
 

 

 

 

 

 

TRANSITION METAL -CATALYZED CROSS -COUPLING  

OF SILICON EL ECTROPHILES FOR THE  

SYNTHESIS OF VINYL AND ALKYL SILANES  

 

 

 

 

 

by 

 

Andrew Patrick Cinderella 

 

 

 

 

 

 

 

 

 

A dissertation submitted to the Faculty of the University of Delaware in partial 

fulfillment of the requirements for the degree of Doctor of Philosophy in Chemistry 

and Biochemistry 

 

 

 

Fall 2017 

 

 

 

© 2017 Andrew Patrick Cinderella 

All Rights Reserved 

  



 

 

 

 

 

TRANSITION METAL -CATALYZED CROSS -COUPLING  

OF SILICON ELECTROPHILES FOR THE  

SYNTHESIS OF VINYL AND ALKYL SILANES  

 

 

by 

 

Andrew Patrick Cinderella 

 

 

 

 

 

Approved:  __________________________________________________________  

 Murray V. Johnston, Ph.D. 

 Chair of the Department of Chemistry and Biochemistry 

 

 

 

Approved:  __________________________________________________________  

 George H. Watson, Ph.D. 

 Dean of the College of Arts and Sciences 

 

 

 

Approved:  __________________________________________________________  

 Ann L. Ardis, Ph.D. 

 Senior Vice Provost for Graduate and Professional Education 

  



 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Donald A. Watson, Ph.D. 

 Professor in charge of dissertation 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Joseph M. Fox, Ph.D. 

 Member of dissertation committee 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Klaus H. Theopold, Ph.D. 

 Member of dissertation committee 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Zachary D. Aron, Ph.D. 

 Member of dissertation committee 

 



 iv 

I would like to thank my advisor, Professor Donald A. Watson, for allowing 

me the opportunity to research in his lab and never failing to challenge me as a 

student. I am sincerely indebted to the Department of Chemistry and Biochemistry 

facilities and department staff: Steve Bai, John Famiglietti, Moiscell Robinson, Doug 

Nixon, Mark Schrader, Gary Lance, Glenn Yap, Brenda Carboni, Susan Cheadle, Pat 

McMahon, and Rick Beard. Without their incredible service, the department could not 

function. 

I would like to thank my committee members: Professor Joseph Fox, Professor 

Klaus Theopold, and Dr. Zachary Aron for their commitment to help guide me 

through earning my Ph.D. 

I would like to thank the all of the past Watson group members that I had the 

honor and pleasure of working alongside. Jesse McAtee and Sarah Martin, thank you 

for teaching me everything silicon and creating the foundation for me to build my 

Ph.D. upon. Thank you to Peter Gildner for teaching me that when nothingôs working, 

a cup of coffee can turn the day around. 

I would like to extend a special thank you to Amber Gietter-Burch and Kirk 

Shimkin who were incredible mentors throughout my time at the University of 

Delaware. Amber, you were an outstanding mentor and you continue to help guide me 

to this day. I cannot thank you enough; my success is a direct outcome of your 

exceptional teaching and tireless efforts. Kirk, talking to you everyday helped develop 

ACKNOWLEDGMENTS  



 v 

my ideas and perspectives on chemistry and life. From our talks on politics to every 

time I said ñHey, I got a question for you,ò I developed more as a person and chemist. 

I would like to thank all of the Watson members of my class year: Scott 

Shuler, William Reid, and Vijayrajan Devannah. We started this program together and 

I could have never done it without all of you. The experiences we have had and the 

memories made will last forever and is a bond we will always have. You are all the 

best lab mates and friends I could have asked for. 

I would like to thank my family and friends for their support throughout 

graduate school, especially my parents Tom and Jo Cinderella for your unending 

support and always believing in my ability to accomplish great things. The 

understanding of the time commitment involved in this endeavor by my brothers 

Michael, Tony, and Stephen has helped to ease the burden of all the long hours of 

work. 

Above all, I would like to thank my wife, Chrissie Cinderella, for her eternal 

support throughout my degree. We adopted three lovable dogs, bought a house, and 

got married in my time at the University of Delaware and none of that would have 

happened without you. You have truly made incredible sacrifices for me to chase my 

dreams. Marrying you and starting our life together is the most memorable moment 

from my time in graduate school. 



 vi 

LIST OF TABLES ........................................................................................................ ix 
LIST OF FIGURES ........................................................................................................ x 
ABSTRACT ................................................................................................................ xvi 

 

Chapter 

1 INTRODUCTION TO ORGANOSILANES ..................................................... 1 

1.1 Overview ................................................................................................... 1 
1.2 Synthesis of Vinyl Silanes ......................................................................... 2 

1.2.1 Alkyne Hydrosilylation ................................................................. 2 

1.2.1.1 Rhodium Catalyzed Stereoselective Hydrosilylation ..... 4 
1.2.1.2 Ruthenium Catalyzed trans-Hydrosilylation .................. 5 

1.2.1.3 Platinum Catalyzed cis-Hydrosilylation ......................... 6 
1.2.1.4 Cobalt Catalyzed Hydrosilylation .................................. 7 

1.2.2 Dehydrogenative Silylation ........................................................... 9 

1.2.2.1 Metal Carbonyl Catalyzed Dehydrogenative 

Silylation ....................................................................... 10 
1.2.2.2 Cationic Transition Metal Catalyzed 

Dehydrogenative Silylation .......................................... 12 

1.2.2.3 Grubbs I Catalyzed Dehydrogenative Silylation .......... 14 
1.2.2.4 Iridium Catalyzed Dehydrogenative Silylation ............ 15 

1.2.3 Vinyl Grignard Additions ............................................................ 17 
1.2.4 Cross-Metathesis ......................................................................... 18 
1.2.5 Alternative Syntheses from Alkynes ........................................... 21 

1.2.5.1 Reductions of Silyl Alkynes ......................................... 21 
1.2.5.2 Silylmetallation ............................................................. 23 

1.2.6 Silyl Heck Reactions ................................................................... 26 

1.2.6.1 First Generation Silyl Heck Reaction ........................... 27 

TABLE OF CONTENTS  



 vii  

1.2.6.2 Second Generation Silyl Heck Reaction ...................... 31 

1.3 Synthesis of Alkyl Silanes ....................................................................... 34 

1.3.1 Direct Grignard Additions ........................................................... 35 
1.3.2 Silicon Nucleophiles .................................................................... 40 
1.3.3 Alkene Hydrosilylation ............................................................... 46 

1.3.3.1 Platinum Catalysts ........................................................ 47 

1.3.3.2 Non-Platinum Precious Metal Catalysts ....................... 48 
1.3.3.3 Non-Precious Metal Catalysts ...................................... 50 
1.3.3.4 Lewis Acid Catalysis .................................................... 52 

1.4 Applications of Vinyl Silanes .................................................................. 53 

1.4.1 Hiyama/Hiyama-Denmark Cross-Coupling ................................ 54 
1.4.2 Tamao-Fleming Oxidation .......................................................... 64 

1.4.3 Desilylative Halogenation ........................................................... 72 

1.5 Applications of Alkyl Silanes .................................................................. 81 

1.5.1 Tamao-Fleming Oxidation .......................................................... 81 

1.5.2 Ŭ-Silyl Pronucleophiles ............................................................... 88 
1.5.3 Biological and Materials Applications ........................................ 93 

REFERENCES ............................................................................................... 100 

2 NICKEL CATALYZED SILYL HECK  ........................................................ 120 

2.1 Introduction ........................................................................................... 120 
2.2 Reaction Optimization ........................................................................... 123 

2.3 Styrene Substrate Scope ........................................................................ 124 
2.4 Silyl Triflate Scope ................................................................................ 126 
2.5 Experimental Information ..................................................................... 129 

2.5.1 General Experimental ................................................................ 129 
2.5.2 General Procedures .................................................................... 130 

REFERENCES ............................................................................................... 143 

3 PALLADIUM -CATALYZED CROSS-COUPLING OF SILYL 

ELECTROPHILES WITH ALKYLZINC HALIDES: A SILYL NEGISHI 

REACTION .................................................................................................... 145 

3.1 Introduction ........................................................................................... 145 



 viii  

3.2 Optimization .......................................................................................... 149 

3.3 Scope of Zinc Coupling Partner ............................................................ 153 
3.4 Experimental .......................................................................................... 158 

3.4.1 General Experimental ................................................................ 158 
3.4.2 Synthesis of Non-Commercial and Novel Reagents ................. 160 

3.4.2.1 Silane Synthesis: ......................................................... 160 

3.4.2.2 Ligand and Catalyst Synthesis: .................................. 164 
3.4.2.3 Alkyl Halide Synthesis: .............................................. 166 

3.4.3 General Procedures .................................................................... 175 

3.4.3.1 Alkylzinc Halide Synthesis ........................................ 175 
3.4.3.2 Procedure for the Silyl Negishi Reaction ................... 182 
3.4.3.3 In Situ Phosphine Selenides ....................................... 200 

REFERENCES ............................................................................................... 203 

4 PALLADIUM -CATALYZED ALKYLATION OF CHLOROSILANES .... 207 

4.1 Introduction ........................................................................................... 207 

4.2 Optimization .......................................................................................... 209 
4.3 Reaction Scope ...................................................................................... 211 

4.4 Experimental .......................................................................................... 221 

4.4.1 General Experimental ................................................................ 221 

4.4.2 Synthesis of Non-Commercial Reagents ................................... 223 
4.4.3 General Procedures .................................................................... 226 

4.4.3.1 Alkylmagnesium Halide Synthesis ............................. 226 
4.4.3.2 Procedures for Silyl Kumada Reaction ...................... 230 
4.4.3.3 Scale Up and Catalyst Recovery ................................ 250 

4.4.3.4 In Situ Reaction Monitoring ....................................... 252 

REFERENCES ............................................................................................... 254 

 

Appendix 

A PERMISSION FOR PUBLISHED WORK ................................................... 258 
B SPECTRAL DATA FOR CHAPTER 2 ......................................................... 263 
C SPECTRAL DATA FOR CHAPTER 3 ......................................................... 303 
D SPECTRAL DATA FOR CHAPTER 4 ......................................................... 433 

 



 ix 

Table 1.1 Metathesis with Silicon Substitution ............................................................ 20 

Table 1.2 Effect of Conditions on Halogenation of Trifluorosilyl Alkenes ................. 76 

Table 1.3 Melting Point Depression of Silahydrocarbons............................................ 97 

Table 2.1Silicon Halide and Oxygen Bond Dissociation Energy .............................. 121 

Table 2.2 Identification of a Nickel Based Catalyst ................................................... 123 

Table 3.1 Optimization of Catalyst* .......................................................................... 150 

Table 3.2 Examination of Silyl Chlorides, Bromides, and Triflates* ........................ 152 

Table 3.3 Phosphine Selenide Coupling Constants* .................................................. 152 

Table 3.4 Alkene Additive Study* ............................................................................. 155 

Table 4.1 Optimization of Reaction Conditions* ....................................................... 210 

Table 4.2 Chlorosilane Equivalence vs. Time* .......................................................... 210 

 

LIST OF TABLES  



 x 

Figure 1.1 Chalk-Harrod Mechanism ............................................................................. 3 

Figure 1.2 Moriôs Stereoselective Hydrosilylation ........................................................ 4 

Figure 1.3 Trost Cationic Ruthenium Trans Hydrosilylation ......................................... 5 

Figure 1.4 Silane Activation by Cationic Ruthenium .................................................... 6 

Figure 1.5 Platinum-Catalyzed cis-Hydrosilylation ....................................................... 7 

Figure 1.6 Dengôs Cobalt-Catalyzed, ɓ-Selective Hydrosilylation ................................ 8 

Figure 1.7 Huangôs Cobalt-Catalyzed, h-Selective Hydrosilylation .............................. 9 

Figure 1.8 Impact of Reactant Ratios ........................................................................... 10 

Figure 1.9 Identity of Hydrogen Acceptor ................................................................... 11 

Figure 1.10 Metal Triad Complexes ............................................................................. 12 

Figure 1.11 Cationic Rhodium ..................................................................................... 12 

Figure 1.12 Brookhartôs Palladium Catalyst ................................................................ 13 

Figure 1.13 Cationic Ruthenium Prenylidene .............................................................. 14 

Figure 1.14 Grubbs I Catalyzed Silylation ................................................................... 15 

Figure 1.15 Oroôs Silyl Iridium Complex .................................................................... 16 

Figure 1.16 Falck (top) and Hartwig (bottom) Iridium Catalysis ................................ 17 

Figure 1.17 Oshima Metal Catalyzed Vinylation ......................................................... 18 

Figure 1.18 Chauvin Mechanism ................................................................................. 19 

Figure 1.19 Denmark Ring Closing Metathesis ........................................................... 20 

Figure 1.20 Hydrogenation of Silyl Alkynes ............................................................... 21 

LIST OF FIGURES 



 xi 

Figure 1.21 Eischôs Hydroalumination ......................................................................... 22 

Figure 1.22 Miura Cyclization ..................................................................................... 23 

Figure 1.23 Flemingôs Silylcuprate Addition ............................................................... 24 

Figure 1.24 Propargyl 2-Pyridylsulfone Directing Group ............................................ 25 

Figure 1.25 (SiBNOL-Zn-ate) Silylzincation ............................................................... 26 

Figure 1.26 Mechanism of the Heck Reaction ............................................................. 27 

Figure 1.27 Proposed Silyl Heck Mechanism .............................................................. 28 

Figure 1.28 Tanakaôs Silyl Heck Reaction ................................................................... 28 

Figure 1.29 Muraiôs Three Component Couplings ....................................................... 29 

Figure 1.30 First Generation Silyl Heck ....................................................................... 30 

Figure 1.31 Silyl Ditriflates in the Silyl Heck Reaction ............................................... 30 

Figure 1.32 Comparison of First and Second Generation Silyl Heck Reactions ......... 32 

Figure 1.33 Oxidative Addition Complex .................................................................... 32 

Figure 1.34 Reaction of Neopentylethylene ................................................................. 33 

Figure 1.35 Simplified Silyl Heck Electrophile Scope ................................................ 34 

Figure 1.36 Addition of CyMgBr to PhSiCl3 ............................................................... 36 

Figure 1.37 Steric Effects on Alkylation ...................................................................... 37 

Figure 1.38 Nickel Catalyzed Hydride Substitution ..................................................... 38 

Figure 1.39 CuCN Catalyzed Alkylation ..................................................................... 38 

Figure 1.40 Alkylation of 1,1-Dichlorobenzosilacyclobutene ..................................... 39 

Figure 1.41 Alkyl Grignards in Oshimaôs Metal Catalyzed Alkylations ..................... 40 

Figure 1.42 Flemingôs Silyl Cuprate Nucleophile ........................................................ 41 

Figure 1.43 Flemingôs Silyl Zincate Nucleophile ........................................................ 42 



 xii  

Figure 1.44 Bergdahlôs [PhMe2SiCuI]LiÅDMS Complex ............................................ 42 

Figure 1.45 Hoveydaôs Asymmetric Conjugate Addition ............................................ 43 

Figure 1.46 Oestreichôs Bis(triorganosilyl) Zinc Addition .......................................... 44 

Figure 1.47 Copper-Catalyzed Silyl Substitution of Alkyl Triflates ............................ 45 

Figure 1.48 Alkylation of Secondary Alkyl Halides .................................................... 45 

Figure 1.49 Sommerôs Peroxide Catalyzed Hydrosilylation ........................................ 47 

Figure 1.50 Platinum Hydrosilylation Catalysts .......................................................... 48 

Figure 1.51 Scope of Iridium Catalyzed Hydrosilylation ............................................ 49 

Figure 1.52 Glaser-Tilley Hydrosilylation Mechanism ................................................ 50 

Figure 1.53 Chirikôs Iron Catalysts .............................................................................. 51 

Figure 1.54 Haptic Nickel Complexes ......................................................................... 52 

Figure 1.55 Lewis Acid Catalysts ................................................................................ 53 

Figure 1.56 Effect of Counterion with Aryldiazonium Salts ....................................... 55 

Figure 1.57 Hiyamaôs Seminal Report ......................................................................... 55 

Figure 1.58 Mechanism of Hiyama Cross-Coupling .................................................... 56 

Figure 1.59 Vinylfluorosilane Cross-Coupling ............................................................ 57 

Figure 1.60 Vinyl Silyl Ether Cross-Coupling ............................................................. 58 

Figure 1.61 TBAF Formation of Silanols ..................................................................... 59 

Figure 1.62 Masked Silanol Groups ............................................................................. 60 

Figure 1.63 Intramolecular Silicon Activation ............................................................. 61 

Figure 1.64 Intramolecular Activation for Alkyl Silane Cross-Coupling .................... 62 

Figure 1.65 Aryl Silanolate Transmetallation Intermediate ......................................... 63 

Figure 1.66 Silicon Cross-Coupling in Total Synthesis ............................................... 64 



 xiii  

Figure 1.67 Storkôs Stepwise Oxidation ....................................................................... 65 

Figure 1.68 Neutral, Basic, and Acidic Tamao Oxidation Conditions ......................... 66 

Figure 1.69 Cyclic Vinyl Silane Oxidation .................................................................. 66 

Figure 1.70 Selectivity in Tamao Oxidation ................................................................ 67 

Figure 1.71 Oxidation to h-Hydroxy Ketones .............................................................. 68 

Figure 1.72 Synthesis of ɓ-Hydroxy Ketones .............................................................. 68 

Figure 1.73 Tamao Oxidation in Synthesis .................................................................. 69 

Figure 1.74 Leighton Silylformylation/Allylation/Oxidation Strategy ........................ 70 

Figure 1.75 Diastereoselective Oxidation Through Protic or Aprotic Conditions ....... 70 

Figure 1.76 Fleming Oxidation to Form Silyl Enol Ethers .......................................... 71 

Figure 1.77 Stereoinvertive Halogenation with Bromine and Chlorine ....................... 72 

Figure 1.78 Halogenations with Iodine ........................................................................ 73 

Figure 1.79 Iodination with Iodine Monochloride (ICl) .............................................. 74 

Figure 1.80 Effect of Substituent on Bromination ....................................................... 74 

Figure 1.81 Effect of Lewis Acid on Stereospecificity of  Vinyl Silane Iodination .... 75 

Figure 1.82 Correlation of Silicon Substitution to Halide Addition ............................ 77 

Figure 1.83 Comparison of Solvents for Iodination ..................................................... 78 

Figure 1.84 Total Syntheses Employing Desilylative Halogenation ............................ 79 

Figure 1.85 Industrial Halogenation ............................................................................. 80 

Figure 1.86 Desilylative Fluorination with SelectfluorÊ ............................................ 80 

Figure 1.87 Hydrogen Peroxide Oxidation of Alkyl Silanes ....................................... 82 

Figure 1.88 Hydroxymethylation via Hydrogen Peroxide Oxidation .......................... 83 

Figure 1.89 Stereoretentive Oxidation of Norbornyl Trifluorosilanes ......................... 84 



 xiv 

Figure 1.90 Silyl Conjugate Addition and Phenylsilane Oxidation ............................. 84 

Figure 1.91 Silicon Oxidation to Form Enantioenriched Benzyl Alcohols and 

Ethers ....................................................................................................... 85 

Figure 1.92 Isoprenyldiphenyl Silane Oxidation .......................................................... 86 

Figure 1.93 Trimethylsilyl Multi-Step Oxidation ........................................................ 87 

Figure 1.94 Buchwald Asymmetric Hydrosilylation/Oxidation Sequence .................. 87 

Figure 1.95 Tamao-Fleming Oxidation in Total Synthesis .......................................... 88 

Figure 1.96 Counter-Cation Dependence of Ŭ-Silylcarbinol Elimination .................... 89 

Figure 1.97 Heteroatomic Functionalized Alkenes Via Peterson Olefination ............. 90 

Figure 1.98 Stereospecific Ŭ-silylcarbinol Elimination ................................................ 90 

Figure 1.99 Stereospecific Workup of Ŭ,ɓ-Unsaturated Esters .................................... 91 

Figure 1.100 Stereospecific Stilbene Formation Via Imines ........................................ 91 

Figure 1.101 Ammonium Alkoxide Promoted Alkylation ........................................... 92 

Figure 1.102 Alkyl Silicate Cross-Coupling ................................................................ 93 

Figure 1.103 Fluofen vs. Silafluofen ............................................................................ 94 

Figure 1.104 Silicon Substituted Retinoid Agonists .................................................... 95 

Figure 1.105 Rimonabant and Silyl Derivatives .......................................................... 96 

Figure 1.106 Silyl Amino Acids ................................................................................... 96 

Figure 1.107 Commercial Silicon Fungicides .............................................................. 97 

Figure 1.108 Coefficient of Friction Comparing MAC and SiHC ............................... 98 

Figure 2.1 Lithium Iodide Additive with Silyl Halides .............................................. 120 

Figure 2.2 Nickel-Catalyzed Cross-Coupling of Carbon-Oxygen Bonds .................. 122 

Figure 2.3 Proposed Nickel Catalyzed Silyl-Heck Reaction with Silyl Triflates ...... 122 

Figure 2.4 Styrene Substrate Scope ............................................................................ 125 



 xv 

Figure 2.5 Silyl Triflate Scope ................................................................................... 127 

Figure 2.6 Byproduct from silyl-Heck Reactions of Larger Silyl Triflates ............... 128 

Figure 3.1 Previous Secondary Alkylation of Silyl Electrophiles .............................. 146 

Figure 3.2 Umpolung Silicon Alkylation ................................................................... 147 

Figure 3.3 Initial Control Reactions Revealing a Silyl Negishi Reaction .................. 148 

Figure 3.4 Proposed Silyl-Negishi Catalytic Cycle .................................................... 149 

Figure 3.5 Alkyl Zinc Substrate Scope ....................................................................... 153 

Figure 3.6 Scope of Silyl Iodide ................................................................................. 156 

Figure 3.7 Examination of Steric Limits .................................................................... 157 

Figure 3.8 Silyl-Negishi Under Air ............................................................................ 157 

Figure 3.9 Crystal Structure of (DrewPhos)2PdI2 (hydrogen atoms omitted for 

clarity). .................................................................................................. 166 

Figure 3.10 General route to (3-bromobutyl)arenes ................................................... 167 

Figure 3.11 Experimental setup for solvent exchange ............................................... 180 

Figure 4.1 Previous Halosilane Activations ............................................................... 208 

Figure 4.2 Scope of Grignard Reagent ....................................................................... 212 

Figure 4.3 Chlorosilane Scope ................................................................................... 213 

Figure 4.4 Scope of Larger Silanes ............................................................................ 214 

Figure 4.5 Reaction Scale Up and Palladium Recycling* .......................................... 215 

Figure 4.6 Equilibrium of Palladium and Magnesium Halides .................................. 216 

Figure 4.7 Silicon and Magnesium Halide Equilibria ................................................ 217 

Figure 4.8 In Situ Reaction Monitoring ..................................................................... 218 

Figure 4.9 Examination of Halide Effect ................................................................... 219 

Figure 4.10 Anionic Palladium Substitution of Chlorosilane .................................... 220 



 xvi 

Vinyl and alkyl silanes are important molecules in organic synthesis, medicinal 

chemistry, and materials chemistry. The ability of vinyl silanes to participate in 

Hiyama-Denmark cross-coupling, oxidations, and desilylative halogenations make 

them highly versatile intermediates. Alkyl silanes engage in similar oxidations and 

Peterson olefinations. The material properties of alkyl silanes are still under 

exploration, but they display a profound propensity for freezing point depression when 

compared to hydrocarbon congeners and amplified lipophilicity of bioactive 

molecules. I sought to develop methods that could synthesize vinyl and alkyl silanes 

through transition metal catalysis. Prior to this work, there were limited methods to 

access vinyl silanes from silyl triflates and secondary alkyl silanes from halosilanes 

and an organometallic nucleophile. 

This dissertation describes the discovery and development of transition metal 

catalyzed methods to form vinyl and alkyl silanes. We have developed a nickel-

catalyzed silyl Heck reaction capable of activating silyl triflates with iodide additives. 

This methodology allows the first access to silyl triflate electrophiles in cross-

coupling, greatly expanding the scope and capabilities of the silyl-Heck reaction. 

Advancing the utility of transition metal-catalyzed cross-coupling of 

halosilanes, I was able to develop a high yielding methodology for the synthesis of 

secondary alkyl silanes from organozinc halides and iodosilanes; formally a silyl-

Negishi reaction. This alkylation strategy was then improved upon by the discovery 

and development of chlorosilane cross-coupling of Grignard reagents. Exploration of 
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 xvii  

this unprecedented chlorosilane cross-coupling revealed that highly sterically hindered 

secondary alkyl silanes were capable of being accessed with this methodology. 

Additionally, mechanistic studies suggest against a typical Kumada cross-coupling 

mechanism and favor the formation of anionic palladium to perform a substitution at 

the silicon center. 
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INTRODUCTION TO ORGANOSILANES  

1.1 Overview 

Organosilanes are pervasive throughout organic synthesis, materials, and 

medicinal chemistry. Throughout this introductory chapter, the features of 

organosilanes that allow for their broad applicability across multiple disciplines will 

be discussed. Specifically, the utility of vinyl and alkyl silanes in synthetic 

transformations such as Hiyama-Denmark cross coupling, Tamao-Fleming oxidation, 

and electrophilic halogenation will be detailed. However, the known methods to 

synthesize these valuable intermediates must be considered first; as the route to any 

intermediate is weighed against the difficulty of its synthesis. 

This dissertation will describe the discovery and development of transition 

metal-catalyzed methods for the direct synthesis of organosilanes from silyl halide 

electrophiles. The utility of various silyl triflate electrophiles to synthesize ɓ-

silylstyrenes will be discussed in Chapter 2. The development of the carbosilylation of 

alkynes to form fully substituted vinyl silanes and the precedent crucial to the 

foundation of this chemistry will  be detailed in Chapter 3. The alkylation of silyl 

halide electrophiles with alkyl zinc (Chapter 4) and magnesium nucleophiles (Chapter 

5) and their emergence from the previous carbosilylation reaction will be recounted. 

In an effort to concisely detail the advantages afforded by these methodologies, 

the introductory chapter will discuss established routes for vinyl and alkyl silane 

synthesis. As well, their established applications in organic synthesis and functions as 

Chapter 1 
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end products will be considered. Relevant precedent for each of the developed 

methods will be presented and evaluated. This will include previous reactions from 

our lab and the further advancement of those methodologies. While many of the 

reaction classes that will be discussed have a substantial literature precedent, the 

discussion herein will be focused to reports of prominent advancements and state-of-

the-art technology. 

1.2 Synthesis of Vinyl Silanes 

A number of synthetic methods to access vinyl silanes exist, the most notable 

of these being alkyne hydrosilylation and the closely related dehydrogenative 

silylation. Alternative methods such as vinyl organometallic additions, cross 

metathesis, and silyl metallation of alkynes will be discussed. Finally, from our own 

lab, the development of the silyl -Heck reaction will be reviewed in detail. While a 

large body of literature exists for many of these strategies, this section will focus on 

examples that demonstrate the full potential of these methods and their fundamental 

limitations. 

1.2.1 Alkyne Hydrosily lation 

Alkyne hydrosilylation is a well developed, simple strategy for the synthesis of 

vinyl silanes. Transition metal catalyzed hydrosilylation reactions proceed through the 

addition of a SiïH bond across an alkyne to form a vinyl silane through the Chalk-

Harrod mechanism1 (Figure 1.1). This mechanism, as drawn, explicitly dictates that 

the oxidative addition (O.A.) complex undergoes a migratory insertion (M.I.) of the 

metal hydride bond, not the metal silane bond. Generally, migratory insertion to the 

metal silane bond will result in ɓ-hydride elimination, not reductive elimination (R.E.), 
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which would give the product of a dehydrogenative silylation as will be discussed in 

Section 1.2.2. Finally, reductive elimination of the carbon silicon bond results in the 

desired organosilane and the metal zero catalyst is regenerated. 

 

Figure 1.1 Chalk-Harrod Mechanism 

Multiple features of the hydrosilylation reaction are important to understand 

when considering their use. Hydrosilylation reactions have been reported for over 50 

years; consequently, an abundant variety of synthetic examples and conditions have 

been reported.2 Inherently though, this reaction requires an alkyne starting material 

that often must be synthesized. Typically, expensive transition metals such as 

platinum, rhodium, or ruthenium are the catalysts of choice, although modern 

advances include extending this method to first row metals such as cobalt. In many 

cases, stereo- and regioselectivity can be problematic, however; more recent methods 

have been developed that can overcome these problems with judicious choice of 

catalyst and reaction conditions for particular substrates. 

For ease of discussion, the state-of-the-art for each metal commonly used will 

be considered and evaluated in the following sections. 
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1.2.1.1 Rhodium Catalyzed Stereoselective Hydrosilylation  

Rhodium is a common metal used in hydrosilylation,3 although the most 

adaptable  method was reported by Mori in 2004.4 Utilizing a simple 

triphenlyphosphine based rhodium complex, stereoselectivity for E or Z alkenes could 

be controlled by altering reaction conditions such as temperature or pre-incubation 

(Figure 1.2). Pre-stirring of the catalyst and silane at 0 °C for 2 h followed by addition 

of alkyne and stirring at room temperature afforded high Z-selectivity (1.1). Increasing 

the reaction temperature to 60 °C and critically, avoiding the pre-stir, resulted in high 

E-selectivity (1.2). This reaction is proposed to proceed through vinyl silane 

isomerization at elevated temperatures, requiring the initial formation of Z alkenes. 

While optimization of the reaction utilized pentamethyldisiloxane (PMDS) and 

phenylacetylene, these conditions were generally applicable across silanes and various 

alkynes with minimal erosion of yield and selectivity. 

 

Figure 1.2 Moriôs Stereoselective Hydrosilylation 

This example showcases the advantages of an isomerization based approach, 

allowing for the utilization of the same catalyst for both stereoisomers. However, this 

catalyst is limited to synthesizing the linear vinyl silanes. In addition, the use of 

internal alkynes was not reported. 
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1.2.1.2 Ruthenium Catalyzed trans-Hydrosilylation  

Ruthenium has been used extensively in hydrosilylation for both alkyne and 

alkene substrates.5 In particular, ruthenium catalyzed trans-hydrosilylation has been 

well developed by Trost,6 illustrating the first method to activate various alkyne 

substrates in an exclusively trans-addition process (Figure 1.3). 

The substrate scope of the method was able to tolerate substantial variations of 

the alkyne starting material. Terminal alkynes performed well in the reaction to 

selectively provide Ŭ-vinylsilanes (1.3). Functionalized internal alkynes also 

proceeded in high yield and in certain cases high selectivity, exhibiting trans 

selectivity as well (1.4). Propargyl alcohols and carbonyl substrates both performed 

well to form allyl alcohols (1.5) and silyl enones (1.6) respectively. Deuterium 

labeling studies supported that this addition is a trans-hydrosilylation process as a silyl 

deuteride substrate resulted exclusively in the silicon and deuterium atoms trans to 

one another. 

 

Figure 1.3 Trost Cationic Ruthenium Trans Hydrosilylation 
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The high activity and stereoselectivity of these reactions has been attributed to 

the unique capabilities of the ruthenium catalyst to easily access oxidationïreduction 

cycles. This has lead to the proposal of a unique activation mode through a ů-complex 

(Figure 1.4), obviating the typically observed oxidative addition to the SiïH bond. 

 

Figure 1.4 Silane Activation by Cationic Ruthenium 

While these are some of the optimal examples from this methodology, the 

selectivity can vary depending on the substrate and silane employed. However, this 

work does form a cohesive approach to trans-hydrosilylation of acetylenes in a 

general form; a benchmark towards the further understanding of hydrosilylation 

chemistry. 

1.2.1.3 Platinum Catalyzed cis-Hydrosilylation  

Platinum catalysts have been explored since the onset of hydrosilylation 

chemistry (1965). Early investigations by Lewis established the importance of low 

valent or colloidal platinum to generate a more efficient reaction.7 More recently, N-

heterocyclic carbene (NHC) ligands have been demonstrated as efficient ligands for 

platinum catalyzed cis-hydrosilylation8 (Figure 1.5). 

This methodology uses the commercially available 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene (IPr) NHC ligand pre-ligated to a platinum allyl 
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ether (AE) complex under solvent free conditions. Terminal acetylenes resulted in 

high selectivities for ɓ-vinyl silanes utilizing both alkyl (1.7) and aryl substrates (1.8). 

Regioselectivity was still good with internal alkynes (1.9, 1.10), although yields were 

still quite high. 

 

Figure 1.5 Platinum-Catalyzed cis-Hydrosilylation 

It was found that the foundation of selectivity is based on both the alkyne and 

silane coupling partner. Increasing the phenyl substitution on the silicon atom as well 

as the steric bulk on the alkyne pushed regioselectivities up. While steric parameters 

about the alkyne have a direct correlation with selectivity, it is not apparent that the 

electronic nature of the alkyne plays much of a role. This methodology does offer a 

complementary selectivity to the previously mentioned ruthenium method, increasing 

the overall utility of hydrosilylation. 

1.2.1.4 Cobalt Catalyzed Hydrosilylation 

Cobalt catalyzed hydrosilylation offers an opportunity to move away from 

expensive precious metal catalysis and access the wide array of oxidation states 

available to cobalt complexes.9 Pioneering work in this field by Isobe10 has opened the 
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field to many others. Methods focused on particular substrate classes11 or catalysts12 

have been successful; however, the apex of cobalt catalysis resides within methods by 

Deng13 and Huang.14 

Utilizing the 1,3-diadamantylimidazol-2-ylidene (IAd) NHC ligand with 

triphenlyphosphine, an effective hydrosilylation cobalt(I) catalyst was synthesized. 

This catalyst was able to selectively hydrosilylate both terminal and internal 

acetylenes (Figure 1.6). In the case of terminal alkynes, the ɓ-(E)-vinyl silane (1.11) 

was the exclusive product while symmetrical internal alkynes resulted in cis-addition 

only (1.12). Limitations were found when non-symmetrical alkynes were employed 

resulting in poor regioselectivity, with exceptions observed in substrates displaying 

highly asymmetrical steric encumbrances. 

 

Figure 1.6 Dengôs Cobalt-Catalyzed, ɓ-Selective Hydrosilylation 

Huang utilized 2,6-bis[(4S)-4-tert-butyl-2-oxazolin-2yl]pyridine (tBuPyBox) 

as ligand in a preformed cobalt pre-catalyst (Figure 1.7). This method is highly 

complementary since the major product is the -hvinyl silane (1.13). The authors 

presume that this is mostly a result of steric interactions with the bulky rigid 

framework of the tBuPyBox ligand. This method was also able to show modest 

selectivity for internal alkynes with a 2:1 regioselectivity (1.14). While not an efficient 
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regioselective reaction with internal alkynes, this lays the groundwork for further 

improvements in the field of cobalt catalyzed hydrosilylation. 

 

Figure 1.7 Huangôs Cobalt-Catalyzed, h-Selective Hydrosilylation 

1.2.2 Dehydrogenative Silylation 

Dehydrogenative silylation allows access to vinyl silanes directly from 

abundant alkenes. While hydrosilylation is dominated by the Chalk-Harrod 

mechanism, dehydrogenative silylation necessitates a silyl metalation to an alkene 

rather than hydride addition. This leads to alkyl metal intermediates that can ɓ-hydride 

eliminate to yield product or can reversibly ɓ-silyl eliminate. However, since a metal 

dihydride results from ɓ-hydride elimination, an excess of alkene is necessary as a 

hydrogen acceptor. 

Multiple different metals have been used to catalyze this process including, 

iron, ruthenium, palladium, and iridium. However, no matter what metal is utilized, 

the ratio of total alkene to silane in the system is critical to the success of the reaction. 

Without a sufficient excess of alkene, simple hydrosilylation becomes the dominant 

pathway. Some methods work around this by utilizing sacrificial alkene additives as 



 10 

hydrogen acceptors rather than excess alkene substrate; therefore, the overall alkene 

content is altered in value, but not in quantity. 

1.2.2.1 Metal Carbonyl Catalyzed Dehydrogenative Silylation 

Simple metal carbonyl complexes were among the first catalysts discovered for 

dehydrogenative silylation. Nesmeyanov15 discovered in the 1960ôs that iron(0) 

pentacarbonyl catalyzed both the hydrosilylation and dehydrogenative silylation of 

alkenes (Figure 1.8). The observation of product selectivity by altering stoichiometry 

was the first experimental evidence which suggested the ratio of alkene to silyl 

hydride was pertinent to disfavoring hydrosilylation as an end point. Reactions with 1-

decene revealed that large amounts of decane was formed, further supporting the 

assertion that excess alkene was being used as a hydrogen acceptor. Unfortunately, the 

reaction with 1-decene was not selective and a mixture of vinyl and allyl silanes was 

formed. This initial investigation established the guiding principles of all subsequent 

dehydrogenative silylation reactions, laying the foundation for an entire generation of 

silicon chemists. These principles were fully explored in a detailed mechanistic study 

by Wrighton16. 

 

Figure 1.8 Impact of Reactant Ratios 
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This work was built upon by Murai and co-workers17 where they discovered 

that multiple metal carbonyl catalysts were capable of catalyzing the reaction with 

styrenes to form 1.17. This work is particularly noteworthy as it appears to contain the 

first attempt at substituting the excess substrate alkene with a less valuable hydrogen 

acceptor17b (Figure 1.9). 

 

Figure 1.9 Identity of Hydrogen Acceptor 

Unfortunately, the newly developed ruthenium conditions were unable to 

selectively convert aliphatic alkenes to vinyl silanes and significant amounts of allyl 

silane were often observed in those cases. However, the scope of metal carbonyls was 

explored, and it was found that metal triad carbonyl complexes were particularly 

effective in the reaction17c (Figure 1.10). While these methods did not employ the 

additional sacrificial alkene, they nonetheless, are significant discoveries in 

dehydrogenative silylation. Iron and ruthenium gave complete selectivity for vinyl 

silane 1.17. Osmium resulted in minimal amounts of alkyl silane 1.18; however it was 

shown that for osmium this ratio is highly dependent on the reaction temperature. 

Metal carbonyl complexes proved effective for simple alkenes, however; additional 

catalysts would continue to be explored for more advanced reactions. 
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Figure 1.10 Metal Triad Complexes 

1.2.2.2 Cationic Transition Metal Catalyzed Dehydrogenative Silylation 

Cationic metal complexes are particularly well suited to reactions of alkenes 

due to their electrophilic nature. The earliest approach to cationic catalysts for 

silylation was performed with a simple cationic rhodium catalyst.18 The system 

utilized triphenylphosphine and Rh(I)(COD)2 as the precatalyst (Figure 1.11). This led 

to modest yields of 1.17 and good selectivities over hydrosilylation product 1.18. The 

ratio of alkene to silane was critical as well as the temperature. The amount of 

triphenlyphosphine was also important as a 2:1 ratio of phosphine and rhodium 

resulted in a product distribution of 78:22. It is postulated that the additional ligand 

serves to create a large, over-ligated alkyl rhodium complex after alkene insertion. 

This steric bulk repels the silyl group so that ɓ-hydride elimination is favored by 

inducing a syn periplanar RhïH arrangement to relieve strain. 

 

Figure 1.11 Cationic Rhodium 
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More advanced cationic catalysts have been employed such as Brookhartôs 

palladium catalyst.19 This cationic palladium catalyst shows an interesting dependence 

on the size of the silane coupling partner (Figure 1.12). The standard coupling partner 

triethylsilane resulted in low selectivity for the vinyl silane 1.17. However, 

triisopropylsilane was highly effective at forming the vinyl silane 1.19 as the sole 

product. It was determined by a thorough mechanistic analysis that the hydrosilylation 

product 1.18 results from a palladium hydride reinsertion to the formed vinyl silane. 

This reinsertion would be particularly more facile with triethyl substitution versus 

triisopropyl, hence the lower selectivity. 

 

Figure 1.12 Brookhartôs Palladium Catalyst 

Moving to even more highly developed catalysts is the cationic ruthenium 

based approach of Yi,20 which was based off the neutral ruthenium approach of 

Wakatsuki.21 Yi developed a prenylidene ligated ruthenium complex reminiscent of 

alkene metathesis catalysts (Figure 1.13). Instead of silyl hydrides though, this method 

utilizes vinyltrimethylsilane as a silicon source to form 1.21. While initially this 

reaction appears as an alkene metathesis reaction, it was shown by Wakatsuki that 

similar ruthenium complexes reacted with vinyl silanes to directly generate silyl bound 
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ruthenium complexes; activating the carbon-silicon bond and releasing ethylene via a 

silyl migration rather than undergoing metathesis. The first step of the Chauvin 

mechanism22 for metathesis (Figure 1.18) first forms a 2+2 intermediate, however; 

instead of cycloreversion, the silicon group migrates to the ruthenium center. The 

advantage of this reaction is that an excess of alkene is built into the silicon reagent, 

allowing for a more atom economical reaction. However, this does require a vinyl 

silane to access another vinyl silane. 

 

Figure 1.13 Cationic Ruthenium Prenylidene 

1.2.2.3 Grubbs I Catalyzed Dehydrogenative Silylation 

Ruthenium alkylidenes have been demonstrated to preferentially activate SiïH 

bonds over alkenes.23 Jeon exploited this activity to develop a regio- and 

stereoselective dehydrogenative silylation of styrenes24 (Figure 1.14). The reaction did 

require HSiMe(OSiMe3)2 to obtain high selectivity for the vinyl silane 1.23. The 

addition of 1,5-cyclooctadiene (COD) as a sacrificial hydrogen acceptor was, as 

expected, highly advantageous to the reaction. It was shown that judicious choice of 
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an NHC ligated ruthenium nitrate catalyst can flip the reactivity from dehydrogenative 

silylation to hydrosilylation (1.24) with ease. This is a keen example of catalyst tuning 

allowing for alternate mechanistic pathways under the same reaction conditions. 

 

Figure 1.14 Grubbs I Catalyzed Silylation 

It has been proposed that ruthenium alkylidenes activate silyl hydrides in an 

analogous manner to the Chauvin mechanism.25 The silyl hydride adds across the 

metal alkylidene, saturating the h-carbon and forming a silyl ruthenium complex, 

which can then perform a migratory insertion with an alkene. However, this particular 

report proposes a phosphine dissociation, silyl hydride oxidative addition, and then 

HCl extrusion to initiate the catalytic cycle. The formed HCl is then proposed to go on 

to form silyl chloride and hydrogen gas. Further mechanistic investigations may reveal 

additional details to promote advancement of this methodology. 

1.2.2.4 Iridium Catalyzed Dehydrogenative Silylation 

In the pursuit of understanding the mechanism of hydrosilylation reactions, 

Oro explored the possibility of silyl bound iridium complexes and their competence in 

silylation reactions.26 The silyl bound 1.25 and 1.26 were generated by reacting 
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[Ir(OMe)(COD)]2 with triethylsilane and the addition of a triphenylphosphine or 

triphenylarsine respectively. Investigating the reactivity of these catalysts it was found 

that while both catalysts were efficient at dehydrogenative silylation (1.27), the arsine 

ligated catalyst was more proficient at suppressing the hydrosilylation pathway (1.28). 

Predictably, both catalysts produced a considerable quantity of hydrogenated product 

(1.29). 

 

Figure 1.15 Oroôs Silyl Iridium Complex 

Work in the field of iridium catalysts of this nature have now been developed 

into highly selective reactions. Two key examples of this development are those from 

Falck27 and Hartwig28 wherein similar iridium pre-catalysts are utilized along with 

nitrogen based ligands and a sacrificial hydrogen acceptor. Falck ended up using 

triethylsilane and 4,4-di-tert-butyl-2,2-bipyridine (dtbpy) as ligand (Figure 1.16, top). 

Unfortunately, this method requires a 10% loading of iridium, a steep trade off for 

88% yield (1.30). 
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Hartwig was able to improve upon this method by utilizing a slightly modified 

precatalyst that allows for a more rapid formation of active, ligated catalyst (Figure 

1.16, bottom). The closely related 3,4,7,8-tetramethyl-1,10-phenanthroline (Me4Phen) 

was employed in this case along with HSiMe(OSiMe3)2. While this method requires 

only 1% iridium and generates high yields and selectivities (1.31), a large excess of 

both silane and norbornene are still required to achieve high reactivity. 

 

Figure 1.16 Falck (top) and Hartwig (bottom) Iridium Catalysis 

Although the conditions require excess silane and norbornene, these examples 

are still viable routes to Z-vinyl silanes. 

1.2.3 Vinyl Grignard Additions  

A simple strategy for the synthesis of vinyl silanes is to utilize vinyl 

magnesium reagents and chlorosilanes. In general, this approach generates the desired 

products; however, it is particularly sensitive to the steric environment of both vinyl 

nucleophile and chlorosilanes partners.29 Well-established reactivity has been 
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observed when utilizing silacyclobutanes30 due to largely reduced steric encumbrance. 

However, in general, these reactions can be sluggish and require prolonged reaction 

times at high temperatures.31 

The field of sp2 nucleophile substitution of silyl electrophiles has been 

advanced through the use of metal catalysis by Oshima32 (Figure 1.17). Simple metal 

salts such as AgNO3, CuI, and ZnCl2ÅTMEDA (tetramethylethylenediamine) were 

shown to be highly effective. The advancement to progressively more inexpensive 

metals has pushed this methodology to a scalable and attractive synthetic tool.33 This 

approach is highly effective for instances where the vinyl Grignard reagent is readily 

available. 

 

Figure 1.17 Oshima Metal Catalyzed Vinylation 

1.2.4 Cross-Metathesis 

Alkene cross-metathesis has become a highly developed field in recent 

decades,34 finding applications in total synthesis35 and reports involving general 

guidelines for reactivity.36 This chemistry is typically catalyzed by metal alkylidene 

pre-catalysts and has been established to proceed through the Chauvin22 mechanism 
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(Figure 1.18). This involves activation of a metal alkylidene to form a metallocyclo-

butane; cycloreversion of this intermediate results in a silylated metal alkylidene 

intermediate. Cycloaddition with the desired alkene and subsequent cycloreversion 

results in the desired product. Early reports from Berglund utilized simple tungsten 

chloride salts in combination with tetramethyl tin.37 While this yielded a productive 

reaction, there was still great room for improvement. 

 

Figure 1.18 Chauvin Mechanism 

Marciniec has performed extensive studies to established a wide range of 

reactivity for vinyl silane cross metathesis with ruthenium catalysts.38 Unfortunately, 

these methods are sensitive to substitution at silicon (Table 1.1). In particular, highly 

electron deficient vinyl silanes such as those bearing multiple ether substitutions are 

highly effective. As alkyl or aryl substitutions are increased, yields are increasingly 

diminished. In agreement with the assertion that electron deficient silanes are superior 

in reactivity, fluoride substitution generates near quantitative yields while 

trimethylsilane shows no conversion in the reaction. 
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Table 1.1 Metathesis with Silicon Substitution 

 
Entry  SiR3 = Yield (%)  

1 Si(OEt)3 95 

2 Si(OEt)2Ph 40 

3 SiF2Ph 99 

4 Si(OEt)2Me 7 

5 Si(OEt)Ph2 0 

6 SiMe3 0 

 

The majority of metathesis investigations taken place have focused on 

ruthenium catalysts. Denmark showed that Schrockôs molybdenum catalyst was 

effective for ring closing metathesis to form vinyl silacycles39 (Figure 1.19). However, 

extensive investigations into the utility of Schrockôs catalyst for vinyl silane 

metathesis are yet to be reported. 

 

Figure 1.19 Denmark Ring Closing Metathesis 
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Metathesis can be an effective synthetic strategy for vinyl silanes, but it does 

suffer from inherent drawbacks. Vinyl silanes are required to generate vinyl silanes 

and reactivity is limited to specific silicon substitution combinations. 

1.2.5 Alternative Syntheses from Alkynes 

Alkynes are a flexible starting material due to their electron rich triple bond. 

The bond polarity can dictate regiochemistry in addition reactions, as well as overall 

reactivity. The methods presented here will exhibit these properties and further 

reinforce the utility of alkyne starting materials. Unfortunately, while they enjoy great 

utility; due to their high reactivity, alkynes tend to degrade over time, particularly if 

they are not shielded from light. Additionally, commercial availability of alkynes in 

sparse in comparison to alkenes. 

1.2.5.1 Reductions of Silyl Alkynes 

Silyl alkynes offer a unique approach to vinyl silane synthesis. Rather than 

having to break strong CïH bonds, such as in dehydrogenative silylation, hydride 

additions are commonly used to reduce these alkynes. An elementary approach is the 

direct hydrogenation of a silyl alkyne to a vinyl silane (Figure 1.20). This can be 

accomplished with palladium on carbon40 or Raney nickel41 under hydrogen. 

 

Figure 1.20 Hydrogenation of Silyl Alkynes 
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While this method yields product, it is typically limited to cis-olefins due to the 

inherent cis-addition mechanism of hydrogenation. While hydrogenation is limited, 

methods to add more than just hydrogen across the triple bond, such as hydro-

metallation, inherently hold more value. 

Pioneering work by Eisch42 in aluminum chemistry, utilizing 

diisobutylaluminum hydride (DIBAL-H), discovered that although the syn-

hydroalumination takes place initially, the cis-vinyl hydro-aluminate rapidly 

isomerizes to the more stable trans adduct to form 1.21 after quenching. The addition 

of trialkylamines, such as N-methylpyrrolidine (NMP), was found to limit this vinyl 

hydro-aluminate isomerization pathway (Figure 1.21) to form 1.35. It is postulated 

that the amine is able to coordinate the aluminum center, inhibiting the formation of 

the zwitterion required for isomerization. This theory was supported by the lack of 

isomerization seen when one equivalent of diisobutylaluminum chloride (DIBAL -Cl) 

was added. This additive essentially negated the effect of the amine by sequestering it 

from the reaction. The more Lewis acidic nature of the aluminum chloride out-

competes the vinyl aluminate for the amine additive coordination, essentially 

removing it from the reaction. 

 

Figure 1.21 Eischôs Hydroalumination 
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After Eischôs first observations in 1966, this chemistry was revitalized 40 years 

later by Miura43 in an intramolecular cyclization pathway to form aromatic silanes 

(Figure 1.22). This work shows the great utility and flexibility of silyl alkyne 

hydroalumination strategies to generate various unsaturated silanes. This strategy 

allows access to silanes that are inaccessible through other alkyne reduction methods 

such as hydrosilylation (1.36-1.38). As well, most alkene functionalization methods 

such as dehydrogenative silylation or metathesis would find it difficult to produce 

these silanes. However, care must be taken when handling aluminum hydride and 

vinyl aluminate reagents as they can react violently with air and moisture. 

 

Figure 1.22 Miura Cyclization 

1.2.5.2 Silylmetallation 

Silylmetallation utilizes silicon organometallic nucleophiles to add across 

alkynes to form vinyl organometallic intermediates that can be quenched with various 
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electrophiles. This strategy allows for a rapid increase in molecular complexity in a 

single step. 

 

Figure 1.23 Flemingôs Silylcuprate Addition 

Some of the earliest methods by Fleming44 utilized silylcuprates for the 

addition (Figure 1.23). Various electrophile quenches proved to be effective in this 

transformation to generate simple vinyl silanes and enones. The major drawback to 

this method is that it is limited to ɓ-addition of the silane to form linear olefins (1.39-

1.42). In the case of internal alkynes, regioselectivity is nonexistent. 

While many methods attempted to solve these selectivity problems45 the most 

successful of these is a propargyl 2-pyridylsulfone directing group strategy.46 This 

methodology has allowed for the regioselective silylmetallation of internal alkynes. 

This approach exploits the ability of propargyl sulfones to undergo base-promoted 

alkyne to allene isomerization (Figure 1.24). ɓ-silylation takes place when the 

propargyl sulfone is allowed to directly take part in the reaction. The pyridyl group 

directs the copper to the h-carbon which can then be quenched. When base is added, 

the allenic sulfone is allowed to undergo the reaction and the silicon atom is now 

directed to the central allene carbon. This results in an allylic copper intermediate 

which is then protonated. This method allows the formation of a myriad of vinyl 
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silanes. However, sulfone removal through sodium-mercury amalgam can limit the 

functionalities tolerated in downstream transformations. 

 

Figure 1.24 Propargyl 2-Pyridylsulfone Directing Group 

A similarly useful strategy is the silylzincation of alkynes utilizing a dianion 

zincate47 (Figure 1.25). While this method is limited to terminal acetylenes, it offers 

complementary reactivity to the simple silylcupration by Fleming, allowing access to 

-hsilyl additions. Quenching of the intermediate vinyl zinc through simple 

electrophilic quench (1.43), cuprate formation then alkylation (1.44), and Negishi 

cross-coupling reactions (1.45) demonstrates the versatility of this method to generate 

complex products rapidly. While this works effectively, varying alkyne substitution 

can severely diminish or completely obliterate the regioselectivity. 
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Figure 1.25 (SiBNOL-Zn-ate) Silylzincation 

1.2.6 Silyl Heck Reactions 

The Heck reaction, also known as the Mizoroki-Heck reaction, was named 

after the independent reports of aryl halide vinylation by University of Delaware 

Professor Richard F. Heck48 and Tokyo Institute of Technology Professor Tsutomu 

Mizoroki.49 In 2010, Richard Heck shared the Nobel Prize in Chemistry with Ei-ichi 

Negishi and Akira Suzuki for palladium-catalyzed cross couplings in organic 

synthesis. Since then, the Heck reaction has seen numerous variations moving towards 

increasingly more complex systems.50 

Today, the mechanism of the Heck reaction is a standard in organometallic 

chemistry (Figure 1.26). Typically, a palladium(II) source is employed with phosphine 

ligands, which undergoes reduction to palladium(0). This active catalyst can then 

perform an oxidative addition to an aryl halide such as iodobenzene, then 

coordination, and migratory insertion of the alkene generates an alkyl palladium 

intermediate. At this point, ɓ-hydride elimination can occur to form the alkene 

product. Aryl halides typically form trans-styrene products; however, when there is no 

clear conjugative advantage, the elimination may form multiple products. The final 

step is a base promoted reductive elimination to regenerate palladium(0). 
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Figure 1.26 Mechanism of the Heck Reaction 

1.2.6.1 First Generation Silyl Heck Reaction 

Our lab sought to utilize this organometallic reaction manifold to synthesize 

vinyl and allyl silanes. By substituting silyl halides for aryl halides the reaction maps 

directly to vinyl and allyl silane synthesis (Figure 1.27). While the concept of 

changing the electrophile is seemingly innocuous, this can have profound effects on 

the individual steps of the catalytic cycle. The most prominent difference is the 

oxidative addition; trialkyl silyl electrophiles have significantly different steric and 

electronic properties than aryl halides. The oxidative addition complex will be 

required to accommodate a group structurally similar to a tert-butyl group. This would 

generate a highly sterically encumbered intermediate which would then still require 

the ability to coordinate an alkene to undergo migratory insertion. The ɓ-hydride 

elimination may occur to form either vinyl or allyl silane based on yet unknown 

factors in the system. 
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Figure 1.27 Proposed Silyl Heck Mechanism 

Early work into silyl halide oxidative additions with platinum was investigated 

by Tanaka;51 showing that the halogen increases reactivity such that I >Br >> Cl. 

More useful for our purposes though, was his research into the use of palladium for 

oxidative addition.52 It was shown that, under forcing conditions, (Et3P)2PdCl2 could 

be used as a catalyst to perform a silyl Heck reaction on styrene (Figure 1.28), albeit in 

low yield. While this method did form product, it required a large excess of alkene; 

arguably the more valuable coupling partner. However, this example did establish the 

possibility of a competent silyl Heck reaction. 

 

Figure 1.28 Tanakaôs Silyl Heck Reaction 
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In the same time frame, Murai reported two palladium-catalyzed 

transformations (Figure 1.29) which he postulated to proceed through a silyl halide 

oxidative addition.53 These multi component alkyne couplings encompass the first two 

elementary steps of a Heck reaction. While the migratory insertion substrate is an 

alkyne, this provides another positive confirmation that a proficient silyl Heck reaction 

is plausible. Whether due to the increased reactivity of alkynes or the use of tetrakis-

(triphenlyphosphine)palladium(0), these reactions enjoy mild temperatures and short 

reaction times. The use of alkynylstannanes form enynes such as 1.46 and diethyzlinc 

can be used to generate trisubstituted vinyl silanes such as 1.47. 

 

Figure 1.29 Muraiôs Three Component Couplings 

With these examples in hand, our lab developed the first generation of a high 

yielding silyl Heck reaction (Figure 1.30).54 A key discovery in the success of this 

reaction was the identification of tert-butyldiphenylphosphine as the ligand. The 

balance of steric and electronic properties of this ligand allowed for a successful 

reaction. Styrenes competently formed trans-ɓ-styrylsilanes while h-olefins form allyl 

silanes selectively as E:Z mixtures. 
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Figure 1.30 First Generation Silyl Heck 

This methodology was then extended to the formation of vinyl silyl ethers 

through the use of silyl ditriflates (Figure 1.31).55 The same catalyst was effective for 

this transformation; however, sodium iodide was employed to generate a silicon iodide 

bond in situ.56 Since the end product of this reaction was a vinylsilyl triflate, various 

quenches with alcohols, water, or Grignard reagents generated vinylsilyl ethers, 

disiloxanes, and trialkylvinylsilanes respectively. The ability to effect the composition 

of the product after the reaction affords the advantage of the system not needing to 

adapt to steric and electronic changes in the electrophilic coupling partner. 

 

Figure 1.31 Silyl Ditriflates in the Silyl Heck Reaction 
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1.2.6.2 Second Generation Silyl Heck Reaction 

The second generation silyl Heck reaction sought to solve the problem of low 

yields with -holefins. Styrenes worked well to produce high yields of product, but 

linear alkenes, such as decane, were plagued by starting material isomerization leading 

to inactive coupling partners. Upon investigating different substitutions of the tert-

butyldiphenylphosphine ligand scaffold, it was found that more electron rich 

phosphine ligands were highly proficient in the reaction.57 Presumably, the more 

electron rich phosphines favor oxidative addition of the silyl iodide over starting 

material isomerization. This ultimately led to the discovery of the ligand JessePhos 

which was highly efficient in the reaction in conjunction with 1,2-dichloroethane 

(DCE) as solvent. Comparison of the first and second generation conditions shows the 

high level of proficiency gained from utilizing JessePhos as a ligand (Figure 1.32). 

Most yields were increased 30ï40%, while alkene stereoselectivity remained 

relatively constant. 
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Figure 1.32 Comparison of First and Second Generation Silyl Heck Reactions 

The use of new ligands that so highly favored oxidative addition presented the 

opportunity to learn more about the mechanism of this reaction. Upon experimenting 

with multiple ligands, my colleague Jesse McAtee was able to obtain the crystal 

structure of the oxidative addition intermediate (Figure 1.33). This provided the first 

solid evidence that this reaction proceeds through a silyl iodide oxidative addition, and 

thus a silyl Heck reaction. 

 

Figure 1.33 Oxidative Addition Complex 
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Further mechanistic investigations with neopentylethylene probed the nature of 

ɓ-hydride elimination (Figure 1.34). The migratory insertion intermediate would form 

an alkyl palladium that has two sides to eliminate from. One side is more sterically 

encumbered by the tert-butyl group and the other is disfavored due to the alpha silicon 

effect reducing the hydricity of the hydrogen atom. The results from this experiment 

show that significantly more of the sterically encumbered hydride is eliminated to 

form 1.48. Purely steric control would have led to high selectivity of vinyl silane 1.49; 

however, this result shows the powerful control the electronic properties of the silicon 

atom impart on the ɓ-hydride elimination step. 

 

Figure 1.34 Reaction of Neopentylethylene 

The development of the JessePhos ligand allowed for additional improvements 

of the silyl Heck reaction beyond the alkene coupling partner. This work explored the 

use of alternative silyl iodides with alternative pre-catalysts in the reaction. In the 

previous systems, pre-catalysts such as Pd2dba3 performed poorly, most likely due to 

the difficulty in displacing the dba ligands. The electron rich nature of the JessePhos 

ligand is more competitive for the palladium center and thus dba is more easily 

displaced. This led to a simplified version of the silyl Heck reaction using Pd2dba3 as a 

precatalyst.58 
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Figure 1.35 Simplified Silyl Heck Electrophile Scope 

Trialkyl benzyldimethylsilyl iodide, shown to be highly competent in fluoride 

promoted Hiyama couplings,59 coupled nearly quantitatively (1.50). More profound 

alterations of the electrophile such as aryl substitution on the silicon atom showed no 

detriment in the reaction (1.51). These aryl substitutions allow for altered reactivity 

and downstream functionalization of the products.60 As well, heteroaryl substitution 

with 2-methylfuryldimethylsilyl iodide, which can be cleaved under mild conditions,61 

was highly competent in the reaction (1.52). Limits on the reaction were established 

though when triethylsilyl iodide only provided trace amounts of product. Overall, the 

incorporation of functionalized silyl iodides provides a significant advantage in the 

utility of this methodology. 

1.3 Synthesis of Alkyl Silanes 

Alkyl silanes have a rich history in synthesis reaching back over a century.62 

Such a history of exploration requires definition of silane nomenclature as there have 

been multiple naming systems employed. According to established nomenclature,63 

alkyl silane hereto refers to any molecule containing a silicon atom with one or more 

sp3 carbon bound substituents and no heteroatom-silicon bonds; known in some earlier 
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works as silicanes. For clarity in discussions, the term silahydrocarbons is often 

associated with silanes containing four carbon substituents. 

The number of incremental reports of alkyl silane chemistry in the 70 years 

following Friedel and Crafts first synthesis of tetraethylsilane in 186362 is quite 

frankly staggering. However, a concise summation of this early work can be found in 

Kippingôs 1936 Bakerian Lecture on organic derivatives of silicon.64 While this 

constitutes a large part of the current understanding of silicon chemistry, it is mostly 

focused on the study of silane reactivity in regards to methods of the era such as alkali 

metals, acid and base solutions, extreme temperatures, and toxic alkyl metal reagents. 

Herein, this section will focus on those synthetic methods of direct impact on the 

current technology of today, framed within the historical evolution of this field. The 

majority of examples concern Grignard additions to silyl chlorides; however, there are 

rare examples of more exotic silyl electrophiles such as silyl sulfates65 and 

fluorosilicates66 that will not be discussed in detail here, but may be found in Section 

4.1. 

1.3.1 Direct Grignard Additions  

Grignard additions have been a staple in organic synthesis since their inception 

in 1900 by Victor Grignard.67 The field of silicon alkylation chemistry was bolstered 

by the discovery of organomagnesium halide nucleophiles. Early examples include the 

work of Kipping to form a number of silahydrocarbons.68 However, among his 

successful syntheses, his failed synthesis of tricyclohexylphenylsilane (1.53) is the 

most interesting report. None of the desired silahydrocarbon was formed; instead the 

hydrosilane 1.54 was the main product with silanol 1.55 generated from hydrolytic 
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quench. Failure of silahydrocarbon formation has been attributed to steric hindrance;69 

however, this reaction set a target for all other alkylation strategies to surmount. 

 

Figure 1.36 Addition of CyMgBr to PhSiCl3 

Nearly four decades later, Metras and Valade sought to investigate this 

reaction and the steric parameters that dictated hydride substitution over alkylation.70 

Through varying the size of the silyltrichloride and Grignard reagent, it was clear that 

as the steric bulk was increased on both reactants, the amount of hydride substitution 

was increased. It is particularly significant that with cyclohexyl silyltrichloride the 

dihydrosilane 1.59 was observed (Figure 1.37, top); further reinforcing the role of 

sterics in this transformation. However, the attempt to synthesize tetraisopropylsilane 

is a highly intriguing example (Figure 1.37, bottom). While hydrosilane 1.61 was the 

main product, silahydrocarbon 1.60 was formed, wherein the added alkyl groups were 

linear propyl groups, not secondary. This is indicative that there is a boundary that 

alkylation can take place within, at the same time revealing isomerization of secondary 

nucleophiles as problematic. 
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Figure 1.37 Steric Effects on Alkylation 

This hydride substitution reaction did not go unnoticed in the literature. Corriu 

and Meunier exploited this reactivity by adding a nickel catalyst to favor the hydride 

substitution reaction under mild conditions.71 The reaction of ethylphenyl-1-naphthyl-

chlorosilane with n-butylmagnesium bromide further establishes the difficulty of 

alkylation; showing that even primary nucleophiles are limited in the scope of silyl 

electrophiles that can be alkylated. More significantly, this reaction establishes the role 

of transition metal catalysts in silicon alkylation as promoters of hydride substitution; 

not alkylation. Mechanistic experiments support the plausible pathway of ɓ-hydride 

elimination of an alkyl bound nickel intermediate.72 This nickel hydride is the 

intermediate responsible for the substitution reaction and formation of 1.63. It is 

presumed that in the previous uncatalyzed reactions, the harsh reaction conditions are 

responsible for the formation of magnesium hydride which can also perform the 

substitution reaction. 
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Figure 1.38 Nickel Catalyzed Hydride Substitution 

While enlightening on the role of transition metals in alkylation chemistry, this 

example also spotlights the lack of mild conditions for primary Grignard alkylations of 

chlorosilanes. While examples of extended times and reflux temperatures are 

reported73 they are generally poor yielding. Lennon disclosed a copper(I) cyanide 

catalyzed alkylation of silyl trichlorides which is enabled by cyanide coordination of 

silicon to form a reactive pentavalent silicate. While this worked well to generate 

primary (1.65) and aryl (1.66) substituted silanes, the formation of 

tricyclohexylphenylsilane (1.53) remained inaccessible with only silanol 1.55 being 

formed upon quench. The reaction was not unique to copper(I) cyanide though. 

Multiple other cyanide sources such as AgCN, Bu3SnCN, Hg(CN)2, and Me3SiCN 

were also effective, as well as thiocyanate sources. The triple alkylation with 

cyclohexyl Grignard failed; however, secondary nucleophiles can provide modest 

yields in this chemistry when coupled with Me3SiCl (See Chapter 3, Figure 3.1).74 

 

Figure 1.39 CuCN Catalyzed Alkylation 
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Highly sterically unencumbered silyl chlorides do enjoy high reactivity with 

Grignard reagents. The report of 1,1-dichlorobenzosilacylobutene alkylation is a 

particularly stark example of how sterics impact this alkylation.75 Since the silicon 

atom is highly sterically disencumbered, a variety of Grignard nucleophiles can 

alkylate twice, even isopropyl Grignard reacted in good yield. Al though the alkyl 

lithium was necessary for tert-butyl substitution, it is still a sharp contrast to the 

reactivity seen so far. 

 

Figure 1.40 Alkylation of 1,1-Dichlorobenzosilacyclobutene 

Previously, it was discussed that Oshima developed metal catalyzed additions 

of vinyl and aryl nucleophiles to silyl chlorides (Section 1.2.3).32 These additions were 

highly competent; however, in the first iteration with AgNO3 it was shown that alkyl 

nucleophiles were unreactive (Figure 1.41, top). In an effort to advance this chemistry 

further, it was discovered that CuI was an effective catalyst (Figure 1.41, middle) for 

arylation, however alkylations were poor yielding at best (1.68). Continuing 

developments resulted in the discovery of ZnCl2ÅTMEDA (tetraethylenediamine) as a 

competent catalyst with aryl, vinyl, benzyl, and allyl nucleophiles participating 

efficiently in the reaction. However, with this change, alkyl nucleophiles were even 

worse coupling partners in the reaction than with copper (Figure 1.41, bottom). These 

examples demonstrate the complex nature of metal catalyzed silyl chloride alkylation. 
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Figure 1.41 Alkyl Grignards in Oshimaôs Metal Catalyzed Alkylations 

As the state of the art in silyl electrophile alkylation chemistry, it is clear that 

these methods still require improvement. A unifying method that can catalyze the 

reaction of aryl and alkyl nucleophiles would immeasurably alter the field of silicon 

alkylation chemistry. 

1.3.2 Silicon Nucleophiles 

Silicon nucleophiles are encompassed by the larger field of umpolung 

reactivity; a concept suggested by Dieter Seebach in the 1970s, describing reverse 

polarity carbonyl synthons.76 Silicon alkylation chemistry has seen many explorations 

into umpolung strategies using silicon nucleophiles. Possibly the largest body of work 

in this field was contributed over the course of more than a decade by Henry Gilman. 

Reports documenting silyl potassium reagents77 as well as the synthesis, reactivity, 

and limitations of silyl lithium reagents78 laid the foundation and obstacles for further 

innovations. 

The first true advancement in silyl nucleophile chemistry was reported by 

Fleming, showing the conjugate addition of silyl anions to enones79 (Figure 1.42). His 

use of silyl cuprates moved beyond the limitations of silyl lithium compounds shown 
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by Still.80 The formed ɓ-silyl enolates can be trapped with alkylating reagents such as 

iodomethane to form ɓ-silyl ketones (1.70). It was shown that these ɓ-silyl ketones 

effectively functioned as masked enones. Simple refluxing with copper(II) bromide 

can return the newly substituted enone 1.71. 

 

Figure 1.42 Flemingôs Silyl Cuprate Nucleophile 

This copper reagent allowed for greater activity and functionality tolerance. 

However, this reagent requires two equivalents of silicon as only one group is 

transferred from the copper reagent. With this in mind, Fleming also reported on a 

silyl zincate nucleophile.81 This reagent was prepared by simply mixing silyl lithium 

with diethylzinc. Further advancing this chemistry, it was shown that chiral auxiliary 

modified enones (1.72-73), along with an excess of Lewis acid, was capable of 

performing a diastereoselective conjugate addition (Figure 1.43). These additions, 

when evaluated with their copper analogues, provided comparable yield and 

diastereoselectivity in some cases. While this work established the formation and 

reactivity of silyl zinc nucleophiles, it undoubtedly required further refinement. 
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Figure 1.43 Flemingôs Silyl Zincate Nucleophile 

Silyl cuprates continued to dominate the literature of silyl nucleophiles. 

Bergdahl further refined these nucleophiles to utilize a 1:1 silicon:copper 

stoichiometric, generating a more efficient reaction.82 Along the way, it was found that 

the dimethylsulfide (DMS) in the complex is critical to the success of 

diastereoselective additions (Figure 1.44). Standard reaction conditions resulted in 

1.75 with a 96:4 dr, while exclusion of DMS completely eliminates any selectivity. 

Substoichiometric amounts of DMS resulted in a large increase in dr, evidencing the 

critical nature of DMS in the addition. 

 

Figure 1.44 Bergdahlôs [PhMe2SiCuI]Li ÅDMS Complex 

All of these stoichiometric silyl metal additions rely on chiral auxiliary 

approaches to desymmetrization of the products. With the advent of asymmetric 

catalysis and new reagents, silyl nucleophile conjugate additions were updated as well. 
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Hoveyda reported on an asymmetric, copper-catalyzed conjugate addition83 using the 

interelement compound (dimethylphenylsilyl)pinacolborane84 (Figure 1.45). 

 

Figure 1.45 Hoveydaôs Asymmetric Conjugate Addition 

This addition utilizes a chiral NHC ligand to impart chirality in the system. A 

unique feature of this reaction is the autocatalytic nature of the product. By using a 

catalytic amount of alkoxide base to activate the silylborane reagent an initial amount 

of enolate is generated. This enolate then goes on to activate an equivalent of 

silylborane. This cycle continues, accelerating the reaction as product is formed and 

funnels to a boron enolate before quenching. This methodology was a tremendous 

example for the power of asymmetric catalysis in silane synthesis. 

Pushing towards more reactive nucleophiles to participate in copper catalyzed 

additions, Oestreich reported on an efficient bis(triorganosilyl) zinc reagent (Figure 

1.46). This reagent was able to competently engage esters (1.80) and aldehydes (1.81) 

showing the mild nature of zinc based nucleophiles.85 This method was also extended 

beyond conjugate additions to reactions with simple alkenes. It was shown that styrene 

effectively underwent copper-catalyzed silylzincation and subsequent hydrolytic 
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workup to yield primary, linear alkyl silane 1.82.86 Notably, this reagent has also been 

extended to the formation of allyl silanes in both racemic and asymmetric fashion.45b,87 

 

Figure 1.46 Oestreichôs Bis(triorganosilyl) Zinc Addition 

One of the still yet unexplored areas of this chemistry is the simple SN2 

substitution of alkyl leaving groups and silicon nucleophiles. While there are sparse 

examples of benzylic phosphates87f and pivalic esters88 these are both distinct 

examples based on their corresponding allylic and aryl transformations. Oestreich 

developed and reported on a method for the substitution of primary triflates89 (Figure 

1.47). This system was highly tolerant of other alkyl leaving groups such as bromides 

(1.83) and tosylates (1.84) as well as esters (1.85). While it was shown previously that 

copper-catalyzed methods can add to alkenes and alkynes, it was shown that this 

method allows these functional groups to remain intact. 
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Figure 1.47 Copper-Catalyzed Silyl Substitution of Alkyl Triflates 

Pushing towards increasing complexity of alkyl silanes, both Oestreich90 and 

Fu91 reported the radical based alkylation of secondary iodides (Figure 1.48, top) and 

bromides (Figure 1.48, bottom) respectively. Dimethylphenylsilylpinacolborane was 

used in tandem with copper to silylate alkyl iodides as well as undergo 5-exo-trig 

cyclizations; evidencing the radical nature of this transformation. Secondary iodides 

were the principal electrophiles explored, however; primary iodides and sterically 

constrained tertiary iodides were effective in the reaction as well. 

 

Figure 1.48 Alkylation of Secondary Alkyl Halides 
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Fuôs work was based in nickel catalysis with silyl zinc halides and alkyl 

bromides. This method produces high yields of both secondary and tertiary bromides. 

Radical trapping experiments with 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) 

supported  the involvement of radicals in the reaction. Experimental evidence 

suggested that reactivity was dependent on the stability of the alkyl radical formed. 

While these methods provide alkyl silanes in good yields, they are built upon radical 

mechanisms which typically have unreliable diastereoselectivities. 

Silyl nucleophiles have provided great synthetic utility over the past decades. 

They have enjoyed intense research and exploration into their capabilities and 

limitations. One limitation emerges as an inherent shortcoming to the overall tactic of 

silicon nucleophiles. All copper, zinc, and boryl based silyl nucleophiles are 

synthesized from silyl lithium reagents which are intolerant of most functional groups 

limiting the silicon group added to simple hydrocarbon substitutions. 

1.3.3 Alkene Hydrosilylation 

Alkene hydrosilylation is one of the most advanced fields of silicon chemistry. 

Much of this development has been spurred by the countless applications of this 

method to synthesize polymer precursors for lubricants, adhesives, coatings, and 

resins. This reaction follows the same Chalk-Harrod mechanism for alkyne 

hydrosilylation.1 The first report of alkene hydrosilylation was conveyed in 1947 by 

Sommer92 in which diacetyl peroxide catalyzed the reaction between 1-octene and 

trichlorosilane (Figure 1.49). A subsequent report a year later expanded the alkene 

scope of this reaction.93  
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Figure 1.49 Sommerôs Peroxide Catalyzed Hydrosilylation 

The results of this experiment established the inherent ɓ-selectivity of 

hydrosilylation to form linear silanes. This report had a profound impact on the field 

of silicon chemistry, resulting in an explosion of new catalysts for hydrosilylation and 

increasingly efficient reactions. With the immense number of literature reports I would 

direct your attention to the many comprehensive reviews in the area.2a,2d,3,94 This 

section will focus on the prime advances of hydrosilylation in the literature. 

1.3.3.1 Platinum Catalysts 

Platinum was the first transition metal catalyst employed in hydrosilylation. 

Speierôs catalyst,95 hexachloroplatinic(IV) acid hexahydrate (H2PtCl6Å6H2O), and 

Karstedtôs catalyst96 20 years later, were the pioneering catalysts capable of operating 

at 100 ppm or lower (Figure 1.50). Industrial applications soared, leading to 

hydrosilylation to account for 3% of the worlds overall consumption of platinum.94g 

Unfortunately, these catalysts suffered from side reactions such as dehydrogenative 

silylation, hydrogenation, olefin oligomerization, and conproportionation of 

hydrosilanes. These side reactions have been attributed to the formation of 

promiscuous colloidal platinum. Even so, Karstedts catalyst became a standard for all 

hydrosilylation chemistry to be weighed. 
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Figure 1.50 Platinum Hydrosilylation Catalysts 

New discoveries in metal catalyzed reactions led to the incorporation of NHC 

ligands to impart stability and avoid the formation of colloidal platinum.94h Reports by 

Markɧ showed an extremely efficient NHC ligated platinum pre-catalyst capable of 

operating at 30 ppm with less than 1% of side products.97 This catalyst was tolerant of 

alcohols, silyl ethers, ketones, and esters. Mechanistic studies showed that this 

reactivity is based on the dissociation of the vinyldisiloxane ligand to form a 

stabilized, low-valent platinum catalyst.98 Additional NHC ligated platinum catalysts 

have been synthesized to achieve altered regioselectivity.99 Alternative approaches to 

stability such as sulfur additives have been successful in enhancing reactivity as 

well.100 However, platinum is far from the only metal employed in hydrosilylation. 

1.3.3.2 Non-Platinum Precious Metal Catalysts 

As stated previously, industrial hydrosilylation accounts for a significant 

portion of the worldôs platinum consumption. With this in mind, the pursuit of 

alternative catalysts has seen a substantial amount of study. Rhodium catalysis has 

proven effective for hydrosilylation both with phosphine101 and NHC94h,102 ligands. 

Rhenium catalysis has been shown to effectively hydrosilylate acrylonitrile derivatives 

leaving the nitrile functionality unscathed.103 Molybdenum complexes were shown to 

be competent when initiated with photo irradiation.104 
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While rhodium, rhenium, and molybdenum were effective catalysts, iridium 

and ruthenium examples showed more unique reactivity. The simple bis(1,5-

cyclooctadiene)diiridium(I) dichloride ([(COD)IrCl]2) catalyst was shown to be highly 

selective for the hydrosilylation of alkenes over typically more reactive alkynes, 

allowing for the use of hydrosilyl acetylenes as hydrosilylating reagents.105 This 

catalyst was shown to be tolerant of allyl- ethers, bromides, acetates, 

tetrahydropyranyl (THP) ethers, alkyl- esters, tosylates, and epoxides (Figure 1.51). 

This system allowed some of the most complex hydrosilyaltions to date. 

  

Figure 1.51 Scope of Iridium Catalyzed Hydrosilylation 

A cationic ruthenium silylene complex was shown by Glaser and Tilley to 

competently perform hydrosilylation reactions.106 This work was further studied in 

silico107 and experimentally108 to substantiate a mechanism that is distinct from the 

accepted Chalk-Harrod mechanism. This ruthenium silylene complex could engage an 

alkene to insert in the distal SiïH bond, then a 1,2-hydride shift would generate a silyl 

ruthenium complex. Another hydrosilane molecule is used to perform a silyl exchange 

on the ruthenium center followed by a 1,2-hydride shift from the silicon atom to the 
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ruthenium center to reform the silylene complex (Figure 1.52). This enables a new 

reaction manifold to access alkyl silanes. 

 

Figure 1.52 Glaser-Tilley Hydrosilylation Mechanism 

These examples illustrate the unique reactivity that can be afforded by precious 

metal catalysts; although, iridium and ruthenium have shown the most promise as 

effective hydrosilylation catalysts. 

1.3.3.3 Non-Precious Metal Catalysts 

While precious metals make excellent hydrosilylation catalysts, non-precious 

metal catalysts would be an immense economical advantage over expensive metals 

such as iridium, rhodium, and ruthenium. Nesmeyanov reported the first iron 

catalyzed hydrosilylation reaction with ironpentcarbonyl.15 Studies have continued 
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fervently to investigate the ability of simple iron catalysts to perform efficient 

hydrosilylations.104b,109 Some of the most advanced work in this area was reported in a 

series by Chirik in which several bis(imino)pyridine (PDI) ligated dinitrogen iron 

complexes (Figure 1.53) were explored.110 These catalysts were effective at generating 

quantitative yields at 0.05% loadings. This led to numerous investigations of similar 

multidentate nitrogen ligands111 as well as PDI ligated catalysts with turnover numbers 

up to 60,000 mol/h.112 Mixed phosphorous dinitrogen (PNN) ligands were explored 

and showed high functional group tolerance to amides, esters, and ketones.113 

 

Figure 1.53 Chirikôs Iron Catalysts 

Nickel has also been employed for hydrosilylation reactions. Simple catalysts 

such as NiCl2,
114 phosphine supported nickel,115 and Ni(acac)2

116 have been reported, 

but tend to experience detrimental side reactions. The most advanced nickel catalysts 

are haptic ligand supported nickel complexes117 (Figure1.54). These complexes have 

been shown to favor Markovnikov Ŭ-silylation rather than forming linear silanes. 

While complex 1.95 is a neutral complex, it has been established that the 

bis(trimethylsilyl) substitution and reaction conditions encourage the formation of a 
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cationic nickel complex. In addition, due to their cationic nature, these catalysts have 

been evidenced to advance through discrete nickel hydride intermediates which add 

the hydride to the alkene ɓ-carbon. The now Ŭ-nickel complex then engages another 

silane molecule to forge the carbon silicon bond. In contrast, simple PPh3
118

 and 

amido119 supported nickel catalysts exclusively form linear silanes. 

 

Figure 1.54 Haptic Nickel Complexes 

While their history is much shorter than those previously mentioned, early 

transition metals such as titanium, zirconium, and hafnium,120 actinides,121 and alkali 

metals122 have seen utility as well. These catalysts have seen fewer applications due to 

sensitivity of the pre-catalysts, availability, and overall activity. 

1.3.3.4 Lewis Acid Catalysis 

Lewis acid catalysis has been the principal alternative to metal catalysis for 

hydrosilylation. Initial studies in the formation of silyl cations with stoichiometric 

Lewis acid123 led to an upsurge in Lewis acid catalyzed hydrosilylations. These 

strategies were heavily based on highly electron deficient boron catalysts and counter-

anions. Gevorgyan124 showed that the simple tris(pentafluorophenyl)boron was 

capable of using hydrosilanes while Oestreich125 showed the use of 3-silyl cyclohexa-
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1,4-dienes as a silicon source. Stephan reported on phosphonium borate salts that were 

also catalytically active (Figure 1.55).126 While these catalysts are effective they are 

not nearly as well developed and specialized as their transition metal competitors. 

 

Figure 1.55 Lewis Acid Catalysts 

Hydrosilylation has become a highly advanced field of synthesis. However, the 

inherent drawback to using a hydrosilane or other complex reagent hinders the utility. 

Hydrosilanes are typically the second stage product of industrial synthesis with silyl 

chlorides being the primary product of organosilane production. 

1.4 Applications of Vinyl Silanes 

Vinyl silanes are highly useful reagents in organic synthesis through Hiyama 

cross-coupling, Tamao-Fleming oxidation, and electrophilic halogenation and 

fluorination. This section will detail the important aspects of these reactions in 

synthesis and critical advances in their development that have made them 

indispensable in organic synthesis. Additional information can be found in several 

reviews on the topic as well.127 
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1.4.1 Hiyama/Hiyama-Denmark Cross-Coupling 

The Hiyama or Hiyama-Denmark cross-coupling is the coupling of vinyl 

silanes and aryl, alkenyl, or alkyl electrophiles through the use of palladium catalysis. 

While the Hiyama and Hiyama-Denmark variants are partitioned between fluoride 

activation and base activation of organosilanes respectively, their histories are 

inherently entangled. Later discussions on the nature of reaction mechanism for both 

will further depict the interwoven nature of these reactions. The original report of 

fluoride activated cross-coupling by Hiyama was in 1988.128 

Tris(dimethylamino)sulfonium difluoromethylsilicate (TASF) was used as the fluoride 

source with allyl palladium(II) chloride dimer as the catalyst. 

While earlier reports of a similar reaction exist, they are characteristically 

different. Kumada reported on preformed dianionic pentafluorosilicates129 that, under 

palladium catalysis, could be reacted with allyl halides in an allylation reaction, 

alkenes in a Heck like reaction, a carbonylation, and cross-coupling with aryl halides 

at 135 °C. Westerlund reported on the cross-coupling of four aryl iodides with 

vinyltrimethylsilane.130 However, these reactions were fluoride free and therefore 

required 70ï125 °C and extended reaction times for modest yields in return. Perhaps 

in the most inspiring work for Hiyama, Matsuda reported the cross-coupling of various 

vinyl silanes with a multitude of aryl diazonium salts.131 It was clearly demonstrated in 

their studies that the diazonium counter-ion must be tetrafluoroborate or 

hexafluorophosphate for the reaction to proceed efficiently (Figure 1.56). Utilization 

of the diazonium chloride salt resulted in a yield depression of 85% or more. 
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Figure 1.56 Effect of Counterion with Aryldiazonium Salts 

Hiyamaôs report was the first in kind due to the addition of stoichiometric 

fluoride additive as well as the scope of coupling partners (Figure 1.57). Various aryl 

substitutions were well tolerated (1.98ï1.101) as well as alkyl carbonyl substitutions 

(1.102ï1.105). The stereospecificity of the reaction was also characterized through the 

use of stereodefined vinyl iodides to produce 1.106 and 1.107 in a stereoretentive 

coupling. Cyclic (1.108) and acyclic (1.109) dienes were also excellent coupling 

partners. Allyl and alkynyl silanes were also demonstrated as effective coupling 

partners in this report. 

 

Figure 1.57 Hiyamaôs Seminal Report 
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From this report a number of studies to determine the stereospecificity of 

transmetallation were explored.132 Hiyama suggested transmetallation from an anionic 

silicate intermediate. Hammett studies on the reaction of aryl silanes in the cross-

coupling suggested a negatively charged intermediate which was proposed to proceed 

through a binuclear Si-Pd complex with a fluoride bridge.133 These investigations led 

to the mechanistic proposal in Figure 1.58. A palladium(0) catalyst performs an 

oxidative addition with the electrophile, followed by transmetallation of a 

fluorosilicate formed from the fluoride additive, then reductive elimination to form the 

product. 

 

Figure 1.58 Mechanism of Hiyama Cross-Coupling 

With the available data, this mechanism seems quite reasonable. The typically 

mild polarity associated with the carbon silicon bond is drastically altered by the 

formation of the hypervalent silicate to generate a more nucleophilic carbon. However, 

further experimentation to generate a more efficient reaction raised more questions 
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than answers. Hiyama found that while vinyltrimethylsilane was competent in the 

reaction, it is a unique coupling partner. The use of octenyltrimethylsilane resulted in 

no product under the same conditions (Figure 1.59, 1.110).134 Both mono- (1.111) and 

difluoro (1.112) silyl octenes were competent in the reaction. However, the trifluoro 

silane was completely inactive in the reaction (1.113). 

 

Figure 1.59 Vinyl fluorosilane Cross-Coupling 

These results seem counter-intuitive if the prerequisite to transmetallation is 

simply a hypervalent silicate. The increased fluorine atoms should make the silicon 

atom more susceptible to fluoride attack and increase the rate of reaction. In fact, 

several reports of this silicon substitution phenomenon were reported.133,135 In a 

similar manner, Tamao examined the fluoride activation of vinyl silyl ethers in cross-

coupling.136 Tamao observed a similar trend in reactivity when using increasing ether 

substituents in the reaction (Figure 1.60). While mono- (1.114) and di- (1.115) ethoxy 

vinylsilanes generated high yields of product, the triethoxyvinylsilane was 

significantly reduced in yield (1.116). With this comparison in hand, the detriment to 

multiple withdrawing groups on the silicon atom was attributed to depolarization of 

the carbon-silicon bond. The high withdrawing nature of the fluoride atoms force the 

silicon atom to pull more electron density from the carbon atom. While this is also true 
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of oxygen, the effect is to a lesser degree which allows for slightly greater reactivity to 

occur. This was also demonstrated by effectively cross-coupling increasingly less 

withdrawing trichloroanisylsilane to form biaryls.137 Curiously, this trend does not 

hold true for alkylflurosilanes as Hiyama reported that cross-coupling of alkyl silanes 

was exclusive to alkyltrifluorosilanes.138 

 

Figure 1.60 Vinyl Silyl Ether Cross-Coupling 

It was apparent that fluoride activation, while effective in many examples, had 

limitations. Reports of fluorosilane activation with sodium hydroxide139 and alkoxides 

via allyl carbonate decomposition140 brought further questions as to the mechanism as 

well as the necessity of fluoride. 

Denmark reported several cross-couplings of alkenylsilacyclobutanes with aryl 

and alkenyl electrophiles.141 Mechanistic investigations of this reaction revealed that 

alkenylsilacyclobutanes were converted into silanols (1.117) and disiloxanes (1.118) 

nearly quantitatively (Figure 1.61). Looking into other substitutions, it was found that 

the vinyl- silanols, disiloxanes, and even dimethylfluoro silanes all generated the same 

disiloxane 1.119 and hydrogen bonded fluoride silanol 1.120. Denmark also showed 

that by adding additional equivalences of TBAF increased the ratio of 1.120:1.119. 

This further supported 1.120 as the active intermediate for transmetallation as 
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reactions with 1 or 2 equivalence of TBAF took 1 hour or 10 minutes to finish, 

respectively. 

 

Figure 1.61 TBAF Formation of Silanols 

While initially the oxygen source may not be apparent, it is important to note 

that commercial sources of TBAF, whether solid or solutions, are always in a hydrate 

form. Drying of TBAF under vacuum results in Hofmann elimination to form 

tributylamine and bifluoride;142 however, more advanced protocols have been 

published to generate anhydrous TBAF in polar aprotic solvents.143 With this in mind, 

it is likely that the multiple fluorosilane cross-couplings reported previously were 

subject to the same reactivity and did not in fact undergo transmetallation from a 

fluorosilicate intermediate. 

This new development brought about the idea of masked silanols for cross-

coupling and a multitude of reports to find the other precursors were conveyed (Figure 

1.62). Yoshida reported on the 2-pyridylsilane as an efficient masked silanol followed 
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by Hiyamaôs144 2-thienylsilane. Anderson145 reported on phenyldimethyl silane which 

can be activated by either TBAF and tBuOK or Me3SiOK with 18-crown-6. Trost,59a 

and later Denmark,146 both reported on the ease of protodebenzylation of 

benzyldimethylsilane substitution. Katayama advanced the simple phenyl substitution 

by adding withdrawing trifluoromethyl groups to enhance reactivity resulting in 

milder reaction conditions.147 While the ease of oxidation and cleavage of 

dimethylfurly silane had previously been reported,61,148 Murata was the first to 

describe the use of the furyl group for cross-coupling purposes.149 

 

Figure 1.62 Masked Silanol Groups 

These reports inspired the development of intramolecular modes of activation 

for silicon based cross-couplings. Most notable is Hiyamaôs use of 2-

(hydroxymethyl)phenyldimethylsilanes (Figure 1.63).150 Under the reaction 

conditions, the tethered alcohol performs a cyclization onto the silicon atom to form a 

reactive pentavalent intermediate. This can then perform a transmetallation of the aryl 

or alkenyl group attached. In most cases, the formation of 1.117 was greater than 90% 

and could be recovered to synthesize the aryl silanes again through aryl lithium 

addition and protic quench. In fact, Tamao employed this specific strategy to directly 
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cross-couple aryl lithium reagents by in-situ ring opening/closing to transmetallate the 

aryl group from the silicon atom.151 

 

Figure 1.63 Intramolecular Silicon Activation 

This method displayed the immense power of intramolecular activation modes. 

Recognizing the potential of such a uniquely active silicon reagent, Hiyama further 

developed this method for the cross-coupling of alkyl silicon nucleophiles (Figure 

1.64).152 Additional methyl groups were required on the hydroxyl carbon to enhance 

cyclization through the Thorpe-Ingold153 effect. One of the critical additions to the 

reaction was copper(II) hexafluoroacetylacetonate (Cu(hfacac)2) as a co-catalyst. It 

has been suggested that base deprotonation of the alcohol generates the copper 

alkoxide which then performs an intramolecular transmetallation of the nucleophilic 

group. Effectively, this generates alkyl copper intermediates for the cross-coupling 

without the necessity of stoichiometric copper. These reactions also generate the 

cyclic ether 1.118 in high yields for further synthetic recycling of the activating group.  

In order for selective transfer, the remaining groups had to be isopropyl groups 

to favor the transmetallation of the primary alkyl nucleophiles. Alkenes (1.119), 

alcohols (1.120), ketones (1.121), and esters (1.122) all coupled in good yields. 

Increasing this method further, secondary alkyl groups such as isopropyl (1.123), 

cyclopentyl (1.124), and cyclohexyl (1.125) all performed well. Unfortunately, all of 
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the groups on silicon need to be the same secondary alkane to avoid a mixture of 

products. Additional reports of intramolecular activation include Shindoôs use of ɓ-

silylacrylic acids.154 

 

Figure 1.64 Intramolecular Activation for Alkyl Silane Cross-Coupling 

Within all of this progress of oxygen activation of organosilanes, the move 

towards the direct use of silanols was underway. Hiyama reported the direct use of 

silanols utilizing stoichiometric silver(I) oxide as an activating agent.155 Denmark 

continued expanding upon the usage of TBAF in the direct coupling of silanols156 and 

commercial polysiloxanes.157 However, truly mild conditions for the cross-coupling 

were realized in the use of oxygen activators such as cesium carbonate, tert-butoxides, 

and silanolate bases with silanols158 and polysiloxanes.159 Increased activity was also 

found by utilizing in-situ formed aryl and alkenyl silanolate salts via silanol 

deprotonation with metal hydrides.160 Further advancement from the direct usage of 
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silanolate salts gave further improved reactivity, particularly in regards to sterically 

hindered nucleophiles.161 

This development allowed further mechanistic investigation of the 

transmetallation step. Isolation of a stable transmetallation intermediate 1.126 (Figure 

1.65) showed that oxygen coordination to palladium preceded an intramolecular 

transmetallation. Simple heating of this complex at 50 °C resulted in 80ï90% yield of 

biaryl product. As well, it was shown that addition of aryl silanolate increased the rate 

product formation by 10 fold. Further in depth mechanistic studies confirmed the 

initial findings that oxygen coordination of palladium followed by intramolecular 

transmetallation is operative.162 Significantly, this reverses the reigning viewpoint that 

anionic silicon intermediates are required to engage in transmetallation processes. 

 

Figure 1.65 Aryl Silanolate Transmetallation Intermediate 

The significance of all this development can be seen in the myriad of syntheses 

over the years that were based on silicon cross-coupling reactions (Figure 1.66). One 

example is Hiyamaôs synthesis of NK-104,163 a HMG-CoA reductase inhibitor. 

Hanaokaôs nitidine synthesis164 is an example in the power of polyarene synthesis 
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through the Hiyama reaction. Panekôs herboxidiene synthesis165 exemplifies the power 

of stereocontrol in these reactions, even with highly complex structures. Denmarkôs 

brasilenyne166 and papulacandin D167 syntheses are a true achievement in the power of 

silicon cross-coupling to access large rings and latent bond disconnections. 

 

Figure 1.66 Silicon Cross-Coupling in Total Synthesis 

In addition to total synthesis examples, nickel catalyzed variants have been 

reported by Fu wherein alkyl halide electrophiles participate in the reaction.168 This 

opens an entirely new avenue of reactivity in the Hiyama reaction that remains yet 

unexplored. 

1.4.2 Tamao-Fleming Oxidation 

Tamao-Fleming oxidation is a relatively simple transformation of a vinyl 

silane to various carbonyl groups that has evolved into a highly advanced tool for 

polyketide synthesis. Originally, the first report of transforming a vinyl silane to a 
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carbonyl was from Stork in 1971 (Figure 1.67).169 He was able to take simple 

triethylsilyloctene 1.126, to an aldehyde by first utilizing meta-chloroperbenzoic acid 

to form the silyl epoxide 1.127 then acidolysis to form the aldehyde 1.129. This 

method was generally modest yielding, required a multi-step sequence, and was 

limited to acyclic vinyl silanes. 

 

Figure 1.67 Storkôs Stepwise Oxidation 

Tamao reported the first direct oxidation more than a decade later170 to 

synthesize 5-decanone in 82% yield as a singular example. One year later, Tamao 

detailed the full extent of his work in this field.171 A tour de force in vinyl silane 

oxidation chemistry, he outlined neutral, basic, and acidic conditions (Figure 1.68) for 

oxidation using hydrogen peroxide. These conditions allowed the transformation of 

silyloctene 1.130 to aldehyde 1.129 under neutral or basic conditions and, divergently, 

carboxylic acid 1.131 under acidic conditions. This allows for tuning of reaction 

conditions depending on the requirements of other functional groups in the molecule. 
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Figure 1.68 Neutral, Basic, and Acidic Tamao Oxidation Conditions 

Tamao demonstrated his method to be superior to Storkôs stepwise oxidation. 

Silylcyclohexene 1.132 was quantitatively oxidized to cyclohexanone 1.133 under 

mild conditions. In contrast, the stepwise oxidation process relies on acidolysis of the 

silylepoxide 1.135. This results in silyldiol 1.136 which is misaligned to perform the 

necessary E2 elimination of the silane and water. Tamao used this information to infer 

that the mechanism of oxidation with hydrogen peroxide is not a stepwise oxidation of 

the double bond. Rather, it was envisioned that the hydrogen peroxide would insert an 

oxygen atom into the CïSi bond generating a silyl enol ether intermediate. This is then 

rapidly hydrolyzed under the aqueous reaction conditions to give the corresponding 

carbonyl compounds. 

 

Figure 1.69 Cyclic Vinyl Silane Oxidation 
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In the same report, Tamao also demonstrated the selectivity of his conditions 

for alkenyl-alkoxysilanes over alkenyl-alkylsilanes (Figure 1.70). By subjecting 

alkoxysilane 1.130 and alkylsilane 1.134 to neutral reaction conditions, aldehyde 

1.128 was oxidized selectively, while 93% of 1.134 was recovered untouched. This 

orthogonal reactivity greatly expands the number of intermediates with which 

hydrogen peroxide oxidation can be utilized and subsequent functionalizations. 

 

Figure 1.70 Selectivity in Tamao Oxidation 

In a more advanced transformation, Tamao showed that mCPBA epoxidation 

and subsequent hydrogen peroxide oxidation resulted in -hhydroxy ketones 1.139.172 

Comparing the reaction of each of these reagents separately with potassium bifluoride 

resulted only in ketone 1.138. By allowing formation of the epoxysilane then peroxide 

oxidation, this unique reactivity can be observed. Synthetic examples of this reaction 

can be found in the syntheses of macrocyclic amphidinolides T1, T3, and T4 utilizing 

asymmetric Shi epoxidation to generate an enantio-enriched h -hydroxy ketone.173 
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Figure 1.71 Oxidation to h -Hydroxy Ketones 

The most exploited oxidation strategy was still yet to be developed though. 

Tamao pressed this chemistry further, developing a strategy to form ɓ-hydroxy 

ketones as well.174 An elegant intramolecular hydrosilylation strategy results in 5-

membered cyclic vinylsilanes. The transformation of homopropargylic alcohol 1.140 

underwent oxygen silylation and alkyne hydrosilylation smoothly. This was then 

oxidized to ɓ-hydroxy ketone 1.142 in 76% overall yield. Only a few examples were 

reported; however, Trost cultivated this chemistry further establishing the limitations 

and capabilities of this transformation.6b,175 

 

Figure 1.72 Synthesis of ɓ-Hydroxy Ketones 

This has been proven as a powerful tool in synthesis, allowing for entry into 

polyketide natural products. Marshall utilized this strategy to synthesize the C1-C23 

subunit of tautomycin.176 McDonaldôs synthesis of RK-397 is a masterful use of this 
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oxidation in succession with ketone reduction, establishing this strategy for polyketide 

synthesis. The remarkable robustness of this transformation can be seen in Carreiraôs 

gelsemoxonine synthesis.177 This oxidation was the last synthetic step of this tricyclic 

compound composed of several potentially reactive functional groups. 

 

Figure 1.73 Tamao Oxidation in Synthesis 

Leighton further advanced this chemistry by merging the alkyne 

hydrosilylation step with a formylation, formally an alkyne silylformylation 

reaction.178 By using diallylsilane 1.143, the reaction proceeded via silylformylation, 

then intramolecular allylation of the resultant ɓ-silyl-Ŭ,ɓ-unsaturated aldehyde to give 

the bicyclic silylether 1.144. Tamao oxidation of this intermediate reveals the bis-ɓ-

hydroxyketone 1.145. It has been proposed, and reinforced experimentally, that the 

diastereoselectivity of the allylation step is influenced by the steric bulk of the -h

silylether substituent, in the case of 1.143, the isopropyl group. The interaction of the 

substituent and the allyl group drives the carbonyl and allyl group closer promoting 

greater reactivity over the opposite diastereomeric allylation. 
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Figure 1.74 Leighton Silylformylation/Allylation/Oxidation Strategy 

This chemistry was utilized in the syntheses of Dolabelides A, B, and D179 as 

well as the C1-C23 fragment of Spongistatin A and Zincophorin.180 While extremely 

useful, further advancements moving away from the requirement to use diallyl silane 

would be highly desired. Leighton reported on a chiral crotyldiaminosilyl chloride 

derived from (R,R)-(-)-1,2-diaminocylcohexane as an efficient diastereo- and 

enatioselective crotylation. The products of which could subsequently be oxidized to 

reveal enantio-enriched ɓ-hydroxyketones.181 While many of these transformations 

contained the fused ring system about the silicon atom, it was unclear how 

diastereoselectivity could be affected in the case of a single silacycle intermediate with 

a vinyl substituent. It was reported that the intermediate 1.146 could be subjected to 

protic oxidation conditions to yield 1.147 in 18:1 dr (Figure 1.75). In contrast, aprotic 

oxidation conditions afforded 1.148 in 6:1 dr for the opposing diastereomer.182 

 

Figure 1.75 Diastereoselective Oxidation Through Protic or Aprotic Conditions 
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Fleming reported in 1984 the selective oxidation of dimethylphenylvinyl 

silanes to silyl enol ethers (Figure 1.76).183 Vinyl silane 1.149 was epoxidized (1.150), 

and then subjected to boron trifluoride diethyl etherate at ï78 °C to form the silyl enol 

ether 1.51. While initially this may appear similar to Tamaoôs synthesis of -hhydroxy 

ketones in Figure 1.71, the anhydrous reaction conditions in Flemingôs example allow 

for this divergent reactivity. The boron acts as a Lewis acid to promote epoxide ring 

opening which is followed by a rapid silylation of the alkoxide anion and reformation 

of the double bond. However, this reaction mechanism necessitates that the oxygen 

silylation and double bond reformation must occur faster than sigma bond rotation. 

Otherwise, the subsequent alkene would be a mix of geometric isomers. While this 

method has great utility, Flemingôs oxidation has been far more studied and used in 

alkyl silane oxidation which will be covered in Section 1.5.1. 

 

Figure 1.76 Fleming Oxidation to Form Silyl Enol Ethers 

Overall, Tamao-Fleming oxidation allows the direct substitution of a carbon-

silicon bond for a carbon oxygen bond. As seen in this discussion, this transformation 

is truly only limited by the creativity and inspiration of the user to find embedded 

oxygen atoms accessible through organosilicon frameworks. 
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1.4.3 Desilylative Halogenation 

The transformation of a vinyl silane to a vinyl halide is a powerful reaction that 

allows the robust vinyl silane group to mask the sensitive vinyl halide group through 

many synthetic steps. This reaction has been studied for over forty years with initial 

studies by Sommer184 on the elimination of ɓ-chlorosilanes to form terminal olefins. 

Jarvie185 and Weber186 explored the possibility of this transformation; however, it was 

Miller who showed the synthetic utility and continually improved upon the reaction. 

Mill er reported on the halogenation and elimination sequence of Z-hexenylsilane 

1.152.187 The initial halogenation is a standard trans-addition with alkenes to form 

1.153 (Figure 1.77), which upon rotation, sodium methoxide promotes the E2 

elimination to generate silyl ether and sodium halide salt. This provides a clear 

rational for the stereospecific formation of vinyl halides 1.154 and 1.155. 

 

Figure 1.77 Stereoinvertive Halogenation with Bromine and Chlorine 

This reaction was shown to be stereospecific with trans-vinyl silanes as well as 

yield cis-vinyl halides. More intriguing though, is the result that Miller observed when 

using iodine as the halogen source (Figure 1.78). The transformation of 1.152 with 

iodine results in diiodosilane 1.156, analogous to 1.153 with chlorine and bromine. 

However, this intermediate is less stable and spontaneously degrades to the vinyl 

iodide 1.157 through a four-centered elimination of trimethylsilyl iodide. Deviating 



 73 

from the antiperiplanar E2 elimination in favor of an intramolecular silyl halide 

extrusion, the transformation is now stereoretentive. This pathway was supported 

when Miller avoided the formation of the diiodide intermediate by utilizing silver(I) 

trifluoroacetate (AgTFA) in the reaction to form trifluoroester 1.158 by sequestering 

iodide formed in the reaction. This intermediate is stable enough to be isolated, and 

then undergo an E2 elimination with base to form the predicted stereoinversion 

product 1.159. This two step procedure was lower yielding, but was the first example 

of stereospecific divergence of a single vinyl silane isomer. This halogenationôs 

stereospecificity was also shown to hold true for the formation of 1,2-disubstituted 

vinyl halides.188 

 

Figure 1.78 Halogenations with Iodine 

Recognizing the inefficiencies with this method, Miller developed this reaction 

to work with iodine monochloride (ICl) which generates the more stable chloro-iodo 

intermediate which can then be eliminated using potassium fluoride (Figure 1.79).189 

This allows for iodination following the same predictive model as chlorination and 

bromination. 
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Figure 1.79 Iodination with Iodine Monochloride (ICl) 

Now that predictable conditions with each halogen were established, Miller set 

out to examine the effect of the alkyl substituent on stereospecificity (Figure 1.80).190 

It was expected that steric hindrance may play a large role in the initial halogenation 

step, which would have a direct consequence on the subsequent elimination. However, 

it was observed that even a tert-butyl substituent (1.162) merely hindered reactivity 

and had a minimal effect on selectivity. Interestingly, phenyl substitution completely 

reverses selectivity to a stereoretentive bromination. 

 

Figure 1.80 Effect of Substituent on Bromination 

Earlier reports of similar examples had predicted this reactivity through the 

formation of a benzyl cation stabilized in concert by the phenyl group and the ɓ-

silicon effect.185-186,191 This was one of the first examples showing that electronic 

properties of the substrate could alter the stereospecificity of the product. This idea 

was exploited by Chan to tune the selectivity of iodination to form specific mixtures of 
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E and Z alkenes by the addition of Lewis acids.192 It was recognized that the addition 

of Lewis acid would interact with the formed halide, slowing the formation of the 

diiodide adduct. This allows for rapid rotation about the resultant carbocation. It was 

found that the ratio of alkene isomers could be tuned by the amount of Lewis acid 

used. Although the effect per equivalence was specific to the Lewis acid used as seen 

in Figure 1.81. Aluminum chloride proved to be able to access a larger range of 

mixtures than tin tetrachloride, making it the Lewis Acid of choice in this 

transformation. This was a particularly effect method for synthesizing insect 

pheromones which often contain a specific mixture of alkene isomers. 

  

 

Figure 1.81 Effect of Lewis Acid on Stereospecificity of  Vinyl Silane Iodination 

Tamao and Kumada explored the effect of changing the nature of the silicon 

atom.193 They found, that under various conditions, trimethylsilyl and 

pentafluorosilicate alkenes were exclusively transformed with inversion and retention 
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respectively. However, when they explored trifluorosilyl alkenes they observed that 

the conditions used could affect the geometry of the alkene product (Table 1.2). The 

use of ICl could form both isomers of vinyl iodide. A two step procedure could affect 

stereoinversion while a single step procedure in DMF afforded stereoretention. This 

has been attributed to solvent interaction with the carbocation when utilizing DMF. 

Similar results are also seen when bromine is used; however, the use of N-

bromosuccinimide (NBS) resulted in a different outcome. Selectivity for inversion 

could not be favored with this reagent. This has been explained through the pre-

coordination of NBS to the electrophilic silicon atom, then halogenation at the -h

carbon. The generated carbocation is rapidly quenched by elimination of the activated 

silicon atom. 

Table 1.2 Effect of Conditions on Halogenation of Trifluorosilyl Alkenes 

 
Entry Reagent Conditions E:Z 

1 ICl 1. CCl4, 0°C 2. DMF, 0° C 1:>99 

2 ICl DMF, 0°Cïrt 95:5 

3 Br2 1. DME, LiBr, 0° C 2. DMF, 0° C 1:99 

4 Br2 DMF, 0° C 81:19 

5 NBS THF, rt 65:35 

6 NBS DMF, rt 90:10 

This effect of electrophilic silicon on the selectivity of halogenation was 

further studied by Brook.194 The substituents on silicon were systematically varied, 

mixing chlorine and fluorine substituents with methyl groups. This was correlated 

with the electronegativity of the group, which was subsequently correlated with the 

proton NMR shift of the Ŭ-silyl proton Ha (Figure 1.82). Brook saw what Tamao and 
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Kumada saw, trimethylsilyl substituted alkenes give full inversion with bromine 

through anti-addition intermediate 1.168. Trichlorosilyl alkenes gave a near equal 

mixture of alkene isomers, while trifluoro substitution gave nearly full retention of 

stereochemistry through the syn-addition intermediate 1.167. All of the intermediate 

mixed alkylhalosilyl alkenes fall between the trimethyl and trifluoro substituted 

silanes when correlated to electronegativity or chemical shift. Brook explained this 

phenomenon as the augmentation of the stabilizing contributions gained by the ɓ-

silicon effect. In all cases of 1.166, the phenyl group stabilization is constant, whereas 

the contribution from the silicon group is altered. This data has evidenced the 

correlation between electronegative silicon groups and an enhanced ɓ-effect, as well 

as the governing power of the ɓ-effect in desilylative brominations. 

 

 

Figure 1.82 Correlation of Silicon Substitution to Halide Addition 
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In pursuit of more highly developed conditions, several reagents and 

conditions have been reported for iodination.195 The most advanced of these being 

reported by Zakarian where simple identification of hexafluoroisopropanol (HFIP) as 

a solvent with N-iodosuccinimide (NIS) took a modest reaction to a powerful synthetic 

transformation (Figure 1.83).196 The advantage gained by the solvent change is clear 

by comparing the previous report with acetonitrile to that of HFIP. Yields across all 

substrates were enhanced as well as stereoretention of the transformation. The authors 

attribute this to the highly polar, non-nucleophilic nature of HFIP, in addition to the 

electrophilic activation of NIS through hydrogen bonding with the solvent. This has 

led to an efficient, highly selective desilylative iodination method. 

 

Figure 1.83 Comparison of Solvents for Iodination 

The use of the desilylative halogenation reaction is not simply limited to 

investigations of the ɓ-effect, but holds a commanding power in synthesis.197 

Particularly, the field of total synthesis has benefitted greatly from this reactionôs 

ability to generate valuable vinyl halide intermediates that can be used in metal-
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catalyzed cross-coupling reactions. A brilliant example of this strategy is Nicolaouôs 

rapamycin synthesis, wherein two vinyl iodides are employed in a double Stille cross-

coupling with E-1,2-bis(tributylstannyl)ethane to close the macrocyclic ring.198 

Burkeôs indanomycin synthesis also uses this Stille coupling strategy to build the 

diene functionality that unites the eastern and western portions of the molecule.199 

Natural products containing the vinyl halide functionality such as Mycorrhizin A are 

highly suited to this strategy.200 

 

Figure 1.84 Total Syntheses Employing Desilylative Halogenation 

Simple conjugation and vinyl halides are not the only uses of this reaction. 

Buried within molecules are disconnections built from vinyl halides such as Flemingôs 

tetrahydrolipstatin synthesis wherin a carbon-carbon bond was formed through a 
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conjugate addition of this fragment early on.201 A tin mediated cyclization of a vinyl 

iodide results in the spirocyclic ring fusion in cephalotaxine.202 

This strategy is also amenable to industrial synthesis as well. The synthesis of 

a selective estrogen receptor modulator (SERM) was produced through a Suzuki 

coupling of a vinyl bromide intermediate.203 The vinyl bromide intermediate was 

synthesized in multi-kilogram quantities through desilylative halogenation. This is an 

effective synthesis of Tamoxifen derivatives for studies in breast cancer treatment. 

 

Figure 1.85 Industrial Halogenation 

While chlorination, bromination, and iodination have been highly studied, 

fluorination still remains underinvestigated. However, Gouverneur has reported an 

effective method for desilylative fluorination utilizing SelectfluorÊ as an electrophilic 

fluorine source (Figure 1.86).204 While other minor methods exist,205 this is currently 

the most effective strategy even though it has not yet achieved absolute selectivity. 

 

Figure 1.86 Desilylative Fluorination with SelectfluorÊ 
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Overall, desilylative halogenation provides an effective route to geometrically 

defined vinyl halides with reliable predictability. These properties in collaboration 

with the cross-coupling ability of vinyl halides have made this strategy a powerful 

approach to diverse molecular scaffolds and functional groups. 

1.5 Applications of Alkyl Silanes 

Alkyl silanes enjoy a number of the same synthetic applications as vinyl 

silanes such as Tamao-Fleming oxidation and desilylative halogenation. Unique to 

alkyl silanes is Peterson olefination and related latent carbon nucleophile reactions. 

However, alkyl silanes are not simply synthetic intermediates. There are a number of 

exceptional applications in bioisosterism and materials science for cryogenic 

lubricants and rubber additives. The following sections will detail the major 

innovations in alkyl silane applications and their impact in synthesis and materials. 

1.5.1 Tamao-Fleming Oxidation 

Tamao-Fleming oxidation of alkyl silanes is similar to that of vinyl silanes, 

although alcohols rather than carbonyls are the result. Akin to vinyl silane oxidation, 

Tamao first investigated alkyl pentafluorosilicates with mCPBA as an oxidant.206 

Initial investigations utilizing potassium pentafluoro(octyl)silicate revealed a 

significant solvent effect, possibly the result of the alkyl silicate solubility. Typical 

solvents such as THF, EtOH, and MeCN gave modest or no yield. Benzene gave only 

45% yield; however, the addition of 1 equivalent of 18-crown-6 resulted in a 70% 

yield. DMF proved to be the best solvent giving 82% of 1-octanol without crown 

ether, but this suggested that solubility of the silicate was important to promote 

reactivity. 
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Building on a report by Hosomi207 wherein triethoxysilyl ethers were oxidized 

with mCPBA, Tamao reported the first use of hydrogen peroxide to oxidize 

diethoxy(methyl)alkylsilanes under neutral, basic, and acidic conditions (Figure 

1.87).170 Critical to the development of these methods was the addition of potassium 

bifluoride for neutral and acidic conditions, while potassium bicarbonate was effective 

under basic conditions. 

 

Figure 1.87 Hydrogen Peroxide Oxidation of Alkyl Silanes 

The power of this mild oxidation of a robust silicon group allowed for the 

development of a hydroxymethylation method based on Ŭ-silyl Grignard reagent 1.173 

(Figure 1.88).208 By pairing this Ŭ-silyl nucleophile with powerful cross-coupling 

reactions,209 alkyl-(1.174), allyl-(1.175), and benzyl alcohols (1.176) were all easily 

accessible in a two step procedure. This still remains a powerful single carbon 

homologation-oxidation strategy to access valuable alcohol products. 
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Figure 1.88 Hydroxymethylation via Hydrogen Peroxide Oxidation 

Although the newly developed hydrogen peroxide conditions were effective 

for oxidation, the additional reagents in the reaction make it unclear the exact 

mechanism of the peroxide in the reaction. To this end, Tamao utilized mCPBA to 

explore aspects of the mechanism of oxidation.210 By utilizing endo-(1.177) and exo-

trifluorosilylnorbornane (1.179) with mCPBA (Figure 1.89) it was shown to be a 

stereoretentive process. This oxidation was suggested to proceed through an oxygen 

atom insertion to form a silyl ether which is then cleaved under the aqueous conditions 

to reveal the alcohol. This was later supported through density functional theory 

(DFT) calculations of the reaction.211 Establishing the stereospecific nature of silane 

oxidation opened a pathway towards the diastereo- and enantioselective synthesis of 

alcohols. 
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Figure 1.89 Stereoretentive Oxidation of Norbornyl Trifluorosilanes 

Fleming realized the potential of this oxidation by utilizing the previously 

discussed silyl cuprate conjugate addition chemistry to form alcohols 

diastereoselectively (Figure 1.90).60a The conjugate addition of 1.181 with silyl 

cuprate formed alkyl silane 1.182. However, the development of conditions to oxidize 

the dimethylphenyl group was necessary as, to this point; no oxidation of this group 

had been reported. Fleming found that tetraflouroboric acid could perform a proto 

dearylation to form the dimethylfluorosilane which could then be oxidized under mild 

conditions with mCPBA, and later reported alternative oxidation methods as well.212 

 

Figure 1.90 Silyl Conjugate Addition and Phenylsilane Oxidation 

The stereospecific nature of oxidation allowed for the development of silicon 

based directing groups to form enantioenriched alcohols through diastereomeric 



 85 

intermediates.213  The use of a proline derived benzyl silane (1.184) was utilized to 

synthesize enantiopure benzyl alcohols. By exploiting the Ŭ-anion stabilization of 

silicon, deprotonation of the benzyl group resulted in a single diastereomer of the alkyl 

lithium complex 1.185. Alkylation of this intermediate with alkyl halides such as 

propyl iodide, followed by silyl group oxidation, results in single enantiomers of 

product (1.186). Alkylation with dihalides results in enantioenriched cyclic ethers 

(1.187) after oxidation and subsequent cyclization. 

 

Figure 1.91 Silicon Oxidation to Form Enantioenriched Benzyl Alcohols and Ethers 

The methods reported so far all rely on mCPBA as an oxidant, which tend to 

be incompatible with alkene functionalities, particularly when oxidizing tetraalkyl 

silanes.  Fleming sought to find conditions that would allow for the smooth oxidation 

of alkylsilanes in the presence of alkenes. The development of the 

isoprenyldiphenylsilane was found to be well suited for this transformation (Figure 

1.92).214 The isoprene group (1.188) was highly reactive under mild protodesilylation 

with HCl, followed by oxidation of the highly active silanol gave 1.189 in good yield. 

A single step procedure was also developed utilizing KBr and KF under basic 
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conditions to give an identical yield. Since this report, various other groups and 

conditions have been developed for specific examples.30b,60b,215 

 

Figure 1.92 Isoprenyldiphenyl Silane Oxidation 

With various oxidation conditions, the trimethylsilyl group, potentially the 

most prevalent silyl group, has experienced little success in oxidations.215k Suginome 

has reported recently, the multi-step oxidation of the trimethylsilyl group (Figure 

1.93).216 This sequence first requires the iridium catalyzed CïH borylation of the 

methyl group to form 1.190. Hydrogen peroxide oxidation of the boronic ester group 

reveals the Ŭ-silyl alcohol 1.191. Treatment with catalytic potassium methoxide in 

dimethyl sulfoxide gave the Ŭ-silyl ether 1.192. This ether then underwent Tamao 

oxidation conditions cleanly to give the alcohol 1.193 in 65% over 3 steps. The 

complexity of this sequence to oxidize the trimethylsilyl group underscores the 

extreme challenge of trimethylsilyl oxidation. 
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Figure 1.93 Trimethylsilyl Multi-Step Oxidation 

Recently, Buchwald has utilized highly advanced enantioselective 

hydrosilylation conditions to install chiral benzylic alcohols (Figure 1.94).217 This 

approach illustrates the manner in which new alkyl silane synthetic methods continue 

to bolster and further advance the impact of classic alkyl silane transformations. 

 

Figure 1.94 Buchwald Asymmetric Hydrosilylation/Oxidation Sequence 

Examples of Tamao-Fleming oxidation can be seen in total synthesis for 

various purposes (Figure 1.95). Many of these syntheses utilize this oxidation to form 

alcohols or ethers in the final product.218 However, silane oxidation has been used as a 

pathway towards other intermediates such as in Evanôs (-)-batzelladine D synthesis. 
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Figure 1.95 Tamao-Fleming Oxidation in Total Synthesis 

Tamao-Fleming oxidation is a versatile reaction allowing access to valuable 

alcohols and intermediates. Many conditions exist from basic to acidic, as well as 

silicon groups that allow more facile oxidation. This allows the application of this 

transformation to be limited only by the skill and ingenuity of the user. 

1.5.2 Ŭ-Silyl Pronucleophiles 

The Ŭ-anion stabilizing effect of silicon has expanded the synthetic utility of 

alkyl silanes, allowing them to function as pronucleophiles. Under the appropriate 

conditions, rather inert alkyl silanes can be selectively deprotonated adjacent to the 

silicon atom to generate reactive carbanions. These carbanions are stabilized by the 

silicon atom through a hyperconjugative interaction of the carbon lone pair and the ů* 

orbital of the silicon atom and its other carbon substituents.219 This anion formation 

and stabilization has been exploited mainly in the Peterson olefination; however, as 

will be discussed in more detail, emerging technologies are also taking advantage of 

these characteristics. 
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The Peterson olefination reaction is analogous to the phosphorous based Wittig 

olefination.220 The initial discovery that silicon could perform such a transformation 

was a serendipitous finding reported by Gilman.221 Upon attempting to form vinyl 

silanes from Ŭ-silyl phosphonium salts, Gilman observed vinyl phosphonium 

formation instead, due to the selective elimination of the silicon group in preference to 

phosphorous. Peterson then reported the first direct use of alkyl silanes to form 

alkenes.222 Studying the elimination of the intermediate silylcarbinols revealed a 

dependence on the counter-cation used in the carbanion formation (Figure 1.96). 

While sodium and potassium alkoxides underwent elimination smoothly, magnesium 

alkoxides were resistant to elimination even under forcing conditions. The overall 

reaction sequence is typically completed by nBuLi deprotonation of an alkyl silane, 

nucleophilic attack to a carbonyl, then elimination which is often facilitated by polar 

additives, such as HMPA, or heat.223 

 

Figure 1.96 Counter-Cation Dependence of Ŭ-Silylcarbinol Elimination 

The immense potential of this reaction was quickly realized with numerous 

reports of heteroatom functionalized alkene syntheses. A sample of the olefins formed 

can be seen in Figure 1.97 wherein vinyl- silanes,224 thioethers,225 and phosphonates226 

can be formed by utilizing the greater propensity for silyl elimination. 
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Figure 1.97 Heteroatomic Functionalized Alkenes Via Peterson Olefination 

While many early examples lacked stereoselectivity of the resultant 

alkenes,223,227 reports studying the effects of reaction conditions for the elimination 

spurred the development of selective alkene formation. When the Ŭ-silylcarbinol is 

isolated and subject to basic or acidic conditions the opposite alkene geometries could 

be accessed in excellent selectivity228 (Figure 1.98). Deprotonation with KH provided 

Z-4-octene, while BF3ÅOEt2 or sulfuric acid yielded E-4-octene. This showed clearly 

that the silyl elimination is a stereospecific process; therefore modification of the 

elimination can be utilized to control and predict alkene geometry. 

 

Figure 1.98 Stereospecific Ŭ-silylcarbinol Elimination 

Larchevêque reported an elegant use of counter-cation and elimination 

conditions to form stereodefined Ŭ,ɓ-unsaturated esters229 (Figure 1.99). By utilizing 

LDA for deprotonation of an Ŭ-silyl ester then cation exchange with MgBr2 the 

resulting silylcarbinol elimination was arrested as in Figure 1.96. Quenching of this 

intermediate with water then BF3ÅOEt2 gave the E isomer in excellent selectivity 

through an anti-elimination of the Ŭ-hydroxysilane. Alternatively, increasing the 
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polarity of the medium by addition of HMPA followed by aqueous workup led to the 

Z isomer through a direct syn-elimination by a 4-centered intermediate akin to the 

Wittig reaction.  

 

Figure 1.99 Stereospecific Workup of Ŭ,ɓ-Unsaturated Esters 

While many functional group specific examples230 and mechanistic studies231 

exist for Peterson olefination, they cannot all be covered here, although a number of 

comprehensive reviews have been published.232 The most advanced form of Peterson 

olefination is the use of imines to form stereodefined alkenes233 (Figure 1.100). 

Sulfinyl imines can react with aryl disilylmethanes to form E-stilbenes while N-phenyl 

imines formed Z-stilbenes. More striking in this example though, is the method of 

activation used. The mixture of KOSiMe3 and Bu4NCl forms highly active ammonium 

alkoxide which, rather than deprotonation, performs a desilylation to form the Ŭ-

silylcarbanion. 

 

Figure 1.100 Stereospecific Stilbene Formation Via Imines 
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This silicon activation strategy to form carbanions has evolved into a new 

strategy to activate silicon pronucleophiles for alkylation reactions234 (Figure 1.101). 

This approach preferentially transfers allyl and benzyl groups over methyl groups 

attached to silicon. As well, this method can be used for arylation with arylsilanes, and 

imines may be used as electrophiles as well.235 This is a highly valuable 

transformation when paired with chiral sulfinyl imines to form chiral amines. 

 

Figure 1.101 Ammonium Alkoxide Promoted Alkylation 

Molander reported on the use of alkylbis(catecholato)silicates as cross-

coupling partners in photoredox catalysis with nickel and ruthenium236 (Figure 1.102). 

While oxygenated silicates are distinct from all carbon alkyl silanes, this method relies 

on the silicon functionality to utilize the alkyl group as a nucleophile. It has been 

proposed that the photoredox catalyst cleaves the carbon-silicon bond through a 

single-electron transfer to form an alkyl radical. This has been supported by the 

hydrogen-atom transfer observed when the alkyl group contains a thiol, wherein 

thioetherification results through formation of a thiyl radical from the hydrogen-atom 

abstraction. This method shows the still active growth in alkyl silane transformations. 
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Figure 1.102 Alkyl Silicate Cross-Coupling 

Olefination, arylation, allylation, and alkylation reactions have all been 

presented which demonstrate the versatile activation modes available to silicon to 

generate reactive carbon nucleophiles. It is clear though that Ŭ-silyl pronucleophiles is 

still a growing field that will continue to generate an even greater assortment of 

synthetic uses. 

1.5.3 Biological and Materials Applications 

While there are a large number of reports for the use of silicon in synthesis, an 

equally influential body of literature exists for the use of silicon in medicinal and 

materials chemistry. These applications are reliant upon the subtle differences between 

carbon and silicon such as:237 1) Approximately 20% longer bond lengths, altered 

bond angles, and, consequently, modified ring conformations. 2) Increased 

lipophilicity which often increases cell and tissue penetration as well as 

hydrophobicity of surfaces. 3) Siliconôs ability to form penta- and hexacoordinate 

complexes can allow for entry into new metabolic pathways. 4) The electropositive 

nature of silicon allows for modification of critical hydrogen-bonding in drugs and 

materials. 5) Organosilicon small molecules lack ñelement-specificò toxicity. 
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A representative example of the carbon-silicon switch in biological 

applications is the comparison of the pesticides fluofen and silafluofen (Figure 

1.103).238 An effective pesticide, fluofen exhibited a fairly large toxicity to marine life 

with an LC50 of 3mg/L. By replacing the quaternary carbon with a silicon atom the 

pesticide efficacy was maintained while the toxicity to bluegill fish was nearly entirely 

negated. No toxicity was observed up to 50mg/L of silafluofen, which was the 

maximum concentration tested. 

 

Figure 1.103 Fluofen vs. Silafluofen 

Notable medicinal applications include the study of silicon-modified, selective 

retinoid agonists.239 In particular, comparison of agonists 1.205 and 1.206 derived 

from bexarotene, where the acetal is an alkene, are compelling evidence for the use of 

the carbon-silicon switch.240 The disilyl substituted 1.206 showed a 10 fold increase in 

activity over the carbon based 1.205 when examined in vivo for RXRɓ binding. 

Similarly, disily substitution (1.208) of tamibarotene (1.207) also resulted in a 10 fold 

increase in activity in the related RARɔ protein.241 Crystal structure analysis of 1.206 

bound to RXRɓ supports that both enlargement of the silacyclic ring system and 

modified electrostatic potential are responsible for the increased activity.240 
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Figure 1.104 Silicon Substituted Retinoid Agonists 

While a 10 fold increase in activity is significant, even more astonishing 

alterations in activity have been reported in the pursuit of anti-tubercular agents.242 

Rimonabant, an anti-obesity drug, is capable of crossing the blood brain barrier. This 

made it a starting point for treating tuberculosis infections in the brain. Rimonabant is 

active against mycobacterium tuberculosis (H37Rv) although not with an ideal 

minimum inhibitory concentration (MIC) (Figure 1.105). Minor modifications such as 

deletion of the carbonyl group and, more significantly, the incorporation of the 

dimethyl silicon group (1.209) enhanced the MIC by more than 50 fold. Further 

optimization of the structure to 1.210 resulted in an overall 800 fold increase in 

activity over rimonabant. The carbon analogue of 1.210 was also tested; however, the 

silyl derivative was still 50 times more active. 
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Figure 1.105 Rimonabant and Silyl Derivatives 

Countless other examples of successful carbon-silicon switch based molecules 

for medicinal applications have been reported; although they cannot all be covered 

here.243 Particularly powerful incorporations of silicon include silyl amino acids such 

as ɓ-trimethylsilyl alanine which has been established as a metabolically stable 

bioisostere for phenylalanine.244 Silaproline has been shown to drastically increase 

lipophilicity of proline rich peptides increasing cell uptake significantly.245 Extensive 

studies on the incorporation of silyl amino acids have resulted in altered protein and 

peptide structures as well as overall activities.245-246 

 

Figure 1.106 Silyl Amino Acids 
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While the carbon-silicon switch is an effective strategy, biologically active 

compounds that have been developed independently to include silicon have proven 

effective.247 As well, multiple silicon based commercial fungicides are marketed today 

(Figure 1.107).237b 

 

Figure 1.107 Commercial Silicon Fungicides 

Material uses for alkyl silanes are primarily based in low temperature lubricant 

applications. As seen in Table 1.3, simple substitution of quaternary carbons for 

silicon atoms to generate silahydrocarbons can have substantial effects on freezing 

points.248 

Table 1.3 Melting Point Depression of Silahydrocarbons 
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Comparison of a multialkylated cyclopentane (MAC) lubricant and a 

silahydrocarbon (SiHC) in ball bearing shearing tests shows a clear difference between 
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the two lubricants.249 Under both air and nitrogen atmospheres the MAC performs 

similarly giving friction coefficients of 0.11 and 0.12 respectively. Interestingly, the 

SiHC performed quite differently under air and nitrogen. Investigation of the chemical 

deposits in the wear scars of the ball bearings it was found that under an atmosphere of 

air the SiHC undergoes a minor decomposition pathway to form a lubricous silicon 

oxide layer. This anti-wear property allows the SiHC lubricant to actively extend the 

life of working parts by protecting already damaged surfaces from increased wear. 

Further advanced SiHC lubricants have been tested under low temperature, high-

vacuum environments and also proven more effective than MAC lubricants.250 In fact, 

the wear under vacuum was significantly less than that under air; making SiHCs ideal 

for aerospace technology applications where low temperature and pressure 

environments are common. 

 

Figure 1.108 Coefficient of Friction Comparing MAC and SiHC 

The field of alkylsilane applications continues to grow and inevitably the 

development of new methods for the synthesis of alkyl silanes will, by extension, 



 99 

expand the utility of alkyl silanes. However, it is clear that even at this point in time, 

the field of alkylsilane technology is active and still maturing. 
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NICKEL CATALYZED SILYL HECK  

2.1 Introduction  

Previous work in silyl-Heck reactions (Section 1.2.6) focused on the use of 

palladium-catalysis for the activation of silyl iodide electrophiles.1 Unfortunately, 

trimethylsilyl iodide is the only commercially available silyl iodide and, to this point 

in time, no other silyl iodides were shown to be active in the silyl-Heck reaction. Work 

in our lab has shown that silyl chlorides, bromides, and triflates can participate in the 

silyl-Heck reaction when an excess of iodide salt is added (Figure 2.1).1a,1b,1d This 

method allows the in situ formation of a silyl iodide2 which then competently engages 

the catalyst. 

 

Figure 2.1 Lithium Iodide Additive with Silyl Halides 

In an effort to incorporate more complex silyl electrophiles our attention turned 

towards commercially available silyl triflate electrophiles. While the addition of iodide 

salts was effective, it was not ideal. Therefore, we sought to find a catalyst that could 

Chapter 2 
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directly activate the silicon-oxygen bond of a silyl triflate. To guide our search, we 

looked at silicon-halide and oxygen bond dissociation energies (BDEs)3 (Table 2.1). 

While the BDE of a silicon-triflate bond is not known, we concluded that the silyl-

triflate bond must be weaker than the reported silyl methoxy bond at 123 kcal/mol due 

to the withdrawing trifluoromethyl group. We then turned our attention to comparing 

carbon analogues in cross-coupling. In most cross-coupling applications aryl triflates 

are considered to be equivalent to aryl bromides in their reactivity.4 Taking this into 

consideration we assumed that due to the strong nature of silicon-oxygen bonds, the 

silicon-triflate bond is most likely slightly stronger than the silicon-bromide bond, but 

weaker than the silicon-chloride bond. 

Table 2.1Silicon Halide and Oxygen Bond Dissociation Energy 

Entry  Bond BDE (kcal/mol) 

1 Me3SiïI 77 

2 Me3SiïBr 96 

3 Me3SiïCl 113 

4 Me3SiïOMe 123 

Continuing to parallel the carbon based cross-coupling literature; we focused 

our search on catalysts that were capable of activating strong carbon-oxygen bonds. It 

is known that nickel catalysts can activate aryl- and vinyl-ethers for cross-coupling.5 

Examples by Wenkert6 and Chatani7 show that simple, triphenlyphosphine supported 

nickel can activate vinyl- and aryl-ether bonds for Kumada and Suzuki cross-coupling 

respectively (Figure 2.2). 
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Figure 2.2 Nickel-Catalyzed Cross-Coupling of Carbon-Oxygen Bonds 

These examples proved to be highly supportive that nickel could be an 

effective catalyst in silyl-triflate activation as the BDE of phenyl methylether is 100 

kcal/mol.8 This is in the ideal BDE range that we predicted the silicon-triflate bond 

would reside. Other support came from a report by Jamison in which a nickel 

catalyzed three component reaction of aldehydes, alkenes, and silyl triflates was 

reported. However, it is not clear that direct activation of the silyl triflate by the nickel 

catalyst is operative in the report.9 With all of this information in hand, we set out to 

discover whether nickel could effectively catalyze the desired silyl-Heck reaction with 

silyl-triflates (Figure 2.3). 

 

Figure 2.3 Proposed Nickel Catalyzed Silyl-Heck Reaction with Silyl Triflates 
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This project was a highly collaborative effort between myself, and Watson 

group members Jesse McAtee, Sara Martin, William Reid, and Keywan Johnson. The 

full results as well as my own* have been included in this chapter for completeness. 

2.2 Reaction Optimization 

To begin our investigation, we studied the reaction of 4-tert-butylstyrene with 

trimethylsilyl triflate (Me3SiOTf) without iodide additives (Table 2.2). In agreement 

with previous experiments, the palladium catalyst previously reported was ineffective 

in the transformation (Entry 1). This result remained unchanged through investigation 

of ligand, ligand:metal ratio, solvent, or temperature. Initial experiments with 

Ni(COD)2 and triaryl ligands (Entries 2 and 3) were unsuccessful. 

Table 2.2 Identification of a Nickel Based Catalyst 

 
Entry  Pre-catalyst Ligand (mol %) Yield 2.1 (%) 

1 (COD)Pd(CH2SiMe3)2 
tBuPPh2 (30) 0 

2 Ni(COD)2 PPh3 (30) 0 

3 Ni(COD)2 P(o-tol)3 (30) 0 

4 Ni(COD)2 
tBuPPh2 (30) 12 

5 Ni(COD)2 Cy2PPh (30) 11 

6 Ni(COD)2 
nBu3P (30) 69 

7 Ni(COD)2 PCy3 (30) 57 

8 Ni(COD)2 P(Cyp)3 (30) 65 

9 Ni(COD)2 
tBuPCy2 (30) 71 

10 Ni(COD)2 
tBu2PCy (30) 55 

11 Ni(COD)2 
tBu3P (30) 7 

12 Ni(COD)2 
tBuPCy2 (20) 85 

13 Ni(COD)2 
tBuPCy2 (15) 90 

aYield determined by NMR. 
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Reinvestigating the use of mixed alkylaryl phosphines resulted in formation of 

product 2.1 in modest yield (Entries 4 and 5). The minor reactivity with mixed 

alkylaryl ligands spurred investigation of all alkyl phosphine ligands (Entries 6-8) 

which resulted in 5ï6 fold increase in product yield. Examining mixed alkyl 

substitution of the phosphine ligand resulted in the discovery of tBuPCy2 as an 

effective ligand (Entry 9). However, increased tert-butyl substitution (Entries 10 and 

11) was detrimental to reactivity where tBu3P nearly shut down reactivity completely. 

Further optimization of the ligand:metal ratio (Entries 12 and 13) revealed that a 1.5:1 

ratio gave the highest yields. Control reactions confirmed that no reactivity was 

observed in the absence of nickel. 

2.3 Styrene Substrate Scope 

Using the optimized reaction conditions, we began investigating the scope of 

the nickel catalyzed silyl-Heck reaction (Figure 2.4). A variety of styrenyl alkenes 

participated in the reaction, forming silylated products in high yield. Isolation of 2.1 

on a preparative scale resulted in 82% yield. Unsubstituted styrene 2.2 was isolated in 

89% yield under these conditions. Alkyl substitutions were well tolerated such as 

ortho-methyl 2.3 and benzocyclobutene 2.4. Numerous ethereal substrates provided 

good yields in the reaction such as electron-donating para-methoxy 2.5 (71%), 

electron-withdrawing meta-methoxy 2.6 (76%), silyl ether 2.7 (77%), and dioxole 2.8 

(57%). Aryl fluorides were amenable to the reaction conditions with 2.9 being isolated 

in 66%. Pinacol borane substitution was also tolerated, although the optimal ligand for 

this substrate was P(Cyp)3 resulting in a 41% yield of 2.10, demonstrating that some 

ligand optimization may prove necessary in order to maximize vinyl silane yield. In 

the case of electron-rich alkenes such as dimethylamino styrene and benzofuryl alkene 
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only low yields of 2.11 and 2.12 were observed. Heterocyclic N-vinylcarbazole 

resulted in high yield of 2.13. Complex vinyl silanes such as estradiol-derived 2.14 

could be accessed in good yield as well. Substrates that proved incompatible were aryl 

chlorides and esters which led to complex mixtures of products with no detectable 

formation of 2.15 and 2.16 respectively. 

 

Figure 2.4 Styrene Substrate Scope 
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Overall, while these yields are slightly lower and scope is somewhat more 

limited than our previously reported palladium-catalyzed silyl-Heck protocol 

involving Me3SiI, we believe that this reaction enjoys sufficient substrate scope to 

make it a synthetically viable alternative, particularly given the advantages of using a 

non-precious metal, nickel-based catalyst and a silyl triflate as the silylating reagent. 

2.4 Silyl Triflate Scope 

As mentioned above, silyl triflates are much more abundant that silyl iodides. 

Therefore, we wanted to investigate the scope of the transformation with respect to the 

silyl triflate. We deemed this to be a significant goal as vinyl silanes bearing groups 

other than trimethylsilyl exhibit improved reactivity in a variety of transformations. In 

particular, vinyl benzyl silanes are highly effective in Hiyama cross-coupling (see 

section 1.4.1),10 and those bearing aromatic functionality are faster in oxidation 

reactions.11 The expansion of the silyl-Heck reaction to include these silanes would 

allow direct preparation of these products from alkenes. 

Initial investigations using tBuPCy2 and the optimized conditions above 

revealed that silyl triflates larger than trimethylsilyl triflate do participate in the 

reaction. However, it was determined that an alternative catalyst derived from PCy3 

and Ni(COD)2 with a ligand:metal ratio of 3:1 provided higher yields in a general 

manner for larger silanes. 

Scope studies using 4-tert-butyl styrene and this latter catalyst system are 

outlined in Figure 2.5. Dimethylsilyl triflates containing one primary alkyl group, such 

as nBuMe2SiOTf or BnMe2SiOTf, participated well under the reaction conditions, 

providing comparable yields (2.17 and 2.18) to Me3SiOTf. One secondary substituent, 

such as in iPrMe2SiOTf, can also be tolerated without a drop in yield (2.19). However, 
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a tertiary silyl substituent proved to be beyond the steric limit under these conditions; 

using Cy3P as ligand, none of the desired vinyl silane 2.20 was observed using 

tBuMe2SiOTf. Switching to the smaller ligand nBu3P and using elevated temperatures 

did allow for the formation of 2.20. Despite a modest yield, this transformation is 

remarkable as it presumably involves oxidative addition at a silicon center that bears a 

fully substituted adjacent center (akin to a neopentylic center). 

 

Figure 2.5 Silyl Triflate Scope 

Silyl triflates bearing aromatic groups are also good substrates for the nickel-

catalyzed silyl-Heck reaction. Both phenyldimethyl and diphenylmethyl vinyl silanes 

can be prepared in good yield (2.21 and 2.22). Finally, triethylsilyl triflate also 

participates in the reaction; 2.23 was prepared in 65% yield. However, triisopropyl-

silyl triflate appears to be too large (even under forcing conditions). In light of the fact 
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that the previously developed palladium-catalyzed reaction only tolerates Me3SiI (used 

directly or in situ), these results greatly expand the types of electrophilic trialkylsilanes 

that can participate in the silyl-Heck reaction. 

In the case of reaction using larger silyl triflates (described in Figure 2.4), the 

major byproduct is alkene 2.25 (Figure 2.6). We hypothesize that this styrene dimer 

arises via a metal hydride-mediated Heck-type pathway, akin to dimerization of 

styrenes disclosed by Lim and co-workers.12 Minor amounts of similar dimmers are 

also observed as byproducts in reactions using Me3SiOTf (Figure 2.3); however, 

formation of these dimmers is less significant. These results suggest that the 

dimerization pathway becomes more competitive with increasing steric bulk of the 

silyl triflate, likely due to the difficulty of oxidative addition. 

 

Figure 2.6 Byproduct from silyl-Heck Reactions of Larger Silyl Triflates 

This represents the first demonstration of a nickel-catalyzed silyl-Heck 

reaction. As well, this is the first example of a first-row transition metal catalyst in this 
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type of reaction. Simple phosphine-supported nickel-based catalysts are not only 

capable of silylating styrene derivatives, but are also capable of promoting the reaction 

with silyl triflate reagents. This eliminates the need for in situ generation of silyl 

iodides, a requirement for the palladium-catalyzed silyl-Heck reaction. Additionally, 

good substrate scope has been observed with respect to the alkene. More importantly, 

electrophilic trialkysilanes bearing alkyl groups larger than methyl now participate in 

Heck-like reactions. These results provide promising leads for the further development 

of silyl-Heck reactions using inexpensive catalysts and silylation reagents. 

This work was communicated in 2014 in Tetrahedron as an invited article 

honoring Professor Sarah Reisman as recipient of the 2014 Tetrahedron Young 

Investigator Award.13 

2.5 Experimental Information  

2.5.1 General Experimental 

Dioxane, tetrahydrofuran, and dichloromethane were dried on alumina 

according to published procedures.14 Triethylamine was distilled from CaH2 and then 

sparged with nitrogen. 2-Dimethylaminoethanol was distilled under vacuum from 

anhydrous potassium carbonate and sparged with nitrogen. Trifluoromethanesulfonic 

acid (TfOH) was distilled under vacuum and stored under nitrogen in a Teflon-sealed 

vessel. Trimethylsilyl-, triethylsilyl- (Oakwood Chemical), tert-butyldimethylsilyl- 

(Combi- Blocks), and tri-iso-propylsilyl- (Gelest) trifluoromethanesulfonate were 

distilled under vacuum and degassed prior to use. All hot glassware was oven dried for 

a minimum of 4 h or flame-dried under vacuum prior to use. All other substrates and 

reagents were purchased in highest analytical purity from commercial suppliers. 
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Liquid substrates were sparged with nitrogen before use, and all others were used as 

received. Column chromatography was performed with 5ï20 mm or 40ï63 mm silica 

gel (Silicycle) with the eluent reported in parentheses. Analytical thin-layer 

chromatography (TLC)was performed on pre-coated glass plates and visualized by 

UV or by staining with KMnO4. 

NMR spectra were obtained on a Bruker AV400 MHz FT-NMR spectrometer 

equipped with a Bruker CryoPlatform (400 MHz 1H, 101 MHz 13C, and 376 MHz 19F) 

or on a Bruker AVIII 600 MHz FT-NMR spectrometer (600 MHz 1H, 151 MHz 13C), 

in the indicated deutero-solvent and were recorded at ambient temperatures. Chemical 

shifts are reported in ppm. 1H NMR were calibrated using the residual protio-solvent 

as a standard. 13C NMR spectra are calibrated using the deutero-solvent as a standard 

and were recorded using the attached proton test. 19F spectra are referenced to an 

external FCCl3 sample. IR spectra were recorded on a Nicolet Magna 560 FTIR 

spectrometer as thin films. GCMS data was collected using an Agilent 6850 series GC 

and 5973 MS detector. High resolution MS was attained on a Waters GCT Premier 

spectrometer using electron impact ionization (EI). 

2.5.2 General Procedures 

General Procedure A: Reactions of Alkenes with Trimethylsilyl 

trifluoromethanesulfonate: In a glovebox (N2 atmosphere), dicyclohexyl-tert-

butylphosphine (15 mol %) and Ni(COD)2 (10 mol %) were added to a two dram vial 

equipped with a stirbar. Solid alkenes were also added at this time. Dioxane and 

triethylamine (5 equiv) were then added sequentially, followed by liquid alkene (1 

equiv) if applicable. The vial was sealed with a Teflon-lined septum cap and removed 

from the glovebox. The reaction mixture was stirred at room temperature until 
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homogeneous. Trimethylsilyl trifluoromethanesulfonate (3 equiv) was then added via 

syringe at room temperature with stirring. The vessel was then heated in an oil bath at 

75 °C with stirring for 24 h. The reaction was removed from the oil bath and cooled to 

room temperature. The reaction vessel was then opened to air, and brine and diethyl 

ether or hexanes were added. The brine layer was removed, and the organic layer was 

washed twice with brine. The combined aqueous layers were back-extracted twice 

with diethyl ether or hexanes. The combined organic layers were dried over MgSO4 

and concentrated in vacuo. The product was purified using flash silica 

chromatography, eluting with the indicated solvent noted in parenthesis. 

General Procedure B: Reactions of Larger Silyl Triflates:  In a glovebox 

(N2 atmosphere), tricyclohexylphosphine (30 mol %) and Ni(COD)2 (10 mol %) were 

added to a two dram vial equipped with a stirbar. Dioxane, triethylamine (5 equiv), 

and 1-tert-butyl-4- vinylbenzene (1 equiv) were then added, sequentially. The vial was 

sealed with a Teflon-lined septum cap and removed from the glovebox. The reaction 

mixture was stirred at room temperature until homogeneous. The appropriate silyl 

trifluoromethanesulfonate reagent (3 equiv) was then added via syringe at room 

temperature with stirring. The vessel was then heated in an oil bath at 75 °C with 

stirring for 24 h, after which time N,N-dimethyl ethanolamine (3 equiv) was added via 

syringe with stirring at 75 °C. The vessel was stirred at 75 °C for approximately 1 min 

before stirring at room temperature for approximately 15 min. The reaction vessel was 

then opened to air, and hexanes and HCl (1 M aqueous) were added. The HCl layer 

was removed, and the organic layer was washed twice with HCl (1 M aqueous). The 

combined aqueous layers were back-extracted with hexanes. The combined organic 

layers were dried over MgSO4 and concentrated in vacuo. The product was purified 
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using flash silica chromatography, eluting with the indicated solvent noted in 

parenthesis. 

 

(E)-(4-tert-butylstyryl)trimethylsilane 2.1: Following general 

protocol A: 1-tert-butyl-4-vinylbenzene (183 µL, 1 mmol), 

tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 

mmol),  and Me3SiOTf (540 µL, 3 mmol) were reacted in dioxane (2 mL) at 75 °C for 

24 h. The product was purified through flash silica chromatography (petroleum ether) 

and concentrated in vacuo to yield 190 mg (82%) of 2.1 as a colorless oil. 1H NMR 

(400 MHz, CDCl3) ŭ 7.38 (d, J = 8.7 Hz, 2H), 7.35 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 

19.1 Hz, 1H), 6.42 (d, J = 19.1 Hz, 1H), 1.31 (s, 9H), 0.14 (s, 9H); 13C NMR (101 

MHz, CDCl3) ŭ 151.2, 143.4, 135.8, 128.6, 126.2, 125.6, 34.7, 31.4, -1.0; FTIR (cm-1): 

2957, 1248, 986, 868, 838; HRMS (EI) m/z, calcd for [C15H24Si]: 232.1647; found: 

232.1668.  

 

(E)-trimethyl(styryl)silane  2.2: Following general protocol A: 

styrene (115 µL, 1 mmol), tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 

(27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and Me3SiOTf (540 µL, 3 mmol) were 

reacted in dioxane (2 mL) at 75 °C for 24 h. The product was purified through flash 

silica chromatography (petroleum ether) and concentrated in vacuo to yield 158 mg 

(89%) of 2.2 as a colorless oil. 1H NMR (400 MHz, CDCl3) ŭ 7.44 (d, J = 7.0 Hz, 2H), 

7.33 (t, J = 7.4 Hz, 2H), 7.25 (t, J = 7.2 Hz, 1H), 6.88 (d, J = 19.2 Hz, 1H), 6.48 (d, J 

= 19.1 Hz, 4H), 0.16 (s, 9H); 13C NMR (101 MHz, CDCl3) ŭ 143.7, 138.5, 129.7, 
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128.7, 128.1, 126.5, -1.1; FTIR (cm-1): 2955, 1247, 988, 866, 843; HRMS (EI) m/z, 

calcd for [C11H16Si]: 176.1021; found: 176.1048. 

 

(E)-(2,4-dimethylstyryl)trimethylsilane  2.3: Following general 

protocol A: 2,4-dimethystyrene (146 µL, 1 mmol), tBuPCy2 (38 

mg, 0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 

mmol),  and Me3SiOTf (540 µL, 3 mmol) were reacted in dioxane (2 mL) at 75 °C for 

24 h. The product was purified through flash silica chromatography (hexanes) and 

concentrated in vacuo to yield 126 mg (62%) of 2.3 as a colorless oil. 1H NMR (400 

MHz, CDCl3) ŭ 7.43 (d, J = 7.9 Hz, 1H), 7.10 (d, J = 19.0 Hz, 1H), 6.99 (d, J = 8.4 Hz, 

1H), 6.96 (s, 1H), 6.33 (d, J = 19.0 Hz, 1H), 2.35 (s, 3H), 2.31 (s, 3H), 0.16 (s, 9H); 

13C NMR (101 MHz, CDCl3) ŭ 141.2, 137.6, 135.3, 134.9, 131.2, 130.2, 127.0, 125.3, 

21.3, 19.7, -1.0; FTIR (cm-1): 2954, 1247, 987, 868, 842; HRMS (EI) m/z, calcd for 

[C13H20Si]: 204.1334; found: 204.1350. 

 

(E)-(2-(1,2-dihydrocyclobutabenzen-4-yl)vinyl) -trimethylsilane 

2.4: Following general protocol A: 4-vinylbenzocyclobutene (130 

mg, 1 mmol), tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N 

(700 µL, 5 mmol),  and Me3SiOTf (540 µL, 3 mmol) were reacted in dioxane (2 mL) 

at 75 °C for 24 h. The product was purified through flash silica chromatography 

(petroleum ether) and concentrated in vacuo to yield 157 mg (78%) of 2.4 as a 

colorless oil. 1H NMR (400 MHz, CDCl3) ŭ 7.24 (d, J = 10.1 Hz, 1H), 7.18 (s, 1H), 

7.00 (d, J = 7.5 Hz, 1H), 6.85 (d, J = 19.1 Hz, 1H), 6.38 (d, J = 19.1 Hz, 1H), 3.16 (s, 

4H), 0.14 (s, 9H); 13C NMR (101 MHz, CDCl3) ŭ 146.2, 146.1, 144.7, 137.5, 127.8, 
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126.1, 122.7, 120.0, 29.6, 29.4, -1.0; FTIR (cm-1): 2955, 2930, 1247, 985, 866, 837; 

HRMS (EI) m/z, calcd for [C13H18Si]: 202.1178; found: 202.1194. 

 

(E)-(4-methoxystyryl)trimethylsilane 2.5: Following general 

protocol A: 4-vinyl-anisole (134 µL, 1 mmol), tBuPCy2 (38 mg, 

0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and Me3SiOTf 

(540 µL, 3 mmol) were reacted in dioxane (2 mL) at 75 °C for 24 h. The product was 

purified through flash silica chromatography (petroleum ether) and concentrated in 

vacuo to yield 146 mg (71%) of 2.5 a white solid. 1H NMR (400 MHz, CDCl3) ŭ 7.38 

(d, J = 8.8 Hz, 2H), 6.91 ï 6.75 (m, 3H), 6.31 (d, J = 19.1 Hz, 1H), 3.81 (s, 3H), 0.14 

(s, 9H); 13C NMR (101 MHz, CDCl3) ŭ 159.6, 143.1, 131.5, 127.7, 126.8, 114.0, 55.5, 

-1.0; FTIR (cm-1): 2958, 1608, 1510, 1251, 1033, 993, 835, 798; HRMS (EI) m/z, 

calcd for [C12H18OSi]: 206.1127; found: 206.1140. 

 

(E)-(3-methoxystyryl)trimethylsilane 2.6: Following general 

protocol A: 3-vinyl-anisole (139 µL, 1 mmol), tBuPCy2 (38 mg, 

0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and Me3SiOTf 

(540 µL, 3 mmol) were reacted in dioxane (2 mL) at 75 °C for 24 h. The product was 

purified through flash silica chromatography (5% Et2O:hexanes) and concentrated in 

vacuo to yield 159 mg (77%) of 2.6 as a colorless oil. 1H NMR (400 MHz, CDCl3) ŭ 

7.27 (t, J = 7.8 Hz, 1H), 7.06 (d, J = 7.7 Hz, 1H), 7.01 (t, J = 2.0 Hz, 1H), 6.87 (d, J = 

19.2 Hz, 1H), 6.83 (dd, J = 2.7, 0.8 Hz, 1H), 6.50 (d, J = 19.1 Hz, 1H), 3.86 (s, 3H), 

0.18 (s, 9H); 13C NMR (101 MHz, CDCl3) ŭ 159.9, 143.5, 139.9, 130.0, 129.6, 119.2, 
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114.0, 111.3, 55.5, -1.1; FTIR (cm-1): 2954, 1263, 865, 838; HRMS (EI) m/z, calcd for 

[C12H18OSi]: 206.1127; found: 206.1148. 

 

(E)-tert-butyldimethyl(3-(2-(trimethylsilyl)vinyl) -phenoxy)-

silane 2.7: Following general protocol A: tert-butyldimethyl(3-

vinylphenoxy)silane15 (234 mg, 1 mmol), tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 

(27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and Me3SiOTf (540 µL, 3 mmol) were 

reacted in dioxane (2 mL) at 75 °C for 24 h. The product was purified through flash 

silica chromatography (petroleum ether) and concentrated in vacuo to yield 236 mg 

(77%) of 2.7 as a colorless oil. 1H NMR (400 MHz, CDCl3) ŭ 7.18 (t, J = 7.8 Hz, 1H), 

7.04 (d, J = 7.7 Hz, 1H), 6.91 (t, J = 2.1 Hz, 6H), 6.80 (d, J = 19.1 Hz, 1H), 6.73 (dd, J 

= 8.0, 2.3 Hz, 1H), 6.43 (d, J = 19.1 Hz, 1H), 0.99 (s, 9H), 0.20 (s, 6H), 0.15 (s, 9H); 

13C NMR (101 MHz, CDCl3) ŭ 156.0, 140.0, 129.7, 129.5, 119.9, 119.8, 118.0, 25.9, 

18.4, -1.1, -4.2; FTIR (cm-1): 2956, 2859, 1575, 1280, 985, 838; HRMS (EI) m/z, 

calcd for [C17H30OSi2]: 306.1835; found: 306.1835. 

 

(E)-(2-(benzo[d][1,3]dioxol-5-yl)vinyl)trimethylsilane  2.8: 

Following general procedure A: 5-vinylbenzo[d][1,3]dioxole15 

(148 mg, 1 mmol), tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), 

Et3N (700 ɛL, 5 mmol), and Me3SiOTf (540 ɛL, 3 mmol) were reacted in dioxane (2 

mL) at 75 °C for 24 h. The product was purified by flash chromatography on silica gel 

(hexanes) and concentrated in vacuo to yield 127 mg of 2.8 (57%) as a colorless oil. 

1H NMR (600 MHz, CDCl3) 7.00 ‏ (d, J = 1.8 Hz, 1H), 6.86 (dd, J = 8.0, 1.7 Hz, 

1H), 6.80 ï 6.74 (m, 2H), 6.27 (d, J = 19.1 Hz, 1H), 5.95 (s, 2H), 0.14 (s, 9H); 13C 
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NMR (151 MHz, CDCl3) 105.6 ,108.3 ,121.5 ,127.4 ,133.4 ,143.1 ,147.6 ,148.2 ‏, 

101.2, -1.0; FTIR (cm-1) 2954, 2895, 1489, 1248, 866, 839. HRMS (EI) m/z, calcd for 

[C12H16O2Si]: 220.0920; found: 220.0933. 

 

(E)-(4-fluorostyryl)trimethylsilane  2.9: Following general 

protocol A: 4-fluorostyrene (119 µL, 1 mmol), tBuPCy2 (38 mg, 

0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and Me3SiOTf 

(540 µL, 3 mmol) were reacted in dioxane (2 mL) at 75 °C for 24 h. The product was 

purified through flash silica chromatography (hexanes) and concentrated in vacuo to 

yield 128 mg (66%) of 2.9 as a colorless oil. 1H NMR (400 MHz, CDCl3) ŭ 7.40 (ddt, 

J = 8.3, 5.4, 2.5 Hz, 2H), 7.01 (app tt, J = 8.5, 1.9 Hz, 2H), 6.82 (d, J = 19.1 Hz, 1H), 

6.38 (d, J = 19.1 Hz, 1H), 0.15 (s, 9H); 13C NMR (101 MHz, CDCl3) ŭ 162.7 (d, J = 

247.3 Hz), 142.4 (s), 134.7 (s), 129.4 (d, J = 2.2 Hz), 128.0 (d, J = 8.0 Hz), 115.5 (d, J 

= 21.5 Hz), -1.1 (s); 19F NMR (376 MHz, CDCl3) ŭ -114.2; FTIR (cm-1): 2956, 1507, 

1248, 836; HRMS (EI) m/z, calcd for [C11H15FSi]: 194.0927; found: 194.0945. 

 

(E)-trimethyl(4 -(pinicolborolanyl)styryl)silane 2.10:  

Following a modification to general protocol A: 4-

pinacolatoboryl styrene16 (230 mg, 1 mmol), tricyclopentylphosphine (72 mg, 0.3 

mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and Me3SiOTf (540 

µL, 3 mmol) were reacted in dioxane (2 mL) at 75 °C for 24 h. The product was 

purified through flash silica chromatography (eluent here) and concentrated in vacuo 

to yield 123 mg (41%) of 2.10 as a white solid. 1H NMR (400 MHz, CDCl3) ŭ 7.38 (d, 

J = 8.8 Hz, 2H), 6.91 ï 6.75 (m, 3H), 6.31 (d, J = 19.1 Hz, 1H), 3.81 (s, 3H), 0.14 (s, 
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9H); 13C NMR (101 MHz, CDCl3) ŭ 159.45, 142.92, 131.29, 127.54, 126.64, 113.83, 

55.29, -1.16; FTIR (cm-1): 2958, 1608, 1510, 1251, 1033, 993, 835, 798; HRMS (EI) 

m/z, calcd for [C17H27BO2Si]: 302.1873; found: 302.1893. 

 

(E)-9-(2-(trimethylsilyl)vinyl) -9H-carbazole 2.13: Following 

general protocol A: N-vinyl carbazole (193 mg, 1 mmol), tBuPCy2 

(38 mg, 0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 

µL, 5 mmol),  and Me3SiOTf (540 µL, 3 mmol) were reacted in dioxane (2 mL) at 75 

°C for 24 h. The product was purified through flash silica chromatography (petroleum 

ether) and concentrated in vacuo to yield 248 mg (93%) of 2.13 as a white solid. 1H 

NMR (400 MHz, CDCl3) ŭ 8.07 (d, J = 7.8 Hz, 2H), 7.72 (d, J = 8.3 Hz, 2H), 7.48 

(ddd, J = 8.3, 7.2, 1.3 Hz, 2H), 7.38 ï 7.27 (m, 3H), 6.04 (d, J = 17.2 Hz, 1H), 0.27 (s, 

9H); 13C NMR (101 MHz, CDCl3) ŭ 139.4, 133.6, 126.3, 124.2, 120.8, 120.4, 113.5, 

110.9, 77.2, -0.6; FTIR (cm-1): 2953, 1610, 1447, 834, 751, 721; HRMS (EI) m/z, 

calcd for [C17H19NSi]: 265.1287; found: 265.1262. 

 

tert-butyldimethyl((8R,9S,13S,14S,17S)-13-methyl-3-

((E)-2-(trimethylsilyl)vinyl) -7,8,9,11,12,13,14,15,16,17 

-decahydro-6H-cyclopenta[a]phenanthren-17-yloxy)-

silane 2.14: Following general protocol A: tert-

butyldimethyl(((8R,9S,13S,14S,17S)-13-methyl-3-vinyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta-[a]-phenanthren-17-yl)-oxy)silane1a (396 mg, 1 mmol), 

tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 

mmol),  and Me3SiOTf (540 µL, 3 mmol) were reacted in dioxane (2 mL) at 75 °C for 
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24 h. The product was purified through flash silica chromatography (petroleum ether) 

and concentrated in vacuo to yield 283 mg (60%) of 2.14 as a white foam. 1H NMR 

(400 MHz, CDCl3) ŭ 7.25 ï 7.18 (m, 2H), 7.15 (s, 1H), 6.82 (d, J = 19.1 Hz, 1H), 6.40 

(d, J = 19.2 Hz, 1H), 3.64 (t, J = 8.2 Hz, 1H), 2.98 ï 2.73 (m, 2H), 2.30 (dt, J = 12.8, 

3.0 Hz, 1H), 2.21 (td, J = 11.5, 11.0, 3.9 Hz, 1H), 2.08 ï 1.79 (m, 3H), 1.76 ï 1.59 (m, 

1H), 1.59 ï 1.09 (m, 7H), 0.89 (s, 9H), 0.74 (s, 3H), 0.14 (s, 9H), 0.04 (s, 3H), 0.03 (s, 

3H); 13C NMR (101 MHz, CDCl3) ŭ 143.6, 140.7, 137.0, 135.9, 128.5, 127.0, 125.7, 

123.7, 81.9, 49.9, 44.7, 43.7, 38.8, 37.3, 31.1, 29.7, 27.4, 26.4, 26.0, 23.4, 18.3, 11.5, -

1.0, -4.3, -4.6; FTIR (cm-1): 2926, 1248, 1095, 866, 836; HRMS (EI) m/z, calcd for 

[C29H48OSi2]: 468.3244; found: 468.3259.  

 

(E)-butyl(4-tert-butylstyryl)dimethylsilane 2.17: Following 

general protocol B: 1-tert-butyl-4-vinylbenzene (183 µL, 1 

mmol), PCy3 (84 mg, 0.3 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 

mmol),  and n-butyldimethylsilyl trifluoromethane-sulfonate17 (790 mg, 3 mmol) were 

reacted in dioxane (2 mL) at 75 °C for 24 h. N,N-dimethyl ethanolamine (300 µL, 3 

mmol) was added after reaction. The product was purified through flash silica 

chromatography (petroleum ether) and concentrated in vacuo to yield 165 mg (60%) 

of 2.17 as a colorless oil. 1H NMR (400 MHz, CDCl3) ŭ 7.59 (dd, J = 7.5, 1.8 Hz, 4H), 

7.47 ï 7.33 (m, 10H), 6.97 (d, J = 19.1 Hz, 1H), 6.73 (d, J = 19.0 Hz, 1H), 1.33 (s, 

9H), 0.72 (s, 3H); 13C NMR (101 MHz, CDCl3) ŭ 151.57, 146.96, 136.56, 135.29, 

134.91, 129.28, 127.83, 126.33, 125.46, 123.70, 34.63, 31.26, -3.62; FTIR (cm-1): 

2961, 1427, 1111, 800, 699; HRMS (EI) m/z, calcd for [C18H30Si]: 274.2117; found: 

274.2092. 
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(E)-benzyl(4-tert-butylstyryl)dimethylsilane 2.18: Following 

general protocol B: 1-tert-butyl-4-vinylbenzene (183 µL, 1 

mmol), PCy3 (84 mg, 0.3 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 

mmol),  and benzyldimethylsilyl trifluoromethane-sulfonate18 (895 mg, 3 mmol) were 

reacted in dioxane (2 mL) at 75 °C for 24 h. N,N-dimethyl ethanolamine (300 µL, 3 

mmol) was added after reaction. The product was purified through flash silica 

chromatography (0-5% CH2Cl2:hexanes) and concentrated in vacuo to yield 206 mg 

(67%) of 2.18 as a colorless oil. 1H NMR (400 MHz, CDCl3) ŭ 7.36 (app s, 4H), 7.22 

(t, J = 7.6 Hz, 2H), 7.08 (t, J = 7.4 Hz, 1H), 7.03 (app d, J = 7.3 Hz, 2H), 6.84 (d, J = 

19.2 Hz, 1H), 6.38 (d, J = 19.2 Hz, 1H), 2.21 (s, 2H), 1.33 (s, 9H), 0.13 (s, 6H); 13C 

NMR (101 MHz, CDCl3) ŭ 151.4, 144.6, 140.1, 135.7, 128.4, 128.3, 126.4, 126.2, 

125.6, 124.1, 34.8, 31.4, 26.3, -3.2; FTIR (cm-1): 2961, 1493, 832, 698; HRMS (EI) 

m/z, calcd for [C21H28Si]: 308.1960; found: 308.1950. 

 

(E)-(4-(tert-butyl )styryl) (isoproply)dimethylsilane 2.19: 

Following general protocol B: 1-tert-butyl-4-vinylbenzene (183 

µL, 1 mmol), PCy3 (84 mg, 0.3 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 

5 mmol), and isopropyldimethylsilyl trifluoromethane-sulfonate18 (750 mg, 3 mmol) 

were reacted in dioxane (2 mL) at 75 °C for 24 h. N,N-dimethyl ethanolamine (300 

µL, 3 mmol) was added after reaction. The product was purified through flash silica 

chromatography (eluent here) and concentrated in vacuo to yield 157 mg (60%) of 

2.19 as a colorless oil. 1H NMR (400 MHz, CDCl3) ŭ 7.59 (dd, J = 7.5, 1.8 Hz, 4H), 

7.47 ï 7.33 (m, 10H), 6.97 (d, J = 19.1 Hz, 1H), 6.73 (d, J = 19.0 Hz, 1H), 1.33 (s, 

9H), 0.72 (s, 3H); 13C NMR (101 MHz, CDCl3) ŭ 151.57, 146.96, 136.56, 135.29, 



 140 

134.91, 129.28, 127.83, 126.33, 125.46, 123.70, 34.63, 31.26, -3.62; FTIR (cm-1): 

2961, 1427, 1111, 800, 699; HRMS (EI) m/z, calcd for [C17H28Si]: 260.1960; found: 

26.1968. 

 

(E)- tert-butyl  (4-(tert-butyl )styryl)dimethylsilane 2.20: 

Following a modification of general protocol B: 1-tert-butyl-4-

vinylbenzene (183 µL, 1 mmol), PnBu3 (81 mg, 0.4 mmol), Ni(COD)2 (27.5 mg, 0.1 

mmol), Et3N (700 µL, 5 mmol),  and tert-butyldimethylsilyl trifluoromethanesulfonate 

(690 µL, 3 mmol) were reacted in dioxane (1 mL) at 110 °C for 24 h. N,N-dimethyl 

ethanolamine (300 µL, 3 mmol) was added after reaction. The product was purified 

through flash silica chromatography (hexanes) and concentrated in vacuo to yield 86 

mg (31%) of 2.20 as a colorless oil. 1H NMR (400 MHz, CDCl3) ŭ 7.39 (d, J = 8.6 Hz, 

2H), 7.36 (d, J = 8.5 Hz, 2H), 6.87 (d, J = 19.2 Hz, 1H), 6.43 (d, J = 19.1 Hz, 1H), 

1.32 (s, 9H), 0.91 (s, 9H), 0.11 (s, 6H); 13C NMR (101 MHz, CDCl3) ŭ 151.2, 144.7, 

135.9, 126.2, 125.8, 125.6, 34.8, 31.4, 26.6, 17.0, -5.9; FTIR (cm-1): 2954, 2856, 1247, 

987, 828; HRMS (EI) m/z, calcd for [C18H30Si]: 274.2117; found: 274.2103. 

 

(E)-(4-(tert-butyl )styryl) (phenyl)dimethylsilane 2.21: 

Following general protocol B: 1-tert-butyl-4-vinylbenzene (183 

µL, 1 mmol), PCy3 (84 mg, 0.3 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 

5 mmol), and phenyldimethylsilyl trifluoromethane-sulfonate19 (850 mg, 3 mmol) 

were reacted in dioxane (2 mL) at 75 °C for 24 h. N,N-dimethyl ethanolamine (300 

µL, 3 mmol) was added after reaction. The product was purified through flash silica 

chromatography (petroleum ether) and concentrated in vacuo to yield 205 mg (70%) 
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of 2.21 as a colorless oil. 1H NMR (600 MHz, CDCl3) ŭ 7.58 ï 7.55 (m, 2H), 7.39 (d, 

J = 8.4 Hz, 4H), 7.37 ï 7.33 (m, 5H), 6.93 (d, J = 19.1 Hz, 1H), 6.54 (d, J = 19.2 Hz, 

1H), 1.32 (s, 9H), 0.42 (s, 6H); 13C NMR (151 MHz, CDCl3) ŭ 151.5, 145.3, 138.9, 

135.6, 134.1, 129.1, 127.9, 126.4, 126.2, 125.6, 34.8, 31.4, -2.3; FTIR (cm-1): 2961, 

1427, 1111, 800, 699; HRMS (EI) m/z, calcd for [C20H26Si]: 294.1804; found: 

294.1788. 

 

(E)-(4-(tert-butyl )styryl) (methyl)diphenylsilane 2.22: 

Following general protocol B: 1-tert-butyl-4-vinylbenzene (137 

µL, 0.75 mmol), PCy3 (63 mg, 0.225 mmol), Ni(COD)2 (20.6 mg, 0.075 mmol), Et3N 

(529 µL, 3.75 mmol),  and diphenylmethylsilyl trifluoromethanesulfonate19 (780 mg, 

2.25 mmol) were reacted in dioxane (1.5 mL) at 75 °C for 24 h. N,N-dimethyl 

ethanolamine (225 µL, 2.25 mmol) was added after reaction. The product was purified 

through flash silica chromatography (2%-10% CH2Cl2:hexanes) and concentrated in 

vacuo to yield 198 mg (74%) of 2.22 as a colorless oil. 1H NMR (400 MHz, CDCl3) ŭ 

7.59 (dd, J = 7.5, 1.8 Hz, 4H), 7.47 ï 7.33 (m, 10H), 6.97 (d, J = 19.1 Hz, 1H), 6.73 

(d, J = 19.0 Hz, 1H), 1.33 (s, 9H), 0.72 (s, 3H); 13C NMR (101 MHz, CDCl3) ŭ 151.7, 

147.1, 136.7, 135.5, 135.1, 129.4, 128.0, 126.5, 125.6, 123.9, 34.8, 31.4, -3.5; FTIR 

(cm-1): 2961, 1427, 1111, 800, 699; HRMS (EI) m/z, calcd for [C25H28Si]: 365.1960; 

found: 365.1955. 

 

(E)-(4-(tert-butyl )styryl) tri ethylsilane 2.23: Following general 

protocol B: 1-tert-butyl-4-vinylbenzene (183 µL, 1 mmol), PCy3 

(84 mg, 0.3 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and 
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triethylsilyl trifluoromethanesulfonate (680 µL, 3 mmol) were reacted in dioxane (2 

mL) at 75 °C for 24 h. N,N-dimethyl ethanolamine (300 µL, 3 mmol) was added after 

reaction. The product was purified through flash silica chromatography (petroleum 

ether) and concentrated in vacuo to yield 178 mg (65%) of 2.23 as a colorless oil. 1H 

NMR (400 MHz, CDCl3) ŭ 7.40 (d, J = 8.6 Hz, 2H), 7.36 (d, J = 8.6 Hz, 2H), 6.88 (d, 

J = 19.3 Hz, 1H), 6.38 (d, J = 19.3 Hz, 1H), 1.32 (s, 9H), 0.98 (t, J = 7.9 Hz, 9H), 0.65 

(q, J = 7.9 Hz, 6H); 13C NMR (101 MHz, CDCl3) ŭ 151.2, 144.7, 135.9, 126.1, 125.6, 

125.0, 34.7, 31.4, 7.6, 3.7; FTIR (cm-1): 2954, 2874, 987, 788, 731; HRMS (EI) m/z, 

calcd for [C18H30Si]: 274.2117; found: 274.2093. 
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PALLADIUM -CATALYZED CROSS -COUPLING OF SILYL 

ELECTROPHILES WITH ALKYLZINC HALIDES: A SILYL NEGISHI 

REACTION  

3.1 Introduction  

As discussed in Chapter 1, alkyl silanes are highly useful synthetic 

intermediates in organic synthesis1 and impart unique characteristics to biologically 

active molecules and materials.2 Section 1.3 presents a discussion of synthetic 

methods to access alkyl silanes and the difficulties in direct alkylation of silyl halides. 

Syntheses of alkyl silanes have been reported for over a century. Historically, 

hydrosilylation has been a workhorse reaction for the synthesis of n-alkylsilanes.3 

However, hydrosilylation often encounters issues of isomerization and regioselectivity 

with 1,2-disubstituted olefins.4 Arguably, the most attractive method for preparing 

alkyl silanes is the alkylation of widely available silyl electrophiles with equally 

abundant organometallic nucleophiles. Unfortunately, these reactions suffer from low 

yields, long reaction times, and significant side reactions.5 Alkylations with primary 

and aryl nucleophiles are known.6 Notably, the addition of secondary organometallic 

reagents to silyl electrophiles is rarely effective.7 Astonishingly, few examples of 

direct alkylation of silyl monohalides with secondary nucleophiles are present in the 

literature. This is due to the lack of reactivity or competitive reductive processes with 

these more sterically demanding and electron-rich nucleophiles. 

The examples of secondary silanes that are reported utilize unusual silyl 

Chapter 3 
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electrophiles or sterically nondemanding nucleophiles (Figure 3.1). The usage of 

trimethylsilyl sulfate8 and triphenyl potassium trifluorosilicate9 represents unique silyl 

electrophiles capable of undergoing alkylation (Figure 3.1, A and B). The alkylation of 

sterically accessible 1,1-dichlorobenzosilacyclobutene demonstrates the impact steric 

environment has on this alkylation strategy (Figure 3.1, C).10 Reducing the steric 

environment of the nucleophilic coupling partner is also an effective strategy (Figure 

3.1, D).11 A singular example wherein a CuCN catalyzed alkylation of trimethylsilyl 

chloride generated a modest yield of secondary silane has been reported (Figure 3.1, 

E).12 Prior catalytic methods, which have proven effective with primary and aryl 

nucleophiles, are ineffective coupling secondary alkyl groups.5c,6 

 

Figure 3.1 Previous Secondary Alkylation of Silyl Electrophiles 

In an effort to circumvent this poor reactivity, the Fu and Oestreich groups 
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have independently reported the cross-coupling of silyl nucleophiles and carbon 

electrophiles with nickel and copper catalysis respectively (Figure 3.2).7,13 While these 

valuable transformations access secondary alkyl silanes, they rely on nucleophilic 

silicon reagents, the umpolung reactivity of naturally electropositive silicon. 

 

Figure 3.2 Umpolung Silicon Alkylation 

In the course of reinvestigating the multi-component reaction by Murai 

detailed in Section 1.2.6 (Figure 1.28), control reactions to determine background 

interactions revealed a palladium-catalyzed alkylation reaction (Figure 3.3). Mixing of 

benzyldimethylsilyl iodide with diethylzinc in dioxane for 1 hour resulted exclusively 

in benzyldimethylsilanol and dibenzyltetramethyldisiloxane quantitatively (Figure 3.3, 

top). The inclusion of Pd(dba)2 and PPh3 produced benzyl(ethyl)dimethylsilane in 

90% yield. The remaining mass balance was disiloxane resultant of unreacted silyl 

iodide quenched through hydrolytic workup (Figure 3.3, bottom). Based on the results 

of these control reactions we were intrigued as to whether this alkylation reaction 

could be developed into a high value transformation. 
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Figure 3.3 Initial Control Reactions Revealing a Silyl Negishi Reaction 

In collaboration with my colleague Dr. Bojan Vulovic, we sought to develop a 

system that could effectively catalyze a silyl-Negishi reaction with secondary zinc 

nucleophiles represented in Figure 3.4.14 We envisioned this catalytic cycle would 

begin with a palladium(0) catalyst (3.1) that would undergo an oxidative addition to a 

silyl iodide. This would form a complex (3.2) analogous to the oxidative addition 

complex reported in the second generation silyl-Heck (Section 1.2.6.2, Figure 1.33).15 

This complex could then engage with a secondary alkyl zinc iodide in a 

transmetalation event. This would directly form alkyl silyl palladium intermediate 3.3 

which could theoretically reductively eliminate to form the desired product 3.5. 

However, as noted in previous studies, a long-standing problem in cross-coupling of 

secondary C(sp3)-hybridized organometallics is competitive rearrangement to the 

linear isomer (3.6) via ɓ-hydride elimination.16 Therefore, control over the equilibrium 

between secondary and primary alkyl palladium complexes would be critical to the 

successful development of a silyl-Negishi reaction. All results obtained by myself* 

and Dr. Vulovic are reported herein for completeness. 
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Figure 3.4 Proposed Silyl-Negishi Catalytic Cycle 

3.2 Optimization  

While initial experiments with diethylzinc were successful in generating 

alkylated product, the ease of access, greater stability, and functional group tolerance 

of alkylzinc halides attracted our attention as highly versatile nucleophiles.17 As a 

model system, we investigated the reaction of isopropylzinc iodide with 

dimethylphenylsilyl iodide in the presence of a palladium catalyst. The reactions were 

monitored for both desired sec-alkyl product 3.7 and isomeric product 3.8. 

Control experiments without a catalyst showed no product formation (Table 

3.1, entry 1). Initial catalytic experiments were conducted with a catalyst derived from 

Pd2dba3ÅCHCl3 and PPh3 (entry 2). Although we were very pleased to observe desired 

alkylation product, the yield of 3.7 was low and modest levels of undesired isomer 3.8 

were observed. Et3N was identified as an additive that both improved yield and 

suppressed isomerization (entry 3). This effect may be due to the formation of a silyl-

amine adduct.18 The choice of precatalyst was also important with [allylPdCl]2 

proving superior to Pd2dba3ÅCHCl3 (entry 4). We attribute this difference to the 
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competitive nonproductive ligation of dba to the metal center.19 We next investigated 

the nature of the ligand in the reaction. The increased steric bulk in (o-tol)3P (entry 5) 

resulted in a large decrease in yield. In contrast, the isomeric ligand (p-tol)3P (entry 6) 

led to an increase in overall yield and reduced isomerization below GC detection 

limits. Electron-deficient ligands greatly reduced the yield and increased isomerization 

(entry 7). Under the hypothesis that increased electron density would further improve 

the yield, we investigated (p-MeOPh)3P (entry 8). While this ligand achieved 

comparable results to (p-tol)3P, further investigation revealed that reactions using this 

ligand proved inconsistent with respect to yield and selectivity. We attribute this to 

ligand instability under the Lewis acidic reaction conditions.20 

Table 3.1 Optimization of Catalyst*  

 
Entry  Ligand 3.7 + 3.8 (%)a 3.7:3.8b 

1c ð 0 ð 

2d,e PPh3 31 95:5 

3d PPh3 67 98:2 

4 PPh3 77 99:1 

5 (o-tol)3P 48 98:2 

6 (p-tol)3P 91 >99:1 

7 (p-CF3C6H4)3P 42 87:13 

8 (p-MeOC6H4)3P 88 >99:1 

9 Ph2P
tBu 83 93:7 

10 JessePhos 94 98:2 

11 DrewPhos 99 >99:1 

12f (DrewPhos)2PdI2 99 >99:1 
aYield determined by NMR. bRatio determined by GC. cNo Pd and ligand. dRun with 

Pd2dba3ÅCHCl3 in place of [allylPdCl]2. 
eEt3N excluded. f1.0 mol % Pd, 1 h. 
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In an attempt to avoid ligand decomposition, we turned our attention toward 

the electron-rich Ar2P
tBu scaffold, which has been used successfully in silyl-Heck 

reactions.21 The parent ligand (Ar = Ph, entry 9) produced only a moderate yield along 

with significant isomerization. However, with the larger and more electron-rich 

JessePhos (L1), we observed an increased yield of 94% and decreased isomerization 

(entry 10).15,22 Encouraged by these results, we elected to prepare a new triaryl 

phosphine ligand based on the 3,5-di-tert-butylarene.23 This ligand, DrewPhos (L2), 

produced near-quantitative yields and full suppression of isomerization (entry 11). To 

further improve the reaction, the single component (DrewPhos)2PdI2 catalyst was 

examined. This precatalyst was highly efficient, allowing for a palladium loading as 

low as 1 mol % and complete reactions in as little as 1 h (Table 3.1, entry 12). With 

efficient catalytic conditions in hand, we set out to examine the scope of the reaction. 

Alternative silyl electrophiles (chlorides, bromides, and triflates) were also 

investigated in the reaction, but were much less reactive (Table 3.2). The addition of 

NaI did not hinder the reactivity of trimethylsilyl iodide (entry 1). Direct use of 

trimethylsilyl bromide showed modest reactivity while addition of NaI increased yield 

to 61% (entry 2). The use of trimethylsilyl chloride and triflate showed minimal 

reactive with and without the use of NaI (entries 3-4). 
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Table 3.2 Examination of Silyl Chlorides, Bromides, and Triflates*  

 
Entry  Me3SiX 0 equiv NaI (%) 3 equiv NaI (%) 

1 Me3SiI 98 99 

2 Me3SiBr 26 61 

3 Me3SiCl 1 11 

4 Me3SiOTf 2 5 

We believe the success of the DrewPhos ligand L2 is related to both its 

electron-richness and its steric bulk. Steric bulk is known to promote reductive 

elimination.24 In addition, the relative effectiveness of the triarylphosphine ligands 

examined in Table 4.1 directly correlates with their electron-richness, as judged by the 

31Pï77Se coupling constants of the corresponding phosphine selenides (Table 3.3).25 

The lower the 31Pï77Se coupling constant, the more electron density is localized on the 

phosphorous atom. Comparison of measured values with literature constants26 shows a 

clear increase in electron density for the DrewPhos ligand. This correlation may imply 

a role of the ligand electron density in slowing ɓ-hydride elimination by stabilizing the 

palladium(II) alkyl intermediate relative to the palladium(II) hydride alkene complex. 

Table 3.3 Phosphine Selenide Coupling Constants*  

 
Entry  Ar 3P Measured JP-Se Literature JP-Se 

1 Ph3P 729.9 729 

2 (o-tol)3P 704.6 704 

3 (p-tol)3P 719.3 719 

4 (p-CF3Ph)3P 766.3 766 

5 (p-OMePh)3P 712.5 712 

6 DrewPhos 714.0 N/A 



 153 

3.3 Scope of Zinc Coupling Partner 

To begin the exploration of zinc coupling partner, model compound 3.7 was 

isolated in 93% yield (Figure 3.5). While development was focused on secondary 

nucleophiles, primary alkyl zinc iodides also coupled efficiently (3.8); however, in this 

case there was a modest background reaction (30%). With more sterically hindered 

primary reagents the background reaction was negligible, but the catalyzed coupling 

was still high yielding (3.9). Other cyclic zinc iodides can also be used (3.10). 

 

Figure 3.5 Alkyl Zinc Substrate Scope 
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Alkyl zinc bromides are generally less reactive than their iodide congeners, as 

exemplified by the near-negligible reactivity in the uncatalyzed reactions. However, 

under catalysis, these reagents also performed admirably using a 4 hour reaction time 

(Figure 3.5, bottom). The reaction is also scalable. Using isopropylzinc bromide, we 

isolated compound 3.7 on a multigram scale in near-quantitative yield. 

Aliphatic secondary zinc bromide substrates resulted in high yields (3.13-15). 

While the zinc insertion into bicyclic norbornyl bromide resulted in a 60:40 exo:endo 

ratio, the resultant silane was an 80:20 exo:endo mixture of 3.16. We attribute this 

increase to the dynamic solution behavior of alkyl zinc bromides and differing 

reactivity between diastereomers.27 

The majority of commercially available zinc organometallic reagents are 

solutions in THF. Although THF is incompatible with silyl iodides, solvent exchange 

of commercial Ŭ-methylbenzylzinc bromide solution and subsequent cross-coupling 

resulted in the isolation of 3.17 in 71% yield. This protocol greatly expands the pool of 

readily available nucleophiles in this transformation. Illustrating the robust nature of 

the catalyst and hindrance to ɓ-hydride elimination, no styrene was detected in the 

formation of product 3.17. Functionalized silanes were readily accessed with this 

methodology. Aryl chlorides, ethers, esters, and trifluoromethyls (3.19-22) were 

obtained in excellent yields. These functional groups allow for subsequent 

manipulation of the products. 

While many functional groups are tolerated in the reaction, alkenes proved 

incompatible under the reaction conditions as the additive study in Table 3.4 shows. 

The addition of alkene additives shows a correlation between alkene steric 

environment and reduced yields. The sterically accessible 4-octene greatly reduces the 
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yield by nearly half (entry 2) while the trisubstituted alkene 1-methyl-cyclohexene 

shows no discernible impact on reactivity (entry 3). The addition of a 1,1-disubstituted 

alkene in (+)-limonene reduced the yield to 75% (entry 4). These results parallel those 

observed with the comparison of Pd2dba3ÅCHCl3 and [allylPdCl]2 as pre-catalysts 

(Table 3.1, entries 3 and 4); demonstrating the detrimental impact of sterically 

accessible alkenes on the reaction, most likely through catalyst coordination. 

Table 3.4 Alkene Additive Study*  

 
Entry  Alkene 3.7 + 3.8 (%) 3.7:3.8 

1 None 98 >99:1 

2 4-octene 55 98:2 

3 1-methyl-cyclohexene 99 >99:1 

4 (+)-limonene 75 >99:1 

 

Different substitution patterns on silicon allow for altered reactivity and 

downstream transformations.28 In pursuit of a unified method to rapidly generate a 

diverse array of alkyl silanes, the scope of the silyl iodide coupling partner was 

explored (Figure 3.6). The reaction provided excellent yields of trimethyl, 

benzyldimethyl, and methyldiphenyl silanes (3.23-25), demonstrating the flexibility of 

the system to adapt to changing steric and electronic environments around the silicon 

atom. Coupling sterically demanding triethylsilyl iodide resulted in a 30% of 3.26. 
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Although not high yielding, this is the first time that Et3SiïI has participated in a 

palladium-catalyzed silyl electrophile cross-coupling. 

 

Figure 3.6 Scope of Silyl Iodide 

To further examine the steric limits of the catalytic system, the highly sterically 

demanding ɓ,ɓ-dimethyl and ɓ,ɓ,ɓ-trimethyl substituted zinc iodide reagents were 

prepared and tested in the reaction (3.27 and 3.30, Figure 3.7). While the reactions 

required 15 h to go to completion, 3.27 led to 3.28 as a single regioisomer in 81% 

yield. The steric limitation of the system was realized, however, as the reaction of 3.30 

provided a 56% yield of a 62:38 mixture of branched (3.31) and linear (3.32) isomers. 

Presumably, this occurs through ɓ-hydride elimination and reinsertion to the sterically 

favorable terminal carbon atom. This demonstrates that, even with severely strained, 

secondary neopentylic nucleophiles, ɓ-hydride elimination is still not the predominant 

pathway. 
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Figure 3.7 Examination of Steric Limits 

Finally, this catalyst system is extremely robust. When run without precautions 

against air and moisture, the coupling reaction still produced 3.7 in 88% isolated yield 

(Figure 3.8). This is remarkable for a palladium-catalyzed cross-coupling of this type. 

 

Figure 3.8 Silyl-Negishi Under Air 

In conclusion, we reported a general palladium-catalyzed nucleophilic 

alkylation of silyl halide electrophiles with primary and secondary alkyl zinc halides. 

This transformation is amenable to various substitutions about the silicon center, 

allowing for diverse silane substitution on individual carbon frameworks. This work 

demonstrates the unique capabilities of the DrewPhos catalyst to suppress 

isomerization and promote efficient cross-coupling. Paramount to this reactivity is the 
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interplay of steric and electronic parameters of the DrewPhos ligand. While providing 

improved access to primary silanes, the reaction provides unprecedented access to 

secondary silanes using abundant silyl electrophiles. 

This work was communicated in the Journal of the American Chemical Society 

in 2017,29 featured in Synfacts,30 and is protected under provisional US patent 

62/400,195.29,31 

3.4 Experimental 

3.4.1 General Experimental 

Dioxane, triethylamine, toluene, dichloromethane (DCM), acetonitrile 

(MeCN), and tetrahydrofuran (THF) were dried on alumina according to published 

procedures.32 The following reagents were purchased from commercial suppliers and 

used as received: Tris(dibenzylideneacetone)dipalladium(0) chloroform adduct 

[Pd2(dba)3ÅCHCl3] (Strem), allyl palladium(II) chloride dimer [(allyl)PdCl]2 (Strem), 

palladium(II) iodide (Strem), palladium(II) chloride (Strem), triphenlyphosphine 

(Oakwood), tri-ortho-tolylphosphine (Strem), tri-para-tolylphosphine (Strem), 

tris(para-trifluoromethylphenyl)phosphine (Strem), tris(para-

methoxyphenyl)phosphine (Alfa Aesar), 1-bromo-3,5-di-tert-butylbenzene (Combi 

Blocks), iodocyclohexane (Oakwood), 2-iodopropane (Oakwood), 1-iodo-2-

methylpropane (Acros), 1-iodopropane (Acros), bromocyclopentane (Acros), 2-

bromopropane (Aldrich), 1-bromo-2-methylpropane (Acros), 1-bromobutane (Acros), 

3-bromopentane (Alfa Aesar), exo-2-bromonorbornane (Aldrich), 2-decanol (Acros), 

trimethylsilylchloride (Gelest), trimethylsilyliodide (Gelest), triethylsilyliodide 

(Gelest), methyldiphenylsilane (Gelest), dimethylphenylsilane (Gelest), iodomethane 
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(Acros), zinc dust <10ɛm (Aldrich), 3-buten-2-ol (Matrix). Bis(3,5-di-tert-

butylphenyl)(tert-butyl)phosphine (JessePhos),15 (3-bromobutyl)benzene,33 1-(3-

bromobutyl)-4-chlorobenzene,34 and 1-(3-bromobutyl)-4-methoxybenzene,7 were 

prepared according to the published procedures. Vials used in the glovebox were dried 

in a gravity oven at 140 °C for a minimum of 12 h, transferred into the glovebox hot, 

and then stored at rt in the glovebox prior to use. All hot glassware was oven dried for 

a minimum of four hours or flame-dried under vacuum prior to use. ñDouble 

manifoldò refers to a standard Schlenk-line gas manifold equipped with nitrogen and 

vacuum (ca. 0.100 mm Hg). All optimization reactions (0.25 mmol) were charged in a 

nitrogen-filled glovebox and alkyl zinc halide was added on the bench via syringe then 

stirred on a magnetic stir plate. All yields in optimization reactions were determined 

using 1H NMR with 1,3,5-trimethoxybenzene an internal standard and branched:linear 

(B:L) ratios were determined using GC of unpurified products. All other reactions 

were set up using standard Schlenk technique and heated with stirring in temperature 

controlled oil baths. Note: Any product yields listed in the main text that do not match 

those listed in the supporting information are the average of multiple isolated yields. 

The procedures listed below reflect yields from specific experimental runs. 

400 MHz 1H, 101 MHz 13C and 376 MHz 19F spectra were obtained on a 400 

MHz FT-NMR spectrometer equipped with a Bruker CryoPlatform. 600 MHz 1H, 151 

MHz 13C, 119 MHz 29Si, and 243 31P spectra were obtained on a 600 MHz FT-NMR 

spectrometer equipped with a Bruker SMART probe. All samples were analyzed in the 

indicated deutero-solvent and were recorded at ambient temperatures. All chemical 

shifts are reported in ppm. 1H NMR spectra were calibrated using the residual protio-

signal in deutero-solvents as a standard. 13C NMR spectra were calibrated using the 
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deutero-solvent as a standard. Product 29Si spectra were calibrated using a 

hexamethyldisiloxane capillary standard at 7.32ppm. IR spectra were recorded on a 

Nicolet Magma-IR 560 FT-IR spectrometer as thin films on KBr plates. High 

resolution MS data was obtained on a Waters GCT Premier spectrometer using 

chemical ionization (CI), electron ionization (EI), or liquid injection field desorption 

ionization (LIFDI) or a Thermo Q-Exactive Orbitrap using electrospray ionization 

(ESI). Vacuum controller refers to J-Kem Digital Vacuum Regulator Model 200. 

Unless otherwise noted, column chromatography was performed either by hand or by 

use of Isolera 4 Biotage unit with 40-63 ɛm silica gel, and the eluent reported in 

parentheses. Analytical thin-layer chromatography (TLC) was performed on silica gel 

(60 F254 Merck) pre-coated glass plates and visualized by UV or by staining with 

iodine, KMnO4, or CAM. 

3.4.2 Synthesis of Non-Commercial and Novel Reagents 

3.4.2.1 Silane Synthesis: 

Silyl iodides were synthesized through a modified version of the procedure described 

by Kunai.22,35 

Note: These reactions are exothermic and generate an equivalent of methane as a 

byproduct. 

Dimethylphenylsilyl Iodide:  An oven-dried 250 mL round bottom flask 

equipped with a magnetic stir bar, cold water condenser, and rubber 

septum was attached to a double manifold and cooled under vacuum. The 

flask was backfilled with N2, the condenser was removed, and PdCl2 (660 mg, 3.7 

mmol, 0.01 equiv) was added. The condenser was replaced, the flask was attached to a 
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double manifold then evacuated and backfilled with N2 three times. The condenser 

was fitted with a vent tube attached to a mineral oil bubbler. A solution of 

dimethylphenylsilane (50.4 g, 370 mmol, 1 equiv) in iodomethane (69.1 mL, 1.11 

mol, 3 equiv) was added dropwise via cannula over 1 h. The mixture was stirred 18 h 

at rt. The condenser was removed and the flask quickly connected to a flame-dried 

short-path distillation head. The excess iodomethane was removed in vacuo (30 

°C/100 mm Hg) then the pressure was reduced and the product purified by fractional 

vacuum distillation (85 °C/5 mm Hg) to afford dimethylphenylsilyl iodide as a clear 

liquid that was stored over copper beads in a Schlenk tube sealed with a PTFE plug 

(86.2 g, 89%): 1H NMR (600 MHz, CDCl3) ŭ 7.67 ï 7.62 (m, 2H), 7.44 ï 7.40 (m, 

3H), 1.06 (s, 6H); 13C NMR (151 MHz, CDCl3) ŭ 135.9, 133.5, 130.6, 128.2, 4.5; 29Si 

NMR (119 MHz, CDCl3) ŭ 0.21;. NMR spectra consistent with literature.
22,36 

 

Benzyldimethylsilane: An oven-dried 1 L round bottom flask equipped 

with a magnetic stir bar and rubber septum was attached to a double 

manifold and cooled under vacuum. The flask was backfilled with N2, 

the septum removed, and magnesium turnings (14.6 g, 600 mmol, 1.5 equiv) and a 

chip of iodine were added. The septum was replaced, the flask was purged with N2 

approximately 10 minutes, then THF (200 mL) was added and the mixture stirred until 

clarity. The mixture was then cooled to 0 °C in an ice-water bath. A separate oven-

dried 500 mL round bottom flask equipped with a rubber septum was attached to a 

double manifold, cooled under vacuum, backfilled with N2, then charged with benzyl 

bromide (68.4g, 400 mmol, 1 equiv) and chlorodimethylsilane (37.9 g, 400 mmol, 1 

equiv). This solution was then added dropwise via cannula to the magnesium mixture 

at 0 °C over approximately 1 h. After the addition was complete, the flask was 
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allowed to warm to rt and stirred for 16 h. The solution was decanted away from the 

excess magnesium into a separatory funnel, rinsing 2X with 100 mL Et2O. The 

organic layer was then washed 2X with saturated NH4Cl solution (200 mL), dried over 

MgSO4, filtered, and the solvent was removed in vacuo. The product was purified by 

fractional vacuum distillation (70 °C/15 mm Hg) to afford benzyldimethylsilane as a 

clear oil (49 g, 82%): 1H NMR (600 MHz, CDCl3) ŭ 7.23 (t, J = 7.6 Hz, 2H), 7.09 (t, J 

= 7.4 Hz, 1H), 7.05 (d, J = 7.4 Hz, 2H), 3.96 (non, J = 3.5 Hz, 1H), 2.16 (d, J = 3.2 

Hz, 2H), 0.07 (d, J = 3.6 Hz, 6H); 13C NMR (151 MHz, CDCl3) ŭ 140.2, 128.5, 128.3, 

124.4, 24.4, -4.5; 29Si NMR (119 MHz, CDCl3) ŭ -11.89; (cm-1): 3453, 2119, 1657, 

1641, 1493, 1250, 884, 698. HRMS (EI) m/z, calcd for [C9H14Si]+: 150.0865; found: 

150.0867. NMR spectra consistent with literature.37 

 

Benzyldimethylsilyl Iodide: An oven-dried 250 mL round bottom flask 

equipped with a magnetic stir bar, cold water condenser, and rubber 

septum was attached to a double manifold and cooled under vacuum. 

The flask was backfilled with N2, the condenser was removed, and PdCl2 (580 mg, 3.3 

mmol, 0.01 equiv) was added. The condenser was replaced, the flask was attached to a 

double manifold then evacuated and backfilled with N2 three times. The condenser 

was fitted with a vent tube attached to a mineral oil bubbler. A solution of 

benzyldimethylsilane (49 g, 326 mmol, 1 equiv) in iodomethane (61 mL, 978 mmol, 3 

equiv) was added dropwise via cannula over 1 h. The mixture was stirred 18 h at rt. 

The condenser was removed and the flask quickly connected to a flame-dried short-

path distillation head. The excess iodomethane was removed in vacuo (30 °C/100 mm 

Hg) then the pressure was reduced and the product purified by fractional vacuum 

distillation (88 °C/3 mm Hg) to afford benzyldimethylsilyl iodide as a clear liquid that 
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was stored over copper beads in a Schlenk tube sealed with a PTFE plug (85 g, 94%): 

1H NMR (600 MHz, CDCl3) ŭ 7.27 (t, J = 7.6 Hz, 2H), 7.17 (t, J = 7.4 Hz, 1H), 7.10 

(d, J = 7.5 Hz, 2H), 2.67 (s, 2H), 0.75 (s, 6H); 
13C NMR (151 MHz, CDCl3) ŭ 137.5, 

128.67, 128.66, 125.4, 30.5, 3.5; 29Si NMR (119 MHz, CDCl3) ŭ 9.09. NMR spectra 

consistent with literature.22 

 

Methyldiphenylsilyl Iodide:  An oven-dried 250 mL round bottom flask 

equipped with a magnetic stir bar, cold water condenser, and rubber 

septum was attached to a double manifold and cooled under vacuum. The 

flask was backfilled with N2, the condenser was removed, and PdCl2 (360 mg, 2 mmol, 

0.01 equiv) was added. The condenser was replaced, the flask was attached to a double 

manifold then evacuated and backfilled with N2 three times. The condenser was fitted 

with a vent tube attached to a mineral oil bubbler. A solution of methyldiphenylsilane 

(39.7 g, 200 mmol, 1 equiv) in iodomethane (49.8 mL, 800 mmol, 4 equiv) was added 

dropwise via cannula over 30 minutes. The mixture was stirred 18 h at rt. The 

condenser was removed and quickly replaced with a rubber septum. The excess 

iodomethane was removed in vacuo (30 °C/100 mm Hg). The remaining residue was 

then transferred via cannula to an oven dried 100 mL RBF equipped with a rubber 

septum and stirbar. The septum was removed and the flask quickly attached to a 

flame-dried short-path distillation head. The product was purified by fractional 

vacuum distillation (90 °C/0.1 mm Hg) to afford methyldiphenylsilyl iodide as a clear 

liquid that was stored over copper beads in a Schlenk tube sealed with a PTFE plug 

(57 g, 88%): 1H NMR (600 MHz, CDCl3) ŭ 7.70 ï 7.66 (m, 4H), 7.47 ï 7.41 (m, 6H), 

1.32 (s, 3H); 13C NMR (151 MHz, CDCl3) ŭ 134.7, 134.2, 130.7, 128.3, 3.6; 
29Si NMR 

(119 MHz, CDCl3) ŭ -5.57; FTIR (cm-1): 3069, 3050, 3024, 1486, 1428, 1253, 1117, 
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998, 799, 781, 728, 695. HRMS (LIFDI) m/z, calcd for [C13H13SiI]+: 323.9831; found: 

323.9843. NMR spectra consistent with literature.36 

3.4.2.2 Ligand and Catalyst Synthesis: 

 

DrewPhos: An oven-dried 500 mL round bottom flask equipped 

with a magnetic stir bar and rubber septum was attached to a double 

manifold and cooled under vacuum. The flask was backfilled with 

N2, the rubber septum was removed, 1-bromo-3,5-di-tert-

butylbenzene (32.4 g, 120 mmol, 3.01 equiv) was added, and the septum replaced. The 

flask was then purged with N2 for 15 minutes. THF (240 mL, [0.5 M]) was added and 

the flask was cool to ï78 °C in a dry ice/acetone bath. While stirring, nBuLi (48.2 mL, 

120 mmol, 3 equiv, [2.49 M] in hexanes) was added dropwise via syringe pump over 

30 minutes. (Note: A large amount of solids can form and stall reaction stirring. Swirl 

flask by hand to break up clumps). PCl3 (3.5 mL, 40 mmol, 1 equiv) was added 

dropwise via syringe pump over 15 minutes. (Note: Initial addition will begin to 

consume the aryl lithium and stirring will become easier, manual swirling may be 

necessary at the start of addition). After the addition was complete, the flask was 

warmed to 0 °C in an ice/water bath and stirred for 4 h. Flask was allowed to warm to 

rt, the septum was removed and the reaction was quenched by adding brine (100 mL). 

The reaction was poured into a separatory funnel and the product was extracted 2X 

with Et2O (100 mL). The organic layer was dried over MgSO4, filtered through a glass 

frit, and the solvent removed in vacuo. The product was purified by recrystallization 

from hot EtOH (200 mL), cooled under ambient conditions, then placed in a ï20 °C 

freezer overnight. Collection of the solid via filtration and washing with EtOH resulted 
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in white crystals (10.6 g, 44% yield): 1H NMR (600 MHz, CDCl3) ŭ 7.38 (t, J = 1.8 

Hz, 3H), 7.12 (dd, J = 8.5, 1.8 Hz, 6H), 1.22 (s, 54H); 13C NMR (151 MHz, CDCl3) ŭ 

150.6 (d, J = 6.7 Hz), 137.3 (d, J = 9.4 Hz), 128.1 (d, J = 19.3 Hz), 122.4 , 35.0 , 31.5; 

31P NMR (243 MHz, CDCl3) ŭ -3.59; FTIR (cm-1): 2963, 1589, 1577, 1362, 1249, 

1130, 875, 710; mp = 145ï147 °C. HRMS (LIFDI) m/z, calcd for [C42H63P]+: 

598.4667; found: 598.4688. 

(DrewPhos)2PdI2: A 50 mL round bottom flask 

equipped with a magnetic stirbar was charged with 

palladium(II) iodide (1.08 g, 3 mmol, 1.0 equiv) and 

DrewPhos (3.59 g, 6 mmol, 2.0 equiv). The flask 

was sealed with a rubber septum and purged 10 min 

with N2. Toluene (24 mL) was added via syringe and the reaction was stirred for 24 

hours at 85 °C. The reaction was cooled to rt, transferred to a 250 mL round bottom 

flask and the solvent evaporated in vacuo. The resulting solid was recrystallized from 

hot 3:1 ethanol:toluene (100 mL), cooled under ambient conditions, then placed in a ï

20 °C freezer overnight. Collection of the solid via filtration resulted in a stable, red 

solid (3.52 g, 75% yield). Subsequent recrystallization with same solvent system 

resulted in red crystals (900 mg, 19%). Total 4.42 g, 95%: 1H NMR (600 MHz, 

CDCl3) ŭ 7.60 ï 7.54 (m, 12H), 7.29 (s, 6H), 1.21 (s, 108H); 13C NMR (151 MHz, 

CDCl3) ŭ 149.2 (t, J = 5.1 Hz), 134.5 (t, J = 24.9 Hz), 129.9 (t, J = 6.2 Hz), 123.2, 

35.1, 31.6; 31P NMR (243 MHz, CDCl3) ŭ 18.90 ; FTIR (cm
-1): 2953, 1589, 1384, 

1247, 1087, 702, 584; mp =  >250 °C. HRMS (LIFDI) m/z, calcd for 

[C84H126P2PdI]+:1429.7414; found: 1429.7373. 
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A small portion of DrewPhos2PdI2 was dissolved in toluene under air and 

recrystallized via slow evaporation at rt to give an X-ray quality crystal (Figure 3.9, 

see below for full crystallographic details). 

 

Figure 3.9 Crystal Structure of (DrewPhos)2PdI2 (hydrogen atoms omitted for 

clarity). 

3.4.2.3 Alkyl Halide Synthesis: 

(S3.1) A 500 mL round bottom flask equipped with a stirbar was 

charged with PPh3 (15.7 g, 60 mmol, 1.2 equiv) and DCM (170 mL). 

The flask was then cooled to 0 °C in an ice-water bath. Once cool, Br2 (9.6 g, 60 

mmol, 1.2 equiv) was added dropwise via pipette. Once addition was complete, the 

flask was sealed with a rubber septum and purged with N2 for approximately 10 

minutes. A separate 100 mL round bottom flask was charged with 2-decanol (7.9 g, 50 

mmol, 1 equiv), imidazole (4.1 g, 60 mmol, 1.2 equiv), and DCM (85 mL) then sealed 

with a rubber septum. The alcohol solution was then added dropwise via cannula to 

the 500 mL round bottom flask. After addition was complete, the flask was allowed to 

warm to rt and continued stirring 20 h. The reaction was filtered through a glass frit 
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then concentrated in vacuo to yield an orange crude mixture. Pentane (200 mL) was 

added and the mixture stirred 5 h then filtered through a glass frit. The filtrate was 

concentrated in vacuo and the product purified via short-path distillation under 

reduced pressure (85 °C/5 mm Hg) to yield 2-bromodecane as a clear oil (8.0 g, 73%): 

1H NMR (600 MHz, CDCl3) ŭ 4.13 (dq, J = 13.2, 6.6 Hz, 1H), 1.88 ï 1.79 (m, 1H), 

1.78 ï 1.72 (m, 1H), 1.70 (d, J = 6.6 Hz, 3H), 1.53 ï 1.45 (m, 1H), 1.44 ï 1.35 (m, 

1H), 1.33 ï 1.23 (m, 10H), 0.88 (t, J = 7.0 Hz, 3H); 13C NMR (151 MHz, CDCl3) ŭ 

52.0, 41.4, 32.0, 29.6, 29.4, 29.2, 27.9, 26.6, 22.8, 14.2; FTIR (cm-1): 2956, 2926, 

2855, 1457, 1378, 722, 541. HRMS (CI) m/z, calcd for [C10H20Br]+: 219.0748; found: 

219.0737. 

 

Figure 3.10 General route to (3-bromobutyl)arenes 

Compounds S3.2 and S3.3 were synthesized through a Heck reaction under 

Jeffery conditions38 (S3.2a and S3.3a), followed by sodium borohydride reduction33 

(S3.2b and S3.3b) and bromination33 (S3.2 and S3.3). See Figure 4.10 for overall 

scheme. 

 






















































































































































































































































































































































































































































































































































