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ABSTRACT 

 

A new family of potent organic reducing agents incorporating two and four 

strongly π-donating iminophosphorano (−N=PR3; R= Ph, Cy) groups on a 

bispyridinylidene skeleton have been synthesized in moderate to high yield, via simple 

deprotonation of the respective pyridinium ion precursors with KHMDS, and 

characterized by 
1
H, 

13
C and 

31
P NMR spectroscopies. Electrochemical studies on the 

electron donors featuring two π-donating substituents show that the reduction potentials 

of the redox couples range from −1.17 to −1.51 V vs SCE with bispyridinylidenes 

featuring the tricyclohexyliminophosphorano group emerging as the strongest of the 

donors synthesized.  

The redox properties of these compounds are sensitive not only to the substituent 

(R) on phosphorus but also on the position of the substituents on the pyridine ring. 

Furthermore, the C4 position of the pyridine ring also showed enhanced electron 

donating abilities over the C2 position with propylene-bridged bispyridinylidene derived 

from the former being 130 mV better than the one derived from the latter. Methyl groups 

on the pyridyl nitrogen lead to slightly stronger donors than those featuring a propylene-

bridge between the two pyridyl nitrogen. 

The N-methyl derived donors with two triphenyliminophosphorano groups 

effectively reduced 1-bromonaphthalene to naphthalene under milder reaction conditions 

than could be achieved with the dimethylamino derivative. This experiment demonstrates 

that the superior reduction potential, which results from the superior π-donating 

properties, allows for more mild reaction conditions. 
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A N, N’-dimethyl-derived bispyridinylidene featuring four 

triphenyliminophosphorano substituents was synthesized via simple deprotonation in 

moderate yield with the redox couple shown by cyclic voltammetry to have a 

significantly low reduction potential (−1.70 V vs SCE), thereby making it the strongest 

ground state organic electron donor yet synthesized. This donor, which can be generated 

in situ, was used to reduce a variety of aryl halides, and was found to be the first organic 

donor to be effective in the thermally-induced reductive S-N bond cleavage of N, N-

dialkylsulfonamides, and reductive decyanation of malononitriles. 

  



 

iv 

 

 

DEDICATION 

 

 

This Dissertation is dedicated to God Almighty, 

And  

To My Parents 

Mr. Sunday Hanson of Blessed Memory and Mrs Edemanwan Sunday 

  



 

v 

 

ACKNOWLEDGEMENTS  

I am grateful to Dr Adam Dyker for his guidance throughout the duration of the 

PhD program at the University of New Brunswick. Thank you for being more to me than 

just a supervisor; taking my general wellbeing as a priority. I salute your ingenuity. 

I would like to thank the members of my academic advisory committee: Dr. Gilles 

Villemure and Dr. Andreas Decken for all their contributions. I will not fail to 

acknowledge the contributions of Dr. James Tait and Dr. Larry Calhoun whose assistance 

enabled me complete my research successfully. My sincere gratitude goes to Dr. Valerie 

Reeves, for her ever friendly (caring) attitude, Mr. Ed Goodfellow and many others who 

contributed to make my stay or time at UNB memorable.  

My special thanks go to Fahad Alhyahri whom we started graduate studies 

together in 2010 and became so bonded that we became very good friends thereby 

making working in the lab pleasurable. I also thank Nicholas, Hillary and all past and 

present members of the Dyker group for the friendly working environment and support I 

enjoyed while my PhD program lasted. 

I am highly indebted to my beloved wife, Inyene for her unwavering support, 

prayers, encouragements and love. Jewel, thank you for always being there for me and 

our boys Praise and Reuel. You are indeed our treasured possession. 

My unreserved gratitude goes to my beloved mother, Mrs Edemanwan Sunday, 

my siblings Mrs Eno A. Itina, Mrs Rosemary S. Maduako, Ephraim and Iniobong Hanson 

and my in-Laws for their constant prayers and support.  

To Professor Samuel Adaramola, Dr. B. S. Antia, Professor S. A. Umoren, Dr 

Atim Johnson, Dr Udousoro and my colleagues, alias the “Canadian Squad” Bassey 



 

vi 

 

Ekpenyong Bassey, Cletus Asuquo, Ubong Petters and Aniekan Udofia, I say thank you 

for the motivation and support.  

I will not forget my indefatigable friend, Dr Tolulope Sajobi for his 

encouragements and motivation. You are indeed a source of inspiration to me. Thank you 

for standing by me all these years. I am indeed grateful to you and your entire family. I 

am greatly indebted to Innocent Etim, Uduak Ukpong, Humphrey and Brenda Akwa, 

Jimmy Titah (PhD), Franklin Che (PhD), Aderopo Adesina and many others. To Pastor 

Anthony Iluebbey, Imaobong Ekwere, Funmi, Candy, Tola, Mrs Fatou, Sister Carlotte 

and other members of The Redeemed Christian Church of God, Praise Chapel, 

Fredericton, I greatly appreciate your care, support, encouragements and prayers. 

  



 

vii 

 

Table of Contents 

Abstract ............................................................................................................................... ii 

Dedication .......................................................................................................................... iv 

Acknowledgements ............................................................................................................. v 

Table of Contents .............................................................................................................. vii 

List of Schemes ................................................................................................................... x 

List of Tables  ................................................................................................................... xv 

List of Figures  .................................................................................................................. xvi 

List of Abbreviations ...................................................................................................... xxii 

1. Introduction ................................................................................................................... 1 

      
    1.1 Redox potentials, sign conventions and overview of organic reducing agents ........ 1   

    1.2 General overview of organic reducing agents (ORAs) ............................................. 3 

    1.3 Known organic reducing agents (ORAs) .................................................................  6 

         1.3.1 Tetrathiafulvalene, thiazolylidenes and benzothiazolylidenes ......................... 6 

         1.3.2 Tetraaminoethylenes ......................................................................................... 9 

                 1.3.2.1 Tetrakis(dimethylamino)ethene, TDAE (1.2) .....................................  9 

                  1.3.3.2 Bisimidazolylidenes and bisbenzimidazolylidenes ............................ 14 

          1.3.3 Bispyridinylidenes .......................................................................................... 24 

         1.3.3.1 Ground State Reductions ............................................................................. 27 

                   1.3.3.2 Photoexcited Reductions .................................................................... 33 



 

viii 

 

          1.3.4 Hybrid bispyridinylidenes electron donor ...................................................... 38 

    1.4 Research Objectives ................................................................................................ 40 

2. Syntheses and Characterization of Bis(iminophosphorano)-Substituted 

Bispyridinylidenes and their Application as Potent Organic Reducing Agents ....... 43 

    2.1 Introduction ............................................................................................................. 43 

    2.2 Synthesis of 4, 4’-bis(iminophosphorano)-2, 2’-bispyridinylidenes 2.4a-b and  

 2.5a-b ........................................................................................................ 46 

    2.3 Synthesis of 6, 6’-bis(triphenyliminophosphorano)-2, 2’-bispyridinylidenes 2.9 and 

2.10 ............................................................................................................ 55 

    2.4 Synthesis of 5, 5’-bis(triphenyliminophosphorano)-2, 2’-bispyridinylidenes 2.18 

and 2.19 ..................................................................................................... 58 

    2.5 Summary ................................................................................................................. 62 

 

3. Syntheses and Characterization of Tetra(iminophosphorano)- 

Substituted Bispyridinylidenes and their Application as Powerful Organic 

Reductants ....................................................................................................................... 64 

    3.1 Introduction ............................................................................................................. 64 

    3.2 Results and Discussions ......................................................................................... .65 

          3.2.1 Syntheses of precursors .................................................................................. 65  

         3.3.2 Synthesis of tetra(triphenyliminophosphorano)-substituted bispyridinylidenes 

3.7 and 3.8 ................................................................................................. 70  

    3.3 Electrochemistry ..................................................................................................... 73 

    3.4 Reductions............................................................................................................... 74 

    3.5 Summary ................................................................................................................. 82 



 

ix 

 

4. Summary, Conclusion and Future work .................................................................. 83 

 

    4.1 Summary and Conclusion ....................................................................................... 83 

    4.2 Future Work ............................................................................................................ 86 

5. Experimental Section .................................................................................................. 98 

 

     5.1 General Information ............................................................................................... 98 

     5.2 Preparation of Electron Donors and Related Compounds ................................... 100 

     5.3 Experimental Procedures for Reduction Reactions ............................................. 136 

      5.3.1 General procedures30 for the reduction of 1-bromonaphthalene with organic 

electron donors 1.6a, 2.5a and 2.5b ........................................................ 136 

 5.3.2 Generation of “in situ donor” from the N-methyl-2,4-

bis(triphenyliminophosphorano) pyridinium salt 3.5 and general reduction 

reaction procedure ................................................................................... 138 

References  ...................................................................................................................... 161 

APPENDIX A 

Selected NMR Spectra .................................................................................................... 170 

APPENDIX B 

Cyclic Voltammograms of Electron Donors................................................................... 203 

Curriculum Vitae 

 

 

 

 



 

x 

 

List of Schemes 

Scheme 1.1. Reversible oxidation and reduction of tetrathiafulvalene, TTF .................. 2 

Scheme 1.2. Known organic reducing agents and their fully oxidized forms ................. 5 

Scheme 1.3. Mechanism for the formation of TTF, 1.1 .................................................. 7 

Scheme 1.4. Reduction of arenediazonium salt by tetrathiafulvalene, TTF.15,39 .............. 7 

Scheme 1.5. Mechanism for the reduction of arenediazonium salt by TTF .................... 8 

Scheme 1.6. Reaction of benzothiazolylidenes, 1.13 with oxygen .................................. 9 

Scheme 1.7. Reduction of CCl4 and CuCl by TDAE .................................................... 10  

Scheme 1.8. Reactions of TDAE with arenediazonium salts ........................................ 11  

Scheme 1.9. Mechanism for the reaction of TDAE with arenediazonium salts ............ 12 

Scheme 1.10. Trifluoromethylation using the TDAE/CF3I reagent combination ........... 13 

Scheme 1.11. TDAE promoted coupling reactions of electrophilic substrates ................ 13 

Scheme 1.12. Synthesis of trimethylene-bridged bisbenzimidazolylidene, 1.3 and its 

diiodide salt 1.3
2+

-2I
-
 ................................................................................. 16

 
 

Scheme 1.13. Synthesis of doubly trimethylene-bridged bisimidazolylidene, 1.4 .......... 16
 

Scheme 1.14. Reduction of alkyl and aryl iodides using 1.3 ........................................... 17
 

Scheme 1.15. Reduction of aryl ester using donor 1.3 .................................................... 18  

Scheme 1.16. Mechanism of reaction of donor 1.3 with aryl iodides ............................. 18 

Scheme 1.17 Mechanism for the reduction of iodoesters.29,30,39,41 ................................... 20 

Scheme 1.18. Reduction of aryl halides with donor 1.4 .................................................. 20 

Scheme 1.19. Reduction of mono and disulfones by 1.4 ................................................. 22 

Scheme 1.20. Mechanism for the reduction of sulfones to alkane .................................. 22 

Scheme 1.21. Reduction of sulfonamides by donor 1.4 .................................................. 23 



 

xi 

 

Scheme 1.22. Proposed mechanism for the reduction of tosylamides ............................. 23 

Scheme 1.23. Electrochemical reduction of N, N‘-methyl 2, 2’-bipyridinium dications 

1.6
2+

a-e  ..................................................................................................... 25 

Scheme 1.24. Syntheses of bispyridinylidenes 1.5 and 1.6a ........................................... 25 

Scheme 1.25. Mechanism for the formation of bispyridinylidenes ................................. 26 

Scheme 1.26. Reduction of aryl halides by reductant 1.5 ................................................ 28 

Scheme 1.27. Reduction of iodoester by 1.5 ................................................................... 29 

Scheme 1.28. Reduction of Weinreb amides by 1.5 ........................................................ 29 

Scheme 1.29. Proposed mechanism for the reduction of Weinreb amides ...................... 30 

Scheme 1.30. Reduction of acyloin derivatives by reductant 1.5 .................................... 31 

Scheme 1.31. Reduction of triflates and triflamides (Tf = CF3SO2-) by 1.5 ................... 31 

Scheme 1.32. Proposed mechanism for the reduction of triflates to alcohols ................. 32 

Scheme 1.33. Reduction of aryl iodides by labelled organic reductants to confirm the 

proton source ............................................................................................. 33 

Scheme 1.34. Reduction of substituted chlorobenzene and 1, 2-diphenylcyclopropanes 

by photoactivated electron donor 1.5 ........................................................ 34 

Scheme 1.35. Proposed mechanism for the reduction of 1, 2-diphenylcyclopropanes by 

photoactivated donor 1.5 ........................................................................... 35 

Scheme 1.36. C-O bond cleavage of ethers and benzyl esters by photoactivated organic 

electron donor 1.5 ...................................................................................... 35 

Scheme 1.37. Reductive debenzylation of benzyl malonates, cyanoacetate and 

malononitrile by photoactivated bispyridinylidene 1.5 ............................. 36 



 

xii 

 

Scheme 1.38.  Reduction of dialkylsulfonamides and malononitriles by photoactivated 

organic reducing agent 1.5 ......................................................................... 38 

Scheme 1.39. Reduction of sulfonamides by donor 1.123 ............................................... 39 

Scheme 1.40. Preparation of organic electron donor 1.123 from DMAP ........................ 40 

Scheme 2.1. Syntheses of iminophosphorano-substituted organic electron donors  

 2.4a-b and 2.5a-b ...................................................................................... 47 

Scheme 2.2.  Chemical oxidation of organic electron donors 2.4a-b and 2.5a-b .......... 50 

Scheme 2.3. Syntheses of 6, 6’-bis(triphenyliminophosphorano)-substituted electron 

donors 2.9 and 2.10 ................................................................................... 55 

Scheme 2.4. Multiple alkylation of 2-dimethylaminopyridine 2.11 .............................. 57 

Scheme 2.5.  Reaction of iminophosphorano-derived donor 2.9 with C2Cl6 ................. 58  

Scheme 2.6.  Attempted syntheses of 5, 5’-bis(triphenyliminophosphorano)-2, 2’-

bispyridinylidenes 2.18 and 2.19 ............................................................... 59 

Scheme 2.7.  Attempted synthesis of 4-tris(dimethylamino)iminophosphorano pyridine 

2.20 ............................................................................................................ 60 

Scheme 3.1. Syntheses of tetra(triphenyliminophosphorano)-substituted 

bispyridinylidene precursors 3.5 and 3.6 .................................................. 66 

Scheme 3.2.  Optimized synthetic route to N-methyl-2, 4-

bis(triphenyliminophosphorano)pyridinium iodide 3.5 ............................ 68 

Scheme 3.3.  Plausible mechanism for the formation of propylene-bridged-2, 4- 

bis(triphenyliminophosphorano)pyridinium iodides 3.6 ........................... 69 

Scheme 3.4.  Synthesis of tetra(triphenyliminophosphorano)-substituted 

bispyridinylidene 3.7 ................................................................................. 70 



 

xiii 

 

Scheme 3.5.  Syntheses of tetrasubstituted bispyridinium dications 3.7
2+

-2Cl
-
 and  

 3.8
2+

-2Cl
-
 ................................................................................................... 73 

Scheme 3.6.  Reduction of bromobenzene and 1-chloroanthracene by bispyridinylidene 

3.7 .............................................................................................................. 76 

Scheme 3.7.  Reduction of aryl halides by bispyridinylidene 3.7 ................................... 76 

Scheme 3.8.  Reduction of sulphonamides by in situ-generated 3.7 .............................. 78 

Scheme 3.9.  Reduction of malononitriles by in situ-generated 3.7 ............................... 79 

Scheme 3.10.  General mechanism for reductive decyanation reactions .......................... 79 

Scheme 3.11.  Reduction of malonates and cyanoacetates by 3.7 .................................... 80 

Scheme 3.12.  Attempted reduction of naphthalene and anthracene by 3.7 ..................... 81 

Scheme 3.13.  Mechanism for Birch reduction of anthracene .......................................... 81 

Scheme 4.1.  Reduction potential of ORAs compared to metals. ................................... 85 

Scheme 4.2.  Proposed route to mixed 2, 4-iminophosphorano-substituted 

bispyridinylidene 4.2a from 3.2.. .............................................................. 87 

Scheme 4.3.  Synthetic route to bispyridinylidene 4.2b and 4.2c from 4.4. Conditions (a) 

Ph3P=NH generated in situ from Ph3PNH2Br and DBU in CH3CN (b) 

Cy3P=NH generated in situ from Cy3PNH2Br and DBU in CH3CN (c) 

KHMDS .................................................................................................... 88 

Scheme 4.4. Attempted synthesis of N-methyl-2, 4-bis(tricylohexyliminophosphorano) 

pyridinium iodide 4.7 ................................................................................ 90 

Scheme 4.5.  Synthetic pathways to phosphazene-derived pyridines ............................. 92 

Scheme 4.6.  Synthetic routes to phosphazene-derived bispyridinylidenes 4.9 and 4.1093 



 

xiv 

 

Scheme 4.7. Wurtz-Fittig reductive coupling of aryl halides by iminophosphorano-

derived bispyridinylidenes/reaction mechanism ....................................... 95 

Scheme 4.8.  Generation of benzyne from 1, 2-dihalobenzene and iminophosphorano-

derived bispyridinylidene ORAs. .  ........................................................... 95 

Scheme 4.9.  Reduction of phosphine oxides to phosphines  ......................................... 96 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xv 

 

List of Tables 

Table 1.1.  Half-cell reactions and potentials of reference electrodes versus NHE ...... 3 

Table 2.1.  Redox potentials of selected electron donors
 
and their corresponding 

substituent constants.104 .................................................................................... 51 

Table 2.2.  Reduction of 1-bromonaphthalene using various organic reducing agents

 ................................................................................................................... 53 

Table 3.1.  Reduction of arylhalides to arenes by in situ-generated 3.7 ..................... 75   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xvi 

 

List of Figures 

Figure 1.1.  Thiazoylidenes, 1.12 and benzothiazoylidenes, 1.13 .................................. 9 

Figure 1.2.  Reduction potentials (ir = irreversible processes) of some 

bisimidazolylidene and bisbenzoimidazolylidene dications vs SCE in DMF 

in
 
0.5 mM solutions with 0.1 M [Bu4N][ClO4] at 100 mV/s ..................... 14 

Figure 1.3.  Oxidation potentials of dialkylamino-derived organic electron donors .... 27 

Figure 1.4.  “Hybrid” bispyridinylidene electron donors ............................................. 39 

Figure 1.5.  Targeted iminophosphorano-substituted bispyridinylidene organic 

reducing agents .......................................................................................... 42 

Figure 2.1.  Some of the strongest ORAs and their respective dications ..................... 44 

Figure 2.2.  Resonance stabilization of borinium chlorides by iminophosphorano 

substituents, tBu3P=N- .............................................................................. 46 

Figure 2.3.   NOESY spectrum of 2.5a in C6D6 showing (Z) and (E) isomers .............. 48 

Figure 2.4.  NOESY spectrum of isolated solid of 2.5b in C6D6 showing correlation for 

the (Z) and (E) isomers .............................................................................. 49 

Figure 2.5.  
1
H NMR and 

31
P NMR (insert) of bispyridinylidene 2.10 in deuterated 

benzene  ..................................................................................................... 56 

Figure 2.6.  An excerpt of the 
1
H NMR of 2.20.HCl in DMSO................................... 61 

Figure 3.1.  
31

P NMR of the reaction mixture of 3.2 with in situ-generated Ph3P=NH 69 

Figure 3.2.  ROESY spectrum showing a strong correlation between the C‐H and the 

N‐CH3 for only the minor (E)‐isomer of compound 3.7 ........................... 71 

 



 

xvii 

 

Figure 4.1.  Targeted tetra(iminophophosphorano)-substituted bispyridinylidenes 4.2a-

c ................................................................................................................. 85 

Figure 4.2.  
31

P NMR of the reaction mixture of 4.5 with in situ-generated Cy3P=NH89 

Figure 4.3.  Phosphazene-derived bispyridinylidenes 4.8, 4.9 and 4.10 ...................... 91 

Figure 5.1.   NOESY spectrum showing the (Z) and (E)-isomers of compound 2.5a . 109 

Figure 5.2.  NOESY spectrum of compound 2.5b showing correlation for the (Z) and 

(E)-isomers  ............................................................................................. 111 

Figure 5.3.  ROESY spectrum showing the strong correlation between the C‐H and the 

N‐CH3 for only the minor (E)‐isomer of compound 3.7 ......................... 131 

Figure A1. 
  1

H NMR spectrum of reaction mixture of compound 2.4a in benzene ... 170 

Figure A2.  
13

C NMR spectrum of reaction mixture of compound 2.4a in benzene .. 171 

Figure A3.  
31

P NMR spectrum of reaction mixture of compound 2.4a in benzene .. 171 

Figure A4.  
1
H and 

31
P NMR (Insert) spectra of isolated purple solid of 2.4a ........... 172 

Figure A5.  
1
H NMR spectrum of reaction mixture of 2.4b in toluene ...................... 173 

Figure A6.  
13

C NMR spectrum of reaction mixture of 2.4b in toluene ..................... 174 

Figure A7.  
31

P NMR spectrum of reaction mixture of 2.4b in toluene ..................... 174 

Figure A8.  
1
H and 

31
P NMR (Insert) spectra of brown solid of 2.4b in C6D6 ........... 175 

Figure A9.  
1
H NMR spectrum of 2.5a in C6D6 showing the presence of two  

 isomers .................................................................................................... 176 

Figure A10.  
31

P NMR spectrum of 2.5a in C6D6 showing the presence of (E) and (Z) 

isomers .................................................................................................... 177 

Figure A11.  
13

C NMR spectrum of purple solid of 2.5a in C6D6 ................................ 177 



 

xviii 

 

Figure A12.  
1
H NMR spectrum of pink solid of 2.5b in C6D6 .................................... 178 

Figure A13.  
13

C NMR spectrum of pink solid of 2.5b in C6D6 ................................... 179 

Figure A14. 
31

P NMR spectrum of pink solid of 2.5b in C6D6 showing the presence of 

two isomers ............................................................................................. 179 

Figure A15.  
1
H-

13
C HSQC spectrum of pink solid of 2.5b in C6D6............................ 180 

Figure A16.  
1
H NMR spectrum of 2.4a

2+
-2Cl

-
 in CDCl3 ............................................ 181 

Figure A17.  
13

C NMR spectrum of 2.4a
2+

-2Cl
-
 in CDCl3 ........................................... 182 

Figure A18.  
31

P NMR spectrum of 2.4a
2+

-2Cl
-
 in CDCl3 ........................................... 182 

Figure A19.  
1
H NMR spectrum of 2.4b

2+
-2Cl

-
 in CDCl3 ........................................... 183 

Figure A20.  
13

C NMR spectrum of 2.4b
2+

-2Cl
-
 in CDCl3 .......................................... 184 

Figure A21.  
31

P NMR spectrum of 2.4b
2+

-2Cl
-
 in CDCl3 ........................................... 184 

Figure A22.  
1
H NMR spectrum of 2.5a

2+
-2Cl

-
 in CDCl3 ............................................ 185 

Figure A23.  
13

C NMR spectrum of 2.5a
2+

-2Cl
-
 in CDCl3 ........................................... 186 

Figure A24.  
31

P NMR spectrum of 2.5a
2+

-2Cl
-
 in CDCl3 ........................................... 186 

Figure A25.  
1
H NMR spectrum of 2.5b

2+
-2Cl

-
 in CDCl3 ........................................... 187 

Figure A26.  
13

C NMR spectrum of 2.5b
2+

-2Cl
-
 in CDCl3 .......................................... 188 

Figure A27.  
31

P NMR spectrum of 2.5b
2+

-2Cl
-
 in CDCl3 ........................................... 188 

Figure A28.  
1
H-

13
C HSQC spectrum of isolated brown solid of 2.5b

2+
-2Cl

-
 in CDCl3

 ................................................................................................................. 189 

Figure A29.  
1
H NMR spectrum of reaction mixture of compound 2.9 in toluene ...... 190 



 

xix 

 

Figure A30.  
31

P NMR spectrum of reaction mixture of compound 2.9 in toluene ..... 190 

Figure A31.  
1
H NMR spectrum of 2.9 in C6D6 ........................................................... 191 

Figure A32.  
31

P NMR spectrum of 2.9 in C6D6 ........................................................... 191 

Figure A33.  
1
H NMR spectrum of 2.9

2+
-2Cl

-
 in CDCl3 .............................................. 192 

Figure A34.  
13

C NMR spectrum of 2.9
2+

-2Cl
-
 in CDCl3 ............................................. 193  

Figure A35.  
31

P NMR spectrum of 2.9
2+

-2Cl
-
 in CDCl3 ............................................. 193 

Figure A36.  
1
H-

13
C HSQC spectrum of 2.9

2+
-2Cl

-
 in CDCl3 ..................................... 194 

Figure A37.  
1
H NMR spectrum of reaction mixture of 2.18 in C6D6 .......................... 195 

Figure A38.  
31

P NMR spectrum of reaction mixture of 2.18 in C6D6 ......................... 195 

Figure A39.  
1
H NMR spectrum of 2.19 in toluene ...................................................... 196  

Figure A40.  
31

P NMR spectrum of 2.19 in C6D6 ......................................................... 196 

Figure A41.  
1
H NMR spectrum of 3.5 in CDCl3 ......................................................... 197  

Figure A42.  
13

C NMR spectrum of 3.5 in CDCl3 ........................................................ 198 

Figure A43.  
31

P NMR spectrum of 3.5 in CDCl3 ........................................................ 198  

Figure A44.  
1
H NMR spectrum of tetra(triphenyliminophosphorano)-substituted 

bispyridinylidene 3.7 in C6D6.................................................................. 199 

Figure A45.  
31

P NMR spectrum of tetra(triphenyliminophosphorano)-substituted  

 

  bispyridinylidene 3.7 in C6D6................................................................. 200 

 

Figure A46. 
1
H NMR spectrum of tetra(triphenyliminophosphorano)-substituted 

bispyridinium chloride 3.7
2+

-2Cl
-
 in CDCl3 ........................................... 201 

 



 

xx 

 

Figure A47. 
13

C NMR spectrum of tetra(triphenyliminophosphorano)-substituted 

bispyridinium chloride 3.7
2+

-2Cl
-
 in CDCl3 ........................................... 202 

Figure A48.  
31

P NMR spectrum of tetra substituted bispyridinium iodide 3.7
2+

-2Cl
-
 in  

 CDCl3 ...................................................................................................... 202 

Figure A49.  
1
H NMR spectrum of 3.6

 
in CDCl3 ......................................................... 203 

Figure A50.  
13

C NMR spectrum of 3.6 in CDCl3 ........................................................ 204 

Figure A51.  
1
H-

13
C HSQC spectrum of 3.6 in CDCl3................................................. 204 

Figure A52.  
31

P NMR spectrum of 3.6 in CDCl3 ........................................................ 205 

Figure A53.  
1
H NMR spectrum of 3.8

2+
-2Cl

-
 + 3.6 in CDCl3 .................................... 206 

 

Figure A54.  
31

P NMR spectrum of 3.8
2+

-2Cl
-
 + 3.6 in CDCl3 .................................... 207 

 

Figure A55.  
1
H NMR spectrum of 2-chloro-4-(tricyclohexyliminophosphorano) 

 

 pyridine 4.4 in CDCl3 .............................................................................. 208 

 

Figure A56.  
13

C NMR spectrum of 2-chloro-4-(tricyclohexyliminophosphorano) 

 

 pyridine 4.4 in CDCl3 .............................................................................. 209 

 

Figure A57.  
31

P NMR spectrum of 2-chloro-4-(tricyclohexyliminophosphorano) 

 

 pyridine 4.4 in CDCl3 .............................................................................. 209 

 

Figure A58.  
1
H-

13
C HSQC spectrum of 2-chloro-4-(tricyclohexyliminophosphorano) 

 

 pyridine 4.4 in CDCl3 .............................................................................. 210 

 

Figure A59.  
1
H NMR spectrum of N-methyl-2-chloro-4- 

  

 (tricyclohexyliminophosphorano)pyridine 4.5 in CDCl3 ........................ 211 

 



 

xxi 

 

Figure A60. 
13

C NMR spectrum of N-methyl-2-chloro-4- 

  

 (tricyclohexyliminophosphorano) pyridine 4.5 in CDCl3 ....................... 212 

 

Figure A61. 
31

P NMR spectrum of N-methyl-2-chloro-4- 

 

 (tricyclohexyliminophosphorano) pyridine 4.5 in CDCl3 ....................... 212 

 

Figure A62. Cyclic voltammogram of 2.4a Fc
+
/Fc in DMF with [Bu4N][PF6] as  

 

 supporting electrolyte. Scan rate is 50 mV/s ........................................... 213 

 

Figure A63. Cyclic voltammogram of 2.4b Fc
+
/Fc in DMF with [Bu4N][PF6] as  

 

 supporting electrolyte. Scan rate is 50 mV/s ........................................... 213 

 

Figure A64. Cyclic voltammogram of 2.5a Fc
+
/Fc in DMF with [Bu4N][PF6] as  

 

 supporting electrolyte. Scan rate is 50 mV/s ........................................... 214 

 

Figure A65.  Cyclic voltammogram of 2.5b Fc
+
/Fc in DMF with [Bu4N][PF6] as  

 

 supporting electrolyte. Scan rate is 50 mV/s ........................................... 214 

 

Figure A66.  Cyclic voltammogram of 2.9 Fc
+
/Fc in DMF with [Bu4N][PF6] as  

 

 supporting electrolyte. Scan rate is 50 mV/s ........................................... 215 

 

Figure A67.  Cyclic voltammogram of 3.7 Fc
+
/Fc in DMF with [Bu4N][PF6] as  

 

 supporting electrolyte. Scan rate is 50 mV/s ........................................... 215 

 

Figure A68.  Cyclic voltammogram of 3.8 Fc
+
/Fc in DMF with [Bu4N][PF6] as  

 

 supporting electrolyte. Scan rate is 50 mV/s ........................................... 216 

 

 

 



 

xxii 

 

List of Abbreviations 

Abbreviation 

Bn ............................................................................................................................... Benzyl 

CV ............................................................................. Cyclic Voltametry or Voltammogram 

Cy…………………………………………………………………………….....cyclohexyl 

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

DCM .......................................................................................................... dichloromethane 

DFT ............................................................................................ Density Functional Theory 

DMF ............................................................................................ N, N’-dimethylformamide 

DMSO ...................................................................................................... dimethylsulfoxide 

E1/2 .......................................................................................... Half wave electrode potential 

ESI.................................................................................................. electron spray ionization 

Fc
+
/Fc ..................................................................................... ferrocenium/ferrocene couple 

HOMO ........................................................................ Highest Occupied Molecular Orbital 

HRMS ............................................................................ high resolution mass spectrometry 

HSQC ................................................................ Heteronuclear Single Quantum Coherence 

IUPAC................................................. International Union of Pure and Applied Chemistry 

KHMDS ............................................................................ potassium hexamethyl disilazide 

KOtBu ....................................................................................... potassium tertiary butoxide 

LUMO ..................................................................... Lowest Unoccupied Molecular Orbital 

Ms .............................................................................................................. methanesulfonyl 



 

xxiii 

 

MS .......................................................................................................... Mass Spectrometry 

NaH .............................................................................................................. sodium hydride 

NHE or SHE ........................................................ Normal or Standard Hydrogen Electrode 

NMR ...................................................................................... Nuclear Magnetic Resonance 

NOESY ................................................................ Nuclear Overhauser Effect Spectroscopy 

OTf ............................................................................................................................. triflate 

ORA ..................................................................................................organic reducing agent 

rt………………………………………………………………………….room temperature 

ROESY ................................................... Rotating Frame Overhauser Effect Spectroscopy 

SCE ......................................................................................... Saturated Calomel Electrode 

SET ...................................................................................................single electron transfer 

TBAPF6 ............................................................ tetrabutyl ammonium hexafluorophosphate 

TBAP ............................................................................... tetrabutyl ammonium perchlorate 

TDAE ................................................................................ tetrakis(dimethylamino)ethylene 

Tf ................................................................................................................................... trifyl 

THF .............................................................................................................. tetrahydrofuran 

TLC ............................................................................................. thin layer chromatography 

Ts.............................................................................................................. .p-toluenesulfonyl 

TTF ........................................................................................................... tetrathiafulvalene 

UV/Vis ..................................................................................................... ultra violet/visible



 

1 

 

CHAPTER 1 

INTRODUCTION 

1.1 Redox potentials, sign conventions and overview of organic reducing agents   

This thesis deals with the preparation and use of new organic reducing agents 

and therefore the use of some terms related to electrochemistry is required. Terms such 

as oxidation, reduction, oxidation potential, reduction potential, oxidizing/reducing 

agents are briefly explained for clarity. A compound that donates an electron (or 

electrons) to another compound and is oxidized in the process is called a reducing agent 

while a compound that accepts an electron (or electrons) to become reduced is called an 

oxidizing agent. When a compound donates an electron (eg. equation 1 below), the 

driving force in this loss of electron is called the oxidation potential. Similarly, when a 

compound or ion accepts electron (equation 2 below), the driving force in this process is 

called the reduction potential.  

In the literature, discussions of redox potentials are often imperfect. For example 

it is not uncommon to see reference to the reduction potential of sodium as being −2.64 

V vs NHE (Normal Hydrogen Electrode). This is not strictly correct as this language 

implies the reduction of sodium metal to its monoanion, Na
-
, yet the value refers to the 

reduction of the sodium ion to sodium (i.e. Na
+
 + e-  Na; equation 2). 

                        

For uniformity, the International Union of Pure and Applied Chemistry (IUPAC) 

recommended that all electrode potentials be reported as reduction potentials.1,2 IUPAC 
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also recommended that electrode potentials in non-aqueous solvents be referenced to the 

ferrocenium ion/ferrocene couple (Fc
+
/Fc).3,4 

Electrode potentials can be correctly 

reported in terms of oxidation potential for example when the neutral electron donor is 

being oxidized to a dication, and conversely in terms of reduction potential when 

dications are being reduced to the neutral species. Throughout this thesis, redox 

processes will most often be discussed in terms of reduction potential for convenience. 

Thus the half-wave potentials E
1

1/2 and E
2

1/2, corresponding to two sequential one-

electron processes will be understood as the reduction potential for the D
+
/D and D

2+
/D

+
 

couples, respectively, [where D represents the electron donor]. In cases where the donors 

donate two electrons almost simultaneously or at the same potential, the reported E1/2 

will correspond to the D
2+

/D couple. For instance, the redox potential of 

tetrathiafulvalene (TTF, 1.1), shown in Scheme 1.1, is E
1
1/2 = 0.37 V and E

2
1/2 = 0.67 V 

(in DCM vs SCE). This corresponds to the reduction of the monocation (1.1
+
) to neutral 

1.1 (1.1
+
/1.1 or TTF

+
/TTF) and the reduction of the dication (1.1

2+
) to monocation 1.1

+
 

(1.1
2+

/1.1
+
 or TTF

2+
/TTF

+
), respectively.  

                   

Scheme 1.1. Reversible oxidation and reduction of tetrathiafulvalene, TTF.  

Conventionally, redox potentials are mostly referenced to the Normal Hydrogen 

Electrode (NHE), Saturated Calomel Electrode (SCE) or Silver/Silver Chloride 

Electrode (Ag/AgCl). To convert electrode potentials determined from one reference 

electrode to another (at 25 °C), the conversions in Table 1.1 are used. NHE is arbitrarily 
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assigned as zero (0.0 V).5 The reduction potential of SCE is at 0.242V vs NHE [E1/2 vs 

NHE (V) = E1/2 vs SCE + 0.242] and the Ag/AgCl (saturated KCl) at 0.197V vs NHE 

[E1/2 vs NHE (V) = E1/2 vs Ag/AgCl + 0.197; E1/2 Ag/AgCl = E1/2 vs SCE + 0.045 V].  

Table 1.1. Half-cell reactions and potentials of reference electrodes versus NHE.  

 

The potential of ferrocenium/ferrocene couple in different organic solvents varies 

with the type of solvent and electrolyte used.3,5 The formal potential of Fc
+
/Fc in DMF is 

0.45 V vs SCE in 0.1M TBAPF6 ([Bu4N][PF6]) as supporting electrolyte.3  

1.2 General overview of organic reducing agents (ORAs) 

Metals and metal-based reducing agents such as magnesium, zinc, sodium, 

lithium aluminum hydride (LiAlH4), sodium borohydride (NaBH4), and others occupy a 

dominant place in synthetic chemistry. These reagents are used to convert one functional 

group to another. These transformations are important in natural product synthesis, drug 

manufacture, etc.  

The use of these reagents is, however, not without some drawbacks, one of 

which is heterogeneity of reaction mixtures. This ultimately requires elevated 

temperatures for the reaction to progress and often leads to a lack of selectivity; hence 

the need for protecting groups. Furthermore, these reagents cannot be easily tuned or 
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structurally modified. Moreover, in pharmaceutical industries, the necessary removal of 

metal residues can be difficult and sometimes expensive. However, over the years, 

studies in the development of organic compounds that can easily donate electrons and be 

oxidized (redox-active organic compounds) have generated a rich and diverse chemistry. 

Organic electron donors that are widely employed as donor molecules in conducting 

materials6-8 are now being used as homogeneous reducing agents.9-13  

The exploration of organic electron donors as reducing agents started in 1963 

when Carpenter reduced CCl4 to CHCl3 using tetrakis(dimethylamino)ethylene, TDAE 

(1.2).9  
In 1993, Murphy and co workers14 showed that tetrathiafulvalene, TTF (1.1) 

could be used to reduce arenediazonium salts to alcohols, ethers and amides in a reaction 

that involved both electron transfer and ionic displacement in a process called radical 

polar crossover.15-18 Recent discoveries by Medebielle,19,20 Dolbier et al.,21-24 Vanielle et 

al.25-27 and Murphy’s group13,28 have broadened the substrate scope of TDAE-based 

reductions. 

The search for more potent organic reducing agents (ORAs) has led to the 

preparation of several organic electron donors (1.3-1.6, Scheme 1.2, see Section 1.3 

below for detailed discussion). With more negative redox potentials, these new donors 

are able to reduce aryl halides,12,13,29-31 Weinreb amides,10 sulfones and sulfonamides,31,32 

and other difficult organic substrates11,31 which hitherto could only be reduced by metals 

or metal-based reagents. To extend the substrate scope, the reducing strength of 

compounds 1.5 and 1.6 were increased by photoactivation, and these reagents were able 

to reduce substrates such as activated benzenes,33 N, N-dialkyl arenesulphonamides,34-36 

benzylic esters and ethers,37 benzyl malonates and cyanoacetates,38 that could not be 
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reduced by 1.5 and 1.6 in their ground states thereby pushing the limits of reduction with 

organic reductants. The driving force for the participation of these organic electron 

donors in redox reactions is the formation of a dication that is stabilized by aromaticity 

and the ability of the π-donor heteroatoms to offer positive charge delocalization via 

resonance (Scheme 1.2).13,29,30
 

 

Scheme 1.2. Known organic reducing agents and their fully oxidized forms.  

The versatility of organic electron donors in effecting the reduction of substrates 

is largely dependent on the redox potential (the driving force for oxidation or reduction 

processes) of the donors.13,39 Redox couples of organic reducing agents with lower (more 

negative) reduction potential tend to reduce more difficult substrates than those with 

higher (more positive) reduction potentials. This selectivity is of importance especially 

in organic synthesis where a range of reducing agents, when available, can be used for a 

variety of reduction reactions. For instance, whereas TTF, 1.1 with redox potential: E
1

1/2 

= 0.37 V (TTF
+
/TTF); E

2
1/2 = 0.67 V (TTF

2+
/TTF

+
) in DCM vs SCE, is regarded as a 
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weak organic reducing agent, and is able to reduce arenediazonium salts to aryl radicals, 

it is not strong enough to react with alkyl or aryl halides.13,14,39 However, 

bispyridinylidene (1.5a
2+

/1.5a) couple, with a more negative reduction potential [E1/2 

(DMF) = −1.24 V vs SCE], is able to reduce aryl halides to the corresponding arene.13,31 
 

This is a relatively young field, but some of the potential advantages40,41 to be 

derived from using organic electron donors in reduction reactions are: (1) reactions may 

be carried out under mild conditions with greater homogeneity of reaction mixtures (2) 

metal residues will be avoided; an important area of concern in the pharmaceutical 

industry (3) they are tunable and can offer unique selectivity and functional group 

tolerance. 

1.3 Known Organic Reducing Agents (ORAs) 

As mentioned in the previous section, a number of organic electron donors have 

been reported in the literature. The next sections will introduce the organic reducing 

agents that have been reported to date, and will discuss their properties and applications. 

The scope and utility of these organic reductants has been the subject of a number of 

reviews.13,35,36,41,42 These sections are by no means exhaustive, but will rather give a brief 

overview starting from the weakest to the strongest ORAs. 

1.3.1 Tetrathiafulvalene, thiazolylidenes and benzothiazolylidenes                                      

Tetrathiafulvalene, TTF, first reported by Wudl in 1972, is widely used as an 

electron donor in conducting materials in the electronics industry6-8 because of its 

electron donating ability. Although TTF is commercially available, it can be prepared 

from the coupling of 1, 3-dithiolium precursor salts (Scheme 1.3) by deprotonation.43  
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Scheme 1.3. Mechanism for the formation of TTF, 1.1. 

With a reduction potential of +0.37 V and +0.67 V vs SCE,8,13 TTF received no 

attention as an organic reducing agent until the 1990s when it was used by Murphy et 

al.14,15 to reduce arenediazonium salts to aryl radicals and subsequently the cyclized 

products (Scheme 1.4) on quenching with solvents. 

       

Scheme 1.4. Reduction of arenediazonium salt by tetrathiafulvalene, TTF.15,39 

The process involves the transfer of an electron from TTF to arenediazonium 

tetrafluoroborate salts resulting in the formation of aryldiazenyl radicals that 

subsequently lose dinitrogen to form aryl radicals. Cyclization and reaction of the 

produced radicals with [TTF
+.

][BF4
-
]

 
gave sulfonium salts 1.11 (Scheme 1.5) which 

easily react with solvents such as moist acetone or methanol to give alcohol 1.8a (73 %) 

and methyl ether 1.8b (54 %), respectively.14,16,44 The alcohol 1.8a was obtained as a 
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result of water displacement of the sulfonium group and not from acetone as confirmed 

from oxygen-18 (
18

O) labelling studies.14 As a confirmation of the mechanism,15,39 

sulfonium salt 1.11  (R = R’ = H; X = O) was isolated as a yellow, crystalline solid and 

was characterized by proton NMR and mass spectrometry. The reaction was said to be 

catalytic since it involves the regeneration of TTF. Reduction of arenediazonium salts is 

commonly done using metal (one electron) reductants such as Cu2O, CuCl or Cu 

(Pschorr and Meerwein reactions).15 The drawback of using TTF as a reducing agent is 

that it is only effective in reducing arenediazonium salts.29,39  

 

Scheme 1.5. Mechanism for the reduction of arenediazonium salt by TTF. 

To improve upon the reductive strength of TTF, derivatives such as 

bisthiazolinylidenes 1.12 and bisbenzothiazolinylidenes 1.13 (Figure 1.1) were prepared, 

which formally are related to TTF by substituting nitrogen for two of the four sulphur 

atoms. Because of the superior π-donating properties of the amino groups, these 

compounds were shown by electrochemical studies to be better electron donors than 

TTF.45-47 However, just like TTF, donors 1.12 and 1.13 could only reduce 
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arenediazonium salts to aryl radicals and are much more difficult to handle due to their 

air sensitivity.46-49 Furthermore, the reaction of 1.12 and 1.13 with arenediazaonium salts 

give rise to many side products that could not be identified. 

                                        

Figure 1.1. Thiazoylidenes, 1.12 and benzothiazoylidenes, 1.13.  

When reacted with oxygen, benzothiazolylidenes decompose rapidly forming 

dioxetane, 1.14 (Scheme 1.6). The cleavage of the O-O bond forms a diradical (bis-thiyl 

diradical) which led to the oxalamide, 1.1548,50 which was isolated as colourless crystals 

and was characterized by X-ray crystallography.  

 

Scheme 1.6. Reaction of benzothiazolylidenes, 1.13 with oxygen.  

1.3.2 Tetraaminoethylenes  

1.3.2.1 Tetrakis(dimethylamino)ethylene, TDAE (1.2) 

Nitrogen, due to the involvement of 2p orbitals and its smaller size compared to 

sulphur, is able to π-conjugate more effectively with carbon, thus providing stronger 
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resonance effects which make for stronger organic electron donors (for example 1.12 vs 

1.1). Thus attention shifted to tetraaminoethenes such as TDAE (1.2) and its derivatives 

as organic reducing agents, wherein all sulphur atoms in TTF are formally replaced by 

nitrogen.  

Tetrakis(dimethylamino)ethylene, TDAE (1.2)51-53 
which is now commercially 

available, was first synthesized by Pruett in 1950 as a pale green to yellow air sensitive 

liquid. The compound exhibits two reversible one-electron redox processes at − 0.78 and 

− 0.61 V vs SCE in MeCN.54 It was first explored as a reducing agent in 1962 when 

Wiberg and Buchler55 showed that it could transfer two electrons to oxidizing agents 

such as bromine, iodine and chlorine thus leading to the isolation of TDAE
2+ 

2X
- 
(1.2

2+
-

2X
-
; X = Br, I, Cl) in high yields. TDAE also reduced tetrachloromethane CCl4, electron 

deficient haloalkanes (e.g. CHX2CHBr2), and copper (I) chloride (CuCl) to 

trichloromethane, CHCl3, halogenated olefins (e.g. CHBr=CBr2) and Cu, respectively9,52 

with the resulting dication 1.2
2+ 

as the major byproduct (Scheme 1.7) and also the proton 

source for the reduction of tetrachloromethane.9    

 

Scheme 1.7. Reduction of CCl4 and CuCl by TDAE. 
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TDAE 1.2, just like TTF and its derivatives, could only reduce arenediazonium 

salts to the corresponding radicals that on cyclization gave indolines (Scheme 1.8) in 

moderate yields.28 Surprisingly, although one major product 1.18 was formed with TTF, 

reaction of TDAE 1.2 (2.5 equiv.) with arenediazonium tetrafluoroborate 1.16 [reduction 

potential: 0.16 and −0.64 vs SCE corresponding to the reduction of the salt to aryl 

radical and aryl radical to aryl anion, respectively56] in acetonitrile at room temperature 

gave two major products 1.17 and 1.18 in 12 and 17 % yields, respectively (Scheme 

1.8).28 Indoline 1.17 was believed to be formed from the loss of a hydrogen radical after 

cyclization. The low yield was attributed to lack of an effective termination strategy. 

Thus incorporating a good leaving group in 1.16 (R = SPh or SO2Ph; Scheme 1.8) at the 

end of the chain gave 1.17 in high yields (Scheme 1.9). With no aromatic stabilization in 

1.2
2+

, it has been suggested that the ability of the lone pair of electrons on the nitrogen 

atoms to stabilize the produced dication
 
is the driving force for the reductions.13  

                 

Scheme 1.8. Reactions of TDAE with arenediazonium salts (Ms = methanesulfonyl = 

CH3SO2
-
). 
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Scheme 1.9. Mechanism for the reaction of TDAE with arenediazonium salts. 

With a reduction power comparable to that of zinc,54 TDAE has been extensively 

used as a reducing agent in reactions that involve electron deficient organic halides 

(Schemes 1.10 and 1.11).19,21-23,25-27,29,57 
Pawelke58 and Dolbier et al.21-23 have shown that a 

combination of trifluoromethyliodide and TDAE could be used as a trifluoromethylating 

agent to add trifluoromethyl moiety to chlorosilanes and other electrophilic substrates 

such as aldehydes and ketones, cyclic sulfates, disulfides and imines (Scheme 1.10). 

Electron transfer from TDAE to CF3I generates the reactive CF3
- 
anion which initiates 

nucleophilic attack on substrates.9 TDAE has also been used to promote coupling 

reactions of electrophilic substrates (Scheme 1.11).19,21-23,25,26,29,30,57 
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Scheme 1.10. Trifluoromethylation using the TDAE/CF3I reagent combination.                       

                         

                                  

Scheme 1.11. TDAE promoted coupling reactions of electrophilic substrates. 
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1.3.2.2 Bisimidazolylidenes and bisbenzimidazolylidenes  

Research related to the development of stable carbenes (R2C:)59-66 and their 

dimers60,62-64,67-70 led to the discovery of bisimidazolylidenes, which have now been found 

to constitute an important class of organic reducing agents. Bisimidazolylidenes and its 

annulated derivatives are commonly prepared from the deprotonation of the respective 

imidazolium or annulated salt precursors with bases (Schemes 1.12 and 1.13) in a 

process similar to that used for making TTF.68,70  

 

Figure 1.2. Reduction potentials (ir = irreversible process) of some bisimidazolylidene 

and bisbenzoimidazolylidene dications vs SCE in DMF in
 
0.5 mM solutions with 0.1 M 

[Bu4N][ClO4] at 100 mV/s.  
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A number of these neutral electron donors or their oxidized salts have been 

synthesized, and their reduction potentials (Figure 1.2) shown to be lower than TTF and 

TDAE, indicating the greater potency of the neutral species as electron donors.69,71-74 

Although 1.3
2+

-2Br
-
 had previously been reported by Ames et al.,69 the corresponding 

neutral species 1.3 was never synthesized. Murphy et al.29 prepared a yellow solution of 

1.3 in situ from the reaction of 1.33 with NaH in deuterated DMF-D7 and used it as a 

reducing agent. The diagnostic peak for the formation of this compound was the signal 

at 123.1 ppm for the central quaternary carbon in the 
13

C NMR. Reaction of 1.3 with 

iodine gave an air-stable oxidized salt 1.3
2+

-2I
-
 (Scheme 1.12) which was isolated and 

characterized by MS and NMR spectroscopy. 

Thummel et al.73 synthesized the doubly bridged dication 1.4
2+

-2Br
-
; however, 

their attempt to prepare 1.4 by deprotonating 1.34 with NaH in acetonitrile failed. In 

contrast, Taton and Chen75 successfully synthesized 1.4 as a yellow solid from two 

different routes (Scheme 1.13): deprotonation of the precursor salt 1.34 with KH in 

DMSO and reduction of the dication 1.4
2+

 using sodium in liquid ammonia. From the 

latter route, evaporation of ammonia and extraction in hexane followed by 

recrystallization gave pale yellow prisms of 1.4 in which the single X-ray crystal 

structure revealed a near planar conformation of the central N2C=CN2 core. By 

modifying the Taton and Chen protocol, Murphy et al. synthesized donor 1.4 in 98% 

yield from the reaction of 1.34 with NaH in liquid ammonia.32  
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Scheme 1.12. Synthesis of trimethylene-bridged bisbenzimidazolylidene, 1.3 and its 

diiodide salt 1.3
2+

-2I
-
. 

                                

Scheme 1.13. Synthesis of doubly trimethylene-bridged bisimidazolylidene, 1.4.  

 

Although the reduction potentials of 1.23
2+−1.4

2+
 (Figure 1.2) were shown to be 

very low, only 1.3 and 1.4 (redox potentials: −0.82 and −0.76 V (1.3
2+

/1.3)13,69 and −1.20 

V vs SCE (1.4
2+

/1.4)13 have been explored as reducing agents. The aromatic stabilization 

in the dications made the corresponding neutral bisimidazolylidenes and 

bisbenzimidazolylidenes stronger donors than TDAE, which lacks such stabilization in 

its oxidized form. Donors 1.3 and 1.4 have been used to reduce different organic 

substrates. 

When treated with aryl iodides 1.35-1.36 (Scheme 1.14) in toluene/DMF at 

reflux, 1.3 [generated in situ by deprotonation of 1.33 using potassium 

bis(trimethylsilyl)amide (KHMDS)], reduced the aryl iodides to the corresponding aryl 

radicals which on cyclization and work up gave indolines 1.37 and 1.38 in high 

yields.29,30 Aliphatic iodides 1.39a-c also reacted with 1.3 to give the cyclized products 
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1.40a-c. Similarly, substrates containing an alkyne functionality (1.41a-b, Scheme 1.14) 

were also converted to indolines, which subsequently isomerized under acidic conditions 

to the corresponding indoles 1.42a-b, in moderate yields (64-67%). 

 

Scheme 1.14. Reduction of alkyl and aryl iodides using 1.3.  

Iodoester 1.43a was also reduced by 1.3 (2.5 equiv.) to the ester 1.44a (Scheme 

1.15) but not indanone 1.45a which presumably required the involvement of aryl anion 

intermediates.29,30,39 



 

18 

 

     

Scheme 1.15. Reduction of aryl ester using donor 1.3. 

All the reaction products obtained from the reaction of 1.3 with aryl iodides can 

be represented by the mechanism shown in Scheme 1.16.29,30 It involves the transfer of 

an electron from the reducing agent 1.3 to the aryl iodide substrates thereby leading to 

the formation of radical anions. Dissociation of iodide from the radical anions produces 

aryl radical intermediates which on cyclization and hydrogen abstraction39 afford the 

desired products 1.50a and 1.50b in 80 and 90% yields, respectively. 

 

Scheme 1.16. Mechanism of reaction of donor 1.3 with aryl iodides. 

The results obtained point to radical quenching of 1.47C rather than the 

formation of carbanions (1.47D and 1.47E) as nucleophilic attack on DMF by the 

suspected carbanions was not observed, neither was there the formation of eliminated 

products 1.49. This suggested that 1.3 could generate aryl radicals from the aryl and 
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aliphatic iodides studied but not aryl anions.29,30 It has been reported that aryl anions can 

only be generated when the redox potential is −1.0 V or more (vs Ag/Ag
+ 

).13,76 

Encouraged by the discovery that bis(benzimidazolylidene) 1.3 reduced aryl 

iodides to the corresponding aryl radical,29,30,39 Murphy and coworkers were interested in 

exploring the reducing properties of 1.4, which is stronger than 1.3 by about 400 mV 

and therefore could potentially afford aryl anions. Murphy et al.30,32 synthesized donor 

1.4 from imidazolium salt 1.34 and used it to reduce a wide range of organic substrates.  

When donor 1.4 was reacted with iodoester 1.43a in DMF at room temperature, 

aryl ester 1.44a and indanone 1.45a were obtained in 70% and 16% yields, respectively, 

while with the oxygen-linked iodoester 1.43b, aryl ester 1.44b and indanone 1.45b were 

isolated in 21% and 51% yields, respectively after 18h (Scheme 1.17).29,30,39,41 The 

formation of 1.45a-b implied that 1.4 was able to generate aryl anion intermediates 

1.43B which could intramolecularly attack the carbonyl carbon of the ester with 

subsequent cyclization to afford the indanones (Scheme 1.17),30 in contrast to reactions 

with bis(benzimidazolyidene) 1.3 which formed solely the radical-mediated product 

1.44a (from 1.43a at reflux in DMF/toluene). Although it is plausible for the observed 

1.44a-b to be produced via a radical intermediate, alternatively, the aryl anion generated 

could equally abstract a proton from the radical cation (1.4
+.

) or the dication (1.4
2+

) of 

the donor to form 1.44a and 1.44b. The difference in reactivity of 1.3 as compared to 1.4 

is attributed to its more reducing redox potential, which results from better 

aromatic/resonance stabilization present in dication 1.4
2+

 which is without any fused 

benzene rings.30 
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Scheme 1.17. Mechanism for the reduction of iodoesters.29,30,39,41 

Donor 1.4 (1.5 equiv.) was also shown to effectively reduce aryl halides to the 

corresponding arenes. Fused aryl halides such as 9-bromophenanthrene, 1-

bromonaphthalene (1.51), 9-chloroanthracene (1.53) and 2-chloroanthracene (1.55) were 

all reduced in DMF at 100 °C in very high yields (Scheme 1.18).30 
Even when present at  

                             

Scheme 1.18. Reduction of aryl halides with donor 1.4. 
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higher concentrations (5 equiv.), 1.3 gave phenanthrene in only 7% yield from 9-

bromophenanthrene under similar conditions, and was unreactive towards substrates 

1.51. 1.53 and 1.55, thus demonstrating the need for stronger reducing agents.  

To test if indeed 1.4 could behave like metals, the more challenging task of 

reducing sulfones and sulfonamides was tried. Remarkably, the carbon-sulphur (C-S) 

bonds in sulfones (R-S(=O)2-R’) and nitrogen-sulphur (N-S) bonds in sulfonamides (R’-

S(=O)2-NR2) were also cleaved by 1.4. Monosulfones 1.57 and 1.59 (Scheme 1.19)32 

were all reduced to the corresponding alkene (1.58, 79%) or alkanes (1.60, 97%); 

however, 1.4 was unreactive towards 1.61. This was attributed to the larger activation 

energy needed to transfer electrons to 1.61, which was calculated to be much larger than 

in substrates 1.57 and 1.59. The latter substrates are more accessible owing to the 

presence of unsaturated functionalities adjacent to the carbon of the cleaved C-S bond, 

which allows for resonance-stabilized intermediates. Similarly, disulfones (1.62a-d, 

Scheme 1.19) were also reduced to the corresponding monosulfones 1.63a-d in excellent 

yields (94-98%). Sulfones and sulfonamides (reduction potentials: E1/2 = −2.3 V vs 

SCE)32 hitherto could only be reduced electrochemically or by metal-based reducing 

agents.32 
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Scheme 1.19. Reduction of mono and disulfones by 1.4. 

         

Scheme 1.20. Mechanism for the reduction of sulfones to alkanes. 

The proposed mechanism32 for the reduction of monosulfones and disulfones, as 

shown in Scheme 1.20, involves electron transfer to the monosulfone to form a radical 
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anion which subsequently dissociates into the aryl sulfonyl anion and an alkyl or aryl 

radical. Further transfer of another electron to the radical led to the formation of an 

anion which on protonation afforded the desired alkane.  

Sulfonamides such as indolesulfonamide (1.64) and anilinesulfonamide (1.66) 

were also reduced to the respective amines in 91% and 74% yields, respectively 

(Scheme 1.21); however, no reduction was observed for the piperidine-based 

sulfonamide (1.68).  

                  

Scheme 1.21. Reduction of sulfonamides by donor 1.4. 

                                                    

Scheme 1.22. Proposed mechanism for the reduction of tosylamides. 
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Analogous to sulfone 1.61, the lack of reactivity of 1.68 was attributed to the 

large activation energy involved in the electron transfer owing to its unstabilized radical 

anion.32 During the reduction process, electron transfer to the sulfonamides led to the 

formation of a radical anion that dissociates to an amide (R2N
-
) and a sulfonyl radical, 

which on gaining an electron results in the sulfinate anion. Proton abstraction ultimately 

produces the reduced amine (Scheme 1.22).32  

1.3.3 Bispyridinylidenes 

Bispyridinylidenes of the type 1.6a-e are formally pyridinium-derived N-

heterocyclic carbene (pyridinylidene)77,78 dimers having two pyridyl rings connected to 

each other by a C=C bond.31  Bipyridine-related compunds such as the N, N-

disubstituted 4, 4’-bipyridinium ions (viologens) and 2, 2’-bipyridinium counterpart 

have been extensively studied for their redox and absorption properties79-85 
and were 

shown to have very low (more negative) reduction potentials. Clennan et al.85 

demonstrated in 2006 that a series of 4, 4’-disubstituted 2, 2’-bispyridinium dications 

1.6
2+

a-e (Scheme 1.23) could be electrochemically reduced at low potential to the 

corresponding bispyridinylidenes 1.6a-e which could be present as either E or Z isomers. 

The Z-isomers were computationally determined to be more stable than the E-isomers by 

about 2-3 kcal/mol (8.4-12.5kJ/mol). The greater stability of the (Z)-isomers was aided 

by pyramidalization at nitrogen and slight twisting around the central 2, 2’ C=C linkage 

(7.5
°
-25

°
) which consequently helps to minimize steric interactions.  
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Scheme 1.23. Electrochemical reduction of N, N‘-methyl-2, 2’-bipyridinium dications 

1.6
2+

a-e. 

Although π-donor substituted bispyridinium dications 1.6
2+

a-b (R’ = NMe2, 

OMe) have lower redox potentials than previously known for organic molecules, the 

corresponding bispyridinylidenes were never explored as organic reducing agents until 

2008 when Murphy et al.31 described the successful syntheses and application of 

bispyridinylidenes 1.5 and 1.6a as potent organic reducing agents. These compounds 

were synthesized from N-substituted-4-dimethylaminopyridinium salts 1.71 and 1.72 

and NaH in liquid ammonia or DMF-D7 (Scheme 1.24).  

 

Scheme 1.24. Syntheses of bispyridinylidenes 1.5 and 1.6a. 
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The mechanism12,31 for the formation of bispyridinylidenes, as shown in Scheme 

1.25 involves the use of two equivalents each of the precursors salts and a base. 

Deprotonation of one of the protons at the 2-position of the pyridine ring produces an 

intermediate carbene (pyridinylidene) that subsequently undergoes a nucleophilic attack 

on similar position on another pyridinium precursor (Scheme 1.25) thereby forming an 

asymmetrical intermediate. Further deprotonation of this intermediate by the base 

produces the bispyridinylidene.31,66,86-90  

 

Scheme 1.25. Mechanism for the formation of bispyridinylidenes. 

 

The reduction potentials for the redox couples 1.5
2+

/1.5 and 1.6a
2+

/1.6a
 
were 

determined from cyclic voltammetry to be −1.24 and −1.27 V vs SCE (DMF), 

respectively,13,31 indicating an increase of 40 mV and 70 mV when compared to 

bisimidazolylidene 1.4.  The superior π-donating strength of the dimethylamino groups 

as well as the presence of pyridyl nitrogen made donors 1.5 and 1.6a electron rich 

relative to 1.4, and as such the reagents were able to reduce difficult and challenging 

substrates that hitherto could not be reduced by any organic reducing agent (See Section 

1.3.3.1).11,31 

Other bispyridinylidenes 1.73-1.76 (Figure 1.3) have been prepared13 by 

modifying the exocyclic bridge-length and the π-donor dialkylamino moieties relative to 

1.5. However, the reduction potentials for these new redox couples were only 
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comparable or slightly better than that reported for 1.5
2+

/1.5. Murphy et al. concluded 

that significantly stronger organic reducing agents cannot be prepared by modifying the 

bridge length or the exocyclic 4, 4’ amino groups.13  

 

Figure 1.3. Oxidation potentials of dialkylamino-derived organic electron donors. 

1.3.3.1 Ground State Reductions 

Having prepared these new stronger (than 1.4) reducing agents, Murphy and co-

workers reacted compounds 1.5 and 1.6a with aryl iodides and bromides which are 

harder to reduce. Remarkably, these donors efficiently reduced aryl iodides and 

bromides to arenes (Scheme 1.26)12,31 in excellent yields at room temperature or at 100 

o
C in DMF. Sulfones, such as 1.59 (Scheme 1.26) and many others were also reduced to 

the corresponding alkanes in excellent yields.  
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Scheme 1.26. Reduction of aryl halides by reductant 1.5. 

When 1.5 was reacted with iodoester 1.43b, aryl ester 1.44b was obtained in only 

8% while indanone 1.45b, which is formed from an aryl anion intermediate, was isolated 

in 83% yield (Scheme 1.27). Indanone 1.45b was isolated in only 51% yield when donor 

1.4 was used (see Scheme 1.17).31              
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Scheme 1.27. Reduction of iodoester by 1.5. 

Challenging substrates such as mono and disulfones which are normally reduced 

using metals such as sodium, lithium or potassium, metal amalgams or other metal-

based reducing agents (for example samarium (II) iodide)32,91,92 were also reduced 

cleanly to the corresponding alkanes and monosulfones (Scheme 1.19)31 by 1.5 in 

excellent yields (96-99%). Similar results were obtained when 1.4 was used as the ORA 

under similar reaction conditions (100 °C, 3.0 equiv).  

The N-O bonds in Weinreb amides (N-methoxy-N-methylamides)10 were also 

reductively cleaved to the corresponding amides in very good to excellent yields 

(Scheme 1.28).  

                            

Scheme 1.28. Reduction of Weinreb amides by 1.5. 

Weinreb amides containing aryl substituents or aryl substituents with electron-

withdrawing groups at the para position were reduced at room temperature while those 
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containing aryl substituents with electron donating groups (1.84b-c) at the para position 

were converted to the amides at 100 °C. Alkyl derivatives (1.84f-g) were the most 

difficult to reduce. The ease of reduction was attributed to the possibility of conjugation 

between the aryl group (LUMO) and the carbonyl functionality that in turn helps to 

lower the energy of the LUMO.10 Such capabilities are absent with alkyl substituents. 

The selective cleavage of the N-O bond (1.84e) and not the C=C double bond 

exemplifies selectivity and functional group tolerance with ORAs. Reductions of 

Weinreb amides are typically performed using metal-based reductants (for example, 

TiCl3, SmI2 and others).10  

 

Scheme 1.29. Proposed mechanism for the reduction of Weinreb amides.  

The proposed mechanism of the reaction is shown in Scheme 1.29. It involves 

the transfer of an electron from the ORA to the carbonyl carbon (LUMO) of the Weinreb 

amide resulting in the formation of radical anion 1.85A, or its resonance form 1.85B, 

resulting in the cleavage of N-O bond. Transfer of an electron from radical cation 1.5
+.

 

to 1.86 leads to the formation of enolate 1.86A which abstracts a proton to form the 

amide 1.87. 

Murphy et al.11 also used donor 1.5 to reduce a wide range of acyloin derivatives 

to the corresponding ketones at room temperature in very good to excellent yields (93-98 

%, Scheme 1.30). Very low yield, however, was reported for substrate 1.88a (R = Me, < 
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5% by 
1
H NMR) even at 100 °C. The mechanism for these reductions was shown to be 

similar to the one reported for Weinreb amides (Scheme 1.29). 

                           

Scheme 1.30. Reduction of acyloin derivatives by reductant 1.5. 

The S-O and N-S bonds in triflates (CF3SO3-R) and triflamides, CF3SO2NR2) 

were also reduced to the corresponding alcohols and amides, respectively in moderate to 

good yields (Scheme 1.31).93  

 

Scheme 1.31. Reduction of triflates and triflamides (Tf = CF3SO2-) by 1.5.       
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Interestingly, the S-O bond of 1.92 but not the C-Br bond is cleaved even though 

both PhOTf (−2.63 V vs SCE) and PhBr (−2.70 V vs SCE) have almost similar 

reduction potentials. This is important as the reduction of one functional group in the 

presence of other reducible groups eliminates the need for protection/deprotection of 

functional groups before and after reduction. 

The reaction mechanism, similar to that proposed for the reduction of sulfones, 

involved the transfer of electrons to the triflates or triflamides resulting in the formation 

of a radical anion which dissociates to a radical and an anion (Scheme 1.32). Density 

functional theory (6-31G) calculations indicated that the radical is situated on the 

sulfonyl group with the anion being the alkoxide RO
- 
ions. The radical is then converted 

to a sulfinate anion after gaining an electron. In both cases, proton abstractions led to the 

formation of the observed alcohol (Scheme 1.32). 

 

Scheme 1.32. Proposed mechanism for the reduction of triflates to alcohols. 

To determine the source of the proton in the reductions, Murphy et al. performed 

isotopic labeling experiment of alkyl pyridinium salts using D2O and Et3N and observed 

about 60 - 98% deuteration at the ortho positions in these salts and only trace deuteration 

(trace to 30%) at the N-methyl group and the para positions (Scheme 1.33).12 Substrate 

1.79 was reduced to the corresponding arene 1.80’ by donor 1.5’ that was generated in 

situ in DMF from deuterium labelled pyridinium salt 1.71’ (deuterated quantitatively at 
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the ortho positions) and KHMDS or NaH as a base (Scheme 1.33). The arene showed 

33-40% deuteration.12 However, only about 5% deuteration was observed in the 

resulting arene when the deuterated salt 1.72’’ featuring deuterated methyl groups 

(PF6
-
 counterion) was used for the same reduction. With this evidence, Murphy et al. 

concluded that the pyridinium α-CH protons (or ortho CH) are the major sources of 

proton in these reactions.12 Interestingly, Carpenter had previously shown that the TDAE 

dication 1.2
2+

 was the source of proton for the reduction involving TDAE.9 

 

Scheme 1.33. Reduction of aryl iodides by labelled organic reductants to confirm the 

proton source. 

 

1.3.3.2 Photoexcited Reductions 

In some of the reductions shown in the previous sections (Sections 1.3.2.2 and 

1.3.3.1), 1.4 and 1.5 in their ground states were grossly ineffective, with starting 

materials completely recovered or the reduced products obtained in low yields even at 
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elevated temperatures (100 °C) for extended periods of time in the presence of large 

excess of the ORA. In order to reduce these and many other challenging substrates, 

Murphy et al. employed photoexcitation as a means of enhancing the reductive strength 

of 1.4 and 1.5.33,34,37,38,94 Remarkably, by exciting 1.5 (λmax: 260, 345, and 520 nm) at 365 

nm in DMF, aryl chloride 1.99 which was unreactive with 1.5 in its ground state was 

reduced to the corresponding arene 1.80 in very good yield (Scheme 1.34).33 Substituted 

1,2-diphenylcyclopropanes 1.100a-b were also reduced to the ring-opened products 1,3-

diphenylpropanes 1.102a-b and the isomerized products 1.101a. The proposed 

mechanism for this reduction is shown in Scheme 1.35.33  

 

Scheme 1.34. Reduction of substituted chlorobenzene and 1, 2-diphenylcyclopropanes 

by photoactivated electron donor 1.5.33 
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Scheme 1.35. Proposed mechanism for the reduction of 1, 2-diphenylcyclopropanes by 

photoactivated donor 1.5. 
   

The successful reduction of activated and unactivated substituted benzenes 

prompted Murphy et al. to focus on challenging substrates such as benzyl esters and 

ethers,37 dialkylarenesulfonamides,34 malonates, malononitriles and cyanoacetates.38,94 

With photoexcitation, 1.5 cleaved the C-O bonds in ethers and benzylic esters thus 

affording alcohols and carboxylic acids (Scheme 1.36), respectively as the major 

products and methoxytoluenes as co-products in both cases.37 

                                         

Scheme 1.36. C-O bond cleavage of ethers and benzyl esters by photoactivated organic 

electron donor 1.5. 
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Scheme 1.37. Reductive debenzylation of benzyl malonates, cyanoacetate and 

malononitrile by photoactivated bispyridinylidene 1.5. 

 

Furthermore, photoactivated donor 1.5 reacted with benzyl malonates (1.103 and 

1.105) and cyanoacetate (1.109a)38 to afford debenzylated products (Scheme 1.37) with 

the ester groups unaffected, but for hydrolysis of the ester groups of 1.103a-c during 

water work-up. Malononitrile (1.109b), on the other hand, afforded both the 

debenzylated product (1.111b; 17%) and a mononitrile (1.112b; 75%).38 Contrary to the 

aforementioned results, de-esterification and decyanation reactions were observed when 

malonates and cyanoacetates, respectively, were treated with metal based reagents.95 For 

example, when cyanoacetate 1.109a and malononitrile 1.109b were treated with SmI2, 
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decyanated products 1.110a-b were obtained in excellent yields (Scheme 1.37). 

Unfortunately, even with photoactivation, 1.5 was not strong enough to react with 

malonates 1.107 and 1.108 (Scheme 1.37).                  

Murphy et al.34 turned their attention to dialkylarenesulfonamides and 

malononitriles which were difficult to reduce in their previous attempts. Compound 

1.68, which was unreactive with 1.5 in its ground state was effectively cleaved by 

photoactivated electron donor 1.5 to the corresponding amine 1.69 in good yield. Other 

dialkylarenesulfonamides (for example 1.113 and 1.115a, Scheme 1.38) and benzyl 

methanesulfonamides 1.117a-d were also reduced to the corresponding amines 1.118a-d 

in good yields. Malononitriles 1.119a-c were also reduced to mononitriles 1.120a-c 

(Scheme 1.38). However, even with the photoactivation for an extended period of time, 

1.5 could not reduce sulfonamide 1.115b clearly revealing the limitations of donor 1.5. 

Whereas the tosyl group (Ts) in 1.115a possesses an arene fragment that helps lower the 

energy of the LUMO, thus providing some resonance stabilization for the N-containing 

leaving group, the methanesulfonyl group lacks any π system to stabilize the N-

containing group thereby making 1.115b harder to reduce. 
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Scheme 1.38. Reduction of dialkylsulfonamides and malononitriles by photoactivated 

organic reducing agent 1.5. 

 

1.3.4 “Hybrid” bispyridinylidenes electron donor 

In an attempt to prepare stronger electron donors with superior reducing power, 

Murphy et al.96 synthesized “hybrid” electron donors 1.121 [−1.30 V and −1.18 V vs 

SCE] and 1.122 [−1.09 V and –0.97 V vs SCE] via the deprotonation route. 

Unfortunately, these donors were not more reducing than 1.4 and 1.5. In 2013, Murphy 

et al. 97 reported the synthesis of 1.123 (Figure 1.4) with the redox couple 1.123
2+

/1.123 
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having a redox potential of −1.50 V vs SCE, thus making 1.123 the strongest ORA 

known.  

                                               

Figure 1.4. “Hybrid” bispyridinylidene electron donors 

        Due to its superior redox potential, 1.123 was used to reduce tosyl amides 

(1.64 and 1.66) to the respective amines (1.65 and 1.67) with much greater efficacy, 

requiring only 3 equiv of the donor as opposed to 6 equiv required with the doubly-

bridged bisimidazolylidene 1.4, but producing the desired products in almost the same 

yield after 18 h at 100 
o
C (Scheme 1.39).32,97 

          

 

Scheme 1.39. Reduction of sulfonamides by donor 1.123. 
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Although 1.123 is the strongest ORA, except for work presented in this thesis, 

this compound is prepared in five synthetic steps starting from 4-dimethylaminopyridine 

with the final step being the reduction of the dication 1.123
2+

 with sodium amalgam 

(Na/Hg) (Scheme 1.40) to the neutral donor 1.123. The difficulty involved in its 

synthesis and the final reduction step will likely make it unattractive for routine usage, 

especially for in situ reductions. 

 

Scheme 1.40. Preparation of organic electron donor 1.123 from DMAP.  
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1.4 Research Objectives 

 

The strongest organic reducing agents have been developed by exploiting the 

strong π-donating strength of the amino moieties.13 These organic reductants were able 

to reduce challenging substrates such as sulfones and sulfonamides, and acyloin 

derivatives, amongst others. However, these organic reductants, including the strongest 

known, are ineffective in reducing alkynes, unactivated alkyl halides, ketones, 

aldehydes, etc. Also, in certain reductions, a large excess of organic reductants, 

prolonged reaction times and high temperature are used. Even with the recent use of 

photoactivated donors, many of these challenges persist. 

The primary objective of this PhD research was to synthesize and characterize a 

new family of accessible and more potent organic reducing agents. At the outset of this 

research, the strongest organic reducing agent known was N, N’-dimethyl-4, 4’-

dimethylamino-2, 2’-bispyridinylidene with a redox potential of −1.27 V vs SCE. New 

scaffolds that should give rise to stronger reducing agents were not obvious. Since 

previous studies by Clennan et al. have shown that incorporating electron donating 

groups on the 4, 4’ positions of disubstituted-2, 2’-bipyridinium ions led to bipyridinium 

ions with more negative reduction potentials,83-85 we therefore sought to incorporate a 

much stronger π-donor onto the bispyridinylidene framework. Interestingly, theoretical 

and experimental evidence have shown that N-bound iminophosphorano substituents 

(also called phosphinimines)98-103 of the type R3P=N- are better π-donors than the amino 

groups. We were therefore interested in developing a new class of powerful 

bispyridinylidenes organic reducing agents featuring iminophosphorano π-donor 
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substituents. The targeted compounds are the di-(A-C) and tetra(iminophosphorano)-

substituted bispyridinylidenes (D and E) shown in Figure 1.5.   

   

 

Figure 1.5. Targeted iminophosphorano-substituted bispyridinylidene organic reducing 

agents.  

It is believed that these powerful organic electron donors will open up new 

opportunities in metal-free reduction of organic substrates. Once prepared, these electron 

donors would be characterized electrochemically and tested in reductions to see if the 

limitations with the previous donors have been overcome.  

The syntheses and characterization of triphenyl- and 

tricyclohexyliminophosphorano-substituted bispyridinylidenes (A-C) as well as their use 

in the reduction of 1-bromonaphthalene will be discussed in Chapter 2. Chapter 3 will 

focus on the syntheses and characterization of tetra(triphenyliminophosphorano)-

substituted bispyridinylidene D and its application in the reduction of aryl halides, 

sulfonamides and other challenging organic substrates. The summary, conclusion and 

future work will be presented in Chapter 4. Attempts made towards the preparation of 

mixed tetra(iminophosphorano)- and tetra(tricyclohexyliminophosphorano)-substituted 

bispyridinylidenes will also be discussed in this chapter.  
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CHAPTER 2 

 

SYNTHESES AND CHARACTERIZATION OF BIS(IMINOPHOSPHORANO)-

SUBSTITUTED BISPYRIDINYLIDENES AND THEIR APPLICATION AS 

POTENT ORGANIC REDUCING AGENTS 

In this chapter, results obtained in a quest to prepare more powerful neutral 

ground state bispyridinylidenes donors by exploiting the strongly π-donating 

iminophosphorano (-N=PR3; R = Ph, Cy) substituents are presented. The proof of 

principle of some of these new reagents is also highlighted by the mild reduction of 1-

bromonaphthalene. The chapter consists of four sections. Sections 2.1 and 2.2 are based 

on an article published in May of 2015 in Chemistry-A European Journal (Samuel S. 

Hanson, Nicholas A. Richard, C. Adam Dyker, Chem. Eur. J. 2015, 21, 8052-8055).104 

In the said article, I synthesized all the iminophosphorano-based bispyridinylidenes and 

also carried out the reduction of 1-bromonaphthalene with in situ-generated N, N’-

dimethyl iminophosphorano-derived bispyridinylidenes and the dimethylamino-derived 

analogue. The formatting, compound numbering and order of presentation were 

modified to fit this thesis. The copyright agreement between the authors of the said 

article and the publishers permits the inclusion of the article as a section (or sections) of 

a thesis provided it does not constitute more than fifty percent (50%) of the thesis. 

2.1. Introduction 

Organic super electron donors,35,36,41,42 as introduced by Murphy and co-

workers,29-31 are a class of ground state, neutral organic molecules having exceptionally 

positive oxidation potentials. These electron donors are soluble, tunable and should 
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complement traditional heterogeneous metal based reducing agents in that they can offer 

alternate reaction conditions (including the absence of metallic by-products) or unique 

selectivity.39,40 The most powerful and intensively studied organic reducing agents are 

compounds 1.4 (−1.20 V vs SCE),30,32,73,75 and bispyridinylidenes 1.5 (−1.24 V vs SCE) 

and 1.6a (−1.27 V vs SCE).10-13,31,34-37,93 These ground state electron donors have been 

used in the reduction of organic substrates such as aryl halides,12,30,31,105 sulfones and 

arenesulfonamides,31,32 Weinreb amides,10 acyloin derivatives,11 triflates and 

triflamides.93        

 

Figure 2.1. Some of the strongest ORAs and their respective dications. 

In certain reductions, however, these reagents are ineffective even at elevated 

temperatures, providing trace amounts of the reduced products or complete recovery of 

unreacted starting materials.32,33,36,37 The desire to reduce these challenging substrates has 

led Murphy and coworkers to utilize photoexcitation to boost the reducing power of the 

reagents. Indeed, upon photoactivation, 1.5 was able to reduce difficult substrates such 

as activated benzenes, N, N-dialkyl arenesulphonamides, benzylic esters and ethers, 

benzyl malonates and cyanoacetates,33,34,37,38 which could not be reduced by 1.5 in the 
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ground state. Unfortunately, the majority of the photoassisted reductions involve the use 

of excess reducing agent and require longer reaction times (typically 72 h).36  

To fully realize the utility of organic reducing agents, stronger electron donors 

are required, which will not only allow for more convenient reaction conditions (no 

photoexcitation, stoichiometric reductions, mild temperatures, shorter reaction times) but 

should also open the doorway to the reduction of more difficult substrates.  

New scaffolds that should be stronger electron donors are not obvious. The 

syntheses and characterization of derivatives of 1.5/1.6a has led to the conclusion that 

significantly more powerful donors cannot be attained by modifying either the bridge 

between the endocyclic N-centers or the exocyclic 4, 4’-amino substituents.13 

Ultimately, this led Murphy to prepare tricyclic species 1.123, with a record redox 

potential of −1.50 V vs SCE.97 Undesirably this compound requires five synthetic steps, 

and is finally prepared via a reduction with Na/Hg amalgam which prevents it from 

being generated in situ for reduction reactions (in contrast to the simple two-step 

synthesis of 1.5 which ends with a convenient deprotonation). Interestingly, Clennan et 

al. have shown that the nature of the 4, 4’-substituent does play a significant role in the 

reduction potential of a family of 4, 4’-disubstituted-2, 2’-bipyridinium ions (1.6
2+

a-e; 

see Section 1.3.3 of chapter 1),84,85 with redox potentials spanning 1 V and being most 

negative for stronger π-donor groups (OMe, NMe2). This leads to the conclusion that 

incorporating substituents more electron donating than amino groups into the 4, 4’-

positions, should lead to more powerful bispyridinylidene reducing agents.  

Although tables of substituent constants106,107 indicate that amino groups are the 

premier π-donor groups, there is some theoretical and experimental evidence that N-
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bound iminophosphorano groups (R3P=N-)100,108-111 should be regarded as stronger 

electron donating substituents. Indeed, calculations by Schoeller have shown a greater 

stabilization of the singlet state of the corresponding phosphanylnitrenes (R2P-N) for R 

= H3P=N- over R = H2N-.112,113 In addition, whereas diaminochloroboranes [(R2N)2BCl] 

are covalent species with discrete B-Cl bonds,101 the isolation of the chloride salt of a 

dicoordinate borinium cation [tBu3P=N)2B][Cl] by Stephan et al.100 demonstrated that 

the iminophosphorano functionalities, but not amino groups, are capable of 

electronically satisfying the boron center such that it does not require a bond with 

chlorine (Figure 2.2). 

 

Figure 2.2. Resonance stabilization of borinium chlorides by iminophosphorano 

substituents, tBu3P=N-. 

 

2.2 Synthesis of 4, 4’-bis(iminophosphorano)-2, 2’-bispyridinylidenes 2.4a-b and 

2.5a-b  

A method was sought to prepare 4, 4’-iminophosphorano substituted 

bispyridinylidenes 2.4a, 2.4b, 2.5a, and 2.5b, featuring aryl (Ph) and alkyl groups (Cy) 

on phosphorus (Scheme 2.1). The iminophosphorano group is easily introduced by the 

reaction of 4-aminopyridine with the corresponding dibromophosphorane (Ph3PBr2 or 

Cy3PBr2) to form the iminophosphorano-substituted pyridines 2.1a-b.114 Subsequently, 

in a procedure that parallels Murphy’s original protocol,12,31 the iminophosphorano-

substituted pyridines 2.1a-b were alkylated with 1,3-diiodopropane or iodomethane to 
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obtain the pyridinium ions 2.2 and 2.3, respectively (Scheme 2. 1). Deprotonation of the 

C2 positions of these cations with potassium bis(trimethylsilyl)amide (KHMDS) cleanly 

afforded the desired compounds. After work up, 2.4a, 2.4b, 2.5a, and 2.5b were isolated 

as purple solids in 82, 86, 34, and 83% yields, respectively, where the low yield of 2.5a 

is attributed to its low solubility in toluene. Despite their sensitivity to air and moisture, 

the compounds have a half-life of one year when stored in an inert atmosphere in the 

glove box.  

 

Scheme 2.1. Synthesis of iminophosphorano-substituted organic electron donors 2.4a-b 

and 2.5a-b. 

Interestingly, although only one isomer of 1.5 was reported,12 a mixture of 

diastereoisomers for 2.5a (1: 2.2) and 2.5b (1:3.9) was observed, with 
31

P NMR shifts at 

−1.5 and −4.3 ppm (2.5a) and 18.7 and 15.8 ppm (2.5b), corresponding to the minor and 

major isomers, respectively (see Figure A10 and A14 in the appendix). In each case, a 

NOESY experiment (Figures 2.3 and 2.8) showed a correlation between the N-CH3 

protons and those of the CH group adjacent to the double bond, indicative of an E 

arrangement, only in the case of the minor isomer. This is consistent with the closer 
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values of the 
31

P NMR chemical shifts for 2.4a (−4.2 ppm) and 2.4b (15.5 ppm), with 

fixed Z arrangements, to those of the major isomers of 2.5a (−4.3 ppm) and 2.5b (15.8 

ppm), respectively. It is also in agreement with recent theoretical studies on isomers of 

1.6a-e which predicted the Z-isomer to be more stable in all cases.85   

                                

 

Figure 2.3.  NOESY spectrum of 2.5a in C6D6 showing (Z) and (E) isomers.  

Z-CH3 

E-CH3 

a’ b’ c’ a c b 
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Figure 2.4. NOESY spectrum of isolated solid of 2.5b in C6D6 showing correlation for 

the (Z) and (E) isomers. 

 

Although the propylene-bridged compounds 2.4a and 2.4b were formed 

quantitatively in solution, as indicated by 
1
H and 

31
P NMR monitoring of their reaction 

mixtures (see Figures A1-3 and A5-7 in the appendix), 
1
H, and 

31
P NMR spectra of the 

isolated purple (2.4a) and brown (2.4b) solids showed only broadened out and nearly 

indiscernible resonances (see Figures A4 and A8 in the appendix). This was attributed to 

the formation of small amounts of radical species, likely the respective radical cations, 

a’ a c b’, c’ b 

Z-CH3 

E-CH3 
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via partial oxidation of the sample.115 Similar observations in NMR spectra have been 

made previously for 1.5116 and 1.122.97  

To further support the assignments, the compounds were oxidized to their 

respective dichloride salts via their reaction with hexachloroethane (Scheme 2.2). 

Pleasingly, even isolated samples of 2.4a and 2.4b gave excellent isolated yields of the 

dichloride salts of the dications 2.4a
2+ 

(95%) and 2.4b
2+ 

(72%), respectively, indicating a 

high purity of the isolated electron donors despite the poorly resolved NMR spectra.  

           

Scheme 2.2. Chemical oxidation of organic electron donors 2.4a-b and 2.5a-b. 

Moreover, along with high isolated yields (84 and 81%, respectively), the single 
31

P 

NMR resonances in each case for 2.5a
2+

 and 2.5b
2+

 at 16.5 and 37.7 ppm, respectively, 

matched closely with the signals for the similarly substituted propylene bridged 

derivatives, 2.4a
2+

 (16.8 ppm) and 2.4b
2+

 (37.8 ppm), thus confirming that 2.5a, and 

2.5b existed as two stereoisomers and not two separate species. The pyridyl protons (C2 

position) of all the dications resonated at a higher frequency in the 
1
H NMR spectra (9.2-



 

51 

 

9.4 ppm), relative to their respective precursors 2.2a-b and 2.3a-b, thus indicating 

significant interactions of the chloride counterions with the protons at this position. 

Table 2.1. Redox potentials of selected electron donors
[a]

 and their corresponding 

substituent constants.104  

Donor Substituents −E
1

1/2 (V) −E
2

1/2 (V) −E1/2  (V) (σp
+
)104 

2.4b -N=PCy3 1.50 1.39 1.45 −2.21 

2.5b -N=PCy3 - - 1.51 −2.21 

2.4a -N=PPh3 1.36 1.23 1.30 −1.82 (−1.65)106 

2.5a -N=PPh3 - - 1.34 −1.82 (−1.65)106 

1.5 -NMe2 - - 1.24 −1.70106 

1.6a -NMe2 - - 1.29 (1.27)13 −1.70106 

[a]
Scan rate of 50 mV/s, 0.1 M [Bu4N][PF6] in DMF as supporting electrolyte, at room 

temperature under inert atmosphere. E1/2 values correspond to the two electron 

neutral/dication couple and were determined directly or calculated from the two single 

electron processes. Literature values are in parenthesis.  

 

In order to determine the strength of these new organic electron donors 2.4a, 

2.4b, 2.5a, and 2.5b, and compare them to related compounds (Table 2.1), cyclic 

voltammetric studies (see Figure A62-A65 in the appendix) were carried out on their 

respective dications under the same conditions as used by Murphy et al. Compounds 

2.5a
2+

 and 2.5b
2+

 exhibited single, reversible two electron processes at −1.34 and −1.51 

V vs SCE, respectively. The propylene bridged derivatives 2.4a
2+

 and 2.4b
2+

 exhibited 

two distinct but reversible one-electron redox processes at −1.36 and −1.23 V vs SCE 

and −1.50 and −1.39 V Vs SCE, respectively, implying the formation of intermediate 

radical cations under the conditions investigated. It is worth noting that 2.5b is the 
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strongest neutral organic electron donor yet reported, being 10 mV more reducing than 

tricyclic 1.123. 

From the electrochemical data, it can be seen that the methyl derivatives 1.6, 

2.5a and 2.5b were consistently stronger donors than the identically substituted 

propylene-bridged derivatives 1.5, 2.4a and 2.4b, respectively, by 40-60 mV for the two 

electron process. More importantly, substituting the dimethylamino group in 1.5 and 

1.6a by a Ph3P=N- group in 2.4a and 2.5a, respectively, led to an increase in oxidation 

potential of 50-60 mV. More dramatically, changing from triphenyl (2.4a, 2.5a) to 

tricyclohexyliminophosphorano (Cy3P=N-) groups (2.4b, 2.5b) led to an increase of 

150-170 mV, which is 210-220 mV stronger than the respective dimethylamino 

substituted 1.5 and 1.6a. It is worth noting that even small improvements in oxidation 

potential for these two-electron donors result in large changes in the equilibrium 

constant for a given reduction reaction. Thus a room temperature reduction with 2.5a 

and 2.5b is expected to be 2400 and 1.36x10
9
 times more favorable, respectively, than 

the same reduction employing 1.5.   

The results of cyclic voltammetric studies clearly demonstrated the superior 

electron donating ability of the iminophosphorano substituents over the amino groups. 

The substituents constants (σp
+
) determined based on redox potentials (Table 2.1),104 

revealed that the iminophosphorano substituents Ph3P=N- (σp
+
 = −1.82) and Cy3P=N- 

(σp
+
 = −2.21) are stronger donors than NMe2, contrary to previous reports that showed 

Ph3P=N- to be a weaker donor than NMe2 (−1.65 vs −1.70, respectively).106,117,118 To our 

knowledge, Cy3P=N- represents the strongest neutral π-donating substituent yet 

reported. 
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Although the redox potentials indicated that 2.4a, 2.4b, 2.5a, and 2.5b should be 

strong reducing agents, their use in this capacity required validation. These donors were 

isolable, which may be required for some reduction reactions, however, it was 

recognized that it is most convenient to generate and use these donors in situ from their 

more easily handled precursors.  

                                                

                  Table 2.2. Reduction of 1-bromonaphthalene using various organic 

                  reducing agents. 

Donor Substituents Equiv. Temperature       

(°C) 

Time 

(h) 

Yield                

(%) 

1.4 - 1.5 110 18 8630 

1.6a -NMe2 2 100 2 84
[b]

 

1.6a -NMe2 2 50 4 14
[b]

 

2.5a -N=PPh3 2 100 2 94
[a]

 

2.5a -N=PPh3 2 50 4 34
[b]

 

2.5b -N=PCy3 2 50 4 94
[a]

 

2.5b -N=PCy3 2 r.t. 20 94
[b]

 

              [a] Isolated yields of naphthalene. [b] Yields determined by 
1
H NMR. 

 

Derivatives 2.5a and 2.5b, generated from KHMDS and 2.3a or 2.3b, 

respectively, were therefore tested in the reduction of 1-bromonaphthalene (Table 2.2) 

under various conditions of time and temperature. The outcome was compared to that of 



 

54 

 

similar reductions featuring donor 1.6a, generated in situ from KHMDS and N-methyl-

4-(dimethlyamio)pyridinium iodide (1.72). Bis(imidazolylidene) (1.4) has been used to 

reduce 1-bromonaphthalene to naphthalene in 86% yield at elevated temperatures (Table 

2.2),30 but no other organic electron donor has been reported to effect this reduction. 

Because of the long reaction time reported with donor 1.4, and simple work-up 

procedure, this process was chosen to test if these new and more powerful donors could 

give improved yields under milder conditions or shorter reaction times.  

Gratifyingly, 1-bromonaphthalene was reduced to naphthalene by 2.5a in an 

isolated yield of 94% after only 2 h at 100 
o
C. Under similar reaction conditions, 

dimethylamino-derived bispyridinylidene 1.6 gave the reduced product in 86%, with 

14% unreacted bromonaphthalene recovered. After 4 h at 50 
o
C, donors 1.6 and 2.5a 

showed only 15% and 35% conversions, respectively; however, 

tricyclohexyliminophosphorano-based donor 2.5b, which is 220 and 170 mV stronger 

than 1.6 and 2.5a, respectively, was able to reduce 1-bromonaphthalene to naphthalene 

in 94% isolated yield under the same conditions. Remarkably, 2.5b also effectively 

reduced 1-bromonaphthalene at room temperature in a yield of 93% after 20h. 

Monitoring the reductions by 
31

P NMR showed that the mixtures were complex, but 

dications 2.5a
2+

 and 2.5b
2+

 were identified as the most abundant single product. 

Nevertheless, these experiments clearly demonstrated the feasibility of these new 

reagents as powerful organic reducing agents, and the reduced reaction times and milder 

conditions highlight the importance of their increased reduction potentials.  
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2.3. Synthesis of 6, 6’ bis(triphenyliminophosphorano)-2, 2’-bispyridinylidenes 2.9 

and 2.10  

Knowing that the incorporation of the iminophosphorano substituent R3P=N- (R 

= Ph, Cy) led to the isolation of the strongest organic donor molecules 2.4a-b and 2.5a-

b, there was an interest in studying the effect of the position of the substituent on the 

redox potential of the bispyridinylidene. Starting with the known 2-

triphenyliminophosphoranopyridine 2.6,119 alkylation with 1,3-diiodopropane or 

iodomethane gave the precursor salt 2.7 or 2.8. Deprotonation of 2.7 with KHMDS 

(Scheme 2.3) led to the isolation of propylene bridged-6, 6’-

bis(triphenyliminophosphorano)-2, 2’-bispyridinylidene 2.9 as a purple solid in a yield 

of 12%; with the low yield attributed to its poor solubility in toluene.  

 

Scheme 2.3. Syntheses of 6, 6’-bis(triphenyliminophosphorano)-substituted electron 

donors 2.9 and 2.10. 

 

The 
1
H and 

31
P NMR (4.6 ppm) revealed that compound 2.9 was formed 

quantitatively in solution (Figure A29 and A30 in the appendix). However, just like 

2.4a-b, the isolated solid showed only broadened out peaks and nearly indiscernible 
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resonances in the 
1
H and 

31
P NMR spectra in deuterated benzene (Figure A31and A32 in 

the appendix) which was attributed to the formation of small amounts of radical species, 

likely the respective radical cations, via partial oxidation of the sample. 

Unfortunately, the methyl derivative 2.10 which was isolated as a brown solid 

from the reaction of 2.8 with KHMDS could not be obtained in a spectroscopically pure 

state despite many attempts (Figure 2.5).  

 

 

Figure 2.5. 
1
H NMR and 

31
P NMR (insert) of bispyridinylidene 2.10 in deuterated 

benzene. 

Although 2.10 existed as two isomers with 
31

P NMR
 
resonances at 3.4 (major) 

and 2.6 (minor) ppm, the peak for the minor isomer was hardly noticeable due to the 

poor solubility of the compound in C6D6. Besides the broad peaks seen in the 
1
H NMR 

(around 3.3 ppm) and the 
31

P NMR, which probably indicate the presence of impurities, 
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the 
1
H and 

31
P NMR spectra of 2.10 were consistent with the desired product (Figure 

2.5).  

Previous attempts by Murphy et al. to synthesize a similar propylene bridged 

bispyridinylidene with dimethylamino groups at the same positions (6, 6’) were 

unsuccessful. While attempting to bridge two pyridyl units with 1,3-diiodopropane, 

instead three undesired alkylation products 2.12-2.14, resulting from the alkylation of 

the pyridyl and exocyclic nitrogen centres (Scheme 2.4), were obtained, thus preventing 

the preparation of the 6, 6’-bis(dimethylamino) analogue of 2.9.120  

 

Scheme 2.4. Multiple alkylation of 2-dimethylaminopyridine 2.11.  

 Propylene-bridged bispyridinylidene 2.9 was cleanly converted to its oxidized 

dichloride salt 2.9
2+

-2Cl
-
 in 91% yield by reaction with hexachloroethane in benzene 

(Scheme 2.5) with a signal of the product resonating at 19.5 ppm in the 
31

P NMR. The 

proton NMR showed that the N-bound methylene protons were diastereotopic in 

solution with each of the protons in the NCH2, being inequivalent because of the chiral 

geometry (atropisomerism) of the bipyridinium (due to the twisting of the rings), 

appearing as two distinct multiplets at 4.19-4.30 and 4.86-4.90 ppm. This diastereotopic 

nature of the methylene protons was previously observed for 2.4
2+

a-b and for the 

propylene-bridged dimethylamino derivative, 1.6
2+

.31 The 
1
H and 

31
P NMR spectra 

obtained from the reaction of 2.10 with hexachloroethane revealed the presence of at 
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least three products between 15.7 and 18.5 ppm signal in the 
31

P NMR thus indicating 

that 2.10 was not cleanly oxidized to 2.10
2+

-2Cl
- 
in contrast to other bispyridinylidenes 

which reacted cleanly with C2Cl6.   

       

Scheme 2.5. Reaction of iminophosphorano-derived donor 2.9 with C2Cl6. 

To determine the reducing strength of 2.9, cyclic voltammetry of 2.9
2+

-2Cl
- 
was 

performed in DMF with NBu4PF6 as supporting electrolyte (scan rate of 50 mV/s). The 

results showed two reversible one electron reduction processes at −1.25 and −1.08 V vs 

SCE. From the result, it can be seen that a change in the position of the 

triphenyliminophosphorano substituent (−N=PPh3) from the C4 position (4, 4’-

iminophosphorano bispyridinylidene; 2.4a) to the C2 position (6, 6’-iminophosphorano 

bispyridinylidene; 2.9) of the pyridine ring for the propylene bridged donors led to a 130 

mV decrease in the reduction potential thus demonstrating that the position of the 

substituent on the pyridine ring has a significant effect on the reduction potential.  

2.4. Synthesis of 5, 5’-bis(triphenyliminophosphorano)-substituted 

bispyridinylidenes 2.18 and 2.19 

To gain more insight on the effect of the position on the iminophosphorano 

substituents on the reduction potential of bispyridinylidenes, the 5, 5’-derived donors 

2.18 and 2.19 were targeted according to Scheme 2.6.  
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Scheme 2.6. Attempted syntheses of 5, 5’-bis(triphenyliminophosphorano)-2, 2’-

bispyridinylidenes 2.18 and 2.19.  

 

Similar to the routes used for the preparation of other iminophosphorano-derived 

pyridinium salts, 2.16 and 2.17 (Scheme 2.6) were synthesized in very good yields by 

reacting 2.15114 with 1,3-diiodopopane and iodomethane, respectively. Sadly, all 

attempts to isolate the bispyridinylidenes 2.18 and 2.19 via deprotonation of the salt 

precursors 2.16 and 2.17 with KHMDS failed. The brown solids isolated from these 

reactions mixtures showed only well separated but broad phenyl peaks, alongside 

solvent and HMDS peaks in the 
1
H NMR and broad, almost indiscernible peaks in the 

expected region for triphenyliminophosphorano-substituted bispyridinylindenes 

(between 4.0 and −4.0 ppm) in the 
31

P NMR (Figure A37 and A38). Efforts to oxidize 

these brown solids to the respective dications were unsuccessful and thus 2.18 and 2.19 

could not be definitively identified. With salts 2.16 and 2.17 having two inequivalent 

protons on the carbons adjacent to the pyridinium N atoms, it was suspected that 

multiple deprotonations may have occurred, ultimately resulting in the formation of 

several unidentified products as revealed by the 
31

P NMR.  
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The observation that the cyclohexyl (Cy) group on phosphorus for 2.4 and 2.5 

led to the preparation of more powerful bispyridinylidenes than those with phenyl 

groups on phosphorus necessitated further investigation on the effects different R groups 

on phosphorus have on the redox potentials of iminophosphorano-substituted 

bispyridinylidenes. Alkyl phosphines (for instance, tricyclohexylphosphine) are better 

electron donors than aryl phosphines (example, triphenylphosphine) because the 

phosphorus of the former is attached to a sp
3 

hybridized carbon, which is less 

electronegative (25% s-character) compared to the latter, which is attached to an sp
2 

hybridized carbon which is more electronegative (33% s-character). In other words, the 

sp
2
 hybridized carbon is more electron withdrawing than a sp

3
 hybridized carbon.  

Rationalizing that an amino group should further increase the π-donating ability 

of the iminophosphorano substituent and lead to even stronger donors, the preparation of 

the pyridine 2.20 (Scheme 2.7) was targeted. Sadly, the desire to prepare 4, 4’-

tris(dimethylamino)iminophosphorano-2, 2’-bispyridinylidene was hampered by the 

inability to prepare 4-tris(dimethylamino)iminophosphoranopyridine 2.20. The regular 

protocol devised for the preparation of iminophosphorano pyridines (Scheme 2.7) failed 

to produce 2.20, rather what was assigned to be the protonated species 2.20.HCl was 

isolated as a white solid in quantitative yield.  

                                     

Scheme 2.7. Attempted synthesis of 4-tris(dimethylamino)iminophosphorano pyridine 

2.20.   
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The 
31

P NMR had a singlet at 40.1 ppm while the 
1
H NMR of this compound 

comprised of a doublet at 2.91ppm, integrating for 18 protons of the NMe2 group and a 

doublet of doublets at 7.15 ppm for the meta protons (2H) of the pyridine ring, a triplet 

at 8.25 ppm and a broad singlet at 9.36 ppm (1H). These peaks in the 
1
H NMR (Figure 

2.6) and the presence of four peaks at 38.4, 112.3, 142.6 and 163.2 ppm in 
13

C NMR 

suggest the possibility of a protonated compound. The amino group may have led to a 

sharp increase in the basicity of the iminophosphorano N or the pyridyl N such that the 

compound could not be easily deprotonated. Several attempts to deprotonate this white 

solid with different bases such as K2CO3 and DBU in acetonitrile failed. Deprotonation 

with KOtBu and KHMDS in THF gave a mixture of unidentified products.  

 

Figure 2.6. An excerpt of the 
1
H NMR of 2.20.HCl in DMSO. 
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2.5 Summary 

A new class of strong organic reducing agents featuring iminophosphorano π-

donor substituents –N=PR3 (R = Ph, Cy), have been synthesized and characterized with 

redox potentials ranging from −1.30 to −1.51 V vs SCE. These donors, made formally 

by replacing the dimethylamino group in 4, 4’-dimethylamino bispyridinylidenes with 

Ph3P=N- and Cy3P=N-, are amongst the the best organic donors to date, as evidenced by 

their redox potentials as well as their use in the high-yielding and mild reduction of 1-

bromonaphthalene.  

The redox potentials of these newly synthesized iminophosphorano-based 

organic reducing agents are sensitive to the R group on phosphorus and the position of 

the substituents on the pyridine ring. Cyclohexyl groups on phosphorus gave rise to 

stronger reducing agents than phenyl groups. Also, the substituent effect is more 

pronounced in the C4 positions of the pyridine ring than the C2 positions. Changing the 

position of the triphenyliminophosphorano substituent from the C4 to the C2 position on 

the pyridine ring led to a 130 mV decrease in reduction potential for the propylene-

bridged bispyridinylidenes. Although propylene-bridged 6, 6’-

triphenyliminophosphorano substituted bispyridinylidenes (2.9) could be prepared and 

oxidized cleanly to 2.9
2+

-2Cl
-
, the N, N’-dimethyl analogue (2.10) could not be obtained 

in a pure form, hence its dication could not be obtained. 

Whereas the precursors 2.16 and 2.17 to 5, 5’-triphenyliminophosphorano-

substituted bispyridinylidenes 2.18 and 2.19 were synthesized, no clean deprotonation 

route could be found for these compounds, hence the N, N’-dimethyl and the propylene- 

bridged 5, 5’-triphenyliminophosphorano substituted bispyridinylidenes 2.18 and 2.19 
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could not be observed. This could be as a result of the availability of two inequivalent 

protons on the carbons adjacent to the pyridyl N atoms that may have resulted in 

multiple deprotonations ultimately resulting in the formation of several unidentified 

products.  

Attempts to further tune the redox potential by preparing the 4-

tris(dimethylamino)iminophosphorano-based bispyridinylidenes was hampered by the 

inability to synthesize the 4-tris(dimethylamino)iminophosphoranopyridine 2.20.  
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CHAPTER 3 

SYNTHESES AND CHARACTERIZATION OF 

TETRA(IMINOPHOSPHORANO)-SUBSTITUTED BISPYRIDINYLIDENES 

AND THEIR APPLICATION AS POWERFUL ORGANIC REDUCTANTS 

3.1 Introduction 

In Chapter 2 of this thesis, it was shown that by replacing the dimethylamino 

group of bispyridinylidene 1.5 with the iminophosphorano π-donor substituents –N=PR3 

(R = Ph, Cy), a new family of strong organic reducing agents was synthesized, with the 

N-methyl-4, 4’-tricyclohexyliminophosphorano-2, 2’-bispyridinylidene 2.5b (−1.51 V 

vs SCE) becoming the strongest organic reducing agent known to date. Aside from 

being easy to prepare, these electron donors were able to reduce 1-bromonaphthalene to 

naphthalene in high yields under mild reaction conditions.   

In furtherance of the goal of making potent organic reducing agents, there was 

interest in building on the gains recorded thus far by incorporating multiple 

iminophosphorano substituents onto the pyridine ring. It was believed that electron 

donation of the multiple π-donor groups into the ring, which should further raise the 

energy of the HOMO, and the formation of a resonance-stabilized dication upon 

oxidation should contribute to a very strong electron donor. This chapter focuses on the 

syntheses, characterization and application of 4, 4’, 6, 6’-

tetra(triphenyliminophosphorano)-2, 2’-bispyridinylidene donors of the type D as potent 

organic reducing agents. Almost all of the results on reductions shown in this chapter 
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were done in collaboration with Prof. John A. Murphy of the University of Strathclyde, 

Glasgow, UK. 

                                  

An article containing some of the results of this chapter was published in July of 

2015 in Angewandte Chemie International edition (Samuel S. Hanson, Eswararao Doni, 

Kyle T. Traboulsee, Graeme Coulthard, John A. Murphy, C. Adam Dyker, Angew. 

Chem. Intl. Ed. 2015, 54, 11236-11239).121 Kyle Traboulsee, an undergraduate in the 

Dyker group synthesized the N-methyl-2, 4-bis(triphenyliminophosphorano)pyridinium 

iodide precursor in very low yield.  I optimized the synthesis of this precursor by using a 

different route and prepared the tetra(triphenyliminophosphorano)-substituted 

bispyridinylidene, the corresponding dication and the propylene-bridged analogue of 

these compounds. I also synthesized the propylene-bridged-6, 6’-bispyridinylidene and 

the corresponding dication and performed the cyclic voltammetic studies of the three 

redox couples reported. I carried out the reduction of bromobenzene (not published), 

while Eswararo Doni of the Univeristy of Stratcylde, Glassgow, UK performed the other 

reductions.  

3.2 Results and Discussion 

3.2.1 Syntheses of precursors 

One of the established ways of introducing the iminophosphorano group onto the 

pyridine ring is via the reaction of 4-aminopyridine with R3PBr2. Following this route, 

triphenyl and tricyclohexyliminophosphorano pyridines were successfully prepared. By 
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analogy, it was first considered that 2, 4-bis(triphenyliminophosphorano)pyridine could 

be prepared by the reaction of 2, 4-diaminopyridine with dihalophosphorane (R3PX2; X= 

Br, Cl). Unfortunately, the high cost of buying 2, 4-diaminopyridine (from $980 to 

$1067 for 5g from commercial suppliers) made this route uneconomical and 

unsustainable so an alternate route was devised (Scheme 3.1).  

 

Scheme 3.1. Synthesis of tetra(triphenyliminophosphorano)-substituted 

bispyridinylidene precursors 3.5 and 3.6. 

 

Starting from the commercially available 4-amino-2-chloropyridine 3.1 ($52 for 

5g from Alfa Aesar), 2-chloro-4-(triphenyliminophosphorano)pyridine 3.2 was prepared 

as a white crystalline solid in a good yield via a reaction with Ph3PBr2 (Scheme 3.1). The 

phosphorus atom in compound 3.1 resonated at a slightly higher frequency (9.7 ppm in 

31
P NMR) when compared to the unsubstituted 4-triphenyliminophosphorane derivative.  



 

67 

 

To facilitate the substitution of the second triphenyliminophosphorano group, it 

was reasoned that the pyridine nitrogen should be alkylated. Besides aiding the 

substitution reaction by making the carbon bearing the chlorine more electrophilic, it 

should also prevent protonation of the pyridine nitrogen. With this in mind, compound 

3.2 was alkylated with the appropriate alkylating agent (iodomethane or 1, 3-

diiodopropane) in refluxing acetonitrile for 16-24 h yielding the alkylated pyridinium 

salts 3.3 and 3.4 after precipitation from diethyl ether.122 Both isolated compounds 

showed, as expected, only a singlet at 16.3 and 16.6 ppm, respectively, in the 
31

P NMR 

spectra. Reaction of the chloropyridinium iodides 3.3 and 3.4 with excess of 

triphenyliminophosphorane Ph3P=NH in refluxing acetonitrile for 48-72 h afforded the 

desired methyl and propylene bridged-2,4-bis(triphenyliminophosphorano)pyridininium 

precursors 3.5122 and 3.6 in 17 and 35% yields, respectively (Scheme 3.1) after aqueous 

work up and recrystallization from isopropanol. Two singlets each were observed in the 

31
P NMR spectra of 3.5 and 3.6 at 9.6 and 12.8 and 9.5 and 13.0 ppm, corresponding to 

the iminophosphorano moieties at C4 and C2 positions on the pyridine ring of each 

compound, respectively.  

In these reactions, the Ph3P=NH acts both as a nucleophile and also as a base 

(Scheme 3.1), hence it was used in excess. However, it was difficult to isolate in its pure 

form and the slow reaction always lead to some hydrolysis of Ph3P=NH to phosphine 

oxide, Ph3P=O.122 Furthermore, the fact that it was used as a base and a nucleophile (ie. 

requiring at least 2 equivalence of Ph3P=NH for every chloropyridinium salt used) made 

this process less desirable. The poor yields, long reaction times and the need to first 

prepare Ph3P=NH necessitated the search for a more practical approach to 3.5 and 3.6; 

one that incorporates the use of stoichiometric amounts of base in the presence of 
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[Ph3PNH2][Br] and the alkylated chloropyridinium derivatives. The role of the base is 

two-fold: to generate R3P=NH in situ and to deprotonate the protonated intermediates. 

Fortunately, DBU was effective in accomplishing both tasks as it readily deprotonated 

[Ph3PNH2][X]  [X= Br
-
, Cl

-
] almost immediately in acetonitrile. The addition of N-

methyl-2-chloro-4-triphenyliminophosphorano iodide, 3.3 to this mixture and 

subsequent stirring for 18 h at 85 °C yielded 3.5 (Scheme 3.2) as an off-white solid in 

66% yield after recrystallization from acetonitrile.  

                                              

Scheme 3.2. Optimized synthetic route to N-methyl-2, 4-

bis(triphenyliminophosphorano) pyridininium iodide 3.5. 

 

Although 3.6 was prepared cleanly in low yield by reaction of 3.4 with Ph3P=NH 

for 72 h, the reaction of 3.4 with [Ph3PNH2][Br] in the presence of DBU gave an 

inseparable mixture of at least two products as revealed from the 
31

P NMR (Figure 3.1): 

the desired product 3.6 at 9.80 and 13.2 ppm and a minor  product, likely the protonated 

intermediate (3.6A/3.6B; Scheme 3.3) at 8.9 and 12.8 ppm, amongst other minor peaks.  
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Scheme 3.3. Plausible mechanism for the formation of propylene-bridged-2, 4-

bis(triphenyliminophosphorano)pyridinium iodides 3.6. 

 

 

Figure 3.1. 
31

P NMR of the reaction mixture of 3.4 with in situ-generated Ph3P=NH. 
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3.2.2 Synthesis of tetra(triphenyliminophosphorano)-substituted bispyridinylidenes 

3.7 and 3.8 

N-methylated bispyridinylidene 3.7, was prepared by reacting the precursor salt 

3.5 with potassium bis(trimethylsilyl)amide, KHMDS (Scheme 3.4) in toluene at room 

temperature after stirring for 3 h and filtering the purple-colored reaction mixture. The 

filtrate showed only traces of the desired product and was discarded. The addition of 

benzene to the crude solid, comprising of 3.7 and KI, allowed for the separation of 3.7 

from the insoluble potassium iodide. Removal of solvents from the filtrate gave 

tetrasubstituted bispyridinylidene 3.7 as an air and moisture sensitive purple solid in 

44% yield. The low yield could be attributed to the products moderate solubility in 

benzene as significant amount of the product, as revealed by 
1
H and 

31
P NMR, was still 

present in the crude solid residue that should theoretically consist of only potassium 

iodide. 

                           

Scheme 3.4. Synthesis of tetra(triphenyliminophosphorano)-substituted 

bispyridinylidene 3.7. 

 

Four peaks indicative of two isomers were observed in the 
31

P NMR spectra of 

3.7 at −7.8 and 0.4 ppm and −6.2 and −1.0 ppm, corresponding to the major and minor 

isomers, respectively, present in a 2:1 ratio. This is in line with observations for the 
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methylated-4, 4’-iminophosphorano-2, 2’-bispyridinylidenes 2.4a and 2.4b shown in 

Chapter 2, in which all the bispyridinylidenes consisted of diastereomers, with NOESY 

experiments confirming the Z-isomers as the predominant product and the E-isomer as 

the minor products. Unsurprisingly, NOESY and ROESY experiments confirmed that 

the Z-isomer was the dominant isomer of 3.7. A strong correlation of the C-H with the 

N-CH3 was observed for only the (E)-isomer in the ROESY spectrum of 3.7 (Figure 

3.2).   

                         

           

Figure 3.2. ROESY spectrum showing a strong correlation between the C‐H and the N‐
CH3 for only the minor (E)‐isomer of compound 3.7.  

           E-CH3 
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The 
1
H NMR of 3.7 (Figure A44) revealed the presence of two singlets at 3.65 

and 3.33 ppm for the methyl groups, corresponding to the major and minor isomers, 

respectively and two sets of singlets at 4.61 and 5.80 ppm (major) and 4.78 and 5.78 

ppm (minor) for the pyridyl protons. The protons of the phenyl groups appeared as two 

sets of multiplets at 6.85−7.00 and 7.66−7.82 ppm. Similar to previous observations, the 

phosphorus signals in the 
31

P NMR and the pyridyl protons in the 
1
H NMR appeared at 

lower frequencies relative to the pyridinium precursors; ca 10-20 ppm in the 
31

P NMR 

and ca 2 ppm in the 
1
H NMR. Due to the small amount of pyridinium precursor 3.6 that 

was isolated, no attempt was made to isolate the propylene-bridged bispyridinylidene 

3.8; rather the pyridinium salt precursor was deprotonated in situ with KHMDS in 

toluene to generate the bispyridinylidene which was thereafter converted to the dication 

3.8
2+

-2Cl
- 
(vide infra). 

To further support the assignments, bispyridinylidene 3.7 was cleanly converted 

to the dication 3.7
2+

-2Cl
-
 via a reaction with hexachloroethane in 95 % yield (Scheme 

3.5), and showed phosphorus signals at 13.0 and 10.0 ppm. As mentioned above, to 

determine the reduction potential of the propylene bridged analogue, bispyridinylidene 

3.8 was generated in situ from the reaction of the precursor 3.6 with KHMDS in toluene 

(stirred for 30 min), and was subsequently reacted with hexachloroethane (Scheme 3.5) 

to afford a mixture of the dication 3.8
2+

-2Cl
-
 (10.4 and 12.8 ppm in 

31
P NMR) and the 

salt precursor 3.6 (9.6 and 13.2 ppm in 
31

P NMR) which was presumably because 

hexachloroethane was added before the deprotonation reaction could go to completion.  
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Scheme 3.5. Syntheses of tetrasubstituted bispyridinium dications 3.7
2+

-2Cl
-
 and 3.8

2+
-

2Cl
-
.  

 

3.3 Electrochemistry 

Cyclic voltammetric studies (scan rate of 50 mV/s, 0.1 M [Bu4N][PF6] in DMF 

as electrolyte) were carried out to assess the reducing strength of 3.7 and 3.8 in 

comparison to the related disubstituted species (Chapter 2). The 3.7
2+

/3.7 couple 

exhibited a single, quasi-reversible, two electron reduction processes at −1.70 V vs SCE 

while the propylene-bridged analogue 3.8
2+

/3.8 exhibited two distinct but reversible one 

electron reduction processes at −1.70 and −1.58 V vs SCE (see Figure A68 and A69 in 

appendix for cyclic voltammograms). Comparing these results to the disubstituted 
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bispyridinylidenes (in Chapter 2), it can be seen that introducing four 

triphenyliminophosphorano groups in 3.7 in place of two in 2.5a (−1.34 V vs SCE) led 

to a significant gain of 360 mV and a gain of 190 mV when compared to the cyclohexyl 

derivative 2.5b (−1.51 V vs SCE). Bispyridinylidene 3.7 is therefore 410 mV stronger 

than the dimethylamino derivative 1.6 and is the strongest organic reducing agent 

known. The propylene bridged 3.8 is 350 mV stronger than the disubstituted derivative 

2.4a and 200 mV stronger than 2.4b. Similar to 3.7, the propylene bridged 3.8 is 410 

mV stronger than the dimethylamino analogue 1.5. As with other iminophosphorano-

derived bispyridinylidenes, compound 3.7 is stronger than 3.8 by 50 mV. 

3.4 Reductions 

Encouraged by the fact that 3.7 is the strongest organic reducing agent yet 

synthesized, its potency was tested in the reduction of very challenging organic 

substrates such as aryl halides, dialkylsulfonamides, malonates and malononitriles. As 

noted in Chapter 2, these organic donors can be generated in situ and used as reductants 

without the need to isolate them.  Hence, after stirring an equimolar mixture of 3.5 and 

potassium bis(trimethylsilyl)amide KHMDS for two hours in toluene, various substrates 

were then added to the in situ-generated donor 3.7 (Scheme 3.6-3.8). Substituted aryl 

halides (1.79, 1.99 and 3.10) were reacted with 2 equivalents of in situ-generated donor 

3.7 in toluene (Table 3.1).  

Aryl iodide 1.79 and bromide 3.10 were effectively reduced to the corresponding 

arene 1.80 in high yields (90 % and 83 %), respectively. Although 1.79 had previously 

been reduced by 1.4, 1.5 and 1.6 at elevated temperature, and with a slightly lower yield 

(68-84%),12,13 with a much stronger donor (3.7), the reduction was carried out at room 
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temperature in 16 h. Moreover, preliminary results also showed that 3.7 could reduce 

bromobenzene (3.11, Scheme 3.6) cleanly to benzene (3.12) after 3 h at 110 °C, hence it 

is not surprising that 3.10 was reduced in high yield. At room temperature, trace 

amounts of 1.80 could be observed from the reduction of 3.10 with 3.7.  

                            

                  Table 3.1. Reduction of arylhalides to arene by in situ-generated 3.7.   

Substituents  Reaction Conditions  Isolated Yields                

(%) 

X = I (1.79) rt, 16 h 90 

X = Br (3.10) 110 °C, 24 h 83 

X = Cl (1.99) 150 °C, 24 h 0 

X = Cl (1.99) hv, rt, 16 h trace 

X = Cl (1.99)  (3 eq. 1.5), DMF, hv, rt, 72 h 8733 

                    

Unfortunately, aryl chloride 1.99 proved difficult to reduce even at a 

significantly higher temperature (150 °C for 24 h) in the presence of 3.7 (2 equiv.). 

However, with photoexcitation (after 16h at room temperature), trace amounts of 1.80 

was observed (Table 3.1). Previous attempts by Cahard et al.33 to reduce 1.99 with 1.5 in 

its ground state were unsuccessful, but with photoexcitation, 1.80 was obtained from 

1.99 in 65% yield after 72 h with 3 equiv. of 1.5.33 Pleasingly, 1-chloroanthracene 3.12 

was reduced to anthracene 1.54 in high yield (74 %) by 3.7 at room temperature (24 h). 



 

76 

 

Other chloroanthracene isomers, but not 3.13, had previously been reduced by donors 

1.4 and 1.5 to anthracene at 100 °C.29-31,33,36 

                                       

Scheme 3.6. Reduction of bromobenzene and 1-chloroanthracene by bispyridinylidene 

3.7. 

 

To ascertain the level of radical-anion involvement in the reductions with 3.7, 

aryl iodide 1.36 and bromide 3.14 were reacted with the donor at room temperature at 

110 °C, respectively (Scheme 3.7). From these separate reductions, a mixture of 1.38A 

(66-67 %) and 1.38B (11 %) was obtained in almost similar proportions, indicating the 

involvement of anions. A radical pathway should afford the cyclized product 1.38A as 

the major product29 (1.3 in toluene/DMF afforded 1.38A exclusively) while an anionic 

pathway could afford both 1.38A and 1.38B. 

 

        

Scheme 3.7. Reduction of aryl halides by bispyridinylidene 3.7.  
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With 3.7 meeting expectations, reductions of sulphonamides, which are more 

challenging to reduce, were investigated. The S-N bonds in tosylamides 1.64 and 1.66 

were effectively cleaved affording the reduced products 1.65 and 1.67 in excellent yields 

(90-92 %; Scheme 3.8). Although these compounds had previously been reduced by 

other organic reducing agents32,97 notably 1.4, 1.5, and 1.121, it is however noteworthy 

that only 2 equivalents of 3.7 was used as compared to other donors (which were present 

in higher amounts). Even more significant is the reduction of 1.68 by 3.7 to 1.69 in 75 % 

yield after 24 h at 110 °C. This represents the first time 1.68 could be reduced under 

thermal conditions by a ground state organic electron donor. Indeed, tosylamide 1.68 

was unreactive with 1.5 in its ground state but was subsequently reduced to 1.69 in 65% 

yield after photoexcitation (6 equiv. 1.5, 72 h, rt).34  

The tosylamide 1.115a was also reduced cleanly to the amine 1.116 in 56% 

yields after 24 h (4 equiv. of 3.7; Scheme 3.8). This is comparable to the 59% yield 

obtained when photoexcited 1.5 was used (72 h).34 As can be seen from the results, 

higher amounts of the donor (4 equiv) produced 1.116 in 56% but only 33% of 1.116 

was produced when the amount of donor was decreased to 2 equiv. However, quite 

dramatic was the reduction of the methanesulfonamide 1.115b by 3.7 (2 equiv.) in 6 % 

yield after 48 h at 110 °C. This transformation marked the first time that the 

methanesulfonyl (mesyl group; Ms) would be deprotected by any ground state electron 

donor. No reaction was observed when 1.115b was reacted with 1.5 under 

photoexcitation.34 In fact, in previous reductions involving the mesyl group, the N-alkyl 

or N-aryl (N-C) bonds were cleaved but not the N-Ms (N-S) bonds. This made the 

isolation of 1.116 from 1.115b, even in low yield, encouraging. It can therefore be 
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inferred that an increase in the concentration of 3.7 could lead to a higher percentage 

yield of 1.116 (from 1.115b) under the same reaction conditions.  

 

                              

Scheme 3.8. Reduction of sulphonamides by in situ-generated 3.7. 

Encouraged by these successes, 3.7 was employed for the decyanation of 

malononitriles 1.119a-c to their respective mononitriles 1.120a-c (Scheme 3.9) in high 

yields (89-91 %). The primary method for the reductive decyanation of malononitriles 

involves the use of metal-based reagents such as tributyltin hydride/AIBN,123,124 or SmI2 

in HMPA.95 The reduction of malononitriles was recently investigated using 
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photoactivated 1.5 (4 equiv., hv, rt, 24-36 h) to afford the mononitriles in high yields.94 

Again it is significant that with 3.7, no photoexcitation was required for the reduction to 

be effected. However, 3.7 fell short of the reductive strength required for substrate 3.15, 

as no reduced product was obtained.  

                          
 

Scheme 3.9. Reduction of malononitriles by in situ-generated 3.7. 

The proposed general mechanism for decyanation reactions, is shown in Scheme 

3.10, and involves an initial electron transfer to the substrate containing the cyano group 

thereby forming a radical anion, which subsequently dissociates into an alkyl or aryl 

radical and a cyanide ion.  A transfer of a second electron to the formed radical followed 

by protonation leads to the decyanated products.125  

 

Scheme 3.10. General mechanism for reductive decyanation reactions. 

Malonate 3.17 and cyanoester 3.19 were all reduced in moderate yields (34 – 55 

%) by 3.7 to the de-esterified and decyanated products 3.18 and 3.20, respectively after 

24 h at 110 °C (Scheme 3.11). When treated with metals, malonates and cyanoesters 
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afforded similar products.95 On the contrary, Doni et al.38,94 had obtained debenzylated 

products when similar substrates were reduced by photoactivated 1.5 (Scheme 1.37). 

These contrasting results warrant further investigation to be sure none of the products 

were obtained as a result of hydrolysis.                

          

Scheme 3.11. Reduction of malonates and cyanoacetates by 3.7. 

With the reductive power of 3.7 exemplified in the reduction of challenging 

substrates, attempts were made to utilize it in Birch-type reductions (Scheme 3.12) 

which are commonly carried out using Li or Na in liquid ammonia in the presence of 

alcohols as the proton source.126,127 However, 3.7 was not strong enough to reduce 

naphthalene (1.52) to 1, 4-dihydronaphthalene (3.21). With anthracene, only trace 

amounts of the 9, 10-dihydroanthracene (3.22) was detected. The mechanism for the 

reduction of arenes such as anthracene, as shown in Scheme 3.13, involves the transfer 

of an electron from the electron donor to anthracene thereby resulting in the formation of 

a radical anion that upon protonation gives rise to a radical. Transfer of another electron 
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to the formed radical and subsequent protonation results in the formation of 9, 10-

dihydroanthracene (3.22)   

                               

Scheme 3.12. Attempted reduction of naphthalene and anthracene by 3.7. 

                 

Scheme 3.13. Mechanism for the Birch reduction of anthracene.  
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3.5 Summary  

 

Powerful organic reducing agents have been synthesized by incorporating 

multiple triphenyliminophosphorano groups onto the bispyridinylidene framework. With 

a reduction potential as low as −1.70 V vs SCE, 3.7 and 3.8 are the best organic 

reducing agents known. This is exemplified in the ground state reductions of several 

challenging substrates such as aryl halides, dialkylsulfonamides, malononitriles, 

malonates and cyanoacetates, some of which have never been reduced by any organic 

reducing agents in its ground state. More encouraging was the reduction of 

methansulfonamide that had never been reduced by any organic reductant, either in its 

ground state or with photoexcitation.  

Although these gains are substantial, bispyridinylidene 3.7 was not strong 

enough to deprotect the mesyl group of methansulfonamides in appreciable yield and 

was powerless when reacted with mononitriles. Furthermore, in Birch-type reductions, a 

stronger organic reducing agent is needed. Clearly, there is more exploration that needs 

to be done with this most powerful reducing agent as the future is indeed promising for 

organic reducing agents. 
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CHAPTER 4 

SUMMARY, CONCLUSION AND FUTURE WORK 

4.1. Summary and Conclusion 

By replacing the classical amino functionality with an N-bound 

iminophosphorano moiety onto the bispyridinylidene framework, a new family of potent 

organic reducing agents was prepared. These compounds were easy to synthesize from 

their respective pyridinium precursors via simple deprotonation with KHMDS. Analyses 

by cyclic voltammetry showed that the incorporation of two iminophosphorano moieties 

in bispyridinylidenes 2.4a-b and 2.5a-b led to reduction potentials ranging from −1.30 

to −1.51 V vs SCE with tricylohexyliminophosphorano bispyridinylidene 2.5b emerging 

as one of the best organic reducing agents known.  

The results obtained have shown that the redox potentials of these 

iminophosphorano-derived bispyridinylidenes are dependent on the R group on the 

phosphorus atom, with alkyl groups (Cy) producing stronger organic reductants 

(compared to Ph groups). Attempts to replace the triphenylphosphine in 2.5a with 

tris(dimethylamino)phosphine failed, thus eluding the preparation of 

tris(dimethylamino)iminophosphorano-substituted bispyridinylidenes. 

It was also found that the redox potential was dependent on the position of the 

iminophosphorano substituent with bispyridinylidenes derived from 4-

iminophosphorano pyridine showing enhanced electron donating abilities over those 

derived from 2-substituted pyridines. Indeed, propylene-bridged-4, 4’-

triphenyliminophosphorano-2, 2’-bispyridinylidene 2.4a was 130 mV more reducing 
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than the propylene-bridged 6, 6’-analogue 2.9. Unlike the propylene-bridged 6, 6’-

triphenyliminophosphorano bispyridinylidene 2.9 which was isolated cleanly, the N,N’-

dimethyl counterpart 2.10 could not be isolated in a spectroscopically pure form, neither 

could it be oxidized cleanly to its dication 2.10
2+

-2Cl
-
, hence its reduction potential 

could not be obtained.  

The N, N’-dimethyl-4, 4’-iminophosphorano-substituted bispyridinylidenes 2.5a 

and 2.5b were shown to reduce 1-bromonaphthalene to naphthalene in high yields under 

milder reaction conditions than could be achieved with the related dimethylamino 

derivative 1.6a. 

Attempts to synthesize the propylene-bridged and N, N’-dimethyl-5, 5’-

triphenyliminophosphorano-substituted bispyridinylidenes 2.18 and 2.19 via simple 

deprotonation of the pyridinium precursors were unsuccessful.  Multiple deprotonation 

of the two available but inequivalent protons adjacent to the pyridine N is suspected to 

have occurred, thereby giving rise to multiple products.  

To enhance the reduction potentials of the reducing agents, multiple 

triphenyliminophosphorano substituents were incorporated onto the bispyridinylidene 

framework thereby leading to reagents with redox potentials reaching −1.70 vs SCE 

(3.7), which is significantly higher than previously known organic reductants. Scheme 

4.1 below shows a summary of the improvements in the redox potential of organic 

reducing agent compared to metals or metal based reagents. 
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Scheme 4.1. Reduction potential of ORAs compared to metals. 

 

Compound 3.7 was shown to reduce aryl halides to arene, aryl and 

dialkylsulfonamides to the respective amines, malononitriles and cyanoacetates to 

mononitriles, and malonates to esters in high yields and without photoactivation. It was 

found that the yield of the reduced products obtained in a given reduction was 

influenced by the concentration of the reductants and time. Indeed, 3.7 outperformed all 

previously known organic reductants in that it was able to deprotect the methansulfonyl 

group, the first time an organic reducing agent effected this transformation. 

Iminophosphorano-substituted bispyridinylidenes are indeed potent ORAs and should 

therefore be seen as good complements to metal-based reagents. These compounds are 

relatively easy to prepare and to use; hence it is hoped that these versatile reagents will 

be extensively explored for the reduction of a variety of substrates.  
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Although donor 3.7 performed superbly, the limitations of this reagent came to 

bear when attempts made to reduce mononitriles and arenes (in Birch-type reduction) 

failed, thereby emphasizing the need for even stronger reducing agents.  

4.2. Future work.  

As seen in Chapter 3, the strength of the best known reductants falls short when 

certain reductions are attempted. For example mononitriles and polynuclear aromatics 

such as naphthalene and anthracene could not be reduced thereby calling for even 

stronger reducing agents. To this end, efforts were channelled towards the development 

of potent organic reducing agents that will effectively reduce a wide variety of substrates 

and also overcome the challenges encountered by the reductants available today. To 

improve upon the gains recorded in Chapter 3 and to build a library of organic reducing 

agents with distinct redox potentials, which could be suited for different functional 

group selectivity, tetra(iminophosphorano)-substituted bispyridinylidenes 4.2a, 4.2b and 

4.2c were therefore targeted (Figure 4.1) and should be accessible from the pyridinium 

ion precursors 4.1, 4.6 and 4.7, respectively.  

                    

Figure 4.1. Targeted tetra(iminophophosphorano)-substituted bispyridinylidenes 4.2a-c.  
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It was reasoned that substituting some or all (one or both) of the  

triphenyliminophosphorano  groups in 3.7 with tricylochexyliminophosphorano groups 

should give rise to even stronger reducing agents.  

The pyridinium salt precursor 4.1 should be accessible from the reaction of 2-

chloro-4-(triphenyliminophosphorano)pyridinium iodide 3.2 with in situ generated 

Cy3P=NH (Scheme 4.2). The reaction mixture of 3.2 with in situ generated Cy3P=NH 

showed three major peaks at 8.4, 12.5 and 32.9 ppm, alongside some unreacted 

Cy3P=NH (56.2 ppm) in the 
31

P NMR; an indication that 4.1 may have been formed, 

with the signals at 32.8 and 8.4 ppm likely representing the phosphorus atoms of the 

tricyclohexyl- and triphenyliminophosphorano groups, respectively.  

 

Scheme 4.2. Proposed route to mixed 2, 4-iminophosphorano-substituted 

bispyridinylidene 4.2a from 3.2.  

 

Unfortunately, 4.1 could not be isolated in a pure form for subsequent 

deprotonation using KHMDS. A number of attempts to purify this compound by 

recrystallization were not successful. Developing a method to isolate a pure sample of 

4.1, perhaps via anion exchange to facilitate recrystallization and its subsequent 

deprotonation, should be a step in the right direction. Formally interchanging the 

positions of the iminophosphorano groups in 4.2a should afford 4.2b which should be a 
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stronger reducing agent than 4.2a since it has been shown that the 4-position has greater 

effect on the redox potential than the 2-position. 

Bispyridinylidenes 4.2b and 4.2c featuring the cyclohexyliminophosphorano 

group in the C4 position of the pyridine ring should be accessed starting from 4-amino-

2-chloropyridine 4.3 (Scheme 4.3). Reaction of 4-amino-2-chloropyridine with Cy3PCl2 

at room temperature in the presence of trimethylamine and DBU as auxiliary bases (vide 

infra) led to the isolation of 2-chloro-4-(cyclohexyliminophosphorano)pyridine 4.4 as an 

off-white to pale yellow solid in 60 % yield. Without DBU, the reaction was sluggish 

(incomplete after 3 days even at elevated temperature). Subsequent alkylation of 4.4 

gave 4.5 in 86% yield. The 
31

P NMR signals of 4.4 and 4.5 appear at 28.2 and 38.0 ppm, 

respectively (Figure A55-A61 in appendix).  

 

Scheme 4.3. Synthetic route to bispyridinylidene 4.2b and 4.2c from 4.4. Conditions (a) 

Ph3P=NH generated in situ from Ph3PNH2Br and DBU in CH3CN (b) Cy3P=NH 

generated in situ from Cy3PNH2Br and DBU in CH3CN (c) KHMDS. 
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To prepare 4.7, pyridinium salt 4.5 was reacted with in situ-generated Cy3P=NH 

leading to the disappearance of the peak at 38.2 ppm corresponding to 4.5 and 

appearance of four major peaks at 29.2, 30.2, 33.5, and 34.2 ppm in the 
31

P NMR 

(Figure 4.2). A significant amount of the tricylohexyliminophosphorane Cy3P=NH at 

55.6 ppm was also observed. After aqueous work up, a foamy solid was isolated with 
1
H 

and 
31

P NMR suggesting the presence of at least two major products. 

 

Figure 4.2. 
31

P NMR of the reaction mixture of 4.5 with in situ-generated Cy3P=NH. 

In a related reaction, four peaks were equally observed when propylene-bridged 

2-chloro-4-(triphenyliminophosphorano)pyridinium iodide 3.4 was reacted with DBU in 

the presence of [Ph3PNH2][Br], with two of the peaks corresponding to the desired 

product 3.6 (Figure 3.1; Section 3.2.1 of Chapter 3). In line with this observation, 

although the identity of the products from the reaction of 4.5 with in situ-generated 
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Cy3P=NH cannot be definitively ascertained, the peaks seen could be that of the desired 

product 4.7 (30.2 and 34.2 ppm) and the protonated intermediate 4.7A (29.3 and 33.5 

ppm) according to Scheme 4.4. Efforts to isolate spectroscopically pure sample of 4.7 by 

recrystallization or precipitation with diethyl ether failed.  

           

Scheme 4.4. Attempted synthesis of N-methyl-2,4-bis(tricylohexyliminophosphorano) 

pyridinium iodide 4.7.  

 

Since propylene-bridged-2, 4-bis(triphenyliminophosphorano)pyridinium iodide 

3.6 could only be prepared cleanly, after an extended period of time, by reacting N-

methyl-2-chloro-4-(triphenyliminophosphorano)pyridinium iodide 3.4 with Ph3P=NH, it 

can therefore be inferred that reacting 4.5 with pure samples of R3P=NH (R = Ph, Cy) 

could lead to the desired precursors (4.6 and 4.7), which on deprotonation should afford 

bispyridinylidenes 4.2b and 4.2c. 

To push the limits of neutral organic electron donors, the syntheses of 

phosphazene-derived (P=N-P) donors 4.8, 4.9 and 4.10 (Figure 4.3) should lead to a new 

class of very strong organic reducing agents. This is based on the premise that, by 

replacing amino groups (−NR2) with guanidino (−N=CNR2) and subsequently with 

iminophosphorano (−N=PR3) and phosphazene of the type –N=P(N=PR3)3 on positions 

1 and 8 of naphthalene molecule, increasingly stronger organic bases were made with 

the latter substituent, due to its enhanced electron donating abilities, giving rise to the 
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strongest organic superbase known.128-135 A similar increasing trend in the redox 

potential of bispyridinylidenes has been observed going from amino to 

iminophosphorano groups, with bispyridinylidenes incorporating the latter substituents 

producing the strongest organic reducing agent yet reported.104 It is hoped that 

phosphazene-derived bispyridinylidenes such as 4.8, 4.9, and 4.10 would constitute the 

next generation of powerful organic reductants. In fact, the phosphines P(N=PR3)3 

(where R = Ph, NMe2) is so electron rich that protonation occurs at the phosphorus 

rather than the nitrogen atom.136  

     

Figure 4.3. Phosphazene-derived bispyridinylidenes 4.8, 4.9 and 4.10. 

   

To prepare the starting pyridine (4.16), two routes can be envisaged. In the first 

approach, Ph3P=NLi (4.11) can be reacted with PCl3 to form the 

tris(triphenyliminophosphorano)phosphine 4.13 (Scheme 4.5).136 However, attempts by 
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Rahier et al.136 to synthesize 4.13 from the above reaction led to the isolation of 

protonated phosphonium salt 4.12 which was subsequently deprotonated with nBuLi to 

give the phosphine 4.13.136,137 Reacting 4.13 with hexachloroethane C2Cl6 should afford 

(Ph3P=N)3PCl2 (4.14), which can also be prepared from the reaction of Ph3P=NLi with 

PCl5.
137 This chloride can potentially be reacted with 4-aminopyridine in the presence of 

a base (likely a stronger based than triethylamine such as DBU or NaH) to afford the 

pyridine 4.16. Alternatively, 4.16 can be prepared from a substitution reaction involving 

4-trichloroiminophosphoranopyridine 4.15 with either Ph3P=NH and a base or 

Ph3P=NLi (Scheme 4.4).136-138 The cyclohexyl derivative of 4.13 should be prepared in 

similar fashion. 

         

Scheme 4.5. Synthetic pathways to phosphazene-derived pyridines. 
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Once synthesized, 4.16 can be alkylated with iodomethane and subsequently 

deprotonated to afford the desired phosphazene derived-bispyridinylidene 4.8 which can 

be characterized and electrochemically analyzed to determine its redox potential. 

Following the reaction pathway discussed in Chapter 3; reaction of either Ph3P=NH or 

(Ph3P=N)3P=NH with alkylated chloropyridine 4.18 should afford the pyridinium salts 

4.19 and 4.20 (Scheme 4.6) which on deprotonation with KHMDS or any other strong 

base should lead to bispyridinylidenes of the type 4.9 and 4.10 (R = Ph; Figure 4.2). The 

cyclohexyl-derivative should be accessible through similar methods. 

                  

 

Scheme 4.6. Synthetic routes to phosphazene-derived bispyridinylidenes 4.9 and 4.10. 

 

Top priority would be to synthesize these new electron donors and determine 

their redox potentials via cyclic voltammetry. Since the development of new and 
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powerful organic reducing agents is not only about making new electron donors but also 

about exploring their reactivity and unique selectivity, the strength of these reducing 

agents would be tested in Birch-type reductions of benzene, naphthalene, anthracene and 

other arenes. Attention would also be focused on reduction of methanesulfonamides and 

mononitriles, which have either been reduced in very low yield (by 3.7) or not reduced 

at all by any ground state organic reducing agent.  

Photoactivation has been used to enhance the reductive power of ground state 

electron donors; therefore, it could also be used to enhance the reductive strength of 

iminophosphorano-based bispyridinylidenes. For instance, chlorobenzene 1.79 which 

was unreactive to 3.7 under thermal conditions was reduced, under photoexcited 

conditions, to 1.80 in trace amounts after 16 h (Table 3.1). Increasing the reaction time 

of this reduction could lead to improved yields of 1.80. Unfortunately, due to time 

constraints, the reduction could not be optimized for better yield. Furthermore, 

methanesulfonamide 1.115b which was unreactive to all previously known organic 

reducing agents under thermal or photoexcitation conditions was reduced by 3.7 in 6% 

after 48 h at 110 °C (Scheme 3.8). The outcome of this reaction could also be improved 

when performed under photoexcited conditions. In general, using photoactivated 

iminophosphorano-derived bispyridinylidenes could be more efficient for the reduction 

of challenging or difficult organic substrates. 

Iminophosphorano-derived bispyridinylidenes could also be investigated for use 

in coupling reactions such as Wurtz coupling (Scheme 4.7). Wurtz/Wurtz-Fittig 

coupling involves the formation of new C-C bond via a reaction of two alkyl or aryl 

halides in the presence of sodium metal as the reducing agent.139,140 The mechanism 

involves the donation of electrons to the alkyl or aryl halide ultimately resulting in the 
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formation of an anion which reacts with the other alkyl or aryl halide to give coupling 

product (Scheme 4.7). However, in place of sodium, which is difficult to handle,139 or 

any other metal-based reducing agent, 3.7 or more powerful iminophosphorano-derived 

bispyridinylidenes could potentially be used to carry out this transformation.  

               

Scheme 4.7. Wurtz-Fittig reductive coupling of aryl halides by iminophosphorano-

derived bispyridinylidenes/reaction mechanism. 

 

To push the limits of what organic reducing agents could accomplish, the in situ 

generation of benzyne141-143 via a reaction of o-dihalobenzenes with iminophosphorano-

derived bispyridinylidenes would be a viable target. The highly reactive benzyne 

generated could be trapped via a reaction with an alkene, a diene or an alkyl or aryl 

halides thereby leading to the coupled or addition products (Scheme 4.8).  

      

Scheme 4.8. Generation of benzyne from 1, 2-dihalobenzene and iminophosphorano-

derived bispyridinylidene ORAs.  
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Phosphine oxides are, in most cases, the undesired side products in many 

reactions involving phosphines. Unfortunately, the methods for converting the undesired 

phosphine oxides to the more useful phosphines are limited. A number of metal or 

metal-based reducing agents such as metal hydrides, silanes (HSiCl3) or a combination 

of two or more reagents such as Ti(O-iPr)4/hydrosilanes, have been used to accomplish 

this task.144,145 However, these reagents are not functional group tolerant. Li et al. 

recently reported the selective reduction of phosphine oxide in the presence of ketone 

functionality using (EtO)2MeSiH and a phosphoric acid catalyst, (RPhO)2P(=O)OH. 

Without a catalyst, no reduction was observed.146 The use of iminophosphorano-derived 

bispyridinylidenes to effect the reduction of phosphine oxide (Scheme 4.9) could be seen 

as an alternative to the use of metal-based reagents. The ability of ORAs to reduce of 

phosphine oxides in the presence of other reduceable groups would be significant. 

                                         

Scheme 4.9. Reduction of phosphine oxides to phosphines. 

 

The reduction of other substrates such as alkynes, aldehydes and ketones would 

also be a worthy target. Futhermore, the unique selectivity of iminophosphorano-derived 

organic reducing agents needs to be tested as it is likely that sulfonyl, tosyl, mesyl or 

other functional groups could be preferentially deprotected in the presence of other 

reduceable functional groups. Metal reagents fail in this regard as they are not functional 

group tolerant.   
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CHAPTER 5 

EXPERIMENTAL SECTION 

 

5.1 General Information  

All reactions were performed in oven-dried or flame-dried reaction 

flasks/pressure tubes under an argon atmosphere using standard Schlenk line techniques 

or in an argon-filled Innovative Technology glove-box. All the solvents used were dried 

and degassed using the freeze-pump-thaw procedures and stored over 4 Å molecular 

sieves. Diethyl ether, tetrahydrofuran, dichloromethane and hexane were dried with a 

Pure-Solv 400 or Seca solvent purification system. Dimethylformamide, benzene, 

toluene, hexane and acetonitrile were dried and distilled over calcium hydride prior to 

use. Deuterated solvents used for air and moisture sensitive compounds were dried and 

distilled over CaH2 and degassed before use.  

UV reactions were carried out by using two focused UV lamps with filters (λ = 

365 nm, each 100 watts) placed opposite to each other, around the reaction flask, at 

room temperature.  

A Büchi rotary evaporator was used to concentrate the reaction mixtures for 

reduction reactions. Thin layer chromatography (TLC) was performed using aluminium-

backed sheets of silica gel and visualized under a UV lamp (254 nm). The plates were 

developed using vanillin or KMnO4 solution. Column chromatography was performed to 

purify compounds by using silica gel 60 (200-400 mesh). Flash chromatography was 

performed using silica gel 60 (70-230 mesh) (silica plug).  

Ferrocene that was used as internal standard for cyclic voltammetry was 

purchased from Sigma Aldrich and recrystallized from hexane, dried in vacuo and stored 
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in the glove-box prior to use. Triphenylphosphine, tricyclohexylphosphine, 

tris(dimethylamino)phosphine, dimethylaminopyridine, 2-aminopyridine, 3-

aminopyridine, 4-aminopyridine, 4-amino-2-chloropyridine and 1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU) were purchased from Sigma Aldrich and used 

without further purification. All other reagents were used as purchased from commercial 

suppliers and used without further purifications unless stated otherwise. 2-, 3-, and 4-

triphenyliminophosphoranes 2.1a, 2.6 and 2.15114,119,147 and 

amino(triphenyl)phosphonium bromide137,138,148 were prepared according to literature 

procedures with slight modifications. 

Standard Analyses. Proton (
1
H) NMR spectra were recorded at 25 

o
C on a 300 MHz 

Varian UNITY INOVA spectrometer, 400 MHz Varian UNITY spectrometer, 400 MHz 

Agilent spectrometer, 400 MHz Bruker DPX spectrometer or 500 MHz Bruker DRX 

spectrometer and referenced to residual protons of deuterated solvents while 
13

C  NMR 

spectra were referenced to the 
13

C resonances of the deuterated solvents (C6D6: 
1
H, δ = 

7.16, 
13

C, δ = 128.06; CDCl3: 
1
H, δ = 7.26, 

13
C, δ = 77.0; DMF-d7: 

1
H, δ = 8.03; 

13
C, δ = 

163.15, DMSO-d6: 
1
H, δ = 2.50; 

13
C, δ = 39.5). Carbon NMR (

13
C) spectra were 

recorded at 101 MHz or 125 MHz. Phosphorus NMR (
31

P) spectra were recorded at on a 

Varian UNITY INOVA 300 MHz or Varian UNITY 400 spectrometer at 121.4 MHz or 

161.8 MHz respectively, and referenced to phosphoric acid H3PO4 (85%) as an external 

standard (at δ 0 ppm). The chemical shifts are quoted in parts per million (ppm). Signal 

multiplicities are abbreviated as: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; 

bs, broad singlet; coupling constants are given in Hertz (Hz). Assignment of compounds 

prepared was supported by 2D NMR experiments (NOESY, ROESY and HSQC).  
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Infra-red spectra were recorded on a Perkin Elmer Spectrum One FT IR 

Spectrometer either pressed as discs in KBr or as films applied on NaCl crystal plates or 

using an ATR-IR spectrometer. Melting points were determined on a Gallenkamp or 

DigiMelt Melting point apparatus and were uncorrected. High resolution mass spectra 

were recorded at the EPSRC National Mass Spectrometry Service Centre, Swansea or at 

the Mass Spectrometry Laboratory at Dalhousie University, Halifax, NS, Canada. The 

spectra were recorded using electron ionization (EI), chemical ionization (CI), fast atom 

bombardment (FAB) or electrospray ionization (ESI) techniques, as stated for each 

compound. 

Electrochemistry. Electrochemical studies were performed using a standard three-

electrode system, using a Biologic SP-150. The working electrode was a platinum disc 

(diameter 0.07 cm
3
) and the counter electrode was a platinum wire. The reference 

electrode was composed of a silver wire in a solution containing 0.01 M AgNO3 and 0.1 

M tetrabutylammonium hexafluorophosphate, (TBAPF6, [Bu4N][PF6]) in acetonitrile.  

The CVs were conducted (in an argon-filled glove box at room temperature) in DMF, 

with 0.1 M solution of TBAPF6 as the supporting electrolyte, at scan rates of 50 mV/s 

with ferrocene as internal standard. Ferrocene (Fc), is used as an internal standard 

because it readily undergoes a reversible one electron oxidation to the ferrocenium 

cation (Fc
+
) and both the neutral and the cation are soluble and stable in most organic 

solvents. The formal potential of Fc
+
/Fc in DMF is 0.45 V vs SCE in 0.1M [Bu4N][PF6] 

as supporting electrolyte.3 The redox potential of each salt was converted thus: E1/2 vs 

SCE (V) = E1/2 vs Fc
+
/Fc + 0.45. 
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5.2. Preparation of Electron Donors and Related Compounds 

Synthesis of 4-triphenyliminophosphoranopyridine, 2.1a 

                                                                 

4-Triphenyliminophosphoranopyridine, 2.1a was prepared according to literature 

procedure114,147 with slight modifications. 

Bromine (0.39 mL, 7.6 mmol) was added dropwise to a solution of 

triphenylphosphine (2.00 g, 7.63 mmol) in CH2Cl2 (50 mL) at 0 
o
C. The resulting yellow 

solution was stirred at 0 
o
C for 30 min. Anhydrous triethylamine (2.34 mL, 16.7 mmol, 

2.2 eq.) was added followed by 4-aminopyridine (0.72 g, 7.6 mmol). The resulting 

mixture was stirred for 4 h to obtain a yellow solution. The reaction was quenched with 

distilled water (60 mL) and the aqueous phase was separated and discarded. The organic 

layer was further extracted using distilled water (15 mL x 4). The organic layer was 

dried with MgSO4 and concentrated. Diethyl ether (125 mL) was added to the 

concentrated solution (15 mL) to precipitate the product which was subsequently 

collected by filtration, washed with diethyl ether (20 mL) and dried under vacuum to 

give 2.1a (1.40 g, 52 %) as a light yellow solid. The 
1
H, 

13
C and 

31
P NMR spectra or 

data are as reported. mp 159−161 
o
C, lit 155−157 

o
C. 
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Synthesis of 4-tricyclohexyliminophosphoranopyridine, 2.1b                                               

                                                          

Hexachloroethane, C2Cl6 (9.89 g, 41.8 mmol) was added to a solution of 

tricyclohexylphosphine (10.10 g, 36.00 mmol) in dichloromethane (100 mL) and stirred 

for 5 min. Triethylamine (14.00 mL, 100.4 mmol) and 4-aminopyridine (3.01 g, 32.0 

mmol) were added to the resulting solution and stirred for 2 h. The reaction was 

quenched with distilled water (80 mL) and the aqueous phase was separated and 

discarded. The organic layer was further extracted using distilled water (4 x 80 mL). The 

organic layer was dried with MgSO4 and filtered. The yellow solution was concentrated 

to 10 mL. Diethyl ether (60 mL) was added to precipitate the product that was 

subsequently collected by filtration and washed with cold diethyl ether (30 mL). The 

filtrate obtained was concentrated to 5 mL and more solid precipitated with the addition 

of diethyl ether (20 mL). The solid was washed with diethyl ether (10 mL). The two 

fractions were combined and dried under vacuum to afford 2.1b as an off-white solid 

(8.61 g, 72 %). mp 171−173 
o
C;

 1
H NMR (400 MHz, CDCl3): δ 1.17−1.33 (m, 9H, 

CyH), 1.43−11.55 (m, 6H, CyH), 1.72−11.96 (m, 15H, CyH), 2.13 (m, 3H, CyH, J = 

11.6 Hz), 6.47 (d, 2H, PyrH, J = 7.2 Hz), 8.02 (d, 2H, PyrH, J = 7.2 Hz). 
13

C NMR (101 

MHz, CDCl3):  δ 26.2 (d, CH2, Cy, J = 1.4 Hz), 27.3 (d, CH2, Cy, J = 11.4 Hz), 27.4 (d, 

CH2, Cy, J = 3.4 Hz), 36.3 (d, CH, Cy, J = 57.2 Hz), 118.7 (d, CH, J = 15.3 Hz), 149.5 

(CH) 160.8 (C). 
31

P NMR (121 MHz, CDCl3): δ 27.0 ppm.  
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Synthesis of 1, 3-bis(4, 4’-triphenyliminophosphoranopyridinium)propane diiodide, 

2.2a   

                                                                  

A mixture of 2.1a (3.77 g, 10.6 mmol) and 1, 3-diiodopropane (0.55 mL, 4.8 

mmol) in acetonitrile (40 mL) was heated to dissolution. The resulting yellow solution 

was stirred at reflux (85 
o
C) for 18 hours. On cooling, the solid was collected by 

filtration, washed with diethyl ether (50 mL) and dried under vacuum to obtain an off-

white solid. The solid was recrystallized from hot 2-propanol/acetonitrile (15:1), washed 

with diethyl ether (100 mL) and dried in vacuo at 110 
o
C to give 2.2a (4.52 g, 94%) as 

an off-white solid to beige solid. mp 146-149 
o
C. 

1
H NMR (300 MHz, CDCl3): δ 2.69 

(quintet, 2H, CH2, J = 5.1 Hz), 4.54 (t, 4H, 2 NCH2, J = 8.1 Hz), 6.55 (d, 4H, PyrH, J = 

7.2 Hz), 8.57 (d, 4H, PyrH, J = 7.2 Hz), 7.54–7.59 (m, 12H, ArH), 7.61−7.66 (m, 18H, 

ArH). 
13

C NMR (101 MHz, CDCl3): δ 34.7 (CH2), 53.0 (CH2), 119.2 (d, CH, J = 20.8 

Hz), 126.8 (d, C, J = 100.8 Hz), 129.5 (d, CH, J = 12.7 Hz), 132.4 (d, CH, J = 10.3 Hz), 

133.5 (CH), 142.4 (CH), 165.4 (C). 
31

P NMR (121 MHz, CDCl3): δ 14.8 ppm. HRMS 

(ESI+): m/z calcd for C49H44N4P2: 375.1515 [M]
2+

; found: 375.1515. 
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Synthesis of 1, 3-bis(4, 4’-tricyclohexyliminophosphoranopyridinium) propane 

diiodide, 2.2b   

                                                    

A mixture of 2.1b (3.20 g, 8.61 mmol, 2.2 eq.) and 1, 3-diiodopropane (0.43 mL, 

3.9 mmol) in acetonitrile (45 mL) was heated to dissolution. The solution was stirred at 

85 
o
C for 18 h. After cooling, the volume was reduced to 10 mL and diethyl ether (40 

mL) was added to precipitate the product which formed a gel. The mixture was 

subsequently decanted and volatiles removed. Diethyl ether (20 mL) was added and the 

resulting solid was collected by filtration, washed with more ether (5 mL) and dried 

under vacuum. Pale yellow solid of 2.2b (2.73 g, 67 %) was obtained after 

recrystallization from hot 2-propanol/diethyl ether and drying under vacuum at 110 
o
C. 

mp 169−171 
o
C. 

1
H NMR (400 MHz, CDCl3): δ 1.15−1.44 (m, 30H, CyH), 1.74−1.85 

(m, 30H, CyH), 2.15 (m, 6H, CyH, J = 11.7 Hz), 2.72 (quintet, 2H, CH2, J = 5.1 Hz), 

4.49 (t, 4H, 2 NCH2, J = 8.1 Hz), 6.45 (d, 4H, PyrH, J = 7.2 Hz),  8.52 (d, 4H, PyrH, J = 

7.2 Hz). 
13

C NMR (101 MHz, CDCl3): δ 25.8 (CH2, Cy), 26.8 (d, CH2, Cy, J = 12.0 Hz), 

27.1 (d, CH2, Cy, J = 3.5 Hz), 34.4 (CH2), 35.5 (d, CH, Cy, J = 55.3 Hz), 52.9 (NCH2), 

118.9 (d, CH, J = 16.8 Hz), 142.0 (CH) 166.0 (d, C, J = 4.7 Hz). 
31

P NMR (121 MHz, 

CDCl3): δ 36.7 ppm. HRMS (ESI+): m/z calcd for C49H80N4P2: 393.2924 [M]
2+

; found: 

393.2926. 
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Synthesis of N-methyl-4-triphenyliminophosphoranopyridinium iodide, 2.3a 

                                                              

Iodomethane (1.90 mL, 30.3 mmol) was added to a solution of 2.1a (8.95 g, 25.2 

mmol) in dichloromethane (90 mL) at room temperature. The resulting solution was 

stirred overnight (16 h). The volume was subsequently reduced to 15 mL and the 

product precipitated with diethyl ether (100 mL), washed with isopropanol (20 mL) and 

diethyl ether (40 mL) and dried in vacuo. Recrystallization from hot 

isopropanol/acetonitrile and drying in vacuo at 110 
o
C gave 2.3a as an off-white/light 

yellow solid (9.48 g, 76 %). mp 252−255 
o
C

  
(dec). 

1
H NMR (300 MHz, CDCl3): δ 4.07 

(s, 3H, CH3), 6.62 (d, 2H, PyrH, J= 7.2 Hz), 7.52−7.57 (m, 6H, ArH), 7.61−7.68 (m, 9H, 

ArH), 8.12 (d, 2H, PyrH, J = 7.2 Hz). 
13

C NMR (101 MHz, CDCl3):  δ 45.5 (CH3), 119.2 

(d, CH, J = 20.0 Hz), 125.9 (d, C, J = 101.1 Hz), 129.4 (d, CH, J = 12.9 Hz), 132.2 (d, 

CH, J = 10.4 Hz), 142.6 (d, CH, J = 1.6 Hz) 133.3 (d, CH, J = 3.2 Hz), 165.3 (C). 
31

P 

NMR (121 MHz, CDCl3): δ 15.0 ppm. HRMS (ESI+): m/z calcd for C24H22N2P: 

369.1516 [M]
+
; found: 369.1510. 
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Synthesis of N-methyl-4-tricyclohexyliminophosphoranopyridinium iodide, 2.3b 

                                                                    

Iodomethane (0.80 mL, 12.9 mmol, 1.4 eq.) was added to a solution of 4-

tricyclohexyliminophosphorane 2.1b (3.33 g, 8.95 mmol) in acetonitrile (50 mL) at 

room temperature. The mixture was heated with a heat gun to dissolution after which the 

resulting solution was stirred for 2.5 h at room temperature. The volume was 

subsequently reduced to 5 mL and the product precipitated with diethyl ether (20 mL) 

and filtered. The off-white to slight yellow solid was washed with diethyl ether (20 mL), 

dried in vacuo. Recrystallization from hot isopropanol (45 mL) and drying under 

vacuum at 110 
o
C afforded 2.3b as an off-white/light yellow solid (4.05 g, 88 %). mp 

>260 
o
C. 

1
H NMR (400 MHz, CDCl3): δ 1.12−1.24 (m, 3H, CyH), 1.27−1.46 (m, 12H, 

CyH), 1.72 (d, 3H, CyH, J = 12.9 Hz), 1.80−1.90 (m, 12H, CyH) 2.33 (q, 3H, CyH, J = 

11.6 Hz), 3.97 (s, 3H, CH3), 6.68 (d, 2H, PyrH, J = 7.2 Hz), 7.97 (d, 2H, PyrH, J = 7.2 

Hz). 
13

C NMR (101 MHz, CDCl3): δ 25.7 (d, CH2, Cy, J = 1.1 Hz), 26.6 (d, CH2, Cy, J = 

12.0 Hz), 27.0 (d, CH2, Cy, J = 3.6 Hz), 35.1 (d, CH, Cy, J = 54.7 Hz), 44.9 (CH3), 

119.3 (d, CH, J = 17.1 Hz), 141.9 (CH) 165.9 (d, C, J = 4.7 Hz). 
31

P NMR (121 MHz, 

CDCl3): δ 36.2 ppm. HRMS (ESI+): m/z calcd for C24H40N2P: 387.2924 [M]
+
; found: 

387.2926. 
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Synthesis of N, N’-propylene-bridged-4, 4’-bis(triphenyliminophosphorano)-2, 2’-

bispyridinylidene, 2.4a 

                                            

Benzene (20 mL) was added to a mixture of 2.2a (1.57 g, 1.56 mmol) and 

potassium bis(trimethylsilyl)amide, KHMDS (0.63 g, 3.1 mmol) and stirred for 1 h at 

room temperature. An aliquot was taken into a J-young NMR tube for 
1
H, 

13
C and 

31
P 

NMR (see Figures A1−A3 in Appendix). The mixture was subsequently filtered and 

washed with benzene (30 mL). The filtrate was concentrated to 5 mL. The product was 

precipitated with diethyl ether (40 mL) and washed further with diethyl ether (20 mL) 

and dried in vacuo to afford 2.4a as an air and moisture sensitive purple solid (0.96 g, 82 

%). The 
1
H NMR showed a slightly broad peak in the phenyl region but no peak in the 

pyridyl region and only a broad indiscernible peak in the 
31

P NMR (see Figure A4 in the 

Appendix). 
1
H NMR (300 MHz, C6H6): δ 0.86 (quintet, 2H, CH2, J = 6.0 Hz), 2.93 (t, 

4H, 2 NCH2, J = 6.0 Hz), 5.06 (dd, 2H, PyrH, J = 7.2, 2.1 Hz), 5.43 (d, 4H, PyrH, J = 2.1 

Hz), 5.56 (d, 2H, PyrH, 7.2 Hz), 6.97−7.07 (m, 18H, ArH), 7.78–7.85 (m, 12H, ArH). 

13
C NMR (101 MHz, C6H6): δ 24.5 (CH2), 52.3 (NCH2), 104.6 (4 CH), 109.4 (CH), 

116.3 (C), 128.6 (CH), 131.6 (CH), 133.5 (d, CH, J = 9.6 Hz), 133.9 (C), 137.6 (CH), 

140.4 (C). 
31

P NMR (121 MHz, C6H6): δ –4.2 ppm. UV/Vis (DMF, 3.3 x 10
-4

 M): λmax 

(ε) = 306 (7.3 x 10
3
), 377 (sh, 6.6 x 10

3
), 558 nm (2.9 x 10

3
 mol

-1
 L cm

-1
). 
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Synthesis of N, N’-propylene-bridged-4, 4’-bis(tricyclohexyliminophosphorano)-2, 

2’-bispyridinylidene, 2.4b 

                                                    

Pyridinium salt 2.3b (0.72 g, 0.69 mmol) was added over 5 min to a solution of 

KHMDS (0.31 g, 1.6 mmol) in toluene (15 mL). The reaction was stirred for 4 h. An 

aliquot was taken out into a J-young NMR tube for NMR analysis (see Figures A5−A7 

in the Appendix). The purple to brown reaction mixture was further stirred for 12 h, 

filtered and the solids washed with toluene (10 mL). Hexane (5mL) was added to the 

filtrates and solvents were removed under vacuum to afford 2.4b as a brown air and 

moisture sensitive solid (0.47 g, 86 %). 
1
H NMR of the isolated solid showed only 

slightly broad peaks in the cyclohexyl region but no discernible peaks in the pyridyl 

region with only a little broad peak around 16 ppm in the 
31

P NMR (see Figure A8 in 

Appendix). 
1
H NMR (300 MHz, C6H6): δ 1.05 (quintet, 2H, CH2, J = 6.0 Hz), 1.1– 1.22 

(m, 18H, CyH), 1.49–1.76 (m, 30H, CyH), 1.88–2.10 (m, 18H, CyH), 3.05 (t, 4H, 2 

NCH2, J = 6.0 Hz), 4.90 (dd, 2H, PyrH, J = 7.2 and 2.0 Hz), 5.39 (d, 2H, PyrH, J = 2.0 

Hz), 5.66 (d, 2H, PyrH, J = 7.2 and 2.0 Hz). 
13

C NMR (101 MHz, C6H6):  δ 25.1 (CH2), 

26.7 (d, CH2, Cy, J = 1.4 Hz), 27.7 (d, CH2, Cy, J = 11.3 Hz), 27.9 (d, CH2, Cy, J = 3.2 

Hz), 37.2 (d, CH, Cy, J = 58.2 Hz), 52.5 (NCH2), 101.5 (d, CH, J = 14.0 Hz), 104.6 (d, 

CH, J = 16.8 Hz), 115.4 (C) 136.8 (d, CH), 142.1 (C). 
31

P NMR (121 MHz, C6H6): δ 



 

108 

 

15.5. UV/Vis (DMF, 3.3 x 10
-4

 M): λmax (ε) = 298 (1.0 x 10
4
), 397 (6.4 x 10

3
), 544 nm 

(3.8 x 10
3
 mol

-1
 L cm

-1
). 

Synthesis of N, N’-dimethyl-4, 4’-bis(triphenyiminophosphorano)-2, 2’-

bispyridinylidene, 2.5a          

                      

Toluene (20 mL) was added to a mixture of iodide, 2.3a (1.50 g, 3.02 mmol) and 

potassium bis(trimethylsilyl)amide, KHMDS (0.67 g, 3.3 mmol) and stirred for 3h at 

room temperature. The resulting purple-colored solution was filtered and the solids 

washed with toluene (25 mL). The volume of the filtrate was subsequently reduced to 

ca. 10 mL and the product precipitated with hexane (15 mL). Collecting the precipitate 

by filtration and drying under vacuum gave 2.5a as an air and moisture-sensitive purple 

solid (0.38 g, 34 %) present as a mixture of two isomers (Z)-2.5a and (E)-2.5a in a ratio 

of 2.2:1. 
1
H NMR (300 MHz, C6D6): (Z)-2.5a: δ 2.42 (s, 3H, CH3), 5.43 (dd, 2H, PyrH, 

J = 7.2 Hz, 1.5 Hz), 5.69 (d, 2H, PyrH, J = 1.5 Hz, ), 5.90 (dd, 2H, PyrH, J = 7.2 Hz, 1.5 

Hz), 6.92−7.04 (m, 18H, ArH), 7.72–7.83 (m, 12H, ArH). (E)-2.5a: δ 2.36 (s, 3H, CH3), 

5.45 (d, 2H, PyrH, J = 1.6 Hz), 5.75 (dd, 2H, PyrH, J = 7.2 Hz, 2.4 Hz), 5.98 (dd, 2H, 

PyrH, J = 7.2 Hz, 2.4 Hz), 6.92−7.04 (m, 18H, ArH), 7.72-7.83 (m, 12H, ArH). 
13

C 

NMR (101 MHz, C6D6): (Z)-2.5a: δ 38.1, 104.2, 108.7, 118.3, 128.5, 131.1, 132.9, 

133.8, 138.3, 139.7 (E)-2.5a: δ 42.7, 104.8, 109.5, 119.0, 128.8, 131.5, 133.0, 133.3, 

138.3, 141.4. 
31

P NMR (121 MHz, C6D6): (Z)-2.5a: δ −4.3; (E)-2.5a: δ −1.5 ppm. 
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UV/Vis (DMF, 2.1 x 10
-4

 M): λmax (ε) = 292 (1.1 x 10
4
), 493 nm (4.7 x 10

3
 mol

-1
 L cm

-

1
). 

                           

 

Figure 5.1.  NOESY spectrum showing the (Z) and (E)-isomers of compound 2.5a. 
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Synthesis of N, N’-dimethyl-4, 4’-bis(tricyclohexyliminophosphorano) 

bispyridinylidene, 2.5b 

                         

Toluene (10 mL) was added to a mixture of 2.3b (0.72 g, 1.4 mmol) and 

KHMDS (0.28 g, 1.4 mmol). The reaction was stirred for 7 h and subsequently filtered 

and washed with toluene (15 mL).  The purple to pink solution was concentrated to ca 

1.0 mL. Hexane (20 mL) was added to precipitate the product which was subsequently 

filtered and dried under vacuum to afford 2.5b as an air and moisture sensitive purple to 

pink solid (0.45 g, 83 %) present as an inseparable mixture of two isomers (Z)-2.5b and 

(E)-2.5b  in a ratio of 3.9:1. mp (dec) 138–146 
o
C. 

1
H NMR (300 MHz, C6D6): (Z)-2.5b 

δ 0.97–1.53 (m, 26H, CyH), 1.30–1.82 (m, 47H, CyH), 1.83–2.11 (m, 27H, CyH), 2.58 

(s, 6H, CH3), 5.37 (d, 2H, PyrH, J = 7.2 Hz), 5.75 (s, 2H, PyrH), 6.00 (d, 2H, PyrH, J = 

7.2 Hz). (E)- 2.5b δ 0.97–1.53 (m, 26H, CyH), 1.30–1.82 (m, 47H, CyH), 1.83–2.11 (m, 

27H, CyH), 3.04 (s, 6H, CH3), 5.60 (s, 2H, PyrH), 5.64 (d, 2H, PyrH, J = 7.2 Hz), 6.16 

(d, 2H, PyrH, J = 7.2 Hz). 
13

C NMR (101 MHz, C6D6):  major isomer (Z)-2.5b δ 26.7 (d, 

CH2, Cy, J = 4.0 Hz), 27.6 (d, CH2, Cy, J = 11.3 Hz), 27.8 (d, CH2, Cy, J = 3.0 Hz), 37.1 

(d, CH, Cy, J = 58.1 Hz), 38.3 (CH3), 101.6 (d, CH, J = 13.2 Hz), 109.7 (d, CH, J = 16.9 

Hz), 119.1 (C), 137.9 (CH), 141.5 (d, C, J = 4.0 Hz). Minor isomer (E)-2.5b δ 26.6 (d, 

CH2, Cy, J = 4.0 Hz), 27.6 (d, CH2, Cy, J = 11.3 Hz), 27.8 (d, CH2, Cy, J = 3.0 Hz), 36.8 

(d, CH, Cy, J = 57.6 Hz), 43.1 (CH3), 101.8 (d, CH, J = 10.1 Hz), 111.8 (d, CH, J = 22.1 
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Hz), 120.6 (C), 138.8 (CH), 143.0 (d, C, J = 4.0 Hz). 
31

P NMR (121 MHz, C6D6): δ (Z)-

2.5b: 15.9 ppm; (E)-2.5b: 18.8 ppm. UV/Vis (DMF, 3.3 x 10
-4

 M): λmax (ε) = 288 (9.0 X 

10
3
), 375 (sh, 5.7 X 10

3
), 528 nm (5.2 x 10

3
 mol

-1
 L cm

-1
).                                         

                              

 

Figure 5.2. NOESY spectrum of compound 2.5b showing correlation for the (Z) and 

(E)-isomers. 
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Synthesis of propylene-bridged-4, 4’-bis(triphenyliminophosphorano)-2, 2’-

bispyridinium dichloride salt, 2.4a
2+

-2Cl
-
  

                                                

Hexachloroethane, C2Cl6 (0.24, 1.0 mmol) was added to a solution of 2.4a (0.50 

g, 0.67 mmol) in benzene (10 mL). The reaction mixture was stirred for 16 h. Diethyl 

ether was added (5.0 mL) and the mixture filtered. The resulting dark green solid was 

washed with benzene (5.0 mL) and diethyl ether (5.0 mL) and dried in vacuo to afford 

2.4a
2+

-2Cl
-
 (0.52 g, 95 %). mp 209–211 

o
C. 

1
H NMR (400 MHz, CDCl3): δ 2.54–2.56 

(m, 2H, CH2), 3.77–3.80 (m, 2H, 1H for each NCH2), 5.53–5.57 (m, 2H, 1H for each 

NCH2),  6.42 (dd, 2H, PyrH, J = 7.2, 2.8 Hz), 6.96 (d, 2H, PyrH, J = 2.8 Hz), 7.42–7.70 

(m, 30H, ArH), 9.29 (d, 2H, PyrH, J = 7.2 Hz). 
13

C NMR (101 MHz, CDCl3): δ 29.5 

(CH2), 52.8 (CH2), 117.3 (d, CH, J = 14.7 Hz), 123.5 (d, CH, J = 27.1 Hz), 125.4 (d, C, J 

= 101.3 Hz), 129.8 (d, CH, J = 12.7 Hz), 132.5 (d, CH, J = 10.5 Hz), 133.9 (d, CH), 

143.5 (C), 145.6 (CH), 166.5 (d, C, J = 2.3 Hz). 
31

P NMR (121 MHz, CDCl3): δ 16.8 

ppm. HRMS (ESI+): m/z calcd for C49H42N4P2: 374.1437 [M]
2+

; found: 394.1441. 
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Synthesis of N, N’-propylene-bridged-4, 4’-bis(tricyclohexyliminophosphorano)-2, 

2’-bispyridinium dichloride, 2.4b
2+

-2Cl
-
                                                              

                                                      

Hexachloroethane, C2Cl6 (0.24 g, 1.0 mmol) was added to a solution of 2.4b 

(0.50 g, 0.64 mmol) in benzene (15 mL). The mixture was stirred for 24 h and filtered 

after diethyl ether (5 mL) was added. The solid was washed with diethyl ether (5 mL) 

and dried in vacuo to give 2.4b
2+

-2Cl
-
 (0.40 g, 72 %) as beige to brown solid. mp 203 

o
C 

(dec). 
1
H NMR (400 MHz, CDCl3): δ 1.13–1.44 (m, 30H, CyH), 1.72−1.84 (m, 30H, 

CyH), 2.25 (m, 6H, CyH, J = 12.0 Hz), 2.56–2.58 (m, 2H, CH2), 3.70–3.76 (m, 2H, 1H 

for each NCH2), 5.31–5.35 (m, 2H, 1H for each NCH2), 6.63 (dd, 2H, PyrH, J = 7.2 and 

2.8 Hz), 6.77 (d, 2H, PyrH, J = 2.4 Hz), 9.27 (d, 2H, PyrH, J = 7.2 Hz). 
13

C NMR (101 

MHz, CDCl3): δ 25.7 (CH2, Cy), 26.7 (d, CH2, Cy, J = 12.0 Hz), 27.0 (d, CH2, Cy, J = 

3.5 Hz), 29.6 (CH2) 35.2 (d, CH, Cy, J = 54.2 Hz), 51.2 (CH, NCH2), 51.1 (CH, NCH2), 

117.2 (d, CH, J = 9.3 Hz), 123.0 (d, CH, J = 25.3 Hz), 143.0 (d, C, J = 2.9 Hz), 145.2 

(CH), 166.5 (d, C, J = 4.9 Hz). 
31

P NMR (121 MHz, CDCl3): δ 37.8 ppm. HRMS 

(ESI+): m/z calcd for C49H78N4P2: 392.2846 [M]
2+

; found: 392.2845. 
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Synthesis of N, N’-dimethyl-4, 4’-bis(triphenyliminophosphorano)-2, 2’-

bispyridinium dichloride, 2.5a
2+

-2Cl
-
 

                                           

Hexachloroethane, C2Cl6 (0.067 g, 0.28 mmol) was added to a solution of 2.5a 

(0.14 g, 0.19 mmol) in benzene (5 mL). The mixture was stirred for 16 h and filtered 

after diethyl ether (5 mL) was added. The solid was washed with diethyl ether (5 mL) 

and dried in vacuo to give 2.5a
2+

-2Cl
-
 (0.13 g, 84%) as a beige solid. mp 202 

o
C (dec). 

1
H NMR (300 MHz, CDCl3): δ 3.94 (s, 3H, CH3), 6.44 (dd, 2H, PyrH, J= 7.5 and 2.7 

Hz), 7.12 (d, 2H, PyrH, J = 2.7 Hz), 7.35–7.77 (m, 30H, ArH), 9.10 (d, 2H, PyrH, J = 

7.5 Hz). 
13

C NMR (101 MHz, CDCl3): δ 44.7 (CH3), 118.0 (d, CH, J = 16.1 Hz), 124.0 

(d, CH, J = 25.6 Hz), 125.4 (d, C, J = 101.8 Hz), 129.9 (d, CH, J = 12.8 Hz), 132.7 (d, 

CH, J = 10.4 Hz), 133.8 (CH), 142.7 (C), 145.5 (CH), 165.8 (C). 
31

P NMR (121 MHz, 

CDCl3): δ 16.5 ppm.  

Synthesis of N, N’-dimethyl-4, 4’-bis(tricyclohexyliminophosphosphorano)-2, 2’-

bispyridinium dichloride, 2.5b
2+

-2Cl
-
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Hexachloroethane (0.11 g, 0.48 mmol) was added to a solution of 2.5b (0.25 g, 

0.32 mmol) in benzene (5 mL). The solution was stirred overnight. Diethyl ether (5 mL) 

was added and the mixture filtered. The solid was washed with more diethyl ether (5 

mL) and dried in vacuo at 85 
o
C to obtain 2.5b

2+
-2Cl

-
 (0.22 g, 81 %) as a brown solid. 

mp 195−199 
o
C. 

1
H NMR (400 MHz, CDCl3): δ 1.15–1.44 (m, 30H, CyH), 1.74–1.85 

(m, 30H, CyH), 2.30 (m, 6H, CyH, J = 11.2 Hz), 3.90 (s, 6H, 2 CH3), 6.67 (dd, 2H, 

PyrH, J = 7.2, 2.8 Hz), 6.70 (d, 2H, PyrH, J = 2.8 Hz), 9.13 (d, 2H, PyrH, J = 7.2 Hz). 

13
C NMR (101 MHz, CDCl3): δ 25.7 (CH2, Cy), 26.7 (d, CH2, Cy, J = 12.0 Hz), 27.1 (d, 

CH2, Cy, J = 3.4 Hz), 35.2 (d, CH, Cy, J = 54.2 Hz), 42.6 (CH3), 117.7 (d, CH, J = 10.4 

Hz), 122.8 (d, CH, J = 24.6 Hz), 142.4 (d, C, J = 3.0 Hz), 146.2 (CH), 166.0 (d, C, J = 

4.7 Hz). 
31

P NMR (121 MHz, CDCl3): δ 37.7 ppm. HRMS (ESI+): m/z calcd for 

C48H78N4P2: 386.2846 [M]
2+

; found: 386.2842. 

Synthesis of 2-triphenyliminophosphoranopyridine, 2.6 

                                                                          

2-triphenyliminophosphoranopyridine, 2.6 has been synthesized previously using 

a different route by Yavari, et al.119 but was prepared as shown below. 

Bromine (4.00 mL, 78.3 mmol) was added dropwise to a solution of 

triphenylphosphine (20.0 g, 76.3 mmol) in CH2Cl2 (170 mL) at 0 
o
C. The resulting 

yellow solution was stirred at 0 
o
C for 30 mins. Anhydrous triethylamine (23.00 mL, 

163.8 mmol, 2.1 eq.) was added followed by 4-aminopyridine (7.19 g, 76.3 mmol). The 

resulting mixture was warmed to room temperature and stirred for 4 h. The reaction was 



 

116 

 

quenched with distilled water (180 mL) and the aqueous phase was separated and 

discarded. The organic layer was further extracted using distilled water (3 x 180 mL), 

dried with MgSO4 and filtered, before being concentrated to ~50 mL.  Diethyl ether (150 

mL) was added to a concentrated solution to precipitate the product which was 

subsequently collected by filteration and washed further with diethyl ether (50 mL). The 

filtrate was also concentrated (15 mL) and filtered. The two fractions of the product 

were combined and dried in vacuo to give 2.6 (21.48 g, 78 %) as a light yellow solid. 

The 
1
H, 

13
C and 

31
P NMR spectra were as reported in the literature.    

Synthesis of 1, 3-bis(2, 2’-triphenyliminophosphoranopyridinium)propane diiodide, 

2.7 

                                                       

A mixture of 2.6 (12.34 g, 34.3 mmol) and 1, 3-diiodopropane (1.80 mL, 15.7 mmol) in 

acetonitrile (65 mL) was heated to dissolution. The resulting solution was stirred at 90 

o
C for 18 h, cooled to room temperature and concentrated to 40 mL. Diethyl ether (140 

mL) was added to precipitate the product which was subsequently filtered and the solid 

collected. After all volatiles had been removed, the solid was recrystallized from hot 2-

propanol/acetonitrile (8:1) and dried in vacuo at 110 
o
C to give 2.7 (13.03 g, 83 %) as an 

off-white solid. mp >260 °C. 
1
H NMR (400 MHz, CDCl3): δ 2.69 (quint, 2H, CH2, J = 

7.2 Hz), 5.07 (t, 4H, 2 NCH2, J = 7.2 Hz), 6.37 (d, 2H, PyrH, J = 8.8 Hz), 6.81 (td, 2H, 

PyrH, J = 6.8 and 1.2 Hz), 7.48–7.65 (m, 32H, PhH, PyrH), 8.77 (dt, 2H, J = 6.8 and 1.5 
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Hz). 
13

C NMR (101 MHz, CDCl3): δ 29.0 (CH2), 51.1 (NCH2), 114.0 (CH), 118.6 (d, 

CH, J = 8.9 Hz), 125.1 (d, C, J = 103.4 Hz), 130.0 (d, CH, J = 12.7 Hz), 132.3 (d, CH, J 

= 10.4 Hz), 134.1(CH, J = 2.9 Hz), 142.8 (CH), 142.9 (CH), 156.6 (d, C, J = 10.3 Hz). 

31
P NMR (121 MHz, CDCl3): δ 18.6 ppm. HRMS (ESI+): m/z calcd for C49H44N4P2: 

375.1515 [M]
2+

; found: 375.1515.  

Synthesis of N-methyl-2-(triphenyliminophosphorano)pyridinium iodide, 2.8 

                                                                      

Iodomethane (1.10 mL, 17.5 mmol) was added to a solution of 2-

triphenyliminophosphoranopyridine 2.6 (5.56 g, 15.5 mmol) in acetonitrile (45 mL) at 

room temperature. The mixture was heated to dissolution and stirred at 65 
o
C for 18 h. 

The volume was subsequently reduced to 10 mL and the product precipitated using 

diethyl ether (50 mL) and dried in vacuo. The solid was recrystallized from 2-

propanol/acetonitrile (45 mL/5 mL), washed with diethyl ether (40 mL) and dried under 

vacuum at 110 
o
C to give 2.8 (6.80 g , 89 %) as a light yellow solid. mp 237–238 

o
C. 

1
H 

NMR (300 MHz, CDCl3): δ 4.18 (s, 3H, CH3), 6.31 (d, 1H, PyrH, J = 8.7 Hz), 6.83 (td, 

1H, PyrH, J = 7.2 and 1.2 Hz), 7.50–7.68 (m, 16H, PhH, PyrH),  8.50 (dt, 1H, PyrH, J = 

6.6 and 2.0 Hz). 
13

C NMR (101 MHz, CDCl3): δ 43.1 (CH3), 113.3 (CH), 117.9 (d, CH, 

J = 8.0 Hz), 125.4 (d, C, J = 103.4 Hz),  129.8 (d, CH, J = 12.7 Hz), 132.3 (d, CH, J = 

10.6 Hz), 133.9 (d, CH,  J = 2.9 Hz), 142.4 (CH), 143.3 (CH), 156.6 (d, C, J = 10.2 Hz). 

31
P NMR (121 MHz, CDCl3): δ 17.2 ppm. 
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Synthesis of propylene-bridged-6, 6’-bis(triphenyliminophosphorano)-2, 2’-

bispyridinylidene, 2.9  

                                                      

Toluene (20 mL) was added to a mixture of diiodide 2.7 (1.50 g, 1.49 mmol) and 

KHMDS (0.60 g, 3.0 mmol) and stirred for 1 h at room temperature. After taking out an 

aliquot for 
1
H and 

31
P NMR (see Figures A29–A30 in the Appendix), the purple-colored 

mixture was subsequently filtered and the solid washed with benzene (30 mL) and 

hexane (20 mL). The filtrate was collected and dried in vacuo to give 2.9 (0.14 g, 12 %) 

as a purple solid. The 
1
H and 

31
P NMR spectra of the solid in deuterated benzene 

showed broad and almost indiscernible peaks (see Figures A31–A32 in the Appendix). 

1
H NMR (300 MHz, Toluene): δ 2.51 (quint, 2H, CH2, J = 5.7 Hz), 4.29 (d, 2H, PyrH, J 

= 6.0 Hz), 4.66 (t, 4H, 2 NCH2, J = 5.7 Hz), 5.72 (dd, 2H, PyrH, J = 9.3 Hz, 6.0 Hz), 

6.01 (d, 2H, PyrH, J = 9.3 Hz), 6.95–7.03 (m, 18H, PhH), 7.71–7.78 (m, 12H, ArH). 
31

P 

NMR (121 MHz, Toluene): δ 4.7 ppm. 

Synthesis of N, N’-propylene-bridged-6, 6’-bis(triphenyiminophosphorano)-2, 2’-

bispyridinium dichloride, 2.9
2+

-2Cl
-
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Hexachloroethane (0.046 g, 0.20 mmol) was added to a solution of 2.9 (0.10 g, 

0.13 mmol) in benzene (2 mL) and stirred overnight. Diethyl ether (5 mL) was added 

and the precipitate filtered and washed further with diethyl ether (5 mL). The solid was 

collected and dried in vacuo (50 °C) to give 2.9
2+

-2Cl
-
 as a brown solid. mp 191–194

 
°C 

(dec).
 1

H NMR (300 MHz, CDCl3): δ 2.64–2.78 (m, 2H, CH2), 4.20–4.56 (m, 2H, 2 

NCH2), 5.76–5.82 (m, 2H, 2 NCH2), 6.53 (d, 2H, PyrH, J = 9.0 Hz), 7.15 (d, 2H, PyrH, J 

= 7.2 Hz), 7.57 (dd, 2H, J = 9.0 and 1.5 Hz), 7.57–7.81 (m, 30H, ArH). 
13

C NMR (101 

MHz, CDCl3): δ 26.8 (CH2), 45.8 (NCH2), 116.7 (CH), 120.8 (d, CH, J = 8.4 Hz), 125.2 

(d, C, J = 103.8 Hz), 130.0 (d, CH, J = 12.8 Hz), 132.7 (d, CH, J = 10.9 Hz), 134.0 (d, 

CH, J = 2.9 Hz), 142.1 (CH), 144.0 (C), 156.8 (d, C, J = 11.3 Hz). 
31

P NMR (121 MHz, 

CDCl3): δ 19.6 ppm. HRMS (ESI+): m/z calcd for C49H42N4P2: 374.1437 [M]
2+

; found: 

374.1441. Reduction Potential: –1.25 V and –1.08 V versus SCE. 

Synthesis of N, N’-dimethyl-6, 6’-bis(triphenyliminophosphorano)-2, 2’-

bispyridinylidene, 2.10 

                                                          

Toluene (15 mL) was added to a mixture of N-methyl 2-

triphenyliminophosphoranopyridine, 2.8 (0.82, 1.7 mmol) and KHMDS (0.39 g, 2.0 

mmol) and stirred for 3 h. The mixture was filtered and the solid residue washed with 

toluene (5 mL). The filtrate was collected and concentrated to ca 3 mL. A mixture of 

hexane/ether (15 mL: 2: 1 ratio) was added to precipitate the product which was 

collected by filtration and the residue washed further with hexane (15 mL). Drying 
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under vacuum at 60 °C gave 2.10 as an air and moisture sensitive brown solid (0.44 g, 

73 %). 
1
H NMR (300 MHz, C6D6): δ 3.43 (s, 6H), 3.32 (s, 6H), 4.30 (d, 2H, PyrH, J = 

6.1 Hz), 5.55 (dd, 2H, PyrH, J = 9.4, 6.1 Hz), 6.11 (d, 2H, PyrH, J = 9.4 Hz), δ 

7.59−8.03 (m, 12H, ArH), 6.82–7.17 (m, 18H, ArH). 
31

P NMR (121 MHz, C6D6): δ 3.4 

ppm. 

Synthesis of 3-triphenyliminophosphoranopyridine, 2.15 

                                                                     

3-triphenyliminophosphoranopyridine, 2.15 was prepared according to literature 

procedure114 with slight modifications as detailed in the procedure for 2.1. PPh3 (12.0 g, 

45.8 mmol), Br2 (2.40 mL), 3-aminopyridine (4.31 g, 45.8 mmol), triethylamine (14.0 

mL, 49.8 mmol), dichloromethane (80 mL) provided 2.15 (10.82 g, 67 %) as a light 

yellow solid after precipitation with diethyl ether (120 mL) and drying in vacuo. 

Spectral data are as reported in the literature. 

Synthesis of 1, 3-bis(3, 3’-triphenyliminophosphoranopyridinium)propane diiodide, 

2.16 

                                                      

A mixture of 2.15 (4.50, 12.7 mmol) and 1, 3-diiodopropane (0.67 mL, 5.7 

mmol) in acetonitrile (50 mL) was heated to dissolution and heated at reflux (85 
o
C) for 
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18 h. The yellow solution was cooled to room temperature, concentrated to 10 mL and 

the product precipitated with diethyl ether (60 mL). The product was collected by 

filtration, dried under vacuum and recrystallized from 2-propanol/acetonitrile. The solid 

was washed with diethyl ether (40 mL) and dried in vacuo at 110 
o
C to give 2.16 (4.26 g, 

74 %) as a yellow solid. 
1
H NMR (300 MHz, CDCl3): δ 2.76 (quintet, 2H, CH2, J = 4.8 

Hz), 4.97 (t, 4H, 2 NCH2, J = 8.7 Hz) 7.08 (dd, 2H, PyrH, J = 8.7, 2.4 Hz), 7.21 (dd, 2 

H, PyrH, J = 8.7 and 5.7 Hz), 7.49–7.61 (m, 18H, ArH), 7.67–7.76 (m, 12H, ArH), 8.65 

(s, 2H, PyrH ), 8.76 (d, 2H, PyrH, J = 5.7 Hz). 
13

C NMR (75 MHz, CDCl3): δ 35.1 

(CH2), 55.9 (2 NCH2), 126.8 (CH), 127.5 (C, J = 101.6 Hz), 129.4 (d, CH, J = 11.8 Hz), 

131.4 (CH), 132.5 (d, CH, J = 10.4 Hz), 132.9 (d, CH, J = 2.4 Hz), 134.4 (d,  CH, J = 

14.4 Hz), 138.8 (d, CH, J = 26.2Hz), 152.6 (C). 
31

P NMR (121 MHz, CDCl3): δ 11.1 

ppm. 

Synthesis of N-methyl-3-triphenylphosphiniminopyridinium iodide, 2.16 

                                                                                   

Methyl iodide (0.45 mL, 7.3 mmol) was added to a solution of 3-

(triphenyliminophosphorano)pyridine 2.15 (2.58 g, 7.29 mmol) in dichloromethane (30 

mL) at room temperature. The resulting solution was stirred for 18 h. The volume was 

subsequently reduced to 10 mL and the product precipitated with diethyl ether (50 mL). 

The product was collected by filtration, washed with diethyl ether (30 mL) and dried in 

vacuo. Recrystallization from hot isopropanol (25 mL) and drying under vacuum at 110 
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o
C gave 2.17 (2.87 g, 79 %) as a light yellow solid. 

1
H NMR (300 MHz, CDCl3): δ 4.35 

(s, 3H, CH3), 7.10 (d, 1 H, PyrH, J = 8.7 Hz), 7.39 (dd, 1 H, PyrH, J = 8.7, 5.7 Hz), 

7.48–7.55 (m, 6H, ArH), 7.57–7.71 (m, 9H, ArH), 7.88 (s, 1 H, PyrH ), 8.39 (d, 1 H, 

PyrH, J = 5.7 Hz). 
13

C NMR (101 MHz, CDCl3): δ 49.2 (CH3), 127.4 (d, C-
ipso

Ph, J = 

101.1 Hz), 127.6 (2 x CH), 129.5 (d, CH, J = 12.9 Hz), 132.3 (d, CH, J = 10.4 Hz), 

133.2 (CH), 134.4 (d, CH, J = 13.6 Hz), 138.4 (d, CH, J = 28.9 Hz), 152.9 (C-
ipso

Pyr). 

31
P NMR (121 MHz, CDCl3): δ 12.5 ppm.  

Attempted synthesis of propylene-bridged 5, 5’-bis(triphenyliminophosphorano)-2, 

2’-bispyridinylidene, 2.18  

                                                  

Pyridinium salt, 2.16 (0.11 g, 0.11 mmol) was added to a solution of KHMDS 

(0.051 g, 0.26 mmol) in toluene (2 mL) and stirred for 5 min. An aliquot was taken into 

a J-young tube for NMR analysis. The 
1
H NMR showed two sets of broad multiplets in 

the phenyl region while multiple peaks were seen in the 
31

P NMR (see Figures 

A37−A38 in the Appendix). 

Attempted synthesis of N, N’-dimethyl- 5, 5’-bis(triphenyliminophosphorano)-2, 2’-

bispyridinylidene, 2.19  
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N-methyl-3-triphenyliminophosphoranopyridinium iodide, 2.17 (1.75 g, 3.53 

mmol) was added to a solution of KHMDS (0.77 g, 3.9 mmol) in toluene. The resulting 

mixture was stirred for 3 h. The product was collected by filtration and washed with 

toluene (20 mL). Drying under vacuum gave a brown solid (0.71 g, 54 %). See Figures 

A39−A40 in the Appendix for 
1
H and 

31
P NMR spectra. 

Attempted synthesis of 4-tris(dimethylamino)iminophosphoranopyridine, 2.20 

                                                                               

Hexachloroethane, C2Cl6 (3.79 g, 16.0 mmol) was added in small portions to a 

solution of tris(dimethylamino)phosphine P(NMe2)3 (2.50 mL, 13.8 mmol) in 

dichloromethane (35 mL) and stirred for 5 min. Triethylamine (5.40 mL, 38.6 mmol) 

and 4-aminopyridine (1.16 g, 12.3 mmol) were added to the resulting solution and 

stirred for 3 h. The white precipitate formed was collected by filtration, washed with 

dichloromethane and dried under vacuum to afford a white solid (2.29 g, 73 %). mp 

174–176 
o
C. 

1
H NMR (300 MHz, D2O): δ 2.97 (d, 18H, CH3, J = 10.8 Hz), 7.05 (dd, 2H, 

Pyr, J = 7.8 and 2.1 Hz), 8.11 (t, 2H, Pyr, J = 7.8 Hz). 
13

C NMR (101 MHz, CD3OD): δ 

38.5 (d, N(CH3)2, J = 4.6 Hz),  112.3 (d, CH, J = 7.7 Hz), 142.6 (d, CH, J = 5.7 Hz), 

163.2 (C). 
31

P NMR (121 MHz, D2O): δ 40.6 ppm.  
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Synthesis of 2-chloro-4-(triphenyliminophosphorano)pyridine, 3.2  

                                                                   

Bromine (9.50 mL, 187.3 mmol) was added dropwise to a solution of 

triphenylphosphine (47.70 g, 181.2 mmol) in dichoromethane (300 mL) at 0 
o
C under the 

flow of argon. The resulting yellow solution was stirred at 0 
o
C for 30 min. Anhydrous 

triethylamine (63.40 mL, 451.2 mmol, 2.5 eq.) was added, followed by 4-amino-2-

chloropyridine, 3.1 (22.14 g, 172.2 mmol) at 0 
o
C. After warming to room temperature, 

the mixture was stirred for 16h, quenched with distilled water (250 mL) and extracted. 

The aqueous phase was separated and discarded. The organic layer was further extracted 

using distilled water (250 mL x 4). The organic layer was dried with MgSO4, filtered 

and concentrated. Diethyl ether (180 mL) was added to the concentrated solution to 

precipitate the product which was subsequently collected by filtration, and washed with 

diethyl ether (80 mL). The filtrate was also collected, concentrated (60 mL) and the 

product precipitated with diethyl ether (100 mL), and washed with diethyl ether (20 

mL). Both fractions were dried in vacuo to give 3.2 (59.84 g, 89 %) as an off-white 

solid. mp 173–175
 
°C.

 1
H NMR (300 MHz, CDCl3): δ 6.45 (ddd, 1H, PyrH, J = 5.7, 2.1 

and 0.8 Hz), 6.58 (ddd, 1H, PyrH, J = 2.1 and 0.8, 0.40 Hz), 7.44–7.54 (m, 6H, ArH), 

7.54–7.63 (m, 3H, ArH), 7.66–7.76 (m, 6H, ArH), 7.79 (ddd, 1H, PyrH, J = 5.7, 1.2, 0.4 

Hz). 
13

C NMR (101 MHz, CDCl3):  δ 117.7 (d, CH, J = 20.3 Hz), 117.8 (d, CH, J = 18.6 

Hz), 129.2 (d, C, J = 100.3 Hz), 129.1 (d, CH, J = 12.0 Hz), 132.4 (CH), 132.7 (d, CH, J 
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= 10.0 Hz), 148.8 (CH), 151.6 (C), 161.5 (C). 
31

P NMR (121 MHz, CDCl3): δ 9.1 ppm. 

HRMS (ESI+): m/z calcd for C23H19ClN2P: 389.0974 [M+H]
+
; found: 389.0966 [M+H].

 

Synthesis of N-methyl-2-chloro-4-(triphenyliminophosphorano)pyridinium iodide, 

3.3  

                                                                              

A mixture of 3.2 (20.11 g, 51.72 mmol) and iodomethane (3.65 mL, 56.8 mmol) 

in acetonitrile (140 mL) was heated to dissolution. The solution was stirred at 85 
o
C for 

18 h. After cooling, the volume was reduced to ca. 30 mL and diethyl ether (160 mL) 

was added to precipitate the product which was collected by filtration, washed with 

diethyl ether (30 mL) and dried under vacuum to afford 3.3 (26.26 g, 96 %) as an off-

white to pale yellow solid. mp 184–186 °C. 
1
H NMR (300 MHz, CDCl3): δ 4.14 (s, 3H, 

CH3), 6.44 (dd, 2H, PyrH, J = 7.2, 2.7 Hz), 6.86 (d, 2H, PyrH, J = 2.7 Hz), 7.56–7.69 

(m, 15H, ArH), 8.81 (d, 2H, PyrH, J = 7.2 Hz). 
13

C NMR (101 MHz, CDCl3):  δ 44.2 

(CH3), 116.9 (d, CH, J = 16.9 Hz), 120.7 (d, CH, J = 24.0 Hz), 125.6 (d, C, J = 101.8 

Hz), 129.9 (d, CH, J = 12.0 Hz), 132.6 (d, CH, J = 10.5 Hz), 133.9 (CH), 143.5 (C), 

145.5 (CH), 166.4 (C). 
31

P NMR (121 MHz, CDCl3): δ 16.3 ppm. HRMS (ESI+): m/z 

calcd for C24H21ClN2P: 403.1126 [M]
+
; found: 403.1121. 
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Synthesis of N, N'-2, 2’-dichloro-1, 3-bis(2, 2’-

triphenyliminophosphoranopyridinium)propane diiodide, 3.4 

                                                        

A mixture of 3.2 (5.03 g, 12.9 mmol) and 1, 3-diiodopropane (0.70 mL, 6.1 

mmol) in acetonitrile (45 mL) was heated to dissolution with a heat gun. The resulting 

solution was stirred at 90 
o
C for 24 h, cooled to room temperature and concentrated to ca 

15 mL. Diethyl ether (20 mL) was added to precipitate the product which was collected 

by filtration and further washed with diethyl ether (20 mL). Drying under vacuum gave 

3.4 as a yellow solid (5.90 g, 90 %). mp 231–232 °C (dec). 
1
H NMR (300 MHz, CDCl3): 

δ 2.49 (quint, 2H, CH2, J = 7.9 Hz), 4.75 (t, 4H, 2 NCH2, J = 7.9 Hz), 6.37 (dd, 2H, 

PyrH, J = 7.2 and 2.7 Hz), 6.79 (d, 2H, PyrH, J = 2.7 Hz), 7.55–7.71 (m, 30H, ArH), 

8.91 (d, 2H, PyrH, J = 7.2 Hz). 
13

C NMR (101 MHz, CDCl3): δ 30.9 (CH2), 52.1 

(NCH2), 117.7 (d, CH, J = 17.7 Hz), 121.1 (d, CH, J = 24.0 Hz), 125.7 (d, C, J = 101.0 

Hz), 129.9 (d, CH, J = 12.0 Hz), 132.6 (d, CH, J = 10.5 Hz), 133.9 (CH), 143.5 (C), 

144.3 (CH), 166.5 (C). 
31

P NMR (121 MHz, CDCl3): δ 16.6 ppm. HRMS (ESI+): m/z 

calcd for C49H42Cl2N4P2: 409.1126 [M]
2+

; found: 409.1107. 
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Synthesis of amino(triphenyl)phosphonium bromide, [Ph3PNH2][Br]
 

and 

triphenyliminophosphorane, Ph3P=NH 

Amino(triphenyl)phosphonium bromide was prepared according to literature 

procedures,137,138,148 but with slight modifications.  

Acetonitrile (220 mL) was added to triphenylphosphine (35.00 g, 133.4 mmol) 

and the mixture heated to dissolution. Bromine (ca 7.0 mL, 135.9 mmol) was added 

dropwise to the colorless solution until a persistent yellow solution was obtained. After 

stirring for 30 min, ammonia gas was bubbled in for 30 min yielding an instantaneous 

white precipitate. The mixture was stirred further for 30 min. Diethyl ether (40 mL) was 

added and the white solid was collected by filtration. The solid was washed with diethyl 

ether (50 mL) and dried under vacuum to give an off white solid of [Ph3PNH2]Br and an 

equimolar amount of NH4Br (78.5 % [Ph3PNH2]Br by mass), in virtually quantitative 

yield (59.00 g; corresponding to 46.31 g, 129.3 mmol of [Ph3PNH2]Br). This mixture 

was used as isolated for the preparation of 3.5. The spectral data for [Ph3PNH2]Br are as 

reported. 

Modified synthesis of Ph3P=NH136-138,148(for the preparation of 3.6) 

Sodium hydroxide (1M: 40 mL) was added to slurry of the 

[Ph3PNH2][Br]/NH4Br mixture (1.85 g of the mixture, corresponding to 1.45 g, 4.05 

mmol of [Ph3PNH2][Br]) in dichloromethane (50 mL) and stirred for 2 min. The organic 

layer was collected after solvent extraction and was further extracted with distilled water 

(2 x 25 mL). The solution was concentrated to ca 5 mL, diethyl ether (10 mL) and 

hexane (20 mL) were added and the solid precipitate was collected by filtration and 
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dried in vacuo to give a white solid (1.02 g) comprising of a mixture of Ph3P=NH and 

Ph3P=O in a ratio of 5:1. This was used without further purification. 

Synthesis of N-methyl-2, 4-bis(triphenyliminophosphorano)pyridinium iodide, 3.5 

                                                      

1,8-Diazabicyclo[5.4.0]undec-7-ene, DBU (26.00 mL, 173.5 mmol, 4.26 equiv) 

was added to a slurry of the amino(triphenyl)phosphonium bromide/ammonium bromide 

mixture (19.08 g of the mixture, corresponding to 14.98 g, 41.80 mmol, 1.03 equiv. of 

[Ph3PNH2][Br]) in acetonitrile (150 mL) to instantaneously give a pale yellow solution. 

Compound 3.3 (21.59 g, 40.68 mmol, 1 equiv.) was added and the mixture stirred for 18 

h at 85 °C. On cooling, the volume of the mixture was reduced and the precipitate 

collected by filtration, washed with cold acetonitrile (30 mL) and dried in vacuo. 

Recrystallization from acetonitrile and drying at 50 °C gave 3.5 (20.61 g, 66 %) as an 

off-white solid. mp 254−255 °C. 
1
H NMR (300 MHz, CDCl3): δ 3.88 (s, 3H, CH3), 5.35 

(d, 1H, PyrH, J = 2.4 Hz), 6.32 (dd, 1H, PyrH, J = 7.2 and 2.4 Hz), 7.29–7.42 (m, 24H, 

ArH), 7.48–7.56 (m, 6H, ArH), 7.70 (dt, 1H, PyrH, J = 7.2 and 2.1 Hz). 
13

C NMR (101 

MHz, CDCl3): δ 40.9 (CH3), 105.8 (dd, CH, J = 15.2, 7.4 Hz), 113.9 (d, CH, J = 24.3 

Hz), 127.0 (d, C, J = 103.4 Hz), 127.7 (d, C, J = 100.8 Hz), 129.2 (d, CH, J = 18.2 Hz), 

129.4 (d, CH, J = 18.4 Hz), 132.1 (d, CH, J = 10.4 Hz), 132.2 (d, CH, J = 10.2 Hz), 

132.8 (CH, J = 2.8 Hz), 133.2 (CH, J = 2.9 Hz), 140.4 (CH), 155.7 (d, C, J = 10.6 Hz), 
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164.2 (C). 
31

P NMR (121 MHz, CDCl3): δ 9.8 and 12.1 ppm. HRMS (ESI+): m/z calcd 

for C42H36N3P2: 644.2379 [M]
+
; found: 644.2374. 

Synthesis of tetra(iminophosphorano)-substituted bispyridinium diiodide, 3.6 

                                                          

Acetonitrile (35 mL) was added to a mixture of 3.4 (1.01 g, 0.94 mmol) and 

Ph3P=NH (2.32 g, 8.36 mmol). The mixture was heated to dissolution and stirred for 96 

h at 95 °C. The volume was reduced to 20 mL and diethyl ether (60 mL) was added to 

precipitate the product as a gel. Volatiles were removed to obtain a solid. Diethyl ether 

(50 mL) was added and the mixture was concentrated to about 5 mL. The product was 

collected by filtration, dried in vacuo, then recrystallized from isopropanol (35 mL), 

washed with diethyl ether (20 mL) and dried under vacuum at 120 °C to give 3.6 as pale 

yellow solid (0.51 g, 35 %). 
1
H NMR (400 MHz, CDCl3): δ 2.41 (quint, 2H, CH2, J = 

6.8 Hz), 4.72 (t, 4H, 2 NCH2, J = 6.8 Hz), 5.36 (d, 2H, PyrH, J = 1.2 Hz),  6.23 (dd, 2H, 

PyrH, J = 7.2 and 2.0 Hz), 7.26–7.52 (m, 60H, ArH), 7.88 (dt, 2H, PyrH, J = 7.2, 2.0 

Hz). 
13

C NMR (101 MHz, CDCl3): δ 30.2 (CH2), 49.6 (NCH2), 106.4 (d, CH, J = 16.3 

Hz), 113.8 (d, CH, J = 22.6 Hz), 126.7 (d, C, J = 100.4 Hz), 127.7 (d, C, J = 98.4 Hz), 

129.2 (d, CH, J = 12.4 Hz), 129.5 (d, CH, J = 12.7 Hz), 132.0 (d, CH, J = 10.2 Hz), 

132.0 (d, CH, J = 10.0 Hz), 132.9 (CH), 133.3 (CH), 140.1 (CH), 155.4 (d, C, J = 10.4 

Hz), 164.0 (C). 
31

P NMR (121 MHz, CDCl3): δ 9.6 and 13.0 ppm.  
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Synthesis of tetra(triphenyliminophosphorano)-substituted bispyridinylidene, 3.7                                                                                                                                                             

                  

N-methyl-2, 4-bis(triphenyliminophosphorano)pyridinium iodide, 3.5 (0.66 g, 

0.85 mmol) was added to a solution of KHMDS (0.20 g, 1.0 mmol) in toluene (15 mL). 

The purple-colored reaction mixture was stirred for 3 h and filtered. The filtrate was 

discarded. The crude solid residue on filter was extracted with benzene (40 mL) and 

filtered into a clean Schlenk flask. Removal of solvents from the filtrate under vacuum 

gave 3.7 (0.24 g, 44%) as an air and moisture sensitive purple solid present as a mixture 

of two isomers (Z)-3.7 and (E)-3.7 in a ratio of 2:1. 
1
H NMR (300 MHz, C6D6): (Z)-3.7: 

δ 3.65 (s, 6H, CH3), 4.61 (s, 2H, PyrH), 5.80 (s, 2H, PyrH). (E)-3.7: δ 3.33 (s, 6H, CH3), 

4.78 (s, 2H, PyrH), 5.78 (s, 2H, PyrH). (Z)-3.7 and (E)-3.7: δ 6.85–7.00 (m, 36H, ArH), 

7.66–7.82 (m, 54H, ArH). 
31

P NMR (121 MHz, C6D6): δ 0.4 and –7.8 (major, Z); –1.3 

and –5.4 (minor, E). λmax (1.0 x 10
-3 

M) = 308 (ε = 2.9 x 10
3 

M
-1

cm
-1

), 444 (ε = 1.2 x 10
3 

M
-1

cm
-1

), 604 (ε = 5.1 x 10
2
 M

-1
cm

-1
). 
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Figure 5.3. ROESY spectrum showing the strong correlation between the C‐H and the 

N‐CH3 for only the minor (E)‐isomer of compound 3.7.  

 

Synthesis of tetra(triphenyliminophosphorano)-substituted bispyridinium 

dichloride, 3.7
2+

-2Cl
- 

                                                     

Hexachloroethane (0.036 g, 0.15 mmol) was added to a solution of 3.7 (0.13 g, 

0.10 mmol) in benzene. The mixture was stirred for 18 h. Diethyl ether (5 mL) was 

added and the precipitate was filtered. The solid was washed with diethyl ether (5 mL) 

and dried in vacuo at 50 °C to afford 3.7
2+

-2Cl
- 
as a beige solid (0.13 g, 94 %). mp 186-

188 °C (dec). 
1
H NMR (300 MHz, CDCl3): δ 3.78 (s, 6H, CH3), 5.36 (d, 2H, PyrH, J = 

           E-CH3 

 

 

   Z-CH3 

 

C-H 

minor (E) 

(( 

C-H 

major (Z) 

(( 
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2.4 Hz), 6.60 (d, 2H, PyrH, J = 2.4 Hz), 7.24–7.71 (m, 60H, ArH). 
13

C NMR (101 MHz, 

CDCl3): δ 37.2 (CH3), 104.9 (d, CH, J = 12.2 Hz), 117.5 (dd, CH, J = 24.1 and 7.4 Hz), 

126.4 (d, C, J = 103.6 Hz), 127.2 (d, C, J = 101.0 Hz), 129.5 (d, CH, J = 12.2 Hz), 129.7 

(d, CH, J = 12.7 Hz), 132.2 (d, CH, J = 10.4 Hz), 132.2 (d, CH, J = 10.2 Hz), 132.8 (CH, 

J = 2.8 Hz), 133.2 (CH, J = 2.9 Hz), 140.4 (CH), 155.7 (d, C, J = 10.6 Hz), 164.2 (C). 

31
P NMR (121 MHz, CDCl3): δ 10.7 and 13.5 ppm. HRMS (ESI+): m/z calcd for 

C84H70N6P4: 643.2301 [M]
2+

; found: 643.2298. Reduction Potential: –1.70 V versus 

SCE. 

Synthesis of bispyridinium dichloride, 3.8
2+

-2Cl
-
                                                        

         

Toluene (0.5 mL) was added to a mixture of KHMDS (0.012 g, 0.058 mmol) and 

3.6 (0.045 g, 0.029 mmol) and stirred for 1 h. Hexachloroethane (C2Cl6) was added and 

the mixture was stirred for 16 h. Diethyl ether was added (10 mL). The mixture was 

filtered and the solid product washed with diethyl ether (5 mL) and dried under vacuum 

to give a purple solid, composed of the desired product 3.8
2+

-2Cl
-
 (0.03 g, 61 %) and 

some unreacted 3.6 (0.004 g, 7 %). 
1
H NMR (300 MHz, CDCl3): 3.8

2+
-2Cl

-
 δ 2.45–2.50 

(m, 2H, CH2), 3.73–3.83 (m, 2H, NCH2), 5.38 (d, 2H, PyrH, J = 2.3 Hz), 5.61 (m, 2H, 

NCH2), 6.63 (d, 2H, PyrH, J = 2.3 Hz), 7.11–7.58 (m, 60H, ArH). 
31

P NMR (121 MHz, 

CDCl3): δ 10.0 and 13.5 ppm. Reduction Potential: –1.72 V and –1.58 V versus SCE. 
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Synthesis of amino(tricyclohexyl)phosphonium bromide, [Cy3PNH2][Br]
 
 

Amino(tricyclohexyl)phosphonium bromide [Cy3PNH2][Br] was synthesized 

following similar method used for the synthesis of [Ph3PNH2][Br].  

Acetonitrile (50 mL) was added to tricyclohexylphosphine (4.00 g, 14.4 mmol) 

and the mixture heated to dissolution. Bromine (ca 0.80 mL) was added dropwise to the 

colorless solution until a persistent yellow solution was obtained. After stirring for 30 

min, ammonia gas was bubbled in for 45 min yielding an instantaneous white precipitate 

which was collected by filtration, washed with diethyl ether and dried under vacuum to 

give an off white to pale yellow solid of [Cy3PNH2][Br] and an equimolar amount of 

NH4Br. This mixture was used as isolated for the preparation of 4.1. 
1
H NMR (400 

MHz, CDCl3): δ 1.18–1.43 (m, 9H, CyH), 1.47–1.65 (m, 6H, CyH), 1.71–2.60 (m, 15H, 

CyH), 2.32–2.46 (q, 3H, CyH, J = 12.2 Hz), 5.13 (b, 2H, NH2). 
13

C NMR (101 MHz, 

CDCl3): δ 25.6 (d, CH2, J = 1.6 Hz), 26.2 (d, CH2, J = 3.0 Hz), 26.5 (d, CH2, J = 12.7 

Hz), 32.4 (d, CH, J = 53.6 Hz). 
31

P NMR (121 MHz, CDCl3): δ 55.2 ppm. 

Attempted synthesis of N-methyl-2-(tricyclohexyliminophosphorano)-4-

(triphenyliminophosphorano)pyridinium iodide, 4.1 

                                                         

N-methyl-2-chloro-4-(triphenyliminophosphorano)pyridinium iodide, 3.2 (3.39 

g, 6.38 mmol) was added to a solution of in situ-generated 
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tricyclohexyliminophosphorane Cy3P=NH (2.45 g, 8.29 mmol) in acetonitrile (35 mL) 

the presence of DBU (2.40 mL, 16.08 mmol). The mixture was stirred for 24 h at 90 °C. 

On cooling to room temperature, solvents were removed under vacuum resulting in the 

formation of a gel. Dichloromethane (20 mL) was added to the mixture and extracted 

with distilled water (50 mL). The aqueous phase was separated and discarded. The 

organic layer was further extracted using distilled water (2 x 50 mL), dried with MgSO4 

and filtered. Removal of solvents from the filtrate gave a solid. 
31

P NMR (121 MHz, 

CDCl3) δ 8.5, 12.6, 32.9 (ratio 1:1:1.6:1) and 55.4 (Cy3P=NH). 

Synthesis of 2-Chloro-4-(tricyclohexyliminophosphorano)pyridine, 4.4  

                                                   

Hexachloroethane (3.88 g, 16.4 mmol) was added to a solution of 

tricyclohexylphosphine (4.00 g, 14.3 mmol) in dichoromethane (60 mL) at room 

temperature to give a pale yellow solution. After stirring the solution for 3 min, 4-

amino-2-chloropyridine (1.70 g, 13.2 mmol) was added followed by anhydrous 

triethylamine (4.00 mL, 28.5 mmol). After 12 days of stirring, 1,8-

Diazabicyclo[5.4.0]undec-7-ene, DBU (3.00 mL, 21.6 mmol) was added and the 

solution was stirred for 18h and subsequently quenched with distilled water (80 mL) and 

extracted. The aqueous phase was separated and discarded. The organic layer was 

further extracted using distilled water (80 mL x 5). The organic layer was dried with 

MgSO4, filtered and concentrated to ca 5.0 mL. Diethyl ether (60 mL) was added to 
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precipitate the product which was subsequently collected by filtration. The filtrate was 

also collected, concentrated and filtered. Both solid fractions were dried in vacuo to give 

4.4 (3.093 g, 60 %) as a yellow solid. 
1
H NMR (400 MHz, CDCl3): δ 1.18–1.24 (m, 9H, 

Cy), 1.39–1.58 (m, 6H, CyH), 1.67–1.96 (m, 15H, CyH), 2.11 (q, 3H, CyH, J = 12.2 

Hz), 6.36 (d, 1H, PyrH, J = 5.7 Hz), 6.48 (s, 1H, PyrH), 7.78 (d, 1H, PyrH, J = 5.7 Hz, 

1H). 
13

C NMR (101 MHz, CDCl3): δ 26.1 (d, CH2, J = 1.3 Hz), 27.2 (d, CH2, J = 11.7 

Hz), 27.3 (d, CH2, J = 3.4 Hz), 36.1 (d, CH, J = 57.2 Hz), 117.2 (d, CH, J = 16.4 Hz), 

117.7 (d, CH, J = 15.0 Hz), 148.6 (d, CH, J = 0.9 Hz), 151.7 (d, C, J = 2.9 Hz), 163.0 (d, 

C, J = 3.5 Hz). 
31

P NMR (121 MHz, CDCl3): δ 28.2 ppm. 

Synthesis of N-methyl-2-(tricyclohexyliminophosphorano)pyridinium iodide, 4.5  

                                                            

A mixture of 4.4 (2.58 g, 6.33 mmol) and iodomethane (0.45 mL, 7.0 mmol) in 

acetonitrile (35 mL) was heated to dissolution. The solution was stirred at 85 
o
C for 18 

h. After cooling, the volume was reduced to 5 mL and diethyl ether (40 mL) was added 

to precipitate the product which was collected by filtration, washed with diethyl ether 

(20 mL) and dried under vacuum to afford 4.5 (3.00 g, 86 %) as yellow solid. 
1
H NMR 

(300 MHz, CDCl3): δ 1.10–1.54 (m, 15H, CyH), 1.72–1.89 (m, 15H, CyH), 2.36 (q, 3H, 

CyH, J = 10.4 Hz), 3.98 (s, 3H), 6.69 (d, 1H, PyrH,  J = 2.7 Hz), 6.80 (dd, 1H, PyrH, J = 

7.4, 2.7 Hz), 8.56 (d, 1H, PyrH, J = 7.4 Hz). 
13

C NMR (101 MHz, CDCl3): δ 25.7 (d, 

CH2, J = 1.6 Hz), 26.6 (d, CH2, J = 12.0 Hz), 27.1 (d, CH2, J = 3.7 Hz), 35.1 (d, CH, J = 
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54.1 Hz), 43.3 (CH3), 117.2 (d, CH, J = 11.1 Hz), 120.6 (d, CH, J = 24.0 Hz), 142.2 

(CH), 144.9 (CH), 166.8 (d, C, J = 4.7 Hz). 
31

P NMR (121 MHz, CDCl3): δ 38.0 ppm. 

Attempted Synthesis of N-methyl-2, 4-bis(tricylohexyliminophosphorano) 

pyridinium iodide, 4.7  

                                                           

Similar method used for the synthesis of 3.5 was followed. [Cy3PNH2][Br] and 

NH4Br (Combined weight: 2.62 g, 6.94 mmol) in acetonitrile (35 mL), DBU (3.20 mL, 

21.4 mmol) and 4.5 (2.93 g, 5.34 mmol) were used. After stirring for 72 h at 85 °C, 

solvents was removed under vacuum and the crude solid was dissolved in 

dichloromethane (35 mL). Distilled water (50 mL) was added. After solvent extractions 

(3 x 50 mL), the combined organic layers were collected, dried with MgSO4 and filtered. 

The volume of the filtrate was reduced and diethyl ether added to precipitate the product. 

No precipitate formed, so the solvent was removed in vacuo to obtain a crude solid (see 

Figure 4.2 above for 
31

P NMR spectrum).  

5.3. Experimental Procedures for Reduction Reactions 

5.3.1. General procedures30 for the reduction of 1-Bromonaphthalene with organic 

electron donors 1.6a, 2.5a and 2.5b. 
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In a moisture-free and oxygen-free inert atmosphere, the electron donors were 

generated in situ from the reaction of the pyridinium salt precursors 2.5a, 2.5b or N-

methyl-4-dimethylaminopyridinium iodide12 (1.6a) (1.80 mmol) with KHMDS (2.09 

mmol) in degassed DMF (10 mL) and stirred for 30 min to 1 h to form the respective 

donors 2.5a, 2.5b and 1.6a (0.90 mmol, 2 eq). The reaction mixture was subsequently 

transferred into a flame-dried 50 mL Schlenk bulb charged with the substrate (1-

bromonaphthalene: 63.6 µL, 0.45 mmol, 1 eq.) and heated for 2 h at 100 
o
C (2.5a and 

1.6a). The mixture was then cooled to room temperature and subsequently transferred 

into a mixture of water (15 mL) and diethyl ether (15 mL). The organic layer was 

collected and the aqueous layer extracted further with diethyl ether (3 x 15 mL). The 

organic layers were combined and washed with water (3 x 30 mL), saturated brine 

solution (35 mL) and dried over Na2SO4, filtered and concentrated in vacuum. The 

residue was dissolved in petroleum ether and purified by filtering through a plug of 

silica to afford naphthalene as a white solid after removal of all volatiles. Naphthalene 

(0.056 g, 94 %) was isolated using 2.5a while 1.6a gave 84 % naphthalene and some 

unreacted 1-bromonaphthalene (16 %). The product was confirmed by 
1
H and 

13
C NMR.   

The reduction of 1-bromonaphthalene was repeated with donors 2.5a, 2.5b and 

1.6a at 50 
o
C for 4 h.  Naphthalene (0.057 g, 94 %) was isolated when 2.5b was used. 

Donors 1.6a and 2.5a gave only 14 and 35 % naphthalene, respectively, together with 

unreacted 1-bromonaphthalene (86 and 65 %, respectively) as determined by 
1
H NMR. 
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When the experiment was repeated with 2.5b at room temperature over 20 h, 94 % of 

the theoretical amount of naphthalene (0.057 g, 94 %) was produced along with 6 % of 

unreacted 1-bromonaphthalene, as determined by 
1
H NMR. 

5.3.2. Generation of “in situ donor” from the N-methyl-2, 4-

bis(triphenyliminophosphorano)pyridinium salt 3.5 and general reduction reaction 

procedure 

Pyridinium Salt 3.5 (2 equiv.) was added to a pressure tube. KHMDS (2 equiv.) 

and toluene (9 mL) were added into the tube in glove box. The resulting reaction 

mixture was stirred (a deep purple colour appeared within 1 min) for 2 h at room 

temperature, inside the glove box, and generated “in situ donor” (1 equiv.).  

 

The substrate (in 1 mL toluene) was subsequently added into the tube and the 

tube was sealed properly before removing from the glove box. Reaction was then carried 

out for a specified time in a fume cupboard. After cooling the pressure tube to room 

temperature, the reaction mixture was quenched with 1N HCl (10 mL) and then 

extracted with diethyl ether (3 x 10 mL). The combined ether layers were washed with 

water (10 mL), brine solution (10 mL), dried over anhydrous sodium sulfate, filtered and 

concentrated using rotary evaporator. The crude products obtained were purified by 

column chromatography. 
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Reduction of sulfonamides 

Acid-base work-up procedure for the reduction of sulfonamides 

The reaction mixture was quenched with 1N HCl (10 mL) and extracted with 

diethyl ether (3 x 10 mL) and the collected ether layers were set aside. The residual 

aqueous phase was then basified with 2N NaOH (10 mL) and extracted with diethyl 

ether (3 x 10 mL). The combined ether layers were washed with water (10 mL), brine 

solution (10 mL) and dried over anhydrous sodium sulfate. The filtered solution was 

concentrated and the crude product was purified by column chromatography. 

Synthesis of 1-tosyl-1H-indole 1.64149 

 
Indole (0.23 g, 2.0 mmol) and pyridine (1 mL) were treated with p-toluenesulfonyl 

chloride (0.46 g, 2.4 mmol) in dry DCM (5 mL) and stirred at room temperature for 1 h. 

The reaction mixture was then washed with aqueous 1N HCl (10 mL) and extracted with 

diethyl ether (2 x 10 mL). The combined organic phases were washed with water (10 

mL), brine solution (10 mL) and dried over anhydrous sodium sulfate. The filtered 

solution was concentrated and was purified by column chromatography [5 % ethyl 

acetate in petroleum ether] to yield afforded 1-tosyl-1H-indole 1.64 (0.52 g, 91 %) as a 

white solid. m.p. 82–84 
o
C (lit.:149 83–84 

o
C); [Found: (ESI

+
) (M+H)

+
 272.0739. 

C15H14NO2S (M+H) requires 272.0740]; νmax(KBr)/cm
-1

 3116, 2919, 1596, 1446, 1369, 

1260, 1168, 1128. 
1
H NMR (400 MHz, CDCl3): δ 2.34 (s, 3H, CH3), 6.67 (dd, 1H, ArH, 

J = 3.6, 0.8 Hz), 7.21–7.26 (m, 3H, ArH), 7.30–7.35 (m, 1H, ArH), 7.53–7.59 (m, 2H, 

ArH), 7.76–7.79 (m, 2H, ArH), 8.00–8.02 (m, 1H, ArH). 
13

C NMR (101 MHz, CDCl3): 
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δ 21.6 (CH3), 109.0 (CH), 113.6 (CH), 121.4 (CH), 123.3 (CH), 124.6 (CH), 126.3 

(CH), 126.8 (CH), 129.9 (CH), 130.7 (C), 134.8 (C), 135.3 (C), 144.9 (C).  m/z (ESI
+
) 

289 [(M+NH4)
+
, 29%], 272 [(M+H)

+
, 100%]. 

Synthesis of N-benzyl-4-methyl-N-phenylbenzenesulfonamide 1.66150 

                                                          

 N-Benzylaniline (0.92 g, 5.0 mmol) and pyridine (1 mL) were treated with p-

toluenesulfonyl chloride (1.14 g, 6.0 mmol) in dry DCM (10 mL) and afforded N-

benzyl-4-methyl-N-phenylbenzenesulfonamide 1.66  (1.62 g, 96 %) as a white solid, 

after following the synthesis method of 1.64. m.p. 138–140 
o
C (lit.:150 139–140 

o
C); 

[Found: (ESI
+
) (M+H)

+
 338.1204. C20H20NO2S (M+H) requires 338.1209]; 

νmax(film)/cm
−1

 3027, 2919, 1597, 1492, 1347, 1153, 1095. 
1
H NMR (400 MHz, CDCl3): 

 2.46 (3H, s, ArCH3), 4.73 (s, 2H, ArCH2NAr), 6.97–7.00 (m, 2H, ArH), 7.20–7.23 (m, 

8H, ArH), 7.27–7.30 (m, 2H, ArH), 7.54–7.56 (m, 2H, ArH). 
13

C NMR (101 MHz, 

CDCl3):  21.6 (CH3), 54.7 (CH2), 127.6 (CH), 127.8 (CH), 128.4 (CH), 128.5 (CH), 

128.8 (CH), 129.0 (CH), 129.1 (CH), 129.5 (CH), 135.7 (C), 136.0 (C), 139.0 (C), 143.5 

(C). m/z (ESI
+
) 355 [(M+NH4)

+
, 55%], 338 [(M+H)

+
, 100%], 183 (3). 

Synthesis of 4-phenyl-1-tosylpiperidine 1.6832 

 

To a mixture of 4-phenylpiperidine (0.48 g, 3.0 mmol) and pyridine (1 mL), p-

toluenesulfonyl chloride (0.69 g, 3.6 mmol) in dry dichloromethane (10 mL) was added 
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slowly and stirred at room temperature for 1 h. The reaction mixture was then washed 

with aqueous 1N HCl (10 mL) and extracted with diethyl ether (2 x 10 mL). The 

combined organic phases were washed with water (10 mL), brine solution (10 mL) and 

dried over anhydrous sodium sulfate. The filtered solution was concentrated and was 

purified by column chromatography [5% ethyl acetate in petroleum ether] to yield 4-

phenyl-1-tosylpiperidine 1.68 (0.71 g, 75 %) as a white powder. m.p. 150–152 
o
C (lit.:32 

151–152 
o
C); [Found: (CI corona

+
) (M+H)

+ 
316.1368. C18H22NO2S (M+H) requires 

316.1366]; νmax(ATR)/cm
−1

 3025, 2943, 2922, 2840, 1595, 1493, 1450, 1341, 1164.  
1
H 

NMR (400 MHz, CDCl3):  1.84–1.92 (m, 4H, ArCH(CH2)2), 2.34–2.45 (m, 3H, ArCH, 

NCH2), 2.48 (s, 3H, ArCH3), 3.94–3.98 (m, 2H, NCH2), 7.16 (d, 2H, ArH, J = 8.8 Hz), 

7.21–7.25 (m, 1H, ArH), 7.28–7.34 (m, 2H, ArH), 7.37 (d, 2H, ArH, J = 8.4 Hz), 7.71 

(d, 2H, ArH, J = 8.4 Hz); 
13

C NMR (101 MHz, CDCl3):  21.0 (CH3), 32.1 (CH2), 41.3 

(CH), 46.4 (CH2), 126.1 (CH), 126.2 (CH), 127.3 (CH), 128.1 (CH), 129.1 (CH), 132.7 

(C), 143.0 (C), 144.4 (C).  m/z (ESI
+
) 316 [(M+H)

+
, 100%], 247 (6). 

 

Synthesis of 4-methyl-N,N-dioctylbenzenesulfonamide 1.115a151 

 

 di-N-Octylamine (0.48 g, 2.0 mmol) and pyridine (1 mL) were treated with p-

toluenesulfonyl chloride (0.46 g, 2.4 mmol) in dry DCM (5 mL) and afforded 4-methyl-

N,N-dioctylbenzenesulfonamide 1.115a (0.56 g, 70 %) as a colourless oil, after 

following the synthesis method of 1.64. [Found: (ESI
+
) (M+H)

+ 
396.2931. C23H42NO2S 

(M+H) requires 396.2931]; νmax(film)/cm
−1

 3029, 2927, 2856, 1599, 1466, 1376, 1341, 
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1159. 
1
H NMR (400 MHz, CDCl3):  0.88 (t, 6H, CH2CH2CH3, J = 7.2 Hz), 1.25–1.30 

(m, 20H, NCH2CH2CH2CH2CH2CH2CH2CH3),  1.48–1.52 (m, 4H, NCH2CH2CH2), 2.42 

(s, 3H, ArCH3), 3.09 (t, 4H, NCH2CH2CH2, J = 7.6 Hz), 7.28 (d, 2H, ArH, J = 8.0 Hz,), 

7.68 (d, 2H, ArH, J = 8.0 Hz). 
13

C NMR (101 MHz, CDCl3):  14.1 (CH3), 21.4 (CH3), 

22.6 (CH2), 26.7 (CH2), 28.7 (CH2), 29.2 (2 x CH2), 31.8 (CH2), 48.2 (CH2), 127.1 (CH), 

129.5 (CH), 137.2 (C), 142.8 (C); m/z (ESI
+
) 808 [(2M+NH4)

+
, 100%], 396 [(M+H)

+ 
, 

85%]. 

Synthesis of N,N-dioctylmethanesulfonamide 1.115b34 

                                                    

 di-N-Octylamine (0.48 g, 2.0 mmol) and pyridine (1 mL) were treated with  

methanesulfonyl chloride (0.28 g, 2.4 mmol) in dry DCM (5mL) and afforded N,N-

dioctylmethanesulfonamide 1.115b (0.54 g, 84%) as a pale yellow oil, after following 

the synthesis method of 1.64. νmax (ATR)/cm
-1

 2924, 2854, 1465, 1332, 1143, 958, 783, 

736. 
1
H NMR (400 MHz, CDCl3):  0.89 (t, 6H, CH2CH3, J = 7.2 Hz), 1.28–1.30 (m, 

20H, NCH2CH2(CH2)5CH3), 1.57–1.62 (m, 4H, NCH2CH2CH2), 2.82 (s, 3H, SO2CH3), 

3.15 (t, 4H, NCH2CH2, J = 8.0 Hz). 
13

C NMR (100 MHz, CDCl3):  14.2 (CH3), 22.8 

(CH2), 26.9 (CH2), 28.9 (CH2), 29.35 (CH2), 29.37 (CH2), 31.9 (CH2), 38.4 (CH3), 47.9 

(CH2). The spectral data were consistent with the literature data of the same compound.34  
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Reduction of 1-tosyl-1H-indole 1.64 using “in situ donor” 

                             

 The general reduction reaction procedure was applied to 1-tosyl-1H-indole 1.64 

(0.03 g, 0.1 mmol) using the salt 3.5 (0.31 g, 0.40 mmol) for 3 h at 110 
o
C. After 

following the general acid-base work-up procedure for the reduction of sulfonamides, 

the reaction provided reduced product indole 1.65152 (0.011 g, 90 %) as a white solid. 

m.p. 51−53 
o
C; (lit.:152 51−53 

o
C). νmax(KBr) /cm

-1 
3400, 3098, 3049, 1576, 1506, 1456, 

1247, 745. 
1
H NMR (400 MHz, CDCl3): δ 6.59–6.60 (m, 1H, ArH), 7.14–7.18 (m, 1H, 

ArH), 7.21–7.27 (m, 2H, ArH), 7.42 (dd, 1H, ArH, J = 8.0, 0.4 Hz), 7.92 (d, 1H, ArH, J 

= 8.0 Hz,), 8.11 (bs, 1H, NH). 
13

C NMR (101 MHz, CDCl3): δ 102.6 (CH), 111.0 (CH), 

119.8 (CH), 120.8 (CH), 122.0 (CH), 124.1 (CH), 127.9 (C), 135.8 (C). The spectral 

data were consistent with the literature data.152  

Reduction of N-benzyl-N-phenyl-4-methylbenzenesulfonamide 1.66 using “in situ 

donor” 

 

 The general reduction reaction procedure was applied to N-benzyl-N-phenyl-4-

methylbenzenesulfonamide 1.66 (0.034 g, 0.10 mmol) using the salt 3.5 (0.31 g, 0.40 

mmol) for 16 h at 110 
o
C. After following the general acid-base work-up procedure for 
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the reduction of sulfonamides, the reaction provided reduced product N-benzylaniline 

1.67153 (0.017 g, 92 %) as a white solid. m.p. 34–35 
o
C (lit.:153 33–34 

o
C). [Found: (ESI

+
) 

(M+H)
+
 184.1122. C13H14N (M+H) requires 184.1121]; νmax(KBr) /cm

-1 
3417, 3022, 

2924, 2846, 1603, 1512, 1329, 736. 
1
H NMR (400 MHz, CDCl3): δ 4.25 (bs, 1H, NH), 

4.35 (s, 2H, ArCH2N), 6.66–6.68 (m, 2H, ArH), 6.72–6.76 (m, 1H, ArH), 7.17–7.21 (m, 

2H, ArH), 7.27–7.31 (m, 1H, ArH), 7.34–7.41 (m, 4H, ArH). 
13

C NMR (101 MHz, 

CDCl3): δ 48.4 (CH2), 112.9 (CH), 117.6 (CH), 127.3 (CH), 127.6 (CH), 128.7 (CH), 

129.3 (CH), 139.5 (C), 148.2 (C). m/z (ESI
+
) 184 [(M+H)

+
, 100%]. 

Reduction of 4-phenyl-1-tosylpiperidine 1.68 using “in situ donor” 

 

(i)        The general reduction reaction procedure was applied to 4-phenyl-1-

tosylpiperidine 1.68 (0.032 g, 0.10 mmol) using the salt 3.5 (0.23 g, 0.30 mmol) for 

16 h at room temperature. After following the general acid-base work-up procedure 

for the reduction of sulfonamides, the reaction did not provide any product 1.69. 

(ii) The general reduction reaction procedure was applied to 4-phenyl-1-

tosylpiperidine 1.68 (0.032 g, 0.10 mmol) using the salt 3.5 (0.23 g, 0.30 mmol) for 

16 h at 100 
o
C. After following the general acid-base work-up procedure for the 

reduction of sulfonamides, the reaction provided reduced product 1.69 (0.0067 g, 42 

%). 
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(iii) The general reduction reaction procedure was applied to 4-phenyl-1-

tosylpiperidine 1.68 (0.032 g, 0.10 mmol) using the salt 3.5 (0.62 g, 0.80 mmol) for 

24 h at 110 
o
C. After following the general acid-base work-up procedure for the 

reduction of sulfonamides, the reaction provided reduced product 4-phenylpiperidine 

1.69
154

 (0.012 g, 75 %) as a white solid. m.p. 62-64 
o
C (lit.:

154
 62−64

 o
C); [Found: (CI 

corona
+
) (M+H)

+ 
162.1277. C11H16N (M+H) requires 162.1277]; νmax(ATR)/cm

−1
 

3293, 2931, 2917, 2848, 1644, 1543, 1451, 1413, 1370, 1247. 
1
H NMR (400 MHz, 

CDCl3):  1.69–1.73 (m, 2H, ArCHCH2), 1.80 (bs, 1H, NH), 1.84–1.88 (m, 2H, 

ArCHCH2), 2.61–2.67 (m, 1H, ArCH), 2.74–2.81 (m, 2H, NHCH2), 3.20–3.23 (m, 

2H, NHCH2), 7.20–7.35 (m, 5H, ArH). 
13

C NMR (101 MHz, CDCl3):  34.1 (CH2), 

42.6 (CH), 46.7 (CH2), 125.6 (CH), 126.3 (CH), 127.9 (CH), 146.3 (C). The spectral 

data were consistent with the literature data of the same compound.
154

 

Reduction of 4-methyl-N, N-dioctylbenzenesulfonamide 1.115a using “in situ 

donor” 

 

(i) The general reduction reaction procedure was applied to 4-methyl-N,N-   

dioctylbenzenesulfonamide 1.115a (0.040 g, 0.10 mmol) using the salt 3.5 (0.31 g, 

0.40 mmol) for 24 h at 110 
o
C. After following the general acid-base work-up 

procedure for the reduction of sulfonamides, the reaction provided reduced product 

1.116 (0.008 g, 33 %). 
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(ii) The general reduction reaction procedure was applied to 4-methyl-N,N-

dioctylbenzenesulfonamide 1.115a  (0.04 g, 0.1 mmol) using the salt 3.5 (0.62 g, 0.80 

mmol) for 24 h at 110 
o
C. After following the general acid-base work-up procedure for 

the reduction of sulfonamides, the reaction provided reduced product 1.6934 (0.014 g, 56 

%) as a colourless oil. [Found: (ESI
+
) (M+H)

+
 242.2841. C16H36N (M+H) requires 

242.2842]; νmax(film)/cm
−1

 3274, 3116, 2955, 2924, 2853, 1468, 720. 
1
H NMR (400 

MHz, CDCl3):   0.87 (t, 6H, J = 7.6 Hz, N(CH2)7CH3), 1.05 (bs, 1H, NH), 1.26–133 (m, 

20H, N(CH2)2(CH2)5CH3), 1.44–1.49 (4H, m, NCH2CH2(CH2)5CH3), 2.58 (t, 4H, J = 7.2 

Hz, NCH2(CH2)7CH3); 
13

C NMR (101 MHz, CDCl3)  14.1 (CH3), 22.7 (CH2), 27.4 

(CH2), 29.3 (CH2), 29.6 (CH2), 30.2 (CH2), 31.8 (CH2), 50.2 (CH2); m/z (ESI
+
) 242 

[(M+H)
+
, 100%].   

Reduction of N,N-dioctylmethanesulfonamide 1.115b using “in situ donor” 

 

 The general reduction reaction procedure was applied to N, N-

dioctylmethanesulfonamide 1.115b (0.032 g, 0.10 mmol) using the salt 3.5 (0.62 g, 0.80 

mmol) for 48 h at 110 
o
C. After following the general acid-base work-up procedure for 

the reduction of sulfonamides, the reaction provided reduced product 1.116 (0.002 g, 

6%) as a colourless oil. The spectral data of the product were consistent with the 

previously reported data of the same compound. 
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Reduction of aryl halides 

Synthesis of 1-(allyloxy)-2-iodobenzene 1.36155 

 

2-Iodophenol (1.21 g, 5.50 mmol) and allyl bromide (0.61 g, 5.0 mmol) were 

treated with potassium carbonate (1.04 g, 7.50 mmol). The resulting suspension was 

stirred at room temperature for 16 h. At this point, the reaction was quenched with water 

(10 mL) and extracted with diethyl ether (3 x 15 mL). The combined organic phases 

were washed again with water (10 mL), brine solution (10 mL) and dried over 

anhydrous sodium sulfate, filtered and concentrated using rotary evaporator. The crude 

product was then purified by column chromatography (5% diethyl ether in hexane) to 

afford 1-(allyloxy)-2-iodobenzene 1.36 (1.03 g, 79 %). 
1
H NMR (400 MHz, CDCl3): δ 

4.61 (dt, 2H, ArOCH2, J = 4.8, 1.6 Hz,), 5.33 (dq, 1H, CH=CH2, J = 10.8, 1.6 Hz), 5.54 

(dq, 1H, CH=CH2, J = 17.2, 1.6 Hz), 6.03–6.12 (m, 1H, CH=CH2), 6.71–6.75 (m, 1H, 

ArH), 6.82 (dd, 1H, ArH, J = 8.4, 1.2 Hz), 7.27–7.31 (m, 1H, ArH), 7.80 (dd, 1H, ArH, J 

= 8.0, 1.2 Hz). 
13

C NMR (101 MHz, CDCl3): δ 69.8 (CH2), 86.8 (C), 112.6 (CH), 117.7 

(CH2), 122.8 (CH), 129.5 (CH), 132.7 (CH), 139.6 (CH), 157.2 (C). The spectral data 

were consistent with the literature data.155 

Synthesis of 1-iodo-4-(3-phenylpropoxy)benzene 1.7996 

 

Potassium carbonate (0.41 g, 3.0 mmol) was added to a solution of 4-iodophenol 

(0.50 g, 2.25 mmol) and 1-iodo-3-phenylpropane (0.37 g, 1.5 mmol) in DMF (10 mL). 
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The resulting suspension was stirred at room temperature for 16 h. At this point, the 

reaction was quenched with water (10 mL) and extracted with diethyl ether (3 x 15 mL). 

The combined organic phases were washed again with water (10 mL), brine solution (10 

mL) and dried over anhydrous sodium sulfate, filtered and concentrated using rotary 

evaporator. The crude product was then purified by column chromatography (5% diethyl 

ether in hexane) to afford 1-iodo-4-(3-phenylpropoxy)benzene 1.79 (0.43 g, 84 %). 
1
H 

NMR (400 MHz, CDCl3): δ 2.07−2.14 (m, 2H, OCH2CH2), 2.81 (t, 2H, ArCH2, J = 8.0 

Hz), 3.93 (t, 2H, OCH2, J = 6.4 Hz), 6.66–6.69 (m, 2H, ArH), 7.19–7.23 (m, 3H, ArH), 

7.27–7.32 (m, 2H, ArH), 7.53–7.57 (m, 2H, ArH). 
13

C NMR (101 MHz, CDCl3): δ 30.8 

(CH2), 32.2 (CH2), 67.1 (CH2), 82.7 (C), 117.1 (CH), 126.1 (CH), 128.6 (CH), 128.64 

(CH), 138.3 (CH), 141.5 (C), 159.0 (C). The spectral data were consistent with the 

literature data.96 

Synthesis of 1-chloro-4-(3-phenylpropoxy)benzene 1.9933 

 

4-Chlorophenol (0.29 g, 2.3 mmol) and 1-iodo-3-phenylpropane (0.37 g, 1.5 

mmol) were treated with potassium carbonate (0.41 g, 3.0 mmol) and afforded 1-chloro-

4-(3-phenylprop-oxy)benzene 1.99 (0.30 g, 82 %), after following the synthesis method 

of 1.79. 
1
H NMR (400 MHz, CDCl3): δ 2.07–2.14 (m, 2H, OCH2CH2), 2.81 (t, 2H, 

ArCH2, J = 8.0 Hz), 3.94 (t, 2H, OCH2, J = 6.4 Hz), 6.80–6.84 (m, 2H, ArH), 7.19–7.25 

(m, 5H, ArH), 7.28–7.33 (m, 2H, ArH). 
13

C NMR (101 MHz, CDCl3): δ 30.8 (CH2), 

32.2 (CH2), 67.3 (CH2), 115.9 (CH), 125.6 (C), 126.1 (CH), 128.6 (CH), 128.7 (CH), 
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129.4 (CH), 141.5 (C), 157.8 (C). The spectral data were consistent with the literature 

data.33 

Synthesis of 1-bromo-4-(3-phenylpropoxy)benzene 3.10156 

 

4-Bromophenol (0.39 g, 2.3 mmol) and 1-iodo-3-phenylpropane (0.37 g, 1.5 

mmol) were treated with potassium carbonate (0.41 g, 3.0 mmol) and afforded 1-bromo-

4-(3-phenylprop-oxy)benzene 3.10 (0.35 g, 81 %), after following the synthesis method 

of 1.79. 
1
H NMR (400 MHz, CDCl3): δ 2.07–2.14 (m, 2H, OCH2CH2), 2.81 (t, 2H, 

ArCH2, J = 7.6 Hz), 3.94 (t, 2H, OCH2, J = 6.4 Hz), 6.76–6.80 (m, 2H, ArH), 7.19–7.23 

(m, 3H, ArH), 7.28–7.32 (m, 2H, ArH), 7.35–7.39 (m, 2H, ArH). 
13

C NMR (101 MHz, 

CDCl3): δ 30.8 (CH2), 32.2 (CH2), 67.2 (CH2), 112.8 (C), 116.5 (CH), 126.1 (C), 128.6 

(CH), 128.64 (CH), 132.4 (CH), 141.5 (C), 158.3 (C). The spectral data were consistent 

with the literature data.156 

Synthesis of 1-(allyloxy)-2-bromobenzene 3.14157 

 

2-bromophenol (0.95 g, 5.5 mmol) and allyl bromide (0.61 g, 5.0 mmol) were 

treated with potassium carbonate (1.04 g, 7.0 mmol) and afforded 1-(allyloxy)-2-

bromobenzene 3.14 (0.86 g, 80 %), after following the synthesis method of 1.36. 
1
H 

NMR (400 MHz, CDCl3): δ 4.63 (dt, 2H, ArOCH2, J = 5.2, 1.6 Hz), 5.32 (dq, 1H, 

CH=CH2, J = 10.8, 1.6 Hz), 5.49 (dq, 1H, CH=CH2, J = 17.2, 1.6 Hz), 6.03–6.13 (m, 

1H, CH=CH2), 6.83–6.87 (m, 1H, ArH), 6.91 (dd, 1H, ArH, J = 8.4, 1.2 Hz), 7.23–7.27 
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(m, 1H, ArH), 7.55 (dd, 1H, ArH, J = 8.0, 1.2 Hz). 
13

C NMR (101 MHz, CDCl3): δ 69.8 

(CH2), 112.5 (C), 113.8 (CH), 117.9 (CH2), 122.1 (CH), 128.5 (CH), 132.8 (CH), 133.6 

(CH), 155.1 (C). The spectral data were consistent with the literature data.157 

Reduction of 1-(allyloxy)-2-iodobenzene 1.36 using “in situ donor” 

 

The general reduction reaction procedure was applied to 1-(allyloxy)-2-

iodobenzene 1.36   (0.052 g, 0.20 mmol) using the salt 3.5 (0.62 g, 0.80 mmol) for 16 h 

at room temperature. After following the general work-up procedure, the reaction 

provided both cyclised product 3-methyl-2, 3-dihydrobenzofuran 1.38A158 (0.018 g, 66 

%) and (allyloxy)benzene 1.38B159 (0.003 g, 11 %) as colourless oils.
 

For 1.38A: 
 1

H NMR (400 MHz, CDCl3): δ 1.34 (d, 3H, ArCHCH3, J = 6.8 Hz), 3.51-

3.60 (m, 1H, ArCHCH3), 4.08 (dd, 1H, ArOCH2, J = 8.8, 7.6 Hz), 4.69 (t, 1H, ArOCH2, 

J = 8.8 Hz), 6.80 (d, 1H, ArH, J = 8.0 Hz), 6.88 (td, 1H, ArH, J = 7.2, 0.8 Hz), 7.10-7.17 

(m, 2H, ArH). 
13

C NMR (101 MHz, CDCl3): δ 19.4 (CH3), 36.6 (CH), 78.6 (CH2), 109.6 

(CH), 120.6 (CH), 123.9 (CH), 128.1 (CH), 132.4 (C), 159.9 (C). The spectral data were 

consistent with the literature data.158 

For 1.38B: 
 1

H NMR (400 MHz, CDCl3): δ 4.56 (dt, 2H, ArOCH2, J = 5.2, 1.6 Hz), 5.30 

(dq, 1H, CH=CH2, J = 10.4, 1.2 Hz), 5.43 (dq, 1H, CH=CH2, J = 17.2, 1.6 Hz), 6.03-

6.13 (m, 1H, CH=CH2), 6.92–6.98 (m, 3H, ArH), 7.27–7.32 (m, 2H, ArH). 
13

C NMR 
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(101 MHz, CDCl3): δ 68.9 (CH2), 114.9 (2 x CH), 117.7 (CH2), 121.0 (CH), 129.6 (2 x 

CH), 133.5 (CH), 158.8 (C). The spectral data were consistent with the literature data.159 

Reduction of 1-(allyloxy)-2-bromobenzene 3.15 using “in situ donor” 

 

 The general reduction reaction procedure was applied to 1-(allyloxy)-2-

bromobenzene 3.15 (0.043 g, 0.20 mmol) using the salt 3.5 (0.62 g, 0.80 mmol) for 24 h 

at 110 
o
C. After following the general work-up procedure, the reaction provided both 

cyclized product 3-methyl-2, 3-dihydrobenzofuran 1.38A (0.018 g, 67 %) and 

(allyloxy)benzene 1.38B (0.003 g, 11%) as colourless oils. The spectral data of the 

products were consistent with the previously reported data of the same compounds. 

Reduction of 1-iodo-4-(3-phenylpropoxy)benzene 1.79 using “in situ donor” 

 

The general reduction reaction procedure was applied to 1-iodo-4-(3-

phenylpropoxy)benzene 1.79 (0.034 g, 0.10 mmol) using the salt 3.5 (0.31 g, 0.40 

mmol) for 16 h  at room temperature. After following the general work-up procedure, 

the reaction provided reduced product (3-phenoxypropyl)benzene 1.8096 (0.019 g, 90 %) 

as a colourless oil.
 1

H NMR (400 MHz, CDCl3): δ 2.09-2.16 (m, 2H, OCH2CH2), 2.83 (t, 

2H, ArCH2, J = 7.6 Hz), 3.99 (t, 2H, OCH2, J = 6.4 Hz), 6.90–6.97 (m, 3H, ArH), 7.19–
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7.24 (m, 3H, ArH), 7.27–7.33 (m, 4H, ArH). 
13

C NMR (101 MHz, CDCl3); δ 31.0 

(CH2), 32.3 (CH2), 66.9 (CH2), 114.7 (CH), 120.7 (CH), 126.1 (CH), 128.6 (CH), 128.7 

(CH), 129.6 (CH), 141.7 (C), 159.2 (C). The spectral data were consistent with the 

literature data.96 

Reduction of 1-chloro-4-(3-phenylpropoxy)benzene 1.99 using “in situ donor” 

 

The general reduction reaction procedure was applied to 1-chloro-4-(3-

phenylpropoxy)benzene 1.99  (0.025 g, 0.10 mmol) using the salt 3.5 (0.31 g, 0.40 

mmol) for 24 h  at 150 
o
C. After following the general work-up procedure, the reaction 

provided recovery of starting material only. 

Reduction of 1-chloro-4-(3-phenylpropoxy)benzene 1.99 using “in situ donor” 

under photo-activation conditions 

 

The general reduction reaction procedure was applied to 1-chloro-4-(3-

phenylpropoxy)benzene 1.99  (0.025 g, 0.10 mmol) using the salt 3.5 (0.31 g, 0.40 

mmol) for 16 h at room temperature, under photo-activation (the reaction flask was 

placed between two focused UV lamps with filters, λ = 365 nm, each 100 watts). After 
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following the general work-up procedure, the reaction provided only trace amounts of 

reduced product 1.80.  

Reduction of 1-bromo-4-(3-phenylpropoxy)benzene 3.10 using “in situ donor” 

 

 The general reduction reaction procedure was applied to 1-bromo-4-(3-

phenylpropoxy)benzene 3.10  (0.029 g, 0.10 mmol) using the salt 3.5 (0.31 g, 0.40 

mmol) for 24 h  at 110 
o
C. After following the general work-up procedure, the reaction 

provided reduced product (3-phenoxypropyl)benzene 1.80 (0.018 g, 83 %) as a 

colourless oil. The spectral data of the product were consistent with the previously 

reported data of the same compound. 

Reduction of bromobenzene 3.11 using “in situ donor” 

 

In an argon-filled glovebox, the electron donors were generated in situ from the 

reaction of the pyridinium salt precursors 3.5 (0.43 g, 0.56 mmol,) with KHMDS (0.14 

g, 0.68 mmol) in degassed DMF (2 mL) and stirred for 75 min to give a purple-coloured 

solution. The reaction mixture was subsequently transferred into a flame-dried 50 mL 

schlenk bulb charged with bromobenzene, 3.11 (14.7 µL, 0.022 g, 0.14 mmol) and 

heated for 3 h at 100 
o
C. The mixture was then cooled to room temperature and 
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subsequently transferred into a mixture of water (15 mL) and diethyl ether (15 mL). The 

organic layer was collected and the aqueous layer extracted further with diethyl ether (3 

x 15 mL). The organic layers were combined and washed with water (3 x 30 mL), 

saturated brine solution (35 mL) and dried over Na2SO4, filtered and concentrated in 

vacuum. The crude solution was dissolved in petroleum ether and passed through a plug 

of silica to give benzene 3.12. The product was confirmed by 
1
H and 

13
C NMR.   

Reduction of 1-chloroanthracene 3.13 using “in situ donor” 

 

The general reduction reaction procedure was applied to 1-chloroanthracene 3.13 

(0.0212 g, 0.1 mmol) using the salt 3.5 (0.308 g, 0.4 mmol) for 24 h at room 

temperature. After following the general work-up procedure, the reaction provided 

anthracene 1.54 (0.0132 g, 74%) as a light brown solid. 
1
H-NMR (400 MHz, CDCl3): δ 

7.47–7.51 (m, 4H, ArH), 8.01–8.05 (m, 4H, ArH), 8.45 (s, 2H, ArH); 
13

C NMR (101 

MHz, CDCl3): δ 125.5 (CH), 126.4 (CH), 128.3 (CH), 131.8 (C). The spectral data were 

consistent with the literature data.160 

Reduction of malononitriles 

Synthesis of 2, 2-bis(3-phenylpropyl)malononitrile 1.119a94 
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 A solution of malononitrile (0.33 g, 5.0 mmol) in dry tetrahydrofuran (2 mL) was 

added slowly to a suspension of sodium hydride (~60%, 0.48 g, 12 mmol) in dry 

tetrahydrofuran (10 mL) at 0 
o
C under argon gas. The resulting solution was stirred for 

15 min at room temperature and (3-bromopropyl)benzene (2.39 g, 12.0 mmol) in dry 

tetrahydrofuran (2 mL) was added slowly into the reaction flask. The reaction mixture 

was further stirred at reflux conditions for 24 h under argon gas. At this point, the 

reaction was quenched with water (15 mL) and extracted with diethyl ether (3 x 15 mL). 

The combined organic phase was washed once again with water (10 mL), brine solution 

(10 mL) and dried over anhydrous sodium sulfate. The concentrated solution was 

purified by column chromatography (10 % diethyl ether in hexane) to yield 2, 2-bis(3-

phenylpropyl)malononitrile 1.119a (1.22 g, 81 %) as a white crystalline solid. m.p. 

78−80 
o
C. [Found: (CI corona

+
) (M+H)

+
 303.1853. C21H23N2 (M+H) requires 303.1856]; 

νmax(film)/cm
-1 

3026, 2926, 2860, 2245, 1600, 1496, 1452, 702. 
1
H NMR (500 MHz, 

CDCl3): δ 1.88–1.91 (m, 4H, CCH2CH2CH2Ar), 1.97–2.03 (m, 4H, CCH2CH2CH2Ar), 

2.72 (t, 4H, ArCH2, J = 7.0 Hz), 7.17 (d, 4H, ArH, J = 7.0 Hz), 7.23 (t, 2H, ArH, J = 7.5 

Hz), 7.31 (t, 4H, ArH, J = 7.5 Hz); 
13

C NMR (101 MHz, CDCl3): δ 27.1 (CH2), 34.9 

(CH2), 37.2 (CH2), 37.7 (C), 115.7 (C), 126.6 (CH), 128.5 (CH), 128.8 (CH), 140.2 (C); 

m/z (CI corona
+
) 303 [(M+H)

+
, 100%], 191 (4). 

Synthesis of 2,2-di(pent-4-en-1-yl)malononitrile 1.119b124 

 

 A solution of malononitrile (0.33 g, 5.0 mmol) in dry tetrahydrofuran (2 mL) was 

added slowly to a suspension of sodium hydride (~60%, 0.44 g, 11 mmol) in dry 
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tetrahydrofuran (10 mL) at 0 
o
C under argon gas. The resulting solution was stirred for 

15 min at room temperature and 5-bromopent-1-ene (1.64 g, 11.0 mmol) in dry 

tetrahydrofuran (2 mL) was added slowly into the reaction flask. The reaction mixture 

was further stirred at reflux for 24 h under argon gas. At this point, the reaction was 

quenched with water (15 mL) and extracted with diethyl ether (3 x 15 mL). The 

combined organic phase was washed once again with water (10 mL), brine solution (10 

mL) and dried over anhydrous sodium sulfate. The concentrated solution was purified by 

column chromatography (5% diethyl ether in hexane) to yield 2,2-di(pent-4-en-1-

yl)malononitrile 1.119b (0.73 g, 72 %) as a colourless oil. [Found: (CI corona
+
) (M+H)

+
 

203.1542. C13H19N2 (M+H) requires 203.1543]; νmax(film)/cm
-1 

3080, 2933, 2866, 2241, 

1641, 1460, 914. 
1
H NMR (400 MHz, CDCl3): δ 1.75-1.83 (m, 4H, =CHCH2CH2CH2), 

1.91–1.96 (m, 4H, CCH2CH2CH2), 2.16–2.21 (m, 4H, =CHCH2CH2CH2), 5.04–5.11 (m, 

4H, CH2=CHCH2), 5.73–5.83 (m, 2H, CH2=CHCH2). 
13

C NMR (101 MHz, CDCl3): δ 

24.7 (CH2), 32.7 (CH2), 37.2 (CH2), 37.7 (C), 115.7 (C), 116.4 (CH2), 136.7 (CH). m/z 

(CI corona
+
) 203 [(M+H)

+
, 100%], 178 (16). 

Synthesis of 2, 2-bis(3-methylbut-2-en-1-yl)malononitrile 1.119c94 

 

 A solution of malononitrile (0.40 g, 6 mmol) in dry tetrahydrofuran (2 mL) was 

added slowly to a suspension of sodium hydride (~60%, 0.53 g, 13 mmol) in dry 

tetrahydrofuran (10 mL) at 0 
o
C under argon gas. The resulting solution was stirred for 

15 min at room temperature and 1-bromo-3-methylbut-2-ene (2.00 g, 13.2 mmol) in dry 

tetrahydrofuran (2 mL) was added slowly into the reaction flask. The reaction mixture 
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was further stirred at reflux for 16 h under argon gas. At this point, the reaction was 

quenched with water (15 mL) and extracted with diethyl ether (3 x 15 mL). The 

combined organic phase was washed once again with water (10 mL), brine solution (10 

mL) and dried over anhydrous sodium sulfate. The concentrated solution was purified by 

column chromatography (5% ethyl acetate in petroleum ether) to yield 2, 2-bis(3-

methylbut-2-en-1-yl)malononitrile 1.119c (1.05 g, 86 %) as a white solid. m.p. 62–64 

o
C. 

1
H NMR (400 MHz, CDCl3): δ 1.73 [s, 6H, =(CH3)(CH3)], 1.83 [s, 6H, 

=(CH3)(CH3)], 2.66 (d, 4H, =CHCH2, J = 7.6 Hz), 5.27–5.32 (m, 2H, =CHCH2). 
13

C 

NMR (101 MHz, CDCl3): δ 18.4 (CH3), 26.1 (CH3), 35.7 (CH2), 38.2 (C), 114.9 (CH), 

115.9 (C), 140.5 (C). 

Synthesis of 2, 2-dimethylhexadecanenitrile 3.1594 

 

Lithium diisopropylamide (1.5 M in THF, 8 mL, 12 mmol) was added dropwise 

into a flask containing isobutyronitrile (0.69 g, 10 mmol) in dry THF (20 mL) at −78 
o
C 

under argon gas. The reaction contents were stirred for 1 h before adding 1-

bromotetradecane dropwise into the flask at −78 
o
C. Later, the reaction contents were 

allowed to warm to room temperature and stirred for 16 h under argon gas. At this point, 

the reaction was quenched with saturated NH4Cl (15 mL) and extracted with diethyl 

ether (3 x 15 mL). The combined ether extract was washed with water (10 mL), brine 

(10 mL) and dried over anhydrous sodium sulfate. The concentrated solution was 

purified by column chromatography (5% diethyl ether in petroleum ether) to yield 2, 2-

dimethylhexadecanenitrile 3.15 (2.01 g, 76 %) as a white solid. m.p. 30–32 
o
C. 

1
H NMR 
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(400 MHz, CDCl3): δ 0.89 (t, 3H, C13H26CH3, J = 6.8 Hz), 1.27–1.31 (m, 22H, 

CH2CH2(CH2)11CH3), 1.34 (s, 6H, C(CH3)2), 1.44–1.55 (m, 4H, CH2CH2(CH2)11CH3). 

13
C NMR (101 MHz, CDCl3): δ 14.2 (CH3), 22.8 (CH2),  25.4 (CH2), 26.8 (2 x CH2), 

29.5 (CH2), 29.6 (CH2), 29.7 (CH2), 29.77 (5 x CH2), 29.81 (2 x CH2), 32.1 (CH2), 32.5 

(C), 115.7 (C). m/z (CI corona
+
) 203 [(M+H)

+
, 100%], 178 (16). 

Reduction of 2,2-bis(3-phenylpropyl)malononitrile 1.119a using “in situ donor” 

 

The general reduction reaction procedure was applied to 2, 2-bis(3-

phenylpropyl)malononitrile 1.119a (0.03 g, 0.1 mmol) using the salt 3.5 (0.31 g, 0.40 

mmol) for 16 h at 110 
o
C. After following the general work-up procedure, the reaction 

provided 5-phenyl-2-(3-phenylpropyl)pentanenitrile 1.120a94 (0.026 g, 92 %) as a 

colourless oil. [Found: (CI corona
+
) (M+H)

+
 278.1905. C20H24N (M+H) requires 

278.1903]; νmax(film)/cm
-1 

3026, 2941, 2860, 2235, 1602, 1494, 1452, 696. 
1
H NMR 

(400 MHz, CDCl3): δ 1.52-1.80 (m, 6H, CCH2CH2CH2Ar, CCH2CH2CH2Ar), 1.83-1.94 

(m, 2H, CCH2CH2CH2Ar), 2.49–2.56 (m, 1H, CHCN), 2.65 (t, 4H, ArCH2, J = 7.6 Hz), 

7.16–7.23 (m, 6H, ArH), 7.30 (t, 4H, ArH, J = 7.6 Hz). 
13

C NMR (101 MHz, CDCl3): δ 

28.9 (CH2), 31.6 (CH), 31.8 (CH2), 35.4 (CH2), 122.2 (C), 126.2 (CH), 128.5 (CH), 

128.6 (CH), 141.4 (C). m/z (CI corona
+
) 278 [(M+H)

+
, 100%], 249 (15), 203 (13), 95 

(16).   

Reduction of 2, 2-di(pent-4-en-1-yl)malononitrile 1.119b using “in situ donor” 
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 The general reduction reaction procedure was applied to 2, 2-di(pent-4-en-1-

yl)malononitrile 1.119b (0.040 g, 0.20 mmol) using the salt 3.5 (0.62 g, 0.80 mmol) for 

16 h at 110 
o
C. After following the general work-up procedure, the reaction provided 2-

(pent-4-en-1-yl)hept-6-enenitrile 1.120b94 (0.032 g, 91 %) as a colourless oil. [Found: 

(CI corona
+
) (M+H)

+
 178.1587. C12H20N (M+H) requires 178.1590]; νmax(film)/cm

-1 

3078, 2931, 2862, 2237, 1641, 1460, 910. 
1
H NMR (400 MHz, CDCl3): δ 1.53–1.69 (m, 

8H, =CHCH2CH2CH2, =CHCH2CH2CH2), 2.08–2.13 (m, 4H, =CHCH2CH2CH2), 2.50–

2.57 (m, 1H, CHCN), 4.98–5.07 (m, 4H, CH2=CHCH2), 5.74–5.84 (m, 2H, 

CH2=CHCH2). 
13

C NMR (125 MHz, CDCl3): δ 26.4 (CH2), 31.5 (CH), 31.7 (CH2), 33.2 

(CH2), 115.4 (CH2), 122.3 (C), 137.8 (CH); m/z (CI corona
+
) 195 [(M+NH4)

+
, 11%], 178 

[(M+H)
+
, 100%], 117 (14).  

Reduction of 2, 2-bis(3-methylbut-2-en-1-yl)malononitrile 1.119c using “in situ 

donor” 

 

 The general reduction reaction procedure was applied to 2, 2-bis(3-methylbut-2-

en-1-yl)malononitrile 1.119c  (0.04 g, 0.2 mmol) using the salt 3.5 (0.62 g, 0.80 mmol) 

for 16 h at 110 
o
C. After following the general work-up procedure, the reaction provided 

5-methyl-2-(3-methylbut-2-en-1-yl)hex-4-enenitrile 1.120c94 (0.031 g, 89 %) as a 
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colourless oil. 
1
H NMR (400 MHz, CDCl3): δ 1.65 (s, 6H, =(CH3)(CH3), 1.75 (s, 6H, 

=(CH3)(CH3), 2.24–2.36 (m, 4H, =CHCH2), 2.48–2.55 (m, 1H, CHCN), 5.16–5.20 (m, 

2H, =CHCH2). 
13

C NMR (101 MHz, CDCl3): δ 18.1 (CH3), 25.9 (CH3), 30.3 (CH2), 

32.5 (CH), 119.3 (CH), 122.4 (C), 135.9 (C). 

Reduction of 2, 2-dimethylhexadecanenitrile 3.15 using “in situ donor” 

 

 The general reduction reaction procedure was applied to 2, 2-

dimethylhexadecanenitrile 3.15 (0.027 g, 0.10 mmol) using the salt 3.5 (0.31 g, 0.40 

mmol) for 16 h at 110 
o
C. After following the general work-up procedure, the reaction 

provided recovery of starting material (0.025 g, 93 %) only.  
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 APPENDIX A  

SELECTED NMR SPECTRA  

 

 

Figure A1. 
 1

H NMR spectrum of reaction mixture of compound 2.4a in benzene. 
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Figure A2. 
13

C NMR spectrum of reaction mixture of compound 2.4a in benzene. 

 

Figure A3. 
31

P NMR spectrum of reaction mixture of compound 2.4a in benzene. 
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Figure A4. 
1
H and 

31
P NMR (Insert) spectra of isolated purple solid of 2.4a. 
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Figure A5. 
1
H NMR spectrum of reaction mixture of 2.4b in toluene.  
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Figure A6. 
13

C NMR spectrum of reaction mixture of 2.4b in toluene. 

 

Figure A7. 
31

P NMR spectrum of reaction mixture of 2.4b in toluene.  
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Figure A8. 
1
H and 

31
P NMR (Insert) spectra of brown solid of 2.4b in C6D6. 
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Figure A9. 
1
H NMR spectrum of 2.5a in C6D6 showing the presence of two isomers. 
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Figure A10. 
31

P NMR spectrum of 2.5a in C6D6 showing the presence of (E) and (Z) 

isomers. 

 

Figure A11. 
13

C NMR spectrum of purple solid of 2.5a in C6D6. 
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Figure A12. 
1
H NMR spectrum of pink solid of 2.5b in C6D6.  
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Figure A13. 
13

C NMR spectrum of pink solid of 2.5b in C6D6.  

 

Figure A14. 
31

P NMR spectrum of pink solid of 2.5b in C6D6 showing the presence of 

two isomers.  
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Figure A15. 
1
H-

13
C HSQC spectrum of pink solid of 2.5b in C6D6.  
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Figure A16. 
1
H NMR spectrum of 2.4a

2+
-2Cl

-
 in CDCl3.  
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Figure A17. 
13

C NMR spectrum of 2.4a
2+

-2Cl
-
 in CDCl3.  

 

Figure A18. 
31

P NMR spectrum of 2.4a
2+

-2Cl
-
 in CDCl3.  
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Figure A19. 
1
H NMR spectrum of 2.4b

2+
-2Cl

-
 in CDCl3.  
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Figure A20. 
13

C NMR spectrum of 2.4b
2+

-2Cl
-
 in CDCl3.  

 

Figure A21. 
31

P NMR spectrum of 2.4b
2+

-2Cl
-
 in CDCl3.  
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Figure A22. 
1
H NMR spectrum of 2.5a

2+
-2Cl

-
 in CDCl3.  
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Figure A23. 
13

C NMR spectrum of 2.5a
2+

-2Cl
-
 in CDCl3.  

 

Figure A24. 
31

P NMR spectrum of 2.5a
2+

-2Cl
-
 in CDCl3. 
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Figure A25. 
1
H NMR spectrum of 2.5b

2+
-2Cl

-
 in CDCl3.  
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Figure A26. 
13

C NMR spectrum of 2.5b
2+

-2Cl
-
 in CDCl3.  

 

Figure A27. 
31

P NMR spectrum of 2.5b
2+

-2Cl
-
 in CDCl3.  
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Figure A28. 
1
H-

13
C HSQC spectrum of 2.5b

2+
-2Cl

-
 in CDCl3. 
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Figure A29. 
1
H NMR spectrum of reaction mixture of compound 2.9 in toluene. 

 

Figure A30. 
31

P NMR spectrum of reaction mixture of compound 2.9 in toluene. 
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Figure A31. 
1
H NMR spectrum of 2.9 in C6D6. 

 

Figure A32. 
31

P NMR spectrum of 2.9 in C6D6.              
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Figure A33. 
1
H NMR spectrum of 2.9

2+
-2Cl

-
 in CDCl3.  
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Figure A34. 
13

C NMR spectrum of 2.9
2+

-2Cl
-
 in CDCl3.  

 

Figure A35. 
31

P NMR spectrum of 2.9
2+

-2Cl
-
 in CDCl3.  
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Figure A36. 
1
H-13

C HSQC spectrum of 2.9
2+

-2Cl
-
 in CDCl3. 
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Figure A37. 
1
H NMR spectrum of reaction mixture of 2.18 in C6D6.  

 

Figure A38. 
31

P NMR spectrum of reaction mixture of 2.18 in C6D6.  
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Figure A39. 
1
H NMR spectrum of 2.19 in toluene . 

 

Figure A40. 
31

P NMR spectrum of 2.19 in C6D6.  
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Figure A41. 
1
H NMR spectrum of 3.5 in CDCl3.  
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Figure A42. 
13

C NMR spectrum of 3.5 in CDCl3.  

 

Figure A43. 
31

P NMR spectrum of 3.5 in CDCl3.  
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Figure A44. 
1
H NMR of tetra(triphenyliminophosphorano)-substituted 

bispyridinylidene 3.7 in C6D6.  
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Figure A45. 
31

P NMR of tetra(triphenyliminophosphorano)-substituted 

bispyridinylidene 3.7 in C6D6.  
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Figure A46. 
1
H NMR spectrum of tetra(triphenyliminophosphorano)-substituted 

bispyridinium chloride 3.7
2+

-2Cl
-
 in CDCl3. 
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Figure A47. 
13

C NMR spectrum of tetra(triphenyliminophosphorano)-substituted 

bispyridinium chloride 3.7
2+

-2Cl
-
 in CDCl3.   

 

Figure A48. 
31

P NMR spectrum of tetra(triphenyliminophosphorano)-substituted 

bispyridinium chloride 3.7
2+

-2Cl
-
 in CDCl3.   
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Figure A49. 
1
H NMR spectrum of 3.6

 
in CDCl3.   
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Figure A50. 
13

C NMR spectrum of 3.6 in CDCl3.    

 

Figure A51. 
1
H-

13
C HSQC spectrum of 3.6 in CDCl3.   
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Figure A52. 
31

P NMR spectrum of 3.6 in CDCl3.  
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Figure A53. 
1
H NMR spectrum of 3.8

2+
-2Cl

-
 + 3.6 in CDCl3.  
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Figure A54. 
31

P NMR of 3.8
2+

-2Cl
-
 + 3.6 in CDCl3.  
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Figure A55. 
1
H NMR spectrum of 2-chloro-4-(tricyclohexyliminophosphorano) 

pyridine 4.4 in CDCl3.
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Figure A56. 
13

C NMR spectrum of 2-chloro-4-(tricyclohexyliminophosphorano) 

pyridine 4.4 in CDCl3.  

 

Figure A57. 
31

P NMR spectrum of 2-chloro-4-(tricyclohexyliminophosphorano) 

pyridine 4.4 in CDCl3.
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Figure A58. 
1
H-

13
C HSQC spectrum of 2-chloro-4-

(tricyclohexyliminophosphorano)pyridine 4.4 in CDCl3.  
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Figure A59. 
1
H NMR spectrum of N-methyl-2-chloro-4-

(tricyclohexyliminophosphorano)pyridine 4.5 in CDCl3.  
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Figure A60. 
13

C NMR spectrum of N-methyl-2-chloro-4-

(tricyclohexyliminophosphorano)pyridine 4.5 in CDCl3.  

 

Figure A61. 
31

P NMR spectrum of N-methyl-2-chloro-4-

(tricyclohexyliminophosphorano)pyridine 4.5 in CDCl3. 
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APPENDIX B 

Cyclic Voltammograms of Electron Donors 2.4a, 2.4b, 2.5a, 2.5b, 2.9, 3.7 and 3.8 

 

Figure A62. Cyclic voltammogram of 2.4a Fc
+
/Fc in DMF with [Bu4N][PF6] as 

supporting electrolyte. Scan rate is 50 mV/s.  

 

 

Figure A63. Cyclic voltammogram of 2.4b vs Fc/Fc
+ 

in DMF  with [Bu4N][PF6] as 

supporting electrolyte. Scan rate is 50 mV/s. 
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Figure A64. Cyclic voltammogram of 2.5a vs Fc/Fc
+ 

in DMF with [Bu4N][PF6] as 

supporting electrolyte. Scan rate is 50 mV/s. 

 

 

Figure A65. Cyclic voltammogram of 2.5b vs Fc/Fc
+ 

in DMF with [Bu4N][PF6] as 

supporting electrolyte. Scan rate is 50 mV/s. 
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Figure A66. Cyclic voltammogram of 2.9 vs Fc

+
/Fc

 
in DMF with [Bu4N][PF6] as 

supporting electrolyte. Scan rate was 50 mV/s.   

 

Figure A67. Cyclic voltammogram of 3.7 vs Fc
+
/Fc

 
in DMF with [Bu4N][PF6] as 

supporting electrolyte. Scan rate was 50 mV/s. 

-0.015

-0.010

-0.005

0.000

0.005

0.010

0.015

-2 -1.8 -1.6 -1.4

C
u

rr
en

t 
(m

A
) 

Potential (V) vs Fc+/Fc 

-0.040

-0.035

-0.030

-0.025

-0.020

-0.015

-0.010

-0.005

0.000

0.005

0.010

0.015

-2.5 -2.4 -2.3 -2.2 -2.1 -2 -1.9 -1.8 -1.7

C
u

rr
en

t 
 (

m
A

) 

Potential (V) vs Fc+/Fc 



 

216 

 

 

Figure A68. Cyclic voltammogram of 3.8 vs Fc
+
/Fc

 
in DMF with [Bu4N][PF6] as 

supporting electrolyte. Scan rate was 50 mV/s. 
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