SYNTHESIS OF STRAINED
SYSTEMS VIA VINYL
CARBOCATION
INTERMEDIATES

Thesis by
Zhenqi (Steven) Zhao

In Partial Fulfillment of the Requirements for the
degree of
Doctor of Philosophy

CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasadena, California

2025
(Defended July 12, 2024)



© 2025

Zhengqi (Steven) Zhao

ORCID: 0000-0002-6848-2689

All Rights Reserved



To my family, whose unwavering support and love have been my foundation
throughout this journey.



v
ACKNOWLEDGEMENTS

Firstly, I am deeply grateful to my parents for their love. Their kindness, integrity, and
perseverance are constant inspirations in my life. I especially appreciate that they supported
me in pursuing graduate studies in the United States, despite knowing they would miss me
and wanting me to stay closer to them in China. Throughout my PhD journey, which
coincided with the challenges of COVID lockdowns, we haven’t been able to meet in person
over the last five years. Despite the distance, my mother has been a pillar of emotional
support, always a comforting voice on the phone that made me feel at home during the tough
times of my PhD. While I spoke less frequently with my father, he was always the person I
turned to for pivotal decisions, and his wisdom has been invaluable to me. I am excited about
their upcoming visit to Los Angeles next month and look forward to the joyous reunion and

the precious moments we will share after five years of separation.

Next, I would like to express my gratitude to my PhD advisor, Professor Hosea Nelson.
Six years ago, Hosea was the first professor to give me an opportunity when I was seeking
research positions in the United States. As a mentor, he taught me invaluable lessons on
creativity and thinking expansively as a scientist. I am thankful for his support in my research

endeavors, and I wish him all the best in the future.

Professor Brian Stoltz, as my thesis committee chair, consistently upheld high
academic standards while also prioritizing my best interests. I cannot count how many times
I sought his counsel in his office, whether facing scientific challenges or personal struggles,
and he always provided invaluable advice that motivated me to persevere and succeed in my

PhD studies. I hope I will have more opportunities to interact with him in the future.



Professor Greg Fu and Professor Theodor Agapie, my thesis committee members,
have been incredibly kind and supportive. Greg's challenging questions during committee
meetings pushed me to think more deeply about my research and propositions. Theo, as an
expert in inorganic chemistry, often offered valuable and unique perspectives, enriching our

discussions. I have learned a great deal from both of them.

In addition, I would like to thank Dr. Scott Virgil for his invaluable analytical support.
I am grateful I could always seek his help whenever I encountered issues with the TOF
instrument, and he was always patient in tuning it for me. His guidance on various

instruments has been immensely helpful.

I would also like to thank Professor Xing Chen, my undergraduate research advisor at
Peking University. Despite leaving his lab five years ago, I am grateful that he has continued

to support me throughout my graduate school journey.

Professor Patrick Harran served as my original committee member at UCLA. He is a
highly knowledgeable total synthesis chemist, and I greatly enjoyed attending his organic
synthesis class and learning many new reactions during my first year. I am grateful for the
time he spent carefully reading my research progress reports and providing valuable advice

in my early years of graduate school.

Next, I would like to thank all the members of the Nelson lab I have worked with
during my PhD. I am especially grateful to Stasik Popov for being a fantastic mentor. When
I first joined the Nelson lab, I was unsure where to start. Stasik was the first to help me,

providing project ideas and teaching me organic synthesis techniques. He also took the time



vi
to create organic synthesis questions for younger students and helped me practice

multiple talks. He exemplifies what it means to be a great mentor as a senior graduate student.

Although Woojin Lee was a joint student of the Nelson and Houk labs, he became one
of my closest friends in graduate school. His computational work provided invaluable
insights into my reaction mechanisms. Outside the lab, we bonded over tennis and had Asian

food together. I cherish our friendship and hope it lasts a lifetime.

Ben Wigman was my 'roommate’ in the lab during the first three years of my PhD (only
two people could be in the same room due to COVID restrictions). He was very
knowledgeable in mechanics, and it was fun learning how to build my own echem
equipment, such as soldering my own platinum electrodes. I missed him after he graduated

and left the group (especially when I struggled with mechanical issues...).

Sydnee Green was one of the first graduate students I worked with in the lab. She is
not only a strong chemist and biologist but also a fun person. She would drive us to West
Hollywood to have fun until midnight. It was never boring being around her. I was fortunate
to have the opportunity to work with Lee-Joon Kim, Jessica Burch, and David Delgadillo to
use MicroED and solve structures of my compounds. I spent four years in the lab with Sepand
Nistanaki and Chloe Williams. Chloe was hard-working and very encouraging to be around.
Sepand was knowledgeable and often shared good ideas with me. Vincent Wang and Jake
Rothbaum are postdocs with an inorganic chemistry background, and I enjoyed discussing
science with them as they often gave me different perspectives from another field. I would

like to thank all of them for being great lab mates over the years.



vii
To younger students, I would like to thank Tiffany Hung, one of my best friends

during graduate school. We spent a significant amount of time working together in the last
year. Tiffany is exceptionally hard-working, and her help during my proposition exam and

thesis writing was invaluable. I wish her a bright and successful future.

Ziguang Yang was a rotation student in our lab. Although we worked on different
projects at that time, we bonded quickly by going out for sushi together every Friday. I
especially appreciate all the job resources he shared with me over the past year, and I believe

he will excel in Professor Lu Wei’s group.

I would also like to thank Nils Rendel. Nils was not only my project partner during his
six-month stay as a visiting student but also my hiking buddy. We visited many national
parks in California, Utah, Arizona, and Nevada, sharing a tent in the middle of nowhere for
many days. Although he is now back home in Germany, I hope we will have opportunities

for more trips in the future.

There are also many people I interacted with in the Nelson lab, including Alex
Bagdasarian, Brian Shao, Chris Jones, Matt Asay, Sam Johnson, Alex Solivan, Martin Riu,
Lygia Silva de Moraes, Noah Sims, Doris Mai, Rui Guo, Yan Liu, Jianhua Wei, Kunal Jha,
Kevin Martin, Conner Wells, Krista Dong, Jocelyn Zhang, Isabel Rodriguez, Josh Signore,

and others. I would like to thank all of them for being great co-workers.



viil

ABSTRACT

Vinyl carbocations are a class of dicoordinated carbocations. Due to their challenging
generation, they have been less studied compared to tricoordinated carbocations. This

thesis reports multiple novel reactivities involving vinyl carbocation intermediates.

The first chapter reviews methods for generating vinyl carbocations and past reports
of vinyl carbocation C—H insertion. It then introduces a field guide to assist researchers in
using vinyl carbocation C—H insertion in their synthesis, providing detailed information

and optimal reaction conditions developed in our laboratory.

The second chapter describes a catalytic method for forming medium-sized rings via
intramolecular Friedel-Crafts reactions of vinyl carbocation intermediates. These reactive
species are catalytically generated through the ionization of vinyl toluenesulfonates by a

Lewis acidic lithium cation/weakly coordinating anion salt.

The third chapter details selective [2+2] cycloadditions between vinyl carbocations
and terminal alkenes, using a LIHMDS-mediated approach. This method allows for the
efficient synthesis of strained cyclobutene-containing bicycles under mild conditions,
demonstrating the versatile application of vinyl carbocations in constructing complex

strained organic structures.
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CHAPTER 1

Introduction to Vinyl Carbocations and Their C—=H Insertion Reactions

1.1 INTRODUCTION

As a class of highly reactive intermediates, carbocations engage in a broad range of
transformations and thus play a crucial role in the synthetic pathways of many complex
molecules.! Due to the influence of electronic and steric effects as well as hybridization
states, the stabilities of different classes of carbocations vary significantly.

Historically, more stabilized carbocations have been more well-studied as they are
easy to access. In 1901, the highly n-stabilized triphenylmethyl (trityl) cation was the first

carbocation discovered.? Since then, other resonance-stabilized tricoordinated sp>-hybridized

T Portions of this chapter are based on research performed in collaboration with Martin-Louis
Y. Riu, Stasik Popov, and Benjamin Wigman. Portions of this chapter have been adapted
from the manuscript currently under review for Eur. J. Org. Chem.: Riu, M.-L. Y..; Popov,
S.; Wigman, B.; Zhao, Z.; Wong, J.; Houk, K. N.; Nelson, H. M. Carbon—Carbon Bond
Forming Reactions of Vinyl Cations: A Field Guide.
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carbocations, such as iminium cations® and oxocarbenium cations?, have also been widely
used in organic synthesis.

In contrast, dicoordinated sp-hybridized vinyl carbocations have been less studied
and have had limited applications in synthetic chemistry. It was initially thought that the
energy of vinyl carbocations was too high for their generation and existence as intermediates.
However, it later became evident that they were necessary to explain certain reactivities. In
1944, Searles and coworkers first proposed an oxygen-stabilized vinyl carbocation
intermediate in a hydrolysis reaction of acetylenic ethers to esters under acidic conditions.?
Twenty years later, Grob and coworkers provided more solid evidence for vinyl carbocation
intermediacy while studying the kinetics of hydrolysis reactions of a series of 1-
bromostyrenes with functional groups of varying electron richness on the aryl group.® Since
then, novel vinyl carbocation reactivity has continued to be explored.

In this chapter, we will first review the general approaches used to generate vinyl
carbocations. Following that, we will discuss a key reactivity that distinguishes vinyl

carbocations from tricoordinated carbocations — the C—H insertion reaction.

1.2 GENERATION OF VINYL CARBOCATIONS

There are three primary approaches for accessing vinyl carbocation intermediates:
(1) electrophilic addition to alkynes/allenes, (2) heterolysis of vinyl (pseudo)halides, and (3)
decomposition of B-diazo alcohols.

The first method involves the addition of electrophiles to alkynes and allenes.
Protons, as simple electrophiles, can induce this ionization. For instance, Melloni and

coworkers demonstrated that a catalytic amount of methanesulfonic acid, a proton source,
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was sufficiently acidic to ionize the alkyne precursor 1 into an allylic vinyl carbocation 2
(Scheme 1.1A). This carbocation then underwent a Friedel-Crafts reaction, resulting in Z/E
isomers of cyclization product 3.

Scheme 1.1 Ceneration of vinyl carbocations from electrophilic addition to

alkynes/allenes.

A. Electrophilic addition of proton to the alkyne

R1 R1 R1
R2 R2 | Friedel-Crafts
A MeSO;H W reaction O‘ R?
[’
| 3 Ph
, Pn L , Ph ] up to 93% yield

B. Electrophilic addition of carbenium to the alkyne/allene

Ph

Ph—==—Ph Ph | Friedel-Crafts
4 AlCly ® reaction
- — ———— Ph
+
Ph
R R
R 7
Ph™ Cl 6 up to 61% yield
HCO,H | H,0
| ® |
HO | [ ® o
8 9 10 11 y
70% yit
C. Electrophilic addition of halogen to the alkyne vie
OH OH o Pinacol-type 0 |
NIS/HTIB M rearrangement /U\%\
Me Me Me Br
Ph XX Ph
Br Br Ph
14
12 13 72% yield

A carbocation can also induce the generation of vinyl carbocation intermediates
through addition to alkynes. Modena and coworkers reported that when benzyl chloride 5
was activated by aluminum chloride, an electrophilic attack on alkyne 4 formed vinyl
carbocation intermediate 6 (Scheme 1.1B). This intermediate then underwent a Friedel—
Crafts reaction, yielding the final product 7.2 Furthermore, vinyl cations can be accessed by

addition to allenes. For example, Puckett and coworkers reported that when allyl alcohol 8
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was activated, a cyclization occurred to form vinyl carbocation intermediate 10, which was
subsequently quenched by water to yield ketone 11 (Scheme 1.1B).°

Other electrophilic heteroatoms such as phosphorus!?, sulfur'!, and halogens can also
potentially induce the generation of vinyl carbocations through electrophilic addition to
alkynes. For instance, McNeils and coworkers reported that when bromoalkyne 12 was
treated with iodine (I2), an iodonium-stabilized vinyl carbocation 13 was first generated,
leading to a Pinacol-type rearrangement on the vicinal alcohol to forge the rearrangement
product 14 (Scheme 1.1C).!?

The second approach for generating vinyl carbocations involves the heterolysis of
vinyl (pseudo)halides through solvolysis in polar solvents or activation by Lewis acids. Grob
and coworkers reported that benzylic vinyl bromide 15 could undergo solvolysis in aqueous
ethanol to yield ketone 17 (Scheme 1.2A). Further Hammett studies supported the
intermediacy of vinyl carbocation 16.6

Scheme 1.2 Generation of vinyl carbocations from heterolysis of vinyl (pseudo)halides.

A. Solvolysis of vinyl (pseudo)halides

Br (o]
@ EtOH/H,0 &7 /©)LMe
R R” C R
15 16 17

R = H, NH,, NO»
B. Lewis acid-assisted heterolysis of vinyl (pseudo)halides

[LiI'[B(CgF5)al” 2 2 2
oTs (ca) R o FA R
) )
R LiHMDS @)\RZ 3 |
i R? ©/ omms RO R* R* R
R4
1 3,
R'yg R o)\/“ 1
R
20

18
up to 91% yield

Additionally, Lewis acids can facilitate the heterolysis of vinyl (pseudo)halides in

non-polar solvents. Nelson and coworkers reported that vinyl carbocation intermediate 19
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could be generated from vinyl tosylate precursor 18 under the catalysis of the Lewis acid
lithium tetrakis(pentafluorophenyl)borate (Li[B(CeFs)s]). The cationic intermediate was
subsequently trapped by a nucleophilic silyl ketene acetal 20 to yield the coupling product
21 (Scheme 1.2B)."3

Lastly, vinyl carbocations can be accessed through the decomposition of f-diazo
alcohols. Brewer and coworkers reported that when S-hydroxy-a-diazo ketone 22 was treated
with the Lewis acidic tris(pentafluorophenyl)borane, loss of the hydroxy group formed vinyl
diazonium intermediate 23 (Scheme 1.3). This intermediate then rapidly eliminated N to
yield a vinyl carbocation 24. Due to the destabilizing influence of the adjacent carbonyl
group, 24 underwent a Wagner-Meerwein rearrangement to form a new vinyl carbocation
25, which subsequently underwent a Friedel-Crafts reaction with a nucleophilic aryl group
to forge the 5-membered ring in product 26.'

Scheme 1.3 Generation of vinyl carbocations from decomposition of fFdiazo alcohols.

N B(C4F, N
R 2 OH ( 6 5)3 - R—:
Dem F
o o
26
22 up to 80% yleld
| Beeos
®N2
R —N2
o

rearrangement

1.3 C—H INSERTION OF VINYL CARBOCATIONS

Similar to most carbocation intermediates, vinyl carbocations can facilitate the

cleavage and formation of carbon—carbon (C—C) bonds through reactions, such as cationic
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rearrangements'* and Friedel-Crafts reactions with nucleophilic aromatic compounds’®
Unlike tricoordinated carbocations, vinyl carbocation can induce carbon—hydrogen (C—H)
activation at an sp® carbon. While C-H functionalization is typically achieved under
transition metal catalysis'’, the use of vinyl carbocations offers a potential alternative metal-
free approach.

One early example demonstrating the capability of vinyl carbocations to activate C—
H bonds was reported by Kucherov and coworkers in 1974 (Scheme 1.4). They observed that
when acylium cation 27 reacted with alkyne 28, 2-cyclopentenone 30 was formed. An initial
electrophilic addition from the acylium cation to the alkyne occurred to generate vinyl
carbocation intermediate 29. Subsequently, this intermediate underwent either a 1,5-hydride
shift followed by cyclization via cationic intermediate 31 or a concerted C—H activation to
furnish product 30.'6

Scheme 1.4 Kucherov: C—H activation in the acylium-alkyne reaction.

1,5-hydride shift Me

o@ o
I Me Me
+ | —
Me Me DCM/DCE
Me 30 Me
27 55% yield

C—H insertion
Me

In 2006, Metzger and coworkers conducted further studies on the C—H insertion
reactivity of vinyl carbocation intermediates with a similar system (Scheme 1.5). Initially, it

was proposed that the activation of chloroformate 33 by an aluminum-based Lewis acid
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induced electrophilic addition to alkyne 34, leading to the ionization of vinyl carbocation 35.
This intermediate could then undergo trapping either by a chloride anion from ethyl
aluminum chloride to form vinyl chloride 36, or by a hydride transfer from triethylsilane to
form alkene 37. However, 36 and 37 were found to be minor side products (< 5% yield),
while the major product was the cyclopentane-containing compound 39. Building on
previous findings, it was suggested that vinyl carbocation 35 participated in a C—H activation
reaction with pendant alkyl groups to generate the 5S-membered ring observed in product 39.
Quantum-mechanical calculations further supported the proposal of a concerted C—H
insertion mechanism for this reaction.!”

Scheme 1.5 Metzger: Concerted C-H insertion reactions of vinyl carbocations.

R
(o]
Me =

] R
Et3Al;Clz Me 0~ Yo

R
R
Me O Et;Al,Cly 5 /36 ol
P Me <5% yi
+ /
Me)\OJj\CI pem | ) R 0
R Me [0} o
33 34 35

R
(o}
37

<5% yield

Me (o]
¥ R
EtsSiH Ez\_\
Me
b
o
Me

39
up to 79% yield

In 2010, Yamamoto and coworkers reported one of the first examples demonstrating
catalytic vinyl carbocation C—H insertion reactivity (Scheme 1.6). Using a catalytic amount

of trifluoromethanesulfonic acid, the alkene in precursor 40 was protonated to form tertiary
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carbocation intermediate 41. This was followed by an intramolecular electrophilic addition
to the alkyne, generating vinyl carbocation intermediate 42. Subsequently, C—H insertion
occurred, resulting in the formation of a 5-membered ring, and product 43 was obtained upon
deprotonation.!'®

Scheme 1.6 Yamamoto: Catalytic vinyl carbocation C-H insertion reaction.

R3

R? It TIOH o
(5 mol%) . R
pem
1
R n 60 °C n

1 42

In 2014, Gaunt and coworkers developed a copper-catalyzed system to harness vinyl
carbocation C—H insertion reactivity using diaryliodonium salts and an alkyne precursor
(Scheme 1.7). It was proposed that the diaryliodonium salt 45 was the source of electrophilic
aryl groups to attack alkyne 44, resulting in the generation of a vinyl carbocation intermediate
46. This intermediate then underwent a C—H insertion reaction, ultimately forming
cyclopentene product 47.!" Notably, when enantioenriched alkyne 48 was employed, the
stereochemical information from the precursor was largely preserved in the product 49 (95%
ee). This finding suggested that this vinyl carbocation C—H insertion followed by a concerted

mechanism as opposed to a stepwise 1,5-hydride shift and cyclization process.



Chapter 1 — Introduction to Vinyl Carbocations and Their C—H Insertion Reactions 9

Scheme 1.7 Gaunt: Copper-catalyzed vinyl carbocation generation and C—H insertion.

Me
Ph,IOT (35) | me. W€
Me Cu (5 mok%) \O\ Q’ph
H. 2 Me
DTBP, DCM S
= 50 °C A® Me  ar
Ar 47
44 46 up to 78% ee
Me
Me Me Me
H
Me Ph,IOTf (45) 4
CuCl (5 mol%) Me m
z Cuctomatt)
DTBP, DCM
70 °C O
MeO Ph
48 MeO 49
99% ee 95% ee, 34% yield

C—H insertion reactivity has also been observed in cases where vinyl carbocation
intermediates are generated from p-diazo alcohol precursors, as described in the third
approach in section 1.2. In 2017, Brewer and coworkers reported that when f-hydroxy-a-
diazo ketone 50 was treated with the Lewis acidic tris(pentafluorophenyl)borane, the
generation of vinyl carbocation 52 was proposed (Scheme 1.8). This intermediate then
rearranged to form new vinyl carbocation 53, which subsequently underwent C—H insertion
to yield the final [5.3.0] bicyclic product 54.2°

Scheme 1.8 Brewer: Vinyl carbocation C-H insertion from [-diazo alcohol.

Me N,
Me OH
R’ B(CeFs)s _ Me R3
) DCM T Me R?2
3 o
g2 o 54
50 up to 88% yield
* B(C4Fs)s C—H insertion
R3
Me ®N 2
Me 2 N, Me R Me @ R3
R‘ —_— Me D — Me R2
R' R'
o R® rearrangement
R? o

51 52 53
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In 2018, Nelson and coworkers developed a system for generating vinyl carbocation
intermediates and utilizing them in intermolecular C—H insertion reactions through silylium-
weakly coordinating anion (WCA) catalysis (Scheme 1.9). In their proposed catalytic cycle,
a silylium cation was paired with the WCA in complex 61. The lack of coordination from
the counterion enhanced the Lewis acidity of the silylium cation, facilitating the abstraction
of the triflate group from vinyl triflate S5 to generate vinyl carbocation 58. Subsequently,
cation 58 underwent C—H insertion, leading to the formation of a secondary carbocation 59

Scheme 1.9 Nelson: Vinyl carbocation C-H insertion through silylium-WCA catalysis.
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Intramolecular vinyl carbocation C—H insertion
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[Et3Si[{HCB,Cly,]" (cat) H
Et;Si-H
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H
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91% yield
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and the concurrent formation of a new C—C bond. A 1,2-hydride shift followed to generate
the more stable tertiary carbocation 60. In the final step, triethylsilane was employed to
deliver a hydride to the carbocation, yielding the cross-coupling product 57 and regenerating
the silylium carborane complex 61.2!

This catalytic system was also applicable to intramolecular C—H insertions. For
instance, vinyl triflate 62 could be transformed into the [3.3.0] bicyclic product 63 under
these catalytic conditions.

In 2019, Nelson and coworkers developed a milder catalytic system using lithium-
WCA to address the limitations of silylium-WCA catalysis, which had poor substrate
compatibility due to the high Lewis acidity and reactivity of the silylium species (Scheme
1.10). Commercially available trityl tetrakis(pentafluorophenyl)borate ([PhzC] [B(CsFs)4])
was employed as the precatalyst, and upon introduction of LIHMDS, a metathesis reaction
was proposed to generate the lithium catalyst [Li][B(C¢Fs)s]". The lithium cation in this
complex exhibited greater Lewis acidity compared to conventional lithium salts due to the
lack of coordination by WCA [B(CeFs)4]. Upon formation of a catalytically active lithium
species, vinyl triflate 64 underwent ionization to forge vinyl carbocation intermediate 65.
Subsequently, an intramolecular C—H insertion occurred, leading to the formation of a 5-
membered ring and tertiary carbocation 66. Finally, LIHMDS facilitated deprotonation to
yield product 67 containing a tetrasubstituted olefin.?> The milder Lewis acidity of the lithium
cation allowed the scope of the reaction to be expanded to tolerate a broader range of
functional groups, including ethers, sulfonamides, and aryl halides, which were previously

incompatible with silylium-WCA catalysis.
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Scheme 1.10 Nelson: Vinyl carbocation C—H insertion through lithium-WCA catalysis.
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In 2022, Nelson and coworkers reported a catalytic asymmetric C—H insertion
reaction of vinyl carbocation intermediates utilizing a chiral strong Brensted acid
imidodiphosphorimidate (IDPi) catalyst 72 with a pKa of 2—4 in MeCN,? in conjunction
with allyl silane 71 (Scheme 1.11). This combination generated a Lewis acidic silylated IDPi
76, which was found to ionize the vinyl tosylate 68 to form vinyl carbocation intermediate
74. Subsequently, cation 74 selectively inserted into one of the enantiotopic C—H bonds on
the pendant piperidine ring, generating the chiral bicyclic intermediate 75 with high
enantioselectivity and diastereoselectivity. In the final step of the catalytic cycle, the IDPi
anion reacted as the Bronsted base to induce the f-deprotonation of the tertiary carbocation,
resulting in the formation of the nitrogen-containing polycyclic compound 70. The product
contained three contiguous chiral centers with up to 93% ee and >20:1 diastereomeric ratio

(dr).2*
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Scheme 1.11 Nelson: Asymmetric vinyl carbocation C-H insertion.
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1.4 THE FIELD GUIDE OF VINYL CARBOCATION C-H INSERTION

Nelson and coworkers have been at the forefront of developing both silylium- and
lithium-WCA systems to access vinyl carbocation intermediates and incorporate them into
C—H activation reaction to explore vinyl carbocation reactivity. While the highly Lewis
acidic silylium conditions were particularly effective for generating challenging vinyl
carbocations, such as strained ones or those lacking nt-stabilization.?! However, the system

had poor compatibility with substrates containing heteroatoms. On the other hand, the lithium
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conditions showed improved compatibility with heteroatom-containing substrates as lithium
is a weaker Lewis acid compared to silylium.?> However, this approach faced limitations in
achieving challenging ionizations that require strong Lewis acidity. The importance and
potential of vinyl carbocation C—H insertion have prompted the creation of a field guide
aimed at synthetic chemists interested in constructing C—C bonds through Lewis acid-WCA
catalytic methods. This guide focuses on silylium- and lithium-initiated reactions that form
C—C bonds using vinyl carbocations generated from vinyl triflates. The goal is to provide
researchers with valuable context and expedite their selection of optimal reaction conditions

and starting materials.

1.4.1 Reaction conditions

Ionization of vinyl triflates was achieved with either silylium-initiated (conditions A)
or lithium-initiated (conditions B) condition where the generated Lewis acid is paired with
WCA [HCB1:1Ci1] or [B(CeFs)4]". Under conditions A, the silylium-carborane initiator is
formed in situ through a Bartlett-Condon-Schneider silicon-to-carbon hydride transfer?,
where [Ph3;C]" [HCB1Ci1] is combined with Et3SiH to form [Et;Si]" [HCB:Ci1]™ and
Ph3CH.?¢ Stoichiometric Et;SiH functions as the terminal reductant, regenerating
triethylsilylium that is paired with the catalytic [HCB11C11]~ following hydride transfer.
Similarly, under conditions B, [PhsC]"[B(C¢F5)4]™ is combined with stoichiometric LIHMDS
to form the initiator [Li] [B(CsFs)4] . The remaining equivalents of LIHMDS functions as a
base, regenerating the catalytically active Li-WCA species after deprotonation of the
carbocation intermediate. While LIHMDS is generally suitable for these reactions, it is
susceptible to enamine formation through nucleophilic trapping of the vinyl carbocation. In

some cases, LIHMDS may be replaced by LiH to circumvent this issue.
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1.4.2 C-H insertion substrate study

Under silylium conditions A, clean alkylation of cyclohexenyl triflate 77 was
achieved, yielding bicyclohexyl 81 in 87% yield after 1.5 hours at 30 °C (Scheme 1.12).%!
However, under lithium-initiated basic conditions B, the desired product 82 was not
obtained, indicating some other undesired pathway was outcompeting C—H insertion.

Products derived from cyclopentenyl triflate 78, specifically cyclohexylation
products 83 and 84, were not observed under either conditions A or B. This is consistent with
the significant geometric strain associated with the corresponding 5-membered vinyl
carbocation intermediate. Similarly, treatment of tetralone-derived triflate 80a with
cyclohexane did not yield products 87 or 88 under conditions A or B, even after heating the
triflates to >120 °C for an extended period of time.

In the case of 4-bromoacetophenone-derived vinyl triflate 79, no desired products
(85 and 86) were obtained under either conditions A or B. Conditions B resulted only in the
formation of 4-bromoacetylene, while conditions A yielded an intractable mixture of
products.

Interestingly, cyclohexylation of benzosuberonyl triflate 80b under conditions A led
to the formation of isomers 89 and 90 in 22% and 29% yield, respectively. Under conditions
B, the cyclohexane adduct 91 was obtained as a single isomer but in a lower yield of 21%.
The lower yield under conditions B may be attributed to the formation of an enamine via the

undesired addition of LIHMDS to the vinyl carbocation.
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Scheme 1.12 Investigation of vinyl carbocation intermolecular C-H insertion with

cyclohexane.
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Intramolecular C—H insertion followed a similar trend where C—H insertion of
propylbenzosuberonyl triflate 92 was observed under both silylium and lithium conditions
leading to products 93 and 94 (Scheme 1.13).22 In contrast, smaller ring-sized tetralonyl
triflate 95 only underwent C-H insertion under silylium-initiated conditions, yielding
product 96 in 37% yield. Vinyligous acyl triflate 98, under silylium conditions A, did not
produce the desired product 99. However, under conditions B, which involved the use of LiH
instead of LIHMDS at 70°C for 36 hours, cyclopentene product 100 was obtained in 53%
yield. This result highlights the enhanced functional group tolerance of conditions B, as

LiH prevented ester decomposition that may occur via nucleophilic attack by LIHMDS.
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Overall, these examples underscore the distinct reactivity observed between silylium
and lithium-initiated conditions in inter- and intramolecular C—H insertion reactions,
emphasizing the importance of selecting appropriate reaction conditions based on the
substrate's structural and electronic properties.

Scheme 1.13 Investigation of vinyl carbocation intramolecular C=H insertion.
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nBu 1,2-DFB CO,Me CO,Me
-
c 98 Cl g9 ¢ 100
A: 0% yield B: 53% yield
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1.5 CONCLUSION

Vinyl carbocations, characterized by their highly energetic nature, have historically
received less attention compared to the more stable sp?-hybridized tricoordinated
carbocations. Nevertheless, organic chemists have explored various methods to access and
utilize these intermediates in selective chemical transformations.

This chapter initially discusses three primary strategies to generate vinyl
carbocations: electrophilic addition to alkynes/allenes, heterolysis of vinyl (pseudo)halides,

and decomposition of f-diazo alcohols. Next, the evolution of research on the unique C—H
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insertion reactivity of vinyl carbocations, beginning with Kucherov's early observations and
culminating in recent advancements by Nelson and coworkers is disclosed. These
developments include novel catalytic systems designed to induce ionization of challenging
vinyl carbocations, expand substrate scope, and enhance stereoselectivity. To promote
exploration and broader application of vinyl carbocations as versatile synthetic building
blocks in organic chemistry, the final part of the chapter discusses the successes and
limitations in silylium and lithium-WCA catalysis pioneered by Nelson and coworkers for
synthetic chemists with limited experience in vinyl carbocation generation and reactivity.

Although vinyl carbocations possess significant potential for creating C—C bonds
through the activation of otherwise inert C—H bonds, their application in generating complex
structures remains somewhat constrained. In intramolecular vinyl carbocation C-H
activation reactions, the formation of 5-membered rings is commonly observed, with
occasional formation of 6-membered rings.?? This limitation underscores ongoing challenges
in expanding the scope of reactions that utilize vinyl carbocations for synthesizing more
intricate molecular architectures.

Utilizing vinyl carbocation intermediates to construct complex and strained
structures is a compelling endeavor; thus, my PhD studies have predominantly focused on
exploring their reactivity through Li-WCA catalysis and via an IDPi organocatalytic
platform. Firstly, I explored the formation of strained medium-sized rings through
intramolecular Friedel-Crafts reactions mediated by vinyl carbocation intermediates.
Secondly, I expanded the reactivity of vinyl carbocations to produce strained cyclobutene

motifs via [2+2] cycloaddition mechanisms. Lastly, I disclose progress towards a catalytic
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enantioselective formation of allenes using IDPi catalysis via vinyl carbocation

intermediates. The following chapters will delve into detailed discussions of these reactions.

1.6 CONTRIBUTION AND ACKNOWLEDGEMENT

The chemical syntheses in section 1.4 were completed in collaboration with Dr. Martin Riu,

Dr. Stasik Popov, and Dr. Ben Wigman.

1.7 EXPERIMENTAL SECTION

1.7.1 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 under reduced pressure before use. All liquid
substrates were either dried over CaH: or filtered through dry neutral aluminum oxide. Solid
substrates were dried overnight under high vacuum over P2Os. All solvents were rigorously
dried prior to use. Benzene, trifluorotoluene, dichloromethane, o-dichlorobenzene,
acetonitrile, and tetrahydrofuran were degassed and dried in a JC Meyer solvent system and
stored inside a glovebox. Cyclohexane was distilled over potassium. o-Difluorobenzene was
distilled over CaHa. Triethylsilane and triisopropylsilane were dried over sodium and stored
inside a glovebox. [PhsC][CHB.:Cl;1] was prepared according to a literature procedure.’! All
other reagents were purchased from commercial suppliers and used as received. Preparatory
thin layer chromatography (TLC) was performed using Millipore silica gel 60 F254 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
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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, '3C, '°F), Bruker DRX-
500 ('H), and Bruker AV-500 ("H, *C). '"H NMR spectra are reported relative to CDCl3 (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. 3C NMR spectra are reported relative to
CDCI3 (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 um DF) column. GCMS spectra
were recorded on a Shimadzu GCMS-QP2010 using a Restek XTI-5 (50 m, 0.25 mm ID,
0.25 pm 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, 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 C18 (5u, 25 cm length, 1 cm

internal diameter) column.
1.7.2 Preparation of vinyl triflate precursors

Triflates 77,%' 782! 79,>! 80a,>! 80b,” 92,22 and 98>’ were prepared according to

literature procedures.
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o MezN
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2-propyl-3,4-dihydronaphthalen-1(2H)-one (S1)

In a three-neck flask equipped with a Dean-Stark apparatus was added 3,4-
dihydronaphthalen-1(2H)-one (3.00 g, 20.5 mmol, 1 equiv), 1,1-dimethylhydrazine (3.70 g,
61.6 mmol, 3 equiv), toluene (20 mL), and 4-methylbenzenesulfonic acid (0.35 g, 2.1 mmol,
0.1 equiv). The reaction was refluxed at 130 °C overnight. Then it was diluted with diethyl
ether and saturated NaHCOs3 solution. After the separation of the organic phase and the
aqueous phase, the aqueous phase was extracted with diethyl ether two more times. The
combined organic phase was washed with brine, dried with mageniusm sulfate, filtered and
concentrated in vacuo to give the hydrazone intermediate, which was used without further
purification.

In a flamed-dried flask was added diisopropylamine (2.53 g, 25.0 mmol, 1.15 equiv)
and THF (108 mL). The solution was cooled down to —78 °C and n-butyllithium solution
(2.53 M, 9.45 mL, 1.1 equiv) was added dropwise. After 1 min, the hydrazone intermediate
(4.09 g, 21.7 mmol, 1 equiv) in THF (21 mL) was added dropwise. The reaction was then
warmed up to 0 °C and kept for 30 min, then cooled back to —78 °C. n-Propyl iodide (4.06
g, 23.9 mmol, 1.1 equiv) was added slowly into the reaction. The reaction was then warmed
up to room temperature and stirred overnight. The reaction was quenched by cooling down
to 0 °C followed by the addition of 2.5 M HCI (63 mL). This mixture was heated at 50 °C
for 1 h. Then the solution was diluted with water and diethyl ether. After the separation of
the organic phase and the aqueous phase, the aqueous phase was extracted with diethyl ether

two more times. The combined organic phase was washed with saturated NaHCO; solution



Chapter 1 — Introduction to Vinyl Carbocations and Their C—H Insertion Reactions 22

and brine, dried with magnesium sulfate, filtered, and concentrated under reduced pressure
to give the crude product. This product was purified by silica flash column chromatography
(5% diethyl ether in hexanes) to give ketone S1 as a yellow solid (2.1 g, 51% yield over 2
steps). The NMR spectra of S1 matches previously reported data.*

'"H NMR (500 MHz, CDCls) 6 8.07 (d, J=7.9 Hz, 1H), 7.49 (t, J= 7.5 Hz, 1H), 7.34 (t, J
=7.1 Hz, 1H), 7.27 (d, J= 7.6 Hz, 1H), 3.04 (dt, /=9.1, 5.0 Hz, 2H), 2.58 — 2.49 (m, 1H),
2.28 (dq,J=13.3,4.8 Hz, 1H), 1.95 (tddd, /= 14.5,10.7, 7.9, 5.2 Hz, 2H), 1.59 — 1.37 (m,

3H), 1.01 (t, J = 7.2 Hz, 3H).

2-propyl-3,4-dihydronaphthalen-1-yl trifluoromethanesulfonates (95)

In a flame dried 100 mL round bottom flask was suspended sodium carbonate (0.84
g, 8.0 mmol, 3 equiv) in anhydrous methylene chloride (27 mL). To this suspension was
added ketone S1 (0.50 g, 2.7 mmol, 1.0 equiv) and the reaction was cooled to 0 °C. Triflic
anhydride (0.82 g, 2.9 mmol, 1.1 equiv) was added dropwise at 0 °C and the reaction was
allowed to warm up to room temperature. Upon completion of the reaction, as assessed by
thin layer chromatography (TLC) analysis, the reaction was quenched with water (15 mL).
The layers were separated, and the product was extracted with diethyl ether (3 x 20 mL). The
combined organics were dried over magnesium sulfate, filtered, and concentrated to give the
crude material as brown oil. The crude product was purified by silica flash column
chromatography (25% dichloromethane in hexanes) to give pure vinyl triflate 95 as a

colorless oil (0.33 g, 39% yield).



Chapter 1 — Introduction to Vinyl Carbocations and Their C—H Insertion Reactions 23

'H NMR (400 MHz, CDCls) & 7.33 (d, J = 7.5 Hz, 1H), 7.25 — 7.18 (m, 2H), 7.15 (d, J =
7.0 Hz, 1H), 2.83 (t, J= 6.9 Hz, 2H), 2.42 (t, J = 8.4 Hz, 2H), 2.36 (t, J = 7.4 Hz, 2H), 1.55
(h, J = 7.6 Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, CDCls) & 140.4, 135.5, 133.6, 129.8, 128.1, 127.3, 126.7, 121.2,
118.6 (q, Jer = 321.1 Hz), 33.0, 27.5, 27.3, 20.2, 13.9.

19F NMR (376 MHz, CDCls) & ~73.7.

HR-MS (FD-MS): C14H15F3038S calculated 320.0694; Found 320.0693.

1.7.3 Intermolecular C-H insertion reactions with cyclohexane under Si-

mediated conditions A

General Procedure

In a well-kept glovebox, (H2O, O, < 0.5 ppm), a dram vial was charged with
[PhsCJ[HCB1:Cli1] (0.05 equiv) and this material was suspended in cyclohexane (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 the mixture was shaken until it turned colorless.
At this point, vinyl triflate (1.0 equiv) was added to the reaction mixture and was stirred at
30-75 °C (see substrates for specific details). Upon completion, the reaction mixture was
passed through a short plug of silica gel inside the glovebox and the plug was washed with
hexanes. The combined filtrates were removed from the glovebox and volatile materials were
removed under reduced pressure. Some substrates required further purification by silica
column chromatography (see below) or preparative high pressure liquid chromatography
(HPLC).

Cyclohexane Addition Reactions Previously Reported by our Group
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Cyclohexane addition product 81 was prepared from triflate 77, and the synthesis has

been described.?!

CE‘(:SH CE\:SCV
89 920

5-cyclohexyl-6,7,8,9-tetrahydro-5/H-benzo[7]annulene (89) and 6-cyclohexyl-6,7,8,9-
tetrahydro-5/+-benzo|7]annulene (90)

A dram vial was charged with [PhsC][CHB11Cli1] (3.8 mg, 0.005 mmol), and this
material was dissolved in benzene (0.5 mL). Triethylsilane (17.4 mg, 0.150 mmol) and a
magnetic stirring bar were added and the mixture stirred for 10 minutes. Vinyl triflate 80b
(29.2 mg, 0.10 mmol, 1 equiv) was added to the reaction and stirred for 0.5 hours at 30 °C.
The reaction mixture was removed from the glovebox and passed through plugged pipette
containing a column of silica with ether. Volatile materials were removed under reduced
pressure to give products 89 and 90 in 29% and 22% NMR yield, respectively. The crude
product was purified by silica flash column chromatography (hexanes) to give a mixture of
isomers 89 and 90. Separation of regioisomers was performed using semi-preparative HPLC
(95:5 MeCN:water) to give pure 89 and 90 as colorless oils.

Characterization for 89

'"H NMR (500 MHz, CDCl3) § 7.13 — 6.96 (m, 4H), 3.03 — 2.93 (t, J = 13.0 Hz, 1H), 2.66
(dd, J = 14.5, 6.4 Hz, 1H), 2.45 (td, /= 6.9, 6.5, 3.4 Hz, 1H), 2.07 — 1.96 (m, 2H), 1.96 —
1.86 (m, 2H), 1.83 — 1.70 (m, 3H), 1.66 — 1.52 (m, 3H), 1.48 — 1.36 (m, 1H), 1.25 (ddd, J =
29.6,14.7,8.1 Hz, 2H), 1.17 — 1.06 (m, 2H), 0.96 — 0.84 (m, 1H), 0.79 (dd, J=12.0, 3.3 Hz,

1H).
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BC NMR (126 MHz, CDCl3) & 145.1, 141.9, 130.8, 130.1, 125.7, 125.4, 53.1, 36.5, 32.8,
31.1,29.1, 28 4, 26.6, 26.5, 26.1.

FTIR (Neat film NaCl): 3059, 3014, 2920, 2850, 2669, 1490, 1447, 1368, 1318, 1266, 1211,
1188, 1159, 1106, 1080, 1033, 977, 939, 756, 746, 549.

HR-MS (ESI-MS) m/z: [M]* Calc’d for C17H24 228.1878; Found 228.1876.
Characterization for 90

'"H NMR (500 MHz, CDCl3) 8 7.16 — 7.12 (m, 4H), 2.91 — 2.75 (m, 3H), 2.70 (d, J = 14.1
Hz, 1H), 2.01 — 1.95 (m, 1H), 1.94 — 1.88 (m, 1H), 1.85 — 1.62 (m, 6H), 1.51 — 1.41 (m,
1H), 1.40 — 1.18 (m, 6H), 1.16 — 1.07 (m, 1H).

3C NMR (126 MHz, CDCl3) § 143.2, 142.4, 129.1, 128.7, 125.9, 125.8, 43.8, 40.2, 36.4,
35.5,29.7,27.4,26.85, 26.83, 26.80.

FTIR (Neat film NaCl): 3062, 3016, 2919, 2849, 1603, 1493, 1449, 1351, 1050, 927, 909,
894, 749, 734, 726.

HR-MS (EI-MS) m/z: [M]+ Calc’d for Ci7H24 228.1878; Found 228.1873.

1.7.4 Intermolecular C-H insertion reactions with cyclohexane under
Li-mediated conditions B

General Procedure

In a well-kept glovebox, (H20, O2 < 0.5 ppm), a dram vial was charged with
[Ph3C][B(CeFs5)s] (0.05 equiv, 0.0025 mmol). Cyclohexane (0.5 mL) was added followed
by LiHMDS (12.5 mg, 0.075 mmol, 1.5 equiv). Vinyl triflate (0.050 mmol, 1.0 equiv) was
added and the reaction mixture was stirred at 30—120 °C. The reaction progress was closely
monitored by TLC and/or GC. Upon completion of reaction, the mixture was diluted with

ether and passed through a plug of silica gel in a pipette. The filtrate was concentrated to give
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the crude material. The crude material was purified by silica flash chromatography to give

the pure product.

@
O

9-cyclohexyl-6,7-dihydro-5/-benzo[7]annulene (91)

In a well-kept glovebox, (H20, O2 < 0.5 ppm), a dram vial was charged with
[PhsC][B(CeF5)4] (2.3 mg, 0.05 equiv, 0.0025 mmol). Cyclohexane (2.0 mL) was added
followed by LIHMDS (12.5 mg, 0.075 mmol, 1.5 equiv). Triflate 80b (14.6 mg, 0.050 mmol,
1.0 equiv) was added and the reaction mixture stirred at 70 °C for 1 hour. At this point, the
mixture was diluted with ether and passed through a plug of silica gel in a pipette. The filtrate
was concentrated to give the crude material in 21% NMR yield. The crude material was
purified by silica flash chromatography (hexanes) to give product 91.

'"H NMR (500 MHz, CDCl3) 4 7.25 — 7.21 (m, 2H), 7.19 — 7.12 (m, 2H), 5.84 (td, J= 7.3,
1.4 Hz, 1H), 2.50 (t, J = 7.1 Hz, 2H), 2.37 (t, J = 11.5 Hz, 1H), 2.02 (p, J = 7.1 Hz, 2H),
1.81-1.71 (m, 5H), 1.69 (d, J= 13.1 Hz, 1H), 1.37 — 1.09 (m, 6H).

BCNMR (500 MHz, CDCl3) 6 147.1, 141.9, 141.4,128.4,126.2, 125.9, 125.8, 122.1,43.5,
34.5, 33.0, 32.0, 26.9, 26.6, 24.2.

HR-MS (EI-MS) m/z: [M]" Calc’d for C17Ha 226.1721; Found 226.1711.

1.7.5 Intramolecular C—H insertion reactions under Si-mediated

conditions A

General Procedure and Comments
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In a well-kept glovebox, (H2O, O2 < 0.5 ppm), a dram vial was charged with
[Ph3CTTHCB11Cu] (0.02 equiv) and this material was suspended in cyclohexane to form a
0.033 M solution. Triethylsilane (1.5-4.5 equiv) along with a magnetic stirring bar were
added to the mixture, and the mixture was shaken until it turned colorless. At this point, vinyl
triflate (1.0 equiv) was added to the reaction mixture and was stirred at 30 °C. Upon
completion, the reaction mixture was passed through a short plug of silica gel inside the
glovebox and the plug was washed with hexanes. The combined filtrates were removed from
the glovebox and volatile materials were removed under reduced pressure. Some substrates
required further purification by silica column chromatography (see below). Compound 93

was prepared from vinyl triflate 92, and the synthesis is described.?

2,3,3a2,4,5,9b-hexahydro-1H-cyclopentaa]naphthalene (93)

In a well-kept glovebox, (H20, O2 < 0.5 ppm), a dram vial was charged with
[PhsCTTHCB1:1Cu]™ (0.92 mg, 0.0010 mmol, 0.02 equiv.) and this was suspended in
cyclohexane (1.5 mL). Triethylsilane (36 puL, 0.225 mmol, 4.5 equiv) was added along with
a magnetic stirring bar to the suspension. The suspension was stirred for 5 minutes at 30 °C.
Vinyl triflate 92 (16 mg, 0.050 mmol, 1 equiv) was added to the reaction and it was stirred
at 30 °C for 15 minutes. The reaction mixture was passed through a plug of silica with
hexanes. The resulting solution was brought outside of the glovebox and concentrated to give
crude tricyclic compound 93 in 37% NMR yield using nitromethane as an internal standard.
Attempts to further purify 93 by column chromatography were unsuccessful. NMR data

matches previously reported spectra.’!
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'"H NMR (400 MHz, CDCL) § 7.15 — 6.98 (m, 4H), 3.36 (td, J = 8.0, 2.7 Hz, 1H), 2.86
(ddd, J = 15.9, 8.8, 3.8 Hz, 1H), 2.73 (dt, J = 16.2, 8.4 Hz, 1H), 2.18 (dtd, J = 12.1, 8.0,
3.8 Hz, 1H), 1.67 (dq, J = 12.5, 8.7 Hz, 1H), 1.45 — 1.12 (m, 7H).

13C NMR (101 MHz, CDCL5)  146.68, 142.94, 124.88, 124.60, 123.27, 122.81, 44.48, 30.83,
30.77, 30.46, 26.10, 21.63, 13.23.

HR-MS (FD-MS): C13H16 calculated 172.1252; Found 172.1266.

1.7.6 Intramolecular C—H insertion reactions under Li-mediated
conditions B

General Procedure and Comments

In a well-kept glovebox, (H20, O2 < 0.5 ppm), a dram vial was charged with
[PhsC][B(C¢Fs)s] (0.05 equiv). Dichloromethane or 1,2-difluorobenzene was added
followed by LiIHMDS (1.5 equiv). Vinyl triflate (1.0 equiv) was added, and the mixture
stirred with heat (30 °C or 70 °C, depending on the substrate). Upon completion of the
reaction, the mixture was removed from the glovebox, where it was diluted with diethyl ether
and passed through a short plug of silica. Volatile materials were removed from the filtrate
and the resulting crude material was further purified by column chromatography. C—H
insertion product 94 was prepared from vinyl triflate 92 in dichloromethane at 30 °C, and the
synthesis is described in detail in ref.??> C—H insertion product 100 was prepared from vinyl
triflate 98 in 1,2-difluorobenzene at 70 “C using LiH (3 equiv) in place of LIHMDS, and the

synthesis is described in detail in ref.?’
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APPENDIX 1

Spectra Relevant to Chapter 1: Introduction to Vinyl

Carbocations and Their C—H Insertion Reactions
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CHAPTER 2

Accessing Medium-sized Rings via Vinyl Carbocation Intermediates

I This chapter is adapted from the published work: Zhao, Z.; Popov, S.; Lee, W.; Burch, J.
E.; Delgadillo, D. K.; Kim, L.-J.; Shahgholi, M.; Lebron-Acosta, N.; Houk, K. N.; Nelson,
H. M. Accessing Medium-sized Rings via Vinyl Carbocation Intermediates. Org. Lett.
2024, 26, 1000-1005.
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2.1 INTRODUCTION

Cyclic structural motifs are ubiquitous in natural products, pharmaceuticals, and
other industrially relevant compositions of matter.!> Amongst them, 5- and 6-membered
rings are the most common cyclic structures due to their ease of preparation.®* In contrast,
medium-sized rings (8—11 membered rings) are often more difficult to access, where
methods commonly utilized to forge 6- or 5-membered rings fail. Unlike macrocycles
(>12-membered rings), medium-sized rings suffer from torsional and transannular strain;
therefore, their annulation reactions can be less favorable and sluggish.>”7 As a result,
medium-sized rings appear less in synthetic molecules, hindering their utility across a

broad swath of applications.

Despite their challenging formation, compounds with medium-sized rings are
abundant in natural products.® For some bioactive compounds bearing medium-sized
cyclic motifs, it has been proposed that the unique balance of structural rigidity and broad
conformational space enables higher binding affinities to biological targets relative to small
ring analogs.!? Despite these facts, the number of methods for medium-sized ring formation
remains limited in organic synthesis. Ring expansion from smaller rings is widely used to
generate medium-sized rings; however, these reactions need careful design depending on
the structure of the medium-sized ring desired and usually require several synthetic steps
towards well-poised, smaller ring precursors.!! For direct annulation methods, catalytic
ring-closing metatheses and cross-coupling reactions are the most common, but precious
noble metals such as palladium and ruthenium are required as catalysts.!>!* Medium-sized

ring formation through radical intermediates has also been reported, although
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stoichiometric radical sources are commonly used.'>!* As a result, it is still of great interest

to develop catalytic and metal-free annulation reactions to access medium-sized rings.

2.2 MODEL SUBSTRATE STUDY

Vinyl tosylate 101 was selected as our model substrate (Scheme 2.1). A sulfonamide
was introduced into the aniline-derived scaffold to protect the Lewis basic amine moiety, a
common functional group in many bioactive molecules.!*!> We proposed that vinyl tosylate
101 would transform to tetrahydroazocine 103 under lithium-WCA catalysis. Medium-sized
ring 103 features an exo-alkene on the 8-membered ring, which is reminiscent of commercial
drugs pizotifen,'® amitriptyline,'” and cyproheptadine,'® albeit these comprise more readily
prepared 7-membered rings (Scheme 2.2). The established route to these drugs features a key
intramolecular Friedel-Crafts acylation of a carboxylic acid to forge their core 7-membered
ring. As there are few reports to build larger medium-sized rings via Friedel-Crafts

1920 our complementary method provides access to underexplored chemical space

acylation,
via vinyl carbocation intermediates.

Recognizing that electron-deficient arenes are sluggish nucleophiles, we questioned
if electrophilic vinyl carbocation species could engage them in Friedel-Crafts reactions.
Therefore, we began optimization with vinyl tosylate 101 to study the Friedel-Crafts
reactions with electrophilic vinyl cation species (Table 2.1). When vinyl tosylate 101 was

subjected to 10 mol% of lithium tetrakis(pentafluorophenyl)borate ([Li]*[B(CsFs)s]") (104)

in 1,2-dichlorobenzene (0-DCB) at 140 °C, tetrahydroazocine 103 was formed in 40% yield
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Scheme 2.1 Medium-sized ring formation via vinyl carbocation intermediates.

| [LiI*[B(CgF5)4l” (cat) {
OTs LiH
o cl

solvent

Ts TsN
Cl

101 103

Cl
- [B(CeF5)al™ -
102

Scheme 2.2 Commercial drugs with exo-alkene on a 7-membered ring.

M M
N e NMe, N e
> O O
o O OO
pizotifen amitriptyline cyproheptadine
prevention of treatment of major treatment of hay
migraine depressive fever and
and cluster headache disorder and neuropathic prevention of
pain migraine

(entry 1). The structure of product 103 was confirmed using microcrystal electron diffraction
(microED).?! Since a significant amount of starting material remained after long reaction
times (entry 1), we hypothesized that adding a lithium base could help regenerate the lithium
catalyst and improve the reaction yield. Indeed, adding an excess of LiH increased the yield
to 74% (entry 2). In contrast, the presence of lithium bis(trimethylsilyl)amide (LiIHMDS),
which was used in previous reports,?>?* was detrimental to the reaction, forming the product
in 21% yield (entry 3). Performing the reaction without [Li][B(CsFs)4] did not provide any

tetrahydroazocine 103 (entry 4). Lower loadings of [Li] [B(CsFs)4]~ gave lower yields of the
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product (entries 5, 6), highlighting the essential role of [Li]"[B(Ce¢Fs)4]™ in this catalytic
cyclization. Solvents other than 0-DCB were also examined but were found inferior (entries
7-9). Hydrogen bonding catalyst 105, which our group had previously applied in the
ionization of vinyl triflates, gave diminished yields (entries 10,11).%

Table 2.1 Optimization of the reaction conditions to build medium-sized rings.

catalyst \
base
OTs >

solvent (0.0167 M) Cl
N temperature
Ts 18h TSN
cl
101 103
entry catalyst base solvent temperature yield
(mol%) (equiv) O (%)
1 104 (10) none 0-DCB 140 40
2 104 (10) LiH (5) o-DCB 140 74
3 104 (10) LiHMDS (1.5) 0-DCB 140 21
4 none LiH (5) 0-DCB 140 n.d.
5 104 (5) LiH (5) 0-DCB 140 49
6 104 (1) LiH (5) 0-DCB 140 24
7 104 (10) LiH (5) o-DFB 92 n.d.
8 104 (10) LiH (5) mesitylene 140 50
9 104 (10) LiH (5) DMF 140 n.d.
10 105 (10) LiH (5) 0-DCB 140 19
11 105 (10) LiHMDS (1.5) 0-DCB 140 n.d.

* Yields determined by using 1,4-dioxane as an internal standard.
CF, CF,

IO |
® o &a 4 }?‘,
Li™  CgFs B
B-1CoF. a 23 J
CeFs™ b o °
% Cefs FaC NJJ\N CF -

104 105 microED structure of 103
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2.3 SUBSTRATE STUDY

With the optimized conditions, we set out to explore the substrate scope. First, we
tested various ring sizes. Similar to vinyl tosylate 101, the substrate with a non-substituted
aryl nucleophile also gave the 8-membered ring product 106 in moderate yield (Scheme 2.3).
A 9-membered ring was also formed under this system giving tetrahydroazonine 107 with a
yield of 82%. However, 10-membered ring formation proved difficult, as hexahydroazecine
108 was not observed under the reaction conditions. We also found that the sulfonamide
could be replaced with other functional groups. For example, thioether 109 was obtained
with a moderate yield of 46%, and medium-sized carbocycle 110 could be synthesized in
81% yield. The 9-membered ring ether 111 could be produced in 65% yield with an electron-
rich arene as the nucleophile. Substitution effects on the aryl nucleophile were also studied.
Phenyl groups with the dimethylamino and methoxy groups could give the 8-membered ring
products with good yields (112 and 113). Notably, tert-butyldimethylsilyl (TBS) protected
phenol was also tolerated under the reaction conditions as 79% yield of 114 was obtained.
Unfortunately, when the strong electron-withdrawing group trifluoromethyl was present on
the aryl group, product 115 was not formed. With a weak electron-withdrawing group, such
as bromine, the medium-sized ring product 116 could be obtained smoothly in 79% yield.
The electronic effect of the aryl ring vicinal to the vinyl tosylate in the starting material was
also examined. With an electron-donating methoxy group, product 117 was formed with 78%
yield. Conversely, product 118 was not obtained because the respective vinyl tosylate with
an electron-withdrawing trifluoromethyl group had no reactivity, which could be due to the

challenging ionization to the vinyl cation intermediate. Furthermore, heterocycles could also
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Scheme 2.3 Scope of Li-WCA catalyzed medium-sized ring formation.
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be used in the reaction. Thiophene was tolerated, yielding the 8-membered ring product 119
and 120 in 73% and 85% yield, respectively. The two aryl groups fused with the medium-

sized ring in the product were important to this cyclization. Product 121 could not be formed
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when only one fused aryl ring was on the 8-membered ring. Reducing sp? carbon in the
medium-sized ring in 121 (4 sp? carbon atoms instead of 5) might introduce more
transannular strain and make the cyclization more challenging.” To show the reaction is

scalable, tetrahydroazocine 106 was synthesized with 66% yield on the scale of 1 mmol (0.4

g)

2.4 MECHANISTIC STUDY

Scheme 2.4 Possible mechanistic pathways of the medium-sized ring formation.
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Because forming medium-sized rings through direct cyclization is challenging, we
decided to study the reaction mechanism further. Lithium-WCA catalysis systems employing
[Li]"[B(Ce6Fs)s]” have been demonstrated to ionize vinyl sulfonates to vinyl carbocations.??
Here, we proposed three possible pathways in forming 8-membered ring 127 from the vinyl
carbocation 122 (Scheme 2.4). Path 1 is a conventional Friedel-Crafts reaction of the vinyl
carbocation where the medium-sized ring intermediate 123 is formed in one step. In Path 2,
the vinyl carbocation reacts with the aromatic m-system at the ipso carbon to form a 7-
membered ring in 124, which often harbors less ring strain than the corresponding 8-
membered ring. A 1,2-shift of the alkyl group then occurs to expand the ring to give
intermediate 123. Alternatively, in Path 3, a concerted insertion of the vinyl carbocation into
an aryl C-H bond is operative, mechanistically analogous to the insertion of vinyl

carbocations into alkyl C—H bonds.??%*

In order to differentiate the potential mechanisms of Path 1 and Path 2, these
proposed pathways were evaluated by density functional theory (DFT) calculations (Scheme
2.5). INT1 can undergo the hypothetical Friedel-Crafts reaction via TS-m (16.3 kcal/mol)
to form 8-membered ring INT2-m (Path 1). For the other putative mechanism shown in
Path 2, INT1 goes through 7-membered ring formation via TS-p (15.7 kcal/mol) and
subsequent 1,2-alkyl shift TS-R (9.4 kcal/mol). Potentially owing to ring strain and
stabilization from oxonium resonance, arenium INT2-p is thermodynamically more stable
than INT2-m. The alkyl shift of INT2-p is energetically feasible, given that the
deprotonation step is not attainable from INT2-p. These calculations support the anisyl
substituent (113, Scheme 2.3) proceeding through either Path 1 or Path 2 since AAG* is only

0.6 kcal/mol. Because of the small energy difference between Path 1 and Path 2, we carried
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out further computations to probe the influence of electronic effects (Scheme 2.6). Here, we
found that the formation of 8-membered ring INT2-p’ originating from the electron-rich
carbon para to methoxy group was considerably favorable relative to both Path 1 and Path

2 from INT1, suggesting a strong electronic bias in INT1.

Scheme 2.5 Computational investigation of the medium-sized ring formation via vinyl

carbocations.
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Scheme 2.6 Computational investigation of methoxy group position 