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ABSTRACT OF THE DISSERTATION

Discovery and Mechanistic Insights of Main-Group
Catalyzed C—H Functionalization Reactions of

Dicoordinate Carbocations

by

Brian Shao
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2019

Professor Hosea M. Nelson, Chair

This dissertation focuses on the discovery and developments of novel carbon—carbon (C—
C) bond forming reactions through dicoordinate carbocation intermediates. Chapter one provides
a brief introduction into the known reactivity of relevant aryl and vinyl carbocations. In
particular, C—C bond forming transformations will be the main focus of this discussion.

Our experimental work begins with the account of serendipitous discovery of
intermolecular C—H insertion reactions of an aryl cation intermediate. We detail the reactivity-
driven nature of our initial hypothesis and its development into a novel hydrocarbon arylation
methodology. It was demonstrated that ortho-silylated aryl fluorides can be used as precursors

for generating aryl cations capable of C—H insertion. The insertion chemistry exhibits inherent
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terminal selectivity in linear alkanes and is capable of activating one of the most challenges C—H
bonds in methane.

Subsequently, we followed the reactivity of our aryl cations to other dicoordinate
carbocations as in vinyl cations. Utilizing a similar strategy hinged upon the use of silylium—
weakly coordinating anion catalysis, vinyl cations were found to also undergo intermolecular
insertion into sp> C—H bonds. Here, we establish a reductive coupling process between vinyl
triflates and various hydrocarbons. Extensive deuterium labeling studies also helped to uncover
key features of the dicoordinate carbocation insertion mechanism. A detailed account of our
hypotheses in establishing our mechanistic probe experiments is reported.

In efforts to bring our new methodology to a more broadly applicable chemical space, we
were determined to further develop our system for heteroatom compatibility. Our progress has
culminated in a new mode of generation for vinyl cations under highly basic conditions, and
results in the C—H insertion reactions in the presence of a wide variety of heteroatom-containing
substrates. In these studies, 3-substitued cyclooctenyl vinyl triflates was a substrate class used to
highlight the increased functional group tolerance of our new method. Utilization of lithium-
weakly coordinating anions has allowed entry for our dicoordinate carbocation insertion

chemistry into applications such as fine chemical syntheses.
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CHAPTER ONE

Fundamental Reactivity of Dicoordinate Carbocations

1.1 Abstract

Herein an overview of classically known reactivities of dicoordinate carbocations is
discussed. Emphasis is given to C—C bond forming transformations reported in the literature of
relevant aryl and vinyl cations. As early as the 1930s, Mascarelli and co-workers disclosed the
first C—C bond forming reaction of a putative aryl cation intermediate. Jacob and co-workers
presented the first proposal of a vinyl cation intermediate in the 1940s. From these findings,
nearly a century of mechanistic studies and methodology developments have been conducted on
these dicoordinate carbocations. In modern examples, the groups of Siegel and Reed disclosed
the use of weakly coordinating anions (WCAs) to help tame the reactivity of these otherwise

promiscuous intermediates.

1.2 Introduction

As synthetic chemists, much of what we understand in organic chemistry and synthesis
can be attributed at least in part to developments in carbocation chemistry. The importance of
carbocations was recognized through the Nobel Prize, given to Olah in 1994 for his work in
studying these reactive intermediates.’ Olah’s work, in combination with developments built
upon the seminal works of those involved in the field such as Meerwin, Ingold, Hughes, Bartlett,
Schleyer and others, helped to shape our understanding of carbocations as retrons in classic
transformations such as nucleophilic substitution and elimination reactions.”’ It would be remiss

not to also mention the independent studies performed by Norris, Kehrmann and Baeyer on the
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formation of the triphenylmethyl cation in 1901.% '

These examples in carbocation chemistry
share the resonance and/or hyperconjugation stabilization present in more traditional
tricoordinate carbocations. However, in the case of dicoordinate carbocations, the lack of these
types of stabilization effects has limited methodological and conceptual advancements with

11,12

respect to their trivalent counterparts. This is especially true for the highly reactive phenyl

and vinyl cations.

As a reactivity-driven catalysis group, we were intrigued with the prospect of
investigating reactive intermediates as a starting point in our search for new discoveries. We
were particularly inspired by the classic reactivity studies conducted on aryl and vinyl cations.
Given that developments in this area were quite rare, a clear path for a unique research program
began to present itself through the application of these fundamental studies towards novel
catalytic methodologies. Herein, a close examination into the documented reactivity profiles of
these dicoordinate cations will shed light on the design and approach of the Nelson lab to
carbocation chemistry. Moreover, this chapter will do more to both focus on both C—C bond
forming reactions of dicoordinate carbocations, and to help highlight the contrast of

developments from the Nelson lab in the ensuing chapters.

1.3 Aryl Cations

Phenyl cations have been the subject of nearly a century of theoretical and experimental
studies. Due to their high-energy profiles and promiscuous reactivity, many early studies of the

phenyl cation were conducted on simple solvolysis and decomposition product experiments



involving aryl diazonium salts. Contemporary C—C bond forming developments employing the

use of phenyl cations will also be discussed.
1.3.1 Mascarelli’s Phenyl Cation

Scheme 1.1 Mascarelli’s Fluorene Synthesis

S}
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1.1 1.2

One of the earliest examples implicating the intermediacy of a phenyl cation able to
engage in a C—C bond forming transformation can be traced back to Mascarelli (Scheme 1.1). In
1936, Mascarelli described the thermolysis reaction of an aryl diazonium salt 1.1 that led to
formation of fluorene 1.2." This report spawned a decades-long debate as to the mechanism at
play for this unusual reaction.'* While numerous proposals were offered over the years, the most

. .. . . 15-17
pervasive mechanistic proposals are shown in Figure 1.1.

Figure 1.1 Proposed Intermediates in the Mascarelli Reaction

e} H=X

1.3 1.4 1.5
Cohen et al. Fields et al. Heaney et al.
1,5-H shift deprotonation  carbonium species

Following loss of nitrogen at elevated temperatures, Cohen and co-workers proposed an
intramolecular 1,5-hydride shift leading to generation of intermediate 1.3."° Fields and co-

workers very quickly offered a rebuttal to the initial mechanistic proposal. In Fields’ proposed



mechanism, generation of a putative phenyl cation would polarize the pendant benzylic C—H
bond to yield a zwitterionic intermediate 1.4 upon deprotonation.'® This intermediate is then
believed to furnish the final fluorene product. It would not be until a decade later that Heaney
and co-workers would offer new speculations on this reaction pathway. Following the exquisite
carbocation studies conducted by Olah and the great classical vs. nonclassical cation debate of
the 20™ century, Heaney proposed the intermediacy of a nonclassical pentacoordinate carbonium
species (1.5) to explain the transformation reported by Mascarelli.'” While this result received
little attention in its initial application towards novel synthetic methods, these studies served as
invaluable inspiration to more recent aryl cation studies, including our own, as will be discussed

later in this document.

1.3.2 Phenyl Cations In Other Dediazoniation Reactions

While the Mascarelli reaction was certainly an important early advancement in the field
of aryl cation study, many developments in the reactivity of arenediazonium ions have been
made since this seminal report. As an arylating agent, diazonium salts have also been used in
heterolytic biaryl synthesis since the late 1800s.'® The Gomberg-Bachmann reaction was a large
advance in this realm, but the mechanism of this classic transformation has been widely outlined
to proceed through an aryl radical pathway (Scheme 1.2)."” On the other hand, conditions
reported by several groups utilizing certain benzenediazonium salts demonstrate a heterolytic
substitution mechanism when biaryl products were not observed.”>** With increasing evidence
being presented in 1970s, phenyl cations became an increasingly accepted intermediate in the

community for dediazoniation reactions. Lead investigators including Zollinger, Swain, and



202 1t was found that

Lewis were among many of the pioneers during this time.
benzenediazonium precursors (1.6) undergo a unimolecular process of N, loss to generate a

phenyl cation (1.7) with highly indiscriminate reactivity (Scheme 1.3).

Scheme 1.2 Proposed Mechanism of the Gomberg-Bachmann Reaction
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In the presence of various alcohol solvents, oxides, weak nucleophiles and carbon
monoxide, generated phenyl cations were shown to react with rates ranging from 10 to 10”s™ >
Various aryl products (1.9 to 1.11) have been reported in analogous dediazaoniation reactions. A
notable example in the context of C—C bond formation was a report by Zollinger and co-workers,
detailing the reversibility of phenyl cation generation and its ability to give acyl ion 1.8 under

high pressures of carbon monoxide.”” The acyl ion is then converted to benzoate 1.9 in the

presence of 2,2,2-trifluoroethanol (TFE) solvent conditions.



1.3.2 Direct Solvolysis of Aryl Triflates

While the early mode of generation for aryl cations were performed on diazonium salts,
substrates with other highly reactive leaving groups were also explored. Aryl triflates were
among the most successful precursors beside diazonium salts for the study of phenyl cations
under solvolysis conditions. Although initial triflate derivatives failed to yield productive
evidence for phenyl cation generation, Sonoda and co-workers were able to utilize the B-silicon
effect to great success in their phenyl cation studies (Scheme 1.4). Taking into account the
elegant theoretical investigation of Apeloig and Arad, trimethylsilylated aryl triflate derivatives

24,25

were reacted in TFE solutions to study aryl cation reactivity. Here, 2,6-substituted silyl

triflates 1.12 were shown to undergo an Sx1 mechanism to yield various ethers (1.16), thioethers
(1.14) and benzoates (1.15) aligned with the results of previous dediazoniation reactions.*’

Scheme 1.4 Solvolysis of Aryl Triflates
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The report by Sonoda also examined ortho tert-butyl derivatives (1.17) in aryl triflate
solvolysis reactions (Scheme 1.5). In this system, the observed products 1.20 to 1.22 suggests the
possibility of a 1,4-hydride shift occurring after formation of phenyl cation 1.18, followed by a
1,2-aryl shift to cation 1.19.*° The authors note that two factors are crucial for effective
solvolysis of aryl triflates: (1) stabilization via hyperconjugative effects and (2) relief of steric
strain by release of the triflate group.*

Scheme 1.5 Solvolysis of 2,6-substituted Aryl Triflates
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1.3.3 Photolytic Generation of Aryl Cations and the Singlet Phenyl Cation

Scheme 1.6 C—H Insertion of Aryl Cation Observed by Albini
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Near the turn of the 20™ century, a new renaissance of aryl cation reactivity studies was

initiated through reported works by Albini, Fagnoni, Olah and others.**** Albini and co-workers



discovered a unique mode of phenyl cation generation through photolytic methods.*® Irradiating
(A > 310nm) aryl fluoride derivative 1.23 yielded a surprising cyclization product 1.24 in minor
amounts (Scheme 1.6). The proposed mechanism of this transformation begins with heterolytic
loss of F~ after initial excitation to 1.23*. Here, the aryl cation 1.25 is believed to exist also in a
carbene resonance form (1.26), a proposed rationale for the observed C—H insertion reactivity
(Scheme 1.7).%°

Scheme 1.7 Rationalization of C—H Insertion Reactivity
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In the years following Albini’s report of photogenerated singlet phenyl cations, insightful
computational reports have also helped to validate and expand on the findings of this initial
study. Harvey and Aschi elaborated on calculated stable spin states of a number of para
substituted aryl cations to be the singlet state.”” Olah and co-workers found that ortho silylation
of parent benzene diazonium species can lower the overall energetics of aryl cation formation by
almost 14 kcal/mol for each ortho substitution.”” From this trend, the authors suggest that loss of
N, from 2,6-bis(trimethylsilyl)benzene diazonium species 1.27 could be spontaneous to yield
singlet aryl cation 1.28 (Scheme 1.8).

Scheme 1.8 Energetics of Bis-silylated Benzenediazonium in Aryl Cation Formation

®

N, 9
TMS\©/TMS ™S ™s
@

A H = 1.8 kecal/mol

1.27

1.28

2



1.3.4 Aryl Cations Paired With Weakly Coordinating Anions

Recent advancements in phenyl cation chemistry involve the ionic pairing of weakly
coordinating anions (WCAs). While not discussed in this document, there are numerous sources
available for comprehensive reviews on relevant WCAs.*® A key discovery by Reed and Siegel
showed that reacting highly Lewis acidic and fluorophilic silylium-carborane salts with
fluorobenzene yields isolable salts 1.29 and 1.30 (Scheme 1.9).°' Essential to the C—F bond
activation step is the enhanced Lewis acidity of silylium imparted by the exceptionally weakly
coordinating nature of the [HCB;Cl;;] anion. This allows for kinetically viable aryl fluoride
abstraction and is thermodynamically driven through the formation of a Si—F bond.

Scheme 1.9 Discovery of Phenylated Carborane Salts

[Et3Si]*[HCB4;Cly4]- PhF, 80 °C

—Et,SiF

[HCB1;Cly I

1.3 : 1, 80% yield

Upon isolation, chloronium salts 1.X and 1.X could then be subjected to a variety of
nucleophiles such as Et;N, PPh; and pyridine to generate phenylated products (1.31 to 1.33,
Scheme 1.10).”" In contrast to many of the previously reported studies on aryl cations involving
solvolysis in polar protic solvents, the ability to generate incipient phenyl cations in such

nonpolar media offered a new means to study these reactive intermediates in solution.



Scheme 1.10 Evidence for Phenyl Cation Reactivity

x©
X2 =[HCB;ClyI" ©)
O
idi _ 1.31
pyridine

C)

® X
1.29 and 1.30— 715 o @—PPhs 1.32

©

Et;N ® X

Subsequent to their collaborative work with Reed, Siegel and co-workers disclosed an

innovative catalytic method for C—C bond formation through aryl cation intermediates (1.35).*>
Here, intramolecular Friedel-Crafts reactions of fluoroarenes (1.34) allow for high yielding
generation of polyaromatic compounds (1.36), initiated by catalytic proton or silylium paired
WCAs and fueled by stoichiometric silane (Scheme 1.11). Moreover, this arene—arene bond
formation stands in stark contrast with the classical Gomberg-Bachmann or Pschorr cyclization
18,33

reactions as it represents the first phenyl cation-based example.

Scheme 1.11 Intramolecular Friedel-Crafts Reactivity From an Aryl Cation
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From the lessons learned in the silylium-mediated formation of aryl cations, Siegel and
co-workers also described a catalytic intramolecular reaction analogous to Mascarelli’s fluorene
synthesis.>* In taking fluorinated biphenyl compounds 1.37 and 1.38, the aryl cations generated
(1.39 and 1.40) undergo a C—H insertion reaction with the proximal methyl group to produce
cyclized products 1.41 and 1.42, respectively. The combination of experimental and

computational analysis in this work helps to unify many of the themes previously discussed on
10



aryl cation reactivity. Revisiting the Mascarelli reaction, there is now credible evidence for a C—
H insertion event being at play for phenyl cations.’ Furthermore this is in alignment with the
work of Albini and Fagnoni, as singlet aryl cations with reminiscent carbene reactivity are shown
to undergo intramolecular C—H insertion.*

Scheme 1.12 Intramolecular C—H Insertion of Aryl Cations
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1.38 1.40 1.42
79% yield
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1.4 Vinyl Cations

In the field of dicoordinate carbocations, vinyl cations are perhaps the most well studied
class of reactive intermediates.”> While Jacobs and Searles first proposed the existence of vinyl
cations in 1944, it was not until the 1960s that these intermediates were widely accepted in the

3637 In parallel with the phenyl cation, many of the early investigations of

chemical community.
vinyl cations revolved around solvolysis in polar aqueous media. With the emphasis of C-C

bond forming reactions in mind, modern examples of vinyl cation-based transformations will

also be highlighted.
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1.4.1 Vinyl Cation Solvolysis Reactivity

Major contributors in the development of vinyl cation chemistry include the works of
Grob, Hanack, Rappoport, Schleyer, Stang and others.’”*' Given the volume of studies
conducted on vinyl cation solvolysis over the past five decades, an abbreviated survey of
classical reactivity will be highlighted. Rappaport and Gal reported the solvolysis of aryl
substituted vinyl halides (1.43) and their utility as competent vinyl cation precursors (Scheme
1.13).”® Stang and co-workers described the preparation and solvolysis of vinyl triflates (1.44).%
Representative to most studies from this era in vinyl cation development, the product distribution
of these two reports is comprised largely of nucleophilic attack from heteroatom-containing
solvent molecules (1.45 to 1.47) to the cation and elimination when possible (e.g 1.48 and
1.49).%%%

Scheme 1.13 Classic Solvolysis Reactions of Vinyl Cation Precursors

Rappoport, 1969
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R Br R (o} R OEt
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Stang, 1969

OTf EtOH (aq) 0 %Me
—_— + +
/ =Q A \/é\ Mo
1.47

1.44 1.48 1.49
Following the use of vinyl triflates and the discovery of their ability to react orders of
magnitude faster than traditional halide leaving groups, much of subsequent vinyl cation
chemistry revolved around these triflate substrates. Here, some interesting developments in the
field were made through the use of cyclic vinyl triflates. Schleyer and co-workers described the

ring-contraction products 1.51 to 1.53 from 2-substituted cyclic vinyl triflate 1.50 (Scheme

12



1.14).*° This rearrangement is rationalized to occur due to the favorable adoption of a linear sp-
hybridized vinyl cation (1.54). Furthermore, Hanack and co-workers observed ring-fused
products (1.56 and 1.57) upon solvolysis of medium-sized carbocycle substrate 1.55 (Scheme
1.15).*' In addition to the independent studies by Olah and Caple, this unusual C—C bond
forming process is hypothesized to proceed through a rebound mechanism depicted in Scheme
1.15.%%

Scheme 1.14 Ring-contraction Rearrangement of Cyclic Vinyl Cations
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Scheme 1.15 Ring Fusion via 1,5-hydride Shift From Cyclic Vinyl Cation
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1.4.2 Friedel-Crafts Alkenylation of Vinyl Cations

While aromatic alkylations reactions with unsaturated precursors have been reported as
early as the 19" century, the involvement of vinyl cation intermediates in these transformations
was not extensively investigated until the 1970s.***> Stang and co-workers disclosed the first
mechanistic study to postulate vinyl cations as reactive intermediates in Friedel-Crafts alkylation
reactions of linear and cyclic vinyl triflates (Scheme 1.16 and 1.17).*° Interestingly, some distinct

13



reactivity profiles were observed between linear and cyclic vinyl cations in the context of
electrophilic aromatic substitution.

Scheme 1.16 Friedel-Crafts Alklyation of Linear Vinyl Triflates
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Linear substrates, in the absence of f3-hydrogens and/or incapable of -elimination (e.g
1.58), undergo smooth aromatic coupling with arenes such as benzene (1.59). Alkylation was not
observed in substrates with f-hydrogens present (e.g 1.60). Morever, triflate 1.60 produced only
tar at higher temperatures, which the authors attribute to p-elimination and allene

oligomerization.*

Scheme 1.17 Friedel-Crafts Alkylation of Cyclic Vinyl Triflates
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Cyclic vinyl cation precursors 1.63 exhibited similar reactivity in relation to previous
studies on solvolysis reactions in aqueous ethanol. However, alkylation of anisole is uniquely
linked to ring size of the starting vinyl triflate substrates (Scheme 1.17). The reaction conditions
required in yielding 1.65 were much more demanding in comparison to 1.66; No alkylation was

observed in the case of cyclohexenyl triflate (1.64). The observed trend is hypothesized to be the

14



result of increasing ring strain energy of the bent vinyl cation involved in these aromatic

substitution reactions.*’

1.4.3 Intramolecular C—H Insertion of Vinyl Cations
In more contemporary developments in vinyl cation chemistry, Metzger and Brewer
independently proposed the C-H insertion reactivity of vinyl cations in intramolecular

46,47
systems.

Metzger and co-workers utilized alkyl chloroformates and alkynes to generate vinyl
cations that are able to cyclize upon insertion into a pendant sp’ C—H bond (Scheme 1.18).*
Lewis acid-mediated decarboxylation of chloroformate 1.67 generates an isopropyl cation that
produces vinyl cation 1.70 in the presence of an alkyne (e.g 1.68). The unexpected formation of
cyclopentane 1.69 introduces a new mode of reactivity for vinyl cations. In corroboration with
computational studies, this C—H insertion of vinyl cations parallel the singlet carbene reactivity

found in related phenyl cations.

Scheme 1.18 Intramolecular Insertion of Vinyl Cation
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Brewer and co-workers reported a similar transformation involving a C-H insertion
reaction in the intramolecular cyclization reaction of P-hydroxy-a-diazo ketones (1.71) to

cyclopentanones (Scheme 1.19).*” Lewis acid-mediated elimination of the B-hydroxy group

15



yields diazonium 1.73. Loss of N, generates an initial vinyl cation 1.74 that rapidly performs a
ring-expansion due to the destabilizing withdrawing effect of the carbonyl group. C—H insertion
of the cycloheptenyl vinyl cation 1.75 into the pendant methyl group then leads to the final
product 1.72.

Scheme 1.19 Rearrangement/C—H Insertion Reaction of a Vinyl Cation
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1.5 Conclusion

In summary, dicoordinate carbocations have played an integral part to the understanding
of modern synthetic organic chemistry. Beginning with the use of aryl diazonium salts in the late
1800s, it would not be until a century later when phenyl cations would be implicated as plausible
reactive intermediates. A similar account is exemplified in literature reports involving vinyl
cations. While solvolysis and intramolecular reactions predominated the studies of these two
classes of divalent carbocations, the lessons learned form the exquisite mechanistic studies of
these intermediates are invaluable to the chemical sciences. Furthermore, recent advancements in
both phenyl and vinyl cation chemistry regarding C—H insertion reactivity reveal an intriguing

new application of carbocations in synthetic methodology.
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CHAPTER TWO
Arylation of Hydrocarbons Enabled by Organosilicon Reagents and Weakly Coordinating
Anions
Adapted from: Brian Shao’, Alex L. Bagdasarian’, Stasik Popov, and Hosea M. Nelson

Science, 2017, 355, 1403-1407.

2.1 Abstract

For nearly a century, phenyl cation intermediates have been implicated in a variety of C—
H arylation reactions. Due to their high-energy and promiscuous reactivity profiles, selective
applications of these cations have received little attention in organic methodology. Herein, we
disclose our laboratory’s account in the serendipitous discovery of an intermolecular coupling
process through aryl cations. Specifically, we find that B-silicon-stabilized aryl cation
equivalents, generated via silylium-mediated fluoride activation, undergo insertion into sp’ and
sp° C—H bonds. This reaction manifold provides a framework for the catalytic arylation of
hydrocarbons, including simple alkanes such as methane. This process uses low loadings of

Earth-abundant initiators (1-5 mol%) and occurs under mild conditions (30 to 100 °C).

2.2 Introduction

As a reactivity-driven group, the Nelson lab adopts a specific approach to research
(Figure 2.1). Starting from a foundation of chemical knowledge, we form initial hypotheses that
we can probe through experimentation. Here, the key to our success is in careful observations of

the reactivity presented to us. As one might surmise, we allow the reactivity we observe to help

21



guide us in our next experiments and hypotheses. Through this iterative cycle, we in turn expand

our knowledge base and cultivate new discoveries as an occasional product.

Figure 2.1 Reactivity-Driven Methodology

reactivity-driven methodology

knowledge

new discovv base \

observe reactivity form hypothesis

J/

experiment

We looked favorably to the field of reactive intermediates as a productive starting point
for developing new chemistries. In our exploratory stage, the inorganic community heavily
influenced our studies given their expertise in isolation and characterization of reactive
intermediates.”> We were especially drawn to the chemistry of weakly coordinating
monocarborane clusters in their incredible ability to stabilize otherwise reactive carbocations.’
Moreover, our initial hypotheses were greatly inspired by the exquisite phenyl cation-based
methodologies based on the use of these weakly coordinating anions (WCAs) reported by Reed

and Siegel.>*

2.3 Initial Hypothesis and Serendipitous Discovery

We initially sought to discover a catalytic method for the generation of arynes. Our
original hypothesis draws on the substantial works of Lambert, Reed and Siegel (refer to chapter
one) in silylium-mediated phenyl cation generation.”” Here, we envisioned that pB-silicon
stabilization of aryl fluoride 2.1 would lower the barrier for fluoride abstraction and temper the

o-electrophilicity of the resulting phenyl cation. Furthermore, we anticipated that the (3-silicon
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group in phenyl cation intermediate 2.2 would undergo an elimination event to yield our desired
aryne 2.3.
Figure 2.2 Catalytic Aryne Hypothesis

proposed intermediate
p-silicon stabilization

[WCA]

@F cat. [RsSiJ'[WCAJ (®

ATV AP | i O
@ —[MesSi[ [WCAJ- @

. 2.2 2.3

favorable Si—F bond formation beta-silicon effect

RySi—F R;Si
~ 129 kecal/mol J"
\l) C.
H\
H O\H

[HCB,Cly1I

In testing our hypothesis, we subjected a variety of dienes to our reaction conditions in
attempts to trap and take advantage of the well-known [4+2] reactivity of arynes.® To our
disappointment, we were never able to detect any signs of cycloaddition products (2.4, 2.5).
Notably, in the absence of any added trapping agents, peculiar products were observed. While
we were initially probing for biphenylene (2.6) formation via [2+2] dimerization of benzyne,’ we
instead isolated arylated solvent molecules (e.g toluene, 2.7). To our surprise, we were also able

to identify trace amounts of diphenylmethane 2.8.”

Scheme 2.1 Aryne Generation Probes by [4+2] Cycloaddition

F cat. [Et;Sil'[WCAI
' i LI 24
™S o-dichlorobenzene

2.1 not observed
F O cat. [Et;Si[{[WCAI
+ ||/\> --------------------- > 25
™S J o-dichlorobenzene
2.1 not observed
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Although we could not confidently explain the formation of 2.8, we were adamant in our
pursuit of aryne chemistry. Given the reactivity with arene solvent, we hypothesized that moving
to more inert alkane solvent conditions would aid in our detection of arynes. Remarkably, in
hexanes solvent we now observed alkane arylation products with catalytic turnover and
selectivity for terminal sp® C—H (5:2:1 ratio, Scheme 2.9). Astonished by our discovery, we
quickly searched for literature precedent of similar reactivity. In analogous reports by Mascarelli,
Albini and Siegel, intramolecular C-H insertion of putative aryl cation intermediates is

proposed.® '

Scheme 2.2 Serendipitous Discovery of Alkane Arylation

> Ph== +
T™S toluene —

2.1 2.7 2.8 2.6
mixture of isomers trace not observed
F H [PhsCI*[WCAJ- (5 mol%)
@ o B Et3SIH (10 mOI%) o
"o “ il T N
! Ph
TMS H -
21 a:py =5:2:1

10% overall yield

Taking into account also the mechanistic underpinnings of singlet phenyl cations and the
frontier molecular orbital analogy with carbene species, we pursued application of these
dicoordinate carbocations in catalytic, intermolecular C—H functionalization reactions.'
Reevaluating our initial reaction design concepts, we now believe that in addition to lowering the
barrier of fluoride abstraction, (1) B-silicon substitution can also enhance the nucleophilicity of
the arene m-system, perhaps improving the insertion reactivity of phenyl cation intermediate; and
(2) elimination of the B-silicon group occurs after arenium (2.10, Figure 2.3) formation to

. J . 5
regenerate the key reactive silicon species.

24



A proposed catalytic cycle involving a cationic chain process is depicted in Figure 2.3.
Here, a substoichiometric silylium-carborane initiator 2.10,'* generated via Bartlett-Condon-
Schneider hydride transfer, could abstract a fluoride from fluoroarene 2.1 to generate aryl cation
equivalent 2.2."° Subsequent insertion into the hydrocarbon C-H bond would yield p-silicon-
stabilized Wheland intermediate 2.11. Elimination of trimethylsilylium would then afford C—H
arylation product 2.12. This elementary step would generate the active trimethysilylium-

carborane salt that proceeds through the catalytic cycle.

Figure 2.3 Proposed Catalytic Cycle

od
TMS fluoride RqSi-F

21 abstraction
R3SiH
[Ph3;CT*[WCA]~
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2.4 Development of Intermolecular C—H insertion Reactions of Aryl Cations

We report the successful execution of this methodological hypothesis, wherein a broad
scope of B-silylated aryl fluorides are shown to be competent reagents for the arylation of

unactivated sp’ and sp’ C—H bonds, including the characteristically inert bonds in methane
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(Figure 2.4).'"* After a short examination of reaction conditions (29), we found that exposure of
fluoride 2.1 to 1 mol% of [Ph;C]' [HCB,;Cl;;] and 2 mol% of triethylsilane in benzene solvent
resulted in the facile formation of biphenyl (2.13) in 55% yield, at 30 °C in 1 hour." It is worthy
to note that application of Siegel’s intramolecular reaction conditions to fluorobenzene (2.14)
only resulted in trace product (2.13), while use of meta- and para-silylated aryl fluorides 2.15

and 2.16 did not result in product formation.*

Figure 2.4 Intermolecular Reactivity and Importance of 3-Silicon Stabilization
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With this initial finding in hand, we investigated the scope of this arylation reaction. We
were pleased to observe selective C—F functionalization in the presence of weaker carbon-

halogen (C—X) bonds, similar to previous reports from Ozerov and co-workers.'® Specifically,
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entries 1 to 4 (2.17 to 2.20) in Table 2.1 highlight the fluorophilicity of the silylium-carborane
catalyst. In these cases, weaker C—X bonds that have less steric encumbrance than the C—F bond
do not undergo ionization. This selectivity stands in stark contrast to many traditional reactions
of aryl halides, where reactivity is often inversely proportional to bond dissociation energy.'” To
further investigate this unusual selectivity and to separate B-silicon effects from fluorophilicity,
we exposed (2-bromo-6-fluorophenyl)trimethylsilane (Table 2.1, entry 5) to our reaction
conditions. Remarkably, m-bromobiphenyl (2.21) was formed in good yield, supporting our

claim of halide selectivity. In general, halide substitution was well tolerated.

Table 2.1 Arene Scope Table”

[PhsCI*[HCB,,Cly,]- (2 mol%)

1 {E F @ Et,SiH (4 mol%)
R + -
™S H 30-70 °C, 0.2-48 h R!

Entry 1 Entry 2 Entry 3 Entry 4 Entry 5 Entry 6
Ph
Ph Ph Ph  Br Ph N
D
g 3 3 &
Br | Cl
Br
2.17 2.18 2.19 2.20 2.21 2.22
56% yield? 71% yield® 47% yield? 52% yield®  77% yield? 49% yield®
Entry 7 Entry 8 Entry 9 Entry 10 Entry 11 Entry 12
Ph Ph Ph
. @Ph Ph
Ph HO
Ph Mes n-Bu
2.23 2.24 2.25 2.26 2.27 2.28
63% yield? 45% yield? 47% yield°® 99% yield® 36% yield®  29% yield® (from OTBS)

“Reactions performed at 0.1 M fluoroarene in benzene solvent. "Yield determined by gas chromatography—
flame ionization detector (GC-FID) using nonane as an internal standard. °Yield determined by NMR using
an internal standard. “Isolated yield.

Polycyclic aromatic fluorides (Table 2.1, entry 6) were competent under the reaction
conditions, as demonstrated by the formation of 1-phenylnaphthalene (2.22) in 49% yield.

Additionally, aryl and alkyl substitution (2.23-2.26) were tolerated under the reaction conditions,
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providing phenylated aromatics in moderate to excellent yields (45 to 99%). Consecutive
arylation of difluorides was also possible, as demonstrated by the formation of o-terphenyl
(2.27), albeit in a diminished 36% yield. Finally, the presence of heteroatom donor substituents,
typically incompatible with silylium catalysis, provides 29% yield of the desired phenol
derivative (2.28). In cases where the yields were moderate, we observed several byproducts,
including fluoroarenes resulting from protodesilylation of the starting material (presumably from

highly acidic arenium intermediates) as well as products resulting from a second arylation event.

Throughout our scope studies, some general reactivity trends were apparent. Positional
selectivity was preserved in all cases, including those with lower yields. Halide substituents
required higher reaction temperatures, whereas alkyl and aryl substituents allowed faster, lower
temperature arylation. These observations are consistent with the intermediacy of a cationic aryl

species.

Bolstered by these results, we began our investigation into the arylation of alkanes. After
optimization of reaction conditions,'® we found that cyclohexane could be phenylated by aryl
fluoride 2.1 in 41% yield (2.29). We were surprised to find that this alkane arylation reaction
proceeded at 60 °C in two hours. Likewise, cyclopentane underwent smooth arylation under
similar conditions in 54% yield (2.30). Cycloheptane could also be arylated in 40% yield (2.31).
With these results in hand, we set out to investigate reactivity with acyclic alkanes. We were
pleased to find that n-hexane undergoes arylation to yield all three phenylhexane isomers in 40%
overall yield (2.32). Notably, this C-H arylation reaction displays terminal selectivity, with an
a:f:y ratio of 5:2:1. In a similar fashion, n-pentane also undergoes terminal selective arylation to

ield phenylpentane isomers in 42% yield with a 10:3:1 ratio (2.33). In an earlier report, direct
y1eld phenylp y
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and terminal-selective arylation of saturated hydrocarbons required zeolite catalysts at >200 °C

and delivered <5% yield."

Table 2.2 Arylation Scope of Alkanes® and Methane®
[PhsCJ*[HCB ,Cly]~ (5 mol%)

F (i-Pr)3SiH (10 mol%) Alkyl
SERE -
™S o-dichlorobenzene (10 equiv)

Temp., Time

Entry Alkane Temp. (°C) Time (hr) Product Yield (%)

60 2 41¢
2.29

de
3 100 9 40
2.31
A o g H 60 8 o g 40¢
] NN apy
H Y Ph Y 269
H 2.32
H
o y
p 60 8 B 42¢
5 H Y e ) By
H 2.33 30:10:2
F [EtsSIF[HCB”CI”]_ (36 mO/%) CH3
™S H o-dichlorobenzene (10 equiv)
I -
+ Hete >
OO =g CeFe OO
H 60 °C, 24 hr
2.34 (35 bar) (32% isolated yield) 235

*Reactions performed at 0.05 M flouroarene in alkane solvent. "Reactions performed
at 0.1 M fluoroarene in C¢Fg solvent. °Yield determined by GC-FID using nonane as
an internal standard. “Yield determined by NMR using an internal standard.
“Reaction was performed in the absence of o-dichlorobenzene.

The terminal C—H bonds of alkanes, although kinetically more accessible, have higher

bond dissociation energies (98 kcal/mol) than their internal counterparts (93 to 95 kcal/mol).*
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Given our ability to arylate the strongest of C—H bonds (Table 2.2, entries 4 and 5), and the
longstanding interest in hydrocarbon gas functionalization, we became intrigued by the prospect
of arylating methane gas (C—H bond dissociation energy ~105 kcal/mol).'”*! Initial experiments
were thwarted by deleterious arylation of solvent. After optimization, we found that use of C¢Fg
solvent allowed for the arylation of methane in 32% yield at low temperatures (60 °C) and
synthetically relevant pressures (35 bar).”> The conversion of naphthalene 2.34 to 1-
methylnaphthalene (2.35) serves as a rare example of methane gas functionalization using main

group catalysis.”

2.5 Mechanistic Studies on the C—H Insertion of Aryl Cations

Several experiments were performed to probe the nature of the reactive intermediate.
Arynes, as well as their transition metal complexes, have been shown to undergo C—H insertion
reactions,”* however, intermolecular insertion into sp> C—H bonds has not been reported.”” The
different products observed in certain Table 2.1, entries 1 vs. 2, which would presumably go
through an identical aryne intermediate (2.36), suggest that an aryne intermediate is not active.
Instead, these entries suggest that an electrophilic site is localized to the C—F bond carbon. As a
further means of investigation, we prepared butyl derivative 2.37. The intermediacy of aryne
2.36 (R = butyl) would lead to the formation of biaryl 2.26 from both fluorides 2.37 and 2.39.
However, unlike the arylation reactivity observed in Table 2.1, 3-butyl-biphenyl (2.26) was not
observed in the reaction of butyl derivative 2.37 (Figure 2.5). Instead, we observed rapid
intramolecular C—H insertion to form 1-methylindane (2.38) in 35% yield. These observations do

not rule out an unsymmetrical silylium-dicarbenoid species analogous to the silver complex
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proposed by Lee and coworkers.** However, it is clear that the reactive intermediate is not an
aryne, as C—C bond formation occurs at the C—F carbon exclusively.

Figure 2.5 Investigation of Aryl Cation Intermediate Through Mechanistic Probe Substrates

cat. [PhsCI*[WCA]
F benzene g
Si Me3
2.37 2.38
€]

‘SiMe3
2.36
not operative
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F
2.39 O 2.26

To investigate the nature of the key C—H insertion event, we carried out isotopic labeling

studies. Our first experiments involved the use of benzene-ds in hopes to track the movement of
deuterium in our products. As seen in Figure 2.6, our reactions performed in deuterated arene
solvent provided an intractable mixture of Dy to D, biphenyl products (2.41). We believe that
the high concentration of acidic arenium 2.42 in arene solvent prevents quantitative assessment
of our isotopic labeling studies. To circumvent this issue, we moved to our alkane arylation
conditions. Using cyclohexane-d,,, we observed formation of phenylcyclohexane-d;, (2.43) with
an overall D-incorporation of 80% (Figure 2.7). While deuterium was incorporated primarily at
the ortho-position, enrichment of the meta- and para-positions was also observed. Here, we
attribute the mixture of D, isomers to rapid hydride shifts of Wheland intermediate 2.11 (Figure
2.3).”° However, the lack of apparent deuterium crossover (i.e. presence of Djy.y products),

supports a concerted C—H insertion process. Furthermore, a competition experiment using a 1:1
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mixture of C¢D;, and CsHi, provided a kinetic isotope effect (KIE) of 1.08 (Figure 2.7). This
intermolecular competition experiment rules out C—H insertion as the rate determining step.”’

Figure 2.6 Deuterium Labeling Studies in Arene Solvent

@F cat. [RsSil*[WCA]-
> H/D—
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(1:1)
241 2.41

[WCA]~ deuterium scrambling

H
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Figure 2.7 Deuterium Labeling Studies in Alkane Solvent
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2.6 Conclusion

In closing, we have developed methodology to generate aryl cation equivalents that
engage in the catalytic, intermolecular C—H arylation of arenes and alkanes using main group
catalysis. This development is enabled through reagent design, wherein B-silicon substitution
allows for facile C-F bond activation and catalyst turnover. Furthermore, the hyper-
fluorophilicity of the silylium catalyst mediates selective functionalization of C—F bonds in the

presence of weaker C—X bonds. This selectivity trend is complementary to transition metal-
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catalyzed cross-coupling reactions and traditional nucleophilic substitution reactions. More
fundamentally, this work represents an exciting paradigm in catalysis, where strong bonds (C—F

and C—H) are directly engaged in C—C bond forming cross-coupling reactions.

2.7 Experimental Section
2.7.1 Materials and Methods

Unless otherwise stated, all reactions were performed in an MBraun glovebox under
nitrogen atmosphere with < 0.5 ppm O, levels. All glassware and stir-bars were dried in a 160 °C
oven for at least 12 hours and allowed to cool in vacuo before use. All liquid substrates were
either dried over CaH; or filtered through dry neutral aluminum oxide. Solid substrates were
dried over P,Os. All solvents were rigorously dried before use. Benzene, o-dichlorobenzene, and
toluene were degassed and dried in a JC Meyer solvent system and stored inside a glovebox.
Cyclohexane (Sigma-Aldrich), fluorobenzene (Sigma-Aldrich), and n-hexane (Oakwood) were
distilled over potassium. Chlorobenzene (Fisher Scientific), cycloheptane (Alfa Aesar) and o-
difluorobenzene (Oakwood) were distilled over sodium. Cyclopentane (Matheson Cole and Bell)
was filtered through dry neutral aluminum oxide. Pentane (Sigma-Aldrich) was distilled over
sodium-potassium alloy. Hexafluorobenzene (Oakwood) was dried over CaH, and stored in a
glovebox. All solvents were stored over 4 A molecular sieves. Triethylsilane (Oakwood) and
triisopropylsilane (AK Scientific) were dried over CaH, and stored inside a glovebox over 4 A
molecular sieves. Closo-carborane, [Ph;C]' [HCB;,Cl;,] , were prepared according to literature
procedure.” Preparatory thin layer chromatography (TLC) was performed using Millipore silica
gel 60 F,s4 pre-coated plates (0.25 mm) and visualized by UV fluorescence quenching. SiliaFlash

P60 silica gel (230—400 mesh) was used for flash chromatography. NMR spectra were recorded
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on a Bruker AV-300 (‘H, "°F), Bruker AV-400 (‘H, "°C, "°F), Bruker DRX-500 (‘H), and Bruker
AV-500 ("H, °C). '"H NMR spectra are reported relative to CDCl; (7.26 ppm) and CD,Cl, (5.32
ppm). Data for '"H NMR spectra are as follows: chemical shift (ppm), multiplicity, coupling
constant (Hz), integration. Multiplicities are as follows: s = singlet, d = doublet, t = triplet, dd =
doublet of doublet, dt = doublet of triplet, ddd = doublet of doublet of doublet, td = triplet of
doublet, m = multiplet. >C NMR spectra are reported relative to CDCls (77.0 ppm). GC spectra
were recorded on an Agilent 6850 series GC using an Agilent HP-1 (50 m, 0.32 mm ID, 0.25
mm DF) column. GCMS spectra were recorded on a Shimadzu GCMS-QP2010 using a Restek
XTI-5 (50 m, 0.25 mm ID, 0.25 mm DF) column. Reactions incorporating methane gas were
conducted using a Parr Model 5000 Multiple Reactor system. The system was operated via a
4871 process controller and SpecView version 2.5 software. All pressures were reported from
the SpecView interface at room temperature. IR Spectra were recorded on a Perkin Elmer 100
spectrometer and are reported in terms of absorption frequency (cm™). High-resolution mass
spectra (HR-MS) were recorded on a Waters (Micromass) GCT Premier spectrometer and are

reported as follows: m/z (% relative intensity).

2.7.2 Preparation of Aryl Fluoride Stubstrates

Note: Experimental information for substrates found in Table 2.1

X,
Z TMS

(2-fluorophenyl)trimethylsilane (2.1). Synthesized from fluorobenzene according to reported

literature. NMR spectra match those reported in literature.”®
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; |
T™MS

(3-fluorophenyl)trimethylsilane (2.15). Synthesized from 1-bromo-3-fluorobenzene according

to reported literature. NMR spectra match those reported in literature.”

o
TMS

(4-fluorophenyl)trimethylsilane (2.16). Synthesized from 1-bromo-4-fluorobenzene according

to reported literature. NMR spectra match those reported in literature.*

F

X TMS

Z

(1-fluoronaphthalen-2-yl)trimethylsilane (2.34). To a —70 °C solution of 1.32 M s-BuLi in
cyclohexane (11.7 mL, 15.5 mmol), hexanes (12 mL), and THF (30 mL), was added I-
fluoronaphthalene (2.26 g, 15.5 mmol). After 2 hours, TMSCI (1.96 mL, 15.5 mmol) was added
to the solution and allowed to warm up to room temperature overnight. The reaction mixture
was quenched with saturated aqueous ammonium chloride (50 mL) and the aqueous layer
extracted with Et;O (3 x 50 mL). Combined organics were dried over MgSO,4 and concentrated
by rotary evaporation. Crude product was purified by flash column chromatography (pentane) to
yield 2.45 g (73%) of colorless oil.

'H NMR (400 MHz, CDCl;) & 8.25-8.20 (m, 1H), 7.91 (ddd, J = 4.9, 3.6, 2.0 Hz, 1H), 7.70 (dd,
J=28.2,0.8 Hz, 1H), 7.64-7.58 (m, 2H), 7.55 (dd, J = 8.2, 5.3 Hz, 1H), 0.54 (d, J = 1.1 Hz, 9H);
BC NMR (100 MHz, CDCl;) & 163.4 (d, 'Jc ¢ = 246.7 Hz), 135.8 (d, “Jcr = 5.0 Hz), 130.0 (d,

*Jer=12.7Hz), 127.3 (d, *Jcr = 3.4 Hz), 127.0, 126.1 (d, *Je_r = 1.7 Hz), 123.3 (d, *Jcr = 20.6
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Hz), 123.1 (d, *Jer = 3.7 Hz), 120.7 (d, *Jer = 5.4 Hz), 119.3 (d, *Jc_r = 29.8 Hz), —0.8 (d, *Jcr
= 1.8 Hz); "F{'H} NMR (376 MHz, CDCl3) 5 —109.82.

FTIR (Neat Film NaCl): 3054, 2956, 2899, 1633, 1497, 1356, 1339, 1249, 1057, 863, 828, 809,
756 cm’.

HR-MS (GC-CI): Calculated for C;3H,sFSi: 218.0927; measured: 218.0920.

(3-butyl-2-fluorophenyl)trimethylsilane (2.37). To a flame dried 500 mL Schlenk flask was
added n-butylboronic acid (6.60 g, 64.7 mmol), potassium carbonate (13.4 g, 97.1 mmol), and
[1,1'-Bis(diphenylphosphino)ferrocene]palladium(II) dichloride (1.50 g, 2.05 mmol). The system
was evacuated and back-filled with nitrogen three times before addition of 1,4-dioxane
(degassed, 320 mL) and (3-bromo-2-fluorophenyl)trimethylsilane (8.00 g, 32.4 mmol). The
reaction was sealed with a glass stopper and heated to 110 °C for 48 hours. After cooling to room
temperature, the reaction was diluted with 300 mL of water and extracted with Et,O (3 x 300
mL). Combined organics were dried over MgSQO4 and concentrated by rotary evaporation. Crude
product was purified by flash column chromatography (hexanes) to yield 711 mg (10%) of
colorless oil.

'H NMR (300 MHz, CDCl3) § 7.25-7.15 (m, 2H), 7.04 (t, J = 7.3 Hz, 1H), 2.66-2.58 (m, 2H),
1.66-1.55 (m, 2H), 1.46-1.30 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H), 0.31 (d, J = 1.0 Hz, 9H); °C
NMR (100 MHz, CDCl3) § 165.6 (d, 'Je.r = 239.8 Hz), 132.5 (d, *Jer = 11.8 Hz), 131.9 (d, *Jc_
F=15.7Hz), 128.8 (d, 2Jc_r = 20.1 Hz), 125.7 (d, *Jcr = 32.1 Hz), 123.6 (d, *Jo_r = 3.3 Hz), 32.4,
28.9 (d, *Je_r = 2.4 Hz), 22.6, 13.9, —0.9 (d, *Jo_r = 1.6 Hz); "F{'H} NMR (282 MHz, CDCl) &
—-106.47.
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FTIR (Neat Film NaCl): 3058, 2957, 2932, 2882, 1605, 1571, 1423, 1249, 837, 759 cm’".
HR-MS (GC-CI): Calculated for C;3HFSi: 224.1397; measured: 224.1395.

F

T™MS

(2-butyl-6-fluorophenyl)trimethylsilane (2.39). To a flame dried 100 mL schlenk flask was
added n-butylboronic acid (697 mg, 6.84 mmol), potassium carbonate (1.42 g, 10.3 mmol), and
[1,1'-Bis(diphenylphosphino)ferrocene]palladium(Il) dichloride (250 mg, 0.342 mmol). The
system was evacuated and back-filled with nitrogen three times before addition of 1,4-dioxane
(degassed, 32 mL) and (2-bromo-6-fluorophenyl)trimethylsilane (845 mg, 3.42 mmol). The
reaction was sealed with a glass stopper and heated to 110 °C for 48 hours. After cooling to room
temperature, the reaction was diluted with 30 mL of water and extracted with Et,O (3 x 50 mL).
Combined organics were dried over MgSO4 and concentrated by rotary evaporation. Crude
product was purified by flash column chromatography (hexanes) to yield 526 mg (69%) of
colorless oil after heating in vacuo (0.2 Torr) at 35 °C.

'H NMR (400 MHz, CDCl3) § 7.30-7.21 (m, 1H), 6.98 (dd, J = 7.5, 1.1 Hz, 1H), 6.82 (ddd, J =
9.5, 8.2, 1.1 Hz, 1H), 2.75-2.69 (m, 3H), 1.62—1.51 (m, 2H), 1.48-1.37 (m, 2H), 0.97 (t,J=7.3
Hz, 3H), 0.41 (d, J = 2.3 Hz, 9H); °C NMR (100 MHz, CDCls) § 167.8 (d, 'Jc_r = 239.6 Hz),
150.9 (d, *Jer = 9.6 Hz), 130.6 (d, *Jer = 9.9 Hz), 125.1 (d, *Jer = 2.4 Hz), 124.0 (d, *Jer =
26.5 Hz), 112.2 (d, Jo_r = 28.1 Hz), 36.0, 35.4, 22.7,

14.1, 1.8 (d, *Je_r = 4.3 Hz); "F{'H} NMR (376 MHz, CDCl5) § —96.20.

FTIR (Neat Film NaCl): 3059, 2957, 2931, 2873, 1602, 1559, 1449, 1223, 839 cm™".

HR-MS (GC-CI): Calculated for C;3HFSi: 224.1397: measured: 224.1399.
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2.7.3 General Procedure for Yield Calculations by GC

Outlined below is our general procedure for the calculation of product yields by GC-FID.

Calibration curves were made by first preparing 5:1, 3:1, 1:1, 1:3, and 1:5 molar ratio solutions
of nonane to product. GC analysis of the chromatogram integrations was plotted on Microsoft
Excel to form a linear calibration curve line. All curves were tested to be within < 7% error. For
analysis of reactions, nonane (1 equiv) was added to the reaction mixture after completion.
Aliquots were then diluted in hexanes, quenched with a saturated aqueous sodium bicarbonate
solution, and the organic layer was filtered through a kimwipe. Yields were then calculated by
comparing the integration ratios of nonane to the product against their respective calibration

curves.

2.7.4 Optimization Table for Aryl Insertion Reaction
In our studies, we optimized our reaction conditions for anion, silane, concentration, and
temperature using aryl fluoride 2.1 in benzene. Herein, we summarize our key observations.

Table 2.3 Optimization of (2-fluorophenyl)trimethylsilane Substrate in Benzene.

Anion % Cat. Loading Conc. Silane Temperature | Yield
[HCB41H5Clg] 5 mol% 0.1 M iPrsSiH (10 mol%) 70 °C 41%
[HCB{1HgBrg] 5 mol% 0.1 M Et5SiH (10 mol%) 70 °C 0%

[HCB1MegBrg] 5 mol% 0.1 M Et3SiH (10 mol%) 70 °C 0%
[HCB44Cly4] 1 mol% 0.02M Et;SiH (2 mol%) 30 °C 55%
[HCB44Cly4] 2 mol% 0.1 M Et5SiH (4 mol%) 30 °C 49%
[HCB44Bry4] 5 mol% 0.1 M Et5SiH (10 mol%) 30 °C 31%

[(CeF5)4B] 5 mol% 0.1M Et,SiH (10 mol%) 30 °C 27%
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2.7.5 Initial Investigation of Aryl Fluorides

Outlined below are our initial experiments evaluating the reactivity of aryl fluorides in both the
presence and absence of the trimethylsilyl group. We also conducted control experiments using a
previously reported silylium-catalyzed C—F functionalization method.* Our experiments below

support the need for an ortho-trimethylsilyl group for our catalytic system.

2.7.5.1 Fluorobenzene Control

Described below is the application of fluorobenzene using our optimized conditions.

[Ph;C] THCB,,Cl;1]” (0.8 mg, 1.1 pmol, 0.02 equiv) and triethylsilane (0.5 pL, 2.2 pmol, 0.04
equiv) were stirred in benzene (3 mL) to form a colorless solution (0.02 M) before the addition
of fluorobenzene (9.5 pL, 0.054 mmol, 1 equiv). Reaction was stirred at 30 °C. After 5 days,
GC-FID showed formation of biphenyl. Addition of nonane (9.7 puL, 0.054 mmol, 1 equiv) as an

internal standard showed < 5% yield of biphenyl (Figure 2.9).
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Figure 2.8 GC Trace for Internal Standard Nonane and Biphenyl in 1:1 Ratio.
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Figure 2.9 GC Trace for Internal Standard Nonane in Fluorobenzene Control Reaction Showing

Formation of Biphenyl in < 5% Yield.

2.7.5.2 Application of Conditions from Reference 4

Described below is the application of fluorobenzene with a previously reported silylium-
catalyzed C—F functionalization for the intermolecular formation of biphenyl.

Fluorobenzene (9.5 pL, 0.1 mmol, 1 equiv), dimethyldimesitylsilane (25.6 mg, 0.09 mmol, 0.9
equiv) and [iPr3Si] [HCB;HsCls]™ (5.3 mg, 0.01 mmol, 0.1 equiv)were dissolved in benzene (1
mL). The reaction was then stirred at 30 °C. After 13 hours, GC-FID spectra showed formation

of biphenyl in < 5% yield (Figure 2.10).
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Figure 2.10 GC Trace for Application of Reference 4 Conditions to Fluorobenzene at 30 °C

Showing Formation of Biphenyl in < 5% Yield.
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2.7.5.3 Positional Effects of the Silyl Group

Outlined below are a series of experiments probing the reactivity of our substrate in varying the
position of the trimethylsilyl group relative to the aryl C—F carbon. The experiments below
support the need for a trimethylsilyl group ortho to the aryl C—F carbon to generate the desired
product in catalytic fashion.

[Ph;C] [HCB,Cl;1]” (2.5 mg, 3.3 umol) and triethylsilane (1 pL, 6.6 umol,) were stirred in
benzene (1.5 mL) to form a colorless solution. This solution was partitioned equally into three
separate vials before aryl fluorides 2.1, 2.15, and 2.16 (0.054 mmol) were added in their
respective reactions. Reactions were then stirred at 30 °C for 2 hours before addition of nonane
(9.7 pL, 0.054 mmol, 1 equiv) as an internal standard. As shown below, no formation of
biphenyl was observed when using meta- or para- trimethylsilyl aryl fluorides (Figure 2.12 and
2.13). The ortho-trimethylsilyl aryl fluoride was the only positional isomer that afforded of

biphenyl in 47% yield (Figure 2.14).
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Figure 2.11 GC Trace for Internal Standard Nonane and Biphenyl in 1:1 Ratio.
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Showing No Formation of Biphenyl.
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Figure 2.13 GC Trace for Internal Standard Nonane and 2.16 After 2 Hour Reaction Time

Showing No Formation of Biphenyl.
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Figure 2.14 GC Trace for Internal Standard Nonane and 2.1 After 2 Hour Reaction Time

Showing Formation of Biphenyl in 47% Yield
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2.7.6 General Procedure for Intermolecular Aryl Insertion Reactions

Described below is the general procedure for the arylation of substituted o-trimethylsilyl aryl
Sfluorides.

[Ph;C] THCB,,Cl;1]” (0.8 mg, 1.1 pmol, 0.02 equiv) and triethylsilane (0.5 pL, 2.2 pmol, 0.04
equiv) were stirred in benzene (0.5 mL) to form a colorless solution (0.1 M) before the addition
of aryl fluoride substrate (0.054 mmol, 1 equiv). Substrates were stirred between 30—70 °C for
0.2-9 hours (see individual substrates for reaction conditions). Reactions were monitored by GC-
FID spectra. If previously heated, reactions were cooled to room temperature before volatiles

were rotary evaporated and purified by flash column or preparatory thin layer chromatography.

OO

Biphenyl (2.13). Synthesized according to general procedure 2.6.6 with a modified 1 mol%
catalyst loading and 0.02 M concentration. Catalyst loading was achieved by taking 0.55 mL
from a freshly prepared stock solution of [Ph;C][HCB,,Cl;;]” (1.5 mg) and triethylsilane (0.5
uL) in benzene (2 mL). Additional benzene was added to reach a total volume of 3 mL before
corresponding aryl fluoride (9.1 mg, 0.054 mmol, 1 equiv) was added to the colorless solution of
[Ph;C] THCB,Cl;1]” (0.54 umol, 0.01 equiv) and triethylsilane (1.1 pmol, 0.02 equiv) in
benzene. Reaction was stirred at 30 °C for 1 hour to afford 2.13 in 55% yield (GC) as shown in

Figure 2.15.
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Figure 2.15 GC Trace for Internal Standard Nonane and 2.13 in 1:1 Ratio.
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Figure 2.16 GC Trace for Yield Shown in Figure 2.4 from Manuscript.

o

4-bromobiphenyl (2.17). Synthesized according to general procedure 2.6.6. Corresponding aryl
fluoride (13.4 mg, 0.054 mmol) was added to a colorless solution of [PhsC] THCB;,Cl;] (1.1
umol, 0.02 equiv) and triethylsilane (2.2 pmol, 0.04 equiv), and was stirred at 60 °C for 1 hour to
give 2.17 in 56% yield (GC) as shown in Figure 2.18. Crude product was purified by flash
column chromatography (hexanes) to give 2.17 as a white solid (5.8 mg, 46%). NMR Spectra

match those reported in literature.”'
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Figure 2.17 GC Trace for Internal Standard Nonane and 2.17 in 1:1 Ratio.

e

4-iodobiphenyl (2.18). Synthesized according to general procedure 2.6.6 Corresponding aryl

Figure 2.18 GC Trace Showing Formation of 2.17 in 56% Yield.

g

fluoride (15.9 mg, 0.054 mmol) was added to a colorless solution of [Ph;C] [HCB,;Cl;;] (1.1
umol, 0.02 equiv) and triethylsilane (2.2 umol, 0.04 equiv) and was stirred at 70 °C for 1 hour to
give 2.18 in 71% yield (NMR). Crude product was purified by preparatory thin layer

chromatography (hexanes) to give 2.18 as a white solid (7.8 mg, 52%). NMR Spectra match

those reported in literature .**
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o~

4-chlorobiphenyl (2.19). Synthesized according to general procedure 2.6.6. Corresponding aryl
fluoride (11. 0 mg, 0.054 mmol) was added to a colorless solution of [PhsC] [HCB;,Cl;;] (1.1
umol, 0.02 equiv) and triethylsilane (2.2 umol, 0.04 equiv), and was stirred at 70 °C for 9 hours
to give 2.19 in 47% yield (GC) as shown in Figure 2.20. Crude product was purified by column
chromatography (hexanes) to give 2.19 as a white solid (4.1 mg, 40 %). NMR Spectra match

those reported in literature.>
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Figure 2.20 GC Trace Showing Formation of 2.19 in 47% Yield.
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3-bromobiphenyl (2.20 and 2.21). 3-bromobiphenyl was synthesized from two different
substrates according to general procedure 2.6.6.

For Entry 4 in Table 2.1, corresponding aryl fluoride (13.4 mg, 0.054 mmol) was added to a
colorless solution of [Ph;C] THCB;Cl;;]” (1.1 pumol, 0.02 equiv) and triethylsilane (2.2 pmol,
0.04 equiv), and was stirred at 60 °C for 1 hour to give 2.20 in 52% yield (GC) as shown in

Figure 2.22.
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Figure 2.21 GC Trace for Internal Standard Nonane and 2.20 in 1:1 Ratio.
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Figure 2.22 GC Trace Showing Formation of 2.20 in 52% Yield.
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For entry 5, Table 2.1, corresponding aryl fluoride (13.4 mg, 0.054 mmol) was added to a
colorless solution of [Ph;C] THCB,Cl;;]” (1.1 pumol, 0.02 equiv) and triethylsilane (2.2 pmol,
0.04 equiv) and was stirred at 60 °C for 1 hour to give 2.21 in 77% yield (GC) as shown in
Figure 2.23. Crude product was purified by preparatory thin layer chromatography (hexanes) to

give 2.21 as a white solid (7.4 mg, 59%). NMR Spectra match those reported in literature.*
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Figure 2.23 GC Trace Showing Formation of 2.21 in 77% Yield.
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1-phenylnaphthalene (2.22). Synthesized according to general procedure 2.6.6. Corresponding
aryl fluoride (11.8 mg, 0.054 mmol) was added to a colorless solution of [Ph;C]' [HCB;;Cli;]
(1.1 pmol, 0.02 equiv) and triethylsilane (2.2 pmol, 0.04 equiv), and was stirred at 30 °C for 1
hour. Crude product was purified by preparatory thin layer chromatography (hexanes) to give

2.22 as a colorless oil (5.4 mg, 49%). NMR Spectra match those reported in literature.*
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m-terphenyl (2.23). Synthesized according to general procedure 2.6.6. Corresponding aryl
fluoride (13.2 mg, 0.054 mmol) was added to a colorless solution of [PhsC] [HCB;,Cl;,] (1.1
umol, 0.02 equiv) and triethylsilane (2.2 pmol, 0.04 equiv), and was stirred at 30 °C for 1 hour to
give 2.23 in 63% yield (GC) as shown in Figure 2.25. Crude product was purified by flash
column chromatography (hexanes) to give 2.23 as a white solid (7.0 mg, 56%). NMR Spectra

match those reported in literature.*
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Figure 2.25 GC Trace Showing Formation of 2.23 in 63% Yield.
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OO

o-terphenyl (2.24 and 2.27). o-terphenyl was synthesized from two different substrates using

general procedure 2.6.6.

For entry 8 in Table 2.1, corresponding aryl fluoride (14.0 mg, 0.054 mmol, 1 equiv) was added

to a colorless solution of [Ph;C] [HCB;;Cl;;]” (1.1 umol, 0.02 equiv) and triethylsilane (2.2

umol, 0.04 equiv), and was stirred at 60 °C for 36 hours to give 2.24 in 36% yield (GC) as shown

in Figure 2.27.
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Figure 2.26 GC Trace for Internal Standard Nonane and 2.24 in 1:1 Ratio.
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Figure 2.27 GC Trace Showing Formation of 2.24 in 36% Yield.

50



For entry 11 in Table 2.1, corresponding aryl fluoride (13.2 mg, 0.054 mmol, 1 equiv) was added
to a colorless solution of [Ph;C] [HCB;;Cl;;]” (1.1 umol, 0.02 equiv) and triethylsilane (2.2
umol, 0.04 equiv), and was stirred at 70 °C for 36 hours to give 2.27 in 45% yield (GC) as shown
in Figure 2.28. Crude product was purified by flash column chromatography (hexanes) to give

2.27 as a white solid (4.4 mg, 35%). NMR Spectra match those reported in literature.’’
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Figure 2.28 GC Trace Showing Formation of 2.27 in 45% Yield.

OO
¢

3-mesitylbiphenyl (2.25). Synthesized according to general procedure 2.6.6. Corresponding aryl
fluoride (15.5 mg, 0.054 mmol) was added to a colorless solution of [PhsC] [HCB;,Cl;,] (1.1
umol, 0.02 equiv) and triethylsilane (2.2 pmol, 0.04 equiv), and was stirred at 30 °C for 1 hour.
Crude product was purified by flash column chromatography (9:1 pentane:dichloromethane) to
give 2.25 as a colorless oil (6.9 mg, 47%).

'H NMR (400 MHz, CDCl3) & 7.66—7.62 (m, 2H), 7.59 (ddd, J=7.8, 1.9, 1.2 Hz, 1H), 7.52-7.41

(m, 4H), 7.38-7.31 (m, 1H), 7.14 (dt, J = 7.5, 1.5 Hz, 1H), 6.98 (s, 2H), 2.36 (s, 3H), 2.07 (s,
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6H); C NMR (125 MHz, CDCl3) & 141.5, 141.1, 141.0, 138.9, 136.6, 136.0, 128.8, 128.7,
128.2,128.1, 128.0, 127.3, 127.1, 125.2, 21.0, 20.8.

FTIR (Neat Film NaCl): 3059, 3030, 2952, 2919, 2867, 1946, 1880, 1803, 1730, 1471, 850, 757
cm’.

HR-MS (GC-CI): Calculated for C,Hyp: 272.1565; measured: 272.1575.

OO

3-butylbiphenyl (2.26). Synthesized according to general procedure 2.6.6. Corresponding aryl
fluoride (12.1 mg, 0.054 mmol) was added to a colorless solution of [PhsC] THCB;,Cl;] (1.1
umol, 0.02 equiv) and triethylsilane (2.2 pumol, 0.04 equiv), and was stirred at 30 °C for 0.2
hours to give 2.26 in 99% yield (NMR). Crude product was purified by flash column
chromatography (hexanes) to give 2.26 as a colorless oil (10.6 mg, 93%)).

'H NMR (400 MHz, CDCl3) 8 7.67-7.60 (m, 2H), 7.51-7.41 (m, 4H), 7.38 (td, J = 7.4, 5.2 Hz,
2H), 7.21 (d, J = 7.5 Hz, 1H), 2.72 (t, J = 7.7 Hz, 2H), 1.74-1.65 (m, 2H), 1.49-1.38 (m, 2H),
0.99 (t, J = 7.4 Hz, 3H); °C NMR (100 MHz, CDCl3) & 143.3, 141.5, 141.2, 128.7, 128.6, 127.4,
127.3,127.2,127.1, 124.5, 35.8, 33.7, 22.4, 14.0.

FTIR (Neat Film NaCl): 3059, 3029 2956, 2928, 2857, 1889, 1873, 1799, 1600, 1479, 754, 697
cm™.

HR-MS (GC-CI): Calculated for C;¢H;s: 210.1409; measured: 210.1404.

o~

4-hydroxybiphenyl (2.28). Synthesized according to general procedure 2.6.6 with a modified
work-up procedure. Corresponding aryl fluoride (16.1 mg, 0.054 mmol) was added to a colorless
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solution of [Ph;C] [HCB,,Cl;;] (1.1 pumol, 0.02 equiv) and triethylsilane (2.2 pmol, 0.04 equiv)
and was stirred at 60 °C for 48 hours. After cooling to room temperature, the reaction was
quenched with a saturated aqueous sodium bicarbonate solution. The aqueous layer was
extracted with Et;O (3 x 1 mL) and combined organic layers were rotary evaporated. Crude
product was purified by flash column chromatography (4:1 hexanes:ethyl acetate) to give 2.28 as

a white solid (2.3 mg, 29%). NMR Spectra match those reported in literature.’’

2.7.7 Intramolecular Alkane Insertion Reaction

R

1-methylindane (2.38). [Ph;C]' [HCB;,Cl;1] (4 mg, 5 pmol, 0.04 equiv) and triethylsilane (1.8
uL, 11 pmol, 0.09 equiv) were dissolved in fluorobenzene (1 mL) to give a colorless solution
before addition of aryl fluoride 2.37 (27.5 mg, 0.12 mmol, 1 equiv). Reaction was stirred at 30
°C for 2 hours to give 2.38 in 43% yield (GC) as shown in Figure. After volatiles were rotary
evaporated, the crude product was purified by 2.30 flash column chromatography (pentane) to

give 2.38 as a colorless oil (5.8 mg, 36%). NMR Spectra match those reported in literature.>®
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Figure 2.29 GC Trace for Internal Standard Nonane and 2.38 in 1:1 Ratio.
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Figure 2.30 GC Trace Showing Formation of 2.38 in 43% Yield.

2.7.8 Optimization Table for Intermolecular Alkane Insertion Reaction

In our studies, we optimized our reaction conditions for anion, silane, and additive using 2.1 in

cyclohexane. Below in Table 2.4 we summarize our key observations.

Table 2.4 Optimization of (2-fluorophenyl)trimethylsilane Substrate in Cyclohexane.

Anion (5 mol%)| Silane (10 mol%) Additive Time Yield
[HCB41H5Clg] iPraSiH 0-CgH,4Cl5 (10 equiv) | 120 hr 32%
[HCB4;Cly4] Et5SiH 0-CgH4Cl, (10 equiv) | 8 hr 24%
[HCB;1Cly4] iPrsSiH 0-CeH,4Cl, (10 equiv) [ 2hr 41%
[HCB;1Cly1] iPrsSiH Me,(Mes),Si (1 equiv)| 9 hr 37%
[HCB4{Cly4] iPrsSiH 0-CegH4F5 (10 equiv) | 2hr 27%
[HCB41Cly4] iPrgSiH none 22 hr 38%
[(CeF5)4BI iPraSiH none 36 hr 18%

2.7.9 General Procedure for Intermolecular Alkane Insertion Reactions

[Ph;C] THCB,,Cl;1] (2.0 mg, 2.7 umol, 0.05 equiv) and triisopropylsilane (1.1 uL, 5.4 pmol, 0.1
equiv) were stirred in o-dichlorobenzene (60 pL, 0.54 mmol, 10 equiv) to give a colorless

solution. Alkane solvent (1 mL), followed by aryl fluoride 2.1 (0.054 mmol, 1 equiv), were
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added respectively to give a 0.05 M solution. The reaction was then heated between 60-100 °C
for 1-9 hours (see individual substrates for reaction conditions). Reaction was monitored by GC-
FID. After cooling to room temperature, the reaction mixture was quenched with saturated
aqueous sodium bicarbonate and the organic layers were concentrated via rotary evaporation and

purified by flash column chromatography (hexanes or pentane).

Phenylcyclohexane (2.29). Synthesized according to general procedure 2.6.8. 2.1 (9.1 mg, 0.054
mmol) was added to a solution of [Ph3sC]'[HCB;Cl;;]” (2.0 mg, 2.7 umol, 0.05 equiv),
triisopropylsilane (1.1 pL, 5.4 umol, 0.1 equiv), o-dichlorobenzene (60 pL, 0.54 mmol, 10
equiv), and cyclohexane (1 mL). Reaction was stirred at 60 °C for 2 hours to give 2.29 in 41%
yield (GC) as shown in Figure 2.32 Crude product was purified by flash column chromatography
(pentane) to give 2.29 as a colorless oil. NMR Spectra match those reported in literature.”
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Figure 2.31 GC Trace for Internal Standard Nonane and 2.29 in 1:1 Ratio.
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Figure 2.32 GC Trace Showing Formation of 2.29 in 41% Yield.

Phenylcyclopentane (2.30). Synthesized according to general procedure 2.6.8. 2.1 (0.054 mmol,
9.1 mg) was added to a solution of [Ph;C][HCB;;Cl;;] (2.0 mg, 2.7 umol, 0.05 equiv),
triisopropylsilane (1.1 pL, 5.4 umol, 0.1 equiv), o-dichlorobenzene (60 pL, 0.54 mmol, 10
equiv), and cyclopentane (1 mL). Reaction was stirred at 70 °C for 1 hour to give 2.30 in 54%
yield (NMR). Crude product was purified by flash column chromatography (pentane) to give

2.30 as a colorless oil. NMR Spectra match those reported in literature.*’

Phenylcycloheptane (2.31). Synthesized according to general procedure 2.6.8 excluding o-
dichlorobenzene. 2.1 (0.054 mmol, 9.1 mg) was added to a solution of [Ph;C]' [HCB;;Cl;,] (2.0
mg, 2.7 umol, 0.05 equiv), triisopropylsilane (1.1 pL, 5.4 pmol, 0.1 equiv), and cycloheptane (1
mL). Reaction was heated at 100 °C for 9 hours to give 2.31 in 40% yield (NMR). Crude product
was purified by flash column chromatography (hexanes) to give 2.31 as a colorless oil (3.4 mg,

36%). NMR Spectra match those reported in literature.*
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Phenylhexane isomers (2.32). Synthesized according to general procedure 2.6.8. 2.1 (0.054
mmol, 9.1 mg) was added to a solution [Ph3C] [HCB;,Cl;;]” (2.0 mg, 2.7 umol, 0.05 equiv),
triisopropylsilane (1.1 pL, 5.4 umol, 0.1 equiv), o-dichlorobenzene (60 pL, 0.54 mmol, 10
equiv), and n-hexane (1 mL). Reaction was heated at 60 °C for 8 hours to give 2.32 in 40%
overall yield (GC). Crude product was purified by flash column chromatography (hexanes) to
give 2.32 as a colorless oil. The error associated with the 3-phenylhexane calibration curve was
shown to be greater than the theoretical yield. Yield of 3-phenylhexane was then calculated by
using 1-phenylhexane and 2-phenylhexane as reference, taking into account the integral ratio of
1 for all isomers shown in Figure 2.33. Calculated yields were: 1-phenylhexane (26%) shown in
Figure 2.35, 2-phenylhexane (9%) shown in Figure 2.37, 3-phenylhexane (5%) shown in Figure

2.39 NMR Spectra match those reported in literature.*'
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Figure 2.33 GC Trace for a 1:1:1 Ratio of Phenylhexane Isomers Showing an Integral

Relationship of 1.
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Figure 2.36 GC Trace for Internal Standard Nonane and 2-phenylhexane in 1:1 Ratio.
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Figure 2.39 GC Trace Showing Formation of 3-phenylhexane From 2.1. The Error Associated
With the 3-phenylhexane Calibration Curve was Shown to be Greater Than the Theoretical

Yield.
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Phenylpentane isomers (2.33). Synthesized according to general procedure 2.6.8. 2.1 (0.054
mmol, 9.1 mg) was added to a solution of [PhsC]' [HCB;:Cl;;]” (2.0 mg, 2.7 umol, 0.05 equiv),
triisopropylsilane (1.1 pL, 5.4 umol, 0.1 equiv), o-dichlorobenzene (60 pL, 0.54 mmol, 10
equiv), and n-pentane (1 mL). Reaction was heated at 60 °C for 8 hours to give 2.33 in 42%
overall yield (GC). Crude product was purified by flash column chromatography (hexanes) to
give 2.33 as a colorless oil. Calculated GC yields were: 1-phenylpentane (30%) shown in Figure
2.41, 2-phenylpentane (10%) shown in Figure 2.44, 3-phenylpentane (2%) shown in Figure 2.46.

NMR Spectra match those reported in literature.**
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Figure 2.41 GC Trace for Internal Standard Nonane and 1-phenylpentane in 1:1 Ratio.
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Figure 2.43 GC Trace for Internal Standard Nonane and 2-phenylpentane in 1:1 Ratio.
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Figure 2.46 GC Trace Showing Formation of 3-phenylpentane From 2.1 in 2% Yield.

2.7.10 Procedure for D-labeling Experiment in C¢Dg

F ; H/D
@E cat. [R3Sil*[WCA]
-
™S benzene-dg:benzene
(1:1)
2.1 2.41

deuterium scrambling

The reaction is analogous to that described in general procedure 2.6.6, using C¢Dg in place of
benzene. As shown below, masses ranging from C2H;oDo (m/z: 154) to C12HoD1o (m/z: 164) are
present. This suggests that H/D crossover occurs from the Wheland intermediate (2.11) shown in

Figure 2.3 from the manuscript.
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Spectrum

Line#:1 R.Time:7.793(Scan#:2118)
MassPeaks:121

RawMode:Single 7.793(2118) BasePeak:160.10(513374)
BG Mode:None Group 1 - Event 1
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Figure 2.47 GCMS Spectrum Showing Deuterium Scrambling of 2.41 in C¢D¢ Reaction.

2.7.11 Procedure for D-labeling Experiment in D;-cyclohexane

In order to probe the mechanism of the alkane C—H insertion event, we used a modified
procedure from general procedure 2.6.8 using C¢D;; in place of cyclohexane and excluding o-
dichlorobenzene. The 'H NMR in section 4.7 suggests a 1,2-insertion process. We attribute the
meta- and para- deuterium incorporation due to the rapid hydride shifts of Wheland intermediate
2.11 from the manuscript (Figure 2.3). Outlined below is the procedure for synthesizing Di»-
phenylcyclohexane and determining deuterium incorporation.

[Ph;C] THCB,,Cl;1]” (6.0 mg, 7.8 umol, 0.05 equiv) and triisopropylsilane (3.3 uL, 16.1 umol,
0.1 equiv) were stirred in Dj>-cyclohexane (3 mL) for 10 minutes to give a heterogeneous yellow
suspension before adding aryl fluoride 2.1 (27.3 mg, 0.16 mmol, 1 equiv). The reaction mixture
was heated at 70 °C for 13 hours. After cooling to room temperature, volatiles were evaporated
by rotary evaporation, and crude product was purified by flash column chromatography

(hexanes) and Kugelrohr distillation (0.2 Torr, rt). GC-MS analysis confirmed the formation of
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only Dj,-phenylcyclohexane as shown in Figure 2.48. '"H NMR was normalized against the para-
position proton to have an integration value of 1. A second '"H NMR was taken with an internal
standard to calculate the deuterium enrichment at the para-position, and subsequently the total

distribution of deuterium incorporation. The 'H NMR data is shown in section 4.7.
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Diz2-phenylcyclohexane (2.43). Synthesized according to procedure 2.6.10.
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Figure 2.48 GCMS Trace for Dj-phenylcyclohexane (m/z: 172) Showing No Deuterium

Scrambling.
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2.7.12 Procedure for Deuterium Competition Experiment

In order to probe the kinetics of our reaction, we subjected 2.1 to a competition experiment with
1:1 C¢H12:CeD12. Lack of deuterium crossover (Figure 2.49) and a kinetic isotope effect (KIE) of
1.08 suggest that the C—H insertion step is not rate-determining. Outlined below is the procedure
for conducting our competition experiment.

[Ph;C] THCB,,Cl;1] (2.0 mg, 2.6 umol, 0.05 equiv) and triisopropylsilane (1.1 uL, 5.4 pmol, 0.1
equiv) were stirred in a 1:1 mixture of Dj;-cyclohexane (0.5 mL) and cyclohexane (0.5 mL) for
10 minutes to give a heterogeneous yellow suspension before addition of aryl fluoride 2.1 (9.1
mg, 0.054 mmol, 1 equiv). The reaction mixture was heated at 70 °C and stirred for 13 hours.
Product ratios were analyzed by GC-FID using the coefficient calculated from Figure 2.50. Over

three trials (Figure 2.51, 2.52, and 2.53), Ky/Kp = 1.08 £ 0.01.
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Figure 2.49 GCMS Spectrum of Competition Experiment Showing No Deuterium Crossover.

Ci2Hi6 (m/z: 160) and C2H4D2 (m/z: 172) are Both Present With No Intermediate Masses.
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Figure 2.50 GC Trace for a Solution of 4.3 mg of D »-phenylcyclohexane and 5.4 mg of

Phenylcyclohexane. A Comparison of Molar and Integral Ratios Show a 1:1 Relationship.

>
&

2 &
o A &
8.F o

Figure 2.52 GC Trace for Trial 2 of Deuterium Competition Experiment.
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Figure 2.53 GC Trace for Trial 3 of Deuterium Competition Experiment.

2.7.13 Methane Reaction

Table 2.5 Optimization of (1-fluoronaphthalen-2-yl)trimethylsilane for the Insertion Reaction

With Methane. *3.6 mol% Catalyst Loading.

Catalyst (5 mol%) Solvent Silane (10 mol%) Yield
[Ph3C][HCB41Cly4] | 0-CgH4Cly iPraSiH 0%
[Et5Sil[HCB41Cly41* CgFg none 32%
[Ph3C][HCB4;Cly4] CgHsCl iPrsSiH 0%
[Ph3C][HCB4;Cly4] 0-CgH,4F 5 iPraSiH 0%
[Ph5CJ[HCB44Cly4] CgFe iPraSiH 22%
[Ph5CJ[HCB44Cly4] CgHsF iPraSiH 0%
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1-methylnaphthalene (2.35). Prior to the reaction, the reactor was purged with argon three times
at room temperature and heated to 160 °C. After reaching 160 °C, the reactor was purged with
argon three times and heated at this temperature for 12 hours. The vessel was then cooled to 25
°C and purged with argon three times.

Inside a glovebox, [Et;Si] THCB;;Cli1] (2.5 mg, 3.92 mmol, 0.036 equiv) was dissolved in o-
dichlorobenzene (0.12 mL, 1.08 mmol, 10 equiv). Hexafluorobenzene (1 mL), followed by aryl
fluoride 2.34 (23.6 mg, 0.108 mmol, 1 equiv), were added respectively to give a 0.1 M
suspension. The reaction was sealed and brought out to assemble in the reactor. Pressure vessel
was assembled under a stream of argon as fast as possible to avoid exposure to air (<1 minute).
Once sealed, the vessel was purged with argon three times, flushed with methane, then purged
with methane three times. The reactor was then pressurized with methane to 35 bar and heated to
60 °C for 24 hours. After cooling to room temperature, the reaction mixture was diluted in
hexanes, concentrated by rotary evaporation and purified by flash column chromatography
(pentane) to give 2.35 as a colorless oil (4.9 mg, 32%). NMR Spectra match those reported in
literature.*’

Low yields are attributed to protodesilylation of 2.34 during the reaction as shown in Figure

2.54. This is likely due to adventitious water introduced upon assembly of the reactor.
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Figure 2.54 GC Trace for Crude Methane Insertion Reaction Showing Both 2.35 and the Major

Byproduct 1-fluoronaphthalene.
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2.8 Spectra Relevant to Chapter Two:

Arylation of Hydrocarbons Enabled by Organosilicon Reagents and Weakly Coordinating

Anions

Adapted from: Brian Shao’, Alex L. Bagdasarian’, Stasik Popov, and Hosea M. Nelson

Science, 2017, 355, 1403-1407.
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Figure 2.56 "H NMR (400 MHz, CDCls) of compound 2.15.
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CHAPTER THREE
Teaching an Old Carbocation New Tricks: Intermolecular C—H Insertion Reactions of
Vinyl Carbocations
Adapted from: Stasik Popov, Brian Shao, Alex L. Bagdasarian, Tyler R. Benton, Luyi Zou,
Zhongyue Yang, K. N. Houk, and Hosea M. Nelson

Science, 2018, 361, 381-387.

3.1 Abstract

Vinyl carbocations have been the subject of extensive experimental and theoretical
studies over the past five decades. Despite this long history in chemistry, the utility of vinyl
cations in chemical synthesis has been limited, with most reactivity studies focusing on
solvolysis reactions or intramolecular processes. Here, we report synthetic and mechanistic
studies of vinyl cations generated through silylium/weakly coordinating anion (WCA) catalysis.
We find that these reactive intermediates undergo mild intermolecular C—C bond forming
reactions, including C—H insertion into unactivated sp’ C—H bonds and reductive Friedel-Crafts
reactions with arenes. Moreover, we conducted extensive mechanistic investigations into the key
C—H insertion event through experimental design. This reaction manifold provides a framework

for the catalytic functionalization of hydrocarbons using simple ketone derivatives.

3.2 Introduction

Our findings in the development of intermolecular sp’ C—H insertion chemistry of phenyl
cations (3.1) led us to hypothesize about other members of the dicoordinate carbocation family.'

Since they are “locally” isoelectronic to aryl cations, we naturally looked toward vinyl cations
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(3.2) as a possible candidate for accessing similar C—H insertion reactivity (Scheme 3.1).
Challenging this hypothesis was a lack of substantial precedent for this mode of reactivity,
despite the extensive experimental studies of vinyl cations over the past five decades. The vast
majority of reactivity studies focused on solvolysis reactions using polar protic solvents.” This
limitation has largely prevented the observation of insertion reactions due to the difficulty in
generating vinyl cations and the infallible attack by polar, heteroatom-containing solvents on the

cationic carbon of the vinyl cation (refer to Chapter one).

Scheme 3.1 Inspiration for Initial Vinyl Cation Reactivity Studies

F - R2 [ WCAJ™ |
H cat. [RsSi[[WCA]_ [
R‘@ *UNRe > R! @F cat. [R3Sil*[WCAJ
™S e memmeeeees > ‘
, ™S

H
o 3.1 )
c [WCAT
Q @X cat. [RsSiJ'[WCAJ- (®
B || I e >
9 —R3SiX ‘
WCA ci I ¥
[HCBCliIm @ will vinyl cations undergo insertion reactions?

More recently, Metzger and Brewer have independently proposed the intramolecular C—
H insertion of vinyl cations generated from alkynes or diazo compounds in solution.* While
these examples relied on the use of stoichiometric Lewis acid and/or highly engineered
substrates, it did grant us additional confidence in the feasibility of our proposed intermolecular
vinyl cation insertion chemistry (Scheme 3.1). We drew on our phenyl cation studies using
silylium catalysis to realize our new reactivity goals.' Moreover, literature precedent informed us
that vinyl triflates are superior precursors for vinyl cation generation, leading us to use

cyclohexenyl triflate (3.3) as our base substrate.’
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In this scenario, silylium-mediated ionization of vinyl triflate 3.3 would generate a
kinetically persistent vinyl cation-WCA pair (3.4, Figure 3.1). Insertion of this reactive
dicoordinate cation (3.4) into an alkane C—H bond would lead to formation of alkyl carbocation
3.5. A 1,2-hydride shift would lead to the more stable tertiary cation (3.6) that, upon reduction by
a sacrificial silane,’ would generate the functionalized hydrocarbon product 3.7 and regenerate

the silylium-carborane initiator.

Figure 3.1 Proposed Catalytic Cycle for C—H Insertion of Vinyl Cations.

OTf
©/ Et,SiOTf
3.3}<& [WCA]-
H [Et;SII*[WCA]” (® | persistent
H ‘ vinyl
R cation
3.4

3.7
cata/yszf R=H
regeneration C—-H insertion

Et;Si-H

H [WCA] WCA]-

on ®sH [ |
Sa
~—
3.6 1,2-hydride 3.5
shift

3.3 Development of Intermolecular C—H insertion Reactions of Vinyl Cations

We were pleased to find that exposure of cyclohexenyl triflate (3.3) to 1.5 equivalents of
triethylsilane and 2 mol% [PhsC]'[HCB;Cl;;]” in dried cyclohexane solvent at 30 °C in a
nitrogen filled glovebox resulted in the formation of cyclohexylcyclohexane (3.8, Table 3.1) in
87% yield, after 90 minutes.” Intrigued by the remarkably mild conditions employed in this

alkane alkylation reaction, we undertook a brief study of scope to further elucidate potential
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synthetic applications and to gain mechanistic insight. Cycloheptane and n-pentane also reacted
efficiently with the cyclohexenyl cations, albeit with poor regioselectivity in the latter case (3.9,
3.10). Although cyclohexenyl triflates bearing substituents at the 2- or 6-positions led to complex
mixtures of products, presumably due to non-productive unimolecular decompositions,® other
positions of the cyclohexenyl ring were tolerant of substitution. For example, exposure of the
enol triflate derived from 5a-cholestan-3-one (3.11) to our reaction conditions led to formation
of the alkylated steroid 3.12 in 88% yield and 15:1 diastereomeric ratio (d.r.). Analogous to the
previously reported ring-contraction reactions of medium-sized cyclic vinyl triflates,” exposure
of cyclooctenyl triflate (3.13) to our optimized reaction conditions led to rapid transannular C—H

insertion to yield bicyclo[3.3.0]octane (3.14).
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Table 3.1 Reductive Alkylation Reactions of Vinyl Triflates and Alkanes.”

[PhsCI[HCB,Cly,- (2 mol%)

ot Et,SiH (1.5 equiv) alkyl
R *  alkyl=H > R
30 °C, 1-3 h

n=1or3 n
Entry Substrate Solvent Product Yield (%), Time (h)

OTf
87°,1.5

3.3 : 3.8
oTf
2 ©/ CHyg 88b, 2
3.3 3.9
3.3

CeH12

| H
oTf U(%/
n-CsHys L 68b, 1.5
H (21:36:11)
3.10

88°, 3
(15:1 d.r)

CgH12 91b, 1

3.13 3.14

“ Reactions performed at 0.1 M. ° Yield determined by GC-FID with nonane as an internal
standard. ‘ Isolated Yield.

3.4 Deuterium Labeling Studies

Deuterium labeling studies were carried out to further probe the nature of the key C-H
insertion mechanism of vinyl carbocations. First, competition experiments using a 1:1 mixture of
CeHi2:C¢D12  provided a 1:1 mixture of cyclohexylcyclohexane-dy (3.8) and
cyclohexylcyclohexane-d,,, (3.15) supporting a concerted reaction pathway and ruling out a rate-

limiting C-H insertion event (Scheme 3.2). Use of triethylsilane-d; with cyclohexane and

97



cyclohexenyl triflate (3.3) resulted in high levels of deuterium incorporation at the tertiary
carbon of alkane product 3.16, supporting the formation of a persistent 3° carbocation (3.17).
However, this experiment does not differentiate a 1,1- from a 1,2-insertion mechanism; the 2°
carbocation (3.5) formed via 1,1-insertion will always proceed to the more stable 3° carbocation
3.6 (Figure 3.1). To tease apart these different C—H insertion mechanisms, we hypothesized that
a vinyl triflate precursor capable of generating a 3-substituted cyclohexenyl vinyl cation 3.18
would allow us to distinguish between a 1,1- and a 1,2-insertion through competitive hydride and
deuteride shifts (Scheme 3.3). Several mechanistic probe substrates were synthesized in hopes to
test this hypothesis. While the 3-ethyl- (3.19) and 3-cyclohexylcyclohexenyl triflates (3.20)
revealed promising signs of qualitative hydride/deuteride scrambling along C1 to C3,
quantitative analysis of these products proved difficult. The nearly identical characteristics of
each proton/deuterium and carbon in these two previous alkane examples pushed us to explore
substrates with more chemically distinguishable substituents.

Scheme 3.2 Initial Deuterium Labeling Studies of Triflate 3.3

R

> +

@0“ [PhsCI*[HCB;;Cl;;]~ (2mol%)  cyclohexylcyclohexane-d, (3.8)

EtySi-H (1.5 equiv) cyclohexylcyclohexane-d, (3.15)
3.3 CeD12:CeHy2 (1:1)
[wcaj®
oTf + — CegH1q C-H
[Ph3CI[HCB;,Cl17]~ (2 mol%) D @ CeHq
Et;Si-D (1.5 equiv) o via: )
3.3 CeHi2 316 o1

We then prepared 3-phenylcyclohexenyl triflate 3.21 in the hope that migration of the
benzylic C3-hydride of carbocation intermediate 3.23 would be competitive with Cl-deuteride
migration, allowing for direct experimental evidence of a 1,1-insertion event (Scheme 2.4). Upon
exposure of triflate 3.21 to our reaction conditions, using cyclohexane-d;» solvent and
triethylsilane, we observed 67% deuterium incorporation at C2, 65% at C1, and 35% at C4
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(3.22). In total, we observed 1.6 deuterides incorporated at these three carbons (C1, C2 and C4),
accounting for 80% of the two cyclohexane-d,, deuterides prone to migration. Here we postulate
that following 1,1-insertion, C3-hydride migration produces benzylic cation 3.24, whereas Cl1-
deuteride migration leads to tertiary C1 and C4 carbons 3.25 and 3.26, respectively. All four
cations (3.24 to 3.26) can be quenched by terminal silane. Further confirming migration of the
C3-benzylic H, using C¢D; and triethylsilane-d;, we observed 75% deuterium incorporation at
C2 and 25% deuterium incorporation at C3 (3.27, Scheme 2.4). The observation of D
incorporation at the C3-carbon suggests a 1,2-hydride migration to quench a transient cation
(3.28) that results from a 1,1-insertion event. Moreover, use of C3-deuterated substrate 3.29 with
CeH )2 leads to D-incorporation at C2 (ca. 12%), further supporting the migration of the benzylic
deuteride to quench the carbocation (3.31) generated upon insertion. The lower levels of C2
deuteride incorporation in product 3.30 can be attributed to kinetic isotope effects, as the C3-
deuteride in 3.28 will migrate slower than the C3-hydride in cation 3.31, whereas the C1 hydride
of cation 3.28 will migrate faster in this system than the deuteride of transient 3.31."° The fact
that less migration of the benzylic C3 hydride is observed over the tertiary C1 hydride supports
the computational findings performed by the Houk group, wherein a discrete classical secondary
cation is not formed due to the nonclassical nature of our reaction. A full article with detailed
discussions on computational studies done to probe the nonclassicality of our vinyl cation

. . . . . 7
reactions can be viewed in our group’s publication.
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Scheme 3.3 Design of Mechanistic Probe Substrates
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Scheme 3.4 Deuterium Labeling Experiments in Support of 1,1-C—H Insertion Pathway.
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3.5 Reductive Friedel-Crafts Methodology of Vinyl Cations

Having established that vinyl triflates are competent vinyl cation precursors under
silylium catalysis conditions, and that these reactive intermediates undergo efficient sp® C—H
functionalization reactions, we sought to investigate their reactivity with arenes. It has been
reported that cyclic vinyl cations are poor electrophiles in Friedel-Crafts arylation reactions."’
This finding has been attributed to the poor electrophilicity of vinyl cations'> and to the slow
ionization of vinyl cation precursors in arene solvents.'' In early studies, cyclohexenyl triflates
were completely unreactive towards arene nucleophiles, while larger ring size triflates
participated in Friedel-Crafts reactions at elevated temperatures, albeit in poor yields."" We
posited that use of silylium-carborane salts would allow for mild ionization of cyclic vinyl
triflates in nonpolar solvents, allowing for facile Friedel-Crafts arylation reactions. We were
pleased to find that with 4 equivalents of benzene in pentane solvent (1:22 ratio of
benzene:pentane), cyclohexenyl triflate (3.3) underwent smooth reductive arylation to yield
phenylcyclohexane (3.32) in 74% yield at room temperature (Scheme 3.5). In this reaction, the
mass balance is composed of cyclohexylpentane isomers. In addition to benzene, electron-poor
haloarenes such as difluorobenzene and dichlorobenzene underwent smooth, C-C bond
formation to yield cyclohexylated haloarenes (3.33 to 3.36) in synthetically useful yields.
Likewise, electron-rich arenes were competent nucleophiles. Cyclohexenyl triflates bearing
substituents at the 4- or 5-positions could also be arylated, including the enol triflate derived
from 5a-cholestan-3-one, which yielded an arylated steroid core (3.40) in 90% yield and 8:1 d.r.
Various ring sizes were also competent under these reaction conditions, with cyclopentenyl
triflate undergoing smooth reductive alkylation with benzene reaction partners in 64% yield

(3.39). Cyclobutenyl triflate participated in this reductive Friedel-Crafts alkylation (3.38), as did
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aromatic alkenes (3.37). Simple acyclic vinyl triflates were competent electrophiles for arylation

by requiring as little as 10 equivalents of arene in chloroform solvent at —40 °C.

Scheme 3.5 Reductive Arylation of Vinyl Triflates.

[PhsCIHIHCB,Cly,]~ (2 mol%) R?
_C? \© Et,SiH (1.5 equiv)
—40 10 70 °C )

n=01,2

n=0or1
F cl F
F Cl Br
H H
74% yield 49% yield 56% yield 51% yield 51% yield
4 equiv in pentane 10 equiv in pentane (47:9) (43:8)
3.32 3.33 3.34 3.35 3.36

E(Q Q’Q
66% yield 57% yield 64% yield 90% yield
(47:19) 10 equiv in chloroform (8:1d.r)
3.37 3.38 3.39 3.40

3.6 Conclusion

We have shown that vinyl cations, the subject of numerous computational and
experimental studies, are now accessible synthetically from simple vinyl triflates using WCA
salts under mild conditions. The non-nucleophilic nature of the WCA allows these unstabilized
vinyl cations to engage in C—C bond forming reactions with alkanes and a variety of arenes,
modes of reactivity that have been largely unreported despite extensive previous work. Through
deuterium labeling studies, convincing evidence supports a 1,1-insertion pathway for the key

intermolecular C—H insertion step. These findings lay the conceptual and experimental
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groundwork for further discoveries in the field of alkane C-H bond functionalization using

ketone derivatives and WCA catalysis.

3.7 Experimental Section
3.7.1 Materials and Methods

Unless otherwise stated, all reactions were performed in an MBraun glovebox under
nitrogen atmosphere with < 0.5 ppm O, levels. All glassware and stir-bars were dried in a 160 °C
oven for at least 12 hours and dried in vacuo before use. All liquid substrates were either dried
over CaHy or filtered through dry neutral aluminum oxide. Solid substrates were dried over P,0:s.
All solvents were rigorously dried before use. Benzene, o-dichlorobenzene, and toluene were
degassed and dried in a JC Meyer solvent system and stored inside a glovebox. Cyclohexane,
fluorobenzene, and n-hexane were distilled over potassium. Chlorobenzene and o-
difluorobenzene were distilled over sodium. Pentane was distilled over sodium-potassium alloy.
Chloroform was dried over CaH, and stored in a glovebox. All solvents were stored over 4 A
molecular sieves. Triethylsilane and triisopropylsilane were dried over sodium and stored inside
a glovebox. Closo-Carborane catalysts were prepared according to literature procedure.” n-
Butylcyclohexane and n-pentylcyclohexane were purchased from Alfa Aesar. Preparatory thin
layer chromatography (TLC) was performed using Millipore silica gel 60 Fs4 pre-coated plates
(0.25 mm) and visualized by UV fluorescence quenching. SiliaFlash P60 silica gel (230-400
mesh) was used for flash chromatography. AgNOs;-Impregnated silica gel was prepared by
mixing with a solution of AgNOs (150% v/w of 10% w/v solution in acetonitrile), removing
solvent under reduced pressure, and drying at 120 °C. NMR spectra were recorded on a Bruker

AV-300 (‘H, "F), Bruker AV-400 (‘H, °C, "F), Bruker DRX-500 ('H), and Bruker AV-500
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('H, °C). 'TH NMR spectra are reported relative to CDCl; (7.26 ppm) unless noted otherwise.
Data for '"H NMR spectra are as follows: chemical shift (ppm), multiplicity, coupling constant
(Hz), integration. Multiplicities are as follows: s = singlet, d = doublet, t = triplet, dd = doublet of
doublet, dt = doublet of triplet, ddd = doublet of doublet of doublet, td = triplet of doublet, m =
multiplet. C NMR spectra are reported relative to CDCl; (77.16 ppm) unless noted otherwise.
GC spectra were recorded on an Agilent 6850 series GC using an Agilent HP-1 (50 m, 0.32 mm
ID, 0.25 mm DF) column. GCMS spectra were recorded on a Shimadzu GCMS-QP2010 using a
Restek XTI-5 (50 m, 0.25 mm ID, 0.25 mm DF) column. interface at room temperature. IR
Spectra were record on a Perkin Elmer 100 spectrometer and are reported in terms of frequency
absorption (cm™). High-resolution mass spectra (HR-MS) were recorded on a Waters
(Micromass) GCT Premier spectrometer and are reported as follows: m/z (% relative intensity).
Purification by preparative HPLC was done on an Agilent 1200 series instrument with a reverse

phase Alltima C;g (5m, 25 cm length, 1 cm internal diameter) column.

3.7.2 Synthesis of Vinyl Triflate Substrates

OoTf

Cyclohex-1-en-1-yl trifluoromethanesulfonate (3.3). In a flame dried 1 L three-neck flask
equipped with a dropping funnel, cyclohexanone (25.0 g, 255 mmol, 1.0 equiv) and freshly
distilled anhydrous pyridine (22.2 g, 280 mmol, 1.1 equiv) were dissolved in anhydrous
methylene chloride (400 mL). The solution was cooled to 0 °C. The dropping funnel was
charged with a solution of triflic anhydride (79.0 g, 280 mmol, 1.1 equiv) in methylene chloride

(160 mL). The solution was added dropwise to the reaction (~45 minutes). After addition ceased,
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the ice bath was removed and the reaction stirred for 16 hours. The volatiles were removed under
reduced pressure and the crude material was suspended in petroleum ether and filtered. The
supernatant was concentrated and the resulting oil was purified by vacuum distillation at 0.2
mmHg to give cyclohexenyl triflate (3.3) as a colorless oil (25.8 g, 44%). NMR data match those

reported in literature.'*

TfO

(585,8R,9S5,108,13R,145,17R)-10,13-Dimethyl-17-((R)-6-methylheptan-2-yl)-
4,5,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a|phenanthren-3-yl
trifluoromethanesulfonate (3.11). Synthesized from 5a-cholestan-3-one according to reported

literature. NMR data match those reported in literature '

OTf

O

(E)-Cyclooct-1-en-1-yl trifluoromethanesulfonate (3.13). In a flame dried 250 mL round
bottom flask, cyclooctanone (3.0 g, 23.8 mmol, 1.0 equiv) and freshly distilled 2-chloropyridine
(3.0 g, 26.1 mmol, 1.1 equiv) were dissolved in anhydrous methylene chloride (90 mL). The
solution was cooled to 0 °C. Triflic anhydride (8.1 g, 28.5 mmol, 1.2 equiv) was added dropwise
to the solution. After addition, the ice bath was removed and the reaction stirred for 16 hours.
The reaction mixture was quenched with 0.5M aqueous HCl (200 mL). The phases were
separated and the aqueous layer was extracted with methylene chloride (2 x 100 mL). The

combined organics were dried over magnesium sulfate, filtered and volatiles removed under
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reduced pressure to give the crude material as a purple oil. The product was purified by vacuum
distillation (5 mmHg, 100 °C) to give triflate (3.13) as a colorless oil (3.2 g, 51%). NMR data

match those reported in literature.'

OoTf

C
®

1,4,5,6-Tetrahydro-[1,1'-biphenyl]-3-yl-1 trifluoromethanesulfonate (3.21). A flame dried
round bottom flask was charged with anhydrous ZnCl, (3.7 g, 27 mmol, 2.6 equiv) and
anhydrous toluene (4 mL). After cooling the mixture to —30 °C, a solution of 1.0 M PhMgBr in
Et,0O (54 mL, 54 mmol, 5.2 equiv) was added dropwise. The reaction was then left to warm up to
room temperature over 2 hours to yield a 0.47 M solution of diphenylzinc. To a separate flame
dried schlenk flask was added Cu(OTf), (75 mg, 0.21 mmol, 0.02 equiv), PPh; (109 mg, 0.42
mmol, 0.04 equiv) and anhydrous toluene (50 mL). After stirring for 30 minutes, cyclohex-2-en-
I-one (1.00 g, 10.4 mmol, 1.0 equiv) was added and the solution cooled to —30 °C. The solution
of 0.47 M diphenylzinc in Et;0 (29 mL, 13.5 mmol, 1.3 equiv) was then added dropwise. After 2
hours, the reaction was brought to 0 °C before adding Tf,O (3.5 mL, 20.8 mmol, 2.0 equiv) and
allowed to warm to room temperature over 12 hours. The reaction was quenched with saturated
aqueous sodium bicarbonate solution (80 mL). The aqueous layer was extracted with Et;O (3 x
60 mL) and the combined organics were dried over MgSQOy4. After concentrating by rotary
evaporation, the crude product was purified by flash chromatography (hexanes) to yield 500 mg

(16%) of colorless oil. NMR spectra match those reported in literature. '
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1,4,5,6-Tetrahydro-[1,1'-biphenyl]-3-yl-1-d trifluoromethanesulfonate (3.29). Synthesized
from cyclohex-2-en-1-one-3-d according to reported literature with modification.'”

A flame dried round bottom flask was charged with anhydrous ZnCl, (1.2 g, 9.0 mmol, 2.6
equiv) and anhydrous toluene (15 mL). After cooling the mixture to —30 °C, a solution of 3.0 M
PhMgBr in Et;O (6 mL, 20 mmol, 5.2 equiv) was added dropwise. The reaction was then left to
warm up to room temperature over 2 hours to yield a 0.40 M solution of diphenylzinc.

To a separate flame dried schlenk flask was added Cu(OTf), (33 mg, 0.09 mmol, 0.02 equiv),
PPh; (48 mg, 0.18 mmol, 0.04 equiv) and anhydrous toluene (20 mL). After stirring for 30
minutes, cyclohex-2-en-1-one-3-d (440 mg, 4.5 mmol, 1.0 equiv) was added and the solution
cooled to —30 °C. The solution of 0.4 M diphenylzinc in Et,0 (14 mL, 5.9 mmol, 1.3 equiv) was
then added dropwise. After 2 hours, the reaction was brought to 0 °C before adding Tf,0 (1.5
mL, 9.0 mmol, 2 equiv) and allowed to warm to room temperature over 12 hours. The reaction
was quenched with saturated aqueous sodium bicarbonate solution (40 mL). The aqueous layer
was extracted with Et,O (3 x 30 mL) and the combined organics were dried over MgSO,. After
concentrating by rotary evaporation, the crude product was purified by flash chromatography
(hexanes) to yield 260 mg (19%) of colorless oil.

'H NMR (500 MHz, CDCls) § 7.35-7.21 (m, 2H), 7.26-7.23 (m, 1H), 7.21-7.17 (m, 2H), 5.83
(br s, 1H), 2.50-2.43 (m, 1H), 2.38 (dt, J=17.5, 5.2 Hz, 1H), 2.01 (ddd, J= 13.2, 7.1, 2.8 Hz,
1H), 1.95-1.87 (m, 1H), 1.82—1.73 (m, 1H), 1.56—1.51 (m, 1H); "’F NMR (282 MHz, CDCl;) & —
74.0; *C NMR (125 MHz, CDCls) & 150.5, 143.7, 127.5, 126.8, 121.5, 118.6 (q, 'Jer = 318
Hz), 40.9 (t, 'Jop =20 Hz), 31.2, 27.6, 21.1.
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FTIR (Neat film NaCl): 3062, 3027, 2945, 2864, 1683, 1603, 1414, 1246, 1202, 1139, 1049,
994, 931, 919, 907, 878, 837, 822, 700, 603, 505.

HR-MS (GCT-LIFDI): Calculated for [C13H2DF303S + Na]": 330.0498; measured: 330.0509.

OoTf

o™

1-Phenylvinyl trifluoromethanesulfonate (3.41). In a flame dried 500 mL roundbottom flask,
phenylacetylene (5.11 g, 50.0 mmol) was dissolved in anhydrous methylene chloride (250 mL).
Triflic acid (6.75 g, 45.0 mmol) was added dropwise to the solution under vigorous stirring.
After 20 minutes, the reaction was quenched with saturated aqueous sodium bicarbonate (100
mL). The layers were separated and the organic layer was dried over magnesium sulfate, filtered
and volatiles removed under reduced pressure to give the crude as a black oil. The crude material
was vacuum distilled (0.2 mmHg, 65 °C) to give triflate 3.41 as a faint yellow oil (3.2 g, 28%).

NMR data match those reported in literature. '®

OoTf

Cyclopent-1-en-1-yl trifluoromethanesulfonate (3.42). Synthesized according to literature

procedures. NMR data match those reported in literature.'”’

OTf

uf

Cyclobut-1-en-1-yl trifluoromethanesulfonate (3.43). To a 250 mL flame dried roundbottom
flask equipped with a magnetic stirring bar were added cyclobutanone (2.00 g, 28.5 mmol), N-
Phenylbis(trifluoromethanesulfonimide) (11.2 g, 31.4 mmol) and anhydrous tetrahydrofuran (56
mL). The resulting solution was cooled to 0 °C. In a separate flask, potassium

hexamethyldisilazide (5.98 g, 29.9 mmol) was dissolved in anhydrous tetrahydrofuran (40 mL).
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This solution was added dropwise to the cyclobutanone-containing solution. The reaction stirred
at 0 °C for 2 hours at which point most of the tetrahydrofuran was removed under reduced
pressure. The resulting mixture was diluted with diethyl ether (50 mL) and washed with water (3
x 30 mL) followed by brine (2 x 30 mL). The organics were dried over sodium sulfate, filtered
and volatiles removed under pressure. The crude material was purified by vacuum distillation
(0.2 mmHg, 25 °C) to give the product with a small amount of hexamethyldisilazane impurity.
The triflate was further purified by silica column chromatography (hexanes) to give pure product
as a colorless oil (400 mg, 7%). Note: the low yield is likely due to the volatility of the product.
'H NMR (400 MHz, CDCl3) § 5.42 (s, 1H), 2.92 — 2.90 (m, 2H), 2.26 — 2.24 (m, 2H); °F NMR
(376 MHz, CDCl;) & —73.8; °C NMR (125 MHz, CDCl3) & 138.0, 118.7 (q, 'Je_r = 319 Hz),
116.7,33.9,21.4.

FTIR (Neat film NaCl): 2960, 2950, 2858, 1629, 1423, 1272, 1244, 1204, 1135, 932, 909, 851,
769, 605, 575, 522.

HR-MS (GCT-LIFDI): Calculated for CsHsF303S: 201.9911; measured: 201.9918.

3.7.3 General Procedure for Yield Calculations by GC

Calibration curves were made by first preparing 5:1, 3:1, 1:1, 1:3, and 1:5 molar ratio solutions
of nonane to product. GC analysis of the chromatogram integrations was plotted on Microsoft
Excel to form a linear calibration curve line. All curves were tested to be within < 5% error. For
analysis of reactions, nonane (1.12 equiv) was added to the reaction mixture after completion and
aliquots were prepared by diluting in hexanes, quenched with a saturated aqueous sodium

bicarbonate solution, and the organic layer filtered through a kimwipe. Yields are then calculated
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by comparing the integration ratios of nonane to the product against their respective calibration

curve.

3.7.4 Optimization for Alkane Alkylation Reactions

This section outlines the optimization of the reaction shown below. All yields of bicyclohexyl

oTf
©/ x mol% [Ph;CI*[WCA]
o
y equiv. R3Si-H

0.05 mmol

(3.8) are GC yields.

cyclohexane

Table 3.2 Optimization of intermolecular alkylation reaction.

Anion % Cat. Loading | Conc. | Temp. Silane Yield
[HCB11Cl11] 2 mol% 0.1M | 30°C | Et3SiH (150 mol%) | 87%
[HCB11Cl11] 2 mol% 0.1M | 30°C | iPrsSiH (150 mol%) | 68%
[HCB11Cl11] 0 mol% 0.1M | 30°C | Et3SiH (120 mol%) | 0%
[HCB11Cly1] 2 mol% 0.1M | 30°C none 0%

[HCB11HsClg) 2 mol% 0.1M | 30°C | Et3SiH (150 mol%) | 50%
[HCB11Bri1] 2 mol% 0.1M | 30°C | Et3SiH (150 mol%) | 69%
[B(CsFs)4] 2 mol% 0.1M | 30°C | Et3SiH (150 mol%) | 6%

3.7.5 General Procedure for Intermolecular Alkane Insertion Reactions.
[Ph;CI*[HCB;;Cl41] (2 mol%)

oTt Et,SiH (1.5 equiv.) R’
R R
R’-H

In a well-kept glovebox, H,0, O, < 0.5 ppm, a dram vial was charged with [Ph;C] [HCB;Cl;,]

(0.02 equiv) and this was suspended in alkane (0.1 M). Triethylsilane (1.5 equiv) along with a

magnetic stirring bar were added to the mixture, and the resulting suspension stirred for 10
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minutes. At this point, vinyl triflate (1.0 equiv) was added to the reaction and stirred for 0.2—12
hours at 30 °C (see substrates for specific details). Upon completion, the reaction mixture was
passed through a short plug of silica gel inside the glovebox and washed with hexanes. The
solution was brought out and volatiles removed under reduced pressure. Some substrates needed

further purification by silica column chromatography.

Bicyclohexyl (3.8). Synthesized according to general procedure 3.7.5. A dram vial was charged
with [Ph;C]'[HCB,,Cl;;]” (0.8 mg, 0.001 mmol, 0.02 equiv) and this was suspended in
cyclohexane (0.5 mL, 4.63 mmol). Triethylsilane (12 mL, 0.075 mmol, 1.5 equiv) along with a
magnetic stirring bar were added to the mixture and the resulting suspension stirred for 10
minutes. Cyclohexenyl triflate (3.3) (11.5 mg, 0.05 mmol, 1.0 equiv) was added to the reaction
and stirred for 1.5 hours at 30 °C. Upon completion the reaction was plugged through silica and
bicyclohexyl was obtained in 87% GC yield. The crude could be further purified by flash column
chromatography (hexanes) to give bicyclohexyl as a colorless oil. NMR spectra match those

reported in literature.”’

nonane

Figure 3.2 GC Trace Showing 1:1 Mixture of Nonane to Bicyclohexyl.
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nonane

Figure 3.3 GC Trace Showing 87% Yield of Bicyclohexyl.

Cyclohexylcycloheptane (3.9). Synthesized according to general procedure 3.7.5. A dram vial
was charged with [Ph;C]'[HCB,Cl;;]” (0.8 mg, 0.001 mmol, 0.02 equiv) and this was
suspended in cycloheptane (0.5 mL). Triethylsilane (12 mL, 0.075 mmol, 1.5 equiv) along with a
magnetic stirring bar were added to the mixture and the resulting suspension stirred for 10
minutes. Cyclohexenyl triflate (3.3) (11.5 mg, 0.05 mmol, 1 equiv) was added to the reaction and
stirred for 2 hours at 30 °C. Upon completion the reaction was plugged through silica and
cyclohexylcycloheptane was obtained in 88% GC yield. The crude could be further purified by
flash column chromatography (hexanes) to give cyclohexylcycloheptane as a colorless oil.

'H NMR (500 MHz, CDCl3) 8 1.74—1.68 (m, 2H), 1.68—1.52 (m, 9H), 1.50—1.43 (m ,2H), 1.42—
1.34 (m, 2H), 1.32-1.07 (m, 7H), 1.06-0.96 (m, 2H); >C NMR (125 MHz, CDCls) 8 45.0, 44.9,
31.5,30.0, 28.6, 27.6, 27.2, 27.1.

FTIR (Neat film NaCl): 2918, 2850, 2670, 1448, 1349, 1263, 972, 893, 844.

HR-MS (GCT-LIFDI): Calculated for C;3Hz4: 180.1878; measured: 180.1881.
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Figure 3.4 GC Trace Showing 1:1 Mixture of Nonane to Cyclohexylcycloheptane.

J

Figure 3.5 GC Trace Showing 88% Yield of Cyclohexylcycloheptane.
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Pentylcyclohexane (mixture of isomers,3.10). Synthesized according to general procedure
3.7.5. A dram vial was charged with [Ph;C] THCB;,Cl;;]” (0.8 mg, 0.001 mmol, 0.02 equiv) and
this was suspended in pentane (0.5 mL). Triethylsilane (12 mL, 0.075 mmol, 1.5 equiv) along
with a magnetic stirring bar were added to the mixture and the resulting suspension stirred for 10
minutes. Cyclohexenyl triflate (3.3) (11.5 mg, 0.05 mmol, 1.0 equiv) was added to the reaction
and it stirred for 1.5 hours at 30 °C to give 11% of 3-cyclohexylpentane, 36% of 2-
cyclohexylpentane and 21% of 1-cyclohexylpentane (GC). Upon completion the reaction was
passed through silica and an inseparable mixture of the three isomers were obtained as a
colorless oil (4.3 mg, 56%). The NMR data of this mixture matched those of the three authentic

samples (experimental data of authentic samples can be found in adapted article).
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Figure 3.6 GC Traces Showing 1:1 Mixture of Nonane to 3-cyclohexylpentane (Top), Nonane to

2-cyclohexylpentane (Middle), and Nonane to 1-cyclohexylpentane (Bottom).
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Figure 3.7 GC Trace Showing 11% of 3-cyclohexylpentane, 36% of 2-cyclohexylpentane and

21% of 1-cyclohexylpentane.
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(35,55,8R,95,1085,13R,145,17R)-3-Cyclohexyl-10,13-dimethyl-17-((R)-6-methylheptan-2-
yDhexadecahydro-1H-cyclopenta[a]phenanthrene (3.12). Synthesized according to general
procedure 3.7.5. A dram vial was charged with [PhsC] THCB;,Cl;;]” (0.8 mg, 0.001 mmol, 0.02
equiv) and this was suspended in cyclohexane (0.5 mL, 4.63 mmol). Triethylsilane (12 mL,
0.075 mmol, 1.5 equiv) along with a magnetic stirring bar were added to the mixture and the
resulting suspension stirred for 10 minutes. Triflate 3.11 (26.0 mg, 0.05 mmol, 1.0 equiv) was
added to the reaction and it stirred for 3 hours at 30 °C. Upon completion the reaction was passed
through silica and volatiles removed under reduced pressure to give product 3.12 as a white solid
(19.5 mg, 88%). GC-FID analysis showed ~15:1 d.r. In order to assign the stereochemistry of the
newly formed C—C bond, the material was crystallized by vapor diffusion in the following
manner: ~3 mg of the material was dissolved in a minimal amount of cyclohexane in a small
crystallization tube. This was placed into a 20 mL vial of acetone and the vial was capped. After
3 days, a crystal suitable for single crystal X-ray diffraction was grown (crystallographic data
can be viewed in the adapted article).

'H NMR (500 MHz, CDCl3) 8 0.79-0.66 (m, 4H), 0.83 (s, 3H), 0.96 (dd, J = 6.7, 2.3 Hz, 8H),
1.00 (d, J = 6.5 Hz, 3H), 1.37-1.04 (m, 22H), 1.49-1.37 (m, 4H), 1.69-1.56 (m, 3H), 1.85-1.70
(m, 7H), 1.95-1.86 (m, 1H), 2.05 (dt, J=12.5, 3.4 Hz, 1H); °C NMR (125 MHz, CDCl;) § 56.8,
56.5, 54.9, 47.0, 43.8, 43.6, 42.8, 40.3, 39.7, 39.1, 36.4, 36.2, 36.0, 35.7, 32.6, 32.4, 30.5, 30.4,

29.4,284,28.2,27.1,27.0,25.8, 24.4, 24.0, 23.0, 22.7, 21.2, 18.8, 12.5, 12.3.
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FTIR (Neat film NaCl): 2917, 2848, 1446, 1383, 1172, 930, 8§90.

HR-MS (GCT-LIFDI): Calculated for Cs3Hss: 454.4539; measured: 454.4536.

Figure 3.8 GC Trace Showing ~15:1 d.r. 3.12.

H

o%

(3a,6a)-Octahydropentalene (3.14). Synthesized according to general procedure 3.7.5. A dram
vial was charged with [Ph;C][HCB;,Cl;;]” (0.8 mg, 0.001 mmol) and this was suspended in
cyclohexane (0.5 mL, 4.63 mmol). Triethylsilane (12 mL, 0.075 mmol) along with a magnetic
stirring bar were added to the mixture and the resulting suspension stirred for 10 minutes.
Cyclooctenyl triflate (3.13) (18.0 mg, 0.07 mmol, 1.0 equiv) was added to the reaction and it
stirred for 1 hours at 30 °C. The reaction was passed through silica in the glovebox and volatiles

removed under reduced pressure to give product 3.14 as a colorless oil (91% GC yield). NMR

spectra match those reported in literature.'
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Figure 3.9 GC Trace Showing 1:1 Mixture of Nonane to Octahydropentalene.

116



&8
3 &
K

g &
T 2
: ;; - /\
E

U U T U T T T U 1
22 24 26 238 3 32 3.4 36 38 min,

Figure 3.10 GC Trace Showing 91% Yield of 3.14.

3.7.6 General Procedures for Intermolecular Arene Insertion Reactions.

OTf Et3S|H (1.5 equiV.) Ar
L:‘_( [PhsCJ*[HCB,;Cly;]~ (2 mol%) |__4_r
r
)I'I arene )n
n=1,2,3,4 n=15253’4

General Procedure A. In a well kept glovebox, (H,O, O, < 0.5 ppm), a dram vial was charged
with [Ph3C] THCB;,Cl;;]” (0.02 equiv.) and this was dissolved in arene (enough to make a 0.1
M solution of vinyl triflate). Triethylsilane (1.5 equiv.) along with a magnetic stirring bar were
added to the mixture and was shaken until it turned colorless. At this point, vinyl triflate (1.0
equiv.) was added to the reaction and it stirred for 0.1-48 hours at 3075 °C (see substrates for
specific details). Upon completion, the reaction mixture was pushed through a short plug of silica
gel inside the glovebox and washed with hexanes. The solution was brought out and volatiles
removed under reduced pressure. Some substrates needed further purification by silica column

chromatography (see below) or preparative high-pressure liquid chromatography (HPLC).

General Procedure B. In a well kept glovebox, (H,0, O, < 0.5 ppm), a dram vial was charged
with [Ph;C] THCB,;Cly1] (0.02 equiv.) and this was dissolved in chloroform (enough to make a
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0.1 M solution of vinyl triflate). Arene (10-50 equiv.) and vinyl triflate (1 equiv.) were added
along with a magnetic stirring bar to the solution. The solution was cooled to —40 °C. At this
point, silane (1.5 equiv.) was added to the reaction and it stirred at this temperature until
completion (see substrates for specific details). Upon completion, the reaction mixture was
pushed through a short plug of silica gel inside the glovebox and washed with hexanes. The
solution was brought out and volatiles removed under reduced pressure. Some substrates needed
further purification by silica column chromatography (see below) or preparative high-pressure

liquid chromatography (HPLC).

Phenylcyclohexane (3.32). Synthesized according to general procedure A. A dram vial was
charged with [Ph;C] THCB,,Cl;1]” (0.8 mg, 0.002 mmol) and this was suspended in pentane (0.5
mL, 11.1 mmol). Triethylsilane (9.6 mL, 0.060 mmol), benzene (18 mL, 0.2 mmol, 4 equiv), and
a magnetic stirring bar were added respectively to the mixture and stirred for 10 minutes.
Cyclohexenyl triflate (3.3) (12.0 mg, 0.050 mmol) was added to the reaction and stirred for 2
hour at 30 °C. The reaction was plugged through silica in the glovebox and volatiles removed
under reduced pressure to give product 3.32 in 74% yield (GC). NMR spectra match those

reported in literature.'

e «

nonane

1000

600—|

200
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Figure 3.11 GC Trace Showing 1:1 Mixture of Nonane to Phenylcyclohexane.

-

Figure 3.12 GC Trace Showing 74% Yield of Phenylcyclohexane.

F
2-cyclohexyl-1,4-difluorobenzene (3.33). Synthesized according to general procedure A. A
dram vial was charged with [Ph;C] THCB,,Cl;1]” (3.2 mg, 0.004 mmol) and this was suspended
in pentane (0.5 mL) and 1,4-difluorobenzene (51 mL, 0.50 mmol). Triethylsilane (9.6 mL, 0.06
mmol) along with a magnetic stirring bar were added to the mixture and stirred for 10 minutes.
Cyclohexenyltriflate (3.3) (12.0 mg, 0.05 mmol) was added to the reaction and stirred for 3 hours
at 30 °C. The reaction was plugged through silica in the glovebox and volatiles removed under
reduced pressure to yield 3.33 in 49% yield (NMR). 3.33 was also synthesized as described
above in 1,4-difluorobenzene solvent (0.5 mL). Crude material was purified by flash column
chromatography (hexanes) to yield a colorless oil (22 mg, 56%).

'H NMR (500 MHz, CDCl;) & 6.96 — 6.88 (m, 2H), 6.83 — 6.78 (m, 1H), 2.84 (t, J= 10.8 Hz,
1H), 1.85 (br d, J=10.5 Hz, 4H), 1.76 (br d, /= 12.9 Hz, 1H), 1.47 — 1.32 (m, 4H), 1.29 — 1.20
(m, 1H); "F{'H} NMR (376 MHz, CDCl3) & —119.4 (J= 17.7 Hz), —125.7 (J= 17.7 Hz); °C
NMR (125 MHz, CDCls) & 158.9 (dd, 'Jc r=240.8 Hz, *Jo 5= 2.3 Hz), 156.4 (dd, 'Jc r= 239.9

Hz, *Jer= 2.4 Hz), 136.3 (dd, Jc r= 17.4 Hz, *Jc = 7.0 Hz), 115.9 (dd, 2Jc 5= 26.2 Hz, *Jc 5=
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8.7 Hz), 114.1 (dd, *Jc_r= 24.0 Hz, *Jc = 5.5 Hz), 113.1 (dd, Jo_r= 24.1 Hz, *Jc r= 8.8 Hz),
37.1,32.9, 26.7, 26.0.

FTIR (Neat film NaCl): 2928, 2854, 1625, 1596, 1493, 1450, 1425, 1232, 1178, 866, 810, 780,
731.

HR-MS (GCT-LIFDI): Calculated for C;2H 4F2: 196.1064; measured: 196.1067.

Cl Cl
Cl Cl
~1:5 ratio

1,2-dichloro-4-cyclohexylbenzene (3.34). Synthesized according to general procedure A. A
dram vial was charged with [Ph;C] THCB,,Cl;1]” (3.2 mg, 0.004 mmol) and this was suspended
in 1,4-difluorobenzene (2 mL, 19.5 mmol). Triethylsilane (48 mL, 0.3 mmol) along with a
magnetic stirring bar were added to the mixture and stirred until colorless. Cyclohexenyltriflate
(3.3) (46.0 mg, 0.20 mmol) was added the reaction and it stirred for 1 hour at 30 °C. The reaction
was plugged through silica in the glovebox and volatiles removed under reduced pressure to give
product 3.34 as a mixture of isomers in 47% yield (NMR) and 9% yield (NMR). Crude material
was further purified via flash column chromatography (hexanes) to give product 3.34 (mixture of
isomers) as a colorless oil. Major isomer was assigned based on the coupling constants in the 'H
NMR. These coupling constants are consistent with a 1,2,4-substituted benzene ring, but not with
a 1,2,3-substituted benzene ring. HSQC and HMBC were used to determine which carbon peaks
in >C NMR belonged to the major isomer.

"H NMR major isomer (500 MHz, CDCls) § 7.33 (d, J= 8.3 Hz, 1H), 7.28 (d, J = 1.9 Hz, 1H),

7.03 (dd, J= 8.3, 1.9 Hz, 1H), 2.46 (dd, J=10.2, 7.5 Hz, 1H), 1.84 (br d, /= 12.9 Hz, 4H), 1.75
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(brd, J=12.9 Hz, 1H), 1.41 — 1.33 (m, 4H), 1.28 — 1.19 (m, 2H); BC NMR major isomer (125
MHz, CDCls) 6 148.4, 132.2, 130.3, 129.6, 129.0, 126.5, 44.0, 34.4, 26.8, 26.1.
FTIR (Neat film NaCl): 2924, 2852, 1584, 1560, 1475, 1461, 1449, 1131, 1028, 671, 592.

HR-MS (GCT-LIFDI): Calculated for C;,H4Cly: 228.0473; measured: 228.0473.

Br Br

2,4-dibromo-1-cyclohexylbenzene (3.35). Synthesized according to general procedure A. A
dram vial was charged with [Ph;C]' THCB;;Cl;;]” (0.8 mg, 0.001 mmol) and this was dissolved
in 1,3-dibromobenzene (0.5 mL, 3.4 mmol). Triethylsilane (12 mL, 0.075 mmol) along with a
magnetic stirring bar were added to the mixture and the resulting solution stirred for 10 minutes.
Triflate 3.3 (12.0 mg, 0.05 mmol) was added to the reaction and stirred for 2 hours at 30 °C. The
reaction was plugged through silica in the glovebox and volatiles removed under reduced
pressure to give product 3.35 in 51% yield (NMR). The crude product was further purified by
reverse phase HPLC (9:1 acetonitrile water) to give pure product as a colorless oil.

'H NMR (500 MHz, CDCls) 8 7.68 (d, J= 2.0 Hz, 2H), 7.38 (dd, J = 8.3, 2.0 Hz, 2H), 7.11 (d, J
= 8.3 Hz, 1H), 2.90 (tt, J= 11.6, 3.0 Hz, 1H), 1.90 — 1.81 (m, 4H), 1.49 — 1.18 (m, 5H); °C
NMR (125 MHz, CDCls) 6 145.6, 135.1, 130.8, 128.6, 125.1, 119.7, 43.0, 33.3, 26.9, 26.2.

FTIR (Neat film NaCl): 2924, 2851, 1730, 1577, 1551, 1465, 1448, 1379, 1083, 1033, 998, 812,
779, 720, 700, 553.

HR-MS (GCT-LIFDI): Calculated for C;,H 4Br;: 317.9442; measured: 317.9455.
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F. Br

5.4:1
4-bromo-2-cyclohexyl-1-fluorobenzene (3.36) . Synthesized according to general procedure A.
A dram vial was charged with [Ph;C]'[HCB;,Cl;;] (0.8 mg, 0.001 mmol) and this was
dissolved in 1,4-bromofluorobenzene (0.5 mL, 4.6 mmol). Triethylsilane (12 mL, 0.075 mmol)
along with a magnetic stirring bar were added to the mixture and the resulting solution stirred for
10 minutes. Triflate 3.3 (12.0 mg, 0.05 mmol) was added to the reaction and stirred for 2 hours at
30 °C. The reaction was plugged through silica in the glovebox and volatiles removed under
reduced pressure to give product 3.36 as a mixture of isomers in 43% and 8% yield (NMR),
respectively. The reaction mixture was purified by reverse phase HPLC (85:15
acetonitrile:water) to give the product 3.36 and a regioisomer as a mixture (~5:1 ratio) as a
colorless oil. Major isomer was assigned by looking at the °C NMR and the HSQC. By "°C
NMR, the carbon on the fluorine and the carbons ortho to the fluorine could be assigned by their
large 'Jor and *Jcr values respectively. Of the two carbons ortho to the fluorine, only one of
them was attached to a hydrogen, meaning that the other position was cyclohexylated.

"H NMR major isomer (500 MHz, CDCls) 6 7.33 (dd, J= 6.5, 2.5 Hz, 1H), 7.25 — 7.22 (m, 1H),
6.87 (dd, J=9.9, 8.7 Hz, 1H), 2.85 — 2.77 (m, 1H), 1.87 — 1.80 (m, 4H), 1.79 — 1.72 (m, 1H),
1.44 —1.36 (m, 4H), 1.30 — 1.21 (m, 1H); °F {'"H} NMR (376 MHz, CDCl;) § —-119.4; °C NMR
major isomer (125 MHz, CDCls) § 159.8 (d, 'Je_r= 244.9 Hz), 137.0 (d, *Je_r= 16.3 Hz), 130.9
(d, *Jer= 5.4 Hz), 130.0 (d, *Jcr= 5.7 Hz), 117.1 (d, Jc r=24.8 Hz), 116.7 (d, *Jc_r= 3.3 Hz),

37.2(d, Jcr= 1.7 Hz, 33.0, 26.8, 26.2.
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FTIR (Neat film NaCl): 2929, 2853, 1605, 1579, 1480, 1449, 1232, 1181, 1168, 1099, 1005,
869, 810, 612.
HR-MS (GCT-LIFDI): Calculated for C;,H4BrF: 256.0263; measured: 256.0260.
@/PQ Ph

o

19:47

1-methyl-4-(1-phenylethyl)benzene (3.37). Synthesized according to general procedure B. A
dram vial was charged with [PhsC]' THCB;;Cl;;]” (1.6 mg, 0.002 mmol) and this was dissolved
in chloroform (1 mL). Toluene (92 mg, 1 mmol) and 1-phenylvinyl trifluoromethanesulfonate
(3.41) (25.2 mg, 0.1 mmol) were added along with a magnetic stirring bar to the solution. The
solution was cooled to —40 °C. At this point, triethylsilane (17.4 mg, 0.15 mmol) was added to
the reaction and stirred at —40 °C for 1 hour. The reaction mixture was warmed to room
temperature and was plugged through silica in the glovebox and volatiles removed under reduced
pressure. The crude material was purified by flash column chromatography (hexanes) to give an
inseparable mixture of products 3.37 in 47% and 19% yield, para and ortho isomers,

respectively, as a colorless oil. NMR spectra match those reported in literature.*

Phenylcyclobutane (3.38). Synthesized according to a modified general procedure A. A dram
vial was charged with [Ph;C]'[HCB,;Cl;;]” (0.8 mg, 0.001 mmol) and this was dissolved in
benzene (10 mL, 112 mmol). Triisopropylsilane (15 mL, 0.075 mmol) along with a magnetic
stirring bar were added to the mixture and stirred until colorless. Cyclobutenyl triflate (3.43)
(10.0 mg, 0.05 mmol) was added to the reaction and stirred for 0.5 hours at 30 °C. The reaction

was plugged through silica in the glovebox and volatiles removed under reduced pressure to give
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product 3.38 in 57% yield (NMR). The crude product was purified via silica column
chromatography (hexanes) to give phenylcyclobutane as a colorless oil. NMR data match those

reported in literature.”*

Phenylcyclopentane (3.39). Synthesized according to general procedure A. A dram vial was
charged with [Ph;C]' [HCB,;Cl;;]” (1.6 mg, 0.002 mmol) and this was suspended in benzene (1
mL, 11.2 mmol). Triethylsilane (24 mL, 0.15 mmol) along with a magnetic stirring bar were
added to the mixture and stirred until colorless. Cyclopentenyl triflate (3.3) (22.0 mg, 0.10
mmol) was added to the reaction and stirred for 6 days at 70 °C. The reaction was plugged
through silica in the glovebox and volatiles removed under reduced pressure to give
phenylcyclopentane (3.39) in 64% yield (NMR). The crude product was further purified by flash
column chromatography (hexanes) to give phenylcyclopentane as a colorless oil (7.6 mg, 52%).

NMR spectra match those reported in literature.**

(35,55,8R,95,108,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-3-

phenylhexadecahydro-1H-cyclopenta[a]phenanthrene (3.40). Synthesized according to
general procedure A. A dram vial was charged with [Ph;C] [HCB,;Cl;;]” (0.8 mg, 0.001 mmol)
and this was suspended in benzene (0.5 mL, 5.6 mmol). Triethylsilane (12 mL, 0.075 mmol)
along with a magnetic stirring bar were added to the mixture and the resulting suspension stirred

for 10 minutes. Triflate 3.3 (26.0 mg, 0.05 mmol) was added to the reaction and stirred for 2
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hours at 30 °C. The reaction was plugged through silica in the glovebox and volatiles removed
under reduced pressure to give product 3.40 as a diastereomeric mixture in 79% and 11% yield
(NMR) of the major and minor diastereomers, respectively. The crude mixture was purified via
silica column chromatography (hexanes) to give an inseparable mixture of diastereomers as a
white solid (18.5 mg, 85% of mixture). Assignment of major isomer was based on key cross-
peaks in "H COSY and 'H NOESY spectroscopy experiments. From the major benzylic proton,
adjacent protons were identified at 1.47 ppm and 1.72 ppm through COSY. The same peaks were
observed in NOESY in addition to two peaks at 1.08 ppm and 1.26 ppm corresponding to 1,3-
diaxial interactions of the benzylic proton. Through 2D HSQC and HMBC experiments, the
cross-peak at 1.26 ppm was determined to be the trans-decalin proton.

Major Isomer: 'H NMR (500 MHz, CDCL3) & 7.33 — 7.29 (m, 2H), 7.27 — 7.24 (m, 2H), 7.22 —
7.18 (m, 1H), 2.58 (tt, J=11.5, 5.0 Hz, 1H), 2.02 (dt, /= 12.5, 3.4 Hz, 1H), 1.90 — 1.80 (m, 2H),
1.77 — 1.66 (m, 3H), 1.65 — 1.58 (m, 2H), 1.56 — 1.46 (m, 3H), 1.43 — 1.25 (m, 9H), 1.23 — 1.00
(m, 11H), 0.94 (d, J = 6.6 Hz, 3H), 0.91 (d, J= 2.3 Hz, 3H), 0.90 (s, 3H), 0.89 (d, J = 2.3 Hz,
3H), 0.77 — 0.71 (m, 1H), 0.70 (s, 3H); °C NMR (125 MHz, CDCL) § 147.9, 128.4, 127.0,
125.9, 56.8, 56.5, 54.8,47.2, 45.0, 42.8, 39.7, 39.1, 36.8, 36.4, 36.0, 35.9, 35.7, 30.0, 28.2, 24.0,
23.0,22.7,18.9,12.7, 12.3.

FTIR (Neat film NaCl): 3070, 3023, 2926, 2846, 1466, 1381, 757, 696, 513.

HR-MS (GCT-LIFDI): Calculated for Cs3Hs: 448.4069; measured: 448.4058.

3.7.7 Procedure for Deuterium Competition Experiments
In order to probe the kinetics of our reaction, we subjected 3.3 to a competition experiment with

1:1 C¢H12:CeD12. Lack of deuterium crossover (Figure 3.13) and a kinetic isotope effect (KIE) of
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0.96 suggest that the C—H insertion step is not rate-determining. Outlined below is the procedure

for conducting our alkane competition experiment.
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Figure 3.13 GCMS Spectrum of C¢H;2/CsD12 Crossover Experiment. A =

Cyclohexylcyclohexane-d;, (m/z = 178); B = Cyclohexylcyclohexane (m/z = 166).
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Similarly, we also subjected 3.3 to a competition experiment with 1:1 Et;SiH:Et;SiD. An equal
distribution of D;:Dy products by qualitative GCMS analysis (Figure 3.14) suggests that the
silane quench is also not rate-determining. Outlined below is the procedure for conducting our

alkane competition experiment.

i Chromatogram (All TIC)]
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Figure 3.14 GCMS Spectrum of Et;SiH/Et;SiD Competition Experiment.

3.7.8 Procedure for D-labeling Experiments
In order to distinguish between a /,/- and /,2-insertion event, we used a modified procedure
from general procedure 3.7.5 using C¢D1» in place of cyclohexane. NMR data reveals both /,2-

hydride and deuterium shifts in our substrate, suggestive of an incipient secondary carbocation
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intermediate resulting from a /,/-insertion.

(cis)-3-Phenyl-1,1'-bi(cyclohexane) (3.44). Compound was purchased from Sigma Aldrich as a
mixture of isomers. Major cis isomer was isolated by reverse phase prepatory HPLC (95:5

acetonitrile:water).

67%
DH 65%

H DH Do

P

Phm=

D/H

35%
D,-(cis)-3-Phenyl-1,1'-bi(cyclohexane) (3.22). [Ph;C] [HCB,,Cl;;]” (2.4 mg, 3.0 pmol, 0.02
equiv) was suspended in cyclohexane-d;, (1.5 mL) before addition of triethylsilane (29 pL, 0.18
mmol, 1.2 equiv). After stirring for 10 minutes, vinyl triflate 3.21 (46 mg, 0.15 mmol, 1.0 equiv)
was added and the reaction was stirred at room temperature for 17 hours. The reaction was
passed through a small layer of silica gel to remove excess silylium reagent inside a well-kept
glovebox, < 0.5 ppm O,. Crude material was purified by flash chromatography (hexanes) to yield

a mixture of diastereomers. Major cis product was isolated by reverse phase preparatory HPLC

(95:5 acetonitrile:water) to yield 7.3 mg (19%) of colorless oil.
75%
25% DM 100%
D/H D Dy4
Phm=: 2
D 3-(cis)-3-Phenyl-1,1'-bi(cyclohexane) (3.27). [Ph;C] [HCB,,Cl;;]” (2.4 mg, 3.0 pmol, 0.02
equiv) was suspended in cyclohexane-d;, (1.5 mL) before addition of triethylsilane-d; (29 pL,
0.18 mmol, 1.2 equiv). After stirring for 10 minutes, vinyl triflate 3.21 (46 mg, 0.15 mmol, 1.0

equiv) was added and the reaction was stirred at room temperature for 17 hours. The reaction
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was passed through a small layer of silica gel to remove excess silylium reagent inside a well-
kept glovebox, < 0.5 ppm O,. Crude material was purified by flash chromatography (hexanes) to
yield a mixture of diastereomers. Major cis product was isolated by reverse phase preparatory

HPLC (95:5 acetonitrile:water) to yield 6.0 mg (16%) of colorless oil.

12%
88% H/D

DH H
Ph= =

D-(cis)-3-Phenyl-1,1'-bi(cyclohexane) (3.30). [Ph;C]'[HCB;,Cl;;] (2.4 mg, 3.0 pumol, 0.02
equiv) was suspended in cyclohexane (1.5 mL) before addition of triethylsilane (36 pL, 0.18
mmol, 1.5 equiv). After stirring for 10 minutes, vinyl triflate 3.29 (46 mg, 0.15 mmol, 1.0 equiv)
was added and the reaction was stirred at room temperature for 1 hour. The reaction was passed
through a small layer of silica gel to remove excess silylium reagent inside a well-kept glovebox,
< 0.5 ppm O,. Crude material was purified by flash chromatography (hexanes) to yield a mixture
of diastereomers. Major cis product was isolated by reverse phase preparatory HPLC (95:5

acetonitrile:water) to yield 6.2 mg (17%) of colorless oil.

100%
87% p 67%

D/H DH Dio
Phm= =

D/H

33%

D 3-(cis)-3-Phenyl-1,1'-bi(cyclohexane) (3.45). [Ph;C] [HCB,,Cl;;]” (2.4 mg, 3.0 pmol, 0.02
equiv) was suspended in Dj»-cyclohexane (1.5 mL) before addition of triethylsilane (36 pL, 0.18
mmol, 1.5 equiv). After stirring for 10 minutes, vinyl triflate 3.29 (46 mg, 0.15 mmol, 1.0 equiv)
was added and the reaction was stirred at room temperature for 17 hours. The reaction was
passed through a small layer of silica gel to remove excess silylium reagent inside a well-kept

glovebox, < 0.5 ppm O,. Crude material was purified by flash chromatography (hexanes) to yield
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a mixture of diastereomers. Major cis product was isolated by reverse phase preparatory HPLC

95:5 acetonitrile:water) to yield 8.8 mg (23%) of colorless oil.
( )toy g (23%)
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3.8 Spectra Relevant to Chapter Three:

Teaching An Old Carbocation New Tricks: Intermolecular C—H Insertion Reactions of

Vinyl Carbocations

Adapted from: Stasik Popov, Brian Shao, Alex L. Bagdasarian, Tyler R. Benton, Luyi Zou,

Zhongyue Yang, K. N. Nouk, and Hosea M. Nelson

Science, 2018, 361, 381-387.
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Figure 3.21 ”F NMR (376 MHz, CDCLs) of compound 3.29.
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Figure 3.22 "H NMR (400 MHz, CDCl;) of compound 3.41.
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Figure 3.23 'H NMR (400 MHz, CDCl;) of compound 3.42.
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Figure 3.24 "H NMR (400 MHz, CDCls) of compound 3.43.
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Figure 3.26 ’F NMR (376 MHz, CDCL;) of compound 3.43.
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Figure 3.28 "H NMR (400 MHz, CDCls) of compound 3.9.
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Figure 3.30 "H NMR (400 MHz, CDCl;) of compound 3.10.
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Figure 3.31 °C NMR (125 MHz, CDCls) of compound 3.10.
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Figure 3.32 "H NMR (500 MHz, CDCls) of compound 3.12.
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Figure 3.33 °C NMR (125 MHz, CDCls) of compound 3.12.
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Figure 3.34 "H NMR (400 MHz, CDCls) of compound 3.14.
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Figure 3.36 "H NMR (500 MHz, CDCls) of compound 3.33.
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Figure 3.38 ’F NMR (376 MHz, CDCls) of compound 3.33.
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Figure 3.40 °C NMR (125 MHz, CDCls) of compound 3.34.
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Figure 3.42 2D HSQC NMR (500 MHz, CDCls) of compound 3.34.
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Figure 3.43 "H NMR (500 MHz, CDCls) of compound 3.35.

0€€C'9c~
9v98'92~"

699¢°'€e—

€0v0'er—

0589°61L"
G890°GZ |~
0v29°'82 1~
199701~
1110°GE 1N

9/69°SYI—

20

40

60

80

100

120

140

160

180

200

ppm

Figure 3.44 °C NMR (125 MHz, CDCls) of compound 3.35.
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Figure 3.46 °C NMR (125 MHz, CDCl3) of compound 3.36.
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Figure 3.47 F NMR (376 MHz, CDCL;) of compound 3.36.
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Figure 3.48 2D HSQC NMR (500 MHz, CDCls) of compound 3.36.
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Figure 3.49 2D HMBC NMR (500 MHz, CDCls) of compound 3.36.
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Figure 3.51 "H NMR (400 MHz, CDCl;) of compound 3.38.
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Figure 3.52 'H NMR (400 MHz, CDCls) of compound 3.39.
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Figure 3.53 '"H NMR (500 MHz, CDCls) of compound 3.40.
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Figure 3.54 °C NMR (125 MHz, CDCls) of compound 3.40.
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A

4
ppm

0|

°

r10
r20
r30
r40
r50
r60
r70
r80
r90
r100
r110
r120
r130
r140
r150

7 6 5
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Figure 3.58 "H NOESY NMR (500 MHz, CDCls) of compound 3.40.
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Figure 3.59 'H NMR (500 MHz, CDCl;) of compound 3.44.
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Figure 3.60 °C NMR (125 MHz, CDCls) of compound 3.44.
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Figure 3.61 "H NMR (500 MHz, C¢Dg) of compound 3.44.
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Figure 3.62 °C NMR (125 MHz, C¢Ds) of compound 3.44.
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Figure 3.64 "H NMR (500 MHz, C4Ds) of compound 3.22.
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Figure 3.65 °C NMR (125 MHz, C¢Ds) of compound 3.22.
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Figure 3.66 °C NMR (125 MHz, C¢Ds) of compound 3.22.
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Figure 3.67 2D HSQC NMR (500 MHz, C¢Dg) of compound 3.22.
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Figure 3.68 2D HSQC NMR (500 MHz, C¢Ds) of compound 3.22.
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Figure 3.69 'H NMR (500 MHz, CDCls) of compound 3.27.
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Figure 3.70 °C NMR (125 MHz, CDCls) of compound 3.22.
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Figure 3.71 "H NMR (500 MHz, CDCl;) comparison of compound 3.27 with 3.44.
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Figure 3.72 PC NMR (125 MHz, CDCls) comparison of compound 3.27 with 3.44.
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Figure 3.74 °C NMR (125 MHz, CDCls) of compound 3.30.
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Figure 3.76 "H NMR (500 MHz, C¢Ds) of compound 3.45.
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Figure 3.77 °C NMR (125 MHz, C¢Ds) of compound 3.45.
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Figure 3.78 *C NMR (125 MHz, C¢Ds) comparison of compound 3.45 with 3.44.
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CHAPTER FOUR
Vinyl Carbocations Generated Under Basic Conditions and Their Intramolecular C—-H
Insertion Reactions
Adapted from: Benjamin Wigman, Stasik Popov, Alex L. Bagdasarian, Brian Shao, Tyler R.
Benton, Chloé G. Williams, Steven P. Fisher, Vincent Lavallo, K. N. Houk, and Hosea M.
Nelson

J. Am. Chem. Soc. 2019, 141, 9140-9144.

4.1 Abstract

Here we report the surprising discovery that high-energy vinyl carbocations can be
generated under strongly basic conditions, and that they engage in intramolecular sp> C—H
insertion reactions through the catalysis of weakly coordinating anion salts. This approach relies
on the unconventional combination of lithium hexamethyldisilazide base and the commercially
available catalyst, triphenylmethylium tetrakis(pentafluorophenyl)borate. These reagents form a
catalytically active lithium species that enables the application of vinyl cation C—H insertion

reactions to heteroatom-containing substrates.

4.2 Introduction

Our discovery of the unique intermolecular C—H insertion chemistry in both phenyl and
vinyl cations marks an important fundamental advancement in the field of carbocation research.’
However, the conditions in which we are able to generate our desired carbenium species utilized
less than ideal conditions for use in more broadly applicable chemical spaces (Scheme 4.1).

While potent electrophiles like silylium ions are useful in generating such reactive carbocations
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for the conversion of hydrocarbons, they hinder the application of these strategies in the
syntheses of heteroatom-rich complex molecules, such as those utilized for materials and

pharmaceuticals.”™*

Scheme 4.1 Pitfalls of Silylium-mediated Reactions

F H cat. [R3Sil*[HCB;Cly;]~ R
R1 + \RZ > R1
T™MS

. ot cat. [EtsSI['[HCByClyy ]~ . R2
; %' +H\R2 Et;SiH (1.5 equiv) : ‘Q‘

H” R2 =
H /\(“)n/\/ J:}
- hyperelectrophilic Et;Si* H "

- exotic WCAs H
« low functional group tolerance H-(I:—H R3
H

H
(35 bar)

For example, vinyl cations were shown to engage in high yielding reductive alkane
alkylation reactions using silylium-carborane catalysis (Scheme 4.1)." This approach can often
lead to limited substrate scope due to the electrophilicity of the reagents. While our group is
heavily focused on fundamental reactivity, we are also equally interested in being able to employ
our new discoveries (e.g the C—H insertion of carbocations) to a wide range of synthetic
applications. We posited that using a milder Lewis acid initiator (Figure 4.1) would greatly

expand the scope of vinyl carbocation C—H insertion reactions.

Figure 4.1 Milder Initiators

® ® ® ® ®
RoAl  Li Na K Mg

Inspired by work from Michl and others, we hypothesized that Li cations, paired with
WCAs, could serve as Lewis acids capable of converting vinyl triflates into reactive vinyl
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cations.”’ To evaluate this hypothesis, we considered cyclooctenyl triflates (e.g. 4.1, Figure 4.2)
that undergo facile ionization by silylium cations to form vinyl carbocations. These cations
subsequently engage in transannular C—H insertion reactions to generate bicyclooctane products
in excellent yield. We postulated that nucleophilic attack of a lithium base on [PhsC]' [WCA]
would yield the active [Li] [WCA] catalyst. [Li] [WCA] -mediated triflate abstraction would
then afford a persistent vinyl cation 4.2 which would undergo transannular C—H insertion to form
bicyclic secondary cation 4.3. Importantly, we envisioned that deprotonation of this cation by a
lithium base would generate the desired alkene products 4.4 and concomitantly regenerate the

active [Li]'[WCA] catalyst.

Figure 4.2 Proposed Catalytic Cycle of Li-mediated C—H Insertion

[Ph:,C]+ [WCA]~ ot
[Li]* [Base]‘ @ 4.1

terminal 4.4 [,_,]+ [Lil*[OTH]-
deprotonation [WCA]- triflate
[Li]*[Base]~ abstraction
o
® IWC AP [WCA] @
H 4.2

hydride weal® C-H

migration insertion
®
4.3

4.3 Development of Lithium-Mediated Insertion Reactions of Vinyl Cations
Beginning with cyclooctenyl triflate 4.1, a screen of several Li-bases, trityl salt catalysts,

and general reaction conditions was undertaken (Table 4.2). We were gratified to find that using
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a catalytic amount (5 mol%) of [Ph;C] [HCB,,Cl;;]” and 1.5 equivalents of LIHMDS base in o-
difluorobenzene (0-DFB) solvent produced a mixture of bicyclooctene products (4.5) in four
hours, in a combined yield of 84%. Remarkably, deleterious nucleophilic quenching or
elimination products were not observed despite the utilization of the highly basic
hexamethyldisilazide anion in the presence of a high-energy, reactive vinyl cation intermediate.
Pleasingly, commercially available [Ph;C]'[B(CsFs)4] was superior in this reaction, providing
the bicyclooctene products (4.5) in 98% yield in 30 minutes at room temperature, obviating the
need for the rarer [HCB;,Cl;;] anion. Moreover, unlike silylium-mediated reductive coupling

conditions, here we generate olefinic products that can be further functionalized.®’
Scheme 4.2 Unselective Products of Model Substrate

OTf 5 mol% [Ph;CJ*[B(CsFs)al

1.5 equiv LIHMDS % % %
> + +

4.1 unselective isomer formation
(4.5)

4.4 Incorporating Heteroatom Compatibility and Olefin Selectivity

While our initial studies of Li" ion-generated vinyl cations demonstrated exquisite
reactivity and conversion, the unselective isomer formation posed an issue for synthetic
relevance (Scheme 4.2). Additionally, we had yet to validate our hypothesis that the use of Li"

ions would improve the substrate compatibility of vinyl cation reactions.

We hypothesized that having aryl substitution at the 3- position of our starting
cyclooctenyl triflate substrate would address the concern of unselective isomer formation. In the
reaction, triflate 4.6 should give rise to a favored benzylic carbocation (4.7) to allow for selective

deprotonation to yield styrene products (4.8). Furthermore, the aryl substituents could also serve
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as a platform to append functional groups to test heteroatom compatibility. Starting from

cyclooct-2-en-1-one (4.9), a wide variety of 3-arylcyclooctenyl triflates were prepared.
Scheme 4.3 Hypothesis for New Substrate Class

[WCA]~

oTf @ Ar Ar
®\Ar j j
4.6 4.7 4.8

favored bef;zylic cation

OTf o}

)
®\ Ar divergent synthesis

16 via 1,4-addition 2.9

We were pleased to find that benzyl morpholine derivative underwent conversion to
bicyclic styrene 4.10, in 42% yield after one hour. Similarly, heteroatom-containing thioethers
and ethers were also competent under the reaction conditions (4.11 to 4.13, 38%, 38% and 60%
yield of the depicted olefin isomer, respectively). An electron-deficient arene was tolerated,
producing styrenyl trifluoromethyl derivative 4.14 in 50% yield. We also found that 3-
phenylcyclooctenyl triflate provided bicyclic styrene 4.15 in 46% yield. The overall efficiency of
the transannular C—H insertion reactions was high, with the total yields of the styrenyl, tri- and
tetra- substituted olefin isomer products ranging from 48% to 97% (Table 4.1). These examples
highlight the functional group tolerance of these newly discovered conditions, standing in stark
contrast to the previously reported Lewis acid-mediated insertion reactions of vinyl cations. In
fact, when heteroatom-containing substrates (4.10 and 4.12) were subjected to the previously

.. . . . .. 1,2,10
optimized silylium conditions, no reactivity was observed. ™~
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Table 4.1 Scope of Cyclooctenyl Triflates

OoTf Ar

[Ph3CI*[B(CgF5)al~ (5 mol%)
LiHMDS (1.5 equiv)
Ar 1,2-difluorobenzene, 30 °C o

g "‘v
oS o=l *

4.10 L 4.12
42% yieldeb.c o yie 38% yiel
. 6 yield

ca. 79% total yield® ca. 57% total yield® ca. 48% total yield?

4.13 4.14 4.15
60% yield? 50% yield 46% yield
97% total yield ca. 88% total yield®  ca. 75% total yiela®

3 equiv LiHMDS. °Cyclohexane as solvent. C70 °C. “Yield
determined by GC-FID. °Yield determined by LCMS. ‘Methylene
chloride as solvent.

Having demonstrated that cyclic vinyl triflates undergo transannular C—H insertion
reactions under Li-WCA catalysis, we sought to further expand the scope of our method to
annulation reactions. Benzosuberone-derived triflates 4.16 with tethered alkyl chains were also
shown to be competent under our reaction conditions (Scheme 4.4). Gratifyingly, improved
heteroatom compatibility including pinacol boronic ester, anisole, protected aniline and halogen
substitution were all tolerated, yielding tricyclic products 4.17 in moderate to excellent yields
(44-93%). A full report of our benzosuberone-derived triflates, as well as the mechanistic

investigations not presently discussed can be viewed in our publication in J. Am. Chem. Soc.""
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Scheme 4.4 Benzosuberone-derived Triflates

R1
1
10 A: [PhsCI*[B(CsFs)al~ (5 mol%) R
LiHMDS (1.5 equiv)
DCM (0.01M), 30 °C
R B: [PhsCI*[B(CsFs)4]~ (10 moi%)
X LiHMDS (1.1 equiv) X
416 cyclohexane (0.1M), 70 °C 417
X =0 orCH, 44-93% yield
R = Me, halide,
Bpin, p-OMePh, NMeTf
R'=H or Ph

4.5 Conclusion

In the pursuit of bringing our fundamental advances in dicoordinate carbocation
chemistry to broader applications, we find that it is possible to generate such species in highly
basic media. Importantly, this catalytic regime represents a new strategy where lithium bases can
be utilized to fuel [Li] [WCA] -catalyzed, intramolecular C—H insertion reactions of vinyl
cations. With beginnings rooted in the historical and conceptual importance of long-studied
carbocation intermediates, we have now entered the realm of incorporating heteroatom
compatibility for application in the fine chemicals field. Considering the commercial availability
of the catalyst and the simple reaction protocols, this strategy becomes an attractive approach to

synthesis in both academic and industrial settings.

4.6 Experimental Section
4.6.1 Materials and Methods

Unless otherwise stated, all reactions were performed in an MBraun glovebox under
nitrogen atmosphere with < 0.5 ppm O, levels. All glassware and stir-bars were dried in a 160 °C

oven for at least 12 hours and dried in vacuo before use. All liquid substrates were either dried
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over CaHy or filtered through dry neutral aluminum oxide. Solid substrates were dried over P,0:s.
All solvents were rigorously dried before use. Benzene, o-dichlorobenzene, and toluene were
degassed and dried in a JC Meyer solvent system and stored inside a glovebox. Cyclohexane,
fluorobenzene, and n-hexane were distilled over potassium. Chlorobenzene was distilled over
sodium. o-Difluorobenzene was distilled over CaH,. Pentane was distilled over sodium-
potassium alloy. Chloroform was dried over CaH, and stored in a glovebox. Triethylsilane and
triisopropylsilane were dried over sodium and stored inside a glovebox. Closo-Carborane
catalysts were prepared according to literature procedure.’ [Li] [B(CeFs)s] and [K]'[B(CeFs)s]
salts were synthesized according to literature procedure.” Preparatory thin layer chromatography
(TLC) was performed using Millipore silica gel 60 Fys4 pre-coated plates (0.25 mm) and
visualized by UV fluorescence quenching. SiliaFlash P60 silica gel (230-400 mesh) was used for
flash chromatography. AgNOs-Impregnated silica gel was prepared by mixing with a solution of
AgNO; (150% v/w of 10% w/v solution in acetonitrile), removing solvent under reduced
pressure, and drying at 120 °C. NMR spectra were recorded on a Bruker AV-300 ('H, '°F),
Bruker AV-400 (‘H, "°C, "F), Bruker DRX-500 ('H), and Bruker AV-500 (‘H, °C). '"H NMR
spectra are reported relative to CDCl; (7.26 ppm) unless noted otherwise. Data for '"H NMR
spectra are as follows: chemical shift (ppm), multiplicity, coupling constant (Hz), integration.
Multiplicities are as follows: s = singlet, d = doublet, t = triplet, dd = doublet of doublet, dt =
doublet of triplet, ddd = doublet of doublet of doublet, td = triplet of doublet, m = multiplet. °C
NMR spectra are reported relative to CDCls (77.0 ppm) unless noted otherwise. GC spectra were
recorded on an Agilent 6850 series GC using an Agilent HP-1 (50 m, 0.32 mm ID, 0.25 mm DF)
column. GCMS spectra were recorded on a Shimadzu GCMS-QP2010 using a Restek XTI-5 (50

m, 0.25 mm ID, 0.25 mm DF) column interface at room temperature. IR Spectra were record on
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a Perkin Elmer 100 spectrometer and are reported in terms of frequency absorption (cm™). High
resolution mass spectra (HR-MS) were recorded on a Waters (Micromass) GCT Premier
spectrometer, a Waters (Micromass) LCT Premier, or an Agilent GC EI-MS, and are reported as
follows: m/z (% relative intensity). Purification by preparative HPLC was done on an Agilent
1200 series instrument with a reverse phase Alltima C;s (5m, 25 cm length, 1 cm internal

diameter) column.

Note: Experimental information for compounds 4.5, 4.9, 4.16 and 4.17 can be found in adapted

article.

4.6.2 Synthesis of Cyclooctenyl Substrate Class 4.6

OTf

O

(E)-Cyclooct-1-en-1-yl trifluoromethanesulfonate (4.1). Synthesized according to literature

procedure. NMR data match those reported in literature.'

.O

(E)-3-(4-(morpholinomethyl)phenyl)cyclooct-1-en-1-yl trifluoromethanesulfonate (4.18). To
a degassed solution of 4-(4-bromobenzyl)morpholine (1.2 g, 4.8 mmol, 2.0 equiv) at —78 °C in
THF (10 mL) was added a solution of 2.0 M n-BuLi in hexanes (2.5 mL, 2.0 equiv). After 30
minutes of stirring, this solution was cannula transferred to a degassed —78 °C solution of copper

iodide in Et,O (2.5 mL). The reaction was allowed to stir at —78 °C for 5 minutes before

174



removing the cooling bath to stir at room temperature. Once the solution turned dark purple in
color, the reaction was placed in a 0 °C bath. Cyclooct-2-en-1-one (300 mg, 2.4 mmol, 1.0
equiv) in Et,O (5 mL) was added while maintaining this temperature. After 30 minutes of
stirring, Comin’s reagent (1.0 g, 2.5 mmol, 1.1 equiv) in THF (5 mL) was added and the reaction
was allowed to warm to room temperature over 12 hours. The reaction was quenched by addition
of saturated aqueous solution of ammonium chloride (20 mL) and extracted with Et,O (3 x 20
mL). The combined organics were washed with brine, dried over MgSOy, filtered and
concentrated. The crude product was purified by flash column chromatography (30% diethyl
ether in hexanes) to yield 320 mg (31%) of light yellow solid.

'H NMR (500 MHz, CDCl3) & 7.31 — 7.25 (m, 2H), 7.20 — 7.15 (m, 2H), 5.72 (d, J = 9.4 Hz,
1H), 3.70 (t, J = 4.7 Hz, 4H), 3.57 (ddd, J = 12.5, 9.5, 4.4 Hz, 1H), 3.47 (s, 2H), 2.75 (ddd, J =
15.7, 12.4, 3.3 Hz, 1H), 2.46 — 2.39 (m, 4H), 1.98 — 1.90 (m, 1H), 1.87 — 1.67 (m, 6H), 1.63 (s,
1H), 1.58 — 1.50 (m, 1H).

C NMR (125 MHz, CDCl3) § 149.6, 142.7, 136.2, 129.5, 126.9, 124.7, 122.3, 119.7, 117.2,
114.6, 67.0, 63.0, 53.6, 41.9, 37.8, 30.5, 27.5, 26.2, 25 4.

F NMR (282 MHz, CDCl;) & ~74.2.

FTIR (Neat Film NaCl): 2829, 2855, 2806, 1678, 1513, 1455, 1414, 1206, 1143, 1117, 1037,
1008, 931, 867, 614 3093, 3027, 2934, 2856, 2805, 1512, 1453, 1332, 1264, 1118, 1008, 876,
827,787,614 cm™,

HRMS (GCT-LIFDI): Calculated for [C,0H26F3NO4S + H]: 434.1535; Measured: 434.1539.
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OTf
e
(E)-3-(4-((tert-butylthio)methyl)phenyl)cyclooct-1-en-1-yl trifluoromethanesulfonate (4.19).
To a degassed solution of 4-(4-bromobenzyl)(tert-butyl)sulfane (1.3g, 4.8 mmol, 2.0 equiv) at —
78 °C in Et,O (5 mL) was added a solution of 1.57 M #-BulLi in pentane (6.2 mL, 4.0 equiv).
After 30 minutes of stirring, this solution was cannula transferred to a degassed —78°C solution
of copper iodide (460 mg, 2.4 mmol, 1.0 equiv) in Et;O (2.5 mL). The reaction was allowed to
stir at =78 °C for 50 minutes before warming to 0 °C. After stirring at 0 °C for 5 minutes,
cyclooct-2-en-1-one (300 mg, 2.4 mmol, 1.0 equiv) in Et,O (5 mL) was added while maintaining
this temperature. After 30 minutes of stirring, Comin’s reagent (1.0 g, 2.5 mmol, 1.1 equiv) in
THF (5 mL) was added and the reaction was allowed to warm to room temperature over 36 hrs.
The reaction was quenched by addition of saturated aqueous solution of ammonium chloride (20
mL) and extracted with Et;0O (3 x 20 mL). The combined organics were washed with brine and
dried over MgSQO,. The crude product was purified by flash column chromatography (25%
benzene in hexanes) to yield 265 mg (25%) of white solid.

'H NMR (500 MHz, CDCl3) § 7.30 (d, J = 8.2 Hz, 2H), 7.15 (d, J = 8.1 Hz, 2H), 5.71 (d, J = 9.4
Hz, 1H), 3.74 (s, 2H), 3.56 (ddd, J = 13.3, 9.4, 4.3 Hz, 1H), 2.75 (ddd, J = 15.5, 12.2, 3.4 Hz,
1H), 2.40 (dt, J = 15.8, 4.3 Hz, 1H), 1.93 (tt, /= 9.5, 3.8 Hz, 1H), 1.88 — 1.66 (m, SH), 1.36 (s,
9H).

C NMR (126 MHz, CDCls) § 149.8, 142.5, 137.1, 129.5, 127.3, 124.9, 118.6 (q, J = 320.0 Hz),
43.1,42.1,37.9,33.1, 31.0, 30.7, 27.7, 26.3, 25.5.

F NMR (376 MHz, CDCl;) 8 —74.1.

176



FTIR (Neat film NaCl): 2928, 2860, 1678, 1513, 1457, 1415, 1365, 126, 1208, 1144, 1038,
1011, 982,931, 871, 837, 732, 648, 608, 507.

HR-MS (GCT-LIFDI): Calculated for C,0H27F303S;: 436.1354; measured: 436.1335.

OTf

(E)-3-(4-methoxyphenyl)cyclooct-1-en-1-yl trifluoromethanesulfonate (4.20). Synthesized

OMe

using (Z)-cyclooct-2-en-1-one according to reported literature.'

'H NMR (500 MHz, CDCl3) § 7.18 — 7.12 (m, 2H), 6.90 — 6.83 (m, 2H), 5.69 (d, J = 9.5 Hz,
1H), 3.80 (s, 3H), 3.54 (ddd, J = 12.4, 9.4, 4.4 Hz, 1H), 2.81 — 2.70 (m, 1H), 2.41 (dt, J = 15.5,
4.3 Hz, 1H), 1.98 — 1.89 (m, 1H), 1.87 — 1.66 (m, 6H), 1.59 — 1.51 (m, 1H).

PC NMR (125 MHz, CDCls) § 158.3, 149.5, 135.9, 127.9, 125.0, 122.3, 119.8, 117.2, 115.0,
114.1,55.3,41.4,37.8, 30.5, 27.6, 26.2, 25 4.

F NMR (282 MHz, CDCl;)  —74.2.

FTIR (Neat Film NaCl): 3045, 3005, 2933, 2857, 1678, 1613, 1514, 1414, 1248, 1209, 1144,
1039, 932, 871, 826, 607 cm’.

HRMS (GCT-LIFDI): Calculated for C6H;9F304S: 364.0956; Measured: 364.0954.

OTf

(E)-3-(4-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)cyclooct-1-en-1-yl

OTBS

trifluoromethanesulfonate (4.21). To a degassed solution of ((4-bromobenzyl)oxy)(tert-
butyl)dimethylsilane (1.5 g, 4.8 mmol, 2.0 equiv) at —78 °C in Et,O (5 mL) was added a solution

of 1.57 M #-BulLi in pentane (6.2 mL, 4.0 equiv). After 30 minutes of stirring, this solution was
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cannula transferred to a degassed —78 °C solution of copper iodide (460 mg, 2.4 mmol, 1.0
equiv) in E,O (2.5 mL). The reaction was allowed to stir at =78 °C for 50 minutes before
warming to 0 °C. After stirring at 0 °C for 15 minutes, cyclooct-2-en-1-one (300 mg, 2.4 mmol,
1.0 equiv) in Et,0O (5 mL) was added while maintaining this temperature. After 45 minutes of
stirring, Comin’s reagent (1.0 g, 2.5 mmol, 1.1 equiv) in THF (5 mL) was added and the reaction
was allowed to warm to room temperature overnight. The reaction was quenched by addition of
saturated aqueous solution of ammonium chloride (20 mL) and extracted with Et,O (3 x 20 mL).
The combined organics were washed with brine and dried with MgSO,. The crude product was
purified by flash column chromatography (25% chloroform in pentane) to yield 325 mg (28%) of

yellow oil.

'H NMR (500 MHz, CDCl3) 8 7.28 (d, J = 7.8 Hz, 1H), 7.19 (d, J = 8.1 Hz, 2H), 5.73 (d, /= 9.5
Hz, 1H), 4.72 (s, 2H), 3.57 (ddd, J = 13.2, 9.4, 4.3 Hz, 1H), 2.83 — 2.67 (m, 1H), 2.41 (dt, J =
15.6, 4.3 Hz, 1H), 2.02 — 1.89 (m, 1H), 1.87 — 1.65 (m, 4H), 0.94 (s, 10H), 0.10 (s, 6H).

C NMR (126 MHz, CDCl3) & 149.6, 142.4, 139.9, 126.8, 126.4, 124.8, 118.4 (q, J = 320.1 Hz),
64.6,41.9,37.8,30.4,27.5,26.1,25.9, 25.40, 18.4, —5.2.

F NMR (376 MHz, CDCl;)  —74.1.

FTIR (Neat film NaCl): 2930, 2858, 1416, 1248, 1210, 1145, 1092, 1039, 1009, 982, 932, 838,
771, 610, 507.

HR-MS (LCT-ESI): Calculated for [C2,H33F304SSi + Na]: 501.1719; Measured: 501.1700.
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OoTf

(E)-3-(4-(trifluoromethyl)phenyl)cyclooct-1-en-1-yl trifluoromethanesulfonate (4.22). A

CF;

flame dried round bottom flask was charged with anhydrous ZnCl, (4.4 g, 32 mmol, 1.0 equiv)
and anhydrous toluene (32 mL). After cooling the mixture to —30 °C, a 0.42 M aryl lithium
solution (116 mL, 21 mmol, 1.3 equiv), made from reacting 1-bromo-4-(trifluoromethyl)benzene
(8.9 mL, 64 mmol) in Et,O (124 mL) with a solution of 2.63 M n-BuLi in hexanes (25 mL, 65
mmol) at —78 °C, was added dropwise. The reaction was then left to warm up to room
temperature over 2 hours to yield a 0.18 M solution of diarylzinc by iodine titration. To a
separate flame dried schlenk flask was added Cu(OTf), (116 mg, 0.32 mmol, 0.02 equiv), PPhs
(169 mg, 0.64 mmol, 0.04 equiv) and anhydrous toluene (80 mL). Reaction was degassed and
stirred for 30 minutes. Cyclooct-2-en-1-one (2.0 g, 16 mmol, 1.0 equiv) was added and the
solution cooled to —30 °C. The solution of 0.18 M diarylzinc in Et,0 (116 mL, 21 mmol, 1.3
equiv) was then added dropwise. After 2 hours, the reaction was brought to 0 °C before adding
T£,0 (5.4 mL, 32 mmol, 2.0 equiv) and allowed to warm to room temperature over 12 hours. The
reaction was quenched with saturated aqueous sodium bicarbonate solution (150 mL), extracted
with Et;,0 (3 x 100 mL), and the combined organics were dried over MgSO, filtered and
concentrated. Crude product was purified by flash chromatography (hexanes) to yield 540 mg
(8%) of colorless oil.

'H NMR (500 MHz, CDCl3) § 7.59 (d, J = 8.1 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 5.70 (d, J = 9.4
Hz, 1H), 3.65 (ddd, J = 13.1, 9.4, 4.3 Hz, 1H), 2.76 (ddd, J = 15.7, 12.3, 3.4 Hz, 1H), 2.43 (dt, J

=15.6,4.2 Hz, 1H), 2.02 - 1.91 (m, 1H), 1.90 — 1.69 (m, 6H), 1.62 — 1.52 (m, 1H).
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BC NMR (125 MHz, CDCl3) 8 150.1, 147.7, 129.2, 129.0, 127.4, 125.7 (q, Je_¢ = 3.8 Hz), 125.6,

123.7,123.0, 119.7, 117.2, 114.6, 42.2, 37.6, 30.5, 27.5, 26.1, 25.3.

F NMR (282 MHz, CDCls) 8 —74.1, —64.5.

FTIR (Neat Film NaCl): 3060, 2933, 2859, 1679, 1619, 1415, 1326, 1210, 1124, 1070, 933, 606
-1

cm .

HRMS (EI-MS): Calculated for C,cH;6FsO3S: 402.0724; Measured: 402.0745.

OTf

_
@

(E)-3-phenylcyclooct-1-en-1-yl trifluoromethanesulfonate (4.23). A flame dried round bottom
flask was charged with anhydrous ZnCl, (4.2 g, 31 mmol, 1.0 equiv) and anhydrous toluene (31
mL). After cooling the mixture to —30 °C, a 1.0 M solution of PhMgBr in Et,0O (62 mL, 62
mmol, 2.0 equiv) was added dropwise. The reaction was then left to warm up to room
temperature over 2 hours to yield a 0.47 M solution of diphenylzinc. To a separate flame dried
schlenk flask was added Cu(OTY), (64 mg, 0.18 mmol, 0.02 equiv), PPh; (93 mg, 0.35 mmol,
0.04 equiv) and anhydrous toluene (45 mL). After stirring for 30 minutes, cyclooct-2-en-1-one
(1.1 g, 8.8 mmol, 1.0 equiv) was added and the solution cooled to —30 °C. The solution of 0.47
M diphenylzinc in Et,O (30 mL, 11.5 mmol, 1.3 equiv) was then added dropwise. After 2 hours,
the reaction was brought to 0 °C before adding Tf,0 (5 mL, 17.7 mmol, 2.0 equiv) and allowed
to warm to room temperature over 12 hours. The reaction was quenched with saturated aqueous
sodium bicarbonate solution (80 mL), extracted with Et,O (3 x 60 mL) and the combined
organics were dried over MgSO,. After filtering and concentrating by rotary evaporation, the
crude product was purified by flash chromatography (hexanes) to yield 145 mg (5%) of colorless

oil.
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'"H NMR (500 MHz, CDCl3) § 7.37 — 7.30 (m, 2H), 7.29 — 7.20 (m, 3H), 5.74 (d, J = 9.5 Hz,

1H), 3.59 (ddd, J = 12.1, 9.4, 4.4 Hz, 1H), 2.77 (ddd, J = 15.5, 12.2, 3.4 Hz, 1H), 2.45 — 2.37 (m,

1H), 2.01 — 1.91 (m, 1H), 1.89 — 1.68 (m, 6H), 1.61 — 1.55 (m, 1H).

BC NMR (125 MHz, CDCls) & 149.7, 143.8, 128.8, 127.0, 126.7, 124.7, 122.3, 119.8, 117.2,

114.7,42.3,37.8, 30.5, 27.6, 26.2, 25 4.

F NMR (282 MHz, CDCl;) § —74.2.

FTIR (Neat Film NaCl): 3090, 3064, 2930, 2857, 1678, 1599, 1415, 1210, 1143, 932, 699, 605

-1
cm .

HRMS (EI-MS): Calculated for C,sH;7F303S: 334.0850; Measured: 334.0848.

4.6.3 Optimization Table for Cyclooctenyl triflate

Table 4.2 Optimization of intramolecular C—H insertion reaction of cyclooctenyl triflate (4.1).

[M]'TWCA] % Cat. Loading | Temp. Base Solvent Yield
[Ph;C]'[HCB,,Cl;;] 5 mol% 30°C | LiHMDS | o-DFB 90%
[PhsC]'[HCB,,Cl;;] 5 mol% 30°Cc | LiHMDS DCM 59%

[PhsC] [B(C6Fs)4] 5 mol% 30°C | LiHMDS o-DFB 98%
[PhsC] [B(C6Fs)4] 0 mol% 30°C | LiHMDS o-DFB 0%
[PhsC] [B(C6Fs)4] 5 mol% 30°C | NaHMDS | ,-DFB 0%
[PhsC] [B(C6Fs)4] 5 mol% 30°C | KHMDS o-DFB 0%

[Li] [B(C¢Fs)a] 5 mol% 30°C | LiHMDS o-DFB 84%

4.6.4 General Procedure for Transannular C—H Insertion Reactions.

In a well kept glovebox, H,O, O, < 0.5 ppm, a dram vial was charged with

[Ph3C]'[B(CsFs)4] (0.05 equiv) and LiHMDS (1.5-3.0 equiv). Solids were stirred in solvent

(0.1-0.017 M) for one minute before addition of cyclooctenyl triflate substrate. Reactions were
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stirred at 30-70 °C for 0.5-3.5 hours (see substrates for exact conditions). Reactions were
monitored by GC-FID spectra unless noted otherwise. Upon completion, reactions were brought
out of the glovebox, diluted with hexanes, and passed through a short plug of silica. Isolation of
styrene products was achieved by flash column, preparatory thin layer chromatography using

silver impregnated silica or HPLC.

4.6.5 Insertion Reactions of Cyclooctenyl Triflate Derivatives

<

4-(4-(1,3a,4,5,6,6a-hexahydropentalen-2-yl)benzyl)morpholine (4.10). Synthesized according
to general procedure. A dram vial charged with [PhsC]'[B(C¢Fs)4] (1.2 mg, 1.25 mmol, 0.05
equiv) and LIHMDS (12.6 mg, 0.075 mmol, 3.0 equiv) was suspended in cyclohexane (0.25 mL,
0.017 M). After pre-stirring for one minute, corresponding triflate (10.8 mg, 0.025 mmol, 1.0
equiv) was added and stirred at 70 °C for 1 hour. Upon completion, reaction was diluted with
hexanes (1 mL) and passed through a short plug of silica (1:1 hexanes:Et,0) to yield 4.10 in 42%
NMR yield. Crude product can be further purified by preparatory thin layer chromatography
(10% methanol in ethyl acetate) using silver impregnated silica to give 4.10 as a colorless oil.
Major byproducts observed are intractable mixtures of high molecular weight products likely due
to oligomerization of the desired electron-rich styrene 4.10.

'H NMR (500 MHz, CDCl3) § 7.37 (d, J = 7.9 Hz, 2H), 7.28 — 7.23 (m, 2H), 5.98 (q, J= 2.2 Hz,

1H), 3.70 (t, J = 4.6 Hz, 4H), 3.48 (s, 2H), 3.33 (tt, J = 8.5, 2.5 Hz, 1H), 2.99 (ddt, J = 16.2, 9.3,
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2.0 Hz, 1H), 2.82 (ddq, J = 12.4, 8.3, 3.7 Hz, 1H), 2.53 — 2.36 (m, 4H), 1.83 — 1.67 (m, 3H), 1.51
(dt,J=17.2,4.6 Hz, 3H), 1.43 — 1.37 (m, 1H).

C NMR (125 MHz, CDCl;) & 140.5, 135.6, 129.8, 129.1, 126.1, 125.5, 67.0, 63.1, 53.5, 51.1,
41.4,40.3,35.8,32.5,25.3.

FTIR (Neat Film NaCl): 3093, 3027, 2934, 2856, 2805, 1512, 1453, 1332, 1264, 1118, 1008,
876, 827,787 cm’.

HRMS (EI-MS): Calculated for C19H»sNO: 283.1936; Measured: 283.1934.

O S

<

tert-butyl(4-(1,3a,4,5,6,6a-hexahydropentalen-2-yl)benzyl)sulfane 4.11). Synthesized
according to general procedure. A dram vial charged with [Ph3;C]+[B(C¢Fs)4] (2.3 mg, 2.50
mmol, 0.05 equiv) and LiHMDS (12.5 mg, 0.075 mmol, 1.5 equiv) was dissolved in o-
difluorobenzene (0.5 mL). After pre-stirring for one minute, corresponding triflate (21.8 mg,
0.05 mmol 1.0 equiv) was added and stirred at 30°C for 0.5 hours. Upon completion, reaction
was diluted with ether (1 mL) and passed through a short plug of silica (Et,O) to yield 4.11 in
38% NMR vyield. Crude product can be further purified by HPLC (10% water in acetonitrile) to
give 4.11 as a white solid. The low yield observed is attributed to the instability of the products
to silica chromatography.

'H NMR (500 MHz, CDCl3) § 7.34 (d, J = 8.3 Hz, 1H), 7.27 (d, J = 8.6 Hz, 1H), 5.95 (q, J = 2.2

Hz, 1H), 3.74 (s, 1H), 3.31 (tq, J = 5.5, 2.7, 2.2 Hz, 1H), 2.97 (ddt, J = 16.1, 9.3, 1.9 Hz, 1H),
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2.81 (dtdd, J = 9.4, 8.3, 4.2, 3.1 Hz, 1H), 2.39 (dtd, J = 16.2, 3.0, 1.8 Hz, 1H), 1.82 — 1.64 (m,
1H), 1.53 — 1.45 (m, 2H), 1.34 (s, 5H).

3C NMR (126 MHz, CDCL3) & 140.5, 137.0, 135.2, 129.7, 128.8, 125.7, 51.1, 42.8, 41.3, 40.3,
35.7, 33.20, 32.5, 30.9, 25.3.

FT-IR (neat film NaCl): 2929, 2859, 1511, 1458, 1415, 1363, 1161, 1052, 830, 756, 540 cm ™.

HRMS (GCT-CI): Calculated for C;9H26S: 286.1755; Measured: 286.1768.

OMe

5 -

5-(4-methoxyphenyl)-1,2,3,3a,4,6a-hexahydropentalene (4.12). Synthesized according to
general procedure. A dram vial charged with [PhsC] [B(C¢Fs)4] (1.2 mg, 1.25 mmol, 0.05 equiv)
and LiHMDS (6.3 mg, 0.038 mmol, 1.5 equiv) was dissolved in o—difluorobenzene (1.5 mL,
0.017 M). After pre-stirring for one minute, corresponding triflate (9.1 mg, 0.025 mmol, 1.0
equiv) was added and stirred at 30 °C for 1 hour. Upon completion, reaction was diluted with
hexanes (1 mL) and passed through a short plug of silica to yield 4.12 in 38% NMR yield. Crude
product can be further purified by flash column chromatography (50% benzene in hexanes) using
silver impregnated silica to give 4.12 as a colorless oil in 29% yield (1.6 mg). Major byproducts
observed are intractable mixtures of high molecular weight products likely due to
oligomerization of the desired electron-rich styrene 4.12.

'H NMR (400 MHz, CDCl3) & 7.38 — 7.32 (m, 2H), 6.88 — 6.80 (m, 2H), 5.85 (q, J = 2.2 Hz,
1H), 3.80 (s, 3H), 3.32 (td, J = 8.4, 7.5, 4.4 Hz, 1H), 2.97 (ddt, J = 16.1, 9.4, 2.0 Hz, 1H), 2.87 —
2.75 (m, 1H), 2.39 (dtd, J = 16.1, 3.0, 1.7 Hz, 1H), 1.82 — 1.64 (m, 2H), 1.55 — 1.46 (m, 3H),

1.45 — 1.37 (m, 1H).
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BC NMR (125 MHz, CDCls) & 158.5, 140.2, 129.5, 127.8, 126.7, 113.6, 55.2, 51.12, 4.5, 40.3,
35.8, 32.6, 25.3.
FTIR (Neat Film NaCl): 3038, 2935, 2859, 1739, 1608, 1512, 1455, 1254, 1178, 1040, 825 cm".

HRMS (EI-MS): Calculated for C;sH;30: 214.1358; Measured: 214.1353.

Q OTBS

-

tert-butyl((4-(1,3a,4,5,6,6a-hexahydropentalen-2-yl)benzyl)oxy)dimethylsilane (4.13).
Synthesized according to general procedure. A dram vial charged with [Ph3;C][B(CsFs)s] (2.3
mg, 2.50 mmol, 0.05 equiv) and LiHMDS (12.5 mg, 0.075 mmol, 1.5 equiv) was dissolved in
methylene chloride (0.5 mL). After pre-stirring for one minute, corresponding triflate (23.9 mg,
0.05 mmol 1.0 equiv) was added and stirred at 30°C for 0.5 hours. Upon completion, reaction
was diluted with ether (1 mL) and passed through a short plug of silica (Et,O) to yield 4.13 in
60% NMR yield. Crude product can be further purified by flash column chromatography using
silver impregnated silica (10% benzene in pentane) to give 6.6mg (46%) of 4.13 as a colorless
oil.

The tetrasubstituted isomer could be isolated by preparatory thin layer chromatography (3:2

hexane:benzene) using silver impregnated silica to give 4.13 as a colorless oil.
Characterization of styrene isomer
'H NMR (500 MHz, CDCl;) & 7.38 (d, J = 8.2 Hz, 1H), 7.24 (d, J= 0.7 Hz, OH), 5.96 (q, J = 2.2

Hz, 1H), 4.72 (s, 1H), 3.32 (tt, J = 8.1, 2.5 Hz, 1H), 2.99 (ddt, J = 16.2, 9.4, 2.0 Hz, 1H), 2.91 —
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2.70 (m, 1H), 2.41 (dtd, J = 16.2, 3.0, 1.8 Hz, 1H), 1.81 — 1.63 (m, 1H), 1.54 — 1.46 (m, 2H),
0.93 (s, 5SH), 0.09 (s, 4H).

C NMR (126 MHz, CDCl3) & 140.6, 139.9, 135.3, 129.5, 125.9, 125.5, 64.8, 51.1, 41.4, 40.3,
35.8,32.5,25.9,25.3,18.4, -5.2.

FTIR(neat film NaCl): 2931, 2858, 1513, 1463, 1376, 1256, 1212, 1091, 1006, 838, 776, 667
cm

HRMS (GCT-CI): Calculated for C,;H3,0Si: 328.2222; Measured: 328.2227.

Characterization of tetra-substiuted olefin

'H NMR (500 MHz, CDCl3) § 7.23 (d, J = 8.3 Hz, 1H), 4.71 (s, 1H), 3.84 (tt, J = 8.9, 6.5 Hz,
1H), 2.74 — 2.54 (m, 1H), 2.39 — 2.10 (m, 2H), 0.94 (s, 2H), 0.10 (s, 2H).

C NMR (126 MHz, CDCls) 8 146.6, 144.7, 138.7, 126.7, 126.1, 64.8, 48.8, 38.5, 29.4, 28.1,
25.9,18.4,-5.2.

FTIR (neat film NaCl): 2952, 2926, 2894, 2851, 1513, 1471, 1462, 1449, 1420, 1361, 1252,

1111, 1088, 835, 775 cm .

HRMS (EI-MS): Calculated for [C,;H3,0S1 — C4Hy]: 271.1518; Measured: 271.1515.

g

<

5-(4-(trifluoromethyl)phenyl)-1,2,3,3a,4,6a-hexahydropentalene 4.14). Synthesized
according to general procedure. A dram vial charged with [Ph;C]'[B(CeFs)s] (1.2 mg, 1.25
mmol, 0.05 equiv) and LiHMDS (6.3 mg, 0.038 mmol, 1.5 equiv) was dissolved in o—
difluorobenzene (0.25 mL, 0.1 M). After pre-stirring for one minute, corresponding triflate (10.1

mg, 0.025 mmol, 1.0 equiv) was added and stirred at 30 °C for 1 hour. Upon completion,
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reaction was diluted with hexanes (1 mL) and passed through a short plug of silica to yield 4.14
in 50% NMR yield. Crude product can be further purified by flash column chromatography
(hexanes) using silver impregnated silica to give 4.14 as a colorless oil.

'H NMR (500 MHz, CDCl3) & 7.57 — 7.53 (m, 2H), 7.53 — 7.47 (m, 2H), 6.11 (q, J = 2.2 Hz,
1H), 3.36 (tt, J = 8.6, 2.5 Hz, 1H), 3.01 (ddt, J = 16.1, 9.3, 2.0 Hz, 1H), 2.86 (dtdd, J = 9.3, 8.2,
4.3,3.1 Hz, 1H), 2.42 (dtd, J = 16.2, 3.0, 1.7 Hz, 1H), 1.85 — 1.67 (m, 2H), 1.57 — 1.49 (m, 3H),
1.47 —1.39 (m, 1H).

C NMR (125 MHz, CDCl3) § 140.0, 139.8, 132.6, 128.9, 128.6, 128.4, 128.1, 127.5, 125.7,
125.3,125.1 (q, Jc.r = 3.9 Hz), 123.2, 121.0, 51.2, 41.2, 40.3, 35.7, 32.4, 25.3.

F NMR (376 MHz, CDCl;) § —62.4.

FTIR (Neat Film NaCl): 3049, 2943, 2864, 1615, 1449, 1412, 1324, 1163, 1122, 1110, 1070,
1016, 832, 678, 599 cm™.

HRMS (EI-MS): Calculated for C,sH;sF3: 252.1126; Measured: 252.1129.

5 -

S5-phenyl-1,2,3,3a,4,6a-hexahydropentalene (4.15). Synthesized according to general
procedure. A dram vial charged with [Ph3C]'[B(CsFs)s] (1.2 mg, 1.25 mmol, 0.05 equiv) and
LiHMDS (6.3 mg, 0.038 mmol, 1.5 equiv) was dissolved in o—difluorobenzene (1.5 mL, 0.017
M). After pre-stirring for one minute, corresponding triflate (8.4 mg, 0.025 mmol, 1.0 equiv) was
added and stirred at 30 °C for 3.5 hours. Upon completion, reaction was diluted with hexanes (1

mL) and passed through a short plug of silica to yield 4.15 in 46% NMR yield. Crude product
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can be further purified by flash column chromatography (hexanes) using silver impregnated
silica to give 4.15 as a colorless oil.

'H NMR (400 MHz, CDCl3) & 7.45 — 7.39 (m, 2H), 7.30 (t, J = 7.6 Hz, 2H), 7.24 — 7.17 (m, 1H),
5.99 (q,J=2.2 Hz, 1H), 3.33 (tt, J = 8.5, 3.4 Hz, 1H), 3.01 (ddt, /= 16.2, 9.4, 2.0 Hz, 1H), 2.88
—2.78 (m, 1H), 2.42 (dtd, J = 16.1, 3.0, 1.7 Hz, 1H), 1.83 — 1.66 (m, 2H), 1.54 — 1.48 (m, 3H),
1.47 - 1.38 (m, 1H).

PC NMR (125 MHz, CDCl3) & 140.8, 136.6, 129.9, 128.2, 126.8, 125.6, 51.1, 41.3, 40.3, 35.8,
32.5,25.3.

FTIR (Neat Film NaCl): 3066, 3031, 2929, 2859, 1734, 1679, 1494, 1448, 1211, 752, 692 cm™

HR-MS (EI-MS): Calculated for C;4H6: 184.1252; Measured: 184.1248.
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4.7 Spectra Relevant to Chapter Four:

Vinyl Carbocations Generated Under Basic Conditions and Their Intramolecular C-H

Insertion Reactions

Adapted from: Benjamin Wigman, Stasik Popov, Alex L. Bagdasarian, Brian Shao, Tyler R.
Benton, Chloé G. Williams, Steven P. Fisher, Vincent Lavallo, K. N. Houk, and Hosea M.
Nelson

J. Am. Chem. Soc. 2019, 141, 9140-9144.
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Figure 4.3 'H NMR (500 MHz, CDCls) of compound 4.18.
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Figure 4.16 °C NMR (125 MHz, CDCls) of compound 4.22.
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Figure 4.17 ”F NMR (376 MHz, CDCLs) of compound 4.22.
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Figure 4.18 "H NMR (500 MHz, CDCls) of compound 4.23.
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Figure 4.19 °C NMR (125 MHz, CDCL) of compound 4.23.
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Figure 4.20 "’F NMR (376 MHz, CDCl;) of compound 4.23.
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Figure 4.21 'H NMR (500 MHz, CDCl;) of compound 4.10.
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Figure 4.22 °C NMR (125 MHz, CDCls) of compound 4.10.
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Figure 4.23 "H NMR (500 MHz, CDCl;) of compound 4.11.
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Figure 4.24 °C NMR (125 MHz, CDCls) of compound 4.11.
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Figure 4.25 "H NMR (500 MHz, CDCl;) of compound 4.12.
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Figure 4.26 °C NMR (125 MHz, CDCls) of compound 4.12.
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Figure 4.27 "H NMR (500 MHz, CDCl;) of compound 4.13.
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Figure 4.28 °C NMR (125 MHz, CDCl3) of compound 4.13.
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Figure 4.29 "H NMR (500 MHz, CDCl;) of compound 4.14.
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Figure 4.30 °C NMR (125 MHz, CDCls) of compound 4.14.
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Figure 4.31 ”F NMR (282 MHz, CDCLs) of compound 4.14.
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Figure 4.32 'H NMR (500 MHz, CDCl;) of compound 4.15.
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Figure 4.33 °C NMR (125 MHz, CDCl3) of compound 4.15.
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