
Biological Assessment of Thioamide 

and Amide-Containing Chalcogenorhodamine Dyes 

as Photosensitizers for Photodynamic Therapy of Cancer, 

Extracorporeal Photopheresis, and Graft vs. Host Disease 

& Synthesis and Evaluation of Oligothiophene-Containing 

Chalcogenorhodamine Dyes for Biological and Photochemical Applications 

by 

Michelle K. Linder 

May 18,2018 

A dissertation submitted to 

the Faculty of the Graduate School of 

the University at Buffalo, State University ofNew York 

in partial fulfillment of the requirements for the 

degree of Doctor of Philosophy 

Department of Chemistry 



Acknowledgments 

I would like to extend my sincere gratitude to my advisor Dr. Michael R. Detty, my 

second reader Dr. David F. Watson, my committee members Dr. G. Ekin Atilla-Gokcumen and 

Dr. Javid Rzayev, and the Detty research group (Listed alphabetically: Eduardo Alberto, 

Matthew Bedics, Joshua Beres, Jennifer Clark, Michael Clark, Corey Damon, Kellie (Davies) 

Gast, Jackie Hill, Mark Kryman, Meredith Lang, Caitlyn (Gately) Montross, Alexandra 

(Orchard) Nguyen, Konstantinos Plakas, Lauren Rosch, Lisa (Muller) Schrader, Lucas Smith, 

Y enan Wang) for all of their help, guidance, and support over the past years. This time was 

comprised of some of the greatest and most trying times of my life. I thank those of you who 

encouraged me, shared in my successes, and consoled me when I needed it most. Dr. Detty, you 

allowed me flourish as a chemist, think on my own, and work on projects that fueled my love for 

chemistry. I have always aspired to partake in cancer research and work in industry, and with the 

support and direction you provided, you helped me tum my dreams into a reality. Our 

collaboration at Roswell Park Cancer Institute and my summer internship at Alcon were out of 

the ordinary arrangements for Ph.D. candidates in this department, but these were two of the 

most incredible experiences of my career thus far. I have grown tremendously as a researcher 

and person in your lab and for that I thank you. 

I would also like to thank the collaborators that I was fortunate to work with over the 

years: David Watson, Justin Nasca, and Zak Schmidt (University at Buffalo); Janet Morgan, 

David Bellnier, Kenneth Keymel, Brian Wrazen, Larry Tworek, Kim Ramsey, Michael Y emma 

(Roswell Park Cancer Institute); Geri Sawada (Eli Lilly); Zachariah Mciver, Jason Grayson, 

Benjamin Coe, James Phipps (Wake Forest University), David McCamant, Richard Eisenberg, 

Michael Mark, Zak Piontkowski, Jessica Freeze, Amanda Carr, Baily Bowers, and Melissa Marx 

(University at Rochester); Tymish Ohulchanskyy (Shenzhen University); Jon Camden, Jake 

Olson (University of Notre Dame); and Steen Bmndsted Nielsen, Mark Stockett, and Christina 

Kjcer (Aarhus University). 

To my family and close friends (you all know who you are), thank you for continually 

believing in me, supporting me, and providing unconditional love. I honestly do not know what I 

would do without you. I cherished each weekend/holiday that I was able to spend with you, 

along with every letter, call, and message I received. Thank you for making my life a little 

brighter and easier during this hectic journey. You mean the absolute world to me and I love you. 

Mom, you are my best friend and have been my number one supporter from day one. I 

am forever grateful for you and I love you with all of my heart. This is dedicated to you. 

11 



Table ofContents 

Title 

Acknowledgments 11 

Abbreviations XXXVI 

Abstract 

Table of Contents 111 

Lists of Figures, Charts, Tables, and Schemes XVI 

1. Chapter 1: Introduction to Cancer, P-glycoprotein and Multidrug Resistance, Photodynamic 

Therapy, and Extracorporeal Photopheresis 1 

1.1. Cancer 1 

1.2. P-glycoprotein and Multidrug Resistance 2 

1.2.1. Multidrug Resistance (MDR) 2 

1.2.2. The ATP Binding Cassette Transporters 3 

1.2.3. P-glycoprotein (P-gp) 7 

1.2.3 .1. The Structure and Function of P-gp 8 

1.2.3.2. The Catalytic Cycle of ATP Hydrolysis 12 

1.2.3.3. Models of P-gp Drug Transport 13 

1.2.3.4. P-gp Substrates 14 

1.2.3.5. P-gp Modulators 15 

1.2.3.6. Substrate Versus Modulator Tests 19 

1.3. Photodynamic Therapy (PDT) 21 

1.3.1. The History of PDT 22 

1.3 .2. Photophysics and Photochemistry 25 

1.3 .3. Ideal Photosensitizers 28 

1.3.4. The Optical Therapeutic Window 28 

1.3.5. Classes of Photosensitizers 29 

1.3 .6. Intracellular Targets 34 

1.3.7. Photosensitizers in the Human Body 38 

1.4. Extracorporeal Photopheresis (ECP) 39 

1.4.1. History ofECP 40 

111 



1.4.2. Hematopoietic Stem Cell Transplantation and Graft-vs-Host Disease 41 

1.4.3. Photosensitizers 42 

2. Chapter 2: Rhodamines for Biological and Photobiological Applications 44 

2.1. Tuning Photochemical & Photophysical Properties Through Structural Modifications 44 

2.2. Tuning P-gp Affinity and Binding Through Structural Modifications 48 

2.3. Rhodamines as P-gp Interactive Photosensitizers 55 

2.4. Mimicking Dimer Dyes Through the Incorporation of Oligothiophenes 60 

2.5. Novel P-gp Interactive Photosensitizers for PDT and ECP 62 

3. Chapter 3: Synthesis and Properties of Heavy Chalcogen Analogues of the Texas Reds and 

Related Rhodamines (Organometallics, 2014, 33, 2628-2640) 63 

3 .1. Abstract 63 

3 .2. Introduction 64 

3.3. Results and Discussion 66 

3.3.1. Synthesis 66 

3.3.2. Photophysical Properties 70 

3.3.3. Oxidation ofTellurorhodamines to Tellurorhodamine Telluroxides 73 

3.3.4. Biological Studies: Cellular Oxidation of 27 77 

3.4. Conclusions 79 

3.5. Experimental Section 80 

3.5.1. Preparation of 8-Bromo-1,2,3,5,6, 7-hexahydropyrido[3,2, 1-ii]quinoline(9) 80 

3.5.2. Preparation of Bisjulolidyl Disulfide 10-S 81 

3.5.3. Preparation of Bisjulolidyl Diselenide 10-Se 81 

3.5 .4. Preparation of Bisjulolidyl Ditelluride 10-Te 82 

3.5.5. Preparation of 3-Bromo-N-methyl-N-(3-methylbut-2-enyl)aniline (11) 82 

3.5.6. Preparation of 7-Bromo-1,4,4-trimethyl-1,2,3,4-tetrahydroquinoline (12) 83 

3.5.7. Preparation of Diaryl Sulfide 13-S 83 

3.5.8. Preparation of Diaryl Diselenide 13-Se 84 

3.5.9. Preparation ofDiaryl Ditelluride 13-Te 84 

3.5.10. Preparation ofDiaryl Sulfide 15-S 85 

3.5 .11. Preparation of Diaryl Selenide 15-Se 86 

3.5.12. Preparation ofDiaryl Telluride 15-Te 86 

IV 



3.5.13. Preparation ofDiaryl Sulfide 17-S 87 

3.5 .14. Preparation of Diaryl Selenide 17-Se 87 

3.5 .15. Preparation of Diaryl Telluride 17-Te 88 

3.5.16. Preparation ofDiaryl sulfide 18-S 88 

3.5.17. Preparation of Diaryl Selenide 18-Se 89 

3.5.18. Preparation ofDiaryl Telluride 18-Te 89 

3.5.19. Bisjulolidyl Thioxanthone 2-S 90 

3.5.20. Preparation of Bisjulolidyl Selenoxanthone 2-Se 91 

3.5 .21. Preparation of Bisjulolidyl Telluroxanthone 2-Te 91 

3.5.22. Preparation of Bishalf-julolidyl Thioxanthone 3-S 91 

3.5.23. Preparation of Bishalf-julolidyl Selenoxanthone 3-Se 92 

3.5.24. Preparation ofBishalf-julolidyl Telluroxanthone 3-Te 92 

3.5.25. Preparation of Julolidyl/Half-julolidyl Thioxanthone 4-S 93 

3.5.26. Preparation of Julolidyl/Half-julolidyl Selenoxanthone 4-Se 93 

3.5.27. Preparation of Julolidyl/Half-julolidyl Telluroxanthone 4-Te 94 

3.5.28. Preparation of Bisjulolidyl Thiorhodamine 5-S 94 

3.5.29. Preparation of Bisjulolidyl Selenorhodamine 5-Se 95 

3.5.30. Preparation ofBisjulolidyl Tellurorhodamine 5-Te 95 

3.5 .31. Preparation of Bishalf-julolidyl Thiorhodamine 6-S 95 

3.5.32. Preparation of Bishalf-julolidyl Selenorhodamine 6-Se 96 

3.5.33. Preparation ofBishalf-julolidyl Tellurorhodamine 6-Te 96 

3.5.34. Preparation of Julolidyl/Half-julolidyl Thiorhodamine 7-S 97 

3.5.35. Preparation of Julolidyl/Half-julolidyl Selenorhodamine 7-Se 97 

3.5.36. Preparation of Julolidyl/Half-julolidyl Tellurorhodamine 7-Te 98 

3.5.37. Preparation of Diaryl Selenide 22 98 

3.5.38. Selenoxanthone 23 99 

3.5.39. Preparation of Half-julolidyl Selenorhodamine 20-Se 99 

3.5.40. Preparation ofTellurorhodamine 27 99 

3.5.41. Oxidation ofTellurorhodamine 27 to Tellurorhodamine Telluroxide 28 100 

3.5.42. Preparation ofTellurorhodamine 29 101 

3.5.43. Oxidation ofTellurorhodamine 29 to Tellurorhodamine Telluroxide 30 101 

V 



3.5.44. Determination of 102 Yields from 10 2 Phosphorescence Spectroscopy 102 

3.5.45. Fluorescence Experiments 102 

3.5.46. Cell Experiments 102 

3.6. Supporting Information 103 

3.7. Acknowledgments 103 

4. Chapter 4: Selenorhodamine Photosensitizers for Photodynamic Therapy of P-Glycoprotein-

Expressing Cancer Cells (J Med. Chem., 2014, 57, 8622-8634) 104 

4.1. Abstract 105 

4.2. Introduction 105 

4.3. Chemistry 110 

4.3 .1. Synthesis of Selenorhodamine Derivatives 110 

4.3.2. Absorption Spectra 111 

4.3.3. Fluorescence Yields 112 

4.3.4. Singlet-Oxygen Yields 112 

4.3.5. Photostability 113 

4.3.6. n-Octanol/Water Partition Coefficients 113 

4.4. Biology 114 

4.4.1. Uptake ofRhodamines in the Presence ofVerapamil in Colo-26 Cells 114 

4.4.2. Dark and Phototoxicity of 15a-18a and 15b-18b toward Colo-26 Cells 115 

4.4.3. Phototoxicity of 15b-18b toward Colo-26 Cells with a Tunable Dye Laser 115 

4.4.4. Dark Toxicity of 15b-18b toward Colo-26 Cells 117 

4.4.5. P-gp Transport Studies of 17b-18b in Monolayers of MDCKII-MDRl Cells 117 

4.4.6. Combination PDT and Chemotherapy 120 

4.4.7. Localization of 15b-18b in the Mitochondria ofColo-26 Cells 121 

4.5. Discussion 123 

4.5.1. Impact of Structure on Physical and Photophysical Properties 124 

4.5.2. Interactions with P-gp and the Amide/Thioamide Switch 124 

4.5.3. Efficacy of 15b-18b as Photosensitizers 125 

4.5.4. Potential for Combination Therapy 127 

4.6. Experimental 127 

4.6.1. General Methods 127 

Vl 



4.6.2. Preparation of 9-( 5-( diethylcarbamothioyl)thiophen-2-yl)selenorhodaminel6b128 

4.6.3. Preparation of 9-( 5-( diethylcarbamoyl)thiophen-2-yl)selenorhodamine l Sb 129 

4.6.4. Prep. of 9-(5-(piperidylcarbamothioyl)thiophen-2-yl)selenorhodamine 18b 131 

4.6.5. Preparation of 9-(5-(piperidylcarbamoyl)thiophen-2-yl)selenorhodamine 17b 132 

4.6.6. Determination of n-Octanol/W ater Partition Coefficients 133 

4.6.7. Determination of 102 Yields from 102 Luminescence Spectroscopy 133 

4.6.8. Fluorescence Experiments 133 

4.6.9. Phototoxicity and Dark Toxicity Studies with Colo-26 Cells 134 

4.6.10. Combination Therapy with PDT and Doxorubicin in Colo-26 Cells 134 

4.6.11. Flow Cytometry Studies 135 

4.6.12. P-gp-transport Studies Across MDCK-MDRl Monolayers 135 

4.6 .13. Sta tis ti cal Analyses 137 

4.7. Supporting Information 137 

4.8. Acknowledgments 137 

5. Chapter 5: Selenorhodamine photosensitizers with the Texas-red core for photodynamic 

therapy of cancer cells (Bioorganic & Medicinal Chemistry, 2015, 23, 4501-4507) 138 

5.1. Abstract 138 

5.2. Introduction 139 

5.3. Results and Discussion 141 

5.3.1. Synthesis of Selenorhodamines 5 and 6 141 

5.3.2. Electronic Absorption Spectra 142 

5.3.3. Fluorescence Yields 142 

5.3.4. Singlet Oxygen Yields 143 

5.3.5. n-Octanol/Water Partition Coefficients 143 

5.3.6. Dark Toxicity of Selenorhodamines 5 and 6 143 

5.3.7. Phototoxicity of 5 and 6 Toward Colo-26 Cells 144 

5.3.8. Uptake of Selenorhodamines 5 and 6 in Colo-26 Cells 145 

5.3.9. Localization of 5 and 6 in the Mitochondria ofColo-26 Cells 146 

5.3.10. Discussion of Biological Results 148 

5.4. Conclusions 151 

5.5. Experimental 151 

Vll 



151 5.5.1. General Methods 

5.5 .2. Prep. of 9-(5-(piperidylcarbamothioyl)thiophen-2-yl)selenorhodamine6-PF6 152 

5.5.3. Prep. of 9-(5-(piperidylcarbamoyl)thiophen-2-yl)selenorhodamine 5-PF6 153 

5.5.4. General Procedure for Preparation of Chloride Salts 5 and 6 153 

5.5.5. Determination of n-octanol/water partition coefficients 154 

5.5.6. Determination of 10 2 Yields from 10 2 Luminescence Spectroscopy 154 

5.5.7. Phototoxicity and Dark Toxicity Studies with Colo-26 Cells 154 

5.5.8. Flow Cytometry Studies 155 

5.6. Supplementary data 156 

5.7. Acknowledgments 156 

6. Chapter 6: Extended Rhodamine Photosensitizers for Photodynamic Therapy of Cancer Cells 

(Bioorganic & Medicinal Chemistry, 2016, 24, 3908-3917) 157 

6.1. Abstract 157 

6.2. Introduction 158 

6.3. Results and Discussion 160 

6.3 .1. Synthesis of Selenorhodamines 6-E and 7-E 160 

6.3.2. Photophysical Properties 163 

6.3.3. Phototoxicity of Dyes 6-E and 7-E 164 

6.3.4. Subcellular Localization of Dyes 6-E and 7-E 167 

6.3 .5. Discussion of Biological Results 170 

6.4. Conclusions 172 

6.5. Experimental 172 

6.5.1. General Methods 172 

6.5.2. N,N-Diethyl 2-(6-Dimethylamino)naphthamide (15) 173 

6.5.3. Metallation of 15 and Quenching with Disulfide 12-S 174 

6.5.4. Metallation of 15 and Quenching with Diselenide 12-Se 175 

6.5.5. Preparation of Extended Xanthones 8-S and 9-S 175 

6.5 .6. Preparation of Extended Xanthones 8-Se and 9-Se 176 

6.5.7. Preparation of Extended Rhodamine 6-S 177 

6.5.8. Preparation of Extended Rhodamine 6-Se 178 

6.5.9. Preparation of Extended Rhodamine 7-S 178 

vm 



6.5.10. Preparation of Extended Rhodamine 7-Se 179 

6.5 .11. Determination of 102 Yields from 102 Luminescence Spectroscopy 179 

6.5.12. Growth ofColo-26 and HUT-78 cells 180 

6.5.13. Phototoxicity and Dark Toxicity Studies with Colo-26 Cells 180 

6.5.14. Flow Cytometry Studies 180 

6.6. Supplementary Data 181 

6.7. Acknowledgments 181 

7. Chapter 7: Selective Photodepletion of Malignant T Cells in Extracorporeal Photopheresis 

with Selenorhodamine Photosensitizers (Bioorganic & Medicinal Chemistry, 2016, 24, 3918-

3931 182 

7.1. Abstract 183 

7.2. Introduction 183 

7.3. Results and Discussion 187 

7.3 .1. Synthesis of Selenorhodamines 5-10 187 

7.3.2. Electronic Absorption Spectra 187 

7.3.3. Fluorescence Yields 189 

7.3.4. Singlet Oxygen Yields 189 

7.3.5. n-Octanol/Water Partition Coefficients 189 

7.3.6. P-gp Transport Studies of Selenorhodamines 5-10 in Monolayers of MDCK.11-

MDRl Cells 189 

7.3.7. Localization of 3-6 in the Mitochondria of Malignant T Cells 191 

7.3.8. Dark and Phototoxicity of 5 and 6 Toward Malignant T Cells 193 

7.3.9. P-gp Expression in T-cell Lymphocytes 194 

7.3.10. Uptake of 3-6 in Malignant T Cells in the Presence and Absence ofVerapami1194 

7.3 .11. A Model for Differentiating Resting, Pathogenic, and Malignant T Cells 195 

7.3.12. Uptake and Retention of Selenorhodamines 5-10 in Non-Stimulated T Cells 196 

7.3.13. Photodepletion of Non-stimulated and Malignant T cells with Selenorhodamine 

Photosensitizers 5-10 199 

7.3.14. Uptake and Retention of Selenorhodamines 5-10 in Resting, Pathogenic, and 

Stimulated T Cells 200 

7.3.15. Photodepletion of Resting, Pathogenic, and Stimulated T Cells with 

IX 



202 Selenorhodamine Photosensitizers 

7.4. Discussion of Biological Results 204 

7.4.1. Mitochondrial Targeting 204 

7.4.2. Modulation of P-gp Activity 205 

7.4.3. Role of Selenorhodamine Lipophilicity 206 

7.4.4. The HUT-78/PBMC Model 208 

7.5. Conclusions 208 

7.6. Experimental 209 

7.6.1. General Methods 209 

7 .6.2. Preparation of Selenorhodamine 7 210 

7.6.3. Preparation of Selenorhodamine 9 211 

7.6.4. Preparation of Selenorhodamine 8 212 

7 .6.5. Preparation of Selenorhodamine 10 213 

7 .6.6. Determination of n-Octanol/W ater Partition Coefficients 213 

7.6.7. P-gp-Transport Studies Across MDCKII-MDRl Monolayers 214 

7.6.8. Isolation and Stimulation of Human Peripheral Blood Mononuclear Cells 215 

7.6.9. Photosensitizer Retention and Extrusion Studies 215 

7.6.10. Phototoxicity and Dark Toxicity Studies with HUT-78 Cells 215 

7 .6.11. Transfection of HUT-78 Cell Line 216 

7.6.12. Photodepletion Studies 216 

7.6.13. Flow Cytometry Studies with HUT-78 Cells 217 

7.6.14. Reagents for FACS Analysis 217 

7.6.15. Data Analysis and Statistics 218 

7. 7. Supplementary Data 218 

7.8. Acknowledgments 218 

8. Chapter 8: Targeting T Cell Bioenergetics by Modulating P-Glycoprotein Selectively 

Depletes Alloreactive T Cells to Prevent Graft-versus-Host Disease (The Journal of 

Immunology, 2016, 197, 1631-1641) 219 

8.1. Abstract 219 

8.2. Introduction 220 

8.3. Materials and Methods 223 

X 



223 8.3.1. Nomenclature 

8.3.2. Cell Isolation and Stimulation 224 

8.3.3. Photodepletion 224 

8.3.4. Animals 224 

8.3.5. Bone Marrow Transplantation 224 

8.3.6. P14 Cell Isolation, Transfer, and Viral Infection 225 

8.3.7. Reagents for Flow Cytometry 225 

8.3.8. Cell-Proliferation Assay 226 

8.3.9. Photosensitizer Retention and Extrusion Experiments 226 

8.3.10. Measuring T Cell Bioenergetics 227 

8.3 .11. Sta tis ti cal Analysis 227 

8.4. Results 228 

8.4.1. Bioenergetics of Superantigen-stimulated T Cells Resemble Warburg Effect 228 

8.4.2. Modulation of P-gp Improves the Selectivity of Photosensitizers for Activated T 

Cells 230 

8.4.3. Photosensitizers with Rapid Extrusion Kinetics Minimally Impede the 

Bioenergetics of Resting T Cells 232 

8.4.4. PD with 2-Se-Cl Selectively Affects the Bioenergetics and Survival of Activated 

T Cells 235 

8.4.5. PD with 2-Se-Cl Selectively Depletes Immune Responses 238 

8.4.6. PD with 2-Se-Cl Selectively Prevents GVHD 240 

8.4.7. PD with 2-Se-Cl Preserves Antiviral Immunity 241 

8.5. Discussion 243 

8.6. Supplementary Data 247 

8.7. Acknowledgments 247 

9. Chapter 9: Introduction to Solar Cell Technologies and Dye Sensitized Solar Cells 248 

9.1. Solar Energy 248 

9.2. Solar Cell Technologies 250 

9.3. DSSCs 250 

9.3.1. Brief History ofDSSCs 250 

9.3.2. Components of a DSSC 252 

Xl 



9.3.3. Operation of a DSSC 255 

9.4. Sensitizers 259 

9 .4.1. Ideal Sensitizers 259 

9.4.2. Ruthenium Sensitizers 260 

9.4.3. Organic Sensitizers 261 

9.4.4. Donor-n-Acceptor Sensitizers 263 

9.4.5. NIR Sensitizers 266 

9.4.6. Co-Sensitization 267 

9.4.7. Sensitizer Aggregation 267 

10. Chapter 10: Rhodamines as Photosensitizers for Photochemical Applications 269 

10.1. Rhodamines as Photosensitizers for DSSCs 269 

10.1.1. Optimizing DSSC Efficiency Through Controlled Aggregation 269 

10.1.2. Influence of Anchoring Groups on Aggregation and Electron Transfer React. 273 

11. Chapter 11 : Oligothiophene-Containing Photosensitizers for Photochemical Applications 279 

11.1. Extension of then-Bridge Through the Incorporation of Oligothiophenes 279 

11.1.1. Optimizing DSSC Efficiency Through Controlled Aggregation 279 

12. Chapter 12: Results and Discussion 286 

12.1. Library of Desired Oligothiophene Containing Selenorhodamines 286 

12.2. Synthesis ofThieno[3,2-b]thiophene Linkers 287 

12.3. Synthesis of2,2'-Bithiophene Linkers 291 

12.4. Synthesis of 2,2' :5 ',5" -Terthiophene Linkers 294 

12.5. Synthesis of Selenoxanthones 297 

12.6. Synthesis of Oligothiophene-Containing Dyes 301 

12.6.1. Synthesis of Oligothiophene-Containing Thioamide and Amide Dyes 303 

12.6.2. Synthesis of Oligothiophene-Containing Carboxylic & Hydroxamic Acid Dye 303 

12.6.3. Synthesis of Oligothiophene-Containing Aldehyde & Cyanoacrylic Acid Dyes304 

12.6.4. Synthesis of Oligothiophene-Containing Phosphonic Acid Dyes 305 

12.7. The Photophysics of Phenyl, Thienyl, and Chalcogen-Substituted Rhodamine Dyes 307 

12.8. Photoelectrochemical Perform. of Oligothiophene-Containing Selenorhodamines 309 

13. Experimental Details 321 

13 .1. Biological Protocols 321 

Xll 



13 .1.1. Preparation of Dye Stock Solutions 321 

13.1.2. Cell Culture Growth Media 321 

13 .1.3. Harvesting, Counting, and Re-plating Cells 321 

13.1.4. Freezing Cells 323 

13 .1.5. Thawing Cells 323 

13.1.6. Phototoxicity and Dark Toxicity 324 

13 .1.7. The Sulforhodamine B Colorimetric Cytotoxicity Assay 324 

13.1.8. The MTT Colorimetric Cytotoxicity Assay 325 

13.1.9. Flow Cytometry Using Rhodamine 123 (R123) 326 

13 .1.10. Flow Cytometry Using Chalcogenorhodamine Dyes 326 

13 .1.11. Fluorescent Microscopy 327 

13.1.12. ImageStream Cytometry 328 

13 .1.13. Combination Therapy Using Doxorubicin 329 

13.2. Chemical Synthesis 331 

13 .2.1. General Methods 331 

13 .2.2. Preparation of 3-bromothiophene-2-carbaldehyde (2) 332 

13.2.3. Preparation of ethyl thieno[3,2-b]thiophene-2-carboxylate (3) 333 

13 .2.4. Preparation ofN-hydroxythieno[3,2-b ]thiophene-2-carboxamide (4) 334 

13.2.5. Preparation of thieno[3,2-b]thiophene-2-carboxylic acid (5) 335 

13.2.6. Preparation ofthieno[3,2-b]thiophene (6) 336 

13.2.7. Preparation of thieno[3 ,2-b ]thiophene-2-carbaldehyde (7) 337 

13 .2.8. Preparation of 2-(thieno[3 ,2-b ]thiophen-2-yl)-1,3-dioxolane (8) 338 

13.2.9. Preparation of 2-cyano-3-(thieno[3,2-b]thiophen-2-yl)acrylic acid (9) 339 

13.2.10. Preparation of piperidin-1-yl(thieno[3,2-b]thiophen-2-yl)methanethione(10) 340 

13 .2.11. Preparation ofN,N-diethylthieno[3,2-b ]thiophene-2-carbothioamide (11) 342 

13.2.12. Preparation of piperidin-1-yl(thieno[3,2-b]thiophen-2-yl)methanone (12) 343 

13 .2.13. Preparation ofN,N-diethylthieno[3,2-b ]thiophene-2-carboxamide (13) 344 

13.2.14. Preparation of diethyl thieno[3,2-b]thiophen-2-ylphosphonate (14) 345 

13.2.15. Preparation of thieno[3,2-b]thiophen-2-ylphosphonic (15) 346 

13 .2.16. Preparation of [2,2'-bithiophene ]-5-carbaldehyde (17) 34 7 

13 .2.17. Preparation of [2,2'-bithiophen ]-5-yl(piperidin-1-yl)methanethione (18) 348 

xm 



13 .2.18. Preparation of [2,2'-bithiophene ]-5-carboxylic acid (19) 349 

13.2.19. Preparation of ethyl [2,2'-bithiophene]-5-carboxylate (20) 350 

13.2.20. Preparation ofN-hydroxy-[2,2'-bithiophene]-5-carboxamide (21) 351 

13.2.21. Preparation of 2-([2,2'-bithiophen]-5-yl)-1,3-dioxolane (22) 352 

13.2.22. Preparation of 3-([2,2'-bithiophen]-5-yl)-2-cyanoacrylic acid (23) 353 

13.2.23. Preparation of diethyl [2,2'-bithiophen]-5-ylphosphonate (24) 354 

13.2.24. Preparation of [2,2'-bithiophen]-5-ylphosphonic acid (25) 355 

13.2.25. Preparation of [2,2' :5',2"-terthiophene]-5-carbaldehyde (27) 356 

13 .2.26. Preparation of [2,2' :5' ,2"-terthiophen ]-5-yl(piperidin-1-yl)methanethione(28)357 

13.2.27. Preparation of [2,2' :5',2"-terthiophene]-5-carboxylic acid (29) 358 

13.2.28. Preparation of ethyl [2,2' :5',2"-terthiophene]-5-carboxylate (30) 359 

13.2.29. Preparation of 2-([2,2':5',2"-terthiophen]-5-yl)-1,3-dioxolane (32) 360 

13 .2.30. Preparation of 3-([2,2':5' ,2"-terthiophen ]-5-yl)-2-cyanoacrylic acid (33) 361 

13.2.31. Preparation of diethyl [2,2' :5',2"-terthiophen]-5-ylphosphonate (34) 362 

13.2.32. Preparation of [2,2' :5',2"-terthiophen]-5-ylphosphonic acid (35) 363 

13 .2.33. Preparation of N-( 6-( dimethylamino )-9-(5-(piperidine-1-carbonothioyl)thieno 

[3 ,2-b ]thiophen-2-yl)-3 H-selenoxanthen-3-ylidene )-N-methylmethanaminium 

(MKL-148) 364 

13 .2.34. Preparation of N-( 6-( dimethylamino )-9-( 5-(piperidine-1-carbonyl)thieno[3 ,2-b] 

thiophen-2-yl)-3 H-selenoxanthen-3-ylidene )-N-methylmethanaminium (MKL-

151) 366 

13 .2.35. Preparation ofN-(9-(5-carboxythieno[3,2-b ]thiophen-2-yl)-6-( dimethylamino )-

3H-seleno xanthen-3-ylidene)-N-methylmethanaminium (MKL-290) 367 

13 .2.36. Preparation ofN-( 6-( dimethylamino )-9-(5"-(piperidine-1-carbonothioyl)-[2,2': 

5',2"-ter thiophene]-5-yl)-3H-selenoxanthen-3-ylidene)-N-methylmethan 

aminium (MKL-154) 369 

13 .2.37. Preparation ofN-(9-(5"-carboxy-[2,2':5' ,2"-terthiophen ]-5-yl)-6-( dimethyl 

amino )-3H-selenoxanthen-3-ylidene )-N-methylmethanaminium (MKL-247)371 

13.2.38. Preparation ofN-(6-(dimethylamino)-9-phenyl-3H-xanthen-3-ylidene)-N-

methylmethanaminium (TMR-0) 373 

13.2.39. Preparation ofN-(6-(dimethylamino)-9-phenyl-3H-thioxanthen-3-ylidene)-N-

XIV 



methylmethanaminium (TMR-S)1 374 

13 .2.40. Preparation ofN-( 6-( dimethylamino )-9-phenyl-3H-selenoxanthen-3-ylidene )-N-

methylmethanaminium (TMR-Se)1 375 

13.2.41. Preparation ofN-(6-(dimethylamino)-9-mesityl-3H-xanthen-3-ylidene)-N

methylmethanaminium (TMR-0 Mesityl) 376 

13.2.42. Preparation ofN-(6-(dimethylamino)-9-mesityl-3H-thioxanthen-3-ylidene)-N-

methylmethanaminium (TMR-S Mesityl) 378 

13.2.43. Preparation of Bis julolidyl thienothiophene thioamide (MKL-263) 380 

13.2.44. Preparation of Bis julolidyl thienothiophene amide (MKL-266) 382 

13.2.45. Preparation of Bis julolidyl thienothiophene carboxylic acid (MKL-291) 383 

13.2.46. Preparation of Bis julolidyl thienothiophene aldehyde (MKL-087) 385 

13.2.47. Preparation of Bis julolidyl bithiophene carboxylic acid (MKL-195) 387 

13.2.48. Preparation of Bis julolidyl bithiophene aldehyde (MKL-061) 388 

13.2.49. Preparation of Bis julolidyl bithiophene cyanoacrvlic acid (MKL-066) 390 

13.2.50. Preparation of Bis julolidyl terthiophene thioamide (MKL-262) 391 

13.2.51. Preparation of Bis julolidyl terthiophene amide (MKL-265) 393 

13.2.52. Preparation of Bis julolidyl terthiophene carboxylic acid (MKL-244) 394 

13.2.53. Preparation of Bis julolidyl terthiophene aldehyde (MKL-063) 396 

13.2.54. Preparation of Bis julolidyl phenylacetvlene (MKL-088) 398 

14. References 399 

xv 



List ofFigures, Charts, Tables, and Schemes 

Page Figure 
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XVI 



bilayer. 
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Error bars represent ± SEM. c) Phototoxicity with and without 7 µM VER (2 h) while 

varying concentrations of TMR-Se in AUXBl and CR1R12 cells at a constant fluence of 
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71 Figure 3.1. Luminescence of 102 sensitized with TMR-Se, 5-Se, 5-Te, 6-Se, 6-Te, 7-Se, 

and 7-Te through excitation at 532 nm (MeOH solutions). 

74 Figure 3.2. Oxidation of 8 x 10-6 M 5-Te with 3 x 10-3 M H2O2 in 50% aqueous MeOH 

containing 0.1 M CF3CO2H. After an initial scan at Os, subsequent scans were taken at 

960, 1920, 2400, and 3360 s. 

77 Figure 3.3. Absorption and fluorescence spectra for a) tellurorhodamine telluroxide 28 

and b) tellurorhodamine telluroxide 30 in MeOH with 0.1 M CF3CO2H. 

78 Figure 3.4. a) Transmission microscopy image of Colo-26 cells treated with MTG and 

tellurorosamine 27. b) Fluorescence microscopy image of Colo-26 cells before irradiation 

with 620 ± 30 nm light (t = 0 s). c) Fluorescence microscopy image of Colo-26 cells from 
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microscopy image of MTG fluorescence in Colo-26 cells (excitation with 470 ± 20 nm 

light). e) Overlay of images from panels b and d. f) Overlay of images from panels c and 
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113 Figure 4.1. Photostability of 16b (•) and 18b (o) toward 350-800 nm light delivered at 

50 mW cm-2 and photostability of 18b ( .&. ) toward 500-800 nm light delivered at 50 mW 
-2 cm. 

114 Figure 4.2. Uptake of (a) thiorhodamines 15a-18a and (b) selenorhodamines 15b-18b in 
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116 Figure 4.3. Dark toxicity (•) of 18b toward Colo-26 cells and phototoxicity of 18b 

toward Colo-26 cells with irradiation from a tunable dye laser. Irradiation at 613 ± 2 nm 

was delivered at 3.2 mW cm-2 for varying concentrations of 18b and 0.5 J cm-2 of light 

(o) and 1.0 J cm-2 oflight ( .&. ). 

120 Figure 4.4. Combination treatment of Colo-26 cells with various concentrations of Dox 

alone or in combination with (a) 15b (0.15 µM) and (b) 16b (0.15 µM) in the dark or with 

1.0 J cm-2 of 613 nm light (for 15b) or 611 nm light (for 16b). 

122 Figure 4.5. (a) The average similarity coefficient determined by ImageStream flow 

cytometry of all cells for each pair of agents (MTR, MTG, L YS, 15b-18b) is shown; 

error bars represent SD. (b) Histogram of the pixel-by-pixel statistical analysis of each 

cell (n = 3900) analyzed, in which the y-axis is number of cells and the x-axis is the 
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similarity coefficient between MTG and 18b. Shown are representative examples of 

18b/MTG-stained Colo-26 cells as a bright field image (BF), MTG fluorescence, 18b 

fluorescence, and a merged image of MTG/18b fluorescence for cells with ( c) low 

similarity, (d) intermediate similarity, and (e) high similarity. 

142 Figure 5.1. Emission spectra of selenorhodamines 5 and 6 in MeOH compared to TMR

Se in MeOH with excitation at 532 nm. 

144 Figure 5.2. Dark toxicity and phototoxicity of (a) 5 and (b) 6 toward Colo-26 cells with 

irradiation at 630 ± 2 nm from a tunable dye laser delivered at ~ 3.2 mW cm-2 for varying 

concentration of 5 or 6 for OJ cm-2 
( • ), 0.5 J cm-2 

( ■ ), and 1.0 J cm-2 ( A ) of light. Error 

bars are± SD. Values of LD5o and EC5o in (a) and (b) were determined by a sigmoidal 

dose-response ( variable slope) analysis. ( c) Phototoxicity of 5 x 10-8 M 5 ( • ) or 6 (■) 

toward Colo-26 cells with a light dose of 0-5 J cm-2 at 630 ± 2 nm. 

146 Figure 5.3. (a) Uptake of 2 x 10-7 M selenorhodamine 5 or 6 in Colo-26 cells as 

measured by relative fluorescence in the absence (□) and presence (■) of 1 x 10-4 M 

VER. Error bars represent the SD. Flow cytometry data for Colo-26 cells incubated 1 h 

with (b) 2 x 10-7 M 5 or (c) 2 x 10-7 M 6 with or without 1 x 10-4 M VER. The histograms 

show the shift in fluorescence from selenorhodamine 5 or 6 alone (- ) and 

selenorhodamine 5 or 6 plus VER(- ). 

147 Figure 5.4. (a) The average similarity coefficient determined by ImageStream flow 

cytometry of all cells for each pair of agents (MTR, MTG, L YS, 5 or 6) is shown; error 

bars represent SD. (b) A histogram of the pixel-by-pixel statistical analysis of each cell (n 

= 3,730) analyzed, in which the y-axis is number of cells and the x-axis is the similarity 

coefficient between MTG and 5. (c) A histogram of the pixel-by-pixel statistical analysis 

of each cell (n = 3,595) analyzed, in which the y-axis is number of cells and the x-axis is 

the similarity coefficient between MTG and 6. Representative examples of 6/MTG

stained Colo-26 cells as a bright field image (BF), MTG fluorescence, 6 fluorescence, 

and a merged image of MTG/6 fluorescence for cells with (d) low similarity, (e) 

intermediate similarity, and (f) high similarity. 

164 Figure 6.1. Electronic absorption spectra of extended rhodamines a) 6-E and b) 7-E in 

dichloromethane. 

165 Figure 6.2. Dark toxicity (e ) and phototoxicity (.A.) of a) 6-S and d) 6-Se toward Colo-
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26 cells. Phototoxicity was measured following irradiation from 1.0 J cm-2 of light from 

a tunable dye laser delivered at ~3.2 mW cm-2 (642 ± 2 nm for 6-S and 660 ± 2 nm for 6-

Se. 

166 Figure 6.3. a) Action spectrum of unfiltered Cure light broad-band light source overlaid 

with absorption spectra of 7-S and 7-Se. Dark toxicity (e ) and phototoxicity with 5 J cm-

2 (.A.) or 10 J cm-2 (■ ) of light from Curelight source of b) 7-S and c) 7-Se toward Colo-

26 cells. 

168 Figure 6.4. a) Representative examples of MTG/6-E- or 7-E-stained Colo-26 cells as a 

bright field image (BF), MTG fluorescence, 6-E- or 7-E fluorescence, and a merged 

image of MTG/6-E- or 7-E fluorescence with ImageStream flow cytometry. b) The 

average similarity coefficient determined by ImageStream flow cytometry of all Colo-26 

cells for each pair of agents (MTR, MTG, L YS, 6-E- or 7-E) is shown; error bars 

represent SD. c) A histogram of the pixel-by-pixel statistical analysis of each Colo-26 

cell (n = 3,730) analyzed, in which the y-axis is number of cells and the x-axis is the 

similarity coefficient between MTG and 6-E- or 7-E. 

170 Figure 6.5. a) Representative examples of MTG/6-E- or 7-E-stained HUT-78 cells as a 

bright field image (BF), MTG fluorescence, 6-E or 7-E fluorescence, and a merged 

image of MTG/6-E or 7-E fluorescence with ImageStream flow cytometry. b) The 

average similarity coefficient determined by ImageStream flow cytometry of all HUT-78 

cells for each pair of agents (MTR, MTG, LYS, 6-E or 7-E) is shown; error bars 

represent SD. c) A histogram of the pixel-by-pixel statistical analysis of each HUT-78 

cell (n = 3,730) analyzed, in which the y-axis is number of cells and the x-axis is the 

similarity coefficient between MTG and 6-E or 7-E. 

170 Figure 6.6. Representative example by ImageStream flow cytometry of a) LYS/MTR

stained Colo-26 cell with L YS fluorescence, MTR fluorescence, and a merged image of 

L YS/MTG fluorescence; b) L YS/MTR-stained HUT-78 cell with L YS fluorescence, 

MTR fluorescence, and a merged image of L YS/MTG fluorescence; c) MTG/7-E-stained 

Colo-26 cell with MTG fluorescence, 7-Se fluorescence, and a merged image of MTG/7-

Se fluorescence; d) MTG/7-E-stained HUT-78 cell with MTG fluorescence, 7-Se 

fluorescence, and a merged image ofMTG/7-Se fluorescence. 

192 Figure 7.1. a) The average similarity coefficient determined by ImageStream flow 
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cytometry of all HUT-78 cells for each pair of agents (MTR, MTG, L YS, 3-6) is shown; 

error bars represent± SD. b) A histogram of the pixel-by-pixel statistical analysis of each 

HUT-78 cell (n = 2,355) analyzed, in which the y-axis is number of cells and the x-axis is 

the similarity coefficient between MTG and selenorhodamine 6. c) A representative 

example of a 6/MTG-stained HUT-78 cell as a bright field image (BF), MTG 

fluorescence, 6 fluorescence, and a merged image of MTG/6 fluorescence . 

194 Figure 7.2. Dark (e ) and phototoxicity (e ) of selenorhodamine thioamide 5 a) toward 

HUT-78 cells with 0.0 and 1.0 J cm-2 of laser light and varying concentrations of 5 and b) 

with 5 x 10-8 M 5 (e ) and varying light dose (0.0, 0.5, 1.0, and 2.0 J cm-2
) delivered at 

630 ± 2 nm and a fluence rate of 3.2 mW cm-2
• c) Dark (e ) and phototoxicity (e ) of 

selenorhodamine amide 6 toward HUT-78 cells with 0.0 and 1.0 J cm-2 of laser light and 

varying concentrations of 6 and d) with 5 x 10-8 M 6 (e ) and varying light dose (0.0, 0.5, 

1.0, and 2.0 J cm-2
) delivered at 630 ± 2 nm and a fluence rate of 3.2 mW cm-2

. 

195 Figure 7.3. a) Uptake of 2 x 10-7 M selenorhodamine 3-6 in HUT-78 cells as measured 

by relative fluorescence in the absence (■) and presence (□) of 1 x 10-4 M VER. The 

assays were run in triplicate. Error bars represent the SD. Values of pare Student's t-test 

significance for comparison of± VER. Flow cytometry data for HUT-78 cells incubated 

1 h with b) 2 x 10-7 M 6 with or without 1 x 10-4 M VER, c) 2 x 10-7 M 3 with or without 

1 x 10-4 M VER, d) 2 x 10-7 M 4 with or without 1 x 10-4 M VER, ore) 2 x 10-7 M 5 with 

or without 1 x 10-4 M VER. The histograms show the shift in fluorescence from 

selenorhodamine alone(- ) and plus VER(- ). 

197 Figure 7.4. Non-stimulated PBMCs were combined 5:1 with HUT-78 cells and exposed 

to 7.5 x 1o-8 M selenorhodamine. The bars represent mean fluorescence intensities (MFI) 

of selenorhodamine following 1) a 20-min uptake of 7.5 x 10-8 M selenorhodamine 

(uptake) and 2) a 20-min uptake of 2.5 x 10-7 M selenorhodamine followed by a 30-min 

extrusion in selenorhodamine-free media (extrusion) for a) 5/6, b) 7/8, and c) 9/10. 

200 Figure 7.5. Non-stimulated PBMCs were combined 5:1 with HUT-78 cells. Samples 

were then photodepleted (PD) with 7.5 x 10-8 M selenorhodamine 5-10 and 5 J cm-2 light. 

Cell survival was measured 18 h after light exposure and compared to control (non-PD 

samples) by FACS analysis. The bar graphs represent percent survival of malignant 
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HUT-78, the CD3+ population, and the CD4+ and CD8+ subsets of CD3+ cells after 

photodepletion with selenorhodamines a) 5 and 6 and b) 7-10. 

202 Figure 7.6. SEB-stimulated PBMCs were combined 5:1 with HUT-78 cells and exposed 

to 7.5 x 1o-8 M selenorhodamine. The bars represent mean fluorescence intensities (MFI) 

of selenorhodamine following (a) a 20-min uptake of 7.5 x 10-8 M selenorhodamine 

(uptake) and (b) a 20-min uptake of 7.5 x 10-7 M selenorhodamine followed by a 30-min 

extrusion in selenorhodamine-free media (extrusion) for (a) 5/6, (b) 7/8, and (c) 9/10. 

203 Figure 7.7. Photodepletion of a 5:1 mixture of SEB-stimulated PBMCs and HUT-78 

cells with 7.5 x 10-8 M selenorhodamine 3-10 and 5 J cm-2 light (600 nM, 65-Watt 

equivalent LED). Cell survival was measured 18 h after light exposure and compared to 

control (non-PD samples) by FACS analysis in 3 independent experiments. The bar 

graphs represent surviving fraction of malignant HUT-78, stimulated (CD25+), and 

resting (CD2S-) T cell populations after photodepletion with photosensitizers 3-10. 

229 Figure 8.1. Bioenergetic profile of superantigen-stimulated T cells resembles the 

Warburg effect. PBMCs were stimulated with SEB for 72 h. A) Activated (CD3+CD25+) 

and resting (CD3+CD2S-) T cells were identified by F ACS analysis, as shown for one 

representative experiment. Activated and resting T cells were then isolated, and 

bioenergetics were measured by real-time extracellular flux analysis. B) OCR and C) 

SRC were measured in a basal state, as well as after the addition of oligomycin (to block 

ATP synthesis), FCCP (to uncouple ATP synthesis from the electron transport chain), 

and rotenone (to block complex I of the electron transport chain), as shown for one 

representative experiment. Mean fluorescent intensity (MFI) of D) MTG, E) basal OCR, 

F) basal ECAR, and G) OCR/ECAR ratio for activated and resting cells. 

232 Figure 8.2. Photosensitizers are preferentially retained in stimulated T cells. Stimulated T 

cells were identified by F ACS analysis for CD3+ and CD25+ co-expression. Resting T 

cells were identified as CD3+ without expression of CD25. (A) Representative graph of 

photosensitizer fluorescence. (B) Bar graph shows the ratio of the mean fluorescent 

intensity (MFI) of CD25+/CD2S- T cells for the strong and weak P-gp-stimulating 

photosensitizers. 

233 Figure 8.3. Stimulation of P-gp protects cells from toxicity. For photosensitizer-alone 

experiments, isolated T cells were exposed to 5 x 1o-7 M photosensitizer or PBS ( control) 
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for 20 mm. For PD experiments, isolated T cells were exposed to 5 x 10-8 M 

photosensitizer or PBS (control) for 20 min, washed, and exposed to 5 J cm-2 light. A) 

Bar graph showing mean OCR of 24 photosensitizers as a percentage of control in resting 

T cells for the strong and weak P-gp stimulators. B) OCR, C) ECAR, and D) OCR/ECAR 

ratio for increasing concentration of 2-Se-Cl for one representative experiment. E) 

Effects of PD on the bioenergetics of resting T cells using 2-Se-Cl and 2-S-Cl compared 

with control in a basal state and after the addition of oligomycin (to block ATP 

synthesis), FCCP (to uncouple ATP synthesis from the electron transport chain), and 

rotenone (to block complex I of the electron transport chain) for one representative 

experiment. F) Bar graph showing the effects of PD on the OCR and survival of cells 

compared with control for photosensitizers 2-S-Cl, 2-Se-Cl, 4-S-Cl, and 4-Se-Cl. 

236 Figure 8.4. Photosensitizer 2-Se-Cl localizes in mitochondria. Malignant T cells (HUT-

78) were stained with MTG, MTR, L YS, and 2-Se-Cl for comparison by F ACS analysis. 

A) Bright-field image (BF), MTG fluorescence, 2-Se-Cl fluorescence, (Dye), and a 

merged image of MTG/2-Se-Cl fluorescence (MTG/Dye) of one representative sample. 

B) Graph of the pixel-by-pixel statistical analysis of each cell analyzed (n = 2,205); they

axis is the number of cells, and the x-axis is the similarity coefficient between MTG and 

2-Se-Cl. C) Bar graph showing the average similarity score for co-localization of 2-Se-Cl 

and MTG, L YS and MTR, and MTR and MTG. 

23 7 Figure 8.5. PD with 2-Se-Cl selectively affects the bioenergetics and survival of 

activated T cells. PBMCs were stimulated with 50 ng mL-1 SEB for 72 h and then PD 

with 5 x 1o-8 M 2-Se-Cl and 5 J cm-2 light. Bar graphs showing the average area under the 

curve (AUC) summations for A) basal OCR/baseline OCR and B) the ECAR 

measurements for resting and activated T cells of PD and non-PD (control) samples. Nine 

donors were used in three independent experiments. C) Cell survival was measured 18 h 

after light exposure and enumerated by F ACS analysis by exclusion of annexin V and 

7 AAD. D) Percentage survival compared with control was determined in three 

independent experiments. 

239 Figure 8.6. PD with 2-Se-Cl selectively depletes immune responses. A) PBMCs were 

stimulated with 50 ng mL-1 SEB for 72 hand then PD with 5 x 10-8 M 2-Se-Cl and 5 J 

cm-2 light. Cells were rested overnight, stained with CFSE, and re-challenged with SEB 
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or TSST-1 in culture for 6 d. Graphs of CFSE fluorescence for stimulated and non

stimulated T cells are shown for one representative sample. B) Bar graph showing the 

percentage of total cells proliferating in response to SEB or TSST-1 for PD and control 

(non-PD) samples. C) Bar graph showing the division index (average number of cell 

divisions for all cells) and proliferation index ( average number of divisions for 

proliferating cells) for TSST-1-stimulated cells. D) Responder splenocytes from 

C57BL/6 mice (H-2b) were cultured with irradiated (2000 cGy) stimulator BALB/c (H-

2d) splenocytes for 5 d and then PD. Cells were rested overnight, stained with CFSE, and 

re-challenged with same-party BALB/c or third-party C3H.HeJ (H-2k) splenocytes for 5 

d. Graphs of CFSE fluorescence for stimulated (dashed lines) and non-stimulated (solid 

lines) T cells for one representative sample. E) Bar graph showing the percentage of total 

cells proliferating in response to same-party BALB/c or third-party C3H.HeJ for PD and 

control samples. F) Bar graph showing the division index and proliferation index for 

third-party C3H.HeJ-stimulated cells. 

241 Figure 8.7. Ex vivo PD with 2-Se-Cl selectively depletes alloimmune responses to 

prevent GVHD. Donor C57BL/6 splenocytes were co-cultured for 5 d with irradiated (20 

Gy) BALB/c splenocytes and then PD. On the day of HSCT, 5 x 106 PD-treated or 

untreated primed splenocytes were infused into irradiated same-party BALB/c (9 Gy) or 

third-party C3H/HeJ (9.5 Gy) recipients, together with 10 x 106 donor C57BL/6 T cell

depleted bone marrow (TCD BM) cells. A) Body weight and C) survival for first-party 

mice. B) Body weight and D) survival for third-party mice. 

243 Figure 8.8. Antipathogen immunity is fully retained after ex vivo PD with 2-Se-Cl. 

Splenocytes were isolated from naive P14 Thyl.1+ mice, PD, and rested overnight. Cells 

were enumerated by staining with anti-CD8a and DbGP33-41, followed by i.v. transfer of 

105 naive GP33-specific CD8+ T cells into naive C57BL/6 Thyl.2+ hosts. Mice were 

infected i.p. with 2 x 105 PFU of LCMV-Armstrong. Animals were sacrificed 8 d later, 

and F ACS analysis was performed on splenocytes for A) enumeration and B) function 

and compared with control. Mean ± SE are plotted. C) Viral levels in spleens were 

determined by plaque assays. 

249 Figure 9.1. AMO and AMl .5 solar irradiance spectra. 

249 Figure 9.2. Air mass (AM) is the path that the Sun's radiation follows, where AMO 
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represents the amount of radiation that passes through no atmosphere, AMI represents 

the radiation received if the sunlight were directly overhead, and AMI .5 represents the 

radiation at an angle of 48.2° relative to the surface. 

251 Figure 9.3. Solar cell development from 1975 to 2015. 

252 Figure 9.4. Components of a DSSC. 

256 Figure 9.5. DSSC operation. 

256 Figure 9.6. Overview of the kinetics of the electron transfer processes and the dynamics 

of the processes in a DSSC. 

257 Figure 9.7. Maximum obtainable power-conversion efficiencies versus absorption onset 

for losses in potential 

258 Figure 9.8. J-V curve. 

259 Figure 9.9. The IPCE of N719 on nanocrystalline TiO2 compared to the AMl.5 

spectrum. 

263 Figure 9.10. Example of a D-n-A dye containing a triphenylamine donor, bithiophene n

bridge, and a benzothiadiazole cyanoacrylic acid as an acceptor. 

265 Figure 9.11. Anchoring units affect a dye's orientation on TiO2, thus altering electron 

injection efficiency and recombination. 

268 Figure 9.12. H-aggregation involves plane-to-plane n-stacking and results in a 

hypsochromic (blue) shift in absorption. J-aggregation involves head-to-tail stacking and 

leads to a bathochromic (red) shift. Allowed (-) and forbidden (---) transitions of are 

shown. 

270 Figure 10.1. a), c) Normalized absorbance spectra in solution and b), d) on TiO2 films 

270 Figure 10.2. The coplanar geometry of the 1-Se (red) permitted H-aggregation, while the 

orthogonal geometry of 2-Se (blue) did not warrant aggregation on Ti 0 2• 

271 Figure 10.3. a) Absorptance and b) short-circuit photocurrent action spectra for 1-S and 

2-S. 

271 Figure 10.4. Short-circuit photocurrent action spectra for 1-0, 1-S, 1-Se, and N3. 

271 Figure 10.5. Short-circuit photocurrent action spectra (-) and absorptance spectra (---) 

for 1-Se and 2-Se. 

272 Figure 10.6. H-aggregation of 1-Se results in a high electron injection yield relative to 

non-aggregated 1-Se, which has a low injection yield. 
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273 Figure 10.7. Normalized absorbance at Amax of 1-0, 1-Se, 6-0, and 6-Se coated TiO2 

films as a function of immersion time in 0.1 M hydrochloric acid in acetonitrile. 

274 Figure 10.8. Absorptance and short-circuit photocurrent action spectra of a) 1-0 and b) 

6-0. 

277 Figure 10.9. Absorptance and short-circuit photocurrent action spectra of a) 8-Se, b) 9-

Se, c) 10-Se, e) 11-Se, f) 12-Se, g) 13-Se. Normalized IPCE values at Amax are plotted in 

d) for J dyes and h) for ½J dyes. 

277 Figure 10.10. Normalized absorbance at Amax of 8-Se-13-Se coated TiO2 films as a 

function of immersion time in 0.1 M hydrochloric acid in acetonitrile:water (120: 1 v/v). 

311 Figure 12.1. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with MKL-290. Error bars are± SD. 

311 Figure 12.2. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with N3 as a MKL-290 control. Error bars are± SD. 

312 Figure 12.3. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with MKL-158. Error bars are± SD. 

312 Figure 12.4. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with N3 as a MKL-158 control. Error bars are± SD. 

313 Figure 12.5. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with MKL-291. Error bars are± SD. 

313 Figure 12.6. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with N3 as a MKL-291 control. Error bars are± SD. 

314 Figure 12.7. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with KD-111. Error bars are± SD. 

314 Figure 12.8. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with N3 as a KD-111 control. Error bars are± SD. 

315 Figure 12.9. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with MKL-171. Error bars are± SD. 

315 Figure 12.10. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with N3 as a MKL-171 control. Error bars are ± SD. 

316 Figure 12.11. J-V (left) and absorptance and short-circuit photocurrent action spectra 
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(right) of electrodes functionalized with MKL-195. Error bars are± SD. 

316 Figure 12.12. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with N3 as a MKL-195 control. Error bars are± SD. 

317 Figure 12.13. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with MKL-276. Error bars are± SD. 

317 Figure 12.14. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with N3 as a MKL-276 control. Error bars are± SD. 

318 Figure 12.15. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with MKL-247. Error bars are± SD. 

318 Figure 12.16. J-V (left) and absorptance and short-circuit photocurrent action spectra 

(right) of electrodes functionalized with N3 as a MKL-247 control. Error bars are± SD. 

319 Figure 12.17. Absorptance (-) and short-circuit photocurrent action spectra (- ) of 

electrodes functionalized with KD-097 (left) and KD-098 (right). 

320 Figure 12.18. J-V spectra of electrodes functionalized with KD-097 and KD-098. 
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311 Table 12.1. Averaged photoelectrochemical data for DSSCs functionalized with MKL-
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). Error bars are± SD. 
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318 Table 12.16. Averaged photoelectrochemical data for DSSCs functionalized with N3 as a 

MKL-247 control (55.2 mW cm-2
). Error bars are± SD. 
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Abstract 

The synthesis of chalcogenorhodamine dyes having biological applications as 

photosensitizers for photodynamic therapy (PDT) of cancer, extracorporeal photopheresis (ECP) 

of malignant T-cells, and graft-versus-host disease (GVHD) due to their interactions with P

glycoprotein (P-gp ), mitochondrial localization, and their strong absorption have been described 

by the Detty group. A library of selenorhodamine compounds were tested in vitro as P-gp 

interactive photosensitizers for PDT. 

Rhodamine dyes localize in mitochondria due to their cationic nature. ImageStream 

cytometry was used to confirm the co-localization of rhodamines with the mitochondrial specific 

probe, MitoTracker Green. Additionally, flow cytometry experiments in the absence and 

presence of verapamil (VER), a known inhibitor of P-gp, indicated that these compounds are 

substrates. Thiophene amide-containing dyes exhibited a greater ratio of uptake in the presence 

of VER, suggesting that they are transported more rapidly compared to thiophene thioamide

containing dyes, thus supporting the "amide/thioamide switch." 

Dose response curves were generated in order to determine LD5o values, EC5o values, 

and therapeutic ratios. Selenorhodamines were effective photosensitizers at lower doses, were 

less dark toxic, and therefore had higher therapeutic ratios compared to HPPH, Photofrin, and the 

structurally related compounds of AAl. Additionally, the thioamides showed enhanced cell 

death in combination with the clinically approved anticancer drug, doxorubicin. Alternatively, 

amides displayed a high potential for selectivity in ECP and were effective for the prevention of 

GVHD. Since amides stimulate P-gp activity, they are extruded from P-gp-expressing 

lymphocytes. Thus, resting lymphocytes, which are essential for mounting a normal immune 

response, are spared while malignant T cells are photodepleted. 
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Approximately 10 years ago, a thiophene carboxylate dye was synthesized that contained 

a fraction of a dimeric byproduct (~95:5), presumably formed via self-condensation of the 

lithiated intermediate. This dye mixture bound tightly to P-gp and was classified as a non

competitive inhibitor. However, removal of the impurity and subsequent reevaluation showed 

weaker binding, and the dye was classified as a substrate. These results suggested that the 

inhibition originally observed was solely due to the presence of the dimeric species. Dimer dyes 

as potential potent inhibitors of P-gp became of interest, but attempts at synthesizing these dyes 

were unsuccessful. With the lack of success, it was hypothesized that increasing the length of the 

thiophene linker may more easily afford a new class of novel dyes which would mimic dimer 

dyes. As a result, a series of oligothiophene-containing amide and thioamide dyes containing 

thieno[3,2-b ]thiophene, 2,2'-bithiophene, and 2,2':5',2"-terthiophene were synthesized. 

Additionally, rhodamine dyes bearing carboxylic, hydroxamic, or phosphonic acid 

functionalities have been previously shown to function as metal-free alternative photosensitizers 

for solar cells and solar hydrogen production by the Detty, Watson, and Mccamant groups. To 

date, rhodamines bearing phenyl and thienyl moieties located at the 9-position of the xanthylium 

core have been examined. However, thieno[3,2-b]thiophene, 2,2'-bithiophene, and 2,2':5',2"

terthiophene derivatives have yet to be investigated. Employing oligothiophenes as n-bridges in 

other organic D-n-A sensitizers has resulted in red shifted absorption and increased E, with 

subsequent increases in Jsc that led to improved overall PCEs. It was hypothesized that increasing 

the length of the thiophene bridge may also improve the photochemical performance of 

rhodamines, which have efficiencies of less than 1%. As a result of this, a series of 

oligothiophene-containing selenorhodamines were synthesized and preliminary photochemical 

data is described. 



1. Chapter 1: Introduction to Cancer, P-glycoprotein and Multidrug Resistance, Photodynamic 

Therapy, and Extracorporeal Photopheresis 

1.1. Cancer 

Cancer is a disease characterized by the uncontrollable proliferation of abnormal cells 

(Figure 1.1). Roughly ten million new cases of cancer were diagnosed worldwide in 2006 and 

this number is expected to escalate to approximately 20 million by 2020. 1 Based on the large 

numbers of people affected, various therapies have been developed to combat the disease. 
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Figure 1.1. Cancer is characterized by the uncontrollable proliferation of abnormal cells. 1 
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Common methods of treatment include surgery, radiation therapy, immunotherapy, and 

chemotherapy. Surgery is an invasive procedure that requires removal of a tumor in its entirety 

so cancer does not reoccur. 2 Complications can arise during surgery, making recovery slow and 

painful, or resulting in infections.3 Additionally, surgery can be challenging and cumbersome 

when cancer has metastasized, so different treatment methods are often employed instead. 2 

Radiation therapy is a form of treatment that can target a specific area, but radiation itself has 

been linked to types of cancer, especially malignancies of the skin. 1 The side effects of radiation 

vary depending upon the treated area, but may include skin irritation, infertility, mouth and 

throat problems, and fatigue. 3 Immunotherapy is an alternative treatment that uses monoclonal 

antibodies or vaccines to stimulate the body's own immune system to combat cancer. Side 

effects of immunotherapy are considered to be mild and include fever, chills, fatigue, and back or 

joint pain.3 Chemotherapy treatments are rather effective despite the adverse side effects 

associated with the toxic drugs used, such as hair loss, nausea, vomiting, and fatigue. 3 

Additionally, malignant cell adaptation have led to multidrug resistance (MDR) in which cancer 

cells have developed methods of extruding chemotherapy drugs, thus decreasing their 

effectiveness.4 As cancer continues to afflict growing number of individuals each year, new 

therapeutic treatments are necessary in order to treat and prevent the disease. 

1.2. P-glycoprotein and Multidrug Resistance 

1.2.1. Multidrug Resistance (MDR) 

Chemotherapy is a common method of treatment, but patients often fail to respond to 

chemotherapeutic agents due to the acquisition of drug resistance. Drug resistance may occur 

with a single cytotoxic agent, or a small class of related agents with similar mechanisms of 

action. 5 When this occurs, multiple compounds may be dosed simultaneously to provide a 
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substantial chemotherapeutic effect.6 However, this effect may fail due to the development of 

resistance to a myriad of chemically diverse anticancer drugs, with dissimilar targets and 

mechanisms of action, known as MDR.5 

Chemotherapeutic resistance has been linked to cellular phenomena including the 

interference of cell death pathways, alterations in the cell cycle and its checkpoints, enhanced 

DNA repair mechanisms, decreased drug admittance and accumulation, or increased drug 

metabolism and thus the endurance of cancer. Nevertheless, resistance to a broad range of 

chemotherapeutic agents is most often achieved as a result of the expression of energy-dependent 

9transporters that detect and extrude the drugs from cells (Figure 1.2)_4
-

•c~totox;c 

a) 
Drug

• 
• 

Figure 1.2. a) Cytotoxic drugs may diffuse into and kill cells that do not express transporters. b) 
Cells that express energy-dependent transporters will detect and extrude the cytotoxic agent, 
causing drug resistance. Modified from 10 

1.2.2. The ATP Binding Cassette Transporters 

The ATP Binding Cassette (ABC) is the largest known gene family comprising of more 

than 100 transporters identified in bacteria, plants, mammals, and yeast. 11 In the human genome, 

a total of 48 genes encode functional ABC transporters, and these genes are further divided into 

seven subfamilies, denoted A-G (Table 1.1).6
-
9

' 
12

-
13 ABC transporters are situated in the plasma 

membrane, a phospholipid bilayer composed of amphipathic lipids, proteins, carbohydrates, and 
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other complexes (Figure 1.3). 12
' 

14 As a result of this, many ABC pumps play a substantial role in 

the maintenance and homeostasis of cellular membranes by transporting a wide variety of 

substrates including amino acids, endogenous and exogenous metabolites, hydrophobic 

compounds, metal ions, peptides, proteins, sugars, and toxic xenobiotics across the bilayer using 

energy produced via adenosine triphosphate (ATP) hydrolysis. 12
-
13 

The transporters possess a series of domains. Transmembrane (TM) domains contain 

alpha helices that are positioned within the plasma membrane, while nucleotide binding domains 

(NBD) are comprised of three highly conserved sequence motifs that are situated in the 

12 13cytoplasm.9
• - The Walker A and B motifs are found in all ATP binding proteins, while the 

signature C motif (LSGGQ) is unique to the ABC family. 9 Mutational studies have indicated that 

these motifs are critical for catalytic function. 13 Transporters that contain two NBD and two TM 

domains are identified as full transporters while those having one of each are referred to as half 

transporters. In order to create a fully functional pump, half transporters assemble as homo- or 

heterodimeric complexes.9
• 

12 

In normal cells, these pumps play a role in maintaining homeostasis and protecting the 

body from toxic substances. 13 They transport substrates in one specific direction, typically out of 

the cell, in order to protect intracellular organelles. If compounds are in the midst of diffusing 

across the plasma membrane, these pumps may pull the substrates from the inner leaflet of the 

bilayer and transfer them to the outer layer. 12 
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Gene Other Names Location of Expression Function 
ABCAI ABCI Widespread Cholesterol efflux onto HDL 
ABCA2 ABC2 Brain Drug resistance 
ABCA3 ABC3,ABCC Lung 
ABCA4 ABCR Rod photoreceptors N-retinylidiene-PE efflux 
ABCA5 Heart, muscle, testes 
ABCA6 Liver 
ABCA7 Spleen, thymus 
ABCA8 Ovary 
ABCA9 Heart 

ABCAI0 Heart, muscle 
ABCA12 Stomach 
ABCA13 Low in all tissues 

ABCBI MDR, MDRI, PGYI, P-gp 
Adrenal, BBB, brain, CSF, GI tract, kidney, liver, 

lung, placenta, stem cells, testes 
Multidrug resistance 

ABCB2 TAPI All cells Peptide transport 
ABCB3 TAP2 All cells Peptide transport 
ABCB4 PGY3 Liver Phosphatidylcholine transport 
ABCB5 Widespread 
ABCB6 MTABC3 Mitochondria Iron transport 
ABCB7 ABC7 Mitochondria Fe/S cluster transport 
ABCB8 MABCI Mitochondria 
ABCB9 Brain, heart 

ABCBI0 MTABC2 Mitochondria 
ABCBll SPGP Liver Bile salt transport 

ABCCI MRPI 
BBB, BCSFB, GI tract, kidney, liver, lung, 

PBMC, placenta, testes 
Drug resistance 

ABCC2 MRP2,cMOAT Blood brain barrier, GI tract, kidney, liver, placenta Organic anion efflux 

ABCC3 MRP3, MOAT-D 
Adrenal, gastrointestinal tract, kidney, liver, lung, 

pancreas, placenta 
Drug resistance 

ABCC4 MRP4, MOAT-B 
BBB, BCSFB, GI tract, kidney, liver, lung, ovaries, 

pancreas, prostate, testes 
Nucleotide transport 

ABCC5 MRP5, MOAT-C Widespread Nucleotide transport 
ABCC6 MRP6, MOAT-E Kidney, liver 
ABCC7 CFTR Exocrine tissues Chloride ion channel 
ABCC8 SUR Pancreas Sulfonylurea receptor 
ABCC9 SUR2 Heart, muscle 

ABCCI0 MRP7 Low in all tissues 
ABCCll Low in all tissues 
ABCC12 Low in all tissues 
ABCDI ALD Peroxisomes VLCFA transport regulation 
ABCD2 ALDLI,ALDR Peroxisomes 
ABCD3 PXMPI, PMP70 Peroxisomes 
ABCD4 PMP69,P70R Peroxisomes 
ABCEI OABP,RNS4I Ovary, spleen, testes Oligoadenylate binding protein 
ABCFI ABC50 Widespread 
ABCF2 Widespread 
ABCF3 Widespread 
ABCGI ABC8, White Widespread Cholesterol transport? 

ABCG2 ABCP, BCRP, MXR 
BBB, GI tract, kidney, liver, mammary glands, 

placenta, stem cells 
Toxin efflux, drug resistance 

ABCG4 White2 Liver 
ABCG5 White3 GI tract, liver Sterol transport 
ABCG8 GI tract, liver Sterol transport 

Table 1.1. List of the functional human ABC genes, their location(s) of expression, and their 
function(s). Blood brain barrier (BBB), blood-cerebrospinal fluid barrier (BCSFB), cerebrospinal 
fluid (CSFB), gastrointestinal (GI) tract, peripheral blood mononuclear cells (PBMC), and very 

6 12long chain fatty acid (VLCFA).4
• • 
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Figure 1.3. The plasma membrane is composed of a phospholipid bilayer with intercalated 
proteins, carbohydrates, and other complexes. Glycoproteins play a substantial role in the 
maintenance and homeostasis ofmembranes by transporting a wide variety of substrates. 12

' 
14 

Although ABC transporters are a protective mechanism, they can also be harmful under 

certain circumstances. Mutations in 14 different ABC genes have been linked with genetic 

disorders such as anemia, cholesterol and bile transport defects, cystic fibrosis, drug response, 

neurological disease, and retinal degeneration. 12
-
13 Moreover, the expression of various ABC 

encoded transporters in cancerous tissues has been linked to chemotherapeutic resistance. 13 

ABCA2, ABCB 1, ABCC 1, ABCC2, ABCC4, and ABCG2 were found to be overexpressed in 

particular drug resistant cell lines. Additionally, ABCBl 1, ABCC3, ABCC5, ABCC6, ABCCl0, 

and ABCC11 showed drug resistance when cells were transfected to overexpress a given 

transporter.6 Nevertheless, the main efflux pumps responsible for chemotherapeutic resistance 

are the 170 kDa full transporter ABCBl (P-gp, MDR, MDRl, PGYl), the 190 kDa full 

transporter ABCCl (MRPl), and the 72 kDa half transporter ABCG2 (ABCP, BCRP, MXR) 

which functions as a homodimer (Figure 1.4).5
• 

9
• 

13 
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Figure 1.4. The main efflux pumps responsible for multidru§ resistance are the full transporters, 
A) P-gp and B) MRPl, and the half transporter, C) ABCG2. 1 

1.2.3. P-glycoprotein (P-gp) 

In 1976, Rudy Juliano and Victor Ling discovered the first MOR associated ABC 

transporter, which was present in Chinese hamster ovary mutant cells (CHR), but not in wild-type 

cells. They termed this protein permeability glycoprotein, or P-gp, due to its involvement with 

the permeability of colchicine. 15 P-gp (ABCB 1, MDR, MDRl, PGYl) is a member of the ABCB 

subfamily which consists of four full (ABCBl, ABCB4, ABCB5, ABCBll) and seven half 

transporters (ABCB2, ABCB3, ABCB7, ABCB8, ABCB8, ABCBl0). This subfamily is the only 

one that includes both full and half transporters. 12 P-gp is a very distinctive ABC transporter due 

to its immense resistance to a wide array of structurally unrelated compounds. 6 

P-gp is overexpressed in numerous multidrug resistant cell lines and tumors.7
' 

15 The 

United States National Cancer Institute measured P-gp expression in 60 of its commonly used 

tumor cell lines and discovered that 65% of these 60 lines expressed P-gp.9 P-gp is found in 

human cancers of the gastrointestinal tract, kidneys, liver, ovaries, pancreas, and testes, as well 

as in other forms of cancer such as fibrosarcoma, leukemia, lymphoma, myeloma, and 

neuroblastoma.4 For this reason, P-gp has been vastly studied in order to investigate its normal 

physiology role and determine its potential in clinical drug resistance applications. 

In normal tissues, P-gp is most often located in the apical membrane of epithelial cells, 

where it transports substrates from the basolateral to the apical side of the membrane. 16 For 
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instance, at the blood brain barrier, P-gp transports drugs attempting to enter the brain into the 

blood, thus protecting it from impairment. In the gastrointestinal tract, P-gp prevents harmful 

ingested compounds from entering the blood stream by extruding them back into the intestinal 

lumen. Additionally, P-gp pumps substrates present in the blood traveling through the kidneys 

16 17 into the proximal tubules so that they may be excreted in the urine.5' - This efflux pump 

resides in the adrenal glands, bile ducts, cerebrospinal fluid barrier, inner ear, liver, lung, 

6 9 12 13pancreas, placenta, stem cells, and testes as well.4- , , -

1.2.3.1. The Structure and Function of P-gp 

P-gp consists of a total of 1,280 amino acids, which are organized into two homologous 

610 amino acid halves linked by 60 amino acids (Figure 1.5).18 
-
20 Both halves are necessary in 

order for the protein to function, but they do not have to be linked. 10 Each half includes a TM 

domain with six hydrophobic alpha helices separated by extracellular, hydrophobic loops. 11 The 

first extracellular loop, located between TMl and TM2, has three N-glycosylated sites. 18 
' 

20 

Based on in vitro studies, N-glycosylation is not required for transporter function, but it 

potentially plays an important role in the insertion and subsequent stability of the complex in the 

plasma membrane.16 In addition to the two TM domains, P-gp also contains two hydrophilic 

NBDs that are located in the cytoplasm and bind ATP. 18 
' 

20 

In 2009, Geoffrey Chang and colleagues unveiled the first x-ray crystal structure of 

mouse P-gp, which had 87% sequence homology to that of human P-gp. Prior to this, only low

resolution structures determined by electron microscopy and image analysis had been 

11 21 published.9
' ' The 3.8 A crystal structure obtained showed P-gp spanning roughly 70 A 

through and 136 A perpendicular to the phospholipid bilayer (Figure 1.6). The volume of the 

large internal cavity formed between these TM domains was determined to be approximately 

8 
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6,000 A3 which, based on size alone, is massive enough to accommodate at least two drugs at the 

same time.21 This supported the cross linking studies performed by Tip W. Loo and David M. 

Clarke that demonstrated that verapamil (VER) and tris-(2-maleimidoethyl)amine, which bind to 

two distinct sites, could simultaneously occupy the drug binding pocket ofP-gp. 10 
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Figure 1.5. P-gp consists of a total of 1,280 amino acids that are organized into two homologous 
610 amino acid halves linked by a sequence of 60 amino acids. 20 
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Figure 1.6. a) Front and b) back views of the ~70 A by ~136 A crystal structure of mouse P-gp, 
which contains twelve TM helices and two NBDs. The position of the plasma membrane is 
indicated by the horizontal lines displayed in a).21 

Inside this internal cavity, primarily hydrophobic and aromatic residues are present. Out 

of the 73 total solvent-accessible residues situated in the internal cavity, only 15 are polar and 

two are charged.21 Drugs are believed to interact with the amino acid residues lining the drug

binding pocket via hydrophobic, hydrogen bonding, and electrostatic interactions.9
' 

13 Loo and 

Clarke reported that the drug binding sites of P-gp are positioned within the TM domains after a 

P-gp mutant, lacking both NBDs, was still capable of interacting with P-gp substrates. 19 They 

stated that shared amino acid residues were involved in the binding of structurally diverse drug 

substrates, suggesting that P-gp has a common drug-binding site. These results supported the 

"substrate-induced fit" hypothesis, 19 in which a specific drug interacts with distinct amino acids 

within the binding pocket. 13 Residues in TM helices 4-6 and 10-12 were shown to generally 

contribute to binding. More specifically, when investigating rhodamine dyes, TM helices 6, 9, 

and 12 were found to be predominantly involved. 19 

The drug-binding pocket is funnel shaped, narrowing toward the cytoplasmic side.9
' 

13 In 

this binding pocket, Adam B. Shapiro and Victor Ling described two distinct, positively 

cooperative drug-binding sites-one that preferentially bound Hoechst 33342 (H-site) and the 
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other that bound Rhodamine 123 (R-site).22 This was determined when they fluorescently 

observed that each one of these compounds enhanced the transport of the other. Additional 

substrates were then classified as belonging to either the H (Hoechst 33342, Hoechst 33258, 

colchicine, VER, and quercetin) or R (Rhodamine 123, daunorubicin, doxorubicin, and other 

anthracyclines) group, depending on their ability to stimulate Rhodamine 123 and inhibit 

H33342 transport, or vice versa. Furthermore, certain compounds (vinblastine, etoposide, and 

actinomycin D) inhibited the transport of both Rhodamine 123 and Hoechst 33342, and were 

thus concluded to have approximately equal affinity for both sites. They argued that if only one 

binding site existed in P-gp, then theoretically all substrates should competitively inhibit the 

transport of others, which was not witnessed.22 Later, Shapiro and Ling identified a third site that 

bound prazosin and progesterone and stimulated drug transport by both the H and R sites.23 

However, it is also possible that P-gp possesses a flexible drug binding region rather than a few 

discrete drug-binding sites.9 

Substrates gain access to the binding pocket by entering the internal cavity, which is 

accessible from not only the cytoplasm, which would suggest an inward facing conformation, but 

also the inner leaflet of the phospholipid bilayer. Two entrances, molded by TM helices 4 and 6, 

and 10 and 12, facilitate the admittance of hydrophobic drugs directly from the membrane. These 

portals have a width of nearly 9 A and allow P-gp to survey the inner leaflet for potential 

substrates, pull them in, and extrude them before they become internalized (Figure 1.7). 21 

Nevertheless, even though the TM domains alone are sufficient to facilitate drug binding, 

both NBDs are necessary for functional transporter activity. 10 A distance of 30 A separates the 

NBDs, but these domains may widen further to accommodate larger substrates.9
' 

21 Interaction at 

both NBDs is required for ATP hydrolysis and subsequent transport.5 
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Figure 1.7. a) P-gp scans the inner leaflet of the membrane for a potential substrate. The 
substrate is pulled into the drug binding pocket and b) is extruded via a conformational change 
that is powered by ATP hydrolysis.21 

1.2.3.2. The Catalytic Cycle ofATP Hydrolysis 

Drug transport is powered by ATP hydrolysis. The model of ATP hydrolysis currently 

accepted is known as the alternating sites model (Figure 1.8), in which the NBDs take turns 

hydrolyzing ATP.9 At the beginning of the cycle, P-gp possesses two loosely bound, low affinity 

molecules of ATP (ATPL). In order to become catalytically active, one ATPL becomes tightly 

bound (ATPT), making P-gp occluded. A substrate then enters and binds to the drug-binding 

pocket. Upon hydrolysis of ATPT to loosely bound adenosine diphosphate (ADPL) and inorganic 

phosphate (Pi) (which is thought to be the rate-limiting step for ABC proteins), P-gp undergoes a 

conformational change, thus expelling the substrate into the outer leaflet of the lipid bilayer or 

the extracellular space. Since ATPT was hydrolyzed, the second molecule of ATPL becomes 

bound with high affinity (ATPT), thus resulting in a site switch and a shift back to the inward 

facing conformation. Following this, ADPL and Pi dissociate and are replaced by a new molecule 

ofATPL, so that the cycle may continue.9
' 

13 
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Figure 1.8. a) The alternating sites model of ATP hydrolysis begins when P-gp possesses two 
loosely bound ATP molecules (ATPL). b) In order to become catalytically active, one ATPL 
becomes tightly bound (ATPT), making P-gp asymmetric and occluded. c) A substrate(• ) then 
enters and binds to the drug-binding pocket. d) Upon hydrolysis of ATPT to ADPL and Pi, P-gp 
undergoes a conformational change, thus expelling the substrate. Once ATPT is hydrolyzed, the 
ATPL becomes tightly bound (ATPT), resulting in a site switch and a shift back to the original 
conformation. e) Following this, ADPL and Pi dissociate and are replaced by a new ATPL, thus 
continuing the cycle.9 

1.2.3.3. Models ofP-gp Drug Transport 

Besides the catalytic cycle of ATP hydrolysis, there is also a drug transport cycle, 

whereby a drug molecule is moved from the cytoplasmic to the extracellular side of the 

membrane. Although numerous mechanisms elucidating transport have been proposed, the two 

main models are the hydrophobic vacuum cleaner and flippase models (Figure 1.9). In the 

13 



vacuum cleaner model, P-gp "sucks up" hydrophobic drugs from the plasma membrane before 

they enter the cytoplasm.9
' 

24 Therefore, an entrance way must be present in the protein that 

permits P-gp to intercept substrates before crossing the plasma membrane.24 This is consistent 

with the 9 A portals described by Chang and colleagues.21 Once intercepted, the drugs are 

expelled into the extracellular space.9 Alternatively, in the flippase model, P-gp detects and 

"flips" substrates from the inner to outer leaflet of the bilayer. From here, the compound diffuses 

into the extracellular space.9
' 

24 This translocation should generate a drug concentration gradient 

across the membrane.9 Thus far, structural and experimental evidence supports both of these 

models, but the vacuum cleaner model is more widely accepted 9, 
13 

I 

vacuum flippasecleaner 

Figure 1.9. When transporting drugs, P-gp can act as a) a hydrophobic vacuum cleaner, 
expelling drugs from the inner or outer leaflet of the membrane into the extracellular space, or b) 
a flippase, moving substrates from the inner to outer leaflet of the lipid bilayer.9 

1.2.3.4. P-gp Substrates 

P-gp is often described as a "promiscuous" drug transporter due to the variation in 

compounds that it transports (Table 1.2).4' 
9
' 

21 Nevertheless, there are several common structural 

attributes that most substrates possess. First, they are typically organic molecules with molecular 

14 
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13 16 weights ranging between 200-4,000 Daltons.9
' ' ' 

21 Recall that the transporter is located within 

the phospholipid bilayer; therefore, substrates must attempt to passively diffuse across the 

membrane before being intercepted by P-gp. 16 As a result, substrates are generally amphipathic 

and lipid soluble, giving the compounds the proper membrane interactive properties. 13
' 

16
' 

21 If the 

substrates are not amphipathic, then they are mainly hydrophobic since they interact with the 

binding pocket mainly through hydrophobic and hydrogen bonding interactions. 13 Additionally, 

numerous substrates contain aromatic rings, though several non-aromatic compounds are also 

transported.16 Furthermore, when Seelig and colleagues investigated over 100 P-gp interactive 

compounds, they found that substrates had 2-3 electron donor groups that are separated by a 

distance of 2.5 A (Type I) or 4.6 A (Type 11).9 Finally, at physiological pH, P-gp tends to bind 

neutral or positively charged compounds-especially those with a positively charged nitrogen 

atom-although P-gp will transport anionic substrates, like methotrexate, under certain 

5 9 13 16conditions as well.4- ' , , 

1.2.3.5. P-gp Modulators 

In addition to substrates, a second genre of compounds that interacts with P-gp and 

displays similar chemical and structural diversity exists. These compounds are known as 

13 16modulators, inhibitors, reversal agents, P-gp blockers, or chemosensitizers (Table 1.3).9
' , 

They have clinical applications in reversing MDR in resistant cells overexpressing transporters 

like P-gp, thus improving drug oral bioavailability and facilitating drug delivery to protected 

organs such as the brain.9 When combined with a chemotherapeutic agent to which the cancer 

cells are resistant, a modulator may improve or restore the drug's cytotoxic effects by decreasing 

its effective concentration (EC50).
9

, 
13 
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Class 

Amebicides (amoebozoa) 

Analgsics (pain) 

Antialcoholism drugs 

Antiarrhythmics (heart rhythm) 

Antibiotics 

Anticancer drugs 
Anthracenes 
Anthracyclines 
Camptothecins 
Epipodophyllotoxins 
Taxanes 
Vinca alkaloids 
Other 

Antidiarrheal agents 

Antiemetics (vomiting and nausea) 

An tiepileptics (seizures) 

Anti-gout agents 

Antihelminthics (parasites) 

Antihistamines (allergies) 

Antihypertensives (blood pressure) 

P-Adrenoceptor antagonists 

Calcium channel blockers 

Calmodulin antagonists 

Cardiac glycoside 

Diagnostic Fluorescent dyes 

H2-receptor antagonists 

HIV Protease Inhibitors 

HMG-CoA Reductase Inhibitors 

Immunosuppressants 

Lipid lowering agents 

Natural Products 

Peptides 

Pesticides 

Steroids 

Tyrosine Kinase Inhibitors 

Compounds that interact with P-glycoprotein 

Emetine 

Asimadoline, Morphine 

Disulfiram 

Amiodarone, Propafemone, Quinidine 

Erythromycin, Gramicidin D, Levofloxacin, Valinomycin 

Bisantrene, Mitoxantrone 
Daunorubicin, Doxorubicin, Epirubicin 
Irinotecan (CPT-11 ), SN-38, Topotecan 

Etoposide (VP-16), Teniposide (VM-26) 
Docetaxel, Taxol (paclitaxel) 

Vinblastine, Vincristine 
Actinomycin D (Dactinomycin), Methotrexate 

Loperamide 

Domperidone, Ondansetron 

Felbamate, Topiramate 

Colchicine 

Ivermectin 

Fexofenadine, Terfenadine 

Propanolol, Reserpine 

Bunitrolol, Carvedilol, Celiprolol, Talinolol 

Azidopine, Diltiazem, Mibefradil, Nifedipine, Verapamil 

Chlorpromazine, Trans-flupentixol, Trifluoperazine 

Digitoxin, Digoxin 

Calcein-AM (CAM), Hoechst 33342, Rhodamines 

Cimetidine 

Amprenavir, Indinavir, Lopinavir, Nelfinavir, Ritonavir, Saquinavir 

Lovastatin, Simvastatin 

Cyclosporine A, Sirolimus, Tacrolimus (FK506) 

Atorvastatin, Lovastatin 

Curcuminoids 

Leupeptin, N-acetyl-LLY-amide (ALLN), PepstatinA, Valinomycin 

Abamectin, Cypermethrin, Endosulfan, Fenvalerate, Methylparathion 

Aldosterone, Corticosterone, Cortisol, Dexamethasone, 
Hydrocortisone, Methylprednisolone, Triamcinolone 

Geftinib, Gleevec (lmatanib mesylate) 

9 13 16 19Table 1.2. Compounds that interact with P-gp (arranged alphabetically by class).6
• , • -
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Generation Modulators 

First generation Cyclosporin A ( cyclosporine ), Quinine, Tamoxifen, Verapamil 

Second generation Biricodar (VX-710), Valspodar (PSC-8333), R-Verapamil 

Third generation 
Elacridar (GF120918, GG918), Laniquidar (R101933), Ontogen 

(OC-144-093, ONT-093), Tariguidar (XR9576), Zosuguidar (LY335979) 

Other Benzyl alcohol, Cremaphor EL, Curcuminoids, Disulfiram, Flavinoids, Nonidet P40 

13 16Table 1.3. Modulators of P-gp (arranged alphabetically by generation).9
• • 

Certain modulators can compete with substrates for binding. 13 A drug that interacts with 

the substrate-binding site of P-gp may be a competitive inhibitor of another drug.4 Many 

modulators cross the plasma membrane rather rapidly, unlike substrates, which diffuse much 

slower. If a modulator travels at a faster rate than at which P-gp mediated efflux occurs, then the 

9 13 25transporter will be fully engaged in modulator expulsion rather than substrate transport. • • 

Additionally, modulators may bind to a transporter with high affinity, acting as noncompetitive 

inhibitors. For instance, several steroid modulators are not transported by P-gp, but rather bind 

tightly to a site close to the NBDs, thus rendering the transporter inoperable. 13
' 

25 Slowly 

transported substrates may also act as effective inhibitors because they occupy the pumps for 

extended periods of time, subsequently allowing other substrates to diffuse across the plasma 

membrane and concentrate within cells (Figure 1.10). 16 

a!(} Extracellular 

n~xx 
► 

Intracellular 

Figure 1.10 a) Competitive inhibitors compete with substrates for binding, allowing the substrate 
to accumulate intracellularly since the pump becomes fully engaged in inhibitor rather than 
substrate transport. b) Noncompetitive inhibitors bind tightly to and render the pump inoperable, 
thus allowing the substrate to accumulate. 25 
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Several first-generation inhibitors, including the immunosuppressive agent Cyclosporin 

A and the calcium channel blocker VER (Chart 1.1), are transported by P-gp and act as 

competitive inhibitors. 13
• 

16 These compounds, which are approved for the treatment of other 

ailments, stimulate P-gp mediated efflux at low concentrations and inhibit P-gp function at high 

concentrations due to their high affinity for the active site.5 Nevertheless, most of the identified 

first-generation modulators, including cyclosporine A and VER, proved to be either ineffective 

or highly toxic at the doses required for efficient inhibition.6
• 

13
• 

18 

a) b) c) 

Biricodar 

Cyclosporin A 

Tariquidar 

Valspodar 

Zosuquidar 

Chart 1.1. a) First b) second, and c) third generation P-gp inhibitors. 

Based on toxicity problems with first-generation inhibitors, second-generation 

modulators were produced that provided the same effect at lower doses so they did not possess 

the same harmful side effects. 6• 
13 Furthermore, due to the effectiveness of these new modulators, 

chemotherapy drug doses could be reduced in the presence of these new inhibitors in order to 

ensure patient safety.6 Second-generation inhibitors included biricodar (VX-710) and valspodar 
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(PSC833) (Chart 1.1). Valspodar is an analogue of Cyclosporin that is slowly transported by P

gp and also inhibits cytochrome P450 3A, one of the main drug metabolizing enzymes present in 

the body. 16 
-
17 This unforeseen interaction caused a reduction in drug clearance, which in tum led 

to a huge enhancement of toxicity in patients. 13 

Inhibition of cytochrome P450 3A, which was responsible for some of the adverse 

pharmacokinetic effects witnessed with the second-generation modulators, was avoided when 

creating the third-generation inhibitors such as onto gen ( ONT-093 , OC-144-093 ), tariquidar 

(XR9576), and zosuquidar (LY335979) (Chart 1.1).6 These inhibitors displayed low toxicity and 

increased selectivity with P-gp. 13 The search for the next generation of inhibitors that are more 

effective at even lower doses, and potentially interact with multiple ABC transporters, is 

underway.6 It is anticipated that these new therapeutic reversal agents will prove to be more 

successful in clinical trials, which have been discouraging thus far. 9
' 

13 

1.2.3.6. Substrate Versus Modulator Tests 

For therapeutic treatment purposes, it is beneficial to test a drug and determine whether it 

is a substrate, modulator, or has no interaction at all with a transporter. Many ABC efflux pumps, 

including P-gp, transport fluorescent compounds so flow cytometry may be used to identify 

functional pumps. 13 
' 

18 Using a fluorescent substrate alone, and the substrate in the presence of a 

known modulator, the relative difference in fluorescence may be quantified.13 Functional 

transporters are present when a significant increase in fluorescence is witnessed in modulated 

compared to uninhibited samples. 

In order to analyze drug candidates, ATPase activity can also be measured using isolated 

8 26 27membrane vesicles from cells expressing high levels of P-gp.6
' ' - Cellular transport is 
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demonstrated using monolayer efflux assays in which polarized cells expressing the efflux pump 

are grown on semipermeable filters (Figure 1.11). Since P-gp is located on the apical membrane 

of cells, it thus increases transport in the basolateral to apical (BA) or secretory direction while 

reducing transport in the apical to basolateral (AB) or absorptive direction (Figure 1.11).6 By 

comparing the passive permeability ratio (PaAIPAB), the degree of P-gp mediated efflux may be 

attained. A large ratio is said to be due to efficient P-gp mediated efflux.26 Typically, a ratio 

greater than 3 implies that the drug is a substrate ofP-gp.6 

a) b)Apical side 
Compound Medium 

Microvilli __ _ liquid level 

AB Apical 
___ . Caco-2 cell Tight junction --- _ ,_ - - 1 - - - - - -

monolayer ,- - - ,- - - - ' ' - -

Basal 
Basolateral side '~ BA 

Figure 1.11. a) Cellular transport is demonstrated using monolayer efflux assays in which 
polarized cells expressing the efflux pump are grown on semipermeable filters. 28 b) P-gp 
increases transport in the secretory (BA) direction while reducing transport in the absorptive 
(AB) direction. By comparing the passive permeability ratio (PaAIPAB), the degree of P-gp 
mediated efflux may be attained. 6 

The expression of ABC drug transporters in human tumors has been linked to resistance 

to chemotherapeutics and poor treatment outcomes. 13 Thus, in terms of anticancer agents, 

investigating whether or not the drug is a substrate or modulator of P-gp in vitro prior to in vivo 

testing is invaluable. For example, the human gastrointestinal tract normally expresses P-gp 

transporters. Therefore, if a drug is administered orally, it is advantageous to know how it will 

interact with P-gp in order to determine its potential oral bioavailability. 19 If the drug is a 

substrate of P-gp, perhaps the quantity of drug that makes it into the blood will not reach a 

sufficient concentration to provide the desired therapeutic effect. Low oral bioavailability is 
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commonly associated with variable drug uptake and this can be a major problem if the drug 

possesses a narrow therapeutic window. 16 Therefore, in the cases described above, modulators of 

P-gp, or drugs that do not interact with P-gp at all, should be identified and used as lead 

compounds in order to avoid drug resistance and low oral bioavailability. 

1.3. Photodynamic Therapy (PDT) 

Photodynamic therapy (PDT), which uses light to activate a photosensitizer (PS) and 

subsequently trigger cell death, is a form of oncological treatment that is clinically approved for 

primarily head, neck, and non-melanoma skin cancers. PDT is also employed for noncancerous 

conditions including psonas1s, actinic keratosis, age-related macular degeneration, 

atherosclerosis, and blood born viral and bacterial pathogens.29 Additionally, extracorporeal 

photopheresis (ECP), a therapy similar to PDT, has been approved to treat cutaneous T cell 

lymphoma (CTCL) and graft-versus-host disease (GVHD).30
-
33 

PDT is an advantageous form of cancer therapy for copious reasons. It is a minimally 

invasive and selective form of treatment that can be implemented multiple times if necessary. 

Moreover, treatments are generally quick and performed on an outpatient basis. Once the treated 

area heals, little to no scarring is observed and there are no long-term side effects. Additionally, 

PDT is much cheaper compared to other cancer therapies.3 However, since it uses light to 

activate a PS, it can only treat areas capable of light exposure and is therefore primarily used to 

treat cancers located on or in proximity to the body's external surfaces. It is not ideal for tumors 

located deep within the body, unless access may be gained through the use of fiber optics. 

Furthermore, PDT is not feasible for metastatic cancers that have spread to various locations 

throughout the body. Additionally, patients may experience light sensitivity following treatment, 

primarily with porphyrins and their related structures, and must take precautions to keep 
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themselves covered up and out of direct sunlight.3 

PDT will likely be used to treat other cancers and possibly other disorders in the future. 

Currently, numerous researchers are investigating PDT as a feasible therapy for oncological 

conditions of the bladder, brain, cervix, mouth, pancreas, prostate, and stomach.3 

1.3.1. The History of PDT 

The notion of PDT dates back several thousand years. In ancient times, the Egyptians, 

Indians, Chinese, and Greeks used full-body sun exposure, or heliotherapy, to treat various skin 

ailments such as psoriasis, vitiligo, rickets, and cancer.34 Despite this, PDT is most commonly 

thought to have originated in the early 1900's when German medical student Oscar Raab 

discovered that the combination of acridine orange (Chart 1.2) and light killed paramecia. 35 

Additionally in 1900, French neurologist Jean Prime orally treated patients suffering from 

epilepsy with Eosin Y (Chart 1.2), a brominated derivative of fluorescein, and found that they 

developed dermatitis on sun-exposed areas of skin. 34 One year later, Danish physician Niels 

Finsen used red visible light to treat smallpox and later found that ultraviolet (UV) light could be 

used to treat cutaneous tuberculosis. In 1903, Finsen was awarded the Nobel Prize for his work 

in "phototherapy."34 

Br--ycco,N,, NaO 

I I Br Br 

Acridine Orange Eosin Y 

Chart 1.2. Structures of acridine orange and Eosin Y. 
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Based on these previous findings, Raab's German professor and advisor, Hermann von 

Tappeiner, along with German dermatologist, Albert Jesionek, used a combination of topically 

applied eosin and white light in 1903 to treat skin cancer, lupus vulgaris, and condylomata.36 

Subsequent studies by von Tappeiner along with A. Jodlbauer led to the discovery that oxygen 

(0) was required in these types ofreactions, which they termed "photodynamic action."34 

German chemist Johann Joseph von Scherer synthesized hematoporphyrin (Hp) in 1841. 

This compound was the first cyclic tetrapyrrole (porphyrin) PDT agent.36 In 1908, W. Hausmann 

of Austria used Hp and light to kill paramecia and erythrocytes, and in 1911, he was able to 

observe skin sensitivity caused by Hp in a murine model.34
' 
36 Two years later, German physician 

Fredrich Meyer-Betz injected himself with 200 mg of Hp to comprehend the physiological 

effects of PDT agents in humans.34 After a few minutes of sun exposure, Meyer-Betz 

experienced swelling and soreness on his face and hands, which had been unprotected from the 

light. He remained photosensitive for approximately two months following the injection, but he 

demonstrated the high potential of porphyrins in light activated therapeutic applications. 36 

Numerous other studies using Hp took place in the following years. Most notably, in 

1955, Samuel Schwartz and colleagues at the University of Minnesota unveiled that Hp was not 

solely one compound, but rather a mixture of several porphyrins possessing distinctive 

properties.36 In an attempt to purify Hp, Schwartz discovered that the individually isolated 

compounds failed to localize well in tumors. 34 Upon treating Hp with sulfuric and acetic acids, a 

new mixture containing hematoporphyrin stereoisomers, hematoporphyrin vinyl 

deuteroporphyrin isomers, and protoporphyrin, along with various dimers and oligomers was 

acquired and termed hematoporphyrin derivative (HpD) (Chart 1.3).36 This newly obtained 

combination not only localized in tumors, but also was twice as potent as the original Hp.34 
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HO HO 

HO 

C02H C02H C02H 

Hematoporphyrin Hematoporphyrin Vinyl Deuteroporphyrin Protoporphyrin 

R 
ester linkage 

0 

0 

/, 

CO2H 

R 

Various Oligomers 

Hematoporphyrin Derivative (HpD) 

Chart 1.3. Structures of the components ofhematoporphyrin derivative (HpD). 

Following this new development, Richard Lipson initiated what is known as the "modern 

era of PDT" at the Mayo Clinic beginning in the 1960's.35 Using HpD, Lipson and E. J. Baldes 

revealed in both animal tumor models and subsequent clinical trials that HpD was more effective 

in terms of tumor localization and differentiation in normal tissues using much smaller doses 

than Hp.34 In 1972, Ivan Diamond from the University of California, San Francisco published the 

results of a study involving HpD in vitro and in vivo with rat glioma.36 When glial cells treated 

with HpD were exposed to 50 min of white light, no viable cells remained. Additionally, when 

rat tumors exposed to HpD were irradiated for 24 h following drug administration, significant 
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tumor destruction was observed. Tumor growth was suppressed for 10-20 days following 

treatment, then the tumors began to enlarge again.34 Nevertheless, these results clearly indicated 

that drugs with tumor localizing and phototoxic properties could be exploited as therapeutic 

agents for the treatment of cancer. 

In 1975, Thomas J. Dougherty III from Roswell Park Cancer Institute in Buffalo, NY 

reported the first successful complete tumor cure using HpD. Mouse and rat mammary tumors 

treated with 2.5-5.0 and 5-10 mg kg-1 of HpD, respectively, were irradiated for 24 h following 

administration with a red light, xenon arc lamp for three one hour periods over the course of five 

days. Two months after treatment, 48% of the mice showed no tumor reemergence and were 

considered "cured." Comparable results were noted in rat experiments.34 

In 1978, Dougherty published the results of a clinical trial utilizing HpD and red light in 

patients with metastatic, malignant, or recurrent forms of melanoma, colon carcinoma, breast 

carcinoma, mycosis fungoides, chondrosarcoma, prostatic carcinoma, squamous cell carcinoma, 

endometrial carcinoma, and angiosarcoma.36 Out of the 113 tumors treated, 98 showed complete 

regression, 13 showed a partial response, and only 2 showed no response and were thus 

concluded to be treatment resistant.34 This study demonstrated that PDT could be employed to 

treat various malignancies for which alternative therapies had previously failed. Due to his 

substantial contributions to the field of photodynamic therapy, Dougherty is commonly referred 

to as the "father of PDT."37 

1.3 .2. Photophysics and Photochemistry 

Phototherapies involve three main components, a PS, red or near infrared (NIR) light, and 

molecular oxygen (302). The singlet ground state (So) of a PS contains two electrons with 
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opposite spins in a low energy molecular orbital (MO) (HOMO). Irradiating the PS initiates a 

photochemical reaction by exciting one of these ground state electrons to the first singlet excited 

state (S1) while maintaining the electron's spin (LUMO) (Figure 1.12). Since S1 is unstable and 

short lived, the electron can readily relax back down to So, releasing its energy in the form of 

either fluorescence or heat via internal conversion (IC).38 If the PS is sufficiently stable in the S1 

state, the electron may undergo a spin forbidden process known as intersystem crossing (ISC) in 

which it inverts its spin and moves to the lower energy, more stable, and longer-lived triplet 

excited state (T1).38
-
39 From T1, energy can be either be released in the form of phosphorescence, 

a spin forbidden transition in which the electron gradually reverts back to its correct spin and 

relaxes to So,36
' 
40 or a Type I or II reaction can occur. 

Destruction of 
diseased tumor tissue. 

Intersystem 
Crossing Type II 

V Oxidative Damage s. 
= - --+ .I.~ ...

T1 
QJ 

QJ C,: 
"'i.. QJ: 

= 
C, 

QJ =:,> 
QJ :.. = C, C, : -= 0 "' QJ "'.:QJu i.. i..:-; 0 0: Treatment of Healthy tissue. -=:

i.. = -= c=.: tumor tissue - -=: 
"':QJ ~ 
0: with 10 2• ....= 

=-- :.., ..,
So 

V 

Photosensitizer Ground State 

Figure 1.12. Jablonski diagram depicting the PS energy transitions and the Type II reaction that 
predominates in PDT. Irradiation of the PS excites an electron from the So to S1 state. 
Intersystem crossing from S1 to T1 followed by subsequent energy transfer to 30 2 yields the 
cytotoxic 102, which oxidatively damages tumor tissue.Modified from 

41 

In a Type I reaction, ansmg from the S1 or T1 state, the PS reacts with a cellular 

component or biomolecule thereby transferring an electron or hydrogen atom to form a free 

radical anion or cation.38 These radicals can react with 30 2 to produce reactive oxygen species 
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(ROS) such as the superoxide radical anion (02°-), hydrogen peroxide (H202), or the hydroxyl 

radical (OH).39' 42 In a Type II reaction, energy is transferred directly from T1 to 30 2, which is a 

triplet in its ground state (Scheme 1.1). Based on selection rules, interactions of the same 

multiplicity are spin-allowed, whereas those of different multiplicities are spin-forbidden. Hence, 

energy transfer from T1 of the PS to 30 2 is allowed and favorable. 36 This energy transfer results 

in the inversion of one of 302 outermost electrons and its shift into the neighboring MO 

containing an electron of the opposite spin. Consequently, one unoccupied MO resides, which 

violates Hund's rule. This newly formed, highly reactive species of oxygen is said to be in the 

excited singlet state and is accordingly called singlet oxygen C02).
36 

Type II reactions predominate in PDT due to their mechanistic simplicity and therefore 

10 2is the primary cytotoxic agent responsible for cell death.39' 41-43 Type I reactions are believed 

to become more relevant when 30 2 concentrations are low or the reaction is happening in a more 

polar environment.44 Type II reactions are also more favorable since the energy transfer to 30 2 

results in the regeneration of the ground state PS. On the contrary, Type I reactions transfer an 

electron, thus producing an oxidized PS that must be reduced back down to the ground state. 

LUMO 

30 2 ground state 10 2 excited state 10 2 ground state 

spin unpaired spin paired spin paired 

triplet diradical (very unstable) singlet diradical 

Scheme 1.1. Molecular orbital scheme of the triplet-ground (302), singlet-excited CO2), and 
singlet-ground CO2) states of oxygen. 
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1.3.3. Ideal Photosensitizers 

Ideally a PS is of known composition, chemically pure, and stable and soluble enough to 

circulate throughout the body.39 It should localize promptly, be preferentially retained by the 

cancerous tissue, be phototoxic in the light and minimally toxic in the dark, and then be rapidly 

cleared by the body so that systemic toxicity and photosensitivity is low following treatment.29
' 

38
' 
44 The PS should have a strong absorption and high extinction coefficient ( E = 5 x 104 

- 1 x 105 

M-1 cm-1)39 at longer wavelengths of irradiation (600-800 nm) where tissue penetration is 

optimal, but there is still sufficient energy to generate the cytotoxic species.29
• 

44 In order to 

produce a high quantum yield ( <l>) of the cytotoxic species, the T 1 state of the PS must be stable 

and longer-lived.44 Furthermore, aggregation and photobleaching should be minima1.39
-
4o, 45 

1.3.4. The Optical Therapeutic Window 

As previously mentioned, the wavelength of illumination for PDT should be 600-800 nm. 

At shorter wavelengths, light scattering and absorption in tissue is high (Figure 1.13).39 At 

higher wavelengths, not enough energy is generated to excite 30 2 to 10 2 or to form a substantial 

amount of ROS.42 Recall that E = hv = he/A, so as the wavelength (A) increases, energy (E) 

1 1 39decreases. The conversion of 302 to 10 2 requires 94 kJ mor , 22.5 kcal mor , or 1270 nm. 

Red light is employed in PDT since it provides optimal tissue penetration-a distance of 

nearly 1 cm, while blue light only penetrates roughly 1 mm (Figure 1.13).42 Tumor tissue is not 

homogenous and the presence of biomolecules and cellular components causes light to lose its 

directionality through scattering and absorption as it travels throughout the tissue.40 Red and NIR 

light are also minimally absorbed by biomolecules such as collagens, hemoglobin, melanin, 

proteins, and water and are thus considered to be part of the optical therapeutic window (Figure 
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1.14).36 Melanin has a broad absorption in the visible region, while hemoglobin has several 

absorptions in the visible and UV regions. All of these biomolecules can compete with the PS for 

light, restricting its absorption ability.43 

light beam 

~ ref lection 
10 
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Figure 1.13. Light penetration and Figure 1.14. Absorption spectra of water, 
propagation through tissue. 42 oxyhemoglobin (HbO2), deoxyhemoglobin 

(Hb), and melanin. The optical therapeutic 
window is indicated.40 

1.3.5. Classes ofPhotosensitizers 

There are vanous classes of PSs, including anthraquinones, bacteriochlorins, 

bacteriopheophorbides, chlorins, curcuminoids, cyamnes, phenothiazines, pheophorbides, 

phthalocyanines, porphyrins, pyryliums, rhodamines or xanthenes, and texaphyrins; however 

porphyrins are the most widely studied.29' 39 The first porphyrin PS investigated was HpD (Chart 

1.3), which was a mixture of compounds.36' 39 Following further purification, 90-95% of the most 

active oligomer components were acquired and dubbed Photofrin.44 In 1993, it received 

regulatory approval in Canada for bladder cancer and in the Europe, Japan, the United Kingdom, 

and United States for cervical, endobronchial, esophageal, gastric, and lung cancers (Table 

1.4).29
• 

35, 39 In order to provide a phototoxic effect, high quantities of both the PS and light had to 
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be used due to Photofrin's low absorption maximum (Amax) and molar extinction coefficient (E). 
35 

However, it does produce a high <1>(10 2), making it an extremely efficient PS.39 Nevertheless, 

Photofrin is difficult to synthesize and purify, and treated patients experience skin sensitivity that 

35 39 44persists for 6-10 weeks.29
' ' • 

Amax 1: (M·1cm· <I>
Photosensitizer Trademark Application

(nm) 1) <1<>i) 
Canada: bladder cancer (1993), 

endobronchial cancer 
Europe: endobronchial cancer 

Japan: cervical cancer, 
Porfimer sodium Photofrin 632 3.0 X 103 0.89 endobronchial cancer 

UK: endobronchial cancer 
USA: esophageal cancer (1995), 

lung cancer (1998), 
Barrett's eso~hagus {2003} 

5-Aminolevulinic acid {ALA} Levulan 632 5.0 X 103 0.56 USA: actinic keratosis {1999} 
Methyl aminolevulinate (MAL} Metvix USA: actinic keratosis {2004} 

Cysview, USA: bladder cancer diagnosis 
Hexaminolevulinate (HAL) 

Hexvix {2010} 
Benzoporphyrin derivative monoacid ring A USA: age-related macular

Visudyne 689 3.4 X 104 0.84 
(BPD-MA, Verte~orfin} degeneration {1999} 

Meta-tetra(hydroxyphenyl)chlorin 
Foscan 652 3.5 X 104 0.87 Europe: head and neck cancer 

{mTHPC, Temo~orfm} 
Clinical trials: breast 

Tin ethyl etiopurpurin adenocarcinoma, basal cell 
Purlytin 664 3.0x 104 

(SnET2) carcinoma, Kaposi's sarcoma, 
age-related macular degeneration 

Laserphyrin,
N-aspartyl chlorin e6 (NPe6) 664 4.0x 104 0.77 Japan: lung cancer (2003)

Litx 
2-(1-Hexyloxyethyl)-2-devinyl Clinical trials: esophogeal 

pyropheophorbide Photochlor 665 4.7 X 104 cancer, basal cell carcinoma, 
{HPPH} lung cancer, Barrett's eso~ha~ 
WST09 Tookad 763 8.8 X 104 0.50 Clinical trials: ~rostate cancer 
WSTll Stakel Clinical trials: ~rostate cancer 

Clinical trials: prostate cancer,
Lutrin,

Motexafin lutetium age-related macular degeneration,
Optrin, 732 4.2 X 104 

(lutetium texaphyrin, Lu-Tex) breast cancer, cervical cancer, 
Antrin 

arterial disease 
Russia: stomach, skin, lips, 

Aluminum phthalocyanine tetrasulfonate 
Photosense 676 2.0x 105 0.38 oral cavity, tongue, breast cancer

(AlPcS4) 
{all in 2001} 

Clinical trials: actinic keratosis, 
Silicon phthalocyanine (Pc4) 675 2.0x 105 Bowen's disease, skin cancer, 

mycosis fungoides 

44Table 1.4. Properties of several approved photosensitizers or those in clinical trials. 39
• 
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HpD and Photofrin are considered to be first-generation PSs.39
' 

44 A series of second

generation PSs were synthesized soon after in the hopes of eliminating the complex mixtures, 

shifting the l'vmax farther into the red region to facilitate tissue penetration, improving tumor 

specificity, and minimizing photosensitivity.35 An interesting second-generation PS include the 

prodrugs 5-aminolevulinic acid (ALA, Levulan), methyl aminolevulinate (MAL, Metvix), and 

hexaminolevulinate (HAL, Hexvix, Cysview). In the body, these biologically inactive 

compounds are enzymatically metabolized into an active PS, protoporphyrin IX (PpIX) (Chart 

1.4), via the heme biosynthetic pathway.39 Following this, ferrochelatase in the body converts 

PpIX into normal heme.29 Although its l'vmax is still rather low, PpIX does show tumor specificity 

due to the higher activity of ferrochelatase in normal rather than cancer cells, it localizes within 

1-6 h after administration, and skin sensitivity only lasts 1-2 days due to the rapid metabolism 

34 39 44and clearance of the drug. 29
' ' , 

0 

HO~NH2 
0 

5-Aminolevulinic Acid (ALA) 
Levulan® 

0 

"o~NH2 
0 

Methylaminolevulinate (MAL) 
Metvix® 

H02C 

0 Protoporphyrin IX (PplX) 

~O~ NH2 
0 

Hexaminolevulinate (HAL) 
Hexvix® / Cysview® 

Chart 1.4. Structures of Levulan®, Metvix®, Hexvix® and the active photosensitizer, 
(Protoporphyrin IX) that they form via the heme biosynthetic pathway. 

31 

https://pathway.39
https://photosensitivity.35


The second-generation chlorin PS, Foscan (Temoporfin, mTHPC, or meta

tetra(hydroxyphenyl)chlorin) (Chart 1.5), has been approved in Europe for the treatment of head 

29 39and neck cancers, but has also been used for breast, prostate, and pancreatic tumors. • • 
44 Since 

Foscan requires very low drug concentrations and light doses, it will likely prove to be one of the 

most effective second-generation PSs.39
• 

44 With recurrent breast cancer patients, doses of 0.10 

2 mg ki1 can be administered and activated using a fluence of 5 J cm- at a wavelength of 652 

2 nm. 29 In comparison, Photofrin required doses of 2-5 mg kg-1 and 100-200 J cm- , thus Foscan is 

considerably more photoactive and effective than Photofrin.44 Besides its activity, Foscan 

displays minimal dark toxicity, has a strong absorption at its Amax, and has a convenient synthetic 

route.43 Unlike most PSs that target mitochondria or lysosomes, Foscan has been found to target 

the Golgi apparatus and endoplasmic reticulum and is believe to induce cell death through 

vascular damage.29
• 

46 Additionally, cells that express the multidrug resistant ABC transporter, P

glycoprotein, do not appear to interact with or efflux Foscan, making it an invaluable PS for 

treating drug resistant tumors. 29 The only noted downfall with Foscan seems to be its long-term 

39photosensitivity in patients, which may last up to 6 weeks.29
• 

HO 

HO 

OH 

OH 

meta-tetra(hydroxyphenyl)chlorin (mTHPC) 
Foscan® 

Chart 1.5. Structure ofFoscan. 

32 

https://tumors.29
https://route.43
https://Photofrin.44


Additionally, xanthene or rhodamine compounds have been investigated as PS due to 

their fluorescent properties and mitochondrial targeting.29' 44 As delocalized lipophilic cations 

(DLC), rhodamines are typically sequestered into the negatively charged mitochondrial matrix 

where they become distributed across the inner membrane (described by the Nemst equation).47 

Fluorescence can be an advantageous property since imaging may be employed to determine the 

quantity of PS present, its intracellular location, and how rapid it photobleaches.40 The first 

rhodamine compound investigated was Rhodamine 123 (R123) (Chart 1.6), and although it was 

fluorescent, its high quantum yield of fluorescence (<l>FL) and low <1>(102) was an issue.44 This 

problem was addressed through the addition of bromine atoms to the xanthene core, a 

modification that led to an increase in <l>( 10 2), no significant change in Amax, and an alteration in 

intracellular localization that was not exclusively mitochondrial specific (Chart 1.6, Table 

1.5).29, 48 The change in <1>(102) was a consequence of a phenomenon known as the heavy atom 

effect, in which ISC is enhanced due to increased spin orbit coupling. This allows the forbidden 

transition from singlet to triplet multiplicity to occur more efficiently.44
' 

49 In addition to adding 

halogen atoms, the substitution of a heavier chalcogen atom such as sulfur (S), selenium (Se), or 

tellurium (Te) into the core led to an increase in <1>(102), a red shift in Amax, while maintaining 

mitochondrial localization (Chart 1.6, Table 1.5).29 However, rhodamine dyes have values of 

Amax generally below the optical therapeutic window, which limits the ability of light to penetrate 

deep enough to activate them. Nevertheless, heavy atom containing rhodamine analogues have 

<1>(102) typically more than 0.40 and all rhodamines possess high E. Furthermore, rhodamines 

have proven to be very effective PS against malignant cells in vitro and some have made it into 

clinical trials, such as 4,5-dibromorhodamine 123 (DBR123, TH9402), which was investigated 

for the eradication of activated T-cells and peripheral stem cells for transplant. 44
, 
5
0-

54 
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Rhodamine 123 (R123) Tetramethylrosmaine Derivatives 
TMR, E=O 

TMR-S, E = S 
TMR-Se, E = Se 

Br Br 
0Br 
® 
NH2 

Br Br Br Br 

4,5-dibromorhodamine 123 (DBR123, TH9402) 2,4,5,7-tetrabromorhodamine 123 (TBR123) 

Chart 1.6. Structures ofR123, DBR123 (TH9402), TBR123 and the TMR-E derivatives. 

Compound Amax (nm) 

Rhodamine 123 (R123) 
4,5-Dibromorhodamine 123 (DBR123, TH9402) 514 b 

9.1 X 1043 

1.0x 1056 
0.01 C 

0.47 C 

2,4,5,7-Tetrabromorhodamine 123 (TBR123) 
Tetramethylrosamine (TMR) 0552 a, 

1.0 X 105 
a 

8.7 X 1040 0.08 a, d 

Thio-tetramethylrosamine (TMR-S) 0571 a, 6.3 X 1040 0.21 a, a 

Seleno-tetramethylrosamine (TMR-Se) 0581 a, 4.4 X 1040 00.87 a, 

29Table 1.5. Properties of R123, DBR123 (TH9402), TBR123 and the TMR-E derivatives. a, 
b,39 c,20 d.ss 

1.3.6. Intracellular Targets 

Drugs normally enter cells via three umque mechanisms: diffusion, transport, and 

endocytosis (Figure 1.15).4 PSs are generally small and lipophilic enough to diffuse across the 

lipid bilayer, although some hydrophobic PSs may bind to and be transported by lipoproteins in 

the blood.39 In this case, the entrapped PS will enter the cell via low-density lipoprotein (LDL) 
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receptor mediated endocytosis.43 Cancer cells are known to have elevated levels of LDL 

receptors, thus endocytosis may actually be favored in tumors.39 Alternatively, hydrophilic PSs 

typically bind to albumin or globulins and enter tumors through their leaky vasculature, as they 

cannot interact with LDL.39
•
43 

Diffusion Transport Endocytosis 

Figure 1.15. Drugs enter cells via three unique methods: diffusion, transport, or endocytosis.4 

Nuclear envelope } 

Nucleolus Nucleus 

Chromosomes 

'ff...~ ~ ~ ---- Rough endoplasmic 
reticulum 

Centrioles ___.::::::;-141-...;;.. 

\·.. 
Structures that ~"""';:II•~---- Smooth endoplasmicoccur in animal cells 

reticulumbut not plant cells 

Figure 1.16. Diagram of an animal cell and its organelles. PSs localize in a variety of 
intracellular targets, including mitochondria, lysosomes, the endoplasmic reticulum, the Golgi 
apparatus, and the plasma membrane. 14 

Once inside the cell, the PS may localize in a variety of intracellular targets, including 

mitochondria, lysosomes, the endoplasmic reticulum, the Golgi apparatus, and the plasma 

membrane (Figure 1.16).46 The area in which the PS localizes and accumulates in a cell is 
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important because it determines the site of primary oxidative damage. Due to the high reactivity, 

short half-life, and limited diffusion distance of 10 2 and other ROS, only subcellular targets 

located in proximity to the irradiated PS will be destroyed. 56 In biological systems, the half-life 

35 39 4 42 46 57 of 10 2 is approximately 10-320 ns, and its span of destruction is between 10-55 nm. , - o, , , 

Based on this, cellular components containing vast quantities of not only the PS, but also 

intracellular 3
0 2 will be preferentially damaged upon illumination. 57 Larger tumors, especially 

those with hypoxic interiors, become more difficult to treat with PDT, as do metastatic tumors.35 

Primary cellular localization of a PS depends not only on its properties, but also cellular 

and environmental factors. The molecular weight, lipophilicity, net ionic charge, aggregative 

properties, and protein binding characteristics all play a substantial role when it comes to PS 

subcellular localization. Furthermore, the intracellular and extracellular concentrations of the PS, 

incubation time, intracellular serum concentrations, and cell type are important.40
, 

56 Both anionic 

and cationic PSs with net ionic charges ranging from -4 to +4 may localize intracellularly. More 

specifically, PDT agents that are more hydrophobic and contain less than two negative charges 

tend to enter the cell by diffusion. On the contrary, compounds that are increasingly hydrophilic 

and contain greater than two negative charges enter the cell via endocytosis.40 Once inside the 

cell, the PS disperses to its primary site of localization. 

The most common sites of cellular photodamage include the plasma membrane, 

lysosomes, and mitochondria. Compounds that preferentially localize in the plasma membrane 

are fairly uncommon in PDT, however 10 2 may react with membrane lipids and proteins.40
' 

43 In 

particular, 10 2 undergoes an ene reaction with unsaturated lipids, including cholesterol, yielding 

lipid hydroperoxides. Reactions also occur with amino acid residues such as cysteine, 

methionine, tyrosine, histidine, and tryptophan to generate a variety of products (Scheme 1.2).40 
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These reactions may result in either fluctuations in cell permeability or cell lysis via swelling, the 

formation ofblebs, and inhibition or destruction of membrane enzymes.43 

R~R' R~R' 
OOH 

Unsaturated Lipid Lipid Hydroperoxide 

RHN~:• 
~ 

HO HO 0)--H 
Cholesterol Cholesterol Hydroperoxide Tryptophan N-Formylkynurenine 

Scheme 1.2. The reactions of an unsaturated lipid, cholesterol, and tryptophan in the presence of 
lQ 43 

2· 

Lysosomes are also potential subcellular targets, but photodamage to lysosomes does not 

trigger cell death as effectively as other organelles, particularly mitochondria.40 Anionic species 

tend to localize more in lysosomes, while cationic ones have a greater preference for 

mitochondria.56 Additionally, compounds with greater degrees of aggregation accumulate in 

lysosomes.40 Illumination of cells containing PS localized in the lysosomes results in the 

organelle's rupture and the release of its contents.56 

Mitochondria are the most frequently targeted organelles in PDT. Compared to normal 

cells, mitochondria in cancerous cells have higher membrane potentials, thus permitting vaster 

56 58drug accumulation.40
' ' Rapidly growing tumors are in need of copious amounts of energy, 

and mitochondria are responsible for energy production via oxidative phosphorylation.56 

Mitochondria possess charged membrane potential and pH gradients, which favor the 

accumulation of cationic PSs. 56 High concentrations of cationic species lead to depolarization as 
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the interior of the mitochondria become increasing positively rather than negatively charged. 58 

Anionic PSs can localize in mitochondria as well, but this localization is driven by lipophilic and 

hydrophobic character instead of ionic charge.56 Once activated, PSs impede mitochondrial 

function through swelling and/or rupture of the membrane, decreased mitochondrial enzyme 

activity, and inhibition of ATP-ADP translocase and ion and electron transport. 56 

Several PDT agents, such as Photofrin and Foscan, have been found to localize in the 

Golgi apparatus or endoplasmic reticulum, making these organelles primary targets of oxidative 

damage.40
' 

46 Most PSs do not accumulate in the nuclei of cells, and therefore deoxyribonucleic 

acid (DNA) mutations are not common in PDT.43
' 

46 However, PSs that do make it into the 

nucleus can cause DNA crosslinks and oxidation, especially with the guanine.40 

It should be noted that after an initial PDT treatment, the PS might be released and thus 

allowed to localize in different subcellular targets.46 For example, upon irradiation, PSs 

accumulated in the lysosomes or mitochondria are freed into the cytoplasm where they may 

redistribute into other, undestroyed cellular targets.56 

1.3.7. Photosensitizers in the Human Body 

PSs are generally administered intravenously or topically. If dispensed intravenously, the 

PS distributes throughout the entire the body (Figure 1.17).42 Certain PSs are selective, leading 

to rapid clearance from non-cancerous tissues and preferential retention in the tumor.43 

Nevertheless, whether the PS is tumor selective or not, the area in which the cancer resides may 

be selectively destroyed by focused irradiation. This dual combination of PS and light initiates a 

photochemical reaction that produces 10 2 and subsequently leads to selective cell death.44 
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Administration Distribution Localization Recovery 

Figure 1.17. PDT treatment in humans. The PS is administered and distributes throughout the 
entire body. If the PS is selective, it may localize specifically tumor. Whether this happens or 
not, the PS is selectively activated by irradiation, thereby destroying the cancerous tissue. 

1.4. Extracorporeal Photopheresis (ECP) 

ECP is a combination of leukapheresis and PDT.33 In this immunomodulating therapy, 

peripheral blood mononuclear cells (PBMCs) are separated ex vivo from pheresed whole blood. 

Lymphocytes are collected, exposed to a PS such as 8-methoxypsoralen (8-MOP) (Chart 1.7), 

33 59 60irradiated with ultraviolet A light (UV A), and reinfused into the patient (Figure 1.18). 31
- , -

..0 activated white b/o 
Ode~~o~

le ~ 
~----~ 

l'//J> 

Ex-vivo 
ynotoactivation 

{WO 
OMe 

8-methoxypsoralen (8-MOP) 

Chart 1.7. Structure of 8-MOP. Figure 1.18. Blood is pheresed ex vivo. 
Lymphocytes are collected, exposed to a PS, irradiated, 
and the photoactivated lymphocytes are reinfused into 
the patient 
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1.4.1. History ofECP 

ECP was introduced in the United States in 1981 by Richard L. Edelson for the treatment 

of cutaneous T cell lymphoma (CTCL), a disorder characterized by the localization of malignant 

lymphocytes in the skin.32
-
33 It is an uncommon malignancy, accounting for less than 0.2% of all 

cancers and 4% of all non-Hodgkin's lymphomas.32
-
33 Of all the CTCL types, mycosis fungoides 

32 33(60%) and the more aggressive Sezary syndrome (5%) are the most common. -

In 1987, Edelson performed a clinical study on patients with treatment resistant CTCL. 

During this study, 27 out of 37 patients (73%) responded, which was defined by a greater than 

25% clearing of the skin. Further subdividing these patients, 9 displayed a more than 75% 

clearance, 13 had a 50-75% clearance, and 5 showed a 25-49% clearance. Moreover, patients did 

not exhibit substantial side effects.32
-
33 One year later, ECP received approval by the Food and 

Drug Administration (FDA) as the first immunotherapy for advanced CTCL patients.32 
-
33 To 

date, five therapies have been approved by the FDA for the treatment of mycosis fungoides and 

Sezary syndrome: ECP, denileukin diftitox, bexarotene (retinoid), and vorinostat and romidepsin 

(histone deacetylase inhibitors).32
-
33 Since the establishment of its effectiveness in CTCL, ECP 

has been investigated over the past 30 years in several other T-cell mediated diseases, most 

notably graft-versus-host disease (GVHD), treatment and prevention of solid organ transplant 

rejection, systemic sclerosis, and Crohn's disease.33 
• 

60
-
61 Over more recent years, ECP has been 

employed for both dermatological (systemic sclerosis, pemphigus vulgaris, atopic dermatitis, 

lupus erythematosus, psoriatic arthritis) and non-dermatological autoimmune diseases (multiple 

sclerosis, rheumatoid arthritis, inflammatory bowel disease, and juvenile type-I diabetes).61 

When ECP became FDA approved for CTCL, 8-MOP was orally administered to attain 

appropriate plasma levels prior to pheresis and light activation. Today, however, a liquid 
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formulation is administered ex vivo to leukopheresed blood not only to evade nausea and 

gastrointestinal side-effects, but also to standardize the dose and concentration.32
-
33 Over the 

years, the basic principles of this treatment have remained unchanged, but there have been 

improvements in the process and instrumentation. 32
-
33 

1.4.2. Hematopoietic Stem Cell Transplantation and Graft-versus-Host Disease 

T lymphocytes play an essential role in many human immunologic disorders, including 

autoimmune and alloimmune diseases.59 Following hematopoietic stem cell transplantation 

(HSCT), a beneficial graft-versus-leukemia (GVL) effect is desired in which patient lymphocytes 

recognize and mount an immune response against graft host cells. However, this effect is often 

limited by life-threatening GVHD, where the patient's tissues are attacked from donor allogeneic 

T cells.51 
-
54

, 
59 Acute GVHD (aGVHD) is a condition that develops in approximately 60% of 

human leukocyte antigen (HLA)-identical sibling transplants and up to 80% of matched, 

unrelated donor transplants. Chronic GVHD ( cGVHD) affects 30-80% of HSCT recipients and 

severe cGVHD, if left untreated, results in the survival of less than 20% of patients 4 years post 

transplantation.33
• 

59 Only 30% of patients have an HLA-identical sibling, requiring the majority 

of patients to consider alternative, higher-risk donors. 59 aGVHD may be distinguished from 

cGVHD because it develops within 100 days of HSCT and targets the skin (rash, dermatitis), 

liver (hepatitis, jaundice) and gastrointestinal tract (abdominal pain, diarrhea).31 
• 

33
• 

59 

Selective allodepletion or selective lymphocyte depletion is a strategy to eliminate 

GVHD-causing donor lymphocytes from HSCT allografts, while sparing and conserving 

lymphocytes exerting GVL and beneficial antimicrobial, antileukemia, antiviral, and antifungal 

responses. 54
' 

59 It uses patient antigen-presenting cells (APCs) to stimulate donor lymphocytes in 

an ex vivo co-culture before transplantation. Subsequently, host-alloreactive T cells are 
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inactivated or eliminated, thus dramatically improving outcomes by allowing early immune 

recovery, response toward infectious agents, reducing relapse, and sustaining GVL activity.51
-
54 

1.4.3. Photosensitizers 

Currently, 8-MOP is the most widely used and the only FDA approved PS for ECP.32
-
33 

When irradiated, 8-MOP forms DNA cross-links within the nuclei of lymphocytes, leading to 

cell cycle arrest and apoptosis. 33
, 

60 The subsequent reinfusion of apoptotic lymphocytes produces 

an immunomodulatory, "vaccination like" effect against pathogenic T cells.33
' 

60 Post treatment, 

phagocytosis of the apoptotic PBMCs by APCs induces anti-inflammatory cytokines, cytotoxic T 

cell responses, and the upregulation of suppressor or T-regulatory cells, which are essential for 

the control of autoimmunity and are involved in the modulation of immune responses to 

60 61transplanted allografts.33 
' - However, 8-MOP is non-selective, therefore DNA cross-linking 

also occurs in non-malignant and resting lymphocytes. Reinfusion of these non-targeted cells 

limits the production of disease-specific cytotoxic T lymphocytes.33 
' 

60 Additionally, eradication 

of mature T cells is associated with an increased risk of graft rejection and an increased 

incidence of relapse of the malignant disease. 51 Therefore, the efficiency of ECP may be 

drastically improved using a more selective PS. 

Greater selectivity has been achieved using TH9402, a heavy atom containing rhodamine 

derivative that interacts with P-gp, which is found in T lymphocytes (Chart 1.6). 50
-
54

, 
62 Among 

human bone marrow-derived cells, P-gp is expressed in not only lymphocytes, but also 

hematopoietic CD34+ stem cells, thymocytes, natural killer cells, and APCs.62 P-gp has been 

found to be a marker of GVHD and could be a useful therapeutic target to prevent graft loss. 62 
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Although TH9402 diffuses into both resting and activated T cells, resting cells rapidly 

extrude this PS because of the presence of active P-gp, while activated cells accumulate the PS 

51 53 54 62due to inactivation of the transporter (Figure 1.19).50
- ' - , Since activated cells fail to 

extrude TH9402, irradiation of a mixture of activated and resting T cells results in selective 

50 51 60mitochondrial oxidation and apoptosis of activated cells.33
• - , The lymphocytes that are 

50 51 59 60depleted when using TH9402 include CD4+, CD8+, and memory T cells 33
• - , -

• 
Cationic 

ColllPOlll]q• 

./ •• 
· 

Influx 

Figure 1.19. Resting cells efflux cationic compounds due to the presence of active P-gp, while 
activated cells accumulate these compounds in their hyperpolarized mitochondria due to the 
presence of inactivated P-gp. 

Although TH9402 effectively decreases the incidence of severe aGVHD, insufficient 

depletion of alloreactive cells and non-selective depletion of lymphocytes important for normal 

60immune responses results in recurrent infections, cGVHD, and poor patient outcomes.59
-

Consequently, a more selective PS that has a greater ability to spare and protect healthy 

lymphocytes from depletion will dramatically improve ECP and GVHD.60 
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2. Chapter 2: Rhodamines for Biological and Photobiological Applications 

Rhodamines, a class of cationic dyes based off a xanthene nucleus, are important due to 

their photochemical and photophysical properties. Rhodamine dyes have applications as 

fluorophores, lasing dyes, biological stains, anticancer agents, and PS for the conversion and 

storage of solar energy.63 Typical rhodamines are strongly absorbent at wavelengths under 650 

nm, highly fluorescent, and consequently have a low <1>(102). However structural modifications 

55 64 65can greatly alter the photochemical and photophysical properties of rhodamines.49
' , -

2.1. Tuning Photochemical and Photophysical Properties Through Structural Modifications 

Rigidization of the amino moieties located on the 3- and/or 6-positions of the xanthylium 

core (Chart 2.1) yield longer wavelength absorbing dyes. This can be observed when comparing 

the structures and tuning curves of the commonly used lasing dyes, rhodamines 6G, B, 630, and 

101 (Figure 2.1).65 The same trend is observed with julolidyl (J, julolidine, 2,3,6,7-tetrahydro-

1H,5H-pyrido[3,2,1-ij]quinoline) containing TMR derivatives, in which one of the freely rotating 

N,N-dimethylamino (DMA) substituents located at the 3- or 6-position of the xanthylium core is 

replaced by the rigid J fragment, thus locking the nitrogen lone pair into conjugation with the 

core.66 This modification resulted in 7-11 nm bathochromic shifts in the Amax and 1-2 nm in AFL 

relative to the corresponding TMR derivatives (Table 1.6). Additionally, lipophilicity (log P) 

and E were improved, but there was no significant change in <1>(102) as expected.66 

R 
1 8 

7 

3 ~® 
"N 

I 4 
E 

5 
6 N/

I 

Chart 2.1. Numbering of the TMR scaffold where Eis the heteroatom (0, S, Se, Te), the 3- and 
6-positions are substituted with DMA moieties, and an R group is substituent at the 9-position of 
the xanthylium core.66 
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Figure 2.1. Tuning curves of the rhodamine 6G, B, 630, and 101 excimer pumped dye lasers.65 

Julolidyl 
fragmen 

J-S, E = S 
J-Se, E = Se 

Chart 2.2. Structures of the J-E containing TMR derivatives.66 

Amax (nm) E (M1cm-1
) A.FL (nm) at 532 nm '-l>FL '-I> (102)

Compound logP(MeOH) (MeOH) (MeOH) (MeOH) (MeOH) 
TMR-S 571 6.26x 104 599 0.44±0.01 0.21 ±0.02 0.0 
TMR-Se 581 4.40 X 104 608 0.009 ±0.001 0.87 ±0.01 0.0 

J-S 582 1.05 X 105 600 0.36 ±0.01 0.28±0.02 2.3 
J-Se 588 1.26 X 105 610 0.019 ±0.001 0.85 ±0.02 2.4 

Table 2.1 Properties of the TMR-S, TMR-Se, and corresponding J-E derivatives. Error limits 
represent± SD.66 
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As previously discussed, the addition of heavy atoms, such as bromine, onto the 2-, 4-, 

5-, and/or 7-position(s) of the xanthylium core (Chart 2.1) decrease <l>FL and subsequently 

increase the <1>(102) as demonstrated with R123, DBR123, and TBR123 (Chart 1.6; Table 

1.5).48 Bromination does not significantly alter Amax, but it does interfere with intracellular 

mitochondrial localization.29
' 

48 In addition to halogenation, substitution of the heteroatom (E) 

(Chart 2.1) from O to a heavier chalcogen such as S, Se, or Te increases the <1>(102). Moreover, 

heavier chalcogens red shift absorption and emission maxima while maintaining mitochondrial 

specificity as observed with the TMR-E (Chart 1.6; Table 1.5) and J-E series (Chart 2.2; 

Table 2.1).29 The rigidization of amino moieties and/or addition of heavier atoms to red shift 

Amax, increase <1>(102), and maintain mitochondrial targeting yield suitable rhodamine PSs for 

PDTandECP. 

The substituent located at the 9-position of the xanthylium core (Chart 2.1) may also be 

modified. By evaluating a library of TMR derivatives with varying phenyl substituents located at 

the 9-position (Chart 2.3; Table 2.2), it was discovered that such alterations did not change the 

Amax, suggesting that the chalcogen dictates the f½nax. 67 The S analogs had Amax values ranging 

from 565-573 nm while the Se analogs ranged from 576-582 nm. Compounds containing -NMe2 

(1, 4, 8) and -NH2 (6, 7, 10) substituents had very low <l>FL (0.001-0.04) and <1>(102) (0.01-0.05), 

so these compounds must rapidly undergo IC. Phenyl (TMR-S, TMR-Se), -Me (3), and -OMe 

(2, 5, 9) substituents had higher <l>FL (0.009-0.44) and <1>(102) (0.09-0.87), so ISC must complete 

with IC (Figure 1.12). 

Alternatively, the 9-position of the TMR scaffold was also modified to two other 

aromatic moieties.68 Substitution to a 2-thienyl moiety (11, 12) resulted in an approximately 20 

nm red shift in Amax, but a decrease in <1>(102) in comparison to TMR-S and TMR-Se, while the 
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1-naphthyl substituent (13) resulted in a 5 nm red shift and a higher <1>( 102) (Charts 1.6, 2.4; 

Table 2.3).68 The large shift associated with the 2-thienyl substituent into the 600-800 nm optical 

therapeutic window is important for the development of rhodamine PS for biological 

applications. 

:-,_(±)/ :-,_(±) / :-,_(±) /'N N 'N N 'N N
I I I I I I1, E = S 2, E = S 3 

8, E = Se 9, E = Se 

NH2 

--..:::: 8CI 
:-,_0,,,- :-,_(±) / :-,_(±) / :-,_(±) /

'N N 'N N 'N N 'N N 
I I I I I I I I4 5 6 7, E=S 

10, E = Se 

Chart 2.3. TMR library varying phenyl substituents located at the 9-position (1-10).67 

Amax (nm) 1: (M-1cm-1) <l>FL <I> <102)
Compound E R 

(MeOH) (MeOH) (MeOH) (MeOH) 

TMR-S s phenyl 571 5.01 X 10:t 0.44 ± 0.01 0.21 ± 0.01 
TMR-Se Se phenyl 582 6.92 X 10:t 0.009 ± 0.001 0.87 ± 0.02 

1 s 4-NMe2CJI4 573 7.24 X 10:t 0.003 ± 0.001 0.01 ± 0.01 
2 s 4-OMeC6~ 569 9.77 X 10:t 0.27 ± 0.01 0.09 ± 0.01 
3 s 4-MeC6~ 570 9.54 X 10:t 0.29 ± 0.01 0.11 ± 0.01 
4 s 3-NMe2C6H4 573 7.24 X 10:t 0.001 ± 0.001 0.02 ± 0.01 
5 s 3-OMeC6~ 571 8.71 X 10:t 0.35 ± 0.02 0.16 ± 0.02 
6 s 4-NH2C6H4 565 7.58 X 10:t 0.04 ± 0.01 0.02 ± 0.01 
7 s 3-NH2C~ 571 5.10 X 10:t 0.01 ± 0.01 0.04 ± 0.01 
8 Se 4-NMe2CJI4 576 5.62 X 10:t 0.001 ± 0.001 0.02 ± 0.01 
9 Se 4-OMeC6~ 576 5.62 X 10:t 0.01 ± 0.01 0.60± 0.02 
10 Se 3-NH2C~ 582 5.63 X 10:t 0.004 ± 0.001 0.05 ± 0.01 

Table 2.2. Properties of TMR-S, TMR-Se, and derivatives containing different phenyl 
substituents at the 9-position (1-10). Error limits represent± SD.67 
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Chart 2.4. TMR library using 2-thienyl (11, 12) and 1-naphthyl (13) substituents at the 9-
position.68 

Amax (nm) E (M-1cm-1
) <I> (102)

Compound E R 
(MeOH) (MeOH) (MeOH) 

TMR 0 12henyl 552 8.32x 104 0.06 ±0.03 
TMR-S s 12henyl 571 5.01 X 104 0.21 ±0.01 

TMR-Se Se 12henyl 582 6.92 X 104 0.87 ±0.02 
11 s 2-thienyl 590 3.72 X 104 0.08 ±0.02 
12 Se 2-thienyl 601 6.03 X 104 0.43 ±0.02 
13 Se l-na12hthyl 587 3.98 X 104 0.71 ±0.02 

Table 2.3. Properties of TMR-E and the TMR library using 2-thienyl (11, 12) and 1-naphthyl 
(13) substituents at the 9-position. Error limits represent± SD.68 

2.2. Tuning P-gp Affinity and Binding Through Structural Modifications 

In addition to modifications made to enhance desired photochemical and photophysical 

properties, rhodamines can be modified to tune binding to biological targets, such as P-gp. In an 

initial study, modifications to the TMR scaffold including the number, location, and 

conformational mobility of hydrogen-bond acceptors; the heteroatom; and the substituent located 

at the 9-position of the xanthylium core were investigated to gain insight on TMR structural 

modifications and their effects on binding affinity to the P-gp R-site and P-gp activity.69 These 

alterations led to large variations in the drug-induced stimulation of maximal ATPase activity 

(VMATP: 0.9-5.0 (nmol/min)/µg) and the apparent Michaelis-Menten constant for the stimulating 

drug (KM: 4-392 µM) using mouse MDR3 Cys-less P-gp. These results suggested that drug 

modifications can in fact be made to tune binding affinity as well as P-gp stimulation to develop 
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new competitive inhibitors for the R site of P-gp, which is far less studied than the H-site.69 

Following this investigation, a larger library containing 46 rhodamine analogs modifying 

the rigidity of the 3- or 6-positions (amino, DMA, and J); the heteroatom; and the substituent on 

the 9-position (alkyl, aryl, and heteroaryl) (Chart 2.1) was used to further probe affinity and 

stimulation.27 Once again, great fluctuations in Vmax (<1.5-10.5 fold) and KM (very low 

stimulation-140 µM) were observed, this time using human P-gp-His10. Compounds containing 

the J fragment (Chart 2.2) to increase lipophilicity displayed the lowest values of V max (<1.5-3.1 

fold) and KM (very low stimulation-1.3 µM). This suggested that the addition of the J fragment 

could be an asset in the development of a rhodamine modulator. To further support this, the 

inhibition of the uptake of the fluorescent substrate, Calcein-AM (CAM), was investigated and 

the J fragment lowered the IC50 of uptake to 2.1-5.3 µM in comparison to 9-19 µM for the 

corresponding DMA analogs. In addition to the J fragment, compounds containing thiophene 

amide or thioamide moieties on the 9-position had very low values of KM (0.087-0.68 µM), 

suggesting that these groups would be beneficial in modulator development. 27 

Transport studies in MDCKII-MDRl cell monolayers were performed to determine the 

passive permeability or efflux ratio (PBA/P AB), which were normalized by dividing by the ratio 

observed in a fully inhibited system with LSN335984 (Chart 4.3), a P-gp inhibitor that is 

structurally related to zosuquidar (LY335979) (Chart 1.1). All of the compounds examined were 

determined to be substrates with normalized ratios greater than 3. In terms of PPassive ( 1.2-46 nm 

1 1 1s- ), PAB absorptive (0.8-169 nm s- ), and PBA secretory rates (22-1,010 nm s- ), compounds 

containing weak H-bond acceptors (thioamides) had slower rates (PPassive: 1.2-2.8 nm s-1
, PAB: 

0.8-1.5 nm s-1
, PBA: 22-80 nm s-1

), while strong H-bond accepting groups (amides, methoxy) had 

1 1 1greater rates (PPassive: 23-46 nm s- , PAB : 101-169 nm s- , PBA: 340-693 nm s- ). As a result of this, 
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compounds containing thioamides should be useful in modulator development.27 

An interesting trend was noted when directly comparing thiophene amides versus 

thioamides. The hydrogen-bonding amides were highly stimulating, diffused rapidly, and were 

transported more quickly, while subsequent thioamides diffused slowly and were transported 

sluggishly. Both had high affinities for P-gp (KM: 0.087-0.68 µM), but the thioamides displayed 

the lowest values ofKM (0.087-0.41 µM) out of all of the affinities that could be determined (KM: 

0.087-140 µM). This phenomenon in which amides were highly stimulating and thioamides 

acted inhibitor-like was deemed the "amide/thioamide switch" (Figure 2.2).27 
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Figure 2.2. "Amide/thioamide switch" where the H-bonding amides were highly stimulating and 
rapidly transported by P-gp, while the subsequent thioamides were transported slowly, thus 
acting inhibitor-like.27 

Structural leads in these previous investigations led to the development of a new 12-

rhodamine library (Chart 2.5). Modifications at the 3- or 6-positions (OMA, J, and newly 

designed half-julolidyl (1
/ 2J; 1,4,4-trimethyl-l ,2,3,4-tetrahydroquinoline) (Chart 2.6) to examine 

lipophilicity and hydrophobicity were made in addition to the incorporation of 2-thienyl amide or 

thioamide substituents with either 5-N-piperidyl or 5-N,N-diethyl moieties in order to obtain 

analogous pairs to probe the "amide/thioamide switch."26 
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Chart 2.5. Library with varying thiophene amides and thioamides at the 9-position. 26 

Half-julolidyl 
fragment 

,----A------, R 

Chart 2.6. Structure of the 1
/ 2J rhodamine core. 26 

Vmax and KM for the DMA analogs were higher (14-17; Vmax: 6.6-12.1-fold stimulation; 

KM: 5.5-6.4 µM) compared to those of the corresponding J (18-21 ; V max: 3.5-5.6-fold 
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stimulation; KM: 1.9-3.6 µM) and 1hJ compounds (22-25; Vmax: :'.S 4.7-fold stimulation; KM: 2.2-

3.1 µM for 22 and 23) (Table 2.4). The 1
/ 2J compounds 24 and 25 were too weakly stimulating 

for P-gp ATPase activity, so values ofKM could not be determined and ICso values for inhibition 

of VER-stimulated P-gp ATPase activity were obtained instead (1.1-1.7 µM) (Table 2.4). These 

compounds showed no apparent ATPase activity in isolated protein and must act as inhibitors. 

Additionally, it should be noted that there were no statistically significant differences between 

the V max or KM values of any amide/thioamide pair. However, the OMA moiety located off of the 

2-thienyl amide or thioamide resulted in larger Vmax values (OMA: 12.1, 12.1; J: 5.6, 4.6; 1hJ: 

4.3, 4.7-fold stimulation) than corresponding N-piperidyl compounds (OMA: 8.6, 6.6; J: 4.1, 3.5; 

1
/ 2J: < 2-fold stimulation), but had no effect on KM. 

R = 2-thienyl- Isolated V max, KM P-gp IDs ICsoCAM
Compound E Core logP

5-X fold stimulation (uM) ICso(µM) u~take(µM) 
VER 17.9 ± 2.0 24 ± 2.6 

14 s DMA DA 12.1 ± 1.6 5.7 ± 1.0 >100 1.2 
15 s DMA DT 12.1 ± 1.9 5.8 ± 0.6 14± 1 1.2 
16 s DMA PA 8.6 ± 2.3 6.4 ± 0.4 >100 1.5 
17 s DMA PT 6.6 ± 0.7 5.5 ± 1.3 ND 1.7 
18 s J DA 5.6 ± 0.6 3.6 ± 0.4 10.0 ± 1.6 1.9 
19 s J DT 4.6 ± 1.6 2.3 ± 0.4 9.6 ± 1.2 1.7 
20 s J PA 4.1 ± 0.6 1.9 ± 0.4 56 ± 1 1.4 
21 s J PT 3.5 ± 0.9 2.5 ± 0.4 12.0± 1.1 2.7 
22 s ½J DA 4.7 ± 0.3 2.2 ± 1.0 7.1 ± 1.2 1.4 
23 s ½J DT 4.3 ± 0.5 3.1 ± 0.7 8.8 ± 1.1 2.7 
24 s ½J PA <2 ND 1.1 ± 0.2 13.0± 1.1 1.7 
25 s ½J PT <2 ND 1.7 ± 0.3 9.3 ± 1.1 2.6 

Table 2.4. Vmax, KM, IC5o for CAM uptake, and log P. Vmax is the ratio of maximum stimulation 
in the presence of compound to that without compound (basal activity). KM is the concentration 
of compound required to achieve 50% maximal stimulation. IC5o is the concentration of 
compound required to inhibit 50% of VER-stimulated A TPase activity. Error limits represent ± 
SD. Abbreviations: OMA= N,N-dimethylamino, J = julolidyl, ½J = half-julolidyl, D = N,N
diethylamino, P = N-piperidyl, A= amide, T = thioamide.26 

In terms of CAM uptake into MDCKII-MDRl cells, which overexpress P-gp, all of the 

compounds were very weak inhibitors at a 5 µM concentration (Figure 2.3). However, at a 25 
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µM concentration, the compounds were effective inhibitors. The 1hJ compounds were the best 

inhibitors (64-105% inhibition), followed by the J (41-74%), and finally the DMA compounds 

(3-19%). It was also noted that the amide containing compounds were weaker inhibitors when 

compared to their corresponding thioamide pairs (Figure 2.3). Values of IC50 for the 

enhancement of CAM uptake were also determined (Table 2.4).26 
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Figure 2.3. Percent inhibition of the thiorhodamines with 5 µMand 25 µMin MDCKII-MDRl 
cells relative to full inhibition by LSN 335984. Error bars represent± SD.26 

Transport across MDCKII-MDRl cell monolayers was investigated (Table 2.5). In terms 

of PaA and PPassive, amides had higher rates of transport and diffusion while the thioamides were 

slower in both aspects. Since all of the compounds have very slow rates of PAB absorptive 

transport ( < 1 x 10-9 mis), ratios of PaAIPAB could not be calculated. Instead, ratios of PaA in the 

absence and presence of inhibitor were calculated. All of the compounds had ratios of PaA(

inh)/PBA(+inh) greater than 3, indicating that they are substrates of P-gp. In terms of percent cell 

associated dye, all of the dyes had higher percentages in the presence of inhibitor, which 

confirmed their role as P-gp substrates. Additionally, the thioamides had higher overall 
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percentages relative to the amides in both the inhibited (thioamides: 45-64%; amides: 11-45%) 

and uninhibited (thioamides: 11-52%; amides: 2.1-10%) systems. The ratios of percent cell 

associated dye with and without inhibitor were comparable for all of the DMA compounds 

(thioamides: 4.8, 5.1; amides: 3.9, 5.7) while the ratios for the amide J (thioamides: 1.8, 2.1; 

amides: 4.8, 6.1) and 1
/ 2J (thioamides: 1.2, 1.8; amides: 3.3, 5.2) compounds were higher versus 

the corresponding thioamide analogs. 26 

R=2- PAB PBA PBA Ratio % Cell %RatioCompound E Core 
thienyl-5-X (10-9 mis) (10-9 m/s) (-inh/+inh) Pi>assive Assoc.Dye (+inh/-inh) 

14 280 ± 35 2.1 ± 0.4 s DMA DA :Sl 22 ~7 5.7
{+inh} 13 ± 2 12 ± 3.5 

15 210 ± 17 11 ±3s DMA DT :Sl 41 ~3 5.1
{+inh} 5.1 ± 0.1 56 ± 11 

16 290± 9 2.8 ± 1.0s DMA PA :Sl 38 --4 3.9
{+inh} 7.7 ± 0.1 11 ±3 

17 110 ±35 12 ± 1s DMA PT :Sl 73 ~1 4.8
{+inh} 1.5 ± 0.1 58 ± 2 

18 210 ± 22 5.8 ± 0.2 s J DA :Sl 12 ~9 4.8
{+inh} 17.0 ± 0.4 28 ± 3 

19 65.0 ± 1.5 25.0 ± 0.2 s J DT :Sl 24 ~2 1.8
{+inh} 2.7 ± 0.1 45 ± 6 

20 220 ± 29 6.9 ± 0.1s J PA :Sl 27 --4 6.1
{+inh} 8.1 ± 0.1 42±7 

21 83 ± 3 31 ± 3 s J PT :Sl 69 ~1 2.1
{+inh} 1.2±0.1 64±9 

22 370 ± 17 10± 2s ½J DA :Sl 14 ~14 3.3
{+inh} 27.0 ± 0.3 33 ± 6 

23 69.0 ± 2.5 52 ± 6 s ½J DT :Sl 69 ~1 1.2
{+inh} 1.0 ± 0.1 64±7 

24 230 ± 24 8.6 ± 0.1s ½J PA :Sl 31 --4 5.2
{+inh} 7.5±0.1 45.0 ± 0.1 

25 34± 22 34.0 ± 2.7 s ½J PT :Sl 170 <1 1.8
{+inh} 0.2 ± 0.1 62.0 ± 0.2 

Table 2.5. Transport and percent cell associated dye experiments were run with 5 µM dye and 
4.3 mg/mL bovine serum albumin (BSA). Values of transport in the absorptive (PAB) and 
secretory (PaA) directions in the absence and presence of inhibitor, the ratio of PaA(-inh)/PBA(+inh) 

Passive, the percent cell associated dye in the absence and presence of inhibitor, and the ratio of 
cell associated dye in the presence and absence of inhibitor are displayed. Error limits represent 
±SD.Abbreviations: DMA = N,N-dimethylamino, J = julolidyl, ½J = half-julolidyl, D = N,N-
diethylamino, P = N-piperidyl, A= amide, T = thioamide.26 
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The data obtained demonstrated that thioamides are better inhibitors of P-gp than their 

corresponding amides, thus confirming the "amide/thioamide switch" for ATPase activity. 

Slowly transported compounds with high affinities should be effective P-gp inhibitors. Based on 

the experimental data presented, heavy atom analogs of the J and 1
/ 2J thioamide-containing 

rhodamines may be efficient PS for the treatment ofmultidrug resistant cells.26 

2.3. Rhodamines as P-gp Interactive Photosensitizers 

The phototoxicity of the TMR-E series (Chart 1.6, Table 1.8) was tested in R3230AC 

cells, a rat adenocarcinoma line. As expected, the heavy atom-containing TMR-Se proved to be 

the most phototoxic, followed by TMR-S, and TMR. TMR showed no significant phototoxicity 

compared to untreated cell controls (Figure 2.4) even though the uptake of TMR (16 ± 3 :6:nol 

dye per cell) and TMR-S (14 ± 2 :6:nol dye per cell) were equivalent. The uptake of TMR-Se, 

however, could not be quantified due to its low fluorescence. These results suggested that 

increased phototoxicity was a result of improved photophysical properties rather than 

accumulated drug concentration. 55 
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Figure 2.4. Phototoxicity of TMR-E in R3230AC cells a) varying dye concentration at a 
constant fluence of 5 J cm-2 and b) varying fluence with a constant dye concentration of 0.1 µM. 
Error bars represent ± SEM. 55 
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Since P-gp is known to bind rhodamine derivatives at the R-site, heavy atom-containing 

TMR derivatives should also be transported.22 In vitro uptake and phototoxicity experiments 

were performed using TMR-E in AUXBl cells, a Chinese hamster ovary line expressing normal 

levels of P-gp, and CR1R12 cells, a highly P-gp expressing MDR line. Experiments in the 

AUXB 1 cells indicated that the same quantity of TMR and TMR-S entered the cells in the 

absence and presence of the known P-gp inhibitor, VER, as indicated by fluorescence (Figure 

2.Sa). However, in the CRIR12 cells, a significant increase in the quantity of intracellular dye 

was noted only when VER was present, demonstrating that TMR-E dyes are P-gp substrates.64 

Phototoxicity was also investigated in the CR1R12 cell line, but none of the dyes were 

effective PSs in the absence of VER (Figure 2.Sb ). This suggested that the dyes are substrates of 

P-gp and, upon extrusion, provide no phototoxic effect. Conversely in the presence of VER, 

which inhibits P-gp and allows the dyes to accumulate intracellularly, TMR-S and TMR-Se 

were effective PSs (Figure 2.Sb ). Furthermore, the phototoxicity of TMR-Se in AUXB 1 versus 

CR1R12 cells in the absence and presence of VER was compared. Using the AUXBl cell line, 

ample but not statistically significant cell death was observed, while less phototoxicity but a 

statistically significant difference was noted in the CR1R12 cells (Figure 2.Sc). These data 

demonstrated that rhodamines are effective PSs in both normal and MDR cell lines expressing P

gp when combined with a known P-gp modulator. Furthermore, these compounds may become 

more effective PSs alone with further structural modifications altering their chemical, 

photochemical, and biological properties.64 
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Figure 2.5. a) Uptake of 10 µM TMR and TMR-S after 1 hour in the absence and presence of 7 
µM VER in AUXBl and CR1R12 cells. Error bars represent± SEM. b) Phototoxicity with and 
without 7 µM VER (2 h) while varying the concentrations of TMR, TMR-S, and TMR-Se (2 h) 
in CR1R12 cells at a constant fluence of 5 J cm-2

• Error bars represent± SEM. c) Phototoxicity 
with and without 7 µM VER (2 h) while varying concentrations of TMR-Se in AUXBl and 
CR1R12 cells at a constant fluence of 5 J cm-2

• Error bars represent± SEM.64 

Comparing the TMR-E series to the series varying aryl substituents located at the 9-

position (Chart 2.3, Table 2.2) in AUXBl cells, it was found that the -NMe2 (1, 4, 8) and the -

NH2 (6, 7, 10) substituents were not very phototoxic. TMR-S and TMR-Se were the most 

efficient photosensitizers in the S (Figure 2.6a) and Se (Figure 2.6b) series, respectively, which 

was expected based on their <1>( 10 2). In CR1R12 cells, intracellular uptake of TMR-S, 2, and 5 

showed that the same quantity of dye was taken up in the absence of VER, but different 

concentrations accumulated in the presence ofVER (Figure 2.7). The order of accumulation was 

TMR-S > 2 > 5, which was consistent with the witnessed phototoxicity trend (Figure 2.6c ). This 

suggested that the concentration of intracellularly accumulated dye, which may be a result of 

differences in P-gp mediated efflux, affects phototoxicity.67 
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Figure 2.6. Phototoxicity ofvarying concentrations of the a) S and b) Se TMR derivatives with a 
constant fluence of 5 J cm-2 in AUXB 1 cells. c) Phototoxicity of varying concentrations of six of 
the S TMR derivatives with a constant fluence of 5 J cm-2 in CR1R12 cells following a 15 min 
incubation with 50 µM VER. Error bars represent ± SEM. 67 
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Figure 2. 7. Intracellular accumulation of varying concentrations of the S TMR derivatives in 
CR1R12 cells following a 2 h incubation with dye in the absence and presence of 50 µM VER. 
Error bars represent ± SEM. 67 

Since rhodamine dyes interact with P-gp, the effect of using J-Se to photochemically 

inactivate ATPase activity was examined.66 Combining J-Se and light fully inactivated activity 
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•

·.. .

(Figure 2.8a), and this photoinactivation was proportional to the fluence dose (Figure 2.8b). 

Additionally, uptake experiments were performed using the fluorescent TMR-S and J-S dyes. 

As previously witnessed, the inclusion of VER had no significant impact on uptake in AUXBl 

cells but did in CR1R12 cells (Figure 2.9). More interestingly, the difference was much less 

pronounced with J-S, suggesting that J-S itself is a better modulator ofP-gp.66 
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Figure 2.8. Photoinactivation of P-gp ATPase activity a) varying the concentration of J-Se with 
a constant fluence of 3.0 J cm-2 of 350-800 nm light and b) varying the irradiation time using 5 
µM J-Se. Error bars were omitted for clarity, but are all less than 10%.66 
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Figure 2.9. Relative uptake of a) TMR-S and b) J-S in AUXBl and CR1R12 cells in the 
absence and presence of 200 µM VER. Error bars represent± SD.66 

In phototoxicity experiments using 0.1 µM dye and a 5 J cm-2 fluence, TMR-Se, J-S, and 

J-Se all showed some phototoxicity in AUXBl cells (Figure 2.10a). In the CR1R12 cells, 
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however, TMR-Se and J-S showed no significant phototoxicity while J-Se gave a surviving 

fraction of 0.2 following irradiation (Figure 2.10b ). No substantial dark toxicity was witnessed 

with any of these dyes, as indicated by surviving fractions above 0.9. Therefore, J-Se can be 

considered to be a lead compound in the development of a new class of cationic rhodamine PSs 

with the ability to destroy MOR efflux pumps at low concentrations and, subsequently, cause cell 

death in MOR cell lines using light.66 
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Figure 2.10. Surviving fractions of a) AUXBl and b) CR1R12 cells treated with 0.1 µM TMR
S, J-S, and J-Se with fluences of O(black) and 5 J cm-2 (white). Error bars represent+ SD.66 

2.4. Mimicking Dimer Dyes Through the Incorporation of Oligothiophenes 

Approximately 10 years ago, a thiophene carboxylate dye was synthesized that contained 

a fraction of a dimeric byproduct (~95:5), presumably formed via self-condensation of the 

lithiated intermediate (Chart 2.7). When this mixture was examined for its effect on P-gp 

activity, the dye bound tightly to P-gp and was classified as a non-competitive inhibitor 

(unpublished data). Once the presence of this impurity was discovered and the dye was 

synthesized as the pure thiophene carboxylate, reevaluation of its activity showed weaker 

binding to P-gp (KM= 140 ± 11 µM) and the dye was classified as a substrate.27 These results 
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suggested that the inhibition observed using the original mixture was due solely to the presence 

of the dimeric side product. 

0 
0 

HO 
HO 

Chart 2.7. Structures of the thiophene carboxylate dye (left) and carboxylate dimer dye (right). 

Since dimeric side products proved to be challenging to remove from a reaction mixture, 

efforts were made to reduce the formation of this undesired contaminant. Decreasing the 

metalation time to 2 min and the concentration of lithiated intermediates to less than 0.05 M 

reduced the formation of the dimeric byproduct. Additionally, running the reactions under these 

optimized conditions on large scale (greater than 0.5 g) allowed for the separation of respectable 

71amounts of the desired monomeric dye.70
-

At the same time, the synthesis of pure dimer dyes as potent inhibitors of P-gp became of 

interest. Although attempts at synthesizing the brominated dimer linkers via organocerium 

reagents were successful, all efforts to form the corresponding Grignard or lithiated 

intermediates that would subsequently be added to the 9-position of a xanthone failed. 71 With this 

lack of success, it was hypothesized that increasing the length of the thiophene linker may more 

easily afford a new class of novel dyes which would mimic dimer dyes. As a result of this, a 

series of oligothiophene linkers consisting of thieno[3 ,2-b ]thiophene; 2,2' -bithiophene; and 

2,2':5',2"-terthiophene emerged (Chart 2.8). 
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th ieno[3,2-b]thiophene 2,2'-bithiophene 2,2':5',2"-terthiophene 

Chart 2.8. Structures ofthieno[3,2-b]thiophene; 2,2'-bithiophene; and 2,2':5',2"-terthiophene. 

2.5. Novel P-gp Interactive Photosensitizers for PDT and ECP 

Over the past 5 years, the Detty group has shown that rhodamines with J and ½J cores 

containing thiophene thioamides located at the 9-position are efficient photosensitizers in P-gp 

expressing cell lines for PDT (Chapter 4)72
, while thiophene amides are effective for the 

prevention of GVHD (Chapter 8)59
. Additionally, by further rigidizing the 3- and 6-positions of 

the core, red shifted bis J (Texas Red) (Chapter 3)73, bis ½J, and an unsymmetrical J½J based 

dyes that absorb in the optical therapeutic window for PDT (Chapter 5)74 and ECP (Chapter 

7)60 have been developed. The Texas Red tellurorhodamines (non-fluorescent) were also 

effectively oxidized to their corresponding telluroxides (fluorescent), a redox-related 

phenomenon that was observed in cells and could be employed in vitro to track cellular redox 

processes (Chapter 3)73 
. Furthermore, a brand-new class of extended rhodamine 

photosensitizers, based on phenothiazine methylene blue and benzophenothiazine Nile blue dyes, 

for PDT have been developed (Chapter 6)75
. These dyes are the first rhodamines reported with 

Amax 640-700 nm. 
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3. Chapter 3: Synthesis and Properties of Heavy Chalcogen Analogues of the Texas Reds and 

Related Rhodamines 73 

My contribution to this manuscript was the growth and maintenance of Colo-26 cell 

cultures, biological studies investigating the cellular oxidation of non-fluorescent 27 through 

self-sensitized generation of 10 2 to give fluorescent telluroxide 28 in live Colo-26 cells, 

fluorescence microscopy of 27 and MTG treated Colo-26 cells, and ImageJ analysis of the 

obtained images. Taken together, the biological results presented in this manuscript suggest that 

fluorescence from telluroxide 28 or related may permit the tracking of cellular redox processes 

structures in vitro. 

Reprinted with permission: Organometallics, 2014, 33, 2628-2640. 
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3.1. Abstract 

Analogues of Texas Red incorporating S, Se, and Te atoms in the xanthylium core were 

prepared from the addition of aryl Grignard reagents to appropriate chalcogenoxanthone 

precursors. The xanthones were prepared via directed metallation of amide precursors, addition 

of dichalcogenide electrophiles, and electrophilic cyclization of the resulting chalcogenides with 

phosphorus oxychloride and triethyl amine. The Texas Red analogues incorporate two fused 

63 



julolidine rings containing the rhodamine nitrogen atoms. Analogues containing two "half

julolidine" groups (a trimethyltetrahydroquinoline) and one julolidine and one "half-julolidine" 

were also prepared. The photophysics of the Texas Red analogues were examined. The S

analogues were highly fluorescent, the Se-analogues generated single oxygen (102) efficiently 

upon irradiation, and the Te-analogues were easily oxidized to rhodamines with the telluroxide 

oxidation state. The tellurorhodamine telluroxides absorb at wavelengths 2: 690 nm and emit with 

fluorescence maxima > 720 nm. A mesityl-substituted tellurorhodamine derivative localized in 

the mitochondria of Colo-26 cells ( a murine colon carcinoma cell line) and was oxidized in vitro 

to the fluorescent telluroxide. 

3.2. Introduction 

The two fused julolidine rings of the rhodamine Texas Red (1, Chart 3.1) lock the N 

atoms into conjugation with the rhodamine xanthylium core leading to longer wavelengths of 

absorption. Compound 1 and related structures have found numerous applications, primarily 

based on their wavelength and efficiency of fluorescence and their flat, rigid nature, which has 

assisted in binding to biopolymers.76
-
87 Analogues of 1 with even longer wavelengths of 

88 89absorbance and emission have been of interest.78
' -

Ph PF~ MC©
~ 

(±) C(9 I
Me2N E NMe2 Me 

1, Texas Red TMR-E, E = 0, S, Se, Te julolidine "half-julolidine" 

Chart 3.1. Structures of Texas Red (1), TMR-E, julolidine, and "half-julolidine." 
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We have prepared heavy-atom analogues of the tetramethylrosamines/rhodamines 

90 91 66(TMR-E, Chart 3.1)49
, - and analogues incorporating one julolidine group and, more 

recently, one "half-julolidine" group (a trimethyltetrahydroquinoline, Chart 3.1) in the 

xanthylium core. 26 The introduction of a single fused julolidine or half-julolidine group gives a 

small increase in Amax, but larger shifts in Amax are realized by replacing the oxygen atom of the 

xanthylium core with the heavier chalcogen atoms S, Se, and Te. As the chalcogen atoms 

increase in size, the resulting rhodamines have decreasing quantum yields of fluorescence (<DFL) 

d . . . ld C'. h . f . 1 d . 1 [ffi(lO )] 49 66 90-91an mcreasmg quantum y1e s 1or t e generation o trip ets an smg et oxygen '-J)' 2 • ' ' 

The synthesis of Texas Red derivatives incorporating the heavier chalcogen atoms S, Se, and Te 

should give rhodamine analogues with values of Amax > 600 nm with control of relative yields for 

fluorescence and triplet production for different applications. 

A second observation regarding analogues of TMR-Te is the facile oxidation to the 

telluroxide oxidation state. The rhodamine telluroxides absorb at much longer wavelengths (> 60 

nm longer) than the reduced forms. Furthermore, the rhodamine telluroxides are highly 

fluorescent while the reduced tellurorhodamine/rosamines are non-fluorescent.92
-
93 Tellurium-

containing derivatives of 1 should be readily oxidized to telluroxides with absorption and 

emission wavelengths in the near infrared. 

Herein, we describe the synthesis of S-, Se-, and Te-containing analogues of 1 and related 

compounds via the chalcogenoxanthone precursors 2-4 (Chart 3.2). The Texas Red analogues 5-

7 with a 9-phenyl substituent were then prepared (Chart 3.2). The S-containing analogues were 

highly fluorescent, the Se-containing analogues were an order of magnitude less fluorescent and 

generated singlet oxygen (102) efficiently upon irradiation, and the Te-containing analogues 

were easily oxidized to the telluroxide oxidation state and absorb at wavelengths > 690 nm and 
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emit with fluorescence maxima > 720 nm. Preliminary studies also indicate that telluro

rhodamines localize in the mitochondria of cells and that in vitro oxidation of a tellurorhodamine 

and emission from the resulting telluroxide can be observed in cells in culture. 

0Me Me Me 

2, E = S, Se, Te 3, E = S, Se, Te 4, E = S, Se, Te 

Ph Ph Me MePh Me Me 

I~ :--.. 
N CBN ,,-:::- 81 

PF6 MeMe MePF6 
5, E = S, Se, Te 6, E = S, Se, Te 7, E = S, Se, Te 

Chart 3.2. Structures of chalcogenoxanthone precursors 2-4 and Texas Red analogues 5-7. 

3.3. Results and Discussion 

3.3.1. Synthesis 

Our synthetic approach is analyzed in Scheme 3.1. The key to the successful synthesis of 

TMR-related molecules or derivatives incorporating a julolidine or half-julolidine was access to 

the corresponding chalcogenoxanthones as precursors to the rhodamine analogues.26
• 

66
• 

94
-
96 The 

synthesis of chalcogenoxanthones is similarly key to this work. Texas Red analogues such as 5-7 

can be prepared via the addition of PhMgBr ( or other Grignard or organolithium reagents) to 

chalcogenoxanthones 2-4 followed by treatment with acid. Chalcogenoxanthones 2-4 can be 

prepared via electrophilic cyclization of the diaryl chalcogenide intermediates A (Scheme 3.1) 

under modified Friedel-Crafts conditions. Structures related to A have shown a propensity to 

94 96cyclize para to the amino substituent under these conditions.26
• - Intermediates A can be 
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prepared via the addition of a diaryl dichalcogenide B bearing a m-amino substituent to an anion 

94 96C prepared by amide-directed metallation. 26
• -

Ph 0 

~(±) ===> ===) 

N E 
I I I 
l 

' 
, 5-7 , J ) 2-4 l 

' " 

Scheme 3.1. Synthetic approach to S, Se, and Te Texas Red analogs. 

The specific dichalcogenide precursors B were prepared as shown in Scheme 3.2. 3-

Bromoaniline (8) was converted to 8-bromojulolidine (9) using a modification of the literature 

procedure used to prepare other 8-substituted julolidines. 97 Alkylation of 8 with excess 1-bromo-

3-chloropropane at 140 °C in the presence of Na2CO3 gave dialkylation of 8 in essentially 

quantitative yield. The unpurified dialkylation product was isolated by extraction, dried and then 

heated at 160 °C in anhydrous DMF for 48 h to give 998 in 68% isolated yield overall. Formation 

of the Grignard reagent from 9 with Mg turnings in THF proceeded only when the concentration 

of 9 in THF was at least 2.0 M. At lower concentrations, the Grignard reagent either did not form 

or formed sluggishly. Elemental S, Se, or Te was then added to the Grignard reagent from 9 to 

give the corresponding julolidyl dichalcogenides 10 following air oxidation. 

The half-julolidyl analogues 13 were prepared via allylation of commercially available 3-

bromo-N-methylaniline with 1-chloro-3-methylbut-2-ene in DMF at 95 °C to give aniline 11 in 

95% yield (Scheme 3.2). These conditions are more strenuous than the literature conditions97 

used for the allylation of N-methylaniline (1-chloro-3-methylbut-2-ene and K2CO3 in CH3CN at 
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40 °C) and were necessary to give product formation. Cyclization of 11 with concentrated H2SO4 

gave tetrahydroquinoline 12.99 The Grignard reagent from 12 reacted with elemental S, Se, or Te 

to give dichalcogenides 13 following air oxidation. 

THF, reflux, 3 h 

2) E, r.t., 3 h 
10-5, E = S, 60% 
10-5e, E = Se, 57% 9 
10-Te, E = Te, 71% 

Me Me 1) Mgo, 12 (cat) ~e AXoMeMeM)-Me 

) H2S04 AX THF, reflux, 3 h (N)n{E'E~N) 

<n'>--N, -0 °-C---r.t-., ---l1►h Br~N) 2) E, r.t., 3 h ~3, Me

'P Me Me Me 13-5, E = S, 70%Me 80% 13-5e, E = Se, 67%Br 11 12 13-Te, E = Te, 89% 

Scheme 3.2. Synthesis of dichalcogenide precursors. 

Chalcogenoxanthones 2-4 were prepared as shown in Scheme 3.3. Julolidine-9-

1496carboxamide was treated with s-BuLi and TMEDA to give directed ortho-lithiation. 

Treating the resulting anion with a diaryl dichalcogenide 10 gave the unsymmetrical diaryl 

chalcogenides 15, which were cyclized to xanthones 2 with POCh and Et3N in CH3CN.95 

Similarly, tetrahydroquinoline carboxamide 1626 was treated with s-BuLi and TMEDA followed 

by a diaryl dichalcogenide 13 to give the unsymmetrical diaryl chalcogenides 17, which were 

cyclized to xanthones 3 with POCh and Et3N in CH3CN.95 The unsymmetrical xanthones 4 were 

prepared from carboxamide 14 and diaryl dichalcogenides 13 via the intermediacy of diaryl 

chalcogenides 18. The cyclization of 18 with POCh and Et3N in CH3CN95 gave xanthones 4. 

Alternatively, xanthones 4 were prepared from directed metalation of 16 followed by 

treating the resulting anion with a dichalcogenide 15. This approach gave poorer yields than the 

procedure shown in Scheme 3.3. 

68 

https://CH3CN.95
https://CH3CN.95


001);i~~~ M~oOO 1);i~~~ M~o 
~o l.,~ THF, -78 oc lNME N 

THF, -78 °C 

M 2) 13-E MeN 16 I ~ 
2) 10-E 

e POCl3, N. Me 0 
1) PhMgBr El3NPOCl3, ~N 

1) PhMgBr Et3N 6-S, 82% THF 3-S, 83% ..,,,,,.,.:--- Me 
5-S, 91% THF 2-S, 82% ..,,,,,.,.:--- 6-Se, 78% 3-Se, 73% CH3CN Me 
5-Se, 86% 2-Se, 70% CH3CN 15-S, E = S, 45% 6-Te, 75% 2) HPF6 3-Te, 87% 17-S, E = S, 62% 
5-Te, 92% 2) HPF6 2-Te, 59% 15-Se, E = Se, 48% 17-Se, E = Se, 55% 

15-Te, E = Te, 37% 17-Te, E = Te, 50% 

0 1)s-Bul1, ~NOEO 0~o ;~~o;, "C '(f'J,
"0 14 2) 13-E ~ 

POCl3, Me N' Me 

1) PhMgBr Et3N 
7-S, 90% THF 4-S, 87% ..,,,,,.,.:--- Me 
7-Se, 75% 4-Se, 61% CH3CN 18-S, E = S, 55% 
7-Te, 89% 2) HPF6 4-Te, 61% 18-Se, E = Se, 64% 

18-Te, E = Te, 38% 

Scheme 3.3. Synthesis of chalcogenoxanthones 2-4 and Texas Red analogues 5-7. 

compound %yield "-max,nm 1:, M-1 cm·1 lFL, nm ~La 4i(102)a 

TMR-Ob 550 8.66 X 104 575 0.84 0.08 

TMR-Sb 571 6.26 X 104 599 0.44 0.21 

TMR-Seb 581 4,4 X 104 608 0.009 0.87 

TMR-Te 597c 8.1 X 104c <0.005d 0.4Y 

1 587e 8,5 X lQ4e 61Y 

5-S 91 594 1.24 X 105 621 0.42 <0.05 

5-Se 86 604 1.35 X 105 631 0.06 0.68 

5-Te 92 617 1,44 X 105 642 0.002 0.53 

6-S 92 579 1.04 X 105 606 0.53 <0.05 

6-Se 78 590 1.36 X 105 617 0.03 0.79 

6-Te 75 607 1.21 X 105 632 0.002 0.47 

7-S 90 587 1.20 X 105 614 0.47 <0.05 

7-Se 75 597 1,22 X 105 624 0.02 0.81 

7-Te 89 610 1.27 X 105 637 0.003 0.40 

19-Se 588 1.26 X 105 0.85 

20-Se 74 585 1.35 X 105 0.88 

Table 3.1. Synthetic yields, absorption maxima (Amax) and molar extinction coefficients (E) in 
CH3OH, fluorescence emission maxima (lFL) and quantum yields for fluorescence (<PFL) in 
CH3OH, and quantum yields for the generation of singlet oxygen [<1>(10 2)] in CH3OH for 5-E-7-

49 90 93 83E and values of Amax, E, and <1>(102) for 19-Se and 20-Se. a SD in values is ± 3%. b . c . d . e . 
/66 
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Compounds 2-4 were converted to the Texas Red analogues 5-7 (Scheme 3.3) with 

PhMgBr in THF followed by work up with aqueous HPF6 (Table 3.1). Other 9-substituents 

d ·1 · d d · h G · d 1· h. 26 49 66 90 92-93 96 should be rea 1 y mtro uce usmg ot er ngnar or organo 1t mm reagents. · · · · · 

3.3.2. Photophysical Properties 

Texas Red (1) has an absorbance maximum, Amax, of 589 nm in MeOH with a molar 

104 M-1 1extinction coefficient, E: , of 8.5 x cm- (Table 3.1).83 The Texas Red analogues 5 

incorporating the heavier chalcogen analogues have values of Amax at longer wavelengths (594-

617 nm, Table 3.1). For comparison purposes, values of Amax and c in MeOH for the TMR-E 

analogues (E = O-Se,49 Te90
) are also compiled in Table 3.1. The heavy-chalcogen analogues 5 

of the Texas Reds are all red shifted 20-23 nm relative to their corresponding TMR-E 

derivatives and all have values of c 2: 1.24 x 105 M-1 cm-1
. Compounds 6 with two "half 

julolidine" groups are red shifted 8-9 nm relative to the corresponding TMR-E analogues, while 

the red shift of the unsymmetrical dyes 7 is intermediate at 13-16 nm. 

Steady-state fluorescence spectra for 5-7 were acquired with excitation at 532 nm.49 The 

emission maxima O,n) and quantum yields for fluorescence (<l>FL) for TMR-E (E = O-Se,49 Te92
) 

and dyes 5-7 are compiled in Table 3.1. Values of <!>FL for the S-containing dyes 5-S, 6-S, and 7-

S (<l>F = 0.42-0.53, Table 3.1) are comparable to <l>FL for TMR-S (<l>F = 0.44).49 Selenium

containing dyes 5-Se, 6-Se, and 7-Se have values of <l>FL roughly an order of magnitude smaller 

than their corresponding S-analogues (<l>FL = 0.02-0.06, Table 3.1) and all are more emissive 

than TMR-Se (<l>F = 0.009).49 Fluorescence from all of the Te-containing analogues (TMR-Te, 

5-Te, 6-Te, and 7-Te) is weak (<l>FL < 0.005, Table 3.1). 

Quantum yields for the generation of 10 2 [<1>(102)] by 5-7 were evaluated using steady-
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--

state 102 luminescence with TMR-Se as a reference [<1>(102) = 0.87].49 In Figure 3.1, the 

smoothed luminescence spectra of 10 2 produced by sensitization of 5-Se, 5-Te, 6-Se, 6-Te, 7-Se, 

and 7-Te are compared to the luminescence spectrum of 102 produced by sensitization of TMR

Se. Steady-state 10 2 luminescence emission for the S-containing dyes 5-S, 6-S, and 7-S was 

difficult to extract from the background and the values of <1>(102) for the S-containing 

compounds are considered to be low [<1>(102) < 0.05]. Values of <1>(102) are compiled in Table 

3.1 for TMR-E (E = O-Se,49 Te95
) derivatives and dyes 5-7. 

0.007 

--TMR-Se::::, 0.006 - 5-Se--Ctl 
-- 5-Te 

>, 0.005 
+-' -- 7-Te·u5 
C - 6-Se

0.004 
+-' -- 7-SeQ) 

C -- 6-Te0.003 C 
0 
·u5 

0.002 

.E Cf) 

w 0.001 

0.000 

1250 1300 

Wavelength (nm) 

Figure 3.1. Luminescence of 10 2 sensitized with TMR-Se, 5-Se, 5-Te, 6-Se, 6-Te, 7-Se, and 7-
Te through excitation at 532 nm (MeOH solutions). Concentrations of all solutions were adjusted 
to match OD = 0.10 at 532 nm. 

The Se-containing analogues TMR-Se, 5-Se, 6-Se, and 7-Se were found to generate 10 2 

more efficiently [<1>(102) = 0.68-0.87] than their corresponding Te-containing analogues TMR

Te, 5-Te, 6-Te, and 7-Te [<1>(102) = 0.40-0.53]. A possible reason for this can be that as the rate 

of S1---+T1 intersystem crossing increases, the heavy atom simultaneously increases the rate of 

T1---+S0 nonradiative transition, causing a decrease in the triplet lifetime, that, correspondingly, 

may decrease the efficiency of the sensitization of singlet oxygen. 100
· 
101 The observed intensity 

of 10 2 luminescence could be also affected by other possible interactions of 10 2, which are 
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different for the Texas Red analogues with Se and Te atoms (e.g., possible formation of 

exciplexes between 10 2 and dye molecules). 

In examining the trends observed on the impact of amine structure on <1>( 102) within the 

Se-containing dyes, incorporation of the julolidyl fragment lowers <1>(10 2) more than 

incorporation of the half-julolidyl fragment. Values for 5-Se, 6-Se, and 7-Se were compared to 

19-Se66 incorporating one julolidyl fragment and 20-Se incorporating one half-julolidyl 

fragment. 

1) s-Buli, o 
Me Me O

TM EDA M~Me 

THF, -78 °C O 0 
16 ---- N Se ~NMe,

2 Me 
23, 96%) :~46%~M 

(Me2N Seh 1) PhMgBr,
21 NMe2 THF 

2) HPF6l 
Ph 

McSccciMePF~Ph 

® 
N Se NMe2
Me 

20-Se, 74% 

Scheme 3.4. Synthesis of compound 20-Se. 

Compound 20-Se was prepared as shown in Scheme 3.4. Lithiation of amide 16 withs

BuLi/TMEDA followed by the addition of diselenide 2194 gave diaryl selenide 22 in 46% 

isolated yield as the only observed product. Cyclization of 22 with P0Cb/Et3N in CH3CN95 gave 

selenoxanthone 23 in 96% yield. The addition of PhMgBr to 23 in THF followed by workup 

with aqueous HPF6 gave selenorhodamine 20-Se in 74% isolated yield. The luminescence 

spectrum of 10 2 produced by sensitization with 20-Se was compared to the luminescence 

spectrum of 10 2 produced by sensitization of TMR-Se to give <1>(10 2) of 0.88 (Table 3.1). The 

value of <1>(10 2) for 19-Se was previously determined to be 0.85.66 
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The selenorhodamine TMR-Se has Amax of 581 nm in MeOH, while values of Amax for 19-

Se and 20-Se were 588 nm and 585 nm, respectively. The impact of the incorporation of a single 

julolidyl or half-julolidyl moiety in the chromophore is less than half the change observed in Amax 

for the incorporation of two. The impact of the incorporation of a single julolidyl or half-julolidyl 

moiety on <D(102) is even smaller. Values of <D(102) for TMR-Se (0.87), 19-Se (0.85), and 20-Se 

(0.88) are essentially identical within the 3% error of the experiments. When both amino groups 

are constrained in julolidyl or half-julolidyl fragments, values of <D(102) are lower for 5-Se (0.68) 

and 6-Se (0.76) relative to TMR-Se, 19-Se, or 20-Se. 

3.3.3. Oxidation ofTellurorhodamines to Tellurorhodamine Telluroxides 

Earlier studies with chalcogenopyrylium dyes show that, with respect to rates of reaction 

of 10 2 with the chalcogen atom in the dye chromophore, Te >> S > Se. 102 Our recent studies 

show a rapid oxidation of several tellurorhodamines with 10 2 to give telluroxide 24-26 (Chart 

3.3).93 We examined the oxidations of 5-Te and 6-Te to the corresponding telluroxides in two 

ways. Photooxidation of 8 x 10-6 M 5-Te in air-saturated 50% aqueous MeOH containing 0.1 M 

CF3C02H with 375-800-nm light from a filtered tungsten lamp (50 mW cm-2
) gave loss of the 

chromophore for 5-Te (Amax= 617 nm) and appearance of a new chromophore at 716 nm, which 

was transiently stable. The oxidation was more conveniently carried out using H20 2 as an 

oxidant as shown in Figure 3.2. Texas Red analogue 5-Te was oxidized with 3 x 10-3 M H20 2 to 

give presumably the corresponding telluroxide with Amax of 716 nm (c: = 1.1 x 105 M-1 cm-1 

assuming 100% conversion of 5-Te to telluroxide) with an isosbestic point at 641 nm. The 716-

nm chromophore was lost upon standing under the conditions of reaction over a 2-h time period. 

Attempts to prepare the telluroxide on a mg-scale gave decomposition to many products.93 
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Chart 3.3. Structures of telluroxides 24-26. 
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Figure 3.2. Oxidation of 8 x 10-6 M 5-Te with 3 x 10-3 M H2O2 in 50% aqueous MeOH 
containing 0.1 M CF3CO2H. After an initial scan at O s, subsequent scans were taken at 960, 
1920, 2400, and 3360 s. 

In our earlier work, tellurorhodamine telluroxides 25 and 26 (Chart 3.3) substituted with 

9-aryl groups with ortho-methyl functionality displayed increased hydrolytic stability relative to 

telluroxide 24 with a 9-phenyl substituent.93 To this end, 9-mesityltellurorhodamine 27 was 

prepared in 83% yield by addition of the Grignard reagent from 2-bromomesitylene to 

telluroxanthone 2-Te at ambient temperature in THF followed by workup with aqueous HPF6 

(Scheme 3.5). Tellurorhodamine 27 absorbed light with Amax of 617 nm and£ of 1.65 x 105 M-1 
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cm-1 in MeOH (Table 3.2). Tellurorhodamine 27 was oxidized to telluroxide 28 with 3 x 10-3M 

H2O2 in either pH 7.4 phosphate buffer or in MeOH containing 0.1 M CF3CO2H. Mesityl

substituted telluroxide 28 was stable with no loss of the 704-nm chromophore (Table 3.2) after 

several hours at ambient temperature. 

Me Me Me 

1) 6,THF 

MeVMe 
MgBr H20 2 or 

2-Te 
102 

pH 7.42) aq HPF6, 83% 
phosphate 

buffer27 28 

Me Me Me 

1) 6 ,THF 

MeVMe Me Me Me Me 
MgBr 

3-Te 
102 ~ ~ 

N 
I pH 7.4 ~ Tr±) 8 ~ (±)2) aq HPF6, 56% Me 0 8phosphate Me PF5 Me 

buffer
29 30 

Scheme 3.5. Synthesis oftellurorhodamines 27 and 29 and telluroxides 28 and 30. 

compound "-max,nm E, M-1 cm-1 
lFL, nm ~L 

27a 617 1.65 X 105 <0.005 

28b 704 1.35 X 105 740 0.16 

29a 606 9.66 X 104 <0.005 

30b 692 1.65 X 105 720 0.16 

Table 3.2. Absorption maxima (Amax), molar extinction coefficients (E), fluorescence maxima 
O,n), and fluorescence quantum yields (<l>FL) for tellurorhodamine 27 and 29 and 
tellurorhodamine telluroxides 28 and 30. a In MeOH. b In CH3OH containing 0.1 M CF3CO2H. 

Similarly, the addition of the Grignard reagent from 2-bromomesitylene to 

telluroxanthone 3-Te at ambient temperature in THF followed by workup with aqueous HPF6 

gave tellurorhodamine 29 in 56% isolated yield (Scheme 3.5). Tellurorhodamine 29 absorbed 
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light with Amax of 606 run and c of 9.66 x 104 M-1 cm-1 in MeOH (Table 3.2). Tellurorhodamine 

29 was oxidized to telluroxide 30 with 3 x 10-3 M H2O2 in either pH 7.4 phosphate buffer or in 

MeOH containing 0.1 M CF3CO2H to give telluroxide 30 with Amax of 692 run (Table 3.2). 

Telluroxide 30 was less stable than telluroxide 28 and was lost over several hours at ambient 

temperature in both solvent systems. 

On a preparative scale, both 27 and 29 were oxidized in 0.1 M CF 3CO2D in CD3OD with 

H2O2 (0.18 M) to allow acquisition ofNMR spectra. For both compounds, 1H NMR spectra were 

acquired immediately after the addition of H2O2 and showed complete oxidation of the starting 

tellurorosamine to telluroxides 28 and 30. For 28, no further changes were observed over a 1.5-h 

period. For 30, loss of telluroxide signals and the appearance of new products were observed 

over a 1.5-h period. 

Coupling patterns and chemical shifts are similar in the 27/28 and 29/30 pairs and 1H 

NMR spectra for both pairs in 0.1 M CF3CO2D in CD3OD are compiled in the Supporting 

Information. Both tellurorosamine dyes 27 and 29 gave Be NMR spectra with the expected 19 

(11 aromatic, 8 aliphatic) signals. The Be NMR spectra of telluroxides 28 and 30 were not as 

well defined (Supporting Information). All eight different aliphatic carbons were observed for 

both compounds, but only 8 aromatic signals for 28 and 10 aromatic signals for 30 were 

observed. Acquisition of data was limited by the stability of the oxidized product. At higher 

concentrations of 28/30, the rate of loss of 30 was accelerated suggesting second-order processes 

for the loss of 30. Solvent addition/elimination to the telluroxide functionality might also lead to 

line broadening on near-by carbons. 

Both 28 and 30 were highly em1Ss1ve. The absorption and em1ss1on spectra of 

telluroxides 28 and 30 in MeOH containing 0.1 M CF3CO2H are shown in Figure 3.3. Values of 
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<Pp for 28 and 30 were both 0.16 (Table 3.2) using Rhodamine 700 as a known fluorescence 

standard with <l>p = 0.38. 103 

a) 1.0 1.0 b) 1.0 1.0 
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Figure 3.3. Absorption and fluorescence spectra for a) tellurorhodamine telluroxide 28 and b) 
tellurorhodamine telluroxide 30 in MeOH with 0.1 M CF3C02H. 

3.3.4. Biological Studies: Cellular oxidation of 27 

In our early work examining telluropyrylium dyes as photosensitizers for the 

photodynamic therapy (PDT) of cancer, we noted mitochondrial fluorescence from the 

telluroxide oxidation state following irradiation of dye-treated U-251 MG glioblastoma cells.29' 

104 Oxidation of the telluropyrylium dyes via self-sensitized generation of singlet oxygen gave 

telluroxide analogues that absorbed and fluoresced at shorter wavelengths than the reduced form. 

More recent studies with telluride/telluroxide93· 105 and selenide/selenoxide106 pairs examined 

fluorescence from the chromophore substituted with telluroxide or selenoxide functionality as a 

probe for redox cycles in living cells. In the case of telluride/telluroxide pairs based on the 

rhodamine core, the telluroxide absorbs and fluoresces at wavelengths longer than the reduced 

form.26, 93 

In order to examine the viability of tellurorhodamine 27/telluroxide 28 as a redox pair 

indicator in cells, Colo-26 cells ( a murine colon carcinoma cell line) were incubated first with 

0.5 µM MitoTracker Green (MTG) for 10 min and then 0.2 µM tellurorosamine 27 for an 
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additional 5 min (15 min total for MTG and 5 min total for 27). The cells were washed prior to 

imaging on a fluorescence microscope. The cells were brought to focus using a halogen lamp, 

which was used at the end of the experiment to generate the transmission microscopy image 

shown in Figure 3.4a. Irradiating the cells with 620 nm light should oxidize non-fluorescent 

tellurorosamine 27 (Figure 3.4b, time= 0 s for 620 nm irradiation) via 27-sensitized generation 

of 102 to give fluorescent telluroxide 28 (Figure 3.4c, time = 15 s of irradiation with 620 ± 30 

nm light) in the cell. Excitation of the MTG (470 ± 20 nm light) is shown in Figure 3.4d. 

Figure 3.4e and 3.4f shows the overlays of emission from telluroxide 28 and the MTG. The 

images of Figure 3.4 clearly indicate that the reduced tellurorosamine dye 27 is in the Colo-26 

cells and that brief irradiation with 620 nm light gives photooxidation of 27 to fluorescent 

telluroxide 28 in Figure 3.4c. The overlay of MTG emission and telluroxide 28 emission in 

Figure 3.4f indicates that tellurorhodamine 28 is at least partially targeted to the mitochondria. 

Figure 3.4. a) Transmission microscopy image of Colo-26 cells treated with MTG and 
tellurorosamine 27. b) Fluorescence microscopy image of Colo-26 cells before irradiation with 
620 ± 30 nm light (t = 0 s). c) Fluorescence microscopy image of Colo-26 cells from panel b 
after 15 s of irradiation with 620 ± 30 nm light (t = 15 s). d) Fluorescence microscopy image of 
MTG fluorescence in Colo-26 cells (excitation with 470 ± 20 nm light). e) Overlay of images 
from panels b and d. f) Overlay of images from panels c and d. 
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3.4. Conclusions 

We have successfully prepared heavy-chalcogen analogues of Texas Red (1) 

incorporating S, Se, and Te atoms in the xanthylium core. The heavy-chalcogen analogues 

absorb at longer wavelengths than 1. The excited state of S-containing analogue 5-S is highly 

emissive ((/JFL = 0.42) while the excited state of the Se- and Te-containing derivatives gives 

intersystem crossing to the triplet with efficient generation of 102 [<1>(102) = 0.68 for 5-Se and 

0.53 for 5-Te). We have also prepared derivatives 6-E and 7-E incorporating fused 

trimethyltetrahydroquinoline (half-julolidine) in the xanthylium core. These derivatives give 

values of Amax that are intermediate between the TMR-E and 5-E derivatives (Table 3.1), but 

photophysical properties are quite similar to those for 5-E. 

Incorporating a single julolidine or a single half julolidine into the xanthylium core has 

little impact on the photophysical properties. Singlet oxygen yields for TMR-Se, 19-Se, and 20-

Se are essentially identical while values ofAmax are between 581 and 587 nm (Table 3.1). 

The tellurium analogues 5-Te and 6-Te are easily oxidized with 10 2 or H20 2presumably 

to the corresponding telluroxides, but the telluroxide derivatives were hydrolytically unstable. 

Texas Red analogues 27 and 29 bearing a 9-mesityl substituent are oxidized to telluroxides 28 

and 30, respectively, which are hydrolytically more stable than the oxidation products of 5-Te 

and 6-Te. Both 28 and 30 are highly fluorescent ((/JFL = 0.16 for both). Tellurorhodamine 27 is 

oxidized to telluroxide 28 by self-sensitized generation of 10 2 in cells. 

The heavy-chalcogen Texas Red analogues can be applied to several biological problems. 

The mesityl-substituted tellurorhodamine 27 and its corresponding telluroxide 28 represent a 

redox-related, non-fluorescent/fluorescent pair of molecules that can be observed in cells. 

Fluorescence from telluroxide 28 or related structures (such as 30) in vitro might allow the 
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tracking of cellular redox processes.93 The Se-containing analogues 5-Se, 6-Se, and 7-Se as well 

as related structures have potential as photosensitizers for the photodynamic therapy (PDT) of 

64 66 67 malignant cells55
• • - and as photosensitizers for the photodynamic purging of blood-borne 

viral and bacterial pathogens.29
• 

68
• 

107 For applications in PDT, the Se-containing analogues 5-Se, 

6-Se, and 7-Se absorb wavelengths light > 600 nm, where light penetration of tissue is greatest.29 

These versatile chromophores can also be applied to problems related to solar energy and 

solar fuels as has been done with analogues of the TMR-E dyes. Appropriate substitution in the 

9-position of the chromophores would allow entry into longer-wavelength-absorbing photo

sensitizers for dye-sensitized solar cells108 
-
109 and longer-wavelength-absorbing photosensitizers 

for the solar reduction of protons to hydrogen. 110 In the latter systems, control of excited state 

lifetime (singlet vs. triplet) is important and the suite of Texas Red analogues allows control of 

both wavelengths of absorption and singlet-triplet yields. 

3.5. Experimental Section 

3.5 .1. Preparation of 8-Bromo-1,2,3 ,5 ,6,7-hexahydropyrido[3 ,2, 1-ii]quinoline (9)97 
-
98 

3-Bromoaniline (8, 12.7 mL, 116 mmol, 1.0 eq), sodium carbonate (49.0 g, 465 mmol) 

and 1-bromo-3-chloropropane (173 mL, 1.74 mol) were heated at 140 °C for 48 h. After cooling 

to room temperature, water (300 mL) was added and products were extracted with CH2Ch (3 x 

200 mL). The combined organic extracts were dried over anhydrous MgSO4, filtered, and 

concentrated. Excess 1-bromo-3-chloropropane was then removed at 45 °C at 1 torr. The crude 

dialkylated product was then dissolved in 15 mL DMF and heated at 160 °C for 48 h. After 

cooling to room temperature, 1 M NaOH (250 mL) was added. The resulting mixture was 

extracted with diethyl ether (3 x 250 mL). The combined extracts were dried over anhydrous 

MgSO4, filtered, and concentrated. The crude product was recrystallized from MeOH to give 
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20.0 g (68.2% overall) of 9 as a white solid, m.p. 31-32 °C: 1H NMR (500 MHz, CD2Ch) 8 6.73 

(d, 1 H, J= 7.5 Hz), 6.63 (d, 1 H, J= 8.5 Hz), 3.18-3.07 (m, 4 H), 2.75 (t, 2 H, J= 6.0 Hz), 2.68 

(t, 2 H, J = 6.5 Hz), 2.01-1.90 (m, 4 H); Be NMR (75.5 MHz, CDCb) 8 144.5, 127.7, 122.9, 

120.6, 120.5, 119.4, 50.0, 49.6, 28.5, 27.6, 21.9, 21.8; HRMS (ESI, HRDFMagSec) m/z 

252.0381 (calcd for C12H14N79Br + Ir: 252.0382). 

3.5.2. Preparation of Bisjulolidyl Disulfide 10-S 

Compound 9 (2.77 g, 11.0 mmol) and ground Mg turnings (294 mg, 12.1 mmol) in 5.5 

mL THF were heated at reflux for 3 h. The reaction mixture was cooled to room temperature and 

elemental S (388 mg, 12.1 mmol) and an additional 5.5 mL of THF were added. The resulting 

mixture was stirred at room temperature for 3 h before adding 10 mL of 1.0 M HCl (10 mL) and 

water (100 mL). The reaction mixture was stirred overnight under air and the products were then 

extracted with ether (3 x 250 mL). The combined extracts were dried over anhydrous MgSO4, 

filtered, and concentrated. The crude product was purified via column chromatography on SiO2 

eluted with 0.5:9.5 EtOAc/hexanes (Rr = 0.5) to give 1.35 g (60.3%) of 10-S as a yellow solid, 

m.p. 107-108 °C: 1H NMR (500 MHz, CD2Ch) 8 6.77 (d, 2 H, J= 7.5 Hz), 6.70 (d, 2 H, J= 8.0 

Hz), 3.16-3.06 (m, 8 H), 2.83 (t, 4 H, J= 6.0 Hz), 2.70 (t, 4 H, J= 6.0 Hz), 2.00-1.88 (m, 8 H); 

Be NMR (75.5 MHz, CDCb) 8 143.2, 133.0, 126.9, 120.8, 120.4, 116.3, 50.1, 49.5, 27.6, 25.1, 

21.8, 21.6; HRMS (ESI, HRDFMagSec) m/z 408.1690 (calcd for C24H2sN2S/: 408.1688). 

3.5.3. Preparation of Bisjulolidyl Diselenide 10-Se 

The procedure described for the preparation of 10-S was followed using 9 (5.00 g, 19.8 

mmol), Mg turnings (530 mg, 12.1 mmol), and elemental Se (1.72 mg, 21.8 mmol) in a total of 

20 mL of THF. Work up as described and purification via chromatography on SiO2 (0.5:9.5 

EtOAc/hexanes) gave 2.84 g (57.0%) of 10-Se as an orange solid, m.p. 126-128 °C: 1H NMR 
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( 400 MHz, eDeb) 8 6.95 (d, 2 H, J = 7.6 Hz), 6.69 (d, 2 H, J = 8.0 Hz), 3.15-3.07 (m, 8 H), 2.83 

(t, 4 H, J= 6.4 Hz), 2.73 (t, 4 H, J= 6.4 Hz), 2.01-1.90 (m, 8 H); Be NMR (75.5 MHz, eDeb) 8 

143.3, 128.8, 127.2, 121.9, 121.5, 120.5, 50.2, 49.7, 27.7, 27.6, 22.1, 21.9; HRMS (ESI, 

HRDFMagSec) m/z 505.0649 (calcd for e 24H28N2
80Se2+ H+: 505.0656). 

3.5.4. Preparation ofBisjulolidyl Ditelluride 10-Te 

The procedure described for the preparation of 10-S was followed using 9 (2.00 g, 7.93 

mmol), Mg turnings (212 mg, 8.73 mmol), and elemental Te (1.11 g, 8.73 mmol) in a total of 8 

mL of THF. Work up as described and purification via recrystallization from eH2eh/hexanes 

gave 1.70 g (71.4%) of 10-Te as an orange solid, m.p. 138-139 °e: 1H NMR (500 MHz, eDeb) 

8 7.18 (d, 2 H, J= 8.0 Hz), 6.59 (d, 2 H, J=8.O Hz), 3.15-3.06 (m, 8 H), 2.82 (t, 4 H, J= 6.5 Hz), 

2.78 (t, 4 H, J = 6.5 Hz), 2.10-1.90 (m, 8 H); Be NMR (75.5 MHz, eDeb) 8 143.5, 128.1, 

127.5, 124.6, 122.8, 109.5, 50.4, 50.2, 33.5, 28.1, 23.0, 22.4; HRMS (El, HRDFMagSec) m/z 

604.0354 (calcd for e24H2sN2B0Te2 + H+: 604.0350). 

3.5 .5. Preparation of 3-Bromo-N-methyl-N-(3-methylbut-2-enyl)aniline (11) 

1-ehloro-3-methylbut-2-ene (5.87 mL, 49.5 mmol, 1.5 eq) was slowly added to a stirred 

solution of potassium carbonate (6.84 g, 49.5 mmol, 1.5 eq) and commercially available 3-

bromo-N-methylaniline (6.45 g, 33.0 mmol, 1.0 eq) in DMF (30 mL). The resulting solution was 

heated to 95 °e for 16 h before it was allowed to cool to ambient temperature. Water (30 mL) 

was added, and the mixture was extracted with diethyl ether (3 x 100 mL). The combined 

organic fractions were washed with water ( 4 x 100 mL ), dried over anhydrous magnesium 

sulfate, vacuum filtered, and concentrated in vacuo. The crude products were purified via column 

chromatography on Si02 eluted with 30:70 eH2eh:hexanes (Rr= 0.60) to give 8.00 g (95.3%) of 

11 as a yellow oil: 1H NMR (500 MHz, eDeb) 8 7.05 (t, 1 H, J = 8.0 Hz), 6.83 (t, 1 H, J = 2.0 
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Hz), 6.79 (d, 1 H, J = 8.0 Hz), 6.59 (dd, 1 H, J = 2.0, 8.0 Hz), 5.16 (m, 1 H), 3.87 (d, 2 H, J = 6.5 

Hz), 2.88 (s, 3 H), 1.73 (s, 6 H); Be NMR (75.5 MHz, CDCh) 8 150.8, 135.1, 130.2, 123.4, 

120.1, 118.8, 115.3, 111.1, 50.2, 37.8, 25.7, 17.9; IR (film on NaCl) Vmax 2969, 2913, 1953, 

1555, 1494, 1450 cm-1; HRMS (ESI, HRDFMagSec) m/z 253.0459 (calcd for C12H16N
79Br+: 

253.0461). 

3.5.6. Preparation of 7-Bromo-1,4,4-trimethyl-1,2,3,4-tetrahydroguinoline (12)99 

Concentrated sulfuric acid (23.6 mL) was added dropwise to aniline 11 (7.87 g, 31.0 

mmol, 1.0 eq) at O°C. The resulting mixture was warmed to ambient temperature and was stirred 

for 1 h before it was transferred via pipette into water at O °C. Sodium hydroxide pellets were 

added until the solution was basic to litmus. The mixture was extracted with ether ( 4 x 100 mL ), 

and the combined organic fractions were dried over anhydrous magnesium sulfate, filtered, and 

concentrated. The crude product was recrystallized from hot methanol to give 6.26 g (79.5%) of 

12 as a brown solid, m.p. 55-57 °C: 1H NMR (500 MHz, CDCh) 8 7.02 (d, 1 H, J= 8.0 Hz), 6.73 

(dd, 1 H, J= 2.0, 8.0 Hz), 6.66 (d, 1 H, J= 2.0 Hz), 3.25 (t, 2 H, J= 6.0 Hz), 2.89 (s, 3 H), 1.73 

(t, 2 H, J = 6.0 Hz), 1.25 (s, 6 H); Be NMR (75.5 MHz, CD2Ch) 8 147.1, 130.8, 127.4, 120.7, 

118.5, 113.4, 47.8, 39.3, 37.1, 32.1, 30.6; HRMS (El, HRDFMagSec) m/z 253.0456 (calcd for 

C12H16N79Br+: 253.0461). 

3.5.7. Preparation of Diaryl Sulfide 13-S 

Freshly ground magnesium turnings (522 mg, 21.5 mmol, 1.1 eq) were suspended in a 

stirred solution of 12 (5.00 g, 19.6 mmol, 1.0 eq) in THF (30 mL). A crystal of elemental iodine 

was added, and the resulting solution was heated at reflux for 3 h, then cooled to ambient 

temperature, and elemental sulfur (628 mg, 19.6 mmol, 1.0 eq) was added. The resulting solution 

was stirred at ambient temperature for 3 hand then a solution of 1 M aqueous HCl (30 mL) was 
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added. The mixture was allowed to stir overnight under air before it was extracted with diethyl 

ether (3 x 100 mL ), and the combined organic fractions were dried over anhydrous magnesium 

sulfate, filtered, and concentrated. The crude products were purified via column chromatography 

on SiO2 eluted with 3:7 eH2eh:hexanes (Rr = 0.5), to give 2.81 g (70.0%) of 13-S as a pale 

yellow solid, m.p. 66-68 °e: 1H NMR (500 MHz, eDeh) 8 7.08 (d, 2 H, J= 8.0 Hz), 6.81 (dd, 2 

H, J= 1.5, 8.0 Hz), 6.72 (d, 2 H, J= 1.5 Hz), 3.21 (t, 4 H, J= 6.0 Hz), 2.84 (s, 6 H), 1.72 (t, 4 H, 

J = 6.0 Hz), 1.24 (s, 12 H); Be NMR (75.5 MHz, eDeh) 8 145.6, 135.6, 130.7, 126.1, 115.6, 

110.2, 47.5, 39.1, 37.0, 31.8, 30.7; HRMS (El, HRDFMagSec) m/z 412.2008 (calcd for 

e 24H32N2S/: 412.2001). 

3.5 .8. Preparation of Diaryl Diselenide 13-Se 

The procedure described for the preparation of 13-S was followed using 12 (2.00 g, 7.87 

mmol), Mg turnings (211 mg, 8.66 mmol), and elemental Se (1.72 g, 21.8 mmol) in a total of 16 

mL of THF. Workup as described followed by purification via column chromatography on SiO2 

eluted with 2:8 eH2eh:hexanes (Rr = 0.4) and recrystallization from hexanes gave 1.33 g 

(66.8%) of 13-Se as an orange solid, m.p. 76-78 °e: 1H NMR (500 MHz, eDeh) 8 7.05 (d, 2 H, 

J= 8.0 Hz), 6.92 (dd, 2 H, J= 1.5, 7.5 Hz), 6.82 (d, 2 H, J= 2.0 Hz), 3.20 (t, 4 H, J= 6.0 Hz), 

2.82 (s, 6 H), 1.72 (t, 4 H, J = 6.0 Hz), 1.24 (s, 12 H); Be NMR (75.5 MHz, eDeh) 8 145.4, 

130.8, 129.0, 125.9, 118.9, 113.7, 47.2, 38.8, 36.7, 31.6, 30.8; HRMS (El, HRDFMagSec) m/z 

508.0895 (calcd for e24H32N280Se/ : 508.0896). 

3.5 .9. Preparation of Diaryl Ditelluride 13-Te 

The procedure described for the preparation of 13-S was followed using 12 (2.50 g, 9.84 

mmol), Mg turnings (263 mg, 10.8 mmol), and elemental Te (1.72 g, 21.8 mmol) in a total of 20 

mL of THF. Workup as described followed by purification via column chromatography on SiO2 
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eluted with 2:8 CH2Ch:hexanes (Rr = 0.4) and recrystallization from hexanes gave 2.64 g 

(88.9%) of 13-Te as a dark red solid, m.p. 85-87 °C: 1H NMR (500 MHz, CDCh) 8 7.08 (dd, 2 

H, J= 1.5, 7.5 Hz), 6.98 (d, 2 H, J= 1.5 Hz), 6.94 (d, 2 H, J= 8.0 Hz), 3.19 (t, 4 H, J= 6.0 Hz), 

2.81 (s, 6 H), 1.72 (t, 4 H, J = 6.0 Hz), 1.24 (s, 12 H); Be NMR (75.5 MHz, CDCh) 8 145.6, 

131.4, 126.1, 124.8, 119.9, 105.9, 47.4, 39.0, 36.9, 31.7, 30.7; HRMS (ESI, HRDFMagSec) m/z 

609.0758 (calcd for C24H32N2B0Te2 + H+: 609.0763). 

3.5.10. Preparation ofDiaryl Sulfide 15-S 

sec-Butyllithium (1.14 Min cyclohexane, 3.39 mL, 3.87 mmol) was added dropwise to a 

stirred solution ofTMEDA (576 µL, 3.87 mmol) and amide 1491 (1.00 g, 3.52 mmol) in THF (70 

mL) at -78 °C. A solution of 10-S (1.58 g, 3.87 mmol) in THF (70 mL) at -78 °C was added 

immediately. The resulting mixture was stirred at -78 °C for 3 h and then 15 h at room 

temperature. A solution of saturated NH4Cl (25 mL) was added and the products were extracted 

with CH2Ch (3 x 100 mL). The combined organic extracts were dried over anhydrous MgSO4, 

filtered, and concentrated. The crude product was purified via chromatography on SiO2 (1 :9 

EtiO:CH2Ch, Rr = 0.5) to give 765 mg (44.5%) of 15-S as a yellow oil: 1H NMR (500 MHz, 

CD2Ch) 8 6.76 (s, 1 H), 6.60 (d, 1 H, J = 8.0 Hz), 6.01 (d, 1 H, J = 8.0 Hz), 3.78-3.68 (m, 1 H), 

3.65-3.54 (m, 1 H), 3.34-3.20 (m, 4 H), 3.18-3.05 (m, 6 H), 2.74-2.62 (m, 8 H), 2.13-1.93 (m, 6 

H), 1.92-1.83 (m, 2 H), 1.72-1.53 (m, 4 H), 1.47-1.32 (m, 2 H); Be NMR (75.5 MHz, CD2Ch) 8 

168.9, 143.8, 143.5, 134.3, 131.3, 126.9, 126.0, 125.2, 124.8, 122.9, 118.5, 118.2, 113.8, 50.5, 

50.1, 49.8, 49.7, 48.1, 42.2, 28.1, 27.8, 26.3, 26.1, 25.8, 25.3, 24.9, 22.5, 22.4, 21.9, 21.8; IR 

(film on NaCl) 2934, 2854, 1630, 1587, 1488, 1438, 1305, 1202 cm-1
; HRMS (El, 

HRDFMagSec) m/z 487.2652 (calcd for C30H37ON3S+: 487.2658). 
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3.5.11. Preparation of Diaryl Selenide 15-Se 

sec-Butyllithium (1.03 M in cyclohexane, 1.88 mL, 1.93 mmol), TMEDA (288 µL, 1.93 

mmol), amide 1491 (500 mg, 1.76 mmol, 1.0 eq), and 10-Se (972 mg, 1.93 mmol) in THF (2 x 35 

mL) were treated as described for the preparation of 15-S. Following chromatography on SiO2 

(1:9 EtiO:CH2Ch, Rr = 0.5), 15-Se was isolated in 450 mg (47.9%) yield as a yellow oil: 1H 

NMR (500 MHz, CD2Ch) 8 6.73 (s, 1 H), 6.54 (d, 1 H, J = 8.0 Hz), 6.09 (d, 1 H, J = 8.5 Hz), 

3.76-3.68 (m, 1 H), 3.59-3.51 (m, 1 H), 3.29-3.07 (m, 10 H), 2.86-2.71 (m, 6 H), 2.70-2.62 (m, 2 

H), 2.08-1.91 (m, 6 H), 1.86 (quintet, 2 H, J = 6.5 Hz), 1.69-1.52 (m, 4 H), 1.42-1.30 (m, 2 H); 

Be NMR (75.5 MHz, CD2Ch) 8 169.8, 143.9, 143.8, 131.9, 131.4, 127.3, 126.1, 124.8, 123.4, 

122.9, 119.8, 119.3, 116.1, 54.2, 50.5, 50.2, 49.9, 48.3, 42.3, 28.6, 28.2, 27.8, 27.0, 26.5, 25.8, 

25.0, 22.5, 22.4, 22.3, 22.0; IR (film on NaCl) 2934, 2854, 1627, 1596, 1502, 1461, 1437, 1390, 

1316, 1304, 1262, 1211 cm-1
; HRMS (ESI, HRDFMagSec) m/z 536.2184 (calcd for 

C30H31ON380Se + H+: 536.2175). 

3.5.12. Preparation ofDiaryl Telluride 15-Te 

sec-Butyllithium (1.08 Min cyclohexane, 3.58 mL, 3.52 mmol), TMEDA (576 µL, 3.87 

mmol), amide 1491 (1.00 g, 3.52 mmol, 1.0 eq), and 10-Te (2.32 g, 3.87 mmol) in THF (2 x 70 

mL) were treated as described for the preparation of 15-S. Following chromatography on SiO2 

(1:9 EtiO:CH2Ch, Rr = 0.5), 15-Te was isolated in 763 mg (37.2%) yield as a yellow oil: 1H 

NMR (500 MHz, CD2Ch) 8 6.75 (s, 1 H), 6.51 (d, 1 H, J = 8.0 Hz), 6.37 (d, 1 H, J = 8.0 Hz), 

3.80-3.55 (m, 2 H), 3.40-3.26 (m, 2 H), 3.23 (t, 2 H, J = 6.0 Hz), 3.18-3.05 (m, 6 H), 3.00-2.76 

(m, 4 H), 2.74-2.55 (m, 4 H), 2.07-1.92 (m, 6 H), 1.89-1.80 (m, 2 H), 1.75-1.51 (m, 4 H), 1.4-

1.38 (m, 2H); Be NMR (75.5 MHz, CD2Ch) 8 171.3, 143.9, 143.1, 134.3, 127.8, 127.5, 124.5, 

123.1, 122.8, 121.5, 120.4, 118.4, 114.2, 50.4, 50.1, 50.0, 49.9, 48.4, 42.5, 33.8, 31.0, 28.1, 27.8, 
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26.6, 25.7, 24.9, 22.7, 22.4, 22.3, 22.0; IR (film on NaCl) 2934, 2852, 1623, 1582, 1486, 1436, 

11388, 1328, 1305, 1202 cm- ; HRMS (ESI, HRDFMagSec) m/z 586.2073 (calcd for 

C30H31ON/30Te + H+: 586.2072). 

3.5.13. Preparation ofDiaryl Sulfide 17-S 

sec-Butyllithium (0.94 Min 92:8 cyclohexane/hexanes, 4.09 mL, 3.84 mmol), TMEDA 

(572 µL, 3.84 mmol), amide 1692 (1.00 g, 3.49 mmol), and 13-S (1.58 g, 3.84 mmol) in THF (2 x 

70 mL) were treated as described for the preparation of 15-S. Following chromatography on 

SiO2 (1 :9 EtOAc/CH2Ch, Rr = 0.6), 17-S was isolated in 1.06 g ( 61.6%) yield as a yellow solid, 

m.p. 83-85 °C: 1H NMR (500 MHz, CDCh) 8 7.07 (d, 1 H, J = 8.0 Hz), 7.00 (s, 1 H), 6.68-6.62 

(m, 2 H), 6.43 (s, 1 H), 3.66 (br s, 2 H), 3.26-3 .04 (m, 6 H), 2.84 (s, 3 H), 2.73 (s, 3 H), 1.76-1.66 

(m, 4 H), 1.63-1.44 (m, 6 H), 1.24 (s, 12 H); 13C NMR (MHz, CDCh) 8 168.8, 145.1, 132.3, 

131.1, 130.0, 129.5, 125.6, 125.2, 123.7, 119.2, 113.7, 112.9, 47.5 (br), 47.0, 46.8, 42.1 (br), 

38.7, 38.4, 36.6, 36.2, 31.3, 31.2, 30.3, 30.1, 25.4 (br), 24.1; IR (film on NaCl) 2931, 2852, 

11630, 1593, 1501, 1467, 1434 cm- ; HRMS (ESI, HRDFMagSec) m/z 492.3035 (calcd for 

C30H41N3OS + H+: 492.3043). 

3.5 .14. Preparation of Diaryl Selenide 17-Se 

sec-Butyllithium (1.19 M in 92:8 cyclohexane/hexanes, 3.23 mL, 3.84 mmol), TMEDA 

(572 µL, 3.84 mmol), amide 1692 (1.00 g, 3.49 mmol), and 13-Se (1.94 g, 3.84 mmol) in THF (2 

x 55 mL) were treated as described for the preparation of 15-S. Following chromatography on 

SiO2 (1 :9 EtiO/CH2Ch, Rr = 0.6), 17-Se was isolated in 1.04 g (55.3%) yield as a yellow oil: 1H 

NMR (500 MHz, CDCh) 8 7.07 (d, 1 H, J = 7.5 Hz), 6.99 (s, 1 H), 6.86-6.78 (m, 2 H), 6.43 (s, 1 

H), 3.44 (br s, 4 H), 3.18 (quintet, 4 H, J = 6.0 Hz), 2.83 (s, 3 H), 2.65 (s, 3 H), 1.71 (t, 2 H, J = 

6.0 Hz), 1.68 (t, 2 H, J = 6.0 Hz), 1.64-1.57 (m, 2 H), 1.57-1.48 (m, 4 H), 1.23 (s, 6 H), 1.21 (s, 6 
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H); BC NMR (75.5 MHz, CDCb) 169.6, 145.3, 130.7, 128.9, 128.6, 127.4, 125.8, 124.8, 123.8, 

122.1, 116.7, 113.7, 47.1, 46.9, 45 .0 (br), 38.7, 38.2, 36.6, 36.3, 31.4, 31.2, 30.3, 30.1, 25.6, 

24.2; IR (film on NaCl) 2930, 1627, 1593, 1499, 1467, 1430 cm-1; HRMS (ESI, HRDFMagSec) 

m/z 562.2330 (calcd for C30H41N3O80Se + Na+: 562.2307). 

3.5.15. Preparation ofDiaryl Telluride 17-Te 

sec-Butyllithium (1.19 M in 92:8 cyclohexane/hexanes, 3.23 mL, 2.88 mmol), TMEDA 

(429 µL, 2.88 mmol), amide 1692 (750 mg, 2.62 mmol), and 13-Te (1.74 g, 2.88 mmol) in THF 

(55 + 40 mL) were treated as described for the preparation of 15-S. Following chromatography 

on SiO2 (1:19 EtOAc:CH2Ch, Rr= 0.7), 17-Te was isolated in 764 mg (49.6%) yield as a yellow 

solid, m.p. 182-184 °C: 1H NMR (500 MHz, CDCb) 8 7.23 (d x d, 1 H, J= 1.0, 7.5 Hz), 7.18 (d, 

1 H, J = 1.0 Hz), 7.10-7.04 (m, 2 H), 6.40 (s, 1 H), 3.60-3.53 (m, 4 H), 3.21 (t, 2 H, J = 6.0 Hz), 

3.17 (t, 2 H, J = 6.0 Hz), 1.72-1.65 (m, 4 H), 1.65-1.59 (m, 4 H), 1.26 (s, 6 H), 1.21 (s, 6 H); BC 

NMR (75.5 MHz, CDCb) 8 171.5, 145.9, 145.5, 131.5, 128.7, 127.7, 126.1, 125.1, 123.5, 123.4, 

119.8, 115.7, 114.2, 47.2, 46.9, 46.4 (br), 38.9, 37.9, 36.7, 36.2, 31.6, 31.1, 30.4, 30.1, 25.9, 

124.4; IR (film on NaCl) 2931, 2852, 1591 cm- ; HRMS (ESI, HRDFMagSec) m/z 590.2380 

(calcd for C30H41N30B0Te + H+: 590.2385). 

3.5.16. Preparation ofDiaryl sulfide 18-S 

sec-Butyllithium (1.00 M in 92:8 cyclohexane/hexanes, 3.87 mL, 3.87 mmol), TMEDA 

(577 µL, 3.87 mmol), amide 1491 (1.00 g, 3.52 mmol), and 13-S (1.60 g, 3.87 mmol) in THF (2 x 

60 mL) were treated as described for the preparation of 15-S. Following chromatography on 

SiO2 (1:9 Et2O/CH2Ch, Rr = 0.5), 18-S was isolated in 992 mg (55.4%) yield as a white solid, 

m.p. 141-143 °C: 1H NMR (500 MHz, CDCb) 8 6.94 (d, 1 H, J= 8.0 Hz), 6.69 (s, 1 H), 6.44 (s, 

1 H), 6.30 (d, 1 H, J = 8.0 Hz), 3.72-3.65 (m, 1 H), 3.63-3.55 (m, 1 H), 3.22-3.05 (m, 7 H), 3.04-
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2.89 (m, 2 H), 2.80 (s, 3 H), 2.78-2.68 (m, 3 H), 2.02-1.90 (m, 2 H), 1.87 (quintet, 2 H, J= 6.0 

Hz), 1. 70 (t, 2 H, J = 6.0 Hz), 1.62-1.44 (m, 4 H), 1.32-1.23 (m, 2 H), 1.20 (s, 3 H), 1.19 (s, 3 H); 

Be NMR (75.5 MHz, CDCb) 8 169.0, 145.1, 143.2, 134.8, 130.3, 128.2, 125.7, 125.6, 125.2, 

124.1, 122.1, 114.6, 109.4, 49.5, 49.1, 47.6, 47.1, 41.7, 38.8, 36.8, 31.2, 30.5, 30.4, 27.4, 25.6, 

25.4, 25.0, 24.1, 21.3, 21.2; IR (film on NaCl) 2934, 2853, 1630, 1590, 1552, 1500, 1438 cm-1
; 

HRMS (ESI, HRDFMagSec) m/z 490.2878 (calcd for C30H39N3OS + H+: 490.2887). 

3.5.17. Preparation of Diaryl Selenide 18-Se 

sec-Butyllithium (1.23 M in 92:8 cyclohexane/hexanes, 3.15 mL, 3.87 mmol), TMEDA 

(577 µL, 3.87 mmol), amide 1491 (1.00 g, 3.52 mmol), and 13-Se (1.96 g, 3.87 mmol) in THF (2 

x 40 mL) were treated as described for the preparation of 15-S. Following chromatography on 

SiO2 eluted with 2:9 EtOAc/CH2Ch, (Rr = 0.5), 18-Se was isolated in 1.21 g (64.0%) yield as a 

red solid, m.p. 55-57 °C: 1H NMR (500 MHz, CDCb) 8 6.93 (d, 1 H, J = 8.0 Hz), 6.68 (s, 1 H), 

6.54 (d, 1 H, J = 1.5 Hz), 6.43 (dd, 1 H, J = 1.5, 8.0 Hz), 3.78-3.66 (m, 1 H), 3.62-3.51 (m, 1 H), 

3.22-3.12 (m, 5 H), 3.11-3.05 (m, 2 H), 3.04-2.97 (m, 1 H), 2.89-1.89 (m, 2 H), 2.76 (s, 3 H), 

2.72-2.68 (m, 2 H), 2.00-1.89 (m, 2 H), 1.82 (m, 2 H), 1.70 (m, 2 H), 1.65-1.43 (m, 4 H), 

1.34-1.21 (m, 2H), 1.20 (s, 3 H), 1.19 (s, 3 H); Be NMR (75.5 MHz, CDCb) 8 170.2, 145.7, 

143.4, 131.2, 130.4, 129.3, 126.2, 126.0, 124.3, 123.9, 122.4, 117.5, 112.1, 49.9, 49.6, 48.0, 47.6, 

42.1, 39.2, 37.2, 31.7, 30.9, 30.8, 28.5, 27.8, 25.9, 25.4, 24.5, 21.9, 21.6; IR (film on NaCl) 2933 , 

2853, 1628, 1587, 1499 cm-1
; HRMS (ESI, HRDFMagSec) m/z 537.2254 (calcd for 

C30H39N3O80Se+: 537.2253). 

3.5.18. Preparation ofDiaryl Telluride 18-Te 

sec-Butyllithium (0.94 Min 92:8 cyclohexane/hexanes, 1.23 mL, 1.16 mmol), TMEDA 

(173 µL, 1.16 mmol), amide 1491 (300 mg, 1.05 mmol), and 13-Te (700 mg, 1.16 mmol) in THF 

89 

https://1.34-1.21
https://1.65-1.43
https://2.00-1.89
https://2.72-2.68
https://2.89-1.89
https://3.04-2.97
https://3.11-3.05
https://3.22-3.12
https://3.62-3.51
https://3.78-3.66
https://1.32-1.23
https://1.62-1.44
https://2.02-1.90
https://2.78-2.68


(2 x 40 mL) were treated as described for the preparation of 15-S. Following chromatography on 

SiO2 eluted with 1:9 EtOAc/CH2Ch, (Rr= 0.5), 18-Te was isolated in 233 mg (37.9%) yield as a 

light brown solid, m.p. 81-83 °C: 1H NMR (500 MHz, CDCb) 8 6.90 (d, 1 H, J= 8.0 Hz), 6.72 

(s, 1 H), 6.70-6.63 (m, 2 H), 3.66 (br s, 2 H), 3.32-3.10 (m, 7 H), 3.07 (t, 2 H, J= 5.5 Hz), 2.99-

2.87 (m, 1 H), 2.79 (s, 3 H), 2.74 (t, 2 H, J = 6.5 Hz), 1.93 (quintet, 2 H, J = 6.0 Hz), 1.83 

(quintet, 2 H, J = 6.0 Hz), 1.71 (t, 2 H, J = 5.5 Hz), 1.66-1.50 (m, 4 H), 1.42-1.33 (m, 2 H), 1.21 

(s, 6 H); Be NMR (75.5 MHz, CDCb) 8 171.7, 145.7, 142.7, 133.6, 130.2, 127.3, 126.3, 123.9, 

123.4, 117.7, 114.0, 113.6, 49.7, 49.6, 48.2 (br), 47.4, 42.3 (br), 39.0, 37.0, 33.7, 31.6, 30.7, 27.7, 

26.1 (br), 25.2 (br), 24.4, 22.2, 21.4; IR (film on NaCl) 2932, 2852, 1623, 1582, 1546, 1497, 

1434 cm-1
; HRMS (ESI, HRDFMagSec) m/z 588.2231 (calcd for C30H39N30B0Te+: 588.2228). 

3.5.19. Bisjulolidyl Thioxanthone 2-S 

Phosphorus oxychloride (1.73 mL, 18.6 mmol) was added dropwise to a solution of 

triethylamine (2.59 mL, 18.6 mmol) and 15-S (755 mg, 1.55 mmol) in anhydrous CH3CN (50 

mL). The resulting mixture was heated at reflux for 12 hand was then cooled to O°C. A solution 

of 1 M NaOH (10 mL) was added slowly and the resulting mixture was poured into a stirred 

solution of cold 1 M NaOH (200 mL). The resulting mixture was stirred 6 hand products were 

then extracted with CH2Ch (3 x 250 mL). The combined organic extracts were dried over 

anhydrous MgSO4, filtered, and concentrated. The resulting solid was recrystallized from 

CH2Ch/hexanes to give 511 mg (82.0%) of 2-S as a brown solid, m.p. > 250 °C: 1H NMR (300 

MHz, CD2Ch) 8 7.95 (s, 2 H), 3.41-3.10 (m, 8 H), 2.95-2.65 (m, 8 H), 2.14-1.82 (m, 8 H); Be 

NMR (75.5 MHz, CD2Ch) 8 178.1, 145.8, 134.8, 127.7, 120.7, 118.1, 113.5, 50.6, 49.7, 28.2, 

24.5, 21.9, 21.6; IR (film on NaCl) 2932, 1590, 1421, 1331, 1302 cm-1
; HRMS [ESI, high

resolution, double focusing magnetic sector (HRDFMagSec)] m/z 403.1845 (calcd for 
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C2sH26O1N2S1 + H+: 403.1839). 

3.5.20. Preparation of Bisjulolidyl Selenoxanthone 2-Se 

Phosphorus oxychloride (1.46 mL, 15.7 mmol), triethylamine (2.19 mL, 15.7 mmol) and 

15-Se (700 mg, 1.31 mmol) in anhydrous CH3CN (30 mL) were treated as described for the 

preparation of 2-S. The crude product was recrystallized from CH2Ch/hexanes to give 410 mg 

(70.0%) of 2-Se as a brown solid, m.p. > 250 °C: 1H NMR (500 MHz, CDCb) 8 8.17 (s, 2 H), 

3.31-3.24 (m, 8 H), 2.86 (t, 4 H, J= 6.5 Hz), 2.79 (t, 4 H, J= 6.5 Hz), 2.08 (quintet, 4 H, J= 6.5 

Hz), 1.98 (quintet, 4 H, J= 6.5 Hz); BC NMR (125 MHz, CDCb) 8 180.3, 145.5, 133.6, 129.3, 

120.2, 119.3, 114.6, 50.2, 49.4, 27.6, 25.5, 21.5, 21.3; IR (film on NaCl) 2927, 2834, 1586, 1569, 

11540, 1416, 1329, 1301, 1204 cm- ; HRMS (ESI, HRDFMagSec) m/z 451.1289 (calcd for 

C2sH26ON280Se + H+: 451.1283). 

3.5 .21. Preparation of Bisjulolidyl Telluroxanthone 2-Te 

Phosphorus oxychloride (1.44 mL, 15.5 mmol), triethylamine (2.16 mL, 15.5 mmol) and 

15-Te (753 mg, 1.29 mmol) in anhydrous CH3CN (30 mL) were treated as described for the 

preparation of 2-S. The crude product was recrystallized from CH2Ch/hexanes to give 380 mg 

(59.1 %) of 2-Te as a brown solid, m.p. > 250 °C: 1H NMR (500 MHz, CD2Ch) 8 8.13 (s, 2 H), 

3.51-3.23 (m, 8 H), 2.85 (t, 4 H, J= 6.5 Hz), 2.70 (t, 4 H, J= 6.5 Hz), 2.07 (quintet, 4 H, J= 6.5 

Hz), 1.97 (quintet, 4 H, J= 6.5 Hz); Be NMR (125 MHz, CDCb) 8 184.2, 146.1, 131.4, 122.8, 

122.3, 121.3, 118.6, 50.5, 49.9, 30.0, 28.1, 22.2, 21.9; IR (film on NaCl) 2940, 2836, 1583, 1556, 

1535, 1504, 1406, 1321, 1292, 1204 cm-1; HRMS (ESI, HRDFMagSec) m/z 501.1172 (calcd for 

C2sH260N2B0Te+ H+: 501.1180). 

3.5.22. Preparation of Bishalf-julolidyl Thioxanthone 3-S 

Phosphorus oxychloride (2.36 mL, 25.3 mmol), triethylamine (3.53, 25.3 mmol) and 17-S 
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(1.04 g, 2.11 mmol) in anhydrous CH3CN (25 mL) were treated as described for the preparation 

of 2-S. The crude product was recrystallized from CH2Ch/hexanes to give 708 mg (82.5%) of 3-

S as a brown solid, m.p. > 250 °C: 1H NMR (500 MHz, CDCb) 8 8.39 (s, 2 H), 6.44 (s, 2 H), 

3.38 (t, 4 HJ= 6.0 Hz), 3.01 (s, 6 H), 1.76 (t, 4 H, J = 6.0 Hz), 1.35 (s, 12 H); BC NMR (75.5 

MHz, CDCb) 8 177.5, 147.3, 136.7, 130.3, 125.9, 118.2, 103.4, 47.1, 38.7, 35.9, 31.7, 29.7; IR 

(film, NaCl) 2957, 1594, 1574, 1520, 1434 cm-1
; HRMS (ESI, HRDFMagSec) m/z 407.2149 

(calcd for C25H30N2OS + H+: 407.2152). 

3.5.23. Preparation of Bishalf-julolidyl Selenoxanthone 3-Se 

Phosphorus oxychloride (0.849 mL, 9.11 mmol), triethylamine (1.27 mL, 9.11 mmol) and 

17-Se (409 mg, 0.759 mmol) in anhydrous CH3CN (15 mL) were treated as described for the 

preparation of 2-S. The crude product was recrystallized from CH2Ch/hexanes to give 250 mg 

(72.5%) of 3-Se as a brown solid, m.p. > 250 °C: 1H NMR (500 MHz, CDCb) 8 8.47 (s, 2 H), 

6.53 (s, 2 H), 3.38 (t, 4 H, J = 6.0 Hz), 3.00 (s, 6 H), 1.75 (t, 4 H, J = 6.0 Hz), 1.34 (s, 12 H); BC 

NMR (75.5 MHz, CDCb) 8 179.5, 147.3, 134.1, 130.5, 127.5, 119.7, 106.2, 47.2, 38.8, 36.0, 

31.8, 29.8; IR (film on NaCl) 2955, 1590, 1562, 1517 cm-1
; HRMS (ESI, HRDFMagSec) m/z 

455.1599 (calcd for C25H30N2O80Se + H+: 455.1596). 

3.5.24. Preparation ofBishalf-julolidyl Telluroxanthone 3-Te 

Phosphorus oxychloride (1.29 mL, 13.8 mmol), triethylamine (1.92 mL, 13.8 mmol) and 

17-Te (677 mg, 1.15 mmol) in anhydrous CH3CN (25 mL) were treated as described for the 

preparation of 2-S. The crude product was recrystallized from CH2Ch/hexanes to give 507 mg 

(87.4%) of 3-Te as a brown solid, m.p. > 250 °C: 1H NMR (500 MHz, CDCb) 8 8.57 (s, 2 H), 

6.64 (s, 2 H), 3.36 (t, 4 H, J = 6.0 Hz), 2.98 (s, 6 H), 1.75 (t, 4 H, J = 6.0 Hz), 1.34 (s, 12 H); BC 

NMR (75.5 MHz, CDCb) 8 183.2, 147.1, 131.0, 129.3, 122.6, 118.9, 112.3, 47.2, 38.7, 36.0, 
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31.7, 29.8; IR (film on NaCl) 2924, 1585 cm-1
; HRMS (ESI, HRDFMagSec) m/z 505.1500 

(calcd for C25H30N20B0Te + H+: 505.1493). 

3.5.25. Preparation of Julolidyl/Half-julolidyl Thioxanthone 4-S 

Phosphorus oxychloride (1.72 mL, 18.4 mmol), triethylamine (2.56 mL, 11.0 mmol) and 

18-S (750 mg, 1.53 mmol) in anhydrous CH3CN (30 mL) were treated as described for the 

preparation of 2-S. The crude product was recrystallized from CH2Ch/hexanes to give 538 mg 

(86.9%) of 4-S as a brown solid, m.p. > 250 °C: 1H NMR (500 MHz, CDCh) 8 8.37 (s, 1 H), 

8.10 (s, 1 H), 6.50 (s, 1 H), 3.37 (t, 2 H, J = 6.0 Hz), 3.28-3.21 (m, 4 H), 3.00 (s, 3 H), 2.85 (t, 2 

H, J = 6.5 Hz), 2.75 (t, 2 H, J = 6.5 Hz), 2.05 (quintet, 2 H, J = 6.5 Hz), 1.96 (quintet, 2 H, J = 

6.5 Hz), 1.75 (t, 2 H, J = 6.0 Hz), 1.35 (s, 6 H); Be NMR (75.5 MHz, CDCh) 8 177.5, 147.1, 

144.9, 136.3, 134.6, 130.3, 127.4, 125.5, 119.5, 117.8, 117.7, 112.2, 103.7, 49.7, 48.9, 46.9, 38.5, 

35.7, 31.6, 29.5, 27.4, 23.7, 21.1, 20.7; IR (film on NaCl) 2931, 1592, 1573, 1513, 1421 cm-1
; 

HRMS (ESI, HRDFMagSec) m/z 404.1917 (calcd for C25H2sN2OS+: 404.1917). 

3.5.26. Preparation of Julolidyl/Half-julolidyl Selenoxanthone 4-Se 

Phosphorus oxychloride (2.46 mL, 26.4 mmol), triethylamine (3.68 mL, 26.4 mmol) and 

18-Se (1.18 g, 2.20 mmol) in anhydrous CH3CN (40 mL) were treated as described for the 

preparation of 2-S. The crude product was recrystallized from CH2Ch/hexanes to give 610 mg 

(61.4%) of 4-Se as a brown solid, m.p. > 250 °C: 1H NMR (500 MHz, CDCh) 8 8.43 (s, 1 H), 

8.14 (s, 1 H), 6.55 (s, 1 H), 3.31 (t, 2 H, J= 6.0 Hz), 3.22-3.13 (m, 4 H), 2.94 (s, 3 H), 2.80 (t, 2 

H, J= 6.0 Hz), 2.63 (t, 2 H, J= 6.0 Hz), 2.00 (quintet, 2 H, J= 6.0 Hz), 1.91 (quintet, 2 H, J= 

6.0 Hz), 1.70 (t, 2 H, J = 6.0 Hz), 1.32 (s, 6 H); Be NMR (75.5 MHz, CDCh) 8 179.8, 147.3, 

145.4, 134.1, 133.9, 130.7, 129.4, 127.3, 119.9, 119.5, 119.4, 114.4, 106.3, 50.0, 49.2, 47.2, 38.8, 

36.0, 31.8, 29.7, 27.5, 25.5, 21.3, 21.2; IR (film on NaCl) 2930, 1589, 1569, 1514 cm-1
; HRMS 
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(ESI, HRDFMagSec) m/z 453.1432 (calcd for C25H2sN2O80Se + H+: 453.1440). 

3.5.27. Preparation of Julolidyl/Half-julolidyl Telluroxanthone 4-Te 

Phosphorus oxychloride (306 µL, 3.28 mmol), triethylamine (457 µL, 3.28 mmol) and 

18-Te (160 mg, 0.273 mmol) in anhydrous CH3CN (20 mL) were treated as described for the 

preparation of 2-S. The crude product was recrystallized from CH2Ch/hexanes to give 83.0 mg 

(60.6%) of 4-Te as a brown solid, m.p. > 250 °C: 1H NMR (300 MHz, CD2Ch) 8 8.47 (s, 1 H), 

8.17 (s, 1 H), 6.74 (s, 1 H), 3.32 (t, 2 H, J= 6.0 Hz), 3.26-3.14 (m, 4 H), 2.95 (s, 3 H), 2.83 (t, 2 

H, J = 6.3 Hz), 2.53 (t, 2 H, J = 6.3 Hz), 2.06-1.86 (m, 4 H), 1.72 (t, 2 H, J = 6.0 Hz), 1.34 (s, 6 

H); Be NMR (75.5 MHz, CDCh) 8 183.6, 147.6, 146.0, 131.7, 131.6, 129.0, 122.9, 122.8, 

122.7, 120.9, 119.5, 118.6, 112.5, 50.3, 49.8, 47.6, 39.1, 36.5, 32.1, 30.1, 30.0, 27.9, 22.0, 21.8; 

IR (film on NaCl) 2928, 1583, 1560, 1406, 1304, 1280, 1261, 1207 cm-1
; HRMS (ESI, 

HRDFMagSec) m/z 503.1329 (calcd for C25H2sON2B0Te + H+: 503.1337). 

3.5.28. Preparation of Bisjulolidyl Thiorhodamine 5-S 

Phenylmagnesium bromide (1 Min THF, 1.24 mL, 1.24 mmol) was added dropwise to a 

stirred solution of 2-S (100 mg, 0.248 mmol) in THF (10 mL) and the resulting mixture was 

heated at reflux for 16 h and then cooled to ambient temperature. The reaction was quenched by 

the addition of glacial acetic acid (2 mL) and the resulting mixture was poured into 200 mL of 

aqueous 10% HPF6. After stirring for 12 h, the precipitate was collected via filtration, washed 

with water (30 mL) and diethyl ether (4 x 25 mL) to give 138 mg (91.4%) of 5-S as a green 

solid, m.p. > 250 °C: 1H NMR (500 MHz, CD2Ch) 8 7.63-7.56 (m, 3 H), 7.30-7.23 (m, 2 H), 

6.95 (s, 2 H), 3.54-3.44 (m, 8 H), 2.94 (t, 4 H, J = 6.0 Hz), 2.65 (t, 4 H, J = 6.0 Hz), 2.16 

(quintet, 4 H, J= 6.0 Hz), 1.95 (quintet, 4 H, J= 6.0 Hz); Be NMR (75.5 MHz, CDCh) 8 157.3, 

148.5, 138.8, 137.0, 132.8, 129.8, 129.2, 128.8, 125.1, 118.6, 114.1, 51.5, 50.5, 28.2, 24.4, 20.8, 
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20.4; Amax (MeOH) 594 run (E = 1.24 x 10-5 M-1 cm-1); HRMS (ESI, HRDFMagSec) m/z 

463.2203 (calcd for e31H31N2S+: 463.2202). 

3.5.29. Preparation of Bisjulolidyl Selenorhodamine 5-Se 

Phenylmagnesium bromide (1 Min THF, 2.23 mL, 2.23 mmol) and 2-Se (100 mg, 0.223 

mmol) in THF (10 mL) were treated as described for the preparation of 5-S to give 125 mg 

(85.6%) of 5-Se as a blue solid, m.p. > 250 °e: 1H NMR (500 MHz, eDeb) 8 7.62-7.54 (m, 3 

H), 7.28-7.20 (m, 2 H), 6.98 (s, 2 H), 3.56-3.40 (m, 8 H), 2.86 (t, 4 H, J = 6.0 Hz), 2.62 (t, 4 H, J 

= 6.0 Hz), 2.18 (quintet, 4 H, J= 6.0 Hz), 1.94 (quintet, 4 H, J= 6.0 Hz); Be NMR (75.5 MHz, 

eDeb) 8 159.1, 148.3, 141.0, 138.4, 135.1, 129.8, 129.0, 128.7, 124.5, 119.4, 116.5, 51.5, 50.6, 

28.1, 26.2, 20.8, 20.6; Amax (MeOH) 604 run (E = 1.35 x 105 M-1 cm-1); HRMS (ESI, 

HRDFMagSec) m/z 511.1649 (calcd for e 31H31N280Se+: 511.1647). 

3.5.30. Preparation ofBisjulolidyl Tellurorhodamine 5-Te 

Phenylmagnesium bromide (1 Min THF, 1.00 mL, 1.00 mmol) and 2-Te (100 mg, 0.201 

mmol) in THF (10 mL) were treated as described for the preparation of 5-S to give 130 mg 

(92.3%) of 5-Te as a purple solid, m.p. > 250 °e: 1H NMR (500 MHz, eD2eh) 8 7.60-7.51 (m, 3 

H), 7.25-7.19 (m, 2 H), 7.09 (s, 2 H), 3.47 (t, 4 H, J= 6.0 Hz), 3.43 (t, 4 H, J= 6.0 Hz), 2.73 (t, 4 

H, J = 6.5 Hz), 2.59 (t, 4 H, J = 6.0 Hz), 2.20 (quintet, 4 H, J = 6.0 Hz), 1.93 (quintet, 4 H, J = 

6.0 Hz); Be NMR (75.5 MHz, eDeb) 8 162.2, 147.7, 140.6, 138.1, 135.6, 129.7, 128.6, 128.5, 

124.2, 121.5, 121.0, 51.4, 50.7, 30.5, 28.0, 21.0, 20.8; Amax (MeOH) 615 nm (E = 1.44 x 105 M-1 

cm-1); HRMS (ESI, HRDFMagSec) m/z 561.1540 (calcd for e 31H31N2B0Te+: 561.1544). 

3.5 .31. Preparation of Bishalf-julolidyl Thiorhodamine 6-S 

Phenylmagnesium bromide (1 Min THF, 2.46 mL, 2.46 mmol) and 3-S (100 mg, 0.246 

mmol) in THF (10 mL) were treated as described for the preparation of 5-S to give 124 mg 

95 

https://7.25-7.19
https://7.60-7.51
https://3.56-3.40
https://7.28-7.20
https://7.62-7.54


(82.1%) of 6-S as a green solid, m.p. 252-254 °e: 1H NMR (500 MHz, eD2eh) 8 7.68-7.61 (m, 

3 H), 7.36-7.30 (m, 2 H), 7.29 (s, 2 H), 7.00 (s, 2 H), 3.58 (t, 4 H, J = 6.0 Hz), 3.24 (s, 6 H), 1.75 

(t, 4 H, J = 6.0 Hz), 1.09 (s, 12 H); Be NMR (75.5 MHz, eD2eh) 8 158.7, 150.5, 142.9, 136.2, 

135.1, 130.6, 129.7, 129.6, 128.9, 119.4, 104.6, 48.5, 40.0, 34.6, 32.2, 28.6; Amax (MeOH) 579 

nm (c = 1.04 x 105 M-1cm-1); HRMS (ESI, HRDFMagSec) m/z 467.2514 (calcd for e31H35N2S+: 

467.2515). 

3.5.32. Preparation of Bishalf-julolidyl Selenorhodamine 6-Se 

Phenylmagnesium bromide (1 Min THF, 1.10 mL, 1.10 mmol) and 3-Se (100 mg, 0.22 

mmol) in THF (10 mL) were treated as described for the preparation of 5-S to give 113 mg 

(77.9%) of 6-Se as a green solid, m.p. 246-248 °e: 1H NMR (500 MHz, eD2eh) 8 7.65-7.59 (m, 

3 H), 7.33-7.27 (m, 4 H), 7.17 (s, 2 H), 3.55 (t, 4 H, J= 6.0 Hz), 3.23 (s, 6 H), 1.74 (t, 4 H, J= 

6.0 Hz), 1.05 (s, 12 H); Be NMR (75.5 MHz, eDeh) 8 159.6, 149.6, 144.5, 137.5, 134.1, 132.1, 

129.0, 128.5, 127.1, 119.8, 107.9, 48.3, 39.9, 34.5, 31.8, 28.6; Amax (MeOH) 590 nm (E = 1.36 x 

105M-1 cm-1); HRMS (ESI, HRDFMagSec) m/z 515.1960 (calcd for e 31H35N2
80Se+: 515.1960). 

3.5.33. Preparation ofBishalf-julolidyl Tellurorhodamine 6-Te 

Phenylmagnesium bromide (1 Min THF, 1.98 mL, 1.98 mmol) and 3-Te (100 mg, 0.198 

mmol) in THF (10 mL) were treated as described for the preparation of 5-S to give 105 mg 

(75.0%) of 6-Te as a green solid, m.p. 250-252 °e: 1H NMR (500 MHz, eDeh) 8 7.61-7.55 (m, 

3 H), 7.48 (s, 2 H), 7.35 (s, 2 H), 7.25-7.21 (m, 2 H), 3.49 (t, 4 H, J = 6.0 Hz), 3.24 (s, 6 H), 1.71 

(t, 4 H, J= 6.0 Hz), 1.00 (s, 12 H); Be NMR (75.5 MHz, eD2eh) 8 163.5, 149.2, 140.0, 136.0, 

135.5, 134.2, 129.3, 129.0, 128.7, 122.1, 114.8, 48.6, 39.9, 34.8, 32.0, 28.6; Amax (MeOH) 607 

nm (E = 1.21 x 105 M-1 cm-1); HRMS (ESI, HRDFMagSec) m/z 565.1857 (calcd for 

e31H35N2 BoTe+: 565 .1857). 
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3.5.34. Preparation of Julolidyl/Half-julolidyl Thiorhodamine 7-S 

Phenylmagnesium bromide (1 Min THF, 2.47 mL, 2.47 mmol) and 4-S (100 mg, 0.247 

mmol) in THF (10 mL) were treated as described for the preparation of 5-S to give 136 mg 

(90.1%) of7-S as a purple solid, m.p. 249-251 °e: 1HNMR (500 MHz, eD2eh) 8 7.66-7.58 (m, 

3 H), 7.33-7.27 (m, 2 H), 7.19 (s, 1 H), 7.06 (s, 1 H), 7.03 (s, 1 H), 3.57 (t, 2 H, J = 6.5 Hz), 

3.54-3.48 (m, 4 H), 3.22 (s, 3 H), 2.88 (t, 2 H, J = 6.5 Hz), 2.67 (t, 2 H, J = 6.5 Hz), 2.17 

(quintet, 2 H, J = 6.0 Hz), 1.96 (quintet, 2 H, J = 6.0 Hz), 1.74 (t, 2 H, J = 6.5 Hz), 1.07 (s, 6 H); 

Be NMR (75.5 MHz, eD2eh) 8 157.8, 150.0, 148.9, 141.9, 139.6, 136.6, 134.8, 133.2, 130.2, 

129.7, 129.4, 128.8, 125.4, 119.1, 118.8, 113.9, 104.8, 51.5, 50.6, 48.4, 39.8, 34.7, 32.1, 28.6, 

28.1, 24.3, 20.7, 20.2; Amax (MeOH) 587 nm (E = 1.20 x 105 M-1 cm-1); HRMS (ESI, 

HRDFMagSec) m/z 465.2358 (calcd for e 31H33N2S+: 465.2359). 

3.5.35. Preparation of Julolidyl/Half-julolidyl Selenorhodamine 7-Se 

Phenylmagnesium bromide (1 Min THF, 1.11 mL, 1.11 mmol) and 4-Se (100 mg, 0.222 

mmol) in THF (10 mL) were treated as described for the preparation of 5-S to give 110 mg 

(75.3%) of 7-Se as a purple solid, m.p. 237-239 °e: 1H NMR (500 MHz, eDei)) 8 7.65-7.54 (m, 

3 H), 7.30-7.23 (m, 2 H), 7.19 (s, 1 H), 7.18 (s, 1 H), 7.10 (s, 1 H), 3.56-3.44 (m, 6 H), 3.21 (s, 3 

H), 2.78 (t, 2 H, J = 6.0 Hz), 2.64 (t, 2 H, J = 6.0 Hz), 2.18 (quintet, 2 H, J = 6.0 Hz), 1.95 

(quintet, 2 H, J= 6.0 Hz), 1.73 (t, 2 H, J= 6.0 Hz), 1.03 (s, 6 H); Be NMR (75.5 MHz, eDei)) 

158.7, 149.1, 148.1, 142.6, 141.6, 137.6, 134.9, 133.8, 131.7, 129.0, 128.8, 128.4, 124.3, 119.2, 

119.1, 116.2, 107.4, 51.1, 50.2, 48.0, 39.5, 34.4, 31.7, 28.6, 27.6, 25.7, 20.2, 19.9; Amax (MeOH) 

597 nm (E = 1.22 x 105 
~ 

1 cm-1); HRMS (ESI, HRDFMagSec) m/z 513.1803 (calcd for 

e31H33N280Se+: 513.1803). 

97 

https://3.56-3.44
https://7.30-7.23
https://7.65-7.54
https://3.54-3.48
https://7.33-7.27
https://7.66-7.58


3.5.36. Preparation of Julolidyl/Half-julolidyl Tellurorhodamine 7-Te 

Phenylmagnesium bromide (1 Min THF, 1.00 mL, 1.00 mmol) and 4-Te (100 mg, 0.200 

mmol) in THF (10 mL) were treated as described for the preparation of 5-S to give 125 mg 

(88.7%) of7-Te as a purple solid, m.p. > 250 °C: 1H NMR (500 MHz, CD2Ch) 8 7.62-7.54 (m, 3 

H), 7.41 (s, 1 H), 7.28 (s, 1 H), 7.27-7.23 (m, 2 H), 7.22 (s, 1 H), 3.53-3.46 (m, 4 H), 3.44 (t, 2 H, 

J= 6.0 Hz), 3.19 (s, 3 H), 2.67-2.58 (m, 4 H), 2.24-2.17 (m, 2 H), 1.98-1.90 (m, 2 H), 1.71 (t, 2 

H, J= 6.0 Hz), 0.99 (s, 6 H); Be NMR (75.5 MHz, CDCh) 8 162.9, 148.8, 148.3, 140.3, 138.7, 

136.8, 135.1, 135.0, 134.1, 129.6, 128.8, 128.6, 124.5, 122.0, 121.7, 121.6, 114.3, 51.6, 50.9, 

148.5, 39.8, 34.9, 32.0, 30.8, 28.7, 27.9, 20.9, 20.7; Amax (MeOH) 610 nm (E = 1.27 x 105 
~ cm-

1); HRMS (ESI, HRDFMagSec) m/z 563.1697 (calcd for C31H33N2B 
0Te+: 563.1700). 

3.5.37. Preparation of Diaryl Selenide 22 

sec-Butyllithium (1.00 Min cyclohexane, 0.96 mL, 0.96 mmol), TMEDA (144 µL, 0.964 

mmol), amide 1626 (0.250 g, 0.873 mmol), and diselenide 2196 (0.730 g, 1.83 mmol) in THF (2 x 

30 mL) were treated as described for the preparation of 15-S. The crude product was purified via 

column chromatography (SiO2, 4:6 EtOAc/hexanes) to yield 194 mg (45.9%) of 22 as a pale 

yellow oil: 1H NMR (500 MHz, CDCh) 8 7.13 (t, 1 H, J= 8.1 Hz), 7.04-6.95 (m, 2 H), 6.90 (d, 1 

H, J= 8.1 Hz), 6.64 (dd, 1 H, J= 2.4, 8.1 Hz), 6.48 (s, 1 H), 3.62-3.36 (m, 4 H), 3.19 (t, 2 H, J= 

6.0 Hz), 2.91 (s, 6 H), 2.67 (s, 3 H), 1.71 (t, 2 H, J = 6.0 Hz), 1.65 (m, 2 H), 1.58 (m, 4 H), 1.23 

(s, 6 H); Be NMR (300 MHz, CDCh) 8 169.8, 150.7, 145.6, 130.7, 129.4, 129.2, 128.3, 125.2, 

124.1, 122.2, 118.1, 114.0, 111.5, 47.1, 45.0 (br), 40.2, 38.5, 36.4, 31.5, 30.3, 25.8, 24.4; IR 

(film on NaCl) 2933, 2852, 1625, 1590, 1557, 1533, 1493, 1467, 1430, 1347, 1317, 1260 cm-1
; 

HRMS (ESI, HRDFMagSec) m/z 486.2018 (calcd for C26H35N3O80Se + H+: 486.2018). 
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3.5.38. Selenoxanthone 23 

Phosphorus oxychloride (0.380 mL, 4.08 mmol), triethylamine (0.567 mL, 4.07 mmol) 

and selenide 22 (165 mg, 0.339 mmol) in anhydrous CH3CN (15 mL) were treated as described 

for the preparation of 2-S. The crude product was recrystallized from CH2Ch/hexanes to give 

130 mg (95.7%) of23 as a yellow solid, m.p. 200-203 °C: 1H NMR (500 MHz, CDCb) 8 8.94 (d, 

1 H, J= 9.0 Hz), 8.46 (s, 1 H), 6.76 (dd, 1 H, J= 3.0, 9.0 Hz), 6.67 (d, 1 H, J= 3.0 Hz), 6.54 (s, 

1 H), 3.39 (t, 2 H, J = 6.0 Hz), 3.07 (s, 6 H), 3.02 (s, 3 H), 1.76 (t, 2 H, J = 6.0 Hz), 1.35 (s, 6 H); 

13C NMR (500 MHz, CDCb) 8 179.8, 151.6, 147.7, 136.4, 134.4, 132.2, 130.9, 127.8, 120.5, 

119.9, 111.3, 107.9, 106.4, 47.5, 40.0, 39.0, 36.2, 32.0, 29.9; IR (film on NaCl) 1590, 1314, 1287 

cm-1
; HRMS (ESI, HRDFMagSec) m/z 401.1126 (calcd for C21H24N2O

80Se + H+: 401.1127). 

3.5.39. Preparation of Half-julolidyl Selenorhodamine 20-Se 

Phenylmagnesium bromide (1.0 M in THF, 2.50 mL, 2.50 mmol) and selenoxanthone 23 

(200 mg, 0.501 mmol) in THF (20 mL) were treated as described for the preparation of 5-S to 

give 225 mg (74.3%) of 20-Se as a green solid, m.p. 215-218 °C: 1H NMR (500 MHz, CD2Ch) 8 

7.66-7.59 (m, 2 H), 7.45 (d, 1 H, J= 9.0 Hz), 7.36 (s, 1 H) 7.32-7.27 (m, 3 H), 7.23 (d, 1 H, J= 

2.5 Hz), 7.19 (s, 1 H), 6.82 (dd, 1 H, J= 2.5, 9.5 Hz), 3.57 (t, 2 H, J= 6.5 Hz), 3.26 (s, 3 H), 3.23 

(s, 6 H), 1.75 (t, 2 H, J = 6.5 Hz), 1.05 (s, 6 H); 13C NMR (500 MHz, CD2Ch) 8 161.3, 153.0, 

150.7, 145.4, 145.1, 138.4, 137.6, 135.0, 133.1, 129.5, 128.9, 120.5, 120.0, 114.7, 108.9, 108.3, 

105 M-1 148.9, 40.7, 40.3, 34.6, 32.1, 28.5; Amax (CH3OH) 585 nm (E = 1.35 x cm- ); IR (film on 

NaCl) 1591, 1509, 1448, 1387, 1356, 1330, 1252, 1211 cm-1
; HRMS (ESI, HRDFMagSec) m/z 

461.1490 (calcd for C21H29N2Se+: 461.1497). 

3.5.40. Preparation ofTellurorhodamine 27 

2-Bromomesitylene (469 µL, 3.07 mmol) was dissolved in dry THF (1.5 mL) in a round 
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bottom flask. Magnesium (82.0 mg, 3.37 mmol) was added and the solution stirred at room 

temperature until most of the magnesium was consumed. The resulting solution of Grignard 

reagent was added via cannula to a stirred suspension of 2-Te (100 mg, 0.204 mmol) in dry THF 

(10 mL). The resulting solution was heated at reflux for 24 h, cooled to ambient temperature, and 

poured into 200 mL of an ~ 10% aqueous HPF6 solution. The resulting precipitate was collected 

via filtration after 12 h of stirring and was washed with water (100 mL) and diethyl ether (100 

mL) to give 127 mg (83.0%) of 27 as a dark purple solid, m.p. > 250 °C. 1H NMR (500 MHz, 

CD2Ch) 8 7.10 (s, 2 H), 7.03 (s, 2 H), 3.47 (t, 4 H, J = 6.0 Hz), 3.43 (t, 4 H, J = 6.0 Hz), 2.74 (t, 

4 H, J = 6.5 Hz), 2.61 (t, 4 H, J = 6.5 Hz), 2.42 (s, 3 H), 2.21 (quintet, 4 H, J = 6.0 Hz), 1.93 

(quintet, 4 H, J = 6.5 Hz), 1.80 (s, 6 H); 13C NMR (75 .5 MHz, CD2Ch) 8 162.4, 147.9, 138.5, 

136.6, 136.0, 135.9, 135.4, 128.7, 125.1, 120.9, 120.8, 51.4, 50.7, 30.5, 28.0, 21.2, 21.0, 20.8, 

119.7; Amax (MeOH) 617 nm (E = 1.65 x 105 M-1 cm- ); HRMS (ESI, HRDFMagSec) m/z 603.2013 

(calcd for C34H37N2130Te+: 603.2012). 

3.5 .41. Oxidation of Tellurorhodamine 27 to Tellurorhodamine Telluroxide 28 

Tellurorhodamine 27 (1.5 mg, 0.20 µmol) was dissolved in 0.60 mL of a solution of 0.1 

M CF3CO2D in CD3OD in a 5-mm NMR tube. The 1H NMR spectrum of 27 in this solvent 

system was acquired: 8 7.09 (s, 2 H), 7.07 (s, 2 H), 3.54-3.48 (m, 4 H), 3.47-3.43 (m, 4 H), 2.82-

2.74 (m, 4 H), 2.64-2.56 (m, 4 H), 2.42 (s, 3 H), 2.23-2.15 (m, 4 H), 1.98-1.88 (m, 4 H), 1.79 (s, 

6 H). To this solution was added 12.5 µL ofan 8.8 M solution ofH2O2(0.11 mmol, 0.18 M final 

concentration). The 1H NMR spectrum of the resulting solution was recorded within 3 min of 

addition of the H2O2 and oxidation was complete at this point: 1H NMR (500 MHz, CD3OD 0.1 

M CF3C(O)OD) 8 7.05 (s, 2 H), 6.81 (s, 2 H), 3.75-3.67 (m, 4 H), 3.66-3.60 (m, 4 H), 3.46-3.36 

(m, 4 H), 2.58-2.49 (m, 4 H), 2.39 (s, 3 H), 2.29-2.17 (m, 4 H), 2.00-1.86 (m, 4 H), 1.90 (s, 6 H); 
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13C NMR (500 MHz, 0.1 M CF3C(O)OD in CD3OD) 8 151.1, 139.3, 137.2, 136.2, 135.4, 130.1, 

128.5, 126.0, 52.0, 51.4, 30.4, 27.3, 20.8, 20.2, 20.1, 18.6; Amax (CH3OH) 704 nm (E = 1.35 x 105 

M-1cm-1); HRMS (ESI, HRDFMagSec) m/z 619.1963 (calcd for C34H37N2O130Te+: 619.1963). 

3.5.42. Preparation ofTellurorhodamine 29 

2-Bromomesitylene (461 µL, 2.98 mmol) was added to a stirred suspension of ground 

magnesium turnings (79.7 mg, 3.28 mmol) in THF (3 mL). The resulting solution was stirred at 

ambient temperature for 3 h before it was transferred via cannula to a stirred solution of 

telluroxanthone 3-Te (150 mg, 0.298 mmol) at room temperature in THF (5 mL). The mixture 

was heated at reflux overnight, then cooled to ambient temperature before glacial acetic acid (2 

mL) was added. The resulting solution was poured into cold, stirring 10% aqueous HPF6 (200 

mL) and the resulting mixture was stirred for 12 h. The precipitate was collected via filtration 

and washed with water (50 mL) and hexanes (75 mL), yielding 125 mg (55.8%) of 29 as a blue 

solid, m.p. 166-168 °C: 1H NMR (500 MHz, CD2Ch) 8 7.40 (s, 2 H), 7.39 (s, 2 H), 7.08 (s, 2 H), 

3.50 (t, 4 H, J = 6.0 Hz), 3.20 (s, 6 H), 2.44 (s, 3 H), 1.82 (s, 6 H), 1.73 (t, 4 H, J = 6.0 Hz), 1.01 

(s, 12 H); 13C NMR (75.5 MHz, CD2Ch) 8 164.1, 149.5, 138.9, 135.9, 135.8, 135.6, 135.1, 

133.7, 128.7, 121.5, 114.9, 48.5, 39.9, 34.8, 31.9, 28.8, 21.2, 19.5; Amax (CH3OH) 606 nm (E = 

9.66 x 104M-1cm-1); HRMS m/z 607.2329 (ESI, HRDFMagSec) (C34H41N2
130Te+: 607.2326). 

3.5.43. Oxidation ofTellurorhodamine 29 to Tellurorhodamine Telluroxide 30 

Tellurorhodamine 29 (1.5 mg, 0.20 µmol) was dissolved in 0.60 mL of a solution of 0.1 

M CF3CO2D in CD3OD in a 5-mm NMR tube. The 1H NMR spectrum of 29 in this solvent 

system was acquired: 8 7.73 (s, 2 H), 7.43 (s, 2 H), 7.16 (s, 2 H), 3.54 (t, 4 H, J= 6.0 Hz), 3.21 

(s, 4 H), 2.42 (s, 3 H), 1.82 (s, 6 H), 1.82 (t, 4 H, J = 6.0 Hz), 1.00 (s, 6 H). To this solution was 

added 12.5 µL of an 8.8 M solution of H2O2 (0.11 mmol, 0.18 M final concentration). The 1H 
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NMR spectrum of the resulting solution was recorded within 3 min of addition of the H2O2 and 

oxidation was complete at this point: 1H NMR (500 MHz, CD3OD 0.1 M CF3C(O)OD) 8 8.00 (s, 

2 H), 7.19 (s, 2 H), 7.15 (s, 2 H), 3.76 (t, 4 H, J= 6.0 Hz), 3.48 (s, 4 H), 2.42 (s, 3 H), 1.93 (s, 6 

H), 1.77 (t, 4 H, J= 6.0 Hz), 1.00 (s, 6 H); 13C NMR (500 MHz, 0.1 M CF3C(O)OD in CD3OD) 

8 153.4, 140.8, 137.0, 136.8, 135.7, 129.8, 129.4, 123.7, 50.2, 40.8, 35.3, 32.6, 32.3, 28.9, 21.2, 

19.6; l'vmax (CH3OH) 692 nm (E = 1.65 x 105 M-1 cm-1); HRMS (ESI, HRDFMagSec) m/z 

623.2279 (calcd for C34H41N2O 130Te+: 623.2276). 

3.5.44. Determination of 102 Yields from 102 Phosphorescence Spectroscopy 

Generation of singlet oxygen (102) was assessed by its phosphorescence peak at 1270 

nm. A spectrometer equipped with a near infrared photodetector was used for acquisition of the 

emission spectra in NIR spectral range. A diode-pumped solid-state laser at 532 nm was the 

excitation source. The emission signal was collected at 90-degrees relative to the exciting laser 

beam with the use of a 950-nm long-pass filter to attenuate the scattered light and fluorescence 

from the samples. The samples (methanol solutions of the compounds in quartz cuvettes) were 

placed in front of the spectrometer entrance slit. 

3.5.45. Fluorescence Experiments 

Measurements of fluorescence quantum yield were performed on a spectrofluorometer 

using either fluorescent dye Rhodamine 6G with known <l>FL = 0.93rn in MeOH for 5-E-7-E or 

fluorescent dye LD 700 perchlorate (Rhodamine 700) as a reference with known <l>FL = 0.38 103 in 

MeOH for 27 and 28. 

3.5.46. Cell Experiments 

Colo-26, a murine colon carcmoma cell line, was maintained in RPMI 1640 

supplemented with 10% fetal calf serum (FCS) and antibiotics at 37 °C, 5% CO2. Colo-26 cells 
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were harvested, counted, and seeded at a density of 1.5 x 105 cells per well in 0.5 mL of RPMI 

supplemented medium the night before the assay in a 24-well plate. The day of the assay, the 

medium was removed from a single well at a time and 0.5 mL of HBSS was added to the cells. 

MitoTracker Green (0.25 µL of stock solution, 0.5 µM final concentration) of was added to the 

well and the plate was incubated for 10 min. Tellurorhodamine 27 (0.2 µM) was added, and the 

plate was incubated for an additional 5 min (total incubation = 15 min). The HBSS containing 

tellurorhodamine 27 and MitoTracker Green was removed and 0.5mL of fresh HBSS was added. 

A camera-equipped fluorescence microscope was used in the cell imaging experiments. 

The tellurorhodamine 27 and/or telluroxide 28 were excited with 620 ± 30 nm light and the 

MitoTracker Green was excited with 470 ± 20 nm light. Image J software was used to color the 

images and to give overlay of images. 

3.6. Supporting Information 

General experimental procedures and 1H and 13C NMR spectra for 2-E-7-E, 9, 10-E, 11, 

12, 13-E, 15-E, 17-E, 18-E, 20-E, 22, 23, and 27-30. These materials are available free of charge 

via the Internet at http://pubs.acs.org. 
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4. Chapter 4: Selenorhodamine Photosensitizers for Photodynamic Therapy of P-Glycoprotein

Expressing Cancer Cells 72 

My contribution to this manuscript was the biological testing performed. This included 

the growth and maintenance of Colo-26 cell cultures; rhodamine uptake studies in the absence or 

presence of verapamil using flow cytometry; subcellular localization studies of the dyes 

compared to MTG and L YS using ImageStream cytometry; analysis of the obtained flow data; 

dark toxicity and phototoxicity experiments using no light, a broad-band light source, or a dye

tunable laser; the generation of dose response curves and determination of EC5o values, LD5o 

values, and therapeutic ratios; and finally combination therapy experiments using PDT and 

Doxorubicin. Taken together, the biological results presented in this manuscript suggest that 

rhodamine dyes, especially those containing thiophene thioamides, are effective mitochondrial

specific photosensitizers for PDT in P-gp expressing Colo-26 cells. 

Reprinted with permission: J. Med. Chem., 2014, 57, 8622-8634. 
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4.1. Abstract 

We examined a series of selenorhodamines with amide and thioamide functionality at the 

5-position of a 9-(2-thienyl) substituent on the selenorhodamine core for their potential as 

photosensitizers for photodynamic therapy (PDT) in P-glycoprotein (P-gp) expressing cells. 

These compounds were examined for their photophysical properties (absorption, fluorescence, 

and ability to generate singlet oxygen), for their uptake into Colo-26 cells in the absence or 

presence of VER, for their dark and phototoxicity toward Colo-26 cells, for their rates of 

transport in monolayers of multidrug-resistant, P-gp-overexpressing MDCKII-MDRl cells, and 

for their co-localization with mitochondrial specific agents in Colo-26 cells. Thioamide 

derivatives 16b and 18b were more effective photosensitizers than amide derivatives 15b and 

17b. Selenorhodamine thioamides 16b and 18b were useful in a combination therapy to treat 

Colo-26 cells in vitro: a synergistic therapeutic effect was observed when Colo-26 cells were 

exposed to PDT and treatment with the cancer drug doxorubicin. 

4.2. Introduction 

The treatment of cancer cells expressing P-glycoprotein (P-gp, also known as MORI or 

ABCB 1) or other ABC transporters is often limited by the ability of the chemotherapeutic agent 

4to penetrate the cellular membrane in the presence of the ABC transporter. ' 
6 P-gp expression 

and associated drug resistance can be quite rapid, with mdr gene expression commencing within 

an hour of treatment. 112 Effective clinical intervention with multidrug-resistant (MDR) cancer 

will require design of mechanism-based inhibitors of P-gp and other multidrug-binding proteins. 

Currently, there are no approved reversal agents for use in the clinic. 113
-
115 

As a class, the rhodamines are transported rapidly by P-gp with tetramethylrosamine [1 

(E = 0), Chart 4.1] being transported roughly 5- to IO-fold faster than either rhodamine 123 (2) 
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or rhodamine 6G (3) in isolated P-gp. 116
-
118 In non-drug resistant cancer, rhodamines have found 

therapeutic applications as anticancer agents. As delocalized lipophilic cations (DLCs), 

rhodamines are concentrated in the mitochondria of cancer cells because of increased 

mitochondrial membrane potential in the transformed cells. 119
-
120 Rhodamine 123 (2) has also 

been used to treat cancers in vitro 121 and in vivo. 122 Other DLCs such as the thiopyrylium dye 

4 are also cytotoxic to cancer cells in vitro and have antitumor activity in vivo. 123 

Photodynamic therapy (PDT) is a treatment modality for a variety of cancers including 

cancers of the lung, gastrointestinal tract, the head and neck region, bladder, prostate, and non

melanoma skin cancer.29 In PDT, irradiation of a cancer-targeted, light absorbing molecule (a 

photosensitizer) leads to phototoxicity beyond any observed dark toxicity toward the 

cancer.29 While in principle, the rhodamines and 4-like dye molecules have the potential to be 

photosensitizers for PDT of cancer,29 irradiation of cells or tumors treated with 2 or 4 gives no 

increase in toxicity in vitro119
• 

123 or in vivo. 122
-
123 Furthermore, one might ask whether rhodamine 

derivatives, which are excellent transport substrates for P-gp, would function as effective 

photosensitizers in cancers showing drug resistance. 

8 
~c1 

AAcAA 0 
Me 0M~N E NM~ Cl 

1, E = 0, S, Se © 
NHEt 

Ph 
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Cl 

© 
NH2 

© 
NMe2 
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X 0 
Cl 

Sa, X = Y = Br 

6a, E = S 
6b, E = Se 

Sb, X = Br, Y = H 

Chart 4.1. Structures of the Chalcogenorosamines [1 (E = 0, S, Se)], Rhodamine 123 (2), 
Rhodamine 6G (3), Thiopyrylium (4), Rhodamines (5), and Julolidylrosamines [6 (E = S, Se)]. 
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Among the attributes of an ideal photosensitizer are (1) strong, high extinction coefficient 

absorbance in the 600-800-nm window, where tissue penetration of light is at a maximum and 

where wavelengths of light are still energetic enough to produce 10 2, (2) a high quantum yield 

for the photochemical event [production of 10 2 or other reactive oxygen species (ROS)], and (3) 

targeting of the desired tissue or cellular/subcellular site.29 While rhodamines selectively target 

the mitochondria of transformed cells, they are poor photosensitizers, absorbing wavelengths of 

light too short for effective penetration of tissue and producing 10 2 and other ROS 

. ffi . 1 49 124me 1c1ent y. ' 

Rhodamines brominated on the xanthylium core have increased quantum yields for the 

generation of 10 2 [<1>(102)] due to heavy atom effects from bromine.124 Tetrabromo derivative 

Sa125 
-
126 and dibromo derivative 5h54

' 
127 (Chart 4.1) still target mitochondria and are phototoxic 

to transformed cells, but wavelengths of absorption are unchanged relative to 2. 

Dibromorhodamine Sb has been evaluated in several clinical trials.54
' 

127 Replacing the oxygen 

atom of the xanthylium core of 1 with the heavier chalcogen atoms S or Se (Chart 4.1) gives 

derivatives with longer wavelengths of absorption and increased values of <1>(102).
49 These 

derivatives are phototoxic and target the mitochondria of cancer cells, but both the thio- [1 (E = 

49 55S)] and selenorosamine [1 (E = Se)] have values of Amax < 600 nm, ' which will limit their 

utility in vivo. 

When examining the role of rhodamine-derived photosensitizers in the PDT of MDR 

cells, one must reconcile the rapid transport of the rhodamines by P-gp out of the cell with the 

mitochondrial specificity of the rhodamines. The transport of 2 was used to define substrates and 

antagonists for P-gp in the NCI 60 set of cells with the NCI Drug Screen Database 

of compounds. 128 
-
129 The rhodamine binding site (the "R" site) in P-gp was first suggested by 
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Shapiro and Ling to define that rhodamines, in general, are substrates for P-gp.22' 130 With the 

assumption that the rhodamines have a common locus for binding, we examined several discrete 

libraries of rhodamine/rosamine compounds for their ability to stimulate ATPase activity leading 

69 131to active transport. · These studies indicated a greater than a 1000-fold variation in ATPase 

131activities with small structural changes within the rhodamines/rosamines.69· 

With respect to rates of rhodamine transport, single atom changes can also give large 

differences in transport rates in a P-gp-expressing monolayer of cells in both absorptive transport 

(apical to basolateral transport, PAB) and secretory transport (basolateral to apical transport, PBA), 

The ratio of secretory to absorptive transport (PBA/PAB) is an excellent indicator of whether a 

compound is a substrate for P-gp transport. For chalcogenorosamines 1 (E = 0, S) and the 

julolidylrosamine 6a (Chart 4.1), values of PBA/PAB are large, in the range of 149-

450.27 Replacing the sulfur atom with a selenium atom in 6b (Chart 4.1) gave a PBA/P AB of 15, 

which is at least an order of magnitude smaller.27 Another single-atom change with tremendous 

impact on PBA is the "amide/thioamide switch" in which amide derivatives 7a, 9a, lla, 13a, 15a, 

and 17a (Chart 4.2) have values of PBA that are 1.5- to 7-fold greater than the corresponding 

thioamide derivatives Sa, 10a, 12a, 14a, 16a, and 18a, respectively (Chart 4.2).26 Among these 

112 examples, PBA for amide 17a (PBA = 230 x 10-9 m s- ) was 7-fold greater than PBA for 

thioamide 18a (PBA = 34 x 10-9 m s-1
).

26 

The amide and thioamide derivatives of thiorhodamines 7a-18a shown in Chart 4.2 were 

also micromolar inhibitors of P-gp. The tetrahydroquinoline derivatives 15a-18a display the 

greatest ability to inhibit P-gp in whole cell studies based on values of IC50 for the enhancement 

of Calcein AM (CAM) uptake into MDCK.11-MDRl transfected cells.26 
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16b, E = Se, X = S, Z = Cl 18b, E = Se, X = S, Z = Cl 

Chart 4.2. Structures ofThiorhodamines 7a-18a and Selenorhodamines 15b-18b. 

The tetrahydroquinoline derivatives 15a-18a have not been evaluated as photosensitizers 

for PDT. If these molecules were to generate ROS such as 10 2 efficiently upon irradiation, then 

they should be effective photosensitizers toward P-gp expressing cells, since their inhibitory 

effects toward P-gp transport would allow increased photosensitizer uptake and, presumably, 

greater efficacy in P-gp expressing cells. Incorporation of a heavy atom into 15a-18a should give 

increased triplet yields and increased values of <1>(10 2), leading to better photosensitizers. 132 This 

91approach has given Se-containing analogues of both chalcogenopyrylium dyes66· • 
133 and 

55 66 125rhodamine dyes,54
- , · -

127 which all show increased phototoxicity relative to the S-containing 

analogues. The heavy-atom analogues of these DLCs still target the mitochondria of cells in 

culture.66,91 , 133-134 

Herein, we describe the synthesis of the Se-containing analogues 15b-18b (Chart 4.2) of 

the tetrahydroquinoline derivatives 15a-18a and examine the utility of these compounds as 
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photosensitizers for PDT in a murine colon carcinoma cell line expressing P-gp. The presence of 

the heavy Se atom imparts more desirable photophysical properties to the 15b-18b relative to 

15a-18a including values of Amax > 600 nm and values of <1>(102) 2: 0.44. The thioamide 

analogues 16b and 18b also are useful in combination therapy involving PDT with the 

chemotherapeutic doxorubicin (Dox). 

4.3. Chemistry 

4.3 .1. Synthesis of Selenorhodamine Derivatives 

Selenoxanthone 19 (Scheme 4.1), whose synthesis was recently described,73 is the key 

intermediate for the preparation of selenorhodamine dyes 15b-18b. Willgerodt-Kindler oxidation 

of thiophene-2-carboxaldehyde with elemental sulfur and diethylamine gave thioamide 20 in 

49% isolated yield (Scheme 4.1).26 Deprotonation of 20 with sterically bulky lithium 

diisopropylamide (LDA) gave the 2-thienyl anion 21 (Scheme 4.1), which was then added to a 

THF solution of selenoxanthone 19. Workup with aqueous HPF6 gave 16b as the PF6- salt in 

81 % isolated yield. Ion exchange with a chloride exchange resin converted 16b-PF6 to 

selenorhodamine 16b as the er salt in 95% isolated yield (77% overall). The 1H and 13C NMR 

spectra of er and PF6- salts were superimposable. Unlike the tertiary amide group,135 which is 

highly directing, the thioamide functionality does not direct lithiation in thiophenes. Only the 

more acidic a-proton of 20 was removed and none of the corresponding 2,3-disubstituted 

thiophene was detected in the product mixture. 136 

Similarly, Willgerodt-Kindler oxidation of thiophene-2-carboxaldehyde with elemental 

sulfur and piperidine gave thioamide 22 in 94% isolated yield.26
' 

137 Deprotonation of 22 with 

LDA gave 2-lithiothiophene 23 (Scheme 4.1), which was then added to a THF solution of 19.73 

Workup with aqueous HPF6 gave 18b-PF6 in 94% yield. Ion exchange with a chloride exchange 
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13resin converted 18b-PF6to 18b in 94% isolated yield (88% overall). The 1H and e NMR 

spectra ofer and PF6- salts were superimposable. The PF6- salts ofthioamides 16b and 18b were 

converted to the PF6- salts of amides 15b and 17b with trifluoroacetic anhydride in 

eH2eh.26 Following workup, the intermediate salts were isolated as 5:1 and 3:1 mixtures, 

respectively, of the PF6- and eF3e02- salts based on the results of elemental analysis. The 

mixtures were subjected to ion exchange with a chloride exchange resin to give 15b and 17b in 

55% and 98% overall yields, respectively, as a single salt. The 1H and 13e NMR spectra of er 

and PF6- salts were superimposable. 

MOOCuO 
N ° Se NMe2
Me 

19 

1) 21 or 23, l 
THF, -78 °C 

2) HPF5, 

HOAc 

s 

ez 

Scheme 4.1. Synthesis of Selenorhodamines 15b-18b. 

4.3.2. Absorption Spectra 

Absorption maxima (Amax) and molar extinction coefficients (E) in eH30H for 15a-18a26 

and 15b-18b are compiled in Table 4.1. Thiorhodamines 15a-18a have values of Amax of 597-

598 nm, while 15b-18b have values of Amax of 608-609 nm with values of E between 7 .18 x 104 

111 

https://eH2eh.26


104 1 1and 9.78 x ~ cm- . Values of Amax for 15b-18b are > 600 nm and within the desired 

therapeutic window for PDT.29 The electronic absorption spectra for 15b-18b are compiled in 

Figure Sl (Supporting Information). 

compound Arnau nm 1:, M-1 cm-1 J..FL, nm «1>(102) logP~L 

15ab 597 6.77 X 104 626 0.09 ± 0.01 <0.05 1.4 

15b 609 7.18 X 104 636 0.009 ± 0.001 0.50 ± 0.03 2.26 ± 0.04 

16ab 597 6.30 X 104 626 0.07 ± 0.01 <0.05 2.7 

16b 608 9.78 X 104 635 0.008 ± 0.001 0.54 ± 0.03 2.41 ± 0.04 

17ab 598 8.31 X 104 626 0.09 ± 0.01 <0.05 1.7 

17b 609 8.73 X 104 634 0.009 ± 0.001 0.48 ± 0.03 2.23 ± 0.04 

18ab 598 6.18 X 104 626 0.07 ± 0.01 <0.05 2.6 

18b 608 8.11 X 104 634 0.008 ± 0.001 0.44 ± 0.03 1.61 ± 0.06 

Table 4.1. Absorption maxima (Amax) and molar extinction coefficients (E) in CH3OH, 
fluorescence emission maxima O,n) and quantum yields for fluorescence (<DFL) in CH3OH, 
quantum yields for the generation of singlet oxygen [<1>(10 2)] in CH3OH, n-octanol/water 
partition coefficients (log P) for thiorhodamines 15a-18a and selenorhodamines 15b-18b.a aError 
limits are± SD. bValues of Amax, E, and log P for 15a-18a are taken from 26

. 

4.3.3. Fluorescence Yields 

Steady-state fluorescence spectra for 15a-18a and 15b-18b were acquired in CH3OH 

with excitation at 532 nm49 using 3 in CH3OH as a standard (<DFL = 0.93). 111 The thiorhodamines 

are fluorescent with <l>FL of 0.07-0.09, while selenorhodamines 15b-18b are weakly fluorescent 

(<DFL :'.S 0.009) because of the presence of Se as a heavy atom (Table 4.1). The fluorescence from 

15b-18b is still sufficient to visualize the dyes in cells as described below. 

4.3.4. Singlet-Oxygen Yields 

Values of <1>( 10 2) for 15a-18a and 15b-18b were measured usmg time-resolved 

spectroscopy of 10 2 luminescence at 1270 nm in air-saturated CH3OH. Decay traces are 

compiled m Figure S2 (Supporting Information). Tetramethylselenorosamine 

hexafluorophosphate [<1>( 10 2) = 0.87]49 was used as a standard. For 15b-18b, values of <1>( 10 2) 

fall in the range of 0.44-0.54 (Table 4.1). For 15a-18a, the signal from 10 2 luminescence could 
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not be separated from background, suggesting values of <1>(1O2) of< 0.05 (Table 4.1). 

4.3.5. Photostability 

Since the selenorhodamines produce 102 efficiently, photobleaching of the dyes under 

conditions of continuous illumination could limit the utility of 15b-18b as photosensitizers. 

Under conditions of continuous illumination with 350-800 nm light from a tungsten source 

2delivered at 50 mW cm- , selenorhodamine thioamides 16b and 18b followed a first-order loss 

as a function of fluence with half of the dye chromophore lost after - 230 J cm-2 in solutions of 

10% CH3OH in pH 7.4 buffer as shown in Figure 4.1. If longer wavelengths oflight were used, 

18b was more stable with half of the dye chromophore lost after - 850 J cm-2 of continuous 

illumination with 500-800 nm light in solutions of 10% CH3OH in pH 7.4 buffer. 

-0.5 

Cl) 

g -1.0 
('Cl 

-e 
~ -1 .5 

~ 
.£ -2.0 

-2.5 

-3.0 +------,.-------,---"""'T""---.-----r------,r---
0 100 200 300 400 500 600 

J cm-2 

Figure 4.1. Photostability of 16b (•) and 18b (o) toward 350-800 nm light delivered at 50 mW 
2cm-2 and photostability of 18b (•) toward 500-800 nm light delivered at 50 mW cm- . Error 

bars are± SD. 

4.3.6. n-Octanol/Water Partition Coefficients 

Experimental values of the n-octanol/water partition coefficient (log P) for 15b-18b were 

measured using the "shake flask" method. 138 A saturated n-octanol solution of selenorhodamine 

was shaken with an equal volume of phosphate buffered saline (PBS) at pH 7.4, and the 
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concentrations in the two layers were determined spectrophotometrically. Values of log P are 

compiled in Table 4.1 and covered a range from 1.61 for 18b to 2.41 for 16b. For comparison 

purposes, values of log P for 15a-18a26 are also compiled in Table 4.1. On the basis of this range 

of values oflog P, 15b-18b would have access to both aqueous and hydrophobic environments in 

the studies with whole cells described below. 

4.4. Biolo 

4.4.1. Uptake ofRhodamines in the Presence ofVerapamil in Colo-26 Cells 

Colo-26 cells (a murine colon carcinoma cell line) express P-gp but are not deemed truly 

drug resistant. 139 Multidrug-resistance modifiers such as VER have shown significant effects in 

Colo-26 cells with respect to daunorubicin cytotoxicity, accumulation, and efflux. 140 We 

examined the uptake of 15a-18a and 15b-18b (0.5 µM) in Colo-26 cells incubated for 1 h with 

and without 100 µM VER by flow cytometry (Figures S3 and S4, Supporting Information). 

Results are shown in Figure 4.2 for mean fluorescence in the absence and presence of VER. 
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Figure 4.2. Uptake of (a) thiorhodamines 15a-18a and (b) selenorhodamines 15b-18b in Colo-
26 cells as measured by relative fluorescence in the absence and presence of 100 µM VER. Error 
bars represent the SD. 

In the absence of VER, uptake of thioamides 16a, 16b, 18a, and 18b was significantly 

greater than the corresponding amide derivatives 15a, 15b, 17a, and 17b (p < 0.02 for all 
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pairwise comparisons with Student t test) as shown in Figure 4.2. Uptake of 15a increased more 

than 7-fold, and the uptake of 17a, 15b, and 17b increased 5-fold in the presence of VER. In 

contrast, the uptake of thioamide derivative 18a was essentially unchanged in the presence of 

VER while thioamides 16a, 16b, and 18b only showed a 1.3- to 2-fold increase in uptake in the 

presence of VER. These data are consistent with 1) the presence of P-gp in the Colo-26 cells and 

2) increased rates of transport of amide derivatives 15a, 15b, 17a, and 17b from Colo-26 cells 

relative to the thioamide-containing derivatives 16a, 16b, 18a, and 18b. 

4.4.2. Dark and Phototoxicity of 15a-18a and 15b-18b toward Colo-26 Cells 

Cell cultures of Colo-26 cells were incubated for 1 h in the dark with vanous 

concentrations of 15a-18a (0.1-0.5 µM) . None of the dyes displayed any dark toxicity (surviving 

fraction of> 0.95) at these concentrations. Light-treated cells and dark controls were incubated 

141 142for 48 h, and cell survival was determined using the sulforhodamine B assay -

Thiorhodamines 15a-18a displayed limited phototoxicity in Colo-26 cells incubated with dye 

concentrations of :S 0.5 µM and up to 1.0 J cm-2 of 350-700 nm light from a tungsten-halogen 

source (3.7-4.1 mW cm-2
) (Figure S5, Supporting Information). Compounds 15a-18a were not 

investigated further as photosensitizers. 

4.4.3. Phototoxicity of 15b-18b toward Colo-26 Cells with a Tunable Dye Laser 

The phototoxicity of 15b-18b toward Colo-26 cells was examined using a tunable dye 

laser delivering light at the absorption maximum (Amax± 2 nm). This approach allowed specific 

conditions to be tailored for each dye. In a solution of 17% fetal bovine serum (FBS) in PBS, 

values of Amax for 15b-18b were red-shifted 2-3 nm relative to values in CH3OH. Colo-26 cells in 

96-well plates were treated with varying concentrations of 15b-18b (0.01-0.5 µM) and light (0.5 

and 1.0 J cm-2
), which was delivered at Amax(± 2 nm) at a fluence rate of 3.2 mW cm-2 

. The light 
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treated cells were then incubated with fresh medium for 48 h, and cell survival was determined 

for various concentrations of 15b-18b and either a 0.5 or a 1.0 J cm-2 light dose, or for various 

light doses at 0.15 µM 15b-18b. Dose response curves for 18b are summarized in Figure 4.3. 

Values of EC50 for 0.5 and 1.0 J cm-2 of light at Amax are compiled in Table 4.2 (dose response 

curves for 15b-17b, Figure S6 in Supporting Information). 
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Figure 4.3. Dark toxicity ( •) of 18b toward Colo-26 cells and phototoxicity of 18b toward Colo-
26 cells with irradiation from a tunable dye laser. Irradiation at 613 ± 2 nm was delivered at 3.2 
mW cm-2 for varying concentrations of 18b and 0.5 J cm-2 of light ( o) and 1.0 J cm-2 of light 
(•). Values of LDso and EC5o were determined by sigmoidal dose response (variable slope) 
analysis. Error bars are± SD. 

EC5o,a x 10·7 M, 0-max± 2 nm)° EC5o,a x 10-7 M, (Amax± 2 nm)° LD50,h x 10-6 M LDsofEC50, laser
compound 

0.5 J cm·2 1.0J cm·2 dark 1.0 J cm·2 

15b 3.1 ± 0.1 (613 nm) 3.0 ± 0.1 (613 nm) 7.8 ± 0.4 26 ± 2 

16b 2.0 ± 0.1 (611 nm) 1.7 ± 0.1 (611 nm) 9.5 ± 0.1 56 ± 4 

17b > 5 (613 nm) 4.1 ± 0.1 (613 nm) 9.0 ± 0.1 22 ± 1 

18b 2.2 ± 0.1 (611 nm) 1.4 ± 0.2 (611 nm) 8.5 ± 0.2 61 ± 10 

Table 4.2. EC50 values for selenorhodamines 15b-18b with Colo-26 cells and 0.5 or 1.0 J cm·2 of 
light (Amax± 2 nm), dark toxicities (LD5o) and ratios ofLD5o/ECso with 1.0 J cm·2 oflight. a Mean 
of six determinations. Error limits are ± SD. b Mean of four determinations. Error limits are ± 
SD. c Values in parentheses are wavelengths of irradiation ± 2 nm. 

With 0.15 µM photosensitizer concentration and variable light dose as shown in Figure 

S6 (Supporting Information), thioamides 16b and 18b were comparably phototoxic with EC50 
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values of~ 1.0 J cm-2 of laser light. Amide 17b showed little if any phototoxicity with 5 .0 J cm-2 

of laser light while 0.15 µM 15b displayed some phototoxicity, but EC50 required > 5.0 J cm-2 of 

light. 

4.4.4. Dark Toxicity of 15b-18b toward Colo-26 Cells 

The dark toxicity of 15b-18b toward Colo-26 cells was examined at dye concentrations 

of 0.01-20 µM. Colo-26 cell cultures were incubated for 1 h in the dark with 15b-18b. The 

medium was removed, and fresh medium was added. Cells were incubated for 48 h prior to 

determination of cell viability. Results are shown in Figure 4.3 for 18b and in Figure S7 

(Supporting Information) for 15b-17b with sigmoidal dose-response (variable slope) analysis to 

allow values of LD50 (the concentration to give a surviving fraction of 0.50) with respect to dark 

toxicity to be determined for each dye. Values of LD50 are compiled in Table 4.2 as the mean of 

four replicates. The rank ordering of dark toxicity is 15b > 18b > 17b > 16b within the range of 

7.8-9.5 µM. All pairwise comparisons were significantly different from one another (p < 0.05). 

The ratio of dark toxicity to phototoxicity ( as an approximation of the therapeutic ratio for the 

photosensitizers) could be a better measure of photosensitizer effectiveness. Values of 

LD50/EC50 with 1.0 J cm-2 of laser light as a measure of therapeutic ratio are compiled in Table 

4.2. Among 15b-18b, amides 15b and 17b have lower LD5o/EC5o ratios of 22 and 26, 

respectively, relative to thioamides 16b and 18b with LD5o/EC5o ratios of 56 and 61, 

respectively. 

4.4.5. P-gp Transport Studies of 17b-18b in Monolayers ofMDCKII-MDRl Cells 

The interactions of the amide/thioamide pair 17b/18b with P-gp were examined m 

monolayers of MDCKII-MDRl cells, which overexpress P-gp. 143 Transport in this model 

approximates near-physiological conditions for studying P-gp-photosensitizer 
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interactions. 143 The monolayers display apical and basolateral polarized membranes with P-gp 

solely present at the apical membrane. For 17b and 18b, transport was measured in the 

absorptive (PAB) and secretory (PaA) direction of the cell monolayer. Bovine serum albumin 

(BSA) addition to the buffer was required because a marked fraction of mass added to the donor 

equilibrated with the cell monolayer for 17b and 18b, resulting in gross underestimation of the 

permeability coefficient. 143 The assay was repeated with 5 µM 24 (LSN 335984, ICso = 0.4 µM, 

Chart 4.3),144 which completely inhibits P-gp. Compound 24 is related to the P-gp-specific 

inhibitor (R)-4-[ ( 1a, 6, 1Ob)-1, l -difluoro-1, 1 a, 6, 1Ob-tetrahydrodibenzo[ a,e ]cyclopropa[ c ]-cyclo 

hepten-6-yl][(5-quinolinyloxy)methyl]-1-piperazineethanol (LSN 335979, Chart 4.3). 113
' 

144 Values of PAB and PaA in the absence of inhibitor, passive transport (PPassive) in the fully 

inhibited system, and the % cell-associated dye in the AB direction in the absence or presence of 

inhibitor are compiled in Table 4.3. For comparison purposes, the same values are included in 

Table 4.3 for 17a and 18a.26 

(N) 

\:o~ 
24 (LSN 335984) 

Chart 4.3. Structure of the P-gp inhibitor used in transport studies. 

Selenorhodamines 17b and 18b, as well as 17a and 18a, are P-gp substrates with 

PaAIPAB ratios of > 3 .2 This ratio is much larger for amide derivatives 17 a and 17b (PaAIPAB of 

228 and 182, respectively) relative to thioamide derivatives 18a and 18b (PaAIPAB of 38 and 15, 

1respectively). For all seven compounds, PPassive is very slow: :'.S 6 x 10-9 m s- . The % cell-
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associated dye was determined by a methanol wash of the cells in the monolayer following 1 h 

efflux in the AB direction. The trends observed in the % cell-associated dye indicate that the 

amide derivatives 17a and 17b show a much higher% cell-associated dye in the inhibited system 

relative to the uninhibited system (ratio of% cell± inhibitor of 5.2 and 2.4, respectively, Table 

4.3) relative to thioamide derivatives 18a and 18b (ratio of % cell ± inhibitor of 1.8 and 1.2, 

Table 4.3). These are the same trends as observed in the cellular uptake by flow cytometry of 

Colo-26 cells in the absence or presence ofVER for 17a /18a and 17b/18b.26 

compound PsA, 
x 10-9 m s-1 

PPassive, b 

x 10-9 m s-1 
% cell associated 

C 

Ratio 
(± inh}' 

230 ± 24 230 8.6 ± 0.1 5.2 

(+ inh) 7.5 ± 0.1 45 ± 1 

17b 0.9 ± 0.3 164 ± 4 182 16 ± 1 2.4 

(+ inh) 1.0 ± 0.1 11.1 ± 0.2 39 ± 1 
:S 1 34 ± 22 34 34 ± 3 1.8 

(+ inh) :S 1 0.2 ± 0.1 <1 62 ± 1 
18b 1.9 ± 0.5 29 ± 3 15 45 ± 1 1.2 

(+ inh) 1.7 ± 0.2 1.8 ± 0.1 ~2 55 ± 1 
:S 1 230 ± 24 230 8.6 ± 0.1 5.2 

(+ inh) :S 1 7.5 ± 0.1 45 ± 1 

17b 0.9 ± 0.3 164 ± 4 182 16 ± 1 2.4 

(+ inh) 1.0 ± 0.1 11.1 ± 0.2 39 ± 1 
:S 1 34 ± 22 34 34 ± 3 1.8 

(+ inh) <1 0.2 ± 0.1 <1 62 ± 1 
18b 1.9 ± 0.5 29 ± 3 15 45 ± 1 1.2 

(+ inh) 1.7 ± 0.2 1.8 ± 0.1 ~2 55 ± 1 

Table 4.3. Transport and cell association studies of amide/thioamide pair 17b and 18b with 
MDCK-MDRl cellsa and for thiorhodamine analogues 17a and 18a. a Experiments were run with 
5 µM dye and 4.3 mg mL-1 BSA. Values of transport in the absorptive (PAB) and secretory (PaA) 
mode in the absence or presence of inhibitor, the ratio PaAIPAB, the% cell associated rhodamine 
analogue in the absence or presence of inhibitor, and the ratio of cell associated rhodamine in the 
presence or absence of inhibitor are reported. Details for methods are provided in Experimental 
Section. Error limits are ± SD. b PPassive represents the mean of PAB and PaA in the fully inhibited 
system. c % cell associated is the fraction of mass extracted from the cell mono layer by methanol 
wash after a 1 h flux in the AB direction. dFor % cell associated dye. eValues from 26

. 
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4.4.6. Combination PDT and Chemotherapy 

The ability of the selenorhodamines 15b-18b to interact with P-gp in the Colo-26 cells 

should make it possible to do combination therapy involving PDT and a chemotherapeutic agent. 

Colo-26 cells were treated with combinations of Dox and 15b-18b with and without light as 

shown in Figure 4.4 for 15b and 16b and in Figure S8 (Supporting Information) for 17b and 

18b. In the dark, no synergy was observed between 0.15 µM 15b-18b and various concentrations 

ofDox (0.005, 0.05, 0.5, 1.0, and 5.0 µM) and the surviving fraction was determined by the Dox 

concentration, with or without 0.15 µM photosensitizer (p > 0.05 for all pairwise comparisons). 

Irradiation of Colo-26 cells treated with 0.15 µM 15b or 17b with 1.0 J cm-2 of 613 nm laser 

light gave no significant phototoxicity (p > 0.05) relative to dark controls. No synergy was 

observed upon irradiation of Colo-26 cells with various concentrations of Dox in the presence of 

0.15 µM 15b or 17b. All curves were essentially superimposable on Dox-only curves in the dark 

(Figures 4.4a and S8c ). 
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- -0--Dox + 15b - o -Dox+16b 
--.-Dox + light C5 0.8 --.- Dox + light
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Cl Cl ------i,
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Figure 4.4. Combination treatment of Colo-26 cells with various concentrations of Dox alone or 
in combination with (a) 15b (0.15 µM) and (b) 16b (0.15 µM) in the dark or with 1.0 J cm-2 of 
613 nm light (for 15b) or 611 nm light (for 16b). Values are the mean of 6 replicates. Error bars 
are± SD. 

In contrast, cells treated with 0.15 µM 16b or 18b and 1.0 J cm-2 of 611 nm light 

displayed some phototoxicity upon irradiation with 1.0 J cm-2 of 611 nm light in the absence of 

Dox (Figures 4.4b and S8d, respectively). Colo-26 cells treated with 0.15 µM photosensitizer, 
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1.0 J cm-2 of 611 run light, and 0.5 µM Dox showed a statistically significant decrease in 

pairwise comparisons to Dox-only treatment with and without light, photosensitizer-only 

treatment with and without light, and photosensitizer and Dox treatment in the dark (p 

:S 0.0079 for 18b in pairwise comparisons and p :S 0.0064 for 16b in pairwise comparisons). 

Statistically significant differences in surviving fraction were also noted with 1.0 µM Dox and 

16b or 18b, but the surviving fraction was :S 0.20 for these combinations, which was very similar 

to the Dox-only treatment (minimizing the impact of PDT). 

4.4. 7. Localization of 15b-18b in the Mitochondria of Colo-26 Cells 

Rhodamine dyes such as 2 and 3 (Chart 4.1) are concentrated in the mitochondria of 

cancer cells because of the increased mitochondrial membrane potential in the transformed 

cells. 119
-
120 While one would expect a similar pattern with selenorhodamines 15b-18b, 

ImageStream flow cytometry demonstrated mitochondrial targeting in Colo-26 cells by these 

agents as shown in Figure 4.5. A statistical analysis of the similarity of localization of the 

mitochondrial specific agents 9-[ 4-( chloromethyl)phenyl]-2,3,6, 7, 12, 13, 16, 17-octahydro

[ 1H,5H, 11H,15H]xantheno[2,3,4-ij :5,6, 7-i'j']diquinolizin-18-ium chloride (25 or MTG, Chart 

4.4) and 9-[ 4-(chloromethyl)-phenyl]-2,3,6,7,12,13,16,17-octahydro[lH,5H,11H,15H]xantheno 

[2,3,4-ij:5,6,7-i'j']diquinolizin-18-ium chloride (26 or MTR) in Colo-26 cells incubated with 

both agents gave a mean bright detail similarity score of 2.0 ± 0.8 for 1300 cells, indicating a 

high degree of co-localization145 of these two agents (Figure 4.5a). In contrast, Colo-26 cells 

incubated with the lysosome-specific 3-(5,5-difluoro-7,9-dimethyl-5H-4M,5)A-dipyrrolo[ 1,2-

c:2', 1'-f ][1,3,2]diazaborinin-3-yl)-N-(2-(dimethylamino)ethyl)propanamide (27 or LYS, Chart 

4.4) and MTR gave a much lower bright detail similarity score of 0.6 ± 0.3 for 2000 cells, 

indicating that MTR and LYS do not localize to the same places in the cell (Figure 4.5a). 
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Figure 4.5. (a) The average similarity coefficient determined by ImageStream flow cytometry of 
all cells for each pair of agents (MTR, MTG, LYS, 15b-18b) is shown; error bars represent SD. 
(b) Histogram of the pixel-by-pixel statistical analysis of each cell (n = 3900) analyzed, in which 
the y-axis is number of cells and the x-axis is the similarity coefficient between MTG and 18b. 
Shown are representative examples of 18b/MTG-stained Colo-26 cells as a bright field image 
(BF), MTG fluorescence, 18b fluorescence, and a merged image of MTG/18b fluorescence for 
cells with (c) low similarity, (d) intermediate similarity, and (e) high similarity. 
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Chart 4.4. Structures of 25 (MTG), 26 (MTR), and 27 (L YS). 
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Colo-26 cells were next incubated for 15 min with a dye solution consisting of MTG and 

0.2 µM 15b-18b. ImageStream flow cytometry gave the 15b-18b/MTG bright detail similarity 

scores shown in Figure 4.Sa alongside a comparison with the MTR/MTG and L YS/MTR 

similarity scores. Similarity scores in the range 1.4-2.3 suggest that 15b-18b co-localize with 

MTG. 

The histogram of Figure 4.Sb provides an analysis of the similarity of localization of 

MTG and 18b. The individual cells shown in Figure 4.Sc-e represent examples of low 

similarity, intermediate similarity, and high similarity, respectively, for localization of 18b and 

MTG. Similar data (cell images, histograms of similarity scores) for selenorhodamines 15b and 

16b are compiled in Figure S9 (Supporting Information) and for selenorhodamine 17b in Figure 

SlO. 

4.5. Discussion 

Our initial interest in heavy-chalcogen analogues of the various rhodamines/rosamines 

was as photosensitizers for use in PDT55
' 

66 and for the photodynamic inactivation of viral and 

bacterial pathogens in blood. 68
' 

107 We found that chalcogenorhodamines with a 2-thienyl 

substituent in the 9-position gave values of Amax 2: 20 nm longer than chalcogenorhodamines with 

a 9-phenyl substituent.90 Another exciting observation was the efficacy of the Se-analogue of 

6 (Chart 4.1) as a photosensitizer toward MDR cells.66 The added lipophilicity from the julolidyl 

fragment was thought to be important with respect to efficacy in MDR cells. This observation led 

to the screening of numerous chalcogenorhodamines as modulators/inhibitors of P-gp with the 

intent of developing efficient photosensitizers for use with MDR cells. Among the rhodamine 

libraries that we examined, several structures emerged as modulators of P-gp ATPase activity 

and have increased the cellular uptake of agents such as CAM and vinblastine in MDR cells.26
-
27 
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4.5 .1. Impact of Structure on Physical and Photophysical Properties 

The structural characteristics of the best rhodamine modulators include the incorporation 

of the julolidine fragment (lla-14a, Chart 4.2) or the tetrahydroquinoline fragment (15a-18a, 

Chart 4.2). A second structural feature is the presence of the thioamide functionality (12a, 14a, 

16a, and 18a, Chart 4.2) which decreases or inhibits P-gp ATPase activity relative to the amide 

structures (lla, 13a, 15a, and 17a). Those incorporating the tetrahydroquinoline fragment were 

better modulators than those incorporating the julolidine fragment based on values of IC50 for 

uptake of CAM.26 

A structural feature with little impact on P-gp modulation is the chalcogen atom in the 

rhodamine core. Thioamide 10a and its Se-analogue have comparable values of IC50 for CAM 

uptake as do thioamide 14a and its Se-analogue.26 Thus, photosensitizer photophysical properties 

can be optimized via the chalcogen atom without major consequence to P-gp modulation. 

Selenorhodamines 15b-18b were designed to have improved physical and photophysical 

properties as photosensitizers (Table 4.1) relative to thiorhodamines 15a-18a. Because of the 

incorporation of a 2-thienyl substituent at the 9-position and the incorporation of the Se atom in 

the xanthylium core, selenorhodamines 15b-18b have values of Amax> 600 nm, absorb light 

strongly at Amax (E = 7.18 x 104 to 9.78 x 104 M-1 cm-1
), and generate 10 2 efficiently [<1>(102) = 

0.44-0.54]. The thioamides 16b and 18b are reasonably photostable at pH 7.4 with half-lives of-

230 J cm-2 for exposure to 350-800 nm light and, for 18b, - 850 J cm-2 for exposure to 500-800 

nm light (Figure 4.1). The range of values of log P (1.61-2.41) for 15b-18b suggests that these 

molecules should have access to both aqueous and hydrophobic environments in the cell. 

4.5.2. Interactions with P-gp and the Amide/Thioamide Switch 

The biological properties of 15b-18b also suggest that thioamides 16b and 18b should be 
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excellent photosensitizer candidates. The amide/thioamide switch appears to be operative in this 

series of compounds with respect to stimulation/inhibition of P-gp ATPase activity. In Colo-26 

cells, the uptake of amide derivatives 15b and 17b is increased 5-fold in the presence of 100 µM 

VER while uptake of thioamides 16b and 18b increased only 2-fold (Figure 4.2). Higher 

accumulation of the 16b and 18b is likely a consequence of partial inhibition of P-gp, while 

amides 15b and 17b stimulate ATPase activity. 

Increased uptake of thioamide 18b relative to amide 17b was also demonstrated in 

monolayers of MDCKII-MDRl cells. The% cell-associated dye in cells treated with thioamide 

18b (45%, Table 4.3) was more than 2-fold higher relative to amide 17b treated cells (16%, 

Table 4.3). In the presence of inhibitor, % cell-associated dye was essentially unchanged with 

thioamide 18b (45-55% with inhibitor; ratio ± inhibitor of 1.2, Table 4.3) but increased by a 

factor of 2.4 in the presence of inhibitor for cells treated with amide 17b (16-39%, Table 4.3). 

These results again suggest that higher accumulation in the thioamide-treated cells is likely due 

to partial inhibition of P-gp by thioamide 18b. If one examines rates of absorptive (PAB) and 

secretory (PBA) transport, values of PAB for 17b and 18b, as well as their thiorhodamine 

counterparts 17a and 18a, are nearly identical (1-2 x 10-9 m s-1
). However, values of PBA are 

much higher for amides 17a and 17b (230 x 10-9 and 182 x 10-9 m s-i, respectively) relative to 

thioamides 18a and 18b (34 x 10-9 and 15 x 10-9 m s-1
, respectively), which is again consistent 

with exclusion of the amides to a greater extent than the thioamides. 

4.5.3. Efficacy of 15b-18b as Photosensitizers 

With higher accumulation of 16b and 18b in P-gp-expressing cells, thioamides 16b and 

18b appear to be better photosensitizers than their amide counterparts 15b and 17b. The 

thioamides 16b and 18b have lower values of EC50 than amides 15b and 17b, and thioamide-
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treated cells also show a lower surv1vmg fraction than amide-treated cells for a given 

photosensitizer concentration and light dose (Table 4.2). With 1.0 J cm-2 of laser light O,'Illax ± 2 

nm), thioamides 16b and 18b have values of EC5oof 0.17 and 0.14 µM, respectively. To put 

these values in perspective, the selenopyrylium analogue of 4 (Chart 4.1) and closely related 

structures give values of EC50 of 0.07 M to 0.3 7 µM toward Colo-26 cells with 15 J cm-2 of 36O-

8OO-nm light. 133 Toward different cell lines, the selenium analogue of 6 (Chart 4.1) required 5 J 

cm-2 of 35O-8OO-nm light to give an EC5oof 0.1 µM. 

The dark toxicity of 15b-18b toward Colo-26 cells gave values of LD5oof 7.8-9.5 µM, 

which is a much lower dark toxicity than observed with related cationic photosensitizers. Values 

of LD50 for thiopyrylium dye 4 (Chart 4.1) and closely related structures toward Colo-26 cells 

are 0.1-2.6 µM. 91 When the dark toxicity of 16b and 18b is combined with the very low values 

of EC50, the therapeutic ratio between dark and phototoxicity is > 55 for these two dyes (Table 

4.2). 

Like other rhodamines, 15b-18b appear to target the mitochondria of cells. As shown in 

Figure 4.5, the average similarity coefficients determined by ImageStream flow cytometry are in 

the range 1.4-2.3 in comparison of selenorhodamine localization with MTG localization. 

Similarity scores of > 1.0 are indicative of co-localization of agents. 145 The overlay of emission 

from MTG with emission from 18b is also readily apparent in Figure 4.Sc-e. 

The amide derivatives 15b and 17b had low dark toxicity and also target mitochondria in 

the Colo-26 cells but were less efficient as photosensitizers than the thioamide derivatives. As 

shown in Figure 4.2, the uptake of 15b and 17b was roughly 40-50% of the corresponding 

thioamide derivatives. The reduced phototoxicity is easily understood. However, the amide 

derivatives are still interacting with P-gp in the Colo-26 cells and irradiation of 15b- or 17b-
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treated cells may damage P-gp even though cellular phototoxicity is reduced. 

4.5.4. Potential for Combination Therapy 

The anthracycline anticancer drug Dox, while useful for the treatment of many 

malignancies'146 
-
147 suffers from the side effect of cardiotoxicity, which may limit its clinical 

use. 146
• 

148 The onset of cardiomyopathy can be quite rapid, occurring within 2-3 days following 

. . · 148Dox admm1stratlon. 

The combination therapy of PDT with thioamides 16b and 18b along with co

administration of Dox shows synergistic effects as illustrated in Figures 4.4 and S8 (Supporting 

Information). The combination of 0.15 µM photosensitizer, 0.05 µM Dox, and 1.0 J cm-2 of light 

gives a surviving fraction that is equivalent to 0.15 µM photosensitizer and 2 J cm-2 of light in 

the absence ofDox (Figure S6c) or that is equivalent to 0.5 µM Dox in the absence of 16b or 0.3 

µM Dox in the absence of 18b (Figures 4.4b and S8d, respectively). These encouraging results 

suggest that animal studies to test the combination therapy would be appropriate. 

The amide analogues 15b and 17b do not show significant synergistic effects. The active 

transport of these photosensitizers by P-gp from the Colo-26 cells is likely responsible for the 

difference in results with amide and thioamide subsets. 

4.6. Experimental 

4.6.1. General Methods 

Selenoxanthone 19 was prepared by literature methods.73 Thiorhodamines 15a-18a were 

prepared by literature methods.26 Reactions were run under Ar. Tetrahydrofuran was distilled 

from sodium benzophenone ketyl prior to use. Concentration in vacuo was performed on a B-Uchi 

rotary evaporator. NMR spectra were recorded on an Inova 500 instrument (500 MHz for 1H, 

125 MHz for 13C) with residual solvent signal as internal standard. Infrared spectra were 
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recorded on a Perkin-Elmer FTIR instrument. UV-vis near-IR spectra were recorded on a Perkin

Elmer Lambda 12 spectrophotometer or on a Shimadzu UV-3600 spectrophotometer in quartz 

cuvettes with a 1-cm path length. Melting points were determined with a B-Uchi capillary melting 

point apparatus and are uncorrected. All compounds tested have a purity of at least 95%, which 

was determined from NMR spectra (Supporting Information) or by elemental analyses for C, H, 

and N (Atlantic Microlab, Inc., Norcross, GA). Experimental values of C, H, and N are within 

0.4% of theoretical values. 

4.6.2. Preparation of 9-(5-(diethylcarbamothioyl)thiophen-2-yl) selenorhodamine 16b 

n-Butyllithium (1.38 Min hexanes, 1.92 mL, 2.93 mmol) was added dropwise to a stirred 

solution of N,N-diisopropylamine (0.500 mL, 3.53 mmol) in THF (10 mL) at -78 °C. The 

resulting mixture was stirred for 10 min before it was transferred to a stirred solution of N ,N

diethyl thiophene-2-carbothioamide (599 mg, 3.00 mmol) in THF (60 mL) at -78 °C. The 

resulting solution was stirred at -78 °C for 2 min before it was transferred via cannula to a stirred 

solution of selenoxanthone 19 (300 mg, 0.751 mmol, 1.0 eq) in THF (30 mL) at room 

temperature. The resulting solution was heated to 45 °C for 0.5 h before it was cooled to ambient 

temperature. Glacial acetic acid (2 mL) was added, and the resulting mixture was poured into 

10% aqueous HPF6 at O °C. The resulting mixture was stirred 12 h and the precipitate was 

collected via filtration and then washed with water (50 mL) and diethyl ether (100 mL). The 

product was purified via column chromatography (SiO2, 6% MeOH/CH2Ch, Rr = 0.4), followed 

by recrystallization from ether/CH2Ch to yield 441 mg (81 %) of 16b-PF6 as a purple solid, m.p. 

226-229 °C. 1H NMR (500 MHz, CD2Ch) 8 7.80 (d, 1 H, J = 10.0 Hz), 7.59 (s, 1 H), 7.26-7.20 

(m, 2 H), 7.19 (s, 1 H), 7.05 (d, 1 H, J= 4.0 Hz), 6.93 (dd, 1 H, J= 2.0, 10.0 Hz), 4.12 (br s, 2 

H), 3.86 (br s, 2 H), 3.60 (t, 2 H, J = 6.0 Hz), 3.27 (s, 3 H), 3.25 (s, 6 H), 1.79 (t, 2 H, J = 6.0 

128 

https://7.26-7.20


Hz), 1.39 (t, 6 H, J= 6.5 Hz), 1.67 (s, 6 H); 13C NMR (500 MHz, CD2Ch) 8 189.0, 153.1, 152.2, 

150.8, 148.9, 145.1, 144.7, 139.6, 137.9, 135.4, 132.4, 130.0, 124.6, 121.2, 120.6, 115.2, 109.0, 

108.4, 49.1, 48.0 (br), 40.9, 40.4, 34.6, 32.3, 28.6; HRMS (ESI, HRDFMagSec) m/z 582.1511 

(calcd for C30H36N3S280Se+, 582.1510). Anal. Calcd for C30H36N3S2Se•PF6: C, 49.59; H, 4.99; N, 

5.78. Found: C, 49.95; H, 5.10; N, 5.84. 

The hexafluorophosphate salt 16b-PF6 (25.0 mg, 0.0344 mmol) was dissolved in CH2Ch 

(10 mL) and Amberlite IRA-4OO chloride ion exchange resin (3.0 g) was added. The resulting 

mixture was stirred at ambient temperature for 24 h. The Amberlite exchange resin was removed 

via filtration, and the filtrate was concentrated under reduced pressure. This process was repeated 

a total of 3 times in order to achieve complete ion exchange, yielding 20.1 mg (95%, 77% 

overall) of 16b as the chloride salt: 1H NMR (500 MHz, CD2Ch) 8 7.80 (d, 1 H, J = 10.0 Hz), 

7.59 (s, 1 H), 7.26-7.20 (m, 2 H), 7.19 (s, 1 H), 7.05 (d, 1 H, J= 4.0 Hz), 6.93 (dd, 1 H, J= 2.0, 

10.0 Hz), 4.12 (br s, 2 H), 3.86 (br s, 2 H), 3.60 (t, 2 H, J = 6.0 Hz), 3.27 (s, 3 H), 3.25 (s, 6 H), 

1.79 (t, 2 H, J= 6.0 Hz), 1.39 (t, 6 H, J= 6.5 Hz), 1.67 (s, 6 H); 13C NMR (500 MHz, CD2Ch) 8 

189.0, 153.1, 152.2, 150.8, 148.9, 145.1, 144.7, 139.6, 137.9, 135.4, 132.4, 130.0, 124.6, 121.2, 

120.6, 115.2, 109.0, 108.4, 49.1, 48.0 (br), 40.9, 40.4, 34.6, 32.3, 28.6; IR (film on NaCl) 1592, 

1506, 1472, 1446, 1407, 1386, 1356, 1329, 1254, 1212 cm-1
; Amax (MeOH) 608 nm (c = 8.63 x 

1104 M-1cm- ); HRMS (ESI, HRDFMagSec) m/z 582.1511 (calcd for C30H36N3S2
80Se+: 582.1510). 

Anal. Calcd for C30H36N3S2SeC1•4H20: C, 52.28; H, 6.44; N, 6.10. Found: C, 52.33; H, 6.41; N, 

6.18. 

4.6.3. Preparation of 9-( 5-( diethylcarbamoyl)thiophen-2-yl) selenorhodamine l Sb 

Trifluoroacetic anhydride (0.308 mL, 2.22 mmol) was slowly added to a stirred solution of 

hexafluorophosphate salt of 16b (161 mg, 0.222 mmol) in CH2Ch (30 mL). The resulting 
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mixture was heated at reflux for 12 hand then cooled to ambient temperature. A solution of 10% 

aqueous Na2CO3 (20 mL) was added and the mixture was extracted with CH2Ch (3 x 25 mL). 

The combined organic extracts were dried over anhydrous MgSO4, filtered, and concentrated. 

The resulting product was purified via recrystallization in ether/CH2Ch to give 15b-PF6 as a 5:1 

mixture of presumably the hexafluorophosphate and trifluoroacetate salts as a blue solid: 1H 

NMR (500 MHz, CD3CN) 8 7.63 (d, 1 H, J= 9.5 Hz), 7.52-7.46 (m, 2 H), 7.38 (d, 1 H, J= 2.5 

Hz), 7.35 (s, 1 H), 7.17 (d, 1 H, J= 3.5 Hz), 6.96 (dd, 1 H, J= 2.5, 9.5 Hz), 3.56 (t, 6 H, J= 6.0 

Hz), 3.21 (s, 3 H), 3.19 (s, 6 H), 1.74 (t, 2 H, J= 6.0 Hz), 1.25 (t, 6 H, J= 7.0 Hz), 1.10 (s, 6 H); 

Be NMR (300 MHz, CDCh) 8 162.5, 152.4, 151.1, 150.2, 145.2, 144.7, 141.3, 139.7, 137.2, 

135.0, 131.6, 129.9, 127.9, 120.7, 120.0, 114.7, 108.8, 108.4, 48.5, 42.5 (br), 40.6, 40.3, 34.2, 

31.8, 28.5; HRMS (ESI, HRDFMagSec) m/z 566.1745 (calcd for C30H36N3OS80Se+: 566.1739). 

Anal. Calcd for C30H36N3OSSe•(5/6PF6 + 1/6CF3CO2): C, 51.66; H, 5.15; N, 5.96. Found: C, 

51.36; H, 5.27; N, 5.96. 

15b-PF6 was converted to the chloride salt as described for the preparation of 16b to give 

142 mg of 15b (68.6 mg, 44% overall) as a blue solid, m.p. 144-147 °C: 1H NMR (500 MHz, 

CD3CN) 8 7.63 (d, 1 H, J= 9.5 Hz), 7.52-7.46 (m, 2 H), 7.38 (d, 1 H, J= 2.5 Hz), 7.35 (s, 1 H), 

7.17 (d, 1 H, J= 3.5 Hz), 6.96 (dd, 1 H, J= 2.5, 9.5 Hz), 3.56 (t, 6 H, J= 6.0 Hz), 3.21 (s, 3 H), 

3.19 (s, 6 H), 1.74 (t, 2 H, J= 6.0 Hz), 1.25 (t, 6 H, J= 7.0 Hz), 1.10 (s, 6 H); BC NMR (300 

MHz, CDCh) 8 162.5, 152.4, 151.1, 150.2, 145.2, 144.7, 141.3, 139.7, 137.2, 135.0, 131.6, 

129.9, 127.9, 120.7, 120.0, 114.7, 108.8, 108.4, 48.5, 42.5 (br), 40.6, 40.3, 34.2, 31.8, 28.5; IR 

1(film on NaCl) 1591, 1447, 1386, 1328, 1254 cm- ; Amax (MeOH) 609 nm (E = 1.04 x 105 M-1cm-

1); HRMS (ESI, HRDFMagSec) m/z 566.1745 (calcd for C30H36N3OS80Se+: 566.1739). Anal. 

Calcd for C30H36N3OSSeC1•4H2O: C, 53.53; H, 6.59; N, 6.24. Found: C, 53.52; H, 6.47; N, 6.27. 
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4. 6.4. Preparation of 9-(5-(piperidylcarbamothioyl)thiophen-2-yl) selenorhodamine 18b 

n-Butyllithium (1.38 M in hexanes, 2.34 mL, 2.93 mmol), N,N-diisopropylamine (0.490 

mL, 3.53 mmol), piperidin-1-yl(thiophen-2-yl)methanethione (635 mg, 3.00 mmol), and 

selenoxanthone 19 (300 mg, 0.751 mmol) in THF (10 mL and 60 mL) were treated as described 

for the preparation of 16b to give 0.521 g (94%) of 18b-PF6, m.p. 233-236 °C. 1H NMR (500 

MHz, CD2Ch) 8 7.82 (d, 1 H, J = 9.5 Hz), 7.56 (s, 1 H), 7.23 (d, 1 H, J = 2.0 Hz), 7.22-7.17 (m, 

2 H), 7.06 (d, 1 H, J = 3.5 Hz), 6.93 (dd, 1 H, J = 9.5, 2.0 Hz), 4.30 (br s, 2 H), 3.99 (br s, 2 H), 

3.60 (t, 2 H, J = 6.0 Hz), 3.27 (s, 3 H), 3.25 (s, 6 H), 1.79 (t, 8 H, J = 6.0 Hz), 1.16 (s, 6 H); BC 

NMR (300 MHz, CDCh) 8 188.5, 162.2, 152.7, 151.3, 150.4, 148.1, 145.1, 145.0, 144.6, 140.6, 

139.6, 139.4, 137.6, 137.4, 135.1, 131.8, 129.9, 129.7, 125.1, 120.7, 120.1, 115.0, 108.7, 108.3, 

48.6, 40.5, 40.2, 34.3, 31.9, 28.5, 26.2, 24.5, 24.1, with splitting due to isomerization; HRMS 

(ESI, HRDFMagSec) m/z 594.1505 (calcd for C31H36N3S2
80Se+: 594.1510). Anal. Calcd for 

C31H36N3S2Se•PF6: C, 50.41; H, 4.91; N, 5.69. Found: C, 50.58; H, 5.04; N, 5.64. 

The hexafluorophosphate salt 18b-PF6 (0.521 g, 0.706 mmol) was treated with Amberlite 

IRA-400 chloride as described for the preparation of 16b to yield the chloride salt 18b (418 mg, 

94%) as a blue solid, m.p. 233-236 °C: 1H NMR (500 MHz, CD2Ch) 8 7.82 (d, 1 H, J= 9.5 Hz), 

7.56 (s, 1 H), 7.23 (d, 1 H, J= 2.0 Hz), 7.22-7.17 (m, 2 H), 7.06 (d, 1 H, J= 3.5 Hz), 6.93 (dd, 1 

H, J = 9.5, 2.0 Hz), 4.30 (br s, 2 H), 3.99 (br s, 2 H), 3.60 (t, 2 H, J = 6.0 Hz), 3.27 (s, 3 H), 3.25 

(s, 6 H), 1.79 (t, 8 H, J = 6.0 Hz), 1.16 (s, 6 H); Be NMR (300 MHz, CDCh) 8 188.5, 162.2, 

152.7, 151.3, 150.4, 148.1, 145.1, 145.0, 144.6, 140.6, 139.6, 139.4, 137.6, 137.4, 135.1, 131.8, 

129.9, 129.7, 125.1, 120.7, 120.1, 115.0, 108.7, 108.3, 48.6, 40.5, 40.2, 34.3, 31.9, 28.5, 26.2, 

24.5, 24.1, with splitting due to isomerization; IR (film on NaCl) 2936, 2360, 1592, 1508, 1474, 

1445, 1407, 1386, 1328, 1254, 1213 cm-1; Amax (MeOH) 608 nm (c = 1.16 x 105 M-1cm-1); HRMS 
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(ESI, HRDFMagSec) m/z 594.1505 (calcd for C31H36N3S280Se+: 594.1510). Anal. Calcd for 

C31H36N3S2SeC1•4H2O: C, 53.10; H, 6.32; N, 5.99. Found: C, 53.35; H, 6.17; N, 6.04. 

4.6.5. Preparation of 9-(5-(piperidylcarbamoyl)thiophen-2-yl) selenorhodamine 17b 

Trifluoroacetic anhydride (0.380 mL, 2.71 mmol) and the hexafluorophosphate salt of 

18b (200 mg, 0.271 mmol) in CH2Ch (30 mL) were treated as described for the preparation of 

15b to give the hexafluorophosphate salt, m.p. 194-197 °C. 1H NMR (500 MHz, CD2Ch) 8 7.72 

(d, 1 H, J= 10.0 Hz), 7.52 (s, 1 H), 7.41 (d, 1 H, J= 3.5 Hz), 7.35-7.24 (m, 2 H), 7.13 (d, 1 H, J 

= 3.5 Hz), 6.89 (d, 1 H, J = 9.0 Hz), 3.72 (t, 4 H, J = 5.0 Hz), 3.60 (t, 2 H, J = 5.0 Hz), 3.29 (s, 3 

H), 3.25 (s, 6 H), 1.82-1.72 (m, 4 H), 1.71-1.64 (m, 4 H), 1.14 (s, 6 H); Be NMR (300 MHz, 

CDCh) 8 162.1, 152.5, 151.1, 150.2, 145.1, 144.7, 140.4, 139.4, 137.3, 135.0, 131.6, 129.8, 

128.2, 120.7, 120.0, 114.8, 108.7, 108.3, 48.5, 40.6, 40.2, 34.2, 31.8, 28.5, 26.1, 24.5; IR (film 

on NaCl) 2936, 2859, 1592, 1536, 1508, 1473, 1446, 1408, 1387, 1329, 1255, 1214 cm-1; HRMS 

(ESI, HRDFMagSec) m/z 578.1739 (calcd for C31H36N3OS80Se+: 578.1739). Anal. Calcd for 

C31H36N30SSe•c2h PF6 + 1hCF3CO2): C, 52.63; H, 5.02; N, 5.81. Found: C, 52.55; H, 5.18; N, 

5.75. 

The hexafluorophosphate salt 17b-PF6 was treated with Amberlite IRA-400 chloride as 

described for the preparation of 16b to yield 192 mg (98%) of chloride salt 17b as a blue solid, 

m.p. 194-197 °C. 1H NMR (500 MHz, CD2Ch) 8 7.72 (d, 1 H, J= 10.0 Hz), 7.52 (s, 1 H), 7.41 

(d, 1 H, J= 3.5 Hz), 7.35-7.24 (m, 2 H), 7.13 (d, 1 H, J= 3.5 Hz), 6.89 (d, 1 H, J= 9.0 Hz), 3.72 

(t, 4 H, J = 5.0 Hz), 3.60 (t, 2 H, J = 5.0 Hz), 3.29 (s, 3 H), 3.25 (s, 6 H), 1.82-1.72 (m, 4 H), 

1.71-1.64 (m, 4 H), 1.14 (s, 6 H); Be NMR (300 MHz, CDCh) 8 162.1, 152.5, 151.1, 150.2, 

145.1, 144.7, 140.4, 139.4, 137.3, 135.0, 131.6, 129.8, 128.2, 120.7, 120.0, 114.8, 108.7, 108.3, 

48.5, 40.6, 40.2, 34.2, 31.8, 28.5, 26.1, 24.5; IR (film on NaCl) 2936, 2859, 1592, 1536, 1508, 
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1473, 1446, 1408, 1387, 1329, 1255, 1214 cm-1; Amax (MeOH) 609 run (E = 7.44 x 104 M-1cm-1); 

HRMS (ESI, HRDFMagSec) m/z 578.1739 (calcd for C31H36N3OS80Se+: 578.1739). Anal. Calcd 

for C31H36N3OSSeC1•3 .25H2O: C, 55.44; H, 6.38; N, 6.26. Found: C, 55.20; H, 6.11; N, 6.18. 

4.6.6. Determination of n-octanol/water partition coefficients 

The octanol/water partition coefficients were all measured at pH 7.4 (PBS) at 23 °C using 

UV-visible spectrophotometry. The measurements were done using a shake flask direct 

measurement. 139 Mixing for 3-5 min was followed by 1 h of settling time. Liquid 

chromatography grade 1-octanol was used. 

4.6.7. Determination of 10 2Yields from 10 2Luminescence Spectroscopy 

Generation of singlet oxygen (102) was assessed at 1270 nm where its luminescence 

peaked. A spectrometer equipped with a NIR photodetector was used for acquisition of the 

emission spectra in NIR spectral range. A diode-pumped solid-state laser at 532 nm was the 

excitation source. The emission signal was collected at 90° relative to the exciting laser beam 

with the use of a 950-mn long-pass filter to attenuate the scattered light and fluorescence from 

the samples. A second harmonic (532 nM) from the nanosecond pulsed Nd:YAG laser operating 

at 20 Hz was used as the excitation source for time-resolved measurements. The samples 

(CH3OH solutions of the compounds in quartz cuvettes) were placed in front of the spectrometer 

entrance slit. 

4.6.8. Fluorescence Experiments 

Measurements of fluorescence quantum yield were performed on a spectrofluorometer 

using fluorescent dye 3 with known <l>FL = 0.93 111 in CH3OH as a standard. 
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4.6.9. Phototoxicity and Dark Toxicity Studies with Colo-26 Cells 

All cells were grown in RPMI 1640, IX with L-glutamine medium. The medium was 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells were 

2harvested, plated 10,000 to a well in a 96-well plate (0.32 cm on a flat bottom plate), and 

incubated for 24 h. Dyes were added from stock solutions of known concentration. All plates 

were incubated 1 h in the dark after dye addition and then either kept in the dark or with a 

2tunable dye laser at Amax(± 2 nm) at a fluence rate of 3.2 mW cm- to various light doses. New 

medium was added to each well before they were placed in the incubator (37 °C, 5% CO2). After 

142 a 48-h incubation, a sulforhodamine B assay141- was performed on the plates. The absorbance 

of each well was read on an EL800 BioTek plate reader at 570 nm to give fraction cell viability 

after data manipulation. 

4.6.10. Combination Therapy with PDT and Doxorubicin in Colo-26 Cells 

Colo-26 cells were harvested and plated 10,000 to a well, in 90 µL of medium per well, 

in a 96-well plate, and incubated 24 h. Doxorubicin solutions in RPMI 1640 medium were made 

from a 20 mM Dox stock solution. Selenorhodamine dye solutions were made in RPMI 1640 

medium from ethanol stock solutions of known concentration. Each dye was combined with each 

Dox concentration. To the selenorhodamine only wells 10 µL of the 1Ox selenorhodamine 

solution was added. To the remaining wells, 10 µL of the 1Ox Dox-only solution or 10 µL of the 

combined 1Ox selenorhodamine + Dox solution was added to achieve the desired concentrations. 

The plates were incubated in the dark for 1 h and were then irradiated with a tunable dye laser at 

2 2Amax (± 2 nm) at a fluence rate of 3.2 mW cm- to a light dose of 1 J cm- . The medium was 

flicked from the plates and 100 µL of fresh medium was added to each well before they were 

placed in the incubator (37 °C, 5% CO2). After a 48-h incubation, a sulforhodamine B assay -
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142 was performed on the plates. The absorbance of each well was read on an EL800 BioTek 

plate reader at 570 nm to give fraction cell viability after data manipulation. 

4.6.11. Flow Cytometry Studies 

Colo-26 cells were harvested and flow cytometry was run on an LSR II A UV-Normal 

Flow instrument with an excitation wavelength of 561 nm ( 50 mW cm-2
) and an emission of 710 

nm (50 PE-Cy 5.5). Image flow cytometry was run on an ImageStream Mark II instrument. The 

channels used were channels 2 (480-560 nm detection) and 5 (642-745 nm detection) with MTG 

excitation at 488 nm and selenorhodamine excitation at 561 nm. Samples were made using 5 x 

105 Colo-26 cells in 0.5 mL medium. Each photosensitizer had a total of six samples: the 

photosensitizer alone at 3 different concentrations (0.1, 0.2, and 0.4 µM), the photosensitizer at 

three different concentrations plus MitoTracker Green (MTG, 0.5 µL of 1 mM MTG stock in 

DMSO), and MTG alone (0.5 µL of 1 mM MTG stock in DMSO). All samples were incubated 

15 min, centrifuged, and flicked. Hanks PBS ( 60 µL) was added to each sample to replace the 

medium. The samples were re-suspended, put on ice, and analyzed. Co-localization was 

determined in each individual cell using the IDEAS similarity feature, which is a log

transformed Pearson's correlation coefficient of the intensities of the spatially correlated pixels 

within the whole cell, of the MTG and 15b-18b images, MTG and MitoTracker Red (MTR) 

images, or LysoTracker Green (L YS) and MTR images, respectively. The similarity score is a 

measure of the degree to which two images are linearly correlated. 145 

4.6.12. P-gp-transport Studies Across MDCK-MDRl Monolayers 

MDCK-MDRl cells that were seeded at 50,000 cells cm-2 onto 12-well (1.13 cm2 surface 

area) transwell polycarbonate filters (Costar) were fed on days 3 and 5, and used on day 6. The 

upper and lower chamber volumes were 0.5 mL and 1.0 mL, respectively. Cells were rinsed 10 
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min in DPBSH at 37 °C with mixing on a nutator (Clay Adams). Cells were pre-incubated with 

4.3 mg mL-1 bovine serum albumin (BSA) in DPBSH alone or containing 5 µM 24. After 30 

min, 5 µM test compound (17b or 18b) in BSA/DPBSH with or without inhibitor was added to 

the donor chamber (0.5 mL upper or apical, 1.0 mL lower or basolateral). Initial donor samples 

were taken at t = 0. For apical-to-basolateral (AB) flux, Do was taken from the mixing tube 

before addition to the cell monolayer. For basolateral-to-apical (BA) flux this sample was taken 

from the 12-well plate 10 min after transfer, but before cell wells were added. Samples were 

taken from both the donor and receiver chambers following a 1 h incubation at 3 7 °C with 

constant mixing by nutation. Cell monolayers were rinsed briefly two times using cold DPBS 

and extracted with 500 µL of CH3OH for 3 min. In a 96-deep well assay plate, 50 µL samples 

were combined into n = 3 cassettes and protein was precipitated by adding 450 µL CH3CN and 

shaken to mix. Plates were centrifuged 5 min at 5000 rpm. Compound concentrations were 

determined with an LC-MS/MS assay. Chromatography was performed using a Betasil C18 

2x20 mm 5 µm Javelin column; (Thermo Scientific, Waltham, MA) and one of two mobile 

phase systems. System 1 consisted of 5 mM ammonium bicarbonate in water (mobile phase A), 

and, 5 mM NH4HCO3 in CH3OH (mobile phase B), with elution accomplished by a CH3OH 

gradient at 1.5 mL/min. System 2 consisted of 0.4% trifluoracetic acid (TFA), 1 mM ammonium 

bicarbonate in water (Mobile Phase A), and, 0.4% TFA/1 mM NH4HCO3 in CH3CN (mobile 

phase B), with elution accomplished by an acetonitrile gradient at 1.5 mL/min. Mass 

spectrometric detection was performed with an API4000 mass spectrometer (Applied 

Biosystems, Foster City, California) equipped with a turbo ion spray source, using selected 

reaction monitoring in positive ion mode with precursor and product ion transitions specific to 

each analyte. 

136 



4.6.13. Statistical Analyses 

All statistical analyses were performed usmg the Student's t-test for pairwise 

comparisons. A p value < 0.05 was considered significant. 

4.7. Supporting Information 

Figures of electronic absorption spectra, singlet-oxygen decay traces, flow cytometry, 

dose-response curves for dark toxicity, with broad-band light for 15a-18a, with laser-irradiation 

for 15b-18b, combination PDT and Dox treatment, and ImageStream flow cytometry showing 

mitochondrial localization. This material is available free of charge via the Internet at 

http ://pubs. acs. org. 
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5. Chapter 5: Selenorhodamine Photosensitizers with the Texas Red Core for Photodynamic 

Therapy of Cancer Cells 74 

My contribution to this manuscript was the biological testing performed. This included 

the growth and maintenance of Colo-26 cell cultures; rhodamine uptake studies in the absence or 

presence of verapamil using flow cytometry; subcellular localization studies of the dyes 

compared to MTG and LYS using ImageStream cytometry; analysis of the obtained flow data; 

dark toxicity and phototoxicity experiments using no light or a dye-tunable laser; and the 

generation of dose response curves and determination of ECso values, LDso values, and 

therapeutic ratios. For the first time, this manuscript details the synthesis of rhodamine 

photosensitizers with Amax > 625 nm, which have a greater potential for in vivo use. It should also 

be noted that although I did not synthesize selenorhodamines 5 (amide) and 6 (thioamide) used 

in this study, I have synthesized the precursors, selenoxanthone 7 and thiophene thioamide 

derivative 8, in the laboratory. 

Reprinted with permission: Bioorganic & Medicinal Chemistry, 2015, 23, 4501-4507. 

Mark W Kryman, a Kellie S. Davies, a Michelle K. Linder, a 

Tymish Y Ohulchanskyy, b and Michael R. Detty a, b, * 

a Department of Chemistry, University at Buffalo, The State University of New York, Buffalo, 

NY 14260-3000, United States. b Institute for Lasers, Photonics and Biophotonics, Department of 

Chemistry, University at Buffalo, The State University of New York, Buffalo, NY 14260-3000, 

United States. 

5.1. Abstract 

We examined two selenorhodamines with amide and thioamide functionality at the 5-

position of a 9-(2-thienyl) substituent on the selenoxanthylium analogue of the Texas Red core 
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for their potential as photosensitizers for photodynamic therapy (PDT) in P-glycoprotein (P-gp )

expressing Colo-26 cells. These compounds were examined for their photophysical properties 

(absorption, fluorescence, and ability to generate singlet oxygen), for their uptake into Colo-26 

cells in the absence or presence of VER, for their dark and phototoxicity toward Colo-26 cells, 

and for their co-localization with mitochondrial-specific agents in Colo-26 cells. Both 

compounds were extremely effective photosensitizers with values of EC5o :S 4 x 1o-8 M toward 

Colo-26 cells with 1.0 J cm-2 laser light delivered at 630 ± 2 nm. 

5.2. Introduction 

Photodynamic therapy (PDT) is a modality for the treatment of cancer that utilizes a 

photosensitizer and light.29 Ideally, the photosensitizer is localized preferentially in the cancer 

cells, generates reactive oxygen species efficiently upon irradiation, and absorbs light in the 600-

800-nm window where penetration of light in tissue is optimal. The photosensitizer should be 

non-toxic in the absence of light and should not promote prolonged photosensitivity to the 

patient in general. Numerous photosensitizers have emerged in the past two decades and most 

have been porphyrins or phthalocyanines or related molecules. 

Cationic dyes were of interest as potential photosensitizers for PDT for their ability to 

target the mitochondria of transformed cells. 119
-
120 The rhodamines, in particular, targeted the 

mitochondria and also appeared to be chemotherapeutic agents in the dark. 121
-
122 In addition to 

mitochondrial targeting, rhodamines are known to interact with the adenosine triphosphate 

(ATP) binding cassette transporter, P-glycoprotein (P-gp, ABCBl). The overexpression of this 

membrane bound efflux pump has been linked to chemotherapeutic resistance in numerous 

multidrug resistant cell lines and tumors. 15 Unfortunately, rhodamine-123 and related compounds 

absorb wavelengths of light too short for effective penetration of tissue (A-max 500-550 nm) and 
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generate singlet oxygen CO2) and other reactive oxygen species inefficiently. To circumvent 

these shortcomings, rhodamine derivatives bearing bromine as a heavy atom124 were prepared 

and were shown to have increased quantum yields for the generation of 10 2 [<D(102)] and still 

targeted the mitochondria, but values of Amax were essentially unchanged and were still in the 

126 132500-550-nm window. 125 
- ' 

We have incorporated selenium as a heavy atom in the chalcogenoxanthylium core of the 

rhodamines, which has given bathochromic shifts in Amax and values of <D(102) of up to 0.87 for 

the selenorosamine TMR-Se (Chart 5.1).49 We have recently described the utility of 

selenorhodamines 1-4 (Chart 5.1) as the first rhodamine-derived photosensitizers with values of 

Amax > 600 nm.72 The thioamide analogues 2 and 4 were especially effective toward P-gp 

expressing Colo-26 cells. 

0 0 
X X X 

e e e e
Cl Cl s ,,-:;; Cl 

Me ~,"MeMe 
'-::, '-::,

' N~Se~N-
1 I I " ,-._ <±l Me <±>Me 

Me TMR, E = 0 Me N ~ Se '" N' N' 
II 

TMR-S, E = S Me 1, X = 0 Me 3, X = 0 Me 

TMR-Se, E = Se 2, X= S 4,X=S 6, X=S 

Chart 5.1. Structures of the chalcogenorosamines (TMR, TMR-S, and TMR-Se) and 
selenorhodamines 1-6. 

Herein, we describe the synthesis of selenorhodamines 5 (amide) and 6 (thioamide) with 

the Texas Red core-two julolidyl fragments containing the nitrogen atoms (Chart 5.1)-and 

the use of these molecules as effective photosensitizers for PDT toward Colo-26 cells in culture. 

Values of Amax for 5 and 6 are both 626 nm, which is longer than other rhodamine 

72 125 126 photosensitizers.29 
' , - , 

132 Both 5 and 6 not only target mitochondria and interact with P-gp 

140 

https://photosensitizers.29


in Colo-26 cells, but they are also highly phototoxic to Colo-26 cells with values of EC50 ~ 4 

xl0-8 Musing 1.0 J cm-2 oflaser light at 630 ± 2 nm. Values of EC50 for 5 and 6 are an order of 

magnitude lower than values of EC5opreviously observed with other rhodamine photosensitizers 

72and 1.0 J cm-2oflaser light at Amax ± 2 nm. 

5.3. Results and Discussion 

5.3.1. Synthesis of Selenorhodamines 5 and 6 

Selenoxanthone 773 is the key intermediate for the preparation of 5 and 6. Deprotonation 

of thiophene thioamide derivative 826 with LOA gave 2-lithiothiophene 9, which was then added 

to a THF solution of selenoxanthone 772 at -78 °C (Scheme 5.1). Workup with aqueous HPF6 

gave thioamide derivative 6-PF6 in 88% yield. The thioamide derivative 6-PF6 was converted to 

amide derivative 5-PF6 in 65% yield with trifluoroacetic anhydride (TFAA) in refluxing CH2Ch 

followed by workup with aqueous Na2CO3 as shown in Scheme 5.1. The PF6- salts were 

converted to the chloride salts 5 and 6 with a chloride ion exchange resin. Comparison of the 

PF6- and chloride salts by 31P NMR spectroscopy showed heptets at 8 144 ppm for the PF6- salts, 

which were absent with the chloride salts. 

0 1) TFAA, 

1) 9, THF, CH2C l2, 40 °C 

-78 °C 2) Na2CO3 
6-PFs (88%) 5 (65%) 

2) HPF6, HOAc 3) Amberlite 

~ A400 Cf 

s 

ef.o LOA, THF 

-78 °C 

s

u-{:ro 
9 

Amberl 
IRA-40 

6 (95%) 

Scheme 5.1. Synthesis of selenorhodamines 5 and 6 from selenoxanthone 7. 
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5.3.2. Electronic Absorption Spectra 

Absorption maxima (Amax) and molar extinction coefficients (c) in methanol for 5 and 6 

are compiled in Table 5.1. Both 5 and 6 have Amax of 626 nm in MeOH and absorb light strongly 

1at this wavelength with values of£ of 1.35 x 105 and 9 .9 x 104 M-1 cm- , respectively. 

compound "mm nm 1:, M-1 cm-1 lFL, nm 

5 626 1.35 X 105 660 0.012 ± 0.001 0.64 ± 0.03 3.71 ± 0.08 

6 626 9.9 X 104 660 0.010 ± 0.002 0.51 ± 0.03 4.1 ± 0.2 

Table 5.1. Absorption maxima (Amax) and molar extinction coefficients (E) in MeOH, 
fluorescence emission maxima (AFL) and quantum yields for fluorescence (</>FL) in MeOH, 
quantum yields for the generation of singlet oxygen [ <1>(10 2)] in MeOH, n-octanol/water partition 
coefficients (log P) for selenorhodamines 5 and 6. a Excitation at 532 nm. b Error limits are ± 
SD. c Mean of three determinations. Error limits are± SD. 

5.3.3. Fluorescence Yields 

Fluorescence quantum yields were determined from the steady-state fluorescence spectra 

for 5, 6 and TMR-Se (used as a reference standard with known fluorescence quantum yield, <l>FL 

= 0.009)49 in MeOH. Both 5 and 6 are weakly fluorescent (<DFL of 0.012 and 0.010, respectively; 

Table 5.1) due to the presence of selenium as a heavy atom. However, the nominal fluorescence 

level shown in Figure 5.1 is sufficient to visualize both 5 and 6 in cells as described below. 

100 ~--------------, 

=! 5 
ro 

-
.._,. 60 6 
>, TMR-Se ·c:;; 
C: 
<1) 600-.5: 
<1)
(.) , oo 
C: 
<1) 
(.) 
CJ') 
<1) 200 .... 
0 
::J 

~ 0 -"-.......=i:= ;.-~~~-~~=,,.___.,, 
600 650 700 750 

Wavelength (nm) 

Figure 5.1. Emission spectra of selenorhodamines 5 and 6 in MeOH compared to TMR-Se in 
MeOH with excitation at 532 nm. 

142 



5.3.4. Singlet Oxygen Yields 

Quantum yields for the generation of 10 2 [<1>(102)] by 5 and 6 were measured by time

resolved spectroscopy at 1270 nm of 1
02 luminescence in air-saturated methanol. 149 TMR-Se 

was used as a standard [<1>(102) = 0.87].49 Values of <1>(102) for 5 and 6 were determined to be 

0.64 and 0.51, respectively (Table 5.1 ). 

5.3.5. n-Octanol/Water Partition Coefficients 

Experimental values of the n-octanol/water partition coefficient (log P) for 5 and 6 were 

measured using the "shake flask" method. 138 Values of log P for 5 and 6 are 3.71 and 4.1, 

respectively (Table 5.1). 

5.3.6. Dark Toxicity of Selenorhodamines 5 and 6 

Colo-26 cells-a murine colon carcinoma cell line-have been used to evaluate dark and 

phototoxicity of other cationic dyes useful as photosensitizers for PDT including numerous 

selenopyrylium compounds133 and other selenorhodamine derivatives.72 The dark toxicity of 

selenorhodamines 5 and 6 was evaluated in cultures of Colo-26 cells incubated for 1 h with 

various concentrations of 5 or 6 (1 x 1o-8 M - 2 x 10-5 M). The medium was removed and fresh 

medium was added, and cells were incubated for 48 h prior to determination of cell viability 

141using the sulforhodamine B assay. -
142 Results are shown in Figure 5.2a for 5 and in Figure 

5.2b for 6 with sigmoidal dose-response (variable slope) analysis to allow values of LD50 (the 

concentration to give a surviving fraction of 0.50), with respect to dark toxicity, to be determined 

for each dye. Values of LD50 are compiled in Table 5.2 as the mean of four replicates. The 

thioamide 6 with an LD50 of 1.53 x 1o-6 M is significantly more dark toxic than amide 5 (LD50 of 

2.24 x 10-6 M, p < 0.0004). 
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Figure 5.2. Dark toxicity and phototoxicity of (a) 5 and (b) 6 toward Colo-26 cells with 
irradiation at 630 ± 2 nm from a tunable dye laser delivered at ~ 3.2 mW cm·2 for varying 
concentration of 5 or 6 for OJ cm·2 

( • ), 0.5 J cm·2 (■ ), and 1.0 J cm·2 
( .._ ) oflight. Error bars are 

± SD. Values of LDso and EC5o in (a) and (b) were determined by a sigmoidal dose-response 
(variable slope) analysis. ( c) Phototoxicity of 5 x 10-8 M 5 ( • ) or 6 (■) toward Colo-26 cells with 
a light dose of 0-5 J cm· 2 at 630 ± 2 nm. The lines have no significance in ( c) and simply allow 
tracking of related points. Error bars are ± SD. 

ECso/ x 10-s M EC5o/ x 10-s M LD5o,C x to·6 M LDso/EC5o 
compound Amax a 0.5 J cm·2 1.0 J cm·2 dark 1.0 J cm·2 

5 630 7.9 ± 0.3 3.88 ± 0.01 2.24 ± 0.08 58 ± 3 

6 630 5.6 ± 0.2 2.9 ± 0.2 1.53 ± 0.08 53 ± 4 
2Table 5.2. EC50's with Colo-26 cells and 0.5 or 1.0 J cm· of laser light (630 ± 2 nm), dark 

toxicities (LD50's), and ratios of LD50/EC50 with 1.0 J cm·2 oflaser light with Colo-26 cells for 5 
and 6. a wavelengths of irradiation± 2 nm. b Mean of six determinations. Error limits are± SD. c 

Mean of four determinations. Error limits are ± SD. 

5.3.7. Phototoxicity of 5 and 6 Toward Colo-26 Cells 

We next examined the phototoxicity of 5 and 6 toward Colo-26 cells using a tunable dye 

laser delivered at 630 ± 2 nm. In a solution of 17% fetal bovine serum (FBS) in PBS, values of 

144 



Amax for 5 and 6 were red shifted 4 run relative to values in MeOH to give Amax of 630 run. Colo-

26 cells were treated with varying concentrations of selenorhodamine (1.0 x 10-8 M - 4.0 x 10-7 

M) and light (0-5 J cm-2
) delivered at a fluence rate of ~3.2 mW cm-2

. 

Light-treated cells were incubated for 48 h and cell survival was determined as 

summarized in Figure 5.2a for various concentrations of 5 or in Figure 5.2b for various 

concentrations of 6 with either a 0.5 J cm-2 or a 1.0 J cm-2 light dose. Values of EC50, the 

effective concentration of photosensitizer to give a surviving fraction of 0.50, are compiled in 

Table 5.2 for 5 and 6 with light doses of 0.5 and 1.0 J cm-2
• For a given light dose, differences in 

EC5o between rhodamines 5 and 6 were all significant (p < 0.03) and differences in EC5o between 

0.5 J cm-2 and 1.0 J cm-2 of light were significant in pair-wise comparisons (p < 0.03). 

Selenorhodamine amide 5 and thioamide 6 were both efficient photosensitizers with values of 

EC50 of 3.88 x 10-8 and 2.9 x 10-8 M, respectively, with 1.0 J cm-2 of light and 7.9 x 10-8 and 5.6 

x 1o-8 M, respectively, with 0.5 J cm-2 of light. Figure 5.2c shows the effect of light dose (0-5 J 

cm-2
) on phototoxicity for 5 x 1o-8 M 5 and for 5 x 1o-8 M 6. 

The ratio of dark toxicity to phototoxicity as an approximation of the therapeutic ratio for 

the photosensitizers is perhaps a better measure of photosensitizer effectiveness. Values of 

LD50/EC50 with 1.0 J cm-2 of laser light as a measure of therapeutic ratio are compiled in Table 

5.2. For photosensitizers 5 and 6, LD5o/EC5o ratios of 58 and 53, respectively, were calculated. 

5.3.8. Uptake of Selenorhodamines 5 and 6 in Colo-26 Cells 

While Colo-26 cells do not express levels of P-gp comparable to truly drug-resistant 

lines,139 MDR modifiers such as verapamil (VER) still influence the interactions of Colo-26 cells 

with chemotherapeutic agents such as daunorubicin. 140 We examined the uptake of 

selenorhodamines 5 and 6 (2 x 10-7 M) by Colo-26 cells in the presence and absence of VER (1 
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x 10-4 M) by flow cytometry as shown in Figure 5.3. In the presence of VER, the uptake of 5 

and 6 in Colo-26 cells is not significantly different (p > 0.05). In the absence of VER, the uptake 

ofthioamide 6 is significantly greater than the uptake of amide 5 (p < 0.015). The addition of 1 x 

10-4 VER gives a 7.6-fold increase in uptake of 5, but only a 2.9-fold increase in the uptake of 6. 

These data suggest that thioamide 6 may be transported more slowly by P-gp in the Colo-26 cells 

than amide derivative 5. 
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Figure 5.3. (a) Uptake of 2 x 10-7 M selenorhodamine 5 or 6 in Colo-26 cells as measured by 
relative fluorescence in the absence ( □) and presence ( ■) of 1 x 10-4 M VER. Error bars represent 
the SD. Flow cytometry data for Colo-26 cells incubated 1 h with (b) 2 x 10-7 M 5 or (c) 2 x 10-7 

M 6 with or without 1 x 10-4 M VER. The histograms show the shift in fluorescence from 
selenorhodamine 5 or 6 alone (- ) and selenorhodamine 5 or 6 plus VER (- ). 

5.3.9. Localization of 5 and 6 in the Mitochondria ofColo-26 Cells 

When cancer cells are exposed to rhodamine 123, increased uptake in the mitochondria of 

transformed cells due is observed due to the increased mitochondrial membrane potential in the 

cancer cells. 119
-
120 We have shown that selenorhodamines 1-4 (Chart 5.1) also localize in the 

mitochondria of Colo-26 cells.72 The cellular localization of selenorhodamines 5 and 6 in Colo-

26 cells was examined using ImageStream flow cytometry as shown in Figure 5.4. 
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Figure 5.4. (a) The average similarity coefficient determined by ImageStream flow cytometry of 
all cells for each pair of agents (MTR, MTG, L YS, 5 or 6) is shown; error bars represent SD. (b) 
A histogram of the pixel-by-pixel statistical analysis of each cell (n = 3,730) analyzed, in which 
the y-axis is number of cells and the x-axis is the similarity coefficient between MTG and 5. (c) 
A histogram of the pixel-by-pixel statistical analysis of each cell (n = 3,595) analyzed, in which 
the y-axis is number of cells and the x-axis is the similarity coefficient between MTG and 6. 
Representative examples of 6/MTG-stained Colo-26 cells as a bright field image (BF), MTG 
fluorescence, 6 fluorescence, and a merged image of MTG/6 fluorescence for cells with ( d) low 
similarity, ( e) intermediate similarity, and ( f) high similarity. 

The similarity of localization of the mitochondrial specific agents MitoTracker Green 

(MTG) and MitoTracker Red (MTR), in Colo-26 cells incubated with both agents was 

determined from statistical analysis of a histogram of localization of both agents. A mean bright 

detail similarity score of 2.0 ± 0.8 for 1300 cells was determined indicating a high degree of co

localization145 of these two agents (Figure 5.4a). In contrast, Colo-26 cells incubated with the 
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lysosome-specific LysoTracker Green (LYS) and MTR gave a lower bright detail similarity 

score of 0.6 ± 0.3 for 2000 cells indicating that MTR and LYS are not co-localized and likely 

target different sites (Figure 5.4a). 

Colo-26 cells were next incubated for 15 min with a dye solution consisting of MTG and 

2 x 10-7 M 5 or 6. ImageStream flow cytometry gave the selenorhodamine/MTG bright detail 

similarity scores shown in Figure 5.4a alongside a comparison with the MTR/MTG and 

L YS/MTR similarity scores. Similarity scores of 2.3 ± 0.5 for 5 and 1.9 ± 0.4 for 6 suggest both 

5 and 6 co-localize with MTG. 

The histogram of Figure 5.4b provides an analysis of the similarity of localization of 

MTG and 5 while the histogram of Figure 5.4c provides an analysis of the similarity of 

localization of MTG and 6. The individual cells shown in Figure 5.4d-f represent examples of 

low similarity, intermediate similarity, and high similarity, respectively, for localization of 6 and 

MTG. The granular mitochondrial localization of both selenorhodamine and MTG is apparent in 

the images. 

5.3.10. Discussion of Biological Results 

Typically, cationic dyes (not cationic, porphyrin-like molecules) useful as 

photosensitizers in PDT have targeted the mitochondria of cancer cells, but have had values of 

EC50 in the 10-7 to 10-6 M range with 5-15 J cm-2 of light.29 The thiopyrylium compound AAl 

(Chart 5.2) has an LD50 of 1 x 10-7 M toward Colo-26 cells, but has no added phototoxicity. 

The selenium-containing analogue 10 has an LD50 of 1.4 x 10-6 M toward Colo-26 cells and an 

ECso of 3.7 x 10-7 M with 15 J cm-2 oflight. 133 
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Chart 5.2. Structures of chalcogenopyrylium compounds AAl, 10-12, and selenorhodamine 13. 

Chalcogenopyrylium dyes 11 and 12 (Chart 5.2) are closely related in structure to AAl 

and 10, respectively. Compound 11 has an LD50 of 7 x 10-8 M toward Colo-26 cells with no 

added phototoxicity while selenopyrylium analogue 12 has an LD50 2.6 x 1o-6 M toward Colo-26 

cells and an EC50 of 2 x 10-7 M with 15 J cm-2 light. 133 The selenopyrylium photosensitizers 10 

and 12 have therapeutic ratios (LD5o/EC5o) of 3.8 and 13, respectively, which are quite low, 

especially with 15 J cm-2 of light relative to the 1.0 J cm-2 of light used with 5 and 6. 

Selenopyrylium photosensitizers such as 10, 12, and related compounds have values of <1>(102) 

on the order of 0.015 to 0.064,134 which is an order of magnitude, or more, lower than related 

selenorhodamine photosensitizers. 

Selenorhodamine TMR-Se (Chart 5.1) has a <1>(102) of 0.87 and an EC50 of 2 x 10-7 M 

toward AUXBl cells with 5 J cm-2 light.66 The julolidyl substituted derivative 13 has <1>(102) of 

0.85 and an EC50 of 1 x 10-7 M toward AUXBl cells with 5 J cm-2 light.66 Selenorhodamines 1-4 

(Chart 5.1) have values of EC50 in the range 1.4 x 10-7 
- 4.1 x 10-7 M with 1.0 J cm-2 light, but 

have therapeutic ratios (LD5o/EC5o) in the range of 22-61. Values of <1>(102) for 1-4 are in the 

range of 0.44-0.54.72 
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Selenorhodamines 5 and 6 (Chart 5.1) absorb at longer wavelengths than other 

rhodamine photosensitizers with Amax for both of 626 nm in MeOH and 630 nm in phosphate 

buffered saline (PBS) with added fetal bovine serum (FBS). For comparison in MeOH solution, 

tetramethylrosamine (TMR, Chart 5.1) has Amax of 550 nm, thiotetramethylrosamine (TMR-S, 

Chart 5.1) has Amax of 571 nm, and selenotetramethylrosamine (TMR-Se) has Amax of 580 nm.49 

Other rhodamines have values of Amax in the 500-550-nm window. Selenorhodamines 5 and 6 

have values of Amax ;:::; 50 nm longer in wavelength than TMR-Se and values of Amax ;:::; 80-100 nm 

longer in wavelength relative to other rhodamines with oxygen in the core! Values of Amax for 5 

and 6 are similar to Amax for selenopyrylium compounds 10 and 12 (610 and 654 nm, 

respectively), but values of <1>(102) of 0.64 and 0.51 for 5 and 6, respectively, are an order of 

magnitude greater than those for 10 and 12. 134 The increased quantum yields for the generation 

of singlet oxygen likely are the significant contributor to the lower values of EC50 observed with 

selenorhodamines 5 and 6 (EC50 of 3.88 x 10-8 and 2.9 x 10-8 M, respectively, with 1.0 J cm-2 

light). The lower values of EC50 in tum contribute to a better therapeutic index. For 5 and 6, 

LD5o/EC5o ratios of 58 and 53, respectively, were observed. These compounds have a therapeutic 

window where phototoxicity can be separated from concerns with dark toxicity as opposed to the 

chalcogenopyrylium dyes where the LD50/EC50 ratio is < 15. 133 The co-localization of 5 and 6 

with MTG in Colo-26 cells suggests that the mitochondria are the cellular target for these dyes, 

122 124 126 132which is consistent with other observations ofrhodamines and related structures. 119
- , - , 

The uptake of 5 and 6 in Colo-26 cells, which express P-gp, is increased in the presence 

of 1 x 10-4 M VER and, under these conditions, the uptake of the two rhodamines is not 

significantly different (p > 0.05). However, both 5 and 6 appear to be substrates for P-gp since 

the addition of the P-gp inhibitor VER increases cellular uptake. In the absence of VER, the 
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uptake of thioamide 6 is 3-fold greater (p < 0.015) than the uptake of amide 5 and is consistent 

with results we have observed in other rhodamine amide/thioamide pairs.26
' 

72 The thioamide is 

likely transported more slowly than the corresponding amide in the efflux direction. Thus, 6 

possibly occupies the pump for longer periods of time and allows for an increase in intracellular 

accumulation compared to the analogous amide derivative. The increased intracellular uptake of 

6 relative to 5 may also explain the lower values of EC50 for 6 relative to 5. 

5.4. Conclusions 

The Texas Red core of selenorhodamine dyes 5 and 6 provides the first rhodamine 

photosensitizers with Amax > 625 nm. The selenium atom of 5 and 6 contributes to both longer 

wavelength values of Amax as well as increased values of <1>(102).
126 Both 5 and 6 are effective 

photosensitizers in vitro toward Colo-26 cells with values of EC50 :S 4 x 1o-8 M with only 1.0 J 

cm-2 of laser light delivered at 630 ± 2 nm. The longer wavelengths of absorption give 5 and 6 

greater potential for use in vivo. 

5.5. Experimental 

5.5.1. General Methods 

Selenoxanthone 7 was prepared by literature methods.73 Fluorescence quantum yields 

(<l>p) were measured as previously described.49 Quantum yields for the generation of singlet 

oxygen [<1>(102)] were measured as previously described. 149 Reactions were run under dry argon. 

Tetrahydrofuran was distilled from sodium benzophenone ketyl prior to use. Concentration in 

vacuo was performed on a B-Uchi rotary evaporator. NMR spectra were recorded on an Inova 500 

instrument (500 MHz for 1H, 125 MHz for 13C) with residual solvent signal as internal standard. 

Infrared spectra were recorded on a Perkin-Elmer FTIR instrument. UV-vis near-IR spectra were 

recorded on a Perkin-Elmer Lambda 12 spectrophotometer or on a Shimadzu UV-3600 
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spectrophotometer in quartz cuvettes with a 1-cm path length. Melting points were determined 

with a B-Uchi capillary melting point apparatus and are uncorrected. All compounds tested have a 

purity of at least 95%, which was determined from NMR spectra or by elemental analyses for C, 

H, and N (Atlantic Microlab, Inc., Norcross, GA). Experimental values of C, H, and N are 

within 0.4% of theoretical values. 

5.5 .2. Preparation of 9-(5-(piperidylcarbamothioyl)thiophen-2-yl) selenorhodamine 6-PF6 

n-Butyllithium (1.25 Min hexanes, 1.28 mL, 1.72 mmol) was added dropwise to a stirred 

solution of N,N-diisopropylamine (338 µL, 2.39 mmol) in THF (20 mL) at -78 °C. The resulting 

mixture was stirred for 10 min before it was transferred to a stirred solution of piperdin-1-

yl( thiophen-2-yl)methanethione (470 mg, 2.22 mmol) in THF (35 mL) at -78 °C. The resulting 

solution was stirred at -78 °C for 2 min before it was transferred via cannula to a stirred solution 

of selenoxanthone 7 (250 mg, 0.556 mmol) in THF (50 mL) at room temperature. The resulting 

solution was heated to 45 °C for 0.5 h and then cooled to ambient temperature. Glacial acetic 

acid (2 mL) was added, and the resulting mixture was poured into 10% aqueous HPF6 at O°C. 

The resulting mixture was stirred 12 h and the precipitate was collected via filtration and then 

washed with water (50 mL) and diethyl ether (100 mL). The product was purified by 

recrystallization from ether/CH2Ch to yield 387 mg (88%) of 6-PF6 as a purple solid, m.p. 163-

165 °C: 1H NMR (500 MHz, CD2Ch) 8 7.30 (s, 2 H), 7.19 (d, 1 H, J= 3.5 Hz), 7.00 (d, 1 H, J= 

3.5 Hz), 4.42-3.92 (m, 4 H), 3.54-3.45 (m, 8 H), 2.84 (t, 4 H, J = 6.5 Hz), 2.73 (t, 4 H, J = 6.0 

Hz), 2.18 (quintet, 4 H, J = 6.0 Hz), 1.98 (quintet, 4 H, J = 6.5 Hz), 1.82 (m, 6 H); 13C NMR 

(75.5 MHz, CD2Ch) 8 188.6, 149.4, 148.4, 148.2, 141.7, 140.4, 134.3, 130.0, 125.2, 125.0, 

119.8, 116.6, 51.6, 50.6, 29.9, 28.2, 27.0, 26.1, 24.5, 20.7, 20.5; Amax (MeOH) 626 nm (c = 9.90 x 

104 M-1 cm-1); IR (film on NaCl) 2939, 2859, 1590, 1537, 1440, 1352, 1304, 1266, 1199 cm-1
; 
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HRMS (ESI, HRDFMagSec) m/z 644.1667 (calcd for C35H3sN3S280Se+: 644.1666). Anal. Calcd 

for C35H3sN3S2Se·PF6: C, 53.30; H, 4.86; N, 5.33. Found: C, 53.28; H, 4.98: N, 5.22. 

5.5 .3. Preparation of 9-(5-(piperidylcarbamoyl)thiophen-2-yl) selenorhodamine 5-PF6 

Trifluoroacetic anhydride (176 µL, 1.27 mmol) was slowly added to a stirred solution of 

6-PF6 (200 mg, 0.254 mmol) in CH2Ch (15 mL). The resulting solution was heated to reflux for 

5 h, and then allowed to cool to ambient temperature. A solution of 10% aqueous Na2C03 (25 

mL) was added, and the mixture was extracted with CH2Ch (3 x 25 mL). The combined organic 

fractions were collected and concentrated under reduced pressure. The crude product was 

purified via column chromatography (Si02, 2:8 EtiO:CH2Ch, Rr = 0.4), yielding 128 mg (65%) 

of the desired product 5-PF6 as a purple solid, m.p. 172-173 °C. 1H NMR (500 MHz, CD2Ch) 8 

7.40 (d, 1 H, J = 3.5 Hz), 7.24 (s, 2 H), 7.06 (d, 1 H, J = 3.5 Hz), 3.74 (m, 4 H), 3.56-3.44 (m, 8 

H), 2.84 (t, 4 H, J = 6.5 Hz), 2.72 (t, 4 H, J = 6.5 Hz), 2.78 (quintet, 4 H, J = 6.5 Hz), 1.98 

(quintet, 4 H, J = 6.5 Hz), 1.80-1.65 (m, 6 H); 13C NMR (75.5 MHz, CD2Ch) 8 162.2, 149.6, 

148.4, 140.9, 140.8, 140.4, 134.3, 130.1, 128.4, 125.0, 119.9, 116.6, 51.6, 50.6, 47.2, 28.1, 26.5, 

126.1, 24.9, 20.7, 20.5; Amax (MeOH) 626 nm (E = 1.35 x 105 M-1 cm- ); IR (film on NaCl) 2938, 

2864, 1590, 1444 cm-1
; HRMS (ESI) m/z 628.1902 (calcd for C35H38N30SSe+: 628.1895). Anal. 

Calcd for C35H3sN30SSe·PF6: C, 54.40; H, 4.96; N, 5.44. Found: C, 54.16; H, 4.96: N, 5.28. 

5.5.4. General Procedure for Preparation of Chloride Salts 5 and 6 

Rhodamine 5-PF6 or 6-PF6 (25.0 mg, approximately 0.03 mmol) was dissolved in 

CH2Ch (10 mL) and Amberlite IRA-4OO chloride ion exchange resin (3.0 g) was added. The 

resulting mixture was stirred at ambient temperature for 24 h. The Amberlite exchange resin was 

removed via filtration, and the filtrate was concentrated under reduced pressure. This process 
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was repeated a total of 3 times in order to achieve complete ion exchange, yielding dyes 5 and 6 

as the chloride salts in > 95% yield. 1H and 13C NMR spectral data and HRMS data for dyes 5 

and 6 match that of the hexafluorophosphate salts 5-PF6 and 6-PF6. The 31P NMR spectra 

displayed no 31P signal. 

5.5.5. Determination of n-Octanol/Water Partition Coefficients 

The octanol/water partition coefficients were all measured at pH 7.4 (PBS) using UV

visible spectrophotometry. The measurements were done using a shake flask direct 

measurement. 133 Mixing for 3-5 min was followed by 1 h of settling time. Equilibration and 

measurements were made at 23 °C. Experiments were done in triplicate. High-performance 

liquid chromatography grade 1-octanol was used. 

5.5.6. Determination of 10 2 Yields from 10 2 Luminescence Spectroscopy 

Generation of singlet oxygen (102) was assessed by its luminescence peak at 1270 nm. 

Time-resolved detection of the long-lived 10 2 emission was used to distinguish signal from 

singlet oxygen. 149 A SPEX 270 M spectrometer (Jobin Yvon) equipped with a Hamamatsu IR

PMT coupled to an Infinium oscilloscope (Hewlett-Packard) was used for recording singlet 

oxygen phosphorescence decay. The monochromator was tuned to 1270 nm. The second 

harmonic (532 nm) from a nanosecond pulsed Nd:YAG laser (Lotis TII, Belarus) operating at 20 

Hz was used as the excitation source. Additional long-pass filters (a 950LP filter and a 538AELP 

filter, both from Omega Optical) were used to attenuate the scattered light and fluorescence from 

the samples. The samples (methanol solutions of the compounds in quartz cuvettes) were placed 

in front of the spectrometer entrance slit. 

5.5.7. Phototoxicity and Dark Toxicity Studies with Colo-26 Cells 

Colo-26 cells were grown in RPMI 1640, IX with L-glutamine medium. The medium 
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was supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Cells 

were harvested, plated 10,000 to a well in a 96-well plate (0.32 cm 2 on a flat bottom plate), and 

incubated for 24 h. Selenorhodamines 5 and 6 were added from stock solutions of known 

concentration. All plates were incubated 1 h in the dark after dye addition then either kept in the 

dark or irradiated with a tunable dye laser at 630 ± 2 nm at a fluence rate of 3.2 mW cm-2 to 

various light doses. The medium containing 5 or 6 was removed and new medium was added to 

each well before they were placed in the incubator (37 °C, 5% CO2). After a 48-h incubation, a 

141 142sulforhodamine B assay - was performed on the plates. The absorbance of each well was 

read on an EL800 BioTek plate reader at 570 nm to give fraction cell viability after data 

deconvolution. 

5.5.8. Flow Cytometry Studies 

Colo-26 cells were harvested and flow cytometry was run on an LSR II A UV-Normal Flow 

instrument with an excitation wavelength of 561 nm (50 mW cm-2
) and an emission of 710 nm 

(50 PE-Cy 5.5). ImageStream flow cytometry was run on an ImageStream Mark II instrument. 

The channels used were channels 2 (480-560 nm detection) and 5 (642-745 nm detection) with 

MTG excitation at 488 nm and selenorhodamine excitation at 561 nm. Samples were made using 

5 x 105 Colo-26 cells in 0.5 mL medium. Each photosensitizer had a total of 6 samples: the 

photosensitizer alone at 3 different concentrations (1 x 10-7 M, 2 x 10-7 M, and 4 x 10-7 M), the 

photosensitizer at 3 different concentrations plus MTG (5 x 10-7 L of 1 x 10-3 M MTG stock in 

DMSO), and MTG alone (5 x 10-7 L of 1 x 10-3 M MTG stock in DMSO). All samples were 

incubated 15 min, centrifuged, and flicked. Hanks PBS (60 µL) was added to each sample to 

replace the medium. The samples were re-suspended, put on ice, and analyzed. Co-localization 

was determined in each individual cell using the IDEAS similarity feature, which is a log-
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transformed Pearson's correlation coefficient of the intensities of the spatially correlated pixels 

within the whole cell, of the MTG and 5 and 6 images, MTG and MTR images, or LYS and 

MTR images, respectively. The similarity score is a measure of the degree to which two images 

are linearly correlated.145 

5.6. Supplementary data 

Supplementary data (1H, 13C, and 31 P NMR spectra and HRMS data for 5 and 6 as PF6-

and chloride salts) associated with this article can be found, in the online version, at 

http://dx.doi.org/10.1016/j.bmc.2015.06.006. 
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6. Chapter 6: Extended Rhodamine Photosensitizers for Photodynamic Therapy of Cancer 

Cells75 

My contribution to this manuscript was the biological testing performed. This included 

the growth and maintenance of Colo-26 and HUT-78 cell cultures; subcellular localization 

studies of the dyes compared to MTG and L YS using ImageStream cytometry; analysis of the 

obtained cytometry data; dark toxicity and phototoxicity experiments using no light, a dye

tunable laser (6-E), or broad-band Curelight source (7-E); and the generation of dose response 

curves and determination of EC5o values, LD5o values, and therapeutic ratios. For the first time, 

this manuscript details the synthesis of rhodamine photosensitizers with Amax > 640 nm, which 

have a greater potential for in vivo use in PDT. The broadened absorption of 7-E requires the use 

of a broad-band light source for excitation, while 6-E can achieve efficient phototoxic effect 

using a tunable laser. 

Reprinted with permission: Bioorganic & Medicinal Chemistry, 2016, 24, 3908-3917. 

Kellie S. Davies, ta Michelle K. Linder, ta Mark W Kryman, a and Michael R. Dettya,b* 

a Department of Chemistry, University at Buffalo, The State University of New York, Buffalo, 

NY 14260-3000, United States. b Institute for Lasers, Photonics and Biophotonics, Department of 

Chemistry, State University of New York, Buffalo, NY 14260-3000, United States. t These 

authors contributed equally. 

6.1. Abstract 

Extended thio- and selenorhodamines with a linear or angular fused benzo group were 

prepared. The absorption maxima for these compounds fell between 640 and 700 nm. The 
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extended rhodamines were evaluated for their potential as photosensitizers for photodynamic 

therapy in Colo-26 cells. These compounds were examined for their photophysical properties 

(absorption, fluorescence, and ability to generate singlet oxygen), for their dark and 

phototoxicity toward Colo-26 cells, and for their co-localization with mitochondrial-specific 

agents in Colo-26 and HUT-78 cells. The angular extended rhodamines were effective 

photosensitizers toward Colo-26 cells with 1.0 J cm-2 laser light delivered at Amax ± 2 nm with 

values of EC50 of (2.8 ± 0.4) x 10-7 M for sulfur-containing analogue 6-S and (6.4 ± 0.4) x 10-8 

M for selenium-containing analogue 6-Se. The linear extended rhodamines were effective 

photosensitizers toward Colo-26 cells with 5 and 10 J cm-2 of broad-band light (EC50 ' s :S 2.4 x 

10-7 M). 

6.2. Introduction 

Photodynamic therapy (PDT) is a treatment for cancer that utilizes a photosensitizer that 

is targeted to the tumor and light directed to the tumor-localized photosensitizer to generate 

cytotoxic reactive oxygen species.29 Ideally, the photosensitizer absorbs light in the 600-800-nm 

window where penetration of light in tissue is optimal. In addition, the photosensitizer should 

display minimal toxicity in the absence of light and should not photosensitize the patient to light 

in general. 

The rhodamine dyes are cationic dyes based on the xanthylium nucleus. The rhodamines 

and other cationic dyes have been examined as photosensitizers for PDT due to their ability to 

target the mitochondria of transformed cells and to absorb light. 119
-
120 Rhodamine-123, in 

particular, targeted the mitochondria and was also a chemotherapeutic agent in the dark. 121 
-
122 

Rhodamine-123 and other members of the rhodamine/rosamine family absorb wavelengths of 

light too short for effective penetration of tissue (Amax 500-550 nm). Furthermore, these 
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molecules generate singlet oxygen CO2) and other reactive oxygen species inefficiently due to 

the lack of a heavy atom in the chromophore. 

Heavy atoms have been introduced to the rhodamine core in two different ways. 

Bromination of the xanthylium nucleus gave brominated rhodamines that generated 10 2 more 

efficiently, but still absorbed light in the 500-550-nm window. 124-126' 132 We have prepared 

rhodamine derivatives with selenium replacing oxygen in the xanthylium core. Not only did this 

substitution give quantum yields for the generation of 10 2 [<1>(102)] of up to 0.87 for the 

selenorosamine TMR-Se (Chart 6.1), but also gave a longer-wavelength absorption maximum 

(Amax) of 580 nm. 49 We have recently described the synthesis of selenorhodamines 1-3 (Chart 

6.1) as the first rhodamine photosensitizers with values of Amax > 600 nm that maintain their 

ability to target mitochondria in cancer cells and are useful as photosensitizers for PDT.72
' 
74 

Extending values of Amax to even longer wavelengths while still maintaining high values 

of <1>(102) and the ability to localize in the mitochondria of cancer cells should provide even 

better photosensitizers for PDT. One possible approach to longer-wavelength-absorbing 

rhodamine-related dyes is the incorporation of additional fused benzene rings. This approach has 

153been successful with fluorescein-related molecules150- and has given chromophores with 

longer wavelengths of absorption and emission with such as examples 4 [Amax (H2O) 542 nm, AEM 

629 nm] 152 and 5 [Amax (H2O) 536 nm, AEM 733 nm] 152shown in Chart 6.2. It should be possible 

to prepare rhodamine-related structures with similar additional fused rings as well as derivatives 

that substitute sulfur and selenium for the xanthene oxygen atom. Herein, we report our initial 

biological evaluation of extended chalcogenorhodamine chromophores 6-E and 7-E (E = S or Se, 

Chart 6.2) as photosensitizers for PDT. 
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3, X = 0 or S 

Chart 6.1. Structures of TMR-Se and selenorhodamines 1-3. 

Ph 

0 

6-S , E = S ""-- 7-S , E = S 
6-Se, E = Se 7-Se, E = Se 

Chart 6.2. Extended fluorescein molecules 4 and 5 and extended rhodamine analogues 6-E and 
7-E. 

6.3. Results and Discussion 

6.3 .1. Synthesis of Selenorhodamines 6-E and 7-E 

The key intermediates to the extended rhodamine dyes 6-E and 7-E are the corresponding 

extended xanthones 8-E and 9-E. As shown in Scheme 6.1, xanthones 8-E and 9-E can be 

prepared by the cyclization of diaryl chalcogenides 10-E and 11-E, respectively. The addition of 

bis-3-dimethylaminophenyl dichalcogenides 12-E94 to 1-lithio-6-dimethylamino-2-naphthamide 

13 or 3-lithio-6-dimethylamino-2-naphthamide 14, respectively, in tum gives the diaryl 

chalcogenides 10-E and 11-E. The regioselectivity of deprotonation of 15 to give 13 and 14 will 

determine the efficiency of the synthesis. 
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NMe2 9-E, E = S, Se ~ O 

~NEt, 

Me2N E-0 
11-E,E=S,Se~ilil 

L' 0 rb 0 

NMe2 

~ 
~ NEt2 

+ Me N~E/EYco/NMe2 +2 lVJ ~NEt, 

Me2N 13 12-E, E = S, Se Me2N 14 Li 

15 

Scheme 6.1. A synthetic approach to the xanthone precursors to extended rhodamines 6-E and 7-E. 

In our synthetic approach to TMR-Se and selenorhodamines 1 and 2, directed 

metalations of 4-dimethylamino-substituted benzamide derivatives with s-BuLi/TMEDA gave 2-

lithio-4-dimethylamino-benzamides in excellent yield, which then reacted with diaryl 

dichalcogenides to give xanthone precursors.94 A similar approach with naphthamide 15 leads to 

precursors to xanthones 8-E from l-lithio-2-naphthamides 13 and to 9-E from 3-lithio-2-

naphthamides 14. However, the regiochemical preference for metalation with s-BuLi/TMEDA is 

not clear. The directed metalation of 2-substituted naphthalenes in the literature has varying 

regioselectivity depending upon the specific substrate, directing group, base, and solvent 

conditions. 154
-
158 

Amide 15 was subjected to directed metalation with s-BuLi and TMEDA at -78 °C and 

the resulting mixture of anions was quenched with dichalcogenides 12-E (Scheme 6.2). 
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Lithiation at the I-position appeared to be favored by a ratio of 2.5: 1 as determined by 1H NMR 

spectroscopy following quenching of the anion mixture with either disulfide 12-S or diselenide 

12-Se to give a mixture of 10-S and 11-S in 76% isolated yield and a mixture of 10-Se and 11-Se 

in 60% isolated yield (Scheme 6.2). At this stage, the mixture of regioisomers 10-E/11-E was 

not readily separable by chromatography and the mixture was treated with POCb and Et3N in 

refluxing acetonitrile to give the extended xanthones 8-E and 9-E. From the mixture of 

regioisomers 10-E/11-E, the two isomeric xanthones were separable by silica chromatography 

and 8-S was isolated in 41 % yield and 9-S in 20% isolated yield while 8-Se was isolated in 45% 

yield and 9-Se was isolated in 21 % yield (Scheme 6.2). 

The 1H NMR spectra of the extended xanthones 8-E and 9-E (Supplementary data) 

allowed the unambiguous assignment of structure. The number of aromatic protons with 

coupling constants consistent with an ortho-coupling partner (~7-9 Hz) define the structure. 

Xanthones 8-E have six protons with ortho-coupling partners while xanthones 9-E have four. 

1) s-Buli/TMEDA 

TH F, -78 °C 10-5/11-5 (2.5:1 , 76%) 8-5 , E = S (42%) + 9-5 , E = S (25%) 
15 -----► 

10-5e/11 -5e (2.5:1, 60%) CH CN, 8-5e, E = Se (41%) 9-5e, E = Se (20%)
2) 12-E, 12h 3 

reflux , 12 h 
-78 °c to r.t. 

Scheme 6.2. Synthesis of extended xanthones 8-E and 9-E from naphthamide 15. 

The addition of phenylmagnesium bromide to a stirred suspension of 8-E or 9-E in THF 

(16 h at reflux) followed by work up with 10% aqueous HPF6 gave dyes 6-E and 7-E, 

respectively, in 84-95% isolated yield (Scheme 6.3). The dyes 6-E and 7-E were sparingly 

soluble in most organic solvents, which made the acquisition of meaningful 13C and 77Se NMR 

spectra difficult. However, the 1H NMR spectra were consistent with expected structures and the 

extended rhodamine dyes all passed combustion analysis and high-resolution mass spectral 
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analysis. The solubility of the dyes 6-E and 7-E also limited an accurate experimental 

determination of values of the n-octanol/water partition coefficient (log P). 

Ph 

1) PhMgBr, THF 
reflux, 16 h 

1) PhMgBr, THF 
reflux, 16 h 

Ph ~ PF~ 

~ 
8-E 

2) 10% aq. HPF6 

Me2N 2) 10% aq. HPF6 Me2N E NMe2 

6-5, E = S, 90% ::,..__ 7-S, E = S, 91% 
6-Se, E = Se, 95% 7-Se, E = Se, 84% 

Scheme 6.3. Synthesis of extended rhodamine dyes 6-E and 7-E. 

6.3.2. Photophysical Properties 

Absorption spectra for 6-E and 7-E are shown in Figure 6.1 and values of Amax and the 

molar extinction coefficient (c:) in MeOH and in CH2Ch are compiled in Table 6.1. The 

extended rhodamines have values of Amax in the 630-700-nm range. Fluorescence emission 

maxima (AFL) with excitation at 532 nm are also compiled in Table 6.1. Fluorescence quantum 

yields ( <PFL) were determined from the steady-state fluorescence spectra for 6-E and 7-E (TMR

Se was used as a reference standard with known fluorescence quantum yield, <l>FL = 0.009 in 

MeOH).49 Dyes 6-S and 7-S had values of <PFL of 0.47 and 0.18, respectively, while the dyes 6-

Se and 7-Se were weakly fluorescent with identical values of <l>FL of 0.009. Quantum yields for 

the generation of 10 2 [<1>(102)] by 6-E and 7-E were measured by time-resolved spectroscopy at 

1270 nm of 10 2 luminescence in air-saturated MeOH.149 While values of <1>(102) could be 

quantified for 6-S and 6-Se with excitation at 532 nm, only a weak 1270-nm signal was detected 

from 7-S and 7-Se, which could not be resolved to an accurate value of <1>(102). Values of <1>(102) 

for 7-S and 7-Se are listed as < 0.05 to place an upper boundary on the value and to acknowledge 

that weak, but detectable, amounts of 10 2 are being produced. 
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Figure 6.1. Electronic absorption spectra of extended rhodamines a) 6-E and b) 7-E m 
dichloromethane. 

compound Arnau nm E, M-1 cm-1 lFL,nm ~La,b <1>(102) a,b 

630 (MeOH) 6.1 X 104 

6-S 715 0.47 ± 0.01 0.15 ± 0.02
641 (CH2Cl2) 6.5 X 104 

647 (MeOH) 6.4 X 104 

6-Se 717 0.009 ± 0.001 0.65 ± 0.03
658 (CH2Cl2) 6.9 X 104 

661 (MeOH) 4.7 X 104 

7-S 775 0.18 ± 0.01 <0.0SC
689 (CH2Cl2) 4.9 X 104 

671 (MeOH) 4.7 X 104 

7-Se 781 0.009 ± 0.001 < 0.05c
700 (CH2Cl2) 5.3 X 104 

Table 6.1. Absorption maxima (Amax) and molar extinction coefficients (E), fluorescence 
emission maxima (lFL) and quantum yields for fluorescence (<l>FL) in MeOH, and quantum yields 
for the generation of singlet oxygen [<1>( 10 2)] in MeOH for extended rhodamines 6-E and 7-E. a 

Excitation at 532 nm. b Error limits are± SD. c A weak signal was detected at 1270 nm indicating 
some 10 2was being produced, but< 0.05 places an upward boundary on the yield. 

6.3.3. Phototoxicity ofDyes 6-E and 7-E 

The angular dyes 6-S and 6-Se have values of Amax of 630 and 647 nm, respectively. In 

MeOH, which is in the 600-800-nm window where penetration of light in tissue is optimal.29 

Both 6-S and 6-Se generate singlet oxygen upon irradiation, which is an important cytotoxic 

agent in PDT.29 We surveyed the phototoxicity of 6-S and 6-Se toward Colo-26 cells (a murine 

colon carcinoma cell line) using a tunable dye laser delivered at 642 ± 2 nm for 6-S, 660 ± 2 nm 

for 6-Se, 690 ± 2 nm for 7-S, and 700 ± 2 nm for 7-Se. Colo-26 cells were treated with a range of 

concentrations of extended rhodamines 6-S and 6-Se (1 x 10-8 
- 1 x 10-6 M) and toxicity was 
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examined in the dark or with 1.0 J cm-2 oflight delivered at a fluence rate of~ 3.2 mW cm-2 and 

cell viability was evaluated 48 h after exposure. Solubility issues precluded the use of higher 

concentrations of dyes 6-E (or 7-E) in dark and phototoxicity studies. Both 6-S and 6-Se show 

minimal dark toxicity with concentrations up to 1 x 10-6 M (Figure 6.2). The extended 

thiorhodamine 6-S (Figure 6.2a) is less phototoxic than 6-Se (Figure 6.2b), which is consistent 

66 72 74wit. h resu1ts companng ot . h h" hod . . h th · 1 · · · 'er t ior ammes wit eu se enmm-contammg counterparts. ' 

The effective concentration to give 50% cell kill (EC50) with 1.0 J cm-2 of light from a laser 

source was (2.8 ± 0.4) x 10-7 M for 6-S and (6.4 ± 0.4) x 10-8 M for 6-Se. 

The linear extended rhodamines 7-S and 7-Se show greater dark toxicity than the angular 

extended rhodamines 6-S and 6-Se at 1.0 µM (Figure 6.3). Irradiation with 1.0 J cm-2 of light 

from a tunable dye laser (690 ± 2 nm for 7-S and 700 ± 2 nm for 7-Se) gave minimal if any 

phototoxicity and the phototoxicity from the tunable dye laser is essentially identical to the dark 

toxicity. This is consistent with the poorer quantum yields for the generation of 10 2 with 7-S and 

7-Se relative to 6-S and 6-Se (Table 6.1) when the dyes were excited with a 532-nm laser. 

a) 11 EC50 =(2.8 ±0.4) X 1o-7 M b) 1.2 EC50 =(6.4 ±0.4) X 10-8 M 

C 1.0 C 1.0 ..0 ..0 

0 0.8 g 0.8 
~ I.. 

IL IL 
Cl 0.6 Cl 0.6 
C 6-S C 6-Se 
·;; ·;; 
·- 0.4 -~ 0.4C: 
::, ~ DJ cm-2 ::, ~ DJ cm-2 

V> 01 V> 0.2 .... 1 J cm-2 .... 1 J cm-2 

0.0 0.0 
.g -8 -7 -9 -8 -7 

log Concentration (M) log Concentration (M) 

Figure 6.2. Dark toxicity (e ) and phototoxicity (.._) of a) 6-S and d) 6-Se toward Colo-26 cells. 
Phototoxicity was measured following irradiation from 1.0 J cm-2 of light from a tunable dye 
laser delivered at ~3.2 mW cm-2 (642 ± 2 nm for 6-S and 660 ± 2 nm for 6-Se. Error bars are± 
SD. Values of EC50 (± SD) in a) and b) were determined by a sigmoidal does-response (variable 
slope) analysis. 
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Figure 6.3. a) Action spectrum of unfiltered Cu.relight broad-band light source overlaid with 
absorption spectra of 7-S and 7-Se. Dark toxicity (e ) and phototoxicity with 5 J cm·2 (..&.) or 10 
J cm·2 (■ ) oflight from Cu.relight source of b) 7-S and c) 7-Se toward Colo-26 cells. Error bars 
are± SD. Values of EC5o (± SD) and LD5o (± SD) in b) and c) were determined by a sigmoidal 
does-response (variable slope) analysis. 

The chromophores associated with dyes 7-S and 7-Se absorb light over a 250-300-nm 

section of the 500-800-nm window. We also examined the phototoxicity of dyes 7-S and 7-Se 

toward Colo-26 cells using a Cu.relight broad-band source that emits light in this range as shown 

in Figure 6.3a. With the broad-band light source delivered to 5.0 and 10 J cm·2 at a fluence rate 

of 47.6 mW cm·2, phototoxicity greater than dark toxicity was observed with both 7-S and 7-Se. 

Dye 7-S gave an EC50 of (1.4 ± 0.1) x 10·7 M with 5 J cm·2 of broad-band light and (9.0 ± 0.9) x 

10-8 M with 10 J cm·2 of broad-band light (Figure 6.3b ). Dye 7-Se gave an EC50 of (2.4 ± 0.9) x 

10·7 M with 5 J cm·2 of broad-band light and (1.8 ± 0.3) x 10·7 M with 10 J cm·2 of broad-band 

light (Figure 6.3c ). 
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The ratio of dark toxicity to phototoxicity as an approximation of the therapeutic ratio for 

the photosensitizers is perhaps a better measure of photosensitizer effectiveness. Dark toxicity is 

expressed as the LD5o or the concentration resulting in 50% cell kill in the dark. The angular 

extended selenorhodamine 6-Se has an LD50 of > 1.0 x 1o-6 M as shown in Figure 6.2b. The 

LD50/EC50 ratio is an approximation of therapeutic index and, for 6-Se, this ratio is > 15 with 1.0 

J cm-2 of laser light. For photosensitizers 7-S and 7-Se, dark toxicity is much greater than for 

dyes 6-E, with LD50/EC50 ratios of 3.3 and 5 .1 observed for 7-S with 5 and 10 J cm-2 of broad

band light, respectively, and LD5o/EC5o ratios of 8.3 and 11 observed for 7-Se with 5 and 10 J 

cm-2 of broad-band light, respectively. 

6.3.4. Subcellular Localization of Dyes 6-E and 7-E 

Rhodamines such as rhodamine-123 target the mitochondria of cancer cells and show 

increased uptake in cancer cells relative to normal epithelial cells presumably due to the 

increased mitochondrial membrane potential in cancer cells. 119
-
120 The cellular localization of 

dyes 6-E and 7-E in Colo-26 cells was examined using imaging flow cytometry as shown in 

Figure 6.4. The co-localization of the mitochondrial specific agents MitoTracker Green (MTG) 

and MitoTracker Red (MTR) was shown in Colo-26 cells incubated with both agents. A mean 

bright detail similarity score of 1.64 ± 0.62 for 3,158 Colo-26 cells was determined indicating a 

high degree of co-localization145 of these two agents. LysoTracker Green (L YS) targets the 

lysosomes and a bright detail similarity score of 0.69 ± 0.26 for 2,437 Colo-26 cells was 

determined in a comparison of L YS (5 x 10-8 M) and MTR (1 x 10-8 M) suggesting these agents 

are not co-localized and target different cellular sites. 

Colo-26 cells were next incubated for 15 min with a dye solution consisting of MTG (5 x 

10-7 M) and 2 x 10-7 M 6-E or 7-E. Figure 6.4a shows a representative example of imaging by 
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flow cytometry72 of MTG/6-E- or 7-E-stained Colo-26 cells as a bright field image, MTG 

fluorescence, dye fluorescence, and a merged image of MTG/6-E- or 7-E. Similarity scores are 

shown in Figure 6.4b which were determined by the histograms of Figure 6.4c showing 

MTG/6-E- or 7-E bright detail similarity scores. 145 Dyes 6-S, 6-Se, and 7-S gave similarity 

scores with MTG of 1.20-1. 77, which is indicative of a high degree of co-localization of the dye 

and MTG. 145 In contrast, the similarity score of 7-Se with MTG was 0. 72, which suggests 

reduced co-localization of the two dyes. 
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Figure 6.4. a) Representative examples of MTG/6-E- or 7-E-stained Colo-26 cells as a bright 
field image (BF), MTG fluorescence, 6-E- or 7-E fluorescence, and a merged image of MTG/6-
E- or 7-E fluorescence with ImageStream flow cytometry. b) The average similarity coefficient 
determined by ImageStream flow cytometry of all Colo-26 cells for each pair of agents (MTR, 
MTG, LYS, 6-E- or 7-E) is shown; error bars represent SD. c) A histogram of the pixel-by-pixel 
statistical analysis of each Colo-26 cell (n = 3,730) analyzed, in which the y-axis is number of 
cells and the x-axis is the similarity coefficient between MTG and 6-E- or 7-E. 
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We examined the cellular localization of dyes 6-E and 7-E in a second cell line using 

imaging flow cytometry. HUT-78 cells are erythrodermic cutaneous T cell lymphoma cells and 

are characterized by hyperpolarized mitochondria. HUT-78 cells were incubated for 15 min with 

a dye solution consisting of MTG (5 x 10-7 M) and 2 x 10-7 M 6-E or 7-E. Figure 6.5a shows a 

representative example of imaging by flow cytometry72 of MTG/6-E- or 7-E-stained HUT-78 

cells as a bright field image, MTG fluorescence, dye fluorescence, and a merged image of 

MTG/6-E- or 7-E. Bright detail similarity scores for MTG/6-E- or 7-E comparisons are shown 

in Figure 6.5b and the histograms providing them are shown in Figure 6.5c. Dyes 6-S, 6-Se, and 

7-S gave similarity scores with MTG of 2.15-2.82, which is indicative of a very high degree of 

co-localization of the dye and MTG. 145 Again, the similarity score of 7-Se with MTG was much 

lower at 0.68 and suggests that 7-Se may have a different site oflocalization. 

Figure 6.6 shows a comparison of L YS emission, MTR emission, and an overlay of 

L YS/MTR emission in Colo-26 cells (Figure 6.6a) and HUT-78 cells (Figure 6.6b) compared to 

MTG emission, 7-Se emission, and the overlay of MTG/7-Se emission in Colo-26 cells (Figure 

6.6c) and HUT-78 cells (Figure 6.6d). The distribution pattern of 7-Se in both cell lines suggests 

lysosomal localization rather than mitochondrial localization. 
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Figure 6.5. a) Representative examples of MTG/6-E- or 7-E-stained HUT-78 cells as a bright 
field image (BF), MTG fluorescence, 6-E or 7-E fluorescence, and a merged image ofMTG/6-E 
or 7-E fluorescence with ImageStream flow cytometry. b) The average similarity coefficient 
determined by ImageStream flow cytometry of all HUT-78 cells for each pair of agents (MTR, 
MTG, L YS, 6-E or 7-E) is shown; error bars represent SD. c) A histogram of the pixel-by-pixel 
statistical analysis of each HUT-78 cell (n = 3,730) analyzed, in which the y-axis is number of 
cells and the x-axis is the similarity coefficient between MTG and 6-E or 7-E. 
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Figure 6.6. Representative example by ImageStream flow cytometry of a) LYS/MTR-stained 
Colo-26 cell with L YS fluorescence, MTR fluorescence, and a merged image of L YS/MTG 
fluorescence; b) L YS/MTR-stained HUT-78 cell with L YS fluorescence, MTR fluorescence, and 
a merged image of LYS/MTG fluorescence; c) MTG/7-E-stained Colo-26 cell with MTG 
fluorescence, 7-Se fluorescence, and a merged image of MTG/7-Se fluorescence; d) MTG/7-E
stained HUT-78 cell with MTG fluorescence, 7-Se fluorescence, and a merged image ofMTG/7-
Se fluorescence. 

6.3.5. Discussion ofBiological Results 

The extended rhodamine dyes 6-E and 7-E absorb at much longer wavelengths (Amax = 

640-700 nm) than TMR-Se (Amax= 580 nm)49 and other selenorhodamine derivatives 1-3 (Chart 

6.1) with constrained amino groups (Amax= 600-626 nm).72
' 

74 While the 9-phenyl substituents of 

6-E and 7-E may not be the optimal groups for effective photosensitizers (dark toxicity and 

phototoxicity, solubility, cellular uptake, formulation), dyes 6-E and 7-E illustrate that the 

extended rhodamine structures are a viable framework for the design of photosensitizers. Dyes 6-
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E may be better suited for use with a laser light source while dyes 7-E may be better suited for a 

broad-beam light source. Dye 6-Se has an EC50 of 6.4 x 1o-8 M with 1 J cm-2 of 660 ± 2 nm light 

from a tunable dye laser, which is identical to the EC5o of 6 x 1o-8 M with 1 J cm-2 of 630 ± 2 nm 

with selenorhodamine dye 3 with X = S.74 Selenorhodamine 3 with X = S has been optimized for 

performance as a photosensitizer in Colo-26 cells. 

The extended rhodamine dyes 6-E and 7-E share structural similarity with the 

phenothiazine methylene blue dyes and the benzophenothiazine Nile blue dyes (Chart 6.3). The 

phenothiazine and benzophenothiazine dyes have been useful as photosensitizers for PDT and 

their wavelengths of absorption are similar to those of extended rhodamines 6-E and 7-E.29 The 

subcellular sites of localization of the methylene blue and Nile blue dyes suggest that the 

mitochondria need not be the site of initial localization. Based on values of log P, early workers 

described the methylene blue derivatives as targeting the mitochondria, 159 but subsequent work 

suggested that initial localization in the lysosomes was followed by photochemical release and 

re-localization in the mitochondria. 160 Similarly, some Nile blue derivatives (X = I in Chart 6.3, 

as one example) target the lysosomes initially and are then released upon irradiation to re

localize in the mitochondria,161 while other derivatives (X = H in Chart 6.3, as one example) 

have mitochondrial, lysosomal, and cytoplasmic sites of localization. 162 The ImageStream flow 

cytometry of Colo-26 and HUT-78 cells stained with dyes 6-E and 7-E suggest that 6-S, 6-Se 

and 7-S show a high degree of mitochondrial localization in both Colo-26 (Figure 6.4) and 

HUT-78 cells (Figure 6.5), but dye 7-Se does not appear to target the mitochondria in either 

Colo-26 (Figure 6.4) or HUT-78 cells (Figure 6.5). The localization of derivatives of 6-E and 7-

E with different substituents in the 9-position will be of interest in the design of improved 

photosensitizers. 
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Chart 6.3. Structures of the phenothiazine dye methylene blue and the benzophenothiazine Nile 
blues. 

6.4. Conclusions 

The extended chalcogenorhodamine dyes 6-E and 7-E provide the first rhodamine 

photosensitizers with Amax > 640 nm. Both 6-S and 6-Se are effective photosensitizers in vitro 

toward Colo-26 cells with values of EC50 of 2.8 x 10-7 Mand 6.4 x 10-8 M, respectively, with 

only 1.0 J cm-2 of laser light delivered at Amax ± 2 nm. The longer wavelengths of absorption give 

6-S and 6-Se greater potential for use in vivo. The extended chalcogenorhodamine dyes 7-S and 

7-Se are photosensitizers in vitro toward Colo-26 cells using broad-band light with values of 

EC50 of 9.0 x 10-8 Mand 1.8 x 10-7 M, respectively, with 10 J cm-2 of broad-band light. 

6.5. Experimental 

6.5.1. General Methods 

Di-3-N,N-dimethylaminophenyl dichalcogenides 12-E were prepared by literature 

methods.94 Fluorescence quantum yields (<DF) were measured as previously described.49 

Quantum yields for the generation of singlet oxygen [<1>(10 2)] were measured as previously 

described. 149 Reactions were run under dry argon. Tetrahydrofuran was distilled from sodium 

benzophenone ketyl prior to use. Concentration in vacuo was performed on a Buchi rotary 

evaporator. NMR spectra were recorded on an Inova 500 instrument (500 MHz for 1H, 125 MHz 

for 13C) with residual solvent signal as internal standard. Infrared spectra were recorded on a 
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Perkin-Elmer FTIR instrument. UV-vis near-IR spectra were recorded on a Perkin-Elmer 

Lambda 12 spectrophotometer or on a Shimadzu UV-3600 spectrophotometer in quartz cuvettes 

with a 1-cm path length. Melting points were determined with a B-Uchi capillary melting point 

apparatus and are uncorrected. All compounds tested have a purity of at least 95%, which was 

determined from NMR spectra or by elemental analyses for C, H, and N (Atlantic Microlab, Inc., 

Norcross, GA). Experimental values of C, H, and N are within 0.4% of theoretical values. 

6.5.2. N,N-Diethyl 2-(6-Dimethylamino)naphthamide (15) 

Iodomethane (12.0 mL, 192 mmol) was added dropwise to a stirred solution of 6-amino-

2-naphthoic acid (4.50 g, 24.0 mmol) and sodium carbonate (15.3 g, 144 mmol) in DMF (200 

mL). The resulting mixture was heated at 110 °C for 16 h before being cooled to 60 °C and 

DABCO (4.05 g, 36.0 mmol) added. Heating was then resumed at 100 °C for 4 h. After cooling 

to ambient temperature, water (150 mL) was added, and the product was extracted with diethyl 

ether (3 x 50 mL). The combined organic extracts were washed with water (3 x 100 mL), dried 

over anhydrous MgSO4, and concentrated. The crude product was recrystallized from 

CH2Ch/hexanes to give 5.46 g (99%) of methyl 6-(dimethylamino)-2-naphthoate as a brown 

solid, m.p. 150-152 °C (lit. 163 m.p. 148-149 °C): 1H NMR (500 MHz, CDCh) 8 8.44 (s, 1 H), 

7.93 (dd, 1 H,J= 1.5, 9.0Hz), 7.79 (d, 1 H,J=9.0Hz), 7.63 (d, 1 H,J=9.0Hz), 7.17(dd, 1 H, 

J = 2.5, 9.5 Hz), 6.88 (d, 1 H, J = 2.5 Hz), 3.94 (s, 3 H), 3.10 (s, 6 H); 13C NMR (75.5 MHz, 

CDCh) 8 167.6, 150.0, 137.5, 130.9, 130.3, 125.9, 125.7, 125.2, 123.0, 116.2, 105.3, 51.8, 40.4; 

IR (film on NaCl) 2949, 1714, 1624, 1508, 1436, 1384, 1290 cm-1; HRMS (ESI, HRDFMagSec) 

m/z 230.1174 (calcd for C14H15NO2 + H+: 230.1176). 

n-Butyllithium (1.25 M, 8.37 mL, 10.5 mmol) was added dropwise to a stirred solution of 

diethylamine (1.17 mL, 11.3 mmol) in THF (30 mL) at -78 °C. The resulting mixture was stirred 
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for 1 h then transferred to a stirred solution of methyl 6-( dimethylamino )-2-naphthoate (2.0 g, 

8.72 mmol) in THF (50 mL) at ambient temperature. The resulting solution was heated at 45 °C 

for 30 min and then cooled to ambient temperature. A solution of saturated NH4Cl (50 mL) was 

added and products were extracted with CH2Ch (3 x 150 mL). The combined organic extracts 

were dried over anhydrous MgSO4 and concentrated. The crude product was recrystallized from 

CH2Ch/hexanes to give 2.29 g (97%) of 15 as a yellow solid, m.p. 99-100 °C: 1H NMR (500 

MHz, CDCh) 8 7.72 (s, 1 H), 7.71 (d, 1 H, J= 9.0 Hz), 7.65 (d, 1 H, J= 8.5 Hz), 7.37 (dd, 1 H, J 

= 2.0, 8.5 Hz), 7.18 (dd, 1 H, J = 2.5, 9.0 Hz), 6.90 (d, 1 H, J = 2.5 Hz), 3.69-3 .26 (m, 4 H), 3.07 

(s, 6 H), 1.40-1.06 (m, 6 H); 13C NMR (75 .5 MHz, CDCh) 8 171.5, 148.8, 134.9, 130.1, 128.8, 

125.8, 125.5, 125.4, 124.2, 116.4, 105.4, 43 .3, 40.2, 39.1 , 13.4; IR (film on NaCl) 2970, 2890, 

12750, 1627, 1506, 1420, 1382 cm- ; HRMS (ESI, HRDFMagSec) m/z 271.1805 (calcd for 

C11H22N2O + H+: 271.1805). 

6.5.3. Metallation of 15 and Quenching with Disulfide 12-S 

s-Butyllithium (0.87 M, 4.46 mL, 3.88 mmol) was added dropwise to a stirred solution of 

naphthamide 15 (1.0 g, 3.70 mmol) and TMEDA (606 µL, 4.07 mmol) in THF (75 mL) at -78 

°C. A solution of disulfide 12-S94 (2.25 g, 7.39 mmol) in THF (30 mL) at -78 °C was 

immediately added. The resulting mixture was stirred at -78 °C to ambient temperature 

overnight. A solution of saturated NH4Cl ( 100 mL) was added, and products were extracted with 

CH2Ch (3 x 150 mL). The combined organic extracts were dried over anhydrous MgSO4 and 

concentrated. The crude product was purified via chromatography on SiO2 eluted with 1:9 

EtOAc:CH2Ch to give 1.18 g (76%) of a mixture of 10-S and 11-S, which was used without 

further purification or separation. HRMS (El, HRDFMagSec) m/z 421.2182 (calcd for 

C2sH31N3OS: 421.2182). 
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6.5.4. Metallation of 15 and Quenching with Diselenide 12-Se 

s-Butyllithium (0.87 M, 4.46 mL, 3.88 mmol), TMEDA (606 µL, 4.07 mmol), 

naphthamide 15 (1.0 g, 3.70 mmol), and diselenide 12-Se94 (2.95 g, 7.39 mmol) in THF (105 

mL) were treated as described for the preparation of 10-S/11-S. The crude product was purified 

via column chromatography on SiO2 (1:9 EtOAc:CH2Ch) to give 1.03 g (60%) of the 10-Se/11-

Se mixture as a yellow oil, which was used without further purification or separation. HRMS 

(ESI, HRDFMagSec) m/z 469.1627 (calcd for C25H31N3O80Se + H+: 469.1627). 

6.5.5. Preparation of Extended Xanthones 8-S and 9-S 

Phosphorus oxychloride (1.14 mL, 12.2 mmol) was added dropwise to a solution of Et3N 

(1.79 mL, 12.2 mmol) and the mixture of 10-S and 11-S (429 mg, 1.02 mmol) in CH3CN (25 

mL). The resulting mixture was heated at reflux for 12 hand then cooled to 0 °C. A solution of 1 

M NaOH (10 mL) was added slowly, and the resulting mixture was poured into a stirred solution 

of cold 1 M NaOH (200 mL), stirred for 6 h, and products were extracted with CH2Ch (3 x 250 

mL). The combined organic extracts were dried over anhydrous MgSO4 and concentrated. The 

mixture of xanthones was purified by chromatography on SiO2 eluted with 0.5:9.5 

CH3CN:CH2Ch (Rf= 0.6 and 0.7) to give the individual thioxanthones 8-S and 9-S. 

Xanthone 8-S was recrystallized from CH2Ch/hexanes to give 150 mg (42%) of 8-S as a 

yellow solid, m.p. > 260 °C: 1H NMR (500 MHz, CDCh) 8 8.47 (d, 1 H, J = 9 Hz), 8.49 (d, 1 H, 

J = 9 Hz), 8.20 (d, 1 H, J = 9.5 Hz), 7.59 (d, 1 H, J = 9.0 Hz), 7.18 (dd, 1 H, J = 2.5, 9.0 Hz), 

6.90 (d, 1 H, J= 2.5 Hz), 6.85 (dd, 1 H, J= 2.5, 9.5 Hz), 6.73 (d, 1 H, J= 2.0 Hz), 3.16-3.09 (m, 

12 H); 13C NMR (75.5 MHz, CDCh) 8 178.8, 151.9, 150.2, 138.2, 136.6, 136.2, 130.8, 125.3, 

124.8, 124.5, 124.4, 120.9, 118.9, 115.3, 112.0, 106.6, 105.4, 40.3, 40.0; IR (film on NaCl) 2925, 

1614, 1587, 1507, 1406, 1370, 1335 cm-1
; HRMS (El, HRDFMagSec) m/z 348.1291 (calcd for 
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Xanthone 9-S was recrystallized from CH2Ch/hexanes to give 89 mg (25%) of an orange 

solid, m.p. > 250 °C: 1H NMR (500 MHz, CDCb) 8 8.97 (s, 1 H), 8.46 (d, 1 H, J = 9.0 Hz), 7.89 

(d, 1 H, J= 9.5 Hz), 7.68 (s, 1 H), 7.16 (dd, 1 H, J= 2.5, 9.0 Hz), 6.70 (dd, 1 H, J= 2.5, 9 Hz), 

6.78 (d, 1 H, J = 2.5 Hz), 6.60 (m, 1 H); 3.12 (s, 6 H), 3.11 (s, 6 H); BC NMR (75.5 MHz, 

CDCb) 8 179.4, 152.3, 150.3, 139.7, 136.6, 132.6, 131.5, 131.1, 130.6, 124.8, 123.9, 120.3, 

118.6, 116.3, 110.9, 105.1, 102.9, 40.4, 40.1; IR (film on NaCl) 1613, 1591, 1500, 1441, 1389, 

1371, 1336, 1286 cm-1
; HRMS (ESI, HRDFMagSec) m/z 349.1369 (calcd for C21H20N2OS + 

H+: 349.1370). 

6.5.6. Preparation of Extended Xanthones 8-Se and 9-Se 

Phosphorus oxychloride (931 µL, 9.99 mmol), Et3N (1.39 mL, 9.99 mmol) and the 

mixture of 10-S and 11-S (390 mg, 0.832 mmol) in CH3CN (25 mL) were treated as described 

for the preparation of 8-S and 9-S. 

Xanthone 8-Se was recrystallized from CH2Ch/hexanes to give 135 mg (41 %) of a 

yellow solid, m.p. > 260 °C: 1H NMR (500 MHz, CDCb) 8 8.54 (d, 1 H, J= 9 Hz) 8.53 (d, 1 H, 

J = 9 Hz), 7.97 (d, 1 H, J = 9.5 Hz), 7.59 (d, 1 H, J = 9.0 Hz), 7.19 (dd, 1 H, J = 2.0, 9.0 Hz), 

6.89 (d, 1 H, J= 2.5 Hz), 6.83 (dd, 1 H, J= 2, 9.5 Hz), 6.81 (d, 1 H, J= 2.5 Hz), 3.12 (s, 6 H), 

3.11 (s, 6 H); Be NMR (75.5 MHz, CDCb) 8 180.9, 151.8, 150.1, 136.4, 136.2, 135.9, 132.2, 

126.7, 126.2, 124.8, 122.7, 120.1, 115.5, 112.0, 107.8, 106.4, 40.3, 40.0; IR (film on NaCl) 2932, 

1606, 1582, 1507, 1407, 1372, 1329 cm-1
; HRMS (El, HRDFMagSec) m/z 396.0742 (calcd for 

C21H20N2O80Se+: 396.0742). 

Xanthone 9-Se was recrystallized from CH2Ch/hexanes to give 66 mg (20%) of a yellow 
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solid, m.p. > 250 °C: 1H NMR (500 MHz, CDCb) 8 9.02 (s, 1 H), 8.50 (d, 1 H, J = 9.0 Hz), 7.87 

(d, 1 H, J = 9.0 Hz), 7.75 (s, 1 H), 7.15 (dd, 1 H, J = 2.5, 9.0 Hz), 6.75 (J = 2.5, 9.0 Hz), 6.73 (d, 

1 H, J = 2.5 Hz), 6.69 (d, 1 H, J = 2.5 Hz), 3.11 (s, 6 H), 3.09 (s, 6 H); Be NMR (75.5 MHz, 

CDCb) 8 181.3, 152.2, 150.3, 136.8, 136.7, 132.8, 132.0, 131.2, 129.5, 125.2, 125.0, 123.0, 

120.2, 116.2, 111.1, 107.9, 102.8, 40.4, 40.0; IR (film on NaCl) 2949, 1610, 1588, 1498, 1438, 

11389, 1328 cm- ; HRMS (El, HRDFMagSec) m/z 396.0733 (calcd for C21H20N2O80Se+: 

396.0735). 

6.5.7. Preparation of Extended Rhodamine 6-S 

Phenylmagnesium bromide (1.0 Min THF, 2.87 mL, 2.87 mmol) was added to a stirred 

solution of 8-S (100 mg, 0.297 mmol) in THF (5 mL), and the resulting mixture was heated at 

reflux for 16 h and then cooled to ambient temperature. The reaction was quenched by the 

addition of glacial acetic acid (2 mL) and the resulting mixture was poured into 100 mL of 

aqueous 10% HPF6. The resulting mixture was stirred 12 hand the precipitate was collected via 

filtration, then washed with water (50 mL) and diethyl ether (100 mL). The crude product was 

recrystallized from MeOH to give 145 mg (90%) of 6-S as a dark purple solid, m.p. 182-183 °C: 

1H NMR (500 MHz, CD2Ch) 8 8.49 (d, 1 H, J= 9.5 Hz), 7.64--7.71 (m, 3 H), 7.57 (d, 1 H, J= 

9.0 Hz), 7.52 (d, 1 H, J = 9.0 Hz), 7.35-7.41 (m, 3 H), 7.32 (d, 1 H, J = 9.0 Hz), 7.28 (d, 1 H, J = 

9.0Hz), 7.11 (dd, 1 H, J = 2.5, 9.5 Hz), 6.97 (d, 1 H, J = 2.0 Hz), 3.35 (s, 6 H), 3.25 (s, 6 H); Be 

NMR (75.5 MHz, CD3CN) 8 161.3, 154.6, 154.0, 145.0, 137.5, 137.1 , 136.7, 130.3, 130.0, 

129.7, 129.0, 128.3, 126.9, 124.7, 121.6, 119.7, 118.5, 117.4, 110.9, 107.3, 106.6, 41.2, 40.5; 

x 104 M-1 1Amax (MeOH) 630 nm (E = 6.1 cm- ); Amax(CH2Ch) 641 nm (E = 6.5 x 104 M-1 cm- ); 

HRMS (ESI, HRDFMagSec) m/z 409.1726 (calcd for C27H25N2S+: 409.1733). Anal. Calcd for 

C21H25N2S·PF6: C, 58.48; H, 4.54; N, 5.05. Found: C, 58.54; H, 4.65: N, 5.07. 
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6.5.8. Preparation of Extended Rhodamine 6-Se 

Phenylmagnesium bromide (1 Min THF, 1.26 mL, 1.26 mmol) and 8-Se (50 mg, 0.126 

mmol) in THF (5 mL) were treated as described for the preparation of 6-S. The crude product 

was purified by recrystallization from MeOH, to give 72 mg (95%) of 6-Se as a dark purple 

solid, m.p. 187-186 °e: 1H NMR (500 MHz, eD2eh) 8 8.28 (d, 1 H, J= 9.0 Hz), 7.69-7.63 (m, 3 

H), 7.58 (d, 1 H, J= 10.0 Hz), 7.51 (s, 1 H), 7.45 (d, 1 H, J= 9.5 Hz), 7.37-7.33 (m, 2 H), 7.31 

(d, 1 H, J = 8.5 Hz), 7.28 (d, 1 H, J = 9.0 Hz), 7.00 (d, 1 H, J = 9.5 Hz), 6.89 (s, 1 H), 3.32 (s, 6 

H), 3.24 (s, 6 H); Be NMR (75.5 MHz, eD3eN) 8 162.7, 154.1, 153.9, 147.2, 141.8, 138.7, 

138.6, 137.3, 130.8, 130.1, 129.8, 129.6, 128.5, 127.8, 125.7, 122.2, 121.9, 117.5, 110.9, 109.9, 

1107.1, 41.3, 40.5; Amax (MeOH) 647 nm (E = 6.4 x 104 M-1 cm- ); Amax (eH2eh) 658 nm (E = 6.9 

1 x 104 M-1 cm- ); HRMS (ESI, HRDFMagSec) m/z 457.1178 (calcd for e 27H25N2
80Se+: 

457.1177). Anal. ealcd for e 21H25N2Se·PF6: e, 53.92; H, 4.19; N, 4.66. Found: e, 54.16; H, 

4.27: N, 4.63. 

6.5.9. Preparation of Extended Rhodamine 7-S 

Phenylmagnesium bromide (1 Min THF, 2.87 mL, 2.87 mmol) and 9-S (100 mg, 0.207 

mmol) in THF (5 mL) were treated as described for preparation of 6-S. The crude product was 

recrystallized from MeOH to give 145 mg (91 %) of 9-S as a dark purple solid, m.p. 204-205 °e : 

1H NMR (500 MHz, eD2eh) 8 7.99 (m, 2 H), 7.67-7.70 (m, 4 H), 7.49 (d, 1 H, J = 9.5 Hz), 7.41 

(dd, 2 H, J= 1.5, 8.0 Hz), 7.22 (dd, 1 H, J= 2.0, 9.0 Hz), 7.15 (d, 1 H, J= 2.0 Hz), 6.94 (dd, 1 H, 

J = 2.5, 9.5 Hz), 6.89 (d, 1 H, J = 2.5 Hz), 3.36 (s, 6 H), 3.25 (s, 6 H); Be NMR (75.5 MHz, 

eD3eN) 8 162.5, 155.7, 153.9, 147.7, 138.8, 138.5, 138.4, 136.8, 133.9, 133.3, 133.2, 130.5, 

129.7, 126.4, 123.4, 121.3, 120.5, 118.6, 117.1, 107.4, 103.0, 41.6, 40.7; Amax (MeOH) 661 nm (E 

1= 4.71 x 104 M-1 cm- ); Amax (eH2eh) 689 nm (E = 4.90 x 104 M-1 cm-1); HRMS (ESI, 
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HRDFMagSec) m/z 409.1734 (calcd for C21H2sN2S+: 409.1733). Anal. Calcd for C21H2sN2S·PF6: 

C, 58.48; H, 4.54; N, 5.05. Found: C, 58.23; H, 4.60: N, 4.93. 

6.5.10. Preparation of Extended Rhodamine 7-Se 

Phenylmagnesium bromide (1 Min THF, 2.53 mL, 1 Min THF, 2.53 mmol) and 9-Se 

(100 mg, 0.253 mmol) in THF (10 mL) were treated as described for the preparation of 6-S. The 

crude product was recrystallized from MeOH to give 128 mg (84%) of 7-Se as a dark purple 

solid, m.p. 213-214 °C: 1H NMR (500 MHz, CD2Ch) 8 8.04 (s, 1 H), 8.00 (s, 1 H), 7.72-7.60 (m, 

4 H), 7.50 (d, 1 H, J= 10.0 Hz) 7.40-7.32 (m, 3 H), 7.18 (d, 1 H, J= 9.0 Hz), 6.86 (d, 1 H, J= 

9.5 Hz), 6.79 (s, 1 H), 3.34 (s, 6 H), 3.24 (s, 6 H); 13C NMR (75.5 MHz, CD3CN) 8 164.0, 155.2, 

154.1, 148.7, 140.6, 140.5, 138.6, 138.1, 133.6, 132.9, 130.4, 130.2, 129.6, 126.3, 124.3, 123.4, 

1122.2, 118.4, 116.9, 111.2, 103.1, 41.6, 40.7; Amax (MeOH) 671 nm (E = 4.71 x 104 M-1 cm- ); 

1Amax (CH2Ch) 700 nm (E = 5.3 x 104 M-1 cm- ); HRMS (ESI, HRDFMagSec) m/z 457.1176 

(calcd for C21H25N280Se+: 457.1177). Anal. Calcd for C21H25N2Se·PF6: C, 53.92; H, 4.19; N, 

4.66. Found: C, 54.11; H, 4.24: N, 4.64. 

6.5 .11. Determination of 10 2Yields from 10 2Luminescence Spectroscopy 

Time-resolved detection of the long-lived 10 2 emission at 1270 nm was used to 

distinguish signal from singlet oxygen. 149 A SPEX 270 M spectrometer (Jobin Yvon) equipped 

with a Hamamatsu IR-PMT coupled to an Infinium oscilloscope (Hewlett-Packard) was used for 

recording singlet oxygen phosphorescence decay. The monochromator was tuned to 1270 nm. 

The second harmonic (532 nm) from a nanosecond pulsed Nd:YAG laser (Lotis TII, Belarus) 

operating at 20 Hz was used as the excitation source. Additional long-pass filters (a 950LP filter 

and a 538AELP filter, both from Omega Optical) were used to attenuate the scattered light and 

fluorescence from the samples. The samples (methanol solutions of the compounds in quartz 
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cuvettes) were placed in front of the spectrometer entrance slit. 

6.5.12. Growth ofColo-26 and HUT-78 cells 

Colo-26 cells were grown in RPMI 1640, lX with L-glutamine medium. The medium 

was supplemented with 10% fetal bovine serum (FBS) and 1 % penicillin-streptomycin. HUT-78 

cells (ATCC, Manassas, VA) were grown in RPMI 1640, lX with L-glutamine medium. The 

medium was supplemented with 10% FBS, 1 % GLUTA-max buffer, and 1 % penicillin

streptomycin. 

6.5.13 . Phototoxicity and Dark Toxicity Studies with Colo-26 Cells 

2Colo-26 cells were harvested, plated 10,000 to a well in a 96-well plate (0.32 cm on a 

flat bottom plate), and incubated for 24 h. Extended rhodamines 6-E and 7-E were added from 

stock solutions of known concentration. All plates were incubated 1 h in the dark after dye 

addition then either kept in the dark or irradiated with a tunable dye laser at 642 ± 2 nm for 6-S, 

660 ± 2 nm for 6-Se, 690 ± 2 nm for 7-S, and 700 ± 2 nm for 7-Se at a fluence rate of 3.2 mW 

2 cm- to various light doses. New medium was added to each well before they were placed in the 

141 142incubator (37 °C, 5% CO2). After a 48-h incubation, a sulforhodamine B assay - was 

performed on the plates. The absorbance of each well was read on an EL800 BioTek plate reader 

at 570 nm to give fraction cell viability after data manipulation. Cells were similarly treated with 

dyes 7-E and were then incubated 1 h in the dark after dye addition and then either kept in the 

dark or irradiated with 5 J cm-2 or 10 J cm-2 of unfiltered light from a Cure light broad-band 

2 source (Photocure, Oslo, Norway) at a fluence rate 47.6 mW cm- . After a 48-h incubation, cell 

141 142viability was again determined with a sulforhodamine B assay. -

6.5.14. Flow Cytometry Studies 

ImageStream flow cytometry was run on an ImageStream Mark II instrument using 
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channels 2 ( 480-560 run detection) and 5 (642-745 nm detection) with MTG excitation at 488 

run and excitation of dyes 6-E and 7-E at 561 nm. Samples were made using 5 x 105 Colo-26 

cells or 5 x 105 HUT-78 cells in 0.5 mL medium. Each photosensitizer was run at a 

concentration of 2 x 10-7 M with and without 5 x 10-7 M MTG. Cells were also run with 5 x 10-7 

M MTG alone (5 x 10-7 L of 1 x 10-3 M MTG stock in DMSO). All samples were incubated 15 

min, centrifuged, and the medium was removed. Samples were re-suspended in Hanks PBS ( 60 

µL), placed on ice, and analyzed. Co-localization was determined in each individual cell using 

the IDEAS similarity feature, which is a log-transformed Pearson's correlation coefficient of the 

intensities of the spatially correlated pixels within the whole cell, of the MTG and 6-E or 7-E 

images, MTG and MTR images, or L YS and MTR images, respectively. The similarity score is a 

measure of the degree to which two images are linearly correlated. 

6.6. Supplementary Data 

Supplementary data (1H and 13C NMR spectra for extended rhodamine dyes 6-S, 6-Se, 7-

S, and 7-Se; extended xanthones 8-S, 8-Se, 9-S, and 9-Se; and amide 12; and 1H NMR spectra 

for the 10-S/11-S and 10-Se/11-Se mixtures) associated with this article can be found, in the 

online version, at http://dx.doi.org/10.1016/j.bmc.2016.05.033. 
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7. Chapter 7: Selective Photodepletion of Malignant T Cells in Extracorporeal Photopheresis 

with Selenorhodamine Photosensitizers60 

My contribution to this manuscript was some of the biological testing performed. This 

included the growth and maintenance of HUT-78 cell cultures; rhodamine uptake studies in the 

absence or presence of verapamil using flow cytometry; subcellular localization studies of the 

dyes compared to MTG and L YS using ImageStream cytometry; analysis of the obtained 

cytometry data; dark toxicity and phototoxicity experiments using no light or a dye-tunable laser; 

and the generation of dose response curves and determination of EC5ovalues, LD5ovalues, and 

therapeutic ratios. Taken together, the biological results presented in this manuscript suggest a 

new amide containing rhodamine, 6, based on a Texas Red core which selectively targets the 

hyperpolarized mitochondria of malignant T cells in ECP. It should also be noted that although I 

did not synthesize selenorhodamines 5 (thioamide) and 6 (amide) used in this study, I have 

synthesized the bisjulolidyl selenoxanthone and thiophene thioamide (13) precursors. 

Reprinted with permission: Bioorganic & Medicinal Chemistry, 2016, 24, 3918-3931. 
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7.1. Abstract 

Extracorporeal photopheresis (ECP) has been used successfully in the treatment of 

erythrodermic cutaneous T cell lymphoma (CTCL), and other T cell-mediated disorders. Not all 

patients obtain a significant or durable response from ECP. The design of a selective 

photosensitizer that spares desirable lymphocytes while targeting malignant T cells may promote 

cytotoxic T cell responses and improve outcomes after ECP. A series of selenorhodamines built 

with variations of the Texas Red core targeted the mitochondria of malignant T cells, were 

phototoxic to malignant T cells presumably via their ability to generate singlet oxygen, and were 

transported by P-glycoprotein (P-gp ). To determine the selectivity of the photosensitizers in the 

ECP milieu, staphylococcal enterotoxin B (SEB)-stimulated and non-stimulated human 

lymphocytes were combined with HUT-78 cells ( a CTCL) to simulate ECP. The amide

containing analogues of the selenorhodamines were transported more rapidly than the thioamide 

analogues in monolayers of MDCKII-MDRl cells and, consequently, were extruded more 

rapidly from P-gp-expressing T cells than the corresponding thioamide analogues. 

Selenorhodamine 6 with the Texas Red core and a piperidylamide functionality was phototoxic 

to > 90% of malignant T cells while sparing > 60% of both stimulated and non-stimulated T 

cells. In the resting T cells, 63 ± 7% of the CD4+ T cell compartment, and 78 ± 2.5% of the CD8+ 

cytotoxic T cell population were preserved, resulting in an enrichment of healthy and cytotoxic T 

cells after photodepletion. 

7.2. Introduction 

Extracorporeal photopheresis (ECP) has been used successfully for more than 30 years in 

the treatment of erythrodermic cutaneous T cell lymphoma (CTCL), and more recently has 

shown promising results in several T cell-mediated disorders, including systemic sclerosis, 
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treatment and prevention of solid organ rejection, graft-versus-host disease, and Crohn's 

disease.33 Although response rates vary, the use of ECP may facilitate control of disease and 

improve overall survival. However, not all patients obtain a significant or durable response,61 

indicating that improvements in the procedure warrant investigation. In particular, the design of 

photosensitizers that spare desirable lymphocytes while targeting malignant or pathogenic T cells 

would be an important advance. 

ECP is an immunomodulating procedure in which peripheral blood mononuclear cells 

(PBMCs) are separated from pheresed whole blood ex vivo. The lymphocytes are collected and 

exposed to the photosensitizer 8-methoxypsoralen (8-MOP) and are then irradiated with UV A 

(PUV A), which cross-links DNA within the nuclei of the cells and induces apoptosis. The 

subsequent reinfusion of the apoptotic lymphocytes produces the immunomodulatory effect. 

Although the mechanism of ECP is not well established, a vaccination effect is hypothesized to 

occur against the pathogenic T cells. After photodepletion, phagocytosis by antigen-presenting 

cells of membrane markers derived from apoptotic pathogenic cells induces cytotoxic T cell 

responses. Disease control is then mediated through cytotoxic T cells with disease specificity.30 

However, 8-MOP is non-selective and DNA cross-linking by 8-MOP is indiscriminate and 

occurs in all cells resulting in non-malignant and resting lymphocytes significantly contributing 

to the apoptotic milieu. Reinfusion of these non-targeted cells may serve to limit the production 

of disease-specific cytotoxic T lymphocytes. 164 
-
165 Consequently, the efficiency of ECP may be 

improved with the use of a more selective photosensitizer. 

We have previously demonstrated that prolonged intracellular resident times of a 

photosensitive agent were associated with non-selective depletion of susceptible lymphocyte 

subsets.52 Dibromorhodamine-123 methyl ester is a photosensitizer that is highly dependent on 

184 

https://subsets.52
https://specificity.30
https://disease.33


166P-glycoprotein (P-gp) for cell extrusion,54
' and cells that express low P-gp activity are 

susceptible to increased intracellular dye accumulation. Consequently, lymphocyte subsets with 

low P-gp activity, such as CD4+ and memory T cells, are disproportionately depleted when using 

this agent. 53 In the clinical setting of immunotherapy, the use of dibromorhodamine-123 methyl 

ester resulted in the non-selective depletion of lymphocytes important for normal immune 

responses, and poor patient outcomes.52 A more selective photosensitizer that protects healthy 

lymphocytes from non-selective depletion will lead to improvements in ECP. 

In prior studies we examined stimulation and inhibition of P-gp ATPase activity within 

69 131several series of photosensitizers.27
' ' In particular, simple substitutions within a series of 

chalcogenorhodamine structures gave molecules that bind P-gp but can be either highly 

131stimulating or inhibiting for P-gp ATPase activity.69
' Specific tertiary amide substitutions are 

27ATPase stimulating while specific tertiary thioamide substitutions inhibit ATPase activity.26
-

The thioamide/amide modification effectively controls transport rates of rhodamine derivatives 

in both absorptive and secretory directions in the cell. 

Selenorhodamine analogues are more effective photosensitizers in vitro than rhodamines 

bearing the lighter chalcogens O and S for photodynamic therapy of both chemoresponsive91 and 

P-gp-expressing, drug-resistant66 cancer cells. This, perhaps, is a consequence of the increased 

quantum yields for the generation of singlet oxygen [<l>(10 2)] in the Se-containing analogues 

relative to the S-containing analogues.49
' 

91 Singlet oxygen is one of the reactive oxygen species 

responsible for phototoxicity in photodynamic therapy (PDT), 29 including the purging of cells 

166using dibromorhodamine-123 methyl ester in ECP.54
' Studies of whole-cell cytochrome c 

oxidase activity suggest that the mitochondria are targets for the chalcogenorhodamine dyes 1 

and 2 (Chart 7.1).91 Thioamide-containing selenorhodamine 372 (Chart 7.1) is an effective 
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photosensitizer for PDT of P-gp-expressing Colo-26 cells.72 In contrast, amide-containing 4 

(Chart 7.1) is much less phototoxic and is extruded from Colo-26 cells presumably due to its 

ability to stimulate ATPase activity in P-gp. Thioamide 5 (Chart 7.2) is also an effective 

photosensitizer for PDT of Colo-26 cells. 73
-
74 

0 
X 

e e 
Cl Cl 

~ 
I ® 

Me2N E ~ NMe2 

1, E = S 3 , X= S 
2, E = Se 4 , X= 0 

Chart 7.1. Structures of chalcogenorhodamines 1-4. 

0 0 0 
X X X 

ee eClCl Cl 

I 

5, X = S 9, X = S Me 
6, X=O 8 , X=O 10 , X=O 

Chart 7.2. Structures of selenorhodamines 5-10 with variations of the Texas Red core. 

One approach to improve ECP is to develop a photosensitizer that accumulates in 

malignant T cells while having limited uptake or retention in healthy lymphocyte subsets. In 

order to evaluate the performance of some new photosensitizers for ECP, we developed a model 

of ECP using resting, pathogenic, and malignant T cells. Non-stimulated and staphylococcal 

enterotoxin B (SEB)-stimulated human lymphocytes were mixed with malignant T cells (HUT-

78, human CTCL Sezary cells). Selenorhodamines 5-10 (Chart 7.2) related in structure to the 

Texas Reds were then evaluated for selectivity towards malignant T cells, and for the ability to 
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spare resting T cells. A comparison of thioamide/amide pairs within this series allowed the 

identification of a lead photosensitizer, which may present an alternative to 8-MOP to increase 

the efficiency ofECP and to improve clinical outcomes. 

7.3. Results and Discussion 

7.3 .1. Synthesis of Selenorhodamines 5-10 

The syntheses of 9-(5-(piperidylcarbamothioyl)thiophen-2-yl)-2,3,6,7,12,13,16,17-

octahydro-[1H,5H, 1 lH,15H]-1 0-selenoxantheno[2,3,4-ij :5,6, 7-i0j0]diquinolizin-18-ium chloride 

(5) and 9-(5-(piperidylcarbamoyl)thiophen-2-yl)-2,3,6,7,12,13,16,17-octahydro[lH,5H,11H, 

15H]-10-selenoxantheno-[2,3,4-ij:5,6,7-i0j0]diquinolizin-18-ium chloride (6) have been 

previously described74 and a similar synthetic approach was employed for the synthesis of 7-10. 

Xanthones 11 and 12 were prepared as previously described.73 Deprotonation of thiophene 

derivative 1372 with LDA gave 2-lithiothiophene 14, which was then added to THF solutions of 

11 and 1273 at 78 °C (Scheme 7.1). Workup with aqueous HPF6 gave 7 and 9 in 88% and 79% 

isolated yield, respectively, as the PF6- salts. Both 7 and 9 were converted to amides 8 and 10, 

respectively, with trifluoroacetic anhydride (TFAA) in refluxing CH2Ch (Scheme 7.1). Workup 

with aqueous Na2CO3 gave 8 and 10 in 56% and 55% yield, respectively. All PF6- salts of the 

rhodamines were converted to the chloride salts 7-10 with a chloride ion exchange resin. 

7.3.2. Electronic Absorption Spectra 

Absorption maxima (Amax) and molar extinction coefficients (E) in MeOH for 5-10 are 

compiled in Table 7.1. In all three thioamide/amide pairs, values of Amax were the same for each 

pair. The Texas Red analogues 5 and 6 gave Amax of 626 nm with values of E of 9.9 x 104 and 

1.35 x 105 M-1 cm-1
, respectively. Replacing one julolidyl fragment of 5 and 6 with an N-methyl 

tetrahydroquinoline gave Amax of 620 nm for 7 and 8 while replacing both julolidyl fragments 
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with N-methyl tetrahydroquinolines gave Amax of 614 nm for 9 and 10. Rhodamines 7-10 also 

1absorb light strongly at Amax with values of E between 9.2 x 104 and 1.10 x 105 M-1 cm- . 

s s «.o LDA, THF .sJNO---::-u-v 
-78 °C 14 

M~e 

lNN-lSe~Nj 
I I 

Me Me
12 

j
1) 14, THF, 1) 14, THF, 

-78 °c -78 °C 
2) HPF6, H0Ac 2) HPF6, H0Ac1 

7 (PF 6 salt, 88%) 9 (PF6 salt, 79%) 

1) TFAA, 
Amberliter. f=>/ 

1) TFAA, Amberlitef 
CH2Cl2, 40 °C IRA-400 cf='IRA-400 I 

2) aq 10% Na2C03 2) aq 10% Na2C03 

3) Amberlite e 3) Amberlite e 
7 IRA-400 Cl g IRA-400 Cl 

8 (56%) 10 (55%) 

Scheme 7.1. Synthesis of selenorhodamines 7-10 from selenoxanthones 11 and 12. 

compound "-max,nm E, M-1 cm-1 .A.FL, nm ~Lb </>(102) a logP 
3c 608 8.11 X 104 634 0.008 ± 0.001 0.44 ± 0.03 1.61 ± 0.06 

4c 609 8.73 X 104 634 0.009 ± 0.001 0.48 ± 0.03 2.23 ± 0.04 

5d 626 9.9 X 104 660 0.010 ± 0.002 0.51 ± 0.03 4.1 ± 0.2 

6d 626 1.35 X 105 660 0.012 ± 0.001 0.64 ± 0.03 3.71 ± 0.08 

7 620 9.2 X 104 650 0.008 ± 0.001 0.54 ± 0.03 3.78 ± 0.03 

8 620 1.10 X 105 650 0.009 ± 0.001 0.64 ± 0.03 3.51 ± 0.04 

614 9.3 X 104 645 0.006 ± 0.001 0.64 ± 0.03 3.7 ± 0.1 

10 614 1.05 X 105 645 0.007 ± 0.001 0.95 ± 0.03 3.42 ± 0.06 

9 

Table 7.1. Absorption maxima (Amax) and molar extinction coefficients (E) in CH3OH, 
fluorescence emission maxima (lFL) and quantum yields for fluorescence (<DFL) in CH3OH, 
quantum yields for the generation of singlet oxygen [<1>(10 2)] in CH3OH, n-octanol/water 
partition coefficients (log P) for selenorhodamines 3-10. a All error limits are± SD b Excitation at 
532 nm. c Data from 72 

• J'Data from 74
• 
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7.3.3. Fluorescence Yields 

Steady-state fluorescence spectra for 5-10 were acquired with excitation at 532 run using 

2 as a standard (<l>FL = 0.009).49 Selenorhodamines 5-10 are weakly fluorescent (<l>FL of 0.006-

0.012) as would be expected from the presence of selenium as a heavy atom (Table 7.1). 

However, the nominal fluorescence of 5-10 (Fig. SI, supporting information) is sufficient to 

visualize the dyes in cells as described below. 

7.3.4. Singlet Oxygen Yields 

Quantum yields for the generation of 102 [<1>(102)] by 5-10 were measured by time

resolved spectroscopy at 1270 nm73 of 10 2 phosphorescence in air-saturated methanol using 2 

[<1>(102) = 0.87]49 as a standard (Fig. S2, Supporting information). Values of <1>(102) fall in the 

range of0.51-0.95 (Table 7.1). 

7.3.5. n-Octanol/Water Partition Coefficients 

Values of the n-octanol/water partition coefficient (log P) for 5-10 were measured using 

the 'shake flask' method (Table 7.1). 138 Selenorhodamines 5-10 are lipophilic with values of log 

Pin the range 3.4-4.1. Values of log P for amides 6, 8, and 10 are significantly lower (p < 0.05, 

Student's t-test) than log P for thioamides 5, 7, and 9 in pair-wise comparisons of each 

thioamide/amide pair. Among the amides, log P for 6 (log P = 3.71) is significantly higher (p :S 

0.018) than log P for 8 (log P = 3.51) or 10 (log P = 3.42). 

7.3.6. P-gp Transport Studies of Selenorhodamines 5-10 in Monolayers of MDCKII

MDRl Cells 

To identify the effects of the selenorhodamines 5-10 on P-gp activity, the transport of 

these dyes was examined in monolayers of MDCKII-MDRl cells, which overexpress P-gp. 143 

Since P-gp is present only at the apical membrane, monolayers of these cells are a good model 
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for determining rates of transport of various molecules across a P-gp-containing membrane. The 

three thioamide/amide pairs of this study (5/6, 7/8, and 9/10) provide further examples of 

27 72thioamide inhibition and amide stimulation of ATPase activity in rhodamine derivatives.26
- • 

Transport was measured both in absorptive (PAB) and secretory (PaA) directions of the cell 

monolayer. The assay was repeated with 5 x 10-6 M 15 (IC50 = 4 x 10-7 M, Chart 7.3), which 

completely inhibits P-gp. Compound 15 is related to the P-gp-specific inhibitor zosuquidar. 113
' 

139 140 
- , 

144 Values of PAB and PaA in the absence of inhibitor, passive transport (PPassive) in the fully 

inhibited system, and the PaAIPAB ratio are compiled in Table 7.2. Values of these same 

parameters previously reported for 3 and 472 are also compiled in Table 7.2. For all of 5-10, PAB 

and PPassive were slow at :'.S 2.1 x 10-9 m s-1
. In comparison, transport in the secretory direction 

was rapid, and was faster for amides 6 (PaA = 78 x 10-9 m s-1
), 8 (PaA = 66 x 10-9 m s-1

), and 10 

(PaA = 65 x 10-9 m s-1
) than for thioamides 5 (PaA = 18 x 10-9 m s-1

), 7 (PaA = 8.8 x 10-9 m s-1
), 

and 9 (PaA = 6.3 x 10-9 m s-1
). This observation is consistent with prior studies of the 

thioamide/amide switch in rhodamines (including 3 and 4) in which amide analogues stimulate 

27 72P-gp activity while thioamide derivatives do not.26
- • 

Chart 7.3. Structure of 15. 
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compound PAB, 
x 10-9 m s-1 

PBA, 
x 10-9 m s-1 PBA/PAB 

PBA/PAB 

(uninhib/ inhib) 

b
PPassive, 

x 10-9 m s-1 

3c 1.9 ± 0.5 29 ± 3 15 52 
{+ inh} 1.7 ± 0.2 1.8 ± 0.1 ~2 

4c 0.9 ± 0.3 164 ± 4 182 52 
{+ inh} 1.0 ± 0.1 11.1±0.2 ~6 

5 0.3 ± 0.3 18 ± 2 57 52 
{+ inh} 0.51 ± 0.3 0.57 ± 0.1 <l 

6 2.1 ± 0.1 78 ± 12 37 1.7 
{+ inh} 0.24 ± 0.1 4.8 ± 0.1 ~2 

7 0.44 ± 0.1 8.8 ± 0.3 20 29 
{+ inh} 0.46 ± 0.1 0.32 ± 0.2 <l 

8 1.4 ± 0.8 66 ± 10 48 3 
{+ inh} 0.18 ± 0.1 2.8 ± 0.2 ~l 

9 1.5 ± 1.8 6.3 ± 1.2 4 16 
{+ inh} 0.51 ± 0.1 0.13 ± 0.1 <l 

10 1.8 ± 1 65 ± 6 36 4.5 
{+ inh} 0.51 ± 0.1 4.0 ± 0.7 ~2 

Table 7.2. Transport studies of selenorhodamines 3-10 with MDCK-MDRl cells.a a Experiments 
were run with 5 x 10-6 M dye and 4.3 mg mL-1 BSA. Values of transport in the absorptive (PAB) 
and secretory (PaA) mode in the absence or presence of inhibitor, the ratio PaAIPAB, the % cell 
associated rhodamine analogue in the absence or presence of inhibitor, and the ratio of cell 
associated rhodamine in the presence or absence of inhibitor are reported. Details for methods 
are provided in Experimental Procedures. Error limits represent ± SD. b PPassive represents the 
mean ofPAB and PaA in the fully inhibited system. 

7.3.7. Localization of3-6 in the Mitochondria of Malignant T Cells 

Lipophilic cationic photosensitizers are concentrated in the mitochondria of cancer cells 

due to the increased mitochondrial IM potential119
-
120 and one might expect the selenorhodamine 

series of cationic photosensitizers to also localize in the malignant T cells targeted by ECP. To 

investigate mitochondrial targeting of HUT-78 cells by 3-6, ImageStream multispectral imaging 

flow cytometry was employed using MitoTracker Green (16, MTG), MitoTracker Red (17, 

74MTR), and LysoTracker (18, LYS) for reference (Chart 7.4).72
' 

Both 16 and 17 are mitochondrial-specific reporters and 17 is similar in structure to 

selenorhodamines 5 and 6. A statistical analysis of the similarity of localization of 16 and 17 in 

HUT-78 cells incubated with both agents gave a mean bright detail similarity score of 3.1 ± 0.7 
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for 2,419 cells, indicating a high degree of co-localization of these two reporters (Figure 

7.la). 145 In contrast, HUT-78 cells incubated with 17 and the lysosome-specific reporter 18 

demonstrated a low bright detail similarity score of 0.6 ± 0.4 for 2,592 cells (Figure 7.la), 

indicating low co-localization of these reporters (18 to the mitochondria, 19 to the lysosomes). 
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Chart 7.4. Structures of 16 (MTG), 17 (MTR) and 18 (LYS). 
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Figure 7.1. a) The average similarity coefficient determined by ImageStream flow cytometry of 
all HUT-78 cells for each pair of agents (MTR, MTG, L YS, 3-6) is shown; error bars represent 
± SD. b) A histogram of the pixel-by-pixel statistical analysis of each HUT-78 cell (n = 2,355) 
analyzed, in which the y-axis is number of cells and the x-axis is the similarity coefficient 
between MTG and selenorhodamine 6. c) A representative example of a 6/MTG-stained HUT-
78 cell as a bright field image (BF), MTG fluorescence, 6 fluorescence, and a merged image of 
MTG/6 fluorescence. 
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HUT-78 cells were incubated for 15 min with a 2 x 10-7 M of photosensitizers 3-6 and 5 

x 10-7 M 16. High bright detail similarity scores were observed for 3-6 with 16, ranging from 

2.4-3.1, suggesting a high degree of mitochondrial localization in HUT-78 cells (Figure 7.la). A 

histogram of localization of 16 and 6 in HUT-78 cells is shown in Figure 7.lb. Similar 

histograms of the similarity of localization of MTG and 3-5 are shown in Figure S3 for HUT- 78 

cells (Supporting information). A representative example of a 6/MTG-stained HUT-78 cell as a 

bright field image (BF), MTG fluorescence, fluorescence from 6, and a merged image of MTG/6 

fluorescence is shown in Figure 7.lc. 

7.3.8. Dark and Phototoxicity of 5 and 6 Toward Malignant T Cells 

Dark and phototoxicity of the selenorhodamines towards malignant T cells was examined 

using the amide/thioamide pair 5 and 6 and a tunable dye laser delivering light at 630 ± 2 nm, 

with a fluence rate of 3 .2 mW cm-2
• HUT-78 cells were treated with varying concentrations of 5 

or 6 and light and cell survival was determined using the MTT assay (Figure 7.2). 167 

Selenorhodamine 6 was more dark toxic than 5 (Figure 7.2) and the difference, though small, 

was significant (p <0.0001, Student' s t-test). Increasing concentrations of 5 or 6 gave reduced 

survival with 1.0 J cm-2 of light and reduced survival was also observed with increasing light 

dose and a constant concentration (5 x 10-8 M) of 5 or 6. 
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Figure 7.2. Dark ( • ) and phototoxicity ( • ) of selenorhodamine thioamide 5 a) toward HUT-78 
cells with 0.0 and 1.0 J cm-2 of laser light and varying concentrations of 5 and b) with 5 x 10-8 M 
5 (e ) and varying li~ht dose (0.0, 0.5, 1.0, and 2.0 J cm-2

) delivered at 630 ± 2 nm and a fluence 
rate of 3.2 mW cm- . c) Dark (e ) and phototoxicity (e ) of selenorhodamine amide 6 toward 
HUT-78 cells with 0.0 and 1.0 J cm-2 of laser light and varying concentrations of 6 and d) with 5 
x 10-8 M 6 (e ) and varying light dose (0.0, 0.5, 1.0, and 2.0 J cm-2

) delivered at 630 ± 2 nm and 
a fluence rate of 3.2 mW cm-2

• The surviving fraction was determined by MTT assay. The assays 
were run in triplicate. Values of ECso (± SD) and LD5o (± SD) in a) and c) were determined by a 
sigmoidal does-response (variable slope) analysis. Error bars are± SD. 

7.3.9. P-gp Expression in T-cell Lymphocytes 

P-gp is a protein expressed not only in normal stem cells but also in T-cell 

lymphocytes. 168
-
170 Earlier studies have also shown that CD8+ cytotoxic T cells possess high 

levels of P-gp ATPase activity.52 Activated T cells have been shown to have reduced P-gp 

activity169 and photosensitizers have been shown to be retained preferentially in activated T cells 

and to be more phototoxic toward them.51 The activity of P-gp in malignant T cells was 

examined with selenorhodamines 3-6 as described below. 

7.3.10. Uptake of3-6 in Malignant T Cells in the Presence and Absence ofVerapamil 

Verapamil (VER) was one of the first small molecules discovered to inhibit P-gp 

transport of xenobiotics. 171 The difference in relative uptake of selenorhodamines 3-6 (2 x 10-7 

M) by HUT-78 cells in the presence and absence of VER (1 x 10-4 M) by flow cytometry is 
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shown in Figure 7.3. The ratios of uptake +VERNER are small and numerically (mean ± SD) 

are 1.27 ± 0.19 for 3, 1.33 ± 0.04 for 4, 1.17 ± 0.13 for 5, and 1.13 ± 0.08 for 6. One-way 

analysis of variance indicated that there were no significant differences within the data set (F3, 

0,025 = 1.6 p = 0.25). The effect of added VER is comparable with all four selenorhodamines 

including both amides and thioamides. 
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Figure 7.3. a) Uptake of 2 x 10·7 M selenorhodamine 3-6 in HUT-78 cells as measured by 
relative fluorescence in the absence (■) and presence (□) of 1 x 10-4 M VER. The assays were 
run in triplicate. Error bars represent the SD. Values of p are Student's t-test significance for 
comparison of± VER. Flow cytometry data for HUT-78 cells incubated 1 h with b) 2 x 10-7 M 6 
with or without 1 x 10-4 M VER, c) 2 x 10-7 M 3 with or without 1 x 10-4 M VER, d) 2 x 10-7 M 
4 with or without 1 x 10-4 M VER, or e) 2 x 10-7 M 5 with or without 1 x 10-4 M VER. The 
histograms show the shift in fluorescence from selenorhodamine alone (- ) and plus VER (- ). 

7.3.11. A Model for Differentiating Resting, Pathogenic, and Malignant T Cells 

A model to compare uptake, retention, and phototoxicity of 5-10 in healthy T cells, 
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pathogenic T cells, and malignant T cells was constructed using a mixture of peripheral blood 

mononuclear cells (PBMCs) and CTCL-derived malignant T cells to simulate ECP. For this 

model, HUT-78 T cells were first transfected with green fluorescent protein (GFP) to facilitate 

identification as described in the Section 7.6. PBMCs and GFP-expressing HUT-78 cells were 

then mixed and identified by FACS analysis for HUT-78 (malignant T cells), CD3+ (resting T 

cells), CD4+ (helper T cells), and CD8+ (cytotoxic T cells) T cell subsets (Figure S4, Supporting 

information). Recent work has demonstrated that pathogenic T cells in both autoimmune and 

alloimmune diseases share a similar bioenergetics profile with cancer cells, and are very 

dependent on oxidative phosphorylation (OXPHOS) occurring in mitochondria.172 Superantigen

stimulated T cells possess high OXPHOS metabolic activity, representing a bioenergetic profile 

similar to pathogenic T cells. As described earlier, the stimulated T cells have reduced levels of 

P-gp activity. 169 To stimulate T cells, human PBMCs were cultured with Staphylococcus 

Enterotoxin B (SEB) for 72 h. The SEB-stimulated PBMCs and GFP-expressing HUT-78 cells 

were mixed and identified by F ACS analysis as shown in Figure S4 (Supporting information). 

7.3.12. Uptake and Retention of Selenorhodamines 5-10 in Non-Stimulated T Cells 

A 5: 1 mixture of PBMCs and GFP-expressing HUT-78 cells was exposed to 

selenorhodamines 5-10 and identified by FACS analysis for HUT-78 (malignant T cells), CD3+ 

(resting T cells), CD4+ (helper T cells), and CD8+ (cytotoxic T cells) T cell subsets (Figure S4). 

The mean fluorescence intensity (MFI) from the selenorhodamines for each of these cell types 

was measured 20 min after selenorhodamine exposure. A second PBMC and HUT-78 cell 

suspension was similarly treated, but then was washed and suspended for 30 min in 

selenorhodamine-free media, followed by measurement of the MFI by F ACS analysis. The MFI 

data for uptake and retention for selenorhodamines 5-10 with HUT-78, CD3+ (resting T-cells), 
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CD4+ (helper T-cell subset), and CD8+ cells (cytotoxic T-cell subset) are shown graphically in 

Figure 7 .4. Values of MFI as the mean of three independent experiments and the accompanying 

SEM are compiled in Table Sl (Supporting information). 
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Figure 7.4. Non-stimulated PBMCs were combined 5: 1 with HUT-78 cells and exposed to 7.5 x 
10-8 M selenorhodamine. The bars represent mean fluorescence intensities (MFI) of 
selenorhodamine following 1) a 20-min uptake of 7.5 x 10·8 M selenorhodamine (uptake) and 2) 
a 20-min uptake of 2.5 x 10·7 M selenorhodamine followed by a 30-min extrusion in 
selenorhodamine-free media (extrusion) for a) 5/6, b) 7/8, and c) 9/10. Values of the SEM are 
found in Table Sl (Supporting Information). 

While not an exact comparison, values of MFI can be used to approximate relative 

concentrations of 5-10 in the different cell types. Values of Amax and <l>FL are comparable for each 

compound in each of the thioamide/amide pairs 5/6, 7/8, and 9/10 (Table 7.1). Consequently, 

values of MFI (Table S1) roughly correspond to the relative concentration of thioamide/amide 
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pair in each cell type as shown in Figure 7.4. For all the selenorhodamines 5-10, uptake in HUT-

78 cells was greater than uptake in CD3+, CD4+, and CD8+ cells and, following extrusion, the 

remaining concentration of dye was greater in the HUT-78 cells relative to the other cells. 

The specific data for selenorhodamine thioamide 5 and amide 6 serve to illustrate. One

way analysis of variance for values of MFI following uptake indicated significant differences 

within the data sets for 5 (F3; 1.1x10" 10 = 30 p = 0.0001) and 6 (F3; 2.4x l0"8 = 52 p < 0.0001) and 

post-hoc Tukey tests showed that uptake in HUT-78 cells was significantly greater than for all 

other cells (p < 0.05). Following extrusion, one-way analysis of variance for values of MFI again 

indicated significant differences within the data sets for 5 (F3; 6.8xl0"9 = 264 p < 0.0001) and 6 (F3; 

4.8xl0"? = 58 p < 0.0001). Post-hoc Tukey tests showed that the concentration of 5 or 6 remaining 

in HUT-78 cells was significantly greater than the concentration of 5 or 6 in all other cell types 

and that the amount of dye left in the CD8+ cells was significantly less than in all other cells (p < 

0.01). 

One can examine the percent change in MFI ( ~MFI) between the uptake values of MFI 

and the MFI following a 30-min extrusion in selenorhodamine-free media for HUT-78 and non

stimulated PBMCs as an indication ofrates of extrusion. For all thioamide/amide pairs, extrusion 

was significantly greater for the amide partner than for the thioamide partner for all pair-wise 

comparisons for not only for the entire CD3+ cell population but also for the CD4+ and CD8+ 

sub-populations (p :S 0.03) with one exception (Table S2, Supporting information). Values of 

~MFI were not significantly different for the 5/6 thioamide/amide pair with respect to CD8+ cells 

(p = 0.27). These data are consistent with our prior observation that CD8+ cytotoxic T cells 

possess high levels of P-gp ATPase activity at baseline.52 Consequently, the most rapid extrusion 

kinetics and lowest intracellular photosensitizer retention occurred in the CD8+ T cells for all 
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selenorhodamines 5-10. 

7.3.13. Photodepletion of Non-stimulated and Malignant T Cells with Selenorhodamine 

Photosensitizers 5-10 

Photodepletion is the phototoxicity of the combination of a particular photosensitizer and 

light dose toward the group of cells under study. To determine the extent of survival after 

photodepletion, a 5:1 mixture of PBMCs and GFP-transfected HUT-78 cells was suspended with 

the selenorhodamine photosensitizer (7.5 x 10-8 M) for the 2O-min uptake and 3O-min extrusion 

periods as described above. The PBMC / HUT-78 cell suspension was then irradiated with 5 J 

cm-2 of 6OO-nM light delivered from a 65-Watt equivalent LED. Cell survival was determined by 

F ACS analysis 18 h after light exposure. The results are shown for selenorhodamines 5-10 in 

Figure 7.5 and values are listed in Table 7.3. Following photodepletion, HUT-78 cell survival 

was 66% with selenorhodamine photosensitizers 5-10. For the entire CD3+ set of PBMCs, 

selenorhodamine photosensitizer 6 gave 62% survival while the remaining photosensitizers 5 and 

7-10 gave 67% survival (Table 7.3). Not surprisingly, one-way analysis of variance indicated 

significant differences within the data set (F5, 1712 = 84 p < 0.0001) and a posthoc Tukey test 

showed that survival was significantly greater with photosensitizer 6 relative to each of the 

others (p < 0.0001). Furthermore, among photosensitizers 5 and 7-10 there were no significant 

differences in survival of the CD3+ population. 

With the mixture of non-stimulated PBMCs and HUT-78 cells, selenorhodamine 6 gave 

62-78% survival of the CD3+, CD4+, and CD8+ populations and only 3 .9% survival of HUT-78 

cells (Table 7.3, Figure 7.5). When the data were treated using one-way analysis of variance, 

significant differences were noted within the data set for 6 (F3, 3220 = 52 p < 0.0001) and a post

hoc Tukey test showed that survival of CD3+, CD4+, and CD8+ cells was significantly greater 
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than HUT-78 cells (p < 0.0001) while there were no significant differences among survival of 

CD3+, CD4\ and CD8+ cells (p 2: 0.69). 
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Figure 7.5. Non-stimulated PBMCs were combined 5:1 with HUT-78 cells. Samples were then 
photodepleted (PD) with 7.5 x 10-8 M selenorhodamine 5-10 and 5 J cm-2 light. Cell survival was 
measured 18 h after light exposure and compared to control (non-PD samples) by FACS 
analysis. The bar graphs represent percent survival of malignant HUT-78, the CD3+ population, 
and the CD4+ and CD8+ subsets of CD3+ cells after photodepletion with selenorhodamines a) 5 
and 6 and b) 7-10. The bars represent the mean of three replicate experiments. Error bars are the 
SEM. 

% survival 

COIDJ:!OUDd HUT-78 cn3+ cn4+ ens+ 
5 0±0 5.8 ± 2.3 1.5 ± 0.3 11.3 ± 4.6 

6 3.9 ± 0.5 62.1 ± 5.2 63.3 ± 7.0 78.0 ± 2.5 

7 0.7 ± 0.5 0.4 ± 0.4 0±0 0±0 

8 1.24 ± 0.05 4.8 ± 0.4 0.37 ± 0.15 24.5 ± 3.1 

9 5.6 ± 1.7 1.5 ± 1.1 0±0 0±0 

10 2.4 ± 0.6 7.2 ± 1.2 1.1 ± 0.1 42.4 ± 2.7 

Table 7.3. Survival ofHUT-78 cells and non-stimulated PBMCs following photodepletion with 
7.5 x 10-8 M photosensitizer and 5 J of 600-nm LED light. Values are the mean of experiments 
run in triplicate. Error limits are ± SEM. 

7.3.14. Uptake and Retention of Selenorhodamines 5-10 in Resting, Pathogenic, and 

Stimulated T Cells 

SEB-stimulated PBMCs and HUT-78 cells were mixed and treated with a solution of 7.5 

x 10-8 M photosensitizer under the 'uptake' and 'extrusion' conditions as described above. 
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Comparison of MFI following uptake and extrusion and associated values of SEM are given in 

Table S3 (Supporting information). A direct comparison of MFI for each of the thioamide/amide 

pairs 5/6, 7/8, and 9/10 is shown in Figure 7.6. What stands out in these data is 1) the reduced 

MFI for 6 in all cell types relative to the other selenorhodamines 5 and 7-10 and 2) the roughly 

8-fold higher concentrations for 6 in HUT-78 cells and the CD3+ (CD25+) cells relative to the 

resting CD3+ (CD25-) cells following extrusion. These observations would predict greater 

survival for the resting T-cell population following photodepletion. The rate of extrusion of 

photosensitizers 5-10 with SEB-stimulated PBMCs were similar to those observed for non

stimulated PBMCs. Values of ~MFI were noted to be significantly greater for the amide 

analogues compared to their thioamide partners in malignant, pathogenic, and resting T cells 

(Table S4, Supporting information). Photosensitizer retention was higher in malignant T cells 

and pathogenic T cells (CD25+) compared to resting T cells (CD25-) for all selenorhodamines at 

the end of the uptake and extrusion periods. Values of ~MFI were also similar between 

malignant and pathogenic T cells, and significantly lower than values of ~FI for resting T cells 

(p < 0.005). 
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Figure 7.6. SEB-stimulated PBMCs were combined 5:1 with HUT-78 cells and exposed to 7.5 x 
10-8 M selenorhodamine. The bars represent mean fluorescence intensities (MFI) of 
selenorhodamine following (a) a 20-min uptake of 7.5 x 10·8 M selenorhodamine (uptake) and 
(b) a 20-min uptake of 7.5 x 10·7 M selenorhodamine followed by a 30-min extrusion in 
selenorhodamine-free media (extrusion) for (a) 5/6, (b) 7/8, and (c) 9/10. Values of the SEM are 
found in Table S3. 

7.3.15. Photodepletion of Resting, Pathogenic, and Stimulated T Cells with 

Selenorhodamine Photosensitizers 

Photodepletion using selenorhodamines 5-10 as well as selenorhodamines 3 and 4 was 

performed on SEB-stimulated PBMCs and GFP-expressing HUT-78 cell suspension as described 

above. Cell survival was determined by F ACS analysis 18 h after light exposure. At the 

selenorhodamine concentration and light dose described above, all of the selenorhodamines 3-10 

were phototoxic to> 90% of the HUT-78 cells (Figure 7.7, Table 7.4). One-way analysis of 

variance indicated that there were no significant differences within the data set (F7, 16 = 1.5 p = 

0.25) for HUT-78 phototoxicity. For the SEB-stimulated PBMCs, photosensitizers 3-10 were 

phototoxic to > 60% of the activated CD3+ (CD25+) cells (Figure 7.7, Table 7.4). However, 

one-way analysis of variance indicated that there were significant differences within this data set 

(F7, 383 = 59 p < 0.0001). Selenorhodamine amide 6 (37% survival ofCD3+ (CD25.) cells) spared 

more than twice the CD3+ (CD25+) population relative to all of the other photosensitizers, which 
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spared< 18% of the CD3+ (CD25l cells. 

The performance of selenorhodamine 6 with the resting CD3+ (CD25-) population was in 

marked contrast to that of the other selenorhodamines 3-5 and 7-10. Selenorhodamine 6 gave 

83% survival of CD3+ (CD25-) cells compared to< 30% survival with 3-5 and 7-10 (Figure 7.7, 

Table 7.4). One-way analysis of variance in this data set indicated significant differences within 

the data set (F1, 1742 = 13 p < 0.0001) for photodepletion of the CD3+ (CD25-) population. 

1.0 
cHUT-78 

□ CD25 +C 0.8
0 

:,.;; ■ CD25 -0 
Ill 

u.. 
... 0.6 
C) 

·s:C 
0.4 -~ 

::J 
(J) 0.2 

0.0 
3 4 5 6 7 8 9 10 

Figure 7. 7. Photodepletion of a 5: 1 mixture of SEB-stimulated PBMCs and HUT-78 cells with 
7.5 x 10-8 M selenorhodamine 3-10 and 5 J cm-2 light (600 nM, 65-Watt equivalent LED). Cell 
survival was measured 18 h after light exposure and compared to control (non-PD samples) by 
F ACS analysis in 3 independent experiments. The bar graphs represent surviving fraction of 
malignant HUT-78, stimulated (CD25+), and resting (CD25-) T cell populations after 
photodepletion with photosensitizers 3-10. Mean± SE are plotted. 

% survival 
compound HUT-78 co3+ co3+ (co2s+) co3+ (co2s-) 

3 8.5 ± 1.2 21.0 ± 3.2 9.2 ± 1.0 29.1 ± 5.2 

4 6.7 ± 1.2 26.6 ± 4.6 17.4±1.7 32.3 ± 6.0 

5 2.0 ± 0.9 12.1 ± 2.6 4.8 ± 1.0 17.1±4.3 

6 9.3 ± 2.7 65.0 ± 8.3 37.4 ± 3.2 83.4 ± 14.3 

7 5.1 ± 0.9 5.7 ± 2.6 2.6 ± 0.9 8.7 ± 4.2 

8 6.0 ± 0.2 10.3 ± 1.4 5.0 ± 0.9 13.9 ± 2.3 

9 8.1 ± 4.1 9.2 ± 2.2 7.0 ± 0.7 11.1±3.1 

10 5.4 ± 0.8 22.2 ± 2.9 12.5 ± 0.4 29.8 ± 5.6 

Table 7.4. Survival ofHUT-78 cells and SEB-stimulated PBMCs following photodepletion with 
7.5 x 10-8 M selenorhodamine and 5 J of 600-nm LED light. Values are the mean of experiments 
run in triplicate. Error limits are ± SEM. 
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As a photosensitizer, selenorhodamine 6 was phototoxic to 91 % of the HUT-78 cells 

while sparing 37% of the CD3+ (CD25+) cells and 83% of the CD3+ (CD2S-) cells. Overall, 65% 

of the entire CD3+ population (CD25+ and CD2S-) survived the phototoxicity studies with 6 

(Table 7.4) and this value is significantly greater than the 9% survival of HUT-78 cells (p = 

0.003) following photodepletion. 

7.4. Discussion of Biological Results 

ECP is a powerful treatment modality for malignant, autoimmune, and alloimmune T 

cell-mediated diseases. However, not all patients obtain a significant or durable response from 

ECP. The design of a selective photosensitizer that spares desirable lymphocytes while targeting 

malignant T cells may promote cytotoxic T cell responses and improve outcomes after ECP. In 

this report, the selenorhodamines 5-10 were examined as photosensitizers for HUT-78 malignant 

T cells targeted by ECP. Photosensitizer 6 emerged as a superior agent in this class by sparing 

resting PBMCs while being highly phototoxic to HUT-78 malignant T cells. 

7.4.1. Mitochondrial Targeting 

The ability of the rhodamines to target mitochondria120 leads to greater accumulation of 

the cationic rhodamines in the mitochondria of cancer cells. 119
• 

122 However, 'traditional' 

rhodamines with oxygen in the xanthylium core are not photosensitizers. Bromination of the 

rhodamine 123 core produces several brominated rhodamine structures with increased quantum 

yields for singlet oxygen generation. 125
-
126 Furthermore, it is not clear that the brominated 

rhodamines retain their mitochondrial specificity. 126 Replacing the oxygen atom of the 

xanthylium core with the heavier selenium atom gives selenorhodamines that efficiently produce 

10 2 (Table 7.1). Furthermore, as shown in Figures 7.1 and S3 (Supporting information), 

selenorhodamines 5 and 6 with the Texas Red core and the related selenorhodamines 3 and 4 
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clearly target the mitochondria of HUT-78 cells. The structures of 5 and 6 are very similar to that 

of MTR (18, Chart 7.4), which is a commercial mitochondrial-specific reporter. 

7.4.2. Modulation of P-gp Activity 

The selenorhodamines 5-10 also modulate ATPase activity in P-gp. In MDCKII-MDRl 

cells, selenorhodamine amides 6, 8, and 10 show faster rates of efflux (PBA of 78, 66, and 65 x 

110-9 m s- , respectively, Table 7.2) than their corresponding thioamide analogues 5, 7, and 9 (PBA 

1of 18, 8.8, and 6.3 x 10-9 m s- , respectively, Table 7.2). This same trend has been observed in 

27prior studies of thioamide/amide pairs26
- ' 

72 including selenorhodamine thioamide 3 (PBA of 29 x 

1 110-9 m s- ) and selenorhodamine amide 4 (PBA of 164 x 10-9 m s- ).
72 The faster rates of efflux 

suggest that the amide-containing selenorhodamines would maximize rates of extrusion from the 

P-gp-expressing CD3+ lymphocytes relative to malignant T cells. The data in Figure 7.4 and 

Table SI for resting PBMCs and HUT-78 cells and in Figure 7.6 and Table S2 for SEB

stimulated PBMCs and HUT-78 cells indicate that the selenorhodamine amides are extruded 

more rapidly (% change from uptake maximum) than the selenorhodamine thioamides in both 

PBMCs and HUT-78 cells. 

For selenorhodamines 5 and 7-10, values of ~MFI are not significantly different between 

malignant and pathogenic T cells in our model (p > 0.30). In contrast, the ~FI for resting T 

cells was significantly greater compared to malignant and pathogenic T cells (p < 0.001). The 

faster rates of efflux suggest that the amide-containing selenorhodamines would maximize rates 

of extrusion from the P-gp-expressing resting CD3+ lymphocytes relative to malignant and 

pathogenic T cells, and therefore better protect resting T cells from photosensitizer associated 

toxicities. 

For selenorhodamine amide 6, one-way analysis of variance indicated significant 
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differences within the data set (F2, s48 = 101 p < 0.0001) for rates of extrusion (~FI) of 6 from 

malignant and pathogenic T cells and resting T cells. Post-hoc Tukey tests indicated that ~FI is 

significantly greater for pathogenic (CD3+ (CD25+)) T cells relative to HUT-78 cells (p = 0.048) 

and is significantly greater in resting (CD3+ (CD2S-)) T cells relative to either HUT-78 cells or 

pathogenic T cells (p < 0.0001). 

Of possible concern was the ability of P-gp (if present) to also protect malignant T cells 

targeted by ECP. As shown in Figure 7.2, the addition of the P-gp inhibitor VER171 to inhibit P

gp gives a slight increase in uptake of selenorhodamines 3-6 relative to VER-free conditions in 

HUT-78 cells. However, the ratios of uptake +VER/VER for both the amides and thioamides are 

not significantly different, ranging from 1.13 to 1.33. These ratios can be compared to the ratios 

of uptake +VER/VER for 3-6 in P-gp expressing Colo-26 cells of 1.9 and 5.1 for 3 and 4, 

respectively,72 and 2.9 and 7.6 for 5 and 6, respectively.74 Additionally, as shown in Figure 7.3, 

5 and 6 are comparably phototoxic to HUT-78 cells over a range of photosensitizer 

concentrations and light doses. These results indicate that uptake of selenorhodamine 

photosensitizers in Sezary cells is minimally influenced by P-gp ATPase stimulation, and that P

gp stimulation does not protect malignant T cells against phototoxicity using these agents. 

7.4.3. Role of Selenorhodamine Lipophilicity 

The increased lipophilicity of 5-10 may also impact interactions with P-gp as well as 

localization in the mitochondria. The Texas Red analogues 5 and 6 and the related structures 7-

10 have the same numbers of carbons and very similar molecular weights. These 

selenorhodamines have experimental values of log P of 3.42-4.1 (Table 7.1) and are significantly 

more lipophilic than selenorhodamines 3 (log P = 1.61) and 4 (log P = 2.23).72 Within the 5-10 

series, values of log P are significantly lower for amides 6, 8, and 10 in pair-wise comparisons 
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with thioamides 5, 7, and 9. This is opposite of what was observed with 3 and 4 where thioamide 

3 had the lower value of log P. Similarly, the added lipophilicity of the thioamides may 

contribute to their greater uptake and prolonged retention in malignant T cells relative to their 

amide partners. 

It is likely that the generation of 10 2 is the cytotoxic event m the phototoxicity 

(photodepletion) studies.29 Although solution values of <1>(102) may not directly correspond to 

values of <1>(102) while bound to the mitochondria, solution studies of 10 2 generation for 

selenorhodamines 3-10 indicate that (1) all of the selenorhodamines generate 102 efficiently, and 

that (2) values of <1>(102) are larger for the amide partner in the thioamide/amide pairs 3/4, 5/6, 

7/8, and 9/10 (Table 7.1). However, one question to answer is why 6 behaves effectively and so 

differently from its thioamide analogue 5 and related selenorhodamines 7-10. Compound 6 

appears to have reduced uptake in both PBMCs and HUT-78 cells from a greatly reduced MFI 

relative to selenorhodamine thioamide 5 for both uptake and extrusion in both malignant and 

non-malignant T cells whether resting or SEB-stimulated (Figures 7.4a, 7.6a). The other 

thioamide/amide pairs 7/8 and 9/10 displayed much smaller differences with respect to uptake 

and extrusion for each pair. The reduced values of MFI for selenorhodamine amide 6 relative to 

thioamide 5 suggest lower intracellular concentrations of 6. Values of log P are higher for 

thioamide 5 relative to thioamides 7 and 9 and higher for amide 6 relative to amides 8 and 10. 

Recent crystallographic studies of P-gp suggest an inward facing, wider cleft into which 

xenobiotics may be gathered by P-gp as soon as they penetrate the inner membrane.173 

Xenobiotics are then removed with an outward-facing flip of the P-gp scaffold. The added 

lipophilicity of 6 as well as its ability to stimulate P-gp transport may lead to its reduced 

concentration in PBMCs. In contrast, the increased lipophilicity of 6 and the increased 

207 

https://studies.29


dependence of malignant T cells on OXPHOS may concentrate amide 6 in the mitochondria of 

the malignant HUT-78 T cells. 172 

7.4.4. The HUT-78/PBMC Model 

To develop this novel class of photosensitizers, we used a model of healthy, pathogenic, 

and malignant T cells, to facilitate the efficient evaluation of our photosensitizers. For this 

model, human PBMCs were stimulated with SEB to produce T cells with a bioenergetics profile 

similar to pathogenic T cells. After SEB-stimulation, pathogenic T cells were identified by high 

expression of CD25, the cell surface receptor for the stimulatory cytokine IL-2. However, CD25 

is also expressed on non-pathogenic T cells, such as activated or cytotoxic T cells, which were 

not identified separately using this model. In contrast to pathogenic T cells, cytotoxic T cells 

possess a different bioenergetic profile from pathogenic T cells, with a lower dependence on 

OXPHOS over glycolysis. 174 Consequently, we expect cytotoxic T cells to be less susceptible to 

the effects of our selenorhodamine photosensitizers, and therefore to survive photodepletion. 

Importantly, the antitumor effect induced by ECP is theorized to derive from the non-stimulated 

T cell population after photodepletion. Photodepletion with 6 highly preserves this 

nonmalignant, non-stimulated T cell population, and therefore may preserve this potential for 

antitumor immune responses. Now with the development of a selective photosensitizer, we have 

the ability to clarify the immune mechanisms induced by ECP, which may better define the 

successes and limits of this treatment modality, with the ultimate goal of improving clinical 

outcomes. 

7.5. Conclusions 

We present a new photosensitizer with a high potential for selectivity in ECP. 

Selenorhodamine 6 has a 'Texas Red' core-two fused julolidine rings containing the nitrogen 
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atoms of the rhodamine chromophore. This core helps target the hyperpolarized mitochondria of 

malignant T cells. The amide functionality in selenorhodamine 6 stimulates ATPase activity in 

P-gp and stimulates extrusion of the selenorhodamine photosensitizer from P-gp-expressing 

lymphocytes. In P-gp overexpressing MDCK.11-MDRl cells, the rate of efflux of 6 from the cell 

by P-gp (PBA) is faster than the rate of efflux of thioamide 5 or the other related 

selenorhodamines 7-10. The end result is sparing of resting PBMCs important for normal 

immune responses while photodepleting malignant T cells using selenorhodamine 6 as a 

photosensitizer. While selenorhodamine 6 is a promising potential photosensitizer for ECP, there 

is room to improve photosensitizer performance. Increased selectivity towards malignant T cells 

based on lipophilicity or P-gp stimulatory ability, could further increase selectivity and lead to 

improved immune responses following ECP. As a lead compound, 6 can be modified through the 

9-position with a variety of different amide/thioamide groups attached to aryl and heteroaryl 

rings to stimulate P-gp further, while substitutions within the julolidyl rings can modify 

lipophilicity. Such modifications may provide next-generation photosensitizers with even greater 

selectivity. 

7.6. Experimental 

7.6.1. General Methods 

Selenorhodamines 3-672
' 

74 and selenoxanthones 11 and 1273 were prepared by literature 

methods. Fluorescence quantum yields ( <l>FL)49 and quantum yields for the generation of singlet 

oxygen [<1>(102)]
73 were measured as previously described. Tetrahydrofuran was distilled from 

sodium benzophenone ketyl. Reactions were run under Ar. Concentration in vacuo was 

performed on a B-Uchi rotary evaporator. NMR spectra were recorded on an Inova 500 instrument 

(500 MHz for 1H, 125 MHz for 13C) or 300 MHz Mercury spectrometer (75.5 MHz for 13C) with 
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residual solvent signal as internal standard. Infrared spectra were recorded on a Perkin-Elmer 

FTIR instrument. UV-vis near-IR spectra were recorded on a Perkin-Elmer Lambda 12 

spectrophotometer or a Shimadzu UV-3600 spectrophotometer in quartz cuvettes with a 1-cm 

path length. Melting points were determined on B-Uchi capillary melting point apparatus and are 

uncorrected. All compounds tested have a purity of at least 95%, which was determined by 

elemental analyses for C, H, and N (Atlantic Microlab, Inc., Norcross, GA). Experimental values 

of C, H, and N are within 0.4% of theoretical values. 

7.6.2. Preparation of Selenorhodamine 7 

n-Butyllithium (1.33 Min hexanes, 1.30 mL, 1.70 mmol) was added dropwise to a stirred 

solution of N,N-diisopropylamine (268 µL, 1.90 mmol) in THF (20 mL) at 78 °C. The resulting 

mixture was stirred for 10 min before it was transferred to a stirred solution of piperdin-1-

yl( thiophen-2-yl)methanethione (374 mg, 1.77 mmol) in THF (10 mL) at 78 °C. The resulting 

solution was stirred at 78 °C for 2 min before it was transferred via cannula to a stirred solution 

of selenoxanthone 11 (200 mg, 0.43 mmol) in THF (25 mL) at room temperature. The resulting 

solution was heated to 45 °C for 0.5 h and then cooled to ambient temperature. Glacial acetic 

acid (2 mL) was added and the resulting mixture was poured into 10% aqueous HPF6 at O °C. 

The resulting mixture was stirred 12 h and the precipitate was collected via filtration and then 

washed with water (50 mL) and diethyl ether (100 mL). The product was purified via column 

chromatography (SiO2, 6% MeOH/CH2Ch, Rf = 0.4), followed by recrystallization from 

ether/CH2Ch to yield 278 mg (79%) of 5 as the PF6- salt as a purple solid, m.p. 149-151 °C. The 

hexafluorophosphate salt (50 mg, 0.06 mmol) was dissolved in CH2Ch (10 mL) and Amberlite 

IRA-400 chloride ion exchange resin (3.0 g) was added. The resulting mixture was stirred at 

ambient temperature for 24 h. The Amberlite exchange resin was removed via filtration, and the 
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filtrate was concentrated under reduced pressure. This process was repeated a total of 3 times in 

order to achieve complete ion exchange: 1H NMR (500 MHz, CDCb) 8 7.42 (s, lH, C(4)-H or 

C(5)-H of xanthylium core), 7.40 (s, lH, C(4)-H or C(5)-H ofxanthylium core), 7.24 (d, lH, J = 

3.5 Hz, thiophene = CH-), 7.16 (s, lH, C(8)-H of xanthylium core), 7.03 (d, lH, J = 3.5 Hz, 

thiophene = CH-), 4.31 (br s, 2H), 4.05 (br s, 2H), 3.60-3.50 (m, 6H), 3.25 (s, 3H), 2.81-2.69 (m, 

4H), 2.24--2.13 (m, 2H), 2.06-1.96 (m, 2H), 1.92-1.68 (m, 9H); 13C NMR (75.5 MHz, CDCb) 8 

188.1, 149.1, 149.0, 148.4, 147.4, 142.1, 141.1, 140.4, 134.2, 134.0, 130.7, 129.4, 125.0, 124.9, 

119.7, 119.4, 116.3, 107.4, 53.6 (br), 52.3 (br), 51.2, 50.3, 48.0, 39.5, 34.2, 31.7, 29.4, 28.4, 27.5, 

125.6, 23.9, 20.1, 19.8; Amax (MeOH) 620 nm (E = 9.20 x 104 M-1 cm- ); IR (film on NaCl) 2936, 

1591, 1442, 1309 cm-1
; HRMS (ESI, HRDFMagSec) m/z 646.1831 (calcd for C35H40N3S2

80Se+: 

646.1823). Anal. ofhexafluorophosphate salt. Calcd for C35H40N3S2
80Se•PF6: C, 53.16; H, 5.10; 

N, 5.31. Found: C, 52.91; H, 5.18: N, 5.23. Anal. of chloride salt. Calcd for C35H40N3S2
80Se•Cl: 

C, 61.71; H, 5.92; N, 6.17. Found: C, 61.35; H, 6.28: N, 5.87. 

7.6.3. Preparation of Selenorhodamine 9 

n-Butyllithium (1.34 M in hexanes, 1.28 mL, 1.72 mmol), N,N-diisopropylamine (267 

µL, 1.89 mmol), piperdin-1-yl(thiophen-2-yl)methanethione (372 mg, 1.76 mmol), and 

selenoxanthone 12 (200 mg, 0.440 mmol) in THF (10 mL and 30 mL) were treated as described 

for the preparation of 7. The product was purified via recrystallization from MeOH, yielding 305 

mg (87%) of 9 as the PF6- salt as a purple solid, m.p. 154-156 °C. The PF6- salt (50 mg, 0.06 

mmol) was converted to the chloride salt as described for 7: 1H NMR (500 MHz, CD2Ch) 8 7.60 

(s, 2H, C(4)-H and C(5)-H ofxanthylium core), 7.21 (d, lH, J = 3.5 Hz, thiophene = CH-), 7.17 

(s, 2H, C(l)-H and C(8)-H of xanthylium core), 7.06 (d, lH, J = 3.5 Hz, thiophene = CH-), 4.30 

(br s, 2H), 3.98 (br s, 2H), 3.58 (t, 4H, J = 6.0 Hz), 3.24 (s, 6H), 1.87-1.72 (m, 10 H), 1.17 (s, 
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12H); BC NMR (75.5 MHz, CD2Ch) 8 188.7, 151.0, 150.2, 148.5, 143.8, 140.0, 134.9, 131.9, 

129.8, 124.9, 120.6, 108.1, 52.3 (br), 48.7, 40.1, 34.6, 32.1, 28.6, 27.1 (br), 26.0 (br), 24.4; Amax 

1(MeOH) 614 nm (E = 9.42 x 104 M-1 cm- ); IR (film on NaCl) 2932, 1591, 1474, 1446, 1399, 

11320 cm- ; HRMS (ESI, HRDFMagSec) m/z 648.1985 (calcd for C35H42N3S2
80Se+: 648.1980). 

Anal. of hexafluorophosphate salt. Calcd for C35H42N3S280Se•PF6: C, 53.03; H, 5.34; N, 5.30. 

Found: C, 52.83; H, 5.41: N, 5.21. Anal. of chloride salt. Calcd for C35H42N3S2
80Se•Cl: C, 61.53; 

H, 6.20; N, 6.15. Found: C, 61.48; H, 6.53: N, 6.16. 

7.6.4. Preparation of Selenorhodamine 8 

Trifluoroacetic anhydride (140 µL, 1.01 mmol) was slowly added to a stirred solution of 

7 (200 mg, 0.253 mmol) in CH2Ch (20 mL). The resulting solution was heated at reflux for 5 h, 

and was then cooled to ambient temperature. A solution of 10% aqueous Na2CO3 (25 mL) was 

added, and the mixture was extracted with CH2Ch (3 x 25 mL). The combined organic fractions 

were collected and concentrated under reduced pressure. The crude product was purified via 

column chromatography (SiO2, 2:8 EtiO/CH2Ch, Rf= 0.5), yielding 107 mg (54.6%) of 8 as the 

PF6- salt as a purple solid, m.p. 169-171 °C. The hexafluorophosphate salt (50 mg, 0.06 mmol) 

was converted to the chloride salt as described for 7: 1H NMR (500 MHz, CD2Ch) 8 7.41 (d, lH, 

J = 4.0 Hz, thiophene = CH-), 7.40 (s, lH, C(4)-H or C(5)-H of xanthylium core), 7.39 (s, lH, 

C(4)-H or C(5)-H ofxanthylium core), 7.17 (s, lH, C(8)-H ofxanthylium core), 7.10 (d, lH, J = 

4.0 Hz, thiophene = CH-), 3.73 (t, 4H, J = 5.0 Hz), 3.56 (t, 2H, J = 6.0 Hz), 3.54--3.47 (m, 4H), 

3.22 (s, 3H), 2.80-2.71 (m, 4H), 2.18 (quintet, 2H, J = 6.0 Hz), 1.99 (quintet, 2H, J = 6.0 Hz), 

1.80-1.72 (m, 4H), 1.71-1.64 (m, 4H), 1.13 (s, 6H); Be NMR (75.5 MHz, CDCh) 8 162.2, 

149.3, 149.2, 148.6, 142.3, 141.2, 140.1, 139.9, 134.2, 134.1, 130.8, 129.7, 128.1, 125.0, 120.0, 

119.6, 116.4, 107.5, 51.3, 50.4, 48.1, 46.5 (br), 39.7, 34.3, 31.7, 28.5, 27.6, 26.0 (br), 25.7, 24.3, 
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120.2, 19.9; Amax in (MeOH) 620 nm (E = 1.10 x 105 M-1 cm- ); IR (film on NaCl) 2935, 1591, 

11540, 1451 cm- ; HRMS (El, HRDFMagSec) m/z 630.2080 (calcd for C35H40N3OS80Se+ : 

630.2050). Anal. ofhexafluorophosphate salt. Calcd for C35H40N3OS80Se•PF6: C, 54.26; H, 5.20; 

N, 5.42. Found: C, 54.09; H, 5.30: N, 5.32. Anal. of chloride salt. Calcd for C35H40N3OS80Se•Cl: 

C, 63.20; H, 6.06; N, 6.32. Found: C, 62.89; H, 6.65: N, 5.98. 

7.6.5. Preparation of Selenorhodamine 10 

Trifluoroacetic anhydride (123 µL, 0.884 mmol, 4.0 eq) and 9 (175 mg, 0.221 mmol, 1.0 

eq) in CH2Ch (25 mL) were treated as described for the preparation of 8. The crude product was 

purified via column chromatography (SiO2, 2:8 EtiO/CH2Ch, Rf = 0.5), yielding 111 mg 

(64.5%) of the desired product 10 as the PF6- salt as a purple solid, m.p. 157-159 °C. The PF6-

salt (50 mg, 0.06 mmol) was converted to the chloride salt as described for 7: 1H NMR (500 

MHz, CD2Ch) 8 7.54 (s, 2H, C(4)-H and C(5)-H of xanthylium core), 7.44 (d, lH, J = 4.0 Hz, 

thiophene = CH-), 7.17 (s, 2H, C(l)-H and C(8)-H ofxanthylium core), 7.14 (d, lH, J = 4.0 Hz, 

thiophene = CH-), 3.72 (t, 4H, J = 5.5 Hz), 3.57 (t, 4H, J = 6.0 Hz), 3.24 (s, 6H), 1.81-1.72 (m, 

6H), 1.71-1.64 (m, 4H), 1.15 (s, 12H); 13C NMR (75.5 MHz, CDCh) 8 162.1, 150.2, 149.7, 

143.7, 140.2, 139.7, 134.6, 131.2, 129.6, 128.2, 120.2, 107.8, 48.3, 45.0 (br), 39.9, 34.3, 31.8, 

128.5, 26.0 (br), 24.4; Amax in (MeOH) 614 nm (E = 1.05 x 105 M-1 cm- ); IR (film on NaCl) 2922, 

11591, 1474, 1447 cm- ; HRMS (ESI, HRDFMagSec) m/z 632.2207 (calcd for C35H42N3OS80Se+ : 

632.2208). Anal. ofhexafluorophosphate salt. Calcd for C35H42N3OS80Se•PF6: C, 54.12; H, 5.45; 

N, 5.41. Found: C, 53.89; H, 5.49: N, 5.36. Anal. of chloride salt. Calcd for C35H42N3OS80Se•Cl: 

C, 63.01; H, 6.35; N, 6.30. Found: C, 63.07; H, 6.11: N, 6.03. 

7.6.6. Determination of n-Octanol/W ater Partition Coefficients 

The octanol/water partition coefficients were all measured at pH 7.4 (PBS) using UV-
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visible spectrophotometry. The measurements were done usmg a shake flask direct 

measurement. 138 Mixing for 3-5 min was followed by 1 h of settling time. Equilibration and 

measurements were made at 23 °C. Measurements were performed in triplicate. High

performance liquid chromatography grade 1-octanol was used. 

7.6.7. P-gp-Transport Studies Across MDCKII-MDRl Monolayers 

These procedures have been described previously in detail. 143 Briefly, MOCK cells 

transfected with wild-type MORI (ABCBl) were obtained from Dr. Piet Borst at The 

Netherlands Cancer Institute and were maintained in Dulbecco's Modified Eagle's Medium 

(Gibco) supplemented with 10% fetal bovine serum (FBS), 100 units mL-1 penicillin and 100 µg 

mL-1 streptomycin. Cultures were used at passage number 16-42. MDCKII-MDRl cells that 

were seeded at 50,000 cells cm2 onto 12-well (1.13 cm2 surface area) transwell polycarbonate 

filters (Costar) were fed on days 3 and 5, and used on day 6. The upper and lower chamber 

volumes were 0.5 mL and 1.0 mL, respectively. Cells were rinsed 10 min in phosphate-buffered 

saline containing 102 M Hepes buffer at pH 7.4 (DPBSH) (Gibco) at 37 °C with mixing on a 

nutator (Clay Adams). Cells were pre-incubated with 4.3 mg mC1 bovine serum albumin (BSA) 

in DPBSH alone or containing 5 x 10-6 M 15. After 30 min, 5 µM test compound (5-10) in 

BSA/DPBSH with or without inhibitor was added to the donor chamber (0.5 mL upper or apical, 

1.0 mL lower or basolateral). Initial donor samples were taken at t = 0. For apical-to-basolateral 

(AB) flux, D0 was taken from the mixing tube before addition to the cell monolayer. For 

basolateral-to-apical (BA) flux this sample was taken from the 12-well plate 10 min after 

transfer, but before cell wells were added. Samples were taken from both the donor and receiver 

chambers following a 1-h incubation at 37 °C with constant mixing by nutation. Cell monolayers 

were rinsed two times using cold DPBS and extracted with 5 x 10-4 L MeOH for 3 min. Samples 
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( 5 x 10-5 L) were combined into n = 3 cassettes in a 96-deep well assay plate and protein was 

precipitated by adding 4.5 x 10-4 L acetonitrile, shaken to mix. Plates were centrifuged 5 min at 

5000 rpm. Compound concentrations were determined with an LC-MS/MS assay. 143 

7.6.8. Isolation and Stimulation of Human Peripheral Blood Mononuclear Cells (PBMCs) 

PBMCs were obtained from healthy volunteers on a Wake Forest Baptist institutional 

review board-approved protocol (CCCWFU29A13). To examine the effects of our 

photosensitizers on human T cells, peripheral blood mononuclear cells (PBMCs) were separated 

using Ficoll-Hypaque density gradient centrifugation (Organon Teknika, Durham, NC), and 

rested in RPMI supplemented with 10% heat-inactivated fetal calf serum. To produce stimulated 

T cells, human PBMCs were cultured in RPMI 1640 (LifeTechnologies, Gaithersburg, MD) with 

50 ng/mL Staphylococcus Enterotoxin B (SEB, Toxin Technology, Inc., Sarasota, FL) for 72 h. 

7.6.9. Photosensitizer Retention and Extrusion Studies 

For experiments comparing the retention of the different photosensitizers, SEB

stimulated human PBMCs were stained with mAb to CD3 and CD25 and then washed. SEB

stimulated PBMCs and HUT-78 cells (ATCC, Manassas, VA) were mixed in a 5: 1 ratio and 

suspended at a concentration of 2 x 106 cells/mL in PBS containing 7.5 x 1o-8 M of 

selenorhodamine for a 20-min uptake period. Cells were then washed and suspended m 

photosensitizer-free media for a 30-min extrusion period (RPMI supplemented with 10% heat

inactivated FCS). Data were acquired on a BD F ACS Canto II flow cytometer, and analyzed 

using FlowJo software. 

7.6.10. Phototoxicity and Dark Toxicity Studies with HUT-78 Cells 

HUT-78 cells (ATCC, Manassas, VA) were grown in RPMI 1640, IX with L-glutamine 

medium. The medium was supplemented with 10% FBS, 1 % HEPES buffer, and 1 % penicillin-
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2 streptomycin. Cells were harvested, plated 7.5 x 104 to a well in a 96-well plate (0.32 cm on a 

flat bottom plate), and incubated for 24 h. Selenorhodamines 3-6 were added from stock 

solutions of known concentration (Add 10 µL of a 1Ox concentration of the appropriate dye 

solutions to the 96 well plate (Final concentrations: 5 x 10-8 M to 5 x 10-7 M)). All plates were 

incubated 1 h in the dark after dye addition then either kept in the dark or irradiated with a 

tunable dye laser at Amax (633 ± 2 nm) at a fluence rate of3.2 mW cm-2 to light doses of0.5, 1.0, 

or 2.0 J cm-2
• Plates were centrifuged for 3 min at 1500 rpm at 25 °C. Old medium was removed 

and 200 µL of new medium was added to each well before they were placed in the incubator (37 

°C, 5% CO2) . After a 48-h incubation, an MTT assay167 was performed on the plates to determine 

cell viability. The absorbance of each well was read on an EL800 BioTek plate reader at 570 nm 

to give fraction cell viability after data deconvolution. 

7.6.11. Transfection of HUT-78 Cell Line 

HUT-78 cells (ATCC, Manassas, VA) were grown in RPMI 1640, IX with L-glutamine 

medium. HUT-78 cells were then transfected with pmax GFP plasmids using respective Amaxa 

Nucleofection kits and Nucleofection program V-001 with Nucleofector II device. High green 

fluorescent protein ( GFP) expressing HUT-78 cells were then isolated by BD F ACS Aria cell 

sorter(> 98% purity) and used in photodepletion experiments. 

7.6.12. Photodepletion Studies 

For selectivity in photodepletion experiments, SEB-stimulated or non-stimulated human 

PBMCs and were combined with GFP expressing HUT-78 malignant T cells at a 5:1 ratio, and 

then suspended in media containing 7.5 x 10-8 M photosensitizer for 20 min (uptake period) 

followed by 30 min in a photosensitizer free media ( extrusion period). Cells were then exposed 

to 5 J cm-2 of light (600 nM, 65-Watt equivalent LED) and 180 rotations per minute. FACS 
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analysis of cell survival was performed 18 h after light exposure. 

7.6.13. Flow Cytometry Studies with HUT-78 Cells 

Flow cytometry was run on an LSR II A UV-Normal Flow instrument with an excitation 

wavelength of 561 nm (50 mW cm-2
) and an emission detection wavelength of 710 nm (50 PE

Cy 5.5). HUT-78 cells were harvested and samples were prepared using 5 x 105 cells in 0.5 mL 

medium. Each photosensitizer was run at a concentration of 2 x 10-7 M with and without 1 x 10-4 

M VER. Samples were incubated for 1 h, placed on ice, and analyzed ImageStream flow 

cytometry was run on an ImageStream Mark II instrument using channels 2 (48-560 nm 

detection) and 5 (642-745 nm detection) with MTG excitation at 488 nm and excitation of 3-6 at 

561 nm. Samples were made using 5 x 105 HUT-78 cells in 0.5 mL medium. Each 

photosensitizer was run at a concentration of 2 x 10-7 M with and without 5 x 10-7 M MTG. Cells 

were also run with 5 x 10-7 M MTG alone (5 x 10-7 L of 1 x 10-2 M MTG stock in DMSO), All 

samples were incubated 15 min, centrifuged, and the medium was removed. Samples were re

suspended in Hanks PBS (60 µL), placed on ice, and analyzed. Co-localization was determined 

in each individual cell using the IDEAS similarity feature, which is a log-transformed Pearson's 

correlation coefficient of the intensities of the spatially correlated pixels within the whole cell, of 

the MTG and 3-6 images, MTG and MTR images, or L YS and MTR images, respectively. The 

similarity score is a measure of the degree to which two images are linearly correlated. 

7.6.14. Reagents for FACS Analysis 

The following monoclonal antibodies were used and purchased from eBioscience: mouse 

anti-human a-CD3-Cyanin-7-allophycocyanin (APC-Cy7; clone OKT3); a-CD4-Pacific Blue 

(PB; clone RPA-T4); a-CD8-fluorescein isothiocyanate (FITC; clone SKI); and a-CD25-Cyanin-

7-phycoerytherin (PE-Cy7; clone BC96). Apoptosis was assessed by FACS analysis of annexin 
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V and 7 AAD-stained cells (BD Pharmingen) as previously described. 174 Data acquisition was 

performed on BD F ACS Canto II flow cytometer, and analyzed using Flow Jo software. 

7.6.15. Data Analysis and Statistics 

For biological assays, statistical significance was assessed using one-way ANOVA and a 

post-hoc multiple pairwise comparison using the Tukey test with a significance level of 0.05. 

The Student's t-test was used for pair-wise comparisons of independent samples. All t-tests were 

2 sided, and p-values less than 0.05 were considered significant. 

7. 7. Supplementary Data 

Supplementary data associated with this article can be found, in the online version, at 

http://dx.doi.org/10.1016/j.bmc.2016.05.071 . 
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8. Chapter 8: Targeting T Cell Bioenergetics by Modulating P-Glycoprotein Selectively 

Depletes Alloreactive T Cells to Prevent Graft-versus-Host Disease59 

My contribution to this manuscript was some of the biological testing performed. This 

included the growth and maintenance of HUT-78 cell cultures, and subcellular localization 

studies of the dyes compared to MTG and L YS using ImageStream cytometry. The results of the 

ImageStream cytometry indicated that 2-Se-Cl localizes in the hyperpolarized mitochondria of 

HUT-78 T-cells, which is necessary in order to prevent OXPHOS of stimulated cells and 

subsequently induce apoptosis. For the first time, a new class of rhodamine photosensitizers that 

have the ability to selectively deplete stimulated T lymphocytes has been identified. 

Reprinted with permission: The Journal ofImmunology, 2016, 197, 1631-1641. 
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8.1. Abstract 

T lymphocytes play a central role in many human immunologic disorders, including 

autoimmune and alloimmune diseases. In hematopoietic stem cell transplantation, acute graft

versus-host disease (GVHD) is caused by an attack on the recipient's tissues from donor 
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allogeneic T cells. Selectively depleting GVHD-causing cells prior to transplant may prevent 

GVHD. In this study, we evaluated 24 chalcogenorhodamine photosensitizers for their ability to 

selectively deplete reactive T lymphocytes and identified the photosensitizer 2-Se-Cl, which 

accumulates in stimulated T cells in proportion to oxidative phosphorylation. The photosensitizer 

is also a potent stimulator of P-glycoprotein (P-gp). Enhanced P-gp activity promotes the 

efficient removal of photosensitizer not sequestered in mitochondria and protects resting 

lymphocytes that are essential for antipathogen and antitumor responses. To evaluate the 

selective depletion of alloimmune responses, donor C57BL/6 splenocytes were co-cultured for 5 

d with irradiated BALB/c splenocytes and then photodepleted (PD). PD-treated splenocytes were 

infused into lethally irradiated BALB/c (same-party) or C3H/HeJ (third-party) mice. Same-party 

mice that received PD-treated splenocytes at the time of transplant lived 100 d without evidence 

of GVHD. In contrast, all mice that received untreated primed splenocytes and third-party mice 

that received PD-treated splenocytes died of lethal GVHD. To evaluate the preservation of 

antiviral immune responses, acute lymphocytic choriomeningitis virus infection was used. After 

photodepletion, expansion of Ag-specific naive CD8+ T cells and viral clearance remained fully 

intact. The high selectivity of this novel photosensitizer may have broad applications and provide 

alternative treatment options for patients with T lymphocyte-mediated diseases. 

8.2. Introduction 

T lymphocytes are central to the development of adaptive immune responses, but they 

may also become pathologic and mediate many human immunologic disorders, including 

autoimmune and alloimmune diseases. In hematopoietic stem cell transplantation (HSCT), 

GVHD is associated with significant morbidity and mortality and is caused by an attack on the 

recipient's tissues by donor allogeneic T cells. 175 Multiple organs are targeted, including the skin, 
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liver, lungs, and gut. 176 Depletion of T lymphocytes, by two to three logs, from the HSCT graft 

prior to transplant effectively reduces the incidence of acute GVHD. 177 However, this approach 

has been associated with graft failure and an increased risk for disease recurrence. 178
-
179 The goal 

of selective depletion is to prevent acute GVHD by removing only the GVHD-causing T cells 

from the graft prior to transplant. Preclinical experiments demonstrate that, when GVHD-causing 

cells are selectively eliminated, healthy lymphocytes remain that may mediate antileukemia, 

180 181antiviral, and antifungal immune responses. - This technique requires the co-culturing of 

leukemia-free, patient-derived APCs with donor lymphocytes. Alloactivated donor lymphocytes 

can then be selectively targeted for removal. Recently, two methods were used to selectively 

remove alloreactive T cells: the use of mAbs against activation markers ( e.g., CD25) or FasL

mediated induction of apoptosis and the use of the photosensitizer 4,5-dibromorhodamine methyl 

ester (TH9402) to target P-gp differences in activated cells.54
' 

127
' 

182 Although these techniques 

effectively decreased the incidence of severe acute GVHD, insufficient depletion of alloreactive 

cells and nonspecific depletion of cells important for regulatory, antiviral, and antifungal 

immunity occurred, resulting in persistent chronic GVHD and recurrent infections.52
-
53 

Consequently, further efforts are required to improve selective depletion by building on the 

successes and overcoming the limitations of these prior techniques. 

A challenge in developing a new selective-depletion technique is identifying a target 

unique to activated cells. We hypothesize that the increased oxidative phosphorylation 

(OXPHOS) of activated cells may be used to identify and remove alloreactive GVHD-causing 

cells prior to HSCT. In general, cells generate ATP by aerobic glycolysis and OXPHOS. In 

1924, Otto Warburg observed that cancer cells have a unique bioenergetic profile with an 

increase in aerobic glycolysis over OXPHOS compared with cells in normal tissues; this is often 
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referred to as the "Warburg effect. "183 Although aerobic glycolysis is less efficient, yielding only 

2 ATP compared with the possible 36 ATP generated by OXPHOS, increased aerobic glycolysis 

may provide the macromolecules and reducing equivalents required to support proliferation. 183 

More recently, this bioenergetic configuration was identified in pathogenic T cells and may 

represent metabolic adaptations to chronic stimulation.184
-
185 Additionally, memory T cells 

recently were shown to use glycolysis and OXPHOS to a greater extent than naive T cells to 

186 Thesupport the rapid and prolonged proliferation required for secondary immune responses. 

rapid recall response of memory T cells is the result of increased cellular mitochondria content 

and the associated bioenergetic advantage. The greater mitochondrial mass in memory cells 

facilitates a rapid induction of OXPHOS to produce substantial ATP upon activation. ATP 

production promotes conversion of glucose into glucose-6-phosphate by mitochondria-associated 

ATP-dependent hexokinases, which is required for the first step of glycolysis. 187 As a result, the 

rapid induction of OXPHOS directly engages glycolysis in memory T cells, creating the 

bioenergetic configuration seen in malignant cells and pathogenic T cells. This observation 

suggests that the Warburg effect is not unique to pathogenic cells but represents a bioenergetic 

reconfiguration that may occur in all cells to support rapid proliferation. 185
-
186 

None of the photosensitive agents in use today have demonstrated selectivity for 

activated cells without significant toxicity occurring in resting cells. We demonstrated previously 

that prolonged intracellular resident times associated with the photosensitive agent TH9402 

resulted in nonselective depletion of susceptible lymphocyte subsets.52 TH9402 is highly 

dependent on P-gp for cell extrusion, and cells that express low P-gp activity are susceptible to 

increased intracellular accumulation. Consequently, lymphocyte subsets with low P-gp activity, 

such as CD4+ and memory T cells, are disproportionately depleted when using this 
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photosensitizer. In the clinical setting of HSCT, the use of TH9402 resulted in the nonselective 

depletion of lymphocytes important for normal immune responses and poor patient outcomes.53 

The ability of chalcogenorhodamine photosensitizers to modulate P-gp activity and inhibit 

OXPHOS provides the basis for our new approach to selective depletion. In this study, we 

evaluated whether a novel photosensitizer with these dual properties would improve selectivity 

for activated T lymphocytes and protect resting cells important for normal immune responses. 

For this purpose, we created an in vitro model with a bioenergetic profile similar to pathogenic T 

cells. We then designed a small library of 24 photosensitive chalcogenorhodamines 

(Supplemental Fig. IA) and measured their effects on the bioenergetics of resting T cells to 

determine potential for toxicity. We identified a photosensitizer (2-Se-Cl) from this library that 

potently stimulates P-gp to protect resting cells and selectively inhibits OXPHOS of activated 

cells. We then confirmed selectivity by evaluating 2-Se-Cl for the ability to selectively deplete 

an immune response and prevent GVHD. 

8.3. Materials and Methods 

8.3.1. Nomenclature 

Compound 2-Se-Cl is shown in Chart 8.1, and the 24 photosensitizers investigated in 

this study are shown in Supplemental Figure IA. Compounds are identified by the degree of P-

gp ATPase stimulation and are referred to as "strong" or "weak" P-gp stimulators. 

0 Chart 8.1. The chalcogenorhodamine photosensitizer 2-Se
0 Cl. The photosensitizer 2-Se-Cl accumulates in stimulated T 

cells in proportion to the degree of OXPHOS and potently 
stimulates P-gp to protect resting lymphocytes essential for 
antipathogen and antitumor responses. 

2-Se-CI 
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8.3.2. Cell Isolation and Stimulation 

To examine the effects of our photosensitizers on human T cells, PBMCs were separated 

usmg Ficoll-Hypaque density gradient centrifugation (Organon Teknika, Durham, NC) and 

rested in RPMI 1640 supplemented with 10% heat-inactivated FCS. To produce stimulated T 

cells, human PBMCs were cultured in RPMI 1640 (Life Technologies, Gaithersburg, MD) with 

50 ng mL-1 staphylococcus enterotoxin B (SEB; Toxin Technology, Sarasota, FL) for 72 h. 

8.3.3. Photodepletion 

For all PD experiments, cells were suspended in a photosensitizer-rich medium (5 x 10-8 

M) for 20 min, followed by 30 min in a photosensitizer-free medium. Cells were then exposed to 

5 J cm-2 of light (600 nM, 65-W equivalent LED) and 180 rotations per minute and washed twice 

to facilitate photosensitizer removal in RPMI 1640 supplemented with 10% heat-inactivated 

FCS. 

8.3.4. Animals 

All studies were approved by the Animal Care and Use Committees of Wake Forest 

University. Female BALB/c, C57BL/6, and C3H/HeJ mice (The Jackson Laboratory, Bar 

Harbor, ME) were 8-12 wk of age at the time of transplant. P14 TCR-transgenic (H-2b and 

Thyl.2+) mice were purchased from the National Cancer Institute (Frederick, MD). Thyl.1+ 

P14-transgenic mice were generated by crossing P14 mice onto a B6.PL-Thyla/Cy (H-2b and 

Thyl.1 +) background, as described previously. 188 All mice were housed in a specific pathogen

free facility for the duration of the study. 

8.3.5. Bone Marrow Transplantation 

To evaluate the selective depletion of alloimmune responses, a well-established complete 

MHC Ag-mismatched murine model of HSCT was used.50 To prepare the PD-treated primed 
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splenocytes, donor C57BL/6 splenocytes were co-cultured for 5 d with irradiated (20 Gy) 

106BALB/c splenocytes and then PD. On the day of HSCT, 10 x donor C57BL/6 T cell

depleted bone marrow cells (< 0.1 % mature CD3+ T cells), together with 5 x 106 PD-treated 

(treatment group) or untreated (control group) primed splenocytes, were infused via tail vein 

injection into irradiated same-party BALB/c (9 Gy) or third-party C3H/HeJ (9.5 Gy) recipients. 

All mice were monitored for signs of GVHD according to an established mouse GVHD grading 

system, and mice with severe GVHD ( overall score > 5) were euthanized. 189
-
190 

8.3.6. P14 Cell Isolation, Transfer, and Viral Infection 

Splenocytes were isolated from naive P 14 Thy1.1 + mice, PD, and rested overnight. Cells 

were enumerated by staining with anti-CD8a and DbGP33-41, followed by i.v. transfer of 105 

naive GP33-specific CD8+ T cells into naive C57BL/6 Thyl .2+ hosts. Mice were then infected 

i.p. with 2 x 105 PFU of lymphocytic choriomeningitis virus (LCMV)-Armstrong. LCMV was 

prepared and quantitated as described previously. 188 Animals were sacrificed 8 d later, and F ACS 

analysis was performed on splenocytes for enumeration and function. Viral levels in spleens 

were determined by plaque assays, as previously described. 191 

8.3.7. Reagents for Flow Cytometry 

The following mAbs were used (eBioscience): mouse anti-human anti-CD3-Cy7-

allophycocyanin (clone OKT3), anti-CD4-Pacific Blue (clone RPA-T4), anti-CD8-FITC (clone 

SKI), anti-CD25-Cy7-PE (clone BC96), rat anti-mouse anti-CD19-PE (clone 1D3), anti-CD3-

FITC ( clone 17AD), anti-CD90.1-PerCP-Cy5.5 or anti-CD90.1-FITC ( clone HIS51 ), anti-CD8-

Pacific Blue or anti-CD8-PE or anti-CD8-V500 (clone 53-6.7), anti-CD27-PE-Cy7 (clone 

LG.7F9), anti-CD44-FITC or anti-CD44-PerCP-Cy5.5 (clone IM7), anti-CD62L

allophycocyanin-Cy7 (clone MEL-14), anti-CD127-FITC (clone A7R34), anti-KLRGl (clone 
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2Fl), INF-y-FITC (clone XMGl.2), MIP-la-PE (clone DNT3CC), TNF-anti-PE-Cy7 (clone 

MP6-XT22), and IL-2-allophycocyanin (clone JES6-5H4). The following mAbs were used to 

identify naive and memory T cell subsets (BD Pharmingen): mouse anti-human anti-CD27-PE 

(clone M-T271) and anti-CD45RO-FITC (clone UCHLl). Apoptosis was assessed by FACS 

analysis of annexin V- and 7-aminoactinomycin D (7AAD)-stained cells (BD Pharmingen), as 

previously described. MitoTracker Red (MTR), MitoTracker Green (MTG), and LysoTracker 

Green (L YS) were purchased from Life Technologies. 174 

8.3 .8. Cell-Proliferation Assay 

Measurement of in vitro proliferation was performed by the method of CFSE dilution. 

Human PBMCs or mouse splenocytes were stained with 0.5 mM CFSE (lnvitrogen) and 

incubated at 37°C for 7 min. CFSE was quenched by adding 1 mL normal AB serum (Gemini 

Bio-Products) for 2 min, and the cells were washed twice in RPMI 1640 containing 10% normal 

AB serum. A total of 1-5 x 105 cells was stimulated in a 48-well plate for 5-6 d, stained with 

mAb to CD3, and acquired on a BD FACSCanto II flow cytometer. Data were analyzed using 

FlowJo software, and the division, proliferative indices, and the percent divided parameters were 

calculated using the Proliferation Platform in the FlowJo software package. 

8.3.9. Photosensitizer Retention and Extrusion Experiments 

For experiments comparing the retention of the different photosensitizers, SEB

stimulated human PBMCs were stained with mAb to CD3 and CD25. Cells were then washed 

and suspended at a concentration of 2 x 106 cells/mL in PBS containing 2.5 x 1o-8 M the 

photosensitizer for 20 min. Then cells were washed and suspended in photosensitizer-free 

medium for 30 min (RPMI 1640 supplemented with 10% heat-inactivated FCS). To measure 

extrusion kinetics, HUT-78 cells (American Type Culture Collection, Manassas, VA) were 
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suspended at a concentration of 2 x 106 cells/mL in PBS containing 2.5 x 10-7 M the 

photosensitizer for 20 min. HUT-78 cells were washed and suspended in photosensitizer-free 

media for 18 h. Data were acquired on a BD F ACSCanto II flow cytometer and analyzed using 

FlowJo software. 

8.3.10. Measuring T Cell Bioenergetics 

For experiments on resting T cells, CD3+-selected cells were immediately purified from 

human PBMCs. For experiments on SEB-stimulated T cells, CD25+-selected T cells were 

isolated from culture and compared with the CD2S- fraction. Isolated T cells were then exposed 

to photosensitizer alone for 20 min (coloration only) or PD, as described above. Cells were 

washed twice in a protein-rich medium ( 10% FCS) to absorb and remove all photosensitizer and 

kept in the dark (37 °C, 5% CO2). Real-time analysis of the extracellular oxygen consumption 

rate (OCR) and extracellular acidification rate (ECAR) of isolated T cells was performed with 

the XF24 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA) according to 

the manufacturer's protocol, 1 h after coloration or PD. In brief, cells were plated in XF24 

culture plates at 1.5 x 106 T cells per well. At the indicated time points, cells were washed and 

analyzed in XF Running Buffer, per the manufacturer's instructions. Bioenergetic profiles of the 

T cells were measured in a basal state, as well as after the addition of IM oligomycin (to block 

ATP synthesis), 1.5 M fluoro-carbonyl cyanide phenylhydrazone (FCCP; to uncouple ATP 

synthesis from the electron transport chain), and 100 nM rotenone (to block complex I of the 

electron transport chain) (all from Sigma-Aldrich). 

8.3 .11. Statistical Analysis 

Unless otherwise stated, all experiments were performed in triplicate. Data are presented 

as mean ± SE. Graphs were generated using GraphPad Prism (GraphPad). For comparison of 
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bioenergetics, the area under the curve for basal OCR and ECAR was calculated and adjusted for 

baseline (after oligomycin injection), and the difference between groups was determined by one

way ANOV A and the Tukey honest significant difference method for post hoc analysis. Survival 

data were analyzed by the log-rank test. All t tests were two sided, and p values :S 0.05 were 

considered significant. 

8.4. Results 

8.4.1. Bioenergetics of Superantigen-stimulated T Cells Resemble the Warburg Effect 

Alloreactive T cells that mediate GVHD increase aerobic glycolysis and OXPHOS, 

which is also the bioenergetic phenotype of pathogenic T cells seen in other disease settings. 185
• 

192
-
193 Consequently, we hypothesized that this bioenergetic configuration results from a chronic 

or robust stimulation in the context of disease and, therefore, may be induced in vitro. For this 

purpose, we used staphylococcal superantigens to create a model of robust T cell stimulation 

(Figure 8.1). To test our hypothesis, human PBMCs were cultured with 50 ng mC1 of SEB for 

72 h, at which time the bioenergetic profiles were measured by real-time analysis. For this 

analysis, we used extracellular OCR as an indicator of OXPHOS and ECAR as an indicator of 

aerobic glycolysis. After 3 d of stimulation, 80% of T cells expressed CD25 (Figure 8.lA), 

representing an activated population. The OCR of CD25+ T cells was 3-4-fold higher than in the 

CD2S- T cell population, indicating increased OXPHOS in response to SEB stimulation (Figure 

8.lB). However, no difference in spare respiratory capacity (SRC) was noted between activated 

and resting T cells, as indicated by the similar percentage of OCR in response to the uncoupler 

FCCP compared with baseline (measured after oligomycin injection) (Figure 8.lC). SRC is the 

extra capacity available in cells to produce energy in response to increased stress or work, and it 

may reflect increased mitochondrial mass. 186 To evaluate differences in cellular mitochondrial 
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content, we quantified mitochondrial mass with MTG. Fluorescence intensity of MTG was 3-4-

fold greater in CD25+ T cells compared with CD25- T cells (Figure 8.lD). These results indicate 

that superantigen stimulation with SEB rapidly expands T cells with greater mitochondrial 

content compared with resting cells and that the increased mitochondrial mass of SEB-stimulated 

T cells enables increased basal OCR. In the setting of similar SRCs between the populations, the 

increased mitochondrial content and baseline OCR of activated T cells indicate a greater degree 

of mitochondrial inner membrane (IM) uncoupling and IM instability at baseline. Consistent 

with the recent observations that the increased OXPHOS of proliferating cells directly engages 

aerobic glycolysis, we observed a parallel increase in OXPHOS and ECAR after SEB 

stimulation (Figures 8.lE, 8.lF). As observed in the Warburg phenomenon, aerobic glycolysis 

increased to a greater extent than OXPHOS, as evidence by a lower OXPHOS/ECAR ratio in 

CD25+ T cells (Figure 8.lG). These results demonstrate that superantigen stimulation with SEB 

produces a bioenergetic profile shared with highly proliferative malignant cells and chronically 

activated T cells in the setting of disease, as well as that the relatively uncoupled IM of cells with 

185 192 194this bioenergetics configuration may be susceptible to targeted therapy. 124
• • • 
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Figure 8.1. Bioenergetic profile of superantigen-stimulated T cells resembles the Warburg 
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effect. PBMCs were stimulated with SEB for 72 h. A) Activated (CD3+CD25+) and resting 
(CD3+CD25-) T cells were identified by F ACS analysis, as shown for one representative 
experiment. Activated and resting T cells were then isolated, and bioenergetics were measured 
by real-time extracellular flux analysis. B) OCR and C) SRC were measured in a basal state, as 
well as after the addition of oligomycin (to block ATP synthesis), FCCP (to uncouple ATP 
synthesis from the electron transport chain), and rotenone (to block complex I of the electron 
transport chain), as shown for one representative experiment. Mean fluorescent intensity (MFI) 
of D) MTG, E) basal OCR, F) basal ECAR, and G) OCR/ECAR ratio for activated and resting 
cells. Mean± SE are plotted from five independent experiments. *p < 0.05, **p < 0.01. 

8.4.2. Modulation of P-gp Improves the Selectivity of Photosensitizers for Activated T 

Cells 

We demonstrated previously that lymphocytes with low P-gp activity may be 

disproportionately depleted by phototherapy.52 P-gp (also known as MORI or ABCBl) is a 

member of the ATP-binding cassette superfamily and was the first efflux protein identified.27 

Recently, simple substitutions in a series of chalcogenorosamine/rhodamine structures were 

shown to create molecules that possess a high affinity for P-gp and are either highly stimulating 

or inhibiting for ATPase activity.26
-
27 Based on this observation, we developed a small library of 

24 photosensitive agents that modulate P-gp. We hypothesized that P-gp stimulation would 

decrease photosensitizer accumulation in resting cells and improve selectivity for stimulated T 

cells. To measure differences in cell-extrusion kinetics between photosensitizers, the T cell line 

HUT-78 was used for uniform P-gp expression. 195 Of the photosensitizers analyzed in this study, 

the weak P-gp-stimulating photosensitizers (thioamide scaffolds 1, 3, 5, and 7 and the collected 

julolidine rhodamines 5, 6, 7, and 8 in Supplemental Figure 1, Supplemental Table I) were 

associated with prolonged intracellular retention compared with their paired P-gp-stimulating 

analogs (amide scaffolds 2, 4, 6, and 8 and the collected half-julolidyl rhodamines 1, 2, 3, and 4). 

These results demonstrate that small structural changes in our photosensitizers dictate P-gp 

ATPase activity to determine cell-extrusion kinetics (Supplemental Table I). 
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We next evaluated whether SEB-stimulated T cells preferentially retain photosensitizers 

with the potential to inhibit OXPHOS. The ATP production of OXPHOS is driven by the 

electrochemical gradient across the mitochondrial IM. Early after T cell activation, the 

mitochondrial IM becomes hyperpolarized and negatively charged.196 In this activated state, 

mitochondria attract positively charged molecules.29 With an appropriately designed cationic 

photosensitizer, cells that possess greater mitochondrial mass and activity, such as effector and 

alloreactive cells, experience increased intracellular accumulation. Upon exposure to light, a 

well-designed photosensitive agent produces reactive oxygen species that uncouple the 

mitochondrial IM and selectively impede OXPHOS. Based on this reasoning, we also designed 

the 24 photosensitizers with the potential for intramitochondrial accumulation. To evaluate for 

selective uptake in activated T cells, SEB-stimulated cells were washed and suspended at a 

concentration of 2 x 106 cells mL-1 in 2.5 x 10-7 M photosensitizer for 20 min, followed by 

suspension in photosensitizer-free media for 30 min. Fluorescence intensity of the 

photosensitizers was 5-7-fold higher in CD25+ T cells compared with CD2S- T cells (Figure 

8.2A) and was proportionate to the extent of P-gp modulation. Strong P-gp stimulators were 

associated with a significantly higher retention differential between stimulated and resting T cells 

(Figure 8.2B). These results demonstrate that the photosensitizers investigated in this study are 

preferentially retained in stimulated T cells and that P-gp stimulation further increases this 

retention differential and, therefore, may improve the selectivity of phototherapy. 
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Figure 8.2. Photosensitizers are preferentially retained in stimulated T cells. Stimulated T cells 
were identified by FACS analysis for CD3+ and CD25+ co-expression. Resting T cells were 
identified as CD3+ without expression of CD25. (A) Representative graph of photosensitizer 
fluorescence. (B) Bar graph shows the ratio of the mean fluorescent intensity (MFI) of 
CD25+/CD25- T cells for the strong and weak P-gp-stimulating photosensitizers. Mean± SE are 
plotted from three independent experiments. **p < 0.01. 

8.4.3. Photosensitizers with Rapid Extrusion Kinetics Minimally Impede the 

Bioenergetics ofResting T Cells 

None of the photosensitive agents in use today have demonstrated selectivity for 

activated cells without significant toxicity occurring in resting cells. We hypothesized that if 

longer intracellular resident times were associated with greater toxicity, then the photosensitizers 

associated with rapid extrusion kinetics would have lower potential for toxicity. To test our 

hypothesis, we next compared the influence of the 24 photosensitizers on the bioenergetics of 

resting T cells. For these experiments, ex vivo selected T cells were exposed to 5 x 10-7 M 

photosensitizer for 20 min in the absence of light, followed by the real-time measurement of 

OCR and ECAR. The weak P-gp stimulators, which are associated with slower cell-extrusion 

kinetics, affected T cell bioenergetics to a greater extent than did the strong P-gp-stimulating 

photosensitizers (Figure 8.3A). These results demonstrate that photosensitizers that are rapidly 

extruded from resting cells are associated with a low potential for bioenergetic impedance and 
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dark toxicity. To better understand the toxicity profile of our photosensitizers, we evaluated the 

effects of increasing concentrations. For this purpose, we used the photosensitizer 2-Se-Cl and 

found no change in the bioenergetics ofresting T cells at 5 x 10-7 M concentration. However, an 

initial increase in OCR at 6 x 10-7 M was followed by a linear decline, where OXPHOS was 

inhibited in proportion to 2-Se-Cl and accompanied by an increase in aerobic glycolysis (Figure 

8.3B, 8.3C). The decrease in OXPHOS with an increase in aerobic glycolysis was evidenced by 

a decrease in the OCR/ECAR ratio (Figure 8.3D). These results demonstrate that OXPHOS 

inhibition is associated with a compensatory increase in aerobic glycolysis in resting T cells. 
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Figure 8.3. Stimulation of P-gp protects cells from toxicity. For photosensitizer-alone 
experiments, isolated T cells were exposed to 5 x 10-7 M photosensitizer or PBS (control) for 20 
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min. For PD experiments, isolated T cells were exposed to 5 x 10-8 M photosensitizer or PBS 
( control) for 20 min, washed, and exposed to 5 J cm-2 light. A) Bar graph showing mean OCR of 
24 photosensitizers as a percentage of control in resting T cells for the strong and weak P-gp 
stimulators. B) OCR, C) ECAR, and D) OCR/ECAR ratio for increasing concentration of 2-Se
Cl for one representative experiment. E) Effects of PD on the bioenergetics of resting T cells 
using 2-Se-Cl and 2-S-Cl compared with control in a basal state and after the addition of 
oligomycin (to block ATP synthesis), FCCP (to uncouple ATP synthesis from the electron 
transport chain), and rotenone (to block complex I of the electron transport chain) for one 
representative experiment. F) Bar graph showing the effects of PD on the OCR and survival of 
cells compared with control for photosensitizers 2-S-Cl, 2-Se-Cl, 4-S-Cl, and 4-Se-Cl. Three 
donors were used in four independent experiments. Mean± SE are plotted. *p < 0.05. 

Based on the rapid extrusion kinetics and low potential for toxicity in resting cells, we 

selected four strong P-gp-stimulating photosensitizers for further analysis (2-S-Cl, 2-Se-Cl, 4-S

Cl, and 4-Se-Cl) and evaluated the effects of PD on the bioenergetics of resting T cells. For all 

PD experiments, immunomagnetically selected CD3+ cells were suspended in a photosensitizer

rich medium of 5.0 x 10-8 M for 20 min, followed by 30 min in a photosensitizer-free medium. 

Cells were then exposed to 5 J cm-2 of light, followed by real-time measurement of OCR and 

ECAR. SRC was decreased in resting cells after PD with all four photosensitizers (Figure 8.3E); 

however, of the four photosensitizers, only the two selenorhodamine analogs (2-Se-Cl and 4-Se

Cl) did not significantly impede the basal OCR (Figures 8.3E, 8.3F). We next evaluated the 

effects of PD on cell survival. For these experiments, F ACS analysis was performed 18 h after 

PD. Cell survival was identified by failure to bind annexin V and 7 AAD, and percentage survival 

was calculated as the difference in the absolute number of cells between PD and control (non

PD) samples. Significant cell death occurred with the use of 2-S-Cl and 4-S-Cl. In contrast, 

minimal cell death was observed when 2-Se-Cl or 4-Se-Cl was used for PD, without selectivity 

for CD4+, CD8+, naive, or memory cell subsets in resting T lymphocytes (Figure 8.3F). These 

results demonstrate that photosensitizers that stimulate P-gp ATPase are rapidly extruded from 

cells and protect resting cells from dark and phototoxicity. When using these photosensitizers, 
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suppression of basal OCR, but not SRC, affected survival. These findings indicate that basal 

OXPHOS is sufficient to support cell homeostasis and survival with a reduced SRC. After PD, 

the suppression of SRC reflects mitochondrial respiratory inhibition due to uncoupling and loss 

of the electron gradient across the mitochondrial IM. However, in the case of PD with 2-Se-Cl 

and 4-Se-Cl, the degree of mitochondrial IM uncoupling was insufficient to induce apoptosis. 

8.4.4. PD with 2-Se-Cl Selectively Affects the Bioenergetics and Survival of Activated T 

Cells 

We next evaluated the selectivity of PD for activated T cells. Although the 

photosensitizers 2-Se-Cl and 4-Se-Cl demonstrated a high degree of selective accumulation in 

activated T cells and a low potential for toxicity in resting T cells, we focused on 2-Se-Cl. To 

confirm intracellular localization of 2-Se-Cl, F ACS analysis using ImageStream technology 

(Amnis) was performed (Figure 8.4A). Co-localization of MTG with 2-Se-Cl in the 

mitochondria of HUT-78 T cells (Figure 8.4B, similarity score = 2.56 ± 0.30) was clearly 

evident. A statistical analysis of the similarity of localization of MTG and MTR gave a mean 

bright detail similarity score of 3.06 ± 0.38 for 2,420 cells, indicating a high degree of co

localization of these two agents. In contrast, a low similarity score between L YS and MTR of 

0.55 ± 0.21 for 2,590 cells was observed, demonstrating differences in the accumulation of the 

reporter fluorescent dyes in mitochondria and lysosomes. The high similarity score of 2-Se-Cl 

and MTG (Figure 8.4C) demonstrates the specific localization of 2-Se-Cl in mitochondria. 

These results confirm the mitochondrial specificity of 2-Se-Cl, as well as the absence of any 

significant localization of this photosensitizer in the lysosomes of T cells. 
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Figure 8.4. Photosensitizer 2-Se-Cl localizes in mitochondria. Malignant T cells (HUT-78) were 
stained with MTG, MTR, LYS, and 2-Se-Cl for comparison by FACS analysis. A) Bright-field 
image (BF), MTG fluorescence, 2-Se-Cl fluorescence, (Dye), and a merged image ofMTG/2-Se
Cl fluorescence (MTG/Dye) of one representative sample. B) Graph of the pixel-by-pixel 
statistical analysis of each cell analyzed (n = 2,205); the y-axis is the number of cells, and the x
axis is the similarity coefficient between MTG and 2-Se-Cl. C) Bar graph showing the average 
similarity score for co-localization of 2-Se-Cl and MTG, L YS and MTR, and MTR and MTG. 
Mean ± SE are plotted. 

Next, we evaluated the differential effects of PD on bioenergetics of activated and resting 

T cells. For these experiments, immunomagnetically selected CD25+ and CD25- T cells were 

isolated (> 95% purity) after SEB stimulation. PD was performed, and bioenergetics were 

measured within 1 h. We hypothesized that the greater intramitochondrial accumulation of 2-Se

Cl in activated T cells would selectively uncouple the mitochondrial IM to impede basal ATP 

production required for cell survival. The percentage of basal OCR devoted to ATP production 

was determined by comparing basal OCR with baseline OCR (after oligomycin injection). PD 

with 2-Se-Cl significantly impeded OXPHOS-associated ATP production in activated T cells but 

not in resting T cells from the same culture (Figure 8.5A) and did not affect aerobic glycolysis 
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of either population (Figure 8.5B). These results indicate that the increased mitochondrial 

metabolism drives the potential for greater photosensitizer accumulation. Upon exposure to light, 

the higher concentration of 2-Se-Cl selectively disrupted OXPHOS in activated T cells. 
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Figure 8.5. PD with 2-Se-Cl selectively affects the bioenergetics and survival of activated T 
cells. PBMCs were stimulated with 50 ng mL-1 SEB for 72 h and then PD with 5 x 10-8 M 2-Se
Cl and 5 J cm-2 light. Bar graphs showing the average area under the curve (AUC) summations 
for A) basal OCR/baseline OCR and B) the ECAR measurements for resting and activated T 
cells of PD and non-PD ( control) samples. Nine donors were used in three independent 
experiments. C) Cell survival was measured 18 h after light exposure and enumerated by F ACS 
analysis by exclusion of annexin V and 7 AAD. D) Percentage survival compared with control 
was determined in three independent experiments. Mean± SE are plotted. **p < 0.01. 

To determine whether the selective impedance of basal ATP production affected cell 

survival, we next performed F ACS analysis 18 h after PD (Figure 8.5C). Cell survival was 

identified by a failure to bind annexin V and 7 AAD, and percentage survival was calculated as 

the difference in the absolute number of cells between PD and control (non-PD) samples. More 

than 90% of activated T cells were eliminated from culture, with minimal to no cell death 
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occurring in the resting T cell population (Figure 8.5D). The CD4+ and CD8+ cell compartments 

were depleted equally. These results demonstrate that PD with 2-Se-Cl selectively disrupts 

OXPHOS in activated T cells to induce cell death, whereas resting T cells remain intact. 

8.4.5. PD with 2-Se-Cl Selectively Depletes Immune Responses 

To directly test the hypothesis that PD with 2-Se-Cl selectively eliminates an immune 

response, PBMCs were stimulated with 50 ng mL-1 SEB for 72 h and PD using 2-Se-Cl, as 

described above. Cells were rested overnight, stained with CFSE, and re-challenged with SEB or 

toxic shock syndrome toxin 1 (TSST-1) in culture for 6 d. After PD, no proliferation occurred in 

response to SEB (Figure 8.6A, upper right panel). In contrast, when challenged with TSST-1, a 

superantigen that stimulates a different range of the TCR repertoire compared with SEB, a robust 

response was observed (Figure 8.6A, lower right panel). SEB and TSST-1 bind to specific TCR 

sequences, which represent - 20% of the TCR repertoire. The loss of SEB-specific T cells 

enriched the TSST-1-specific T cells in the remaining PBMCs and accounts for the increased 

percentage of dividing cells and the higher division index ( average number of cell divisions for 

all cells) in response to TSST-1 (Figures 8.6B, 8.6C). Although the average proliferation index 

( average number of divisions for proliferating cells) for T cells responding to TSST-1 after PD 

was lower than that of the control (3.9 versus 2.6), a robust response to TSST-1 was maintained, 

demonstrating that the resting T cells remain intact and functional after PD (Figure 8.6C). 

Next, selective depletion of an allogeneic immune response was evaluated. For these 

experiments, an MHC-mismatched murine model was used. Responder splenocytes from 

C57BL/6 mice (H-2b) were cultured with irradiated (2000 cGy) stimulator BALB/c (H-2d) 

splenocytes for 5 d and then PD. Cells were rested overnight, stained with CFSE, and re

challenged with same-party BALB/c or third-party C3H.HeJ (H-2k) splenocytes for 5 d. Similar 
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to the results of our superantigen model using human cells, no proliferation occurred after PD in 

response to same-party cells (Figure 8.6D, upper right panel, Figure 8.6E). In contrast, after PD, 

a robust proliferative response was observed against third-party cells (Figure 8.6D, lower right 

panel, Figure 8.6F). These studies demonstrate that our novel photosensitizer 2-Se-Cl, designed 

to stimulate P-gp, selectively accumulates in activated T cells to inhibit OXPHOS and, as a 

result, selectively depletes an alloimmune response while leaving intact resting cells with a 

normal response potential. 
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Figure 8.6. PD with 2-Se-Cl selectively depletes immune responses. A) PBMCs were stimulated 
with 50 ng mL-1 SEB for 72 hand then PD with 5 x 10-8 M 2-Se-Cl and 5 J cm-2 light. Cells 
were rested overnight, stained with CFSE, and re-challenged with SEB or TSST-1 in culture for 
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6 d. Graphs of CFSE fluorescence for stimulated and non-stimulated T cells are shown for one 
representative sample. B) Bar graph showing the percentage of total cells proliferating in 
response to SEB or TSST-1 for PD and control (non-PD) samples. C) Bar graph showing the 
division index (average number of cell divisions for all cells) and proliferation index (average 
number of divisions for proliferatin~ cells) for TS ST-I-stimulated cells. D) Responder 
splenocytes from C57BL/6 mice (H-2 ) were cultured with irradiated (2000 cGy) stimulator 
BALB/c (H-2d) splenocytes for 5 d and then PD. Cells were rested overnight, stained with CFSE, 
and re-challenged with same-party BALB/c or third-party C3H.HeJ (H-2k) splenocytes for 5 d. 
Graphs of CFSE fluorescence for stimulated (dashed lines) and non-stimulated (solid lines) T 
cells for one representative sample. E) Bar graph showing the percentage of total cells 
proliferating in response to same-party BALB/c or third-party C3H.HeJ for PD and control 
samples. F) Bar graph showing the division index and proliferation index for third-party 
C3H.HeJ-stimulated cells. Three donors were used in three independent experiments. Mean± SE 
are plotted. *p < 0.01. 

8.4.6. PD with 2-Se-Cl Selectively Prevents GVHD 

To determine whether selective depletion of Ag-specific alloreactive T cells by PD with 

2-Se-Cl prevents GVHD in vivo, a complete MHC-mismatched murine model of rapidly lethal 

acute GVHD was used. To prepare the PD-treated primed splenocytes, donor C57BL/6 (H-2b) 

splenocytes were co-cultured for 5 d with irradiated (20 Gy) BALB/c (H-2d) splenocytes and 

then PD. On the day of HSCT, C57BL/6 PD-treated splenocytes were infused into lethally 

irradiated BALB/c (same-party) or C3H/HeJ (H-2k) (third-party) mice. Same-party mice that 

received PD-treated splenocytes at the time of transplant lived 100 d without evidence of GVHD 

(Figure 8. 7C) and with < 10% weight loss occurring throughout the 100-d post-transplant period 

(Figure 8.7A), which was equivalent to the mean weight loss noted in the same-party control 

groups (T cell-depleted bone marrow only). In contrast, all mice that received untreated primed 

splenocytes (Figure 8.7C, 8.7D) and third-party mice that received PD-treated splenocytes 

(Figure 8.7D) died of lethal GVHD. These results demonstrate that inhibition of OXPHOS by 2-

Se-Cl selectively depletes pathogenic T cells and associated immune responses and may be 

applied to effectively prevent GVHD after MHC-mismatched HSCT. 
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Figure 8.7. Ex vivo PD with 2-Se-Cl selectively depletes alloimmune responses to prevent 
GVHD. Donor C57BL/6 splenocytes were co-cultured for 5 d with irradiated (20 Gy) BALB/c 
splenocytes and then PD. On the day of HSCT, 5 x 106 PD-treated or untreated primed 
splenocytes were infused into irradiated same-party BALB/c (9 Gy) or third-party C3H/HeJ (9.5 
Gy) recipients, together with 10 x 106 donor C57BL/6 T cell-depleted bone marrow (TCD BM) 
cells. A) Body weight and C) survival for first-party mice. B) Body weight and D) survival for 
third-party mice. Three to five mice were transplanted in each group in three independent 
experiments. 

8.4.7. PD with 2-Se-Cl Preserves Antiviral Immunity 

Finally, to verify the retention of antipathogen immune responses after PD, splenocytes 

were harvested from CD90.l+ P14 TCR-transgenic mice and PD. Eighteen hours after PD, 105 

na'ive GP33-specific PD or non-PD CD8+ T cells were transferred i.v. into naive C57BL/6 

CD90.2+ hosts. Mice were infected i.p. with 2 x 105 PFU of LCMV-Armstrong. Animals were 

sacrificed 8 d later, and F ACS analysis was performed on splenocytes for enumeration and 

function. Recipient mice of PD-treated cells had an equivalent expansion of GP33-specific CD8+ 
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T cells in response to LCMV infection compared with recipients ofnon-PD-treated cells (Figure 

8.8A), with an expected CD44high activated/memory T cell phenotype. Cytokine production is 

critical for T cell function and control of virus. Consequently, to confirm T cell function, 

postharvest splenocytes were treated with GP33-41 or NP396-404 peptides for 5 h in vitro and 

then stained for intracellular cytokines IFN-y, TNF-a, MIPl-a, and IL-2. All PD and non-PD 

CD90.l+ transferred CD8+ T cells produced IFN-y and MIPl-a in response to GP33-41 peptide 

stimulation and demonstrated an equivalent polyfunctional response, with coproduction of IFN

y, TNF-a, and MIPl-a (Figure 8.8B). Additionally, to determine the effect of PD treatment on 

viral clearance, virus titers of spleens were measured in recipients of PD and non-PD cells. Low 

virus levels (mean 2.53 versus 2.58 x 103 PFU g-1
; Figure 8.8C) were measured 8 d post 

infection in both groups, consistent with rapid clearance of the virus and full retention of 

antiviral immunity. These results confirm that antipathogen immune responses remain fully 

intact after PD with 2-Se-Cl and may be efficiently transferred at the time of transplant. 

Collectively, these results demonstrate that PD with 2-Se-Cl is highly selective for pathogenic T 

cells that cause GVHD after MHC-mismatched HSCT and, via P-gp stimulation, actively 

protects nonpathogenic T cells central to a successful immune reconstitution after transplant. 
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Figure 8.8. Antipathogen immunity is fully retained after ex vivo PD with 2-Se-Cl. Splenocytes 
were isolated from naive P14 Thyl.1+ mice, PD, and rested overnight. Cells were enumerated by 
staining with anti-CD8a and DbGP33-41, followed by i.v. transfer of 105 naive GP33-specific 
CD8+ T cells into naive C57BL/6 Thyl.2+ hosts. Mice were infected i.p. with 2 x 105 PFU of 
LCMV-Armstrong. Animals were sacrificed 8 d later, and FACS analysis was performed on 
splenocytes for A) enumeration and B) function and compared with control. Mean ± SE are 
plotted. C) Viral levels in spleens were determined by plaque assays. Five mice were used in 
each group, in two independent experiments with similar results. 

8.5. Discussion 

We designed and evaluated 24 photosensitive chalcogenorhodamines for the ability to 

selectively deplete activated T lymphocytes and associated immune responses. These 

photosensitizers specifically target T cell bioenergetics and accumulate in proportion to 

OXPHOS. In this study, we demonstrate that photosensitizers with increased intracellular 

residence times nonselectively impede OXPHOS and may be toxic to resting cells. 

Consequently, we selected a photosensitizer that potently stimulates P-gp to protect against 

toxicity occurring in resting cells. To our knowledge, this is the first time that a therapeutic has 

been designed with the dual properties of P-gp stimulation and OXPHOS inhibition. Applying 

this novel agent selectively depleted alloreactive T cells and prevented GVHD in a complete 

MHC-mismatched murine model of lethal GVHD, leaving intact resting cells with a robust 

response potential. 
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Having an OXPHOS-specific photosensitizer facilitates increased uptake in activated T 

cells relative to resting T cells, offering a unique target to enable selective depletion. In this 

article, we present a model describing the determinants of photosensitizer selectivity, and one 

that may be followed in the design of future therapeutics selective for OXPHOS inhibition. In 

this model, the intracellular concentrations of a selective therapeutic are at an equilibrium 

involving influx and efflux, and the cytoplasmic concentration is determined by a balance 

between the opposing forces of OXPHOS and P-gp activity. All of the photosensitizers 

investigated in this study are highly dependent on the mitochondrial IM potential for intracellular 

accumulation (Figures 8.2, 8.4). Consequently, we selected 2-Se-Cl because of its potent ability 

to stimulate P-gp and low potential for toxicity in resting cells. With 2-Se-Cl, increased 

OXPHOS of activated T cells slows cell extrusion and is the main determinant of intracellular 

accumulation. 

Using staphylococcal superantigens to illustrate pathogenic T cells provided a 

mechanistic model to efficiently evaluate and identify the determinants of selectivity of our 

novel photosensitizers. In this study, we used superantigens to stimulate T cells with a restricted 

TCR repertoire. Superantigens induce a robust T cell response by cross-linking the TCR with an 

MHC class II product on an APC.197 In this model, responding T cells are highly proliferative 

with uniform high CD25 expression, representing a terminal effector population.198 Using 

extracellular flux analysis, we show that the effector cells undergoing clonal expansion in 

response to SEB stimulation increase aerobic glycolysis and OXPHOS to support the rapid cell 

growth. This bioenergetic phenotype is similar to the Warburg effect in cancer cells and was 

recently identified in pathogenic T cells in autoimmune and alloimmune diseases. 185 Alloreactive 

T cells in vivo minimally increase glycolysis above resting cells as a result of a limitation of 
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substrate compared with in vitro models. 199 However, the recent discovery that the increased 

OXPHOS enables increased aerobic glycolysis suggests that a novel therapeutic with the ability 

to inhibit OXPHOS will impede both metabolic pathways and starve cells of ATP to induce 

186apoptosis in in vitro and in vivo systems. Furthermore, the specificity of our PD technique 

selectively impedes OXPHOS in the effector cells to inhibit the ATP production associated with 

SRC and basal OCR. The SRC of mitochondria is the extra capacity available in cells to produce 

energy in response to increased stimulation200 and may be reduced after PD (Figure 8.3E). 

However, only a decrease in basal OCR was associated with cell death, consistent with basal 

OCR reflecting the ATP production required for cell survival in our model. 

Evaluating our small library of photosensitizers to identify the determinants of selectivity 

enabled the rapid translation of findings into an in vivo system. For this purpose, a well

established complete MHC-mismatched murine model of GVHD was used.50 This model was 

selected for study because of the very high rate of lethal GVHD. In this model, same-party 

recipients that received PD-treated primed splenocytes survived > 100 d after HSCT without 

evidence of GVHD. In contrast, third-party mice that received an equivalent PD-treated product 

developed lethal GVHD and died within 35 d of HSCT. Similar to our in vitro findings, the high 

selectivity of 2-Se-Cl for pathogenic T cells was evidenced in vivo by the robust response 

potential retained in resting and nonpathogenic T cells after PD, which resulted in the rapid onset 

of lethal GVHD in the third-party system. Similarly, antiviral immunity was maintained after PD 

using a transgenic murine model specific for LCMV, underscoring the selectivity of our 

approach for stimulated and pathogenic T cells. 

The goal of our work is to improve selective depletion and to prevent GVHD after HSCT. 

Despite prophylaxis with calcineurin inhibitors, acute GVHD occurs in up to 60% of patients 
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rece1vmg transplants from HLA-identical siblings and in up to 80% of patients rece1vmg 

transplants from HLA-matched unrelated donors.201 High-dose corticosteroids are the first-line 

treatment for acute GVHD but are associated with limited efficacy and significant toxicity. Only 

50% of patients with severe acute GVHD respond to treatment, and only 10% of patients with 

steroid-refractory GVHD survive long-term.202 For many patients, this risk for GVHD prohibits 

the curative option of HSCT. This is further compounded by the fact that the risk for GVHD 

increases with HLA disparity between the donor and patient, and many patients are unable to 

find a fully HLA-matched donor. Only 30% of patients have an HLA-identical sibling, requiring 

the majority of patients to consider higher-risk alternative donor options.203 For many, especially 

patients of ethnic minority backgrounds, a fully HLA-matched unrelated donor cannot be found; 

merely 6% of African Americans are expected to find an HLA-matched adult donor by high 

resolution molecular typing.204-205 

Haploidentical HSCT is an alternative donor option for patients without a fully HLA

matched donor, but it is associated with a high risk for GVHD due to significant HLA disparity. 

Almost all patients have an available HLA-haploidentical familial donor, which may include a 

parent, sibling, or child. Early attempts at performing T cell-replete haploidentical 

transplantations using conventional preparative regimens were associated with very high rates of 

GVHD and graft rejection.206 However, we propose that selective depletion with 2-Se-Cl may 

successfully prevent GVHD and make haploidentical transplantations a safer curative option for 

more patients. 

In conclusion, we present a new class of photosensitizers with a high potential for 

selectivity, and present a model that may be followed to develop new therapeutics to target cell 

bioenergetics. We identified 2-Se-Cl as a superior agent in this class with the ability to modulate 
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P-gp to selectively deplete stimulated T lymphocytes and associated immune responses. The 

mitochondrial specificity of 2-Se-Cl impedes OXPHOS of stimulated cells to induce apoptosis. 

Future applications for our approach are broad and may include targeting OXPHOS in 

alloimmune, autoimmune, and malignant T cells to provide alternative treatment options and 

improve clinical outcomes for patients with diseases such as GVHD, systemic lupus 

erythematosus, or peripheral T cell lymphoma. 
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9. Chapter 9: Introduction to Solar Cell Technologies and Dye Sensitized Solar Cells 

9.1. Solar Energy 

Today, the world's energy economy is vastly dependent upon "non-renewable" sources: 

oil (37%), coal (27%), and natural gas (20%). With approximately 82.5 million barrels of oil 

being expended daily, the world will likely exhaust its oil supply in roughly 40 years as global 

electricity consumption is expected to reach 35.2 trillion KWh by 2035, up from the 19.1 trillion 

KWh in 2008.207 The limitation in fossil fuel reserves has led to the attention of alternative 

energy sources, mainly those that are considered "renewable." The harvesting of sunlight and its 

conversion into electricity, known as solar energy, is an ideal way to meet the world's growing 

energy requirements since it is easily exploitable, infinite, and adaptable to various applications 

and needs.201
-
208 

The power density at the surface of the Sun is 62 MW m-2
, and it decreases to 1,353 W 

m-2 just above the Earth's atmosphere as ozone and oxygen filter out high-energy wavelengths in 

the UV region and water vapor, carbon dioxide, and methane absorb low-energy wavelengths in 

the infrared region (Figure 9.1). The air mass (AM) is the path that the Sun's radiation follows, 

where AMO represents the amount of radiation that passes through no atmosphere, AMI 

represents the radiation received if the sunlight were directly overhead (equator), and AMl.5 

represents the radiation at an angle of 48.2° relative to the surface, hence it is useful to represent 

the overall yearly average irradiation for mid-latitude locations since sunlight passes through 

roughly 1 ½ atmospheres (Figure 9.2).207 

The total solar irradiation per year equals 3 x 1024 J, which is about 10,000 times more 

than what is currently consumed. 207
-
209 Of the 1.7 x 105 TW of solar energy that actually reaches 
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the Earth's surface, nearly 600 TW is of practical value. Additionally, 60 TW of power could be 

generated by using 10% efficient solar cells covering only 0.1 % of the Earth's surface, which is 

more energy than is currently used and more energy than will be required by 2050.207
• 
209 
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Figure 9.1. AMO and AMl.5 solar irradiance spectra.207 
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Figure 9.2. Air mass (AM) is the path that the Sun1s radiation follows, where AMO represents 
the amount of radiation that passes through no atmosphere, AMI represents the radiation 
received if the sunlight were directly overhead, and AMl.5 represents the radiation at an angle of 
48.2° relative to the surface.207 
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9.2. Solar Cell Technologies 

Solar cells may be divided into three generations. The first two generations are based on 

either thin-films, or crystalline or amorphous silicon which are highly efficient, but cost 

ineffective and contain rare and hazardous materials.209
-
210 Third generation solar cells consist of 

dye-sensitized (DSSCs), heterojunction, hot carrier, quantum dot, organic, and polymer solar 

cells.207
, 

210 These cells have optimized efficiencies and significantly lower costs for mass 

production compared to first and second generation technologies.201
-
208 Furthermore, organic 

photovoltaics and DSSCs work well, even in diffuse light conditions and are considered 

promising candidates for next-generation solar cells. 208
, 
210 

9.3. DSSCs 

9.3.1. Brief History ofDSSCs 

In 1972, a chlorophyll-sensitized zinc oxide electrode was developed, and thus the history 

of DSSCs began. Four years later, Carlson and Pankove described the first amorphous silicon 

solar cell with an efficiency of 2.4%, which was later improved to 4%.207 In 1991, Gratzel, 

O'Regan, and coworkers engineered a new type of solar cell, the DSSC or Gratzel cell. The 

Gratzel cell mimicked photosynthesis by sensitizing a porous layer of titanium dioxide (TiO2) 

nanoparticles, which increased the available surface area for attachment of the novel 

ruthenium(II) polypyridyl complex used, and resulted in an efficiency of 7.1 % (Figure 9.3).207
' 

209
-
212 The TiO2 anode was immersed under an electrolyte solution and paired with a platinum 

cathode.210 This approach dramatically improved light absorption and brought power conversion 

efficiencies (PCE, ri) into a range that allowed the DSSC to be viewed as a serious competitor of 

other solar technologies.211 
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During the remainder of the 199Os and the early 2OOOs, it was determined that 

organometallic complexes based on ruthenium afforded the highest PCEs (Figure 9.3).211 The 

performance of a DSSC depends primarily on the sensitizer employed, whereas the absorption 

and anchorage of the sensitizer to the semiconductor are crucial parameters for determining 

efficiency.207 The efficiency of ruthenium and nanocrystalline Ti02 based cells has reached 

efficiencies of 11-12%.207· 211 Additionally, iodide/triiodide (r/h-) was found to be the most 

effective redox couple.211 Sensitizers were anchored to wide-bandgap semiconducting oxides, 

such as Ti02, ZnO, and Sn02, which are necessary to convert solar light to electric power.212 
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Figure 9.3. Solar cell development from 1975 to 2015.207 
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9.3.2. Components of a DSSC 

A DSSC consists of a nanocrystalline semiconductor (anode) coated with a 

photosensitizing dye, an electrolyte which may contain an additive, a solvent, a counter electrode 

(cathode), and a sealant (Figure 9.4). TiO2 is the most commonly employed semiconductor since 

its conduction band (CB) edge is more positive in potential than the excited state potential of 

various dyes, which is essential for electron injection. However, other transparent conducting 

oxides that can be coated on glass and satisfy this energetic requirement may be used.207
, 

212 The 

semiconductor is coated with dye molecules, which convert photons into excited electrons and 

cause a current flow. The performance of a DSSC is mainly dependent upon the sensitizer used 

and its optical band gap. 212 The efficiency of the cell depends not only on the absorption of light 

by the dye, but also the dye's anchorage to the semiconductor surface. 207 

,,,,,,,,,,,,,,,,,Platinum-coated FTO (back contact) ,,,,, 

• Sensitizing dye Titania nanoparticle 

Figure 9.4. Components of a DSSC.211 

The electrolyte, or redox couple, plays an important role in charge transfer between the 

two electrodes, as well as dye regeneration. Its redox potential must be more negative than the 

oxidation potential of the dye. An electrolyte ideally has good stability and diffusion properties, 
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minor visible light absorption, fast electron transfer kinetics at the counter electrode, slow 

electron recombination kinetics at the dye surface, and is non-corrosive.207 Typically the r/13-

redox couple is employed in DSSCs. It has been used since the development of the Gratzel cell 

211due to its fulfillment of most of the optimal properties.207
, ' 

213 However, it possesses complex 

redox chemistry and is corrosive, dissolving many of the sealants and metals that are ordinarily 

211used.207
, Although several alternative electrolytes with potentials that are more suited to 

achieving high open-circuit voltage (Voe) and are less corrosive than r/13- have been developed, 

these cells typically have high recombination rates and poor PCEs (less than 5%).211 Alternative 

redox couples include ferrocene/ferricenium (Fe/Fe+), cobalt(II/111), copper(l/11) and 

nickel(III/IV), halogens such as bromine (Br-/Br-3
), and organics such as and hydroquinone and 

thiophene.201, 211 , 213 

In some cases, additives are included in the electrolyte to improve photochemistry. 

Cations, such as quaternary ammonium, alkylimidazolium, guanidinium thiocyanate, or alkaline 

213metal cations are used in liquid electrolytes to increase short-circuit current CJsc).207
' The 

adsorption of these cations in the electrolyte onto the surface of TiO2 shifts the CB toward more 

214positive potential, which affects the electron injection.207
' Nitrogen-donating heterocyclic 

compounds, such as alkylpyridines, alkylaminopyridines, aminotriazoles, quinolones and 

207 213benzimidazoles are primarily used to improve the V0 c. ' 4-Tertbutylpyridine (TBP), first 

employed by Gratzel in 1993, is the most frequently used additive in combination with r/b-.213 

TBP binds to titanium(IV) via the electron donating Lewis basic nitrogen atom in the pyridine 

ring, blocking active reduction sites and preventing close approach of electron acceptors to the 

214surface.213
- Therefore, electrons accumulate in the CB of TiO2, shifting the energy level 

upward towards the LUMO of the dye. This reduces the rate of electron recombination and 
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improves Voe, but it is unfavorable for electron injection and slows down dye regeneration, 

which decreases l sc• 
213 

Gratzel's original DSSC used a mixture of acetonitrile and ethylene carbonate as a 

solvent. Several other orgamcs including 3-methoxypropionitrile, propylene carbonate, N

methylpyrrolidone, and water have been investigated as solvents. Acetonitrile, nevertheless, is 

the most effective solvent employed due to its low viscosity and ability to solvate both organics 

and salts.207 An r concentration of 0.3 Mis sufficient with less viscous solvents. Transport ofl3-

to the counter electrode can be the rate-limiting step if the concentration of 13- is too low or if the 

solvent is too viscous.214 

The counter electrode (cathode) transfers electrons from the external circuit back to the 

oxidized electrolyte. Typically, the electrode contains platinum which has a high catalytic 

activity for 13- reduction, as well as good conductivity and stability. However, platinum is 

unsuitable for the commercial production of DSSCs due to its high cost and rarity.207 Carbon is a 

low-cost alternative that is heat and corrosion resistant, conductive, and has catalytic activity for 

b- reduction, but it adheres poorly to glass thus resulting in poor efficiencies.207 Additionally, 

conducting polymers (poly(3 ,4-ethylenedioxythiophene, polyaniline), cobalt sulfide 

nanoparticles, and other metal films (aluminum, silver, copper, gold) have been investigated.207
, 

211 , 214 

Sealants are required to enclose and hold together the various components of a DSSC. 

Several materials have been used to seal DSSCs, including epoxy glue, Surlyn (ionomer resin), 

aluminum foil laminated with polymer foil, Bynel, and Torr Seal (vacuum sealant).207 
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9.3.3. Operation of a DSSC 

The components of a DSSC operate together to accomplish light absorption, charge 

separation, and charge collection.207· 212 The photosensitizing dye first absorbs a photon of light 

(hv), thus exciting an electron to the LUMO (D*) which lies energetically above the CB of TiO2 

(Figure 9.5). The dye injects the excited electron into the CB, thus becoming oxidized, and the 

electron travels to the front electrode and through an external load to the counter electrode (not 

shown). At the counter electrode, b- ions are reduced back to r as electrons return from the 

external load. Electron donation from r reduces the dye back to the ground state for continued 

current generation since the HOMO level of the dye's original state is below the potential of the 

r/13- redox couple. The photocurrent that a DSSC can generate is determined by light absorption, 

electron injection, and dye regeneration, while the voltage corresponds to the difference between 

the redox potential of the electrolyte and the Fermi level (EF) of the electron in the 

. d (F. 9 5) 201 211-212sem1con uctor 1gure . . ' 

In some cases, the excited electron may not be injected into the CB of TiO2 and instead 

decays back to the ground state of the dye, losing energy in the form of heat.207 Back electron 

transfer hinders electron injection and leads to a poor photocurrent.207· 212 The recombination of 

the CB electron with the oxidized dye occurs on a microsecond timescale.207 Alternatively, the 

electron can be lost via combination with the electrolyte (Figure 9.5). However, the probability 

of both dye and electrolyte recombination are low due to the rapid speed of electron injection 

(femtoseconds) into the TiO2 compared to the recombination times (milliseconds) (Figure 

9.6).207,211 
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Figure 9.6. Overview of the kinetics of the electron transfer processes and the dynamics of the 
processes in a DSSC.207 

DSSCs require large over potentials for electron injection and dye regeneration (Figure 

9.5), resulting in losses of more than 700 mV. Typically, a difference of at least 100-150 mV 

between the dye LUMO and CB is required for fast injection. This defines the minimum bandgap 

of the sensitizer and subsequently the absorption onset (Figure 9.7).211 As shown, maximum 

efficiencies can be obtained with absorption onsets ranging from about 750 nm (900 mV, 11%) 
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to 950 nm (300 mV, 24%), making sensitization in the red to NIR region worthwhile. 

Regeneration of ruthenium sensitizers with r/13- results in losses of 600 m V, 300 m V ofwhich is 

attributed directly to reaction with the electrolyte.211 
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Figure 9.7. Maximum obtainable power-conversion efficiencies versus absorption onset for 
losses in potential.211 

The techniques that are used to examine DSSCs are current-voltage (J-V) curves and 

incident photon to current efficiencies (IPCE). Overall performance of cells is determined by 

comparing the power-conversion efficiencies (PCE, 11), stabilities, and costs of various cells.207 

The following fundamental parameters are measured from a J-V curve: short-circuit current (Jse), 

open-circuit voltage (V0e), fill factor (ff), and PCE. A J-V curve extends from Jse, the maximum 

output or largest current that can be generated from a cell (measured when V = 0), to Voe, the 

maximum voltage a cell can provide to the external circuit (measured when J = 0) (Figure 9.8). 

The current CJmax) and voltage (Vmax) corresponding to the maximum operating power (Pmax) of 
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the solar cell (Equation 9.1) can be determined from the inflection point of the curve (Figure 

9.8). From here, the fill factor (ff) can be calculated (Equation 9.2). Using the power of the 

incident light (Pin), PCE can be determined (Equation 9.3).207 
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Figure 9.8. J-V curve.Modified from 207 

Equation 9.1: Pmax = fmaxVmax Equation 9.2: ff= lmax Vmax = Pmax 
fse Voe fse Voe 

fse Voeff Pmax 124 0 1Equation 9.3: 1J = --'-'---'-'-- Equation 9.4: IPCE = -- - - s'-'-e x 100% 
Pin Pin A Pin 

IPCE is the percentage of incident photons that are absorbed and converted into electrons 

as a function of the wavelength (Equation 9.4) (Figure 9.9). IPCE does not indicate the total 

power efficiency since it depends on the voltage. A monochromatic light source is used at 

varying wavelengths, and a measurement of the power at each wavelength is obtained in order to 

calculate the number of photons generated. The output current generated can be used to calculate 

the number of electrons that are produced.207 
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Figure 9.9. The IPCE ofN719 on nanocrystalline TiO2 compared to the AMl.5 spectrum.215 

9.4. Sensitizers 

9 .4 .1. Ideal Sensitizers 

To enable efficient light harvesting, the sensitizer attached to the semiconductor should 

201 208 212have a broad range of absorption in the visible to NIR region and a high E. - • • 
216 Ideally, 

all sunlight below a threshold wavelength of 920 nm should be absorbed. When larger portions 

of the solar spectrum are absorbed, more energy may be converted into electrical energy.207 The 

sensitizer should also have a long excited state lifetime and favorable MO energy levels, where 

the LUMO lies higher than the CB of the applied semiconductor for efficient electron injection 

to occur from the dye to the electrode, and the HOMO lies below the redox potential of the 

208 212electrolyte for efficient sensitizer regeneration from the oxidized state. • • 
216 It is generally 

recommended that the sensitizer does not aggregate on the semiconductor surface because 

aggregation reduces electron injection by intermolecular energy transfer, and thus results in low 

PCEs.208
• 

212 Furthermore, the dye should be easy to synthesize and contain suitable anchoring 

groups that strongly bind to or interact with the surface of the semiconductor in order to obtain 

208 212 216high electron injection efficiencies.201
- • • Finally, the sensitizer should possess photo, 
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thermal, and chemical stability throughout the photocurrent generation cycle to ensure that the 

201 208DSSC has an extended life for long-term use. - , 
212 The sensitizer ought to withstand roughly 

108 redox cycles without decomposition and remain useful for nearly 20 years without 

performance loss. 207 

9.4.2. Ruthenium Sensitizers 

Metal complexes, typically those that are ruthenium-based, are promising sensitizers due 

to their broad absorption over a wide visible range (~ 350 nm) via metal-to-ligand charge 

transfer, their long lifetimes, long-term stability, favorable photoelectrochemical properties, and 

high efficiencies.207 
' 

211
-
21 2 However, ruthenium metal is harmful to the environment, has limited 

availability, and is thus quite expensive.207 
' 

210 
, 

212 Ruthenium complexes not only have limited 

absorption in the red region, which restricts NIR light harvesting, but also lower extinction 

104 211coefficients compared to other dyes (usually < 2.5 x M-1cm-1 in the visible region).209 
-

Additionally, metal sensitizers involve careful synthesis, challenging purification, and tend to 

degrade in the presence of water.207 
, 

210 

The best performance in terms of stability and efficiency (greater than 11 % ) has been 

achieved with the ruthenium(II) polypyridyl complexes N3 (red dye), N719 and N749 (black 

dye) (Chart 9.1), which were developed by Gratzel and O'Regan in 1991.207 
, 

209 
-
210 N3 has 

become the "standard sensitizer" for DSSCs because it is stable in air up to 280 °C, for 1 x 108 

redox cycles, for up to 20 years.207 Although ruthenium-based sensitizers work well and have 

been the most widely used, improvements in dye design and the notion of eliminating expensive 

metals will likely result in cheaper cells, with increased PCEs, and the potential to generate more 

than 19 GW of energy per year-the limit which is set by the availability of ruthenium.211 
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Chart 9.1. Structures of N3 (red dye), N719, and N749 (black dye). TBA= tetrabutylammonium 
cation. 

9.4.3. Organic Sensitizers 

Compared to metal-containing sensitizers, organic dyes are advantageous due to their 

lower costs, environmentally friendly nature, high E (2.5 x 104 to 2 x 106 
~ 

1 cm-1
), ease of 

synthesis and purification, and their variability in molecular structure and design, which allows 

209 212their electrochemical and physical properties to be fine-tuned. 207
, - , 

216 The high E of dyes, in 

particular, result in enhanced PCEs and require smaller surface areas, making it possible to use 

thinner TiO2 films without significantly reducing light harvesting.209
-
211 However, organic dyes 

tend to aggregate, have shorter excited electron lifetimes, and narrower absorption in the visible 

range ( ~ 100-250 nm), resulting in low photocurrents and lower PCEs than metal-containing 

212 216sensitizers.211 
- , 

109 210 211 219Several orgamc dyes, such as anthracene and heteroanthracene,108
- , , -

210 109 207 210BODIPY,210 carbazole,207
' , 

212 carotenoid,207 chlorophyll,207 coumarin (Chart 9.2), 108
- , , , 

212 217 220 209 
' ' cyanine and hemicyanine (Chart 9.3),207

' , 
220 flavonoid,207 fluorene, 212 indole and 

207 210 212 217 220indoline (Chart 9.2),109
, , , ' ' merocyanine,212 N,N-dialkylaniline,210 porphyrin 
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207 209 209 210 207(Chart 9.3), 109
, ' ' 

220 perylene,207
' - , 

220 phthalocyanine,109
, , 

209 polymeric (polyaniline, 

210 217 210 220polypyrrole, polythiophene),109
, , pyrene,210 squaraine or squarylium (Chart 9.3),209

- , 

220 109 207 210 212 217tetrahydroquinoline,210
' and triphenylamine (Chart 9.2)1°8

- , , , ' dyes have been 

investigated as sensitizers and some have improved to efficiencies over 10%.207
, 

212 Although 

organic-based DSSCs are advantageous over inorganic devices in several ways, the organic 

photovoltaic devices still lack behind the later in efficiency.207 
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Chart 9.2. Structures of a) triphenylamine, b) indoline, and c) coumarin organic dyes.207 
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9.4.4. Donor-n-Acceptor Sensitizers 

The best organic dyes contain an electron-rich donor (D) and an electron-poor acceptor 

(A) connected via a conjugated, n-bridge linker (Figure 9.10). D-n-A dyes are promising due to 

their structural tunability.209 By varying the donor, the position of the HOMO level can be 

adjusted to coincide with the electrolyte used. Additionally, the acceptor can be modified to 

adjust the LUMO level to agree with the CB of the semiconductor.216 A small HOMO-LUMO 

gap may lead to either inefficient electron injection if the LUMO is too low, or inefficient 

regeneration of the oxidized dye by the electrolyte system if the HOMO is too high.216 Thus, 

structural modifications may be made to tune the HOMO-LUMO gap and absorption spectra of 

216organic dyes.208
• 

Donor 
D-1t-A 

1t-bridge 
Acceptor 

Figure 9.10. Example of a D-n-A dye containing a triphenrilamine donor, bithiophene n-bridge, 
212 16and a benzothiadiazole cyanoacrylic acid as an acceptor. • 

Commonly employed donors include carbazole, coumarin, indoline, tetrahydroquinoline, 

and triphenylamine.212 It is recommended that the donor moiety be assembled in such a way that 

dye aggregation on the oxide surface is averted, since aggregation may induce intermolecular 

charge transfer and hinder electron injection.212 However, in some studies, dye aggregation has 
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109' 217actually benefited solar cell performance. 108- -219 The acceptor, which withdraws electrons, 

must be functionalized with an acidic binding group in order to anchor the sensitizer to the oxide 

surface.211 Frequently used acceptors include carboxylic, cyanoacrylic, phosphonic, rhodanine 

208acetic, and benzothiadiazolyl cyanoacrylic acids.201- , 212' 221 The cyanoacrylic acid anchoring 

moiety is the most universally employed acceptor in D-n-A dyes, due to its ease of synthesis and 

. l d b.1. 212 221re1atlve y goo sta 11ty. ' 

Although an organic sensitizer may be chemically stable, dye desorption from the 

semiconducting oxide is one of the major problems resulting in poor DSSC stability and 

performance.212 Carboxylic acids and their derivatives are commonly used as anchoring units due 

to their strong interactions with oxides.212 Carboxylate groups can form monodentate, bidentate-

chelating, or bidentate-bridging linkages (Chart 9.4), but these are easily hydrolyzed by 

212 221water. , The lability of these bonds leads to a reduction in the quantity of bound dye 

molecules on the semiconductor surface, a low absorption capacity, and thus poor efficiency.207 

Ruthenium(II) polypyridyl complexes, such as N3 and N719 (Chart 9.1), are stabilized by 

coordinating two or more carboxylate groups to TiO2. In contrast, many organic dyes only 

contain a single carboxylate, rendering them more susceptible to desorption. 109 Phosphonic acids 

bind more strongly than analogous carboxylic acids, as demonstrated by surface adduct 

formation constants (Kad) that are 1-2 orders of magnitude larger. 109 However, phosphonate 

linkages (Chart 9.4) have also displayed lower IPCEs and slower electron injection kinetics 

compared to carboxylic acids. 109 It has also been reported that trialkoxysilanes form strong 

interactions with TiO2 and yield comparable efficiencies. However, the overall device 

performance was not parallel to analogous carboxylic acid dyes, most likely due to the poor 

electron withdrawing capability of trialkoxysilane.212 
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Chart 9.4. Representative carboxylate and phosphonate linkages to TiO2• 

Additionally, the orientation of the sensitizer on the semiconductor surface is affected by 

the anchoring units, and may alter electron injection efficiency and recombination. For instance, 

a triphenylamine dye containing a cyanoacrylic acid anchor displayed vertical geometry, while 

the corresponding rhodanine acetic acid anchor exhibited an angled geometry (Figure 9.11). The 

vertical geometry of the cyanoacrylic acid led to more direct and efficient electron injection. The 

tilt in the rhodanine acetic acid dye resulted in a shorter distance between the donor and TiO2, 

making it more susceptible to recombination.212 

Figure 9.11. Anchoring units affect a dye's orientation on TiO2, thus altering electron injection 
efficiency and recombination. 212 
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The conjugated linker permits efficient intramolecular charge separation between the D

n-A and a charge transfer through the n-bridge upon excitation, which is known as a push-pull 

effect.208
• 

216 The linker group affects not only the excitation process, but also light absorption. 

Typically, the conjugated system is made as long as possible in order to extend light absorption 

into the visible region, or to wavelengths as long as the limits set by the CB and the electrolyte 

allow.212
• 

216 Shifting both the HOMO and LUMO levels through the expansion of the n-linker 

allows for further fine-tuning of photophysical properties. 209 

Linkers may be composed not only of alternating carbon-carbon single and double bonds, 

but also by functional groups such as thiophenes or phenoxazines.216 Linkers should generally 

have a planar or nearly planar geometry for efficient electron injection. However, this geometry 

tends to induce aggregation, thereby decreasing electron injection yields.212 Long alkyl or other 

hydrophobic side chains have been installed on linkers to prevent aggregation, reduce 

recombination from the oxide surface to the electrolyte, and suppress water induced dye 

desorption.211-212, 216 

9.4.5. NIR Sensitizers 

One method to improve DSSC efficiency is to extend light-harvesting into the red and 

NIR region, which accounts for 45% of the solar spectrum (Figure 9.1). Harvesting this energy 

while successfully generating and collecting charge carriers, results in larger photocurrents and 

improved PCEs.209
• 

211 Some common NIR sensitizers employed in DSSCs include cyanine, 

perylene, phthalocyanine, porphyrin, and squarylium dyes (Chart 9.3).209 Nevertheless, many 

NIR dyes actually display poor PCEs due to the formation of aggregates, their lack of charge 

directionality in the excited state, and their low stability under thermal stress. 209 
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9 .4.6. Co-Sensitization 

Discovering a dye that strongly absorbs from 350-940 nm is likely unattainable; however, 

it would be promising to use a combination of visible- and NIR-absorbing dyes to harvest the 

211entire solar spectrum. Co-sensitization generally combines two dyes with complementary 

absorption spectra; typically, one which absorbs light in the blue region of the visible spectrum 

209and a second that absorbs light in the red to NIR region.207' The sensitizers can be 

homogeneously deposited on the semiconductor so they are in close contact, or alternatively 

deposited one at a time to produce a layered film. 209 For example, Saxena et al. refluxed a TiO2 

film in a Rhodamine 19 dye solution for 2 hand then dipped the sensitized film in an N3 (Chart 

9.1) solution for different time intervals. An improved PCE of 4.74% was achieved for the co

sensitized DSSC, as compared to those of the cells with Rhodamine 19 dye (0.63%) and N3 dye 

(2.37%) alone.209 In addition to broadening the spectral bandwidth of harvested light, co

sensitizing may also suppress aggregation via dye mixing, a phenomenon that generally leads to 

poor cell performance. Nevertheless, a decrease in photocurrent may occur when co-sensitizing 

as a result of negative rather than positive interactions between the sensitizers.209 

9.4.7. Sensitizer Aggregation 

Co-sensitization is one way to broaden dye absorption, but an alternative strategy is to 

217exploit dye aggregation. 109, -219 Aggregation occurs when dye molecules are packed so tightly 

that their wave functions overlap, changing their electronic character.211 The impact of 

aggregation on DSSC performance has varied considerably. In certain systems, aggregated dyes 

have shown comparable or decreased IPCEs relative to monomeric dyes, while in other systems, 

109 217 219aggregation has increased IPCEs. 108- , -

There are two types of aggregation: H- and J-aggregation. H-type, which involves plane-
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to-plane n-stacking, results in a hypsochromic (blue) shift in absorption. Alternatively, J-type 

109 212 217involves head-to-tail stacking and leads to a bathochromic (red) shift (Figure 9.12).108
- , • • 

222 In systems where aggregation quenches the excited state of the dye and consequently depletes 

211absorbed light before electron transfer can occur, -
212 bulky substituents may be tethered to 

217dyes to reduce aggregation.212
• Additionally, adsorbates such as deoxycholic acid or 

chenodeoxycholic acid, may be co-deposited onto semiconductor surfaces thereby increasing the 

distance between dye molecules, reducing aggregation, and thus improving photocurrent 

. 212 211 0 . h 11 1 . h . fl d hgeneration. ' ngomg c a enges are to exp am t e m uence ye structure as on aggregate 

formation and to determine how aggregation affects electron injection efficiency. 
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Figure 9.12. H-aggregation involves plane-to-plane n-stacking and results in a hypsochromic 
(blue) shift in absorption. J-aggregation involves head-to-tail stacking and leads to a 
bathochromic (red) shift. Allowed(-) and forbidden(---) transitions of are shown.222 

268 



10. Chapter 10: Rhodamines as Photosensitizers for Photochemical Applications 

10.1. Rhodamines as Photosensitizers for DSSCs 

10.1.1. Optimizing DSSC Efficiency Through Controlled Aggregation 

By modifying the structures of rhodamines, the orientation and aggregation of these dyes 

on TiO2 films was controlled to increase light harvesting efficiency. Series 1-E and 4-Se (Chart 

10.1) dyes H-aggregated as demonstrated by the appearance of a new higher-energy band when 

absorbed onto TiO2 (Figure 10.1). The 5-carboxylic acid group located on the 9-(2-thienyl) 

substituent was distant enough from the xanthylium core, thus lacking a steric effect and 

allowing a coplanar geometry that permitted H-aggregation (Figure 10.2). On the other hand, 

series 2-E (Chart 10.1) dyes adsorbed in amorphous monolayers (Figure 10.1) since the steric 

influence of the 2-carboxy group on the 9-(3-thienyl) substituent prevented coplanarity with the 

core, resulting in an orthogonal geometry (Figure 10.2). Alternatively, 3-Se (Chart 10.1) did not 

adsorb onto Ti 0 2, as expected, due to the absence of an anchoring group. 108 

OH OH 
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s /2 s /2 

0 PF6 

,.__(±) / ,.__®,,,, ,.__(±) /
'- N N '-N '- N NN 

I I I I I I 
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E =0, S, Se E = S, Se 

Chart 10.1. Structures of the 1-E and 2-E series, and 3-Se and 4-Se.108 
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Figure 10.1. a), c) Normalized absorbance spectra in solution and b), d) on TiO2 films. 108 
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® No Aggregation 

0
NMe2 

Figure 10.2. The coplanar geometry of the 1-Se (red) permitted H-agffire~ation, while the 
orthogonal geometry of 2-Se (blue) did not warrant aggregation on TiO2_Modi ,ed om 108 

The H-aggregated dyes exhibited broader absorption bands, increased light-harvesting 

efficiencies, and improved photoelectrochemical performance compared to those which adsorbed 

in amorphous monolayers. This was demonstrated by comparing H-aggregated 1-S, which 

displayed broadened absorption (Figure 10.3a) and a maximum IPCE of 70% (Figure 10.3b), 

and non-aggregated 2-S, which had narrow absorption (Figure 10.2a) and a maximum IPCE of 

only 11% (Figure 10.3b). The broadened absorption of the 1-E series makes them appealing for 

solar harvesting, considering the narrow absorption bands typically associated with organic 

sensitizers. 108 
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Figure 10.3. a) Absorptance and b) short-circuit photocurrent action spectra for 1-S and 2-S. 108 

The maximum IPCEs of the 1-E series were all comparable to N3 (Chart 9.1), ranging 

from 70-84% (Figure 10.4), while those of 2-S and 2-Se were only 11% and 20%, respectively. 

It was hypothesized that the increase in IPCE was a result of rapid migration of excited electrons 

through the extended rc-system of the aggregated monolayer to a position where electron 

injection and/or re-reduction of the oxidized dye was more favorable. Additionally, the greater 

efficiency of 1-0 relative to 1-S and 1-Se was attributed to better surface coverage and the more 

negative excited-state reduction potential of the dye. 108 
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IPCE equals the product of absorptance ( a), electron injection yield ( (pinj), and charge

collection efficiency. The dramatic increase in IPCE for the 1-E series and 4-Se relative to the 2-

E series suggests that H-aggregation causes an increase in (pinj and/or PCE (Figure 10.5). 108
• 

217 

Transient absorption spectroscopy was used to quantify the (pinj for 1-Se and 2-Se. It was 

determined that H-aggregation of 1-Se resulted in a 2-fold increase in (pinj relative to non

aggregated 1-Se, and a 3-fold increase relative to non-aggregated 2-Se (Figure 10.6).217 

No Aggregation 

Low injection yield 
H-Aggreg ati on 

High injection yield 

Figure 10.6. H-aggregation of 1-Se results in a high electron injection yield relative to non
aggregated 1-Se, which has a low injection yield.217 

These results, revealed that H-aggregation can increase both the light-harvesting 

efficiencies and (pinj of rhodamine derivatives.217 Thus orientation, aggregation, and electron

transfer reactivity of rhodamines on TiO2 surfaces are tunable through structural modifications. 

Carefully designing sensitizers to control aggregation may lead to improved efficiencies with 

other organic dyes and photocatalysts.217 

10.1.2. Influence of Anchoring Groups on Aggregation and Electron Transfer Reactivity 

Chalcogenorhodamine dyes 1-E and 5-E bearing carboxylic acids, and dyes 6-E and 7-E 

bearing phosphonic acids (Charts 10.1, 10.2) were compared as sensitizers on TiO2 films. The 

investigated dyes all adsorbed as mixtures of H-aggregates and monomers, as previously 

witnessed,217 thus broadening absorption. 109 The anchoring group, structure of the 9-aryl group, 

and heteroatom did not greatly alter surface coverages or the extent of H-aggregation. However, 
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carboxylic acids (1-E, 5-E) desorbed rapidly from TiO2 in acidified acetonitrile. Within 5 min, 

80-95% of the dyes had desorbed, and desorption was essentially complete after just 30 min. In 

contrast, phosphonic acids (6-E, 7-E) desorbed 10-20% within 4 h, and displayed little to no 

additional desorption during the following 2 days (Figure 10.7). 109 These results were consistent 

with prior reports that carboxylate linkages are susceptible to hydrolysis in acidic conditions, 

while phosphonates are not. 109 
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Chart 10.2. Structures of the carboxylic acid bearing rhodamine series, 5-E, and phosphonic 
acid bearing rhodamine series, 6-E and 7-E. 
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Figure 10.7. Normalized absorbance at Amax of 1-0, 1-Se, 6-0, and 6-Se coated TiO2 films as a 
function of immersion time in 0.1 M hydrochloric acid in acetonitrile. 109 
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Maximum IPCEs ranged from 53-95% and were 10-40% higher for carboxylic acids (1-

E, 5-E) compared to phosphonic acid (6-E, 7-E). However, within the time frame of the 

experiments (20-80 min), IPCE and absorptance values for carboxylic acids 1-E and 5-E 

decreased to 20-60% and 45-75%, respectively (Figure 10.8). 109 Unfortunately, the PCEs of all 

of the dyes were less than 1%, suggesting that dye regeneration was inefficient. Transient 

absorption spectroscopy was used to quantify the (pinj and charge-separated-state lifetimes for 6-

Se. As previously demonstrated with 1-Se,217 H-aggregated 6-Se injected electrons twice as 

efficiently as non-aggregated 6-Se.218 Moreover, H-aggregated 1-Se had a 2.3-fold greater (pinj 

than H-aggregated 6-Se,218 which was consistent with the obtained photoelectrochemical data. 109 
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Figure 10.8. Absorptance and short-circuit photocurrent action spectra of a) 1-0 and b) 6-0. 109 

Although 1-Se injects electrons more efficiently than 6-Se, the linkage of 1-Se to TiO2 is 

labile. Thus, a tradeoff exists between maximizing (pinj with carboxylic acids and maintaining 

dye-coated TiO2 interfaces using phosphonic acids.218 Nevertheless, H-aggregation of both the 

carboxylic and phosphonic acid chalcogenorhodamine dyes led to significant increases in both 

light-harvesting efficiency and (pinj, rendering these dyes attractive photosensitizers for DSSCs. 

Taken together though, these data suggest that by replacing carboxylic acid anchors on 
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chalcogenorhodamine sensitizers with phosphonic acids, more stable and inert linkages to TiO2 

can be achieved (with only minor reductions in (pinj) without affecting H-aggregation, interfacial 

218 electron-transfer reactivity, or the performance of DSSCs. 109· 

After observing the differences that both the modification of structure and anchoring 

218 group had on chalcogenorhodamine derivatives, 109· a new library of Se analogs constructed 

around either a bis J (8-Se-10-Se) or bis ½J (11-Se-13-Se) core functionalized at the 9-position 

with a 2-thienyl-5-carboxylic, hydroxamic, or phosphonic acid was developed (Chart 10.3).2 19 

These cores had increased steric bulk relative to 1-Se (Chart 10.1), leading to red-shifted 

absorption and influencing the kinetics of charge recombination and dye regeneration. The 

various acid moieties were used to evaluate the influence of surface anchoring chemistry on not 

only the stability and persistence of dyes, but also on electron-injection reactivity.219 
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Chart 10.3. Structures of the bis J (8-Se-10-Se) and bis ½J (11-Se-13-Se) rhodamine series 
containing carboxylic, hydroxamic, or phosphonic acids. 
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As previously witnessed,109
• 

218 these selenorhodamine dyes adsorbed as mixtures of 

monomeric and H-aggregates on TiO2, which broadened absorption spectra and increased light

harvesting efficiencies (Figure 10.9). Carboxylic acids (8-Se, 11-Se) exhibited the highest IPCEs 

(65-80%) (Figure 10.9), but once again desorbed rapidly from TiO2.
109

•
219 Within 5 min, 92% or 

more had desorbed, and desorption was essentially complete after just 30 min (Figure 10.10). 

The hydroxamic (9-Se, 12-Se) and phosphonic acid dyes (10-Se, 13-Se) exhibited lower IPCEs 

(49-65%) (Figure 10.9), but these decreased minimally with successive measurements. 

Phosphonic acids (10-Se, 13-Se) desorbed by only 20-30% over 48 h, consistent with previous 

reports. Hydroxamic acids (9-Se, 12-Se) persisted on TiO2 to an intermediate extent. The value 

of Amax for 12-Se decreased by approximately 55% within the first 20 min, then by an additional 

25% thereafter. 9-Se desorbed more gradually over the 48 h experiment, but had an overall 

fractional decrease in Amax similar to that of 12-Se (Figure 10.10).219 
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Figure 10.9. Absorptance and short-circuit photocurrent action spectra of a) 8-Se, b) 9-Se, c) 10-
Se, e) 11-Se, f) 12-Se, g) 13-Se. Normalized IPCE values at Amax are plotted ind) for J dyes and 
h) for ½J dyes.219 
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Figure 10.10. Normalized absorbance at Amax of 8-Se-13-Se coated Ti02 films as a function of 
immersion time in 0.1 M hydrochloric acid in acetonitrile:water (120: 1 v/v).219 
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PCEs were low (0.15-0.71 % ) due to inefficient regeneration of the selenorhodamine 

dyes following electron injection. For a given anchoring group, the bis ½J dyes exhibited higher 

Voe and PCEs than the corresponding bis J dyes. This difference, which was most significant for 

the carboxylic acids, may have been a result of the gem-dimethyl substituents on the 

recombination of electrons in TiO2 with 13- since it is well-known that peripheral alkyl groups 

slow recombination.219 

Although the carboxylic acid dyes outperformed the hydroxamic and phosphonic acid 

dyes, their desorption from TiO2 was once again a major downfall. 109 
• 

219 The hydroxamic and 

phosphonic acid dyes are more ideal sensitizers based on their aggregation-induced spectral 

broadening, high IPCEs, and inertness to desorption into acidic media. Additionally, the 

enhanced performance of the bis ½J dyes suggests that functionalization of the xanthylium 

periphery may improve dye-regeneration and PCEs for rhodamine sensitizers.219 
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11. Chapter 11: Oligothiophene-Containing Photosensitizers for Photochemical Applications 

11. 1. Extension of the n-Bridge Through the Incorporation of Oligothiophenes 

Numerous DSSC studies have been devoted to the design and synthesis of new donors 

and acceptors, but only a few have focused on conjugated n-linkers.223 Different conjugated units 

not only affect the electronic structure of the sensitizer and the interaction between the donor and 

acceptor, but also the critical photochemical properties of the sensitizer-coated TiO2 / electrolyte 

interface, which influences cell performance.224 Thus, it is important to fully understand the 

effects that n-bridges have on photochemical and photovoltaic properties when designing more 

efficient DSSCs.223 

Extending the n-conjugation length of organic D-n-A sensitizers 1s one of the best 

methods for red shifting A.max, enhancing E, and subsequently improving light harvesting 

210 224efficiency.207
' , -

226 Typically, the linker is made as long as possible in order to extend light 

absorption into the visible region, or to wavelengths as long as the limits set by the CB and the 

electrolyte allow.212
' 

216 Tailoring then-bridge length noticeably changes the sensitizer's HOMO 

and/or LUMO levels.225
-
226 

Thiophenes are considered ideal building blocks and are frequently used as n-units in 

organic and polymeric sensitizers.224
-
225 Generic thiophene or its related heterocycles (furan, 

selenophene) may be used, as well as oligothiophenes, fused thiophenes ( thioacenes ), or 

alkylenedioxythiophenes due to their excellent charge transport properties and good photo and 

226 227thermal stabilities.208
, - Thiophenes and fused-thiophenes are well-known electron-rich 

compounds, making them good donors.208 In thiophene containing compounds, the sulfur d

orbitals interact well with aromatic n-orbitals so electron transfer from the donor, across the n-
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bridge to the acceptor is enhanced, thus facilitating injection efficiency.208 Moreover, linkers 

should generally have a planar or nearly planar geometry for efficient charge transfer.226 

However, this geometry tends to induce close-packing and the formation of aggregates on the 

T·o f: h b d . 1 . . . . ld 212 2211 2 sur ace, t ere y ecreasmg e ectron mJectlon y1e s. ' 

A few studies over the past 12 years have focused on oligothiophene and/or fused 

thiophene conjugated n-linkers in D-n-A organic sensitizers. In 2005, Hara et. al. designed novel 

coumarin sensitizers introducing thiophenes to probe the effects of linker extension (Chart 

11.1).228 In place of the thiophenes, methine units could have been used, but this structural 

modification is known to complicate the synthesis of these sensitizers and decrease their stability 

due to potential isomer formation; thus, n-conjugated ring moieties were a superior choice. 228 

NC 

COOH 

n = 1, 2, 3 

Chart 11.1. Structures of coumarin sensitizers with varying thiophene linker lengths.228 

As the thiophene linker length increased, "-max was red shifted, absorption became 

broadened, and E increased (Table 11.1).228 Additionally, the oxidation potentials shifted 

negatively, but remained sufficiently more positive than the r redox potential. This was 

hypothesized to be a result of intermolecular n-n stacking interactions between the thiophenes, 

which increased the amount of adsorbed sensitizer as they became highly ordered and 

aggregated.228 
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2 Amax (nm)n Jsc (mA cm- ) VocM ff PCE(%) e (M-1 cm-1)
1:1 t-BuOH:CH3CN 

1 12.1 0.66 0.73 5.8 507 5.43 X 104 

2 14.8 0.71 0.77 8.1 511 6.43 X 10'1 

3 14.3 0.70 0.64 6.4 501 7.33 X 104 

Table 11.1. Spectral and photovoltaic parameters of coumarin sensitizers (measured at the 100 
mW cm-2 or AM1.5G conditions) with a mask.228 

Out of the various linker lengths, the bithiophene linker displayed the longest Amax and 

the highest Jsc, Voe and ff, leading to a PCE of 8.1% (Table 11.1).228 Transient absorption 

spectroscopy indicated that electron injection from the bithiophene sensitizer to the CB of TiO2 

occurred in under 100 fs, which was much faster than the 1.0 ns emission lifetime.228 This 

bithiophene sensitizer was also used to determine thermal stability, with the first degradation step 

( decarboxylation) occurring at 278 °C. It has been reported that decarboxylation of N3 (Chart 

9.1) occurs at temperatures greater than 290 °C under nitrogen and above 260 °C in air; therefore 

the investigated coumarin sensitizers are as thermally stable as N3.228 

In 2007, Chen et. al. synthesized sensitizers composed of a tetrahydroquinoline donor, 

various thiophene moieties (thiophene, bithiophene, terthiophene, and dithieno[3,2-b;2',3'

d]thiophene), and a cyanoacrylic acid acceptor (Chart 11.2).225 Once again, it was noted that 

small structural changes resulted in significant changes in adsorption and redox energies of the 

sensitizers on TiO2, thus affecting cell performance. 

NC 
NC

II COOH 
COOH 

s 
dithienothiophene n = 1, 2, 3N 

I 

Chart 11.2. Structures of tetrahydroquinoline sensitizers with a dithieno[3,2-b;2 ',3 ' -
d]thiophene) linker or varying thiophene linker lengths.225 
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As previously noted with thiophene extension, a bathochromic shift in absorption and 

increase in E were observed (Table 11.2). In addition to the oligothiophenes, dithienothiophene 

was introduced with the expectation of red shifting absorption. However, its Amax was virtually 

the same as the thiophene sensitizer, but it did have a higher E (Table 11.2).225 When attached to 

TiO2, these sensitizers displayed broadened and blue-shifted absorptions, indicating the 

formation of H-aggregates, which increased with additional thiophene units. The introduction of 

a greater number of thiophene units also shifted the HOMO negatively, decreasing the gap 

between the HOMO level and the redox potential of r. All of the LUMO levels were more 

negative than the CB so TBP was used as an electrolyte additive to shift the CB of TiO2 

negatively, improving voltage and total efficiency.225 Nevertheless, the Voe decreased with 

increasing thiophene number, resulting in a lower overall PCE. Electron recombination could be 

the culprit of the low Voe,
225 The highest lse value was observed with the bithiophene sensitizer, 

which could have resulted from its broadened IPCE response due to aggregation. It had the 

highest PCE, 4.53%, out of the investigated sensitizers.225 Therefore, suitable linkers should be 

employed to balance Voe and l se to provide optimal efficiency. 

n 2Jsc (mA cm- ) Voc(V) ff PCE (%) Amax (nm) 
aEtOHbDMF 

1e (M-1 cm- ) 

1 11.20 0.600 0.67 4.49 441 a 1042.30 X 

2 12.00 0.597 0.63 4.53 462u 1043.32 X 

3 10.00 0.537 0.64 3.44 455 ° 1043.11 X 

dithienothiophene 8.84 0.522 0.63 2.92 3.30 x 10
4 I 

N3 14.03 0.695 0.63 6.16 

Table 11.2. Spectral and photovoltaic parameters of tetrahydroquinoline sensitizers (measured at 
the 100 mW cm-2 or AM1.5G conditions).225 

In 2009, Li and coworkers prepared six organic dyes with different conjugated linkers 

(furan, bifuran, thiophene, bithiophene, selenophene, and biselenophene) in combination with a 
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dihexyloxy-substituted triphenylamine donor and a cyanoacrylic acid acceptor (Chart 11.3).227 

They demonstrated that both furan and selenophene could employed as stable solar cell building 

blocks for the first time. 227 With decreasing electronegativity of the heteroatoms, A.max red shifted 

and E increased.227 Compared to the cells containing a single heterocyclic linker, those having 

two conjugated heterocycles displayed further red-shifted absorption due to the extension of 

conjugation length.227 Additionally, the HOMO was raised and the LUMO was lowered, thus 

narrowing the HOMO / LUMO gap.227 

n-Hexb 
N COOH 

n
0

-HexO 
X = 0 , S , Se 

n = 1, 2 

CN 

Chart 11.3. Structures of triphenylamine sensitizers with varymg furan, thiophene, or 
selenophene linker lengths. 227 

With a decrease of heteroatom electronegativity as well extension of n-conjugation, the 

Voe decreased while J se increased (Table 11.3). Overall, however, the enhanced J se due to better 

light harvesting was negated by the loss in Voe• Therefore, there is a trade-off between enhanced 

photocurrent and reduced photovoltage with the use of electropositive heteroatoms as well as 

more conjugated units.227 Nevertheless, the improved J se of the sensitizers containing two 

conjugated heterocycles resulted in higher PCEs than their single heterocyclic counterparts, with 

the biselenophene sensitizer having an efficiency of 7.77% (Table 11.3).227 
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2 Amax (nm)X, n Jsc (mA cm- ) Voc(V) ff PCE (%) e (M-1 cm-1)
CHCl3 

104O, 1 12.08 0.794 0.748 7.17 506 2.71 X 

104O, 2 13.84 0.769 0.683 7.27 522 2.84 X 

S, 1 11.88 0.775 0.747 6.88 514 2.75 X 104 

104S, 2 14.32 0.744 0.720 7.67 523 3.05 X 

Se, 1 12.84 0.755 0.737 7.15 525 3.15 X 104 

104Se, 2 14.57 0.720 0.740 7.77 549 3.51 X 

Table 11.3. Spectral and photovoltaic parameters of triphenylamine sensitizers (measured at the 
100 mW cm-2 or AM1.5G conditions).227 

Additionally, it was determined that the torsion angle of the heterocycles with respect to 

triphenylamine increased with heteroatom size (furan 1°, thiophene 14°, selenophene 18°, bifuran 

4° (furan-furan 0°), bithiophene 22° (7°), biselenophene 21 ° (7°)) leading to worse planarity.227 

Moreover, the E of the bithiophene linker (3.05 x 104 M-1cm-1
) was lower than previously 

investigated analogues incorporating thienothiophene ( 4.20 x 104 M-1cm-1
) and 

bisthienothiophene (4.70 x 104 M-1cm-1
) indicating the merit of employing a planar fused unit in 

future sensitizers.227 

In 2010, Liu and coworkers further probed the influence of oligothiophene length using 

the same dihexyloxy-substituted triphenylamine donor and cyanoacrylic acid acceptor (Chart 

11.4). They once again found that Jse favorably rose with increased n-conjugated thiophene 

number, but the downward shift in the CB resulted in an unfavorable decline in Voe and ff, as 

well as an increase in charge recombination.224 Among these sensitizers, however, the 

tetrathiophene sensitizer, which displayed the highest Jse, overwhelmed the unfavorable joint 

effect of low Voe and ff, exhibiting a PCE of 8.06% (Table 11.4). Thus, it is possible to generate 

a higher efficiency by incorporating more thiophene units.224 

284 



n-Hexb 
N COOH 

0 CN 

n = 1, 2 , 3, 4 
n-HexO 

Chart 11.4. Structures of triphenylamine sensitizers with varying thiophene linker lengths.224 

n Jsc (mA cm-..:) Voc(V) ff PCE (%) 
1 9.55 0.801 0.751 5.75 
2 13.09 0.784 0.745 7.65 
3 13.83 0.741 0.743 7.61 
4 15.35 0.722 0.728 8.06 

Table 11.4. Photovoltaic parameters of triphenylamine sensitizers (measured at the 100 mW 
cm-2 or AM1.5G conditions).224 

Based on the successes of employing oligothiophenes as n-bridges in organic D-n-A 

sensitizers to red shift absorption and increase E, with subsequent increases in Jsc that led to 

improved overall PCEs, it was hypothesized that increasing the length of the thiophene linker 

may also improve the photochemical performance of rhodamines, which currently have PCEs 

109 217 219less than 1%. 108
· • · As a result of this, a series of oligothiophene linkers consisting of 

thieno[3,2-b ]thiophene; 2,2'-bithiophene; and 2,2':5',2"-terthiophene (Chart 2.8) were 

synthesized. 
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12. Chapter 12: Results and Discussion 

12.1. Library of Desired Oligothiophene Containing Selenorhodamines 

The desired library of oligothiophene containing rhodamine dyes consists of 18 dyes per 

xanthone used (Chart 12.1). Dyes containing a selenium heteroatom are ideal for both P-gp

associated cancer therapies and DSSCs as this heavy atom facilitates intersystem crossing to the 

longer-lived triplet excited state, thus enabling singlet-oxygen generation and improving the 

probability of electron injection. The incorporation of new thieno[3,2-b ]thiophene, 2,2'

bithiophene, and 2,2':5',2"-terthiophene linkers into these rhodamines is hypothesized to result in 

superior inhibition of P-gp by mimicking dimer dyes, as well as improved DSSC efficiency as 

previously described. Recall that phosphonic, cyanoacrylic, hydroxamic, and carboxylic acid

containing rhodamines have been employed as anchoring moieties in DSSCs, 109
, 

219 while amides 

and thioamides have been shown to interact with the multidrug transporter, P-gp, via the 

amide/thioamide switch27
' 

70 (Chart 12.1). Although rhodamine-containing hydroxamic acids 

have not been investigated for biological applications, they should be examined for their 

interaction with P-gp and efficacy as photosensitizers in PDT and ECP as they have a precedent 

in the literature for being physiologically active. Compounds containing hydroxamates have 

displayed anti-cancer, anti-HIV, or anti-malarial properties, and have been used to treat sickle 

cell anemia or manage of cardiovascular diseases.229 Additionally, the synthesis of rhodamines 

containing thiohydroxamic acids230 may be of interest to see if the amide/thioamide switch27
' 

70 

holds true with this set of compounds. 

With the enhanced stability and adhesion of rhodamines incorporating phosphonic acids 

to TiO2 and the wide use of cyanoacrylic acids in other DSSC's, the employment of a 

cyanovinylphosphonic acid,231 
-
232 which has greater electron withdrawing ability and may red 
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shift absorption maxima as a result of increased conjugation, may prove to be a supenor 

anchoring moiety for rhodamine photosensitizers. 

Dye Sensitized Solar Cells Biological Applications 
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Chart 12.1. Library of oligothiophene containing selenorhodamines. 

12.2. Synthesis of Thieno[3 ,2-b ]thiophene Linkers 

Synthesis of the thieno[3,2-b]thiophene series of linkers (Schemes 12.1-12.4) began with 

commercially available 3-bromothiophene (1). After original attempts at obtaining 3-

bromothiophene-2-carbaldehyde (2) via Vilsmeier-Haack formylation were unsuccessful, an 

alternative route was pursued. Following selective deprotonation of the 2-position using freshly 

prepared lithium diisopropylamide at O °C and subsequent addition of N,N

dimethylformamide,233 3-bromothiophene-2-carbaldehyde (2) was successfully produced in good 

yield (91.6%) (Scheme 12.1). It has also been reported that 3-bromothiophene-2-carbaldehyde 

(2) can also be obtained using an N-formyl piperidine quench.234 Temperature was crucial in this 
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reaction. At -78 °C, a mixture of both 3-bromothiophene-2-carbaldehyde (2) and 3-

bromothiophene-2,5-dicarbaldehyde (2a) was produced, indicating that deprotonation occurred 

at both a-positions of the thiophene ring. However, as the temperature warmed to O °C, the 

reaction displayed increased selectivity for deprotonation at the 2-position.234 

0 

d s 
1 

Br 1) LDA 
THF (dry) 

2) DMF 
THF (dry) 

0°C to RT, 4 h 

Br 

~H 

0 

2 

HS~OEt 0 
K2C03 ,.,......../S~ 1) LiOH-H20 

----► (_µ O~---► 
DMF (dry) S THF, H20 
65°C, 16 h reflux, 4 h 3 

2) HCI 

0 

(5Y'oH 
s 

5 

NH20H-HCI, KOH 

MeOH 
RT, 6 h l
0 

or'~-OH 

s 
4 

Scheme 12.1. Synthesis of thieno[3,2-b ]thiophene linkers 3-5. 

3-bromothiophene-2-carbaldehyde (2) was converted into ethyl thieno[3,2-b ]thiophene-2-

carboxylate (3) through reaction with ethyl 2-mercaptoacetate and potassium carbonate in 

refluxing N,N-dimethylformamide (Scheme 12.1).233
-
235 Ethyl thieno[3,2-b]thiophene-2-

carboxylate (3) was converted into N-hydroxythieno[3,2-b]thiophene-2-carboxamide (4) by the 

addition of hydroxylamine, which was formed via the reaction of hydroxylamine hydrochloride 

with potassium hydroxide and subsequent precipitation of potassium chloride.236 Additionally, 

hydrolysis of ethyl thieno[3,2-b ]thiophene-2-carboxylate (3) was accomplished via reflux with 

lithium hydroxide monohydrate in a 1: 1 mixture of tetrahydrofuran:water.233
-
235 Upon acidic 

workup using hydrochloric acid, thieno[3,2-b ]thiophene-2-carboxylic acid (5) was yielded.233
-
235 

Copper-catalyzed decarboxylation of thieno[3,2-b ]thiophene-2-carboxylic acid (5) in 
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--------------

. . 1. 22s-229 232 d d h. [3 2 b] h. h (6) (S h 234 231 Threfluxmg qumo me ' pro uce t 1eno , - t 10p ene c eme 12 2. . ) 233- ' e 

corresponding aldehyde, thieno[3,2-b ]thiophene-2-carbaldehyde (7), was subsequently prepared 

241via Vilsmeier-Haack formylation.238- By reacting thieno[3,2-b ]thiophene-2-carbaldehyde (7), 

ethylene glycol, and catalytic p-toluene sulfonic acid monohydrate in refluxing benzene in a 

flask equipped with of a Dean Stark apparatus to eliminate water via an azeotrope,241-242 (7) was 

successfully protected as the corresponding cyclic acetal, 2-(thieno[3,2-b ]thiophen-2-yl)-1,3-

dioxolane (8). Alternatively, through Knoevenagel condensation of thieno[3,2-b ]thiophene-2-

carbaldehyde (7) with cyanoacetic acid and ammonium acetate in refluxing glacial acetic 

acid,243 -244 2-cyano-3-(thieno[3,2-b ]thiophen-2-yl)acrylic acid (9) was prepared. Finally, reaction 

of thieno[3 ,2-b ]thiophene-2-carbaldehyde (7) with piperidine and sulfur in refluxing N,N

dimethylformamide gave piperidin-1-yl(thieno[3,2-b ]thiophen-2-yl)methanethione (10) via a 

modified Willgerodt-Kindler reaction.96 Similarly, N,N-diethylthieno[3,2-b ]thiophene-2-

carbothioamide (11) should be able to be obtained via this route using diethylamine. 

HO~ OH 

pTsOH•H2O OJ(Sr'o
benzene sreflux, 24 h 

8 
0 

HO~CN s 
1) POCl3 

DMF dJYoHNH4OAcCl(CH2bCI (dry) 0 S NCs CH3COOH0°c to reflux 
reflux, 2.5 h 9OJ (Sr'H

2) sat. NaHCO3s s spiperidine 
6 sulfur7 

DMF (dry) ~oreflux, 0.5h 
10 

sdiethylamine 
sulfur 

DMF (dry) ~creflux, 0.5h 
11 

Scheme 12.2. Synthesis of thieno[3 ,2-b ]thiophene linkers 6-11. 
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Alternatively, reaction of thieno[3,2-b ]thiophene-2-carboxylic acid (5) with thionyl 

chloride and catalytic N,N-dimethylformamide produced the corresponding acid chloride in 

situ245 (the presence of which was noted when solid no longer remained in refluxing toluene). 

Subsequent addition of piperidine yielded piperidin-1-yl(thieno[3,2-b ]thiophen-2-yl)methanone 

(12) (Scheme 12.3). Conversion of amide (12) to the corresponding thioamide, piperidin-1-

yl(thieno[3,2-b ]thiophen-2-yl)methanethione (10), was achieved through the use of Lawesson's 

Reagent (2,4-bis( 4-methoxyphenyl)-1,3 ,2,4-dithiadiphosphetane 2,4-disulfide) in refluxing 

toluene.246 Analogously, by substituting piperidine with diethylamine, N,N-diethylthieno[3,2-

b ]thiophene-2-carboxamide (13) was produced and then converted to N,N-diethylthieno[3,2-

b ]thiophene-2-carbothioamide (11) using Lawesson's Reagent.246 It should be noted that the 

modified Willgerodt-Kindler reaction was shorter, required less energy, and needed solely a 

recrystallization to obtain the desired product. However, 5 steps were required to obtain starting 

aldehyde (7) for the modified Willgerodt-Kindler reaction, while only 4 steps were required to 

obtain amide (12) which was converted into thioamide (10) using Lawesson's reagent. 

1) SOCl2, DMF (cat) O 

toluene cCr
RT, 1.5 h Lawesson's Reagent 

1/s~;, Q 
s 

2) piperidine toluene (dry) o"roCH2Cl2 reflux, 4 h 
0°C to RT, 16 h 12 10 

0 

cerOH 1) SOCl2, DMF (cat) 
s toluene 0 s 

RT, 1.5 h r---c<S~ Lawesson's Reagent
5 

-----2) diethylamine (_J>-!f /8 
N~ toluene (dry) o"rcCH2Cl2 "- reflux, 4 h 

110°C to RT, 16 h 13 

Scheme 12.3. Synthesis ofthieno[3,2-b]thiophene linkers 10-13. 
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Thieno[3,2-b]thiophene (6), upon treatment with freshly prepared lithium 

diisopropylamide, was deprotonated at the a-position. The addition of diethyl 

chlorophosphate247
-
248 as an electrophile led to the formation of the desired diethyl thieno[3,2-

b ]thiophen-2-ylphosphonate (14) along with the undesired tetraethyl thieno[3,2-b]thiophene-2,5-

diylbis(phosphonate) (14a) and other by-products (Scheme 12.4). These compounds could be 

separated via SiO2 column chromatography in 4: 1 ethyl acetate:hexanes. Lastly, diethyl 

thieno[3,2-b ]thiophen-2-ylphosphonate was dealkylated using bromotrimethylsilane247
-
248 to 

produce thieno[3,2-b ]thiophen-2-ylphosphonic acid (15). 

1. LOA 
THF (dry) 
-78°C 

2. 0
II 

j 1) TMSBr
0c,.,,~'o s // CH2Cl2 

o'-.,.,-"" n- '7rp, RT, 16 h 
(_µ 60~!CO

s 

THF (dry) 2) MeOHs s i-78°C to RT, 16 h 
14 15

6 

Scheme 12.4. Synthesis ofthieno[3,2-b]thiophene linkers 14 and 15. 

12.3. Synthesis of 2,2'-Bithiophene Linkers 

Synthesis of the 2,2'-bithiophene series of linkers (Schemes 12.5, 12.6) began with 

commercially available 2,2'-bithiophene (16). 2,2'-bithiophene (16) was also successfully 

prepared by means of a Kumada Coupling through generation of thiophen-2-ylmagnesium 

bromide, and subsequent addition of this Grignard reagent to a mixture of 2-bromothiophene and 

[ 1,3-bis( diphenylphosphino )propane ]-nickel(II) chloride in tetrahydrofuran.243
• 

247
' 

249 Vilsmeier

Haack formylation using phosphorous oxychloride in refluxing N,N-dimethylformamide224
• 

238
• 
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244 yielded [2,2'-bithiophene]-5-carbaldehyde (17) (Scheme 12.5).225 
' 

243 
' 

249 Through a series of 

different reactions, aldehyde (17) led to the majority of the desired bithiophene linkers. 

s 
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Io-iff)
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EtOH , H2O EDC-HCI 
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I [)--if N, 
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0 0 
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Scheme 12.5. Synthesis of2,2'-bithiophene linkers 17-23. 

Reaction of [2,2'-bithiophene ]-5-carbaldehyde (17) with piperidine and sulfur in 

refluxing N,N-dimethylformamide gave [2,2'-bithiophen ]-5-yl(piperidin-1-yl)methanethione (18) 

via a modified Willgerodt-Kindler reaction96 (Scheme 12.5). Oxidation of [2,2'-bithiophene]-5-

carbaldehyde (17) using silver(!) oxide in a 1:2 ethanol:water solution containing sodium 

hydroxide, with subsequent acidic workup using hydrochloric acid250 
-
251 yielded [2,2'

bithiophene ]-5-carboxylic acid (19). Attempts at converting carboxylic acid (19) to the acid 

chloride in situ using thionyl chloride, followed by addition of O-(tetrahydro-2H-pyran-2-

yl)hydroxylamine and Hilnig's base (N,N-diisopropylethylamine) gave some of the desired THP 

protected hydroxamic acid, N-((tetrahydro-2H-pyran-2-yl)oxy)-[2,2'-bithiophene]-5-
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carboxamide.252
-
253 Deprotection with catalytic p-toluene sulfonic acid in methanol was 

attempted to furnish N-hydroxy-[2,2'-bithiophene]-5-carboxamide (21), but was low yielding 

overall.252
-
253 With the success of converting ethyl thieno[3,2-b ]thiophene-2-carboxylate (3) into 

N-hydroxythieno[3,2-b]thiophene-2-carboxamide (4) using hydroxylamine236 (Scheme 12.1), 

ethyl [2,2'-bithiophene ]-5-carboxylate (20) was prepared from [2,2'-bithiophene ]-5-carboxylic 

acid (19) using N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride, ethanol, and 

catalytic 4-dimethylaminopyridine in good yield. 254
-
255 Alternatively, ethyl [2,2'-bithiophene ]-5-

carboxylate (20) was synthesized via deprotonation using n-butyllithium and addition of ethyl 

chloroformate as an electrophile; however, this reaction produced numerous by-products and was 

low yielding (24%).256
-
257 With ethyl [2,2'-bithiophene]-5-carboxylate (20) in hand, reaction with 

hydroxylamine, formed via reaction of hydroxylamine hydrochloride with potassium hydroxide 

and subsequent precipitation of potassium chloride,236 successfully produced N-hydroxy-[2,2'

bithiophene]-5-carboxamide (21) in good yield. 

Beginning once again from [2,2'-bithiophene ]-5-carbaldehyde (17), protection usmg 

ethylene glycol and catalytic p-toluene sulfonic acid monohydrate in refluxing benzene in a flask 

equipped with of a Dean Stark apparatus to eliminate water via an azeotrope,241
-
242 yielded the 

cyclic acetal, 2-([2,2'-bithiophen]-5-yl)-1,3-dioxolane (22) (Scheme 12.5). Furthermore, through 

Knoevenagel condensation of aldehyde (17) with cyanoacetic acid and ammonium acetate in 

refluxing glacial acetic acid,243
-
244 3-([2,2'-bithiophen]-5-yl)-2-cyanoacrylic acid (23) was 

yielded. 

2,2'-bithiophene (16) upon treatment with freshly prepared lithium diisopropylamide, was 

243 251deprotonated at the a-position. Addition of diethyl chlorophosphate as an electrophile242
- , -

252 led to the formation of desired diethyl [2,2'-bithiophen]-5-ylphosphonate (24) along with 
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undesired tetraethyl [2,2'-bithiophene]-5,5'-diylbis(phosphonate) (24a) and other by-products 

(Scheme 12.6), as previously described with diethyl thieno[3,2-b]thiophen-2-ylphosphonate (14) 

(Scheme 12.4). Similarly, this mixture could be separated via SiO2 column chromatography in 

4: 1 ethyl acetate:hexanes. Diethyl [2,2'-bithiophen]-5-ylphosphonate (24) was dealkylated using 

bromotrimethylsilane247-248 to produce [2,2'-bithiophen]-5-ylphosphonic acid (25). 

1. LDA 
THF (dry) 

s s
G--0 

-78°C 

2. 0 j
II 

Cl,,~'O 
0 '-../"" 

---THF (dry) 

<?,Q--{Js~,a,........____ 
01I 

1) TMSBr 
CH2Cl2 
RT, 16 h 

2) MeOH 

0 
II 

r(\ iY~'OH 
~OH 

16 
-78°C to RT, 16 h 

24 25 

Scheme 12.6. Synthesis of 2,2'-bithiophene linkers 24 and 25. 

12.4. Synthesis of 2,2':5',2"-Terthiophene Linkers 

Synthesis of the 2,2':5',2"-terthiophene series oflinkers (Schemes 12.7, 12.8) began with 

commercially available 2,2':5',2"-terthiophene (26). 2,2':5',2"-terthiophene (26) was also 

successfully prepared by means of a Kumada Coupling through generation of thiophen-2-

ylmagnesium bromide, and subsequent addition of this Grignard reagent to a mixture of 2,5-

dibromothiophene and [ 1,3-bis( diphenylphosphino )propane ]-nickel(II) chloride Ill 

tetrahydrofuran.243' 247 Vilsmeier-Haack formylation using phosphorous oxychloride and N,N

244 258dimethylformamide in dichloromethane from 0 °C to room temperature ovemight225' 243- , 

yielded [2,2':5',2"-terthiophene]-5-carbaldehyde (27) (Scheme 12.7). As with the bithiophene 

derivatives, aldehyde (27) was the intermediate for the majority of the terthiophene linkers. 
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piperidine 1 s s 
sulfur 

DMF (dry) 
reflux, 0.5h 

28 

1. Ag2O, NaOH, 
EtOH, H2O 
RT, 2.5 h 

CH3C H2OH 
EDC-HCI 

OH DMAP 

;/ S 0 

1) POCl3 2. HCI , H2O CH2Cl2 (dry) 

1 s DMF 
CH2Cl2 (dry) 

1 s 0 
29 

RT, 16 h 
30 

0' C to RT, 16 h H 

2) sat. NaOAc, 4.5 h 

26 27 HO~OH 

pTsOH•H2O 

benzene 1 s 
reflux, 24 h 

32 

0 

HO~CN 
OH 

31 

NH4OAc 
CH3COOH 
reflux, 2.5 h 

33 

Scheme 12.7. Synthesis of 2,2':5',2"-terthiophene linkers 27-33. 

Reaction of [2,2':5',2"-terthiophene]-5-carbaldehyde (27) with piperidine and sulfur in 

refluxing N,N-dimethylformamide gave [2,2':5' ,2"-terthiophen ]-5-yl(piperidin-1-

yl)methanethione (28) via a modified Willgerodt-Kindler reaction96 (Scheme 12. 7). Oxidation of 

[2,2':5',2"-terthiophene]-5-carbaldehyde (27) using silver(!) oxide in a 1:2 ethanol:water solution 

containing sodium hydroxide yielded [2,2':5',2"-terthiophene]-5-carboxylic acid (29) following an 

acidic workup using hydrochloric acid.250
-
251 Attempts at converting carboxylic acid (29) to the 

acid chloride in situ using thionyl chloride, followed by addition of O-(tetrahydro-2H-pyran-2-

yl)hydroxylamine and Hilnig's base (N,N-diisopropylethylamine) gave some of the desired THP 

protected hydroxamic acid, N-((tetrahydro-2H-pyran-2-yl)oxy)-[2,2':5',2"-terthiophene]-5-

carboxamide.252
-
253 Deprotection with catalytic p-toluene sulfonic acid in methanol gave low 

yields of N-hydroxy-[2,2' :5',2"-terthiophene]-5-carboxamide (31), as observed with N-hydroxy

[2,2'-bithiophene]-5-carboxamide (21).252
-
253 With the success of converting ethyl thieno[3,2-

b ]thiophene-2-carboxylate (3) into N-hydroxythieno[3,2-b ]thiophene-2-carboxamide (4) and 

ethyl [2,2'-bithiophene ]-5-carboxylate (20) into N-hydroxy-[2,2'-bithiophene ]-5-carboxamide 
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(21) using hydroxylamine236 (Schemes 12.1, 12.5), ethyl [2,2':5',2"-terthiophene]-5-carboxylate 

(30) was prepared from [2,2':5',2"-terthiophene]-5-carboxylic acid (29) using N-(3-

dimethylaminopropyl)-N' -ethylcarbodiimide hydrochloride, ethanol, and catalytic 4-

dimethylaminopyridine.254-255 With ethyl [2,2':5',2"-terthiophene]-5-carboxylate (30) in hand, 

multiple reactions with hydroxylamine, formed via reaction of hydroxylamine hydrochloride 

with potassium hydroxide and subsequent precipitation of potassium chloride,236 were attempted. 

However, N-hydroxy-[2,2'-bithiophene]-5-carboxamide (31) was not produced. In the future, 

. 236 252-253 l . 229 259-262 h ld b d d · · dthese two reactions ' or a temative routes ' s ou e pursue an optimize to 

prepare N-hydroxy-[2,2'-bithiophene]-5-carboxamide (31) in good yield. 

Beginning again from [2,2':5',2"-terthiophene]-5-carbaldehyde (27), protection usmg 

ethylene glycol and catalytic p-toluene sulfonic acid monohydrate in refluxing benzene in a flask 

241 242 fu. d . h f D S k 1· . . - · h d heqmppe wit o a ean tar apparatus to e immate water via an azeotrope, mis e t e 

cyclic acetal, 2-([2,2':5',2"-terthiophen]-5-yl)-1,3-dioxolane (32) (Scheme 12.7). Likewise, 

Knoevenagel condensation of aldehyde (27) with cyanoacetic acid and ammonium acetate in 

refluxing glacial acetic acid243
-
244 gave 3-([2,2':5',2"-terthiophen]-5-yl)-2-cyanoacrylic acid (33). 

2,2':5',2"-Terthiophene (26), when treated with freshly prepared lithium 

diisopropylamide, was deprotonated at the a-position. The addition of diethyl chlorophosphate 

as an electrophile247
-
248 led to the formation of desired diethyl [2,2':5',2"-terthiophen]-5-

ylphosphonate (34) and undesired tetraethyl [2,2':5',2"-terthiophene]-5,5"-diylbis(phosphonate) 

(34a) among other by-products, as previously described, which were separated via SiO2 column 

chromatography in 4:1 ethyl acetate:hexanes (Scheme 12.8). Diethyl [2,2':5',2"-terthiophen]-5-

ylphosphonate (34) was dealkylated using bromotrimethylsilane,247
-
248 resulting in [2,2':5',2"

terthiophen]-5-ylphosphonic acid (35). 
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1. LOA 
THF (dry) 

f s 

-78°C 

2. O j
II 

Cl~~'O f s 
1) TMSBr 
CH2Cl2 f s 0 

II 

0~ s RT, 16 h ~'OH 

THF (dry) I // 2) MeOH 
OH 

-78°C to RT, 16 h 
26 34 35 

34a 

Scheme 12.8. Synthesis of 2,2':5',2"-terthiophene linkers 34 and 35. 

12.5. Synthesis of Selenoxanthones 

The synthesis of various chalcogen-containing xanthones has been described by the Detty 

94 95 73group (DMA,67
• - ½J,26

• J,96 Bis ½J,73 Bis J,73 unsymmetrical (J½J),73 and linear and bent 

extended75
• 

263
) (Chart 12.2). The synthesis of the OMA and the Bis J selenoxanthones will be 

summarized since these two xanthones were employed in this work. The Bis J selenoxanthone 

was used due to its 1) increased hydrophobicity and lipophilicity, stemming from of the presence 

of twelve additional carbon atoms in the xanthium core, 2) increased wavelength of absorption 

(Amax > 600 nm), resulting from locking the nitrogen lone pair located on the 3- or 6-position into 

conjugation with the xanthylium nucleus, and 3) increase in occupation of the longer-lived triplet 

excited state and subsequent increase in quantum yield of 10 2, facilitated by the use of selenium 

as a heavy atom in the xanthylium core. For comparative purposes, as well as encountered 

solubility issues of a series of oligothiophene-containing Bis J dyes in buffered saline solutions 

required for biological testing, the OMA analogs were synthesized. 
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Chart 12.2. Chalcogen-containing xanthones that have been described by the Detty group. 

The synthesis of the Bis J selenoxanthone began with Vilsmeier-Haack formylation of 

commercially available julolidine (2,3,6, 7-tetrahydro-1H,5H-pyrido[3,2, 1-ij]quinolone) using 

phosphorus oxychloride in refluxing N,N-dimethylformamide to yield 9-formyljulolidine 

(Scheme 12.9), which was oxidized over two steps as a result of the problematic oxidation of 9-

formyljulolidine to julolidine-9-carboxylic acid due to a zwitterionic resonance form.96 Through 

the use of a modified Willgerodt-Kindler reaction with sulfur and piperidine in refluxing N,N

dimethylformamide, julolid-9-yl(piperidin-1-yl)methanethione was afforded.96 Subsequent 

treatment of julolid-9-yl(piperidin-1-yl)methanethione with trifluoroacetic anhydride in 

dichloromethane yielded julolid-9-yl(piperidin-1-yl)methaneone in a +3 oxidation state, which is 

comparable to a carboxylic acid.96 

3-Bromoaniline was converted to 8-bromojulolidine via dialkylation using excess 1-

bromo-3-chloropropane in the presence of sodium carbonate, followed by cyclization via heating 

in N,N-dimethylformamide (Scheme 12.9).73 Formation of the corresponding Grignard reagent 

was accomplished by reacting 8-bromojulolidine with magnesium and catalytic iodine in 
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tetrahydrofuran. Subsequent addition of elemental selenium gave the corresponding 8,8'-

bisjulolidyl diselenide following air oxidation.73 

zwitterionic 
resonance form 

1) POCl3 
DMF (dry) piperidine 
100°C, 2 h sulfur 

2) 1M NaOH DMF (dry) 
reflux, 0.5h 

julolidine 9-formyljulolidine julolid-9-yl(piperidin-1-yl) julolid-9-yl(piperidin-1-yl) 
methanethione methaneone 

1) Mg, 12 (cat)Cl 
THF (dry} 
reflux, 3 h 

H2NOBr _B_r_~_N_a2_C_0_3c_,__ \NoBr _D_M_F-(d_ry_)__ WBr 2) Se 
RT, 3 h 140°c, 24 h 160°c, 48 h j

3-bromoaniline 

8-bromojulolidine 8,8'-bisjulolidyl diselenide Cl 

3-bromo-N,N-bis 
(3-chloropropyl)aniline 

1) POCl3, NEt30 . 0 
CH3CN (dry)1)s-Bul1, TMEDA ~ 
reflux, 12 hTHF(dry) I : o 

2) 1M NaOH 
RT, 6 h W 2)(W t,I N Se 

N ° Se 1/"' 

0 
vijulolid-9-yl(piperidin-1-yl) Bis J Selenoxanthone 

methaneone 2 N 

THF (dry) 
-78 °C, 3h then RT, 15 h piperidin-1-yl 

(8-((julolid-8-yl)selanyl)
julolid-9-yl)methanone 

Scheme 12.9. Synthesis of the Bis J selenoxanthone. 

Directed ortho-metalation of julolid-9-yl(piperidin-l-yl)methaneone usmg sec

butyllithium and N,N,N' ,N' -tetramethylenediamine in tetrahydrofuran at -78 °C, resulted in an 

ortho-lithiated anionic intermediate which, following the addition of 8,8' -bisjulolidyl diselenide, 

provided the ortho-substituted piperidin-l-yl(8-(Gulolid-8-yl)selanyl)-julolid-9-yl)methanone 
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(Scheme 12.9).73 Electrophilic cyclization with phosphorous oxychloride and triethylamine in 

acetonitrile95 yielded the corresponding Bis J selenoxanthone.73 

The synthesis of the DMA selenoxanthone began with the conversion of 4-

( dimethylamino )benzoic acid to the corresponding acid chloride in situ using thionyl chloride in 

dichloromethane. Subsequent addition of diethylamine yielded 4-(dimethylamino)-N,N

diethylbenzamide (Scheme 12.10).94 

d 
O 1) SOCl2 O 

CH2Cl2 (dry) d
0 °C, 3h /'-....... 

'- N OH --2-)-di-et-h-yla_m_i-ne-- '- N l-...... 
I O°C, 0.5 h then RT, 1 h I 

4-(dimethylamino) 4-(dimethylamino)
benzoic acid N,N-diethylbenzamide 

1) Mel , K2CO3 1) Mg, 12 (cat) 
DMF (dry) THF (dry) 
100 °C, 2h reflux, 2 h 

' N Br0 
I 
0 

H2N Br 2)DABCO 2)Se 
100 °C, 2h RT, 3 h 

bis-3-(N,N-dimethylamino)3-bromoaniline 3-bromo-N,N-dimethylaniline 
phenyl diselenide 

1) POCl3, NEt3 
CH2Cl2 (dry) 

0°C to RT, 48 h 1) s-Buli , TM EDA 
2) 3M NaOHTHF (dry) 

or 
1) POCl3 

CH3CN (dry) 
4-(dimethylamino) reflux, 0.5 h OMA Selenoxanthone 

N,N-diethylbenzamide 2) 3M NaOH 

THF (dry) 
-78 °C, 0.5 h then RT 4-(dimethylamino)-2-

((3-(dimethylamino)phenyl)selanyl) 
-N,N-diethylbenzamide 

Scheme 12.10. Synthesis of the DMA selenoxanthone. 

Trialkylation of 3-bromoaniline was accomplished usmg excess iodomethane and 

potassium carbonate and heating in N,N-dimethylformamide, thus yielding the quaternary 

ammonium salt. The addition of 1,4-diazabicyclo[2.2.2]octane gave the desired, demethylated 3-

bromo-N,N-dimethylaniline (Scheme 12.10).264 Formation of the corresponding Grignard 

reagent was accomplished by reacting 3-bromo-N,N-dimethylaniline with magnesium and 
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catalytic iodine in tetrahydrofuran. Subsequent addition of elemental selenium gave the 

corresponding bis-3-(N,N-dimethylamino )phenyl diselenide following air oxidation.95
' 

264 

Directed ortho-metalation of 4-(dimethylamino)-N,N-diethylbenzamide using sec

butyllithium and N,N,N' ,N' -tetramethylenediamine in tetrahydrofuran at -78 °C, resulted in an 

ortho-lithiated amomc intermediate which, following the addition of bis-3-(N,N

dimethylamino )phenyl diselenide, provided the ortho-substituted 4-( dimethylamino )-2-((3-

( dimethylamino )phenyl)selanyl)-N,N-diethylbenzamide (Scheme 12.10).94 Electrophilic 

cyclization with phosphorous oxychloride and triethylamine in dichloromethane, or phosphorous 

95 264 oxychloride in refluxing acetonitrile yielded the corresponding DMA selenoxanthone.67
' , 

12.6. Synthesis of Oligothiophene-Containing Dyes 

The synthesis of the oligothiophene-containing dyes was similar to previously reported 

procedures (Chapters 12.6.1-12.6.4) (Scheme 12.11). It should be noted that most of the dyes 

presented in this work were synthesized only once in order to survey their properties, and 

therefore further optimization could be completed, perhaps leading to higher yields and greater 

purity. Nevertheless, when using oligothiophenes, it was noted that inverse addition was more 

favorable in most cases ( addition of the xanthone to the lithiated intermediate), although this 

meant addition of the limiting electrophile to the excess nucleophile. Deprotonation using 

lithium diisopropylamide in tetrahydrofuran led to precipitation of the anionic intermediate in 

several instances, which proved to be difficult transfer via cannulate. Additionally, longer 

lithiation times were required to fully deprotonate certain linkers, especially the phosphonic 

acids (15, 25, 35) and the 1,3-dioxolanes (8, 22, 32), so that they efficiently added to the 

corresponding xanthones. 
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Scheme 12.11. Synthesis of oligothiophene-containing dyes. 

12.6.1. Synthesis of Oligothiophene-Containing Thioamide and Amide Dyes 

The thioamide and amide dye series were prepared via previously described methods. 26
-

27 Deprotonation using sterically bulky lithium diisopropylamide, which was freshly prepared 

from n-butyllithium and diisopropylamine, yielded the corresponding anion that was added to a 

xanthone solution. Workup with aqueous hexafluorophosphoric acid gave the thioamide

containing dyes. Unlike the highly directing amide group, the thioamide moiety does not direct 

lithiation in thiophenes and only the more acidic a-proton is removed. Subsequently, the amide

containing rhodamines were prepared from their thioamide counterparts via hydrolysis using 

trifluoroacetic anhydride. 

12.6.2. Synthesis of Oligothiophene-Containing Carboxylic and Hydroxamic Acid Dyes 

The carboxylic acids dyes were prepared following previously described methods.219
• 

265
-

266 Deprotonation using 2 equivalents of lithium diisopropylamide afforded the corresponding 

dianion, which was added to a xanthone solution. The corresponding carboxylic acid dyes were 

obtained following workup with aqueous hexafluorophosphoric acid. 

Although the hydroxamic acid dyes were not synthesized in this work, access to these 

dyes can be achieved through the carboxylic acid dyes following previously published 

procedures.219
• 

253 In these previous works, treatment of carboxylic acid dyes with thionyl 
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chloride generated the acid chloride in situ. Addition of diisopropylethylamine and 0-

tetrahydropyranyl (THP)-protected hydroxylamine afforded the THP protected hydroxamic 

acids. The THP-protected dyes were challenging to purify since the recovered carboxylic acid 

and deprotected hydroxamic acid impurities could not be removed via recrystallization. 

Additionally, a significant amount of the THP-protected dye adhered to silica when column 

chromatography was attempted. As a result, the crude THP-protected dyes were deprotected 

without further purification using catalytic p-toluenesulfonic acid (0.1 equivalent) in a 1: 1 

mixture of methanol and dichloromethane. After 16 h at room temperature, the crude 

hydroxamic acids were poured into aqueous potassium hexafluorophosphate, and the resulting 

solid was collected by filtration and recrystallized. Following this method, oligothiophene

containing hydroxamic acid dyes should be able to be obtained. 

12.6.3. Synthesis of Oligothiophene-Containing Aldehyde and Cyanoacrylic Acid Dyes 

Since the cyanoacrylic acid anchoring group is the most widely employed anchoring 

group in dye sensitized solar cells,212 
' 

22 1 this series of dyes was synthesized. Cyanoacrylic acids 

may be synthesized via a Knoevenagel condensation, which involves the nucleophilic addition of 

an active methylene compound to a carbonyl using a weakly basic amine as a catalyst. To 

accomplish the synthesis of this series of dyes, the corresponding aldehyde linkers (7, 17, 27) 

were prepared via Vilsmeier-Haack formylation as described (Chapters 12.2-12.4). To afford 

the aldehyde dyes, these linkers were protected as the 1,3-dioxolanes (8, 22, 32). Deprotonation 

was accomplished using lithium diisopropylamide, and this anion was added to the 

corresponding xanthone. Subsequent workup with aqueous hexafluorophosphoric acid led not 

only to the formation of the dye chromophore, but also the deprotection of the 1,3-dioxolanes, 

thus yielding the aldehyde dyes. 
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With the aldehyde dyes in hand, Knoevenagel condensation with cyanoacetic acid and 

ammonium acetate in refluxing glacial acetic acid243 
-
244 afforded the desired cyanoacrylic acid 

dyes. This is the first-time rhodamine dyes have been synthesized with this anchoring group. 

12.6.4. Synthesis of Oligothiophene-Containing Phosphonic Acid Dyes 

109 219The synthesis of phosphonic acid dyes for the use in DSSCs has been described.70 
• • • 

253 These syntheses involved the use of protected diethyl thiophen-2-ylphosphonate, which upon 

deprotonation using lithium diisopropylamide in tetrahydrofuran at -78 °C afforded ( 5-

219 267( diethoxyphosphoryl)thiophen-2-yl)lithium. 109 
• • -

268 Addition of this anionic intermediate to 

a xanthone in solution, followed by an aqueous hexafluorophosphoric acid workup yielded the 

corresponding phosphonate ester dyes. 109 
• 

219 These dyes were dealkylated using 

iodotrimethylsilane, followed by workup with a solution of aqueous potassium 

hexafluorophosphate, which yielded the sparingly soluble phosphonic acid dyes.70 
• 

109 However, 

it was presumed that during this dealkylation, iodide added to the 9-position of the dye, thereby 

eliminating the resonance of the chromophore and dissociating the hexafluorophosphate 

counterion.70 While stirring in aqueous potassium hexafluorophosphate did eventually restore the 

counterion and eliminate the iodide, this method was inefficient. Alternatively, a workup using 

silver hexafluorophosphate in N,N-dimethylformamide allowed silver iodide to precipitate out of 

solution, which could be removed via vacuum filtration.70 Large volumes of N,N

dimethylformamide were required to dissolve the dye using this method, but the dye could be 

precipitated and purified from the solution by adding large amounts of dichloromethane, since 

the dye was not soluble in this solvent, whereas the majority of the impurities were.70 

In attempts to improve upon this method and avoid the use of iodotrimethylsilane and the 

undesired side product that was produced, dealkylation using either excess chlorotrimethylsilane 
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or bromotrimethylsilane was attempted.253 Unfortunately, these reagents only resulted in partial 

deprotection of the phosphonate esters, even using large excesses and extended reaction times.253 

Avoiding the use of silver hexafluorophosphate, since it's high cost makes it unappealing for 

large scales or multiple dye reactions, the phosphonate esters were deprotected using excess 

iodotrimethylsilane in acetonitrile, followed by a workup with aqueous potassium 

hexafluorophosphate to give the desired phosphonic acids.253 During the deprotection, loss of the 

dye chromophore was noted by the formation of a very insoluble yellow/orange solid. This was 

attributed to the addition of iodine to the 9-position of the core. By limiting the 

iodotrimethylsilane deprotection to 20 min and adding equivalent amounts of acetonitrile, 

methanol, and dichloromethane to solubilize the crude product in aqueous potassium 

hexafluorophosphate, the dye chromophore could be regenerated within a few of hours.253 

Nevertheless, the reaction mixture was allowed to stir overnight to completely regenerate the 

chromophore and precipitate the dye, which was isolated via vacuum filtration. 253 

In an attempt to avoid the use of silver hexafluorophosphate and the addition of iodine at 

the 9-position of the xanthylium core all together, it was hypothesized that the phosphonic acid 

dyes could be obtained in a similar manner to the carboxylic acid dyes.219
• 

265
-
266 In order to do 

so, the corresponding thieno[3,2-b ]thiophene, 2,2'bithiophene, and 2,2':5',2"-terthiophene 

phosphonic ester linkers (14, 24, 34) were synthesized as previously described (Chapters 12.2-

12.4) via treatment with lithium diisopropylamide and addition of diethyl chlorophosphate.247
-
248 

Unlike attempts with the phosphonic ester dyes, dealkylation of the linkers could be 

accomplished through the use of bromotrimethylsilane247
-
248 to give the deprotected phosphonic 

acid linkers (15, 25, 35). Deprotonation was accomplished using 3 equivalents of lithium 

diisopropylamide at -78 °C for 50 mins. Shorter lithiation times (0-20 mins) did not fully 
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deprotonate the linkers and failed to yield the dyes. Longer lithiations, however, successfully 

yielded the desired dyes. Thus, an easier and more convenient method of preparing phosphonic 

acid dyes may have been discovered but will need to be attempted with more dyes in the future. 

12.7. The Photophysics of Phenyl, Thienyl, and Chalcogen-Substituted Rhodamine Dyes 

Many of the oligothiophene linkers discussed in this work were synthesized because they 

were required for subsequent dye synthesis. However, the complete linker series (aryl bridge + 

anchor) was synthesized since investigation of these linkers alone may provide valuable insight 

as to how the anchoring groups ( carboxylic, phosphonic, hydroxamic, cyanoacrylic acids) bind, 

how strongly the aryl bridge ( oligothiophene, thiophene, phenyl) is coupled to the 

semiconductor, and how binding perturbs the electronic structure of the bridge. 

Investigation of dye molecules (donor-bridge-anchor-TiO2) by the Mccamant group 

indicated that when rhodamine dyes absorb light, electron density shifts into the aryl bridge. 

Using resonance Raman spectroscopy and time-dependent density functional theory (TDDFT), 

the structural dynamics that occurred prior to electron transfer were determined. Phenyl bridges 

had a stable geometry in the excited state, similar to the out-of-plane geometry observed in the 

ground state with respect to the xanthylium core.69
' 
90 On the other hand, thiophene in the excited 

state rotated to a coplanar geometry in 6-50 ps269 since the thienyl ring has greater torsional 

flexibility due to its smaller size and the fact that the anchoring moiety located at the 5-position 

is far enough removed to minimize steric interactions. 108
, 

269 Coplanarity delocalized electron 

density from the xanthylium core into the thienyl bridge, which thus increased electronic 

coupling to the semiconductor, thereby suggesting accelerated electron transfer from the dye into 

TiO2 via the anchoring moiety.270 Although this geometry was expected to facilitate enhanced 

electronic coupling between the dye and TiO2, there may be competing enhanced non-radiative 
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coupling back to the ground state, which inhibits electron transfer. 

The McCamant group is currently performing follow up experiments by studying the 

excited state dynamics via transient absorption to establish rates of electron transfer and 

recombination, TDDFT to determine electron transfer rates, and hydrogen production 

experiments using the dyes attached to Pt-TiO2 and ascorbic acid as a sacrificial electron donor. 

It is hypothesized that the thienyl bridge will produce a greater quantity of hydrogen compared to 

the phenyl due to enhanced electronic coupling, resulting from thiophene's unique excited state 

pathway. Thienyl bridges are expected to exhibit faster rates of electron transfer due to access of 

coplanar geometry in roughly 6 ps. 

Studying solely the linker (bridge-anchor-TiO2) provides information on how electron 

density in the aryl bridge is connected through the anchor to the semiconductor. Overall then, a 

complete story of the various pieces of electronic coupling, from the dye to the semiconductor, 

can be obtained. With linker compounds, the McCamant group planned to use resonance Raman 

spectroscopy to determine which combination coupled most strongly to TiO2. However, this was 

not feasible as the linkers absorbed light in the same region as TiO2. Nevertheless, FTIR, UV

vis, and fluorescence were used to study the binding process as a function of bridge and 

anchoring group. It was determined that phosphonic acids bound tightly to TiO2 in a wide range 

of pH's. In terms of electronic coupling strength to Ti 0 2, carboxylic acids displayed the strongest 

218coupling, followed by phosphonic acids, but carboxylic acids are known to be very labile109· -

219 and thus lead to decreased performance in both DSSCs and solar hydrogen evolution. Since 

phosphonic acids are much more stable on TiO2 under acidic conditions and have adequate 

electronic coupling strength, they are deemed the superior anchoring moiety. Additionally, 

establishing the oxidation and reduction potentials and determining where the bridge HOMO and 
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LUMOs lie relative to the valence and conduction band of the semiconductor is important and 

can be accomplished using cyclic voltammetry. 

Once the effects of different single aryl linkers (thiophene or phenyl with carboxylic or 

phosphonic acid anchors) are fully understood, the Mccamant group plans to investigate the 

oligothiophene linkers and their analogous dyes. These studies will provide a better 

understanding of the donor-linker-anchor-TiO2 and linker-anchor-TiO2 excited state dynamics, 

and give insight into optimizing the structure-dependent photophysics of rhodamine dyes in 

109 217 270order to improve DSSC efficiency108
- , -

219 and solar hydrogen production.269
-

12.8. Photoelectrochemical Performance of Oligothiophene-Containing Selenorhodamines 

Photocurrent density-photovoltage (J-V) curves and short-circuit photocurrent action 

spectra were obtained to evaluate the photoelectrochemical performance of oligothiophene

containing dyes on TiO2• J-V measurements were made under white-light illumination and short

circuit photocurrent action spectra were acquired under monochromatic illumination with a 0.478 

2 109cm area of illumination. 108
- , 

219 Dye-coated, nanocrystalline TiO2 films on fluorine-doped tin 

109 219oxide-coated glass slides were prepared as working electrodes as previously described. 108
- , 

These were housed within a custom-made Teflon cell along with a platinum mesh counter 

electrode. With rhodamine-sensitized electrodes, an h (0.05 M), Lil (0.5 M), TBP (0.1 M), and 

hydrochloric acid (0.15 M) electrolyte in acetonitrile:water (80:1 v:v) was prepared. For N3-

sensitized electrodes (Chart 9.1), which served as controls, an h (0.05 M), Lil (0.1 M), 

guanidinium thiocyanate (0.1 M), TBP (0.5 M), and PMII (0.6 M) electrolyte in acetonitrile was 

used_ 1os-109, 219 

As previously discussed, extending the TC-conjugation length of organic D-n-A sensitizers 

210 224 226is one method to red shift "-max, enhance E, and improve light harvesting efficiency.207
, , -
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With the oligothiophene-containing rhodamine series the xanthene core, chalcogen, and initial 

thiophene unit primarily dictated the A.max , Thieno[3,2-b ]thiophene-containing dyes (MKL-290, 

MKL-158, MKL-291, MKL-276) red shifted approximately 1-8 nm, while the bithiophene 

(KD-111, MKL-171, MKL-195) and terthiophene (MKL-247) derivatives red shifted 0-3 nm 

compared to the previously reported thienyl derivatives.74 
' 

219 The E of all of the oligothiophene

containing dyes were high (5.0 x 104 to 1.5 x 105 M-1 cm-1), which was comparable to other 

reported rhodamine dyes. 

109Similar to previously studied dyes, 108 
- , 

219 oligothiophene-containing dyes existed as H

aggregates on the surface of TiO2. Moreover, it was noted that the absorption of the bithiophene 

(Figures 12.7, 12.9, 12.11, 12.13) and terthiophene (Figure 12.15) dyes was broadened entirely 

over a 400-700-nm range, whereas thieno[3,2-b ]thiophene dyes (Figures 12.1, 12.3, 12.5) 

109 219maintained the normal absorption previously observed with rhodamine dyes. 108
- , This 

broadening is advantageous in DSSCs since it increases efficiency. 

As witnessed with some of the other oligothiophene-containing dye classes, the addition 

of bithiophene (Tables 12.7, 12.9, 12.11, 12.13) and terthiophene (Table 12.15) resulted in an 

increase in Jse when compared to the thieno[3,2-b ]thiophene (Tables 12.1, 12.3, 12.5) or 

219 previously studied thiophene dyes. 109
, For the first time, the Jse of rhodamines rose to 

comparable, or nearly comparably values to that of the N3 standard (Tables 12.2, 12.4, 12.6, 

12.8, 12.10, 12.12, 12.14, 12.16) through the incorporation of the bithiophene bridge. This 

increase in Jse, which has been previously observed with other bithiophene-containing organic 

225 227dyes224 
- ' could be a result of the broadened IPCE response due to aggregation.225 

Nevertheless, these dyes still lack in terms of Voe and ff, resulting in PCEs of less than 1 %. 

219 224 225 Electron recombination could be the culprit of the low Voe, leading to poor PCEs109
, ' -
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I-MKL-290 Voe (V) ff PCE (%) IPCE (%) 
Film 1 0.753 ± 0.005 0.211 ± 0.007 0.255 ± 0.002 0.145 ± 0.005 34.6 ± 11.9 
Film2 1.55 ± 0.03 0.151 ± 0.004 0.278 ± 0.001 0.233 ± 0.011 44.0 ± 16.0 

Table 12.1. Averaged photoelectrochemical data for DSSCs functionalized with MKL-290 
(measured at 28.0 mW cm-2

). Error bars are± SD. 
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Figure 12.1. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with MKL-290. Error bars are± SD. 

N3 Jse (mA cm-2
) Voe (V) ff PCE (%) IPCE (%) 

Film 1 1.26 ± 0.01 0.722 ± 0.006 0.739 ± 0.013 2.39 ± 0.05 31.4 ± 11.7 
Film 2 1.07 ± 0.04 0.700 ± 0.008 0.718 ± 0.011 1.92 ± 0.12 33.9 ± 13.2 

Table 12.2. Averaged photoelectrochemical data for DSSCs functionalized with N3 as a MKL-
290 control (measured at 28.0 mW cm-2

). Error bars are± SD. 
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Figure 12.2. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with N3 as a MKL-290 control. Error bars are± SD. 
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I-MKL-158 Voe (V) ff PCE (%) IPCE (%) 
Film 1 1.57 ± 0.02 0.211 ± 0.005 0.331 ± 0.002 0.266 ± 0.012 33.8 ± 11.2 
Film2 1.36 ± 0.03 0.203 ± 0.004 0.343 ± 0.003 0.203 ± 0.004 29.0 ± 9.3 

Table 12.3. Averaged photoelectrochemical data for DSSCs functionalized with MKL-158 
(measured at 41.2 mW cm-2

). Error bars are± SD. 
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Figure 12.3. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with MKL-158. Error bars are± SD. 

N3 Jse (mA cm-2
) Voe (V) ff PCE (%) IPCE (%) 

Film 1 2.58 ± 0.08 0.702 ± 0.001 0.647 ± 0.003 2.84 ± 0.07 38.4 ± 17.2 
Film 2 2.48 ± 0.08 0.709 ± 0.001 0.643 ± 0.003 2.74 ± 0.07 37.4 ± 16.8 

Table 12.4. Averaged photoelectrochemical data for DSSCs functionalized with N3 as a MKL-
158 control (measured at 41.2 mW cm-2

). Error bars are± SD. 
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Figure 12.4. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with N3 as a MKL-158 control. Error bars are± SD. 
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I-MKL-291 Voe (V) ff PCE (%) IPCE (%) 
Film 1 1.39 ± 0.02 0.170 ± 0.001 0.257 ± 0.001 0.216 ± 0.002 55.9 ± 14.4 
Film2 1.10 ± 0.02 0.139 ± 0.003 0.273 ± 0.001 0.150 ± 0.005 39.2 ± 15.3 

Table 12.5. Averaged photoelectrochemical data for DSSCs functionalized with MKL-291 
(measured at 28.0 mW cm-2

). Error bars are± SD. 
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Figure 12.5. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with MKL-291. Error bars are± SD. 

N3 Jse (mA cm-2
) Voe (V) ff PCE (%) IPCE (%) 

Film 1 1.26 ± 0.01 0.722 ± 0.006 0.739 ± 0.013 2.39 ± 0.05 31.4 ± 11.7 
Film 2 1.07 ± 0.04 0.700 ± 0.008 0.718 ± 0.011 1.92 ± 0.12 33.9 ± 13.2 

Table 12.6. Averaged photoelectrochemical data for DSSCs functionalized with N3 as a MKL-
291 control (measured at 28.0 mW cm-2

). Error bars are± SD. 
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Figure 12.6. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with N3 as a MKL-291 control. Error bars are± SD. 
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II-KD-111 Voe (V) ff PCE (%) IPCE (%) 
Film 1 2.87 ± 0.01 0.229 ± 0.001 0.284 ± 0.005 0.651 ± 0.005 39.6 ± 6.6 
Film 2 2.72 ± 0.02 0.215 ± 0.002 0.281 ± 0.002 0.573 ± 0.006 40.9 ± 6.0 

Table 12.7. Averaged photoelectrochemical data for DSSCs functionalized with KD-111 
(measured at 28.7 mW cm-2

). Error bars are± SD. 
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Figure 12.7. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with KD-111. Error bars are± SD. 

IPCE (%) 
Film 1 3.64 ± 0.12 0.713 ± 0.002 0.603 ± 0.009 5.45 ± 0.08 40.8 ± 15.6 
Film2 3.57 ± 0.11 0.713 ± 0.002 0.610 ± 0.007 5.42 ± 0.09 40.8 ± 15.3 

Table 12.8. Averaged photoelectrochemical data for DSSCs functionalized with N3 as a KD-111 
control (measured at 28.7 mW cm-2

). Error bars are± SD. 
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Figure 12.8. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with N3 as a KD-111 control. Error bars are± SD. 
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I-MKL-171 Voe (V) ff PCE (%) IPCE (%) 
Film 1 2.36 ± 0.07 0.201 ± 0.007 0.302 ± 0.002 0.640 ± 0.038 54.2 ± 7.8 
Film2 2.61 ± 0.05 0.200 ± 0.006 0.302 ± 0.001 0.703 ± 0.037 60.6 ± 9.8 

Table 12.9. Averaged photoelectrochemical data for DSSCs functionalized with MKL-171 
(measured at 22.4 mW cm-2

). Error bars are± SD. 
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Figure 12.9. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with MKL-171. Error bars are± SD. 

IPCE (%) 
Film 1 2.57 ± 0.06 0.706 ± 0.003 0.638 ± 0.003 5.18 ± 0.08 33.4 ± 13.9 
Film2 2.49 ± 0.05 0.711 ± 0.003 0.680 ± 0.014 5.37 ± 0.02 33.3 ± 14.5 

Table 12.10. Averaged photoelectrochemical data for DSSCs functionalized with N3 as a MKL-
171 control (measured at 22.4 mW cm-2

). Error bars are± SD. 
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Figure 12.10. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with N3 as a MKL-171 control. Error bars are ± SD. 
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I-MKL-195 Voe (V) ff PCE (%) IPCE (%) 
Film 1 2.75 ± 0.02 0.209 ± 0.003 0.282 ± 0.002 0.566 ± 0.016 60.3 ± 6.3 
Film2 2.83 ± 0.06 0.229 ± 0.010 0.286 ± 0.002 0.647 ± 0.045 52.9 ± 9.6 

Table 12.11. Averaged photoelectrochemical data for DSSCs functionalized with MKL-195 
(measured at 28.7 mW cm-2

). Error bars are± SD. 
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Figure 12.11. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with MKL-195. Error bars are± SD. 

N3 Jse (mA cm-2
) Voe (V) ff PCE (%) IPCE (%) 

Film 1 3.64 ± 0.12 0.713 ± 0.002 0.603 ± 0.009 5.45 ± 0.08 40.8 ± 15.6 
Film 2 3.57 ± 0.11 0.713 ± 0.002 0.610 ± 0.007 5.42 ± 0.09 40.8 ± 15.3 

Table 12.12. Averaged photoelectrochemical data for DSSCs functionalized with N3 as a MKL-
195 control (measured at 28.7 mW cm-2

) . Error bars are± SD. 
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Figure 12.12. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with N3 as a MKL-195 control. Error bars are± SD. 
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I-MKL-276 Voe (V) ff PCE (%) IPCE (%) 
Film 1 1.84 ± 0.01 0.153 ± 0.001 0.276 ± 0.001 0.141 ± 0.001 42.7 ± 3.9 
Film2 2.19 ± 0.01 0.154 ± 0.001 0.280 ± 0.001 0.172 ± 0.001 47.2 ± 15.9 

Table 12.13. Averaged photoelectrochemical data for DSSCs functionalized with MKL-276 
(55.2 mW cm-2

). Error bars are± SD. 
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Figure 12.13. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with MKL-276. Error bars are ± SD. 

N3 Jse (mA cm-2
) Voe (V) ff PCE (%) IPCE (%) 

Film 1 4.45 ± 0.10 0.712 ± 0.002 0.585 ± 0.009 3.36 ± 0.01 49.1 ± 16.3 
Film2 4.35 ± 0.10 0.708 ± 0.002 0.528 ± 0.007 2.95 ± 0.02 47 ± 15.9 

Table 12.14. Averaged photoelectrochemical data for DSSCs functionalized with N3 as a MKL-
276 control (55.2 mW cm-2

). Error bars are± SD. 
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Figure 12.14. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with N3 as a MKL-276 control. Error bars are± SD. 
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I-MKL-247 Voe (V) ff PCE (%) IPCE (%) 
Film 1 2.36 ± 0.05 0.177 ± 0.013 0.292 ± 0.012 0.221 ± 0.021 41.8 ± 13.2 
Film2 2.25 ± 0.08 0.181 ± 0.015 0.296 ± 0.015 0.218 ± 0.022 41.7 ± 13.2 

Table 12.15. Averaged photoelectrochemical data for DSSCs functionalized with MKL-247 
(55.2 mW cm-2

) Error bars are± SD. 
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Figure 12.15. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with MKL-247. Error bars are± SD. 

N3 Jse (mA cm-2
) Voe (V) ff PCE (%) IPCE (%) 

Film 1 4.45 ± 0.10 0.712 ± 0.002 0.585 ± 0.009 3.36 ± 0.01 49.1 ± 16.3 
Film 2 4.35 ± 0.10 0.708 ± 0.002 0.528 ± 0.007 2.95 ± 0.02 47 ± 15.9 

Table 12.16. Averaged photoelectrochemical data for DSSCs functionalized with N3 as a MKL-
247 control (55.2 mW cm-2

). Error bars are± SD. 
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Figure 12.16. J-V (left) and absorptance and short-circuit photocurrent action spectra (right) of 
electrodes functionalized with N3 as a MKL-247 control. Error bars are± SD. 
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Recently some novel rhodacein dyes, containing a phenyl bridge and a cyanoacrylic acid 

acceptor, were synthesized and evaluated (Chart 12.3).271 
-
272 The maximum IPCE obtained for 

KD-097 and KD-098 (2.8%, 5.7% respectively)272 were considerably lower than reported IPCEs 

for other rhodamine dyes (Figure 12.17). 108
-
109

, 
219 Additionally, the measured Jsc (0.41 ± 0.01, 

2)2720.79 ± 0.01 mA cm- were roughly an order of magnitude lower than previously studied 

rhodamines. 108
-
109

, 
219 However, the average measured Voe (0.42 ± 0.01 V, 0.48 ± 0.01 V)272 and 

fill factor (0.68 ± 0.01, 0.68 ± 0.01)272 were higher (Figure 12.18). This implies that dye-

regeneration was enhanced relative to previously studied rhodamine dyes. Based on these recent 

findings, perhaps using the rhodacein core with a bithiophene linker may, for the first time, give 

a rhodamine/rhodacein dye that achieves a PCE greater than 1 %. 

0 OH 0 OH 

NC 

PF6 e 
,.__0,,,,

HO HO N 
I 

KD-097 KD-098 

Chart 12.3. Novel rhodacein dyes, containing a phenyl bridge and a cyanoacrylic acid 
acceptor.271 
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Figure 12.17. Absorptance (-) and short-circuit photocurrent action spectra(- ) of electrodes 
functionalized with KD-097 (left) and KD-098 (right).272 
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13. Experimental Details 

13 .1. Biological Protocols 

13 .1.1. Preparation of Dye Stock Solutions 

Stock solutions of the chalcogenorhodamines were prepared by dissolving each dye in 

100% ethanol. The concentration of each solution was determined using UV-visible 

spectroscopy and the Beer-Lambert Law (A = Elc) where A is the absorbance, E is the molar 

extinction coefficient (M-1cm-1
), 1is the path length (cm), and c is the concentration (M). 

13.1.2. Cell Culture Growth Media 

Colo-26 cells were maintained in Roswell Park Memorial Institute (RPMI) 1640, 1x 

cell culture medium containing L-glutamine (Coming cellgro, #10-040-CV) and supplemented 

with 10% fetal bovine serum (FBS) and 1 % penicillin streptomycin (PenStrep ), 100x solution 

(Coming cellgro, #30-002-Cl). HUT-78 cells were maintained in RPMI 1640, I x cell culture 

medium containing L-glutamine and supplemented with 10% FBS, 1 % PenStrep, and 1% 

GLUTAmax, lO0x (Gibco, #35050-061). SUP-Tl cells were maintained in RPMI 1640, I x cell 

culture medium containing L-glutamine and supplemented with 10% FBS; 1 % PenStrep, and 1 % 

HEPES buffer, IM (Gibco, #15630-080). 

13 .1.3. Harvesting, Counting, and Re-plating Cells 

The cell cultures were removed from the incubator (37 °C, 5% CO2). With Colo-26 

cells, old medium was removed from the culture dishes (Coming, #430167) or chambers 

(Coming, #430641) and then the cells were washed with phosphate buffered saline (PBS) pH 

7.2. Subsequently, Trypsin-EDTA, I x (Coming cellgro, #25-053-Cl) was added and the cells 
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were allowed to enzymatically detach for 2-5 min. Once detached, the trypsin was diluted with 

medium. The contents of the dishes or chambers were transferred to a 15 mL (Coming 

CentriStar, #430791) or 50 mL (Coming CentriStar, #430829) centrifuge tube and vortexed to 

mix. Since the HUT-78 and SUP-T 1 cells cell cultures grow in suspension, they were removed 

from the incubator and transferred directly from the culture dishes or chambers into centrifuge 

tubes and vortexed to mix. 

Following this, 50 µL of the vital stain, trypan blue, and 50 µL of cell solution were 

added to a 1.5 mL microcentrifuge tube (Coming Axygen, MCT-150-C-S) and the solution was 

vortexed to mix. 10 µL was pipetted onto a hemocytometer, and the viable cells that did not take 

up the blue stain were counted in each of the four comer quadrants of the hemocytometer. The 

total number of cells present in the four quadrants was multiplied by 2 to account for the 1:2 

dilution of the cells in the trypan blue, then divided by 4 to obtain the number of cells per 

quadrant. Subsequently, this quantity was multiplied by 1 x 104 to get the total number of cells 

per mL and then multiplied by the total volume (mL) contained in the centrifuge tube in order to 

yield the total number of cells. 

Following this, the cells in the centrifuge tube were pelleted down by centrifugation 

and the medium was removed. The cells were re-suspended in a known volume of fresh medium 

to give the desired number of cells per mL. Cells were pipetted into dishes or chambers 

containing fresh medium to give the appropriate cell density for growth (Colo-26: 1-2 x 

cells/mL, HUT-78: 2-3 x 105 cells/mL, SUP-Tl: 2-3 x 105 cells/mL). The re-platted dishes or 

chambers were labeled with the date and new passage number before incubating. 
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13.1.4. Freezing Cells 

After harvesting, counting, and re-plating (Chapter 13.1.3.) the extra cells contained in 

the centrifuge tube were pelleted down by centrifugation. Once pelleted, 1 mL of freezing 

medium (Colo-26: 80% medium, 10% FBS, 10% DMSO, HUT-78: 80% medium, 15% FBS, 5% 

DMSO, SUP-Tl : 80% medium, 15% FBS, 5% DMSO) was added for approximately every 

(Colo-26: ~ 1.0 x 107 cells/mL, HUT-78: ~ 2-3 x 106 cells/mL, SUP-Tl:~ 2-3 x 106 cells/mL). 

The cells were re-suspended in the freezing medium and 1 mL aliquots were placed in labeled 2 

mL cryogenic freezing vials (VWR, #89094-810). The vials were labeled ( cell density, passage 

number, date) then positioned into a cell-freezing container (Nalgene Mr. Frosty, #5100-0001), 

which cools at a rate of -1 °C per min, and the container was placed into a -80 °C freezer. After 

freezing for 24 h, the cells were transferred into a liquid nitrogen tank. 

13 .1.5. Thawing Cells 

Frozen cells were removed from the liquid nitrogen tank and allowed to thaw in a warm 

bath. Once thawed, the cells were transferred into a 15-mL centrifuge tube and medium was 

slowly added until the total volume was 10 mL. Following this, the cells were gently mixed and 

counted (Chapter 13.1.3.). With Colo-26 cells, the appropriate number of cells were placed in 

new culture dishes or chambers with additional medium and allowed to settle and adhere for 4 h. 

Following this, the medium containing the DMSO was removed, fresh medium was added, the 

plates were placed in the incubator, and the cells were allowed to multiply until confluent. With 

SUP-Tl and HUT-78 cells, the cells were pelleted down by centrifugation, the medium 

containing the DMSO was removed, and the cells were re-suspended in acclimated medium. The 

appropriate number of cells were placed in new culture dishes or chambers with additional 

acclimated medium and in the incubator to multiply to confluency. 
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13.1.6. Phototoxicity and Dark Toxicity 

After harvesting and counting, 10,000 Colo-26 cells, 50,000 HUT-78 cells, or 75,000 

SUP-Tl cells in 90 µL of medium were pipetted into each well of rows B through H of a flat 

bottom, 96-well plate (Coming Costar, #3598), leaving row A as the no-cell control. The plates 

were incubated overnight. Colo-26 cells adhered to the bottom of the plates, while HUT-78 and 

SUP-Tl did not (suspension cells)). The following day, rows C through H were treated in the 

dark with 10 µL of a 1Ox concentration of the desired photosensitizer. Row B was left untreated 

to serve as the cell-only control. The photosensitizers were incubated in the dark for 1 h prior to 

the desired fluence (0, 0.5, 1, 5, or 10 J cm-2
) of irradiation using one of three light sources: 1) a 

350-700 nm broad-band tungsten-halogen derived light bench with a measured fluence rate 

ranging from 3.9 ± 0.3 mW cm-2
, 2) a tunable dye laser at the Amax of the photosensitizer in 17% 

FBS with a calculated fluence rate of 3.2 mW cm-2 (565 mW, 15 cm diameter circle), or 3) a 

450-800 nm broad-band clinical Curelight(PhotoCure, Oslo, Norway) with a measured fluence 

rate of 47.6 mW cm-2 (15 cm diameter circle). Following irradiation, the Colo-26 plates were 

flicked in order to remove the medium containing the photosensitizer and 100 µL (required for 

SRB assay) of fresh medium was added to each well. HUT-78 and SUP-Tl plates were 

centrifuged for 3 min (25 °C, 1500 rpm) prior to manually pipetting out the medium containing 

the photosensitizer. 200 µL of fresh medium (required for MTT assay) was subsequently added 

to each well. Dark controls were incubated in the dark for 1 h, then the steps described above 

were followed. Both the dark and phototoxicity plates were incubated in the dark for 36-48 h 

before performing the SRB or MTT assay. 

13.1.7. The Sulforhodamine B (SRB) Colorimetric Cytotoxicity Assay141
-
142 

The 96-well plates containing Colo-26 cells were flicked in order to remove the old 
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medium. Following this, the cells were fixed by adding 50 µL of 10% trichloroacetic acid (TCA) 

to each well and incubating the plates at 4 °C for 1 h. Next, the TCA was removed by flicking the 

plates once, and then subsequently rinsing them five times by submerging them into a container 

of distilled water and then flicking the water out. Once flicked, the plates were blotted dry on 

paper towels. In order to stain the cells, 50 µL of a 0.057% sulforhodamine B (SRB) solution in 

1 % acetic acid was added to each well, and the plates were incubated for 30 min at room 

temperature. Once the incubation time was complete, the SRB was flicked from the plates and 

the plates were rinsed five times using 50 µL per well of 1 % acetic acid. After each rinse, the 1 % 

acetic acid was flicked from the plates, and following the fifth rinse, the plates were blotted dry 

on paper towels. Next, the SRB remaining in the cells was solubilized by adding 100 µL per well 

of a 10 mM tris base solution. The plates were placed in a shaker for 2 min, then rocked for 30 

min at RT to solubilize the pink SRB dye. Finally, the absorbance of each well was read at 570 

nm using the Gen5 Version 1.08 software (BioTek) and a fluorescent microplate reader (BioTek, 

EL800) to give the surviving cell fractions after data analysis using Excel (Microsoft). 

13.1.8. The MTT Colorimetric Cytotoxicity Assay167 
, 

273 

To the 96-well plates containing HUT-78 or SUP-Tl cells, 10 µL of sterile MTT (3-

( 4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution (5 mg mL-1 in PBS) was 

added. The plates were incubated (37 °C, 5% CO2) for 4 h so that the yellow MTT was 

metabolically reduced to the purple MTT formazan (1-(4,5-Dimethylthiazol-2-yl)-3,5-

diphenylformazan). The plates were centrifuged for 3 min (25 °C, 1500 rpm) prior to manually 

pipetting out the medium containing the MTT. 100 µL of acidified isopropanol (1 µL of 

concentrated HCl in 999 µL of 70% isopropanol) was subsequently added to each well. The 

plates were placed in a shaker for 2 min, then rocked for 30 min at RT to solubilize the purple 
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MTT formazan crystals. Finally, the absorbance of each well was read at 570 run using the Gen5 

Version 1.08 software (BioTek) and a fluorescent microplate reader (BioTek, EL800) to give the 

surviving cell fractions after data analysis using Excel (Microsoft). 

13.1.9. Flow Cytometry Using Rhodamine 123 (R123) 

After harvesting and counting, 5 x 105 cells in 0.5 mL of medium were added to the 

appropriate number of flow tubes (BD Falcon, #352054). The flow samples were all prepared in 

the dark, in triplicate, with 0.25, 0.5, and 1 µM concentrations of R123, with or without 100 µM 

VER (0.5 µL of a 100,000 µM stock). Once prepared, the flow samples were incubated in the 

dark with loose caps for 45 min. Once the incubation time was complete, the samples were 

removed from the incubator, placed on ice, and covered with tin foil. The triplicate samples were 

run using the F ACSDiva software (BD Bioscience) on a flow cytometer (BD, LSR II UV) 

equipped with 5 lasers (355, 405, 488, 561, and 640 run) and 18 color detectors. The 561-run 

laser was used to excite R123 and the 710/50 band pass PE-Cy5.5 detector was used to detect the 

emission. Following data analysis using FCS Express 4 (DeNovo), WinList 7.0 (Verity Software 

House), and Excel (Microsoft), the relative fluorescence of the R123 samples alone, and the 

shifts in relative fluorescence with R123 plus VER were obtained. 

13.1.10. Flow Cytometry Using Chacolgenorhodamine Dyes 

After harvesting and counting, 5 x 105 cells in 0.5 mL of medium were added to the 

appropriate number of flow tubes. The flow samples were all prepared in the dark, in triplicate, 

with 0.2 or 0.5 µM of the appropriate dye, and with or without 100 µM VER. Once prepared, the 

flow samples were incubated in the dark with loose caps for 1 h. Once the incubation time was 

complete, the samples were removed from the incubator, placed on ice, and covered with tin foil. 
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The triplicate samples were run for 5,000 events using the FACS Diva software (BD Bioscience) 

on a flow cytometer (BD, LSR II UV) equipped with 5 lasers (355, 405, 488, 561, and 640 nm) 

and 18 color detectors. The 561-nm laser was used to excite the dyes and the 710/50 band pass 

PE-Cy5.5 detector was used to detect the emissions. Following data analysis using FCS Express 

4 (DeNovo), WinList 7.0 (Verity Software House), and Excel (Microsoft), the relative 

fluorescence of each dye alone, and the shifts in relative fluorescence with the dyes plus VER 

were obtained. 

13 .1.11. Fluorescent Microscopy 

A 1ho dilution of Matrigel basement membrane matrix (BD Biosciences, #354234) was 

prepared in Dulbecco's Modified Eagle Medium (DMEM) (Coming cellgro, #10-013-CV) 

lacking FBS and PenStrep. 100 µL of the 1ho Matrigel solution was added to each well of a 24-

well plate (Coming Costar, #3526) while keeping the plate on ice. The Matrigel was pipetted 

around in the well in order to completely coat the bottom. Following this, the plate was rocked 

on ice for 10 min to form an even coating. The excess Matrigel solution was removed before 

incubating the plate overnight. 

After harvesting and counting, 1.5 x 105 Colo-26 cells in 0.5 mL of RPMI were added 

to each well of the Matrigel-coated 24-well plate. The plate was incubated overnight in order to 

allow the cells to adhere. The following day, the medium was removed from a single well at a 

time and 0.5 mL of Hank's Buffered Salt Solution (HBSS) was added. Next, 0.5 µM 

MitoTracker Green (MTG) (Molecular Probes, #M-7514) was added and the plate was incubated 

for 10 min. Following this, 0.2 µM dye was added to the same well and the plate was incubated 

for an additional 5 min. Therefore, the total incubation time for the MTG was 15 min, while the 

total incubation time for the dye was 5 min. The HBSS containing the dye and MTG was 
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removed and 0.5 mL of fresh HBSS was added. The plate was wrapped in aluminum foil and 

brought to image on a fluorescent microscope (ZEISS, Axiovert 200) equipped with a black and 

white camera (ZEISS, AxioCam MRc 5), a microscope power supply light source (LEJ 

FluroArc, #001.26C), 5 filter sets (1. no filter; 2. excitation: BP 390/22, beam splitter: FT 420, 

emission: BP 460/50 (ZEISS); 3. excitation: BP 470/40, beam splitter: FT 495, emission: BP 

525/50 (ZEISS); 4. excitation: BP 565/30, beam splitter: FT 585, emission: BP 620/60 (ZEISS), 

5. Excitation: 410/40, beam splitter: 505dcxru, emission: 675/50 (Chroma Technology Corp.)), 

and QCapture software (Qlmaging). The halogen lamp was used for a brief moment to focus on 

the cells. Then, the green laser (filter 4) was turned on and the dye was imaged (exposure times 

varied). Following this, the blue laser (filter 3) was turned on and the MTG was imaged (500 

ms). While imaging, the 40x, phase II magnification setting was used at all times. Once the black 

and white images were obtained, ImageJ software (NIH) was used to color and overlay the 

images. 

13.1.12. ImageStream Cytometry 

After harvesting and counting, 5 x 105 cells in 0.5 mL of RPMI were added to the 

appropriate number of 1.5 mL microcentrifuge tubes (Coming Axygen, MCT-150-C-S). A total 

of six samples were prepared in the dark for each dye: 0.1, 0.2, and 0.4 µM dye alone in addition 

to 0.1, 0.2, and 0.4 µM dye with 0.5 µM MTG (0.5 µL of a 1 mM MTG stock in DMSO). 

Additionally, one sample containing 0.5 µM MTG alone was prepared to serve as a single-color 

control. The tubes were incubated for 15 min with loose caps. Following the incubation period, 

the samples were pelleted down by centrifugation. Next, 60 µL of HBSS was added to each tube, 

the cells were re-suspended, placed on ice, and covered with tin foil. The samples were run using 

the INSPIRE (Amnis) software program and an ImageStream flow cytometer (Amnis, 
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ImageStreamx Mark 11) equipped with 6 lasers (405, 488, 561, 592, 642, and 785 nm) and 12 

channel detectors (channel 1: 420-480 nm, channel 2: 480-560 nm, channel 3: 560-595 nm, 

channel 4: 595-642 nm, channel 5: 642-745nm, channel 6: 745-800nm, channel 7: 430-505nm, 

channel 8: 505-570 nm, channel 9: 570-595 nm, channel 10: 595-642 nm, channel 11: 642-745 

nm, and channel 12: 745-800 nm). The 488-nm laser was used to excite the MTG and the 561-

nm laser was used to excite the dyes. The MTG was detected in channel 2 and the dye was 

detected in channel 5. When 0.025 µM MitoTracker Red (MTR) (Molecular Probes, #M-7512) 

(0.025 µL of a 1 mM MTR stock in DMSO) was used, it was excited with the 561-nm laser and 

detected in channel 5. When 0.5 µM LysoTracker Green (LYS) (Molecular Probes, #L-7526) 

(0.5 µL of a 1 mM L YS stock in DMSO) was used, it was excited with the 488-nm laser and 

detected in channel 2. All of the images were obtained using the 40x magnification and the 

extended depth of field (EDF) setting, except for those analyzing the cell membrane, which 

required no EDF. The IDEAS® software program (Amnis) was used to acquire bright detail 

similarity histograms and scores (log-transformed Pearson's correlation coefficient of the 

intensities of the spatially correlated pixels within the whole cell), cell images, cell overlays, and 

the desired masks. 

13 .1.13. Combination Therapy Using Doxorubicin 

After harvesting and counting, 1 x 104 Colo-26 cells in 90 µL of medium were pipetted 

into each well of rows B through H of a flat bottom, 96-well plate (Coming Costar, #3598), 

leaving row A as the no-cell control. The plates were incubated overnight in order to allow the 

cells to adhere to the bottom of the plates. The following day, row C was treated with 10 µL of a 

1Ox concentration of the desired photosensitizer to serve as a photosensitizer-only control. Row 

B was left untreated to serve as the cell-only control. Rows D through H were split in half, and 
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the left-hand six wells were treated with 10 µL of varying lOx doxorubicin (Dox) solutions (final 

Dox concentrations following the 1/io dilutions in the wells: 0.005, 0.05, 0.5, 1, and 5 µM) to 

serve as the Dox only controls. The right-hand six wells were treated with 10 µL of the same 

varying 1Ox Dox solutions that also contained photosensitizer, thus serving as the combination 

treatments. The plates were incubated in the dark for 1 h prior to the desired fluence (0 or 1 J cm-

2) of irradiation using a tunable dye laser at the Amax of the photosensitizer in 17% FBS with a 

calculated fluence rate of 3.2 mW cm-2 (565 mW, 15 cm diameter circle). Following irradiation, 

the plates were flicked in order to remove the medium containing the drugs and 100 µL of fresh 

medium was added to every well. Dark controls were incubated in the dark for one hour, flicked, 

and then 100 µL of fresh medium was added. The plates were then incubated in the dark for 36-

48 h before performing the SRB colorimetric cytotoxicity assay. 
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13.2. Chemical Synthesis 

13.2.1. General Methods 

2-Bromothiophene, 3-bromothiophene, and 2,2'-bithiophene were purchased from 

Oakwood Chemical. 2,2':5,5"-terthiophene was purchased from Ark Phann, Inc. 

All reactions were completed in multi-neck round bottom flasks equipped with suba-seal 

septa and magnetic stir bars. Flasks were equipped with a water-cooled condenser when 

refluxing was required. Dry reactions were maintained under an ultra-high purity nitrogen 

atmosphere. 

Anhydrous tetrahydrofuran was distilled from a sodium benzophenone ketyl still 

maintained under nitrogen or purchased from Acros or Alfa Aesar. Additional solvents 

( acetonitrile, dichloromethane, N,N-dimethylformamide, toluene) were dried over activated 

molecular sieves in round bottom flasks charged with nitrogen prior to use. Butyllithium reagents 

(n-butyl, sec-butyl, and tert-butyl) were titrated with diphenylacetic acid in anhydrous 

tetrahydrofuran prior to use. N,N,N' ,N'-tetramethylethylenediamine and N,N-diisopropylamine 

were distilled and dried over activated molecular sieves in round bottom flasks charged with 

nitrogen prior to use. All other reagents were purchased from commercial sources and were used 

without additional purification, unless otherwise stated. 

Concentration in vacuo was performed on a B-Uchi rotary evaporator. NMR spectra were 

recorded on an Inova (500 MHz for 1H, 125.0 MHz for 13C; 400 MHz for 1H, 100.5 MHz for 

13C) or a Mercury spectrometer (300 MHz for 1H, 75.5 MHz for 13C) using the residual solvent 

signal as an internal reference. UV-vis NIR spectra were recorded on a Perkin-Elmer Lambda 12 

or a Varian Cary 3E spectrophotometer in quartz cuvettes with a 1 cm path length. Melting 

points were determined with a B-Uchi capillary melting point apparatus and are uncorrected. 
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13.2.2. Preparation of 3-bromothiophene-2-carbaldehyde (2)233
-
234 

Br 

~H 

0 

Lithium diisopropylamide was freshly prepared from diisopropylamine (4.76 mL, 33.7 

mmol) and n-butyllithium (2.07 M, 16.3 mL, 33.7 mmol) in tetrahydrofuran (50 mL) at 0 °C and 

stirred for 30 min. This solution was transferred via cannula into a stirred solution of 3-

bromothiophene (5.0 g, 30.7 mmol) in tetrahydrofuran (50 mL) at 0 °C and stirred for 30 min 

before being transferred via cannula into a stirred solution ofN,N-dimethylformamide (2.61 mL, 

33.7 mmol) in tetrahydrofuran (50 mL) at 0 °C. The resulting solution was warmed to RT and 

stirred for 3 h. Water (50 mL) was added and the product was extracted with diethyl ether (3 x 

50 mL), dried over anhydrous magnesium sulfate, and concentrated in vacuo to yield 3-

bromothiophene-2-carbaldehyde (2) as an orange/tan oil (5.37g, 28.1 mmol, 91.6%) that was 

used directly in the next reaction. 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-077proton) 8 9.97 (s, lH), 7.73 (d, 

2H, J = 5.0 Hz), 7.15 (d, 2H, J = 5.0 Hz). Literature 1H NMR.233
-
234 

13C NMR (75.5 MHz; CDCh with TMS; Filename: II-MKL-077carbon) 8 182.8, 136.7, 134.8, 

131.9, 120.2. Literature 13C NMR.233 

HRMS (ESI (negative)) m/z 188.9023 (calcd for C5H3BrOS-: 189.9015). Literature MS.234 

Literature IR. 234 

Notebook References: I-MKL-104, I-MKL-105, I-MKL-111, I-MKL-115, I-MKL-121, I-MKL-

123, I-MKL-140, I-MKL-150, II-MKL-010, II-MKL-027, and II-MKL-077. 
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13.2.3. Preparation of ethyl thieno[3,2-b]thiophene-2-carboxylate (3)233
-
235 

3-Bromothiophene-2-carbaldehyde (2) (11.7 g, 61.2 mmol) was dissolved in N,N

dimethylformamide (122 mL) in a flame dried flask under nitrogen and heated to 65 °C. Once 

heated, potassium carbonate (12.7 g, 91.9 mmol) was added followed by ethyl-2-mecaptoacetate 

(7.39 mL, 67.4 mmol) dropwise. The reaction mixture was stirred at 65 °C for 20 h, then the 

reaction was cooled and water (500 mL) was added. The product was extracted with 

dichloromethane (3 x 100 mL), dried over anhydrous magnesium sulfate, and concentrated in 

vacuo. The crude product was purified by silica gel column chromatography (100% 

dichloromethane, Rf: 0.82 or 1 :9 ethyl acetate:hexanes, Rf: 0.65) and concentrated in vacuo to 

yield ethyl thieno[3,2-b ]thiophene-2-carboxylate (3) as a light yellow/off-white solid upon 

freezing (11.5 g, 54.2 mmol, 88.5%). 

m.p. 33.0-33 .5 °C. 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-081proton) 8 7.97 (s, lH), 7.55 (d, 

lH, J = 5.5 Hz), 7.35 (d, lH, J = 5.5 Hz), 4.37 (q, 2H, J = 7.0 Hz), 1.38 (t, 3H, J = 7.0 Hz). 

Literature 1H NMR.233
-
234 

13C NMR (75.5 MHz; CDCh with TMS; Filename: II-MKL-081carbon) 8 162.5, 143.8, 138.6, 

135.1, 131.5, 125.4, 119.6, 61.2, 14.2. Literature 13C NMR.233 

HRMS (ESI) m/z 234.9860 (calcd for C9H80 2S2 + Na+: 234.9858). Literature MS.234
-
235 

Literature IR. 234 

Notebook References: I-MKL-119, I-MKL-125, I-MKL-127, I-MKL-141, I-MKL-152, II

MKL-011, II-MKL-028, and II-MKL-081. 
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13 .2.4. Preparation ofN-hydroxythieno[3 ,2-b ]thiophene-2-carboxamide (4)236 

Potassium hydroxide (0.317 g, 5.65 mmol) was dissolved in MeOH (1.41 mL) before 

being added dropwise to a solution of hydroxylamine hydrochloride (0.183 g, 2.83 mmol) 

dissolved in MeOH (1.41 mL). The solution was mixed, then cooled in an ice bath (0 °C) for 5 

mins to precipitate potassium chloride. The resulting solution was vacuum filtered, then filtrate 

was transferred via pipette to a flask containing ethyl thieno[3,2-b ]thiophene-2-carboxylate (3) 

(0.30 g, 1.41 mmol) (pH 2 8). The resulting solution was stirred for 6 h at room temperature 

before being concentrated in vacuo. IO mL of water was added to the solution, then it was 

acidified with IM hydrochloric acid (pH 2). The product was extracted with ethyl acetate ( 4 x 10 

mL), the organic extracts were combined. The reaction mixture was concentrated in vacuo and 

recrystallized in ethyl acetate:hexanes to yield N-hydroxythieno[3,2-b ]thiophene-2-carboxamide 

(4) as an off-white solid (0.244 g, 1.22 mmol, 86.5%). 

m.p. 162-163 °C. 

1H NMR (500 MHz; DMSO; Filename: II-MKL-175proton): 8 11.33 (s, lH), 9.18 (s, lH), 7.93 

(s, lH), 7.82 (d, lH, J = 5.0 Hz), 7.48 (d, lH, J = 5.5 Hz). 

HRMS (ESI) m/z 221.9559 (calcd for C7H5NO2S2 + Na+: 221.9654). 

Notebook References: I-MKL-226, II-MKL-173, II-MKL-175. 
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13.2.5. Preparation of thieno[3,2-b]thiophene-2-carboxylic acid (5)233
-
235 

0 

~OH 
s 

Ethyl thieno[3,2-b]thiophene-2-carboxylate (3) (4.10 g, 19.3 mmol) and lithium 

hydroxide monohydrate (1.62 g, 38.6 mmol) were dissolved in 1:1 tetrahydrofuran:water (60 

mL) and refluxed at 100 °C for 16 h. The tetrahydrofuran was removed in vacuo, then 

concentrated hydrochloric acid was added to the remaining water to precipitate the product (pH = 

2). The product was extracted with diethyl ether (3 x 75 mL), dried over anhydrous magnesium 

sulfate, and concentrated in vacuo. Recrystallization in diethyl ether: hexanes yielded thieno[3,2-

b ]thiophene-2-carboxylic acid (5) as an off white solid (3.43 g, 18.6 mmol, 96.3 %). 

m.p. 216-216.5 °C. Literature m.p. 221-222 °C (218-220 °C, 219-220 °C).234 

1H NMR (500 MHz; CD3OD; Filename: II-MKL-012proton) 8 7.92 (s, lH), 7.66 (d, lH, J = 5.0 

Hz), 7.27 (d, lH, J = 5.5 Hz). 1H NMR (500 MHz; DMSO; Filename: II-MKL-

012protonDMSO) 8 13.22 (s(br), lH), 8.11 (s, lH), 7.91 (d, lH, J = 5.5 Hz), 7.50 (d, lH, J = 5.5 

Hz). Literature 1H NMR.233 
-
234 

13C NMR (75.5 MHz; CD3OD; Filename: II-MKL-012carbon) 8 165.7, 145.5, 140.2, 136.8, 

133.2, 126.9, 120.8. Literature 13C NMR.233 

235HRMS (ESI) m/z 206.9551 (calcd for C7H4O2S2 + Na+: 206.9545). Literature MS.234
-

Literature IR. 234 

Notebook References: I-MKL-124, I-MKL-128, I-MKL-142, I-MKL-154, II-MKL-012, II

MKL-032, and II-MKL-120. 

335 



234 23713.2.6. Preparation of thieno[3,2-b]thiophene (6)233
- , 

(SJ
s 

s 

Thieno[3,2-b]thiophene-2-carboxylic acid (5) (2.7 g, 14.7 mmol) and copper powder 

(0.54 g, 8.50 mmol) were combined in quinoline (30 mL) in a flame dried flask under nitrogen. 

The reaction mixture was heated at 245 °C for 30 min to evolve carbon dioxide gas. The solution 

was cooled to room temperature and extracted with diethyl ether (3 x 50 mL) and washed 

thoroughly with 1 M hydrochloric acid (3 x 50 mL). The organic layer was dried over anhydrous 

magnesium sulfate and concentrated in vacuo. The product was crystallized via slow evaporation 

from diethyl ether to afford thieno[3,2-b]thiophene (6) as a white crystalline solid (1.83 g, 13.1 

mmol, 88.8 %). 

m.p. 54-54.5 °C; Literature m.p. 55-56 °C (55-56 °C),274 55-56 °C (55-57 °C, 55-56 °C, 56-56.5 

oc).234 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-035_2proton): 8 7.35 (d, 2H, J = 5.0 

234 237Hz), 7.23 (d, 2H, J = 4.5 Hz). Literature 1H NMR.233
- , 

Be NMR (75.5 MHz; CDCh with TMS; Filename: II-MKL-035 2carbon): 8 139.4, 127.3, 

119.3. Literature Be NMR.233
' 
274 

HRMS (El) m/z 139.9746 (calcd for C6H4S2: 139.9754). Literature MS.234 

Notebook References: I-MKL-218, II-MKL-008, II-MKL-009, II-MKL-019, II-MKL-024, II

MKL-035, II-MKL-044, and II-MKL-078. 
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13 .2.7. Preparation of thieno[3,2-b ]thiophene-2-carbaldehyde (7)238
-
241 

0 

~H 
s 

N,N-Dimethylformamide (0.66 mL, 8.56 mmol) was dissolved in 1,2-dichloroethane (7 

mL) in a flame dried flask under nitrogen and cooled to 0 °C before phosphorous oxychloride 

(0.40 mL, 4.28 mmol) was added dropwise. The solution was stirred for 5 mins before being 

transferred via cannula to a flame dried flask under nitrogen containing thieno[3,2-b ]thiophene 

(6) (0.40 g, 2.85 mmol) in 1,2-dichloroethane (7 mL) at 0 °C. The reaction mixture was warmed 

to RT, then refluxed overnight. The reaction mixture was cooled, then saturated aqueous sodium 

bicarbonate (20 mL) was added. The product was extracted with dichloromethane (3 x 25 mL ), 

washed with water (20 mL) and brine (20 mL), and dried over anhydrous magnesium sulfate. 

The reaction mixture was concentrated in vacuo and purified by silica gel column 

chromatography (1 :9 ethyl acetate:hexanes, Rf: 0.40) to yield thieno[3,2-b ]thiophene-2-

carbaldehyde (7) as a yellow crystalline solid following recrystallization in diethyl ether:hexanes 

(0.33 g, 1.96 mmol, 68.8%). 

m.p. 53-53.5 °C, Literature m.p. 53-54 °C.241 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-055-059proton): 8 9.96 (s, lH), 7.94 

240(s, lH), 7.69 (d, lH, J = 5.0 Hz), 7.32 (d, lH, J = 5.0 Hz). Literature 1H NMR.238
-

Be NMR (75.5 MHz; CDCh with TMS; Filename: II-MKL-055-059carbon): 8 183.5, 145.7, 

240145.4, 139.1, 133.9, 129.0, 120.1. Literature Be NMR.238
-

240 HRMS (ESI) m/z 190.9597 (calcd for C7H4OS2 + Na+: 190.9596). Literature MS.238
' 

Notebook References: II-MKL-055 and II-MKL-059, II-MKL-073, and II-MKL-080. 

337 



13 .2.8. Preparation of 2-(thieno[3,2-b ]thiophen-2-yl)-1,3-dioxolane (8)241 
-
242 

Thieno[3,2-b]thiophene-2-carbaldehyde (7) (0.146g, 0.868 mmol) was dissolved in 

benzene (20 mL) in a flame dried flask equipped with a Dean Stark trap under nitrogen. p

Toluenesulfonic acid monohydrate (0.033 g, 0.174 mmol) and ethylene glycol (0.97 mL, 17.4 

mmol) were added and the reaction mixture was refluxed for 24 h to azeotrope water. The 

reaction was cooled to room temperature, then saturated aqueous sodium bicarbonate (15 mL) 

was added. The product was extracted with dichloromethane (3 x 20 mL), the organic extracts 

were combined, and dried over anhydrous magnesium sulfate. The reaction mixture was 

concentrated in vacuo and purified by silica gel column chromatography (CH2Ch, Rf: 0.68 (7, 

Rf: 0.60)) to yield 2-(thieno[3,2-b ]thiophen-2-yl)-1,3-dioxolane (8) as a beige crystalline solid 

(0.139 g, 0.655 mmol, 75 .5%) following recrystallization in diethyl ether:hexanes. 

Literature m.p. 88-90 °C.241 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-069proton): 8 7.38 (d, lH, J = 5.5 

Hz), 7.34 (s, lH), 7.24 (d, lH, J = 5.0 Hz), 6.17 (s, lH), 4.19-4.10 (m, 2H), 4.09-4.00 (m, 2H). 

13C NMR (75.5 MHz; CDCh with TMS; Filename: II-MKL-069carbon): 8 143.8, 139.6, 138.3, 

127.6, 119.6, 118.6, 100.4, 65.2. 

HRMS (El) m/z 211.9969 (calcd for C9HsO2S2: 211.9966). 

Notebook References: II-MKL-069, II-MKL-074, and II-MKL-085. 
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24413 .2.9. Preparation of 2-cyano-3-(thieno[3,2-b ]thiophen-2-yl)acrylic acid (9)243-

s 0&YOH 
S NC 

Thieno[3,2-b]thiophene-2-carbaldehyde (7) (0.150 g, 0.892 mmol) was dissolved in 

glacial acetic acid (3.6 mL) before ammonium acetate (0.017 g, 0.223 mmol) and cyanoacetic 

acid (0.076 g, 0.892 mmol) were added. The resulting mixture was heated at reflux for 5 h. The 

reaction mixture was cooled to room temperature then deionized water (10 mL) was added. The 

precipitate that formed was collected via vacuum filtration and washed with water (15 mL) then 

dichloromethane (3 x 15 mL) which removed a yellow compound, to yield 2-cyano-3-

(thieno[3,2-b]thiophen-2-yl)acrylic acid (9) as a mustard yellow solid (0.185 g, 0.786 mmol, 

88.1%). 

m.p. 285-286 °C 

1H NMR (500 MHz; DMSO; Filename: II-MKL-167proton): 8 13.76 (s(br), lH), 8.57 (s, lH), 

8.32 (s, lH), 8.05 (d, lH, J = 4.5 Hz), 7.60 (d, lH, J = 5.5 Hz). 

13C NMR (75.5 MHz; DMSO; Filename: II-MKL-167carbon): 8 163.6, 148.0, 146.1, 139.1, 

137.3, 135.7, 132.3, 120.8, 116.4, 98.3. 

HRMS (ESI (negative)) m/z 233.9698 (calcd for C10H4NO2S2-: 233.9689). 

Notebook References: II-MKL-167. 
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13.2.10. Preparation of piperidin-1-yl(thieno[3,2-b ]thiophen-2-yl)methanethione (10)96
• 

246 

Thieno[3,2-b]thiophene-2-carbaldehyde (7) (0.051 g, 0.303 mmol), sulfur (0.024 g, 0.758 

mmol), and piperidine (0.090 mL, 0.909 mmol) were dissolved in N,N-dimethylformamide (1.5 

mL) in a flame dried flask under nitrogen and the resulting mixture was refluxed for 30 min. The 

reaction was cooled to room temperature, then water (10 mL) was added. The product was 

extracted with dichloromethane (3 x 10 mL ), the organic extracts were combined, and dried over 

anhydrous magnesium sulfate. The product was concentrated in vacuo and recrystallized in 

dichloromethane:hexanes to yield piperidin-1-yl( thieno[3 ,2-b ]thiophen-2-yl)methanethione (10) 

as a yellow crystalline solid (0.045 g, 0.168 mmol, 55.4%). 

---- OR --

Piperidin-1-yl(thieno[3,2-b]thiophen-2-yl)methanone (11) (0.10 g, 0.398 mmol) was 

dissolved in toluene (2 mL) in a flame dried flask under nitrogen. Lawesson's reagent (0.32 g, 

0.796 mmol) was added and the resulting mixture was refluxed for 4 h. The reaction was cooled 

to room temperature, then water (50 mL) was added. The product was extracted with 

dichloromethane (3 x 50 mL), the organic extracts were combined, and dried over anhydrous 

magnesium sulfate. The reaction mixture was concentrated in vacuo and purified by silica gel 

column chromatography (3 :7 ethyl acetate:hexanes, Rf: 0.73) to yield piperidin-1-yl(thieno[3,2-

b ]thiophen-2-yl)methanethione (12) as a yellow solid following recrystallization in 

dicloromethane:hexanes (0.079 g, 0.295 mmol, 74.1%). 

m.p. 119-120 °C. 

340 



1H NMR (500 MHz; CDCb with TMS; Filename: I-MKL-139-146carbon) 8 7.40 (d, lH, J = 5.0 

Hz), 7.25 (s, lH), 7.21 (d, lH, J = 5.0 Hz), 4.34-3.84 (m, 4H), 1.80-1.68 (m, 6H). 

13C NMR (75.5 MHz; CDCb with TMS; Filename: I-MKL-139-146carbon) 8 190.1, 145.8, 

141.1, 138.2, 128.8, 119.3, 117.9, 52.8 (br), 26.1 (br), 24.1. 

HRMS (ESI) m/z 290.0104 (calcd for C12H13NS3 + Na+: 290.0104). 

Notebook References: I-MKL-134, I-MKL-139, I-MKL-146, and II-MKL-129. 
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13 .2.11. Preparation ofN,N-diethylthieno[3,2-b ]thiophene-2-carbothioamide (11)246 

Piperidin-1-yl(thieno[3,2-b ]thiophen-2-yl)methanone (13) (0.340 g, 1.42 mmol) was 

dissolved in toluene (7 mL) in a flame dried flask under nitrogen. Lawesson' s reagent (0.631 g, 

1.56 mmol) was added and the resulting mixture was refluxed for 4 h. The reaction was cooled to 

room temperature, then water (50 mL) was added. The product was extracted with 

dichloromethane (3 x 50 mL), the organic extracts were combined, and dried over anhydrous 

magnesium sulfate. The reaction mixture was concentrated in vacuo and purified by silica gel 

column chromatography (3:7 ethyl acetate:hexanes, Rf: 0.73) to yield N,N-diethylthieno[3,2-

b ]thiophene-2-carbothioamide (11) as a yellow solid following recrystallization in 

dicloromethane:hexanes (0.143 g, 0.560 mmol, 39.4%). 

m.p. 115-116 °C. 

1H NMR (500 MHz; CD2Ch; Filename: I-MKL-138proton) 8 7.45 (d, lH, J = 5.5 Hz), 7.28-7.23 

(m, 2H), 4.20-3.66 (m, 4H), 1.34 (t, 6H, J = 7.0 Hz). 

13C NMR (75.5 MHz; CD2Ch; Filename: I-MKL-138carbon) 8 190.6, 146.9, 141.1, 138.7, 

129.1, 119.7, 117.4, 48.2 (br), 14.2 (br). 

HRMS (ESI) m/z 256.0284 (calcd for CuH13NS3 + H+: 256.0283). 

Notebook References: I-MKL-138. 
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13.2.12. Preparation of piperidin-1-yl(thieno[3,2-b]thiophen-2-yl)methanone (12)245 

Thieno[3,2-b ]thiophene-2-carboxylic acid (5) (0.30 g, 1.63 mmol) was dissolved in 

toluene (15 mL) in a flame dried flask under nitrogen. Thionyl chloride (0.24 mL, 3.26 mmol) 

was added dropwise followed by catalytic N,N-dimethylformamide (0.063 mL, 0.814 mmol). 

The reaction was stirred at room temperature for 1.5 h, then cooled to O°C before piperidine (1.6 

mL, 16.3 mmol) in dichloromethane (10 mL) was slowly added to the reaction mixture. The 

resulting mixture was warmed to room temperature and stirred for 1 h. The reaction mixture was 

acidified with 1 M hydrochloric acid (25 mL) and extracted with ethyl acetate (3 x 50 mL). The 

combined organic extracts were washed with brine (50 mL), dried over anhydrous magnesium 

sulfate, and concentrated in vacuo. Recrystallization in dichloromethane:hexanes yielded 

piperidin-1-yl(thieno[3,2-b ]thiophen-2-yl)methanone (12) a beige solid (0.38 g, 1.51 mmol, 

92.7%). 

m.p. 133.5-136 °C. 

1H NMR (500 MHz; CDCh with TMS; Filename: I-MKL-144proton) 8 7.48-7.42 (m, 2H), 7.25 

(d, 2H, J = 5.5 Hz), 3.70 (t, 4H, J = 5.5 Hz), 1.74-1.68 (m, 2H), 1.68-1.61 (m, 4H). 

13C NMR (75.5 MHz; CDCh with TMS; Filename: I-MKL-144carbon) 8 163.3, 140.8, 139.0, 

138.2, 129.3, 120.7, 119.4, 46.5 (br), 26.1, 24.5. 

HRMS (ESI) m/z 252.0511 (calcd for C12H13NOS2 + H+: 252.0514). 

Notebook References: I-MKL-129, I-MKL-135, I-MKL-143, and I-MKL-144. 
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13 .2.13. Preparation ofN,N-diethylthieno[3,2-b ]thiophene-2-carboxamide (13)245 

Thieno[3,2-b ]thiophene-2-carboxylic acid (5) (0.30 g, 1.63 mmol) was dissolved in 

toluene (15 mL) in a flame dried flask under nitrogen. Thionyl chloride (0.24 mL, 3.26 mmol) 

was slowly added followed by catalytic N,N-dimethylformamide (0.063 mL, 0.814 mmol). The 

reaction was stirred at room temperature for 1.5 h, then cooled to O°C before diethylamine (1.6 

mL, 16.3 mmol) in dichloromethane (10 mL) was slowly added to the reaction mixture. The 

resulting mixture was warmed to room temperature then stirred for 1 h. Then, the reaction 

mixture was acidified with 1 M hydrochloric acid (25 mL) and extracted with ethyl acetate (3 x 

50 mL). The combined organic extracts were washed with brine (50 mL), dried over anhydrous 

magnesium sulfate, and concentrated in vacuo. Upon freezing, N,N-diethylthieno[3,2-

b ]thiophene-2-carboxamide (13) was yielded as a beige solid (0.38 g, 1.59 mmol, 97.4%). 

m.p. 67-68 °C. 

1H NMR (500 MHz; CDCh with TMS; Filename: I-MKL-133proton) 8 7.49 (s, lH), 7.45 (d, 

2H, J = 5.5 Hz), 7.23 (d, 2H, J = 5.0 Hz), 3.57 (q, 4H, J = 7.0 Hz), and 1.26 (t, 6H, J = 7.0 Hz). 

13C NMR (75.5 MHz; CDCh with TMS; Filename: I-MKL-133carbon) 8 163.4, 140.8, 139.7, 

138.2, 129.3, 120.1, 119.3, 42.3 (br), 13.7 (br). 

HRMS (ESI) m/z 240.0516 (calcd for CuH13NOS2 + H+: 240.0511). 

Notebook References: I-MKL-133, I-MKL-136, and I-MKL-145. 
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13 .2.14. Preparation of diethyl thieno[3,2-b ]thiophen-2-ylphosphonate (14)247 
-
248 

Lithium diisopropylamide was freshly prepared from diisopropylamine (0.89 mL, 6.32 

mmol) and n-butyllithium (1.75 M, 3.61 mL, 6.32 mmol) in tetrahydrofuran (5 mL) at-78 °C and 

stirred for 30 min. This solution was transferred via cannula into a stirred solution of thieno[3,2-

b]thiophene (6) (0.806g, 5.75 mmol) in tetrahydrofuran (10 mL) at -78 °C and stirred for 30 min 

before a solution of diethyl chlorophosphate (0.765 mL, 6.32 mmol) in tetrahydrofuran (10 mL) 

at room temperature was also transferred via cannula into the reaction mixture. The resulting 

solution was warmed to room temperature and stirred for 2 h. Water (10 mL) and brine (10 mL) 

were added, and the product was extracted with ethyl acetate (3 x 20 mL), the organic extracts 

were combined, concentrated in vacuo, and purified by silica gel column chromatography (4:1 

ethyl acetate:hexanes, Rf: 0.53) to yield diethyl thieno[3,2-b ]thiophen-2-ylphosphonate (14) as a 

beige/yellow oil (0.72 g, 2.61 mmol, 45.3%). 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-043_157proton): 8 7.81 (d, lH, J = 

8.5 Hz), 7.57 (dd, lH, J = 3.0, 5.0 Hz), 7.29 (d, lH, J = 5.5 Hz), 4.26-4.08 (m, 4H), 1.35 (t, 6H, J 

= 7.0 Hz). 

13C NMR (75.5 MHz; CDCh with TMS; Filename: II-MKL-043_157carbon): 8 145.3 (d, J = 9.3 

Hz), 139.6 (d, J = 20.8 Hz), 131.3, 129.5 (d, J = 205.1 Hz), 128.6 (d, J = 12.6 Hz), 119.3 (d, J = 

2.3 Hz), 62.7 (d, J = 5.7 Hz), 16.2 (d, J = 6.9 Hz). 

HRMS (ESI) m/z 277.0121 (calcd for C10H13O3PS2+ H+: 277.0116). 

Notebook References: II-MKL-013, II-MKL-025, II-MKL-029, II-MKL-037, II-MKL-043, 

and II-MKL-157 
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248 13 .2.15. Preparation of thieno[3,2-b ]thiophen-2-ylphosphonic acid (15)247 -

Diethyl thieno[3,2-b ]thiophen-2-ylphosphonate (14) (0.62 g, 2.24 mmol) was dissolved 

in dichloromethane (10 mL) in a flame dried flask under nitrogen. Bromotrimethylsilane (1.18 

mL, 8.98 mmol) was added dropwise, then the reaction flask was covered in foil and stirred for 

16 h at room temperature. The reaction was quenched by adding 10 mL of water. The solid that 

formed was filtered and rinsed with hexanes to yield thieno[3,2-b ]thiophen-2-ylphosphonic acid 

(15) as a beige solid (0.29 g, 1.32 mmol, 58.9%). 

m.p. 160-162 °C 

1H NMR (500 MHz; DMSO; Filename: II-MKL-036proton): 8 10.76 (s(br), 2H), 7.84-7.66 (m, 

2H), 7.50-7.40 (m, lH). 

13C NMR (75.5 MHz; DMSO; Filename: II-MKL-036carbon): 8 143.2 (d, J = 8.1 Hz), 139.3 (d, 

J = 20.8 Hz), 136.7 (d, J = 194.7 Hz), 131.2, 126.0 (d, J = 11.6 Hz), 119.9 

HRMS (ESI) m/z 220.9486 (calcd for C6HsO3PS2 + H+: 220.9490). 

Notebook References: II-MKL-023, II-MKL-026, II-MKL-036, and II-MKL-039. 
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243 249 13 .2.16. Preparation of [2,2'-bithiophene ]-5-carbaldehyde (17) 225
, , 

0 

..--S. _S_)lH 

~ 
N,N-Dimethylformamide (20.0 mL) was added to a flame dried flask under nitrogen and 

cooled to 0 °C before phosphorous oxychloride (2.47 mL, 16.5 mmol) was added dropwise. The 

solution was stirred for 5 mins before being transferred via cannula to a flame dried flask under 

nitrogen containing 2,2'-bithiophene (4.00 g, 24.1 mmol) in N,N-dimethylformamide (20.0 mL) 

at room temperature. The reaction mixture was heated to 100 °C for 2 h. The mixture was cooled, 

then 1 M sodium hydroxide (100 mL, pH = 8). The product was extracted with diethyl ether (3 x 

75 mL), washed with and brine (50 mL), and dried over anhydrous magnesium sulfate. The 

reaction mixture was concentrated in vacuo and recrystallized in diethyl ether:hexanes to yield 

[2,2'-bithiophene]-5-carbaldehyde (17) as an orange crystalline solid (3.77 g, 19.4 mmol, 

80.6%). 

m.p. 54-55 °C, Literature m.p. 55-56 °C (57-58 °C),225 43-45 °C.275 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-065proton) 8 9.85 (s, lH), 7.66 (d, 

lH, J = 3.5 Hz), 7.35 (m, 2H), 7.24 (d, lH, J = 3.5 Hz), and 7.07 (t, lH, J = 4.0 Hz). Literature 

lH NMR.225,243 ,249,275 

13C NMR (75.5 MHz; CDCh with TMS; Filename: II-MKL-065carbon) 8 182.5, 147.1 , 141.7, 

137.3, 136.0, 128.3, 127.1, 126.1, and 124.2. Literature 13C NMR.275 

HRMS (ESI) m/z 216.9748 (calcd for C9H6OS2 +Na+: 216.9752). Literature MS.225
' 

275 

Literature IR. 275 

Notebook References: I-MKL-175, I-MKL-178, I-MKL-234, I-MKL-284, II-MKL-030, II

MKL-050, and II-MKL-065. 
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13 .2.17. Preparation of [2,2'-bithiophen]-5-yl(piperidin-1-yl)methanethione (18)96 

s_-S_ .S>No 
~ 

[2,2'-Bithiophene]-5-carbaldehyde (17) (0.70 g, 3.60 mmol), sulfur (0.29 g, 9.01 mmol), 

and piperidine (1.07 mL, 10.8 mmol) were dissolved in N,N-dimethylformamide (10 mL) in a 

flame dried flask under nitrogen and the resulting mixture was refluxed for 30 min. The reaction 

was cooled to room temperature, then water (100 mL) was added. The product was extracted 

with dichloromethane (3 x 40 mL), the organic extracts were combined, washed with brine (30 

mL) and dried over anhydrous magnesium sulfate. The product was concentrated in vacuo and 

recrystallized in dichloromethane:hexanes to yield [2,2'-bithiophen]-5-yl(piperidin-1-yl) 

methanethione (18) as a yellow crystalline solid (0.85 g, 2.89 mmol, 80.3%). 

m.p. 96.5-97.5°C. 

1H NMR (500 MHz; CDCh with TMS; Filename: I-MKL-257proton): 8 7.24 (d, lH, J = 5.5 

Hz), 7.20 (d, lH, J = 3.0 Hz), 7.03-6.97 (m, 2H), 6.96 (d, lH, J = 4.0 Hz), 4.30-3.86 (m, 4H), 

1.80-1.68 (m, 6H). 

13C NMR (75.5 MHz; CDCh with TMS; Filename: I-MKL-257carbon): 8 189.3, 143.5, 140.9, 

136.2, 127.9, 126.2, 125.2, 124.4, 122.7, 53.0 (br), 26.2 (br), 24.1. 

HRMS (ESI) m/z 316.0258 (calcd for C14H1 5NS3 + Na+: 316.0259). 

Notebook References: I-MKL-257, II-MKL-186. 
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25113 .2.18. Preparation of [2,2'-bithiophene ]-5-carboxylic acid (19)250
-

0 

.-----s. ,s>oH
lMJ 

Silver oxide (3 .50 g, 15.1 mmol) was suspended in a solution of 1:2 ethanol:water (90 mL) 

containing sodium hydroxide (1.21 g, 30.3 mmol). [2,2'-bithiophene]-5-carbaldehyde (17) (1.47 g, 

7.57 mmol) was added and the reaction was stirred at room temperature for 24 h. The solution was 

filtered then the filtrate was acidified with concentrated hydrochloric acid (precipitate formed). The 

mixture was extracted with diethyl ether (3 x 150 mL). The acidic aqueous solution was used to re

suspend the filtered Ag20, and this solution was extracted with diethyl ether (3 x 50 mL) to 

remove the remainder of the product. The organic extracts were combined and dried over 

anhydrous magnesium sulfate. The product was concentrated in vacuo (low heat) and recrystallized 

in ether:hexanes to yield [2,2'-bithiophene]-5-carboxylic acid (19) as a beige crystalline solid (1.33 

g, 6.33 mmol, 83.6%). 

m.p. 173-174 °C, Literature m.p. 178 °C.276 177-179 °C (176-178 °C).277 

1H NMR (500 MHz; CDCh with TMS; Filename: II-JH-099proton) 8 7.79 (d, lH, J = 4.0 Hz), 

7.32 (m, 2H), 7.18 (d, lH, J = 4.0 Hz), 7.06 (t, lH, J = 4.0 Hz). 1H NMR (500 MHz; DMSO; 

Filename: II-JH-099protonDMSO) 8 13.18 (s(br), lH), 7.65 (d, lH, J = 4.0 Hz), 7.61 (d, lH, J = 

5.0 Hz), 7.47 (d, lH, J = 3.0 Hz), 7.33 (d, lH, J = 4.0 Hz), 7.13 (t, lH, J = 4.0 Hz). Literature 

lH NMR.250, 276 

Be NMR (75.5 MHz; CDCh with TMS; Filename: II-JH-099carbon) 8 167.4, 146.0, 136.1, 

135.9, 130.4, 128.2, 126.5, 125.6, and 124.2. Literature Be NMR.276 

HRMS (ESI) m/z 232.9711 (calcd for C9H60 2S2 + Na+: 232.9701). Literature MS.276 

Literature IR. 276 

Notebook References: I-MKL-177, I-MKL-179, I-MKL-197, I-MKL-285, and II-MKL-033. 
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13 .2.19. Preparation of ethyl [2,2'-bithiophene ]-5-carboxylate (20)254
-
255 

0 

.----s. s__}lo.,....,......__
lLKJ 

[2,2'-Bithiophene]-5-carboxylic acid (19) (0.239 g, 1.14 mmol) was dissolved in 

dichloromethane (11.4 mL) in a flame dried flask under nitrogen, then 4-dimethylaminopyridine 

(0.014 g, 0.114 mmol), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (0.48 g, 

2.50 mmol), and anhydrous ethanol (0.79 mL, 13.6 mmol) were added and the resulting mixture 

was stirred at room temperature overnight (16 h). The reaction was quenched with 8 mL of 

saturated sodium bicarbonate, the organic layer was removed, and then the aqueous layer was 

extracted with dichloromethane (3 x 5 mL). The organic extracts were combined, dried over 

anhydrous magnesium sulfate, and concentrated in vacuo. The crude product was purified by 

silica gel column chromatography (1 :9 ethyl acetate:hexanes, Rf: 0.63) and concentrated in 

vacuo to yield ethyl [2,2'-bithiophene]-5-carboxylate (20) as a light yellow/off-white solid upon 

freezing (0.234 g, 0.982 mmol, 86.1 %). 

m.p. 26-27 °C. 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-188proton) 8 7.68 (d, lH, J = 3.0 

Hz), 7.32-7.25 (m, 2H), 7.13 (d, lH, J = 3.5 Hz), 7.04 (t, lH, J = 4.5/4.0 Hz), 4.35 (q, 2H, J = 7.0 

Hz), 1.38 (t, 3H, J = 7.5 Hz). Literature 1H NMR.278 

Be NMR (75 .5 MHz; CDCh with TMS; Filename: II-MKL-188carbon) 8 162.1, 144.0, 136.4, 

134.1, 131.8, 128.1, 126.0, 125.1, 123.8, 61.2, 14.3. Literature Be NMR.278 

HRMS (ESI) m/z 261.0018 (calcd for CuH100 2S2 + Na+: 261.0014). Literature MS.278 

Literature IR. 278 

Notebook References: I-MKL-167, II-MKL-176, II-MKL-187, II-MKL-188. 
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13 .2.20. Preparation ofN-hydroxy-[2,2' -bithiophene ]-5-carboxamide (21 )236 

Potassium hydroxide (0.185 g, 3.29 mmol) was dissolved in MeOH (0.822 mL) before 

being added dropwise to a solution of hydroxylamine hydrochloride (0.106 g, 1.64 mmol) 

dissolved in MeOH (0.822 mL). The solution was mixed, then cooled in an ice bath (0 °C) for 5 

mins to precipitate potassium chloride. The resulting solution was vacuum filtered, then filtrate 

was transferred via pipette to a flask containing ethyl [2,2'-bithiophene]-5-carboxylate (20) 

(0.196 g, 0.822 mmol) (pH ?: 8). The resulting solution was stirred for 6 h at room temperature 

before being concentrated in vacuo. IO mL of water was added to the solution, then it was 

acidified with IM hydrochloric acid (pH 2). The product was extracted with ethyl acetate ( 4 x 10 

mL), the organic extracts were combined. The reaction mixture was concentrated in vacuo and 

recrystallized in ethyl acetate:hexanes to yield N-hydroxy-[2,2'-bithiophene]-5-carboxamide (21) 

as an off-white solid (0.162 g, 0.719 mmol, 87.5%). 

m.p. 152-154 °C 

1H NMR (500 MHz; DMSO; Filename: II-MKL-191proton) 8 11.23 (s(br), lH), 9.11 (s(br), 

lH), 7.64-7.50 (m, 2H), 7.39 (d, lH, J = 2.5 Hz), 7.28 (d, lH, J = 3.5 Hz), 7.11 (t, lH, J = 4.0 / 

4.5 Hz). Literature 1H NMR.252 

HRMS (ESI) m/z 247.9821 (calcd for: C9H7NO2S2 + Na+: 247.9810). Literature MS.252 

Notebook References: II-MKL-017, II-MKL-121, II-MKL-191. 
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13 .2.21. Preparation of 2-([2,2'-bithiophen]-5-yl)-1,3-dioxolane (22)241 
-
242 

0) 
_s_ .s~o 
lU--U 

[2,2'-Bithiophene]-5-carbaldehyde (17) (0.736g, 3.79 mmol) was dissolved in benzene 

(50 mL) in a flame dried flask equipped with a Dean Stark trap under nitrogen. p

Toluenesulfonic acid monohydrate (0.144 g, 0.758 mmol) and ethylene glycol (4.23 mL, 75.8 

mmol) were added and the reaction mixture was refluxed for 24 h to azeotrope water. The 

reaction was cooled to room temperature, then saturated aqueous sodium bicarbonate (15 mL) 

was added. The product was extracted with dichloromethane (3 x 20 mL), the organic extracts 

were combined, and dried over anhydrous magnesium sulfate. The reaction mixture was 

concentrated in vacuo and purified by silica gel column chromatography (CH2Ch, Rf: 0.69 (17, 

Rf: 0.60)) to yield 2-([2,2'-bithiophen]-5-yl)-1,3-dioxolane (22) as a beige crystalline solid 

(0.591 g, 2.48 mmol, 65.7%) following recrystallization in diethyl ether:hexanes. 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-062proton) 8 7.21 (d, lH, J = 5.5 

Hz), 7.19-7.14 (m, lH), 7.08-7.03 (m, 2H), 7.01 (t, lH, J = 3.5 Hz), 6.08 (s, lH), 4.19-4.10 (m, 

2H), 4.08-3.99 (m, 2H). Literature 1H NMR.242 

13C NMR (75.5 MHz; CDCh with TMS; Filename: II-MKL-062carbon) 8 140.5, 138.4, 137.2, 

127.8, 126.9, 124.7, 124.0, 123.2, 100.2, and 65.2. 

HRMS (ESI, ammonium) m/z 261.0019 (calcd for CllH10O2S2 + Na+: 261.0014). Literature 

MS.242 

Notebook References: II-MKL-056 and II-MKL-062. 
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24413.2.22. Preparation of 3-([2,2'-bithiophen]-5-yl)-2-cyanoacrylic acid (23)243
-

0 

---c::: OH 

CN 

[2,2'-Bithiophene]-5-carbaldehyde (17) (0.173 g, 0.891 mmol) was dissolved in glacial 

acetic acid (3.6 mL) before ammonium acetate (0.017 g, 0.223 mmol) and cyanoacetic acid 

(0.076 g, 0.891 mmol) were added. The resulting mixture was heated at reflux for 5 h. The 

reaction mixture was cooled to room temperature then deionized water (10 mL) was added. The 

precipitate that formed was collected via vacuum filtration and washed with water (15 mL) then 

dichloromethane (3 x 15 mL), which removed a fluorescent yellow compound, to yield 3-([2,2'

bithiophen]-5-yl)-2-cyanoacrylic acid (23) as an orange solid (0.186 g, 0.712 mmol, 79.9%). 

m.p. 262-263 °C. 

1H NMR (500 MHz; DMSO; Filename: I-MKL-168proton) 8 13.73 (s(br), lH), 8.48 (s, lH), 

7.96 (d, lH, J = 4.0 Hz), 7.72 (d, lH, J = 4.5 Hz), 7.59 (d, lH, J = 3.0 Hz), 7.55 (d, lH, J = 3.5 

Hz), 7.18 (t, lH, J = 4.5 / 4.0 Hz). Literature 1H NMR.243 

Be NMR (75 .5 MHz; DMSO; Filename: I-MKL-181carbon) 8 163.6, 146.6, 145.8, 141.5, 

135.0, 133.9, 129.0, 128.6, 127.0, 125.0, 116.5, 98.1. Literature Be NMR.243 

HRMS (ESI) m/z 283.9810 (calcd for C12H7NNaO2S/ : 283.9810). Literature MS.243 

Notebook References: I-MKL-181, II-MKL-168. 
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248 279 28013.2.23. Preparation of diethyl [2,2'-bithiophen]-5-ylphosphonate (24)247
- · -

2,2'-Bithiophene (2.5 g, 15.0 mmol) was dissolved in tetrahydrofuran (190 mL) in a 

flame dried flask under nitrogen, then cooled to -78 °C for 30 min. Once cool, n-butyllithium 

(2.36 M, 6.69 mL, 18.8 mmol) was added dropwise, then the solution was stirred at -78 °C for 1 

h before adding diethyl chlorophosphate (2.18 mL, 18.0 mmol). The resulting solution was 

allowed to warm gradually to room temperature overnight. Water (20 mL) and brine (10 mL) 

were added, and the product was extracted with diethyl ether (3 x 100 mL ), the organic extracts 

were combined, and dried over anhydrous magnesium sulfate. The product was concentrated in 

vacuo and purified by silica gel column chromatography ( 4: 1 ethyl acetate:hexanes, Rf: 0.51) to 

yield diethyl [2,2'-bithiophen]-5-ylphosphonate (24) as a yellow/green oil (2.87 g, 9.49 mmol, 

63.2%). 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-158proton) 8 7.55 (dd, lH, J = 4.0, 

8.5 Hz), 7.28 (d, lH, J = 5.0 Hz), 7.25 (d, lH, J = 2.5 Hz), 7.19 (t, lH, J = 3.0 Hz), 7.06-7.00 (m, 

248 279 280lH), 4.24-4.08 (m, 4H), 1.35 (t, 6H, J = 7.0 Hz). Literature 1H NMR.247
- · -

13C NMR (75.5 MHz; CDCh with TMS; Filename: II-MKL-158carbon) 8 145.2 (d, J = 8.1 Hz), 

137.2 (d, J = 11.6 Hz), 135.5 (d, J = 2.3 Hz), 127.8, 125.7 (d, J = 209.7 Hz), 125.7, 124.9, 124.0 

(d, J = 17.3 Hz), 62.4 (d, J = 4.6 Hz), 16.0 (d, J = 6.9 Hz). Literature 13C NMR.279
-
280 

Literature 3tp NMR.247-248, 279-280 

HRMS (ESI) m/z 303.0280 (calcd for C12H150 3PS2 + H+: 303.0273). Literature MS.279
-
280 

Literature IR. 279 

Notebook References: I-MKL-185, I-MKL-187, and II-MKL-158. 
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248 

248 13.2.24. Preparation of [2,2'-bithiophen]-5-ylphosphonic acid (25)247 
-

0 
\\ 

ri"s\_/sy~'OH 
~OH 

Diethyl [2,2'-bithiophen]-5-ylphosphonate (24) (0.40 g, 1.32 mmol) was dissolved in 

dichloromethane (4.5 mL) in a flame dried flask under nitrogen. Bromotrimethylsilane (0.70 mL, 

5.29 mmol) was added dropwise, then the reaction flask was covered in foil and stirred for 16 h 

at room temperature. The reaction was quenched by adding 10 mL of water. The solid that 

formed was filtered and rinsed with hexanes to yield [2,2'-bithiophen]-5-ylphosphonic acid (25) 

as a beige solid (0.26 g, 1.06 mmol, 80.3%). 

m.p. 209-212 °C. 

1H NMR (500 MHz; DMSO; Filename: I-MKL-222proton_2) 8 12.26 (s(br), 2H), 7.51 (d, lH, J 

= 4.5 Hz), 7.30 (d, lH, J = 3.0Hz), 7.27-7.19 (m, 2H), 7.06 (t, lH, J = 5.0 / 4.0 Hz). Literature 

lH NMR.247-248 

13C NMR (75.5 MHz; DMSO; Filename: I-MKL-222carbon) 8 140.4 (d, J = 6.9 Hz), 138.1, 

136.1, 135.5, 133.2 (d, J = 10.4 Hz), 127.1 (d, J = 189.0 Hz), 124.5, 124.0 (d, J = 15.0 Hz). 

Literature 13C NMR. 248 

HRMS (ESI, FTMS) m/z 268.9465 (calcd for C8H70 3PS2 + Na+: 268.9466). Literature MS.247 
-

Notebook References: I-MKL-222 and I-MKL-274. 
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243 244 258 13.2.25. Preparation of [2,2':5',2"-terthiophene]-5-carbaldehyde (27)225 
• - , 

0 

S S H 

j ~ 

N,N-Dimethylformamide (0.94 mL, 12.1 mmol) was dissolved in dichloromethane (10 

mL) in a flame dried flask under nitrogen and cooled to O °C before phosphorous oxychloride 

(1.13 mL, 12.1 mmol) was added dropwise. The resulting solution was stirred for 5 min before 

being transferred via cannula into a solution of 2,2':5',2"-terthiophene (2.0 g, 8.05 mmol) in 

dichloromethane (15 mL) at O°C. The resulting solution was allowed to warm gradually to room 

temperature overnight. The solution was poured into saturated aqueous sodium acetate (30 mL) 

and stirred for 4.5 h. The product was extracted with dichloromethane (3 x 50 mL), the organic 

extracts were combined, and dried over anhydrous magnesium sulfate. The product was 

concentrated in vacuo and recrystallized in dichloromethane:hexanes to yield [2,2':5',2"-

terthiophene]-5-carbaldehyde (27) as a yellow crystalline solid (1.88 g, 6.80 mmol, 84.5%). 

m.p. 135-136 °C. Literature m.p. 132-133 °C (140-141°C),225 138-139 °C.281 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-051proton): 8 9.85 (s, lH), 7.66 (d, 

lH, J = 4.0 Hz), 7.27 (m, 2H), 7.23 (m, 2H), 7.12 (d, lH, J = 4.0 Hz), 7.04 (t, lH, J = 3.5 / 5.0 

Hz). Literature 18 NMR.225, 243-244, 258,28 1 

13C NMR (75.5 MHz; CDCh with TMS; Filename: II-MKL-051carbon): 8 182.4, 146.8, 141.6, 

139.1, 137.3, 136.4, 134.5, 128.1, 126.9, 125.4, 124.6, 124.5, 124.0. 

HRMS (ESI) m/z 298.9643 (calcd for C13H8NaOS/: 298.9629). Literature MS.225
· 

258 

Literature IR. 28 1 

Notebook References: I-MKL-193, I-MKL-199, I-MKL-208, I-MKL-283, II-MKL-031, and II

MKL-051. 
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13 .2.26. Preparation of [2,2':5' ,2"-terthiophen]-5-yl(piperidin-1-yl)methanethione (28)96 

1 s s 
s s 
/; ~ 

[2,2':5',2"-Terthiophene]-5-carbaldehyde (27) (1.0 g, 3.62 mmol), sulfur (0.29 g, 9.05 

mmol), and piperidine (1.08 mL, 10.9 mmol) were dissolved in N,N-dimethylformamide (10 

mL) in a flame dried flask under nitrogen and the resulting mixture was refluxed for 30 min. The 

reaction was cooled to room temperature, then water (100 mL) was added. The product was 

extracted with dichloromethane (3 x 40 mL), the organic extracts were combined, washed with 

brine (30 mL) and dried over anhydrous magnesium sulfate. The product was concentrated in 

vacuo and recrystallized in dichloromethane:hexanes to yield [2,2':5',2"-terthiophen]-5-

yl(piperidin-1-yl)methanethione (28) as a yellow solid (1.29 g, 3.43 mmol, 94.8%). 

m.p. 138-139 °C. 

1H NMR (500 MHz; CDCh with TMS; Filename: I-MKL-260proton) 8 7.27 (d, lH, J = 5.0 Hz), 

7.22 (d, lH, J = 3.0 Hz), 7.16 (d, lH, J = 3.5 Hz), 7.12 (d, lH, J = 3.5 Hz), 7.05 (m, 2H), 6.97 (d, 

lH, J = 3.5 Hz), 4.32-3.88 (m, 4H), 1.81-1.69 (m, 6H). 

13C NMR (75.5 MHz; CDCh with TMS; Filename: I-MKL-260carbon) 8 189.4, 143.6, 140.7, 

137.2, 136.8, 135.0, 127.9, 126.4, 125.2, 124.8, 124.4, 123.9, 122.7, 53.0 (br), 26.3 (br), and 

24.2. 

HRMS (ESI) m/z 376.0330 (calcd for C1sH17NS4 + H+: 376.0317). 

Notebook References: I-MKL-260. 
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13.2.27. Preparation of [2,2':5',2"-terthiophene]-5-carboxylic acid (29)250
-
251 

f s 0 
,-::: 

OH 

Silver oxide (0.42 g, 1.81 mmol) was suspended in a solution of 1:2 ethanol:water (15 

mL) containing sodium hydroxide (0.14 g, 3.62 mmol). [2,2':5',2"-terthiophene]-5-carbaldehyde 

(27) (0.25 g, 0.905 mmol) was added and the reaction was stirred at room temperature for 24 h. 

The solution was filtered then the filtrate was acidified with concentrated hydrochloric acid 

(precipitate formed). The mixture was extracted with diethyl ether (3 x 25 mL). The acidic 

aqueous solution was then used to re-suspend the filtered Ag20 and this solution was extracted 

with diethyl ether (3 x 30 mL) to remove the remainder of the product. The organic extracts were 

combined, and dried over anhydrous magnesium sulfate. The product was concentrated in vacuo 

(low heat) and recrystallized in acetone:hexanes to yield [2,2':5',2"-terthiophene]-5-carboxylic 

acid (29) as a yellow/brown solid (0.249 g, 0.852 mmol, 94.1 %). 

m.p. 232-233 °C, Literature m.p. 239-240 °C.282 

1H NMR (500 MHz; DMSO; Filename: II-MKL-233proton) 8 13.18 (s(br), lH), 7.66 (d, lH, J = 

4.0 Hz), 7.56 (d, lH, J = 5.0 Hz), 7.45 (d, lH, J = 4.0 Hz), 7.41-7.35 (m, 2H), 7.32 (d, lH, J = 

3.5 Hz), 7.11 (t, lH, J = 4.5/4.0 Hz). Literature 1H NMR.283 

13C NMR (75.5 MHz; DMSO; Filename: II-MKL-185carbon) 8 162.6, 142.2, 137.1, 135.6, 

134.3, 134.0, 132.7, 128.5, 126.9, 126.2, 125.1, 124.8, 124.6. 

HRMS (ESI) m/z 314.9585 (calcd for C13H80 2S3 + Na+: 314.9579). Literature MS.282 

Literature IR. 282 

Notebook References: I-MKL-215, I-MKL-216, I-MKL-233, I-MKL-286, II-MKL-034, II

MKL-185, II-MKL-190. 
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13.2.28. Preparation of ethyl [2,2':5',2"-terthiophene]-5-carboxylate (30)254
-
255 

1/' s 0 

[2,2':5',2"-Terthiophene]-5-carboxylic acid (29) (0.239 g, 0.865 mmol) was dissolved in 

dichloromethane (8.65 mL) in a flame dried flask under nitrogen, then 4-dimethylaminopyridine 

(0.011 g, 0.0865 mmol), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (0.36 

g, 1.90 mmol), and anhydrous ethanol (0.61 mL, 10.4 mmol) were added and the resulting 

mixture was stirred at room temperature overnight (16 h). The reaction was quenched with 6 mL 

of saturated sodium bicarbonate, the organic layer was removed, and then the aqueous layer was 

extracted with dichloromethane (3 x 5 mL). The organic extracts were combined, dried over 

anhydrous magnesium sulfate, and concentrated in vacuo. The crude product was purified by 

silica gel column chromatography (1 :9 ethyl acetate:hexanes, Rf: 0.51 ). The product was 

concentrated in vacuo and recrystallized in ethyl acetate:hexanes to yield ethyl [2,2':5',2"

terthiophene]-5-carboxylate (30) as a yellow crystalline solid (0.245 g, 0.765 mmol, 89.5%). 

m.p. 86-88 °C. Literature m.p. 86.5-87 °C.284 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-189proton) 8 7.68 (d, lH, J = 3.5 

Hz), 7.24 (d, lH, J = 5.0 Hz), 7.19 (d, lH, J = 3.5 Hz), 7.17 (d, lH, J = 4.0 Hz), 7.11 (d, lH, J = 

4.0 Hz), 7.19 (d, lH, J = 4.0 Hz), 7.02 (t, lH, J = 5.0/3.5 Hz), 4.35 (q, 2H, J = 7.0 Hz), 1.38 (t, 

3H, J = 7.5/7.0 Hz). Literature 1H NMR.256 
· 
284 

13C NMR (75.5 MHz; CDCh with TMS; Filename: II-MKL-189carbon) 8 162.0, 143.7, 138.0, 

136.6, 135.0, 134.1, 131.7, 128.0, 125.8, 125.0, 124.5, 124.2, 123.7, 61.2, 14.3. 

HRMS (ESI) m/z 321.0082 (calcd for : 321.0072).284 

Notebook References: II-MKL-189. 
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13 .2.29. Preparation of 2-([2,2':5' ,2"-terthiophen]-5-yl)-1,3-dioxolane (32)241 
-
242 

1/' s 
__...-:: 

s 
,1 

[2,2':5',2"-Terthiophene]-5-carbaldehyde (27) (0.70 g, 2.53 mmol) was dissolved in 

benzene (33.7 mL) in a flame dried flask equipped with a Dean Stark trap under nitrogen. p

Toluenesulfonic acid monohydrate (0.096 g, 0.507 mmol) and ethylene glycol (2.83 mL, 50.7 

mmol) were added and the reaction mixture was refluxed for 24 h to azeotrope water. The 

reaction was cooled to room temperature, then saturated aqueous sodium bicarbonate (15 mL) 

was added. The product was extracted with dichloromethane (3 x 20 mL), the organic extracts 

were combined, and dried over anhydrous magnesium sulfate. The reaction mixture was 

concentrated in vacuo and purified by silica gel column chromatography (CH2Ch, Rf: 0.73 (27, 

Rf: 0.62)) to yield 2-([2,2':5',2"-terthiophen]-5-yl)-1,3-dioxolane (32) as a yellow solid following 

recrystallization in dichloromethane:hexanes (0.71 g, 2.22 mmol, 87.7%). 

1H NMR (500 MHz; CDCh with TMS; Filename: II-MKL-057proton) 8 7.19 (d, lH, J = 5.0Hz), 

7.15 (d, lH, J = 2.5 Hz), 7.06-7.01 (m, 3H), 6.99 (t, lH, J = 4.5 / 4.0 Hz), 6.06 (s, lH), 4.17-4.07 

(m, 2H), 4.05-3.95 (m, 2H). 

13C NMR (75.5 MHz; CDCh with TMS; Filename: II-MKL-057carbon): 8 140.6, 138.0, 137.2, 

136.9, 136.5, 135.9, 127.8, 126.9, 124.5, 124.3, 123.7, 123.1, 100.1 , 65.2. 

HRMS (ESI, with silver added) m/z 746.9087 (calcd for Ag(C15H12O2S3)2: 746.9044). 

Notebook References: I-MKL-057. 
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244 13.2.30. Preparation of 3-([2,2':5',2"-terthiophen]-5-yl)-2-cyanoacrylic acid (33)243 -

0f s 
----.::::: OH 

CN 

[2,2':5',2"-Terthiophene]-5-carbaldehyde (27) (0.246 g, 0.890 mmol) was dissolved in 

glacial acetic acid (3.6 mL) before ammonium acetate (0.017 g, 0.223 mmol) and cyanoacetic 

acid (0.076 g, 0.890 mmol) were added. The resulting mixture was heated at reflux for 5 h. The 

reaction mixture was cooled to room temperature then deionized water (10 mL) was added. The 

precipitate that formed was collected via vacuum filtration and washed with water (15 mL) then 

dichloromethane ( 6 x 15 mL) which removed a fluorescent yellow compound, to yield 3-

([2,2': 5 ',2" -terthiophen ]-5-yl)-2-cyanoacrylic acid (33) as a purple solid (0.165 g, 0.480 mmol, 

53.9%). 

m.p. 259-260 °C 

1H NMR (500 MHz; DMSO; Filename: II-MKL-169proton) 8 13.73 (s(br), lH), 8.48 (s, lH), 

7.97 (d, lH, J = 3.5 Hz), 7.62-7.56 (m, 3H), 7.44 (d, lH, J = 3.5 Hz), 7.37 (d, lH, J = 3.5 Hz), 

7.13 (t, lH, J = 4.5 / 4.0 Hz). Literature 1H NMR.243-244 

13C NMR (75.5 MHz; DMSO; Filename: II-MKL-169carbon) 8 163.6, 146.4, 145.2, 141.6, 

138.4, 135.4, 133.9, 133.4, 128.6, 128.1, 126.7, 125.5, 125.2, 125.1, 116.5, 98.0. Literature 13C 

NMR.243 

HRMS (ESI) m/z 365.9689 (calcd for C16H9NO2S3 + Na+: 365.9688). Literature MS.243 

Notebook References: II-MKL-054, II-MKL-072, II-MKL-169. 
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13.2.31. Preparation of diethyl [2,2':5',2"-terthiophen]-5-ylphosphonate (34)247
-
248 

1/' s 
s 
,1 

2,2':5',2"-Terthiophene (3.0 g, 12.1 mmol) was dissolved in tetrahydrofuran (150 mL) in 

a flame dried flask under nitrogen, then cooled to -78 °C for 30 min. Once cool, n-butyllithium 

(2.20 M, 5.77 mL, 12.7 mmol) was added dropwise, then the solution was stirred at -78 °C for 1 

h before adding diethyl chlorophosphate (1.75 mL, 14.5 mmol). The resulting solution was 

allowed to warm gradually to room temperature overnight. Water (20 mL) and brine (10 mL) 

were added, and the product was extracted with diethyl ether (3 x 100 mL ), the organic extracts 

were combined, and dried over anhydrous magnesium sulfate. The product was concentrated in 

vacuo and purified by silica gel column chromatography (4:1 ethyl acetate:hexanes, Rf: 0.40) to 

yield diethyl [2,2':5',2"-terthiophen]-5-ylphosphonate (34) as a yellow solid (2.87 g, 9.49 mmol, 

63.2%) following recrystallization in dichloromethane:hexanes. 

m.p. 62-63 °C. 

1H NMR (500 MHz; CDCh with TMS; Filename: I-MKL-282proton) 8 7.55 (dd, lH, J = 4.0, 

8.5 Hz), 7.25 (d, lH, J = 4.5 Hz), 7.22-7.17 (m, 2H), 7.16 (d, lH, J = 3.5 Hz), 7.10 (d, lH, J = 

4.0 Hz), 7.03 (t, lH, J = 4.0 Hz), 4.24-4.09 (m, 4H), 1.36 (t, 6H, J = 7.0Hz). Literature 1H 

NMR.247-248 

13C NMR (75.5 MHz; CDCh with TMS; Filename: I-MKL-282carbon) 8 145.1 (d, J = 8.1 Hz), 

137.9, 137.5 (d, J = 10.3 Hz), 136.6, 134.4 (d, J = 2.3 Hz), 128.0, 126.0 (d, J = 210.9 Hz), 125.8, 

125.0, 124.4, 124.2, 124.1 (d, J = 16.2 Hz), 62.7 (d, J = 5.7 Hz), 16.3 (d, J = 6.9 Hz). 

Literature 31P NMR.247 

Notebook References: I-MKL-203, I-MKL-207, I-MKL-278, and I-MKL-282. 
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13.2.32. Preparation of [2,2':5',2"-terthiophen]-5-ylphosphonic acid (35)247
-
248 

f s 0 
II 

s ~'OH 
OHj 

Diethyl [2,2':5',2"-terthiophen]-5-ylphosphonate (34) (0.69 g, 1.79 mmol) was dissolved 

in dichloromethane (9 mL) in a flame dried flask under nitrogen. Bromotrimethylsilane (0.95 

mL, 7 .18 mmol) was added dropwise, then the reaction flask was covered in foil and stirred for 

16 h at room temperature. The reaction was quenched by adding 10 mL of water. The solid that 

formed was filtered and rinsed with hexanes to yield [2,2':5',2"-terthiophen]-5-ylphosphonic acid 

(35) as a beige solid (0.52 g, 1.58 mmol, 88.3%). 

m.p. 179-182 °C. 

1H NMR (500 MHz; DMSO; Filename: I-MKL-287proton) 8 11.58 (s(br), 2H), 7.54 (d, lH, J = 

4.5 Hz), 7.39-7.31 (m, 4H), 7.28 (d, lH, J = 3.0 Hz), 7.10 (t, lH, J = 4.5 / 3.5 Hz). Literature 1H 

NMR.247-248 

13C NMR (75.5 MHz; DMSO; Filename: I-MKL-231carbon) 8 141.1 (d, J = 8.1 Hz), 136.4, 

135.7, 135.1, 134.6 (d, J = 10.4 Hz), 134.2, 132.5, 127.3 (d, J = 186.7 Hz), 126.1, 125.0, 124.6 

(d, J = 16.2 Hz), 124.6. Literature 13C NMR.248 

Literature 31P NMR.247
-
248 

HRMS (ESI) m/z 350.9345 (calcd for C12H90 3PS3 + Na+: 350.9344). Literature MS.247
-
248 

Notebook References: I-MKL-223, I-MKL-231, I-MKL-275, I-MKL-279, and I-MKL-287. 
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13 .2.33. Preparation of N-(6-(dimethylamino )-9-(5-(piperidine-1-carbonothioyl)thieno 
[3 ,2-b ]thiophen-2-yl)-3 H-selenoxanthen-3-ylidene )-N-methylmethanaminium 
(MKL-148) 

s 

n-Butyllithium (2.51 M, 0.450 mL, 1.13 mmol, 3.9 eq) was added dropwise to a solution 

of diisopropylamine (0.192 mL, 1.36 mmol, 4.7 eq) in tetrahydrofuran (5 mL) at -78 °C in a 

flame dried flask under nitrogen. The resulting mixture was stirred for 30 min before it was 

transferred to a solution of piperidin-1-yl(thieno[3,2-b ]thiophen-2-yl)methanethione (12) (0.310 

g, 1.16 mmol, 4.0 eq) in tetrahydrofuran (10 mL) at -78 °C. This solution was stirred at -78 °C 

for 5 min before it was transferred via cannula to a solution of 3,6-bis(dimethylamino)-9H

selenoxanthen-9-one (0.100 g, 0.290 mmol, 1.0 eq) in tetrahydrofuran (10 mL) at room 

temperature. The resulting solution was heated to 40 °C for 15 min, then cooled to room 

temperature before being poured into 10% (by weight) aqueous hexafluorophosphoric acid (25 

mL). The product was extracted with dichloromethane (3 x 25 mL), concentrated in vacuo, and 

recrystallized from dichloromethane:diethyl ether then acetonitrile:( ethyl acetate:diethyl ether 

(9: 1)) to yield N-( 6-( dimethylamino )-9-( 5-(piperidine-1-carbonothioyl)thieno[3 ,2-b ]thiophen-2-

yl)-3H-seleno xanthen-3-ylidene)-N-methylmethanaminium (MKL-148) as a dark blue solid 

(0.191 g, 0.258 mmol, 89.0%). 

1H NMR (500 MHz; CD3CN; Filename: II-MKL-148proton) 8 7.71 (d, 2H, J = 10.0 Hz), 7.43 
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(d, 2H, J = 2.5 Hz), 7.39 (d, 2H, J = 2.0 Hz), 6.94 (dd, 2H, J = 2.0, 10.0 Hz), 4.40-3.82 (m, 4H), 

3.20 (s, 12 H), 2.12 (s, 2H). 

HRMS (ESI) m/z 596.0765 (calcd for C29H30N3S3Se+: 596.0762). 

1 1
Amax (CH2Ch) 607 nm (E = 9.70 x 104 M-1 cm- ), Amax (MeOH) 607 nm (E = 8.66 x 104 M-1 cm- ). 

Notebook References: II-MKL-148. 
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13 .2.34. Preparation of N-( 6-( dimethylamino )-9-( 5-(piperidine-1-carbonyl)thieno[3 ,2-b] 
thiophen-2-yl)-3H-selenoxanthen-3-ylidene)-N-methylmethanaminium (MKL-
151 

Trifluoroacetic anhydride (0.169 mL, 1.22 mmol, 10 eq) was slowly added to a solution 

of N-(6-( dimethylamino )-9-( 5-(piperidine-1-carbonothioyl)thieno[3,2-b ]thiophen-2-yl)-3H

selenoxanthen-3-ylidene )-N-methylmethanaminium (MKL-148) (0.0903 g, 0.122 mmol, 1.0 eq) 

in dichloromethane ( 6 mL) in a flame dried flask under nitrogen. The resulting solution was 

heated to reflux for 2 h, then cooled to room temperature. A solution of 10% aqueous Na2CO3 

(15 mL) was added, and the product was extracted with dichloromethane (3 x 25 mL). The 

combined organic fractions were collected, concentrated in vacuo, and recrystallized from 

dichloromethane:(ethyl acetate:diethyl ether (9:1)) to yield N-(6-(dimethylamino)-9-(5-

(piperidine-1-carbonyl)thieno[3,2-b ]thiophen-2-yl)-3H-selenoxanthen-3-ylidene )-N

methylmethanaminium (MKL-151) as a dark blue solid (0.040 g, 0.055 mmol, 45.0%). 

1H NMR (500 MHz; CD2Ch; Filename: II-MKL-151proton) 8 7.77 (d, 2H, J = 10.0 Hz), 7.53 (s, 

lH), 7.40 (s, lH), 7.29 (d, 2H, J = 2.0 Hz), 6.89 (dd, 2H, J = 1.5, 10.0 Hz), 3.76-3.69 (m, 4H), 

3.27 (s, 12H), 1.77-1.71 (m, 2H), 1.71-1.64 (m, 4H). 

HRMS (ESI) m/z 580.0993 (calcd for C29H30N3OS2Se+: 580.0990). 

1 1
Amax (CH2Ch) 607 nm (E = 9.98 x 104 M-1 cm- ), Amax (MeOH) 607 nm (E = 7.24 x 104 M-1 cm- ). 

Notebook References: II-MKL-151. 
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13 .2.35. Preparation ofN-(9-(5-carboxythieno[3 ,2-b ]thiophen-2-yl)-6-( dimethylamino )-
3H-seleno xanthen-3-ylidene )-N-methylmethanaminium (MKL-290) 

n-Butyllithium (1.79 M, 1.32 mL, 2.37 mmol, 8.2 eq) was added dropwise to a solution 

of diisopropylamine (0.343 mL, 2.43 mmol, 8.4 eq) in tetrahydrofuran (5 mL) at -78 °C in a 

flame dried flask under nitrogen. The resulting mixture was stirred for 30 min before it was 

transferred to a solution ofthieno[3,2-b]thiophene-2-carboxylic acid (5) (0.214 g, 1.16 mmol, 4.0 

eq) in tetrahydrofuran (10 mL) at -78 °C. This solution was stirred at -78 °C for 5 min before a 

solution of 3,6-bis(dimethylamino)-9H-selenoxanthen-9-one (0.100 g, 0.290 mmol, 1.0 eq) in 

tetrahydrofuran (10 mL) at room temperature was transferred into it via cannula. The resulting 

solution was heated to 40 °C for 15 min, then cooled to room temperature before being poured 

into 10% (by weight) aqueous hexafluorophosphoric acid (25 mL). After 12 h, the resulting 

precipitate was collected via vacuum filtration and washed with water (5 mL) and diethyl ether 

(15 mL). The product was purified via preparative thin layer chromatography in 1:9 

methanol:dichloromethane, removed from SiO2 using a 1: 1: 1: 1 acetonitrile:acetone: 

dichloromethane:methanol mixture containing one drop of hexafluorophosphoric acid, filtered, 

concentrated in vacuo, then recrystallized in methanol:diethyl ether to yield N-(9-(5-

carboxythieno[3 ,2-b ]thiophen-2-yl)-6-( dimethylamino )-3H-selenoxanthen-3-ylidene )-N-methyl 

methanaminium (MKL-290) as a dark blue solid (0.102 g, 0.155 mmol, 53.4%). 
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1H NMR (500 MHz; 1:1 CD2Ch:CD3OD; Filename: I-MKL-290proton) 8 7.85 (s, lH), 7.74 (d, 

2H, J = 10.0 Hz), 7.35 (s, lH), 7.33 (d, 2H, J = 2.5 Hz), 6.91 (dd, 2H, J = 2.5, 10.0 Hz), 3.22 (s, 

12H). 

HRMS (ESI) m/z 513.0205 (calcd for C24H21N2O2S2Se+: 513.0204). 

1
Amax (CH2Ch) 607 nm, Amax (MeOH) 605 nm (E = 1.06 x 105 M-1 cm- ). 

Notebook References: I-MKL-290. 
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13 .2.36. Preparation ofN-( 6-( dimethylamino )-9-( 5"-(piperidine-1-carbonothioyl)-[2,2': 
5',2"-ter thiophen]-5-yl)-3H-selenoxanthen-3-ylidene)-N-methylmethan 
aminium (MKL-154) 

0 

n-Butyllithium (2.59 M, 0.436 mL, 1.13 mmol, 3.9 eq) was added dropwise to a solution 

of diisopropylamine (0.192 mL, 1.36 mmol, 4.7 eq) in tetrahydrofuran (5 mL) at -78 °C in a 

flame dried flask under nitrogen. The resulting mixture was stirred for 30 min before it was 

transferred to a solution of [2,2':5',2"-terthiophen]-5-yl(piperidin-1-yl)methanethione (28) (0.436 

g, 1.16 mmol, 4.0 eq) in tetrahydrofuran (10 mL) at -78 °C. This solution was stirred at -78 °C 

for 5 min before it was transferred via cannula to a stirred solution of 3,6-bis(dimethylamino)-

9H-selenoxanthen-9-one (0.100 g, 0.290 mmol, 1.0 eq) in tetrahydrofuran (10 mL) at room 

temperature. The resulting solution was heated to 40 °C for 15 min, then cooled to room 

temperature before being poured into 10% (by weight) aqueous hexafluorophosphoric acid (25 

mL). The product was extracted with dichloromethane (3 x 25 mL), concentrated in vacuo, and 

recrystallized from dichloromethane:diethyl ether. The product was purified by silica gel column 

chromatography 1:9 diethyl ether:dichloromethane to yield N-(6-(dimethylamino)-9-(5"

(piperidine-1-carbonothioyl)-[2,2' :5' ,2"-terthiophen ]-5-yl)-3H-selenoxanthen-3-ylidene )-N

methyl methanaminium (MKL-154) as a dark blue solid (0.187 g, 0.220 mmol, 75.9%) 

following a careful recrystallization from dichloromethane:diethyl ether then acetonitrile:( ethyl 

369 



acetate:diethyl ether (9: 1)). 

1H NMR (500 MHz; CD2Ch; Filename: II-MKL-154proton) 8 7.81 (d, 2H, J = 10.0 Hz), 7.37 

(d, lH, J = 3.5 Hz), 7.26 (s, 2H), 7.21 (d, lH, J = 3.5 Hz), 7.18 (d, lH, J = 3.5 Hz), 7.11 (d, lH, J 

= 3.5 Hz), 7.09 (d, lH, J = 3.0 Hz), 6.98 (d, lH, J = 3.5 Hz), 6.91 (d, 2H, J = 10.0 Hz), 4.34-3.82 

(m, 4H), 3.26 (s, 12H), 1.82-1.70 (m, 6H). 

HRMS (ESI) m/z 704.0806 (calcd for C35H34N3S4Se+: 704.0795). 

1 1
Amax (CH2Ch) 603 nm (E = 1.31 x 105 M-1 cm- ), Amax (MeOH) 604 nm (E = 1.09 x 105M-1 cm- ). 

Notebook References: II-MKL-154. 
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13.2.37. Preparation ofN-(9-(5"-carboxy-[2,2':5',2"-terthiophen]-5-yl)-6-(dimethyl 
amino )-3 H-selenoxanthen-3-ylidene )-N-methylmethanaminium (MKL-24 7) 

n-Butyllithium (2.10 M, 1.13 mL, 2.37 mmol, 8.2 eq) was added dropwise to a solution 

of diisopropylamine (0.344 mL, 2.44 mmol, 8.4 eq) in tetrahydrofuran (5 mL) at -78 °C in a 

flame dried flask under nitrogen. The resulting mixture was stirred for 30 min before it was 

transferred to a solution of [2,2':5',2"-terthiophene]-5-carboxylic acid (29) (0.339 g, 1.16 mmol, 

4.0 eq) in tetrahydrofuran (10 mL) at -78 °C. This solution was stirred at -78 °C for 5 min before 

a solution of 3,6-bis(dimethylamino)-9H-selenoxanthen-9-one (0.100 g, 0.290 mmol, 1.0 eq) in 

tetrahydrofuran (10 mL) at room temperature was transferred into it via cannula. The resulting 

solution was heated to 40 °C for 15 min, then cooled to room temperature before being poured 

into 10% (by weight) aqueous hexafluorophosphoric acid (25 mL). After 12 h, the resulting 

precipitate was collected via vacuum filtration and washed with water (5 mL) and diethyl ether 

(15 mL). The product was purified via preparative thin layer chromatography in 1:9 

methanol:dichloromethane, removed from SiO2 using a 1: 1: 1: 1 acetonitrile:acetone: 

dichloromethane:methanol mixture containing one drop of hexafluorophosphoric acid, filtered, 

concentrated in vacuo, then recrystallized in methanol:diethyl ether to yield N-(9-(5"-carboxy

[2,2':5',2"-terthiophen ]-5-yl)-6-( dimethylamino )-3H-selenoxanthen-3-ylidene )-N-methylmethan 

aminium (MKL-247) as a dark blue solid (0.056 g, 0.073 mmol, 25.2%). 
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1H NMR (500 MHz; 1:1 CD2Ch:CD3OD; Filename: II-MKL-247proton) 8 7.79 (d, 2H, J = 10.0 

Hz), 7.56 (d, lH, J = 4.0 Hz), 7.56 (d, lH, J = 4.0 Hz), 7.36 (d, 1 H, J = 4.0 Hz), 7.32 (d, 2H, J = 

2.5 Hz), 7.23-7.18 (m, 2H), 7.15 (d, lH, J = 4.0 Hz), 7.09 (d, lH, J = 3.5 Hz), 6.93 (dd, 2H, J = 

2.5, 9.5 Hz), 3.23 (s, 12H). 

HRMS (ESI) m/z 621.0238 (calcd for C30H25N2O2S3Se+: 621.0238). 

1
Amax (CH2Ch) 603 nm, Amax (MeOH) 603 nm (E = 4.14 x 104 M-1 cm- ). 

Notebook References: I-MKL-247. 
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13.2.38. Preparation ofN-(6-(dimethylamino)-9-phenyl-3H-xanthen-3-ylidene)-N
methylmethanaminium (TMR-O) 

Phenylmagnesium bromide (3.54 mL of a IM solution, 3.54 mmol, 10 eq) was added 

dropwise to a stirred suspension of 3,6-bis(dimethylamino)-9H-xanthen-9-one (0.100 g, 0.354 

mmol, 1.0 eq) in tetrahydrofuran (25 mL) in a flame dried flask under nitrogen. The resulting 

solution was heated to 65 °C for 16 h, then cooled to room temperature before being poured into 

10% (by weight) aqueous hexafluorophosphoric acid (25 mL). The product was extracted with 

dichloromethane (3 x 25 mL), concentrated in vacuo, and recrystallized from hot acetonitrile to 

yield N-( 6-( dimethylamino )-9-phenyl-3 H-xanthen-3-ylidene )-N-methylmethanaminium (TMR-

0) as a green crystalline solid (0.065 g, 0.189 mmol, 53.4%). 

m.p. > 260 °C. Literature m.p. > 260 °C.49 

1H NMR (500 MHz, CD2Ch) 8 7.72-7.60 (m, 3H), 7.48-7.36 (m, 4H), 6.93 (dd, 2H, J = 2.0, 9.5 

Hz), 6.83 (d, 2H, J = 2.0 Hz), 3.30 (s, 12 H). Literature 1H NMR.49 

Be NMR (75.5 MHz, CD2Ch), 8 158.9, 158.3, 157.7, 132.3, 130.8, 129.9, 129.2, 115.5, 114.5, 

113.9, 96.9, 41.1. Literature Be NMR.49 

HRMS (ESI) m/z 343.1805 (calcd for C23H23N20 +: 343.1805). Literature MS.49 

Notebook References: II-MKL-016. 
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13.2.39. Preparation ofN-(6-(dimethylamino)-9-phenyl-3H-thioxanthen-3-ylidene)-N
methylmethanaminium (TMR-s)5° 

Phenylmagnesium bromide (3.35 mL of a IM solution, 3.35 mmol, 10 eq) was added 

dropwise to a stirred suspension of 3,6-bis(dimethylamino)-9H-thioxanthen-9-one (0.100 g, 

0.335 mmol, 1.0 eq) in tetrahydrofuran (25 mL) in a flame dried flask under nitrogen. The 

resulting solution was heated to 65 °C for 16 h, then cooled to room temperature before being 

poured into 10% (by weight) aqueous hexafluorophosphoric acid (25 mL). The product was 

extracted with dichloromethane (3 x 25 mL), concentrated in vacuo, and recrystallized from 

acetonitrile: diethyl ether to yield N-( 6-( dimethylamino )-9-phenyl-3 H-thioxanthen-3-ylidene )-N

methyl methanaminium (TMR-S) a green crystalline solid (0.140 g, 0.278 mmol, 83 .0%). 

m.p. > 260 °C. Literature m.p. > 260 °c_49
-
5o 

1H NMR (500 MHz, CD2Ch) 8 7.70-7.58 (m, 3H), 7.43 (d, 2H, J = 9.5 Hz), 7.38-7.29 (m, 2H), 

7.11 (d, 2H, J = 2.5 Hz), 6.92 (dd, 2H, J = 2.5, 9.5 Hz), 3.28 (s, 12H). Literature 1H NMR.49
-
50 

Literature 13C NMR.49
-
50 

Literature Amax.
50 

HRMS (ESI) m/z 359.1577 (calcd for C23H23N2S+: 359.1576). Literature MS.49
-
50 

Notebook References: I-MKL-196. 
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13 .2.40. Preparation of N-( 6-( dimethylamino )-9-phenyl-3 H-selenoxanthen-3-ylidene )-N
methylmethanaminium (TMR-Se)50 

Bromobenzene (0.475 mL, 4.34 mmol, 15 eq) was added to a stirred suspension of 

magnesium (0.120 g, 4.92 mmol, 17 eq) in tetrahydrofuran (3 mL). The mixture was stirred at 

ambient temperature for 1 h, and the resulting Grignard solution was transferred via cannula to a 

stirred suspension of 3,6-bis( dimethylamino )-9H-selenoxanthen-9-one (0.100 g, 0.290 mmol, 1.0 

eq) in tetrahydrofuran (7 mL). The resulting solution was heated to 65 °C for 16 h, then cooled to 

room temperature before being poured into 10% (by weight) aqueous hexafluorophosphoric acid 

(25 mL). After 12 h, the resulting precipitate was collected via vacuum filtration and washed 

with water (5 mL) and diethyl ether (15 mL). The acetonitrile soluble material was removed and 

recrystallized in acetonitrile:diethyl ether to yield N-(6-(dimethylamino)-9-phenyl-3H

selenoxanthen-3-ylidene)-N-methylmethanaminium (TMR-Se) as a green crystalline solid 

(0.146 g, 0.265 mmol, 90.8%). 

m.p. > 260 °C. Literature m.p. > 260 °c_49
-
5o 

1H NMR (500 MHz, CD2Ch) 8 7.66-7.56 (m, 3H), 7.43 (d, 2 H, J = 10.0 Hz), 7.34-7.25 (m, 4H), 

6.83 (dd, 2H, J = 2.5, 10.0 Hz), 3.25 (s, 12 H). Literature 1H NMR.49
-
50 

Literature 13C NMR.49
-
50 

Literature Amax_so 

HRMS (ESI) m/z 407.1022 (calcd for C23H23N2Se+: 407.1021). Literature MS.49
-
50 

Notebook References: I-MDC-026. 
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13.2.41. Preparation ofN-(6-(dimethylamino)-9-mesityl-3H-xanthen-3-ylidene)-N
methylmethanaminium (TMR-0 Mesityl) 

2-Bromomesitylene (1.35 mL, 8.85 mmol, 25 eq) was added to a stirred suspension of 

magnesium (0.228 g, 9.38 mmol, 16.5 eq) in tetrahydrofuran (3 mL) in a flame dried flask under 

nitrogen. The mixture was stirred at room temperature for 1 h before being transferred via 

cannula into a solution of 3,6-bis(dimethylamino)-9H-xanthen-9-one (0.100 g, 0.354 mmol, 1.0 

eq) in tetrahydrofuran (7 mL). The resulting solution was heated to 65 °C for 16 h, cooled, then 

poured into 10% (by weight) aqueous hexafluorophosphoric acid (25 mL). After 12 h, the 

precipitate was collected via vacuum filtration and washed with water ( 5 mL) and diethyl ether 

(15 mL). The product was purified by silica gel column chromatography 4:1 ethyl 

acetate:hexanes (removes starting material) followed by 1:9 diethyl ether:dichloromethane 

(removes product) to yield N-( 6-( dimethylamino )-9-mesityl-3H-xanthen-3-ylidene )-N

methylmethanaminium (TMR-O Mesityl) as a green crystalline solid (0.0142 g, 0.027 mmol, 

7.6%) following a careful recrystallization in acetonitrile:diethyl ether. 

m.p. 254-255 °C. 

1H NMR (500 MHz: CD2Ch; Filename: II-MKL-156proton) 8 7.17 (d, 2 H, J = 9.0 Hz), 7.10 (s, 

2H), 6.90 (dd, 2H, J = 2.5, 9.5 Hz), 6.84 (d, 2H, J = 2.0 Hz), 3.30 (s, 12 H), 2.42 (s, 3H), 1.90 (s, 

6 H). 

13C NMR (125.7 MHz; CD2Ch; Filename: II-MKL-156carbon), 8 160.2, 158.3, 158.0, 140.2, 

135.9, 131.3, 129.1, 128.6, 114.9, 114.0, 96.9, 41.2, 21.3 , 19.8. 
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HRMS (ESI) m/z 385.2265 (calcd for C26H29N20+: 385.2274). 

Anal. Calcd for C26H29N20•PF6: C, 58.87; H, 5.51; N, 5.28. Found: C, 58.94; H, 5.61; N, 5.28. 

Notebook References: II-MKL-071, II-MKL-156. 
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13.2.42. Preparation ofN-(6-(dimethylamino)-9-mesityl-3H-thioxanthen-3-ylidene)-N
methylmethanaminium (TMR-S Mesityl) 

2-Bromomesitylene (0.770 mL, 5.03 mmol, 15 eq) was added to a stirred suspension of 

magnesium (0.134 g, 5.53 mmol, 16.5 eq) in tetrahydrofuran (3 mL) in a flame dried flask under 

nitrogen. The mixture was stirred at room temperature for 1 h before being transferred via 

cannula into a solution of 3,6-bis(dimethylamino)-9H-thioxanthen-9-one (0.100 g, 0.335 mmol, 

1.0 eq) in tetrahydrofuran (7 mL). The resulting solution was heated to 65 °C for 16 h, cooled, 

then poured into 10% (by weight) aqueous hexafluorophosphoric acid (25 mL). After 12 h, the 

precipitate was collected via vacuum filtration and washed with water ( 5 mL) and diethyl ether 

(15 mL). The acetonitrile soluble material was removed and recrystallized in acetonitrile:diethyl 

ether to yield N-( 6-( dimethylamino )-9-mesityl-3 H-thioxanthen-3-ylidene )-N-methylmethan 

aminium (TMR-S Mesityl) as a green crystalline solid (0.112 g, 0.205 mmol, 61.2%). 

m.p. > 260 °C. 

1H NMR (500 MHz; CD2Ch; Filename: II-MKL-070proton) 8 7.34 (d, 2 H, J = 10.0 Hz), 7.11 

(d, 2 H, J = 2.0 Hz), 7.10 (s, 2 H), 6.92 (dd, 2H, J = 2.0, 10.0 Hz), 3.24 (s, 12 H), 2.43 (s, 3H), 

1.84 (s, 6 H). 

13C NMR (125.7 MHz; CD2Ch; Filename: II-MKL-070carbon), 8 161.6, 154.2, 144.8, 139.8, 

136.0, 135.6, 132.0, 129.1, 119.1, 116.2, 105.9, 40.9, 21.3, 19.7. 

HRMS (ESI) m/z 401.2044 (calcd for C26H29N2S+: 401.2046). 
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Anal. Calcd for C26H29N2S•PF6: C, 57.14; H, 5.35; N, 5.13. Found: C, 57.41; H, 5.15; N, 5.12. 

Notebook References: II-MKL-070. 
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13.2.43. Preparation of Bis julolidyl thienothiophene thioamide (MKL-263) 

0 s 

n-Butyllithium (1.74 M, 0.626 mL, 1.09 mmol, 3.9 eq) was added dropwise to a solution 

of diisopropylamine (0.186 mL, 1.32 mmol, 4.7 eq) in tetrahydrofuran (5 mL) at -78 °C in a 

flame dried flask under nitrogen. The resulting mixture was stirred for 30 min before it was 

transferred to a solution of piperidin-1-yl(thieno[3,2-b ]thiophen-2-yl)methanethione (12) (0.300 

g, 1.12 mmol, 4.0 eq) in tetrahydrofuran (10 mL) at -78 °C. This solution was stirred at -78 °C 

for 5 min before a solution of Bis J Selenoxanthone (0.126 g, 0.280 mmol, 1.0 eq) in 

tetrahydrofuran (10 mL) at room temperature was transferred into it via cannula. The resulting 

solution was heated to 40 °C for 15 min, then cooled to room temperature before being poured 

into 10% (by weight) aqueous hexafluorophosphoric acid (25 mL). The product was extracted 

with dichloromethane (3 x 25 mL), concentrated in vacuo, and recrystallized from 

dichloromethane:diethyl ether. The product was purified via preparative thin layer 

chromatography in 1 :9 diethyl ether:dichloromethane, removed from SiO2 using a 1: 1: 1: 1 

acetonitrile:acetone:dichloromethane:methanol mixture, filtered, concentrated in vacuo, then 

recrystallized in dichloromethane:diethyl ether followed by acetonitrile:ethyl acetate/diethyl 

ether (9: 1) to yield Bis julolidyl thienothiophene thioamide (MKL-263) as a dark blue solid 

(0.154 g, 0.183 mmol, 65.4 %). 
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1H NMR (500 MHz; CD2Ch; Filename: I-MKL-263proton) 8 7.36 (s, 2H), 7.33 (s, lH), 7.28 (s, 

lH), 4.35-3.95 (m, 4H), 3.60-3.40 (m, 8H), 2.86 (t, 4H, J = 6.0 Hz), 2.73 (t, 4H, J = 6.0 Hz), 2.19 

(quintet, 4H, J = 5.5 Hz), 1.98 (quintet, 4H, J = 5.5 Hz), 1.90-1.70 (m, 6H). 

HRMS (ESI) m/z 700.1423 (calcd for C37H3sN3S3Se+: 700.1388). 

1 1
Amax (CH2Ch) 630 nm (E = 1.39 x 105 M-1 cm- ). Amax (MeOH) 628 nm (E = 1.06 x 105 M-1 cm- ) . 

Notebook References: I-MKL-250, I-MKL-263. 
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13.2.44. Preparation of Bis julolidyl thienothiophene amide (MKL-266) 

0 0 

Trifluoroacetic anhydride (0.124 mL, 0.889 mmol, 10.0 eq) was slowly added to a 

solution of Bis julolidyl thienothiophene thioamide (MKL-263) (0.075 g, 0.089 mmol, 1.0 eq) in 

dichloromethane ( 4 mL) in a flame dried flask under nitrogen. This solution was heated to reflux 

for 2 h, and then cooled room temperature. A solution of 10% aqueous Na2CO3 (15 mL) was 

added, and the product was extracted with dichloromethane (3 x 20 mL ). The combined organic 

fractions were collected, concentrated in vacuo, and recrystallized from dichloromethane:ethyl 

acetate/diethyl ether (9:1) to yield Bis julolidyl thienothiophene amide (MKL-266) as a dark 

blue solid (0.063 g, 0.076 mmol, 85.4%). 

1H NMR (500 MHz; CD2Ch; Filename: I-MKL-266proton) 8 7.53 (s, lH), 7.34 (s, 2H), 7.32 (s, 

lH), 3.80-3.70 (m, 4H), 3.55-3.45 (m, 8H), 2.86 (t, 4H, J = 6.0 Hz), 2.70 (t, 4H, J = 6.0 Hz), 2.19 

(quintet, 4H, J = 5.5 Hz), 1.97 (quintet, 4H, J = 5.5 Hz), 1.80-1.75 (m, 2H), 1.75-1.65 (m, 4H). 

HRMS (ESI) m/z 684.1616 (calcd for C37H3sN3OS2Se+: 684.1616). 

105 M-1 1 105 M-1 1
Amax (CH2Ch) 629 nm (E = 1.28 x cm- ). Amax (MeOH) 628 nm (E = 1.08 x cm- ). 

Notebook References: I-MKL-266. 
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13.2.45. Preparation of Bis julolidyl thienothiophene carboxylic acid (MKL-291) 

0 OH 

n-Butyllithium (1.79 M, 1.02 mL, 1.82 mmol, 8.2 eq) was added dropwise to a solution 

of diisopropylamine (0.264 mL, 1.87 mmol, 8.4 eq) in tetrahydrofuran (5 mL) at -78 °C in a 

flame dried flask under nitrogen. The resulting mixture was stirred for 30 min before it was 

transferred to a solution of thieno[3,2-b]thiophene-2-carboxylic acid (5) (0.164 g, 0.890 mmol, 

4.0 eq) in tetrahydrofuran (10 mL) at -78 °C. This solution was stirred at -78 °C for 5 min before 

a solution of Bis J Selenoxanthone (0.100 g, 0.222 mmol, 1.0 eq) in tetrahydrofuran (10 mL) at 

room temperature was transferred into it via cannula. The resulting solution was heated to 40 °C 

for 15 min, then cooled to room temperature before being poured into 10% (by weight) aqueous 

hexafluorophosphoric acid (25 mL). After 12 h, the resulting precipitate was collected via 

vacuum filtration and washed with water (5 mL) and diethyl ether (15 mL). The product was 

purified via preparative thin layer chromatography in 1 :9 methanol:dichloromethane, removed 

from SiO2 using a 1: 1: 1: 1 acetonitrile:acetone: dichloromethane:methanol mixture containing 

one drop of hexafluorophosphoric acid, filtered, concentrated in vacuo, then recrystallized in 

methanol:diethyl ether to yield Bis julolidyl thienothiophene carboxylic acid (MKL-291) as a 

dark blue solid (0.081 g, 0.106 mmol, 47.7 %). 

1H NMR (500 MHz; 1:1 CD2Ch:CD3OD; Filename: I-MKL-291proton) 8 7.78 (s, lH), 7.31 (s, 

2H), 7.24 (s, lH), 3.52-3.38 (m, 8H), 2.80 (t, 4H, J = 6.0 Hz), 2.64 (t, 4H, J = 6.0 Hz), 2.13 
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(quintet, 4H, J = 5.5 Hz), 1.90 (quintet, 4H, J = 5.5 Hz). 

HRMS (ESI) m/z 617.0858 (calcd for C32H29N2O2S2Se+: 617.0830). 

Amax (CH2Ch) 630 nm. Amax (MeOH) 627 nm. 

Notebook References: I-MKL-291. 
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13.2.46. Preparation of Bis julolidyl thienothiophene aldehyde (MKL-087) 

H 0 

Diisopropylamine (0.109 mL, 0.769 mmol, 4.7 eq) in tetrahydrofuran (5 mL) was cooled 

to -78 °C in a flame dried flask under nitrogen. The resulting mixture was stirred for 30 min 

before it was transferred to a solution of 2-(thieno[3,2-b ]thiophen-2-yl)-1,3-dioxolane (8) (0.139 

g, 0.655 mmol, 4.0 eq) in tetrahydrofuran (10 mL) at -78 °C. n-Butyllithium (2.11 M, 0.443 mL, 

0.935 mmol, 5.7 eq) was added dropwise to the mixture. This solution was stirred at -78 °C for 

50 min before a solution of Bis J Selenoxanthone (0.074 g, 0.164 mmol, 1.0 eq) in 

tetrahydrofuran ( 10 mL) at room temperature was transferred into it via cannula. The resulting 

solution was heated to 40 °C for 15 min, then cooled to room temperature before being poured 

into 10% (by weight) aqueous hexafluorophosphoric acid (25 mL). After 12 h, the resulting 

precipitate was collected via vacuum filtration and washed with water ( 5 mL) and diethyl ether 

(15 mL). The dichloromethane soluble material was collected and purified via SiO2 column 

chromatography in 1 :2:7 methanol:ethyl acetate:dichloromethane. The product was then 

recrystallized in dichloromethane:ethyl acetate followed by acetonitrile:ethyl acetate to yield Bis 

julolidyl thienothiophene aldehyde (MKL-087) as a dark blue solid (0.034 g, 0.046 mmol, 

28.0%). 

1H NMR (500 MHz; DMSO; Filename: II-MKL-087proton) 8 10.06 (s, lH), 8.08 (s, lH), 7.39 

(s, lH), 7.26 (s, 2H), 3.56-3.44 (m, 8H), 2.85 (t, 4H, J = 6.0 Hz), 2.69 (t, 4H, J = 6.0 Hz), 2.19 
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(quintet, 4H, J = 5.5 Hz), 1.96 (quintet, 4H, J = 5.5 Hz). 

HRMS (ESI) m/z 601.0862 (calcd for C32H29N2OS2Se+: 601.0881). 

1 1
Amax (CH2Ch) 634 nm (E = 1.35 x 105 M-1 cm- ). Amax (MeOH) 631 nm (E = 1.39 x 105 M-1 cm- ). 

Notebook References: II-MKL-075, II-MKL-076, II-MKL-087. 
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13.2.47. Preparation of Bis julolidyl bithiophene carboxylic acid (MKL-195) 

OH 

n-Butyllithium (2.03 M, 0.897 mL, 1.82 mmol, 8.2 eq) was added dropwise to a solution 

of diisopropylamine (0.257 mL, 1.82 mmol, 8.4 eq) in tetrahydrofuran (5 mL) at -78 °C. The 

resulting mixture was stirred for 30 min before it was transferred to a solution of [2,2'

bithiophene]-5-carboxylic acid (19) (0.187 g, 0.890 mmol, 4.0 eq) in tetrahydrofuran (10 mL) at 

-78 °C. This solution was stirred at -78 °C for 5 min before it was transferred via cannula to a 

stirred solution of Bis J selenoxanthone (0.100 g, 0.222 mmol, 1.0 eq) in tetrahydrofuran (10 

mL) at room temperature. The resulting solution was heated to 40 °C for 15 min, then cooled to 

room temperature before being poured 10% (by weight) aqueous hexafluorophosphoric acid (25 

mL). The product was extracted with dichloromethane (3 x 25 mL), concentrated in vacuo, and 

recrystallized from hot methanol, then dichloromethane:diethyl ether to yield Bis julolidyl 

bithiophene carboxylic acid (MKL-195) as a dark blue solid (0.125 g, 0.159 mmol, 71.6%). 

1H NMR (500 MHz; CD2Ch; Filename: I-MKL-195proton) 8 7.78 (d, lH, J = 4.0 Hz), 7.46 (d, 

lH, J = 4.0 Hz), 7.34 (s, 2H), 7.27 (d, lH, J = 4.0 Hz), 7.06 (d, lH, J = 4.0 Hz), 3.56-3.44 (m, 

8H), 2.84 (t, 4H, J = 6.0 Hz), 2.73 (t, 4H, J = 6.0 Hz), 2.18 (quintet, 4H, J = 5.5 Hz), 1.97 

(quintet, 4H, J = 5.5 Hz). 

HRMS (ESI) m/z 643.1012 (calcd for C34H31N2O2S2Se+: 643 .0987). 

Amax (CH2Ch) 627 nm (E = 1.45 x 105 M-1cm-1). Amax (MeOH) 626 nm (E = 9.30 x 104M-1cm-1). 

Notebook References: I-MKL-183, I-MKL-194, I-MKL-195. 
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13.2.48. Preparation of Bis julolidyl bithiophene aldehyde (MKL-061) 

H 

n-Butyllithium (0.98 M, 0.772 mL, 0.757 mmol, 3.9 eq) was added dropwise to a solution 

of diisopropylamine (0.128 mL, 0.912 mmol, 4.7 eq) in tetrahydrofuran (5 mL) at -78 °C in a 

flame dried flask under nitrogen. The resulting mixture was stirred for 30 min before it was 

transferred to a solution of 2-([2,2'-bithiophen]-5-yl)-1,3-dioxolane (22) (0.185 g, 0.776 mmol, 

4.0 eq) in tetrahydrofuran (10 mL) at -78 °C. This solution was stirred at -78 °C for 50 min 

before a solution of Bis J Selenoxanthone (0.087 g, 0.194 mmol, 1.0 eq) in tetrahydrofuran (10 

mL) at room temperature was transferred into it via cannula. The resulting solution was heated to 

40 °C for 15 min, then cooled to room temperature before being poured into 10% (by weight) 

aqueous hexafluorophosphoric acid (25 mL). The product was extracted with dichloromethane (3 

x 25 mL), concentrated in vacuo, and recrystallized from dichloromethane:diethyl ether. The 

combined organic fractions were collected, concentrated in vacuo, and recrystallized from 

dichloromethane:( ethyl acetate/diethyl ether (9: 1 )) to yield Bis julolidyl bithiophene aldehyde 

(MKL-061) as a dark blue solid (0.102 g, 0.132 mmol, 68.0%). 

1H NMR (500 MHz; CD2Ch; Filename: II-MKL-061proton) 8 9.90 (s, lH), 7.76 (d, lH, J = 3.0 

Hz), 7.53 (d, lH, J = 3.5 Hz), 7.39 (d, lH, J = 4.0 Hz), 7.32 (s, 2H), 7.09 (d, lH, J = 4.0 Hz), 

3.57-3.43 (m, 8H), 2.84 (t, 4H, J = 6.0 Hz), 2.73 (t, 4H, J = 6.0 Hz), 2.18 (quintet, 4H, J = 5.5 

Hz), 1.98 (quintet, 4H, J = 5.5 Hz). 
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HRMS (ESI) m/z 627.1065 (calcd for C34H31N20S2Se+: 627.1038). 

Amax (CH2Ch) 628 nm (E = 1.39 x 105 M-1 cm-1). Amax (MeOH) 627 nm (E = 8.24 x 104 M-1 cm-1). 

Notebook References: II-MKL-060, II-MKL-061. 
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13 .2.49. Preparation of Bis julolidyl bithiophene cyanoacrylic acid (MKL-066) 

0 

OH 

Bis julolidyl bithiophene aldehyde (MKL-061) (0.050 g, 0.065 mmol, 1.0 eq) was 

dissolved in glacial acetic acid (6.5 mL) before ammonium acetate (0.003 g, 0.039 mmol, 0.6 eq) 

and cyanoacetic acid (0.022 g, 0.259 mmol, 4.0 eq) were added. This solution was heated to 

reflux for 16 h. The reaction mixture was cooled to room temperature then poured into aqueous 

potassium hexafluorophosphate (0.2g in 25 mL) and stirred for 2 h. The precipitate that formed 

was collected via vacuum filtration and washed with water (5 mL), ethyl acetate (5 mL), and 

diethyl ether (15 mL). The 1: 1 dichloromethane:methanol soluble material was obtained, then 

recrystallized in dichloromethane:diethyl ether to yield Bis julolidyl bithiophene cyanoacrylic 

acid (MKL-066) as a dark green solid (0.021 g, 0.025 mmol, 38.5%). 

1H NMR (500 MHz; 1:1 CD2Ch:CD3OD; Filename: II-MKL-066proton) 8 8.27 (s, lH), 7.67 (d, 

lH, J = 3.5 Hz), 7.53 (d, lH, J = 3.5 Hz), 7.36 (d, lH, J = 4.0 Hz), 7.28 (s, 2H), 7.07 (d, lH, J = 

3.5 Hz), 3.53-3.40 (m, 8H), 2.80 (t, 4H, J = 6.0 Hz), 2.68 (t, 4H, J = 6.0 Hz), 2.13 (quintet, 4H, J 

= 5.0 Hz), 1.92 (quintet, 4H, J = 5.0 Hz). 

HRMS (ESI) m/z 694.1127 (calcd for C37H32N3O2S2Se+: 694.1096). 

1 1
Amax (CH2Ch) 627 nm (E = 9.35 x 104 M-1 cm- ). Amax (MeOH) 625 nm (E = 6.64 x 104 M-1 cm- ) . 

Notebook References: I-MKL-184, I-MKL-229, II-MKL-049, II-MKL-066. 
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13.2.50. Preparation of Bis julolidyl terthiophene thioamide (MKL-262) 

0 

n-Butyllithium (1.74 M, 0.499 mL, 0.868 mmol, 3.9 eq) was added dropwise to a solution 

of diisopropylamine (0.148 mL, 1.05 mmol, 4.7 eq) in tetrahydrofuran (5 mL) at -78 °C in a 

flame dried flask under nitrogen. The resulting mixture was stirred for 30 min before it was 

transferred to a solution of [2,2':5',2"-terthiophen]-5-yl(piperidin-1-yl)methanethione (28) (0.334 

g, 0.890 mmol, 4.0 eq) in tetrahydrofuran (10 mL) at -78 °C. This solution was stirred at -78 °C 

for 5 min before a solution of Bis J Selenoxanthone (0.100 g, 0.222 mmol, 1.0 eq) in 

tetrahydrofuran (10 mL) at room temperature was transferred into it via cannula. The resulting 

solution was heated to 40 °C for 15 min, then cooled to room temperature before being poured 

into 10% (by weight) aqueous hexafluorophosphoric acid (25 mL). The product was extracted 

with dichloromethane (3 x 25 mL), concentrated in vacuo, and recrystallized from 

dichloromethane:diethyl ether. The product was purified via preparative thin layer 

chromatography in 1 :9 diethyl ether:dichloromethane, removed from SiO2 using a 1: 1: 1: 1 

acetonitrile:acetone:dichloromethane:methanol mixture, filtered, concentrated in vacuo, then 

recrystallized in dichloromethane:diethyl ether followed by acetonitrile:( ethyl acetate/diethyl 

ether (9:1)) to yield Bis julolidyl terthiophene thioamide (MKL-262) as a dark blue solid (0.092 

g, 0.097 mmol, 43.7%). 
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1H NMR (500 MHz; CD2Ch; Filename: I-MKL-262proton_2) 8 7.38 (s, 2H), 7.35 (d, lH, J = 

4.0 Hz), 7.24-7.18 (m, 2H), 7.10 (d, lH, J = 4.0 Hz), 7.04 (d, lH, J = 3.5 Hz), 6.99 (d, lH, J = 

3.5 Hz), 4.30-3.90 (m, 4H), 3.60-3.42 (m, 8H), 2.84 (t, 4H, J = 6.0 Hz), 2.74 (t, 4H, J = 6.0 Hz), 

2.18 (quintet, 4H, J = 5.0 Hz), 1.98 (quintet, 4H, J = 5.0 Hz), 1.85-1.70 (m, 6H). 

HRMS (ESI) m/z 808.1410 (calcd for C43H42N3S4Se+: 808.1421). 

Amax (CH2Ch) 626 nm. Amax (MeOH) 626 nm. 

Notebook References: I-MKL-262. 
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13 .2.51. Preparation of Bis julolidyl terthiophene amide (MKL-265) 

0 

Trifluoroacetic anhydride (0.073 mL, 0.525 mmol, 10.0 eq) was slowly added to a 

solution of Bis julolidyl terthiophene thioamide (MKL-262) (0.050 g, 0.053 mmol, 1.0 eq) in 

dichloromethane (3 mL) in a flame dried flask under nitrogen. The resulting solution was heated 

to reflux for 2 h, and then cooled room temperature. A solution of 10% aqueous Na2CO3(15 mL) 

was added, and the product was extracted with dichloromethane (3 x 20 mL). The combined 

organic fractions were collected, concentrated in vacuo, and recrystallized from 

dichloromethane:( ethyl acetate/diethyl ether (9: 1)) to yield Bis julolidyl terthiophene amide 

(MKL-266) as a dark blue solid (0.029 g, 0.037 mmol, 69.8%). 

1H NMR (500 MHz; CD2Ch; Filename: I-MKL-265proton_2) 8 7.38 (s, 2H), 7.35 (d, lH, J = 

3.5 Hz), 7.24-7.21 (m, 2H), 7.19 (d, lH, J = 4.0 Hz), 7.16 (d, lH, J = 4.0 Hz), 7.04 (d, lH, J = 

4.0 Hz), 3.72-3.62 (m, 4H), 3.56-3.46 (m, 8H), 2.85 (t, 4H, J = 6.0 Hz), 2.74 (t, 4H, J = 6.0 Hz), 

2.18 (quintet, 4H, J = 5.5 Hz), 1.99 (quintet, 4H, J = 5.5 Hz), 1.76-1.68 (m, 2H), 1.68-1.58 (m, 

4H). 

HRMS (ESI) m/z 792.1681 (calcd for C43H42N3OS3Se+: 792.1650). 

Amax (CH2Ch) 626 nm. Amax (MeOH) 626 nm. 

Notebook References: I-MKL-265. 
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13.2.52. Preparation of Bis julolidyl terthiophene carboxylic acid (MKL-244) 

OH 

n-Butyllithium (2.10 M, 0.867 mL, 1.82 mmol, 8.2 eq) was added dropwise to a solution 

of diisopropylamine (0.257 mL, 1.82 mmol, 8.4 eq) in tetrahydrofuran (5 mL) at -78 °C. The 

resulting mixture was stirred for 30 min before it was transferred to a solution of [2,2':5',2"

terthiophene ]-5-carboxylic (29) (0.260 g, 0.890 mmol, 4.0 eq) in tetrahydrofuran (10 mL) at -78 

°C. This solution was stirred at -78 °C for 5 min (precipitated out of solution) before it was 

transferred via cannula to a stirred solution of Bis J selenoxanthone (0.100 g, 0.222 mmol, 1.0 

eq) in tetrahydrofuran (10 mL) at room temperature. The resulting solution was heated to 4 °C 

for 15 min, then cooled to room temperature before being poured into 10% (by weight) aqueous 

hexafluorophosphoric acid (25 mL). The product was extracted with dichloromethane (3 x 25 

mL), concentrated in vacuo, and recrystallized in dichloromethane:diethyl ether. The product 

was purified via SiO2 column chromatography in 1:9 methanol:dichloromethane, removed from 

SiO2 using a 1: 1: 1: 1 acetonitrile:acetone: dichloromethane:methanol mixture containing one 

drop of hexafluorophosphoric acid, filtered, concentrated in vacuo, then recrystallized in 

dichloromethane:diethyl ether to yield Bis julolidyl terthiophene carboxylic acid (MKL-244) as 

a dark blue solid (0.034 g, 0.046 mmol, 28.0%). 

1H NMR (500 MHz; 1:1 CD2Ch:CD3OD; Filename: I-MKL-244proton) 8 7.60 (d, lH, J = 4.0 

Hz), 7.34 (d, lH, J = 4.0 Hz), 7.32 (s, 2H), 7.22 (d, lH, J = 4.0 Hz), 7.19 (d, lH, J = 4.0 Hz), 

394 



7.16 (d, lH, J = 4.0 Hz), 7.01 (d, lH, J = 4.0 Hz), 3.51-3.41 (m, 8H), 2.80 (t, 4H, J = 6.0 Hz), 

2.69 (t, 4H, J = 6.0 Hz), 2.13 (quintet, 4H, J = 5.5 Hz), 1.93 (quintet, 4H, J = 5.5 Hz). 

HRMS (ESI) m/z 725.0888 (calcd for C3sH33N2O2S3Se+: 725 .0864). 

1 1
Amax (CH2Ch) 629 nm (E = 1.44 x 105 M-1 cm- ). Amax (MeOH) 626 nm (E = 1.27 x 105 M-1 cm- ) . 

Notebook References: I-MKL-244. 
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13.2.53. Preparation of Bis julolidyl terthiophene aldehyde (MKL-063) 

H 

n-Butyllithium (0.98 M, 0.886 mL, 0.868 mmol, 3.9 eq) was added dropwise to a solution 

of diisopropylamine (0.148 mL, 1.05 mmol, 4.7 eq) in tetrahydrofuran (5 mL) at -78 °C in a 

flame dried flask under nitrogen. The resulting mixture was stirred for 30 min before it was 

transferred to a solution of 2-([2,2':5',2"-terthiophen]-5-yl)-1,3-dioxolane (32) (0.285 g, 0.890 

mmol, 4.0 eq) in tetrahydrofuran (10 mL) at -78 °C. This solution was stirred at -78 °C for 50 

min before a solution of Bis J Selenoxanthone (0.100 g, 0.222 mmol, 1.0 eq) in tetrahydrofuran 

(10 mL) at room temperature was transferred into it via cannula. The resulting solution was 

heated to 40 °C for 15 min, then cooled to room temperature before being poured 10% (by 

weight) aqueous hexafluorophosphoric acid (25 mL). The product was extracted with 

dichloromethane (3 x 25 mL), concentrated in vacuo, and recrystallized from dichloromethane: 

diethyl ether. The product was purified via SiO2 column chromatography in 1 :2:7 methanol:ethyl 

acetate:dichloromethane. The product was then recrystallized in dichloromethane:ethyl acetate 

followed by acetonitrile:ethyl acetate to yield Bis julolidyl thienothiophene aldehyde (MKL-

063) as a dark blue solid (0.109 g, 0.128 mmol, 57.7%). 

1H NMR (500 MHz; CD2Ch; Filename: II-MKL-063proton) 8 9.87 (s, lH), 7.73 (d, lH, J = 4.0 

Hz), 7.40 (d, lH, J = 4.0 Hz), 7.38-7.34 (m, 3H), 7.33 (d, lH, J = 4.0 Hz), 7.26 (d, lH, J = 3.5 

Hz), 7.06 (d, lH, J = 3.5 Hz), 3.55-3.45 (m, 8H), 2.85 (t, 4H, J = 6.0 Hz), 2.74 (t, 4H, J = 6.0 
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Hz), 2.18 (quintet, 4H, J = 5.0 Hz), 1.98 (quintet, 4H, J = 5.0 Hz). 

HRMS (ESI) m/z 709.0894 (calcd for C3sH33OS2Se+: 709.0915). 

1 1
Amax (CH2Ch) 627 nm (E = 1.19 x 105 M-1 cm- ). Amax (MeOH) 626 nm (E = 1.01 x 105 M-1 cm- ). 

Notebook References: II-MKL-058, II-MKL-063. 
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13.2.54. Preparation of Bis julolidyl phenylacetylene (MKL-088) 

11 

n-Butyllithium (2.29 M, 0.379 mL, 0.868 mmol, 3.9 eq) was added dropwise to a solution 

of diisopropylamine (0.148 mL, 1.05 mmol, 4.7 eq) in tetrahydrofuran (5 mL) at -78 °C in a 

flame dried flask under nitrogen. The resulting mixture was stirred for 30 min before it was 

transferred to a solution of phenylacetylene (0.133 mL, 0.890 mmol, 4.0 eq) in tetrahydrofuran 

(10 mL) at -78 °C. This solution was stirred at -78 °C for 1 min before a solution of Bis J 

Selenoxanthone (0.100 g, 0.222 mmol, 1.0 eq) in tetrahydrofuran (10 mL) at room temperature 

was transferred into it via cannula. The resulting solution was heated to 40 °C for 15 min, then 

cooled to room temperature before being poured into 10% (by weight) aqueous 

hexafluorophosphoric acid (25 mL). After 12 h, the resulting precipitate was collected via 

vacuum filtration and washed with water (5 mL) and diethyl ether (15 mL). The dichloromethane 

soluble material was removed and recrystallized in acetonitrile:diethyl ether to yield Bis julolidyl 

phenylacetylene (MKL-088) as a dark green solid (0.016 g, 0.024 mmol, 10.8%). 

1H NMR (500 MHz; CD2Ch; Filename: II-MKL-088proton) 8 8.37 (s, 2H), 7.77 (d, 2H, J = 7.0 

Hz), 7.60-7.49 (m, 3H), 3.58-3.48 (m, 8H), 2.97 (t, 4H, J = 6.5 Hz), 2.82 (t, 4H, J = 6.5 Hz), 2.18 

(quintet, 4H, J = 5.5 Hz), 2.07 (quintet, 4H, J = 5.5 Hz). 

HRMS (ESI) m/z 535.1632 (calcd for C33H31N2Se+: 535.1647). 

Notebook References: II-MKL-086, II-MKL-088. 
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