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ABSTRACT OF THE DISSERTATION

Exploring Reaction Mechanisms of Short-Lived Carbocation and Radical Intermediates via

Synergetic Modern Computational Methods and Collaborative Experiments

by

Woojin Lee
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2023
Professor Kendall N. Houk, Co-Chair

Professor Hosea M. Nelson, Co-Chair

This dissertation describes the investigation of reaction mechanisms involving short-lived
carbocation and radical intermediates through the synergetic application of modern
computational techniques and experimental validation. Density Functional Theory (DFT) and
Molecular Dynamics (MD) simulations are employed as the primary computational methods to
predict the behavior of those reactive intermediates and to gain insights into their various
reaction pathways. Collaborative experiments with experimental groups are conducted to
validate the computational results, enhancing the reliability and robustness of the computational
findings. The dissertation is organized into two main sections. Chapters 1-6 mainly explore

mechanistic investigations of nonclassical and vinyl carbocations, providing a comprehensive
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understanding of their properties and reactions. Chapters 7-8 focus on research involving

radicals, analyzing their roles in site- and stereo-selective reactions.

Chapter 1 delves into Winstein-Trifan solvolysis using modern molecular dynamics techniques
under the guidance of Professor Kendall N. Houk. The studies found that the solvolysis of exo-
norbornyl brosylate accompanied by o-bridging occurs in a dynamically concerted process,

while endo-solvolysis happens in a dynamically stepwise fashion.

Chapters 2—5 provide comprehensive studies of C—H insertion and Friedel-Crafts reactions of
vinyl carbocations. The collaborative mentorship of Professor Kendall N. Houk and Professor
Hosea M. Nelson shaped these chapters. Chapters 2 and 3 describe the development of Li'-
Ureide catalysis in the generation of vinyl carbocations from vinyl triflates and its impact on
vinyl cation C—H insertion reactions. Chapter 4 discusses the formation of medium-sized rings
through vinyl carbocation intermediates. Both computational and experimental studies revealed
that canonical Friedel-Crafts reactions were involved in the process. Chapter 5 describes the
electrochemical fluorination of vinyl boronates via donor-stabilized vinyl carbocation
intermediates. DFT calculations were utilized to determine the oxidation potential of vinyl

boronates, providing support for further experimental mechanistic studies.

Chapter 6 summarizes a collaborative work between the laboratories of Professor Kendall N.
Houk and Professor Isaac J. Krauss. The Krauss lab observed an unusual mechanistic switch
from homoallylation to cyclopropylcarbinylation of aldehydes. DFT calculations suggested that

the origin of the mechanistic change was associated with carbocation stabilization by
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substituents. Experimental mechanistic studies were subsequently employed to corroborate the

predicted reaction pathway.

Chapter 7 presents a joint research project between the laboratories of Professor Kendall N.
Houk and Professor Jiannan Zhao. The Zhao group discovered a diastereoselective radical
aminoacylation of olefins facilitated by N-heterocyclic carbene catalysis. Computations were
performed to elucidate the full reaction pathway, revealing that the radical coupling step is the
diastereoselectivity- and rate-determining step. Additionally, m—m interactions were found to be
the origin of the selectivity. The computational findings were further validated by experimental

studies.

Chapter 8 details a collaborative project between the laboratories of Professor Kendall N. Houk
and Professor Massimo Bietti. The Bietti group carried out the site- and diastereo-selective
oxygenation of unactivated C—H bonds in bicyclic and spirocyclic hydrocarbons containing
cyclopropyl moieties using 3-ethyl-3-(trifluoromethyl)dioxiranes (ETFDO). DFT calculations
were conducted to understand the underlying factors responsible for the selectivities. The
calculations found that hyperconjugation effects originating from the Walsh orbital of the
cyclopropane ring play a crucial role in the selective a-C—H bond oxidations. Additionally, the
computational studies provided evidence of divergent radical and cationic pathways in the

ETFDO oxygenations.
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CHAPTER ONE

Molecular Dynamics of the Norbornyl Cation and Its Generation in Winstein-Trifan

Solvolysis: The Timing of o-Bridging Establishes Anchimeric Assistance

1.1 Contributions

This is an unpublished work by Lee, W., Benton, T. R., Sengupta, A., Houk, K. N. As a
computational organic chemist, I contributed to finding the timing of exo- and endo-solvolysis in
the implicit acetic acid solvent, understanding the dynamic behavior of 2-norbornyl cation in the
solvent at ambient temperature, and obtaining the energy profile of the solvolyses. Furthermore, I

wrote the manuscript under the guidance of Professor Kendall N. Houk.

1.2 Abstract

Molecular dynamics simulations have been performed for the solvolyses of exo- and endo-
norbornyl brosylate and for the “nonclassical” o-bridged norbornyl cation in acetic acid solution.
This modeling of the 1949 Winstein-Trifan experiment confirms that exo-solvolysis is
accompanied by o-bridging, while endo-solvolysis is not; it occurs eventually in a dynamically
stepwise fashion. Simulations of the norbornyl cation showed typical vibrations due to zero-point

and thermal vibrations, but no tendency to sample localized “classical cation” geometries.

1.3 Introduction
Bridged cations are now a widely accepted type of carbocation intermediates.' It was not always

so! In 1949, Winstein and Trifan reported the acetolysis of exo- and endo-2-norbornyl brosylates.



They observed a 350-times faster rate of exo- than of endo-solvolysis. Only the racemic exo-2-
norbornyl acetate product was formed (Figure 1.1a).” The authors proposed a three-center two-
electron bonding structure of 2-norbornyl cation (Figure 1.1b), and its formation during
solvolysis only by backside C—C “anchimeric assistance” in the exo-solvolysis. A plane of
symmetry in the delocalized carbonium ion allows the attack of acetate at C; and C,, giving the
racemic exo-norbornyl acetate. Moreover, anchimeric assistance of the C;—Cs o-bond toward o*
anti-bonding orbital between C, and the leaving group’s oxygen was proposed to explain the
faster rate of 2-exo-norbornyl brosylate. Roberts, who coined the term nonclassical cations on
the basis of extensive scrambling occurring in °C labeling experiments, proposed the bridged 2-
norbornyl cation might be viewed as a 3-fold symmetric nortricyclonium ion.’ In the early 1960s,
Brown began to publish objections to the Winstein interpretations, and instead invoked
equilibrating “classical” cations to rationalize racemization and steric effects to explain the
greater rate of exo-sovolysis (Figure 1.1¢)."> Meanwhile, Olah et al. employed nuclear magnetic
resonance (NMR) methods to observe 2-norbornyl cation in magic acid solutions (SbFs/SbFs-
SO,/SbF5-SO,CIF-SO,F,).° They discovered the equilibria of hydride and alkyl shifts to be
frozen out at —158 °C (Figure 1.1d). The structure of the 2-norbornyl cation was proposed to be
a symmetrically bridged structure 1 or a structure in rapid equilibrium (< 3 kcal/mol) between
localized cations 2 and 3. The results obtained at —268°C by Yannoni et al. indicated the single-
minimum bridged structure or equilibrating between the classical cations through extremely low
energy barrier (< 0.2 kcal/mol).” Saunders et al. used isotopic perturbation methods to
demonstrate that the 2-norbornyl cation is a single and symmetric structure.® Schleyer, Schreiner,
Schaefer, et al. compared the stability of the symmetrically bridged (C;) structure 1 and classical

structure 2 and 3 with ab initio quantum mechanical methods, showing the significant



stabilization of the symmetric 2-norbornyl cation and that the classical structure is not a

minima.”!°
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Figure 1.1 a) Winstein-Trifan acetolysis. b) Nonclassical 2-norbornyl cation. ¢) Classical 2-
norbornyl cation. d) Equilibria of 2-norbornyl cations. e) This work.

Meyer, Krossing, et al. decisively confirmed the symmetrically bridged structure of the 2-
nobornyl cation via X-ray crystallography.'' List and co-workers demonstrated enantiocontrol
over the nonclassical 2-norbornyl cation with imidodiphosphorimidate catalysts, all due to a

homochiral anion.'? We undertook a study of the Winstein-Trifan solvolysis using modern



molecular dynamics techniques. We also studied the dynamic behavior of the norbornyl cation in

solution.

1.4 Computational Methods

All density functional theory (DFT) computations were performed with Gaussian 16." Geometry
optimizations were performed at the M06-2X/6-311+g(d,p) level of theory."* Frequency
calculations were carried out at the same level of theory used for geometry optimization to
characterize stationary points as minima or saddle points on the potential energy surface (PES)
and to obtain thermal Gibbs free energies at 298 K. The SMD solvation model accounted for the
effect of AcOH." Intrinsic reaction coordinate (IRC) calculations were used to verify that a
transition state (TS) connects the reactant and product on the PES. The 3D molecular structures
were visualized by CYLView'® and PyMol. MD simulations were performed at the M06-2X/6-
31G(d)/SMD=AcOH level of theory. The Progdyn/Gaussian interface developed by Singleton et
al. was employed to perform trajectory simulations.'” Quasiclassical trajectories were initialized

near the saddle point region of the PES with a normal-mode sampling method (Figure 1.2).
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Figure 1.2 Transition state ensembles of exo- and endo-solvolysis.



This method involves adding zero-point and thermal energy for each real normal mode in the TS
and obtaining a Boltzmann distribution by randomly sampling a set of geometries and velocities.
The transition state ensemble was propagated for 500 fs until the formation of the bridged

norbornyl cation. The time step for integration is 1 fs.

1.5 Results and Discussion

We evaluated the energies of forming norbornyl cation from exo- and endo-norbornyl brosylate

(A) Energy profile of the exo- and endo-norbornyl brosylate solvolysis
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Figure 1.3 a) Energy profile of the exo- and endo-norbornyl brosylate solvolysis. b) Transition
state structures of exo- and endo-solvolysis.
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with M06-2X/6-311+G(d,p)/SMD=AcOH (Figure 1.3a). Exo-norbornyl brosylate INT1a is
slightly more stable than endo-norbornyl brosylate INT1b. The ionization of exo-norbornyl
brosylate TS1a occurs at a free energy of 24.0 kcal/mol, while TS1b for endo-norbornyl
brosylate ionization takes place at 27.8 kcal/mol. The ionization of exo-norbornyl brosylate is
favored by 3.8 kcal/mol. This computational result resembles the original titrimetric ratio
(Kexo/Kendo = 350, ~ 3.5 keal/mol) obtained by Winstein and Trifan.” The transition state structures
of TS1a and TS1b are shown in Figure 1.3b. Anchimeric assistance helps the ionization of
norbornyl cation from exo-norbornyl brosylate.” Note 2.03 A and 2.35 A of C,—Csin TS1a and
TS1b respectively. The bond distance of C,—Cs in exo-solvolysis TS1a shows the substantial
form of the bridged bond. o orbital of C,—C¢ bond donates electron density into o* orbital of C,—
O anti-bond through anti-periplanar interactions. The rate of exo-solvolysis in the formation of 2-
norbornyl carbocation is improved by anchimeric assistance. In contrast, the interactions do not
exist in the endo-norbornyl solvolysis TS1b. Additionally, the steric strain invoked by Brown is
not noticeably observed in either exo-solvolysis TS1a or endo-solvolysis TS1b. In the case of
exo-solvolysis TS1a, the distance between oxygen in the leaving group and the nearest hydrogen
in Cs is 2.48 A. The distance between the oxygen and the closest hydrogen in Cs for endo-
solvolysis TS1b is 2.23 A.

In order to study the timing of o-bridging, we employ Singleton's Progdyn program package,
which enables quasiclassical molecular dynamics simulations with DFT (M06-2X/6-
31g(d)/SMD=AcOH). We measure the time to the formation of a bridged Cs—C, bond from exo-
and endo-solvolysis transition states. The bridging distance is determined as 2.00 A, reported by
Schreiner ef al.'® According to Eyring’s transition state theory, the pre-exponential factor, kT/h,

is defined by the rate of translational motion of atoms. A time of 60 fs is the lifetime of a



transition state at room temperature to form a bond between two atoms with thermal energy. We
consider the formation of bridged bond (2.00 A) to be dynamically concerted if the time is < 60
fs. Conversely, if the time is > 60 fs, it is considered as dynamically stepwise process. We ran 80
trajectories of the simulations with exo-transition states. As shown in Figure 1.4a, most of the

trajectories showed the formation of the bridged bond at the beginning of the simulations.

(A) Plot of C¢—C, and C,-0 during exo-solvolysis simulations (B) Histogram of trajectory time-to-bridging (exo)
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Figure 1.4 a) Plot of Cs—C, and C,—O bonds during exo-solvolysis simulations. b) Histogram of
trajectory time-to-bridging (exo). ¢) Plot of C¢—C; and C,—O bonds during endo-solvolysis
simulations. d) Histogram of trajectory time-to-bridging (endo).

Seventy-six trajectories show the dynamically concerted formation of bridged cations (< 60 fs,

Figure 1.4b), and only four trajectories showed the dynamically stepwise formation of bridged

cations (> 60 fs, Figure 1.4b). The average of the timing of the bridged bond formation from



exo-solvolyis transition states is 9.1 + 40.4 fs. On average, the solvolysis of exo-norbornyl
brosylate occurs through the dynamically concerted process. 81 trajectories of the molecular
dynamics with endo-solvolysis transition states are simulated. Figure 1.4¢ shows the noticeable
change in C¢—C; bond distance at 80.9 + 68.1 fs. As shown in Figure 1.4d, fifty-eight
trajectories show the dynamically stepwise formation of bridged cations (> 60 fs), and twenty-
three trajectories present the dynamically concerted process of forming the cations (< 60 fs). The
average time to form a bridged Cs—C, bond from endo-transition states is 80.9 + 68.1 fs, which is
likely a dynamically stepwise process. The solvolysis of endo-norbornyl brosylate is
significantly slower than exo-solvolysis. Interestingly, ion-recombination is also observed in the
simulations of exo-solvolysis. 14 trajectories showed the covalent bond reformation (C,—O) after
the formation of a bridged Cs—C, bond. Note that C,—O bond distance is decreased to ~ 1.5 A as
shown in Figure 1.4a. Recombination occurs because of the low energy gap (AG = 1.0 kcal/mol)
between INT2a and TS1a (Figure 1.3a).

We also investigated the behavior of norbornyl cation in acetic acid solvent at ambient
temperature (Figure 1.5a). We simulated the molecular dynamics of ground state norbornyl
cation with 29 trajectories (500 fs for each trajectory). The average bond distance of C¢—C; and
Cs—C,is 1.82 £ 0.2 A. C4 is symmetrically bonded to C; and C, through a partial sigma bond.
Also, the broad dispersion of bond length data of C¢—C; and Cs—C; is observed, which is raised
by the bond stretch of bridged C—C bonds. The selected bond lengths of the bridged carbon
bonds, ranging from 1.50 A to 2.39 A with a bin size of 0.01 A, show a broad distribution
statistically. 86.3 % of these bond lengths fall within the range of 1.70 to 1.99 A, while the
remaining 13.7% are found outside of this range. In addition to analysis of the bridged bonds, an

average bond length of C,—Cis 1.40 £ 0.1 A, indicating partial double-bond character.



Additionally, we performed the molecular dynamics with norbornane to compare its sigma bonds

with the partial sigma bonds of the 2-norbornyl cation (Figure 1.5b). We simulated twenty-six

trajectories (500 fs for each trajectory).
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Figure 1.5 a) Histogram graph of selected bond lengths during 2-norbornyl cation 500 fs
simulations (29 trajectories). b) Histogram graph of selected bond lengths during norbornane 500
fs simulations (26 trajectories).

The narrow dispersion of bond length data of C¢—C; and C,—C, is found, 1.55 £ 0.1 A. The

selected bond lengths of the sigma carbon bonds, ranging from 1.30 A to 1.79 A with a bin



interval of 0.01 A, show a narrow-ranging distribution. 99.8 % of these bond lengths fall from
1.40 A to 1.69 A. The strength of a typical sigma bond is stronger than a partial sigma bond
because the electron density is concentrated along with the perfect internuclear axis of the carbon
atoms. The difference in bond strength is clearly observed in the graphical and quantitative
analysis. The analysis of the bond lengths through molecular dynamics features a three-center
two-electron bond in a 2-norbornyl cation. Conclusively, the average bond lengths of C¢—C,, Cs—
C,, and C,—C, match with the X-ray structure reported by Meyer and Krossing et al."'

Schleyer’s computational work showed that the bond distance of Cs—C; in the classical 2-
norbornyl cation is 1.55 A.” Our simulations find that only 0.06% of either C¢—C or Cs—C, bond
can be equal or less than 1.55 A, which is necessary to form the classical 2-norbornyl cation.
Moreover, the bridged bond distance in the nonclassical 2-norbornyl cation is likely the same as
that observed in the ion pair structures obtained from the solvolysis simulations. Therefore,

classical 2-norbornyl cations are practically never obtained.

1.6 Conclusion

We have revisited Winstein-Trifan solvolysis with DFT and Progdyn MD simulations. The
energy difference between exo- and endo-solvolysis matches Winstein-Trifan’s original kinetics.
Importantly, we have discovered that forming the C¢—C, bridged bond from the exo-solvolysis
transition state ensemble occurs at 9.1 + 40.4 fs (dynamically concerted) and that formation from
endo-solvolysis happens at 80.9 £ 68.1 fs (dynamically stepwise). Furthermore, we have
confirmed an average plane of symmetry in the nonclassical 2-norbornyl cation by analyzing the

dynamic behavior under implicit acetic acid solvent at ambient temperature. The solution
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structure of norbornyl cation is the same as that in the X-ray crystal structure and shows

negligible geometries resembling the putative classical norbornyl cation.
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CHAPTER TWO

Computational Exploration of the Nature of Li'-Ureide Anion Catalysis on Formation of

Highly Reactive Vinyl Carbocations and Subsequent C—C Bond Forming Reactions

2.1 Contributions

This is an author manuscript from the publication: Lee, W.; Nelson, H. M.; Houk, K. N.
Computational Exploration of the Nature of Li'-Ureide Anion Catalysis on Formation of Highly
Reactive Vinyl Carbocations and Subsequent C—C Bond Forming Reactions. J. Org. Chem.

2023, 88, 3403-3408. https://doi.org/10.1021/acs.joc.2c02178. The project involved a joint effort

between the laboratories of my advisors, Professor Kendall N. Houk and Professor Hosea M.
Nelson. As a computational organic chemist, I focused on understanding the role of Li"-ureide
anion catalysis on vinyl cation C—H insertion reactions and investigating their underlying

mechanisms.

2.2 Abstract

The mechanisms of the C—H insertion reactions of vinyl carbocations formed by heterolysis of
vinyl trifluoromethanesulfonates (triflates) by catalytic lithiated 1,3-
bis[3,5bis(trifluoromethyl)phenyl]urea (Li -ureide) have been studied with ®B97X-D density
functional theory (DFT). The ionization promoted by the Li -ureide forms a metastable intimate
ion pair complex of Li -ureide-triflate anion and vinyl cation. The relative thermodynamic
stabilities of isomeric alkyl cations are impacted by ion-pairing with the Li -ureide-triflate anion.

We show that the C—H insertion reaction of the vinyl cation intermediate is the rate-determining
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step, and explain the effect of the aryl substituents on the formation of the vinyl cation and its C—

H insertion reactivity as well as the regioselectivity of C—H activation by the vinyl cation.

2.3 Introduction

Silylium Lewis-acid catalyzed heterolysis of vinyl triflates to form highly reactive vinyl cations,
which can undergo high-yielding C—H insertion and Friedel-Crafts reactions, in non-polar
solvents were reported by Nelson and Houk in 2018." Although the ionization strategy using
high temperature, protic solvents, and stoichiometric acids for vinyl cation generation had been
studied by Grob?, Hanack®, Rappoport’, and Stang’, the formation of vinyl cations in non-polar
hydrocarbon solvents is a recent discovery. Silylium Lewis-acid catalysts do ionize vinyl
triflates, but Lewis basic heteroatoms or heterocycles interfere with the catalytic activity of
silylium catalysts. In order to overcome the limitation raised by the electrophilicity of the strong
Lewis acid catalyst, milder Lewis-acid lithium cations coordinated to weakly-coordinating
anions (WCA), such as tetrakis(pentafluorophenyl) borate were discovered.® In efforts to further
broaden the utility of this method, we investigated more easily accessible catalysts capable of
ionizing vinyl triflates. Recently, we found Li"-ureide (LiUr) catalyst 1 to be a competent Lewis
acid for the heterolysis of vinyl triflates to produce vinyl cations that subsequently undergo C—C
bond forming reactions (Figure 2.1).

Vinyl carbocations are produced by the heterolysis that forms triflate coordinated to LiUr
catalyst 1. Although there have been many studies of anion-binding catalysts and their effect on
the reaction mechanism of various chemical transformations® , only a few examples have

Cy . . . 8f
shown lithium amide catalysts as anion acceptors.”
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a) Li*-ureide-catalyzed vinyl cation formation and its C-H insertion reaction

Tio urea (20 mol%,)
LiH or LiIHMDS (3.0-5.0 equiv)
Ar 0-DFBor CyH, 70-90°C  Ar

61-90% yield

urea = 1,3-bis[3,5-bis(trifluoromethyl)phenyljurea

b) Computationally-optimized structure of the dimer of the lithium salt of
the urea

lithiated 1,3-bis[3,5-bis(trifluoromethyl)phenyl]urea dimer
(LiUr, 1)

Figure 2.1 a) Li -ureide-catalyzed vinyl carbocation formation and its C—C bond forming
reactions. b) Structure of the dimer of the lithium salt of the urea optimized by DFT
computations.

Thus, we were unsure of the exact role of the catalyst and its influence in ion-pairing with
carbocations, which prompted our computational mechanistic studies to explore the nature of
Li"-ureide catalysis and the subsequent reactivity of vinyl carbocations. Our work has shown
how a complex anion interacts with a cation and the product-determining transition states,
hypotheses previously only speculated on. We provide a detailed step-by-step vision of the role

of Li"-ureide on promoting reactions and controlling selectivities. We propose a structure of the

active catalyst and show computationally how it can influence cationic reaction pathways.

2.4 Computational Methods

Density functional theory (DFT) computations were performed with Gaussian 16.” The ®B97X-
D functional was used to optimize molecular geometries.' The 6-31G(d,p) basis set was
employed when the number of atoms is greater than 60. Single point energies were obtained with

the 6-311+G(d,p) basis set. The 6-311+G(d,p) basis set was used for optimization when the
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number of atoms is less than 60. A cyclohexane solvent of low dielectric constant'' was
employed in the experiment with pyridine vinyl triflate 2.” Thus, geometry optimizations and
single point calculations were completed in the gas phase. In order to characterize the stationary
points on the potential energy surface and obtain thermal Gibbs free energy, frequency
calculations were performed at the same level of theory used for geometry optimization. Gibbs
free energies were corrected using GoodVibes, which corrects the vibrational frequencies via a
quasi-harmonic approximation, as proposed by Grimme.'? CYLview was used to visualize

13
molecular structures.

2.5 Results and Discussion

While nuclear magnetic resonance spectroscopy of Li -ureide 1 indicated the presence of
lithiate’, attempts at identifying a solid state structure of Li -ureide 1 by crystallographic means
were unsuccessful. Thus, a computationally-optimized (wB97X-D/6-31G(d,p)) dimeric Li'-
ureide (LiUr) structure 1 is employed in our mechanistic studies (Figure 2.1b). Aggregation of
lithium amides is well known, and we adopted this dimer as a simple model of potential catalytic
aggregates.14’15
The proposed catalytic cycle is shown in Figure 2.2. The mechanism involves the formation of

active Li'-ureide catalyst 1, which catalyzes heterolysis of vinyl triflate 2 to form vinyl cation 3,

insertion of cation into a C—H bond, and deprotonation of tertiary cation 4 to produce 5.

19



Urea + [Li[*[HMDS]

OTf
~ l N
| N=
N 2
LiUr
+ LiOTf + HMDS 1
[TfO-LiUr]~
vinyl cation
formation
[TfO-LiUr]

deprotonation 7 N\
N=
S . 3
cation insertion
into C—H bond
[TFO-LiUr]
@

Figure 2.2 Proposed reaction mechanism.

LiHMDS

We computationally explored the overall reaction mechanism with LiUr catalyst 1 and pyridine
vinyl triflate 2, which gives product 5 in 80% yield. Gibbs free energies (in kcal/mol) are
obtained at 298.15 K, and the energetics are summarized in Figure 2.3, assuming the dimeric
lithium ureide is the catalyst. The coordination of LiUr catalyst 1 to vinyl triflate substrate 6
leads to a complex 7. This coordination is computed to be favorable by 14.4 kcal/mol. Cleavage
of the C—O bond gives ion-pairing complex 9 (-1.0 kcal/mol), with TS 8 at 1.3 kcal/mol. There

is a negligible barrier for the reversible formation of complex 7 from ion-pairing complex 9.
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11 ) 236 —24.8

Reaction Coordinate

Figure 2.3 Computational investigation of the overall reaction process with ®B97X-D/6-
311+G(d,p) // ®©@B97X-D/6-31G(d,p) in the gas phase at 298.15 K.

As shown in Figure 2.4, a contact of 3.06 A between Li -ureide-triflate anion and vinyl cation is

observed in ion-pairing complex 9. An intimate ion pair, which was originally introduced by

Winstein, is seen in this structure.'® A concerted C—H insertion occurs via TS 10 at 5.9 kcal/mol

to form 11 (=28.2 keal/mol). The C—H insertion step is the rate-determining step.'” The transition

state 10 computed for this reaction is shown in Figure 2.4. Note the transition state is essentially

a hydride abstraction, but the generation of the alkene with its &t bond directly interacting with

the secondary cation vacant orbital leads to the insertion product 11 with no additional barrier.

This is a two-stage concerted process. Finally, a highly exergonic deprotonation by excess

LiHMDS forms product 5.
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Figure 2.4 3-D structures of complex 9, 11, 13 and C—H insertion transition state 10.

We find that the hydride shift from 11 to 13 is thermodynamically unfavorable in the ion pair
even though 13 is a benzylic carbocation. As shown in Figure 2.4, distances from oxygens that
consist of negatively charged ions to a positively charged carbon atom in complex 11 are 3.72 A
and 2.93 A. On the other hand, in complex 13, distances between anionic oxygens and a cationic
carbon of 4.16 A and 4.93 A. Structural analysis exhibits the ion-pair interactions are stronger in
complex 11. Calculations on these reactions in the absence of a counter anion show that pyridine
benzylic cation 20c¢ is more stable than tertiary cation 18¢ by 2.5 kcal/mol (Figure 2.5a). The
relative stabilities of the tri-coordinated carbocations are changed by the effect of ion pairing.

Thus, we propose that the deprotonation step occurs directly from 11.
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a) Electronic effects of aryl groups in C-H insertion reactions

[Ar]
@, ——  Pyridyl
r e
Ar H ——  Phenyl
fgcg —— p-Anisyl
16.6 16.4
16¢c 17b
12.7
11.2 17a
16b
)
AG H
0 W
Ar
(kcal/mol) 16a “,
-3.1
19¢ H
-6.2 Ar®
-8.3 19
18c 20
111 19a -10.8
18b 20c
—12.5
18a -15.2
20b
TfO
€]
Z OTf
Ar 14
—24.3
—88.6) 20a
vinyl triflate
15a, 15b, 15¢

Reaction Coordinate

b) Investigation on regioselectivity in C—H activation by vinyl cation

[Ar] = pyridyl
—— 1,4 activation
—— 1,6 activation

—— 1,5 activation

®,
A I_/H1 23
7 “"H
6
AG H -
(kcal/mol) 16¢ i HE)
At Yy
18e
@
H
A
18d

Reaction Coordinate
Figure 2.5 Computational studies of the vinyl cation reactivity in the absence of counter anion
with ®B97X-D/6-311+G(d,p) in the gas phase at 298.15K.
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Computational model substrates (Ar = p-anisyl and phenyl) were employed to evaluate the
electronic effects in the C—H insertion reaction (Figure 2.5a, Gibbs free energies in kcal/mol).
Triflate affinity energies, which measure the energy to generate the vinyl cation from the triflate,
are utilized as a reference to compare the energetics of the ions. As shown in Figure 2.5a, vinyl
cation 16 undergoes the concerted C—H insertion reaction via TS 17 to generate tertiary
carbocation 18, which is followed by 1,2-hydride shift through TS 19 in order to form benzylic
cation 20. IRC calculations of TS 17 predicted the concerted C—H insertion pathway. The
activation energy barriers of the C—H insertion reactions are affected by the stability of vinyl
cation intermediates. With the relatively electron-withdrawing pyridyl group, the vinyl cation
intermediate is less stabilized than by phenyl or anisyl. The activation energy barrier for C—H
insertion reaction is lowest with pyridyl and higher with phenyl and anisyl (Figure 2.5a).

The regioselectivity in C—H activation by the vinyl carbocation was also studied (Figure 2.5b).
The two-stage concerted process (17d, 11.5 kcal/mol) forms 6-membered ring 18d. The process
generates the primary cation vacant orbital through the 1,6-hydride abstraction in the first stage.
The generation of the primary cation is more difficult than the generation of the secondary
cation, which is observed in 17¢ in the formation of 5-membered ring 18¢. The reaction is
possible, but the competing reaction pathway 17¢ (4.2 kcal/mol) is kinetically favored.
Moreover, we attempted computational location of the transition state for formation of 4-
membered ring, but the computational studies predict formation of the bridged cation 18e via
concerted 1,4-hydride abstraction 17e (13.0 kcal/mol). This hypothetical pathway is less

favorable than formation of 17¢.
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2.6 Conclusion

We have investigated the mechanism of a vinyl carbocation C—H insertion reaction with a
dimeric Li"-ureide catalyst. We show that the catalyst not only generates vinyl carbocations from
vinyl triflates, but forms an ion pair of the cation with Li"-ureide triflate anion rather than the
ureide anion proposed before.” Because of the reversible nature of the catalyzed heterolysis, the
subsequent C—H insertion step can be the rate-determining step. In previous work, the heterolysis
is rate-determining, because ionization of 1-cyclohexenyl triflate is slow due to the non-linear
geometry forced on the cyclohexenyl sp-hybridized cation."'” By contrast, the ionization of
substrates that can form aryl-substituted linear vinyl cations is easier, and the rate of C—H
insertion can be influenced by aryl substituents. The reactivity difference of anisyl, phenyl, and
pyridyl vinyl cations in C—H insertion reactions has been measured theoretically in this work.
We have also explained why the formation of five-membered ring product through the C-H
insertion reaction is favored over four- and six-membered ring formation.’

Finally, our groups have described an enantioselective vinyl cation C—H insertion reaction.'® Our
studies of vinyl carbocations generated from Li -ureide catalyst provide further evidence for the

nature of ion pairs generated in these reactions.
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CHAPTER THREE

Urea-Catalyzed Vinyl Carbocation Formation Enables Mild Functionalization of

Unactivated C—H Bonds

3.1 Contributions
This is an author manuscript from the publication: Bagdasarian, A. L.; Popov, S.; Wigman, B.;
Wei, W.; Lee, W.; Nelson, H. M. Urea-Catalyzed Vinyl Carbocation Formation Enables Mild
Functionalization of Unactivated C—H Bonds. Org. Lett. 2020, 22, 7775-7779.

. As a synthetic organic chemist, I conducted
experiments to develop Li -ureide catalysis and new substrate classes for intramolecular C—H

insertion reactions of vinyl cations.

3.2 Abstract

Herein we report the 3,5-bistrifluoromethylphenyl urea-catalyzed functionalization of
unactivated C—H bonds. In this system, the urea catalyst mediates the formation of high-energy
vinyl carbocations that undergo facile C—H insertion and Friedel—Crafts reactions. We introduce
a new paradigm for these privileged scaffolds where the combination of hydrogen-bonding
motifs and strong bases affords highly active Lewis acid catalysts capable of ionizing strong
C—0 bonds. Despite the highly Lewis-acidic nature of these catalysts that enables triflate
abstraction from sp” carbons, these newly found reaction conditions allow for the formation of
heterocycles and tolerate highly Lewis-basic heteroaromatic substrates. This strategy showcases

the potential utility of dicoordinated vinyl carbocations in organic synthesis.
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3.3 Introduction

As evidenced by the elegant and pervasive metal carbenoid chemistry in the literature, forging
C—C bonds via C—H insertion reactions is a powerful strategy in organic synthesis."” Here, the
transition metal tempers the highly reactive nature of the neutral dicoordinate carbon center,
facilitating selective and controlled reactivity. Recently our group has shown that vinyl
carbocations can participate in C—H insertion reactions that are mechanistically complementary
to classical carbenoid insertion chemistry.>* While previous studies from our group and others
have demonstrated that these species undergo facile C—C bond-forming reactions, all catalytic
systems reported thus far have utilized expensive, hygroscopic, and specialized weakly
coordinating anion (WCA) salts that are often difficult to functionalize and establish structure-
function relationships (Figure 3.1a).”

a Li*-catalyzed transannular C—H functionalization
Wigman, J. Am. Chem. Soc., 2019

oTf
cat. [PhsCJ*[B(CgF5)al~
LiIHMDS
Ar -LiOTf

b Thiourea-catalyzed enantioselective alkylation
Reisman, J. Am. Chem. Soc., 2008

Ar

s CO,iPr

cl
OTBS Ry Ay R
O+ )\ H H (0]
Zoipr _TBSCI

C Urea-catalyzed functionalization of inert C—H bonds
This research

o
oTf R\H JLH
(Het)Ar LiH
—LiOTf
H

Figure 3.1 Vinyl cation insertion reactions and hydrogen-bond donor catalysts. a) Lithium-
promoted intramolecular C—H insertion reactions of vinyl cations. b) Chiral thiourea-catalyzed
additions to oxocarbenium cations via chloride abstraction. ¢) Functionalization of unactivated
C-H bonds catalyzed by ureas.

.R

\]

(Het)Ar
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In an effort to identify more easily accessible and modular catalysts for these powerful
transformations, we looked towards hydrogen-bonding catalysts, such as thioureas. These readily
available and highly tunable scaffolds have found success in promoting the formation of cationic
intermediates.®” Specifically we were inspired by Reisman and Jacobsen’s use of thioureas to
generate resonance-stabilized tricoordinate carbocations that engage in highly-selective bond-
forming processes (Figure 3.1b).® The same group later showed that squaramides, combined
with trimethylsilyl triflate (TMSOTT), enhance the electrophilicity of the silicon center via
triflate binding.” Inspired by these studies, we sought to apply an analogous mode of ionization
to vinyl triflates, which would provide vinyl cations capable of C—C bond-forming reactions.
Herein, we report the successful realization of this hypothesis where the combination of urea
scaffolds and Li-bases catalyzes C—H functionalization and Friedel-Crafts reactions through

intermediate vinyl cations (Figure 3.1c).

3.4 Results and Discussion

We began proof-of-concept studies in the context of the C—H insertion reactions of propylated
benzosuberonyl triflate 1 (Table 3.1). We hypothesized that a hydrogen-bonding catalyst could
ionize its vinyl triflate, and the ensuing vinyl carbocation would insert into the terminal CH3
group of the tethered propyl chain to give product 2. Initially, the use of Schreiner’s thiourea 3
gave neither conversion to the desired product 2, nor consumption of starting material 1. We
rationalized that a stronger Lewis acid was needed to promote the ionization. Based on our
previous studies, we hypothesized that deprotonation of the urea would yield a lithiated species

5,10,11
A0

sufficiently Lewis acidic to ionize an enol triflate, revealing the potent vinyl carbocation. 0

our delight, we found that the addition of a stoichiometric amount of lithium
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hexamethyldisilazide (LiIHMDS) to this reaction mixture resulted in a high yielding C—H
insertion reaction, giving tricycle 2 in 78% yield (entry 2). The urea and squaramide analogs (4
and 5 respectively) of Schreiner’s catalyst were also competent catalysts for this transformation,
yielding the desired product in 96% and 72% yield, respectively (entries 3 and 4). This catalytic
system was also effective at lower temperatures and with lower equivalents of base (entries 5 and
6). Performing the reaction without any urea catalyst (4) yielded negligible amounts of desired
product (entry 7). These experiments showcase the necessity of both the hydrogen-bonding
catalyst and the lithium base. Additionally, performing this reaction with catalytic lithiated urea
4-Li gave the desired product in 86% yield, suggesting that this is on, or accessible through, the

active catalytic cycle (entry 8).

TfO
catalyst (20 mol%)
LiHMDS (x equiv)
0-DFB (0.0167 M), Temp
1 2

entry catalyst LiHMDS equiv Temp (°C) yield
1 3 none 30 0%
2 3 1.5 30 78%
3 4 1.5 30 96%
4 5 1.5 30 72%
5 4 1.5 —40 93%
6 4 1.2 30 96%
7 none 1.2 30 3%
8 4-Li 1.2 30 86%
9 1.2 30 3%
10 7 1.2 30 79%
11 8 1.2 30 9%
12 9 1.2 30 19%

X o) [0} o)
are AL e arg AL A
H H H FI( Ar<py N-Ar
H H

3: X =85, Ar = 3,5-bisCF3CzH3 9: Ar = 3,5-bisCF3CgH3 5: Ar = 3,5-bisCF3CgH3

4: X =0, Ar = 3,5-bisCF3C4H; R =Me

6: X =0, Ar=2-CF3CgH, 4-Li: Ar = 3,5-bisCF3CgH3

7:X =0, Ar=3-CF3CsH, R=Li

8: X =0, Ar=4-CF3C4H,

Table 3.1 Optimization of C—H insertion reactions with hydrogen-bonding catalysts.
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Having found that urea catalyst 4 afforded the desired product in the highest yield, we next
explored the effect of catalyst substitution on the product outcome. Probing monosubstituted
trifluoromethyl urea catalysts (6—8) revealed the importance of a meta-trifluoromethyl group
(79% yield for entry 10 vs. 3-9% yield for entries 9 and 11).'* Lastly, the N-methylated catalyst
9 delivered the desired product in a meager 19% yield, highlighting the importance of having
both N—H hydrogen-bond donors (entry 12).

To further develop the scope of this reaction, urea-catalyzed Friedel-Crafts reactions of vinyl
triflates were explored. Here, we decided to use the optimized reaction conditions from the above
insertion chemistry as a starting point. We found a large scope of both triflates and arenes to be
tolerant of this transformation. A silylated pyrrole gave moderate selectivity for vinylation of the
C3 position (Figure 3.2a, 10)." Electron deficient vinyl triflates were tolerated, reacting with
anisoles and xylenes in moderate to good yields (52—76%, 11-13). The trifluoromethylated vinyl
triflate also reacted with benzene or a bromobenzene derivative yielding vinylated arenes in high
yields (14-15). More electron rich aromatic nucleophiles, such as dimethoxybenzene, underwent
smooth coupling with a variety of halogenated vinyl triflates in good yields (16—18). There was
minimal decrease in efficiency when performing the reaction on 1-gram scale with the iodinated
vinyl triflate, giving styrene 18 in 64% yield. Furthermore, cyclooctenyl triflate 19 was observed
to undergo a transannular C—H insertion, Friedel-Crafts cascade with 4-methylanisole giving
alkylated arene 20 in 57% yield (Figure 3.2b). Here, two C—C bonds, a 5,5-fused ring system,
and a quaternary carbon center were all forged in a single step. Notably, all of the reactions
outlined in Figure 3.2 were performed on the bench and required neither scrupulous drying of

substrates nor catalysts.
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a Friedel-Crafts reaction of vinyl triflates
TfO catalyst 4 (10 mol%)
R LIHMDS (2.0-3.0 equiv)
Ar-H (5.0 equiv)

0-DFB or hexanes, 30-70 °C

NTBS
’ /—H
10 12
82% yield (2.3:1 C3:C2)? 67% yield (13:1 r.r.)? 52% yield
" O
Br
i & ! 58
F;C F3C
14 15
76% yield® 80% yield 84% yield

I OMe I OMe I OMe
MeO MeO

»

16 17 8
67% yield 70% yield 67% yield
(64% yield, gram scale)

b Transannular insertion followed by Friedel-Crafts

OT# catalyst 9 (10 mol%)
LiHMDS (2.4 equiv)
4-methylanisole (2.0 equiv) MeO

0-DFB, 30 °C
)
19 via CE>
1 mmol

Figure 3.2 Urea catalyzed Friedel-Crafts reactions. Isolated yield after column chromatography
a) Scope of vinyl triflates and arenes. b) C—H insertion, Friedel-Crafts cascade. “10 equiv arene.
®Catalyst 9. °p-Xylene solvent. Yield determined by GC-FID.

2

20
47% (57%)° yield

We then sought to validate our hypothesis that these readily accessible organocatalysts were able
to tolerate various functional groups in the context of vinyl cation C—H insertion reactions. To
explore the functional group tolerance, a variety of alkylated styrenyl triflates were prepared

(Figure 3.3).
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H b
oTt catalyst 4 or 5 (20 mol%)
X LiH (5 equiv) X
R' 0-DFB, 70-90 °C R R
CFa MeO,C
23
61% (807 )a yield b€ 90% y/eld b 90% yield ®
o}
Ph
Ph
. 25
77% V’e’d 61% yield %

Figure 3.3 Urea and lithium catalyzed C—H insertion reactions. Isolated yield after column
chromatography. *Yield determined by NMR using an internal standard. *Catalyst 4 “LiIHMDS
base in cyclohexane solvent. *Catalyst 5. °LiO7Bu base in 1,2-DCE solvent.

We were quite pleased to find that a substrate bearing a pyridine substituent was competent in
this transformation, yielding cyclopentenyl pyridine 21 in 61 % yield. Substrates bearing
electron-withdrawing substituents, however, resulted in products with poor olefin isomer ratios."*
Upon further optimization, we discovered that utilization of LiH allowed for high-yielding
reactions with excellent olefin selectivity for these substrates (22—24). Moreover LiO/Bu was
also a competent base for this transformation, allowing for the formation of dihydrofuran 25 in
61 % yield, via insertion into an ether tether. To the best of our knowledge, this example
showcases the first heterocycle synthesis from a C—H insertion reaction of a vinyl cation.
Furthermore, the variety of Li-bases used for these transformations highlights the modularity of
this system as well as the importance of both the hydrogen-bonding catalyst and base.

Inspired by the successful synthesis of ester 23, we posited that we could also form aryl

cyclopentene derivatives via C—H insertion reactions of vinylogous acyl triflates derived from

butylated p-ketoesters (Figure 3.4).
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OTf

catalyst 4 (20 mol%)
CO,R LiH (3.0-5.0 equiv)
R! 0 TR
0-DFB, 70 °C R CO,R

MeO
CO,Me CO,Me CO,Me
Cl
26 27 28
64% yield 53% yield 50% yield
MOMO
CO,Me CO,tBu CO,Me
pinB Cl
29 30 31
42% yield 38% yield 33% yield @

Figure 3.4 Urea catalyzed C—H insertion reactions of -ketoester derived vinyl triflates. Isolated
yield after column chromatography. 10 equiv LiH.

These substrates are good candidates because they are readily accessible from corresponding f3-
ketoesters, they would yield highly functionalized cyclopentenes, and they are natively
heteroatom-rich, providing a further test of the compatibility of this catalytic system. Under the
standard LIHMDS conditions, we found no conversion to the desired product, likely due to the
electrophilicity of (vinylogous) esters as well as recent reports describing ester functionalization
with LIHMDS.'>'¢

We found that using LiH as the base allowed for productive transformations. Methyl, halogen
substituents, boronic esters and methyl ethers were all tolerated, yielding the ester products 26—
29 in 42-64% yield. Notably, under these basic conditions, acid-sensitive functional groups such
as a methoxymethyl (MOM) ether protected phenol or fert-butyl ester remained intact, yielding
cyclized products 30 and 31 in 38% and 33% yield, respectively. We observed the exclusive
formation of the B,y-unsaturated products; we attribute this to the increased stability of these

products in comparison to the a,B-unsaturated products, likely due to allylic strain.'*
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With the information derived from our intial scope studies, we began our investigation into the
mechanism of this transformation. During our studies of the vinylogous acyl triflates we
consistently noticed small amounts of olefinic products in our crude reaction mixtures. Careful
purification of the reaction mixture derived from tolyl triflate 32 provided y-lactone 33 in 16%
yield (Figure 3.5a). We attribute formation of this byproduct to the intermediate vinyl cation 34
undergoing a 1,5-hydride shift generating secondary carbocation 35. This putative intermediate
can then undergo a facile 1,2-hydride shift to yield secondary carbocation 36 followed by
trapping by the pendant ester yielding the lactone product. This overall “rebound”-type
mechanism has been proposed by Stang, Hanack, Olah, Mayr, Caple, and others."” To further
support this mechanistic hypothesis, we synthesized propylated triflate 37. Under the reaction
conditions, neither the desired insertion product nor lactone byproducts were observed (Figure
3.5b). We attribute this to the inherent difficulty in the formation of primary carbocation 38.
These mechanistic findings stand in stark contrast with those of previously observed vinyl cation
C-H insertion reactions of propylated benzosuberonyl triflates (e.g. 1, Table 3.1) and previously
disclosed silylium mediated transformations that proceed through a concerted C—H insertion
process.’ The reason for this mechanistic divergence is unclear at this time.

To investigate if the lithiated urea catalyst was the active Lewis acid, we exposed substrate 32 to
a stoichiometric amount of the lithiated urea catalyst, synthesized through deprotonation of urea
4 with LIHMDS." This gave the desired product in 23% yield with LiOTf observed by "Li and
F NMR (Figure 3.5¢). On the basis of these results, we propose that the lithiated urea 4-Li is
the active species responsible for triflate ionization, although other possibilities such as a
dilithiated urea or simply a triflate abstraction by parent urea 4 can not be ruled out (Figure

3.5d).°
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a Proposed pathway of the C-C bond forming event of vinylogous acyl triflates

OTf
CO,Me catalyst 4 (20 mol%)
LiH (3.0 equiv) +
0-DFB, 70 °C o
o
26
H

64% yield

32

33
16% yield

triflate styrene ester
abstraction capture capture

MeO-}

£OzMe 1,5-hydride Ar CO-Me hydride migration H \ 0
Ar ytransfer — H olefin isomerization — ®
H > Ar
34 35 ® 36
H H

b Attempted cyclopentene formation from propylated ester triflate d Proposed catalytic cycle

MeO,C, oTf
OTf OMe

catalyst 4 (20 mol%) R

LiH (3.0 equiv) R o CO,Me

o - CO,Me Ar Ar
~ -,
0-DFB, 70 °C N N
Br 37 Br H . L_Ll
not observed . e
LiH Liur —Li
H terminal triflate LiOTf
deprotonation abstraction

Ar, CO,Me
H R R~
38 @ CO,Me \@ 40

42

1° carbocation formation disfavored c—c CO,Me
C Stoichiometric experiments with lithium urea salt hydride bond
__ migration [u-  forming
o) [Ur"= o event
MeOZC
OTf OMe Ar\NJ\N'A’ are JU _ar
H Li H g R
(o] (1.05 equiv) _ 29 47 CO2Me
o-DFB
32 nBu
23% yield

Figure 3.5 Mechanism of urea promoted C—H insertion. a) Nature of C—C bond formation of
vinylogous acyl triflates. Ar = p-tolyl. b,c) Mechanistic studies. d) Proposed catalytic cycle of
reaction. Ar = 3,5-bis(CF;)phenyl.

We posit that the lithiated urea catalyst 4-Li can abstract a triflate from the substrate and produce
vinyl cation 40. This can then undergo the C—C bond-forming event yielding a-ester cation 41
followed by a hydride migration to give benzylic cation 42 and deprotonation to give the

product, concurrently forming LiOTf and regenerating the catalyst. In the case of the vinylogous

acyl triflate substrates, we posit that C—C bond formation is a stepwise process, proceeding
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through the pathway outlined in Figure 3.5a. For the Friedel-Crafts reactions that are performed

with LIHMDS, we posit that a similar mechanism is operative.

3.5 Conclusion

In conclusion, we disclose a novel application of hydrogen-bonding scaffolds, where 3,5-
bistrifluoromethylphenyl ureas catalyze C—C bond-forming reactions of vinyl triflates under
strongly basic conditions. In the presence of these catalysts, the proposed reactive dicoordinate
carbocation intermediates undergo facile C—H insertion and Friedel-Crafts reactions in good to
excellent yield. This strategy demonstrates the utility of vinyl carbocation reactions and

introduces easily accessible and modular catalysts for these transformations.
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CHAPTER FOUR

Accessing Medium-sized Rings via Vinyl Carbocation Intermediates

4.1 Contributions

This is an unpublished work by Zhao, Z., Popov, S., Lee, W., Burch, J. E., Delgadillo, D. A.,
Kim, L. J., Shahgholi, M., Houk, K. N., Nelson, H. M. This project was a collaborative work
between the laboratories of my advisors, Professor Kendall N. Houk and Professor Hosea M.
Nelson. As a computational organic chemist, I conducted all computational experiments while
Zhenqi (Steven) Zhao carried out the majority of the experimental work. Zhenqi (Steven) Zhao
received experimental assistance from Stasik Popov, Jessica E. Burch, David A. Delgadillo, Lee

Joon Kim, and Mona Shahgholi.

4.2 Abstract

Medium-sized rings (8—11 membered cycles) are often more challenging to synthesize than
smaller rings (5—7 membered cycles) due to ring strain. Herein, we report a catalytic method for
forming 8- and 9-membered rings that proceeds via the intramolecular Friedel-Crafts reactions
of vinyl carbocation intermediates. These reactive species are generated catalytically through the
ionization of vinyl toluenesulfonates by a Lewis acidic lithium cation/weakly coordinating anion

salt.

4.3 Introduction
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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.”’ 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 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.
In recent years, our group has developed various platforms to generate vinyl carbocation

14-18

intermediates. The most prominent method is Lewis acid-weakly coordinating anion (WCA)
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catalysis, where vinyl trifluoromethanesulfonates (vinyl triflates) are ionized to form kinetically

14,15

persistent vinyl carbocation intermediates. "~ These reactive species can then engage in C—H

insertion (Figure 4.1a) and intermolecular Friedel-Crafts reactions. In this manuscript, we report
that vinyl carbocations can also be used to forge challenging medium-sized ring systems (Figure

4.1b).

A. Intramolecular C-H insertion from vinyl triflates via Li-WCA catalysis
Wigman, J. Am. Chem. Soc., 2019
H

t. [Ph3CI*[B(CsF5) 4~
S P

TiO i _
SO o0

B. Medium-sized ring formation from vinyl tosylates via Li-WCA catalysis

| [Lilf[B(CgF5) 4] (10 mol%) I\ O
LiH (5 equiv)
> Cl

0-DCB, 140°C
Ts I 8 & 9-membered ring formation TsN

This research

1 2

cl
L [B(CsFs)al i

Figure 4.1 C—C bond formations via Lewis acid-WCA catalysis. a) Intramolecular C—H insertion
reactions from vinyl triflates via Li-WCA catalysis. b) This work: Medium-sized ring formation
via Li-WCA catalysis.

4.4 Results and Discussion

14-16
However, due

Vinyl triflates have served as vinyl carbocation precursors in previous studies.
to the difficulty in preparing pure samples of electron-rich vinyl triflates, we investigated vinyl

toluenesulfonates (vinyl tosylates).'” As such, vinyl tosylate 1 was selected as our model
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substrate. A sulfonamide was introduced into the aniline-derived scaffold to protect the Lewis

20,21

basic amine moiety, a common functional group in many bioactive molecules.””" We proposed
that vinyl tosylate 1 would transform to tetrahydroazocine 2 under Li-WCA catalysis. Medium-
sized ring 2 features an exo-alkene on the 8-membered ring, which is reminiscent of commercial
drugs pizotifen,** amitriptyline,” and cyproheptadine,** albeit these are comprised of more
readily prepared 7-membered rings (Figure 4.2). 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 acylation,”*°

our complementary method provides access to underexplored chemical space via vinyl

carbocation intermediates.

Me Me
N NMe, N
> O O
- QO QO
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

Figure 4.2 Commercial drugs with exo-alkene on a 7-membered ring.
Recognizing that electron-deficient arenes are sluggish nucleophiles, we questioned if
electrophilic vinyl cation species could engage them in Friedel-Crafts reactions. Therefore, we
began optimization with vinyl tosylate 1 to study the Friedel-Crafts reactions with electrophilic
vinyl cation species (Table 4.1). When vinyl tosylate 1 was subjected to 10 mol% of lithium
tetrakis(pentafluorophenyl)borate ([Li]' [B(CsFs)4]") (3) in 1,2-dichlorobenzene (0-DCB) at 140

°C, tetrahydroazocine 2 was formed in 40% yield (entry 1).
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[LiF*[B(CgF )4l (cat.) \ O
base
OTs >

solvent (0.0167 M) O (]

N I tem;;grzture 2N
1 2
entry catalyst (mol%) base (equiv) solvent temperature (°C)  yield (%)
1 3* (10) none 0-DCB 140 40
2 3* (10) LiH (5) 0-DCB 140 74
3 3*(10) LiHMDS (1.5) 0-DCB 140 21
4 None LiH (5) o-DCB 140 n.d.
5 3*(5) LiH (5) 0-DCB 140 49
6 3% (1) LiH (5) 0-DCB 140 24
7 3* (10) LiH (5) o-DFB 92 n.d.
8 3* (10) LiH (5) mesitylene 140 50
9 3* (10) LiH (5) DMF 140 n.d.
10 4 (10) LiH (5) 0-DCB 140 19
11 4 (10) LiHMDS (1.5) 0-DCB 140 n.d.

*Catalyst 3 is [Li] [B(CsFs)4] .

4 microED structure of 2
Table 4.1 Optimization of the reaction conditions to build medium-sized rings.
The structure of product 2 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
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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 (LiHMDS), which was used in

1316 \as detrimental to the reaction, forming the product in 21% yield (entry 3).

previous reports,
Performing the reaction without [Li] [B(CsFs)4] did not provide any tetrahydroazocine 2 (entry
4). Lower loadings of [Li]'[B(C¢Fs)s]  gave lower yields of the product (entries 5,6),
highlighting the essential role of [Li] [B(C¢Fs)4] in this catalytic cyclization. Solvents other than
0-DCB were also examined but were found inferior (entries 7-9). Hydrogen bonding catalyst 4,
which our group had previously applied in the ionization of vinyl triflates, gave diminished
yields (entries 10,11).'°

With the optimized conditions, we set out to explore the substrate scope. First, we tested various
ring sizes. Similar to vinyl tosylate 1, the substrate with a non-substituted aryl nucleophile also
gave the 8-membered ring product in moderate yield (Figure 4.3, 5). A 9-membered ring was
also formed under this system giving tetrahydroazonine 6 with a yield of 82%. However, 10-
membered ring formation proved difficult, as hexahydroazecine 7 was not observed under the
reaction conditions. We also found that the sulfonamide could be replaced with other functional
groups. For example, thioether 8 was obtained with a moderate yield of 46%, and medium-sized
carbocycle 9 could be synthesized in 81% yield. The 9-membered ring ether 10 could be
produced in 65% yield with an electron-rich arene as the nucleophile. However, we found
difficulty forming medium ring ether 11 from its corresponding vinyl tosylate. 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 (12 and 13). Notably,
tert-butyldimethylsilyl (TBS) protected phenol was also tolerated under the reaction conditions

as 79% yield of 14 was obtained. Unfortunately, when the strong electron-withdrawing group
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trifluoromethyl was present on the aryl group, product 15 was not formed. With a weak electron
withdrawing group, such as bromine, the medium-sized ring product 16 could be obtained
smoothly in 79% yield. Furthermore, heterocycles could also be used in the reaction. Thiophene
was tolerated, yielding the 8-membered ring product 17 and 18 in 73% and 85% yield,
respectively. In addition, tetrahydroazocine 5 was formed with 66% yield on the preparative

scale of 1 mmol (0.4 g).

R1

R! | R! . R3\\ R!
N [LiF*[B(CeFs5)4I” (10 mol%) \
O Sors . LiH (5 equiv) 7 i BN
R —yR? —R?
X N 0-DCB (0.0167 M), 140 °C X z
n

50 B U 50 O
0 a1 ) Q o
TsN N <I!B> S

N
Ts Ts
5 6 7 8 9
56% yield 82% yield n.d. 46% yield 81% yield
(66% yield, 1 mmol scale) (82% yield by NMR)

OoTBS

. L
\

Ok» @ Ok\, g,

"

o TsN TsN
10 11 12 13 14
65% yield n.d. 62% yield 76% yield 79% yield

) 9 g

TsN TsN TsN
Ts
15 16 17 18
n.d. 79% yield 73% yield 85% yield

Figure 4.3 Scope of Li-WCA catalyzed medium-sized ring formation. The reactions were
performed on 0.05 mmol scale unless otherwise specified. All yields were isolated yields unless
specified. All structures were characterized by NMR. The structures of 5, 9, 12, 13, 16 and 17
were also characterized by microED.

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(C¢Fs)s] have been demonstrated to ionize vinyl sulfonates to vinyl cations."” Here, we
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proposed three possible pathways in forming 8-membered ring 25 from the vinyl cation 20
(Figure 4.4a). Path 1 is a conventional Friedel-Crafts reaction of the vinyl cation where the
medium-sized ring intermediate 21 is formed in one step. In Path 2, the vinyl cation reacts with
the aromatic p-system at the ipso carbon to form a 7-membered ring in 22, 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 21. Alternatively, in Path 3, a concerted insertion
of the vinyl cation into an aryl C—H bond is operative, mechanistically analogous to the insertion
of vinyl cations 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 (Figure 4.4b). 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 seven-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 (13, Figure 4.3) 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 out further computations to probe the influence of electronic

effects (Figure 4.4c¢).
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A. Possibl hanistic p ys of the medium-sized ring for

Path 1

8-membered ring
formation via
[WCAJ-

[WCA, I' Friedel-Crafts reaction
FG H FG _
X [L/]* I WCAf Path 2 \ Q \ 6 deprotonation
—_— @ —_—
7- membered rin, i
- Liots formation via 9 H 1,2-alkyl shift O Litt
[WCA[
Friedel-Crafts reactlon X [weAr X
FG
4
X
23

8-membered ring
formation via
C—H insertion

B. Comp ional lies on 7- vs 8 bered ring for i C. Influence of -OMe position on 8-membered ring formation

\ ':l G’)OMe

AG AG
(kcal/mol) (kcal/mol)

Reaction coordinate Reaction coordinate

D. Mechanistic study to differentiate Path 1 & Path 2

E. Mechanistic study to diffe iate Path 1 & Path 3

|
OTs
@;\( [LiP*[B(CgF5)al™ (10 mol%)
s O LiH (5 equiv)
—_—_—

0-DCB (0.02 M), 140 °C

Sy
24% yield

29-d;:R'=H,R?=D
29-d;:R'=D, R2=H
29-d5:29-d, = 1:1

[LiI'[B(CsF5)al
(10 mol%)
LiH (5 equiv)

0-DCB (0.02 M)
140 °C

Figure 4.4 a) Possible mechanistic pathways. b) Computational investigation of the medium-
sized ring formation of vinyl cations. ¢) Influence of —-OMe position on the medium-sized ring
formation. d) Mechanistic study for Path 1 & Path 2. The yield was determined by NMR with an
internal standard. €) Mechanistic study for Path 3. The ratio was determined by FD-MS.

*All computations were performed with wB97X-D/def2-TZVPP/SMD(o-dichlorobenzene) //
®wB97X-D/def2-SVP/SMD(o-dichlorobenzene) at 413.15 K.
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Here, we found that the formation of 8-membered ring INT1’ 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. Therefore, vinyl tosylate 26 was
designed to experimentally probe the influence of electronic effects on mechanism (Figure
4.4d). Tosylate 26 has two aromatic nucleophiles (green balls highlight the most nucleophilic
positions). If Path 1 were operative, arene A would incorporate into the product (27a, Figure
4.4c). Conversely, if 7-membered ring formation occurred first, as in Path 2, ring B would
incorporate into the cyclic scaffold (27b). Interestingly, tosylate 26 favored the formation of 27a
in 25% yield, although the reaction led to a complex mixture. Various analytical techniques
including NMR and LC-MS suggested this was the major cyclization product.

From these calculations and experiments, direct C—H insertion (Path 3) could not be excluded.
Thus, we prepared vinyl tosylate 28 to probe the feasibility of Path 3 (Figure 4.4e). Under the
standard reaction condition, a mixture of 29-ds and 29-d4 was obtained with a distribution of
roughly 1:1. This result was inconsistent with Path 3, where a primary KIE in the putative
product-determining step would provide a larger ratio between 29-ds and 29-d4. Overall, the
reactions of vinyl tosylates 26 (Figure 4.4¢) and 28 (Figure 4.4e) both support Path 1 as a

potential reaction mechanism, consistent with canonical Friedel-Crafts reactivity.

4.5 Conclusion
In conclusion, we have discovered a novel method to access medium-sized rings via vinyl
carbocation intermediates. Vinyl tosylates are used as the precursor and ionized into vinyl

carbocations under the Li-WCA catalysis system. It is followed by an intramolecular Friedel—
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Crafts reaction with aryl nucleophiles to form medium-sized rings. These discoveries further

demonstrate the application of vinyl cations in chemical synthesis.
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CHAPTER FIVE

Electrochemical Fluorination of Vinyl Boronates Through Donor-Stabilized Vinyl

Carbocation Intermediates

5.1 Contributions

This is an author manuscript from the publication: Wigman, B.; Lee, W.; Wei, W.; Houk, K. N;
Nelson, H. M. Electrochemical Fluorination of Vinyl Boronates Through Donor-Stabilized Vinyl
Carbocation Intermediates. Angew. Chem. Int. Ed. 2022, 61, ¢202113972.
https://doi.org/10.1002/anie.202113972. As a computational organic chemist, I carried out all
computational experiments while Benjamin Wigman performed the majority of the experimental

work. Benjamin Wigman received experimental assistance from Wenjing Wei.

5.2 Abstract

The electrochemical generation of vinyl carbocations from alkenyl boronic esters and boronates
is reported. Using easy-to-handle nucleophilic fluoride reagents, these intermediates are trapped
to form fully substituted vinyl fluorides. Mechanistic studies support the formation of
dicoordinated carbocations through sequential single-electron oxidation events. Notably, this
electrochemical fluorination features fast reaction times and Lewis-acid free conditions. This
transformation provides a complementary method to access vinyl fluorides with simple fluoride

salts such as TBAF.

5.3 Introduction
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Carbocations, a common synthon in synthetic organic chemistry logic, have been studied for
more than 100 years.! While the reactivities and properties of alkyl carbocations have been the
main focus of these studies, highly reactive vinyl carbocations and their ensuing bond-forming
reactions have been the subject of far fewer research efforts. Nonetheless, vinyl cations have
been isolated and characterized in the solid state,*® revealing their remarkable linear geometry,
and have been generated by a variety of conditions including solvolysis,* photolysis,** " leaving

2k,1

group abstraction,’¢7 and alkyne protonation/transition metal-activation.”™ With the exceptions

of photolysis, which requires high energy UV light, and solvolysis which requires high
temperatures, vinyl cation generation often relies on potent Lewis or Brensted acids that can be
poisoned by heteroatoms and requires rigorous air-free handling. At the outset of the current
study, we hypothesized that these reactive intermediates could instead be generated via
consecutive single-electron oxidation events, analogous to the Hofer-Moest electrochemical

oxidation of alkyl carboxylates to alkyl carbocations (Figure 5.1a).**"

a) Hofer-Moest Oxidation
Access to alkyl carbocations

CO,H
2 —)/IPt(+) @
-2¢e7,-C0O,
b) Electrochemical fluorination of vinyl boronates
This research, via putative vinyl carbocations

OMe
| MeOH @
BPin
NS Pt(—)/C(+
Aryl i) ﬂ Aryl
—2 e, TBAF

Figure 5.1 Previous work and this study. a) Hofer-Moest electrochemical oxidation. b) this
research: electrochemical fluorination of alkenyl boronates via vinyl carbocations.

Electrochemical oxidation has become a powerful strategy to generate a variety of reactive
cationic intermediates, as is demonstrated in the cation pool method.**® This unconventional
approach to generating these high-energy species could allow for milder and less stringent

reaction conditions, perhaps enabling the discovery of new chemical transformations. Here, we
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report our initial studies in this area, where alkenyl boronates are converted to vinyl fluorides
electrochemically through nucleophilic trapping of vinyl carbocation intermediates (Figure
5.1b). While vinyl fluorides have well established syntheses, including but not limited to Wittig
olefination reactions, addition to alkynes and allenes, and transition metal-catalyzed cross-
coupling reactions, we believe this report serves as a complementary and potentially divergent
method to gain access to a variety of vinyl halides as well as other olefinic products due to the

vinyl carbocation generated.”

5.4 Results and Discussion

Inspired by the Hofer-Moest oxidation and reports of generation of alkyl carbocations from
redox-active esters,” attempts at oxidation of carboxylate derivatives by means of various
photochemical, electrochemical, and chemical processes provided intractable mixtures of
products that gave no evidence for vinyl carbocation formation.® We turned to other redox active
groups, particularly trifluoroborates (Table 5.1) since these are known to undergo single electron
oxidation.” We were gratified to find that electrolysis in an undivided cell of vinyl trifluoroborate
1 with a platinum cathode and carbon anode at a constant working potential of +1.8V vs SCE in
dichloromethane (DCM) with tetrabutylammonium fluoride trihydrate (TBAF) as a trapping
agent produced vinyl fluoride 2 in 42% yield by '°’F NMR (Table 5.1, entry 1) after only 15
minutes. The styrenyl position was key for reactivity, as non-styrenyl boronates were not
competent for this transformation.’ In this solvent, however, the vinyl chloride product was also
observed in 20% yield by "H NMR, presumably from reduction of DCM to produce the chloride
anion. Switching the solvent to tetrahydrofuran (THF) or dimethylformamide (DMF) (entries

2,3) led to trace or no product respectively; ultimately use of acetonitrile (MeCN) yielded vinyl
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fluoride 2 in 65% isolated yield with no vinyl chloride impurity (entry 4). We also examined
vinyl pinacol boronate 3, as more electron-rich boronates have been demonstrated to have a
profound effect on the oxidation potential of the substrate.® Pinacol boronate (BPinF) 3 was
generated in situ from the starting pinacol boronic ester: ''B NMR studies indicated that the
boronate was fully formed in solution with 3 equivalents of TBAF.® We believe the anionic
boronate complex to be the redox active intermediate, as without this fluoride additive no
reaction occurs. Subjecting this pinacol boronate (3) to the reaction conditions yielded vinyl
fluoride 2 in a slightly increased 70% isolated yield (entry 5). Other electrolytes, fluoride
sources, and equivalents of TBAF led to diminished yield (entries 6—12). The remaining mass
balances for these reactions are ketone and enone products, the latter presumably arising from
oxidation of the ketone, which we attribute to water quenching of a vinyl carbocation
intermediate.® It is noteworthy that this reaction does not need to be carried out under rigorously
anhydrous conditions, likely due to the high nucleophilicity of the fluoride anion. We believe
water to serve as the sacrificial oxidant, and attempts to perform the reaction under water-free
conditions resulted in incomplete conversion of the starting material (entry 13). Importantly, we
found that analogous conditions could be used to produce vinyl chloride 4 and bromide 5 simply
by substituting TBAF with TBACI or TBABr (entries 14,15).° With these results in hand, we
began to explore the scope of this reaction. Initial efforts focused on utilizing electron rich
arenes, such as the p-anisole substituent of boronate 3, that would stabilize putative carbocation
intermediates. Strongly electron-donating substituents produced vinyl fluorides 6-9 in 50-82%

yield (Figure 5.2).
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halide source

BR;M X
electrolyte (0.1M)
solvent ( 20mM) m
/C(+) 1.8V
0

rt 15 min.
1 BR3M = BF, K 2 X=F
3 BR3M = BPinF N(Bu),? 4X=Cl 5X=Br
Starting Electrolyte . . .
Entry Material Solvent (0.1 M) Halide Source (equiv) Yield
. 42%"
1 1 DCM TBABF, TBAF+(H,0); (5 equiv)
2 1 THF TBABF, TBAF+(H,0); (5 equiv) <5%°
3 1 DMF TBABF, TBAF+(H,0); (5 equiv) n.d.
4 1 MeCN TBABF, TBAF+(H,0); (5 equiv) 65%
5 3 MeCN TBABF, TBAF+(H,0); (5 equiv) 70%
6 3 MeCN TBABF, TBAF+(H,0); (3 equiv) 62%
7 3 MeCN TBABF, TBAF+(H,0); (2 equiv) 50%
8 3 MeCN TBABF, TMAF+(H,0), (5 equiv) 49%
9 3 MeCN TBABF, TBAF-(tBuOH); 58%
(5 equiv)
10 3 MeCN TBABF, KF+18-Crown-6 (10 equiv) n.d.
11 3 MeCN TBABEF, TBAT (5 equiv) 40%"°
12 3 MeCN TBAPF, TBAF+(H,0); (5 equiv) 549%"
13 3 MeCN TBABF, TBAF+(H,0); (5 equiv) 19%°¢
14 3 MeCN TBABF, TBACI (6 equiv) 68%
15 1 MeCN TBABr — 57%

Table 5.1 Optimization of fluorination from vinyl trifluoroborate 1 and pinacol boronate 3.
Isolated yields. “Formed in situ from the pinacol boronic ester. ”'’F NMR yield with
fluorobenzene as an internal standard. “Added 50 mg mol sieves, MeCN distilled over CaH, and
dried over mol sieves. TBAT=tetrabutyl ammonium difluorotriphenyl silicate,
TMAF=tetramethyl ammonium fluoride. n.d.=not detected.

Vinyl fluoride 7 was also isolated in good yield utilizing only three equivalents of TBAF on 1
mmol scale. Alkenyl boronic esters bearing meta substituents and an ortho or para donor were
also tolerated, yielding vinyl fluorides 10 and 11 in 59% and 47% yield respectively.
Additionally, novel fluoro-analogue 12 of chlorotrianisene, a nonsteroidal estrogen,” was
generated in 60% yield. Other appended ring sizes and alkyl chains also led to production of the

vinyl fluoride (13—-16). Constant voltage conditions were key to produce electron-rich aniline

fluoride product 16.
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Less electron donating substituents were tolerated, but led to incomplete conversion even at
higher applied potentials (17-19). Notably, these N-H containing compounds are not tolerated
under routine Lewis acid promoted vinyl carbocation formation, but are commonly seen in
natural products and drug molecules.>*® The boronic ester bearing a simple phenyl ring did not
lead to formation of vinyl fluoride 20, even under forcing conditions.

Throughout our scope studies we observed that only electron-rich arenes were competent in this
transformation. Yields increased with decreasing Hammet o, parameter, suggesting that there
was a carbocation formed at the carbon once bearing the boronic ester. The trend of decreasing
yield, 6>13>17>19, with corresponding o, values of —0.81<-0.27<-0.17<0.00 for the respective
para donor substituents, was observed.'® Additionally, if a meta-methoxy group were present on
the arene, an electron-withdrawing substituent with 6,=+0.12, 21 was not formed.*'® This trend
suggested the formation of a carbocation intermediate, and so we carried out further mechanistic
studies to investigate the intermediacy of a vinyl carbocation.

First we probed for canonical vinyl carbocation reactivity. One classic mode of reactivity of
vinyl carbocations is E1 elimination to form alkyne products.'' Upon subjection of vinyl boronic
ester 22 to the reaction conditions, alkyne 23, the product of El elimination of putative vinyl
carbocation 24, was observed in moderate yield (Figure 5.3a). A similar elimination occurs with
trisubstituted alkenyl boronic esters to yield alkyne.® This does however limit the substrates for

fluorination to tetrasubstituted alkenyl boronates.
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TBAF-(H,0); (5 equiv)
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MeCN (20mM)
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Figure 5.2 Scope of alkenyl boronic ester electrochemical fluorination. Isolated yields. “3 equiv

of TBAF on 1 mmol scale. “Isolated as a 9:1 mixture of fluoride:styrene. “+0.8 V vs SCE.
n.d.=not detected.
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In order to rule out production of this alkyne from a vinyl fluoride intermediate, styrenyl fluoride
25 was prepared and subjected to the reaction conditions. No conversion to the alkyne was

observed and the starting material was recovered in quantitative yield.

a) Elimination reactivity
BPin TBAF-(H;0)3 (5 equiv)

TBABF, (0.1M)
MeCN (20mM)
)1.8V

o

rt 15 m|n

w’\ ® / P

2 A < Et

—-BPinF elimination
o

\’\\

A 43%yield

24
TBAF+(H,0)3 (5 equiv) F
TBABF, (0.1M)
MeCN (20mM)
Pt(-)/C(+) 1.8V
(=) ~o

rt. 1 5 m|n -
quantitative
recovery

\

b) Unsymmetric boronic ester reactivity
F TBAF+(H,0)3 (5 equiv)

F
TBABF, (0.1M)
MeCN (20mM)
Pt(-)/C(+) 1.8 V ~o ”7

rt. 15 mln
35% vyield?
6.25:1 ZE

c) Friedel-Crafts reactivity

H,O (15 equiv) /N /
TBABF, (0.1M) 02
MeCN (20mM)
—)/C(+) 1.8V
rt 15 min. \0

(10 equiv)

\

48% vyield ( 2 7:1C2:C3)

d) C-H msertlon reactlwty
H,O (20 equiv)

TBABF, (0.4M) c3 Q
MeCN (20mM) O N
Pt(-)IC(+) divided cell
cell—3 5V 30
rtih 12% yield

(5.1:1 styrene products
C1=C2:C2=C3)?"

Figure 5.3 Mechanistic experiments to probe for vinyl carbocation reactivity. a) Elimination
reactivity suggesting vinyl carbocation intermediate. b) Unsymmetric alkenyl boronic ester
reactivity. c¢) Friedel-Crafts reactivity with N-Me pyrrole. d) C—H Insertion reactivity. Isolated
yields. “Yield determined by "H NMR with an internal standard. “Ratio of styrene olefin isomers
determined by GC-FID.
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To probe the intermediacy of a linear vinyl carbocation intermediate, unsymmetric alkenyl
boronic ester 26 was prepared as a single isomer. Subjection of this material to the reaction
conditions yielded a mixture of Z:E vinyl fluoride products 26 in a 6.25:1 ratio (Figure 5.3b)
This supports fluoride nucleophilic attack of a linear intermediate as opposed to other stereo
retentive pathways.

Vinyl carbocations are also known to undergo C-C bond forming reactions with arene

: 2,11
nucleophiles.”

To explore Friedel-Crafts reactivity, 1 was subjected to the reaction conditions in
the presence of 10 equivalents of electron rich N-Me pyrrole instead of TBAF. Pyrrole
nucleophiles have been observed to trap similar p-anisole substituted vinyl carbocations
generated by photolysis.® In the event, arylated products 28 were produced in a 2.7:1 ratio in
48% yield (Figure 5.3¢). This product ratio further supports a vinyl carbocation intermediate as
opposed to a radical intermediate, as such radical additions are reported to exclusively form C2
addition products.'

C—C bond forming reactions via intramolecular C—H insertion reactions have also been observed
in several studies of vinyl carbocations.”® * In order to probe for this type of reactivity the
trifluoroborate salt 29 with appended alkyl chains was prepared and subjected to electrolysis in a
divided cell. In the presence of fluoride these products were not observed, and so the pre-
activated trifluoroborate was used. Gratifyingly, we observed production of the C—H insertion
products 30 as a mixture of olefin isomers, albeit in low yield (Figure 5.3d). This diminished
yield is due to the subsequent decomposition of the electron-rich tetrasubstituted styrene
products under the oxidative conditions.’

To further investigate the mechanistic pathway to the proposed vinyl carbocation we performed

cyclic voltammetry experiments. The tetrabutylammonium salt of 1 showed two irreversible
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oxidative events at +1.12 V and +1.56 V vs SCE (Figure 5.4a).° This experiment demonstrated
evidence for a two-electron oxidation process; additionally, bulk electrolysis coulometry at a
constant potential of 1.8 V vs SCE further confirmed this with a calculated Faradaic efficiency

for two-electrons per boronate substrate of 73%.°

a) Cyclic voltammetry

S90E0* T Cyclic Voltammogram of 1 in 0.1M TBABF, MeCN

5.00E-04

+1.12V +1.56V +1.8V

4.00E-04

=10 mM BF,K I |

3.00E-04
— blank

Current (A)

2.00E-04

1.00E-04

-1 -0.5 0 0.5 1 15 2 25 3 35

=1.00E-04
Voltage (V) vs SCE

b) Vinyl radical trapping

BF;K nPrSD (20 equiv)? H/D
TBABF, (0.1M)
AN MeCN (20mM) N
~ H,0 (10 equiv) ~
o ; PtL)/C(+) 1.8 V o 31
rt. 5 min. 60% yield
25% deuterium
incorporation
c) Radical arylation reactivity at lower potential
BF;K H20 (15 equiv) N
8 TBABF, (0.1M) “UNF TH
N MeCN (20mM) _ \
~ Pt(-)/C(+) 1.1V
o 1 rt. 15 min. ~N

(0]
C’N/ (10 equiv) 28
— 11% yield (only C2)
+78% yield styrene?

Figure 5.4 Mechanistic experiments to probe for vinyl radical intermediate. a) Cyclic
voltammogram of the tetratbutylammonium salt of 1 in 0.1 M TBABF4 MeCN at 100 mV/s. First
and second oxidative waves and +1.8 V of typical reaction highlighted. b) Styrene products
observed in the presence of nPrSD. c¢) Change of arylation regioselectivity at lower applied
potential. “Propane thiol prepared at 77% deuteration as determined by "H NMR. *Yields
determined by 'H NMR with an internal standard. nPrSD=deuterium incorporated n-propyl
thiol.

We hypothesized that the initial oxidation would yield a vinyl radical, as is proposed for the

oxidation of a variety alkyl trifluoroborates."” In order to probe for this intermediate,
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trifluoroborate 1 was subjected to the reaction conditions in the presence of deuterated H/D-atom
donor propane thiol (Figure 5.4b). Deuterium incorporation exclusively at the styrene position
(31) was observed supporting the intermediacy of a vinyl radical. To determine if this radical
intermediate was generated at the lower potential, trifluoroborate 1 was subjected to constant
voltage electrolysis in the presence of N-methyl pyrrole at +1.1 V vs SCE (Figure 5.4c¢).

At this potential different regioselectivity was observed compared to at +1.8 V (Figure 5.3b);
only the C2 arylation product was observed suggesting the presence of a radical.'* Furthermore,
at this lower potential no vinyl fluoride products were observed in the presence of TBAF.”

With these combined experiments supporting the intermediacy of a vinyl radical after the first
oxidation at +1.1 V vs SCE, we propose the sequential ECE-type oxidation mechanism in Figure
5.5. DFT calculations were performed to further understand the initial oxidation event. Initial in
silico oxidation of the calculated HOMO of trifluoroborate anion 32 yielded delocalized radical
cation 33, in good agreement with experimental data at a calculated potential of +1.04 V vs SCE
(Figure 5.5a). We propose that this can subsequently eliminate BF; to yield vinyl radical 34 that
undergoes a second oxidation to yield vinyl carbocation 35 (Figure 5.5b). In the case of the
pinacol boronic esters, an equivalent of BPin-F is produced that was observed by "°F and ''B
NMR.° This carbocation intermediate can be trapped by nucleophilic fluoride in solution to

furnish vinyl fluoride product 2.
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a) Predicted initial oxidation
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b) Proposed mechanism
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Figure 5.5 a) Predicted initial oxidation. b) Proposed mechanism of boronate fluorination.
Calculated HOMO and oxidation potential using (uM06-2X/6-311++G(d,p) cpcm=acetonitrile //
uMO06-2X/6-31+G(d,p) cpcm=acetonitrile).

5.5 Conclusion

In conclusion, we report the novel generation of vinyl carbocations via a mild electrochemical
potential; from a synthetic standpoint the products of these reactions have potential application in
medicinal chemistry. Vinyl fluorides have been demonstrated to be effective enol mimics,'* are
considered bioisosteres of the peptide bond," and fluorinated drug compounds can often display
exquisite pharmacokinetic properties and binding affinity compared to the parent C—H
containing compound.'® While there are several reports of conversion of aryl boronates to aryl

fluorides, these reaction conditions commonly rely on the use electrophilic fluorine reagents and

silver salts.'” The use of easy-to-handle nucleophilic fluoride reagents has recently been reported
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for generation of aryl fluorides from aryl boronates, but there are few examples of the conversion

of alkenyl boronates to vinyl fluorides.'”"®

Moreover, vinyl fluorides are often synthesized from
alkynes, yielding di- or tri-substituted alkene products, while methods to access fully substituted
vinyl fluorides typically require prefunctionalized fluorination reagents.*'**° This
electrochemical method features short reaction times in moderate to good yield. Additionally,
mechanistic studies support the intermediacy of a vinyl radical followed by a second oxidation to

a vinyl cation; this evidence suggests that electrochemical oxidation may be a viable strategy to

. . . . . . . . . .21
access dicoordinate vinyl carbocations, emerging intermediates in organic synthesis.
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CHAPTER SIX

A Mechanistic Switch from Homoallylation to Cyclopropylcarbinylation of Aldehydes

6.1 Contributions

This is an author manuscript from the publication: Lee, W.; Polyak, D.; Xu, B.; Houk, K. N_;
Krauss, I. J. A Mechanistic Switch from Homoallylation to Cyclopropylcarbinylation of
Aldehydes. Org. Lett. 2022, 24, 4660—4664. . This
project was a collaborative work between the laboratories of Professor Kendall N. Houk at the
University of California, Los Angeles and Professor Isaac J. Krauss at Brandeis University.
Daniel Polyak and I are co-first authors of this publication. I conducted all computational

experiments while Daniel Polyak and Bokai Xu performed the experimental work.

6.2 Abstract

Cyclopropanated allylboration reagents participate in homoallylation reactions of aliphatic and
aromatic aldehydes, generating allylic-substituted alkenes that are difficult to produce via other
methods. In studying the effect of cyclopropane substituents, we discovered that an aryl
substituent completely changes the outcome to cyclopropylcarbinylation, as if the
cyclopropylcarbinyl fragment were transferred intact. However, density functional theory
computation suggested a novel mechanism involving ring opening and reclosure, which is

supported by experimental evidence.

6.3 Introduction
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Allylboration and crotylboration of aldehydes are well studied reactions, and a variety of
asymmetric variants have been developed, taking advantage of well organized closed transition
states that result in predictable stereochemical outcomes (Figure 6.1).' However, homoallylation
and homocrotylation reactions are less developed.” Our group has prepared cyclopropanated
allylboration reagents (cyclopropylcarbinylboronates), which homoallylate aldehydes through

Zimmerman-Traxler transition states® that are apparently analogous to allylboronates (TS-I, TS-

Im).*
allylation/crotylation:
X
8 ? X ¥
h R) II3 /C')i/\
EEEE—— R "l. Sx EE—
N (Me\)\/?\\.o = RN
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Figure 6.1 Allylboration versus homoallylation with cyclopropanated allylboron reagents.

During the course of a substituent scope investigation (see the preceeding manuscript), we
observed an anomalous result that has led us to a revised mechanistic hypothesis.” While
substitution of an alkyl group at the y position of the boronate has led to alkyl-containing
“homocrotylation” products with high stereospecificity (Figure 6.1), we were surprised to

observe that substitution of a phenyl group at this position led to cyclopropylcarbinylation (6 —
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7). Herein, we present mechanistic evidence that this transformation occurs through

cyclopropane ring opening and reclosure.

6.4 Results and Discussion

To explore potential mechanisms for this anomalous result, we undertook density functional
theory (DFT) calculations («B97X-D/6-311++G(d,p)/SMD (CH,Cl,))° (Figure 6.2).
Interestingly, the dichloroborane intermediate 6 derived from PhBCl, activation of 6 was
predicted to react through modified Zimmerman-Traxler transition state TS-V, in which the
cyclopropane breaks and reforms in a concerted asynchronous fashion. To test this prediction
experimentally, we prepared the deuterium-labeled reagent 6-d». Consistent with the DFT-
predicted mechanism, the deuterated methylene in the cyclopropane of boronate 6-d> was
replaced by a nondeuterated methylene in the cyclopropane of product 7-d>. To assign the
relative stereochemistry of 7, a crystalline analog was prepared; p-nitrobenzaldehyde (11) reacted
in good yield and was further derivatized as nitrophenylcarbamate 12. The X-ray crystal
structure of 12 showed that the relative stereochemistry of the cyclopropylcarbinylation product
was consistent with the DFT-predicted mechanism, in which the aldehyde substituent is oriented
equatorially in the chair transition state TS-V.

To further study the effect of the aromatic substituent, we prepared a cis analog of 6-d, (13,
Figure 6.3a). This reagent afforded the analogous cyclopropylcarbinylation product 14, but in
this case as a 2.3:1 cis/trans cyclopropane mixture. Interestingly, some homoallylation product
15 was also obtained, as well as a small amount of 1,1-disubstituted alkene 16. The position of

the deuterium labels was again consistent with a cyclopropane opening/closing mechanism, but,
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in this case, the presence of hydride shift product 16 and some cis—trans isomerization of the

cyclopropane suggested a carbocationic intermediate.

a) anomalous result
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Figure 6.2 Cyclopropylcarbinylation and mechanistic study.
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In fact, DFT calculations («B97X-D/6-311++G(d,p)/SMD (CH,Cl,)) (Figure 6.3b) also
predicted the cationic intermediate.

a) deuterium labeling studies
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Figure 6.3 Cyclopropylcarbinylation versus homoallylation with cis-phenyl reagent 13.

According to the calculations, cis reagent 13 reacts through a slightly higher initial activation

barrier than trans reagent 6 (AG = 18.9 kcal/mol vs 18.0 kcal/mol); however, instead of a
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barrierless reclosure of the cyclopropane, the cis reagent recloses the ring through a second
energy maximum TS-VIII (AG = 6.4 kcal/mol), to afford 14cis. The benzylic carbocation
intermediate 20 (AG = 4.2 kcal/mol) between these two maxima can alternatively reclose
cyclopropane with concomitant rotation of the phenyl ring (TS-IX, AG = 6.0 kcal/mol) to afford
14trans. To form the observed minor homoallylation product 15, cation 20 is predicted to
undergo a concerted carbon migration/B—C bond cleavage step (TS-VII, AG = 13.9 kcal/mol).
To probe the mechanistic factors that could favor homoallylation versus
cyclopropylcarbinylation pathways, we used analogous DFT calculations («B97X-D/6-
311++G(d,p)/SMD (CH,Cl,)) to evaluate the reaction pathway of known methyl-substituted

reagent (3, Figure 6.4a).
a) experimental results (ref 4b)
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Figure 6.4 Homoallylation with trans-methyl reagent 3.
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Although previous DFT calculations in the gas phase had suggested a concerted transition state
(TS II, Figure 6.1),"" the current computational method, including a solvation model, suggested
a two-step pathway. After a ring opening transition state TS X (AG = 16.0 kcal/mol; see Figure
6.4b) that is slightly lower in energy than TS V, a carbocation intermediate 22 is formed at 7.7
kcal/mol, but, in this case, the alkyl shift/B—C cleavage step (TS-XI) has a lower barrier than
that in the cis-phenyl analogue (AAG = 1.9 kcal/mol versus 9.7 kcal/mol; see Figures 6.3b and
6.4b). In 22, the secondary carbocation center is only 2.0 A from the methylene to which it was
previously bonded (as opposed to 2.4 A for benzylic carbocation 20) and the adjacent methine
carbon is distorted from a tetrahedral geometry. Together, these measurements suggest some non-
classical character in this carbocation; i.e., 22 leans toward an alkyl shift along the trajectory
leading to the observed homoallylation product 5’ (Figure 6.5a). Therefore, the homoallylation
preference observed with alkyl-substituted reagents may reflect the tendency of the initially
formed carbocation to undergo alkyl shift (2°—2°), whereas benzylic cation 20 is more stable
than secondary alkyl cation 24 and lacks this tendency, favoring attack by the B—C electron pair
directly at the benzylic carbocation. Note that the DFT calculations overestimate the energy of
homoallylation pathway compared with cyclopropylcarbinylation (Figures 6.6 and 6.7 in 6.7
Supplementary Information) both for phenyl and methyl substituents; the observed
homoallylation/cyclopropylcarbinylation ratios (1:2.8 for 15/14 and only homoallylation for 5)
are higher than those expected from the calculated energies. However, the calculations are
qualitatively consistent with the observation that homoallylation is more favored with the alkyl
substituent versus aryl.

Based on the calculated geometry for cis-phenyl derived intermediate 20, we noted that some

destabilization may result from steric interactions between the phenyl ring and the methylene
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attached to boron (Figure 6.5a, red hydrogens); we hypothesized that this destabilization may

contribute to disfavoring cyclopropylcarbinylation with 13, but not frans reagent 6.

a) structural analysis and selectivity hypothesis
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Figure 6.5 Reversal of the cyclopropylcarbinylation/homoallylation selectivity by electronic
tuning.

To test whether further destabilization of the benzylic cation could shift the balance in favor of
homoallylation, we prepared the boronate analogue 36 containing electron-poor arene (Figure

6.5b). Although heating was required for any reaction to occur with nitrobenzaldehyde (11),
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homoallylation product 37 was isolated exclusively with 64% yield, with no
cyclopropylcarbinylation product 39 or hydride-shift-derived 38. By comparison, 13 afforded
62% cyclopropylcarbinylation product 42 with the same aldehyde. Control experiments with 13

showed that temperature was not responsible for the change in selectivity.

6.5 Conclusion

In summary, we have discovered and mechanistically characterized a selectivity switch that
occurs in alkyl- versus aryl-substituted cyclopropylcarbinylboron reagents. Whereas alkyl
substituents are compatible with homoallylation, aromatic substituents alter the course of the
reaction, promoting cyclopropylcarbinylation through a ring-opening/ring-closing mechanism,
and this effect can be reversed with electron withdrawing arene substituents. Together with
computational studies, these data suggest that the balance between these two pathways is

dependent on the stabilization of cationic character on the cyclopropane carbon y to boron.
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6.7 Supplementary Information
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Figure 6.6 Calculated reaction pathways of phenyl-substituted boronate 13.
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Figure 6.7 Calculated reaction pathways of methyl-substituted boronate 3.
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CHAPTER SEVEN

Diastereoselective Radical Aminoacylation of Olefins through N-Heterocyclic Carbene

Catalysis

7.1 Contributions

This is an author manuscript from the publication: Liu, W.-D.; Lee, W.; Shu, H.; Xiao, C.; Xu,
H.; Chen, X.; Houk, K. N.; Zhao, J. Diastereoselective Radical Aminoacylation of Olefins
through N-Heterocyclic Carbene Catalysis. J. Am. Chem. Soc. 2022, 144, 22767-227717.

https://doi.org/10.1021/jacs.2c11209. This project was a collaborative work between the

laboratories of Professor Kendall N. Houk at the University of California, Los Angeles and
Professor Jiannan Zhao at the Dalian University of Technology. Wen-Deng Liu and I are the co-
first authors of this publication. I conducted all computational experiments while Wen-Deng Liu
carried out the majority of the experimental work. Postdoctoral fellow Dr. Xiangyang Chen
contributed to the analysis of the computational results. Wen-Deng Liu received experimental

assistance from Hanyu Shu, Chuyu Xiao, and Huiwei Xu.

7.2 Abstract

There have been significant advancements in radical-mediated reactions through covalent-based
organocatalysis. Here we present the generation of iminyl- and amidyl radical via N-heterocyclic
carbene (NHC) catalysis, enabling diastereoselective aminoacylation of trisubstituted alkenes.
Different from photoredox catalysis, single electron transfer from the deprotonated Breslow

intermediate to O-aryl hydroxylamine generates an NHC-bound ketyl radical, which undergoes
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diastereocontrolled cross coupling with the prochiral C-centered radical. This operationally
simple method provides a straightforward access to a variety of pyrroline and oxazolidinone
heterocycles with vicinal stereocenters (77 examples, up to >19:1 d.r.). Electrochemical studies
of the acyl thiazolium salts support our reaction design and highlight the reducing ability of
Breslow-type derivatives. A detailed computational analysis of this organocatalytic system
suggests that radical-radical coupling is the rate-determining step, in which n—r stacking

interaction between the radical intermediates subtly control the diastereoselectivity.

7.3 Introduction

Nitrogen-centered radicals are versatile reactive intermediates with broad applications in the
synthesis of N-containing heterocycles,'”* which are ubiquitous structural motifs in natural
products and pharmaceuticals.” Pre-functionalized oximes are excellent precursors for iminyl
radicals owing to their weak N—O bond.>* To supplement the classical methods for N-O bond
cleavage via microwave™ (>160 °C) or UV irradiation, "™ recent developments in the field of
photoredox catalysis™ provided an attractive way to access iminyl radicals from oxime ethers®
and acyl oximes’ under mild conditions (Figure 7.1a). These N radicals may undergo 5-exo-trig
cyclization onto tethered alkenes, providing access to pyrrolines (Figure 7.1b).%" Studer and
Leonori have shown, independently, that the resultant C-centered radicals could be
intermolecularly captured by Michael acceptors®™ or SOMOphiles®™ to form C—C, C-N, and C—
halide bonds. However, daunting challenges remain in the cyclization with 1,2-disubstituted
alkenes, which generated a prochiral carboncentered radical.®* ¢ The diastereoselectivity is not
controlled in the following radical-involved process due to nominal interaction between the

photocatalyst and radical-based intermediates, which undergo reaction with minimal activation
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barriers. One of the key breakthroughs in this field can be traced to a recent report by Yu and co-
workers, who achieved diastereoselective imination of this type by careful selection of vinyl

. . . 8
boronic acid as the radical acceptor.
(A) Generaction of iminyl radicals via photoredox catalysis

@)
o

Ry

A .
i @ R1YN <—@ R1YN\0)\COOH

acyl oximes
Yu et al., Xiao et al. Ro Ry
R4 /N\O/Ar iminyl radicals a-iminyl-oxy acids
\f Leonori et al.
Ra Studer et al.
O-aryl oximes
Leonori et al.
(B) Iminofunctionalization of 1,2-disubstituted alkenes
Challenge
: R radical R
N . 1 N 1 N R
\v Y 5-exo-trig \E)_@ acceptor \EH ®
R4 TR, R, R,
= chiral center prochiral radical poor d.r.

(C) Redox properties of enolate form of Breslow intermediates

© S}
—Y o ’ 0 ,
C = base
AL, e A, - St
A XJ B XJ
Enolate form of NHC-bound radical

Breslow intermediate

(D) This work: diastereoselective iminoacylation of olefin through NHC catalysis
Ph

SET
5-exo-trig

Diastereoselective radical-radical coupling

Figure 7.1 a) Generation of iminyl radicals via N-O bond homolysis. b) Access to pyrroline
derivative with vicinal stereocenters. ¢) Radical NHC catalysis. d) Diastereoselective
iminoacylation of trisubstituted olefin.

In this context, the development of an appropriate catalytic system capable of controlling
diastereoselectivity in radical-radical coupling reactions is highly desirable and would be of

great synthetic importance. In contrast to the use of a photoredox catalyst, we envisioned that
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covalent-based organocatalysis could provide an opportunity to control the stereochemistry in
radicalinvolved reactions’ due to the strong interaction between the catalyst and the reactant.
N-Heterocyclic carbenes (NHCs) are well-known as nucleophilic organocatalysts' for the
umpolung of aldehydes via Breslow intermediates.'' Moving from traditional ionic chemistry

13.14 revealed that

logic to a radical approach, recent electrochemical'? and methodological studies
the reduction potential of deprotonated Breslow intermediate A was sufficiently negative to

perform single electron transfer (SET) with various single electron acceptors, such as TEMPO,'**

14c-f l4g,h

nitro compounds, and polyhalides ™" (Figure 7.1¢). Pioneering studies from Ohmiya’s
group reported NHC-catalyzed radical decarboxylative coupling of aldehydes with redox-active
esters, allowing for the rapid assembly of functionalized ketones."” In these processes, the
deprotonated Breslow intermediate A can serve as both a single electron donor and an acyl
radical equivalent for subsequent C—C bond formation. In the past few years, the synthetic
potential of NHC radical catalysis was significantly extended to a number of SET-mediated

. 16-18
transformation processes.

It is worthwhile mentioning that this attractive strategy provides
the possibility for stereocontrolled radical reactions, since the NHC catalyst is associated with
the C-centered radical B through a covalent bond.

Herein, based on the above hypothesis, we report the development of an NHC-catalyzed process
capable of generating N-centered radicals and achieving diastereoselective aminoacylation under
metal- and light-free conditions. As illustrated in Figure 7.1d, single electron reduction of oxime
ether I by the electron-rich Breslow intermediate A triggered the formation of C-centered radical
C after 5-exo-trig cyclization. We envisioned that the resulting NHC-bound ketyl radical B could

differentiate competing stereomeric transition states of the prochiral radical C and allow

diastereoselective radical-radical coupling. This organocatalytic protocol afforded access to
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functionalized pyrrolines, which can be further transformed to interesting oxazinanone and
indolizidine heterocycles. Moreover, we recognized an opportunity for amidyl radical generation
and used them in diastereoselective amidoacylation of tethered alkenes.”'” Integrated
experimental and computational studies revealed that the precise stereocontrol is attributed to
steric hindrance on the NHC organocatalyst and 7—z stacking interaction between radicals B and

C.

7.4 Results and Discussion
Reaction Development. We envisioned a prospective catalytic cycle for the NHC-catalyzed

olefin iminoacylation as shown in Figure 7.2.

NHC SN
catalytic cycle R J

C
I
T 5-exo-trig )NO\)\
Ph A3 ph

D
Figure 7.2 Prospective catalytic cycle.

We anticipated that the deprotonated Breslow intermediate A would be generated from a
thiazolium-type NHC and aldehyde II in the presence of a base. The subsequent SET event
between the enolate A and oxime ether I would produce the ketyl radical B and iminyl radical D

after homolysis of the N-O bond. Next, in accord with literature precedent,””® we expected the
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iminyl radical D to perform 5-exo-trig cyclization to furnish a new C—N bond and the prochiral
C-centered radical C, which would undergo diastereoselective radical cross-coupling with B.
Finally, elimination of NHC from intermediate E would regenerate the organocatalyst and afford
the desired pyrroline product III with vicinal stereocenters.

Inspired by Leonori’s pioneering studies on the electron-poor O-aryl oximes,” we began our
reaction condition optimization with NO,-substituted oxime 1a due to its ease of SET reduction
(Table 7.1). Initially, the iminoacylation reaction with aromatic aldehyde 2 was performed in the
presence of DBU and N-2,4,6-trimethylphenyl-substituted six-membered ring fused thiazolium
salt N1 (20 mol%). As shown in Table 7.1, we were pleased to find that the desired pyrroline 3
was obtained in good yield with 5:1 d.r. (entry 1). Encouraged by this result, the
diastereoselective iminoacylation was evaluated by other NHC precusors. Gratifyingly,
diisopropyl substituted thiazolium salt N2 significantly improved the diastereoselectivity,
furnishing 3 in 79% yield with >19:1 d.r. (Table 7.1, entry 2). Further investigation of the
backbone moiety revealed that the seven-membered ring fused thiazolium salt N4 was more
efficient, increasing the yield to 91% as well as retaining the excellent diastereoselectivity (Table
7.1 entry 4). The N-neopentyl-substituted N5 showed comparable reactivity, but it induced lower
diastereoselectivity (entry 5). Other NHCs bearing triazolium (N6) or imidazolium (N7)
structures were ineffective under otherwise identical conditions (entries 6 and 7). The substituent
on the O-aryl oxime was also critical for this reaction. When 2,4-dinitro-substituted aryl oxime
1b was subjected to the reaction conditions, 3 was formed in much lower yield (entry 8 versus
entry 4). Further evaluation of the solvents led to inferior yield (entries 9—11). Pleasingly, the
amount of NHC precatalyst could be reduced to 5 mol% without any loss in the yield and

diastereoselectivity (entry 12).
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NHC (20 mol%)
)\/\)\ DBU 50 mol%
DMSO, N, 30 °
1a: Ar = 4-NO,-CgH, COzMe

1b: Ar = 2 4- (NOQ) CGHS Ar =4- MeOOC CGH4
NHC Catalysts

CIO, Me CIO iPr ClO Me CIO iPr
N1 N2 N3 N4
o Tt
N
- ep =N sagh &
_ Me Me Me Me
A+ C|O4_ BF, Me (¢]]
N5 N6 N7

entry NHC catalyst  solvent yield (%)” d.r’

1 N1 DMSO 68 5:1
2 N2 DMSO 79 >19:1
3 N3 DMSO 51 5:1
4 N4 DMSO 91 >19:1
5 N5 DMSO 92 2.5:1
6 N6 DMSO trace -

7 N7 DMSO trace -
8¢ N4 DMSO 28 >19:1
9 N4 DMF 68 >19:1
10 N4 CH;CN 35 >19:1
11 N4 CH,CI, 42 >19:1
12¢ N4 DMSO 91 >19:1

“Reactions were carried out with 1a (0.1 mmol), 2 (0.15 mmol), NHC catalyst (20 mol%) and
DBU (0.5 equiv) in 1.0 mL of solvent at 30 °C for 12 h. “Yields of isolated products.
Diastereomeric ratio (d.r.) values were determined by 'H NMR. “1b was used instead of 1a. 5
mol % N4 was used.

Table 7.1 Optimization and control studies.”
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Substrate Scope. With the optimized conditions in hand, we next explored the generality of the
iminoacylation of trisubstituted alkenes. The observed excellent diastereoselectivity led us to

first examine the reaction of O-aryl oxime 1a with various aldehydes (Figure 7.3).

OAr N4 (5 mol%)
N~ i DBU (50 mol%
| + o
Ph)vv/LPh H R DMSO, Ny, 30 °C S\/ @

1a: Ar = 4-NO,-CgHy Clo, iPr
Aldehyde Scope

Ph COOMe Br cl F CF
SN © YO/ Br z(@/

7, R 3, 1.08 g, 88% yield? 4, 84% yield 5, 90% yield® 6, 83% yield 7, 84% yield 8, 95% yield
Ph 91% yield, >19:1 d.r. >19:1d.r. 15:1 d.r. >19:1 d.r. >19:1 d.r. >19:1 dor.
\\ Y
%Q YQ/ VQ Y©/ %/Q ﬁ.‘ ol <
9, 93% yield 10, 66% yield? 11, 64% yield? 12, 58% yield? 13, 74% yield? ~—j; . '\ <
15:1dr. >19:1dr. >19:1dr. >19:1dr. >19:1d.r. T/\ (X-ray)
lo) Ph N
Lo O O SO p S
14, 73% yield® 15, 1.06 g, 75% yield®® 16, 70% yield? 17, 85% yield? 18, 75% yield 19, 53% yield® 20, 75% yield?
>19:1dr. 79% yield®, >19:1 d.r. >19:1 d.r. >19:1d.r. >19:1dr. >19:1d.r. >19:1 d.r.
| SN B B Ph cl
_ o < ‘222/\/ %.(\/\ ‘ezz/\/\/ ‘zzz/\
21, 90% yield® 22, 42% yield? 23, 57% yield? 24, 90% yield" 25, 85% yield" 26, 83% yield" 27, 91% vyield’
>19:1dr. >19:1d.r. >19:1d.r. 4:1dr. 4:1d.r. 4:1dr. 3:1dr
o._ 0O O)§<
No? Z I
z{A YQ/CN ngg L(Q/s\ /©/S\ \/Q/ Y{js\o
28, 79% yield" 29, 79% yield 30, 88% yield® 31, 77% yield? 32, 87% yield 33, 75% yield® 34, 65% yield?
251d.r. >19:1d.r. 3:1dr. >19:1 d.r. >19:1d.r. >19:1d.r. >19:1 d.r.

Late-stage Modification

35, 91% yield, >19:1 d.r. 36, 75% yield9, >19:1 dr 37, 81% yield9, >19:1 d.r.
from (-)-Menthol from Estrone from Cholesterol

o)

Me
Y

o

“Reaction conditions: O-aryl oxime 1a (0.1 mmol), aldehyde (1.5 equiv), NHC precatalyst N4 (5
mol %), DBU (50 mol %) in DMSO (1.0 mL) at 30 °C for 12 h. Isolated product yields.
Diastereomeric ratio (d.r.) values were determined by "H NMR. ”3.0 mmol of 1a was used. ‘10
mol % of catalyst was used. “20 mol % of catalyst was used. 4.0 mmol of 1a was used. /
Reaction was performed with NHC precatalyst N5 (20 mol %) and Cs,CO; (50 mol %) at 60 °C.
¢Reaction was performed in DMSO/CH,Cl; (4.0 mL, v/v = 1:1).

Figure 7.3 Scope of aldehydes.”
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To our delight, the developed NHC catalyzed radical reaction was effective over a wide range of
aryl aldehydes to furnish the pyrroline products 3-23 in satisfying yields with excellent
diastereoselectivity. It needs to be mentioned that the outcome was influenced a little by the
electronic nature of the substituents on the aromatic ring. Generally, electron-deficient aryl
aldehydes gave the desired products (3—9) with better yield and lower catalyst loading than the
electron-rich ones (10-14). Additionally, the relative stereochemistry of the functionalized
pyrroline was established by X-ray diffraction analysis of 13. The diastereoselective
transformation also proceeded smoothly with naphthyl (17) and various heteroaryl aldehydes
such as substituted quinoline (18), pyridine (19-21), furan (22), and thiophene (23). In addition
to aromatic aldehydes, we found that this strategy is amenable to aliphatic aldehydes (24-28)
employing less sterically demanding N5 instead of N4.'* Notably, diverse functionalities
including nitrile, thioether, alkyne, and boronic ester were all competent (29—34). The broad
functional group compatibility of the reaction encouraged us to investigate its practicality for
late-stage functionalization of natural products. (—)-Menthol, estrone, and cholesterol-derived
aldehydes were all compatible with the reaction conditions, providing the corresponding
products (35-37) in 75-91% yield with complete diastereoselectivity. Furthermore, this
iminoacylation reaction can be conducted on a gram scale, enabling the practical synthesis of
pyrroline derivatives. The synthesis of pyrroline 3 and 15 was scaled up to give 1.1 gram of
product in 88% and 75% yield, respectively.

Having investigated the aldehyde scope, we were interested in exploring the synthetic robustness
of this diastereoselective iminoacylation reaction with other iminyl radical precursors. To this

end, a variety of oxime ethers were prepared, and tested with the NHC catalyzed reaction. As
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shown in Figure 7.4, the steric and electronic properties of the substituents on the aryl group

(R1) had a slight influence on the reaction outcomes (38—44).

_OAr Ry
b R 0 N4 (5 mol%)
DBU (50 mol%) Ri /N O _N—"p
R‘WHZ k _ 7 - N4 = iPr

o R
R ORe Ho A DMSO, N, 30 °C s Ar s AN

+

Ry R S
1: Ar = 4-NO,-CgH, 2: Ar = 4-MeOOC-CgH, 2 ClO, iPr

Oxime Modifications

g
Q

e

“Ph

38, 83% vyield 39, 91% yield 40, 92% yield 41, 95% yield 42, 94% yield 43, 87% yield
Ar = 4-MeOOC-CgH, >19:1dr. >19:1dr. >19:1d.r. >19:1dr. >19:1dr. >19:1dr.
OMe
90 (3 (3
o S &S/\/Ph E/\/Ph
44, 86% yield 45, 87% yield 46, 77% yield 47, 91% yield 48, 72% yield 49, 73% yield 50, 75% yield
>19:1dr. >19:1d.r. >19:1d.r. >19:1dr. >19:1dr. >19:1d.r. 12:1dr

Tether Modifications

/
z
(@]
b

o

e

51, 81% yield 52, 84% yield 53, 83% yield 54, 85% yield 55, 91% yield 56, 98% yield
Ar = 4-MeOOC-CgH, >19:1d.r. >19:1d.r. >19:1d.r. >19:1d.r. >19:1d.r. >19:1d.r.
Ph Ph Ph Ph Ph
=N (o] =N O =N o =N (o] =N (o]
Ar Ar Ar Ar Ar
Et” Ph Ph H H Ph
57, 25% yield? 58, 99% yield 59, 35% yield® 60, not detected 61, 84% yield 62, 86% yield
>19:1d.r. 2:1dr >19:1d.r. 3:2d.r.

“See Figure 7.3. Isolated yields. Diastereomeric ratio (d.r.) values were determined by 'H NMR.
?20 mol % of catalyst was used. “50 mol% of Cs,CO; was used instead of DBU.

Figure 7.4 Scope of oximes.”
Fused-ring, furan and thiophene-substituted oximes were viable substrates for producing the
cyclic products in good yields with >19:1 d.r. (45-47). Notably, the catalyst system was also
effective with alkyl and alkenyl-based substrates (48-50). With respect to the pendant alkene
moiety, a variety of trisubstituted olefins with different substitutes on the aromatic ring (R,) were
successfully accommodated (51-56). For the substrates containing disubstituted olefin (58),
diastereoselectivity was low due to enolized racemization. Dimethyl substituted alkene could
also be used as an acceptor, albeit with lower yield for the target 59. Unfortunately, oxime with

terminal double bond (60) was not successful, presumably due to the instability of the primary
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radical generated by cyclization. In addition, oxime substrates that contain gem-dimethyl
substituents at the alpha-position of the C=N double bond (R4= Rs= Me), worked smoothly to
deliver product 61 in high yield. When tetralin oxime was used, tricyclic product 62 was

obtained in 84% yield, albeit with lower diastereoselectivity.

Synthetic Applications. To further demonstrate the synthetic utility of this reaction, the
conversion of product 15 into various derivatives was examined. As shown in Figure 7.5, the
functionalized pyrroline derivative 15 can further participate in several carbonyl-based
transformations, including the Wittig reaction to form alkene 63, and Baeyer-Villiger oxidation
to afford carboxylic ester 64. Hydrogenation of the imine offers opportunities to generate
pyrrolidine derivatives. The pyrrolidine derivative 65 could be converted into 3-amino alcohol 67
under reductive conditions. Cyclization of 67 with 1,1’-carbonyldiimidazole (CDI) in THF at
reflux temperature gave the 1,3-oxazinan-2-one derivative 68 in 84% yield without any loss of
diastereoselectivity. The structure of cycloadduct 68 was unambiguously confirmed by an X-ray
crystallographic analysis. Furthermore, acylation of 65 followed by ring-closing Wittig reaction
yielded the indolizidine derivative 70, which is an important framework of many natural

products.*
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Ph Ph

EEp e
=N NH OH f N (o)
—_—
7 “Ph " "Ph " ""Ph
‘Ph ‘Ph “Ph
68

63 67
78% yield, >19:1 d.r. 73% yield, >19:1 d.r. 84% yield, >19:1 d.r.
Ph Ph
Ph Ts
~N o c NH O d N (6]
7 Ph 7 "Ph
oty Ph "Ph
65 66

83% yield, >19:1 d.r. 83% yield, >19:1 d.r.

64 69 70
63% yield, >19:1 d.r. 90% yield, >19:1 d.r. 69% yield, >19:1 d.r.

“Reaction conditions: (a) PPh;CH;Br, n-BuLi, THF, —78 °C to r.t.; (b) m-CPBA, NaHCOs,
CHCly, r.t.; (¢) 10% Pd/C, H, (1 atm.), EtOAc, r.t.; (d) TsCl, EtsN, CH,Cl,, r.t.; (¢) NaBHs,,
MeOH, 0 °C to r.t.; (f) CDI, THF, reflux; (g) bromoacetyl bromide, Et;N, CH,Cl,, 0 °C to r.t.; and
(h) PPhs, THF, r.t., then NaH, THF.
Figure 7.5 Synthetic transformation of 9.

Experimental Investigations on the Reaction Pathways. Upon exploration of the
diastereoselective iminoacylation to display broad scope and high synthetic applicability, we
were encouraged to investigate mechanistic details (Figure 7.6). In order to investigate the redox
properties of Breslow-type derivatives, a series of acyl thiazoliums F were synthesized for cyclic
voltammetry studies.”’ As shown in Figure 7.6a, scan of F1 in CH;CN containing 0.1 M

nBwNPF¢ produced two successive reversible reduction waves. It features a reversible first

reduction wave at E11/2 =—0.53 V versus SCE, which corresponds to the reduction of F1 to ketyl

radical B1. Importantly, further single-electron reduction of persistent radical B1 afforded
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enolate A1 with significantly lower potential (Elz/2 [B1/A1] = —1.32 V vs SCE). The electronic

properties of the substituents on the aryl group had a slight influence on the reduction potentials

(Ef/Z[BZ/AZ] = —-1.36 V vs SCE; E12/2[B3/A3] = —1.29 V vs SCE). These results highlight the

strong reducing ability of Breslow-type derivatives, thus making the ground-state SET with
oxime ether 1a (Ep, [1a/l1a”] =—1.04 V vs SCE) exergonic (AGsgr = —5 kcal mol ').***

To further probe the involvement of NHC-bound ketyl radical B, a chiral NHC precatalyst N8'®
was tested under the reaction conditions (Figure 7.6b). We envisioned this may facilitate the
enantioselective iminoacylation of olefins. However, the coupling product 3 was obtained as a
racemic mixture (eq 1), presumably due to the influence of a racemic stereocenter in the coupling
partner C. Thus, we prepared oxime 71, and tested it with benzaldehyde and N8 (eq 2). In this
case, we proposed that the iminyl radical would undergo intramolecular 1,5-hydrogen atom
abstraction (HAT) rather than cyclization, delivering the acyclic radical G.***¢ As the result, 1,5-
dione 72 was isolated with 16% ee. This outcome supports our hypothesis of the formation of the
NHC-bound ketyl radical B and its participation in the radical-radical coupling step. Meanwhile,
a radical trapping experiment was conducted (Figure 7.6¢). In the presence of 3.0 equiv of
PhSeSePh, the standard reaction of 1a and 2 furnished the selenide 73 in 63% yield. Moreover,
oxime ether 74, which bears a 2-phenylcyclopropyl group, was synthesized as a radical clock
(Figure 7.6d). In this event, the NHC catalyzed reaction gave the expected fragmentation
product 75 as a mixture of diastereomers. Pleasingly, two of the isomers were isolated in 30%

yield and fully characterized, which provided strong support for the formation of the C-centered

radical C.
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A) Cyclic voltammetry experiments? B) Reaction with chiral NHC

Ph : NH
«10° — F1,R=H w cyclization b 1,5-HAT
— F2,R=0Me D % -_— )‘\/\@
J — R ReBr E1A o Ph Ph

2 c iminyl radicals G Ph
acyl th|azo||um Racemic intermediate Acyclic intermediate
g 0 Ph
= - _OAr o) N8 (20 mol%) ~
g )N‘\/\)\ )I\ DBU (50 mol%) I i (1)
= +
5 Ph Z>en ¥ M A TBMso, Ny, 30 °C 7 Sar
O 2+ ‘Ph
1a: Ar = 4-NO»-CgH,  2: Ar = 4-MeOOC-CgHy 3 81% yield
3% ee, >19:1 d.r.
4 P
N/OAV NHC (20 mol%) o o
. I . 1 R 1 . 1 | . o Cs,C03 (50 mol%) o
-20 15 10 05 00 ph)\A(H A p TCHONIH,0 = 911 Ph)‘\/\(“\Ph @
Potential (V vs SCE) Ph Np, T Ph
71: Ar = 4-NO,-CgH, 72
NHC T yield ee
R Efi (Vvs SCE) N4 80°C  51% 0%
/‘,krj 4’ Q/l\rj _1 32 g N8 80 GC 540/0 O%
-1.36 - S A N4 30°C 12% 0%
NHC-bound enolate form of -1.29 ¢ N8 30°C 10% 16%
ketyl radical Breslow intermediate
C) Radical trapping experiment D) Radical clock experiment
N4 (20 mol%) o Ph
DBU (50 Mot oBUGOmOR) O
1a + 2  PhSeSePh (3.0 equlv) Seph )\/th + 2 DMSO No 30°C
o o
DMSO, N,, 30 °C 2 30 Z Ph
“Ph Ph
73, 63% vyield, 6:1 d.r. 3, trace 74: Ar = 4-NO,-CgH, 75, 30% yield

“Cyclic voltammetry of 1 mM F in CH3CN with 0.1 M nBusNPF; electrolyte at a 100 mVs !
rate. Each voltammogram was obtained independently.

Figure 7.6 Experimental mechanistic studies.
Computational Studies. To better understand the mechanistic details, energy profiles of the
proposed pathways were evaluated by density functional theory (DFT) calculations (Figure 7.7).
Addition of NHC catalyst N4’ to m-anisaldehyde 13’ occurs via TS1 (21.0 kcal/mol) to form
INT1, which is further deprotonated by DBU to form Breslow intermediate INT2 and DBU-H'.
Oxime 1a and Breslow intermediate INT2 undergo SET to generate reduced oxime INT3 and
oxidized Breslow intermediate INT4. Then, fragmentation occurs from radical anion of oxime
INT3 to produce N-radical intermediate INT7 and phenoxide INTS that forms phenol INT6 by
protonation with DBU-H'. N-radical intermediate INT7 cyclizes via TS2 (-11.2 kcal/mol) in
order to form cyclized radical intermediate INTS8. Oxidized Breslow intermediate INT4, which

was generated by SET, undergoes coupling with cyclized radical intermediate INT8 via TS3 (—
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15.9 kcal/mol) to produce coupling intermediate INT9. NHC elimination via TS4 (-21.7
kcal/mol) from intermediate INT9 generates product and regenerates NHC catalyst N4°. The
overall reaction progress is exergonic by 50.1 kcal/mol. Based on the computational results, the
radical coupling step is the rate-determining step. While radical coupling often occurs with very
low barriers, both of these radicals are stabilized and sterically hindered.

Since the radical coupling step is the rate-determining step, cyclized radical intermediate INT8
or oxidized Breslow intermediate INT4 can be trapped by radical traps such as PhSeSePh. As
shown in Figure 7.6¢, experimental mechanistic studies observed radical trapping of cyclized
radical intermediate INT8 by PhSeSePh. Both computational and experimental studies support
that the rate-determining step is the radical coupling step.

In addition to describing the overall reaction pathway, we explored the origin of
diastereoselectivity in the radical coupling. We found TS3, which forms the experimental
product that is confirmed by X-ray crystallography, and TS3’ forming its diastereomer (Figure
7.7). TS3 is favored by 1.5 kcal/mol compared to TS3’, which is close to the experimental
outcome (>19:1 d.r, approximately 1.7 kcal/mol). We think that the energy difference between
TS3 and TS3’ is caused by favorable z— interactions, likely mainly dispersive attraction
between phenyl of the cumene substructure and thiazole of the NHC substructure in TS3 (Figure
7.7¢). In contrast to TS3, 7 interactions are not involved in TS3’ (Figure 7.7¢). TS3’ is a
perfectly staggered conformation as is generally favorable, but TS3 can bring the two aromatics
into appropriate attractive distances. For the validation of our hypothesis of 77— interaction
involvement in the diastereoselectivity-determining step, we conducted single point calculations

of TS3a and TS3a’ with the phenyl substituent replaced by H (Figure 7.7d).
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A) Energy profile of the overall reaction

.+ R
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N& Ph Ph
37 INT3
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Ar Ph
Cyclization
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-11.2

Radical coupling

NO,
-15.9

NHC elimination

o N Ph _21.7
INT5 ph)J\/\/l\
INT7
pBU-H®
NO,
+ DBU
OH
INT6

product

Reaction Coordinate

B) Comparison between computational and experimental results  C) Structure of TS3

(favored) (disfavored) 753 783
Front view Side view
Exeperiment: AAG >1.7 kcal/mol (>19:1 d.r)
C jon: AAG = 1.5 (13:1d.r)

D) Energy difference between TS3 and TS3'’ in the absence of Ph  E) Structure of TS3’

replaced Ph with H

Nl /]
N\
L O
H
\
N\

\
N replaced Ph with H

TS3a - replaced Ph with H TS3a’ - replaced Ph with H
(disfavored) (favored)
I . TS3’ TS3’
Comy AAE =-1.4 (1:11 d.r) Front view Side view

“Computational studies are performed with (u)wB97X-D/def2-tzvpp/SMD=DMSO//(u)wB97X-
D/def2-svp/SMD=DMSO at 298.15K. The unit of Gibbs free energies is kcal/mol.

Figure 7.7 Computational mechanistic studies.
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Here, TS3a became disfavored by 1.4 kcal/mol due to the unfavorable eclipsed structure. It
shows that the role of z— interactions by the phenyl substituent is important to control the

selectivity. Thus, we suggest 77— interactions contribute to lower the energy of TS3 relative to

TS3.

Further Classes of Reactivity. Building on the mechanistic understanding of this NHC-
catalyzed radical reaction, we decided to evaluate whether this strategy could be applied to the
generation of amidyl radicals. Gratifyingly, the diastereoselective amidoacylation of olefins was
achieved (Figure 7.8). We hypothesized that electron-poor aryloxy-amide 76a (R = Ph, E,» =
—0.97 V vs SCE) would be an ideal amidyl radical precursor.'”™ Upon SET reduction and
homolysis of the N-O bond, the amidyl radical H is expected to undergo 5-exo-trig cyclization.
The resultant C-centered radical I subsequently engages in radical-radical coupling with B to
form the desired oxazolidinone derivative and regenerate the NHC catalyst. We anticipated that
the NHC-bound ketyl radical B would differentiate the stereochemistry of I, affording the cyclic
carbamate with excellent diastereoselectivity.

The desired transformation was feasible to afford the coupling product by employing reaction
conditions similar to the ones presented above. However, we realized that the amidyl radical may
undergo HAT to provide the amide byproduct 77 owing to its electrophilic nature.** This
competing pathway led to a decrease in the formation of amidoacylation products. Scope
investigation demonstrated that a series of aldehydes bearing electron-rich or electron-deficient
groups at the para- and meta-positions were compatible with the reaction, giving 78-90 in good
yields. Additionally, the oxazolidinone 91 generated from 2-naphthaldehyde afforded single

crystal, enabling X-ray structure determination to confirm the relative stereochemistry.
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Figure 7.8 Diastereoselective amidoacylation of olefins.”
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In regard to the R on the alkene moiety in 76, several phenyl rings were applicable to the
reaction. Importantly, we obtained oxazolidinone derivatives with excellent diastereoselectivity,

further demonstrating the significance of this organocatalytic system.

7.5 Conclusion

In summary, we have developed a synthetic method for the diastereoselective iminoacylation and
amidoacylation of trisubstituted alkenes under covalent-based NHC radical catalysis. Central to
the success of this strategy is the formation of a thiazolium derived Breslow intermediate with
proper sterics, which not only promotes single-electron transfer but also controls the
diastereoselectivity. This approach provides ready access to functionalized pyrrolines, which are
easily elaborated to the synthesis of pyrrolidines. The combined experimental and computational
investigations of this organocatalytic system provide an understanding of how diastereoselective
radical-radical coupling occurs and suggest that the radical coupling step is the
diastereoselectivity- and rate-determining step. A series of acyl thiazoliums, the most oxidized
Breslow-type derivatives, were synthesized for cyclic voltammetry studies, indicating redox
potentials as negative as —1.36 V versus SCE. Further application of this strategy to
enantioselective radical-involved transformations is anticipated in view of the tremendous

success of chiral NHC in asymmetric organocatalysis.
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CHAPTER EIGHT

Divergent Radical and Cationic Pathways in C(sp’)-H Bond Oxygenation of Bicyclic and

Spirocyclic Hydrocarbons Bearing Cyclopropane Moieties Promoted by Dioxiranes
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Professor Kendall N. Houk at the University of California, Los Angeles and Professor Massimo
Bietti at the University of Rome, Tor Vergata. Marco Galeotti and I are the co-first authors of
this manuscript. As a computational organic chemist, I conducted all computational experiments
while Marco Galeotti performed the majority of the experimental work. Marco Galeotti received

experimental assistance from Sergio Sisti, Martina Casciotti, and Michela Salamone.

8.2 Abstract

Through the application of experimental and computational methods, we have investigated
mechanisms of the C(sp”)~H bond oxygenation in bicyclic and spirocyclic hydrocarbons via 3-
ethyl-3-(trifluoromethyl)dioxirane (ETFDO). We show the significant influence of
hyperconjugative effects on site- and stereo-selective oxygenations. Furthermore, our work
demonstrates the presence of cationic intermediates in ETFDO oxygenations. Importantly, this
elucidates the involvement of electron transfer pathways in dioxirane-mediated aliphatic C—H

bond oxygenations.
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8.3 Introduction

The cyclopropyl group is an important and versatile motif that, because of its characteristic
structural and bonding features,' when introduced into organic molecules can modify their
properties and provide moreover access to a variety of useful synthetic transformations.
Accordingly, cyclopropane containing molecules are finding increasing application in organic
synthesis,” in drug development,’ and as functional molecules in different fields.* The
cyclopropyl group is also present in several natural products including terpenoids, steroids and
alkaloids, among which, many show biological activity and may serve as potential drug leads.’
A promising approach for structural diversification of cyclopropane containing molecules is
represented by C(sp’)-H bond functionalization, a mainstream topic of modern synthetic
chemistry.® The presence of cyclopropyl groups has been shown to direct functionalization at
adjacent sites via hyperconjugative activation, where overlap between a cyclopropane C—C
bonding orbital and the 6* antibonding orbital of an a-C—H activates this bond toward
functionalization (Figure 8.1a), providing a powerful handle to implement site-selectivity in
these reactions.*

Concerted insertion or two step hydrogen atom transfer (HAT) strategies are typically amenable
for this purpose. In the latter case however, because the intermediate a-cyclopropyl carbon
radicals formed in the HAT step are known to undergo rapid rearrangement,’ the procedure is
limited to the use of reagents that ensure very fast radical capture, preventing competitive
unimolecular pathways and delivering the unrearranged functionalized product. Metal-oxo
species,” dioxiranes,” and oxaziridines'® are examples of such reagents, able to promote

stereoretentive C(sp’)-H oxygenations.
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Along these lines, the C—H bond oxygenation of linear, bicyclic and spirocyclic substrates
bearing cyclopropane moieties has been studied employing a variety of oxygenation reagents.''
High selectivity for hydroxylation and/or ketonization at the activated a-methylenes over other
sites has been generally observed. Similar selectivity patterns have been observed in
dihalocarbene insertions into the C(sp’}-H bonds of hydrocarbons bearing cyclopropane
moieties.'?

In the framework of synthetically useful procedures, the full potential of this activation is
witnessed by the results obtained by White in the site-selective C—H bond ketonization of a
terpenoid derivative,''" and by Baran in the site-selective and stereoselective C—H bond
hydroxylation employed in an intermediate step of the total synthesis of (+)-phorbol (Figure
8.1a)."° In the former example, hyperconjugation synergistically cooperates with electronic
effects to direct oxidation with H,O, catalyzed by the Fe (R,R)-pdp complex, toward the a-
methylene site that, albeit sterically more hindered, is most remote from the carbonyl group. In
the latter one, hydroxylation promoted by 3-methyl-3-(trifluoromethyl)dioxirane (TFDO)
selectively occurs at the C—H bond of the a-methylene that is cis to the cyclopropane moiety,

that is activated by optimal hyperconjugative overlap.
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a) Hyperconjugative C2H Activation by Cyclopropanes
Q Hyperconjugative orbital overlap Q Implementing site-selectivity in CBH bond oxygenation

Fe (R,R)-pdp

! j>§§zoz AcOH

White Science 2010 Baran Nature 2016

b) Cyclopropane Containing Hydrocarbons as Mechanistic Probes:

Q Unrearranged vs rearranged functionalization products ! Q Involvement of cationic intermediates

\ \ r
ph—<]; —HAT—>Ph—<I: ;»ph*-/_/wi & — HAT —> & —ET— 6
l k=1x10"s" l
Ph—] Y 6/ iﬁ

Figure 8.1 Use of cyclopropyl containing substrates. a) To implement selectivity in HAT-based
C-H bond functionalization procedures. b) To probe mechanisms.

Because of the abovementioned tendency of a-cyclopropyl carbon radicals to undergo rapid
rearrangement,’ cyclopropane containing substrates are coveted mechanistic probes to study the
involvement of radical intermediates in a reaction,'® to assess the concerted, radical and/or

8a.15 45 well as to calibrate the

cationic nature of enzymatic and biomimetic reaction mechanisms,
rates of competing radical reactions (Figure 8.1b). For example, with trans-1-ethyl-2-
phenylcyclopropane, the carbon radical formed following HAT from the side-chain ethyl group
undergoes ring opening with k& = 1 x 10" s-!, and this probe has been employed to calibrate the
rate constant for recombination of the radical couple formed in the first step of its reaction with
dimethyldioxirane (DMDO).'® A rate constant k=4 x 10'* s™' has been estimated at room
temperature corresponding to a lifetime of the radical couple of 200 fs.

With spiro[2.5]octane, the corresponding a-cyclopropyl carbon radical undergoes cyclopropane

1 15a

ring-opening with k&, =5 x 10" s In the framework of the oxygenation of this substrate
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promoted by metal-oxo species,llf dioxiranes,''® ozone,''® and cytochrome P450 enzymes,15 “no
evidence for the formation of products deriving from radical rearrangement has been observed,
in line with the relatively low value of ; that prevents competition of this pathway with the
radical capture or radical recombination steps.

With substrates such as spiro[2.5]octane and bicyclo[4.1.0]heptane (norcarane), the product
distribution can also provide information on the possible involvement of cationic intermediates,

revealing the occurrence of competitive ET steps.'™

In the specific case of spiro[2.5]octane,
formation of bicyclo[4.2.0]octan-1-0l can provide conclusive evidence for the involvement of a
cationic intermediate. To the best of our knowledge, evidence for the formation of rearranged
alcohol products has been only obtained in a very recent study on the oxygenation of
spiro[2.5]octane and 6-tert-butylspiro[2.5]octane promoted by manganese-oxo species where,
leveraging on the use of fluorinated alcohol solvents and on catalyst electronics, predominant or

exclusive formation of bicyclo[4.2.0]octan-1-ol and cis-4-(tert-butyl)-bicyclo[4.2.0]octan-1-ol,

respectively has been observed (Scheme 8.1)."

HO,

[(S.8)-Mn(""Smcp)], H,0,

Ac-Gly-OH, HFIP, 25 °C

[(S,S)Mn(""*mep))

Scheme 8.1 Oxygenation of spiro[2.5]octane and 6-tert-butylspiro[2.5]octane promoted by
manganese-oxo species.

Along these lines, by considering that similar mechanistic features are associated to C(sp’)-H
bond oxygenations promoted by metal-oxo species and dioxiranes,™'® for which the generally
accepted mechanism is described in terms of a HAT step followed by very fast OH rebound

(Scheme 8.2), and that the oxidizing ability of the intermediate a-hydroxy alkoxyl radical
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formed following HAT to the dioxirane can be modulated by careful choice of the precursor
ketone as well as by solvent effects, we reasoned that these reagents in combination with
fluorinated alcohol solvents could provide the opportunity to probe the (unprecedented)

involvement of cationic intermediates in these reactions.

R'

RH o+ Ih —HAT L g PSR s ko ¢+ 0=

o] R *O R R

Scheme 8.2 Mechanism of oxygenation by dioxiranes.
With these concepts in mind, herein we report on the results of a detailed product and
computational study on the reactions of 3-ethyl-3-(trifluoromethyl)dioxirane (ETFDO) with a
series of bicyclic (S1-S5) and spirocyclic (S7 and S8) hydrocarbons bearing cyclopropyl groups,
the structures for which are displayed in Figure 8.2. In order to obtain additional information,
product studies on the reactions with ETFDO have been also extended to 1,1-
dimethylcyclohexane (S6) and to the diastereomeric alcohol couples P2a-OH, P2b-OH, P8a-
OH and P8c¢-OH, the structures for which are also displayed in Figure 8.2.
Through this combined approach, new information on the role exerted by cyclopropyl groups on
HAT from the C-H bonds of these substrates has been obtained, providing a deeper
understanding of the role of hyperconjugative activation on the reactivity, site-selectivity and
stereoselectivity observed in these reactions and the first evidence for the involvement of

cationic pathways in oxygenation reactions promoted by dioxiranes.
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———————— Bicyclic hydrocarbons ———————————— Spirocyclic hydrocarbons

5600 0|

tBu

S7 S8
Other substrates
P2a-OH P2b-OH P8a-OH P8c-OH

Figure 8.2 Structures of the substrates investigated in this work.

8.4 Experimental and computational results

Reactions with ETFDO. Product studies on the reactions of substrates S1-S8 with in situ
generated ETFDO were carried out at T =0 °C in a HFIP/H,O 3:1 solvent mixture containing the
substrate (1 eq), oxone (1 eq), NaHCO; (4 eq), 1,1,1-trifluoro-2-butanone (0.2 eq) and
Bu;NHSO, 0.05 eq, according to a previously described procedure.'’

Product yields for the oxygenation of bicyclic hydrocarbons (S1-S5) and 1,1-
dimethylcyclohexane (S6), and of spirocyclic hydrocarbons (S7 and S8) promoted by ETFDO,
obtained after reaction optimization, are displayed in Scheme 8.3 and Scheme 8.4, respectively.
The two schemes show the results obtained at =80% conversion, where total yields of the
oxygenation products approach 87%, accompanied by excellent mass balances (=90%). With S6,
a 49% conversion was observed after 48 h reaction time with a 46% total yield of oxygenation
products (Scheme 8.4). With substrates S1, S2, S4 and S8, Scheme 8.3 and Scheme 8.4 also
display the product yields obtained at low conversion, i.e. under conditions where formation of
the ketone product resulting from overoxidation of the first formed alcohols, deriving from

hydroxylation at the C-H bonds that are a.- to the cyclopropyl group, is not observed.
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0-0
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S1

O(H)
% conv. P1a-OH P1b-OH P1-0 P1-O(H)3
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Scheme 8.3. Oxygenation of bicyclo[n.1.0]alkanes (n = 3-6) (S1-S5) promoted by ETFDO.
The yield of the minor products deriving from C—H bond oxygenation at remote positions (C-3
for S1 and S2, and C-3, C-4 for S4 and S5) was calculated as the sum of the alcohol and ketone
products. In the oxygenation of S3, product yields of alcohols at C-2 and C-5 are given in both
cases as the sum of the cis- and trans- isomers (details on the product distributions are reported
in the SI). For the oxidation of S6 and S7, product yields were obtained after chromic acid

oxidation of the reaction mixture.
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In order to obtain additional information, the reaction with ETFDO was also extended to some of
the oxygenation products of S2 and S8. The main reaction products P2a-OH and P8a-OH and
the corresponding ketones P2-O and P8-O were isolated by scale-up ETFDO-mediated
oxidation of S2 and S8, respectively. P2b-OH and P8c-OH (the diastereoisomer of P8a-OH, not
observed in the reaction of S8) were prepared by diastereoselective reduction of the parent

ketones P2-O and P8-O, respectively.

0-0
éz 1. F3C>§/ 48 hours o
+ +
3 2. H,CrOy4, acetone o
4
S6 0
P6-0 P6-03 P6-04
49 % conv. % yield 14 21 1
” P ; HO, =~ ; ;
1. F3c>§/ 48 hours =0 G g g
+ H + +
5 2. H,CrO,, acetone
e o)
o)
s7 P7-0 P7b-OH P7-05 P7-06
95 % conv. % yield 66 48 9.2 7
0;2/ Ao A_o HOG™S
4 FsC
3 + + H
5 hours
6
tBu tBu tBu tBu
s8 % conv P8a-OH P8-0 P8b-OH
3 9
% yield 88
48 84 54 20 5.5

Scheme 8.4. Oxygenation of 1,1-dimethylcyclohexane (S6) and of spiro[2.5]octanes (S7 and S8)
promoted by ETFDO.

Conversions and product yields observed in the oxygenation of the isomeric cis- and trans-
alcohol products P2a-OH and P2b-OH, deriving from hydroxylation at C-2 of S2, promoted by
ETFDO are displayed in Scheme 8.5a. The results of the substrate competitive oxygenation of a
1:1 mixture of P2a-OH and P2b-OH promoted by ETFDO are displayed in Scheme 8.5b.
Conversions and product yields observed in the corresponding experiments carried out on P8a-

OH and P8c¢-OH are instead displayed in Scheme 8.6.
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a) Oxygenation of P2a-OH and P2b-OH

Oron o Oron 22 B
. o
3 hours

P2a-OH P2b-OH P2-0
P2a-OH 13% conv. 9.2% yield
P2b-OH 34% conv. 33% yield

b) Oxygenation of P2a-OH and P2b-OH m|xture

P2a-OH1.0eq P2b-OH 1.0 eq P2-0
rsm/ %2 91% 66% 40% yield

Scheme 8.5. Oxygenation of cis-bicyclo[4.1.0]heptan-2-ol (P2a-OH) and trans-
bicyclo[4.1.0]heptan-2-ol (P2b-OH). Conversion and product yields were determined by GC and
averaged over two independent experiments.

a) Reaction conditions: P2a-OH or P2b-OH 1 eq, oxone 1 eq, NaHCO; 4 eq, 1,1,1-trifluoro-2-
butanone 0.2 eq, HFIP/H,O (3:1), BusNHSO4 0.05 eq, T =0 °C, 3 h. b) P2a-OH 1 eq, P2b-OH

1 eq, oxone 1 eq, NaHCOs 4 eq, 1,1,1-trifluoro-2-butanone 0.2 eq, HFIP/H,O (3:1), BusNHSO4
0.05 eq, T=0 °C, 6 h. “rsm: recovered starting material.

a) Oxygenation of P8a-OH and P8c-OH
0-0

\OH A_on X - A_o
: F3C
or _—
3 hours

tBu tBu tBu

P8a-OH P8c-OH P8-0
P8a-OH 7% conv. 5% yield
P8c-OH 25% conv. 22% yield

b) Oxygenation of P8a-OH and P8c-OH mixture
0-0

\OH OH F.c X o
¥ 6 hours
tBu tBu tBu
P8a-OH 1.0 eq P8c-OH 1.0 eq P8-0
rsm/ %2 94% 74% 31% yield

Scheme 8.6. Oxygenation of trans-6-tert-butylspiro[2.5]octan-2-ol (P8a-OH) and cis-6-tert-
butylspiro[2.5]octan-2-ol (P8¢c-OH). Conversion and product yields were determined by GC and
averaged over two independent experiments.

a) Reaction conditions: P8a-OH or P8¢-OH 1 eq, oxone 1 eq, NaHCOs 4 eq, 1,1,1-trifluoro-2-
butanone 0.2 eq, HFIP/H,O (3:1), BuyNHSO4 0.05 eq, T=0 °C, 3 h. b) P8a-OH 1 eq, P8¢c-OH 1
eq, oxone 1 eq, NaHCOs 4 eq, 1,1,1-trifluoro-2-butanone 0.2 eq, HFIP/H,O (3.0:1.0),
BusNHSO,4 0.05 eq, T =0 °C, 6 h. “rsm: recovered starting material.
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Computational Studies. Density functional theory (DFT) computations were performed with
Gaussian 16.% The (u)wB97X-D functional was used to optimize molecular geometries.’
Geometry optimizations were completed with the 6-311++G(d,p) basis set and the SMD
solvation model accounting for the effect of H,0.** Frequency calculations were conducted at the
same level of theory used for the geometry optimizations to obtain thermal Gibbs free energies
and characterize the stationary points on the potential energy surface. The correct unrestricted
wavefunctions were obtained by performing a stability test with the Gaussian keyword
stable=opt. Gibbs free energies were corrected using Goodvibes, which corrects the vibrational
frequencies via the approximation for the quasi-harmonic correction, as proposed by Grimme.>
Intrinsic reaction coordinate (IRC) calculations were performed to verify that a transition state
(TS) connects the reactant and the product on the potential energy surface. CYLview was
employed to visualize molecular structures.**

The computed site-selectivities for C(sp’)-H bond oxygenation of bicyclo[n.1.0]alkanes S1, S2,
S4 and S5 promoted by ETFDO, expressed in terms of the difference in activation free energy
(AG”) between the methylenic C—H bonds of the major ring and the most reactive C,—H bond

(AAG?, in kcal mol™) are displayed in Figure 8.3. As a matter of comparison, the corresponding

AAG” values derived from the product distributions displayed in Figure 8.8 are also shown.
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Computational results
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Figure 8.3 Difference in activation free energies (AAG”, in kcal mol™) for HAT from the a- and
- C-H bonds in S1, S2, S4 and S5 by ETFDO: computational and experimental studies.

The pertinent transition state structures obtained for these selectivity studies together with the
analysis of the hyperconjugation effect on the C,—H bonds provided by the fused cyclopropane
moiety are shown in 8.7 Supplementary Information as Figures 8.11-8.14 for the reactions of
substrates S1, S2, S4 and S5, respectively. The computed site-selectivity for C(sp®)~H bond
oxygenation of 1-methylbicyclo[4.1.0]heptane (S3) promoted by ETFDO, expressed in terms of

the AAG” between the C,—H and Cs—H bonds and the most reactive Cs—H bond are displayed in

(0) H;Séﬁ Me
L2 0.3
g )

(1.1)
S3
AAG¥ energies in parentheses are given in the unit of kcal/mol

Figure 8.4.

Figure 8.4 Computed activation free energy difference (AAG, in kcal mol™) for HAT from the
C-H bonds of S3 by ETFDO.

The transition state structures for HAT from the C,—H and Cs—H bonds of S3 to ETFDO are

displayed in 8.7 Supplementary Information as Figure 8.15. The energetics of the
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hydroxylation mechanisms for each of the C—H bonds at C-2 and C-5 are displayed in Figure

8.5.
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Figure 8.5 Energetics of C-H bond oxidation of S3 promoted by ETFDO.
The computed site-selectivities for C(sp’)-H bond oxygenation of spiro[2.5]octanes S7 and S8
promoted by ETFDO, expressed in terms of the AAG” between the methylenic C—H bonds of the
six membered ring and the most reactive C4—H bond are described in Figure 8.6, together with

the corresponding AAG” values derived from the product distributions shown in Scheme 8.4.
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Computational results
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Figure 8.6 Computed and experimental activation free energy difference (AAG?, in kcal mol™)
for HAT from the C—H bonds of S7 and S8 to ETFDO.

The transition state structures for HAT from the C4—H, Cs—H and C¢—H bonds of S7 and from the
C4—H bonds of S8 to ETFDO and the analysis of the hyperconjugation effect on the C4—H bonds
provided by the spiro-cyclopropane moiety are displayed in 8.7 Supplementary Information as
Figures 8.16 and 8.17, respectively. The energetics of the hydroxylation mechanisms for the
axial and equatorial C4—H bonds of S8 are displayed in Figure 8.7. The corresponding energy
profile of the hydroxylation mechanisms for the C4—H, Cs—H and Cs—H bonds of S7 are

displayed in 8.7 Supplementary Information as Figure 8.18.
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Figure 8.7 Energetics of C-H bond oxidation of S8 promoted by ETFDO.
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8.5 Discussion

Oxygenation of bicyclic substrates (S1-S5, P2a-OH and P2b-OH). The results obtained in the
C(sp”)-H bond oxygenation of substrates S1-S5 promoted by ETFDO are displayed in Scheme
8.3. With S1, S2 and S4 the reactions carried out at low substrate conversion (3-6 hours reaction
time, 15-28% conversion) showed in all cases the predominant formation of the diastereomeric
alcohol products deriving from C,-H bond hydroxylation, accompanied by smaller amounts of
products deriving from oxygenation at the other methylenic sites (C-3 for S1 and S2, C-3 and C-
4 for S4). With all three substrates, no evidence for the formation of the ketone product deriving
from overoxidation of the alcohols at C-2, and of products deriving from oxidation of the
cyclopropane C-H bonds was observed. The former observation can be accounted for on the
basis of the strong hydrogen bond donor (HBD) ability of HFIP that, by engaging in hydrogen
bonding with the hydroxyl group of the alcohol products, inverts the polarity of the adjacent
C-H bond, deactivating this site toward HAT to the electrophilic ETFDO, thus preventing
overoxidation to the ketone.” The latter observation reflects the very high BDE of the
cyclopropane C—H bonds,® that are typically resistant to HAT-based functionalization. By
increasing reaction time (48 hours for S1, 9 hours for S2 and S4), significantly higher
conversions were obtained (80-87%), with formation of sizable amounts of the C-2 ketone in
addition to the abovementioned oxygenation products. High product yields (70.5-82.1%) and
excellent mass balances (>90%) were observed in all reactions. The product distributions
evidence the high site-selectivity obtained in these reactions, with products deriving from
oxygenation at C-2 of S1, S2 and S4 that are formed in 96%, 98% and 72% selectivity,
respectively, over those deriving from oxygenation at other sites. A similar outcome was

observed in the reaction of S5 where however, the reaction was carried out for a 9 hour reaction
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time (86% conversion, 76% overall product yield), with predominant formation of trans-
bicyclo[6.1.0]nonan-2-ol (P5a-OH) as the exclusive oxygenation product at C-2 in 75%
selectivity over those deriving from oxygenation at other sites. These behaviors can be
rationalized on the basis of hyperconjugative effects, where overlap between the cyclopropane
C-C bonding orbital and the o* orbital of the adjacent C,—H activates this bond toward HAT
(Figure 8.1a), accounting for the observed site-selectivities.®

The analysis of the product distributions obtained for S1, S2, S4 and S5, under conditions where
overoxidation of the first-formed alcohols at C-2 is not observed, provides information on the
hydroxylation diastereoselectivity. The normalized site-selectivities for hydroxylation of these
substrates obtained under these conditions are displayed in Figure 8.8, where in particular the

trans/cis ratios for hydroxylation at C-2 are highlighted.

S1 S2 S4 S5
<1
1 H
" 73 H /
@H oH “H Heo
'H Hyo M 4
1 7 1 19 7

trans/cis ratio = 1.5 trans/cis ratio = 0.14 trans/cis ratio = 11 trans/cis ratio > 60

Figure 8.8 Normalized site-selectivities and diastereoselectivities observed in the hydroxylation
of bicyclo[n.1.0]alkanes S1, S2, S4 and S5 promoted by ETFDO.

Preferential hydroxylation of the trans C,—H bond was observed for S1, S4 and S5, with the
trans/cis ratio that increases with increasing ring size, reaching an upper limit with S5 for which
the product deriving from hydroxylation of the cis C,—H bond was not detected. Preferential
hydroxylation of the cis C,—H bond was instead observed with S2 (trans/cis = 0.14).
Interestingly, similar diastereoselectivity patterns were observed in dihalocarbene insertions into
the C,—H bonds of S1 and S2 (trans/cis = 2.8-4 and 0.23-0.25, respectively),'> suggesting that

the same effects operate in dioxirane hydroxylation and carbene insertion reactions.
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The explanation given for the preferential hydroxylation of the cis C,—H bond observed in the
reaction of ETFDO with S2 can be also put forward to account for the diastereoselectivity
observed in the C—H bond oxidation reaction promoted by TFDO, employed in an intermediate

step of the total synthesis of (+)-phorbol."

Within the bicyclo[4.1.0]heptane substrate motif
(Figure 8.1a), selective hydroxylation at the a-C—H bond that is cis to the cyclopropane moiety
was observed.

Strong support to the diastereoselectivities observed in these reactions is provided by the results
of computational studies on the oxygenation of S1, S2, S4 and S5 promoted by ETFDO. The
activation free energy differences (AAG?) for HAT from the C,—H bonds of these substrates to
ETFDO are shown in Figure 8.3 while the corresponding transition state structures are displayed
in 8.7 Supplementary Information as Figures 8.11-8.14.

The computational results for site-selectivity show qualitative agreement with experimental
observations. In the reaction of S1, the energy difference between cis and trans C,—H bond
oxidation is only 0.5 kcal mol™. This difference is small, because hyperconjugation with the
cyclopropane ring can activate toward HAT both cis and trans C,—H bonds (Figure 8.11 in 8.7
Supplementary Information). Experiments did not differentiate the selectivity between cis and
trans C3—H bonds. However, computations predict a preference for oxygenation of the cis over
trans Cs—H bond (AAG- = 1.0 and 3.1 kcal mol™, respectively). The effect of hyperconjugation
on trans C,—H bond activation is highlighted in Figure 8.11 of 8.7 Supplementary
Information. This observation underscores the importance of hyperconjugative interactions in
influencing the selectivity of oxygenation reactions.

With S2, the computed oxidation site-selectivity follows the order: cis C,—H (AAG- = 0 kcal mol

Y, trans Co—H (AAG” = 0.5 kcal mol™), and C3—H (AAG” = 0.8 and 2.7 kcal mol™, for frans and
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cis, respectively). Also with this substrate, the cis and trans Cs—H bonds were not differentiated
by the experiments. However, the computational results predict that trans Cs—H is favored over
cis C3—H. Figure 8.12 in 8.7 Supplementary Information emphasizes the hyperconjugative
interaction by the cyclopropyl group when activating the cis C,—H bond of S2 toward HAT to
ETFDO.

The observation of a stronger hyperconjugative activation of the cis C,—H bond of S2 over the
trans one is also corroborated by the results obtained, under the same experimental conditions, in
the oxidation of cis- and trans-bicyclo[4.1.0]heptan-2-ol (P2a-OH and P2b-OH, respectively)
promoted by ETFDO (Scheme 8.5a). With both substrates, exclusive formation of the
corresponding ketone product (P2-0) in 9.2% and 33% yield, respectively, was observed,
indicating that the latter alcohol is 3.6 times more reactive than the former one. P2b-OH displays
a cis C,—H bond that benefits from hyperconjugative activation via overlap with the
cyclopropane C-C bonding orbitals, whereas with P2a-OH the trans C,—H bond cannot benefit
from a similar activation. Additional support is provided by the results obtained in the substrate
competitive oxidation of a 1:1 trans-cis mixture of bicyclo[4.1.0]Theptan-2-ols (P2a-OH and
P2b-OH) promoted by ETFDO (Scheme 8.5b). 91% Recovery of P2a-OH and 66% recovery of
P2b-OH, together with an overall 40% yield of P2-O were obtained, indicating that the latter
alcohol is 3.8 times more reactive than the former one, showing an excellent agreement between
the two experiments.

With S4 and S5, the frans C,—H bond (AAG” = 0 kcal mol™) is the most activated toward HAT to
ETFDO. With S4, similar activation free energy differences are computed for the cis C,—H, trans
Cs-H and cis C;—H bonds (AAG” = 1.0, 0.8 and 1.0 kcal mol™, respectively). With S5, site-

selectivity follows the order: trans Cs—H, cis Cs—H, cis C,—H (with AAG” =0.7, 1.0 and 1.7 kcal
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mol’', respectively). With both substrates, the computational results are again in good agreement
with the experimental findings. Figures 8.13 and 8.14 in 8.7 Supplementary Information
highlight the hyperconjugative interaction between the trans C,—H bond of S4 and S5 and the
Walsh orbital of the fused cyclopropane ring.

Among the bicyclo[n.1.0]alkane series, the oxygenation of 1-methylbicyclo[4.1.0]heptane (S3)
promoted by ETFDO deserves special attention. With this substrate, in addition to the alcohol
and ketone products deriving from oxygenation at the most activated C—H bonds at C-2 (P3-
OH2 + P3-02) and C-5 (P3-OHS + P3-05) in 33.4% and 32.6% combined yield, respectively,
cis- and trans-3-methyl-8-oxabicyclo[5.1.0]octan-3-ol (P3-1) were also observed among the
reaction products in 13% combined yield (Scheme 8.3). The formation of products P3-1 can be
rationalized on the basis of the mechanism proposed by Groves and coworkers in the
oxygenation on bicyclo[4.1.0]Theptane (S2) promoted by cytochrome P450 enzymes.'** The
carbon radical formed following HAT from C-2 can undergo, in addition to the canonical OH
rebound and radical rearrangement pathways, one-electron oxidation to give a cationic
intermediate that, after rearrangement, is converted into the hydroxylated product by OH-transfer

or nucleophilic capture by water (Scheme 8.7).

@w
OH rebound
P2-OH

<§ & ?» @+= \Q]
OO Q,

OH rebound

Scheme 8.7 Proposed mechanism for the oxygenation of S2 promoted by cytochrome P450

enzymes.">*
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An analogous mechanism can be proposed for the oxidation of S3, where formation of 1-
methylcyclohept-3-en-1-ol is initiated by HAT from the Cs—H bond, and this product is then
rapidly converted into P3-1 as a diastereomeric mixture via epoxidation promoted by ETFDO.?’
This hypothesis is well supported by the results of the computational studies. The oxidation site-
selectivity (Figure 4) follows the order: cis Cs—H (AAG” = 0 kcal mol™), cis C,-H (AAG” = 0.3
keal mol™), trans Co—H (AAG” = 1.1 kcal mol™), and trans Cs—H (AAG” = 2.7 kcal mol™),
confirming the stronger hyperconjugative activation of the cis a-C—H bonds over the
corresponding trans ones. The computed free energy profiles displayed in Figure 8.5 predict
concerted oxidation through asynchronous HAT from the cis and frans C,—H bonds via S3-
TS1c2eis and S3-TS1catrans = 21.3 and 22.1 keal mol ™, respectively, coupled to OH-rebound to
give products P3-OH2. Homoallylic tertiary carbocation intermediate (S3-Int1, —44.0 kcal mol
" is formed through asynchronous HAT from cis and trans Cs—H bonds (S3-TS1¢sis and S3-
TS1¢strans = 21.0 and 23.7 keal mol ™, respectively), coupled to electron transfer (ET), and can
then undergo hydroxylation at C-5 through S3-TS2¢scis (—39.5 keal mol'l) and S3-TS2c¢strans (—
37.6 keal mol™) to give products P3-OHS. 3D figures of the intermediate S3-Int1 and
hydroxylation transition state structures S3-TS2¢scis and S3-TS2cs¢rans are shown in 8.7
Supplementary Information as Figure 8.15. Figure 8.5 shows moreover that S3-Int1 can
undergo competitive hydroxylation at C-2 through S3-TS3 (—41.1 kcal mol™) to form 1-
methylcyclohept-3-en-1-ol, S3-Int2 (—73.8 kcal mol ™), that is then converted into 3-methyl-8-
oxabicyclo[5.1.0]octan-3-ols P3-1 by oxygen atom transfer from ETFDO. The proposed

mechanistic pathways for oxidation of S3 promoted by EFTDO are summarized in Scheme 8.8.
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Scheme 8.8 Proposed mechanistic pathways for the oxygenation of S3 promoted by ETFDO.

The reaction is initiated by HAT from the C,—H and Cs—H bonds of S3 to ETFDO to give the
hydroxylation products P3-OH2 (and P3-OHS) and homoallylic tertiary carbocation S3-Int1
and dioxirane derived oxyanion ion-pair, via coupled OH-rebound and ET, respectively. Within
the ion-pair, different hydroxylation pathways are accessible, all characterized by very similar
free energy barriers (Figure 8.5): OH transfer at C-5 and C-2 of S3-Int1 to deliver products P3-
OHS and 1-methylcyclohept-3-en-1-ol, respectively. The rearranged alcohol product is finally
converted into diastereomeric products P3-1 through epoxidation promoted by ETFDO. The lack
of products deriving from ring-opening in the first formed carbon radical reflects the magnitude
of the unimolecular rate constant for ring-opening of this a-cyclopropyl carbon radical (k =2 x

12 that, because of the extremely short lifetime of the incipient radical

10® s for norcarane)
couple (=200 fs),'*"*® cannot compete with radical recombination. This result indicates moreover
that also ET within this couple must be significantly faster than k..

Interestingly, the analysis of the reaction shows the exclusive formation of rearranged products
deriving from initial HAT at the Cs—H bond, with no formation of the analogous isomeric

products deriving from the C,—H bond. Although ET within the two incipient radical couples

should occur with similar rates, this observation reasonably reflects the different stabilization of
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the intermediate tertiary and secondary homoallylic cations deriving from the two pathways,
where hyperconjugation imparted by the C—H bonds of the C-1 methyl group can assist the
nascent cationic intermediate.*®

Supportive evidence in favor of an ET pathway was also gained from the results obtained in the
study of solvent effects on the oxygenation of S3 promoted by ETFDO. By analyzing the
products deriving from initial HAT at C-5, a decrease in the ratio between rearranged (P3-1) and
unrearranged (P3-OHS and P3-05) products with decreasing solvent HBD ability was observed,
i.e. going from HFIP to TFE and MeCN ((P3-1/(P3-OHS + P3-05) = 0.40, 0.16 and <0.01,
respectively). This behavior can be associated to the strong HBD ability of fluorinated alcohols
that, compared to non-HBD or weaker HBD solvents, have been shown to promote ET reactions
via an increase in the oxidizing power of ET reagents and the ability to stabilize cationic

intermediates.?

Oxygenation of spirocyclic substrates (S7, S8, P8a-OH and P8c-OH). The results obtained in
the oxidation of spiro[2.5]octane (S7) and 6-tert-butylspiro[2.5]octane (S8) promoted by ETFDO
were compared with those obtained for the corresponding reaction of 1,1-dimethylcyclohexane
(S6) taken as a reference substrate, and are displayed in Scheme 8.4. With S6, the reaction
carried out for 48 hours, followed by treatment with chromic acid, afforded the ketone products
deriving from oxidation at C-2 (P6-0), C-3 (P6-03) and C-4 (P6-04), in 14%, 21% and 11%
yield, respectively (substrate conversion 49%, overall product yield 46%). Under the same
conditions, the reaction of S7 led to the ketone products deriving from oxidation at C-4 (P7-0),
C-5 (P7-05) and C-6 (P7-06), in 66%, 9.2% and 7% yield, respectively, accompanied by the

rearranged product bicyclo[4.2.0]octan-1-ol (P7b-OH) in 4.8% yield (substrate conversion 95%,
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overall product yield 87%). With S8, the reaction mixture was not subjected to follow-up
treatment with chromic acid, and the reaction carried out for 3 hours showed the exclusive
formation of the axial alcohol at C-4 (P8a-OH) in 8.8% yield (substrate conversion 9.4%). By
increasing reaction time to 48 hours, P8a-OH was formed in 54% yield, accompanied by the
corresponding ketone (P8-0) and the rearranged alcohol cis-4-(tert-butyl)-bicyclo[4.2.0]octan-1-
ol (P8b-OH) in 20% and 5.5% yield, respectively (substrate conversion 84%, overall product
yield 79.5%). With this substrate, oxygenation products at C-5 and C-6 as well as the equatorial
alcohol at C-4, P8¢-OH, were never observed among the reaction products.

As discussed in the introduction, formation of the rearranged alcohols P7b-OH and P8b-OH in
the oxygenation of S7 and S8 promoted by ETFDO (Scheme 8.4) provides conclusive evidence
on the involvement of a cationic intermediate, uncovering the contribution of ET pathways to the
overall reactivity.">>'” This hypothesis is again well supported by the results of the
computational studies. The AAG” values for HAT from the C—H bonds of $7 and S8 to ETFDO
are displayed in Figure 8.6 with comparison to the experimental results. Based on the
computations, with S7 HAT from the C4—H bonds is characterized by the lowest energy barrier
(AAG” = 0 kcal mol™) compared to the Cs—H and Cs—H bonds (AAG” = 0.6 and 1.6 kcal mol™,
respectively). Furthermore, we find that the activation barriers of axial C—H bonds are lower than
those of the equatorial ones. The transition state structures are shown in in 8.7 Supplementary
Information as Figure 8.16.

Hyperconjugation results in S7-TS1¢4ax showing a slightly longer C,—C, distance (1.52 A) and a
shorter C;—Cy distance (1.49 A) in contrast to the other transition states without hyperconjugative
interactions. Moreover, efficient hyperconjugation between axial C4—H bond and Walsh orbital

in the transition state S7-TS1c4ax 1S €videnced.
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With S8, oxygenation of the axial C,—H bond is favored over the equatorial one by 1.9 kcal mol™
in good agreement with the experimental studies. Based on the analysis of the transition state
structures (Figure 8.17 in 8.7 Supplementary Information), a hyperconjugative interaction by
Walsh orbitals of the cyclopropane ring helps lower the barrier of the axial C4—H bond.
Compared to S8-TS1¢q, S8-TS1,y exhibits a slightly longer C,—C, distance (1.52 A) and a shorter
C—C, distance (1.49 A) due to hyperconjugation.

The observation of a stronger hyperconjugative activation of the axial C4—H bond over the
equatorial one is also corroborated by the results obtained, under the same experimental
conditions, in the oxidation of trans- and cis-6-tert-butylspiro[2.5]octan-4-ol (P8a-OH and P8c-
OH, respectively) promoted by ETFDO (Scheme 8.6a). With both substrates, exclusive
formation of the ketone product (P8-0) in 5% and 22% yield, respectively, was observed,
indicating that the latter alcohol is 4.4 times more reactive than the former one. P8c-OH displays
an axial C4—H bond that benefits from hyperconjugative activation, whereas with P8a-OH the
equatorial C4—H bond C-4 cannot benefit from a similar activation. Additional support comes
again from the results obtained in the substrate competitive oxidation of a 1:1 frans-cis mixture
of 6-tert-butylspiro[2.5]octan-4-ols (P8a-OH and P8c-OH) promoted by ETFDO (Scheme
8.6b): 94% recovery of P8a-OH and 74% recovery of P8¢c-OH, together with an overall 31%
yield of P8-O were obtained, indicating that the latter alcohol is 4.3 times more reactive than the
former one, showing an excellent agreement between the two experiments.

The energy profile of the hydroxylation of S8 is presented in Figure 8.7. The axial C,—H bond
undergoes asynchronous HAT to ETFDO through TS1,y (21.6 kcal mol™) coupled to ET to
directly form ion-pair S8-Int1 (-39.1 kcal mol™"), and the subsequent OH rebound (S8-TS2, —

37.3 keal mol™) gives the hydroxylation product P8a-OH. Hydroxylation of the equatorial C,—H
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bond (S8-TS1eq, 23.5 keal mol™) occurs concertedly without generating charged intermediates.
In order to confirm that S8-Int1 is the intermediate ion-pair, CM5 calculation is employed to
check the distribution of charges in S8-Int1 (Figure 8.9). Charge is evenly distributed in the 6-
tert-butylspiro[2.5]octanylium cation (+0.94) and trifluoro-2-hydroxybutan-2-olate anion (—
0.90). Moreover, a hypothetical triplet radical pair S8-Intla is noticeably unstable compared to

ion-pair S8-Int1 by 47.6 kcal mol™.

a) CM5 charge calculation and ESP map of S8-Int1
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b) Spin density calculation of hypothetical triplet radical pair S8-Int1a

S8-int1a

AG of S8-Int1 and S8-Int1a = 48.9 kcal/mol

Figure 8.9 a) Charge distribution of S8-Intl by CMS5 calculations and electrostatic potential on a
constant electron density surface. b) Spin density of hypothetical triplet radical pair S8-Intla.

As presented in Figure 8.7, in order to account for the formation of P8b-OH observed in the
product studies (Scheme 8.4) transition state S8-TS2’ (—34.2 kcal mol™) is found, which
undertakes cyclopropylcarbinyl-type rearrangement and hydroxylation in a concerted fashion
from ion-pair $8-Int1.*" The activation energy of S8-TS2' is slightly higher in comparison with
hydroxylation S8-TS2 (AAG” = 3.1 kcal mol™). This energy difference qualitatively matches
with the experiment, explaining the low yield observed for P8b-OH formation. The 3D figures

of the charge-separated intermediates and transition states are shown in 8.7 Supplementary
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Information as Figure 8.17. Also with S8, supportive experimental evidence in favor of an ET
pathway was gained from the results obtained in the study of solvent effects on the oxidation
reaction. Oxygenation of this substrate promoted by ETFDO was studied in MeCN, TFE and
HFIP, and the ratio between rearranged (P8b-OH) and unrearranged (P8a-OH + P8-O) products
was observed to decrease with decreasing solvent HBD ability, leading to the following P8b-
OH/(P8a-OH + P8-0) ratios: 0.065, 0.028, <0.01, for HFIP, TFE and MeCN, respectively.

The energy profile of the oxygenation of S7 is displayed in 8.7 Supplementary Information as
Figure 8.18. Ton-pair S7-Intl¢4 (—38.8 kcal mol™) is found on the potential energy surface after
HAT from the C4—H bond via S7-TS1c4ax (AG” = 21.4 kcal mol™). S7-Int1¢4 undergoes either
hydroxylation at C-4 through S7-TS2¢4 (AG” =—37.2 kcal mol™) or cyclopropylcarbinyl-type
rearrangement/hydroxylation via S7-TS2’' ¢4 (AG” = —33.9 kcal mol™). In line with the
experiment yielding P7b-OH (Scheme 8.4), the prediction supports that the formation of the
cationic intermediate is possible in the oxygenation process.

According to the experimental and computational results, and in keeping with the mechanism
that has been recently proposed for the oxidation of S7 and S8 promoted by manganese-oxo
species,'” and with the one presented above in Scheme 8.8 for the corresponding oxidation of S3,
the proposed mechanism for oxidation of S7 and S8 by ETFDO is displayed in Scheme 8.9. For
the sake of simplicity, with S7 the competitive oxygenation pathways initiated by HAT from Cs—
H and Cs—H bonds have been omitted, and the following discussion has been limited to the

mechanistic description of the reaction of S8.
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Scheme 8.9 Proposed mechanism for the oxygenation of S7 and S8 promoted by ETFDO.
The reaction is initiated by HAT from the axial C4—H bond of S8 to ETFDO to give directly, via
coupled ET, ion-pair S8-Intl. Within S8-Intl, OH transfer at C-4 via S8-TS2 delivers axial
alcohol P8a-OH, while OH transfer at C-1 of the delocalized cationic intermediate®® via S8-TS2'’
gives rearranged alcohol P8b-OH. The lack of the equatorial alcohol P8¢-OH among the
reaction products reflects the higher activation free energy associated to HAT from the equatorial
C4—H bond compared to the corresponding axial one (AAG” = 1.9 kcal mol™, compare S8-TS1eq
with S8-TS1ax in Figure 8.7). Most importantly, the observation that HAT from the axial C,—H
bond can be coupled to ET whereas the competitive reaction from the equatorial C,—H bond (not
observed in the experiments) occurs concertedly without generating charged intermediates,
indicates that formation of the cationic intermediate must be associated to a specific stabilizing
hyperconjugative interaction between the incipient carbon radical and the cyclopropane C-C
bonding orbitals able to assists ET to the incipient 1,1,1-trifluoro-2-hydroxy-2-butoxyl radical,
and only accessible through the former pathway.”®
For what concerns the site-selectivities observed in the reactions of ETFDO with substrates S6-
S8, the normalized product distributions are displayed in Figure 8.10. With S6 comparable
selectivities were observed for the three methylenic sites (C-2:C-3:C-4 = 1.0:1.5:1.5). The

slightly lower selectivity for oxygenation at C-2 over C-3 and C-4 can be reasonably explained
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on the basis of steric effects, where the presence of the two methyl groups limits accessibility of

the adjacent C,—H bonds to ETFDO.

> 100%
1 7.6 selectivity
15 1
15 1.5 tBu
S6 S7 S8

Figure 8.10 Normalized site-selectivities observed in the oxygenation of 1,1-
dimethylcylohexane (S6), spiro[2.5]octane (S7) and 6-fert-butylspiro[2.5]octane (S8) promoted
by ETFDO.

With S7, taking into account that the rearranged alcohol product P7b-OH derives from initial
HAT from the C4—H bond (Scheme 8.9), the normalized product distributions (C-4:C-5:C-6 =
7.6:1.0:1.5) point toward a significant activation of the C4—H bonds compared to the other
methylenic sites. These results are in good agreement with those obtained previously by White
and Curci in the oxidation of 87 promoted by the H,04/(S,S)-Fe(pdp) system and by TFDO."'*!"f
As mentioned above, this behavior reflects hyperconjugative activation of the C4—H bonds via
overlap with the cyclopropane C—C bonding orbitals. The site-selectivity observed in the
oxygenation of S8, for which exclusive formation of products deriving from initial HAT at the
axial C4—H bond, reflects the synergistic cooperation of two effects: hyperconjugative C4—H
bond activation together with Cs—H and Cs—H bond deactivation by torsional and steric effects

determined by the presence of the bulky zert-butyl group at C-6."""

8.6 Conclusion

The results of product and computational studies on the C(sp®)-H bond oxygenation of bicyclic
and spirocyclic hydrocarbons bearing cyclopropyl moieties promoted by ETFDO have led to a
deeper understanding of the role of hyperconjugative effects in these processes. From good to

outstanding site-selectivity for oxygenation at the a-C-H bonds is observed, highlighting the

148



important contribution of hyperconjugative activation to the overall reactivity. Along a similar
line, hydroxylation at this site typically occurs with good to outstanding diastereoselectivity with
the exclusive detection of a single diastereoisomer in the reactions of bicyclo[6.1.0]nonane (S5)
and 6-tert-butylspiro[2.5]octane (S8). This behavior reflects preferential hyperconjugative
activation of one a-C—H bond determined by substrate structure and by conformational effects,
with the experimental findings that are in all cases well supported by the computational results.
Last but not least, strong support in favor of the contribution of electron transfer pathways has
been provided in the oxygenation of 1-methylbicyclo[4.1.0]heptane (S3), spiro[2.5]octane (S7)
and 6-tert-butylspiro[2.5]octane (S8) promoted by ETFDO, where the detection of rearranged
oxygenation products provides unambiguous evidence for the involvement of cationic
intermediates in these reactions, providing the first examples on the operation of ET pathways in
dioxirane-mediated aliphatic C—H bond oxygenations. Computational studies highlight the role
of specific stabilizing hyperconjugative interactions able assist the electron transfer required for

cation formation and to divert the reaction from the canonical HAT/rebound pathway.
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8.7 Supplementary Information

S1-TS1¢pgis $1-TS1catrans
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Hyperconjugation effect on the C,—H bond activation

Figure 8.11 Transition state structures and structural analysis in C—H bond activation of
bicyclo[3.1.0]hexane S1.
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Figure 8.12 Transition state structures and structural analysis in C—H bond activation of
bicyclo[4.1.0]heptane S2.

151



S$4-TS1cotrans S4-TS1cacis

JVARE . ) SVARTE
2 | -1.39 A 2
7 ¢ R \ y ‘

84-TS1c3cis $4-TS1cstrans

$4-TS1 C2trans S4-TS1 C2cis S4-TS1 C3trans S4-TS1 C3cis

j C-C 1.49A 1.50 A 1.51 A 1.52 A

Hyperconjugation effect on the trans C,—H bond

Figure 8.13 Transition state structures and structural analysis in C—H bond activation of
bicyclo[5.1.0]octane S4.
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Figure 8.14 Transition state structures and structural analysis in C—H bond activation of
bicyclo[6.1.0]nonane SS.
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Figure 8.15 Transition state and intermediate structures in the oxygenation with 1-
methylbicyclo[4.1.0]heptane S3.
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Figure 8.16 Transition state and intermediate structures in the oxygenation with

spiro[2.5]octanes S7.
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Figure 8.17 Transition state and intermediate structures in the oxygenation with 6-(tert-
butyl)spiro[2.5]octanes S8.
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