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ABSTRACT 

 In recent years, the reemergence of photoredox catalysis has inspired exciting new prospects in 

the field of synthetic organic chemistry. Visible light-activated complexes of rare transition metals Ru and 

Ir have received considerable attention for their ability to efficiently incite these single-electron processes. 

In an effort to develop new and more sustainable photocatalysts, we have begun exploring synthetic 

applications of earth-abundant Cr-based photoredox catalysts. So far, these photooxidizing Cr complexes 

have been demonstrated to catalyze radical cation Diels-Alder reactions of electron-rich dienophiles. The 

critical roles of oxygen in this reaction have been investigated, revealing differential behavior between the 

Cr and Ru photocatalyst systems. Recent research has also uncovered a novel Cr-photocatalyzed radical 

cation [4+2] cycloaddition of electron-poor dienophiles. Remarkably, this approach provides access to 

[4+2] adducts of reversed regioselectivity compared to the adducts formed under conventional Diels-

Alder conditions. Preliminary mechanistic results point to two competing pathways—a photochemical 

[2+2] cycloaddition followed by a radical cation vinylcyclobutane rearrangement, and exciplex formation 

followed by oxidation to generate a radical cation—that both lead to the reversed Diels-Alder products. 

 We have also explored C–C bond migration in the cycloisomerization of oxygen-tethered 1,6-

enynes. Under Pt(II) or Ir(I) catalysis, cyclic and acylic alkyl groups were found to undergo 1,2-shifts into 

metal carbenoids. Interestingly, this process does not appear to be driven by the release of ring strain, and 

thus provides access to large carbocyclic frameworks. The beneficial effect of CO on the Pt(II) and Ir(I) 

catalytic systems was also evaluated. 



INDEX WORDS: Photocatalysis, Radical cation reaction, Diels-Alder cycloaddition, Alkyne 

activation, Cycloisomerization, Alkyl migration 

 

  



 

 

THE DISCOVERY OF CHROMIUM-PHOTOCATALYZED RADICAL CATION REACTIONS AND 

EXPLOITS IN 1,6-ENYNE CYCLOISOMERIZATION 

 

by 

 

SUSAN MARIE STEVENSON 

B.S., Hope College, 2011 

 

 

 

 

 

A Dissertation Submitted to the Graduate Faculty of The University of Georgia in Partial Fulfillment of 

the Requirements for the Degree 

 

DOCTOR OF PHILOSOPHY 

 

ATHENS, GEORGIA 

2016 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2016 

Susan Marie Stevenson 

All Rights Reserved 

  



 

 

THE DISCOVERY OF CHROMIUM-PHOTOCATALYZED RADICAL CATION REACTIONS AND 

EXPLOITS IN 1,6-ENYNE CYCLOISOMERIZATION 

 

by 

 

SUSAN MARIE STEVENSON 

 

 

 

 

      Major Professor: Eric Ferreira 
      Committee:  Ryan Hili 
         Robert Phillips 
          
          
 
 
 
 
 
 
 
 
 
 
Electronic Version Approved: 
 
Suzanne Barbour 
Dean of the Graduate School 
The University of Georgia 
August 2016 
 



 

iv 

 

 

DEDICATION 

 

For my parents 

  



 

v 

 

 

ACKNOWLEDGMENTS 

 

First and foremost, I would like to thank Eric. Without his guidance and encouragement, none of this 

would have been possible. Thank you for your confidence in my abilities and for your dedication to my 

development as a chemist. I hope I can make you proud at Caltech and beyond. 

I would also like to acknowledge past and present members of the Ferreira Lab. Lil Mike, you 

were an amazing mentor to me since my first day in the lab, and even now you continue to be a valued 

source of advice. I can’t believe you came to my defense—what a pleasant surprise. Thank you for 

constantly challenging me to learn more and work harder. Yes, I do remember that time I poured my ice 

bath into the trash. Thanks for bringing it up. Doug and Paul, thank you for being role models and leaders 

in the lab, and for generally being fun to work with. Except for that time Paul hid my fountain drink from 

me and I didn’t notice for a week. I’m still upset about that. Tarik, I haven’t used the hotline in a while, 

but you’re still my C2B2F2. I miss our days playing softball with the Quantum Mechanics. It was 

awesome having you at my defense; the Ferreira Lab is not the same without you. Please don’t let that 

make you sad. Phil, thank you for being such a great lab mate and friend these past two years in Georgia. 

I’m sorry I got you addicted to fountain drinks. Also, remember when we went to see the Decemberists 

and I locked my keys in the car? I’m sorry about that, too. But that was still a lot of fun. Lastly, thank you 

for sharing your Lifesaver gummies with me; I know how important they are to you. Francisco, thank you 

for your passion for the Cr photochemistry; I’m excited to see where you take the project next. Also, your 

enthusiasm for Corndog Queso Day was much appreciated. Tyler, Jeff, and Sheneika, it’s been great 

getting to know all of you this past year. Great things are ahead for you, I’m sure. Good luck making the 

cookies, Willis. Last but not least, Sang, thank you for all your dedication and hard work, and for being 

patient with me while I’ve been writing this dissertation. Most importantly, thank you for letting us know 

where all the free food is. And for bringing us scones. 



 

vi 

 I have been very fortunate to be able to collaborate with an excellent group of graduate students 

and PI’s at Colorado State University and the University of Colorado–Boulder. Robert, Steve, and Sam, 

thank you for your hard work and insight. Matt, Tony, and Niels, thank you for the enriching Skype 

discussions, which have greatly enhanced my understanding of our project and taught me to think about 

my research from different perspectives. 

Darrin, best friend, thank you for always being down to get BFFFDs, TGIFDs, LJFDs (Fofos), 

MDFDs, SWFDs, BDFDs, etc., with me. And for being my BFF. 

Alex, thank you for helping to make our time in graduate school some of my favorite years yet. I 

can’t wait to travel the country with you and for our future adventures in Pasadena. 

 Lastly, I would like to thank all my friends and family. To my parents especially, I would not 

have been able to accomplish what I have today without your constant support and encouragement. This 

dissertation is for you. Thank you. 

  



 

vii 

 

 

TABLE OF CONTENTS 

Page 

ACKNOWLEDGMENTS ............................................................................................................................. v 

LIST OF TABLES ........................................................................................................................................ x 

LIST OF FIGURES ...................................................................................................................................... xi 

LIST OF SCHEMES .................................................................................................................................. xiii 

CHAPTER 

 1 1,6-ENYNE CYCLOISOMERIZATION AND ALKYL MIGRATIONS VIA ALKYNE 

ACTIVATION ........................................................................................................................... 1 

   1.1 Introduction: 1,6-Enyne Cycloisomerization ................................................................ 1 

   1.2 Brief Introduction to Alkyne Activation ....................................................................... 2 

   1.3 Proposed Mechanism for Cycloisomerization of 1,6-Enynes ....................................... 4 

   1.4 Cycloisomerization of 1,6-Enynes ................................................................................ 5 

   1.5 1,2-Alkyl Migrations via Alkyne Activation .............................................................. 12 

   1.6 Project Proposal .......................................................................................................... 15 

   Chapter 1 Notes and References ....................................................................................... 16 

 2 C–C BOND MIGRATION IN THE CYCLOISOMERIZATION OF 1,6-ENYNES ............. 18 

   2.1 Introduction: Project Proposal .................................................................................... 18 

   2.2 Preliminary Results ..................................................................................................... 19 

   2.3 Reaction Optimization ................................................................................................ 19 

   2.4 Substrate Scope ........................................................................................................... 27 

   2.5 Synthesis of Macrolactones from Cycloisomerization Products ................................ 34 

   2.6 Conclusion .................................................................................................................. 34 

   2.7 Experimental Section .................................................................................................. 35 



 

viii 

   Chapter 2 Notes and References ....................................................................................... 97 

 3 PHOTOSENSITIZED [2+2] AND [4+2] RADICAL CATION CYCLOADDITIONS ......... 99 

   3.1 Introduction: Radical Cation Reactions of Alkenes .................................................... 99 

   3.2 [2+2] Radical Cation Cycloadditions ........................................................................ 102 

   3.3 [4+2] Radical Cation Cycloadditions ........................................................................ 127 

   3.4 Competing [2+2] and [4+2] Mechanistic Pathways ................................................. 146 

   3.5 Conclusion ................................................................................................................ 157 

   Chapter 3 Notes and References ..................................................................................... 159 

 4 CHROMIUM-PHOTOCATALYZED RADICAL CATION DIELS-ALDER REACTIONS 

OF ELECTRON-RICH DIENOPHILES .............................................................................. 166 

   4.1 Photooxidizing Chromium Catalysts ........................................................................ 166 

   4.2 Preliminary Experiments ........................................................................................... 167 

   4.3 [4+2] Dimerization of 1,3-Cyclohexadiene .............................................................. 168 

   4.4 Cross [4+2] Cycloadditions ...................................................................................... 170 

   4.5 Mechanistic Studies .................................................................................................. 183 

   4.6 Stereoconvergence .................................................................................................... 192 

   4.7 Differential Reactivity in Intramolecular Cycloadditions ......................................... 202 

   4.8 Conclusion ................................................................................................................ 207 

   4.9 Experimental Section ................................................................................................ 208 

   Chapter 4 Notes and References ..................................................................................... 255 

 5 A CHROMIUM-PHOTOCATALYZED APPROACH TO DIELS-ALDER ADDUCTS OF 

REVERSED REGIOSELECTIVITY .................................................................................... 260 

   5.1 Introduction: An Unlikely Result .............................................................................. 260 

   5.2 Preliminary Results and Optimization ...................................................................... 261 

   5.3 Substrate Scope ......................................................................................................... 268 

   5.4 Stereoconvergence .................................................................................................... 277 



 

ix 

   5.5 Regioselectivity ......................................................................................................... 279 

   5.6 Mechanistic Discussion ............................................................................................. 284 

   5.7 Diels-Alder Conditions vs. Cr Conditions ................................................................ 296 

   5.8 Efforts Towards an Enantioselective Cycloaddition ................................................. 297 

   5.9 Attempted Vinylcyclopropane Rearrangement ......................................................... 301 

   5.10 Conclusion .............................................................................................................. 302 

   5.11 Experimental Section .............................................................................................. 303 

   Chapter 5 Notes and References ..................................................................................... 369 

APPENDICES 

 A CRYSTALLOGRAPHIC DATA FOR PRODUCT 2-2 ....................................................... 375 

 B NMR SPECTRA RELEVANT TO CHAPTER 2 ................................................................. 382 

 C NMR SPECTRA RELEVANT TO CHAPTER 4 ................................................................. 479 

 D NMR SPECTRA RELEVANT TO CHAPTER 5 ................................................................. 528 

  



 

x 

 

 

LIST OF TABLES 

Page 

Table 2.1: (a) Initial catalyst optimization. (b) Solvent optimization for Zeise’s dimer ............................. 20 

Table 2.2: Application of Zeise’s dimer conditions to differentially substituted enynes ........................... 21 

Table 2.3: Effect of CO atmosphere ............................................................................................................ 22 

Table 2.4: Evaluation of Ir catalyst conditions under CO ........................................................................... 24 

Table 2.5: Comparison of CO vs. “CO, then Ar” atmospheres .................................................................. 25 

Table 2.6: Evaluation of effect of removing excess ligand ......................................................................... 27 

Table 3.1: Relative rates of [2+2] cycloaddition of N-methyl-N-vinylacetamide with dienes ................. 105 

Table 3.2: Effect of different atmospheres on reaction efficiency ............................................................ 127 

Table 3.3: Cost of catalyst for a reaction run on 1 mmol scale ................................................................. 157 

Table 4.1: [4+2] Dimerization of 1,3-cyclohexadiene optimization ......................................................... 169 

Table 4.2: Impact of solvent and atmosphere on Cr and Ru catalyzed cycloadditions ............................. 191 

Table 5.1: Reaction optimization .............................................................................................................. 266 

Table 5.2: Cycloaddition of enone 5-56 .................................................................................................... 276 

Table 5.3: Evaluation of photocatalysts .................................................................................................... 294 

Table 5.4: Chiral oxazolidinone cycloaddition Lewis acid screen ............................................................ 299 

Table 5.5: Cycloadditions with menthyl esters ......................................................................................... 301 

  



 

xi 

 

 

LIST OF FIGURES 

Page 

Figure 1.1: Variety of rearrangement products that can form in the cycloisomerization of 1,6-enynes ....... 1 

Figure 1.2: Selection of chiral catalysts for the asymmetric cycloisomerization of 1,6-enynes ................... 9 

Figure 2.1: Structures and relative stabilities of three Ir(I) catalysts .......................................................... 26 

Figure 2.2: Substrates that did not efficiently undergo the cycloisomerization .......................................... 32 

Figure 3.1: Common photosensitizers and excited state reduction potentials .......................................... 101 

Figure 3.2: Cyclobutane lignan natural products ...................................................................................... 123 

Figure 4.1: Select Cr(III) complexes utilized in this chapter .................................................................... 166 

Figure 4.2: Stern-Volmer plot showing the rate of trans-anethole oxidation with and without O2 .......... 187 

Figure 4.3: Electronic absorption spectra showing a [Cr]2+ degradation product in the absence of O2 .... 189 

Figure 4.4: 1H NMR spectra of reaction mixture during lights on/off experiment ................................... 240 

Figure 4.5: 1H NMR spectrum of anti/syn-4-12 mixture .......................................................................... 248 

Figure 4.6: Comparison of 1H NMR chemical shifts of cycloadducts 4-101 and 4-102 to reported NMR 

data of similar cycloadducts 4-88 and 4-89 in order to determine the diastereomeric ratio. ....... 252 

Figure 5.1: Reaction rate constants in CHCl3 for reaction with singlet oxygen (rate x 106 M-1s-1) .......... 264 

Figure 5.2: Unsuccessful dienophiles ........................................................................................................ 270 

Figure 5.3: Unsuccessful dienes ................................................................................................................ 271 

Figure 5.4: Reduction potentials of different functionalities .................................................................... 274 

Figure 5.5: UV/Vis spectrum of electron-poor alkenes and their corresponding vinylcyclobutanes ....... 288 

Figure 5.6: COSY NMR of cyclohexene 5-22 .......................................................................................... 339 

Figure 5.7: HMQC NMR of cyclohexene 5-22 ......................................................................................... 340 

Figure 5.8: 1H NMR decoupling experiment on cyclohexane 5-170 ........................................................ 342 

Figure 5.9: Major and minor isomers from cycloaddition with isoprene .................................................. 343 



 

xii 

Figure 5.10: Identification of minor isomer 5-171 .................................................................................... 344 

Figure 5.11: Evaluation of the diastereomer 5-172 as possible minor isomer .......................................... 345 

Figure 5.12: 1D NOESY of vinylcyclobutane 5-5 .................................................................................... 351 

  



 

xiii 

 

 

LIST OF SCHEMES 

Page 

Scheme 1.1: Activation of enyne through metal-alkyne coordination .......................................................... 2 

Scheme 1.2: (a) General orbital diagram for metal-alkyne complex. (b) Slip from η2 to η1 coordination of 

the alkyne. (c) Pull/push reactivity demonstrated in acetylenic Schmidt reaction. ......................... 3 

Scheme 1.3: Proposed 1,6-enyne cycloisomerization mechanism ................................................................ 4 

Scheme 1.4: Deuterium-labeling experiments confirming 1,2-hydrogen migration into metal carbenoid ... 5 

Scheme 1.5: (a) Substrate scope of PtCl4 cycloisomerization. (b) Demonstration of stereospecificity ........ 6 

Scheme 1.6: Fürstner’s expansion of substrate scope with nitrogen-tethered enynes .................................. 6 

Scheme 1.7: (a) Au(I)-catalyzed cycloisomerization of 1,6-enynes. (b) Cycloisomerization of alkoxy-

substituted enynes and further synthetic modification of the product ............................................. 7 

Scheme 1.8: Use of cationic Ir(I) complexes for 1,6-enyne cycloisomerization .......................................... 8 

Scheme 1.9: Ir(I) conditions with no additives ............................................................................................. 9 

Scheme 1.10: Chirality transfer in the cycloisomerization of 1,6-enynes .................................................. 10 

Scheme 1.11: (a) Racemic synthesis of GSK 1360707. (b) Asymmetric synthesis of GSK 1360707 ....... 11 

Scheme 1.12: Synthesis of Gelsenicine through cycloisomerization/Cope rearrangement sequence ........ 11 

Scheme 1.13: Ring expansions of cyclopropanols and cyclobutanols via alkyne activation ..................... 12 

Scheme 1.14: Ring expansion vs. C–H insertion ........................................................................................ 13 

Scheme 1.15: Oxygen-assisted ring expansion in the cycloisomerization of carbon-tethered 1,6-enynes . 13 

Scheme 1.16: Alkyl migration in the rearrangement/cyclopropanation cascade of tethered diynes .......... 14 

Scheme 1.17: Example of acyclic alkyl migrations into metal carbenoids ................................................. 15 

Scheme 1.18: Proposed alkyl migration in the cycloisomerization of 1,6-enynes ..................................... 15 

Scheme 2.1: Proposed 1,2-alkyl migration into metal carbenoid ............................................................... 18 

Scheme 2.2: Preliminary cycloisomerization/alkyl migration result .......................................................... 19 



 

xiv 

Scheme 2.3: Enyne synthesis ...................................................................................................................... 19 

Scheme 2.4: (a) Fürstner’s use of CO to accelerate the cycloisomerization of enyne 2-6. (b) Proposed 

coordination of Pt-CO complex with enyne ................................................................................... 22 

Scheme 2.5: (a) Comparison of nitrogen- vs. oxygen-tethered enynes. (b) Comparison of reaction 

atmospheres .................................................................................................................................... 23 

Scheme 2.6: Scope of alkene and alkyne variation ..................................................................................... 28 

Scheme 2.7: Comparison of Pt(II) and Ir(I) catalyst systems for two similar substrates ............................ 29 

Scheme 2.8: Scope of ring size variation .................................................................................................... 30 

Scheme 2.9: (a) C–C migration vs. C–H insertion. (b) Ring strain energies .............................................. 30 

Scheme 2.10: Acyclic C–C bond migrations .............................................................................................. 31 

Scheme 2.11: Decomposition of enyne 2-5 to aldehyde 2-51 ..................................................................... 33 

Scheme 2.12: Proposed deactivation of metal by terminal alkyne ............................................................. 33 

Scheme 2.13: Proposed ionization of tethered ether ................................................................................... 34 

Scheme 2.14: Oxidative cleavage to access macrolactones ........................................................................ 34 

Scheme 3.1: General depiction of alkene radical cation formation through PET ....................................... 99 

Scheme 3.2: Approaches to cycloadditions of electron-rich alkenes ........................................................ 100 

Scheme 3.3: General radical cation [2+2] cycloaddition .......................................................................... 102 

Scheme 3.4: [2+2] Dimerization of N-vinylcarbazole .............................................................................. 103 

Scheme 3.5: [2+2] Cycloaddition of N-methyl-N-vinylacetamide with dienes ........................................ 104 

Scheme 3.6: All possible alkene/radical cation combinations .................................................................. 104 

Scheme 3.7: Proposed mechanism for cycloaddition of a diene with N-methyl-N-vinylacetamide ......... 106 

Scheme 3.8: Dimerization of phenyl vinyl ether catalyzed by dimethyl terephthalate ............................. 106 

Scheme 3.9: Proposed mechanism for the dimerization of phenyl vinyl ether ......................................... 107 

Scheme 3.10: Cross [2+2] cycloadditions of vinyl ethers (syn/anti ratios in parentheses) ....................... 107 

Scheme 3.11: Mechanism for the crossed [2+2] cycloaddition of vinyl ethers ........................................ 108 

Scheme 3.12: Effect of concentration and temperature on syn/anti ratio and quantum yield ................... 108 



 

xv 

Scheme 3.13: Pathways to syn and anti cyclobutanes in the dimerization of phenyl vinyl ether ............. 109 

Scheme 3.14: Farid’s chain propagation mechanism for the dimerization of phenyl vinyl ether ............. 110 

Scheme 3.15: Dimerization of indene ....................................................................................................... 111 

Scheme 3.16: Crossed [2+2] cycloadditions of indene and vinyl ethers .................................................. 112 

Scheme 3.17: Radical chain mechanism for the retrocyclobutanation of indene dimer ........................... 113 

Scheme 3.18: [2+2] dimerization of 4-methoxystyrene ............................................................................ 113 

Scheme 3.19: Oxygen-mediated radical cation dimerization of 4-methoxystyrene ................................. 114 

Scheme 3.20: Dimerization of trans-anethole ........................................................................................... 115 

Scheme 3.21: Dimerization and isomerization of cis-anethole ................................................................. 116 

Scheme 3.22: Solvent effects on stereoselectivity in the [2+2] cycloaddition of tethered vinyl ethers .... 117 

Scheme 3.23: Intramolecular [2+2] cycloaddition and rearrangement ..................................................... 118 

Scheme 3.24: Yoon’s oxidative intramolecular [2+2] cycloaddition ....................................................... 118 

Scheme 3.25: Stereoconvergence in the intramolecular [2+2] cycloaddition ........................................... 119 

Scheme 3.26: Proposed mechanism for intramolecular radical cation [2+2] cycloaddition ..................... 119 

Scheme 3.27: Yoon’s intermolecular [2+2] cycloaddition ....................................................................... 120 

Scheme 3.28: Proposed mechanism for intermolecular [2+2] cycloaddition ........................................... 121 

Scheme 3.29: Cycloreversion under Ru photocatalysis ............................................................................ 121 

Scheme 3.30: Inhibition of cycloreversion using electron relay reagent .................................................. 122 

Scheme 3.31: Electron relay mechanism for dimerization of trans-anethole ........................................... 123 

Scheme 3.32: Chen’s total synthesis of sceptrin ....................................................................................... 124 

Scheme 3.33: Further exploration toward the synthesis of dimeric pyrrole-imidazole alkaloids ............. 125 

Scheme 3.34: Proposed mechanism for the oxygen-mediated [2+2] cycloaddition of tethered alkenes .. 126 

Scheme 3.35: General radical cation [4+2] cycloaddition ........................................................................ 127 

Scheme 3.36: Dimerization of cyclohexadiene product distribution under different conditions .............. 128 

Scheme 3.37: Reaction of cyclohexadiene with DCA under direct irradiation in benzene ...................... 129 

Scheme 3.38: Comparison of 1,3-cyclohexadiene dimerization mechanism in two different solvents .... 130 



 

xvi 

Scheme 3.39: [4+2] Dimerization of other 1,3-dienes .............................................................................. 131 

Scheme 3.40: Possible products in a cross [4+2] radical cation cycloaddition ......................................... 131 

Scheme 3.41: Cross [4+2] cycloadditions of 1,3-cyclohexadiene ............................................................ 132 

Scheme 3.42: Cross [4+2] cycloaddition of dienes with vinylbenzofurans .............................................. 133 

Scheme 3.43: Mechanism and origin of regioselectivity and endo selectivity ......................................... 134 

Scheme 3.44: [4+2] Cycloaddition of 1,3-cyclohexadiene and indole ..................................................... 134 

Scheme 3.45: Scope of 1,3-cyclohexadiene cycloaddition partner ........................................................... 135 

Scheme 3.46: Proposed mechanism for the cycloaddition of 1,3-cyclohexadienes with indole .............. 135 

Scheme 3.47: Cycloaddition of an exocyclic diene with indole ............................................................... 136 

Scheme 3.48: Cycloaddition of a chiral exocyclic diene with indoles ...................................................... 137 

Scheme 3.49: Cycloadditions with cleavable dienes ................................................................................ 137 

Scheme 3.50: Reductive cleavage of N–O bond ....................................................................................... 138 

Scheme 3.51: [4+2] cycloaddition of furan and indene ............................................................................ 138 

Scheme 3.52: Radical cation cycloaddition with an allene ....................................................................... 139 

Scheme 3.53: Radical cation cycloaddition and rearrangement with a ketene ......................................... 140 

Scheme 3.54: [4+2] cycloaddition of thiobenzophenone .......................................................................... 141 

Scheme 3.55: Total synthesis of (–)-β-selinene through a radical cation [4+2] cycloaddition ................. 141 

Scheme 3.56: Representative substrates for the Ru-photocatalyzed radical cation Diels-Alder .............. 142 

Scheme 3.57: Mechanism for the Ru-photocatalyzed radical cation Diels-Alder .................................... 143 

Scheme 3.58: Synthesis of heitziamide A through a radical cation Diels-Alder ...................................... 144 

Scheme 3.59: Yoon’s intramolecular radical cation Diels-Alder reaction ................................................ 145 

Scheme 3.60: Thermal intramolecular Diels-Alder reaction .................................................................... 145 

Scheme 3.61: General depiction of competitive [2+2] and [4+2] radical cation cycloadditions .............. 146 

Scheme 3.62: Dimerization and cross cycloaddition of phenyl vinyl ethers ............................................ 147 

Scheme 3.63: Dimerization of styrene and α-methylstyrene .................................................................... 148 

Scheme 3.64: [2+2] and [4+2] products of 1,1-diphenylethylene dimerization ....................................... 148 



 

xvii 

Scheme 3.65: Proposed mechanism for the dimerization of 1,1-diphenylethylene .................................. 149 

Scheme 3.66: Dimerization of 4-methoxystyrene ..................................................................................... 150 

Scheme 3.67: Acyclic vs. long-bond radical cation intermediate ............................................................. 151 

Scheme 3.68: Dimerization of 3-methoxystyrene ..................................................................................... 151 

Scheme 3.69: Synthesis of natural products magnoshinin and magnosalin .............................................. 152 

Scheme 3.70: Periselectivity in cycloaddition between 1,1’-bicyclopentenyl diene and alkenes ............ 153 

Scheme 3.71: Explanation for periselectivity of 1,1’-bicyclopentenyl diene cycloadditions ................... 153 

Scheme 3.72: Cycloaddition of phenyl vinyl sulfide and 1,1’-bicyclopentenyl diene ............................. 154 

Scheme 3.73: Three stages of the cycloaddition ....................................................................................... 154 

Scheme 3.74: Explanation of periselectivity with reduction potentials .................................................... 155 

Scheme 4.1: Radical cation catalyzed [4+2] cyclodimerization of 1,3-cyclohexadiene ........................... 168 

Scheme 4.2: Comparison of thermal and radical cation conditions for the Diels-Alder cycloaddition of 

electron-rich alkenes .................................................................................................................... 171 

Scheme 4.3: (a) Cross cycloaddition of 4-1 with 4-3. (b) Kinetic data. (c) Kinetic explanation for 

feasibility of Cr-catalyzed dimerization of 1,3-cyclohexadiene .................................................. 172 

Scheme 4.4: Reduction potentials for common dienes ............................................................................. 173 

Scheme 4.5: Scope of diene component .................................................................................................... 174 

Scheme 4.6: Scope of the dienophile component ..................................................................................... 175 

Scheme 4.7: Evaluation of different irradiation sources ........................................................................... 176 

Scheme 4.8: Dienes and dienophiles that were not successful substrates ................................................. 177 

Scheme 4.9: Proposed formation of myrcene peroxide dimer .................................................................. 178 

Scheme 4.10: Relative rates of 4-3 vs. 4-33 in a radical cation cycloaddition with diene 4-7 ................. 179 

Scheme 4.11: Reduction potentials and cycloaddition yields for reaction with isoprene ......................... 179 

Scheme 4.12: Dimerization of 4-methoxystyrene ..................................................................................... 180 

Scheme 4.13: Dimerization of α-methylstyrene 4-40 ............................................................................... 181 

Scheme 4.14: Bauld’s cycloaddition of 4-chloro-trans-stilbene with diene 4-7 ....................................... 181 



 

xviii 

Scheme 4.15: (a) Proposed stabilization of radical cation with alcohol. (b) Nicewicz’s anti-Markovnikov 

addition of alcohols to alkenes ..................................................................................................... 182 

Scheme 4.16: Initial proposed mechanism for Cr-photocatalyzed radical cation Diels-Alder ................. 183 

Scheme 4.17: Discontinuous irradiation experiment ................................................................................ 184 

Scheme 4.18: Preliminary experiments exploring the effect of air on reactivity ...................................... 185 

Scheme 4.19: Proposed mechanism showing roles of O2 ......................................................................... 186 

Scheme 4.20: Proposed formation of para-anisaldehyde from trans-anethole ........................................ 187 

Scheme 4.21: Formation of endoperoxide through [4+2] with 1O2 .......................................................... 188 

Scheme 4.22: Cycloaddition of isomeric mixture of alkene 4-76 ............................................................. 192 

Scheme 4.23: Cr-catalyzed cycloaddition of cis-anethole ........................................................................ 193 

Scheme 4.24: Isomerization of cis-anethole to trans-anethole ................................................................. 193 

Scheme 4.25: Aminium salt-catalyzed cycloaddition of cyclopentadiene with trans- and cis-anethole .. 194 

Scheme 4.26: Proposed mechanism for formation of anti products from cis-anethole ............................ 195 

Scheme 4.27: Isomerization of syn cycloadducts to anti cycloadducts .................................................... 196 

Scheme 4.28: Cycloaddition of cis-anethole with isoprene under the aminium salt conditions ............... 197 

Scheme 4.29: Cr-catalyzed cycloaddition of cis-anethole with other dienes ............................................ 198 

Scheme 4.30: Proposed experiment to detect cis- to trans-anethole isomerization .................................. 199 

Scheme 4.31: Detection of cis-anethole isomerization before cycloaddition ........................................... 200 

Scheme 4.32: Cycloaddition of cyclohexene 4-85 .................................................................................... 202 

Scheme 4.33: [4+2] vs. [2+2] cycloadditions in the triplex Diels-Alder reaction .................................... 203 

Scheme 4.34: Photosensitized dimerization of 1,3-cyclobutadiene .......................................................... 204 

Scheme 4.35: Examples from Yoon of selective photosensitization of alkenes ....................................... 205 

Scheme 4.36: Radical cation intramolecular Diels-Alder reaction ........................................................... 206 

Scheme 4.37: Intramolecular [2+2] cycloaddition under photooxidizing conditions ............................... 207 

Scheme 5.1: Unexpected cycloaddition result with electron-poor alkene ................................................ 260 

Scheme 5.2: Preliminary experiments implicating vinylcyclobutane 5-5 as a reaction intermediate ....... 261 



 

xix 

Scheme 5.3: Early mechanistic hypothesis ............................................................................................... 262 

Scheme 5.4: Schenck-ene reaction of singlet oxygen with cycloadduct 5-7 ............................................ 263 

Scheme 5.5: Formation of oxidized product over time ............................................................................. 267 

Scheme 5.6: Scope of electron-poor alkenes ............................................................................................ 268 

Scheme 5.7: Scope of diene ...................................................................................................................... 269 

Scheme 5.8: Cycloaddition of bicyclopentenyl diene 5-50 ....................................................................... 272 

Scheme 5.9: Cycloaddition of vinyl enones .............................................................................................. 273 

Scheme 5.10: Possible side products that could form under photooxidative conditions .......................... 274 

Scheme 5.11: Other attempted substrates ................................................................................................. 277 

Scheme 5.12: (a) Formation of anti-cyclohexene from cis-enone. (b) Isomerization of cis-enone .......... 278 

Scheme 5.13: Unsuccessful (Z)-diene ....................................................................................................... 279 

Scheme 5.14: General explanation of enone/alkene [2+2] regioselectivity .............................................. 279 

Scheme 5.15: Possible regiochemical explanation ................................................................................... 280 

Scheme 5.16: Reversed regioselectivity through radical cation mechanism ............................................ 280 

Scheme 5.17: Proposed regiochemical explanation for 1-substituted dienes ........................................... 281 

Scheme 5.18: Possible regiochemical explanation for 1-substituted dienes ............................................. 281 

Scheme 5.19: Regiochemical comparison to traditional Diels-Alder conditions ..................................... 283 

Scheme 5.20: Oxidative cleavage of PMP group ...................................................................................... 283 

Scheme 5.21: Regioselectivity in the Diels-Alder reaction of acrylic acid 5-100 .................................... 284 

Scheme 5.22: Reaction progress with and without catalyst ...................................................................... 285 

Scheme 5.23: Two possible mechanistic pathways .................................................................................. 285 

Scheme 5.24: Attempts at triplet sensitized [2+2] cycloaddition .............................................................. 286 

Scheme 5.25: Trapping experiments ......................................................................................................... 287 

Scheme 5.26: Working mechanistic hypothesis involving an enone dimer or exciplex ........................... 289 

Scheme 5.27: Validation of dimer 5-105 as a reaction intermediate ........................................................ 290 

Scheme 5.28: Radical cation cyclopropanation of 4-methoxychalcone ................................................... 291 



 

xx 

Scheme 5.29: Regioselectivity of full cycloaddition vs. stepwise [2+2]/rearrangement .......................... 292 

Scheme 5.30: Competition experiment between trans-anethole and 4-methoxychalcone ....................... 293 

Scheme 5.31: Cycloaddition with an aminium radical cation salt ............................................................ 295 

Scheme 5.32: Cr-photocatalyzed vs. thermal Diels-Alder conditions ...................................................... 297 

Scheme 5.33: Cycloaddition of oxazolidinone substrate .......................................................................... 298 

Scheme 5.34: Cycloaddition of chiral oxazolidinones .............................................................................. 299 

Scheme 5.35: Enantioselective [2+2] cycloadditions with menthyl cyclohexene carboxylates ............... 300 

Scheme 5.36: [3+2] cycloaddition of cyclopropane vinylcyclopropane and oxygen ............................... 302 

 



 

1 

 

 

CHAPTER 1 

1,6-ENYNE CYCLOISOMERIZATION AND ALKYL MIGRATIONS VIA ALKYNE ACTIVATION 

 

1.1 Introduction: 1,6-Enyne Cycloisomerization 

 

Enyne cycloisomerization through metal-catalyzed alkyne activation is a widely studied reaction class 

that enables the efficient construction of complex molecular frameworks from relatively simple starting 

materials.1 In the case of 1,6-enynes, a variety of skeletally diverse products can be accessed depending 

on the substitution of the enyne, the enyne tether, and the chosen reaction conditions (Figure 1.1).2 Our 

lab has been specifically interested in the cycloisomerization of oxygen-tethered 1,6-enynes to give 

bicyclo[4.1.0]heptene derivatives. This chapter will provide the necessary background concerning this 

transformation and the basic principles of metal catalyzed alkyne activation chemistry. 

 

 

Figure 1.1. Variety of rearrangement products that can form in the cycloisomerization of 1,6-enynes. 
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1.2 Brief Introduction to Alkyne Activation 

 

Many enyne cycloisomerization reactions are initiated by activation of the alkyne through metal 

coordination (Scheme 1.1). Metals that activate alkynes through π-coordination are known as 

alkynophilic metals. These can include Au, Pt, Ir, Rh, and others. The high alkynophilicity of these metals 

is due in part to relativistic effects, which cause the contraction of the 6s orbital.3 This contraction results 

in the lowest unoccupied molecular orbital (LUMO) of the metal being lower in energy, rendering it more 

π-acidic. In addition, the contraction of the 6s orbital causes the metal’s 5d orbital to expand due to 

shielding. This expansion lowers the highest occupied molecular orbital (HOMO) of the metal, meaning 

the metal is less nucleophilic and does not display significant backbonding with the alkyne ligand. 

 

 

Scheme 1.1. Activation of enyne through metal-alkyne coordination. 

 

A generic orbital diagram for the metal-alkyne complex is depicted in Scheme 1.2a. Four of the 

metal’s d orbitals have the appropriate symmetry to interact with the alkyne.4 The main orbital interaction 

is σ-donation from the in-plane π-orbital of the alkyne into the dz
2 orbital of the metal. The next strongest 

interaction is a back-bonding π-donation from the dxz orbital of the metal to the in-plane π*-orbital of the 

alkyne. Donation can also occur from the out-of-plane alkyne π-orbital into the dyz orbital of the metal, 

and from the dxy metal orbital into the out-of-plane π*-orbital; however, in most cases, these orbital 

contributions are relatively minor. Overall, when interacting with alkynophilic metals, alkynes act as 

strong σ-donors, but weak π-acceptors, resulting in the high electrophilicity of the alkyne in these metal-

alkyne complexes. 
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Further, it is well-accepted that when approached by a nucleophile, the metal-alkyne complex 

will “slip” along the axis of the alkyne, going from η2 to η1 coordination (Scheme 1.2b). This slippage 

enhances the electrophilicity of the metal-alkyne complex.4 

 

 

Scheme 1.2. (a) General orbital diagram for metal-alkyne complex.4 (b) Metal slip from η2 to η1 

coordination of the alkyne. (c) Pull/push reactivity demonstrated in acetylenic Schmidt reaction. 
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form the Au-carbenoid (1-4) and expel N2 gas. A 1,2-alkyl migration into the Au-carbenoid, followed by 
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1.3 Proposed Mechanism for Cycloisomerization of 1,6-Enynes 

 

The cycloisomerization of 1,6-enynes is proposed to proceed by the general mechanism shown in Scheme 

1.3. As described above, first the π-acidic metal coordinates to the alkyne (I à II). This complexation 

renders the alkyne electrophilic, inciting the attack of the alkene nucleophile (pull) (II à III). In the next 

step, the metal quenches the carbocation to form the cyclopropane ring and the metal carbenoid (push) 

(III à IV). 

 

 

Scheme 1.3. Proposed 1,6-enyne cycloisomerization mechanism. 
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demonstrated that 1,2-migration into the metal carbenoid is the dominant pathway, occurring 

preferentially over competing insertion of the carbenoid into water or D2O. In a different example, Toste 

and coworkers also observed a 1,2-deuterium shift in the Au(I)-catalyzed cycloisomerization of carbon-

tethered 1,5-enyne 1-12, further validating the proposed mechanism (Scheme 1.4b).7 

 

 

Scheme 1.4. Deuterium-labeling experiments confirming 1,2-hydrogen migration into metal carbenoid. 

 

1.4 Cycloisomerization of 1,6-Enynes 
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Scheme 1.5. (a) Substrate scope of PtCl4 cycloisomerization. (b) Demonstration of stereospecificity. 

 

1.4.2 Further Exploration 
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Scheme 1.6. Fürstner’s expansion of substrate scope with nitrogen-tethered enynes. 
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A report by Echavarren and coworkers in 2004 demonstrated the use of a Au(I) catalyst for the 

cycloisomerization of 1,6-enynes.10 Only two examples are given, but the mild cationic Au conditions 

showed selectivity for the formation of the azabicyclo[4.1.0]heptene derivatives (1-30 and 1-33) over 

other possible rearrangement products (1-31 and 1-34) (Scheme 1.7a). Echavarren later studied the PtCl2-

catalyzed cycloisomerization of enynes with alkoxy-substituted alkenes, such as 1-35 (Scheme 1.7b).11 

The intent was to generate electron-rich fused cyclopropanes that could undergo further structural 

modification. Under oxidative conditions (DDQ or CAN), cleavage of the cyclopropane occurred to give 

double acetal 1-37 in good yield. Alternately, heating the oxabicyclo[4.1.0]heptene (1-36) in acid gave 

3,4-dihydro-2H-chromene 1-38 through a new benzannulation reaction. These unique transformations 

showcase the versatility of the bicyclo[4.1.0]heptene products as reactive intermediates in organic 

synthesis. 

 

 

Scheme 1.7. (a) Au(I)-catalyzed cycloisomerization of 1,6-enynes. (b) Cycloisomerization of alkoxy-

substituted enynes and further synthetic modification of the product. 

TsN
[Au(PPh3)Cl] (2 mol %)

AgSbF6 (2 mol %)

CH2Cl2, 23 °C
10 min

TsN
Me

1-29 1-30

Me

H

TsN

Me
1-31

2.4 : 1
93% yield

TsN

[Au(PPh3)Cl] (2 mol %)
AgSbF6 (2 mol %)

CH2Cl2, 23 °C
10 min

1-32 1-33 1-34
14 : 1

84% yield

TsNTsN
H

Echavarren (2004)

O

Ph

Me

O

H

O

Me

Ph O

H
O

O

Ph O

Me
PtCl2 (5 mol %)

PhCH3, 80 °C
6 h

84% yield

aq. HCl

THF, reflux
72% yield O

Me

Ph

DDQ or CAN

heat
60% yield

1-35 1-36

1-37 1-38

a.

b.



 

8 

The first instance of Ir(I)-catalysis for the cycloisomerization of 1,6-enynes was reported by 

Shibata and coworkers in 2005.12 Cationic Ir(I) conditions with IrCl(CO)(PPh3)2 (Vaska’s complex) or 

[Ir(cod)Cl]2 with Ag salts were explored (Scheme 1.8). Although the substrate scope in this report was 

somewhat limited, the cycloisomerization could be performed asymmetrically by employing chiral 

diphosphine ligands. An enantiomeric excess of up to 78% was obtained (1-42). The authors also noted 

the advantageous impact of CO on the reaction, an effect which will be discussed further in Chapter 2. 

 

 

Scheme 1.8. Use of cationic Ir(I) complexes for 1,6-enyne cycloisomerization. 
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Scheme 1.9. Ir(I) conditions with no additives. 
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originates from the chiral enyne, which can readily be synthesized from the Noyori reduction of an ynone, 

followed by alkylation (Scheme 1.10). This PtCl2-catalyzed chirality transfer method was successfully 

applied to a variety of oxygen-tethered 1,6-enynes, giving the stereodefined cyclopropanes in high yields 

and enantiospecificities. For example, chiral enyne 1-56 (98% ee) underwent the cycloisomerization to 

give cyclopropane 1-57 in 80% yield and 97% ee, indicating that the stereochemistry of the enyne was 

almost completely conserved in the transformation (99% es). Additionally, the effectiveness of this 

approach provides insight into the cycloisomerization mechanism; in order for the chirality of the enyne 

to be transferred to the product, cyclopropane formation must be complete before the loss of the ether 

stereocenter. The transfer of chirality demonstrated in this report offers further evidence for the proposed 

mechanism (Scheme 1.3). 

 

 

Scheme 1.10. Chirality transfer in the cycloisomerization of 1,6-enynes. 
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Scheme 1.11. (a) Racemic synthesis of GSK 1360707. (b) Asymmetric synthesis of GSK 1360707. 
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Scheme 1.12. Synthesis of Gelsenicine through cycloisomerization/Cope rearrangement sequence. 
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1.5 1,2-Alkyl Migrations via Alkyne Activation 

 

Though C–H bond migration is more common, alkyl groups have also been demonstrated to undergo 1,2-

migrations into metal carbenoids generated through 1,6-enyne cycloisomerization and other alkyne 

activation reactions.23 In addition to the acetylenic Schmidt reaction already discussed (Scheme 1.2), in 

2005, Toste and coworkers reported the Au(I)-catalyzed ring expansion of cyclopropanols (1-69 à 1-70) 

(Scheme 1.13).24 As shown in intermediate 1-71, this reaction proceeds by activation of the alkyne with 

Au(I), inciting an oxygen-assisted alkyl shift to give the ring-expanded ketone product. 

Alkynylcyclobutanols also underwent a ring expansion under the same conditions to give 2-methylene-

cyclopentanones (1-72 à 1-73). Notably, the more substituted carbon of the cyclobutanol was observed 

to migrate selectively. 

 

 

Scheme 1.13. Ring expansions of cyclopropanols and cyclobutanols in alkyne activation chemistry. 

 

Toste and coworkers also explored alkyl migrations in the Au(I)-catalyzed cycloisomerization of 

carbon-tethered 1,5-enynes, which proceed through metal carbenoid intermediate 1-78 (Scheme 1.14) 

Interestingly, the researchers found that when the adjacent carbocycle was a 4- or 5-membered ring (1-74 
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inserted into the β-C–H bond to generate dicyclopropanated products (1-81 and 1-82).26 They proposed 

that the flexibility of the larger rings favors an intramolecular C–H insertion pathway over ring expansion. 

 

 

Scheme 1.14. Ring expansion vs. C–H insertion. 

 

Another cycloisomerization/1,2-alkyl migration was reported by Echavarren and coworkers in 

2006.27 In this example, carbon-tethered 1,6-enyne 1-83 with an allylic cyclopropane undergoes a Au(I)-

catalyzed cycloisomerization to give carbenoid 1-84 (Scheme 1.15). Next, an oxygen-assisted ring 

expansion occurs to relieve the carbenoid and form cyclobutane 1-85. This intermediate undergoes an 

intramolecular Prins cyclization to generate tricycle 1-86. Demetalation gives product 1-87, the skeleton 

of which maps on to several sesquiterpene natural products. 

 

 

Scheme 1.15. Oxygen-assisted ring expansion in the cycloisomerization of carbon-tethered 1,6-enynes. 
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In 2012, Hashmi and coworkers reported the Au(I)-catalyzed rearrangement/intermolecular 

cyclopropanation reaction of benzene-tethered diynes and alkenes involving two sequential ring 

expansion events (Scheme 1.16).28 Interesting about this transformation is the dual role of Au: one Au 

catalyst coordinates to the alkyne, while the other inserts in the terminal alkyne C–H bond, generating 

intermediate 1-89. This species closes down to vinylidene intermediate 1-90, which reacts with 

cyclohexene to give cyclopropane 1-91. Next, Au-assisted cyclopropane expansion occurs to quench the 

carbocation, generating carbenoid 1-92, which undergoes another ring expansion to form cyclobutane 1-

93. Elimination to regain aromaticity, followed by catalyst transfer to another equivalent of 1-88 gives the 

product (1-94). 

  

 

Scheme 1.16. Alkyl migration in the rearrangement/cyclopropanation cascade of tethered diynes. 

 

Migrations of acyclic alkyl groups have also been reported. In 2006, Iwasawa and coworkers 

reported a Au(I)- or Pt(II)-catalyzed [3+2] cycloaddition that proceeded with alkyl migration (Scheme 

1.17).29 Reaction of alkyne 1-95 and PtCl2 generates azomethine ylide 1-96, which then undergoes a 

[3+2] cycloaddition with tert-butyl vinyl ether. The resulting carbenoid (1-97) can undergo a 1,2-alkyl 

shift, with proposed assistance by the adjacent nitrogen, followed by elimination to give the tricyclic 

product (1-98). In addition to n-Pr, other groups were also observed to migrate. These included methyl, 

cyclohexyl, siloxymethyl, and phenyl. 
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Scheme 1.17. Example of acyclic alkyl migrations into metal carbenoids. 

 

1.6 Project Proposal 

 

Although the cycloisomerization of 1,6-enynes to bicyclo[4.1.0]heptene derivatives is typically 

terminated in a 1,2-hydrogren migration (1-100 à 1-102), based on the precedents for C–C bond 

migration in alkyne activation chemistry, we hypothesized that a 1,2-alkyl shift might also be possible in 

substrates containing a fully substituted propargylic carbon center (Scheme 1.18, R2 = alkyl, 1-100 à 1-

104).30 Our studies in this area will be discussed in Chapter 2. 

 

 

Scheme 1.18. Proposed alkyl migration in the cycloisomerization of 1,6-enynes. 
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CHAPTER 2 

C–C BOND MIGRATION IN THE CYCLOISOMERIZATION OF 1,6-ENYNES 

 

2.1 Introduction: Project Proposal 

 

As exhibited in Chapter 1, enyne cycloisomerization is an important strategy for attaining structural 

complexity from simple, easily accessed starting materials. Though enyne cycloisomerization has been 

extensively explored, new aspects of this chemistry are still regularly reported. As mentioned previously, 

our lab has been interested in the cycloisomerization of 1,6-enynes to form bicyclo[4.1.0]heptene 

derivatives.1 A large majority of the research in our lab has also focused on the synthetic utility of Pt-

generated carbenoid intermediates.2 In an effort to further explore the synthetic utility of metal carbenoid 

intermediates, we proposed to explore the propensity for alkyl migration in the context of 1,6-enyne 

cycloisomerization (Scheme 2.1). Fensterbank and Malacria have published a similar transformation 

utilizing Au catalysis; however, a relatively narrow substrate scope was reported with respect to the 

migrating alkyl group.3 This chapter will discuss our investigation of C–C bond migration in the 

cycloisomerization of 1,6-enynes employing both Pt(II) and Ir(I) catalysis.4 

 

 

Scheme 2.1. Proposed 1,2-alkyl migration into metal carbenoid. 
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2.2 Preliminary Results 

 

A former group member, Dr. Eric Newcomb, performed the preliminary experiment for this project. 

When he exposed enyne 2-1 containing a fully substituted propargylic carbon to catalytic PtCl2 in toluene 

at 60 °C, the desired ring expanded product formed (2-2) (Scheme 2.2), indicating that C–C bond 

migration was a plausible outcome of this transformation. The structure of product 2-2 was later 

confirmed by X-ray crystallography.5 

 

 

Scheme 2.2. Preliminary cycloisomerization/alkyl migration result. 

 

2.3 Reaction Optimization 

 

2.3.1 Initial Catalyst Screens 

 

A variety of enyne starting materials were synthesized by nucleophilic addition of an alkyne into a cyclic 

ketone, followed by etherification with an allylic halide (Scheme 2.3). 

 

 

Scheme 2.3. Enyne synthesis. 
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We began our optimization studies on enyne 2-1 with catalysts that had been previously reported 

to initiate 1,6-enyne cycloisomerizations (Table 2.1a). Platinum complexes, PtCl2 and PtCl4, were both 

effective catalysts for this transformation, yielding product 2-2 in 73% and 78% yield, respectively 

(entries 1 and 2). An increase to 86% yield was observed with the more reactive [(C2H4)PtCl2]2 (Zeise’s 

dimer) at ambient temperature (entry 3). The use of (PhCN)2PtCl2 and (Ph3P)2PtCl2 resulted in only trace 

amounts of the cycloisomerized product (entries 4 and 5), perhaps because these complexes are more 

coordinatively saturated, making them less π-acidic. Catalysts of metals other than Pt were also tested. A 

cationic Au complex, (Ph3P)Au(NTf2), was able to effect this transformation in 63% yield (entry 6). 

When the cycloisomerization was attempted with [Rh(CO)2Cl]2, however, a complex mixture of products 

was obtained (entry 7). 

 

Table 2.1. (a) Initial catalyst optimization. (b) Solvent optimization for Zeise’s dimer. 

 

 

Next a solvent screen was performed with Zeise’s dimer (Table 2.1b). Both polar and nonpolar 

solvents provided the product in good yields, but none gave better reactivity than the original solvent 
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5 (Ph3P)2PtCl2 (2.5) 80 20 <5
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7
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[Rh(CO)2Cl]2 (2.5) 80 23 —b

1 3.5 86

6 6 63

9 hexanes 16 73

3 THF 16 47

5 16 80

2 xylenes 16 62

10 20 12

4 1,4-dioxane 20 83

11 18 58

7 20 74
8 1,2-dichloroethane 18 64

a GC yields using 4,4'-di-tert-butylbiphenyl as internal standard
b Complex mixture obtained

2-1 2-2

PhCH3

CH2Cl2

CH3NO2

Et2O

CHCl3

EtOAc

H

Entry Solvent Time (h) Yield (%)a

O Me

Ph

[(C2H4)PtCl2]2
(2.5 mol %)

solvent
23 °C, time

O

Ph

Me

2-1 2-2

H
a. Catalyst optimization b. Solvent optimization
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choice of toluene (entry 1). Overall, Zeise’s dimer in toluene at ambient temperature seemed to give us 

the best results for this substrate. 

When these optimized reaction conditions were applied to other enyne substrates, however, 

results varied (Table 2.2). For example, disubstituted alkene substrate 2-3 underwent the 

cycloisomerization with Zeise’s dimer at ambient temperature in 70% isolated yield, which was 

comparable to what was observed under these reaction conditions with enyne 2-1 (Table 2.1a, entry 3). In 

contrast, increased substitution on the alkene (enynes 2-4 and 2-5) required elevated temperatures in order 

for full conversion to be achieved, and even then product yields were poor, perhaps due to steric effects. 

Clearly, further optimization was needed in order to encompass a broader scope of substrates. 

 

Table 2.2. Application of Zeise’s dimer conditions to differentially substituted enynes. 

 

 

2.3.2 Effect of CO 

 

In 2005, Fürstner and coworkers reported the use of carbon monoxide to increase reaction rates in Pt(II)-

catalyzed cycloisomerizations of carbon-tethered 1,6-enyne 2-6 (Scheme 2.4a).6 They propose that this 

beneficial effect may be due to the increased electrophilicity of the metal catalyst through coordination of 

a π-accepting ligand (Scheme 2.4b). Computational experiments also suggest that the formation of the Pt-

CO complex increases the preference of the metal for mono-coordination (2-11) of the alkyne as opposed 

to alkene-alkyne bis-coordination (2-10), the former enabling a more facile reaction.7 
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Scheme 2.4. (a) Fürstner’s use of CO to accelerate the cycloisomerization of enyne 2-6. (b) Proposed 

coordination of Pt-CO complex with enyne. 

 

Hoping to see a similar increase in reaction rate and yield, we evaluated the effect of CO on the 

cycloisomerization of enyne 2-12, a substrate which had previously performed mediocrely when exposed 

to Zeise’s dimer under Ar (Table 2.3, entry 3). Encouragingly, the PtCl2-catalyzed cycloisomerization run 
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(entries 1 and 2). Likewise, Zeise’s dimer in the presence of CO gave product 2-13 in 88% yield, 

compared to 63% yield under Ar (entries 3 and 4). Thus, our final optimized Zeise’s dimer conditions 

were concluded to be 2.5 mol % catalyst in toluene at 60 °C under CO. 

 

Table 2.3. Effect of CO atmosphere. 
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2.3.4 Optimization of Ir(I) Conditions 

 

A report by Shibata and coworkers in 2005 described the use of Ir(I) complexes with CO in the 

cycloisomerization of mainly nitrogen-tethered 1,6-enynes (Scheme 2.5).8 In light of the success of our 

Pt(II)/CO system, we thought it worthwhile to examine Ir(I)/CO catalyst systems with our oxygen-

tethered enyne cycloisomization.9 

 

 

Scheme 2.5. (a) Comparison of nitrogen- vs. oxygen-tethered enynes. (b) Comparison of reaction 

atmospheres. 
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X IrCl(CO)(PPh3)2 (20 mol %)
AgOTf (24 mol %)

DME, 60 °C, Ar
24 h

X

MeMe

Ph

Ph

Shibata (2005)

2-16,  X = NTs
94% yield

2-17,  X = O
25% yield

2-14,  X = NTs
2-15,  X = O

TsN [IrCl(cod)]2 (10 mol %)
PPh3 (40 mol %)

xylene, 120 °C
atmosphere

TsN

MeMe

Ph

Ph

2-14

Atm Time (h) Yield (%)

Ar
CO

CO, then Ar

3
24
12

--
41
60

2-16

b. Effect of atmosphere on Ir(I)-catalysis

a. Effect of tether on cycloisomerization yield



 24 

Ar, an increase in yield to 37% was observed with a shorter reaction time as well (entry 7). Utilizing this 

same technique with [Ir(dbcot)Cl]2 resulted in 68% yield of product 2-13 in only 3 h (entry 8). This 

method of “CO, then Ar” was described in Shibata’s report as sometimes resulting in higher yields than 

simply running the reaction under CO (Scheme 2.5b), but this effect was not elaborated upon. 

Experimentally, the reactions under an atmosphere of CO were performed by bubbling CO through the 

reaction mixture, and then running the reaction with a balloon of CO attached. The “CO, then Ar” 

experiments were performed by bubbling CO through the reaction mixture, and then bubbling Ar through 

the reaction mixture and sealing the vessel. 

 

Table 2.4. Evaluation of Ir catalyst conditions under CO. 
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72% to 87% and from 63% to 81% yield, respectively, when the “CO, then Ar” conditions were applied 

versus when the reactions were just performed under CO (entries 1 and 2). An increase in yield was also 

observed for [Ir(coe)2Cl]2; however, the effect was less pronounced (entry 3). 

 

Table 2.5. Comparison of CO vs. “CO, then Ar” atmospheres. 

 

 

2.3.6 Active Ir Catalyst 

 

Interestingly, when CO was bubbled through a solution of bright yellow [Ir(dbcot)Cl]2, [Ir(cod)Cl]2, or 

[Ir(coe)2Cl]2 in toluene, a dark blue solid precipitated out on the sides of the reaction vessel. This solid 

dissolved in toluene when heated. Similar observations were made by Roberto and coworkers in 1994 

when they exposed [Ir(coe)2Cl]2 to CO: the metal complex changed from bright yellow to dark blue.11 

Through IR experiments, they proposed that the dark blue compound being formed was an [Ir(CO)2Cl]n 

polymeric complex. Based on this report and our observations, we believe the actual active catalyst in the 

reactions where [Ir(dbcot)Cl]2, [Ir(cod)Cl]2, or [Ir(coe)2Cl]2 are performed with CO is the same 

[Ir(CO)2Cl]n polymeric complex. 

If this theory is correct and the active Ir catalyst is being formed in situ through reaction with CO, 

then it would seem as if the starting Ir complex does not matter. In the cycloisomerization of enyne 2-18, 
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however, we observed a slight variance in yield between [Ir(dbcot)Cl]2 and [Ir(cod)Cl]2, and a more 

significant difference between these two and [Ir(coe)2Cl]2 (Table 2.5). 

We considered that the differential reactivity between the three Ir(I) catalysts may simply be 

attributed to the ease of [Ir(CO)2Cl]n formation from [Ir(dbcot)Cl]2 and [Ir(cod)Cl]2 compared to 

[Ir(coe)2Cl]2. When comparing the stability of each complex and their metal-ligand bond strengths, 

however, this explanation is insufficient. Of the three ligands, the bidentate chelation of dbcot and cod 

should render the [Ir(dbcot)Cl]2 and [Ir(cod)Cl]2 complexes more stable than [Ir(coe)2Cl]2 due to the 

chelate effect.12 Further, comparing the dbcot and cod ligands, dbcot should bind more strongly to the 

metal due to its greater π-accepting character.13 This suggests that the [Ir(CO)2Cl]n complex should form 

the least efficiently from [Ir(dbcot)Cl]2 and the most efficiently from [Ir(coe)2Cl]2; however, the effect we 

observe with respect to yields is the exact opposite (Figure 2.1). This led us to wonder whether the 

displaced ligand may be playing a role in the reactivity of the metal. 

 

 

Figure 2.1. Structures and relative stabilities of three Ir(I) catalysts. 

 

To better understand the catalyst system and to probe whether or not the displaced ligand could 

be influencing the reactivity of the metal, experiments were performed where the displaced ligand was 

removed from the reaction mixture prior to addition of the enyne. For these experiments, the Ir(I) catalyst 

was taken up in toluene and CO was bubbled through the solution, causing the dark blue [Ir(CO)2Cl]n 

precipitate to form. The toluene, which contained the displaced ligand (confirmed by 1H NMR), was then 
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removed from the flask as thoroughly as possible, leaving the solid behind. The dark blue solid was then 

taken up in fresh toluene, enyne 2-12 was added, and the reaction was performed as usual. The yields of 

product 2-13 with the displaced ligand still present and with the ligand removed were compared (Table 

2.6). A small decrease in yield from 68% to 64% was observed when dbcot was removed from reaction 

mixture (entry 1), but almost no change in yield was observed for the [Ir(cod)Cl]2 with and without excess 

ligand present (entry 2). In the case of [Ir(coe)2Cl]2, a slightly larger decrease in yield was observed when 

the excess coe was removed from the reaction mixture (entry 3). Ultimately, the yield changes observed 

when the excess ligand was removed from the reaction mixture are not substantial enough to conclusively 

indicate whether or not the displaced ligand has an effect on reactivity. It remains possible, however, that 

when the displaced ligand is still present, some kind of beneficial competitive binding between the ligand 

and the [Ir(CO)2Cl]n complex with the enyne substrate may be operative. 

 

Table 2.6. Evaluation of effect of removing excess ligand. 

 

 

2.4 Substrate Scope 

 

In the interest of exploring new reaction conditions and comparing the Pt(II) and Ir(I) systems for 

different substrates, we investigated the substrate scope of this transformation using both our optimized 
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Zeise’s dimer and [Ir(dbcot)Cl]2 conditions. PtCl2 was also employed, specifically for the different ring-

size substrates. 

 

2.4.1 Alkene and Alkyne Variation 

 

Overall, yields ranged from moderate to very good. With respect to alkene substitution, both alkyl and 

aryl substituents were tolerated (Scheme 2.6). Substitution at the terminus of the alkene (position R3) 

resulted in higher yields than internal substitution (position R2). This could be due to the increased 

stabilization of the short-lived carbocation intermediate upon nucleophilic attack of the alkene. 

Trisubstituted alkenes 2-21, 2-22, and 2-28 reacted in lower yields than the disubstituted alkenes with 

both Pt(II) and Ir(I) conditions, likely due to sterics. Both alkyl and aryl substituents were also tolerated 

on the alkyne. Notably, both electron-rich and electron-poor alkynes efficiently underwent the 

cycloisomerization (2-23 and 2-24). 

 

 

Scheme 2.6. Scope of alkene and alkyne variation. 
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In terms of the Pt(II) vs. Ir(I) conditions, we were not able to draw any conclusions about why 

one set of conditions seemed to work better than the other; patterns in yields were hard to discern. For 

example, the Pt(II) conditions seemed to work better for enyne 2-12 with a Ph-substituted alkene and n-

Bu-substituted alkyne, giving the product (2-13) in 88% yield vs. 68% yield with the Ir(I) conditions 

(Scheme 2.7). With Ph-substituted alkene 2-18, however, which also contained an alkyl-substituted 

alkyne (–CH2OBn), essentially opposite reactivity was observed: Pt(II) catalysis gave the product (2-19) 

in 68% yield, while Ir(I) catalysis gave 87% yield. Ultimately, optimal reaction conditions seemed to be 

fairly substrate-dependent. 

 

 

Scheme 2.7. Comparison of Pt(II) and Ir(I) catalyst systems for two similar substrates. 

 

2.4.2 Ring Size Variation 

 

Next, we explored the propensity for alkyl shifts in substrates with larger and smaller cycloalkanes at the 

propargylic position (Scheme 2.8). Not surprisingly, under PtCl2-catalysis a four-membered ring was 

observed to expand to give five-membered ring product 2-29. Medium sized rings (7- and 8-membered) 

also underwent the cycloisomerization/alkyl shift to yield products 2-30–2-33, albeit in lower yields. 

Even an 11-membered ring product (2-34) was formed in 42% yield. This finding is significant, 

considering that few methods exist to access large carbocyclic frameworks. 
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Scheme 2.8. Scope of ring size variation. 

 

These results are in contrast to previous reports by Toste and coworkers where, in the Au-

catalyzed cycloisomerization of carbon-tethered 1,5-enynes, 4- and 5-membered rings underwent a ring 

expansion into the Au-carbenoid (2-36 à 2-37), while 6- and 7-membered rings underwent a C–H 

insertion (2-36 à 2-38) (Scheme 2.9a).14 Though this variance in reactivity may simply be catalyst- or 

substrate-dependent, both transformations are thought to proceed through similar carbenoid intermediates. 

Perhaps, in our oxygen-tethered case, stabilization by the adjacent oxygen atom through oxocarbenium 

formation promotes the alkyl migration for the larger ring substrates. Ring strain may also be playing a 

role; 4- and 5-membered rings have higher strain energies than 6- and 7-membered rings (though the 5- 

and 7-membered ring strains are very close),15 thus the smaller rings will more readily undergo ring 

expansion (Scheme 2.9b). This would imply that in Toste’s Au-catalyzed 1,5-enyne cycloisomerization, 

product formation is driven by release of ring strain, but in our 1,6-enyne Pt(II)-catalyzed system, the 

release of ring strain may not be playing a significant role. 

 

 

Scheme 2.9. (a) C–C migration vs. C–H insertion. (b) Ring strain energies. 

O

C: 69% yield

O

C: 55% yield C: 34% yield

O

C: 61% yield C: 42% yield C: 42% yield

O
O

O

2-29 2-30 2-32 2-342-332-31

H
H H

H
HH

H H

Me Me

Ph Ph
H
Ph

n-Bu
n-Bu n-Bu

n-Bu
H H

H
Ph

PhPh

O R2O R2

R1

H
R1

H

n
n

Conditions C: PtCl2 (7 mol %)
CO (1 atm), PhCH3, 60 or 70 °C

n

n[Au]+

C–C migration

n = 1, 2

C–H insertion

n = 3, 4

[Au]n

2-35 2-36

2-37

2-38n

a. Toste (2004, 2009) Ring size
(CH2)n

Strain energy
(kcal/mol)

4
5
6
7
8

10

6.2
0.1
6.4
9.7

12.4

26.3

b.



 31 

2.4.3 Acyclic C–C Bond Migration 

 

Lastly, since release of ring strain did not seem to be necessary for migration into the carbenoid, we 

hypothesized that acyclic alkyl groups could shift as well. Indeed, we observed methyl-migration into 

both Pt(II)- and Ir(I)-generated carbenoids to afford products 2-41 and 2-42 in moderate yields (Scheme 

2.10). In the case of cycloisomerization product 2-42, the methyl group shifted exclusively over the larger 

isopropyl group. 

 

 

Scheme 2.10. Acyclic C–C bond migrations. 

 

2.4.4 Unsuccessful Substrates 

 

Enynes that were not effective substrates for the cycloisomerization are depicted in Figure 2.2. Terminal 

alkene 2-43 was likely an inefficient substrate due to the lower nucleophilicity of the alkene. Conversely, 

tetrasubstituted olefin 2-44 also did not undergo the cycloisomerization. This alkene may have been too 

sterically encumbered for efficient nucleophilic attack on the alkyne. Allylic benzyl ether 2-45 did not 

yield any cycloisomerization product, which was unexpected considering that the propargylic benzyl 

ether was well tolerated in this transformation. Vinylsilane (2-46) was also not an effective substrate, 

despite this functionality having been employed in past cycloisomerization literature. 16  Curiously, 

cyclohexyl enyne 2-47 was not an efficient substrate for the cycloisomerization. When enyne 2-47 was 

exposed to the reaction conditions, a complex mixture of products was obtained, in which neither the 

ring-expanded product or the C–H insertion product could be identified. 
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Figure 2.2. Substrates that did not efficiently undergo the cycloisomerization. 

 

In the case of enyne 2-5, we observed that the enyne was being consumed under the 

cycloisomerization conditions, yet the yield of the desired product was very low. This was somewhat 

surprising considering the carbocation intermediate that would result from nucleophilic attack of the 

geminal dimethyl alkene would be relatively stable. To try to explain this consumption of starting 

material but low yield, we wondered if product decomposition may be occurring. Probing this hypothesis, 

we exposed cycloisomerization product 2-50 to the reaction conditions (Zeise’s dimer, PhCH3, 70-105 °C, 

~18 h), but no product decomposition was observed by TLC or 1H NMR. 

We also considered that some kind of catalyst inhibition could be occurring where product 

generated during the reaction could be inhibiting the cycloisomerization through complexation of the 

catalyst by the enol ether moiety. To test this hypothesis, the cycloisomerization of prenyl substrate 2-5 

was performed with 0.5 equivalents of product 2-50 also included in the initial reaction mixture. This 

reaction proceeded to completion despite the presence of the additional enol ether, so product inhibition 

was disproved as well. 

Lastly, the cycloisomerization of enyne 2-5 was performed in an NMR tube to ascertain side 

products in the reaction mixture that could have been removed through the workup procedure. The 1H 

NMR experiment on the cycloisomerization of prenyl substrate 2-5 revealed a peak at ~9.76 ppm, 

indicative of an aldehyde in the crude product mixture. Aldehyde 2-51 could arise from ionization of 
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enyne 2-5 to give the propargyl cation and oxygen anion, then oxidation of the resulting alcohol (Scheme 

2.11). The formation of this aldehyde may explain why the starting material was consumed, but a low 

yield of product 2-50 was obtained. In addition, we believe this ether ionization/aldehyde formation is 

also likely occurring in some of our more modest yielding cycloisomerizations. 

 

 

Scheme 2.11. Decomposition of enyne 2-5 to aldehyde 2-51. 

 

Terminal alkyne substrate 2-48 also did not undergo the cycloisomerization. This is not 

uncommon in the enyne cycloisomerization literature, although certain approaches to terminal alkyne 

substrates have seen success, particularly with Ir(I) catalysis.17 A possible explanation for this lack of 

reactivity could be deprotonation or C–H insertion of the metal at the terminus of the alkyne (2-52), 

rendering the catalyst incapable of facilitating the cycloisomerization (Scheme 2.12). 

 

 

Scheme 2.12. Proposed deactivation of metal by terminal alkyne. 

 

Lastly, acyclic substrate 2-49 with phenyl substitution at the propargylic position also did not 

undergo the cycloisomerization, perhaps due to the stability of benzylic carbocation (2-53) upon 
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Scheme 2.13. Proposed ionization of tethered ether. 

 

2.5 Synthesis of Macrolactones from Cycloisomerization Products 

 

Macrocycle synthesis is of increasing interest in the natural product community due to the prevalence of 

this motif in biologically active molecules.18 We envisioned that our cycloisomerization/ring expansion 

process could provide access to macrolactones via oxidative cleavage of the cyclic enol ether of the 

products. With this in mind, a two-step method to convert the tricyclic products into macrolactones was 

devised (Scheme 2.14). Reaction of tricycles 2-13 and 2-19 with catalytic OsO4 gave diols 2-55 and 2-56 

in 76% and 58% yield, respectively. The resulting diols were then cleaved with Pb(OAc)4 to give 

macrolactones 2-57 and 2-58. 

 

 

Scheme 2.14. Oxidative cleavage to access macrolactones. 

 

2.6 Conclusion 

 

We have developed a Pt(II)- or Ir(I)-catalyzed enyne cycloisomerization/C–C bond migration reaction 
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cycloisomerization, and both cyclic and acyclic alkyl groups are able to migrate into the carbenoid 

intermediates. The influence of CO on both the Pt(II)- and Ir(I)-catalyst systems was also explored. The 

cycloisomerization products can also be cleaved to generate macrolactones. Ultimately, this ring 

expansion process provides access to large carbocycles, which are traditionally synthetically challenging. 

 

2.7 Experimental Section 

 

2.7.1 Materials and Methods 

 

Reactions were performed under an argon atmosphere unless otherwise noted. Tetrahydrofuran, toluene, 

and benzene were purified by passing through activated alumina columns. All other reagents were used as 

received unless otherwise noted. Commercially available chemicals were purchased from Alfa Aesar 

(Ward Hill, MA), Sigma-Aldrich (St. Louis, MO), Oakwood Products, (West Columbia, SC), Strem 

(Newburyport, MA) and TCI America (Portland, OR). Qualitative TLC analysis was performed on 250 

mm thick, 60 Å, glass backed, F254 silica (Silicycle, Quebec City, Canada). Visualization was 

accomplished with UV light and exposure to p-anisaldehyde or ceric ammonium molybdate (CAM) 

solutions followed by heating. Flash chromatography was performed using Silicycle silica gel (230-400 

mesh). NMR spectra were acquired at both the Colorado State University Central Instrument Facility on 

an Agilent (Varian) 400-MR and at the University of Georgia Chemical Sciences Magnetic Resonance 

Facility on a Varian Mercury Plus 400 MHz NMR. 1H NMR spectra were acquired at 400 MHz and are 

reported relative to SiMe4 (δ 0.00). 13C NMR spectra were at 100 MHz and are reported relative to SiMe4 

(δ 0.0). All IR spectra were obtained on NaCl plates (film) with a Bruker Tensor 27. Gas chromatography 

was performed on a Varian CP-3800 gas chromatograph. High resolution mass spectrometry data were 

acquired by the Colorado State University Central Instrument Facility on an Agilent 6210 TOF LC/MS 

and by the Proteomics and Mass Spectrometry Facility at the University of Georgia on a Thermo Orbitrap 

Elite. 
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2.7.2 Enyne Cycloisomerizations 

 

General Notes: All solvents used were anhydrous and all reactions were performed in flame-dried 

glassware. Without the addition of triethylamine to the flash chromatography eluent, decreased yields 

were observed. In the cycloisomerizations run with [Ir(dbcot)Cl]2, 1,3-bis(diphenylphosphino)propane 

(dppp) was added in the work up to chelate the iridium. NMR spectra for the cycloisomerization products 

were taken in d6-benzene, since the products decomposed in CDCl3. 

 

A. General procedure for the cycloisomerization of oxygen-tethered 1,6-enynes catalyzed by Zeise’s 

dimer ([(C2H4)PtCl2]2). To a solution of the 1,6-enyne (1 equiv) in toluene (0.06 M) in a 2-dram vial 

under argon was quickly added Zeise’s dimer (2.5 mol %). CO was bubbled through the solution using a 

balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and the solution was 

stirred at the described temperature until all of the starting material was consumed, as determined by 

TLC. The reaction was allowed to cool to ambient temperature and diluted with an approximately equal 

amount of hexanes. The mixture was stirred for 15 min, then passed through a small plug of Al2O3 

(hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were removed by rotary evaporation and 

the resulting residue was purified by flash chromatography. 

 

General procedure for the scaled-up cycloisomerization of oxygen-tethered 1,6-enynes catalyzed by 

Zeise’s dimer ([(C2H4)PtCl2]2). To a solution of the 1,6-enyne (1 equiv) in toluene (0.15 M) in a 16 x 

125 mm glass culture tube under argon was quickly added Zeise’s dimer (2.5 mol %). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then 

removed and the solution was stirred at the described temperature until all of the starting material was 

consumed, as determined by TLC. The reaction was allowed to cool to ambient temperature and the 

volatile materials were removed by rotary evaporation. The resulting residue was purified by flash 

chromatography. 
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B. General procedure for the cycloisomerization of oxygen-tethered 1,6-enynes catalyzed by 

[Ir(dbcot)Cl]2. To a solution of the 1,6-enyne (1 equiv) in toluene (0.06 M) in a 16 x 125 mm glass 

culture tube under argon was quickly added [Ir(dbcot)Cl]2 (2.5 mol %). CO was bubbled through the 

solution using a balloon and needle outlet (ca. 30 s), during which time the reaction mixture turned a 

dark-blue/black color. The balloon was removed and argon was bubbled through the reaction mixture in 

the same manner. The septum was quickly replaced with a Teflon cap and the reaction mixture was stirred 

at 110 °C until all of the starting material was consumed, as determined by TLC. The reaction was 

allowed to cool to ambient temperature and diluted with an approximately equal amount of hexanes. 1,3-

Bis(diphenylphosphino)propane (dppp) (0.25 equiv) was also added to the mixture. The mixture was 

stirred for 15 min, then passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The 

volatile materials were removed by rotary evaporation and the resulting residue was purified by flash 

chromatography. 

 

C. General procedure for the cycloisomerization of oxygen-tethered 1,6-enynes catalyzed by PtCl2. 

To a solution of the 1,6-enyne (1 equiv) in toluene (0.06 M) in a 2-dram vial under argon was quickly 

added PtCl2 (7 mol %). CO was bubbled through the solution using a balloon and needle outlet (ca. 30 s). 

The balloon and outlet were then removed and the solution was stirred at the described temperature until 

all of the starting material was consumed, as determined by TLC. The reaction was allowed to cool to 

ambient temperature and diluted with an approximately equal amount of hexanes. The mixture was stirred 

for 15 min, then passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The 

volatile materials were removed by rotary evaporation and the resulting residue was purified by flash 

chromatography. 
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Tricycle 2-13. Procedure A: To a solution of enyne 2-12 (16.0 mg, 56.7 µmol) in toluene (0.92 mL) in a 

2-dram vial under argon was quickly added [(C2H4)PtCl2]2 (0.9 mg, 1.53 µmol). CO was bubbled through 

the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 

the solution was stirred at 70 °C for 43 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 

passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (99:1 

hexanes/CH2Cl2 w/ 0.5% Et3N → 5:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-13 (14.1 

mg, 88% yield, Rf = 0.70 in 2:1 CH2Cl2/hexanes, stained red with p-anisaldehyde) as a yellow oil. 

Procedure B: To a solution of enyne 2-12 (16.9 mg, 59.8 µmol) in toluene (0.92 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (1.3 mg, 1.53 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the reaction mixture 

turned a dark-blue/black color. The balloon was removed and argon was bubbled through the reaction 

mixture in the same manner. The septum was quickly replaced with a Teflon cap and the reaction mixture 

was stirred at 110 °C for 15.5 h. The reaction was allowed to cool to ambient temperature and was diluted 

with an approximately equal amount of hexanes. 1,3-Bis(diphenylphosphino)propane (dppp) (6.2 mg, 

15.0 µmol) was also added to the mixture. The mixture was stirred for 15 min, then passed through a 

small plug of Al2O3 (hexanes →  1:1 hexanes/EtOAc eluent). The volatile materials were removed by 

rotary evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 
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w/ 0.5% Et3N → 5:1 hexanes/CH2Cl2w/ 0.5% Et3N eluent) affording tricycle 2-13 (11.5 mg, 68% yield) 

as a yellow oil. 

Tricycle 2-13: 1H NMR (400 MHz; C6D6): δ 7.21-7.18 (m, 1H), 7.15 (d, J = 2.3 Hz, 1H), 7.09-7.04 (m, 

3H), 4.08 (dd, J = 10.8, 4.5 Hz, 1H), 3.92 (dd, J = 10.9, 2.4 Hz, 1H), 2.29 (d, J = 5.5 Hz, 1H), 2.26-2.02 

(m, 4H), 1.65-1.09 (m, 10H), 0.82 (d, J = 14.6 Hz, 3H), 0.62 (ddd, J = 14.0, 11.1, 5.7 Hz, 1H); 13C NMR 

(100 MHz; C6D6): δ 147.8, 139.1, 129.4, 128.4, 126.2, 110.8, 64.5, 38.4, 30.2, 29.3, 28.1, 26.4, 25.6, 25.3, 

23.8, 23.4, 23.3, 14.5; IR (film) 2929, 2858, 1673, 1447, 1145 cm-1; HRMS (ESI+) m/z calc’d for (M + 

H)+ [C20H26O + H]+: 283.2056, found 283.2045. 

 

 

 

Tricycle 2-20. Procedure A: To a solution of enyne 2-61 (31.5 mg, 143 µmol) in toluene (2.5 mL) in a 2-

dram vial under argon was quickly added [(C2H4)PtCl2]2 (2.2 mg, 3.74 µmol). CO was bubbled through 

the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 

the solution was stirred at 70 °C for 19 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 

passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (hexanes 

w/ 0.5% Et3N → 20:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-20 (17.9 mg, 57% yield, 

Rf = 0.81 in 2:1 CH2Cl2/hexanes, stained orange with p-anisaldehyde) as a colorless oil. 

Procedure B: To a solution of enyne 2-61 (13.3 mg, 60.4 µmol) in toluene (0.92 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (1.3 mg, 1.50 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the reaction mixture 
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PhCH3, 70 °C
57% yield
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turned a dark-blue/black color. The balloon was removed and argon was bubbled through the reaction 

mixture in the same manner. The septum was quickly replaced with a Teflon cap and the reaction mixture 

was stirred at 110 °C for 15.5 h. The reaction was allowed to cool to ambient temperature and was diluted 

with an approximately equal amount of hexanes. 1,3-Bis(diphenylphosphino)propane (dppp) (6.2 mg, 

15.0 µmol) was also added to the mixture. The mixture was stirred for 15 min, then passed through a 

small plug of Al2O3 (hexanes →  1:1 hexanes/EtOAc eluent). The volatile materials were removed by 

rotary evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 

w/ 0.5% Et3N → 20:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-20 (9.9 mg, 74% yield) 

as a colorless oil. 

Tricycle 2-20: 1H NMR (400 MHz; C6D6): δ 3.74 (q, J = 12.4 Hz, 2H), 2.27-2.06 (m, 4H), 1.95-1.87 (m, 

2H), 1.60-1.40 (m, 4H), 1.33-1.23 (m, 4H), 0.97 (d, J = 4.6 Hz, 3H), 0.93-0.91 (m, 3H), 0.41 (s, 1H), 0.35 

(d, J = 3.6 Hz, 1H); 13C NMR (100 MHz; C6D6): δ 147.5, 110.9, 70.5, 31.2, 30.6, 30.2, 28.1, 26.8, 25.5, 

23.9, 23.8, 23.6, 23.3, 17.2, 14.4; IR (film) 2930, 2860, 1674, 1457, 1158 cm-1; HRMS (ESI+) m/z calc’d 

for (M + H)+ [C15H24O + H]+: 221.1900, found 221.1894. 

 

 

 

Tricycle 2-21. Procedure A: To a solution of enyne 2-63 (29.3 mg, 98.8 µmol) in toluene (1.5 mL) in a 

2-dram vial under argon was quickly added [(C2H4)PtCl2]2 (1.5 mg, 2.55 µmol). CO was bubbled through 

the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 

the solution was stirred at 60 °C for 24 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 

passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 
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Procedure A:
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PhCH3, 60 °C
46% yield
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removed by rotary evaporation and the resulting residue was purified by flash chromatography (99:1 

hexanes/CH2Cl2 w/ 0.5% Et3N → 6:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-21 (13.4 

mg, 46% yield, Rf = 0.75 in 1:1 CH2Cl2/hexanes, stained orange with p-anisaldehyde) as a colorless oil. 

Procedure B: To a solution of enyne 2-63 (23.6 mg, 79.6 µmol) in toluene (1.2 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (1.7 mg, 1.97 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the reaction mixture 

turned a dark-blue/black color. The balloon was removed and argon was bubbled through the reaction 

mixture in the same manner. The septum was quickly replaced with a Teflon cap and the reaction mixture 

was stirred at 110 °C for 27 h. The reaction was allowed to cool to ambient temperature and was diluted 

with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then passed through 

a small plug of Al2O3 (hexanes →  1:1 hexanes/EtOAc eluent). The volatile materials were removed by 

rotary evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 

w/ 0.5% Et3N → 2:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-21 (8.4 mg, 36% yield) as 

a colorless oil. 

Tricycle 2-21: 1H NMR (400 MHz; C6D6): δ 7.27-7.07 (m, 5H), 3.86 (ABq, JAB = 10.8 Hz, ΔυAB = 49.6 

Hz, 2H), 2.31-2.24 (m, 1H), 2.22-2.12 (m, 2H), 1.90-1.80 (m, 1H), 1.65-1.42 (m, 6H), 1.39-1.27 (m, 1H), 

1.22-1.12 (m, 2H), 0.99 (s, 3H), 0.98-0.91 (m, 1H), 0.83-0.79 (m, 3H); 13C NMR (100 MHz; C6D6): δ 

147.8, 138.0, 131.2, 130.2, 128.5, 126.4, 111.6, 71.2, 38.5, 29.9, 28.8, 28.1, 27.8, 27.4, 25.6, 23.9, 23.6, 

23.3, 14.5, 14.4; IR (film) 2930, 2859, 1497, 1156, 1156 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ 

[C21H28O + H]+: 297.2213, found 297.2212. 
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Tricycle 2-22. Procedure A: To a solution of enyne 2-4 (15.5 mg, 66.1 µmol) in toluene (1.1 mL) in a 2-

dram vial under argon was quickly added [(C2H4)PtCl2]2 (1.0 mg, 1.65 µmol). CO was bubbled through 

the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 

the solution was stirred at 70 °C for 17 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 

passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (hexanes 

w/ 0.5% Et3N → 10:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-22 (9.8 mg, 63% yield, 

Rf = 0.84 in 2:1 CH2Cl2/hexanes, stained orange with p-anisaldehyde) as a colorless oil. 

Procedure B: To a solution of enyne 2-4 (14.4 mg, 61.4 µmol) in toluene (0.92 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (1.3 mg, 1.50 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the reaction mixture 

turned a dark-blue/black color. The balloon was removed and argon was bubbled through the reaction 

mixture in the same manner. The septum was quickly replaced with a Teflon cap and the reaction mixture 

was stirred at 110 °C for 15.5 h. The reaction was allowed to cool to ambient temperature and was diluted 

with an approximately equal amount of hexanes. 1,3-Bis(diphenylphosphino)propane (dppp) (6.2 mg, 

15.0 µmol) was also added to the mixture. The mixture was stirred for 15 min, then passed through a 

small plug of Al2O3 (hexanes →  1:1 hexanes/EtOAc eluent). The volatile materials were removed by 

rotary evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 

w/ 0.5% Et3N → 50:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-22 (7.8 mg, 54% yield) 

as a colorless oil. 

Tricycle 2-22: 1H NMR (400 MHz; C6D6): δ  3.74 (q, J = 10.8 Hz, 2H), 2.24-2.04 (m, 4H), 1.98-1.91 (m, 

1H), 1.56-1.44 (m, 4H), 1.34-1.28 (m, 4H), 1.02 (t, J = 3.1 Hz, 2H), 0.92 (t, J = 7.0 Hz, 6H), 0.88 (s, 3H); 

13C NMR (100 MHz; C6D6): δ 147.2, 112.4, 71.2, 30.0, 28.2, 27.7, 26.9, 25.6, 24.9, 23.9, 23.8, 23.3, 20.6, 
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14.4, 12.0, 9.0; IR (film) 2926, 2956, 1457, 1157 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C16H26O + 

H]+: 235.2056, found 235.2050. 

 

 

 

Tricycle 2-23. Procedure A: To a solution of enyne 2-66 (78.0 mg, 157 µmol) in toluene (2.5 mL) in a 2-

dram vial under argon was quickly added [(C2H4)PtCl2]2 (2.2 mg, 3.75 µmol). CO was bubbled through 

the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 

the solution was stirred at 70 °C for 20.5 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 

passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (hexanes 

w/ 0.5% Et3N → 10:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-23 (43.6 mg, 56% yield, 

Rf = 0.67 in 2:1 CH2Cl2/hexanes, stained purple with p-anisaldehyde) as a colorless oil. 

Procedure B: To a solution of enyne 2-66 (49.7 mg, 99.9 µmol) in toluene (1.7 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (2.2 mg, 2.55 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the reaction mixture 

turned a dark-blue/black color. The balloon was removed and argon was bubbled through the reaction 

mixture in the same manner. The septum was quickly replaced with a Teflon cap and the reaction mixture 

was stirred at 110 °C for 15 h. The reaction was allowed to cool to ambient temperature and was diluted 

with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then passed through 

a small plug of Al2O3 (hexanes →  1:1 hexanes/EtOAc eluent). The volatile materials were removed by 
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rotary evaporation and the resulting residue was purified by flash chromatography (hexanes w/ 0.5% Et3N 

→ 9:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-23 (33.1 mg, 67% yield, Rf = 0.56 in 2:1 

CH2Cl2/hexanes, stained purple with p-anisaldehyde) as a colorless oil. 

Tricycle 2-23: 1H NMR (400 MHz; C6D6): δ 8.15 (d, J = 8.2 Hz, 1H), 7.54-7.52 (m, 1H), 7.42 (d, J = 8.3 

Hz, 2H), 7.07-6.96 (m, 2H), 6.92-6.85 (m, 4H), 6.68 (d, J = 7.0 Hz, 2H), 6.51 (d, J = 8.1 Hz, 2H), 3.98-

3.91 (m, 2H), 2.71 (d, J = 6.0 Hz, 1H), 2.19-2.00 (m, 3H), 1.84 (dt, J = 5.8, 2.8 Hz, 1H), 1.68 (s, 3H), 

1.53-1.44 (m, 2H), 1.41-1.11 (m, 5H), 0.38-0.34 (m, 2H); 13C NMR (100 MHz; C6D6): δ 179.4, 144.2, 

138.8, 132.6, 129.7, 128.5, 128.2, 127.9, 127.2, 126.1, 124.9, 123.4, 114.2, 62.9, 28.2, 26.5, 23.6, 23.2, 

21.1; IR (film) 2929, 2858, 1447, 1188 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C31H29NO3S + H]+: 

496.1941, found 496.1926. 

 

 

 

Tricycle 2-24. Procedure A: To a solution of enyne 2-68 (55.7 mg, 149 µmol) in toluene (2.5 mL) in a 2-

dram vial under argon was quickly added [(C2H4)PtCl2]2 (2.2 mg, 3.75 µmol). CO was bubbled through 

the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 

the solution was stirred at 70 °C for 20.5 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 

passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (hexanes 

w/ 0.5% Et3N → 10:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-24 (44.6 mg, 80% yield, 

Rf = 0.55 in 2:1 CH2Cl2/hexanes, stained purple with p-anisaldehyde) as a yellow oil. 
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Procedure B: To a solution of enyne 2-68 (34.6 mg, 99.6 µmol) in toluene (1.7 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (2.2 mg, 2.55 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the reaction mixture 

turned a dark-blue/black color. The balloon was removed and argon was bubbled through the reaction 

mixture in the same manner. The septum was quickly replaced with a Teflon cap and the reaction mixture 

was stirred at 110 °C for 15 h. The reaction was allowed to cool to ambient temperature and was diluted 

with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then passed through 

a small plug of Al2O3 (hexanes →  1:1 hexanes/EtOAc eluent). The volatile materials were removed by 

rotary evaporation and the resulting residue was purified by flash chromatography (hexanes w/ 0.5% Et3N 

→ 2:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-24 (16.8 mg, 49% yield) as a yellow oil. 

Tricycle 2-24: 1H NMR (400 MHz; C6D6): δ 8.02 (d, J = 8.3 Hz, 2H), 6.97-6.91 (m, 5H), 6.59 (dd, J = 

7.6, 1.9 Hz, 2H), 4.12-4.05 (m, 2H), 4.04-3.92 (m, 2H), 2.74 (d, J = 5.8 Hz, 1H), 2.27-2.05 (m, 2H), 1.93-

1.91 (m, 1H), 1.90-1.86 (m, 1H), 1.61-1.58 (m, 1H), 1.46-1.39 (m, 3H), 1.31-1.23 (m, 1H), 0.98 (t, J = 7.1 

Hz, 3H); 13C NMR (100 MHz; C6D6): δ 166.2, 146.5, 144.4, 138.6, 132.5, 129.4, 126.0, 111.4, 62.5, 60.7, 

36.7, 34.7, 30.8, 28.2, 27.0, 23.5, 23.1, 14.3; IR (film) 2931, 2859, 1716, 1274, 1101 cm-1; HRMS (ESI+) 

m/z calc’d for (M + H)+ [C25H26O3 + H]+: 375.1955, found 375.1943. 

 

 

 

Tricycle 2-2. Procedure A: To a solution of enyne 2-1 (36.7 mg, 153 µmol) in toluene (2.5 mL) in a 2-

dram vial under argon was quickly added [(C2H4)PtCl2]2 (2.2 mg, 3.74 µmol). CO was bubbled through 

the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 
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the solution was stirred at 70 °C for 19 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 

passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (hexanes 

w/ 0.5% Et3N → 20:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-2 (27.9 mg, 76% yield, 

Rf = 0.81 in 2:1 CH2Cl2/hexanes, stained red with p-anisaldehyde) as a colorless oil. 

Procedure A (Scale-up): To a solution of enyne 2-1 (0.2715 g, 1.13 mmol) in toluene (7.5 mL) in a 16 x 

125 mm glass culture tube under argon was quickly added [(C2H4)PtCl2]2 (16.6 mg, 0.0283 mmol). CO 

was bubbled through the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were 

then removed and the solution was stirred at 70 °C for 20 h. The reaction was allowed to cool to ambient 

temperature and the volatile materials were removed by rotary evaporation. The resulting residue was 

purified by flash chromatography (hexanes w/ 0.5% Et3N → 10:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) 

affording tricycle 2-2 (0.2151 g, 79% yield) as a colorless oil. 

Tricycle 2-2: 1H NMR (400 MHz; C6D6): δ 7.22-7.17 (m, 4H), 7.10 (tt, J = 6.8, 2.2 Hz, 1H), 4.05-3.94 

(m, 2H), 2.22-1.95 (m, 4H), 1.73 (dq, J = 15.4, 4.0 Hz, 1H), 1.45-1.35 (m, 4H), 1.13 (td, J = 4.9, 2.3 Hz, 

1H), 0.86 (d, J = 6.3 Hz, 3H); 13C NMR (100 MHz; C6D6): δ 145.5, 141.0, 132.0, 128.3, 126.6, 112.3, 

63.2, 31.8, 29.9, 28.2, 27.4, 25.8, 23.7, 23.3, 16.1; IR (film) 2928, 2858, 1670, 1445, 1150 cm-1; HRMS 

(ESI+) m/z calc’d for (M + H)+ [C17H20O + H]+: 241.1587, found 241.1583. 

 

 

 

Tricycle 2-25. Procedure A: To a solution of enyne 2-3 (45.1 mg, 149 µmol) in toluene (2.5 mL) in a 2-

dram vial under argon was quickly added [(C2H4)PtCl2]2 (2.2 mg, 3.75 µmol). CO was bubbled through 
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the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 

the solution was stirred at 70 °C for 18 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 

passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (hexanes 

w/ 0.5% Et3N → 20:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-25 (34.7 mg, 77% yield, 

Rf = 0.80 in 2:1 CH2Cl2/hexanes, stained red with p-anisaldehyde) as a yellow oil. 

Procedure A (Scale-up): To a solution of enyne 2-3 (0.1271 g, 420 µmol) in toluene (2.8 mL) in a 16 x 

125 mm glass culture tube under argon was quickly added [(C2H4)PtCl2]2 (6.2 mg, 10.5 µmol). CO was 

bubbled through the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were 

then removed and the solution was stirred at 70 °C for 41 h. The reaction was allowed to cool to ambient 

temperature and the volatile materials were removed by rotary evaporation. The resulting residue was 

purified by flash chromatography (hexanes w/ 0.5% Et3N → 20:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) 

affording tricycle 2-25 (87.5 mg, 69% yield) as a yellow oil. 

Tricycle 2-25: 1H NMR (400 MHz; C6D6): δ 6.99-6.91 (m, 8H), 6.65 (dd, J = 7.7, 1.6 Hz, 2H), 4.09-3.99 

(m, 2H), 2.75 (d, J = 5.8 Hz, 1H), 2.28-2.07 (m, 2H), 2.02-1.95 (m, 2H), 1.72-1.66 (m, 1H), 1.46-1.38 (m, 

3H), 1.31-1.25 (m, 1H); 13C NMR (100 MHz; C6D6): δ 146.1, 139.2, 132.4, 128.1, 127.9, 126.7, 125.7, 

112.3, 62.7, 36.7, 34.9, 31.3, 28.3, 27.2, 23.6, 23.2; IR (film) 2928, 1666, 1496, 1191 cm-1; HRMS (ESI+) 

m/z calc’d for (M + H)+ [C22H22O + H]+: 303.1743, found 303.1740. 

 

 

 

O

Ph

O

Ph

2-72 2-26

Br
Br

Procedure B:
[Ir(dbcot)Cl]2 (2.5 mol %), CO, then Ar

PhCH3, 110°C
59% yield

Procedure A:
[(C2H4)PtCl2]2 (2.5 mol %), CO (1 atm)

PhCH3, 70 °C
77% yield

H



 48 

Tricycle 2-26. Procedure A: To a solution of enyne 2-72 (16.4 mg, 43.0 µmol) in toluene (0.70 mL) in a 

2-dram vial under argon was quickly added [(C2H4)PtCl2]2 (0.6 mg, 1.02 µmol). CO was bubbled through 

the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 

the solution was stirred at 70 °C for 18 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 

passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (hexanes 

w/ 0.5% Et3N → 20:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-26 (12.7 mg, 77% yield, 

Rf = 0.79 in 2:1 CH2Cl2/hexanes, stained red with p-anisaldehyde) as a colorless oil. 

Procedure B: To a solution of enyne 2-72 (20.5 mg, 53.8 µmol) in toluene (0.92 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (1.3 mg, 1.50 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the reaction mixture 

turned a dark-blue/black color. The balloon was removed and argon was bubbled through the reaction 

mixture in the same manner. The septum was quickly replaced with a Teflon cap and the reaction mixture 

was stirred at 110 °C for 6 h. The reaction was allowed to cool to ambient temperature and was diluted 

with an approximately equal amount of hexanes. 1,3-Bis(diphenylphosphino)propane (dppp) (7.4 mg, 

17.9 µmol) was also added to the mixture. The mixture was stirred for 15 min, then passed through a 

small plug of Al2O3 (hexanes →  1:1 hexanes/EtOAc eluent). The volatile materials were removed by 

rotary evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 

w/ 0.5% Et3N → 5:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-26 (12.0 mg, 59% yield, 

Rf = 0.79 in 2:1 CH2Cl2/hexanes, stained red with p-anisaldehyde) as a colorless oil. 

Tricycle 2-26: 1H NMR (400 MHz; C6D6): δ  7.04-7.02 (m, 2H), 6.97-6.95 (m, 3H), 6.89-6.87 (m, 2H), 

6.27-6.25 (m, 2H), 4.03-3.92 (m, 2H), 2.57 (d, J = 5.8 Hz, 1H), 2.26-2.05 (m, 2H), 1.98-1.89 (m, 1H), 

1.83-1.79 (m, 1H), 1.70-1.60 (m, 1H), 1.46-1.37 (m, 3H), 1.30-1.21 (m, 1H); 13C NMR (100 MHz; C6D6): 

δ 146.2, 138.6, 138.3, 132.3, 130.9, 129.7, 126.9, 119.5, 112.0, 62.5, 35.9, 35.0, 31.5, 28.2, 27.1, 23.5, 
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23.2; IR (film) 2928, 2858, 1668, 1491, 1145 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C22H21BrO + 

H]+: 381.0849, found 381.0842. 

 

 

 

Tricycle 2-27. Procedure A: To a solution of enyne 2-74 (24.8 mg, 87.2 µmol) in toluene (1.3 mL) in a 

2-dram vial under argon was quickly added [(C2H4)PtCl2]2 (1.3 mg, 2.21 µmol). The solution was stirred 

at 70 °C for 23 h. The reaction was allowed to cool to ambient temperature and was diluted with an 

approximately equal amount of hexanes. The mixture was stirred for 15 min, then passed through a small 

plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 w/ 

0.5% Et3N → 2:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-27 (12.8 mg, 52% yield, Rf = 

0.30 in 2:1 CH2Cl2/hexanes, stained blue with p-anisaldehyde) as a colorless oil. 

Tricycle 2-27: 1H NMR (400 MHz; C6D6): δ 7.30-7.28 (m, 2H), 7.18-7.15 (m, 2H), 7.11-7.07 (m, 1H), 

4.28 (ABq, JAB = 12.0 Hz, ΔυAB = 42.0 Hz, 2H), 3.77 (d, J = 10.4 Hz, 1H), 3.72 (ABq, JAB = 10.2 Hz, 

ΔυAB = 65.7 Hz, 2H), 2.91 (d, J = 10.4 Hz, 1H), 2.57-2.50 (m, 1H), 2.22-2.05 (m, 3H), 1.63-1.38 (m, 4H), 

1.23-1.20 (m, 1H), 0.99 (s, 3H), 0.41-0.40 (m, 1H); 13C NMR (100 MHz; C6D6): δ 146.2, 139.2, 128.5, 

128.2, 127.7, 110.7, 73.1, 71.3, 68.0, 28.1, 28.0, 25.0, 24.5, 23.6, 23.2, 22.9, 16.0; IR (film) 2929, 2856, 

1678, 1454, 1075 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C19H24O2 + H]+: 285.1849, found 

285.1848. 

 

O O

OBn OBn

Me

Me

2-74 2-27

Procedure A:
[(C2H4)PtCl2]2 (2.5 mol %), CO (1 atm)

PhCH3, 70 °C
52% yield
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Tricycle 2-19. Procedure A: To a solution of enyne 2-18 (34.5 mg, 99.6 µmol) in toluene (1.5 mL) in a 

2-dram vial under argon was quickly added [(C2H4)PtCl2]2 (1.5 mg, 2.55 µmol). CO was bubbled through 

the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 

the solution was stirred at 60 °C for 20 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 

passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (99:1 

hexanes/CH2Cl2 w/ 0.5% Et3N → 20:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-19 

(23.4 mg, 68% yield, Rf = 0.46 (2:1 CH2Cl2/hexanes), stained blue with p-anisaldehyde) as a colorless oil. 

Procedure B: To a solution of enyne 2-18 (17.5 mg, 50.5 µmol) in toluene (0.77 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (1.1 mg, 1.25 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the reaction mixture 

turned a dark-blue/black color. The balloon was removed and argon was bubbled through the reaction 

mixture in the same manner. The septum was quickly replaced with a Teflon cap and the reaction mixture 

was stirred at 110 °C for 16 h. The reaction was allowed to cool to ambient temperature and was diluted 

with an approximately equal amount of hexanes. 1,3-Bis(diphenylphosphino)propane (dppp) (6.2 mg, 

1.50 µmol) was also added to the mixture. The mixture was stirred for 15 min, then passed through a 

small plug of Al2O3 (hexanes →  1:1 hexanes/EtOAc eluent). The volatile materials were removed by 

rotary evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 

w/ 0.5% Et3N → 10:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-19 (15.2 mg, 87% yield, 

Rf = 0.46 (2:1 CH2Cl2/hexanes), stained blue with p-anisaldehyde) as a colorless oil. 

O Ph O
Ph

OBn

2-18 2-19

Procedure B:
[Ir(dbcot)Cl]2 (2.5 mol %), CO, then Ar

PhCH3, 110°C
87% yield

Procedure A:
[(C2H4)PtCl2]2 (2.5 mol %), CO (1 atm)

PhCH3, 60 °C
68% yield

OBn

H
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Tricycle 2-19: 1H NMR (400 MHz; C6D6): δ 7.14-7.02 (m, 10H), 4.10 (ABq, JAB = 12.0 Hz, ΔυAB = 30.2 

Hz, 2H), 4.01-3.91 (m, 2H), 3.50 (d, J = 10.5 Hz, 1H), 2.94 (d, J = 10.5 Hz, 1H), 2.60 (d, J = 5.9 Hz, 1H), 

2.57-2.50 (m, 1H), 2.31-2.07 (m, 3H), 1.80-1.77 (m, 1H), 1.61-1.49 (m, 4H); 13C NMR (100 MHz; C6D6): 

δ 146.7, 139.3, 138.3, 129.3, 128.5, 128.2, 127.9, 127.5, 126.4, 111.2, 72.8, 71.1, 62.5, 35.2, 28.2, 27.3, 

26.5, 25.4, 23.7, 23.3; IR (film) 3028, 2929, 2858, 1672, 1453, 1096 cm-1; HRMS (ESI+) m/z calc’d for 

(M + H)+ [C24H26O2 + H]+: 347.2006, found 347.2009. 

 

 

 

Tricycle 2-28. Procedure A: To a solution of enyne 2-77 (52.9 mg, 148 µmol) in toluene (2.5 mL) in a 2-

dram vial under argon was quickly added [(C2H4)PtCl2]2 (2.2 mg, 3.75 µmol). CO was bubbled through 

the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 

the solution was stirred at 70 °C for 18 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 

passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (hexanes 

w/ 0.5% Et3N → 20:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-28 (34.1 mg, 64% yield, 

Rf = 0.42 in 2:1 CH2Cl2/hexanes, stained red with p-anisaldehyde) as a yellow oil. 

Procedure B: To a solution of enyne 2-77 (28.1 mg, 77.9 µmol) in toluene (1.2 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (1.7 mg, 1.97 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the reaction mixture 

turned a dark-blue/black color. The balloon was removed and argon was bubbled through the reaction 

mixture in the same manner. The septum was quickly replaced with a Teflon cap and the reaction mixture 

O O

OBn OBn

Me
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Ph
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2-77 2-28

Procedure B:
[Ir(dbcot)Cl]2 (2.5 mol %), CO, then Ar

PhCH3, 110°C
52% yield

Procedure A:
[(C2H4)PtCl2]2 (2.5 mol %), CO (1 atm)

PhCH3, 70 °C
64% yield
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was stirred at 110 °C for 16 h. The reaction was allowed to cool to ambient temperature and was diluted 

with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then passed through 

a small plug of Al2O3 (hexanes →  1:1 hexanes/EtOAc eluent). The volatile materials were removed by 

rotary evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 

w/ 0.5% Et3N → 2:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-28 (14.5 mg, 52% yield) 

as a yellow oil. 

Tricycle 2-28: 1H NMR (400 MHz; C6D6): δ 7.22 (d, J = 7.2 Hz, 2H), 7.13 (dt, J = 5.9, 2.1 Hz, 4H), 7.10-

7.02 (m, 4H), 4.09 (ABq, JAB = 12.0 Hz, ΔυAB = 26.4 Hz, 2H), 3.85 (d, J = 10.0 Hz, 1H), 3.79 (ABq, JAB = 

10.0 Hz, ΔυAB = 120.1 Hz, 2H), 3.00 (d, J = 10.0 Hz, 1H), 2.84 (s, 1H), 2.64-2.57 (m, 1H), 2.32-2.25 (m, 

1H), 2.19-2.13 (m, 2H), 1.65-1.45 (m, 4H), 1.09 (s, 3H); 13C NMR (100 MHz; C6D6): δ 146.5, 139.2, 

137.6, 130.8, 128.6, 128.5, 127.9, 127.6, 126.5, 111.5, 73.3, 69.2, 68.4, 36.5, 31.9, 28.1, 27.7, 25.1, 23.7, 

23.6, 23.1, 13.1; IR (film) 2930, 2856, 1678, 1445, 1155 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ 

[C25H28O2 + H]+: 361.2162, found 361.2169. 

 

 

 

Tricycle 2-29. Procedure C: To a solution of enyne 2-79 (40.6 mg, 151 µmol) in toluene (2.5 mL) in a 2-

dram vial under argon was quickly added PtCl2 (2.8 mg, 1.05 µmol). CO was bubbled through the 

solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and the 

solution was stirred at 70 °C for 16 h. The reaction was allowed to cool to ambient temperature and was 

diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then passed 

through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (hexanes 

O Ph

n-Bu

O

n-Bu

Ph

2-79 2-29

Procedure C:
PtCl2 (7 mol %), CO (1 atm)

PhCH3, 70 °C
69% yield

H



 53 

w/ 0.5% Et3N → 2:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-29 (27.9 mg, 69% yield, 

Rf = 0.86 in 2:1 CH2Cl2/hexanes, stained brown with p-anisaldehyde) as a colorless oil. 

Tricycle 2-29: 1H NMR (400 MHz; C6D6): δ 7.20-7.13 (m, 2H), 7.06 (dd, J = 7.3, 5.0 Hz, 3H), 4.19-4.16 

(m, 1H), 4.01 (dd, J = 10.7, 2.9 Hz, 1H), 2.54-2.32 (m, 4H), 1.94-1.84 (m, 1H), 1.75-1.66 (m, 2H), 1.59-

1.52 (m, 1H), 1.41-1.07 (m, 8H), 0.81 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz; C6D6): δ 150.3, 138.9, 

129.2, 128.4, 126.2, 113.1, 64.2, 37.4, 31.8, 30.6, 29.9, 29.8, 26.5, 26.0, 23.2, 19.5, 14.4; IR (film) 3026, 

2960, 1682, 1464, 1152, 698 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C19H24O + H]+: 269.1900, 

found 269.1910. 

 

 

 

Tricycle 2-30. Procedure C: To a solution of enyne 2-81 (40.9 mg, 152 µmol) in toluene (2.5 mL) in a 2-

dram vial under argon was quickly added PtCl2 (2.8 mg, 1.05 µmol). CO was bubbled through the 

solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and the 

solution was stirred at 70 °C for 16 h. The reaction was allowed to cool to ambient temperature and was 

diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then passed 

through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (hexanes 

w/ 0.5% Et3N → 1:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-30 (22.5 mg, 55% yield, 

Rf = 0.85 in 2:1 CH2Cl2/hexanes, stained blue with p-anisaldehyde) as a colorless oil. 

Tricycle 2-30: 1H NMR (400 MHz; C6D6): δ 7.26-7.24 (m, 2H), 7.16 (d, J = 14.8 Hz, 2H), 7.08 (dd, J = 

8.5, 6.1 Hz, 1H), 4.05-3.93 (m, 2H), 2.33-2.16 (m, 2H), 2.08 (d, J = 6.3 Hz, 1H), 1.67-1.33 (m, 8H), 1.20-

1.13 (m, 2H), 1.05 (dt, J = 5.3, 2.6 Hz, 1H), 0.90 (d, J = 6.4 Hz, 3H); 13C NMR (100 MHz; C6D6): δ 

O Me
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2-81 2-30

Procedure C:
PtCl2 (7 mol %), CO (1 atm)

PhCH3, 70 °C
55% yield

H
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148.0, 141.6, 132.0, 127.9, 126.6, 112.9, 63.4, 31.7, 31.3, 30.3, 29.6, 29.3, 27.53, 27.51, 26.8, 25.8, 16.3; 

IR (film) 2923, 2851, 1658, 1493, 1164, 703 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C19H24O + 

H]+: 269.1900, found 269.1897. 

 

 

 

Tricycle 2-31. Procedure C: To a solution of enyne 2-83 (12.7 mg, 40.9 µmol) in toluene (0.67 mL) in a 

2-dram vial under argon was quickly added PtCl2 (0.7 mg, 2.63 µmol). CO was bubbled through the 

solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and the 

solution was stirred at 70 °C for 21 h, then at 110 °C for 24 h. The reaction was allowed to cool to 

ambient temperature and was diluted with an approximately equal amount of hexanes. The mixture was 

stirred for 15 min, then passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The 

volatile materials were removed by rotary evaporation and the resulting residue was purified by flash 

chromatography (99:1 hexanes/CH2Cl2 w/ 0.5% Et3N → 5:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) 

affording tricycle 2-31 (7.7 mg, 61% yield, Rf = 0.84 in 2:1 CH2Cl2/hexanes, stained purple with p-

anisaldehyde) as a yellow oil. 

Tricycle 2-31: 1H NMR (400 MHz; C6D6): δ 7.19-7.17 (m, 2H), 7.13-7.11 (m, 2H), 7.09-7.05 (m, 1H), 

4.04-3.97 (m, 2H), 2.42 (d, J = 5.7 Hz, 1H), 2.39-2.14 (m, 4H), 1.79-1.10 (m, 14H), 0.82 (t, J = 7.3 Hz, 

3H), 0.58 (ddd, J = 14.1, 11.1, 5.8 Hz, 1H); 13C NMR (100 MHz; C6D6): δ 139.1, 129.3, 128.4, 126.2, 

110.4, 63.5, 36.3, 31.6, 30.4, 30.3, 30.1, 29.5, 27.6, 26.9, 25.7, 25.6, 25.4, 23.2, 14.5; IR (film) 2924, 

2854, 1660, 1447, 1128, 698 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C22H30O + H]+: 311.2369, 

found 311.2355. 
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Procedure C:
PtCl2 (7 mol %), CO (1 atm)

PhCH3, 70 to 110 °C
61% yield
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Tricycle 2-32. Procedure C: To a solution of enyne 2-85 (42.8 mg, 152 µmol) in toluene (2.5 mL) in a 2-

dram vial under argon was quickly added PtCl2 (2.8 mg, 1.05 µmol). CO was bubbled through the 

solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and the 

solution was stirred at 70 °C for 20.5 h. The reaction was allowed to cool to ambient temperature and was 

diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then passed 

through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (hexanes 

w/ 0.5% Et3N → 10:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-32 (13.6 mg, 34% yield, 

Rf = 0.85 in 2:1 CH2Cl2/hexanes, stained blue with p-anisaldehyde) as a yellow oil. 

Tricycle 2-32: 1H NMR (400 MHz; C6D6): δ 7.28-7.26 (m, 2H), 7.18-7.15 (m, 2H), 7.11-7.06 (m, 1H), 

3.99 (qd, J = 11.3, 3.2 Hz, 2H), 2.33-2.17 (m, 2H), 2.11 (dd, J = 4.2, 3.1 Hz, 1H), 1.69-1.59 (m, 2H), 

1.51-1.30 (m, 10H), 1.08 (dd, J = 3.1, 2.1 Hz, 1H), 0.91 (d, J = 6.4 Hz, 3H); 13C NMR (100 MHz; C6D6): 

δ 148.6, 141.8, 132.1, 128.2, 126.6, 114.6, 64.2, 31.0, 30.4, 29.7, 28.2, 26.8, 26.5, 26.2, 25.7, 25.5, 25.4, 

16.3; IR (film) 2926, 2853, 1653, 1493, 1146, 704 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C20H26O 

+ H]+: 283.2056, found 283.2056. 

 

 

 

Tricycle 2-33. Procedure C: To a solution of enyne 2-87 (19.6 mg, 60.4 µmol) in toluene (1.0 mL) in a 

2-dram vial under argon was quickly added PtCl2 (1.2 mg, 4.51 µmol). CO was bubbled through the 
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Procedure C:
PtCl2 (7 mol %), CO (1 atm)
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solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and the 

solution was stirred at 60 °C for 21 h. The reaction was allowed to cool to ambient temperature and was 

diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then passed 

through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (99:1 

hexanes/CH2Cl2 w/ 0.5% Et3N → 20:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-33 (8.3 

mg, 42% yield, Rf = 0.87 in 2:1 CH2Cl2/hexanes, stained blue with p-anisaldehyde) as a yellow oil. 

Tricycle 2-33: 1H NMR (400 MHz; C6D6): δ 7.20-7.17 (m, 1H), 7.15-7.13 (m, 2H), 7.10-7.06 (m, 1H), 

4.04 (dd, J = 10.7, 4.0 Hz, 1H), 3.98-3.94 (m, 1H), 2.42 (d, J = 5.7 Hz, 1H), 2.39-2.30 (m, 3H), 2.21-2.15 

(m, 1H), 1.81-1.08 (m, 19H), 0.82 (t, J = 7.3 Hz, 3H), 0.60 (ddd, J = 14.1, 11.2, 5.7 Hz, 1H); 13C NMR 

(100 MHz; C6D6): δ 150.8, 139.1, 129.3, 128.4, 126.3, 111.3, 64.1, 37.0, 30.6, 30.4, 29.7, 27.1, 26.9, 26.5, 

26.2, 25.6, 25.5, 24.9, 24.3, 23.3, 14.5; IR (film) 2926, 2856, 1654, 1497, 1183 cm-1; HRMS (ESI+) m/z 

calc’d for (M + H)+ [C23H32O + H]+: 325.2526, found 325.2517. 

 

 

 

Tricycle 2-34. Procedure C: To a solution of enyne 2-89 (21.1 mg, 59.8 µmol) in toluene (1.0 mL) in a 

2-dram vial under argon was quickly added PtCl2 (1.2 mg, 4.51 µmol). CO was bubbled through the 

solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and the 

solution was stirred at 60 °C for 21 h. The reaction was allowed to cool to ambient temperature and was 

diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then passed 

through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (99:1 
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hexanes/CH2Cl2 w/ 0.5% Et3N → 10:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-34 (8.9 

mg, 42% yield, Rf = 0.86 in 2:1 CH2Cl2/hexanes, stained brown/blue in p-anisaldehyde) as a colorless oil. 

Tricycle 2-34: 1H NMR (400 MHz; C6D6): δ 7.22-7.19 (m, 4H), 7.11-7.07 (m, 1H), 4.26 (dd, J = 11.3, 

6.3 Hz, 1H), 3.62 (dd, J = 11.4, 4.6 Hz, 1H), 2.54-2.39 (m, 2H), 2.30-2.21 (m, 2H), 2.18 (d, J = 5.2 Hz, 

1H), 2.00-1.89 (m, 2H), 1.74-1.08 (m, 18H), 0.80 (t, J = 7.3 Hz, 3H), 0.69 (ddd, J = 14.0, 11.1, 5.7 Hz, 

1H); 13C NMR (100 MHz; C6D6): δ 151.3, 139.1, 129.1, 128.4, 126.3, 112.4, 66.9, 39.5, 29.9, 29.7, 29.3, 

27.8, 26.8, 26.44, 26.4, 26.3, 25.8, 25.53, 25.48, 25.2, 23.2, 22.4, 14.4; IR (film) 2927, 2857, 1498, 1154,  

721 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C25H36O + H]+: 353.2839, found 353.2831. 

 

 

 

Bicycle 2-41. Procedure A: To a solution of enyne 2-39 (20.6 mg, 80.3 µmol) in toluene (1.2 mL) in a 2-

dram vial under argon was quickly added [(C2H4)PtCl2]2 (1.2 mg, 2.04 µmol). CO was bubbled through 

the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 

the solution was stirred at 60 °C for 19.5 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 

passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (50:1 

hexanes/CH2Cl2 w/ 0.5% Et3N → 2:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording bicycle 2-41 (7.5 

mg, 36% yield, Rf = 0.78 in 2:1 CH2Cl2/hexanes, stained orange with p-anisaldehyde) as a yellow oil. 

Procedure B: To a solution of enyne 2-39 (15.6 mg, 60.8 µmol) in toluene (0.92 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (1.3 mg, 1.50 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the reaction mixture 

O Ph
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2-39 2-41

Me

H

Procedure B:
[Ir(dbcot)Cl]2 (2.5 mol %), CO, then Ar

PhCH3, 110°C
25% yield

Procedure A:
[(C2H4)PtCl2]2 (2.5 mol %), CO (1 atm)

PhCH3, 60 °C
36% yield
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turned a dark-blue/black color. The balloon was removed and argon was bubbled through the reaction 

mixture in the same manner. The septum was quickly replaced with a Teflon cap and the reaction mixture 

was stirred at 110 °C for 18 h. The reaction was allowed to cool to ambient temperature and was diluted 

with an approximately equal amount of hexanes. 1,3-Bis(diphenylphosphino)propane (dppp) (6.2 mg, 

15.0 µmol) was also added to the mixture. The mixture was stirred for 15 min, then passed through a 

small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were removed by 

rotary evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 

w/ 0.5% Et3N → 50:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording bicycle 2-41 (3.9 mg, 25% yield) 

as a yellow oil. 

Bicycle 2-41: 1H NMR (400 MHz; C6D6): δ 7.16 (d, J = 14.7 Hz, 3H), 7.08-7.06 (m, 2H), 4.10 (dd, J = 

11.0, 5.1 Hz, 1H), 3.80 (dd, J = 11.0, 3.4 Hz, 1H), 2.17 (d, J = 5.4 Hz, 1H), 1.79 (d, J = 0.9 Hz, 3H), 1.70 

(d, J = 0.9 Hz, 3H), 1.65-1.58 (m, 1H), 1.47 (td, J = 5.3, 3.4 Hz, 1H), 1.36-1.09 (m, 4H), 0.81 (t, J = 7.3 

Hz, 3H), 0.61 (ddd, J = 14.0, 10.9, 5.9 Hz, 1H); 13C NMR (100 MHz; C6D6): δ 146.2, 139.1, 129.4, 126.2, 

108.5, 65.4, 38.7, 30.0, 27.2, 25.4, 23.2, 16.8, 14.4, 14.0; IR (film) 2956, 2859, 2017, 1948, 1384, 1150 

cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C18H24O + H]+: 257.1900, found 257.1888. 

 

 

 

Bicycle 2-42. Procedure A: To a solution of enyne 2-40 (42.2 mg, 148 µmol) in toluene (2.5 mL) in a 2-

dram vial under argon was quickly added [(C2H4)PtCl2]2 (2.2 mg, 3.74 µmol). CO was bubbled through 

the solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and 

the solution was stirred at 60 °C for 20 h. The reaction was allowed to cool to ambient temperature and 

was diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then 
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Procedure B:
[Ir(dbcot)Cl]2 (2.5 mol %), CO, then Ar

PhCH3, 110°C
58% yield

Procedure A:
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PhCH3, 60 °C
56% yield
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passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was purified by flash chromatography (hexanes 

w/ 0.5% Et3N → 9:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording bicycle 2-42 (23.8 mg, 56% yield, 

Rf = 0.78 in 2:1 CH2Cl2/hexanes, stained orange with p-anisaldehyde) as a yellow oil. 

Procedure B: To a solution of enyne 2-40 (28.9 mg, 102 µmol) in toluene (1.5 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (2.2 mg, 2.55 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the reaction mixture 

turned a dark-blue/black color. The balloon was removed and argon was bubbled through the reaction 

mixture in the same manner. The septum was quickly replaced with a Teflon cap and the reaction mixture 

was stirred at 110 °C for 23 h. The reaction was allowed to cool to ambient temperature and was diluted 

with an approximately equal amount of hexanes. 1,3-Bis(diphenylphosphino)propane (dppp) (10.3 mg, 

25.0 µmol) was also added to the mixture. The mixture was stirred for 15 min, then passed through a 

small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were removed by 

rotary evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 

w/ 0.5% Et3N → 20:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording bicycle 2-42 (16.9 mg, 58% yield) 

as a yellow oil. 

Bicycle 2-42: 1H NMR (400 MHz; C6D6): δ 7.18-7.14 (m, 2H), 7.08-7.06 (m, 3H), 4.19 (ddd, J = 11.1, 

5.9, 0.9 Hz, 1H), 3.65 (dd, J = 11.1, 4.1 Hz, 1H), 2.80-2.69 (m, 1H), 2.05 (d, J = 5.1 Hz, 1H), 1.73 (d, J = 

1.0 Hz, 3H), 1.65-1.58 (m, 1H), 1.52-1.48 (m, 1H), 1.40-1.21 (m, 4H), 1.18 (dd, J = 6.8, 1.1 Hz, 3H), 1.13 

(dd, J = 6.8, 1.0 Hz, 3H), 0.81 (t, J = 7.3 Hz, 3H), 0.64-0.57 (m, 1H); 13C NMR (100 MHz; C6D6): δ 

154.6, 139.1, 133.7, 129.4, 127.1, 126.2, 107.4, 67.3, 39.2, 30.2, 30.0, 29.8, 29.0, 27.4, 25.0, 23.1, 20.3, 

20.2, 14.4, 13.3; IR (film) 2929, 2859, 1454, 1094, 698 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ 

[C20H28O + H]+: 285.2213, found 285.2201. 
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2.7.3 Substrate Synthesis 

 

General procedure for the synthesis of tertiary propargyl alcohols. To a solution of the terminal 

alkyne (1.1 equiv) in THF (0.30 M) at 0 °C was slowly added n-BuLi (2.5 M in hexane, 1 equiv). The 

reaction mixture was stirred at 0 °C for 30 min, then the ketone (1 equiv) was added. The reaction mixture 

was allowed to warm to ambient temperature and was stirred until the ketone was consumed, as 

determined by TLC. The reaction mixture was then diluted with aq. 1 M HCl and the mixture was 

transferred to a separatory funnel. The layers were separated and the aqueous layer was extracted with 

Et2O (3x). The combined organic layers were washed with brine, then dried over MgSO4. The volatile 

materials were removed by rotary evaporation and the crude residue was purified by flash 

chromatography. 

 

General procedure for the alkylation of tertiary propargyl alcohols to give oxygen-tethered 1,6-

enynes. To a solution of the tertiary propargyl alcohol (1 equiv) in THF (0.20 M) in a flame-dried flask 

under argon at 0 °C was added NaH (1.2 equiv, 60% dispersion in mineral oil). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (0.25 equiv), tetrabutylammonium iodide (TBAI) (1 

equiv), and the allylic halide (1 equiv). The resulting mixture was stirred at ambient temperature until 

completion, as determined by TLC. The reaction was quenched with sat. aq. NH4Cl. The layers were 

separated, and the aqueous layer was extracted with Et2O (3x). The combined organic layers were washed 

with brine, then dried over MgSO4. The volatile materials were removed by rotary evaporation and the 

resulting residue was purified by flash chromatography. 
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Enyne 2-12. To a solution of tertiary propargyl alcohol 2-59 (0.166 g, 1.00 mmol) in THF (5.0 mL) at 0 

°C was added NaH (40.0 mg, 60% dispersion in mineral oil, 1.00 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (99.0 µL, 0.500 mmol), tetrabutylammonium iodide 

(0.369 g, 1.00 mmol), and cinnamyl bromide (0.197 g, 1.00 mmol). The resulting mixture was stirred at 

ambient temperature for 16 h. The reaction was quenched with sat. aq. NH4Cl (10 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (25 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 → 2:1 

hexanes/CH2Cl2 eluent), affording enyne 2-12 (0.195 g, 69% yield, Rf = 0.67 in 1:1 hexanes/CH2Cl2, 

stained blue with p-anisidine) as a yellow oil. 

Enyne 2-12: 1H NMR (400 MHz; CDCl3): δ 7.39-7.37 (m, 2H), 7.32-7.28 (m, 2H), 7.24-7.19 (m, 1H), 

6.61 (d, J = 15.9 Hz, 1H), 6.33 (dt, J = 15.9, 6.0 Hz, 1H), 4.23 (dd, J = 6.0, 1.5 Hz, 2H), 2.24 (t, J = 7.0 

Hz, 2H), 2.06-1.99 (m, 2H), 1.92-1.85 (m, 2H), 1.80-1.69 (m, 4H), 1.55-1.40 (m, 4H), 0.92 (d, J = 14.5 

Hz, 3H); 13C NMR (100 MHz; CDCl3): δ 137.2, 131.6, 128.6, 127.5, 127.3, 126.6, 85.6, 81.7, 80.8, 65.7, 

39.9, 31.1, 23.5, 22.1, 18.6, 13.8; IR (film) 2959, 2872, 1496, 1053, 964 cm-1; HRMS (ESI+) m/z calc’d 

for (M + H)+ [C20H26O + H]+: 283.2056, found 283.2056. 
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Enyne 2-60. To a solution of tertiary propargyl alcohol 2-59 (0.415 g, 2.49 mmol) in THF (13 mL) at 0 

°C was added NaH (0.125 g, 60% dispersion in mineral oil, 3.14 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (0.120 mL, 0.625 mmol), tetrabutylammonium iodide 

(0.924 g, 2.50 mmol), and methallyl chloride (0.550 mL, 5.57 mmol). The resulting mixture was stirred at 

ambient temperature for 19.5 h. The reaction was quenched with sat. aq. NH4Cl (15 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 15 mL). The combined organic layers were 

washed with brine (40 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (100% hexanes → 5:1 

hexanes/EtOAc eluent), affording enyne 2-60 (0.470 g, 90% yield, Rf = 0.85 in 1:1 hexanes/CH2Cl2, 

stained blue with p-anisaldehyde) as a colorless oil. 

Enyne 2-60: 1H NMR (400 MHz; CDCl3): δ 4.98 (dd, J = 2.2, 0.9 Hz, 1H), 4.84 (t, J = 1.1 Hz, 1H), 3.94 

(s, 2H), 2.21 (t, J = 6.9 Hz, 2H), 2.03-1.96 (m, 2H), 1.88-1.78 (m, 2H), 1.75 (s, 3H), 1.74-1.65 (m, 4H), 

1.53-1.38 (m, 4H), 0.91 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz; CDCl3): δ 143.3, 111.4, 85.2, 81.8, 

80.6, 77.2, 68.7, 39.8, 31.1, 23.5, 22.1, 20.0, 18.6, 13.8; IR (film) 2960, 2873, 1452, 1094 cm-1; HRMS 

(ESI+) m/z calc’d for (M + H)+ [C15H24O + H]+: 221.1900, found 221.1902. 

 

 

 

Enyne 2-61. To a solution of tertiary propargyl alcohol 2-59 (0.167 g, 1.00 mmol) in THF (5.0 mL) at 0 

°C was added NaH (40.0 mg, 60% dispersion in mineral oil, 1.00 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (60.0 µL, 0.303 mmol), tetrabutylammonium iodide 
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(0.369 g, 1.00 mmol), and 3-bromo-2-methyl-1-phenyl-1-propene (0.258 g, 1.22 mmol). The resulting 

mixture was stirred at ambient temperature for 20 h. The reaction was quenched with sat. aq. NH4Cl (10 

mL). The layers were separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The 

combined organic layers were washed with brine (25 mL), then dried over MgSO4. The volatile materials 

were removed by rotary evaporation and the resulting residue was purified by flash chromatography (20:1 

hexanes/CH2Cl2 → 1:1 hexanes/CH2Cl2 eluent), affording enyne 2-61 (0.148 g, 50% yield, Rf = 0.63 in 

1:1 hexanes/CH2Cl2, stained blue with p-anisaldehyde) as a colorless oil. 

Enyne 2-61: 1H NMR (400 MHz; CDCl3): δ 7.34-7.27 (m, 4H), 7.21-7.17 (m, 1H), 6.53 (s, 1H), 4.09 (s, 

2H), 2.24 (t, J = 6.9 Hz, 2H), 2.08-2.01 (m, 2H), 1.90 (s, 3H), 1.88-1.84 (m, 2H), 1.82-1.69 (m, 4H), 1.53-

1.40 (m, 4H), 0.92 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz; CDCl3): δ 138.1, 136.2, 129.1, 128.1, 126.3, 

126.1, 98.8, 85.4, 81.8, 80.8, 70.9, 39.9, 31.1, 23.5, 22.1, 18.6, 15.9, 13.8; IR (film) 2959, 2872, 1446, 

1047 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C21H28O + H]+: 297.2213, found 297.2208. 

 

 

 

Enyne 2-4. To a solution of tertiary propargyl alcohol 2-59 (0.166 g, 0.996 mmol) in THF (5.0 mL) at 0 

°C was added NaH (40.0 mg, 60% dispersion in mineral oil, 1.00 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (60.0 µL, 0.303 mmol), tetrabutylammonium iodide 

(0.369 g, 1.00 mmol), and 3-bromo-2-methyl-1-methyl-1-propene (0.208 g, 1.40 mmol). The resulting 

mixture was stirred at ambient temperature for 16 h. The reaction was quenched with sat. aq. NH4Cl (10 

mL). The layers were separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The 

combined organic layers were washed with brine (40 mL), then dried over MgSO4. The volatile materials 
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were removed by rotary evaporation and the resulting residue was purified by flash chromatography 

(hexanes → 1:1 hexanes/CH2Cl2 eluent), affording enyne 2-4 (0.158 g, 67% yield, Rf = 0.71 in 1:1 

hexanes/CH2Cl2, stained blue with p-anisaldehyde) as a colorless oil. 

Enyne 2-4: 1H NMR (400 MHz; CDCl3): δ 5.51 (q, J = 6.28 Hz, 1H), 3.90 (s, 2H), 2.22 (t, J = 6.9 Hz, 

2H), 2.02-1.96 (m, 2H), 1.86-1.78 (m, 2H), 1.76-1.67 (m, 4H), 1.65 (d, J = 1.0 Hz, 3H), 1.61 (dt, J = 6.7, 

0.9 Hz, 3H), 1.51-1.39 (m, 4H), 0.91 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz; CDCl3): δ 133.8, 121.9, 

85.1, 82.0, 80.5, 70.9, 39.8, 31.1, 23.4, 22.1, 18.6, 14.0, 13.8, 13.4; IR (film) 2960, 2934, 2861, 1449, 

1046 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C16H26O + H]+: 235.2056, found 235.2050. 

 

 

 

Enyne 2-63. To (PPh3)2PdCl2 (52.7 mg, 75.1 µmol) and CuI (28.6 mg, 0.150 mmol) under argon was 

added (i-Pr)2NH (3.0 mL). The reaction mixture was stirred for 5 min, then 3-iodo-1-tosylindole (2-62) 

(0.775 g, 1.95 mmol) was added and the mixture was stirred for 5 more min. Terminal alkyne 2-48 (0.339 

g, 1.50 mmol) was then added as a 0.50 M solution in THF. Additional THF (ca. 3.0 mL) was added to 

maintain dissolution. The mixture was stirred for 14 h, after which the reaction mixture was partitioned 

between 1 M HCl (10 mL) and Et2O (5.0 mL). The layers were separated and the aqueous layer was 

extracted with Et2O (3 x 5.0 mL). The combined organic layers were washed with brine (20 mL), then 

dried over MgSO4. The volatile materials were removed by rotary evaporation and the resulting residue 

was purified by flash chromatography (100% hexanes → 9:1 hexanes/EtOAc eluent), affording enyne 2-

63 (0.406 g, 54% yield, Rf = 0.33 in 9:1 hexanes/EtOAc, stained blue with p-anisaldehyde) as a brown 

amorphous solid. 
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Enyne 2-63: 1H NMR (400 MHz; CDCl3): δ  7.97 (d, J = 8.3 Hz, 1H), 7.79 (d, J = 8.3 Hz, 2H), 7.72 (s, 

1H), 7.61 (d, J = 7.7 Hz, 1H), 7.38 (t, J = 8.2 Hz, 3H), 7.34-7.28 (m, 3H), 7.23 (t, J = 8.3 Hz, 3H), 6.65 

(d, J = 16.1 Hz, 1H), 6.40-6.33 (m, 1H), 4.36-4.34 (m, 2H), 2.35 (s, 3H), 2.22-2.04 (m, 4H), 1.90-1.78 (m, 

4H); 13C NMR (100 MHz; CDCl3): δ 145.4, 135.1, 134.3, 131.9, 130.2, 128.8, 128.6, 127.7, 127.1, 127.0, 

126.6, 125.6, 123.8, 120.6, 113.7, 95.5, 81.2, 77.4, 66.1, 40.1, 23.6, 21.7; IR (film) 2966, 1376, 1175, 964 

cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C31H29NO3S + H]+: 496.1941, found 496.1960. 

 

 

 

Enyne 2-64. To (PPh3)2PdCl2 (52.7 mg, 75.1 µmol) and CuI (28.6 mg, 0.150 mmol) under argon was 

added (i-Pr)2NH (3.0 mL). The reaction mixture was stirred for 5 min, then 4-iodoethylbenzoate (0.330 

mL, 1.95 mmol) was added and the mixture was stirred for 5 min. Terminal alkyne 2-48 (0.339 g, 1.50 

mmol) was then added as a 0.50 M solution in THF. Additional THF (ca. 3.0 mL) was added to maintain 

dissolution. The mixture was stirred for 14 h, after which the reaction mixture was partitioned between 1 

M HCl (10 mL) and Et2O (5.0 mL). The layers were separated and the aqueous layer was extracted with 

Et2O (3 x 5.0 mL). The combined organic layers were washed with brine (20 mL), then dried over 

MgSO4. The volatile materials were removed by rotary evaporation and the resulting residue was purified 

by flash chromatography (100% hexanes → 9:1 hexanes/EtOAc eluent), affording enyne 2-64 (0.338 g, 

60% yield, Rf = 0.42 in 9:1 hexanes/EtOAc, stained blue with p-anisaldehyde) as a colorless oil. 

Enyne 2-64: 1H NMR (400 MHz; CDCl3): δ 7.99-7.97 (m, 2H), 7.50-7.48 (m, 2H), 7.40-7.38 (m, 2H), 

7.30 (dd, J = 8.1, 6.7 Hz, 2H), 7.24-7.20 (m, 1H), 6.63 (t, J = 14.3 Hz, 1H), 6.39-6.27 (m, 1H), 4.38 (q, J 

= 7.1 Hz, 2H), 4.32 (dd, J = 5.9, 1.4 Hz, 1H), 2.20-2.01 (m, 4H), 1.88-1.75 (m, 4H), 1.40 (d, J = 14.3 Hz, 
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3H); 13C NMR (100 MHz; CDCl3): δ 131.9, 131.7, 129.5, 128.6, 127.7, 126.6, 94.2, 84.6, 81.0, 66.1, 

61.3, 39.9, 23.6, 14.5; IR (film) 2965, 1719, 1272, 1106 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ 

[C25H26O3 + H]+: 375.1955, found 375.1935. 

 

 

 

Enyne 2-1. To a solution of tertiary propargyl alcohol 2-65 (0.150 g, 0.805 mmol) in THF (4.0 mL) at 0 

°C was added NaH (38.9 mg, 60% dispersion in mineral oil, 0.973 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (16.0 µL, 81.0 µmol), tetrabutylammonium iodide (0.451 

g, 1.22 mmol), and crotyl bromide (83.3 µL, 0.810 mmol). The resulting mixture was stirred at ambient 

temperature for 24 h. The reaction was quenched with sat. aq. NH4Cl (10 mL). The layers were separated, 

and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were washed 

with brine (30 mL), then dried over MgSO4. The volatile materials were removed by rotary evaporation 

and the resulting residue was purified by flash chromatography (100% hexanes → 9:1 hexanes/Et2O 

eluent), affording enyne 2-1 (0.179 g, 92% yield, Rf = 0.71 in 4:1 hexanes/EtOAc, stained blue with p-

anisaldehyde) as a colorless oil. 

Enyne 2-1: 1H NMR (400 MHz; CDCl3): δ 7.43 (td, J = 3.8, 1.7 Hz, 2H), 7.30 (t, J = 3.2 Hz, 3H), 5.79-

5.60 (m, 2H), 4.08 (d, J = 6.1 Hz, 2H), 2.13-1.96 (m, 4H), 1.86-1.74 (m, 4H), 1.71 (dd, J = 6.2, 0.9 Hz, 

3H); 13C NMR (100 MHz; CDCl3): δ 131.8, 129.1, 128.36, 128.35, 128.2, 126.6, 91.2, 84.9, 80.8, 66.1, 

39.9, 23.6, 18.0; IR (film) 2965, 2857, 1443, 1088 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C17H20O 

+ H]+: 241.1587, found 241.1587. 
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Br Me (1 equiv)
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THF, 0 to 23 °C

92% yield
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Enyne 2-3. To a solution of tertiary propargyl alcohol 2-65 (0.187 g, 1.00 mmol) in THF (5.0 mL) at 0 °C 

was added NaH (48.0 mg, 60% dispersion in mineral oil, 1.20 mmol). The reaction mixture was allowed 

to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (20.0 µL, 0.101 mmol), tetrabutylammonium iodide 

(0.369 g, 1.00 mmol), and cinnamyl bromide (0.198 g, 1.00 mmol). The resulting mixture was stirred at 

ambient temperature for 20 h. The reaction was quenched with sat. aq. NH4Cl (10 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (30 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (100% hexanes → 1:1 

hexanes/CH2Cl2 eluent), affording enyne 2-3 (0.201 g, 66% yield, Rf = 0.62 in 1:1 hexanes/CH2Cl2, 

stained blue with p-anisaldehyde) as a colorless oil. 

Enyne 2-3: 1H NMR (400 MHz; CDCl3): δ 7.45-7.43 (m, 2H), 7.40-7.38 (m, 2H), 7.30 (dd, J = 8.5, 5.3 

Hz, 5H), 7.24-7.20 (m, 1H), 6.64 (d, J = 15.9 Hz, 1H), 6.36 (dt, J = 15.9, 5.9 Hz, 1H), 4.33 (dd, J = 6.0, 

1.5 Hz, 2H), 2.19-2.01 (m, 4H), 1.89-1.76 (m, 4H); 13C NMR (100 MHz; CDCl3): δ 137.2, 131.9, 131.8, 

128.6, 128.4, 128.3, 127.6, 127.1, 126.6, 123.2, 91.0, 85.2, 81.1, 66.0, 39.9, 23.6; IR (film) 2965, 1598, 

1445, 1048 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C22H22O + H]+: 303.1743, found 303.1743. 

 

 

 

Br Ph (1 equiv)
NaH (1.2 equiv)

15-crown-5 (0.10 equiv)

TBAI (1 equiv)
THF, 0 to 23 °C

66% yield

O Ph

Ph

OH

Ph

2-65 2-3

O

Ph

OH

Ph

2-65 2-66

Br

Br p-BrPh (1 equiv)
NaH (1.2 equiv)

15-crown-5 (0.10 equiv)

TBAI (1.5 equiv)
THF, 0 to 23 °C

59% yield
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Enyne 2-66. To a solution of tertiary propargyl alcohol 2-65 (0.140 g, 0.750 mmol) in THF (3.8 mL) at 0 

°C was added NaH (36.0 mg, 60% dispersion in mineral oil, 0.900 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (15.0 µL, 75.8 µmol), tetrabutylammonium iodide (0.420 

g, 1.14 mmol), and p-bromocinnamyl bromide (0.207 g, 0.750 mmol). The resulting mixture was stirred 

at ambient temperature for 14 h. The reaction was quenched with sat. aq. NH4Cl (10 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (30 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (100% hexanes → 1:1 

hexanes/CH2Cl2 eluent), affording enyne 2-66 (0.169 g, 59% yield, Rf = 0.71 in 4:1 hexanes/EtOAc, 

stained blue with p-anisaldehyde) as a colorless oil. 

Enyne 2-66: 1H NMR (400 MHz; CDCl3): δ 7.44-7.41 (m, 4H), 7.31 (t, J = 3.2 Hz, 3H), 7.24 (d, J = 8.5 

Hz, 2H), 6.58 (d, J = 15.8 Hz, 1H), 6.35 (dt, J = 15.8, 5.9 Hz, 1H), 4.31 (dd, J = 5.8, 1.2 Hz, 2H), 2.17-

1.99 (m, 4H), 1.85-1.76 (m, 4H); 13C NMR (100 MHz; CDCl3): δ 136.1, 131.8, 131.7, 128.4, 128.3, 

128.1, 128.0, 98.8, 77.4, 77.0, 69.9, 39.9, 23.6; IR (film) 2965, 1488, 1071 cm-1; HRMS (ESI+) m/z calc’d 

for (M + H)+ [C22H21BrO + H]+: 381.0849, found 381.0844. 

 

 

 

Enyne 2-68. To a solution of tertiary propargyl alcohol 2-67 (0.150 g, 0.652 mmol) in THF (3.3 mL) at 0 

°C was added NaH (31.2 mg, 60% dispersion in mineral oil, 0.780 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (32.0 µL, 0.163 mmol), tetrabutylammonium iodide 

O

OBn
Me

OH

OBn

2-67 2-68

Cl (1 equiv)
Me

NaH (1.2 equiv)
15-crown-5 (0.25 equiv)

TBAI (1 equiv)
THF, 0 to 23 °C

21% yield
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(0.240 g, 0.650 mmol), and methallyl chloride (64.2 µL, 0.650 mmol). The resulting mixture was stirred 

at ambient temperature for 22 h. The reaction was quenched with sat. aq. NH4Cl (10 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (30 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (100% hexanes → 10:1 

hexanes/EtOAc eluent), affording enyne 2-68 (38.3 mg, 21% yield, Rf = 0.81 in 3:1 hexanes/EtOAc, 

stained blue with p-anisaldehyde) as a colorless oil. 

Enyne 2-68: 1H NMR (400 MHz; CDCl3): δ 7.36 (d, J = 4.4 Hz, 4H), 7.31 (td, J = 6.6, 3.7 Hz, 1H), 5.00 

(s, 1H), 4.86 (s, 1H), 4.61 (s, 2H), 4.23 (s, 2H), 3.97 (s, 2H), 2.06 (td, J = 10.8, 4.4 Hz, 2H), 1.95-1.88 (m, 

2H), 1.81-1.70 (m, 7H); 13C NMR (100 MHz; CDCl3): δ 143.0, 137.6, 128.6, 128.2, 128.0, 111.5, 88.5, 

80.6, 80.5, 71.5, 68.9, 57.6, 39.7, 23.5, 20.0; IR (film) 2969, 2856, 1496, 1091 cm-1; HRMS (ESI+) m/z 

calc’d for (M + H)+ [C19H24O2 + H]+: 285.1849, found 285.1851. 

 

 

 

Enyne 2-18. To a solution of tertiary propargyl alcohol 2-67 (0.172 g, 0.749 mmol) in THF (3.8 mL) at 0 

°C was added NaH (36.0 mg, 60% dispersion in mineral oil, 0.900 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (37.6 µL, 0.190 mmol), tetrabutylammonium iodide 

(0.280 g, 0.758 mmol), and cinnamyl bromide (0.147 g, 0.746 mmol). The resulting mixture was stirred at 

ambient temperature for 22 h. The reaction was quenched with sat. aq. NH4Cl (10 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (30 mL), then dried over MgSO4. The volatile materials were removed by rotary 

O Ph
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Br Ph (1 equiv)
NaH (1.2 equiv)

15-crown-5 (0.25 equiv)

TBAI (1 equiv)
THF, 0 to 23 °C

85% yield
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evaporation and the resulting residue was purified by flash chromatography (100% hexanes → 9:1 

hexanes/EtOAc eluent), affording enyne 2-18 (0.221 g, 85% yield, Rf = 0.77 (3:1 hexanes/EtOAc), 

stained blue with p-anisaldehyde) as a colorless oil. 

Enyne 2-18: 1H-NMR (400 MHz; CDCl3): δ 7.39-7.34 (m, 5H), 7.31 (t, J = 7.5 Hz, 3H), 7.23 (dd, J = 

8.3, 6.1 Hz, 2H), 6.63 (d, J = 15.9 Hz, 1H), 6.33 (dt, J = 15.9, 5.9 Hz, 1H), 4.62 (s, 2H), 4.27-4.26 (m, 

4H), 2.12-2.05 (m, 2H), 2.00-1.92 (m, 2H), 1.84-1.72 (m, 4H); 13C NMR (100 MHz; CDCl3): δ 137.6, 

137.1, 131.8, 128.6, 128.2, 128.0, 127.6, 126.9, 126.6, 88.4, 80.9, 80.6, 71.6, 65.9, 57.7, 39.8, 23.5; IR 

(film) 2963, 2856, 1496, 1073 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C24H26O2 + H]+: 347.2006, 

found 347.2011. 

 

 

 

Enyne 2-69. To a solution of tertiary propargyl alcohol 2-67 (0.110 g, 0.475 mmol) in THF (2.4 mL) at 0 

°C was added NaH (23.0 g, 60% dispersion in mineral oil, 0.571 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (23.8 µL, 0.120 mmol), tetrabutylammonium iodide 

(0.175 g, 0.475 mmol), and 3-bromo-2-methyl-1-phenyl-1-propene (0.101 g, 0.475 mmol). The resulting 

mixture was stirred at ambient temperature for 15 h. The reaction was quenched with sat. aq. NH4Cl (10 

mL). The layers were separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The 

combined organic layers were washed with brine (30 mL), then dried over MgSO4. The volatile materials 

were removed by rotary evaporation and the resulting residue was purified by flash chromatography 

(100% hexanes → 1:1 hexanes/CH2Cl2 eluent), affording enyne 2-69 (0.144 g, 84% yield, Rf = 0.55 in 1:1 

hexanes/CH2Cl2, stained blue with p-anisaldehyde) as a colorless oil. 
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Enyne 2-69: 1H NMR (400 MHz; CDCl3): δ 7.35 (dd, J = 6.0, 4.0 Hz, 3H), 7.30 (dt, J = 12.7, 6.1 Hz, 

5H), 7.22-7.18 (m, 1H), 6.54 (s, 1H), 4.62 (s, 2H), 4.25 (s, 2H), 4.12 (s, 2H), 2.14-1.92 (m, 4H), 1.92 (s, 

3H), 1.84-1.72 (m, 4H); 13C NMR (100 MHz; CDCl3): δ 138.0, 137.6, 135.9, 129.1, 128.6, 128.3, 128.2, 

128.0, 126.4, 126.3, 88.5, 80.8, 80.6, 71.6, 71.2, 57.6, 39.8, 23.5, 15.9; IR (film) 2964, 2855, 1683, 1493, 

1089 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C25H28O2 + H]+: 361.2162, found 361.2162. 

 

 

 

Enyne 2-71. To a solution of tertiary propargyl alcohol 2-70 (0.378 g, 2.48 mmol) in THF (10 mL) at 0 

°C was added NaH (0.111 g, 60% dispersion in mineral oil, 2.75 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (0.120 mL, 0.625 mmol), tetrabutylammonium iodide 

(0.646 g, 1.75 mmol), and cinnamyl bromide (0.542 g, 2.75 mmol). The resulting mixture was stirred at 

ambient temperature for 19 h. The reaction was quenched with sat. aq. NH4Cl (15 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (20 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (100% hexanes → 9:1 

hexanes/EtOAc eluent), affording enyne 2-71 (0.629 g, 94% yield, Rf = 0.58 in 9:1 hexanes/EtOAc, 

stained blue with p-anisaldehyde) as a colorless oil. 

Enyne 2-71: 1H NMR (400 MHz; CDCl3): δ 7.40-7.38 (m, 2H), 7.30 (t, J = 7.6 Hz, 2H), 7.24-7.20 (m, 

1H), 6.63 (d, J = 15.9 Hz, 1H), 6.33 (dt, J = 15.9, 6.1 Hz, 1H), 4.17 (dd, J = 6.1, 1.2 Hz, 2H), 2.35-2.24 

(m, 6H), 1.93-1.78 (m, 2H), 1.57-1.40 (m, 4H), 0.93 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz; CDCl3): δ 

137.1, 132.2, 128.6, 127.6, 126.7, 126.6, 85.8, 81.6, 73.1, 65.3, 36.5, 31.1, 22.1, 18.7, 13.8, 13.5; IR 
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TBAI (1 equiv)
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94% yield



 72 

(film) 2935, 2861, 1450, 1128, 735 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C19H24O + H]+: 

269.1900, found 269.1901. 

 

 

 

Enyne 2-73. To a solution of tertiary propargyl alcohol 2-72 (2.14 g, 10.0 mmol) in THF (40 mL) at 0 °C 

was added NaH (0.442 g, 60% dispersion in mineral oil, 11.1 mmol). The reaction mixture was allowed 

to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (0.495 mL, 2.50 mmol), tetrabutylammonium iodide (2.58 

g, 6.98 mmol), and crotyl bromide (1.13 mL, 11.0 mmol). The resulting mixture was stirred at ambient 

temperature for 19 h. The reaction was quenched with sat. aq. NH4Cl (50 mL). The layers were separated, 

and the aqueous layer was extracted with Et2O (3 x 40 mL). The combined organic layers were washed 

with brine (100 mL), then dried over MgSO4. The volatile materials were removed by rotary evaporation 

and the resulting residue was purified by flash chromatography (100% hexanes → 9:1 hexanes/EtOAc 

eluent), affording enyne 2-73 (2.44 g, 91% yield, Rf = 0.75 in 9:1 hexanes/EtOAc, stained blue with p-

anisaldehyde) as a colorless oil. 

Enyne 2-73: 1H NMR (400 MHz; CDCl3): δ 7.44-7.42 (m, 2H), 7.30 (t, J = 3.3 Hz, 3H), 5.79-5.60 (m, 

2H), 4.10 (d, J = 6.0 Hz, 2H), 2.09 (dd, J = 13.9, 8.0 Hz, 2H), 1.98-1.92 (m, 2H), 1.71 (d, J = 6.2 Hz, 3H), 

1.69-1.56 (m, 8H); 13C NMR (100 MHz; CDCl3): δ 131.8, 128.8, 128.6, 128.4, 128.2, 123.3, 98.9, 92.0, 

77.5, 65.0, 40.3, 28.5, 22.3, 18.0; IR (film) 2929, 2856, 1444, 1041, 755 cm-1; HRMS (ESI+) m/z calc’d 

for (M + H)+ [C19H24O + H]+: 269.1900, found 269.1900. 
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Enyne 2-75. To a solution of tertiary propargyl alcohol 2-74 (0.505 g, 2.21 mmol) in THF (11 mL) at 0 

°C was added NaH (0.104 g, 60% dispersion in mineral oil, 2.60 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (43.5 µL, 0.220 mmol), tetrabutylammonium iodide 

(0.815 g, 2.21 mmol), and crotyl bromide (0.235 mL, 2.28 mmol). The resulting mixture was stirred at 

ambient temperature for 18 h. The reaction was quenched with sat. aq. NH4Cl (15 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (30 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (hexanes → 4:1 hexanes/Et2O 

eluent), affording enyne 2-75 (0.406 g, 65% yield, Rf = 0.79 in 4:1 hexanes/EtOAc, stained blue with p-

anisaldehyde) as a colorless oil. 

Enyne 2-75: 1H NMR (400 MHz; CDCl3): δ 7.44-7.41 (m, 2H), 7.30 (t, J = 3.2 Hz, 3H), 5.78-5.60 (m, 

2H), 4.08 (d, J = 6.0 Hz, 2H), 2.10-1.95 (m, 4H), 1.71 (dd, J = 6.2, 0.9 Hz, 3H), 1.68-1.56 (m, 10H); 13C 

NMR (100 MHz; CDCl3): δ 131.8, 128.7, 128.6, 128.4, 128.2, 123.3, 91.9, 85.2, 77.3, 64.8, 35.1, 28.2, 

24.7, 21.9, 18.0; IR (film) 2923, 2855, 1444, 1038, 755 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ 

[C20H26O + H]+: 283.2056, found 283.2053. 
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Enyne 2-77. To a solution of tertiary propargyl alcohol 2-76 (0.194 g, 0.999 mmol) in THF (5.0 mL) at 0 

°C was added NaH (48.0 mg, 60% dispersion in mineral oil, 1.20 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (49.5 µL, 0.250 mmol), tetrabutylammonium iodide 

(0.369 g, 1.00 mmol), and cinnamyl bromide (0.197 g, 1.00 mmol). The resulting mixture was stirred at 

ambient temperature for 14 h. The reaction was quenched with sat. aq. NH4Cl (10 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (20 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (100% hexanes → 1:1 

hexanes/CH2Cl2 eluent), affording enyne 2-77 (0.220 g, 71% yield, Rf = 0.82 in 2:1 CH2Cl2/hexanes, 

stained blue with p-anisaldehyde) as a yellow oil. 

Enyne 2-77: 1H NMR (400 MHz; CDCl3): δ 7.38 (d, J = 7.5 Hz, 2H), 7.30 (t, J = 7.6 Hz, 2H), 7.21 (dd, J 

= 8.2, 6.3 Hz, 1H), 6.61 (d, J = 16.0 Hz, 1H), 6.33 (dt, J = 15.8, 5.9 Hz, 1H), 4.25 (dd, J = 5.9, 1.1 Hz, 

2H), 2.24 (t, J = 6.9 Hz, 2H), 2.01-1.85 (m, 4H), 1.70-1.39 (m, 12H), 0.92 (t, J = 7.2 Hz, 3H); 13C NMR 

(100 MHz; CDCl3): δ 137.3, 131.3, 128.6, 127.7, 127.5, 126.6, 86.0, 82.6, 77.6, 64.6, 40.6, 31.1, 28.5, 

22.2, 22.1, 18.6, 13.8; IR (film) 2932, 2859, 1496, 1058, 964 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ 

[C22H30O + H]+: 311.2369, found 311.2362. 

 

 

 

Enyne 2-79. To a solution of tertiary propargyl alcohol 2-78 (0.209 g, 1.00 mmol) in THF (5.0 mL) at 0 

°C was added NaH (48.0 g, 60% dispersion in mineral oil, 1.20 mmol). The reaction mixture was allowed 

to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 
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76% yield
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suspension was added sequentially 15-crown-5 (49.5 µL, 0.250 mmol), tetrabutylammonium iodide 

(0.369 g, 1.00 mmol), and cinnamyl bromide (0.197 g, 1.00 mmol). The resulting mixture was stirred at 

ambient temperature for 14 h. The reaction was quenched with sat. aq. NH4Cl (10 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (20 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (100% hexanes → 1:1 

hexanes/CH2Cl2 eluent), affording enyne 2-79 (0.247 g, 76% yield, Rf = 0.86 in 2:1 CH2Cl2/hexanes, 

stained blue with p-anisaldehyde) as a yellow oil. 

Enyne 2-79: 1H NMR (400 MHz; CDCl3): δ 7.39-7.37 (m, 2H), 7.31-7.27 (m, 2H), 7.23-7.19 (m, 1H), 

6.60 (d, J = 15.9 Hz, 1H), 6.32 (dt, J = 15.9, 5.9 Hz, 1H), 4.23 (dd, J = 5.9, 1.5 Hz, 2H), 2.23 (t, J = 6.9 

Hz, 2H), 2.03-1.84 (m, 4H), 1.69-1.40 (m, 14H), 0.92 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz; CDCl3): δ 

137.3, 131.3, 128.6, 127.4, 126.6, 98.9, 85.7, 82.4, 64.4, 35.3, 31.1, 28.3, 24.7, 22.1, 21.9, 18.5, 13.8; IR 

(film) 2927, 2857, 1496, 1111, 963 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C23H32O + H]+: 

325.2526, found 325.2517. 

 

 

 

Enyne 2-81. To a solution of tertiary propargyl alcohol 2-80 (0.298 g, 1.26 mmol) in THF (6.3 mL) at 0 

°C was added NaH (60.4 mg, 60% dispersion in mineral oil, 1.51 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (63.3 µL, 0.320 mmol), tetrabutylammonium iodide 

(0.465 g, 1.26 mmol), and cinnamyl bromide (0.249 g, 1.26 mmol). The resulting mixture was stirred at 

ambient temperature for 14 h. The reaction was quenched with sat. aq. NH4Cl (15 mL). The layers were 
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separated, and the aqueous layer was extracted with Et2O (3 x 15 mL). The combined organic layers were 

washed with brine (30 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (10:1 hexanes/CH2Cl2 → 1:1 

hexanes/CH2Cl2 eluent), affording enyne 2-81 (72.7 mg, 16% yield, Rf = 0.89 in 2:1 CH2Cl2/hexanes, 

stained blue with p-anisaldehyde) as a yellow oil. 

Enyne 2-81: 1H NMR (400 MHz; CDCl3): δ 7.39-7.37 (m, 2H), 7.31-7.27 (m, 2H), 7.23-7.19 (m, 1H), 

6.60 (d, J = 15.9 Hz, 1H), 6.33 (dt, J = 15.9, 5.9 Hz, 1H), 4.23 (dd, J = 5.9, 1.4 Hz, 2H), 2.23 (t, J = 6.9 

Hz, 2H), 2.04-1.97 (m, 2H), 1.82 (dt, J = 14.2, 6.9 Hz, 2H), 1.71-1.38 (m, 18H), 0.92 (t, J = 7.2 Hz, 3H); 

13C NMR (100 MHz; CDCl3): δ 137.3, 131.5, 128.6, 127.5, 126.6, 86.1, 82.0, 77.7, 64.3, 33.3, 31.2, 26.5, 

26.0, 23.9, 22.1, 21.4, 18.5, 13.8; IR (film) 2924, 1446, 1054, 962 cm-1; HRMS (ESI+) m/z calc’d for (M 

+ H)+ [C25H36O + H]+: 353.2839, found 353.2828. 

 

 

 

Enyne 2-39. To a solution of tertiary propargyl alcohol 2-82 (0.140 g, 0.998 mmol) in THF (5.0 mL) at 0 

°C was added NaH (48.0 mg, 60% dispersion in mineral oil, 1.20 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (49.5 µL, 0.250 mmol), tetrabutylammonium iodide 

(0.369 g, 1.00 mmol), and cinnamyl bromide (0.197 g, 1.00 mmol). The resulting mixture was stirred at 

ambient temperature for 19 h. The reaction was quenched with sat. aq. NH4Cl (10 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (25 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (hexanes → 1:1 

O Ph

Me
n-Bu

2-39

OH

Me
n-Bu

2-82

Me Me

Br Ph (1 equiv)
NaH (1.2 equiv)

15-crown-5 (0.25 equiv)

TBAI (1 equiv)
THF, 0 to 23 °C

69% yield



 77 

hexanes/CH2Cl2 → 1:1:1 hexanes/CH2Cl2/EtOAc eluent), affording enyne 2-39 (0.183 g, 69% yield, Rf = 

0.71 in 2:1 CH2Cl2/hexanes, stained blue with p-anisaldehyde) as a colorless oil. 

Enyne 2-39: 1H NMR (400 MHz; CDCl3): δ 7.40-7.38 (m, 2H), 7.30 (dd, J = 8.2, 6.8 Hz, 2H), 7.24-7.22 

(m, 1H), 6.62 (d, J = 15.9 Hz, 1H), 6.33 (dt, J = 15.9, 6.0 Hz, 1H), 4.26 (dd, J = 6.0, 1.5 Hz, 2H), 2.22 (t, 

J = 7.0 Hz, 2H), 1.49 (s, 6H), 1.54-1.39 (m, 10H), 0.92 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz; CDCl3): 

δ 137.2, 131.7, 128.6, 127.5, 127.3, 126.6, 84.9, 82.4, 70.7, 65.1, 31.0, 29.4, 22.1, 18.5, 13.8; IR (film) 

2932, 2862, 1449, 1185 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C18H24O + H]+: 257.1900, found 

257.1888. 

 

 

 

Enyne 2-40. To a solution of tertiary propargyl alcohol 2-83 (0.706 g, 4.20 mmol) in THF (21 mL) at 0 

°C was added NaH (0.201 g, 60% dispersion in mineral oil, 5.04 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (0.208 mL, 1.05 mmol), tetrabutylammonium iodide (1.55 

g, 4.20 mmol), and cinnamyl bromide (0.827 g, 4.20 mmol). The resulting mixture was stirred at ambient 

temperature for 16.5 h. The reaction was quenched with sat. aq. NH4Cl (25 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 20 mL). The combined organic layers were 

washed with brine (50 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (100% hexanes → 1:1 

hexanes/CH2Cl2 eluent), affording enyne 2-40 (0.800 g, 67% yield, Rf = 0.86 in 2:1 hexanes/CH2Cl2, 

stained blue with p-anisaldehyde) as a yellow oil. 

O Ph

Me
n-Bu

2-40

OH

Me
n-Bu

2-83

i-Pri-Pr

Br Ph (1 equiv)
NaH (1.2 equiv)

15-crown-5 (0.25 equiv)

TBAI (1 equiv)
THF, 0 to 23 °C

67% yield
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Enyne 2-40: 1H NMR (400 MHz; CDCl3): δ 7.38 (dd, J = 8.3, 1.1 Hz, 2H), 7.30 (dd, J = 8.2, 6.8 Hz, 2H), 

7.23-7.19 (m, 1H), 6.61 (d, J = 15.9 Hz, 1H), 6.33 (dt, J = 15.9, 5.8 Hz, 1H), 4.32-4.19 (m, 2H), 2.24 (t, J 

= 6.9 Hz, 2H), 1.93 (dt, J = 13.5, 6.8 Hz, 1H), 1.55-1.40 (m, 4H), 1.36 (s, 3H), 1.04 (d, J = 6.8 Hz, 3H), 

0.98 (d, J = 6.8 Hz, 3H), 0.92 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz; CDCl3): δ 137.3, 131.1, 128.6, 

127.7, 127.4, 126.6, 86.5, 80.8, 77.4, 64.6, 37.5, 31.1, 23.2, 22.1, 18.5, 18.3, 17.4, 13.8; IR (film) 2961, 

2933, 1496, 1205, 964 cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C20H28O + H]+: 285.2213, found 

285.2205. 

 

2.7.4 Unsuccessful Substrates 

 

 

 

Enyne 2-43. To a solution of tertiary propargyl alcohol 2-59 (0.168 g, 1.00 mmol) in THF (5.0 mL) at 0 

°C was added NaH (40.0 mg, 60% dispersion in mineral oil, 1.00 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (60.0 µL, 0.300 mmol), tetrabutylammonium iodide 

(0.369 g, 1.00 mmol), and allyl bromide (86.0 µL, 1.00 mmol). The resulting mixture was stirred at 

ambient temperature for 20 h. The reaction was quenched with sat. aq. NH4Cl (10 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (25 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (20:1 hexanes/CH2Cl2 → 4:1 

hexanes/CH2Cl2 eluent), affording enyne 2-43 (0.124, 60% yield, Rf = 0.55 in 1:1 hexanes/CH2Cl2, 

O

n-Bu
2-43

OH

n-Bu
2-59

(1 equiv)

NaH (1 equiv)
15-crown-5 (0.30 equiv)

TBAI (1 equiv)
THF, 0 to 23 °C

60% yield

Br
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stained blue with p-anisaldehyde) as a colorless oil. All spectroscopic data were consistent with 

previously reported values.3 

 

Attempted Cycloisomerization of Enyne 2-43: 

 

 

 

Procedure A: To a solution of enyne 2-43 (20.7 mg, 0.100 mmol) in toluene (1.54 mL) in a 2-dram vial 

under argon was quickly added [(C2H4)PtCl2]2 (1.5 mg, 0.00250 mmol). CO was bubbled through the 

solution using a balloon and needle outlet (ca. 30 s). The balloon and outlet were then removed and the 

solution was stirred at 60 °C for 24 h. The reaction was allowed to cool to ambient temperature and was 

diluted with an approximately equal amount of hexanes. The mixture was stirred for 15 min, then passed 

through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The volatile materials were 

removed by rotary evaporation and the resulting residue was analyzed by 1H NMR. Enyne 2-43 was 

partly consumed, but the desired product was not detected. 

 

 

 

Procedure B: To a solution of enyne 2-43 (12.0 mg, 60.0 µmol) in toluene (0.920 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (1.3 mg, 1.50 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the solution turned a 

dark-blue/black color. The balloon was removed and argon was bubbled through the solution in the same 

O

n-Bu
2-43

Procedure A:
[(C2H4)PtCl2]2 (2.5 mol %)

CO (1 atm)

PhCH3, 60 °C
24 h

~30% conversion from 2-43;
complex mixture of products

O

n-Bu
2-43

complex mixture of products

Procedure B:
[Ir(dbcot)Cl]2 (2.5 mol %)

CO, then Ar
PhCH3, 110°C

16 h
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manner. The septum was quickly replaced with a Teflon cap and the solution was stirred at 110 °C for 16 

h. The reaction was allowed to cool to ambient temperature and was diluted with an approximately equal 

amount of hexanes. The mixture was stirred for 15 min, then passed through a small plug of Al2O3 

(hexanes →  1:1 hexanes/EtOAc eluent). The volatile materials were removed by rotary evaporation and 

the resulting residue was analyzed by 1H NMR. Enyne 2-43 was completely consumed, but the desired 

product was not detected. 

 

 

 

Enyne 2-47. To a solution of tertiary propargyl alcohol 2-84 (0.200 g, 0.998 mmol) in THF (5.0 mL) at 0 

°C was added NaH (48.0 mg, 60% dispersion in mineral oil, 1.20 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (0.020 mL, 0.0998 mmol), tetrabutylammonium iodide 

(0.369 g, 0.998 mmol), and cinnamyl bromide (0.11 mL, 1.10 mmol). The resulting mixture was stirred at 

ambient temperature for 20 h. The reaction was quenched with sat. aq. NH4Cl (10 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (25 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/EtOAc → 20:1 

hexanes/EtOAc eluent), affording enyne 2-47 (0.176, 70% yield, Rf = 0.90 in 3:1 hexanes/EtOAc, 

visualized by UV) as a pale yellow oil. 

Enyne 2-47: 1H NMR (400 MHz; CDCl3): δ 7.45-7.43 (m, 2H), 7.31-7.30 (m, 3H), 5.80-5.72 (m, 1H), 

5.69-5.62 (m, 1H), 4.13 (dt, J = 6.2, 1.0 Hz, 2H), 2.05-2.00 (m, 2H), 1.71 (dd, J = 6.2, 1.2 Hz, 3H), 1.66-

1.54 (comp. m, 7H), 1.35-1.25 (m, 1H); 13C NMR (100 MHz; CDCl3): δ 131.7, 128.4, 128.2, 128.1, 

O

Ph

Me
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Ph
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Br Me (1.1 equiv)
NaH (1.2 equiv)

15-crown-5 (0.10 equiv)

TBAI (1.5 equiv)
THF, 0 to 23 °C

70% yield
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123.3, 123.1, 90.7, 86.1, 75.8, 64.3, 37.4, 25.5, 23.0, 17.9; HRMS (ESI+) m/z calc’d for (M + Na)+ 

[C18H22O + Na]+: 277.1563, found 277.1549. 

 

Attempted Cycloisomerization of Enyne 2-47: 

 

 

 

To a solution of enyne 2-47 (0.2552 mg, 1.00 mmol) in toluene (17.5 mL) in a 2-dram vial under argon 

was quickly added PtCl2 (18.6 mg, 0.0700 mmol). The reaction mixture was stirred at 80 °C for 20 h. The 

reaction was allowed to cool to ambient temperature and was diluted with an approximately equal amount 

of hexanes. The mixture was stirred for 15 min, then passed through a small plug of Al2O3 (hexanes → 

1:1 hexanes/EtOAc eluent). The volatile materials were removed by rotary evaporation and the resulting 

residue was analyzed by 1H NMR. Enyne 2-47 was completely consumed, but the majority of the crude 

product was a complex mixture from which the desired product could not be detected. The reaction was 

also performed at 60 °C. The same results were obtained. 

 

 

 

Enyne 2-5. To a solution of tertiary propargyl alcohol 2-59 (1.67 g, 10.0 mmol) in THF (50 mL) at 0 °C 

was added NaH (0.450 g, 60% dispersion in mineral oil, 11.0 mmol). The reaction mixture was allowed 

to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

O
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Me
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20 h

complex mixture of products
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suspension was added sequentially 15-crown-5 (0.60 mL, 3.00 mmol), tetrabutylammonium iodide (3.69 

g, 10.0 mmol), and prenyl chloride (1.13 mL, 10.0 mmol). The resulting mixture was stirred at ambient 

temperature for 20 h. The reaction was quenched with sat. aq. NH4Cl (50 mL). The layers were separated, 

and the aqueous layer was extracted with Et2O (3 x 50 mL). The combined organic layers were washed 

with brine (100 mL), then dried over MgSO4. The volatile materials were removed by rotary evaporation 

and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 → 1:1 

hexanes/CH2Cl2 eluent), affording enyne 2-5 (1.874 g, 80% yield, Rf = 0.67 in 1:1 hexanes/CH2Cl2, 

stained blue with p-anisidine) as a yellow oil. 

Enyne 2-5: 1H NMR (400 MHz; CDCl3): δ 5.37-5.33 (m, 1H), 4.03 (d, J = 7.0 Hz, 2H), 2.22 (t, J = 6.9 

Hz, 2H), 2.00-1.78 (comp. m, 4H), 1.73 (s, 3H), 1.68 (s, 3H), 1.51-1.31 (comp. m, 8H), 0.91 (t, J = 7.2 

Hz, 3H); 13C NMR (100 MHz; CDCl3): δ 123.3, 121.7, 85.1, 80.2, 75.8, 61.2, 42.6, 39.7, 30.9, 25.9, 23.2, 

21.9, 18.4, 13.6; HRMS (ESI+) m/z calc’d for (M + H)+ [C16H26O + H]+: 235.2056, found 235.2044. 

 

Attempted Cycloisomerization of Enyne 2-5: 

 

 

 

To a solution of enyne 2-5 (28.5 mg, 0.120 mmol) in toluene (2.60 mL) in a 16 x 125 mm glass culture 

tube under argon was quickly added [Ir(dbcot)Cl]2 (2.6 mg, 0.00300 mmol). CO was bubbled through the 

solution using a balloon and needle outlet (ca. 30 s) and the vessel was sealed. The reaction mixture was 

stirred at 110 °C for 26 h, then reaction was allowed to cool to ambient temperature and was diluted with 

an approximately equal amount of hexanes. The mixture was stirred for 15 min, then passed through a 

small plug of Al2O3 (hexanes →  1:1 hexanes/EtOAc eluent). The volatile materials were removed by 

[Ir(dbcot)Cl]2 (2.5 mol %)
CO (1 atm)

PhCH3, 110°C
26 h

5% yield

O

n-Bu

Me

Me
O
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rotary evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 

→ 6:1 hexanes/CH2Cl2 eluent), affording tricycle 2-50 (1.4 mg, 5% yield, Rf = 0.66 in 1:1 

hexanes/CH2Cl2, stained orange with p-anisidine) as a yellow oil. 

 

Also see: Preliminary Results with Zeise’s Dimer (Table 2.2) 

 

 

 

NMR Experiment: To enyne 2-5 (8.6 mg, 0.0300 mmol) in C6D6 (0.460 mL) was added [(C2H4)PtCl2]2 

(0.5 mg, 0.000750 mmol). The reaction mixture was transferred to an NMR tube. An 1H NMR was taken 

of the starting reaction mixture. The NMR tube was then heated at 60 °C for 21 h and a second 1H NMR 

was taken that revealed the formation of an aldehyde peak at 9.76 ppm. 
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Enyne 2-48. To a solution of tertiary propargyl alcohol 2-85 (0.992 g, 9.00 mmol) in THF (45 mL) at 0 

°C was added NaH (0.432 g, 60% dispersion in mineral oil, 10.8 mmol). The reaction mixture was 

allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (0.18 mL, 0.900 mmol), tetrabutylammonium iodide (4.99 

g, 13.5 mmol), and cinnamyl bromide (1.77 g, 9.00 mmol). The resulting mixture was stirred at ambient 

temperature for 14 h. The reaction was quenched with sat. aq. NH4Cl (40 mL). The layers were separated, 

and the aqueous layer was extracted with Et2O (3 x 40 mL). The combined organic layers were washed 

with brine (80 mL), then dried over MgSO4. The volatile materials were removed by rotary evaporation 

and the resulting residue was purified by flash chromatography (99:1 hexanes/Et2O → 4:1 hexanes/Et2O 

eluent), affording enyne 2-48 (0.598 g, 29% yield, Rf = 0.85 in 3:1 hexanes/EtOAc, visualized by UV) as 

a colorless oil. 
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Br Ph (1 equiv)
NaH (1.2 equiv)

15-crown-5 (0.10 equiv)

TBAI (1.5 equiv)
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29% yield
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Enyne 2-48: 1H NMR (400 MHz; CDCl3): δ 7.38 (d, J = 7.2 Hz, 2H), 7.30 (t, J = 7.2 Hz, 2H), 7.22 (t, J = 

7.2 Hz, 1H), 6.62 (d, J = 15.9 Hz, 1H), 6.32 (dt, J = 15.9, 6.0 Hz, 1H), 4.25 (dd, J = 6.0, 1.4 Hz, 2H), 2.51 

(s, 1H), 2.11-2.05 (m, 2H), 1.99-1.93 (m, 2H), 1.84-1.71 (m, 4H); 13C NMR (100 MHz; CDCl3): δ 136.9, 

131.7, 128.4, 127.5, 126.6, 126.5, 85.5, 80.2, 72.9, 65.7, 39.6, 23.3; HRMS (ESI+) m/z calc’d for (M + 

Na)+ [C16H18O + Na]+: 249.1250, found 249.1237. 

 

Attempted Cycloisomerization of Enyne 2-48: 

 

 

 

To a solution of enyne 2-48 (90.5 mg, 0.400 mmol) in toluene (4.0 mL) in a 2-dram vial under argon was 

quickly added PtCl2 (7.5 mg, 0.0280 mmol). The reaction mixture was stirred at 60 °C for 19 h. The 

reaction was allowed to cool to ambient temperature and was diluted with an approximately equal amount 

of hexanes. The mixture was stirred for 15 min, then passed through a small plug of Al2O3 (hexanes → 

1:1 hexanes/EtOAc eluent). The volatile materials were removed by rotary evaporation and the resulting 

residue was analyzed by 1H NMR. Enyne 2-48 was not completely consumed, but the majority of the 

crude product mixture was decomposition products. 

 

 

 

Enyne 2-49. To a solution of tertiary propargyl alcohol 2-86 (0.202 g, 1.00 mmol) in THF (5.00 mL) at 0 

°C was added NaH (48.0 mg, 60% dispersion in mineral oil, 1.20 mmol). The reaction mixture was 
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allowed to warm to ambient temperature and was stirred until gas evolution was visibly complete. To this 

suspension was added sequentially 15-crown-5 (0.050 mL, 0.250 mmol), tetrabutylammonium iodide 

(0.369 g, 1.00 mmol), and cinnamyl bromide (0.197 g, 1.00 mmol). The resulting mixture was stirred at 

ambient temperature for 19 h. The reaction was quenched with sat. aq. NH4Cl (10 mL). The layers were 

separated, and the aqueous layer was extracted with Et2O (3 x 10 mL). The combined organic layers were 

washed with brine (25 mL), then dried over MgSO4. The volatile materials were removed by rotary 

evaporation and the resulting residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 → 1:1 

hexanes/CH2Cl2 eluent), affording enyne 2-49 (0.192 g, 60% yield, Rf = 0.85 in 1:2 hexanes/CH2Cl2, 

stained purple with p-anisidine) as a yellow oil. 

Enyne 2-49: 1H NMR (400 MHz; CDCl3): δ 7.65 (dd, J = 8.2, 1.2 Hz, 2H), 7.39-7.36 (comp. m, 4H), 

7.32-7.28 (comp. m, 3H), 7.24-7.20 (m, 1H), 6.59 (d, J = 15.9 Hz, 1H), 6.31 (dt, J = 15.9, 6.0 Hz, 1H), 

4.27 (ddd, J = 12.2, 6.0, 1.4 Hz, 1H), 3.79 (ddd, J = 12.2, 6.0, 1.4 Hz, 1H), 2.37 (t, J = 7.0 Hz, 2H), 1.75 

(s, 3H), 1.62-1.56 (m, 2H), 1.49 (m, 2H), 0.95 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz; CDCl3): δ 131.6, 

128.4, 128.2, 127.6, 127.4, 126.6, 126.4, 126.0, 88.3, 83.7, 80.2, 76.2, 75.8, 65.7, 33.3, 30.9, 22.0, 18.5, 

13.6;  HRMS (ESI+) m/z calc’d for (M + Na)+ [C23H26O + Na]+: 341.1876, found 341.1859. 

 

Attempted Cycloisomerization of Enyne 2-49: 

 

 

 

Procedure B: To a solution of enyne 2-49 (15.4 mg, 50.0 µmol) in toluene (0.770 mL) in a 16 x 125 mm 

glass culture tube under argon was quickly added [Ir(dbcot)Cl]2 (1.1 mg, 1.25 µmol). CO was bubbled 

through the solution using a balloon and needle outlet (ca. 30 s), during which time the solution turned a 
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dark-blue/black color. The balloon was removed and argon was bubbled through the solution in the same 

manner. The septum was quickly replaced with a Teflon cap and the solution was stirred at 110 °C for 14 

h. The reaction was allowed to cool to ambient temperature and was diluted with an approximately equal 

amount of hexanes. The mixture was stirred for 15 min, then passed through a small plug of Al2O3 

(hexanes →  1:1 hexanes/EtOAc eluent). The volatile materials were removed by rotary evaporation and 

the resulting residue was analyzed by 1H NMR. Enyne 2-49 was completely consumed and alkene 2-54 

was the major product. All spectroscopic data were consistent with previously reported values.19 

 

2.7.5 Oxidative Cleavage to Macrolactones 

 

 

 

Diol 2-55. To tricycle 2-13 (67.6 mg, 0.239 mmol) in dioxane (7.5 mL) was added OsO4 (50.0 µL, 4% 

solution in H2O, 0.00750 mmol), followed by 2,6-lutidine (57.6 µL, 0.500 mmol). The reaction mixture 

was stirred for 5 min, then NaIO4 (0.2139 g, 1.00 mmol) was added as a solution in H2O (2.5 mL). The 

resulting mixture was stirred at ambient temperature for 1.5 d, after which the mixture was quenched with 

1 M HCl (5 mL) and diluted with EtOAc (5 mL). The layers were separated and the aqueous layer was 

extracted with EtOAc (1 x 5 mL). The combined organic layers were washed with sat. Na2S2O3 (10 mL) 

and brine (10 mL), then dried over MgSO4. The volatile materials were removed by rotary evaporation 

and the resulting residue was purified by flash chromatography (100% hexanes → 1:1 hexanes/CH2Cl2 → 

EtOAc eluent), affording diol 2-55 (57.4 mg, 76% yield, Rf = 0.77 in 1:1 hexanes/EtOAc, stained with 

CAM) as a green oil. 
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Diol 2-55: 1H NMR (400 MHz; C6D6): δ 7.15-7.06 (m, 5H), 4.23 (dd, J = 10.6, 4.0 Hz, 1H), 3.69 (d, J = 

10.6 Hz, 1H), 2.39 (d, J = 1.5 Hz, 1H), 2.20 (d, J = 6.1 Hz, 1H), 1.96-1.92 (m, 2H), 1.68-1.61 (m, 2H), 

1.54-1.47 (m, 4H), 1.45-1.40 (m, 2H), 1.20 (dd, J = 6.0, 3.9 Hz, 1H), 1.16-0.90 (m, 3H), 0.69 (t, J = 7.2 

Hz, 3H); 13C NMR (100 MHz; C6D6): δ 139.2, 129.3, 126.1, 94.4, 70.7, 59.8, 36.5, 35.7, 35.6, 31.9, 31.5, 

30.3, 23.7, 23.1, 21.6, 21.2, 14.0; IR (film) 3400, 2935, 2869, 1712, 1064 cm-1; HRMS (ESI+) m/z calc’d 

for (M - H)- [C20H28O3 - H]-: 315.1960, found 315.1959. 

Macrolactone 2-57. To diol 2-55 (25.3 mg, 0.0780 mmol) in benzene (0.70 mL) was added Pb(OAc)4 

(53.2 mg, 0.120 mmol). The reaction mixture was stirred at ambient temperature for 3.5 h, after which 

ethylene glycol (1.0 mL) was added and the mixture was allowed to stir for 1 h. The reaction mixture was 

diluted with Et2O (1.5 mL) and the layers were separated. The organic layer was washed with sat. 

NaHCO3 (2 mL), then dried over MgSO4. The volatile materials were removed by rotary evaporation and 

the resulting residue was purified by flash chromatography (100% hexanes → 4:1 hexanes/EtOAc eluent), 

affording macrolactone 2-57 (16.3 mg, 66% yield, Rf = 0.83 in 1:1 hexanes/EtOAc, stained with CAM) as 

a colorless oil. 

Macrolactone 2-57: 1H NMR (400 MHz; C6D6): δ 7.09-7.01 (m, 3H), 6.96 (dd, J = 5.2, 3.2 Hz, 2H), 4.54 

(dd, J = 11.6, 6.6 Hz, 1H), 3.80 (dd, J = 11.6, 6.6 Hz, 1H), 3.34 (d, J = 6.9 Hz, 1H), 2.63 (ddd, J = 16.8, 

10.8, 2.4 Hz, 1H), 2.15 (m, 2H), 2.05-1.90 (m, 2H), 1.85-1.72 (m, 2H), 1.44-1.31 (m, 4H), 0.96-0.74 (m, 

4H), 0.51 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz; C6D6): δ 206.5, 172.0, 137.2, 128.9, 128.2, 126.5, 

62.4, 44.3, 39.5, 34.6, 34.0, 31.1, 30.5, 28.7, 23.0, 22.8, 13.5; IR (film) 2933, 2872, 1737, 1698, 1233   

cm-1; HRMS (ESI+) m/z calc’d for (M + H)+ [C20H26O3 + H]+: 315.1960, found 315.1962. 
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Diol 2-56. To tricycle 2-19 (34.5 mg, 0.0907 mmol) in dioxane (3.0 mL) was added OsO4 (19.0 µL, 4% 

solution in H2O, 2.72 µmol), followed by 2,6-lutidine (20.9 µL, 0.0194 mmol). The reaction mixture was 

stirred for 5 min, then NaIO4 (85.6 mg, 0.400 mmol) was added as a solution in H2O (1.0 mL). The 

resulting mixture was stirred at ambient temperature for 3 d, after which the mixture was quenched with 1 

M HCl (3 mL) and diluted with EtOAc (3 mL). The layers were separated and the aqueous layer was 

extracted with EtOAc (1 x 3 mL). The combined organic layers were washed with sat. Na2S2O3 (5 mL) 

and brine (5 mL), then dried over MgSO4. The volatile materials were removed by rotary evaporation and 

the resulting residue was purified by flash chromatography (100% hexanes → 1:1 hexanes/EtOAc eluent), 

affording diol 2-56 (20.0 mg, 58% yield, Rf = 0.66 in 1:1 hexanes/EtOAc, stained with CAM) as a green 

oil. 

Diol 2-56: 1H NMR (400 MHz; C6D6): δ 7.14-6.95 (m, 10H), 4.42 (dd, J = 11.1, 4.5 Hz, 1H), 3.87-3.80 

(m, 2H), 3.75 (d, J = 11.2 Hz, 2H), 3.36 (d, J = 9.5 Hz, 1H), 2.80 (d, J = 9.5 Hz, 1H), 2.32 (d, J = 6.3 Hz, 

1H), 2.15-2.02 (m, 2H), 1.91-1.84 (m, 2H), 1.65-1.52 (m, 2H), 1.47-1.41 (m, 1H), 1.12 (dd, J = 6.2, 4.6 

Hz, 1H); 13C NMR (100 MHz; C6D6): δ 138.2, 137.9, 129.4, 128.7, 128.4, 128.0, 127.9, 126.6, 94.1, 73.1, 

72.3, 71.0, 58.9, 36.2, 35.3, 33.5, 30.8, 22.9, 21.2, 19.9; IR (film) 3449, 2933, 2865, 1498, 1071 cm-1; 

HRMS (ESI+) m/z calc’d for (M + Na)+ [C24H28O4 + Na]+: 403.1885, found 403.1889. 

Macrolactone 2-58. To diol 2-56 (25.3 mg, 0.0780 mmol) in benzene (0.70 mL) was added Pb(OAc)4 

(53.2 mg, 0.120 mmol). The reaction mixture was stirred at ambient temperature for 3.5 h, after which 

ethylene glycol (1.0 mL) was added and the mixture was allowed to stir for 1 h. The reaction mixture was 

diluted with Et2O (1.5 mL) and the layers were separated. The organic layer was washed with sat. 

NaHCO3 (2 mL), then dried over MgSO4. The volatile materials were removed by rotary evaporation and 

the resulting residue was purified by flash chromatography (100% hexanes → 4:1 hexanes/EtOAc eluent), 

affording macrolactone 2-58 (16.3 mg, 66% yield, Rf = 0.83 in 1:1 hexanes/EtOAc, stained with CAM) as 

a colorless oil. 
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Macrolactone 2-58: 1H NMR (400 MHz; C6D6): δ 7.11-7.00 (m, 8H), 6.93-6.91 (m, 2H), 4.43 (dd, J = 

11.7, 6.8 Hz, 1H), 3.93-3.81 (m, 3H), 3.57 (d, J = 6.9 Hz, 1H), 2.89 (ddd, J = 16.6, 9.2, 2.4 Hz, 1H), 2.61 

(d, J = 10.5 Hz, 1H), 2.44 (ddd, J = 16.6, 9.2, 2.4 Hz, 1H), 2.13-2.06 (m, 1H), 2.01-1.88 (m, 1H), 1.84-

1.74 (m, 1H), 1.71 (q, J = 6.8 Hz, 1H), 1.44-1.30 (m, 4H); 13C NMR (100 MHz; C6D6): δ 205.5, 172.0, 

136.9, 129.6, 128.5, 128.2, 127.9, 127.6, 126.9, 99.3, 73.1, 69.6, 62.1, 42.8, 39.8, 34.90, 34.87, 29.2, 

22.93, 22.91, 13.4 IR (film) 2926, 2856, 1735, 1698, 1231, 1154 cm-1; HRMS (ESI+) m/z calc’d for (M + 

Na)+ [C24H26O4 + Na]+: 401.1729, found 401.1733. 

 

2.7.6 Optimization Tables 

 

Catalyst Optimization (Table 2.1a) 

 

 

 

General procedure: To a 2-dram vial under argon containing enyne 2-1 (14.0 mg, 0.0583 mmol) and 

4,4’-di-tert-butylbiphenyl (internal standard, 5.3 mg, 0.0199 mmol) in toluene (0.900 mL, 0.065 M) was 

added the catalyst. The reaction mixture was stirred at the indicated temperature for the indicated time, 

and then was passed through a short plug of Al2O3 (hexanes → 9:1 hexanes/EtOAc eluent). The volatile 

materials were removed by rotary evaporation. The crude residue was then diluted with CH2Cl2 (3 mL) 

and the sample was analyzed by GC. The catalyst screen results are reported in Table 2.1a. 

 

GC Method 

150 °C for 60 min 

Retention times: 2-1 = 16.60 min; 2-2= 15.98 min, internal standard = 47.40 min 
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GC Column 

Agilent Technologies CP-Sil 8 CB (15 x 0.25) 

 

Solvent Optimization (Table 2.1b) 

 

 

General procedure: To a 2-dram vial under argon containing enyne 2-1 (14.0 mg, 0.0583 mmol) and 

4,4’-di-tert-butylbiphenyl (internal standard, 5.3 mg, 0.0199 mmol) in the indicated solvent (0.900 mL, 

0.065 M) was added [(C2H4)PtCl2]2 (0.9 mg, 0.00146 mmol). The reaction mixture was stirred at ambient 

temperature for the indicated time, and then was passed through a short plug of Al2O3 (hexanes → 9:1 

hexanes/EtOAc eluent). The volatile materials were removed by rotary evaporation. The crude residue 

was then diluted with CH2Cl2 (3 mL) and the sample was analyzed by GC. The solvent screen results are 

reported in Table 2.1b. The same GC method and column were used as above in catalyst optimization. 

 

Preliminary Results with Zeise’s Dimer (Table 2.2) 

 

 

 

 

Tricycle 2-25. To a solution of enyne 2-3 (15.5 mg, 50.0 µmol) in toluene (0.77 mL) in a 2-dram vial 

under argon was quickly added [(C2H4)PtCl2]2 (0.8 mg, 1.25 µmol). The reaction mixture was stirred at 

ambient temperature for 44 h, then was diluted with an approximately equal amount of hexanes. The 

O Me

Ph

[(C2H4)PtCl2]2
(2.5 mol %)

solvent
23 °C, time

O

Ph

Me

2-1 2-2

H

O Ph

Ph

[(C2H4)PtCl2]2
(2.5 mol %)

PhCH3
23 °C, 44 h
70% yield

O

Ph

Ph

2-3 2-25

H



 92 

mixture was stirred for 15 min, then passed through a small plug of Al2O3 (hexanes → 1:1 

hexanes/EtOAc eluent). The volatile materials were removed by rotary evaporation and the resulting 

residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 w/ 0.5% Et3N → 5:1 

hexanes/CH2Cl2 w/ 0.5% Et3N eluent) affording tricycle 2-25 (10.9 mg, 70% yield, Rf = 0.61 in 1:1 

CH2Cl2/hexanes, stained red with p-anisaldehyde) as a colorless oil. 

 

 

 

Tricycle 2-22. To a solution of enyne 2-4 (23.7 mg, 0.100 mmol) in toluene (1.50 mL) in a 2-dram vial 

under argon was quickly added [(C2H4)PtCl2]2 (1.5 mg, 0.00250 mmol). The reaction mixture was stirred 

at 60 °C for 16 h, then was diluted with an approximately equal amount of hexanes. The mixture was 

stirred for 15 min, then passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The 

volatile materials were removed by rotary evaporation and the resulting residue was purified by flash 

chromatography (9:1 hexanes/CH2Cl2 w/ 0.5% Et3N → 5:1 hexanes/CH2Cl2 w/ 0.5% Et3N eluent) 

affording tricycle 2-22 (6.1 mg, 26% yield, Rf = 0.81 in 1:1 CH2Cl2/hexanes, stained orange with p-

anisaldehyde) as a colorless oil. When the same reaction was performed at ambient temperature, low 

conversion from enyne 2-4 was observed. 
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Tricycle 2-50. To a solution of enyne 2-5 (75.1 mg, 0.320 mmol) in toluene (4.90 mL) in a 2-dram vial 

under argon was quickly added [(C2H4)PtCl2]2 (4.7 mg, 0.00800 mmol). The reaction mixture was stirred 

at 60 °C for 26 h, then was diluted with an approximately equal amount of hexanes. The mixture was 

stirred for 15 min, then passed through a small plug of Al2O3 (hexanes → 1:1 hexanes/EtOAc eluent). The 

volatile materials were removed by rotary evaporation and the resulting residue was purified by flash 

chromatography (100% hexanes → 9:1 hexanes/CH2Cl2 eluent) affording tricycle 2-50 (8.1 mg, 11% 

yield, Rf = 0.63 in 1:1 CH2Cl2/hexanes, stained red with p-anisaldehyde) as a colorless oil. When the same 

reaction was performed at ambient temperature, almost no reaction occurred. 

 

Effect of CO Atmosphere (Table 2.3) 

 

 

 

General Procedure: The reaction were performed as described in Procedure A (for [(C2H4)PtCl2]2) and 

Procedure C (for PtCl2), except the atmospheres were varied. The reactions run under argon were 

assembled under argon in 2 dram vials equipped with rubber septa. After the catalyst was added, the 

rubber septum was quickly replaced with a Teflon cap. The reactions run under CO were assembled under 

air in 2 dram vials equipped with screw caps with septa. After the catalyst was added, CO was bubbled 

through the reaction mixture using a balloon and needle outlet. The reaction mixtures were heated at 60 

°C for the indicated time and then were worked up and purified according to the General Procedures. 
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Ir Catalyst Screen (Table 2.4) 

 

 

 

General procedure: To a 2-dram vial containing either enyne 2-18 or 2-12 (0.0500 mmol) in toluene 

(0.065 M) was added the catalyst. The reactions performed under argon were purged by bubbling argon 

through the reaction mixture for 1 min. The reactions performed under CO were purged by bubbling CO 

through the reaction mixture for 1 min. For the “CO, then Ar” reactions, CO was bubbled through the 

reaction mixture for 1 min, then argon was bubbled through for 1 min. The reaction mixture was stirred at 

110 °C for the indicated time, and then was passed through a short plug of Al2O3 (hexanes → 9:1 

hexanes/EtOAc eluent). The volatile materials were removed by rotary evaporation. The crude residue 

was then analyzed by 1H NMR to determine conversion. Isolated yields were obtained after purification 

by flash chromatography. The Ir catalyst screen results are reported in Table 2.4. 

Vaska’s complex, [Ir(cod)Cl]2, and  [Ir(coe)2Cl]2 are commercially available. Ir4(CO)12,20 Ir(CO)2(acac),21 

and [Ir(dbcot)Cl]2
22 were synthesized as previously reported. 

 

CO vs. CO, then Ar (Table 2.5) 
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General procedure: Each reaction was performed on a 0.0500 mmol to 0.0750 mmol scale in toluene 

(0.065 M). The reactions performed under CO were purged by bubbling CO through the reaction mixture 

for 1 min. For the “CO, then Ar” reactions, CO was bubbled through the reaction mixture for 1 min, then 

argon was bubbled through for 1 min. The reaction mixture was stirred at 110 °C for the time indicated 

below, and then was passed through a short plug of Al2O3 (hexanes → 9:1 hexanes/EtOAc eluent). The 

volatile materials were removed by rotary evaporation and the resulting residue was purified by flash 

chromatography to obtain isolated yields. 

 

[Ir(dbcot)Cl]2 : CO, 15 h; CO, then Ar; 16 h 

[Ir(cod)Cl]2 : CO, 22 h; CO, then Ar; 17 h 

[Ir(coe)2Cl]2 : CO, 15 h; CO, then Ar; 15 h 

 

Ir(I) Experiments where Displaced Ligand was Removed (Table 2.6) 

 

 

 

In a representative procedure, a 16 x 125 mm glass culture tube was charged with [Ir(dbcot)Cl]2 (1.3 mg, 

0.00150 mmol) and toluene (0.92 mL). CO was bubbled through the solution using a balloon and needle 

outlet (ca. 30 s), during which time the mixture turned a dark-blue/black color. The balloon was removed 

and argon was bubbled through the solution in the same manner. The tube containing the catalyst mixture 

was then centrifuged for ~30 s to concentrate the black solid at the bottom of the tube. The toluene was 

carefully removed using a needle and syringe. The remaining black solid was dried under vacuum, then 

the tube was backfilled with argon. Fresh toluene (0.92 mL) and enyne 2-12 (17.6 mg, 0.0600 mmol) 

were added. The septum was quickly replaced with a Teflon cap and the solution was stirred at 110 °C for 
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22 h. The reaction was allowed to cool to ambient temperature and diluted with an approximately equal 

amount of hexanes. 1,3-Bis(diphenylphosphino)propane (dppp) (0.25 equiv) was also added to the 

mixture. The mixture was stirred for 15 min, then passed through a small plug of Al2O3 (hexanes → 1:1 

hexanes/EtOAc eluent). The volatile materials were removed by rotary evaporation and the resulting 

residue was purified by flash chromatography (99:1 hexanes/CH2Cl2 → 9:1 hexanes/CH2Cl2 eluent) 

affording tricycle 2-13 (11.2 mg, 64% yield) as a colorless oil.  
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CHAPTER 3 

PHOTOSENSITIZED [2+2] AND [4+2] RADICAL CATION CYCLOADDITIONS 

 

3.1 Introduction: Radical Cation Reactions of Alkenes 

 

In the past decade, the renaissance of photoredox catalysis has sparked a renewed interest in radical cation 

accelerated reactions initiated through photoinduced electron transfer (PET).1 Radical cation reactions of 

alkenes have received particular attention, given their capacity to form a diverse range of products.2 

 

 

Scheme 3.1. General depiction of alkene radical cation formation through PET. 

 

A basic diagram depicting alkene radical cation formation through PET is shown in Scheme 3.1. 

First, a photosensitizer (S) absorbs a photon to form an excited state sensitizer complex (S*). This excited 

state has enhanced electron-accepting capabilities compared to the ground state sensitizer, so it will 

accept an electron from the electron-rich alkene to generate a radical cation. The radical cation can then 

accept an electron back from the sensitizer radical anion (S•-) to regenerate the ground state species, or, in 

the presence of a suitable reactant, the radical cation can undergo a number of transformations, like 

nucleophilic addition,3 cyclopropanation,4 [3+2] cycloadditions,5 polar-radical crossover cycloadditions,6 

and cycloadditions with molecular oxygen to form endoperoxides,7 all of which have been the subject of 
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past and current exploration. The focus of this chapter, however, will be on radical cation [2+2] and [4+2] 

cycloadditions, which can occur independently of or in competition with each other. Though radical 

cation formation through PET will mainly be discussed, historically, radical cations of alkenes have also 

been generated through a variety of methods, including gamma irradiation,8 electrochemistry,9 metal 

initiators (Fe3+, Ce4+, Cu2+, etc.),10 and aminium salt (Ar3N•+) initiators.11 

In general, radical cation [2+2] and [4+2] cycloadditions combine two electron-rich π-systems. 

Reactions of this nature are typically difficult to accomplish through traditional methods. For instance, 

Diels-Alder reactions of electron-rich dienophiles—even under harsh thermal conditions—can be nearly 

impossible, and [2+2] cycloadditions of electron-rich alkenes typically require direct irradiation with high 

energy UV light or triplet sensitization, 12  both of which can lead to undesired side products or 

photodecomposition (Scheme 3.2). In radical cation cycloadditions, the electron-rich alkene is first 

rendered electron-poor through single-electron oxidation. As a result, [2+2] or [4+2] cycloadditions can 

be accomplished under milder conditions with increased efficiency and selectivity. 

 

 

Scheme 3.2. Approaches to cycloadditions of electron-rich alkenes. 
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Traditionally, organic photosensitizers have dominated the area of radical cation cycloadditions, 

while current research is more focused on the use of transition metal photocatalysts.13 Overall, each class 

of photosensitizers has its advantages and disadvantages. As can be seen in Figure 3.1, organic 

photosensitizers are generally stronger photooxidants than transition metal photocatalysts, so they are able 

oxidize a wider range of substrates. On the other hand, the excitation of most organic photosensitizers 

requires higher energy UV light, which can result in undesired side reactions. Transition metal 

photocatalysis offers the opportunity of using visible light and sunlight as energy sources, which could 

aid in expanding the scope and selectivity of radical cation cycloadditions. 

 

 

Figure 3.1. Common photosensitizers and excited state reduction potentials.a 

 

Transition metal photocatalysts:
Chem. Rev. 2013,  113, 5322.

Organic photosensitizers:
Chem. Rev. 2007,  107, 2725.

Beilstein J. Org. Chem. 2014,  10, 1272. PMP = 4-MeOC6H4

a All reduction potentials are in V vs. SCE.
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In light of recent developments in modern PET reactions, the aim of this chapter is to provide a 

timeline of advancements in radical cation [2+2] and [4+2] cycloadditions from the earliest report up until 

the most recent. Ideally, this review will leave the reader with a fuller perspective on the various 

contributions that have already been made to radical cation cycloaddition chemistry and the immense 

potential that future investigations could hold. 

 

3.2 [2+2] Radical Cation Cycloadditions 

 

 

Scheme 3.3. General radical cation [2+2] cycloaddition. 

 

The radical cation [2+2] cycloaddition has recently resurfaced as an efficient way to form cyclobutanes 

from electron-rich alkenes (Scheme 3.3). Though the utility of modern photoredox catalysis in 

accomplishing this transformation cannot be denied, the radical cation [2+2] cycloaddition has been 

extensively investigated since the 1960s. This section will discuss the different types of [2+2] 

cycloadditions that have been reported using PET techniques. 
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The very first radical cation pericyclic reaction that was discovered was the [2+2] dimerization of N-

vinylcarbazole (3-1) (E1/2 = +1.20 V)14,15 (Scheme 3.4a). This transformation was discovered by Ellinger 

in 1964 using chloranil as a photosensitizer.16 Further studies by Ledwith and coworkers determined that 

the quantum yield of this reaction was 8.5, which led to the conclusion that the photocatalyzed 

transformation was proceeding through radical chain propagation.17 The generally accepted mechanism is 
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shown in Scheme 3.4b. Upon single-electron oxidation by the excited photosensitizer, the radical cation 

of N-vinylcarbazole (3-1•+) reacts with another equivalent of N-vinylcarbazole (3-1) to form distonic 

radical cation (3-3•+). This species reversibly closes down to the cyclobutane radical cation (3-4•+). Then, 

in order to form the neutral product (3-2), the cyclobutane radical cation (3-4•+) oxidizes another 

equivalent of N-vinylcarbazole to propagate the reaction. Though a relatively simple transformation, the 

elucidation of the radical chain nature of this process has provided a mechanistic basis for the vast 

majority of radical cation [2+2] cycloadditions discovered to date.10b 

 

 

Scheme 3.4. [2+2] Dimerization of N-vinylcarbazole. 

 

3.2.2 N-Methyl-N-vinylacetamide 

 

N-vinylamides will also undergo radical cation [2+2] cycloadditions.18 Different from N-vinylcarbazole, 

however, when Bauld and coworkers exposed N-methyl-N-vinylacetamide (3-5) to PET conditions (DCB, 

hν) by itself, no homodimerization occurred, even though the alkene was clearly being ionized by the 

photosensitizer (vide infra). The uncommon inability of alkene 3-5 to dimerize under PET conditions 

conveniently allowed for efficient cross cycloadditions with other electron-rich π-systems such as dienes 

(Scheme 3.5). In each of these reactions, high selectivity for the crossed cycloadduct was observed. 
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Curiously, very little diene dimerization was observed, which is not usually the case since most dienes are 

also oxidizable. Notably as well, N-methyl-N-vinylacetamide (3-5) exhibited high periselectivity for the 

[2+2] cycloaddition over the [4+2] cycloaddition, even with the rigidly s-cis cyclohexadiene (3-8). 

 

 

Scheme 3.5. [2+2] Cycloaddition of N-methyl-N-vinylacetamide with dienes. 

 

When considering the mechanism of this reaction, it is evident that both the diene and the 

vinylamide (3-5) are capable of being oxidized by the excited DCB* complex (E1/2* = +2.67 V). The high 

selectivity of this reaction for crossed [2+2] cycloadditions versus diene dimerization indicates that 

vinylamide 3-5 must react relatively quickly with the radical cation of the diene to prevent the diene 

radical cation from reacting with another equivalent of diene (Scheme 3.6). Additionally, if any 

dimerization of N-methyl-N-vinylacetamide (3-5) occurs under these conditions, the cycloaddition must 

be reversible, since no dimer of N-methyl-N-vinylacetamide is detected. 
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H

H
N
Me

O

Me
N
Me

O

Me

Me

H

N
Me

O

Me

Me

N
Me

Me

O

3-5
(1.3 equiv)

DCB (20 mol %)
hν

CH3CN N
Me

Me

O
RR

N
Me

Me

O
R

not observed

N

Me

H

Me
Me

O

3-10 Me

59% yield
120 hN

Me

O

Me

Me

Me

3-12
Me

3-8

3-6

Me

Me

41% yield
72 h

41% yield
72 h

23% yield
(4:1)
72 h

Diene [2+2] adduct Diene [2+2] adductYield Yield

3-13 3-14

3-113-7

3-9

AcMeN NMeAc NMeAcAcMeNNMeAc NMeAc

reversibleslow

NMeAc NMeAc

fast slow
DimerizationCross cycloaddition



 105 

The relative rates for the [2+2] cycloaddition of vinylamide 3-5 with different dienes supports 

this hypothesis (Table 3.1). Dienes that are easier to oxidize, or that have similar reduction potentials to 

vinylamide 3-5, all react at comparable rates; dienes that are more difficult to oxidize than vinylamide 3-

5, but that should still be capable of oxidation with the chosen photosensitizer, reacted at slower rates. 

Thus, this data supports a mechanism where the nucleophilic vinylamide (3-5) is reacting with the radical 

cation of the diene. 

 

Table 3.1. Relative rates of [2+2] cycloaddition of N-methyl-N-vinylacetamide with dienes. 
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(3-9), the long bond radical cation intermediate must be preferred. After an additional electron transfer 

from cyclohexadiene or the reduced photosensitizer, the neutral [2+2] adduct is formed. 

 

 

Scheme 3.7. Proposed mechanism for cycloaddition of a diene with N-methyl-N-vinylacetamide. 

 

3.2.3 Vinyl Ethers 

 

The first report of [2+2] dimerization of vinyl ethers came from the Shigemitsu group in 1972.19 While 

exploring the photochemistry of aromatic esters, they discovered that phenyl vinyl ether (3-23) could 

dimerize in the presence of dimethyl terephthalate (3-24) (ET = 73 kcal/mol) and irradiation to give a 

mixture of syn and anti head-to-head cyclobutanes (3-25 and 3-26) (Scheme 3.8). Methyl benzoate (ET = 

78 kcal/mol) and benzonitrile (ET = 77 kcal/mol) photosensitizers also effected this transformation. 

 

 

Scheme 3.8. Dimerization of phenyl vinyl ether catalyzed by dimethyl terephthalate. 
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invoked between the excited aromatic sensitizer (3-24*) and phenyl vinyl ether (3-23) (Scheme 3.9). 

These exciplexes are known to dissociate into ion pairs in polar solvents such as acetonitrile.21 

Dissociation of the exciplex affords a phenyl vinyl ether radical cation (3-23•+), which can be intercepted 

by another equivalent of phenyl vinyl ether to give cyclobutane radical cation 3-28•+, and then the neutral 

cyclobutane products (3-25 and 3-26) upon single-electron reduction. 

 

 

Scheme 3.9. Proposed mechanism for the dimerization of phenyl vinyl ether. 

 

 Besides dimerization, cross [2+2] cycloadditions between aryl vinyl ethers and alkyl vinyl ethers 

have also been accomplished. Mizuno and coworkers have reported that, in the presence of DCB and 

irradiation, various aryl vinyl ethers and alkyl vinyl ethers can react to form primarily syn head-to-head 

cyclobutanes (Scheme 3.10).22 

 

 

Scheme 3.10. Cross [2+2] cycloadditions of vinyl ethers (syn/anti ratios in parentheses). 
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Curiously, though homodimerization of the aryl vinyl ethers was observed, no dimerization of the 

alkyl vinyl ether occurred. This is surprising considering DCB* is capable of oxidizing both reactants. For 

example, the reduction potential of phenyl vinyl ether (3-23) is +1.28 V, and that of ethyl vinyl ether (3-

34) is +1.26 V. Under the reaction conditions, however, only cross-adduct 3-29 and homodimer 3-25/26 

of phenyl vinyl ether were formed; the dimer of ethyl vinyl ether (3-35) was not observed.23 A possible 

explanation for why the alkyl vinyl ethers do not dimerize under radical cation conditions is that back 

electron transfer from the reduced photosensitizer or from another equivalent of phenyl vinyl ether is 

favored due to the instability of radical cation 3-34•+ compared to radical cation 3-23•+ (Scheme 3.11). 

 

 

Scheme 3.11. Mechanism for the crossed [2+2] cycloaddition of vinyl ethers. 

 

 As mentioned, this process gave predominantly syn cyclobutanes. A closer look into this outcome 

by Mizuno and coworkers revealed the impact of concentration and temperature on stereoselectivity in the 
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When the DCA photocatalyzed dimerization of phenyl vinyl ether was performed at low 

concentrations of the alkene, the syn cyclobutane (3-26) highly predominated (Scheme 3.12). At higher 

concentrations the anti isomer (3-25) was preferred, but a maximum syn/anti ratio of 40:60 was observed. 

Reaction temperature also influenced the stereochemical outcome of the dimerization. At elevated 

temperatures, the syn cyclobutane predominated, even at high concentrations. Additionally, the 

researchers found that the quantum yield of the reaction decreased with decreasing concentration of 

alkene 3-23, indicating that different mechanisms were likely operative at low and high concentrations. 

These data led to the proposal of the mechanism in Scheme 3.13. 

 

 

Scheme 3.13. Pathways to syn and anti cyclobutanes in the dimerization of phenyl vinyl ether. 
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temperature also favors the formation of the syn product because dissociation of the contact radical ion 

pair is more facile. 

A subsequent report by Farid and coworkers disputes Mizuno’s hypothesis that the anti 

cyclobutane (3-25) is a result of a radical ion pair complex (3-37).25 Farid asserts that Mizuno’s proposed 

mechanism does not take into account the radical chain nature of the reaction. The quantum yield of the 

dimerization of phenyl vinyl ether (3-23) has been reported as 0.84 and 1.24 at 0.1 M and 0.5 M, 

respectively, suggestive of chain propagation at higher concentrations where the anti product has been 

observed to predominate. The requirement of the radical ion pair complex (3-37) for the formation of the 

anti dimer is not consistent with a radical chain propagation mechanism, since the phenyl vinyl ether 

radical cation (3-23•+) is not generated in this process. Instead, Farid proposes that the reaction takes place 

through separated radical ion intermediates, and the predominance of the anti products at higher 

concentrations is a result of oxidative ring opening and isomerization of the syn product (3-26) to the anti 

product (3-25), as depicted in Scheme 3.14. Farid has shown that when the syn cyclobutane (3-26) is 

exposed to DCA and irradiation, it isomerizes to the anti cyclobutane (3-25). Under the same conditions, 

however, no isomerization of the anti cyclobutane to the syn cyclobutane occurs, likely because the anti 

product is more stable. In this scenario, the radical cation cycloadduct (3-38•+) is reduced by an equivalent 

of phenyl vinyl ether, generating the phenyl vinyl ether radical cation (3-23•+) and propagating the 

reaction. 

 

 

Scheme 3.14. Farid’s chain propagation mechanism for the dimerization of phenyl vinyl ether. 
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3.2.4 Styrene Derivatives 

 

The radical cation dimerization of indene (3-39) (E1/2 = +1.63 V) was first reported by Farid and Shealer 

in 1973. 26  Under photosensitization with TPT, alkene 3-39 dimerized almost exclusively to the 

corresponding anti head-to-head dimer (3-40) (Scheme 3.15). Triplet sensitization was ruled out as the 

cause of this reaction, since the triplet energy of TPT (53 kcal/mol) is lower than that of indene (60 

kcal/mol). Additionally, the triplet sensitized dimerization of indene or dimerization through direct 

irradiation is known to yield all four possible adduct isomers,27 but with TPT only the head-to-head 

isomers formed in a 97:3 anti/syn ratio. Interestingly, the authors note that the reaction was more efficient 

when performed under air, but degassing the reaction mixture did not affect the quantum yield. A radical 

chain mechanism similar to what was reported by Ledwith for the dimerization of N-vinylcarbazole 

(Scheme 3.4) was proposed. 

 

 

Scheme 3.15. Dimerization of indene. 
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vinyl ethers were not observed. They also noted that the reaction was more efficient in acetonitrile 

compared to benzene, indicative of a radical cation process rather than triplet sensitization. 

 

 

Scheme 3.16. Crossed [2+2] cycloadditions of indene and vinyl ethers. 
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because cyclobutane 3-47 is less strained than the indene dimer, or it could be due to the higher reduction 

potential of this substrate (+1.53 V). 

 

 

Scheme 3.17. Radical chain mechanism for the retrocyclobutanation of indene dimer. 
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an effective solvent for this transformation, but when the reaction was attempted in hexane or benzene, no 
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this process. 

 

 

Scheme 3.18. [2+2] dimerization of 4-methoxystyrene. 
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 An interesting report by Tokumaru and coworkers describes the employment of molecular 

oxygen as a photosensitizer for the dimerization of 4-methoxystyrene (3-48).31 Similar to Yamamoto’s 

example with DCB, the O2-catalyzed process also preferentially provides the anti cyclobutane (3-49) 

(95:5 anti/syn). This high anti ratio is suggestive of a radical cation mechanism; dimerization through 

direct irradiation (254 nm) under nitrogen resulted in a 37:63 anti/syn cyclobutane ratio. Since p-

anisaldehyde forms over the course of the reaction as well through oxidative cleavage of the alkene, the 

researchers considered whether p-anisaldehyde could be acting as a triplet sensitizer. When the 

dimerization was attempted under nitrogen in the presence of p-anisaldehyde and irradiation (313 nm), 

the cyclobutane (3-49) was formed, but in a 78:22 anti/syn ratio. This lower anti/syn ratio indicates that a 

different mechanism must be operative under the p-anisaldehyde/nitrogen atmosphere conditions 

compared to when the reaction was performed in the presence of O2. Thus, it is possible that the 

dimerization of alkene 3-48 is occurring partly through triplet sensitization with p-anisaldehyde, as well 

as excitation by direct irradiation, but a separate mechanism that involves O2 is also operative, which 

leads to a higher anti/syn ratio. The authors propose that this radical cation pathway is proceeding through 

an O2-alkene charge transfer complex (3-50) (Scheme 3.19). 

 

 

Scheme 3.19. Oxygen-mediated radical cation dimerization of 4-methoxystyrene. 
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substrate, which would result in a lower anti/syn ratio. Essentially no reaction was observed when the 

dimerization was attempted with 366 nm light under nitrogen. Interestingly, in benzene, a charge-transfer 

band for the O2-alkene complex was also observed, but no dimerization of the styrene occurred. This 

result is likely due to the difficulty of generating radical ions in a nonpolar solvent. 

 The radical cation [2+2] dimerization of trans-anethole has also been reported under 

photosensitization with cyanoarenes by Lewis and Kojima in 1988.32 trans-Anethole (3-16) dimerizes to 

cyclobutanes 3-51 and 3-52, where dimer 3-51 is favored under radical cation conditions (Scheme 3.20). 

The researchers propose that cycloreversion of the cyclobutane radical cations and recombination is what 

allows the more stable all-anti cyclobutane to predominate. cis-Anethole (3-53) can also form under these 

conditions, but no cyclobutane products derived from cycloaddition with cis-anethole were detected. 

 

 

Scheme 3.20. Dimerization of trans-anethole. 
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Formation of the cis-anethole radical cation (3-53•+) followed by reverse electron transfer creates a triplet 

1,2-diradical (3-58), which can rotate and recombine to form trans-anethole (3-16) (Scheme 21b). 

 

 

Scheme 3.21. Dimerization and isomerization of cis-anethole. 
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and anti products being favored in the less polar solvent (benzene). With two of the substrates (n = 6, 7), 

the anti product was favored even in acetonitrile, likely due to conformational stipulations. 

 

 

Scheme 3.22. Solvent effects on stereoselectivity in the [2+2] cycloaddition of tethered vinyl ethers. 

 

An intramolecular [2+2] cycloaddition of styrenyl alkenes has also been developed. In 1997, 

Johnston and coworkers reported that oxygen-tethered diene 3-62, when exposed to chloranil and 350 nm 

light, cyclized mainly to cyclobutanes 3-64 and 3-65 (Scheme 3.23).35 Anti isomer 3-65 was formed as a 

minor product, and is believed to be a result of a triplet 1,2-diradical isomerization of one of the tethered 

alkenes, analogous to the isomerization of cis- to trans-anethole, followed by a direct photoinduced [2+2] 

cycloaddition. Interestingly, at longer irradiation times, cyclohexenes 3-66 and 3-67 were also observed. 

The formation of these cyclohexenes occurred concurrently with the depletion of the cyclobutanes, 

indicating that they were forming through rearrangement of the initial formed [2+2] product. This 

rearrangement is a fairly common occurrence in radical cation [2+2] cycloadditions, especially with 

styrene-derived alkenes, and will be discussed in greater detail later. 

 

O

(CH2)n

O

O

(CH2)n

O

O

(CH2)n

O

DCA
hν

solvent

n

5

6

7

12
20

4

Solvent Yield (%)a Ratio syn/anti

63

66

39

54
66

25
80:20

36:64

46:54

69:31
42:58

96:4

Ring size of product

17

18

19

24
32

16CH3CN

85 10:90

59 5:95

80 5:95

CH3CN

CH3CN

CH3CN

CH3CN
CH3CN

PhH

PhH

PhH

a Based on consumed 3-59

Mizuno (1983)

Conv. (%)

64

40

62

93
89

65

62

58

45

3-59 3-60 3-61



 118 

 

Scheme 3.23. Intramolecular [2+2] cycloaddition and rearrangement. 

 

3.2.6 Recent Reports of Radical Cation [2+2] Cycloadditions  

 

In 2010, Yoon and coworkers reported the intramolecular [2+2] cycloaddition of tethered styrenyl alkenes 

using a Ru(bpy)3(PF6)2/MV(PF6)2 photocatalytic system with visible light (MV = methyl viologen).36 The 

substrate scope of this transformation was extensively explored (Scheme 3.24). Though it was found that 

one of the two alkenes needed to be substituted with an aryl group containing an electron-donating group 

at the ortho or para position in order for radical cation formation to occur (Ar1), substitution at the other 

alkene was less restricted with both electron-rich and electron-poor aryl substitution tolerated (Ar2). Alkyl 

substituted alkenes, however, did not react in the [2+2] cycloaddition. 

 

 

Scheme 3.24. Yoon’s oxidative intramolecular [2+2] cycloaddition. 
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This transformation was also found to be stereoconvergent. When substrates 3-73 and 3-74, in 

which one of the tethered alkenes is cis, were exposed to the Ru conditions, still the major product was 

the syn cyclobutane 3-68 (Scheme 3.25). The authors determined that the cis alkenes were likely 

isomerizing prior to the cycloaddition and that the cycloaddition itself is stereospecific. 

 

 

Scheme 3.25. Stereoconvergence in the intramolecular [2+2] cycloaddition. 

 

Thus, the mechanism in Scheme 3.26 is proposed. When Ru(bpy)3
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reduction with another equivalent of substrate forms the neutral cyclobutane product (3-68) and 

propagates the reaction. Notably, different from the intramolecular [2+2] cycloaddition reported by 

Johnston using chloranil (Scheme 3.23), with the Ru photocatalytic system, no formation of the 

rearranged cyclohexene products was observed. 

 

 

Scheme 3.26. Proposed mechanism for intramolecular radical cation [2+2] cycloaddition. 
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Yoon and coworkers also explored an intermolecular radical cation [2+2] cycloaddition of styrene 

derivatives.37 Using Ru(bpm)3
2+ under air and visible light irradiation, various [2+2] cycloadditions were 

achieved (Scheme 3.27). As in the intramolecular case, one of the cyclizing alkenes had to be substituted 

with an electron-rich aryl group in order for it to be oxidized by the catalyst. Exploring the scope of the 

cycloaddition partner, styrene derivatives with differential substitution on the aryl ring were successfully 

cyclized (3-76). Substrates containing electron-poor substituents (3-77) reacted slowly, which allowed for 

considerable homodimerization of trans-anethole to occur. This could be remedied in part by slow 

addition of trans-anethole. Non-aryl alkenes ethyl vinyl ether and an allylsilane also underwent the 

cycloaddition (3-78 and 3-79). Surprisingly, the cycloaddition between trans-anethole and β-

methylstyrene was not successful (3-80). 

 

 

Scheme 3.27. Yoon’s intermolecular [2+2] cycloaddition. 
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oxygen, only 7% of cyclobutane 3-82 is observed in 1 h vs. 86% yield in 1 h in the presence of air. They 

propose that oxygen may be mediating catalyst turnover, as shown in Scheme 3.28. 

 

 

Scheme 3.28. Proposed mechanism for intermolecular [2+2] cycloaddition. 

 

An important aspect of this transformation is the undesired propensity of the cyclobutane 

products to cyclorevert under the reaction conditions. When the dimerization of trans-anethole (3-16) 

(+1.24 V) was performed using the more strongly oxidizing Ru(bpz)3
2+ (E1/2* = +1.45 V), lower yields 

were observed. Exposing dimer 3-51 to the Ru(bpz)3
2+ conditions revealed that cycloreversion was 

occurring; in the presence of isoprene (3-19), the resulting trans-anethole could be trapped as 

cyclohexene 3-83 through a radical cation [4+2] cycloaddition (Scheme 3.29). The lower reduction 

potential of Ru(bpm)3
2+ (E1/2* = +1.20 V) compared to Ru(bpz)3

2+ apparently allows for selective 

oxidation of trans-anethole over the cyclobutane product (3-51) (+1.27 V), thereby preventing 

cycloreversion. To demonstrate this effect, cyclobutane 3-51 was exposed to Ru(bpm)3
2+ at 0 °C for 2 h. 

Though the reduction potential of Ru(bpm)3
2+ and cyclobutane 3-51 are still fairly close, only trace trans-

anethole (3-16) was formed, confirming their hypothesis. 

 

 

Scheme 3.29. Cycloreversion under Ru photocatalysis. 
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 Nicewicz and coworkers have also emphasized the susceptibility of aryl-substituted cyclobutanes 

to undergo cycloreversion under oxidative conditions in their report on [2+2] dimerization of styrene 

derivatives and other electron-rich alkenes using 2,4,6-tris(4-methoxyphenyl)pyrylium tetrafluoroborate 

(TAP).38 While Yoon focused on tuning the electrochemical properties of the photocatalyst in order to 

avoid cycloreversion, Nicewicz demonstrates that an “electron relay” reagent can be employed to prevent 

reoxidation and cycloreversion of the cyclobutane product.  

The concept behind the electron relay is that the presence of an oxidizable species with a higher 

reduction potential than the alkene, but a lower reduction potential than the product will allow the alkene 

to be oxidized and undergo the [2+2] cycloaddition, but will compete with the product for oxidation. 

Thus, reoxidation and cycloreversion of the cyclobutane will be less likely. For example, the reduction 

potentials of trans-anethole (3-16) and its dimer cyclobutane (3-51) are +1.24 V39  and +1.50 V, 

respectively. The reduction potential of TAP* is +1.74 V, so it could easily oxidize both trans-anethole 

and the dimer. When the dimerization of trans-anethole is performed only with the photocatalyst, 0% 

yield of the cyclobutane dimer is obtained, perhaps due to oxidation and cycloreversion (Scheme 3.30). 

When 0.5 equiv of naphthalene (+1.61 V) is added, however, the product (3-51) is isolated in 54% yield. 

 

 

Scheme 3.30. Inhibition of cycloreversion using electron relay reagent. 
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yield of alkene 3-85 forms and 83% yield of the cyclobutane is recovered. These experiments prove that 

the electron relay reagents can indeed protect the cyclobutane products from cycloreversion or oxidative 

degradation. 

  

 

Scheme 3.31. Electron relay mechanism for dimerization of trans-anethole. 

 

The electron relay mechanism is depicted in Scheme 3.31. Though it would seem as if the excited 
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This electron relay strategy allowed the researchers to synthesize a number of electron-rich 

cyclobutanes. Notably, this methodology was exploited to access cyclobutane lignan natural products (3-

86–3-88), which have significant bioactive properties (Figure 3.2).40 

 

 

Figure 3.2. Cyclobutane lignan natural products. 
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 In another example of natural product synthesis, Chen and workers have employed an Ir(ppy)3-

catalyzed radical cation [2+2] cycloaddition in the asymmetric total synthesis of sceptrin (3-93).41 

Sceptrin belongs to a family of dimeric pyrrole-imidazole alkaloids that have been isolated from marine 

sponges. The biosynthesis of sceptrin is not well understood; however, since the sponges live deep under 

water, it is unlikely that enough light can reach them in order for the cyclobutane core of these alkaloids 

to be constructed through a photochemical [2+2] cycloaddition.42 Instead, it has been proposed that the 

cyclobutane may form through an enzyme-promoted single-electron transfer mechanism.43 In an effort to 

mimic the biosynthesis, Chen developed a synthesis of sceptrin (3-93) employing a radical cation [2+2] 

cycloaddition to construct the skeletal core. Starting from L-glutamic acid (3-89) as the chirality source, 

intermediate 3-90 was reached in 8 steps (Scheme 3.32). When this tethered alkene was exposed to 

Ir(ppy)3 and visible light, cyclobutane 3-91 was formed in 1.8:1 dr. Other single-electron oxidants were 

attempted, but these resulted in substrate decomposition. Triplet sensitization was ruled out as a potential 

mechanistic pathway, since fluorenone, which has a similar triplet energy as the Ir catalyst (ET = 55 

kcal/mol), did not succeed in catalyzing the [2+2] cycloaddition. Further synthetic manipulations 

provided enantiopure sceptrin (3-93). 

 

 

Scheme 3.32. Chen’s total synthesis of sceptrin. 
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 A further report by Chen in 2015 explored the use of this method for the synthesis of similar 

pyrrole-imidazole alkaloids, such as nakamuric acid (3-94) (Scheme 3.33).44 In addition, according to the 

previously mentioned biosynthetic hypothesis, 6-membered ring derivatives such as ageliferin (3-95) 

could also come about from the same single-electron oxidation process (3-96). Alkene 3-97 was designed 

as a test substrate. When this tethered alkene was exposed to the Ir(ppy)3 conditions, four different 

products formed. The major desired product (3-98) was formed in 53% yield, and its epimer (3-99) was 

formed in 20% yield. Another diastereomer (3-100), which is proposed to arise from isomerization of the 

vinylimidazole alkene prior to the cycloaddition, was formed in 5% yield. Lastly, cyclohexane 3-101 

containing the skeleton of ageliferin (3-95) was formed in 2% yield. The authors note that the ratio of 

these four products did not change over the course of the reaction, indicating that they were formed 

directly from substrate 3-97 and not through subsequent reoxidation and rearrangement. The researchers 

also attempted various intermolecular [2+2] cycloadditions of vinylimidazole derivatives, but they were 

unsuccessful; the oxygen tether was required for reactivity. 

 

 

Scheme 3.33. Further exploration toward the synthesis of dimeric pyrrole-imidazole alkaloids. 
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Lastly, in 2012, Griesbeck and Schmalz demonstrated that the intramolecular [2+2] cycloaddition 

of α,β-unsaturated carbonyls and alkenes, which is traditionally accomplished through high energy UV 

irradiation,45 could be induced using visible light in the presence of O2.46 This transformation is different 

from other PET reactions, however, in that the substrate is excited by light, rather than the electron-

accepting reagent. Upon excitation of the α,β-unsaturated carbonyl (3-102) and intersystem crossing to 

the triplet 1,2-diradical (3-103), triplet oxygen can abstract an electron from the coumarin to give a radical 

cation (3-102•+), which is intercepted by the tethered alkene, forming distonic radical cation 3-104 

(Scheme 3.34). The reduced superoxide can then transfer an electron back to the substrate to afford the 

diradical (3-105), which closes to cyclobutane 3-106. Thus, O2 acts as a redox catalyst. 

 

 

Scheme 3.34. Proposed mechanism for the oxygen-mediated [2+2] cycloaddition of tethered alkenes. 
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cycloaddition of enone 3-113, which has been reported by Yoon to occur under reductive photocatalytic 

Ru(bpy)3
2+ conditions,47 could also be effected by this oxidative system. 

 

Table 3.2. Effect of different atmospheres on reaction efficiency. 
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Scheme 3.35. General radical cation [4+2] cycloaddition. 
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3.3.1 Dimerization of 1,3-Dienes 

 

A commonly explored radical cation [4+2] cycloaddition is the dimerization of 1,3-dienes. In particular, 

the dimerization of 1,3-cyclohexadiene (3-8) has been extensively studied as the prototypical diene 

dimerization.48 This transformation can be effected using a number of different single-electron oxidation 

methods.8a,8b,49 The PET radical cation dimerization of 1,3-cyclohexadiene is especially intriguing due to 

the competing triplet sensitized and direct irradiation-induced dimerizations, both of which lead to 

different product mixtures. 

 Jones and coworkers reported in 1983 that the products obtained by DCA-photosensitized 

dimerization of 1,3-cyclohexadiene (3-8) were different than those previously reported through other 

methods (Scheme 3.36).50 Thermal conditions (200 °C), as expected, afford the [4+2] adducts (3-115 and 

3-116) in a 4:1 endo/exo ratio.51 Direct irradiation (>330 nm)52 or triplet sensitization53 provide a mixture 

of the [2+2] adducts (3-117 and 3-118), as well as the exo [4+2] adduct (3-116). Radical cation 

photosensitization, however, using DCA and >330 nm light in dichloromethane resulted in only the [4+2] 

adducts, in an 77:23 endo/exo ratio (3-115/3-116). 

 

 

Scheme 3.36. Dimerization of cyclohexadiene product distribution under different conditions. 
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previously reported that under irradiation in benzene, cyclohexadiene could react with DCA to give 

adducts 3-119 and 3-120.54 This supports the hypothesized exciplex formation where the radical ions can 

dissociate in polar solvents, but remain complexed in less polar solvents. 

 

 

Scheme 3.37. Reaction of cyclohexadiene with DCA under direct irradiation in benzene. 

 

Schuster and Calhoun further explored the mechanism of the dimerization of 1,3-cyclohexadiene 

under DCN photosensitized conditions (Scheme 3.38).55 They found that running the reaction in either 

acetonitrile or benzene resulted in different product distributions, indicative of different reaction 

mechanisms in each solvent. When the reaction was performed in acetonitrile, a polar solvent, the [4+2] 

adducts predominated. Quenching experiments showed that greater than 97% of the DCN was being 

quenched by 1,3-cyclohexadiene (3-8), even at low concentrations. In addition, laser flash photolysis 

confirmed the presence of the radical anion of DCN in the reaction mixture. Schuster also found that the 

formation of the endo [4+2] product (3-115) could be inhibited by adding 1,3,5-trimethoxybenzene (3-

121) (+1.36) as a radical cation quencher for cyclohexadiene (E1/2 = +1.53 V). These experiments all 

point to a radical cation mechanism for the dimerization of 1,3-cyclohexadiene in acetonitrile (Scheme 

3.38). 
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These results suggest that a radical cation mechanism is not operative in benzene. Instead, the authors 

propose the formation of exciplex (3-123) and triplex (3-124) species between 1,3-cyclohexadiene and 

DCN that could lead to the formation of the different dimers (Scheme 3.38). 

 

 

Scheme 3.38. Comparison of 1,3-cyclohexadiene dimerization mechanism in two different solvents. 
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Scheme 3.39. [4+2] Dimerization of other 1,3-dienes. 

 

3.3.2 Cross [4+2] Cycloadditions 

 

Achieving selectivity in cross [4+2] radical cation cycloadditions can be difficult due to the 

oxidizable nature both the diene and the alkene component; if the reaction between the diene and the 

alkene radical cation is too slow, then homodimerization of either species is inevitable. One possible way 

to ensure that the desired cross-selectivity is attained is to employ a diene that has a higher reduction 

potential than the alkene, thereby allowing the alkene to be selectively oxidized (Scheme 3.40). This 

method is not always effective, however, as the reaction rate for homodimerization can be significantly 

faster than the rate of the desired cross addition (see Chapter 4.4.1). 

 

 

Scheme 3.40. Possible products in a cross [4+2] radical cation cycloaddition.  
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Despite these challenges, many cross [4+2] cycloadditions have seen success. For example, 

though the dimerization of 1,3-cyclohexadiene (3-8) occurs very quickly upon single-electron oxidation 

(k = 3 x 108 M-1s-1),55 a cross [4+2] cycloaddition between 1,3-cyclohexadiene and diene 3-133 can be 

accomplished using TPT (Scheme 3.41).59 Styrene (3-134), β-methylstyrene (3-135), phenyl vinyl ether 

(3-23), and alkene 3-13660 also undergo cross cycloadditions with 1,3-cyclohexadiene, albeit in low 

yields. As expected, the cyclohexadiene dimer (3-115) was consistently observed as a side product. 

 

 

Scheme 3.41. Cross [4+2] cycloadditions of 1,3-cyclohexadiene. 
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vinylbenzofuran dimers were also formed in minor amounts; however, utilizing 2 equivalents of diene 

allowed for optimal cross-adduct formation. 

 

 

Scheme 3.42. Cross [4+2] cycloaddition of dienes with vinylbenzofurans. 

 

Additionally, these reactions exhibited high regioselectivity. This is likely due to the 
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Scheme 3.43. Mechanism and origin of regioselectivity and endo selectivity. 

 

 Steckhan and coworkers have also studied the radical cation [4+2] cycloaddition between dienes 

and indoles.62 In their preliminary experiments, when the cycloaddition of indole (3-147) and 1,3-

cyclohexadiene (3-8) was attempted using TPT, <9% yield of product 3-148 was formed (Scheme 3.44). 

It was hypothesized that the formation of the product (3-148) was inhibiting the oxidation of indole (3-

147), since the reduction potential of adduct 3-148 (Eox = +0.46 V) is lower than that of indole (Eox = 

+1.17 V). As a solution, the researchers proposed that adding an equivalent of acetyl chloride (3-149) to 

the reaction mixture would acylate adduct 3-150 in situ, creating a species with a reduction potential 

higher than that of indole, so indole oxidation would still be efficient. When this method was attempted, 

indeed, acylated product 3-150 (Eox = +1.30 V) was formed in 70% yield. 
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 Using this approach, a variety of 1,3-cyclohexadiene derivatives successfully underwent the 

[4+2] cycloaddition with indole (3-147) in moderate yields (Scheme 3.45). The dimer of the diene was 

also observed in all cases, but in <10% yield. 

 

 

Scheme 3.45. Scope of 1,3-cyclohexadiene cycloaddition partner. 

 

As with the vinylbenzofuran cycloadditions, the regioselectivity of this transformation was high 

and the endo adduct was favored. Again, this is likely derived from the stability of the distonic radical 

cation intermediate (3-152•+) upon nucleophilic attack by the diene on the indole radical cation (3-147•+) 

(Scheme 3.46).63 As alluded to previously, the reduction of radical cation intermediate 3-152•+ with 

another equivalent of indole to give cycloadduct 3-153 is reversible due to the low reduction potential of 

this adduct. Trapping of this intermediate with acetyl chloride, however, provides product 3-154, which is 

not oxidized in the presence of indole. 

 

 

Scheme 3.46. Proposed mechanism for the cycloaddition of 1,3-cyclohexadienes with indole. 
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 Steckhan and coworkers also explored cycloadditions of indole (3-147) and exocyclic dienes64 to 

generate benzocarbazole derivative products that are attractive targets for their DNA intercalating 

properties and their antitumor activity.65 In addition, the cycloaddition of exocyclic dienes can be used as 

a mechanistic probe to confirm the stepwise nature of the reaction. For example, in the cycloaddition of 

exocyclic diene 3-155 and indole (3-147), a mixture of syn and anti adducts were formed, presumably 

through bond rotation in the distonic radical cation intermediate (3-156•+) (Scheme 3.47). The formation 

of the anti product (3-158) further supports the asynchronous mechanism that is proposed for these 

cycloadditions. 

 

 

Scheme 3.47. Cycloaddition of an exocyclic diene with indole. 
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Scheme 3.48. Cycloaddition of a chiral exocyclic diene with indoles. 

 

 A restrictive characteristic of the described reactions of dienes with indoles is that the diene must 

be in a rigid s-cis conformation in order for the cycloaddition to occur. To circumvent this requirement, 

Steckhan and coworkers developed the cycloaddition of indoles with exocyclic dienes where the diene 

contained a functionality that could be cleaved after the cycloaddition (Scheme 3.49).67 

 

 

Scheme 3.49. Cycloadditions with cleavable dienes. 
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structural modification, cycloadduct 3-166 was cleaved under reductive sodium amalgam conditions,68 

yielding highly functionalized tetrahydrocarbazole derivative 3-170 in high yield (Scheme 3.50). 

 

 

Scheme 3.50. Reductive cleavage of N–O bond. 

 

 Cross [4+2] cycloadditions between furan (3-171) and styrenyl alkenes have also been reported 
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+1.76 V) under 1-cyanonaphthalene photosensitized conditions gave a mixture of cycloadduct 3-172 and 

substituted furans 3-173 and 3-174 (Scheme 3.51). This reaction is proposed to proceed through a radical 

cation intermediate, since no reaction occurred in nonpolar solvents (benzene, cyclohexane). Substituted 

furans 3-173 and 3-174 could result from nucleophilic attack by the furan on the indene radical cation 

followed by H-atom abstraction. 

 

 

Scheme 3.51. [4+2] cycloaddition of furan and indene. 
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3.52). This transformation is proposed to proceed through the radical cation of the diene (3-176•+) (E1/2 (3-

176) = +0.87 V), rather than of the allene (E1/2 = +1.34 V). Net [4+2] products are only achievable through 

this process when the diene strongly favors the s-cis conformation. Additionally, biphenyl was used as a 

cosensitizer; in the absence of biphenyl or DCN, no product formed. This could indicate that the electron 

transfer between the diene (3-176) and DCN* is faster than the reaction of the diene radical cation (3-

176•+) with the allene (3-175). Biphenyl may help to mediate the electron transfer process, allowing the 

diene radical cation to be longer lived. 

 

 

Scheme 3.52. Radical cation cycloaddition with an allene. 

 

 The cycloaddition of ketene 3-180 and diene 3-176 is also proposed to proceed through the 

intermediacy of the diene radical cation (3-176•+) (Scheme 3.53). 71  The DCN-sensitized [4+2] 

cycloaddition of these two components affords a mixture of cycloadducts 3-181 and 3-182 in a 5:2 ratio. 

Alternatively, the researchers found that thermal conditions (PhH, 80 °C) generated a mixture of the [2+2] 

cycloadducts 3-183 and 3-184. When a 92:8 mixture of cyclobutanes 3-183 and 3-184 were subjected to 

the DCN conditions, they underwent a vinylcyclobutane rearrangement to give adducts 3-181 and 3-182 

in a 20:9 ratio. Upon single-electron oxidation, the vinylcyclobutane rearrangement could proceed 

through two possible pathways: 1) cleavage of the bond between the vinyl group and the PMP group to 

give distonic radical cation intermediate 3-185•+, or 2) complete cycloreversion to ketene 3-180 and diene 

Schmittel (1996)

Me
Me

Me
Me

Me

DCN (0.6 equiv)
biphenyl (5 equiv)

hν

CH3CN, 5 d

28% yield (1:1)

PMP

Me

Me

Me

Me

Me
C

Me

MeO

(5 equiv)

Me

PMP

Me

Me

Me

Me
Me Me

3-175 3-1793-1783-176

PMP

Me

Me

Me

Me

Me
Me

3-177
Me

Me

Me
Me

Me

+ e–

3-176 •+ PMP = 4-MeOC6H4



 140 

3-176, and recombination in a [4+2] fashion. Comparing the ratios of adducts 3-181 and 3-182 generated 

through the direct [4+2] cycloaddition (5:2) to the vinylcyclobutane rearrangement (20:9) indicates that 

complete cycloreversion and recombination likely cannot be occurring, or else a 5:2 ratio of adducts 3-

181 and 3-182 would have been obtained. 

 

 

Scheme 3.53. Radical cation cycloaddition and rearrangement with a ketene. 
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Scheme 3.54. [4+2] cycloaddition of thiobenzophenone. 
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Scheme 3.55. Total synthesis of (–)-β-selinene through a radical cation [4+2] cycloaddition. 
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3.3.3 Recent Reports of Radical Cation [4+2] Cycloadditions 

 

In 2011, Yoon and coworkers reported the radical cation Diels-Alder cycloaddition of dienes with 

electron-rich alkenes using a Ru photocatalyst and visible light. This study significantly expanded the 

substrate scope of the radical cation [4+2] cycloaddition. Representative substrates are shown in Scheme 

3.56. A variety of differentially substituted dienes were found to be competent cycloaddition partners. 

Various “dienophiles” were also successful, including a trisubstituted alkene (3-202), as well as 

vinylcarbazole (3-204) and a phenyl vinyl ether (3-203), both of which have been known to dimerize 

upon single-electron oxidation. Homodimerization of the alkenes or the dienes did not seem to be a 

significant issue under the reaction conditions. Substrates that did not contain an electron rich aryl group, 

however, did not undergo the cycloaddition (3-135 and 3-205). Overall, high yields were obtained of the 

cycloadducts, which is in contrast to the yields reported with the organic photosensitizers. 

 

 

Scheme 3.56. Representative substrates for the Ru-photocatalyzed radical cation Diels-Alder. 
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 A separate report by Yoon and Cismesia determined the quantum yield of the Ru-catalyzed [4+2] 

cycloaddition between trans-anethole (3-16) and isoprene (3-19) to be 44, meaning that for every photon 

of light absorbed by the Ru catalyst, 44 equivalents of product 3-83 are formed.74 For comparison, the 

researchers also determined that the chain length of the same reaction initiated by an aminium radical 

cation salt, was 41. The aminium salt initiated reaction is known to proceed through radical chain 

propagation, so the Ru-catalyzed process, which has a similar chain length, is likely also proceeding 

through a radical chain mechanism, as depicted in Scheme 3.57. Upon excitation with light, the excited 

state Ru2+* can abstract an electron from trans-anethole (3-16), yielding radical cation 3-16•+. Interception 

with isoprene affords the cyclohexene radical cation (3-206•+), which accepts an electron from another 

trans-anethole equivalent to give the neutral product (3-83) and propagate the reaction. The authors also 

observe that the cycloaddition was slower in the absence of air (46% conversion to 3-83 in 1 h vs. 98% 

yield in the presence of air). They suggest that oxygen may be assisting in catalyst turnover. 

 

 

Scheme 3.57. Mechanism for the Ru-photocatalyzed radical cation Diels-Alder. 
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the intrinsic electronic character of the diene (3-209) and dienophile (3-208), when the synthesis of 

heitziamide A is attempted through thermal Diels-Alder conditions (150 °C, neat), the incorrect isomer 

(3-210) is formed in 60% yield (Scheme 3.58). Using the developed radical cation [4+2] cycloadditions 

with Ru(bpz)3
2+, however, alkene 3-211 and myrcene (3-209) were combined to give cycloadduct 3-212 

with the desired connectivity in 80% yield. The TBS-ether was then converted to the amide in four steps 

to afford the natural product (3-207). 

 

 

Scheme 3.58. Synthesis of heitziamide A through a radical cation Diels-Alder. 
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 Yoon and coworkers also studied the intramolecular radical cation Diels-Alder reaction using a 

Ru(bpy)3
2+/methyl viologen photocatalytic system.76 Many different tethered substrates with electron-rich 

alkenes and differentially substituted dienes underwent the [4+2] cycloaddition in good to high yields 

(Scheme 3.59). 

 

 

Scheme 3.59. Yoon’s intramolecular radical cation Diels-Alder reaction. 
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Scheme 3.60. Thermal intramolecular Diels-Alder reaction. 
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3.4 Competing [2+2] and [4+2] Mechanistic Pathways 

 

 

Scheme 3.61. General depiction of competitive [2+2] and [4+2] radical cation cycloadditions.  
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rearrangement of a radical cation intermediate like 3-223•+. Additionally, the quantum yield was 

determined to be less than 0.1, meaning that a radical chain mechanism was likely not occurring. Arnold 

also showed that in the presence of a different, less oxidizable alkene (3-225), cross cycloadditions with 

1,1-diphenylethylene (3-221) or alkene 3-226 could be achieved (Scheme 3.62).78 

 

 

Scheme 3.62. Dimerization and cross cycloaddition of phenyl vinyl ethers. 
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Scheme 3.63. Dimerization of styrene and α-methylstyrene. 

 

 The mechanism of the dimerization of 1,1-diphenylethylene was reinvestigated by Farid and 

Mattes in 1983.81 When 1,1-diphenylethylene (3-221) was exposed to irradiation with either DCA or TCA 
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cyclobutane 3-233 to adducts 3-224 and 3-234 was concentration dependent; as the concentration of 1,1-

diphenylethylene was decreased, the ratio of cyclobutane 3-233 compared to adducts 3-224 and 3-234 

also decreased. These results indicated that formation of the [2+2] adduct was likely occurring through a 

different pathway than the [4+2] products. 

 

 

Scheme 3.64. [2+2] and [4+2] products of 1,1-diphenylethylene dimerization. 
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anion, or 3) the radical ion pair can dissociate to give the separate radical ions, and the alkene radical 

cation (3-221•+) can react with another alkene equivalent to give radical cation dimer 3-223•+. 

Cyclobutane 3-233 is the result of pathway 2, which explains why less of this product forms at lower 

concentrations of 1,1-diphenylethylene (3-221); at lower concentrations, the associated radical ion pair (3-

235) is less likely to be intercepted by 1,1-diphenylethylene, allowing it more time to dissociate to the 

separate radical ions. The separate radical ions formed in pathway 3 lead to the rearranged adducts 3-224 

and 3-234. Cyclobutane 3-233 can also result from pathway 3, but the formation of cyclobutane radical 

cation 3-237•+ is reversible, so the major products are the naphthalenes (3-224 and 3-234). In line with 

Arnold’s results, the quantum yields of the dimerization with DCA and TCA were 0.033 and 0.15, 

respectively. Thus, chain propagation was likely not occurring. 

 

 

Scheme 3.65. Proposed mechanism for the dimerization of 1,1-diphenylethylene. 
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3.65b). Biphenyl is proposed to be oxidized by the sensitizer to its radical cation (BP•+), which can in turn 

oxidize 1,1-diphenylethylene (3-221), generating the alkene radical cation (3-221•+) through a pathway 

that does not involve the formation of the associated radical ion pair (3-235). Since less of the radical ion 

pair is present in the reaction mixture, less cyclobutane 3-233 is formed, consistent with the proposed 

mechanism. 

 The periselectivity of the dimerization of 4-methoxystyrene (3-48) has also been extensively 

studied. Similar to what was observed in the dimerization of 1,1-diphenylethylene, the [4+2] product (3-

239) predominates at lower concentrations and the [2+2] adduct (3-49) is the major product at higher 

concentrations (Scheme 3.66).82 

 

 

Scheme 3.66. Dimerization of 4-methoxystyrene. 
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trans-anethole. On the other hand, long-bond intermediates have often been invoked in [2+2] 

cycloadditions, such as the dimerization of trans-anethole (3-16), to account for stereospecificity.49d 

Ultimately, computations by Wiest and O’Neil have concluded that the acyclic 1,4-radical cation (3-

240•+) and the long-bond radical cation (3-241•+) are essentially isoenergetic and can be thought of as 

conformers in equilibrium with each other.84 

 

 

Scheme 3.67. Acyclic vs. long-bond radical cation intermediate. 
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Scheme 3.68. Dimerization of 3-methoxystyrene. 
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The dimerization of alkene 3-247 has been exploited for the synthesis of the dihydronaphthalene 

neolignan natural product, magnoshinin (3-249). 86  Irradiation of alkene 3-247 in the presence of 

pyromellitic acid (3-248) gave magnoshinin (3-249) in 14% yield, as well as the corresponding 

cyclobutane, magnosalin (3-87), in 6% yield (Scheme 3.69). Nicewicz has also synthesized magnosalin 

(3-87) from the same starting alkene using a TAP photocatalyst (Figure 3.2), but it was not mentioned if 

the rearranged magnoshinin (3-249) formed as well. 

 

 

Scheme 3.69. Synthesis of natural products magnoshinin and magnosalin. 
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when DCB was used to photosensitize the reaction of diene 3-15 with several different alkenes, a mixture 

of the [2+2] and [4+2] adducts was obtained, with the [2+2] adducts predominating.88 

 

 

Scheme 3.70. Periselectivity in cycloaddition between 1,1’-bicyclopentenyl diene and alkenes. 
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Scheme 3.71. Explanation for periselectivity of 1,1’-bicyclopentenyl diene cycloadditions. 
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Scheme 3.72. Cycloaddition of phenyl vinyl sulfide and 1,1’-bicyclopentenyl diene. 

 

It should be noted that the majority of this study was conducted using aminium radical cation salt 
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To explain the product distribution at early reaction times, Bauld proposed that the oxidation of 

phenyl vinyl sulfide (3-194•+) results primarily in the [4+2] adducts (3-255 and 3-256), while the 

oxidation of the diene (3-15•+) preferentially affords the [2+2] adducts (3-253 and 3-254) (Scheme 3.74a). 

This conclusion can be rationalized based on the preferred conformation of the diene. Since the diene will 

mostly exist in its s-trans conformation, when diene 3-15 is oxidized and attacked by phenyl vinyl sulfide 

to give a distonic radical cation intermediate (3-251•+), if the ring closing step is faster than rotation, only 

the [2+2] adducts should form. 

 

 

Scheme 3.74. Explanation of periselectivity with reduction potentials. 
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the periselectivity of the reaction in the first 100 seconds. At the beginning of the reaction, both the diene 

(3-15) (+1.22 V) and the phenyl vinyl sulfide (3-194) (+1.33 V) are present in the reaction mixture in 

almost equal amounts, and their reduction potentials are low enough that they are both susceptible to 

single-electron oxidation by the aminium catalyst (3-252) (+1.05 V). Thus, when the catalyst is added to 

the reaction mixture containing the diene and alkene, they will both be oxidized by the catalyst at first, 

resulting in the formation of both the [4+2] and [2+2] adducts. Oxidation of the diene should be slightly 

favored over the alkene, so the [2+2] products will still predominate. In fact, at a reaction time of 5 

seconds, a ratio of 3:1 was observed of cyclobutane to cyclohexene adducts (Scheme 3.74b). After all of 

the catalyst has been consumed, the reaction will continue through a radical chain propagation 
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mechanism, which will favor the oxidation of the diene over the alkene because of its lower reduction 

potential. Thus, cyclohexene 3-255 will stop forming, and cyclohexene 3-256 will only form through 

rearrangement of cyclobutane 3-254. 

To further demonstrate the effect of reduction potentials on the initial formation of the four 

cycloadducts, two other aryl vinyl sulfides were examined (Scheme 3.74b). The ratio of cyclobutane to 

cyclohexene products were compared at a reaction time of 5 seconds. When 4-bromophenyl vinyl sulfide 

(3-258) (+1.38 V) was reacted with diene (3-15), an 8.7:1 ratio of [2+2]:[4+2] adducts was formed. This 

is expected, since 4-bromophenyl vinyl sulfide (3-258) is more difficult to oxidize than phenyl vinyl 

sulfide, so oxidation of the diene in this case is preferred. Conversely, 4-ethylphenyl vinyl sulfide (3-257) 

(+1.23 V), which has a reduction potential almost identical to that of the diene, gave a product mixture 

that slightly favored the [4+2] adducts. In this case, the difference in electrochemical properties of the 

alkene and diene are less defined, so there is less preference for the oxidation of one over the other. 

These results support Bauld’s proposal of two mechanistic pathways where in the first 100 

seconds of the reaction, the diene and the alkene compete for oxidation by the catalyst to give either [2+2] 

or [4+2] products. Thus, in the case of phenyl vinyl sulfide (3-194), the periselectivity of its cycloaddition 

with 1,1’-bicyclopentenyl diene 3-15 is less an issue of nucleophilicity, as Bauld first hypothesized, and 

more an issue of the comparable abilities of the diene and alkene to be oxidized and undergo 

cycloadditions that lead to different products. This example also demonstrates the ability of neutral 

cyclobutane products to undergo reoxidation and rearrangement to cyclohexenes, which is a different 

pathway to [4+2] products than the one proposed for the dimerization of 1,1-diphenylethylene (3-221) or 

4-methoxystyrene (3-48) to naphthalene derivatives. 
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3.5 Conclusion 

 

As described, photosensitized radical cation cycloadditions are a unique class of reactions that can be 

initiated by a variety of photocatalysts, both organic- and transition metal-based. In the past 6 years, 

transition metal photocatalyzed radical cation cycloadditions have significantly expanded the scope and 

efficiency of these powerful transformations. Additionally, transition metal photocatalysts are excited by 

visible light, which is desirable from a sustainability and green chemistry perspective;90 however, the low 

natural abundance of Ru and Ir detracts from this benefit and is reflected in the increased cost of transition 

metal photocatalysts vs. organic photosensitizers. 

 For comparison purposes, the catalyst cost for a 1 mmol scale reaction was calculated for a 

variety of photocatalysts (Table 3.3). The organic photosensitizers, with the exception of TPT, are usually 

employed in higher catalyst loadings than the transition metal photocatalysts. Thus, a catalyst loading of 

30 mol % for the organic photosensitizers and 2 mol % for the transition metal photocatalysts and TPT 

were chosen for calculations. It should be noted that some of these catalysts can also be prepared from 

starting materials that might be less expensive; however, the lowest commercial price available was 

used.91 

 

Table 3.3. Cost of catalyst for a reaction run on 1 mmol scale. 

 

 

Organic
photosensitizer

Transition metal
photocatalyst

DCB

DCN

DCA

Chloranil

Price, Vendor

25 g / $29, Sigma-Aldrich

5 g / $46, Alfa-Aesar

1 g / $54, TCI

10 g / $10, Oakwood

Cost
(30 mol %)

$0.04

$0.49

$3.70

$0.07

Ru(bpy)3(PF6)2

Ru(bpz)3(PF6)2

Ir(ppy)3

1 g / $120, Aspira

50 mg / $55, Aspira

50 mg / $50, Aspira

$2.06

$19.03

$13.10

5 g / $31, Alfa-Aesar $0.05aTPT(BF4) a Cost for 2 mol %

Price, Vendor Cost
(2 mol %)
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 As expected, the organic photocatalysts, with the exception of DCA, are significantly less 

expensive than the transition metal photocatalysts, even taking into account their higher catalyst loading. 

Though price should not necessarily deter chemists from employing transition metal photocatalysts, it is 

something to keep in mind when performing reactions on larger scale. On the other hand, some UV 

irradiation devices that are used to excite organic photosensitizers can be fairly expensive as well. When 

the light source is taken into account, cost and convenience, as well as overall reaction efficiency, might 

favor the use of transition metal catalysts, which can be excited using common household light bulbs or 

sunlight. 

In conclusion, though photosensitized radical cation [2+2] and [4+2] cycloadditions have been 

known since the 1960s, the reemergence of photoredox catalysis has brought these transformation back to 

the forefront of organic synthesis. Further investigation of transition metal photocatalyst systems in the 

coming years will likely lead to even greater advances in radical cation cycloaddition chemistry. 
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CHAPTER 4 

CHROMIUM-PHOTOCATALYZED RADICAL CATION DIELS-ALDER REACTIONS OF 

ELECTRON-RICH DIENOPHILES 

 

4.1 Introduction: Photooxidizing Chromium Catalysts 

 

The past decade has seen significant advancements in the area of photoredox catalysis. Light-activated 

complexes of Ru and Ir, in particular, have experienced extensive investigation, uncovering new and 

unique reaction modes in organic synthesis.1 Though these catalysts are highly effective, in a field that is 

predicated upon the concept of sustainable chemistry, photocatalysts based on more earth-abundant 

metals are desirable.2 Notable achievements so far in this field have utilized Cu3 and Fe4 photocatalytic 

systems. Complexes of Cr also show potential.5 

 

 

Figure 4.1. Select Cr(III) complexes utilized in this chapter. 

 

In 2010, our collaborators in the Shores and Damrauer labs reported on poly-pyridyl and poly-

phenanthrolinyl Cr(III) complexes featuring promising photochemical properties (Figure 4.1).5a Notably, 

the Cr complexes absorb light in the near-UV/visible region, exhibit long excited state lifetimes (approx. 
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up to 0.5 ms), and possess a range of relatively high excited state reduction potentials (+1.40-1.84 V vs. 

SCE6). This data suggests that the Cr(III) complexes may be suitable photocatalysts for organic synthesis. 

In 2013, we embarked upon a collaboratory effort with the Shores, Damrauer, Rappé, and Rovis groups 

aimed at developing photocatalysts of earth-abundant metals.7 Our early endeavors toward this goal are 

discussed in this chapter. 

 

4.2 Preliminary Experiments 

 

We commenced our search for earth-abundant metal photocatalysts by investigating the synthetic utility 

of the previously described Cr complexes (Figure 4.1). Knowing that the Cr complexes had high excited 

state reduction potentials, we focused on photocatalytic reactions initiated by single-electron oxidation 

that have been previously reported in the literature. Several different reaction types were attempted, such 

as nucleophilic addition into oxidatively generated aminium ions of tetrahydroisoquinolines8 and sulfide 

additions to alkenes.9 The drawback to these reactions, however, was that they required additional 

reagents (e.g. sacrificial oxidants, hydrogen-transfer reagents, etc.) in order for product formation to 

occur. This extra variable was something that we initially wished to avoid, owing to our lack of complete 

knowledge of the Cr catalysts’ reactivity. Since our first aim was to establish that the excited state Cr 

catalyst could be quenched by an organic substrate, we sought a reaction that would simply be initiated by 

the Cr catalyst and then preferably propagate itself so that catalyst regeneration or additional reagents 

would not be necessary.10 

For this, we turned our attention to radical cation accelerated cycloadditions, namely the [4+2] 

dimerization of 1,3-cyclohexadiene. Discovered by Bauld and coworkers in 1981 with an aminium salt 

catalyst, this dimerization is initiated by single-electron oxidation of 1,3-cyclohexadiene (4-1) to yield 

diene radical cation 4-1•+ (Scheme 4.1).11 This electron-poor radical cation can then react in a [4+2] 

fashion with another equivalent of diene 4-1 to give the cycloadduct radical cation 4-2•+, which can 



 

 168 

propagate the reaction by oxidizing another diene equivalent. Importantly, when this reaction was 

performed under thermal conditions (200 °C), only 30% yield of dimer 4-2 was obtained after 20 h. 

 

 

Scheme 4.1. Radical cation catalyzed [4+2] cyclodimerization of 1,3-cyclohexadiene. 

 

The radical cation accelerated [4+2] cycloaddition of 1,3-cyclohexadiene fit all our criteria: 1) no 

additional sacrificial reagents were required, 2) as a chain propagation process, the catalyst needed only to 

initiate the reaction, then product formation would occur rapidly and be easily detected, and 3) since 1,3-

cyclohexadiene is not electron-poor, this reaction would not proceed at ambient temperature in the 

absence of catalyst. 

 

4.3 [4+2] Dimerization of 1,3-Cyclohexadiene 

 

Encouragingly, when a solution of 1,3-cyclohexadiene (4-1) and Cr(dmcbpy)3(BF4)3 (E1/2* = +1.84 V) in 

CH2Cl2 was irradiated with a combination of 300, 350, and 419 nm lights (NUV irradiation), the desired 

dimer (4-2) formed in 19% yield (Table 4.1, entry 1). Different solvents were tested, and an increase to 

39% yield was observed in acetonitrile (entry 2), but no product formation occurred in methanol or THF 

(entries 3 and 4). The employment of nitromethane as a solvent gave dimer 4-2 in 61% GC yield (entry 

5). We attributed the increased efficiency of the dimerization in nitromethane to solubility: both 1,3-

cyclohexadiene and the Cr catalyst were soluble in nitromethane, whereas the catalyst displayed low 
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solubility in dichloromethane and 1,3-cyclohexadiene was not very soluble in acetonitrile. Additionally, 

radical cation cycloadditions have often been reported to perform better in more polar solvents, an effect 

which could also be at play here. Next, catalyst loading was reduced to 1 mol %, affording the dimer in 

66% yield (entry 6). We also attempted the reaction with different Cr photocatalysts (entries 7-9), which 

were all able to catalyze the cycloaddition; however, lower yields were obtained, perhaps due to these 

catalysts’ lower excited state reduction potentials. Notably, visible light irradiation was also possible with 

this transformation, providing dimer 4-2 in just a slightly lower yield (entry 10). 

 

Table 4.1. [4+2] Dimerization of 1,3-cyclohexadiene optimization. 

 

 

catalyst

solvent
irradiation

air

H
H

Entry Catalyst (mol %) Solvent Irradiationa Time (h) GC yield (%)b

[Cr(dmcbpy)3](BF4)3 (2) CH2Cl2 NUV 24 191

CH3CN NUV 24 39

CH3NO2 NUV 24 61

[Cr(dmcbpy)3](BF4)3 (2)

[Cr(dmcbpy)3](BF4)3 (2)

2

5

CH3NO2 NUV 24 409

8

7

[Cr(Ph2phen)3](BF4)3 (2)

[Cr(phen)3](OTf)3 (2)

[Cr(phen)2(dmcbpy)](OTf)3 (2)

CH3NO2

CH3NO2

NUV

NUV

24

24

36

39

11 none CH3NO2 NUV 24 < 1

14 none, 6 mol % dmcbpy CH3NO2 NUV 24 < 1

CH3NO2 nonec 48 < 1[Cr(dmcbpy)3](BF4)3 (2)12

17

10

CH3NO2 23 W CFL 24 21Ru(bpz)3(PF6)2 (1)

CH3NO2 23 W CFL 24 55[Cr(dmcbpy)3](BF4)3 (2)

a NUV is a combination of 300, 350, and 419 nm light bulbs
b Determined using tridecane as an internal standard
c Reaction heated at 40 °C (temperature inside photoreactor)

> 5:1
endo/exo

4-1 4-2

[Cr(dmcbpy)3](BF4)3 (2) CH3OH NUV 24 03

THF NUV 24 0[Cr(dmcbpy)3](BF4)3 (2)4

CH3NO2 NUV 24 66[Cr(dmcbpy)3](BF4)3 (1)6

16 CH2Cl2 23 W CFL 24 < 1Ru(bpz)3(PF6)2 (1)

15 CH2Cl2 23 W CFL 48 < 1Ru(bpy)3Cl2 (5)

13 CrCl3 (2) CH3NO2 NUV 24 1
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Several control experiments were performed to confirm the role of the Cr photocatalyst in the 

cycloaddition. When the reaction was performed in the absence of catalyst, only trace product was 

observed (entry 11). Likewise, when the reaction was performed in the absence of light, still only trace 

product formed (entry 12). Utilizing catalytic CrCl3 instead of the photocatalyst also resulted in only trace 

product (entry 13), as did running the reaction without catalyst, but with 6 mol % of the dmcbpy ligand 

(entry 14). These experiments indicated that both the Cr photocatalyst and irradiation were required for 

this reaction to proceed. 

Other photooxidizing catalysts were also attempted with this transformation. Ru(bpy)3Cl2 and 

Ru(bpz)3(PF6)2 with visible light irradiation gave only trace amounts of the dimerization product in 

dichloromethane. In nitromethane, however, the Ru(bpz)3(PF6)2 reaction gave a 21% yield of the dimer 

(4-2), highlighting the importance of solvent choice for these photoredox transformations. 

Ultimately, the [4+2] dimerization of 1,3-cyclohexadiene allowed us to prove that the Cr 

complexes were viable photocatalysts, as well as provided us with an entry point to explore the reactivity 

of the Cr catalysts and determine ideal reaction conditions (solvent, irradiation, etc.) 

 

4.4 Cross [4+2] Cycloadditions 

 

In a typical Diels-Alder reaction, the diene is electron-rich and the dienophile is electron-poor, as dictated 

by HOMO-raising and LUMO-lowering effects, respectively. Thus, the employment of electron-rich 

alkenes as dienophiles is very difficult through traditional Diels-Alder methods, but can be accomplished 

if the alkene is first rendered electron-poor through single-electron oxidation. In 2011, Yoon and 

coworkers reported the Diels-Alder reaction of electron-rich dienophiles catalyzed by Ru(bpz)3
2+ and 

visible light.12 When Yoon attempted the Diels-Alder reaction of electron-rich alkene 4-3 and isoprene (4-

4) under thermal conditions (200 °C), after 24 h no cycloadduct had formed (Scheme 4.2). In contrast, 

when the same reaction was performed in the presence of Ru(bpz)3(BArF)2 (BArF = tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate) and visible light, a 98% yield of cycloadduct 4-5 was obtained in just 1 
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h. These results demonstrate the power of single-electron oxidation in initiating Diels-Alder reactions 

between two electron-rich components. 

 

 

Scheme 4.2. Comparison of thermal and radical cation conditions for the Diels-Alder cycloaddition of 

electron-rich alkenes. 

 

Notably, the reduction potentials of the excited state Ru(bpz)3
2+ and Cr(Ph2phen)3

3+ complexes are 

almost identical at +1.40 V. The lifetime of Cr(Ph2phen)3
3+* in the presence of O2 is 13 µs, while the 

lifetime of Ru(bpz)3
2+* is 0.9 µs.1a In the interest of exploring the reactivity of the Cr complexes, we 

decided to investigate the radical cation Diels-Alder reaction as well, predicting that the use of a 

photocatalyst with different properties might allow for orthogonal reactivity to be discovered. Ultimately, 

we noted both similarities and differences between the Ru catalyst system described by Yoon and the Cr 

catalyst system developed herein. 

 

4.4.1 Cycloaddition of 1,3-Cyclohexadiene and trans-Anethole 

 

To begin, we evaluated the cross cycloaddition between 1,3-cyclohexadiene (4-1) and trans-anethole (4-

3) (Scheme 4.3a). For this transformation we elected to use the less photooxidizing Cr(Ph2phen)3
3+ (E1/2* 

= +1.40 V) in an effort to selectively oxidize the cycloaddition partner with the lower reduction potential. 
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When the cross [4+2] reaction of 1,3-cyclohexadiene (4-1) (E1/2 = +1.53 V) and trans-anethole (4-3) (E1/2 

= +1.24 V)13 was attempted, however, a mixture of products was obtained. We observed a 3:1:1 mixture 

of the 1,3-cyclohexadiene dimer (4-2), the desired cross-adduct (4-6), and recovered trans-anethole (4-3). 

Though unexpected, we found that this result could be explained by kinetic data: the rate of diene 4-1 

reacting with the radical cation of itself (4-1•+)14 is much faster than the rate of diene 4-1 reacting with the 

radical cation of trans-anethole (4-3•+)15  (Scheme 4.3b). We still found it curious, however, that the diene 

(4-1) was able to be oxidized by Cr(Ph2phen)3
3+ (E1/2* = +1.40 V), since the reduction potential of 1,3-

cyclohexadiene (E1/2 = +1.53 V) is higher than that of the excited catalyst. 

 

 

Scheme 4.3. (a) Cross cycloaddition of 4-1 with 4-3. (b) Kinetic data. (c) Kinetic explanation for 

feasibility of Cr-catalyzed dimerization of 1,3-cyclohexadiene. 

 

Conceivably, reduction potentials can be thought of as similar to pKa values, but for electrons 

instead of protons.16 When diene 4-1 and Cr(Ph2phen)3
3+ are in solution together, the electron being 

transferred will predominantly reside on one species (likely diene 4-1 because it has the higher reduction 

potential), but there is an equilibrium, similar to a proton being transferred in a solution of conjugate acids 

and bases (Scheme 4.3c). Once the electron is transferred from the diene to [Cr]3+* (k1), if the rate of the 
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subsequent step (k3) is faster than the rate of electron transfer back from [Cr]2+ to diene radical cation 4-

1•+ (k2), then the reaction will still be successful, as we have observed. This demonstrates that reduction 

potentials are not the only pieces of data that should be used to determine whether a reaction initiated by 

single-electron transfer will work or not; kinetics are also important. 

 

4.4.2 Diene Scope 

 

 

Scheme 4.4. Reduction potentials for common dienes.17 

 

Scheme 4.4 shows a list of simple dienes in order of decreasing reduction potential. We hypothesized that 

a diene with a much higher reduction potential would be less likely to be oxidized by the catalyst, and, 

thus, also less likely to dimerize. Starting with the least oxidizable diene on the list, we attempted the 

cycloaddition between trans-anethole (4-3) and isoprene (4-4). This reaction proceeded in 88% yield of 

the desired cross-adduct (4-5) and only trace amounts of the isoprene dimer (4-17) were detected by 1H 

NMR (Scheme 4.5). Moving across the list, the cycloaddition of trans-anethole with 2,3-dimethyl-1,3-

butadiene (4-7) also proceeded in high yield and selectively forming the [4+2] cross-adduct (4-12).  

Cyclopentadiene was a viable diene for this transformation as well, delivering adduct 4-13 in 88% yield 

as a 6:1 endo/exo ratio, although considerable dicyclopentadiene (4-18) formation also occurred. 

Terminally substituted dienes were also proficient cycloaddition partners. Cyclohexenes 4-14, 4-15, and 

4-16 were all formed in high yield and good diastereoselectivity.  The reactions to form products 4-14 and 

4-16 occurred more efficiently when the reaction vessel was equipped with a needle outlet, so they were 

essentially open to air. The impact of O2 on these reactions will be discussed in detail later. 
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Scheme 4.5. Scope of diene component. 

 

4.4.3 Dienophile Scope 

 

After having explored the diene component of the cycloaddition, we turned our attention to the electron-

rich dienophile partner. A variety of electron-rich alkenes were viable cycloaddition counterparts for this 

transformation. An n-propyl substituted alkene underwent the cycloaddition in 88% yield (4-19) (Scheme 

4.6). Benzyl or tert-butyldimethylsilyl (TBS) ethers were also viable substrates, giving products 4-20 and 

4-21 in 91% and 78% yield, respectively. Differential substitution to the aryl ring was tolerated, but lower 

yields were obtained. Ortho-methoxyarene 4-22 was formed in 76% yield, while trisubstitution on the 

arene gave significantly lower yields (4-23 and 4-24). This is perhaps due to an enhanced stabilization of 

the radical cation intermediate that forms, rendering it less reactive. Functional group tolerance in this 

transformation was also evaluated using several different tethered functionalities. A tethered acetate 

underwent the cycloaddition with isoprene and with 2,3-dimethyl-1,3-butadiene to give products 4-25 and 
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4-26 in 98% and 75% yield, respectively. Tosylate 4-27 was formed in 96% yield. A lower yield was 

obtained of benzoate 4-28, perhaps due to competitive light absorption of the benzoate group with the 

catalyst. Methyl ether 4-29 was formed in only 52% yield. We believe this may be due to stabilization of 

the radical cation intermediate by the electron-rich oxygen. 

 

 

Scheme 4.6. Scope of the dienophile component. 

 

4.4.4 Evaluation of Light Sources 

 

Since we report using a combination of three different wavelength bulbs for our irradiation source, we 

thought it worthwhile to evaluate each of the three bulbs individually to see which wavelength of light, or 

range of wavelengths, was activating the catalyst the most. When the cycloaddition of trans-anethole (4-

3) and isoprene (4-4) was performed using only 419 nm bulbs, complete conversion to product was 

observed in 27 h and the product was isolated in 73% yield (Scheme 4.7). When the same experiment was 

performed with only the 350 nm bulbs for the same amount of time, a 3:1 trans-anethole/product ratio 
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was observed, and an 11:1 trans-anethole/product ratio was observed with only 300 nm bulbs. Though 

this indicates that the 419 nm bulbs are contributing most to exciting the catalyst, this yield was still lower 

than the yield we obtained under the NUV combination irradiation, thus the combination must be 

beneficial in some way.  

It should also be noted that it is important to take into account the absorptivity of the solvent 

when designing photochemical reactions. The cut-off wavelength of nitromethane is approximately 380 

nm, so theoretically, only >380 nm light is able to reach the catalyst.18 This may explain why the 419 nm 

bulbs have the greatest impact on the reaction. 

 

 

Scheme 4.7. Evaluation of different irradiation sources. 

 

We also examined visible light irradiation with this transformation. Irradiation of catalyst, trans-

anethole (4-3), and isoprene (4-4) in nitromethane with a household 23 W compact fluorescent light gave 

the cycloadduct in 59% yield, compared to 88% yield with NUV irradiation. Likewise, products 4-21 and 

4-25 also formed under visible light irradiation, but the yields were diminished. Additionally, sunlight, 

which is the model irradiation source for any photochemical reaction, was an effective energy source for 

this transformation, providing the product in 73% yield in just 4.5 h. Sunlight may be more suited for 

exciting the Cr catalyst than the 23 W CFL due to its higher emission in the NUV region. We were 

encouraged to see that the Cr catalyst was excited by visible light irradiation sources; however, the 

reaction still proceeded most efficiently under NUV irradiation. 

 

Me

MeO
4-3

Me

4-4
(10 equiv)

[Cr(Ph2phen)3](BF4)3
(1 mol %)

CH3NO2
light, air

Me

OMe

Me

4-5

Light source Time (h) Result

419 nm
350 nm
300 nm

23 W CFL
sunlight

27
27
27

73% yield

3:1 4-3 /4-5
11:1 4-3 /4-5

44 59% yield
73% yield4.5

27 88% yieldNUV



 

 177 

4.4.5 Unsuccessful Substrates 

 

 

Scheme 4.8. Dienes and dienophiles that were not successful substrates. 

 

Unsuccessful substrates were also informative (Scheme 4.8). Dienes that were unsuccessful in this 

transformation were ones where one or both alkenes of the diene moiety were trisubstituted, such as in 4-

30 and 4-31. These dienes should have relatively low reduction potentials, and theoretically could 

compete with the alkene for oxidation by the catalyst. In fact, diene 4-30 has been reported to react with 

the radical cation of trans-anethole (4-3•+) through electron-transfer, rather than cycloaddition, at a 

relatively fast rate (k = 7.2 x 109 M-1s-1).14 For comparison, the rate constant for the reaction of isoprene 

(4-4) with the radical cation of trans-anethole (4-3•+) is 1.9 x 105 M-1s-1. In addition, the steric impact of 

the trisubstituted alkenes in dienes 4-30 and 4-31 could be forcing them into their s-trans conformations, 

which may not be conducive to the [4+2] cycloaddition process, same as in a traditional Diels-Alder 

reaction.19 Similarly substituted diene 4-11 has been reported to undergo a [2+2] cycloaddition with 

radical cation 4-3•+, but not a [4+2].20 
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Myrcene (4-32) was surprisingly also not effective, despite having a similar structure to isoprene 

and being a successful diene under Yoon’s Ru(bpz)3
2+ conditions.12 Instead of reacting in a [4+2] fashion 

with trans-anethole (4-3), we observed myrcene to dimerize with incorporation of O2 to give peroxide 4-

50 (Scheme 4.9). The structure of dimer 4-50 was confirmed through reduction of the peroxide with 

lithium aluminum hydride to give the corresponding alcohols. We believe the dimerization may be 

occurring through a Schenck-ene reaction of 1O2 with the trisubstituted alkene to give hydroperoxide 4-

48, which could then add to the radical cation of myrcene (4-32•+) in an anti-Markovnikov fashion. 

Hydrogen atom abstraction from intermediate 4-49 would deliver the peroxide product (4-50). 

Interestingly, this myrcene dimerization reaction has not been reported, though the Schenck-ene reaction 

of myrcene with 1O2 has.21 We suspect this side reaction is interfering with the desired cycloaddition. This 

was not an issue with the Ru catalyzed cycloaddition, perhaps because the Cr complex (ϕ = 0.86 for 

Cr(bpy)3
3+) is a more efficient 1O2 sensitizer than Ru(bpz)3

2+ (ϕ = 0.19).22 

 

 

Scheme 4.9. Proposed formation of myrcene peroxide dimer. 

 

With regard to the dienophile component, a variety of different groups on the aryl ring were not 

tolerated. Here, the differences in reduction potentials are probably coming into play. For instance, p-

methyl-β-methylstyrene (4-33) has a reduction potential of +1.59 V,13 which is likely too high to be 

oxidized by the catalyst (+1.40 V). In addition, Bauld has shown that, kinetically, alkene 4-33 reacts 

much slower than trans-anethole (4-3): using the aminium salt conditions, the rate of the reaction of 2,3-

dimethyl-1,3-butadiene (4-7) with trans-anethole (4-3) is 500 times faster in dichloromethane and 200 

times faster in acetonitrile than the reaction of diene 4-7 with alkene 4-33 (Scheme 4.10).23 
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Scheme 4.10. Relative rates of 4-3 vs. 4-33 in a radical cation cycloaddition with diene 4-7. 

 

Acetate 4-34 was not an effective dienophile under the Cr conditions. This substrate was viable 

under Yoon’s Ru(bpz)3
2+conditions, but a relatively poor yield was observed even with an increased 

catalyst loading. An unprotected phenol (4-35) was also not successful. According to Yoon, phenols can 

undergo competitive oxidative decomposition under the photoredox conditions.12 Interestingly, 

dimethylaniline 4-36 was also not tolerated, though this substrate is definitely within the oxidizable range 

of the catalyst (E1/2(N,N-dimethylaniline) = +0.79 V; E1/2(anisole) = +1.81 V).13 Perhaps the radical cation 

in this case exists more on the nitrogen than the alkene, impeding the cycloaddition. 

 

 

Scheme 4.11. Reduction potentials and cycloaddition yields for reaction with isoprene.13 

 

The general trend we have observed in yields for different anethole derivatives may be based on 

their reduction potentials. Although it is not clear exactly why, optimal reactivity is achieved with only 

para-substitution (Scheme 4.11, 4-3). Substrates 4-51 and 4-52 that should be more easily oxidized than 
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4-38) showed minimal conversion to product. These results indicate that there may be a “sweet spot” of 

reactivity for this reaction with regards to the reduction potential of the alkene. 

Additionally, dienophiles with varying alkene substitution were not successful in the [4+2] 

cycloaddition. Trisubstituted alkenes 4-41 and 4-42, may not have been reactive due to sterics. Alkenes 4-

39 and 4-40 were reactive, but not for the desired cycloaddition. When 4-methoxystyrene (4-39) was 

exposed to the reaction conditions, the desired cycloadduct was not formed; however, we did observe 

trace amounts of the styrene [2+2] dimer (4-56) (Scheme 4.12).24 Interestingly, when this same reaction 

was run in the absence of diene, trace amounts of the [2+2] dimer (4-56) were detected, as was para-

anisaldehyde (4-57), but the major products were ketone 4-54 and alcohol 4-55, which would form 

through a rearrangement of the [2+2] adduct, followed by reaction with oxygen.25 We did not observe 

products 4-58 or 4-59, which have been observed under other photooxidative conditions.26 Perhaps in the 

absence of air these products would have formed instead. 

 

 

Scheme 4.12. Dimerization of 4-methoxystyrene. 

 

α-Methylstyrene 4-40 also dimerized when exposed to the Cr conditions, but not in a [2+2] 

fashion. Instead, we observed dimer 4-62, which may be forming through an ene-type mechanism with 

radical cation 4-40•+ (Scheme 4.13).27 In the absence of diene, product 4-62 was isolated in 43% yield. 
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Curiously, however, this dimerization only occurred with the more strongly oxidizing Cr(dmcbpy)3
3+ 

catalyst, not with Cr(Ph2phen)3
3+. 

 

 

Scheme 4.13. Dimerization of α-methylstyrene 4-40. 

 

Trans-stilbene (4-43) and 4-methoxy-trans-stilbene (4-44) did not react under the Cr conditions. 

The reduction potentials of trans-stilbene and 4-methoxy-trans-stilbene have been reported as +1.59 V 

and +0.82 V, respectively.28 Though it would seem as if trans-stilbene is out of range of the oxidizing 

capabilities of the Cr catalyst, facile reactivity between trans-stilbene and ethyl diazoacetate has been 

observed in a Cr-catalyzed radical cation cyclopropanation reaction.29 Interestingly as well, trans-stilbene 

derivatives have been demonstrated to undergo radical cation accelerated cycloadditions with diene 4-7 

under Bauld’s aminium salt conditions, including derivatives with electron-withdrawing substituents, 

such as 4-chloro-trans-stilbene (4-63), which would be even more difficult to oxidize than trans-stilbene 

(Scheme 4.14).30 

 

 

Scheme 4.14. Bauld’s cycloaddition of 4-chloro-trans-stilbene with diene 4-7. 
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Tethered alcohol 4-45 gave none of the desired product. We believe that the alcohol group is 

likely able to stabilize the radical cation intermediate through a structure akin to 4-65 (Scheme 4.15). This 

stabilization effect may also explain why methyl ether product 4-29 was formed in lower yield (52% 

yield). The precedent for this proposed radical cation stabilization is based on research from the Nicewicz 

lab where nucleophiles such as alcohols have been observed to add across radical cations generated from 

the single-electron oxidation of electron-rich alkenes with a strongly oxidizing acridinium photocatalyst 

(4-67) (E1/2* = +2.06 V).31 Notably, the product of this reaction is exclusively the anti-Markovnikov 

adduct (4-68) due to the inherent reversal in polarity of the alkene upon radical cation formation. 

 

 

Scheme 4.15. (a) Proposed stabilization of radical cation with alcohol. (b) Nicewicz’s anti-Markovnikov 

addition of alcohols to alkenes. 

 

Lastly, non-aryl alkenes with relatively low reduction potentials, ethyl vinyl ether (4-46) (E1/2 = 

1.60 V)17 and norbornadiene (4-47) (E1/2 = +1.54 V)32, showed no reaction under the Cr conditions, once 

again reinforcing the necessity of the electron-rich arene for effective reactivity. This demonstrates as 

well that the success of these reactions are not predicated on reduction potentials alone; there are many 

factors that can have an impact on the reaction outcome. 
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4.5 Mechanistic Studies 

 

Our initial understanding of the mechanism for the Cr-catalyzed cycloaddition of trans-anethole (4-3) 

with isoprene (4-4) was similar to what was proposed by Yoon and coworkers for their Ru-catalyzed 

variant (Scheme 4.16). Upon irradiation with light, ground state [Cr]3+ is excited to [Cr]3+*. Single-

electron transfer (SET) from trans-anethole to [Cr]3+* then forms the reduced [Cr]2+ species and radical 

cation 4-3•+. Next, cyclization of the diene (4-4) with radical cation 4-3•+ occurs to give cycloadduct-

radical cation 4-5•+. The last step, however, where the [Cr]3+ is potentially regenerated and an electron is 

transferred to radical cation cycloadduct 4-5•+, was less clear. We tentatively proposed that the final 

product (4-5) could be formed by either oxidation of the [Cr]2+ species with adduct 4-5•+ to regenerate 

ground state [Cr]3+ (photocatalyst turnover pathway), or by adduct 4-5•+ abstracting an electron from 

another trans-anethole (4-3) equivalent to propagate the reaction (radical propagation pathway). 

 

 

 

Scheme 4.16. Initial proposed mechanism for Cr-photocatalyzed radical cation Diels-Alder. 
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4.5.1 Discontinuous Irradiation Experiment 

 

In order to gain insight into whether catalyst regeneration or radical propagation was occurring, we 

performed a discontinuous irradiation experiment where the reaction of trans-anethole (4-3) and isoprene 

(4-4) was irradiated with light until ~50% conversion to product was observed, then was placed in the 

dark for a similar amount of time (Scheme 4.17). During the time the reaction was in the dark, we 

observed no considerable product formation, leading us to infer that radical chain propagation was not 

occurring to a great extent. This experiment also confirmed that continuous irradiation was necessary for 

reactivity, suggesting that Cr3+ regeneration was a viable mechanistic pathway. A recent publication by 

Yoon and coworkers, however, discusses the radical chain-nature of photoredox reactions, and 

demonstrates that, because of the relatively short propagation chain lengths of these processes, the 

discontinuous irradiation experiment is not valid assessment of whether or not chain propagation is 

occurring.33 This indicated that further experiments were necessary to understand how adduct 4-5•+ was 

being reduced to the product (4-5). 

 

 

Scheme 4.17. Discontinuous irradiation experiment. 

 

4.5.2 Roles of Oxygen in the Cr-Photocatalyzed Cycloaddition Mechanism 
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reaction was simply assembled open to air and capped, and this seemingly provided sufficient O2 for 

effective reactivity. We also observed a change in color of the reaction mixture over time from bright 

yellow (the color of the catalyst) to a darker tan when no additional air was allowed to enter the reaction 

vessel during the course of the reaction (Scheme 4.18b). Additionally, the cycloadditions of certain 

substrates performed better when they were run open to air, as opposed to in a sealed vial with air. For 

example, dienes 4-71 and 4-72 with substitution at the terminal position reacted slowly in a capped vial 

with air, but when they were performed open to air with a needle outlet, they reacted efficiently and in 

high yields to give cyclohexenes 4-14 and 4-16 (Scheme 4.18c). These observations implied that O2 may 

be necessary for catalyst regeneration and/or product formation in some way. 

 

 

Scheme 4.18. Preliminary experiments exploring the effect of air on reactivity. 
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Second, 1O2 can oxidize the [Cr]2+ species to regenerate the ground state [Cr]3+ complex. And third, the 

resulting 2O2
•– (superoxide) can reduce the radical cation cycloadduct (4-5•+) to generate the product. 

 

 

Scheme 4.19. Proposed mechanism showing roles of O2. 

 

4.5.3 3O2 Quenches [Cr]3+* 

 

The presence of O2 greatly reduces the excited state lifetime of the [Cr]3+* complex from 441 to 13 µs. 

This is a result of 3O2 quenching the [Cr]3+* excited state to form 1O2 and the ground state [Cr]3+ complex. 

Through Stern-Volmer plots, our collaborators in the Damrauer lab showed that the quenching rate of 

[Cr]3+* by trans-anethole (4-3) was essentially the same both in the presence of ambient O2 (kq = 9.5 x 108 

M-1s-1) and degassed (kq = 9.4 x 108 M-1s-1) (Figure 4.2). Thus, though the presence of O2 decreases the 

lifetime of the [Cr]3+*, which would not seem to be conducive to reactivity, overall, the rate of trans-
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Figure 4.2. Stern-Volmer plot showing the rate of trans-anethole oxidation with and without O2. 

 

By quenching the excited state [Cr]3+*, O2 is also protecting [Cr]3+* from degradation, which can 

occur through ligand loss or solvent incorporation if an equivalent of trans-anethole is not readily 

available.35 Oftentimes, photocatalytic reactions are performed under Ar because the 1O2 formed from this 

type of quenching can lead to unwanted oxidation side-products. It should be noted that we sometimes 

observed the formation of para-anisaldehyde (4-57) when the cycloaddition proceeded slowly. This side 

product likely was the result of a [2+2] reaction between 1O2 and trans-anethole (4-3) to form a dioxetane 

(4-73), followed by a retro-[2+2] cycloaddition to give para-anisaldehyde (4-57) and acetaldehyde (4-74) 

(Scheme 4.20). Since our Cr system required O2 to preserve the catalyst, it was fortunate that the 

formation of O2-related side-products in this transformation was minimal. 

 

 

Scheme 4.20. Proposed formation of para-anisaldehyde from trans-anethole. 
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4.5.4 1O2 Oxidizes [Cr]2+ 

 

The lack of undesired side reactions observed between our substrates and 1O2 could be due to the further 

involvement of 1O2 in the catalytic cycle. Interestingly, in the absence of trans-anethole, when just 

terminally substituted diene 4-71 was exposed to the reaction conditions, endoperoxide 4-75 formed 

(Scheme 4.21). This endoperoxide was not observed in the reaction mixture when trans-anethole was 

present. Given what we have proposed about the role of trans-anethole in the catalytic cycle (it reduces 

[Cr]3+* to [Cr]2+, which in turn reacts with 1O2 to give [Cr]3+ and superoxide) it would be fair to postulate 

that, in the absence of trans-anethole, there is a build up of 1O2, which can be trapped by the diene to 

deliver endoperoxide 4-75. This notable observation provides further experimental evidence for the 

proposed oxidation of [Cr]2+ with 1O2. 

 

 

Scheme 4.21. Formation of endoperoxide through [4+2] with 1O2. 
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 in the absence of [Cr]2+, we also observed a buildup of [Cr]2+ in 

the absence of O2. Physically, a brown precipitate forms in the reaction mixture when O2 is not present, 

which is likely a [Cr]2+ degradation product (Scheme 4.18c). When O2 is present, however, this brown 

precipitate does not form. When the reaction of trans-anethole (4-3) with isoprene (4-4) is monitored by 

electronic absorption spectroscopy, in the absence of O2, a feature at ~450 nm grows in on the spectrum at 

a rate of 1 for the loss of every 5 equivalents of [Cr]3+ (Figure 4.3, left). We believe this feature is related 

to a [Cr]2+degradation product. In contrast, when the same experiment is monitored in the presence of O2, 

the loss of [Cr]3+ is still observed (~400 nm), but no feature related to [Cr]2+ forms (Figure 4.3, right). 
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Figure 4.3. Electronic absorption spectra showing a [Cr]2+ degradation product in the absence of O2. 

 

Additionally, computations by our collaborator Prof. Anthony Rappé suggest that the oxidation of 

[Cr]2+ by 1O2 is exothermic by 15 kcal/mol. The same oxidation of [Cr]2+ by 3O2 was also considered, but 

this process would be endothermic by 6 kcal/mol, so the former pathway is favored. Based on 

computations, adduct 4-5•+ should also be able to oxidize [Cr]2+ (exoergic by 39 kcal/mol); however, as 

we observed, no product is formed without O2, so this process must be kinetically slow. All of these data 

strongly suggest that 1O2 is responsible for regenerating the ground state [Cr]3+ catalyst by oxidizing 

[Cr]2+
 and being converted to superoxide. 

 

4.5.5 Superoxide Reduces 4-5•+ 

 

The last question is, then: how is radical cation adduct 4-5•+ converted to product 4-5? Though both [Cr]2+ 

and trans-anethole (4-3) are thermodynamically capable of reducing adduct 4-5•+, evidently, neither of 

them actually perform this reduction, since without O2, no product forms. Instead, the radical cation 

adduct (4-5•+) is likely being reduced by superoxide formed through the oxidation of [Cr]2+ with 1O2. 

Electrochemical analysis by our collaborators in the Shores lab established the reduction potential of O2 

to O2
•- to be +1.82 V, and the reduction potential of  4-5•+ to 4-5 to be +1.69 V, indicating that the 

reduction of adduct 4-5•+ by superoxide is allowed. A control experiment where 10 mol % of 
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benzoquinone, a superoxide scavenger, was added to the cycloaddition demonstrated impeded reactivity, 

with only 34% yield of 4-5 being formed in 27 h (27% 4-3 remaining), consistent with superoxide 

inhibition. 

Additionally, calculations show that the reduction of adduct 4-5•+ by trans-anethole (4-3) to 

initiate propagation is 7 kcal exoergic. Comparatively, the proposed reduction of adduct 4-5•+ by 

superoxide is 48 kcal exoergic, so it is more energetically favorable. This data, combined with the 

knowledge that product formation does not occur in the absence of O2, suggests radical propagation is not 

occurring in this case, but an oxygen-mediated photocatalytic cycle is.  

 

4.5.6 Cr vs. Ru 

 

As stated previously, the mechanism proposed for the reaction of trans-anethole (4-3) with isoprene (4-4) 

catalyzed by Ru(bpz)3
2+ in dichloromethane with visible light was determined to be radical chain 

propagation.33 Air was found to be advantageous for this reaction (Table 4.2, entry 7); however, when the 

reaction was attempted in the absence of O2, 46% yield of product 4-5 still formed (entry 8). In contrast, 

<5% yield of product 4-5 formed under the Cr conditions in the absence of air (entry 2). 

Considering the importance of solvent to catalyst behavior, we attempted the Cr-catalyzed 

cycloaddition of trans-anethole (4-3) with isoprene (4-4) in dichloromethane, both with and without air. 

In the presence of air in dichloromethane, product 4-5 was formed in 50% yield (entry 3); without air, a 

12% yield of cyclohexene 4-5 was formed (entry 4). This indicates that solvent is somewhat important to 

the overall mechanism. In contrast, when the Ru-catalyzed cycloaddition was performed in nitromethane 

without air, 88% yield of product 4-5 was obtained (entry 6), which was almost identical to the yield 

when the reaction was run with air (entry 5). This indicates that the Ru-catalytic cycle is not inhibited 

without air in the same way as the Cr cycle. These experiments demonstrate that there is likely a 

difference between the reactivity of the catalysts and that the reaction pathway (radical chain propagation 

or O2-mediated photocatalysis) is not simply solvent-dependent. 
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Table 4.2. Impact of solvent and atmosphere on Cr and Ru catalyzed cycloadditions. 

 

 

This conclusion is further supported by the quantum yields of each catalyst for the reaction of 

trans-anethole (4-3) with isoprene (4-4). With Ru(bpz)3
2+, the quantum yield was reported to be 44,33 
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accelerant, and even a requirement, for photocatalyzed transformations proceeding through radical chain 

propagation.36 

In conclusion, experiments by our collaborators have highlighted the key roles of O2 as an energy 

and electron shuttle in the Cr-photocatalyzed cycloaddition of electron-rich dienophiles and dienes. Their 

insights complete our mechanistic picture of this transformation. 

 

4.6 Stereoconvergence 

 

4.6.1 Initial Observations 

 

An observation we made while exploring the substrate scope of the radical cation Diels-Alder of electron-

rich dienophiles was that no matter the isomeric ratio of the alkene, anti cyclohexenes were formed 

exclusively, with seemingly none of the syn product detectable by 1H NMR. For instance, a 1.3:1 mixture 

of trans and cis isomers of alkene 4-76, when reacted with isoprene under the standard conditions, gave 

anti adduct 4-19 in 88% yield, with no syn adduct 4-77 detected (Scheme 4.22). In addition, some 

isomeric mixtures of alkenes reacted in very high yields, indicating that whatever process that was 

occurring to convert the cis alkene to the anti product was not impeding the reaction to a great extent. 

 

 

Scheme 4.22. Cycloaddition of isomeric mixture of alkene 4-76. 

 

When pure cis-anethole (cis-4-3) was exposed to the reaction conditions with isoprene, however, 

the reaction proceeded rather slowly, giving about 75% conversion to the anti product (4-5) after 5 d, with 
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only very trace syn product 4-78 detected by 1H NMR (Scheme 4.23). The remaining anethole in this case 

was a 2:1 mixture of cis- and trans-anethole isomers. The presence of trans-anethole (4-3) in the reaction 

mixture made us think that perhaps the reaction is so sluggish is because cis-anethole must first isomerize 

to trans-anethole before it can be oxidized by the catalyst; this would explain why the anti adducts were 

being formed almost exclusively. 

 

 

Scheme 4.23. Cr-catalyzed cycloaddition of cis-anethole. 

 

Indeed, isomerization of cis-anethole (cis-4-3) to trans-anethole (4-3) in the presence of 

Cr(Ph2phen)3
3+ was observed, but it was very slow; after 24 h, only trace trans-anethole was observed by 

1H NMR, and after 5 d, not even 50% conversion to trans-anethole had occurred (Scheme 4.24). In the 

absence of catalyst, the photoinduced isomerization was still slow (λmax(4-3) = 258 nm, λmax(cis-4-3) = 

254 nm),37 but a slightly greater ratio of trans-anethole was formed. 

 

 

Scheme 4.24. Isomerization of cis-anethole to trans-anethole. 

 

Under the same conditions, trans-anethole (4-3) was not observed to isomerize to cis-anethole 

(cis-4-3), although this isomerization has been reported with high energy UV light.38 While these results 
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favor our hypothesis that cis-anethole might first need to isomerize to trans-anethole before it can react 

with the catalyst,39 and product formation in this reaction is slow because the isomerization is slow, on the 

other hand, the reduction potential of cis-anethole (cis-4-3) is +1.24 V40 (in nitromethane), which is well 

within range of oxidation by the catalyst. It would be surprising if the isomerization of cis-anethole was 

faster than oxidation by the catalyst followed by trapping of the radical cation with the diene. 

Additionally, in the presence of catalyst, isomerization occurred more slowly than when just irradiation 

was used, suggesting that the formation of radical cations impedes the isomerization. In any case, these 

experiments alone do not provide us with enough information to conclusively establish the mechanism for 

the anti product’s formation; further studies were required. 

 

4.6.2 Bauld’s Report 

 

  

Scheme 4.25. Aminium salt-catalyzed cycloaddition of cyclopentadiene with trans- and cis-anethole. 

 

In 2000, Bauld and coworkers investigated the cycloaddition of both cis- and trans-anethole with 

cyclopentadiene (4-79) using their aminium radical cation salt conditions.41 In the cycloaddition of trans-

anethole (4-3), they observed a 6:1 ratio of the anti,endo adduct 4-80 to anti,exo adduct 4-81 (Scheme 

4.25). With cis-anethole (cis-4-3), however, they observed the syn,endo (4-82) and syn,exo (4-83) 

diastereomers, as well as the anti,endo (4-80) and anti,exo (4-81) isomers. 
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Like us, they wondered how the anti products might be forming from cis-anethole. They also 

entertained the idea that the cis-anethole might be isomerizing to trans-anethole prior to reacting with 

cyclopentadiene. Several pieces of evidence, however, indicated that this was not the case: 1) when they 

analyzed the reaction mixture prior to complete consumption of cis-anethole, no trans-anethole was 

detected,42 2) the product ratio was always the same no matter at what time they analyzed the reaction 

mixture, 3) different equivalents of diene had no effect on relative ratios of the 4 diastereomers; if 

isomerization was occurring, then the higher concentration of diene would trap the cis-anethole radical 

cation sooner and less anti products would be expected, and 4) photosensitized electron transfer 

conditions using 1,4-dicyanobenzene as a photosensitizer also produced a similar mixture of the 4 

diastereomers and no trans-anethole, indicating that there is nothing special about the aminium conditions 

that would cause trans-anethole to form. 

 

 

Scheme 4.26. Proposed mechanism for formation of anti products from cis-anethole. 

 

Another explanation for the formation of the anti products from cis-anethole, then, is that an 

intermediate in the reaction mechanism is able to rotate to create an anti relationship between the methyl 

and aryl groups. Bauld proposes the following mechanistic explanation: reaction of cyclopentadiene (4-

79) with the radical cation of cis-anethole (cis-4-3•+) generates distonic radical cation intermediate 4-84•+, 
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which allows for rotation about the original anethole bond before ring closure to give anti product 4-81 

(Scheme 4.26). 

Bauld asserts that the products were stable at 0 °C, but interestingly, when the individual 

diastereomers were exposed to the aminium salt at ambient temperature, syn,endo adduct 4-82 isomerized 

to anti,exo adduct 4-81, and syn,exo adduct 4-83 isomerized to anti,endo adduct 4-80 (Scheme 4.27). No 

isomerization of anti adduct 4-80 occurred. Because the 4 diastereomers did not isomerize at 0 °C, they 

still believed that the anti products were a result of bond rotation in the distonic radical cation 

intermediate, as opposed to forming from the syn adducts, but these experiments validate the prospect of 

bond rotation in the distonic radical cation intermediate. 

 

 

Scheme 4.27. Isomerization of syn cycloadducts to anti cycloadducts. 

 

For comparison, we attempted the cycloaddition of cis-anethole (cis-4-3) and isoprene (4-4) 

under Bauld’s aminium salt conditions, where cis- to trans-anethole isomerization is presumably less 

prominent (Scheme 4.28). As was observed with the Cr-photocatalytic conditions, the anti product (4-5) 

was formed almost exclusively. Comparing Bauld’s aminium salt conditions to the Cr-photocatalyzed 

conditions, the main experimental difference between the two systems is reaction time. As mentioned 

previously, in the reaction of cis-anethole and isoprene under the Cr conditions, only 75% conversion to 
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catalyzed cycloaddition occurring through radical chain propagation, while we have determined that the 

Cr-catalyzed reaction is proceeding through an O2-mediated photocatalytic cycle. The Cr conditions also 

rely on photons to excite the [Cr]3+ complex, whereas the aminium salt is already very active as is. 

Reducing the catalyst loading of the aminium salt to 1 mol % did slow the reaction; however, overall it 

was still significantly faster than Cr-catalyzed version. Despite the differences between these catalyst 

systems, the fact that both the aminium salt and Cr conditions gave us primarily the anti adduct in the 

cycloaddition of cis-anethole and isoprene led us to believe that there may be similarities in the reaction 

mechanisms. 

 

 

Scheme 4.28. Cycloaddition of cis-anethole with isoprene under the aminium salt conditions. 

 

4.6.3 Cr-catalyzed Cycloaddition of cis-Anethole with Other Dienes 

 

In accordance with this theory, when the cycloaddition of cis-anethole (cis-4-3) with cyclopentadiene (4-

79) was attempted under the Cr conditions, we obtained approximately the same ratio of the 4 

diastereomeric products as Bauld reported with the aminium salt (Scheme 4.29a). Furthermore, in the 

cycloaddition of cis-anethole with 2,3-dimethyl-1,3-butadiene (4-7), cycloadduct 4-12 was formed as a 

9:1 mixture of anti and syn products (Scheme 4.29b). These results, combined with Bauld’s report, 

indicated that perhaps our initial hypothesis that the cis-anethole must isomerize to the trans-anethole 

before reacting, giving rise to only the anti products, was incorrect, and the same pathway proposed by 

Bauld was likely also occurring for the Cr-catalyzed cycloaddition. Indeed, when enriched samples of syn 

isomers 4-82 and 4-83 were exposed the Cr conditions, they both isomerized to their anti counterparts. 
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Scheme 4.29. Cr-catalyzed cycloaddition of cis-anethole with other dienes. 

 

Ultimately, it seems as if the reactivity of cis-anethole (cis-4-3) and the diastereomeric ratio of 

products produced is not related to the specific catalyst, but to the nucleophilicity of the diene. 

Cyclopentadiene (4-79), which is the most reactive, gave the highest overall ratio of syn products (2:1 

syn/anti). 2,3-Dimethyl-1,3-butadiene (4-79), which is less reactive than cyclopentadiene, but more 

nucleophilic than isoprene (4-4), gave a 9:1 mixture of anti and syn products. Lastly, isoprene gave nearly 

all anti product. The lesser nucleophilicity of isoprene likely increases the lifetime of the distonic radical 

cation intermediate, allowing more time for rotation about the anethole bond to occur to deliver the more 

stable anti cyclohexene. Dienes 4-79 and 4-7 close down faster, conserving the original cis character of 

the alkene to a greater extent.43 
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reactions of cis-anethole (cis-4-3) and trans-anethole (4-3) with cyclopentadiene (4-79). In the 

cycloadditions with cyclopentadiene, we could take advantage of the different ratios of anti,endo/anti,exo 

(4-80/4-81) products that formed when starting from the different anethole isomers. For example, in the 

cycloaddition of pure cis-anethole (cis-4-3) with diene 4-79 in Bauld’s report, 24% yield of the anti,endo 

(4-80) isomer was formed (Scheme 4.30). In the cycloaddition of trans-anethole (4-3) with diene 4-79, 

85% yield of the anti,endo isomer was formed. Using these yields as a baseline, if we were performing 

the cycloaddition of cis-anethole (cis-4-3) and diene 4-79 and some of the cis-anethole were to isomerize 

to trans-anethole, that trans-anethole would go on to react with diene 4-79, and we would theoretically 

obtain a >24% yield of the anti,endo product (4-80) (Scheme 4.30). 

 

 

Scheme 4.30. Proposed experiment to detect cis- to trans-anethole isomerization. 

 

In order to quantitatively display this, we set up reactions containing different ratios of cis- and 

trans-anethole, as shown in Scheme 4.31. We then allowed these mixtures to react under both the Cr-

photocatalyzed and aminium salt conditions, and we analyzed the product mixtures to determine the 

percent yield of the anti,endo product (4-80), as well as other pertinent data. 
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Scheme 4.31. Detection of cis-anethole isomerization before cycloaddition. 

 

In the reaction with 100% cis-anethole (cis-4-3), we see similar ratios of the anti/syn products for 

both the Cr and aminium conditions. A more substantial amount of unreacted starting material is observed 

for the Cr case, as we would expect. As the ratio of trans-anethole (4-3) in the starting mixture is 

increased, less starting material is recovered, reinforcing the difference in rates between cis-anethole and 

trans-anethole. This disparity could be attributed to the higher reduction potential of cis-anethole (+1.24 

V vs. SCE in nitromethane) versus trans-anethole (+1.13 V vs. SCE in nitromethane).40 The difference in 

reactivity of cis- and trans-anethole is less defined in the aminium salt-catalyzed cycloadditions, since 

they are much faster. 
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The percent yield of the anti,endo product (4-80) was plotted versus the percent of trans-anethole 

(4-3) in the starting mixture. Also shown on each graph is the line for the expected yields of isomer 4-80 

that would be obtained from each starting mixture if no isomerization of cis- to trans-anethole occurred 

(straight black line). In both the Cr- and aminium-catalyzed cycloadditions, the experimental line was 

deviated above the expected line, and to a much greater extent in the Cr case. This deviation from the 

expected line is a result of cis- to trans-anethole isomerization. The curve is more pronounced in the Cr 

reaction, likely because of the longer reaction time required for this reaction (24 h) versus the aminium-

catalyzed reaction (10 min), allowing cis-anethole more time to isomerize before the cycloaddition. In 

addition, the photochemical conditions in the Cr case might aid in cis to trans isomerization of cis-

anethole simply through irradiation (λmax(cis-4-3) = 254 nm).37 

Ultimately, this experiment demonstrates that bond rotation in the distonic radical cation 

intermediate is likely the dominant pathway to anti product formation. Additionally, it confirms that cis- 

to trans-anethole isomerization is contributing to the formation of the anti products as well, particularly 

under the slower Cr-photocatalyzed conditions. 

 

4.6.5 Cyclic Alkene 

 

Lastly, though all results thus far indicated that both cis- and trans-alkenes are viable substrates for this 

cycloaddition, cyclic alkene 4-85, locked in the cis position, gave no desired product when the 

cycloaddition was attempted with isoprene (4-4), 2,3-dimethyl-1,3-butadiene (4-7), or cyclopentadiene (4-

79) (Scheme 4.32a). This is surprising, considering calculations predict this substrate to be 1.7 kcal/mol 

easier to oxidize than trans-anethole (4-3).44 For comparison, calculations predict that cis-anethole (cis-4-

3) should be 2.0 kcal/mol more difficult to oxidize than trans-anethole. The reduction potential of 

cyclohexene 4-85 was determined to be +1.66 V40, which could indicate why these reactions were not 

successful. Interestingly, though, Bauld was able to utilize this substrate in a radical cation cycloaddition 

under the aminium salt conditions (Scheme 4.32b).45 
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Scheme 4.32. Cycloaddition of cyclohexene 4-85. 

 

4.7 Differential Reactivity in Intramolecular Cycloadditions 

 

In addition to demonstrating the synthetic utility of the Cr photocatalysts, we also wanted to show that the 

reactivity of the Cr complexes was somehow different from that of other catalyst systems. This was 

accomplished through a study of intramolecular Diels-Alder reactions, which can be catalyzed by either 

radical cation formation or energy transfer photosensitization. 

 

4.7.1 Photosensitized Cycloadditions of Alkenes 

 

In 1991, Schuster and coworkers reported the intramolecular triplex Diels-Alder of tethered triene 4-87.46 

They evaluated this transformation thermally and with photosensitizers benzophenone, DCN (1,4-
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products should form, since [2+2] cycloadditions are not thermally allowed. The divergent reactivity 

observed between the different photosensitizers, however, is less straightforward. 

 

 

Scheme 4.33. [4+2] vs. [2+2] cycloadditions in the triplex Diels-Alder reaction. 

 

4.7.2 Photodimerization of 1,3-Butadiene  

 

In order to understand the product distributions obtained with the different photosensitizers, it is 

beneficial to first look at a simpler case: the photosensitized dimerization of 1,3-butadiene (4-91). This 

transformation was explored by Hammond and coworkers in 1965.47 In the photosensitized dimerization 

of 1,3-butadiene (ET = 60 kcal/mol),48 either a [2+2] or [4+2] cycloaddition is possible (Scheme 4.34a). 
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energy required to excite s-trans-4-91 is higher than the energy required to excite s-cis-4-91, 1,3-

butadiene should contain >95% of the s-trans conformer at room temperature (Scheme 4.34b). Thus, 
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trans-triplet-4-91 than s-cis-triplet-4-91, simply due to the conformeric composition of 1,3-butadene. In 

contrast, the lower energy sensitizers are unable to excite s-trans-4-91, so they will more selectively 

excite s-cis-4-91. Isomerization is possible between the triplet s-trans and triplet s-cis conformers, but it is 
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very slow. As a result, the two stereoisomeric triplets undergo characteristic reactions: s-trans-triplet-4-91 

reacts with 1,3-butadiene in a [2+2] fashion, while s-cis-triplet-4-91 will undergo [4+2] cycloadditions. 

 

 

Scheme 4.34. Photosensitized dimerization of 1,3-cyclobutadiene. 

 

4.7.3 Application to Schuster’s Experiment 

 

These results can be used to rationalize the outcome of the triplex cycloaddition of tethered diene 4-87. 

The three sensitizers used in Schuster’s report were benzophenone, DCN, and DCA, which have triplet 
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the selectivity of this excitation versus diene excitation, and how that selectivity would affect product 

distribution, is still in question. In either case, it is evident that lower energy triplet sensitizers favor the 

formation of the [4+2] product over the [2+2].  

 

4.7.4 Selectivity in Photosensitized Cycloadditions 

 

Another example of utilizing a lower energy sensitizer to more selectively induce photoexcitation was 

provided by Yoon and coworkers in 2014.51 When the intramolecular [2+2] cycloaddition of nitrogen-

tethered triene 4-95 was attempted with [Ir{dF(CF3)ppy}2(dtbbpy)]PF6 (ET = 60 kcal/mol), the desired 

cyclobutane (4-96) formed in 96% yield; however, the Ir-sensitizer also incited isomerization of the diene, 

delivering a 1:1 E/Z ratio of diene isomers (Scheme 4.35a). Using Ru(bpy)3(PF6)2 with a lower triplet 

energy (ET = 47 kcal/mol) increased the selectivity of the reaction, sensitizing the formation of 

cyclobutane 4-96 in 93% yield, while preserving the stereochemistry of the diene (>10:1 E/Z). 

 

 

Scheme 4.35. Examples from Yoon of selective photosensitization of alkenes. 
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Yoon and coworkers also demonstrated the differential reactivity between energy transfer and 

photooxidizing catalyst conditions with the cycloaddition of substrate 4-97 (Scheme 4.35b).52 Utilizing 

energy transfer catalyst [Ir{dF(CF3)ppy}2(dtbbpy)]PF6, cyclobutane 4-98 was formed in 90% yield. 

Switching to photooxidizing conditions ([Ru(bpy)3(PF6)2 + methyl viologen), however, yielded the [4+2] 

adduct (4-99) in 89% yield. 

In order to increase selectivity for the intramolecular Diels-Alder over the [2+2], we thought it 

would be helpful to invoke a radical cation mechanism as well, employing a Cr photocatalyst with a 

relatively high reduction potential and excited state energy. When tethered diene 4-100 was exposed to 

Cr(Ph2phen)3
3+ (E1/2 = +1.40 V, E* = 38 kcal/mol)5 in nitromethane with NUV irradiation, the desired 

[4+2] product was formed in 64% yield (5:1 4-101/4-102) with no detection of the [2+2] cycloadduct 

(Scheme 4.36). Interestingly, when this reaction was attempted with Ru(bpz)3
2+, no reaction occurred. 

Ru(bpy)3
2+ conditions, however, gave the [4+2] product in 45% yield (6:1 4-101/4-102). This diminished 

yield is perhaps due to the higher triplet energy of Ru(bpy)3
2+ (ET = 47 kcal/mol), which could be causing 

other side reactions like the [2+2] cycloaddition; the crude 1H NMR of this reaction showed trace alkene 

protons which could be related to a [2+2] cycloadduct. 

 

 

Scheme 4.36. Radical cation intramolecular Diels-Alder reaction. 

 

It should be noted that [2+2] cycloadditions can occur under photooxidizing radical cation 

conditions, not just through photosensitization.53 For instance, while attempting the intramolecular Diels-
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Alder reaction of tethered triene 4-103 with photooxidizing Ru-conditions, Yoon observed only [2+2] 

adduct 4-104 in 55% yield, perhaps because of the sterically hindered diene (Scheme 4.37).54 

 

 

Scheme 4.37. Intramolecular [2+2] cycloaddition under photooxidizing conditions. 

 

In summary, the investigation of intramolecular cycloadditions has revealed orthogonal reactivity 

and an additional advantage of the Cr photocatalysts. Because Cr(Ph2phen)3
3+ has a lower excited state 

energy, it more selectively catalyzes radical cation processes, and, thus, is a more beneficial catalyst for 

cycloadditions in which competing energy transfer would lead to undesired side products. 

 

4.8 Conclusion 

 

In conclusion, through the radical cation accelerated Diels-Alder reaction of electron-rich dienophiles, we 

have begun to explore the catalytic capabilities of photooxidizing Cr(III) complexes. Our early results 

indicate that the Cr photocatalysts display differential behavior from their Ru counterparts, both 

mechanistically and in terms of reactivity. Further synthetic applications and investigations of the 

Cr(Ph2phen)3
3+ photocatalyst system will be discussed in Chapter 5. 
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4.9 Experimental Section 

 

4.9.1 Materials and Methods 

 

Cr catalysts were synthesized as previously described.5,34 The preparation of [Cr(Ph2phen)3](BF4)3 is 

also provided in Chapter 4.9.17. Ru(bpz)3(PF6)2 and Ru(bpy)3Cl2 were purchased from Sigma-Aldrich. 

Ru(bpy)3(PF6)2 and methyl viologen bis(hexafluorophosphate) were prepared according to the 

procedures by Yoon and coworkers.55 All solvents, excluding nitromethane, were purified by passing 

through activated alumina columns. All reagents were used as received unless otherwise noted. 

Commercially available chemicals were purchased from Alfa Aesar (Ward Hill, MA), Sigma-Aldrich 

(St. Louis, MO), Oakwood Products, (West Columbia, SC), Strem (Newburyport, MA) and TCI 

America (Portland, OR). Qualitative TLC analysis was performed on 250 mm thick, 60 Å, glass backed, 

F254 silica (Silicycle, Quebec City, Canada). Visualization was accomplished with UV light and 

exposure to p-anisaldehyde or KMnO4 solution followed by heating. Flash chromatography was 

performed using Silicycle silica gel (230-400 mesh). Reactions under near-UV irradiation (NUV) were 

performed in either a Rayonet chamber reactor equipped with 16 lamps of wavelengths 419, 350, and 

300 nm or a Luzchem photoreactor equipped with 10 lamps of the same wavelengths. Irradiation with 

visible light was performed in a sealed box using a 23 W compact fluorescent light bulb (EcoSmart 23 

W bright white CFL spiral light bulb, 1600 lumens). NMR spectra were acquired at both the Colorado 

State University Central Instrument Facility on an Agilent (Varian) 400-MR and at the University of 

Georgia Chemical Sciences Magnetic Resonance Facility on a Varian Mercury Plus 400 MHz NMR. 1H 

NMR spectra were acquired at 400 MHz and are reported relative to SiMe4 (δ 0.00). 13C NMR spectra 

were at 100 MHz and are reported relative to SiMe4 (δ 0.0). IR spectra were obtained on a Nicolet 380 

FT-IR. High resolution mass spectrometry data were acquired by the Colorado State University Central 

Instrument Facility on an Agilent 6210 TOF LC/MS and by the Proteomics and Mass Spectrometry 
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Facility at the University of Georgia on a Thermo Orbitrap Elite. GC yields were obtained on a 

Shimadzu GC-2010 (fused silica column, Shimadzu cat. # 220-94536-01). 

 

4.9.2 Radical Cation Accelerated Diels-Alder Reactions 

 

General Notes: Nitromethane was purchased from Alfa Aesar (98+%, A11806) and used without further 

purification. Diastereomeric ratios were determined by 1H NMR. NMR spectral data reported are those of 

the major diastereomer. 

General Procedure for the radical cation accelerated [4+2] cycloaddition. To a flame-dried vial open 

to air was added the alkene (1 equiv), diene (10 equiv), [Cr(Ph2phen)3](BF4)3 (1 mol %), and 

nitromethane (0.10 M). The vial was then capped and placed in the photoreactor equipped with 419, 350, 

and 300 nm light bulbs (NUV light). The reaction was irradiated with stirring until consumption of the 

alkene was complete, as determined by TLC. The reaction was then diluted to twice the volume with H2O 

and transferred to a separatory funnel. The aqueous layer was extracted with Et2O (3x). The combined 

organic layers were washed with brine and dried over Na2SO4. The solvent was removed by rotary 

evaporation and the resulting residue was purified by flash chromatography. 

 

 

 

Cycloadduct 4-5. Prepared according to the General Procedure using trans-anethole (4-3) (17.7 mg, 

0.120 mmol), isoprene (4-4) (0.120 mL, 1.20 mmol), [Cr(Ph2phen)3](BF4)3 (1.6 mg, 0.00120 mmol), and 

nitromethane (1.20 mL). The reaction was irradiated for 27 h. The crude product was purified by flash 

chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to afford cycloadduct 4-5 (22.7 mg, 88% 

yield) as a colorless oil. 

Me Me

OMe

[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, air

88% yield

Me
Me

OMe
4-54-4 4-3
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TLC: Rf = 0.56 in 9:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

All spectroscopic data were consistent with previously reported values.12 

 

 

 

Cycloadduct 4-12. Prepared according to the General Procedure using trans-anethole (4-3) (17.7 mg, 

0.120 mmol), 2,3-dimethyl-1,3-butadiene (4-7) (0.135 mL, 1.20 mmol), [Cr(Ph2phen)3](BF4)3 (1.6 mg, 

0.00120 mmol), and nitromethane (1.20 mL). The reaction was irradiated for 24 h. The crude product was 

purified by flash chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to afford cycloadduct 4-12 

(23.8 mg, 86% yield) as a colorless oil. 

TLC: Rf = 0.53 in 9:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

All spectroscopic data were consistent with previously reported values.12  

 

 

 

Cycloadduct 4-13. Prepared according to the General Procedure using trans-anethole (4-3) (8.9 mg, 60.0 

µmol), cyclopentadiene (4-79) (50.0 µL, 600 µmol), [Cr(Ph2phen)3](BF4)3 (3.9 mg, 3.00 µmol), and 

nitromethane (0.600 mL). The reaction was irradiated for 48 h. The crude product was purified by flash 

chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to afford cycloadduct 4-13 (10.8 mg, 84% 

yield, 6:1 endo/exo) as a colorless oil. 

TLC: Rf = 0.80 in 4:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 
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All spectroscopic data were consistent with previously reported values.41 

 

 

 

Cycloadduct 4-14. Prepared according to the General Procedure using trans-anethole (4-3) (17.8 mg, 

0.120 mmol), trans-1,3-decadiene (4-71) (0.166 g, 1.20 mmol), [Cr(Ph2phen)3](BF4)3 (1.6 mg, 0.00120 

mmol), and nitromethane (1.20 mL). The reaction was irradiated for 21 h in a septum-capped vial with 

needle outlet. The crude product was purified by flash chromatography (100% hexanes→9:1 

hexanes/EtOAc eluent) to afford cycloadduct 4-14 (30.7 mg, 89% yield, 15:1 dr) as a colorless oil. 

TLC: Rf = 0.56 in 9:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.09 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 5.84-5.80 (m, 1H), 

5.70-5.66 (m, 1H), 3.80 (s, 3H), 2.68 (dd, J = 9.1, 5.4 Hz, 1H), 2.29-2.22 (m, 1H), 2.20-2.16 (m, 1H), 

2.12-2.04 (m, 1H), 1.80-1.72 (m, 1H), 1.30-1.12 (comp. m, 10H), 0.90 (d, J = 6.6 Hz, 3H), 0.82 (t, J = 7.1 

Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 157.5, 135.5, 131.5, 130.2, 125.6, 113.1, 55.1, 50.0, 38.8, 33.3, 31.8, 

31.5, 29.5, 28.5, 27.5, 22.6, 20.9, 14.0. 

IR (ATR, neat): 2924, 2855, 1611, 1511, 1462, 1245, 1040 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C20H30O + H]+: 287.2369, found 287.2378. 
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Cycloadduct 4-15. Prepared according to the General Procedure using trans-anethole (4-3) (7.4 mg, 50.0 

µmol), diene (4-105) (65.1 mg, 500 µmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.500 µmol), and nitromethane 

(0.500 mL). The reaction was irradiated for 66 h. The crude product was purified by flash 

chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to afford cycloadduct 4-15 (10.7 mg, 77% 

yield, 8:1 dr) as a colorless oil. 

TLC: Rf = 0.65 in 9:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): 1H NMR (400 MHz; CDCl3): δ 7.30-7.27 (m, 2H), 7.22-7.18 (m, 1H), 7.11 

(t, J = 8.8 Hz, 2H), 7.00 (d, J = 7.3 Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H), 5.88-5.71 (m, 2H), 3.79 (s, 3H), 

2.75-2.55 (m, 3H), 2.32-2.26 (m, 2H), 2.13-2.05 (m, 1H), 1.81-1.74 (m, 1H), 1.54-1.50 (m, 2H), 0.91 (d, J 

= 6.6 Hz, 3H). 

13C NMR (100 MHz; CDCl3): 13C NMR (100 MHz; CDCl3): δ 157.6, 142.8, 135.2, 131.0, 130.2, 128.3, 

128.1, 126.2, 125.5, 113.2, 55.2, 49.6, 38.4, 33.8, 33.4, 33.1, 28.7, 20.8. 

IR (ATR, neat): 2928, 2853, 1611, 1508, 1462, 1242, 1038 cm-1. 

LRMS (EI): m/z calc’d for M [C22H26O]: 306.45, found 306.3. 

 

 

 

Cycloadduct 4-16. Prepared according to the General Procedure using trans-anethole (4-3) (17.8 mg, 

0.120 mmol), trans-2-methyl-1,3-nonadiene (4-72) (0.166 g, 1.20 mmol), [Cr(Ph2phen)3](BF4)3 (1.6 mg, 

0.00120 mmol), and nitromethane (1.20 mL). The reaction was irradiated for 23 h in a septum-capped vial 

with needle outlet. The crude product was purified by flash chromatography (100% hexanes→9:1 

hexanes/EtOAc eluent) to afford cycloadduct 4-16 (25.4 mg, 74% yield, 6.2:1 dr) as a colorless oil. 

TLC: Rf = 0.61 in 9:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

Me Me

n-C5H11

[Cr(Ph2phen)3](BF4)3 (1 mol %)
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74% yield
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1H NMR (400 MHz; CDCl3): δ 7.06 (d, J = 8.7 Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H), 5.53 (br s, 1H), 3.79 (s, 

3H), 2.61 (dd, J = 8.7, 5.4 Hz, 1H), 2.17-2.04 (comp. m, 4H), 1.70 (s, 3H), 1.32-1.24 (m, 2H), 1.21-1.00 

(comp. m, 6H), 0.89 (d, J = 6.4 Hz, 3H), 0.80 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 156.2, 135.7, 132.5, 130.2, 125.6, 113.1, 55.1, 49.9, 39.0, 38.2, 32.1, 

31.6, 28.8, 27.3, 23.7, 22.6, 20.9, 14.0. 

IR (ATR, neat): 2925, 2856, 1611, 1511, 1454, 1244, 1178, 1039 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C20H30O + H]+: 287.2369, found 287.2371. 

 

 

 

Cycloadduct 4-19. Prepared according to the General Procedure using alkene 4-76 (10.7 mg, 60.0 

µmol), isoprene (4-4) (60.1 µL, 0.600 mmol), [Cr(Ph2phen)3](BF4)3 (0.8 mg, 0.600 µmol), and 

nitromethane (0.600 mL). The reaction was irradiated for 48 h. The crude product was purified by flash 

chromatography (100% hexanes→10:1 hexanes/EtOAc eluent) to afford cycloadduct 4-19 (13.1 mg, 88% 

yield) as a colorless oil. 

TLC: Rf = 0.78 in 4:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.07 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 5.44 (br s, 1H), 3.80 (s, 

3H), 2.42-2.36 (m, 1H), 2.20-2.10 (m, 2H), 1.82-1.72 (m, 2H), 1.69 (s, 3H), 1.36-1.26 (m, 2H), 1.19-1.08 

(m, 2H), 0.94-0.84 (m, 1H), 0.76 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 157.7, 138.3, 133.6, 128.5, 120.7, 113.6, 55.2, 45.4, 38.2, 36.4, 36.3, 

35.2, 23.5, 19.5, 14.2. 

IR (ATR, neat): 2958, 2930, 2873, 1611, 1512, 1465, 1265, 1246, 1178, 1037 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C17H24O + H]+: 245.1900, found 245.1909. 

Me n-Pr

OMe

[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, air

88% yield

Me
n-Pr

OMe

1.3:1 trans/cis
4-76 4-194-4
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Cycloadduct 4-20. Prepared according to the General Procedure using alkene 4-106 (13.0 mg, 60.0 

µmol), isoprene (4-4) (60.1 µL, 600 µmol), [Cr(Ph2phen)3](BF4)3 (0.8 mg, 0.600 µmol), and nitromethane 

(0.600 mL). The reaction was irradiated for 21 h. The crude product was purified by flash 

chromatography (100% hexanes→10:1 hexanes/EtOAc eluent) to afford cycloadduct 4-20 (15.4 mg, 91% 

yield) as a white solid. 

TLC: Rf = 0.75 in 4:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3):  δ 7.45-7.43 (m, 2H), 7.40-7.36 (m, 2H), 7.34-7.30 (m, 1H), 7.08 (d, J = 8.7 

Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 5.44 (br s, 1H), 5.04 (s, 2H), 2.30 (td, J = 10.6, 5.3 Hz, 1H), 2.20-2.13 

(m, 2H), 2.11-2.06 (m, 1H), 1.93-1.75 (m, 2H), 1.69 (s, 3H), 0.71 (d, J = 6.4 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 157.0, 138.5, 137.3, 133.8, 128.51, 128.49, 127.8, 127.5, 120.9, 114.6, 

70.0, 46.9, 39.8, 35.2, 33.9, 23.4, 20.2. 

IR (ATR, neat): 2997, 1610, 1509, 1437, 1386, 1238, 1177, 1017 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C21H24O + H]+: 293.1900, found 293.1896. 

 

 

 

Cycloadduct 4-21. Prepared according to the General Procedure using alkene 4-107 (14.6 mg, 60.0 

µmol), isoprene (4-4) (60.1 µL, 600 µmol), [Cr(Ph2phen)3](BF4)3 (0.8 mg, 0.600 µmol), and nitromethane 

(0.600 mL). The reaction was irradiated for 30 h. The crude product was purified by flash 

MeMe

OBn

[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, air

91% yield

Me
Me

OBn

2:1 trans/cis
4-106 4-204-4

MeMe

OTBS

[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, air

78% yield

Me
Me

OTBS

4-107 4-214-4
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chromatography (100% hexanes→20:1 hexanes/EtOAc eluent) to afford cycloadduct 4-21 (14.5 mg, 78% 

yield) as a colorless oil. 

TLC: Rf = 0.92 in 4:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.00 (d, J = 8.4 Hz, 2H), 6.75 (d, J = 8.4 Hz, 2H), 5.44 (br s, 1H), 2.27 

(td, J = 10.4, 5.2 Hz, 1H), 2.19-2.13 (m, 2H), 2.10-2.05 (m, 1H), 1.90-1.75 (m, 2H), 1.69 (s, 3H), 0.98 (s, 

9H), 0.69 (d, J = 6.2 Hz, 3H), 0.19 (s, 6H). 

13C NMR (100 MHz; CDCl3): δ 153.6, 138.7, 133.7, 128.4, 120.9, 119.7, 47.0, 39.8, 35.1, 34.0, 25.7, 

23.4, 20.2, 18.2, -4.4. 

IR (ATR, neat): 2887, 1609, 1509, 1453, 1238, 1017 cm-1. 

HRMS (ESI+): m/z calc’d for (M + NH4)+ [C20H32OSi + NH4]+: 334.2561, found 334.2563. 

 

 

 

Cycloadduct 4-22. Prepared according to the General Procedure using alkene 4-53 (8.0 mg, 54.0 µmol), 

isoprene (4-4) (60.1 µL, 600 µmol), [Cr(Ph2phen)3](BF4)3 (0.8 mg, 0.600 µmol), and nitromethane (0.600 

mL). The reaction was irradiated for 21 h. The crude product was purified by flash chromatography 

(100% hexanes→10:1 hexanes/EtOAc eluent) to afford cycloadduct 4-22 (8.9 mg, 76% yield) as a 

colorless oil. 

TLC: Rf = 0.69 in 4:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.16 (t, J = 8.0 Hz, 2H), 6.92 (t, J = 7.4 Hz, 1H), 6.86 (d, J = 8.0 Hz, 1H), 

5.45 (br s, 1H), 3.80 (s, 3H), 2.95-2.88 (m, 1H), 2.17-2.16 (m, 2H), 2.10-2.01 (m, 2H), 1.86-1.78 (m, 1H), 

1.70 (s, 3H), 0.74 (d, J = 6.2 Hz, 3H). 

MeMe

MeO

[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, air

76% yield

Me
Me

MeO

1.1:1 trans/cis
4-53 4-224-4



 

 216 

13C NMR (100 MHz; CDCl3): δ 157.5, 134.1, 133.7, 127.8, 126.5, 121.1, 120.6, 110.6, 55.4, 39.8, 33.5, 

32.7, 23.4, 19.8. 

IR (ATR, neat): 2886, 1609, 1509, 1438, 1376, 1237, 1017 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C15H20O + H]+: 217.1587, found 217.1591. 

 

 

 

Cycloadduct 4-23. Prepared according to the General Procedure using alkene 4-52 (13.9 mg, 78.0 

µmol), isoprene (4-4) (75.1 µL, 750 µmol), [Cr(Ph2phen)3](BF4)3 (1.0 mg, 0.750 µmol), and nitromethane 

(0.750 mL). Prior to irradiation, O2 was bubbled through the reaction mixture for 30 s with a balloon and 

needle outlet. The reaction vessel was then sealed and the reaction was irradiated for 30 h. The crude 

product was purified by flash chromatography (100% hexanes→10:1 hexanes/EtOAc eluent) to afford 

cycloadduct 4-23 (11.2 mg, 58% yield) as a colorless oil. 

TLC: Rf = 0.48 in 4:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): δ 6.80 (d, J = 8.0 Hz, 1H), 6.72 (s, 1H), 6.70 (t, J = 2.5 Hz, 1H), 5.44 (br s, 

1H), 3.864 (s, 3H), 3.859 (s, 3H), 2.29 (td, J = 10.5, 5.2 Hz, 1H), 2.19 (m, 2H), 2.11-2.06 (m, 1H), 1.89 

(ddd, J = 17.4, 6.9, 1.8 Hz, 2H), 1.69 (s, 3H), 0.72 (d, J = 6.3 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 148.8, 147.1, 138.8, 133.8, 120.7, 119.6, 111.1, 110.7, 55.84, 55.80, 

47.4, 39.8, 35.2, 34.0, 23.3, 20.2. 

IR (ATR, neat): 2903, 2833, 1590, 1515, 1451, 1255, 1237, 1139, 1028 cm-1. 

HRMS (ESI+): m/z calc’d for (M + NH4)+ [C16H22O2 + NH4]+: 264.1961, found 264.1958. 

 

Me Me

OMe

OMe[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, air

58% yield

Me
Me

OMe

OMe

3:1 trans/cis
4-52 4-234-4
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Cycloadduct 4-24. Prepared according to the General Procedure using alkene 4-51 (10.5 mg, 58.9 

µmol), isoprene (4-4) (60.1 µL, 600 µmol), [Cr(Ph2phen)3](BF4)3 (0.8 mg, 0.600 µmol), and nitromethane 

(0.600 mL). Prior to irradiation, O2 was bubbled through the reaction mixture for 30 s with a balloon and 

needle outlet. The reaction vessel was then sealed and the reaction was irradiated for 24 h, at which time, 

0.4 mg [Cr(Ph2phen)3](BF4)3 (0.300 µmol) were added, O2 was bubbled through again, and the reaction 

vessel was sealed and irradiated 24 h more. The crude product was purified by flash chromatography 

(100% hexanes→9:1 hexanes/EtOAc eluent) to afford cycloadduct 4-24 (3.1 mg, 21% yield) as a 

colorless oil. 

TLC: Rf = 0.70 in 4:1 hexanes/EtOAc, stained red with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3):  δ 7.02 (d, J = 8.0 Hz, 1H), 6.47 (d, J = 2.5 Hz, 1H), 6.45 (t, J = 2.5 Hz, 

1H), 5.44 (br s, 1H), 3.79 (s, 3H), 3.77 (s, 3H), 2.80 (dt, J = 10.7, 8.0 Hz, 1H), 2.14 (ddt, J = 6.5, 3.3, 1.6 

Hz, 2H), 2.09-2.03 (m, 1H), 2.02-1.95 (m, 1H), 1.84-1.80 (m, 1H), 1.68 (s, 3H), 0.73 (d, J = 6.4 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 158.4, 137.6, 133.7, 128.2, 126.5, 121.2, 104.3, 98.5, 55.4, 55.2, 44.0, 

39.9, 33.6, 32.9, 23.4, 19.8. 

IR (ATR, neat): 2951, 2922, 2834, 1610, 1586, 1504, 1454, 1292, 1259, 1206, 1155, 1117, 1037 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C16H22O2 + H]+: 247.1693, found 247.1689. 

 

 

 

Me Me

OMeMeO

[Cr(Ph2phen)3](BF4)3 (1.5 mol %)

CH3NO2 (0.10 M)
NUV light, air

21% yield

Me
Me

OMeMeO

2:1 trans/cis
4-51 4-244-4

Me

OMe

OAc
[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, air

> 98% yield

Me

OMe

AcO

3:1 trans/cis
4-108 4-254-4
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Cycloadduct 4-25. Prepared according to the General Procedure using alkene 4-108 (14.7 mg, 62.7 

µmol), isoprene (4-4) (60.1 µL, 600 µmol), [Cr(Ph2phen)3](BF4)3 (0.8 mg, 0.600 µmol), and nitromethane 

(0.600 mL). The reaction was irradiated for 22 h. The crude product was purified by flash 

chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to afford cycloadduct 4-25 (19.0 mg, >98% 

yield) as a colorless oil. 

TLC: Rf = 0.54 in 4:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): δ 7.06 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 5.44 (br s, 1H), 3.97-

3.84 (m, 2H), 3.79 (s, 3H), 2.43-2.36 (m, 1H), 2.20-2.10 (m, 2H), 1.97 (s, 3H), 1.85-1.73 (m, 2H), 1.69 (s, 

3H), 1.67-1.59 (m, 2H), 1.49-1.38 (m, 1H), 1.28-1.19 (m, 1H), 1.00-0.91 (m, 1H). 

13C NMR (100 MHz; CDCl3): δ 171.1, 157.8, 137.7, 133.3, 128.5, 120.8, 113.8, 64.6, 55.2, 45.3, 38.1, 

36.3, 35.1, 30.0, 25.4, 23.5, 20.9. 

IR (ATR, neat): 2960, 2906, 2836, 1731, 1611, 1512, 1243, 1036 cm-1. 

HRMS (ESI+): m/z calc’d for (M + NH4)+ [C19H26O3 + NH4]+: 320.2220, found 320.2224. 

 

 

 

Cycloadduct 4-26. Prepared according to the General Procedure using alkene 4-108 (58.4 mg, 0.250 

mmol), 2,3-dimethyl-1,3-butadiene (4-7) (0.281 mL, 2.50 mmol), [Cr(Ph2phen)3](BF4)3 (3.3 mg, 0.00250 

mmol), and 2.50 mL nitromethane. The reaction was irradiated for 40 h in a capped 2-dram vial. The 

crude product was purified by flash chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to 

afford cycloadduct 4-26 (58.7 mg, 75% yield) as a colorless oil. 

TLC: Rf = 0.52 in 4:1 hexanes/EtOAc, visualized by UV. 

Me

OMe

OAc

Me
[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, air

75% yield

Me

OMe

AcO

Me

3:1 trans/cis
4-108 4-264-7
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1H NMR (400 MHz; CDCl3): δ 7.06 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 3.93 (ddd, J = 11.0, 

7.5, 6.4 Hz, 2H), 3.79 (s, 3H), 2.46-2.40 (m, 1H), 2.15-2.12 (m, 2H), 1.96 (s, 3H), 1.80-1.76 (m, 2H), 1.63 

(comp. m, 8H), 1.49-1.38 (m, 1H), 1.28-1.19 (m, 1H), 0.98-0.88 (m, 1H). 

13C NMR (100 MHz; CDCl3): δ 171.1, 157.8, 137.7, 128.4, 125.4, 124.8, 113.8, 64.6, 55.2, 46.2, 41.7, 

38.4, 38.1, 29.9, 25.6, 20.9, 18.8, 18.6. 

IR (ATR, neat): 2908, 2833, 1736, 1611, 1512, 1453, 1365, 1242, 1177, 1035 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C20H28O3 + H]+: 317.2111, found 317.2123. 

 

 

 

Cycloadduct 4-27. Prepared according to the General Procedure using alkene 4-109 (20.5 mg, 60.0 

µmol), isoprene (4-4) (60.1 µL, 600 µmol), [Cr(Ph2phen)3](BF4)3 (0.8 mg, 0.600 µmol), and nitromethane 

(0.600 mL). The reaction was irradiated for 40 h. The crude product was purified by flash 

chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to afford cycloadduct 4-27 (19.0 mg, 96% 

yield) as a colorless oil. 

TLC: Rf = 0.44 in 4:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3):  δ 7.70 (d, J = 8.5 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H), 7.01 (d, J = 8.7 Hz, 

2H), 6.82 (d, J = 8.7 Hz, 2H), 5.43 (br s, 1H), 3.86 (ddt, J = 10.1, 6.7, 3.4 Hz, 2H), 3.79 (s, 3H), 2.44 (s, 

3H), 2.37-2.31 (m, 1H), 2.21-2.11 (comp. m, 3H), 1.76-1.62 (comp. m, 5H), 1.49-1.38 (m, 1H), 1.24-1.28 

(m, 1H), 1.21-1.12 (m, 1H), 0.95-0.85 (m, 1H). 

13C NMR (100 MHz; CDCl3): δ 157.8, 144.5, 137.5, 133.2, 133.1, 129.7, 128.4, 127.8, 120.8, 113.8, 

70.8, 55.2, 45.2, 38.0, 36.3, 35.0, 29.7, 25.9, 23.4, 21.6. 

IR (ATR, neat): 2957, 2908, 2836, 1611, 1512, 1442, 1357, 1265, 1246, 1176, 1035 cm-1. 

Me

OMe

OTs
[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, air

96% yield

Me

OMe

TsO

3:1 trans/cis
4-109 4-274-4
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HRMS (ESI+): m/z calc’d for (M + H)+ [C24H30O4S + H]+: 415.1938, found 415.1936. 

 

 

 

Cycloadduct 4-28. Prepared according to the General Procedure using alkene 4-110 (17.3 mg, 58.4 

µmol), isoprene (4-4) (60.1 µL, 600 µmol), [Cr(Ph2phen)3](BF4)3 (0.8 mg, 0.600 µmol), and nitromethane 

(0.600 mL). The reaction was irradiated for 48 h. The crude product was purified by flash 

chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to afford cycloadduct 4-28 (5.9 mg, 28% 

yield) as a colorless oil. 

TLC: Rf = 0.65 in 4:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.90 (d, J = 8.4 Hz, 2H), 7.55-7.52 (m, 1H), 7.43-7.39 (m, 2H), 7.07 (d, J 

= 8.7 Hz, 2H), 6.80 (d, J = 8.7 Hz, 2H), 5.45 (br s, 1H), 4.17 (t, J = 6.6 Hz, 2H), 3.76 (s, 3H), 2.43 (td, J = 

10.3, 5.6 Hz, 1H), 2.20-2.15 (comp. m, 3H), 1.89-1.76 (comp. m, 3H), 1.70 (s, 3H), 1.62-1.56 (m, 1H), 

1.43-1.35 (m, 1H), 1.10-1.03 (m, 1H). 

13C NMR (100 MHz; CDCl3): δ 202.5, 157.8, 137.7, 133.3, 132.7, 130.5, 129.5, 128.5, 128.2, 120.8, 

113.8, 64.9, 55.1, 45.3, 38.1, 36.4, 35.2, 30.1, 25.5, 23.5. 

IR (ATR, neat): 2958, 2908, 2836, 1790, 1715, 1610, 1512, 1451, 1273, 1246, 1176, 1111, 1036 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C24H28O3 + H]+: 365.2111, found 365.2099. 

 

 

 

Me

OMe

OBz
[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, air

28% yield

Me

OMe

BzO

3:1 trans/cis
4-110 4-284-4

Me

OMe

OMe
[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, air

52% yield

Me

OMe

MeO

3:1 trans/cis
4-111 4-294-4
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Cycloadduct 4-29. Prepared according to the General Procedure using alkene 4-111 (12.5 mg, 60.0 

µmol), isoprene (4-4) (60.1 µL, 600 µmol), [Cr(Ph2phen)3](BF4)3 (0.8 mg, 0.600 µmol), and nitromethane 

(0.600 mL). Prior to irradiation, O2 was bubbled through the reaction mixture for 30 s with a balloon and 

needle outlet. The reaction vessel was then sealed and the reaction was irradiated for 42 h. The crude 

product was purified by flash chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to afford 

cycloadduct 4-29 (8.6 mg, 52% yield) as a colorless oil. 

TLC: Rf = 0.61 in 4:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.07 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 5.43 (s, 1H), 3.79 (s, 

3H), 3.25 (s, 3H), 3.23-3.17 (m, 2H), 2.44-2.37 (m, 1H), 2.21-2.11 (comp. m, 3H), 1.83-1.74 (m, 2H), 

1.69 (s, 3H), 1.64-1.56 (m, 1H), 1.43-1.33 (m, 1H), 1.27-1.18 (m, 1H), 1.00-0.91 (m, 1H). 

13C NMR (100 MHz; CDCl3): δ 157.7, 138.0, 133.5, 128.5, 120.7, 113.7, 113.5, 73.1, 58.4, 55.2, 45.3, 

38.4, 36.4, 35.1, 30.4, 26.5, 23.5. 

IR (ATR, neat): 2919, 2853, 1610, 1511, 1452, 1245, 1176, 1116, 1036 cm-1. 

HRMS (ESI+): m/z calc’d for (M + NH4)+ [C18H26O2 + NH4]+: 292.2271, found 292.2267. 

 

4.9.3 Evaluation of Light Sources 

 

Reactions were prepared according to the General Procedure for the radical cation accelerated [4+2] 

cycloadditions using trans-anethole (4-3) (14.8 mg, 0.100 mmol), isoprene (4-4) (0.100 mL, 1.00 mmol), 

[Cr(Ph2phen)3](BF4)3 (1.3 mg, 0.00100 mmol), and nitromethane (1.00 mL). The reaction was irradiated 

for the indicated time with the specified light source (Scheme 4.7). The crude product was analyzed by 1H 

NMR to determine the starting material/product ratio. The reaction irradiated with sunlight was performed 

by stirring the reaction mixture next to a window on a sunny day. Window glass has an effective 

transmittance of >310 nm, which is similar to that of Pyrex glass (>280 nm).56 
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Other Cycloadditions with Visible Light 

 

Reactions were prepared according to the General Procedure for the radical cation accelerated [4+2] 

cycloaddition was followed, except the reaction was irradiated with a 23 W compact fluorescent light 

bulb in a closed cardboard box completely lined with aluminum foil. Reaction times and yields are shown 

below. 

4-21: 44 h, 50% yield 

4-25: 44 h, 41% yield 

 

4.9.4 Synthesis of Alkenes 

 

General Notes: All reactions were performed in flame-dried glassware under argon. Aldehydes were 

used directly from commercial sources with no further purification. Ethyltriphenylphosphonium bromide 

was dried under vacuum for several hours prior to use. Alkene isomer ratios were determined by 1H 

NMR. Unless otherwise noted, the reported NMR values are those of the major alkene isomer. 

 

 

 

Alkene 4-76. To a suspension of n-butyltriphenylphosphonium bromide (2.20 g, 5.50 mmol) in THF 

(25.0 mL) at 0 °C in a flame-dried flask under argon was added n-BuLi (2.36 mL, 2.33 M in hexanes, 

5.50 mmol). The mixture was allowed to warm to ambient temperature. After 1 h, p-anisaldehyde (4-57) 

(0.608 mL, 5.00 mmol) was added and the mixture was stirred an additional 14 h. The reaction mixture 

was then quenched with sat. aq. NH4Cl (25 mL) and extracted with Et2O (3 x 20 mL). The combined 

O

OMe

n-BuPPh3 Br (1.1 equiv)
n-BuLi (1.1 equiv)

THF (0.20 M)
0 to 23 °C, 12 h

49% yield

n-Pr

OMe

1.3:1 trans/cis
4-764-57

H



 

 223 

organic layers were washed with brine (50 mL) and dried over MgSO4. The solvent was removed by 

rotary evaporation and the crude product was purified by flash chromatography (100% hexanes→9:1 

hexanes/EtOAc eluent) to afford alkene 4-76 (0.431 g, 49% yield, 1.3:1 trans/cis) as a colorless oil. 

TLC: Rf = 0.72 in 4:1 hexanes/EtOAc. 

1H NMR (400 MHz; CDCl3): trans isomer: δ 7.28 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 6.34 (dd, 

J = 13.7, 9.4 Hz, 1H), 6.08 (dt, J = 15.8, 6.9 Hz, 1H), 3.80 (s, 3H), 2.19-2.13 (m, 2H), 1.47 (dtq, J = 11.1, 

7.4, 3.7 Hz, 2H), 0.94 (td, J = 7.4, 2.3 Hz, 3H). cis isomer: δ 7.22 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.7 Hz, 

2H), 6.34 (dd, J = 13.7, 9.4 Hz, 1H), 5.57 (dt, J = 11.6, 7.2 Hz, 1H), 3.81 (s, 3H), 2.30 (qd, J = 7.4, 1.8 

Hz, 2H), 1.47 (dtd, J = 14.8, 7.4, 2.6 Hz, 2H), 0.94 (td, J = 7.4, 2.3 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 131.4, 129.9, 129.2, 128.8, 128.2, 126.9, 113.9, 113.5, 55.3, 55.2, 35.1, 

30.7, 23.2, 22.7, 13.9, 13.7. 

IR (ATR, neat): 2958, 2931, 2836, 1608, 1510, 1464, 1244, 1174, 1035, 965 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C12H16O + H]+: 177.1274, found 177.1278. 

 

 

 

Alkene 4-106. To a suspension of ethyltriphenylphosphonium bromide (0.371 g, 1.00 mmol) in THF 

(5.00 mL) at 0 °C in a flame-dried flask under argon was added n-BuLi (0.630 mL, 1.6 M in hexanes, 

1.00 mmol). The mixture was allowed to warm to ambient temperature. After 1 h, 4-

benzyloxybenzaldehyde (4-112) (0.212 g, 1.00 mmol) was added and the mixture was stirred for an 

additional 14 h. The reaction mixture was then quenched with sat. aq. NH4Cl (10 mL) and extracted with 

Et2O (3 x 10 mL). The combined organic layers were washed with brine (20 mL) and dried over MgSO4. 

The solvent was removed by rotary evaporation and the crude product was purified by flash 

O

OBn

EtPPh3 Br (1 equiv)
n-BuLi (1 equiv)

THF (0.20 M)
0 to 23 °C, 14 h

41% yield

Me

OBn

2:1 trans/cis
4-106

H

4-112
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chromatography (100% hexanes→15:1 hexanes/EtOAc eluent) to afford alkene 4-106 (92.4 mg, 41% 

yield, 2:1 trans/cis) as a white solid. 

TLC: Rf = 0.69 in 4:1 hexanes/EtOAc, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.53a 

 

 

 

Alkene 4-107. Prepared according to the procedure by Yoon and coworkers.12  

 

 

 

Alkene 4-53. To a suspension of ethyltriphenylphosphonium bromide (0.371 g, 1.00 mmol) in THF (5.00 

mL) at 0 °C in a flame-dried flask under argon was added n-BuLi (0.630 mL, 1.6 M in hexanes, 1.00 

mmol). The mixture was allowed to warm to ambient temperature. After 1 h, ortho-anisaldehyde (4-113) 

(120 µL, 1.00 mmol) was added and the mixture was stirred an additional 14 h. The reaction mixture was 

then quenched with sat. aq. NH4Cl (10 mL) and extracted with Et2O (3 x 10 mL). The combined organic 

layers were washed with brine (20 mL) and dried over MgSO4. The solvent was removed by rotary 

evaporation and the crude product was purified by flash chromatography (100% hexanes→15:1 

hexanes/EtOAc eluent) to afford alkene 4-53 (37.5 mg, 25% yield, 1.1:1 trans/cis) as a colorless oil. 

TLC: Rf = 0.64 in 4:1 hexanes/EtOAc, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.12 

Me

OTBS
4-107

Me

MeO

1.1:1 trans/cis
4-53

EtPPh3 Br (1 equiv)
n-BuLi (1 equiv)

THF (0.20 M)
0 to 23 °C, 14 h

35% yield

O

MeO

4-113

H
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Alkene 4-52. To a suspension of ethyltriphenylphosphonium bromide (0.891 g, 2.40 mmol) in THF (10.0 

mL) at 0 °C in a flame-dried flask under argon was added n-BuLi (1.78 mL, 1.35 M in hexanes, 2.40 

mmol). The mixture was allowed to warm to ambient temperature. After 1 h, 3,4-dimethoxybenzaldehyde 

(4-114) (0.332 g, 2.00 mmol) was added and the mixture was stirred an additional 21 h. The reaction 

mixture was then quenched with sat. aq. NH4Cl (15 mL) and extracted with Et2O (3 x 15 mL). The 

combined organic layers were washed with brine (30 mL) and dried over MgSO4. The solvent was 

removed by rotary evaporation and the crude product was purified by flash chromatography (100% 

hexanes→9:1 hexanes/EtOAc eluent) to afford alkene 4-52 (0.178 g, 50% yield, 3:1 trans/cis) as a 

colorless oil. 

TLC: Rf = 0.50 in 4:1 hexanes/EtOAc, stained red with p-anisaldehyde. 

All spectroscopic data were consistent with previously reported values.57 

 

 

 

Alkene 4-51. To a suspension of ethyltriphenylphosphonium bromide (0.371 g, 1.00 mmol) in THF (5.00 

mL) at 0 °C in a flame-dried flask under argon was added n-BuLi (0.630 mL, 1.6 M in hexanes, 1.00 

mmol). The mixture was allowed to warm to ambient temperature. After 1 h, 2,4-dimethoxybenzaldehyde 

(4-115) (0.166 g, 1.00 mmol) was added and the mixture was stirred an additional 14 h. The reaction 

mixture was then quenched with sat. aq. NH4Cl (10 mL) and extracted with Et2O (3 x 10 mL). The 

Me

3:1 trans/cis
4-52

EtPPh3 Br (1.2 equiv)
n-BuLi (1.2 equiv)

THF (0.20 M)
0 to 23 °C, 21 h

50% yield

O

OMe OMe

OMe OMeH
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Me

MeO
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EtPPh3 Br (1 equiv)
n-BuLi (1 equiv)

THF (0.20 M)
0 to 23 °C, 14 h

39% yield

O

MeO OMe OMe

H
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combined organic layers were washed with brine (20 mL) and dried over MgSO4. The solvent was 

removed by rotary evaporation and the crude product was purified by flash chromatography (100% 

hexanes→15:1 hexanes/EtOAc eluent) to afford alkene 4-51 (70.2 mg, 39% yield, 2:1 trans/cis) as a 

colorless oil. 

TLC: Rf = 0.64 in 4:1 hexanes/EtOAc, stained red/purple with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.29 (d, J = 8.3 Hz, 1H), 6.61 (dd, J = 15.9, 1.7 Hz, 1H), 6.48-6.43 (m, 

2H), 6.10 (dq, J = 15.8, 6.6 Hz, 1H), 3.82 (s, 6H), 1.87 (dd, J = 6.6, 1.7 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 159.7, 130.4, 127.0, 125.6, 125.2, 124.7, 124.4, 120.2, 104.7, 103.7, 

98.4, 98.3, 55.4, 55.3, 18.8 (trans), 14.6 (cis). 

IR (ATR, neat): 3053, 2838, 1608, 1503, 1465, 1264, 1208, 1158, 1034 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C11H14O2 + H]+: 179.1067, found 179.1066. 

 

Alkenes 4-108–4-111 were synthesized from alcohol 4-118. The synthesis of alcohol 4-118 was 

accomplished according to the following scheme. The synthesis of phosphonium salt 4-116 was carried 

out according to literature procedures.58,59 
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82% yield
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TBS-ether 4-117. To a suspension of phosphonium salt 4-116 (4.39 g, 7.61 mmol) in THF (36.0 mL) at 0 

°C in a flame-dried flask under argon was added n-BuLi (3.27 mL, 2.33 M in hexanes, 7.61 mmol). The 

mixture was allowed to warm to ambient temperature. After 1 h, p-anisaldehyde (4-57) (0.880 mL, 7.25 

mmol) was added and the mixture was stirred an additional 14 h. The reaction mixture was then quenched 

with sat. aq. NH4Cl (25 mL) and extracted with Et2O (3 x 20 mL). The combined organic layers were 

washed with brine (50 mL) and dried over MgSO4. The solvent was removed by rotary evaporation and 

the crude product was purified by flash chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to 

afford TBS-ether 4-117 (1.31 g, 59% yield, 3:1 trans/cis) as a colorless oil. 

TLC: Rf = 0.69 in 4:1 hexanes/EtOAc, stained yellow with p-anisaldehyde. 

Alcohol 4-118. To a solution of TBS-ether 4-117 (1.31 g, 4.27 mmol) in THF (61.0 mL) was added 

TBAF (10.7 mL, 1.0 M in THF, 10.7 mmol). The reaction was stirred for 20 h at ambient temperature, 

then quenched with sat. aq. NH4Cl (50 mL) and extracted with EtOAc (3 x 50 mL). The combined 

organic layers were washed with brine (100 mL) and dried over MgSO4. The solvent was removed by 

rotary evaporation and the crude product was purified by flash chromatography (100% hexanes→1:1 

hexanes/EtOAc eluent) to afford alcohol 4-118 (0.672 g, 82% yield, 3:1 trans/cis) as a white solid. 

TLC: Rf = 0.53 in 1:1 hexanes/EtOAc. 

All spectroscopic data were consistent with previously reported values.31 

 

 

 

Acetate 4-108. To a solution of alcohol 4-118 (96.5 mg, 0.502 mmol), Et3N (0.210 mL, 1.51 mmol), and 

DMAP (9.2 mg, 75.3 µmol) in CH2Cl2 (5.00 mL) was added Ac2O (0.140 mL, 1.48 mmol). The reaction 

was stirred at ambient temperature for 20 h then quenched with sat. aq. NH4Cl (10 mL) and extracted with 

OMe

AcO

3:1 trans/cis
4-108

OMe

HO

3:1 trans/cis
4-118

Ac2O (3 equiv)
NEt3 (3 equiv)

DMAP (0.15 equiv)
CH2Cl2 (0.10 M)

23 °C, 20 h

82% yield
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CH2Cl2 (3 x 10 mL). The combined organic layers were washed with brine (30 mL) and dried over 

MgSO4. The solvent was removed by rotary evaporation and the crude product was purified by flash 

chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to afford acetate 4-108 (95.7 mg, 82% 

yield, 3:1 trans/cis) as a colorless oil. 

TLC: Rf = 0.42 in 4:1 hexanes/EtOAc, stained with KMnO4. 

1H NMR (400 MHz; CDCl3): δ 7.27 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.35 (d, J = 15.8 Hz, 

1H), 6.05 (dt, J = 15.8, 6.9 Hz, 1H), 4.10 (dt, J = 13.1, 6.6 Hz, 2H), 3.80 (s, 3H), 2.29-2.23 (m, 2H), 2.05 

(s, 3H), 1.79 (dq, J = 14.4, 7.2 Hz, 2H). 

13C NMR (100 MHz; CDCl3): δ 171.2, 130.4, 130.0, 129.9, 129.2, 127.0, 113.9, 64.0, 55.3, 29.3, 28.4, 

21.0. 

IR (ATR, neat): 3055, 2957, 2838, 1733, 1607, 1511, 1465, 1366, 1243, 1175, 1035 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C14H18O3 + H]+: 235.1329, found 235.1334. 

 

 

 

Tosylate 4-109. To a solution of alcohol 4-118 (96.0 mg, 0.499 mmol), Et3N (0.140 mL, 0.997 mmol), 

and DMAP (6.1 mg, 49.9 µmol) in CH2Cl2 (1.1 mL) was added TsCl (0.105 g, 0.551 mmol). The reaction 

was stirred at ambient temperature for 20 h then quenched with sat. aq. NH4Cl (3 mL) and extracted with 

CH2Cl2 (3 x 5 mL). The combined organic layers were washed with brine (20 mL) and dried over MgSO4. 

The solvent was removed by rotary evaporation and the crude product was purified by flash 

chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to afford tosylate 4-109 (0.139 g, 80% 

yield, 3:1 trans/cis) as a colorless oil. 

TLC: Rf = 0.30 in 4:1 hexanes/EtOAc, stained with KMnO4. 

OMe

TsO

3:1 trans/cis
4-109

OMe

HO

3:1 trans/cis
4-118

TsCl (1.1 equiv)
NEt3 (2 equiv)

DMAP (0.10 equiv)
CH2Cl2 (0.45 M)

23 °C, 20 h

80% yield
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1H NMR (400 MHz; CDCl3): δ 7.79 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.3 Hz, 2H), 7.20 (d, J = 8.7 Hz, 

2H), 6.82 (d, J = 8.7 Hz, 2H), 6.25 (d, J = 15.8 Hz, 1H), 5.90 (dt, J = 15.8, 7.0 Hz, 1H), 4.09-4.05 (m, 

2H), 3.80 (s, 3H), 2.43 (s, 3H), 2.25-2.19 (m, 2H), 1.81 (dt, J = 13.9, 6.9 Hz, 2H). 

13C NMR (100 MHz; CDCl3): δ 158.8, 144.6, 130.6, 130.1, 129.9, 129.8, 127.9, 127.8, 127.1, 126.1, 

113.9, 113.6, 69.7, 55.3, 29.1, 28.6, 21.6. 

IR (ATR, neat): 3055, 2957, 2838, 1607, 1511, 1357, 1247, 1174, 1034, 965, 925 cm-1. 

HRMS (ESI+): m/z calc’d for (M + NH4)+ [C19H22O4S + NH4]+: 364.1577, found 364.1574. 

 

 

 

Benzoate 4-110. To a suspension of alcohol 4-118 (96.9 mg, 0.504 mmol), Et3N (104 µL, 0.750 mmol), 

and DMAP (12.2 mg, 99.9 µmol) in CH2Cl2 (1.80 mL) was added benzoyl chloride (69.7 µL, 0.600 

mmol). The reaction was stirred at ambient temperature for 20 h, then quenched with brine (5 mL) and 

extracted with CH2Cl2 (3 x 5 mL). The combined organic layers were washed with brine (20 mL) and 

dried over Na2SO4. The solvent was removed by rotary evaporation and the crude product was purified by 

flash chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to afford benzoate 4-110 (0.133 g, 

90% yield, 3:1 trans/cis) as a colorless oil. 

TLC: Rf = 0.56 in 4:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): δ 8.05 (dd, J = 8.1, 1.0 Hz, 2H), 7.45-7.40 (comp. m, 3H), 7.28 (d, J = 8.7 

Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 6.39 (d, J = 15.8 Hz, 1H), 6.10 (dt, J = 15.8, 6.9 Hz, 1H), 4.36 (dt, J = 

14.8, 6.5 Hz, 2H), 3.80 (s, 3H), 2.40-2.34 (m, 2H), 1.97-1.89 (m, 2H). 

13C NMR (100 MHz; CDCl3): δ 201.6, 132.8, 130.6, 130.1, 129.9, 129.5, 128.3, 127.2, 127.1, 113.9, 

113.6, 64.5, 29.5, 28.6, 25.0. 

OMe

BzO

3:1 trans/cis
4-110

OMe

HO

3:1 trans/cis
4-118

benzoyl chloride (1.2 equiv)
NEt3 (1.5 equiv)

DMAP (0.20 equiv)
CH2Cl2 (0.28 M)
0 to 23 °C, 20 h

90% yield
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IR (ATR, neat): 2954, 2836, 1788, 1715, 1606, 1510, 1451, 1271, 1245, 1174, 1112, 1027 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C19H20O3 + H]+: 297.1485, found 297.1491. 

 

 

 

Methyl ether 4-111. To a solution of alcohol 4-118 (96.3 mg, 0.500 mmol) in THF (2.50 mL) at 0 °C 

was added NaH (20.0 mg, 60% dispersion in mineral oil, 0.500 mmol). The reaction was allowed to warm 

to ambient temperature and stirred for 2 h. MeI (34.0 µL, 0.550 mmol) was then added dropwise and the 

reaction was stirred for an additional 17 h. The reaction was quenched with sat. aq. NH4Cl (5 mL) and 

extracted with Et2O (3 x 5 mL). The combined organic layers were washed with brine (20 mL) and dried 

over MgSO4. The solvent was removed by rotary evaporation and the crude product was purified by flash 

chromatography (100% hexanes→20:1 hexanes/EtOAc eluent) to afford ether 4-111 (68.7 mg, 67% yield, 

3:1 trans/cis) as a colorless oil. 

TLC: Rf = 0.54 in 4:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): δ 7.28 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.34 (d, J = 15.8 Hz, 

1H), 6.07 (dt, J = 15.8, 7.0 Hz, 1H), 3.80 (s, 3H), 3.42 (t, J = 6.6 Hz, 2H), 3.34 (s, 3H), 2.28-2.23 (m, 2H), 

1.73 (dtd, J = 14.4, 7.0, 4.3 Hz, 2H). 

13C NMR (100 MHz; CDCl3): δ 158.7, 130.6, 129.9, 128.0, 127.0, 113.9, 72.1, 58.6, 55.3, 29.4, 25.2. 

IR (ATR, neat): 2933, 2835, 1607, 1510, 1463, 1245, 1175, 1116, 1034, 965 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C13H18O2 + H]+: 207.1380, found 207.1383. 

 

OMe

MeO

3:1 trans/cis
4-111

OMe

HO

3:1 trans/cis
4-118

NaH (1 equiv)
MeI (1.1 equiv)

THF (0.20 M)
0 to 23 °C, 17 h

67% yield
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To synthesize triene 4-100, Roush’s procedure was followed to synthesize aldehyde 4-120. 60  4-

Methoxybenzyltriphenylphosphonium bromide (4-119) was synthesized according to the procedure by 

Hierso and coworkers.61 

 

 

 

Triene 4-100. To a suspension of 4-methoxybenzyltriphenylphosphonium bromide (4-119) (0.277 g, 

0.598 mmol) in THF (2.20 mL) at 0 °C in a flame-dried flask under argon was added n-BuLi (0.260 mL, 

2.33 M in hexanes, 0.598 mmol). The mixture was allowed to warm to ambient temperature. After 1 h, 

aldehyde 4-120 (67.0 mg, 0.540 mmol) was added and the mixture was stirred an additional 17 h. The 

reaction mixture was then quenched with sat. aq. NH4Cl (5 mL) and extracted with Et2O (3 x 5 mL). The 

combined organic layers were washed with brine (20 mL) and dried over MgSO4. The solvent was 

removed by rotary evaporation and the crude product was purified by flash chromatography (100% 

hexanes→20:1 hexanes/EtOAc eluent) to afford triene 4-100 (86.1 mg, 69% yield, 1.5:1 trans/cis) as a 

colorless oil. 

TLC: Rf = 0.70 in 4:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): trans isomer: δ 7.27 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 6.37-

6.24 (m, 2H), 6.10-5.99 (m, 1H), 5.76-5.65 (m, 1H), 5.56 (dt, J = 11.6, 7.3 Hz, 1H), 5.11-5.04 (m, 1H), 

4.98-4.93 (m, 1H), 3.80 (s, 3H), 2.23-2.09 (comp. m, 4H), 1.58 (d, J = 7.4 Hz, 2H). cis isomer: δ 7.21 

(cis, d, J = 8.7 Hz, 2H), 6.86 (cis, d, J = 8.7 Hz, 2H), 6.37-6.24 (m, 2H), 6.10-5.99 (m, 1H), 5.76-5.65 (m, 

1H), 5.56 (dt, J = 11.6, 7.3 Hz, 1H), 5.11-5.04 (m, 1H), 4.98-4.93 (m, 1H), 3.81 (s, 3H), 2.33 (cis, qd, J = 

7.4, 1.6 Hz, 2H), 2.23-2.09 (m, 2H), 1.58 (d, J = 7.4 Hz, 2H). 

13C NMR (100 MHz; CDCl3): δ 135.0, 131.2, 130.7, 129.9, 129.4, 128.4, 127.0, 114.8, 113.9, 113.5, 

55.3, 32.4, 32.0, 28.9. 

MeO
4-100

MeO O

4-120

PPh3
Br

4-119
(1.1 equiv)

n-BuLi (1.1 equiv)

THF (0.25 M)
0 to 23 °C, 17 h

69% yield

+

1.5:1 trans/cis
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IR (ATR, neat): 2930, 2837, 1688, 1607, 1511, 1463, 1246, 1175, 1033, 1005, 976 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C16H20O + H]+: 229.1587, found 229.1591. 

 

4.9.5 Synthesis of Dienes 

 

 

 

Diene 4-71. To a suspension of methyltriphenylphosphonium iodide (1.62 g, 4.00 mmol) in THF (20.0 

mL) at 0 °C in a flame-dried flask under argon was added n-BuLi (1.58 mL, 2.53 M in hexanes, 4.00 

mmol). The yellow/orange mixture was allowed to warm to ambient temperature. After 1 h, trans-2-

nonenal (4-121) (0.660 mL, 4.00 mmol) was added dropwise and the mixture was stirred an additional 17 

h. The reaction mixture was then quenched with sat. aq. NH4Cl (20 mL) and extracted with pentane (3 x 

20 mL). The combined organic layers were washed with brine (50 mL) and dried over MgSO4. The 

solvent was removed by rotary evaporation and the crude product was purified by flash chromatography 

(100% pentane eluent) to afford diene 4-71 (0.415 g, 75% yield) as a colorless oil. 

TLC: Rf = 0.85 in pentane, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 6.31 (dt, J = 17.0, 10.3 Hz, 1H), 6.05 (dd, J = 15.2, 10.3 Hz, 1H), 5.71 

(dt, J = 14.9, 7.3 Hz, 1H), 5.10 (d, J = 17.0 Hz, 1H), 4.95 (d, J = 10.1 Hz, 1H), 2.08 (q, J = 7.1 Hz, 2H), 

1.40-1.37 (m, 2H), 1.29 (dq, J = 7.5, 2.4 Hz, 6H), 0.88 (t, J = 6.8 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 137.3, 135.6, 130.8, 114.5, 32.5, 31.7, 29.1, 28.9, 22.6, 14.1. 

IR (ATR, neat): 2925, 2855, 1001, 949, 895 cm-1. 

HRMS (ESI+): m/z calc’d for (M + NH4)+ [C10H18 + NH4]+: 156.1747, found 156.1752. 

 

O

n-C6H13

CH3PPh3 I (1 equiv)
n-BuLi (1 equiv)

THF (0.20 M)
0 to 23 °C, 17 h

75% yield

n-C6H13

4-714-121

H
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Diene 4-105. To a suspension of diethyl allylphosphonate (0.891 g, 5.00 mmol) in THF (16.0 mL) at -78 

°C in a flame-dried flask under argon was added n-BuLi (2.23 mL, 2.24 M in hexanes, 5.00 mmol). The 

yellow/orange mixture was stirred at -78 °C for 1 h, at which time hydrocinnamaldehyde (4-122) (0.530 

mL, 4.00 mmol) was added dropwise. The mixture was allowed to warm to ambient temperature and was 

stirred an additional 12 h. The reaction mixture was then quenched with sat. aq. NH4Cl (20 mL) and 

extracted with diethyl ether (3 x 20 mL). The combined organic layers were washed with brine (50 mL) 

and dried over MgSO4. The solvent was removed by rotary evaporation and the crude product was 

purified by flash chromatography (100% hexanes eluent) to afford diene 4-105 (0.165 g, 32% yield) as a 

colorless oil. 

TLC: Rf = 0.31 in hexanes, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.62 

 

 

 

Diene 4-72. To a suspension of methyltriphenylphosphonium iodide (1.62 g, 4.00 mmol) in THF (20.0 

mL) at 0 °C in a flame-dried flask under argon was added n-BuLi (1.58 mL, 2.53 M in hexanes, 4.00 

mmol). The yellow/orange mixture was allowed to warm to ambient temperature. After 1 h, trans-3-

nonen-2-one (4-123) (0.660 mL, 4.00 mmol) was added dropwise and the mixture was stirred an 

additional 17 h. The reaction mixture was then quenched with sat. aq. NH4Cl (20 mL) and extracted with 

4-105

O
n-BuLi (1.25 equiv)

THF (0.25 M)
-78 to 23 °C, 12 h

32% yield

P
EtO OEt

O

(1.25 equiv)

4-122

H

O

n-C5H11

CH3PPh3 I (1 equiv)
n-BuLi (1 equiv)

THF (0.20 M)
0 to 23 °C, 17 h

58% yield

n-C5H11

4-72

Me Me

4-123
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pentane (3 x 20 mL). The combined organic layers were washed with brine (50 mL) and dried over 

MgSO4. The solvent was removed by rotary evaporation and the crude product was purified by flash 

chromatography (100% pentane eluent) to afford diene 4-72 (0.321 g, 58% yield) as a colorless oil. 

TLC: Rf = 0.81 in pentane, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 6.13 (d, J = 15.6 Hz, 1H), 5.66 (dt, J = 15.6, 7.0 Hz, 1H), 4.86 (s, 2H), 

2.13-2.07 (m, 2H), 1.83 (s, 3H), 1.40 (dt, J = 14.5, 7.2 Hz, 2H), 1.33-1.26 (comp. m, 4H), 0.89 (t, J = 6.9 

Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 142.2, 132.6, 131.1, 114.0, 32.7, 31.4, 29.1, 22.5, 18.7, 14.0. 

IR (ATR, neat): 2957, 2924, 2856, 1609, 1455, 1378, 963, 880 cm-1. 

HRMS (ESI+): m/z calc’d for (M + NH4)+ [C10H18 + NH4]+: 156.1747, found 156.1752. 

 

4.9.6 Dimerization of 1,3-Cyclohexadiene 

 

 

 

Dimer 4-2. To 1,3-cyclohexadiene (4-1) (47.6 µL, 0.500 mmol) in nitromethane (1.25 mL) was added 

[Cr(dmcbpy)3](BF4)3 (11.3 mg, 10.0 µmol). The vial was then capped and placed in the photoreactor 

equipped with 419, 350, and 300 nm light bulbs. The reaction was irradiated for 26 h, then diluted with 

H2O (5 mL) and transferred to a separatory funnel. The aqueous layer was extracted with pentane (3 x 5 

mL) and the combined organic layers were washed with brine (15 mL), dried over Na2SO4, and filtered. 

The solvent was removed by rotary evaporation to afford dimer 4-2 (27.7 mg, 69% yield, 5:1 endo/exo) as 

a colorless oil. 

TLC: Rf = 0.88 in 9:1 hexanes/EtOAc, stained blue in p-anisaldehyde. 

[Cr(dmcbpy)3](BF4)3 (2 mol %)

CH3NO2 (0.40 M)
NUV light, air

69% yield
5:1 endo/exo

H
H

4-1 4-2
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All spectroscopic data were consistent with previously reported values.63 

 

GC yield determination for the [4+2] dimerization of cyclohexadiene 

 

In general, for the reactions in Table 4.1, 1,3-cyclohexadiene (31.8 µL, 0.300 mmol, 1 equiv) was added 

to a solution of Cr complex (6.00 µmol, 2 mol %) and tridecane (36.6 µL, 0.150 mmol, 0.5 equiv) in 

nitromethane (750 µL, 0.40 M) in a flame-dried 1-dram vial. The reaction was capped and irradiated with 

the reported light source for 24 or 48 h with stirring. The reaction was then diluted to approximately 10 

times its volume with CH2Cl2 and this sample was directly analyzed by GC. Any modifications to this 

procedure are described in Table 4.1. 

GC Method 

40 °C for 4 min, increase to 120 °C (40 °C per min) for 9 min (15 min total). 

GC Column 

Fused silica column, cat. # 220-94536-01, phase SHR5XLB, dimensions L 30 m, ID 0.25 micron, DF 

0.25 micron 

Light sources 

Irradiation with NUV light was performed by running the reactions in a Rayonet photoreactor equipped 

with light bulbs of wavelengths 300, 350, and 419 nm. 

Reactions in the dark were performed by wrapping the reaction vessel in aluminum foil. 

Reactions with visible light were performed by running the reactions in front of a 23 W CFL in a sealed 

box. 
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4.9.7 Cycloaddition of 1,3-Cyclohexadiene and trans-Anethole 

 

 

 

To a flame-dried vial open to air was added trans-anethole (8a) (17.8 mg, 0.120 mmol, 1 equiv), 1,3-

cyclohexadiene (5) (91.6 µL, 0.960 mmol, 8 equiv), [Cr(Ph2phen)3](BF4)3 (1.6 mg, 0.00120 mmol, 1 mol 

%), and nitromethane (300 µL, 0.40 M). The vial was capped and placed in the photoreactor equipped 

with 419, 350, and 300 nm light bulbs. The reaction was irradiated with stirring for 23 h. The reaction 

was then diluted to twice the volume with H2O and transferred to a separatory funnel. The aqueous layer 

was extracted with pentane (3x). The combined organic layers were washed with brine and dried over 

Na2SO4. The solvent was removed by rotary evaporation and the crude reaction mixture was analyzed by 

1H NMR. Through 1H NMR analysis, it was determined that a 3:1:3 ratio was obtained of 4-2:4-6:4-3. 

 

4.9.8 Dimerization of Myrcene 

 

 

 

Endoperoxide 4-50. To a flame-dried vial open to air was added myrcene (4-32) (27.2 mg, 0.200 mmol), 

[Cr(Ph2phen)3](BF4)3 (1.3 mg, 0.00100 mmol), and nitromethane (0.800 mL). The vial was then capped 

and placed in the photoreactor equipped with 419, 350, and 300 nm light bulbs. The reaction was 

+
[Cr(Ph2phen)3](BF4)3 (1 mol %)

MeNO2 (0.40 M)
UV light

23 h

Me

OMe

4-34-1

H
H

4-2

Me Me

OMe

4-34-6
OMe

3 : 1 : 3

MeMe

[Cr(Ph2phen)3](BF4)3
(0.5 mol %)

CH3NO2
NUV, air O

O

Me

Me

Me

4-32 4-50

OH
Me

Me

Me

4-124

HO

4-125

LAH
(7 equiv)

Et2O
23 °C
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irradiated with for 54 h. The reaction mixture was then passed through a short plug of silica (2.5 cm high 

× 1 cm wide, Et2O eluent). The volatile materials were removed by rotary evaporation and the resulting 

residue was purified by flash chromatography (100% hexanes→15:1 hexanes/EtOAc eluent) to afford 

endoperoxide 4-50 as a colorless oil (yield not obtained). 

TLC: Rf = 0.60 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 6.38 (td, J = 16.5, 11.2 Hz, 2H), 5.78 (dt, J = 15.9, 6.5 Hz, 1H), 5.61 (d, J 

= 15.9 Hz, 1H), 5.23 (dd, J = 17.7, 4.9 Hz, 2H), 5.09-5.01 (comp. m, 8H), 4.36 (t, J = 6.8 Hz, 1H), 2.98 

(d, J = 6.5 Hz, 2H), 2.36-2.18 (m, 2H), 1.78-1.63 (m, 2 H), 1.75 (s, 3H), 1.34 (s, 6H). 

Alcohols 4-124 and 4-125. The same procedure was followed as described for the synthesis of 

endoperoxide 4-50; however, after the reaction mixture was passed through silica and concentrated, the 

crude reaction mixture was taken up in dry Et2O (2.00 mL) under argon and LAH (53.0 mg, 1.40 mmol) 

was added at room temperature. The reaction mixture was stirred for 5 h, then was diluted (slowly) with 

H2O (5 mL) and transferred to a separatory funnel. The aqueous layer was extracted with Et2O (3 x 5 

mL). The combined organic layers were washed with brine (15 mL) and dried over MgSO4. The solvent 

was removed by rotary evaporation and the resulting residue was purified by flash chromatography 

(100% hexanes→6:1 hexanes/EtOAc eluent) to afford alcohol 4-124 and alcohol 4-125 as a colorless oils 

(yields not obtained). 

TLC: [4-124] Rf = 0.59 in 3:1 hexanes/EtOAc, stained yellow with p-anisaldehyde. [4-125] Rf = 0.49 in 

3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

All spectroscopic data were consistent with previously reported values: 4-12464 and 4-125.65 

 

4.9.9 Dimerization of 4-Methoxystyrene 

 

 

MeO

[Cr(Ph2phen)3](BF4)3
(0.5 mol %)

CH3NO2
23 W CFL, air

40 h
MeO

PMP

OH

MeO
PMP

O

OMeMeO
4-39 4-564-54 4-55
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To a vial open to air was added 4-methoxystyrene (4-39) (13.4 mg, 0.100 mmol), [Cr(Ph2phen)3](BF4)3 

(0.7 mg, 0.000500 mmol), and nitromethane (1.00 mL). The vial was then capped and irradiated with a 23 

W CFL in a sealed box lined with aluminum foil. The reaction was irradiated with for 40 h. The reaction 

mixture was then passed through a short plug of silica (2.5 cm high × 1 cm wide, Et2O eluent). The 

volatile materials were removed by rotary evaporation and the resulting residue was purified by flash 

chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to afford samples of 4-54, 4-55, and 4-56 

(yields not obtained). 

TLC: [4-54] Rf = 0.40 in 3:1 hexanes/EtOAc. [4-55] Rf = 0.25 in 3:1 hexanes/EtOAc. [4-56] Rf = 0.78 in 

3:1 hexanes/EtOAc, visualized by UV. 

All spectroscopic data were consistent with previously reported values: 4-54,66 4-55,67 4-56.53b 

 

4.9.10 Dimerization of α-Methyl-4-methoxystyrene 

 

 

 

Dimer 4-62. To a vial open to air was added α-methyl-4-methoxystyrene (4-40) (14.4 mg, 0.100 mmol), 

[Cr(dmcbpy)3](BF4)3 (1.1 mg, 0.00100 mmol), and nitromethane (1.00 mL). The vial was then capped 

and placed in the photoreactor equipped with 419, 350, and 300 nm light bulbs. The reaction was 

irradiated with for 40 h. The reaction was then diluted to twice the volume with H2O and transferred to a 

separatory funnel. The aqueous layer was extracted with Et2O (3x). The combined organic layers were 

washed with brine and dried over Na2SO4. The volatile materials were removed by rotary evaporation and 

the resulting residue was purified by flash chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) 

to afford dimer 4-62 (6.4 mg, 43% yield) as a colorless oil. 

Me

MeO

[Cr(dmcbpy)3](BF4)3
(1 mol %)

CH3NO2
NUV, air

43% yield MeO

OMe

Me Me

4-40 4-62
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TLC: Rf = 0.63 in 4:1 hexanes/EtOAc, stained pink with p-anisaldehyde. 

All spectroscopic data were consistent with previously reported values.68 

 

4.9.11 Lights On/Off Experiment 

 

 

 

Isoprene (4-4) (150 µL, 1.50 mmol) was added to a solution of [Cr(Ph2phen)3](BF4)3 (2.0 mg, 0.00150 

mmol), trans-anethole (4-3) (22.2 mg, 0.150 mmol), and dodecyl acetate (39.6 µL, 0.150 mmol) in 

nitromethane (1.50 mL) in a flame-dried 2-dram vial. The reaction was capped and irradiated with 300, 

350, and 419 nm light for 14.5 h. At this time, an aliquot of approximately one third of the reaction 

mixture was removed by pipette. The reaction vial was then wrapped in aluminum foil (dark) and allowed 

to stir for 10 h. A second aliquot was then taken. Lastly, the reaction was irradiated with 300, 350, and 

419 nm light again for 15 h, and then the last aliquot was taken. 

Each aliquot was immediately worked up as described above in the General Procedure for the radical 

cation accelerated [4+2] cycloaddition. The crude samples were analyzed by 1H NMR to determine the 

% yield of product 4-5 using dodecyl acetate as the internal standard. 

 

Me

OMe

[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, air

dodecyl acetate (I.S.)

Me

OMe
4-54-3

Me

hν

14.5 h

dark

10 h

hν

15 h
47.6% 47.8% 63.8%

Me
(10 equiv)

4-4
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Figure 4.4. 1H NMR spectra of reaction mixture during lights on/off experiment. 

 

4.9.12 Degassed Cycloaddition Experiment 

 

 

 

1 mol % catalyst: To a 25-mL Schlenk flask was added trans-anethole (4-3) (14.8 mg, 0.100 mmol), 

isoprene (4-4) (0.100 mL, 1.00 mmol), [Cr(Ph2phen)3](BF4)3 (1.3 mg, 0.00100 mmol), nitromethane (1.00 

mL), and dodecyl acetate (22.8 mg, 0.100 mmol) as an internal standard. The flask was sealed, and the 

reaction mixture was degassed by 3 freeze-pump-thaw cycles and put under Ar. The reaction was then 

placed in a Luzchem photoreactor equipped with 419, 350, and 300 nm light bulbs. The reaction mixture 

Me Me

OMe

[Cr(Ph2phen)3](BF4)3 (1 mol %)

CH3NO2 (0.10 M)
NUV light, Ar

Me
Me

OMe
4-54-4 4-3 1 mol % cat.: 4% yield

20 mol % cat.: 8% yield
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was irradiated with stirring for 27 h. The reaction mixture was then passed through a short plug of silica 

(2.5 cm high × 1 cm wide, Et2O eluent). The volatile materials were removed by rotary evaporation, and 

the resulting residue was analyzed by 1H NMR. Based on the integrations of the product alkene peak at 

5.44 ppm and the internal standard triplet at 4.05 ppm, product 4-5 was formed in 4% yield. 

20 mol % catalyst: To a 25-mL Schlenk flask was added trans-anethole (4-3) (7.4 mg, 0.0500 mmol), 

isoprene (4-4) (0.0500 mL, 0.500 mmol), [Cr(Ph2phen)3](BF4)3 (13.1 mg, 0.0100 mmol), nitromethane 

(0.500 mL), and dodecyl acetate (11.4 mg, 0.0500 mmol) as an internal standard. The flask was sealed, 

and the reaction mixture was degassed by 3 freeze-pump-thaw cycles and put under Ar. The reaction was 

then placed in a Luzchem photoreactor equipped with 419, 350, and 300 nm light bulbs. The reaction 

mixture was irradiated with stirring for 27 h. The reaction mixture was then passed through a short plug 

of silica (2.5 cm high × 1 cm wide, Et2O eluent). The volatile materials were removed by rotary 

evaporation, and the resulting residue was analyzed by 1H NMR. Based on the integrations of the product 

alkene peak at 5.44 ppm and the internal standard triplet at 4.05 ppm, product 4-5 was formed in 8% 

yield. 

 

4.9.13 Cycloaddition with Added Benzoquinone 

 

 

 

To a 2-dr vial open to air was added trans-anethole (4-3) (14.8 mg, 0.100 mmol), isoprene (4-4) (0.100 

mL, 1.00 mmol), [Cr(Ph2phen)3](BF4)3 (1.3 mg, 0.00100 mmol), nitromethane (1.00 mL), benzoquinone 

(1.1 mg, 0.0100 mmol), and dodecyl acetate (22.8 mg, 0.100 mmol) as an internal standard. The vial was 

capped, and the reaction mixture was placed in a Luzchem photoreactor equipped with 419, 350, and 300 

Me Me

OMe

[Cr(Ph2phen)3](BF4)3 (1 mol %)

benzoquinone (10 mol %)
CH3NO2 (0.10 M)

NUV light, Ar

Me
Me

OMe
4-54-4 4-3

34% yield (27% 4-3 remaining)
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nm light bulbs. The reaction mixture was irradiated with stirring for 27 h. The reaction mixture was then 

passed through a short plug of silica (2.5 cm high × 1 cm wide, Et2O eluent). The volatile materials were 

removed by rotary evaporation, and the resulting residue was analyzed by 1H NMR. Based on the 

integrations of the product alkene peak at 5.44 ppm and the internal standard triplet at 4.05 ppm, product 

4-5 was formed in 34% yield (27% remaining 4-3). 

 

4.9.14 [4+2] Cycloaddition with Singlet Oxygen 

 

 

 

Endoperoxide 4-75. To a flame-dried vial open to air was added diene 4-71 (13.8 mg, 0.100 mmol), 

[Cr(Ph2phen)3](BF4)3 (1.3 mg, 0.00100 mmol), and nitromethane (1.00 mL). The vial was then capped 

and placed in the photoreactor equipped with 419, 350, and 300 nm light bulbs. The reaction was 

irradiated with for 22 h. The reaction was then diluted to twice the volume with H2O and transferred to a 

separatory funnel. The aqueous layer was extracted with pentane (3x). The combined organic layers were 

washed with water and dried over Na2SO4. The solvent was removed by rotary evaporation and the 

resulting residue was purified by flash chromatography (100% hexanes→9:1 hexanes/EtOAc eluent) to 

afford endoperoxide 4-75 (7.0 mg, 41% yield) as a colorless oil. 

TLC: Rf = 0.60 in 9:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 5.97-5.88 (comp. m, 2H), 4.65-4.42 (comp. m, 3H), 1.62-1.43 (comp. m, 

2H), 1.35-1.22 (comp. m, 8H), 0.88 (t, J = 6.4 Hz, 3H). 

LRMS (EI): m/z calc’d for (M + H)+ [C10H18O2 + H]+: 171.1, found 171.2. 

 

 

4-71

O
O

n-C6H13 n-C6H13

[Cr(Ph2phen)3](BF4)3
(1 mol %)

CH3NO2
NUV, air

22 h
41% yield 4-75
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4.9.15 Reactions of cis-Anethole 

 

Alkene cis-4-3 was synthesized according to the procedure by Yoon and coworkers.69 

 

 

 

Cycloaddition of cis-anethole and isoprene. To a vial open to air was added alkene cis-4-3 (14.8 mg, 

0.100 mmol), diene 4-4 (0.100 mL, 1.00 mmol), [Cr(Ph2phen)3](BF4)3 (1.3 mg, 0.00100 mmol), and 

nitromethane (1.00 mL). The vial was then capped and placed in the photoreactor equipped with 419, 350, 

and 300 nm light bulbs. The reaction was irradiated for 5 d. The reaction mixture was then passed through 

a short plug of silica (2.5 cm high × 1 cm wide, Et2O eluent). The volatile materials were removed by 

rotary evaporation, and the resulting residue was analyzed by 1H NMR. The crude reaction mixture 

showed ~75% conversion to product 4-5 and trace product 4-78 (benzylic proton at ~2.89 ppm). The 

remaining anethole was a 2:1 mixture of cis-4-3 and 4-3. 

 

 

 

Isomerization of cis-Anethole (with catalyst, 24 h). To a vial open to air was added alkene cis-4-3 (7.4 

mg, 0.0500 mmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), nitromethane (0.500 mL), and 

dodecyl acetate (11.4 mg, 0.0500 mmol) as an internal standard. The vial was then capped and placed in 

the photoreactor equipped with 419, 350, and 300 nm light bulbs. The reaction was irradiated for 24 h. 

MeO
Me

MeMe
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(1 mol %)
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75% conversion

Me (10 equiv)
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The reaction mixture was then passed through a short plug of silica (2.5 cm high × 1 cm wide, Et2O 

eluent). The volatile materials were removed by rotary evaporation, and the resulting residue was 

analyzed by 1H NMR. The crude reaction mixture was an 18:1 ratio of cis-4-3/4-3. 

Isomerization of cis-Anethole (with catalyst, 5 d). To a vial open to air was added alkene cis-4-3 (14.8 

mg, 0.100 mmol), [Cr(Ph2phen)3](BF4)3 (1.3 mg, 0.00100 mmol), and nitromethane (1.00 mL). The vial 

was then capped and placed in the photoreactor equipped with 419, 350, and 300 nm light bulbs. The 

reaction was irradiated for 5 d. The reaction mixture was then passed through a short plug of silica (2.5 

cm high × 1 cm wide, Et2O eluent). The volatile materials were removed by rotary evaporation, and the 

resulting residue was analyzed by 1H NMR. The crude reaction mixture was a 1.4:1 ratio of cis-4-3/4-3. 

Isomerization of cis-Anethole (without catalyst, 5 d). The same procedure was followed as with 

catalyst, but no [Cr(Ph2phen)3](BF4)3 was added. The crude reaction mixture was a 0.7:1 ratio of cis-4-

3/4-3. 

 

 

 

Cycloaddition of cis-anethole and isoprene under aminium salt conditions. To alkene cis-4-3 (14.8 

mg, 0.100 mmol) and diene 4-4 (0.0500 mL, 0.500 mmol) in CH2Cl2 (1.3 mL) under argon at 0 °C was 

added (p-BrPh)3NSbCl6 (8.2 mg, 0.0100 mmol). The reaction was stirred at 0 °C for 2 min. The reaction 

was then diluted with H2O (5 mL) and transferred to a separatory funnel. The layers were separated and 

the aqueous layer was extracted with dichloromethane (3 x 5 mL). The combined organic layers were 

washed with brine and dried over Na2SO4. The volatile materials were removed by rotary evaporation, 

and the resulting residue was analyzed by 1H NMR. The crude reaction mixture showed ~90% conversion 

to product 4-5 and trace product 4-78. 

(p-BrPh)3NSbCl6
(10 mol %)

CH2Cl2, 0 °C
2 min

90% conversion

MeO
Me

MeMe

MeO

Me (5 equiv)
MeMe

MeO
4-78

(trace)
cis-4-3 4-5

4-4
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Cycloaddition of cis-anethole and cyclopentadiene. To a vial open to air was added alkene cis-4-3 

(14.8 mg, 0.100 mmol), diene 4-4 (0.084 mL, 1.00 mmol), [Cr(Ph2phen)3](BF4)3 (6.5 mg, 0.00500 mmol), 

and nitromethane (1.00 mL). The vial was then capped and placed in the photoreactor equipped with 419, 

350, and 300 nm light bulbs. The reaction was irradiated for 72 h. The reaction mixture was then passed 

through a short plug of silica (2.5 cm high × 1 cm wide, Et2O eluent). The volatile materials were 

removed by rotary evaporation, and the resulting residue was analyzed by 1H NMR. The crude reaction 

mixture showed ~80% conversion from alkene cis-4-3. A 4:2.5:2.5:1 4-82/4-83/4-80/4-81 mixture of the 

four diastereomers was obtained. These products could be partially separated by flash chromatography 

(100% hexanes→10:1 hexanes/CH2Cl2 eluent). The spectroscopic data for the four diastereomeric 

adducts was reported by Bauld.41 

 

 

 

Isomerization of syn,endo adduct 4-82. To a vial open to air was added an enriched sample of adduct 4-

82 (7:3:1 4-82/4-80/4-81) (3.5 mg, 0.0163 mmol), [Cr(Ph2phen)3](BF4)3 (0.2 mg, 0.000163 mmol) and 

nitromethane (0.16 mL). The vial was then capped and placed in the photoreactor equipped with 419, 350, 

and 300 nm light bulbs. The reaction was irradiated for 16 h. The reaction mixture was then passed 

through a short plug of silica (2.5 cm high × 1 cm wide, Et2O eluent). The volatile materials were 

4-79
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(7:3:1 mixture with 4-80 and 4-81)



 

 247 

removed by rotary evaporation, and the resulting residue was analyzed by 1H NMR. A 1:2.5 ratio of 4-

82/4-81 was observed, showing that adduct 4-82 had isomerized adduct 4-81. 

 

 

 

Isomerization of syn,exo adduct 4-83. To a vial open to air was added an enriched sample of adduct 4-

83 (11:1 4-83/4-81) (2.7 mg, 0.0126 mmol), [Cr(Ph2phen)3](BF4)3 (0.2 mg, 0.000126 mmol) and 

nitromethane (0.13 mL). The vial was then capped and placed in the photoreactor equipped with 419, 350, 

and 300 nm light bulbs. The reaction was irradiated for 16 h. The reaction mixture was then passed 

through a short plug of silica (2.5 cm high × 1 cm wide, Et2O eluent). The volatile materials were 

removed by rotary evaporation, and the resulting residue was analyzed by 1H NMR. A 1.5:1 ratio of 4-

83/4-80 was observed, showing that adduct 4-83 had isomerized to adduct 4-80. 

In an analogous experiment, a 6:1 mixture of anti adducts 4-80/4-81 was exposed to the Cr conditions; no 

isomerization to the syn adducts occurred. 

 

 

 

Cycloaddition of cis-anethole and 2,3-dimethyl-1,3-butadiene. To a vial open to air was added alkene 

cis-4-3 (10.4 mg, 0.0700 mmol), diene 4-7 (0.079 mL, 0.700 mmol), [Cr(Ph2phen)3](BF4)3 (0.9 mg, 

0.000700 mmol), and nitromethane (0.700 mL). The vial was then capped and placed in the photoreactor 

equipped with 419, 350, and 300 nm light bulbs. The reaction was irradiated for 46 h. The reaction 
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mixture was then passed through a short plug of silica (2.5 cm high × 1 cm wide, Et2O eluent). The 

volatile materials were removed by rotary evaporation, and the resulting residue was purified by flash 

chromatography (100% hexanes→10:1 hexanes/EtOAc eluent) to afford cycloadduct 4-12 (9.9 mg, 61% 

yield, 9:1 anti/syn) as a colorless oil. The anti/syn ratio was determined by comparing the integrations of 

the peak at 2.34 ppm (anti) and the peak at 2.91 ppm (syn) in the crude 1H NMR (Figure 4.5). When this 

reaction was performed for 24 h or 72 h, the product anti/syn ratio was the same 

 

 

Figure 4.5. 1H NMR spectrum of anti/syn-4-12 mixture. 
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Isomerization Detection Experiment 

 

 

 

Conditions A: A stock solution of the internal standard was made to contain 79.8 mg of dodecyl acetate 

in 0.350 mL dichloromethane. To each of six 1-dram vials was added 0.0500 mL of this stock solution 

(11.4 mg, 0.0500 mmol per vial). The contents of each vial were concentrated by rotary evaporation. Two 

more stock solutions, one containing 37.1 mg of alkene 4-3 (0.250 mmol) in 2.50 mL nitromethane, and 

another containing 37.1 mg of alkene cis-4-3 (0.250 mmol) in 2.50 mL nitromethane, were also made. 

Open to air, the contents of these two stock solutions were distributed between the six vials (already 

containing the dodecyl acetate) as follows: 

Vial 1: 0.500 mL cis-4-3 solution (0.0500 mmol cis-4-3) 

Vial 2: 0.400 mL cis-4-3 solution (0.0400 mmol cis-4-3), 0.100 mL 4-3 solution (0.0100 mmol 4-3) 

Vial 3: 0.300 mL cis-4-3 solution (0.0300 mmol cis-4-3), 0.200 mL 4-3 solution (0.0200 mmol 4-3) 

Vial 4: 0.200 mL cis-4-3 solution (0.0200 mmol cis-4-3), 0.300 mL 4-3 solution (0.0300 mmol 4-3) 

Vial 5: 0.100 mL cis-4-3 solution (0.0100 mmol cis-4-3), 0.400 mL 4-3 solution (0.0400 mmol 4-3) 

Vial 6: 0.500 mL 4-3 solution (0.0500 mmol 4-3) 

To each vial was then added [Cr(Ph2phen)3](BF4)3 (3.3 mg, 0.00250 mmol, 5 mol %) and diene 4-79 

(0.0420 mL, 0.500 mmol, 10 equiv). The vials were capped and placed in the photoreactor equipped with 

419, 350, and 300 nm light bulbs. The vials were irradiated with stirring for 24 h. Each reaction mixture 

was then passed through a short plug of silica (2.5 cm high × 1 cm wide, Et2O eluent). The volatile 
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materials were removed by rotary evaporation, and the resulting residues was analyzed by 1H NMR. The 

results of this experiment are reported in Scheme 4-31. 

 

 

 

Conditions B: For the reaction with the aminium salt catalyst, the same set-up procedure as above was 

followed, except for the following changes: 1) the solutions of 4-3 and cis-4-3 were made in CH2Cl2 

instead of nitromethane, 2) (p-BrPh)3NSbCl6 (10 mol %) was used instead of the Cr catalyst, and 3) 5 

equiv of diene 4-79 were used instead of 10 equiv. To each vial containing dodecyl acetate and the 

mixture of cis-4-3 and 4-3 (open to air) was added diene 4-79 (0.0210 mL, 0.250 mmol, 5 equiv). The 

vials were cooled to 0 °C, then (p-BrPh)3NSbCl6 (4.1 mg, 0.00500 mmol, 10 mol %) was added to each. 

The vials were capped and the reactions were stirred at 0 °C for 10 min. Each reaction mixture was then 

diluted with sat. aq. K2CO3 solution (1 mL). The layers were separated and the aqueous layer was 

extracted with CH2Cl2 (3 x 3 mL). The combined organic layers were washed with brine (10 mL) and 

dried over Na2SO4. The volatile materials were removed by rotary evaporation, and the resulting residues 

was analyzed by 1H NMR. The results of this experiment are reported in Scheme 4-31. 

 

 

 

 

 

 

(p-BrPh)3NSbCl6
(10 mol %)

CH2Cl2
0 °C, 10 min

(dodecyl acetate)

MeO

MeO

cis-4-3
Me

Me

4-3

4-79

Conditions B

Me

p-An
4-83

syn,exo

Me
p-An

4-82
syn,endo

4-80
anti,endo

Me

p-An
Me

p-An

4-81
anti,exo

(5 equiv)



 

 251 

4.9.16 Intramolecular Cycloadditions 

 

 

 

Cycloadducts 4-101/4-102. Prepared according to the General Procedure using triene 4-100 (15.9 mg, 

70.0 µmol), [Cr(Ph2phen)3](BF4)3 (0.9 mg, 0.700 µmol), and nitromethane (0.700 mL). The reaction was 

irradiated for 46 h. The crude product was purified by flash chromatography (100% hexanes→20:1 

hexanes/EtOAc eluent) to afford a 5:1 mixture of diastereomers 4-101 and 4-102 (10.2 mg, 64% yield) as 

a colorless oil. The diastereomeric ratio was determined by comparing the 1H NMR to that of the similar 

molecules reported by Schuster (Figure 4.6).46 The reported NMR data is for the trans isomer (4-101). 

TLC: Rf = 0.76 in 4:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.12 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.7 Hz, 3H), 5.89 (dd, J = 9.8, 1.8 

Hz, 1H), 5.65 (ddt, J = 9.8, 4.2, 2.7 Hz, 1H), 3.79 (s, 3H), 2.68 (td, J = 11.1, 6.1 Hz, 1H), 2.45-2.37 (m, 

1H), 2.20-2.10 (m, 1H), 2.06-1.97 (m, 1H), 1.93-1.85 (m, 1H), 1.68-1.60 (comp. m, 3H), 1.52-1.43 (m, 

1H), 1.30-1.21 (m, 1H), 1.08-0.97 (m, 1H). 

13C NMR (100 MHz; CDCl3): δ 157.8, 138.3, 130.0, 128.0, 127.2, 113.7, 55.2, 49.2, 45.8, 45.5, 36.8, 

29.6, 28.4, 21.8. 

IR (ATR, neat): 2957, 2869, 1611, 1513, 1442, 1264, 1178, 1036 cm-1. 

HRMS (ESI+): m/z calc’d for (M + NH4)+ [C16H20O + NH4]+: 246.1852, found 246.1845. 
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Figure 4.6. Comparison of 1H NMR chemical shifts of cycloadducts 4-101 and 4-102 to reported NMR 

data of similar cycloadducts 4-88 and 4-89 in order to determine the diastereomeric ratio. 

 

 

 

Cycloaddition under Ru conditions. To a vial open to air was added triene 4-100 (8.5 mg, 0.0370 

mmol), Ru(bpy)3(PF6)2 (1.6 mg, 0.00190 mmol), methyl viologen (2.7 mg, 0.00560 mmol), MgSO4 (17.0 

mg, 2 wt. equiv), and nitromethane (0.740 mL). The vial was then capped and irradiated with a 23 W CFL 

in a sealed box lined with aluminum foil. The reaction was irradiated for 28 h. The reaction mixture was 

then passed through a short plug of silica (2.5 cm high × 1 cm wide, Et2O eluent). The volatile materials 

were removed by rotary evaporation, and the resulting residue was purified by flash chromatography 

(100% hexanes→10:1 hexanes/Et2O eluent) to afford a 6:1 mixture of diastereomers 4-101 and 4-102 (3.8 

mg, 45% yield) as a white solid. 
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4.9.17 Synthesis of [Cr(Ph2phen)3](BF4)3 

 

 

 

Cr2(OAc)4 was prepared according to the literature procedure.70 To a mixture of Cr powder (325 mesh, 

1.51 g, 29.0 mmol) in glacial acetic acid (40 mL) and acetic anhydride (10 mL) in a 250 mL round bottom 

flask open to air was slowly added 48% aq. HBr (1.00 mL, 8.70 mmol). The flask was equipped with a 

reflux condenser and the reaction mixture was refluxed (115 °C) open to air with stirring. Over the course 

of the reaction, the mixture turned from gray to dark brown. After refluxing for 1.5 h, the reaction mixture 

was allowed to cool to ambient temperature. The reflux condenser was then replaced with a plastic yellow 

cap and the reaction mixture was cooled in an ice bath for 30 min. The resulting precipitate was collected 

by vacuum filtration. The solid was washed with acetone and then dried under vacuum overnight to yield 

Cr2(OAc)4 as a red-brown powder (2.44 g, 50% yield), which was stored under argon. 

[Cr(NCCH3)4](BF4)2 was prepared according to the literature procedure using Schlenk/air-free 

techniques.71 All solvents were degassed by three freeze-pump-thaw cycles prior to being brought into the 

glove box. A solution of Cr2(OAc)4 (2.44 g, 7.18 mmol) in CH2Cl2 (20 mL) and CH3CN (10 mL) in a 100 

mL Schlenk flask was degassed by three freeze-pump-thaw cycles, and then was also transferred into the 

glove box. Inside the glove box, HBF4•Et2O (50-55 wt. %, 4.88 mL) was added dropwise to the solution 

of Cr2(OAc)4 in CH2Cl2 and CH3CN. The reaction mixture was stirred for 2 h, during which time the 

color of the reaction mixture changed from maroon to deep blue. The Schlenk flask was sealed and 

brought out of the glove box. The solvent was removed by vacuum overnight, after which a blue solid 

lined the walls of the flask. The flask was then backfilled with argon and brought back into the glove box. 

The solid was washed sequentially with Et2O (10 mL) and pentane (10 mL). The flask containing the 

Cr powder
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solid was then brought out of the box again and the solid was dried under vacuum for 1-2 h yielding 

[Cr(NCCH3)4](BF4)2 (~5.73 g) as a deep blue solid. [Cr(NCCH3)4](BF4)2 is very air sensitive and should 

be stored in the glove box. 

[Cr(Ph2phen)3](BF4)3 was synthesized according to the literature procedure.34 In the glove box, a solution 

of [Cr(NCCH3)4](BF4)2 (0.500 g, 1.28 mmol) in CH3CN (10.5 mL) was added to a mixture of 

bathophenanthroline (1.28 g, 3.84 mmol) in CH3CN (10.5 mL). The reaction mixture was stirred for 10 

min, then AgBF4 (0.249 g, 1.28 mmol) was added. The reaction mixture was stirred for an additional 10 

min, resulting in a brownish-colored mixture. The reaction vessel was then sealed and removed from the 

glove box and the reaction mixture was stirred in the hood for 1 h. The mixture was then filtered by 

vacuum filtration, washing with CH3CN. To the filtrate, which contained the desired product, was added 

Et2O (100 mL), causing a bright yellow solid to precipitate out. The solid was collected by vacuum 

filtration, washed with Et2O, and then dried under vacuum, yielding [Cr(Ph2phen)3](BF4)3 as a bright 

yellow solid (1.07 g, 64% yield). [Cr(Ph2phen)3](BF4)3 is air stable and was stored in a desiccator. 

Note: The color of the solid should be bright yellow, not tan or orange-yellow. If this is the case, the 

catalyst should be recrystallized. In a general recrystallization procedure, ~500 mg of the crude catalyst 

was completely dissolved in CH3CN (~100 mL). Et2O was then slowly added to the CH3CN solution by 

pipetting the Et2O down the sides of the flask so that two layers were formed. The bottom layer (CH3CN) 

was clear and a tannish yellow color and appeared to contain the impurities, and the top layer (Et2O) 

contained the pure catalyst. After a certain amount of Et2O was added, the top layer started to become 

yellow and cloudy, which seemed to be the result of the pure catalyst accumulating in the Et2O layer. In 

total, ~300 mL Et2O were added. The flask was left to rest for 30 min and was not shaken or swirled, so 

as to not combine the layers. The yellow top layer was then removed by pipette and filtered by vacuum 

filtration, washing with Et2O. The bright yellow solid was dried under vacuum. More Et2O could be 

added to the remaining CH3CN solution to precipitate out more of the pure catalyst. 
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CHAPTER 5 

A CHROMIUM-PHOTOCATALYZED APPROACH TO DIELS-ALDER ADDUCTS OF REVERSED 

REGIOSELECTIVITY 

 

5.1 Introduction: An Unlikely Result 

 

While exploring the radical cation Diels-Alder cycloaddition of electron-rich dienophiles, we obtained an 

unexpected result: 4-methoxychalcone (5-1) reacted with isoprene (5-2) under Cr-photocatalysis to yield 

cyclohexene 5-3 in 80% yield (Scheme 5.1). The success of this electron-poor substrate was a surprise, 

since we expected that the cycloaddition would go through a radical cation mechanism and the reduction 

potential of alkene 5-1 (E1/2 = +2.00 V, CH3NO2, under O2)1,2 was significantly higher than that of 

Cr(Ph2phen)3
3+* (E1/2* = +1.40 V).3 These values imply that the direct oxidation of alkene 5-1 by the 

catalyst should not be possible, but a different mechanism might be operative. Also intriguing about this 

result was that, though alkene 5-1 resembles the type of electron-poor dienophile one would expect to see 

in a traditional Diels-Alder reaction, the structural connectivity of the major cyclohexene product (5-3) 

was the opposite of what would be obtained through traditional Diels-Alder conditions (5-4). 

 

 

Scheme 5.1. Unexpected cycloaddition result with electron-poor alkene. 
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5.2 Preliminary Results and Optimization 

 

Excited by the prospect of this transformation, we investigated further. Early on in our preliminary 

studies, vinylcyclobutane 5-5 (E1/2 = +1.68 V, CH3NO2, under O2) was identified as a side product. 

Control experiments revealed that the vinylcyclobutane (5-5) still formed in the absence of catalyst 

(Scheme 5.2a), but not in the absence of light. Additionally, when vinylcyclobutane 5-5 was exposed to 

the Cr photocatalysis conditions, rearrangement to cyclohexene 5-3 occurred, implicating the 

vinylcyclobutane as a possible reaction intermediate; no rearrangement occurred in the absence of the Cr 

catalyst (Scheme 5.2b). 

 

 

Scheme 5.2. Preliminary experiments implicating vinylcyclobutane 5-5 as a reaction intermediate. 

 

These early results suggest that the reaction might be proceeding through a light-induced [2+2] 

cycloaddition of the electron-poor alkene (5-1) and diene (5-2) to form vinylcyclobutane 5-5, followed by 

a Cr-catalyzed vinylcyclobutane rearrangement to form cyclohexene 5-3 (Scheme 5.3). This possible 

mechanistic pathway would account for the fact that the catalyst should not be able to oxidize enone 5-1. 

Though the reduction potential of the vinylcyclobutane (5-5) is still higher than that of the excited state Cr 

complex, it is seemingly low enough that as long as the vinylcyclobutane rearrangement occurs quickly 

upon single-electron oxidation, cyclohexene 5-3 will be formed efficiently, as we have observed. 
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Scheme 5.3. Early mechanistic hypothesis. 

 

Though this vinylcyclobutane pathway fit with our initial observations, we were still hesitant to 

conclude that we had uncovered the complete mechanistic picture. Many of the experiments described 

herein were performed under the assumption that the reaction was proceeding through a [2+2] 

cycloaddition/vinylcyclobutane rearrangement; however, other mechanistic pathways are also likely 

operative. See Chapter 5.6 for a more in depth discussion of the mechanism. 

 

5.2.1 Singlet Oxygen Side Products 

 

After obtaining these preliminary results, we set out to optimize the Cr-photocatalyzed cycloaddition. We 

initially chose the cycloaddition of alkene 5-1 and symmetrical diene 5-6 for our optimization studies, 

since only one isomer of the product would be formed (Scheme 5.4a). We quickly discovered, though, 

that the product of this cycloaddition (5-7) was susceptible to oxidation to afford hydroperoxides 5-8 

and/or 5-9, which was drastically lowering the yield of cyclohexene 5-7. 

Control experiments revealed that these side products (5-8 and 5-9) only formed when both air 

and catalyst were present, implicating 1O2 as the cause of the undesired reaction. Additionally, we 
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consumed and the oxidized product mixture formed (Scheme 5.4b). The hydroperoxides are likely 

forming through a Schenck-ene reaction between 1O2 and cyclohexene 5-7.4 

 

 

Scheme 5.4. Schenck-ene reaction of singlet oxygen with cycloadduct 5-7. 

 

Unfortunately, when we attempted the cycloaddition under argon, the reaction was very sluggish 

and full conversion to product was not achieved. As we had seen in the electron-rich alkene 

cycloadditions, reactions run without air turned from bright yellow to dark tan, indicating that oxygen was 

likely necessary to protect the catalyst from degradation. 

Because air was essential to the efficiency of the reaction, instead of trying to find a way to 

accomplish the reaction without air, we wondered if adding a small amount of a 1O2 quencher might 

prevent the 1O2 from reacting with the product. The cycloaddition of alkene 5-1 and diene 5-6 was 

attempted with several different 1O2 quenchers (PPh3, P(OEt)3, SMe2, DABCO, Et3N, etc.), but in all cases 

no product formation occurred, likely due to quenching of the catalyst. 

Kinetic data show that the rate constant for the reaction of 1O2 with tetrasubstituted alkene 2,3-

dimethyl-2-butene (25 x 106 M-1s-1) is significantly faster than the rate of 1O2 reacting with a trisubstituted 

olefin like 1-methylcyclohexene (0.16 x 106 M-1s-1) (Figure 5.1).5 This implies that product oxidation 
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might be inevitable specifically for cycloadduct 5-7, which contains a tetrasubstituted olefin. We decided 

to continue optimization with isoprene (5-2) as the diene instead, anticipating that undesired oxidation 

would be less of an issue with cyclohexene 5-3. 

 

 

Figure 5.1. Reaction rate constants in CHCl3 for reaction with singlet oxygen (rate x 106 M-1s-1). 

 

5.2.2 Optimization with Isoprene 

 

An abbreviated optimization for the reaction of alkene 5-1 with isoprene (5-2) is shown in Table 5.1. 

Using the same conditions that were developed for the electron-rich dienophile cycloadditions, 70% yield 

of cyclohexene 5-3 was formed in 6 h (entry 1). In acetonitrile, the reaction was much slower, giving only 

26% yield of the product in the same amount of time, and 29% yield of the intermediate vinylcyclobutane 

5-5 (entry 2). Increasing or decreasing the concentration of the reaction had very little effect on yield 

(entries 3 and 4). 

Gratifyingly, we found that visible light was a more effective irradiation source for this reaction. 

The employment of blue LEDs resulted in a 75% yield of cyclohexene 5-3 (entry 5). Also in this reaction, 

however, we observed a 10% yield of the oxidized product 5-10, indicating that 1O2 might still be an 

issue. Running the reaction under argon significantly decelerated product formation: only 26% yield of 

product 5-3 was observed after 6 h (entry 6). Increasing the catalyst loading to 2 mol % and increasing the 

time to 21 h under argon still only resulted in 57% yield (entry 7). We thought that if catalyst degradation 

were occurring in the absence of oxygen, then maybe adding a second portion of catalyst after a certain 

amount a time might allow the reaction to go to completion. This method, however, was not effective, as 

only 37% yield of product 5-3 was formed (entry 8). We also considered that the size of the reaction 
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vessel might be influential in limiting the formation of the 1O2 side product because of variations in head 

space. This theory proved to be true. When the reaction was run in a 2-dram vial, 77% yield of product 5-

3 was obtained, with 12% yield of the side product (5-10) (entry 9). When a 1/2-dram vial was used 

instead, 71% yield of cyclohexene 5-3 was formed, and only trace amounts of the oxidized product were 

detected (entry 10). The reaction performed in the 2-dram vial with more head space proceeded faster 

than the reaction run in the 1/2-dram vial, likely because more air was present. At the same time, 

however, more of side product 5-10 also formed, likely for the same reason. This suggested that the 

careful selection of reaction vessel might allow us to optimize yield and minimize oxidation. Also, we 

anticipated that reactions run on a larger scale would not be as affected by 1O2. 

Continuing optimization, we attempted the reaction with a common 23 W compact fluorescent 

light (CFL) bulb. This reaction proceeded in 81% yield (entry 11). Consistent with previous results, lack 

of oxygen significantly slowed the cycloaddition (entry 12). Satisfyingly, we found that the catalyst 

loading could be decreased to 0.5 mol % without decreasing the yield (entry 13). When 2 mol% catalyst 

was used, however, the yield decreased, perhaps due to an increase in 1O2 formation (entry 14). Diene 

equivalents could also be reduced to 3, providing product 5-3 in 85% NMR yield and 80% isolated yield 

(entry 15); this set of conditions was concluded to be optimal. Surprisingly, just 1 equiv of diene was also 

effective, but a lower yield of product 5-3 was obtained (entry 16). 

Different light sources were also evaluated. Amazingly, the simplest, least expensive light 

sources seemed to work the best (entries 17-22). Sunlight was also effective in activating the catalyst; 

54% yield of product 5-3 was detected, as well as 21% yield of the oxidized product (5-10) (entry 22). 

Control experiments confirmed that running the reaction in the absence of light gave no product 

(5-3) or vinylcyclobutane 5-5 (entry 23). Running the reaction with light, but without catalyst, however, 

resulted in a 20% yield of the vinylcyclobutane (5-5) (entry 24), which could form through a purely 

photochemical [2+2] cycloaddition. These early observations led us to hypothesize that, if the reaction 

were truly occurring through a [2+2] cycloaddition/rearrangement cascade, then the catalyst must be 

involved in the [2+2] step in some way. This is based on the fact that only 20% of cyclobutane 5-5 was 
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formed in the absence of catalyst, but, under Cr catalysis, full conversion to product was achieved in the 

same amount of time. 

 

Table 5.1. Reaction optimization. 
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5.2.3 Analysis of Singlet Oxygen Side Reaction 

 

Since it seemed as if 1O2 oxidation of our cyclohexene products was going to be unavoidable, we designed 

an experiment to determine the extent of oxidation that was occurring (Scheme 5.5). Seven vials were 

filled with an equal portion of a stock solution containing the reaction components. Each reaction was 

assembled open to air, and then the vial was capped. The reaction mixtures were irradiated with a 23 W 

CFL, and at each time point a vial was removed from the light and analyzed by 1H NMR. This allowed us 

to detect the amount of oxidized product over time. 

 

 

Scheme 5.5. Formation of oxidized product over time. 

 

From this data, we observed that product formation seemed to reach a maximum at around 8 h. 

The oxidation side product (5-10) was also forming during this time, but minimally. After product 

formation was complete, the 1O2 oxidation continued occurring, but the formation of side product 5-10 
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generation of 1O2. Overall, these results indicated that product oxidation by 1O2 was unlikely to be a major 

problem as long as the reactions were monitored carefully. 

 

5.3 Substrate Scope 

 

 

Scheme 5.6. Scope of electron-poor alkenes.a 

 

A variety of alkenes substituted with electron-poor functional groups were proficient dienophiles in this 

transformation (Scheme 5.6). Differentially substituted chalcones reacted in good yields (5-11–5-13). 

Gratifyingly, the cycloaddition of phenyl ketone 5-1 and isoprene (5-2) could be performed on gram 

scale, resulting in 88% yield of cyclohexene 5-3. A methyl ketone and an ester were also suitable 

substrates, providing cyclohexenes 5-14 and 5-15 in 83% and 75% yield, respectively. Carboxylic acid 

and aldehyde functionalities were tolerated, but these reactions were more difficult. Good yields of 

products 5-16 and 5-17 were obtained, even with modifications to the standard conditions. 

Nitrocyclohexene 5-18 also required an increase in catalyst loading; however, a 74% yield was obtained. 
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In this case, the crude NMR spectra of incomplete reaction mixtures revealed a large amount of the 

corresponding unreacted vinylcyclobutane. Experiments by our collaborators in the Shores Lab (CSU) 

suggest that the rearrangement of the nitro-substituted vinylcyclobutane is slower than its formation, 

which perhaps indicates why increasing the catalyst loading allowed this reaction to go to completion. A 

vinyl bromide reacted smoothly to afford cyclohexene 5-19. The mechanism of this cycloaddition, 

however, is likely the same mechanism as we proposed for the electron-rich dienophile cycloadditions, 

since the reduction potential of β-bromo-4-methoxystyrene (E1/2 = +1.45 V)2 is much closer to that of the 

catalyst (E1/2* = +1.40 V). Lastly, substrates with aryl groups other than para-methoxyphenyl (PMP) 

were found to be proficient for the reaction, albeit forming cyclohexenes 5-20 and 5-21 in lower yields. 

Overall, high regioselectivities favoring the reversed Diels-Alder products were obtained  (>10:1). 

 

 

Scheme 5.7. Scope of diene.a 

 

Dienes other than isoprene also reacted efficiently (Scheme 5.7). Symmetrical 2,3-dimethyl-1,3-

butadiene (5-6) reacted with alkene 5-1 to give the corresponding cyclohexene (5-7) in 73% yield, along 
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yields (5-22–5-24); however, the regioselectivity of these processes was considerably lower than with 

isoprene. Terminal dienes also substituted at the 3-position gave cyclohexenes 5-25 and 5-26 in lower 

regioselectivities as well, indicating that, even with internal substitution, substitution at the terminal 

position has a significant impact on the selectivity of the cycloaddition. General functional group 

tolerance was also tested with different dienes derived from myrcene. Dienes containing a tethered 

aldehyde (5-27), acetate (5-28), alcohol (5-29), and epoxide (5-30) were all competent cycloaddition 

partners; however, lower yields were obtained compared to isoprene. 

 

5.3.1 Unsuccessful Substrates 

 

 

Figure 5.2. Unsuccessful dienophiles. 

 

Substrates that were not successful in this transformation are shown in Figure 5.2. Because we do not yet 

have a complete understanding of the reaction mechanism, it is difficult to deduce exactly why some of 

these substrates did not work. Most of the electron-poor alkenes showed minimal reactivity under the 
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Additionally, trisubstituted alkenes 5-38 and 5-39 formed only trace product, perhaps due to sterics, and 

alkyne 5-40 was not reactive. Coumarins 5-41 and 5-42 also gave essentially no reaction under the 

cycloaddition conditions. This result is surprising, considering that the majority of enone/alkene [2+2] 

cycloadditions are reported with cyclic enones; acyclic enones are prone to E/Z-isomerization, and thus 

are typically unproductive toward cycloadditions.6 

Electron-rich aryl groups other than para-methoxyphenyl (PMP), such as in substrates 5-43–5-45, 

were overall much less effective for this transformation. Nucleophilic groups at the ortho position could 

potentially add into the radical cation of the alkene, perhaps inhibiting the cycloaddition in the case of 2-

methoxychalcone (5-45).7 In addition, Bauld has suggested that the PMP group seems to be especially 

proficient at accelerating vinylcyclobutane rearrangements.8 Along these lines, when chalcone (5-46) was 

exposed to the Cr conditions, only a trace amount of the corresponding vinylcyclobutane was formed. 

 

 

Figure 5.3. Unsuccessful dienes. 

 

In terms of diene scope, the same dienes that were unsuccessful in the radical cation Diels-Alder 

reaction (Chapter 4.4.5) were also unsuccessful here (5-47–5-49), likely for similar reasons (Figure 5.3). 

Additionally, bicyclopentenyl diene 5-50, which has a relatively low reduction potential (E1/2 = +1.22 V)9 

reacted with enone 5-1 to give vinylcyclobutane 5-51, but not the cyclohexene (Scheme 5.8). Radical 

cation cycloadditions between alkenes and diene 5-50, where the diene is the more oxidizable component, 

generally result in [2+2] rather than [4+2] cycloadditions. 10  This does not explain, though, why 

vinylcyclobutane 5-51 did not rearrange at all, since rearrangement is observed in similar examples.9,11 In 

fact, when vinylcyclobutane 5-51 was exposed to the Cr conditions, a retro [2+2] occurred to give the 
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starting enone (5-1) and, in the presence of isoprene (5-2), cyclohexene 5-3. Retro [2+2] cycloadditions of 

oxidizable cyclobutanes are known;12 however, vinylcyclobutane 5-5, which results from enone 5-1 and 

isoprene (5-2), does not revert (Chapter 5.6.1.2). This lack of cycloreversion could be because the 

reduction potentials of both enone 5-1 and isoprene (5-2) are high (E1/2 = +2.00 V and +1.98 V, 

respectively) compared to the reduction potential of the bicyclopentenyl diene (5-50), so the formation of 

the corresponding radical cation of either species would be unfavorable. Overall these results may 

indicate that vinylcyclobutanes where the corresponding diene has a lower reduction potential than the 

vinylcyclobutane itself might be more prone to cycloreversion than rearrangement. 

 

 

Scheme 5.8. Cycloaddition of bicyclopentenyl diene 5-50. 

 

5.3.2 Alkene Selectivity of [2+2] Cycloaddition 

 

Vinylketones 5-52 and 5-53 were designed to test the effect of the PMP group on the selectivity of the 
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the undesired cycloadducts seemed to predominate more in the reaction of the styrenyl ketone (5-53), 

likely due to the lower energy of the styrenyl alkene compared to the vinyl one (5-52). Ultimately, these 

experiments show that even if the Cr catalyzed [2+2]/rearrangement process were selective for PMP-

substituted alkenes, the presence of other alkenes in the molecule may not be tolerated because of the 

abundance of possible [2+2] cycloadditions that can occur under photochemical conditions. 

 

 

Scheme 5.9. Cycloaddition of vinyl enones. 

 

5.3.3 Attempts to Replace PMP in [2+2]/ Rearrangement Cascade 
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Figure 5.4. Reduction potentials of different functionalities.13 

 

We began by looking at the cycloaddition of enone 5-56 and isoprene (5-2) (Scheme 5.10). The 

putative vinylcyclobutane (5-57) that would form in this reaction would be substituted with a highly 

oxidizable anethole group, which could initiate a vinylcyclobutane rearrangement to cyclohexene 5-58.  

 

 

Scheme 5.10. Possible side products that could form under photooxidative conditions. 
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also occur, as well as reactions with 1O2 (Scheme 5.10). When all of the possible side reactions are taken 

into account, it seems unlikely that cyclohexene 5-58 would be formed at all. 

Ultimately, we did achieve some success with this transformation, but the reaction was not 

efficient. A variety of catalyst conditions were attempted for the cycloaddition of enone 5-56 and isoprene 

(5-2) (Table 5.2). Cr(Ph2phen)3
3+ conditions under air provided the product (5-58) in 13% yield (entry 1), 

and running this reaction under Ar slowed it considerably (entry 2). Of the other Cr catalysts, Cr(phen)3
3+ 

(E1/2* = +1.45 V, ET = 39 kcal/mol)3 provided the product in the highest yield (20% yield, entry 3). 

Running the Cr(phen)3
3+ reactions in CH2Cl2 or CH3CN increased the yield to 28% and 22% yield, 

respectively (entries 6 and 7). NUV light was also attempted, but did not significantly increase the yield 

(entry 8). 

The reaction was also attempted with Ru(bpz)3
2+, which has a similar reduction potential to 

Cr(phen)3
3+, but a higher excited state energy (E1/2* = +1.45 V, E* = 48 kcal/mol)14, but similar results 

were obtained (22% yield, entry 9). Next we attempted the cycloaddition with the strongly photooxidizing 

triphenylpyrilium tetrafluoroborate (TPT) (E1/2* = +2.28 V, ET = 53 kcal/mol).15 Under air, the starting 

enone (5-56) was completely consumed and a 33% yield of product 5-58 was formed (entry 10). Another 

strong photooxidant, 9-mesityl-10-methylacridinium tetrafluoroborate (Mes-Acr) (E1/2* = +2.06 V, ET = 

45 kcal/mol)16 gave us 42% yield of product 5-58 when run in DCE (entry 11). This yield was the highest 

we were able to obtain, though, as modifications to atmosphere or solvent gave lower yields (entry 12-

15), and even doubling the catalyst loading did not improve the outcome (entry 16). In all of these 

reactions, the remaining composition of the mass balance was a complex mixture of cycloadducts. 
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Table 5.2. Cycloaddition of enone 5-56. 

 

 

 Anticipating that the para-methoxy group might not be necessary for the rearrangement to occur, 

we also attempted this transformation with enone 5-59 (Scheme 5.11). Cyclohexene 5-60 does not have 

an anethole moiety like cyclohexene 5-58, so any additional undesired radical cation cycloadditions 

would be prevented. Under the Mes-Acr conditions, however, product 5-60 was formed in only 15% 

NMR yield, accompanied by a complex mixture of cycloadducts. We also attempted the cycloaddition of 

substrate 5-61 with an extra methyl group on the alkene. We thought that this methyl group might inhibit 

the reactivity of this alkene toward undesired cycloadditions, since radical cation cycloadditions of 

trisubstituted electron-rich alkenes were not successful in our previous studies. Still, a complex mixture of 

cycloadducts was obtained. 
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[Cr(Ph2phen)3](BF4)3 (5)

[Cr(dmcbpy](BF4)3 (5)
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Scheme 5.11. Other attempted substrates. 

 

 Lastly, we attempted several other substrates with different oxidizable groups. Ester 5-62 also 

resulted in a complex mixture of cycloadducts, and enyne 5-63, interestingly, did not react at all (Scheme 

5.11). We also explored enones with a vinyl sulfide (5-64) and vinyl ethers (5-65 and 5-66). The 

oxidation of these groups have been demonstrated in the literature to incite vinylcyclobutane 

rearrangements,8,9 but no reaction occurred under our conditions, indicating that perhaps these alkenes 

were not reactive toward the [2+2] cycloaddition. Ultimately, we did not have much success with the 

cycloaddition employing groups other than PMP; additional oxidizable alkenes led to side products, and 

the non-alkene groups were unreactive. 

 

5.4 Stereoconvergence 

 

The cycloadditions resulted in exclusively the anti cyclohexene products. Interestingly, when cis-enone 5-

67 was exposed to the reaction conditions, still just the anti product formed (5-14). Since these [2+2] 

cycloadditions are stepwise and proceed through radical intermediates (5-68), it is possible that rotation 
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can occur after the first bond forming step to give the lower energy anti product (Scheme 5.12a). If the 

reaction were proceeding through a radical cation mechanism, rotation would also be allowed. 

Conversely, isomerization of cis-enone 5-67 to trans-enone 5-69 may be occurring under the reaction 

conditions prior to any interaction with the diene; when the cis-enone was exposed to the reaction 

conditions minus diene, considerable isomerization to the trans-enone occurred (Scheme 5.12b). The fact 

that coumarins 5-41 and 5-42, which are not able to isomerize to their trans isomers, were not reactive 

under the Cr conditions may indicate that latter hypothesis is correct, and only trans alkenes are suitable 

substrates for this transformation. 

 

 

Scheme 5.12. (a) Formation of anti-cyclohexene from cis-enone. (b) Isomerization of cis-enone. 

 

We also attempted the cycloaddition of ester 5-70 with terminally substituted (Z)-diene (5-71) 

(Scheme 5.13). Diene 5-71, however, was completely unreactive; not even the [2+2] product formed. A 

better understanding of the reaction mechanism may be necessary to understand this result. 
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Scheme 5.13. Unsuccessful (Z)-diene. 

 

5.5 Regioselectivity 

 

As mentioned previously, the regioselectivity of this net [4+2] cycloaddition is the opposite of the 

regioselectivity that is observed under normal Diels-Alder conditions. If the reaction is actually occurring 

through a [2+2]/rearrangement, then the regiochemical outcome is likely established during the 

photochemical [2+2] cycloaddition.17 The regioselectivity of enone/alkene [2+2] cycloadditions was 

explored by Corey and coworkers over 50 years ago.18 The irradiation of an enone (5-72) with light of the 

appropriate wavelength will cause an excited state enone (5-72*) to form (Scheme 5.14). In the excited 

state, the polarity of the alkene is reversed, so the enone is now electrophilic at the α-position and 

nucleophilic at the β-position. Thus, alkenes that are electron-rich (5-73) will add to the enone in a head-

to-tail fashion (5-74). 

 

 

Scheme 5.14. General explanation of enone/alkene [2+2] regioselectivity. 
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and the head-to-head and head-to-tail cyclobutanes between the dienophile and alkene B of the diene. As 

shown in Scheme 5.15, in only the head-to-tail isomers (5-78 and 5-80) are the vinyl group and the 

electron-rich aryl group on adjacent carbons, so only these two cyclobutanes are able to rearrange to 

cyclohexenes. The major cyclohexene isomer (5-81) that we observe with the reversed Diels-Alder 

regioselectivity results from the rearrangement of cyclobutane 5-78, and the minor cyclohexene isomer 

(5-82) results from rearrangement of the other head-to-tail cyclobutane (5-80). The formation of 

cyclobutane 5-78 is likely favored over cyclobutane 5-80 because alkene A is more electron rich than 

alkene B. 

 

 

Scheme 5.15. Possible regiochemical explanation. 

 

In the chance that this reaction is proceeding through the radical cation of the electron-poor 

alkene, this reversed selectivity will prevail because putative distonic radical cation intermediate 5-83 

would place the radical at the stable benzylic position and the cation at the tertiary allylic position 

(Scheme 5.16). 

 

 

Scheme 5.16. Reversed regioselectivity through radical cation mechanism. 
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With the 1-substituted dienes, lower regioselectivities were observed. Again, there are four 

possible adducts that can form in a [2+2] cycloaddition between the electron-poor alkene (5-76) and the 

terminal diene (5-84), and only two of these (head-to-tail isomers 5-86 and 5-88) are able to rearrange to 

the corresponding cyclohexenes (Scheme 5.17). 

 

 

Scheme 5.17. Proposed regiochemical explanation for 1-substituted dienes. 

 

In this case, the difference in reactivity between the two alkenes of the diene is less defined. 

Whether the cycloaddition is proceeding through a photoinduced [2+2] mechanism or a radical cation 

process, alkene A is ultimately favored to react with the dienophile (5-91) because a more stable allylic 

diradical or distonic radical cation intermediate (5-92) is formed (Scheme 5.18). 

 

 

Scheme 5.18. Possible regiochemical explanation for 1-substituted dienes. 

Ar

EWG hν

5-86
head-to-tail-A

5-85
head-to-head-A

5-88
head-to-tail-B

5-87
head-to-head-B

A

B

EWG

Ar
EWG

Ar
5-89
major

5-90
minor

rearr. rearr.

Ar

EWG

H

R

Ar

EWG

H

R

R
Ar

EWG
H

R

Ar

EWG

R

H

R

R

5-76 5-84

Ar

EWG

EWG

Ar

EWG

Ar

5-89
reversed

5-76

5-92
more stable

hν  or – e–

A

B
R

H

R R

EWG

Ar
5-93

H
R

EWG

Ar
5-90

traditional

R

A

B

Ar

EWG• /+

5-91

• /+

• /+



 282 

Interestingly, however, some [2+2] cycloadditions of 1-substituted dienes under direct irradiation 

can give elevated ratios of cycloadditions with internal alkenes of dienes (B).19 This side reaction may be 

a minor source of vinylcyclobutane 5-88, which would rearrange to the traditional Diels-Alder adduct (5-

90). 

Overall, the internally substituted dienes like isoprene (5-2) displayed higher regioselectivities 

than the terminally substituted dienes. This may be due to the formation of a tertiary (5-83) versus a 

secondary (5-92) allylic radical cation intermediate. In the case of products 5-25 and 5-26, however, 

which result from dienes that are both internally and terminally substituted, relatively low 

regioselectivities were still observed, indicating that other factors may be operative. 

 

5.5.1 Regioselectivity Comparison to Normal Diels-Alder Conditions 

 

The expected regiochemical outcome of a normal electron-demand Diels-Alder reaction can be 

determined by comparing molecular orbital coefficients of the frontier molecular orbitals for the diene 

and dienophile, or by simply drawing resonance structures. Efforts to reverse the natural regioselectivity 

of Diels-Alder cycloadditions have been reported, but only a handful of strategies have seen success.20 

These include either the incorporation of electronically steering substituents that can be subsequently 

removed, 21  or catalyzed vs. thermal/noncatalyzed cycloadditions that adjust the molecular orbital 

coefficients of the reactants (e.g., selective coordination of a sterically unhindered carbonyl).22 So far 

there has been no report of a purely conditions-based approach to generate Diels-Alder adducts of 

reversed regioselectivity. 

To exhibit the regiodivergency of this Cr-photocatalyzed method, we compared the 

regioselectivity of the cycloaddition between nitroolefin 5-94 and dienes 5-2 and 5-95 using both Lewis 

acid-catalyzed Diels-Alder conditions (LiClO4 in nitromethane, 100 °C)23 and our Cr conditions (Scheme 

5.19). These complementary reaction conditions provided the cycloadducts in nearly complete opposite 

regioselectivity, demonstrating the singularity of this Cr-photocatalyzed cascade approach. 
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Scheme 5.19. Regiochemical comparison to traditional Diels-Alder conditions. 

 

5.5.2 Oxidative Aryl Cleavage 

 

Clearly, one of the limitations of this reaction is the necessity of the PMP or other select electron-rich aryl 

group. In an effort to demonstrate that further synthetic manipulations of the product aryl group were still 

possible, we proposed that the PMP group of the cyclohexene products could be oxidatively cleaved to 

give the corresponding carboxylic acids. Using conditions developed by Sharpless24 and modified by 

Aggarwal,25 we attempted the oxidative aryl cleavage of cyclohexene 5-3. To avoid cleavage of the 

alkene, cyclohexene 5-3 was first hydrogenated, and then exposed to the oxidative conditions (Scheme 

5.20). This furnished the carboxylic acid product (5-99) in 65% yield after 46 h. The hydrogenation of the 

alkene also resulted in reduction of the phenyl ketone to the alcohol, but this was oxidized to the ketone 

under the cleavage conditions. 

 

 

Scheme 5.20. Oxidative cleavage of PMP group. 
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The use of the PMP group as a surrogate for a carboxylic acid provides unique access to 

cyclohexane rings with substitution patterns that might be difficult to obtain through the traditional Diels-

Alder reaction of acrylic acid 5-100 and isoprene (5-2) (Scheme 5.21). Under purely thermal conditions 

(110 °C, 24 h), a high yield of cyclohexenes 5-101 and 5-102 can be obtained, but as an almost 1:1 

mixture.26 The employment of Lewis acids can aid in increasing the regioselectivity of the cycloaddition, 

however, SnCl4 and TiCl4 still favor the formation of isomer 5-102.27 The opposite isomer (5-101) can be 

more preferentially obtained with BH3�THF, but selectivity is not high (~4:1 5-101/5-102). The oxidative 

cleavage of the PMP group of our Cr-photocatalyzed cycloaddition products provides a different and 

potentially useful approach to constructing cyclohexanes of this substitution pattern. 

 

 

Scheme 5.21. Regioselectivity in the Diels-Alder reaction of acrylic acid 5-100. 

 

5.6 Mechanistic Discussion 

 

As mentioned previously, it seems unlikely that the Cr catalyst (E1/2* = +1.40) could be directly oxidizing 

4-methoxychalcone (5-1) (E1/2 = +2.00 V) or isoprene (5-2) (E1/2 = +1.98 V) to initiate the cycloaddition. 

Because this transformation is evidently not a standard radical cation cycloaddition, a complete 

mechanistic framework has been difficult to construct. An observation that was made during our initial 

optimization experiments was that, in the presence of the Cr catalyst, cyclohexene 5-3 was formed in 82% 

yield (Table 5.1, entry 13), but in the absence of catalyst, vinylcyclobutane 5-5 was formed in only 20% 

yield (Table 5.1, entry 24) (Scheme 5.22). 
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Scheme 5.22. Reaction progress with and without catalyst. 

 

 This result implies that, if the [2+2] cycloaddition/vinylcyclobutane rearrangement cascade is the 

major mechanistic pathway (Pathway A, Scheme 5.23), then the presence of the Cr catalyst must be 

accelerating the [2+2] cycloaddition in some way. On the other hand, this result could also suggest that 

the Cr catalyst is involved in a completely different mechanistic pathway than the [2+2]/rearrangement 

that coincidentally leads to the same cycloaddition product (Pathway B). 

 

 

Scheme 5.23. Two possible mechanistic pathways. 
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is less defined. If Pathway A is the dominant reaction pathway, there are several possible explanations for 

how the presence of the Cr catalyst could be accelerating the [2+2] process, including: 1) the Cr catalyst 

could act as a sensitizer for the [2+2] cycloaddition, 2) a competitive retro [2+2] cycloaddition is 

occurring, or 3) the vinylcyclobutane is inhibiting the [2+2] cycloaddition through competitive light 

absorption. 

 

5.6.1.1 Photosensitization through Energy Transfer 

 

Yoon and coworkers have demonstrated that Ir and Ru photocatalysts can act as triplet sensitizers for 

intramolecular [2+2] cycloadditions.28 If the triplet energy of the excited state photocatalyst is greater 

than or equal to that of the substrate, then an energy transfer from the excited state catalyst to the alkene 

can occur to initiate the cycloaddition. The excited state energy of Cr(Ph2phen)3
3+* is 38 kcal/mol,3 which 

is considerably lower than the triplet energies of 4-methoxychalcone (5-1) or isoprene (5-2) (both ~60 

kcal/mol),29 so the Cr catalyst is likely not acting as a sensitizer for the [2+2] cycloaddition. We 

wondered, however, if the Ir photocatalyst, Ir[dF(CF3)ppy]2(dtbbpy)+, could sensitize the [2+2] 

cycloaddition of enone 5-1 and isoprene (5-2) because of its similar triplet energy (ET = 60 kcal/mol).28 

 

 

Scheme 5.24. Attempts at triplet sensitized [2+2] cycloaddition. 

 

 We attempted the Ir-sensitized [2+2] cycloadditions in several different solvents, but yields of the 

vinylcyclobutane (5-5) were approximately the same as the yield without catalyst (20% yield) (Scheme 

MeO

O

Ph
[Ir{dF(CF3)ppy}2(dtbbpy)]PF6

(1 mol %)

solvent
23 W CFL, air

6 h MeO

Ph

O

Me

5-5

Solvent
DMSO
CH3CN

CH3NO2

CH3NO2 (25 h)

CH2Cl2

% Yielda

a 1H NMR yields with dodecyl 
acetate as internal standard.

5
12
5

15
295-1

(3 equiv)

Me
5-2



 287 

5.24). Even after 25 h in nitromethane, only 29% yield of cycloadduct 5-5 was observed. Though the 

triplet energies of the reactants and catalyst suggested that this reaction might have worked, the 

intermolecularity of the proposed cycloaddition may have been why the sensitized [2+2] was not 

successful; the two cycloadditions reported by Yoon were intramolecular. In any case, all evidence points 

to the Cr catalyst not being involved in the [2+2] cycloaddition as an energy transfer catalyst. 

 

5.6.1.2 Retro [2+2] Cycloaddition 

 

 

Scheme 5.25. Trapping experiments. 
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that was represented in the vinylcyclobutane (Scheme 5.25). If a cyclohexene formed that was not a result 

of the direct rearrangement of the given vinylcyclobutane, then we would know that a retro [2+2] 

cycloaddition of the vinylcyclobutane had occurred. The product that we observed in each experiment, 

however, was only the product of the vinylcyclobutane rearrangement, not the cross adduct between a 

component of the vinylcyclobutane and the added trapping reagent, indicating that cycloreversion was not 

occurring. Thus, this rules out that the role of the Cr catalyst is to drive the reaction forward so that 

retrocyclobutanation does not occur. 

 

5.6.1.3 Vinylcyclobutane Inhibition 

 

Another possible explanation is that the build up of the vinylcyclobutane inhibits further [2+2] 

cycloadditions through competitive light absorption. Since UV-Vis data shows that vinylcyclobutane 5-5 

absorbs light more weakly than enone 5-1, and at lower wavelengths, it is likely not acting as an inhibitor 

for the [2+2] cycloaddition (Figure 5.5).2 

 

 

Figure 5.5. UV/Vis spectrum of electron-poor alkenes and their corresponding vinylcyclobutanes. 
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5.6.2 Pathway B 

 

Evidently, the reasonable mechanisms through which the Cr catalyst could be accelerating the [2+2] 

cycloaddition of Pathway A are likely not operative. This strongly suggests that the Cr catalyst is involved 

in a completely different mechanistic pathway that is seemingly more efficient than the 

[2+2]/rearrangement cascade. Though mechanistic investigations by our collaborators are still in progress, 

kinetic studies by Robert Higgins in the Shores groups show that the Cr-photocatalyzed cycloaddition of 

enone 5-1 and isoprene (5-2) is second order in enone 5-1, perhaps implying enone dimerization of some 

kind. We currently believe that Pathway B could involve enone dimer 5-105 or enone exciplex 5-10630 

(Scheme 5.26). Firstly, the reduction potential of the enone dimer (5-105) is +1.40 V (CH3NO2, under 

O2), which is sufficiently low to be oxidized by the Cr catalyst. Thus, enone radical cation 5-1•+ could 

potentially be forming from oxidation and cycloreversion of the enone dimer (5-105) formed in situ. 

Subsequent reaction with isoprene in a radical cation [4+2] cycloaddition or [2+2]/rearrangement could 

afford the cyclohexene (5-3). Though this putative enone radical cation (5-1•+) seems an unlikely 

intermediate due to its electron-poor nature, radical cations of α,β-unsaturated carbonyl compounds have 

been invoked in photoredox mechanisms (see Chapter 3.2.6).31 

 

 

Scheme 5.26. Working mechanistic hypothesis involving an enone dimer or exciplex. 
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Control experiments revealed that enone dimer 5-105 underwent a retro [2+2] cycloaddition in 

the presence of the Cr catalyst, forming 4-methoxychalcone (5-1) in 16% yield in 6 h (Scheme 5.27). In 

the absence of the Cr catalyst, a 4% yield of the enone was obtained. Thus, the enone dimer cycloreverted 

more quickly under Cr photocatalysis conditions, perhaps due to single-electron oxidation. A trapping 

experiment with enone dimer 5-105 further supports its proposed role in the mechanism. When dimer 5-

105 was exposed to the typical isoprene cycloaddition conditions in place of enone 5-1, cyclohexene 5-3 

formed in 20% yield, indicating that the dimer is a possible reaction intermediate. Still, with only 20% 

yield of cyclohexene 5-3 forming from isoprene and dimer 5-105 compared to >80% yield forming from 

isoprene and enone 5-1, our mechanistic explanation is not yet complete. 

 

 

Scheme 5.27. Validation of dimer 5-105 as a reaction intermediate. 
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after prolonged reaction times (6 d). Since the cycloaddition of enone 5-1 and isoprene (5-2) is complete 

in 6 h, the slow dimerization of enone 5-1 renders dimer 5-105 a relatively improbable intermediate. An 
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cyclobutane (5-105), which might lower the reduction potential of the enone enough to be oxidized by the 

catalyst. Preliminary results by our collaborators are in support of this hypothesis. 

Lastly, we proposed to trap the putative enone radical cation (5-1•+) with a nucleophile other than 

a diene in order to confirm its formation. Diazo species are known to add into radical cations to form 

cyclopropanes,34 and Francisco Sarabia in our lab has demonstrated that radical cation cyclopropanation 

can be accomplished under Cr-photocatalysis.35 When enone 5-1 was exposed to ethyl diazoacetate in the 

presence of the Cr catalyst, cyclopropanes 5-108 and 5-109 formed in 31% combined yield; these 

cyclopropanes did not form without the Cr catalyst, indicative of a radical cation cyclopropanation 

mechanism (Scheme 5.28).36 The reaction of enone 5-1 under the Cr conditions with a non-diene species 

highly implicates the intermediacy of enone radical cation 5-1•+. 

 

 

Scheme 5.28. Radical cation cyclopropanation of 4-methoxychalcone. 

 

Ultimately, the Cr-photocatalyzed cycloaddition of dienes with electron-poor alkenes seems to 
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mechanistic puzzle. 
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5.6.3 Regioselectivity Difference Between Mechanistic Pathways 

 

In addition to the increased efficiency of proposed Pathway B, this pathway also appears to be more 

regioselective than the [2+2]/rearrangement process (Pathway A). While the regioselectivity of the 

cycloaddition between enone 5-1 and isoprene (5-2) is 13:1 favoring the unnatural Diels-Alder adduct (5-

3), the regioselectivity of the cycloadduct that is formed through a sequential photoinduced [2+2] 

cycloaddition, then Cr-catalyzed vinylcyclobutane rearrangement is lower (8:1) (Scheme 5.29). This 

outcome may be a result of the [2+2] cycloaddition with direct irradiation yielding a mixture of 

vinylcyclobutane isomers, some of which could rearrange to the minor cyclohexene adduct (5-4). When a 

pure isomer of vinylcyclobutane 5-5 is exposed to the Cr conditions, only one isomer of the product is 

formed. These results lead us to believe that either the Cr catalyst is improving the selectivity of the [2+2] 

step of Pathway A, or the regioselectivity preference in putative Pathway B is inherently higher. 

 

 

Scheme 5.29. Regioselectivity of full cycloaddition vs. stepwise [2+2]/rearrangement. 
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5.6.4 Competition Experiment 

 

A competition experiment using a 1:1 mixture of trans-anethole (5-111) and enone 5-1 with excess 

isoprene (5-2) was also conducted (Scheme 5.30). Here, the cycloaddition with the electron-rich 

dienophile (5-111) occurred first, with the formation of cyclohexene 5-3 proceeding only after the 

majority of the trans-anethole (5-111) was consumed. This result indicates that the radical cation-

mediated cycloaddition of trans-anethole (5-111) predominates over the cycloaddition of the electron-

poor enone (5-1). Further, this experiment may also implicate an enone radical cation intermediate (5-1•+) 

for the cycloaddition of the electron-poor alkene, since this reaction was almost completely inhibited by 

the presence of the more oxidizable alkene (E1/2(trans-anethole) = +1.24 V). 

 

 

Scheme 5.30. Competition experiment between trans-anethole and 4-methoxychalcone. 
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product 5-10, as already discussed. Essentially all of the metal photocatalysts were proficient for the 

vinylcyclobutane rearrangement, but were less effective for the full cycloaddition (entries 1-5). 

 

Table 5.3. Evaluation of photocatalysts. 
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vinylcyclobutane rearrangement pathway; the high reduction potential of the Mes-Acr catalyst (E1/2* = 

+2.06 V) could allow it to oxidize the enone (5-1) directly. Conversely, the TPT salt, which has an even 

higher reduction potential (E1/2* = +2.28 V), afforded only a trace amount of the cycloadduct for the full 

cycloaddition, but was very efficient at catalyzing the vinylcyclobutane rearrangement, providing 

cyclohexene 5-3 in 84% yield (entry 7). Some of the more classical organic photosensitizers were shown 

to catalyst the cycloaddition as well, but these reactions were considerably slower and conversion to 

product was less clean (entries 8-12).  

 We also attempted the cycloaddition with Bauld’s aminium radical cation salt, which does not 

require light. Under Bauld’s standard aminium salt conditions (CH2Cl2, 0 °C) we saw trace cyclohexene 

5-3 in 1 h (Scheme 5.31). Hypothesizing that light could enable the formation of the enone dimer or 

exciplex (5-105 or 5-106), which could be then oxidized by the aminium salt as in Pathway B, we 

performed the reaction with irradiation (23 W CFL), but still only trace product 5-3 was formed, along 

with trace vinylcyclobutane 5-5. This result implies that if the Cr-catalyzed process is going through an 

enone dimer or exciplex intermediate, then the Cr catalyst specifically might be playing in a role in the 

formation of the intermediate dimer species. We also noted that the aminium salt was able to catalyze the 

vinylcyclobutane rearrangement, but not as efficiently as some of the photocatalysts, possibly because of 

its lower reduction potential (E1/2 = +1.05 V). Evidently, the small amount of product that formed in the 

first two reactions from enone 5-1 was likely a result of a light-induced [2+2] cycloaddition, then an 

aminium salt catalyzed rearrangement; Pathway B is seemingly not occurring with this catalyst. 

 

 

Scheme 5.31. Cycloaddition with an aminium radical cation salt. 
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Ultimately, all the photooxidants we attempted were able to catalyze the rearrangement of 

vinylcyclobutane 5-5 to a certain extent. This demonstrates that Pathway A, a light-induced [2+2] 

cycloaddition, followed by single-electron oxidation and vinylcyclobutane rearrangement, is a feasible 

mechanistic pathway for most photocatalysts to accomplish this transformation. As can be seen, however, 

this pathway is not particularly efficient, since the photochemical [2+2] cycloaddition is relatively slow. 

The particular proficiency of Cr(Ph2phen)3
3+ for catalyzing the overall cycloaddition could imply that this 

catalyst is remarkably equipped to mediate a process like Pathway B. 

 

5.7 Diels-Alder Conditions vs. Cr Conditions 

 

Though the electron-poor alkenes utilized in our substrate scope would appear to be typical dienophiles 

for Diels-Alder cycloadditions, chalcone derivatives and other cinnamyl carbonyl species are in fact 

rather stubborn dienophiles. Only a handful of reports exist that utilize this class of electron-poor alkenes 

as dienophiles, and typically the reaction conditions are harsh, employing high heat,37  pressure,38 

microwaves,39  or other less common reagents.40 Further, the majority of reported reactions employ 1,3-

cyclopentadiene as the diene, likely because it is more reactive. 

An attribute of the Cr-photocatalyzed process is that it appears to circumvent some intrinsic 

limitations of the traditional [4+2] cycloaddition. As shown in Scheme 5.32 the cycloaddition of 2,3-

dimethyl-1,3-butadiene (5-6) with a range of dienophiles under thermal conditions (neat, 150 °C) 

provided varying reactivity.  The phenyl ketone was sufficiently reactive, but the methyl ketone, ethyl 

ester, and bromide all dropped off considerably in reactivity.  Other traditional Diels-Alder conditions 

(e.g., Lewis acid catalyzed) were even less successful.  Using the photocatalyzed cascade, however, all 

four dienophiles were effective reactants. Thus, the Cr conditions provide a mild means of accomplishing 

net-[4+2] cycloadditions with these types of difficult dienophiles. 
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Scheme 5.32. Cr-photocatalyzed vs. thermal Diels-Alder conditions. 

 

5.8 Efforts Toward an Enantioselective Cycloaddition 

 

Photochemical transformations are notoriously difficult to render enantioselective. 41  Unlike most 

enantioselective transformations in organic synthesis that can utilize a chiral catalyst to both activate the 

substrate and induce enantioselectivity, in a photochemical reaction, light is the catalyst. Thus, in order 

for a photochemical transformation to be enantioselective, the substrate must already be in a chiral 

environment when excitation occurs. Despite this obstacle, several enantioselective photocatalyzed 

reactions have been developed. Recent examples include Yoon’s enantioselective reductive [2+2] 

cycloaddition with Ru(bpy)3
2+ and a chiral Lewis acid,42 Meggers’s enantioselective alkylation of acyl 

imidazoles with a chiral iridium photocatalyst,43 Miranda and Bach’s enantioselective [2+2] cycloaddition 

of quinolones catalyzed by an H-bonding chiral photosensitizer, 44 and Fu and MacMillan’s 

enantioselective decarboxylative arylation of α-amino acids using an iridium/nickel dual catalyst 

system. 45  Notably, all of these transformations proceed through energy transfer or reductive 

photocatalytic cycles; an enantioselective photooxidative transformation has yet to be developed. 
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5.8.1 Chiral Oxazolidinones 

 

While exploring the substrate scope of the Cr-catalyzed cycloaddition, we found that oxazolidinone 5-116 

reacted smoothly to give product 5-117 in 72% yield (Scheme 5.33). We saw this substrate as an 

opportunity to develop an enantioselective cascade reaction using oxazolidinones as chiral auxiliaries. 

 

 

Scheme 5.33. Cycloaddition of oxazolidinone substrate. 
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chiral β-lactams.48 Despite the lack of literature precedents, we wondered if the Cr-photocatalyzed 

cascade could be rendered enantioselective by employing a chiral oxazolidinone. 

 Several chiral oxazolidinone substrates were synthesized and exposed to the standard Cr 
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corresponding cyclohexenes were observed (Scheme 5.34). 
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Scheme 5.34. Cycloaddition of chiral oxazolidinones. 

 

A fairly extensive Lewis acid screen was performed to determine if the coordination of the two 

carbonyls by a metal species might enhance the stereoselectivity of the [2+2] cycloaddition (Table 5.4). 

None of the Lewis acid additives provided an improvement in enantioselectivity compared to the Lewis 

acid-free conditions (entries 1 and 2). In many cases, the presence of the Lewis acid actually inhibited the 

cycloaddition and no reaction occurred (Table 5.4). The highest dr we achieved was 2:1. 

 

Table 5.4. Chiral oxazolidinone cycloaddition Lewis acid screen. 
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Overall, the reactions performed in acetonitrile were slower, but seemed to result in slightly 

higher diastereoselectivities than the reactions run in nitromethane. Since nonpolar solvents typically 

enable higher diastereomeric ratios, we also attempted the cycloaddition in dichloromethane, but the 

reaction was prohibitively slower. Based on these results and the shortage of enantioselective [2+2] 

cycloadditions with chiral oxazolidinones in the literature, we decided to try a different chiral auxiliary. 

 

5.8.2 Chiral Menthyl Esters 

 

The literature precedent for enantioselective [2+2] cycloadditions of menthyl esters showed slightly more 

promise. The vast majority of reports, however, utilize cyclohexene carboxylates such as enone 5-123, 

which could indicate a narrow substrate scope in terms of the enantioinduction abilities of menthyl esters 

(Scheme 5.35).49 Additionally, the best diastereoselectivities were obtained in nonpolar solvents at low 

temperatures. Since radical cation processes favor polar solvents and we have observed inhibited 

reactivity at lower temperatures, these two procedural aspects would be difficult to overcome. 

 

 

Scheme 5.35. Enantioselective [2+2] cycloadditions with menthyl cyclohexene carboxylates. 
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Nevertheless, we explored the Cr-catalyzed cycloadditions of menthyl ester 5-128, 8-phenyl 

menthyl ester 5-129, and 8-(4-methoxy)phenyl menthyl ester 5-130 (Table 5.5). We attempted the 

cycloadditions in both polar and nonpolar solvents, with different dienes, and at 0 °C, but none of these 

factors seemed to have a significant impact on the dr. The ability of the menthyl ester to induce 

enantioselectivity must be fairly substrate dependent. It is also possible that high diastereoselectivities in 

these reactions were not achieved because the predominant mechanistic pathway does not begin with a 

photoinduced [2+2] cycloaddition. 

 

Table 5.5. Cycloadditions with menthyl esters. 
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5-2
5-2
5-2
5-6
5-6

SolventDiene

CH3NO2

dra

1.6:1
CH2Cl2 1.8:1

5-133,  R = 4-MeOC6H4

5-2
5-2

a Determined by analysis of the crude 1H NMR spectra.
b No reaction; catalyst not soluble in PhCH3.
c Run at 0 °C; starting material not consumed.
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be barrierless and the rearrangement should occur quickly.50 Curiously, however, when we attempted the 

rearrangement of cyclopropane 5-134 under our standard Cr conditions, cyclopentene 5-136 was not 

formed (Scheme 5.36). Instead, a [3+2] cycloaddition occurred between the distonic radical cation (5-

134•+) and oxygen to afford endoperoxide 5-135. This general transformation has been reported by Yoon 

and coworkers, but they did not employ a vinylcyclopropane substrate. 51  It is strange that the 

rearrangement, which is supposed to be energetically favorable, was outcompeted by a cycloaddition with 

oxygen. In addition, when the reaction was attempted under Ar, only trace conversion was observed.52 

 

 

Scheme 5.36. [3+2] cycloaddition of cyclopropane vinylcyclopropane and oxygen. 

 

5.10 Conclusion 

 

In conclusion, we have developed a Cr-photocatalyzed cycloaddition of electron-poor alkenes and dienes 

that yields Diels-Alder adducts of reversed regioselectivity.53 Though the exact mechanism of this 

reaction is not entirely known, the collective results point to a predominant pathway involving an enone 

radical cation intermediate. The employment of electron-poor alkenes in intermolecular radical cation 

cycloadditions, combined with the unique proficiency of a first-row transition metal complex in 

catalyzing this transformation, sets this methodology apart from previously reported radical cation 

cycloadditions described in the literature. Experiments are underway by us and our collaborators to 

further uncover the singularity of this Cr-photocatalyzed cycloaddition approach. 

Me

MeO

[Cr(Ph2phen)3](BF4)3
(1 mol %)

CH3NO2
23 W CFL, air

40 h
10% yield

O O Me

MeO

Me

MeO

Me

MeO

not formed
5-134 5-135 5-136

O2

5-134 •+
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5.11 Experimental Section 

 

5.11.1 Materials and Methods 

 

Cr catalysts were synthesized as previously described.3,54 The preparation of [Cr(Ph2phen)3](BF4)3 is also 

provided in Chapter 4.9.17. Ru(bpz)3(PF6)2, 9-mesityl-10-methylacridinium tetrafluoroborate, and 2,4,6-

triphenylpyrilium tetrafluoroborate were purchased from Sigma-Aldrich. Chloranil, 1,4-dicyanobenzene, 

1,2,4,5-tetracyanobenzene, 1,4-dicyanonaphthalene, and 9,10-dicyanoanthracene are commercially 

available. All solvents, excluding acetonitrile and nitromethane, were purified by passing through 

activated alumina columns; acetonitrile was distilled over CaH2, and nitromethane was purchased from 

Alfa Aesar (98+%, A11806) and used without further purification. All reagents were used as received 

unless otherwise noted. Commercially available chemicals were purchased from Alfa Aesar (Ward Hill, 

MA), Sigma-Aldrich (St. Louis, MO), Oakwood Products, (West Columbia, SC), Strem (Newburyport, 

MA) and TCI America (Portland, OR). Qualitative TLC analysis was performed on 250 mm thick, 60 Å, 

glass backed, F254 silica (Silicycle, Quebec City, Canada). Visualization was accomplished with UV 

light and exposure to p-anisaldehyde or KMnO4 solution followed by heating. Flash chromatography was 

performed using Silicycle silica gel (230-400 mesh). Reactions under NUV irradiation were performed in 

a Luzchem chamber reactor equipped with 10 lamps of wavelengths 419, 350, and 300 nm. Irradiation 

with visible light was performed in a sealed box using a 23 W compact fluorescent light bulb (EcoSmart 

23 W bright white CFL spiral light bulb, 1600 lumens). NMR spectra were acquired at the University of 

Georgia Chemical Sciences Magnetic Resonance Facility on a Varian Mercury Plus 400 MHz NMR. 1H 

NMR spectra were acquired at 400 MHz and are reported relative to SiMe4 (δ 0.00). 13C NMR spectra 

were at 100 MHz and are reported relative to SiMe4 (δ 0.0). IR spectra were obtained on a Shimadzu 

IRPrestige-21 FT-IR. High resolution mass spectrometry data were acquired by the Proteomics and Mass 

Spectrometry Facility at the University of Georgia on a Thermo Orbitrap Elite. 
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5.11.2 Cr-Photocatalyzed Cycloaddition 

 

General Notes: Irradiation was performed in a sealed box using a 23 W compact fluorescent light bulb; 

the temperature inside the box was recorded at ~45 °C. Reported NMR data are of the major isomer. 

Ratios of “opposite”/“normal” Diels-Alder isomers were determined through analysis of crude 1H NMR 

spectra. Reported yields are for the mixture of isomers. 

General Procedure for the Cr-Photocatalyzed Cycloaddition: A flame-dried 2-dram borosilicate vial 

open to air was charged with the alkene (1 equiv), diene (3 equiv), [Cr(Ph2phen)3](BF4)3 (0.5 mol %), and 

nitromethane (0.10 M). The vial was then capped and placed in front of a bright white 23 W compact 

fluorescent light bulb in a closed box lined with aluminum foil. The solution was irradiated with stirring 

until consumption of the alkene was complete, as determined by TLC, and then it was passed through a 

short plug of silica (2.0-2.5 cm high x 1 cm wide, Et2O eluent). The volatile materials were removed by 

rotary evaporation, and the resulting residue was purified by flash chromatography. 

 

 

 

Cyclohexene 5-3. Prepared according to the General Procedure using alkene 5-1 (23.8 mg, 0.100 mmol), 

diene 5-2 (30.1 µL, 0.300 mmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and nitromethane (1.00 

mL). The reaction mixture was irradiated for 16 h. The crude product was purified by flash 

chromatography (100% hexanes → 9:1 hexanes/EtOAc eluent) to afford cyclohexene 5-3 (24.5 mg, 80% 

yield, 13:1 isomeric ratio) as a white solid. 

Gram-scale procedure: Prepared according to a modified General Procedure (modification: the reaction 

was run in a 250-mL round-bottom flask and stoppered with a plastic cap) using alkene 5-1 (1.00 g, 4.20 

Me
Ph

O

MeOMeO

O

Ph [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

16 h
80% yield

88% yield (gram scale, 30 h) 5-35-1

(3 equiv)Me
5-2
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mmol), diene 5-2 (1.26 mL, 12.6 mmol), [Cr(Ph2phen)3](BF4)3 (27.5 mg, 0.0210 mmol), and nitromethane 

(42.0 mL). The reaction mixture was irradiated for 30 h. The crude product was purified by flash 

chromatography (100% hexanes → 9:1 hexanes/EtOAc eluent) to afford cyclohexene 5-3 (1.13 g, 88% 

yield, 11:1 isomeric ratio) as a white solid. 

TLC: Rf = 0.68 in 3:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): δ 7.79 (d, J = 7.2 Hz, 2H), 7.47 (t, J = 7.2 Hz, 1H), 7.36 (t, J = 7.6 Hz, 2H), 

7.09 (d, J = 8.7 Hz, 2H), 6.68 (d, J = 8.7 Hz, 2H), 5.54 (br s, 1H), 3.97 (td, J = 10.7, 5.5 Hz, 1H), 3.68 (s, 

3H), 3.18 (td, J = 10.7, 5.5 Hz, 1H), 2.35-2.24 (comp. m, 4H), 1.72 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 203.8, 157.8, 137.4, 135.7, 132.7, 128.39, 128.36, 128.0, 122.0, 120.9, 

113.7, 55.1, 47.3, 41.5, 35.2, 34.2, 23.2. 

IR (ATR, neat): 3055, 2909, 2839, 1682, 1512, 1242, 1034, 734, 702 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C21H22O2 + H]+: 307.1693, found 307.1699. 

 

 

 

Cyclohexene 5-11. Prepared according to the General Procedure using alkene 5-137 (31.7 mg, 0.100 

mmol), diene 5-2 (30.1 µL, 0.300 mmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and 

nitromethane (1.00 mL). The reaction mixture was irradiated for 17 h. The crude product was purified by 

flash chromatography (100% hexanes → 6:1 hexanes/EtOAc eluent) to afford cyclohexene 5-11 (29.9 

mg, 78% yield, 13:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.71 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

Me
O

MeOMeO

O

[Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

17 h
78% yield 5-11S-137

(3 equiv)Me
5-2

Br
Br
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1H NMR (400 MHz; CDCl3): δ 7.64 (d, J = 8.4 Hz, 2H), 7.49 (d, J = 8.4 Hz, 2H), 7.06 (d, J = 8.6 Hz, 

2H), 6.68 (d, J = 8.6 Hz, 2H), 5.53 (br s, 1H), 3.89 (td, J = 10.7, 5.3 Hz, 1H), 3.68 (s, 3H), 3.14 (td, J = 

10.7, 5.5 Hz, 1H), 2.32-2.15 (comp. m, 4H), 1.71 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 202.9, 157.9, 136.2, 136.1, 132.3, 131.7, 129.5, 128.3, 127.8, 121.0, 

113.7, 55.1, 47.4, 41.7, 35.1, 34.1, 23.2. 

IR (ATR, neat): 2963, 2901, 2832, 1682, 1582, 1512, 1242, 1003, 826, 733 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C21H21BrO2 + H]+: 385.0798, found 385.0805. 

 

 

 

Cyclohexene 5-12. Prepared according to the General Procedure using alkene 5-138 (25.2 mg, 0.100 

mmol), diene 5-2 (30.1 µL, 0.300 mmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and 

nitromethane (1.00 mL). The reaction mixture was irradiated for 43 h. The crude product was purified by 

flash chromatography (100% hexanes → 6:1 hexanes/EtOAc eluent) to afford cyclohexene 5-12 (20.6 

mg, 64% yield, 8:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.82 in 3:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): δ 7.41 (d, J = 7.7 Hz, 1H), 7.26 (t, J = 7.5 Hz, 1H), 7.16 (t, J = 7.5 Hz, 1H), 

7.08 (comp. m, 3H), 6.70 (d, J = 8.4 Hz, 2H), 5.51 (br s, 1H), 3.78-3.73 (m, 1H), 3.72 (s, 3H), 3.11 (td, J 

= 10.8, 5.7 Hz, 1H), 2.42-2.29 (comp. m, 2H), 2.25-2.18 (comp. m, 2H), 2.05 (s, 3H), 1.73 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 208.2, 158.0, 139.6, 137.6, 136.3, 132.5, 131.4, 130.7, 128.6, 127.4, 

125.3, 120.9, 113.7, 55.2, 50.9, 42.2, 34.8, 34.4, 23.3, 20.2. 

IR (ATR, neat): 2963, 2909, 2839, 1682, 1512, 1242, 1034, 734 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C22H24O2 + H]+: 321.1849, found 321.1849. 

MeO

O

[Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

43 h
64% yieldS-138

(3 equiv)Me
5-2 Me

O

MeO
5-12

MeMe
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Cyclohexene 5-13. Prepared according to the General Procedure using alkene 5-139 (26.8 mg, 0.100 

mmol), diene 5-2 (30.1 µL, 0.300 mmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and 

nitromethane (1.00 mL). The reaction mixture was irradiated for 43 h. The crude product was purified by 

flash chromatography (100% hexanes → 6:1 hexanes/EtOAc eluent) to afford cyclohexene 5-13 (24.8 

mg, 74% yield, 10:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.52 in 3:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): δ 7.29 (td, J = 7.8, 0.8 Hz, 1H), 7.03 (d, J = 8.6 Hz, 2H), 6.82 (t, J = 7.5 

Hz, 2H), 6.74 (t, J = 7.5 Hz, 1H), 6.67 (d, J = 8.6 Hz, 2H), 5.48 (br s, 1H), 3.84 (s, 3H), 3.84-3.80 (m, 

1H), 3.71 (s, 3H), 3.04 (td, J = 10.5, 5.7 Hz, 1H), 2.39-2.16 (comp. m, 4H), 1.73 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 208.0, 157.8, 157.2, 136.5, 133.1, 132.2, 130.7, 129.3, 128.7, 120.43, 

120.40, 113.4, 110.8, 55.5, 55.2, 52.4, 42.5, 34.0, 33.7, 23.4. 

IR (ATR, neat): 2963, 2901, 2832, 1682, 1598, 1512, 1242, 1018, 756 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C22H24O3 + H]+: 337.1798, found 337.1801. 

 

 

 

Cyclohexene 5-14. Prepared according to the General Procedure using alkene 5-69 (17.6 mg, 0.100 

mmol), diene 5-2 (30.1 µL, 0.300 mmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and 

MeO

O

[Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

43 h
74% yieldS-139

(3 equiv)Me
5-2 Me

O

MeO
5-13

OMeOMe

Me
Me

O

MeOMeO

O

Me [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

23 h
83% yield

5-145-69

(3 equiv)Me
5-2
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nitromethane (1.00 mL). The reaction mixture was irradiated for 23 h. The crude product was purified by 

flash chromatography (100% hexanes → 9:1 hexanes/EtOAc eluent) to afford cyclohexene 5-14 (20.3 

mg, 83% yield, 12:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.61 in 3:1 hexanes/EtOAc, stained yellow with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.09 (d, J = 8.6 Hz, 2H), 6.81 (d, J = 8.6 Hz, 2H), 5.46 (br s, 1H), 3.76 (s, 

3H), 3.00 (td, J = 10.9, 5.2 Hz, 1H), 2.87 (td, J = 10.9, 5.4 Hz, 1H), 2.29-2.04 (comp. m, 4H), 1.82 (s, 

3H), 1.71 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 212.4, 158.1, 136.0, 132.1, 128.4, 120.7, 113.9, 55.2, 53.8, 41.9, 34.1, 

33.3, 29.8, 23.2. 

IR (ATR, neat): 2963, 2909, 2832, 1705, 1612, 1512, 1435, 1242, 1173, 1034, 826 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C16H20O2 + H]+: 245.1536, found 245.1538. 

 

 

 

Cyclohexene 5-15. Prepared according to the General Procedure using alkene 5-70 (20.6 mg, 0.100 

mmol), diene 5-2 (30.1 µL, 0.300 mmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and 

nitromethane (1.00 mL). The reaction mixture was irradiated for 23 h. The crude product was purified by 

flash chromatography (100% hexanes → 6:1 hexanes/EtOAc eluent) to afford cyclohexene 5-15 (20.6 

mg, 75% yield, 19:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.67 in 3:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): δ 7.12 (d, J = 8.5 Hz, 2H), 6.80 (d, J = 8.5 Hz, 2H), 5.46 (br s, 1H), 3.85 

(qd, J = 7.1, 1.5 Hz, 2H), 3.76 (s, 3H), 2.90 (td, J = 10.9, 5.4 Hz, 1H), 2.80 (td, J = 10.9, 5.1 Hz, 1H), 

2.42-2.16 (comp. m, 4H), 1.71 (s, 3H), 0.93 (t, J = 7.1 Hz, 3H). 

Me
EtO

O

MeOMeO

O

OEt [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

23 h
75% yield

5-155-70

(3 equiv)Me
5-2
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13C NMR (100 MHz; CDCl3): δ 175.2, 158.1, 136.0, 132.1, 128.5, 120.6, 113.6, 59.9, 55.21, 55.19, 46.9, 

42.1, 33.9, 23.2, 13.9. 

IR (ATR, neat): 2963, 2901, 2839, 1782, 1512, 1242, 1172, 1034, 826 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C17H22O3 + H]+: 275.1642, found 275.1640. 

 

 

 

Cyclohexene 5-16. Prepared according to a modified General Procedure (modification: 1 mol % catalyst 

was used) using alkene 5-140 (17.8 mg, 0.100 mmol), diene 5-2 (30.1 µL, 0.300 mmol), 

[Cr(Ph2phen)3](BF4)3 (1.3 mg, 0.00100 mmol), and nitromethane (1.00 mL). The reaction mixture was 

irradiated for 72 h. The crude product was purified by flash chromatography (100% hexanes → 2:1 

hexanes/EtOAc eluent) to afford cyclohexene 5-16 (14.0 mg, 57% yield, 17:1 isomeric ratio) as a white 

solid. 

TLC: Rf = 0.64 in 1:1 hexanes/EtOAc, stained with KMnO4. 

1H NMR (400 MHz; CDCl3): δ 7.11 (d, J = 8.6 Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 5.45 (br s, 1H), 3.77 (s, 

3H), 2.91 (td, J = 10.6, 5.4 Hz, 1H), 2.81 (td, J = 10.6, 5.4 Hz, 1H), 2.37-2.08 (comp. m, 4H), 1.70 (s, 

3H). 

13C NMR (100 MHz; CDCl3): δ 180.0, 158.1, 135.8, 131.8, 128.3, 120.6, 113.8, 55.2, 46.3, 41.3, 33.64, 

33.61, 23.1. 

IR (ATR, neat): 3364, 2970, 2909, 2839, 1713, 1512, 1242, 949, 826 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C15H18O3 + H]+: 247.1329, found 247.1326. 

 

Me
HO

O

MeOMeO

O

OH [Cr(Ph2phen)3](BF4)3 (1.0 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

72 h
57% yield

5-16S-140

(3 equiv)Me
5-2
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Cyclohexene 5-17. Prepared according to a modified General Procedure (modification: 9 equivalents of 

diene were used, and it was added in 3 portions) using alkene 5-141 (8.1 mg, 50.0 µmol), diene 5-2 (15.0 

µL, 150 µmol), [Cr(Ph2phen)3](BF4)3 (0.3 mg, 0.250 µmol), and nitromethane (0.500 mL). After 24 and 

48 h, additional portions of diene 5-2 (15.0 µL each) were added. The reaction mixture was irradiated for 

67 h total. The crude product was purified by flash chromatography (100% hexanes → 9:1 

hexanes/EtOAc eluent) to afford cyclohexene 5-17 (6.1 mg, 53% yield, 11:1 isomeric ratio) as a colorless 

oil. 

TLC: Rf = 0.63 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 9.45 (s, 1H), 7.13 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 5.49 (br s, 

1H), 3.78 (s, 3H), 2.98 (td, J = 9.8, 5.6 Hz, 1H), 2.82-2.75 (m, 1H), 2.34-2.02 (comp. m, 4H), 1.73 (s, 

3H). 

13C NMR (100 MHz; CDCl3): δ 204.5, 158.3, 135.3, 131.8, 128.4, 120.9, 114.1, 55.2, 51.9, 39.9, 33.4, 

29.5, 23.3. 

IR (ATR, neat): 2970, 2909, 2839, 1721, 1512, 1250, 826 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C15H18O2 + H]+: 231.1380, found 231.1379. 

 

 

 

Me
H

O

MeOMeO

O

H [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

67 h
53% yield

5-17S-141

(3 x 3 equiv)Me
5-2

MeO2N

MeO

NO2

MeO

[Cr(Ph2phen)3](BF4)3 (1.0 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

43 h
74% yield

5-185-94

(3 equiv)Me
5-2
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Cyclohexene 5-18. Prepared according to a modified General Procedure (modification: 1 mol % catalyst 

was used) using alkene 5-94 (17.9 mg, 0.100 mmol), diene 5-2 (30.1 µL, 0.300 mmol), 

[Cr(Ph2phen)3](BF4)3 (1.3 mg, 0.00100 mmol), and nitromethane (1.00 mL). The reaction mixture was 

irradiated for 43 h. The crude product was purified by flash chromatography (100% hexanes → 6:1 

hexanes/EtOAc eluent) to afford cyclohexene 5-18 (18.2 mg, 74% yield, 17:1 isomeric ratio) as a pale 

yellow oil. 

TLC: Rf = 0.65 in 3:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): δ 7.13 (d, J = 8.4 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 5.49 (br s, 1H), 4.91 

(td, J = 10.8, 5.6 Hz, 1H), 3.76 (s, 3H), 3.29 (td, J = 10.8, 5.8 Hz, 1H), 2.79-2.72 (m, 1H), 2.59-2.52 (m, 

1H), 2.44-2.37 (m, 1H), 2.34-2.24 (m, 1H), 1.75 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 158.8, 131.9, 130.3, 128.3, 120.7, 114.2, 88.1, 55.2, 43.4, 35.6, 33.1, 

22.8. 

IR (ATR, neat): 2963, 2909, 2839, 1551, 1512, 1373, 1242, 1033, 826, 733 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C14H17NO3 + H]+: 248.1281, found 248.1286. 

 

 

 

Cyclohexene 5-19. Prepared according to the General Procedure using alkene 5-142 (21.3 mg, 0.100 

mmol), diene 5-2 (30.1 µL, 0.300 mmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and 

nitromethane (1.00 mL). The reaction mixture was irradiated for 50 h. The crude product was purified by 

flash chromatography (100% hexanes → 9:1 hexanes/EtOAc eluent) to afford cyclohexene 5-19 (23.5 

mg, 84% yield, 17:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.79 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

MeBr

MeO

Br

MeO

[Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

50 h
84% yield

5-19S-142

(3 equiv)Me
5-2
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1H NMR (400 MHz; CDCl3): δ 7.13 (d, J = 8.4 Hz, 2H), 6.86 (d, J = 8.4 Hz, 2H), 5.50 (br s, 1H), 4.43 

(dt, J = 9.6, 7.3 Hz, 1H), 3.80 (s, 3H), 3.06 (td, J = 9.6, 5.9 Hz, 1H), 2.66 (d, J = 6.3 Hz, 2H), 2.51-2.45 

(m, 1H), 2.31-2.23 (m, 1H), 1.70 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 158.3, 136.2, 132.4, 128.3, 120.5, 113.8, 55.2, 54.4, 47.3, 41.3, 33.7, 

22.8. 

IR (ATR, neat): 2963, 2909, 2839, 1512, 1250, 1180, 1034, 810 cm-1. 

LRMS (ESI+): m/z calc’d for (M – Br) [C14H17BrO – Br]: 201.1, found 201.2. 

 

 

 

Cyclohexene 5-20. Prepared according to the General Procedure using alkene 5-143 (25.2 mg, 0.100 

mmol), diene 5-2 (30.1 µL, 0.300 mmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and 

nitromethane (1.00 mL). The reaction mixture was irradiated for 24 h. The crude product was purified by 

flash chromatography (100% hexanes → 6:1 hexanes/EtOAc eluent) to afford cyclohexene 5-20 (21.9 

mg, 68% yield, 15:1 isomeric ratio) as a white solid. 

TLC: Rf = 0.68 in 3:1 hexanes/EtOAc, stained yellow with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.42-7.29 (comp. m, 5H), 7.10 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.6 Hz, 

2H), 5.46 (br s, 1H), 5.01 (s, 2H), 3.00 (td, J = 10.9, 5.3 Hz, 1H), 2.88 (td, J = 10.9, 5.4 Hz, 1H), 2.29-

2.05 (comp. m, 4H), 1.83 (s, 3H), 1.71 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 212.4, 157.4, 137.0, 136.3, 132.2, 128.6, 128.4, 127.9, 127.5, 120.71, 

120.70, 114.9, 70.0, 53.8, 42.0, 34.1, 33.3, 23.2. 

IR (ATR, neat): 2970, 2909, 2839, 1705, 1512, 1242, 903, 725 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C22H24O2 + H]+: 321.1849, found 321.1853. 

Me
Me

O

BnOBnO

O

Me [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

24 h
68% yield

5-20S-143

(3 equiv)Me
5-2
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Cyclohexene 5-21. Prepared according to the General Procedure using alkene 5-144 (26.8 mg, 0.100 

mmol), diene 5-2 (30.1 µL, 0.300 mmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and 

nitromethane (1.00 mL). The reaction mixture was irradiated for 42 h. The crude product was purified by 

flash chromatography (100% hexanes → 6:1 hexanes/EtOAc eluent) to afford cyclohexene 5-21 (18.1 

mg, 54% yield, 12:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.63 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3):  δ 7.80 (d, J = 7.6 Hz, 2H), 7.47 (t, J = 7.6 Hz, 1H), 7.37 (t, J = 7.6 Hz, 2H), 

7.09 (d, J = 8.5 Hz, 2H), 6.81 (d, J = 8.5 Hz, 2H), 5.52 (br s, 1H), 5.07-5.02 (comp. m, 2H), 3.97 (td, J = 

10.5, 5.4 Hz, 1H), 3.39 (s, 3H), 3.18 (td, J = 10.5, 5.7 Hz, 1H), 2.38-2.19 (comp. m, 4H), 1.71 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 203.7, 155.5, 137.9, 137.3, 132.7, 132.4, 128.42, 128.38, 128.0, 120.9, 

116.1, 94.4, 55.9, 47.2, 41.5, 35.2, 34.2, 23.2. 

IR (ATR, neat): 2970, 2901, 2839, 1682, 1512, 1234, 1150, 1003, 903, 725 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C22H24O3 + H]+: 337.1798, found 337.1799. 

 

 

 

Cyclohexene 5-7. Prepared according to a modified General Procedure (modification: 300-420 nm 

irradiation was used) using alkene 5-1 (23.8 mg, 0.100 mmol), diene 5-6 (43.0 µL, 0.380 mmol), 

Me
Ph

O

MOMOMOMO

O

Ph [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

42 h
54% yield

5-21S-144

(3 equiv)Me
5-2

Me
Ph

O

MeOMeO

O

Ph [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
NUV light, air

70 h
73% yield

5-75-1

(3.8 equiv)

Me

Me
Me5-6
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[Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and nitromethane (1.00 mL). The reaction mixture was 

irradiated with 300-420 nm light for 70 h. The crude product was purified by flash chromatography 

(100% hexanes → 9:1 hexanes/EtOAc eluent) to afford cyclohexene 5-7 (23.4 mg, 73% yield) as a 

colorless oil. 

TLC: Rf = 0.63 in 3:1 hexanes/EtOAc, stained with KMnO4. 

1H NMR (400 MHz; CDCl3): δ 7.81 (d, J = 7.4 Hz, 2H), 7.48 (t, J = 7.4 Hz, 1H), 7.37 (t, J = 7.7 Hz, 2H), 

7.10 (d, J = 8.6 Hz, 2H), 6.69 (d, J = 8.6 Hz, 2H), 3.95 (td, J = 10.8, 5.4 Hz, 1H), 3.68 (s, 3H), 3.25-3.22 

(m, 1H), 2.31-2.21 (comp. m, 4H), 1.67 (app. s, 6H). 

13C NMR (100 MHz; CDCl3): δ 203.7, 157.8, 137.4, 136.7, 132.6, 128.4, 128.3, 128.0, 125.7, 124.1, 

113.7, 55.1, 47.7, 42.2, 40.7, 37.0, 18.7, 18.6. 

IR (ATR, neat): 2901, 2832, 1674, 1512, 1242, 1034, 825, 733, 694 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C22H24O2 + H]+: 321.1849, found 321.1855. 

 

 

 

Cyclohexene 5-22 Prepared according to the General Procedure using alkene 5-70 (15.5 mg, 75.0 µmol), 

diene 5-14555 (31.1 mg, 225 µmol), [Cr(Ph2phen)3](BF4)3 (0.5 mg, 0.375 µmol), and nitromethane (0.750 

mL). The reaction mixture was irradiated for 44 h. The crude product was purified by flash 

chromatography (100% hexanes → 9:1 hexanes/EtOAc eluent) to afford cyclohexene 5-22 (22.9 mg, 89% 

yield, 5:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.76 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.11 (d, J = 8.5 Hz, 2H), 6.80 (d, J = 8.5 Hz, 2H), 5.89-5.86 (m, 1H), 

5.72-5.69 (m, 1H), 3.96 (q, J = 7.1 Hz, 2H), 3.77 (s, 3H), 3.29 (dd, J = 10.4, 5.4 Hz, 1H), 3.00 (dt, J = 

EtO

O

MeOMeO

O

OEt [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

44 h
89% yield

5-225-70

(3 equiv)

n-C6H13

n-C6H13

5-145
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10.4, 7.6 Hz, 1H), 2.38-2.36 (comp. m, 2H), 2.24-2.21 (m, 1H), 1.27-1.09 (comp. m, 10H), 1.04 (t, J = 7.1 

Hz, 3H), 0.81 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 175.5, 157.8, 134.2, 131.5, 129.4, 124.1, 113.3, 60.1, 55.1, 44.9, 41.2, 

39.0, 31.7, 31.4, 29.4, 28.9, 27.3, 22.5, 14.04, 14.01. 

IR (ATR, neat): 2955, 2924, 2855, 1728, 1512, 1242, 1242, 1173, 1034, 833 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C22H32O3 + H]+: 345.2424, found 345.2426. 

 

 

 

Cyclohexene 5-23. Prepared according to the General Procedure using alkene 5-70 (15.5 mg, 75.0 

µmol), diene 5-14655 (35.6 mg, 225 µmol), [Cr(Ph2phen)3](BF4)3 (0.5 mg, 0.375 µmol), and nitromethane 

(0.750 mL). The reaction mixture was irradiated for 70 h. The crude product was purified by flash 

chromatography (100% hexanes → 15:1 hexanes/EtOAc eluent) to afford cyclohexene 5-23 (23.1 mg, 

85% yield, 4:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.74 in 3:1 hexanes/EtOAc, stained red with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.20 (t, J = 7.2 Hz, 3H), 7.13 (d, J = 8.4 Hz, 2H), 6.99 (d, J = 7.6 Hz, 

2H), 6.81 (d, J = 8.4 Hz, 2H), 5.94-5.90 (m, 1H), 5.81-5.75 (m, 1H), 3.97 (q, J = 7.1 Hz, 2H), 3.78 (s, 

3H), 3.35 (dd, J = 10.2, 5.4 Hz, 1H), 3.01 (dt, J = 10.2, 7.5 Hz, 1H), 2.42-2.39 (comp. m, 3H), 2.35-2.27 

(comp. m, 2H), 1.54-1.41 (comp. m, 2H), 1.04 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 175.4, 157.9, 142.3, 133.9, 131.0, 129.4, 128.24, 128.19, 125.6, 124.7, 

113.5, 60.2, 55.2, 44.7, 41.3, 38.5, 33.6, 33.2, 28.6, 14.0. 

IR (ATR, neat): 3024, 2932, 2839, 1728, 1512, 1242, 1157, 1034, 833, 733, 702 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C24H28O3 + H]+: 365.2111, found 365.2109. 

EtO

O

MeOMeO

O

OEt [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

70 h
85% yield

5-235-70

(3 equiv)

Ph

Ph
5-146
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Cyclohexene 5-24. Prepared according to the General Procedure using alkene 5-70 (24.7 mg, 0.120 

mmol), diene 5-147 (71.4 mg, 0.360 mmol), [Cr(Ph2phen)3](BF4)3 (0.8 mg, 0.000600 mmol), and 

nitromethane (1.20 mL). The reaction mixture was irradiated for 50 h. The crude product was purified by 

flash chromatography (100% hexanes → 15:1 hexanes/EtOAc eluent) to afford cyclohexene 5-24 (37.6 

mg, 77% yield, 4:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.76 in 3:1 hexanes/EtOAc, stained red with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.18 (d, J = 8.5 Hz, 2H), 6.80 (d, J = 8.5 Hz, 2H), 5.86-5.75 (comp. m, 

2H), 3.93 (q, J = 7.1 Hz, 2H), 3.78 (s, 3H), 3.35 (d, J = 4.4 Hz, 2H), 3.32-3.26 (m, 1H), 2.36-2.32 (comp. 

m, 3H), 1.01 (t, J = 7.1 Hz, 3H), 0.86 (s, 9H), -0.05 (s, 3H), -0.08 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 175.8, 158.0, 133.7, 129.4, 129.0, 126.0, 113.3, 63.3, 60.0, 55.2, 44.0, 

41.82, 41.77, 28.9, 25.8, 18.2, 14.0, -5.6. 

IR (ATR, neat): 2932, 2901, 2855, 1728, 1512, 1250, 1042, 833, 772 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C23H36O4Si + H]+: 405.2456, found 405.2455. 

 

 

 

EtO

O

MeOMeO

O

OEt [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

50 h
77% yield

5-245-70

(3 equiv)

OTBS

OTBS
5-147

EtO

O

MeOMeO

O

OEt [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

46 h
61% yield

5-255-70

(3 equiv)

n-C5H11

Men-C5H11Me
5-148
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Cyclohexene 5-25. Prepared according to the General Procedure using alkene 5-70 (15.5 mg, 75.0 

µmol), diene 5-14855 (31.1 mg, 225 µmol), [Cr(Ph2phen)3](BF4)3 (0.5 mg, 0.375 µmol), and nitromethane 

(0.750 mL). The reaction mixture was irradiated for 46 h. The crude product was purified by flash 

chromatography (100% hexanes → 9:1 hexanes/EtOAc eluent) to afford cyclohexene 5-25 (15.8 mg, 61% 

yield, 3:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.78 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.09 (d, J = 8.5 Hz, 2H), 6.79 (d, J = 8.5 Hz, 2H), 5.57 (br s, 1H), 3.97 (q, 

J = 7.1 Hz, 2H), 3.77 (s, 3H), 3.24 (dd, J = 10.3, 5.4 Hz, 1H), 3.04-2.98 (m, 1H), 2.29-2.16 (comp. m, 

3H), 1.72 (s, 3H), 1.36-1.14 (comp. m, 8H), 1.05 (t, J = 7.1 Hz, 3H), 0.79 (t, J = 7.0 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 175.6, 157.8, 134.2, 131.3, 129.4, 125.7, 113.3, 60.1, 55.1, 47.7, 44.9, 

41.7, 39.1, 33.3, 32.0, 31.4, 27.1, 23.4, 22.6, 14.0. 

IR (ATR, neat): 2955, 2924, 2855, 1736, 1512, 1466, 1250, 1180, 1034, 833 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C22H32O3 + H]+: 345.2424, found 345.2423. 

 

 

 

Cyclohexene 5-26. Prepared according to the General Procedure using alkene 5-70 (15.5 mg, 75.0 

µmol), diene 5-149 (31.5 mg, 225 µmol), [Cr(Ph2phen)3](BF4)3 (0.5 mg, 0.375 µmol), and nitromethane 

(0.750 mL). The reaction mixture was irradiated for 60 h. The crude product was purified by flash 

chromatography (100% hexanes → 10:1 hexanes/EtOAc eluent) to afford cyclohexene 5-26 (20.2 mg, 

78% yield, 6:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.55 in 3:1 hexanes/EtOAc, visualized by UV. 

EtO

O

MeOMeO

O

OEt [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

60 h
78% yield

5-265-70

(3 equiv) Me

OAc

Me
OAc 5-149
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1H NMR (400 MHz; CDCl3): δ 7.10 (d, J = 8.6 Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 5.45 (br s, 1H), 3.97 (q, 

J = 7.1 Hz, 2H), 3.90 (dd, J = 11.0, 5.3 Hz, 1H), 3.76 (s, 3H), 3.67 (dd, J = 11.0, 6.4 Hz, 1H), 3.31 (dd, J 

= 10.8, 6.0 Hz, 1H), 3.12 (ddd, J = 10.8, 8.8, 6.3 Hz, 1H), 2.63-2.57 (m, 1H), 2.32-2.28 (comp. m, 2H), 

1.91 (s, 3H), 1.74 (s, 3H), 1.04 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 175.2, 169.6, 158.2, 134.2, 132.9, 129.0, 121.6, 113.7, 65.1, 60.3, 55.1, 

43.1, 41.8, 39.0, 33.3, 23.3, 20.9, 14.0. 

IR (ATR, neat): 2963, 2901, 2839, 1728, 1512, 1247, 1172, 1034, 833 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C20H26O5 + H]+: 347.1853, found 347.1853. 

 

 

 

Cyclohexene 5-27. Prepared according to the General Procedure using alkene 5-1 (17.9 mg, 75.0 µmol), 

diene 5-150 (24.8 mg, 225 µmol), [Cr(Ph2phen)3](BF4)3 (0.5 mg, 0.375 µmol), and nitromethane (0.750 

mL). The reaction mixture was irradiated for 70 h. The crude product was purified by flash 

chromatography (100% hexanes → 3:1 hexanes/EtOAc eluent) to afford cyclohexene 5-27 (14.1 mg, 54% 

yield, 6:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.35 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 9.79 (s, 1H), 7.79 (d, J = 7.3 Hz, 2H), 7.48 (t, J = 7.3 Hz, 1H), 7.37 (t, J = 

7.7 Hz, 2H), 7.09 (d, J = 8.6 Hz, 2H), 6.68 (d, J = 8.6 Hz, 2H), 5.57 (br s, 1H), 3.95 (td, J = 10.5, 5.2 Hz, 

1H), 3.68 (s, 3H), 3.21-3.15 (m, 1H), 2.60-2.56 (comp. m, 2H), 2.37-2.19 (comp. m, 6H). 

13C NMR (100 MHz; CDCl3): δ 203.6, 202.1, 157.9, 137.2, 136.1, 134.3, 132.8, 128.5, 128.4, 128.0, 

121.5, 113.7, 55.1, 47.0, 41.7, 41.6, 33.9, 33.5, 29.4. 

IR (ATR, neat): 2901, 2832, 2723, 1721, 1674, 1512, 1242, 1034, 826, 733 cm-1. 

Ph

O

MeOMeO

O

Ph [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

70 h
54% yield

5-275-1

(3 equiv) O
5-150

H

O

H
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HRMS (ESI+): m/z calc’d for (M + H)+ [C23H24O3 + H]+: 349.1798, found 349.1796. 

 

 

 

 

Cyclohexene 5-28. Prepared according to the General Procedure using alkene 5-1 (17.9 mg, 75.0 µmol), 

diene 5-95 (34.7 mg, 225 µmol), [Cr(Ph2phen)3](BF4)3 (0.5 mg, 0.375 µmol), and nitromethane (0.750 

mL). The reaction mixture was irradiated for 70 h. The crude product was purified by flash 

chromatography (100% hexanes → 3:1 hexanes/EtOAc eluent) to afford cyclohexene 5-28 (18.0 mg, 61% 

yield, 7:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.50 in 3:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): δ 7.79 (d, J = 7.3 Hz, 2H), 7.48 (t, J = 7.3 Hz, 1H), 7.37 (t, J = 7.7 Hz, 2H), 

7.09 (d, J = 8.6 Hz, 2H), 6.69 (d, J = 8.6 Hz, 2H), 5.57 (br s, 1H), 4.07 (t, 2H, J = 6.4 Hz), 3.98-3.92 (m, 

1H), 3.68 (s, 3H), 3.18 (td, J = 10.8, 5.7 Hz, 1H), 2.41-2.20 (comp. m, 4H), 2.09-2.05 (comp. m, 2H), 

2.05 (s, 3H), 1.82-1.74 (comp. m, 2H). 

13C NMR (100 MHz; CDCl3): δ 203.7, 171.2, 157.8, 137.2, 136.3, 135.0, 132.8, 128.5, 128.34, 128.28, 

128.0, 121.3, 113.7, 64.1, 55.1, 47.2, 41.6, 34.1, 33.5, 26.4, 21.0. 

IR (ATR, neat): 2955, 2901, 2832, 1728, 1674, 1512, 1234, 1034, 826, 702 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C25H28O4 + H]+: 393.2060, found 393.2065. 

 

 

Ph

O

MeOMeO

O

Ph [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

70 h
61% yield

5-285-1

(3 equiv)OAc
5-95

OAc

Ph

O

MeOMeO

O

Ph [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

70 h
55% yield

5-295-1

(3 equiv)OH
5-151

OH
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Cyclohexene 5-29. Prepared according to the General Procedure using alkene 5-1 (17.9 mg, 75.0 µmol), 

diene 5-151 (25.2 mg, 225 µmol), [Cr(Ph2phen)3](BF4)3 (0.5 mg, 0.375 µmol), and nitromethane (0.750 

mL). The reaction mixture was irradiated for 70 h. The crude product was purified by flash 

chromatography (100% hexanes → 4:1 hexanes/EtOAc eluent) to afford cyclohexene 5-29 (14.5 mg, 55% 

yield, 8:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.62 in 1:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.79 (d, J = 8.0 Hz, 2H), 7.48 (t, J = 7.4 Hz, 1H), 7.37 (t, J = 7.6 Hz, 2H), 

7.09 (d, J = 8.4 Hz, 2H), 6.69 (d, J = 8.4 Hz, 2H), 5.59 (br s, 1H), 3.95 (td, J = 10.4, 5.1 Hz, 1H), 3.68 (s, 

3H), 3.22-3.15 (m, 1H), 2.41-2.21 (comp. m, 4H), 2.12-2.08 (comp. m, 2H), 1.75-1.65 (comp. m, 4H). 

13C NMR (100 MHz; CDCl3): δ 203.8, 157.8, 136.4, 135.7, 132.8, 128.5, 128.3, 128.0, 121.0, 113.7, 

62.6, 55.1, 47.2, 41.6, 34.1, 33.6, 33.5, 30.5. 

IR (ATR, neat): 3387, 2931, 2909, 2839, 1674, 1512, 1265, 1242, 1034, 732, 702 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C23H26O3 + H]+: 351.1955, found 351.1955. 

 

 

 

Cyclohexene 5-30. Prepared according to the General Procedure using alkene 5-1 (23.8 mg, 0.100 

mmol), diene 5-152 (45.7 mg, 0.300 mmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and  

nitromethane (1.00 mL). The reaction mixture was irradiated for 39 h. The crude product was purified by 

flash chromatography (100% hexanes → 9:1 hexanes/EtOAc eluent) to afford cyclohexene 5-30 (28.2 

mg, 72% yield, 7:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.52 in 3:1 hexanes/EtOAc, stained yellow with p-anisaldehyde. 

Ph

O

MeOMeO

O

Ph [Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

39 h
72% yield

5-305-1

(3 equiv)

Me

5-152 Me
O

Me

Me

O



 321 

1H NMR (400 MHz; CDCl3): δ 7.81-7.78 (comp. m, 2H), 7.48 (t, J = 7.3 Hz, 1H), 7.37 (t, J = 7.6 Hz, 

2H), 7.09 (d, J = 8.5 Hz, 2H), 6.69 (d, J = 8.5 Hz, 2H), 5.61 (br s, 1H), 3.99-3.92 (m, 1H), 3.68 (s, 3H), 

3.23-3.16 (m, 1H), 2.73 (q, J = 5.4 Hz, 1H), 2.44-2.10 (comp. m, 6H), 1.68-1.63 (comp. m, 2H), 1.32 (s, 

3H), 1.27 (d, J = 1.4 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 203.7, 157.8, 137.2, 136.3, 135.3, 132.8, 128.4, 128.0, 121.0, 113.7, 

64.0, 58.4, 55.1, 47.1, 41.6, 34.2, 34.0, 27.3, 24.9, 18.8. 

IR (ATR, neat): 3055, 2963, 2909, 2839, 1682, 1512, 1250, 734, 702 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C26H30O3 + H]+: 391.2268, found 391.2267. 

 

 

 

Cyclohexene 5-98. Prepared according to the General Procedure using alkene 5-94 (9.0 mg, 50.0 µmol), 

diene 5-95 (23.1 mg, 150 µmol), [Cr(Ph2phen)3](BF4)3 (0.5 mg, 0.250 µmol), and nitromethane (0.500 

mL). The reaction mixture was irradiated for 90 h. The crude product was purified by flash 

chromatography (100% hexanes → 4:1 hexanes/EtOAc eluent) to afford cyclohexene 5-98 (12.4 mg, 74% 

yield, 11:1 isomeric ratio) as a yellow oil. 

TLC: Rf = 0.57 in 3:1 hexanes/EtOAc, stained with KMnO4. 

1H NMR (500 MHz; CDCl3): δ 7.16 (d, J = 8.6 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 5.56 (br s, 1H), 4.93 

(td, J = 10.6, 5.7 Hz, 1H), 4.11 (t, J = 13.2, 6.6 Hz, 2H), 3.80 (s, 3H), 3.34 (td, J = 10.6, 5.9 Hz, 1H), 

2.83-2.78 (comp. m, 2H), 2.61 (dd, J = 16.6, 5.2 Hz, 1H), 2.52-2.46 (m, 1H), 2.37-2.31 (m, 1H), 2.15 (t, J 

= 7.5 Hz, 2H), 2.10 (s, 3H), 2.08-2.07 (m, 1H), 1.84-1.78 (comp. m, 2H). 

13C NMR (100 MHz; CDCl3): δ 171.2, 158.9, 132.9, 128.4, 127.9, 121.0, 114.2, 88.0, 63.81, 63.79, 55.2, 

43.5, 34.0, 33.1, 32.9, 26.3, 21.0. 

O2N

MeO

NO2

MeO

[Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
23 W CFL, air

90 h
74% yield

5-985-94

OAc

(3 equiv)OAc
5-95
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IR (ATR, neat): 2918, 2839, 1732, 1548, 1514, 1375, 1244, 1032, 829, 733 cm-1. 

HRMS (ESI+): m/z calc’d for (M + Na)+ [C18H23NO5 + Na]+: 356.1468, found 356.1468. 

 

 

 

Cyclohexene 5-113. Prepared according the General Procedure using alkene 5-69 (15.4 mg, 0.0873 

mmol), diene 5-6 (29.0 µL, 0.262 mmol), [Cr(Ph2phen)3](BF4)3 (0.6 mg, 0.000437 mmol), and 

nitromethane (0.870 mL). The reaction mixture was irradiated for 38 h. The crude product was purified 

by flash chromatography (100% hexanes → 10:1 hexanes/EtOAc eluent) to afford cyclohexene 5-113 

(12.6 mg, 56% yield) as a colorless oil. 

TLC: Rf = 0.65 in 3:1 hexanes/EtOAc, stained with KMnO4. 

1H NMR (400 MHz; CDCl3): δ 7.10 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 3.77 (s, 3H), 3.01-2.89 

(comp. m, 2H), 2.32-2.03 (comp. m, 4H), 1.84 (s, 3H), 1.67 (s, 3H), 1.63 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 212.3, 158.1, 136.1, 128.3, 125.4, 123.7, 113.9, 55.2, 54.2, 42.7, 40.6, 

35.0, 29.6, 18.7, 18.6. 

IR (ATR, neat): 2991, 2911, 1705, 1512, 1244, 1176, 1033, 827 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C17H22O2 + H]+: 259.1693, found 259.1689. 
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56% yield
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(3 equiv)
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58% yield
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(3 equiv)

Me

Me
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Cyclohexene 5-114. Prepared according the General Procedure using alkene 5-70 (20.6 mg, 0.100 

mmol), diene 5-6 (33.8 µL, 0.300 mmol), [Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and 

nitromethane (1.00 mL). The reaction mixture was irradiated for 48 h. The crude product was purified by 

flash chromatography (100% hexanes → 9:1 hexanes/EtOAc eluent) to afford cyclohexene 5-114 (16.6 

mg, 58% yield) as a colorless oil. 

TLC: Rf = 0.73 in 3:1 hexanes/EtOAc, stained with KMnO4. 

1H NMR (400 MHz; CDCl3): δ 7.13 (d, J = 8.7 Hz, 2H), 6.81 (d, J = 8.7 Hz, 2H), 3.86 (qd, J = 7.1, 2.5 

Hz, 2H), 3.77 (s, 3H), 2.99-2.92 (m, 1H), 2.78 (td, J = 11.2, 5.3 Hz, 1H), 2.45-2.38 (m, 1H), 2.23-2.15 

(comp. m, 3H), 1.66 (s, 3H), 1.63 (s, 3H), 0.94 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 175.2, 158.1, 136.1, 128.4, 125.3, 123.7, 113.6, 59.9, 55.2, 47.2, 42.9, 

40.3, 35.5, 18.7, 18.6, 13.9. 

IR (ATR, neat): 2980, 2904, 1728, 1512, 1244, 1176, 1153, 1033, 829 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C18H24O3 + H]+: 289.1798, found 289.1799. 

 

 

 

Cyclohexene 5-115. Prepared according the General Procedure using alkene 5-142 (18.6 mg, 0.0873 

mmol), diene 5-6 (29.0 µL, 0.262 mmol), [Cr(Ph2phen)3](BF4)3 (0.6 mg, 0.000437 mmol), and 

nitromethane (0.870 mL). The reaction mixture was irradiated for 38 h. The crude product was purified 

by flash chromatography (100% hexanes → 10:1 hexanes/EtOAc eluent) to afford cyclohexene 5-115 

(20.5 mg, 80% yield) as a colorless oil. 

TLC: Rf = 0.78 in 3:1 hexanes/EtOAc, stained with KMnO4. 
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MeO
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1H NMR (400 MHz; CDCl3): δ 7.13 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 4.41 (ddd, J = 10.0, 

8.1, 6.5 Hz, 1H), 3.80 (s, 3H), 3.10 (td, J = 10.0, 6.0 Hz, 1H), 2.69 (d, J = 6.5 Hz, 2H), 2.41-2.22 (m, 2H), 

1.66 (s, 3H), 1.63 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 158.3, 136.3, 128.2, 125.4, 124.4, 113.8, 55.2, 54.8, 48.6, 43.0, 40.5, 

18.5, 18.4. 

IR (ATR, neat): 2980, 2909, 1611, 1512, 1246, 1176, 1035, 827, 773, 687 cm-1. 

HRMS (ESI+): m/z calc’d for (M + Na)+ [C15H19BrO + Na]+: 317.0511, found 317.0510. 

 

 

 

Cyclohexene 5-117. Prepared according the General Procedure using alkene 5-116 (12.4 mg, 0.0500 

mmol), diene 5-2 (15.0 µL, 0.150 mmol), [Cr(Ph2phen)3](BF4)3 (0.3 mg, 0.000250 mmol), and 

nitromethane (0.500 mL). The reaction mixture was irradiated for 40 h. The crude product was purified 

by flash chromatography (100% hexanes → 2:1 hexanes/EtOAc eluent) to afford cyclohexene 5-117 

(11.3 mg, 72% yield, 19:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.64 in 1:1 hexanes/EtOAc, stained with KMnO4. 

1H NMR (400 MHz; CDCl3): δ 7.14 (d, J = 8.6 Hz, 2H), 6.80 (d, J = 8.6 Hz, 2H), 5.48 (br s, 1H), 4.37 

(td, J = 10.9, 5.2 Hz, 1H), 4.22 (td, J = 8.5, 5.2 Hz, 1H), 3.98 (q, J = 8.5 Hz, 1H), 3.84-3.78 (m, 1H), 3.76 

(s, 3H), 3.52 (ddd, J = 10.6, 9.7, 5.7 Hz, 1H), 2.97 (q, J = 9.7 Hz, 1H), 2.40-2.16 (comp. m, 4H), 1.71 (s, 

3H). 

13C NMR (100 MHz; CDCl3): δ 176.2, 158.1, 153.1, 135.9, 132.0, 128.5, 120.6, 113.6, 61.7, 55.2, 43.6, 

42.9, 42.6, 33.7, 23.2. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C18H21NO4 + H]+: 316.1543, found 316.1528. 
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CH3NO2 (0.10 M)
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5.11.3 Synthesis of Electron-Poor Alkenes 

 

General Notes: Reactions were performed in flame-dried glassware under Ar, unless otherwise noted. 

Aldol condensation reactions did not require flame-dried glassware and could be run in a stoppered flask. 

 

 

 

Ketone 5-137. To a solution of aldehyde 5-153 (0.120 mL, 1.00 mmol) and ketone 5-154 (0.199 g, 1.00 

mmol) in EtOH (10.0 mL) at 23 °C was added aq. KOH (0.500 g in 1.00 mL H2O). The reaction mixture 

was capped and stirred at ambient temperature for 16 h. EtOH was removed by rotary evaporation, and 

the crude mixture was partitioned between H2O (15 mL) and EtOAc (15 mL). The aqueous layer was 

extracted with EtOAc (3 x 15 mL). The organic layers were combined, washed with brine (40 mL), and 

dried over MgSO4. The solvent was removed by rotary evaporation, and the crude residue was purified by 

flash chromatography (100% hexanes → 6:1 hexanes/EtOAc eluent) to afford ketone 5-137 (0.108 g, 

34% yield) as an off-white solid. 

TLC: Rf = 0.46 in 4:1 hexanes/EtOAc, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.56 
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Ketone 5-138. To a solution of aldehyde 5-153 (0.120 mL, 1.00 mmol) and ketone 5-155 (0.130 mL, 1.00 

mmol) in EtOH (10.0 mL) at 23 °C was added aq. KOH (0.500 g in 1.00 mL H2O). The reaction mixture 

was capped and stirred at ambient temperature for 16 h. EtOH was removed by rotary evaporation, and 

the crude mixture was partitioned between H2O (15 mL) and EtOAc (15 mL). The aqueous layer was 

extracted with EtOAc (3 x 15 mL). The organic layers were combined, washed with brine (40 mL), and 

dried over MgSO4. The solvent was removed by rotary evaporation, and the crude residue was purified by 

flash chromatography (100% hexanes → 6:1 hexanes/EtOAc eluent) to afford ketone 5-138 (0.212 g, 

84% yield) as a yellow oil. 

TLC: Rf = 0.42 in 4:1 hexanes/EtOAc, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.57 

 

 

 

Ketone 5-139. To a solution of aldehyde 5-153 (0.120 mL, 1.00 mmol) and ketone 5-156 (0.14 mL, 1.00 

mmol) in EtOH (10.0 mL) at 23 °C was added aq. KOH (0.500 g in 1.00 mL H2O). The reaction mixture 

was capped and stirred at ambient temperature for 16 h. EtOH was removed by rotary evaporation, and 

the crude mixture was partitioned between H2O (15 mL) and EtOAc (15 mL). The aqueous layer was 

extracted with EtOAc (3 x 15 mL). The organic layers were combined, washed with brine (40 mL), and 

dried over MgSO4. The solvent was removed by rotary evaporation, and the crude residue was purified by 

flash chromatography (100% hexanes → 6:1 hexanes/EtOAc eluent) to afford ketone 5-139 (0.114 g, 

42% yield) as a yellow oil. 

TLC: Rf = 0.22 in 4:1 hexanes/EtOAc, stained with KMnO4. 
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1H NMR (400 MHz; CDCl3): δ 7.59-7.52 (comp. m, 3H), 7.46 (t, J = 7.9 Hz, 1H), 7.05-6.98 (comp. m, 

2H), 6.91 (d, J = 8.4 Hz, 2H), 3.89 (s, 3H), 3.84 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 193.2, 161.4, 157.9, 143.4, 132.5, 130.2, 130.1, 129.5, 127.8, 124.9, 

120.7, 114.3, 111.6, 55.7, 55.4. 

IR (ATR, neat): 2970, 2839, 1651, 1589, 1172, 1026, 825, 756 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C17H16O3 + H]+: 269.1172, found 269.1176. 

 

 

 

 

Ketone 5-69. To a solution of aldehyde 5-153 (1.22 mL, 10.0 mmol) and acetone (7.35 mL, 100 mmol) in 

H2O (2.00 mL) at 0 °C was added 10% aq. NaOH (5.00 mL) dropwise over 30 min. The mixture was 

allowed to warm to ambient temperature. After stirring for 20 h, 1 M aq. HCl was added slowly until a 

white precipitate formed (ca. 15 mL). After stirring for 30 min, the precipitate was collected by vacuum 

filtration through a Büchner funnel. The solid was washed sequentially with ice cold H2O and EtOH, then 

dried under vacuum. The crude yellow solid was purified by flash chromatography (8:1 → 1:1 

hexanes/EtOAc eluent) to afford ketone 5-69 (0.834 g, 47% yield) as a yellow solid. 

TLC: Rf = 0.33 in 4:1 hexanes/EtOAc, stained red with p-anisaldehyde. 

All spectroscopic data were consistent with previously reported values.58 
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Ester 5-70. To a solution of triethyl phosphonoacetate (5.46 mL, 27.5 mmol) in THF (31.0 mL) at 0 °C 

was added NaH (1.06 g, 60% dispersion in mineral oil, 26.5 mmol). The reaction mixture was stirred at 0 

°C for 45 min, then aldehyde 5-153 (3.04 mL, 25.0 mmol) was added dropwise. The mixture was allowed 

to warm to ambient temperature and maintained for 15 h. The reaction mixture was then diluted with 

brine (30 mL), and the THF was removed by rotary evaporation. The mixture was extracted with CH2Cl2 

(3 x 20 mL), and the combined organic layers were washed with brine (50 mL), then dried over MgSO4. 

The solvent was removed by rotary evaporation, and the crude residue was purified by flash 

chromatography (100% hexanes → 4:1 hexanes/EtOAc) to afford ester 5-70 (4.14 g, 80% yield) as a 

white solid. 

TLC: Rf = 0.48 in 4:1 hexanes/EtOAc, visualized by UV. 

All spectroscopic data were consistent with previously reported values.59 

 

 

 

Carboxylic acid 5-140. To a solution of ester 5-70 (1.00 g, 4.85 mmol) in EtOH (9.70 mL) at 23 °C was 

added 10% aq. NaOH (19.0 mL). The flask was stoppered, and the reaction mixture was stirred at 

ambient temperature for 45 h. The reaction mixture was diluted with 1 M aq. HCl (25 mL). EtOAc was 

added until the white solid was completely dissolved (ca. 75 mL) . The layers were separated, and the 
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aqueous layer was extracted with EtOAc (3 x 25 mL). The combined organic layers were washed with 

brine (60 mL) and dried over MgSO4. The solvent was removed by rotary evaporation to afford 

carboxylic acid 5-140 (0.864 g, quantitative) as a white solid. The crude residue was sufficiently pure by 

1H NMR and therefore was used without further purification. 

TLC: Rf = 0.60 in 1:1 hexanes/EtOAc, visualized by UV. 

All spectroscopic data were consistent with previously reported values.60 

 

 

 

Alcohol 5-157. To a solution of ester 5-70 (1.50 g, 7.27 mmol) in hexane (58.0 mL) at 0 °C was added 

DIBAL (14.6 mL, 1.0 M in hexane) dropwise with an addition funnel. The reaction mixture was stirred at 

0 °C for 2 h, then was allowed to warm to ambient temperature and stirred an additional 20 min. The 

reaction mixture was then diluted with sat. aq. Rochelle salt (75.0 mL) and stirred overnight. The layers 

were separated, and the aqueous layer was extracted with CH2Cl2 (3 x 50 mL). The combined organic 

layers were washed with brine (50 mL), then dried over MgSO4. The volatile materials were removed by 

rotary evaporation to afford alcohol 5-157 as a white solid, which was used in subsequent reactions 

without further purification. All spectroscopic data were consistent with previously reported values.61 

Aldehyde 5-141. To a solution of alcohol 5-157 (0.739 g, 4.50 mmol) in hexanes (22.5 mL) was added 

MnO2 (7.82 g, 90.0 mmol). The reaction mixture was stirred for 3 h, and then was filtered through a short 

plug of silica (5 cm high x 3 cm wide EtOAc eluent). The filtrate was concentrated by rotary evaporation, 

and the crude residue was purified by flash chromatography (100% hexanes → 3:1 hexanes/EtOAc 

eluent) to afford aldehyde 5-141 (0.387 g, 53% yield) as a white solid. 

TLC: Rf = 0.56 in 3:1 hexanes/EtOAc, stained with KMnO4. 
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All spectroscopic data were consistent with previously reported values.6 

 

 

 

Nitroalkene 5-94. To a solution of NH4OAc (0.848 g, 11.0 mmol) in nitromethane (14.0 mL, 0.71 M 

with respect to 5-153) at 23 °C was added aldehyde 5-153 (1.22 mL, 10.0 mmol). The reaction flask was 

equipped with a reflux condenser (open to air) and the mixture was heated at 100 °C for 4 h. The reaction 

was allowed to cool to ambient temperature, and the nitromethane was removed by rotary evaporation. 

The resulting residue was dissolved in CH2Cl2 (20 mL), and the organic layer was washed sequentially 

with H2O (20 mL) and brine (20 mL), then dried over Na2SO4. The volatile materials were removed by 

rotary evaporation, and the crude residue was purified by flash chromatography (20:1 → 5:1 

hexanes/EtOAc eluent) to afford nitroalkene 5-94 (0.764 g, 43% yield) as a yellow solid. 

TLC: Rf = 0.81 in 1:1 hexanes/EtOAc, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.62 

 

 

 

Bromoalkene 5-142. To a solution of carboxylic acid 5-140 (0.500 g, 2.80 mmol) in CH2Cl2 (28.0 mL) at 

23 °C was added triethylamine (20.0 µL, 0.140 mmol). After stirring for 5 min, NBS (0.623 g, 3.50 

mmol) was added. The reaction mixture was stirred for 13 h, and then concentrated by rotary evaporation. 
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The crude residue was purified by flash chromatography (100% hexanes → 10:1 hexanes/EtOAc eluent) 

to afford bromoalkene 5-142 (0.522 g, 87% yield) as a white solid. 

TLC: Rf = 0.77 in 3:1 hexanes/EtOAc, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.63 

 

 

 

Aldehyde 5-159. To a solution of aldehyde 5-158 (1.83 g, 15.0 mmol) and K2CO3 (2.18 g, 15.8 mmol) in 

DMF (15.0 mL) at 23 °C was added benzyl bromide (1.87 mL, 15.8 mmol). The reaction mixture was 

stirred for 24 h, and then was diluted with H2O (20 mL) and EtOAc (20 mL). The layers were separated, 

and the aqueous layer was extracted with EtOAc (3 x 20 mL). The combined organic layers were washed 

with brine (50 mL), then dried over Na2SO4. The volatile materials were removed by rotary evaporation, 

and the crude residue was purified by flash chromatography (10:1 → 2:1 hexanes/EtOAc eluent) to afford 

aldehyde 5-159 (1.572 g, 49% yield) as a white solid. 

TLC: Rf = 0.42 in 4:1 hexanes/EtOAc, stained with KMnO4. 

1H NMR (400 MHz; CDCl3): δ 9.88 (s, 1H), 7.84 (d, J = 8.7 Hz, 2H), 7.44-7.35 (comp. m, 5H), 7.08 (d, J 

= 8.7 Hz, 2H), 5.15 (s, 2H). 

Ketone 5-143. To a solution of aldehyde 5-159 (0.424 g, 2.00 mmol) and acetone (1.47 mL, 20.0 mmol) 

in EtOH (3.30 mL) at 23 °C was added a solution of NaOH (0.136 g, 3.40 mmol) in H2O (3.30 mL). The 

reaction mixture was stirred at ambient temperature for 20 h, and it was then diluted with H2O (10 mL) 

and EtOAc (10 mL). The layers were separated, and the aqueous layer was extracted with EtOAc (3 x 10 

mL). The combined organic layers were washed with brine (30 mL), then dried over MgSO4. The volatile 

materials were removed by rotary evaporation, and the crude residue was purified by flash 
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chromatography (10:1 → 4:1 hexanes/EtOAc eluent) to afford ketone 5-143 (0.433 g, 86% yield) as an 

off-white solid. 

TLC: Rf = 0.24 in 4:1 hexanes/EtOAc, stained with KMnO4. 

1H NMR (400 MHz; CDCl3): δ 7.51-7.48 (comp. m, 2H), 7.45-7.34 (comp. m, 6H), 6.99 (d, J = 8.6 Hz, 

2H), 6.60 (d, J = 16.1 Hz, 1H), 5.10 (s, 2H), 2.36 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 198.4, 160.7, 143.2, 136.3, 130.0, 128.7, 128.2, 127.5, 127.3, 125.1, 

115.3, 70.1, 27.4. 

IR (ATR, neat): 2978, 2886, 1667, 1597, 1242, 1172, 910, 732 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C17H16O2 + H]+: 253.1223, found 253.1224. 

 

 

 

Ketone 5-144. To aldehyde 5-16064 (0.341 g, 2.05 mmol) in EtOH (20.0 mL) and aq. KOH (1.00 g in 

2.00 mL H2O) at 23 °C was added ketone 5-161 (0.230 mL, 2.00 mmol). The reaction mixture was 

capped and stirred at ambient temperature for 24 h. Then EtOH was removed by rotary evaporation, and 

the crude mixture was partitioned between H2O (25 mL) and EtOAc (25 mL). The aqueous layer was 

extracted with EtOAc (3 x 20 mL). The organic layers were combined, washed with brine (50 mL), and 

dried over MgSO4. The solvent was removed by rotary evaporation, and the crude residue was purified by 

flash chromatography (100% hexanes → 6:1 hexanes/EtOAc eluent) to afford ketone 5-144 (0.172 g, 

21% yield) as a yellow oil. 

TLC: Rf = 0.35 in 4:1 hexanes/EtOAc, visualized by UV. 
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1H NMR (400 MHz; CDCl3): δ 8.01 (d, J = 8.6 Hz, 2H), 7.83 (d, J = 8.7 Hz, 1H), 7.61-7.56 (comp. m, 

3H), 7.50 (t, J = 7.4 Hz, 2H), 7.43 (d, J = 15.7 Hz, 1H), 7.07 (d, J = 8.6 Hz, 2H), 5.22 (s, 2H), 3.49 (s, 

3H). 

13C NMR (100 MHz; CDCl3): δ 190.5, 159.2, 144.5, 138.4, 132.6, 131.9, 130.1, 128.6, 128.4, 120.2, 

116.5, 94.1, 56.2. 

IR (ATR, neat): 2978, 2901, 2824, 1659, 1589, 1504, 1149, 980, 833, 694 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C17H16O3 + H]+: 269.1172, found 269.1172. 

 

5.11.4 Synthesis of Dienes 

 

 

 

Diene 5-150. To a solution of epoxide 5-152 (0.581 g, 3.81 mmol) in Et2O (15.2 mL) at 0 °C was added 

periodic acid (0.955 g, 4.19 mmol). The reaction mixture was allowed to warm to ambient temperature, 

and was stirred for 20 h. The reaction mixture was passed through a short plug of celite (3 cm high x 2 cm 

wide, Et2O eluent), and then the filtrate was washed sequentially with sat. aq. NaHCO3 (20 mL) and 10% 

aq. Na2S2O3 (20 mL). The combined aqueous washes were extracted with Et2O (50 mL), and the 

combined organic layers were washed with brine (50 mL), then dried over MgSO4. The solvent was 

removed by rotary evaporation, and the crude residue was purified by flash chromatography (100% 

hexanes → 15:1 hexanes/EtOAc eluent) to afford diene 5-150 (0.228 g, 54% yield) as a colorless oil. 

TLC: Rf = 0.67 in 3:1 hexanes/EtOAc, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.65 
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Diene 5-95. To a solution of alcohol 5-151 (0.168 g, 1.50 mmol) and acetic anhydride (0.170 mL, 1.80 

mmol) in THF (15.0 mL) at 23 °C were added triethylamine (0.310 mL, 2.25 mmol) and DMAP (55.0 

mg, 0.450 mmol). The reaction mixture was stirred at ambient temperature for 22 h. The solvent was 

removed by rotary evaporation, and the crude residue was purified by flash chromatography (100% 

hexanes → 9:1 hexanes/EtOAc eluent) to afford diene 5-95 (93.3 mg, 40% yield) as a colorless oil. 

TLC: Rf = 0.76 in 3:1 hexanes/EtOAc, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.66 

 

 

 

 

Diene 5-151. To a solution of aldehyde 5-150 (2.64 g, 24.0 mmol) in MeOH (20.0 mL) at 0 °C was added 

NaBH4 (0.999 g, 26.4 mmol). The reaction mixture was stirred at 0 °C for 20 min, then diluted with H2O 

(20 mL) and Et2O (20 mL), and was allowed to warm to ambient temperature. The layers were separated, 

and the aqueous layer was washed with Et2O (3 x 30 mL). The combined organic layers were washed 

with brine (50 mL) and dried over MgSO4. The solvent was removed by rotary evaporation, and the crude 

residue was purified by flash chromatography (100% hexanes → 3:1 hexanes/EtOAc eluent) to afford 

diene 5-151 (1.57 g, 56% yield) as a colorless oil. 

TLC: Rf = 0.27 in 3:1 hexanes/EtOAc, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.67 
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Diene 5-152. To a solution of myrcene (5-48) (0.860 mL, 5.00 mmol) in CH2Cl2 (6.90 mL) at 0 °C was 

added m-CPBA (1.25 g, 5.05 mmol). The reaction mixture was stirred at 0 °C for 10 min, and then was 

diluted with 10% aq. NaOH (10 mL). The reaction mixture was allowed to warm to ambient temperature. 

The layers were separated, and the aqueous layer was extracted with CH2Cl2 (3 x 10 mL). The combined 

organic layers were washed sequentially with H2O (20 mL) and brine (20 mL), then dried over MgSO4. 

The solvent was removed by rotary evaporation to afford diene 5-152 (0.767 g, quantitative) as a colorless 

oil which was used without further purification. 

TLC: Rf = 0.76 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

All spectroscopic data were consistent with previously reported values.65 

 

 

 

Ester 5-164. To a solution of ylide 5-163 (8.36 g, 25.0 mmol) in CH2Cl2 (62.5 mL) at 23 °C was added 

aldehyde 5-162 (2.00 mL, 30.0 mmol). The reaction mixture was stirred for 45 h, and then was filtered 

through a plug of silica (5 cm high x 3 cm wide, CH2Cl2 eluent). The filtrate was concentrated by rotary 

evaporation, and the crude residue was purified by flash chromatography (100% hexanes → 9:1 

hexanes/EtOAc eluent) to afford ester 5-164 (0.891 g, 32% yield) as a colorless oil. 

TLC: Rf = 0.72 in 3:1 hexanes/EtOAc, stained with KMnO4. 
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1H NMR (400 MHz; CDCl3): δ  7.27 (dd, J = 15.4, 10.7 Hz, 1H), 6.45 (dt, J = 16.9, 10.7 Hz, 1H), 5.91 

(d, J = 15.4 Hz, 1H), 5.61 (d, J = 16.9 Hz, 1H), 5.50 (d, J = 10.1 Hz, 1H), 3.75 (s, 3H). 

Alcohol 5-165. To a solution of ester 5-164 (0.516 g, 4.60 mmol) in CH2Cl2 (7.70 mL) at -78 °C was 

added DIBAL (9.70 mL, 1.0 M in hexanes, 9.70 mmol). The reaction mixture was allowed to warm to 23 

°C, and was stirred for 3.5 h. The reaction mixture was diluted with Et2O (15 mL), then H2O (0.330 mL) 

was added, followed by 1.0 M aq. NaOH (0.660 mL), then H2O (0.330 mL) again, causing a white 

precipitate to  formed. The mixture was stirred for 1 h, then MgSO4 was added. After stirring for an 

additional 10 min, the mixture was filtered through celite (CH2Cl2 eluent). The solvent was removed by 

rotary evaporation to afford alcohol 5-165 (0.345 g, 89% yield), which was used without further 

purification. All spectroscopic data were consistent with previously reported values.68 

Diene 5-147. To a solution of alcohol 5-165 (0.505 g, 6.00 mmol) in DMF (8.80 mL) at 23 °C was added 

TBSCl (1.09 g, 7.20 mmol) and imidazole (1.02 g, 15.0 mmol). The reaction mixture was stirred at 

ambient temperature for 16 h, and then was diluted with sat. aq. NH4Cl (10 mL) and Et2O (10 mL). The 

layers were separated, and the aqueous layer was extracted with Et2O (3 x 15 mL). The combined organic 

layers were washed with brine (30 mL) and dried over MgSO4. The solvent was removed by rotary 

evaporation, and the crude residue was purified by flash chromatography (100% hexanes → 20:1 

hexanes/EtOAc eluent) to afford diene 5-147 (0.220 g, 18% yield) as a colorless oil. 

TLC: Rf = 0.86 in 3:1 hexanes/EtOAc, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.69 
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Ester 5-167. To a solution of triethyl phosphonoacetate (3.97 mL, 20.0 mmol) in THF (40.0 mL) at 23 °C 

was added KOt-Bu (4.49 g, 40.0 mmol). The reaction mixture was stirred for 35 min, then aldehyde 5-

166 (1.65 mL, 20.0 mmol) was added. The reaction mixture was stirred for 3 h, and then was diluted with 

H2O (40 mL) and Et2O (40 mL). The layers were separated, and the aqueous layer was extracted with 

Et2O (3 x 30 mL). The combined organic layers were washed with brine (50 mL), then dried over MgSO4. 

The solvent was removed by rotary evaporation, and the crude residue was purified by flash 

chromatography (100% hexanes → 4:1 hexanes/EtOAc) to afford ester 5-167 (1.32 g, 47% yield) as a 

colorless oil. 

TLC: Rf = 0.71 in 4:1 hexanes/EtOAc, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.70 

Alcohol 5-168. To a solution of ester 5-167 (1.32 g, 9.42 mmol) in Et2O (23.6 mL) at 0 °C was added 

DIBAL (18.8 mL, 1.0 M in hexanes, 18.8 mmol). The reaction mixture stirred at 0 °C for 2 h, and then 

was diluted with MeOH (5.00 mL), then 1.0 M aq. HCl (5.00 mL) was added, followed by Et2O (10.0 

mL). The layers were separated, and the aqueous layer was extracted with Et2O (3 x 15 mL). The 

combined organic layers were washed with brine (20 mL), then dried over MgSO4. The solvent was 

removed by rotary evaporation to afford alcohol 5-168, which was used without further purification. All 

spectroscopic data were consistent with previously reported values.71 

Diene 5-149. To a solution of alcohol 5-168 (0.196 g, 2.00 mmol) in CH2Cl2 (8.00 mL) at 23 °C was 

added DMAP (24.4 mg, 0.200 mmol) and pyridine (0.400 mL, 5.00 mmol). The solution was stirred at 

ambient temperature for 15 min, and then acetic anhydride (0.210 mL, 2.20 mmol) was added. After 16 h, 

the reaction mixture was diluted with H2O (10 mL). The layers were separated, and the organic layer was 

washed sequentially with 1 M aq. HCl (10 mL), H2O (10 mL), sat. aq. NaHCO3 (10 mL), and brine (10 

mL). The organic layer was dried over MgSO4, and the solvent was removed by rotary evaporation. The 

crude residue was purified by flash chromatography (100% pentane → 9:1 pentane/Et2O) to afford diene 

5-149 (0.279 g, quantitative) as a colorless oil. 

TLC: Rf = 0.69 in 4:1 hexanes/EtOAc, stained with KMnO4. 
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1H NMR (400 MHz; CDCl3): δ 6.37 (d, J = 15.7 Hz, 1H), 5.75-5.68 (m, 1H), 5.02 (d, J = 4.4 Hz, 1H), 

4.63 (s, 1H), 4.61 (s, 1H), 2.07 (s, 3H), 1.84 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 170.8, 141.0, 137.0, 123.0, 117.9, 65.0, 21.0, 18.4. 

IR (ATR, neat): 2978, 2886, 1736, 1227, 964, 733 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C8H12O2 + H]+: 141.0910, found 141.0908. 

 

 

 

(Z)-diene 5-71 was synthesized according to the procedure by Morken and coworkers.72 
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5.11.5 Structural and Stereochemical Determination of 1-Substituted Diene Products 

 

The major constitutional isomer of cyclohexene 5-22 was determined through COSY and HMQC NMR. 

The COSY NMR (Figure 5.6) revealed that protons Ha and Hb are coupled to each other, as are Hc and Hd.  

 

 

Figure 5.6. COSY NMR of cyclohexene 5-22. 

 

HMQC NMR was used to confirm that the proton peak at 2.37 ppm with an integration of 2 was a result 

of just the Hd protons and not a mix of Hd and Hc. The HMQC spectrum (Figure 5.7) indicated that the 

protons represented by that peak were both bonded to the same carbon atom, thus further solidifying our 

structural assignment of cyclohexene 5-22. 
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Figure 5.7. HMQC NMR of cyclohexene 5-22. 

 

Decoupling Experiment 

 

The stereochemistry of the 1-substituted diene products was determined through structural modification 

of cyclohexene 5-24 and a 1H NMR decoupling experiment. 
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Cyclohexane 5-169. To a solution of cyclohexene 5-24 (37.6 mg, 93.0 µmol) in MeOH (0.900 mL) at 23 

°C was added 10% Pd/C (dry powder, 9.9 mg, 9.30 µmol). The flask was sealed with a rubber septum, 

and H2 was bubbled through the solution for 1 min using a balloon and needle outlet. The needle outlet 

was removed, and the reaction mixture was left under positive pressure of H2 and stirred for 9 h. The 

crude reaction mixture was passed through a short plug of celite (Et2O eluent), and the solvent was 

removed by rotary evaporation. The resulting residue was purified by flash chromatography (100% 

hexanes → 2:1 hexanes/EtOAc eluent) to afford cyclohexane 5-169 (15.3 mg, 56% yield) as a colorless 

oil. 

TLC: Rf = 0.16 in 3:1 hexanes/EtOAc, stained with KMnO4. 

1H NMR (400 MHz; CDCl3): δ 7.09 (d, J = 8.4 Hz, 2H), 6.81 (d, J = 8.4 Hz, 2H), 3.93 (q, J = 7.1 Hz, 

2H), 3.76 (s, 3H), 3.54-3.47 (comp. m, 2H), 3.17 (dd, J = 11.7, 4.2 Hz, 1H), 2.90 (td, J = 11.7, 2.8 Hz, 

1H), 2.07-1.99 (comp. m, 2H), 1.65-1.53 (comp. m, 4H), 1.01 (t, J = 7.1 Hz, 3H). 

Nitrobenzoate 5-170. To a solution of cyclohexane 5-169 (15.3 mg, 52.3 µmol) and 4-nitrobenzoyl 

chloride (10.2 mg, 55.0 µmol) in CH2Cl2 (0.500 mL) at 23 °C was added triethylamine (9.0 µL, 65.0 

µmol), then DMAP (0.3 mg, 2.60 µmol). The reaction mixture was stirred at ambient temperature for 16 

h, then was diluted with CH2Cl2 (3.00 mL), and the solution was washed with H2O (2 x 3.00 mL) and 

dried over Na2SO4. The solvent was removed by rotary evaporation, and the crude residue was purified by 

flash chromatography (100% hexanes → 9:1 hexanes/EtOAc eluent) to afford nitrobenzoate 5-170 (16.6 

mg, 78% yield) as a colorless oil. 

TLC: Rf = 0.50 in 9:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): δ 8.21 (d, J = 8.5 Hz, 2H), 7.97 (d, J = 8.5 Hz, 2H), 7.11 (d, J = 8.5 Hz, 

2H), 6.78 (d, J = 8.5 Hz, 2H), 4.41 (t, J = 11.0 Hz, 1H), 4.12 (dd, J = 11.0, 5.3 Hz, 1H), 3.95 (q, J = 7.1 

Hz, 2H), 3.71 (s, 3H), 3.27 (dd, J = 11.5, 4.6 Hz, 1H), 2.99 (td, J = 11.5, 3.3 Hz, 1H), 2.45-2.41 (m, 1H), 

2.15-1.96 (comp. m, 2H), 1.75-1.49 (comp. m, 4H), 1.03 (t, J = 7.1 Hz, 3H). 
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Decoupling of proton Hc (2.45 ppm) of cyclohexane 5-170 resulted in peak Hb changing from a doublet of 

doublets (J = 11.5, 4.6 Hz) to just a doublet (J = 11.5 Hz) (Figure 5.8). From this data, we can conclude 

that the coupling constant between Ha and Hb is 11.5 Hz, corresponding to an anti relationship, and the 

coupling constant between Hb and Hc is 4.6 Hz, corresponding to a syn relationship. 

 

  

 

Figure 5.8. 1H NMR decoupling experiment on cyclohexane 5-170. 
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Identification of Minor Isomer 

 

In all cases, the minor isomer was assigned as the constitutional isomer, shown below (Figure 5.9). For 

the 2-substituted diene products, this was determined by comparing the 1H NMR spectra of several of the 

products obtained with the Cr conditions to those obtained through traditional Diels-Alder conditions 

(i.e., 5-18 vs. 5-96); the remaining cyclohexene products were assigned by analogy. 

 

 

Figure 5.9. Major and minor isomers from cycloaddition with isoprene. 

 

In the cases of the 1-substituted diene products, the minor isomer was assigned based on the 

splitting pattern and coupling constants of the peaks for the benzylic proton (Ha) and the proton alpha to 

the ester (Hb) in the 1H NMR spectrum of cyclohexene 5-22 (Figure 5.10). 

The peaks of the major and minor isomer were assigned with the benzylic proton (Ha) being the 

farther downfield peak and the proton alpha to the ester (Hb) being the more upfield peak. This trend is 

observed in all of the ester cyclohexene products. These two protons are presumed anti to each other 

because of their large coupling constant (J = 10.4 Hz). Throughout this research, we have only ever 

observed an anti relationship in the products between the two substituents of the starting alkene of the 

dienophile. 

The peak of the benzylic proton (Ha) of the minor isomer is a triplet of doublets, indicating that 

Ha is being split by 3 other protons; the peak of the proton alpha to the ester (Hb) of the minor isomer is a 

triplet, indicating that Hb is being split by 2 other protons. This assessment is aligned with the minor 

Ar

EWG

Me

MeAr

EWG

[Cr]

light

[Cr]

light

EWG

Ar
Me

EWG

Ar
Me

EWG

EWG

Ar

Ar

Me

Me

major

minor



 344 

product being the constitutional isomer (5-171). This minor isomer was formed in too small of an amount 

for its stereochemistry to be determined. 

 

 

 

Figure 5.10. Identification of minor isomer 5-171. 

 

The other possible minor product, if not a constitutional isomer, would be the diastereomer, cyclohexene 

5-172 (Figure 5.11). This diastereomer is likely not the minor product, since the coupling constant 

between Ha and Hc is 5.1 Hz, which is small and not indicative of an anti relationship, as would be 

required in the exo diastereomer. 
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Figure 5.11. Evaluation of the diastereomer 5-172 as possible minor isomer. 

 

5.11.6 Additional Experiments 

 

5.11.6.1 Cycloadditions Under Traditional Diels-Alder Conditions 

 

 

 

Cyclohexene 5-7. A 16 x 125 mm glass culture tube was charged with alkene 5-1 (95.3 mg, 0.400 mmol) 

and diene 5-6 (0.900 mL, 8.00 mmol). The tube was sealed with a Teflon cap and heated at 150 °C for 24 

h. The reaction mixture was allowed to cool to ambient temperature, and the unreacted diene was 

removed by rotary evaporation. The resulting residue was purified by flash chromatography (100% 

hexanes → 20:1 hexanes/EtOAc eluent) to afford cyclohexene 5-7 (90.0 mg, 70% yield) as a colorless oil. 

 

 

 

Ha

Ar

Hc

n-Hex

Hb

CO2Et

J = ~11 HzEtO

O

MeO
n-Hex

5-172
diastereomer of 5-22

(likely not formed)

J value should be > 5.1 Hz for an 
anti-relationship between Ha and Hc.

Me
Ph

O

MeOMeO

O

Ph

5-75-1
(20 equiv)

Me

5-6

150 °C
24 h

70% yield
Me

Me

Me
Me

O

MeOMeO

O

Me

5-1135-69
(20 equiv)

Me

5-6

150 °C
21 h

36% yield
Me

Me



 346 

Cyclohexene 5-113. A 2-dr vial was charged with alkene 5-69 (15.4 mg, 0.0873 mmol) and diene 5-6 

(0.200 mL, 1.75 mmol). The vial was sealed with a Teflon cap and heated at 150 °C for 21 h. The 

reaction mixture was allowed to cool to ambient temperature, and the unreacted diene was removed by 

rotary evaporation. The resulting residue was purified by flash chromatography (100% hexanes → 9:1 

hexanes/EtOAc eluent) to afford cyclohexene 5-113 (8.1 mg, 36% yield) as a colorless oil. 

 

 

 

Cyclohexene 5-114. A 2-dr vial was charged with alkene 5-70 (18.0 mg, 0.0873 mmol) and diene 5-6 

(0.200 mL, 1.75 mmol). The vial was sealed with a Teflon cap and heated at 150 °C for 21 h. The 

reaction mixture was allowed to cool to ambient temperature, and the unreacted diene was removed by 

rotary evaporation. The resulting residue was purified by flash chromatography (100% hexanes → 9:1 

hexanes/EtOAc eluent) to afford cyclohexene 5-114 (5.0 mg, 20% yield) as a colorless oil. 
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rotary evaporation. The resulting residue was analyzed by 1H NMR. Cyclohexene 5-115 was not 

observed. 

 

 

 

Cyclohexene 5-96. The 4 M LPNM solution was prepared by adding anhydrous LiClO4 (0.145 g, 1.36 

mmol) to nitromethane (0.340 mL, 0.50 M with respect to alkene 5-94) in a flame-dried 1-dram vial, open 

to air. The vial was capped and the mixture was stirred until complete dissolution of the LiClO4 was 

achieved (ca. 2 h). To the solution was added alkene 5-94 (30.0 mg, 0.167 mmol) and diene 5-2 (85.2 µL, 

0.850 mmol). The vial was capped, and the reaction mixture was stirred at 100 °C. After 46 h, the 

reaction mixture was allowed to cool to ambient temperature, and then was diluted with H2O (1 mL) and 

Et2O (1 mL). The layers were separated, and the aqueous layer was extracted with Et2O (2 x 1 mL). The 

combined organic layers were washed with brine, then dried over MgSO4. The solvent was removed by 

rotary evaporation, and the crude residue was purified by flash chromatography (100% hexanes → 9:1 

hexanes/EtOAc eluent) to afford cyclohexene 5-96 (19.4 mg, 46% yield, 18:1) as an off-white solid. 

TLC: Rf = 0.74 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.14 (d, J = 8.4 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 5.40 (br s, 1H), 4.85 

(td, J = 10.6, 5.7 Hz, 1H), 3.77 (s, 3H), 3.39 (td, J = 10.6, 6.7 Hz, 1H), 2.81-2.64 (comp. m, 2H), 2.35-

2.23 (comp. m, 2H), 1.71 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 158.8, 134.1, 132.0, 128.3, 116.7, 114.2, 87.7, 55.2, 43.8, 37.9, 31.3, 

22.8. 

IR (ATR, neat): 2963, 2909, 2839, 1551, 1512, 1250, 1034, 833, 733 cm-1. 

HRMS (ESI+): m/z calc’d for (M + Na)+ [C14H17NO3 + Na]+: 270.1101, found 270.1105. 
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Cyclohexene 5-97. The 4 M LPNM solution was prepared by adding anhydrous LiClO4 (85.1 mg, 0.800 

mmol) to nitromethane (0.200 mL, 0.25 M with respect to alkene 5-94) in a flame-dried 1-dram vial, open 

to air. The vial was capped and the reaction mixture was stirred until complete dissolution of the LiClO4 

was achieved (ca. 2 h). To the solution was added alkene 5-94 (9.0 mg, 0.0500 mmol) and diene 5-95 

(38.6 mg, 0.250 mmol). The vial was capped, and the reaction mixture was stirred at 100 °C. After 44 h, 

the reaction mixture was allowed to cool to ambient temperature, and then was diluted with H2O (0.5 mL) 

and Et2O (0.5 mL). The layers were separated, and the aqueous layer was extracted with Et2O (2 x 1 mL). 

The combined organic layers were washed with brine, then dried over MgSO4. The solvent was removed 

by rotary evaporation, and the crude residue was purified by flash chromatography (100% hexanes → 9:1 

hexanes/EtOAc eluent) to afford cyclohexene 5-97 (10.3 mg, 62% yield, 17:1) as a colorless oil. 

TLC: Rf = 0.36 in 3:1 hexanes/EtOAc, visualized by UV. 

1H NMR (500 MHz; CDCl3): δ 7.17 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 5.47 (br s, 1H), 4.89 

(ddd, J = 11.0, 10.1, 5.8 Hz, 1H), 4.08 (t, J = 13.0, 6.5 Hz, 3H), 3.80 (s, 3H), 3.41 (td, J = 11.0, 6.1 Hz, 

1H), 2.82-2.72 (comp. m, 2H), 2.41-2.28 (comp. m, 2H), 2.12-2.05 (comp. m, 7H), 1.80-1.77 (comp. m, 

2H). 

13C NMR (100 MHz; CDCl3): δ 171.1, 158.9, 136.8, 131.9, 128.3, 117.0, 114.2, 87.7, 63.9, 55.3, 43.7, 

36.3, 33.0, 31.2, 26.4, 21.0. 

IR (ATR, neat): 2956, 2855, 1732, 1548, 1514, 1366, 1238, 1033, 831 cm-1. 

HRMS (ESI+): m/z calc’d for (M + Na)+ [C18H23NO5 + Na]+: 356.1468, found 356.1467. 
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MeO

NO2

MeO
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OAc

OAc
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(5 equiv)

4 M LPNM
CH3NO2
100 °C

44 h
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5.11.6.2 Photochemical [2+2] Cycloaddition 

 

 

 

Vinylcyclobutane 5-5. A flame-dried 2-dram borosilicate vial open to air was charged with alkene 5-1 

(0.238 g, 1.00 mmol), diene 5-2 (1.00 mL, 10.0 mmol), and nitromethane (2.50 mL). The vial was 

capped, and the reaction mixture was irradiated with 300, 350, and 419 nm light, with stirring, for 45 h. 

The volatile materials were then removed by rotary evaporation, and the residue was purified by flash 

chromatography (100% hexanes → 15:1 hexanes/EtOAc eluent) to afford cyclobutane 5-5 as the major 

product of a mixture of isomers (0.278 g, 91% combined yield) as a pale yellow oil. 

 

 

 

The vinylcyclobutane isomers were difficult to separate by flash chromatography. The phenyl ketone was 

reduced to the alcohol (5-173) to make purification easier, and then was oxidized to the ketone again. 

 

Vinylcyclobutane 5-173. To the vinylcyclobutane mixture (148.0 mg, 0.483 mmol) in MeOH (3.22 mL) 

at 0 °C under argon was added NaBH4 (27.4 mg, 0.725 mmol). The reaction mixture was stirred at 0 °C 

for 2.5 h, then the volatile materials were removed by rotary evaporation. The crude residue was taken up 

in Et2O (10 mL) and sat. aq. NH4Cl (10 mL). The layers were separated and the aqueous layer was 

Ph
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extracted with Et2O (2 x 10 mL). The combined organic layers were washed with brine (30 mL) and dried 

over MgSO4. The volatile materials were then removed by rotary evaporation, and the residue was 

purified by flash chromatography (100% hexanes → 10:1 hexanes/EtOAc eluent) to afford a pure sample 

of alcohol 5-173 (21.3 mg, ~1:1 mixture of diastereomers at the alcohol carbon) as a colorless oil. The 

remaining desired alcohol product coeluted with the undesired isomers. 

TLC: Rf = 0.52 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.39-7.27 (m, 10H), 7.14 (d, J = 8.4 Hz, 2H), 6.90 (d, J = 8.4 Hz, 2H), 

6.83 (d, J = 8.7 Hz, 2H), 6.74 (d, J = 8.7 Hz, 2H), 6.05 (ddd, J = 17.2, 12.4, 10.7 Hz, 2H), 4.99-4.95 

(comp. m, 3H), 4.93 (dd, J = 9.4, 1.3 Hz, 1H), 4.74 (d, J = 5.1 Hz, 1H), 4.69 (d, J = 8.3 Hz, 1H), 3.79 (s, 

3H), 3.76 (s, 3H), 3.40 (d, J = 10.3 Hz, 1H), 3.35 (d, J = 9.8 Hz, 1H), 3.01-2.88 (comp. m, 2H), 2.16 (t, J 

= 10.2 Hz, 1H), 1.82 (t, J = 10.2 Hz, 2H), 1.71 (dd, J = 10.6, 8.4 Hz, 1H), 1.55 (dd, J = 10.6, 8.4 Hz, 2H), 

0.80 (app. s, 6H). (reported for 1:1 mixture of diastereomers) 

 

Pure vinylcyclobutane 5-5. To DMSO (0.28 mL) and CH2Cl2 (0.07 mL) at 0 °C under argon was added 

sulfur trioxide pyridine complex (27.5 mg, 0.173 mmol). The mixture was stirred for 10 min at 0 °C, then 

vinylcyclobutane 5-173 (21.3 mg, 0.0691 mmol) and Et3N (0.024 mL, 0.173 mmol) were added as a 

solution in CH2Cl2. The reaction mixture was stirred at 0 °C for 1.5 h, then was allowed to warm to 

ambient temperature and stirred for 10 h. At this time, the vinylcyclobutane (5-173) was not yet 

consumed, so additional sulfur trioxide pyridine complex (27.5 mg, 0.173 mmol) and Et3N (0.024 mL, 

0.173 mmol) were added. The reaction was stirred for 3 d total. The reaction mixture was then diluted 

with H2O (2 mL) and CH2Cl2 (2 mL). The layers were separated and the aqueous layer was extracted with 

CH2Cl2 (2 x 5 mL). The combined organic layers were washed with brine (10 mL) and dried over 

Na2SO4. The volatile materials were then removed by rotary evaporation, and the residue was purified by 

flash chromatography (100% hexanes → 9:1 hexanes/EtOAc eluent) to afford pure vinylcyclobutane 5-5 

(16.4 mg, 77% yield) as a colorless oil. 

TLC: Rf = 0.66 in 3:1 hexanes/EtOAc, visualized by UV. 
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1H NMR (400 MHz; CDCl3): δ 7.96 (d, J = 7.6 Hz, 2H), 7.56 (t, J = 7.6 Hz, 1H), 7.45 (J = 7.6 Hz, 1H), 

7.05 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 6.09 (dd, J = 17.6, 10.4 Hz, 1H), 5.04 (d, J = 1.9 Hz, 

1H), 5.00 (dd, J = 4.0, 1.9 Hz, 1H), 4.24 (q, J = 9.7 Hz, 1H), 3.95 (d, J = 9.7 Hz, 1H), 3.78 (s, 3H), 2.30 

(t, J = 10.0 Hz, 1H), 2.17 (t, J = 10.0 Hz, 1H), 1.03 (s, 3H). 

13C NMR (100 MHz; CDCl3): δ 200.4, 158.1, 147.1, 136.1, 133.0, 131.4, 128.6, 128.4, 128.3, 113.5, 

111.4, 55.2, 48.3, 41.8, 40.9, 36.7, 20.5. 

IR (ATR, neat): 2963, 2832, 1674, 1512, 1242, 1033, 732, 694 cm-1. 

HRMS (ESI+): m/z calc’d for (M + H)+ [C21H22O2 + H]+: 307.1693, found 307.1693. 

 

The stereochemistry of vinylcyclobutane 5-5 was confirmed through 1D NOESY NMR (Figure 5.12). 

 

 

 

Figure 5.12. 1D NOESY of vinylcyclobutane 5-5. 
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5.11.6.3 Vinylcyclobutane Rearrangement 

 

 

 

A 1/2-dram borosilicate vial open to air was charged with vinylcyclobutane 5-5 (15.3 mg, 0.0500 mmol), 

[Cr(Ph2phen)3](BF4)3 (0.3 mg, 0.000250 mmol) and nitromethane (0.500 mL). The vial was capped and 

irradiated with a 23 W CFL in a closed box lined with aluminum foil for 10 h with stirring. The reaction 

mixture was then passed through a short plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The solvent was 

removed by rotary evaporation, and the crude product was purified by flash chromatography (100% 

hexanes → 9:1 hexanes/EtOAc eluent) to afford cyclohexene 5-3 (10.2 mg, 67% yield) as a colorless oil. 

 

When this same reaction was performed under Ar (degassed by three freeze-pump-thaw cycles) in a 50-

mL Schlenk flask, the product was formed in 64% yield. 
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[Cr(Ph2phen)3](BF4)3 (0.5 mol %)

CH3NO2 (0.10 M)
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10 h
67% yield 5-3
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5.11.6.4 Monitoring of Singlet Oxygen Side Reaction 

 

 

 

A stock solution was prepared containing alkene 5-1 (47.7 mg, 0.200 mmol), diene 5-2 (0.200 mL, 2.00 

mmol), [Cr(Ph2phen)3](BF4)3 (1.3 mg, 0.00100 mmol), and dodecyl acetate (internal standard, 45.7 mg, 

0.200 mmol) in nitromethane (2.00 mL). Into seven 1-dr borosilicate vials was added 0.28 mL of the 

stock solution. The vials were capped and placed in front of a bright white 23 W compact fluorescent 

light bulb in a closed box lined with aluminum foil. At each indicated time, a vial was removed from the 

box, and the reaction mixture was passed through a short plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The 

volatile materials were removed by rotary evaporation, and the resulting crude product mixture was 

analyzed by 1H NMR. The results of this experiment are displayed in Scheme 5.5. 

A fairly pure sample of oxidized product 5-10 was obtained from the gram-scale cycloaddition of 5-1 and 

5-2. In this reaction, product 5-10 was formed in 2% yield (32.2 mg). 

TLC: Rf = 0.33 in 3:1 hexanes/EtOAc, stained red with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.86 (d, J = 7.3 Hz, 2H), 7.47 (t, J = 7.1 Hz, 1H), 7.35 (t, J = 7.3 Hz, 3H), 

7.14 (d, J = 8.5 Hz, 2H), 6.73 (d, J = 8.5 Hz, 2H), 5.99 (dd, J = 10.2, 1.4 Hz, 1H), 5.72 (dd, J = 10.2, 1.4 

Hz, 1H), 4.10-4.04 (m, 1H), 3.93 (dd, J = 9.5, 0.6 Hz, 1H), 3.70 (s, 3H), 2.46-2.43 (m, 2H), 1.41 (s, 3H). 

 

5.11.6.5 Chalcone [2+2] Cycloaddition 
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A 2-dr borosilicate vial open to air was charged with alkene 5-46 (15.6 mg, 0.0750 mmol), diene 5-2 

(22.5 µL, 0.225 mmol), [Cr(Ph2phen)3](BF4)3 (0.5 mg, 0.000375 mmol) (if catalyst was being used), 

nitromethane (0.750 mL), and dodecyl acetate (internal standard, 17.1 mg, 0.0750 mmol). The vial was 

then capped and placed in front of the indicated light source. The solution was irradiated with stirring for 

the indicated time, then passed through a short plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The volatile 

materials were removed by rotary evaporation, and the resulting crude product mixture was analyzed by 

1H NMR. 

 

5.11.6.6 Cycloadditions of Divinyl Ketones 
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Vinyl ketone 5-52 was prepared in two steps by addition of vinyl magnesium chloride into aldehyde 5-

141, followed by oxidation of the resulting alcohol with MnO2. All spectroscopic data were consistent 

with previously reported values.73 

Cyclohexene 5-54. Prepared according to the General Procedure using alkene 5-52 (10.0 mg, 0.0531 

mmol), diene 5-2 (15.9 µL, 0.159 mmol), [Cr(Ph2phen)3](BF4)3 (0.3 mg, 0.000266 mmol), and 

nitromethane (0.531 mL). The reaction mixture was irradiated for 42 h. The crude product was purified 

by flash chromatography (100% hexanes → 10:1 hexanes/EtOAc eluent) to afford cyclohexene 5-54 (3.6 

mg, 26% yield, 9:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.67 in 3:1 hexanes/EtOAc, stained yellow with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.08 (d, J = 8.7 Hz, 2H), 6.78 (d, J = 8.7 Hz, 2H), 6.22-6.05 (m, 2H), 

5.62-5.59 (m, 1H), 5.50 (br s, 1H), 3.75 (s, 3H), 3.32 (td, J = 10.9, 5.5 Hz, 1H), 2.99 (td, J = 10.9, 5.5 Hz, 

1H), 2.32-2.07 (comp. m, 4H), 1.72 (s, 3H). 

 

 

 

Styrenyl ketone 5-55 was prepared through the Aldol condensation of ketone 5-69 with benzaldehyde. All 

spectroscopic data were consistent with previously reported values.74 

Cyclohexene 5-55. Prepared according to the General Procedure using alkene 5-53 (19.8 mg, 0.0750 

mmol), diene 5-2 (22.5 µL, 0.225 mmol), [Cr(Ph2phen)3](BF4)3 (0.5 mg, 0.000375 mmol), and 

nitromethane (0.750 mL). The reaction mixture was irradiated for 45 h. The crude product was purified 

by flash chromatography (100% hexanes → 15:1 hexanes/EtOAc eluent) to afford cyclohexene 5-55 (6.0 

mg, 24% yield, 10:1 isomeric ratio) as a colorless oil. 

TLC: Rf = 0.63 in 3:1 hexanes/EtOAc, stained yellow with p-anisaldehyde. 
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1H NMR (400 MHz; CDCl3): δ 7.44-7.42 (comp. m, 3H), 7.38-7.35 (comp. m, 3H), 7.13 (d, J = 8.7 Hz, 

2H), 6.76 (d, J = 8.7 Hz, 2H), 6.56 (d, J = 16.0 Hz, 1H), 5.52 (br s, 1H), 3.70 (s, 3H), 3.35 (td, J = 10.9, 

5.5 Hz, 1H), 3.05 (td, J = 10.9, 5.5 Hz, 1H), 2.39-2.14 (comp. m, 4H), 1.74 (s, 3H). 

 

5.11.6.7 Cycloaddition of α,β,γ,δ-Unsaturated Carbonyls 

 

 

 

Cycloadduct 5-58. An isolated yield was obtained under the Cr conditions. Prepared according to the 

General Procedure using alkene 5-56 (26.4 mg, 0.100 mmol), diene 5-2 (30.1 µL, 0.300 mmol), 

[Cr(Ph2phen)3](BF4)3 (0.7 mg, 0.000500 mmol), and nitromethane (1.00 mL). The reaction mixture was 

irradiated for 70 h. The crude product was purified by flash chromatography (100% hexanes → 10:1 

hexanes/EtOAc eluent) to afford cyclohexene 5-58 (6.0 mg, 18% yield,) as a yellow oil. 

TLC: Rf = 0.68 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.91 (d, J = 7.7 Hz, 2H), 7.52-7.49 (m, 1H), 7.43 (d, J = 7.7 Hz, 2H), 7.03 

(d, J = 8.5 Hz, 2H), 6.71 (d, J = 8.5 Hz, 2H), 6.31 (d, J = 15.7 Hz, 1H), 5.82 (dd, J = 15.7, 8.4 Hz, 1H), 

5.46 (br s, 1H), 3.74 (s, 3H), 3.65 (td, J = 10.3, 5.1 Hz, 1H), 2.81-2.72 (m, 1H), 2.38-2.04 (m, 4H), 1.70 

(s, 3H). 

General Procedure for Cycloaddition of 5-56 with Other Catalysts: A flame-dried 2-dram borosilicate 

vial open to air was charged with alkene 5-56 (13.2 mg, 0.0500 mmol), diene 5-2 (50.0 µL, 0.500 mmol), 

catalyst, solvent (0.500 mL), and dodecyl acetate (internal standard, 11.4 mg, 0.0500 mmol). The vial was 

then capped and placed in front of the indicated light source. The solution was irradiated with stirring for 

the indicated time, then passed through a short plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The volatile 

MeO

Ph

O Me
O

Ph

MeO5-56 5-58

[Cr(Ph2phen)3](BF4)3
(0.5 mol %)

CH3NO2, air
23 W CFL

70 h
18% yield

(3 equiv)Me
5-2



 357 

materials were removed by rotary evaporation, and the resulting crude product mixture was analyzed by 

1H NMR. See Table 5.2 for results. 

Analogous procedures were followed for the cycloaddition attempts of alkenes 5-59, 5-61–5-66.  

Alkenes 5-56 and 5-5974 and 5-61 were prepared through Aldol condensation reactions according to the 

literature procedure.75 

5-61: 1H NMR (400 MHz; CDCl3): δ 8.03-8.01 (m, 2H), 7.99-7.95 (m, 1H), 7.58-7.47 (m, 4H), 7.25 (d, J 

= 8.8 Hz, 1H), 7.11 (d, J = 14.7 Hz, 1H), 6.94 (d, J = 8.9 Hz, 2H), 6.76 (d, J = 11.8 Hz, 1H), 3.87 (s, 3H), 

2.37 (s, 3H). 

Alkene 5-6276 were prepared through an HWE reaction with the corresponding aldehyde in an analogous 

procedure as was used to synthesize ester 5-70. Alkyne 5-63 77  was also synthesized from the 

corresponding aldehyde by reaction with methyl (triphenylphosphonoranylidene)acetate. 

Alkenes 5-64, 5-65, 5-66 were prepared according to the literature procedure.78 

5-64: 1H NMR (400 MHz; CDCl3): δ  7.49-7.47 (m, 2H), 7.40 (ddd, J = 7.1, 4.5, 2.9 Hz, 1H), 7.37-7.34 

(m, 1H), 7.25-7.22 (m, 2H), 6.37 (d, J = 9.6 Hz, 1H), 2.52 (t, J = 7.4 Hz, 2H), 1.64 (dq, J = 12.4, 5.9 Hz, 

2H), 1.31-1.24 (m, 8H), 0.89-0.84 (m, 3H). 

5-65: 1H NMR (400 MHz; CDCl3): δ  7.76 (d, J = 12.2 Hz, 1H), 7.38 (t, J = 7.8 Hz, 2H), 7.21-7.17 (m, 

1H), 7.06 (d, J = 7.8 Hz, 2H), 5.93 (d, J = 12.2 Hz, 1H), 2.46 (t, J = 7.5 Hz, 2H), 1.65-1.59 (m, 2H), 1.29-

1.26 (m, 8H), 0.87 (t, J = 6.7 Hz, 3H). 

5-66: 1H NMR (400 MHz; CDCl3): δ 7.71 (d, J = 12.3 Hz, 1H), 7.01-6.98 (m, 1H), 6.91 (dd, J = 17.5, 9.0 

Hz, 2H), 6.78 (d, J = 9.0 Hz, 1H), 5.84 (d, J = 12.3 Hz, 1H), 3.78 (s, 3H), 2.45 (t, J = 7.4 Hz, 2H), 1.62-

1.57 (m, 2H), 1.29-1.26 (m, 8H), 0.87 (dd, J = 6.4, 2.9 Hz, 3H). 

 

5.11.6.8 Stereoconvergence Experiments 
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cis-Enone 5-67 was synthesized by reduction of the corresponding alkyne with H2/Lindlar’s catalyst. 

Considerable over-reduction to the alkane was also observed. All spectroscopic data were consistent with 

previously reported values.79 

 

 

 

Cycloaddition of cis-Enone. Performed according to the General Procedure using alkene 5-67 (5.9 mg, 

0.0325 mmol), diene 5-2 (10.0 µL, 0.101 mmol), [Cr(Ph2phen)3](BF4)3 (0.2 mg, 0.000168 mmol), and 

nitromethane (0.340 mL). The reaction mixture was irradiated for 40 h, then was passed through a short 

plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The volatile materials were removed by rotary evaporation 

and the crude reaction mixture was analyzed by 1H NMR to reveal only the formation of anti-cyclohexene 

5-14, and no syn adduct (5-174). 

 

 

 

Isomerization of cis-Enone. Performed in a 1/2-dram vial on 1.0 mg of cis-enone 5-67 (0.00570 mmol) 

in the presence of [Cr(Ph2phen)3](BF4)3 (0.1 mg, 0.000028 mmol) in nitromethane (0.0600 mL). The 

reaction was irradiated with a 23 W CFL for 24 h, then was passed through a short plug of silica (2.0-2.5 

x 1 cm, Et2O eluent). The volatile materials were removed by rotary evaporation, and the resulting crude 
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product mixture was analyzed by 1H NMR. A 3.5:1 ratio of 5-69/5-67 was observed. When this same 

experiment was performed without catalyst, a 5:1 ratio of 5-69/5-67 was observed. 

 

5.11.6.9 Oxidative Cleavage of PMP Group 

 

 

 

Cyclohexane 5-175. H2 gas was bubbled through a mixture of cyclohexene 5-3 (60.0 mg, 0.200 mmol) 

and Pd/C (10%, 21.3 mg, 0.0200 mmol) in MeOH (2.00 mL) for 30 s using a balloon of H2 and needle 

outlet. The needle outlet was removed and the reaction mixture was left under positive pressure of H2 and 

stirred for 9 h. The reaction mixture was then passed through a short plug of celite (2.0-2.5 x 1 cm, EtOAc 

eluent). The volatile materials were removed by rotary evaporation and the crude product was purified by 

flash chromatography (100% hexanes → 15:1 hexanes/EtOAc eluent) to afford cyclohexane 5-175 (47.0 

mg, 76% yield) as a colorless oil. The NMR spectrum of the major diastereomer is reported. 

TLC: Rf = 0.48 in 3:1 hexanes/EtOAc, stained blue with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.31-7.15 (m, 7H), 6.92 (d, J = 8.7 Hz, 2H), 4.61 (d, J = 4.1 Hz, 1H), 3.82 

(s, 3H), 2.24 (tt, J = 11.7, 3.8 Hz, 1H), 2.03 (td, J = 11.7, 3.8 Hz, 1H), 1.94 (dq, J = 12.9, 2.5 Hz, 1H), 

1.78-1.65 (comp. m, 2H), 1.56-1.24 (comp. m, 3H), 1.06 (d, J = 7.1 Hz, 1H), 0.88 (d, J = 6.5 Hz, 3H), 

0.86-0.81 (m, 1H). 

13C NMR (100 MHz; CDCl3): δ 157.9, 138.0, 128.5, 127.71, 127.65, 127.20, 127.17, 114.2, 75.3, 55.2, 

48.3, 46.1, 37.7, 35.2, 35.0, 32.2, 22.7. 

IR (film): 3386, 3031, 2920, 1611, 1512, 1249, 1036, 704 cm-1. 

HRMS (ESI+): m/z calc’d for (M + Na)+ [C21H26O2 + Na]+: 333.1825, found 333.1824. 
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Carboxylic acid 5-99. To cyclohexane 5-175 (10.4 mg, 0.0335 mmol) in CCl4 (0.170 mL), acetonitrile 

(0.170 mL), and H2O (0.340 mL) under argon was added RuCl3•H2O (0.9 mg, 0.00337 mmol), then 

NaIO4 (108.2 mg, 0.506 mmol). The reaction mixture was stirred for 46 h, then was diluted with H2O (2 

mL) and CH2Cl2 (2 mL). The layers were separated and the aqueous layer was extracted with CH2Cl2 (2 x 

5 mL). The combined CH2Cl2 layers were passed through a short plug of silica (EtOAc eluent). The 

volatile materials were removed by rotary evaporation and the crude product was purified by flash 

chromatography (4:1 → 2:1 hexanes/EtOAc eluent) to afford carboxylic acid 5-99 (5.4 mg, 65% yield) as 

a colorless oil. The NMR spectrum of the major diastereomer is reported. 

TLC: Rf = 0.23 in 3:1 hexanes/EtOAc, visualized by UV. 

1H NMR (400 MHz; CDCl3): δ 7.96-7.91 (m, 2H), 7.57-7.54 (m, 1H), 7.46 (t, J = 7.6 Hz, 2H), 3.63-3.56 

(m, 1H), 2.92-2.85 (m, 1H), 2.22 (dd, J = 13.2, 3.5 Hz, 1H), 1.98-1.92 (m, 1H), 1.86-1.72 (comp. m, 2H), 

1.62-1.46 (comp. m, 3H), 0.90 (d, J = 6.5 Hz, 3H). 

13C NMR (100 MHz; CDCl3): δ 211.8, 202.6, 136.0, 132.9, 128.6, 128.4, 46.8, 43.8, 37.9, 34.1, 32.3, 

29.1, 22.0. 

IR (film): 3060, 2255, 1703, 1448, 1286, 700 cm-1. 

HRMS (ESI+): m/z calc’d for (M + Na)+ [C15H18O3 + Na]+: 269.1148, found 269.1149. 

 

5.11.6.10 Vinylcyclobutane Trapping Experiments 
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Performed according to the General Procedure using vinylcyclobutane 5-5 (9.5 mg, 0.0310 mmol), diene 

5-6 (34.0 µL, 0.310 mmol), [Cr(Ph2phen)3](BF4)3 (0.2 mg, 0.000155 mmol), and nitromethane (0.310 

mL). The reaction mixture was irradiated for 6 h, then was passed through a short plug of silica (2.0-2.5 x 

1 cm, Et2O eluent). The volatile materials were removed by rotary evaporation and the crude reaction 

mixture was analyzed by 1H NMR to reveal only the formation of cyclohexene 5-3. Cyclohexene 5-7 was 

not formed. 

 

 

 

Performed according to the General Procedure using vinylcyclobutane 5-10380 (16.0 mg, 0.0500 mmol), 

diene 5-2 (15.0 µL, 0.150 mmol), [Cr(Ph2phen)3](BF4)3 (0.3 mg, 0.000250 mmol), nitromethane (0.500 

mL), and dodecyl acetate (internal standard, 11.4 mg, 0.0500 mmol). The reaction mixture was irradiated 

for 24 h, then was passed through a short plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The volatile 

materials were removed by rotary evaporation and the crude reaction mixture was analyzed by 1H NMR 

to reveal only the formation of cyclohexene 5-7. Cyclohexene 5-3 was not formed. 
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Performed according to the General Procedure using vinylcyclobutane 5-5 (15.3 mg, 0.0500 mmol), 

alkene 5-69 (26.4 mg, 0.150 mmol), [Cr(Ph2phen)3](BF4)3 (0.3 mg, 0.000250 mmol), nitromethane (0.500 

mL), and dodecyl acetate (internal standard, 11.4 mg, 0.0500 mmol). The reaction mixture was irradiated 

for 24 h, then was passed through a short plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The volatile 

materials were removed by rotary evaporation and the crude reaction mixture was analyzed by 1H NMR 

to reveal only the formation of cyclohexene 5-3. Cyclohexene 5-14 was not formed. 

 

5.11.6.11 Enone Dimer Experiments 

 

Enone dimer 5-105 was synthesized by Robert Higgins through irradiation (350 nm) of a concentrated 

solution of 4-methoxychalcone (5-1) in nitromethane in the presence of benzophenone (0.5 equiv). All 

spectroscopic data were consistent with previously reported values.32 

 

 

 

Cycloreversion of Enone Dimer. To a 1/2-dram vial upon to air was added dimer 5-105 (8.0 mg, 0.0168 

mmol), [Cr(Ph2phen)3](BF4)3 (0.1 mg, 0.0000840 mmol), nitromethane (0.170 mL), and dodecyl acetate 

(internal standard, 3.8 mg, 0.0168 mmol). The vial was capped and stirred in front of a 23 W CFL in a 

closed box lined with aluminum foil. The reaction mixture was irradiated for 6 h, then was passed through 

a short plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The volatile materials were removed by rotary 

evaporation and the crude reaction mixture was analyzed by 1H NMR. In the presence of catalyst, enone 

5-1 was obtained in 16% NMR yield. In the absence of catalyst, 4% NMR yield of enone 5-1 was 

observed. 
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Trapping Experiment with Enone Dimer. To a 1/2-dram vial upon to air was added dimer 5-105 (8.0 

mg, 0.0168 mmol), diene 5-2 (5.00 µL, 0.0504 mmol), [Cr(Ph2phen)3](BF4)3 (0.1 mg, 0.0000840 mmol), 

nitromethane (0.170 mL), and dodecyl acetate (internal standard, 3.8 mg, 0.0168 mmol). The vial was 

capped and stirred in front of a 23 W CFL in a closed box lined with aluminum foil. The reaction mixture 

was irradiated for 6 h, then was passed through a short plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The 

volatile materials were removed by rotary evaporation and the crude reaction mixture was analyzed by 1H 

NMR. Cyclohexene 5-3 was obtained in 20% NMR yield.  

 

5.11.6.12 Competition Experiment 
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A stock solution was prepared containing alkene 5-111 (36.8 mg, 0.248 mmol), alkene 5-1 (59.1 mg, 

0.248 mmol), diene 5-2 (0.250 mL, 2.48 mmol), [Cr(Ph2phen)3](BF4)3 (1.6 mg, 0.00124 mmol), and 

dodecyl acetate (internal standard, 56.6 mg, 0.248 mmol) in nitromethane (2.48 mL). Into five 1-dr 

borosilicate vials was added 0.400 mL of the stock solution. The vials were capped and placed in front of 

a bright white 23 W compact fluorescent light bulb in a closed box lined with aluminum foil. At each 

indicated time, a vial was removed from the box, and the reaction mixture was passed through a short 

plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The volatile materials were removed by rotary evaporation, 

and the resulting crude product mixture was analyzed by 1H NMR. 

 

5.11.6.13 Catalyst Evaluation (Table 5.3) 

 

General Procedure for Cycloaddition: A flame-dried 2-dram borosilicate vial open to air was charged 

with alkene 5-1 (11.9 mg, 0.0500 mmol), diene 5-2 (15.0 µL, 0.150 mmol), catalyst, solvent (0.500 mL), 

and dodecyl acetate (internal standard, 11.4 mg, 0.0500 mmol). The vial was then capped and placed in 

front of the indicated light source. The solution was irradiated with stirring for 6 h, then passed through a 

short plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The volatile materials were removed by rotary 

evaporation, and the resulting crude product mixture was analyzed by 1H NMR. See Table 5.3 for results. 

 

General Procedure for Vinylcyclobutane Rearrangement: A flame-dried 2-dram borosilicate vial open 

to air was charged with vinylcyclobutane 5-5 (9.2 mg, 0.0300 mmol), catalyst, solvent (0.300 mL), and 

dodecyl acetate (internal standard, 6.9 mg, 0.0300 mmol). The vial was then capped and placed in front of 

the indicated light source. The solution was irradiated with stirring for 6 h, then passed through a short 

plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The solvent was removed by rotary evaporation, and the 

resulting crude product mixture was analyzed by 1H NMR. See Table 5.3 for results. 
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Cycloaddition with Aminium Salt: A flame-dried 2-dram borosilicate vial open to air was charged with 

alkene 5-1 (9.5 mg, 0.0400 mmol), diene 5-2 (12.0 µL, 0.120 mmol), CH2Cl2 (0.400 mL), and dodecyl 

acetate (internal standard, 9.1 mg, 0.0400 mmol). The vial was then capped and cooled to 0 °C, then (p-

BrPh)3NSbCl6 (1.6 mg, 0.00200 mmol) was added. The reaction mixture was stirred at 0 °C for 1 h, then 

was passed through a short plug of silica (2.0-2.5 x 1 cm, CH2Cl2 eluent). The volatile materials were 

removed by rotary evaporation, and the resulting crude product mixture was analyzed by 1H NMR. <5% 

yield of cyclohexene 5-3 had formed. An analogous experiment was performed where the vial was 

irradiated with a 23 W CFL (~45 °C) for 6 h. Again, <5% yield of cyclohexene 5-3 was formed. 

 

 

 

Vinylcyclobutane Rearrangement with Aminium Salt: A flame-dried 2-dram borosilicate vial open to 

air was charged with vinylcyclobutane 5-5 (12.3 mg, 0.0400 mmol), CH2Cl2 (0.400 mL), and dodecyl 

acetate (internal standard, 9.1 mg, 0.0400 mmol). The vial was then capped and cooled to 0 °C, then (p-

BrPh)3NSbCl6 (1.6 mg, 0.00200 mmol) was added. The reaction mixture was stirred at 0 °C for 1 h, then 

was passed through a short plug of silica (2.0-2.5 x 1 cm, CH2Cl2 eluent). The volatile materials were 

removed by rotary evaporation, and the resulting crude product mixture was analyzed by 1H NMR. 26% 

yield of cyclohexene 5-3 had formed. 
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5.11.6.14 Oxazolidinone Synthesis 

 

 

 

Oxazolidinone 5-116. (representative procedure) To carboxylic acid 5-140 (53.5 mg, 0.300 mmol), 

DMAP (3.7 mg, 0.0300), and 2-oxazolidinone (26.1 mg, 0.300 mmol) in CH2Cl2 (0.400 mL) in a flame-

dried vial at 0 °C was added DCC (61.9 mg, 0.300 mmol). The vial was capped and allowed to warm to 

ambient temperature. The reaction mixture was stirred for 20 h, then was filtered, washing with CH2Cl2. 

The filtrate was washed sequentially with sat. aq. NaHCO3 (5 mL) and brine (5 mL), and then was dried 

over MgSO4. The solvent was removed by rotary evaporation, and the crude residue was purified by flash 

chromatography (20:1 → 1:1 hexanes/EtOAc eluent) to afford oxazolidinone 5-116 (49.5 mg, 67% yield) 

as a white solid. 

TLC: Rf = 0.42 in 1:1 hexanes/EtOAc, stained with KMnO4. 

All spectroscopic data were consistent with previously reported values.81 

The other oxazolidinone substrates discussed in Scheme 5.34 (5-118–5-121) were synthesized through an 

analogous method using the corresponding chiral oxazolidinones. 
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5.11.6.15 Menthyl Ester Synthesis 

 

 

 

Menthyl ester 5-129. (representative procedure) To a flame-dried 2-dram vial was added carboxylic acid 

5-140 (0.134 g, 0.750 mmol) and SOCl2 (0.44 mL, 6.00 mmol). The vial was capped and heated at 76 °C 

for 3 h. The reaction mixture was allowed to cool to ambient temperature, then the volatile materials were 

removed by rotary evaporation. The crude residue was azeotroped with CH2CL2 (3 x 1 mL). To the crude 

residue was added pyridine (0.0610 mL, 0.750 mmol), 8-phenylmenthol (0.174 g, 0.750 mmol), and THF 

(0.300 mL). The vial was capped and stirred at 66 °C for 6 h. The reaction mixture was allowed to cool to 

ambient temperature, then was diluted with EtOAc (5 mL) and transferred to a separatory funnel. The 

organic layer was washed sequentially with sat. aq. NaHCO3 (5 mL), brine (5 mL), and H2O (5 mL), and 

then was dried over MgSO4. The solvent was removed by rotary evaporation, and the crude residue was 

purified by flash chromatography (100% hexanes → 10:1 hexanes/EtOAc eluent) to afford ester 5-129 

(0.256 g, 87% yield) as a pale yellow oil. 

TLC: Rf = 0.68 in 3:1 hexanes/EtOAc, visualized by UV. 

All spectroscopic data were consistent with previously reported values.82 

The other menthyl ester substrates discussed in Table 5.5 (5-128 and 5-130) were synthesized through an 

analogous method using the corresponding menthol derivatives. 

 

Cycloadditions with Chiral Substrates. Performed according to General Procedure with dodecyl 

acetate as an internal standard. The crude product mixtures were analyzed by 1H NMR to determine their 
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diastereomeric ratios. These results are reported in Section 5.8. The alcohol 8-(4-methoxy)phenyl menthol 

was synthesized according to the literature procedure.83 

 

5.11.6.16 Vinylcyclopropane [3+2] with Oxygen 

 

 

 

Endoperoxide 5-135. To a vial open to air was added cyclopropane 5-134 (14.1 mg, 0.0750 mmol), 

[Cr(Ph2phen)3](BF4)3 (1.0 mg, 0.00075 mmol), and nitromethane (0.750 mL). The vial was capped and 

irradiated with a 23 W CFL with stirring for 40 h. The reaction mixture was then passed through a short 

plug of silica (2.0-2.5 x 1 cm, Et2O eluent). The volatile materials were removed by rotary evaporation, 

and the crude residue was purified by flash chromatography (100% hexanes → 15:1 hexanes/EtOAc 

eluent) to afford endoperoxide 5-135 (1.6 mg, 10% yield) as a colorless oil. The rest of the material was 

mostly cyclopropane 5-134 and p-anisaldehyde. 

TLC: Rf = 0.66 in 3:1 hexanes/EtOAc, stained purple with p-anisaldehyde. 

1H NMR (400 MHz; CDCl3): δ 7.33 (d, J = 8.7 Hz, 2H), 6.89 (d, J = 8.7 Hz, 2H), 5.26 (t, J = 7.5 Hz, 

1H), 5.11 (s, 1H), 4.96 (s, 1H), 4.86 (t, J = 7.5 Hz, 1H), 3.81 (s, 3H), 3.10 (dt, J = 12.2, 7.9 Hz, 1H), 2.52 

(dt, J = 12.2, 7.9 Hz, 1H), 1.81 (s, 3H). 
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APPENDIX A 

CRYSTALLOGRAPHIC DATA FOR PRODUCT 2-2 

 

Table 1. Crystal data and structure refinement for 2-2 

Identification code 2-2 
Empirical formula C17H20O 
Formula weight 240.33 
Temperature/K 100(2) 
Crystal system monoclinic 
Space group Cc 
a/Å 16.9694(6) 
b/Å 10.1758(6) 
c/Å 7.7382(3) 
α/° 90.00 
β/° 92.801(3) 
γ/° 90.00 
Volume/Å3 1334.61(11) 
Z 4 
ρcalcmg/mm3 1.196 
m/mm-1 0.072 
F(000) 520.0 
Crystal size/mm3 0.57 × 0.47 × 0.37 
2Θ range for data collection 4.66 to 78.76° 
Index ranges -30 ≤ h ≤ 30, -18 ≤ k ≤ 17, -13 ≤ l ≤ 13 
Reflections collected 28192 
Independent reflections 7745[R(int) = 0.0359] 
Data/restraints/parameters 7745/2/164 
Goodness-of-fit on F2 1.064 
Final R indexes [I>=2σ (I)] R1 = 0.0323, wR2 = 0.0884 
Final R indexes [all data] R1 = 0.0344, wR2 = 0.0898 
Largest diff. peak/hole / e Å-3 0.44/-0.21 
Flack parameter 0.3(5) 
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Table 2. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters 

(Å2×103) for 2-2. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 

Atom x y z U(eq) 

O1 2433.8(3) 3952.5(5) 7948.6(6) 17.52(8) 

C1 2547.6(3) 2872.7(5) 6904.3(7) 14.09(8) 

C2 1791.7(3) 2460.5(6) 5986.7(8) 19.35(9) 

C3 1850.2(4) 1084.4(7) 5229.4(9) 22.48(11) 

C4 2626.8(4) 936.6(7) 4327.2(9) 23.85(11) 

C5 3338.8(3) 1121.1(6) 5597.0(7) 16.95(9) 

C6 3249.0(3) 2268.5(5) 6809.1(6) 12.15(7) 

C7 3942.0(3) 2700.0(5) 7954.2(6) 11.92(7) 

C8 3837.1(3) 4030.3(5) 8789.1(7) 14.49(8) 

C9 3109.2(4) 4787.4(5) 8212.4(7) 16.49(9) 

C10 3797.7(3) 2817.6(5) 9894.9(7) 14.76(8) 

C11 4442.3(4) 2563.0(7) 11270.5(8) 20.96(10) 

C12 4740.9(3) 2293.9(5) 7406.4(6) 12.97(8) 

C13 5046.6(3) 1060.0(5) 7863.3(7) 15.81(8) 

C14 5767.5(3) 641.1(6) 7284.9(8) 19.55(10) 

C15 6195.8(3) 1450.8(7) 6225.0(8) 21.97(11) 

C16 5901.4(4) 2685.1(7) 5771.5(9) 22.63(11) 

C17 5180.1(3) 3107.7(6) 6366.3(7) 18.19(9) 
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Table 3. Anisotropic Displacement Parameters (Å2×103) for 2-2. The Anisotropic displacement 

factor exponent takes the form: -2π2[h2a*2U11+...+2hka×b×U12] 

Atom U11 U22 U33 U23 U13 U12 

O1 14.84(16) 18.22(18) 19.61(17) -2.34(13) 1.96(13) 5.73(13) 

C1 12.34(17) 16.17(19) 13.70(18) 0.70(15) 0.04(14) 2.79(15) 

C2 12.57(18) 24.7(2) 20.3(2) 1.57(19) -3.27(16) 2.21(18) 

C3 17.8(2) 25.2(3) 23.7(2) -1.1(2) -7.12(19) -1.9(2) 

C4 23.1(2) 29.3(3) 18.6(2) -7.7(2) -5.11(19) 1.3(2) 

C5 16.23(19) 18.1(2) 16.3(2) -5.30(16) -0.91(16) 1.76(16) 

C6 11.37(16) 13.34(17) 11.73(17) -0.35(14) 0.27(13) 1.77(13) 

C7 11.48(16) 12.08(17) 12.16(16) -0.98(13) 0.32(13) 2.06(13) 

C8 16.38(19) 12.38(18) 14.58(18) -2.00(14) -0.54(15) 2.79(15) 

C9 20.1(2) 13.96(18) 15.4(2) -0.88(15) 0.22(16) 5.40(16) 

C10 15.80(18) 16.97(19) 11.42(17) -0.03(15) -0.25(14) 3.90(15) 

C11 23.2(2) 23.6(2) 15.4(2) -0.89(18) -5.02(18) 6.3(2) 

C12 11.34(16) 13.65(18) 13.90(18) -1.38(14) 0.53(13) 0.99(14) 

C13 13.53(18) 14.78(19) 19.1(2) -0.92(16) 1.10(15) 2.91(15) 

C14 15.02(19) 21.1(2) 22.5(2) -5.00(19) 0.28(17) 5.70(17) 

C15 13.24(19) 31.1(3) 21.9(2) -7.8(2) 3.17(17) 1.79(19) 

C16 19.0(2) 28.2(3) 21.3(3) -2.0(2) 7.13(19) -3.2(2) 

C17 18.1(2) 18.3(2) 18.5(2) 1.32(17) 3.85(17) 0.02(17) 
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Table 4. Bond Lengths for 2-2. 

Atom Atom Length/Å 
 
Atom Atom Length/Å 

O1 C1 1.3830(7) 
 

C7 C12 1.4982(7) 

O1 C9 1.4332(8) 
 

C8 C9 1.5048(8) 

C1 C2 1.4955(8) 
 

C8 C10 1.5051(8) 

C1 C6 1.3449(7) 
 

C10 C11 1.5109(8) 

C2 C3 1.5230(10) 
 

C12 C13 1.3974(7) 

C3 C4 1.5285(10) 
 

C12 C17 1.3956(8) 

C4 C5 1.5313(8) 
 

C13 C14 1.3899(7) 

C5 C6 1.5100(7) 
 

C14 C15 1.3922(10) 

C6 C7 1.5030(7) 
 

C15 C16 1.3903(10) 

C7 C8 1.5142(7) 
 

C16 C17 1.3965(8) 

C7 C10 1.5380(7) 
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Table 5. Bond Angles for 2-2. 

Atom Atom Atom Angle/˚ 
 
Atom Atom Atom Angle/˚ 

C1 O1 C9 114.88(4) 
 

C12 C7 C10 119.15(4) 

O1 C1 C2 111.06(4) 
 

C9 C8 C7 116.30(4) 

C6 C1 O1 122.98(5) 
 

C9 C8 C10 121.98(5) 

C6 C1 C2 125.92(5) 
 

C10 C8 C7 61.25(3) 

C1 C2 C3 111.72(5) 
 

O1 C9 C8 112.20(4) 

C2 C3 C4 109.88(5) 
 

C8 C10 C7 59.67(3) 

C3 C4 C5 111.45(5) 
 

C8 C10 C11 119.36(5) 

C6 C5 C4 113.14(5) 
 

C11 C10 C7 122.02(5) 

C1 C6 C5 120.26(5) 
 

C13 C12 C7 120.41(5) 

C1 C6 C7 120.21(4) 
 

C17 C12 C7 121.04(5) 

C7 C6 C5 119.49(4) 
 

C17 C12 C13 118.49(5) 

C6 C7 C8 114.07(4) 
 

C14 C13 C12 121.05(5) 

C6 C7 C10 116.18(4) 
 

C13 C14 C15 120.08(6) 

C8 C7 C10 59.08(3) 
 

C16 C15 C14 119.46(5) 

C12 C7 C6 116.44(4) 
 

C15 C16 C17 120.32(6) 

C12 C7 C8 119.61(4) 
 

C12 C17 C16 120.58(6) 

  

 

 

 

 

 



 380 

Table 6. Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) 

for 2-2. 

Atom x y z U(eq) 

H2A 1657 3092 5045 23 

H2B 1362 2481 6808 23 

H3A 1401 929 4388 27 

H3B 1824 424 6164 27 

H4A 2648 1596 3390 29 

H4B 2650 53 3797 29 

H5A 3417 309 6288 20 

H5B 3817 1256 4934 20 

H8 4329 4565 8964 17 

H9A 2998 5456 9097 20 

H9B 3207 5253 7120 20 

H10 3255 2567 10223 18 

H11A 4946 2888 10872 31 

H11B 4482 1617 11493 31 

H11C 4317 3020 12338 31 

H13 4757 499 8581 19 

H14 5968 -199 7613 23 

H15 6685 1162 5815 26 

H16 6192 3244 5054 27 

H17 4987 3957 6060 22 

 



 381 

 

 

 



 

 382 

 

 

APPENDIX B 

NMR SPECTRA RELEVANT TO CHAPTER 2  
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