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Abstract 
 

Evaluation on the Effect of Mechanical Stress in Pericyclic Reactions: 
Mechanochemical Enabled 1,3-Dipolar Cycloaddition Between Nitrile Oxides and 

Alkynes 

Rafael A. Hernandez R., Ph.D. 

Concordia University, 2023 

 

The synthesis of heterocycles has constituted a proliferating and growing area in chemistry. Among 
these, isoxazole motifs are commonly found in many drug candidates, novel materials, and versatile 
intermediates used to synthesize complex natural products. 

Isoxazoles are typically synthesized through a 1,3-dipolar cycloaddition between nitrile oxides (NOs) and 
terminal alkynes. However, this type of cycloaddition often results in low regioselectivity, forming complex 
mixtures of 3,5-isoxazoles and 3,4-isoxazoles. To improve regioselectivity, Cu-catalysts have been shown 
to enhance selectivity for the 3,5-isoxazoles, while Ru(II)-catalysts favour the formation of 3,4-isoxazoles. 
However, these solution-based protocols suffer significant drawbacks, such as long reaction times, low 
atom economy, and low energy efficiency.  

A more promising alternative is mechanochemistry, which offers unprecedented modes of reactivity and 
selectivity with a lower environmental impact. Despite the diverse application of isoxazoles, very few 
reports have utilized mechanochemistry to synthesize these heterocycles. Herein, we discuss the impact 
of mechanochemistry in combination with catalysis in the regiospecific synthesis of 3,5-isoxazoles and 3,4-
isoxazoles from terminal alkynes and NOs. Furthermore, we will highlight the applicability of the 
developed mechanocatalytic conditions in the synthesis of trisubstituted isoxazoles from internal alkynes 
and NOs.  

Additionally, we explored the impact of mechanochemistry in desymmetrizations by cycloaddition-type 
reactions, specifically, in the desymmetrization of unbiased bis- and tris-alkynes to access unprecedented 
3,5-isoxazoles-alkyne adducts selectively. This approach allows for the modular synthesis of unsymmetrical 
bis-3,5-isoxazoles. 

  



iv 
 

 

Acknowledgements 

I would like express my sincere gratitude to my supervisor Dr. Pat Forgione, for providing me with the 
invaluable opportunity to join his academic research group in 2018. Dr. Forgione has been exceptionally 
supportive, consistently encouraging me to explore new ideas and think creatively in my research. He has 
not only guided me in honing my technical skills but has also taken a genuine interest in my personal 
development. I am truly grateful for the regular group meetings, during which Dr. Forgione fosters an 
environment of open discussion and collaboration. In addition, his insistence in attending conferences has 
broadened my horizons and exposed to the latest progresses in the field. The one-on-one research 
discussions have been important in refining my ideas and shaping my research directions. Overall, I would 
like to express my deepest appreciation to Dr. Pat Forgione for his invaluable contribution to my academic 
growth and personal success. 
I would also like to express my gratitude to my committee members, Dr. Rafik Naccache and Dr. Xavier 
Ottenwaelder. Personally, I want to thank Dr. Naccache for being a valuable member who, in my opinion 
has significantly contributed to my growth and encourage improvements in myself since the my 
undergraduate years. Dr. Ottenwaelder or Dr. X, your guidance has push me beyond my limits, you have 
put me on the spot, but I truly appreciate your generosity and honesty. I am thankful to all of you for the 
insightful discussion we had during the committee meetings, which helped me gain a better understanding 
of my own research and taught me the importance of considering the bigger picture.  

I am very thankful to the administrative and technical personnel of the Department of Chemistry and 
Biochemistry. A special thanks goes to Marka Dochia, Rita Umbrasas for their caring nature and constant 
support. Also, a huge thanks to Dr. Constantin Yannopoulos and Dr. Louis Cuccia for always being there to 
help me and the research staff in all circumstances, and for their openness to any chemistry questions. 

To all current and previous members of the fORGione group, your support has been invaluable, and it has 
made our group meeting more enriching. I want to thank Peter Liu, Fadil Tac, and Jean-Louis Do for 
maintaining our friendship and giving me excellent advice.  

I also want to acknowledge the excellent and hard work of all undergraduate students who have helped 
move our projects forward. Working with, Kelly Burchell-Reyes, Jennifer Keough Lopez, Arthur Braga, Irini 
Trakakis, Negin Navabi, and Stephanie Patterson has been a fantastic experience. 

I was very lucky to meet some amazing fellow grad students and post-docs who went from co-workers to 
becoming an essential part in my daily life, Javier, Laura, Victor, Michelle, Pedro, Nicolas, Farshid and 
Melika, made my days awesome at Concordia. 

I owe my deepest gratitude to my family who have supported me in every decision, and encourage 
perseverance until the end, even when things seemed difficult and impossible. My parents, Rafael and 
Nancy, have been a pillar for resilience, hard work, and to always seeing challenges as opportunities in the 
face of adversity. My sister, Andreina, has given me the spiritual guidance and emotional support to 
navigate even the most challenging waters and times. 

The research outlined in this thesis was kindly funded by the Natural Sciences and Engineering Research 
Council (NSERC) of Canada and Le Fonds de Recherche du Québec, Nature et Technologies (FQRNT). 
Support was also provided by Concordia University, Centre in Green Chemistry and Catalysis, and the 
Richard and Edith Strauss Foundation. 



v 
 

Dedication 
 

 

 

 

 

 

 

 

 

 

 

For My Mother,  

You Always Have Believed That I Could Achieve More and That Nothing is Out of My Reach 

 

 

 

 

 

 

 

 

  



vi 
 

Contribution of Authors 
 

The experiments and concepts discussed in this thesis is based on the manuscripts previously published 
by the author of the thesis (Chapters 2 and 3) and one manuscript that has been submitted (Chapter 4). 

 

Manuscript 1 (Chapter 2): Hernandez R., R. A.; Burchell-Reyes, K.; Braga, A. P. C. A.; Lopez, J. K.; Forgione, 
P. Solvent-free synthesis of 3,5-isoxazoles via 1,3- dipolar cycloaddition of terminal alkynes and 
hydroxyimidoyl chlorides over Cu/Al2O3 surface under ball-milling conditions RSC Adv. 2022, 12, 6396–
6402.  

Contributions from Arthur P. C. A. Bragaa and Jennifer Keough Lopez towards the optimization of Cu(II) 
catalysts and Kelly Burchell-Reyes in the time optimization of each substrate and the isolation of the 3,5-
isoxazoles required for the reaction scope. 

Manuscript 2 (Chapter 3): Hernandez, R. A.; Trakakis, I.; Do, J.; Cuccia, L. A.; Friščić, T.; Forgione, P. 
Mechanochemical Desymmetrization of Unbiased Bis- and Tris-alkynes to Access 3,5-Isoxazoles-Alkyne 
Adducts and Unsymmetrical Bis-3,5-isoxazoles European J. Org. Chem. 2023, 19, e202300374. 

Additional contributions of Irini Trakakis and Jean-Louis Do in the reaction optimization conditions. 

Manuscript 3 (Chapter 4): The current work has not been published and it is under current evaluation in 
the Journals of Royal Chemical Society. 

Contributions of Stephanie Patterson in the optimization of Ru-catalysts and Negin Nabavi in the 
optimization of the uncatalyzed synthesis of 3,4,5-isoxazoles and the Ru(II) conditions for the umpolung 
synthesis of 3,4,5-isoxazoles. 

 

 

 

 

 

  



vii 
 

Table of Contents 
List of Figures ............................................................................................................................................... xi 

List of NMR Spectra ..................................................................................................................................... xiv 

List of Tables ............................................................................................................................................. xviii 

List of Abbreviations ................................................................................................................................... xix 

Chapter 1 -  Concepts on Mechanochemistry and Advances in Mechanochemical Cycloaddition .............. 1 

1. Introduction ...................................................................................................................................... 2 

1.1. Solid-state reactions ..................................................................................................................... 2 

1.2. Mechanochemistry and the Applications in Organic Reactions ................................................... 3 

1.2.1. Increase in reaction rates ...................................................................................................... 3 

1.2.2. Sustainability and Accessibility ............................................................................................. 4 

1.3. Assisting the Grinding ................................................................................................................... 5 

1.3.1. Liquid Assisted Grinding ........................................................................................................ 5 

1.3.2. Grinding Auxiliaries Agents (GAA) ......................................................................................... 6 

1.4. Grinding and Milling Techniques .................................................................................................. 6 

1.5. Methods for Scaling-up ............................................................................................................... 10 

1.6. Cycloaddition Reaction Enabled by Mechanochemistry: ........................................................... 12 

1.7. Research Goals and Thesis Organization .................................................................................... 26 

1.8. References .................................................................................................................................. 28 

Chapter 2 - Solvent-Free Synthesis of 3,5-Isoxazoles via 1,3-Dipolar Cycloaddition of Terminal Alkynes 
and Hydroxyimidoyl Chlorides over Cu/Al2O3 Surface under Ball-Milling Conditions. ............................... 34 

2.1. Abstract ............................................................................................................................................ 35 

2.2. Introduction ..................................................................................................................................... 35 

2.3. Results and Discussion ..................................................................................................................... 37 

2.3.1. Reaction optimization ............................................................................................................... 37 

2.3.2. Investigations of Cu(II) catalysis in the synthesis of 3,5-isoxazole: ........................................... 40 

2.3.3. Investigations on the recyclability of Cu/Al2O3 .......................................................................... 43 

2.4. Conclusion ........................................................................................................................................ 45 

2.5. Acknowledgements .......................................................................................................................... 46 

2.7. References ....................................................................................................................................... 47 

2.8. Experimental Section for chapter 2 ................................................................................................. 50 

2.8.1. General Considerations, Materials, and Instrumentations ....................................................... 50 

2.8.2. Procedure S1 (PS1): Solvent-Free and catalyst-free synthesis of 3,5-isoxazoles via 1,3-dipolar 
cycloaddition from terminal alkynes and hydroxyimidoil chlorides under ball-milling conditions .... 51 

2.8.3 Atom Economy and E-Factor Calculations for the synthesis of 3,5-isoxazole 78d ..................... 51 



viii 
 

2.8.4. Milling Time Optimization: Solvent-Free and catalyst-free synthesis of 3,5-isoxazoles via 1,3-
dipolar cycloaddition from terminal alkynes and hydroxyimidoil chlorides under ball-milling 
conditions ............................................................................................................................................ 54 

2.8.5. Procedure S2 (PS2): Preparation of Cu/Al2O3 nanocomposites catalyst. .................................. 56 

2.8.6. Recycled Cu/Al2O3 nanocomposites catalyst ............................................................................. 56 

2.8.7. XPS analysis of Cu/Al2O3 ............................................................................................................ 56 

2.8.8. Synthesis of (E,Z)-N-hydroxy-4-methoxybenzimidoyl chloride (80d) ........................................ 59 

2.8.9. Procedure S3 (PS3): Solvent-Free synthesis of 3,5-isoxazoles via 1,3-dipolar cycloaddition from 
terminal alkynes and hydroxyimidoil chlorides under Cu/Al2O3 surface under ball-milling conditions.
 ............................................................................................................................................................ 60 

2.8.11. Atom Economy and E-Factor Calculations for the synthesis of 3,5-isoxazole 78f ................... 61 

2.8.12. Milling Time Optimization for the Solvent-Free synthesis of 3,5-isoxazoles via 1,3-dipolar 
cycloaddition from terminal alkynes and hydroxyimidoil chlorides under Cu/Al2O3 surface under 
ball-milling conditions ......................................................................................................................... 68 

2.8.12. 1H NMR and 13C spectra ........................................................................................................... 73 

2.8.13. Solid-state characterization of the reaction crude ................................................................ 109 

Chapter 3 - Mechanochemical Desymmetrization of Unbiased Bis- and Tris-alkyne to Access 3,5-
Isoxazoles-alkyne Adducts and Unsymmetrical Bis-3,5-isoxazoles .......................................................... 112 

3.1. Abstract .......................................................................................................................................... 113 

3.2. Introduction ................................................................................................................................... 113 

3.3. Results and Discussion ................................................................................................................... 116 

3.3.1. Mechanochemical desymmetrization optimization and optimization ................................... 116 

3.3.2. Mechanochemical synthesis of unsymmetrical bis-3,5,-isoxazoles ........................................ 123 

3.4. Conclusion ...................................................................................................................................... 125 

3.5. Acknowledgements ........................................................................................................................ 126 

3.6. References ..................................................................................................................................... 127 

3.7. Experimental Section for chapter 3 ............................................................................................... 131 

3.7.1. General Considerations, Materials, and Instrumentations ..................................................... 131 

3.7.2. Procedure S1 (PS1): Optimization of Solvent-Free Desymmetrization of Aromatic(bis-alkyne) 
Systems ............................................................................................................................................. 132 

3.7.3. Procedure S2 (PS2): Optimization of Desymmetrization of Alkyl bis-alkyne 103h by Solution-
based method ................................................................................................................................... 137 

3.7.4. Procedure 3 (PS3): Solvent-Free Desymmetrization of Aromatic bis- and tris- alkyne (Isolation 
and Characterization) ........................................................................................................................ 138 

3.7.5. Procedure 4 (PS4): Comparative effects of solution-based conditions to mechanochemical 
conditions for the desymmetrizations alkyl bis-alkynes 103h .......................................................... 148 

3.7.6. Procedure 5 (PS5): Reaction Selectivity Comparison between Mechanochemistry and 
Solution-base .................................................................................................................................... 150 



ix 
 

3.7.7. Selectivity on other Aromatic Bis-Alkyne Substrates by Mechanochemical Conditions ........ 150 

3.7.8. Procedure 6 (PS6): Synthesis of β-ketoenamine-alkyne ......................................................... 152 

3.7.9. Procedure 7 (PS7): Optimization for the Synthesis of Unsymmetrical Bis-3,5-isoxazoles ...... 153 

3.7.10. Procedure 8 (PS8): Synthesis of Unsymmetrical Bis-3,5-isoxazoles ...................................... 155 

3.7.11. Spectroscopic Data for the demonstrated compounds ........................................................ 157 

5-(5-ethynylthiophen-2-yl)-3-(4-methoxyphenyl)isoxazole (105i) ....................................................... 171 

(Z)-3-amino-1-(4-ethynylphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (109) .................................... 191 

Diethyl 5,5'-(propane-1,3-diyl)bis(isoxazole-3-carboxylate) (111b) ...................................................... 193 

Ethyl 5-(3-(3-(3-cyanophenyl)isoxazol-5-yl)propyl)isoxazole-3-carboxylate (111c) .............................. 195 

3.7.12. Solid state characterization of desymmetrization product 103e .......................................... 203 

Chapter 4 -  Enabling Regioselective Control For Solvent-Free Reactions: A Mechanochemical Ru-
Catalyzed Synthesis of 3,4- and 3,4,5-Isoxazoles by Planetary Ball-Milling Technique. ........................... 205 

4.1. Abstract .......................................................................................................................................... 206 

4.2. Introduction ................................................................................................................................... 206 

4.2. Results and Discussion ................................................................................................................... 209 

4.3. Mechanochemical Ru(II)-catalyzed mechanistic investigations .................................................... 223 

4.4. Conclusions .................................................................................................................................... 227 

4.5. Acknowledgements ........................................................................................................................ 228 

4.6.References ...................................................................................................................................... 229 

4.7. Experimental Section for Chapter 4: .............................................................................................. 234 

4.7.1. General Considerations, Materials, and Instrumentations ..................................................... 234 

4.7.2. Procedure S1 (PS1): Optimization results for Ru(II) catalyzed synthesis of 3,4-isoxazoles from 
terminal alkynes and hydroxyimidoyl chlorides ................................................................................ 235 

4.7.3. Procedure S2 (PS2): Synthesis and isolation of 3,4-isoxazoles. .............................................. 237 

4.7.4. Procedure S3 (PS3): Optimization of “Polung” synthesis of 3,4,5-isoxazoles. ........................ 242 

4.7.5. Procedure S4 (PS4): “Polung’’ synthesis and isolation of 3,4,5-isoxazoles. ............................ 244 

4.7.6. Procedure S5 (PS5): “Umpolung’’ synthesis and isolation of 3,4,5-isoxazoles. ...................... 250 

4.7.7. Procedure S6 (PS6): Transition Electron Microscope (TEM) Analysis ..................................... 258 

4.7.8. Procedure S7 (PS7): Evaluation of Ru Catalyst by PXRD .......................................................... 260 

4.7.8. NMR Spectra: .......................................................................................................................... 261 

Chapter 5 - Safety Concerns in Mechanochemical Reactions: Peroxide Handling, The Old New Problem
 .................................................................................................................................................................. 319 

5.1. Abstract .......................................................................................................................................... 320 

5.2. Perspective ..................................................................................................................................... 320 

5.3. Conclusion ...................................................................................................................................... 322 

5.4. References ..................................................................................................................................... 323 



x 
 

Chapter 6 - General Conclusion and Future Directions ............................................................................ 324 

6.1 General Conclusions ........................................................................................................................ 325 

6.2 Future Directions ............................................................................................................................ 325 

Appendices ................................................................................................................................................ 327 

Appendix A: Copper Azide-Alkyne Cycloaddition (CuAAC) ................................................................... 327 

 

  



xi 
 

List of Figures 
 

FIGURE 1.1. SCHEMATIC REPRESENTATION OF SIGNS USED FOR CHEMICAL TRANSFORMATION DEPENDING ON 
ENERGY INPUT. ...................................................................................................................................................... 2 

FIGURE 1.2. PROPERTIES AND CHARACTERISTICS OF MECHANOCHEMISTRY AND SS CHEMISTRY. .............................. 3 
FIGURE 1.3. MECHANOCHEMICAL AND SOLID-STATE REACTION MODELS. .................................................................. 4 
FIGURE 1.4. 12 PRINCIPLES OF GREEN CHEMISTRY. ...................................................................................................... 5 
FIGURE 1.5. LIQUID-ASSISTED GRINDING Η PARAMETER. ............................................................................................ 6 
FIGURE 1.6. MORTAR AND PESTLE AND AUTOMATIC GRINDER. ................................................................................... 7 
FIGURE 1.7. PLANETARY BALL MILL, JARS, AND AN SCHEMATIC REPRESENTATIONS OF THE MOTION OF THE “SUN 

WHEEL”. ................................................................................................................................................................. 8 
FIGURE 1.8. MIXER MILL AND A SCHEMATIC REPRESENTATION OF THE MOTION OF THE MILLING MEDIA. ................ 9 
FIGURE 1.9. EXAMPLES OF MM JARS OF DIFFERENT MATERIALS. .............................................................................. 10 
FIGURE 1.10. SCHEMATIC REPRESENTATION OF TSE REACTORS AND A EXAMPLE OF THE TWIN-SCREW 

CONFIGURATION. THIS IMAGES WERE TAKEN WITH THE PERMISSION OF COWELL (NANJING) EXTRUSION 
MACHINERY CO. WEBSITE. .................................................................................................................................. 11 

FIGURE 1.11. RAM REACTORS AND THEIR MOTION INSIDE THE REACTOR. ................................................................ 12 
THIS IMAGES WERE TAKEN WITH THE PERMISSION OF RESODYN. ............................................................................. 12 
FIGURE 1.12. SCHEMATIC REPRESENTATION OF A DIELS-ALDER A [4+2] CYCLOADDITION. ........................................ 13 
FIGURE 1.14. SCHEMATIC REPRESENTATION OF A [2+2] CYCLOADDITION BETWEEN OLEFINS. ................................. 15 
FIGURE 1.15. MECHANOCHEMICAL DIMERIZATION OF FULLERENES BY A MECHANOCHEMICAL-ALLOWED [2+2] 

CYCLOADDITIONS. ............................................................................................................................................... 16 
FIGURE 1.16. MECHANOPHOTOCHEMICAL [2+2]CYCLOADDITION. ............................................................................ 17 
FIGURE 1.17. REPRESENTATION 1,3-DIPOLAR CYCLOADDITION AND CLASSIFICATIONS OF 1,3-DIPOLES. .................. 18 
FIGURE 1.19. EXAMPLES OF MECHANOCHEMISTRY IN CUAAC FOR SMALL MOLECULES AND IN POLYMER 

SYNTHESIS. .......................................................................................................................................................... 19 
FIGURE 1.20. EXAMPLES OF DIRECT MECHANOCATALYSIS ON CUAAC. ...................................................................... 19 
FIGURE 1.21. CU NANOPARTICLES USED ON CUAAC. .................................................................................................. 20 
FIGURE 1.22. EXAMPLES OF ORGANOCATALYTIC MECHANOCHEMICAL SYNTHESIS OF TRISUBTITUTED TRIAZOLES. 21 
FIGURE 1.23. MECHANOCHEMICAL VAN LAUSEN CYCLOADDITION TO OBTAIN 3,4-PYRROLES. ................................. 22 
FIGURE 1.24. SYNTHESIS OF NOS AND FUROXANS...................................................................................................... 22 
FIGURE 1.25. APPLICATION OF ISOXAZOLE HETEROCYCLES IN VARIOUS FIELDS OF CHEMISTRY. ............................... 23 
FIGURE 1.26. GENERIC REACTION DIAGRAM FOR TERMAL 1,3-DC BETWEEN NOS AND TERMINAL ALKYNES. .......... 24 
FIGURE 1.27. CU(I) CATALYZE 1,3-DC BETWEEN NOS AND TERMINAL ALKYNE ........................................................... 25 
FIGURE 1.28. RU(II) CATALYZE SYNTHESIS OF 3,4- AND 3,4,5-ISOXAZOLES. ................................................................ 26 
FIGURE 2.1. EXAMPLES OF ISOXAZOLES WITH PHARMACOLOGICAL ACTIVITY. .......................................................... 35 
FIGURE 2.2. 1,3-DIPOLAR CYCLOADDITION OF TERMINAL ALKYNES AND NITRILE OXIDES ......................................... 36 
FIGURE 2.3: PREVIOUSLY REPORTED SYNTHESIS OF ISOXAZOLES ............................................................................... 37 
FIGURE 2.4. CATALYST-FREE MECHANOCHEMICAL SYNTHESIS OF 3,5-ISOXAZOLES. ................................................... 39 
FIGURE 2.5. A) FILTRATION OF THE CU/AL2O3 CATALYST AFTER THE FIRST RUN. B) COLOUR CHANGE OF THE 

CU/AL2O3 CATALYST AFTER RECYCLING. FROM LEFT TO RIGHT. (LEFT) FRESH CATALYST: BLUE. (MIDDLE) FIRST 
RECYCLE: GREEN. (RIGHT) SECOND RECYCLE: BROWN ....................................................................................... 41 

FIGURE 2.6. MECHANOCHEMICAL SYNTHESIS OF 3,5-ISOXAZOLES REACTION SCOPE. .............................................. 42 
A ALL SHOWN YIELDS ARE ISOLATED YIELDS. B REACTION PERFORMED IN 1.0-GRAM SCALE .................................... 42 
FIGURE 2.7. CU/AL2O3 EFFICIENCY STUDY IN THE SYNTHESIS OF 3,5-ISOXAZOLE 78F ................................................ 44 
FIGURE 2.8. COMPARATIVE GREEN METRICS OF THE PROPOSED METHODOLOGY TO PREVIOUSLY REPORTED 

SOLUTION-BASED METHODOLOGIES. ................................................................................................................. 45 
FIGURE S2.1: XPS SURVEY SPECTRUM OF CU/AL2O3 NANOCOMPOSITE. .................................................................... 56 
FIGURE S2.2: XPS PATTERN FOR A FRESH SAMPLE OF CU/AL2O3 CATALYST ................................................................. 57 
FIGURE S2.3: XPS PATTERN FOR FIRST RECYCLED OF CU/AL2O3 CATALYST .................................................................. 57 
FIGURE S2.4: XPS PATTERN FOR SECOND RECYCLED OF CU/AL2O3 CATALYST .............................................................. 58 



xii 
 

FIGURE S2.42: FT-IR SPECTRA OF THE 3,5-ISOXAZOLE 78E CRUDE. ........................................................................... 110 
FIGURE 3.1: LIMITATION OF SOLUTION-BASED DESYMMETRIZATION OF BIS-AND TRIS-ALKYNES BY CYCLOADDITION 

REACTIONS. ....................................................................................................................................................... 114 
FIGURE 3.2. MECHANOCHEMISTRY IN THE DESYMMETRIZATION OF SYMMETRIC ORGANIC MOLECULES. ............. 115 
FIGURE 3.3. SCOPE FOR THE MECHANOCHEMICAL DESYMMETRIZATION OF BIS-ALKYNES AND TRIS-ALKYNES TO 

FORM 3,5-ISOXAZOLE-ALKYNE ADDUCTS. ........................................................................................................ 120 
ALL REPORTED YIELDS ARE ISOLATED YIELDS FOLLOWED BY RATIOS OF 105:108 (MONO 3,5-ISOXAZOLE (105): BIS-

3,5-ISOXAZOLE (108) WERE DETERMINED BY 1H-NMR OF THE CRUDE PRODUCT. A REACTION PERFORMED IN 
A 1.0-GRAM SCALE OF BIS-ALKYNE. B REACTION PERFORMED IN THE ABSENCE OF MESITYLENE LIQUID 
ADDITIVE. C RESULTS TAKEN REPORTED SOLUTION-BASED PROTOCOLS FOR COMPARISON (FOR 105D REF: 5 
AND 105O REF: 8). ............................................................................................................................................ 120 

FIGURE 3.4. COMPARATIVE EFFECT OF MECHANOCHEMICAL TO SOLUTION-BASED CONDITIONS FOR THE 
DESYMMETRIZATION OF BIS-ALKYNES AND TRIS-ALKYNES .............................................................................. 122 

FIGURE 3.5. SYNTHESIS OF Β-KETOENAMINES-ALKYNE FROM SYMMETRICAL BIS-ALKYNE SYSTEMS. ..................... 123 
FIGURE 3.6: REACTIVITY DIFFERENCE BETWEEN AROMATIC AND ALKYL 3,5-ISOXAZOLE-ALKYNE ADDUCTS UNDER 

MECHANOCHEMICAL CONDITIONS. ................................................................................................................. 124 
FIGURE 3.7: SYNTHESIS OF UNSYMMETRICAL BIS-3,5-ISOXAZOLES FROM ALKYL 3,5-ISOXAZOLE-ALKYNE ADDUCTS.

 .......................................................................................................................................................................... 125 
FIGURE S2.1. EFFECT OF MILLING TIME IN THE DESYMMETRIZATION OF 103A ....................................................... 133 
FIGURE S2.2. HOMOGENIZATION EFFECT OF THE CU(NO₃)₂•2.5 H2O IN THE DEZYMMETRIZATION OF SYMMETICAL 

BIS-ALKYNE SYSTEMS ........................................................................................................................................ 134 
FIGURE S2.3. EFFECT OF FREQUENCY OF THE DESYMMETRIZATION OF 103A .......................................................... 134 
FIGURE S2.5. HYDROXYIMIDOYL CHLORIDE USED IN THESE EXPERIMENTS. ............................................................. 139 
FIGURE S2.6. 3,5-ISOXAZOLE-ALKYNE ADDUCT SUBSTRATES USED IN THIS OPTIMIZATION. .................................... 153 
FIGURE S3.53. COMPARATIVE FT-IR OF THE REACTION SUBSTRATES TO THE CRUDE PRODUCT OF 105E ................ 203 
FIGURE 4.1: APPLICATION OF ISOXAZOLES SCAFFOLDS ............................................................................................ 207 
FIGURE 4.2. GENERIC ENERGY DIAGRAM FOR 1,3-DIPOLAR CYCLOADDITIONS BETWEEN NOS AND TERMINAL 

ALKYNES TO OBTAIN DI-SUBSTITUTED ISOXAZOLES .......................................................................................... 208 
FIGURE 4.3. DEVELOPMENT OF SYNTHETIC METHODS BY MECHANOCHEMISTRY AND SOLUTION-BASED THERMAL 

METHODS TO ACCESS SUBSTITUTED ISOXAZOLES ............................................................................................ 209 
FIGURE 4.4. EFFECT OF MECHANICAL GRINDING IN THE REGIOSELECTIVITY IN 1,3-DIPOLAR CYCLOADDITIONS TO 

FORM DI-SUBSTITUTED ISOXAZOLES ................................................................................................................ 210 
FIGURE 4.5. RU(II) COMPLEXES SCREENED. ............................................................................................................... 210 
FIGURE 4.6. EFFECT OF MILLING FREQUENCY IN THE YIELD AND REGIOSELECTIVITY .............................................. 213 
FIGURE 4.7. REACTION SCOPE FOR MECHANOCHEMICAL RU-CATALYZED SYNTHESIS OF 3,4-ISOXAZOLE 125. ........ 215 
FIGURE 4.8. EFFECT OF RU CATALYSIS IN REGIOSELECTIVITY IN THE SYNTHESIS OF 3,4,5-ISOXAZOLES .................... 216 
FIGURE 4.9. ”POLUNG” SYNTHESIS OF 3,4,5-ISOXAZOLES......................................................................................... 218 
FIGURE 4.10. SCREENING OF RU CATALYSTS AND LIQUID ADDITIVES FOR THE “UMPOLUNG” SYNTHESIS OF 3,4,5-

ISOXAZOLES FROM YNONES. ............................................................................................................................. 221 
FIGURE 4.11. UMPOLUNG SYNTHESIS OF 3,4,5-ISOXAZOLES FROM YNONES AND YNOLS. ...................................... 222 
FIGURE 4.12. ISOMERIZATION STUDIES OF 3,4-ISOXAZOLES TO 3,5-ISOXAZOLES. .................................................... 223 
FIGURE 4.13. SELECTIVITY STUDIES OF MECHANOCHEMICAL RU(II) CATALYZE REACTIONS FOR 3,4-ISOXAZOLES AND 

3,4,5-ISOXAZOLES. ............................................................................................................................................ 224 
FIGURE 4.14. RU-1 AND RU-4 NANOPARTICLES CHARACTERIZATION. ...................................................................... 226 
FIGURE 4.15. PROPOSED CATALYTIC CYCLE UNDER MECHANOCHEMICAL CONDITIONS. .............................. 227 
FIGURE S4.1. TEFLON JARS OF 25 ML CAPACITY USED IN THIS PROTOCOL. .............................................................. 234 
FIGURE S4.2. PLANETARY BALL MILL WITH ADAPTED TEFLON JAR. .......................................................................... 235 
FIGURE S4.3. TERMINAL ALKYNES USED FOR THE SYNTHESIS OF 3,4-ISOXAZOLES. ................................................. 237 
FIGURE S4.4. HYDROXYIMIDOYL CHLORIDES USED FOR THE SYNTHESIS OF 3,4-ISOXAZOLES. ................................. 237 
FIGURE S4.5. INTERNAL ALKYNES USED FOR “POLUNG” SYNTHESIS OF 3,4,5-ISOXAZOLES. .................................... 244 
FIGURE S4.6. HYDROXYIMIDOYL CHLORIDES USED FOR THE “POLUNG” SYNTHESIS OF 3,4,5-ISOXAZOLES. ............ 244 
FIGURE S4.7. INTERNAL ALKYNES USED FOR “UMPOLUNG” SYNTHESIS OF 3,4,5-ISOXAZOLES. .............................. 250 
FIGURE S4.8. HYDROXYIMIDOYL CHLORIDES USED FOR THE “UMPOLUNG” SYNTHESIS OF 3,4,5-ISOXAZOLES. ...... 250 



xiii 
 

FIGURE S4.9. TEM SAMPLE PREPARATION ................................................................................................................ 258 
FIGURE S4.10. EDS ELEMENTAL ANALYSIS OF RU-1 NANOPARTICLES ON 0.9 µL/MG OF CPME ............................... 258 
FIGURE S4.11. EDS ELEMENTAL ANALYSIS OF RU-4 NANOPARTICLES ON 0.9 µL/MG OF ACETONE ......................... 259 
FIGURE S4.12. EDS ELEMENTAL ANALYSIS OF RUI NANOPARTICLES ON 0.9 µL/MG OF TOLUENE ............................ 259 
FIGURE S4.13. PXRD REFLECTION OF RU-1 COMPLEX AFTER MILLING WITH LAG .................................................... 260 
FIGURE S4.14. PXRD REFLECTION OF RU-4 COMPLEX AFTER MILLING WITH LAG. ................................................... 260 
FIGURE S4.36. 13C NMR OF DIETHYL 3-(4-METHOXYPHENYL)ISOXAZOLE-4,5-DICARBOXYLATE (128B) .................... 282 
FIGURE 5.1. DAMAGES TO MIXER MILL AND MIXER MILL CAPSULES........................................................................ 321 
FIGURE 6.1. SYNTHESIS OF ISOXAZOLE CONTAINING PIGMENTS .............................................................................. 326 
 

 

 

  



xiv 
 

List of NMR Spectra 
 

FIGURE S2.5: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78A .......................................................................................... 73 
FIGURE S2.6: 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78A ......................................................................................... 74 
FIGURE S2.7: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78B .......................................................................................... 75 
FIGURE S2.9: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78C .......................................................................................... 77 
FIGURE S2.11: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78D ........................................................................................ 79 
FIGURE S2.12: 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78D ....................................................................................... 80 
FIGURE S2.13: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78E ........................................................................................ 81 
FIGURE S2.14: 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78E ....................................................................................... 82 
FIGURE S2.15: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78F ........................................................................................ 83 
FIGURE S2.16: 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78F ....................................................................................... 84 
FIGURE S2.17: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78G ........................................................................................ 85 
FIGURE S2.18: 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78G ....................................................................................... 86 
FIGURE S2.19: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78H ........................................................................................ 87 
FIGURE S2.20: 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78H ....................................................................................... 88 
FIGURE S2.22: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78I ......................................................................................... 89 
FIGURE S2.23: 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78I ........................................................................................ 90 
FIGURE S2.24: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78J ......................................................................................... 91 
FIGURE S2.25: 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78J ........................................................................................ 92 
FIGURE S2.26: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78K ........................................................................................ 93 
FIGURE S2.27.13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78K ........................................................................................ 94 
FIGURE S2.28: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78M ....................................................................................... 95 
FIGURE S2.29. 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78M ...................................................................................... 96 
FIGURE S2.30. 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78N ........................................................................................ 97 
FIGURE S2.31: 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78N ....................................................................................... 98 
FIGURE S2.32: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78O........................................................................................ 99 
FIGURE S2.33. 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78O ..................................................................................... 100 
FIGURE S2.34. 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78P ...................................................................................... 101 
FIGURE S1.35: 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78P ..................................................................................... 102 
FIGURE S2.36: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78Q ..................................................................................... 103 
FIGURE S2.38: 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78R ...................................................................................... 105 
FIGURE S2.39: 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78R ..................................................................................... 106 
FIGURE S2.40. 1H NMR SPECTRUM OF 3,5-ISOXAZOLE 78S ...................................................................................... 107 
FIGURE S2.41. 13C NMR SPECTRUM OF 3,5-ISOXAZOLE 78S ..................................................................................... 108 
FIGURE S3.7. 1H-NMR (500 MHZ, CDCL3)

 

OF ETHYL 5-(4-ETHYNYLPHENYL)ISOXAZOLE-3-CARBOXYLATE (105A) ..... 157 
FIGURE S3.8. 13C-NMR (125 MHZ, CDCL3) OF ETHYL 5-(4-ETHYNYLPHENYL)ISOXAZOLE-3-CARBOXYLATE (105A) .... 158 
FIGURE S3.9. 1H-NMR (500 MHZ, CDCL3) OF 3-BROMO-5-(4-ETHYNYLPHENYL)ISOXAZOLE (105B) .......................... 159 
FIGURE S3.10. 13C-NMR (125 MHZ, CDCL3) OF 3-BROMO-5-(4-ETHYNYLPHENYL)ISOXAZOLE (105B) ....................... 160 
FIGURE S3.11. 1H-NMR (500 MHZ, CDCL3) OF 5-(4-ETHYNYLPHENYL)-3-(4-NITROPHENYL)ISOXAZOLE (105C) ........ 161 
FIGURE S3.12. 13C-NMR (125 MHZ, DMSO-D6) OF 5-(4-ETHYNYLPHENYL)-3-(4-NITROPHENYL)ISOXAZOLE (105C) . 162 
FIGURE S3.13. 1H-NMR (500 MHZ, CDCL3) OF 5-(4-ETHYNYLPHENYL)-3-PHENYLISOXAZOLETHYL 5-(4-

ETHYNYLPHENYL)ISOXAZOLE-3-CARBOXYLATE (105D) ..................................................................................... 163 
FIGURE S3.14. 13C-NMR (125 MHZ, CDCL3) OF 5-(4-ETHYNYLPHENYL)-3-PHENYLISOXAZOLETHYL 5-(4-

ETHYNYLPHENYL)ISOXAZOLE-3-CARBOXYLATE (105D) ..................................................................................... 164 
FIGURE S3.15. 1H-NMR (500 MHZ, CDCL3) OF 5-(4-ETHYNYLPHENYL)-3-(4-METHOXYPHENYL)ISOXAZOLE (105E) .. 165 
FIGURE S3.16. 13C-NMR (125 MHZ, CDCL3) OF 5-(4-ETHYNYLPHENYL)-3-(4-METHOXYPHENYL)ISOXAZOLE (105E) . 166 
FIGURE S3.17. 1H-NMR (500 MHZ, CDCL3) OF 5-(3-ETHYNYLPHENYL)-3-(4-METHOXYPHENYL)ISOXAZOLE (105G) .. 167 
FIGURE S3.18. 13C-NMR (125 MHZ, CDCL3) OF 5-(3-ETHYNYLPHENYL)-3-(4-METHOXYPHENYL)ISOXAZOLE (105G) . 168 
FIGURE S3.19. 1H-NMR (500 MHZ, CDCL3) OF ETHYL 5-(5-ETHYNYLTHIOPHEN-2-YL)ISOXAZOLE-3-CARBOXYLATE 

(105H) ............................................................................................................................................................... 169 



xv 
 

FIGURE S3.20. 13C-NMR (125 MHZ, CDCL3) OF ETHYL 5-(5-ETHYNYLTHIOPHEN-2-YL)ISOXAZOLE-3-CARBOXYLATE 
(105H) ............................................................................................................................................................... 170 

FIGURE S3.21. 1H-NMR (500 MHZ, CDCL3) OF 5-(5-ETHYNYLTHIOPHEN-2-YL)-3-(4-METHOXYPHENYL)ISOXAZOLE 
(105I) ................................................................................................................................................................. 171 

FIGURE S3.22. 13C-NMR (125 MHZ, CDCL3) OF 5-(5-ETHYNYLTHIOPHEN-2-YL)-3-(4-METHOXYPHENYL)ISOXAZOLE 
(105I) ................................................................................................................................................................. 172 

FIGURE S3.23. 1H-NMR (500 MHZ, CDCL3) OF ETHYL 5-(3-ETHYNYL-5-METHOXYPHENYL)ISOXAZOLE-3-CARBOXYLATE 
(105J)................................................................................................................................................................. 173 

FIGURE S3.24. 13C-NMR (125 MHZ, CDCL3) OF ETHYL 5-(3-ETHYNYL-5-METHOXYPHENYL)ISOXAZOLE-3-
CARBOXYLATE (105J) ......................................................................................................................................... 174 

FIGURE S3.25. 1H-NMR (500 MHZ, CDCL3) OF 5-(3-ETHYNYL-5-METHOXYPHENYL)-3-(4-
METHOXYPHENYL)ISOXAZOLE (105K) ............................................................................................................... 175 

FIGURE S3.26. 13C-NMR (125 MHZ, CDCL3) OF 5-(3-ETHYNYL-5-METHOXYPHENYL)-3-(4-
METHOXYPHENYL)ISOXAZOLE (105K) ............................................................................................................... 176 

FIGURE S3.27. 1H-NMR (500 MHZ, CDCL3) OF 5-(6-ETHYNYLPYRIDIN-2-YL)-3-(4-METHOXYPHENYL)ISOXAZOLE (105N)
 .......................................................................................................................................................................... 177 

FIGURE S3.28. 13C-NMR (125 MHZ, CDCL3) OF 5-(6-ETHYNYLPYRIDIN-2-YL)-3-(4-METHOXYPHENYL)ISOXAZOLE 
(105N) ............................................................................................................................................................... 178 

FIGURE S3.29. 1H-NMR (500 MHZ, CDCL3) OF 5-(3-ETHYNYLPHENYL)-3-(4-METHOXYPHENYL)ISOXAZOLE (105O) .. 179 
FIGURE S3.30. 13C-NMR (125 MHZ, CDCL3) OF 5-(3-ETHYNYLPHENYL)-3-(4-METHOXYPHENYL)ISOXAZOLE (105O) . 180 
FIGURE S3.31. 1H-NMR (500 MHZ, CDCL3) OF N-((3-(4-NITROPHENYL)ISOXAZOL-5-YL)METHYL)-N-(PROP-2-YN-1-

YL)PROP-2-YN-1-AMINE (105P) ......................................................................................................................... 181 
FIGURE S3.32. 13C-NMR (125 MHZ, CDCL3) OF N-((3-(4-NITROPHENYL)ISOXAZOL-5-YL)METHYL)-N-(PROP-2-YN-1-

YL)PROP-2-YN-1-AMINE (105P) ......................................................................................................................... 182 
FIGURE S3.33. 1H-NMR (500 MHZ, CDCL3) OF N-((3-(4-METHOXYPHENYL)ISOXAZOL-5-YL)METHYL)-N-(PROP-2-YN-1-

YL)PROP-2-YN-1-AMINE (105R) ......................................................................................................................... 183 
FIGURE S3.34. 13C-NMR (125 MHZ, CDCL3) OF N-((3-(4-METHOXYPHENYL)ISOXAZOL-5-YL)METHYL)-N-(PROP-2-YN-1-

YL)PROP-2-YN-1-AMINE (105R) ......................................................................................................................... 184 
FIGURE S3.35. 1H-NMR (500 MHZ, CDCL3) OF N-((3-(4-METHOXYPHENYL)ISOXAZOL-5-YL)METHYL)-4-METHYL-N-

(PROP-2-YN-1-YL)BENZENESULFONAMIDE (105S) ............................................................................................ 185 
FIGURE S3.36. 13C-NMR (125 MHZ, CDCL3) OF N-((3-(4-METHOXYPHENYL)ISOXAZOL-5-YL)METHYL)-4-METHYL-N-

(PROP-2-YN-1-YL)BENZENESULFONAMIDE (105S) ............................................................................................ 186 
FIGURE S3.37. 1H-NMR (500 MHZ, CDCL3) OF ETHYL 5-(PENT-4-YN-1-YL)ISOXAZOLE-3-CARBOXYLATE (105T) ......... 187 
FIGURE S3.38. 13 C-NMR (125 MHZ, CDCL3) OF ETHYL 5-(PENT-4-YN-1-YL)ISOXAZOLE-3-CARBOXYLATE (105T) ....... 188 
FIGURE S3.39. 1H-NMR (500 MHZ, CDCL3) OF 3-(4-NITROPHENYL)-5-(PENT-4-YN-1-YL)ISOXAZOLE (105U) ............. 189 
FIGURE S3.40. 13C-NMR (500 MHZ, CDCL3) OF 3-(4-NITROPHENYL)-5-(PENT-4-YN-1-YL)ISOXAZOLE (105U) ............ 190 
FIGURE S3.41. 1 H-NMR (500 MHZ, CDCL3) OF (Z)-3-AMINO-1-(4-ETHYNYLPHENYL)-3-(4-METHOXYPHENYL)PROP-2-

EN-1-ONE (109) ................................................................................................................................................. 191 
FIGURE S3.42. 13 C-NMR (125 MHZ, CDCL3) OF (Z)-3-AMINO-1-(4-ETHYNYLPHENYL)-3-(4-METHOXYPHENYL)PROP-2-

EN-1-ONE (109) ................................................................................................................................................. 192 
FIGURE S3.43. 1H-NMR (500 MHZ, CDCL3) OF DIETHYL 5,5'-(PROPANE-1,3-DIYL)BIS(ISOXAZOLE-3-CARBOXYLATE) 

(111B) ................................................................................................................................................................ 193 
FIGURE S3.44. 13C-NMR (125 MHZ, CDCL3) OF DIETHYL 5,5'-(PROPANE-1,3-DIYL)BIS(ISOXAZOLE-3-CARBOXYLATE) 

(111B) ................................................................................................................................................................ 194 
FIGURE S3.45. 1H-NMR (500 MHZ, CDCL3) OF ETHYL 5-(3-(3-(3-CYANOPHENYL)ISOXAZOL-5-YL)PROPYL)ISOXAZOLE-

3-CARBOXYLATE (111C) ..................................................................................................................................... 195 
FIGURE S3.46. 13C-NMR (125 MHZ, CDCL3) OF ETHYL 5-(3-(3-(3-CYANOPHENYL)ISOXAZOL-5-YL)PROPYL)ISOXAZOLE-

3-CARBOXYLATE (111C) ..................................................................................................................................... 196 
FIGURE S3.47. 1 H-NMR (500 MHZ, CDCL3) OF ETHYL 5-(3-(3-PHENYLISOXAZOL-5-YL)PROPYL)ISOXAZOLE-3-

CARBOXYLATE (111D) ........................................................................................................................................ 197 
FIGURE S3.48. 13C-NMR (125 MHZ, CDCL3) OF ETHYL 5-(3-(3-PHENYLISOXAZOL-5-YL)PROPYL)ISOXAZOLE-3-

CARBOXYLATE (111D) ........................................................................................................................................ 198 



xvi 
 

FIGURE S3.49. 1 H-NMR (500 MHZ, CDCL3) OF ETHYL 5-(3-(3-(4-METHOXYPHENYL)ISOXAZOL-5-
YL)PROPYL)ISOXAZOLE-3-CARBOXYLATE (111E) ................................................................................................ 199 

FIGURE S3.50. 13C-NMR (125 MHZ, CDCL3) OF ETHYL 5-(3-(3-(4-METHOXYPHENYL)ISOXAZOL-5-
YL)PROPYL)ISOXAZOLE-3-CARBOXYLATE (111E) ................................................................................................ 200 

FIGURE S3.51. 1 H-NMR (500 MHZ, D6-DMSO) OF 3-(4-METHOXYPHENYL)-5-(3-(3-(4-NITROPHENYL)ISOXAZOL-5-
YL)PROPYL)ISOXAZOLE (111F) ........................................................................................................................... 201 

FIGURE S3.52. 13C-NMR (500 MHZ, D6-DMSO) OF 3-(4-METHOXYPHENYL)-5-(3-(3-(4-NITROPHENYL)ISOXAZOL-5-
YL)PROPYL)ISOXAZOLE (111F) ........................................................................................................................... 202 

FIGURE S4.15. 1H NMR OF ETHYL 4-(3,5-DIMETHOXYPHENYL)ISOXAZOLE-3-CARBOXYLATE (124B):........................ 261 
FIGURE S4.16. 13C NMR OF ETHYL 4-(3,5-DIMETHOXYPHENYL)ISOXAZOLE-3-CARBOXYLATE (125B) ........................ 262 
FIGURE S4.18. 13C NMR OF ETHYL 4-(4-(METHOXYCARBONYL)PHENYL)ISOXAZOLE-3-CARBOXYLATE (125C) .......... 264 
FIGURE S4.20. 13C NMR OF ETHYL 4-CYCLOHEXYLISOXAZOLE-3-CARBOXYLATE (125E) ............................................ 266 
FIGURE S4.21. 1H NMR OF ETHYL 4-BUTYLISOXAZOLE-3-CARBOXYLATE (125F) ........................................................ 267 
FIGURE S4.22. 13C NMR OF ETHYL 4-BUTYLISOXAZOLE-3-CARBOXYLATE (125F) ....................................................... 268 
FIGURE S4.23. 1H NMR OF 2-(3-(4-NITROPHENYL)ISOXAZOL-4-YL)ETHAN-1-OL (125G) ........................................... 269 
FIGURE S4.24. 13C NMR OF 2-(3-(4-NITROPHENYL)ISOXAZOL-4-YL)ETHAN-1-OL (125G) .......................................... 270 
FIGURE S4.25. 1H NMR OF 1-(3-(4-NITROPHENYL)ISOXAZOL-4-YL)CYCLOHEXAN-1-OL (125H) ................................. 271 
FIGURE S4.26. 13C NMR OF 1-(3-(4-NITROPHENYL)ISOXAZOL-4-YL)CYCLOHEXAN-1-OL (125H) ................................ 272 
FIGURE S4.27. 1H NMR OF 3-(4-(1-HYDROXYCYCLOHEXYL)ISOXAZOL-3-YL)BENZONITRILE (125I)............................. 273 
FIGURE S4.29. 1H NMR OF ETHYL 5-(3-(3-(ETHOXYCARBONYL)ISOXAZOL-4-YL)PROPYL)ISOXAZOLE-3-CARBOXYLATE 

(125J)................................................................................................................................................................. 275 
FIGURE S4.30. 13C NMR OF ETHYL 5-(3-(3-(ETHOXYCARBONYL)ISOXAZOL-4-YL)PROPYL)ISOXAZOLE-3-CARBOXYLATE 

(125J)................................................................................................................................................................. 276 
FIGURE S4.31. 1H NMR OF (9S,13R,14S,17S)-17-(3-(4-NITROPHENYL)ISOXAZOL-4-YL)-7,8,9,11,12,13,14,15,16,17-

DECAHYDRO-6H-CYCLOPENTA[A]PHENANTHRENE-3,17-DIOL (125K) .............................................................. 277 
FIGURE S4.32. 13C NMR OF (9S,13R,14S,17S)-17-(3-(4-NITROPHENYL)ISOXAZOL-4-YL)-7,8,9,11,12,13,14,15,16,17-

DECAHYDRO-6H-CYCLOPENTA[A]PHENANTHRENE-3,17-DIOL (125K) .............................................................. 278 
FIGURE S4.33. 1H NMR OF TRIETHYL ISOXAZOLE-3,4,5-TRICARBOXYLATE (128A) .................................................... 279 
FIGURE S4.35. 1H NMR OF DIETHYL 3-(4-METHOXYPHENYL)ISOXAZOLE-4,5-DICARBOXYLATE (128B) ..................... 281 
FIGURE S4.37. 1H NMR OF DIETHYL 3-PHENYLISOXAZOLE-4,5-DICARBOXYLATE (128C) ........................................... 283 
FIGURE S4.38. 13C NMR OF DIETHYL 3-PHENYLISOXAZOLE-4,5-DICARBOXYLATE (128C) .......................................... 284 
FIGURE S4.39. 1H NMR OF DIETHYL 3-(4-NITROPHENYL)ISOXAZOLE-4,5-DICARBOXYLATE (128D). .......................... 285 
FIGURE S4.40. 13C NMR OF DIETHYL 3-(4-NITROPHENYL)ISOXAZOLE-4,5-DICARBOXYLATE (128D). ......................... 286 
FIGURE S4.41. 1H NMR OF ETHYL 3-(4-METHOXYPHENYL)-5-PHENYLISOXAZOLE-4-CARBOXYLATE (128E) .............. 287 
FIGURE S4.41. 13C NMR OF ETHYL 3-(4-METHOXYPHENYL)-5-PHENYLISOXAZOLE-4-CARBOXYLATE (128E) ............. 288 
FIGURE S4.42. 1H NMR OF ETHYL 3,5-DIPHENYLISOXAZOLE-4-CARBOXYLATE (128F) ............................................... 289 
FIGURE S4.43. 13C NMR OF ETHYL 3,5-DIPHENYLISOXAZOLE-4-CARBOXYLATE (128F) .............................................. 290 
FIGURE S4.44. 1H NMR OF ETHYL 3-(4-NITROPHENYL)-5-PHENYLISOXAZOLE-4-CARBOXYLATE (128G) .................... 291 
FIGURE S4.45. 13C NMR OF ETHYL 3-(4-NITROPHENYL)-5-PHENYLISOXAZOLE-4-CARBOXYLATE (128G) ................... 292 
FIGURE S4.46. 1H NMR OF 1-(3-(4-NITROPHENYL)-5-PHENYLISOXAZOL-4-YL)ETHAN-1-ONE (128H) ....................... 293 
FIGURE S4.47. 13C NMR OF 1-(3-(4-NITROPHENYL)-5-PHENYLISOXAZOL-4-YL)ETHAN-1-ONE (128H) ...................... 294 
FIGURE S4.48. 1H NMR OF ETHYL 5-METHYL-3-(4-NITROPHENYL)ISOXAZOLE-4-CARBOXYLATE (128I) .................... 295 
FIGURE S4.49. 13C NMR OF ETHYL 5-METHYL-3-(4-NITROPHENYL)ISOXAZOLE-4-CARBOXYLATE (128I) ................... 296 
FIGURE S4.50. 1H NMR OF ETHYL 3-(4-CHLOROPHENYL)-5-METHYLISOXAZOLE-4-CARBOXYLATE (128J) ................. 297 
FIGURE S4.51. 13C NMR OF ETHYL 3-(4-CHLOROPHENYL)-5-METHYLISOXAZOLE-4-CARBOXYLATE (128J) ................ 298 
FIGURE S4.52. 1H NMR OF ETHYL 3-(4-CHLOROPHENYL)-5-METHYLISOXAZOLE-4-CARBOXYLATE (128K) ................ 299 
FIGURE S4.53. 13C NMR OF ETHYL 3-(4-CHLOROPHENYL)-5-METHYLISOXAZOLE-4-CARBOXYLATE (128K) ............... 300 
FIGURE S4.53. 1H NMR OF ETHYL 3-(4-NITROPHENYL)-4-PHENYLISOXAZOLE-5-CARBOXYLATE (127A) .................... 301 
FIGURE S4.54. 13C NMR OF ETHYL 3-(4-NITROPHENYL)-4-PHENYLISOXAZOLE-5-CARBOXYLATE (127A) ................... 302 
FIGURE S4.55. 1H NMR OF ETHYL 4-METHYL-3-(4-NITROPHENYL)ISOXAZOLE-5-CARBOXYLATE (127B) ................... 303 
FIGURE S4.56. 1H NMR OF ETHYL 4-METHYL-3-(4-NITROPHENYL)ISOXAZOLE-5-CARBOXYLATE (127B) ................... 304 
FIGURE S4.57. 1H NMR OF ETHYL 3-(4-CHLOROPHENYL)-4-METHYLISOXAZOLE-5-CARBOXYLATE (127C) ............... 305 
FIGURE S4.58. 13C NMR OF ETHYL 3-(4-CHLOROPHENYL)-4-METHYLISOXAZOLE-5-CARBOXYLATE (127C) ............... 306 



xvii 
 

FIGURE S4.59. 1H NMR OF METHYL 3-(4-CHLOROPHENYL)-4-PENTYLISOXAZOLE-5-CARBOXYLATE (127D) .............. 307 
FIGURE S4.60. 13C NMR OF METHYL 3-(4-CHLOROPHENYL)-4-PENTYLISOXAZOLE-5-CARBOXYLATE (127D) ............. 308 
FIGURE S4.61. 1H NMR OF 1-(3-(4-NITROPHENYL)-4-PHENYLISOXAZOL-5-YL)ETHAN-1-ONE (127E) ........................ 309 
FIGURE S4.62. 13C NMR OF 1-(3-(4-NITROPHENYL)-4-PHENYLISOXAZOL-5-YL)ETHAN-1-ONE (127E) ....................... 310 
FIGURE S4.63. 1H NMR OF (3-(4-NITROPHENYL)-5-PHENYLISOXAZOL-4-YL)METHANOL (128N) .............................. 311 
FIGURE S4.64. 13C NMR OF (3-(4-NITROPHENYL)-5-PHENYLISOXAZOL-4-YL)METHANOL (128N )............................. 312 
FIGURE S4.65. 1H NMR OF 3-(4-(HYDROXYMETHYL)-5-PHENYLISOXAZOL-3-YL)BENZONITRILE (128O) .................... 313 
FIGURE S4.66. 13H NMR OF 3-(4-(HYDROXYMETHYL)-5-PHENYLISOXAZOL-3-YL)BENZONITRILE (128O) ................... 314 
FIGURE S4.67. 1H NMR OF 1-(3-(4-NITROPHENYL)-5-PHENYLISOXAZOL-4-YL)BUTAN-1-OL (128P) ........................... 315 
FIGURE S4.68. 13C NMR OF 1-(3-(4-NITROPHENYL)-5-PHENYLISOXAZOL-4-YL)BUTAN-1-OL (128P) .......................... 316 
FIGURE S4.69. 1H NMR OF (3-(4-NITROPHENYL)-5-PROPYLISOXAZOL-4-YL)METHANOL (128Q) .............................. 317 
FIGURE S4.70. 13C NMR OF (3-(4-NITROPHENYL)-5-PROPYLISOXAZOL-4-YL)METHANOL (128Q) ............................. 318 
 

  



xviii 
 

List of Tables 
 

TABLE 2.1 OPTIMIZATION OF REACTION CONDITIONS A ............................................................................................. 38 
TABLE 2.2. EFFECT OF COPPER(II) IN THE SYNTHESIS OF 3,5-ISOXAZOLES .................................................................. 40 
TABLE 3.1. OPTIMIZATION CONDITIONS FOR THE MECHANOCHEMICAL DESYMMETRIZATION OF THE BIS-ALKYNE 

103A .................................................................................................................................................................. 117 
TABLE S3.1. EFFECT OF THE STOICHIOMETRY OF 104A ............................................................................................. 132 
TABLE S3.2. EFFECT OF THE ADDITIVE IN THE DESYMMETRIZATION OF 103A .......................................................... 132 
TABLE S3.3. EFFECT OF THE GAA IN THE DESYMMETRIZATION 103A ....................................................................... 133 
TABLE S3.4. EFFECT OF THE LAG IN THE DESYMMETRIZATION 103A ........................................................................ 133 
TABLE S3.5. EFFECT OF THE BASE IN THE DESYMMETRIZATION 103A ...................................................................... 134 
TABLE S3.6. EFFECT STOICHIOMETRY ON DESYMMETRIZATION OF 103A ................................................................. 134 
TABLE S3.7. EFFECT OF CU(I) CATALYSIS IN THE DESYMMETRIZATION OF 103A ........................................................ 135 
TABLE S3.8. OPTIMIZATION FOR THE DESYMMETRIZATION OF BIS-ALKYNE 103H .................................................... 137 
TABLE S3.9. COMPARISON OF SOLUTION-BASED CHEMISTRY TO MECHANOCHEMISTRY IN THE DESYMMETRIZATION 

OF BIS-ALKYNE 103H ......................................................................................................................................... 148 
TABLE S3.10. KINETIC SELECTIVITY COMPARISON ..................................................................................................... 150 
TABLE S3.11. REACTION SELECTIVITY UNDER MECHANOCHEMICAL CONDITIONS ................................................... 151 
TABLE S3.12. EFFECT OF CU CATALYST AND ADDITIVE............................................................................................... 153 
TABLE S3.13. OPTIMIZATION OF LAG ......................................................................................................................... 153 
TABLE S3.14. EFFECT OF SUBSTRATE 105 .................................................................................................................. 154 
TABLE 4.1. OPTIMIZATION CONDITIONS FOR THE SYNTHESIS OF 3,4-ISOXAZOLE USING SS JAR. ............................. 211 
TABLE 4.2. EFFECT OF THE JAR MATERIAL IN THE RU(II)-CATALYZED SYNTHESIS OF 3,4-ISOXAZOLES. ...................... 212 
TABLE 4.3. OPTIMIZATION OF RU-CATALYZED SYNTHESIS OF 3,4,5-ISOXAZOLE FROM YNOLS. ................................. 219 
TABLE S4.1. EFFECT OF STOICHIOMETRY IN REACTION YIELD AND SELECTIVITY. ...................................................... 235 
TABLE S4.2. EFFECT OF BASE IN REACTION YIELD AND REGIOSELECTIVITY. .............................................................. 236 
TABLE S4.3. EFFECT OF MILLING TIME IN REACTION YIELD AND REGIOSELECTIVITY. ............................................... 236 
TABLE S4.4. EFFECT OF FREQUENCY IN THE SYNTHESIS OF 3,4,5-ISOXAZOLES. ........................................................ 242 
TABLE S4.5. EFFECT OF LIQUID ADDITIVE IN THE SYNTHESIS OF 3,4,5-ISOXAZOLES. ................................................ 242 
TABLE S4.6. EFFECT OF THE GAA IN THE SYNTHESIS OF 3,4,5-ISOXAZOLES. ............................................................. 243 
 

  



xix 
 

List of Abbreviations 
 

SS Solid-State 

ss  stainless steel 

LAG Liquid Assisted Grinding 

GAA Grinding Auxiliary Agent 

MM Mixer Mill 

TSE Twin Screw Extrusion 

RAM Resonance Acoustic Mixing 

DA Diels-Alder 

1,3-DC 1,3-Dipolar Cycloaddition 

CuAAC Copper Azide Alkyne 

NOs Nitrile Oxide 

CuNOAC Copper Nitrile Oxide Alkyne Cycloaddition 



1 
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1. Introduction 
The current focus of synthetic organic chemistry is the development of synthetic strategies to 

access novel chemical space in an environmentally friendly manner.1 The high pressure placed on the 
chemical industry to supply chemical substances essential for society has inspired scientists to develop 
new synthetic protocols.1–4 To minimize waste production and energy consumption required in chemical 
transformation, several alternative techniques are being slowly incorporated into the repertoire of the 
organic synthetic chemist.1,2,5,6 These advances have led to dividing the energy inputs into thermal 
chemistry, electrochemistry, photochemistry, mechanochemistry, sonochemistry, and microwave; each 
process is characterized by a distinct sign (Figure 1.1). 7,8 However, except for mechanochemistry, 
electrochemistry, photochemistry, and sonochemistry processes commonly required bulk quantities of 
organic solvents as media for performing chemical reactions.7 

 

Figure 1.1. Schematic representation of signs used for chemical transformation depending on energy 
input. 

1.1. Solid-state reactions 
 

Performing chemical transformation in the solid state (SS) differs from solution-based thermal reactions.9 
One clear difference is that in SS the reactions are conducted directly on the powder at ambient 
temperatures without the use of bulk amounts of solvent.10 This challenges a concept first put forth by 
Aristotle: "No Coopora nisi Fluida”, which means that no reaction occurs without a solvent.10 However, 
scientific progress since the times of Aristotle has revealed that many biological processes such as food 
digestion in the stomach, interactions and reactions between spermatid and ovum, and cell multiplication, 
occur in SS rather than in solution.  

Considering the complexity of biological processes in SS, organic reactions are expected to occur more 
selectively in the SS due to the low mobility and the even arrangement of the molecules in the crystal 
lattice.11 In contrast, the presence of a solvent allows molecules to move more freely, resulting in a less 
restrictive arrangement.10,11  

Many organic SS reactions are facilitated by grinding, melting or shaking to enhance mass-transfer of the 
substrates and supply energy to the reactants.10,12Additionally, the benefits of mechanical grinding is not 
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limited only to solids but also apply to gases and liquids, making it a versatile method across different 
physical states.13 However, SS chemistry and synthesis primarily focus on studying solids-to-solid 
interactions, disregarding these other states. Furthermore, reactions enabled by mechanical force fall 
under the scope of mechanochemistry (Figure 1.2), which explores the effects and applications of 
mechanical stress on chemical transformations .13 

 

Figure 1.2. Properties and characteristics of mechanochemistry and SS chemistry. 

 

 

 

1.2. Mechanochemistry and the Applications in Organic Reactions 
 

The term mechanochemistry was first introduced by Oswald in 1891, and IUPAC has defined a 
mechanochemical reaction as a chemical transformation induced using mechanical energy.13 The primary 
objective of mechanochemistry is to achieve chemical reactions without the need of the dissolution of the 
reagents.11,14 Performing reactions in the absence of organic solvent significantly changes the environment 
in which the reagents or substrates are present, creating a heterogeneous environment where the 
substrates are in direct contact with the grinding medium and the surface of the material that is being 
used for the grinding, leading to potential changes in the reaction outcomes. This has significant benefits 
for chemical transformations in the solid state when compared to traditional solution-based thermal 
methods.  

1.2.1. Increase in reaction rates 
 

The main advantage of mechanochemistry in organic reactions is the enhancement in reaction rates. The 
absence of bulk amounts of solvents allows reagents to be present in maximal concentrations.15 The 
increase in reaction kinetics significantly reduces the reaction time. It is essential to highlight that in most 
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cases, enhancing reaction rates in solution-thermal conditions is correlated to increasing the reaction 
temperature.15 Mechanochemical reactions differ as the reactions can occur at ambient temperature.16 
Two main models explain the increase in reaction rate from a macromolecular perspective (Figure 1.3). 
The localized heating model describes that during mechanical shock, a localized high temperature is 
created in a concentrated environment that enhances the reaction rate (Figure 1.3a).13,17 On the other 
hand, the particle size reduction model is particular for solids; it describes that constant milling reduces 
particle size and creates defects on the crystal lattice, facilitating the interaction between substrates 
(Figure 1.3b).13,17 In either case, there is an increase in probability for substrates to encounter each other 
due to the high concentration in which reagents are present. 

 

Figure 1.3. Mechanochemical and solid-state reaction models. 

1.2.2. Sustainability and Accessibility 
 

The sustainability of chemical processes has become a requirement for current and ongoing chemical 
processes. In the case of mechanochemistry, performing reactions and transformations in the absence of 
bulk-amounts of organic solvent have been a critical identifier for mechanochemical processes, thereby 
leading occasionally to not requiring a work-up and column chromatography for purifications from the 
protocol.12,14,18 16,19  

The robust interaction created under mechanochemical conditions can also allow complex or expensive 
organometallic reagents to be replaced with less expensive, easily recoverable, and more eco-friendly 
alternatives with similar yields or new selectivity outcomes.16,20,21 The high energy efficiency or low energy 
demand demonstrated by mechanochemical techniques compared to other techniques such as batch or 
microwave has also been a parameter to consider mechanochemistry techniques as more sustainable.19,22  
These aspects allow mechanochemistry to comply with all of the 12 principles outlined by the FDA for a 
sustainable process (Figure 1.4).4  
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Figure 1.4. 12 principles of green chemistry. 

 

1.2.3. Selectivity Enhancement: 
 

Mechanochemical reactions can increase selectively due to the even and tight arrangement of molecules 
in the solid-state. Physical state transitions like liquid substrate to solid product are more critical under 
mechanochemical conditions and open the door to unprecedented types of selectivity.23 These state 
transitions are critical under mechanochemical reactions due to differences in mass transport between 
liquids and solid that can limit reactivity. 23 Additionally, mechanochemistry is able to alter the kinetic and 
thermodynamic nature of the reaction and toggle chemoselectivity or provide less complex reaction 
mixtures.24–26 

1.3. Assisting the Grinding 
 

1.3.1. Liquid Assisted Grinding 
 

It is widely acknowledged that solvents play a crucial role in interacting with reaction substrates, leading 
to an increase in reactivity and stability.27 In the field of mechanochemistry, the introduction of small 
amounts of liquid additives or small amounts of solvents can dramatically accelerate reactions and impact 
reaction selectivity.28 Liquid-assisted grinding (LAG) is an extension of neat grinding or solvent-free 
grinding, and is empirically represented by the parameter “η”, expressed in units of µL/mg.29 This 
parameter indicates the volume of liquid in µL relative to the total weight of all reagents used in the 
reaction mixture. It is important to note that for liquid assisted grinding the η parameter must be within 
the range between 0 < η < 1. This ensures that the aggregation state of the reagents remains unchanged 
(Figure 1.5). 
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The addition of small amounts of liquid additive can significantly improve mass transfer in the reaction 
mixture. It should be noted that liquid additives are not chemically innocent and can affect the reaction 
outcome through their coordinating ability, polarity, or molecular weight. Liquid additives can directly 
interact and stabilize catalysts, intermediates, or substrates leading to changes in kinetic and 
thermodynamic parameters compared to solution-based systems.24,28–30  

The concept of LAG has expanded significantly, and other types of liquid reagents, such as ionic liquid 
additives for ionic liquid-assisted grinding (ILAG)31, or polymers for polymers and liquid-assisted grinding 
(POLAG)30,32 can also provide significant benefits to the reactions.30 

 

 

Figure 1.5. Liquid-assisted grinding η parameter. 

 

 

1.3.2. Grinding Auxiliaries Agents (GAA) 
 

While liquid additives are permitted in mechanochemical reactions, it must be taken into consideration 
that performing reactions in the solid-state are sensitive to differences in textures encountered in the 
reaction system. Grinding auxiliaries or solid additives can facilitate effective homogenization and provide 
a uniform texture in the reaction mixture.33–36 Additionally, GAA can contribute to improvements in the 
rheology of the mixture, further improving mass transfer, behaving as an effective shock absorber, or 
increasing the internal temperature of the reaction mixture upon mechanical shock.33 

 

1.4. Grinding and Milling Techniques 
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Performing mechanochemical reactions can be significantly different from conventional solution-based 
reactions. Solution reactions are commonly carried out using round-bottom flasks of inert material that 
can accommodate the required volume of solvent and using a heating source such as a heating mantel or 
silicon oil bath that can adequately heat the solution mixture. In the case of mechanochemistry, the round-
bottom flasks and oil bath are replaced with jars and automated grinders that can provide the required 
reaction energy.13–15 Current automated grinders and millers differ from each other in their design but 
most importantly in the major forces that dominate during the process. 

1.4.1. Manual and Automated Grinder 
 

The first type of grinding equipment to be used for chemical purposes was the mortar and pestle37, and 
remarkably it continues to be used in most laboratory settings (Figure 1.6a). However, operating the 
mortar and pestle can lead to irreproducibility between operators.15 To avoid challenges, automated 
alternatives to manual grinders or the traditional mortar pestle were developed (Figure 1.6b). In an 
automated grinder, the mixture is primarily pulverized and mixed by friction created during the shear 
between the mortar and the pestle.10  

 

Figure 1.6. Mortar and Pestle and Automatic Grinder. 

 

1.4.2. Planetary Ball-Milling 
 

The planetary ball mill is the most common milling machine (Figure 1.7). In some instances, the reagents 
are added neatly into jars with a certain number of milling media (balls of certain dimensions and usually 
the same material as the milling jar) (Figure 1.7b). In this case, the jars spin in a central disc named the 
“sun wheel” (Figure 1.7c). The “sun wheel” rotation facilitates the milling media's motion inside the jar, 
which rotates counterclockwise to the direction to the sun wheel (Figure 1.7c). The motion of the milling 
media produces constant collisions with the walls of the jar, resulting in a shear force that mixes and 
pulverizes the mixture. Planetary ball mills have the advantage that they can be used on a laboratory scale 
and increased to be used as large size reactions, but the motion of the milling media changes with the 
increase in scale.13–15 
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Figure 1.7. Planetary ball mill, jars, and a schematic representations of the motion of the “sun wheel”. 

1.4.3. Mixer Milling (MM) 
 

Mixer mills (MMs) are excellent laboratory equipment, the procedures for performing reactions are 
identical to that used for the planetary mill previously described (section 1.3.2.) (Figure 1.8a). However, 
there are significant differences in the motion of the planetary ball mill to a MM. The MM moves relatively 
in a one-dimensional motion (Figure 1.8b), most commonly side to side horizontally. Consequently, the 
motion of the milling media does not result in shear but rather predominantly direct mechanical shock.13–

15,20 For the planetary milling and the MM the motion of the milling media is controlled by controlling the 
frequency of the grinding or milling, which serves as the primary source of energy, 38 this is analogous to 
increasing the temperature in solution-based thermal processes, with the difference that the type of 
method utilized can lead to different outcomes on the reaction.  
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Figure 1.8. Mixer mill and a schematic representation of the motion of the milling media. 

1.4.4. Milling Jars 
 

Milling jar are commonly fabricated of stainless-steel, but other types of materials can be used. Other 
precious metals such as Cu, Ag, Pd, Ni, Al, or Au can also be used which have demonstrated to have 
catalytic activity (Figure 1.9).21,39–42 This type catalysis is known as “direct mechanocatalysis” and the use 
of this concept is more a environmentally friendly alternative, as it does not require external ligands or 
transition metal catalysts, and the recovery of the metal is expeditious and quantitative.21 In direct 
mechanochatalysis, surface of the jar or milling media catalyzes the reaction.21 The vibrations generated 
during the grinding or milling process provide the necessary surface for catalysis, which is regenerated 
during the milling process.21 

It must be understood that direct collisions over prolonged periods can cause severe contamination of the 
reaction mixture providing undesired products by leaching the metal into the surface of the mixture. 21 
Other materials with more inert properties, such as ceramics can be used that contribute very little 
contamination to the reaction system. Additionally, Teflon (PTFA) jars have gained importance due to its 
inert nature and the low density of the Teflon jars, can be advantageous in improving reaction selectivity.43 
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Figure 1.9. Examples of MM jars of different materials. 

1.5. Methods for Scaling-up 
 
Among some of the benefits of milling is the ease in scalability by simply resizing the jar dimensions. 
However, after a certain capacity (about > 3.0 g), the scale can influence the outcome of the reaction. 
Taking the mechanical reaction to larger scales leave MM and planetary ball milling techniques to be 
replaced by other systems such as twin-screw extrusion (TSE) and Resonance acoustic Mixing (RAM). 
 

1.5.1. Twin Screw Extrusion (TSE) for continuous flow mechanochemistry 
 

Despite the further progress achieved in “flow” mode reactors, they still require the use of large quantities 
of toxic solvents like DCM or DMF to solubilize molecules.44 This represents a limitation for materials such 
as insoluble pigments that can cause clogging in the flow tubes. Additionally, the waste associated with 
the used of large amounts of solvents can result in a significant lowering of the sustainability metrics.44,45 
The use of extrusion reactors can extend solution flow chemistry by removing and significantly decreasing 
the use of organic solvents (Figure 1.10). TSE allows the mixing of the feeding materials in a confined space 
by the constant rotation of a pair of screws and with greater temperature control than the one achieved 
by small-scale milling methods.44–47  
 
Depending on the direction of the motion of the screws, either counter-rotating (opposite direction) or 
co-rotating (same direction), can result in improvements in the shear and/or compression applied to the 
material.45 Small-scale milling process can be complementary to the extrusion process. Ideally, a reaction 
will be optimized on a small scale (50 mg to 500 mg) using planetary milling of MM, and the conditions 
will be directly translated into the TSE process.44 Different from small-scale milling reactions where all the 
substrates, liquid or solids, are directly added into the jar, TSE requires a pre-mixing of the material prior 
feeding the mixture into the extrude to ensure effective mixing. The development of TSE has allowed 
access to reactions in the absence of organic solvents and in a large scale (Figure 1.10). 
 



11 
 

 

Figure 1.10. Schematic representation of TSE reactors and a example of the twin-screw configuration. 
This images were taken with the permission of Cowell (Nanjing) Extrusion Machinery Co. Website. 

1.5.2. Resonance Acoustic Mixing (RAM) from the small scale to the large scale 
 

Small-scale milling methods and TSE require grinding media or screws to provide energy to the reaction 
system and guarantee efficient mass transport.48 The strong mechanical shock, stress, or shear cause by 
the grinding media or the screws can damage the material, limit its reactivity, and create significant safety 
concerns when using materials that are shock sensitive.49 Resonance acoustic mixing (RAM) (Figure 1.11a-
b) represents an extension to grinding media-dependent processes by providing an environment that does 
not require grinding media (non-contact of material with milling media) that is dependent of ultrasonic or 
acoustic frequencies agitations. Generally, substrates will be directly added in a jar of inner material (in 
the absence of milling media), and the mixture will oscillate at a certain acceleration for a certain amount 
of time, thereby creating mixing zones that facilitate the contact of the substrates (Figure 1.11c).50 
Performing reactions in a grinding media-free environment facilitates the effective scaling as the necessity 
for screening for reaction parameters such as number of milling media, filling ratios, or milling frequencies 
is not required.49,51 Despite being a relatively new technique, RAM demonstrated significant benefits and 
scalability for the synthesis of metal-organic frameworks (MOF),48 co-crystals synthesis, mechanoredox 
catalysis,49 and click-chemistry.51 
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Figure 1.11. RAM reactors and their motion inside the reactor.  

This images were taken with the permission of Resodyn.  

1.6. Cycloaddition Reaction Enabled by Mechanochemistry: 
 

Cycloaddition reactions have constituted essential and fundamental reactions in organic synthesis, 
allowing to add significant complexity and selectivity in a single reaction step. Interestingly, the utility of 
cycloaddition reactions has applications in the synthesis of complex natural products, biologically active 
molecules, and materials.52–54 The investigation of cycloadditions has primarily focused for solution-based 
thermal- and photochemical reactions, where it has been established that the outcome of the reactions 
can be understood by the Woodward-Hoffmann rules (WH). 55,56 Mechanochemistry has provided 
advances and benefits to the field of transition metal catalysis (Ni57,58, Pd59–65, Cu66–68, Ru69–71, Rh72–74, and 
Ir75,76) and metal-mediated chemistry (Mg77–80, Mn81,82, Zinc83, Li83, Ca84) for the functionalization of 
aromatic structures, however cycloadditions reactions have been overlooked and few examples evaluating 
the effect of mechanical stress or pressure in cycloaddition reactions have been reported.  

1.6.1. Mechanochemical Diels-Alder reaction a [4+2] cycloadditions 
 

Diels-Alder reactions (DA) are among the most fundamental type of cycloadditions and it has been 
extensively investigated in diverse conditions, providing the corresponding products in excellent yields and 
selectivity. DA occurs by reacting a diene (4π electron system) 1 and a dienophile (2π electron system) 2 
to form a 6-member ring adduct 3 via simultaneous formation of 2 C-C bonds. This reaction is generally in 
equilibrium but the cyclic adduct 4 is generally favoured (Figure 1.12).85 The importance of DA reactions 
has led to this concept being expanded beyond traditional solution-based chemistry and several research 
groups have exploited the effects of mechanical stress in this type of pericyclic reactions.26  
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Figure 1.12. Schematic representation of a Diels-Alder a [4+2] cycloaddition. 

Investigations from the Gao group for the synthesis of norbornene 7 from cyclopentadiene 5 and 
maleimides 6 has demonstrated that the high pressure achieved by milling significantly accelerates the 
reaction thereby obtaining norbornene 7 in higher yield and conversion than under the solution-based 
thermal conditions. Additionally, the absence of organic solvent simplifies the purifications to a simple 
recrystallization, eliminating the use of column chromatography and decreasing waste-production (Figure 
1.13a).86  

Performing reactions in a solvent-free environment allows insoluble substrates to effectively undergo a 
chemical reaction without jeopardizing the selectivity or disfavouring the formation cyclic adduct. The 
Swager group demonstrated the benefits of mechanochemical cycloadditions for insoluble and unreactive 
substrates by solution-based conditions. Mechanochemical-enabled DA facilitated the synthesis of 
Iptycenes 11 from anthracene 8 and 1,4-anthraquinones 9, which could under further DA to form extended 
Iptycenes (Figure 1.13b).87 It is essential to highlight that the synthesis Iptycene 11 and extended Iptycenes 
by DA is only allowed by mechanochemical means, the reported conditions in a solution-based thermal 
conditions does not allow access to 11 due to the poor solubility of the substrates 8 and 9 that limits their 
reactivity at ambient temperatures while increasing temperature only promotes the retro-DA.87 
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Figure 1.13. Examples of mechanochemical allowed Diels-Alder. 

Several research groups have systematically investigated the effects of the reaction conditions and the 
impact mechanical stress on the cycloaddition outcome. Kinetic investigations determined that 
mechanical shock allows a small increases in the temperature of the jar, depending on the material 
density.26,38 However, other reagents such as grinding auxiliaries provide the necessary surface for the 
formation of the product and accelerate the DA reaction.88 In addition, the mechanical stress and shock 
achieved during the milling causes molecular distortion between the diene and dienophile, lowering the 
activation energy.89  

1.6.2. Mechanochemical Enabled [2+2] Cycloaddition 
 

commonly employed types  
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Figure 1.14. Schematic representation of a [2+2] cycloaddition between olefins. 

[2+2] or [2π +2π] photochemical cycloadditions between olefins (12 and 13) is generally used in the 
synthesis of cyclobutanes 15 (Figure 1.14).90 The inherited angular strain of the cyclobutanes 15 allows 
facile bond reorganizations and fragmentations.90 In mechanochemistry, cyclobutanes rings have found 
numerous applications due to their high response to mechanical stress.91–94 In terms of 
mechanochemistry, the [2+2] cycloadditions have been reported to occur directly by milling, direct UV-
irradiation, or a combination of milling and UV-irradiation.  

One clear application of mechanochemical [2+2] cycloadditions is in the dimerization of fullerenes 16. 
Fullerenes 16 are chemical entities that have gained significant attention due to their empty spherical 
architecture and potential applications as a superconductor, photoconductor, and ferromagnet.95 
Dimerization of fullerenes 17 for the formation of cyclobutanes by photochemical solution-based 
approach is remarkably limited due to the poor solubility of the fullerenes.96 Studies from Murata et al. 
demonstrated that performing reactions under mechanochemical conditions and using KCN as a promoter 
allowed selective access to the dimerized fullerene.94,97,98 The synthesis of 17 by protocols optimized by 
Murata et al. highlights significant differences to a photochemically allowed process.99,100 Mechanistically, 
the mechanochemical reactions do not proceed by a concerted photochemical cycloaddition but rather 
the nucleophilic reactivity of cyanide facilitates the increase in nucleophilicity in a step-wise formation of 
the cyclobutane ring (Figure 1.15b).98 
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Figure 1.15. Mechanochemical dimerization of fullerenes by a mechanochemical-allowed [2+2] 
cycloadditions. 

Mechanochemical solid-state transformations enhance supramolecular interactions that are weak or 
limited under solution-based thermal conditions.101 Significant gains in selectivity can be achieved by 
providing a template that organizes the molecular arrangements to guarantee high degree of reactivity 
and selectivity. The MacGillivray group demonstrated a crystal-to-crystal [2+2] cycloaddition to form 
cyclobutene 24 by direct UV-irradiation on a template of 4,4’-bpe•2(resorcinol) 23 over a period of 72 h 
(Figure 1.16a).102 H-bonding in 23 between the hydroxy moieties of the resorcinol 21 and the N(sp2) 
heteroatom and the π-π stacking between the aromatics of the pyridine, directly positions the alkene 
moieties facing each other (Figure 1.16a).102 This pre-organization provided by the template guarantees 
the trans stereochemical outcome achieved for the cyclobutene 24 upon UV-irradiation. Additionally, the 
MacGillivray group demonstrated that by repeatedly grinding and exposing the mixture to UV irradiation 
enable 21 to be used in sub-stoichiometric amounts (~50 mol %) (Figure 1.16c), supposedly due to 
improvements in bulk mass transfer of the substrates.101 This methods allowed the formation of 25 in 90 
% yield and without the presence of the template 21. This study represents the solid-state's first mechano-
photochemical organocatalytic [2+2] cycloaddition approach. The impact of this protocol has expanded 
and has become the basis for other studies that describe the impact of supramolecular reactions 
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mechano-photochemical [2+2] cycloaddition with new templates or transitions metals complexes to 
unlock further reactivity.103,104 

 

Figure 1.16. Mechanophotochemical [2+2]cycloaddition. 

 

 

1.6.3. Mechanochemical Enabled 1,3-dipolar [3+2] Cycloadditions 
 

In the 1960’s, Rolf Huisgens introduced the concept of 1,3-dipolar cycloadditions (1,3-DC) that emulates 
the DA (section 1.6.1).105,106 Huisgens described a 1,3-DC to occur between a 1,3-dipoles 26 and a 
dipolarophile 27 to obtain a 5-membered product 29. 1,3-dipoles are defined as a a-b-c system where 
atom “a” possesses an electron sextet that is incomplete combined with a “b” atom with a +1 formal 
charge, and a “c” atom of incomplete sextet and a formal charge of “-1” (Figure 1.17).105 It is a requirement 
for 1,3-dipoles 26 that cannot have a neutral formula and they must have unpaired electrons, while the 
dipolarophile 29 is a “d-e” multiple bond system (double or triple) of neutral formal charge. Through 
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extensive and comprehensive work, Huisgens classified 1,3-dipoles in two groups, allyl anions and 
propargyl anions (Figure 1.17).106 

 

Figure 1.17. Representation 1,3-dipolar cycloaddition and classifications of 1,3-dipoles. 

1.6.4. Mechanochemical Cu catalyze Azide Alkyne Cycloadditions (CuAAC) 
Cu catalyzed Azide-Alkyne cycloadditions (CuAAC) is among the most notable transformation, 
demonstrating a high degree of selectivity, fast kinetics, and diverse scope. In part due to these 
developments, Mendal, Sharpless, and Bertozzi shared the 2022 Nobel Prize in chemistry.107 The extension 
of this concept has evolved from traditional solution-based thermal conditions to where several groups 
have studied its impact under mechanochemical conditions. 

Thorwith et al were the first to demonstrate the benefits of mechanochemistry and CuAAC for the 
synthesis of 1,4-triazoles 32 (Figure 1.19).108 They identified that by using traditional catalytic conditions 
such as Cu(OAc)2•H2O and Na-Ascorbate, similar conditions as developed by Sharpless et al, 1,4-triazoles 
can be synthesized in short reactions times and with high regioselectivity (Appendix A for reaction 
conditions and mechanism)(Figures 1.19a).109 The mechanochemistry method was successfully extended 
to the synthesis of high molecular weight polymers 35 with just 20 minutes of milling time (Figure 
1.19b).108  
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Figure 1.19. Examples of mechanochemistry in CuAAC for small molecules and in polymer synthesis. 

Further investigations of the mechanochemical CuAAC for the synthesis of 1,4-triazoles, demonstrated 
that Cu(OAc)2•H2O and Na ascorbate can be completely replaced with a jar and milling media made of Cu 
material. The Mack group demonstrated the effect of direct mechanocatalysis (section 1.4.4) for the 
synthesis of 1,4-triazoles 38 (Figure 1.20a). They demonstrated that equimolar mixtures of benzylbromide 
36, terminal alkyne 37, excess sodium azide and using a copper jar and copper made milling media, 
resulted in the 1,4-triazole 38 in excellent yields after 16 hours of milling.110 The sustainability of the CuAAC 
by direct mechanocatalysis is exemplified by the high atom economy achieved in the transformation and 
the simple protocol that eliminates the use of column chromatography as a purification alternative. 
Further investigation by the RAM technique demonstrated that copper-based milling media is not required 
and it can be replaced by a Cu0 wire to form the 1,4-triazole 41 in excellent yields after 60 minutes of 
milling (Figure 1.20b).111 

 

Figure 1.20. Examples of Direct Mechanocatalysis on CuAAC. 
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Other groups have evaluated the effect of Cu based nanocomposites and Cu nanoparticles as alternatives 
to using jars or milling media made of copper. Although external Cu source is introduced to the reaction 
mixture, the use of Cu based nanocomposites and Cu nanoparticles are a sustainable alternative to replace 
inert grinding auxiliaries (GAA) with auxiliaries with catalytic activity that can be easily recovered and re-
used. The Ranu group demonstrated the use of Cu/Al2O3 nanocomposite for the multicomponent synthesis 
of 1,4-triazole 43 from alkyl halides 41, sodium azide, and terminal alkynes 42 (Figure 1.21 aI).112 
Additionally, the use of Cu/Al2O3 demonstrated to be an effective catalyst in the synthesis of aryl azides 
from aryl boronic acids 44, a reaction that was not developed employing direct mechanocatalysis (Figure 
1.21aII). The Praveen group also demonstrated the use of commercially available copper oxide 
nanoparticles (CuONP of < 50 nm) and DABCO for the formation of oxindole-triazole 50 from N-
methylmaleimide 48, benzyl azide 49 and N-propargyl isatin 47 in excellent yields and short reaction times 
(Figure 1.21b).113  

 

Figure 1.21. Cu nanoparticles used on CuAAC. 

While most of the examples have focused on 1,4-triazoles using CuAAC, the Praveen group, demonstrated 
the regioselective organo-mechano catalytic synthesis of trisubtituted 1,4,5-triazoles 53 and 56 (Figure 
1.22a).114 The reaction proceeded in the presence of aryl of alkyl azides 51 or 54 but it is limited to trans 
olefins bearing electron-withdrawing groups such as nitro 52 or ketone 55 substituents. In their work, 
cetyltrimethylammonium bromide (CTAB) proved to be an efficient, easily recoverable organocatalyst, that 
through coordination with the electron-withdrawing groups on the olefin 57 facilitated the 1,3-dipolar 
cycloaddition and the oxidation adducts 58 to form the trisubstituted triazine 53 (Figure 1.22b). 
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Figure 1.22. Examples of organocatalytic mechanochemical synthesis of trisubtituted triazoles. 

1.6.5. Mechanochemical 1,3-DC with Other Propargyl-Allenyl Dipoles 
Beyond reports on CuAAC, there is limited reports of 1,3-DC using other types of 1,3-dipoles. The Bolm 
group recently reported the mechanochemical van Leusen pyrrole synthesis of 3,4-disubstituted pyrroles 
61 from chalcones 60 and toluenesulfonylmethyl isocyanide (TosMIC) 59 (Figure 1.23).115 The reaction 
proceeds only when enabled by mechanochemistry and without the need of a catalysts that is promoted 
by DBU for in-situ formation of the nitrile ylide (25n). The reaction demonstrated tolerability to several 
chalcones with diverse types of electronics and produced the desired product after just 60 minutes of 
milling (Figure 1.23).  
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Figure 1.23. Mechanochemical van Lausen cycloaddition to obtain 3,4-pyrroles. 

1.6.5.1. Nitrile Oxides for the synthesis of Isoxazoles 
 

Mechanochemistry can provide significant advantages for pericyclic reactions, such as the removal of 
transition metal catalysts, short reaction times, improving the reactivity of insoluble substrates, and 
decrease in waste-production. The previously presented section demonstrates the number of studies on 
1,3-DC using azides 25c in mechanochemistry, but there are limited studies that evaluate the effect of 
mechanochemistry for other types of dipoles that do not show the same selectivity and reactivity as the 
azide 25c.  

Nitrile Oxides 25p (NOs), as demonstrated in Figure 1.17, are analogous 1,3-dipoles to azides 25c. 
However, NOs 25p are more unstable and rapidly dimerize to form furoxans 63 by a 1,3-DC, even at room 
temperature.116 Due to the high reactivity, NOs are generated in-situ from the bench stable hydroxyimidoyl 
chloride 62 when treated with organic amine bases (Figure 1.24).  

 

Figure 1.24. Synthesis of NOs and Furoxans 

NOs have found numerous applications in the synthesis of isoxazoles and isoxazolines heterocycles.116–118 
Reaction between NOs (25p) with terminal alkynes provide direct access to the synthesis of disubstituted 
isoxazoles, specifically 3,5-isoxazoles 65 and 3,4-isoxazoles 66 (Figure 1.25a). The first 1,3-DC between NOs 
and terminal alkynes was reported by Quilico et al. with the preferential formation of the 3,5-isoxazoles in 
good yields.105,119 A trivial feature of 1,3-DC of NOs with terminal alkynes is the regioselective formation 
of a C-C and a C-O bond. The impact of this 1,3-DC using NOs dipoles allows access to diverse types of 
isoxazole motifs in molecules that have demonstrated biological activity (Figure 1.25b) 117,120–123 or in the 
synthesis of molecules with innovative photochemical properties (Figure 1.25c).124–127 Additionally, the 
regioselective formation of the C-C bond enables isoxazole heterocycles to be employed as versatile 
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intermediates in the synthesis of complex natural products (Figure 1.25d).120,128–133134 Selected examples 
have been included in Figure 1.25. 

 

Figure 1.25. Application of Isoxazole Heterocycles in Various Fields of Chemistry. 

1.6.5.2. Regioselectivity of 1,3-DC between Isoxazoles and Terminal Alkynes 
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1,3-DC between NOs and terminal alkynes generally forms mixtures of disubstituted isoxazole isomers, 
the poor regioselectivity of the 1,3-DC is attributed to the small difference in energy of about 2.8 kcal/mol 
between the transitions states TSa and TSb (Figure 1.26).109 The lower energy of TSa leading for the 
preferential formation of 3,5-isoxazoles 65 is explained by the steric repulsions in TSb. Other factors such 
as interactions of the frontier molecular orbital interactions (FMO) of the dipole and the dipolarophile 64 
and solvation effects can also have an impact in modulating the energies of the transition states.105,135–137 

 

Figure 1.26. Generic reaction diagram for termal 1,3-DC between NOs and terminal alkynes. 

 

1.6.5.3. Effect of Cu Catalysis in the Synthesis of 3,5-Isoxazoles 
 

Improvements in the selectivity to access selectively 3,5-isoxazole 65 isomer were pioneered by Sharpless 
and Fokin.109 It was envisaged that since azides and analogous 1,3-dipoles to NOs 25p, the use of Cu 
catalysis could be further extended to NOs.109 Cycloaddition between NOs and terminal alkynes catalyzed 
by Cu complexes (CuNOAC) improved the regioselectivity to form exclusively the 3,5-isoxazole 65 isomer 
(Figure 1.27).109,121,138 Extensive computational studies demonstrated that the presence of copper deviates 
the mechanism from concerted to stepwise.109 From a mechanistic perspective, the Fokin group 
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demonstrated that Cu(I)-alkyne complexation 67 is essential for the formation of copper acetylide 68, 
followed by a coordination of the nitrile carbon of the NO to Cu(I) and subsequent attack on the O of the 
NO to the substituted carbon of the copper acetylide to form intermediate complex 69, ring contraction 
of 69 and proteolysis of 70 forms the 3,5-isoxazole 65 (Figure 1.27).109 The presented Cu(I)/Cu(II) catalytic 
process demonstrated excellent compatibility with a large number of alkyne and NOs substrates.109,121,138 

 

Figure 1.27. Cu(I) catalyze 1,3-DC between NOs and terminal alkyne 

 

1.6.5.4. Effect of Ru Catalysis for the Synthesis of 3,4-isoxazoles 
 

As an extension of Cu catalysis, the Fokin group pioneered in 2008 using [Cp*Ru] complexes 70 to provide 
regioselective access to 3,4-isoxazole 66 (Figure 1.28a).139 The key feature of the [Cp*Ru] complexes 71 is 
that the Ru complex can reverse the polarity of the NO 25p while the bulky Cp* ligand is able to position 
the substituent of the terminal alkyne under the ring such that the O and terminal C are oriented facing 
each other (72). Oxidative coupling leads to forming a 6-membered ruthenacycle 74 (Figure 1.28b). A 
highlight of this protocol is that it is not limited to terminal alkynes but can be extended to internal alkyne 
systems such as ynones 75 and ynols 76 (Figure 1.28c). 
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Figure 1.28. Ru(II) catalyze synthesis of 3,4- and 3,4,5-isoxazoles. 

1.7. Research Goals and Thesis Organization 
While the capabilities and benefits of mechanochemistry to access and facilitate cycloaddition reactions 
have been previously reported, the main thesis objective is the investigation on the effect of mechanical 
stress generated by mechanochemical techniques and specifically planetary ball milling in the control in 
regioselectivity of 1,3-DC between NOs (obtained from their precursors 62) and terminal alkynes 64 to 
access all potential substitution patterns around the isoxazole heterocycles while focusing on the highest 
green chemistry standards, where possible.  

Chapter 1 introduces the critical concepts in the field of solid-state chemistry and mechanochemistry and 
its applications in cycloadditions reactions and aims to highlight essential differences and benefits of 
performing cycloadditions under mechanochemical means. Following the recent advances in the field of 
mechanochemical cycloadditions, the chapter highlights the necessity to evaluate the effect of 
mechanochemistry to control cycloadditions. 

After having established the concepts in mechanochemistry and its impact in 1,3-DC, Chapter 2  
demonstrates the effects of mechanochemistry in a Cu(II)-catalyzed 1,3-DC to access 3,5-isoxazoles by 
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planetary ball milling. This work was published as an article in RSC Advances (DOI: 10.1039/D1RA08443G) 
and was completed primarily by the author of this thesis. Contributions from Arthur P. C. A. Bragaa and 
Jennifer Keough Lopez towards the optimization of Cu(II) catalysts and Kelly Burchell-Reyes in the time 
optimization of each substrates and the isolation of the 3,5-isoxazoles required for the reaction scope. 

Chapter 3 evaluates the effect of mechanochemistry to control selectivity of 1,3-DC to control 
desymmetrization of unbiased symmetrical bis-/ or tris-alkyne substrates. This work was published as an 
article in the European Journal of Organic Chemistry - Chemistry Europe 
(doi.org/10.1002/ejoc.202300374). This work was done primarily by the author of this thesis with 
additional contributions of Irini Trakakis and Jean-Louis Do in the reaction optimization conditions. 

Chapter 2 and 3, primarily focuses on the synthesis of 3,5-isoxazoles. Chapter 4 describes the effect of 
mechanochemistry by Ru(II) catalysis in the solid-state under solvent-free conditions to access 3,4- and 
3,4,5-isoxazoles regioselectively. The current work has not been published but is under current evaluation 
in the Journals of the Royal Chemical Society. This work was done primarily by the author of this document. 
Contributions of Stephanie Patterson in the optimization of Ru-catalysts and Negin Nabavi in the 
optimization of the uncatalyzed synthesis of 3,4,5-isoxazoles and the Ru(II) conditions for the umpolung 
synthesis of 3,4,5-isoxazoles. 

Chapter 5 is a highlights the essential aspects related to a health and safety at work when related to organic 
mechanochemistry that differs from what is normally required in a solution based organic chemistry 
laboratory. 

Chapter 6 Discusses the general conclusions of all projects and potential future directions. 
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Cycloaddition of Terminal Alkynes and Hydroxyimidoyl Chlorides over 
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2.1. Abstract 
 

Scalable, solvent-free synthesis of 3,5-isoxazoles under ball-milling has been developed. the proposed 
methodology allows to synthesize 3,5-isoxazoles in moderate to excellent yields from terminal alkynes and 
hydroxyimidoyl chlorides, using a recyclable Cu/Al2O3 nanocomposite catalyst. Furthermore, the proposed 
conditions are reproducible to a 1.0-gram scale without further milling time variations. 

2.2. Introduction 
 

The addition of oxygen or nitrogen-containing heterocycles in drug candidates has become a common 
feature of the recently approved drugs by the FDA.1,2 In particular, isoxazoles are common molecular 
scaffolds employed in medicinal chemistry due to the non-covalent interactions such as hydrogen bonding 
(through the N) and π-π stacking (by the unsaturated 5-member ring).3–6 Within the isoxazoles family, 3,5-
isoxazoles 78 are regularly utilized as pharmacophores in medicinal chemistry.2,5,6 Selected examples 
include Muscimol (GABAa agonist), Isocarboxazib (antidepressant), Isoxicam (anti-inflammatory), 
Berzosertib (ATR Kinase Inhibitor), and Sulfamethoxazole (Antibiotic) are highlighted in Figure 2.1.7–10 

 

Figure 2.1. Examples of isoxazoles with pharmacological activity. 

 

Various methodologies to synthesize 3,5-isoxazoles have been developed over the years.7,9,11–13 
Specifically, 1,3-dipolar cycloaddition between terminal alkynes 79 and nitrile oxides 81 formed in situ by 
deprotonation of hydroxyimidoyl chlorides 80 is a standard route to access 3,5-isoxazoles 78 (Figure 
2.2).7,9,14 Recent reports have sought to mitigate the environmental impact of this reaction by performing 
1,3-dipolar cycloaddition under solvent-free conditions, using green solvents such as water or ionic liquids, 
under metal-free conditions, or using mild oxidants.14–28 However, these methodologies have a low atom 
economy, have a higher hazardous waste production, and are less energy efficient. Therefore, developing 
a greener methodology that enables rapid and efficient access to these scaffolds is highly desirable. 
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Figure 2.2. 1,3-Dipolar cycloaddition of terminal alkynes and nitrile oxides 

Mechanochemistry has been recognized as an environmentally friendly technique as reactions can be 
performed under solvent-free conditions. Additionally, in some instances, work-up and purification are 
simplified or absent from procedures, and the process consumes less energy than other solution-based 
techniques. 29–33 The use of mechanochemical techniques to synthesize isoxazoles is limited. Sherin et al. 
reported a synthesis of 3,5-isoxazoles 84 by grinding in a mortar and pestle curcumin derivatives 82, 
hydroxylamine 83, and sub-stoichiometric amounts of acetic acid to form the 3,5-isoxazole 84 in short 
times and excellent yields (Figure 2.3a).34 Likewise, Xu et al. studied the synthesis of trisubstituted 
isoxazoles 87 via 1,3-dipolar cycloaddition of N-hydroxybenzimidoyl chlorides 85 and N-substituted b-
enamino carbonyl 86 compounds by ball-milling (Figure 2.3b) in high yields, short reaction times, in the 
absence of catalyst and liquid additives.35 To our knowledge, mechanochemical synthesis of 3,5-isoxazoles 
78 from terminal alkynes 79 and hydroxyimidoyl chloride 80 has not been reported (Figure 2.3c). The 
proposed methodology employs a planetary ball-milling technique that provides a route to access in large 
scale, short reaction times, and high atom economy the corresponding 3,5-isoxazoles 78. Additionally, it 
utilizes synthetically accessible or commercially available motifs such as terminal alkynes 79 and 
hydroxyimidoyl chlorides 80 that are recurrent or easily installed in many substrates. Herein, we report a 
mechanochemical 1,3-dipolar cycloaddition using the planetary ball-mill to synthesize a wide range 3,5-
isoxazoles from a broad library of alkynes and (E,Z)-N-hydroxy-4-nitrobenzimidoyl chloride 80a, ethyl (E,Z)-
2-chloro-2-(hydroxyimino)acetate 80b, hydroxycarbonimidic dibromide 80c, or (E,Z)-N-hydroxy-4-
methoxybenzimidoyl chloride 80d in moderate to excellent yields, in short reaction time, and with less 
waste production than in solution based reactions (Figure 2.3c). 
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Figure 2.3: Previously reported synthesis of Isoxazoles 

 

 

 

 

2.3. Results and Discussion 
 

2.3.1. Reaction optimization 
 

We began our investigation by performing an optimisation of the 1,3-dipolar cycloaddition reaction 
between alkyne 79a and hydroxyimidoyl chlorides 80a by milling the selected substrates in a stainless-
steel (SS) jar in the planetary ball-mill to obtain 3,5-isoxazole 78a (Table 2.1). During the optimization, the 
effect of milling time, amount of milling media, base, and equivalents of hydroxyimidoyl chlorides were 
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studied to obtain the highest yield of 3,5-isoxazole 78a (Table 2.1). Optimization revealed the combination 
of 1.0 equivalent of alkyne 79a, 1.5 equivalents of hydroxyimidoyl chlorides 80a, and 2.0 equivalents of 
Na2CO3 while milling for 20 minutes with 8 SS balls provided the most effective conditions (Table 2.1, entry 
1). Our first control experiments focused on optimizing the milling time (Table 2.1, entry 2-5). Milling the 
reagents for less than 20 minutes affords lower product yields (Table 2.1, entries 2 and 3). Conversely, 
milling the reagents longer than 20 minutes leads to a decrease in yield to about 60 % (Table 2.1, entries 
4 and 5). The strong abrasion of the SS milling media for extended periods could lead to a ring-opening by 
a reduction of the N-O to yield β-keto-enamine.36,37 

Table 2.1 Optimization of reaction conditions a 

 

Entry Changes from optimized conditions Yield (%)b of 78a 

1 none 72 

2 Milling for 10 min, 7 SS balls. 59 

3 Milling for 15 min 7 SS balls. 64 

4 Milling for 30 min. 58 

5 Milling for 40 min. 60 

6 Using 1.0 equiv. of 80a. 65 

7 Using 2.0 equiv. of 80a. 57 

8 Using K2CO3 71 

9 Using Cs2CO3 71 

10 Using CaCO3 44 

11 Using Ag2CO3 18 

12 Using NEt3 N.R. 

Reaction Conditions: 0.166 mmol of 79a, 0.250 mmol of 80a, 0.332 mmol of Na2CO3, SS beaker (50 mL 
capacity), 8 x SS milling balls (10 mm diameter), 20 min milling, 60 Hz. (b) 1H-NMR yields were measured 
using 1,3,5-trimethoxybenzene as an internal standard. 

 

Having optimized the milling time, we next attempted to improve the yield by varying the equivalents of 
hydroxyimidoyl chlorides 80a since reaction stoichiometry has been shown to impact the product formed 
during mechanochemical reactions.38,39 3,5-isoxazole 78a was obtained in lower yields when using 
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equimolar amounts alkyne 79a to hydroxyimidoyl chlorides 80a (entry 6, Table 2.1). Because nitrile oxides 
rapidly dimerize to form furoxans by a competing 1,3-dipolar cycloaddition.40–45 Likewise, increasing the 
equivalents of 80a from 1.0 to 2.0 equivalents lowered the yield of the reaction (entry 7, Table 2.1). We 
obtained the highest yield with 1.5 equivalents of the hydroxyimidoyl chlorides of 80a, and these 
conditions were used for further experiments (entry 1, Table 2.1). We next studied the effect of diverse 
carbonated bases in the reaction. We observed that changing the base did not improve the yield of the 
reaction, and Ag2CO3 was most detrimental to the reaction as it promoted furoxan formation (entry 8-11, 
Table 2.1).46,47 Using triethylamine (NEt3) proved impractical as the addition of NEt3 to hydroxyimidoyl 
chlorides was highly exothermic in the absence of solvent (entry 12, Table 2.1). 

During the screening, we observed that milling time influences the reaction yield.35,48 Therefore, a milling 
time optimization for other alkyne and hydroxyimidoyl chloride combinations revealed that the most 
optimal milling time was determined to be between 10 and 30 minutes (see experimental section 2.8 for 
detailed milling time optimizations). 

 

Figure 2.4. Catalyst-free mechanochemical synthesis of 3,5-isoxazoles. 

As shown in Figure 2.4, stannanyl isoxazole 78a and 78b, silyl isoxazole 78c, and phenyl isoxazole 78d were 
synthesized with satisfactory yields under the proposed conditions. To explain these results, we suggest 
an electronic argument. The electron-withdrawing character of the metal substituents, stannyl or silyl of 
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alkyne 79a and 79b, respectively, accelerates the reaction by deactivating the alkyne moiety.49–51 It is 
observed that alkyne 79a bearing the alkylstannane substituent has a more pronounced effect than the 
alkyne with the silyl substituent 79b. Therefore, alkyne 79a was the most reactive as it reacted with 
hydroxyimidoyl chlorides 80a and 80b to synthesize 3,5-isoxazole 78a and 78b respectively, in short times 
and excellent yields (Figure 2.4). On the other hand, ethynyltrimethylsilane 78b was less reactive as it 
could only react with a more labile hydroxyimidoyl chlorides 80b to form 3,5-isoxazole 78c (Figure 2.4). 
Comparably, we suggest that the phenyl substituent of alkyne 79c increases the polarizability of the 
molecule, resulting in deactivating the alkyne moiety. As a result, phenylacetylene 78c reacted in excellent 
yields with hydroxyimidoyl chlorides 80b.42 In addition, we observed that the electronic nature of the 
hydroxyimidoyl chloride substituent affects the reactivity of the nitrile oxide dipole. Hydroxyimidoyl 
chlorides 80a containing an aromatic substituent with strong electron-withdrawing groups decreased the 
reactivity of the nitrile oxide.52,53 Consequently, the nitrile oxide synthesized in situ from hydroxyimidoyl 
chlorides 80a could only react with tributyl(ethynyl)stannane 79a. On the other hand, hydroxyimidoyl 
chlorides 80b was the most reactive due to the bearing of a weaker electron-withdrawing group such as 
the ester functional group.43,52 Unfortunately, other alkynes containing substituents such as esters, 
pyridines, or substituted arenes were not tolerated under these conditions. Previous reports 
demonstrated the effect of copper catalyst or copper additives to accelerate the reaction and obtain the 
3,5-isoxazoles in a regioselective manner. 15,53–59 Therefore, we aimed to investigate the effect of copper 
additives or catalysts on this reaction. 

2.3.2. Investigations of Cu(II) catalysis in the synthesis of 3,5-isoxazole: 
 

Table 2.2. Effect of Copper(II) in the synthesis of 3,5-Isoxazoles  

 

Entry Cu (II) Equivalents 
Time 
(min) 

Yield (%)b 

19e 

1 Cu/Al2O3 0.14 of Cu(II) 

10 73 

20 76 

30 79 

40 64 

50 56 
2 Cu(NO3)22.5•H2O 0.1 30 78 

3 Cu(NO3)2 2.5•H2O 1.0 30 84 

4 Cu(OAc)2•H2O 1.0 30 88 
5 Cu(OTf)2 1.0 30 76 
6 CuCl2 •H2O 1.0 30 76 
7 Cu2CO3(OH)2 2.0 30 36 

Reaction Conditions: 0.220 mmol of 79d, 0.330 mmol of 80b, 0.220 mmol of Na2CO3, 0.440 mmol (14 mol 
%) of Cu/Al2O3, SS beaker (50 mL capacity), 8 x SS milling balls (10 mm diameter), 60 Hz. b) 1H NMR yields 
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were measured using 1,3,5-trimethoxybenzene as an internal standard. c) See experimental section 2.9. 
for solid-state characterization by FT-IR and MALDI-TOF-MS of reaction crude 1e. 

Although the mechanochemical synthesis of 3,5-isoxazoles using copper(II) catalyst is unprecedented, 
1,2,3-triazoles have been synthesized in this way with copper(II) salts and copper(II) ions in alumina 
nanocomposites (Cu/Al2O3).60,61 We investigated the effect of Cu/Al2O3 (see experimental section 2.8.7. for 
XPS spectrum) and copper salts using methyl propiolate 79d and (E,Z)-2-chloro-2-(hydroxyimino)acetate 
80b as model substrates (Table 2.2).  

We observed a significant increase in yield and regioselective control when using sub-stoichiometric 
amounts of copper (0.14 equivalents or 14 mol %) of Cu/Al2O3 or 10 mol % of Cu(NO3)2 2.5•H2O while 
milling the reagents for 30 minutes (entries 1 and 2, Table 2.2). Irreproducible yields were obtained by 
decreasing the catalytic loading to 7 mol % of Cu/Al2O3. In contrast, when the equivalents of Cu(NO3)2 
2.5•H2O were increased to 1.0 equivalent, we observed no significant increase in yield (entry 3, Table 2.2). 
Additionally, when investigating the effect of the counter anion on the copper(II), it was observed that 
Cu(OAc)2•H2O performs similarly to Cu(NO3)2 2.5•H2O (entry 4, Table 2.2), while Cu(OTf)2 and CuCl2 •H2O 
produced lower yields (entries 5 and 6, Table 2.2). Substituting Na2CO3 with Cu2CO3(OH)2 lowered the yield 
drastically (entry 7, Table 2.2). Interestingly, the addition of copper salts did not lead to homocoupling of 
the alkyne moiety by the Glaser reaction.62–64  

We decided to continue our investigations using Cu/Al2O3 as the catalyst can be filtered and washed with 
solvent, thereby facilitating catalyst recovery and recycling (Figure 2.5).60 

 

Figure 2.5. a) Filtration of the Cu/Al2O3 catalyst after the first run. b) Colour change of the Cu/Al2O3 catalyst 
after recycling. From left to right. (Left) Fresh catalyst: blue. (Middle) First recycle: Green. (Right) Second 
recycle: Brown 

a b 

 



42 
 

 

Figure 2.6. Mechanochemical synthesis of 3,5-isoxazoles reaction scope. 

a All shown yields are isolated yields. b Reaction performed in 1.0-gram scale 

The Cu/Al2O3 catalyst effect was not exclusively beneficial for the cycloaddition with methyl propiolate 79d 
(3,5-isoxazole 78e, Figure 2.6). This system improves the reactivity of hydroxyimidoyl chlorides 80a, 80b, 
80c, and 80d and other alkynes inaccessible under copper-free conditions, thus allowing access to a 
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broader library of 3,5-isoxazoles (Figure 2.6). Moreover, the presence of Cu/Al2O3 nanocomposite as part 
of the reaction conditions is not impaired by the presence of labile substituents such as silanes (78c,f-h), 
alkyl halides (78i-j), and boronic esters (78n) (Figure 2.6). However, the presence of alkyl stannane 
substituents in the dipolarophile 79a was not tolerated with Cu/Al2O3 catalyst, and no product was 
observed. Furthermore, Cu/Al2O3 enhances the reactivity of dipolarophiles bearing arenes with electron-
donating substituents (EDG) 78o-q and electron-withdrawing groups (EWG) 78n-r when coupled with 
hydroxyimidoyl chlorides 80a and 80b. Additionally, pyridine substituents were more reactive towards the 
more reactive hydroxyimidoyl chlorides 80b (3,5-isoxazole 80s, Figure 2.6). Ethynyltrimethylsilane 78c 
reacted efficiently with hydroxyimidoyl chlorides bearing EWG 80a, 80b, and 80c to form the respective 
isoxazoles 80c, 80f, and 80h, where silyl isoxazole 80c is obtained in higher yields compared to copper-free 
conditions (80c, Figure 2.4). Hydroxyimidoil chloride bearing EDG 80d; resulted incompatible with terminal 
alkyne 79b and silyl isoxazole 78g was obtained in lower yields than with EWG in the hydroxyimidoyl 
chloride. However, terminal alkynes having an aliphatic substituent (79e and 79f) showed greater 
reactivity towards hydroxyimidoil chloride 80d bearing EDG; consequently, aliphatic isoxazole 78j was 
obtained in higher yields than 78i. Then, we evaluated the impact of our conditions in the synthesis of 3,5-
isoxazole 78f on a 1.0-gram scale (10.18 mmol). We were pleased to observe that the optimized Cu/Al2O3 
conditions can be translated with excellent reproducibility from a 100 mg scale to a 1.0-gram scale without 
extending the milling time of the reagents (Figure 2.6).  

2.3.3. Investigations on the recyclability of Cu/Al2O3 
 

The practicality of the proposed methodology allows the recovery of Cu/Al2O3 nanocomposite catalyst 
directly after the milling of the reagents. In addition, the catalyst recovery allowed investigating the 
reusability of the recovered catalyst. The Cu/Al2O3 was reused on four occasions, and it was observed that 
3,5-isoxazole 78f was obtained successfully with only a minimal drop in yield with each subsequent use 
for the first two recycling cycles (Figure 2.7). The decrease in yield is explained by the decrease in the 
concentration of active Cu species in the Cu/Al2O3 nanocomposite (see experimental section 2.8.6). ICP-
MS analysis demonstrates that the Cu concentration of the first recycling represents a decrease of 1.24-
fold (with respect to the fresh catalyst); thus, similar yields are obtained compared to the fresh catalyst 
(Figure 2.7). However, the decrease in Cu concentration becomes more substantial for the second and 
third reuse with a decrease of 2.42 and 6.48-fold, respectively. Therefore, a considerable decrease in the 
yield of isoxazole 78f is observed. Furthermore, a change in the oxidation state and the bonding of the 
supported Cu(II) ions. X-ray Photoelectron Spectroscopy (XPS) analysis of the first and second recycled 
catalyst reveals that the characteristic satellite signals of Cu(II) found at about 942.8 eV are weak while the 
satellite signal at 963.2 eV is absent. Additionally, the 2p3/2 signal at about 933-934 eV is wider than in 
the fresh sample (see experimental section 2.8.7 for XPS spectra of the fresh, Figure S2.3 for first recycling 
and Figure S2.4 for second recycling). These observations suggest that the supported Cu(II) is reduced to 
Cu(0) and CuO is formed with each subsequent recycling.65–67 
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Figure 2.7. Cu/Al2O3 efficiency study in the synthesis of 3,5-isoxazole 78f 

Lastly, we evaluated the sustainability of the proposed mechanochemical 1,3-dipolar cycloaddition 
conditions by comparing E-factor for the synthesis of 3,5 isoxazoles 78d and 78f to previously reported 
solution-based conditions (Figure 2.8). 54,68 Using E-factor, the values calculated for the planetary ball 
milling conditions (pathway a and c, Figure 2.8) demonstrate the sustainability of this methodology 
compared to solution-based reactions (pathway b and d) (see experimental section 2.8.3 and 2.8.9 for 
calculations). With our conditions, the absence of organic solvent is the most significant factor contributing 
to lowering the E-factor.69 Time differences were also another factor of comparison with previously 
reported solution-based conditions. Our mechanochemical conditions did not surpass 60 minutes, 
contrary to the reported solution-based conditions that require at least two hours to synthesize the 
desired 3,5-isoxazoles. Furthermore, our conditions did not show any sensitivity to oxygen or moisture 
present in the air as all reactions were performed in an open atmosphere. 
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Figure 2.8. Comparative green metrics of the proposed methodology to previously reported solution-
based methodologies. 

2.4. Conclusion 
 

In conclusion, we have developed a scalable, solvent-free, and efficient mechanochemical synthesis of 3,5-
isoxazoles via 1,3-dipolar cycloaddition from terminal alkynes and hydroxyimidoyl chlorides. We presented 
two methodologies; a catalyst-free methodology which scopes extended to dipolarophiles bearing alkyl 
stannane substituent. Under catalyst-fee conditions, ethynyltrimethylsilane 79c and phenylacetylene 79d 
reacted satisfactorily with (E,Z)-2-chloro-2-(hydroxyimino)acetate 80b. Additionally, a Cu/Al2O3 mediated 
methodology allowed to react a broader range of dipolarophiles bearing electron-donating or electron-
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withdrawing substituents with any hydroxyimidoyl chloride. The reported methodology was scalable to a 
1.0-gram scale without additional milling time variations. The Cu/Al2O3 catalyst was demonstrated to easily 
be recycled and reused three times with only a slight reduction in yield. The reported conditions require 
shorter reaction times, they had a lower E-factor, and no prevention was taken to air or moisture, making 
these methodologies less environmentally harmful and more practical than previously reported solution-
based methodologies. 
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2.8. Experimental Section for chapter 2 

2.8.1. General Considerations, Materials, and Instrumentations 
 

General Considerations: Solids were directly weighed open-air and added directly into the reaction vial. 
Liquids were directly transferred from the vial containing the reagent using an automatic pipette with a 
plastic tip of appropriate size or a plastic syringe with a stainless-steel needle. Flash chromatography was 
carried out using 40-63μm silica gel (Silicycle).  

Materials: Distilled water was obtained from an in-house water distillery. All other reagents and chemicals 
were purchased from Sigma-Aldrich or AK Scientifics and used without further purification. 

Instrumentation: 1H (500MHz) and 13C (125MHz) NMR spectra were recorded in CDCl3 or DMSO-d6 using 
a Varian Inova 500MHz spectrometer. Spectra were referenced to the residual solvent signal or the TMS 
signal. Spectral features are tabulated in the following order (Note: Spectral features are reported in the 
following format): chemical shift (δ, ppm); multiplicity (s-singlet, d-doublet, t-triplet, q-quartet, dd-doublet 
of doublets, m-multiplet), dt-double of triplets, ddd-doublet of doublets of doublets; coupling constants 
(J, Hz); number of protons. High resolution mass spectra (HRMS) were obtained using a LTQ Orbitrap Velos 
ETD (positive and negative mode) mass spectrometer. Liquid Chromatography-Inductively Coupled Plasma 
Mass Spectrometry (LC-ICP-MS) was obtained using an Agilent 7500ce with a MicroMist glass concentric 
nebulizer and a Quadrupole MS with a sensitivity range of 10-12-10-3 g/mL. The reactions were performed 
using a Fritsch Planetary Micro Mill model ‘‘Pulverisette 7’’ housing two stainless-steel (SS) cups containing 
eight stainless-steel (SS) balls each and sealed by a stainless-steel (SS) lid fitted with a Teflon gasket. The 
reported melting points are uncorrected and were measured using a Stuart SMP3 melting point apparatus. 
Fourier transform infrared (FT-IR) were acquired using a Thermo ScientificTM NicoletTM iS5 FTIR 
Spectrometer, ranging from 4000 to 400 cm-1. Spectra were collected using 64 scans, and the data was 
processed using the Spectrum One software. X-ray photoelectron microscopy (XPS) measurements were 
carried out at the McGill Institute for Advance Materials with a Thermo-Scientific K-Alpha equipped with 
a 180° double focusing hemispherical analyzer with a 128-channel detector. MALDITOF-MS was obtained 
using an Autoflex III Smart Beam (from BRUKER) equipped with a laser Nd-YAG UV at 355 nm and an 
acceleration voltage at 20 KV 

Abbreviations: Hexanes (Hex), Ethyl Acetate (EtOAc), Dichloromethane (DCM), 1,3,5-trimethoxybenzene 
(TMB), Dimethylsulfoxide (DMSO), Stainless Steel (SS), Melting point (MP), Ratio to front (Rf). 
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2.8.2. Procedure S1 (PS1): Solvent-Free and catalyst-free synthesis of 3,5-isoxazoles via 1,3-
dipolar cycloaddition from terminal alkynes and hydroxyimidoil chlorides under ball-milling 
conditions 
 

Procedure Example:  

 

 

Synthesis of ethyl 5-phenylisoxazole-3-carboxylate (78b): To a clean and dried stainless-steel (SS) 
planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of diameter), it was weighed 
80b (0.222 g, 1.47 mmol, 1.5 equivalents.) and Na2CO3 (0.207 g, 1.95 mmol, 2.0 equivalents.). Then, 
phenylacetylene 79c (108 µL, 0.979 mmol, 1.0 equivalents.) was added via micropipette. Once all reagents 
were introduced on the planetary milling jar, the milling jar was tightly sealed, and the mixture was milled 
for 30 minutes at 60 Hz. After 30 min, the jar was cooled at room temperature, and the reaction mixture 
was carefully transferred to a separatory funnel, washed with EtOAc (2x10mL) and a saturated aqueous 
solution of NaCl (2x10mL). The organic layer was collected, dried over Na2SO4, and the solvent was 
evaporated under reduced pressure. 78d was isolated from the crude mixture in a silica column using Hex: 
EtOAc (9:1) as eluent. Compound 78d was isolated in 97 % yield (207.2 mg) as a white solid. MP: 54-57 °C, 
Rf: 0.38 1H NMR (500 MHz, DMSO-d6) δ 7.99 – 7.95 (m, 1H), 7.59 – 7.54 (m, 1H), 7.50 (s, 1H), 4.40 (q, J = 
7.11 Hz, 1H), 1.35 (t, J = 7.12 Hz, 2H). 13C NMR (125 MHz, DMSO-d6) δ 171.5, 159.8, 157.3, 131.5, 129.8, 
126.5, 126.3, 101.2, 62.4, 14.4. HRMS: m/z calculated for C12H11NO3 [M+H]+: 218.0817 found 218.0813. 

 

 

 

 

2.8.3 Atom Economy and E-Factor Calculations for the synthesis of 3,5-isoxazole 78d 
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E-Factor 

Total mass of reactants: 100 mg+ 222 mg + 207 mg= 529 mg  

Product mass: 212 mg 

Waste: 529 mg – 212 mg = 317 mg 

E-Factor= 𝑊𝑎𝑠𝑡𝑒/ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑎𝑠𝑠= 317 𝑚𝑔/212 𝑚𝑔 = 1.49 

 

E-factor calculation for previous report: X. Di Wang, L. H. Zhu, P. Liu, X. Y. Wang, H. Y. Yuan and Y. L. Zhao, 
J. Org. Chem., 2019, 84, 16214. 

 

E-Factor 

Total mass of reactants: 20.4 mg+ 27.4 mg + 41.2 mg + 22.4 mg + 134mg = 245.4 mg (Assuming 90 % 
recovery of toluene from distillation). 

Product mass: 43.44 mg 

Waste: 245.4 mg – 43.44 mg = 201.96 mg 

E-Factor= 𝑊𝑎𝑠𝑡𝑒/ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑎𝑠𝑠= 201.96 𝑚𝑔/43.44 𝑚𝑔 = 4.65 
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Synthesis of 3-(4-nitrophenyl)-5-(tributylstannyl)isoxazole (78a): Isoxazole 78a was synthesized 
according to procedure (PS1), but the reagents were milled for 20 minutes rather than 60 minutes: 
Compound 78a was isolated in a silica column using CHCl3:Hexanes (9:1) as eluent. 78a was isolated in 57 
% yield (86.55 mg) as a colourless oil. Rf: 0.72 1H NMR (500 MHz, CDCl3) δ 8.30 (d, J = 8.82 Hz, 2H), 8.01 
(d, J = 8.83 Hz, 2H), 6.75 (s, 1H), 1.65 – 1.54 (m, 6H), 1.36 (sextet, J = 7.33 Hz, 6H), 1.25 – 1.19 (m, 5H), 0.91 
(t, J = 7.33 Hz, 9H). 13C NMR (125 MHz, CDCl3) δ 181.9, 158.5, 148.4, 135.9, 127.9, 124.1, 112.0, 28.8, 27.1, 
13.6, 10.6. HRMS: m/z calculated for C21H32N2O3Sn [M+H]+: 481.1513 found 481.1509. 

 

 

Synthesis of ethyl 5-(tributylstannyl)isoxazole-3-carboxylate (78b): Isoxazole 78b was synthesized 
according to procedure (PS1), but the reagents were milled for 10 minutes rather than 60 minutes: 
Compound 78b was isolated in a silica column using Hex:EtOAc (9:1) as eluent. 78b was isolated in 72 % 
yield (98.18 mg) as a colourless oil. Rf: 0.40 1H NMR (500 MHz, CDCl3) δ 6.80 (s, 1H), 4.44 (q, J = 7.14 Hz, 
2H), 1.60 – 1.52 (m, 6H), 1.42 (t, J = 7.15 Hz, 3H), 1.33 (sextet, 7.3 Hz, 6H), 1.22 – 1.15 (m, 6H), 0.89 (t, J = 
7.33 Hz, 9H). 13C NMR (125 MHz, CDCl3) δ 182.4, 160.9, 154.4, 114.9, 61.9, 28.7, 27.1, 14.1, 13.5, 10.6 . 
HRMS: m/z calculated for C18H33NO3Sn [M+H]+: 432.1561 found 432.1564. 

 

 

Synthesis of ethyl 5-(trimethylsilyl)isoxazole-3-carboxylate (78c): Isoxazole 1c was synthesized according 
to procedure (PS1), but the reagents were milled for 10 minutes rather than 60 minutes: Compound 78c 
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was isolated in a silica column using Hex:EtOAc (9:1) as eluent. 78c was isolated in 57 % (121.6 mg) yield 
as a white solid. Rf: 0.56 1H NMR (500 MHz, DMSO-d6) δ 7.12 (s, 1H), 4.36 (q, J = 7.1 Hz, 2H), 1.31 (t, J = 
7.1 Hz, 3H), 0.34 (s, 9H). 13C NMR (125 MHz, DMSO-d6) δ 180.9, 160.1, 155.1, 113.9, 62.1, 14.4, -1.9. HRMS: 
m/z calculated for C9H15NO3Si [M+H]+: 214.0899 found 214.0896. 

 

2.8.4. Milling Time Optimization: Solvent-Free and catalyst-free synthesis of 3,5-isoxazoles via 1,3-
dipolar cycloaddition from terminal alkynes and hydroxyimidoil chlorides under ball-milling 
conditions 
 

Prior to isolation of 3,5-isoxazoles (78a-d) the reactions between the corresponding terminal alkyne (79a-
c) and hydroxyimidoil chloride (80a-b) were optimized in a 20 mg scale reaction to determine the proper 
milling time. The yield of the 3,5-isoxazoles was quantified by 1H NMR and using TMB as an internal 
standard. 

Procedure example for yield determination:  

 

 

Milling time optimization for the synthesis of ethyl 5-phenylisoxazole-3-carboxylate (78d): To a clean 
and dried stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm 
of diameter), it was weighed 80b (0.050 g, 0.330 mmol, 1.5 equivalents.) and Na2CO3 (0.047 g, 0.440 mmol, 
2.0 equivalents.). Then, ethynylbenzene (79c) (24 µL, 0.220 mmol, 1.0 equivalents.) was added via an 
automated pipette. Once all reagents were introduced on the planetary milling jar, the mixture was milled 
at a corresponding time at 60 Hz. After the reaction time was accomplished, the jar was cooled at room 
temperature, and it was added 10-12 mg of TMB to the reaction crude. The reaction mixture was carefully 
transferred to a separatory funnel, washed with EtOAc (2x10mL) and a saturated aqueous solution of NaCl 
(2x10mL). The organic layer was collected, dried over Na2SO4, and the solvent was evaporated under 
reduced pressure. The yield of 78d was obtained by 1H NMR. 

 

Time (min) Yield (%)a 

10 82 
20  89 
30  95 97b 
40 79 
50 84 
60 37 
70 25 

a1H NMR Yields. bIsolated yield according to PS1 
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Milling Time (min) Yield (%)a 

10 95 72 b 
15 81  
20 73  

Reaction Conditions: 0.166 mmol of 79a, 0.250 mmol of 80b, 0.332 
mmol of Na2CO3, SS beaker (50 mL capacity), 8 x SS milling balls (10 
mm diameter), milling at 60 Hz. a 1H-NMR yields were measured 
using TMB as an internal standard. b Isolated yield according to PS1 

 
 

 

Milling Time (min) Yield (%)a 

10 66 57 b 

20 65 
30 50 

Reaction Conditions: 0.204 mmol of 79b, 0.306 mmol of 80b, 
0.408 mmol of Na2CO3, SS beaker (50 mL capacity), 8 x SS milling 
balls (10 mm diameter), milling at 60 Hz. a 1H-NMR yields were 
measured using TMB as an internal standard. b Isolated yield 
according to PS1 
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2.8.5. Procedure S2 (PS2): Preparation of Cu/Al2O3 nanocomposites catalyst. 
 

Cu/Al2O3 nanocomposite catalyst was synthesized according to the method described by Mukherjee et 
al.112 with a slight modification. Briefly, in a 1 L round bottom flask equipped with a magnetic stir bar, it 
was weighted 15 g of neutral alumina and 1 g of CuSO4 •5H2O. The reagents were suspended in 30 mL of 
H2O, and the mixture was stirred overnight at room temperature. Then, excess water was removed under 
reduced pressure, and the obtained solid was further dried in a vacuum oven at 100 °C overnight to obtain 
a light blue solid. ICP-MS analysis determined that the concentration of copper present in the alumina is 
21.91 mg/g. 

2.8.6. Recycled Cu/Al2O3 nanocomposites catalyst 
 

ICP-MS analysis determined that the concentration of copper present in the alumina is 17.75 mg/g (first 
recycled), 9.02 mg/g (second recycled), and 3.38 mg/g (third recycled). 

 

2.8.7. XPS analysis of Cu/Al2O3 

 

XPS results agree with those reported by Mukherjee et al.1 Below is portrayed the XPS analysis obtained 
for Cu/Al2O3. 

 

Figure S2.1: XPS survey spectrum of Cu/Al2O3 nanocomposite.  
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Figure S2.2: XPS pattern for a fresh sample of Cu/Al2O3 catalyst1 
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Figure S2.3: XPS pattern for first recycled of Cu/Al2O3 catalyst 

 

 
1 1 N. Mukherjee, S. Ahammed, S. Bhadra and B. C. Ranu, Green Chem., 2013, 15, 389–397. 
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Figure S2.4: XPS pattern for second recycled of Cu/Al2O3 catalyst 
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2.8.8. Synthesis of (E,Z)-N-hydroxy-4-methoxybenzimidoyl chloride (80d) 
 

 

Hydroxyimidoyl chloride 80d was synthesize according to the procedure outline by F. Himo et al.2 80d 
was obtained in 74 % yield (10.0 g) as a pale yellow solid. 1H NMR (500 MHz, CDCl3) δ 8.30 (br s, 1H), 
7.77 (d, J = 9.0 Hz, 1H), 6.92 (d, J = 9.0 Hz, 1H), 3.85 (s, 1H).2 

The reported analytical data is in agreement with the reported by E. Azzali et al. 3 

 

  

 
2 F. Himo, T. Lovell, R. Hilgraf, V. V. Rostovtsev, L. Noodleman, K. B. Sharpless and V. V. Fokin, J. Am. Chem. 

Soc., 2005, 127, 210–216. 

3 E. Azzali, D. Machado, A. Kaushik, F. Vacondio, S. Flisi, C. S. Cabassi, G. Lamichhane, M. Viveiros, G. 
Costantino and M. Pieroni, J. Med. Chem., 2017, 60, 7108–7122. 
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2.8.9. Procedure S3 (PS3): Solvent-Free synthesis of 3,5-isoxazoles via 1,3-dipolar cycloaddition 
from terminal alkynes and hydroxyimidoil chlorides under Cu/Al2O3 surface under ball-milling 
conditions. 
 

Example: 

 

Synthesis of 3-(4-nitrophenyl)-5-(trimethylsilyl)isoxazole (78f): To a clean and dried stainless-steel (SS) 
planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of diameter), it was weighed 
80a (0.300 g, 1.5 mmol, 1.5 equivalents.), Na2CO3 (0.211 g, 2.0 mmol, 2.0 equivalents.), and Cu/Al2O3 
(0.405 g, 0.14 mmol, 14 mol %) . Then, ethynyltrimethylsilane 79b (141 µL, 1.0 mmol, 1.0 equivalents.) 
was added via an automated pipette. Once all reagents were introduced on the planetary milling jar, the 
mixture was milled for 30 minutes at 60 Hz. After 30 min, the milling jar was cooled to room temperature, 
and the Cu/Al2O3 was filtered through a sintered funnel and washed with EtOH34. The filtrated was 
collected, and the excess EtOH was removed under reduced pressure. Compound 78f was isolated in a 
silica column using CHCl3:Hex (99:1) as eluent. Compound 78f was obtained in 88 % yield (231.2 mg) as a 
white solid. MP: 158-161 °C, Rf: 0.86 1H NMR (500 MHz, DMSO-d6) δ 8.36 (d, J = 8.9 Hz, 2H), 8.18 (d, J = 
8.9 Hz, 2H), 7.50 (s, 1H), 0.38 (s, 9H). 13C NMR (125 MHz, DMSO-d6) δ 180.1, 159.4, 148.8, 135.2, 128.5, 
124.8, 112.5, -1.6. HRMS: m/z calculated for C12H14N2O3Si [M+H]+: 263.0852 found 263.0848. 

 

 

 

 

 
4 Cu/Al2O3 recycling: The green coloured solid filter (Cu/Al2O3) can be recycled by washing with another 20mL 
portion of EtOH and let to dry under vacuum. The solid is collected and dried in high vacuum at room temperature 
for another 16 hours.  
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2.8.11. Atom Economy and E-Factor Calculations for the synthesis of 3,5-isoxazole 78f 

 

E-Factor 

Total mass of reactants: 100 mg+ 300 mg + 211 mg= 611 mg (Cu/Al2O3 mass is not included in the 
calculations as the nanocomposite was recycled). 

Product mass: 230 mg 

Waste: 611 mg – 230 mg = 381 mg 

E-Factor= 𝑊𝑎𝑠𝑡𝑒/ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑎𝑠𝑠= 381 𝑚𝑔/230 𝑚𝑔 = 1.65 

E-factor calculation for previous report: K. Chanda, S. Rej and M. H. Huang, Nanoscale, 2013, 5, 12494–
12501. 

 

E-Factor 

Total mass of reactants: 24.5 mg+ 50.14 mg + 75.8 mg + 236.7 mg= 387.14 mg (Assuming 90 % recovery 
of EtOH from distillation, and Cu2O mass was not included in the calculations as this was recycled). 

Product mass: 65.5 mg 

Waste: 387.14 mg – 65.5 mg = 321.64 mg 

E-Factor= 𝑊𝑎𝑠𝑡𝑒/ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑚𝑎𝑠𝑠= 321.64 𝑚𝑔/65.5 𝑚𝑔 = 4.91 
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Synthesis of ethyl 5-(trimethylsilyl)isoxazole-3-carboxylate (78c): Isoxazole 78c was synthesized 
according to procedure (PS3), but the reagents were milled for 10 minutes rather than 30 minutes. 
Compound 78c was isolated in a silica column using Hex:EtOAc (9:1) as eluent. 78c was isolated in 68 % 
yield (145.9 mg) as a colourless oil. Rf: 0.56 1H NMR (500 MHz, DMSO-d6) δ 7.12 (s, 1H), 4.36 (q, J = 7.1 Hz, 
2H), 1.31 (t, J = 7.1 Hz, 3H), 0.34 (s, 9H). 13C NMR (126 MHz, DMSO-d6) δ 180.9, 160.1, 155.1, 113.9, 62.1, 
14.4, -1.9. HRMS: m/z calculated for C9H15NO3Si [M+H]+: 214.0899 found 214.0896. 

 

Synthesis of 3-ethyl 5-methyl isoxazole-3,5-dicarboxylate (78e): Isoxazole 78e was synthesized according 
to procedure (PS3). Compound 78e was isolated in a silica column using Hex: EtOAc:DCM (7:2:1) as eluent. 
78e was isolated in 56 % yield (132.4 mg) as a white solid. MP: 55-59 °C, Rf: 0.54, 1H NMR (500 MHz, 
DMSO-d6) δ 7.57 (s, 1H), 4.39 (q, J = 7.07 Hz, 2H), 3.92 (s, 3H), 1.33 (t, J = 7.12 Hz, 3H). 13C NMR (126 MHz, 
DMSO-d6) δ 161.8, 158.9, 157.4, 156.5, 109.9, 62.7, 53.6, 14.3. HRMS: m/z calculated for C8H9NO5 [M+H]+: 
200.0559 found 200.0555.  

 

 

 

Synthesis of 3-(4-methoxyphenyl)-5-(trimethylsilyl)isoxazole (78g): Isoxazole 78g was synthesized 
according to procedure (PS3), but the reagents were milled for 10 minutes rather than 30 minutes. 
Compound 78g was isolated in a silica column using Hex:EtOAc: Tol (8:1.6:0.4) as eluent. 78g was isolated 
in 51 % yield (127 mg) as a colourless oil. Rf: 0.51 1H NMR (500 MHz, DMSO-d6) δ 7.12 (s, 1H), 4.36 (q, J = 
7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz, 3H), 0.34 (s, 9H). 13C NMR (125 MHz, DMSO-d6) δ 178.4, 160.7, 160.4, 128.4, 
121.7, 114.2, 110.5, 55.3, -1.8. HRMS: m/z calculated for C13H17NO2Si [M+H]+: 248.1101 found 248.1101. 
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Synthesis of 3-bromo-5-(trimethylsilyl)isoxazole (78h): Isoxazole 78h was synthesized according to 
procedure (PS3), but the reagents were milled for 20 minutes rather than 30 minutes. Compound 78h was 
isolated in a silica column using Hex: EtOAc (100% Hexanes to 100% EtOAc) as eluent. 78h was isolated in 
70 % yield (149.7 mg) as a yellow solid. Rf: 0.37 1H NMR (500 MHz, CDCl3) δ 6.47 (s, 1H), 0.33 (s, 9H). 13C 
NMR (125 MHz, CDCl3) δ 180.9, 139.1 115.9, -2.2. HRMS: m/z calculated for C6H10BrNOSi [M+H]+: 
219.9788 found 219.9792. 

 

 

 

 

Synthesis of ethyl 5-(bromomethyl)isoxazole-3-carboxylate (78i): Isoxazole 78i was synthesized according 
to procedure (PS3), but the reagents were milled for 10 minutes rather than 30 minutes. Compound 1i 
was isolated in a silica column using Hex:DCM:EtOAc:Acetone (7:2:0.8:0.2) as eluent. 78i was isolated in 
71 % yield (139.6 mg) as a yellow solid. MP: 106-108 °C, Rf: 0.55 1H NMR (500 MHz, DMSO-d6) δ 6.97 (s, 
1H), 4.87 (s, 1H), 4.35 (q, J = 7.11 Hz, 1H), 1.29 (t, J = 7.11 Hz, 1H). 13C NMR (125 MHz, DMSO-d6) δ 170.6, 
159.4, 156.9, 104.9, 62.4, 19.7, 14.4. HRMS: m/z calculated for C7H8BrNO3 [M+H]+: 233.976 found 
233.9762. 

 

 

Synthesis of 5-(2-bromoethyl)-3-(4-methoxyphenyl)isoxazole (78j): Isoxazole 78j was synthesized 
according to procedure (PS3), but the reagents were milled for 10 minutes rather than 30 minutes. 
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Compound 78j was isolated in a silica column using Hex:Et2O:tol (8:1.6:0.4) as eluent. 78j was isolated in 
80 % yield (169 mg) as a white solid. MP: 75.2-76.4 °C, Rf: 0.150 1H NMR (500 MHz, CDCl3) δ 7.73 (d, J = 
8.9 Hz, 2H), 6.97 (d, J = 8.9 Hz, 2H), 6.41 (s, 1H), 3.85 (s, 2H), 3.67 (t, J = 7.0 Hz, 2H), 3.37 (t, J = 7.0 Hz, 
2H).13C NMR (125 MHz, CDCl3) δ 169.71, 162.09, 160.98, 128.16, 121.47, 114.28, 100.16, 55.34, 30.40, 
27.93 HRMS: m/z calculated for C12H12BrNO2 [M+H]+: 282.0124found 282.0127. 

 

Synthesis of 3-(4-nitrophenyl)-5-phenylisoxazole (78k): Isoxazole 78k was synthesized according to 
procedure (PS3), but the reagents were milled for 60 minutes rather than 30 minutes. Compound 78k was 
isolated by recrystallizing the reaction crude in EtOH. 78k was isolated in 38 % yield (98.6 mg) as a yellow 
solid. MP: 218-220 °C, Rf 0.93 1H-NMR (500 MHz, DMSO-d6) δ 8.40 (d, J = 8.77 Hz, 2H), 8.20 (d, J = 8.78 Hz, 
2H), 7.96 – 7.89 (m, 2H), 7.79 (s, 1H), 7.61 – 7.54 (m, 3H). 13C NMR (125 MHz, DMSO-d6) δ 170.9, 161.7, 
148.9, 135.0, 131.3, 129.9, 128.3, 126.9, 126.1, 124.9, 99.6. HRMS: m/z calculated for C15H10N2O3 [M+H]+: 
267.0770 found 267.0765. 

 

 

Synthesis of methyl 4-(3-(4-nitrophenyl)isoxazol-5-yl)benzoate (78m): Isoxazole 78m was synthesized 
according to procedure (PS3). Compound 78m was isolated in a silica column using DCM:Hex (9:1) as 
eluent. 78m was isolated in 41 % yield (83.2 mg) as a white solid. MP: 229-230 °C, Rf: 0.93  1H NMR (500 
MHz, DMSO-d6) δ 8.42 (d, J = 8.92 Hz, 1H), 8.22 (d, J = 8.92 Hz, 1H), 8.15 (d, J = 8.55 Hz, 1H), 8.09 (d, J = 
8.59 Hz, 1H), 7.98 (s, 1H), 3.90 (s, 1H). 13C NMR (125 MHz, DMSO-d6) δ 169.8, 165.9, 161.9, 148.9, 134.8, 
131.6, 130.8, 130.6, 128.4, 126.3, 124.9,101.3, 52.9. HRMS: m/z calculated for C17H12N2O5 [M+H]+: 
325.0824 found 325.0819. 
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Synthesis of 3-(4-nitrophenyl)-5-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)isoxazole (78n): 
Isoxazole 78n was synthesized according to procedure (PS3). Compound 78n was isolated in a by 
recrystallizing the reaction crude in Hexanes. 78n was isolated in 70 % yield (107.6 mg) as a yellow solid. 
MP: 116-118 °C, Rf: 0.57  1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 7.90 Hz, 2H), 7.80 (d, J = 7.75 Hz, 2H), 
6.97 (s, 1H), 4.47 (q, J = 7.13 Hz, 2H), 1.44 (t, J = 7.15 Hz, 3H), 1.36 (s, 12H). 13C NMR (125 MHz, CDCl3) δ 
171.6, 159.9, 156.9, 135.4, 128.7, 124.9, 100.5, 84.2, 62.2, 24.9, 14.2. HRMS: m/z calculated for 
C18H22BNO5 [M+H]+: 343.1700 found 343.1705. 

 

 

Synthesis of ethyl 5-(4-(dimethylamino)phenyl)isoxazole-3-carboxylate (78o): Isoxazole 78o was 
synthesized according to procedure (PS3). Compound 78o was isolated in a silica column using Hex: EtOAc: 
DCM (7:2:1) as eluent. 78o was isolated in 45 % yield (81.4 mg) as a brown solid. MP: 108-111 °C, Rf: 0.91  

1H-NMR (500 MHz, CDCl3) δ 7.65 (d, J = 8.85 Hz, 2H), 6.72 (d, J = 8.87 Hz, 2H), 6.69 (s, 1H), 4.45 (q, J = 7.12 
Hz, 2H), 3.03 (s, 6H), 1.43 (t, J = 7.13 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 172.5, 160.4, 156.7, 151.6, 127.2, 
114.5, 111.9 , 97.0, 62.0, 40.1, 14.1. HRMS: m/z calculated for C11H10N2O3 [M+H]+: 219.0764 found 
219.0768. 
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Synthesis of ethyl 5-(3,5-dimethoxyphenyl)isoxazole-3-carboxylate (78p): Isoxazole 78p was synthesized 
according to procedure (PS3), but the reagents were milled for 20 minutes rather than 30 minutes. 
Compound 78p was isolated by recrystallizing the reaction crude in Hexanes. 78p was isolated in 71 % (121 
mg) yield as a yellow solid. MP: 95.4-96.8 °C, Rf: 0.15  1H NMR (500 MHz, DMSO-d6) δ δ 7.56 (s, 1H), 7.09 
(d, J = 2.3 Hz, 2H), 6.64 (t, J = 2.2 Hz, 1H), 4.38 (q, J = 7.1 Hz, 2H), 3.81 (s, 6H), 1.33 (t, J = 7.1 Hz, 3H).13C 
NMR (125 MHz, DMSO-d6) δ 171.4, 161.5, 159.8, 157.3, 128.1, 104.1, 103.6, 101.8, 62.35, 56.05, 14.4. 
HRMS: m/z calculated for C14H15NO5 [M+H]+: 278.1023 found 278.1024. 

 

 

Synthesis of 5-(3,5-dimethoxyphenyl)-3-(4-nitrophenyl)isoxazole (78q): Isoxazole 78q was synthesized 
according to procedure (PS3), but the reagents were milled for 20 minutes rather than 30 minutes. 
Compound 78q was isolated by recrystallizing the reaction crude in Acetone:H2O. 78q was isolated in 76 
% (152 mg) yield as a white solid. MP: 191-194 °C, Rf: 0.86  1H NMR (500 MHz, DMSO-d6) δ 8.40 (d, J = 8.84 
Hz, 2H), 8.17 (d, J = 8.87 Hz, 2H), 7.82 (s, 1H), 7.06 (d, J = 2.23 Hz, 2H), 6.66 (t, J = 2.21 Hz, 1H), 3.83 (s, 6H). 
13C NMR (125 MHz, DMSO-d6) δ 170.8, 161.6, 161.5, 148.9, 135.0, 128.6, 128.3, 124.9, 104.0, 103.2, 100.1, 
56.0. HRMS: m/z calculated for C17H14N2O5 [M+H]+: 327.0975 found 327.0975. 

 

 

 

Synthesis of 3-(4-nitrophenyl)-5-(pyridin-2-yl)isoxazole (78r): Isoxazole 78r was synthesized according to 
procedure (PS3), but the reagents were milled for 20 minutes rather than 30 minutes. Compound 78r was 
isolated in a silica column using CHCl3 as eluent. 78r was isolated in 16 % yield (43.8 mg) as a yellow solid. 
MP: 225-228 °C, Rf: 0.34 1H NMR (500 MHz, DMSO-d6) δ 8.78 – 8.75 (m, 1H), 8.39 (d, J = 8.89 Hz, 2H), 8.27 
(d, J = 8.89 Hz, 2H), 8.06 – 7.99 (m, 2H), 7.88 (s, 1H), 7.58 – 7.53 (m, 1H). 13C NMR (125 MHz, DMSO-d6) δ 
170.6, 161.8, 150.8, 149.0, 145.8, 138., 134.8, 128.5, 125.9, 124.8, 121.6, 101.8. HRMS: m/z calculated for 
C14H9N3O3 [M+H]+: 268.0722 found 268.0719. 
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Synthesis of ethyl 5-(pyridin-2-yl)isoxazole-3-carboxylate (78s): Isoxazole 78s was synthesized according 
to procedure (PS3), but the reagents were milled for 20 minutes rather than 30 minutes. Compound 78s 
was isolated in silica column using EtOAc:DCM:Hex (5:2:1) as eluent. 78s was isolated in 42 % yield (88.3 
mg) as a brown oil. Rf: 0.82 1H NMR 1H NMR (500 MHz, DMSO-d6) δ 8.75 (d, J = 4.7 Hz, 1H), 8.08 (d, J = 7.9 
Hz, 1H), 8.03 (td, J = 7.7, 1.7 Hz, 1H), 7.56 (ddd, J = 7.4, 4.8, 1.1 Hz, 1H), 7.47 (s, 1H), 4.41 (q, J = 7.1 Hz, 
2H), 1.35 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, DMSO-d6) δ 170.9, 159.6, 157.3, 150.8, 145.3, 138.3, 126.0, 
122.0, 103.2, 62.5, 14.4. HRMS: m/z calculated for C14H16N2O3 [M+H]+: 261.1234 found 261.1233. 
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2.8.12. Milling Time Optimization for the Solvent-Free synthesis of 3,5-isoxazoles via 1,3-dipolar 
cycloaddition from terminal alkynes and hydroxyimidoil chlorides under Cu/Al2O3 surface under 
ball-milling conditions 
 

Before isolation of 3,5-isoxazoles (78c, 78e-s), the corresponding terminal alkyne and hydroxyimidoil 
chloride reactions were optimized in a 20 mg scale reaction to determine the proper milling time. The 
yield of the 3,5-isoxazoles was quantified by 1H NMR and using TMB as an internal standard. 

Example: 

 

 

Milling time optimization for the synthesis of 3-(4-nitrophenyl)-5-(trimethylsilyl)isoxazole (78f): To a 
clean and dried stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 
mm of diameter), it was weighed 80a (0.050 g, 0.330 mmol, 1.5 equivalents.), Na2CO3 (0.047 g, 0.440 
mmol, 2.0 equivalents.), and Cu/Al2O3 (89.1 mg, 0.031 mmol, 14 mol %). Then, ethynylbenzene 79c (24 
µL, 0.220 mmol, 1.0 equivalents.) was added via micropipette. Once all reagents were introduced on the 
planetary milling jar, the mixture was milled at a corresponding time at 60 Hz. After the reaction time was 
accomplished, the jar was cooled at room temperature, and it was added 10-12 mg of TMB to the reaction 
crude. Then the Cu/Al2O3 was filtered through a sintered funnel and washed with EtOH. The filtrated was 
collected, and the excess EtOH was removed under reduced pressure. The yield of 78f was calculated by 
1H NMR using the signal at 7.50 ppm as a reference signal. 

 

Milling Time (min) Yield (%)a 

10 38 
20 32 
30 92 88b 

a1H NMR Yields, b Isolated yield according to PS3 
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Milling Time (min) Yield (%)a 

20 20 
30 73 70b 

Reaction Conditions: 0.204 mmol of 79b, 0.305 mmol of 80c, 0.406 
mmol of Na2CO3, 0.0285 mmol of Cu/Al2O3, SS beaker (50 mL 
capacity), 8 x SS milling balls (10 mm diameter), and milling at 60 
Hz. a 1H-NMR yields were measured using TMB as an internal 
standard. b Isolated yield according to PS3 

 

 

Milling Time (min) Yield (%)a 

10 70 68b 
20 60 
30 59 

Reaction Conditions: 0.204 mmol of 80b, 0.306 mmol of 79d, 
0.408 mmol of Na2CO3, 0.029 mmol of Cu/Al2O3, SS beaker (50 mL 
capacity), 8 x SS milling balls (10 mm diameter), milling at 60 Hz. a 
1H-NMR yields were measured using TMB as an internal standard. 
b Isolated yield according to PS3 
 

 

Time (min) Yield (%)a 

10 81 71 b 
20 70 
30 70 
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40 65 

Reaction Conditions: 0.168 mmol of 79e, 0.252 mmol of 80b, 0.336 
mmol of Na2CO3, 0.024 mmol of Cu/Al2O3 , SS beaker (50 mL 
capacity), 8 x SS milling balls (10 mm diameter), milling at 60 Hz. a 
1H-NMR yields were measured using TMB as an internal standard. 
b Isolated yield according to PS3 

 

 

Milling Time (min) Yield (%)a 

10 N.R. 
20 17 
30 15 
40 13 
50 25 
60 36 38b 

Reaction Conditions: 0.220 mmol of 79c, 0.330 mmol of 80a, 0.440 
mmol of Na2CO3, 0.031 mmol of Cu/Al2O3 , SS beaker (50 mL 
capacity), 8 x SS milling balls (10 mm diameter), milling at 60 Hz. a 
1H-NMR yields were measured using TMB as an internal standard. 
b Isolated yield according to PS3 
 

 

Milling Time (min) Yield (%)a 

10 33 
20  24 
30 45 41b 
40 13 

Reaction Conditions: 0.166 mmol of 79g, 0.249 mmol of 80a, 0.332 
mmol of Na2CO3, 0.023 mmol of Cu/Al2O3 , SS beaker (50 mL 
capacity), 8 x SS milling balls (10 mm diameter), milling at 60 Hz. a 
1H-NMR yields were measured using TMB as an internal standard. 
b Isolated yield according to PS3 
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Milling Time (min) Yield (%)a 

20  50 
30 75 70b 
40 52 

Reaction Conditions: 0.088 mmol of 79h, 0.123 mmol of 80b, 
0.176 mmol of Na2CO3, 0.012 mmol of Cu/Al2O3 , SS beaker (50 mL 
capacity), 8 x SS milling balls (10 mm diameter), milling at 60 Hz. a 
1H-NMR yields were measured using TMB as an internal standard. 
b Isolated yield according to PS3 

 

Milling Time (min) Yield (%)a 

20  61 
30 70 45b 

Reaction Conditions: 0.140 mmol of 79i, 0.210 mmol of 80b, 0.280 
mmol of Na2CO3, 0.020 mmol of Cu/Al2O3 , SS beaker (50 mL 
capacity), 8 x SS milling balls (10 mm diameter), milling at 60 Hz. a 
1H-NMR yields were measured using TMB as an internal standard. 
b Isolated yield according to PS3 
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Milling Time (min) Yield (%)a 

20  50 
30 75 70b 
40 52 

Reaction Conditions: 0.123 mmol of 79j, 0.185 mmol of 80b, 0.246 
mmol of Na2CO3, 0.017 mmol of Cu/Al2O3 , SS beaker (50 mL 
capacity), 8 x SS milling balls (10 mm diameter), milling at 60 Hz. a 
1H-NMR yields were measured using TMB as an internal standard. 
b Isolated yield according to PS3 
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2.8.12. 1H NMR and 13C spectra 
 

3-(4-nitrophenyl)-5-(tributylstannyl)isoxazole (78a) 

 

Figure S2.5: 1H NMR spectrum of 3,5-isoxazole 78a 
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Figure S2.6: 13C NMR spectrum of 3,5-isoxazole 78a 
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Ethyl 5-(tributylstannyl)isoxazole-3-carboxylate (78b): 

 

Figure S2.7: 1H NMR spectrum of 3,5-isoxazole 78b 
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Figure S2.8: 13C NMR spectrum of 3,5-isoxazole 78b 
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Ethyl 5-(trimethylsilyl)isoxazole-3-carboxylate (78c) 

 

Figure S2.9: 1H NMR spectrum of 3,5-isoxazole 78c 
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Figure S2.10: 13C NMR spectrum of 3,5-isoxazole 78c 
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Ethyl 5-phenylisoxazole-3-carboxylate (78d) 
 

 

Figure S2.11: 1H NMR spectrum of 3,5-isoxazole 78d 
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Figure S2.12: 13C NMR spectrum of 3,5-isoxazole 78d 
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3-ethyl 5-methyl isoxazole-3,5-dicarboxylate (78e) 

 

Figure S2.13: 1H NMR spectrum of 3,5-isoxazole 78e 
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Figure S2.14: 13C NMR spectrum of 3,5-isoxazole 78e 
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3-(4-nitrophenyl)-5-(trimethylsilyl)isoxazole (78f)  

 

Figure S2.15: 1H NMR spectrum of 3,5-isoxazole 78f 
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Figure S2.16: 13C NMR spectrum of 3,5-isoxazole 78f 
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3-(4-methoxyphenyl)-5-(trimethylsilyl)isoxazole (78g) 

 

Figure S2.17: 1H NMR spectrum of 3,5-isoxazole 78g 
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Figure S2.18: 13C NMR spectrum of 3,5-isoxazole 78g 
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3-bromo-5-(trimethylsilyl)isoxazole (78h) 

 

Figure S2.19: 1H NMR spectrum of 3,5-isoxazole 78h 
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Figure S2.20: 13C NMR spectrum of 3,5-isoxazole 78h 
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ethyl 5-(bromomethyl)isoxazole-3-carboxylate (78i) 

 

Figure S2.22: 1H NMR spectrum of 3,5-isoxazole 78i 
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Figure S2.23: 13C NMR spectrum of 3,5-isoxazole 78i 
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5-(2-bromoethyl)-3-(4-methoxyphenyl)isoxazole (78j) 

 

Figure S2.24: 1H NMR spectrum of 3,5-isoxazole 78j 
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Figure S2.25: 13C NMR spectrum of 3,5-isoxazole 78j 

 

 

 

 

 

 

 

 

 

 

 

  



93 
 

3-(4-nitrophenyl)-5-phenylisoxazole (78k) 

 

Figure S2.26: 1H NMR spectrum of 3,5-isoxazole 78k 
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Figure S2.27.13C NMR spectrum of 3,5-isoxazole 78k 
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Methyl 4-(3-(4-nitrophenyl)isoxazol-5-yl)benzoate (78m) 

 

Figure S2.28: 1H NMR spectrum of 3,5-isoxazole 78m 
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Figure S2.29. 13C NMR spectrum of 3,5-isoxazole 78m 
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3-(4-nitrophenyl)-5-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)isoxazole (78n) 

 

Figure S2.30. 1H NMR spectrum of 3,5-isoxazole 78n 
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Figure S2.31: 13C NMR spectrum of 3,5-isoxazole 78n 
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Ethyl 5-(4-(dimethylamino)phenyl)isoxazole-3-carboxylate (78o) 

 

Figure S2.32: 1H NMR spectrum of 3,5-isoxazole 78o 
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Figure S2.33. 13C NMR spectrum of 3,5-isoxazole 78o 
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ethyl 5-(3,5-dimethoxyphenyl)isoxazole-3-carboxylate (78p) 

 

Figure S2.34. 1H NMR spectrum of 3,5-isoxazole 78p 
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Figure S1.35: 13C NMR spectrum of 3,5-isoxazole 78p 
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5-(3,5-dimethoxyphenyl)-3-(4-nitrophenyl)isoxazole (78q) 

 

Figure S2.36: 1H NMR spectrum of 3,5-isoxazole 78q 
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Figure S2.37: 13C NMR spectrum of 3,5-isoxazole 78q 
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3-(4-nitrophenyl)-5-(pyridin-2-yl)isoxazole (78r) 

 

Figure S2.38: 1H NMR spectrum of 3,5-isoxazole 78r 
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Figure S2.39: 13C NMR spectrum of 3,5-isoxazole 78r 
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Ethyl 5-(pyridin-2-yl)isoxazole-3-carboxylate (78s) 

 

Figure S2.40. 1H NMR spectrum of 3,5-isoxazole 78s 
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Figure S2.41. 13C NMR spectrum of 3,5-isoxazole 78s 
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2.8.13. Solid-state characterization of the reaction crude 
 

 

The solid crude for the synthesis of 3,5-Isoxazole 78e was analyse by FT-IR spectroscopy and MALDI-TOF 
MS to determine that 78e was synthesized by the effect of mechanical energy. As a result, 3,5-Isoxazole 
78e was synthesized according to PS3, but no isolation was attempted and the solid crude was analyse by 
FT-IR and MALDI-TOF MS with no addition of solvent . 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.8.13.1. FT-IR Spectra comparison. 
 



110 
 

 

Figure S2.42: FT-IR spectra of the 3,5-isoxazole 78e crude.  

From top to bottom a) Methyl propiolate 79d. b) 78e crude isoxazole sample. c) (E,Z)-2-chloro-2-
(hydroxyimino)acetate 80b d) Isolates sample of isoxazole 78e 

2.8.13.2. MOLDI-TOF MS 
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Figure S2.43: MALDI-TOF MS spectra of solid crude product 78e  
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Chapter 3 - Mechanochemical Desymmetrization of Unbiased Bis- and 
Tris-alkyne to Access 3,5-Isoxazoles-alkyne Adducts and Unsymmetrical 

Bis-3,5-isoxazoles 
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3.1. Abstract  
 

A mechanochemical desymmetrization of symmetrical bis- and tris-alkynes by a controlled 1,3-dipolar 
cycloaddition reaction using nitrile oxide dipoles (NOs). This operationally simple protocol allows access 
to 3,5-isoxazole-alkyne adducts from easily prepared or commercially available symmetrical bis- and tris-
alkynes in moderate to excellent yield. In addition, we have highlighted the synthetic utility of 3,5-
isoxazole-alkyne by developing a route to access, for the first time, β-ketoenamine-alkyne derivatives and 
unsymmetrical bis-3,5-isoxazoles. 

3.2. Introduction 
 

Desymmetrizations are synthetic strategies frequently employed in the synthesis of natural products, 
biologically active substances, and novel organic materials.1,2 This modification results in the loss of 
symmetry elements within a molecule, such as a mirror plane, an axis of rotation, or a center of inversion.3  

A limited number of synthetic methodologies demonstrate access to 3,5-isoxazole-alkyne adducts 91 by 
controlled 1,3-dipolar cycloaddition from unbiased bis- and tris-alkyne 88 and nitrile oxide dipoles (NOs) 
90* (Figure 3.1a).4-8 To date, desymmetrization of bis- and tris-alkyne has focused primarily on CuAAC 
(Copper Azide-Alkyne Cycloaddition) to form 1,4-triazole-alkyne adducts 94 (Figure 3.1b).3,9-14 In this 
regard, the Fokin, Zhou, and Stephenson groups demonstrated that in a 1:1 mixture of bis-alkyne and 
azide, there is the preferential formation of symmetrical bis-1,4-triazoles 95 over mono-1,4-triazoles 96 
(Figure 3.1b).15-18 These investigations highlight the limited selectivity achieved by cycloaddition reactions 
in solution-based methods. Common synthetic strategies to desymmetrize symmetrical substrates rely on 
using an excess of one of the substrates or using protecting groups, which decreases the synthesis's atom 
efficiency. 5, 9-13 Consequently, developing sustainable, efficient, and practical methodologies to improve 
atom economy and access novel chemical space from ubiquitous symmetrical substrates is desirable.20-25 
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Figure 3.1: Limitation of solution-based desymmetrization of bis-and tris-alkynes by cycloaddition 
reactions. 

Mechanochemical desymmetrization represents a concrete extension to previous desymmetrizations 
developed by solution-based methods.26-27 For example, Štrukil et al. reported a mechanochemical click 
desymmetrization of aromatic diamines 97 to form unsymmetrical bis-thioureas 98 in quantitative yields 
(Figure 3.2a).28-30 Similarly, Lanzillotto et al. demonstrated a mechanochemical desymmetrization of CDI 
(1,1’-carbonyldiimidazole) 100 to form carbamates 99 (Figure 3.2b).31 Seo et al. reported a stepwise 
arylation of symmetrical dibromo arenes 101 by a mechanochemical Suzuki-Miyaura cross-coupling to 
obtain unsymmetrical arylated systems 102 (Figure 3.2c).32 Our group previously reported the 
mechanochemical synthesis of 3,5-disubstituted isoxazoles by 1,3-dipolar cycloadditions.33 However, 
mechanochemical desymmetrizations by a selective 1,3-dipolar cycloaddition reaction to desymmetrize 
symmetrical bis- or tris-alkynes 103 remains unstudied (Figure 3.2d). Herein, we report a selective, 
scalable, protecting-group-free, and atom-efficient mechanochemical desymmetrization of bis- and tris-
alkynes 103 to access 3,5-isoxazole-alkyne adducts 105. This protocol demonstrates compatibility for 
diverse bis- and tris-alkynes 103 and does not require protecting groups, excess bis- or tris-alkyne 
substrate 103, or excess hydroxyimidoyl chloride 104. Additionally, we demonstrate the utility of this 
methodology for the first modular synthesis of unsymmetrical bis-3,5-isoxazoles derivatives 107 (Figure 
3.2d).  
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Figure 3.2. Mechanochemistry in the desymmetrization of symmetric organic molecules. 
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3.3. Results and Discussion 
 

3.3.1. Mechanochemical desymmetrization optimization and optimization 

 

Our investigations began by optimizing the desymmetrization of the symmetrical solid aromatic bis-alkyne 
103a with ester hydroxyimidoil chloride 104a to form the 3,5-isoxazole-alkyne adduct 105a (Table 3.1). All 
reactions were performed in a Pulverisette 7 mill, with reactants in a stainless-steel (SS) jar and eight SS 
balls (~32 g) of 1 cm diameter for 60 min at 60 Hz. We first evaluated the effect of stoichiometry in the 
reaction conditions; the desired product 105a can be obtained selectively without the need to use an 
excess of either the aromatic bis-alkyne 103a or ester hydroxyimidoyl chloride (104a, Table 3.1, entries 2-
4). We attempted to improve the performance of the reaction by screening different additives with Lewis 
acid character (entries 5-9, Table 3.1). These additives can accelerate the cycloaddition via π-complexation 
with the alkyne moiety.33,34-37 Using 1.0 equivalent of Cu(NO3)2∙2.5 H2O improves the selectivity favoring 
the formation of the desired 3,5-isoxazole-alkyne adduct 105a over the undesired symmetrical bis-3,5-
isoxazole 108 (entry 7, Table 3.1). Other nanocomposites and metal additives such as Cu/Al2O3, ZnCl2, and 
IrCl3∙xH2O were detrimental to the desymmetrization, promoted the formation of symmetrical bis-3,5-
isoxazole 108a, or the dimerization of the NOs to obtain undesired furoxans (entries 6-9). In addition to 
the plausible complexation between Cu(II) and the alkyne moiety, Cu(NO3)2∙2.5 H2O may serve as a solid-
state diluting agent that homogenizes the mixture, promoting the desymmetrization and the formation of 
the 3,5-isoxazole-alkyne adduct 105a.38-42 Increasing substrate dilution by using grinding auxiliary agents 
(GAAs) such as NaCl, KCl, or Al2O3 in combination with Cu(NO3)2∙2.5 H2O were ineffective, and the 3,5-
isoxazole-alkyne adduct 105a was obtained in lower yields (entries 10-12).39-44 

We investigated the effect of liquid-assisted grinding (LAG) in terms of the η parameter (defined as the 
ratio of the volume of liquid additive µL to the total mass of reactants in mg). LAG has been reported to 
accelerate mechanochemical reactions by facilitating mass-transport.39,42,43,45 and enhancing reaction 
selectivity.41,42,44-46 An increase in the reaction yield and selectivity for 3,5-isoxazole-alkyne adduct 105a 
was achieved when using aromatic liquid additives (entries 1,15-16), where mesitylene was found to be 
the most effective additive (Table 3.1, entry 1). Only 0.25 µL/mg of mesitylene was required, and 
increasing the amount beyond this did not improve the yield and selectivity for the desired adduct 105a. 
Other liquid additives having polar and protic properties, such as the case of methanol, ethyl acetate, or 
2-methyl tetrahydrofuran, did not improve the yield or selectivity for 105a (entries 13-14, and see 
experimental for full LAG screening in section PS1 Table S3.4). These observations suggest that mesitylene 
has the suitable polarity to accelerate the dehydrohalogenation of the hydroxyimidoyl chloride to form 
the corresponding NO.47 The low polarity of the liquid additive accelerates cycloadditions by polarizing the 
NO and stabilizing the concerted transition state.48 Additionally, π-π stacking between the mesitylene 
additive and bis-alkyne 103a could promote the activation of the dipolarophile, making it more reactive 
toward NOs.49,51,52 

Several reports utilized Cu(I) catalysis to accelerate 1,3-dipolar cycloaddition reactions.51-58 In our case, in 
situ formation of Cu(I) by reduction of Cu(II) salts with sodium ascorbate or addition of Cu(I) complexes in 
sub-stoichiometric amounts were ineffective and lower selectivity and/or yields for the desired 3,5-
isoxazole-alkyne 105a were obtained (see experimental information for screening of Cu(I) catalyst in 
section PS1 Table S3.7).  
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Optimizations demonstrated that using equimolar amounts of bis-alkyne 103a and hydroxyimidoyl 
chloride 104a in combination with 2.0 equivalents of Na2CO3, 1.0 equivalent Cu(NO3)2∙2.5 H2O and using 
mesitylene as a liquid additive were the optimal conditions to desymmetrize aromatic bis-alkyne.  

 

Table 3.1. Optimization conditions for the mechanochemical desymmetrization of the bis-alkyne 103a 

 

Entry Condition 
Yield [d] 

(105a) 
Yield [d] 

(108a) 
105a:108a [e] 

1 No changes [a] 50 1 50:1 

Effect of the stoichiometry of 1a and 2a 

2 1.5 equiv. of 104a 30 10 3:1 
3 1.1 equiv. of 104a 30 10 3:1 
4 2.0 equiv. of 103a 50 1 50:1 

Effect of π-type Lewis Acid Additives 

5 No additive 34 4 8.5:1 

6 
Cu/Al2O3 

(14 mol %) 
33 10 3.3:1 

7 
Cu(NO3)2∙2.5 H2O 

(1.0 equiv) 
30 2 15:1 

8 IrCl3∙xH2O 25 3 8.3:1 

9 
ZnCl2 

(1.0 equiv.) 
9 4 2.3:1 

Effect of GAA 

10 
Al2O3 

(150 wt %) 
9 4 2.3:1 

11 
NaCl 

(150 wt%) 
23 2 11.5:1 

12 
KCl 

(150 wt%) 
17 2 8.5:1 

Effect of LAG 

13 EtOAc [b] 36 3 12:1 
14 EtOH [b] 30 2 15:1 
15 Toluene [b], [c] 45 2 22.5:1 
16 Xylenes [c] 45 2 22.5:1 

[a] Reaction conditions: 103a (50 mg, 0.396 mmol, 1.0 equiv.), 104a (60 mg, 0.396 mmol, 1.0 equiv.), 
Cu(NO3)2∙2.5 H2O (92.1 mg, 0.396, 1.0 equiv.), Na2CO3 (84 mg, 0.796 mmol, 2.0 equiv.), mesitylene (η = 
0.25 µL/mg, ~72 µL) [b] (η = 0.5 µL/mg, ~144 µL) [c] (η = 0.25 µL/mg, ~72 µL) [d] Yield determined by 1H-
NMR using 1,3,5-trimetoxybenzene (TMB) as an internal standard [e] 105a:108a were determined by the 
integration of the crude 1H-NMR signals. Complete optimization is reported in the experimental 
information PS1 
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We evaluated the effect of the optimized conditions on aromatic and alkyl bis- and tris-alkynes and 
hydroxyimidoyl chlorides with varied electronic profiles (Figure 3.3). It was observed that aromatic bis– or 
tris-alkynes (103a-e) displayed higher reactivity towards hydroxyimidoyl chlorides of opposite electronic 
nature; the highest yields are obtained when electron-neutral or deficient aromatic bis- and tris-alkynes 
103a, 103b, 103e, and 103f were reacted with electron-rich hydroxyimidoyl chlorides 104e. While 
electron-deficient aromatic 103c and 103d bis-alkynes best reacted with electron-deficient 
hydroxyimidoyl chlorides 104a, 104b, or 104c (Figure 3.3). The electronic selectivity observed in aromatic 
bis-alkyne is explained by the increase in the polarizability of the 3,5-isoxazole-alkyne adduct compared 
to that of the symmetrical bis-alkyne substrate.55,59,60 

Alkyl bis- or tris-alkyne have been investigated for CuAAC reactions due to their high degree of flexibility, 
stabilizing the Cu catalysts, accelerating intramolecular cycloadditions, and favoring the formation of 
symmetrical products.16,61,62 In the case of mechanochemistry, the optimized conditions allowed to 
effectively desymmetrize alkyl bis- or tris-alkyne, and all 3,5-isoxazoles-alkyne adducts (105p-s) were 
obtained in good yields and with excellent selectivity (Figure 3.3, 103g-i). However, the mesitylene liquid 
can be removed from the reaction conditions for alkyl systems 103g and 103i, as we observed lower yields 
and selectivity when the additive was used. 

We compared the effect of the optimized mechanochemical conditions to reported solution-based 
approaches for the synthesis of adducts 105d and 105o, to observe the benefits of this mechanochemical 
methods in the synthesis of commonly found intermediates (In Figure 3.3 we have highlighted the 
reported yields from the literature). Bonifazi’s group reported the synthesis of 3,5-isoxazole adduct 105d 
with an isolated yield of 18 % after using approximately 8 equivalents of their NO and after 16 h of reaction 
time.5 In our case, we can obtain 105d in 50 % yield, with less than 5 % of undesired symmetrical bis-3,5-
isoxazole, with only a single equivalent of hydroxyimidoyl chloride 104d and bis-alkyne 105a, and in only 
60 min. Saito’s group reported the synthesis of adduct 105o in 75 % after reacting about 10 equivalents of 
aromatic tris-alkyne 105f with a single equivalent of 104e, and after 72 h of reaction time.7 Our 
mechanochemical conditions allow the synthesis of 105o in 50 % yield, after 60 min, with only one 
equivalent of aromatic tris-alkyne 103f. This comparison highlights the efficiency and convenience of our 
mechanochemical protocol to access 3,5-isoxazole-adducts, a valuable intermediate, in an atom-
economical manner, with higher selectivity and shorter reaction times than those achieved by reports 
using solution-based thermal methods. 

The scalability of the reaction was investigated for the aromatic bis-alkyne 103a and alkyl bis-alkyne 103i. 
The 1.0 g scale mechanochemical synthesis of 3,5-isoxazole-alkyne adduct 105e from solid aromatic bis-
alkyne 103a showed a modest decrease in yield. In contrast, the 1.0 g scale synthesis of 3,5-isoxazole-
alkyne adduct 105t from liquid alkyl bis-alkyne 103i showed no decrease in yield (Figure 3.3). 

We explain the formation of a single isoxazole moiety by considering the changes in physical state from 
liquid substrates to solid 3,5-isoxazole adducts and their differences in mass transfer. Liquid substrates are 
more reactive than solids because solid reagents have a limited mass transfer.32,33,42,64-69 The risk for 
forming undesired symmetrical bis-isoxazoles or tris-isoxazoles products is limited under 
mechanochemical conditions due to phase transitions occurring during the reaction, specifically from a 
reactive liquid state of the bis-/tris-alkyne substrates to a less reactive solid-phase observed in the 3,5-
isoxazole product. The selectivity achieved by changes in the physical state is observed for liquid substrates 
103b, 103c, 103i, and 103g in which solid 3,5-isoxazole-alkyne products 105g, 105h, 105i, 105p, 105r, and 
105u are always favored over the undesired symmetrical bis-3,5-isoxazole. 
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For solid bis-alkyne, the risk to form undesired symmetrical bis-isoxazoles is lowered due to the increased 
hardness of the 3,5-isoxazole-alkyne product compared to that of the substrates. The increase in hardness 
of the product limits mass and energy transfer as the reaction progresses, reducing the possibilities for 
subsequent cycloaddition in the free terminal alkyne.67 This is observed for solid bis-alkyne systems 103a, 
103d, 103e,103f, and 103h, in which the corresponding 3,5-isoxazole-alkyne adducts are always obtained 
with excellent selectivity. 
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Figure 3.3. Scope for the mechanochemical desymmetrization of bis-alkynes and tris-alkynes to form 
3,5-isoxazole-alkyne adducts. 

All reported yields are isolated yields followed by ratios of 105:108 (mono 3,5-isoxazole (105): bis-3,5-
isoxazole (108) were determined by 1H-NMR of the crude product. a Reaction performed in a 1.0-gram 
scale of bis-alkyne. b Reaction performed in the absence of mesitylene liquid additive. c Results taken 
reported solution-based protocols for comparison (for 105d ref: 5 and 105o ref: 8).  

To further highlight the selectivity obtained by mechanochemistry, we evaluated the effect of our 
optimized mechanochemical conditions and compared them to optimized solution-based conditions (see 
experimental section for reaction optimization in section PS2). In our solution-based optimization, we 
observed that solvents do not have an influence in selectivity (see Table S4.8 in the experimental section 
for more details). Therefore, we proceeded with mesitylene as a solvent to best compare its effect when 
used as a liquid additive (η = 0.25 µL/mg) and as a solvent (η =45 µL/mg, 7 mL). Therefore, we first compare 
the desymmetrization of alkyl bis-alkyne 103h to the corresponding 3,5-isoxazole-alkyne product 105s by 
mechanochemical and solution-based conditions. Desymmetrization of the bis-alkyne 103h was achieved 
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selectively by the optimized mechanochemical conditions, obtaining the 3,5-isoxazole-alkyne product 
105s in 70 % yield and with a selectivity of 8:1 favoring the 3,5-isoxazole adduct 105 after 60 minutes of 
milling (Figure 3.4a). In contrast, desymmetrization of alkyl bis-alkyne 103h with bulk amounts of 
mesitylene solvent (η =45 µL/mg, 7 mL) produced the desired product 105s in 32 % yield by 1H NMR, with 
lower ratio of 2:1 favouring 105s after 16 h at room temperature. While desymmetrization seems plausible 
with equimolar mixtures of bis-alkyne 103h and 104e by a solution-based approach, 105s is obtained in 
low yields and poor selectivity (Figure 3.4a). From these results it can be stated that an excess amount of 
bis-alkyne substrate, large solvent volumes, and/or prolonged reactions times are required for solution-
based conditions to obtain high yields, conversion, and selectivity for the desymmetrize product. The 
eviromental limitations imposed by solution-based methods becomes evident when comparing the E-
factors for the developed mechanochemical process to the optimized solution-based process. The lower 
E-factor achieved by the mechanochemical process demonstrates the environmentally benign nature of 
the reported mechanochemical protocols compared to the solution-based approach (Figure 3.4a). The 
removal of the bulk amount of solvent and the low stoichiometry used is a crucial feature of 
mechanochemical reactions and is critical to reducing waste-production and enhancing the atom economy 
of the reaction without hampering selectivity.  

To further elucidate the differences in selectivity achieved by mechanochemistry in contrast to solution-
based conditions, we performed competition experiments between the symmetrical bis-alkyne 103b, 3,5-
isoxazole adduct 105g, and electron-rich hydroxyimidoyl chloride 104e (Figure 3.4b). Under 
mechanochemical conditions, it was observed that 3,5-isoxazole-alkyne adduct 105g was obtained 
selectively over 108g with ratios of about 4.7:1. The optimized solution-based method demonstrated the 
preferential formation of the symmetrical bis-3,5-isoxazole 108g. These results confirm that by using 
mechanochemistry; higher selectivity and yields are achieved over the corresponding solution-based 
conditions for a variety of substrates. The selectivity observed stems from the differences in mixing ability 
between the more reactive liquid substrate to that of the less reactive solid product. The described 
competition experiments emphasizes mechanochemistry's impact in achieving unique reactivity modes to 
access unexplored chemical space with low waste-production. 
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Figure 3.4. Comparative effect of mechanochemical to solution-based conditions for the 
desymmetrization of bis-alkynes and tris-alkynes  

a 1H-NMR Yield of 105s when the reaction is performed by η= 45 µL/mg, 7 mL of mesitylene, for a detailed 
procedure, see experimental section. b Isolated yield of product 105s c Ratios of 105g:108g (mono to bis-
3,5-isoxazole) determined by the integration of the signals in the crude 1H-NMR. d E-factor calculations 
are confirmed in the experimental section PS4. 

 

To exploit the formation of a new carbon-carbon bond (C1-C2) resulting from the cycloaddition, we 
investigated the N-O bond reduction of the isoxazole to access a β-ketoenamine-alkyne derivative (Figure 
3.5). Although β-ketoenamine motifs are encountered in natural products, materials, and are versatile 
intermediates, there are no reports on the synthesis of β-ketoenamine-alkynes.70-80 We studied the 
reduction of 3,5-isoxazole-alkyne 105e using Mo(CO)6, a conventional reducing agent for isoxazoles.81-83 
We found that N-O reduction to obtain β-ketoenamine 109 occurs in excellent yields when performing the 
reduction at 90 °C and using 1.5 equivalents of Mo(CO)6 (Figure 3.5). This route achieves a convenient 
method to access β-ketoenamines with an alkyne handle that can be further modified.  
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Figure 3.5. Synthesis of β-ketoenamines-alkyne from symmetrical bis-alkyne systems.  

a Reported yields are isolated yields. b Reaction conditions for reduction: 105e (0.18 mmol, 1.0 equiv.), 
Mo(CO)6 (0.27 mmol, 1.5 equiv.), Acetonitrile:H2O (5.0 mL: 1.0 mL) and heating the mixture at 90 °C for 6 
h. 

 

3.3.2. Mechanochemical synthesis of unsymmetrical bis-3,5,-isoxazoles 
 

The proposed desymmetrization provides the template to synthesize, in a modular manner, unsymmetrical 
bis-3,5-isoxazoles 110 under solvent-free conditions. We observed that the optimized conditions for 
desymmetrization of 103 and previously reported conditions were ineffective for adding a second 3,5-
isoxazole moiety (see experimental section for optimization conditions in section PS7). 33 The reaction was 
insensitive to electronic properties of reactants as coupling of solid 3,5-isoxazole-alkynes with EWG 105a 
or EDG 105e with either hydroxyimidoyl chlorides bearing EWG 109a or EDG 109e did not yield the 
corresponding product and only starting material was recovered. 
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Figure 3.6: Reactivity difference between aromatic and alkyl 3,5-isoxazole-alkyne adducts under 
mechanochemical conditions. 

 

Using alkyl 3,5-isoxazole-alkyne adduct 105t and 105u demonstrated an improvement in the reaction 
performance, presumably due to more efficient mixing of the alkyl 3,5-isoxazole-alkyne adduct over the 
aromatic adduct (Figure 3.6).32,64,68-69 Liquid 3,5-isoxazole-alkyne adduct 105t and sterically bulky 
hydroxyimidoyl chlorides with catalytic amounts of CuI and mesitylene liquid additive did not form the 
desired unsymmetrical bis-3,5-isoxazole alkyne 111a (Figure 3.7). Improvements in the yield were 
observed when using less bulky substituents. Synthesis of the unsymmetrical bis-3,5-isoxazole 111b was 
obtained only in moderate yields due to the competing formation of furoxans.84 Using aromatic 
hydroxyimidoyl chlorides improves the yield of the reaction and the synthesis of unsymmetrical bis-3,5-
isoxazoles 111c-f was obtained in excellent yields independent of the electronic character of the 
substituent and their physical state. This is likely due to an enhanced coupling between the aromatic 
hydroxyimidoyl chlorides and alkyl terminal alkyne 105t-u compared with the dimerization to form 
furoxans (Figure 3.7).84-87 
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Figure 3.7: Synthesis of unsymmetrical bis-3,5-isoxazoles from alkyl 3,5-isoxazole-alkyne adducts. 

a Reaction Conditions: 105t-u (0.517 mmol, 1.0 equiv.), hydroximidoyl chloride (0.755 mmol, 1.5 equiv.) 
110, Na2CO3 (1.03 mmol, 2.0 equiv.), CuI (0.130 mmol, 25 mol %), mesitylene (η = 0.25 µL/mg). b The 
reported yields are isolated yields of 111b followed by the conversion of 110 

3.4. Conclusion 
 

In conclusion, we developed the first mechanochemical desymmetrization strategy for bis- and tris-alkynes 
to form 3,5-isoxazole-alkyne adducts without using a large excess of either starting material and by a 
controlled 1,3-dipolar cycloaddition. The reported conditions were applicable for a range of aromatic and 
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alkyl bis- and tris-alkynes. The reduction of the 3,5-isoxazole moiety was achieved in high yield, allowing a 
concise route to β-ketoenamine-alkyne derivatives. Furthermore, the mechanochemical 
desymmetrization allowed access to unsymmetrical bis-3,5-isoxazole from alkyl 3,5-isoxazole-alkyne 
adducts (105t-u) in excellent yields. We believe this protocol can provide efficient access to more 
intricately functionalized poly-isoxazoles, boron-enaminoketonate, and facilitate the synthesis of natural 
products. 
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3.7. Experimental Section for chapter 3 
 

3.7.1. General Considerations, Materials, and Instrumentations 
 
General Considerations: Solids were directly weighed open-air and added directly into the reaction vial. 
Liquids were directly transferred from the vial containing the reagent using an automatic pipette with a 
plastic tip of appropriate size or a plastic syringe with a stainless-steel needle. Flash chromatography was 
carried out using 40-63μm silica gel (Silicycle). 
 
Materials: Distilled water was obtained from an in-house water distillery. All other reagents and chemicals 
were purchased from Sigma-Aldrich or AK Scientifics and used without further purification. 
 
Instrumentation: 1H (500MHz) and 13C (125MHz) NMR spectra were recorded in CDCl3 or DMSO-d6 using 
a Varian Inova 500 MHz spectrometer. Spectra were referenced to the residual solvent signal or the TMS 
signal. Spectral features are tabulated in the following order (Note: Spectral features are reported in the 
following format): chemical shift (δ, ppm); multiplicity (s-singlet, d-doublet, t-triplet, q-quartet, dd-doublet 
of doublets, m-multiplet), dt-double of triplets, ddd-doublet of doublets of doublets; coupling constants 
(J, Hz); number of protons. High resolution mass spectra (HRMS) were obtained using a LTQ Orbitrap Velos 
ETD (positive and negative mode) mass spectrometer. Liquid Chromatography-Inductively Coupled Plasma 
Mass Spectrometry (LC-ICP-MS) was obtained using an Agilent 7500ce with a MicroMist glass concentric 
nebulizer and a Quadrupole MS with a sensitivity range of 10-12-10-3 g/mL. The reactions were performed 
using a Fritsch Planetary Micro Mill model ‘‘Pulverisette 7’’ housing two stainless-steel (SS) cups containing 
eight stainless-steel (SS) balls each of 1 cm diameter and sealed by a stainless-steel (SS) lid fitted with a 
Teflon gasket. The reported melting points are uncorrected and were measured using a Stuart SMP3 
melting point apparatus. Fourier transform infrared (FT-IR) were acquired using a Thermo ScientificTM 
NicoletTM iS5 FTIR Spectrometer, ranging from 4000 to 400 cm-1. Spectra were collected using 64 scans, 
and the data was processed using the Spectrum One software. MALDITOF-MS was obtained using an 
Autoflex III Smart Beam (from BRUKER) equipped with a laser Nd-YAG UV at 355 nm and an acceleration 
voltage at 20 KV 
 
Abbreviations: Hexanes (Hex), Ethyl Acetate (EtOAc), Dichloromethane (DCM), 1,3,5-trimethoxybenzene 
(TMB), Dimethylsulfoxide (DMSO), Stainless Steel (SS), Melting point (MP), Ratio to front (Rf). 
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3.7.2. Procedure S1 (PS1): Optimization of Solvent-Free Desymmetrization of Aromatic(bis-
alkyne) Systems 
 
Prior to the isolation of 3,5-isoxazoles-alkyne adducts 105, the cycloaddition reactions between the 
corresponding bis-alkyne 103a and hydroxyimidoil chloride 104a was used as a model reaction to optimize 
the synthesis of 3,5-isoxazoles-alkyne adduct 105a. The reaction was optimized in a 50 mg of bis-alkyne 
103a reaction to determine the optimal parameters. The yield of the 3,5-isoxazoles-alkyne adduct was 
quantified by 1H NMR and using TMB as an internal standard. 
 
Example procedure for optimization: 
 

  
Optimization for the synthesis of ethyl 5-(4-ethynylphenyl)isoxazole-3-carboxylate (105a): To a clean and 
dried stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of 
diameter), it was weighed bis-alkyne 103a (0.050 g, 0.396 mmol, 1.0 equivalents.), hydroxyimidoyl 
chloride 104a (0.062 g, 0.396 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5(H2O) (0.092 g, 0.396 mmol, 1.0 
equivalents.), Na2CO3 (0.084 g, 0.792 mmol, 2.0 equivalents.). Once all the solids were introduced then it 
was added via an automated pipette mesitylene ( η= 0.25 µL/mg, 72 µL). Then, the jar was closed, and the 
mixture was milled for 60 min at 60 Hz. After 60 min, the jar was cooled at room temperature, and it was 
added 10-12 mg of TMB to the reaction crude. The reaction mixture was carefully filtered over a celite 
plug using EtOAc as eluent. The filtrate was collected and reduced in vacuo. The yield of 105a was obtained 
by 1H NMR. 
 
Initial or Starting Conditions:4  

 

 

 

 

Table S3.1. Effect of the stoichiometry of 104a 

Equiv. 104a 105a:108a Yield % of 105a Yield % of 108a 

1.5 10:1 30 3 
1.1 30:1 30 1 
1.0 3.7:1 33 9 

 

Table S3.2. Effect of the additive in the desymmetrization of 103a 

Additives Equiv. 105a:108a Yield % of 105a Yield % of 108a 

N/A - 8.5:1 34 4 
 

4 Initial conditions were taken from previously reported experiments 33 
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Cu/Al2O3 

(14 mol %) 
0.14 3.7:1 33 9 

Cu/Al2O3 

(50 mol %) 
0.50 3:1 3 1 

Cu(NO₃)₂•2.5 H2O 1.0 10:1 30 3 
ZnCl2 1.0 2.3:1 9 4 

 

 

Figure S3.1. Effect of milling time in the desymmetrization of 103a 

 

Table S3.3. Effect of the GAA in the desymmetrization 103a 

GAA 105a:108a Yield % of 105a Yield % of 103a 

- 10:1 30 3 
NaCl 11.5:1 23 2 
KCl 8.5:1 17 2 

Neutral Alumina 2.3:1 9 4 

 

Table S3.4. Effect of the LAG in the desymmetrization 103a 

LAG 
η 

(μL/mg) 
105a:108a Yield % of 105a Yield % of 108a 

EtOAc 

0.5 

12:1 36 3 
EtOH 15:1 30 2 

2-MeTHF 5.6:1 28 5 
Toluene 15:1 45 3 

Toluene 
0.25 

15:1 45 3 
Mesitylene  50:1 50 1 

25 25 25 25 25
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1,3,5-tri(isopropyl)benzene 5:1 41 8 
Xylenes 22.5:1 45 2 

 

 

Figure S3.2. Homogenization effect of the Cu(NO₃)₂•2.5 H2O in the dezymmetrization of symmetical bis-
alkyne systems 

 

Table S3.5. Effect of the base in the desymmetrization 103a 

Base Equiv. 105a:108a Yield % of 103a Yield % of 108a 

Na2CO3
 1.0 20:1 20 1 

Na2CO3
 3.0 10:1 40 2 

DABCO 0.5 7:1 14 2 
Cu2CO3 (OH)2

a 1.0 4.8:1 34 7 
K2CO3 2.0 28:1 28 1 
Cs2CO3 2.0 20:1 20 1 
K2PO4H 2.0 18:1 36 2 

 

 

Figure S3.3. Effect of Frequency of the Desymmetrization of 103a 

Table S3.6. Effect stoichiometry on desymmetrization of 103a  

Equiv. 103a 105a:108a Yield % of 105a Yield % of 108a 

2.0 51:1 51 1 
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1.5 49:1 49 1 
1.0 50:1 50 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S3.7. Effect of Cu(I) catalysis in the desymmetrization of 103a  

Cu(I) System mol % 105a:108a 
Yield % of 

105a 
Yield % of 

108a 

Cu(NO₃)₂•2.5 H2O 

100 
and 30 min 
of rest time 

4.3:1 30 7 

Cu(OAc)2•H2O 
Na Ascorbate 

10  
(each) 

17.5:1 35 2 

Cu(OAc)2•H2O 
Na Ascorbate 

50  
(each) 

8:1 40 5 

CuSO4 •5 H2O 
Na Ascorbate 

50  
(each) 

8:1 39 5 

Cu(SO4)2•5 H2O  
Na Ascorbate 

150  
(each) 

4.8:1 24 5 

CuI 10 9.6:1 29 3 
Cu2O 50 17:1 33 2 

[1,3-Bis(2,6-diisopropylphenyl)imidazol-
2-ylidene]copper(I) chloride 

25 16.5:1 37 2 

[1,3-Bis(2,6-diisopropylphenyl)imidazol-
2-ylidene]copper(I) chloride 

25 6.8:1 34 5 
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Chloro(1,5-cyclooctadiene)copper(I) 
dimer 

25 6.3:1 44 7 

Chloro(1,5-cyclooctadiene)copper(I) 
dimer 

(No LAG) 
25 8:1 8 1 

Bromotris(triphenylphosphine)copper(I) 25 9:1 36 4 
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3.7.3. Procedure S2 (PS2): Optimization of Desymmetrization of Alkyl bis-alkyne 103h by Solution-
based method 
 

The cycloaddition reactions between the corresponding bis-alkyne 103h and hydroxyimidoil chloride 104e 
was used as a model reaction to optimize the synthesis of 3,5-isoxazoles-alkyne adduct 105s. The reaction 
was optimized in a 66 mg of bis-alkyne 103h reaction to determine the optimal parameters. The yield of 
the 3,5-isoxazoles-alkyne adduct was quantified by 1H NMR and using TMB as an internal standard. 
 

 

Example reaction procedure by solution-base conditions: 

In a clean round-bottom flask of 10 mL capacity, it was weighted, it was weighed bis-alkyne 103h (0.066 
g, 0.266 mmol, 1.0 equivalents.) and hydroxyimidoyl chloride 104e (0.050 g, 0.266 mmol, 1.0 equivalents.). 
The solids were dissolved in 7 mL of mesitylene (η= 45.2 µL/mg, 7 mL). Then triethylamine was added (38 
µL, 0.266 mmol, 1.0 equivalents.). The reaction was left to stir for 1 to 6 h (see table S8). After 16 h, 12-15 
mg of 1,3,5-trimetoxybenzene (TMB) was added as an internal standard. The reaction was diluted with 
EtOAc and washed with brine (2x10 mL) and water (2x 10 mL). The organic layer separated, dried over 
Na2SO4, filtered, and reduced in vacuo. The ratios of 103h:105s:108s were calculated based on their 
integrations of 1H-NMR. 

Table S3.8. Optimization for the desymmetrization of bis-alkyne 103h 

Additive 
(1.0 equiv.) 

Solvent 
(7 mL) 

Base 
Equiv. 

of 
base 

Temperature 
(°C) 

Yield 
103ha 

Yield 
105sa 

Yield 
108sa 105s:108s 

Cu(NO3)2 • 2.5(H2O) 

Mesitylene 

Na2CO3 2.0 

25 

- - - - 

NEt3 1.0 

52 % 32 % 16 % 2:1 

- 52 % 32 % 16 % 2:1 

- 70 68 % 16 % 16 % 1:1 

- MeOH 25 55 30 15 2:1 

- DCM 25 52 33 17 1.9:1 
a Yield determined by 1H-NMR.  
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3.7.4. Procedure 3 (PS3): Solvent-Free Desymmetrization of Aromatic bis- and tris- alkyne 
(Isolation and Characterization) 
 

 

Figure S3.4. Bis- and tris-alkynes used  

Bis-alkynes 103c, 103d, 103e were synthesized according to the procedure reported by Beves, J.E. et al.1 

5 

  

 
5 Beves, J. E.; Blanco, V.; Blight, B. A.; Carrillo, R.; D’Souza, D. M.; Howgego, D.; Leigh, D. A.; Slawin, A. M. 
Z.; Symes, M. D. J. Am. Chem. Soc. 2014, 136, 2094–2100. 
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Figure S3.5. Hydroxyimidoyl chloride used in these experiments. 

104c, 104d/109d, 104e/109e, 104b, 109c were synthesized according to the procedure developed by 
Himo, F. et al.54  

The presented reaction was performed in 25 mg, 50 mg, 100 mg or 1.0g scale of bis-alkyne systems 
103a-i. Ratios of mono to bis-isoxazoles (105a:108a) were obtained by of the 1H NMR reaction crude. 

 

Synthesis of ethyl 5-(4-ethynylphenyl)isoxazole-3-carboxylate (105a): To a clean and dried stainless-steel 
(SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of diameter), it was 
weighed bis-alkyne 103a (0.100 g, 0.792 mmol, 1.0 equivalents.), hydroxyimidoyl chloride 104a (0.123 g, 
0.792 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.184 g, 0.792 mmol, 1.0 equivalents.), Na2CO3 (0.168 
g, 1.584 mmol, 2.0 equivalents.). Once all the solids were introduced, it was added via an automated 
pipette mesitylene (η= 0.25 µL/mg, 144 µL). The jar was closed, and the mixture was milled for 60 min at 
60 Hz. After 60 min, the jar was cooled at room temperature, and the reaction mixture was carefully 
filtered over a celite plug using EtOAc as eluent. The filtrate was collected and reduced in vacuo. The 
obtained solid was washed with Et2O and filtered for a second time using a Buchner funnel. The filtrate 
was reduced under pressure and recrystallized in EtOH: Water. The solid was filtered and washed with hot 
hexanes to obtain 105a as a yellow powder. 105a was obtained in 30 % yield (53.3 mg ) in ratios of (98:2). 
Rf= 0.24 (9:1 Hex:EtOAc), MP= 101.9-103.9 °C. 1H NMR (500 MHz, CDCl3)

 

δ 7.77 (d, J = 8.4 Hz, 2H), 7.60 (d, 
J = 8.4 Hz, 2H), 6.95 (s, 1H), 4.48 (q, J = 7.1 Hz, 2H), 3.22 (s, 1H), 1.45 (t, J = 7.1 Hz, 3H) 13C NMR (125 MHz, 
CDCl3) δ 170.75, 159.85, 157.02, 132.8, 126.57, 125.75, 124.62, 100.57, 82.69, 79.69, 62.31, 14.15. HRMS 
calculated for [C14H11NO3] requires [M+H]+ 242.0812, observed 242.0814. 

 

Synthesis of 3-bromo-5-(4-ethynylphenyl)isoxazole (105b): To a clean and dried stainless-steel (SS) 
planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of diameter), it was weighed 
bis-alkyne 103a (0.100 g, 0.792 mmol, 1.0 equivalents.), hydroxyimidoyl chloride 104b (0.161 g, 0.792 
mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.184 g, 0.792 mmol, 1.0 equivalents.), Na2CO3 (0.168 g, 1.584 
mmol, 2.0 equivalents.). Once all the solids were introduced, it was added via an automated pipette 
mesitylene (η= 0.25 µL/mg, 153 µL). The jar was closed, and the mixture was milled for 60 min at 60 Hz. 
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After 60 min, the jar was cooled at room temperature, and the reaction mixture was carefully filtered over 
a celite plug using EtOAc as eluent. The filtrate was collected and reduced in vacuo. 105b was isolated in 
silica column using Hex:EtOAc in ratios of 9:1 as eluent. 105b was obtained as a white solid in 26 % (52 
mg) in ratios of (>99:1). Rf=0.45, MP=89.2-90.1 °C.  1H NMR (500 MHz, CDCl3) δ 7.71 (d, J = 8.6 Hz, 2H), 
7.59 (d, J = 8.5 Hz, 2H), 6.61 (s, 1H), 3.22 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 170.4, 140.9, 132.8, 126.3, 
125.7, 124.8, 103.5, 82.6, 79.8. HRMS calculated for [C11H6NBrO] requires [M+H]+ 247.9706, observed 
247.9708. 

 

Synthesis of 5-(4-ethynylphenyl)-3-(4-nitrophenyl)isoxazole (105c): To a clean and dried stainless-steel 
(SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of diameter), it was 
weighed bis-alkyne 103a (0.100 g, 0.792 mmol, 1.0 equivalents.), hydroxyimidoyl chloride 104c (0.161 g, 
0.792 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.184 g, 0.792 mmol, 1.0 equivalents.), Na2CO3 (0.168 
g, 1.584 mmol, 2.0 equivalents.). Once all the solids were introduced, it was added via an automated 
pipette mesitylene (η= 0.25 µL/mg, 153 µL). Then, the jar was closed, and the mixture was milled for 60 
min at 60 Hz. After 60 min, the jar was cooled at room temperature, and the reaction mixture was carefully 
filtered over a celite plug using EtOAc as eluent The filtrate was collected and reduced in vacuo. The 
obtained solid was washed with Et2O and filtered for a second time using a Buchner funnel. The filtrate 
was reduced under pressure and recrystallized in Acetone:H2O. The solid was filtered and washed with hot 
hexanes to obtain 105c as a yellow solid. 105c was obtained in 23 % yield ( 51.3 mg ) in ratios of (>99:1). 
Rf=0.17 (9:1 Hex:EtOAc), MP=173-175.8 °C.  1H NMR (500 MHz, CDCl3) δ 8.35 (d, J = 8.6 Hz, 2H), 8.05 (d, J 
= 8.6 Hz, 2H), 7.81 (d, J = 8.14), 7.63 (d, J = 8.2 Hz, 2H), 6.92 (s, 1H), 3.23 (s, 1H). 13C NMR (125 MHz, DMSO-
d6) δ 170.1, 161.7, 148.9, 134.9, 133.1, 128.3, 127.0, 126.3, 124.9, 124.3, 100.4, 83.6, 83.3. HRMS 
calculated for [C17H10N2O3] requires [M+H]+ 291.0764, observed 291.0763. 

 

Synthesis of  5-(4-ethynylphenyl)-3-phenylisoxazolethyl 5-(4-ethynylphenyl)isoxazole-3-carboxylate 
(105d): To a clean and dried stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 
8 SS balls (10 mm of diameter), it was weighed bis-alkyne 103a (0.100 g, 0.792 mmol, 1.0 equivalents.), 
hydroxyimidoyl chloride 104d (0.147 g, 0.792 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.184 g, 0.792 
mmol, 1.0 equivalents.), Na2CO3 (0.168 g, 1.584 mmol, 2.0 equivalents.). Once all the solids were 
introduced then it was added via an automated pipette mesitylene (η= 0.25 µL/mg, 150 µL). Then, the jar 
was closed, and the mixture was milled for 60 min at 60 Hz. After 60 min, the jar was cooled at room 
temperature, and the reaction mixture was carefully filtered over a celite plug using EtOAc as eluent. The 
filtrate was collected and reduced in vacuo. The obtained solid was washed with Et2O and filtered for a 
second time using a Buchner funnel. The filtrate was reduced under pressure and recrystallized in acetone-
water. The solid was filtered and washed with hot hexanes to obtain 105d as a yellow solid. 105d was 
obtained in 50 % yield ( 200 mg ) in ratios of (95:5). Rf=0.68 (7:3 Hex:EtOAc), MP= 67.9-70.1 °C. 1H NMR 
(500 MHz, CDCl3) δ 7.89 – 7.82 (m, 2H), 7.80 (d, J = 8.6 Hz, 2H), 7.60 (d, J = 8.5 Hz, 2H), 7.54 – 7.41 (m, 3H), 
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6.85 (s, 1H), 3.21 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 169.5, 163.1, 132.7, 130.1, 128.9, 128.9, 127.4, 
126.8, 125.7, 1243.9, 98.2, 82.9, 79.3. HRMS calculated for [C17H11NO] requires [M+H]+ 246.0913, 
observed 246.0914. 

 

 

 

 
 
Optimization for the synthesis of 5-(4-ethynylphenyl)-3-(4-methoxyphenyl)isoxazole (105e): 6To a clean 
and dried stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm 
of diameter), it was weighed bis-alkyne 103a (0.100 g, 0.792 mmol, 1.0 equivalents.), hydroxyimidoyl 
chloride 104e (0.147 g, 0.792 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5(H2O) (0.184 g, 0.792 mmol, 1.0 
equivalents.), Na2CO3 (0.168 g, 1.584 mmol, 2.0 equivalents.). Once all the solids were introduced then it 
was added via an automated pipette mesitylene (η= 0.25 µL/mg, 150 µL). Then, the jar was closed, and 
the mixture was milled for 60 min at 60 Hz. After 60 min, the jar was cooled at room temperature, and the 
reaction mixture was carefully filtered over a celite plug using EtOAc as eluent. The filtrate was collected 
and reduced in vacuo. The obtained solid was washed with Et2O and filtered for a second time using a 
Buchner funnel. The filtrate was reduced under pressure and recrystallized in Acetone:H2O. The solid was 
filtered and washed with hot hexanes to obtain 105e as a yellow powder. 105e was obtained in 92 % yield 
( 200 mg ) in ratios of (95:5). Rf=0.23 (9:1 Hex:EtOAc), MP= 178.2-181.3 °C. 1H NMR (500 MHz, CDCl3) δ 
7.84 – 7.71 (m, 4H), 7.60 (d, J = 8.6 Hz, 2H), 7.00 (d, J = 8.9 Hz, 2H), 6.80 (s, 1H), 3.87 (s, 3H), 3.20 (s, 1H). 
13C NMR (125 MHz, CDCl3) δ 169.2, 162.7, 161.1, 132.7, 128.2, 127.5, 125.6, 123.9, 121.4, 114.3, 97.9, 
82.9, 79.2, 55.4. HRMS calculated for [C18H13NO2] requires [M+H]+ 276.1019, observed 276.1021. 

 
Synthesis of 5-(3-ethynylphenyl)-3-(4-methoxyphenyl)isoxazole (105g): To a clean and dried stainless-
steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of diameter), 
hydroxyimidoyl chloride 104e (148 mg, 0.792 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5(H2O) (0.185 g, 0.792 
mmol, 1.0 equivalents.), Na2CO3 (0.168 g, 1.584 mmol, 2.0 equivalents.). Once all the solids were 
introduced then it was added via an automated pipette liquid bis-alkyne 103b (105 µL, 0.792 mmol, 1.0 
equivalents.), and mesitylene (η= 0.25 µL/mg, 150 µL). The jar was closed, and the mixture was milled for 
60 min at 60 Hz. After 60 min, the jar was cooled at room temperature, and the reaction mixture was 
carefully filtered over a celite plug using EtOAc as eluent. The filtrate was collected and reduced in vacuo. 
The obtained solid was washed with Et2O and filtered for a second time using a Buchner funnel. The filtrate 

 
6 The same procedure was followed in a 1.0-g scale synthesis of 105e. 105e was obtained in 80 % in ratios of (95:5) 
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was reduced under pressure and recrystallized in Acetone:H2O. The solid was filtered and washed with hot 
hexanes to obtain 105g as a brown solid. 105g was obtained in >99 % yield ( 318.9 mg ) in ratios of (>99:1). 
Rf=0.25 (9:1 Hex:EtOAc), MP= 124.6-127.6 °C. 1H NMR (500 MHz, CDCl3) δ 7.95 (t, J = 1.4 Hz, 1H), 7.83 – 
7.82 (m, 1H), 7.80 (d, J = 8.9 Hz, 2H), 7.56 (dt, J = 7.7, 1.3 Hz, 1H), 7.45 (t, J = 7.8 Hz, 1H), 7.00 (d, J = 8.8 
Hz, 2H), 6.80 (s, 1H), 3.87 (s, 3H), 3.16 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 169.05, 162.62, 161.06, 133.51, 
129.37, 129.07, 128.19, 127.77 , 125.96, 123.07, 121.41, 114.34, 97.80, 82.63, 78.27, 55.36. HRMS 
calculated for [C18H13NO2] requires [M+H]+ 276.1019, observed 276.102. 

 

Synthesis of ethyl 5-(5-ethynylthiophen-2-yl)isoxazole-3-carboxylate (105h): To a clean and dried 
stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of 
diameter), it was weighed bis-alkyne 103c (0.050 g, 0.378 mmol, 1.0 equivalents.), hydroxyimidoyl chloride 
104a (0.0572 g, 0.378 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.0879 g, 0.378 mmol, 1.0 equivalents.), 
Na2CO3 (0.0801 g, 0.756 mmol, 2.0 equivalents.). Once all the solids were introduced it was added via an 
automated pipette mesitylene (η= 0.25 µL/mg, 69 µL). The jar was closed, and the mixture was milled for 
60 min at 60 Hz. After 60 min, the jar was cooled at room temperature, and the reaction mixture was 
carefully filtered over a celite plug using EtOAc as eluent. The filtrate was collected and reduced in vacuo. 
105h was isolated in silica column using Hex:EtOAc in ratios of 8:2 as eluent. 105h was obtained as a white 
solid in >99% yield (92 mg ) in ratios of (>99:1). Rf=0.45, MP=76.4-78.2 °C. 1H NMR (500 MHz, CDCl3) δ 7.41 
(d, J = 3.9 Hz, 2H), 7.27 (d, J = 3.9 Hz, 2H), 6.79 (s, 1H), 4.46 (q, J = 7.2 Hz, 2H), 3.50 (s, 1H), 1.43 (t, J = 7.2 
Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 165.5, 159.6, 157.0, 133.9, 129.2, 127.3, 125.4, 100.2, 84.2, 75.8, 
62.4, 14.1. HRMS calculated for [C12H9NO3S] requires [M+H]+ 248.0376, observed 248.0377. 

 

Synthesis of 5-(5-ethynylthiophen-2-yl)-3-(4-methoxyphenyl)isoxazole (105i): To a clean and dried 
stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of 
diameter), it was weighed bis-alkyne 103c (0.050 g, 0.378 mmol, 1.0 equivalents.), hydroxyimidoyl chloride 
104a (0.0572 g, 0.378 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.0879 g, 0.378 mmol, 1.0 equivalents.), 
Na2CO3 (0.0801 g, 0.756 mmol, 2.0 equivalents.). Once all the solids were introduced it was added via an 
automated pipette mesitylene (η= 0.25 µL/mg, 69 µL). The jar was closed, and the mixture was milled for 
60 min at 60 Hz. After 60 min, the jar was cooled at room temperature, and the reaction mixture was 
carefully filtered over a celite plug using EtOAc as eluent. The filtrate was collected and reduced in vacuo. 
105i was isolated in silica column using Hex:EtOAc in ratios of 9:1 as eluent. 105i was obtained as a white 
solid in 90% yield (95.8 mg ) in ratios of (90:1). Rf=0.14. 1H NMR (500 MHz, CDCl3) δ 7.77 (d, J = 8.9 Hz, 
2H), 7.40 (d, J = 3.8 Hz, 1H), 7.28 (d, J = 3.8 Hz, 1H), 6.99 (d, J = 8.9 Hz, 2H), 6.66 (s, 1H), 3.87 (s, 3H), 3.48 
(s, 1H) 13C NMR (125 MHz, CDCl3) δ 164.0, 162.6, 161.1, 133.8, 130.5, 128.2, 126.4, 124.4, 121.1, 114.3, 
97.8, 83.7, 76.1, 55.4. HRMS calculated for [C16H11NO2S] requires [M+H]+ 282.0583, observed 282.0583. 
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Synthesis of ethyl 5-(3-ethynyl-5-methoxyphenyl)isoxazole-3-carboxylate (105j): To a clean and dried 
stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of 
diameter), it was weighed bis-alkyne 103d (0.050g, 0.320 mmol, 1.0 equivalents.), hydroxyimidoyl chloride 
104a (0.0485 g, 0.320 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.0744 g, 0.320 mmol, 1.0 equivalents.), 
Na2CO3 (0.0678 g, 0.640 mmol, 2.0 equivalents.). The jar was closed, and the mixture was milled for 60 
min at 60 Hz. Once all the solids were introduced then it was added via an automated pipette mesitylene 
(η= 0.25 µL/mg, 60 µL). After 60 min, the jar was cooled at room temperature, and the reaction mixture 
was carefully filtered over a celite plug using EtOAc as eluent. The filtrate was collected and reduced in 
vacuo. 105j was isolated in silica column using Hex:EtOAc in ratios of 7:3 as eluent. 105j was obtained as 
a white solid in 60 % yield (54 mg ) in ratios of (>99:1). Rf=0.63, MP=144.8-146.7 °C. 1H NMR (500 MHz, 
CDCl3) δ 7.51 (t, J = 1.5 Hz, 1H), 7.32 (dd, J = 2.4, 1.5 Hz, 1H), 7.10 (dd, J = 2.4, 1.2 Hz, 1H), 6.93 (s, 1H), 4.47 
(q, J = 7.1 Hz, 2H), 3.87 (s, 3H), 3.13 (s, 1H), 1.44 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 170.5, 
159.8, 127.9, 124.3, 122.0, 119.4, 112.2, 100.6, 82.3, 78.3, 63.6, 62.3, 55.6, 14.2. HRMS calculated for 
[C20H13NO2] requires [M+H]+ 300.1019, observed 300.1019. HRMS calculated for [C15H13NO4] requires 
[M+H]+ 272.0917, observed 272.0918. 

 

Synthesis of 5-(3-ethynyl-5-methoxyphenyl)-3-(4-methoxyphenyl)isoxazole (105k): To a clean and dried 
stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of 
diameter), it was weighed bis-alkyne 103d (0.050 g, 0.320 mmol, 1.0 equivalents.), hydroxyimidoyl 
chloride 104e (0.060 g, 0.320 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.0744 g, 0.320 mmol, 1.0 
equivalents.), Na2CO3 (0.0678 g, 0.640 mmol, 2.0 equivalents.). The jar was closed, and the mixture was 
milled for 60 min at 60 Hz. Once all the solids were introduced then it was added via an automated pipette 
mesitylene (η= 0.25 µL/mg, 60 µL). After 60 min, the jar was cooled at room temperature, and the reaction 
mixture was carefully filtered over a celite plug using EtOAc as eluent. The filtrate was collected and 
reduced in vacuo. 105k was isolated in silica column using Hex:EtOAc in ratios of 7:3 as eluent. 105k was 
obtained as a white solid in 36 % yield (34.9 mg ) in ratios of (3:1 ). Rf=0.53, MP= 100.0-103.0 °C. 1H NMR 
(500 MHz, CDCl3) δ 7.79 (t, J = 8.4 Hz, 2H), 7.54 (t, J = 1.4 Hz, 1H), 7.37 (dd, J = 2.4, 1.5 Hz, 1H), 7.09 (dd, J 
= 2.5, 1.3 Hz, 1H), 7.00 (d, J = 8.9 Hz, 2H), 6.78 (s, 1H), 3.88 (s, 3H), 3.87 (s, 3H), 3.13 (s, 1H). 13C NMR (125 
MHz, CDCl3) δ 168.9, 162.6, 161.1, 159.8, 128.9, 128.2, 123.9, 122.0, 121.4, 118.9, 114.3, 112.1, 98.0, 82.6, 
77.9, 55.6, 55.4. HRMS calculated for [C19H15NO3] requires [M+H]+ 306.1125, observed 306.1125. 
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Synthesis of 5-(6-ethynylpyridin-2-yl)-3-(4-methoxyphenyl)isoxazole (105n): To a clean and dried 
stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of 
diameter), it was weighed bis-alkyne 103e (0.025 g, 0.197, 1.0 equivalents.), hydroxyimidoyl chloride 104e 
(0.037 g, 0.197, 1.0 equivalents.), Cu(NO₃)₂•2.5(H2O) (0.0457 g, 0.197, 1.0 equivalents.), Na2CO3 (0.0416 
g, 0.393 mmol, 2.0 equivalents.). The jar was closed, and the mixture was milled for 60 min at 60 Hz. Once 
all the solids were introduced then it was added via an automated pipette mesitylene (η= 0.25 µL/mg, 37 
µL). After 60 min, the jar was cooled at room temperature, and the reaction mixture was carefully filtered 
over a celite plug using EtOAc as eluent. The obtained solid was washed with Et2O and filtered for a second 
time using a Buchner funnel. The filtrate was reduced under pressure and recrystallized in Acetone:H2O. 
The solid was filtered and washed with hot hexanes to obtain 105n as a grey solid. 105n was obtained in 
90 % yield ( 50 mg ) in ratios of (9:1). Rf=0.13 (9:1 Hex:EtOAc), MP=151.0-152.0 °C. 1H NMR (500 MHz, 
CDCl3) δ 7.93 (dd, J = 7.9, 1.0 Hz, 1H), 7.86 – 7.79 (m, J = 8.3, 7.5 Hz, 3H), 7.52 (dd, J = 7.7, 1.0 Hz, 1H), 7.31 
(s, 1H), 7.00 (d, J = 8.9 Hz, 2H), 3.87 (s, 3H), 3.24 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 168.7, 162.9, 161.1, 
147.0, 142.6, 137.3, 128.2 ,127.9, 121.3, 120.4, 114.4, 100.9, 82.3, 77.9, 55.4. HRMS calculated for 
[C17H12N2O2] requires [M+H]+ 277.0972, observed 277.0973. 

 

Synthesis of 5-(3,5-diethynylphenyl)-3-(4-methoxyphenyl)isoxazole (105o): 7To a clean and dried 
stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of 
diameter), it was weighed tris-alkyne 103d (0.100 g, 0.666 mmol, 1.0 equivalents.), hydroxyimidoyl 
chloride 104e (0.123 g, 0.792 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.153.5 g, 0.792 mmol, 1.0 
equivalents.), Na2CO3 (0.141 g, 1.584 mmol, 2.0 equivalents.). The jar was closed, and the mixture was 
milled for 60 min at 60 Hz. After 60 min, the jar was cooled at room temperature, and the reaction mixture 
was carefully filtered over a celite plug using EtOAc as eluent. The filtrate was collected and reduced in 
vacuo. 105o was isolated in silica column using Hex:EtOAc in ratios of 9:1 as eluent. 105o was obtained as 
a white solid in 52 % yield (100 mg ) in ratios of (4:1). Rf=0.17, MP= 168.7-170.1 °C. 1H NMR (500 MHz, 

 
7 Compound 105i was also synthesized utilizing Mesitylene liquid additive (η= 0.25 µL/mg, 129 µL), but it was 
obtained in 26 % yield. 



145 
 

CDCl3) 7.92 (d, J = 1.2 Hz, 2H), 7.79 (d, J = 8.8 Hz, 2H), 7.66 (s, 1H), 7.00 (d, J = 8.8 Hz, 2H), 6.82 (s, 1H), 3.87 (s, 3H), 

3.17 (s, 2H). 13C NMR (125 MHz, CDCl3) δ 168.9, 162.6, 161.1, 159.8, 128.9, 128.2, 123.9, 122.0, 121.4, 
118.9, 114.3, 112.1, 98.0, 82.6, 77.9, 55.6, 55.4. HRMS calculated for [C20H13NO2] requires [M+H]+ 
300.1019, observed 300.1019. 

 

Synthesis of N-((3-(4-nitrophenyl)isoxazol-5-yl)methyl)-N-(prop-2-yn-1-yl)prop-2-yn-1-amine (105p): To 
a clean and dried stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls 
(10 mm of diameter), it was weighed tris-alkyne 103g (0.107 µL, 0.762 mmol, 1.0 equivalents.), 
hydroxyimidoyl chloride 104c (0.153 mg, 0.762 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.177 mg, 
0.762 mmol, 1.0 equivalents.), Na2CO3 (0.161 mg, 1.524 mmol, 2.0 equivalents.). The jar was closed, and 
the mixture was milled for 60 min at 60 Hz. After 60 min, the jar was cooled at room temperature, and the 
reaction mixture was carefully filtered over a celite plug using EtOAc as eluent. The filtrate was collected 
and reduced in vacuo. 105p was isolated in silica column using Hex:EtOAc in ratios of 8:2 as eluent. 105p 
was obtained as a yellow solid in 59 % yield (121.3 mg ) in ratios of (3:1). Rf=0.26, MP=113.5-115.2 °C.1H 
NMR (500 MHz, CDCl3) δ 8.31 (d, J = 9.0 Hz, 2H), 7.98 (d, J = 8.9 Hz, 2H), 6.65 (s, 1H), 3.97 (s, 2H), 3.52 (d, 
J = 2.4 Hz, 3H), 2.32 (t, J = 2.4 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 171.0, 160.6, 148.7, 135.1, 127.6, 124.2, 
101.6, 77.8, 74.0, 48.00, 42.5. HRMS calculated for [C16H13N3O3] requires [M+H]+ 296.1030, observed 
296.1028. 

 

Synthesis of N-((3-(4-methoxyphenyl)isoxazol-5-yl)methyl)-N-(prop-2-yn-1-yl)prop-2-yn-1-amine (105r): 
To a clean and dried stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls 
(10 mm of diameter), it was weighed tris-alkyne 103g (0.107 µL, 0.762 mmol, 1.0 equivalents.), 
hydroxyimidoyl chloride 104e (0.153 g, 0.762 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.177 g, 0.762 
mmol, 1.0 equivalents.), Na2CO3 (0.161 g, 1.524 mmol, 2.0 equivalents.). The jar was closed, and the 
mixture was milled for 60 min at 60 Hz. After 60 min, the jar was cooled at room temperature, and the 
reaction mixture was carefully filtered over a celite plug using EtOAc as eluent. The filtrate was collected 
and reduced in vacuo. 105r was isolated in silica column using Hex:EtOAc in ratios of 6:4 as eluent. 105r 
was obtained as a yellow solid in 70 % yield (150 mg) in ratios of (8:1). Rf= 0.58, MP: 53.9-56.0 °C.1H NMR 
(500 MHz, CDCl3) δ 7.74 (d, J = 8.90 Hz, 2H), 6.96 (d, J = 8.9 Hz, 2H), 6.51 (s, 1H), 3.92 (s, 2H), 3.82 (s, 3H), 
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3.52 (d, J = 2.4 Hz, 4H), 2.31 (t, J = 2.4 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 171.0, 160.6, 148.7, 135.1, 
127.6, 124.2, 101.6, 77.8, 74.0, 48.00, 42.5. HRMS calculated for [C17H16N2O2] requires [M+H]+ 281.1285, 
observed 281.1285 

 

Synthesis of N-((3-(4-methoxyphenyl)isoxazol-5-yl)methyl)-4-methyl-N-(prop-2-yn-1-
yl)benzenesulfonamide (105s): To a clean and dried stainless-steel (SS) planetary milling jar 
(approximately 50 mL capacity) with 8 SS balls (10 mm of diameter), it was weighed bis-alkyne 103h (0.100 
mg, 0.404 mmol, 1.0 equivalents.), hydroxyimidoyl chloride 104e (0.075 g, 0.404 mmol, 1.0 equivalents.), 
Cu(NO₃)₂•2.5 H2O (0.098 g, 0.404 mmol, 1.0 equivalents.), Na2CO3 (0.086 g, 0.808 mmol, 2.0 equivalents.). 
Once all the solids were introduced it was added via an automated pipette mesitylene (η= 0.25 µL/mg, 89 
µL). The jar was closed, and the mixture was milled for 60 min at 60 Hz. After 60 min, the jar was cooled 
at room temperature, and the reaction mixture was carefully filtered over a celite plug using EtOAc as 
eluent. The filtrate was collected and reduced in vacuo. 105s was isolated in silica column using Hex: DCM: 
EtOAc in ratios of 7:2:1 as eluent. 105s was obtained as a white solid in 70 % yield (112.2 mg ) in ratios of 
(8:1). Rf=0.14, MP= 122.0-124.3 °C.1H NMR (500 MHz, CDCl3) δ 7.76 (d, J = 8.2 Hz, 2H), 7.70 (d, J = 8.8 Hz, 
2H), 7.32 (d, J = 8.0., 2H), 6.97 (d, J = 8.8, 2H), 6.49 (s, 1H), 4.60 (s, 2H), 4.17 (d, J = 2.30, 2H), 3.86 (s, 3H), 
2.43 (s, 3H), 2.15 (t, J = 2.42, 1). 13C NMR (125 MHz, CDCl3) δ 171.0, 160.6, 148.7, 135.1, 127.6, 124.2, 
101.6, 77.8, 74.0, 48.00, 42.5. HRMS calculated for [C21H20N2O4] requires [M+H]+ 397.1217, observed 
397.1216. 

 

Synthesis of ethyl 5-(pent-4-yn-1-yl)isoxazole-3-carboxylate (105t):89 To a clean and dried stainless-steel 
(SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of diameter), it was 
weighed bis-alkyne 103i (0.124 µL, 1.09 mmol, 1.0 equivalents.), hydroxyimidoyl chloride 104a (0.165 mg, 
1.09 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.253 mg, 1.09 mmol, 1.0 equivalents.), Na2CO3 (0.231 
mg, 2.18 mmol, 2.0 equivalents.). The jar was closed, and the mixture was milled for 60 min at 60 Hz. After 
60 min, the jar was cooled at room temperature, and the reaction mixture was carefully filtered over a 
celite plug using EtOAc as eluent. The filtrate was collected and reduced in vacuo. 105t was isolated in 
silica column using Hex: EtOAc in ratios of 9:1 as eluent. 105t was obtained as colourless oil in 68 % yield 
(153.4 mg ). Rf= 0.25.1H NMR (500 MHz, CDCl3) δ 6.45 (s, 1H), 4.43 (d, J = 7.10 Hz, 2H), 2.95 (t, J = 7.58, 
2H) ,2.28 (td, J = 2.63, 6.84, 2H), 2.01 (t, J = 2.61, 1H), 1.94 (m, 2H), 2.32 (t, J = 2.4 Hz, 2H), 1.40 (t, J = 7.11, 

 
8Compound 104t was also synthesized utilizing Mesitylene liquid additive (η= 0.25 µL/mg, 187 µL), but it was 
obtained in 54 % yield. 
9 A 1.0-g scale synthesis of 105t followed the same procedure. 105t was obtained in 70 % (157.9 mg) 
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3H). 13C NMR (125 MHz, CDCl3) δ 171.0, 160.6, 148.7, 135.1, 127.6, 124.2, 101.6, 77.8, 74.0, 48.00, 42.5. 
HRMS calculated for [C11H13NO3] requires [M+H]+ 208.0968, observed 208.0969. 

 

Synthesis of 3-(4-nitrophenyl)-5-(pent-4-yn-1-yl)isoxazole (105u): To a clean and dried stainless-steel (SS) 
planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of diameter), it was weighed 
bis-alkyne 103i (0.124 µL, 1.09 mmol, 1.0 equivalents.), hydroxyimidoyl chloride 104c (217 mg, 1.09 mmol, 
1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (217 mg, 1.09 mmol, 1.0 equivalents.), Na2CO3 (229 mg, 2.18 mmol, 
2.0 equivalents.). Then, the jar was closed, and the mixture was milled for 60 min at 60 Hz. After 60 min, 
the jar was cooled at room temperature, and the reaction mixture was carefully filtered over a celite plug 
using EtOAc as eluent. The filtrate was collected and reduced in vacuo. The crude product was 
recrystallized in EtOAc:Hex. The solid was filtrated in a Buchner funnel, and the filtrate was collected and 
reduced in vacuo to obtain 105u. 105u was obtained as white solid in 90 % yield (216 mg). Rf= 0.35, MP= 
65.2-67.1 °C.1H NMR (500 MHz, CDCl3) δ 1H NMR (500 MHz, CDCl3) δ 8.32 (d, J = 9.0 Hz, 1H), 7.97 (d, J = 
9.0 Hz, 2H), 6.42 (s, 1H), 3.00 (t, J = 7.5 Hz, 2H), 2.33 (td, J = 6.9, 2.7 Hz, 2H), 2.03 (t, J = 2.7 Hz, 1H), 2.00 
(dt, J = 14.3, 7.0 Hz, 2H). 13C NMR (125 MHz, CDCl3) δ 174.1, 160.6, 148.6, 135.4, 127.6, 124.2, 99.5, 82.7, 
69.6, 25.8, 25.6, 17.8. HRMS calculated for [C14H12N2O3] requires [M+H]+ 257.0921, observed 257.0921. 

 

 

  



148 
 

3.7.5. Procedure 4 (PS4): Comparative effects of solution-based conditions to mechanochemical 
conditions for the desymmetrizations alkyl bis-alkynes 103h 
 

The next set of experiments investigated and compared the effect of solution-based conditions to the 
developed mechanochemical conditions. 

 

Solution-base conditions for the synthesis of N-((3-(4-methoxyphenyl)isoxazol-5-yl)methyl)-4-methyl-N-
(prop-2-yn-1-yl)benzenesulfonamide (105s): In a clean round-bottom flask of 10 mL capacity, it was 
weighed bis-alkyne 103h (0.066 g, 0.266 mmol, 1.0 equivalents.) and hydroxyimidoyl chloride 104e (0.050 
g, 0.266 mmol, 1.0 equivalents.). The solids were dissolved in 7 mL of mesitylene ( η= 45.2 µL/mg). Then 
triethylamine was added (38 µL, 0.266 mmol, 1.0 equivalents.). The reaction was left to stir for 16 h. After 
16 h, 12-15 mg of 1,3,5-trimetoxybenzene (TMB) was added as an internal standard. The reaction was 
diluted with EtOAc and washed with brine (2x10 mL) and water (2x 10 mL). The organic layer separated, 
dried over Na2SO4, filtered, and reduced in vacuo. The ratios of 103h:105s:108s were calculated based on 
their integrations of 1H-NMR. 

 

Table S3.9. Comparison of solution-based chemistry to mechanochemistry in the desymmetrization of 
bis-alkyne 103h 

Conditions Yield 103h Yield 105s Yield 108s 105s:108s 

Solution-based 66 %a 32 % a 16 % a 2:1 
Mechanochemistry 20 % b 70 % b 9 % b 8:1 

a Yield determined by 1H-NMR. b Yield determined by isolation. 

 

3.7.5.1. E-Factor Calculations 
 

𝐸𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒 𝑓𝑟𝑜𝑚 𝑝𝑟𝑜𝑐𝑒𝑠𝑠

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 

 

Mechanochemistry  
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Reaction yield = 112.2 mg (70 %) 

Total mass of reactants: 75 mg + 100 mg + 103 mg + 98 mg + 86 mg= 462 mg 

Waste formed by the reaction = 462 mg – 112 mg = 349.8 mg 

Efactor = 349.8 mg / 112.2 mg = 3.11 

 

Solution-based method: (Assuming 70 % of solvent recovery) 

 

Reaction yield= 28 mg (32 % by 1H NMR) (calculated for a 50 mg scale reaction) 

Total mass of reactants= 50 mg + 75 mg +2427.6 mg + 409 mg= 2961.6 mg   

Waste formed by the reaction= 2961.6 mg – 28 mg = 2933.6 

Efactor = 2933.6 mg / 28 mg = 104.7 
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3.7.6. Procedure 5 (PS5): Reaction Selectivity Comparison between Mechanochemistry and 
Solution-base 
 

The next set of experiments investigated and compared the effect of solution-based conditions to the 
developed mechanochemical conditions for the selectivity and formation of the mono isoxazole product 
105g. 

 

Kinetic competition experiment in solution using optimized conditions: In a clean round-bottom flask of 
10 mL capacity, it was weighted , it was weighed bis-alkyne 103b (24 µL , 0.181 mmol, 1.0 equivalents.), 
105g (0.050 g, 0.181 mmol, 1.0 equivalents.), and hydroxyimidoyl chloride 104e (0.040 g, 0.266 mmol, 1.0 
equivalents.). The solids were dissolved in 7 mL of mesitylene (η = 45.2 µL/mg). Then triethylamine was 
added (38 µL, 0.266 mmol, 1.0 equivalents.). The reaction was left to stir for 16 h. After 16 h, 12-15 mg of 
1,3,5-trimetoxybenzene (TMB) was added as an internal standard. The reaction was diluted with EtOAc 
and washed with brine (2x10 mL) and water (2x 10 mL). The organic layer separated, dried over Na2SO4, 
filtered, and reduced in vacuo. The ratios of 103b:108g:105g were calculated based on their integrations 
of 1H-NMR. (Refer to Table) 

Kinetic competition experiment in solvent-free conditions. To a clean and dried stainless-steel (SS) 
planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 mm of diameter), it was weighed 
bis-alkyne 103b (24 µL, 0.181 mmol, 1.0 equivalents.), 105g (0.050 g, 0.181 mmol, 1.0 equivalents.), 
hydroxyimidoyl chloride 16e (0.040 g, 0.266 mmol, 1.0 equivalents.), Na2CO3 (40 mg, 0.362 mmol, 2.0 
equivalents.), and 37 µL of mesitylene (η= 0.24 µL/mg). Then, the jar was closed, and the mixture was 
milled for 60 min at 60 Hz. After 60 min, the jar was cooled at room temperature, and 12-15 mg of 1,3,5-
trimetoxybenzene (TMB) was added as an internal standard. The reaction mixture was carefully filtered 
over a celite plug using EtOAc as eluent. The filtrate was collected and reduced in vacuo. The ratios of 
103b:105g:108g were calculated based on their integrations by 1H-NMR.  

Table S3.10. Kinetic Selectivity Comparison 

Conditions 103b conv.  Yield 105g Yield 108g 105g:108g 

Solution-based 43 % 33 % a 43 % a 1:1.3 
Mechanochemistry 74 % b 70 % b 15 % b 4.7:1 

a Yields determined by 1H-NMR. 

 

3.7.7. Selectivity on other Aromatic Bis-Alkyne Substrates by Mechanochemical Conditions 
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It was also demonstrated the selectivity of the reaction under mechanochemical conditions for substrate 
103a. Thus, it was reacted symmetrical bis-alkyne 103a with equimolar amounts of 3,5-isoxazole-alkyne 
adduct 105a and hydroxyimidoyl chloride 104a under optimized conditions. 

 

Procedure: 

To a clean and dried stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls 
(10 mm of diameter), it was weighed bis-alkyne 15a (0.050 g, 0.396 mmol, 1.0 equivalents.), 
hydroxyimidoyl chloride 16a (0.062 g, 0.396 mmol, 1.0 equivalents.), 3,5-isoxazole-alkyne adduct 117a 
(0.142 g, 0.396 mmol, 1.0 equivalents.), Cu(NO₃)₂•2.5 H2O (0.092 g, 0.396 mmol, 1.0 equivalents.), Na2CO3 
(0.084 g, 0.792 mmol, 2.0 equivalents.). Once all the solids were introduced it was added via an automated 
pipette mesitylene liquid additive (η= 0.25 µL/mg, 72 µL). The jar was closed, and the mixture was milled 
for 60 min at 60 Hz. After 60 min, the jar was cooled at room temperature, and it was added 10-12 mg of 
TMB to the reaction crude. The reaction mixture was carefully filtered over a celite plug using EtOAc as 
eluent. The filtrate was collected and reduced in vacuo. The yield of 17a and 17a:20a ratios was obtained 
by 1H NMR. 
 
 
 

Table S3.11. Reaction Selectivity Under Mechanochemical 
Conditions  

105a:108a Yield % of 105a Yield % of 108a 
3:1 74  23 
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3.7.8. Procedure 6 (PS6): Synthesis of β-ketoenamine-alkyne  
 

 

Synthesis of (Z)-3-amino-1-(4-ethynylphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (109) : In a clean ace 
pressure vial of 10 mL capacity, it was weighted 3,5-isoxazole-alkyne adduct (105e) (0.050 g, 0.181, 1.0 
equiv.) and Mo(CO)6 (0.072 g, 0.271, 1.5 equiv.) The solids were dissolved in 5 mL of ACN and 1 mL H2O. 
The reaction was warmed to 90 °C (it was observed that 105e dissolve) for 6 h. After 16 h, the crude 
product was let to cool to room temperature The crude solution was filtered through a silica plug using 
EtOAc as an eluent. The filtrate was collected and washed with HCl (1M) (2x 10 mL), brine (2x10 mL) and 
water (2x 10 mL). The organic layer collected, dried over Na2SO4, filtered, and reduced in vacuo. 109 was 
isolated in silica column using Hex: EtOAc in ratios of 7:3 as eluent. 109 was obtained as yellow solid in 98 
% yield (49 mg). Rf=0.30 , MP= 131.3-133.3 °C. 1H NMR (500 MHz, CDCl3) δ 10.51 (bs, 1H), 7.89 (d, J = 8.4 
Hz, 2H), 7.58 (d, J = 8.8 Hz, 2H), 7.54 (d, J = 8.4 Hz, 2H), 6.97 (d, J = 8.8 Hz, 2H), 6.09 (s, 1H), 5.52 (s, 1H), 
3.86 (s, 3H), 3.18 (bs, 1H).13C NMR (125 MHz, CDCl3) δ 188.5, 163.0, 161.8, 140.5, 132.0, 129.4, 127.8, 
127.1, 124.5, 114.4, 91.1, 83.4, 78.9, 55.5. HRMS calculated for [C18H15NO2] requires [M+H]+ 278.1176, 
observed 278.1175 
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3.7.9. Procedure 7 (PS7): Optimization for the Synthesis of Unsymmetrical Bis-3,5-isoxazoles  
 

 

Figure S3.6. 3,5-Isoxazole-alkyne adduct substrates used in this optimization. 

Prior to the isolation of unsymmetrical bis-3,5-isoxazoles 111, the cycloaddition reactions between the 
corresponding 3,5-isoxazole-alkyne adduct 105a and hydroxyimidoil chloride 110a were used as a model 
reaction to optimize the synthesis of bis-3,5-isoxazoles. The reaction was optimized in a 50 mg using 
adduct 105a to determine the optimal parameters. The yield of the unsymmetrical bis-3,5-isoxazole was 
quantified by 1H NMR and using TMB as an internal standard. 

 

 

Table S3.12. Effect of Cu catalyst and additive 

Cu complex mol % Yield of 111a % 

Cu/Al2O3 14 N.R. 
Cu(NO3)2•2.5 H2O 100 N.R. 
Cu(NO3)2•2.5 H2O 10 N.R. 

CuI 25 12 
Chloro(1,5-cyclooctadiene)copper(I) dimer 25 8 

 

Table S3.13. Optimization of LAG 

LAG η (µL/mg) Yield of 111a % 

Mesitylene 

0.25 12 

0.5 12 

0.9 12 
DCE 0.25 10 
DMF 0.25 9 
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Table S3.14. Effect of Substrate 105  

Substrate 105 Physical State Equiv. Yield % 

105a Solid 
1.00 

10 

105e Solid 5 

105t Liquid 45 
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3.7.10. Procedure 8 (PS8): Synthesis of Unsymmetrical Bis-3,5-isoxazoles  
 

Example procedure for the synthesis of unsymmetrical bis-3,5-isoxazoles 111e 

 

Synthesis of ethyl 5-(3-(3-(4-methoxyphenyl)isoxazol-5-yl)propyl)isoxazole-3-carboxylate (111e): To a 
clean and dried stainless-steel (SS) planetary milling jar (approximately 50 mL capacity) with 8 SS balls (10 
mm of diameter), it was weighed 3,5-isoxazole-alkyne adduct 105t (92 µL, 0.482 mmol, 1.0 equivalents.), 
hydroxyimidoyl chloride 110e (0.137 g, 0.722 mmol, 1.0 equivalents.), CuI (0.022 mg, 0.120 mmol, 25 mol 
%), Na2CO3 (0.102 mg, 0.964 mmol, 2.0 equivalents.), and mesitylene as liquid additive (η= 0.25 µL/mg, 64 
µL). Then, the jar was closed, and the mixture was milled for 60 min at 60 Hz. After 60 min, the jar was 
cooled at room temperature, and the reaction mixture was carefully filtered over a silica plug using EtOAc 
as eluent. The filtrate was collected and reduced in vacuo. 111e was isolated in silica column using Hex: 
EtOAc in ratios of 7:3 as eluent. 111e was obtained as a white solid in 95 % yield (163.7 mg ). Rf=0.30, 
MP=72.4-74.2 °C. 1H NMR (500 MHz, CDCl3) δ 7.69 (d, J = 8.8 Hz, 2H), 6.94 (d, J = 8.8 Hz, 2H), 6.39 (s, 1H), 6.25 

(s, 1H), 4.40 (q, J = 7.1 Hz, 2H), 3.82 (s, J = 5.9 Hz, 3H), 2.89 (t, J = 7.5 Hz, 2H), 2.84 (t, J = 7.4 Hz, 2H), 2.15 (p, J = 7.5 

Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H).13C NMR (125 MHz, CDCl3) δ 174.1, 171.9, 162.0, 161.0, 160.0, 156.4, 128.1, 
121.6, 114.3, 102.0, 99.3, 62.1, 55.3, 25.9, 25.8, 25.3, 14.1. HRMS calculated for [C19H20N2O5] requires 
[M+H]+ 357.1445, observed 357.1443 

 

Synthesis of diethyl 5,5'-(propane-1,3-diyl)bis(isoxazole-3-carboxylate) (111b): Symmetrical bis-3,5-
isoxazole 111b was synthesize according to PS5. 111b was recrystallized in EtOAC:Hex. 111b was obtained 
as a white solid in 32 % yield (50 mg ). Rf=0.11 (8:2 Hex:EtOAc), MP=91.5-93.5 °C. 1H NMR (500 MHz, CDCl3) 
δ 6.44 (s, 2H), 4.41 (q, J = 7.1 Hz, 4H), 2.88 (t, J = 7.5 Hz, 4H), 2.16 (p, J = 7.5 Hz, 2H), 1.39 (t, J = 7.1 Hz, 6H). 
13C NMR (125 MHz, CDCl3) δ 173.6, 159.9, 156.5, 102.1, 62.1, 25.8, 25.2, 14.1. HRMS calculated for 
[C15H18N2O6] requires [M+H]+ 323.1238, observed 323.1236. 

 

Synthesis of ethyl 5-(3-(3-(3-cyanophenyl)isoxazol-5-yl)propyl)isoxazole-3-carboxylate (111c): 
Unsymmetrical bis-3,5-isoxazole 111c was synthesize according to PS5. 111c was isolated in silica column 
using Hex: EtOAc in ratios of 8:2 as eluent. 111c was obtained as a white solid in 70 % yield (118.5 mg ). 
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Rf=0.10, MP=80.2-83.1 °C. 1H NMR (500 MHz, CDCl3) δ 8.03 (td, J = 1.7, 0.4 Hz, 1H), 8.01 (dt, J = 5.0, 1.5 
Hz, 1H), 7.69 (dt, J = 10.0, 5.0 Hz, 1H), 7.56 (t, J = 7.8 Hz, 1H), 6.45 (s, 1H), 6.36 (s, 1H), 4.39 (q, J = 7.1 Hz, 
2H), 2.91 (dd, J = 16.1, 7.6 Hz, 4H), 2.19 (p, J = 5.0 Hz, 2H), 1.37 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, 
CDCl3) δ 173.8, 173.2, 160.6, 159.9, 156.5, 133.2, 130.8, 130.5, 130.2, 129.8, 118., 113.2, 102.0, 99.3, 62.1, 
25.9, 25.9, 25.3, 14.1. HRMS calculated for [C19H17N3O4] requires [M+H]+ 352.1292, observed 352.129. 

 

Synthesis of ethyl 5-(3-(3-phenylisoxazol-5-yl)propyl)isoxazole-3-carboxylate (111d): Unsymmetrical bis-
3,5-isoxazole 105d was synthesize according to PS5. 111d was isolated in silica column using Hex: EtOAc 
in ratios of 8:2 as eluent. 111d was obtained as a white solid in 96 % yield (118.5 mg ). Rf=0.68, MP=57.1-
58.3 °C. 1H NMR (500 MHz, CDCl3) δ 7.78 – 7.74 (m, 2H), 7.45 – 7.39 (m, 3H), 6.45 (s, 1H), 6.32 (s, 1H), 4.40 
(q, J = 7.1 Hz, 2H), 2.90 (t, J = 7.5 Hz, 2H), 2.87 (t, J = 7.4 Hz, 2H), 2.17 (p, J = 7.5 Hz, 1H), 1.38 (t, J = 7.2 Hz, 
3H). 13C NMR (125 MHz, CDCl3) δ 174.0, 172.2, 162.4, 160.0, 156.5, 129.9, 129.1, 128.9, 126.7, 102.0, 99.5, 
62.1, 25.9, 25.3, 14.1. HRMS calculated for [C18H18N2O4] requires [M+H]+ 327.1339, observed 327.1343. 

 

Synthesis of ethyl 5-(3-(3-phenylisoxazol-5-yl)propyl)isoxazole-3-carboxylate (111f): Unsymmetrical bis-
3,5-isoxazole 111f was synthesize according to PS5. 111f by recrystallisation of the reaction crude in 
EtOAc:Hexanes. 111f was obtained as a yellow solid in >99 % yield (79 mg ). Rf=0.21 (7:3 Hex:EtOAc), MP= 
110.6-113.2 °C. 1H NMR (500 MHz, d6-DMSO) δ 8.35 (d, J = 8.7 Hz, 2H), 8.12 (d, J = 8.6 Hz, 2H), 7.76 (d, J = 
8.7 Hz, 2H), 7.05 (d, J = 8.6 Hz, 2H), 7.03 (s, 1H), 6.80 (s, 1H), 3.81 (s, 3H), 2.96 (t, J = 7.6 Hz, 2H), 2.91 (t, J 
= 7.4 Hz, 2H), 2.13 (quint, J = 7.4 Hz, 2H).13C NMR (125 MHz, d6-DMSO) δ 174.6, 173.2, 161.8, 161.0, 160.9, 
148.7, 135.3, 128.4, 128.2, 124.7, 121.6, 114.9, 100.6, 99.8, 55.7, 25.9, 25.8, 25.3. HRMS calculated for 
[C22H19N3O5] requires [M+H]+ 406.1397, observed 406.1396 
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3.7.11. Spectroscopic Data for the demonstrated compounds 
 

Ethyl 5-(4-ethynylphenyl)isoxazole-3-carboxylate (105a) 
 

 

Figure S3.7. 1H-NMR (500 MHz, CDCl3)
 

of ethyl 5-(4-ethynylphenyl)isoxazole-3-carboxylate (105a) 
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Figure S3.8. 13C-NMR (125 MHz, CDCl3) of ethyl 5-(4-ethynylphenyl)isoxazole-3-carboxylate (105a) 
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3-bromo-5-(4-ethynylphenyl)isoxazole (105b) 

 

Figure S3.9. 1H-NMR (500 MHz, CDCl3) of 3-bromo-5-(4-ethynylphenyl)isoxazole (105b) 
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Figure S3.10. 13C-NMR (125 MHz, CDCl3) of 3-bromo-5-(4-ethynylphenyl)isoxazole (105b) 
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5-(4-ethynylphenyl)-3-(4-nitrophenyl)isoxazole (105c) 

 

Figure S3.11. 1H-NMR (500 MHz, CDCl3) of 5-(4-ethynylphenyl)-3-(4-nitrophenyl)isoxazole (105c) 
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Figure S3.12. 13C-NMR (125 MHz, DMSO-d6) of 5-(4-ethynylphenyl)-3-(4-nitrophenyl)isoxazole (105c) 
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5-(4-ethynylphenyl)-3-phenylisoxazolethyl 5-(4-ethynylphenyl)isoxazole-3-carboxylate (105d) 

 

Figure S3.13. 1H-NMR (500 MHz, CDCl3) of 5-(4-ethynylphenyl)-3-phenylisoxazolethyl 5-(4-
ethynylphenyl)isoxazole-3-carboxylate (105d) 
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Figure S3.14. 13C-NMR (125 MHz, CDCl3) of 5-(4-ethynylphenyl)-3-phenylisoxazolethyl 5-(4-
ethynylphenyl)isoxazole-3-carboxylate (105d) 
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5-(4-ethynylphenyl)-3-(4-methoxyphenyl)isoxazole (105e) 

 

Figure S3.15. 1H-NMR (500 MHz, CDCl3) of 5-(4-ethynylphenyl)-3-(4-methoxyphenyl)isoxazole (105e) 
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Figure S3.16. 13C-NMR (125 MHz, CDCl3) of 5-(4-ethynylphenyl)-3-(4-methoxyphenyl)isoxazole (105e) 
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5-(3-ethynylphenyl)-3-(4-methoxyphenyl)isoxazole (105g) 

 

Figure S3.17. 1H-NMR (500 MHz, CDCl3) of 5-(3-ethynylphenyl)-3-(4-methoxyphenyl)isoxazole (105g) 
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Figure S3.18. 13C-NMR (125 MHz, CDCl3) of 5-(3-ethynylphenyl)-3-(4-methoxyphenyl)isoxazole (105g) 
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Ethyl 5-(5-ethynylthiophen-2-yl)isoxazole-3-carboxylate (105h) 

 

Figure S3.19. 1H-NMR (500 MHz, CDCl3) of ethyl 5-(5-ethynylthiophen-2-yl)isoxazole-3-carboxylate 
(105h) 
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Figure S3.20. 13C-NMR (125 MHz, CDCl3) of ethyl 5-(5-ethynylthiophen-2-yl)isoxazole-3-carboxylate 
(105h) 
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5-(5-ethynylthiophen-2-yl)-3-(4-methoxyphenyl)isoxazole (105i)

 

Figure S3.21. 1H-NMR (500 MHz, CDCl3) of 5-(5-ethynylthiophen-2-yl)-3-(4-methoxyphenyl)isoxazole 
(105i) 
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Figure S3.22. 13C-NMR (125 MHz, CDCl3) of 5-(5-ethynylthiophen-2-yl)-3-(4-methoxyphenyl)isoxazole 
(105i) 
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Ethyl 5-(3-ethynyl-5-methoxyphenyl)isoxazole-3-carboxylate (105j) 

 

Figure S3.23. 1H-NMR (500 MHz, CDCl3) of ethyl 5-(3-ethynyl-5-methoxyphenyl)isoxazole-3-carboxylate 
(105j) 
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Figure S3.24. 13C-NMR (125 MHz, CDCl3) of ethyl 5-(3-ethynyl-5-methoxyphenyl)isoxazole-3-carboxylate 
(105j) 
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5-(3-ethynyl-5-methoxyphenyl)-3-(4-methoxyphenyl)isoxazole (105k) 

 

Figure S3.25. 1H-NMR (500 MHz, CDCl3) of 5-(3-ethynyl-5-methoxyphenyl)-3-(4-
methoxyphenyl)isoxazole (105k) 
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Figure S3.26. 13C-NMR (125 MHz, CDCl3) of 5-(3-ethynyl-5-methoxyphenyl)-3-(4-
methoxyphenyl)isoxazole (105k) 
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5-(6-ethynylpyridin-2-yl)-3-(4-methoxyphenyl)isoxazole (105n) 

 

Figure S3.27. 1H-NMR (500 MHz, CDCl3) of 5-(6-ethynylpyridin-2-yl)-3-(4-methoxyphenyl)isoxazole 
(105n) 
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Figure S3.28. 13C-NMR (125 MHz, CDCl3) of 5-(6-ethynylpyridin-2-yl)-3-(4-methoxyphenyl)isoxazole 
(105n) 
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5-(3-ethynylphenyl)-3-(4-methoxyphenyl)isoxazole (105o) 

 

Figure S3.29. 1H-NMR (500 MHz, CDCl3) of 5-(3-ethynylphenyl)-3-(4-methoxyphenyl)isoxazole (105o) 
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Figure S3.30. 13C-NMR (125 MHz, CDCl3) of 5-(3-ethynylphenyl)-3-(4-methoxyphenyl)isoxazole (105o) 
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N-((3-(4-nitrophenyl)isoxazol-5-yl)methyl)-N-(prop-2-yn-1-yl)prop-2-yn-1-amine (105p) 

 

Figure S3.31. 1H-NMR (500 MHz, CDCl3) of N-((3-(4-nitrophenyl)isoxazol-5-yl)methyl)-N-(prop-2-yn-1-
yl)prop-2-yn-1-amine (105p) 
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Figure S3.32. 13C-NMR (125 MHz, CDCl3) of N-((3-(4-nitrophenyl)isoxazol-5-yl)methyl)-N-(prop-2-yn-1-
yl)prop-2-yn-1-amine (105p) 
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N-((3-(4-methoxyphenyl)isoxazol-5-yl)methyl)-N-(prop-2-yn-1-yl)prop-2-yn-1-amine (105r) 

 

Figure S3.33. 1H-NMR (500 MHz, CDCl3) of N-((3-(4-methoxyphenyl)isoxazol-5-yl)methyl)-N-(prop-2-yn-
1-yl)prop-2-yn-1-amine (105r) 
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Figure S3.34. 13C-NMR (125 MHz, CDCl3) of N-((3-(4-methoxyphenyl)isoxazol-5-yl)methyl)-N-(prop-2-yn-
1-yl)prop-2-yn-1-amine (105r) 
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N-((3-(4-methoxyphenyl)isoxazol-5-yl)methyl)-4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide (105s) 

 

Figure S3.35. 1H-NMR (500 MHz, CDCl3) of N-((3-(4-methoxyphenyl)isoxazol-5-yl)methyl)-4-methyl-N-
(prop-2-yn-1-yl)benzenesulfonamide (105s) 
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Figure S3.36. 13C-NMR (125 MHz, CDCl3) of N-((3-(4-methoxyphenyl)isoxazol-5-yl)methyl)-4-methyl-N-
(prop-2-yn-1-yl)benzenesulfonamide (105s) 
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Ethyl 5-(pent-4-yn-1-yl)isoxazole-3-carboxylate (105t) 

 

Figure S3.37. 1H-NMR (500 MHz, CDCl3) of ethyl 5-(pent-4-yn-1-yl)isoxazole-3-carboxylate (105t) 
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Figure S3.38. 13 C-NMR (125 MHz, CDCl3) of ethyl 5-(pent-4-yn-1-yl)isoxazole-3-carboxylate (105t) 
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3-(4-nitrophenyl)-5-(pent-4-yn-1-yl)isoxazole (105u) 

 

Figure S3.39. 1H-NMR (500 MHz, CDCl3) of 3-(4-nitrophenyl)-5-(pent-4-yn-1-yl)isoxazole (105u) 
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Figure S3.40. 13C-NMR (500 MHz, CDCl3) of 3-(4-nitrophenyl)-5-(pent-4-yn-1-yl)isoxazole (105u) 
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(Z)-3-amino-1-(4-ethynylphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (109) 

 

Figure S3.41. 1 H-NMR (500 MHz, CDCl3) of (Z)-3-amino-1-(4-ethynylphenyl)-3-(4-methoxyphenyl)prop-2-
en-1-one (109) 
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Figure S3.42. 13 C-NMR (125 MHz, CDCl3) of (Z)-3-amino-1-(4-ethynylphenyl)-3-(4-methoxyphenyl)prop-
2-en-1-one (109) 
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Diethyl 5,5'-(propane-1,3-diyl)bis(isoxazole-3-carboxylate) (111b) 

 

Figure S3.43. 1H-NMR (500 MHz, CDCl3) of diethyl 5,5'-(propane-1,3-diyl)bis(isoxazole-3-carboxylate) 
(111b) 
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Figure S3.44. 13C-NMR (125 MHz, CDCl3) of diethyl 5,5'-(propane-1,3-diyl)bis(isoxazole-3-carboxylate) 
(111b) 
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Ethyl 5-(3-(3-(3-cyanophenyl)isoxazol-5-yl)propyl)isoxazole-3-carboxylate (111c) 

 

Figure S3.45. 1H-NMR (500 MHz, CDCl3) of ethyl 5-(3-(3-(3-cyanophenyl)isoxazol-5-yl)propyl)isoxazole-3-carboxylate (111c) 
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Figure S3.46. 13C-NMR (125 MHz, CDCl3) of ethyl 5-(3-(3-(3-cyanophenyl)isoxazol-5-yl)propyl)isoxazole-3-
carboxylate (111c) 
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Ethyl 5-(3-(3-phenylisoxazol-5-yl)propyl)isoxazole-3-carboxylate (111d) 

 

Figure S3.47. 1 H-NMR (500 MHz, CDCl3) of ethyl 5-(3-(3-phenylisoxazol-5-yl)propyl)isoxazole-3-
carboxylate (111d) 
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Figure S3.48. 13C-NMR (125 MHz, CDCl3) of ethyl 5-(3-(3-phenylisoxazol-5-yl)propyl)isoxazole-3-
carboxylate (111d) 
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Ethyl 5-(3-(3-(4-methoxyphenyl)isoxazol-5-yl)propyl)isoxazole-3-carboxylate (111e) 

 

Figure S3.49. 1 H-NMR (500 MHz, CDCl3) of ethyl 5-(3-(3-(4-methoxyphenyl)isoxazol-5-
yl)propyl)isoxazole-3-carboxylate (111e) 
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Figure S3.50. 13C-NMR (125 MHz, CDCl3) of ethyl 5-(3-(3-(4-methoxyphenyl)isoxazol-5-
yl)propyl)isoxazole-3-carboxylate (111e) 
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3-(4-methoxyphenyl)-5-(3-(3-(4-nitrophenyl)isoxazol-5-yl)propyl)isoxazole (111f) 

 

Figure S3.51. 1 H-NMR (500 MHz, d6-DMSO) of 3-(4-methoxyphenyl)-5-(3-(3-(4-nitrophenyl)isoxazol-5-
yl)propyl)isoxazole (111f) 
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Figure S3.52. 13C-NMR (500 MHz, d6-DMSO) of 3-(4-methoxyphenyl)-5-(3-(3-(4-nitrophenyl)isoxazol-5-
yl)propyl)isoxazole (111f) 
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3.7.12. Solid state characterization of desymmetrization product 103e 
 

In the following set of results, it was determined the that the synthesis of 3,5-isoxazole-alkyne adduct 105e 
as a model substrate occurred during the milling of the bis-alkyne 103a hydroxyimidoyl chloride 104e 
rather than during the isolation process. Consequently, the reaction to synthesize 105e was carried as 
reported PS2 but the reaction crude was studied by FT-IR and MALDI-TOF-MS. 

 

3.7.12.1. FT-IR: 

 

Figure S3.53. Comparative FT-IR of the reaction substrates to the crude product of 105e 

3.7.12.2. MALDI-TOF-MS: 
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Mass calculated 275.31 found [M+H] 276.105 

 

 

Figure S3.54. MALDI-TOF MS of the reaction crude  
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Chapter 4 -  Enabling Regioselective Control For Solvent-Free Reactions: A 
Mechanochemical Ru-Catalyzed Synthesis of 3,4- and 3,4,5-Isoxazoles by 

Planetary Ball-Milling Technique. 
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4.1. Abstract 
 

A mechanochemical enabled Ru(II) catalyzed synthesis of 3,4-isoxazoles and 3,4,5-isoxazoles from terminal 
and internal alkynes and hydroxyimidoyl chlorides. This solid-state approach allows convenient access to 
a diverse library of 3,4- and 3,4,5-isoxazoles with excellent yields and regioselectivity. In-depth mechanistic 
investigations have determined that using liquid-assisted grinding (LAG) with coordinating liquid additives 
is critical in enhancing the catalytic activity of Ru(II) complexes. Notably, the regioselective control 
achieved over the solvent-free and solid-state Ru(II) catalyzed 1,3-dipolar cycloaddition reaction 
demonstrates the remarkable ability of mechanochemistry to tune kinetic and thermodynamic 
parameters in regio-divergent reactions. 

4.2. Introduction 
 

Cycloaddition reactions have become indispensable transformations for the synthesis of complex organic 
molecules.1 Excellent examples that showcase the power of cycloadditions reactions in the synthesis of 
natural products and active pharmaceutical ingredients (APIs), includes the Diels-Alder reaction ([4+2] 
cycloaddition),2-7 1,3-dipolar cycloadditions ([3+2] cycloaddition),8-13 and [2+1] cycloadditions.14-18 

The use of 1,3-dipolar cycloadditions between alkynes and nitrile oxides (NOs) is an effective synthetic 
strategy for accessing isoxazole 112. This heterocycle serves as a versatile intermediate in the synthesis of 
complex natural products (Figure 4.1a),19-23 and an essential pharmacophore in various drug candidates 
(Figure 4.1b).24-28 

Different types of substitutions can be observed in isoxazole heterocycles, as shown in Figure 4.1b. Di-
substituted isoxazoles, including 3,4-isoxazoles 125 and 3,5-isoxazoles 124, are synthesized through 
thermal 1,3-dipolar cycloadditions with low regioselectivity forming complex mixtures of regioisomers 
(Figure 2).29 

Research conducted by the Houk and Fokin groups aimed to evaluate the regioselectivity of 1,3-dipolar 
cycloadditions between terminal alkynes 122 and NOs 123*, obtained in situ by protodehalogenation of 
the hydroxyimidoyl chloride 123 (Figure 4.2). Both groups support that the energetic barriers between the 
transition states, TSa and TSb, are very small, resulting in poor regioselectivity and the formation of both 
regioisomers 124 and 125.29,38 However, on many occasions, a slight preference is observed for 3,5-
isoxazoles 124. This preference arises from the lower steric collisions encountered on TSa compared to 
TSb (Figure 4.2).30 Other factors, such as the electronic properties of the terminal alkyne substituents 122 
and the polarity of the solvent, can play a small role in promoting the formation of 3,4-isoxazoles 125 by 
minimizing energetic differences between the frontier molecular orbitals (FMO) of the terminal alkyne 
122 and hydroxyimidoyl chloride 123.29-43 
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Figure 4.1: Application of isoxazoles scaffolds 
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Figure 4.2. Generic energy diagram for 1,3-dipolar cycloadditions between NOs and terminal alkynes to 
obtain di-substituted isoxazoles 

In 2008, the Fokin group introduced the use of [Cp*RuCl] catalysts to enabled a regioselective synthesis of 
3,4-isoxazoles 125 from terminal alkynes 122 (Figure 4.3b).44-49 The protocol has proven an effective 
strategy to access 3,4-isoxazoles with good regioselectivity and yields. The reported Ru(II) catalysis to 
obtain 3,4-isoxazoles 125 has only been explored by solution-thermal methods, leaving a tantalizing 
opportunity for exploration of this catalytic method by mechanochemical techniques.  

Mechanochemistry is a sustainable technique to perform organic reactions by milling or grinding, reducing 
or eliminating the use of bulk amounts of organic solvent.50-57 The absence of organic solvent has proven 
to be beneficial in increasing reaction rates because reagents are present at a maximal concentration and 
reaction conditions are not dependent on the solvation and desolvation of reagents.9 In addition, new 
types of product selectivity and product distributions can be obtained from those commonly observed in 
solution-based reactions due to the fix and even arrangement of molecules in the crystal lattice.58-63 

In relation to the 1,3-dipolar cycloadditions and mechanochemistry, our group previously demonstrated 
the advantages of mechanochemistry and planetary ball-milling in the synthesis of 3,5-isoxazoles 124 by 
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a Cu-catalyzed 1,3-dipolar cycloadditions from terminal alkynes 122 and hydroxyimidoyl chlorides 123 
(Figure 4.3a).64 We have further expanded this concept and demonstrated the ease with which 
symmetrical bis- and tris-alkynes can be desymmetrized by controlled 1,3-dipolar cycloadditions to obtain 
unsymmetrical bis-3,5-isoxazoles using mechanochemistry.65  

 

Figure 4.3. Development of synthetic methods by mechanochemistry and solution-based thermal 
methods to access substituted isoxazoles 

While it has been established that kinetic and thermodynamic parameters can be altered through 
mechanochemistry,66-70 the ability to control the regioisomer distribution obtained for cycloaddition 
reactions remains elusive. Therefore, enabling a mechanochemical Ru(II) catalytic system to access 3,4-
isoxazoles 124 would contribute to a better understanding of the essential parameters necessary for 
controlling the outcome and product distribution for cycloaddition reactions (Figure 4.3b). Herein, we 
report the first mechanochemical Ru-catalyzed regioselective synthesis of 3,4-isoxazoles 124 and 3,4,5-
isoxazoles 127 from terminal alkynes 122 and internal alkynes 126, with hydroxyimidoyl chlorides 123 
(Figure 4.3b). We have conducted mechanistic investigations to thoroughly evaluate the effects of 
mechanical stress on the catalytic activity of Ru complexes for these cycloaddition reactions. 

4.2. Results and Discussion 
 

As demonstrated by Houk’s group, the regioselectivity of 1,3-dipolar cycloadditions under solution-based 
thermal uncatalyzed conditions is partly determined by the steric and electronic nature of the substituents 
in the terminal alkyne.38 In order to determine if mechanical grinding influences the regioselectivity, we 
examined the selectivity outcome for liquid methyl propiolate 122a and solid 1-ethynyl-3,5-
dimethoxybenzene 122b when reacted with ester hydroxyimidoyl chloride 123a under mechanochemical 
conditions (Figure 4.4). These control experiments were carried out using a Fritsch 7 planetary ball mill 
with a stainless-steel (SS) jar and 8 SS milling media of 1 cm diameter (~32 g). When the reagents were 
mechanically ground, no formation of the desired 3,4-isoxazole (125a or 125b) was observed by 1H-NMR. 
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Instead, only 3,5-isoxazole 125b was observed in 36% yield, suggesting the need of a catalyst to access the 
3,4-isoxazole (Figure 4.4). Our investigation continued using a solid aromatic alkyne 122b because the 
limited mass transfer of solid reagents provides more general conditions.62 

 

Figure 4.4. Effect of mechanical grinding in the regioselectivity in 1,3-dipolar cycloadditions to form di-
substituted isoxazoles 

Firstly, we screened Ru-1 and Ru-2 both Ru(II) complexes (Figure 4.5). Out of the two, only Ru-1 complex 
bearing a Cp* ligand was able to form the desired 3,4-isoxazole 14b (Table 4.1).  

 

Figure 4.5. Ru(II) complexes screened. 

In terms of the effective catalytic loading, Ru-1 was able to catalyze the formation of the desire isoxazole 
isomer 125b, even when using 5 mol % of the catalyst. However, 125b was formed in low yields as the 
minor isomer (entry 1), presumably due to the catalyst decomposition caused by the strong abrasion. 
Increasing the loading of Ru-1 also increased the yield of the desired isoxazole 125b, reaching a yield of 
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14%, but still as the minor isomer (entry 3). Further increase of Ru-1 loading above 25 mol% was 
detrimental, resulting in no product forming instead a sticky mixture that hindered the mixing of the 
reagents (entry 4, Table 4.1). Based on these control experiments, it was evident that 25 mol% was the 
most optimal loading, and it was used for subsequent control experiments. 

Next, we assessed different grinding auxiliary agents (GAA) to enhance the rheology of the mixture (Table 
4.1, entries 5-11).71-75 In our study, utilizing 150 wt% of KBr demonstrated exceptional compatibility with 
the Ru-1 catalyst, in contrast to other ionic salts such as NaCl, KCl, KI, and CsBr (entries 5, 6, 9-10). The 
compatibility between the Ru-1 catalyst and KBr suggests that KBr behaves as a shock absorber that 
disperses the heat generated during milling and prevents the decomposition of the Ru-1 catalyst. The heat 
dispersion effect of KBr becomes evident when comparing the specific heat capacities (Cp) of the ionic 
salts (entry 5-11), with KBr exhibiting the lowest heat capacity.76-78 

 

 

 

 

Table 4.1. Optimization conditions for the synthesis of 3,4-isoxazole using SS Jar. 

 

Ru(II) Complex a 

Entry Ru cat. mol % 
Yield (%) 

125b b 

Yield (%) 

124b b 
rr c 

1 Ru-1 5 9 25 1:2.8 

2 Ru-2 10 - 36 0:1 

3 Ru-1 25 14 20 1:1.4 

4 Ru-1 50 - - - 

Grinding Auxiliary Agent (GAA) d 

 GAA wt % 
Cp 

(J/KgK) 

Yield (%) 

125b b 

Yield (%) 

124b b 
rr c 

5 NaCl 150 880 8 12 1:1.5 
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6 KCl 150 690 8 8 1:1 

7 KBr 150 
460 

20 10 2:1 

8 KBr 300 17 12 1.4:1 

9 KI 150 - - - - 

10 CsBr 150 270 6 10 1:1.7 

11 Al2O3 150 880 - - - 

a Reaction conditions: Alkyne 122b (1.0 equiv., 0.308 mmol, 50 mg), hydroxyimidoyl chloride 123a (1.5 
equiv., 0.462 mmol, 20 mg), Na2CO3 (2.0 equiv., 0.612 mmol, 64.8 mg), Ru-1 (25 mol %, 29 mg), THF (η=0.5 
µL/mg, ~107 μL), reagents were milled in SS jar with 8 SS balls of 1 cm diameter for 60 min. b Yields were 
determined by 1H NMR using 1,3,5-trimetoxybenzene as an internal standard. c rr represents the regio-
ratios of 125b:124b, which were determined from the 1H NMR of the crude product. d It was included 150 
wt % of GAA ~320 mg. 

 

Further improvements in the regioselectivity of the reaction were related to modulating the milling energy. 
Mack's group demonstrated that the milling material hardness and density as well as frequency 
parameters, can impact the reaction selectivity.79,80 Inspired by these finding, we decided to systematically 
evaluate the effect of milling material and frequency on the regioselectivity of the reaction. 

We evaluated the impact of using Teflon (PTFE) jars (ρ = 2.2 g/cm3) a material with a lower density than SS 
(ρ = 7.9 g/cm3) (Table 4.2). By milling the reagents in Teflon jars and with 1 SS ball (1 cm diameter), we 
were able to reduce the catalytic loading from 25 mol% to 15 mol% without compromising the 
regioselectivity for the desired 3,4-isoxazole 125b. This also led to an increase in reaction yield to 35% as 
determined by 1H-NMR (entry 2, Table 4.2). These results indicate that Ru-1 decomposes due to the strong 
abrasion when milled in the SS jar.73,85-87 However, reducing the catalyst loading below 15 mol% severely 
diminished the regioselectivity and the yield for the desired isomer 125b, thereby predominantly forming 
the undesired isomer 124b (entry 4).  

 

Table 4.2. Effect of the jar material in the Ru(II)-catalyzed synthesis of 3,4-isoxazoles. 

 

Entry Jar/MMb mol % 
Ρ 

(g/cm3) 

Yield % 

125bc 

Yield % 

124bc 
rrd 
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1 SS/SS 25 7.9 20 10 2:1 

2 Teflon/SS 25 2.2 - - - 

3 Teflon/SS 15 2.2 35 21 1.7:1 

4 Teflon/SS 5 2.2 10 30 1:3 

a Reaction conditions: Alkyne 122b (1.0 equiv., 0.308 mmol, 50 mg), hydroxyimidoyl chloride 123a (1.5 
equiv., 0.462 mmol, 20 mg), Na2CO3 (2.0 equiv., 0.612 mmol, 64.8 mg), KBr (150 wt %, 320 mg) Ru-1 ( 
15 mol %, 17 mg), and THF (η=0.5 µL/mg, ~250 μL) were milled in a Teflon jar with 1 SS balls of 1 cm 
diameter for a period of 60 min. b MM refers to milling- media. c Yields were determined from 1H NMR 
and using 1,3,5-trimetoxybenzene as an internal standard. d rr is regio-ratios of 125b:124b, which were 
determined from 1H NMR of the crude product. 

 

Further improvements in yield and regioselectivity were achieved by optimizing milling frequency.79-84 
Decreasing the milling frequency resulted in an improvement in the yield and regioselectivity (rr) for the 
desired 3,4-isoxazole 125b (Figure 4.6a). The optimal frequency was found at 6 Hz (~360 rpm), which led 
to a 60% yield and a rr of 12:1 for the desired isomer 125b. Performing the reaction at low frequency led 
us to question whether milling was required for the reaction. However, by simply stirring the mixture with 
a stir bar in a round-bottom flask at 6 Hz (360 rpm), the product was formed in less than 5% yield by 1H-
NMR, even after prolonged reaction times. 

These results demonstrate that the Ru catalytic pathway for synthesizing 3,4-isoxazole 125b requires less 
energy compared to the concerted pathway involved for the formation of 3,5-isoxazole 124b.29,40,41 The 
limited shear force obtained at 6 Hz in the planetary ball-milling provides sufficient energy for the reaction 
to proceed preferentially by the Ru-catalysed pathway. The low milling frequency reduces the chances for 
the alkyne 122 and NO 123* substrates to undergo an uncatalyzed reaction that would lead to the 
undesired regioisomer.70,79-84 

 

Figure 4.6. Effect of milling frequency in the yield and regioselectivity 
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Reaction conditions: Alkyne 122b (1.0 equiv., 0.308 mmol, 50 mg), hydroxyimidoyl chloride 123a (1.5 
equiv., 0.462 mmol, 20 mg), Na2CO3 (2.0 equiv., 0.612 mmol, 64.8 mg), KBr (150 wt %, 320 mg) Ru-1 ( 15 
mol %, 17 mg), and the corresponding liquid additive were milled in a Teflon jar with 1 SS balls of 1cm 
diameter for 60 min.a 1H-NMR were determined by using 1,3,5-trimetoxybenzene as an internal standard. 
b rr represents the regio-ratios of 125b:124b which were determined from the 1H NMR of the crude 
product. 

Our optimizations led us to evaluate the effect of liquid additives with different polarities and coordination 
strengths (Figure 4.6b). The use of small amounts of a liquid additive for liquid-assisted grinding (LAG) is 
known to increase reaction yield, control selectivity, and eliminate the formation of undesired side 
products.88-102 For our case, ether additives such as THF and CPME improved the regioselectivity for the 
desired 3,4-isoxazole 125b, compared to non-polar chlorinated additives such as 1,2-DCE or DCM, which 
decreased the regioselectivity. Further optimizations using CPME proved to be advantageous compared 
to THF due to the eco-friendly nature, stability, and safety profile.101,102  

Other control experiments demonstrated that doubling the equivalents of hydroxyimidoyl chloride 123a 
from 1.5 equivalents to 3.0 improved the yield and regioselectivity for the desired isoxazole isomer 125b. 
However, other optimization experiments related to changes in the equivalence of carbonate base and 
changes to the milling time resulted in a decrease in either the yields or regioselectivity for the desired 
isomer 125b. (See experimental information for optimizations in base and milling time PS1).  

After extensive optimization, it was found that the optimal conditions were 1.0 equivalent of the terminal 
alkyne 122, 3.0 equivalents of hydroxyimidoyl chloride 123, 2.0 equivalents of Na2CO3, 150 wt% of KBr, 15 
mol% of Ru-1 catalyst, and milling the reagents in a Teflon jar with a single SS ball for 60 minutes. 
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Figure 4.7. Reaction scope for mechanochemical Ru-catalyzed synthesis of 3,4-Isoxazole 125. 

a Reactions performed in a 50 mg scale. b rr is the ratios of 125:124 or 3,4-isoxazole to 3,5-isoxazole, 
determined from the 1H-NMR of the crudes c) Yield was determined by 1H-NMR. d Reaction performed at 
a milling frequency of 30 Hz (see supplementary information for details on the isolation). 
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We evaluated the generality of the optimized conditions with different terminal alkynes 122 and 
hydroxyimidoyl chlorides 123 with varied electronic and steric properties (Figure 4.7). The hydroxyimidoyl 
chlorides 123 were categorized based on the electronic nature of their substituents. Hydroxyimidoyl 
chlorides 123a, 123b, and 123c were classified as electron-withdrawing groups (EWG) and 123d as 
electron-donating groups (EDG). Using the optimized conditions, we successfully synthesized 3,4-
isoxazoles 125b, 125c, 125e-k with excellent regioselectivity and yields when using the electron-deficient 
(EWG) hydroxyimidoyl chlorides 123a, 123b, and 123c (Figure 4.7). However, the electron-rich 
hydroxyimidoyl chlorides 123d produced the corresponding 3,4-isoxazole 125d as the minor isomer.  

We observed no steric influence by substituents in the terminal alkyne, and tertiary propargyl alcohols 
were tolerated under mechanochemical conditions, leading to the formation of 3,4-isoxazoles 125h and 
125i with excellent yields and regioselectivity. The high regioselectivity achieved with propargyl alcohols 
suggests that the hydroxyl moiety acts as an H-bonding directing group, like what has been observed in 
solution-thermal synthesis.44,46 The optimized conditions were also compatible with more complex 
starting materials, enabling us to synthesize a novel estradiol-isoxazole derivative 125k using 
hydroxyimidoyl chloride 123b that is unreactive in solution-based thermal conditions due to the limited 
solubility of 123b. The reaction demonstrated good compatibility with heterocycles, and we were able to 
synthesize the first unsymmetrical and regio-divergent bis-isoxazoles 125j in excellent yield and 
regioselectivity. 

After establishing the conditions for synthesizing 3,4-isoxazoles 125, we focused on accessing 3,4,5-
isoxazoles through mechanochemistry. The synthesis of tri-substituted 5-membered heterocycles by 
mechanochemistry is limited, and there are currently no mechanochemical methodologies available for 
accessing a fully substituted heterocycle via a controlled regioselective cycloaddition from unsymmetrical 
internal alkynes 126 (Figure 4.8).103-106 

 

Figure 4.8. Effect of Ru catalysis in regioselectivity in the synthesis of 3,4,5-Isoxazoles 

In contrast to the Cu catalysis, Ru(II) catalysis can be applied to internal alkynes 126 to effectively access 
trisubstituted isoxazoles 127 through polarity reversal or "umpolung" reactivity of the internal alkyne and 
NO (Figure 4.8).44-49 Due to the scarcity in the literature on the synthesis of 3,4,5-isoxazoles, we first 
established the "polung" synthesis of 3,4,5-isoxazole by a Ru-free pathway. 

In our study, we initially assessed the effect of mechanochemistry on symmetrical internal alkynes bearing 
an EWG (126a) that have been previously shown to enhance the rate of the 1,3-dipolar cycloaddition.42  

Through our optimization efforts, it became apparent that internal alkynes require higher milling 
frequencies to synthesize the corresponding 3,4,5-isoxazole. Consequently, we increased the milling 
frequencies from 6 Hz to 30 Hz. This frequency increase suggested greater shear force was required to 
overcome the energetic barrier posed by more hindered internal alkynes.40,107-108 Moving on to GAA, we 
found that solid NMe4Br exhibited superior performance as compared to KBr. We inferred a potential 
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activation of the carbonyl groups by the NMe4Br that accelerates the cycloadditions.106 (see 
supplementary information section PS3 for complete details on the optimization).  

The optimized conditions were applicable to a large range of internal alkynes and the corresponding 
“polung” 3,4,5-isoxazoles 128 were synthesized with high yields and with no electronic discrimination 
observed for hydroxyimidoyl chloride 123 (Figure 4.9a). The same optimized conditions were compatible 
for ynones 126b-e, an unsymmetrical internal alkyne bearing a single EWG substituent, and 3,4,5-
isoxazoles 16e-k were obtained in good to excellent yields and with excellent regioselectivity (Figure 4.9b). 
However, ynols 126f was unreactive and did not lead the formation of the desired tri-substituted isoxazole 
128m or 128n under these conditions (Figure 4.9c). 

In the case of the unsymmetrical ynones 126b-e, the regioselectivity achieved was predictable, with the 
carbonyl substituent ending up in the C-4 position of the isoxazole. The regioselectivity is explained by 
considering the polarity of the ynones , where the β-C is electron-deficient, and α-C is an electron-rich, 
complementing the electron-rich O and electron-deficient C of the nitrile oxide 123* (Figure 4.9b). This 
electronegative complementarity directs the positioning of the carbonyl substituent of the ynone to the 
C-4 position of the isoxazole.  

 



218 
 

 

 

Figure 4.9. ”Polung” Synthesis of 3,4,5-isoxazoles 

a Reported yields are isolated yields and rr represents the ratios of 128:127 determined by 1H NMR from 
the crude product. b Yield of the product obtained by solution-based conditions, for detail procedure 
please see supplementary information   
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Once established the conditions for the “polung’’ synthesis of 3,4,5-isoxazole 128 from ynones, we 
investigated Ru(II) catalysis to access “umpolung” 3,4,5-isoxazoles 127 from ynones and ynols.  

We initially sought to optimize the conditions for synthesizing of hydroxylisoxazoles 128n from Ynols 126f 
and hydroxyimidoyl chloride 123b using a Ru-1 catalyst (Table 4.3). Unfortunately, the established 
conditions for synthesizing 3,4-isoxazoles proved to be ineffective, yielding no product (Table 4.3, entry 
1). To address this issue, increasing the milling frequency to 30 Hz proves critical in achieving the formation 
of isoxazole 128n in about 40% by 1H-NMR and with excellent regioselectivity (rr= >99%) (entry 2). The 
addition of 0.9 μL/mg of toluene liquid additive demonstrated higher effectiveness compared to the use 
of CPME. However, reducing the quantity of the toluene additive beyond this had a detrimental effect on 
the yield (Table 4.3, entries 6 and 7). Furthermore, we achieved a significant improvement in the yield by 
increasing the equivalents of base from 2.0 to 3.0. This adjustment resulted in an 83% yield of 128n by 1H-
NMR (Table 4.3, entry 10). Once we successfully optimized the conditions for Ynols, we shifted our focus 
towards Ynones.  

Table 4.3. Optimization of Ru-catalyzed synthesis of 3,4,5-isoxazole from ynols. 

 

Entry mol % Frequency (Hz) Yield (%) 128na rrb 

1 

15 

6 N.R. - 

2 30 40 >99:1 

3 60 N.R. - 

Effect of Liquid Additive 

 mol % Liquid Additive 
η 

(μL/mg) 
Yield (%) rr 

4 

15 

Mesitylene 0.9 48 >99:1 

5 Toluene 0.9 53 >99:1 

6 Toluene 0.5 42 >99:1 

7 Toluene 0.25 25 >99:1 

8 Benzene 0.9 48 >99:1 

9 Cyclohexene 0.9 6 >99:1 

Effect of Equivalents of Base 
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 mol % Base Equiv. Yield (%) rr 

10 15 Na2CO3 3.0 83 >99:1 

Reaction conditions: Ynol 126f (1.0 equiv., 0.380 mmol, 47μL), hydroxyimidoyl chloride 123b (3.0 equiv., 
1.14 mmol, 80.56 mg), Na2CO3 (3.0 equiv., 1.13 mmol, 120.2 mg), KBr (150 wt %, 628.85 mg), Ru-1 (15 
mol %, 0.057 mmol, 22 mg), Toluene liquid additive (η= 0.9 μL/mg, ~940 µL). a Yields were determined 
from the  1H NMR and using 1,3,5-trimetoxybenzene as an internal standard. b rr represents the regio-
ratios of 128n:127n, which were determined by 1H NMR of the crude product. 

 

Ynones substrates were less reactive than ynols when using Ru-1 catalyst (Figure 4.10a), and the umpolung 
3,4,5-isoxazole 127a was obtained in a moderate yield of 54% with a limited rr of 1.7:1. Screening of other 
half-sandwiched Ru(II) complexes revealed that Ru-4 was the most effective catalyst, producing the 
desired 3,4,5-isoxazole isomer 127a in rr of 3.6:1 and 76% yield (Figure 4.10a). These results indicate that 
the bulkiness of the Cp* ligand limits the reactivity on the Ru center and a more electron-deficient ligand 
such as Cp increases the Lewis acidity character of the Ru center and facilitates coordination with the 
alkyne bond.48,49 

Liquid additive was essential for enhancing yields and regioselectivity for the desired isoxazole isomer 
127a. Acetone was identified as the optimal liquid additive when used with the Ru-4 catalyst, resulting in 
an improve yield of 86% and rr to 6.6:1 (Figure 4.10b).  

We evaluated the scope of the optimized conditions for diverse ynones and ynols (Figure 4.11). Alkyl and 
aryl ynones 126b-d demonstrated compatibility with the Ru-4 complex, forming the 3,4,5-isoxazole 127a-
e in low to excellent yields and with preferential selectivity. Ynols 126f-h also demonstrate excellent 
compatibility with Ru-1, forming the hydroxyl isoxazoles 128n-q in good to excellent yields and excellent 
regioselectivity, and always obtaining the hydroxyl moiety at the C-4 position of the corresponding 
heterocycle (Figure 4.11, see experimental information for control experiments to confirm regioselectivity 
section PS5b).  

However, the proposed conditions exhibited limitations for electron-rich thio-ethers alkynes, which were 
unreactive towards the Ru(II) optimized system and no isoxazole product 127f was obtained. This 
limitation may be due to the poor polarizability of the alkyne.47 Additionally, tertiary ynols were also not 
tolerated, and no product was obtained for hydroxyl isoxazole 128r, with either optimized Ru catalytic 
system, likely due to the large steric repulsions between the tertiary alcohol and the Cp* or Cp ligand.  

Beyond the effectiveness of mechanochemistry to access the diverse library of 3,4 and 3,4,5-isoxazoles by 
Ru catalysis, we would like to highlight its practicality compared to the solution-based thermal approach. 
The proposed mechanochemical approached eliminates the need for anhydrous chlorinated solvents, a 
glove-box, and Schlenk lines. It was found that conducting the mechanochemical reaction under inert 
conditions did not result in improvements in the reaction yield or regioselectivity. Moreover, the proposed 
mechanochemical conditions significantly reduce the reaction times to just 60 min, as opposed to the 16 
h required by the corresponding solution-based approach. 
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Figure 4.10. Screening of Ru catalysts and Liquid additives for the “umpolung” synthesis of 3,4,5-
isoxazoles from Ynones.  

Reaction conditions: a Yields were determined by 1H NMR and using 1,3,5-trimetoxybenzene as an internal 
standard. b rr represents the regio-ratios express as ratio of 127a:128g, which were determined by 1H NMR 
of the crude product. 
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Figure 4.11. Umpolung Synthesis of 3,4,5-Isoxazoles from ynones and ynols. 

 a Yields were determined by 1H NMR and using 1,3,5-trimetoxybenzene as an internal standard. b rr 
represents the regio-ratios expressed as a ratio of 127:128 or 128:127, which were determined by 1H NMR 
of the crude product. c Compounds were isolated as mixtures of regioisomer. 
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4.3. Mechanochemical Ru(II)-catalyzed mechanistic investigations 
 

After having established conditions to access 3,4-isoxazoles 125, and 3,4,5-isoxazoles 128, we performed 
mechanistic investigation to gain an understanding on the influence of mechanical stress in the 
regioisomer outcome. Previous studies have shown that a select few 3,4-isoxazoles can undergo a retro-
1,3-dipolar cycloadditions to isomerize into 3,5-isoxazole.43 Considering the frequency dependence 
observed under mechanochemical conditions, we investigated a plausible Ru-catalyzed isomerization. 
However, subjecting 3,5-isoxazole 124b and 3,4-isoxazole 125b to the optimized conditions did not result 
in any isomerization of any of the isoxazole isomers (Figure 4.12). These finding suggests that the Ru 
catalysis and concerted pathways operate independently of each other and are irreversible. 

 

Figure 4.12. Isomerization studies of 3,4-isoxazoles to 3,5-isoxazoles. 

Ru(II) complexes demonstrated selectivity toward hydroxyimidoyl chlorides with EWG, 123a, 123b, and 
123c. We assessed the selectivity of Ru complexes for hydroxyimidoyl chlorides with EDG or EWG by 
performing competition reactions with equimolar amounts of EWG and EDG hydroxyimidoyl chlorides 
with both Ru complexes (Figure 4.13). In the case of Ru-1 (Figure 4.13a, reaction 1), terminal alkyne 122b 
was reacted with equimolar quantities of hydroxyimidoyl chlorides 123a EWG and 123d EDG. The reaction 
exclusively forms the 3,4-isoxazole ester 125b with EWG hydroxyimidoyl chloride 123a, while EDG 
hydroxyimidoyl chloride 123d formed the 3,5-isoxazole anisole 13d exclusively in 35% yield. 

In the case of Ru-4 (Figure 4.13a, reaction 2), the internal alkyne 122d was reacted with equimolar 
amounts of hydroxyimidoyl chloride 123a and 123d. Ru-4 showed selectivity for the EWG hydroxyimidoyl 
chloride 123b forming preferentially the “umpolung” 3,4,5-isoxazole nitro-arene 128b in 52% yield. On 
the other hand, hydroxyimidoyl chloride 123d formed the corresponding “umpolung” 3,4,5-isoxazole 
anisole 128h in only 10% yield.  
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In both cases, the selectivity shown by Ru(II) complexes for electron-deficient hydroxyimidoyl chloride 
stems from the increase in softness and polarizability of the nitrile carbon (C1) tuned by the presence of 
electron-withdrawing groups, facilitating stronger C1-Ru interactions (Figure 4.13b).109-110 

 

 

Figure 4.13. Selectivity studies of mechanochemical Ru(II) catalyze reactions for 3,4-isoxazoles and 3,4,5-
isoxazoles. 
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 a Yields were determined by 1H NMR and using 1,3,5-trimetoxybenzene as an internal standard.  

The specificity of Ru-1 and Ru-4 for coordinating liquid additives must be considered due to the critical 
role of LAG in the regioselectivity. We compared the transmission electron microscope (TEM) images of 
the reaction crude when using polar and coordinating liquid additives like CPME III and acetone IV, as well 
as poorly coordinating additives such as 1,2-DCE and toluene (Figure 4.14a). TEM revealed the formation 
of Ru nanoparticles, where the presence of CPME and acetone suppress aggregation of the Ru 
nanoparticles (Figure 4.14a III and IV).62,90,92 In contrast, non-polar and poorly coordinating additives 
caused the aggregation of the Ru nanoparticles (Figure 4.14a I and V, see supporting information section 
PS6 for EDS analysis of the nanoparticles).  

The LAG concentration of 0.9 µL/mg was important in reducing the size of the Ru nanoparticles. At such 
quantities, the Ru-1 and Ru-4 nanoparticles were measured to be 172.4 nm and 5.3 nm, respectively. The 
reduced size of the Ru nanoparticles facilitates the dispersion and increases the catalytic activity of the 
Ru-1 and Ru-4 catalysts (Figure 4.14b).85 This is more noticeable when comparing the selectivity achieved 
using 1,2-DCE, and CPME liquid additives for Ru-1. Where the combination between CPME and Ru-1 
results in excellent selectivity and yield of the 3,4-isoxazole (Figure 4.6b).  

In the cases of ynols substrates 126f-h, the use of toluene liquid additive demonstrated to be a more 
effective in enhancing H-bonding interactions between hydroxyl group and Ru-1 complex.111-112 This 
improvement is evident in the TEM, which showed that the liquid additive caused aggregation of the Ru 
nanoparticles (Figure 4.14a-V).  

In addition, powder X-ray diffraction (PXRD) detected no changes in the crystallinity of the Ru-1 and Ru-4 
catalysts, even in the presence of the liquid additives, confirming that the stabilization effect of the CPME 
and acetone additives on the Ru nanoparticles occurs in situ (see experimental section PS7). 
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Figure 4.14. Ru-1 and Ru-4 nanoparticles characterization. 

 a) TEM image conditions: I) Ru-1 with 0.5 µL/mg of 1,2-DCE liquid additive, taken at 500 nm of 
magnification. II) Ru-1 with 0.5 µL/mg of CPME liquid additive, taken at 500 nm of magnification. III) Ru-1 
with 0.9 µL/mg of CPME liquid additive, taken at 500 nm of magnification. IV) Ru-4 with 0.9 µL/mg of 
acetone liquid additive, taken at 100 nm of magnification. V) Ru-1 with 0.9 µL/mg of toluene liquid 
additive, taken at 500 nm of magnification. b) Histograms for particle size distribution: VI) Histogram for 
Ru-1 with 0.5 µL/mg of CPME liquid additive. VII) Histogram for Ru-1 with 0.9 µL/mg of CPME liquid 
additive. VIII) Histogram for Ru-1 with 0.9 µL/mg of acetone liquid additive.   

Based on these experiments, we propose a potential catalytic cycle (Figure 4.15). The addition of CPME 
and acetone as additives is crucial for stabilizing the formation of catalytically active Ru nanoparticles 
(Figure 4.15c). Since COD and acetonitrile are labile spectator ligands 113-114, we proposed that the liquid 
additive (LAG) displaces the spectator ligands to form the active Ru complexes IIa and IIb (Figure 4.15b). 
The steric collisions between the LAG and the Cp or Cp* facilitates the ligand exchange with the alkyne 
substrates III. Additionally, the Lewis acidic nature of the cationic Ru-4 facilitates the coordination with the 
internal alkynes. In the cases of ynols, the Ru-1 catalyst positions the hydroxyl groups below the Cp* ligand 
through H-bonding (Figure 4.15d). Considering the selectivity for hydroxyimidoyl chlorides with EWG, the 
Ru centre binds strongly with the nitrile C1, reversing the polarity of the nitrile oxide (Figure 4.13). From 
intermediate III, oxidative coupling forms the six-membered ruthenacycle IV. The desired 3,4-isoxazoles 
and 3,4,5-isoxazoles are formed by reductive elimination of V and ligand exchange to reform the 
catalytically active Ru complex. 
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Figure 4.15. Proposed catalytic cycle under mechanochemical conditions. 

4.4. Conclusions 
 

In conclusion, we have demonstrated for the first-time the impact of mechanochemistry in controlling 
regioselectivity in regiodivergent cycloadditions, and particularly in the synthesis of 3,4-isoxazole and 
3,4,5-isoxazoles by a Ru catalyze 1,3-dipolar cycloaddition. The mechanochemical Ru catalytic conditions 
prove to be highly effective in achieving excellent regioselectivity and yields for both terminal and internal 
alkynes and demonstrating significant benefits in operational simplicity. 

Moreover, the mechanochemical Ru catalysis exhibits complementarity with previously reported Cu(II) 
mediated mechanochemical protocols, effectively expanding the existing chemical space. Considering the 
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high demand and importance for substituted isoxazoles in medicinal chemistry and natural product 
synthesis, this methodology will have an impact on the synthesis of APIs.   
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4.7. Experimental Section for Chapter 4: 
 

4.7.1. General Considerations, Materials, and Instrumentations 
 

General Considerations: Solids were directly weighed in the open-air atmosphere and added into the 
reaction vial. Liquids were directly transferred from the vial containing the reagent using an automatic 
pipette with a plastic tip of appropriate size or a plastic syringe with a stainless-steel needle. Flash 
chromatography was carried out using 40-63μm silica gel (Silicycle). 

Materials: Distilled water was obtained from an in-house water distillery. All other reagents and chemicals 
were purchased from Sigma-Aldrich, AK Scientific, or Combie-Blocks and used without further purification. 

Instrumentation: 1H (500MHz) and 13C (125MHz) NMR spectra were recorded in CDCl3 or d6-DMSO using 
a Varian Inova 500 MHz spectrometer. Spectra were referenced to the residual solvent signal or the TMS 
signal. Spectral features are tabulated in the following order (Note: Spectral features are reported in the 
following format): chemical shift (δ, ppm); multiplicity (s-singlet, d-doublet, t-triplet, q-quartet, dd-doublet 
of doublets, m-multiplet), dt-double of triplets, ddd-doublet of doublets of doublets; coupling constants 
(J, Hz); number of protons. High resolution mass spectra (HRMS) were obtained using a LTQ Orbitrap Velos 
ETD (positive and negative mode) mass spectrometer. The reactions were performed using a Fritsch 
Planetary Micro Mill model ‘‘Pulverisette 7’’. TEM (Transition Electron Microscope) images were taken at 
McGill University using in a Thermo Scientific Talos F200X G2, samples were directly mounted in a copper 
grid. PXRD (Powder X-Ray Diffraction) pattern was taken in a Rigaku MiniFlex 6G. 

Jars: For this experiment, it was used jars of different materials: 

1) Stainless-steel (SS) Jars of 25 mL capacity containing eight stainless-steel (SS) balls each of 1 cm 
diameter and sealed by a stainless-steel (SS) lid fitted with a Teflon gasket.  

2) Teflon Reaction Vessel of 25 mL capacity from Alpha Nanotech Inc. was adapted to perform 
mechanochemical reactions. The jars are commercially available and can be bought from Amazon 
Canada. 

Abbreviations: Hexanes (Hex), Ethyl Acetate (EtOAc), Dichloromethane (DCM), 1,3,5-trimethoxybenzene 
(TMB), Dimethylsulfoxide (DMSO), Stainless Steel (SS), Melting point (MP), Ratio to front (Rf). 

 

Figure S4.1. Teflon Jars of 25 mL capacity used in this protocol. 
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Figure S4.2. Planetary Ball Mill with adapted Teflon Jar. 

 

4.7.2. Procedure S1 (PS1): Optimization results for Ru(II) catalyzed synthesis of 3,4-isoxazoles 
from terminal alkynes and hydroxyimidoyl chlorides 
 

Note: Prior to every reaction demonstrated in this section, the Teflon Jars were carefully washed with 
aqua regia, to remove leftovers of Ru(II) complex and avoid potential memory effects. 

In this section, it is presented the optimizations performed for the stoichiometry of alkyne and 
hydroxyimidoyl chloride, the effect of the base, and the effect of milling time in the yield and 
regioselectivity of the reaction to obtain 3,4-isoxazoles 125b. All reported yields are 1H-NMR yields 
obtained from the spectrum of the crude product. 

Table S4.1. Effect of Stoichiometry in reaction yield and selectivity. 

 
122b equiv. 123a equiv. 125b:124b 125b Yield (%) 124b Yield (%) 

1.0 3.0 34:1 68 2 
1.0 1.5 22:1 68 4 
1.0 1.0 15:1 60 4 
2.0 1.0 9:1 70 8 
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Table S4.2. Effect of Base in reaction yield and regioselectivity. 

 
Base equiv. 125b:124b 125b Yield (%) 124b Yield (%) 

Na2CO3 2.0 34:1 68 2 
Na2CO3 1.0 43:1 43 1 
Na2CO3 3.0 20:1 60 3 
K2CO3 2.0 6:1 60 10 
Cs2CO3 2.0 1:5.7 6 34 

 

 

 

 

Table S4.3. Effect of milling time in reaction yield and regioselectivity. 

 
Time (min) 125b:124b 125b Yield (%) 124b Yield (%) 

15 33:1 61 2 
30 30:1 60 2 
60 34:1 68 2 

120 30:1 60 2 
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4.7.3. Procedure S2 (PS2): Synthesis and isolation of 3,4-isoxazoles. 
 

Note: Prior to every reaction demonstrated in this section, the Teflon Jars were carefully washed with 
aqua regia, to remove leftovers of Ru(II) complex and avoid potential memory effects. 

 

 

Figure S4.3. Terminal alkynes used for the synthesis of 3,4-isoxazoles. 

 

Figure S4.4. Hydroxyimidoyl chlorides used for the synthesis of 3,4-isoxazoles. 

Terminal alkyne 122h was synthesized according to the procedure reported in the literature.10 

All hydroxyimidoyl chlorides were synthesized according the the reported procedure by Himo, F. et al.11 

 

 
10 R. A. Hernandez, I. Trakakis, J. Do, L. A. Cuccia, T. Friščić, P. Forgione, European J. Org. Chem. 2023, 19, 
DOI 10.1002/ejoc.202300374. 
11 F. Himo, T. Lovell, R. Hilgraf, V. V. Rostovtsev, L. Noodleman, K. B. Sharpless, V. V. Fokin, J. Am. Chem. 
Soc. 2005, 127, 210–216. 
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Example procedure: 

 

Synthesis of ethyl 4-(3,5-dimethoxyphenyl)isoxazole-3-carboxylate (125b): In a clear and dry Teflon Jar 
of 25 mL capacity and 1 SS ball of 1 cm diameter, it was directly weight 122b (1.0 equiv., 0.308 mmol, 50 
mg), hydroxyimidoyl chloride 123a (3.0 equiv., 0.924 mmol, 140 mg), Na2CO3 (2.0 equiv., 0.612 mmol, 65 
mg), KBr (150 wt%, 409 mg), CPME (η= 0.9µL/mg, 612 µL), and Ru-1 catalyst ( 15 mol %, 0.0467 mmol, 18 
mg). The mixture was closed with the Teflon lit and recovered with parafilm. Then the reagents were milled 
for 60 minutes at 6 Hz. After 60 minutes, the jar was opened, and the mixture was passed over an activated 
charcoal and silica plug, using diethyl ether as eluent. The desired isoxazole 125b was isolated by silica gel 
column chromatography using 8:2 Hex: EtOAc mixture as a white solid in 70 % yield (60 mg). Rf= 0.34, 1H 
NMR (500 MHz, CDCl3) δ 8.56 (s, 1H), 6.60 (d, J = 2.3 Hz, 2H), 6.49 (t, J = 2.3 Hz, 1H), 4.41 (q, J = 7.1 Hz, 
2H), 3.81 (s, 6H), 1.36 (t, J = 7.1 Hz, 3H).

 
13C NMR (125 MHz, CDCl3) δ 160.7, 160.1, 157.3, 153.2, 129.0, 

122.0, 107.4, 100.5, 62.3, 55.4, 14.0. HRMS Calculated for C14H15NO5 [M+H] 278.1023, found 278.1023. 

 

  



239 
 

 

Synthesis of ethyl 4-(4-(methoxycarbonyl)phenyl)isoxazole-3-carboxylate (125c): 3,4-isoxazole 125c was 
obtained following procedure PS2. 125c was isolated by silica gel column chromatography using 9:1 Hex: 
EtOAc mixture as a white solid in 81 % yield (70 mg). Rf = 0.22, 1H NMR (500 MHz, CDCl3) δ 8.62 (s, 1H), 
8.08 (d, J = 8.4 Hz, 2H), 7.53 (d, J = 8.4 Hz, 2H), 4.41 (q, J = 7.1 Hz, 2H), 3.94 (s, 3H), 1.35 (t, J = 7.1 Hz, 3H). 
13C NMR (125 MHz, CDCl3) δ 166.5, 159.9, 157.7, 152.9, 131.9, 130.2, 129.7, 129.1, 121.4, 62.4, 52.3, 13.9. 
HRMS Calculated for C14H13NO5 [M+H] 276.0866 found 276.0868. 

 

 

Synthesis of ethyl 4-cyclohexylisoxazole-3-carboxylate (125e): 3,4-isoxazole 125e was obtained following 
procedure PS2. 125e was isolated by silica gel column chromatography using 8:2 Hex: EtOAc mixture as a 
yellow oil in >99 % yield (105 mg). Rf = 0.65, 1H NMR (500 MHz, CDCl3) δ 8.25 (s, 1H), 4.44 (q, J = 7.1 Hz, 
2H), 2.88 (tt, J = 11.8, 3.3 Hz, 1H), 2.04 – 1.97 (m, 2H), 1.83 – 1.77 (m, 2H), 1.42 (t, J = 7.1 Hz, 3H), 1.38 (dt, 
J = 5.9, 3.5 Hz,2H), 1.29 – 1.20 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 160.5, 155.9, 153.3, 127.4, 61.9, 33.7, 
32.4, 26.4, 25.9, 14.1. HRMS Calculated for C12H17NO3 [M+H] 224.1281 found 224.1282. 
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Synthesis of ethyl 4-butylisoxazole-3-carboxylate (125f): 3,4-isoxazole 125f was obtained following 
procedure PS2. 125f was isolated by silica gel column chromatography using 8:2 Hex: EtOAc mixture as a 
colourless oil in >99 % yield (120.7 mg). Rf = 0.8, 1H NMR (500 MHz, CDCl3) δ 8.28 (s, 1H), 4.44 (q, J = 7.1 
Hz, 2H), 2.66 (t, 2H), 1.42 (t, J = 7.3 Hz, 3H), 1.40 – 1.36 (m, 2H), 0.94 (t, J = 7.3 Hz, 1H). 13C NMR (125 MHz, 
CDCl3) δ 160.5, 157.0, 153.8, 121.4, 61.9, 31.6, 22.3, 21.8, 14.1, 13.7. HRMS Calculated for C10H15NO3 
[M+H] 198.1125 found 198.1125. 

 

Synthesis of 2-(3-(4-nitrophenyl)isoxazol-4-yl)ethan-1-ol (125g): 3,4-isoxazole 125g was obtained 
following procedure PS2. 125g was isolated by silica gel column chromatography using 8:2 Hex: EtOAc 
mixture as a colourless oil in >99 % yield (120.7 mg). Rf = 0.43, 1H NMR (500 MHz, d6-DMSO) δ 9.05 (s, 1H), 
8.37 (d, J = 8.8 Hz, 2H), 7.96 (d, J = 8.8 Hz, 2H), 3.69 (t, J = 6.9 Hz, 2H), 3.16 (t, J = 6.9 Hz, 2H). 13C NMR (125 
MHz, d6-DMSO) δ 159.9, 159.5, 148.7, 135.3, 129.9, 124.6, 116.3, 32.9, 25.9. HRMS Calculated for 
C11H10N2O4 [M+H] 235.0713 found 235.0714. 

 

Synthesis of 1-(3-(4-nitrophenyl)isoxazol-4-yl)cyclohexan-1-ol (125h): 3,4-isoxazole 125h was obtained 
following procedure PS2. 125h was isolated by silica gel column chromatography using 8:2 Hex: EtOAc 
mixture as a white solid in >99 % yield (120.7 mg). Rf = 0.22, 1H NMR (500 MHz, d6-DMSO) δ 8.99 (s, 1H), 
8.33 (d, J = 8.8 Hz, 2H), 8.13 (d, J = 8.8 Hz, 2H), 5.23 (s, 1H), 1.77 – 1.67 (m, 2H), 1.65 – 1.53 (m, 4H), 1.50 
– 1.40 (m, 1H), 1.36 – 1.27 (m, 2H), 1.23 – 1.12 (m, 1H).13C NMR (125 MHz, d6-DMSO) δ δ 160.3, 157.9, 
148.4, 137.3, 131.5, 127.6 123.7, 67.1, 37.9, 25.5, 21.9. HRMS Calculated for C15H16N2O4 [M+H] 289.1183 
found 289.1183. 
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Synthesis of 3-(4-(1-hydroxycyclohexyl)isoxazol-3-yl)benzonitrile (125i): 3,4-isoxazole 125i was obtained 
following procedure PS2. 125i was isolated by silica gel column chromatography using 8:2 Hex: EtOAc 
mixture as a yellow oil in 89 % yield (96 mg). Rf = 0.8, 1H NMR (500 MHz, CDCl3) δ 8.38 (s, 1H), 8.16 (t, J = 
1.5 Hz, 1H), 8.07 (dd, J = 7.8, 1.4 Hz, 1H), 7.73 (dt, J = 7.8, 1.3 Hz, 1H), 7.55 (t, J = 7.8 Hz, 1H), 2.00 (s, 1H), 
1.84 – 1.77 (m, 2H), 1.72 – 1.54 (m, 6H), 1.47 (m, 2H).13C NMR (125 MHz, CDCl3) δ 159.9, 155.9, 134.2, 
133.5, 132.8, 131.6, 129.1, 126.4, 118.4, 112.6, 68.5, 37.9, 25.2, 21.8. HRMS Calculated for C16H16N2O2 
[M+H] 269.1285 found 269.1286. 

 

Synthesis of ethyl 5-(3-(3-(ethoxycarbonyl)isoxazol-4-yl)propyl)isoxazole-3-carboxylate (125j): 3,4-
isoxazole 125j was obtained following procedure PS2. 125j was isolated by silica gel column 
chromatography using 7:3 Hex: EtOAc mixture as a white solid l in 88 % yield (96 mg). Rf = 0.48, 1H NMR 
(500 MHz, CDCl3) δ 8.34 (s, 1H), 6.45 (s, 1H), 4.43 (p, J = 7.1 Hz, 4H), 2.87 (t, J = 7.5 Hz, 2H), 2.76 (t, J = 7.8 
Hz, 2H), 2.04 (p, J = 7.6 Hz, 2H), 1.41 (q, J = 7.2 Hz, 6H).13C NMR (125 MHz, CDCl3) δ 174.34, 160.30, 160.05, 
157.42, 156.44, 153.66, 119.90, 101.81, 62.09, 62.07, 27.28, 26.13, 21.38, 14.12, 14.10. HRMS Calculated 
for C15H18N2O6 [M+H] 323.1238 found 323.1235. 

 

 

Synthesis of (9S,13R,14S,17S)-17-(3-(4-nitrophenyl)isoxazol-4-yl)-7,8,9,11,12,13,14,15,16,17-
decahydro-6H-cyclopenta[a]phenanthrene-3,17-diol (125k): 3,4-isoxazole 125k was obtained following 
procedure PS2 (using 30 Hz). 125k was isolated by silica gel column chromatography using 100 % DCM to 
9:1 MeOH:DCM mixture as a white solid in 91 % yield (72 mg). Rf = 0.1, 1H NMR 1H NMR (500 MHz, d6-
DMSO) δ 8.94 (s, 1H), 8.29 (d, J = 8.9 Hz, 2H), 8.15 (d, J = 8.9 Hz, 2H), 6.89 (d, J = 8.5 Hz, 1H), 6.49 – 6.33 
(m, 2H), 5.55 (s, 1H), 2.72 – 2.58 (m, 2H), 2.29 – 2.15 (m, 1H), 2.13 – 2.03 (m, 1H), 2.00 – 1.91 (m, 1H), 1.86 
– 1.67 (m, 3H), 1.43 – 1.00 (m, 7H), 0.82 (s, 3H). 13C NMR 13C NMR (126 MHz, d6-DMSO) δ 161.2, 158.7, 
155.3, 148.1, 146.4, 138.2, 137.5, 132.2, 130.6, 126.3, 125.8, 123.1, 115.3, 113.1, 81.0, 48.1, 47.4, 43.3, 
33.9, 29.6, 27.4, 26.4, 23.0, 14.3. HRMS Calculated for C27H28N2O5 [M+H] 461.2071 found 461.2068. 
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4.7.4. Procedure S3 (PS3): Optimization of “Polung” synthesis of 3,4,5-isoxazoles. 
 

This section describes a Ru(II)-free synthesis of 3,4,5-isoxazoles. Prior to the isolation, optimization control 
experiments were conducted with 50 mg of symmetrical internal alkyne 126a to form 3,4,5-isoxazole 128. 
All reported yields are 1H-NMR yields obtained from the spectrum of the crude product. 

Note: Prior to every reaction demonstrated in this section, the Teflon Jars were carefully washed with 
aqua regia, to remove leftovers of Ru(II) complex and avoid potential memory effects. 

 

Table S4.4. Effect of Frequency in the synthesis of 3,4,5-isoxazoles. 

 
Frequency (Hz) Yield % 

6 Hz < 5  
30 Hz 12  
60 Hz 25 

 

Table S4.5. Effect of liquid additive in the synthesis of 3,4,5-isoxazoles. 

 

Liquid additive 
η 

(μL/mg) 
Yield % 

CPME 0.9 12  

CPME 0.5  < 5  
DCE 0.9 15 
IPA 0.9   < 5  

DMF 0.9 < 5  
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Table S4.6. Effect of the GAA in the synthesis of 3,4,5-isoxazoles. 

 
GAA wt % Yield % 

KBr 150 12 
ZnBr H2O 150  < 5  
NMe4Br 150  50 

NH4(H2W12O42) H2O 150 < 5  
CaBr2 H2O 150 < 5 
NMe4Br 

and Ru cat (5 mol %) 
150 52 

NMe4Br 
No RuI 

150 84 

NMe4Br 
No Ru-1 

and 3.0 equiv of Na2CO3 

150 84 

 

It was continued using 3.0 equiv. of Na2CO3, since it provided more general conditions. 
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4.7.5. Procedure S4 (PS4): “Polung’’ synthesis and isolation of 3,4,5-isoxazoles. 
 

Note: Prior to every reaction demonstrated in this section, the Teflon Jars were carefully washed with 
aqua regia, to remove leftovers of Ru(II) complex and avoid potential memory effects. 

 

Figure S4.5. Internal Alkynes used for “Polung” synthesis of 3,4,5-isoxazoles. 

 

Figure S4.6. Hydroxyimidoyl chlorides used for the “Polung” synthesis of 3,4,5-isoxazoles. 
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Example procedure: 

 

Synthesis of diethyl 3-(4-nitrophenyl)isoxazole-4,5-dicarboxylate (128d): In a clear and dry Teflon Jar of 
25 mL capacity and 1 SS ball of 1 cm diameter, it was directly weight 126a (1.0 equiv., 0.586 mmol, 100 
mg), hydroxyimidoyl chloride 123b (3.0 equiv., 0.924 mmol, 140 mg), Na2CO3 (2.0 equiv., 0.612 mmol, 65 
mg), KBr (150 wt%, 409 mg), CPME (η= 0.9µL/mg, 612 µL). The mixture was closed with the Teflon lit and 
recovered with parafilm. Then the reagents were milled for 60 minutes at 30 Hz. After 60 minutes, the jar 
was opened, and the mixture was passed over silica plug, using diethyl ether as an eluent. The desired 
isoxazole 128d was isolated by silica gel column chromatography using 9:1 Hex: EtOAc mixture as a white 
solid in 70 % yield (138 mg). Rf= 0.10, 1H NMR (500 MHz, CDCl3) δ 1H NMR (500 MHz, CDCl3) δ 8.33 (d, J = 
7.9 Hz, 2H), 7.92 (d, J = 8.1 Hz, 2H), 4.49 (q, J = 7.1 Hz, 2H), 4.38 (q, J = 7.1 Hz, 2H), 1.44 (t, J = 7.1 Hz, 3H), 
1.32 (t, J = 7.1 Hz, 3H).

 
13C NMR (125 MHz, CDCl3) δ 160.8, 160.7, 159.7, 155.9, 149.1, 133.2, 129.6, 123.9, 

115.5, 63.2, 62.7, 14.0, 13.9. HRMS Calculated for C15H14N2O7 [M+H] 335.0874 found 335.0879. 

 

Synthesis of triethyl isoxazole-3,4,5-tricarboxylate (128a): 3,4,5-isoxazole 128a was obtained following 
procedure PS4. 128a was isolated by silica gel column chromatography using 9:1 Hex: EtOAc mixture as a 
colourless oil in >99 % yield (211 mg). Rf = 0.43, 1H NMR (500 MHz, CDCl3) δ 4.46 (q, J = 7.2 Hz, 2H), 4.41 
(q, J = 7.1 Hz, 2H), 4.26 (q, J = 7.1 Hz, 2H), 1.39 (t, J = 7.2 Hz, 3H), 1.35 (t, J = 7.1 Hz, 3H), 1.29 (t, J = 7.1 Hz, 
3H). 13C NMR (125 MHz, CDCl3) δ 156.6, 155.6, 151.7, 148.35 (s), 106.7, 74.6, 63.6, 63.0, 13.9, 13.8. HRMS 
Calculated for C12H15NO7 [M+H] 286.0921 found 286.0921. 
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Synthesis of diethyl 3-(4-methoxyphenyl)isoxazole-4,5-dicarboxylate (128b): 3,4,5-isoxazole 128b was 
obtained following procedure PS4. 128b was isolated by silica gel column chromatography using 9:1 Hex: 
EtOAc mixture as a yellow oil in >99 % yield (196.7 mg). Rf = 0.23, 1H NMR (500 MHz, CDCl3) δ 7.62 (d, J = 
8.6 Hz, 2H), 6.93 (d, J = 8.7 Hz, 2H), 4.41 (q, J = 7.1 Hz, 2H), 4.34 (q, J = 7.1 Hz, 2H), 3.79 (s, 3H), 1.37 (t, J = 
7.1 Hz, 3H), 1.29 (t, J = 7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 161.6, 161.5, 160.7, 159.3, 156.1, 129.6, 
119.3, 115.9, 114.2, 62.8, 62.4, 55.3, 14.0, 13.9. HRMS Calculated for C16H17NO6 [M+H] 320.1129 found 
320.1129. 

 

Synthesis of diethyl 3-phenylisoxazole-4,5-dicarboxylate (128c): 3,4,5-isoxazole 128c was obtained 
following procedure PS4. 128c was isolated by silica gel column chromatography using 8.5:1.5 Hex: EtOAc 
mixture as a yellow oil in 87 % yield (147.4 mg). Rf = 0.23, 1H NMR (500 MHz, CDCl3) δ 7.68 (dd, J = 8.0, 1.5 
Hz, 2H), 7.49 – 7.40 (m, 3H), 4.44 (q, J = 7.1 Hz, 2H), 4.35 (q, J = 7.1 Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H), 1.28 (t, 
J = 7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ (125 MHz, CDCl3) δ 161.36, 161.17, 159.50, 156.06, 130.60, 
128.79, 128.15, 127.03, 116.12, 62.85, 62.39, 13.97, 13.82. HRMS Calculated for C15H15NO5 [M+H] 
290.1023 found 290.1023. 

 

Synthesis of ethyl 3-(4-methoxyphenyl)-5-phenylisoxazole-4-carboxylate (128e): 3,4,5-isoxazole 128e 
was obtained following procedure PS4. 128e was isolated by silica gel column chromatography using 93:7 
Hex: EtOAc mixture as a white in 80 % yield (150.5 mg). Rf = 0.21, 1H NMR (500 MHz, CDCl3) δ 7.90 (dd, J = 
7.9, 1.6 Hz, 1H), 7.63 (d, J = 8.8 Hz, 1H), 7.55 – 7.47 (m, 1H), 6.99 (d, J = 8.8 Hz, 1H), 4.22 (q, J = 7.1 Hz, 1H), 
3.85 (s, 1H), 1.14 (t, J = 7.2 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 172.2, 162.6, 162.5, 160.9, 131.1, 130.4, 
128.7, 128.5, 127.0, 120.8, 113.7, 108.2, 61.3, 55.3, 13.8. HRMS Calculated for C19H17NO4 [M+H] 324.123 
found 324.1233. 
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Synthesis of ethyl 3,5-diphenylisoxazole-4-carboxylate (128f): 3,4,5-isoxazole 128f was obtained 
following procedure PS4. 128f was isolated by silica gel column chromatography using 98:2 Hex: EtOAc 
mixture as a white solid in 93 % yield (156.5 mg). Rf = 0.15, 1H NMR (500 MHz, CDCl3) δ 10.01 (s, 1H), 8.06 
(d, J = 6.9 Hz, 2H), 7.78 (dd, J = 7.7, 1.8 Hz, 2H), 7.68 – 7.30 (m, 6H). 13C NMR (125 MHz, CDCl3) 184.10, 
175.39, 163.39, 132.40, 130.55, 129.40, 129.09, 129.06, 128.74, 127.24, 125.96, 114.40. HRMS Calculated 
for C18H15NO3 [M+H] 294.1125 found 294.1125. 

 

 

 

Synthesis of ethyl 3-(4-nitrophenyl)-5-phenylisoxazole-4-carboxylate (128g): 3,4,5-isoxazole 128g was 
obtained following procedure PS4. 128g was isolated by silica gel column chromatography using 95:5 Hex: 
EtOAc mixture as a yellow solid in 64 % yield (156.5 mg). Rf = 0.22, 1H NMR (500 MHz, CDCl3) δ 8.37 – 8.30 
(m, 2H), 7.95 – 7.91 (m, 2H), 7.89 – 7.85 (m, 2H), 7.60 – 7.51 (m, 3H), 4.22 (q, J = 7.1 Hz, 2H), 1.12 (t, J = 
7.1 Hz, 3H). 13C NMR (125 MHz, CDCl3) 173.53, 161.60, 161.59, 148.72, 135.10, 131.66, 130.32, 128.99, 
128.55, 126.42, 123.35, 108.15, 61.51, 13.73. HRMS Calculated for C18H14N2O5 [M+H] 339.0975 found 
339.0973. 

 

Synthesis of 1-(3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)ethan-1-one (128h): 3,4,5-isoxazole 128h was 
obtained following procedure PS4. 128h was isolated by silica gel column chromatography using 95:5 Hex: 
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EtOAc mixture as a yellow solid in 61 % yield (122.1 mg). Rf = 0.13, 1H NMR (500 MHz, Acetone-d6) δ 8.40 
(d, J = 8.7 Hz, 2H), 7.98 (d, J = 8.7 Hz, 2H), 7.86 (d, J = 7.5 Hz, 2H), 7.71 – 7.60 (m, 3H), 2.25 (s, 3H).

 
13C NMR 

(125 MHz, Acetone-d6) δ 193.4, 171.7, 160.8, 148.9, 135.1, 131.7, 130.3, 130.1, 129.1, 128.8, 126.9, 123.6, 
30.4. HRMS Calculated for C18H14N2O5 [M+H] 309.0870 found 309.0870. 

 

 

Synthesis of ethyl 5-methyl-3-(4-nitrophenyl)isoxazole-4-carboxylate (128i): 3,4,5-isoxazole 128i was 
obtained following procedure PS4. 128i was isolated by silica gel column chromatography using 9:1 Hex: 
EtOAc mixture as a yellow solid in 71 % yield (208 mg). Rf = 0.18 1H NMR (500 MHz, CDCl3) δ 8.36 – 8.25 
(m, 2H), 7.90 – 7.77 (m, 2H), 4.26 (d, J = 7.1 Hz, 2H), 2.76 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H) 13C NMR (125 MHz, 
CDCl3) δ 176.47, 161.45, 160.97, 148.66, 134.95, 130.59, 123.12, 108.48, 61.08, 14.03, 13.66.

 
HRMS 

Calculated for C13H12N2O5 [M+H] 277.0819 found 277.082. 

 

Synthesis of ethyl 3-(4-chlorophenyl)-5-methylisoxazole-4-carboxylate (128j): 3,4,5-isoxazole 128j was 
obtained following procedure PS4. 128j was isolated by silica gel column chromatography using 100 % Hex 
to 8:2 Hex: EtOAc mixture as a yellow oil in 70 % yield (80 mg). Rf = 0.50 1H NMR (500 MHz, CDCl3) 7.58 (d, 
J = 8.6 Hz, 2H), 7.41 (d, J = 8.6 Hz, 2H), 4.25 (q, J = 7.1 Hz, 2H), 2.73 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H). 13C NMR 
(125 MHz, CDCl3) δ 176.0, 161.8, 161.7, 136.0, 130.8, 128.3, 126.9, 108.4, 60.8, 13.8, 13.6.

 
HRMS 

Calculated for C13H12NO3Cl [M+H] 266.0578 found 266.0579. 
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Synthesis of ethyl 3-(4-chlorophenyl)-5-methylisoxazole-4-carboxylate (128k): 3,4,5-isoxazole 128k was 
obtained following procedure PS4. 128k was isolated by silica gel column chromatography using 100 % 
Hex to 8:2 Hex: EtOAc mixture as a colourless solid in 66 % yield (208 mg). Rf = 0.70 1H NMR (500 MHz, 
CDCl3) 7.57 (d, J = 8.5 Hz, 2H), 7.42 (d, J = 8.5 Hz, 2H), 3.78 (s, 3H), 3.18 – 3.02 (m, 2H), 1.85 – 1.69 (m, 2H), 
1.43 – 1.30 (m, 4H), 0.92 (t, J = 6.9 Hz, 3H). 13C NMR (125 MHz, CDCl3) δ 179.9, 162.2, 161.6, 136.0, 130.7, 
129.6, 128.3, 127.0, 51.7, 31.4, 27.5, 27.0, 22.2, 13.9.

 
HRMS Calculated for C16H18NO3Cl [M+H] 308.1048 

found 308.1046. 
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4.7.6. Procedure S5 (PS5): “Umpolung’’ synthesis and isolation of 3,4,5-isoxazoles. 
 

Note: Prior to every reaction demonstrated in this section, the Teflon Jars were carefully washed with 
aqua regia, to remove leftovers of Ru(II) complex and avoid potential memory effects. 

 

Figure S4.7. Internal Alkynes used for “umpolung” synthesis of 3,4,5-isoxazoles. 

 

Figure S4.8. Hydroxyimidoyl chlorides used for the “umpolung” synthesis of 3,4,5-isoxazoles. 
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Example procedure for Ynones – PS5a: 

 

Synthesis of ethyl 3-(4-nitrophenyl)-4-phenylisoxazole-5-carboxylate (127a): In a clear and dry Teflon Jar 
of 25 mL capacity and 1 SS ball of 1 cm diameter, it was directly weight 126b (1.0 equiv., 0.287 mmol, 50 
mg, 47 μL), hydroxyimidoyl chloride 123b (3.0 equiv., 0.861 mmol, 171 mg), Na2CO3 (3.0 equiv., 0.861 
mmol, 91.2 mg), KBr (150 wt%, 499 mg), CPME (η= 0.9µL/mg, 831 µL), and Ru-4 ( 15 mol%, 0.043 mmol, 
18.6 mg). The mixture was closed with the Teflon lit and recovered with parafilm. Then the reagents were 
milled for 60 minutes at 30 Hz. After 60 minutes, the jar was opened, and the mixture was passed over 
silica plug, using diethyl ether as an eluent. The desired isoxazole 127a was isolated by silica gel column 
chromatography using 99:1 Hex: EtOAc mixture as a yellow solid in 88 % yield (87 mg). Rf= 0.1, 1H NMR 
(500 MHz, CDCl3) δ 8.39 – 8.31 (m, 1H), 8.17 (d, J = 8.7 Hz, 1H), 7.60 (d, J = 8.7 Hz, 1H), 7.47 – 7.38 (m, 1H), 
7.27 (s, 1H), 4.35 (q, J = 7.1 Hz, 1H), 1.28 (t, J = 7.1 Hz, 1H).

 
13C NMR (125 MHz, CDCl3) δ 160.6, 156.7, 

156.7, 148.6, 134.1, 130.0, 129.4, 129.2, 128.6, 127.5, 124.1,123.8, 62.2, 29.7, 13.9. HRMS Calculated for 
C18H14N2O5 [M+H] 339.0975 found 339.0974. 

 

Synthesis of ethyl 4-methyl-3-(4-nitrophenyl)isoxazole-5-carboxylate (127b): 3,4,5-isoxazole 127b was 
obtained following procedure PS5a. 127b was isolated by silica gel column chromatography using 9:1 Hex: 
EtOAc mixture as a yellow solid in 81 % yield (100.30 mg). Rf = 0.15 1H NMR (500 MHz, CDCl3) δ 8.36 (d, J 
= 9.0 Hz, 2H), 7.86 (d, J = 9.0 Hz, 2H), 4.47 (q, J = 7.1 Hz, 2H), 2.45 (s, 3H), 1.45 (t, J = 7.1 Hz, 3H). 13C NMR 
(125 MHz, CDCl3) δ 161.9, 157.5, 156.8, 148.5, 134.7, 129.3, 124.1, 119.8, 62.1, 14.1, 8.9.

 
HRMS Calculated 

for C13H12N2O5 [M+H] 277.0819 found 277.0819. 
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Synthesis of ethyl 3-(4-chlorophenyl)-4-methylisoxazole-5-carboxylate (127c): 3,4,5-isoxazole 127c was 
obtained following procedure PS5a. 127c was isolated as a mixture of isomers by prep-TLC using 9:1 
heptane: EtOAc mixture as a yellow solid in >99 % yield (121 mg) with rr= 6:1. Rf = 0.26 (for the mixture) 
The NMR signals were deconvoluted using the signal from the 1H NMR and 13C NMR signals of isolated 
133a-k. 1H NMR of 127c (500 MHz, CDCl3) δ 7.59 (d, J = 8.5 Hz, 2H), 7.47 (d, J = 8.5 Hz, 2H), 4.46 (q, J = 7.1 
Hz, 2H), 2.40 (s, 3H), 1.44 (t, J = 7.1 Hz, 3H). 1H NMR of 128j (undesire) (500 MHz, CDCl3) δ 7.57 (d, J = 2.0 
Hz, 2H), 7.41 (d, J = 8.5 Hz, 2H), 4.25 (q, J = 7.1 Hz, 2H), 2.73 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H).13C NMR of 
133c-c (125 MHz, CDCl3) δ 162.8, 157.7, 156.1, 136.2, 129.6, 129.2, 126.9, 119.8, 61.9, 14.2, 8.9.

 
13C NMR 

of 133a-k (undesire) (125 MHz, CDCl3) δ 176.0, 161.8, 161.6, 136.0, 130.8, 128.2, 126.9, 108.3, 60.8, 14.0, 
13.6. HRMS Calculated for C13H12NO3Cl [M+H] 266.0578 found 266.0579. 

 

Synthesis of methyl 3-(4-chlorophenyl)-4-pentylisoxazole-5-carboxylate (127d): 3,4,5-isoxazole 127d was 
obtained following procedure PS5a. 127d was isolated as a mixture of isomers by prep-TLC using 9:1 
hexane: EtOAc mixture as a colourless oil in >99 % yield (110 mg) with rr= 5.6:1. Rf = 0.50 (for the mixture) 
The NMR signals were deconvoluted using the signal from the 1H NMR and 13C NMR signals of isolated 
128k. 1H NMR of 127c (500 MHz, CDCl3) δ 7.54 (d, J = 8.7 Hz, 2H), 7.47 (d, J = 8.7 Hz, 2H), 3.98 (s, 3H), 2.82 
– 2.77 (m, 2H), 1.52 – 1.43 (m, 2H), 1.26 (m,4H), 0.83 (t, J = 7.1 Hz, 3H).1H NMR of 128k (undesire) (500 
MHz, CDCl3) δ 7.44 (d, J = 8.7 Hz, 1H), 7.41 (d, J = 8.7 Hz, 2H), 3.77 (s, 3H), 2.82 – 2.77 (m, 2H), 1.82 – 1.73 
(m, 2H), 1.41 – 1.33 (m, 4H), 0.91 (t, J = 7.8 Hz, 3H).13C NMR of 127c (125 MHz, CDCl3) δ 162.7, 157.9, 
155.7, 155.0, 129.9, 129.5, 129.2, 125.2, 52.5, 29.4, 22.5, 22.1, 13.9.13C NMR of 128k (undesire) (125 MHz, 
CDCl3) δ 179.8, 162.3, 161.6, 136.0, 130.7, 129.5, 128.3, 127.1, 51.6, 31.3, 27.4, 27.0, 22.2, 14.0. HRMS 
Calculated for C16H18NO3Cl [M+H] 308.1048 found 308.1049. 

 

Synthesis of 1-(3-(4-nitrophenyl)-4-phenylisoxazol-5-yl)ethan-1-one (127e): 3,4,5-isoxazole 127e was 
obtained following procedure PS5a. 127e was isolated by prep-TLC using 9:1 Hex:EtOAc mixture as a white 
solid in 36 % yield (30 mg). Rf = 0.26 1H NMR (500 MHz, Acetone-d6) δ 8.25 (d, J = 9.0 Hz, 2H), 7.68 (d, J = 
9.0 Hz, 2H), 7.50 – 7.42 (m, 3H), 7.39 (m, 2H), 2.51 (s, 3H).  13C NMR (125 MHz, Acetone-d6) δ 186.5, 162.2, 
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161.1, 148.8, 134.5, 130.2, 129.7, 128.8, 128.6, 128.1, 123.7, 122.0, 27.6. HRMS Calculated for C17H12N2O4 
[M+H] 309.0870 found 309.0873. 
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Example procedure for Ynols – PS5b: 

 

Synthesis of (3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)methanol (128n): In a clear and dry Teflon Jar of 25 
mL capacity and 1 SS ball of 1 cm diameter, it was directly weight 126f (1.0 equiv., 0.378 mmol, 50 mg, 50 
μL), hydroxyimidoyl chloride 123b (3.0 equiv., 1.134 mmol, 227.38 mg), Na2CO3 (3.0 equiv., 1.134 mmol, 
120.3 mg), KBr (150 wt%, 629 mg), CPME (η= 0.9µL/mg, 943 µL), and Ru-1 ( 15 mol%, 0.043 mmol, 21.6 
mg). The mixture was closed with the Teflon lit and recovered with parafilm. Then the reagents were milled 
for 60 minutes at 30 Hz. After 60 minutes, the jar was opened, and the mixture was passed over silica plug, 
using diethyl ether as an eluent. The desired isoxazole 128n was isolated by silica gel column 
chromatography using 8:2 Hex: EtOAc mixture as a yellow solid in 88 % yield (100 mg). Rf= 0.20, 1H NMR 
(500 MHz, CDCl3) δ 8.34 (d, J = 8.9 Hz, 2H), 8.10 (d, J = 8.9 Hz, 2H), 7.88 – 7.78 (m, 2H), 7.57 – 7.49 (m, 3H), 
4.70 (s, 2H), 1.25 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 170.0, 162.0, 148.7, 135.1, 130.9, 129.5, 129.2, 
127.6, 126.9, 124.1, 112.1, 53.8. HRMS Calculated for C16H12N2O4 [M+H] 297.0870 found 297.0870. 

 

To determine the regioisomer obtained by the Ru catalyze reaction with the Ynols, we performed the 
reduction of 3,4,5-isoxazole 128g with DIBAL-H. 

 

Synthesis of (3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)methanol (128n) from ethyl 3-(4-nitrophenyl)-5-
phenylisoxazole-4-carboxylate (128n). In a flamed dried 15 mL round-bottom flask equipped with a stir 
bar under Ar atmosphere, it was charged with solid 3,4,5-isoxazole 128g (50 mg, 0.147 mmol, 1.0 equiv.). 
The solid was dissolved in 5.0 mL of dry THF. The isoxazole solution was cooled to 0 °C by submerging the 
in and ice-bath solution. Once reached 0 °C temperature, it was slowly added under constant stirring a 
(1.5 mL, 1.47 mmol, 1.0 equiv.) DIBAL-H solution in THF of approximately 1.0 M. Once all the DIBAL-H 
solution was added to the isoxazole solution, it was let to warm to 25 °C for a period of 16 h. After 16 h, 
the mixture was quenched with MeOH. The volume of the solution was reduced under reduced pressure, 
and the mixture was extracted with EtO2 (20 mL), brine (2 X 30 mL), and water (2 X 30 mL). The organic 
layer was dried using Na2SO4, reduced under reduced pressure. Isoxazole 128n was isolated in a silica 
column from 100 % Hex to 100 % EtOAc. Isoxazole 128n was obtained in 80 % yield. 1H NMR (500 MHz, 
CDCl3) δ 8.34 (d, J = 8.9 Hz, 2H), 8.10 (d, J = 8.9 Hz, 2H), 7.88 – 7.78 (m, 2H), 7.57 – 7.49 (m, 3H), 4.70 (s, 
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2H), 1.25 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 170.0, 162.0, 148.7, 135.1, 130.9, 129.5, 129.2, 127.6, 126.9, 
124.1, 112.1, 53.8. HRMS Calculated for C16H12N2O4 [M+H] 297.0870 found 297.0870.  

The obtained analytical data matched with that of the isoxazole “128n” obtained by Ru catalysis. 
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Synthesis of 3-(4-(hydroxymethyl)-5-phenylisoxazol-3-yl)benzonitrile (128o): 3,4,5-isoxazole 128o was 
obtained following procedure PS5b. 128o was isolated by silica column chromatography using 8:2 
Hex:EtOAc mixture as a white solid in 88 % yield (92 mg). Rf = 0.12 1H NMR (500 MHz, CDCl3) δ 8.23 (s, 1H), 
8.16 (d, J = 7.9 Hz, 1H), 7.88 – 7.82 (m, 1H), 7.79 (d, J = 7.8 Hz, 1H), 7.65 (t, J = 7.8 Hz, 1H), 4.70 (d, J = 3.7 
Hz, 1H).  13C NMR (125 MHz, CDCl3) δ 169.9, 162.0, 133.3, 132.8, 132.1, 130.8, 130.4, 129.8, 129.2, 127.6, 
127.1, 118.3, 113.3, 111.9, 53.9. HRMS Calculated for C17H12N2O2 [M+H] 277.0972 found 277.0972. 

 

Synthesis of 1-(3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)butan-1-ol (128p): 3,4,5-isoxazole 128p was 
obtained following procedure PS5b. 128p was isolated by silica column chromatography using 8:2 
Hex:EtOAc mixture as a white solid in 94 % yield (89 mg). Rf = 0.26 1H NMR (500 MHz, CDCl3) δ 8.34 (d, J = 
8.7 Hz, 1H), 8.10 (d, J = 8.6 Hz, 1H), 7.85 – 7.69 (m, 1H), 7.62 – 7.33 (m, 1H), 7.26 (s, 1H), 4.94 (t, J = 7.4 Hz, 
1H), 1.76 – 1.66 (m, 1H), 1.59 (s, 1H), 1.56 – 1.45 (m, 1H), 1.32 – 1.20 (m, 1H), 1.17 – 1.02 (m, 1H), 0.73 (t, 
J = 7.4 Hz, 1H).  13C NMR (125 MHz, CDCl3) δ 168.9, 161.8, 148.6, 136.3, 130.6, 130.5, 128.9, 128.4, 127.4, 
123.7, 116.0, 65.5, 37.8, 30.9, 19.4, 13.5. HRMS Calculated for C19H18N2O4 [M+H] 339.1339 found 
339.1337. 

 

 

 



257 
 

Synthesis of (3-(4-nitrophenyl)-5-propylisoxazol-4-yl)methanol (128q): 3,4,5-isoxazole 128q was 
obtained following procedure PS5b. 128q was isolated by prep-TLC using 7:3 Hex:EtOAc mixture as a 
yellow oil in 53 % yield (70 mg). Rf = 0.23 1H NMR (500 MHz, CDCl3) δ 1H NMR (500 MHz, CDCl3) δ 8.33 (s, 
J = 7.6 Hz, 2H), 8.08 (d, J = 7.6 Hz, 2H), 4.58 (s, 2H), 2.84 (t, J = 7.0 Hz, 2H), 1.88 – 1.71 (m, 2H), 1.02 (t, J = 
7.8 Hz, 3H).13C NMR (125 MHz, CDCl3) δ 173.0, 160.8, 148.6, 135.5, 129.3, 124.0, 112.7, 53.4, 27.5, 21.4, 
13.8.  HRMS Calculated for C13H14N2O4 [M+H] 263.1026 found 263.1027. 
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4.7.7. Procedure S6 (PS6): Transition Electron Microscope (TEM) Analysis 
 

In this section, it is presented the procedure used to analyze by TEM the formation of Ru nanoparticles to 
determine the effect of the liquid additives. 

 

The samples were prepared following the procedures outline from PS2, PS5a, and PS5b. From the 
supernatant obtained in the crude product and using a automated pipette, it was taken 10 μL of the 
supernatant and it was added to 800 μL of MeOH (The mixture was not sonicated). From the resulting 
solution, it was place a drop into a carbon-supported grid and it was let to evaporate, the support was 
studied by TEM. 

 

Figure s4.9. TEM sample preparation 

 

Figure S4.10. EDS elemental Analysis of Ru-1 nanoparticles on 0.9 µL/mg of CPME 

EDS analysis of Ru-1 nanoparticles stabilized with CPME 
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Figure S4.11. EDS elemental Analysis of Ru-4 nanoparticles on 0.9 µL/mg of Acetone 

 

 

Figure S4.12. EDS elemental Analysis of RuI nanoparticles on 0.9 µL/mg of Toluene 

0

500

1000

1500

2000

2500

0 500 1000 1500 2000 2500 3000

In
te

n
si

ty
 (

a.
u

.)

Energy (KeV)

EDS analysis of Ru-4 nanoparticles stabilized with 
Acetone

0

500

1000

1500

2000

2500

0 500 1000 1500 2000 2500 3000

In
te

n
si

ty
 (

a.
u

)

Energy (KeV)

EDS Analysis of Ru-1 nanoparticles on Toluene

Na

Br-Kβ

Br-Kα

Cu-Kβ

Cu-Kα

K-K

Ru-L

Br-L

C

Br-Kα 

Br-Kβ 
Cu-Kβ 

Cu-Kα 
K-K 

RuB

r-L-

L 

Br-L 



260 
 

4.7.8. Procedure S7 (PS7): Evaluation of Ru Catalyst by PXRD 
 

It was evaluated the effects of LAG on the Ru catalysts (Ru-1 and Ru-4 complex) by milling the Ru 
catalyst, GAA, and liquid additive for a 60 min. 

 

 

Figure S4.13. PXRD reflection of Ru-1 complex after milling with LAG 

  

Figure S4.14. PXRD reflection of Ru-4 complex after milling with LAG. 
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4.7.8. NMR Spectra: 
 

ethyl 4-(3,5-dimethoxyphenyl)isoxazole-3-carboxylate (125b): 
 

 

Figure S4.15. 1H NMR of ethyl 4-(3,5-dimethoxyphenyl)isoxazole-3-carboxylate (124b): 
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Figure S4.16. 13C NMR of ethyl 4-(3,5-dimethoxyphenyl)isoxazole-3-carboxylate (125b) 
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ethyl 4-(4-(methoxycarbonyl)phenyl)isoxazole-3-carboxylate (125c): 
 

Figure S4.17. 1H NMR of ethyl 4-(4-(methoxycarbonyl)phenyl)isoxazole-3-carboxylate (125c) 

  



264 
 

 

Figure S4.18. 13C NMR of ethyl 4-(4-(methoxycarbonyl)phenyl)isoxazole-3-carboxylate (125c) 
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ethyl 4-cyclohexylisoxazole-3-carboxylate (125e): 
 

Figure S4.19. 1H NMR of ethyl 4-cyclohexylisoxazole-3-carboxylate (125e) 
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Figure S4.20. 13C NMR of ethyl 4-cyclohexylisoxazole-3-carboxylate (125e) 
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ethyl 4-butylisoxazole-3-carboxylate (125f): 
 

 

Figure S4.21. 1H NMR of ethyl 4-butylisoxazole-3-carboxylate (125f) 
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Figure S4.22. 13C NMR of ethyl 4-butylisoxazole-3-carboxylate (125f) 
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2-(3-(4-nitrophenyl)isoxazol-4-yl)ethan-1-ol (125g): 
 

  

Figure S4.23. 1H NMR of 2-(3-(4-nitrophenyl)isoxazol-4-yl)ethan-1-ol (125g) 
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Figure S4.24. 13C NMR of 2-(3-(4-nitrophenyl)isoxazol-4-yl)ethan-1-ol (125g) 
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1-(3-(4-nitrophenyl)isoxazol-4-yl)cyclohexan-1-ol (125h): 
 

 

Figure S4.25. 1H NMR of 1-(3-(4-nitrophenyl)isoxazol-4-yl)cyclohexan-1-ol (125h) 
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Figure S4.26. 13C NMR of 1-(3-(4-nitrophenyl)isoxazol-4-yl)cyclohexan-1-ol (125h) 
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3-(4-(1-hydroxycyclohexyl)isoxazol-3-yl)benzonitrile (125i) 

  

Figure S4.27. 1H NMR of 3-(4-(1-hydroxycyclohexyl)isoxazol-3-yl)benzonitrile (125i) 

  



274 
 

 
Figure S4.28. 13C NMR of 3-(4-(1-hydroxycyclohexyl)isoxazol-3-yl)benzonitrile (125i) 
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ethyl 5-(3-(3-(ethoxycarbonyl)isoxazol-4-yl)propyl)isoxazole-3-carboxylate (125j): 
 

 

Figure S4.29. 1H NMR of ethyl 5-(3-(3-(ethoxycarbonyl)isoxazol-4-yl)propyl)isoxazole-3-carboxylate 
(125j) 
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Figure S4.30. 13C NMR of ethyl 5-(3-(3-(ethoxycarbonyl)isoxazol-4-yl)propyl)isoxazole-3-carboxylate 
(125j) 
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(9S,13R,14S,17S)-17-(3-(4-nitrophenyl)isoxazol-4-yl)-7,8,9,11,12,13,14,15,16,17-decahydro-6H-
cyclopenta[a]phenanthrene-3,17-diol (125k): 

 

  

Figure S4.31. 1H NMR of (9S,13R,14S,17S)-17-(3-(4-nitrophenyl)isoxazol-4-yl)-7,8,9,11,12,13,14,15,16,17-
decahydro-6H-cyclopenta[a]phenanthrene-3,17-diol (125k) 
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Figure S4.32. 13C NMR of (9S,13R,14S,17S)-17-(3-(4-nitrophenyl)isoxazol-4-yl)-
7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthrene-3,17-diol (125k) 
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triethyl isoxazole-3,4,5-tricarboxylate (128a): 
 

  

Figure S4.33. 1H NMR of triethyl isoxazole-3,4,5-tricarboxylate (128a) 
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Figure S4.34. 13C NMR of triethyl isoxazole-3,4,5-tricarboxylate (128a) 
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diethyl 3-(4-methoxyphenyl)isoxazole-4,5-dicarboxylate (128b): 
 

 

Figure S4.35. 1H NMR of diethyl 3-(4-methoxyphenyl)isoxazole-4,5-dicarboxylate (128b) 
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Figure S4.36. 13C NMR of diethyl 3-(4-methoxyphenyl)isoxazole-4,5-dicarboxylate (128b) 
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diethyl 3-phenylisoxazole-4,5-dicarboxylate (128c): 
 

  

Figure S4.37. 1H NMR of diethyl 3-phenylisoxazole-4,5-dicarboxylate (128c) 
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Figure S4.38. 13C NMR of diethyl 3-phenylisoxazole-4,5-dicarboxylate (128c) 

  



285 
 

diethyl 3-(4-nitrophenyl)isoxazole-4,5-dicarboxylate (128d): 
 

 

Figure S4.39. 1H NMR of diethyl 3-(4-nitrophenyl)isoxazole-4,5-dicarboxylate (128d). 
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Figure S4.40. 13C NMR of diethyl 3-(4-nitrophenyl)isoxazole-4,5-dicarboxylate (128d). 
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ethyl 3-(4-methoxyphenyl)-5-phenylisoxazole-4-carboxylate (128e): 
 

 

Figure S4.41. 1H NMR of ethyl 3-(4-methoxyphenyl)-5-phenylisoxazole-4-carboxylate (128e) 
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Figure S4.41. 13C NMR of ethyl 3-(4-methoxyphenyl)-5-phenylisoxazole-4-carboxylate (128e) 
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ethyl 3,5-diphenylisoxazole-4-carboxylate (128f): 
 

 

Figure S4.42. 1H NMR of ethyl 3,5-diphenylisoxazole-4-carboxylate (128f) 
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Figure S4.43. 13C NMR of ethyl 3,5-diphenylisoxazole-4-carboxylate (128f) 
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ethyl 3-(4-nitrophenyl)-5-phenylisoxazole-4-carboxylate (128g): 
 

 

Figure S4.44. 1H NMR of ethyl 3-(4-nitrophenyl)-5-phenylisoxazole-4-carboxylate (128g) 
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Figure S4.45. 13C NMR of ethyl 3-(4-nitrophenyl)-5-phenylisoxazole-4-carboxylate (128g) 
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1-(3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)ethan-1-one (128h): 
 

  

Figure S4.46. 1H NMR of 1-(3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)ethan-1-one (128h) 
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Figure S4.47. 13C NMR of 1-(3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)ethan-1-one (128h) 
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ethyl 5-methyl-3-(4-nitrophenyl)isoxazole-4-carboxylate (128i): 
 

 

Figure S4.48. 1H NMR of ethyl 5-methyl-3-(4-nitrophenyl)isoxazole-4-carboxylate (128i) 
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Figure S4.49. 13C NMR of ethyl 5-methyl-3-(4-nitrophenyl)isoxazole-4-carboxylate (128i) 
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ethyl 3-(4-chlorophenyl)-5-methylisoxazole-4-carboxylate (128j): 
 

  

Figure S4.50. 1H NMR of ethyl 3-(4-chlorophenyl)-5-methylisoxazole-4-carboxylate (128j) 
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Figure S4.51. 13C NMR of ethyl 3-(4-chlorophenyl)-5-methylisoxazole-4-carboxylate (128j) 
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ethyl 3-(4-chlorophenyl)-5-methylisoxazole-4-carboxylate (128k) 

  

Figure S4.52. 1H NMR of ethyl 3-(4-chlorophenyl)-5-methylisoxazole-4-carboxylate (128k) 
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Figure S4.53. 13C NMR of ethyl 3-(4-chlorophenyl)-5-methylisoxazole-4-carboxylate (128k) 

  



301 
 

ethyl 3-(4-nitrophenyl)-4-phenylisoxazole-5-carboxylate (127a): 
 

  

Figure S4.53. 1H NMR of ethyl 3-(4-nitrophenyl)-4-phenylisoxazole-5-carboxylate (127a) 
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Figure S4.54. 13C NMR of ethyl 3-(4-nitrophenyl)-4-phenylisoxazole-5-carboxylate (127a) 
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ethyl 4-methyl-3-(4-nitrophenyl)isoxazole-5-carboxylate (127b): 
 

 

Figure S4.55. 1H NMR of ethyl 4-methyl-3-(4-nitrophenyl)isoxazole-5-carboxylate (127b) 
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Figure S4.56. 1H NMR of ethyl 4-methyl-3-(4-nitrophenyl)isoxazole-5-carboxylate (127b) 
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ethyl 3-(4-chlorophenyl)-4-methylisoxazole-5-carboxylate (133c-c): 
 

  

Figure S4.57. 1H NMR of ethyl 3-(4-chlorophenyl)-4-methylisoxazole-5-carboxylate (127c) 
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Figure S4.58. 13C NMR of ethyl 3-(4-chlorophenyl)-4-methylisoxazole-5-carboxylate (127c) 
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methyl 3-(4-chlorophenyl)-4-pentylisoxazole-5-carboxylate (127d): 
 

  

Figure S4.59. 1H NMR of methyl 3-(4-chlorophenyl)-4-pentylisoxazole-5-carboxylate (127d) 
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Figure S4.60. 13C NMR of methyl 3-(4-chlorophenyl)-4-pentylisoxazole-5-carboxylate (127d) 
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1-(3-(4-nitrophenyl)-4-phenylisoxazol-5-yl)ethan-1-one (127e): 
 

  

Figure S4.61. 1H NMR of 1-(3-(4-nitrophenyl)-4-phenylisoxazol-5-yl)ethan-1-one (127e) 
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Figure S4.62. 13C NMR of 1-(3-(4-nitrophenyl)-4-phenylisoxazol-5-yl)ethan-1-one (127e) 
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(3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)methanol (128n): 
 

  

Figure S4.63. 1H NMR of (3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)methanol (128n) 
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Figure S4.64. 13C NMR of (3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)methanol (128n ) 
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3-(4-(hydroxymethyl)-5-phenylisoxazol-3-yl)benzonitrile (128o): 
 

 

Figure S4.65. 1H NMR of 3-(4-(hydroxymethyl)-5-phenylisoxazol-3-yl)benzonitrile (128o) 
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Figure S4.66. 13H NMR of 3-(4-(hydroxymethyl)-5-phenylisoxazol-3-yl)benzonitrile (128o) 
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1-(3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)butan-1-ol (128p) 
 

 

Figure S4.67. 1H NMR of 1-(3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)butan-1-ol (128p) 

  



316 
 

  

Figure S4.68. 13C NMR of 1-(3-(4-nitrophenyl)-5-phenylisoxazol-4-yl)butan-1-ol (128p) 
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(3-(4-nitrophenyl)-5-propylisoxazol-4-yl)methanol (128q): 
 

 

Figure S4.69. 1H NMR of (3-(4-nitrophenyl)-5-propylisoxazol-4-yl)methanol (128q) 
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Figure S4.70. 13C NMR of (3-(4-nitrophenyl)-5-propylisoxazol-4-yl)methanol (128q) 
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Chapter 5 - Safety Concerns in Mechanochemical Reactions: Peroxide 
Handling, The Old New Problem 
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5.1. Abstract 
 

Mechanochemical reactions represent a new avenue to perform reactions sustainably. As we progress 
rapidly in this field, new safety guidelines and protocols must be developed for reactions that occur under 
solvent-free conditions. Based on recent episodes, we discuss the hazards of using peroxides and safety 
pathway protocols for untested reaction mixtures. 

5.2. Perspective 
 

Mechanochemical reactions have proven to be a more sustainable and environmentally friendly technique 
for carrying out reactions without the need for large amounts of solvents, thereby improving the 
sustainability of organic reactions.1 However, removing the solvent from the reaction conditions 
significantly affects the reaction profile and safety, as it is less effective in dissipating the heat generated 
in the reaction and providing a medium to homogenize the reaction mixtures to ensure reactivity. 2 

Based on this knowledge, there has been limited focus on reviewing and developing safety protocols and 
providing safety information to operational and research staff. It is essential to constantly consider that 
milling techniques such as mortar pestle, planetary ball milling, and mixer milling rely on media (balls or 
pestle), which facilitate the transfer of mass and energy to the reagents. 3,4,5 In addition, the reagents are 
in direct contact with the grinding media during the progress of the reaction, which can cause 
incompatibility between the milling material and the sample mixture due to the impurities produced by 
the leaching of the jar metal material. 6 This can result in unforeseen and sudden reactions that can harm 
research personnel. 7 

Among the most reported occupational risks and damage in research labs involve the use of peroxides. 
Peroxide reagents are frequently used in organic synthesis, as they facilitate the selective oxidation of 
organic compounds, and it has been demonstrated that the reactivity of peroxides stems from their ability 
to homolytically cleave the weak O-O bond, which is facilitated by the low dissociation energy.8-10 Due to 
the low dissociation energy associated with peroxides, it is crucial to prioritize specific safety parameters, 
such as temperature control and careful addition, when handling peroxides.7,11 These parameters are 
influential and vital given that most reported reactions are carried out using high dilution factors.  

Despite the broad understanding and knowledge regarding the hazards of peroxides, several accidents 
have been reported in both academic and industrial settings, resulting in significant damage to equipment 
and personnel involved in the research. 12-14 

The use of peroxides under solvent-free conditions requires high precaution due to the limited heat 
dissipation and the increased rate of reactions observed for many mechanochemical conditions, which 
can lead to significantly larger consequences compared to solution-based processes, even when using 
lesser quantities of peroxide material. It is important to note that several peroxides, such as m-
chloroperoxybenzoic acid, diacetyl peroxide, and acetyl benzoyl peroxide, are sensitive to mechanical 
shock or stress. 15 These are well documented in their material safety data sheet (MSDS). However, there 
is a number of peroxides reagents, which information regarding their shock sensitivity is not extensive. 

Recently, we have witnessed an explosion of a reaction sample containing less than 300 mg potassium 
persulfate, an inorganic peroxide. The explosion caused by the mechanical stressed, occurred within 10 
seconds of initiating the milling process in a ceramic jar, an inert and non-wearing material used to prevent 
contamination of the sample. The explosion was of such magnitude that it caused significant deformation 
to the right arm of the mixer milling equipment, which is surprising considering the strong and rigid 
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structure of the arm (Figure 5.1a). Additionally, it caused irreversible damage to the ceramics jars, leaving 
evidence of carbonization and emitting a sulphur like odour (Figure 5.1b). It is important to note that there 
were no physical injuries, but the magnitude of the explosion could have resulted in significant and even 
fatal damage, experiencing stress, anxiety, fear, and panic. 

 

Figure 5.1. Damages to mixer mill and mixer mill capsules 

Priestley et al. have suggested a security flow chart to determine for individual reaction components if 
milling is a safe options.2 However, several researchers have shown that it is possible to mill peroxides, 
reporting successful and promising results.16-18 We would like highlight that, although these reports 
showcase innovative research, replications of this research should be done carefully, with proper safety 
equipment, and performing the reaction on small scales. 

Many reagents are effective for solution-based thermal conditions, but not all can be used for 
mechanochemical reactions in the solid-state. To date, there is no clear distinction between reagents 
specific to solvent-free conditions or solution-based thermal. Without specific information in the MSDS, 
we must be cautious to avoid unfortunate accidents that jeopardize safety. We recommend first examining 
the materials with high hazard, specifically those with an oxygen content > -200 units 2. Once this is done, 
we recommend doing a BAM Fallhammer test measures the materials sensitivity to mechanical shock. 15 

If the BAM Fallhammer test is successfully passed without detecting any type of explosion, a second BAM 
Fallhammer test should be conducted using all the reagent used for the reaction mixture. If this test is also 
successfully passed, a small-scale reaction can be carried out in a sealed stainless-steel (SS) milling jar, 
examining the reaction at low milling frequencies and evaluating its behaviours in short milling times 
(about 5- 10 min). The purpose of this test is to avoid potential risks due to the effect of the recurrent 
mechanical shock in the mixture. 

In the case of using peroxides for mechanochemical reactions, we advise performing the above-mentioned 
tests and exercising extreme caution as the use of peroxides is associated with high risk. Additionally, we 
suggest adding the peroxide reagents just before the reaction begins, using a protective shield, and always 
using minimal amounts of peroxide. 

In all cases, standardized safety precautions should be taken, such as using appropriate personal protective 
equipment (PPE) for each task you perform. Practice good workplace maintenance habits, personal 
hygiene, and equipment maintenance. Familiarize yourself with the FMSD safety data sheet (review 
section 7 and section 9 of the FMSD for information on impact sensitivity and perform the reaction within 
a fume hood). It is important to promote prevention not only of the physical and chemical risks associated 
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with severe harm to the involved researcher, but also to raise awareness about potential risks that may 
involve psychosocial and organizational hazards. 

 

 

5.3. Conclusion 
 

In summary, mechanochemical reactions are a new way of carrying out organic reactions. However, given 
the rapid evolution of protocols, it is necessary to evaluate and establish clear guidelines to ensure the 
safety of experienced and trainee researchers. Learning from recent experiences, we have realized the 
risks of working with peroxides and the importance of handling them with caution in a solvent-free 
environment. Although several successful cases have been reported using these oxidative reagents in 
mechanochemistry, we strongly recommend conducting preliminary tests using the BAM Fallhammer test 
for individual materials and mixtures. This should be followed by a small-scale reaction, using properly 
sealed screw-cap vials and grinding at low frequency for a short period of time. We insist on the need to 
take proper precautions to prevent incidents and accidents in the laboratory. In the event of being a victim 
of an unwanted incident, it is important to report, document, and participate in the implementation of 
precautionary measures for future similar research. 
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Chapter 6 - General Conclusion and Future Directions 
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6.1 General Conclusions 
 

The general objective of this thesis was to evaluate the effect of mechanical stress generated through 
media-dependent techniques, specifically ball milling, in transition metal-mediated 1,3-dipolar 
cycloaddition reactions between nitrile oxides (NOs) and alkyne motif to form isoxazoles.  

Initially, our investigation focused on developing a mechanochemical 1,3-dipolar cycloaddition to access 
3,5-isoxazoles from terminal alkynes and nitrile oxides. Optimization and control experiments revealed 
that mechanical activation was insufficient to form the cycloadduct 3,5-isoxazole. Only a limited number 
of terminal alkynes dipolarophiles showed good reactivity. The use of a recyclable Cu/Al2O3 nanocomposite 
catalysts was found to enhance reactivity and broaden the scope of the reaction.  

One limitation of many cycloaddition reactions is their poor selectivity when using substrates with two or 
more identical reactive sites, thereby restricting the use of symmetrical substrates. To address this issue, 
we conducted a study to evaluate the effect of mechanochemistry in stoichiometric desymmetrizations by 
1,3-dipolar cycloadditions. Our comprehensive study demonstrated that mechanochemical reactions 
enable effective desymmetrization of various symmetrical dipolarophiles. However, the efficiency of the 
desymmetrization is influenced by the electronic compatibility between the dipole and dipolarophile. A 
direct comparison between solid-state and solution-based thermal processes clearly showed that the 
mechanochemistry conditions apply to a wide range of substrates, regardless of their aggregate state. In 
contrast, solution-based conditions are substrate-dependent and often yield limited selectivity. This newly 
opened chemical space offered a direct route to obtain unsymmetrical bis-3,5-isoxazoles through iterative 
1,3-dipolar cycloadditions. 

Although 3,5-isoxazoles are among the most common di-substituted isoxazoles, the 3,4-isomers are 
relatively rare. The control of regioselectivity in regio-divergent reactions remains a challenge. However, 
the investigation of Ru catalysis in solid-state and mechanochemistry demonstrated that 3,4-isoxazole can 
be obtained efficiently and regioselectively in excellent yields. Furthermore, this chemistry can be 
extended to internal alkyne systems, where mechanochemistry allows for the synthesis of both polung 
and umpolung 3,4,5-isoxazoles from internal alkynes and NOs.  

It is worth noting that the reaction mechanism in mechanochemical conditions differs from those reported 
in solution-based conditions. Detailed mechanistic investigations revealed the importance of LAG in the 
catalyst performance, while the electronic properties of the NOs play a critical role in regioselectivity.  

Mechanochemistry offers access to new types of selectivity and reactivity types that are either impossible 
or limited in traditional solution-based methods. Established protocols and concepts from solution-based 
chemistry have inspired rapid progress in this field. However, the reaction environment in the solution and 
solid state differ significantly. As a result, specific reagents and concepts cannot be directly translated. In 
such cases, careful monitoring and consideration of proper safety guidelines is essential. 

Specifically, in the case of cycloadditions, mechanochemistry has proven to be a valuable technique for 
performing 1,3-dipolar cycloadditions. The use and benefit of this approach have been demonstrated 
through three protocols that enable access to all possible substitutions in the isoxazole motif while 
maintaining regioselectivity and promoting environmental sustainability.   

6.2 Future Directions 
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This thesis highlights the benefits of mechanochemistry in cycloaddition reactions, specifically 1,3-DCs. 
While the advantages of pericyclic reactions in organic chemistry are well-known, limited studies 
demonstrate applications 1,3-DCs for the derivatization of pigments or dyes, substrates which are known 
to have limited solubility and reactivity. After having established the benefits of mechanochemistry for 
1,3-DCs in small molecules, we propose to expand the reactivity of aromatic NOs 130* by performing 1,3-
DC between aromatic NOs 130* and pigments with terminal alkynes 129 to form novel 3,5-isoxazoles 
pigments 131 and evaluate the novel photochemical properties of this compounds (Figure 6.1).  

 

Figure 6.1. Synthesis of isoxazole containing pigments 
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Appendices 
 

Appendix A: Copper Azide-Alkyne Cycloaddition (CuAAC) 
 

The reaction conditions and stepwise mechanism that leads access to 1,4-triazoles. 

 

 


