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ABSTRACT 

Carbocationic intermediates play an important role in the construction of complex 

molecules, from biosynthetic pathways in nature to the synthesis of natural products by 

organic chemists. In contrast to tricoordinated carbocations, dicoordinated vinyl 

carbocations have received less attention in the development of methods to form 

challenging carbon–carbon (C–C) bonds. However, the Nelson lab has recently disclosed 

a powerful catalytic platform for generating vinyl carbocations, which were then shown to 

proceed through carbon–hydrogen (C–H) insertion reactions to construct C–C bonds. This 

thesis further expands upon catalytic reactions of using vinyl carbocations to construct C–

C bonds in a selective fashion.  

To begin, a brief introduction that surveys C–C bond forming reactions of vinyl 

carbocations will be highlighted. These include seminal stoichiometric studies that have 

since been expanded to other catalytic systems. The discussion of experimental work 

outlined in this thesis commences with the development of a main group-catalyzed 

approach towards accessing a-vinylated esters through the trapping of vinyl carbocations 

with silyl ketene acetals to form sterically congested quaternary carbon centers fused to 

tetrasubstituted olefins. Next, a Claisen-type rearrangement will be discussed, which is a 

result of trapping vinyl carbocations with allyl ethers to form an allyl vinyl oxonium 

intermediate in situ that can subsequently undergo a [3,3] sigmatropic rearrangement. 

Finally, the last method that will be highlighted includes the development of an asymmetric 

C–H insertion reaction of vinyl carbocations to forge bicyclic products in a highly 

enantioselective fashion. Ultimately, this thesis work has expanded the scope of catalytic 

vinyl carbocation reactions that form C–C bonds selectively. 
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Chapter 1 

Carbon–Carbon Bond-Forming Reactions via Vinyl Cation Intermediates 

 

1.1 INTRODUCTION 

Carbocations are enabling intermediates for the construction of carbon–carbon (C–

C) bonds that have found broad utility in a variety of synthetic organic chemistry 

transformations.1 In recent years, a subset of carbocations known as vinyl carbocations 

have shown their utility as powerful intermediates to forge C–C bonds.2 However, 

compared to tricoordinated carbocations, vinyl cations and their reactivity have been less 

explored. The existence of vinyl cations was first suggested in the 1940s by Jacobs and 

Searles.3 Since the initial discovery of vinyl cations, studies of these intermediates have 

been conducted by Rappaport, Grob, Hanack, Schleyer, and Stang, among others, to assess 

and further explore the reactivity of such intermediates.4–12 This chapter will focus 

specifically on studies that involve vinyl cations in C–C bond-forming reactions. To that 

end, three general reactions of which C–C bonds are forged via vinyl cations will be 

highlighted: 1) rearrangements, 2) arylation reactions via Friedel–Crafts-type mechanism, 
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and 3) C–H insertion reactions.  

Before discussing C–C bond-forming reactions of vinyl cations, it is important to 

first review common strategies for generating vinyl cation intermediates. The examples 

discussed in this chapter include forming vinyl cations through five general strategies: 1) 

ionization of vinyl leaving groups through solvolysis or Lewis acid abstraction, 2) 

decomposition of a-diazo-β-hydroxy carbonyls, 3) activation of alkynes through 

protonation, 4) activation of alkynes through electrophilic addition, and 5) Lewis acid 

activation of alkynes. As seen from these general strategies, common vinyl cation 

precursors that will be discussed in this chapter include those with ionizable vinyl groups, 

such as vinyl trifluoromethanesulfonates and vinyl(phenyl)iodonium salts. Additionally, 

vinyl cations are also commonly generated from alkynes through Brønsted or Lewis acid 

activation, as well as through addition of alkynes into electrophiles. Once the vinyl cation 

is generated, the reactive intermediate can proceed through one of the above mentioned C–

C bond-forming reactions. 

Relevant reports of forging C–C bonds with vinyl cations that do not fall under one 

of the mentioned categories will be discussed in the following chapters. The studies chosen 

for discussion in this chapter aim to highlight a range of methods, including both 

stoichiometric and catalytic approaches. Finally, reactions that have been developed as part 

of this thesis work will not be included in this chapter, as detailed discussions of these 

reactions will follow in Chapters 2–4. 

1.2 C–C BOND-FORMING REACTIONS  

1.2.1 Rearrangements of Vinyl Cations 

To begin, examples of vinyl cation intermediates undergoing rearrangements 
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including ring contraction and expansion events will be highlighted. Although some of 

these rearrangements involve subsequent steps that do not include C–C bond formation via 

vinyl cation intermediates, these studies are critical to understanding the reactivity and 

stability of these intermediates. As such, a discussion of these rearrangements is warranted 

in this chapter. 

 

Scheme 1.1. Schleyer, Hanack, Stang: solvolysis studies of cyclic vinyl triflates. 

 

 

In the early 1970s, Schleyer, Hanack, and Stang disclosed a study measuring the rate 

of solvolysis of cyclic vinyl trifluoromethanesulfonates (triflates) in aqueous polar solvents 

at elevated temperatures, which resulted in the formation of vinyl cation intermediates.13 

Ketone products were observed as a result of water trapping the vinyl cation intermediates. 

Since vinyl cations are sp-hybridized, the relative rates of solvolysis for cyclic vinyl 

triflates 1–4 decrease with decreasing ring size, highlighting the instability of bent vinyl 

cations from vinyl triflates 3 and 4 (Scheme 1.1A). In this way, vinyl cations are analogous 

to cyclic alkynes, where accessing smaller than 8-membered cyclic alkynes results in only 

OTf

OTf OTf OTf OTf

>>>

krel 3.4 3.2 x 10–1 3.0 x 10–4 1.1 x 10–5

OTf

vs

OTf

krel 1 10

60% aq EtOH

125 ºC

O

50% yield

ring 
contraction H2O

1 2 3 4 5

A) Relative rates of solvolysis of cyclic vinyl triflates

B) Ring contraction of 2-substituted vinyl triflate

5 6 7 8

3
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transient and unstable intermediates.14 However, it was found that vicinal alkyl substituents 

can enhance the rate of solvolysis 10-fold, as seen with vinyl triflate 3 vs 5. By subjecting 

vinyl triflate 5 to the reaction conditions, the expected substituted cyclohexanone product 

was not observed, and instead, cyclopentanone 8 was obtained in 50% yield (Scheme 

1.1B). The authors rationalized this as the initial cyclic vinyl cation 6 undergoing a ring 

contraction via an alkyl migration to generate the comparably more stable linear vinyl 

cation 7, which is subsequently trapped with water to produce 8. This ring contraction is 

not possible with vinyl triflate 3, as a monosubstituted vinyl cation would be formed. While 

the rearrangement results in the formation of another vinyl cation intermediate that is 

subsequently quenched by solvent, this report ultimately represents one of the earliest 

reported examples of vinyl cations forming a C–C bond. 

Next, Pellicciari and coworkers investigated rearrangements of destabilized vinyl 

cations generated by treating a-diazo-β-hydroxy esters (9a–c) with boron trifluoride etherate 

(Scheme 1.2).15 Due to the instability of the vinyl cation as a result of being adjacent to an 

electron-withdrawing ester, vinyl cation 1 (10a–c) undergoes ring expansion via a 1,2-alkyl 

shift to form the more stable intermediate, vinyl cation 2 (11a–c). Another ring contraction 

can lead to the allyl cation (12a–c), which is then trapped by benzene solvent via Friedel–

Crafts-type mechanism. The authors noted that for cyclobutane a-diazo-β-hydroxy ester 9a, 

cyclopentene 13 was obtained in 51% yield. This suggested that the second ring contraction 

rearrangement (11a to 12a) did not proceed, which was likely a result of a high energy barrier 

for rearrangement of 11a due to the ring strain of the cyclobutenyl allyl cation intermediate 

12a. However, for the 5-membered a-diazo-β-hydroxy ester (9b), a mixture of products (14 

and 15) was observed as a result of trapping both 11b and 12b. The authors suggested that  
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this is perhaps a result of a high barrier to the allyl cation intermediate, ultimately resulting 

in an unselective mixture of products. In contrast, for the 6-membered a-diazo-β-hydroxy 

ester analog (9c), the major product (16) was obtained in 74% yield, which was a result of 

trapping the allyl cation 12c after both ring expansion of 10c followed by ring contraction of 

11c. 

 

Scheme 1.2. Pellicciari: rearrangements of destabilized vinyl cations.  
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to products 18 and 19 (Scheme 1.3).16,17 They demonstrated that once vinyl cation 20 is 

formed, alkyl migration can lead to either intermediates 21 or 22, but migration of the more 

electron-rich group was favored. For example, migration of an n-pentyl substituent was 

slightly favored over methyl migration, resulting in a 1.7:1 ratio between products 18 and 19, 

which were formed from intramolecular C–H insertion of vinyl cation intermediates 21 and 

22 into the methyl C–H bond of the t-butyl substituent. Moreover, a secondary cyclohexyl 

substituent was favored over the methyl, now in a 16:1 ratio.  

 

Scheme 1.3. Brewer: migratory aptitude of alkyl substituents. 
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including catalytic protocols, have been developed to harness vinyl cations and their 

reactions with arenes, both in an inter- and intramolecular fashion. This section of the chapter 

discusses some of these reports.   

As previously discussed, early studies of vinyl cations involved solvolysis of vinyl 

triflates in aqueous polar solvents, which resulted in the trapping of vinyl cation 

intermediates with solvent or water to generate ketone products.13 In the late 1970s, Stang 

disclosed that cyclic and acyclic vinyl triflates could also be solvolyzed in arene solvents at 

elevated temperatures, which ultimately furnished products that resulted from trapping of the 

cation with the arene solvent via a Friedel–Crafts mechanism.18,19 These results represent 

some of the earliest examples of forming C–C bonds via vinyl cation intermediates in an 

intermolecular fashion. For example, by subjecting vinyl triflate 23 to various arenes (24a–

c) in the presence of 2,6-di-tert-butyl-4-methylpyridine (25) at 120 ºC, arylated products 

26a–c were accessed in good yields (Scheme 1.4). Products 26a and 26b were formed in 

85% and 79% yield, respectively, from Friedel–Crafts with anisole (24a) and benzene (24b). 

In addition, product 26c, resulting from Friedel–Crafts with electron-poor chlorobenzene 

24c, was also furnished in 80% yield. The selectivity for the arylated products resulted from 

favoring alkylation at the activated positions of the arene. To note, a non-nucleophilic base, 

2,6-di-tert-butyl-4-methylpyridine (25), was added to quench the acid generated from the 

Friedel–Crafts reaction. 
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Scheme 1.4. Stang: solvolysis of vinyl triflate in arene solvent. 

 

 

If the resulting vinyl cation could make a stable allene or alkyne product via E1-type 

pathways, arylation was not observed. For example, trimethyl vinyl triflate 27 led to no 
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Scheme 1.5. Stang: trialkyl vinyl triflate fails to undergo arylation reaction. 
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membered variant (3) did not furnish 31 (Scheme 1.6). This is likely due to the high energy 

of the intermediate as a result of the strained ring system. As previously mentioned, the 

solvolysis of 6-membered vinyl triflate 3 in aqueous polar ethanol was 104 times slower than 

the 7-membered variant (2).  

 

Scheme 1.6. Stang: solvolysis of cyclic vinyl triflates in anisole.  
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ionization, where the orientation of the arene was largely retained. If the arene and the vinyl 

cation did dissociate, then the traditional Friedel–Crafts product ratio would be expected, 

favoring the para isomer. 

 

Scheme 1.7. Okuyama: vinyl(phenyl)iodonium salts as vinyl cations precursors for 

arylation reaction. 
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Scheme 1.8. Ponra: acid-catalyzed intermolecular coupling of aldehydes and alkynes.  

 

 

Li and coworkers disclosed a catalytic Lewis acid strategy to couple phenols (43) with 

phenyl acetylenes (44) in an intermolecular fashion via Friedel–Crafts to access diaryl 

substituted alkenes (45) (Scheme 1.9).22 First, the proposed mechanism begins with Lewis 

acid activation of the phenol (43) to generate (46), which results in a proton transfer to the 

alkyne to generate the vinyl cation intermediate (47). The phenyl borate species (46) acts as 

the counter anion to the vinyl cation, forming an ion pair. Then, an ortho selective Friedel–

Crafts reaction occurs to generate diaryl substituted alkenes. The authors attributed the ortho 

selectivity towards the ion pair of the phenyl borate with the vinyl cation, but further 

mechanistic evidence was not provided.  

 

Scheme 1.9. Li: Lewis acid-catalyzed coupling of phenols and alkynes. 
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Another Lewis acid-catalyzed approach towards coupling alkynes (48) with arenes 

(49) in an intermolecular fashion to access di- and triaryl products (50) was reported by Sun 

and coworkers (Scheme 1.10).23 Here, the proposed mechanism begins with the activation 

of alkynes with a Sc(OTf)3 Lewis acid that is paired with a phosphoric acid to generate vinyl 

cations that can proceed through intermolecular Friedel–Crafts with heteroarenes, like 

benzofuran. It is important to note that without the Lewis acid, products resulting from [4 + 

2] cycloadditions were obtained instead, highlighting the necessity of Lewis acid activation 

of the alkyne to form the vinyl cation intermediate. 

 

Scheme 1.10. Sun: Lewis acid-catalyzed coupling of alkynes with heteroarenes.  
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Scheme 1.11. Niggemann: carboarylation of alkynes.   
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Scheme 1.12. Gaunt: alkyne addition to Cu–aryl electrophile and cyclization.  

 

 

In 2018, Nelson and coworkers disclosed that vinyl cations could be generated through 

the ionization of vinyl triflates using catalytic quantities of a Lewis acid in nonpolar solvents. 

Herein, a Lewis acidic silylium species paired with a weakly coordinating mono-carborane 

Ar

R2

OH

RR R3 R3

R2 Ar
Ca(NTf2)2 (5 mol%)

Bu4NPF6 (2.5 mol%)
+

R2
R R R3

R2
Ar

Ar

R3 Friedel–Crafts

CH3NO2, 40 ºC
up to 93% yield

addition

–OH– ionization

+

51

52 53

53

54

55

R2

R

I
TfO

Ar

diaryliodonium triflate

+
CuCl (2.5 mol%)

DCE, DTBP, 50 ºC

Ar
R2

up to 92% yield

LnCuIII Ar
TfO

Cl

aromatic 
electrophile

R

56
57

58 59



Chapter 1 – Carbon–Carbon Bond-Forming Reactions via Vinyl Cation Intermediates   
 

14 

anion (60) abstracts a triflate from vinyl triflate 3 to generate Et3SiOTf (61) and the resulting 

vinyl cation (62) (Scheme 1.13).26 Due to the hyper Lewis acidity of the silylium species, 

even strained cyclic vinyl cations could be generated. Once the vinyl cation is formed, it can 

react with an arene to form a cationic Wheland intermediate (63). Tautomerization leads to 

tertiary carbocation 64, and finally reduction of the cation by stoichiometric Et3SiH (65) 

furnishes the final product (66) and regenerates the silylium species. The key to this reactivity 

is the use of the WCA. After ionization of the vinyl triflate, the vinyl cation intermediate is 

paired with this non-basic and non-nucleophilic anion. This anion does not quench the cation 

via elimination or substitution, ultimately allowing for the reactive vinyl cation to react with 

arenes as well as aliphatic hydrocarbons, which will be discussed in section 1.2.3.  

 

Scheme 1.13. Nelson: catalytic cycle for reductive arylation of vinyl triflates. 
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previously discussed solvolysis reaction of vinyl triflates, which were unsuccessful in 

obtaining the desired arylated products using cyclic triflates with less than 7 carbons.18,19 

Similarly, in previous studies by Stang, trialkyl vinyl triflates did not afford the desired 

reactivity (Scheme 1.5). 

 

Scheme 1.14. Nelson: examples of products accessed via reductive arylation.  
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section of this chapter discusses current reports of such reactivity.  

One of the early examples of C–H insertion of vinyl cations was reported by Metzger 

and coworkers. Prior to this work, they had reported a hydroalkylation reaction, where the 

addition of Et3Al2Cl3 to alkyl chloroformate 74 generated isopropyl cation 75, which can 

then add across alkenes and be subsequently reduced to the alkane product.27 They expected 

that by moving from alkenes to alkynes (76), vinyl cation 77 would allow access to the 

analogous hydroalkylation product (78). However, by expanding the system from alkenes to 

alkynes in the presence of SiEt3H, cyclopentane product 80 was isolated with little formation 

of the desired hydroalkylation product 78 (Scheme 1.15).28 The authors proposed that once 

the isopropyl cation 76 adds to the alkyne and vinyl cation 77 is formed, a concerted C–H 

insertion proceeds to form intermediate 79, as the activation energy for a concerted process 

was approximately 1.9 kcal/mol. After C–H insertion, the resulting tertiary carbocation 79 

was subsequently reduced. The cyclopentane product 80 was accessed in 79% yield as a 

4.6:1 mixture of diastereomers. 

 

Scheme 1.15. Metzger: concerted C–H insertion of vinyl cations.  
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Scheme 1.16. Yamamoto: Brønsted acid-catalyzed cyclization reaction. 
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proceed, and through the elimination of intermediate 86, (82) is formed. Mechanistic 

investigation of these two pathways was not disclosed. This report represents the first 

example of a C–H activation of an unactivated C(sp3)–H bond via Brønsted acid catalysis.  

As discussed in section 1.2.2, Gaunt and coworkers have developed an alkyne 

carboarylation reaction, utilizing diaryliodonium salts (56) and catalytic CuCl to generate 

an electrophilic aromatic reagent (57) that can react with alkynes (Scheme 1.12).25 They 

have further expanded this system to generate substituted cyclopentene products via C–H 

insertion of vinyl cations. Similarly, addition to phenyl acetylenes (87) forms the 

substituted vinyl cation intermediate. The cation reacts with the appended alkyl chain via 

C–H insertion to furnish the cyclopentene products (88) in up to 78% yield (Scheme 

1.17).30 

 

Scheme 1.17. Gaunt: alkyne cyclization cascade to furnish cyclopentenes. 
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concerted C–H insertion of vinyl cation intermediate 91 is likely operative to form the C–

C bond in intermediate 92, which is subsequently deprotonated to 90.  

 

Scheme 1.18. Gaunt: enantioenriched alkyne cyclization study. 
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Scheme 1.19 Nelson: catalytic cycle for hydrocarbon C–H insertion reactions. 
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hydrocarbon molecules by utilizing reactive vinyl cation intermediates, which can react with 

inert C(sp3)–H bonds at room temperature.  

Nelson and coworkers later disclosed milder Lewis acidic lithium conditions (as 

compared to silylium conditions) for generating vinyl cations that could then undergo C–

H insertion reactions in an intramolecular fashion. Here, a lithium Lewis acid paired with 

a WCA was still a competent Lewis acid for the ionization of vinyl triflates (98) (Scheme 

1.21).31 In contrast to the silylium conditions, olefinic products (99–101) were obtained. 

Stoichiometric LiHMDS was required to turn over the catalytic system by deprotonation 

of the cationic intermediate after C–H insertion. Moreover, heteroatom moieties, like 

methoxy groups, boronates, and triflamides, were tolerated under these milder conditions, 

allowing access to products 99–101. 

 

Scheme 1.21. Nelson: C–H insertion reactions of vinyl cations generated under basic 

conditions. 
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This section of Chapter 1 discusses C–C bond-forming reactions of vinyl cations that 

proceed through C–H insertion reactions. Compared to Friedel–Crafts reactivity, fewer 

methods have been developed to take advantage of this powerful approach towards forging 

C–C bonds through C–H insertion reactions.   

1.3 CONCLUDING REMARKS 

In conclusion, vinyl cations are powerful intermediates for the construction of C–C 

bonds. Since the early studies by Schleyer, Hanack, and Stang, a variety of methods have 

been developed to construct various carbocyclic frameworks via these intermediates. This 

chapter first discussed examples of vinyl cations undergoing alkyl migrations. The 

rearrangements of vinyl cations are driven by the formation of more stable vinyl cation 

intermediates, and this is largely demonstrated for strained, cyclic vinyl cations. The next 

section of this chapter portrays both stoichiometric and catalytic methods that involve vinyl 

cations proceeding through Friedel–Crafts reactions. This reactivity was first demonstrated 

by Stang in the 1970s through the solvolysis of vinyl triflates in arene solvent, and then 

later by Okuyama and coworkers through the solvolysis of vinyl(phenyl)iodonium salts. 

More recently, methods have been developed utilizing Brønsted and Lewis acid catalysts 

for coupling alkynes with arenes, both in an inter- and intramolecular fashion. However, it 

was not until the recent work by Nelson and coworkers that vinyl cations could be 

generated in a catalytic fashion through triflate abstraction from a Lewis acid catalyst, 

which stands in contrast to the solvolysis studies as well as vinyl cation formation from 

alkyne precursors. Through their developed catalytic platform, vinyl cations were observed 

to undergo arylation reactions readily, including strained, cyclic vinyl triflates that were 

previously challenging substrates in solvolysis studies. Lastly, the third and final 
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component of this chapter was a brief discussion of C–H insertion reactions of vinyl 

cations. Up until recently, the majority of the reports were limited to generating vinyl 

cations from alkyne starting materials for subsequent C–H insertion reactions. Now with 

the developed catalytic methods by Nelson and coworkers, vinyl cations can be generated 

from simple vinyl sulfonates derived from ketones that can engage in C–H insertion 

reactions to form C–C bonds.  

Despite these advantages of the catalytic platforms developed by Nelson and 

coworkers, challenges still exist with these methodologies (Scheme 1.22). For example, in 

intermolecular reactions using alkanes with more than one site for C–H insertion, multiple 

isomers are generated. This is seen in the case of n-hexane (102), where product 103 is 

formed as a mixture of isomers. Moreover, transannular C–H insertion from vinyl triflate 

104 also yields an unselective mixture of olefinic products 105 due to unselective 

deprotonation under the lithium/basic conditions. 

 

Scheme 1.22. Current challenges in C–H insertion reactions of vinyl cations. 
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These challenges presented an opportunity for further advancement of selective 

reactions. Thus, my PhD studies focused on developing selective C–C bond-forming 

reactions utilizing vinyl carbocation intermediates. First, this has been demonstrated through 

the optimization of a reaction platform that traps vinyl carbocations with carbon-centered 

nucleophiles to form sterically congested quaternary carbon centers. The second method that 

has been investigated is a sigmatropic rearrangement that relies on trapping vinyl 

carbocations with allyl ethers to generate a cationic intermediate that can subsequently 

rearrange, resulting in selective C–C bond formation. The third method developed is an 

enantioselective C–H insertion reaction. This method accesses products in a highly selective 

fashion, in terms of enantioselectivity, diastereoselectivity, and olefin isomer selectivity. The 

following chapters will discuss these reactions in detail. 

  



Chapter 1 – Carbon–Carbon Bond-Forming Reactions via Vinyl Cation Intermediates   
 

25 

1.4 NOTES AND REFERENCES 

(1) Naredla, R. R.; Klumpp, D. A. Contemporary Carbocation Chemistry: Applications 

in Organic Synthesis. Chem. Rev. 2013, 113, 6905–6948.  

(2) Niggemann, M.; Gao, S. Are Vinyl Cations Finally Coming of Age? Angew. Chem. 

Int. Ed. 2018, 57, 16942–16944. 

(3) Jacobs, T. L.; Searles, S. Acetylenic Ethers. IV. Hydration. J. Am. Chem. Soc. 1944, 

66, 686–689.  

(4) Grob, C. A.; Csapilla, J.; Cseh, G. Die solvoltische Decarboxylierung von a, β-

ungesättigeten  β-Halogensäuren Fragmentierungsreaktionen, 9. Miteilung. Helv. 

Chim. Acta 1964, 47, 1590–1602.  

(5) Hanack, M. Mechanistic and Preparative Aspects of Vinyl Cation Chemistry. 

Angew. Chem. Int. Ed. Engl. 1978, 17, 333–341.  

(6) Rappoport, Z.; Gal, A. Vinylic Cations Form Solvolysis. I. Trianisylvinyl Halide 

System. J. Am. Chem. Soc. 1969, 91, 5246–5254.  

(7) Radom, L.; Hariharan, P. C.; Pople, J. A.; Schleyer, P. V. R. Molecular Orbital 

Theory of the Electronic Structure of Organic Compounds. XIX. Geometries and 

Energies of C3H5 Cations. Energy Relations among Allyl, Vinyl, and Cyclopropyl 

Cations. J. Am. Chem. Soc. 1973, 95, 6531–6544.  

(8) Stang, P. J.; Rappoport, Z. Dicoordinated Carbocations; Wiley, 1997.  

(9) Sherrod, S. A.; Bergman, R. G. Synthesis and Solvolysis of 1-Cyclopropyl-1-

Iodoethylene. Generation of an Unusually Stable Vinyl Cation. J. Am. Chem. Soc. 

1969, 91, 2115–2117.  



Chapter 1 – Carbon–Carbon Bond-Forming Reactions via Vinyl Cation Intermediates   
 

26 

(10) Müller, T.; Juhasz, M.; Reed, C. A. The X-Ray Structure of a Vinyl Cation. Angew. 

Chem. Int. Ed. 2004, 43, 1543–1546.  

(11) Jones, W. M.; Miller, F. W. The Generation of Vinyl Cations from Vinyltriazenes. 

J. Am. Chem. Soc. 1967, 89, 1960–1962.  

(12) Hinkle, R. J.; McNeil, A. J.; Thomas, Q. A.; Andrews, M. N. Primary Vinyl Cations 

in Solution: Kinetics and Products of β,β-Disubstituted Alkenyl(Aryl)Iodonium 

Triflate Fragmentations. J. Am. Chem. Soc. 1999, 121, 7437–7438.  

(13) Schleyer, P. v. R.; Pfeifer, W. D.; Bahn, C. A.; Bocher, S.; Harding, C. E.; Hummel, 

K.; Hanack, M.; Stang, P. J. Behavior of Bent Vinyl Cations Generated by Solvolysis 

of Cyclic Trifluoromethanesulfonates. J. Am. Chem. Soc. 1971, 93, 1513–1516.  

(14) Krebs, A.; Wilke, J. Angle Strained Cycloalkynes. Top. Curr. Chem. 1983, 109, 

189–233. 

(15) Pellicciari, R.; Natalini, B.; Sadeghpour, B. M.; Marinozzi, M.; Snyder, J. P.; 

Williamson, B. L.; Kuethe, J. T.; Padwa, A. The Reaction of α-Diazo-β-Hydroxy 

Esters with Boron Trifluoride Etherate: Generation and Rearrangement of 

Destabilized Vinyl Cations. A Detailed Experimental and Theoretical Study. J. Am. 

Chem. Soc. 1996, 118, 1–12.  

(16) Cleary, S. E.; Hensinger, M. J.; Qin, Z.-X.; Hong, X.; Brewer, M. Migratory 

Aptitudes in Rearrangements of Destabilized Vinyl Cations. J. Org. Chem. 2019, 

84, 15154–15164.  

(17) Fang, J.; Brewer, M. Intramolecular Vinylation of Aryl Rings by Vinyl Cations. Org. 

Lett. 2018, 20, 7384–7387.  



Chapter 1 – Carbon–Carbon Bond-Forming Reactions via Vinyl Cation Intermediates   
 

27 

(18) Stang, P. J.; Anderson, A. G. Preparation and Chemistry of Vinyl Triflates. XV. 

Alkylation of Aromatic Substrates. Tetrahedron Lett. 1977, 18, 1485–1488.  

(19) Stang, P. J.; Anderson, A. G. Preparation and Chemistry of Vinyl Triflates. 16. 

Mechanism of Alkylation of Aromatic Substrates. J. Am. Chem. Soc. 1978, 100, 

1520–1525.  

(20) Okuyama, T.; Takino, T.; Sueda, T.; Ochiai, M. Solvolysis of 

Cyclohexenyliodonium Salt, a New Precursor for the Vinyl Cation: Remarkable 

Nucleofugality of the Phenyliodonio Group and Evidence for Internal Return from 

an Intimate Ion-Molecule Pair. J. Am. Chem. Soc. 1995, 117, 3360–3367.  

(21) Ponra, S.; Vitale, M. R.; Michelet, V.; Ratovelomanana-Vidal, V. HNTf 2 -Catalyzed 

Regioselective Preparation of Polysubstituted Naphthalene Derivatives Through 

Alkyne–Aldehyde Coupling. J. Org. Chem. 2015, 80, 3250–3257.  

(22) Chen, H.; Gao, L.; Liu, X.; Wang, G.; Li, S. B(C6F5)3 ‐Catalyzed Hydroarylation of 

Aryl Alkynes for the Synthesis of 1,1‐Diaryl and Triaryl Substituted Alkenes. Eur. 

J. Org. Chem. 2021, 2021, 5238–5242.  

(23) Sun, J.; Zhang, W.; Song, R.; Yang, D.; Lv, J. Divergent Coupling of Ortho-

Alkynylnaphthols and Benzofurans: [4+2] Cycloaddition and Friedel–Crafts 

Reaction. J. Org. Chem. 2023, 88, 442–454.  

(24) Fu, L.; Niggemann, M. Calcium-Catalyzed Carboarylation of Alkynes. Chem. - Eur. 

J. 2015, 21, 6367–6370.  

(25) Walkinshaw, A. J.; Xu, W.; Suero, M. G.; Gaunt, M. J. Copper-Catalyzed 

Carboarylation of Alkynes via Vinyl Cations. J. Am. Chem. Soc. 2013, 135, 12532–

12535.  



Chapter 1 – Carbon–Carbon Bond-Forming Reactions via Vinyl Cation Intermediates   
 

28 

(26) Popov, S.; Shao, B.; Bagdasarian, A. L.; Benton, T. R.; Zou, L.; Yang, Z.; Houk, K. 

N.; Nelson, H. M. Teaching an Old Carbocation New Tricks: Intermolecular C–H 

Insertion Reactions of Vinyl Cations. Science 2018, 361, 381–387.  

(27) Biermann, U.; Metzger, J. O. Alkylation of Alkenes: Ethylaluminum 

Sesquichloride-Mediated Hydro-Alkyl Additions with Alkyl Chloroformates and 

Di- Tert- Butylpyrocarbonate. J. Am. Chem. Soc. 2004, 126, 10319–10330.  

(28) Biermann, U.; Koch, R.; Metzger, J. O. Intramolecular Concerted Insertion of Vinyl 

Cations into C–H Bonds: Hydroalkylating Cyclization of Alkynes with Alkyl 

Chloroformates To Give Cyclopentanes. Angew. Chem. Int. Ed. 2006, 45, 3076–

3079.  

(29) Jin, T.; Himuro, M.; Yamamoto, Y. Brønsted Acid-Catalyzed Cascade 

Cycloisomerization of Enynes via Acetylene Cations and Sp3-Hybridized C−H 

Bond Activation. J. Am. Chem. Soc. 2010, 132, 5590–5591.  

(30) Zhang, F.; Das, S.; Walkinshaw, A. J.; Casitas, A.; Taylor, M.; Suero, M. G.; Gaunt, 

M. J. Cu-Catalyzed Cascades to Carbocycles: Union of Diaryliodonium Salts with 

Alkenes or Alkynes Exploiting Remote Carbocations. J. Am. Chem. Soc. 2014, 136, 

8851–8854.  

(31) Wigman, B.; Popov, S.; Bagdasarian, A. L.; Shao, B.; Benton, T. R.; Williams, C. 

G.; Fisher, S. P.; Lavallo, V.; Houk, K. N.; Nelson, H. M. Vinyl Carbocations 

Generated under Basic Conditions and Their Intramolecular C–H Insertion 

Reactions. J. Am. Chem. Soc. 2019, 141, 9140–9144.  

 

 



Chapter 2 – a–Vinylation of Ester Equivalents via Main Group Catalysis for the 
Construction of Quaternary Centers   
 

29 

 

 

 

 

 

 

Chapter 2 

a–Vinylation of Ester Equivalents via Main Group Catalysis for the 

Construction of Quaternary Centers† 

 

2.1 INTRODUCTION 

All-carbon quaternary centers are critical structural motifs found in various natural 

products and pharmaceutical drug molecules.1 Along with increasing the structural 

complexity of molecules, these moieties have been shown to enhance the potency, 

selectivity, and metabolic stability of bioactive compounds targeted in drug discovery 

campaigns.1e For example, Mould and coworkers showed in the development of reversible 

inhibitors for lysine specific demethylase 1 (LSD1), a histone that plays a role in cancers 

such as leukemia, that the introduction of a quaternary center to 106 to afford 107 more 

 
† Portions of this chapter have been adapted from Williams, C. G.; Nistanaki, S. K.; Wells, 
C. W.; Nelson, H. M. a-Vinylation of Ester Equivalents via Main Group Catalysis for the 
Construction of Quaternary Centers. Org. Lett. 2023, 25, 3591–3595. DOI: 
10.1021/acs.orglett.3c00535. Copyright © 2023 American Chemical Society. 
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than doubled the molecule’s potency towards its target, increased its half-life in mouse 

microsomes, and improved hERG inhibition liability (Scheme 2.1).2  

 

Scheme 2.1. Enhanced pharmacokinetics through installation of quaternary center. 

 

 

Despite these clear advantageous effects, the construction of quaternary centers is 

still a challenging synthetic problem due to the high steric environment they contain.3 

While enolate alkylation is a known strategy towards accessing quaternary centers, this 

approach is typically limited to the construction of C(sp3)–C(sp3) bonds, with few examples 

of Michael-type additions of 1,3-dicarbonyl compounds into activated alkynes reported.4 

Moreover, various transition metal-catalyzed methodologies have been developed to form 

C(sp3)–C(sp2) bonds to access products of type 108 through cross-coupling of aryl and 

alkenyl electrophiles (109) with enolate equivalents (110) (Scheme 2.2).5 Many of these 

include a-vinylation or a-arylation of ketone enolates or their derivatives using transition 

metals, such as palladium, nickel, copper, or ruthenium.6 In particular, a-vinylation of 

enolate equivalents is a powerful approach towards accessing b,g-unsaturated carbonyl 
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motifs, which are prevalent in bioactive natural products and medicines (112 and 113, 

Scheme 2.3).7  

 

Scheme 2.2. Transition metal-catalyzed a-vinylation of enolates. 

 

 

Scheme 2.3. Examples of bioactive molecules with a-vinylated carbonyl motifs. 

 

 

While useful, two drawbacks of current catalytic a-vinylation methods exist: (1) the 

requirement of transition metal catalysts that can encompass laborious ligand syntheses 

and (2) limitations in constructing sterically-congested motifs via the use of fully-

substituted alkenyl electrophiles.5a,6a,6d Zaid and coworkers reported a transition metal-free 

method using stoichiometric base for accessing a-vinylated carbonyl compounds, though 

the scope of this reaction was limited to minimally substituted styrenes.8 Despite the 
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the use of less substituted vinyl electrophiles.6a,c,d,f Therefore, there is a clear need for new 

methods to access a-vinylated quaternary centers bearing fully substituted vinyl 

electrophiles. To note, tetrasubstituted olefins are attractive functional groups in the 

pharmaceutical industry as they are present in bioactive molecules, such as the anti-cancer 

agents tamoxifen and etacstil.9 In analogy to well-established enolate alkylation chemistry 

and precedent from stoichiometric flash photolysis studies performed by Mayr10, it was 

hypothesized that catalytically generated electrophilic vinyl carbocations (115) from 114 

could be directly trapped by enolate equivalents (116) to form a-vinylated carbonyl 

compounds (117) (Scheme 2.4). Mild catalytic methods for the generation of vinyl cations 

 from vinyl sulfonates have been reported recently using lithium/weakly coordinating 

anion (WCA) salts as the catalyst11, which are significantly less expensive than transition 

metals used in previous a-vinylation methods.12 Moreover, given that increased 

substitution of vinyl sulfonates enables more facile ionization, it was hypothesized that this 

approach would allow for the generation of fully-substituted vinyl carbocations that could 

directly engage in a nucleophilic attack by enolate equivalents.13,14  

 

Scheme 2.4. a-Vinylation of enolate equivalents via vinyl carbocations. 
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Herein we report a main group-catalyzed a-vinylation reaction to construct highly 

congested quaternary centers fused to tetrasubstituted olefins. During the late-stage 

preparation of this manuscript, Chen and coworkers disclosed trapping vinyl cations with 

silyl enol ethers to access difluoromethylene-skipped enones utilizing squareamide 

additives; however, though complementary to this report, this method does not appear to 

enable access to the sterically congested motifs of interest to this study.15 

2.2 REACTION OPTIMIZATION 

With reaction conditions inspired by previous work11, initial studies commenced with 

exploring methyl ester silyl ketene acetal 116a and vinyl tosylate 114, and gratifyingly, the 

desired product (117a) was observed using 10 mol% [Li]+[B(C6F5)4]– with 1.5 equivalents 

of LiHMDS in o-DFB solvent with a 45% yield (Table 2.1, entry 1). We elected to utilize 

vinyl tosylates as the vinyl cation precursor because they are bench-stable, crystalline 

solids that could tolerate full substitution on the olefin and electron-rich aromatic moieties, 

thereby expanding the scope of substrates that could be employed.11,14,16 The reaction in 

other solvents, such as o-DCB and cyclohexane, was not as efficient (entries 2–3), but 

when the reaction was performed in PhCF3, a 45% yield was also obtained (entry 4). 

Product was not observed when the reaction was performed without [Li]+[B(C6F5)4]– 

catalyst (entry 5), but an increase in yield was observed by omitting the use of base (entry 

6). Interestingly, in previous studies from our group, a stoichiometric lithium base was 

required for catalyst turnover.11,14 The yield was further improved by doubling the 

equivalents of 116a (entry 7). Other alkoxy groups on the silyl ketene acetal were also 

briefly surveyed, and it was found that using ethyl ester derived silyl ketene acetal 116b 
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resulted in an improvement in yield (entry 8). However, by implementing a bulkier 

isopropyl variant (116c), a significant drop in yield was observed, likely due to Lewis acid-

mediated dealkylation of the silyl ketene acetal and product, supported by mass 

spectrometry experiments (entry 9).  

 

Table 2.1. Reaction optimization. 
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diminished from the NMR yield obtained previously (Table 2.1, entry 8). Notably, 

tetrasubstituted olefins could be constructed, and this methodology tolerates substitution at 

the vinyl tosylate olefin to access various structures (119a and 119b). More electron-rich 

vinyl tosylates (118c and 118d) were also tolerated, furnishing products 119c and 119d in 

good yields. The scalability of the reaction was demonstrated by isolating 119c in 78% 

yield on a 1.0 mmol scale. Biphenyl product 119e was also isolated in good yield. 

Brominated and iodinated substrates (118f and 118g) were also compatible with the 

reaction conditions, delivering vinylation products 119f and 119g, albeit in slightly 

diminished yields. Current organometallic methods to access a-vinylated carbonyl 

compounds often rely on the use of palladium and nickel, which are typically incompatible 

with aryl halides.  

 

Scheme 2.5. Scope of vinyl tosylates.a 
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2.3.2 Scope of Silyl Ketene Acetals 

Upon exploration of the vinyl cation precursor, the silyl ketene acetal coupling 

component was also investigated (Scheme 2.6). Products arising from the a-vinylation of 

methoxy dimethyl silyl ketene acetal 116a were isolated in moderate yields (117a and 

122a).  Moreover, it was found that unsymmetrical silyl ketene acetals 120a and 120b 

afforded products 122b and 122c in good yields (70% and 69%, respectively), notably with 

122c possessing a bulky benzyl substituent on the newly formed quaternary center. 

Additionally, a silyl ketene acetal bearing a cyclic cyclopentyl moiety (120c) was also 

competent in the reaction, which resulted in the formation of product 122d in 40% yield. 

These types of sterically encumbered scaffolds (tetrasubstituted olefin fused quaternary 

centers) are challenging to construct in a concise and catalytic manner, making this a useful 

method for the construction of a-vinylated quaternary centers. In addition to fully 

substituted silyl ketene acetals, trisubstituted variants (120d and 120e) also proved 

successful in this reaction, leading to products 122e (75% yield) and 122f (58% yield). A 

phenyl substituent on the silyl ketene acetal (120f) delivered 122g, albeit in diminished 

yield. It is important to note that products 122e–g are isolated without olefin isomerization 

to the corresponding a,b-unsaturated ester.  
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Scheme 2.6. Scope of silyl ketene acetals.a 

 

 

2.4 MECHANISTIC STUDIES 

A proposed catalytic cycle is shown in Scheme 2.7. A Lewis acidic Li-based initiator 
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TMSOTs (127). 
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bYield determined by 19F NMR using C6F6 as an internal standard.
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Scheme 2.7. Proposed catalytic cycle for a-vinylation of silyl ketene acetals.  
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absence of a base (Scheme 2.8B). Finally, replacing 118b with the corresponding 

isobutyrophenone (129) did not lead to the desired product (119b) and only starting 

material was recovered, further supporting the proposed mechanism (Scheme 2.8C). 
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