Synthesis of Resveratrol Natural Products and Evaluation of their
Antioxidant Properties

by

Matthew Galliher

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Chemistry)
in The University of Michigan
2022

Doctoral Committee:

Professor Corey R. J. Stephenson, Chair
Professor Pavel Nagorny

Professor Nouri Neamati

Professor Corinna S. Schindler



Matthew S. Galliher

mgallihe@umich.edu

ORCIiD: 0000-0002-5597-3526



DEDICATION

To Paul, Elizabeth, Amy, Jillian, Michelle and Bryn — for making me the person that I am
today



ACKNOWLEDGEMENTS

The training and inspiration that | received from my undergraduate advisor, Professor
Clifford Berkman, was paramount in my pursuit of my Ph.D. in chemistry. | was always interested
in biology but my undergraduate research helped me to realize that synthetic chemistry was another
thing for which | had passion. My experience in the Berkman lab helped me to realize that one
does not need to decide do chemistry or biology and that pursuing organic synthetic chemistry
presents endless ways in which | could make an impact in the biological field. He ultimately helped
me in making my decision to come to University of Michigan for my graduate studies. | thank my
dissertation committee members Professors Corinna Schindler, Pavel Nagorny, and Nouri Neamati
— you have each been generous with your time and mentorship during my time at the University
of Michigan. | would also like to thank the incredble administrative support here at UM —
specifically that of Liz Oxford, Katie Foster, Heather Hanosh, and Emma Houle — you have truly
made my integration into this department as seamless as possible and have provided me with all
of the administrative information that | would need. Finally, I would like to thank the excellent
technical support here at UM, including that of Eugenio Alvarado (NMR), Jim Windak, Paul
Lennon, and Russell Bornschein (Mass Spectrometry) and Roy Wentz (glass shop).

| have benefited immensely from the good fortune of working with a group of incredibly
talented and hard-working individuals throughout my time in the Stephenson lab. I would like to
specifically thank Kevin Romero for his steadfast mentorship and friendship, Daryl Staveness for
his endless wisdom and constant encouragement, and Haley Albright for her early mentorship and

friendship.



I would also like to directly mention other contributors to the project. Mark Raycroft was
my mentor while | was at University of Ottawa for the first time conducting the kinetics work for
this dissertation. He was not only an effective mentor but a great friend and helped me integrate
into the Pratt group. | want to thank Markus Griesser for his important contributions (along with
Mark’s) to this collaborative work. A special thanks to Mel Mallais for her friendship outside the
lab and mentorship within. If it were not for the guidance by Zijun Wu and Omkar Zilka, | would
not have been able to successfully execute the cell experiments. Lastly, | want to give a special
thanks to Derek Pratt. He was a second advisor to me and helped me along every step of the way
with his expertise in radical chemistry and wisdom. His group’s expertise in the study of free
radical oxidation chemistry has been of tremendous value for helping to re-shape the thinking
about the biological role of resveratrol-derived natural products and analogues through their
systematic evaluation of the physical and biological properties of these compounds. Their skillful
characterization of these systems extends far beyond what we would have been able to accomplish
in lieu of their assistance.

A special thanks to Edward McClain, Gabe Magallanes, Taylor Sodano, James Collins,
Anthony Allen, Annika Tharp, Cheng Yang, and Alexander Harmata for always being a friend an
ear to which to vent and for their camaraderie and to the Schindler group — for always keeping
things interesting, with special mention of Mark Becker, Rebecca Watson, Ahlam Armaly,

Christopher McAtee, and Lara Alvarez.



TABLE OF CONTENTS

DEDICATION. L. e e e I
ACKNOWLEDGEMENTS. . ...ttt e, i
LIST OF FIGURES. ... e e vii
LIST OF TABLES. ... e IX
LIST OF ABBREVIATIONS. ... Xvi
A B S T R A C T e XX
Chapter 1: Resveratrol Oligomer Biosynthetic Pathway, Overview of Radicals, and their Relation
to Resveratrol Oligomer Synthesis and Biological ACtIVIIES ............ccovviiiiiiiiiii e 1
1.1 oo 13 Tox o] P 1
1.2 Resveratrol oligomer biosynthesis...........c..ocoiiiiiiiiiii 3
1.3 Overview of radicals and their application in total Synthesis...............c....ccooeviveiinn.o 9

1.3.1 Classical methods for radical Synthesis................ooviiiiiiiiiiee, 17

1.3.2. Electrochemistry in radical Synthesis.............ooeiviiiiiiiiiiiiiiii e, 20

1.3.3 Generation of radicals by photoredox catalysis ...............cccooiiiiiiiiiiiiiinn, 22
1.4  Biological activities of resveratrol natural products................ccoiiiiiiiiiniiiie 25

1.5  Autoxidation and radical trapping antioxidant properties of resveratrol and polyphenols.26

Chapter 2: Development of an Electrochemical Dimerization to Access C3 — C8
Dihydrobenzofurans and C8 — C8’ Quinone Methide Dimers................ccooveiiiiiiiiiiiinn... 31
2.1 INErOAUCTION. . ..o e e 31
2.2 Development of an electrochemical method of C8 — C8 and C3 — C8 dimerization....... 32
2.3 EXPErimMeENtal. ... oo 39
Chapter 3: Leveraging the Persistent Radical Effect for the Accessing the C8 — C10 and C8 — C12
Bond of Resveratrol OlIgOMErS ... ...uiri e 204
3.1 INErOAUCTION. .. e e e 204
3.2 Prior work to synthesize C8 — C10’ bonds in resveratrol oligomers......................... 204
3.3  Discovery of the persistent radical equilibrium of bis-quinone methide dimers.......... 208
3.4  Leveraging the persistent radical effect for the synthesis of the vitisins.................... 214
3.5  Leveraging the persistent radical effect for intermolecular coupling of trimers........... 217
3.6 Exploring strategies for the removal of C3 blocking groups.................cccocviiinn.n 226
3.7 EXperimental ..., 233

Chapter 4: Evaluation of the Radical Trapping Antioxidant Properties of Resveratrol-Related
natural Products and POlYphenols ....... ... 307



4.1 INtrOAUCTION. ... e 307
4.2 Autoxidation assays in organic solution and lipoSOMeS.............coovviiiiiiiniiiiniinnnnn, 314
4.3  Autoxidation assays of QMDs and quadrangularin A analogs..................oooevinnnn.. 317
4.4  Autoxidation assays of phenols and resveratrol natural products........................... 321
45  Antioxidants as protecting agents in ferroptotic cells....................ocooii 330
46  Conclusions and OULIOOKS. ..........ueinie e 332
4.7 Experimental Procedures and Kinetic and Biological Data..........................ooouee. 334
REFERENCES. ... e 444

Vi



LIST OF FIGURES

Figure 1.1 Resveratrol Diosynthesis. ... . ... e 4
Figure 1.2 Dirigent proteins in lignification and resveratrol oligomerization......................... 6
Figure 1.3 Hypothesized radical-based resveratrol oligomerization.....................c.coevenennnn.. 8
Figure 1.4 Gomberg’s discovery of the carbon-centered radical.....................cccoooiiiiint. 9
Figure 1.5 Thermodynamic and kinetic parameters for radicals.............cccoceveiiiiiiiiiinan... 10
Figure 1.6 Transient versus persistent radicals..............coooiiiiiiiiiiiii e 12
Figure 1.7 Classical methods for generating radicals................cccoviiiiiiiiiiiie e 13
Figure 1.8 Classic example of the synthesis of silphinene...................oooii . 15
Figure 1.9 Chiba’s electrochemical cross-coupling and indoline oxidation.......................... 20
Figure 1.10 Catharanthine fragmentation..................oooiiiii i e, 23
Figure 1.11 Overview of autoXidation............o.oo i e, 26
Figure 2.1 Biomimetic synthesis of quadrangularin A and pallidol..........................cconee. 31
Figure 2.2 Phenylpropanoid radical oligomerization................coooviiiiiiiiniiiie e 32
Figure 2.3 Quinone methide dimer substrate SCOPE.........c.ovviriiiii e 33
Figure 2.4 Electrochemical oxidation enables natural product synthesis..................cccccveeen. 35
Figure 2.5 Total Synthesis of 6-viniferinand shegansu B....................ooiiiiiiii .. 37
Figure S1. Cyclic voltammogram for stilbene SO................ooiiiiiiiiiiiiii e, 96
Figure S2. Cyclic voltammogram for stilbene S1.............oooiiiiiii e, 96
Figure S3. Cyclic voltammogram for stilbene S3................ooiiiiiiiiie e, 97
Figure S4. Cyclic voltammogram for stilbene S4...............cooiiiiiii e, 97
Figure S5. Cyclic voltammogram for stilbene S5...........ccoiiiiii e, 98
Figure S6. Cyclic voltammogram for stilbene S7.............ccooiiiiiiii e, 98
Figure S7. Cyclic voltammogram for stilbene SO................cooiiiiiiiiiiiii . 99
Figure S8. Cyclic voltammogram for stilbene ST10..................ooiiiiiiiii 99
Figure S9. Cyclic voltammogram for stilbene ST1................ooiiiiiiiiiii e, 100
Figure S10. Cyclic voltammogram for stilbene S12............ccooiiiiiiiiiiii e, 101
Figure S11. Cyclic voltammogram for stilbene S13..........ccoiiiiiiiiiii e, 102
Figure S12. Cyclic voltammogram for stilbene S14............coiiiiiiiiiiiiiii e 102
Figure 3.1 Snyder’s synthesis of isoampelopsin D.............ccooiiiiiiiiiiiii e, 205
Figure 3.2 Snyder’s synthesis of ampelopsin..............cooooiiiiiiiiiiii e 205
Figure 3.3 Snyder’s synthesis of carasiphenol C................ooiii e 207
Figure 3.4 Snyder’s synthesis of ampelopsin H................oooi 208
Figure 3.5 Snyder’s synthesis of carasiphenol B, vaticanol C, and ampelopsin G................. 209
Figure 3.6 Diastereoconvergent TFA-mediated cyclization of QMD....................ccoeeeeel. 209
Figure 3.7 Mechanistic interrogation of diastereconvergent cyclization.............................. 211
Figure 3.8 Thermal cross-over experiment 0f QMD..............oooiiiiiii i 212
Figure 3.9 Synthesis of e-viniferin analogs for tetramer synthesis......................coooivn.. 212
Figure 3.10 Synthesis of nepalensinol B and vateriaphenol C....................cccooiiiiiiiinnnn, 213
Figure 3.11 Persistent radical effect to access dihydrobenzofurans.......................ooeeenian 214
Figure 3.12 Total synthesis of vitisin Aand VitisSin D..............ccocooiiiiiiiii i, 216

vii



Figure 3.13 Leveraging the persistent radical effect for intermolecular coupling.................. 217

Figure 3.14 Computational results comparing radical stability for oligomerization................218
Figure 3.15 Initially proposed mechanism for intermolecular coupling......................oeee.. 219
Figure 3.16 Revised mechanistic proposal for intermolecular coupling................c.....ooe.. 219
Figure 3.17 Synthesis of tBus-distichol and tBus-davidiol A...............ccoviiiiiiiiiiiiinen, 220
Figure 3.18 Attempts to remove C-3 tBu groups from trimers by retro-Friedel-Crafts............222
Figure 3.19 Oligomerization of tBus-quadrangularin A..............coccoiiiiiiiiiiieeeee, 222
Figure 3.20 Proposed regioselective synthesis of distichol.......................ooooiiii 223
Figure 3.21 Synthesis of tBus-carasiphenol C/wilsonol A and unnatural trimer................... 224
Figure 3.22 Attempted deaklkylation of tBu6-carasiphenol C and unnatural trimer.............. 225
Figure 3.23 Attempted conditions for removal of tBu C3 groups..............ocovvviiiiiiin. 226
Figure 3.24 Proposed acid-induced decomposition pathway of dihydrobenzofurans.............. 226
Figure 3.25 Alternative reductive cleavage strategy for C3 group removal (acidic)............... 227
Figure 3.26 Attempted conditions for acidic reductive cleavage to dihydrobenzofuran............ 228
Figure 3.27 Alternative reductive cleavage strategy for C3 group removal (basic)................ 230
Figure 3.28 Alternative C3 blocking group strategy for oligomerization........................... 231
Figure 4.1 Overview of phenolic inhibition of autoxidation...................coiiiiiiiiinnn, 308
Figure 4.2 TROLOX Equivalent Antioxidant Capacity (TEAC) Assay..........c.oovviviininnnnn. 310
Figure 4.4 Ferric Reducing Antioxidant Power (FRAP) ASSaY........ccovvvviiiiiiiiiiiiiinennnnn. 310
Figure 4.5 DPPHe Radical Scavenging ASSaY...........couiuiiriirintiniiiitiieeieaiereeeeanaannn. 312
Figure 4.6 Pratt’s radical-trapping antioxidant assay for organic solutions......................... 314
Figure 4.7 Pratt’s radical-trapping antioxidant assay for lipoSomes ................ccoevvvvinennnn. 315
Figure 4.8 Antioxidant activities of QMDs and quadrangularin A analogs......................... 319
Figure 4.9 Simple phenols for antioxidant evaluation....................ocoiiiiiiiiiiiiiiiia, 321
Figure 4.10 Resorcinols and catechols for antioxidant evaluation...............................o.... 322
Figure 4.11 conjugated phenols for antioxidant evaluation ................c.cooveiiiiiiiiniiinnn... 323
Figure 4.12 Resveratrol analogs for antioxidant evaluation.....................cooeiiiiiiininnn... 323
Figure 4.13 Dihydrobenzofuran resveratrol dimers for antioxidant evaluation .................... 323
Figure 4.14 Resveratrol dimers and analogs for antioxidant evaluation ............................ 324
Figure 4.15 Simple resveratrol dihydrobenzofurans for antioxidant evaluation ................... 324
Figure 4.16 Alkylated resveratrol trimers for antioxidant evaluation ............................... 325
Figure 4.17 Proposed mechanisms for observed enhanced stoichiometry of

dihydrobenZOofUIanS. ... .. .o e e 325
Figure 4.18 Resveratrol tetramers for antioxidant evaluation .......................ocooeiiiininn.. 326
Figure 4.19 Resveratrol dimer synthetic intermediates for antioxidant evaluation ................ 326
Figure 4.20 Resveratrol synthetic intermediates for antioxidant evaluation ....................... 327
Figure 4.21 Gallic acid derivatives for antioxidant evaluation ........................cooiieinin... 327
Figure 4.22 PhenOliC SYNEIGY ... .. uitit et e et 328
Figure 4.23 Overview of cellular ferroptosis reSCuE aSSay..........ouverireniiniiiiiieerieaneanenn, 330

viii



LIST OF TABLES

Table S1. Optimization of conditions for the electrochemical oxidation........................... 104
Table 1 Comparison of inhibition rate constants (kinh) and stoichiometry (n) during inhibited co-
autoxidations of 1-hexadecene (2.9 M) and PBD-BODIPY for QMDs and quadrangularin A
08P 10 .t 336
Table 2 Summary of enthalpies (AH, AH'), free energies (AG, AG?), and corresponding computed
second order rate constants (k) for the addition of methyl peroxyl radical to or hydrogen atom

transfer (HAT) of QMD analog...........ouiiuiiitiii e e 338
Table S1.1 Summary of kinetic and cell data for methyl salicylate................................. 350
Table S1.2 Summary of hexadecane co-oxidation inhibition kinetics for methyl salicylate .....350
Table S1.3 Summary of cumene co-oxidation inhibition kinetics for methyl salicylate......... 351
Table S1.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for methyl
SAlICY AL ...t 352
Table S1.5 Summary of liposome autoxidation inhibition assay using V70 initiator for methyl
QA CY AL ..ot 352
Table S2.1 Summary of kinetic and cell data 3-hydroxy methyl benzoate ......................... 353
Table S2.2 Summary of hexadecane co-oxidation inhibition kinetics for 3-hydroxy methyl
DBNZOALE ...t e 353
Table S2.3 Summary of cumene co-oxidation inhibition Kinetics for 3-hydroxy methyl benzoate
................................................................................................................. 353
Table S2.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for 3-
hydroxy methyl DENZOALE ... 354
Table S2.5 Summary of liposome autoxidation inhibition assay using V70 initiator for 3-hydroxy
MEtNYI DENZOALE ... .o e e 354
Table S3.1 Summary of kinetic and cell data for 4-hydroxy methyl benzoate..................... 355
Table S3.2 Summary of hexadecane co-oxidation inhibition kinetics for 4-hydroxy methyl

D BNIZOAE. . ...t 355
Table S3.3 Summary of cumene co-oxidation inhibition kinetics for 4-hydroxy methyl

D BNIZOAE. ...\ttt 355
Table S3.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for 4-
hydroxy methyl DENZOAte. ... ... ... 356
Table S3.5 Summary of liposome autoxidation inhibition assay using V70 initiator for 4-hydroxy
MEthYl DENZOALE. ... ..o, 356
Table S4.1 Summary of kinetic and cell data for methyl-3,5-dihydroxy benzoate................ 357
Table S4.2 Summary of hexadecane co-oxidation inhibition kinetics for methyl-3,5-dihydroxy
DBNZOAEE. . ...t 357
Table S4.3 Summary of cumene co-oxidation inhibition kinetics for methyl-3,5-dihydroxy
DBNZOAEE. . ..ot 358
Table S4.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for methyl-
3,5-0iNydroXy DENZOALE. ... ..t 358



Table S4.5 Summary of liposome autoxidation inhibition assay using V70 initiator for methyl-

3,5-0iNydroXy DENZOALE. ...t e 359
Table S5.1 Summary of kinetic and cell data for orcinol............................ 360
Table S5.2 Summary of hexadecane co-oxidation inhibition kinetics for orcinol................. 360
Table S5.3 Summary of cumene co-oxidation inhibition Kinetics............................... 360
Table S5.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for

0] £ 0 P 361
Table S5.5 Summary of liposome autoxidation inhibition assay using V70 initiator for

0] (o 0 P 361
Table S6.1 Summary of kinetic and cell data for methyl gallate..................................... 362
Table S6.2 Summary of hexadecane co-oxidation inhibition kinetics for methyl gallate.........362
Table S6.3 Summary of liposome autoxidation inhibition assay using DTUN initiator for methyl
GAllate. .. 363
Table S6.4 Summary of liposome autoxidation inhibition assay using V70 initiator for methyl
GAllate. .. 363
Table S6.5 Dose response for ferroptosis inhibition for methyl gallate............................. 364
Table S7.1 Summary of kinetic and cell data for resorcinol.....................cocoiiiiint. 365
Table S7.2 Summary of hexadecane co-oxidation inhibition Kinetics for resorcinol.............. 365
Table S7.3 Summary of cumene co-oxidation inhibition kinetics for resorcinol.................. 365
Table S7.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for
(=TS0 o T T | 366
Table S7.5 Summary of liposome autoxidation inhibition assay using V70 initiator for

(=TS0 o T T | 366
Table S8.1 Summary of kinetic and cell data for catechol........................ociii, 367
Table S8.2 Summary of hexadecane co-oxidation inhibition kinetics for catechol............... 367
Table S8.3 Summary of cumene co-oxidation inhibition kinetics for catechol.................... 368
Table S8.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for
CABCNOL. ... 368
Table S8.5 Summary of liposome autoxidation inhibition assay using V70 initiator for

CAECNOL. ... 369
Table S9.1 Summary of kinetic and cell data for di-tBu catechol.................................... 370
Table S9.2 Summary of hexadecane co-oxidation inhibition kinetics for di-tBu catechol....... 370
Table S9.3 Summary of liposome autoxidation inhibition assay using DTUN initiator for di-tBu
CAECNOL. ... 371
Table S9.4 Summary of liposome autoxidation inhibition assay using V70 initiator for di-tBu
CAECNOL. ..o 371
Table S10.1 Summary of kinetic and cell data for guiacol.......................ocooiiii, 372
Table S10.2 Summary of hexadecane co-oxidation inhibition kinetics for guiacol............... 372
Table S10.3 Summary of cumene co-oxidation inhibition kinetics for guiacol.................... 373
Table S10.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for
GUIBCOL . ..o 374
Table S10.5 Summary of liposome autoxidation inhibition assay using V70 initiator for

GUIBCOL . ..o 374
Table S11.1 Summary of kinetic and cell data for 3,4-dihydroxy ethyl cinnamate............... 375
Table S11.2 Summary of hexadecane co-oxidation inhibition kinetics for 3,4-dihydroxy ethyl
00 3oL Pt 375



Table S11.3 Summary of liposome autoxidation inhibition assay using DTUN initiator for 3,4-

dihydroxy ethyl CINNAMALE. ... ..ot e 376
Table S11.4 Summary of liposome autoxidation inhibition assay using V70 initiator for 3,4-
dihydroxy ethyl CINNAMALE. ... ...t e 376

Table S12.1 Summary of kinetic and cell data for 4-hydroxy-3-methoxy ethyl cinnamate...... 377
Table S12.2 Summary of hexadecane co-oxidation inhibition kinetics for 4-hydroxy-3-methoxy

BtNY | CINNAMALE. . ... o 377
Table S12.3 Summary of cumene co-oxidation inhibition kinetics for 4-hydroxy-3-methoxy ethyl
0T 3 U= Pt 377
Table S12.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for 4-
hydroxy-3-methoxy ethyl cinnamate. ...t e, 378
Table S12.5 Summary of liposome autoxidation inhibition assay using V70 initiator for 4-
hydroxy-3-methoxy ethyl cinnamate. ... e, 378
Table S13.1 Summary of kinetic and cell data for curcumin.....................coooiiiin.n. 379
Table S13.2 Summary of hexadecane co-oxidation inhibition kinetics for curcumin............. 379
Table S13.3 Summary of cumene co-oxidation inhibition kinetics for curcumin.................. 379
Table S13.4 Summary of liposome autoxidation inhibition assay using DTUN initiator (approx. n
T 2) FOF CUNCUMIN. L. e e e e e, 380
Table S13.5 Summary of liposome autoxidation inhibition assay using V70 initiator (approx. n =
2) FOF CUNCUIMIN. L. e e e e, 380
Table S13.6 Summary of liposome autoxidation inhibition assay using DTUN initiator
(approximated N=4) fOr CUrCUMIN. ... ..ot 381
Table S13.7 Summary of liposome autoxidation inhibition assay using V70 initiator (approx. n =
A) FOr CUNCUMIN . Lot e e e et 381
Table S14.1 Summary of kinetic and cell data for resveratrol...................oooiiiiiiiinn, 382
Table S14.2 Summary of hexadecane co-oxidation inhibition kinetics for resveratrol............ 382
Table S14.3 Summary of cumene co-oxidation inhibition kinetics for resveratrol................ 382
Table S14.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for
FESVEIAION. ...ttt 383
Table S14.5 Summary of liposome autoxidation inhibition assay using DTUN initiator
(approximated N =2) fOr resVeratrol............cooiiiiie i 383
Table S14.6 Summary of liposome autoxidation inhibition assay using V70 initiator for
FESVEIAIION. ...t 383
Table S14.7 Dose response for ferroptosis inhibition for resveratrol................................ 384
Table S15.1 Summary of kinetic and cell data for tBuz-resveratrol.....................cooevevinene. 385
Table S15.2 Summary of hexadecane co-oxidation inhibition kinetics for tBuz-resveratrol.....385
Table S15.3 Summary of cumene co-oxidation inhibition kinetics for tBuz-resveratrol......... 386
Table S15.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for tBuz-
FESVRIAIION. ...t 386
Table S15.5 Summary of liposome autoxidation inhibition assay using V70 initiator for tBue-
FESVEIAIION ...ttt 386
Table S15.6 Dose response for ferroptosis inhibition for tBuz-resveratrol......................... 387
Table S16.1 Summary of kinetic and cell data for pterostilbene.............................. 388
Table S16.2 Summary of hexadecane co-oxidation inhibition kinetics for pterostilbene.........388
Table S16.3 Summary of cumene co-oxidation inhibition kinetics for pterostilbene............. 389

Xi



Table S16.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for

PUEIOSTI I DN . e 389
Table S16.5 Summary of liposome autoxidation inhibition assay using V70 initiator for
PUEIOSTI I DN .. e e 390
Table S16.6 Dose response for ferroptosis inhibition for pterostilbene............................. 390
Table S17.1 Summary of kinetic and cell data for (£)-6-viniferin.................................. 391
Table S17.2 Summary of hexadecane co-oxidation inhibition kinetics for (£)-5-viniferin....... 391
Table S17.3 Summary of cumene co-oxidation inhibition kinetics for (x)-6-viniferin............ 392
Table S17.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for (£)-5-
L7411 {=1 1 392
Table S17.5 Dose response for ferroptosis inhibition for (£)-d-viniferin........................... 393
Table S18.1 Summary of kinetic and cell data for (£)-shegansuB....................coooovinin.n. 394
Table S18.2 Summary of hexadecane co-oxidation inhibition kinetics for (£)-shegansu B......394
Table S18.3 Summary of cumene co-oxidation inhibition kinetics for (£)-shegansu B.......... 395
Table S18.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for (z)-
SNBQANSU B .ot e 395
Table S18.5 Dose response for ferroptosis inhibition for (£)-shegansuB.......................... 396
Table S19.1 Summary of kinetic and cell data for (£)-tBus-quadrangularin A..................... 397
Table S19.2 Summary of hexadecane co-oxidation inhibition kinetics for (£)-tBuas-
QUAATANGUIAIIN AL e e 397
Table S19.3 Summary of liposome autoxidation inhibition assay using DTUN initiator for (z)-
tBU4-QUAdraNQUIAIIN A ... 398
Table S19.4 Summary of liposome autoxidation inhibition assay using V70 initiator for ()-tBuas-
QUAAIANGUIAIIN AL e 398
Table S19.5 Dose response for ferroptosis inhibition for (x)-tBus-quadrangularin A............ 399
Table S20.1 Summary of kinetic and cell data for (£)-quadrangularin A........................... 400
Table S20.2 Summary of hexadecane co-oxidation inhibition kinetics for (+)-quadrangularin
P 400

Table S20.3 Summary of cumene co-oxidation inhibition kinetics for (+£)-quadrangularin A....401
Table S20.4 Summary of liposome autoxidation inhibition assay using DTUN initiator

(approximated n = 4) for (£)-quadrangularin A....... ... 401
Table S20.5 Summary of liposome autoxidation inhibition assay using V70 initiator
(approximated n = 4) for (£)-quadrangularin A...........coooiiiiii 402
Table S20.6 Dose response for ferroptosis inhibition for (£)-quadrangularin A................... 402
Table S21.1 Summary of kinetic and cell data for (£)-tBus-pallidol................................. 403
Table S21.2 Summary of cumene co-oxidation inhibition kinetics for (+)-tBus-pallidol......... 404
Table S21.3 Summary of cumene co-oxidation inhibition kinetics for (+)-tBus-pallidol.........404
Table S21.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for ()-
tBU4-PAIIIAOL. ... 404
Table S21.5 Summary of liposome autoxidation inhibition assay using V70 initiator for (z)-tBus-
PAIIIAOL . . 404
Table S21.6 Dose response for ferroptosis inhibition for (£)-tBus-pallidol......................... 405
Table S22.1 Summary of kinetic and cell data for (£)-pallidol...................................... 406
Table S22.2 Summary of hexadecane co-oxidation inhibition kinetics for (£)-pallidol.......... 406
Table S22.3 Summary of cumene co-oxidation inhibition kinetics for (£)-pallidol................ 407

Xii



Table S22.4 Summary of liposome autoxidation inhibition assay using DTUN initiator

(approximating n = 2) for (£)-pallidol......... ... 407
Table S22.5 Summary of liposome autoxidation inhibition assay using V70 initiator for (z)-
PAIIIAOL . .o 408
Table S22.6 Summary of liposome autoxidation inhibition assay using DTUN initiator
(approximating n = 4) for (£)-pallidol......... ..o 409
Table S22.7 Summary of liposome autoxidation inhibition assay using V70 initiator for (z)-
PAIIIAOL . . 409
Table S22.8 Dose response for ferroptosis inhibition for (£)-pallidol............................... 410
Table S23.1 Summary of kinetic and cell data for (£)-orcinol/tBuRSV DHB..................... 411
Table S23.2 Summary of hexadecane co-oxidation inhibition kinetics for (x)-orcinol/tBuRSV
DH B . ..o 411
Table S23.3 Summary of cumene co-oxidation inhibition kinetics for (£)-orcinol/tBUuRSV

DH B . ..o 412
Table S23.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for (£)-
OrCINOIEBURSY DHB......e e 412

Table S24.1 Summary of kinetic and cell data for (£)-orcinol/tBuRSV DHB (OBn2)/(OMe)...413
Table S24.2 Summary of hexadecane co-oxidation inhibition kinetics for (+)-orcinol/tBuRSV

DHB (OBRN2)/(OME).. ...ttt e e e 413
Table S24.3 Summary of cumene co-oxidation inhibition kinetics for (x)-orcinol/tBuRSV DHB
(OBN2)/(OIME). ...ttt e 414
Table S24.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for (£)-
orcinol/tBURSY DHB (OBN2)/(OME)... .t 414
Table S25.1 Summary of kinetic and cell data for ellagicacid.......................c.ooiiiiiaii, 415
Table S25.2 Summary of hexadecane co-oxidation inhibition kinetics for ellagic acid.......... 415
Table S25.3 Summary of cumene co-oxidation inhibition kinetics for ellagic acid............... 415
Table S25.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for ellagic
210 o 416
Table S25.5 Dose response for ferroptosis inhibition for ellagic acid............................... 417
Table S26.1 Summary of kinetic and cell data for (+)-tBus-carasiphenol C/ wilsonol A.........418
Table S26.2 Summary of hexadecane co-oxidation inhibition kinetics for (+)-tBues-carasiphenol
Gl WIISONOL A 418
Table S26.3 Summary of cumene co-oxidation inhibition kinetics for (+)-tBus-carasiphenol C/
WHISONOL A e 419
Table S26.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for (£)-
tBues-carasiphenol C/ WilSONOl A. ... ..o e 419
Table S26.5 Dose response for ferroptosis inhibition for (£)-tBus-carasiphenol C/ wilsonol
P 420
Table S27.1 Summary of kinetic and cell data for (£)-tBus-C8/C12 trimer......................... 421
Table S27.2 Summary of hexadecane co-oxidation inhibition kinetics for (z)-tBus-C8/C12

L1 PP 421
Table S27.3 Summary of cumene co-oxidation inhibition kinetics for (x)-tBus-C8/C12

L1 PP 422
Table S27.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for ()-
L0201 O ST 3 A (] 11T PR 422
Table S27.5 Dose response for ferroptosis inhibition for (x)-tBus-C8/C12 trimer................ 423

Xiii



Table S28.1 Summary of kinetic and cell data for (£)-vitisin A..................ocooiiiin.. 424

Table S28.2 Summary of hexadecane co-oxidation inhibition kinetics for (z)-vitisin A......... 424
Table S28.3 Summary of cumene co-oxidation inhibition kinetics for (£)-vitisin A.............. 425
Table S28.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for ()-
VTSN AL e e 425
Table S28.5 Summary of liposome autoxidation inhibition assay using V70 initiator for (x)-
VSN A e 425
Table S28.6 Dose response for ferroptosis inhibition for (£)-vitisin A...................ooeiai 426
Table S29.1 Summary of kinetic and cell data for (£)-vitisSinD.................coooiiiiiiin.. 427
Table S29.2 Summary of hexadecane co-oxidation inhibition kinetics for (z)-vitisin D......... 427
Table S29.3 Summary of cumene co-oxidation inhibition kinetics for (£)-vitisin D.............. 428
Table S29.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for ()-
VTSI D 428
Table S29.5 Summary of liposome autoxidation inhibition assay using V70 initiator for (x)-
VTSI D 428
Table S29.6 Dose response for ferroptosis inhibition for (£)-vitisinD............................. 429
Table S30.1 Summary of kinetic and cell data for (+)-tBus-reduced quadrangularin A

(O BNa) . et 430
Table S30.2 Summary of hexadecane co-oxidation inhibition kinetics for (£)-tBus-reduced
quadrangularin A (OBN4). ..o e 430
Table S30.3 Summary of cumene co-oxidation inhibition kinetics for (x)-tBus-reduced
quadrangularin A (OBN4)......c.eiuiiti e 431
Table S31.1 Summary of kinetic and cell data for (x)-tBus-cyclized paraquinone methide dimer
(IBU4-CPQM-OH) . 432
Table S31.2 Summary of hexadecane co-oxidation inhibition kinetics for (£)-tBus-cyclized
paraquinone methide dimer (tBus-CPQM-OH)..........cooiiiiii e, 432
Table S31.3 Summary of cumene co-oxidation inhibition kinetics for (+)-tBus-cyclized
paraquinone methide dimer (tBus-CPQM-OH)..........ciiiiiiii e, 433
Table S31.4 Summary of liposome autoxidation inhibition assay using DTUN initiator for (£)-
tBus-cyclized paraquinone methide dimer (tBus-CPQM-OH)............ooiiiiiiiiiiiiiii, 433

Table S32.1 Summary of kinetic and cell data for tBuz-reduced resveratrol (tBu2-RSV [sat])..434
Table S32.2 Summary of hexadecane co-oxidation inhibition kinetics for tBuz-reduced

resveratrol (tBu2-RSV [Sat]).......ouiniiiriii e 434
Table S32.3 Summary of cumene co-oxidation inhibition kinetics for tBuz-reduced resveratrol
(EBU2-RSV [SAL]) v ettt ettt e e e et e 435
Table S33.1 Summary of kinetic and cell data for (x) tBus-reduced e-veniferin (tBus- e-veniferin
2L ) PSSP 436
Table S33.2 Summary of hexadecane co-oxidation inhibition kinetics for (£) tBus-reduced &-
veniferin (tBus- e-veniferin [Sat])........coovriii i 436
Table S33.3 Summary of cumene co-oxidation inhibition kinetics for (£) tBus-reduced &-
veniferin (tBus- e-veniferin [Sat])........coovriiii i 436
Table S34.1 Summary of kinetic and cell data for tBuz-resveratrol (OBn)2 (tBuz2-RSV-

(0] 27 1 TR PP 438
Table S34.2 Summary of hexadecane co-oxidation inhibition kinetics for tBuz-resveratrol (OBn)z
(TBU2-RSV=0BN2) . ...ttt e e e e e e e e e e e 438

Xiv



Table S34.3 Summary of cumene co-oxidation inhibition kinetics for tBuz-resveratrol (OBn)2

(IBU2-RSV-0BN2) ... e 439
Table S35.1 Summary of kinetic and cell data for bis-butylhydroxytoluene (BHT)............... 440
Table S35.2 Summary of cumene co-oxidation inhibition kinetics for bis-butylhydroxytoluene
(BH T ) et e 440
Table S36.1 Summary of cumene co-oxidation inhibition kinetics for Resorcinol/BHT synergy
(constant concentration of reSOriCINOI)..........oii i 441
Table S37.1 Summary of cumene co-oxidation inhibition kinetics for Resorcinol/BHT synergy
(constant concentration Of BHT) ...t 442

XV



LIST OF ABBREVIATIONS
°C degrees Celsius
) chemical shift in parts per million
uL  microliters
uM  micromolar
a-TOHalpha-tocopherol
5-LOXarachidonate 5-lipoxygenase
abs  absorbance
Ac acetyl
ACE angiotensin converting enzyme
AChE acetylcholinesterase
AIBN azobisisobutyronitrile
Akt  protein kinase B
APPH 2,2'-azobis-(2-amidinopropane)-dihydrochloride
ARE antioxidant response element
ATRA atom transfer radical addition

AB  amyloid-f
ag.  aqueous
Ar aryl

BAD BCL-2-associated death promoter
BAX BCL-2-associated X protein

BCL-2 B-cell lymphoma 2

BCL-XL B-cell lymphoma-extra large
BDE bond dissociation energy

BHT 2,6-di-tert-butyl-4-hydroxytoluene

Bn benzyl
Boc tert-butyloxycarbonyl
Bu n-butyl

bpy  2,2’-bipyridine

bpz  2,2’-bipyrazine

caspase cysteine-dependent aspartate-directed proteases
cm  centimeters

COX-1cyclooxygenase-1

Cp cyclopentadienyl

Cys cysteine

d doublet

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene

dd doublet of doublets

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
dF(CF3)ppy  2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine
DFT density functional theory

XVi



DHB dihydrobenzofuran

DIBAL-H diisobutylaluminum hydride
DISC death-inducing signaling complex
DMF dimethylformamide

DMP Dess-Martin periodinane

DMSO dimethylsulfoxide

DNA deoxyribonucleic acid

DP  dirigent protein

DPPH 2,2-diphenyl-1-picrylhydrazyl

dr diastereomeric ratio

dtbbpy 4,4'-di-tert-butyl-2,2'-bipyridine
EC50 half maximal effective concentration
EDG electron-donating group

ee enantiomeric excess

Eoxp standard oxidation potential

EPR electron paramagnetic resonance

eq. equation

equiv molar equivalents

ERK extracellular-signal-regulated kinases
ESI  electrospray ionization

Et ethyl

EtOH ethanol

EWG electron-withdrawing group

fac  facial

FADD Fas-Associated protein with Death Domain
FTIR Fourier transform infrared spectroscopy
g grams

GPCR G-protein-coupled receptors

GPx  glutathione peroxidase

GSH glutathione

GSK GlaxoSmithKline

h hours

H2B-PMHC BODIPY-2,2,5,7,8-pentamethyl-6-hydroxy-chromane
HAT hydrogen atom transfer

HCV hepatitis c virus

HIF-1 hypoxia-inducible factor 1

HMDS hexamethyldisilazide

HO-1 heme oxygenase-1

HPLC high performance liquid chromatography
HRMS high resolution mass spectrometry
HRP horseradish peroxidase

Hz Hertz

IC50 half maximal inhibitory concentration
IFN  interferon

IL interleukin

INOS inducible nitric oxide synthase

Xvii



IxkB  inhibitor of kB

IR infrared

J coupling constant in units of Hertz
Keapl Kelch-like ECH-associated protein 1
L liters

LFP laser flash photolysis
LPS lipopolysaccharide

m multiplet

M molar concentration

MAPK mitogen-activated protein kinases
Me  methyl

MeCN acetonitrile

MeOAMVN  2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile)
MeOH methanol

mg  milligrams

MHz megahertz

min  minutes

mL  milliliters

MLCT metal to ligand charge transfer

mm  millimeters

mmol millimoles

MMP-1 matrix metalloproteinase-1
mol  moles
MRP1 multidrug resistance-associated protein 1

NBS N-bromosuccinimide

n-BuOH n-butanol

NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells
nM  nanomolar

nm  nanometers

NMR nuclear magnetic resonance

Nrf2 nuclear transcription factor erythroid 2-related factor 2
[O] oxidant

PARP1 poly(ADP-ribose) polymerase 1

PC  photocatalyst

PET photoinduced electron transfer

PI3K phosphatidylinositol 3-kinase

PIDA [diacetoxyiodo]benzene

PIFA [bis(trifluoroacetoxy)iodo]benzene

PG  protecting group

PKC protein kinase C

PMB para-methoxybenzyl protecting group
PPAR peroxisome proliferator-activated receptors
ppm  parts per million

ppy  2-phenylpyridine

q quartet

ROS reactive oxygen species

Xviii



RT  room temperature

RTA radical trapping antioxidant

S singlet

SAR structure activity relationship

SCE saturated calomel electrode

SPLET sequential proton loss electron transfer
STAT-1 Signal transducer and activator of transcription 1
t triplet

T3SS type Il secretion system

TBAF tetra-n-butyl ammonium fluoride

TBS tert-butyl-dimethylsilyl

tBu  tert-butyl

THF  tetrahydrofuran

TLC thin layer chromatography

TMS trimethylsilyl

Topo Il topoisomerase 11

tRNA transfer ribonucleic acid

TXN thioredoxin

TYR tyrosinase

TyrRS tyrosyl transfer-RNA (tRNA) synthetase
UV  ultraviolet

\ volts

XiX



ABSTRACT

Numerous reports exist for the biological properties of resveratrol natural products and many
clinical trials have been initiated based on promising preliminary evidence that these compounds
have promising therapeutic potential. Many of these clinical trials end with inconclusive results
and evidence of side effects that may hinder future clinical trials. There is much that is unknown
about this class of natural products which underscores the need to develop new methodologies of
the synthesis of these compounds in scalable quantities that will fuel future research studies. This
dissertation discloses the advancements made for the synthesis of natural products and their
analogues as well as the radical trapping antioxidant properties of those synthesized. The syntheses
of natural products and analogues will help serve future structure activity relationship (SAR)
studies to make unequivocal conclusions regarding the biological properties of resveratrol natural
products. Chapter 1 describes the biosynthetic pathway for resveratrol synthesis and the proposed
radical-based oligomerization strategy that could produce higher order oligomers. An introduction
of radical-based methods in total synthesis as well as the persistent radical effect is provided. The
biological properties of resveratrol natural products are also described therein. Chapter 2 describes
an electrochemical methodology that was developed for the synthesis of C8 — C8” bis-quinone
methide dimers and tetramers and C3 — C8’ dihydrobenzofuran resveratrol dimers. The results of
this methodology created a library of quadrangularin A analogs that were evaluated for the radical
trapping antioxidant properties. Chapter 3 presents that the C8 — C8’ bis quinone methide dimers

were found to be persistent radicals that were able to undergo intermolecular coupling to produce

XX



dihydrobenzofuran motieties found in numerous resveratrol-derived natural products. This
synthetic strategy has helped drive the synthesis of resveratrol trimer analogs. Chapter 4 presents
the efforts made to evaluate the radical-trapping antioxidant properties of synthesized natural
products as well as their synthetic precursors. Through collaboration, these natural products,
natural product analogs, and commercially purchased phenols and polyphenols were also
evaluated for their radical trapping antioxidant activities. The results from this study are as follows:
C8 — C8 bisquinone methide dimers are good antioxidants in organic solutions but fail to inhibit
autoxidation in liposomes due to their mechanism of action (via dissociation). The antioxidant
potential of phenols is reliant on lipophilicity and substitutions that stabilize the resulting phenoxy
radical. The antioxidant potential of resveratrol natural products is also reliant on lipophilicity and
alkylated natural product precursors behave as better antioxidants. Surprisingly, analogs
containing hindered phenols on substituted dihydrofurans about an unprotected resorcinol have
increased radical trapping activities and trap more equivalents than those that lack the sterically
encumbering alkylations or have protected resorcinols. Cell studies performed to ascertain the
ability of these antioxidants to prevent ferroptosis in cells generated results that were parallel to
the liposome studies indicating that the substitutions and structural motifs that permit good activity
in liposomes are needed to rescue cells from ferroptosis. Preliminary data shows that hindered
phenols can work synergistically with resorcinols in the same way that occurs between vitamin E
and vitamin C. These results support that resveratrol antioxidants could work in a similar

synergistic manner.
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Chapter 1: Resveratrol Oligomer Biosynthetic Pathway, Overview of Radicals, and their

Relation to Resveratrol Oligomer Synthesis and Biological Activities

*Portions of this chapter have been published in: Matthew S. Galliher, Bec J. Roldan, and
Corey R. J. Stephenson. Chem. Soc. Rev. 2021, 50, 10044-10057.;* Kevin J. Romero, Matthew S.

Galliher, Derek A. Pratt, and Corey R. J. Stephenson. Chem. Soc. Rev. 2018, 47, 7851.2
1.1 Introduction

Antioxidant compounds have long retained the interest of the chemical and biological
communities for decades as a result of various reports of their antioxidant activities as well as other
biological activities. It is believed that this class of compounds are able to treat or prevent oxidative
stress-related diseases, such as cardiovascular diseases, cancer, ageing, diabetes mellitus and
neurodegenerative diseases. As a result, there is a societal emphasis on including certain foods that
contain larger quantities of these small molecules in order to promote longevity and overall human
health. Numerous foods and dietary supplements are marketed as being healthy options to include
in ones dietary intake.> While cells are equipped with a set of endogenous antioxidants (e.g.
glutathione and coenzyme Q) and antioxidant enzymatic pathways (Nrf2-Keapl) to maintain
homeostasis and a relatively reducing environment needed by the cell to perform normal cellular
processes, the amount of reactive oxygen species (ROS) (byproducts of cellular metabolic
pathways) can inundate the cell and cause undesired oxidation of cellular components and

eventually lead to the aforementioned ailments. As such, exogenous antioxidant (e.g. vitamin E)



intake is needed which is entirely dietary in nature.*

Polyphenolic compounds are abundant in nature and have long been oH
purported to possess antioxidant activities. Specifically, they are believed to act O
as radical-trapping chemicals that disrupt and inhibit the propagation of radical N
chain reactions within the cell. Of this class of compounds, resveratrol (1.1) and  Ho O OH

resveratrol (1.1)

its oligomers have maintained the curiosity of the scientific community. This is in part due to
resveratrol having a well-defined biosynthetic pathway, sharing key enzymatic transformations
with other phenylpropanoid compounds while the biosynthesis of its congeners remains enigmatic
and enzymes responsible for their syntheses remain elusive. Additionally, it was reported that
resveratrol and oligomers are found in red wine with high abundance and provided a timely,
possible explanation of the “French paradox” — the observation that societies (namely the French)
report lower incidences of cardiovascular diseases although they are subjected to higher risk
factors as a result of a high-fat diet and other risky lifestyle choices.> ® Similarly, the Mediterranean
diet, which is high in polyunsaturated fatty acids, has also been marketed to be preventative for
cardiovascular health disease (CHD). However, red wine consumption is also associated with
regions sharing this diet. Ultimately, the debate regarding whether red wine consumption offsets
the rate of CHD remains contentious as other explanations are offered (e.g. better societal
healthcare). Regardless, the resveratrol nutraceutical and red wine industries are ever expanding.

The resveratrol nutraceutical market was valued at $71.9 million in 2020 and is estimated to be

valued at $131.0 million by 2030.’

Given the worldwide attention of resveratrol, many clinical trials have been conducted with
resveratrol supplementation. As of Sept. 2022, there are 191 clinical trials involving the use of

resveratrol for various ailments.® Although the results from preliminary studies are encouraging,
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the results of the clinical trials are inconsistent. These trials investigated the metabolomics and
pharmacokinetics of resveratrol. It is recommended for future clinical trials to not exceed dosages
>1.0 gram/day of resveratrol. There have been several reports of mild to moderate side effects of

taking resveratrol which may limit future studies.®

The oligomers of resveratrol have not been subject to in vivo testing as resveratrol has despite
the in vitro data that suggests this expansive collection of congeners possess a myriad of activities
to specific protein targets.’® This is most likely due to the low abundance of these materials in
natural sources. The limitation in natural supplies of resveratrol oligomers underscores the need
for the development of synthetic routes to meet the demand of these materials in order to
interrogate their purported biological activities and subsequently their clinical applications. This
dissertation will highlight the numerous synthetic developments towards the syntheses of
resveratrol natural products and analogues from the Stephenson group and the collaborative efforts
made to remark on the radical-trapping antioxidant activities of these compounds. This chapter
will outline what is known regarding the biosynthetic routes of resveratrol and similar classes of
molecules, discuss the biological properties of these molecules, introduce the reader to concepts
in free-radical chemistry as well as give context for the radical-trapping antioxidant potential of
this structurally diverse class of molecules. Later chapters will focus on methods for accessing key
bonds in the targeted natural products and the progress that has been made to evaluate these

molecules as radical-trapping antioxidants in a pre-clinical setting.
1.2 Resveratrol oligomer biosynthesis

The phenylpropanoid family of molecules stems from the same biosynthetic route, the

phenylpropanoid polymalonate pathway, and is responsible for the synthesis of resveratrol in



addition to cinnamic acid, coumarin, and the lignin family of molecules.!! The starting precursor
to all of these natural products is phenylalanine (1.2), a naturally occurring amino acid that is
synthesized from the shikimate pathway in plants. This pathway converts phenylalanine to

coumaroyl-CoA and following condensation with malonyl-CoA, the common intermediate (1.5),

(0] (0]
henylalanine ammonia lyase A _CoA S 0o
oH _Phenylal: y s + CoA Y
NH, cinnamate 4-hydroxylase HO O O
L-phenylalanine 4-coumarate CoA ligase coumaroyl-CoA malonyl-CoA
1.2 1.3 1.4
O O
stilbene synthase A chalcone synthase
(expressed in response to stress) (expressed constitutively)

1.7b 1.7¢c

C8-C8' C10-C8'
dimerization | +1.7b dimerization| +1.7b

8-viniferin (1.12) pallidol (1.13) (-)-g-viniferin (1.14) gnetin C (1.15)

Figure 1.1. The phenylpropanoid polymalonate pathway-dependent synthesis of naringenin, resveratrol and its proposed radical-based
oligomeization to form dimers.



a linear tetraketide, is synthesized. In times of normal homeostasis, chalcone synthase is
constitutively expressed (type Ill polyketide synthase) and converts this linear tetraketide to
naringenin as well as other flavonoid natural products. When oxidative stress or fungal infection
wreak havoc on the plant, stilbene synthase is expressed and diverts linear tetraketide (1.5) to the
synthesis of resveratrol.’> 3 Because of the oxidative stress or UV light needed to activate the
expression of stilbene synthase, resveratrol (1.1) was originally proposed to be a phytoalexin, a
secondary metabolite made by plants in response to infection or stress. Further work by Langcake
and Pryce suggests that resveratrol may rather be a precursor to phytoalexins. It was found to be
the major blue fluorescent molecule at the sight of botritsed infection in Vitaceae grapes.
Interestingly, resveratrol itself offers no potency to combat the fungal infection, but other
oligomers such as a-viniferin (not depicted) and e-viniferin (1.9) were found to be more potent at

rescuing the plant (Figure 1.1).%4

Resveratrol is able to undergo numerous transformations and modifications within
biological systems. For instance, glycosylation and methylation are common modifications that
influence the physical properties of the resveratrol scaffold. The impacts of methylation of
resveratrol can enhance its antifungal properties,'®> presumably by enhancing the lipophilicity at
the target. Glycosylation of resveratrol can have several impacts effecting how the molecule is
stored within or translocated out of the cell. Additionally, glycosylation can affect its ability to
undergo enzymatic ocidation.'> ' How these oligomers form from the monomeric resveratrol is
uncertain as the enzymes that are responsible for their stereo-selective have been elusive to
isolation attempts. But the reactivity of the C6-hydroxy group in conjugation with the stilbene is
suspected to play a role in oligomerization in biological systems. Due to the electron rich nature

of the resveratrol aromatic system and the extended conjugation of the phenol with the rest of the



aromatic system, resveratrol is easily oxidizable (E” = +1.14 V vs SCE in MeCN).!" Following

single electron oxidation and deprotonation, 1.1 reacts to form the phenoxyl radical (1.7a-d). This
[6)

H
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OH O

H3CO. H3CO.
| >
/ L]
OH OH
) ) H3;CO
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1.17 HO OCHj
O
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=
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1.16 117
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6

oOH

""""""""""

i) Dirigent Protein? 0 H OH
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(1.23)
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L * O
ii) Dirigent O

Protein?

Dirigent Protein-Mediated Equilibration
to Single Enantiomer HO
(1.7b & 1.7¢) 1.9 pallidol (1.13)

Figure 1.2. Stereo- and regio- control of oxidation of coniferyl alcohol (A) without dirigent protein (B) and with dirigent protein
(C) and the potential involvement of dirigent proteins in resveratrol oligomer synthesis.
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is possibly facilitated by an oxidase such as laccase or peroxidase within the plant cell or using
fungal enzymatic machinery during infection of the plant.'®?® Radical-radical combination
between 1.7a and 1.7b furnishes the C3 — C8’ dimerized adduct. Radical-radical combination
between two equivalents of 1.7b furnishes the C8 — C8’ dimerized adduct. Radical-radical
combination between 1.7c and 1.7b furnishes the C10 — C8’ dimerized adduct. Lastly, radical-
radical combination between 1.7d and 1.7b furnishes the C12 — C8’ dimerized adduct. Each of
these dimer intermediates (1.8-1.11) contain an electrophilic quinone methide that easily
undergoes Friedel-Crafts cyclization by the electron rich aromatic system forming an additional
new C — C bonds in the product (1.13) or cyclization by the phenol results in additional C — O
bonds forming dihydrobenzofurans moieties (1.12, 1.14, 1.15). The presence of ROS within the
cell can increase the local concentrations of these reactive phenoxyl radicals as they oxidize

resveratrol which would allow for dimerization in the absence of an oxidizing enzyme.?’

While random dimerization of resveratrol within the cell is possible, it does not account
for the specific regio- and stereo- configurations found within the dimers as racemic mixtures of
isomers result when performed in vitro. This suggests that small molecule-aiding chaperone-like
proteins may be present within the cellular environment to dictate the regiochemical and
stereochemical outcomes in the product. The lignan class of natural products have been found to
be synthesized by similar single electron oxidation reactions with the regio- and stereo- control of

the reaction being facilitated by dirigent proteins. In 1997, the Lewis group isolated lignan dirigent
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=
HO O OH

resveratrol (1.1)
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¢ " ¢
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Figure 1.3. Proposed radical-based oligomerization for the synthesis of higher order oligmers. (Top) Trimerization be radical monomer-dimer
combination, (Middle) Sequential monomer addition to dimers for tetramer synthesis, (Bottom) homodimerization of dimer to form tetramers.

protein. When performing the oxidative coupling of coniferyl alcohol (1.16) a racemic mixture of
regioisomers was formed (1.18, 1.19, 1.20). Following the isolation of dirigent protein and
subsequently using it in the oxidation coniferyl alcohol, the stero- and regio-specific oxidative
coupling formed (+)-pinoresinol (1.22) (Figure 1.2).% This dirigent protein was later characterized
to reveal the enzyme exists as a trimer possessing two binding sites that are spatially separated for
monomer binding thus allowing for the facial and regio-selectivity in coupling.?® Given the
similarities in the hydroxystilbene core and that both natural product families stem from the same
biosynthetic pathway, it is reasonable to speculate that an analogous class of enzymes exist to

control the radical dimerization coupling with specific stereoselectivity.



The synthesis of the higher order oligomers of resveratrol are believed to occur through a
similar radical mechanism in which the monomer phenoxyl radical combines with a dimer-derived
radical to form trimers and tetramers from two subsequent additions of radical monomer or
combination of two radical dimers (Figure 1.3).1° Again, this is likely due to the propensity of
phenols to oxidize to the phenoxyl radical with possible regioselectivity guided by dirigent
proteins. The following section will provide a general overview of the physical characteristics of

radicals and their application to complex molecule synthesis.
1.3 Overview of radicals and their application in total Synthesis

The existence of carbon-centered radicals has been known for 120 years, but it was not until
the latter half of the 20™" century that their potential as intermediates in complex molecule synthesis
was realized.® In the last several decades, the use of radical methodologies has surged and radical
intermediates are now an integral part of many synthetic pathways towards complex natural

products. The analytical and synthetic methods used to characterize, generate, and utilize radicals
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Figure 1.4. History of carbon-cenetered radicals beginning from Gomberg's discovery of the tripheny
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significantly  greater than the phenolic tautomer that gives rise to 1.49.

methyl under the same conditions.” In contrast, methyl and other short-lived radicals are described
as transient. These definitions are based upon the kinetics with which the radicals decay when
generated in dilute solutions, which are characterized by the recombination rate constant kr (this
despite the fact that radical recombination? is often competitive with disproportionation).

Illustrative kinetic parameters of selected carbon-centered radicals are given in Figure 1.5.

Griller and Ingold also suggested “that ‘stabilized’ should be used to describe a carbon-
centered radical, R®, when the R—H bond strength is less than the appropriate C—H bond strength
in an alkane” 3! The difference of the C-H BDE of a given hydrocarbon from methane is often
used as a measure of the so-called ‘radical stabilization energy (RSE)’ afforded by the
substituent(s) attached to the central carbon atom, so these are also included in Figure 1. Although
radical stability and persistence are often used interchangeably, it is evident from the data collected

in Figure 1 that they should not. For example, while introduction of a vinyl or phenyl substituent
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on methyl significantly increases its stability, its lifetime in solution is essentially unchanged.3? 33
However, introduction of substituents that hinder dimerization and/or disproportionation of the
radicals increase their persistence — even if they do not increase the stability of the radical.® In fact,
substitutions that increase persistence often decrease the stability of the radical by localizing the

electron spin (e.g. 1.48).34 3

Another consideration in evaluating the persistence of a radical (which is not included in Ingold
and Griller’s definition) is the reversibility of the radical (re)combination reaction. A radical with
a relatively short lifetime in solution can be highly persistent if the reaction that limits its lifetime

is readily reversible.

The triphenylmethyl radical 1.40 provides a good starting point to introduce the concepts of
radical stability and radical persistence, which were first clearly delineated by Griller and Ingold.?!
The triphenylmethyl radical is relatively stable; the C-H bond strength in triphenylmethane (81
kcal/mol) is significantly lower than that in methane (105 kcal/mol), reflecting the stabilizing
interactions between the unpaired electron on the central carbon atom and the = orbitals of the
three attached pheny! rings which serve to delocalize it.2® 3" The triphenylmethyl radical can also
be persistent; in the absence of Oz, it makes up roughly 0.01% of a sample of 1.41. However, in
the presence of Oz, the triphenylmethyl radical is not persistent. Since persistence is a kinetic
characteristic, it depends on reaction conditions. Stability, which is a thermodynamic

characteristic, is inherent to the electronic structure of the radical.

Of the persistent radicals utilized in organic chemistry, (2,2,6,6-tetramethylpiperidin-1-oxyl),
or TEMPO (not depicted), is most prevalent. TEMPO is a stable radical that exists as a red-orange

solid at room temperature. It was first prepared by Lebedev and Kazarnowskii in 1960 by oxidizing
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2,2,6,6-tetramethylpiperidine with hydrogen peroxide.3® The stability of TEMPO can be attributed
largely to resonance, while its persistence, largely to sterics. The stability is evident upon
consideration of the O-H BDE of the corresponding hydroxylamine, which has been reported to
be 69 kcal/mol — approx. 35 kcal/mol lower than a typical O—H bond.3” 3 The four methyl groups
flanking the aminoxyl radical prevent dimerization, and the lack of adjacent C-H bonds prevents

disproportionation to nitrone and hydroxylamine.

The selectivity observed in many of the reactions which utilize TEMPO is governed by the
persistent radical effect (PRE). Fischer and Ingold were among the first to observe and characterize
this intriguing phenomenon in which systems containing both persistent and transient radicals
afforded remarkably selective product distributions.*® There are two main criteria necessary for
the persistent radical effect to be operative: a) of the radical intermediates formed in a given
reaction, one is more persistent than the other(s), meaning it has a significantly slower termination

rate, and b) the radical intermediates are generated in effectively equivalent rates. When such

Transient Radical Persistent Radical
*Higher reactivity *Lower reactivity
*Faster rate of termination *Slower rate of termination
sLow equilibrium concentration *High equilibrium concentration
Initiation Initiation
(RFx —= = x£{p)

k, = fast | | k.= slow

Fast Termination = Slow Termination

Low [@®] Irreversible:
@—H etc. @] >> [®] @—H etc.
Persistent Radical Effect transient radical

*Slow k, results in "build-up" of @.

«Concentration difference ([(?] >> [®) Major product persistent radical
governs selectivity for ®¥P).

Figure 1.6. Generic depiction of the persistent radical effect.
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criteria are met, the initial rapid termination of transient radicals in solution results in a system in

which the persistent radical has a significantly larger concentration than any transient radical. Such

Alkyl radicals through thermolysis
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Figure 1.7. Common "classical" techniques for the generation of radical intermediates.
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an excess of the persistent radical serves to drive the reaction forward in a selective fashion.*
Figure 2 provides a generic example of this scenario. A radical initiation event creates a system in
which both the transient radical R® (red) and the persistent radical P® (blue) are present in solution.
R* rapidly undergoes termination events, therefore its concentration in solution remains relatively
low. On the contrary, P®* maintains a relatively high concentration in solution due to its persistence,
thereby resulting in a system in which [P*]>>[R*®]. This “buildup” in [P*] increases the favorability
of coupling to R®, and the irreversible formation of the R—P heterocoupled product ultimately
drives the reaction. In other words, the persistent radical effect favors the formation of R—P due to
the persistence of P*® in solution. The following section will highlight how TEMPO has been

utilized to leverage the PRE for the synthesis of natural products (Figure 1.6).

An appreciation for the relationship between radical structure and persistence is vital to the
successful use of radical-based transformations in complex molecule synthesis. Persistent radicals,
which by definition have higher barriers to reaction, are generally more selective in the reactions
they undergo, whereas transient radicals, which by definition have lower barriers to reaction,
generally prove to be less selective. As such, careful selection of reaction conditions becomes all

the more important in the use of transient radicals in synthesis as compared to persistent radicals.

Radical chain reactions, which include initiation, propagation, and termination steps, offer a
way in which to utilize promiscuous radicals in complexity-building reactions in a selective
manner (Figure 1.8).4>* The initiation stage often uses radical initiators (i.e. metals, one electron
oxidants/ reductants, photolabile initiators, etc). Dialkylazo compounds (1.49), dialkylhyponitrites
(1.51), and peroxides (1.53, 1.55) are classes of molecules that are commonly used to thermally
initiate radical processes via homolysis and loss of N2 or CO: (Figure 1.7, top).*
Azobisisobutylnitrile (AIBN, 1.49) is one of the most common and well-studied aza-based radical
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initiators. Once the radical is generated, a variety of propagation steps can occur including: radical-
radical couplings, B-eliminations, inter- and intramolecular C—C bond formations, and more.
Radical chain reactions can be terminated in a number of ways including reduction, fragmentation,

or a reaction of the final radical with the initial radical precursor.*

The evolution of the use of radicals in the synthesis of complex molecules can be characterized
into several phases. The first began in the late 1970’s with Bernd Giese’s development of the
mercury hydride method to generate radicals for the coupling of organomercurials and olefins.
This was the first form of the reaction we know today as the Giese reaction.*® The reductive
demercuration conditions responsible for the generation of carbon-centered radicals have been
known for some time, but this method was employed almost exclusively to reduce the radical to
the alkane. The Giese reaction differs in that it forms C—C bonds intermolecularly.*’ These

conditions were greatly surpassed in popularity by the use of tin hydride in the presence of an

A) Total synthesis of (-)-exo-brevicomin via the Giese reaction

(-)-exo-brevicomin (1.74)

B) Nagarajan's synthesis of silphinene via radical chain reaction

propagation
BusSne + O —— © H
° | propagation
. _A_lB_N H (cyclization)
initiation 1.75 1.78
TolC(S)O
BuzSnH
silphinene (1.81) 1.80 1.79

Figure 1.8. A) Giese's synthesis of (-)-exo-brevicomin (1.74); B) Nagarajan’s synthesis
of silphinene (1.81)
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initiator. This could be attributed to the benefits in reactivity that tin hydride offers and perhaps
due to these conditions being less toxic than organomercury salts. The use of tin hydride in current
Giese reactions is still encountered in modern total synthesis. This reaction was utilized by Giese
and co-workers in the total synthesis of (-)-exo-brevicomin (1.74, Figure 1.8A).* Another early
example of the use of radical chain reactions in total synthesis is Nagarajan’s synthesis of
silphinene (1.81), which relies on the use of tin hydride and AIBN as the radical initiator, followed
by an intermolecular cyclization as the propagation step (Figure 1.8B).*® Concurrently, metal
hydrides as MH HAT (metal-hydride hydrogen atom transfer) reagents for the Markovnikov
radical functionalization of olefins were being developed. Other developments included using
samarium diiodide (Sml2) for the generation of radicals from carbonyl reduction were also being

made at the time. Both of these methods remain steadfast in total synthesis.*® 4°

Over time, synthetic chemistry has witnessed a shift in attitude regarding the means of radical
initiation. Since the development of the principles of green chemistry, chemists have looked to
incorporate these tenets into new and long-established methods. The principles of green chemistry
advocate for limiting the use of toxic or hazardous reagents as well as minimize the generation of
waste products due to bulk solvent use and poor atom economy.>® Although less toxic than
mercury, organotin reagents have an associated toxicity to humans and aquatic life that has driven
the field to find alternative techniques for radical genesis.>! Organotin byproducts are sometimes
challenging to remove by chromatography as they coelute with desired products. This has
necessitated the development of chromatography techniques that utilize alternative stationary
phases.®* Generally, these “classical” means of radical genesis require either stoichiometric metal
reagents or stoichiometric reductants and oxidants to regenerate reactive metal species at

substoichiometric loadings.
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The development of milder methods for radical generation over the last 15 years, taking the
form of electrochemical and photoredox catalysis approaches, has fueled a resurgence of interest
in radical chemistry. These new radical strategies have been applied to total synthesis.
Electrochemistry has historically been used for bulk chemical production.’? Improvements to
chemoselectivity have permitted the use of electrochemistry in the synthesis of complex
molecules, where chemoselectivity is often a challenge. Additionally, electrodes act as both a
source and sink of electrons in an electrochemical reaction which circumvents the need for
stoichiometric quantities of reagents. Similarly, developments and improvements to photoredox
catalysis has allowed its use in total synthesis. When applied to net-redox neutral transformations,
stoichiometric reductants and oxidants can be avoided. Both of these fields offer new ways to
generate radicals in simpler, milder, and greener ways that differ from the classical methods
mentioned above. To provide context for the development of these greener methods, this review
highlights the application of “classical” radical methodologies in modern total synthesis. Then
this review will highlight the use of greener electrochemical and photoredox-mediated catalytic

strategies for generating radical intermediates in total synthesis.
1.3.1. Classical methods for radical synthesis

Some of the earliest examples of radical reactions have been performed with
organomercurials, a class of stable compounds known since 1852.% Organomercurials (R-HgX)
can be decomposed to the alkyl radical in several ways (reductive demercuration, halogen
cleavage, etc). Most common to organic synthesis is the treatment of the organomercurial salt with
a reducing agent such as a borohydride. The hydride performs ligand substitutions yielding the
mercuric hydride (R—HgH) intermediate. Mercuric hydrides contain an extremely labile Hg—H
bond (BDE= 9.5 kcal/mol) and decompose readily to the carbon-centered radical (Re) forming
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mercury metal as a stoichiometric byproduct (Figure 1.7, middle).>* Though challenging, the
resulting alkyl radical can undergo intermolecular chemistry. However, the rate of HAT
termination via mercuric hydride is fast and often unavoidable making the mercury hydride method
for radical generation less ideal for intermolecular chemistry. Due to this shortcoming of poor
chemoselectivity coupled with the associated toxicities of these intermediates and the generated

waste, mercury has been largely replaced by tin.

The use of tin hydrides (especially BusSnH) in radical transformations have been used for
several decades and continues to persist despite the push to find greener alternatives.> In addition
to being “safer” than mercury, tin hydrides are especially advantageous due to the breadth of
reactivity they offer in comparison to mercury (Figure 1.7, middle).>® Due to the stability and
longevity of the tin-centered radical generated following initiation via HAT (Sn—-H BDE= 64
kcal/mol) from an initiator, they are used to propagate radical chain reactions.* Propagation can
occur when BusSne performs HAT or XAT (halogen atom transfer) on labile C—H or C—X bonds,
or when performing atom transfer radical additions (ATRA) that form carbon-centered radicals
that can then undergo intra- or intermolecular reactions. Due to the affinity of tin towards sulfur
and forming Sn-S bonds, thiocarbonyl-containing functional groups such as a xanthates have been
employed with tin hydrides to serve as carbon-centered radical precursors (Figure 1.7, middle).*’
In this process, the addition of tin radical to sulfur triggers a fragmentation event resulting in the
carbon centered radical. This process is central for the mechanisms of the Barton-McCombie
deoxygenation and  Barton  decarboxylation  reactions.®®  Organosilanes  (e.g.
tris(trimethylsilyl)silane) have become an invaluable tool for mediating radical processes as they

can act as H-atom sources.
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Organoboranes are a class of molecules used frequently as initiators upon reaction with oxygen
(Figure 1.7, middle).%® Though this chemistry has been known for over 150 years, it was not until
the late 1960’s that intensive mechanistic studies were performed and concluded the involvement
of radical intermediates. Triethyl borane (1.58) is most commonly used. Initial reaction between
triethyl borane and oxygen yields the autooxidation product, a peroxyboronate ester (1.59) which
can decompose to the peroxy radical (1.60) and alkyl radical (1.61) species. This method of
initiation is useful as it permits radical generation at low temperatures. However, as the presence
of oxygen is required, chain processes become less efficient due to autooxidaiton of radical

intermediates.

Techniques involving metal hydrides in radical processes have evolved such that transition
metals (e.g., Fe, Co, and Mn) can be used in catalytic systems requiring substoichiometric
quantities of metal and stoichiometric quantities of reductant (typically organosilanes).®® These
developments have greatly reduced metal waste that is typically generated, although waste
associated with the stoichiometric reductants and oxidants is challenging to avoid. In these
systems, olefins (1.62) undergo MH HAT which results in a carbon-centered radical intermediate
(1.63) that then undergoes reaction with a radical acceptor or termination by HAT or oxygen

(Mukaiyama hydration) (Figure 1.7, middle).

Metals can generate radical intermediates simply by performing single-electron redox
processes (Figure 3, bottom).®% %2 Ferrocenium, Mn(l11), and Ce(lV) reagents have been useful as
single electron oxidants.%® % Samarium diiodide (Smlz) is frequently used as a stoichiometric
reductant to generate carbon-centered radicals by single-electron reduction of ketone and aldehyde
carbonyls (1.67, Figure 1.7, bottom).®® Ti'"' reagents are able to reductively open epoxides (1.69,

via inner sphere SET) to give the more substituted carbon-centered radicals (1.70).65 67
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1.3.2. Electrochemistry in radical synthesis

Although the field of electrochemistry has been well-established since the late 18" century, its
synthetic use was largely grounded in the process-scale generation of bulk chemicals rather than
the synthesis of fine chemicals and complex molecules.® In recent decades, there has been a shift

in interest toward the use of electrochemistry for total synthesis. Due to the number of parameters
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Figure 1.9. Chiba's 2020 electrochemical total synthesis of pyrrolophenanthridone
natural products via C(sp?)-C(sp?) cross coupling and indoline oxidation.
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that can be adjusted (applied potential, electrode composite, electrolyte, divided vs. undivided
cells, etc), desired chemoselectivity can be fine-tuned, making electrochemistry well-suited for
complex molecule synthesis. Electrochemistry is particularly advantageous for single-electron
processes that generate radical intermediates. Kérk&s and co-workers have published a recent

review on advances in electrochemistry in organic synthesis.5®

Electrochemical strategies for radical transformations can be performed under oxidizing
or reducing conditions. Further control can be instilled by performing reactions with constant
potential or a constant current. Performing an electrochemical reaction with a constant potential
imparts greater chemoselectivity whereas doing so with a constant current imparts operational
simplicity.®® Electron transfers are typically achieved at the double layer, the characterized
stacking of charged molecules that forms around the electrode due to Coulombic interactions.™
These electron exchanges can occur between the electrode and substrate. In some instances,
electrochemistry can be used to generate an active oxidant or reductant in situ that performs the
electron transfer to or from the substrate. In these instances, regeneration of the active redox

reagent is permitted without the need for exogenous, stoichiometric oxidants and reductants.®

An example of electrochemistry in radical-mediated total synthesis is the 2020 total synthesis
of pyrrolophenanthridone alkaloids by the Chiba group which demonstrates the utility of
electrochemistry to generate radical intermediates in order to accomplish an intramolecular
C(sp?)—C(sp?) cross-coupling and indoline oxidations (Figure 1.9).” In this method, the indoline
1.92 is first oxidized to the arene radical cation 1.93. Subsequent coupling of the neighboring arene
to the radical cation forms tertiary radical 1.94. Subsequent re-aromatization and oxidation delivers
coupled indoline (1.95). The authors suggest that HFIP is critical to increase the electrophilicity of

radical cation 1.93 in the presence of ClO4 electrolyte. Following the synthesis of cross-coupled
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indoline 1.95, constant current oxidation is utilized to oxidize the indoline to the indole (1.100). In
this step, the indoline is oxidized to the radical cation 1.97. Deprotonation of 1.97 generates
benzylic radical intermediate 1.98 which then undergoes a subsequent anodic oxidation to form
cation 1.99. This is ultimately deprotonated by collidine to give the indole product 1.100. Several
pyrrolophenanthridone natural products (1.89-1.91) were accessed from the coupled products

following protecting group manipulation.
1.3.3. Generation of radicals by photoredox catalysis

Photoredox catalysis has had widespread use in the chemistry field over the last decade, it
has only been recently applied to generating radical intermediates for natural product synthesis.
Photoredox catalysts can take several forms including ligand-bound metal complexes or organic
molecules which can permit redox chemistry using visible light. Using these catalysts provides a
milder alternative to high energy UV light utilized in photochemistry of the previous century.”
Once excited with visible light, catalysts are able to perform single-electron transfer (SET)
oxidation and/or reduction processes.”® There have been more comprehensive reviews on advances
in photoredox-based methodology and applications in organic synthesis than what is covered in
this review.’> " Photoredox catalysis has the ability to generate radicals for reductive couplings,
photocycloadditions, intermolecular C—H functionalization reactions, and more. This provides
multiple avenues to access natural product cores through complexity-building reactions. Net-
neutral redox catalytic cycles offer a “green” means to generate reactive radical intermediates for
total synthesis applications while reducing the generation of excess waste. Net-neutral redox cycles
circumvent the need to handle toxic reagents as substoichiometric loadings of catalyst is achievable
without relying on exogenous stoichiometric oxidants or reductants to regenerate the reactive
oxidation state of the catalyst.

22



A noteworthy
example of photoredox
catalysis replacing
stoichiometric metal
oxidants in total synthesis
is the synthetic endeavors
made for the synthesis of
Catharanthine  (1.101).
1.101 is a polycyclic
natural product that has
been utilized as a starting
point for several
semisynthetic efforts to
access a variety of
structurally related
alkaloid natural products.
It contains an indole and
an isoquinuclidine ring,
and these fragments are
connected by the seven-
membered C ring.
Catharanthine is easily

accessed from cell
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Figure 1.10. Approaches leveraging the fragmentation of catharanthine (1.101) to access indole
alkaloid natural products.
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cultures in synthetically useful quantities; thus, its abundance and resulting commercial
availability has fuelled multiple semisynthetic efforts. The utility of 1.101 as a synthetic precursor
for related alkaloids is enabled by the ease with which the C16-C21 bond undergoes oxidative

fragmentation to the benzylic radical intermediate 1.105 (Figure 1.10).

The Boger group published a remarkable total synthesis of vinblastine (1.103) in 2008 in which
the key step involved the coupling of catharanthine (1.101) and vindoline (1.102) via the radical-
induced fragmentation of 1.101 (Figure 1.10A).” Vinblastine (1.103) is a potent inhibitor of
microtubule formation and mitosis and is a key anticancer drug target. In Boger’s synthesis of
vinblastine, catharanthine (1.101) is treated with FeCls to form the amine radical cation 1.104. This
intermediate presumably undergoes rapid C16—C21 fragmentation, affording benzyl radical 1.105.
Subsequent oxidation of 1.105 gives intermediate 1.106, which acts as the electrophile in a Friedel-
Crafts coupling reaction with vindoline (1.102) to give 1.108. This fragmentation and coupling
sequence to was originally developed by Kutney and co-workers in 1988 to access 3’-4’-
anhydrovinblastine (1.109), which was obtained by reduction of 1.108 with NaBH.”® Boger and
co-workers instead leveraged conditions (Fez(0x)s-NaBH4/Oz) that enabled reduction of the
iminium and stereoselective oxidation of the C15°~C20’ double bond in a single pot. This decisive
step affords the C20’ tertiary alcohol of vinblastine (1.103) in 43% yield under optimized

conditions.

While Boger demonstrated that alkaloid natural products can be accessed through the FeCls-
mediated single electron oxidation and fragmentation of catharanthine, we were able to show this
can also be accomplished with photoredox catalysis. In 2014, we reported the syntheses of (-)-
pseudotabersonine (1.113), (+)-coronaridine (1.114), and (-)-pseudovincadifformine (1.115)
(Figure 1.10B).”” The key step to the syntheses of 1.113-1.115 involved the formation of a
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common intermediate (1.110) by the photoredox-mediated fragmentation of catharanthine (1.101).
Excitation of the photocatalyst and reductive quench with 1.101 yields amine radical cation 1.104.
Fragmentation of the C16-C21 bond occurs in the same way as discussed in Boger’s synthesis of
vinblastine, generating the stabilized benzyl radical 1.105. This stabilized radical survives the
addition of cyanide to the iminium group before being ultimately reduced by the photocatalyst and
subsequently protonated to give 1.110. This transformation was achieved via batch reaction (93%
yield) as well as by utilizing flow chemistry (96% vyield), demonstrating the versatility of
photoredox catalysis for natural product synthesis. From 1.110, the desired natural products

(1.113-1.115) were synthesized in 1 or 2 additional steps.
1.4 Biological activities of resveratrol natural products

The resveratrol class of natural products has an abundance of potential biological activities that
compliments this natural product family’s structural diversity.'° Despite the numerous aromatic
motifs within these molecules, they are anything but flat which is a characteristic of many
important drugs. ® The lack of planarity is a due to the C — C coupling modes discussed earlier in
which these bridging points are often sp® hybridized, imparting them with three-dimensional
architecture. The increase in saturation opens up more modes of selective binding with protein
target of interest.’

For example, resveratrol itself has been shown to be a sirtuin activating compound in several
cell model systems. This is significant because sirtuins are a class of deacetylases that have been
proposed to be activated in times of caloric restriction which can extend longevity. e-viniferin and
a-viniferin are potential cytotoxic agents to numerous cancer cell lines of varying tissue types.
Nepalensinol B, a resveratrol tetramer (discussed in Chapters 2 & 3), has been shown to be a

topoisomerase type Il inhibitor (ICso = 11 nM) making it a potential target as an anticancer drug.
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Vitisin B, another resveratrol tetramer (mentioned in chapter 3), has been shown to have potent
activity against NS3 helicase (ICso = 3nM) which makes it a valuable target for combating hepatitis
C. Of all the alleged biological properties that the resveratrol class of compounds has to offer, the
scientific community is often fixated on their potential antioxidant activities, which is a hallmark
of their polyphenol nature. This specific biological activity will be the focus for the duration of
this dissertation.?
1.5 Autoxidation and radical trapping antioxidant properties of resveratrol and
polyphenols
Hydrocarbon autoxidation is the oxidative breakdown of organic materials. It is a chemical

reaction in which molecular oxygen formally is inserted within a C — H bond. In the scope of
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Autoxidation Phenolic antioxidants in industry:
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Lipid peroxidation has been LOO® + a-TOF: — LOOH + -TO
implicated in several diseases: LOO®*+ -TO — Non-radical products
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(e.g. Alzheimers's disease,

Dementia, Parkinson's disease) a-TOH =
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Figure 1.11: This presents an overview of autoxidation, industrial applications of antixodants, biological
antioxidants, and the pathogenic impact of autoxidation.
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industrial petroleum-based materials (e.g. oils, fuels, rubbers, lubricants, and polymers), this
process results in the decomposition of the material which negatively impacts its properties
resulting in its degradation and fouling. Biological materials are not immune to this process as the
macromolecules that comprise cells, tissues and organs are hydrocarbon-based. Macromolecules
that are most susceptible to this decomposition pathway are lipids that comprise biological
membranes and lipoproteins. There is an abundance of research in academic and industrial labs
that aim to find chemical additives that mitigate/retard or completely inhibit this spontaneous
chemical reaction. The impacts of synthesizing, discovering, and applying molecules to mitigate
autoxidation include the development of new material formulations that impart longer lifetimes
for the material in use as well as the potential to prevent oxidative damage to living systems that
could ultimately lead to preventative treatments for certain neurological and cardiovascular
diseases, cancer, and potentially increase the longevity of living beings.” &

More labile C — H bonds (lower BDE) are where this reaction occurs spontaneously. The
mechanism for this reaction begins with the initiation of a radical chain reaction. The resulting
radical species can perform HAT on the labile position of an oxidizable substrate to give the
reduced product and a new radical species (oxidized substrate). This newformed carbon-centered
radical undergoes reaction with oxygen at (or close to) the rate of diffusion (ko) to form a peroxyl
radical (ROOQO¢). This peroxyl radical species is then able to perform HAT on another oxidizable
substrate to produce a hydrogen peroxide (ROOH) and a new carbon-centered radical thus
propagating the radical chain reaction. This sequence of steps can repeat until the chain reaction is
terminated. Termination of the radical chain reaction occurs either by radical-radical dimerization
or disproportionation, both being bimolecular processes that result in non-radical products. For

example, the dimerization of two peroxyl radicals leads to the formation of a ketone, alcohol, and
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02. This mechanism is responsible for the autoxidation of cumene to form acetone and phenol.
This mechanism was first proposed and supported with deuterium labeling experiments in which
the kinetics of HAT from an oxidizable substrate (Specifically cumene and ethylbenzene) to
peroxyl radical were measured. The high kinetic isotope effect (ku/ko = 5.5) indicated that this step
was rate-limiting.8

Antioxidants are chemical compounds that have the ability to inhibit or slow the rate of
autoxidation. Depending on the mechanism in which they slow autoxidation, antioxidants are
generally divided into two categories: preventative antioxidants and radical-trapping
antioxidants.8? 8 Preventative antioxidants decrease the rate at which autoxidation is initiated.
This is accomplished by the breakdown and decomposition of alkyl peroxides and hydrogen
peroxides which in turn prevents the initiation of radical chain reactions and formation of hydroxyl
radicals via Fenton chemistry. In a cellular environment, preventative antioxidants include
enzymes such as catalase and glutathione peroxidase. Organophosphines and organosulfur
compounds are often used preventative antioxidants within industrial settings. Radical trapping
antioxidants, on the other hand, are chain-breaking antioxidants in that they sequester chain
propagating radical species such as peroxyl radicals. This is accomplished by the labile X — H
bond of a phenol (X=0)(or biaryl amine, X=N) which can undergo HAT by a reactive radical
species resulting in the reduced chain propagator and the phenoxyl radical. Due the phenoxyl
radicals inability to react with an oxidized substrate or O2, they are effectively persistent radicals
which eventually react with another equivalent of peroxyl radical forming non-radical peroxyl
adducts.# Common radical-trapping antioxidants that are used as industrial additives for materials
include derivatives of 2,6-di-tert-butyl-4-methylphenol/ bis-tert-butyl hydroxytoluene (BHT) and

ring-alkylated phenylamines. a-tocopherol, the major isomer of vitamin E that is absorbed by
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humans, is the quintessential phenolic-based radical-trapping antioxidant in biological systems
that breaks radical chain reactions involving poly-unsaturated fatty acids, sterols, and lipoproteins
in cellular membranes. 7% 8587

Thermodynamics and kinetics are factors responsible for the inherent reactivity of phenols (and
diarylamines) as peroxyl radical-trapping antioxidants. The labile O — H bond of phenol has a bond
dissociation energy of 87 kcal/mol — similar to that of hydroperoxide. This suggests that there is
not a thermodynamic driving force for HAT to occur between the phenol and peroxyl radical but
in actuality this process occurs with a measured rate constant (kinn) of ~10° M-st indicating that
there is a relatively low energy barrier in the transition state.® This low transition state energy is
a result of the pre-complexation of the electron rich phenol HOMO and the electron-poor LUMO
of the peroxy! radical that promotes the transfer of an electron and simultaneous proton transfer.
This process can be further improved by changing the substitution on the phenol to have more
electron-donating groups which lowers the BDE of the O — H bond. This change effectively raises
the HOMO of the phenol and reduces the energy gap with the electron-deficient peroxyl radical
LUMO. The kinn increases as a result.?° For this reason, a-tocopherol is able to perform HAT at a
rate (kinn) of 3x10° M1s%, a 3 fold increase in order of magnitude compared to phenol (~10° Ms’
1).85 Some substitutions that lower the phenol BDE can actually hinder the ability for the phenol
to sequester a peroxyl radical. Comparing BHT to 2,4,6-trimethylphenol, BHT has a BDE that is
1.7 kcal/mol lower than 2,4,6-trimethylphenol but has a kinn that is 6-fold less reactive than the
latter. This supports that the RTA potential of the phenol is sensitive to the steric environment that
surrounds it.%

Due to the given interest in antioxidants and the potential health benefits attributed to their

dietary intake, many assays have been developed for the characterization of total antioxidant
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content of a given molecule with developments dating back to the 1950s.”® The most popular
assays involve colorimetric or fluorescent reagents that have signal intensities that are reliant on
the potency of the antioxidant in question to inhibit autoxidation or sequester free radicals. There
are three types of antioxidant assays: single electron transfer (SET), metal chelation-based assays,
and HAT-based assays. In SET assays, an antioxidant is evaluated based on its ability to reduce a
radical probe (via SET) in order to stabilize it. This results in a color change (from the radical) that
corresponds to the end point concentration of the antioxidant. As its name suggests, metal chelation
assays evaluate an antioxidant based on its ability to chelate metals such as Zn?*, Fe?*, or Cu?*
which have been shown to be involved in the pathogenesis of various diseases and neurological
diseases (e.g. Alzheimer’s and Parkinson’s diseases). HAT-based assays measure the ability of

antioxidants to transfer a hydrogen atom to a radical.
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Chapter 2: Development of an Electrochemical Dimerization to Access C3 - C8

Dihydrobenzofurans and C8 — C8’ Quinone Methide Dimers
*Portions of this chapter have been published in:

Romero, K. J.; Galliher, M. S.; Raycroft, M. A. R.; Chauvin, J.-P. R.; Bosque, I,;
Pratt, D. A.; Stephenson, C. R. J., Angewandte Chemie International Edition 2018, 57 (52),
17125-17129.;* Matthew S. Galliher, Bec J. Roldan, and Corey R. J. Stephenson. Chem. Soc.
Rev. 2021, 50, 10044-10057.;* Kevin J. Romero, Matthew S. Galliher, Derek A. Pratt, and Corey

R. J. Stephenson. Chem. Soc. Rev. 2018, 47, 7851.2
2.1 Introduction

Strategies in forming the key C8 — C8” and C3 — C8’ bonds of resveratrol derived oligomers
are numerous. The most notable is the early work contributed to the field by Hou and Li in the use
of various oxidation techniques including enzymatic and metal-mediated oxidations to access
resveratrol oligomers? %29 as well as Stephenson’s use of metal oxidants in a regio-controlled
fashion® and the de novo strategies employed by Snyder.%5-1% The use of electrochemistry to

generate the resveratrol-derived phenoxyl radical, although relatively new, has become powerful

Bu 'Bu
O KHMDS

CpyFePFg

THF, 0 °C

l 95%

OBn

BnO

quadrangularin A (2.3) pallidol (2.4)
21 2.2 7 steps, 48% yield 6 steps, 26% yield
(4:3 dr) 1 x 5-exo-trig 2 x 5-exo-trig

Figure 2.1. Stephenson’s biomimetic synthesis of quadrangularin A (2.3) and pallidol (2.4).
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technique in resveratrol oligomer synthesis. Our previous work for achieving the

regiocontrolled C8 — C8’ dimerization of 2.1 was realized in the synthesis of quadrangularin A

and pallidol (Figure 2.1) which utilized quinone methide dimer (QMD) 2.3.2 10

2.2 Development of an electrochemical method of C8 — C8 and C3 — C8 dimerization

The biomimetic strategies for the
C8 — C8 and C3 — C8 bonds of
resveratrol  oligomers utilize the
resveratrol derived phenoxyl radical.
The biosynthesis of these oligomers is
hypothesized to proceed via the regio-
and  stereoselective  coupling of
phenoxyl radicals of form 2.5a-2.5¢c to
generate products such as hierochin D
(2.6) via C3-C8 coupling and
quadrangularin A (2.3) via C8-C¥&
coupling (Figure 2.2A).102 103 Several
of the synthetic efforts to recapitulate
this strategy, including our own, have

used enzymatic catalysis or single-

A) Inspiration derived from phenylpropenoid biosynthesis

OH o’ 0 0
R4 3 R, R4 R, R4 3 R, R4 R,
-e’, -H* |
N8 T N TN 8
R3 R3 R3
2.5a 2.5b

2.5 2.5¢
R4 = H or OMe, +2.5¢ | +2.5¢| C8-C8
_ coupling
R, = H or OMe, c3-cs'
Rz = CgH H,OH ”
3 = CgH50, or CH,0 l coupling

B) This work: Electrochemical phenylpropenoid oligomerization

Cc8-C8'

coupling o

mild electrochemical
oxidation

—{2,6-1ut );
|

0.6 V Cc3-cg'
(vs. Ag/AgCl) coupling
I

Figure 2.2. A) Phenylpropenoid oligomerization occurs via phenoxyl radical
coupling. B) Our electrochemical approach to the oligomerization of
phenylpropenoid scaffolds.To determine whether the desired dimerization
would be feasible under anodic oxidation conditions, we interrogated the
oxidation potential of various 4-hydroxystilbene substrates using cyclic
voltammetry (see page S38 of the Supporting Information).

electron oxidants, while others have targeted these molecules through de novo routes.53 64 92-94, 96-

9, 104111 Qyr previous approaches employed ferrocenium hexafluorophosphate as a mild

stoichiometric oxidant to promote dimerization of protected resveratrol derivatives, which

ultimately enabled the total synthesis of several dimeric and tetrameric resveratrol natural
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products.®®  While these conditions were high-yielding and afforded excellent regioselectivity,
we sought to develop a catalytic method that would translate more readily to other systems,
especially those that may be prone to overoxidation. We previously investigated the use of
photocatalysis to achieve this goal.®* Unfortunately, competing energy transfer pathways resulted
in stilbene isomerization, while stoichiometric terminal oxidants led to decomposition of the
products and/or starting materials. Therefore, an alternative method for catalytic phenol oxidation

was desired.

2,6-lut 7 ] ! @ operationally simple
,6-lu R— :
I o A N ' ' @ mild conditions
/s y :
R / .,

2,6-lutidine (0.2 equiv) A /\ Q catalytic oxidation
MeCN (KPFg 50 mM) \/ NN _
0.6V N Q@ environmentally benign
(vs. Ag/AgCl) N S :
[ R R ° Q@ 16 examples

. Electron-rich resorcinol analogues:

R = Bn (2.2); 99%, 4:3 dr R = Me (2.10); 65%, 2:1 dr 212 : R = -CH,- (2.13); 99%, 3:2 dr
R = Me (2.8); 99%, 3:2 dr R = Et (2.11); 68%, 2:1 dr 99%, 4:3 dr R =Bn (2.14); 94%, 5:4 dr
R = PMB (2.9); 99% 5:4 dr :

92%, 1:1dr ; R = SMe (2.15); 93%, 4:3 dr
94%, 1:1 dr : R = OBn (2.16); 95%, 3:2 dr
R = NHBoc (2.17); 96%, 3:2 dr

R = NO, (2.18); 93%, 2:1 dr 2.20 R = NO, (2.21

)
R = CFj (2.19); 98%, 5:1 dr 97%, 4:3 dr R = CF, (2.22);

Figure 2.3. Substrate scope for the electrochemical dimerization of 4-hydroxystilbenes.

Several reports have demonstrated the utility of anodic oxidation in total synthesis,*?12° put
efforts to apply this approach in the context of phenylpropenoid natural product total synthesis
have been limited by low yields and lack of regiocontrol.*?-124 Here, we present an electrochemical
method for the regioselective dimerization of various hydroxystilbene derivatives (Figure 2.2B).
The anodic oxidation reactions proceed at low potential and deliver the corresponding quinone
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methide dimers (QMDSs) in good to excellent yields, providing rapid access to multiple natural

product scaffolds in a selective fashion.

In all cases, direct oxidation of the substrate occurred above +0.8 V, however in the presence
of 2,6-lutidine oxidation occurred below +0.6 V in all cases. With this information in hand (see
page S43 of the Supporting Information for complete details), we developed conditions where
anodic oxidation in the presence of 2,6-lutidine enables phenoxyl radical dimerization (Figure
2.3). The scope of this reaction was investigated by first varying the substituents of the resorcinol
ring. A range of 3,5-di-tert-butyl-4-hydroxystilbene substrates were prepared from commercially
available starting materials in 2-3 steps (see Supporting Information). Various protecting groups
were tolerated on the resorcinol ring without diminishing the yield (2.2, 2.8, 2.9). When the tert-
butyl substituents at C3 were exchanged with trialkylsilyl groups (2.10, 2.11), the yield diminished
due to the decreased stability of the QMDs, which we have reported on previously.®® It was
apparent that both electron-withdrawing and electron-donating groups were tolerated at each
position of this aromatic ring as reactions proceeded with a wide-variety of electronically distinct
substrates in excellent yields (2.12-2.22). The scope of this chemistry was extended to include
dimerization of the e-viniferin analogue (2.23/2.24), whose QMD product is the key intermediate
in our recently reported syntheses of the natural products nepalensinol B and vateriaphenol C.%3
As observed in the preparation of 2.5 and 2.10, the electrochemical yields of 2.25 and 2.26 were
comparable to those obtained using a stoichiometric chemical oxidant, demonstrating the
generality of this method for selective biomimetic synthesis of C8-C8’ resveratrol oligomers
(Figure 3A). Regarding the observed diastereoselectivities in the synthesis of these QMD products,
we presume that these dimers are in dynamic equilibrium with the corresponding phenoxyl radical

monomers via C8-C8’ homolysis as we have previously characterized for QMDs 2.5, 2.10, 2.25
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2,6-lutidine
_—
MeCN, 0.6 V
BnO
OBn
R = Bu (2.23) R = 'Bu (2.25), 89%, >19:1 dr
R = SiMes (2.24) R = SiMe; (2.26), 57%, >19:1 dr
B) OH
hgl

N8 2,6-lutidine

MeCN, 0.6 V
PMBO OPMB OPMB
R=H (2.27) R = H (2.29), 59%, >19:1 dr
R = OMe (2.28) R = OMe (2.30), 57%, >19:1 dr
C)
OH
MeO 3
2,6-lutidine
S8 MeCN, 0.6 V
OH

coniferyl alcohol (2.31)

D)

R = 3,5-diOBn (2.32), 90%
R = H (2.33); 29%

R = 4-SMe (2.34); 61% ‘B

R = 3,4-OCH,0 (2.35); 39% OH

Figure 2.4. A) Electrochemical dimerization delivers the key intermediate for the
synthesis of resveratrol tetramers. 2,6-lut. = 20 mol%, Electrolyte = KPF6 (50 mM),
Reference Electrode = Ag/AgCI. B) The removal of the C3-substituent results in a
direct C3—C8’ dimerization, affording dihydrobenzofuran products. 2,6-lut. = 20 mol%,
Electrolyte = KPF6 (50 mM), Reference Electrode = Ag/AgCl. C) Electrochemical
synthesis of (x)-hierochin D. 2,6-lut. = 50 mol%, Electrolyte = KPF6 (50 mM),
Reference Electrode = Ag/AgCl. D) Preparation of natural product analogue cores
from QMDs.

and 2.26.%% Therefore, the minimal diastereoselectivity observed for 2.2, 2.8-2.22 is in agreement
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with prior methods for preparing these materials, as is the excellent diastereoselectivity observed
for 2.25 and 2.26. The influence of additional stereocenters present in 2.25/2.26 presumably has a
greater impact on the orientation in which the persistent radicals recombine, resulting in an
increase in diastereoselectivity when moving from the dimer to the tetramer system.? Importantly,
the preparation of tert-butylated dimers (5-7, 10-20, 23) did not require chromatographic
purification, which is highly advantageous for multi-step syntheses and provides an attractive

alternative to stoichiometric dimerization methods.

The scalability of this reaction was later demonstrated after the publication of this
manuscript.®® In efforts to produce QMD for the synthesis of oligomers, the electrochemical
dimerization was demonstrated to work on a 100 gram scale. This was accomplished in a batch
reaction format and as such the amount of RVC electrode material was scaled up as the rate of this
reaction is reliant on the available surface area of the electrode. Additionally, superstoichiometric
quantities of 2,6-lutidine were used to mitigate the reaction time. In less than 24 hours, the reaction
was completed. This batch of material was purified via silica chromatography to remove
electrolyte to yield a semi-crude mixture which was later triterated in acetone to produce 90 grams

of pure, yellow QMD powder (90% vyield after triteration in acetone).

The removal of one of the C3 blocking groups resulted in C3—C8’ dimerization, enabling
access to the cores of the natural products d-viniferin (2.29) and shegansu B (2.30) exclusively as
the trans-diastereomers (Figure 2.4B), consistent with prior biomimetic dimerization studies of
these types of hydroxystilbenes.’%? As a result, the regioselectivity for this transformation is
controlled exclusively by the presence or absence of a C3-blocking group. As described in Figure
1B, the analogous biosyntheses of the lignan class of natural products prompted us to investigate

an extension of this electrochemical dimerization strategy. Subjection of coniferyl alcohol (2.31)
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to anodic oxidation under our

OH
optimized  conditions  afforded
O 1) Elgctrqchgmical
« dimerization . moderate conversion of the starting
2) TBAF
O 48% (2 steps) material; gratifyingly, a simple
TBDPSO OTBDPS
increase in the concentration of 2,6-
2.36
lutidine from 20 mol% to 50 mol%
on afforded the neolignan natural
OMe . . A .
O 1) Electrochemical product (+)-hierochin D in 53% vyield
dimerization
2) TBAF B (2.6, Figure 2.4C).

63% (2 steps)

Q /

TBDPSO OTBDPS

Following the successful

2.38 shegansu B (2.39) synthesis of the natural product cores,
Figure 2.5. Total syntheses of 3-viniferin (top) and shegansu B (bottom)
accomplished by electrochemical dimerization of stilbene precursors. the total Syntheses of SheganSU B and

d-viniferin was targeted. Previous syntheses of these natural products have been performed
previously which utilized the oxidative dimerization of the corresponding stilbenes via horseradish
peroxidase and hydrogen peroxide conditions.? The syntheses were successfully carried out using
the TBDPS-protected stilbene precursors. Following the electrochemical dimerization and TBAF-
mediated desilylation, shegansu B and é-viniferin were isolated (63% and 48% respectively over

2 steps) (Figure 2.5).

To explore the utility of the electrochemically-synthesized quinone methide dimers for the
preparation of natural product-like indane and diquinane scaffolds, the QMDs described in Figure
2.2 were exposed to Lewis acids that promote intramolecular Friedel-Crafts cyclizations. While
direct, double cyclization of 2.2 was successful in our previous synthesis of the resveratrol dimer

pallidol,®* QMDs lacking the resorcinol moiety present in 2.2 did not react in this fashion. Instead,
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substrates with electron-donating groups at C12 (and their corresponding phenoxyl radicals) were
susceptible to redox disproportionation conditions, returning half of the material as the stilbene
precursor (reduction product) with loss of the remaining mass to oxidative decomposition (See
Figure S1 on page S85 of the Supporting Information). The QMDs depicted in Figure 2 were,
however, found to be suitable intermediates for the preparation of analogues of quadrangularin A
(2.3). Base-mediated isomerization of one quinone methide followed by Lewis acid activation and
Friedel-Crafts cyclization onto the remaining quinone methide forged a series of tert-butylated
quadrangularin A analogues (2.32-2.35), Figure 3D). Only QMDs containing the resorcinol
oxygen substitution pattern were able to undergo the double cyclization forming the [3.3.0]
bicyclooctane and as such, pallidol derivatives were inaccessible by the rest of the substrates. It
must be mentioned that the electronically-deficient QMDs were unable to undergo the Lewis acid-
mediated Friedel-Crafts cyclization as they were too poor of a nucleophile to complete this

transformation.
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2.3 Experimental
General Procedures:

Unless specifically noted otherwise, all glassware was flame-dried under vacuum (~0.5 Torr)
and cooled under inert atmosphere (N2 or Ar) prior to use. Each reaction container was charged
with a Teflon/PTFE-coated magnetic stir bar and sealed with a rubber septum to maintain a
positive pressure of inert atmosphere (N2 or Ar). Reagents sensitive to the atmosphere were
transferred via syringe or cannula as necessary. Reaction conversion was evaluated using
analytical thin-layer chromatography (TLC) using Merck silica gel 60 F254 TLC plates. TLC
plates were visualized under a dual short wave/long wave UV lamp and/or stained using solutions
of p-anisaldehyde or potassium permanganate or ceric ammonium molybdate. Stained plates were
developed over a heat gun as needed. Reactions were purified via flash column chromatography
either with RediSep®Rr Gold silica columns using a Teledyne Isco CombiFlash Rr automated
purification system or manually using 230-400 mesh silica gel. Either sodium sulfate or
magnesium sulfate were utilized to exclude water from worked up reactions, and the solvent was
removed on Blchi rotary evaporators and/or a Welch vacuum pump. All electrochemical
experiments were acquired using either a CH1620E electrochemical analyzer (from CH
Instruments) or a uUSTAT4000 4-Channel Potentiostat/Galvanostat (from Metrohm USA). Cyclic
voltammetry measurements were performed in five-neck cells (3 mL) using a three-electrode set-
up in which the working electrode was glassy carbon (3 mm diameter), the counter/auxiliary
electrode was a platinum wire, and the reference electrode was Ag/AgCl (3 M KCI, from
CHlInstruments). Bulk electrolysis experiments were performed on discovery scale in open 10-mL
vials and in a beaker of the appropriate size (15 — 40 mL) for the subsequent scale-up experiments.

These reactions used RVC panels (reticulated vitreous carbon, 100 ppi, 0.25 inch thickness, 3%
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relative density, from McMaster Carr) as the working or counter/auxiliary electrodes and a
Ag/AgCI (3 M KCI) reference electrode.
Reaction Materials:

Commercially available reagents were used without further purification unless specified.
Organic solvents (acetonitrile, dichloromethane, diethyl ether, dimethylformamide, dimethyl
sulfoxide, methanol, tetrahydrofuran, and toluene) and amine bases (triethylamine, pyridine, N,N-
diisopropylethylamine, and diisopropylamine) were purified prior to use with a Phoenix Solvent
Drying System from JC-Meyer Solvent Systems and PureSolv Micro amine drying columns from
Innovative Technology, respectively, and kept under a pressure of argon. Solutions of
organolithium reagents and Grignard reagents were purchased from Acros Organics and titrated
prior to use.

Product Analysis:

Product names were obtained using ChemDraw Professional 16.0 from Perkin Elmer. For
racemic compounds, the name corresponds to the depicted structure. Nuclear magnetic resonance
(NMR) spectra were obtained using an internal deuterium lock on Varian Inova 500 or Varian
VNMR 500 and 700 spectrometers. For H spectra, chemical shifts were referenced to the center
line of the residual solvent signal (CDCls: & 7.26; acetone-ds: 6 2.05) and are

4

reported in parts per million (ppm). Signal multiplicity is reported as follows: (br
N8
=broad, s =singlet, d = doublet, t = triplet, dd = doublet of doublets, ddd = doublet m

HO OH

of doublet of doublets, m = multiplet), and the associated coupling constants are
given in Hertz. For 3C spectra, experiments were completely heterodecoupled (broadband) and
chemical shifts are reported as ppm using the center line of the solvent signal as reference (CDCls:

& 77.16; acetone-ds: 6 29.92). The following resveratrol numbering scheme was used for the
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assignment of *H and C NMR signals. High-resolution mass spectra (HRMS) were acquired
using a Micromass AutoSpec Ultima Magnetic Sector mass spectrometer using electrospray
ionization (ESI), positive ion mode. We thank James Windak and Paul Lennon at the University
of Michigan, Department of Chemistry Instrumentation Facility for conducting the HRMS
experiments. Infrared spectra were acquired using a Perkin-Elmer Spectrum BX FT-IR

spectrophotometer using an ATR mount with a ZnSe crystal.
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General Stilbene preparation:

Unless otherwise specified, stilbene substrates were prepared from the benzyl alcohol or

benzyl bromide via a Wittig olefination with one of the following aldehydes:

OH OSiMes OSiMes

Bu Bu MeO.
N N N

O @) O

Aldehyde A Aldehyde B Aldehyde C

3,5-di-tert-butyl-4-hydroxybenzaldehyde (aldehyde A), commercially available;

4-((trimethylsilyl)oxy)benzaldehyde (aldehyde B), from silyl protection of 4-
hydroxybenzaldehyde;

3-methoxy-4-((trimethylsilyl)oxy)benzaldehyde (aldehyde C), from silyl protection of

vanillin.
Starting from the benzyl alcohol:

A solution of triphenylphosphine (0.97 g, 3.71 mmol) in dry THF (2.5 mL) was sparged with
N2 (18G needle, 5 min) and was added dropwise to a solution of (benzyl) alcohol (2.97 mmol) and
carbon tetrabromide (1.31 3.71 mmol) in dry THF (4.5 mL) that had been previously sparged (18G
needle, 5 min.) in a 50 mL flame-dried round bottom flask and chilled to 0 °C. The mixture was
stirred at room temperature for 16 h followed by dropwise addition of methanol (1 mL). The
mixture was diluted with EtOAc (100 mL) and added to a separatory funnel and the organic phase
was washed with a 1:1:1 mixture of 10% bicarbonate solution, saturated Na2S203, and DI water
solution (100mL). The organic phase was washed with brine and dried over Na2SOa. The organic
phase was then concentrated under reduced pressure and purified by silica gel (pre-neutralized)
column chromatography and eluted with 10:1 (hexane/ ethyl acetate) to afford the brominated

product.
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Starting from the benzyl bromide:

The benzyl bromide was added to a flame-dried round bottom flask charged with a stir bar and
fitted with a reflux condenser and dissolved in toluene (0.15 — 0.20 M). To the stirring solution
was added triphenylphosphine (1.5 equiv.), and the reaction was heated to 100 °C for 12 hours.
After cooling the reaction mixture to room temperature, the white phosphonium salt was collected
via vacuum filtration, and any excess triphenylphosphine was rinsed away with hexanes. The
phosphonium salt was dried under vacuum for >24 hours prior to use in the Wittig olefination to

ensure full removal of residual solvent and water.

The phosphonium salt was added to a flame-dried, 3-neck, round bottom flask charged with
stir bar and fitted with a reflux condenser. The salt was suspended in solvent (toluene or THF, 0.1
M), and to the stirring mixture was added nBuLi (1.6 or 2.5 M, 1.00 equiv.). After 30 minutes, the
reaction mixture had become a brilliant red, clear solution, at which point the aldehyde was added
under a stream of nitrogen, and the reaction was heated at reflux for 12 hours. After cooling the
reaction mixture to room temperature, the reaction was quenched with saturated aqueous
ammonium chloride, diluted with ethyl acetate, and added to a separatory funnel containing
additional agueous ammonium chloride. The layers were separated, and the aqueous layer was
extracted with additional ethyl acetate. The combined organic layers were washed with brine, dried
over magnesium sulfate, and concentrated under reduced pressure. The crude stilbene products
were purified via flash column chromatography (see characterization data for specific

chromatography conditions).
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The following substrates were acquired from previous investigations reported by our group.t?

BnO’ OBn

(S0) (E)-4-(3,5-bis(benzyloxy)styryl)-2,6-di-tert-butylphenol

Bu l ‘Bu

XN

MeO OMe

(S1) (E)-2,6-di-tert-butyl-4-(3,5-dimethoxystyryl)phenol

OH

TMS ! TMS

XN

J

BnO’

OBn

(S2) (E)-2,6-di-tert-butyl-4-(3,5-dimethoxystyryl)phenol

(21) 4-((E)-2-((2S,3S)-6-(benzyloxy)-2-(4-(benzyloxy)phenyl)-3-(3,5-bis(benzyloxy) phenyl)-2,3-
dihydrobenzofuran-4-yl)vinyl)-2,6-di-tert-butylphenol
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(22) 4-((E)-2-((2S,3S)-6-(benzyloxy)-2-(4-(benzyloxy)phenyl)-3-(3,5-bis(benzyloxy)phenyl)-2,3-
dihydrobenzofuran-4-yl)vinyl)-2,6-bis(trimethylsilyl)phenol

45



Bu 'Bu
1) PMBCI, K,COs, 1) PPhy O
HO OH TBAI, acetone, rt PMBO. Br 2) nBulLi

\Q/\ 2) PPhs, CBr,, THF \Q/\ 3) OH N

OH OPMB Bu Bu g
PMBO OPMB

(S3) (E)-4-(3,5-bis((4-methoxybenzyl)oxy)styryl)-2,6-di-tert-butylphenol
Commercially available 3,5-dihydroxybenzyl alcohol (2.0 g, 14.3 mmol) was added to flask

charged with potassium carbonate (2.25 equiv., 4.44 g) and tetrabutylammonium iodide (0.2
equiv., 1.05 g), and the solids were dissolved/suspended in acetone (42 mL). To the stirring
reaction mixture was added 4-methoxybenzyl chloride (2.20 equiv., 4.26 mL), and the reaction
was allowed to stir at room temperature for 16 hours. Upon completion, the reaction was diluted
with ethyl acetate and poured into a separatory funnel containing deionized water. The layers were
separated, and the aqueous layer was extracted with additional portions of ethyl acetate. The
combined organic layer was washed with brine, dried over magnesium sulfate, and concentrated
under reduced pressure to afford the crude product, which was carried forward without further
purification. The PMB-protected material (2.18g, 5.72 mmol) was subjected to the general
procedure using toluene as the solvent for the olefination with aldehyde A. The product was
purified by column chromatography (4% to 28% ethyl acetate in hexanes) to afford (E)-4-(3,5-

bis((4-methoxybenzyl)oxy)styryl)-2,6-di-tert-butylphenol (2.06g, 62% yield).
Rr = 0.22 (ethyl acetate/hexanes 1:9; UV)

IH NMR (500 MHz, Chloroform-d) & 7.37 (d, J = 8.6 Hz, 4H), 7.33 (s, 2H), 7.04 (d, J = 16.1
Hz, 1H), 6.93 (d, J = 8.6 Hz, 4H), 6.87 (d, J = 16.1 Hz, 1H), 6.76 (d, J = 2.2 Hz, 2H), 6.51 (t, J =
2.2 Hz, 1H), 5.29 (s, 1H), 5.00 (s, 4H), 3.83 (s, 6H), 1.48 (s, 18H).

13C NMR (126 MHz, Chloroform-d) § 160.32, 159.61, 154.08, 140.13, 136.29, 130.26,
129.44,129.17, 128.56, 125.92, 123.66, 114.15, 105.56, 101.24, 70.04, 55.47, 34.53, 30.43.

IR (Neat): 3606, 2965, 1577, 1515, 1439, 1245, 1147, 1046, 1026, 967, 858 cm™;
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HRMS (ESI) m/z calculated for CagHasOs" ([M+H]+)D 581.3262, found 581.3267.
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13C NMR, 126 MHz, Chloroform-d, Stilbene S3
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©/\Br 2) nBulLi
3) OH

(S4) (E)-2,6-di-tert-butyl-4-styrylphenol
Commercially available benzyl bromide ((bromomethyl)benzene, 1.1 g, 6.4 mmol) was

subjected to the general procedure using toluene as the solvent for the olefination with aldehyde
A. The product was purified by column chromatography (2% to 12% ethyl acetate in hexanes) to
afford (E)-2,6-di-tert-butyl-4-styrylphenol (1.64 g, 83% yield). The acquired 'H and *C NMR

spectra were consistent with those reported in the literature.
Rf = 0.31 (ethyl acetate/hexanes 1:9; UV)

IH NMR (500 MHz, Chloroform-d) & 7.50 (d, J = 7.6 Hz, 2H), 7.35 (s, 2H), 7.34 (t, J = 7.5 Hz, 1H), 7.23
(t, J = 7.3 Hz, 1H), 7.08 (d, J = 16.3 Hz, 1H), 6.95 (d, J = 16.2 Hz, 1H), 5.28 (s, 1H), 1.49 (s, 18H).

13C NMR (126 MHz, Chloroform-d) & 153.99, 138.09, 136.28, 129.70, 128.73, 127.11,
126.33, 126.00, 123.57, 34.53, 30.44.

IR (Neat): 3616, 2953, 1470, 1235, 1137, 1118, 957 cm™;

HRMS (ESI) m/z calculated for C22H200" ([M+H]*) 309.2213, found 309.2206.
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13C NMR, 126 MHz, Chloroform-d, Stilbene S4
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<oj©/\OH PPh3, CBry <OI>/\BF 2) nBuLi
o} THF o) 3) OH

(S5) (E)-4-(2-(benzo[d][1,3]dioxol-5-yl)vinyl)-2,6-di-tert-butylphenol
Commercially available benzyl alcohol (benzo[d][1,3]dioxol-5-yImethanol, 1.00g, 6.6 mmol)

was subjected to the general procedure using toluene as the solvent for the olefination with
aldehyde A. The product was purified by column chromatography (2% to 12% ethyl acetate in
hexanes) to afford (E)-4-(2-(benzo[d][1,3]dioxol-5-yl)vinyl)-2,6-di-tert-butylphenol (1.72 g, 74%

yield).
Rt = 0.26 (ethyl acetate/hexanes 1:9; UV)

IH NMR (700 MHz, Chloroform-d) § 7.31 (s, 2H), 7.06 (s, 1H), 6.92 (d, J = 8.0 Hz, 1H), 6.91 (d, J = 16.2
Hz, 1H), 6.86 (d, J = 16.2 Hz, 1H), 6.79 (d, J = 8.0 Hz, 1H), 5.97 (s, 2H), 5.26 (s, 1H), 1.48 (s, 18H).

3C NMR (126 MHz, Chloroform-d) & 153.79, 148.22, 146.94, 136.28, 132.69, 128.82, 128.10, 125.71,
123.36, 121.03, 108.50, 105.52, 101.16, 34.53, 30.44.

IR (Neat): 3625, 2955, 1486, 1435, 1249, 1135, 1036, 950 cm™;

HRMS (ESI) m/z calculated for C23H2003" ([M+H]") 353.2111, found 353.2107.
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13C NMR, 126 MHz, Chloroform-d, Stilbene S5
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Bu Bu
0 ®
1) BnBr, K,CO3, DMF 1) LDA, salt A,

OEt 2) LiAlH4, THF, 0 °C No -78 °C, 30 min S
. >
HO 3) SOgzepyridine, Et3N, BnO 2) 3,4-OBn-benzaldehyde,
-78°Ctort,15h

DMSO, CH,Cl,, 0 °C to rt
OH 2Ll OBn 3) TBAF, 0°C, 30 min
83% over 3 steps 86% over 3 steps OBn
OBn
OTMS OH
Bu Bu 3 steps Bu 'Bu
©
® Br
PPh,
salt A BHT

(S6) (E)-4-(3,4-bis(benzyloxy)styryl)-2,6-di-tert-butylphenol

Freshly distilled diisopropylamine (1.04 mmol, 146 pL) was added to a flame-dried heart-shaped flask,
dissolved in freshly distilled THF (2 mL), and cooled to -78 °C. To the stirring solution was added nBuL.i
(1.00 mmol, 400 uL, 2.5 M), and the solution was allowed to stir at the same temperature for 30 min.
Meanwhile, in a 3-neck round bottom flask, the phosphonium salt A (1.00 mmol, 634 mg, available in 3
steps?) was suspended in freshly distilled THF (10 mL) and cooled to -78 °C. The freshly prepared LDA
solution was added to the phosphonium salt suspension via cannula, and the ylid was allowed to form at
the same temperature for 30 min, turning the solution deep red. To a flame-dried heart-shaped flask was
added 3,4-benzyloxybenzaldehyde (0.80 mmol, 255 mg, available in 3 steps via alkylation, reduction, and
oxidation), and the solid was dissolved in THF (5 mL). The aldehyde solution was added to the ylid via
cannula, and the reaction was allowed to warm to room temperature overnight (~15 hours). The reaction
was subsequently cooled to 0 °C, and a solution of TBAF (1.00 mmol, 1.00 mL, 1.0 M) was added. The
desilylation was allowed to occur for 30 min, at which point the reaction was quenched via the addition of
saturated ammonium chloride, diluted with EtOAc, and added to a separatory funnel containing deionized
water. The layers were separated, and the aqueous layer was extracted with additional portions of EtOAc.
The combined organic layers were washed with brine, dried over magnesium sulfate, and concentrated
under reduced pressure. The crude product was purified by flash column chromatography (10% to 60%
CH>Cl; in Hexanes) to afford the stilbene product (360 mg, 86% yield).

Rf = 0.30 (CH2Cl2/hexanes 1:1; UV)

IH NMR (700 MHz, Chloroform-d) & 7.49 (d, J = 7.5 Hz, 2H), 7.45 (d, J = 7.5 Hz, 2H), 7.40
—7.37 (m, 2H), 7.37 — 7.35 (m, 2H), 7.34 — 7.30 (m, 2H), 7.30 (s, 2H), 7.14 (d, J = 2.0 Hz, 1H),
7.01 (dd, J=8.3,2.0 Hz, 1H), 6.91 (d, J = 8.3 Hz, 1H), 6.89 (d, J = 16.2 Hz, 1H), 6.83 (d, J = 16.2
Hz, 1H), 5.25 (s, 1H), 5.21 (s, 2H), 5.17 (s, 2H), 1.48 (s, 18H).

13C NMR (176 MHz, Chloroform-d) & 153.77, 149.34, 148.56, 137.52, 137.49, 136.26,
132.10, 128.90, 128.63, 128.61, 128.28, 127.95, 127.91, 127.58, 127.45, 125.64, 123.36, 120.14,
115.39, 112.86, 71.62, 71.55, 34.53, 30.45.

IR (Neat): 3617, 2951, 1680, 1595, 1504, 1255, 1133, 1016, 729, 695 cm™;

HRMS (ESI) m/z calculated for NaCssH003" ([M+Na]*) 543.2870, found 543.2873.

55



'H NMR, 700 MHz, Chloroform-d, Stilbene S6
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13C NMR, 176 MHz, Chloroform-d, Stilbene S6
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Bu ‘Bu
1) PPhg O
/@/\Br 2) nBulLi ~
MeS 3) OH

(S7) (E)-2,6-di-tert-butyl-4-(4-(methylthio)styryl)phenol

Commercially available benzyl bromide ((4-(bromomethyl)phenyl)(methyl)sulfane, 1.0 g, 4.6 mmol) was
subjected to the general procedure using toluene as the solvent for the olefination with aldehyde A. The
product was purified by column chromatography (2% to 12% ethyl acetate in hexanes) to afford (E)-2,6-
di-tert-butyl-4-(4-(methylthio)styryl)phenol (1.35 g, 82% yield).

Rt = 0.34 (ethyl acetate/hexanes 1:9; UV)

IH NMR (500 MHz, Chloroform-d) § 7.42 (d, J = 8.1 Hz, 2H), 7.33 (s, 2H), 7.24 (d, J = 8.4 Hz, 2H), 7.04
(d, J = 16.2 Hz, 1H), 6.89 (d, J = 16.2 Hz, 1H), 5.28 (s, 1H), 2.50 (s, 3H), 1.48 (s, 18H).

3C NMR (126 MHz, Chloroform-d) § 153.96, 137.00, 136.30, 135.20, 129.18, 128.73, 127.04, 126.72,
125.31, 123.50, 34.53, 30.44, 16.18.

IR (Neat): 3616, 2955, 1435, 1249, 1184, 962, 800 cm™,;

HRMS (ESI) m/z calculated for C2sH310S* ([M+H]") 355.2090, found 355.2087.
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13C NMR, 126 MHz, Chloroform-d, Stilbene S7
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OH

Bu Bu
1) PPhy O

/@/\OH PPhs, CBry /@/\Br 2) nBulLi §
BnO THF BnO 3) OH

OBn

(S8) (E)-4-(4-(benzyloxy)styryl)-2,6-di-tert-butylphenol
Commercially available benzyl alcohol ((4-(benzyloxy)phenyl)methanol, 1.00g, 4.7 mmol) was subjected
to the general procedure using toluene as the solvent for the olefination with aldehyde A. The product was
purified by column chromatography (2% to 12% ethyl acetate in hexanes) to afford (E)-4-(4-
(benzyloxy)styryl)-2,6-di-tert-butylphenol (1.52g, 78% yield).

Rr = 0.28(ethyl acetate/hexanes 1:9; UV)
'H NMR (500 MHz, Chloroform-d) & 7.44 (d, J = 7.1 Hz, 2H), 7.44 (d, J = 8.6 Hz, 2H), 7.40 (t, J = 7.6 Hz,
2H), 7.33 (t, J = 7.3 Hz, 1H), 7.32 (s, 2H), 6.96 (d, J = 8.6 Hz, 2H), 6.95 (d, J = 16.2 Hz, 1H), 6.89 (d, J =
16.3 Hz, 1H), 5.25 (s, 1H), 5.09 (s, 2H), 1.48 (s, 18H).

3C NMR (126 MHz, Chloroform-d) & 158.20, 153.69, 137.16, 136.24, 131.21, 129.05, 128.73, 128.11,
127.83, 127.63, 127.48, 125.53, 123.30, 115.17, 70.22, 34.53, 30.45.

IR (Neat): 3628, 2953, 1606, 1510, 1465, 1233, 1175, 1010, 954, 745 cm™;

HRMS (ESI) m/z calculated for C29Hzs02" ([M+H]") 415.2632, found 415.2632.
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13C NMR, 126 MHz, Chloroform-d, Stilbene S8
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OH

Bu 'Bu
1) LDA, salt A, O
/©/\OH Boc,0, THF, reflux @O 78 °C, 30 min Q
2 -
HoN SOgepyridine, Et3N, BocHN 2) 4-NHBoc-benzaldehyde,
DMSO, CH,Cl,, 0 °C to rt -78°Ctort, 15 h )
62% over 2 steps 3) TBAF, 0 °C, 30 min

66% over 3 steps

NHBoc

OTMS OH
Bu 'Bu 3 steps Bu 'Bu
[S]
® Br
PPh,
salt A BHT

(S9) tert-butyl (E)-(4-(3,5-di-tert-butyl-4-hydroxystyryl)phenyl)carbamate

Freshly distilled diisopropylamine (3.41 mmol, 478 pL) was added to a flame-dried heart-shaped flask,
dissolved in freshly distilled THF (10 mL), and cooled to -78 °C. To the stirring solution was added nBuL.i
(3.28 mmol, 1.31 mL, 2.5 M), and the solution was allowed to stir at the same temperature for 30 min.
Meanwhile, in a 3-neck round bottom flask, the phosphonium salt A (3.28 mmol, 2.08 g) was suspended in
freshly distilled THF (25 mL) and cooled to -78 °C. The freshly prepared LDA solution was added to the
phosphonium salt suspension via cannula, and the ylid was allowed to form at the same temperature for 30
min, turning the solution deep red. To a flame-dried heart-shaped flask was added 4-NHBoc-benzaldehyde
(2.62 mmol, 580 mg, available in 2 steps via Boc protection and oxidation), and the solid was dissolved in
THF (10 mL). The aldehyde solution was added to the ylid via cannula, and the reaction was allowed to
warm to room temperature overnight (~15 hours). The reaction was subsequently cooled to 0 °C, and a
solution of TBAF (3.28 mmol, 3.28 mL, 1.0 M) was added. The desilylation was allowed to occur for 30
min, at which point the reaction was quenched via the addition of saturated ammonium chloride, diluted
with EtOAc, and added to a separatory funnel containing deionized water. The layers were separated, and
the aqueous layer was extracted with additional portions of EtOAc. The combined organic layers were
washed with brine, dried over magnesium sulfate, and concentrated under reduced pressure. The crude
product was purified by flash column chromatography (20% to 100% CHCl, in Hexanes) to afford the
stilbene product (1.00 g, 90% yield).

Rf = 0.30 (CH2Cl2/hexanes 3:1; UV)

'H NMR (700 MHz, Chloroform-d) & 7.43 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.3 Hz, 2H), 7.32
(s, 2H), 6.98 (d, J = 16.2 Hz, 1H), 6.89 (d, J = 16.2 Hz, 1H), 6.47 (s, 1H), 5.26 (s, 1H), 1.53 (s,
9H), 1.47 (s, 18H).

13C NMR (176 MHz, Chloroform-d) & 153.79, 152.77, 137.31, 136.22, 133.06, 128.87,
128.36, 126.93, 125.42, 123.39, 118.69, 80.71, 34.52, 30.43, 28.50.

IR (Neat): 3623, 3325, 2957, 1709, 1600, 1521, 1234, 1153, 1051, 740 cm™;

HRMS (ESI) m/z calculated for NaC27H37NOs* ([M+Na]*) 446.2666, found 446.2660.

64



H NMR, 70

¥

-

o

A

L]

0 MHz, _C_thloro_form-d, Stilbene S9

an

-




13C NMR, 176 MHz, Chloroform-d, Stilbene S9
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©/\Br 2) nBulLi S
3) OH

(S10) (E)-2,6-di-tert-butyl-4-(2-nitrostyryl)phenol
Commercially available benzyl bromide (1-(bromomethyl)-2-nitrobenzene, 1.0 g, 4.6 mmol) was subjected
to the general procedure using toluene as the solvent for the olefination. The product was purified by column
chromatography (2% to 12% ethyl acetate in hexanes) to afford (E)-2,6-di-tert-butyl-4-(2-
nitrostyryl)phenol (927 mg, 57% yield).

Rr = 0.38 (ethyl acetate/hexanes 1:9; UV)
'H NMR (700 MHz, Chloroform-d) & 7.94 (d, J = 8.1 Hz, 1H), 7.76 (d, J = 7.9 Hz, 1H), 7.57 (t, J = 7.6
Hz, 1H), 7.44 (d, J = 16.0 Hz, 1H), 7.37 (s, 3H), 7.36 (t, J = 7.7 Hz, 3H), 7.07 (d, J = 16.0 Hz, 1H), 5.38
(s, 1H), 1.48 (s, 18H).

3C NMR (176 MHz, Chloroform-d) 5 154.83, 147.95, 136.44, 135.03, 133.80, 133.07, 128.09, 128.05,
127.40, 124.91, 124.29, 120.65, 34.52, 30.38.

IR (Neat): 3626, 2961, 1626, 1603, 1515, 1348, 1233, 1150, 965, 742 cm™;

HRMS (ESI) m/z calculated for C22H2sNOs* ([M+H]") 354.2064, found 354.2064.
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13C NMR, 176 MHz, Chloroform-d, Stilbene S10
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(S11) (E)-2,6-di-tert-butyl-4-(2-(trifluoromethyl)styryl)phenol

Commercially available benzyl bromide (1-(bromomethyl)-2-(trifluoromethyl)benzene, 0.79 g, 3.29 mmol)
was subjected to the general procedure using THF as the solvent for the olefination. The product was
purified by column chromatography (2% to 12% ethyl acetate in hexanes) to afford (E)-2,6-di-tert-butyl-4-
(2-(trifluoromethyl)styryl)phenol (989 mg, 73% yield).

Rt = 0.40 (ethyl acetate/hexanes 1:9; UV)

'H NMR (700 MHz, Chloroform-d) § 7.76 (d, J = 7.9 Hz, 1H), 7.66 — 7.63 (m, 1H), 7.51 (t, J
= 7.6 Hz, 1H), 7.37 (s, 2H), 7.33 — 7.28 (m, 2H), 7.04 (d, J = 16.0 Hz, 1H), 5.34 (s, 1H), 1.48 (s,
18H).

13C NMR (176 MHz, Chloroform-d) 5 154.48, 137.16, 136.34, 133.57, 131.92, 128.37, 127.32
(0, Jor = 29 Hz), 126.90, 126.71, 125.99 (q, Jc-r = 6.2 Hz), 124.66 (g, Jor = 275 Hz), 124.03,
121.71, 34.50, 30.36.

IR (Neat): 3636, 2956, 1435, 1422, 1308, 1122, 1035, 960, 753 cm™;

HRMS (ESI) m/z calculated for C2sH2sF3O" ([M+H]") 377.2087, found 377.2084.
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13C NMR, 176 MHz, Chloroform-d, Stilbene S11
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(S12) (E)-2,6-di-tert-butyl-4-(3-(trifluoromethyl)styryl)phenol

Commercially available benzyl bromide (1-(bromomethyl)-3-(trifluoromethyl)benzene, 0.78 g, 3.25 mmol)
was subjected to the general procedure using THF as the solvent for the olefination. The product was
purified by column chromatography (2% to 12% ethyl acetate in hexanes) to afford (E)-2,6-di-tert-butyl-4-
(3-(trifluoromethyl)styryl)phenol (1.06 g, 87% yield).

Rt = 0.40 (ethyl acetate/hexanes 1:9; UV)

'H NMR (700 MHz, Chloroform-d) & 7.73 (s, 1H), 7.66 (dd, J = 7.0, 1.9 Hz, 1H), 7.48 — 7.42
(m, 2H), 7.36 (s, 2H), 7.14 (d, J = 16.2 Hz, 1H), 6.95 (d, J = 16.2 Hz, 1H), 5.34 (s, 1H), 1.48 (s,
18H).

13C NMR (176 MHz, Chloroform-d) & 154.42, 138.85, 136.38, 131.48, 131.13 (q, Jc.r = 32
Hz), 129.33, 129.14, 128.11, 124.37 (q, Jo.r = 273 Hz), 124.33, 123.82, 123.51 (q, Jc-r = 3.5 Hz),
122.88 (q, Jo-r = 3.5 Hz), 34.54, 30.41.

IR (Neat): 3639, 2957, 1655, 1437, 1328, 1163, 1121, 1073 cm™’;

HRMS (ESI) m/z calculated for C2sH2sFsO* ([M+H]*) 377.2087, found 377.2093.
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13C NMR, 176 MHz, Chloroform-d, Stilbene S12
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(S13) (E)-2,6-di-tert-butyl-4-(4-nitrostyryl)phenol

Commercially available benzyl bromide (1-(bromomethyl)-4-nitrobenzene, 1.0 g, 4.6 mmol) was subjected
to the general procedure using toluene as the solvent for the olefination with aldehyde A. The product was
purified by column chromatography (2% to 12% ethyl acetate in hexanes) to afford (E)-2,6-di-tert-butyl-4-
(4-nitrostyryl)phenol (990 mg, 61% vyield).

Rr = 0.38 (ethyl acetate/hexanes 1:9; UV)

IH NMR (500 MHz, Chloroform-d) & 8.20 (d, J = 8.5 Hz, 2H), 7.60 (d, J = 8.6 Hz, 2H), 7.38 (s, 2H), 7.24
(d, J = 16.1 Hz, 2H), 6.97 (d, J = 16.2 Hz, 1H), 5.41 (s, 1H), 1.48 (s, 18H).

13C NMR (126 MHz, Chloroform-d) § 155.07, 146.40, 144.77, 136.56, 134.49, 127.69,
126.53, 124.29, 123.44, 34.56, 30.39.

IR (Neat) 3618, 2955, 1629, 1595, 1505, 1428, 1332, 1117, 973, 861, 748 cm™,;

HRMS (ESI) m/z calculated for C22H2sNO3s* ([M+H]") 354.2064, found 354.2068.
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13C NMR, 126 MHz, Chloroform-d, Stilbene S13
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(S14) (E)-2,6-di-tert-butyl-4-(4-(trifluoromethyl)styryl)phenol

Commercially available benzyl bromide (1-(bromomethyl)-4-(trifluoromethyl)benzene, 1.0 g, 4.18 mmol)
was subjected to the general procedure using THF as the solvent for the olefination. The product was
purified by column chromatography (2% to 12% ethyl acetate in hexanes) to afford (E)-2,6-di-tert-butyl-4-
(4-(trifluoromethyl)styryl)phenol (1.15 g, 77% vyield).

Rt = 0.40 (ethyl acetate/hexanes 1:9; UV)

IH NMR (700 MHz, Chloroform-d) § 7.58 (s, 4H), 7.36 (s, 2H), 7.16 (d, J = 16.3 Hz, 1H),
6.95 (d, J = 16.2 Hz, 1H), 5.35 (s, 1H), 1.49 (s, 18H).

13C NMR (176 MHz, Chloroform-d) § 154.56, 141.63, 136.43, 132.26, 128.71 (q, J = 32 Hz), 128.11,
126.33, 125.68 (q, J = 3.5 Hz), 124.52 (q, J = 271 Hz), 124.32, 123.93, 34.54, 30.41.

IR (Neat): 3636, 2955, 1435, 1422, 1308, 1122, 1035, 960, 753 cm™;

HRMS (ESI) m/z calculated for C2sH2sF3O* ([M+H]*) 377.2087, found 377.2084.
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13C NMR, 176 MHz, Chloroform-d, Stilbene S14
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(S15) (E)-4-(3,5-bis(benzyloxy)styryl)-2,6-bis(triethylsilyl)phenol
Commercially available 3,5-dihydroxybenzyl alcohol (2.0 g, 14.3 mmol) was added to flask

charged with potassium carbonate (2.25 equiv., 4.44 g) and tetrabutylammonium iodide (0.2
equiv., 1.05 g), and the solids were dissolved/suspended in acetone (42 mL). To the stirring
reaction mixture was added 4-methoxybenzyl chloride (2.20 equiv., 3.74 mL), and the reaction
was allowed to stir at room temperature for 16 hours. Upon completion, the reaction was diluted
with ethyl acetate and poured into a separatory funnel containing deionized water. The layers were
separated, and the aqueous layer was extracted with additional portions of ethyl acetate. The
combined organic layer was washed with brine, dried over magnesium sulfate, and concentrated
under reduced pressure to afford the crude product, which was carried forward without further
purification. The benzyl-protected material (2.22 g, 5.79 mmol) was subjected to the general
procedure using THF as the solvent for the olefination with aldehyde D, which is available from
silyl protection of commercially available 3,5-dibromo-4-hydroxybenzaldehyde. The product was
purified by column chromatography (2% to 12% ethyl acetate in hexanes, 2% increments, 2
column volumes each, then 2 column volumes at both 16% and 20%) to afford both olefin isomers
in a ~1:1 ratio (2.26 g, 69% yield combined). The E-isomer (900 mg, 1.59 mmol) was carried
forward and dissolved in THF, and the reaction mixture was cooled to -78 °C. nBuLi (1.0 equiv,

1.6 M in hexanes, 993 pL) was added dropwise to the stirring solution, and the reaction was held
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at temperature for 15 min prior to being allowed to warm to room temperature. The retro-Brook
rearrangement was quenched and worked up following the general procedure. The resulting
product was silyl protected following standard conditions, then subjected to the same retro-Brook
reaction to afford the product (E)-4-(3,5-bis(benzyloxy)styryl)-2,6-bis(triethylsilyl)phenol (861

mg, 85% yield).
Rt = 0.37 (ethyl acetate/hexanes 1:9; UV)

'H NMR (700 MHz, Chloroform-d) & 7.48 (d, J = 3.5 Hz, 4H), 7.46 (s, 2H), 7.41 (t, = 7.5 Hz, 4H), 7.35
(t, J = 7.2 Hz, 2H), 7.07 (d, J = 16.1 Hz, 1H), 6.88 (d, J = 16.2 Hz, 1H), 6.80 (t, J = 1.8 Hz, 2H), 6.55 (q,
J=2.0Hz, 1H), 5.10 (s, 4H), 5.06 (s, 1H), 1.02 (t, J = 8.0 Hz, 18H), 0.91 (q, J = 7.7 Hz, 12H).

13C NMR (176 MHz, Chloroform-d) & 166.04, 160.27, 140.16, 137.07, 136.01, 129.77,
129.09, 128.72, 128.12, 127.72, 125.88, 121.44, 105.62, 101.18, 70.25, 7.70, 3.98.

IR (Neat): 3592, 2951, 2870, 1591, 1453, 1397, 1161, 1144, 1060, 1004, 953, 723, 692 cm™™;

HRMS (ESI) m/z calculated for C4oHs303Siz2" ([M+H]") 637.3528, found 637.3535.
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'H NMR, 700 MHz, Chloroform-d, Stilbene S15

90'S ~
ors "

SS9
SS9
SS9
959
089
089 W.
089
(89—
689 7
SOL—7
807 7
vEL
SE€L W
9€L
oL
WL
WL
WL
8b'L
8b'L

s 7]

iy

Fos1T

Fsozr

00°T
m 0%

60

W 081
g
v 00'T

S0z
muw se6'c

8L°T
ﬁ [£:23

3.5

4.5

5.0

5.5

6.5

f1 (ppm)

84



3C NMR, 176 MHz, Chloroform-d, Stilbene S15
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OH
1) PMBCI, K,CO3, 1) PPhg O
HO OH TBAI, acetone, rt PMBO, Br 2) nBuLi 4) TBAF
2) PPhg, CBry, THF 3) oTMS N
OH OPMB O
PMBO OPMB

(25) (E)-4-(3,5-bis((4-methoxybenzyl)oxy)styryl)phenol
Commercially available 3,5-dihydroxybenzyl alcohol (2.0 g, 14.3 mmol) was added to flask

charged with potassium carbonate (2.25 equiv., 4.44 g) and tetrabutylammonium iodide (0.2
equiv., 1.05 g), and the solids were dissolved/suspended in acetone (42 mL). To the stirring
reaction mixture was added 4-methoxybenzyl chloride (2.20 equiv., 4.26 mL), and the reaction
was allowed to stir at room temperature for 16 hours. Upon completion, the reaction was diluted
with ethyl acetate and poured into a separatory funnel containing deionized water. The layers were
separated, and the aqueous layer was extracted with additional portions of ethyl acetate. The
combined organic layer was washed with brine, dried over magnesium sulfate, and concentrated
under reduced pressure to afford the crude product, which was carried forward without further
purification. A portion of the PMB-protected benzyl alcohol (783 mg, 2.06 mmol) was subjected
to the general procedure using toluene as the solvent for the olefination with aldehyde B. Upon
completion of the olefination, the reaction was cooled to 0 °C, and TBAF (1.0 equiv., 1.0 M in
THF, 2.06 mL) was added dropwise. The reaction was allowed to stir for 30 min, at which point it
was guenched and worked up following the general procedure. The product was purified by
column chromatography (8% to 40% ethyl acetate in hexanes) to afford the desired product (478

mg, 49% yield).

Rt = 0.30 (ethyl acetate/hexanes 3:7; UV)

'H NMR (500 MHz, Chloroform-d) & 7.38 (d, J = 8.3 Hz, 2H), 7.37 (d, J = 8.5 Hz, 4H) 7.01
(d, J=16.2 Hz, 1H), 6.93 (d, J = 8.6 Hz, 4H), 6.88 (d, J = 16.2 Hz, 1H), 6.81 (d, J = 8.3 Hz, 2H),
6.74 (d, J = 2.2 Hz, 2H), 6.53 (d, J = 2.3 Hz, 1H), 5.23 (s, 1H), 5.00 (s, 4H), 3.83 (s, 6H).
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13C NMR (126 MHz, Chloroform-d) § 160.14, 159.45, 155.45, 139.65, 130.02, 129.33, 128.95, 128.73, 127.99,
126.52, 115.63, 114.03, 105.57, 101.24, 69.92, 55.32.

IR (Neat): 3608, 2953, 1611, 1580, 1514, 1436, 1245, 1144, 1030 cm™;

HRMS (ESI) m/z calculated for CsoH2900s" ([M+H]") 469.2010, found 469.2007.
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'H NMR, 500 MHz, Chloroform-d, Stilbene 25
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13C NMR, 126 MHz, Chloroform-d, Stilbene 25
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OH

MeO.
1) PMBCI, K,COs3, 1) PPhs O
HO OH TBAI, acetone, rt PMBO, Br 2) nBuLi 4) TBAF
\Q/\ 2) PPhs, CBry, THF \@ 3) OTMS N
OH OPMB MeO O
PMBO' OPMB

(26) (E)-4-(3,5-bis((4-methoxybenzyl)oxy)styryl)-2-methoxyphenol
Commercially available 3,5-dihydroxybenzyl alcohol (2.0 g, 14.3 mmol) was added to flask

charged with potassium carbonate (2.25 equiv., 4.44 g) and tetrabutylammonium iodide (0.2
equiv., 1.05 g), and the solids were dissolved/suspended in acetone (42 mL). To the stirring
reaction mixture was added 4-methoxybenzyl chloride (2.20 equiv., 4.26 mL), and the reaction
was allowed to stir at room temperature for 16 hours. Upon completion, the reaction was diluted
with ethyl acetate and poured into a separatory funnel containing deionized water. The layers were
separated, and the aqueous layer was extracted with additional portions of ethyl acetate. The
combined organic layer was washed with brine, dried over magnesium sulfate, and concentrated
under reduced pressure to afford the crude product, which was carried forward without further
purification. A portion of the PMB-protected material (734 mg, 1.93 mmol) was subjected to the
general procedure using toluene as the solvent for the olefination with aldehyde C. Upon
completion of the olefination, the reaction was cooled to 0 °C, and TBAF (1.0 equiv., 1.0 M in
THF, 1.93 mL) was added dropwise. The reaction was allowed to stir for 30 min, at which point it
was quenched and worked up following the general procedure. The product was purified by
column chromatography (8% to 40% ethyl acetate in hexanes) to afford the desired product as a

~3.6:1 E:Z mixture (762 mg, 79% vyield).

Rt = 0.32 (ethyl acetate/hexanes 3:7; UV)

E-isomer:
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IH NMR (700 MHz, Chloroform-d) § 7.37 (d, J = 8.4 Hz, 4H), 7.03 (d, J = 1.8 Hz, 1H), 7.01
(dd, J = 8.2, 1.8 Hz, 1H), 7.00 (d, J = 15.9 Hz, 1H), 6.93 (d, J = 8.4 Hz, 4H), 6.91 (d, J = 8.1 Hz,
1H), 6.87 (d, J = 15.9 Hz, 1H), 6.52 (t, J = 2.5 Hz, 1H), 5.67 (s, 1H), 5.00 (s, 4H), 3.95 (s, 3H),
3.83 (s, 6H).

3C NMR (126 MHz, Acetone-ds) & 160.30, 159.58, 146.83, 145.82, 139.70, 129.90, 129.40, 129.28,
129.06, 126.55, 120.71, 114.69, 114.13, 108.42, 105.63, 101.38, 70.01, 56.03, 55.42.

Z-isomer:

'H NMR (700 MHz, Chloroform-d) & 7.28 (d, J = 8.6 Hz, 4H), 6.88 (d, J = 8.6 Hz, 4H), 6.80
(dd, J=7.6,1.8 Hz, 1H), 6.79 (d, J = 7.6 Hz, 1H), 6.77 (d, J = 1.5 Hz, 1H), 6.54 (d, J = 2.2 Hz,
2H), 6.48 (d, J = 12.1 Hz, 1H), 6.46 (t, J = 2.3 Hz, 1H), 6.44 (d, J = 12.1 Hz, 1H), 5.57 (s, 1H),
4.84 (s, 4H), 3.81 (s, 6H), 3.62 (s, 3H).

3C NMR (126 MHz, Acetone-ds) & 159.95, 159.51, 146.08, 145.08, 139.74, 130.53, 129.90, 128.61,
124.41, 122.87, 121.77, 114.07, 112.30, 111.42, 107.93, 101.44, 69.88, 55.75, 55.42.

Mixture of isomers:

IR (Neat): 3522, 2954, 2869, 1592, 1454, 1353, 1287, 1212, 1194, 1157, 1149, 1056, 1037,
963, 828, 732, 695, 634 cm’;

HRMS (ESI) m/z calculated for C31H3106" ([M+H]*) 499.2115, found 499.2111.
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H NMR, 700 MHz, Chloroform-d, Stilbene 26 (~3.6:1 mixture of isomers)
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'H NMR, 700 MHz, Chloroform-d, Stilbene 26 (Z isomer)
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3C NMR, 126 MHz, Chloroform-d, Stilbene 26 (~3.6:1 mixture of isomers)
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Cyclic Voltammetry Experimental Procedure:

For each stilbene substrate, two cyclic voltammetry experiments were conducted. The first
was to measure oxidation of the substrate (green or blue curve), while the second was to measure
oxidation in the presence of 2,6-lutidine (orange curve). The stilbene substrate (0.03 mmol) and
the electrolyte (BusNPFs, 0.3 mmol, 116 mg) were dissolved in acetonitrile (3 mL). For the
experiments with base, 2,6-lutidine (0.03 mmol, 3.5 uL) was added. The solution was transferred
to a 5-neck electrochemical cell, which was outfitted with a working electrode (glassy carbon, 3
mm diameter, surface area = 0.0707 cm?), reference electrode (Ag/AgCl, 3 M aqg. KCI), and
counter/auxiliary electrode (platinum wire). The electrochemical cell was connected to the
CH1620E electrochemical analyzer, and the potential was swept from 0.0 V to +1.0 V in two
sweep segments at a scan rate of 100 mV/s to afford the observed cyclic voltammograms. It can
be seen in the data below that direct oxidation of the electron rich substrates occurs between +0.8
to +1.0 V, however direct oxidation of electron deficient substrates occurs beyond +1.0 V. In the
presence of 2,6-lutidine, oxidation occurs below +0.6 V in all cases, suggesting that +0.6 V is a

sufficient potential to attain the desired reactivity.
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Cyclic Voltammetry Data:

Stilbene SO
0.3
0.25
0.2
E 0.15
E 0.1 monomer+2,6-lutidine
- 0.05 monomer
0
-0.05
0 0.2 0.4 0.6 0.8 1 1.2
Potential (V vs Ag/AgCl)
Figure S1. Cyclic voltammogram for stilbene S1.
Stilbene S1
1.60
1.40
1.20
_ 1.00
€ o080
; ——3,5-OMe-stilbene
£ 0.60
- =/ 2,6-lutidine
"™ 0.40
0.20
0.00 E===—— =
020 © 0.2 0.4 0.6 0.8 1 1.2

Potential (V vs. Ag/AgCl)

Figure S2. Cyclic voltammogram for stilbene S2.
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-0.50

Potential (V vs. Ag/AgCl)

Figure S3. Cyclic voltammogram for stilbene S3.

Stilbene S4
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-0.50
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Figure S4. Cyclic voltammogram for stilbene S4.

97

Becker stilbene

—w/ 2,6-lutidine



j (mA/cm?)

j (mA/Cm?)

Stilbene S5

4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
0.50

0.00 —
050 9 0.2 0.4 0.6 0.8 1 1.2

Potential (V vs. Ag/AgCl)

Figure S5. Cyclic voltammogram for stilbene S5.
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Figure S6. Cyclic voltammogram for stilbene S7.
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Figure S7. Cyclic voltammogram for stilbene S9.
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Figure S8. Cyclic voltammogram for stilbene S10.
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Figure S9. Cyclic voltammogram for stilbene S11.
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Figure S10. Cyclic voltammogram for stilbene S12.
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Figure S11. Cyclic voltammogram for stilbene S13.
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Figure S12. Cyclic voltammogram for stilbene S14.
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General Dimerization Procedure®:

The starting phenol (0.1 mmol) was added to a reaction vial with KPFs (74 mg, 0.4 mmol) and
2,6-lutidine (2.3 puL, 0.02 mmol) and dissolved in acetonitrile (8 mL). Two pieces of 0.25 x 2-inch
RVC panel (0.25 inch thickness) were cut. To each, a hole was made near one end, and copper
wire was placed through the hole and wrapped around the top of each electrode. One end of the
wire was left free in to connect to the alligator clips. These electrodes were carefully placed into
the reaction vial along with the reference electrode (Ag/AgCl in 3 M KCI) and a divider (see
image). The alligator clips were connected such that the reference and working electrodes were
adjacent to each other, while the counter electrode was opposite the divider. Care was taken to
ensure the copper wire was not submerged in solvent, nor the active components of the alligator
clips touching each other. The reaction was stirred at 750 rpm for 1-2 h at a constant voltage of 0.6
V. A chronoampergram was recorded to follow the course of the reaction. Upon completion of the
reaction, the electrodes were removed and rinsed into a collection flask with DCM (~40 mL). The
contents of the reaction vial were also rinsed into the collection flask. The solvent was removed
on the rotovap, the crude material was resuspended in DCM, and the electrolyte was filtered away
with a plug of Celite. The filtrate was then concentrated to afford the product, which did not require
further purification. The diastereomeric ratios were determined by integration of the aryl protons
on the quinone methide. When these were overlapping with other aryl signals, the 6-protons of the

quinone methide were integrated to determine dr.
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Optimization and Scalability of Dimerization
Table S1. Optimization of Electrochemical Dimerization

OH

Bu Bu
O 2,6-lutidine (X equiv.)

additive (X equiv.)
N8
KPFg (50 mM)

I 0.6 V (vs. Ag/AgCl)

OBn
10 1"

BnO

Entry (i‘:;fl) Additive (equiv.) égull“lf) Solvent (ratio) Time (h)  Yield (%)2
1 0.1 Fc (0.1) 2.0 A 05 94
2 0.1 : 2.0 A 0.5 99
3 0.1 : 0.2 A 0.5 99
4 0.1 : 0 A 05 0
5 03 : 0.2 A 1 90
6 03 : 0.2 AB (2:1) 1 95
7 0.9 : 0.2 AB (2:1) 5 99
8 3.6 : 0.2 AB (2:1) 12 95

aJsolated yields. Fc = ferrocene. A = MeCN. B = CHzCl>.
The investigation of this electrochemical dimerization strategy began with protected resveratrol

analogue 10, mimicking the key transformation in our prior syntheses of pallidol and
quadrangularin A.! Initial attempts sought to recapitulate the ferrocenium-mediated conditions,
positing that the well-known, low and reversible oxidation potential of ferrocene (E1/2 (Fc+/Fc) =
0.40 V vs SCE) would allow for the use of sub-stoichiometric equivalents of the oxidant.*
Gratifyingly, an excellent yield was achieved using only 10 mol% of ferrocene and 2 equivalents
of 2,6-lutidine (Table S1, Entry 1). It was speculated that the oxidative dimerization of 10 could
occur without the need for a metal catalyst, given the apparent selectivity window that existed
between the oxidation potential of the starting material (Ep/2 = +0.81 V vs Ag/AgCl) and the
desired product 11 (Ep/2 = +1.23 vs Ag/AgCl, see page S37 for voltammetry data). This selectivity
could be further enhanced by lowering the oxidation potential through the addition of base, an
effect demonstrated by Corduneanu et al. in their investigation of the effect of pH on the oxidation

potential of resveratrol.® Indeed, we observed a dramatic decrease in the oxidation potential of 10
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upon adding 2,6-lutidine (Ep/2 = +0.44 V (vs Ag/AgCl)), while the bis-quinone methide (BQM)
product 11 was unaffected. Employing these metal-free conditions for the bulk electro-chemical
processing of monomer 10 proved highly effective (Table S1, entry 2), generating the desired
product in near quantitative yield after just 30 min at +0.6 V. Furthermore, it was observed that
only a sub-stoichiometric amount of base was needed (Table S1, Entry 3), and the reaction did not
occur at the same set potential when base was excluded (Table S1, Entry 4). Upon increasing the
scale of the reaction (from 0.1 mmol to 0.3 mmol), deposition of insoluble dimeric products on the
surface of the electrodes was found to inhibit the reaction (Table S1, Entry 5), an issue that was
ameliorated through the addition of dichloromethane as a co-solvent. Importantly, these optimized
conditions proved readily-scalable (Table S1, Entries 6-8), including operation on multi-gram
scale while still maintaining high yields (=95%). In addition to the efficiency, the operational
simplicity of this method is viewed as a definitive benefit, as it is carried out on the benchtop, open
to atmosphere, and only requires the addition of an electrolyte and a single, readily-available
reagent. Furthermore, column chromatography is generally not required, increasing the

attractiveness of this method for multi-step synthetic routes.
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MeCN (KPFg 50 mM)

l 0.6 V (vs. Ag/AgCl)

OBn
S0 5

BnO

(5) 4,4'-((2R,3R)-2,3-bis(3,5-bis(benzyloxy)phenyl)butane-1,4-diylidene)bis(2,6-di-tert-
butylcyclohexa-2,5-dien-1-one)

Stilbene SO (0.1 mmol, 52.1 mg) was subjected to the general dimerization procedure,
affording bis-quinone methide 5 (51.7 mg, 99% yield, 4:3 dr). The *H NMR spectrum was identical

to the previous report for this compound.?

'H NMR (CDCI3, 500 MHz): § 7.40 — 7.30 (m, 20H), B-H’s of quinone methides: 7.12 (major
diastereomer, d, J = 2.2 Hz, 2H), 7.02 (minor diastereomer, d, J = 2.0 Hz, 2H), 6.82 (minor
diastereomer, d, J = 2.2 Hz, 2H), 6.72 (major diastereomer, d, J = 2.0 Hz, 2H); 6-H’s of quinone
methides: 6.41 — 6.37 (minor diastereomer, m, 2H), 6.33 — 6.29 (major diastereomer, m, 2H); 6.48
(major diastereomer, t, J = 2.1 Hz, 2H), 6.47 (minor diastereomer, t, J = 2.2 Hz, 2H), 6.45 (major
diastereomer, d, J = 2.1 Hz, 4H), 6.38 (minor diastereomer, d, J = 2.2 Hz, 4H), 4.96 (major
diastereomer, d, J = 11.5 Hz, 4H), 4.94 (major diastereomer, d, J = 11.5 Hz, 4H), 4.91 (minor
diastereomer, d, J = 11.5 Hz, 4H), 4.89 (minor diastereomer, d, J = 11.5 Hz, 4H), 4.28 (m, overlap,
sp® methines of both diastereomers, 4H), 1.26 (minor diastereomer tBu’s, s, 18H), 1.24 (major
diastereomer tBu’s, s, 36H), 1.23 (minor diastercomer tBu’s, s, 18H).
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MeCN (KPFg 50 mM)

l 0.6 V (vs. Ag/AgCl)

OMe
S1 6

MeO

(6) 4,4'-((2R,3R)-2,3-bis(3,5-dimethoxyphenyl)butane-1,4-diylidene)bis(2,6-di-tert-butylcyclohexa-
2,5-dien-1-one)

Stilbene S1 (0.1 mmol, 36.9 mg) was subjected to the general dimerization procedure,
affording bis-quinone methide 6 (36.5mg, 99% yield, 3:2 dr). The *H NMR spectrum was identical

to the previous report for this compound.?

'H NMR (CDCI3, 700 MHz): & B-H’s of quinone methides: 7.13 (major diastereomer, d, J =
1.9 Hz, 2H), 7.09 (minor diastereomer, d, J = 2.0 Hz, 2H), 6.82 (minor diastereomer, d, J = 2.2
Hz, 2H), 6.71 (major diastereomer, d, J = 2.2 Hz, 2H); 3-H’s of quinone methides: 6.43 (minor
diastereomer, m, 2H), 6.33 (major diastereomer, m, 2H); 6.35 (Ar-H major diastereomer, d, J =
2.1 Hz, 4H), 6.31 (Ar-H major diastereomer, t, J = 2.1 Hz, 2H), 6.29-6.27 (Ar-H’s minor
diastereomer, overlap, 6H), 4.34 — 4.30 (minor diastereomer sp® methines, m, 2H), 4.30 — 4.26
(major diastereomer sp® methines, m, 2H), 3.74 (major diastereomer -OMe's, s, 12H), 3.70 (minor
diastereomer —OMe's, s, 12H), 1.25 (minor diastereomer tBu’s, s, 18H), 1.24 (major diasterecomer
tBu’s, s, 18H), 1.23 (minor diastercomer tBu’s, s, 18H), 1.22 (major diastereomer tBu’s, s, 18H).
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OH
Bu l ‘Bu

S 2,6-lutidine (0.2 equiv.),
MeCN (KPFg 50 mM)

I 0.6 V (vs. Ag/AgCl)
PMBO OPMB

S3 7

(7) 4,4'-((2R,3R)-2,3-bis(3,5-bis((4-methoxybenzyl)oxy)phenyl)butane-1,4-diylidene)bis(2,6-di-tert-
butylcyclohexa-2,5-dien-1-one)

Stilbene S3 (0.1 mmol, 58.1 mg) was subjected to the general dimerization procedure,

affording bis-quinone methide 7 (57.8 mg, 99% vyield, 5:4 dr).

'H NMR (700 MHz, Chloroform-d) & 7.30 (m, 16H), 7.13 (B-H, major diastereomer, d, J = 2.4 Hz, 2H),
7.03 (B-H, minor diastereomer, d, J = 2.4 Hz, 2H), 6.90 (m, 16H), 6.83 (f-H, minor diastereomer, d, J = 2.4
Hz, 2H), 6.74 (B-H, major diastereomer, d, J = 2.4 Hz, 2H), 6.46 (m, 8H), 6.43 (3-H, minor diastereomer,
d, J = 8.8 Hz, 2H), 6.39 (minor diastereomer, d, J = 2.2 Hz, 4H), 6.35 (6-H, major diastereomer, dd, J =
7.2, 2.5 Hz, 2H), 4.87 (d, J = 2.6 Hz, 8H), 4.83 (g, J = 10.6 Hz, 8H), 4.30 (m, sp® methines of both
diastereomers, 4H), 3.81 (s, 12H), 3.80 (s, 12H), 'Bu signals: 1.26 (s, 18 H), 1.25 (s, 18H), 1.24 (s, 18 H),
1.23 (s, 18 H).

3C NMR (176 MHz, Chloroform-d) & 186.66, 186.61, 160.44, 160.31, 159.72, 159.71, 149.02, 148.93,
147.58, 147.27, 145.28, 143.91, 143.12, 142.79, 134.86, 134.71, 133.08, 132.03, 129.55, 129.53, 128.59,
128.54, 126.13, 125.97, 114.17, 107.95, 107.75, 100.33, 100.31, 70.15, 70.13, 55.44, 55.42, 51.78, 51.14,
35.49, 35.47, 35.03, 34.97, 29.62, 29.56, 29.54.

IR (Neat): 2955, 2929, 1611, 1577, 1515, 1439, 1245, 1147, 1046, 1026, 967, 858 cm™;

HRMS (ESI) m/z calculated for C76Hs7O10" ([M+H]") 1159.6294, found 1159.6278.
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13C NMR, 176 MHz, Chloroform-d, Dimer 7
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2,6-lutidine (0.2 equiv.)

MeCN (KPFg 50 mM)
0.6 V (vs. Ag/AgCl)

(10) 4,4'-((2R,3R)-2,3-diphenylbutane-1,4-diylidene)bis(2,6-di-tert-butylcyclohexa-2,5-dien-1-one)
Stilbene S4 (0.1 mmol, 33 mg) was subjected to the general dimerization procedure, affording

bis-quinone methide 10 (32.6 mg, 99% vyield, 4:3 dr).

'H NMR (500 MHz, Chloroform-d) § 7.31 (t, J = 7.5 Hz, 4H), 7.25 — 7.08 (m, 20H), B-H’s of
quinone methides: 6.82 (minor diastereomer, d, J = 2.4 Hz, 2H), 6.70 (major diastereomer, d, J =
2.4 Hz, 2H), 6-H’s of quinone methides: 6.52 — 6.47 (minor diastereomer, m, 2H), 6.42 — 6.35
(major diastereomers, m, 2H), 4.42 (m, sp methines of both diastereomers, 4H), ‘Bu signals: 1.25
(s, 18 H), 1.25 (s, 18H), 1.23 (s, 18 H), 1.22 (s, 18 H).

13C NMR (126 MHz, Chloroform-d) & 186.59, 186.55, 149.11, 148.91, 147.61, 147.32,
145.47, 144.98, 141.14, 140.63, 134.67, 132.76, 132.02, 129.17, 128.97, 128.47, 128.27, 127.55,
127.23, 126.07, 125.94, 51.68, 51.31, 35.52, 35.49, 35.03, 34.95, 29.60, 29.56, 29.52.

IR (Neat): 2951, 2915, 1614, 1577, 1453, 1358, 1257, 917, 883, 759, 697 cm™;

HRMS (ESI) m/z calculated for NaCasHs4O2" ([M+Na]*) 637.4016, found 637.4012.
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13C NMR, 126 MHz, Chloroform-d, Dimer 10
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2,6-lutidine (0.2 equiv.)

MeCN (KPFg 50 mM)
0.6 V (vs. Ag/AgCl)

(11) 4,4'-((2R,3R)-2,3-bis(benzo[d][1,3]dioxol-5-yl)butane-1,4-diylidene)bis(2,6-di-tert-
butylcyclohexa-2,5-dien-1-one)

Stilbene S5 (0.1 mmol, 35.2 mg) was subjected to the general dimerization procedure,

affording bis-quinone methide 11 (34.7 mg, 99% yield, 3:2 dr).

'H NMR (500 MHz, Chloroform-d) § 7.16 (minor diastereomer, d, J = 2.4 Hz, 2H), 7.10
(major diastereomer, d, J = 2.4 Hz, 2H), 6.79 (minor diastereomer, d, J = 2.3 Hz, 2H), 6.73 (minor
diastereomer, d, J = 7.9 Hz, 2H), 6.69 (d, J = 1.6 Hz, 4H), 6.68 — 6.64 (m, 4H), 6.62 (d, J = 1.7
Hz, 2H), 6.55 (dd, J = 8.0, 1.7 Hz, 2H), 6.36 (6-H, minor diastereomer, dt, J = 8.7, 4.4 Hz, 2H),
6.32 — 6.26 (6-H, minor diastereomer, m, 2H), 5.93 (d, J = 2.3 Hz, 4H), 5.91 (d, J = 2.1 Hz, 4H),
4.30 — 4.21 (sp® methines of both diastereomers, m, 4H), 'Bu signals: 1.26 (s, 18 H), 1.25 (s, 36
H), 1.23 (s, 18 H).

13C NMR (126 MHz, Chloroform-d) & 186.58, 186.56, 149.21, 148.97, 148.36, 148.15,
147.67, 147.36, 146.94, 146.67, 145.39, 144.85, 134.91, 134.68, 134.63, 134.52, 132.60, 131.90,
125.96, 125.93, 121.74, 121.61, 108.80, 108.70, 108.32, 108.27, 101.37, 101.29, 51.25, 50.95,
35.55, 35.50, 35.04, 34.98, 29.63, 29.58, 29.55, 29.53.

IR (Neat): 2954, 2914, 2361, 2336, 1616, 1539, 1362, 1243, 1034, 924, 808 cm™;

HRMS (ESI) m/z calculated for NaCasHs4O6" ([M+Na]*) 725.3813, found 725.3817.
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13C NMR, 126 MHz, Chloroform-d, Dimer 11
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2,6-Iutidine (0.2 equiv.)

MeCN (KPFg 50 mM)
0.6 V (vs. Ag/AgCl)

(12) 4,4'-((2R,3R)-2,3-bis(3,4-bis(benzyloxy)phenyl)butane-1,4-diylidene)bis(2,6-di-tert-
butylcyclohexa-2,5-dien-1-one)

Stilbene S6 (0.1 mmol, 52.1 mg) was subjected to the general dimerization procedure,

affording bis-quinone methide 12 (48.9 mg, 94% yield, 5:4 dr).

'H NMR (500 MHz, Chloroform-d) & 7.40 (t, J = 6.5 Hz, 4H), 7.37 — 7.27 (m, 16H), 7.10
(major diastereomer, d, J = 2.3 Hz, 1H), 7.01 (minor diastereomer, d, J = 2.1 Hz, 1H), 6.86 (major
diastereomer, d, J = 8.2 Hz, 1H), 6.77 (s, 1H), 6.76 (d, J = 8.0 Hz, 1H), 6.68 (m, 2H), 6.67 — 6.63
(m, 2H), 6.56 (minor diastereomer, d, J = 2.0 Hz, 1H), 6.49 (minor diastereomer, dd, J = 8.3, 2.0
Hz, 1H), 6.29 (minor diastereomer, d, J = 8.2 Hz, 1H), 6.22 (major diastereomer, d, J = 8.4 Hz,
1H), 5.11 (major diastereomer, s, 2H), 5.08 (minor diastereomer, s, 2H), 5.04 (major diastereomer,
d, J =11.9 Hz, 1H), 5.00 (major diastereomer, d, J = 11.9 Hz, 1H), 4.98 (minor diastereomer, s,
2H), 4.23 (major diastereomer, d, J = 8.2 Hz, 1H), 4.12 (minor diastereomer, d, J = 8.0 Hz, 1H),
1.26 (s, 9H), 1.25 (s, 9H), 1.23 (s, 9H), 1.22 (s, 9H).

13C NMR (126 MHz, Chloroform-d) & 186.53, 186.49, 149.08, 149.00, 148.99, 148.83,
148.49, 148.26, 147.54, 147.39, 145.58, 144.90, 137.23, 137.17, 137.12, 137.06, 136.94, 134.75,
134.66, 133.98, 133.33, 132.52, 131.72, 128.63, 128.61, 128.03, 128.01, 128.00, 127.98, 127.47,
127.41, 127.35 (2C), 126.10, 125.86, 121.69, 121.55, 120.41, 115.98, 115.69, 115.06, 114.95,
71.81,71.75,71.31, 71.27,51.17, 50.76, 35.50, 35.47, 35.02, 34.99, 29.61 (2C), 29.56, 29.54.

IR (Neat): 2960, 2867, 1616, 1510, 1453, 1358, 1262, 1136, 1021, 734, 697 cm™;

HRMS (ESI) m/z calculated for NaC72H7s06" ([M+Na]*) 1061.5691, found 1061.5672.
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13C NMR, 126 MHz, Chloroform-d, Dimer 12
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OH

Bu l 'Bu
2,6-lutidine (0.2 equiv.)

x> >
MeCN (KPFg 50 mM)

O 0.6 V (vs. Ag/AgCl)

SMe
s7

(13) 4,4'-((2R,3R)-2,3-bis(4-(methylthio)phenyl)butane-1,4-diylidene)bis(2,6-di-tert-butylcyclohexa-
2,5-dien-1-one)

Stilbene S7 (0.1 mmol, 35.5 mg) was subjected to the general dimerization procedure,

affording bis-quinone methide 13 (32.9 mg, 93% yield, 4:3 dr).

H NMR (500 MHz, Chloroform-d) & 7.19 (major diastereomer, d, J = 8.0 Hz, 4H), 7.12 (m,
12H), 7.02 (minor diastereomer, d, J = 8.0 Hz, 4H), B-H’s of quinone methides: 6.80 (minor
diastereomer, d, J = 2.4 Hz, 2H), 6.70 (major diastereomer, d, J = 2.4 Hz, 2H), 6-H’s of quinone
methides: 6.42 (minor diastereomer, dd, J = 7.2, 2.4 Hz, 2H), 6.36 — 6.29 (major diastereomer, m,
2H), 4.43 — 4.30 (sp® methines of both diastereomers, m, 4H), 2.44 (s, 3H), 2.42 (s, 3H), ‘Bu
signals: 1.25 (s, 18 H), 1.25 (s, 18H), 1.24 (s, 18 H), 1.22 (s, 18 H).

13C NMR (126 MHz, Chloroform-d) & 186.56, 186.51, 149.25, 149.13, 147.71, 147.47,
145.03, 144.63, 137.93, 137.68, 137.59, 137.21, 134.62, 132.65, 132.02, 128.88, 128.70, 127.11,
126.98, 125.92, 125.79, 50.91, 50.64, 35.54, 35.53, 35.05, 34.99, 29.60, 29.58, 29.55, 29.52, 15.83,
15.80.

IR (Neat): 2960, 2906, 1698, 1591, 1437, 1358, 1262, 1096, 1023, 846, 815, 740 cm™;

HRMS (ESI) m/z calculated for NaCasHssO2S2" ([M+Na]*) 729.3770, found 729.3773.
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‘Bu l '‘Bu

2,6-lutidine (0.2 equiv.
\ (0.2 equiv.)

MeCN (KPFg 50 mM)

O 0.6 V (vs. Ag/AgCl)

OBn

S8 14

(14) 4,4'-((2R,3R)-2,3-bis(4-(benzyloxy)phenyl)butane-1,4-diylidene)bis(2,6-di-tert-butylcyclohexa-
2,5-dien-1-one)

Stilbene S8 (0.1 mmol, 41.5 mg) was subjected to the general dimerization procedure,

affording bis-quinone methide 14 (39.3 mg, 95% yield, 3:2 dr).

'H NMR (700 MHz, Chloroform-d) & 7.43 — 7.35 (m, 16H), 7.34 — 7.31 (m, 4H), 7.14 (B-H,
minor diastereomer, d, J = 2.4 Hz, 2H), 7.12 (B-H, major diastereomer, d, J = 2.4 Hz, 2H), 7.09
(major diastereomer, d, J = 8.7 Hz, 4H), 7.02 (minor diastereomer, d, J = 8.7 Hz, 4H), 6.91 (major
diastereomer, d, J = 8.7 Hz, 4H), 6.85 (minor diastereomer, d, J = 8.7 Hz, 4H), 6.80 (B-H, minor
diastereomer, d, J = 2.4 Hz, 2H), 6.70 (B-H, major diastereomer, d, J = 2.4 Hz, 2H), 6.44 (5-H,
minor diastereomer, d, J = 8.2 Hz, 2H), 6.35 (6-H, major diastereomer, d, J = 8.4 Hz, 2H), 5.01
(major diastereomer, s, 4H), 4.99 (minor diastereomer, s, 4H), 4.31 (sp® methines of both
diastereomers, m, 4H), 'Bu signals: 1.25 (s, 36H), 1.24 (s, 18H), 1.23 (s, 18H).

13C NMR (176 MHz, Chloroform-d) & 186.62, 186.58, 158.08, 157.85, 149.02, 148.88,
147.52, 147.25, 146.02, 145.41, 136.92, 136.87, 134.80, 134.75, 133.43, 132.95, 132.40, 131.70,
129.49, 129.31, 128.75, 128.74, 128.21, 128.18, 127.64, 127.48, 126.11, 126.03, 123.30, 115.44,
115.30, 70.22, 70.16, 50.87, 50.57, 35.51, 35.02, 34.97, 34.53, 30.45, 29.86, 29.62, 29.60, 29.56,
29.54.

IR (Neat): 2954, 2918, 1608, 1569, 1510, 1358, 1245, 1018, 824, 740, 695 cm™;

HRMS (ESI) m/z calculated for CssHe7O4" ([M+H]") 827.5034, found 827.5040.
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OH

Bu E 'Bu

2,6-lutidine (0.2 equiv.
N (0.2 equiv.)

MeCN (KPFg 50 mM)

O 0.6 V (vs. Ag/AgCl)

NHBoc

S9 15

(15) Di-tert-butyl (((2R,3R)-1,4-bis(3,5-di-tert-butyl-4-oxocyclohexa-2,5-dien-1-ylidene)butane-2,3-
diyl)bis(4,1-phenylene))dicarbamate

Stilbene S9 (0.1 mmol, 42.4 mg) was subjected to the general dimerization procedure,

affording bis-quinone methide 15 (40.7 mg, 95% yield, 3:2 dr).

'H NMR (500 MHz, Chloroform-d) § 7.31 (major diastereomer, d, J = 8.2 Hz, 2H), 7.23
(minor diastereomer, d, J = 8.1 Hz, 2H), 7.16 (minor diastereomer, d, J = 2.3 Hz, 1H), 7.13 (major
diastereomer, d, J = 2.3 Hz, 2H), 7.09 (major diastereomer, d, J = 8.2 Hz, 2H), 7.00 (minor
diastereomer, d, J = 8.1 Hz, 2H), 6.79 (minor diastereomer, d, J = 2.3 Hz, 1H), 6.69 (major
diastereomer, d, J = 2.3 Hz, 1H), 6.45 (major diastereomer, s, 1H), 6.42 (minor diastereomer, d, J
=9.2 Hz, 1H), 6.40 (minor diastereomer, s, 1H), 6.34 (major diastereomer, d, J = 8.9 Hz, 1H), 4.35
(major diastereomer, dd, J = 7.3, 2.4 Hz, 1H), 4.33 (minor diastereomer, dd, J = 7.4, 2.3 Hz, 1H),
1.50 (major diastereomer, s, 9H), 1.49 (minor diastereomer, s, 9H), 1.25 (minor diastereomer, s,
9H), 1.24 (minor diastereomer, s, 9H), 1.24 (major diastereomer, s, 9H), 1.22 (major diastereomer,
s, 9H).

13C NMR (126 MHz, Chloroform-d) & 186.60, 186.59, 152.74, 152.69, 149.10, 148.99,
147.56, 147.29, 145.64, 145.21, 137.68, 137.43, 135.41, 134.98, 134.78, 134.71, 132.46, 131.81,
128.99, 128.86, 126.04, 125.94, 118.95, 118.79, 80.88, 80.80, 50.86, 50.59, 35.51, 35.50, 35.02,
34.97, 29.60, 29.58, 29.55, 29.52, 28.45 (2C).

IR (Neat): 3333, 2954, 2864, 1715, 1611, 1521, 1361, 1231, 1153, 1049, 818 cm™;

HRMS (ESI) m/z calculated for NaCssH72N20¢" ([M+Na]*) 867.5283, found 867.5276.

128



wt
vl

vt
STT
6v'T
0S'T

[434
[4584
€€y
1484
SE'Y
SEY
9ty
a4

€€9
vE'9
0v'9
9 /.
€49 &
St'9 -
699
699
879 V.
863 \
T0°L ~

80°L —
0T, F
[4w4
€T°L
9T'L

[4 394

Ir

//lf// 7/

75 74 73 72 71 70 69 68 67 66 65 64 63 62
f1 (ppm)

7.6

ol

2.0

=

S'CT
e
SL9 T
€98

+0°6
(x4t

580 |

T€T

6E'T
H\. S0

M 060
SE'T

Fovr

Fo071 |

18T
H\. 68'C

M bl
86'0 |

€L'T
Hr 8¢

0.(

0.5

1.0

1.5

7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5
f1 (ppm)

8.0

129



6/°8TT
S6'8TT
¥6°SCT
¥0°9¢T
98'8¢T

66'8CT
18°1€T \n
9b'CET
TLPET
8LVET
86'bET
TH'GET
€bLET
89°LET
TT°SPT
¥9'SHT
6 LT
& 9S'Lpl
= 66'8PT
)] oT'6+T
69°CST
¥LTST

er 15

d

65°98T —

13C NMR, 176 MHz, Chloroform

4

Ll WL L

150 145 140 135 130 125 120
f1 (ppm)

155

!

-10

220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

230

130



OH

Bu l Bu

\ 2,6-lutidine (0.2 equiv.)

MeCN (KPFg 50 mM)

O NO, 0.6 V (vs. Ag/AgCl)

s$10

(16) 4,4'-((2R,3R)-2,3-bis(2-nitrophenyl)butane-1,4-diylidene)bis(2,6-di-tert-butylcyclohexa-2,5-
dien-1-one)

Stilbene S10 (0.1 mmol, 35.3 mg) was subjected to the general dimerization procedure,

affording bis-quinone methide 16 (32.8 mg, 93% yield, 2:1 dr).

'H NMR (500 MHz, Chloroform-d) & 7.80 (d, J = 8.1 Hz, 2H), 7.64 (d, J = 4.3 Hz, 4H), 7.61
—7.57 (m, 2H), 7.56 (dd, J = 7.5, 1.4 Hz, 2H), 7.50 (dd, J = 8.0, 1.4 Hz, 2H), 7.44 (d, J = 2.2 Hz,
2H), 7.38 (dt, J = 8.4, 4.3 Hz, 2H), 7.35 — 7.30 (m, 2H), 7.00 (B-H, major diastereomer, d, J = 2.4
Hz, 2H), 6.82 (B-H, major diastereomer, d, J = 2.3 Hz, 2H), 6.62 (B-H, major diastereomer, d, J =
2.3 Hz, 2H), 6.36 (6-H, minor diastereomer, dd, J = 6.5, 2.6 Hz, 2H), 6.25 (3-H, major
diastereomer, dd, J = 7.1, 2.8 Hz, 2H), 5.49 — 5.41 (m, 4H), 'Bu signals: 1.27 (s, 18 H), 1.25 (s,
18H), 1.20 (s, 18 H), 1.20 (s, 18 H).

3C NMR (126 MHz, Chloroform-d) & 186.56, 186.47, 150.22, 149.82, 149.71, 148.86, 148.37, 148.00,
141.92, 140.99, 135.23, 135.07, 134.52, 134.07, 133.99, 133.95, 133.91, 133.89, 130.09, 129.76, 128.54,
128.45, 126.22, 125.35, 125.16, 125.05, 44.58, 44.36, 35.76, 35.53, 35.12, 35.01, 29.66, 29.55, 29.50,
29.48.

IR (Neat): 2956, 2917, 1616, 1520, 1345, 1255, 918, 886, 822, 782, 729 cm™,;

HRMS (ESI) m/z calculated for CasHs3N206" ([M+H]") 705.3898, found 705.3893.
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13C NMR, 126 MHz, Chloroform-d, Dimer 16
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2,6-lutidine (0.2 equiv.)

MeCN (KPFg 50 mM)
CF3 0.6 V (vs. Ag/AgCl)

(17) 4,4'-((2R,3R)-2,3-bis(2-(trifluoromethyl)phenyl)butane-1,4-diylidene)bis(2,6-di-tert-
butylcyclohexa-2,5-dien-1-one)

Stilbene S11 (0.1 mmol, 37.6 mg) was subjected to the general dimerization procedure,

affording bis-quinone methide 17 (36.8 mg, 98% yield, 5:1 dr).

'H NMR (500 MHz, Chloroform-d) & 7.73 (major diastereomer, d, J = 7.9 Hz, 2H), 7.62 (major
diastereomer, d, J = 8.0 Hz, 2H), 7.59 (major diastereomer, t, J = 7.7 Hz, 2H), 7.53 (minor diastereomer,
d, J =8.0 Hz, 2H), 7.42 (minor diastereomer, t, J = 7.7 Hz, 2H), 7.32 (major diastereomer, t, J = 7.7 Hz,
2H), 7.24 (minor diastereomer, t, J = 7.7 Hz, 2H), B-H’s of quinone methides: 7.17 (minor
diastereomer, d, J = 2.3 Hz, 2H), 7.12 (major diastereomer, d, J = 2.5 Hz, 2H), 6.70 (minor diastereomer,
d, J=2.4 Hz, 2H), 6.58 (major diastereomer, d, J = 2.3 Hz, 2H), 6-H’s of quinone methides: 6.25 (major
diastereomer, d, J = 8.6 Hz, 2H), 6.20 (minor diastereomer, d, J = 8.8 Hz, 2H), 5.03 (sp* methines of both
diastereomers, m, 4H), 'Bu signals: 1.27 (minor diastereomer, s, 18H), 1.25 (major diastereomer, s, 18H),
1.20 (minor diastereomer, s, 18H), 1.17 (major diastereomer, s, 18H),

13C NMR (176 MHz, Chloroform-d) § 186.54, 186.41, 149.07, 148.80, 148.03, 147.56,
143.23, 143.05, 138.97, 138.65, 134.40, 134.06, 132.74, 132.56, 132.40, 132.15, 129.51, 129.21,
128.50 (major diastereomer, ¢, J = 28 Hz), 128.44 (minor diastereomer, g, J = 28 Hz), 127.69,
127.29, 126.80 (major diastereomer, ¢, J = 5.3 Hz), 126.62 (minor diastereomer, ¢, J = 5.3 Hz),
126.17, 125.81, 124.50 (major diastereomer, ¢, J = 273 Hz), 124.43 (minor diastereomer, g, J =
273 Hz), 46.40, 45.18, 35.48, 35.00, 34.91, 29.70, 29.51, 29.46.

IR (Neat): 3005, 2957, 2918, 1614, 1569, 1453, 1363, 1310, 1155, 1111, 1032, 931, 765 cm"

HRMS (ESI) m/z calculated for NaCasHs2FsO2" ([M+Na]*) 773.3764, found 773.3772.
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2,6-lutidine (0.2 equiv.)

MeCN (KPFg 50 mM)
0.6V (vs. Ag/AgCI)

(18) 4,4'-((2R,3R)-2,3-bis(3-(trifluoromethyl)phenyl)butane-1,4-diylidene)bis(2,6-di-tert-
butylcyclohexa-2,5-dien-1-one)

Stilbene S12 (0.1 mmol, 37.6 mg) was subjected to the general dimerization procedure,

affording bis-quinone methide 18 (36.4 mg, 97% yield, 4:3 dr).

'H NMR (500 MHz, Chloroform-d) & 7.52 (major diastereomer, d, J = 7.8 Hz, 2H), 7.46 (m,
4H), 7.43 — 7.35 (m, 6H), 7.32 (minor diastereomer, d, J = 7.8 Hz, 2H), 7.26 (minor diastereomer,
s, 2H), B-H’s of quinone methides: 7.01 (major diastereomer, d, J = 2.4 Hz, 2H), 6.98 (minor
diastereomer, d, J = 2.4 Hz, 2H), 6.85 (minor diastereomer ,d, J = 2.4 Hz, 2H), 6.72 (major
diastereomer, d, J = 2.4 Hz, 2H), 6-H’s of quinone methides: 6.45 (minor diastereomer, d, J =9.5
Hz, 1H), 6.30 (major diastereomer, d, J = 9.9 Hz, 1H), 4.46 (sp® methine of major diastereomer,
d, J =10.0 Hz, 1H), 4.42 (sp* methine of minor diastereomer, d, J = 9.6 Hz, 1H), ‘Bu signals: 1.26
(minor diastereomer, s, 18H), 1.22 (major diastereomer, s, 18H), 1.22 (major diastereomer, s,
18H), 1.21 (minor diastereomer, s, 18H),

13C NMR (126 MHz, Chloroform-d) & 186.41, 186.34, 149.80, 148.26, 148.07, 142.29,
141.68, 141.64, 141.04, 134.15, 134.12, 133.92, 132.96, 132.29, 132.21, 131.59, 131.52, 131.51
(g, J = 32 Hz), 131.39 (q, J = 32 Hz), 129.81, 129.65, 128.70, 128.61, 125.33, 125.31 (g, J = 3.8
Hz), 125.09 (q, J = 3.8 Hz), 125.01, 124.65 (g, J = 3.8 Hz), 124.34 (q, J = 3.8 Hz), 123.90 (q, J =
271 Hz), 123.83 (g, J = 271 Hz), 51.60, 51.02, 35.54, 35.12, 35.04, 29.55, 29.52, 29.48.

IR (Neat): 2959, 1617, 1571, 1448, 1390, 1324, 1252, 1162, 1124, 1069, 883, 813 cm™;

HRMS (ESI) m/z calculated for NaCasHs2FsO2" ([M+Na]*) 773.3764, found 773.3762.
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13C NMR, 126 MHz, Chloroform-d, Dimer 18
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OH

Bu l Bu

2,6-lutidine (0.2 equiv.
~ (02 equiv.)

MeCN (KPFg 50 mM)

O 0.6 V (vs. Ag/AgCl)

NO,
s13 19

(19) 4,4'-((2R,3R)-2,3-bis(4-nitrophenyl)butane-1,4-diylidene)bis(2,6-di-tert-butylcyclohexa-2,5-
dien-1-one)

Stilbene S13 (0.1 mmol, 35.3 mg) was subjected to the general dimerization procedure,

affording bis-quinone methide 19 (32.5 mg, 92% yield, 1:1 dr).

'H NMR (500 MHz, Chloroform-d) & 8.22 (d, J = 8.4 Hz, 4H), 8.12 (d, J = 8.4 Hz, 4H), 7.39 (d, J = 8.3
Hz, 4H), 7.27 (d, J = 8.4 Hz, 4H), B-H’s of quinone methides: 7.06 (d, J = 2.4 Hz, 2H), 7.00 (d, J = 2.4 Hz,
2H), 6.81 (d, J = 2.4 Hz, 2H), 6.68 (d, J = 2.4 Hz, 2H), 5-H’s of quinone methides: 6.36 (d, J = 8.5 Hz, 2H),
6.24 (d, J = 8.8 Hz, 2H), sp® methines: 4.60 — 4.53 (m, 2H), 4.53 — 4.46 (m, 2H), 1.25 (s, 18H), 1.24 (s,
18H), 1.22 (s, 18H), 1.22 (s, 18H).

3C NMR (126 MHz, Chloroform-d) & 186.24, 186.15, 150.31, 148.64, 148.54, 147.96, 147.45, 147.33,
147.19, 140.74, 140.57, 134.16, 133.86, 133.74, 133.46, 129.26, 128.99, 124.98, 124.63, 124.58, 124.51,
51.16, 50.57, 35.67, 35.64, 35.17, 35.11, 29.59, 29.55, 29.52, 29.48.

IR (Neat): 2953, 1613, 1518, 1344, 1254, 913, 857, 706 cm™;

HRMS (ESI) m/z calculated for CasHs2N206" ([M+Na]*) 727.3718, found 727.3723.
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Bu l 'Bu

2,6-lutidine (0.2 iv.
S utidine (0.2 equiv.)

MeCN (KPFg 50 mM)

O 0.6 V (vs. Ag/AgCl)

CF;
S14

(20) 4,4'-((2R,3R)-2,3-bis(4-(trifluoromethyl)phenyl)butane-1,4-diylidene)bis(2,6-di-tert-
butylcyclohexa-2,5-dien-1-one)

Stilbene S14 (0.1 mmol, 37.6 mg) was subjected to the general dimerization procedure,

affording bis-quinone methide 20 (33.8 mg, 90% yield, 1:1 dr).

IH NMR (500 MHz, Chloroform-d) § 7.60 (d, J = 8.1 Hz, 4H), 7.51 (d, J = 8.1 Hz, 4H), 7.31
(d, J = 8.0 Hz, 4H), 7.22 (d, J = 8.1 Hz, 4H), 7.07 (d, J = 2.4 Hz, 2H), 7.03 (d, J = 2.4 Hz, 2H),
6.82 (d, J = 2.4 Hz, 2H), 6.70 (d, J = 2.4 Hz, 2H), 6.46 — 6.39 (m, 2H), 6.33 — 6.26 (M, 2H), 4.50
(dd, J = 7.4, 2.4 Hz, 2H), 4.46 (dt, J = 8.7, 6.3 Hz, 2H), 1.25 (s, 18H), 1.23 (s, 18H), 1.22 (s, 36H).

13C NMR (176 MHz, Chloroform-d) & 186.40, 186.30, 149.82, 149.76, 148.20, 148.04,
144.87, 144.25, 142.48, 142.30, 134.20, 134.13, 133.56, 132.87, 130.04 (q, J = 33 Hz), 129.80 (q,
J =32 Hz), 128.85, 128.54, 126.21 (q, J = 3.5 Hz), 126.12 (q, J = 3.5 Hz), 125.39, 125.13, 123.96
(g, J = 273 Hz), 123.92 (q, J = 273 Hz), 51.21, 50.74, 35.58, 35.56, 35.10, 35.04, 29.54, 29.52,
29.51, 29.48.

IR (Neat): 2955, 1612, 1571, 1361, 1322, 1165, 1105, 1067, 883, 834 cm’*;

HRMS (ESI) m/z calculated for NaCasHs2FsO2" ([M+H]*) 773.3764, found 773.3769.
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13C NMR, 176 MHz, Chloroform-d, Dimer 20
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MeCN (KPFg 50 mM)  Me3Si
0.6 V (vs. Ag/AgCl)

(8) 4,4'-((2R,3R)-2,3-bis(3,5-bis(benzyloxy)phenyl)butane-1,4-diylidene)bis(2,6-
bis(trimethylsilyl)cyclohexa-2,5-dien-1-one)

Stilbene S2 (0.1 mmol, 55 mg) was subjected to the general dimerization procedure, and the
crude reaction mixture was purified by flash column chromatography (0 to 15% EtOAc in
Hexanes) to afford bis-quinone methide 8 (35.8 mg, 65% vyield, 2:1 dr). The *H NMR spectrum

was identical to the previous report for this compound.?

'H NMR (500 MHz, CDCI3, 25 °C) &: 7.47 (d, J = 2.5 Hz, 2H, major), 7.45 — 7.28 (m, 32H),
7.15(d, J= 2.5 Hz, 2H, minor), 7.04 (d, J = 2.5 Hz, 2H, major), 6.50 — 6.47 (m, overlap, 4H), 6.45
(d, J = 2.2 Hz, 4H, major), 6.38 (m, 4H), 6.37 (d, J = 2.2 Hz, 4H, minor), 5.07 (d, J = 9.3 Hz, 2H,
minor), 4.99 (d, J = 9.3 Hz, 2H, minor), 4.96 (s, 8H, major/minor overlap), 4.91 (d, J = 11.2 Hz,
2H, major), 4.89 (d, J = 11.2 Hz, 2H, major), 4.36 — 4.28 (m, overlap, 4H, major/minor), 0.20 (s,

18H, minor), 0.19 (s, 18H, minor), 0.18 (s, 36H, major)
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'H NMR, 500 MHz, Chloroform-d, Dimer 8
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'H NMR, 500 MHz, Chloroform-d, Compound 4b?
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MeCN (KPFg 50 mM)
0.6 V (vs. Ag/AgCl)

(9) 4,4'-((2R,3R)-2,3-bis(3,5-bis(benzyloxy)phenyl)butane-1,4-diylidene)bis(2,6-
bis(triethylsilyl)cyclohexa-2,5-dien-1-one)

Stilbene S15 (0.1 mmol, 63.7 mg) was subjected to the general dimerization procedure, and
the crude reaction mixture was purified by flash column chromatography (0 to 15% EtOAc in

Hexanes) to afford bis-quinone methide 9 (43.4 mg, 68% yield, 2:1 dr).

IH NMR (700 MHz, Chloroform-d) & 7.47 (d, J = 2.6 Hz, 2H), 7.45 (d, J = 7.8 Hz, 4H), 7.44
(d, J = 2.6 Hz, 2H), 7.42 — 7.28 (m, 30H), 7.11 (d, J = 2.6 Hz, 1H), 7.04 (d, J = 2.6 Hz, 2H), 6.50
— 6.47 (M, 4H), 6.47 (s, 4H), 6.44 (d, J = 6.8 Hz, 1H), 6.39 (s, 3H), 6.38 (d, J = 9.6 Hz, 3H), 5.08
(d, J = 3.1 Hz, 1H), 5.00 (s, 1H), 4.95 (s, 6H), 4.92 (s, 4H), 4.32 (td, J = 8.5, 7.1, 4.5 Hz, 2H), 0.88
(g, J = 8.1 Hz, 46H), 0.76 — 0.70 (m, 30H).

13C NMR (176 MHz, Chloroform-d) & 193.51, 150.13, 149.94, 145.83, 144.64, 142.70,
142.56, 141.40, 141.15, 141.12, 141.10, 139.41, 139.01, 136.56, 136.49, 132.42, 131.56, 128.79,
128.77, 128.33, 128.32, 127.73, 127.69, 107.93, 107.86, 100.47, 70.38, 70.37, 51.55, 51.04, 7.74,
7.71,7.70, 7.66, 3.22, 3.17, 3.15, 3.11.

IR (Neat): 2957, 2898, 1588, 1456, 1248, 1158, 1051, 841, 734, 695, 619 cm™;

HRMS (ESI) m/z calculated for CsoH10306Sis™ ([M+H]*") 1271.6826, found 1271.6816.
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13C NMR, 176 MHz, Chloroform-d, Dimer 9
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2,6-lutidine (0.2 equiv)

MeCN (KPFg 50 mM)
0.6 V (vs. Ag/AgCl)

(23) 4,4'-((2S,3S)-2,3-bis((2S,3S)-6-(benzyloxy)-2-(4-(benzyloxy)phenyl)-3-(3,5-
bis(benzyloxy)phenyl)-2,3-dihydrobenzofuran-4-yl)butane-1,4-diylidene)bis(2,6-di-tert-
butylcyclohexa-2,5-dien-1-one)

Stilbene 21 (0.05 mmol, 45 mg) was subjected to the general dimerization procedure,
affording bis-quinone methide 23 (40 mg, 89% vyield, >19:1 dr). The *H NMR spectrum was

identical to the previous report for this compound.?

LH NMR (700 MHz, CDCI3, 50 °C) §: 7.52 — 7.12 (m, 40H, ~OCH2C6H5), 7.10 (d, J= 8.5 Hz, 4H, C2a—
H), 7.01 (d, J = 8.5 Hz, 4H, C3a-H), 6.70 (s, 2H, C14b—H), 6.42 (s, 2H, C2/6b—H), 6.39 (s, 2H, C12b-H),
6.37 (5, 2H, C12a-H), 6.23 (s, 2H, C2/6b—H), 6.16 (s, 4H, C10a-H), 6.11 (dd, br, J = 7.3, 9.2 Hz, 2H, C7b-
H), 5.11 (d, J = 8.1 Hz, 2H, C7a—H), 5.04 (d, J = 12.5 Hz, 2H, C4a-OCH2C6H5), 5.02 (d, J = 12.5 Hz, 2H,
Cda-OCH2C6H5), 4.83 (d, J = 10.8 Hz, 2H, C13b-OCH2C6HS5), 4.77 (d, J = 10.8 Hz, 2H, C13b-
OCH2C6H5), 4.62 (d, J = 11.1 Hz, 4H, C11a-OCH2C6H5), 4.56 (d, J = 11.1 Hz, 4H, C11a-OCH2C6H5),
4.06 (dd, br, J=7.9, 9.2 Hz, 2H, C8b-H), 3.87 (d, J = 8.1 Hz, 2H, C8a-H), 1.17 (s, 18H, C3/5b-C(CH3)3),
1.00 (s, 18H, C3/5b-C(CH3)3).
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'H NMR, 400 MHz, Chloroform-d, Dimer 23
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'H NMR, 500 MHz, Chloroform-d, Compound ()-5a>

JM dan

N R dd ISLE
O ______ v—! O\ N M N O\
V‘ N (o] N o~ N M N N M N N Q‘ M N N
T T T T T T T T T T T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.(
f1 (ppm)

154



2,6-lutidine (0.2 equiv)

MeCN (KPFg 50 mM)
0.6 V (vs. Ag/AgCl)

(24) 4,4'-((2S,3S)-2,3-bis((2S,3S)-6-(benzyloxy)-2-(4-(benzyloxy)phenyl)-3-(3,5-
bis(benzyloxy)phenyl)-2,3-dihydrobenzofuran-4-yl)butane-1,4-diylidene)bis(2,6-
bis(trimethylsilyl)cyclohexa-2,5-dien-1-one)

Stilbene 22 (0.039 mmol, 37 mg) was subjected to the general dimerization procedure,
affording bis-quinone methide 24 (21 mg, 57% yield, >19:1). The *H NMR spectrum was identical

to the previous report for this compound.?

IH NMR (500 MHz, CDCI3, 25 °C) &: 7.44 — 7.10 (m, 40H, ~OCH2C6H5), 7.11 (d, J = 8.6
Hz, 4H, C2a-H), 7.03 (d, J = 8.6 Hz, 4H, C3a-H), 6.80 (d, J = 2.2 Hz, 2H, C2/6b—H), 6.69 (s, br,
2H, C14b-H), 6.51 (d, br, J = 2.2 Hz, 2H, C2/6b-H), 6.4 (d, J = 2.2 Hz, 2H, C12b-H), 6.34 (t, J
= 2.0 Hz, 2H, C12a-H), 6.21 (dd, J = 7.7, 9.9 Hz, 2H, C7b—H), 6.15 (d, J = 2.0 Hz, 4H, C10a—H),
5.14 (d, J = 8.6 Hz, 2H, C7a-H), 5.01 (s, 4H, C4a-OCH2C6H5), 4.85 (d, J = 11.0 Hz, 2H, C13b—
OCH2C6H5), 4.77 (d, J = 11.0 Hz, 2H, C13b-OCH2C6H5), 4.56 (d, J = 11.0 Hz, 4H, Clla—
OCH2C6H5), 4.51 (d, J = 11.0 Hz, 4H, C11a— OCH2C6H5), 4.11 (dd, J = 7.7, 9.9 Hz, 2H, C8b—
H), 3.99 (d, J = 8.6 Hz, 2H, C8a— H), 0.14 (s, 18H, C3/5b-Si(CH3)3), —0.02 (s, 18H, C3/5b—
Si(CH3)3).
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IH NMR, 500 MHz, Chloroform-d, Dimer 24
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OH

A 2,6-lutidine (0.2 equiv),
MeCN (KPFg 50 mM)
O 0.6 V (vs. Ag/AgCl)
PMBO OPMB OPMB
25 27

(27) 4-((2R,3R)-3-(3,5-bis((4-methoxybenzyl)oxy)phenyl)-5-((E)-3,5-bis((4-
methoxybenzyl)oxy)styryl)-2,3-dihydrobenzofuran-2-yl)phenol

Stilbene 25 (0.1 mmol, 46.9 mg) was subjected to the general dimerization procedure. The
crude product was purified via flash column chromatography (1% to 5% Acetone in CH2Cl2) to

afford the dihydrobenzofuran 27 (27.5 mg, 59% vyield, >19:1 dr).

IH NMR (700 MHz, Chloroform-d) & 7.36 (d, J = 8.4 Hz, 4H), 7.31 (d, J = 8.6 Hz, 4H), 7.19 (d, J = 8.5
Hz, 2H), 7.17 (d, J = 1.7 Hz, 1H), 7.00 (d, J = 16.2 Hz, 1H), 6.92 (d, J = 8.3, 4H), 6.91 (d, J = 8.5, 2H),
6.89 (d, J = 8.5 Hz, 4H), 6.83 (d, J = 16.2 Hz, 1H), 6.80 (d, J = 8.6 Hz, 2H), 6.71 (dd, J = 2.3, 1.2 Hz, 2H),
6.55 (td, J = 2.3, 1.0 Hz, 1H), 6.50 (td, J = 2.2, 1.2 Hz, 1H), 6.42 (t, J = 1.9 Hz, 2H), 5.49 (d, J = 8.2 Hz,
1H), 4.98 (s, 4H), 4.93 — 4.88 (m, 4H), 4.46 (d, J = 8.2 Hz, 1H), 3.82 (s, 6H), 3.79 (s, 6H).

3C NMR (176 MHz, Chloroform-d) & 160.38, 160.26, 159.80, 159.59, 159.57, 155.78, 144.03, 139.80,
132.88, 130.93, 130.77, 129.52, 129.46, 129.44, 129.17, 129.07, 128.81, 128.15, 127.67, 126.38, 123.30,
115.63, 114.14, 109.84, 107.62, 105.53, 101.38, 100.89, 93.11, 69.99, 57.92, 55.45, 55.44.

IR (Neat): 3391, 2932, 2835, 1585, 1512, 1440, 1301, 1244, 1146, 1030, 818 cm™;

HRMS (ESI) m/z calculated for CeoHs5010" ([M+H]+) 935.3790, found 935.3800.
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13C NMR, 176 MHz, Chloroform-d, Dimer 27
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N 2,6-lutidine (0.2 equiv)
MeCN (KPFg 50 mM)

O 0.6 V (vs. Ag/AgCl) O
OPMB

OPMB
26 28

PMBO

(28) 4-((2R,3R)-3-(3,5-bis((4-methoxybenzyl)oxy)phenyl)-5-((E)-3,5-bis((4-
methoxybenzyl)oxy)styryl)-7-methoxy-2,3-dihydrobenzofuran-2-yl)-2-methoxyphenol

Stilbene 26 (0.1 mmol, 49.9 mg) was subjected to the general dimerization procedure. The
crude product was purified via flash column chromatography (1% to 5% Acetone in CH2Clz) to

afford the dihydrobenzofuran 28 (28.4 mg, 57% yield, >19:1 dr).

IH NMR (700 MHz, Chloroform-d) 5 7.37 (d, J = 8.1 Hz, 4H), 7.31 (d, J = 8.3 Hz, 4H), 7.00
(d, J = 15.0 Hz, 2H), 6.93 (d, J = 8.2 Hz, 5H), 6.90 (d, J = 7.8 Hz, 6H), 6.88 — 6.84 (m, 3H), 6.81
(d, J = 4.1 Hz, 2H), 6.74 — 6.71 (m, 2H), 6.55 (s, 1H), 6.52 (s, 1H), 6.45 — 6.42 (m, 2H), 5.67 (s,
1H), 5.54 (d, J = 8.8 Hz, 1H), 4.99 (s, 4H), 4.91 (d, J = 11.2 Hz, 2H), 4.89 (d, J = 11.0 Hz, 2H),
4.54 (d, J = 8.8 Hz, 1H), 3.99 (s, 3H), 3.85 (s, 3H), 3.82 (s, 6H), 3.79 (s, 6H).

13C NMR (176 MHz, Chloroform-d) § 160.35, 160.27, 159.60, 159.57, 148.34, 146.72,
145.86, 144.53, 143.70, 139.66, 132.07, 131.73, 131.51, 129.50, 129.43, 129.41, 129.36, 129.03,
128.77, 126.68, 119.79, 116.08, 114.34, 114.12, 114.11, 114.10, 110.18, 108.80, 107.66, 105.61,
105.53, 101.47, 100.92, 94.19, 69.98, 58.28, 56.18, 56.10, 55.43, 55.40.

IR (Neat): 3395, 2999, 2934, 2833, 1585, 1512, 1439, 1302, 1245, 1150, 1032, 824, 734 cm"

HRMS (ESI) m/z calculated for Ce2Hs9012" ([M+H]+) 995.4001, found 995.3979.
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13C NMR, 176 MHz, Chloroform-d, Dimer 28
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Total Synthesis of (+)-hierochin D

OTMS

o OH
_ aldehyde C MeO
o] PPh; (1.2 equiv) o ,Br nBuLi (1.0 equiv) o 0°Ctort,12h
—_— _— ———
PPh )
|\/|eo)l\/Br toluene, 80 °C, 4 h MeO PPhy THF, 0 °C, 30 min MeOJ\¢ ® | then TBAF (1.0 equiv) ™
MeO [©]

(S16) methyl (E)-3-(4-hydroxy-3-methoxyphenyl)acrylate

Commercially available methyl bromoacetate (1.42 mL, 15 mmol) was dissolved in toluene (60 mL) in
a flame-dried round bottom flask. To the stirring solution was added triphenylphosphine (18 mmol, 4.729g),
and the reaction was heated to 80 °C for 4 hours. Upon cooling the reaction mixture to room temperature,
the white solid product was collected via vacuum filtration, and any excess triphenylphosphine was rinsed
away with hexanes. The product was dried under vacuum for >24 hours to ensure full removal of solvent
and water prior to use in the subsequent olefination.

To a flame-dried, three-neck, round bottom flask was added methyl acetophosphonium bromide (5.35
mmol, 2.22 g), which was subsequently suspended in THF (15 mL) and cooled on ice to 0 °C. To the stirring
suspension was added nBuLi (5.35 mmol, 2.14 mL, 2.5 M in hexanes), and the reaction mixture was
allowed to stir at temperature for 30 minutes to form the ylid. In a separate flame-dried, heart-shaped flask,
TMS-vanillin (aldehyde C, 5.35 mmol, 1.20 g) was dissolved in THF (20 mL). The aldehyde was added to
the ylide solution via cannula, and the reaction was allowed to warm to room temperature over 12 hours.
The reaction was subsequently cooled on ice to 0 °C, and TBAF (5.35 mmol, 5.35 mL, 1.0 M in THF) was
added. The reaction was allowed to warm to room temperature over 1 hour, at which point it was quenched
by the addition of saturated ammonium chloride, diluted with EtOAc, then transferred to a separatory funnel
containing additional saturated ammonium chloride. The layers were separated, and the agueous layer was
extracted with additional EtOAc. The combined organic layers were washed with brine, dried over
magnesium sulfate, and concentrated under reduced pressure. The crude product was purified via flash
column chromatography (6-42% EtOAc in Hexanes, 7-step gradient, 2 column volumes per step) to afford
the product S16 as a clear, colorless, oil (857 mg, 77% yield). The *H and *C NMR spectra of the product
was consistent with the data previously reported in the literature.®

IH NMR (700 MHz, Chloroform-d) & 7.62 (d, J = 15.9 Hz, 1H), 7.07 (dd, J = 8.3, 1.9 Hz,
1H), 7.02 (d, J = 1.9 Hz, 1H), 6.92 (d, J = 8.2 Hz, 1H), 6.29 (d, J = 15.9 Hz, 1H), 5.93 (s, 1H),
3.92 (s, 3H), 3.79 (s, 3H).

13C NMR (176 MHz, Chloroform-d) & 167.87, 148.09, 146.88, 145.09, 127.05, 123.16,
115.26, 114.85, 109.46, 56.05, 51.76.
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'H NMR, 700 MHz, Chloroform-d, S16
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13C NMR, 176 MHz, Chloroform-d, S16
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DIBAL-H (3.0 equiv)
—_—

A DCM,0°Ctort, 12 h

MeO™ ~O OH
coniferyl alcohol (29) ((E)-4-(3-hydroxyprop-1-en-1-yl)-2-methoxyphenol)

Compound S16 (1.12 mmol, 233 mg) was dissolved in DCM under inert atmosphere, and the stirring
solution was cooled to 0 °C on ice. A solution of diisobutylaluminum hydride (3.36 mmol, 3.36 mL, 1.0 M
in DCM) was added dropwise to the stirring solution, causing the reaction to change from colorless to
slightly yellow. The reaction mixture was held at 0 °C for 10 minutes, at which point it was allowed to
warm to room temperature over 12 hours. The reaction was quenched slowly with 4mL of Rochelle's salt,
turning the mixture cloudy. The mixture was let to stir at room temperature for >6 hours, at which point it
was diluted with DI water and transferred to a separatory funnel. The layers were separated, and the aqueous
layer was washed with multiple portions of DCM. The combined organic layers were washed with brine,
dried over magnesium sulfate, and concentrated under reduced pressure. The crude product was purified
via flash column chromatography (28-98% EtOAc in Hexanes, 5 step gradient, 2 column volumes per step)
to afford the product 35 as a white solid (167 mg, 83% yield). The *H and **C NMR spectra of the product
was consistent with the data previously reported in the literature.”

IH NMR (500 MHz, Chloroform-d) 8 6.92 (d, J = 1.8 Hz, 1H), 6.90 (dd, J = 8.1, 1.8 Hz, 1H), 6.87 (d, J =
8.1 Hz, 1H), 6.54 (dt, J = 15.8, 1.6 Hz, 1H), 6.23 (dt, J = 15.8, 6.0 Hz, 1H), 5.63 (d, J = 2.8 Hz, 1H), 4.30
(d, J = 5.9 Hz, 2H), 3.91 (s, 3H), 1.41 (s, 1H).

13C NMR (126 MHz, Chloroform-d) & 146.76, 145.74, 131.55, 129.38, 126.30, 120.47,
114.58, 108.44, 64.04, 56.03.
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13C NMR, 126 MHz, Chloroform-d, 29
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2,6-lutidine (0.5 equiv)
—_—

MeCN (KPFg 50 mM)

N 0.6 V (vs. Ag/AgC)

OH
coniferyl alcohol (29) (+)-hierochin D (3), 53%

(x)-hierochin D (3) (4-((2S,3R)-3-(hydroxymethyl)-5-((E)-3-hydroxyprop-1-en-1-yl)-7-methoxy-2,3-
dihydrobenzofuran-2-yl)-2-methoxyphenol)

Coniferyl alcohol (29, 0.1 mmol, 18 mg) was subjected to the general dimerization conditions (see page
S42), with the only variation being the amount of 2,6-lutidine (5.8 uL, 0.05 mmol). The crude reaction

material was purified via flash column chromatography to afford (z)-hierochin D (3) as a colorless oil (9.4
mg, 53% yield). The *C NMR was consistent with the previous report for this compound.®

B3C NMR (126 MHz, Acetone-ds) & 148.97, 148.38, 147.29, 145.18, 134.40, 131.93, 130.54, 130.42,
128.38, 119.60, 116.09, 115.68, 111.70, 110.47, 88.54, 64.63, 63.43, 56.39, 56.28, 54.79.
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13C NMR, 126 MHz, Chloroform-d, 3
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Attempted Direct Cyclization of QMD products:

BF3¢OEt; (2 equiv.)

DCM, -78 °C
45 min

SMe
13 s7
only observed
product
(46% yield)

SMe @SMe

13 §7 not isolable
only observed
product
(46% yield)

Figure S1. Attempted direct cyclization of QMDs containing electron-donating substituents
at C12 results in disproportionation back to the stilbene precursor. Note that 46% yield is relative

to the mass of 13, therefore the fragmentation has a theoretical yield for S7 of 50%.
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Natural Product Analog Synthesis:

Tautomerization of BQM dimer to MQM dimer — General Procedure:

The starting BQM dimer was added to a reaction vial charged with a stir bar. The atmosphere
was evacuated and replaced with nitrogen, and the starting material was dissolved in THF. The
reaction solution was cooled in an ice bath to 0 °C, and potassium bis(trimethylsilyl)amide
(KHMDS) was added as a solution (1.25 equiv., 0.7 M in toluene). The reaction was allowed to
stir until the starting material consumed based on TLC analysis. The reaction was quenched by the
addition of aqueous saturated ammonium chloride, diluted with EtOAc, and transferred to a
separatory funnel containing additional aq. sat. NH4Cl. The layers were separated, and the aqueous
layer was extracted with additional portions of ethyl acetate. The combined organic layers were
washed with brine, dried over magnesium sulfate, and concentrated under reduced pressure. The

crude product was further purified by flash column chromatography.
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KHMDS (1.25 equiv.)
THF, 0°C, 15 min

(S17) (S,2)-2,6-di-tert-butyl-4-(4-(3,5-di-tert-butyl-4-hydroxyphenyl)-2,3-diphenylbut-3-en-1-
ylidene)cyclohexa-2,5-dien-1-one

Dimer 10 (0.026 mmol, 16 mg) was subjected to the tautomerization conditions, and the crude
product was purified by flash column chromatography (10-50% DCM/Hexanes) to afford MQM

S17 (10 mg, 62% yield).

IH NMR (500 MHz, Chloroform-d) & 7.34 (d, J = 7.0 Hz, 2H), 7.25 — 7.14 (m, 7H), 7.12 (t, J
= 6.8 Hz, 1H), 6.95 (s, 2H), 6.74 (d, J = 2.7 Hz, 1H), 6.27 (d, J = 2.7 Hz, 1H), 5.83 (d, J = 1.9 Hz,
1H), 5.10 (dd, J = 9.5, 2.0 Hz, 1H), 5.01 (s, 1H), 3.67 (d, J = 9.5 Hz, 1H), 1.38 (s, 18H), 1.30 (s,
9H), 0.92 (s, 9H).

13C NMR (126 MHz, Chloroform-d) & 186.41, 152.63, 147.21, 146.57, 145.86, 144.46,
143.44, 141.60, 135.28, 135.20, 130.05, 128.51, 128.24, 128.18, 127.76, 127.47, 126.68, 126.39,
123.82, 65.46, 56.53, 54.16, 34.78, 34.58, 34.23, 30.28, 29.77, 29.06.

IR (Neat): 3623, 2954, 2912, 1653, 1437, 1366, 1192, 1116, 886, 734, 700 cm™;

HRMS (ESI) m/z calculated for CasHssO2" ([M+H]+) 615.4197, found 615.4194.
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13C NMR, 126 MHz, Chloroform-d, Tautomer S17
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KHMDS (1.25 equiv.)
THF, 0°C, 15 min

(S18) (S,2)-2,6-di-tert-butyl-4-(4-(3,5-di-tert-butyl-4-hydroxyphenyl)-2,3-bis(4-
(methylthio)phenyl)but-3-en-1-ylidene)cyclohexa-2,5-dien-1-one

Dimer 13 (0.021 mmol, 15 mg) was subjected to the tautomerization conditions, and the crude
product was purified by flash column chromatography (10-50% DCM/Hexanes) to afford MQM

S18 (14.8 mg, 99% vyield).

IH NMR (500 MHz, Chloroform-d) & 7.24 (d, J = 8.2 Hz, 2H), 7.13 (d, J = 8.2 Hz, 2H), 7.10
(d, J = 8.2 Hz, 2H), 7.09 (d, J = 8.2 Hz, 2H), 6.91 (s, 2H), 6.71 (d, J = 2.7 Hz, 1H), 6.24 (d, J =
2.7 Hz, 1H), 5.79 (d, J = 1.9 Hz, 1H), 5.02 (dd, J = 9.2, 2.0 Hz, 1H), 5.01 (s, 1H), 3.60 (d, J = 9.6
Hz, 1H), 2.44 (s, 3H), 2.41 (s, 3H), 1.38 (s, 18H), 1.30 (s, 9H), 0.91 (s, 9H).

13C NMR (126 MHz, Chloroform-d) & 186.52, 152.83, 147.44, 146.09, 145.94, 144.52,
141.58, 140.43, 138.06, 136.31, 135.41, 132.09, 129.66, 128.82, 127.70, 127.25, 126.90, 126.22,
123.97, 65.73, 56.60, 53.73, 34.95, 34.75, 34.40, 30.45, 29.94, 29.22, 15.85, 15.72.

IR (Neat): 3645, 2960, 1659, 1496, 1439, 1363, 1316, 1237, 1150, 1094, 891, 814, 728 cm™™;

HRMS (ESI) m/z calculated for CasHs902S2" ([M+H]+) 707.3951, found 707.3940.
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13C NMR, 126 MHz, Chloroform-d, Tautomer S18
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KHMDS (1.25 equiv.)
THF, 0 °C, 15 min

(S19) (S,2)-4-(2,3-bis(benzo[d][1,3]dioxol-5-yl)-4-(3,5-di-tert-butyl-4-hydroxyphenyl)but-3-en-1-
ylidene)-2,6-di-tert-butylcyclohexa-2,5-dien-1-one

Dimer 11 (0.021 mmol, 14.7 mg) was subjected to the tautomerization conditions, and the
crude product was purified by flash column chromatography (10-50% DCM/Hexanes) to afford

MQM S19 (9 mg, 61% yield).

IH NMR (700 MHz, Chloroform-d) 5 6.90 (s, 2H), 6.88 (d, J = 1.8 Hz, 1H), 6.81 (dd, J = 8.1,
1.8 Hz, 1H), 6.70 — 6.66 (m, 4H), 6.65 (d, J = 7.8 Hz, 1H), 6.21 (d, J = 2.7 Hz, 1H), 5.93 — 5.89
(m, 2H), 5.89 — 5.84 (m, 2H), 5.65 (d, J = 1.9 Hz, 1H), 5.01 (s, 1H), 4.94 (dd, J = 9.5, 2.0 Hz, 1H),
3.59 (d, J = 9.5 Hz, 1H), 1.37 (s, 18H), 1.29 (s, 9H), 0.90 (s, 9H).

13C NMR (176 MHz, Chloroform-d) & 186.54, 152.80, 147.88, 147.74, 147.31, 147.16,
146.24, 146.23, 145.91, 144.70, 141.82, 137.52, 135.37, 129.74, 128.76, 127.84, 123.90, 121.69,
120.77, 108.43, 108.40, 108.19, 107.19, 101.17, 100.99, 65.65, 56.40, 54.12, 34.93, 34.72, 34.39,
30.44, 29.94, 29.20.

IR (Neat): 3628, 2955, 2905, 1653, 1635, 1503, 1436, 1363, 1235, 1038, 933, 809, 729 cm™;

HRMS (ESI) m/z calculated for CasHssOs" ([M+H]+) 703.3993, found 703.3985.
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13C NMR, 176 MHz, Chloroform-d, Tautomer S19

0Z'6¢
¥6°6¢ /v

br o€ —

6EPE
cLvE w
£€6'vE

TPs —
0v'9s —

§9'§9 —

86°9L

eSS 3

T

beLL

66°00T
LT°T0T v.

6T°£0T ~\_
61°80T
0+'80T N.
£4°80T

127021
69°1ZT V
06°€2T ~_
V8" LZT
9,°821 —
voeer
LE°SET ~
75 L6T —
78 THT ~_
0L bbT ~_
16°5bT
£2°9pT
bT9bT
9T’ LbT
1€ LbT
YL LbT
88'LbT
08'25T

$G'98T —

-10

220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

230

182



KHMDS (1.25 equiv.)
THF, 0 °C, 15 min

(S20) (S,2)-4-(2,3-bis(4-(benzyloxy)phenyl)-4-(3,5-di-tert-butyl-4-hydroxyphenyl)but-3-en-1-
ylidene)-2,6-di-tert-butylcyclohexa-2,5-dien-1-one

Dimer 14 (0.087 mmol, 72 mg) was subjected to the tautomerization conditions, and the crude
product was purified by flash column chromatography (5-35% DCM/Hexanes) to afford MQM
S20 (50 mg, 69% yield).

'H NMR (500 MHz, Chloroform-d) § 7.38 (m, 8H), 7.32 (m, 2H), 7.28 (m, 2H), 7.14 (d, J =
8.3 Hz, 2H), 6.92 (s, 2H), 6.83 (d, J = 8.3 Hz, 4H), 6.72 (d, J = 2.6 Hz, 1H), 6.24 (d, J = 2.6 Hz,
1H), 5.69 (d, J = 1.9 Hz, 1H), 5.01 (m, 4H), 4.96 (s, 2H), 3.61 (d, J = 9.5 Hz, 1H), 1.37 (s, 18H),
1.29 (s, 9H), 0.90 (s, 9H).

13C NMR (126 MHz, Chloroform-d) & 186.64, 158.28, 157.48, 152.73, 147.14, 146.16,
145.73, 145.03, 142.15, 137.16, 136.96, 136.14, 135.30, 135.27, 129.35, 128.73, 128.69, 128.38,
128.36, 128.15, 128.09, 127.92, 127.67, 127.59, 123.96, 114.97, 114.64, 70.06 (2C), 65.65, 56.53,
53.57, 34.92, 34.71, 34.39, 30.44, 29.95, 29.22.

IR (Neat): 3635, 2959, 2869, 1656, 1507, 1454, 1433, 1364, 1228, 1178, 1120, 1027, 886,
732, 695 cm™;

HRMS (ESI) m/z calculated for CssHs7O4* ([M+H]") 827.5034, found 827.5010.
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13C NMR, 176 MHz, Chloroform-d, Tautomer S20
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Cyclization of MQM dimer to quadrangularin A core:

The starting material was dried down into a flame-dried round bottom flask charged with
stir bar. The atmosphere was evacuated and replaced with N2, and the starting material was
dissolved in CH2Cl2 (0.01 M reaction concentration). The solution was cooled to the reaction
temperature, and BFseOEt2 (2 equiv.) was added dropwise. The reaction was allowed to stir for 3
hours, at which point it was raised from the ice bath and quenched via the addition of saturated
NaHCOs. Once the reaction had thawed, it was poured into a separatory funnel, and the layers
were separated. The aqueous layer was extracted with additional portions of CH2Cl2, and the
combined organic layers were washed with brine, dried over magnesium sulfate, and concentrated

under reduced pressure. The crude product was purified by column chromatography.
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1) KHMDS, THF, 0 °C
[ — .
2) BF3eOEt,, DCM, -78 °C

(30) 4-((1S,2S)-5,7-bis(benzyloxy)-2-(3,5-bis(benzyloxy)phenyl)-3-((E)-3,5-di-tert-butyl-4-
hydroxybenzylidene)-2,3-dihydro-1H-inden-1-yl)-2,6-di-tert-butylphenol

BQM 5 (500 mg, 0.481 mmol) was subjected to the standard tautomerization conditions, and
the crude product was subjected to the cyclization conditions at -78 °C with BF:eOEt2 (128 puL,
0.962 mmol, 2.0 equiv.). The product was purified by column chromatography (0% to 20% EtOAc
in Hexanes) to afford compound 37 (452 mg, 90% yield). The *H NMR spectrum was consistent

with the prior report for this compound.?

'H NMR (500 MHz, Chloroform-d) & 7.55 — 7.49 (m, 2H), 7.45 — 7.33 (m, 13H), 7.33 — 7.28 (m,
3H), 7.24 (t, J = 2.8 Hz, 3H), 7.19 — 7.16 (m, 1H), 7.08 (d, J = 1.8 Hz, 2H), 7.05 (dd, J = 7.2, 2.7
Hz, 4H), 6.98 (t, J = 1.9 Hz, 1H), 6.62 (d, J = 2.1 Hz, 2H), 6.45 (dt, J = 5.4, 2.0 Hz, 2H), 5.19 (s,
1H), 5.18 (s, 2H), 5.02 (d, J = 1.6 Hz, 1H), 4.97 (s, 4H), 4.93 (d, J = 12.4 Hz, 1H), 4.86 (d, J =
12.0 Hz, 1H), 4.43 (s, 1H), 4.35 (s, 1H), 1.34 (s, 18H), 1.32 (s, 18H).
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BF3¢O0Et; (2 equiv.)

DCM,0°C,3h

(31) 2,6-di-tert-butyl-4-((1S,2S)-3-((E)-3,5-di-tert-butyl-4-hydroxybenzylidene)-2-phenyl-2,3-
dihydro-1H-inden-1-yl)phenol

Compound S17 (330 mg, 0.537 mmol) was subjected to the standard cyclization conditions at
0 °C with BFseOEt2 (0.132 mL, 1.07 mmol), and the crude product was purified by column
chromatography (3%, 6%, 9%, 12%, 17%, 26%, 37%, 51%, DCM/Hexanes, 2 CV per step) to

afford compound 31 (154 mg, 47% yield).

IH NMR (500 MHz, Chloroform-d) & 7.75 (d, J = 7.7 Hz, 1H), 7.31 (m, 3H), 7.24 (d, J = 7.9
Hz, 2H), 7.18 (d, J = 7.9 Hz, 1H), 7.15 (d, J = 7.9 Hz, 1H), 7.10 (d, J = 7.5 Hz, 1H), 7.03 (s, 2H),
6.94 (s, 2H), 5.16 (s, 1H), 5.04 (s, 1H), 4.47 (s, 1H), 4.28 (s, 1H), 1.35 (s, 18H), 1.25 (s, 18H).

13C NMR (126 MHz, Chloroform-d) & 153.00, 152.30, 146.24, 145.16, 143.23, 141.47,
136.98, 135.75, 135.66, 128.82, 128.78, 128.30, 127.69, 127.39, 126.33, 126.26, 125.84, 123.88,
123.83, 119.87, 61.23, 58.11, 34.45, 34.32, 30.38, 30.23.

IR (Neat): 3616, 2953, 1470, 1311, 1235, 1137, 957, 767, 694 cm™;

HRMS (ESI) m/z calculated for NaCasHs4O2" ([M+Na]*) 637.3965, found 637.3965.
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13C NMR, 176 MHz, Chloroform-d, Analog Core 31
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BF3¢0Et; (2 equiv.)

DCM,0°C,3h

(32) 2,6-di-tert-butyl-4-((1S,2S)-3-((E)-3,5-di-tert-butyl-4-hydroxybenzylidene)-6-(methylthio)-2-(4-
(methylthio)phenyl)-2,3-dihydro-1H-inden-1-yl)phenol

Compound S18 (96 mg, 0.136 mmol) was subjected to the standard cyclization conditions at
0 °C with BFseOEt2 (0.034 mL, 0.27 mmol), and the crude product was purified by column

chromatography (10% to 50% DCM/Hexanes) to afford compound 32 (59 mg, 62% yield).

IH NMR (500 MHz, Chloroform-d) & 7.37 (d, J = 8.1 Hz, 2H), 7.16 (m, 3H), 7.11 (s, 2H),
7.07 (d, J = 7.9 Hz, 1H), 7.05 (s, 1H), 7.01 (s, 1H), 6.98 (s, 2H), 5.01 (s, 1H), 4.98 (s, 1H), 4.15
(s, 1H), 4.06 (s, 1H), 2.45 (s, 3H), 2.42 (s, 3H), 1.33 (s, 18H), 1.29 (s, 18H).

13C NMR (126 MHz, Chloroform-d) & 152.49, 152.40, 138.90, 138.15, 137.34, 137.20,
136.43, 135.73, 135.65, 133.50, 131.60, 127.92, 126.99, 126.51, 126.47, 125.25, 124.10, 123.97,
123.88, 53.25, 50.27, 34.52, 34.47, 30.43, 30.41, 16.23, 15.99.

IR (Neat): 3614, 2957, 2920, 1597, 1434, 1240, 1150, 1119, 883, 821, 790, 765 cm™;

HRMS (ESI) m/z calculated for CssHss02S2" ([M]*) 706.3873, found 706.3872.
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13C NMR, 126 MHz, Chloroform-d, Analog Core 32
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BF3¢OEt; (2 equiv.)

DCM,0°C,3h

(33) 4-((1S,25)-6-(benzyloxy)-2-(4-(benzyloxy)phenyl)-3-((E)-3,5-di-tert-butyl-4-
hydroxybenzylidene)-2,3-dihydro-1H-inden-1-yl)-2,6-di-tert-butylphenol

Compound S19 (102 mg, 0.145 mmol) was subjected to the standard cyclization conditions at
0 °C with BFseOEt2 (0.036 mL, 0.29 mmol), and the crude product was purified by column

chromatography (10% to 50% DCM/Hexanes) to afford compound 33 (65 mg, 64% yield).

IH NMR (500 MHz, Chloroform-d) & 7.14 (s, 1H), 7.01 (s, 2H), 6.97 (d, J = 1.4 Hz, 1H), 6.91
(s, 2H), 6.76 (s, 1H), 6.75 (d, J = 4.6 Hz, 1H), 6.70 (d, J = 8.4 Hz, 1H), 6.52 (s, 1H), 5.95 (s, 2H),
5.88 (dd, J = 5.2, 3.7 Hz, 2H), 5.13 (s, 1H), 5.03 (s, 1H), 4.34 (s, 1H), 4.07 (s, 1H), 1.36 (s, 18H),
1.28 (s, 18H).

13C NMR (176 MHz, Chloroform-d) & 152.81, 152.38, 148.46, 147.95, 147.79, 145.86,
141.64, 140.57, 139.39, 136.91, 136.82, 135.87, 135.68, 128.94, 125.60, 123.72, 121.85, 120.70,
108.46, 108.28, 106.21, 101.35, 100.86, 99.99, 61.17, 58.31, 34.47, 34.37, 30.41, 30.29.

IR (Neat): 3634, 2957, 2912, 1476, 1431, 1231, 1150, 1035, 936, 737 cm™;

HRMS (ESI) m/z calculated for C46Hs406" ([M]") 702.3915, found 702.3900.
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13C NMR, 176 MHz, Chloroform-d, Analog Core 33
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OH

1) PPhs
1) Electrochemical
TBDPSO. 2) nBulLi
P

dimerization
Br

N
3)  OTMS 2) TBAF
OTBDPS O
TBDPSO OTBDPS
So
3) LiOH (1M)

5-(€-2-((2S,3S)-3-(3,5-dihydroxyphenyl)-2-(4-hydroxyphenyl)-2,3-dihydrobenzofuran-5-
yl)vinyl)benzene-1,3-diol (6-viniferin)

Benzyl bromide was dissolved in toluene in a 500mL round bottom flask and charged with
triphenylphosphine. The reaction mixture was heated to 100°C for 24 h. The resulting white
precipitate was filtered and washed with hexanes and dried under vacuum. The resulting white
phosphonium bromide salt (4.82 g, 5.12 mmol, 1.25 eq) was dissolved in THF (40 mL) within a
flame-dried round bottom flask (100mL). nBuLi (1.25M in hexanes, 2.05mL, 1.25 eq) was added
dropwise to the solution. After 30 minutes, benzaldehyde (0.80 g, 4.1 mmol, 1 eq) was added as
a solution in THF (2mL) and the reaction was left at room temperature overnight (12h). Freshly
prepared aqueous LiOH (1M,10mL) was added and the reaction was left at room temperature for
2 h. The crude reaction was extracted with ethyl acetate and washed with aqueous bicarbonate,
aqueous ammonium chloride, and brine then dried over sodium sulfate and concentrated under
vacuum. The stilbene was isolated by column chromatography (DCM/hexanes, 10% to 50%).
The stilbene (3.19 g) was then subjected to the general electrochemical dimerization conditions
to afford the silylated 5-viniferin (89.2% yield over two steps). o-viniferin (O-TBDPS) (0.95 g)
was dissolved in THF (6.75 mL) and treated with TBAF (1M in THF, 2.77mL, 4.1 eq) and the
reaction was left for 12 h. The crude was extracted with ethyl acetate and washed with aqueous
ammonium chloride, aqueous bicarbonate, and brine then dried over sodium sulfate and
concentrated under vacuum. The &-viniferin was isolated by column chromatography
(Acetone/DCM, 1% to 20%) (81.9% yield).

1H NMR (300 MHz, Acetone) & 8.46 (s, 1H), 8.20 (d, J = 12.1 Hz, 5H), 7.42 (s, 2H), 7.24 (d, J
8.5 Hz, 6H), 7.07 (d, J = 16.4 Hz, 2H), 6.95 — 6.83 (m, 8H), 6.54 (d, J = 2.1 Hz, 4H), 6.27 (dt, J
6.7, 2.2 Hz, 4H), 6.19 (d, J = 2.2 Hz, 4H), 5.45 (d, J = 8.0 Hz, 2H), 4.47 (d, J = 8.4 Hz, 2H).

13C NMR (126 MHz, Acetone) & 160.44, 159.57, 159.36, 158.23, 145.05, 140.61, 132.37, 131.95,
131.55, 128.93, 128.46, 128.42, 127.02, 123.74, 115.97, 109.96, 107.23, 105.52, 102.51, 102.18,
93.87, 57.64.

IR: 3285.90 cm™, 1594.68 cm™, 1458.81 cm™, 1232.33 cm?, 1143.24 cm™®, 992.72 cm™, 958.12
cm?, 827.87 cm™, 679.25 cm?

HRMS (APCI+): m/z calculated for C2sH2206 [M+H]": 455.1489, found 455.1499.
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OH

1) PPh, OMe
1) Electrochemical
TBDPSO. M

2) nBulLi dimerization
Br

N
3 oTtms 2) TBAF
OTBDPS OMe O
TBDPSO OTBOPS
So
3) LIOH (1M)

5-((E)-2-((2S,3S)-3-(3,5-dihydroxyphenyl)-2-(4-hydroxy-3-methoxyphenyl)-7-methoxy-2,3-
dihydrobenzofuran-5-yl)vinyl)benzene-1,3-diol (Shegansu B)

Phosphonium bromide salt (3.87 g, 4.11 mmol, 1.25 eq) was dissolved in THF (32.1 mL) within
a flame-dried round bottom flask (100mL). nBuLi (1.25 M in hexanes, 1.64 mL, 1.25 eq) was
added dropwise to the solution. After 30 minutes, benzaldehyde (0.74 g, 3.29 mmol, 1 eq) was
added as a solution in THF (2mL) and the reaction was left at room temperature overnight (12h).
Freshly prepared aqueous LiIOH (1M,10mL) was added and the reaction was left at room
temperature for 2 h. The crude reaction was extracted with ethyl acetate and washed with
aqueous bicarbonate, aqueous ammonium chloride, and brine then dried over sodium sulfate and
concentrated under vacuum. The stilbene was isolated by column chromatography
(DCM/hexanes, 10% to 50%) (69.2% yield). The stilbene was then subjected to the general
electrochemical dimerization conditions to afford the silylated shegansu B (64.2% vyield).
Shegansu B (O-TBDPS) (0.715 g, 0.49 mmol) was dissolved in THF (4.9 mL) and treated with
TBAF (1M in THF, 0.98 mL, 4.1 eq) and the reaction was left for 12 h. The crude was extracted
with ethyl acetate and washed with aqueous ammonium chloride, aqueous bicarbonate, and brine
then dried over sodium sulfate and concentrated under vacuum. Shegansu B was isolated by
column chromatography (Acetone/DCM, 1% to 20%) (90.8 % vyield).

1H NMR (500 MHz, acetone) 6 8.2 (s, exchangeable, 2H), 8.1 (s, exchangeable, 2H), 7.66 (s,
1H), 7.18 (s, 1H), 7.05 (dd, J = 9.0, 7.3 Hz, 2H), 6.94 (d, J = 16.3 Hz, 1H), 6.87 — 6.81 (m, 3H),
6.54 (d, J = 2.1 Hz, 2H), 6.27 (dt, J = 8.1, 2.1 Hz, 2H), 6.20 (d, J = 2.2 Hz, 2H), 5.44 (d, J = 8.5
Hz, 1H), 4.52 (d, J = 8.5 Hz, 1H), 3.93 (s, 3H), 3.84 (s, 3H).

13C NMR (126 MHz, Acetone) 6 158.85, 158.68, 158.58, 148.36, 144.59, 144.11, 139.93,
132.00, 131.84, 131.67, 128.53, 126.56, 119.41, 115.83, 114.79, 114.71, 110.73, 109.93, 106.64,
106.55, 104.85, 104.76, 101.76, 101.41, 93.71, 57.23, 55.54, 55.39.

IR: 3350.15 cm-1, 1695.12 cm-1,1596.47 cm-1, 1493.17 cm-1, 1138.51 cm-1, 1005.82 cm-1,
835.20 cm-1, 682.02 cm-1

HRMS (APCI+): m/z calculated for CaoH260s [M+H]": 515.17, found 515.1723.
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Chapter 3: Leveraging the Persistent Radical Effect for the Accessing the C8 — C10 and C8

— C12 Bond of Resveratrol Oligomers

*Portions of this chapter have been published in: Matthew S. Galliher, Bec J. Roldan, and
Corey R. J. Stephenson. Chem. Soc. Rev. 2021, 50, 10044-10057.;* Kevin J. Romero, Matthew S.
Galliher, Derek A. Pratt, and Corey R. J. Stephenson. Chem. Soc. Rev. 2018, 47, 7851.2 Romero,
K. J.; Galliher, M. S.; Raycroft, M. A.R.; Chauvin, J.-P.R.; Bosque, I.; Pratt, D. A.; Stephenson,

C. R. J., Angewandte Chemie International Edition 2018, 57 (52), 17125-17129.;%

3.1 Introduction

The C8 — C10’ bond of resveratrol derived natural products are very abundant in this family
of natural products. They often take the form of a benzofuran or dihydrobenzofuran functional
motif but there are also examples of C8 — C10 bonds that are part of an all-carbon framework.
There has been considerable work generated by the Snyder group for the synthesis of resveratrol-

derived natural products with examples containing the C8 — C10 bond.
3.2 Prior work to synthesize C8 — C10’ bonds in resveratrol oligomers

In 2007, the Snyder group published the syntheses of ampelopsin D (not depicted),
isoampelopsin D (3.5), ampelopsin F (not depicted), and paucifloral F (not depicted) — examples
of resveratrol-derived natural products containing C8 — C10 bonds in an all-carbon skeleton that
were formed with a de novo strategy.%* The syntheses of paucifloral F ampelopsin D (3.4), and
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Figure 3.2. Snyder's 2007 synthesis of ampelopsin F.

isoampelopsin D (3.5) begin from the C10-bromo resveratrol analog (3.1). Lithium/halogen

exchange of (3.1) with nBuLi followed by the addition of 3,5-dimethoxy benzadehyde forms

alcohol (3.2) by 1,2-addition. This effectively forms the key C8 — C10 bond. Treatment of alcohol

(3.2) with TFA results in the loss of water of the benzylic alcohol that undergoes cyclization and

subsequent addition of trifluoroacetate and eventual basic quench to produce the alcohol. This

alcohol is then oxidized by Dess-Martin periodane to the ketone and demethylated by BBrs to

produce paucifloral F. When alcohol (3.2) was treated with toluenesulfonic acid and quenched

with p-methoxy-a-toluenethiol, sulfide (3.3) is produced. (3.3) was then oxidized with mCPBA to

the sulphone and undergoes a selective Ramberg-Backlund reaction with modified Meyer’s
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conditions'?® to furnish the desired olefin that was then demethylated with BBrs to produce
ampelopsin D (3.4). The olefin of ampelopsin D (3.4) was then isomerized under acidic conditions
to form isoampelopsin D (3.5). The bromination of ampelopsin D resulted in the Friedel-Crafts
alkylation to form [3.2.1] bicyclooctane (3.7). The bromine substitutions were further reduced

under radical conditions and the intermediate demethylated to furnish ampelopsin F (3.8).

In addition to forming C8 — C10 all-carbon skeletons for several resveratrol derived natural
products, Snyder has also explored the de novo syntheses of resveratrol natural products containing
the C8 — C10 dihydrobenzofuran for carasiphenol C, nepalensinol B, ampelopsin H, ampelopsin
G, and carasiphenol B.%” Generally, the strategy employed by the Snyder group involved
regioselective halogenations that were used for site specific homologations. The synthesis of
carasiphenol C began with the bromination and Friedel-Crafts cyclization of protected
quadrangularin A (3.9). The [2.2.0] bicycle (3.9) was then converted to the dibrominated
intermediate with differentially substituted C10 positions. The extension sequence was
accomplished by lithiation of (3.10) and addition of 3,5-dimethoxybenzaldehyde, followed by
DMP oxidation. After a swapping protecting groups, the homologation sequence was
accomplished by Corey Chaykovsky epoxidation and Znlz2-mediated Meinwald rearrangement to
give the homologated aldehyde (3.12). Addition of 4-benzyloxyphenylmagnesium bromide to the
aldehyde, Pd-mediated debenzylation, and Lewis acid-mediated cyclization of the resorcinol
produced the key C8 — C10 dihydrobenzofuran thus completing the synthesis of carasiphenol C
(3.13). This strategy was repeated using protected pallidol (3.14) as a scaffold for carrying out the
homologation/extension strategy for the syntheses of ampelopsin H and an unnatural diastereomer
of ampelopsin H and nepalensniol B. Dibromination of the protected pallidol produced dibromo

(3.15). The extension sequence was initiated by the lithiation of (3.15) and addition of 3,5-
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carasiphenol C (3.13)

Figure 3.3. Snyder's 2007 synthesis of carasiphenol C.

dimethoxybenzaldehyde and subsequently oxidized with DMP to furnish extended aldehyde. In a
similar fashion as with carasiphenol C (3.13), the swapping of the protecting groups was followed
by initiation of the homologation sequence. This was accomplished by Corey Chaykovsky
epoxidation and Znl2-mediated Meinwald rearrangement to give the homologated unsymmetric
dialdehyde (3.16). The unsymmetric dialdehyde (3.16) then underwent addition of 4-
benzyloxyphenylmagnesium bromide to both aldehydes, Pd-mediated debenzylation, and Lewis
acid-mediated cyclization of the resorcinol to produce both key C8 — C10 dihydrobenzofuran thus
completing the synthesis of the unnatural diastereomer of ampelopsin H (3.19). The Unsymmetric
dialdehyde (3.16) was epimerized to the symmetric dialdehyde (3.17). Following the same
sequence of Grignard addition, debenzylation, and Lewis acid mediated cyclization allowed for
the successful synthesis of the C8 — C10 dihydrobenzofuran thus furnishing ampelopsin H (3.18).
For the syntheses of carasiphenol B, protected ampelopsin F (3.20) underwent monobromination
with a variety of brominating reagents to produce (3.21), indicating this was the most reactive
position. The regioselectivity made it perfectly poised to undergo extension/homologation and C8

— C10 dihydrobenzofuran synthesis for the successful production of carasiphenol B (3.23). The
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Figure 3.4. Snyder's 2007 synthesis of ampelopsin H.

regioselectivity made it perfectly poised to undergo extension/homologation and C8 — C10
dihydrobenzofuran synthesis for the successful production of carasiphenol B. When treated with
NBS, the protected ampelopsin F (3.20) underwent dibromoination at both resorcinol positions.
Following the extension/homologation and C8 — C10 dihydrobenzofuran-forming sequence,
vaticanol C (3.26) was formed containing the two de novo oligomerized dihydrobenzofuran motifs.
Lastly, with the change of brominating conditions to BDSB, the regioselectivity was toggled to
the opposite resorcinol as for the carasiphenol B intermediate thus allowing for the successful
synthesis of ampelopsin G (3.26) following the extension/homologation and C8 — C10

dihydrobenzofuran-forming sequence.
3.3 Discovery of the persistent radical equilibrium of bis-quinone methide dimers

While examples of polar, de novo strategies for constructing this key connection are abundant,
radical approaches are relatively unexplored. Work from the Stephenson group hopefully provides
a seeding point for new methodologies. We first accomplished the syntheses of pallidol (2.4) and
quadrangularin A (2.3) from common bis-quinone methide (BQM) intermediate 2.2 (Figure 2.1,

Chapter 2).5 In the bio-inspired dimerization step, protected resveratrol analogue 2.5 was
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Figure 3.5. Snyder's 2011 synthesis of carasiphenol B, vaticanol C, and ampelopsin G.

oxidized under basic conditions to yield the key intermediate. Subsequent Lewis-acid mediated
cyclizations and deprotections of afforded pallidol (2.4) and quadrangularin A (2.3) with good

synthetic efficiency.

Upon further investigation of the cyclization conditions for 2.2, we found that treatment of
BQM 2.2 with 10 mol% of trifluoroacetic acid afforded the cyclized quinone methide 3.30 as a
single diastereomer in 93% vyield (Scheme 20). The conversion of 2.2 (as a 4:3 mixture of
diastereomers) to the trans,trans—indane product 2.30 was confirmed by X-ray crystallography
(Figure 3.6). It was hypothesized that only the meso diastereomer of 2.2 (3.31) could undergo this
cyclization. It was believed that 0Bn

. ; . o  TFA (10 mol%)
this product could only arise o : é MaNo, BnO

98%

through the meso diastereomer of O single diastereomer (X-Ray)
BnO OBn
QMD (X) however  both ;4;3 )

Figure 3.6. TFA-mediated cyclization of tBu-QMD 2.2 yields a single diasteroemer confirmed

diastereomers converge to the " . erstaliography
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single diastereomer product. The reaction mechanism was further probed. One hypothesis was that
(3.30) arises from indene containing quadrangularin A core (3.36) via a vinylogous protonation
but the diastereomer was not produced upon subjection of the olefin to the reaction conditions.
Secondly, it was hypothesized that QMD (2.2) undergoes a tautomerization to form intermediate
quinone methide tautomer (3.37) and then undergoes protonation/epimerization before cyclization
occurs. This hypothesis was rejected after subjection of the tautomer to the reaction conditions
failed to produce indane (3.30) (Figure 3.7). we hypothesized that a radical mechanism was
responsible for the observed reactivity.*?” Quinone methide dimers have been shown to have
intrinsic persistent radical properties in solution. Becker first published on the persistent radical
equilibrium of QMD (2.12) in chloroform. At 25 °C, Keq for the dissociation of the dimer to the

radical monomers was found to be Keq = 1x107.1%7
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Based on the work contributed by Becker and the discovery of persistent carbon-centered
radicals by Gomberg, we decided to interrogate the possibility of a radical-based mechanism. A
thermal crossover experiment (Figure 3.8) was the first piece of evidence that QMD (2.2) was in
equilibrium with its persistent radical monomer. A mixture of differentially substituted QMDs (2.2
and 3.38) were mixed in a sealed vial and subjected to heating in CDCIs. The solution of both
QMDs started off yellow but then changed green after heating. HRMS and NMR analysis
determined a statistical mixture of products was formed with the crossover heterodimer being the
major component. This was consistent with the proposed radical mechanism (Figure 3.8). The

mechanistic explanation for this crossover is thermolysis of the QMDs and then recombination to

TFA (10 mol%) OBn  TFA (10 mol%)

0] MeNO, BnO MeNO,
Bu ) Ty
‘Bu 98%
single diastereomer (X-Ray) OBn
BnO OBn
meso diasteromer By D/L diasteromer
(3.31) 3.30°H (3.32)

O
Wrong stereochemical
configuration 3.35

TFA (10 mol%)
MeNO, BnO

3.36 3.30 3.37

Figure 3.7. Mechanistic interrogation of the the converging diastereoselective acid-mediated cyclization
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2x3.38 3.39
- detected by HRMS

Figure 3.8. Thermal crossover experiments concluded that QMDs behave as peristent radicals.

form the statistical mixture. In collaboration with the Pratt group, the radical properties of QMD
(X) were interrogated. Van’t Hoff analysis was first used to calculate the BDE of the C8—C8’ bond.
The bond was found to be astoundingly weak with a BDE measured at 17.0 + 0.7 kcal/mol. This
is comparable to Gomberg’s trityl dimer (BDE= 10.7 + 0.2 kcal/mol) a known persistent radical.
Further, EPR analysis determined radical localization on the persistent radical monomer is
concentrated at the C8 position and to a lesser extent the C10 and C12 positions. This observation

tracts with C3 silyl resveratrol as well as the tetrameric silyl QMD (2.26).

The persistent radical effect subsequently applied to the synthesis of higher-order
resveratrol oligomers (Figure 3.10).%3 In the synthesis of these compounds the key C8 — C10’ bond
was first constructed by a multi-step de novo process originally accomplished by Snyder in the

examples above, %97 99,100,104 | the first portion of this route, the multi-substituted brominated
OTBDPS O OTBDPS

o 1. MesSl,
nO o OBn nBuLl BnO. nBuLl BnO.
? :? then O O 2. an2 Q O
Br
BnO OBn BnO OBn
0Bn OBn TBDPSCI
3.40

BnO.
1. Hyf PAIC
n0—<;>—MgBr O OH_OTBDPS  2.HCI, MeOH
3. BnBr, K,CO,
—— > BnO. ! O

BnO OBn

R

PPh,B
R a=r

1. nBuLi
2. TBAF

R= tBu or (CH3)3Si

3.46 3.47

Figure 3.9. Synthesis of ¢-viniferin analogs for the synthesis of nepalensinol B and vateriaphenol C
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3.47
9 steps, 16% overall yield

|
KHMDS
Cp,FePFg
THF, 0°C
63% (73% brsm)

9:1
(*)-vateriaphenol C (3.49)
(x¥)-hopeaphenol (epimeric at Q) (3.50)
13 steps, 1.1% yield

(¥)-nepalensinol B (3.51)
13 steps, 5.1% yield

Figure 3.10. Biomimetic synthesis of vateriaphenol C (And diastereomer
hopeaphenol) and nepalensinol B

benzyl ester (3.40) was subjected to ortho
lithiation which induced the anionic Fries
rearrangement and furnished bis-aryl ketone
(3.41). 3.41 was then subjected to a Corey-
Chaykovsky epoxidation, Znlz2-mediated
Meinwald rearrangement and subsequent aryl
Grignard addition to deliver tri aryl species
(3.43). Following debenzylation via
hydrogenolysis, the key C8 — C10 fused
dihydrobenzofuran (3.44) was produced by an
acid-mediated cyclization. Several additional
steps produced the epsilon-viniferin analog
(3.46). Upon preparing racemic alkylated e-

viniferin analogue (3.46), subjection of this

material to the same dimerization conditions

afforded 2.25 as a single diastereomer. This BQM tetramer was found to have a slightly weaker

C8-C8’ BDE of just 16.4 £ 0.5 kcal/mol, and it is believed that the highly reversible homolysis

and recombination of the radicals contributes to the observed diastereoselectivity. The assignment

of the relative configuration of 2.25 was based largely upon the outcome of the subsequent

cyclization. It is possible that the isolated isomer of 2.25 is of a different configuration than the

one that reacts due to the dynamic homolysis-recombination equilibrium. Lewis-acid mediated

cyclization afforded two reaction modes — the double 5-exo-trig and double 7-exo-trig reactions.

Subsequent hydrogenolysis of the benzyl ethers produced the alkylated tetramer precursors.
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Attempts to remove the alkyl groups by Lewis-acid mediated retro-Friedel-Crafts dealkylation
unfortunately did not produced the desired natural products. Instead, decomposition results,
presumably due to the lability of the dihydrobenzofuran. Switching the C3 blocking groups to
trialkyl silyl groups was the solution. The corresponding e-viniferin analogue 3.47 (9 steps, 16%
yield), was dimerized and cyclized in a similar fashion as with the tert-butyl groups and subsequent
protodesilylation to remove the C3-silyl substituents afforded resveratrol tetramers nepalensinol B
(3.43) and vateriaphenol C (3.41) in just 13 steps and 5.1% and 1.1% overall yield, respectively
(Figure 3.9). The persistent radical effect was critical to the selective outcome of these syntheses,
as we were able to successfully dimerize racemic, prochiral material to a single diastereomer in

good yield, enabling the first syntheses of these two resveratrol tetramers.

3.4 Leveraging the persistent radical effect for the synthesis of the vitisins

OBn

(@)
S

BnO
M

d \l SiMe;
BnO O

Me;Si

(0]
n SiMe3

OB

3.52 — 2x 3.52R — S-viniferin core (3.53)
Figure 3.11. Thermolysis-induced rearrangemnt of C3 silylated QMDs.

Although the QMD radical monomer has a high energy barrier for undergoing bimolecular
processes thus giving the radical persistence — the kinetic property, the QMD (2.2) can undergo
both unimolecular and bimolecular reactions. The extension of the Van’t Hoff investigation to the
silyl analog in order to determine the BDE, it was found that the persistent radical equilibrium
becomes irreversible when heating beyond 60 °C. Rather than recombining with the other C8

centered radical, a rearrangement occurs in which the C8 radical adds to the C3 silylated position.
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Following radical addition, desilylation and rearomatization occurs to furnish a dihydrobenzofuran
product with C3-C8’ connectivity (Figure 3.11). This persistent radical effect presented an

opportunity for the synthesis of vitisin tetramers.

In Stephenson’s synthesis of vitisin A and vitisin D, a de novo strategy was employed to
construct the C8 — C10 bond by the Lewis acid-mediated cyclization to produce a benzofuran
(3.54). The e-viniferin analog was completed and then subjected to electrochemical dimerization
to produce the tetrameric QMD. When heated, the expected C3 — C8 persistent radical
rearrangement furnished the C3 — C8 dihydrobenzofuran intermediate (3.56). Fluoride-mediated
desilylation and subsequent acid-mediated rearrangement then afforded vitisin A (3.57).
Intermediate (3.58) was used for an acid-mediated (HCI generated in situ) cyclization/desilylation
to form vitisin D (3.59). Attempts to convert intermediate (3.56) to vitisin B was unsuccessful as
the remaining C5 TMS group proved impervious to several desilylation conditions, presumably

due its steric inaccessibility.10!
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° O TBSO
SiMe; @ I) Me;Si i OTBS
I acetone, 60 °C

o]
j
Pro 0 . \ sealed tube, 1 h O OTBS
2,6-lutidine ! OTBS SiM
. iMes
80% yield =
KPFg (25 mM) oTBS 4:4:1:1 mixture

ofPr !
of DHB isomers

MeCN/CH,Cl, (3:1)
0.6 V (vs. Ag/AgCl) TBSO O O
0, i i

3.53 OTBS 3h, 63% yield H O oTBS O SiMes

TBSO TBSO vitisin B core (3.56)

3.54 3.55 (single diastereomer) + 7b,8b isomers

SiMesCl
KI, H,O

i)60°C,1h

i)60°C, 1h
acetone

acetone

i) HFEtzN
MeCN ii) HF-Et3 i)y HCI (0.5 M)
t,1h MeOH, rt, 48h  MeOH, rt, 48 h Hgl (0.5 M)
60% yield 60% yield MeOH, rt, 48 h
HO HO vitisin D (3.59) 68% yield HO HO HO  itisin A (3.57)
from 3.55
Proposed mechanism: — —_
C8b-C8c

dimerization

[0]

HCI (0.5 M)
MeOH, rt, 48 h
-

HF-Et;N
MeOH, rt, 48 h

Figure 3.12. Stephenson's 2020 total synthesis of vitisins A & D that utilized an electrochemical oxidation to form the key bis-quinonemethide intermediate. The persistent radical nature of
3.55 was then leveraged to thermally induce the C3-C8' reaarrangement to access the vitisin B core. Acid-mediated rearrangements furnished vitisins A & D.
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3.5 Leveraging the persistent radical effect for intermolecular coupling of trimers

acetone
100 °C

O 10 82% vyield
HO OH

9

BnO’ OBn

3.62 .
361 (dr = 10:1 trans/cis) 3.63 (96%)

Figure 3.13. Intermolecular coupling of QMD to free resorcinols results in dyhydrobenzofuran products.

Surprisingly, the persistent radical of the tert-butyl QMD (2.2) is capable of intermolecular
coupling (Figure 3.13). When 2.2 was heated in the presence of reduced tBu resveratrol (3.61), a
C8 — C10’ dihydrobenzofuran product (3.62) is observed in addition to a single equivalent of
protected resveratrol with the intact olefin (3.63.). This is indicative that the second equivalent of
radical from the QMD is either reduced and protonated or abstracts a hydrogen atom during the
course of the reaction. This observation has direct application to the biomimetic syntheses of

resveratrol trimers by means of the persistent radical effect.

There have been developments in obtaining mechanistic insight into how this
transformation proceeds (Figure 3.14/ Figure 3.15). Initially it was speculated that the mechanism
of this persistent radical oligomerization was occurring as summarized in Figure 3.15 whereby
the radical initially adds into the C10 position of the resorcinol arene 3.61 following thermolysis
of QMD (2.2). Addition of the radical into the arene would generate a dearomamtized radical arene
species 3.64. This has a drastic effect on the pKa of the proton at C10 in that it is reduced and

further deprotonated to generate radical anion 3.65. This radical anion can then be oxidized by the
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OMe
21.6 29.58.8
‘o HO ~o

14.1

Me Me
30.2 30.3 20.7
e
HO 0o Ho ~o HO

13. 12.8

]

Opt: B3LYP / 6-31G*
Sp: UB3LYP / TZVP, CPCM, acetone

Figure 3.14. Computational results of radical stabilization for oligomerization

other radical equivalent (from the QMD) thus forming the stilbene containing phenoxide and the
rearomatized adduct 3.66. Intramolecular cyclization (5-exo-trig) of the phenol onto the quinone
methide and proton shuffling results in the observed trans-substituted dihydrobenzofuran product
3.68 and one equivalent of stilbene (2.1). This originally proposed mechanism has been
precedented through the work of Studer.!?® However, evidence has been obtained that suggests
another mechanism may be at play (Figure 3.16). When QMD is heated in the presence of tBuz-
resveratrol (3.69), a cross over C8 — C8’ cyclized dimer (3.70) is obtained whereas it was expected
to produce the e-viniferin core containing the dihydrobenzofuran motif (similar to 3.62). This
product can only be achieved following the loss of a proton and electron (or H atom) from the
starting stilbene species. This has resulted in speculation that the radical monomer if capable of
performing H atom abstraction rather than radical addition. With these results in hand, it is possible

that HAT from the resorcinol to the radical monomer happens first. This would generate a radical
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intermediate with localization of the radical on C10 and C12. Computational analysis shows that

radical intermediates with localization at C10 and C12 have lower energies than radical

Original proposed mechanism:

Figure 3.15. Initially proposed mechanistic hypotheses for the intermolecular radical coupling.

+ _—

57% recovery BnO
of 12

OH
Bu ‘Bu acetone
O (sealed tube)
100 °C, 24 h
X

HO OH

2.2 3.69

Revised proposed mechanism:

Tautomerization

m OH By & By Ar
H AT !\ OH OH Ar H /
\ AY
Bu ° O‘Q —_— OO —_— Od fo) — — O
Ar R U R TR .
373 Bu 374 BU 21

(@] 2.2R 3.61 3.72
Bu o
H
{ Bu xS By Bu
Bu or Bu ‘Bu O
o=X—2
° R (o) OH e} OH
\ 12 R—> \ — S
BN N =
3.73 H Ar
Ar ) Ar 3.75 362
o .
2.2R By
Bu
O.
-lor- \
AT 376

Figure 3.16. Revised mechanistic hypotheses for the intermolecular radical coupling. (Top) experimental evidence for revised mechanism.
(Bottom) Revised hypotheses made with experiemntal and computational data.

219



localization occurring at C14 (Figure 3.14). The differences in radical localization energies
between C10 and C12 may also have implications for the regioselectivity of the radical
oligomerization and will be discussed later. Currently, it is hypothesized that the mechanism of
this oligomerization occurs as presented in Figure 3.16. In this proposed mechanism, HAT from
the resorcinol to the radical monomer happens first. This results in the resonance-stabilized radical
of the resorcinol. This C10 (or C12, dependent on the preferred energy level)-centered radical
undergoes direct radical combination with the second radical equivalent forming the neutral
adduct. The now reduced equivalent half (from the QMD) can undergo tautomerization to furnish
the stilbene equivalent that is observed. The neutral oligomerized adduct can then rearomatize (by
deprotonation), undergo 5-exo-trig cyclization from the phenol to the quinone methide forming
the dihydrobenzofuran, and then protonation of the phenoxide produces the neutral product. A
substrate scope analysis of this reaction was performed with various phenols containing simple

aromatic substitutions as well as complex aromatic systems (e.g. indoles, steroids, etc.).

1) NaBH, (10 equiv.)
Hy, Pd/C (30 mol%)
TFA (10 mol%) EtOAc/MeOH (1:1)
e D ——————
2) DDQ, NaHCO4
dioxane

MeNO,, rt
98%

78% over 2 steps

1) TFA, MeNO, 1) TFA, MeNO,
2) Hy, Pd/C 2) Hy, Pd/C
53% 55%
(2 steps) (2 steps)

‘Bug-davidiol A (3.80) 'Bug-distichol (3.81)

37
(96%)

Figure 3.17. Overview of the radical oligomerization to access tBug-davidiol A and tBug-distichol.
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Interestingly, it was found that the site of radical addition (C10 or C12) was dependent on the
substrate. This can be explained by the relative energies of the C10 or C12 centered radical as

divulged earlier (Figure 3.14). The scope of this oligomerization is currently being investigated.

With this newfound reactivity of QMDs we next sought to apply this towards a biomimetic
strategy for accessing resveratrol trimeric natural products. Generally, for the formation of trimers,
oligomerization would need to occur onto a dimer scaffold. Davidiol A and distichol were chosen
as they have no prior reported total syntheses and can be made from the same dimer scaffold (3.77).
This scaffold was synthesized from 2.2 via the outline route Figure 3.17. First 2.2 was subjected
to the TFA-mediated cyclization to afford single diastereomer 3.30. The intermediate quinone
methide was then reduced by NaBHas reduction and then debenzylated through standard Pd-
mediated hydrogenolysis conditions. It was found that stoichiometric quantities of Pd/C were
required as substoichiometric amounts did not result in complete conversion. This is thought to be
due to semi-debenzylated intermediate poisoning the catalyst. After debenzylation, the quinone
methide was restored by DDQ oxidation (3.77). This resulted in a red material after column
chromatography and was later triturated in DCM to form an off white solid. When subjected to the
persistent radical oligomerization via microwave heating, a mixture of two regioisomers was

observed wherein both contained the C8 — C10 fused dihydrobenzofuran at both resorcinol rings.

AICIl;, PhMe/MeNO, AICl3, PhMe/MeNO,

davidiol A
& -
Retro-Friedel Crafts distichol Retro-Friedel Crafts
dealkylation dealkylation

Y

'Bug-davidiol A 'Bug-distichol
(3.80) (3.81)

Figure 3.18. Attempts to perform dealkylation of the natural product precursors for davidiol A and distichol.
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lo) , 1) BF3'OEt2 HO
, KHMDS g g gy CHzClp, -78 °C, 5 min.
E— :

2) BCl3, Mes-benzene
CH,Cl,, -78 °C, 40 min.

99%
OBn 74% over 2 steps

davidiol A (3.95)

(3.94) 45%, d.r. ~1:1

Figure 3.19. Regioselectivity achieved for the potential synthesis of davidiol A.
Regioisomer (3.79) has the connectivity needed for distichol (3.81) whereas regioisomer (3.78)

has the connectivity needed for davidiol A (3.80). These regioisomers were then treated with TFA
to induce EAS cyclization to form the fused cores. Regioisomer 3.78 underwent 7-exo-trig needed
for davidiol A and regioisomer 3.79 underwent 8-exo-trig needed for distichol. These two
intermediates were then subjected to hydrogenolysis to afford the debenzylated alkylated natural
product precursors corresponding to davidiol A (3.80) and distichol (3.81). Removal of the tert-
butyl groups at C3 proved to be unfruitful with classic retro-Friedel-Crafts conditions (AICIs in
PhMe/MeNO3) and instead resulted in decomposition of the starting materials. This is believed to
be due to the acid-sensitivity of the dihydrobenzofuran as has been observed in the previous

syntheses of nepalensinol B, vateriaphenol C, and hopeaphenol.
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distichol (3.97) HO 3.98

Figure 3.20. Proposed regioselective route for accessing distichol connectivity selectively.

It is desirable to be able to control the regioselectivity of oligomerization for selective
syntheses of either distichol or davidiol A. In exploring the scope of dimer scaffolds that can
undergo oligomerization, alkylated quadragularin A (3.83) was subjected to the conditions and
resulted in a single regioisomer product as a mixture of diastereomers (dr 1:1) (3.94). The resulting
product contains the C8 — C10 connectivity that is specific to davidiol A (Figure 3.19). It is
speculated that the regiospecificity is a result of the diastereomeric configuration of the olefin
wherein the trans side of the olefin is less sterically incumbered by the bis-butyl phenol. From this
intermediate (3.94), it is required to manipulate the oxidation state of the olefin to form the quinone
methide such that the acid-mediated 7-exo-trig cyclization can form the desired carbon skeleton.
Currently, efforts are being made to isomerize the olefin of tBus-quadrangularin A (3.83) to form
tBus-parthenocissin A (3.96) to redirect the oligomerization to the other resorcinol that would

result in the C8 — C10 connectivity of distichol (3.97) (Figure 3.20). Preliminary efforts have been
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done made to accomplish the isomerization through a photochemical approach. In this strategy, a
photocatalyst has been used to attempt to sensitize the olefin to the triplet state which would then
isomerize to the opposite diastereomer. If successful, oligomerization would take place to afford
the other regioisomer that has connectivity for distichol followed by a similar oxidation state

manipulative strategy as outlined for the regioselective synthesis of davidiol A (3.95).

Carasiphenol C (3.13) (and its diastereomer wilsonol A) are other desirable targets to
demonstrate the utility of the persistent radical oligomerization to form key C8 — C10 fused
dihydrobenzofuran-containing resveratrol trimeric oligomers. The rationale for pursuing these
natural products is that the core contains pallidol which has been previously synthesized by the
Stephenson group and the C8 — C10 dihydrobenzofuran-fused motif that can be accessed by the
persistent radical oligomerization (Figure 3.21). The synthetic sequence begins from QMD (2.2)
which resulted from the developed electrochemical dimerization method. The QMD was then
subjected to BF3+OEt2-mediated cyclization to form the desired [3.3.0] bicyclooctane product

(3.99) (40% vyield) that occurs by two sequential EAS cyclizations that only the D/L isomer can

BF3¢OEt; H,, Pd/C (30 mol%)
—>»Bu — > Bu

Bu
EtOAc/MeOH (1:1)

‘Bug-unnatural
C12- C8'DHB
trimer (3.104)

Bug-carasiphenol C
(3.103)

Figure 3.21. Outlined route for the radical oligomerization of tBu4-pallidol to access tBu6-carasiphenol C
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Bu  AICl3, PhMe/MeNO, ca’as"”;em’c AICl3, PhMe/MeNO,
> trimer analog <

Retro-Friedel Crafts Retro-Friedel Crafts
dealkylation dealkylation
'Bug-unnatural
!'Bug-carasiphenol C C12-C8'DHB
(3.103) trimer (3.104)

Figure 3.22. Attempts to perform dealkylation of the natural product precursors for carasiphenol C and the unnatural trimer.

undergo. In addition to the desired intermediate, monocyclized monoquinone methide is formed
(60% vyield) that comes from the meso isomer. The [3.3.0] bicylooctane was then debenzylated to
give (3.100) now having the free resorcinols needed for oligomerization. Subjection of tBu4
pallidol to the radical oligomerization with excess QMD furnished the desired C8 — C10 fused
dihydrobenzofuran product (3.101) as a mixture of diastereomers (17% vyield, 1:1 d.r.).
Surprisingly, the C8 — C12 regioisomer (3.102) was produced as the favored isomer as a single
diasereomer (37% yield). Initially it was hypothesized that this C8 — C12 regioisomer was favored
as the C12 position is most distal to the [3.3.0] core and is more accessible in terms of sterics. In
light of the computational evidence, it may also be favored as the radical localization at C12
presents a lower energy resonance structure. It is uncertain which factor is at play and can be a
combination of both steric and electronic favorability. Separation of the this regioisomer mixture
into the individually purified isomers proved to be ineffective by column chromatography and
preperative TLC. It was rationalized that telescoping the mixture through the debenzylation would
allow for separation of the isomers. This was indeed fruitful as the debenzylated isomers had a
substantial difference in Rf by silica chromatography. The desired C8 — C10-containing tBus-
carasiphenol was much less polar in comparison to the unnatural C8 — C12 alkylated trimer and

came as a surprise that the difference in polarities would be as stark as observed. Attempts to
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remove the C3 tert-butyl groups through the
aforementioned retro-Friedel-Crafts
conditions (AICls, toluene/MeNO2) proved to
be ineffective as previously observed with
products containing the dihydrobenzofuran
motif. Due to the ease of synthesis of these
natural product precursors, and the

favorability in producing the C8 — C12

ZnCl,/BzOH

Mont. K10
(H2804-mod.)

HI
H,S0,
HCl/dioxane

Formic acid
TFA

tBu- acceptor
toluene
resorcinol

toluene
anisole
dimethoxybenzene

toluene

toluene
toluene
toluene

toluene

anisole

Figure 3.23. Attempted conditions for retro-Friedel-Crafts dealkylation.

isomer, it was used as a model system in screening dealkylation conditions.

3.6 Exploring strategies for the removal of C3 blocking groups

In exploring alternative conditions for the retro-Friedel-Crafts dealkylation, the C8 — C12

isomer was used as a model substrate for the desired C8 — C10 natural product precursor due to it

being the major isomer that forms in the persistent radical oligomerization. First it was

hypothesized that using a different tert-butyl cation acceptor would allow for the reaction to

proceed at a faster rate than decomposition of the dihydrobenzofuran. To this end, resorcinol was

used in excess as it is more electronically rich and can act as a more potent nucleophile for the

EAS substitution. Unfortunately, this too resulted in decomposition and returned a complex

mixture in which no major product or starting material could be isolated. This is indicative that a

different Lewis acid would be needed as it is too strong and promotes dihydrobenzofuran opening

3.107 3.108

tBu-cation acceptor or ~ HO
advantageous nucleophile

Figure 3.24. Potential decomposition pathway for dihydrobenzofuran under acidic conditions.
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cyclization

Preliminary results:

OH

HO
COo,Me Et;SiH (5.0 equiv.)
—_—_—

DCM:TFA (1:9),
040, avss
(0] OH HO

3.115 3.116 (1.0 to 0.75) 3.117

OH

Figure 3.25. (Top) Alternative strategy for dealkylation involving reductive cleavage of the dihydrobenzofuran prior to retro-
Friedel-Crafts dealkylation. (Bottom) preliminary results for reductive ckeavage of dihydrobenzofurans.

and decomposition. The softer Lewis acid ZnClz in combination with benzoic acid was used to
help promote the retro-Friedel Crafts but this too returned a similar decomposition profile as
previously observed. Literature precedence for using montmorillonite K10, a mineral clay solid
acid catalyst, was found to be successful in promoting Friedel-Crafts tert-butyl alkylation of
resorcinol. In this prior work, the montmorillonite clay was activated by pretreating with sulfuric
acid.'?® However, these conditions also proved to be too harsh and ultimately resulted in loss of
the dihydrobenzofuran motif. Bronsted acids were then explored wherein the concentration of the
active Lewis acid (H*) could be controlled by pKa. It was found through the screening of Bronsted
acids that the dihydrobenzofuran is unstable in acidic conditions with a range of Bronsted acids
with varying pKas (H2SOs4, HI, HCI in dioxane, formic acid, and TFA) (Figure 3.23). It is

presumed that the dihydrobenzofuran is decomposing through the proposed mechanism (Figure
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3.24). In this mechanism, the
dihydrobenzofuran oxygen is

able to be activated for ring

. . . OH (0]
opening via protonation. The 3.103 B Lama Reducing Agent 5 10 B
TFA Et;SiH
- . TiCly Et;SiH
alkylated phenol is in
Al(OiPr); iPrOH

Conj ugatlon with the C7 Figure 3.26. Attempted Kishi reduction and similar L.A-mediated hydride reductions of tBu6-
carasiphenol.

position allowing the dihydrobenzofuran ring to cleave forming the free phenol and quinone
methide. This acidic environment increases the electrophilicity of the quinone methide which can
undergo addition by aromatic electrophilic substitution by solvent quantities of toluene that is

required as a tert-butyl cation acceptor.

The presented incompatibility of the dihydrobenzofuran and the acidic conditions required
for the retro-Friedel-Crafts dealkylation of the C3 tert-butyl groups presented the need for
alternative strategy. Initially, it was speculated that oxidation of the dihydrobenzofuran ring to the
benzofuran would make it unlikely for the phenol to be released with ring cleavage under the acidic
conditions required for retro-Friedel crafts dealkylation. However, the oxidative sensitivity of the
butylated phenols would make such an approach unlikely to succeed. Instead, it was deemed more
feasible to reductively cleave the dihydrobenzofuran ring to the reduced benzylic phenol. Previous
studies for the synthesis of the vitisins made this a promising strategy Figure 3.25. This
preliminary result was presented when attempting to reduce the benzofuran of intermediate (3.115)
to the trans-fused dihydrobenzofuran (3.116) but also produced the reductively cleaved side
byproduct (3.117). Kishi conditions were first explored to accomplish this task. Screening of
equivalents of triethyl silane and reaction temperatures and reaction time did no afford the desired

product but rather a complex mixture. Mass spectrometry analysis of the resulting mixture did not
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show the formation of detectable amounts of product but showed unspecified dealkylation had
accord. Unfortunately, the screen presented no conditions that would allow for dealkylation
without decomposition. Again, this decomposition is most likely due to the TFA needed for the
Kishi reaction in that the acid activates the dihydrobenzofuran for hydride addition in the same
way that leads to decomposition. Evidently the hydride transfer is not fast enough to outcompete
decomposition. TiCls was also employed in place of TFA to see if a milder Lewis acid with enable
the desired reactivity. This not only did not result in reductive cleavage but the Titanium proved
challenging to remove from the starting material due to the free phenols. The Meerwein-Ponndorf-
Verley reaction was attempted to transfer a hydride equivalent from isopropyl alcohol to the
guinone methide that was reasoned to form when the dihydrobenzofuran is heated in the presence
of AI(O'Pr)s. This failed to convert starting material to the intended product. It is reasoned that this
failed as the quinone methide is too far away from the phenol being coordinated by the aluminum
catalyst so the intramolecular hydride transfer is improbable. Attempting this reaction at a higher
concentration for an intermolecular hydride transfer was also unsuccessful (Figure 3.26). Basic

conditions were then explored for the reductive cleavage.

The rationale for performing this transformation using a basic hydride reagent is outline in
Figure 3.25 in which deprotonation of the phenol in conjugation with the dihydrobenzofuran
would induce the ring opening and present the quinone methide that can be reduced by addition of
hydride ultimately forming the phenol. It has already been demonstrated that sodium borohydride
is able to reduce a quinone methide in a similar fashion. Lithium aluminum hydride was first
screened with various equivalents and reaction temperature but failed to convert starting material
to product. To prevent the loss of more precious trimer material, a simpler model substrate was

employed for continuing the investigation of the reductive cleavage using basic conditions. This
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Figure 3.27. Proposed basic hydride strategy for reductively cleaving open the dihydrobenzofuran (Top). Synthesis of model substrate system
for screening reductive cleavage conditions (Middle) Model substrate used for successful reductive cleavage. (Bottom, left) Screened conditions
were unable to achieve reductive cleavage on the natural product system (Bottom, right)

model substrate (3.122) was synthesized by the persistent radical coupling of QMD 2.2 with
orcinol (3.121) (Figure 3.27). With the failures of the LiAlHz-mediated reductive cleavage
attempts in hand, it was hypothesized that protection of the resorcinol groups was needed prior to
treatment with a hydride source. To this end, (3.122) was methylated with methyl iodide and
potassium carbonate. Temperature control was critical for this reaction to work as it was observed
that higher temperatures resulted in complete methylation of both the resorcinol moieties and bis-
tert-butyl phenol, a methylation that was believed to be improbable due to the steric constraints of
the phenol. Gratifyingly, treatment of the orcinol-containing dihydrobenzofuran model substrate
(3.123) with lithium triethylborohydride (super hydride) produced the desired reductive cleavage
product (3.124). To apply this to the relevant C8 — C10 tBus carasiphenol C system, the alkylated
precursor (3.103) needed to be per-methylated using the same alkylating conditions used on the

model system. With temperature control and using only slight excess of methyl iodide, the penta
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methylated tBus-carasiphenol was synthesized. With the methylated trimer in hand, it was time to
apply the lithium triethylborohydride conditions on the relevant natural product scaffold.
Unfortunately, the reaction would not convert the starting material to product when performed at
room temperature. Even when performed at refluxing conditions with excess hydride (10
equivalents), the reductive cleavage product would not form and starting material was returned.
This strategy was abandoned and replaced with a strategy to change the C3 tert-butyl groups to

something more labile.

The need for harsh conditions to remove tert-butyl blocking groups and the stability of the
natural product dihydrobenzofuran scaffold for reductive cleavage presents the need for an
alternative C3 blocking group strategy. It has been acknowledged that trimethylsilyl groups can
be removed easily but do not allow for the intermolecular persistent radical coupling needed to
access the resveratrol trimers. Earlier efforts were made to replace the C3 blocking groups with

alkylthioethers as they have been shown to be tolerated by the electrochemical oxidation and can

3.52 OBn &-viniferin core (3.53)

Figure 3.28. Current strategy for accessing trimer products requires finding a silyl group that is sufficiently
hindered to deter intramolecular radical rearrangment while permitting intermolecular coupling.
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be removed by reductive conditions (i.e. Raney nickel). It was found early on that these groups
were very acid sensitive and would not be feasible in the construction of the dimeric scaffolds that
require acidic conditions for the EAS cyclizations needed to furnish the carbon framework.
Although trimethylsilyl groups at C3 have established shortcomings for the trimer synthetic routes
(specifically the limitations in the persistent radical coupling), the use of larger silyl-based groups
has not been explored. It can be reasoned that there exists a C3 silyl group that is sterically
encumbered enough to permit dimerization and intermolecular persistent radical C8 — C10
coupling as well as preventing the undesired C8 — C3 rearrangement. This is an avenue that is

currently being explored (Figure 3.26).
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3.7 Experimental

General Procedures: Glassware was dried in a 150 °C oven or flame-dried under vacuum
(~0.5 Torr) prior to use. Reaction vessels were equipped with Teflon/PTFE-coated magnetic stir
bars and fitted with rubber septa, and reaction mixtures were maintained under a positive pressure
of dry nitrogen unless otherwise noted. Air- and/or moisture-sensitive liquids were transferred
using stainless steel needles or cannulae. Reaction progress was monitored by analytical thin—layer
chromatography (TLC) using glass-backed plates pre-coated with 230-400 mesh silica gel (250
um, Indicator F-254), available from Silicycle, Inc (cat # TLG-R10011B-323). Thin layer
chromatography plates were visualized by exposure to a dual short-wave/long-wave UV lamp
and/or by exposure to ethanolic solutions of p-anisaldehyde or vanillin, or an aqueous solution of
ceric ammonium molybdate (Hanessian’s stain), and the stained plates were developed by
warming with a heat gun. Flash column chromatography was performed according to the
procedure described by Still et al. either manually using 43-60 pm (230-400 mesh) silica gel or
utilizing RediSep®Rr Gold silica columns with a Teledyne Isco CombiFlash Rr automated
purification system. Upon reaction quenching and work up, organic solutions were dried over
Na2Ss or MgSOa4 and concentrated on Buichi rotary evaporators at ~10 Torr/35 °C, then at ~0.5

Torr/25 °C using a Welch vacuum pump.

Materials: Commercially available starting materials were used as received without further
purification unless otherwise noted. Organic solvents (acetonitrile, dichloromethane, diethyl ether,
dimethylformamide, dimethyl sulfoxide, methanol, tetrahydrofuran, toluene) and amine bases

(triethylamine, pyridine, N,N-diisopropylethylamine, and diisopropylamine) were purified

L still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43 (14), 2923-2925.
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immediately prior to use by the method of Grubbs et al.2 using a Phoenix Solvent Drying System
(JC-Meyer Solvent Systems) or PureSolv Micro amine drying columns (Innovative
Technology/Inert), respectively, and maintained under positive argon pressure. Solutions of
organolithium reagents (n-BuLi, t-BuLi) and Grignard reagents were purchased from Acros
Organics unless otherwise noted and titrated prior to use (1,10-phenanthroline/menthol) according

to the method of Paquette.®

Product Analysis: Product names were generated using ChemDraw Ultra 21.0
(PerkinElmer). *H and **C NMR spectra were recorded at the indicated temperature at 117 kG and
176 kG (*H 500 MHz, 700 MHz; *C 125 MHz and 175 MHz) using an internal deuterium lock on
Varian Inova 500 or Varian VNMR 500 and 700 spectrometers. *H chemical shifts are expressed
in parts per million (ppm) relative to the residual protio solvent resonance in CDCls using 6 7.26
as standard for residual CHCIs or using the center line of the solvent signal as internal reference

for acetone-ds: 6 2.05, and DMSO-ds: 6 2.50. Multiplicity is reported as

triplet, dd = doublet of f

HO

follows: (br = broad, s = singlet, d = doublet, t

doublets, ddd = doublet of doublet of doublets, m = multiplet), and the corresponding coupling
constants are indicated as J-values in units of Hz. 3C NMR spectra were completely *H-decoupled
(broadband) and the center line of the solvent signal was used as internal reference: CDCls
77.23; acetone-ds 8 29.92; DMSO-ds & 39.51. 13C chemical shifts are expressed in parts per million
(ppm) to a single decimal place; in instances where multiple resonances approximate the same

chemical shift value, two decimal places are used. For *H and °C assignments, the following

resveratrol numbering scheme was used, and each successive resveratrol equivalent was denoted

2 pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J. Organometallics 1996, 15 (5), 1518-1520.
3 Lin, H.S.; Paquette, L. A. Synth. Commun. 1994, 24 (17), 2503-2506; Watson, S. C.; Eastham, J. F. J. Organomet. Chem. 1967, 9 (1), 165-68.
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with (a, b, c, etc.). Diastereotopic protons are denoted with (*), and protons found to exchange in
the presence of D20 are indicated with “exchangeable [D20]”. Infrared data were obtained on a
Perkin-Elmer Spectrum BX FT-IR spectrophotometer using an ATR mount with a ZnSe crystal
and are reported as follows: [frequency of absorption (cm™), intensity of absorption (s = strong,
m = medium, w = weak, br = broad)]. High-resolution mass spectra (HRMS) were obtained on a
Micromass AutoSpec Ultima Magnetic Sector mass spectrometer using electrospray ionization
(ESI), positive ion mode—we thank James Windak and Paul Lennon at the University of Michigan
Department of Chemistry instrumentation facility for conducting these experiments. X-ray
crystallographic data were collected on a Rigaku AFC10K Saturn 944+ CCD-based X-ray

diffractometer—we thank Dr. Jeff W. Kampf for conducting these experiments.
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1. acetone (0.025 M)
130 °C, sealed vessel
16 h

2. Pd/C (30%), H,
28%

1:1 mixture of diastereomers
2.2 (£)-3.100 (¥)-3.103 'Bu

(1S,25,6aR,11R,11aR)-2,6,11-tris(3,5-di-tert-butyl-4-hydroxyphenyl)-1-(3,5-

OH

dihydroxyphenyl)-1,2,6,6a,11,11a-hexahydroindeno[1',2':2,3]indenol[5,4-b]furan-5,8,10-

triol (3.103):

A suspension of starting bis-para-quinone methide (2.2) (17 g, 17 mmol, 2.00 equiv) and
starting [3.3.0] (3.100) (5.7 g, 8.4 mmol, 2.00 equiv) was prepared in degassed acetone (162 mL,
0.052 M) at room temperature in a 500 mL sealed vessel. The vessel was tightly sealed and the
slowly stirring mixture heated to 130 °C behind a blast shield. At 16 h, the reaction was removed
from the heated oil bath and allowed to cool to room temperature over the course of 0.5 h. TLC
showed nearly complete consumption of [3.3.0] bicycle. Column chromatography was performed
using a gradient of 1% acetone in DCM to 15% acetone to remove unreacted QMD however the
isolated fractions contained various isomers. A slower gradient was performed to yield a fraction
containing 3.5 grams of two trimer products that were inseparable from each other. This material
was pushed forward with hydrogenolysis. The trimer material was dissolved in degassed methanol
(300 mL) and 30% palladium on carbon (1 gram, 2.9 mmol, 1 equivalent) was added to the flask.
The reaction mixture was charged with hydrogen gas and sparged for 30 min. TLC analysis at 12
h revealed full conversion to the desired product, and the reaction was sparged with argon. A slurry
was made by adding celite which was then filtered off slowly and washed continuously with
EtOAc (50 mL) so as to not let the filtrate go dry which creates a fire risk. The crude solution was
then concentrated in vaccuo. The crude contained black residue from the Pd/C and was redissolved

in 15% acetone in CH2Cl2 which was run through a silica plug and eluted with the same solvent
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ratio. Column chromatography using a gradient of 1% acetone to 20% acetone in CH2Cl: isolated

the regiosiomer mixture with the above product as an inseparable mixture of diastereomers (1:1).

Characterization data for the above regioisomer is provided below:

TLC (CH2Cl2/Acetone, 90:10),
RF:

'H NMR (700 MHz, acetone-
Ds, 25 °C) &:

13C NMR (176 MHz, acetone-
Ds, 25 °C) a:

FTIR (neat) cm™

HRMS (APCI+)

0.75 (UV, p-anisaldehyde (red));

0 7.99 (s, exchangeable, 4H), 7.72 (s,, exchangeable
1H), 7.22 (s, 2H), 7.11 (s, 2H), 6.77 (s, 2H), 6.62 (d, 1H),
6.25 (s, 1H), 6.23 (t, J = 1.9 Hz, 1H), 6.19 (d, J = 2.0 Hz,
exchangeable, 2H), 6.16 (d, J = 1.6 Hz, 1H), 6.08 (s,
exchangeable, 1H), 5.76 (s, exchangeable, 1H), 5.61 (s,
exchangeable, 1H), 5.30 (d, J = 5.4 Hz, 1H), 4.93 (d,J =5.3
Hz, 1H), 4.67 (d, J = 8.0 Hz, 2H), 3.91 — 3.87 (m, J = 2.9
Hz, 2H), 3.82 (s, 1H), 1.40 (s, 36H), 1.25 (s, 18H).

0161.8,158.7,158.1, 154.5,154.3,153.8, 151.9, 151.7,
149.0, 145.8, 144.4, 137.3, 136.8, 136.6, 136.4, 136.0,
133.2, 124.4, 123.8, 123.7, 123.3, 122.5, 116.0, 106.0,
102.4, 101.5, 101.3, 95.8, 94.5, 68.8, 59.8, 58.6, 55.0, 54.6,
53.2, 50.5, 34.3, 34.2, 34.0, 31.1, 29.9, 29.8, 29.7, 29.7,
29.4,29.3,29.2,29.1, 29.0, 28.8, 28.7, 28.6;

3464.98 cm™, 2959.97 cm?, 1602.57 cm™, 1434.91 cm™,
1208.62 cm™®, 1154.27 cm™®, 1119.35 cm™, 1080.73 cm™,
995.02 cm™, 838.23 cm®, 770.31 cm™, 694.67 cm?

m/z calculated for CesHsoO9 [M+H]*: 1017.5875, found
1017.5883

237



1. acetone (0.025 M)
130 °C, sealed vessel
16 h

2. Pd/C (30%), H,
37%

1)
22 (#)-3.100 (£)-3.104  BU

(2R,3R,5R,5aR,10R,10aR)-2,5,10-tris(3,5-di-tert-butyl-4-hydroxyphenyl)-3-(3,5-
dihydroxyphenyl)-2,3,5,5a,10,10a-hexahydroindeno[1’,2":2,3]indeno[5,6-b]furan-4,7,9-triol

(3.104):

A suspension of starting bis-para-quinone methide (2.2) (17 g, 17 mmol, 2.00 equiv) and
starting [3.3.0] (3.100) (5.7 g, 8.4 mmol, 2.00 equiv) was prepared in degassed acetone (162 mL,
0.052 M) at room temperature in a 500 mL sealed vessel. The vessel was tightly sealed and the
slowly stirring mixture heated to 130 °C behind a blast shield. At 16 h, the reaction was removed
from the heated oil bath and allowed to cool to room temperature over the course of 0.5 h. TLC
showed nearly complete consumption of [3.3.0] bicycle. Column chromatography was performed
using a gradient of 1% acetone in DCM to 15% acetone to remove unreacted QMD however the
isolated fractions contained various isomers. A slower gradient was performed to yield a fraction
containing 3.5 grams of two trimer products that were inseparable from each other. This material
was pushed forward with hydrogenolysis. The trimer material was dissolved in degassed methanol
(300 mL) and 30% palladium on carbon (1 gram, 2.9 mmol, 1 equivalent) was added to the flask.
The reaction mixture was charged with hydrogen gas and sparged for 30 min. TLC analysis at 12
h revealed full conversion to the desired product, and the reaction was sparged with argon. A slurry
was made by adding celite which was then filtered off slowly and washed continuously with
EtOAc (50 mL) so as to not let the filtrate go dry which creates a fire risk. The crude solution was

then concentrated in vaccuo. The crude contained black residue from the Pd/C and was redissolved
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in 15% acetone in CH2Cl2 which was run through a silica plug and eluted with the same solvent

ratio. Column chromatography using a gradient of 1% acetone to 20% acetone in CH2Cl: isolated

the regiosiomer mixture with the above product as an inseparable mixture of diastereomers (1:1).

Characterization data for the above regioisomer is provided below:

TLC (CH2Cl2/Acetone, 90:10),
RF:

'H NMR (700 MHz, acetone-
D, 25 °C) &:

13C NMR (176 MHz, acetone-
Ds, 25 °C) a:

FTIR (neat) cm™

HRMS (APCI+)

0.20 (UV, p-anisaldehyde (red));

0 8.1 (s, exchangeable, 2H), 8.0 (s, exchangeable, 1H),
8.0 (s, 1H), 7.3 (s, 2H), 7.0 (s, 2H), 6.8 (s, 2H), 6.7 (s,
exchangeable, 1H), 6.6 (d, J = 1.2 Hz, 1H), 6.4 (s, 1H), 6.2
(t, J = 1.8 Hz, 1H), 6.1 (d, J = 1.7 Hz, 1H), 6.0 (s,
exchangeable,1H), 5.8 (s, exchangeable, 1H), 5.6 (s,
exchangeable, 1H), 5.4 (d, J = 1.2 Hz, 1H), 4.7 (s, 1H), 4.6
(d, J = 1.3 Hz, 1H), 4.4 (s, 1H), 3.92 — 3.88 (m, 2H), 1.4 (s,
18H), 1.4 (s, 18H), 1.34 (s, 18H).

0162.5,159.3,158.1,154.9,154.3,153.4,151.8, 151.7,
149.0, 148.2, 144.1, 137.4, 137.2, 136.9, 136.6, 136.6,
133.6, 124.5, 123.6, 123.4, 122.7, 121.5, 115.3, 105.2,
101.9, 101.4, 101.3, 95.6, 93.3, 60.1, 59.8, 56.2, 53.6, 48.8,
34.3,34.2,34.2,30.0, 29.9, 29.9, 29.8, 29.8, 29.7

3634.0 cm-1, 3510.7 cm-1, 2957.9 cm-1, 1601.9 cm-1,
1435.4 cm-1, 1234.3 cm-1, 1153.8 cm-1, 997.6 cm-1, 835.5
cm-1,768.8 cm-1

m/z calculated for CesHsoOs [M+H]": 1017.5875, found
1017.5892
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NaBH, (10 equiv)
THF/MeOH (1:1)

RT, 0.5h

quantitative

4-((1R,2R,3R)-5,7-bis(benzyloxy)-2-(3,5-bis(benzyloxy)phenyl)-3-(3,5-di-tert-butyl-4-
hydroxybenzyl)-2,3-dihydro-1H-inden-1-yl)-2,6-di-tert-butylphenol (3.77a): The reaction
vessel was charged with starting quinone methide (290 mg, 0.279 mmol, 1.00 equiv.) and NaBH4
(106 mg, 2.79 mmol, 10.00 equiv). The mixture was taken up in THF (5.5 mL) at room temperature
under inert atmosphere. To the faint yellow stirring solution was carefully added MeOH (5.5 mL),
causing it to immediately become colorless with concomitant Hz-evolution. While the starting
material and product have nearly identical Rr values, reaction progress can be monitored by the
use of p-anisaldehyde stain, the action of which turns the starting material yellow-orange and the
product pink. TLC analysis at 0.5 h indicated full conversion to (3.77a), and the excess reductant
was quenched by careful addition of sat. ag. NH4Cl. MeOH was then removed from the
heterogeneous mixture by rotary evaporation. The crude material was then dissolved into a mixture
of EtOAc/H:0, and transferred to a separatory funnel where the phases were separated. The
aqueous layer was further extracted with additional portions of EtOAc. The organic layers were
combined, washed with brine, dried over Na.SO4 and concentrated in vacuo to yield the desired
(3.77a) (290 mg, 0.278 mmol, quantitative yield) as a white foam, which was carried on without

further purification.

TLC (Hexanes/EtOAc, 85:15), 0.41 (UV, p-anisaldehyde (pink));
Rr:
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IH NMR (500 MHz, CDCls, 25
°C) &:

13C NMR (125 MHz, CDCls, 25
°C) &:

HRMS (ESI):

FTIR (neat) cm™:

7.47 —7.28 (m, 15H), 7.14 - 7.09 (m, 3H), 6.89 (s, 2H),
6.79 (s, 2H), 6.73 (m, 2H), 6.50 (d, J = 1.3 Hz, 1H), 6.41 (t,
J=20Hz 1H), 6.33 (d, J = 1.3 Hz, 1H), 6.19 (d, J = 2.0
Hz, 2H), 5.01 (d, J = 10.0 Hz, 1H), 4.99 (d, J = 10.0 Hz,
1H), 4.97 (d, J = 11.5 Hz, 1H),4.95 (d, J = 11.5 Hz, 1H),
4.90 (d, J=12.0 Hz, 1H), 4.88 (d, J = 11.7 Hz, 1H), 4.86 (d,
J=11.7Hz, 1H), 4.82 (d, J = 12.0 Hz, 1H), 4.30 (d, J = 6.0
Hz, 1H), 3.59 (ddd [apparent quartet], J = 6.4, 7.3, 7.8 Hz,
1H), 3.02 (dd, J = 7.3, 13.9 Hz, 1H), 3.00 (dd [apparent
triplet], J = 6.0, 6.4 Hz, 1H), 2.94 (dd, J = 7.8, 13.9 Hz, 1H),
1.35 (s, 18H), 1.33 (s, 18H);

160.0, 159.9, 156.0, 152.1, 152.0, 149.1, 148.6, 137.3,
137.18, 137.16, 136.15, 135.7, 135.4, 130.7, 128.8, 128.7,
128.3, 128.2, 128.1, 127.9, 127.8, 127.4, 126.5, 126.2,
125.2,124.2,106.8, 102.1, 99.8, 99.6, 70.4, 70.1, 69.5, 62.5,
57.5,54.3,41.9, 34,5, 34.4, 30.7, 30.6;

m/z calculated for C72Hs106 [M+H]": 1041.6028, found
1041.6022;

3629 (W), 2953 (m), 1593 (), 1434 (s), 1374 (m), 1313
(m), 1232 (m), 1145 (s), 1047 (m).
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Pd/C 30% (1 eq)

EtOAc/MeCOH (1:1), RT, 12 h

95%

(1R,2R,3R)-1-(3,5-di-tert-butyl-4-hydroxybenzyl)-3-(3,5-di-tert-butyl-4-hydroxyphenyl)-
2-(3,5-dihydroxyphenyl)-2,3-dihydro-1H-indene-4,6-diol (3.77b): A solution of starting indane
(100 mg, 0.096 mmol, 1.00 equiv prepared in 1:1 EtOAc/MeOH (10.0 mL, 0.01 M) under inert
atmosphere using solvents degassed prior to use. 30% Pd/C was added (34 mg, 0.96 mmol, 1
equiuivalent). The reaction was then charged with hydrogen gas and sparged continuously for 30
minutes. TLC analysis at 12 h revealed full conversion to the desired product, and the reaction was
sparged with argon. A slurry was made by adding celite which was then filtered off slowly and
washed continuously with EtOAc (50 mL) so as to not let the filtrate go dry which creates a fire
risk. The crude solution was then concentrated in vaccuo. The crude contained black residue from
the Pd/C and was redissolved in 1:9 acetone/CH2CI2 which was run through a silica plug and
eluted with the same solvent ratio. The desired 3.77b (59 mg, 0.086 mmol, 90% yield) was isolated

from the crude material as a white foam.

TLC (CH2Cl2/MeOH, 95:5), 0.17 (UV, p-anisaldehyde (red));
RF:

'H NMR (500 MHz, acetone-d, 8.00 (s, br, 1H, exchangeable [D20]), 7.97 (s, br, 1H,
25°C) é: exchangeable [D20]), 7.21 (s, br, 1H, exchangeable [D20]),

6.90 (s, br, 2H), 6.82 (s, br, 2H), 6.29 (d, br, J = 1.5 Hz, 1H),
6.24 (d, br, J = 1.5 Hz, 1H), 6.15 (t, br, J = 1.5 Hz, 1H), 6.01
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13C NMR (175 MHz, acetone-
ds, 25 °C) 5:

HRMS (ESI):

FTIR (neat) cm™:

(d, br,J=1.5Hz, 2H), 5.79 (s, br, 1H, exchangeable [D20]),
5.72 (s, br, 1H, exchangeable [D20]), 4.25 (d, J = 3.9 Hz,
1H), 3.37 (ddd, J = 4.2, 6.6, 8.1 Hz, 1H), 2.91 (dd [apparent
triplet], J = 3.9, 4.2 Hz, 1H), 2.86 (dd, J = 6.6, 13.7 Hz, 1H),
2.79 (s, br, 1H, exchangeable [D20]), 2.77 (dd, J= 8.1, 13.7
Hz, 1H), 1.37 (s, 18H), 1.34 (s, 18H);

159.3, 159.1, 155.3, 152.94, 152.86, 150.8, 150.5,
137.71, 137.69, 137.1, 131.8, 126.6, 124.7, 121.7, 106.3,
104.2,102.2,101.2,61.8, 57.0, 55.6, 42.7, 35.2, 35.1, 30.90,
30.86;

m/z calculated for CasHs706 [M+H]": 681.4150, found
681.4148;

3322 (m, br), 2957 (m), 1600 (s), 1434 (s), 1360 (s),
1230 (s), 1156 (m), 1134 (m), 1006 (w).
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NaHCO3;, DDQ

dioxane, RT, 1 h
85%

(£)-3.77b (£)-3.77

2,6-di-tert-butyl-4-(((1R,2R,3R)-3-(3,5-di-tert-butyl-4-hydroxyphenyl)-2-(3,5-
dihydroxyphenyl)-4,6-dihydroxy-2,3-dihydro-1H-inden-1-yl)methylene)cyclohexa-2,5-dien-
1-one (3.77): Starting phenol (3.77b) (37 mg, 0.055 mmol, 1.00 equiv) and NaHCOs (46 mg, 0.55
mmol, 10 equiv) were stirred in dioxane (1.0 mL) at 23 °C under inert atmosphere. In separate
vessel, a solution of DDQ (14 mg, 0.061 mmol, 1.1 equiv) in dioxane (1.7 mL) was prepared. The
solution of DDQ was added dropwise to the reaction mixture. Reaction progress was monitored
by TLC and the reaction as quenched at 1 h with 10% aqg. Na2S203. The mixture was diluted with
ethyl acetate and transferred to a separatory funnel containing sat. aq. Na2COs The aqueous phase
was extracted with ethyl acetate (2x). Combined organic layers were washed with sat. ag. Na2COs3
(2x), dried over Na2SO4, and concentrated in vacuo. (NOTE: Do not expose material to
alcoholic/nucleophilic solvents [e.g. iPrOH, MeOH, etc.], as the corresponding ether adduct forms
readily). The resulting residue was purified by preparative TLC using 8% acetone in CH2Cl2
mobile phase to give quinone methide as a red amorphous solid (31 mg, 0.046 mmol, 85% yield).
This material was then triterated by sonication in CH2Cl2 to yield a pale off white solid (NOTE:
(3.77) is not stable to prolonged storage in solution and should be stored at —20 °C under inert

atmosphere or used immediately).
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TLC (Hexanes/EtOAc, 4:1), 0.57 (UV, p-anisaldehyde (yellow-orange));
Rr:

'H NMR (500 MHz, acetone-ds, 8.12 (br s, 3H), 7.28 (d, J = 2.2 Hz, 1H), 7.20 (br s,
25°C) é: 1H), 7.03 (d, J = 2.2 Hz, 1H), 6.89 (s, 2H), 6.53 (d, J=9.5
Hz, 1H), 6.33 (d, J = 2.0 Hz, 1H), 6.24 (d, J = 2.0 Hz,
1H), 6.23 (d, J = 2.0 Hz, 1H), 6.17 (d, J = 2.0 Hz, 1H),
5.83 (s, 1H), 4.63 (t, J = 9.5 Hz, 1H), 4.42 (d, J = 8.2 Hz,
1H), 3.02 (dd [apparent triplet], J = 8.2 Hz, 1H), 1.34 (s,

18 H), 1.26 (s, 9H), 1.22 (s, 9H);

13C NMR (125 MHz, acetone- 187.1, 159.7, 159.5, 155.6, 153.3, 150.3, 148.9,
de, 25 °C) &: 148.1, 147.2, 145.5, 137.8, 135.9, 134.7, 133.3, 128.2,
124.9, 121.4, 107.5, 104.1, 103.2, 102.0, 66.4, 57.4, 52.9,

35.9, 35.5, 35.2, 30.8, 29.9, 29.8;

All characterization data consistent with that reported.*

* Li, W.; Li, H.; Li, Y.; Hou, Z. Angew. Chem. Int. Ed. 2006, 45 (45), 7609-7611.
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acetone (0.025 M)
100 °C, sealed vessel

4h
—_—

28%

2:1 mixture of regioisomers

5-((1S,2S,6R,7R,8R)-1-(3,5-bis(benzyloxy)phenyl)-8-(3,5-di-tert-butyl-4-

hydroxybenzyl)-2,6-bis(3,5-di-tert-butyl-4-hydroxyphenyl)-5-hydroxy-1,6,7,8-tetrahydro-

2H-indeno[5,4-b]furan-7-yl)benzene-1,3-diol (3.78): A suspension of starting bis-para-quinone
methide 2.2 (39 mg, 0.038 mmol, 1.00 equiv) and starting indane 3.77 (51 mg, 0.075 mmol, 2.00
equiv) was prepared in acetone (1.52 mL, 0.025 M) at room temperature in a 2 dram vial. The
vessel was tightly sealed and the slowly stirring mixture heated to 100 °C. At 4 h, the reaction was
removed from the heat and allowed to cool to room temperature over the course of 0.5 h. TLC
confirmed full consumption of 3.77. Column chromatography using 20%, then 30% of a 3:1
EtOAc/acetone mixture in hexanes afforded the disproportionation product 3.71 (24 mg, 0.046
mmol, 123% yield),” four products of intermediate Rf (30 mg collectively), and recovered 2.2 (30
mg, 0.044 mmol, 59% recovery). The mixture of >4 compounds was further purified by
preparative thin layer chromatography (plate developed 3x using 1% EtOH in CH2Cl2) and the
desired product 3.78 was isolated as a tan amorphous solid (8.0 mg, 0.0067 mmol, 18% yield)
along with an impure sample containing mostly a diastereomer of 3.78 (4.7 mg, 10% vyield).

Characterization data for the major diastereomer is provided below:

® Full disproportionation can generate 2 equiv. of stiloeneError! Reference source not found. relative to the starting indane, but only 1 equiv. i
s theoretically needed, hence the yield >100%
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TLC (CH2Cl2/Acetone, 95:5),
Rr:

IH NMR (500 MHz, CDCls, 25
°C) 5:

13C NMR (125 MHz, CDCls, 25
°C) &:

HRMS (ESI):

FTIR (neat) cm™:

0.22 (UV, p-anisaldehyde (red));

7.42 — 7.28 (m, 10H, —OCH2C¢H5), 7.13 (s, 2H, Caa—
H), 6.92 (s, 2H, C2c—H), 6.56 (s, br, overlap, 2H, C10a—H),
6.55 (s, overlap, 1H, Ci2—H), 6.45 (s, br, 1H, C12a—H), 6.43
(s, 2H, Ca—H), 6.02 (s, C12c—H), 5.57 (s, 2H, Cioc—H), 5.51
(d, J=2.9Hz, 1H, C7a—H), 5.22 (s, 1H, —OH, exchangeable
[D20]), 5.10 (s, 1H, —OH, exchangeable [D20]), 4.95 (d, J
= 11.5 Hz, 2H, -OCH2CsHs), 4.92 (d, J = 11.5 Hz, 2H, -
OCH2C¢Hs), 4.56 (s, br, 1H, —OH, exchangeable [D20]),
4.48 (d, J = 2.9 Hz, 1H, Csa—H), 4.40 (s, br, 1H, —OH,
exchangeable [D20]), 4.25 (d, J = 2.0 Hz, 1H, C7—H), 3.19
(ddd, br, J = 2.7, 3.4, 11.7 Hz, 1H, Cs-H), 2.90 (dd
[apparent triplet], J = 2.0, 2.7 Hz, 1H, Csc—H), 2.47 (dd, J =
3.4, 13.5 Hz, 1H, C»-H), 1.98 (dd, J = 11.7, 13.5 Hz, 1H,
Cm—H), 1.42 (s, 18H, C3a—C(CHa)s), 1.34 (s, 18H, Cac—
C(CH3)3), 1.25 (s, 18H, C3p—C(CH?3)3);

162.8 (Ci1b), 160.7 (br, Ci1a), 156.6 (Ca1c), 153.9 (Caa),
153.5 (Cian), 153.0 (Cuc), 151.8 (Cav), 150.9 (Coc), 148.0
(Csa), 145.1 (Cop), 136.9 (-OCH2CsHs), 136.5 (Cac), 136.3
(Csa), 135.7 (Cab), 134.1 (Cic), 133.2 (C1a), 131.2 (Cun),
1287 (-OCHzCeHs), 1282 (—OCH:CeHs), 127.9 (-
OCH2CsHs), 125.8 (Cav), 124.2 (Cac), 122.7 (Cuan), 122.2
(C2a), 117.7 (Ciop), 107.0 (br, Ci0a), 106.1 (Cioc), 100.6
(C12a), 100.3 (Cizc), 96.8 (Cizv), 94.1 (Cra), 70.2 (-
OCH:2CsHs), 59.2 (Csc), 56.4 (Csa), 56.2 (Cab), 55.1 (C7c),
41.1 (Cmb), 34.62 (C3a—C(CHs3)3), 34.58 (C3c—C(CHa)s), 34.3
(C3—C(CHs3)3), 30.54 (C3c—C(CHs)3), 30.52 (C3—C(CH3)3),
30.44 (C3a—C(CHs3)3);

m/z calculated for C4sHs706 [M+H]": 1199.6971, found
1199.6970;

3638 (w), 2956 (M), 1594 (s), 1434 (s), 1365 (m), 1316
(m), 1234 (m), 1153 (s), 1082 (w), 1052 (m).
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acetone (0.025 M)
100 °C, sealed vessel

4h
[ AL ——

30%

2:1 mixture of regioisomers

2.2 (#)-3.77 (£)-3.79

4-(((1S,2S,6R,7R,8R)-1-(3,5-bis(benzyloxy)phenyl)-2,6-bis(3,5-di-tert-butyl-4-

hydroxyphenyl)-7-(3,5-dihydroxyphenyl)-5-hydroxy-1,6,7,8-tetrahydro-2H-indeno[5,4-

b]furan-8-yl)methylene)-2,6-di-tert-butylcyclohexa-2,5-dien-1-one (3.79): A suspension of
starting bis-para-quinone methide (2.2) (95 mg, 0.092 mmol, 2.00 equiv) and starting indane (31
mg, 0.046 mmol, 1.00 equiv) was prepared in acetone (400 puL) at room temperature in a 1 dram
vial. The vessel was tightly sealed and the slowly stirring mixture heated to 100 °C. At 4 h, the
reaction was removed from the heat and allowed to cool to room temperature over the course of
0.5 h. The solvent was removed in vacuo and the resultant residue was purified by preparative
TLC (96:4 CH2Cl2/Acetone) to afford (3.79) as a pale pink amorphous solid (8.0 mg, 0.0067 mmol,
18% yield) as well an impure sample containing mostly a diastereomer of (3.78) (4.0 mg, 0.0034
mmol, 9% yield). (NOTE: these intermediates are not stable to prolonged storage in solution and
should be stored at —20 °C under inert atmosphere or used immediately). Partial characterization
data for the major diastereomer is provided below, but otherwise complete characterization was

performed after the subsequent step (consult next page).

TLC (CH2Cl2/Acetone, 0.48 (UV, vanillin (pale red));
95:5), Rr:
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IH NMR (500 MHz, CDCls,
25 °C) &:

13C NMR (125 MHz, CDCls,
25 °C) &:

7.41—-7.29 (m, overlap, 6H), 7.09 (s, 2H), 6.89 (s,
2H), 6.75 (d, J = 2.0 Hz, 1H), 6.54 (s, 1H), 6.51 (t, J = 2.2
Hz, 1H), 6.32 (d, J = 2.2 Hz, 2H), 6.16 (t, J = 2.2 Hz, 1H),
6.11 (d, J = 2.2 Hz, 2H), 5.98 (d, J = 2.0 Hz, 1H), 5.64 (d,
J =10.5 Hz, 1H), 5.40 (d, J = 3.9 Hz, 1H), 5.21 (s, 1H),
5.17 (s, 1H), 4.91 (m br, 2H), 4.70 (m, br, 2H), 4.45 (dd,
J=8.3,10.5Hz, 1H), 4.33 (d, J = 8.3 Hz, 1H), 4.25 (d, J
=3.9 Hz, 1H), 2.88 (dd [apparent triplet], J = 8.3 Hz, 1H),
1.40 (s, 18H), 1.34 (s, 18H), 1.15 (s, 9H), 1.09 (s, 9H);

186.9, 163.0, 160.4, 157.0, 154.0, 153.8, 153.6,
148.1, 147.8, 147.4, 146.1, 144.7, 141.5, 136.9, 136.8,
136.3, 135.0, 132.8, 131.4, 131.1, 128.8, 128.3, 127.9,
126.4, 124.2, 122.1, 117.8, 107.8, 106.8, 101.6, 101.2,
97.8, 94.0, 70.1, 65.2, 56.4, 56.3, 54.0, 52.0, 35.3, 34.8,
34.62, 34.60, 30.45, 30.43, 29.6, 29.5.
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(¥)-3.78-Major (*)-3.78a—Major

5-((3R,4R,4aS)-6,8-bis(benzyloxy)-3,5,10-tris(3,5-di-tert-butyl-4-hydroxyphenyl)-2-
hydroxy-3,4,4a,5,9b,10-hexahydrobenzo[5,6]azuleno[7,8,1-cde]benzofuran-4-yl)benzene-
1,3-diol (3.78a): The quinone methide intermediate 3.78 (8 mg, 0.0067 mmol, 1.00 equiv) was
dissolved in 0.1% TFA in CH3NO2 (500 uL) and stirred at RT under inert atmosphere. After 1
hour, TLC showed full consumption of the starting material. A drop of EtsN was added to quench
the reaction and the solvent was removed in vacuo. The resulting residue was purified by
preparative TLC (97:3 CH2Cl2/Acetone) to yield the cyclized product 3.78 (6 mg, 0.005 mmol,
75% vyield) as a pale pink amorphous solid, determined to be a single diastereomer. The
connectivity was rigorously assigned by 2D NMR, though the relative configuration at C7a, Caa,

and C7b could not be determined.

TLC (CH2Cl2/Acetone, 95:5), 0.22 (UV, vanillin ( pale red));
RF:

IH NMR (500 MHz, acetone-ds, 7.47 —7.28 (m, 10H), 7.07 (s, 2H, C2a—H), 6.90 (s, 1H,
25°C) é: Cu4a—H), 6.81 (s, 2H, C2c—H), 6.73 (s, 2H, C2b—H), 6.63 (s,

1H, Ci2a-H), 6.17 (d, J = 3.4 Hz, 1H, C7a—H), 6.16 (s, 1H,
Cizv-H), 6.12 (t, J < 1.5 Hz, 1H, Ci2c-H), 6.09 (d, J < 1.5
Hz, 2H, Cioc—H), 5.37 (s, 1H, Czv-H), 5.13 (d, J = 11.7 Hz,
1H, ~OCH2CsHs), 5.12 (s, 1H, ~OH), 5.09 (d, J = 11.7 Hz,
1H, —~OCH2CeHs), 4.99 (d, J = 11.3 Hz, 1H, ~OCH2CeHs),
4.95 (d, J = 11.3 Hz, 1H, ~OCH:CeHs), 4.87 (s, 1H, —OH),
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13C NMR (125 MHz, acetone-
ds, 25 °C) 5:

HRMS (ESI):

FTIR (neat) cm™:

4.43 (d, overlap, J = 3.4Hz, 1H, Csa—H), 4.40 (d, J = 10.7
Hz, 1H, CiH), 4.14 (br s, 2H, —OH), 4.01 (d, J = 11.2 Hz,
1H, Cs—H), 2.97 (dd [apparent triplet], J = 10.7, 11.2 Hz,
1H, Csc—H), 1.34 (s, 18H, C3a—C(CHa)3), 1.32 (s, 18H, Cac—
C(CHa3)3), 1.13 (s, 18H, C3—C(CH3)3);

159.4 (Cui1b), 159.3 (Ci1a), 157.9 (Ci3a), 156.7 (Cuac),
153.8 (Caa), 153.5 (Ci3v), 153.4 (Cac), 151.5 (Cap), 147.0
(Coa), 143.4 (Coc), 141.1 (Cob), 137.4 (-OCH2C6Hs), 137.0
(OCH2CeHs), 136.6 (Cac), 136.1 (Csa), 135.1 (Cav), 135.0
(Cp), 1329 (Ci1a), 130.4 (Cic), 128.90 (—OCH2CeHbs),
128.87(—OCH2C¢Hs), 128.43 (—OCH2CsHs), 128.37 (-
OCH:2CsHs), 128.3 (—-OCH2CeHs), 127.9 (—-OCH2CeHs),
124.7 (Czc), 124.5 (Cab), 122.3 (C2a), 120.2 (Ci0a), 120.0
(Caob), 118.8 (Caap), 108.6 (C1oc), 104.3 (Ci4a), 101.3 (Cazc),
98.4 (Ci2a), 95.9 (Ci2v), 86.7 (C7a), 71.5 (-OCH2CsHs), 70.4
(-OCH2C¢Hs), 66.0 (Cac), 55.3 (Crc), 54.2 (Csp), 51.3 (Csa),
37.0 (Cm), 34.6 (C—C(CHs3)3), 34.5 (C—C(CHs3)s), 34.4 (C-
C(CHs)3), 30.51 (C—C(CHs3)3), 30.47 (C—C(CHs)s), 30.4 (C-
C(CHs)a);

m/z calculated for CsoHe3Os [M+H]": 1197.6814, found
1197.6783;

3178 (br), 2922 (s), 2855 (s), 1602 (s), 1452 (s), 1359
(m), 1211 (m), 1155 (s).
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RT, 1h

(*)-3.79-Minor (%)-3.79a-Minor

5-((3R,4R,4aS)-6,8-bis(benzyloxy)-3,5,10-tris(3,5-di-tert-butyl-4-hydroxyphenyl)-2-
hydroxy-3,4,4a,5,9b,10-hexahydrobenzo[5,6]azuleno[7,8,1-cde]benzofuran-4-yl)benzene-
1,3-diol (3.79a): Using the impure sample containing predominantly the minor diastereomer of
quinone methide intermediate 3.79 (~5 mg), the acid-mediated 7-exo Friedel-Crafts cyclization
was performed as described in the previous entry. Isolation of the desired product was achieved
by preparative TLC (97:3 CH2Cl2/Acetone) to yield the cyclized product 3.79a (~ 4 mg),
determined to be a single diastereomer. The connectivity was rigorously assigned by 2D NMR,

though the relative configuration at Cra, Csa, and C7b could not be determined.

TLC (CH2Cl2/Acetone, 95:5), 0.22 (UV, vanillin ( pale red));
RF:

'H NMR (500 MHz, CDCls, 25 7.37 —7.27 (m, overlap, 8H, -OCH2CsHs), 7.30 (s, 2H,
°C) a: C2a—H), 7.21-7.19 (m, overlap, 2H, —-OCH2C¢Hs), 7.08 (s,

2H, C2b-H), 6.92 (br s, 2H, Coc—H), 6.54 (d, J = 2.2 Hz, 1H,
Ci2a-H), 6.38 (d, J = 2.2 Hz, 1H, C14a—H), 6.30 (s, 1H, C12b—
H), 6.21 (t, J = 2.2 Hz, 1H, C12c—H), 6.13 (d, J = 2.2 Hz, 2H,
CiocH), 5.86 (d, J = 12.1 Hz, 1H, C7-H), 5.47 (d, J = 3.9
Hz, 1H, C-H), 5.25 (s, 1H, Caa—OH), 5.14 (s, 1H, Cac
OH), 5.09 (d, J = 12.0 Hz, 1H, ~OCH:CsHs), 4.93 (d, J =
12.0 Hz, 1H, ~OCH:CéHs), 4.93 (s, 1H, Car-OH), 4.87 (d,
J=11.0 Hz, 1H, ~OCH:CéHs), 4.76 (d, J = 11.0 Hz, 1H, —
OCH:CeHs), 4.73 (br d, J = 12.1 Hz, 1H, Csx—H), 4.67 (s,
1H, —OH), 4.22 (d, J = 10.3 Hz, 1H, Crc—H), 3.80 (br dd, J
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13C NMR (125 MHz, CDCls, 25
°C) &:

=3.9,11.5 Hz, 1H, Cs—H), 3.37 (dd, J=10.3, 11.5 Hz, 1H,
Csc—H), 1.36 (s, 18H, Caa—C(CHa)3), 1.34 (s, 18H, Cac—
C(CHa)3), 1.21 (s, 18H, C3p—C(CHba)3);

159.2 (Ci1w), 157.7 (C13a), 156.7 (C11a), 156.6 (Ci1c),
154.8 (Cuz), 153.5 (Cuc), 153.4 (Cizb), 151.8 (Can), 143.3
(Coc), 142.6 (Cob), 140.9 (Coa), 137.2 (-OCH2C6Hs), 136.8
(_OCH2CeHs), 136.7 (Cac), 136.4 (Csa), 135.3 (Cav), 131.7
(Cw), 129.7 (Cic), 128.77 (—OCH2CeHs), 128.75 (-
OCH:CsHs), 128.34 (-OCH:CsHs), 128.31 (-OCH2CsHs),
128.0 (-OCH2C¢Hs), 127.8 (Ci0a), 127.7 (-OCH2CsH5),
126.7 (-OCH2C¢Hs), 125.7 (Cab), 125.3 (C2a), 124.7 (Coc—
see footnote)®, 118.0 (Ci4b), 116.3 (C10n), 108.5 (C1oc), 105.7
(C14a), 101.4 (C12c), 99.5 (C12a), 96.5 (Ci2p), 92.6 (Cra), 70.7
(-OCH:2CsHs), 70.2 (-OCH2CsHs), 62.3 (Csc), 56.4 (Crc),
50.7 (Csn), 47.7 (Csa), 37.9 (Cm), 34.59 (C3c—C(CHs3)3),
3455 (C3a—C(CHz3)3), 34.4 (Ca—C(CHs)s), 30.6 (Csp—
C(CHsa)3), 30.55 (C3c—C(CHBa)z), 30.45 (C3a—C(CHg)3).

6 Resonance for C,. is broadened (presumably due to restricted rotation) to the point that it is not visible above the noise. This is consistent with
broadening of C,—H in the *H-NMR spectrum. The existence of the *C—resonance at this frequency was confirmed by correlations in both the

HSQC and HMBC spectra
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PdIC, H,

40°C,3h

81%

(%)-3.78a—-Major (%)-3.80—Major

(3R,4R,4aS)-3,5,10-tris(3,5-di-tert-butyl-4-hydroxyphenyl)-4-(3,5-dihydroxyphenyl)-
3,4,4a,5,9b,10-hexahydrobenzo[5,6]azuleno(7,8,1-cde]benzofuran-2,6,8-triol (3.80): A round
bottom flask was charged with the major diastereomer of dibenzylated trimer X.X (6 mg, 0.005
mmol, 1.00 equiv) and Pd/C (30 wt%, 1 mg) and the flask was sealed and purged with N2. EtOAc
(HPLC grade, 500 puL) and MeOH (HPLC grade, 500 uL) were sequentially added and N2 inlet
was replaced with a Hz balloon. The mixture was gently sparged with Hz for 10 minutes at room
temperature, at which point the vent needle was removed and the reaction mixture was warmed to
40 °C under Hz (1 atm). After 3 h, the reaction was removed from the heat source, cooled to room
temperature, and the contents filtered through a short plug of Celite, eluting with 1:1
EtOAc/MeOH. The filtrate was concentrated to dryness in vacuo and the resulting residue was
purified by preparative TLC (90:10 CH2Cl2/Acetone) to afford 3.80 (4.1 mg, 0.004 mmol, 81%
yield) as a single diastereomer. The connectivity was rigorously assigned by 2D NMR, though the

relative configuration at C7a, Csa, and Crb could not be determined.

TLC (CH2Cl2/Acetone, 95:5), 0.15 (UV, vanillin (pale red));
Rr:

'H NMR (500 MHz, CDCls, 25 8.26 (br s, 1H), 8.11 (br s, 1H), 8.03 (br s, 1H), 7.16 (s,
°C) 6: 2H, C2a—H), 6.91 (s, 2H, Ca—H), 6.81 (s, 2H, Cac—H), 6.73

(d, J = 1.7 Hz, 1H, Cisa—H), 6.59 (br s, 1H), 6.53 (d, J = 2.0
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Hz, 2H, Cioc—H), 6.42 (d, J = 1.7 Hz, 1H, Ci2a-H), 6.24 (t,
overlap J = 2.0 Hz, 1H, Ci2c—H), 6.23 (d, overlap, J = 2.0
Hz, 1H, C7a—H), 6.10 (s, 1H, Ci2v—H), 5.95 (s, 1H, C4a—OH),
5.74 (s, 1H, C4c—OH), 5.58 (s, 1H, Ca—OH), 5.34 (s, 1H,
Cn—H), 4.48 (d, J = 10.0 Hz, 1H, C7H), 4.42 (d, J = 2.0
Hz, 1H, Csa—H), 4.16 (d, J = 11.7 Hz, 1H, Csp—H), 2.96 (dd
[apparent triplet], J = 10.0, 11.7 Hz, 1H, Csc—H), 1.35 (s,
18H, C3a—C(CHs)s), 1.28 (s, 18H, C3—C(CHs)s), 1.16 (s,
18H, C3p—C(CHz)3);
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Pd/C, H,

40°C,3h

81%

(%)-3.79a-Minor (%)-3.81-Minor

(3R,4R,4aS)-3,5,10-tris(3,5-di-tert-butyl-4-hydroxyphenyl)-4-(3,5-dihydroxyphenyl)-
3,4,4a,5,9b,10-hexahydrobenzo[5,6]azuleno(7,8,1-cde]benzofuran-2,6,8-triol (3.81): A round
bottom flask was charged with the major diastereomer of dibenzylated trimer 3.79a (6 mg, 0.005
mmol, 1.00 equiv) and Pd/C (30 wt%, 1 mg) and the flask was sealed and purged with N2. EtOAc
(HPLC grade, 500 puL) and MeOH (HPLC grade, 500 uL) were sequentially added and N2 inlet
was replaced with a Hz balloon. The mixture was gently sparged with Hz for 10 minutes at room
temperature, at which point the vent needle was removed and the reaction mixture was warmed to
40 °C under Hz (1 atm). After 3 h, the reaction was removed from the heat source, cooled to room
temperature, and the contents filtered through a short plug of Celite, eluting with 1:1
EtOAc/MeOH. The filtrate was concentrated to dryness in vacuo and the resulting residue was
purified by preparative TLC (90:10 CH2Cl2/Acetone) to afford 3.81 (4.1 mg, 0.004 mmol, 81%
yield) as a single diastereomer. The connectivity was rigorously assigned by 2D NMR, though the

relative configuration at C7a, Csa, and Crb could not be determined.

TLC (CH2Cl2/Acetone, 95:5), 0.15 (UV, vanillin (pale red));
Rr:

'H NMR (500 MHz, CDCls, 25 8.26 (br s, 1H), 8.11 (br s, 1H), 8.03 (br s, 1H), 7.16 (s,
°C) 6: 2H, C2a—H), 6.91 (s, 2H, Ca—H), 6.81 (s, 2H, Cac—H), 6.73

(d, J = 1.7 Hz, 1H, Cisa—H), 6.59 (br s, 1H), 6.53 (d, J = 2.0
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Hz, 2H, Cioc—H), 6.42 (d, J = 1.7 Hz, 1H, Ci2a-H), 6.24 (t,
overlap J = 2.0 Hz, 1H, Ci2c—H), 6.23 (d, overlap, J = 2.0
Hz, 1H, C7a—H), 6.10 (s, 1H, Ci2v—H), 5.95 (s, 1H, C4a—OH),
5.74 (s, 1H, C4c—OH), 5.58 (s, 1H, Ca—OH), 5.34 (s, 1H,
Cn—H), 4.48 (d, J = 10.0 Hz, 1H, C7H), 4.42 (d, J = 2.0
Hz, 1H, Csa—H), 4.16 (d, J = 11.7 Hz, 1H, Csp—H), 2.96 (dd
[apparent triplet], J = 10.0, 11.7 Hz, 1H, Csc—H), 1.35 (s,
18H, C3a—C(CHs)s), 1.28 (s, 18H, C3—C(CHs)s), 1.16 (s,
18H, C3p—C(CHz)3);

13C NMR (125 MHz, CDCls, 25 160.0 (Ci1b), 159.3 (Ciic), 158.5 (Ci1a), 156.9 (Ciza),
°C) 5: 154.9 (Cia), 154.6 (Caa), 154.4 (Ca), 153.2 (Cuc), 152.2
(Cav), 147.8 (Coa), 144.6 (Coc), 143.4 (Cob), 138.1 (Csa)’,
137.4 (Cac)8, 137.1 (Cab)8, 136.6 (Cub), 135.0 (C1a), 133.3
(Cac), 125.4 (C2c), 125.0 (Cab), 122.8 (C2a), 121.1 (Cuap),
119.0 (Cuob), 116.9 (Cu10a), 109.9 (Cioc), 104.2 (C14a), 101.9
(Ci2c), 101.6 (Ci2a), 95.6 (Ci2), 86.8 (C7a), 67.6 (Csc), 56.7
(Crc), 55.0 (Cab), 52.3 (Cez), 37.4 (Crb), 35.2 (C-C(CHa)a),
35.1 (C-C(CHs3)3), 30.9 (C-C(CHz3)3), 30.78 (C-C(CH?3)3),
30.75 (C—-C(CHa)3).

" Each of the resonances for '‘Bu-bearing carbons (Cs,, Cap, C3c) had an accompanying minor resonance (approx. one-half the intensity) 0.1 ppm
upfield of the major resonance, indicating restricted rotation of these sterically encumbered phenols
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13C NMR (125 MHz, CDCls, 25 160.0 (C11b), 159.3 (Ciic), 158.5 (Ci1a), 156.9 (Cisa),
°C) é&: 154.9 (Ci3p), 154.6 (Csa), 154.4 (Casa), 153.2 (Cac), 152.2
(Cap), 147.8 (Coa), 144.6 (Coc), 143.4 (Cob), 138.1 (Cza)®,
137.4 (Cac)8, 137.1 (Cab)8, 136.6 (Cib), 135.0 (C1a), 133.3
(Cic), 125.4 (Czc), 125.0 (Cab), 122.8 (C2a), 121.1 (Ciap),
119.0 (Ciob), 116.9 (Ci0a), 109.9 (Cioc), 104.2 (Ci4a), 101.9
(C12¢), 101.6 (Ci2a), 95.6 (Ci20), 86.8 (C7a), 67.6 (Cac), 56.7
(Crc), 55.0 (Cab), 52.3 (Csa), 37.4 (C7p), 35.2 (C—C(CHs3)3),
35.1 (C-C(CHs3)3), 30.9 (C-C(CHs3)3), 30.78 (C-C(CH?3)3),
30.75 (C-C(CHs3)3).

8 Each of the resonances for ‘Bu-bearing carbons (Cs,, Cap, Cac) had an accompanying minor resonance (approx. one-half the intensity) 0.1 ppm
upfield of the major resonance, indicating restricted rotation of these sterically encumbered phenols
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acetone

120 °C, sealed
tube, 16h

45%, d.r. ~1:1

2.2 'Bu,-quadrangularin A (3.83)

5-((6R,7R)-1-(3,5-bis(benzyloxy)phenyl)-8-((E)-3,5-di-tert-butyl-4-

hydroxybenzylidene)-2,6-bis(3,5-di-tert-butyl-4-hydroxyphenyl)-5-hydroxy-1,6,7,8-

tetrahydro-2H-indeno[5,4-b]furan-7-yl)benzene-1,3-diol (3.104): A suspension of starting bis-
para-quinone methide 2.2 (266 mg, 0.256 mmol, 2.00 equiv) and starting indene 3.83 (87 mg,
0.128 mmol, 1.00 equiv) was prepared in acetone (2.48 mL, 0.025 M) at room temperature in a
sealed tube. The vessel was tightly sealed and the slowly stirring mixture heated to 120 °C. At 12
h, the reaction was removed from the heat and allowed to cool to room temperature over the course
of 0.5 h. TLC confirmed full consumption of 3.83. Column chromatography using 1%, to 15% of
a acetone in dichloromethane afforded the mixture of diastereomers (1:1) which was subsequently

separated by an additional column using the same gradient.

TLC (CH2Cl2/Acetone, 90:10), 0.20 (UV, p-anisaldehyde (red));
RE:

'H NMR (500 MHz, acetone- 6 8.08 (s, 1H), 7.73 (s, 2H), 7.41 — 7.27 (m, 17H), 7.27
Ds, 25 °C) o: —7.24 (m, 3H), 7.10 (s, 2H), 7.02 (s, 2H), 6.98 (d, J = 3.9

Hz, 1H), 6.74 (d, J = 2.2 Hz, 2H), 6.56 (t, J = 2.2 Hz, 1H),
6.40 (d, J = 4.7 Hz, 1H), 6.24 (d, J = 2.0 Hz, 2H), 6.15 (t, J
= 2.0 Hz, 1H), 6.12 (s, 1H), 5.92 (s, 1H), 5.74 (s, 1H), 5.62
(s, 4H), 5.53 (d, J = 5.6 Hz, 1H), 5.09 — 4.99 (m, 7H), 4.38
(s, 1H), 4.30 (s, 1H), 1.45 (s, 18H), 1.35 (s, 18H), 1.23 (s,
18H)
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13C NMR (126 MHz, acetone- & 162.49, 160.37, 158.40, 154.96, 153.76, 153.14, 152.00,
Ds, 25 °C) é: 147.90, 146.27, 141.58, 140.15, 137.53, 137.28, 136.86,
136.74, 136.68, 133.39, 129.00, 128.57, 128.38, 128.25,
128.15, 127.76, 127.65, 125.78, 125.27, 123.50, 122.10,
112.98, 107.33, 106.23, 106.14, 100.95, 100.41, 96.36,
93.92, 69.95, 69.71, 59.27, 57.01, 56.94, 54.07, 34.39,
34.25, 34.14, 29.93, 29.82, 29.71, 29.70.

FTIR (neat) cm™ 3626.46 cm-1, 2956.55 cm-1,1595.97 cm-1, 1435.72 cm-1,
1234.75 cm-1, 1149.29 cm-1, 1052.97 cm-1, 695.41 cm-1

HRMS (ESI): m/z calculated for CeoHe209 [M+H]": 1197.6820, found
1197.6841;
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acetone

120 °C, sealed
tube, 16h

45%, d.r. ~1:1

2.2 'Bu,-quadrangularin A (3.83)

5-((6R,7R)-1-(3,5-bis(benzyloxy)phenyl)-8-((E)-3,5-di-tert-butyl-4-

hydroxybenzylidene)-2,6-bis(3,5-di-tert-butyl-4-hydroxyphenyl)-5-hydroxy-1,6,7,8-

tetrahydro-2H-indeno[5,4-b]furan-7-yl)benzene-1,3-diol (3.104): A suspension of starting bis-
para-quinone methide 2.2 (266 mg, 0.256 mmol, 2.00 equiv) and starting indene 3.83 (87 mg,
0.128 mmol, 1.00 equiv) was prepared in acetone (2.48 mL, 0.025 M) at room temperature in a
sealed tube. The vessel was tightly sealed and the slowly stirring mixture heated to 120 °C. At 12
h, the reaction was removed from the heat and allowed to cool to room temperature over the course
of 0.5 h. TLC confirmed full consumption of 3.83. Column chromatography using 1%, to 15% of
a acetone in dichloromethane afforded the mixture of diastereomers (1:1) which was subsequently

separated by an additional column using the same gradient.

TLC (CH2Cl2/Acetone, 90:10), 0.20 (UV, p-anisaldehyde (red));
RE:

'H NMR (500 MHz, acetone- 5 8.06 (d, J=4.1 Hz, 2H), 7.50 — 7.45 (m, 4H), 7.39 —
Ds, 25 °C) o: 7.28 (m, 9H), 7.26 (s, 2H), 7.08 (s, 2H), 6.75 (d, J = 2.2 Hz,

1H), 6.71 (s, 2H), 6.68 (s, 1H), 6.65 (d, J = 2.2 Hz, 2H), 6.41
—6.38 (M, 3H), 6.21 (d, J = 2.1 Hz, 1H), 6.06 (s, 1H), 5.91
(s, 1H), 5.66 (s, 1H), 5.50 (d, J = 4.2 Hz, 1H), 5.13 (d, J =
5.0 Hz, 4H), 4.74 (d, J = 4.3 Hz, 1H), 4.42 (s, 1H), 4.17 (s,
1H), 1.43 (s, 18H), 1.28 (s, 18H), 1.21 (s, 18H).
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13C NMR (126 MHz, acetone- & 162.76, 161.06, 158.69, 154.92, 153.81, 153.04, 151.99,
Ds, 25 °C) é: 148.05, 147.78, 141.80, 141.02, 137.57, 137.25, 136.86,
136.78, 133.69, 129.01, 128.57, 128.36, 128.25, 127.76,
127.72, 127.59, 125.70, 125.28, 123.44, 121.89, 112.56,
106.69, 106.13, 100.47, 99.40, 96.29, 93.65, 69.73, 59.44,
57.02, 54.07, 34.36, 34.18, 34.08, 29.89, 29.77, 29.70,
29.66.

FTIR (neat) cm™ 3629.92 cm-1, 2958.37 ¢cm-1,1595.06 cm-1, 1435.45
cm-1, 1151.54 cm-1, 1053.74 cm-1, 832.80 cm-1, 735.33
cm-1, 695.30 cm-1

m/z calculated for CsoHe209 [M+H]": 1197.6820, found

HRMS (ESI): 1197.6841;
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acetone (0.025 M)
100 °C, sealed vessel

22 3121 ($1-3.122
5-((2S,3S)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-6-hydroxy-4-methyl-2,3-
dihydrobenzofuran-3-yl)benzene-1,3-diol (3.122): A suspension of starting bis-para-quinone
methide 2.2 (1.55 g, 1.49 mmol, 2.00 equiv) and starting orcinol 3.121 (95.4 mg, 0.76 mmol, 1.00
equiv) was prepared in acetone (30 mL, 0.050 M) at room temperature in a sealed tube. The vessel
was tightly sealed and the slowly stirring mixture heated to 130 °C. At 4 h, the reaction was
removed from the heat and allowed to cool to room temperature over the course of 0.5 h. TLC
confirmed full consumption of 3.121. Column chromatography was performed using a gradient of

1% acetone in DCM to 15% acetone to remove unreacted QMD and delivered the product in 60%

yield.
TLC (Hexanes/EtOAc, 70:30) 0.5 (UV, potassium permanganate);
RE:
'H NMR (500 MHz, (CD3)2CO, 8.23 (s, 1H), 7.44 (d, J = 8.8 Hz, 4H), 7.40 — 7.36 (m,
25°C) é: 4H), 7.32 (d, J = 7.1 Hz, 2H), 7.18 (s, 2H), 6.61 (t, J = 2.3
Hz, 1H), 6.49 (s, 2H), 6.29 (s, 1H), 6.21 (s, 1H), 6.09 (s,
1H), 5.43 (d, J = 6.1 Hz, 1H), 5.12 — 5.04 (m, 4H), 4.40 (d,
J=6.1Hz, 1H), 1.80 (s, 3H), 1.42 (s, 18H).;
3¢ NMR (126 MHz, 162.1, 161.2, 159.4, 154.6, 146.9, 138.3, 138.2, 136.8,
(CD3)2CO0, 25 °C) o: 133.6, 129.3, 128.6, 128.5, 123.0, 120.0, 110.1, 107.9,

101.1, 95.5, 94.3, 70.5, 57.4, 35.2, 30.6, 18.9.
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HRMS (ESI): m/z calculated for C43H4705+ ([M+H]+): 643.3418,
found 643.3414

FTIR (neat) cm™: 3626, 3387, 2956, 1703, 1593, 1452, 1360, 1290, 1233,
1153, 1055, 1028, 972, 881, 736, 696 cm-1
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K,CO3
CHgl
Acetone, RT
55%

(£)-3.122 (£)-3.123

5-((2S,3S)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-6-hydroxy-4-methyl-2,3-
dihydrobenzofuran-3-yl)benzene-1,3-diol (3.123): A suspension of dihydrobenzofuran 3.122
(66 mg, 0.10 mmol, 1 equiv.) and K2CO3 (71.0 mg, 0.51 mmol, 5.00 equiv) was prepared in
acetone (1.0 mL, 0.10 M) at room temperature in a 2 dram vial. lodomethane (19uL, 0.31 mmol,
3 equiv.) was added to the mixture via syringe. The vessel was left stirring at RT for 12 h at which
time, the reaction was quenched by addition of aqueous bicarbonate. The crude was then extracted
with ethyl acetate and washed with bicarbonate solution and brine then dried over Na2SO4 and
concentrated under vacuum. Column chromatography was performed using a gradient of 1% ethyl

acetate in hexanes to 30% ethyl acetate and delivered the product in 55% yield.

TLC (Hexanes/EtOAc, 80:20) 0.5 (UV, potassium permanganate);
RE:

IH NMR (600 MHz, CDCls, 25 7.40 —7.28 (m, 10H), 7.11 (s, 2H), 6.53 (t, J = 2.2 Hz, 1H),

°C) 5: 6.42 (d, J = 2.2 Hz, 2H), 6.39 (d, J = 2.2 Hz, 1H), 6.24 (d, J
= 1.8 Hz, 1H), 5.43 (d, J = 6.2 Hz, 1H), 5.21 (s, 1H), 5.01 —

4.96 (m, 4H), 4.38 (d, J = 6.2 Hz, 1H), 3.81 (s, 3H), 1.84 (s,

3H), 1.41 (s, 18H)..

13C NMR (126 MHz, CDCI3, 25 161.04, 160.85, 160.18, 153.71, 145.71, 136.77, 136.18,
°C)o: 135.96, 132.05, 128.58, 128.53, 128.01, 127.76, 127.63,
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122.45, 120.22, 108.13, 107.14, 100.39, 93.82, 93.43,
70.06, 56.55, 55.46, 34.40, 30.25.

HRMS (APCI+): m/z calculated for Cs4H4sOs+ ([M+H]+): 657.3575,
found 657.3566
FTIR (neat) cm™: 2955.47, 1592.46, 1437.15, 1347.02, 1193.66, 1133.18,

1054.09, 830.04, 734.54, 694.95.
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H,, Pd/C (30%)

EtOAG/MeOH (1:1)
75%

(£)-3.122 (£)-3.122a

5-((2S,3S)-2-(3,5-di-tert-butyl-4-hydroxyphenyl)-6-hydroxy-4-methyl-2,3-
dihydrobenzofuran-3-yl)benzene-1,3-diol (3.123a): A suspension of dihydrobenzofuran 3.122
(60 mg, 0.09 mmol, 1 equiv.) and Pd/C (33.0 mg, 0.09 mmol, 1 equiv) was prepared in a degassed
mixture of 1:1 ethyl acetate and methanol (4.7 mL, 0.02 M) at room temperature in a 2 dram vial.
H2 was sparged through the mixture via balloon for 100 minutes at which time, the needle was
pulled above solvent level and the reaction was left at RT over 12h. The crude was then sparged
with argon after removal of hydrogen balloon. To the crude was added celite to form a slurry which
was then filtered through a pad of celite and washed with ethyl acetate. The eluent was then
concentrated under vacuum to deliver the crude product. This was further purified via silica plug

using isocratic gradient of 50% ethyl acetate in hexanes delivering the product in 75% yield.

TLC (Hexanes/EtOAc, 70:30) 0.5 (UV, potassium permanganate);
RE:

!H NMR (600 MHz, CDCls, 25 7.09 (s, 2H), 6.30 (d, J = 2.1 Hz, 1H), 6.24 (dd, J = 4.8,
°C) é&: 2.7 Hz, 1H), 6.21 (d, J = 2.1 Hz, 2H), 6.18 (d, J = 2.1 Hz,

1H), 5.40 (d, J = 5.9 Hz, 1H), 5.22 (s, 1H), 4.96 (s, 2H), 4.89
(s, 1H), 4.31 (d, J = 5.9 Hz, 1H), 1.89 (s, 3H), 1.40 (s, 18H).

13C NMR (126 MHz, CDCls, 25 161.01, 157.11, 156.61, 153.79, 146.36, 136.52, 136.03,
°C) o: 131.84, 122.44, 120.40, 109.25, 107.38, 101.37, 95.02,
93.87, 55.94, 34.39, 30.23, 18.82.
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HRMS (APCI+): m/z calculated for Cz9H34Os+ ([M+H]+): 463.2479,
found 463.2497.

FTIR (neat) cm™: 3628.91, 2953.17, 1728.90, 1594.13, 1437.13, 1225.23,
1146.81, 1054.57, 1033.23, 832.11, 734.64, 694.59
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500 MHz, CDCl3, 25 °C
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500 MHz, Acetone-dg, 25 °C
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500 MHz, Acetone-dg, 25 °C
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500 MHz, CDCl3, 25 °C
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_~30.54

500 MHz, CDCl3, 25 °C
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125 MHz, CDCl3, 25 °C
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major diastereomer
500 MHz, CDCl3, 25 °C

J

J

/
/
I/
/
/
/ s
// s
(r r | [ 4
e . (s / /
/'/ /r J /‘J J /}/ // / ///J J J/ / / S p Jl /
(J / Lw{'”’"’ L rJ Ll -
r ml r nl i [y
7.10 1.551.001.521.561.001.360.761.45 0.94 2.980.840.810.84 2.27 1.571.00 1.13 0.68 2.14 11.3011.8911.59
e dJd &H &H & & H H 4 = = H H d (S Sy = [ = = [
UL L L B B B B B L B B B B By L B
7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0
Chemical Shift (ppm)
288

7.5



30.42 30.47
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minor diastereomer
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500 MHz, CDClj, 25 °C
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minor diastereomer
125 MHz, CDCl3, 25 °C
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major diastereomer
500 MHz, Acetone-dg, 25 °C
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major diastereomer
125 MHz, Acetone-dg, 25 °C
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- 1E+08
'"H NMR (500 MHz, Acktond) 8.08 (s, 1H), 7.73 (s, 2H), 7.41 — 7.27 (m, 17H), 7.27 — 7.24 (m, 3H),
7.10 (s, 2H), 7.02 (s, 2H), 6.98 (d5 3.9 Hz, 1H), 6.74 (d= 2.2 Hz, 2H), 6.56 ¢t=2.2 Hz, 1H), 6.40 L 1E+08
(d,J=4.7 Hz, 1H), 6.24 (d= 2.0 Hz, 2H), 6.15 (t= 2.0 Hz, 1H), 6.12 (s, 1H), 5.92 (s, 1H), 5.74 (s,
1H), 5.62 (s, 4H), 5.53 (A= 5.6 Hz, 1H), 5.09 — 4.99 (m, 7H), 4.38 (s, 1H), 4.30 (s,/1H), 1.45 (s, 18H),
1.35 (s, 18H), 1.23 (s,/ 18H). | 9E+07
J J [ TR BRI A I /i
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HO - 7E+07
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H H —H H H H HH H H H [l HH
0 (s) v |1 SE+07
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" NMR (126 MHz, Acetoné) 162.49, 160.37, 158.40, 154.96, 153.76, 153.14, 152.00, 147.90, 146.27, L 1E+08

141.58, 140.15, 137.53, 137.28, 136.86, 136.74, 136.68, 133.39, 129.00, 128.57, 128.38, 128.25, 128.15,

127.76, 127.65, 125.78, 125.27, 123.50, 122.10, 112.98, 107.33, 106.23, 106.14, 100.95, 100.41, 96.36, -

93.92, 69.95, 69.71, 59.27, 57.01, 56.94, 54.07, 34.39, 34.25, 34.14, 29.93, 29.82, 29.71, 29.70. | oE+07
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'"H NMR (500 MHz, Acetond) 8.06 (d/ = 4.1 Hz, 2H), 7.50 — 7.45 (m, 4H), 7.39 — 7.28 (m, 9H), 7.26

(s, 2H), 7.08 (s, 2H), 6.75 (@i= 2.2 Hz, 1H), 6.71 (s, 2H), 6.68 (s, 1H), 6.634D.2 Hz, 2H), 6.41 —

6.38 (m, 3H), 6.21 (d=2.1 Hz, 1H), 6.06 (s, 1H), 5.91 (s, 1H), 5.66 (s, 1H), 5.56- @2 Hz, 1H),

5.13 (4,7 = 5.0 Hz, 4H), 4.74 (d= 4.3 Hz, 1H), 4.42 (s, 1H), 4.17 (s, 1H), 1.43 (s, 15H), 1.28 (s, 15H), HO 'Bu 0OBn
1.21 (s, 15H).
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R (d) S(m)| [V (s) N (d) L(d)]]| I (s) G(d)] |H(d)] |F(d) D (s)
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~1E+08
13C NMR (126 MHz, Aceton) 162.76, 161.06, 158.69, 154.92, 153.81, 153.04, 151.99, 148.05, 147.78, I
141.80, 141.02, 137.57, 137.25, 136.86, 136.78, 133.69, 129.01, 128.57, 128.36, 128.25, 127.76, 127.72, - 1E+08
127.59, 125.70, 125.28, 123.44, 121.89, 112.56, 106.69, 106.13, 100.47, 99.40, 96.29, 93.65, 69.73, 59.44, I
57.02, 54.07, 34.36, 34.18, 34.08, 29.89, 29.77, 29.70, 29.66.
~9E+07
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"H NMR (600 MHz, cd9ls 7.40 — 7.28 (m, 11H), 7.1 (s, 2H), 6.53 €2.2 Hz, 1H), 6.42 (d=2.2
Hz, 2H), 6.39 (d[= 2.2 Hz, 1H), 6.24 @z 1.8 Hz, 1H), 5.43 (d= 6.2 Hz, 1H), 5.21 (s, 1H), 5.01 —
4.96 (m, 4H), 4.38 (d= 6.2 Hz, 1H), 3.81 (s, 3H), 1.84 (s, 3H), 1.41 (s, 17H).

H(s)
7.11

G (m)
7.35

K (d)
6.39

L(®)|1(d)
6.53|| 6.24

L(d)
6.42

—

o

C(s)
5.21

3.8

E(d)
5.43

A (m)
4.98

D (d)
4.38

F ()
3.81

11.57]
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1.00 =
1.95
0.95
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=
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161.0
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(*®C, 126 MHz, CDCl3, 25° C) -2E+08
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"H NMR (600 MHz, cddls 7.09 (s, 2H), 6.29 (s, 1H), 6.27 — 6.15 (m, 4H), 5.40<4,8 Hz, 1H),
5.22 (s, 1H), 5.21 — 5.04 (m, 3H), 4.3V 5.8 Hz, 1H), 1.88 (s, 3H), 1.40 (s, 18H).

—5.2

/ J/ e 7

("H, 600 MHz, CDCl3, 25° C)

H (m) E(s)

6.21 5.22
I(s) G(s) D (d)[| F (m) C(d)
7.09 6.29 5.40|| 5.10 4.31
H H— H  H— H

N
~

1.9

B (s)
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I

2.07 1 E

1.05 4
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1.06 1 ;
-
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~3E+08

~161.0
1571
=~ 156.6
_~153.8
— 146.4
_~136.5
™ 136.0
—131.8
—122.4
—120.4
—109.3
—107.4
—101.4
_~95.0
~93.9

55.9
—34.4
—30.2

18.8

~3E+08
“C NMR (126 MHz, CD¢6 161.01, 157.11, 156.61, 153.79, 146.36, 136.52, 136.03, 131.84, 122.44,
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Chapter 4. Evaluation of the Radical Trapping Antioxidant Properties of Resveratrol-

Related natural Products and Polyphenols

Portions of this chapter have been published in:

Romero, K. J.; Galliher, M. S.; Raycroft, M. A. R.; Chauvin, J.-P. R.; Bosque, I.;
Pratt, D. A.; Stephenson, C. R. J., Angewandte Chemie International Edition 2018, 57 (52),

17125-17129.%

4.1 Introduction

Phenols have long been studied for their radical-trapping antioxidant properties and have been
utilized in various industries; most notable is the petroleum industry that uses hindered phenols as
additives to petroleum products to prevent autooxidation and its breakdown. One of the more
prominent examples is the industrial usage of bis-butylhydroxytoluene (BHT). Natural phenols are
also utilized in biological systems to perform the same function as BHT. Nature’s canonical RTA
is alpha-tocopherol, one of the major isomers of vitamin E. Normal cellular functions generate
reactive oxygen species (ROS) that must be sequestered as they can cause oxidation and
subsequent breakdown of cellular machinery. Over time, these incidences of oxidation can result
in cellular death via the non-apoptotic pathway, ferroptosis. RTAs within the cell are useful for

terminating radical processes in which ROS help propagate.* 64 7983, 86,91, 102, 130-137
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Due to the far-reaching applications of

ROO®* + R-H ——>» ROOH + R

antioxidants, numerous assays have been . o o Kast .
R + 0-0 ——> ROO

developed for the characterization of the
ArO-H + ROO®* — > ArO + ROOH

antioxidant  activity ~ of  chemical Kiast
ArO®* + ROO®* —— non-radical products

compounds to inhibit autoxidation (see Figure 4.1. Overview of autoxidation and its

inhibition by phenolic antioxidants.
Figure 4.1 for an overview of autoxidation

and its inhibition by phenols) over the years. The simplicity of the operation and the principles
contribute to the popularity of an assay. Generally, these techniques are reliant on spectroscopic
methods for determining the distribution of products for the equilibrium of an antioxidant of
interest and an oxidant that can be spectroscopically detected.”® Common assays include TROLOX

equivalent antioxidant capacity (TEAC), ferric reducing antioxidant power (FRAP), cupric

TROLOX equivalent antioxidant capacity (TEAC)

Miller & Rice-Evans (1993) Met-Myb +  H,0, —— HO®
. e HO
ABTS + HO ———>» ABTS
o CO,H
Re & Colleagues (1999) ABTS + (NH4),S,03 — ABTS 0
Trolox (4.3)
Mechanism:
HO,S HO,S N
(NH4)2S203
)\ ’N —_— )\ r,N S
- STy
or HO
\/ \/N SOzH
ATBS ABTS**
(4.1) (Pale-Blue) (4.2) (Blue-Green)

HoasQﬁA Ho3s~Q\ I~
L oNs
sy
_—
4.2 VN\@’S%H aq ~ \O’SOBH

+
ArO-H ArO® H*

Figure 4.2: This presents an overview of the TROLOX equivalent antioxidant capacity (TEAC) in which ATBS is the
main reagent of detection. Trolox is used as a benchmark to which antioxidants are compared.
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reducing antioxidant capacity (CUPRAC), and DPPH* quenching assays. These assays all share
common characteristics: they all are available in Kits, are widely available, they have well defined
protocols, and are fast and easy to conduct. While a multitude of other assays that exist for the
evaluation of radical-trapping antioxidants, they are less common and will not be discussed.

The TROLOX equivalent antioxidant capacity (TEAC) assay was originally developed in 1993
by Miller and Rice-Evans. This assay is outlined in scheme (Figure 2). In this protocol, hydroxyl
radical is formed by treating metmyoglobin with hydrogen peroxide. Hydroxyl radical then
oxidizes the ABTS (4.2) (initially pale blue in solution) reagent forming the radical cation species,
ABTS" (blue-green) (4.1). In the presence of radical-trapping antioxidant, HAT of the antioxidant
regenerates the ABTS reagent and phenoxyl radical. Results of this assay are compared against
TROLOX (4.3), a synthetic vitamin E analog used as a benchmark standard.'* Developments have
been made towards the generation of ABTS™" that directly oxidize the ABTS probe.'®® The
strengths of this assay are as follows: the ABTS™* intermediate is soluble in both organic and
hydrophilic media which widens the scope of antioxidants that can be screened, ABTS"" can be
stored for up to 2 days when kept in the dark under ambient conditions, and the assay has good
reproducibility. This assay is limited in that long reaction times (12 — 16 hours) are required to
form the ABTS™". More importantly, ABTS is unnatural and totally synthetic which makes

conclusions about is relevance in biological systems questionable.3
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The ferric reducing antioxidant power (FRAP) assay (Figure 4.3) was originally developed in in
1996 by Iris Benzie and J. J. Strain. In this assay, ferric tripyridyltriazine [Fe'""(TPTZ)]*" (4.4)

starts off as a colorless solution. Antioxidant in solution reduces [Fe"'(TPTZ)]** under acidic

Ferric reducing antioxidant power (FRAP)

Mechanism:

ArO-H ArO® + H

Figure 4.3: This presents an overview of the ferric reducing antioxidant power (FRAP) in which
[Fe"'(TPTZ)]?" is the main reagent of detection following its reduction with an antioxidant.
conditions to [Fe'(TPTZ)]?* (4.5) and turns an intense blue color. The iron-based indicator is

formed in situ. This is accomplished by the addition of FeCls to an acetate buffer solution followed
by TPTZ. The order of addition is critical as FeCls can be reduced by the TPTZ ligand.'* The
strengths of this assay is that it is easy to set up, requires inexpensive equipment, can be compared
to various standards, and can be used to screen a variety of sample media however it is non-
specific.®! Due to the acidic nature of the media, this assay cannot be used to make biologically-

relevant conclusions.
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The cupric reducing antioxidant capacity (CUPRAC) was first developed by Apak and
colleagues in 2004 as a means to determine the total antioxidant content for the nutritional index
of foods (Figure 4.4). This assay was found to be very effective for polyphenols, thiols, synthetic
antioxidants, vitamin C, and vitamin E. The setup for the CUPRAC is simple. Bis(neocuproine)
copper (I1) cation [Cu(Nc)22*] in solution starts off as light blue color and upon undergoing
reduction by the antioxidant to form the [Cu(Nc)2"] which turns the solution orange-yellow
(Scheme X). This assay requires a blank of freshly prepared CuCl: as it is required to measure

absorbance between 400 nm and 500 nm. The copper reagent is prepared in situ by mixing CuCl2

Cupric reducing antioxidant capacity (CUPRAC) assay

Mechanism:

—_——
Cu(Nc),2* (4.6) Cu(Nc)," (4.7)
(Light Blue) (orange-yellow)
+ +
ArO-H Ar0® + H'

Figure 4.4: This presents an overview of the cupric reducing antioxidant capacity (CUPRAC) assay in which the
formation of the copper-based reduced product is monitored spectroscopically.
with neocuproine in ammonium acetate buffer (pH=7).1% This assay has many strengths including

the ready availability of reagents, the rapid color change, and the ability to evaluate hydrophilic
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DPPH- radical scavanging assay

Mechanism:

—_—
DPPH (4.8) DPPH-H (4.9)
(Purple) (Pale Yellow)

+ +
ArO-H Ar0®+ H

Figure 4.5: This presents an overview of the DPPHe radical scavanging assay in which the disappearance of DPPHe is
monitored spectroscopically.

and lipophilic antioxidants. However, this assay is not able to evaluate antioxidant enzymes and
can require extended periods of heating for full conversion of slower antioxidants.*®!

The DPPH*® quenching assay (Figure 4.5) is considered to be the most popular of the
aforementioned assays. Although the DPPH* radical was discovered by Goldschmidt and Ren in
192240 jts use in an antioxidant assay was not realized until Blois developed the DPPH quenching
assay in 1958.1% The DPPH* radical is stabilized due to delocalization by the adjacent aromatic
ring and because of this extreme stability, it is a shelf-stable free radical that is readily available
for purchase by commercial venders. This mechanism of this assay can operate by two
mechanisms: SET or HAT. In the SET mechanism, the antioxidant is oxidized by DPPH* radical
and further deprotonated to give DPPH-H and the corresponding antioxidant-derived phenoxyl
radical. For the HAT mechanism, the antioxidant under goes the simultaneous loss of proton and
electron by the DPPH* radical. The assay starts off as purple in color and following quenching of
DPPH?* radical by the antioxidant, the solution decolorizes to pale yellow. There are many
strengths that are associated with this assay. Due to the stability of the DPPH* radical, there is no

need to generate it prior to the initiation of the assay compared to ABTS. The duration of the assay
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is short (~30 minutes) even with weak antioxidants. The extreme sensitivity and ability of DPPH*
radical to permeate cell membranes, make it seemingly ideal for complex biological systems.*3!
However, due to the DPPH?* radical being unlike any oxidized substrate that an antioxidant would
quench in a biological system, the conclusions that can be made from the assay are not reliable as
the antioxidant in question would terminate radical chain processes at a different rate.”® 3¢
Additionally, the DPPH* radical is lipophilic and tends to react with Lewis bases and other radicals
in solution. 3

The aforementioned antioxidant assays have the same strengths in that they are all
convenient, use readily available reagents, and have similar eases of operation. However, they all
share the same limitations. These all fail to provide a kinetic assessment of the antioxidant and rely
on a single endpoint measurement that represent the distribution of starting materials and products
at equilibrium. Each assay relies on the use of synthetic radical probes that have stable oxidation
states and are able to mimic oxidized substrates that are found in physiological conditions. As
such, these artificially constructed systems fail to accurately portray real radical chain processes
and the antioxidant is poised to undergo a very predictable reaction with the chromophore in
solution, chromophores and radicals that are not found in biological systems. It has been discussed
that radical chain reactions occur by lipids and sterols found in lipid membranes of the cell and
these assays fail to recreate the amphiphilic nature of lipid membranes containing both hydrophilic
(polar phosphate groups) and hydrophobic (polyunsaturated fatty acid side chains) which is
essential for accurately portraying the efficacy of the transfer of hydrogens from an antioxidant to
an oxidized substrate. Developments of new assays by the Pratt group at University of Ottawa

have been made to interrogate the kinetics of radical processes that an antioxidant undergoes in
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biomimetic and cellular systems which allows for more concrete conclusions about the efficacy of
the antioxidant of interest.t34 13
4.2 Autoxidation assays in organic solution and liposomes

UV-vis instrumentation is a powerful tool that can be used for continuous detection of a
chromophore making it ideal for kinetic measurements. In 2016, the Pratt group developed an
assay for assessing the antioxidant activity in organic solutions. In this assay, two co-oxidants were
examined individually in these assays based on the rate of inhibition of the antioxidant in
chlorobenzene. Two co-oxidants were examined individually in these assays based on the rate of
inhibition of the antioxidant in chlorobenzene. 1-hexadecene as a co-oxidant is useful for
antioxidants having higher kinn (>10* Ms?) as the rate of autoxidation is relatively fast. Cumene,
alternatively, is a useful co-oxidant for antioxidants that have slower kinn rates as this rate of
oxidation is slower than 1-hexadecene. The choice of the oxidizable media influences the dye used
in the assay. The use of 1-hexadecene requires PBD-DODIPY (4.11) (Figure 4.6) as this dye is
highly reactive at rates needed to keep pace with the rate of autoxidation of the media. This high

reactivity is a consequence of the extended conjugation. Cumene-based assays that work on slower

Organic solution autoxidation assay

STY-BODIPY, n=1; A,a= 571 nm

koB® (cumene)= 141 M's"

PBD-BODIPY, n=2; A= 591 nm

k,™® (hexadecene)= 3792 M's!
Performed in

chorobenzene; initiated by
AIBN

Propagation
or
Termination

4.10 (n=1); 4.11 (N=2) 4.12 (n=1); 4.13 (N=2)
UV-Vis used to measure the consumption of BODIPY dye

Initiator:
Cumene and 1-hexadecene CN
are the co-oxidants of this >< N kaye [Dye] R; Rt
assay. N® 7( kpyy= ——————— n= TRIAT
CN n [RTA] Ry pye [RTA]
AIBN

Figure 4.6: This presents an overview of the organic solution-based autoxidation assay in which cumene and 1-hexadecene
are the co-oxidants and the consumption of Sty-BODIPY or PBD-BODIPY is measured by UV-vis spectrometry over time.
PMC is used as a benchmark reference.
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Liposome autoxidation assay

0O, Propagation
or
Termination

STY-BODIPY, n=1; Apax= 571 nm
ko (liposomes)= 894 M's™
Initiated with 20 uM DTUN or V70.

Liposomes (co-oxidant) are
prepared by extrusion of egg
phosphatidyl choline in buffer.

Microplate reader used to measure fluoresence increase as dye is oxidized.

Initiators:

CN
D CeHi7a_Ox oN_ J( )<>< ’
kp ye [Dye] Ri Rl Linh gr7 N- "O CgHq7 MeO NINX\ﬁOMe
CN

ki ,= — n
" n[RTA] Roxpye [RTA] DTUN (4.14) V70 (4.15)

Figure 4.7: This presents an overview of the liposome autoxidation assay in which egg PC liposomes are the co-oxidant
and the fluorescence of sty-BODIPY is measured over time. PMC is used as a benchmark reference.

antioxidants requires the use of Sty-BODIPY (4.10), a less reactive analog of PBD-BODIPY
containing one styrenyl moiety in leu of a phenylbutadienyl functional group (PBD-BODIPY).
The combination of dyes and oxidizable media is critical as the reactivities for oxidation need to
be matched for the assay to work successfully. Azobisisobutyronitrile (AIBN) was chosen as the
organically soluble radical initiator for the assays performed in chlorobenzene. Upon addition of
the AIBN solution to a cuvette containing the oxidizable media (1-hexadecene or cumene) and dye
in chlorobenzene heated to 37°C (biologically relevant), HAT of the organic substrate occurs along
with rapid combination of molecular oxygen forming a peroxyl radical adduct. This adduct
performs radical addition to the dye olefin forming a radical intermediate that can also combine
with molecular oxygen. This oxidation of the dye destroys the conjugation thus leading to a
disappearance in signal output at the indicated wavelength. When no antioxidant is added, the
signal decreases at a linear rate as propagation is able to occur uninhibited. However, in the
presence of antioxidant, peroxyl radicals can be sequestered with via the labile hydrogen of the
antioxidant. The intermediate phenoxyl radical that forms can undergo an additional HAT step

thus resulting in a non-radical product. One equivalent of phenol such as BHT sequesters 2
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equivalents of peroxyl radicals. As a result, the signal output over time changes compared to the
uninhibited curve. There are now two distinct regions. The first is the time of inhibition in which
the antioxidant buffers the system against autoxidation. Once all of the antioxidant is consumed,
the dye undergoes oxidation along with the organic substrate and the curve approaches a similar
slope to the uninhibited graph.

In 2019, the Pratt group developed the Fluorescence-Enabled Inhibited Autoxidation (FENIX)
assay in order to interrogate the radical trapping antioxidant properties of molecules within a
liposome media. The liposome assays (Figure 4.7) inherently operate the same such that dye
consumption over time is being recorded. Liposomal assays provide a means to ascertain the
kinetics of the antioxidants in an environment that more closely resembles the lipid bilayer of
cellular membranes. Unlike the organic solution assay, this environment is highly hydrogen
bonding as the surfaces of the membrane contain the polar head phosphate group that interacts
with aqueous buffer that comprises the bulk of the assay volume.

Reference molecules were needed to assess the trends of the assays as well as the relevant
antioxidant activity. 2,2,5,7,8-pentamethyl-6-chromanol (PMC) (4.16), a synthetic analog of the
biologically relevant a-tocopherol was used as a benchmark reference for antioxidant activity. As
a-tocopherol is found intracellularly, it is reasoned that any antioxidant must be able to have

competitive kinetics with a-tocopherol in order to be classified as

biologically relevant. Additionally, PMC serves as an internal HO
kinetic standard. PMC has a previously determined stoichiometry o
that can then be used to assess the integrity of the assay based on 4.92257.8-
o pentamethyl-6-
the rate of initiation (Ri) (Ri = 2.2 x 10° M s?). To assess the chromanol
(PMC) (4.16)
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antioxidant properties of the phenols of interest, it was decided to subject each compound to several
assays to determine the rate of inhibition (kinn) and stoichiometry of sequestered peroxyl radicals
in organic solutions (low hydrogen-bonding) and in liposomes (highly hydrogen bonding)
followed by RTA cell assays. These assays are routinely used by the Pratt group for every potential
new radical-trapping antioxidant. Organic solutions provide an environment in which the kinh and
stoichiometry may be accurately computed. The liposome media, is used as a cellular mimic in
which all of the intercellular components and intramembrane components are absent.
4.3 Autoxidation assays of QMDs and quadrangularin A analogs

Through our previous collaborative efforts, the resveratrol, alkylated resveratrol, dimers and
alkylated analogs were evaluated for their RTA propensity. The results of this study were that the
alkylated analogs perform better than the natural products. This was due to the increased
lipophilicity allowing the antioxidants to have better solubility in the organic media as well as
better localization within cell membranes. Our synthetic efforts were again coupled with the
antioxidant expertise of the Pratt lab in 2018 when the quadrangularin A analogs and QMDs
synthesized as a result of our electrochemical methodology development were evaluated for their
antixodant properties. With these derivatives in hand, we sought to extend our previous
investigations of the radical-trapping antioxidant (RTA)8 activities of resveratrol derivatives,
which had revealed that the quadrangularin A scaffold was more potent than either the pallidol
scaffold or the parent resveratrol scaffold.®* Thus, the quadragularin A analogues were evaluated
for their ability to inhibit co-autoxidations of PBD-BODIPY and 1-hexadecene in chlorobenzene
at 37 °C (Figure 4).13* PBD-BODIPY enables quantitative determination of the reaction progress

of the autoxidation by UV-vis spectrophotometry; its consumption by reaction with chain-carrying
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peroxyl radicals is associated with a loss of absorbance at 588 nm (Figure 4A). Kinetic analysis of
the reaction progress data according to Egs. 1 and 2 enables determination of the rate constant for
the reaction of the RTA with peroxyl radicals (kinn) as well as the reaction stoichiometry (n) (Figure
4B). Representative data are shown in Figure 4C and kinetic parameters are tabulated in Figure
4D.

The quadrangularin A analogues 30-33 are all good RTAs. Their inhibition rate constants are
roughly one order of magnitude greater than BHT (kinh = 2x10* Ms?), the quintessential hindered
phenolic RTA.%* Substitution of the resorcinol ring has little impact on the reactivity of the
quadrangularin A analogues; most kinh vValues are within experimental error of each other, and the
maximum difference is less than a factor of 2. These results are consistent with our expectation
that quadrangularin A and its tert-butylated derivative inhibit autoxidation via H-atom transfer
from the (hindered) phenolic moiety. The number (n) of peroxyl radicals trapped per molecule is
ca. 4 for all four compounds. Since compounds 30—33 contain two hindered phenols per molecule,
the maximum expected stoichiometry is 4, corresponding to double that of BHT and other hindered

phenols (e.g. the parent phenols, see Table S2).%°
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(A) Originally proposed mechanism: (C) inhibition curve of bis-qui thide dimers and quadrangularin A analogs

HAT via C-H
O——

tautomerization i allinconsistent

—_— N
HAT via O-H :  with observed

homolysis H Kinh
combination

A [PBD-BODIPY] (uM)

consistent with
i observed Kinp

4.18

in A p-Quinone methide dimers

R Ky (M7 5°) n Ky (M1 57) n
1-CH A NA 20 (24+01)x10°  14+0.1
3,5di0Bn 30 (14-01)<10° 38+03 5 (19+05)«10° 17 +041
' 3 (1.0-01)x10° 41+03 10 (20+01)<10° 14 +04
4-SMe 32 (08— 0.1)<10° 38+0.1 13 29+ 01)«10° 13 +01
33 (13-02)x10° 41 +0.1 11 (31+04)<10°F 13+ 04

Figure 4.8. Mechanistic insight for the antioxidant potential of bis-quinone methides. A) the original proposed mechanistic hypotheses of BQMs based on k;,, B) Revised mechanism based on
the loss of antioxidant activity when performed in liposomes. C) the inhibition curves comparing BQMs and quadrangularin A analogs.

To our great surprise, the QMDs from which the intermediates from which quadrangularin A
analogues were synthesized are very good RTAs.!* In fact, despite being devoid of phenolic
moieties, the QMDs are >10-fold more reactive than the quadrangularin A derivatives (up to 36-
fold more reactive for the 4-SMe derivative 32). Interestingly, monomeric quinone methides have
been reported to be — at best — poor RTAs,#? suggesting that the QMD scaffold is special, perhaps
due to the persistence of the quinone methide functionalities relative to those that have been
previously studied.'*®

Mechanistic possibilities for the impressive reactivity of the QMDs are presented in Figure
4.8. At first glance, mechanism 1 can be excluded solely on the basis of the magnitude of Kinn
determined from the inhibited autoxidations (kinn = 2-3x10° Ms1), H-atom transfer from carbon

is well known to be a relatively slow reaction, even when highly thermodynamically favorable.'#*
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Indeed, the CBS-QB3-predicted®® rate constants for HAT from a truncated form of the
unsubstituted dimer to a model (methyl)peroxyl radical is a mere 6 M?s? (see Supporting
Information for the optimized structures, their energies, and the rate constants estimated
therefrom). Mechanism 2 requires tautomerization of the QMD; however, upon exposing NMR
samples of QMD to deuterated methanol (CD3OD), no deuterium incorporation was observed.
Furthermore, if tautomerization were to occur, the phenolic tautomer would be expected to exhibit
similar reactivity to the monomeric resveratrol derivative from which the QMD is derived (Kinn
~10° M%s). Mechanism 3 can be excluded solely on the basis of the magnitude of Keq for the
QMD dissociation/recombination equilibrium (1.8 x 10%° M),% as it would necessitate the
phenoxyl-peroxyl combination to proceed with a rate constant well in excess of the diffusion limit.

To the best of our knowledge, mechanism 4 has little precedent.?® Although the addition of
peroxyl radicals to carbon-carbon double bonds is well-known, it generally features in the
propagation of autoxidation of unsaturated substrates (e.g. styrene), not in its inhibition! Of course,
the primary difference in the current context is that the resultant radical (a hindered phenoxyl) is
unreactive to Oz and does not propagate the autoxidation. Moreover, not only does peroxy| radical
addition produce a more stabilized phenoxyl radical, but the thermodynamics are greatly enhanced
by aromatization of the quinone methide. Indeed, CBS-QB3 predicts AH = —31.5 kcal/mol for the
addition of a model (methyl)peroxyl radical to a truncated form of the unsubstituted dimer along
with a rate constant of 4 x 108 M-1s%, in excellent agreement with experiment.

It was later found that a different mechanism for the radical-trapping antioxidant properties of
QMDs was in play. This conclusion was made following the performing of the liposome RTA

assay. Although QMDs are excellent RTAs in organic solutions, it was found that this activity was
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annihilated in the liposome media. Due to the lipophilicity of the alkylated and resorcinol-
benzylated QMDs, it was unlikely that this was a result of the hydrogen bonding environment
associated with the exterior (and interior) of the liposome space as they should have localization
within the polyunsaturated fatty acid matrix. It was reasoned that the mechanism for QMD RTA
activity was a result of persistent radical equilibrium in that dissociation of the QMD C8 — C8’
bond forms the radical monomers which then undergo direct radical-radical combination with the
peroxy radicals that form in the oxidizing samples (Figure 4.8).14
4.4 Autoxidation assays of phenols and resveratrol natural products

To assess the antioxidant properties of the phenols of interest, it was decided to subject each
compound to both organic co-oxidation assays and liposome co-oxidation assays to determine the
rate of inhibition (kinn) and stoichiometry of sequestered peroxyl radicals in organic solutions (low
hydrogen-bonding) and in liposomes (highly hydrogen bonding) followed by RTA cell assays.

The investigation of the antioxidant properties of these Simple phenols

@\ /@\ CO,Me
complex polyphenolic compounds and natural products began I, “™ 1o~ come HOO
4.22 4.23

4.21

with a collection of simpler phenols, resorcinols, and catechols. “"QCOM “"I;(“’Z“”
As expected, the methylsalicylate (4.21) reference compound 424 425

Figure 4.9. Simple phenol RTAs

had no antioxidant activities in organic solution and liposomes. Methyl salicylate was chosen as a
reference molecule for having poor antioxidant kinetics. This lack of activity is presumably due to
the intramolecular hydrogen bond between the phenolic -OH group and the carbonyl oxygen.
Previous work performed by the Pratt group supports that hydrogen bonding to the relevant H
atoms for antioxidant related HAT significantly erodes activity. Because of this observation, it is

typical that compounds behave worse in liposomes than in organic solutions due to the increased
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hydrogen bonding within this media. On the contrary, PMC possesses very good antioxidant
activity in both assays. When the phenol is moved away from the ortho position (methylsalicylate)
to the meta position (4.22), antioxidant activity improves, albeit poorly. As the kinn is low, a rate
could only be ascertained using cumene as the oxidizable substrate. The para substituted analog
(4.23) has a kinh that was slightly less than the meta substituted substrate. Interestingly, the 3,5-
dihydroxymethyl benzoate substrate (4.24) has a kinn that is half of the mono meta substituted
analog. When the assays are performed in liposomes, the antioxidant activities are non-existent.
Collectively, these compounds were in the low to mid-range of 102 M!s™, The tri-hydroxy methy!
benzoate (methyl gallate, 4.25) substrate had the greatest antioxidant activity in both organic
solution and liposomes amongst the methyl benzoate phenols. It is hypothesized that increasing
the number of phenols improves the antioxidant activity in liposomes because it is statistically
more likely to have a non-hydrogen bonded phenolic O—H to serve as an H atom source compared
to the mono and di phenols. It should be noted that methyl gallate does not inhibit but rather retards
autoxidation in liposomes. This is apparent based on the inhibition curve which does not contain
the distinct inhibition period and the curve falling between uninhibited and inhibited when
overlayed with PMC (See experimental).

When comparing the resorcinols and catechols (Figure 4.10), catechol 4.27 performs by an
order of magnitude better than resorcinol 4.26 (7.3 + 1.810* M1s vs 8.86 + 1.30x10° M1s™).

However, orcinol 4.27 and tBuz-catechol 4.28 outperformed their un-alkylated analogs in organic

resorcinols and catechols

HO. OH OH
HO\© HO]@

OH Bu Bu
4.27 4.28

4.26

solution and liposomes by an order of magnitude. Guiacol 4.26

showed very little activity in both media which is most likely due to

intramolecular hydrogen bonding. Meoj@ f;(

4.26 4.27

Figure 4.10. resorcinols and catechols
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Adding conjugation to the catechols Hojg\L Ho
) HO | Meojg\l

and O-methyl catechols (Figure 11) had w0 azg OO

a profound impact on the RTA potential oo P o

of these motifs in that they witnessed an e
order of magnitude increase in activity. ® NS ® ove el H«COQ’O oom

Interestingly, curcumin (4.30) is seen to

Figure 4.11. conjugated catechol and O-methyl catechols (Top); Reaction of curcumin when
oxidized results in increased stoichiometry (Bottom).

have higher stoichiometry. This is due to " 1o oH
O S HO. O ~ - Meo
the precedented intramolecular

cyclization that occurs when oxidized.'#’

Figure 4.12. Resveratrol analogs

Due to the methylation of the catechol,

reduced activity would expected

compared to free catechols. The a5 a6
Figure 4.13. dihydrobenzofuran dimers of resveratrol and neolignan.
performance of this molecule should in
theory be equal to 4.29 but due to the long chain, intramolecular cyclization occurs after oxidation
and subsequent oxidations occur to produce 4.31.

Comparing the resveratrol analogs (Figure 12) reveals surprising results. Resveratrol 4.32

performs as a good RTA in organic solution and works comparably to its alkylated analogs 4.33
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and 4.34 (10° M1s1). But in a highly hydrogen bonding
environment like liposomes, the alkylated analogs perform
much better, indicating that resveratrol would likely be a
poor RTA in a cellular environment. 4.33 performs at an
order of magnitude in liposomes and 4.34 has a kinn that is
double that of 4.32. Surprisingly, 4.34 does not out-perform
4.33 substantially indicating the free resorcinols do not
have as great of an effect in terms of lipophilicity as would

be expected.

The  dihydrobenzofuran-containing  dimers — of Fiewre 15 resverawolorcinol dibydrobenzofurans
resveratrol (o-viniferin, 4.35) and neolignans (shegansu B, 4.36) (Figure 4.13) both perform
poorly in organic solutions and liposomes. They both inhibit at 10° Ms™ in cumene. 4.36 does
not inhibit at all in liposomes whereas shegansu B retards autoxidation such that a rate constant
cannot be ascertained due to lack of a distinct inhibition phase.

The resveratrol dimers provide a good example of how additional lipophilicty can increase
RTA activity (Figure 4.14). 4.37 and 4.39 are better RTAs by an order of magnitude to their
corresponding natural products 4.38 and 4.40 respectively. In liposomes, 4.38 and 4.40 are half an

order of magnitude slower RTAs compared to their alkylated analogs.
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The resveratrol-coupled orcinol
dihydrobenzofurans present a break

in trends (Figure 4.15). The

unprotected analog 4.41, although a3 444
Figure 4.16. alkylated resveratrol trimers.
. . More likely mechanism:
performing on par with the protected ®u &
HO. o_H HO o
O . O OH ROO* O _ o) ROO*
analog 4.42 in organic solution with Y tBu H e
g g Q OH Q OH
- HO445 Ho 4.46
respect to ki, has higher . .
HO e} tBu o o u
O _ o ° oM . — )
. . ~ 00 s
stoichiometry (n = 4 for 4.41, and n= o " e SSaS
Q Bu Q tBu
2 for 4.42). It is possible that an ~ HO 448 e
TLess likely mechanism: T
dditional process than canonical o ~-os ~ . Hos Aot~ rou o~
a P CLE o oo O ro =m0
H tBu H tBu H tBu
hindered phenol RTA activity. { Mo Mo (o
Ho 4.50 Ho 4.51 Ho 4.52
Similarly, the alkylated trimers 4.43 Ho o Hou ~ o, T
ROO® O o/ C 0 ROO*® O Y Q ©
- = u tBu
and 4.44 containing Vo (Vo
HO' 453 MO 4sa

dihydrobenzofurans ~ have  much  Fsure 17- roposed mechanism or oberied addiional sticiomety i OH-coniaining anoxidant.
higher stoichiometries than were expected (4.43, 4.34 n= 8). This confirms that having the free
resorcinol ring adjacent to the DHB arene is playing a role in the extra equivalents of peroxyl
radicals that are sequestered. The following mechanism for this observed stoichiometry is
presented in Figure 4.17. While both mechanisms lead to a neutral product associated with n =4
for peroxyl radicals that are sequestered, the top is most likely as it directly involves the resorcinol

hydrogen that seems to be required (comparing stoichiometries of 4.41 and 4.42).
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The performance of both trimers in liposomes is very different. 4.43 is a good RTA in the
highly hydrogen bonding environment whereas 4.44 does not inhibit at all. This may be due to the
differences in polarity as 4.44 is very polar (by TLC) in comparison to 4.43.

In comparing the vitisin resveratrol

tetramers 4.55 and 4.56, they behave the

same in cumene while not inhibiting in

hexadecane as they are slower antioxidants vitisin £.(4.55) vitisin D (4.56)
Figure 4.18. resveratrol tetramers.

with typic phenolic stoichiometry. This is

interesting because the last examples

(except for delta viniferin and shegansu B)

had much higher stoichiometry when the @sn @ss

Figure 4.19 resveratrol synthetic dimer intermediates
dihydrobenzofuran ring is present. This underscores that elevated stoichiometry only occurs when
the phenols are hindered. These both behave mediocrely in liposomes with 4.55 performing
slightly better by almost half an order of magnitude.

The synthetic dimer intermediates (Figure 4.19) have very interesting RTA properties. 4.57
behaves moderately in hexadecane and has a stoichiometry that is close to 4 as expected for a
compound containing two hindered phenols. 4.58 is a good RTA in hexadecane and has increased
stoichiometry (n~5). Further, this RTA is good in liposomes, presumably a result of the

lipophilicity. 4.59 also behaves as a good RTA in hexadecane and has increased stoichiometry that

may be due to the dihydrobenzofuran.
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The synthetic resveratrol intermediates 4.40 and 4.41 behave as equally good RTAs despite
their differences in oxidation states and resorcinol protecting groups. Both are good RTAS in
hexadecane and surprisingly have elevated stoichiometry in cumene (n~5).

Despite the good activities for several of these oligomers, they do not compare to PMC with
the best of this set being an order of magnitude slower than PMC (10° Ms). This suggests that

these would not be able to be competitive with PMC in a cellular environment.

Given the good RTA activities of methyl gallate (4.25), we OH OH
sought to investigate its dimer ellagic acid 4.62 with the 4 n
thought that we could investigate if there was an inherent drive (450) (@51)

Figure 4.20. resveratrol synthetic intermediates

o
H
I
OH

potent antioxidants. Further, we expected ellagic acid to HOI;r Ho S

for nature to oligomerize for the end goal of creating more
behave better as more phenols were masked by the fused cyclic  rigure 4.2:.‘:3“3& derivmivese"agic -

core. This was not the case. Ellagic acid was 25-times slower at inhibiting autoxidation in cumene
compared to methyl gallate. Additionally, ellagic acid had no inhibition in liposomes. This is
thought to be the result of its poor solubility. Even making stock solutions in DMSO was
unachievable at concentrations surpassing 10 mM. Due to this molecule being as planar as it is,

this is unsurprising.
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It has been found that vitamin E (4.66) and vitamin C (4.68) work in a synergistic manner
within cells such that ascorbic acid (vitamin C) can increase the antioxidant properties of vitamin
E. We sought to expand this study to polyphenols after finding increased activity when both a

hindered phenol and a resorcinol component are present within the same molecule. Kinetically,

the hindered phenol inhibits autooxidation and a faster rate compared to resorcinol. However, the

o L
tBu HO OH  tBu

OH OH
tBu tBu Loo* tBu tBu /©\
—_— —_— +
HO Oe
BHT

BHT (4.63) 4.64

4.65

H

nwO
nwI
O
o

vitamin C (4.68) HO

O
OH
HO O (2 equival
O S 4.66

OH
resveratrol (4.32)

2 CqgH33

a-tocopherol (4.66) (2 equivalents) (4.67) ents)

Possible synergistic
byproducts:

ey
wO
I

I
(e}
o

dehydroascorbic OH
acid (DHA) (4.69) 8-viniferin (4.35)

Figure 4.22. Synergistic effects between more reactive and less reactive phenols. (Top) BHT acts synergistically with resorcinol (slower
antioxidant). (Bottom) vitamin C and resveratrol both have been observed to act synergistically with vitamin E.

increased stoichiometry found for the mixture of substrates suggests that the resorcinol ring is
playing a role. A simple study was performed to interrogate possible synergy between these two
motifs. This was done by taking BHT (a representative hindered phenol) and resorcinol and
varying the relative concentrations of each within an autoxidizing environment. It was found that

the 1:1 ratio of BHT and resorcinol corresponded to a higher peroxyl radical sequestering
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stoichiometry than the BHT (5uM) alone. Based on this observation, it is ascertained that as the
BHT becomes oxidized (kinetically favored), the resorcinol may act as a reducing agent to
replenish the concentration of the active phenol in BHT which leads to a stoichiometry that is
higher than the canonically reported value of 2.

This finding could allow for an alternative antioxidant role and mechanism for polyphenols
that deviates from the previous conclusions that polyphenols act as independent antioxidants. In
cells, vitamin E is the endogenous hindered phenol antioxidant. Assuming accumulation in the
cell, polyphenols could play a supportive role working in synergy with vitamin E such that the
oxidation and consumption of vitamin E can be reversed with the presence of polyphenol acting
as a reducing agent and regenerating vitamin E. This synergy is precedented and has been observed
between vitamin E and vitamin C in vitro and in vivo.*® Oxidation of vitamin E (TH) forms the
quinone species (TQ). This can be reduced by an equivalent of vitamin C to reform TH. This
mechanism for synergy must occur at the lipid membrane — cytosol interface as vitamin C is a
hydrophilic antioxidant that is found in the aqueous cytosol and vitamin E is a lipophilic
antioxidant found within the lipid membrane. This process would produce the oxidized form of
vitamin C as a byproduct. Additionally, it has been found that resveratrol can also have a
synergistic effect with vitamin E.*® Presumably, this occurs similarly to vitamin C in that
resveratrol acts a reducing agent to regenerate vitamin E at the phase partition on the outside of
the lipid membrane. Assuming HAT occurs at C4, the phenoxyl radical of resveratrol can be
formed which ultimately may result in a dimerization process if concentrations permit (Figure
4.22). In the case of polyphenols like resveratrol, the unalkylated natural products have increased

hydrophilicity therefore having larger concentrations in the cytosol of the cell. As a result, they
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may be limited to the same vitamin E regeneration conditions as vitamin C. However, for the more
lipophilic, alkylated polyphenols, it is reasoned that this synergy could be taking place within the

confines of the lipid membrane.

4.5 Antioxidants as protecting agents in ferroptotic cells

To evaluate the antioxidant activity in these polyphenol natural products with respect to being
able to rescue cells from ferroptotic cell death following treatment with a ferroptosis inducing
agent (RSL-3), the mouse embryonic fibroblast cell line (pfal), was chosen for the studies as this
cell line is deficient in ACSL4 (Figure 4.19). ASCL4 is a gene responsible for the expression of
the protein acyl-COA synthetase long chain family member 4, an enzyme that converts free long
chain fatty acids into fatty acyl-COA esters. As a result of this function, ACSL4 is heavily
responsible for lipid biosynthesis and fatty acid degradation. This later function has importance

for the cell’s management of oxidized fatty acids that contribute to ferroptosis. With this

Antioxidant-mediated inhibition of cellular ferroptosis assay

ROO-H + (GPX4)—SeH —> SeOH +  ROO’

* glutathione |
RSL-3
ROO-H + (GPX4}—seH —»> (GPX4)—SeOH +  ROH
+ glutathione |
ROOH
Cells + RSL-3 e lipid peroxidation/ ferroptosis
ROOH
Cells + RSL-3) ——> Cell rescue/ survival

Antioxidant

Figure 4.23: This presents an overview of theantioxidant-mediated inhibtioin of ferroptosis assay in
which cells are treated with a ferroptosis inducer (RSL-3). The presence of a potent cellular antioxidant
inhibits ferroptosis. Cellular viability was measured by Aquabluer assay.
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mechanism for degrading oxidized fatty acids being disabled, the cell must rely solely on GPX4
(glutathione peroxidase 4) along with any other endogenous antioxidants that are already present
to prevent ferroptosis. RSL-3 is a potent ferroptosis-inducer that acts via inhibition of the enzyme
GPX4 via direct binding. This enzyme is responsible for reducing peroxyl fatty acid (product of
autoxidation) to the corresponding alcohol. The mechanism for this enzymatic function is reliant
on the seleno-serine active site residue that becomes oxidized to the corresponding selenic acid.
Glutathione is used as a terminal reductant to regenerate the seleno-serine residue thus turning over
the enzymatic catalytic cycle. Upon addition of ferroptosis-inducer RSL-3 that inhibits GPX4, the
cell accumulates peroxyl fatty acids which then triggers ferroptosis. In the presence of a
sufficiently potent antioxidant that has been pre-incubated with the cells prior to addition of RSL-
3, the cells are be able to maintain an oxidative stress-free environment. PMC is a sufficiently
potent antioxidant that can aid the cells in maintaining homeostasis and cell viability in the
presence of the GPX4 inhibitor.

The natural products and their alkylated analogs were subjected to this cell assay. The results
of the cell assay were consistent with the liposome assays. Compounds that performed well in
liposomes, did the best in ferroptotic-induced cells. Surprisingly, alkylated resveratrol 4.23 did the
best in cells (EC50 = 28.3 £ 3.0 nM), almost 200-fold more potent than resveratrol 4.22. Second
to that was tBus-carasiphenol 4.33 (EC50 = 106.1 £ 6.8 nM). As is consistent with liposome data,
the unnatural alkylated trimer 4.34 was 16-fold less potent than the C8/C10 isomer (EC50 = 1.7 +
0.3 uM). In comparing the dimers, alkylated quadrangularin A (4.27) was about 1.5 times more
potent than alkylated pallidol (4.29). In both sets of dimers, the alkylated dimers were 40 times

more potent than the natural product. The vitisin tetramers behaved similarly in cells as the dimer
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natural products. These results suggest that there is no inherent increase in potency as a result of
the oligomerization state. Lipophilicity, coupled with good radical trapping Kinetics is what

dictates if an antioxidant will be able to rescue the cells from ferroptosis.
4.6 Conclusions and Outlooks

It is apparent that the resveratrol-derived oligomers and resveratrol-like analogs perform
underwhelmingly as radical-trapping antioxidants in comparison to the synthetic vitamin E analog,
PMC. The long-standing attestation that resveratrol and its oligomers behave as antioxidants must
no longer be attributed to their radical-trapping attributes as they have been shown herein to be
insufficient to compete against vitamin E which is endogenous to mammalian cells. However, this
IS not to say that they do not have antioxidant properties in general. Earlier studies (consistent with
these results) have shown that tBus-pallidol (4.39) has surprisingly good activity for preventing
ferroptosis despite its radical-trapping antioxidant kinetics.®* There is a potential for this molecule
to have a protein-level mechanism for rescuing cells from ferroptosis such as activating genes
controlled by the antioxidant response element (ARE). It is therefore possible that resveratrol and
its oligomer natural products can have other mechanisms of action. There are a number of cellular
pathways involved in the cellular antioxidant response to combat ROS production such as
NRF2/Keap1.1%% 51 Therefore, it is necessary to analyze these natural products in a different
context of antioxidant activity — specifically on the level of gene expression and cellular pathways.
Additionally, as phytoalexins, it must be noted that plants have (presumably) evolved to synthesize
these molecules to combat pathogenic stressors such as bacterial or fungal. With the ongoing
research being conducted on bacteria that comprise the microbiome and the disease-relevance in

the host organisms that result from the chemical interactions between the two organism types, it
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may be possible that the asserted health benefits of these natural products can be acting on these
simple bacteria organisms to produce a more complex antioxidant response that benefits the
host.1>2 Systematic accumulation of these natural products within a mammalian host (to levels
needed for activity) seems improbable due to their poor lipid solubility and would certainly be
excreted. Ingestion of these compounds through the consumption of wine or supplementation
could potentially reach these organisms in the gut to elicit a positive antioxidant response for the
host.?> Certainly, more work is required before it can be concluded that these molecules are
without any benefit. The main conclusion that can be made based on the cumulation of this
research is that the natural products are too polar and not reactive enough to behave as biologically

relevant antioxidants.
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4.7 Experimental Procedures and Kinetic and Biological Data

General Procedures. All chemicals and solvents obtained from commercial suppliers were
used as received unless indicated otherwise. 1-Hexadecene and cumene were purified and stored

as previously described.'3* 34

General Procedures for Inhibited Co-autoxidations.

The inhibited co-autoxidations were carried out following our reported methods.'®* 137
Autoxidations of 1-hexadecene (2.9 M) and PBD-BODIPY (10 uM) at 37 °C were initiated by
AIBN (6 mM), 37 °C in chlorobenzene. A 3.5-mL quartz cuvette was charged with PhCI (0.44
mL) and 1-hexadecene (2.00 mL). The cuvette was preheated to the desired temperature in a
thermostated sample holder of a UV-vis spectrophotometer and allowed to equilibrate for
approximately 15 min. To the cuvette was added PBD-BODIPY (12.5 pL of a 2.00 mM stock
solution in 1,2,4-trichlorobenzene) and initiator (50 puL of a 300 mM stock solution of AIBN in
chlorobenzene). The solution was thoroughly mixed prior to monitoring the uninhibited co-
autoxidation via the disappearance of the PBD-BODIPY probe at 588 nm (37 °C) for 5-10 min to
ensure the reaction was proceeding at a constant rate. Finally, the antioxidant under investigation
was added (5.0uL of a 2.5 mM solution in chlorobenzene), the solution was mixed thoroughly,
and the absorbance readings were resumed. The resulting Abs vs time data were processed as
previously reported. The rate of initiation (Ri = 1.30x10° Ms? (37 °C) and second order rate
constant for propagation of the dye (keep-sopipy = 3792 M1s (37 °C), 7633 M1s? (70 °C), 8283

Ms? (100 °C)) necessary to compute stoichiometric data (n) and inhibition rate constants (Kinn)

334



were determined using PMC as a standard, which has an established stoichiometry of 2.%° Similar
experiments were conducted at 37 °C employing cumene (3.6 M) and STY-BODIPY (10 uM)
initiated by AIBN (6 mM) in chlorobenzene. Reaction progress was monitored at 571 nm. The rate
of initiation, also determined using PMC, was measured to be Ri = 2.28x10° Ms™ and the second
order rate constant for propagation of the dye had been determined previously (ksty-sopipy = 141
Ms1) (37 °C). Inhibited autoxidation experiments involving liposomes were conducted at 37 °C
employing egg-PC liposomes (1 mM), STY-BODIPY (10 uM), initiated by DTUN (0.2 mM) or
V70 (0.2mM) in PBS buffer (10 mM). Reaction progress was monitored at 565 nm. The rate of
initiation, determined using PMC, was measured to be Ri = 2.29x10° Ms and the second order
rate constant for propagation of the dye had been determined previously (ksty-sopipy = 894 M1s"
1 (37 °C).

General Procedures for Ferroptosis-Rescue Assay. Pfal cells (3,000 in 100 mL) were
seeded in 96-well plates and cultured overnight. The next day the media was removed, the cells
were washed twice with PBS and the cells were suspended in new media for 30 minutes before
addition of RTAs and LOX inhibitors. Ferroptosis was induced using (1S, 3R)-RSL3 (10 mM) 60
minutes after incubation of compounds. Cell viability was assessed 6 hours later using the
AquaBluer assay (MultiTarget Pharmaceuticals, LLC) according to the manufacturer’s
instructions. Cell viability was calculated by normalizing the data to untreated controls.
Experiments are carried out with six-technical replicates (n = 6 wells of a 96-well plate) and

performed independently with a minimum of three biological replicates.
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Analysis of Radical-Trapping Antioxidant Activity:
Kinetic Data

General Procedure for Inhibited Autoxidations

The inhibited autoxidations were carried out following our reported method.® All
autoxidations of 1-hexadecene (2.9 M) and PBD-BODIPY (10 uM) were initiated by AIBN (6
mM) in chlorobenzene at 37 °C. A 3.5-mL quartz cuvette was charged with PhCI (0.44 mL), 1-
hexadecene (2.00 mL). The cuvette was preheated to 37 °C in a thermostatted sample holder of a
UV-vis spectrophotometer and allowed to equilibrate for approximately 15 min. To the cuvette
was added PBD-BODIPY (12.5 pL of a 2.00 mM stock solution in 1,2,4-trichlorobenzene) and
AIBN (50 pL of a 300 mM stock solution in chlorobenzene). The solution was thoroughly mixed
prior to monitoring the uninhibited co-autoxidation via the disappearance of the PBD-BODIPY
probe at 588 nm for 10 min to ensure the reaction was proceeding at a constant rate. Finally, the
antioxidant under investigation was added (5.0 pL of a 2.5 mM solution in chlorobenzene), the
solution was mixed thoroughly, and the absorbance readings were resumed. The resulting Abs vs
time data were processed as previously reported.® The rate of initiation (Ri = 1.3 x 10° Ms™) and
second order rate constant for propagation for the dye (keep-sobipy = 3792 M1s™) necessary to
compute stoichiometric data (n) and inhibition rate constants (kinn) were determined using PMC as

a standard, which has an established stoichiometry of 2,101

Table 1. Comparison of inhibition rate constants (kinh) and stoichiometry (n) during inhibited
co-autoxidations of 1-hexadecene (2.9 M) and PBD-BODIPY (10 uM) initiated by AIBN (6 mM)

in chlorobenzene at 37 °C.
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Quadrangularin A

Quinone methide

X Parent phenols
analogues dimers
kinh kinh
Kinh
n (10° M n (10° M n
(10° M1s?)
lS—l) lS—l)
14 13+ 2.3
4-CF3 N/A N/A 24+1
0.1 14 0.1 0.1
3,5- 34 1.7 14+ 2.3
1.1+£01 19+5
diOBn +0.1 0.1 0 0.1 0.1
2.0 14 16+ 2.0
H 16+0.3 201
+0.2 +0.1 4 0.1 +0.1
3.6 13 1.7+ 2.2
4-SMe 0.75+£0.03 29+1
+0.1 +0.1 7 0.1 0.1
3,4- 1.9 1.3 19+ 2.1
14+0.1 31+4
dioxyl +0.1 +0.1 5 0.3 0.1
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Computational Data®?

Table 2. Summary of enthalpies (AH, AH!), free energies (AG, AG'), and corresponding
computed second order rate constants (k) for the addition of methyl peroxyl radical to or hydrogen

atom transfer (HAT) from a truncated analogue of 14 in the gas phase at 37 °C.

4H, AG, AH, yres k?
Mecha Posi
(kcal (kcal (kcal (kcal (M
nism tion
mol?) mol?) mol?) mol?) s
Cp—
HAT -15.7 -15.3 75 19.0 6
H
Additio 4 x
Co -31.5 -19.4 -1.7 10.8
n 108

—AGE

k
2 Computed using k = %-BTe RT where T = 310.15 K.

Optimized Gaussian Structures and CBS-QB3*® or DFT Energies (Hartree)

Methyl peroxyl radical

HsCOO*

CBS-QB3 Enthalpy = -189.954731 CBS-QB3 Free Energy = -189.985243
02

C 1.09605900 -0.18318300 0.00000000

H 1.87467700 0.57860700 -0.00001500

H 1.14885000 -0.80070400 0.89699800

338



1.14883700 -0.80072700 -0.89698300
-0.15733600 0.54388600 0.00000000
-1.18625300 -0.27864500 (0.00000000

Methy! hydroperoxide

H3COOH

CBS-QB3 Enthalpy =

IOOIIIOL

1.12961700
1.97292100
1.14400500
1.18954700
-0.01619300
-1.16412600
-1.64161900

-0.22363900
0.47126800
-0.82582200
-0.87767200
0.60684200
-0.28550800
0.00339000

-190.589542 CBS-QB3 Free Energy =

0.02672600
0.02466400
0.94203100
-0.84877800
-0.03138300
-0.09072600
0.69859800
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Truncated dimer

CBS-QB3 Enthalpy =

ITIITIOIITIOIOIOOOOOO0OIOOIIIIOOONOOS

-2.28497800
-3.55270400
-4.13529300
-3.23865900
-1.97179800
-1.87418700
-4.20081500
-3.66131800
-1.34982200
-1.40780200
-0.14133100
0.15649000
-5.28793700
0.93072100
2.15417900
2.43091400
3.00520900
3.53098300
1.77888600
4.10408800
2.81702700
4.37188000
3.72971200
4.75316900
5.22845900
1.25966000
1.57784500
0.38007500
2.06455800
0.57301500

0.40886900
-0.03922500
-0.56092000
-0.55847700
-0.10764000

0.78842400
-0.03800300
-0.94226000
-0.12439600

0.40947300

0.88393400

1.24391200
-0.97120500
0.98559600
0.17948500
-1.05007100
0.62664700
-1.81010100
-1.41666800
-0.13185400

1.57620900
-1.35298100
-2.75869500
0.23292500
-1.94234200
2.46665200
2.99577200
2.98079300
2.53733300
0.54030300

-654.002976 CBS-QB3 Free Energy =

-1.38146900
-1.32815500
-0.07890600
1.09408900
1.02679200
-2.31241000
-2.19697400
2.01572400
1.91411400
-0.21456200
-0.33638800
-1.31988600
-0.01361300
0.71399400
0.27509100
0.87987500
-0.74224100
0.48913600
1.66618900
-1.13742500
-1.23132600
-0.52222200
0.97523300
-1.92573000
-0.82872500
1.00604200
0.10458500
1.40032500
1.74154700
1.64432900
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C—H HAT radical product (truncated dimer)

CBS-QB3 Enthalpy =

IIIOOIIIOIOIOOOOOIOIIIIOOOOOOS

1.52663700
2.26612700
3.63125800
4.41372500
3.64436100
2.28208000
1.74048500
4.18983800
4.20631700
1.73406700
0.09559100
-0.23773000
-0.90681300
-2.31412300
-3.30656300
-2.71066100
-4.62699500
-3.03832200
-4.03301100
-1.98216700
-4.99806500
-5.36792600
-4.31363000
-6.02906600
5.65560200
-0.67848700
0.15428900
-0.44885500
-1.56247000

-0.17878300
1.04646900
1.05609200

-0.17389500

-1.41088100

-1.39605400
1.98910300
1.98508300

-2.33724000

-2.33262400

-0.30235800
-1.30730800
0.59889900
0.15072700
1.03105100

-1.15268400
0.61798900
2.04156900

-1.56037100

-1.84097800

-0.67954400
1.31206600

-2.56608300

-0.99866600

-0.16513300
2.04011600
2.12915000
2.67090900
2.45544600

-653.393246 CBS-QB3 Free Energy =

-0.06031300
-0.05163000
-0.05797800
-0.07235200
-0.11084300
-0.11637600
-0.07297000
-0.06360700
-0.13798000
-0.14873300
-0.05597100
-0.29735500
0.18954500
0.07608700
-0.39201800
0.42751200
-0.53178300
-0.67632200
0.29989500
0.83868200
-0.18603900
-0.91227100
0.59198900
-0.28584100
-0.06495700
0.58017800
1.27928800
-0.28670000
1.06398500
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Addition radical product (truncated dimer)

CBS-QB3 Enthalpy =

OIOIOOOOIOOIIIOOOOOIIIIOOOOog

1.68586100
2.03864400
1.65692100
0.89517400
0.55651100
1.98969400
2.61367700
0.61296200
-0.01169700
0.93550600
1.97130500
1.58857600
2.61138400
3.78537300
4.52260200
4.12979300
3.63454500
0.53023100
-0.67504300
0.27533000
-1.89282900
-2.36613100
-2.57489100
-3.48544600
-1.85000100
-3.69261200
-2.23685900
-4.15235100

-0.73545200
-2.05690200
-3.01393600
-2.49267000
-1.16384100
-0.02773600
-2.43783300
-3.19839200
-0.79243000
-0.26276200
-4.22160000
2.04790200
1.96629700
2.50236300
2.46789200
1.89716600
3.53954000
1.19587100
1.54242800
1.45818500
0.70535500
-0.27753900
0.90298300
-1.04383900
-0.44796500
0.13833500
1.66374000
-0.83895000

-844.008115 CBS-QB3 Free Energy =

-0.94678200
-1.04386900
-0.01965400
1.10074700
1.17166500
-1.70968300
-1.87997300
1.87314800
2.01765600
0.15473600
-0.09771200
-0.20443700
0.84596800
0.26894200
1.07383500
-0.57569200
-0.04808300
0.22243000
-0.70021500
1.25591200
-0.33377400
-1.20731200
0.87332900
-0.88862100
-2.14632700
1.19677100
1.56895000
0.31597800
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-3.83382500
-4.20687700
-5.02313000
-0.98133300
-1.22038800
-0.12719900
-1.84128200
-0.37898200

-1.80139600
0.30800700
-1.43390300
3.05080000
3.40135600
3.62451100
3.26025700
1.26472500

-1.58165800
2.13631100
0.56681800

-0.68657800
0.32101200

-1.04555200

-1.32687200

-1.71711200
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C—H HAT TS (truncated dimer)

TS frequency: -1557.85 cm'™?

CBS-QB3 Enthalpy =

OIOO0O0OOIIIOIIIOOOIOOIOOIIOONOOO]

2.25564500
3.59164400
4.34095000
3.53661400
2.19873300
1.72389600
1.65699900
1.47427800
0.11527300
-0.22338500
5.55794900
-0.95338200
-0.98829400
-0.99624200
-0.04681900
1.15191800
1.58793500
1.82813900
0.93127600
-0.78138600
-0.60022900
0.03185600
-1.69744200
-2.32405400
-3.44985900
-2.50351700
-4.71588900
-3.32776700
-3.77214400

-0.81459400
-1.00867700
-0.94392700
-0.67398800
-0.47972300
-0.86184400
-0.30200500
-0.52309700
-0.32322000
-0.43776100
-1.10835800
0.11339200
1.32936100
2.63019100
2.76958300
3.32650200
2.64444600
3.45106200
4.29146200
0.19480600
-0.79575900
0.86149900
0.58282100
-0.39026600
0.43555600
-1.70092100
-0.03568000
1.46076400
-2.17439200

-843.945793 CBS-QB3 Free Energy =

-1.31202000
-1.27621500
-0.01493100
1.18686700
1.13376700
-2.25735800
2.05014700
-0.12151100
-0.28906400
-1.31608500
0.03910700
0.59345900
0.26126100
-0.02807000
-1.00881500
-0.45026100
0.28311000
-1.29669400
0.01023200
2.11318300
2.54330900
2.40191900
2.56083200
0.18827000
0.30836200
-0.27188600
-0.02300300
0.63874700
-0.60011000
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-1.64639200
-4.88216500
-5.57354200
-3.89129700
-5.86931600

4.16560400

4.07690800

-2.36002900
-1.34322800

0.62163600
-3.19433200
-1.70967500
-1.21728600
-0.64693800

-0.35910000
-0.47742900
0.06581100
-0.94836100
-0.73514600
-2.17165600
2.12640000
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Addition TS (truncated dimer)

TS frequency: -343.37 cm™?

CBS-QB3 Enthalpy =

OOIITIOIIOOIIIOOOOOIIIIOOONOO]

0.96314500
1.83634300
2.84270300
2.84016200
1.96163900
0.22717400
1.82743000
3.57672000
1.98057100
0.97599200
3.63885800
1.35833300
1.45649800
2.78161800
2.79283600
3.51406800
2.97189500
0.11111800
-1.10441000
-0.76303100
0.14440000
-1.73255800
-2.57633300
-2.10800700
-0.99437700
-2.14961600
-2.75441500

-0.76857400
-1.75262400
-2.24399300
-1.60372700
-0.62042300
-0.43962100
-2.22622800
-1.95858700
-0.15155200
-0.15653500
-3.13567600
2.52336000
2.81734500
2.51858200
2.84364900
3.07645700
1.44691100
0.87785900
1.33029600
1.59726800
1.17923200
2.58771200
2.93237100
2.36997500
3.38714100
0.22465600
-0.00316100

-843.960367 CBS-QB3 Free Energy =

-0.75517100
-1.08048400
-0.12820700
1.19251200
1.49770000
-1.47830900
-2.05555400
1.90398000
2.47654100
0.55037100
-0.42560300
0.56707000
-0.75543500
-1.22898300
-2.26985300
-0.64293800
-1.15775400
0.91263100
0.13304000
-0.87257200
1.95527200
0.76472600
0.16356300
1.76906300
0.83252300
-0.01552300
-1.25515700
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-2.56682600
-3.74636600
-2.44737600
-3.55574100
-2.11460600
-4.14944200
-4.20104800
-3.86193900
-4.91795600

-0.54188100
-0.97085000

0.58550300
-1.51108400
-0.38633700
-1.72962700
-1.13240100
-2.09794800
-2.48583000

1.07849300
-1.40242800
-2.11425100

0.93481700

2.05227600
-0.30691000
-2.37351500

1.79366400
-0.41895600
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Addition TS (dimer)

TS frequency: -398.43 cm™
DFT Enthalpy = -1420.677955

IOIIIOIOIOOOOIOIOIIIIIOONOONOO]

0.60031500
0.75794700
1.55020200
2.19360300
2.03749900
1.24612200
0.25358100
1.65988900
2.81086000
2.53569300
1.12928000
-0.26601800
-0.65354100
0.58847600
0.70380600
-0.09534900
-0.57209500
-0.23990800
-1.18412900
-0.48070200
-0.85186000
0.12826900
-1.32742200
-1.55098700
-0.95236300
-1.80262400
1.94713100
1.95496400

2.05824600
2.68832800
3.82910900
4.35635900
3.73949600
2.60228100
2.28765000
4.30507700
5.24239300
4.14404000
2.13182200
0.80745700
0.58365300
-0.45477700
-0.41268100
-1.77858300
-2.61394400
-2.19606200
-3.82841500
-2.29802400
-3.40854500
-1.57519900
-4.23009800
-4.46020200
-3.71394000
-5.17505700
-0.42463400
-0.26059900

DFT Free Energy =

-0.77530600
-2.01173100
-2.13686000
-1.02139000
0.21969400
0.34237400
-2.88553500
-3.10482300
-1.11549500
1.09344200
1.31290800
-0.65062800
-1.64854100
-0.21551700
0.86323600
-0.56242100
0.45107800
-1.89276900
0.14669800
1.48299800
-2.19920000
-2.70275000
-1.17855700
0.94790300
-3.23473300
-1.41541800
-0.86423100
-1.93908900
348
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3.15304500
3.33403600
4.36065200
4.55484800
2.45971200
5.58667100
4.23704300
5.78329600
4.69372400
6.48169800
-2.79696000
-3.20596700
-3.83191900
-4.51622300
-2.44820900
-5.14645400
-3.52542700
-5.58433400
-4.83088200
-5.92639000
6.89284500
-6.77616500
-1.46158100
-1.33283400
-1.02977200
-1.67266300
-2.64791700
-2.15070500
-3.11966800
-3.38238700

-0.61833900
-0.85067100
-0.59801200
-1.04107200
-0.87193200
-0.78537200
-0.42258000
-1.02375900
-1.21472500
-0.76914800
0.78924200
-0.26628500
1.52426900
-0.55791500
-0.84131600
1.24916000
2.32092700
0.17857900
-1.34823500
1.80772700
-1.19451600
-0.08491000
1.14673700
2.05465700
0.19349100
0.82133800
-0.06212400
-0.94196400
0.51642200
-0.35591500

-0.27149600
1.15626800
-1.09043500
1.69126700
1.79590100
-0.56832200
-2.15498300
0.87262700
2.75235800
-1.17951300
-0.00077400
-0.89096000
0.68723200
-1.08332400
-1.40644800
0.50544900
1.35695700
-0.39767200
-1.75490300
1.00998700
1.36391300
-0.57011800
0.23837500
0.81129200
2.02623500
3.05310100
3.63054900
4.04459000
4.42559700
2.87988800
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S1 - Methyl salicylate (summary and organic solution autoxidation)

OH
COQMe

Table S1.1- Summary of Kinetic and cell data for methyl salicylate

Compound Organic Solutions Liposomes Cells
kinn (hexadecene) (M | kinn (cumene) (M | Kinn (DTUN) (M | ki (V70) (M1
-1\ - -1y - -1\ - -1\ - ECSO
sh;n sh;n sh;n sh;n
Methylsalicylate DNI DNI N/A N/A N/A

Hexadecene PMC methyl-salicylate
Conc. (uM) 2 5
tinh (S) 3391.406669 0
kp 3791.889263 3791.889263
Ri 1.18E-09 1.18E-09
[AOX] (M) 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00
log k 6.258417464 N/A
Kinn (ML s71) 1.81E+06 N/A
Rate 6.16678E-12 0
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Table S1.2 — Summary of hexadecane co-oxidation inhibition kinetics




Table S1.3 — Summary of cumene co-oxidation inhibition kinetics

Cumene PMC methylsalicylate methylsalicylate
Conc. (uM) 2 5 50
tinh (S) 1954 0 0
kp 141 141 141
Ri 2.05E-09 2.05E-09 2.05E-09
[AOX] (M) 2.00E-06 5.00E-06 5.00E-05
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 0 0
log k 5.325059 N/A N/A
Kinn (M1 50) 2.11E+05 N/A N/A
Rate 3.41E-12 0 0
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Table S.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Liposomes PMC (E2) | PMC (F2) | PMC (G2) sa;}r]cetra);(la 1 methyl salicylate methyl
(DTUN) (%’6) 2 (F7) salicylate 3 (F8)
Conc. (uM) 5 5 5 5 5 5
o (9 181514.52 173233.066 16283.059 0 0 0
kp 894 894 894 894 894 894
Ri 551E-10 | 5.77E-10 | 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 | 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) | 1.OOE-05 | 1.00E-05 | 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 | 2.00E+00 0.00E+00 0.00E+00 0.00E+00
Kon (MTsT) | 0.55E+04 | 9.88E+04 | 1.04E+05 #DIV/0! #DIV/0! #DIV/0!
Rate | 5.16E-12 | P01 | 52712 | 0.00E+00 0.00E+00 0.00E+00

Table S1.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

_ methyl methyl methyl
Liposomes PMC (E2) PMC (F2) PMC (G2) | 3hydroxyben 3hydroxyben | 3hydroxyben
(V70) zoate 1 (F9) zoate 2 zoate 3
(F10) (F11)
Conc. (uM) 5 5 5 5 5 5
tinh (S) 11154.635 13130.1844 | 12579.0861 0 0 0
kp 894 894 894 894 894 894
Ri 8.96E-10 7.62E-10 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 0.00E+00 0.00E+00 0.00E+00
Kinh (M1 1) 1.34E+05 1.21E+05 1.14E+05 #DIV/0! #DIV/0! #DIV/0!
Rate 6.00E-12 5.6295E-12 | 6.2361E-12 0.00E+00 0.00E+00 0.00E+00
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S2 — 3-hydroxy methylbenzoate (summary and organic solution autoxidation)

HO\©/C02MG

Table S2.1 - Summary of kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinn .
kinh (cumene) kinh (DTUN) kinh (V70) (M 1
(Qﬁ;(fald;f)e.nrf )| (MTsY;n (M1s);n s1);n ECs0
8-hydroxy DNI 6.1x102 n=2 DNI DNI N/A
methylbenzoate

Table S2.2 — Summary of hexadecane co-oxidation inhibition kinetics

Hexadecene PMC me?f-wt;/)llgégi(gate
Conc. (uM) 2 5
tinh (S) 3684.782702 0
kp 3791.889263 3791.889263
Ri 1.09E-09 1.09E-09
[AOX] (M) 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00
log k 6.167399821 N/A
Kinn (ML 52 1.47E+06 N/A
Rate 6.99913E-12 0
Table S2.3 — Summary of cumene co-oxidation inhibition kinetics
Cumene PMC me?h';/)llgerg;(())/ate PMC me?h';{éjgg;(gate
Conc. (uM) 2 5 2 50
tinh (S) 2001 0 1559 12668
kp 141 141 141 141
Ri 2.00E-09 2.05E-09 2.57E-09 2.57E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-05
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 0 2.00E+00 2.00E+00
log k 5.780031086 #DIV/0! 5.105928 2.785014391
Kinh (M1 s1) 6.03E+05 #DIV/0! 1.28E+05 6.10E+02
Rate 1.17E-12 0 7.09E-12 5.93548E-11
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Table S2.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Linosomes PMC methyl methyl methyl
(BTUN) (E2) PMC (F2) | PMC (G2) | 3hydroxybenz | 3hydroxybenzoat | 3hydroxybenzo
oate 1 (F9) e 2 (F10) ate 3 (F11)
conc. (uM) 5 5 5 5 5 5
tin (5) 181514.52 1732;.066 1628??.059 0 0 0
kp 894 894 894 894 894 894
Ri 5.51E-10 5.77E-10 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) | 1.00E-05 | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 | 2.00E+00 0.00E+00 0.00E+00 0.00E+00
Kinn (Mt s1) | 9.55E+04 | 9.88E+04 1.04E+05 #DIV/0! #DIV/0! #DIV/0!
Rate | 5.16E-12 | “2901ET | 527E-12 | 0.00E+00 0.00E+00 0.00E+00

Table S2.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

. methyl
Liposome methyl methyl 3hvdroxvbe
S PMC (E2) PMC (F2) PMC (G2) 3hydroxybenz | 3hydroxybenz n);oate);
(V70) oate 1 (F9) oate 2 (F10)
(F11)
Conc.
5 5 5 5 5 5
(M)
tinn (S) 11154.635 13130.1844 | 12579.0861 0 0 0
kp 894 894 894 894 894 894
Ri 8.96E-10 7.62E-10 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[A(,a;(] 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
['(3,\3/"‘;] 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 0.00E+00 0.00E+00 0.00E+00
-1
Kinh (1'\)/I S 1.34E+05 1.21E+05 1.14E+05 #DIV/0! #DIV/0! #DIV/0!
Rate 6.00E-12 5.6295E-12 6.2361E-12 0.00E+00 0.00E+00 0.00E+00

3
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S3 — 4-hydroxy methylbenzoate (summary and organic solution autoxidation)

/©/C02Me
HO

Table S3.1- Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinnh ]
kinh (cumene) kinh (DTUN) kinh (V70) (M 1
(hexadecene) RN N 1. ECso
(M1 53); n (Mtsh);n (Mtst);n sh;n
4-hydroxy DNI 4.8E+02; n=2 DNI DNI N/A
methylbenzoate

Table S3.2 — Summary of hexadecane co-oxidation inhibition kinetics

Hexadecene PMC meAtri;t;/)I/ggg;(gate
Conc. (uM) 2 5
tioh (S) 3391.40667 0
kp 3791.88926 3791.889263
Ri 1.18E-09 1.18E-09
[AOX] (M) 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00
log k 6.25841746 N/A
Kinn (M2 5) 1.81E+06 N/A
Rate 6.1668E-12 0

Table S3.3 — Summary of cumene co-oxidation inhibition kinetics

Cumene PMC meﬁhgxllggg;gate PMC meAtrh%;jerg)z(gate
Conc. (uM) 2 5 2 50
tinh (S) 2001 0 1559 7207.308304
kp 141 141 141 141
Ri 2.00E-09 2.00E-09 2.57E-09 2.57E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-05
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00 2.00E+00 2.00E+00
log k 5.780031 #DIV/0! 5.105928 2.682452468
Kinn (M 1) 6.03E+05 #DIV/0! 1.28E+05 4.81E+02
Rate 1.17E-12 0 7.09E-12 7.51653E-11
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Table S3.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Linosomes methyl methyl methyl
(IFD)TUN) PMC (E2) | PMC (F2) | PMC (G2) | 4hydroxybenzo | 4hydroxybenzoat | 4hydroxybenzoa
ate 1 (F9) e 2 (F10) te 3 (F11)
Conc. (uM) 5 5 5 5 5 5
ton (5) 181&'14.52 1732;.066 16283.059 0 0 0
kp 894 894 894 894 894 894
Ri 5.51E-10 5.77E-10 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 | 2.00E+00 0.00E+00 0.00E+00 0.00E+00
Kin (Ms1) | 1.34E+05 | 1.21E+05 1.14E+05 #DIV/0! #DIV/0! #DIV/0!
Rate | 5.16E-12 | P01 | 527612 | 0.00E+00 0.00E+00 0.00E+00

Table S3.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

Liposomes methyl methyl methyl
(V70) PMC (E2) PMC (F2) PMC (G2) 4hydroxyben | 4hydroxyben | 4hydroxyben
zoate 1 (F9) | zoate 2 (F10) | zoate 3 (F11)
Conc. (uM) 5 5 5 5 5 5
tinh () 11154.635 13130.1844 12579.0861 0 0 0
kp 894 894 894 894 894 894
Ri 8.96E-10 7.62E-10 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 0.00E+00 0.00E+00 0.00E+00
kinn (M1 s1) 1.34E+05 1.21E+05 1.14E+05 #DIV/0! #DIV/0! #DIV/0!
Rate 6.00E-12 5.62948E-12 | 6.23606E-12 0.00E+00 0.00E+00 0.00E+00
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S4 — Methyl-3,5-dihydroxybenzoate (summary and organic solution autoxidation)

HO

OH

COzMe

Table S4.1 - Summary of kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh Kinh
. -1
Kinn (hexz_(i)e.cEne) M Kinn (cumene) (M?s?);n éa-zlil}l)) ((It/lnlos? ECso
n Din
_ Methyl-3,5- DNI (2.9+0.2)E+02;n=2.88+0.03 | DNI | DNI | N/A
dihydroxybenzoate

Table S4.2 — Summary of hexadecane co-oxidation inhibition kinetics

Hexadecene PMC 3,5dihy?r?2§lllgenzoate
Conc. (uM) 2 5
tinh (S) 3684.7827 0
kp 3791.88926 3791.88926
Ri 1.09E-09 1.09E-09
[AOX] (M) 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00
log k 6.16739982 N/A
Kinn (M1 50) 1.47E+06 N/A
Rate 6.9991E-12 0

357




Table S4.3 — Summary of cumene co-oxidation inhibition kinetics

methyl-3,5- methyl-3,5- methyl-3,5-
Cumene PMC dihydroxy PMC dihydroxy PMC dihydroxy
benzoate benzoate benzoate
Conc. (uM) 2 5 2 5 2 5
tinh (S) 2001 6709.103 1833 7410.637 2159 7360.447
kp 141 141 141 141 141 141
Ri 2.00E-09 2.00E-09 2.18E-09 2.18E-09 1.85E-09 1.85E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.68E+00 2.00E+00 3.23E+00 2.00E+00 2.73E+00
log k 5.780031 3.486829 5.322359 3.447402 4.837633 3.432213
kinn (M1 572) 6.03E+05 3.07E+03 2.10E+05 2.80E+03 6.88E+04 2.71E+03
Rate 1.17E-12 6.85E-11 3.66E-12 6.79E-11 9.49E-12 7.08E-11

Table S4.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Liposomes nc]?lﬁ%ic?f methyl-3,5- methyl-3,5-
(BTUN) PMC (E2) | PMC (F2) | PMC (G2) bené’oate{ dihydroxy dihydroxy
(G6) benzoate 2 (G7) | benzoate 3 (G8)
Conc. (uM) 5 5 5 5 5 5
tin (5) 181?-4.52 17323:?.066 16283?.059 0 0 0
kp 894 894 894 894 894 894
Ri 5.51E-10 5.77E-10 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+Q0 2.00E+00 0.00E+00 0.00E+00 0.00E+00
Kinn (M1s1) | 9.55E+04 | 9.88E+04 1.04E+05 #DIV/0! #DIV/0! #DIV/0!
Rate 5.16E-12 5'22;-1395 5.27E-12 0.00E+00 0.00E+00 0.00E+00
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Table S4.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

Liposomes methyl methyl methyl
(V70) PMC (E2) PMC (F2) PMC (G2) 4hydroxyben | 4hydroxyben | 4hydroxyben
zoate 1 (F9) | zoate 2 (F10) | zoate 3 (F11)
Conc. (uM) 5 5 5 5 5 5
tinn (S) 11154.635 13130.1844 12579.0861 0 0 0
kp 894 894 894 894 894 894
Ri 8.96E-10 7.62E-10 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 0.00E+00 0.00E+00 0.00E+00
kinn (M1 s1) 1.34E+05 1.21E+05 1.14E+05 #DIV/0! #DIV/0! #DIV/0!
Rate 6.00E-12 5.62048E-12 | 6.23606E-12 0.00E+00 0.00E+00 0.00E+00
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S5 — orcinol (summary and organic solution autoxidation)

HO

OH

Table S5.1 - Summary of kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh Kinh
Kin (he)l(ziifine) (M kinn (cumene) (M s?); n ((EA-T?II)) ((RA/7103 ECso
n BHin
orcinol (2.96+ 1.08)E+05;
n=0.81+ 0.4 (1.38 £ 0.19)E+04; n=2.15+0.14 DNI DNI N/A
Table S5.2— Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC orcinol PMC orcinol PMC orcinol
Conc. (uM) 2 5 2 5 2 5
tinh (3) 4886 7798 4229 3159 4119 2804
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 8.19E-10 8.19E-10 9.46E-10 9.46E-10 9.71E-10 9.71E-10
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 1.28E+00 2.00E+00 5.98E-01 2.00E+00 5.44E-01
log k 6.12581094 5.21523085 6.24327873 5.43493373 6.4323787 5.65437807
Kinh (M1 51 1.34E+06 1.64E+05 1.75E+06 2.72E+05 2.71E+06 4 51E+05
Rate 5.8087E-12 2.9624E-11 5.1203E-12 4.4092E-11 3.4013E-12 2.9974E-11
Table S5.3 — Summary of cumene co-oxidation inhibition kinetics
Cumene PMC orcinol PMC orcinol PMC orcinol
Conc. (uM) 2 5 2 5 2 5
tinn (S) 2343 6749.810328 2428 6196.781 2321 6078.149
kp 141 141 141 141 141 141
Ri 1.71E-09 1.71E-09 1.65E-09 1.65E-09 1.72E-09 1.72E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.30E+00 2.00E+00 2.04E+00 2.00E+00 2.09E+00
log k 5.531447 4.104835235 5.938324 4.104392 6.21875 4.203365
Kinh (ML s71) 3.40E+05 1.27E+04 8.68E+05 1.27E+04 1.65E+06 1.60E+04
Rate 1.77E-12 1.64094E-11 6.69E-13 1.79E-11 3.67E-13 1.45E-11
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Table S5.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Liposomes n;lert]%erBX?/ methyl-3,5- methyl-3,5-
(DTUN) PMC (E2) | PMC (F2) | PMC (G2) benzoate 1 dihydroxy dihydroxy
(G6) benzoate 2 (G7) | benzoate 3 (G8)
Conc. (uM) 5 5 5 5 5 5
ton (9) 46%%.?60 44361.14409 466%.62262 0 0 0
kp 894 894 894 894 894 894
Ri 2.13E-09 | 2.25E-09 2.14E-09 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 2.00E+00 0.00E+00 0.00E+00 0.00E+00
Kih (Mts?) | 4.94E+05 | 4.78E+05 | 5.85E+05 #DIV/0! #DIV/0! #DIV/0!
Rate 3.85E-12 | 4.21E-12 3.28E-12 0.00E+00 0.00E+00 0.00E+00

Table S5.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

Liposomes PMC PMC (F2) | PMC (G2) orcinol | orcinol | orcinol orc;nol orcinol | orcinol
(V70) (E2) 1 (A7) | 1(A8) | 2(A9) (A10) 3(B1) | 3(B2)
Conc. (uM) 5 5 5 5 5 5 5 5 5
tion (5) 1113554.6 13132.184 12573.086 0 0 0 0 0 0
kp 894 894 894 894 894 894 894 894 894
. 8.96E- 5.17E- | 5.17E- | 5.17E- | 5.17E- | 5.17E- | 5.17E-
Ri 10 7.62E-10 | 7.95E-10 10 10 10 10 10 10
5.00E- 5.00E- | 5.00E- | 5.00E- | 5.00E- | 5.00E- | 5.00E-
[AOX] (M) 06 5.00E-06 | 5.00E-06 06 06 06 06 06 06
1.00E- 1.00E- | 1.00E- | 1.00E- | 1.00E- | 1.00E- | 1.00E-
[Dye] (M) 05 1.00E-05 | 1.00E-05 05 05 05 05 05 05
2.00E+0 #DIV/ | #DIV/ | #DIV/ | #DIV/ | #DIV/ | #DIV/
n 0 2.00E+00 | 2.00E+00 0l 0l 0l 0l 0l 0l
1.34E+0 7.06E- | 7.15E- | 8.29E- | 1.56E- | 1.61E- | 1.79E-
. -1 -1
Kinn (M s71) 5 1.21E+05 | 1.14E+05 12 12 12 11 11 11
Rate 6.00E- | 5.62948E- | 6.23606E- | #DIV/ | #DIV/ | #DIV/ | #DIV/ | #DIV/ | #DIV/
12 12 12 0! 0! 0! 0! 0! 0!
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4.6 — Methyl gallate (summary and organic solution autoxidation)

HO

HO

OH

CO,Me

Table S6.1 - Summary of kinetic and cell data

Compound Organic Solutions Liposomes Cells
kinn (nexadecene) | kinn (cumene) (M?*s™ | kisn (DTUN) | kinn (V70) (M1 EC
(M1sh:n :n (M1sh):n sH;n %0
Methy! gallate (4.6 + 0.1)E+05; N/A DNI (311 + 53+0.7
n=1.5+0.2 1.4)E+04; n=2* uM
Table S6.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC Methyl PMC Methyl PMC Methyl
gallate gallate gallate
Conc. (uM) 2 5 2 5 2 5
tinn (S) 3684.7827 7817.49145 4047.92216 6913.73042 4047.92216 7852.64006
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 1.09E-09 1.09E-09 9.88E-10 9.88E-10 9.88E-10 9.88E-10
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 1.70E+00 2.00E+00 1.37E+00 2.00E+00 1.55E+00
log k 6.16739982 5.67002263 6.23210736 5.65485194 6.23210736 5.65687063
Kinn (M1 5%) 1.47E+06 4.68E+05 1.71E+06 4.52E+05 1.71E+06 4.54E+05
Rate 6.9991E-12 1.037E-11 5.4893E-12 1.2142E-11 5.4893E-12 1.0641E-11
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Table S6.3 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Liposomes methyl gallate methyl gallate 2 | methyl gallate 3
(DTUN) PMC (E2) | PMC (F2) | PMC (G2) 1(G9) (G10) (G11)
Conc. (uM) 5 5 5 5 5 5
tion (5) 181?4.52 17323.066 16283.059 0 0 0
kp 894 894 894 894 894 894
Ri 5.51E-10 5.77E-10 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 | 2.00E+00 0.00E+00 0.00E+00 0.00E+00
kin (M1s1) | 9.55E+04 | 9.88E+04 1.04E+05 #DIV/0! #DIV/0! #DIV/0!
Rate | 5.16E-12 | >22% | 527E12 | 0.00E+00 0.00E+00 0.00E+00

Table S6.4 — Summary of liposome autoxidation inhibition assay using V70 initiator

methy!l methvl methyl methyl
Liposomes PMC PMC PMC gallate 1 allatgl gallate 2 gallate 3
(V70) (E2) (F2) (G2) (Ggg 1st g (G9) (GﬁO) 1)st (Glhl) 1st
panse phase phase
Conc. (uM) 5 5 5 5 5 5 5
tin (5) 11154.635 13132.184 1257?.086 11537 4228 1153;.422 11283371 95346651
kp 894 480 480 480 480 480 480
Ri 8.96E-10 | 7.62E-10 | 7.95E-10 8.18E-10 8.18E-10 | 8.18E-10 | 8.18E-10

[AOX] (M) 5.00E-06 | 5.00E-06 | 5.00E-06 5.00E-06 5.00E-06 | 5.00E-06 | 5.00E-06

[Dye] (M) 1.00E-05 | 1.00E-05 | 1.00E-05 1.00E-05 1.00E-05 | 1.00E-05 | 1.00E-05

n 2.00E+00 | 2.00E+00 | 2.00E+00 2.00E+00 1.89E+00 | 2.00E+00 | 2.00E+00

kinn (M1 s1) 1.34E+05 | 6.49E+04 | 6.12E+04 2.52E+04 4.16E-07 | 2.50E+04 | 2.15E+04

Rate 6.00E-12 5'62135E- 6.23;215 1.56E-11 1.00E+00 | 1.57E-11 | 1.83E-11
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Table S6.5 — Dose response for ferroptosis inhibition

o Mean, SD
— Fit Curve

. X fromy

L] Y from X

. . . . .
-4 -3 2 1

Dose responsive curve X axis =

log(mM); y axis = % viability.

methyl gallate 1

methyl gallate 2

methyl gsllate 3

Log(con)mM
% viability Log(con)mM % viability Log(con)mM % viability

-1 43.88517 -1 37.09273 -1 52.79916
-1.30103 37.59258 -1.30103 45.61638 -1.30103 57.19034
-1.60206 31.17556 -1.60206 52.12943 -1.60206 57.77583
-1.90309 30.03792 -1.90309 47.65995 -1.90309 65.91242
-2.20412 15.293 -2.20412 26.04428 -2.20412 42.82
-2.50515 -1.7272 -2.50515 3.934197 -2.50515 14.25152
-2.80618 -8.90857 -2.80618 -3.19192 -2.80618 7.328959
-3.10721 -10.7661 -3.10721 -3.98298 -3.10721 5.271134
-3.40824 -10.224 -3.40824 -4.4708 -3.40824 4.212085
-3.70927 -9.86846 -3.70927 -3.65996 -3.70927 4.935338
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S7 — Resorcinol (summary and organic solution autoxidation)

HO

OH
Table S7.1 - Summary of kinetic and cell data
Compound Organic Solutions Liposomes Cells
Kinh . . . 1
ity | fomed | GO [0 O e,
(8.86 £
resorcinol DNI 1.30)E+03; DNI DNI N/A
n=2.36+0.18
Table S7.2 — Summary of hexadecane co-oxidation inhibition kinetics
Hexadecene PMC resorcinol
Conc. (uM) 2 5
tinh (S) 2618.37872 0
kp 3791.88926 3791.88926
Ri 1.53E-09 1.53E-09
[AOX] (M) 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00
log k 6.25635524 N/A
Kinn (ML 52) 1.80E+06 N/A
Rate 8.0254E-12 0
Table S7.3 — Summary of cumene co-oxidation inhibition kinetics
Cumene PMC resorcinol resorcinol PMC resorcinol
Conc. (uM) 2 5 50 2 5
tinn (S) 1954 5298 52742.1 2270 7564
kp 141 141 141 141 141
Ri 2.05E-09 2.05E-09 2.05E-09 1.76E-09 1.76E-09
[AOX] (M) 2.00E-06 5.00E-06 5.00E-05 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.17E+00 2.16E+00 2.00E+00 2.67E+00
log k 5.325059 3.927606 3.290577 5.057172 3.867316
Kinh (M1 s71) 2.11E+05 8.46E+03 1.95E+03 1.14E+05 7.37E+03
Rate 3.41E-12 3.14E-11 1.37E-11 5.45E-12 2.53E-11
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Table S7.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Liposomes resorcinol 1 . resorcinol 3
(DTUN) PMC (E2) | PMC (F2) | PMC (G2) (D3) resorcinol 2 (D4) (D5)
Conc. (uM) 5 5 5 5 5 5
18154.52 | 17323.066 | 16289.059
tinh (S) 099 28 31 0 0 0
kp 894 894 894 480 480 480
Ri 5.51E-10 5.77E-10 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+Q0 2.00E+00 0.00E+00 0.00E+00 0.00E+00
kKinn (M1s1) | 9.55E+04 | 9.88E+04 1.04E+05 #DIV/0! #DIV/0! #DIV/0!
Rate 5.16E-12 5'22;1395 5.27E-12 0.00E+00 0.00E+00 0.00E+00
Table S7.5 — Summary of liposome autoxidation inhibition assay using V70 initiator
Liposomes PMC (E2) | PMC (F2) | PMC (G2) resorcinol 1 | resorcinol 2 | resorcinol 3
(V70) (D3) (D4) (D5)
Conc. (uM) 5 5 5 5 5 5
tian () 11152.6350 1313(;.1844 1257%.0860 0 0 0
kp 894 894 894 480 480 480
Ri 8.96E-10 7.62E-10 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 | 2.00E+00 | 0.00E+00 | 0.00E+00 | 0.00E+00
kin (M1s?1) | 1.34E+05 1.21E+05 1.14E+05 #DIV/0! #DIV/0! #DIV/0!
Rate 6.00E-12 5'62;’;8'5' 6'231656'5' 0.00E+00 | 0.00E+00 | 0.00E+00
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S8 — Catechol (summary and organic solution autoxidation)

OH
HO
Table S8.1 - Summary of kinetic and cell data
Compound Organic Solutions Liposomes Cells
Kinh ]
Kinh (cumene) Kinh (DTUN) Kinh (V70) (M !
(hexadecene) PR NN 1\ ECso
(M1 53); (Mtsty:n (M1st):n sh;n
(3.8 (7.3
catechol 0.8)E+05; n=1.9 1.8)E+04; DNI DNI N/A
+0.2 n=1.61+0.26
Table S8.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC catechol catechol catechol PMC catechol catechol
Conc. (uM) 2 5 5 5 2 5 5
6482.3125 | 8095.9806 | 7816.2488 | 2618.3787 | 6453.8963 | 8130.7117
tinn (S) 2661 6 8 9 5 5 3
kp 3791.88926 3791.8892 | 3791.8892 | 3791.8892 | 3791.8892 | 3791.8892 | 3791.8892
6 6 6 6 6 6
Ri 1.50E-09 1.50E-09 1.50E-09 1.22E-09 1.53E-09 1.53E-09 1.53E-09
[AOX] (M) | 2.00E-06 5.00E-06 5.00E-06 5.00E-06 2.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 1.95E+00 2.43E+00 1.91E+00 2.00E+00 1.97E+00 2.48E+00
log k 6.25223884 5.84%2339 5.75%6944 5.86298899 6.2533552 5.8339801 5.73%6735
Kim(Ms1) | 1.79E+06 | 7.05E+05 5.65E+05 | 7.29E+05 1.80E+06 6.90E+05 5.48E+05
Rate 7.9721E-12 | 8.2964E-12 | 8.2964E-12 | 6.6522E-12 | 8.0254E-12 | 8.5124E-12 | 8.5124E-12
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Table S8.3 — Summary of cumene co-oxidation inhibition kinetics

Cumene PMC catechol PMC catechol catechol
Conc. (uM) 2 2 5 5
tinn (S) 2104 5017.446 1512 3815.152 3850.028
kp 141 141 141 141 141
Ri 1.90E-09 1.90E-09 2.65E-09 2.65E-09 2.65E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 1.91E+00 2.00E+00 2.02E+00 2.04E+00
log k 5.075041 4.774821 5.234955 4.967032 4.815906
kinh (M1 51 1.19E+05 5.95E+04 1.72E+05 9.27E+04 6.54E+04
Rate 5.64E-12 4.72E-12 5.43E-12 3.99E-12 5.6E-12

Table S8.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

L('B?I_Sam(;s PMC (E2) | PMC (F2) | PMC (G2) | catechol 1 (C3) | catechol 2 (C4) catechol 3 (C5)
Conc. (uM) 5 5 5 5 5 5
tinn (5) 181514.52 17323?.066 16283?.059 0 0 0
kp 480 480 480 480 480 480
Ri 5.51E-10 5.77E-10 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 2.00E+00 0.00E+00 0.00E+00 0.00E+00
kin (M1s?1) | 5.13E+04 | 5.30E+04 5.59E+04 #DIV/0! #DIV/0! #DIV/0!
Rate 5.16E-12 5'2?;;15 5'2‘1275 0.00E+00 0.00E+00 0.00E+00

368




Table S8.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

L'F(’S/S;’O';‘es PMC (E2) | PMC (F2) | PMC (G2) Cat(eég‘))'l catechol 2 (C4) | catechol 3 (C5)
Conc. (uM) 5 5 5 5 5 5

ton (5) | 11154.635 | 13130.1844 | 12579.0861 0 0 0

kp 894 480 480 480 480 480

Ri 8.96E-10 | 7.62E-10 | 7.95E-10 | 8.18E-10 | 8.18E-10 8.18E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06 5.00E-06
[Dye] (M) | LOOE-05 | 1.00E-05 | 1.00E-05 | 1.00E-05 |  1.00E-05 1.00E-05

n 2.00E+00 | 2.00E+00 2.00E+00 | 0.00E+00 0.00E+00 0.00E+00
Kon (M1s?) | 1.34E+05 | 6.49E+04 | 6.12E+04 | #DIV/O! #DIVIO! #DIVIO!
Rate 6.00E-12 | 5.6295E-12 | 6.2361E-12 | 0.00E+00 |  0.00E+00 0.00E+00
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S9 - Di-tBu catechol (summary and organic solution autoxidation)

OH
HO
‘Bu ‘Bu
Table S9.1 - Summary of kinetic and cell data
Compound Organic Solutions Liposomes Cells
Kinh _ _ _ 1
oaeore | QIS | Tt | M| e
. 5% 87+ 71+
d'cgfgf;‘gf" 28ES+05; N/A o.c()i)fgtom 0.4(137))7El+04; N/A
n=2.05+0.19 n=2 n=2*
Table S9.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Heagecene | pvc | SRR | eme | T | PMC | aechor
Conc. (uM) 2 2 5 2 5
tinn (S) 347354565 | 9412.44527 | 331555272 | 8882.18934 | 3195.54853 | 7314.06383
kp 3791.88926 | 3791.88926 | 3791.88926 | 3791.88926 | 3791.88926 | 3791.88926
Ri 1.15E-09 1.15E-09 1.21E-09 1.21E-09 1.25E-09 1.25E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.17E+00 2.00E+00 2.14E+00 2.00E+00 1.83E+00
log k 6.13412338 | 5.91390988 | 6.21600307 | 5.92802146 | 6.23611343 | 6.07691688
Kinn (M 5%) 1.36E+06 8.20E+05 1.64E+06 8.47E+05 1.72E+06 1.19E+06
Rate 8.016E-12 | 4.9118E-12 6.955E-12 5.0386E-12 | 6.8896E-12 | 4.3429E-12
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Table S9.3 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Liposomes di-tBu catechol | di-tBu catechol 2 | di-tBu catechol
(DTUN) PMC (E2) | PMC (F2) | PMC (G2) 1(C9) (C10) 3(C11)
Conc. (uM) 5 5 5 5 5 5
tinh (S) 18%)592'52 1732238'066 162291'059 14111.65161 12230.16875 11888.60105

kp 894 894 894 894 894 894

Ri 5.51E-10 5.77E-10 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05

n 2.00E+00 | 2.00E+Q0 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Kinh (Ms™) | 9.55E+04 | 9.88E+04 | 1.04E+05 1.92E+04 1.87E+04 1.83E+04

Rate | 5A6E12 | V22095 | 527E12 | 270E-11 2.78E-11 2.83E-11

Table S9.4 — Summary

of liposome autoxidation inhibition assay using V70 initiator

Linosomes di-tBu di-tBu di-tBu
?V?O) PMC (E2) | PMC (F2) | PMC (G2) | catechol1l | catechol2 | catechol 3
(C9) (C10) (C11)
Conc. (uM) 5 5 5 5 5 5
tinh (S) 11154.635 | 13130.1844 | 12579.0861 | 847.539457 | 336.089359 508'65’0003
kp 894 480 480 894 894 894
Ri 8.96E-10 7.62E-10 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
kinn (M1s?1) | 1.34E+05 6.49E+04 6.12E+04 4.21E+04 3.64E+04 3.28E+04
Rate 6.00E-12 | 5.6295E-12 | 6.2361E-12 | 1.74E-11 2.01E-11 2.23E-11
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S10 - Guiacol (summary and organic solution autoxidation)

OH
MeO
Table S10.1 - Summary of Kinetic and cell data
Compound Organic Solutions Liposomes Cells
Kinh _ _ _ 1
oaeore | QIS | Tt | M| e
6.4+
guiacol DNI 2.7)E+03; DNI DNI N/A
n=24+04
Table S10.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC guiacol PMC guiacol PMC guiacol
Conc. (uM) 2 5 2 5 2 5
tinh (S) 3473.54565 0 3315.55272 0 3195.54853 0
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926

Ri 1.15E-09 1.15E-09 1.21E-09 1.21E-09 1.25E-09 1.25E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00 2.00E+00 0.00E+00 2.00E+00 0.00E+00
log k 6.13412338 #DIV/O! 6.21600307 #DIV/0! 6.23611343 #DIV/0!
kinn (M 52) 1.36E+06 #DIV/0! 1.64E+06 #DIV/0! 1.72E+06 #DIV/0!

Rate 8.016E-12 1.6825E-11 6.955E-12 1.6825E-11 6.8896E-12 0
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Table S10.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC guiacol guiacol
Conc. (uM) | 2 5 50

tinh (S) 1665 4495 34812.46
kp 141 141 141

Ri 2.40E-09 2.40E-09 2.40E-09
[AOX] (M) 2.00E-06 5.00E-06 5.00E-05
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.16E+00 1.67E+00
log k 5.046748 3.699076 3.307158
kin(M1s?) | 1.11E+05 5.00E+03 2.03E+03
Rate 7.6E-12 6.27E-11 2E-11
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Table S10.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Liposomes
(DTUN) PMC (E2) | PMC (F2) | PMC (G2)
guaiacol 1 (C6) | guaiacol 2 (C7) guaiacol 3 (C8)

Conc. (uM) |5 5 5 5 5 5
tion (5) 18154.52 | 17323.066 | 16289.059
nh 1 3 3 0 0 0
kp 894 894 894 894 894 894
Ri 5.51E-10 | 5.77E-10 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 | 2.00E+00 | 0.00E+00 0.00E+00 0.00E+00
Kin (M1s?1) | 9.55E+04 | 9.88E+04 | 1.04E+05 | #DIV/0! #DIV/0! #DIV/0!
Rate 5.16E-12 | 5.22409E- | 5.27E-12

12 0.00E+00 2.00E+00 3.00E+00

Table S10.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

L'F(’S/S;’Or;‘es PMC (E2) | PMC(F2) | PMC(G2) | guaiacol 1(C6) | guaiacol 2 (C7) | guaiacol 3 (C8)
Conc. (uM) 5 5 5 5 5 5

ton (5) | 11154.63502 | 13130.18442 | 12579.08609 0 0 0

kp 894 894 894 480 480 480

Ri 8.96E-10 | 7.62E-10 | 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[AOX] (M) | 5.00E-06 | 500E-06 | 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) | 1.00E-05 | 1.00E-05 | 1.00E-05 1.00E-05 1.00E-05 1.00E-05

n 2.00E+00 | 2.00E+00 | 2.00E+00 0.00E+00 0.00E+00 0.00E+00
kon(M's?) | 1.34E+05 | 6.49E+04 | 6.12E+04 #DIV/0! #DIV/0! #DIV/0!
Rate 6.00E-12 | 56295E-12 | 6.2361E-12 | _ 0.00E+00 0.00E+00 0.00E+00
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S11 - 3,4-dihydroxy ethyl cinnamate (summary and organic solution autoxidation)

HO
HO |
CO,Et
Table S11.1 — Summary of Kinetic and cell data
Compound Organic Solutions Liposomes Cells
) Kinn ) -1 ) -1
Kinh (he_:xa_de.cene) (cumene) Kinh (D'I_'U.N) (M Kinn (\/_79) ™M ECss
(M1sh:n s1);n s1);n
' (M1sh;n ’ ’
3.4-dihydroxy ethyl |  (7.1+ 0.6)E+05; ol | @47E02ER0E | éi)‘r’Elé . VA
cinnamate n=2.01 + 0.01 n=2* ' =0* '
Table S11.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC 3,4-d|hydroxy PMC 3,4-d|hydroxy 3,4-d|hydroxy
ethyl cinnamate ethyl cinnamate | ethyl cinnamate
Conc. (uM) 2 5 2 5 5
tinh (S) 3473.54565 8287.62006 3315.55272 8371.6807 11176.2209
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 1.15E-09 1.15E-09 1.21E-09 1.21E-09 1.21E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 1.91E+00 2.00E+00 2.02E+00 2.70E+00
log k 6.13412338 5.83023342 6.21600307 5.8308056 5.70532328
kinh (M 5°) 1.36E+06 6.76E+05 1.64E+06 6.77E+05 5.07E+05
Rate 8.016E-12 6.7638E-12 6.955E-12 6.6871E-12 6.6871E-12
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Table S11.3 — Summary of liposome autoxidation inhibition assay using DTUN initiator

ethyl ethyl
Liposomes 34dihyroxy ethyl 34dihyroxy 34dihyroxy
(DTUN) PMC (E2) | PMC (F2) | PMC (G2) cinnamate 1 cinnamate 2 (E4) cinnamate 3
(E3) (E5)
Conc. (uM) 5 5 5 5 5 5
tw () | 1819452 | 17923006 | 10289059 | 5us0083364 | 5155728262 | 5176500787
kp 894 894 894 894 894 894
Ri 5.51E-10 5.77E-10 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 | 2.00E+00 2.00E+00 2.00E+00 2.00E+00
kin (M1s1) | 9.55E+04 | 9.88E+04 1.04E+05 9.63E+03 9.54E+03 9.24E+03
Rate 5.16E-12 522{‘395 5.27E-12 5.39E-11 5.44E-11 5.62E-11
Table S11.4 — Summary of liposome autoxidation inhibition assay using V70 initiator
ethyl ethyl ethyl
Liposomes 34dihyroxy 34dihyroxy 34dihyroxy
(V70) PMC(E2) | PMC(F2) | PMC(G2) cinnamate 1 | cinnamate 2 cinnamate 3
(E3) (E4) (E5)
Conc. (uM) 5 5 5 5 5 5
tw(5) | 11154635 | 13130.1844 | 12579.0861 | 12> %490 | 444098058 1 4760 406454
kp 894 894 894 894 894 894
Ri 8.96E-10 7.62E-10 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
kin (M1s1) | 1.34E+05 6.49E+04 6.12E+04 5.54E+04 6.94E+04 7.06E+04
Rate 6.00E-12 | 5.6295E-12 | 6.2361E-12 | 1.32E-11 1.05E-11 1.04E-11
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S12 - 4-hydroxy-3-methoxy ethyl cinnamate (summary and organic solution autoxidation)

HO
MeO |
CO,Et
Table S12.1 — Summary of Kinetic and cell data
Compound Organic Solutions Liposomes Cells
Kinh ]
kinh (cumene) kinh (DTUN) kinh (V70) (M 1
(hexadecene) PR NN 1\ ECso
(M1 53); (Mtsty:n (M1st):n sh;n
4-hydroxy-3- (7.94 =
methoxy ethyl DNI 0.03)E+03; DNI DNI N/A
cinnamate n=2.63 + 0.08
Table S12.2 — Summary of hexadecane co-oxidation inhibition Kinetics
4-hydroxy-3- 4-hydroxy-3- 4'%3,{;]05()2/'3'
Hexadecene PMC methoxy ethyl PMC methoxy ethyl PMC ethvl y
cinnamate cinnamate ey
cinnamate
Conc. (uM) 2 5 2 5 2 5
tinh (S) 3473.54565 0 3315.55272 0 3195.54853 0
kp 3791.88926 | 3791.889263 | 3791.88926 | 3791.889263 | 3791.88926 | 3791.88926
Ri 1.15E-09 1.15E-09 1.21E-09 1.21E-09 1.25E-09 1.25E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00 2.00E+00 0.00E+00 2.00E+00 0.00E+00
log k 6.13412338 #DIV/0! 6.21600307 #DIV/O! 6.23611343 #DIV/O!
Kinh (M s71) 1.36E+06 #DIV/0! 1.64E+06 #DIV/0! 1.72E+06 #DIV/0!
Rate 8.016E-12 0 6.955E-12 1.6825E-11 6.8896E-12 0
Table S12.3 — Summary of cumene co-oxidation inhibition Kinetics
4-hydroxy-3- 4-hydroxy-3- 4-hydroxy-3-
Cumene PMC methoxy ethyl PMC methoxy ethyl methoxy ethyl
cinnamate cinnamate cinnamate
Conc. (uM) 2 5 2 5 50
tinn (S) 2378 6575.279376 1665 5365.347 50036.65
kp 141 141 141 141 141
Ri 1.68E-09 2.05E-09 2.40E-09 2.40E-09 2.40E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 5.00E-05
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.69E+00 2.00E+00 2.58E+00 2.40E+00
log k 5.102765 3.901215411 5.046748 3.898938 3.390562
Kinn (ML 52) 1.27E+05 7.97E+03 1.11E+05 7.92E+03 2.46E+03
Rate 4.68E-12 2.69209E-11 7.6E-12 3.32E-11 1.15E-11
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Table S12.4 — Summar

of liposome autoxidation inhibition assay using DTUN initiator

ethyl ethyl ethyl
Liposomes 4hydroxy3meth | 4hydroxy3metho | 4hydroxy3meth
(DTUN) PMC (E2) | PMC (F2) | PMC (G2) ox); cinr){amate X))//cinanate 2 oxgcinngmate 3
1 (D9) (D10) (D11)
Conc. (uM) 5 5 5 5 5 5
tinn (5) 181514.52 17323?.066 16283?.059 0 0 0
kp 894 894 894 480 480 480
Ri 5.51E-10 5.77E-10 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+0Q0 2.00E+00 0.00E+00 0.00E+00 0.00E+00
kin (M s1) | 9.55E+04 | 9.88E+04 1.04E+05 #DIV/0! #DIV/0! #DIV/0!
Rate | 5A6E12 | “PAD9% | 527E-12 | 0.00E+00 2.00E+00 3.00E+00
Table S12.5 — Summary of liposome autoxidation inhibition assay using V70 initiator
ethyl ethyl ethyl
Liposomes 4dhydroxy3 | 4hydroxy3 | 4hydroxy3
(V70) PMC (E2) | PMC (F2) | PMC (G2) r_nethoxy r_nethoxy r_nethoxy
cinnamate | cinnamate | cinnamate
1(D9) 2 (D10) 3(D11)
Conc. (uM) 5 5 5 5 5 5
tinn (S) 11154.635 | 13130.1844 | 12579.0861 0 0 0
kp 894 894 894 480 480 480
Ri 8.96E-10 7.62E-10 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 0.00E+00 0.00E+00 0.00E+00
kinn (M1s?1) | 1.34E+05 6.49E+04 6.12E+04 #DIV/0! #DIV/0! #DIV/0!
Rate 6.00E-12 | 5.6295E-12 | 6.2361E-12 | 0.00E+00 0.00E+00 0.00E+00

378




S13 — curcumin (summary and organic solution autoxidation)

0]

¢
HO OH

OMe

OH
OMe

Table S13.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh _ _ _ 1
coadsone) | QT | GER [T | e
6.5+ (9.55 + (1.14 % (3.76 +
curcumin 0.6)E+04;n= | 1.66)E+03;n= | 0.04)E+03;n= 0.36)E+03; N/A
40+0.1 53+07 4* n=4*
Table S13.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC curcumin PMC curcumin curcumin
Conc. (uM) 2 5 2 5 5
tinn (S) 3391.40667 16168.1613 2640.83673 18602.8015 18634.7798
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 1.18E-09 1.18E-09 1.51E-09 1.08E-09 1.08E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 3.81E+00 2.00E+00 4.04E+00 4.04E+00
log k 6.25841746 4.85278573 6.23852281 4.77072397 4.81432178
Kinn (M1 1) 1.81E+06 7.13E+04 1.73E+06 5.90E+04 6.52E+04
Rate 6.1668E-12 3.2916E-11 8.2907E-12 3.4558E-11 3.1204E-11
Table S13.3 — Summary of cumene co-oxidation inhibition Kinetics
Cumene PMC curcumin PMC curcumin PMC curcumin
conc. (uM) 2 5 2 5 2 5
tinn (S) 1594 10664.94 1559 11682.77 2159 12444
kp 141 141 141 141 141 141
Ri 2.51E-09 2.51E-09 2.57E-09 2.57E-09 1.85E-09 1.85E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 5.35E+00 2.00E+00 5.99E+00 2.00E+00 4.61E+00
log k 5.60601 3.984353 5.247065 4.045523 4.837633 3.897772
kin(Ms1) | 4.04E+05 9.65E+03 1.77E+05 1.11E+04 6.88E+04 7.90E+03
Rate 2.19E-12 1.37E-11 5.12E-12 1.09E-11 9.49E-12 1.43E-11
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Table S13.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator
(approx. n = 2)

Liposomes curcumin 1 . .
(DTUN) PMC (E2) | PMC (F2) | PMC (G2) (D6) curcumin 2 (D7) | curcumin 3 (D8)
conc. (uM) 5 5 5 5 5 5
tinh (S) 181514'52 1732??'066 1628??'059 10489.1354 8011.53531 9469.5781
kp 894 894 894 480 480 480
Ri 5.51E-10 5.77E-10 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) | 1.00E-05 | 1.00E-05 | 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Kinh (Ms™) | 9.55E+04 | 9.88E+04 | 1.04E+05 1.27E+04 1.21E+04 1.19E+04
Rate | 5A6E12 | V22005 | 527E12 | 220E-11 2.30E-11 2.33E-11

Table S13.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

(approx. n =2)

Liposomes curcumin 1 | curcumin 2 | curcumin 3
(V70) PMC (E2) | PMC(F2) | PMC (G2) (D6) (D7) (D8)
Conc. (uM) 5 5 5 5 5 5
tinn (S) 11154.635 | 13130.1844 | 12579.0861 | 4129.90146 | 4219.35128 | 3848.18255
kp 894 480 480 480 480 480
Ri 8.96E-10 7.62E-10 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Kinh(M1s?) | 1.34E+05 6.49E+04 6.12E+04 3.80E+04 3.75E+04 4.49E+04
Rate 6.00E-12 | 5.6295E-12 | 6.2361E-12 | 1.01E-11 1.05E-11 8.75E-12
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Table S13.6 — Summary of liposome autoxidation inhibition assay using DTUN initiator
(approximated n = 4)

Liposomes curcumin 1 . .
(DTUN) PMC (E2) | PMC (F2) | PMC (G2) (D6) curcumin 2 (D7) | curcumin 3 (D8)
conc. (uM) 5 5 5 5 5 5
tion (5) 181514'52 1732;"066 16283'059 10489.1354 801153531 94695781
kp 894 894 894 480 480 480
Ri 5.51E-10 5.77E-10 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 2.00E+00 4.00E+00 4,00E+00 4,00E+00
kin (M1s1) | 9.55E+04 | 9.88E+04 1.04E+05 6.34E+03 6.07E+03 5.97E+03
Rate 5.16E-12 5'22;‘299'5' 5.27E-12 2.20E-11 2.30E-11 2.33E-11

Table S13.7 — Summary of liposome autoxidation inhibition assay using V70 initiator
(approx. n =4)

Liposomes curcumin 1 | curcumin 2 | curcumin 3
(V70) PMC (E2) | PMC(F2) | PMC (G2) (D6) (D7) (D8)
Conc. (uM) 5 5 5 5 5 5
tw(5) | 11154635 | 13130.1844 | 12579.0861 | “12%00M% | 421035128 | 39461025
kp 894 480 480 480 480 480
Ri 8.96E-10 7.62E-10 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 4.00E+00 4.00E+00 4.00E+00
Kinh(M1s?) | 1.34E+05 6.49E+04 6.12E+04 1.94E+04 1.88E+04 2.24E+04
Rate 6.00E-12 5.6295E-12 | 6.2361E-12 1.01E-11 1.05E-11 8.75E-12
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S14 — Resveratrol (summary and organic solution autoxidation)

HO\
OH

e

Table S14.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh ]
Kinh (cumene) Kinh (DTUN) Kinh (V70) (M !
(hexadecene) PR NN 1\ ECso
(M1s9: n (Mtsty:n (Mtst):n sh;n
4.6 %
(3.3 ( . 3.9+
= 0.4)E+04; (1.7 + _
resveratrol 0.3)E+05; n=0.7 n=1.840 + 0.1)E+03; n=2* 0.3)_E+04, 53+£2.7uM
+0.2 n=2*
0.004
Table S14.2 — Summary of hexadecane co-oxidation inhibition kinetics
Hexadecene PMC resveratrol resveratrol PMC resveratrol
Conc. (uM) 2 10 10 2 10
tinh (S) 3649.313835 5846.08334 5625.74695 3391.40667 7503
kp 3791.889263 3791.88926 3791.88926 3791.88926 3791.889263
Ri 1.10E-09 1.10E-09 1.10E-09 1.18E-09 1.18E-09
[AOX] (M) 2.00E-06 1.00E-05 1.00E-05 2.00E-06 1.00E-05
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 6.41E-01 6.17E-01 2.00E+00 8.85E-01
log k 6.13203931 5.52996775 5.55690817 6.25841746 5.477270471
kinh (M1 s71) 1.36E+06 3.39E+05 3.61E+05 1.81E+06 3.00E+05
Rate 7.6666E-12 1.9144E-11 1.8697E-11 6.1668E-12 1.684E-11

Table S14.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC Resveratrol 1% Resveratrol 2" Resveratrol
pahse phase A phases
Conc. (uM) 2 5 5 5
tinn (S) 2378 4497511 8663.62386 2452.036593
kp 141 141 141 141
Ri 1.68E-09 1.68E-09 1.68E-09 1.68E-09
[AOX] (M) 2.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 1.51E+00 2.91E+00 1.40E+00
log k 5.102765 4.63669 4.35196273 3.823107125
Kinn (M1 s1) 1.27E+05 4.33E+04 2.25E+04 6.65E+03
Rate 4.68E-12 7.24E-12 7.237E-12 5.08605E-11
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Table S14.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Cumene PMC Resveratrol 1% Resveratrol 2" Resveratrol
phase phase A phases
Conc. (uM) 2 5 5
tinh () 2378 4511.519 8536.347 2644.385
kp 141 141 141 141
Ri 1.68E-09 1.68E-09 1.68E-09 1.68E-09
[AOX] (M) 2.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 1.52E+00 2.87E+00 1.35E+00
log k 5.102765 4.688932 4.411983 3.825503
Kinn (ML s1) 1.27E+05 4.89E+04 2.58E+04 6.69E+03
Rate 4.68E-12 6.4E-12 6.4E-12 5.24E-11

Table S14.5 — Summary of liposome autoxidation inhibition assay using DTUN initiator

(approximated n = 2)

L(IBOTSST\]?S PMC (E2) | PMC (F2) | PMC(G2) | RSV 1 (E9) RSV 2 (E10) RSV 3 (E11)
Conc. (uM) 5 5 5 5 5 5
tw () | 1815452 | 17923006 | 10289059 1 43696 1106 13873.744 12106.8932
kp 894 894 894 894 894 894
Ri 551E-10 | 5.77E-10 | 6.14E-10 5.81E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 | 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) | 1.00E-05 | 1.00E-05 | 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 | 2.00E+00 2.00E+00 2.00E+00 2.00E+00
kon(M7s?) | 9.55E+04 | 9.88E+04 | 1.04E+05 9.15E+03 9.38E+03 8.16E+03
Rate 5.16E-12 522{‘395 5.27E-12 3.05E-11 2 97E-11 3.42E-11
Table S14.6 — Summary of liposome autoxidation inhibition assay using V70 initiator
Liposomes RSV 2 RSV 3
v10) PMC (E2) | PMC(F2) | PMC(G2) | RSVL(E9) | Eyos (1)
Conc. (uM) 5 5 5 5 5 5
ton (5) | 11154.635 | 13130.1844 | 12579.0861 | 5582.66862 | 5606.65978 | 5719.09391
kp 894 894 894 894 894 894
Ri 8.96E-10 | 7.62E-10 | 7.95E-10 | B8.18E-10 | 8.18E-10 | 8.18E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06
[Dye] (M) | 1.00E-05 | 1.00E-05 | 1.00E-05 | L.0OE-05 | 1.00E-05 | L.00E-05
n 2.00E+00 | 2.00E+00 | 2.00E+00 | 2.00E+00 | 2.00E+00 | 2.00E+00
kon(M71s?) | 1.34E+05 | 6.49E+04 | 6.12E+04 | 2.18E+04 | 2.17E+04 | 188E+04
Rate 6.00E-12 | 5.6295E-12 | 6.2361E-12 | 1.80E-11 | 1.81E-11 | 2.09E-11
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Table S14.7 — Dose response for ferroptosis inhibition

80

60

o Mean, SD
—— Fit Curve

e XfromY

= Y from X

%

B 10 /, Dose responsive curve x axis
5 / = log(mM); y axis
= ] ' iabilit
20 %/ viabHity.
N j
-20 T T T T
-6 5 -4 -3 -2 1
RSV1 RSV2 RSV3
Log(con)mM % viability Log(con)mM % viability Log(con)mM % viability
-1 22.09859098 -1 33.57281051 -1 51.30099361
-1.301029996 | 5.548871573 | -1.301029996 | 27.84877201 | -1.301029996 41.829829
-1.602059991 10.61326658 -1.602059991 | 9.179410714 | -1.602059991 | 17.44588521
-1.903089987 10.98146877 -1.903089987 | 1.132484689 | -1.903089987 | 10.23057981
-2.204119983 11.91166377 -2.204119983 3.969241765 -2.204119983 | 5.116150919
-2.505149978 | -13.1906819 | -2.505149978 4049341335 -2.505149978 | 4.952558075
-2.806179974 13.57826315 -2.806179974 3.907626711 -2.806179974 | 4.83201598
-3.10720997 12 78372159 -3.10720997 5 152950798 -3.10720997 | 3.824628472
-3.408239965 14.19839315 -3.408239965 4560746282 -3.408239965 | 4.728694185
-3.709269961 12 68682627 -3.709269961 4061664346 -3.709269961 | 4.496220144
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S15 — tBuo-resveratrol (summary and organic solution autoxidation)
Bu

O OH
Bu

HO\
OH

Table S15.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kin ) ) . 1
e | ‘gl | ORI 00| o,
22+ 1.6+ 5.9+ (8.68
tBu2-resveratrol 0.2)E+05; n=1.7 0.3)E+04; 0.2)E+04; 0.12)E+04; 28.3+3.0nM
+0.2 n=2.7+0.5 n=1.9+0.1 n=1.82 + 0.03
Table S15.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC re:\ilﬁtrol PMC rest\iﬁtrol PMC re;\?elgtrol
Conc. (uM) 2 5 2 5 2 5
tinh (S) 4216 8894 3375 8103 3137 5936
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 9.49E-10 9.49E-10 1.19E-09 1.19E-09 1.28E-09 1.28E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 1.69E+00 2.00E+00 1.92E+00 2.00E+00 1.51E+00
log k 7.11907598 5.37200118 6.20070513 5.30768502 6.30357825 5.37048292
kinh (M1 s71) 1.32E+07 2.36E+05 1.59E+06 2.03E+05 2.01E+06 2.35E+05
Rate 6.8369E-13 1.8103E-11 7.0785E-12 2.3042E-11 6.0089E-12 2.7221E-11
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Table S15.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC tBu2-resveratrol tBu2-resveratrol PMC tBu2-resveratrol
Conc. (uM) 2 5 5 2 5

tinn (S) 2104 7667.237 8117.942 1512 5610.447
kp 141 141 141 141 141

Ri 1.90E-09 1.90E-09 1.90E-09 2.65E-09 2.65E-09

[AOX] (M) 2.00E-06 5.00E-06 5.00E-06 2.00E-06 5.00E-06

[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05

n 2.00E+00 2.91E+00 3.09E+00 2.00E+00 2.97E+00

log k 5.075041 4.170351 4.190648 5.234955 4213612

kinh (M1 51 1.19E+05 1.48E+04 1.55E+04 1.72E+05 1.64E+04

Rate 5.64E-12 1.24E-11 1.12E-11 5.43E-12 1.54E-11

Table S15.4 — Summar

of liposome autoxidation inhibition assay using DTUN initiator

Liposomes tBu2 RSV 1 tBu2 RSV 3
Brony” | PMC €2) | PMC (F2) | PMC (62) i tBu 2 RSV 2 (F4) 5
Conc. (uM) 5 5 5 5 5 5
() | T roF | HO23006 ) 16288059 1 45086133 17748.7197 16535.6885
kp 894 894 894 894 894 894
Ri 551E-10 | 577E-10 | 6.14E-10 |  581E-10 5.81E-10 5.81E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 | 5.00E-06 |  5.00E-06 5.00E-06 5.00E-06
[Dye] (M) | 1.00E-05 | L.OOE-05 | 1.00E-05 |  1.00E-05 1.00E-05 1.00E-05
n 2. 00E+00 | 2.00E+00 | 2.00E+00 | _ 1.78E+00 2.06E+00 1.92E+00
Kin (M s?1) | 9.55E+04 | 9.88E+04 | 1.04E+05 5.82E+04 5.66E+04 6.08E+04
Rate 5.16E-12 5'22;‘295 5.27E-12 1.01E-11 8.90E-12 8.90E-12

Table S15.5 — Summar

of liposome autoxidation inhibition assay using V70 initiator

Liposomes tBu2 RSV | tBu2RSV | tBu2 RSV
(V70) PMC (E2) PMC (F2) PMC (G2) 1(F3) 2 (F4) 3 (F5)
Conc. (uM) 5 5 5 5 5 5
tinh (S) 11154.635 | 13130.1844 | 12579.0861 | 11353.1023 | 11013.1647 | 10978.7519
kp 894 480 480 480 480 480
Ri 8.96E-10 7.62E-10 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 1.86E+00 1.80E+00 1.80E+00
kin (M1s?1) | 1.34E+05 6.49E+04 6.12E+04 8.79E+04 8.55E+04 8.70E+04
Rate 6.00E-12 | 5.6295E-12 | 6.2361E-12 | 8.95E-12 9.49E-12 9.36E-12
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Table S15.6 — Dose response for ferroptosis inhibition

= Mean, SD
—— DoseResp Fit of

ﬁﬁ

Dose responsive curve X axis
log(mM); y axis = % viability.

tBu2 RSV1 tBu2 RSV2 tBu2 RSV3
Log(con)mM | % viability | Log(con)mM | % viability | Log(con)mM | % viability
-2.90833 71.02355 -2.90833 62.39075 -2.90833 34.81819
-3.20936 64.10274 -3.20936 64.6128 -3.20936 52.66131
-3.51039 27.78631 -3.51039 31.70827 -3.51039 30.77024
-3.81142 2.6835 -3.81142 5.439444 -3.81142 15.99597
-4.11245 -8.50634 -4.11245 -2.92366 -4.11245 6.818672
-4.41348 -9.89763 -4.41348 -3.93576 -4.41348 4.071329
-4.71451 -11.1938 -4.71451 -4.9859 -4.71451 3.735218
-5.01554 -12.5494 -5.01554 -5.81536 -5.01554 4.217464
-5.31657 -10.9084 -5.31657 -5.00873 -5.31657 3.720604
-5.6176 -10.1355 -5.6176 -5.97517 -5.6176 4.480507
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S16 — Pterostilbene (summary and organic solution autoxidation)

G

MeO l N
OMe

Table S16.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinn _ _ _ 1
coadsone) | QT | GER [T | e
(3.0+ 4.1+ 6.1+ (2.0+
pterostilbene 0.2)E+05; n= 0.3)E+04; n= 0.2)E+03; n= 0.2)E+04; n= 1.4+0.3 uM
21+0.2 1.6+£0.2 2% 2%
Table S16.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC pterostilbene PMC pterostilbene PMC pterostilbene
Conc. (uM) 2 5 2 5 2 5
tinh (S) 2661 7238 3277.85399 7667 2618.37872 7100
kp 3791.88926 3791.889263 3791.88926 3791.88926 3791.88926 3791.88926
Ri 1.50E-09 1.50E-09 1.22E-09 1.22E-09 1.53E-09 1.53E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.18E+00 2.00E+00 1.87E+00 2.00E+00 2.17E+00
log k 6.25223884 5.453310855 6.20797236 5.48717492 6.25635524 5.50163897
kinh (M2 51 1.79E+06 2.84E+05 1.61E+06 3.07E+05 1.80E+06 3.17E+05
Rate 7.9721E-12 1.84462E-11 7.1663E-12 1.6108E-11 8.0254E-12 1.6825E-11
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Table S16.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC pterostilbene PMC pterostilbene PMC pterostilbene
Conc. (uM) 2 5 2 5 2 5
tinh (S) 2159 4851.205 2104 4574 1512 3677
kp 141 141 141 141 141 141
Ri 1.85E-09 1.85E-09 1.90E-09 1.90E-09 2.65E-09 2.65E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 1.80E+00 2.00E+00 1.74E+00 2.00E+00 1.95E+00
log k 4.837633 4.591924 5.075041 4.644455 5.234955 4585124
kin(Mtst) | 6.88E+04 3.91E+04 1.19E+05 4.41E+04 1.72E+05 3.85E+04
Rate 9.49E-12 7.44E-12 5.64E-12 6.99E-12 5.43E-12 9.97E-12

Table S16.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Liposomes pterostilbene 1 pterostilbene 2 pterostilbene 3
(DTUN) PMC (E2) | PMC (F2) | PMC (G2) (E6) (E7) (E9)
Conc. (uM) 5 5 5 6126.81858 4759.658695 5307.322072
tian () 181?4.52 1732:;3.066 16283.059 894 894 894
kp 894 894 894 5.81E-10 5.81E-10 5.81E-10
Ri 5.51E-10 5.77E-10 6.14E-10 5.00E-06 5.00E-06 5.00E-06
[AOX] (M) | 5.00E-06 | 5.00E-06 5.00E-06 1.00E-05 1.00E-05 1.00E-05
[Dye] (M) | 1.00E-05 | 1.00E-05 | 1.00E-05 2.00E+00 2.00E+00 2.00E+00
n 2.00E+00 | 2.00E+00 | 2.00E+00 6126.81858 4759.658695 5307.322072
Kin (M s?1) | 9.55E+04 | 9.88E+04 | 1.04E+05 9.87E+03 8.65E+03 8.66E+03
Rate | 5A6E12 | “PAD9% | 527612 | 526E-11 6.00E-11 5.99E-11
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Table S16.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

Liposomes pterostilben | pterostilben | pterostilben
V70) PMC (E2) | PMC(F2) | PMC(G2) | ", (E6) 62 (E7) 63 (ES)
Conc. (uM) 5 5 5 5 5 5
tinh (S) 1115‘;'6350 1313%'1844 1257%'0860 705.771948 | 830.407123 | 734.155694
kp 894 894 894 894 894 894
Ri 8.96E-10 7.62E-10 7.95E-10 8.18E-10 8.18E-10 8.18E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Kinn (M1 s1) | 1.34E+05 1.21E+05 1.14E+05 1.31E+04 1.43E+04 1.42E+04
Rate 6.00E-12 | >O2U8E | B2WOE | 9g0e11 | 275E11 | 277E11

Table S16.6 — Dose response for ferroptosis inhibition

o Mean, SD|
[— Fit Curve

Mean, SD

o XfomY
= Y from X

Dose responsive curve X axis
log(mM); y axis =

10

0

-10
T

A

viability.

Pterostilbene 1 Pterostilbene 2 Pterostilbene 2
Log(con)mM | % viability | Log(con) mM | % viability | Log(con)mM | % viability
-1.95425 46.43869 -1.95425 26.36385 -1.95425 51.28377
-2.25528 58.49247 -2.25528 18.63116 -2.25528 61.74511
-2.55631 26.32323 -2.55631 23.32623 -2.55631 59.00708
-2.85734 10.77153 -2.85734 13.63418 -2.85734 39.07458
-3.15837 -4.45072 -3.15837 -0.01972 -3.15837 12.52949
-3.4594 -8.93698 -3.4594 -2.89714 -3.4594 6.941503
-3.76043 -10.2451 -3.76043 -3.75975 -3.76043 5.779132
-4.06146 -10.8749 -4.06146 -4.32661 -4.06146 5.779132
-4.36249 -12.5706 -4.36249 -4.89347 -4.36249 4.900897
-4.66352 -11.2043 -4.66352 -4.16025 -4.66352 5.228083
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S17 — (%)-6-viniferin (summary and organic solution autoxidation)

Table S17.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kin ) ) . 1
ok | Spieme | lET (e | e,
(4.6
delta-viniferin DNI 0.3)E+03; n= DNI N/A 22.9+3.8 uM
4.7+0.2
Table S17.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene | PMC | iR | MR | PMC | iy
Conc. (uM) 2 5 2 5 2 5
tinh (S) 4223 0 4390 18419 4631 0
kp 3791.88926 | 3791.88926 | 3791.88926 | 3791.88926 | 3791.88926 | 3791.88926
Ri 9.47E-10 9.47E-10 9.11E-10 9.11E-10 8.64E-10 8.64E-10
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00 2.00E+00 3.36E+00 2.00E+00 0.00E+00
log k 6.38394506 #DIV/O! 6.47642889 4,75641129 6.49596142 #DIV/0!
kinh (M1 s71) 2.42E+06 #DIV/0! 3.00E+06 5.71E+04 3.13E+06 #DIV/0!
Rate 3.7093E-12 3.6072E-11 2.8835E-12 3.6072E-11 2.6134E-12 3.6072E-11
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Table S17.3 — Summary of cumene co-oxidation inhibition Kinetics

cumene | pmc | TR | emc | R | PMc | e
Conc. (uM) 2 5 2 5 2 5

tinh (S) 2343 14543.63 2428 14059.03 2321 13519.65
kp 141 141 141 141 141 141

Ri 1.71E-09 1.71E-09 1.65E-09 1.65E-09 1.72E-09 1.72E-09

[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06

[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05

n 2.00E+00 4.96E+00 2.00E+00 4.63E+00 2.00E+00 4.66E+00

log k 5.531447 3.64968 5.938324 3.692617 6.21875 3.654773

Kinh (l\/l‘1 S'l) 3.40E+05 4.46E+03 8.68E+05 4 93E+03 1.65E+06 4 52E+03

Rate 1.77E-12 2.17E-11 6.69E-13 2.04E-11 3.67E-13 2.31E-11

Table S17.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Liposom PMC v?ﬁ:';z_ri vcijr?:f‘i_ri delta- | delta- | delta- | delta-
es PMC (E2) (F2) PMC (G2) n1 n1 viniferi | viniferi | viniferi | viniferi
(DTUN) (E9) (E10) n2(F1) | n2(F2) | n3(F3) | n3(F4)
Conc.
5 5 5 5 5 5 5 5 5
(M)
4698.5605 | 4436.440 | 4665.2262
tinh (S) 91 94 86 0 0 0 0 0 0
kp 894 894 894 894 894 894 894 894 894
. 2.18E- | 2.18E- | 2.18E- | 2.18E- | 2.18E- | 2.18E-
Ri 2.13E-09 | 2.25E-09 | 2.14E-09 09 09 09 09 09 09
[AOX] i i i 5.00E- | 5.00E- | 5.00E- | 5.00E- | 5.00E- | 5.00E-
M) 5.00E-06 | 5.00E-06 | 5.00E-06 06 06 06 06 06 06
[Dye] i i i 1.00E- | 1.00E- | 1.00E- | 1.00E- | 1.00E- | 1.00E-
M) 1.00E-05 | 1.00E-05 | 1.00E-05 05 05 05 05 05 05
2.00E+ | 2.00E+ | 2.00E+ | 2.00E+ | 2.00E+ | 2.00E+
n 2.00E+00 | 2.00E+00 | 2.00E+00 00 00 00 00 00 00
Kinn (M2 4.86E- | 3.89E- | 3.24E- | 2.78E- | 2.43E- | 2.16E-
s1) 4.94E+05 | 4.78E+05 | 5.85E+05 07 07 07 07 07 07
4.00E+ | 5.00E+ | 6.00E+ | 7.00E+ | 8.00E+ | 9.00E+
Rate 3.85E-12 | 4.21E-12 | 3.28E-12 00 00 00 00 00 00
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Table S17.5 — Dose response for ferroptosis inhibition

= Mean, SD
40 |—— DoseResp Fit of

354

Mean, SD

% viability.

: M Dose responsive Curve x
o] w axis = log(mM); y axis =

3 2 1
A

delta-viniferin 1 delta-viniferin 2 delta-viniferin 3
Log(con)mM | 9% viability | Log(con)mM | % viability | Log(con)mM | % viability

-1 -1.46057 -1 6.538098 -1 17.15314
-1.17609 -1.86052 -1.17609 17.93593 -1.17609 30.21474
-1.35218 -7.05102 -1.35218 19.23459 -1.35218 31.76456
-1.52827 -6.35777 -1.52827 13.78947 -1.52827 26.49515
-1.70437 -8.7397 -1.70437 0.980912 -1.70437 14.73369
-1.88046 -10.0196 -1.88046 -1.48455 -1.88046 8.405228
-2.05655 -10.8372 -2.05655 -3.99616 -2.05655 6.752079
-2.23264 -11.4416 -2.23264 -4.07527 -2.23264 4.625372
-2.40873 -11.486 -2.40873 -4.77404 -2.40873 4.590932
-2.58482 -11.7793 -2.58482 -4.86633 -2.58482 4.995609
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S18 — ()-shegansu B (summary and organic solution autoxidation)
OMe OMe

Table S18.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh ]
Kinh (cumene) Kinh (DTUN) Kinh (V70) (M !
(hexadecene) VRN N 1\ ECso
(M1s3); (Mtsh:n (M1sh:n sH;n
6.7+
shegansu B DNI 0.5)E+03; n= Retards N/A 33.0+10.5 uM
41+£0.3

Table S18.2 — Summary of hexadecane co-oxidation inhibition Kinetics

Hexa;iecen PMC shegansu B PMC shegansu B PMC shegansu B
conc. (uM) 2 5 2 5 2 5
tinh () 4573 0 4692 0 4265 0
3791.8892 | 3791.8892 | 3791.8892 | 3791.8892 | 3791.8892 | 3791.8892
kp
6 6 6 6 6 6
Ri 8.75E-10 | 8.75E-10 | 8.52E-10 | 8.52E-10 9.38E-10 | 9.38E-10

[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06

[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05

n 2.00E+00 | 0.00E+00 | 2.00E+00 | 0.00E+00 | 2.00E+00 | 0.00E+00
log k 6.15%6190 #DIV/O1 6.19(:3[4033 4DIV/O! 6.34]213497 4DIV/O!
ki (M?st) | 1.44E+06 #DIV/0! 1.57E+06 #DIV/0! 2.19E+06 #DIV/0!
5.7412E- 5.1411E- 4.0514E- 7.6963E-

Rate 1 2.785E-11 19 2.785E-11 12 11
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Table S18.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC shegansu B PMC shegansu B PMC shegansu B
Conc. (uM) 2 5 2 5 2 5
tinh (S) 2343 12936.83 2428 11792.09 2321 11759.44
kp 141 141 141 141 141 141
Ri 1.71E-09 1.71E-09 1.65E-09 1.65E-09 1.72E-09 1.72E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 4.42E+00 2.00E+00 3.88E+00 2.00E+00 4.05E+00
log k 5.531447 3.794772 5.938324 3.862187 6.21875 3.814612
kinn (M s7%) 3.40E+05 6.23E+03 8.68E+05 7.28E+03 1.65E+06 6.53E+03
Rate 1.77E-12 1.75E-11 6.69E-13 1.64E-11 3.67E-13 1.84E-11

Table S18.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Liposom PMC shegans | shegans | shegans | shegans | shegans | shegans
es PMC (E2) (F2) PMC(G2) | uB1 uB1 uB?2 uB2 uB3 uB3
(DTUN) (F5) (F6) (F7) (F8) (F9) (F10)
Conc.
5 5 5 5 5 5 5 5 5
(M)
4698.5605 | 4436.440 | 4665.2262
tinh (S) 91 94 86 0 0 0 0 0 0
kp 894 894 894 894 894 894 894 894 894
. 2.18E- | 2.18E- | 2.18E- | 2.18E- | 2.18E- | 2.18E-
Ri 2.13E-09 | 2.25E-09 | 2.14E-09 09 09 09 09 09 09
[AOX] i i i 5.00E- | 5.00E- | 5.00E- | 5.00E- | 5.00E- | 5.00E-
(M) 5.00E-06 | 5.00E-06 | 5.00E-06 06 06 06 06 06 06
[Dye] ] ] ] 1.00E- | 1.00E- | 1.00E- | 1.00E- | 1.00E- | 1.00E-
(M) 1.00E-05 | 1.00E-05 | 1.00E-05 05 05 05 05 05 05
2.00E+ | 2.00E+ | 2.00E+ | 2.00E+ | 2.00E+ | 2.00E+
n 2.00E+00 | 2.00E+00 | 2.00E+00 00 00 00 00 00 00
Kinh (M 4.86E- | 3.89E- | 3.24E- | 2.78E- | 2.43E- | 2.16E-
51) 4.94E+05 | 4.78E+05 | 5.85E+05 07 07 07 07 07 07
4.00E+ | 5.00E+ | 6.00E+ | 7.00E+ | 8.00E+ | 9.00E+
Rate 3.85E-12 | 4.21E-12 | 3.28E-12 00 00 00 00 00 00

395




[sty-BODIPY ox] (uM)

1.00E-06

8.00E-07

6.00E-07

4.00E-07

2.00E-07

0.00E+00

0
2.00E-07

Liposome autoxidation

10000 20000

30000

time (S)

uninhib

shegansu B

40000 50000 60000

Shegansu B is seen to retard autoxidation as the slope of the curve is different from uninhibited.
However, a rate constant and stoichiometric data can be be generated from this inhibition profile.
Table S18.5 — Dose response for ferroptosis inhibition

Mean, SD

O Mean, SD
—— Fit Curve

e XfromY

= Y from X

T
-3 -2

A

Dose responsive curve X
axis = log(mM); y axis =
% viability.

Shegansu B 1 Shegansu B 2 Shegansu B 3
Log(con)mM | % viability | Log(con) mM | % viability | Log(con)mM | % viability

-1 -2.99816 -1 4.49453 -1 11.78041
-1.17609 6.876222 -1.17609 22.82072 -1.17609 35.02781
-1.35218 10.20916 -1.35218 18.87202 -1.35218 30.34389
-1.52827 5.738579 -1.52827 6.874298 -1.52827 19.29707
-1.70437 -0.26071 -1.70437 0.855662 -1.70437 13.05471
-1.88046 -6.19778 -1.88046 -2.61181 -1.88046 9.223192
-2.05655 -8.62416 -2.05655 -3.77203 -2.05655 7.217027
-2.23264 -9.80625 -2.23264 -3.56108 -2.23264 6.089098
-2.40873 -10.8461 -2.40873 -3.71929 -2.40873 5.598319
-2.58482 -10.384 -2.58482 -4.62901 -2.58482 6.261301

396



S19 — (2)-tBus-quadrangularin A (summary and organic solution autoxidation)

Table S19.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh _ _ _ 1
oaeere | RIS | Gt | M| e
Bud- 0.1)E(4-162;in:4.5 N/A (18 0.8%5334; 1724+17.2
quadrangularin A +02 0.2)E+04; n=4 =3 86 + 0.05 nM
Table S19.2 — Summary of hexadecane co-oxidation inhibition Kinetics
tBu4- tBu4- tBu4-
Hexadecene PMC quadrangularin PMC quadrangularin PMC quadrangularin
A A A
Conc. (uM) 2 5 2 5 2 5
tinn (S) 4216 23549.5553 3375 19728.5348 3137 17112.9501
kp 3791.88926 | 3791.88926 | 3791.88926 | 3791.88926 | 3791.88926 | 3791.88926
Ri 9.49E-10 9.49E-10 1.19E-09 1.19E-09 1.28E-09 1.28E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 4.47E+00 2.00E+00 4.68E+00 2.00E+00 4.36E+00
log k 7.11907598 5.16215902 6.20070513 5.21389527 6.30357825 5.16417929
Kinn (M 1) 1.32E+07 1.45E+05 1.59E+06 1.64E+05 2.01E+06 1.46E+05
Rate 6.8369E-13 1.1084E-11 7.0785E-12 1.1745E-11 6.0089E-12 1.5183E-11
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Table S19.3 — Summary of liposome autoxidation inhibition assa

y using DTUN initiator

398

Liposomes tBu quad A tBu quad A tBu quad A
(DTUN) PMC (C3) PMC (D3) PMC (E3) (C4) (DY) (E4)
Conc. (uM) 5 5 5 5 5 5
tinn (S) 18154.521 | 17323.0663 | 16289.0593 | 20121.29357 | 22021.25441 | 18793.1036
kp 894 894 894 894 894 894
Ri 5.51E-10 5.77E-10 6.14E-10 5.43E-10 5.43E-10 5.43E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 4.00E+00 4.00E+00 4.00E+00
kin(Msh) | 9.55E+04 9.88E+04 1.04E+05 3.44E+04 3.39E+04 2.93E+04
Rate 5.16E-12 5.22409E-12 5.27E-12 7.06E-12 7.15E-12 8.29E-12
Table S19.4 — Summary of liposome autoxidation inhibition assay using V70 initiator
Liposomes tBu quad A | tBuquad A | tBuquad A
(V70) PMC (C3) | PMC (D3) | PMC (E3) (C4) (D4) (E4)
Conc. (uM) 5 5 5 5 5 5
o (9) 11154;.6350 1313%.1844 1257%.0860 24643.8392 25142.4466 24574.3018
kp 894 894 894 894 894 894
Ri 8.96E-10 7.62E-10 7.95E-10 7.79E-10 7.79E-10 7.79E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06
[Dye] (M) | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 3.84E+00 3.92E+00 3.83E+00
kim(M2s?) | 1.34E+05 | 1.21E+05 | 1.14E+05 | 4.71E+04 | 4.84E+04 | 4.57E+04
Rate 6.00E-12 5'6219;’8'5' 6'231636'5' 770E-12 | 7.35E-12 | 7.96E-12




Table S19.5 — Dose response for ferroptosis inhibition

= Mean, SD
DoseResp Fit of

Dose responsive curve X
/ axis = log(mM); y axis =

N
3
jj

Mean, SD
N
5]
h

% viability.
tBu quad Al tBu quad A2 tBu quad A3
Log(con)mM | 9% viability | Log(con)mM | % viability | Log(con)mM | % viability
-2.90833 58.58512 -2.90833 45.18513 -2.90833 41.08009
-3.20936 52.11618 -3.20936 55.97574 -3.20936 56.38776
-3.51039 37.32324 -3.51039 42.23255 -3.51039 50.46928
-3.81142 15.74029 -3.81142 18.74127 -3.81142 22.93009
-4.11245 -1.53796 -4.11245 -0.03957 -4.11245 10.09941
-4.41348 -8.09014 -4.41348 -3.20522 -4.41348 6.431413
-4.71451 -10.8846 -4.71451 -4.64346 -4.71451 4.078635
-5.01554 -9.73115 -5.01554 -5.39683 -5.01554 4.268611
-5.31657 -12.5019 -5.31657 -5.54902 -5.31657 4.107862
-5.6176 -9.89763 -5.6176 -5.24463 -5.6176 4473201
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S20 - (*)-Quadrangularin A (summary and organic solution autoxidation)

Table S20.1 — Summary of Kinetic and cell data

400

Compound Organic Solutions Liposomes Cells
Kinh . . . 1
o | pfeme | KO o 0|,
29+ (6.13+ (780
quadrangularin A DNI 0.5)E+04; 0.16)E+03; 0.32)E+03; 7.6 £0.8 uM
n=3.34 + 0.40 n=4* n=4*
Table S20.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC quadrangularin A
Conc. (uM) 2 5
tinh (S) 4216 0
kp 3791.88926 3791.88926
Ri 9.49E-10 9.49E-10
[AOX] (M) 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00
log k 7.11907598 #DIV/O!
Kinh (M1 s71) 1.32E+07 #DIV/O!
Rate 6.8369E-13 #DIV/0!




Table S20.3 — Summary of cumene co-oxidation inhibition Kinetics

quadrangularin

quadrangularin

quadrangularin

Cumene PMC A PMC A PMC A
((:m‘; 2 5 2 5 2 5
tinh () 2001 7389.389 1559 6500.21 1833 8556
kp 141 141 141 141 141 141
Ri 2.00E-09 2.00E-09 2.57E-09 2.57E-09 2.18E-09 2.18E-09
[A(,a;(] 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.95E+00 2.00E+00 3.34E+00 2.00E+00 3.73E+00
log k 5.780031 4.518995 5.105928 4.496482 5.322359 4.367674
Kinh (1l\)/l'1 S | 6.03E+05 3.30E+04 1.28E+05 3.14E+04 2.10E+05 2.33E+04
Rate 1.17E-12 5.78E-12 7.09E-12 6.92E-12 3.66E-12 7.07E-12

Table S20.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator
(approximated n = 4)

L('BOTSSmS PMC (C3) | PMC (D3) PMC (E3) | quad A (C6) | quad A (D6) | quad A (E6)
Conc. (uM) 5 5 5 5 5 5
tion (3) 18154521 | 17323.0663 | 16289.0593 | 5222.946988 | 5941.301646 | 11888.60105
kp 894 894 894 894 894 894
Ri 5.51E-10 5.77E-10 6.14E-10 5.43E-10 5.43E-10 5.43E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 4.00E+00 4.00E+00 4.00E+00
kon(M7s?) | 9.55E+04 9.88E+04 1.04E+05 1.16E+04 1.15E+04 L.11E+04
Rate 5.16E-12 | 5.20409E-12 | 5.27E-12 2.09E-11 2.10E-11 2.19E-11
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Table S20.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

(approximated n = 4)

Liposomes quad A quad A quad A
(V70) PMC (C3) PMC (D3) PMC (E3) (C6) (D6) (E6)
Conc. (uM) 5 5 5 5 5 5
11154.6350 | 13130.1844 | 12579.0860 | 5222.94698 | 5941.30164 | 11888.6010
tin (5) 2 2 9 8 6 5
kp 894 894 894 894 894 894
Ri 8.96E-10 7.62E-10 7.95E-10 7.79E-10 7.79E-10 7.79E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) | 1.00E-05 | 1.00E-05 | 1.00E-05 | 1.00E-05 | 1.00E-05 | 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 4.,00E+00 4.00E+00 4,00E+00
Kinn (M1 s1) | 1.34E+05 1.21E+05 1.14E+05 1.46E+04 1.50E+04 1.39E+04
Rate | 600E12 | 0205 | OZ0OE | oage gy | 23E11 | 25111

Table S20.6 — Dose response for ferroptosis inhibition

Mean, SD

/

= Mean, SD

DoseResp Fit of

ﬁ Dose responsive curve X

axis = log(mM); y axis =

i % viability.
-4 -3 N -2 -1
quad Al quad A2 quad A3

Log(con)mM | % viability | Log(con)mM | % viability | Log(con)mM | % viability
-1 57.96676 -1 46.55488 -1 36.11149
-1.30103 77.4806 -1.30103 69.42215 -1.30103 60.56722
-1.60206 67.09938 -1.60206 59.11856 -1.60206 62.78117
-1.90309 48.6201 -1.90309 51.57731 -1.90309 49.68015
-2.20412 11.38803 -2.20412 16.56489 -2.20412 25.69935
-2.50515 -5.74753 -2.50515 -1.66045 -2.50515 10.31861
-2.80618 -7.54313 -2.80618 -3.77595 -2.80618 5.393853
-3.10721 -11.3246 -3.10721 -5.58707 -3.10721 3.969034
-3.40824 -9.81439 -3.40824 -4.90981 -3.40824 3.713297
-3.70927 -9.95709 -3.70927 -5.02395 -3.70927 3.764445
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S21 — (x)-tBus-pallidol (summary and organic solution autoxidation)

Table S21.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh ]
Kinh (cumene) Kinh (DTUN) Kinh (V70) (M !
(hexadecene) PR NN 1\ ECso
(M1s9): n (Mtsty:n (M1st):n sh;n
(7.31+ 13+ 159+ (2.05+
tBu4-pallidol 0.91)E+04; 0.4)E+04; n= 0.03)E+04; n= | 0.02)E+03; n= 280'?];‘;'32'4
n=3.1+0.3 5.63+0.31 1.98 +£0.12 1.78 £ 0.02
Table S21.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC tBu4-pallidol tBu4-pallidol PMC tBu4-pallidol
Conc. (uM) 2 5 5 2 5
tinh (S) 4352 15286.3618 18696 4385 16975
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 9.19E-10 9.19E-10 9.19E-10 9.12E-10 9.12E-10
[AOX] (M) 2.00E-06 5.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.81E+00 3.44E+00 2.00E+00 3.10E+00
log k 6.23241057 4.90471206 4.88085587 6.09813476 4.79885259
kinh (M1 s1) 1.71E+06 8.03E+04 7.60E+04 1.25E+06 6.29E+04
Rate 5.1018E-12 3.0892E-11 2.6684E-11 6.8978E-12 3.5496E-11
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Table S21.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC tBu4-pallidol | tBu4-pallidol PMC tBu4-pallidol | tBu4-pallidol
Conc. (uM) 2 5 5 2 5 5
tinh (S) 2432 17333 17203 2396 16123 15867
kp 141 141 141 141 141 141
Ri 1.64E-09 1.64E-09 1.64E-09 1.67E-09 1.67E-09 1.67E-09
[AOX] (M) 2.00E-06 5.00E-06 5.00E-06 2.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 5.70E+00 5.66E+00 2.00E+00 5.38E+00 5.30E+00
log k 5.158239 3.929261 3.927955 5.761271 4.208229 4.223463
kinn (M1 572) 1.44E+05 8.50E+03 8.47E+03 5.77E+05 1.62E+04 1.67E+04
Rate 4.03E-12 9.57E-12 9.68E-12 1.02E-12 5.41E-12 5.31E-12
Table S21.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator
Liposomes tBu pallidol tBu pallidol tBu pallidol
(DTUN) PMC (C3) PMC (D3) PMC (E3) (C5) (D5) (E5)
conc. (uM) 5 5 5 5 5 5
tinh (S) 18154.521 17323.0663 16289.0593 19275.27076 18351.81371 17098.02429
kp 894 894 894 894 894 894
Ri 5.51E-10 5.77E-10 6.14E-10 5.43E-10 5.43E-10 5.43E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 2.09E+00 1.99E+00 1.86E+00
Kinn (M1 51 9.55E+04 9.88E+04 1.04E+05 2.97E+04 3.02E+04 2.92E+04
Rate 5.16E-12 5.22409E-12 5.27E-12 1.56E-11 1.61E-11 1.79E-11

Table S21.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

Liposomes tBu pallidol | tBu pallidol | tBu pallidol
(V70) PMC (C3) | PMC (D3) | PMC (E3) (C5) (D5) (E5)
Conc. (uM) 5 5 5 5 5
tin (5) 11152.6350 1313%1844 1257%.0860 11440.8344 1156%6429 11343.6505
kp 894 894 894 894 894 894
Ri 8.96E-10 7.62E-10 7.95E-10 7.79E-10 7.79E-10 7.79E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 1.78E+00 1.80E+00 1.77E+00
kin (M1 s?1) | 1.34E+05 1.21E+05 1.14E+05 3.83E+04 3.85E+04 3.76E+04
Rate | 6.00E-12 | 02185 | O200E | Houey | 201Ea1 | 200811
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Table S21.6 — Dose response for ferroptosis inhibition

Mean, SD

= Mean, SD

DoseResp Fit of

Dose responsive curve X
axis = log(mM); y axis =
% viability.

tBu pallidol 1 tBu pallidol 2 tBu pallidol 3
Log(con)mM | % viability | Log(cony mM | % viability | Log(con)mM | % viability
-2.90833 71.02355 -2.90833 62.39075 -2.90833 34.81819
-3.20936 64.10274 -3.20936 64.6128 -3.20936 52.66131
-3.51039 27.78631 -3.51039 31.70827 -3.51039 30.77024
-3.81142 2.6835 -3.81142 5.439444 -3.81142 15.99597
-4.11245 -8.50634 -4.11245 -2.92366 -4.11245 6.818672
-4.41348 -9.89763 -4.41348 -3.93576 -4.41348 4.071329
-4.71451 -11.1938 -4.71451 -4.9859 -4.71451 3.735218
-5.01554 -12.5494 -5.01554 -5.81536 -5.01554 4.217464
-5.31657 -10.9084 -5.31657 -5.00873 -5.31657 3.720604
-5.6176 -10.1355 -5.6176 -5.97517 -5.6176 4.480507
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S22 — (z)-Pallidol (summary and organic solution autoxidation)

Table S22.1 — Summary of Kinetic and cell data

406

Compound Organic Solutions Liposomes Cells
Kinh , , , 1
ot | giome | OIN (LG 0|,
(7.0+ (3.13+ (4.97 +
pallidol DNI 1.4)E+03;n= | 0.14)E+03;n= | 0.18)E+03;n= | 11.6+ 1.3 uM
4.27 £ 0.66 4* 4*
Table S22.2 — Summary of hexadecane co-oxidation inhibition kinetics
Hexadecene PMC Pallidol
Conc. (uM) 2 5
tinh (S) 4216 0
kp 3791.88926 3791.88926
Ri 9.49E-10 9.49E-10
[AOX] (M) 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00
log k 7.11907598 #DIV/0!
Kinh (M1 s71) 1.32E+07 #DIV/0!
Rate 6.8369E-13 0




Table S22.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC Pallidol PMC Pallidol PMC Pallidol
Conc. (uM) 2 5 2 5 2 5
tinh (S) 2001 9286.654 1559 7978.647 1833 11466.21
kp 141 141 141 141 141 141
Ri 2.00E-09 2.00E-09 2.57E-09 2.57E-09 2.18E-09 2.18E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 3.71E+00 2.00E+00 4.09E+00 2.00E+00 5.00E+00
log k 5.780031 3.828948 5.105928 3.926341 5.322359 3.752917
kinh (M 5°1) 6.03E+05 6.74E+03 1.28E+05 8.44E+03 2.10E+05 5.66E+03
Rate 1.17E-12 2.25E-11 7.09E-12 2.09E-11 3.66E-12 2.17E-11

Table S22.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator
(approximating n = 2)

Liposomes
(DTUN)

PMC (C3) | PMC (D3) PMC (E3) pallidol (C7) | pallidol (D7) | pallidol (E7)
Conc. M) |5 5 5 5 5 5
tinh (S) 18154.521 17323.0663 16289.0593 0 0 0
kp 894 894 894 480 480 480
Ri 5.51E-10 5.77E-10 6.14E-10 5.43E-10 5.43E-10 5.43E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Kinh (M1 s1) 9.55E+04 9.88E+04 1.04E+05 6.52E+03 6.31E+03 5.95E+03
Rate 5.16E-12 5.22409E-12 5.27E-12 4.00E-11 4.13E-11 4.38E-11
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Table S22.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

Liposomes pallidol pallidol pallidol
(V70) PMC (C3) PMC (D3) PMC (E3) C7) (D7) (E7)
Conc. (uM) 5 5 5 5 5 5
tion (5) 11151‘12.6350 1313(;.1844 1257%.0860 0 0 0
kp 894 894 894 480 480 480
Ri 8.96E-10 7.62E-10 7.95E-10 7.79E-10 7.79E-10 7.79E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
kih(M1s?) | 1.34E+05 | 1.21E+05 | 1.14E+05 | 9.81E+03 | 1.03E+04 | 9.65E+03
Rate | 600E12 | 0205 | O2OE | agip gy | seE11 | 388EL

Stoichiometry was assumed to equal 2 as tinn cannot be gathered from the curve as pallidol retards
autoxidation.

Liposome autoxidation inhibition by
dimers (DTUN)

0.00E+00—g
_ A
&5.008-07 |V
g \ » — = Uninhib
o -”
=] . ML

1.50E-06 pallidol

-10000 10000 30000 50000
Time (s)
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Table S22.6 — Summary of liposome autoxidation inhibition assay using DTUN initiator
(approximating n = 4)

L('BOTSS;H;"S PMC (C3) PMC (D3) PMC (E3) | pallidol (C7) | pallidol (D7) | pallidol (E7)
Conc. (uM) 5 5 5 5 5 5
tinn (S) 17620.5231 19182.3888 18540.4586 0 0 0
kp 480 480 480 480 480 480
Ri 5.68E-10 5.21E-10 5.39E-10 5.43E-10 5.43E-10 5.43E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 4.00E+00 4.00E+00 4.00E+00
kinh (M1 s1) 7.77E+04 8.09E+04 6.79E+04 3.26E+03 3.16E+03 2.98E+03
Rate 3.51E-12 3.0927E-12 3.8143E-12 4.00E-11 4.13E-11 4.38E-11
Table S22.7 — Summary of liposome autoxidation inhibition assay using V70 initiator
Liposomes pallidol pallidol pallidol
(V70) PMC (C3) | PMC (D3) | PMC (E3) ) (D7) E7)
Conc. (uM) 5 5 5 5 5 5
o (5) 11154;.6350 1313(;.1844 1257%.0860 0 0 0
kp 894 894 894 480 480 480
Ri 8.96E-10 | 7.62E-10 | 7.95E-10 | 7.79E-10 | 7.79E-10 | 7.79E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06
[Dye] (M) | 1.00E-05 1.00E-05 1.00E-05 | 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 | 2.00E+00 | 4.00E+00 | 4.00E+00 | 4.00E+00
kim(M1s?) | 1.34E+05 | 1.21E+05 | 1.14E+05 | 4.90E+03 | 5.17E+03 | 4.83E+03
Rate 6.00E-12 5'62358'5' 6'231656'5' 3.81E-11 | 3.62E-11 | 3.88E-11

Stoichiometry was assumed to equal 2 as tinn cannot be gathered from the curve as pallidol retards

autoxidation.

Liposome autoxidation inhibition by
dimers (DTUN)

0.00E+00—g
_ A
&5.008-07 |V
g \ » — = Uninhib
o -”
<] See . ¥

1.50E-06 pallidol

-10000 10000 30000 50000
Time (s)
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Table S22.8 — Dose response for ferroptosis inhibition

o Mean, SD
Fit Curve
e XfromY
704 = YfromX

Mean, SD
N ww
S8&
Ll
o1

pallidol 1 pallidol 2 pallidol 3
Log(con)mM | % viability | Log(con)mM | % viability | Log(con)mM | % viability

-1 68.96634 -1 54.57555 -1 35.30774
-1.30103 73.19969 -1.30103 57.67271 -1.30103 63.73105
-1.60206 58.03811 -1.60206 48.33556 -1.60206 60.4284
-1.90309 26.20475 -1.90309 26.69345 -1.90309 36.57912
-2.20412 3.539683 -2.20412 7.067928 -2.20412 16.12749
-2.50515 -6.37777 -2.50515 -1.35606 -2.50515 7.264384
-2.80618 -7.89987 -2.80618 -3.01498 -2.80618 5.123503
-3.10721 -8.57769 -3.10721 -4.09556 -3.10721 4.962754
-3.40824 -10.3495 -3.40824 -4.97068 -3.40824 3.866739
-3.70927 -7.51935 -3.70927 -4.126 -3.70927 4.590109
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S23 — (z)-orcinol/tBURSV DHB (summary and organic solution autoxidation)

Table S23.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh ]
Kinh (cumene) Kinh (DTUN) Kinh (V70) (M !
(hexadecene) VRN N 1\ ECso
(M1sY): n (M%s7);n (M7s7);n sin
: (8.90 £ (6.91+
°r°'“%/$3“RSV 0.57)E+04; | 0.01)E+04;n= DNI N/A N/A
n=23+0.1 3.83+0.36
Table S23.2 — Summary of hexadecane co-oxidation inhibition Kinetics
orcinol/tBuRSvV orcinol/tBuRSvV orcinol/tBuRSV
Hexadecene PMC DHEB PMC DHB PMC DHB
conc. (uM) 2 5 2 5 2 5
tinn (S) 4573 12673.0929 4692 12983.5381 4265 13086.8774
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 8.75E-10 8.75E-10 8.52E-10 8.52E-10 9.38E-10 9.38E-10
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.22E+00 2.00E+00 2.21E+00 2.00E+00 2.45E+00
log k 6.15961906 4.93258711 6.19640331 4.93361935 6.34134974 4.98040064
Kinn (M1 s1) 1.44E+06 8.56E+04 1.57E+06 8.58E+04 2.19E+06 9.56E+04
Rate 5.7412E-12 3.4945E-11 5.1411E-12 3.4029E-11 4.0514E-12 3.0312E-11
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Table S23.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC orcin(I):I)/;I?BuRSV PMC orcincl)DI/;I%uRSV PMC orcinoDI/;I?BuRSV
((:SIC/IC) 2 5 2 5 2 5
tinh (S) 2532 10954.53 2357 11326.57 2231 11682.74
kp 141 141 141 141 141 141
Ri 1.58E-09 1.58E-09 1.70E-09 1.70E-09 1.79E-09 1.79E-09
[’?,SI;(] 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 3.46E+00 2.00E+00 3.84E+00 2.00E+00 4.19E+00
log k 5.034121 3.840168 6.057932 3.838928 5.114031 3.839856
Kinh (11\)/I'1 S | 1.08E+05 6.92E+03 1.14E+06 6.90E+03 1.30E+05 6.92E+03
Rate 5.15E-12 1.86E-11 5.23E-13 1.8E-11 4.86E-12 1.75E-11

Table S23.4 — Summary of liposome autoxidation inhibition assa

using DTUN initiator

Liposom orcinol/t | orcinol/t | orcinol/t | orcinol/t | orcinol/t | orcinol/t
es F(’XL(): F(’XSC): ?XG? BuRSV | BUuRSV | BUuRSV | BuRSV | BUuRSV | BuRSV
(DTUN) 1 (D7) 1(D8) 2(D9) | 2(D10) | 3(E1) 3(E2)
Conc.
5 5 5 5 5 5 5 5 5
(M)
4698.56 | 4436.44 | 4665.22
tinh (S) 059 094 629 0 0 0 0 0 0
kp 894 894 894 894 894 894 894 894 894
Ri 2.13E- 2.25E- 2.14E- 2.18E- 2.18E- 2.18E- 2.18E- 2.18E- 2.18E-
09 09 09 09 09 09 09 09 09
[AOX] 5.00E- 5.00E- 5.00E- 5.00E- 5.00E- 5.00E- 5.00E- 5.00E- 5.00E-
(M) 06 06 06 06 06 06 06 06 06
[Dye] 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E-
(M) 05 05 05 05 05 05 05 05 05
N 2.00E+0 | 2.00E+0 | 2.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0
0 0 0 0 0 0 0 0 0
: -1
kg(l';" 4'945E+0 4'785E+0 5'855E+0 #DIV/0! | #DIV/O! | #DIV/0! | #DIV/O! | #DIV/O! | #DIV/O!
Rate 3.85E- 4.21E- 3.28E- | 0.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0
12 12 12 0 0 0 0 0 0
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S24 — (+)-orcinol/tBURSV DHB (OBny)/(OMe) (summary and organic solution autoxidation)

Table S24.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh )
Kinh (cumene) Kinh (DTUN) Kinh (V70) (M L
(hexadecene) PR NN 1. ECso
(M1s): n (Mtsty:n (Mtsh);n sh;n
. 5.65 + (5.29 +
orcinol(OMe)/ (
0.30)E+04; 0.25)E+04; n= DNI N/A N/A
(BURSV(OBNDHB |\ 596+132 | 2314023
Table S24.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecen orcinol(OMe)/ orcinol(OMe)/ orcinol(OMe)/
o PMC tBuRSV(OBn)D PMC tBuRSV(OBn)D PMC tBuRSV(OBn)D
HB HB HB
Conc.
2 5 2 5 2 5
(uM)
tinn (S) 4573 27330.72167 4692 27330.72167 4265 12958.78866
kp 379%'38892 3791.889263 379%'38892 3791.889263 379%‘\?892 3791.889263
Ri 8.75E-10 8.75E-10 8.52E-10 8.52E-10 9.38E-10 9.38E-10
[A(\I\?I;(] 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 4.78E+00 2.00E+00 4.66E+00 2.00E+00 2.43E+00
log k 6'153;5190 4.738391287 6'19?4033 4.738391287 6'343%:497 4777307482
; 1o
Kinn (ll\)/l S | 1.44E+06 5.48E+04 1.57E+06 5.48E+04 2.19E+06 5.99E+04
Rate 5'7411217E' 2.53404E-11 5'1411214E' 2.53404E-11 4'05113 SE- 4.88634E-11
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Table S24.3 — Summary of cumene co-oxidation inhibition Kinetics

Orcinol Orcinol Orcinol
(OMe)/ (OMe)/ (OMe)/
Cumene PMC tBURSV/(OBn) PMC tBURSV/(OBn) PMC tBURSV/(OBn)
DHB DHB DHB
Conc.
2 5 2 5 2 5
pM)
tinn (S) 2532 6581.141293 2357 6766.510374 2231 7084.265793
kp 141 141 141 141 141 141
Ri 1.58E-09 1.58E-09 1.70E-09 1.70E-09 1.79E-09 1.79E-09
[A(,a;(] 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) |  1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.08E+00 2.00E+00 2 30E+00 2.00E+00 2 54E+00
log k 5034121028 | 3.746025925 | 6.057932398 | 3.718917525 | 5.114031085 | 3.705190189
) 1o
kmh(ll\)/l S 1.08E+05 5.57E+03 1.14E+06 5.24E+03 1.30E+05 5.07E+03
Rate 5.14875E-12 | 3.84496E-11 | 5.23403E-13 | 3.98049E-11 | 4.85972E-12 | 3.92405E-11

Table S24.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

orcinol orcinol orcinol orcinol orcinol orcinol
Liposom (OMe)/t | (OMe)/t | (OMe)/t | (OMe)/t | (OMe)/t | (OMe)/t
es F()XIAS: F()Xlsc): F(’XI‘SC): BuRSV | BURSV | BURSV | BURSV | BURSV | BuRSV
(DTUN) (0Bn)1 | (OBn)1 | (OBn)2 | (OBn)2 | (OBNn)3 | (OBn) 3
(E3) (E4) (E5) (E6) (E7) (E8)
Conc.
5 5 5 5 5 5 5 5
(M)
4 . 4436.44 4 22
tinn () 6358956 gg " 62259 0 0 0 0 0 0
kp 894 894 894 894 894 894 894 894 894
. 2.18E- 2.18E- 2.18E- 2.18E- 2.18E- 2.18E-
Ri 2.13E-09 | 2.25E-09 | 2.14E-09 09 09 09 09 09 09
[AOX] i i i 5.00E- 5.00E- 5.00E- 5.00E- 5.00E- 5.00E-
M) 5.00E-06 | 5.00E-06 | 5.00E-06 06 06 06 06 06 06
[Dye] i i i 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E-
M) 1.00E-05 | 1.00E-05 | 1.00E-05 05 05 05 05 05 05
n 2.00E+0 | 2.00E+0 | 2.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0
0 0 0 0 0 0 0 0
k‘”';,(ll;/l 4'945E+0 4.78E+0 5'855E+0 #DIV/0! | #DIV/0! | #DIV/0O! | #DIV/O! | #DIV/0! | #DIV/0!
Rate | 3.85E-12 | 4.21E-12 | 3.28E.12 0.0%E+0 0.0%E+O 0.0%E+O 0.0%E+O 0.0(())E+O 0.0%E+0
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S25 —ellagic acid (summary and organic solution autoxidation)

Table S25.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh . . . 1
i | GO | HUOTID ke (T0 001
(1.84
ellagic acid DNI 0.14)E+04; DNI N/A 252+ 1.4 uM
n=1.10 + 0.03
Table S25.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC ellagic acid PMC ellagic acid PMC ellagic acid
Conc. (uM) 2 5 2 5 2 5
tinn (S) 4631 0 4028 0 4078 0
kp 3791.88926 3791.88926 | 3791.88926 3791.88926 3791.88926 3791.88926
Ri 8.64E-10 8.64E-10 9.93E-10 9.93E-10 9.81E-10 9.81E-10
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00 2.00E+00 0.00E+00 2.00E+00 0.00E+00
log k 6.49596142 #DIV/O! 6.42826022 #DIV/O! 6.39151125 #DIV/0!
Kinh (M1 s1) 3.13E+06 #DIV/0! 2.68E+06 #DIV/0! 2.46E+06 #DIV/0!
Rate 2.6134E-12 3.6072E-11 3.5115E-12 3.6072E-11 3.7746E-12 3.6072E-11
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Table S25.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC ellagic acid PMC ellagic acid PMC ellagic acid
Conc. (uM) 2 5 2 5 2 5
tinh (S) 2343 3287 2428 3224 2321 3223
kp 141 141 141 141 141 141
Ri 1.71E-09 1.71E-09 1.65E-09 1.65E-09 1.72E-09 1.72E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 1.12E+00 2.00E+00 1.06E+00 2.00E+00 1.11E+00
log k 5.531447 4.250013 5.938324 4.299972 6.21875 4.239098
kinn (M s7%) 3.40E+05 1.78E+04 8.68E+05 2.00E+04 1.65E+06 1.73E+04
Rate 1.77E-12 2.41E-11 6.69E-13 2.19E-11 3.67E-13 2.52E-11

Table S25.4 — Summary of liposome autoxidation

inhibition assay using DTUN initiator

Liposom ellagic | ellagic | ellagic | ellagic | ellagic | ellagic
es ?XL(): IEXS F(’Xé)z acid 1 acid 1 acid 2 acid 2 acid 3 acid 3
(DTUN) (G1) (G2) (G3) (G4) (G5) (G6)
Conc.
5 5 5 5 5 5 5 5 5
(uM)
4698.560 | 4436.440 | 4665.226
tinn (S) 59 94 29 0 0 0 0 0 0
kp 894 894 894 894 894 894 894 894 894
. 2.18E- | 2.18E- | 2.18E- | 2.18E- | 2.18E- | 2.18E-
Ri 2.13E-09 | 2.25E-09 | 2.14E-09 09 09 09 09 09 09
[AOX] ) i i 5.00E- | 5.00E- | 5.00E- | 5.00E- | 5.00E- | 5.00E-
(M) 5.00E-06 | 5.00E-06 | 5.00E-06 06 06 06 06 06 06
[Dye] ] ] ] 1.00E- | 1.00E- | 1.00E- | 1.00E- | 1.00E- | 1.00E-
(M) 1.00E-05 | 1.00E-05 | 1.00E-05 05 05 05 05 05 05
0.00E+ | 0.00E+ | 0.00E+ | 0.00E+ | 0.00E+ | 0.00E+
n 2.00E+00 | 2.00E+00 | 2.00E+00 00 00 00 00 00 00
king_(ll)\/l 4.94E+05 | 4.78E405 | 5.85E+05 #DI|V/O #DIIV/O #DI|V/0 #DIIV/O #DIIV/O #DI|V/0
0.00E+ | 0.00E+ | 0.00E+ | 0.00E+ | 0.00E+ | 0.00E+
Rate 3.85E-12 | 4.21E-12 | 3.28E-12 00 00 00 00 00 00
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Table S22.5 — Dose response for ferroptosis inhibition

= Mean, SD
DoseResp Fit of

o] / Dose responsive curve X
N {’ axis = log(mM); y axis =
= / % viability.
3 N -1
ellagic acidl ellagic acid2 ellagic acid3
Log(con)mM % viability Log(con)mM % viability Log(con)mM % viability
-1 63.36730462 -1 53.54015116 -1 70.51884762
-1.301029996 | 87.39112401 | -1.301029996 | 76.22375087 | -1.301029996 101.093489
-1.602059991 18.5192866 -1.602059991 | 32.38593103 | -1.602059991 53.53963252
-1.903089987 | -0.509569236 | -1.903089987 | -4.398284722 | -1.903089987 | 4.892287028
-2.204119983 | 2.165669254 | -2.204119983 -5.67057032 -2.204119983 | 3.841848771
-2.505149978 3.64104995 -2.505149978 | -5.235488198 | -2.505149978 | 4.814795681
-2.806179974 | 11.15127096 | -2.806179974 | -5.545319406 | -2.806179974 | 4.866456579
-3.10720997 15.84404811 -3.10720997 -4,958617757 -3.10720997 3.428561588
-3.408239965 | 9.889198317 | -3.408239965 | -5.017947138 | -3.408239965 | 4.633982539
-3.709269961 | 8.173846063 | -3.709269961 | -4.345547495 | -3.709269961 | 4.745914484
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S26 — (x)-tBus-carasiphenol C/ wilsonol A (summary and organic solution autoxidation)

Synthesis of this molecule is described in Chapter 3 of this dissertation. See Experimental for

details.

Table S26.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh ;
kinh (cumene) kinh (DTUN) kinh (V70) (M 1
(hexadecene) RN N 1. ECso
(M1 59); n (Mtst);n (Mtst);n sh;n
tBu6 carasiphenol (7.31 % (8.30 £ (3.68
C/ tBU6 Wilsponol A 0.44)E+04; 1.38)E+03; n= | 0.15)E+04; n= N/A 106.1 £ 6.8 nM
n=5.73+0.41 8.23+0.31 7.60+0.42
Table S26.2 — Summary of hexadecane co-oxidation inhibition Kinetics
tBu6 tBUG tBub
Hexadecene PMC carasiphenol PMC CarCa/S ItFI)Bhue6n ° PMC carasiphenol
C/ tBué - C/ tBub
: wilsonol A )
wilsonol A - wilsonol A
acid
Conc. (uM) 2 5 2 5 2 5
tinn (S) 4886 33280.8373 4229 32754.768 4625 31989.1757
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 8.19E-10 8.19E-10 9.46E-10 9.46E-10 8.65E-10 8.65E-10
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 5.45E+00 2.00E+00 6.20E+00 2.00E+00 5.53E+00
log k 6.12581094 | 4.85167585 6.24327873 4.84622658 6.20428119 4.89310539
Kinn (M2 s2) 1.34E+06 7.11E+04 1.75E+06 7.02E+04 1.60E+06 7.82E+04
Rate 5.8087E-12 1.6032E-11 5.1203E-12 1.6495E-11 5.1227E-12 1.5162E-11
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Table S26.3 — Summary of cumene co-oxidation inhibition Kinetics

tBu6 tBub tBub
wilsonol A wilsonol A wilsonol A
Conc. (uM) 2 5 2 5 2 5
tinn (S) 2532 25111 2357 24154 2231 23858
kp 141 141 141 141 141 141
Ri 1.58E-09 1.58E-09 1.70E-09 1.70E-09 1.79E-09 1.79E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 7.94E+00 2.00E+00 8.20E+00 2.00E+00 8.55E+00
log k 5.034121 3.83361 6.057932 3.980125 5.114031 3.930687
kinh (M 5°1) 1.08E+05 6.82E+03 1.14E+06 9.55E+03 1.30E+05 8.52E+03
Rate 5.15E-12 8.24E-12 5.23E-13 6.11E-12 4.86E-12 6.93E-12

Table S26.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

tBu6 tBu_6 tBu6 tBu6 tBu6 tBu6
. carasiph . - . .
Liposo carasiph enol C/ carasiph | carasiph | carasiph | carasiph
mes PMC PMC PMC enol C/ tBUG enol C/ enol C/ enol C/ enol C/
(A4) (A5) (A6) tBu6 . tBu6 tBu6 tBu6 tBu6
(DTUN) . wilsonol . . . .
wilsonol Al wilsonol | wilsonol | wilsonol | wilsonol
A1(B9) (B10) A2(Cl) | A2(C2) | A3(C3) | A3(C4)
Conc.
(M) 5 5 5 5 5 5 5 5 5
tin (5) 4698.56 | 4436.44 | 4665.22 | 18171.9 | 15724.1 | 17012.4 | 18469.7 | 16545.7 | 17385.3
inh 059 094 629 382 444 678 523 448 267
kp 894 894 894 894 894 894 894 894 894
Ri 2.13E- 2.25E- 2.14E- 2.18E- 2.18E- 2.18E- 2.18E- 2.18E- 2.18E-
09 09 09 09 09 09 09 09 09
[AOX] | 5.00E- 5.00E- 5.00E- 5.00E- 5.00E- 5.00E- 5.00E- 5.00E- 5.00E-
(M) 06 06 06 06 06 06 06 06 06
[Dye] 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E-
(M) 05 05 05 05 05 05 05 05 05
N 2.00E+0 | 2.00E+0 | 2.00E+0 | 7.91E+0 | 6.84E+0 | 7.40E+0 | 8.04E+0 | 7.20E+0 | 7.56E+0
0 0 0 0 0 0 0 0 0
Kinn (ML | 4.94E+0 | 4.78E+0 | 5.85E+0 | 3.89E+0 | 3.22E+0 | 3.50E+0 | 4.00E+0 | 3.74E+0 | 3.73E+0
sh 5 5 5 4 4 4 4 4 4
Rate 3.85E- | 4.21E- 3.28E- 1.26E- 1.77E- 1.50E- 1.21E- 1.45E- 1.38E-
12 12 12 11 11 11 11 11 11
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Table S26.5 — Dose response for ferroptosis inhibition

80 4

Mean, SD

= Mean, SD
DoseResp Fit of

Dose responsive curve X
axis = log(mM); y axis =
% viability.

T
-4
A

tBu6 carasiphenol C/ tBu6

tBu6 carasiphenol C/ tBu6

tBu6 carasiphenol C/ tBu6

wilsonol A 1 wilsonol A 2 wilsonol A 3
Log(con)mM % viability Log(con)mM % viability Log(con)mM % viability
-1.95425 4.657231 -1.95425 18.23878 -1.95425 22.4185
-2.25528 10.05879 -2.25528 34.03471 -2.25528 36.77779
-2.55631 17.3565 -2.55631 55.4468 -2.55631 49.85316
-2.85734 18.85347 -2.85734 56.04021 -2.85734 55.85957
-3.15837 21.24862 -3.15837 60.20112 -3.15837 56.39084
-3.4594 11.25636 -3.4594 43.85418 -3.4594 43.01294
-3.76043 9.703257 -3.76043 34.41618 -3.76043 33.76721
-4.06146 2.711174 -4.06146 13.40676 -4.06146 15.81441
-4.36249 -6.25815 -4.36249 1.651649 -4.36249 6.214489
-4.66352 -7.568 -4.66352 -1.14584 -4.66352 4.709199
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S27 — (£)-tBue-C8/C12 trimer (summary and organic solution autoxidation)
Synthesis of this molecule is described in Chapter 3 of this dissertation. See Experimental for
details.

Table S27.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh _ _ . -1
it | ) | SO |0 00,
(5.68 + (7.53 +
tBu6 C8/C12 trimer 0.33)E+04; 1.78)E+03; n= DNI N/A 1.7+ 0.3 uM
n=5.27 £ 0.49 7.95+0.31
Table S27.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC tBugiSnsérClz PMC tBu?ri%i/rClZ PMC tBu,?ri?nEZflz
conc. (uM) 2 5 2 5 2 5
tinh (S) 4886 33027.0874 4119 29258.0059 4625 27330.7217
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 8.19E-10 8.19E-10 9.71E-10 9.71E-10 8.65E-10 8.65E-10
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 5.41E+00 2.00E+00 5.68E+00 2.00E+00 4.73E+00
log k 6.12581094 4.74098043 6.4323787 4.78318712 6.20428119 4.73839129
Kinn (M2 s7%) 1.34E+06 5.51E+04 2.71E+06 6.07E+04 1.60E+06 5.48E+04
Rate 5.8087E-12 2.0845E-11 3.4013E-12 2.1351E-11 5.1227E-12 2.534E-11
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Table S27.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC tBu6_C8/C12 PMC tBu6_C8/C12 PMC tBu6.C8/C12
trimer trimer trimer
Conc. (uM) 2 5 2 5 2 5
tinn (S) 2532 24141.21 2357 23493.01 2231 22977.27
kp 141 141 141 141 141 141
Ri 1.58E-09 1.58E-09 1.70E-09 1.70E-09 1.79E-09 1.79E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 7.63E+00 2.00E+00 7.97E+00 2.00E+00 8.24E+00
log k 5.034121 3.849867 6.057932 3.97725 5.114031 3.77977
kinh (M 5°) 1.08E+05 7.08E+03 1.14E+06 9.49E+03 1.30E+05 6.02E+03
Rate 5.15E-12 8.25E-12 5.23E-13 6.32E-12 4.86E-12 1.02E-11

Table S27.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

tBu6 tBu_6 tBu6 tBu6 tBub tBub
. carasiph . . . .
Liposo carasiph enol ¢/ carasiph | carasiph | carasiph | carasiph
mes PMC PMC PMC enol C/ tBUG enol C/ | enol C/ enol C/ | enol C/
(A4) (A5) (AB6) tBu6 . tBu6 tBu6 tBu6 tBu6
(DTUN) . wilsonol . . . .
wilsonol A1l wilsonol | wilsonol | wilsonol | wilsonol
A1(B9) (B10) A2(Cl) | A2(C2) | A3(C3) | A3(C4)
Conc.
(M) 5 5 5 5 5 5 5 5 5
tin (5) 46(9))55)3956 44354.{44 462;522 0 0 0 0 0 0
kp 894 894 894 894 894 894 894 894 894
Ri 2.13E- | 2.25E- 2.14E- 2.18E- 2.18E- 2.18E- 2.18E- 2.18E- 2.18E-
09 09 09 09 09 09 09 09 09
[AOX] | 5.00E- | 5.00E- 5.00E- 5.00E- 5.00E- 5.00E- 5.00E- 5.00E- 5.00E-
(M) 06 06 06 06 06 06 06 06 06
[Dye] 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E- 1.00E-
(M) 05 05 05 05 05 05 05 05 05
n 2.00E+0 | 2.00E+0 | 2.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0 | 0.00E+0
0 0 0 0 0 0 0 0 0
. 1
k'”g_(l';" 4'9‘2'5““0 4'7%E+0 5'8%E+0 #DIV/O! | #DIV/O! | #DIV/O! | #DIV/O! | #DIV/O! | #DIV/O!
Rate 3.85E- | 4.21E- | 3.28E- 3.77E- 3.71E- 4.07E- | 1.00E+0 | 2.00E+0 | 3.00E+0
12 12 12 11 11 11 0 0 0
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Table S27.5 — Dose response for ferroptosis inhibition

= Mean, SD
—— DoseResp Fit of

60

Mean, SD
5
!

n
S
!

Dose responsive curve X
axis = log(mM); y axis =

% viability.

tBu C8/C12 trimer 1

tBu C8/C12 trimer 2

tBu C8/C12 trimer 3

Log(con)mM % viability | Log(con)mM | % viability | Log(con)mM | % viability

-1.954246852 | 27.14916133 | -1.954246852 | 35.92089322 | -1.954246852 | 38.57085934
-2.255276848 | 22.73310844 | -2.255276848 | 36.50017131 | -2.255276848 | 51.49864967
-2.556306844 | 10.43926628 | -2.556306844 | 21.55197078 | -2.556306844 | 44.85028261
-2.857336839 | -0.619578042 | -2.857336839 | 10.7858755 | -2.857336839 | 25.41432387
-3.158366835 | -5.840250742 | -3.158366835 | 2.245055826 | -3.158366835 | 12.49391243
-3.459396831 | -8.877846447 | -3.459396831 | -1.421350636 | -3.459396831 | 7.889493957
-3.760426826 | -9.925723404 | -3.760426826 | -2.911932069 | -3.760426826 | 5.233098685
-4.061456822 | -11.26051905 | -4.061456822 | -4.529672107 | -4.061456822 | 2.244654005
-4.362486818 | -11.32289268 | -4.362486818 | -3.477081427 | -4.362486818 | 2.539809035
-4.663516813 | -10.92993882 | -4.663516813 | -4.28948363 | -4.663516813 | 2.44388365
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S28 — (%)-vitisin A (summary and organic solution autoxidation)
Synthesis of this molecule is described in some detail in Chapter 3 of this dissertation. See the
published literature for details.%

Table S28.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinn Kinh (Cumen Kinh (DTUN Kinh (V70) (M
roadszne | G| ORI G ] ees
(5.45 + (1.29 + (1.58 +
vitisin A DNI 0.36)E+03; n= | 0.04)E+04;n= | 0.06)E+04;n= | 11.9+2.2uM
1.70 £ 0.39 2* 2*
Table S28.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC vitisin A vitisin A PMC vitisin A
Conc. (uM) 2 5 5 2 5
tinh (S) 2551.41369 0 0 3159.20393 0
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 1.57E-09 1.57E-09 1.57E-09 1.27E-09 1.27E-09
[AOX] (M) 2.00E-06 5.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00 0.00E+00 2.00E+00 0.00E+00
log k 6.43542711 #DIV/O! #DIV/O! 6.26208005 #DIV/0!
kinh (M1 s1) 2.73E+06 #DIV/0! #DIV/0! 1.83E+06 #DIV/0!
Rate 5.4532E-12 0 0 6.5644E-12 0
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Table S28.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC vitisin A PMC vitisin A PMC vitisin A
Conc. (uM) 2 5 2 5 2 5

tinh (S) 1594 2772 1516 2975 1559 4170
kp 141 141 141 141 141 141

Ri 2.51E-09 2.51E-09 2.64E-09 2.64E-09 2.57E-09 2.57E-09

[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06

[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05

n 2.00E+00 1.39E+00 2.00E+00 1.57E+00 2.00E+00 2.14E+00

log k 5.60601 3.768356 5.274804 3.719703 5.247065 3.718414

kinh (M 5°1) 4.04E+05 5.87E+03 1.88E+05 5.24E+03 1.77E+05 5.23E+03

Rate 2.19E-12 8.67E-11 4.94E-12 9.04E-11 5.12E-12 6.47E-11

Table S28.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

L(IBOTSSE;ES PMC (A4) | PMC (A5) PMC (A6) | vitisin A (C8) | vitisin A (D8) | vitisin A(ES)
Conc. (uM) 5 5 5 5 5 5
tion (5) 469856059 | 4436.44094 | 4665.22629 | 10489.1354 | 801153531 | 9469.5781
kp 894 894 894 894 894 894
Ri 2.13E-09 2.25E-09 2.14E-09 5.43E-10 5.43E-10 5.43E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
Kinh (M1 s1) 4.94E+05 4.78E+05 5.85E+05 2.48E+04 2.41E+04 2.31E+04
Rate 3.85E-12 4.21E-12 3.28E-12 1.96E-11 2.01E-11 2.10E-11

Table S28.5 — Summary of liposome autoxidation inhibition assay using V70 initiator

Liposomes vitisin A vitisin A vitisin
7o) | PMC(C3) | PMC(D3) | PMC (E3) 8) 08) A(ES)
Conc. (uM) 5 5 5 5 5 5
o (5) | 11105090 | 191301644 1 125790860 1 10480 1354 | 801153531 | 9469.5781
kp 894 894 894 894 894 894
Ri 896E-10 | 7.62E-10 | 7.05E-10 | 7.79E-10 | 7.79E-10 | 7.79E-10
[AOX] (M) | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06 | 5.00E-06
[Dye] (M) | L.OOE-05 | 1.00E-05 | 1.00E-05 | 100E-05 | LOOE-05 | 1.00E-05
n 2.00E+00 | 2.00E+00 | 2.00E+00 | 2.00E+00 | 2.00E+00 | 2.00E+00
ken(M757) | 134E+05 | 1.21E+05 | L14E+05 | 2.88E+04 | 3.08E+04 | 2.86E+04
Rate 6.00E-12 S'GZf;SE' 6'2316365 242E-11 | 227E-11 | 2.44E-11
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Table S28.6 — Dose response for ferroptosis inhibition

o Mean, SD
Fit Curve
e XfromY
= Y from X
40+
. Dose responsive curve X
g axis = log(mM); y axis =
= % viability.
-20 T T T
-4 -3 2 1
A
vitisin A 1 vitisin A 2 vitisin A 3
Log(con)mM % viability Log(con)mM % viability Log(con)mM % viability
-1 31.04751 -1 37.48212 -1 36.48264
-1.30103 28.77088 -1.30103 30.89813 -1.30103 40.49675
-1.60206 19.30256 -1.60206 35.10849 -1.60206 34.18781
-1.90309 5.93589 -1.90309 19.54569 -1.90309 23.03833
-2.20412 -2.61553 -2.20412 5.084931 -2.20412 10.56803
-2.50515 -8.64706 -2.50515 -0.77143 -2.50515 5.602042
-2.80618 -0.28328 -2.80618 -1.273 -2.80618 5.019111
-3.10721 -12.0714 -3.10721 -3.49121 -3.10721 2.414368
-3.40824 -12.1899 -3.40824 -3.6325 -3.40824 2.628356
-3.70927 -11.7782 -3.70927 -3.94333 -3.70927 2.539809
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S29 — (z)-vitisin B (summary and organic solution autoxidation)
Synthesis of this molecule is described in some detail in Chapter 3 of this dissertation. See the
published literature for details.%

Table S29.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinn Kinh (Cumen Kinh (DTUN Kinh (V70) (M
roadszne | G| ORI G ] ees
(5.80+ (6.78 = (8.11 %
vitisin D DNI 0.06)E+03; n= | 0.03)E+03;n= | 0.03)E+03;n= | 12.1+2.5uM
1.51+0.19 2* 2*
Table S29.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC vitisin D PMC vitisin D vitisin D
Conc. (uM) 2 5 5 5 5
tinh (S) 2551.41369 0 0 0 0
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 1.57E-09 1.57E-09 1.57E-09 1.27E-09 1.27E-09
[AOX] (M) 2.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
log k 6.43542711 #DIV/O! #DIV/O! 6.26208005 #DIV/0!
kinh (M1 s1) 2.73E+06 #DIV/0! #DIV/0! 1.83E+06 #DIV/0!
Rate 5.4532E-12 0 0 6.5644E-12 0

427



Table S29.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC vitisin D PMC vitisin D PMC vitisin D
Conc. (uM) 2 5 2 5 2 5

tinh (S) 1594 2714.167 1516 2739.381 1559 3360.509
kp 141 141 141 141 141 141

Ri 2.51E-09 2.51E-09 2.64E-09 2.64E-09 2.57E-09 2.57E-09

[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06

[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05

n 2.00E+00 1.36E+00 2.00E+00 1.45E+00 2.00E+00 1.72E+00

log k 5.60601 3.78867 5.274804 3.707307 5.247065 3.789378

kinh (M 5°1) 4.04E+05 6.15E+03 1.88E+05 5.10E+03 1.77E+05 6.16E+03

Rate 2.19E-12 8.45E-11 4.94E-12 1.01E-10 5.12E-12 6.81E-11

Table S29.4 — Summary of liposome autoxidation in

hibition assay using DTUN initiator

Liposomes vitisin D vitisin D vitisin D
(DTUN) PMC (A4) PMC (A5) PMC (A6) (C10) (D10) (E10)
Conc. (uM) 5 5 5 5 5 5
tinh (S) 4698.56059 | 4436.44094 | 4665.22629 | 5440.283364 | 5155.72826 | 5176.59079
kp 894 894 894 894 894 894
Ri 2.13E-09 2.25E-09 2.14E-09 5.43E-10 5.43E-10 5.43E-10
[AOX] (M) 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00 2.00E+00
kinn (M s71) 4.94E+05 4.78E+05 5.85E+05 1.29E+04 1.31E+04 1.19E+04
Rate 3.85E-12 4.21E-12 3.28E-12 3.77E-11 3.71E-11 4.07E-11

Liposomes vitisin D vitisin D vitisin D
(V70) PMC (C3) | PMC (D3) | PMC (E3) (C10) (D10) (E10)
Conc. (uM) 5 5 5 5 5 5
o (5) 11154;.6350 1313%1844 125799.0860 5440.28336 515572826 | 5176.59079
kp 894 894 894 894 894 894
Ri 8.96E-10 7.62E-10 7.95E-10 7.79E-10 7.79E-10 7.79E-10
[AOX] (M) | 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06 5.00E-06
[Dye] (M) | 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 | 2.00E+00 | 2.00E+00 | 2.00E+00 | 2.00E+00 | 2.00E+00
kim(M2s?) | 1.34E+05 | 1.21E+05 | 1.14E+05 | 1.55E+04 | 1.53E+04 | 1.46E+04
Rate 6.00E-12 5'62;’;8'5' 6'231626'5' 4.50E-11 456E-11 | 4.7798E-11
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Table S29.5 — Summary of liposome autoxidation inhibition assay using V70 initiator




Table S29.6 — Dose response for ferroptosis inhibition

40

Mean, SD
8
L

= Mean, SD
DoseResp Fit of

Dose responsive curve X
axis = log(mM); y axis =

% viability.
-4 -3 R 2 -1
vitisin D 1 vitisin D 2 vitisin D 3
Log(con)mM % viability Log(con)mM % viability Log(con)mM % viability
-1 31.04751 -1 37.48212 -1 36.48264
-1.30103 28.77088 -1.30103 30.89813 -1.30103 40.49675
-1.60206 19.30256 -1.60206 35.10849 -1.60206 34.18781
-1.90309 5.93589 -1.90309 19.54569 -1.90309 23.03833
-2.20412 -2.61553 -2.20412 5.084931 -2.20412 10.56803
-2.50515 -8.64706 -2.50515 -0.77143 -2.50515 5.602042
-2.80618 -9.28328 -2.80618 -1.273 -2.80618 5.019111
-3.10721 -12.0714 -3.10721 -3.49121 -3.10721 2.414368
-3.40824 -12.1899 -3.40824 -3.6325 -3.40824 2.628356
-3.70927 -11.7782 -3.70927 -3.94333 -3.70927 2.539809
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S30 - (#)-tBus-reduced quadrangularin A (OBns) (summary and organic solution

autoxidation)
Synthesis of this molecule is described in Chapter 3 of this dissertation. See Experimental for

details.

Table S30.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh }
kinn (Cumene) kinh (DTUN) kinn (V70) (M1
(hexadecene) I\ 1 ety . ECso
(M1 53); (Mtsty:n (Mtst):n sh;n
tBu4-reduced reduced tBu- (5.43+ (9.53+
quadrangularin A CPQM-OBn 0.30)E+04; 1.11)E+03; n= DNI N/A
(OBn4) n=3.09 + 0.32 3.75+0.29
Table S30.2 — Summary of hexadecane co-oxidation inhibition Kinetics
tBu4-reduced tBu4-reduced tBu4-reduced
Hexadecene PMC quadrangularin PMC quadrangularin PMC quadrangularin
A (OBn4) A (OBn4) A (OBn4)
Conc. (uM) 2 5 2 5 2 5
tinn (S) 4573 16854 4692 16751 4265 18419
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 8.75E-10 8.75E-10 8.52E-10 8.52E-10 9.38E-10 9.38E-10
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.95E+00 2.00E+00 2.86E+00 2.00E+00 3.46E+00
log k 6.15961906 | 4.70815935 6.19640331 4.73741634 6.34134974 | 4.75641129
kinh (M1 s71) 1.44E+06 5.11E+04 1.57E+06 5.46E+04 2.19E+06 5.71E+04
Rate 5.7412E-12 4.4055E-11 5.1411E-12 4.1437E-11 4.0514E-12 3.6072E-11
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Table S30.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC tBu6_C8/C12 PMC tBu6_C8/C12 PMC tBu6.C8/C12
trimer trimer trimer
Conc. (uM) 2 5 2 5 2 5
tinn (S) 2508 10734 2337 11630 2379 11455
kp 141 141 141 141 141 141
Ri 1.59E-09 1.59E-09 1.71E-09 1.71E-09 1.68E-09 1.68E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 3.42E+00 2.00E+00 3.98E+00 2.00E+00 3.85E+00
log k 5.338556 3.930685 5.724708 3.970862 5.698546 4.030089
kinh (M 5°) 2.18E+05 8.52E+03 5.31E+05 9.35E+03 5.00E+05 1.07E+04
Rate 2.58E-12 1.54E-11 1.14E-12 1.3E-11 1.19E-12 1.15E-11
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S31 - (%)-tBugs-cyclized paraquinone methide dimer (tBus-CPQM-OH) (summary and
organic solution autoxidation)
Synthesis of this molecule is described in Chapter 3 of this dissertation. See Experimental for

details.

Table S31.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh _ _ . -1
oo | ) | OT [k 00t o,
(1.09 + (551 + (8.31+
tBu4-CPQM-OH 0.14)E+05; 0.96)E+03; n= 0.38)E+04; n= N/A N/A
n=2.52 £ 0.13 5.24 £0.21 2.40+0.04
Table S31.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC tBu4-(§)SQM- PMC tBu4-OC|f’|QM- PMC tBu4-OC|I_3|QM-
conc. (uM) 2 5 2 5 2 5
tinn (S) 4886 33027.0874 4119 29258.0059 4625 27330.7217
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 8.19E-10 8.19E-10 9.71E-10 9.71E-10 8.65E-10 8.65E-10
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 5.41E+00 2.00E+00 5.68E+00 2.00E+00 4.73E+00
log k 6.12581094 4.74098043 6.4323787 4.78318712 6.20428119 4.73839129
Kinn (M s%) 1.34E+06 5.51E+04 2.71E+06 6.07E+04 1.60E+06 5.48E+04
Rate 5.8087E-12 2.0845E-11 3.4013E-12 2.1351E-11 5.1227E-12 2.534E-11
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Table S31.3 — Summary of cumene co-oxidation inhibition Kinetics

tBu4-CPQM- tBu4-CPQM- tBu4-CPQM-
Cumene PMC OH PMC OH PMC OH
Conc.
2 5 2 5 2 5
(M)
tinh (s) 4886 18006.4401 4229 12981.5102 4119 13719.0785
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 8.19E-10 8.19E-10 9.46E-10 9.46E-10 9.71E-10 9.71E-10
['?ISI;(] 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.95E+00 2.00E+00 2.46E+00 2.00E+00 2.66E+00
log k 6.12581094 4.96100944 6.24327873 5.02751798 6.4323787 5.09714759
kinh 1.34E+06 9.14E+04 1.75E+06 1.07E+05 2.71E+06 1.25E+05
Rate 5.8087E-12 2.3037E-11 5.1203E-12 2.7417E-11 3.4013E-12 2.21E-11

Table S31.4 — Summary of liposome autoxidation inhibition assay using DTUN initiator

Liposo
mes PMC PMC PMC CPQM- CPQM- | CPQM- | CPQM- | CPQM- CPQM-
(DTUN (Ad) (AB) (A6) OH1 OH1 OH 2 OH 2 OH 3 OH 3
) (B3) (B4) (B5) (B6) (B7) (B8)
Conc.
5 5 5 5 5 5 5 5 5
(M)
tion (5) 4698.56 | 4436.44 | 4665.22 | 5627.220 | 5570.579 | 5452.93 | 5576.924 | 5527.062 | 5343.687
inh 059 094 629 047 817 389 309 401 549
kp 894 894 894 894 894 894 894 894 894
. 2.13E- 2.25E- 2.14E- 2.18E-
Ri 09 09 09 2.18E-09 | 2.18E-09 09 2.18E-09 | 2.18E-09 | 2.18E-09
[AOX] 5.00E- 5.00E- 5.00E- ) i 5.00E- ) i )
M) 06 06 06 5.00E-06 | 5.00E-06 06 5.00E-06 | 5.00E-06 | 5.00E-06
[Dye] 1.00E- 1.00E- 1.00E- ) i 1.00E- ) i )
M) 05 05 05 1.00E-05 | 1.00E-05 05 1.00E-05 | 1.00E-05 | 1.00E-05
n 2.00E+ | 2.00E+ | 2.00E+ | 2.45E+0 | 2.423532 | 2.37E+ | 2.43E+0 | 2.40E+0 | 2.32E+0
00 00 00 0 45 00 0 0 0
Kinh (M 494E+ | 4.78E+ | 5.85E+ | 8.08E+0 | 8.62E+0 | 8.17E+ | 7.97E+0 | 8.07E+0 | 8.92E+0
s 05 05 05 4 4 04 4 4 4
3.85E- 4.21E- 3.28E- 2.01E-
Rate 12 12 12 1.97E-11 | 1.86E-11 1 2.01E-11 | 2.00E-11 | 1.87E-11
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S32 — tBuo-reduced resveratrol (tBu.-RSV [sat]) (summary and organic solution
autoxidation)

Synthesis of this molecule is described in Chapter 3 of this dissertation. See Experimental for
details.

HO O By
OH
Table S32.1 — Summary of Kinetic and cell data
Compound Organic Solutions Liposomes Cells
Kinn ) ) ) -1
it | ) | SO |0 00,
(1.08 + (7.21 %
tBu2-RSV [sat] 0.19)E+05; 0.94)E+03; N/A N/A N/A
n=2.26 + 0.21 n=4.38 + 0.79
Table S32.2 — Summary of hexadecane co-oxidation inhibition Kinetics
Hexadecene PMC tBué;t:;SV PMC tBu[ié?]SV PMC tBué;;SV
conc. (uM) 2 5 2 5 2 5
tinn (S) 4152 12582 4529 11442 4307 12634
kp 3791.88926 | 3791.88926 | 3791.88926 | 3791.88926 | 3791.88926 | 3791.88926
Ri 9.63E-10 9.63E-10 8.83E-10 8.83E-10 9.29E-10 9.29E-10
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.42E+00 2.00E+00 2.02E+00 2.00E+00 2.35E+00
log k 6.31801889 | 4.98804638 | 6.05190124 | 4.98829058 | 6.33257852 | 5.11451258
Kinn (M 1) 2.08E+06 9.73E+04 1.13E+06 9.73E+04 2.15E+06 1.30E+05
Rate 4.3915E-12 | 3.0978E-11 | 7.4294E-12 | 3.4045E-11 | 4.0931E-12 | 2.3056E-11
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Table S33.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC tBu6_C8/C12 PMC tBu6_C8/C12 PMC tBu6.C8/C12
trimer trimer trimer
Conc. (uM) 2 5 2 5 2 5
tinn (S) 1955 12764 2242 11948 3063 13972
kp 141 141 141 141 141 141
Ri 2.05E-09 2.05E-09 1.78E-09 1.78E-09 1.31E-09 1.31E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 5.22E+00 2.00E+00 4.26E+00 2.00E+00 3.65E+00
log k 5.231785 3.917972 5.018134 3.83735 5.593158 3.811736
kinh (M 5°) 1.71E+05 8.28E+03 1.04E+05 6.88E+03 3.92E+05 6.48E+03
Rate 4.23E-12 1.33E-11 6.03E-12 1.72E-11 1.17E-12 1.56E-11
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S33 — (%) tBus-reduced &-veniferin (tBus- e-veniferin [sat]) (summary and organic solution
autoxidation)

Synthesis of this molecule is described in Chapter 3 of this dissertation. See Experimental for
details.

Table S33.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinh _ _ . -1
it | ) | SO |0 00,
. e . + +
tB”‘Eggﬂi"[‘:;‘t']f erin 0.51%)sz1+65; o.g)3|59+63; N/A N/A N/A
n=2.05+0.24 n=5.03 £ 0.46
Table S33.2 — Summary of hexadecane co-oxidation inhibition Kinetics
tBu4-epsi- tBu4-epsi- tBu4-epsi-
Hexadecene PMC veniferin PMC veniferin PMC veniferin
(OBn) [sat] (OBnN) [sat] (OBn) [sat]
Conc. (uM) 2 5 2 5 2 5
tinn (S) 4152 9743.85294 4529 11001.7366 4307 12532.3978
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 9.63E-10 9.63E-10 8.83E-10 8.83E-10 9.29E-10 9.29E-10
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 5.22265253 2.00E+00 1.94E+00 2.00E+00 2.33E+00
log k 6.31801889 1.67E+05 6.05190124 5.00419659 6.33257852 4.9825819
Kinn (M 52) 2.08E+06 2.3306E-11 1.13E+06 1.01E+05 2.15E+06 9.61E+04
Rate 4.3915E-12 5.22265253 7.4294E-12 3.4135E-11 4.0931E-12 3.1495E-11
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Table S33.3 — Summary of cumene co-oxidation inhibition Kinetics

tBu4-epsi- tBu4-epsi- tBu4-epsi-
Cumene PMC veniferin PMC veniferin PMC veniferin
(OBn) [sat] (OBn) [sat] (OBn) [sat]
Conc. (uM) 2 5 2 5 2 5
tinh (S) 1955 13517 2242 13827 3063 17721
kp 141 141 141 141 141 141
Ri 2.05E-09 2.05E-09 1.78E-09 1.78E-09 1.31E-09 1.31E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 5.53E+00 2.00E+00 4.93E+00 2.00E+00 4.63E+00
log k 5.231785 3.848346 5.018134 3.777929 5.593158 3.787661
kinh (M 5°1) 1.71E+05 7.05E+03 1.04E+05 6.00E+03 3.92E+05 6.13E+03
Rate 4.23E-12 1.48E-11 6.03E-12 1.7E-11 1.17E-12 1.3E-11
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S34 - tBus-resveratrol (OBn)2 (tBux-RSV-OBn) (summary and organic solution
autoxidation)

Synthesis of this molecule is described in Chapter 2 of this dissertation. See Experimental for
details.

By
O OH
BnO l N ‘Bu
OBn
Table S34.1 — Summary of Kinetic and cell data
Compound Organic Solutions Liposomes Cells
Kinh ;
kinh (Cumene) kinh (DTUN) kinn (V70) (M 1
(hexadecene) RN N 1. ECso
(M1 59); n (Mtst);n (Mtst);n sh;n
(1.35+ (7.96 +
tBu2- RSV-OBn2 0.35)E+05; 1.69)E+03; N/A N/A N/A
n=2.63 £ 0.13 n=5.19 £ 0.73
Table S34.2 — Summary of hexadecane co-oxidation inhibition Kinetics
tBu4-epsi- tBu4-epsi- tBu4-epsi-
Hexadecene PMC veniferin PMC veniferin PMC veniferin
(OBn) [sat] (OBnN) [sat] (OBn) [sat]
Conc. (uM) 2 5 5 5 2 5
tinn (S) 4152 14400 14337 11001.7366 4307 13829
kp 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926 3791.88926
Ri 9.63E-10 9.63E-10 8.83E-10 8.83E-10 9.29E-10 9.29E-10
[AOX] (M) 2.00E-06 5.00E-06 5.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.77E+00 2.53E+00 1.94E+00 2.00E+00 2.57E+00
log k 6.31801889 5.1321516 4.99534095 5.00419659 6.33257852 5.22795159
Kinh (M1 51 2.08E+06 1.36E+05 9.89E+04 1.01E+05 2.15E+06 1.69E+05
Rate 4.3915E-12 1.9425E-11 2.6733E-11 3.4135E-11 4.0931E-12 1.6222E-11
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Table S34.3 — Summary of cumene co-oxidation inhibition Kinetics

Cumene PMC tBu6_C8/C12 PMC tBu6_C8/C12 PMC tBu6.C8/C12
trimer trimer trimer
Conc. (uM) 2 5 2 5 2 5
tinh (S) 1955 14407 2242 14652 3063 16972
kp 141 141 141 141 141 141
Ri 2.05E-09 2.05E-09 1.78E-09 1.78E-09 1.31E-09 1.31E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 5.89E+00 2.00E+00 5.23E+00 2.00E+00 4.43E+00
log k 5.231785 3.995222 5.018134 3.860133 5.593158 3.829019
kinn (M1 572) 1.71E+05 9.89E+03 1.04E+05 7.25E+03 3.92E+05 6.75E+03
Rate 4.23E-12 9.9E-12 6.03E-12 1.33E-11 1.17E-12 1.23E-11
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S35 — bis-butylhydroxytoluene (BHT) (summary and organic solution autoxidation)

Bu
OH

By

Table S35.1 — Summary of Kinetic and cell data

Compound Organic Solutions Liposomes Cells
Kinn _ _ _ 1
coadsone) | QT | GER [T | e
(8.34 %
BHT N/A 0.69)E+03; N/A N/A N/A
n=2.30+0.72
Table S35.2 — Summary of cumene co-oxidation inhibition Kinetics
Cumene PMC BHT PMC BHT PMC BHT
conc. (uM) 2 5 2 5 2 5
tinh (5) 1998 7343 3994 7563 2407 7387
kp 141 141 141 141 141 141
Ri 2.00E-09 2.00E-09 1.00E-09 1.00E-09 1.66E-09 1.66E-09
[AOX] (M) 2.00E-06 5.00E-06 2.00E-06 5.00E-06 2.00E-06 5.00E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 2.94E+00 2.00E+00 1.51E+00 2.00E+00 2.46E+00
log k 5.520901 3.955941 5.538634 3.883363 6.452746 3.920433
kin(M1s™) | 3.32E+05 9.04E+03 3.46E+05 7.64E+03 2.84E+06 8.33E+03
Rate 2.13E-12 2.13E-11 1.02E-12 2.44E-11 2.07E-13 2.29E-11
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S36 — BHT/ Rescorcinol Synergy Experiments (constant resorcinol concentration)

Procedure. This experiment was set as the previously described cumene co-ocidation reactions.
BHT and resorcinol were prepared as a 2.5mM stock solution. Equal volumes were added to make
the 1:1 sample. Resorcinol was kept constant and decreasing aliquots of BHT were added to obtain
the (1:5), (1:10) while maintaining a total antioxidant concentration of 5uM. Experiments were
conducted at 37 °C employing cumene (3.6 M) and STY-BODIPY (10 uM) initiated by AIBN (6
mM) in chlorobenzene. Reaction progress was monitored at 571 nm. The rate of initiation, also
determined using PMC, was measured to be Ri = 2.28x10° Ms™ and the second order rate constant
for propagation of the dye had been determined previously (ksty-sopipy = 141 M1s1) (37 °C).
Table S36.1 — Summary of cumene co-oxidation inhibition Kinetics

BHT + BHT + BHT + BHT +
Cumene PMC BHT resorcinol (1:1) resorcinol resorcinol resorcinol (1:1)
(5uM) (2:5) (5uMm) (1:10) (5uM) (5uM)
Conc. (uM) 2 5
tinh (S) 1998 7343 5 3 2.75 5
kp 141 141 12738 6892 6762 12738
Ri 2.00E-09 2.00E-09 141 141 141 141
[AOX] (M) 2.00E-06 5.00E-06 2.00E-09 2.00E-09 2.00E-09 2.00E-09
[Dye] (M) 1.00E-05 1.00E-05 5.00E-06 3.00E-06 2.75E-06 5.00E-06
n 2.00E+00 2.94E+00 1.00E-05 1.00E-05 1.00E-05 1.00E-05
log k 5.520901 3.955941 3.95173269 4.013043 4.00632 3.95173269
Kinn (M s71) 3.32E+05 9.04E+03 8.95E+03 1.03E+04 1.01E+04 8.95E+03
Rate 2.13E-12 2.13E-11 1.23709E-11 1.99E-11 2.06E-11 1.23709E-11
BHT/resorcinol synergy
1.00E-05
9.50E-06
g 9.00E-06
§ 8.50E-06
2
E 8.00E-06
7.50E-06
7.00E-06
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time (s)
uninhib PMC (2uM) BHT (5uM)

BHT + resorcinol (1:1) ==—BHT + resorcinol (1:5) ==——BHT + resorcinol (1:10)
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S37 — BHT/ Rescorcinol Synergy Experiments (constant BHT concentration)

Procedure. This experiment was set as the previously described cumene co-ocidation reactions.
BHT and resorcinol were prepared as a 2.5mM stock solution. Equal volumes were added to make
the 1:1 sample. BHT was kept constant and decreasing aliquots of resorcinol were added to obtain
the (1:5), (1:10) while maintaining a total antioxidant concentration of 5uM. Experiments were
conducted at 37 °C employing cumene (3.6 M) and STY-BODIPY (10 uM) initiated by AIBN (6
mM) in chlorobenzene. Reaction progress was monitored at 571 nm. The rate of initiation, also
determined using PMC, was measured to be Ri = 2.28x10° Ms™ and the second order rate constant
for propagation of the dye had been determined previously (ksty-sopipy = 141 M1s1) (37 °C).

Table S37.1 — Summary of cumene co-oxidation inhibition Kinetics

BHT + BHT + BHT +
Cumene PMC BHT resorcinol (1:1) | resorcinol (5:1) resorcinol
(5uM) (5uM) (10:1) (5uM)
Conc. (uM) 2 5 5 3 2.75
tinh () 3994 7563 11717 8656 7960
kp 141 141 141 141 141
Ri 1.00E-09 1.00E-09 1.00E-09 1.00E-09 1.00E-09
[AOX] (M) 2.00E-06 5.00E-06 5.00E-06 3.00E-06 2.75E-06
[Dye] (M) 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05
n 2.00E+00 1.51E+00 2.35E+00 2.89E+00 2.90E+00
log k 5.538633858 3.8833633 4.157335336 3.966759481 3.976778825
kinn (M 57%) 3.46E+05 7.64E+03 1.44E+04 9.26E+03 9.48E+03
Rate 1.02126E-12 2.4387E-11 8.3766E-12 1.7585E-11 1.86872E-11
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[Sty-BODIPY] (uM)

1.00E-05

9.50E-06

9.00E-06

8.50E-06

8.00E-06

7.50E-06

7.00E-06

BHT and resorcinol Synergy

uninhib

——PMC (2uM)
———BHT (5uM)

——— BHT:Resorcinol (5:1)

= BHT:Resorcinal (10:1)

5000 10000 15000 20000
Time (s)
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