

7.32 mmol) was added dropwise followed by the dropwise addition of 

3.27 (200 mg, 1.22 mmol) in dry THF (8 mL). The temperature was 

maintained at -78 ℃ for 30 minutes then the reaction mixture was allowed to naturally warm to 

room temperature as it was stirred overnight. To quench the reaction sat. aq. NH4Cl solution (10 

mL) was added. The mixture was then extracted with ethyl acetate (3 x 15 mL) and the combined 

organic extracts washed with deionised water (15 mL) and brine (15 mL) then dried (MgSO4). The 

solvent was removed under reduced pressure and the resulting crude product was purified 

(Biotage Selekt, hexanes/ethyl acetate, 99:1 → 9:1) to yield the title compound as a white solid 

(254 mg, 83%). 

 

M.P. 115 - 118 °C 
 

1H NMR (400 MHz, CDCl3, 298 K) δ (ppm) = 0.62 (s, 3H, 6), 0.44 (s, 3H, 8) 

 
13C NMR (101 MHz, CDCl3, 298 K) δ (ppm) = 170.3 (dd, J = 266.3, 17.6 Hz, C, C2), 155.2 (C, 

C4), 117.4 (t, J = 35.9 Hz, 1C, C, C4), 113.3 (C, C5), 104.1 (dd, J = 14.7, 8.1 Hz, C, 

C1), 0.0 (CH3, C8) -0.4 (t, J = 2.6 Hz, CH3, C6) 

 
19F NMR  (376 MHz, CDCl3, 298 K) Shift (ppm) = -79.2 (F6) 

 

LRMS 

 

EI m/z = 308.1 (0.5% [M]•+), 293.1 (100% [M-CH3]+ 

 

HRMS 

 

EI m/z calcd for C14H18F2N2Si2 / [M]•+ requires 308.0976 found 308.0971 

FT-IR 

 

(neat) νmax  cm-1 2961, 2234, 1523, 1370, 1232, 1078, 837 

 

 

 



 

181 

4,6-Difluoro-2,5-diiodoisophthalonitrile (3.29) 

2,2,6,6-Tetramethylpiperidine (0.685 mL, 4.02 mmol) was dissolved in 

dry THF (7 mL) under argon atmosphere. The solution was cooled to -

78 ℃ and n-BuLi (2.5 M in hexanes, 1.46 mL, 3.66 mmol) added slowly. 

The mixture was stirred at -78 ℃ for 40 minutes then 3.27 (200 mg, 1.22 

mmol) in dry THF (8 mL) was added dropwise. The mixture was stirred 

at -78 ℃ for 1 hour then iodine (1.86 g, 7.32 mmol) added portion wise. 

The temperature was maintained at -78 ℃ for 30 minutes then the reaction mixture was allowed 

to naturally warm to room temperature as it was stirred overnight. To quench the reaction sat. aq. 

NaS2O3 solution (20 mL) was added. The mixture was then extracted with ethyl acetate (3 x 15 mL) 

and the combined organic extracts washed with deionised water (15 mL) and brine (15 mL) then 

dried (MgSO4). The solvent was removed under reduced pressure and the resulting crude product 

was purified (Biotage Selekt, hexanes/ethyl acetate, 20:1 → 5:1) to yield the title compound as a 

yellow solid (225 mg, 44%). 

 

M.P. 105 - 107 °C 
 

13C NMR (101 MHz, CDCl3, 298 K) δ (ppm) = 166.3 (dd, J = 263.4, 10.3 Hz, C, C3), 113.5 (C, 

C5), 109.2 (C, C1), 107.8 (dd, J = 14.7, 8.1 Hz, C, C2), 76.2 (t, J = 31.9 Hz, C, C4) 

 
19F NMR  (376 MHz, CDCl3, 298 K) Shift (ppm) = -70.1 (F6) 

 

LRMS 

 

EI m/z = 415.7 (100% [M]•+) 

HRMS 

 

EI m/z calcd for C8F2I2N2/ [M]•+ requires 415.8119 found 415.8117 

FT-IR 

 

(neat) νmax  cm-1 2961, 2238, 1559, 1407, 1107, 725 

 

 

 

 

 



 

182 

Methyl 2-(1H-indol-3-yl)-2-oxoacetate (4.31) 

Methyl 2-(1H-indol-3-yl)-2-oxoacetate (4.31) was prepared by 

adapting the procedure described by Faul and co-workers’.176  

 

To a solution of indole (20.0 g, 171 mmol) in dry diethyl ether (200 

mL) at 0 ℃ under nitrogen atmosphere was added oxalyl chloride 

(17.0 mL, 188 mmol) dropwise over 10 minutes. The resulting mixture was stirred at 0 ℃ for 2 

hours before cooling to -30 ℃ and adding dry methanol (20 mL) dropwise over 10 minutes. The 

mixture was then allowed to warm to room temperature and stirred for 30 minutes. The resulting 

precipitate was filtered and washed with deionised water (200 mL) and diethyl ether (250 mL). The 

solid was then taken in methanol (400 mL) and the mixture refluxed for 30 minutes before allowing 

the mixture to cool to room temperature and stirring for 16 hours. The mixture was then filtered 

and the solid washed with ice-cold methanol (100 mL) followed by ice-cold diethyl ether (200 mL). 

This gave the title compound as an orange solid (27.2 g, 78%).  

 

M.P. 212 - 214 °C (lit 208 - 210 °C)221 
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 12.41 (br s, 1H, 7), 8.45 (d, J = 3.4 Hz, 1H, 8), 

8.19-8.14 (m, 1H, 1), 7.58 – 7.53 (m, 1H, 4), 7.32 – 7.25 (m, 2H, 2 + 3), 3.89 (s, 3H, 

12) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 178.7 (C, C10), 164.0 (C, C11), 138.4 (CH, 

C8), 136.7 (C, C5), 125.5 (C, C6), 123.8 (CH, C3), 122.8 (CH, C2), 121.1 (CH, C1), 

112.7 (CH, C4), 112.4 (C, C9) , 52.5 (CH3, C12) 

 

LRMS 

 

ES+ m/z = 204.2 [M+H]+ 

FT-IR 

 

(neat) νmax  cm-1 3192, 2952, 1731, 1612, 1416, 1113, 752 

 
 

 

 

 



 

183 

2-(1H-Indol-3-yl)acetamide (4.32) 

2-(1H-Indol-3-yl)acetamide (4.32) was prepared according to the 

procedure described by Li and co-workers’.222 

 

Indole-3-acetic acid (12.5 g, 71.4 mmol) was dissolved in dry THF 

(250 mL) under nitrogen atmosphere and CDI (15.7 g, 97.0 mmol) 

was added at 0 ℃. After stirring for 30 minutes the solution was allowed to warm to room 

temperature and stirred for a furth 2 hours. The reaction was quenched by the dropwise addition 

of ammonium hydroxide (35%, 50 mL). Once the addition was complete the mixture was stirred 

at room temperature for a further 30 minutes before concentrating the mixture under reduced 

pressure to yield an off-white solid. This solid was taken in ethyl acetate (400 mL) and deionised 

waster (400 mL) added. The phases were then separated, and the organic phase washed with 

deionised water (200 mL) and brine (200 mL). The organic layer was then dried (MgSO4) and the 

solvent removed under reduced pressure to yield the title compound as a white solid (11.2 g, 

90%). 

 

M.P. 148 - 149 °C (lit 148 - 150 °C)223  
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 10.87 (br s, 1H, 7), 7.59 (d, J = 7.3 Hz, 1H, 3), 

7.37 (dt, J = 7.8, 1.0 Hz, 1H, 6), 7.33 (br s, 1H, 12a), 7.22 (d, J = 2.2 Hz, 1H, 8), 7.09 

(ddd, J = 8.1, 7.0, 1.1 Hz, 1H, 5), 7.00 (ddd, J = 7.9, 7.0, 1.0 Hz, 1H, 4), 6.88 (br s, 1H, 

12b), 3.46 (s, 2H, 10) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 173.1 (C, C11), 136.2 (C, C1), 127.3 (C, C2), 

123.8 (CH, C8), 121.0 (CH, C5), 118.7 (CH, C3), 118.3 (CH, C4), 111.4 (CH, C6), 

109.1 (C, C9), 32.6 (CH2, C10) 

 

LRMS 

 

ES+ m/z = 175.2 [M+H]+ 

FT-IR 

 

(neat) νmax  cm-1 3381, 3193, 1614, 1407, 1096, 736 

 

 



 

184 

3,4-Di(1H-indol-3-yl)-1H-pyrrole-2,5-dione (4.28) 

 3,4-Di(1H-indol-3-yl)-1H-pyrrole-2,5-dione (4.28) was 

prepared according to the procedure described by Faul and 

co-workers’.176  

 

To a solution of 4.32 (11.0 g, 63.2 mmol) and 4.31 (15.5 g, 76.3 

mmol) in dry THF (200 mL) at 0 ℃ under argon atmosphere 

was added potassium tert-butoxide (21.3 g, 189 mmol) portion wise (10 x 2.13 g portions) over a 

20-minute period. The resulting slurry was allowed to warm to room temperature and stirred for 

16 hours. The mixture was then cooled to 0 ℃ and concentrated HCl (30 mL) was added dropwise 

over 15 minutes. The resulting mixture was allowed to warm to room temperature and stirred for 

6 hours before the addition of deionised water (150 mL) and ethyl acetate (200 mL). The phases 

were separated, and the aqueous phase extracted with ethyl acetate (3 x 150 mL) then the 

combined organic extracts were washed with brine (300 mL) and dried (MgSO4). Solvent was then 

removed under reduced pressure to afford a red solid which was the purified by recrystallisation 

from ethanol. This afforded the ethanol mono-adduct of the title compound as a red solid (18.54 

g, 70%). 

 

M.P. 163 - 164 °C (lit 158 - 160 °C)224  
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 11.64 (d, J = 2.3 Hz, 2H, 6), 10.89 (s, 1H, 3), 

7.73 (d, J = 2.8 Hz, 2H, 5), 7.36 (d, J = 8.1 Hz, 2H, 9), 6.97 (ddd, J = 8.1, 7.0, 1.1 Hz, 

2H, 10), 6.81 (d, J = 8.1 Hz, 2H, 12), 6.62 (ddd, J = 8.1, 7.1, 1.0 Hz, 2H, 11), 4.35 (t, J 

= 5.1 Hz, 1H, CH3CH2OH), 3.44 (qd, J = 7.0, 5.0 Hz, 2H, CH3CH2OH), 1.06 (t, J = 7.0 

Hz, 3H, CH3CH2OH) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 173.0 (C, C2), 135.9 (C, C7), 129.1 (CH, C5), 

127.7 (C, C1), 125.4 (C, C8), 121.5 (CH, C10), 120.9 (CH, C12), 119.3 (CH, C11), 

111.7 (CH, C9), 105.6 (C, C4), 56.0 (CH3CH2OH), 18.55 (CH3CH2OH) 

 

LRMS 

 

ES- m/z = 326.7 [M-H]- 

FT-IR 

 

(neat) νmax  cm-1 3351, 2972, 1698, 1339, 995, 745 



 

185 

3,4-Di(1H-indol-3-yl)-1,5-dihydro-2H-pyrrol-2-one (5.15) 

3,4-Di(1H-indol-3-yl)-1,5-dihydro-2H-pyrrol-2-one (5.15) 

was prepared according to the procedure outlined by P. D. 

Davis and co-workers’.225  

 

4.28 (15.3 g, 41.1 mmol) was dissolved under argon 

atmosphere in dry THF (350 mL). LiAlH4 (61.6 mL, 123 mmol) 

was then added dropwise at 0 ℃ over 30 minutes. The mixture was then allowed to warm to room 

temperature and stirred for 72 hours. The mixture was then cooled to 0 ℃ and quenched by the 

dropwise addition of deionised water until the mixture stopped bubbling upon addition (THIS 

QUENCH WAS PERFORMED VERY SLOWLY, CAUTION H2 EVOLUTION). The solution was then 

acidified to pH ≈ 2 by the dropwise addition of 2 M HCl. The mixture was then extracted with ethyl 

acetate (3 x 200 mL) and the combined extracts were washed with sat. aq. NaHCO3 solution (200 

mL) followed by brine (200 mL). The extracts were then dried (MgSO4) and the solvent removed 

under reduced pressure. The residue was purified silica gel column chromatography 

(DCM/MeOH, 49:1 → 9:1) to yield the title compound as an off white solid (5.35 g, 41%).  

 

M.P. 292 - 295 °C (lit 290 - 293 °C)226  
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 11.36 (br d, J = 2.0 Hz, 1H, 10), 11.24 (d, J = 2.1 

Hz, 1H, 13), 8.19 (s, 1H, 4), 7.47 (d, J = 2.4 Hz, 1H, 12), 7.41 – 7.34 (m, 1H, 19), 7.31 

– 7.27  (m, 2H, 11 + 16), 7.03 (overlapping ddd, J = 8.1, 7.0, 1.1 Hz, 2H, 18 + 21), 6.95 

(d, J = 7.9 Hz, 1H, 23), 6.85 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H, 17), 6.74 (ddd, J = 8.0, 7.0, 

1.0 Hz, 1H, 22), 4.54 (s, 2H, 5) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 174.1 (C, C3), 144.2 (C, C1), 136.1 (C, C9), 

136.0 (C, C14), 126.5 (CH, C11), 126.1 (CH, C12), 125.4 (C, C15), 125.1 (C, C8), 

121.5 (CH, C18), 121.4 (C, C2), 120.8 (CH, C21), 120.5 (CH, C23), 120.4 (CH, C16), 

119.7 (CH, C17), 118.5 (CH, C22), 111.9 (CH, C19), 111.5 (CH, C20), 109.9 (C, C6), 

107.5 (C, C7), 48.2 (CH2, C5) 

 

LRMS 

 

ES+ m/z = 314.3 [M+H]+ 

FT-IR (neat) νmax  cm-1 3402, 3204, 1657, 1237, 737 



 

186 

5-Hydroxy-3,4-di(1H-indol-3-yl)-1,5-dihydro-2H-pyrrol-2-one (5.14) 

5-Hydroxy-3,4-di(1H-indol-3-yl)-1,5-dihydro-2H-pyrrol-2-

one (5.14) was obtained as a by-product in the synthesis of 

5.15, as a golden brown solid (5.86 g, 44%).  

 

 

M.P. 250 °C decomposed.  
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 11.38 (d, J = 2.3 Hz, 1H, 10), 11.25 (d, J = 2.2 

Hz, 1H, 13), 8.49 (d, J = 1.1 Hz, 1H, 4), 7.49 (d, J = 2.6 Hz, 1H, 12), 7.45 (d, J = 2.7 Hz, 

1H, 11), 7.37 (d, J = 7.9 Hz, 1H, 20), 7.34 (d, J = 8.1 Hz, 1H, 19), 7.17 (d, J = 8.1 Hz, 

1H, 16), 7.04 – 6.93 (m, 3H, 18 + 21 +23), 6.71 (dddd, J = 11.6, 7.9, 7.0, 1.0 Hz, 1H, 

11), 6.06 – 5.97 (m, 2H, 5 + OH) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 172.2 (C, C3), 146.0 (C, C1), 136.1 (C, C9), 

135.9 (C, C14), 127.5 (CH, C11), 126.5 (CH, C12), 125.7 (C, C8), 125.5 (C, C15), 

121.4 (C, C2), 121.2 (CH, C16), 121.2 (CH, C23), 120.9 (CH, C18), 120.8 (CH, C21), 

119.2 (CH, C17), 118.5 (CH, C22), 111.5 (CH, 19/20), 111.4 (CH, 19/20), 109.4 (C, 

C6), 107.1 (C, C7), 79.44 (CH, C5) 

 

FT-IR 

 

(neat) νmax  cm-1 3381, 3251, 1663, 1239, 1045, 738 

 

 

 

 

 

 

 

 

 



 

187 

7-Oxo-6,7,7b,12,12a,13-hexahydro-5H-indolo[2,3-a]pyrrolo[3,4-c]carbazol-12-ium 

trifluoroacetate (5.19) 

TFA (42 mL) was degassed by bubbling argon and cooled to -

10 ℃. 5.15 (1.40 g, 4.47 mmol) was then added and the 

mixture stirred at -10 ℃ for 5 hours. Deionised water (50 mL) 

was then added dropwise at -10 ℃ and a yellow/white 

precipitate was observed. The mixture was then poured into 

ice water (100 mL) and the precipitate filtered, washed 

thoroughly with deionised water (≈ 200 mL) then diethyl 

ether (50 mL). The solid was triturated with diethyl ether (2 x 

100 mL) to yield the title compound as an off white solid 

(1.00 g, 70%).  

 

M.P. 285 °C decomposed.  
  

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 11.55 (s, 1H, 9), 7.96 (s, 1H, 14), 7.50 (d, J = 

7.7 Hz, 1H, 16), 7.44 (d, J = 8.1 Hz, 1H, 19), 7.30 (d, J = 7.5 Hz, 1H, 23), 7.12 (td, J = 

7.1, 1.2 Hz, 1H, 18), 7.07 (td, J = 7.8, 1.2 Hz, 1H, 17), 6.92 (t, J = 7.3 Hz, 1H, 21), 6.59 

(d, J = 7.7 Hz, 1H, 20), 6.55 (td, J = 7.4, 0.9 Hz, 1H, 22), 6.02 (br s, 1H, 10), 5.48 (d, J = 

11.5 Hz, 1H, 6), 4.56 – 4.47 (m, 2H, 1 + 15a), 4.45 – 4.37 (m, 1H, 15b) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 173.8 (C, C13), 149.9 (C, C11), 146.4 (C, C3), 

139.7 (C, C5), 136.4 (C, C8), 130.4 (C, C12), 127.4 (CH, C21), 124.9 (CH, C23), 123.0 

(C, C2/C7), 121.8 (C, C2/C7), 121.8 (CH, C18), 120.5 (CH, C17), 118.9 (CH, C16), 

117.9 (CH, C22), 112.1 (CH, C19), 108.7 (CH, C20), 105.2 (C, C4), 56.0 (CH, C6), 

45.4 (CH2, C15), 39.6 (CH, C1) 

 
19F NMR (376 MHz, DMSO-d6, 298 K) δ (ppm) = -73.3 (s, F26) 

 

LRMS 

 

ES+ m/z = 314.3 [M-CF3CO2]+ 

HRMS ES+ m/z calcd for C20H16N3OCF3CO2 / [M-CF3CO2]+ requires 314.1293 found 

314.1281 

 

FT-IR (neat) νmax  cm-1 3400, 3273, 1649, 1466, 1228, 729 



 

188 

4b,6,7,12,12b,13-Hexahydro-5H-indolo[2,3-a]pyrrolo[3,4-c]carbazol-5-one (5.16) 

5.19 (250 mg, 0.584 mmol) was dissolved in dry DMSO (4 mL). 

Sodium hydride (60% in mineral oil, 47 mg, 1.17 mmol) was 

then added and the mixture stirred at room temperature for 5 

minutes. Deionised water (50 mL) was then added slowly 

(first 5 mL added dropwise), and a white precipitate as 

observed. The precipitate was filtered and washed with 

diethyl ether (30 mL) to yield the title compound as a white 

solid (180 mg, 98%). 

 

M.P. 280 °C decomposed.  
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 11.54 (s, 1H, 9), 7.95 (s, 1H, 14), 7.50 (d, J = 

7.6 Hz, 1H, 16), 7.43 (d, J = 7.8 Hz, 1H, 19), 7.30 (d, J = 7.3 Hz, 1H, 23), 7.15 – 7.04 

(m, 2H, 17 + 18), 6.91 (tt, J = 7.6, 1.0 Hz, 1H, 21), 6.58 (d, J = 7.8 Hz, 1H, 20), 6.55 (td, 

J = 7.3, 1.0 Hz, 1H, 22), 6.01 (s, 1H, 10), 5.47 (dd, J = 11.5, 1.5 Hz, 1H, 6), 4.56 – 4.46 

(m, 2H, 1 +15a), 4.45 – 4.34 (m, 1H, 23b) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 173.7 (C, C13), 149.9 (C, C11), 146.4 (C, C3), 

139.6 (C, C5), 136.4 (C, C8), 130.4 (C, C12), 127.4 (CH, C21), 124.9 (CH, C23), 123.0 

(C, C2/C7), 121.8 (C, C2/C7), 121.8 (CH, C18), 120.5 (CH, C17), 118.9 (CH, C16), 

117.8 (CH, C22), 112.0 (CH, C19), 108.7 (CH, C20), 105.2 (C, C4), 56.0 (CH, C6), 

45.3 (CH2, C15), 39.6 (CH, C1) 

  

LRMS 

 

ES+ m/z = 314.3 [M+H]+ 

HRMS ES+ m/z calcd for C20H15N3O / [M+H]+ requires 314.1293 found 314.1280 

 

FT-IR 

 

(neat) νmax  cm-1 3398, 3270, 1648, 1467, 1228, 729 

 

 

 

 



 

189 

Staurosporine aglycone/K252c (4.04) 

 5.19 (40.0 mg, 0.0940 mmol) was dissolved in dry DMSO (5 mL) 

under argon atmosphere. Dry THF (1 mL) and DDQ (42.0 mg, 

1.85 mmol) were then added, and the mixture stirred at room 

temperature for 4 hours. Ethyl acetate (5 mL) was then added 

to the mixture and the mixture washed with sat. aq. NaHCO3 

solution (7 x 5 mL) until the washings were colourless. The 

organic layer was dried (MgSO4), and the solvent removed 

under reduced pressure. The resulting solid was purified by 

silica gel column chromatography (DCM/MeOH, 99:1 → 9:1) affording the title compound as a 

yellow solid (13.2 mg, 44%). 

 

M.P. 280 °C decomposed (lit 310 °C decomposed)227 
 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm) = 11.51 (s, 1H, 18), 11.34 (s, 1H, 4), 9.26 (d, J = 

7.8 Hz, 1H, 11), 8.51 (s, 1H, 8), 8.04 (d, J = 7.7 Hz, 1H, 20), 7.80 (d, J = 8.1 Hz, 1H, 23), 

7.74 (d, J = 8.1 Hz, 1H, 12), 7.46 (quin, J = 7.3 Hz, 2H, 9 + 22), 7.30 (t, J = 7.4 Hz, 1H, 

21), 7.25 (t, J = 7.3 Hz, 1H, 10), 4.98 (s, 2H, 19) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 172.4 (C, C7), 139.2 (C, C17) 139.1 (C, C5), 

132.9 (C, C13), 127.9 (C, C3/C15), 125.4 (C, C3/C15), 125.3 (CH, C11), 125.0 (CH, 

C9), 125.0 (CH, C22), 122.9 (C, C6), 122.6 (C, C16), 121.1 (CH, C20), 119.9 (CH, 

C21), 119.0 (CH, C10), 118.9 (C, C2), 115.7 (C, C1/C6), 114.2 (C, C1/C6), 111.9 

(CH, C23), 111.4 (CH, C12), 45.3 (CH2, C19) 

 

LRMS 

 

ES+ m/z = 312.3 [M+H]+  

 

 

 

 

 

 

 



 

190 

K252d (5.17) 

5.16 (100 mg, 0.320 mmol) was dissolved in a mixture dry 

DMSO (5 mL) and dry EtOH (3 mL) under argon atmosphere. 

The mixture was degassed buy bubbling argon for 15 minutes 

then L-rhamnose (290 mg, 1.60 mmol) and ammonium sulfate 

(127 mg, 0.960 mmol) added. The mixture was heated to 70 ℃ 

and stirred for 8 hours. The mixture was allowed to cool to 

room temperature and stirred for 16 hours. At this point the 

mixture was concentrated under reduced pressure to remove 

EtOH and dry THF (3 mL) added. DDQ (109 mg, 0.480 mmol) 

was then added, and the mixture stirred for a further 3 hours at room temperature. Ethyl acetate 

(10 mL) was then added, and the mixture washed with sat. aq. NaHCO3 solution (7 x 10 mL) until 

the washings were colourless then with brine (10 mL) and finally the separated organic layer dried 

(MgSO4). Solvent was then removed under reduced pressure and the crude material purified 

(Biotage Selekt, Ethyl acetate/MeOH/NEt3, 96:0:4 → 80:16:4). This gave the title compound as a 

1:1 mixture of anomers (45.4 mg, 31%). The anomers were separated (Biotage Selekt, 

Hexane/Ethyl acetate/NEt3 48:48:4 → Ethyl acetate/MeOH/NEt3, 80:16:4) which afforded K252d 

as a pale yellow solid.  

 

[𝜶]𝑫
𝟐𝟓 + 41 ° (c = 0.11, MeOH) (lit + 30 °, c = 0.4, MeOH)228 

 

M.P. 240 °C decomposed (lit 240 - 245 °C decomposed)228  
 

1H NMR (500 MHz, DMSO-d6, 298 K) δ (ppm) = 11.68 (s, 1H, 9), 9.47 (d, J = 7.3 Hz, 1H, 23), 

8.55 (s, 1H, 14), 8.07 (d, J = 7.8 Hz, 1H, 16), 7.69 (d, J = 8.6 Hz, 1H, 20), 7.60 (d, J = 

8.1 Hz, 1H, 19), 7.52 – 7.45 (m, 2H, 18 + 21), 7.30 (overlapping t, J = 7.3 Hz, 2H, 17 + 

22), 6.69 (d, J = 2.7 Hz, 1H, 30), 6.39 (d, J = 9.4 Hz, 1H, 28), 5.40 (d, J = 3.8 Hz, 1H, 

31), 5.06 – 4.95 (m, 3H, 15 + 32), 4.53 – 4.43 (m, 2H, 24 + 27), 4.17 (d, J = 3.1 Hz, 1H, 

26), 4.04 (t, J = 2.8 Hz, 1H, 25), 1.70 (d, J = 7.2 Hz, 3H, 29) 

 
13C NMR (125 MHz, DMSO-d6, 298 K) δ (ppm) = 172.3 (C, C13), 140.2 (C, C11), 139.0 (C, C8), 

133.9 (C, C3), 127.5 (C, C5), 125.6 (CH, C23), 125.2 (CH, C21), 125.1 (CH, C18), 

124.5 (C, C6), 122.3 (C, C12), 121.8 (C, C7), 121.2 (CH, C16), 119.8 (CH, C17), 119.3 

(CH, C22), 118.6 (C, C2), 117.5 (C, C1), 114.9 (C, C4), 111.2 (CH, C19), 109.8 (CH, 

C20), 77.2 (CH, C28), 76.5 (CH, C24), 71.7 (CH, C26), 71.5 (CH, C25), 66.9 (CH, 

C27), 45.2 (CH2, C15), 15.35 (CH3, C29) 
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LRMS ES+ m/z = 458.3 [M+H]+ 

 

HRMS ES+ m/z calcd for C26H23N3O5 / [M+H]+ requires  458.1716 found 458.1704 

 

FT-IR 

 

(neat) νmax  cm-1 3436, 3312, 1647, 1391, 1052, 734 
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β-K252d (5.18) 

β-K252d (5.18) was isolated as a white solid.  

 

[𝜶]𝑫
𝟐𝟓 ─ 50 ° (c = 0.08, MeOH) 

 

M.P. 230 °C decomposed.  
 

1H NMR (500 MHz, DMSO-d6, 298 K) δ (ppm) = 11.04 (s, 1H, 9), 9.50 (d, J = 7.4 Hz, 1H, 23), 

8.51 (s, 1H, 14), 8.05 (d, J = 7.9 Hz, 1H, 16), 7.86 (d, J = 8.5 Hz, 1H, 20), 7.71 (d, J = 

8.1 Hz, 1H, 19), 7.52 – 7.44 (m, 2H, 18 + 21), 7.29 (q, J = 7.1 Hz, 2H, 17 + 22), 6.44 (s, 

1H, 28), 5.63 (d, J = 4.8 Hz, 1H, 32), 5.26 (d, J = 4.7 Hz, 1H, 30), 5.05 (d, J = 6.0 Hz, 

1H, 31), 4.97 (s, 2H, 15), 4.04 (s, 1H, 27), 3.95 (br s, 1H, 26), 3.79 (m, 2H, 24 +25), 

1.46 (d, J = 5.5 Hz, 3H, 29) 

 
13C NMR (125 MHz, DMSO-d6, 298 K) δ (ppm) = 172.3 (C, C13), 138.9 (C, C11), 138.1 (C, C8), 

133.8 (C, C3), 128.2 (C, C5), 126.2 (C, C6), 125.7 (CH, C23), 125.2 (CH, C18 + C21), 

122.7 (C, C12), 121.9 (C, C7), 121.1 (CH, C16), 119.6 (CH, C17), 119.6 (CH, C22), 

118.3 (C, C2), 117.2 (C, C1), 114.7 (C, C4), 111.1 (CH, C19), 110.4 (CH, C20), 84.9 

(CH, C28), 76.0 (CH, C25), 72.8 (CH, C26), 72.1 (CH, C24), 71.4 (CH, C27), 45.1 

(CH2, C15), 18.48 (CH3, C29) 

 

LRMS 

 

ES+ m/z = 458.3 [M+H]+ 

HRMS ES+ m/z calcd for C26H23N3O5 / [M+H]+ requires  458.1716 found 458.1701 

 

FT-IR 

 

(neat) νmax  cm-1 3389, 1654, 1329, 1065, 740 
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13-((2R,3S,4R,5R,6S)-3,4,5-Trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-

6,7,12,13-tetrahydro-5H-indolo[2,3-a]pyrrolo[3,4-c]carbazol-5-one (5.20) 

5.16 (100 mg, 0.320 mmol) was dissolved in a mixture dry 

DMSO (5 mL) and dry EtOH (2 mL) under argon atmosphere. 

The mixture was degassed buy bubbling argon for 15 minutes 

then D-glucose (288 mg, 1.60 mmol) and ammonium sulfate 

(127 mg, 0.960 mmol) added. The mixture was heated to 70 ℃ 

and stirred for 5 hours. The mixture was allowed to cool to room 

temperature and stirred for 16 hours then heated to 70 ℃ for 

another 3 hours. The mixture was allowed to cool and 

concentrated under reduced pressure to remove EtOH and dry 

THF (2 mL) added. DDQ (109 mg, 0.480 mmol) was then added, and the mixture stirred for a 

further 3 hours at room temperature. Ethyl acetate (20 mL) was then added, and the mixture 

washed with sat. aq. NaHCO3 solution (7 x 15 mL) until the washings were colourless then with 

brine (10 mL) and finally the separated organic layer dried (MgSO4). Solvent was then removed 

under reduced pressure and the crude material purified (Biotage Selekt, Ethyl 

acetate/MeOH/NEt3, 96:0:4 → 80:16:4). This yielded the title compound as a pale orange solid 

(58.2 mg, 38%). 

 

[𝜶]𝑫
𝟐𝟓 + 102 ° (c = 0.12, MeOH) 

 

M.P. 270 °C decomposed.  
 

1H NMR (400 MHz, CD3OD, 298 K) δ (ppm) = 9.30 (d, J = 7.34 Hz, 1H, 23), 7.89 (d, J = 7.8 Hz, 

1H, 16), 7.74 (d, J = 8.8 Hz, 1H, 19), 7.68 (d, J = 8.1 Hz, 1H, 20), 7.53 – 7.36 (m, 2H, 

18 + 21), 7.31 – 7.20 (m, 2H, 17 + 22), 6.16 (d, J = 8.8 Hz, 1H, 28), 4.84 – 4.81 (m, 2H, 

15), 4.36 – 4.21 (m, 2H, 24 + 27), 4.07 (dd, J = 11.4, 2.6 Hz, 1H, 29a), 3.99 (dd, J = 9.8, 

1.5 Hz, 1H, 29b), 3.88 (t, J = 9.0 Hz, 1H, 26), 3.77 (t, J = 9.2 Hz, 1H, 25) 

 
13C NMR (101 MHz, CD3OD, 298 K) δ (ppm) = 175.5 (C, C13), 142.6 (C, C11), 141.6 (C, C8), 

136.0 (C, C3), 129.1 (C, C5), 126.8 (CH, C23), 126.5 (CH, C21), 126.4 (CH, C18), 

126.2 (C, C6),  124.3 (C, C12), 124.2 (C, C12), 121.7 (C, C7), 121.2 (CH, C16), 120.8 

(CH, C17), 120.5 (CH, C22), 119.0 (C, C2), 117.0 (C, C1), 113.0 (C, C4), 111.3 (CH, 

C19), 86.5 (CH, C24), 78.6 (CH, C28), 74.7 (CH, C25), 69.3(CH, C27), 60.1 (CH2, 

C29), 46.8 (CH2, C15) 
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LRMS 

 

ES+ m/z = 474.4 [M+H]+ 

HRMS ES+ m/z calcd for C26H23N3O6 / [M+H]+ requires  474.1665 found 474.1651 

 

FT-IR 

 

(neat) νmax  cm-1 3311, 1656, 1455, 1246, 1055, 742 
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13-((2R,3S,4R,5S,6S)-3,4,5-Trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-

6,7,12,13-tetrahydro-5H-indolo[2,3-a]pyrrolo[3,4-c]carbazol-5-one (5.21) 

5.16 (100 mg, 0.320 mmol) was dissolved in a mixture dry 

DMSO (5 mL) and dry EtOH (2 mL) under argon atmosphere. 

The mixture was degassed buy bubbling argon for 15 minutes 

then D-galactose (288 mg, 1.60 mmol) and ammonium sulfate 

(127 mg, 0.960 mmol) added. The mixture was heated to 70 ℃ 

and stirred for 5 hours. The mixture was allowed to cool to 

room temperature and stirred for 16 hours then heated to 70 ℃ 

for another 3 hours. The mixture was allowed to cool and 

concentrated under reduced pressure to remove EtOH and dry 

THF (2 mL) added. DDQ (109 mg, 0.480 mmol) was then added, and the mixture stirred for a 

further 3 hours at room temperature. Ethyl acetate (20 mL) was then added, and the mixture 

washed with sat. aq. NaHCO3 solution (7 x 15 mL) until the washings were colourless then with 

brine (10 mL) and finally the separated organic layer dried (MgSO4). Solvent was then removed 

under reduced pressure and the crude material purified (Biotage Selekt, Ethyl 

acetate/MeOH/NEt3, 96:0:4 → 80:16:4). This yielded the title compound as a pale yellow solid 

(60.8 mg, 40%).  

 

[𝜶]𝑫
𝟐𝟓 + 32 ° (c = 0.11, MeOH 

 

M.P. 270 °C decomposed.  
 

1H NMR (400 MHz, CD3OD, 298 K) δ (ppm) = 8.94 (d, J = 8.1 Hz, 1H, 23), 7.68 – 7.76 (m, 2H), 

7.65 (d, J = 8.1 Hz, 1H, 16), 7.51 – 7.33 (m, 2H, 19 + 20), 7.29 – 7.17 (m, 2H, 18 + 21), 

7.17 – 7.03 (m, 2H, 17 + 22), 6.07 (d, J = 9.3 Hz, 1H, 28), 4.85 (s, 2H, 15), 4.68 – 4.52 

(m, 2H, 24), 4.38 – 4.23 (m, 2H, 26 + 27), 4.14 (t, J = 6.1 Hz, 1H, 25), 4.05 – 3.87 (m, 

2H, 29) 

 
13C NMR (101 MHz, DMSO-d6, 298 K) δ (ppm) = 172.3 (C, C13), 140.2 (C, C11), 139.3 (C, C8), 

133.9 (C, C3), 127.5 (C, C5), 125.5 (CH, C23), 125.3 (CH, C21), 125.0 (CH, C18), 

124.3 (C, C6), 122.2 (C, C12), 121.7 (C, C7), 121.0 (CH, C16), 119.7 (CH, C17), 119.3 

(CH, C22) , 118.4 (C, C2), 117.4 (C, C1), 114.8 (C, C4), 111.5 (CH, C19), 110.3 (CH, 

C20, 84.8 (CH, C24), 78.5 (CH, C28), 74.2 (CH, C25), 71.3 (CH, C26), 69.1 (CH, 

C27), 59.8 (CH2, C29), 45.6 (CH2, C15) 
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LRMS 

 

ES+ m/z = 474.3 [M+H]+ 

HRMS ES+ m/z calcd for C26H23N3O6 / [M+H]+ requires  474.1665 found 474.1649 

 

FT-IR 

 

(neat) νmax  cm-1 3327, 1654, 1454, 1329, 1078, 744 
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