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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.! In recent years, a subset of carbocations known as vinyl carbocations
have shown their utility as powerful intermediates to forge C-C bonds.> 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.? 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.*!? 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: /)
ionization of vinyl leaving groups through solvolysis or Lewis acid abstraction, 2)
decomposition of a-diazo-f-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 Brensted 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.

A) Relative rates of solvolysis of cyclic vinyl triflates
OTf OTf oTf oTt OTf OTf
Vs
> > >
1 2 3 4 3 5

ke 3.4 32x10"  3.0x10% 1.1x105 Kef 1 10

B) Ring contraction of 2-substituted vinyl triflate

(0}
o ® ring ® /
60% aq EtOH contraction Hz0
[ ] — —_ —_—
125 °C \@
5 6 7 8
50% yield

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.'?
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 viny] 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
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transient and unstable intermediates.'* 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-B-hydroxy esters (9a—c) with boron trifluoride etherate
(Scheme 1.2).!° 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-B-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-B-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-p-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 10¢ followed by ring contraction of

11c.

Scheme 1.2. Pellicciari: rearrangements of destabilized vinyl cations.
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N, CO,Et CO.Et
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cozEt BF3' OEIZ Ph . Ph
benzene
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via vinyl cation 2 via allyl cation
cyclohexane:
N CO,Et
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CO,Et .
2 BF5- OEt, Ph
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More recently, Brewer and coworkers disclosed a study measuring the migratory
aptitude of similarly destabilized vinyl cation intermediates, generated through the

decomposition of a-diazo-f-hydroxy ketones (17) by the Lewis acid B(CsFs)3, that gave rise
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to products 18 and 19 (Scheme 1.3).!%!7 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 #-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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These examples by Schleyer, Pellicciari, and Brewer highlight the ability of vinyl

cations to undergo C—C bond-forming rearrangements, which is ultimately driven by the
formation of more stable vinyl cation intermediates. The resulting more stabilized vinyl

cation is then trapped with solvent or proceeds through intramolecular C—H insertion.

1.2.2 Friedel-Crafts Reactivity

Similar to tricoordinate carbocations, vinyl cations are also known to undergo reactions

with arenes via a Friedel-Crafts mechanism. Since the early 1970s, various methods,
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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.!® 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.!®!” 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—
¢) in the presence of 2,6-di-fert-butyl-4-methylpyridine (25) at 120 °C, 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 26¢, 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.

26a-c
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24a-c

If the resulting vinyl cation could make a stable allene or alkyne product via Ei-type
pathways, arylation was not observed. For example, trimethyl vinyl triflate 27 led to no
formation of arylated product 28 (Scheme 1.5). Instead, it yielded what the authors
described as a tar-like material as a result of facile deprotonation of the vinyl cation
intermediate (29) to form the corresponding allene (30) that readily underwent

polymerization at elevated temperatures.

Scheme 1.5. Stang: trialky! vinyl triflate fails to undergo arylation reaction.

ot 80-150 °C
)\( + )\r
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24b 28
0% yield
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Zﬁ/ 30
unstabilized allene prone to
vinyl cation polymerization

The rates of solvolysis in polar media that were previously discussed for cyclic vinyl
triflates (Scheme 1.1)!* are also consistent for solvolysis in arene solvent. For example, 7-

and 8-membered cyclic vinyl triflates (1 and 2) yielded products 32 and 33, but the 6-
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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 10* times slower than

the 7-membered variant (2).

Scheme 1.6. Stang: solvolysis of cyclic vinyl triflates in anisole.

e AR

1-3 24a 31 33
Bu 0% yield 30% y/e/d 21% yield

Up until this point in the chapter, much of the solvolysis studies discussed have been
focused on generating vinyl cations from vinyl triflates. However, Okuyama and coworkers
have demonstrated that vinyl cations can also be generated through solvolysis of vinyl
iodonium salts under milder conditions (Scheme 1.7).2° For example, by subjecting phenyl
vinyl iodonium 34 to aqueous alcohol solvent at temperatures between 25-50 °C, products
35 and 36 were formed. Similar to the previously discussed solvolysis reactions,
cyclohexanone 35 was produced as a result of alcohol or water solvent trapping the resulting
vinyl cation, followed by hydrolysis upon workup. Yields were rather low when the reaction
was performed in ethanol or methanol solvent, but by moving to trifluoroethanol, 36 was
observed in 37% yield, where the ortho isomer was largely favored compared to the meta or
para isomers. This observed selectivity contrasts with traditional Friedel-Crafts reactions
where the para isomer is typically the major product.'®!® The authors attributed this product

ratio to an intimate ion pair between the vinyl cation intermediate and the iodoarene after
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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.

§F4 ﬁa/@ e i | O IT/@
© 50 °C @ ' ‘ é

34 . 36 . ortho isomer
vinyl(phenyl)iodonium 56% yield 37% yield favored
salt 88:3:9 (0: m:p)

Next, acid-catalyzed Friedel-Crafts reactions of vinyl cations generated from alkynes
will be discussed. Ponra and coworkers have reported a Bronsted acid-catalyzed reaction to
access substituted naphthalene products (39) through the coupling of aldehydes (37) with
alkynes (38) (Scheme 1.8).2! This intermolecular reaction first involves activation of an
aldehyde through protonation by the Brensted acidic Tf2NH, and then the alkyne (38)
coupling partner adds into the activated oxocarbenium (40), furnishing vinyl cation 41. The
resulting vinyl cation (41) is then poised to undergo an intramolecular Friedel-Crafts reaction
to form the fused-ring core (42). Dehydration of the alcohol results in product formation (39)
and generation of the Bronsted acid catalyst. These mild reaction conditions allow for the

formation of a variety of substituted naphthalene products in good yield.
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Scheme 1.8. Ponra: acid-catalyzed intermolecular coupling of aldehydes and alkynes.
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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).2* Here, the proposed mechanism begins with the activation
of alkynes with a Sc(OTf); 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.

RZ
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48 49 50
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A similar intramolecular carboarylation of alkynes has also been reported by
Niggemann and coworkers using a Lewis acidic Ca(NTf), catalyst (Scheme 1.11).2* The
proposed mechanism begins with the loss of hydroxide from phenylethanol 51 by the catalyst
to form a benzylic secondary carbocation 52. The alkyne coupling partner (53) then adds into
the electrophilic carbocation intermediate. This addition results in the formation of a vinyl
cation (54), which can then proceed through intramolecular Friedel-Crafts to form the
observed product (55). The authors demonstrated this reaction on a variety of substituted

coupling partners.
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Scheme 1.11. Niggemann: carboarylation of alkynes.
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Gaunt and coworkers have also developed copper-catalyzed alkyne carboarylation
reactions (Scheme 1.12).2° Here, an aromatic electrophile is generated through activation
of diaryliodonium salt 56 with catalytic CuCl to form Cu species 57. The alkyne partner
(58) then reacts with the electrophilic arene. The resulting vinyl cation proceeds through
intramolecular Friedel-Crafts to form the substituted naphthalene products (59) in good

yield.

Scheme 1.12. Gaunt: alkyne addition to Cu—aryl electrophile and cyclization.
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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
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anion (60) abstracts a triflate from vinyl triflate 3 to generate Et;SiOTf (61) and the resulting
vinyl cation (62) (Scheme 1.13).2° 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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As shown, products 69-73 can be generated from strained, cyclic vinyl triflates (3, 4

and 67), as well as acyclic vinyl triflate 68 (Scheme 1.14).26 This is in contrast to the
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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. !

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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In summary, various Friedel-Crafts reactions of vinyl cations have been discussed.
These include stoichiometric solvolysis reactions, as well as methods that have been
developed to generate vinyl cations from alkynes. Lastly, recent work by Nelson and
coworkers was briefly discussed, which utilizes a Lewis acidic silylium species to abstract
a triflate, resulting in the formation of a reactive vinyl cation that can react with arenes via

a Friedel-Crafts mechanism.

1.2.3 C-H Insertion Reactions of Vinyl Cations

In addition to Friedel-Crafts reactions, vinyl cations have also been demonstrated to

undergo insertion reactions into C—H bonds, either in a stepwise or concerted fashion. This
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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 EtsAlbCls to alkyl chloroformate 74 generated isopropyl cation 75, which can
then add across alkenes and be subsequently reduced to the alkane product.?’ 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 SiEt;H, cyclopentane product 80 was isolated with little formation
of the desired hydroalkylation product 78 (Scheme 1.15).2® 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: Bronsted acid-catalyzed cyclization reaction.
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It was not until decades after the initial discovery of vinyl cations that catalytic
platforms involving these intermediates were developed to construct C—C bonds. One of the
early examples was disclosed by Yamamoto in a Brensted acid-catalyzed cyclization
reaction of cyclic and acyclic enynes (81) to form bicyclic products (82) (Scheme 1.16).%°
The proposed reaction begins with the protonation of an alkene from catalytic TfOH or
THHNH to form intermediate 83. Then, the attack of the tertiary carbocation by the alkyne
proceeds, which forms vinyl cation 84. From vinyl cation 84, two mechanistic pathways are
proposed. The authors suggest that the C—H bond of the terminal isopropyl fragment is
activated by the Brensted counter anion, which is key to a concerted deprotonation and C—C
bond-forming pathway to form the kinetically-favored 5S-membered ring. Moreover, this also
regenerates the Bronsted acid catalyst. However, the authors do not rule out an alternative,
rebound-type mechanism. Upon the formation of vinyl cation 84, a 1,5-hydride shift can

occur, forming tertiary carbocation 85. The addition of the alkene to the carbocation can then
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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(sp*)-H bond via Brensted 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).2° 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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To probe the C—H insertion mechanism, enantioenriched alkyne 89 was prepared and
subjected to the reaction conditions (Scheme 1.18). The desired cyclopentene product 90
was obtained with 95% ee. With this result, the authors suggested that a concerted C-H
insertion was proceeding, similarly to the proposed pathway described by Metzger and
coworkers. If a rebound-type pathway was operative, a 1,5-hydride shift would have

destroyed the stereocenter by forming a tertiary carbocation. Since this was not the case, a
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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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As previously mentioned in section 1.2.2, in 2018, Nelson and coworkers disclosed
that vinyl cations could be generated through the ionization of vinyl triflates by a Lewis
acidic silylium species paired with a WCA.?¢ In addition to the discussed Friedel-Crafts
reactivity, Nelson and coworkers also demonstrated that the vinyl cation intermediates can
react with unactivated C(sp’)-H bonds of hydrocarbons (Scheme 1.19). After the vinyl cation
62 is formed, a 1,1-C—H insertion event with hydrocarbons, like cyclohexane (93), can occur
to furnish a secondary cation intermediate (94). A hydride shift can then proceed to form the
more stable tertiary cation (95), which is then reduced by Et3SiH (65) to form the final

product (96) and regenerate the active Lewis acid catalyst.
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Scheme 1.19 Nelson: catalytic cycle for hydrocarbon C—H insertion reactions.
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Scheme 1.20. Nelson: examples of C-H insertion reactions.
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As shown in Scheme 1.20, C-H insertion of cyclohexane forms bicyclohexyl 96 in
87% yield at room temperature. Additionally, intramolecular transannular C—H insertions
can also be performed. Cyclooctenyl vinyl triflate 1 yielded bicyclo[3.3.0]octane 97 in 91%

yield.?® These results demonstrate a powerful approach towards C—H functionalization of
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hydrocarbon molecules by utilizing reactive vinyl cation intermediates, which can react with
inert C(sp®)-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).3! 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

condlitions.
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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 Bronsted 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.

oTf
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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.
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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.! 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.'® 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

T 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.
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Despite these clear advantageous effects, the construction of quaternary centers is
still a challenging synthetic problem due to the high steric environment they contain.?
While enolate alkylation is a known strategy towards accessing quaternary centers, this
approach is typically limited to the construction of C(sp®)—C(sp®) bonds, with few examples
of Michael-type additions of 1,3-dicarbonyl compounds into activated alkynes reported.*
Moreover, various transition metal-catalyzed methodologies have been developed to form
C(sp*)-C(sp®) bonds to access products of type 108 through cross-coupling of aryl and
alkenyl electrophiles (109) with enolate equivalents (110) (Scheme 2.2).> 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.® In particular, a-vinylation of

enolate equivalents is a powerful approach towards accessing f3,y-unsaturated carbonyl
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motifs, which are prevalent in bioactive natural products and medicines (112 and 113,

Scheme 2.3).”

Scheme 2.2. Transition metal-catalyzed a-vinylation of enolates.
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Scheme 2.3. Examples of bioactive molecules with a-vinylated carbonyl motifs.
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While useful, two drawbacks of current catalytic o.-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.’*%*%¢ 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.® Despite the
existence of the above-mentioned transition metal methodologies, reports of forming

quaternary centers via a-vinylation of carbonyl compounds are limited and often rely on
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the use of less substituted vinyl electrophiles.®®%f Therefore, there is a clear need for new
methods to access o-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.” In analogy to well-established enolate alkylation chemistry
and precedent from stoichiometric flash photolysis studies performed by Mayr!?, it was
hypothesized that catalytically generated electrophilic vinyl carbocations (115) from 114
could be directly trapped by enolate equivalents (116) to form o-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 catalyst!!, which are significantly less expensive than transition
metals used in previous a-vinylation methods.!?> 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.!3:!4

Scheme 2.4. o-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. '

2.2 REACTION OPTIMIZATION

With reaction conditions inspired by previous work'!, 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(CesFs)4]” with 1.5 equivalents
of LIHMDS in 0-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.!!!*16 The reaction in
other solvents, such as 0-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(CsFs)s]
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

IL14 The yield was further improved by doubling the

required for catalyst turnover.
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.

OTMS OTs [LiI*[B(CgF5)4]~ (cat.) o
LiHMDS (X equiv) I
RO X + S > RO
solvent (0.1M)
F 70°C, 12h F
116a, R = Me 117a, R = Me
116b, R = Et 114 117b, R = Et
116¢c, R = iPr 117c, R = iPr
Entry  Catalyst LiHMDS 116 Solvent R Yield?® (%)
1 10 mol% 1.5 equiv 1.5 equiv o-DFB Me 45%
2 10 mol% 1.5 equiv 1.5 equiv o-DCB Me 28%
3 10 mol% 1.5 equv 1.5 equiv CyH Me 25%
4 10 mol% 1.5 equiv 1.5 equiv PhCF3 Me 45%
5 0 mol% 1.5 equiv 1.5 equiv PhCF3 Me 0%
6 10 mol% 0 equiv 1.5 equiv PhCF4 Me 56%
7 10 mol% 0 equiv 3 equiv PhCF3 Me 62%
8 10 mol% 0 equiv 3 equiv PhCF3 Et 64%
9 10 mol% 0 equiv 3 equiv PhCF3 iPr 36%

aYjelds determined by 9F NMR using CgFg as an internal standard. OTs, para-toluenesulfonate; o-DFB,
1,2-difluorobenzene; o-DCB, 1,2-dichlorobenzene; CyH, cyclohexane.

2.3 INVESTIGATION OF SCOPE

2.3.1 Scope of Vinyl Tosylates
With the optimized reaction conditions in hand, various vinyl tosylates (114, 118a—
g) were studied for the a-vinylation reaction using ethoxy dimethyl silyl ketene acetal 116b

(Scheme 2.5). a-Vinylated product 117b was isolated in a 50% yield, which was
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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 (118¢ and 118d) were also tolerated, furnishing products 119¢ and 119d in
good yields. The scalability of the reaction was demonstrated by isolating 119¢ 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.*

oTMS OTs . o AR
~ SR [Lil*[B(CgF5)4l (10 mol%) |
EtO + Ar > EtO Ar
R PhCF3 (0.1M)
70-100 °C
116b 114, 118a-g 117b, 119a—g
i1 0 P P
Et0 | EtO Ph EtO Tol
E EtO Ph
117b, 50% yield (64% yield)? 119a, 82% yield 119b, 72% yield 119¢, 78% yield®
(1.0 mmol scale)
(o] (o]
(o] | | (o]
| EtO EtO |
EtO EtO
Ph Br
Bu |
119d, 91% yield 119e, 87% yield 119f, 42% yield 1199, 69% yield

alsolated yield after column chromatography on 0.20 mmol scale with 3 equiv of silyl ketene acetal unless otherwise noted. °Yield
determined by '°F NMR using C4F; as an internal standard. °Reaction performed on 1.0 mmol scale.
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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
122¢ 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 o, -unsaturated ester.
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Scheme 2.6. Scope of silyl ketene acetals.*

OTMS OTs o NP
S _R? SR [LiI*[B(CgF5)4l” (10 mol%) |
R3O + Ar — > o Ar
RZ R P h F 3 01M 2 2
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1] Q 1]
o I
MeO | EtO Tol MeO
E MeO Ph npy Bn oMe
117a, 42% yield (62% yield)? 122a, 80% yield 122b, 70% yield 122¢, 69% yield
o o] o o]
| | | I
EtO Tol EtO Tol EtO Ph EtO Tol
"By Ph
122d, 40% yield 122e, 75% yield 122f, 58% yield 1229, 27% yield

3Isolated yield after column chromatography on 0.20 mmol scale with 3 equiv of silyl ketene acetal unless otherwise noted.
bYield determined by '®F NMR using C¢Fg as an internal standard.

2.4 MECHANISTIC STUDIES

A proposed catalytic cycle is shown in Scheme 2.7. A Lewis acidic Li-based initiator
(Li-WCA, 123) undergoes initial ionization of the vinyl tosylate (118b), forming vinyl
cation 124 and LiOTs (125).!! Then, nucleophilic attack by silyl ketene acetal 116b occurs,
forming oxocarbenium 126, forging a new C—C bond and quaternary center. Since a
stoichiometric lithium base is not required to obtain the desired product by turning over the
catalytic cycle (Table 2.1), an in situ generated silyl Lewis acid is postulated to
subsequently ionize 118b to propagate the catalytic cycle to form vinyl cation 124 and

TMSOTSs (127).
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Scheme 2.7. Proposed catalytic cycle for a-vinylation of silyl ketene acetals.
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To probe whether the reaction could be catalyzed by silylium (instead of lithium),
silyl ketene acetal 116a and vinyl tosylate 114 were subjected to silylium/WCA by mixing
catalytic [PhsC]*[B(CesFs)s]” with silane, leading to in situ silylium generation via the
Bartlett-Condon-Schneider hydride transfer reaction.!” This delivered the vinylated
product 117a, albeit in a lower yield (Scheme 2.8A). This suggested that lithium is not
needed for catalysis and supports that in sifu silylium generation is a likely operative
pathway for this reaction. Attempts to replace the silyl ketene acetal with its corresponding
ester (128) were unsuccessful, as the desired product was not observed in the presence or
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).






