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Research Summary

Hydrocarbon feedstocks are plentiful and new methods to engage them in oxidative bond forming
reactions are an important frontier of organic synthesis. While photochemistry and electrochemistry offer
appealing energy inputs for transforming these feedstocks into value-added products, existing strategies to
directly engage unsaturated precursors in bond forming reactions are limited due to the high oxidation
potentials required (>2 V vs. SCE). This not only limits functional group tolerance, but also poses
nucleophile compatibility challenges. My dissertation work has focused on the development of new
activation modes to engage hydrocarbons in oxidative bond forming reactions that overcome the limitations
of conventional photoredox and electrosynthetic strategies.

The first portion of this thesis is an overview of recent developments in oxidative alkene
functionalization (Chapter 1). In particular, the introductory discussion will focus on cationic synthons
unlocked by alkene thianthrenation. Recently, our group has developed the electrogeneration of meta-stable
dicationic adducts between thianthrene and alkenes under mild anodic oxidation. In my work, we leveraged
this alkene activation for allylic bond forming reactions with a range of nucleophiles, such as oxidatively
sensitive alkyl amines (Chapter 2). We then outlined a detailed mechanistic study that explains this
reactivity and the origin of Z-selectivity (Chapter 3). Unpublished investigations of the scope of Z-selective
allylic functionalization will be presented (Chapter 4), as well as insights into diverting the reactivity of
alkenylthianthrenium salts from allylic pathways towards difunctionalization reactions (Chapter 5).
Additionally, we have leveraged thianthrenium electrophiles for cyclopropane strained-ring synthesis
(Chapter 6). Finally, a new electrochemical Z-selective transformation of alkene-thianthrenium adducts
will be presented with a focus on outlining the stereodetermining step of this process (Chapter 7).

The final chapter will describe another engine to drive oxidative bond formation using visible light
energy (Chapter 8). N-phenylphenothiazine—a conventional photoreductant—was coaxed into potent
photooxidant behavior in the presence of O, and lithium cation co-catalyst. This photocatalytic system
enables oxidation of benzene for C—N bond formation with nitrogen-containing heterocycles using simple

LED:s.
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Taken together, these two new strategies offer distinct and powerful advantages relative to the state-

of-the-art in oxidative construction of new bonds from unsaturated precursors.



Chapter 1: New Approaches to Oxidative Alkene Functionalization Unlocked by Thianthrenation

A minireview by Min Ji Kim," Karina Targos,” Dylan E. Holst, Diana J. Wang, and Zachary K.

Wickens. "ML.K. and K.T. contributed equally.

1.1 Overview

Oxidative alkene functionalization reactions are a fundamental class of complexity-building
organic transformations. However, the majority of established approaches rely on electrophilic reagents that
limit the diversity of groups that can be installed. Recent advances have established a new approach that
instead relies on the transformation of alkenes into thianthrene-derived cationic electrophiles. These
linchpin intermediates can be generated selectively and undergo a diverse array of mechanistically distinct
reactions with abundant nucleophiles. Taken together, this unlocks a suite of net oxidative alkene
transformations that have been elusive using conventional strategies. This minireview describes these
advances and is organized around the three distinct synthons formally accessible from alkenes via
thianthrenation: 1) alkenyl cations; 2) vicinal dications; 3) allyl cations. Throughout the minireview, we
illustrate how thianthrenium salts address key limitations endemic to classic alkene-derived electrophiles

and highlight the mechanistic origins of these distinctions wherever possible.
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Figure 1.1. Overview of minireview. (A) Preparation of thianthrenium salt electrophiles from alkenes. (B) Three
reactivity manifolds discussed in this chapter.



1.2 Introduction

Oxidative alkene functionalization is a premier tactic for the synthesis of densely functionalized
molecules.! Decades of research in this area have focused on leveraging high energy species derived from
either common nucleophiles (e.g. amines, alcohols, etc.) or the alkene itself (Figure 1.1).*> Tremendous
progress has been made by exploiting electrophilic reagents, wherein the formerly nucleophilic coupling
partner is incorporated into an oxidant. For example, peroxides are used for alkene epoxidation rather than
water.® The alkene can alternatively be transformed into a versatile electrophile that can be directly engaged
with widely available nucleophiles. For example, epoxidation of alkenes sets the stage for nucleophilic ring
opening to prepare a diverse array of alcohol-containing products.’ In principle, an implementation of this
strategy wherein the alkene-derived electrophile does not dictate the functional groups present in the final
product would be particularly appealing. While alkenes can be transformed into a variety of traceless
electrophiles through halogenation (e.g. dihalides and allylic halides), translation of this reactivity manifold
into a general tactic for alkene functionalization has been stymied by selectivity challenges in the synthesis
of requisite electrophilic intermediates as well as the downstream nucleophilic displacement.>%!!

Recent advances in the transformation of alkenes into thianthrenium electrophiles have set the stage
for a new approach to oxidative alkene functionalization. These efforts are part of an emerging area
leveraging thianthrenium salts broadly in synthesis, which have been recently reviewed.!>'* Studies
regarding thianthrenium salts date back to the late 1970s with extensive early investigations from Shine and
co-workers.">™'7 In the context of alkenes, these studies revealed that treatment of alkenes with thianthrene
radical cation provides two distinct dicationic thianthrene-alkene adducts (1A and 1B).'® Further studies
illustrated that these adducts undergo elimination to alkenylthianthrenium salts (1C).'*!” While these early
observations were intriguing, their translation into synthetic methods remained largely unexplored until
efficient protocols were introduced decades later to access these key intermediates. First, Ritter and co-
workers built on their prior work in arene thianthrenation?® and introduced an operationally simple approach
to transform alkenes into analogous adducts by deoxygenative activation of thianthrene S-oxide (TT S-

oxide). Subsequently, Wickens and co-workers advanced an approach to prepare these adducts via anodic



oxidation of thianthrene (TT) in service of a new electrochemical alkene aziridination method.?' Taken
together, these two protocols provide a new means to transform alkenes into versatile sulfonium
electrophiles that expands beyond prior approaches that were restricted to activated vinylarene
substrates.!322-24

This minireview will provide an overview of the oxidative alkene functionalization reactions
unlocked by the modern protocols to transform alkenes into thianthrenium electrophiles. These species have
been found to offer distinct reactivity and selectivity advantages relative to conventional halide-based
electrophiles. The review is organized around the three distinct electrophilic identities that have been
exploited from the thianthrenium-alkene adducts: (1) alkenyl electrophiles, (2) vicinal dielectrophiles, and
(3) allylic electrophiles. Throughout this review, comparisons will be made to conventional halide-based
electrophiles that are, in many cases, also accessible from alkenes. Of note, alkene thianthrenation has
facilitated the translation of the well-established reactivity of vinylsulfonium salts'>!32-27 derived from
1,2-bromosulfonium ethane into a diverse array of alkene functionalization transformations. Further
distinctions between thianthrenium salts and other sulfonium electrophiles will be discussed where the

relevant comparisons have been made. Finally, we will offer our perspective on future opportunities

regarding the use of thianthrene to enable novel oxidative alkene functionalization reactions.

1.3 Alkenes as alkenyl cation equivalents

Alkenylthianthrenium salts have been leveraged as alkenyl electrophiles in mechanistically diverse
transformations. These new reactions take advantage of distinct reactivity of alkenylthianthrenium salts
towards (1) transition metal catalysts via oxidative addition into the C(sp?)-S bond, as well as (2) polar
nucleophiles via conjugate addition to form a sulfonium ylide intermediate (Figure 1.2). Overall, these
reactivity patterns enable the use of alkenes as an alkenyl cation synthon at either of the alkene C(sp?)-sites.

There are two key distinctions between alkenylthianthrenium salts and the corresponding
alkenylhalide: the alkenylthianthrenium salts are (1) more straightforward to access directly from alkenes

and (2) amenable to more diverse reactivity manifolds. While the thianthrene-alkene dicationic adducts



Alkenylthianthrenium salts as alkenyl cation synthons
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Figure 1.2. Alkenylthianthrenium electrophiles allow alkenes to be used as alkenyl cation synthons.

resemble dihalides, their elimination behavior—and thus their utility in accessing alkenyl electrophiles—is
distinct (Figure 1.2). Elimination of dicationic thianthrenium salts provides exclusively the linear
regioisomer with high selectivity for the E-stereoisomer. In contrast, elimination of vicinal dihalides to
alkenylhalides suffers from both poor regio- and stereoselectivity, yielding difficult to separate mixtures.?*-
39 To circumvent this problem, alkenylhalides are more commonly prepared from the corresponding alkynes
rather than alkenes.>!* Furthermore, reactions have been developed to substitute alkenylthianthrenium
salts at both the ipso- and cine-positions, offering a stark contrast to the ipso-substitution chemistry of
alkenylhalides.

In 2020, Ritter and co-workers reported the first general synthesis of alkenylthianthrenium salts
and provided important initial insight into their synthetic utility (Scheme 1.1).%° The authors illustrated how
this enables formal alkenyl C(sp?)-H activation using a variety of metal-catalyzed coupling reactions.

Specifically, a model alkenylthianthrenium salt 1.1 was shown to be competent as an electrophile in C—C
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Scheme 1.1. Cross-coupling reactions using thianthrenium electrophiles reported by Ritter and co-workers.?’



bond forming reactions including Negishi, Sonogashira, and Heck cross-couplings.’*3” These cross-
coupling reactions each generated the desired products in high yield with an FE-stereochemical
configuration. In addition to palladium-catalyzed couplings, the thianthrenium electrophile was engaged
using ruthenium catalysts that often suffer from lack of reactivity with alkenylhalides due to slow oxidative
addition. This enables a collection of functional group interconversion processes that replace the
thianthrenium moiety with halogens as well as a trifluorothioether.

In 2021, Ritter and co-workers showed that an inexpensive feedstock, ethylene, can be broadly
employed as a formal vinylating agent via transformation into a vinylthianthrenium salt. (Scheme 1.2).%%
This work focused on the utility of vinylthianthrenium salt as a practical replacement of vinylhalides, which

are often toxic and carcinogenic gases.® First, the authors benchmarked the reactivity of this
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vinylthianthrenium salt in established annulation reactions of vinyldiphenylsulfonium salts and found that
this new reagent furnishes the desired products in similar or improved yields. Next, they illustrated that
vinylthianthrenium salts can be employed as vinyl electrophiles under Suzuki-type coupling conditions
across a wide range of (hetero)aryl boronic acids. Beyond transition-metal-catalyzed processes, this reagent
can be employed in N-vinylation of azacycles such as indoles, pyrazoles, pyridones, and cyclic carbamates
via conjugate addition and elimination. In this study, Ritter and co-workers also demonstrated the distinct
advantages of vinylthianthrenium salts relative to established vinyl electrophiles. One-pot competition
experiments illustrated that the vinylthianthrenium salt is a more reactive electrophile than vinylbromide in
the Suzuki-type cross-coupling reaction. This observation rationalizes the tolerance of various other C(sp?)
electrophiles (e.g. arylbromides) in the scope of the Suzuki-type vinylation. In addition to their reactivity
advantages over vinylhalides, the vinylthianthrenium salts also addressed the substantial oxidative addition
selectivity problems that have precluded the use of vinyldiphenylsulfonium salts in cross-coupling
chemistry. While this minireview was under review, Ritter and co-workers reported an exciting expansion
of this reactivity to include reductive cross coupling with alkyl iodides using a palladium catalyst.*

In 2021, Huang and co-workers illustrated that alkenylthianthrenium salts undergo copper-
catalyzed silylation and borylation at the ipso-position (Scheme 1.3).*! Alkenylthianthrenium salts derived
from aliphatic terminal, internal, or cyclic alkenes were each successfully functionalized with consistent
>9:1 E-selectivity. Styrenyl substrates were converted into the corresponding silane or boronic ester
products cleanly with high stereoselectivity (=20:1 E:Z). Remarkably, a sterically hindered
alkenylthianthrenium salt derived from a trisubstituted alkene afforded fully substituted alkene final
products 1.22 and 1.31, albeit in diminished yield. Furthermore, both methods tolerated a range of
functional groups, such as alkylbromides, phthalimides and esters. Similar to previous observations from
Ritter,® the reaction was found to be stereoretentive based on formation of 1.25 from the E-
alkenylthianthrenium salt and stereoisomeric 1.26 from the Z-alkenylthianthrenium salt. Both reactions

were shown to be amenable to scale up without change to the reaction conditions.
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Scheme 1.3. Silylation and borylation using thianthrenium electrophiles reported by Huang and co-workers.*!

In 2022, Huang and co-workers continued to explore the ipso-substitution reactivity of

alkenylthianthrenium salts by developing a palladium-catalyzed C(sp?)-P bond forming reaction with

biarylphosphines (Scheme 1.4).** Alkenylthianthrenium salts derived from both cyclic and acyclic aliphatic

alkenes as well as vinylarenes were found to be competent electrophiles. Furthermore, a variety of pendant

functional groups such as alkylhalides, arylhalides, and phthalimides were well-tolerated. Typically, the

authors treated the reactions with elemental sulfur to transform the resultant phosphine into the

corresponding phosphine sulfide to facilitate isolation and characterization. The reaction was performed on

gram scale and gave 1.41 in high yield.
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Scheme 1.4. Phosphination of thianthrenium electrophiles reported by Huang and co-workers.*?



Later the same year, Huang and co-workers reported the regiodivergent arylation of
alkenylthianthrenium salts via ligand-controlled rhodium catalysis (Scheme 1.5).** Use of a diene ligand L;
yielded cine-arylated 1,1-disubstituted alkenes, while use of a bisphosphine ligand L4 yielded ipso-arylated
internal alkenes. This regiodivergent methodology clearly highlights the versatility of the
alkenylthianthrenium electrophile relative to its halide counterpart. The optimal conditions with the diene
ligand gave high regioselectivity for cine-substitution for most alkenylthianthrenium salts, though
styrenylthianthrenium salts underwent the desired reaction in diminished regioselectivity. In contrast, with
the optimal phosphine ligand, ipso-selectivity was observed for the coupling of most alkenylthianthrenium
salts with arylboroxine partners. The authors proposed that cine-substitution pathway involves a reversible
rhodium-catalyzed B-hydride elimination and re-insertion of [Rh]-H; they supported this hypothesis with
deuterium labeling experiments.
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Scheme 1.5. Regiodivergent functionalization using thianthrenium electrophiles reported by Huang and co-workers.*

In 2023, Shu and co-workers uploaded a manuscript disclosing a metal-free, heck-type cine-
functionalization of alkenylthianthrenium salts (Scheme 1.6).* Under basic conditions, treatment of alkenyl
thianthrenium salts with sulfur, carbon, and nitrogen nucleophiles afforded formal C(sp?)-H

functionalization products via conjugate addition and elimination sequences. The authors initially



optimized this reactivity for the synthesis of alkenylsulfones using aryl- and alkylsulfinates as nucleophiles.
The reactivity was next translated to the analogous C—C and C—N bond formation: cyanide was used for
the preparation of alkenylnitriles and electron-deficient nitrogen nucleophiles such as sulfonamide
furnished enamides. Notably, heteroaryl groups such as imidazoles and indoles were competent
nucleophiles and furnished N-alkenylated products. Various alkenylthianthrenium salts derived from
terminal and internal aliphatic alkenes, styrenes, and gaseous alkenes were all competent electrophiles for
the cine-alkenylation reaction. The authors demonstrated the scalability of this protocol in the context of
the sulfonylation reaction. The practicality of the method was demonstrated in a one-pot procedure to access

an alkenylimidazole from alkene.
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Scheme 1.6. Metal-free cine alkenylation of alkenylthianthrenium salt reported by Shu and co-workers.*
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1.4 Alkenes as vicinal dication equivalents

In this section, the use of thianthrenium electrophiles to enable net alkene difunctionalization
reactions will be discussed. These methods have leveraged abundant nucleophiles to generate either strained
three-membered rings or vicinal aminofunctionalized products. In principle, either thianthrenium dicationic
adducts or alkenylthianthrenium salts could serve as the dielectrophilic species. Overall, this reactivity

pattern allows alkenes to be viewed as a formal vicinal dication synthon (Figure 1.3).

Thianthrenium salts as vicinal dication synthons

e -
HH ;SZ\. and

./\/S% ./\(D"

Comparison of alkene-derived dication synthons

H

H

Nul
Nu
® H
Loy~ & s
S,
. S
e L
H™ "H 1) Nu—H Nu
\ﬂ» .)\/Nu productive
2) Nu—H intermediate

base

B
r A N g
Figure 1.3. Vicinal difunctionalization of alkenes via thianthrenium electrophiles.

The reactivity of thianthrenium dielectrophiles is distinct from that of classic analogs (Figure 1.3).
While vicinal dihalides can also be readily accessed from alkenes, attempts to leverage these species as
dielectrophiles beyond simple 1,2-dihaloethane systems typically result in elimination rather than the
desired substitution.*> This challenge has previously motivated the development of multistep sequences to
prepare alternative dielectrophiles that favor substitution over elimination.*®*” In contrast, the dicationic
thianthrenium adducts undergo highly selective formal substitution because their elimination products
remain active electrophiles for conjugate-addition-type mechanisms. Furthermore, reactions have been
developed to selectively engage each electrophilic site of thianthrenium salts in a sequential fashion,
enabling net substitution by two distinct nucleophiles and offering contrast to even the dielectrophilic

species that circumvent elimination (e.g. cyclic sulfates and bromonium ions).



11

In 2021, Wickens and co-workers developed an alkene aziridination reaction via the formal
coupling of primary amines and terminal alkenes (Scheme 1.7).2! In this report, a new electrochemical
preparation of dicationic adducts was developed by anodic oxidation of thianthrene in the presence of an
alkene substrate. Then, in a one-pot manner, substitution of adducts with a primary amine nucleophile under
basic conditions (Cs,COs3) afforded a diverse set of N-alkyl aziridine products. Alkenes bearing proximal
and distal functional groups, as well as the gaseous alkene propene, were effectively engaged in the
electrochemical aziridination protocol. Amines bearing functional groups that would be challenging to
introduce using classic pre-activated, electrophilic nitrogen reagents (e.g. oxidatively sensitive groups)
underwent efficient aziridination. This protocol enabled improved access to an aziridine drug intermediate
1.68 as well as an array of new analogs (1.69 and 1.70). The overall one-pot, two-step procedure was scaled
using a commercially-available flow reactor to generate multiple grams of aziridine product 1.71. This
initial report indicated that the formal substitution of the dicationic adducts could occur by either direct

substitution or an elimination-conjugate addition pathway that proceeds via an alkenylthianthrenium

Br
QA Me
7 N HO (\)\ @/
— > NH
N N NS o0=s
f.2.A Jos kAP
n-Hex N O
n»Hex/<I n-Hex MeO X K/QN

1.64: 75% 1.65: 71% 1.66: 61% 1.67: 63%

drug analog synthesis

Cl Cl Cl
Building block N N N
en route to /N 72 7N\
Pfizer CNS drug — — —
new analogs
N N N
Me /Q ACOW
1.68: 82%
patented route: 17% 1.69: 62% 1.70: 66%

multi-gram preparation

PN N/B”
+ flow electrolysis — Ph/w
H,N—Bn 1.71:67%,3.2¢g

Scheme 1.7. Aziridination of alkenes reported by Wickens and co-workers.?!
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intermediate. Authors from the same research group in a later report (vide infra) settled on the elimination-
based alkenylthianthrenium pathway as the more likely mechanism.*®

In 2022, Shu and co-workers developed a unified protocol for three-membered ring synthesis that
directly engaged alkenylthianthrenium salts with a variety of nitrogen and carbon nucleophiles (Scheme
1.8).# Under basic conditions (K»COs), a range of nitrogen nucleophiles including alkylamines,
sulfonamides, carbamates, and amides were converted into the corresponding aziridines in synthetically
useful yields. In the same report, the authors leveraged acidic carbon pronucleophiles under basic conditions
to enable cyclopropanation of alkenylthianthrenium salts. Disubstituted pronucleophiles, such as
malononitrile and malonic esters, were selectively converted into cyclopropane products. With these
methodologies, biologically-relevant nitrogen nucleophiles and carbon pronucleophiles were converted into
complex aziridines and cyclopropanes, respectively. Alkenylthianthrenium salts derived from both terminal
and 1,2-disubstituted alkenes were converted to the desired three-membered ring products. Furthermore,
the authors illustrated that this methodology could be adapted to an overall one-pot, two-step protocol

starting from the corresponding alkene with minimal loss in yield.

Aziridination Cyclopropanation
. HN—@ [ EWC. @ EWG
e KoCOs _ ./<'I\‘ %6 S KoCOj3 _
| g ﬁ DCM | g 5 DCM
Q Q
o) }_ o] 0.
of OBn “—pn NC, o
Q s Me N N /\Pj_(o /a—CN
N N Me
el e O/Q (j Ph Ph Ph
1.72: 53% 1.73: 54% 1.74: 70% 1.75: 57% 1.78: 75%, 1.06 g 1.79: 67% 1.80: 95% (2:1 d.r.)

one-pot aziridination via thianthrene S-oxide deoxygenation NC

0 H
MeN—4 CN O N
@ TsNH, o NMe
YL | KiC0: NTs 4
N Ph ° Ph 0

S
R
R = H, 1.76: 71% from Oxcarbazepine
R = Me, 1.77: 82% 1.81: 57% 1.82:71% 1.83:63% (5:1 d.r.)

TT S-oxide
Tf,0, DCM
R

feedstock alkenes
(1 atm)

Scheme 1.8. Aziridination and cyclopropanation of alkenylthianthrenium salts reported by Shu and co-workers.*’

In 2023, Wickens and co-workers reported a formal alkene cyclopropanation protocol that

leverages the reactivity of thianthrenium intermediates (Scheme 1.9).*® In this report, treatment of
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Scheme 1.9. Cyclopropanes of alkenes reported by Wickens and co-workers.*®

electrochemically-generated thianthrenium electrophiles with diverse carbon pronucleophiles and a base
(Cs2CO:s) afforded substituted cyclopropane products. Of note, basic heterocycles, such as pyridines and
pyrimidines, served as suitable secondary electron-withdrawing groups on the carbon coupling partner. The
authors found that steric differentiation between the two electron-withdrawing groups conferred substantial
diastereoselectivity. For example, organonitrile pronucleophiles typically resulted in highly
diastereoselective cyclopropanation (>20:1 d.r.). Furthermore, a suite of cyclopropane building blocks were
synthesized from gaseous feedstock alkenes. The utility of the method was illustrated through the synthesis
of substituted derivatives (1.92-1.93) of cyclopropane-containing drug intermediate 1.90 that were
inaccessible using established methods that relied on dihalide substitution. Mechanistic studies revealed
that an alkenylthianthrenium species, generated from elimination of the dicationic adducts, was a key
intermediate en route to the cyclopropane products. These observations prompted a similar series of

experiments regarding the authors’ prior work on aziridination, which supported an analogous mechanism.
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In 2023, Wickens and co-workers reported a distinct reactivity pattern for thianthrenium
electrophiles that expanded beyond strained-ring synthesis and introduced a suite of net alkene
aminofunctionalization processes (Scheme 1.10).%° The key observation of this work was that treatment of
dicationic adducts with potassium phthalimide generated a 1,2-phthalimidosulfonium salt as a single
constitutional isomer. The resultant alkylthianthrenium intermediate could be isolated by precipitation.
These electrophilic salts were subsequently substituted by a diverse array of second nucleophiles, including
carboxylates, thiolates, and amines. This reactivity was adapted to a one-pot procedure wherein phthalimide
and various amine nucleophiles are formally delivered across the alkene to accomplish net diamination.
Mechanistic studies provided a plausible rationale for the apparent regiospecific substitution. The dicationic
adducts were found to eliminate in sifu to an alkenylthianthrenium intermediate 1.99 that undergoes attack

at the B-position by potassium phthalimide in a conjugate-addition-type mechanism. Consistent with the

Two-pot aminofunctionalization One-pot diamination
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[anodic oxidation] Nu—H [anodic oxidation]
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PhthN Me OMe

PhthN Me
00O o~ PhthNOf\> PhthN \/]\
N
o MSI PhthN Y NHz N S N~ome
Me N~z0 Ph/\)\’N\S TsN
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S—j NH, NC
HN
from penicillin G Ph from sulfamethoxazole 1.96: 72% 1.97: 55% (2:1 d.r.) 1.98: 62%
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\

1.100: 15% 1.101: 38% (3:1 Z:E)
Scheme 1.10. Aminofunctionalization via thianthrenium salts and mechanistic studies reported by Wickens and co-
workers.”’
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proposed mechanism, isolated alkenylthianthrenium salt 1.99 is kinetically competent in the reaction as
long as the proton liberated through adduct elimination is restored by addition of phthalimide alongside

potassium phthalimide.

1.5 Alkenes as Z-allyl cation equivalents

The reactivity manifolds discussed thus far involve addition of a new functional group directly at
the carbons of the alkene. Transformation of alkenes into thianthrenium electrophiles, however, offers a
third distinct reactivity pattern: net allylic C(sp®)-H functionalization (Figure 1.4). This reactivity typically
proceeds with exquisite regioselectivity for linear over branched allylic products, and furthermore, exhibits
a preference for formation of Z-alkene products. This transformation offers a complementary platform for
allylic functionalization to established metal-catalyzed approaches as well as recent advances.>'*° Overall,
this reactivity pattern of thianthrenium electrophiles enables use of alkenes as Z-allylic cation synthons.

The allylic functionalization reactivity accessed from thianthrenium electrophiles is distinct from
that of classic allylic electrophiles (e.g. allylbromides). In contrast to the selectivity for linear product
formation using the thianthrene-based approaches, the regioselectivity observed using halogenation
sequences is often diminished by two distinct problems: (1) synthesis of allylic halides from alkenes can be
poorly regioselective, and (2) substitution can produce a mixture of linear and branched allylic products

due to competition between Sn2 versus Sx2' pathways. Furthermore, dibromination byproducts are often

Thianthrenium salts as Z-allyl cation synthons

Comparison of alkene-derived allyl cation synthons
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Nu—H

2)

Y
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S
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> @~ _Nu
2 Nu—H E-selective

base mixture of regioisomers

Figure 1.4. Allylic functionalization of alkenes via thianthrenium electrophiles.
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observed in allylic halogenation processes using electrophilic bromine reagents, such as N-
bromosuccinimide (NBS).%” The Z-selectivity typically observed using thianthrenium salts offers another
major distinction (Figure 1.4). The corresponding Z-allylic electrophiles are inaccessible from alkene
precursors. Instead, classic Z-allylic electrophiles are typically accessed via a multistep sequence involving
alkynol semi-hydrogenation followed by transformation of the alcohol into a leaving group.

In 2021, Wickens and co-workers developed an allylic amination method wherein terminal alkenes
and amines are formally coupled (Scheme 1.11).% In this report, electrochemically-generated alkene-
thianthrene dicationic adducts were treated with base (i-ProNEt) and a secondary aliphatic amine
nucleophile in a one-pot protocol to afford allylic amine products. Feedstock alkenes were amenable to
electrochemical activation and subsequent allylic amination. Notably, dicationic adducts derived from 1-
butene underwent allylic substitution to afford Z-crotylamines in high Z-selectivity (=9:1 Z:E). The reaction

was effective for both cyclic and acyclic secondary amines, including those embedded within complex
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Scheme 1.11. Allylic amination of alkenes with secondary amines reported by Wickens and co-workers.>®
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biologically-active molecules. Alkenes bearing a variety of proximal functional groups were converted to
the corresponding allylic amine building blocks, albeit in diminished Z-selectivity (1:1 to 6:1 Z:E). The
Brensted base used to promote the reaction was identified as the key to maximizing the Z-selectivity of the
processes, with sterically hindered trialkylamine bases proving optimal. The authors advanced a working
hypothesis that the reaction proceeds through isomerization of the alkenylthianthrenium salt to an allylic
thianthrenium intermediate, but this species was not directly observed.

Contemporaneously to the report described above, Shu and co-workers developed a related allylic
functionalization procedure enabled by transformation of alkenes into alkenylthianthrenium salts (Scheme
1.12).%° In this report, the alkenylthianthrenium salts, upon treatment with K»CO; base, underwent allylic
functionalization with diverse oxygen, nitrogen, and sulfur nucleophiles. The authors found that a wide
variety of carboxylic acids were amenable to the process, from simple acetic acid to more complex bioactive
acids. Carboxylic acids were also found to engage thianthrenium salts derived from cyclic internal alkenes
of various sizes in formal allylic functionalization reactivity. With alkenylthianthrenium salts derived from
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terminal alkenes, modest Z-selectivity was observed in the allylic ester products, typically between 2:1 and
3:1 Z:E. However, the authors noted that, in some cases, replacing carbonate with an amine base improved
Z:E, albeit in diminished yield.®® Primary, secondary, and tertiary amines were each demonstrated to be
viable for allylic amination giving Z-allylic amine products in 2:1 to 5:1 Z:E. The authors advanced a
working hypothesis in which the dicationic adducts are transiently formed from alkenylthianthrenium salts
and proceed to allylic products through a substitution-elimination sequence.

In 2023, Sods, Varga, and co-workers exploited the allylation reactivity of thianthrenium salts to
deliver Z-a,B-unsaturated carbonyl compounds from alkenes (Scheme 1.13).%' To accomplish this, the
authors engaged alkenylthianthrenium salts using weakly nucleophilic dimethyl sulfoxide or N-
methylmorpholine N-oxide under basic conditions (K>COs3), which tap into reactivity analogous to the
Kornblum oxidation. This yielded o,B-unsaturated carbonyl compounds as the final products across a broad
range of alkene starting materials and, where relevant, enal products were obtained with Z-selectivity
(typically 4:1 to 6:1 Z:E).? In addition to examining a new nucleophile class, the authors expanded the
nature of the products that could be accessed through variations to the alkene as well. Of note, terminal
alkenes bearing pendant electrophilic functionalities such as aldehydes, alkylbromides, and alkyltosylates
were suitable substrates for this transformation, illustrating the high relative electrophilicity of the
thianthrenium handle. This new transformation could be exploited in one-pot syntheses of natural products
from alkene starting materials using both the chemical and electrochemical methods to generate the
requisite thianthrenium electrophile (Scheme 1.14). While thianthrenium salts derived from terminal
alkenes underwent linear-selective functionalization, those derived from 1,2-disubstituted alkenes
underwent allylic functionalization with poor regioselectivity (Scheme 1.13). The authors attributed this
observation to competition between Sx2 and Sn2’ processes from a putative allylic thianthrenium
intermediate. Indeed, in their mechanistic studies, the authors illustrated that an aryl stabilized allylic
thianthrenium salt can be isolated and was shown to be kinetically competent, albeit without any
stereochemical readout. Intriguingly, the Sn2' product was favored when an exceptionally hindered

alkenylthianthrenium salt was employed (1.135).
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Scheme 1.14. Selected examples of streamlined synthesis of natural products via allylation reactivity by Soos,
Varga, and co-workers.®!
Wickens and Gutierrez uploaded a manuscript describing a detailed mechanistic study of the
unusual allylic functionalization reactivity of thianthrenium salts (Scheme 1.15, see Chapter 3). All
mechanistic experiments in the previously described reports focused on establishing kinetic competence of

various thianthrenium species. However, the elementary steps and origin of Z-selectivity remained unclear
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because these data were consistent with several distinct mechanisms. In this new mechanistic study, the
authors used reaction kinetics, kinetic isotope effects, isotopic labeling, and detailed density functional
theory calculations to distinguish between the prior mechanistic hypotheses and provide a model to explain
the observed stereoselectivity. These studies indicate that the dicationic adducts initially undergo exergonic
elimination to an alkenylthianthrenium species. Following elimination, allylic deprotonation of this
alkenylthianthrenium salt was determined to be both rate- and stereodetermining. Calculations indicate that
endergonic deprotonation occurs with Z-selectivity, consistent with experimental observations. Intriguingly,
the kinetic Z-selectivity appears to arise from a late transition structure, which reflects the increased
thermodynamic stability of the Z-allylic ylide relative to the E-isomer.®*~% The resultant Z-allylic ylide was
found to be configurationally stable and rapidly protonated to form an allylic thianthrenium electrophile.
This Z-allylic electrophile is then substituted with high Sx2 regioselectivity to provide the final allylic
product. This mechanistic model is fully consistent with all data reported to date and rationalizes the

observed reactivity and stereoselectivity.
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Scheme 1.15. Elementary steps of Z-selective allylic functionalization from thianthrenium salts
reported by the Wickens and Gutierrez groups.
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1.6 Conclusion and Outlook

This chapter highlights the diverse formal oxidative alkene functionalization reactions unlocked by
transformation of alkenes into linchpin thianthrenium electrophiles. The recent burst of interest in this
approach has been driven by new methods to access thianthrenium electrophiles from alkenes: (1)
deoxygenation of thianthrene S-oxide, and (2) anodic oxidation of thianthrene. Overall, these strategies has
enabled the development of an array of methods that collectively allow alkenes to be viewed as formal
alkenyl cations, vicinal dications, and Z-allylic cations.

The transformation of alkenes into alkenylthianthrenium salts has enabled a suite of new formal
regioselective C(sp?)-H functionalization reactions. The regio- and stereoselective synthesis of
alkenylthianthrenium salts from alkenes distinguishes these species from classic alkenylhalide
electrophiles, which are typically accessed from less abundant precursors. These thianthrenium salts
participate in multiple reactivity manifolds, which enables both ipso- and cine-substitution processes with
a wide range of nucleophiles. We envision future efforts will introduce new strategies to promote
regiodivergent coupling that expand upon seminal reports in this arena.

Alkene thianthrenation has unlocked a new approach to alkene difunctionalization that leverages
abundant nucleophiles as coupling partners. These thianthrenium species favor net-disubstitution reactivity,
in stark contrast to classic halide dielectrophiles that often suffer from the formation of dead-end elimination
side products. Initial investigation into this reactivity focused on the introduction of modular routes to
strained three-membered rings. We envision that future work in this area will expand this platform to enable
the synthesis of larger ring systems alongside new approaches to control stereochemistry. Furthermore,
these dielectrophiles were shown to undergo a single, regiospecific substitution with phthalimide to furnish
1,2-phthalimidosulfonium intermediates that are en route to vicinally functionalized products, such as
diamines. We expect that further mechanistic understanding will enable generalization of this reactivity
beyond phthalimide and unlock a new platform for vicinal alkene difunctionalization.

Generation of thianthrenium electrophiles from aliphatic alkenes has revealed a new mechanism

to promote the formal C(sp*)-H allylic functionalization of alkenes. This reaction manifold is exquisitely
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selective for linear products over the branched isomer and offers intriguing Z-selectivity. These observations
offer a complement to the corresponding allylic halide electrophiles that can be similarly accessed from
alkenes but with high E-selectivity. Unlike the other two reaction manifolds wherein the structures of the
thianthrenium electrophiles are evocative of the observed reactivity, this allylic functionalization
transformation was substantially less obvious. Indeed, at least in our studies, these products were initially
observed as unexpected side products when attempting other transformations. At this stage, seminal reports
in this area have established that many nucleophiles participate in this mechanistic manifold albeit with
variable Z-selectivity. A recently disclosed mechanistic study offered the first detailed model to rationlize
both this reactivity and the origin of Z-selectivity. We envision these mechanistic insights will aid in the
development of new methods that enforce high Z-selectivity across a broad range of nucleophiles.

Despite the rapid synthetic advances exploiting alkene-derived thianthrenium salts over the past
four years, numerous areas for further development remain. For example, while internal alkenes can be
readily transformed into the corresponding thianthrenium salts, the reactivity of these more substituted
electrophiles remains underexplored. We suspect that tuning thianthrene structure will offer a new avenue
to expand upon the reactions developed to date. Indeed, in other contexts, structural modifications to
sulfonium electrophiles have proven essential to control reactivity and selectivity.’’* Additionally, while
thianthrene and thianthrene S-oxide are each inexpensive stoichiometric activating groups, rendering these
processes catalytic would nonetheless be attractive and promote development enantioselective variants.
Overall, the unique reactivity and selectivity profiles of thianthrenium electrophiles offer a fertile ground
for the development of formal oxidative alkene functionalization reactions that will continue to be enriched

by future discoveries.
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Chapter 2: Electrochemical Synthesis of Allylic Amines from Terminal Alkenes and Secondary

Amines

This chapter has been published and adapted with permission from:
Diana J. Wang, Karina Targos, and Zachary K. Wickens. Electrochemical Synthesis of Allylic Amines
from Terminal Alkenes and Secondary Amines. J. Am. Chem. Soc. 2021, 143, 51, 21503-21510.

Copyright © 2021 American Chemical Society

2.1 Abstract

Allylic amines are valuable synthetic targets en route to diverse biologically active amine products.
Current allylic C—H amination strategies remain limited with respect to the viable N-substituents. Herein
we disclose a new electrochemical process to prepare aliphatic allylic amines by coupling two abundant
starting materials: secondary amines and unactivated alkenes. This oxidative transformation proceeds via
electrochemical generation of an electrophilic adduct between thianthrene and the alkene substrates.
Treatment of these adducts with aliphatic amine nucleophiles and base provides allylic amine products in
high yield. This synthetic strategy is also amenable to functionalization of feedstock gaseous alkenes at one
atmosphere. In the case of 1-butene, high Z-selective crotylation is observed. This strategy, however, is not
limited to the synthesis of simple building blocks; complex biologically active molecules are suitable as

both alkene and amine coupling partners.

2.2 Introduction

Aliphatic amines are prevalent in pharmaceuticals, natural products, and other biologically active
molecules.' Thus, the development of strategies to rapidly construct C-N bonds is of longstanding
synthetic importance. Allylic amines are particularly valuable building blocks due to their synthetic

versatility.*® A deceptively simple strategy to prepare alkyl allylic amines would be the oxidative coupling
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Target transformation: allylic amines via amine and alkene coupling
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Figure 2.1. Project overview. (A) Idealized transformation to access aliphatic allylic amines. (B) Representative
established allylic C—H amination reactions. (C) Schematic overview of this work.

of alkenes and aliphatic amines (Figure 2.1A). Such a reaction would be an attractive complement to classic
amine allylation strategies such as Sx2°'® and w-allyl substitution reactions'’?* that rely on
prefunctionalized electrophiles.?> However, successful realization of such a transformation requires a
strategy to promote the desired oxidative C—N bond-forming process without undesired oxidation of the
aliphatic amine starting materials or the aliphatic allylic amine products (0.8 — 1.1 V vs. SCE).?® As a
consequence, generation of aliphatic allylic amines by oxidative coupling of alkenes and amines has
remained elusive.’’ ¢ Instead, pioneering reports have established powerful C-H functionalization
protocols to construct allylic C—N bonds using oxidatively stable nitrogen sources in diverse intermolecular
amination reactions.’’#® These reaction manifolds primarily take advantage of electronically deactivated

47-59 and nitrene precursors.®®’* As a direct result, these established approaches

nitrogen pronucleophiles
offer limited access to aliphatic allylic amine products and instead furnish products with electron-deficient

nitrogen atoms, such as allylic sulfonamides and carbamates (Figure 2.1B).
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Despite the significant progress in other oxidative amination reactions,”*° to date, there is a single
intermolecular allylic C—H amination reaction that directly furnishes aliphatic allylic amine products.?’ This
strategy, reported by Ritter and co-workers in 2020, exploits photochemically-activated sulfilimine reagents
as nitrogen sources. While this is a landmark report in allylic C—H amination, installation of different N-
substituents in the product requires preparation of unique electrophilic reagents. Additionally, this reagent
design strategy is not readily amenable to tertiary amine synthesis. Accordingly, a complementary synthetic
technology that generates allylic amines via an oxidative coupling of unactivated amine nucleophiles and
alkenes remains poised to have a significant impact on organic synthesis. Such an approach would directly
translate the >4 million commercially available aliphatic amines into versatile allylic amine building
blocks.?®!

We recently developed an electrochemical strategy to engage oxidatively sensitive nucleophiles in
net oxidative alkene difunctionalization reactions.® Our approach draws inspiration from Yoshida's
pioneering cation pool work®>#*and contributes to a rapidly growing body of literature exploiting oxidized
thianthrene derivatives as synthetic intermediates.®>*? Specifically, we leveraged electrochemistry to
cleanly generate dicationic adducts between unactivated alkenes and thianthrene (TT),”>** a safe® and
inexpensive®® reagent. This strategy circumvents the need for oxidatively stable coupling partners in net
oxidative alkene functionalization reactions; the oxidative alkene activation event is decoupled from
nucleophilic substitution. In our first report, we leveraged this approach to enable the formal coupling of
primary amine nucleophiles with alkenes to furnish aziridine products through a one-pot, two-operation
process. Herein, we report an electrochemical strategy to prepare linear, tertiary allylic amine products from
aliphatic amines and alkenes with contrathermodynamic Z-selectivity (Figure 2.1C). This is accomplished
by diverting the reactivity of the dicationic alkene-thianthrene adducts down a formal substitution-

elimination pathway.
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2.3 Results and Discussion

Our development of an allylic amination process began with an unexpected observation during the
study of our dication pool aziridination reaction. We found that, upon exposure to excess fert-butylamine,
the electrogenerated mixture of dicationic electrophiles 2.1 and 2.2 was transformed into the linear allylic
amine product 2.3 in 3:1 Z:E ratio rather than the expected N-fert-butylaziridine (Scheme 2.1). We
suspected this net substitution-elimination process may be a consequence of the increased steric bulk about
the nitrogen nucleophile. This rationalization suggested that secondary amine nucleophiles may proceed
down an analogous allyic amination pathway rather than forming aziridinium intermediates expected to
lead to diamination products.®” Such a reaction would furnish tertiary Z-allylic amine products and serve as
an ideal complement to the recent secondary E-allylic amine synthesis developed by Ritter and co-
workers.?’ To probe this hypothesis, we exposed an electrogenerated mixture of 2.1 and 2.2 to an excess of
N-methylbenzylamine. To our delight, this resulted in conversion of the adduct to the corresponding allylic
amine product 2.4 with 4:1 Z-selectivity. Next, we aimed to identify a suitable stoichiometric base to lower
the necessary equivalents of amine (Table 2.1). We surveyed a range of bases and found i-Pr,NEt promoted
the desired allylic functionalization in 79% yield with a 1:1 stoichiometry of amine and alkene starting
materials. Increasing the steric bulk of the amine base to triisobutylamine resulted in formation of a
alkenylthianthrenium salt 2.5 alongside a reduced yield of allylic amine product (entry 2). Smaller amine
bases, such as triethylamine, also resulted in reduced yield (40%) of the desired allylic amine product 2.4
due to competitive formation of an allylic ammonium salt 2.6 derived from the triethylamine base (entry

3). Alternative bases, such as Cs,COs, promoted the desired allylic functionalization albeit in diminished

H
,BuU

a N

dicationic adducts £BuNH, f\’ StBu /\/<[ij
. Ph Ph

a nf)h(;i”g;rlzg‘: on] Qﬁ 2.3:62% (3:1 ZE)  not observed

7)\ g 'Y'e

H ~

H Q MeNHBn f\’N Bn

21 2.2

Ph
2.4:73% (4:1 Z:E)

@Reactions were conducted using alkene (0.15 mmol), thianthrene (0.23 mmol), 3 mL MeCN (0.2 M n-BusNPFg), | =4.0 mA, 25h (2.5 F mol™" alkene); then
amine (1.2 mmol), 16 h. Yields and Z:E ratios were determined by 'H NMR analysis. See appendix A for details.

P N

Scheme 2.1. Initial observations of allylic amination from electrogenerated dicationic adducts.*
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Table 2.1. Base Evaluation for the Allylic Amination Reaction.*?

thianthrene

[anodic oxidation] 'Yle
PR NN then ——— Z N‘Bn
MeNHBn
[base] PI™ 24
entry base yield 2.4 (%) (Z:E) yield 2.5 (%)
1 i-PryNEt 79 (6:1) nd.
2 i-BuzN 27 (5:1) 52°¢
3 EtsN 40 (3:1) n.d.
4 Cs,C03 61 (3:1) nd.
5 NaHCO3 <5 67

observed side products:

Q g Pt
P NN Sﬁ Ph
25 26

(€]
NEts

4Reactions were conducted using alkene (0.15 mmol), thianthrene (0.23 mmol),
3 mL MeCN (0.2 M n-BuyNPFg), | = 4.0 mA, 2.5 h (2.5 F mol™ alkene); then
base (1.1 mmol), amine (0.30 mmol), 16 h. Yields and Z:E ratios were
determined by 'H NMR analysis. See the appendix A for details. °n.d. = not
detected. °1:5 Z:E. 91:6 Z:E.

Z- selectivity (entry 4). Weaker inorganic bases, such as NaHCOs, provided alkenylthianthrenium product
2.5 alongside traces of the desired allylic amine (entry 5). Overall, this method provides an appealing one-
pot synthesis of allylic amine building blocks.

With optimized conditions in hand, we next investigated the alkene scope for this allylic amination
process, employing N-methylbenzylamine as a model secondary amine nucleophile (Table 2.2). Allylic
amination of 4-phenyl-1-butene and an aryl bromide derivative provided the desired Z-allylic amine
products (2.4, 2.7) without detectable arene thianthrenation. Likewise, selective alkene functionalization in
the presence of an unconjugated alkyne was obtained with high Z-selectivity (2.8). This result, alongside
with tolerance of aromatic substrates (2.4, 2.7), illustrates the exquisite chemoselectivity for adduct
formation between oxidized thianthrene and alkene over previously observed thianthrenation of arenes®
and alkynes.”® Unconjugated dienes underwent selective monofunctionalization to provide Z-unconjugated
diene 2.9 and E-conjugated diene 2.10 building blocks. Alkenes bearing a variety of proximal functional
groups, such as nitrile (2.11), acetate (2.12), ether (2.13), and phthalimide (2.14) each efficiently delivered
the desired allylic amine products. These examples illustrate the viability of accessing allylic amine building
blocks with a secondary homoallylic (2.11, 2.12) or allyic (2.13, 2.14) functional group handle for further

elaboration. Allylcyclohexane underwent allylic amination to furnish the sterically hindered
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Table 2.2. Scope of Alkenes for Allylic Amination via Dication Pool Strategy.“?

@ Q
thianthrene H Meq  -Bn Me
T @ N i
[anodic oxidation] H N
.\/\ S e = ~
X Bn
H J i-PraNEt {\/

H H

dicationic adducts

Me Me
N N Me Me
Z ~ z N N
” B o Z7 "Bn ANy / i
" N AN,
F
2.4: 67% (5:1 ZE) 2.7: 73% (5:1 ZE) 2.8: 60% (220:1 Z:E) 2.9: 69% (5:1 Z:E) 2.10: 57%° (1:3 Z:E)
Allylic amines from feedstock alkenes®
Me Me Me Me
| 1 AN Me
N« Me” X X
A~Nog, A~Nog, f\/ Bn Me/g
NC AcO BnO propene (1 atm) isobutene (1 atm) butene (1 atm)
2.11: 77% (3:1 Z:E) 2.12: 66% (4:1 Z:E) 2.13: 52% (2:1 ZE) l l l
I\'/Ie
N< Me M
f\/ Bn = _ N. Me Me Me '{le
Bn Z ~
PhthN O/\/ /\/N\Bn 2\,N\Bn ,\g\’ Bn
2.14: 63%c (2:1 Z:E) 2.15: 58% (2:1 Z:E) 2.16: 53% 2.47: 74% 2.18: 62% 2.19: 68% (10:1 Z:E)

“Reactions were conducted using alkene (0.4 mmol), thianthrene (0.6 mmol), 8 mL MeCN (0.2 M n-BuyNPFg), | = 12.0 mA, 2.2 h (2.5F mol™" alkene); then i-ProNEt
(2.8 mmol), amine (0.8 mmol), 16 h. Yields and Z:E ratios are of the purified product unless otherwise noted. See the appendix A for further details. ‘Isolated yield
(Z:E). °NMR vyield. 9Reactions were conducted using alkene (1 atm), thianthrene (1.0 mmol), 4 mL MeCN (0.2 M n-BuyNPFg), | = 60.0 mA, 45 min (1.7 F mol™!
thianthrene); then i-Pr,NEt (3.2 mmol), amine (0.4 mmol), 3 h.

vinylcyclohexane product 2.15.°° Finally, vinylcyclohexane underwent allylic amination to form
trisubstituted allylic amine 2.16.'%

We next probed whether this oxidative coupling strategy is also amenable to functionalization of
commodity feedstock alkenes derived from steam cracking and related petroleum refinery processes (Table
2.2).191192 Electrolysis of thianthrene under one atmosphere of propene and isobutene each generated the
desired dicationic adducts. Treatment of these reaction mixtures with i-ProNEt and N-methylbenzylamine
resulted in allyl- and methallylamine products (2.17, 2.18) in high yields relative to the amine starting
material. Traditional methods to produce these products rely on Sx2 displacement of the corresponding
allylic halides, which are carcinogenic and also industrially derived from the same feedstock alkenes
through a multistep oxidation-halogenation sequence.'®'* In contrast, this electrochemical method offers
an appealing alternative protocol that produces H> gas as the stoichiometric byproduct since thianthrene

can be recycled and reused.'® Notably, 1-butene—the simplest alkene to form stereoisomeric allylic amine

products—gave allylic amine 2.19 with high Z-selectivity. This highlights the value of this new
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transformation beyond a green chemistry context; crotylhalides are only readily available as an £-dominant
mixture.

Next, we probed the scope of the amine nucleophile, employing 1-butene as the alkene coupling
partner (Table 2.3). These transformations furnish synthetically attractive Z-crotylamine building blocks
that are not straightforward to access using conventional alkylation chemistry. Simple, acyclic
dialkylamines (2.20-2.23) resulted in high yields and Z-selectivity. Of note, even sterically hindered amines
delivered the corresponding Z-crotylamine product 2.21, albeit with a diminished yield. Heteroaromatic
and saturated heterocycles are tolerated both as pendant functional groups (2.22, 2.23) or as the nucleophile
itself (2.24-2.28). Amine nucleophiles bearing potential competing nucleophiles were also selectively
transformed into Z-allylic amine products (2.24, 2.26), preserving the unprotected functional groups for
further derivatization. In addition to spirocyclic piperidine (2.24), other bicyclic heterocycles with

morpholine (2.27) and piperazine (2.28) cores underwent Z-selective crotylation.

Table 2.3. Scope of Z-Crotylamine Building Blocks.*?

thianthrene
[anodic oxidation]

Me X
(1 atm) /Y\e@
Me
®
[ o o
‘N’. dicationic adducts N
H i-PrNEt R

Me

{ i Q)
(\’N\Bn (\’Nvt-Bu (\’N \N
Me

Me Me

2.20: 71% (10:1 Z:E) 2.21: 38%°(10:1 Z:E) 2.22:62%°(9:1 Z:E)

AN AN NH AN
(\/ \O\IBOC (\/ Ng\/ g OMe

Me Me
2.23: 56%C (9:1 Z:E) 2.24: 85% (>20:1 Z:E) 2.25: 62% (10:1 Z:E)
Q /Ji\/o B:/NBOC
N Q N N
Me N Me Me
H
2.26: 73% (220:1 Z:E) 2.27: 53% (9:1 ZE) 2.28: 80% (12:1 Z:E)

4Reactions were conducted using butene (1 atm), thianthrene (1.0 mmol), 4
mL MeCN (0.2 M n-BugNPFg), | =60.0 mA, 45 min (1.7 F mol™! thianthrene);
then i-ProNEt (3.2 mmol), amine (0.4 mmol), 3 h. Yields and Z:E ratios are of
the purified product unless otherwise noted. See the appendix A for further
experimental details. 2Isolated yield (Z:E). “NMR yield.
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In addition to the efficient formation of simple, allylic amine building blocks, we envisioned that
this newly realized oxidative allylic amination methodology would also streamline the synthesis of more
complex amine products (Table 2.4). With this in mind, we next evaluated a range of drug-like compounds
as both alkene and amine coupling partners. Due to their structural complexity, these substrates each contain
numerous functional groups expected to be liabilities for typical oxidative allylic amination procedures.
Lewis basic heterocycles, such as pyridine (2.29) and pyrazole (2.30) as well as oxidatively sensitive
electron-rich aromatic systems (2.31-2.33),2° each delivered the desired allylic amine products.
Additionally, allylic amines could be obtained from substrates bearing a variety of saturated heterocycles,
including piperidine (2.29), morpholine (2.30), homopiperazine (2.34), and piperizine (2.35). Of note, the
homopiperazine (2.34) and piperizine substrates (2.35), each contain a competent tertiary amine nucleophile
yet produce the desired allylic amine products in synthetically useful yield. This chemoselectivity extended
to other nucleophilic functional groups; unprotected alcohols and arylamines (2.31, 2.32) did not compete
with the secondary amine under these allylation conditions, leaving them as synthetic handles for further

functionalization. An array of different aryl halides were well tolerated, including both medicinally relevant

Table 2.4. Oxidative Coupling of Complex Bioactive Molecules.*”

®
thianthrene ’,Qéw S% H% —‘ .“N'. ®
[anodic oxidation] H N
.\/\ > S, 87* - Z
N H”/Z\/. Ry A J o °

" AN

dicationic adducts

= o MeO OH
7 =N N\) Oji) Br
o% o e X
/,\\ (\,N\)\/O O NH > Br

Me NH,
Me

from Desloratadine from Celecoxib from Carvedilol from Ambroxol
2.29: 68%° (10:1 Z:E) 2.30: 58%%9 (1:1 Z:E) 2.31: 56% (10:1 Z:E) E 2.32: 34%° (8:1 Z:E)

(‘NBn O

I\|/Ie
K\/ N 0\©\ ! \/)
M Me O Z
e CF3 )\ /U\/(\/ (\N
Et0,C” 0 E N
\f\/ E
from Fluoxetine from lactate \Q\(O from Flunazirine intermediate

2.33:67% (10:1 Z:E) 2.34:50% (4:1 Z:E) £ O 2.35: 71% (2:1 Z:E)

2Limiting amine reactions were conducted using alkene (1 atm), thianthrene (1.0 mmol), 4 mL MeCN (0.2 M n-BusNPFg), | = 60.0 mA, 45 min (1.7 F mol™
thianthrene); then i-ProNEt (3.2 mmol), amine (0.4 mmol), 3 h. Limiting alkene reactions were conducted using alkene (0.4 mmol), thianthrene (0.6 mmol), 8 mL
MeCN (0.2 M n-BudNPFg), | =12.0 mA, 2.2 h (25F mol™’! alkene); then i-PryNEt (2.8 mmol), amine (0.4 mmol), 16 h. Yields and Z:E ratios are of the purified
product unless otherwise noted. See the apprendix A for further details. Isolated yield (Z:E). °NMR yield. 0.8 mmol amine.



36

fluorinated groups (2.30, 2.33, 2.35) as well as aryl bromides (2.32) and chlorides (2.29) that readily
participate in cross-coupling reactions.

During our investigation of the alkene scope for allylic amination, we observed saturated
heterocyclic products when using alkenes bearing a tethered pronucleophile (Table 2.5). Under basic
conditions, intramolecular cyclization would furnish an alkylthianthrenium salt that can undergo
substitution with the secondary amine nucleophile. From the NH sulfonamide precursors, pyrrolidine (2.36)
and piperidine (2.37) were formed in high yields. Methylation of the sulfonamide moiety eliminated this
cyclization pathway to enable allylic amination reactivity (2.30). Tetrahydrofuran 2.38 was obtained from
several ether starting materials, including an L-menthol alkene derivative. These observations are part of a
broader ongoing investigation by a current graduate student in the Wickens group that aims to generalize

cyclization transformations of thianthrenium salts to generate a suite of saturated heterocycles.

Table 2.5. Scope of Cyclized Products from Alkenes with Tethered Nucleophiles.*

thianthrene

[anodic oxidation] ) @S ‘H'. ) ,

i-PrNEt

Nu = NH sulfonamide
FaC FaG

O// \\O O/I \\O
Me 2.36: 90% yield Me 2.37: 78% yield
Nu = various ethers = O .\Me
Me Me\(o
’OM e} N,
Bn Me ; 65%
2.38 =Bn; 56%
= Si(i-Pr)3; 38%

4Reactions were conducted using alkene (0.4 mmol), thianthrene (0.6 mmol), 8 mL MeCN
(0.2 M n-BuyNPFg), | = 12.0 mA, 2.2 h (2.5 F mol™" alkene); then i-Pr,NEt (2.8 mmol),
amine (0.8 mmol), 16 h. NMR yields reported. See the appendix A for further details.

Next, we aimed to provide some preliminary mechanistic insight into this new process. Monitoring
the transformation of dicationic adducts to allylic amine over time revealed that the adducts are rapidly
consumed and an alkenylthianthrenium salt is generated. Given the basic conditions, we suspected that the

alkenylthianthrenium salt was likely a key intermediate en route to the observed allylic amine product rather
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s Me\N,Bn Me
H
Me .o S 7 —H AN (Equati
quation 2.1)
i-PrNEt 7 en
Me
2.39 (1:1 Z:E) 2.19: 75% (10:1 Z:E)

than an off-cycle reservoir. To probe this specific question, we directly prepared alkenylthianthrenium salt
2.39 by base-induced elimination of the electrochemically generated dicationic adducts between 1-butene
and thianthrene. We then subjected this isolated alkenylthianthrenium 2.39 to otherwise standard
substitution conditions (see appendix A for experimental details). Under these conditions, the allyic amine
product 2.19 was formed in 75% yield and identical stereoselectivity to what is observed under standard
conditions (Equation 2.1). This is consistent with the alkenylthianthrenium salt serving as an on pathway
intermediate. Based on these data, we have constructed a working mechanistic model wherein the
alkenylthianthrenium salt undergoes a base-induced isomerization to an allylic thianthrenium intermediate.
This species is then rapidly trapped with the amine nucleophile. Indeed, there is a single report of
alkenylsulfonium salts being converted to allylic amines.!® Studies were underway to clarify the
mechanistic details of this reaction, particularly the stereodetermining step for the process (see Chapter 3).
Beyond the mechanistic implications, however, these data also indicate that alkenylthianthrenium salts
prepared through chemical means®® can be engaged as an electrophile for this transformation. We envision
this may be valuable for practicing synthetic chemists in a small-scale research and development setting

where electrochemistry offers a less significant advantage relative to more traditional synthetic tactics.

2.4 Conclusion

Overall, we developed an electrochemical synthesis of allylic amines from terminal alkenes and
secondary amines. This represents the first example of a formal C—H functionalization approach to furnish
tertiary aliphatic allylic amines as well as the first example of a strategy for oxidative allylic C-H
functionalization that provides Z-selectivity. This linear-selective process exhibits good functional group
tolerance and is attractive for substrates ranging from feedstock gas functionalization to derivatization of
complex molecules. Furthermore, the conditions are operationally simple; no precautions to exclude air or

moisture are necessary. Preliminary mechanistic studies indicate that alkenylthianthrenium salts are key
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intermediates. We anticipate that this new electrochemical transformation will find immediate application
in organic synthesis given the established synthetic utility of allylic amine building blocks. Moreover, we
anticipate that the results reported herein set the stage for the development of a wide range of Z-selective

allylic functionalization reactions that remain challenging to accomplish via more conventional approaches.
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Chapter 3: Unraveling the Mechanism of Z-selective Allylic Functionalization via Thianthrenium

Salts

A collaboration with Achyut R. Gogoi, Angel Renteria-Gomez, Min Ji Kim, Osvaldo Gutierrez, and

Zachary K. Wickens

3.1 Abstract

A detailed mechanistic study of the Z-selective allylic functionalization of thianthrenium salts is
presented. We have leveraged kinetic analysis and deuterium labelling to concretely determine the
elementary steps involved. We find that the reaction proceeds via a rate- and stereodetermining allylic
deprotonation of an alkenylthianthrenium species. Intriguingly, computational studies uncover a
pronounced kinetic bias towards the generation of the Z-allylic thianthrenium ylide in this step. We have
identified stabilizing non-bonding interactions that contribute to the observed stereoselectivity. Overall, the
Z-configuration of the ylide is effectively locked through a sequence of subsequent fast and irreversible
steps: protonation to a Z-allylic thianthrenium electrophile followed by regioselective substitution by the
nucleophile. While a few isolated reports have noted the thermodynamic preference of freely rotating Z-
allylic anions, the Z-selective allylic functionalization of thianthrenium salts marks the first method wherein

this phenomenon has been exploited in a more general synthetic context.

A

1) thianthrenation Nu
‘\/\ > {/\/

2) Nu—H
base

linear Z-allylic motifs + broad nucleophile scope « applications in synthesis

, (0]
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key contributions from Wickens, Shu, So6s and Varga

Prior work established kinetic competence of two thianthrenium salts:

B ®

Open question: what is the mechanism and origin of Z-selectivity?

Figure 3.1. Overview of Z-selective allylic functionalization from thianthrenium salts.
(A) Synthetic advances. (B) Prior mechanistic work.
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3.2 Introduction

Stereoselective methods to make alkenes have proven to be valuable tools for the synthesis of
complex molecules.!* However, established approaches to prepare alkenes are skewed towards E-selective
methods and preparation of Z-alkenes remains generally more challenging. Indeed, Z-alkenes cannot be
generated selectively via thermodynamically-controlled processes since the E-stereoisomer is often more
thermodynamically stable due to minimization of steric interactions.® This restriction can be circumvented
by kinetically-controlled processes, but successful approaches must either offset the energetic penalty from
1,3-allylic strain in Z-alkene-forming transition structure or introduce new impediments to the E-alkene-
forming pathway.* While several Z-selective methods to prepare alkenes have been established (e.g. Wittig
olefination and semi-hydrogenation), the development of new protocols to access Z-alkenes remains an area
of considerable contemporary interest.>® As new distinct approaches to synthesize Z-alkenes continue to
emerge, elucidating the origin of stereocontrol in these processes is of significant importance.’'* In addition
to establishing a fundamental mechanistic understanding of these new transformations, identification of the
factors that control reactivity and selectivity in these processes can, in turn, provide a blueprint for rational
improvements to reaction conditions.!'>!®

Recently, independent reports from our group alongside Shu and co-workers introduced a new class
of transformations to prepare an array of Z-alkene products (Figure 3.1).!”!® In these methods, alkenes are

first transformed into thianthrenium electrophiles'®!

which are then treated with base and a nucleophile to
furnish allylic functionalized products with exquisite regioselectivity and surprising Z-selectivity. These
initial reports have led to further exciting developments made by others that cleverly exploit this allylic
functionalization in new synthetic contexts.?>?* Taken together, these advances suggest this new reactivity
manifold will ultimately lead to a general platform for formal Z-selective allylic C(sp*)—H functionalization.
However, the mechanism of this process remains unknown. Confoundingly, the minimal mechanistic data
presented to date are consistent with multiple mechanisms because the focus of the experiments has been

establishing kinetic competence of thianthrenium species that could potentially interconvert. This leaves

the elementary steps of the reaction opaque and ultimately precludes the elucidation of the origin of
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stereocontrol.?*?> Overall, we posit that constructing a detailed mechanistic model for this reaction will be
a requisite step to translate this reactivity into a new broadly-applicable strategy in Z-alkene synthesis.
Herein, we present an experimental mechanistic investigation that uncovers the elementary steps of the

allylic functionalization of thianthrenium salts using amine nucleophiles.

3.3 Results and Discussion

A complete mechanism that is consistent with experimental and computational investigations (vide
infra) 1is presented in Figure 3.2. Allylic functionalization proceeds through an isolable
alkenylthianthrenium intermediate 3B that is generated upon base-induced elimination of dicationic adducts
3A.17:20.2628 The first step of the allylic functionalization process is the rate-determining deprotonation of
an allylic C—H bond of the alkenylthianthrenium salt 3B. The resultant allylic thianthrenium ylide 3C is
then rapidly protonated; under reaction conditions, this step is rendered irreversible as the corresponding
allylic thianthrenium electrophile 3D undergoes regioselective substitution with the nucleophile. The
outcome of this step affords Z-allylic products (3P). Below, we will delineate the experimental and
computational results and analyses that lead to the conclusion of these outlined elementary steps.

®

Q;;%%?? base .\/\/% :;e[:)sse {/\e/% H® % Nu—H

3A 3B 3C 3D 3P

Figure 3.2. Elementary steps of Z-selective allylic functionalization from thianthrenium salts determined through
experimental and computational studies.

Since both dicationic adducts and alkenylthianthrenium salts have been established as kinetically

competent for allylic functionalization,'”!®

we first monitored the allylic amination reaction in order to
identify which thianthrenium species to employ for our subsequent mechanistic studies. To this end, we
electrochemically-generated a pool of meta-stable dicationic adducts 3.1 and 3.2 using 4-phenyl-1-butene
and thianthrene (Scheme 3.1). Upon treatment with base in the absence of amine nucleophile, we observed

rapid and quantitative elimination of dicationic adducts 3.1 and 3.2 to a solution-stable

alkenylthianthrenium intermediate 3.3.” When N-methylbenzylamine was added to the solution, the
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4Electrogenerated adducts were prepared using 4-phenyl-1-butene (0.2 mmol),
thianthrene (0.3 mmol), 2 mL MeCN-d3 (0.4 M KPFg), | = 6.0 mA, 22 h (25 F
mol™" alkene); then i-PryNEt (1.6 mmol); then amine (0.3 mmol). CH,Br, was
used as an internal standard. Only mono-adduct 3.1 is depicted. See appendix B
for details.

Scheme 3.1. Monitoring speciation of thianthrenium salts.“

conversion of 3.3 corresponded to the formation of allylic amine product 3.4. Furthermore,
alkenylthianthrenium salt 3.3 was the only thianthrenium species detected by "H NMR spectroscopy during
the allylic amination reaction. No detectable steady-state concentration of other thianthrenium species was
observed (e.g. dicationic adducts 3A, or allylic thianthrenium salt 3D). Crucially however, these data do
not exclude that transient thianthrenium electrophiles may be generated during allylic amination. These
observations are consistent with the alkenylthianthrenium salt being a convergent intermediate as proposed
in previous mechanistic hypotheses.!”!® With these initial mechanistic insights, we opted to skip the
exothermic elimination step (AH = —27.0 kJ/mol) of dicationic precursors to simplify the reaction
conditions.’®*!  Thus, we conducted our experimental investigations using bench-stable
alkenylthianthrenium salt 3.3 to streamline subsequent mechanism analyses (Scheme 3.2).

We next set out to identify model amine nucleophile for the allylic amination of
alkenylthianthrenium salts that would enable the clearest mechanistic analysis. We recognized that a
secondary aliphatic amine may serve a possible dual role as both nucleophile and base.*? Indeed, when

alkenylthianthrenium salt 3.3 was treated with N-methylbenzylamine in the absence of exogenous base, we
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observed allylic amine product 3.4 in 52% yield and 5:1 Z:E (Scheme 3.2). We hypothesized that a non-
basic aryl amine would deconvolute the kinetic behavior of the nucleophile for allylic amination. To test
this hypothesis, we treated 3.3 with N-methylaniline with and without base (i-Pr,NEt). These experiments
revealed that in the absence of exogenous base, no allylic amination of 3.3 was observed. Under allylic
amination conditions using i-Pr,NEt base, we achieved a 57% yield of 3.5 with 6:1 Z:E selectivity, which
is a similar outcome to secondary amine reactivity (Scheme 3.2). Taken together, these results indicate that
aniline acts only as a nucleophile and i-Pr,NEt is the sole base that promotes the allylic functionalization
process. Overall, we identified the simplest components necessary for a mechanistic study of the reaction:

alkenylthianthrenium salt, N-methylaniline nucleophile,** and base (i-Pr,NEt).3*

Zr
ph/\/\/sﬁ " > Ph—/:\—N"vIe
33 [base] ®
"without base" conditions: "with base" conditions:
R=Bn 3.4: 52% yield; 5:1 Z.E add /-ProNEt (5.0 equiv.)
R =Ph 3.5: 0% yield; no reaction R =Ph 3.5:57% yield; 6:1 ZE

aniline acts as only a nucleophile and not a base for allylic amination

4Reactions conducted using alkenylthianthrenium salt (0.05 mmol), nucleophile
(0.05 mmol), 0.5 mL MeCN, 6 h. byields and Z:E determined by NMR.

Scheme 3.2. Model amine selection for experimental mechanistic studies of
Z-selective allylic amination from thianthrenium salts.*?

With a model reaction in hand, we set out to elucidate the elementary steps of the allylic amination
reaction using kinetic experiments. Using N-methylaniline, we found zero-order dependence of the initial
reaction rate on the nucleophile concentration (Figure 3.3A). Thus, we concluded that the rate-determining
step for the allylic functionalization occurs prior to nucleophilic substitution. Next, kinetic experiments
revealed a first-order dependence on the alkenylthianthrenium 3.3 (Figure 3.3B) as well as a first-order
dependence on trialkylamine base (i-ProNEt) (Figure 3.3C). These data altogether are consistent with rate-
determining allylic deprotonation of the alkenylthianthrenium salt. We recognized the potential for various
ylide intermediates to be formed; in particular, the reformation of dicationic adducts upon protonation. We
questioned if the conjugate acid of i-ProNEt, accumulated during the allylic amination, plays any kinetic

role. When varying the concentration of exogenous i-Pr,NHEtPFs, we observed no impact on the initial rate
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Figure 3.3. Reaction kinetics for allylic amination of alkenylthianthrenium salt and summary of rate law. (A) Oth
order in aniline nucleophile, (B) 1st order in alkenythianthrenium salt, (C) 1st order in trialkylamine base, (D) Oth
order in conjugate acid of amine. See appendix B for experimental details.

of allylic amine formation (Figure 3.3D). These observations are inconsistent with mechanisms in which
dicationic adduct is transiently formed from alkenylthianthrenium salts followed by nucleophilic
substitution or elimination (see appendix B for details).* Overall, these data are support deprotonation of
the alkenylthianthrenium species being involved in the rate-determining step. Kinetic analyses afford a
calculated experimental rate constant of 3.7+0.8 x 102 M 'mol! for this reaction.

Next, we conducted deuterium labelling experiments to support the rate-determining allylic
deprotonation of the alkenylthianthrenium species by the base. A primary kinetic isotope effect (KIE) of
7.46+0.53 was observed in a two-pot competition experiment between 3.3 and 3.3-d» (Scheme 3.3A). This
large primary KIE was consistent with the KIE value of 7.31+1.26 obtained in a one-pot competition
experiment (Table B18). These results support that allylic C(sp*)-H/D bond breaking is involved in the

rate-determining step for the allylic functionalization of alkenylthianthrenium salts.*® These KIEs combined
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with reactant orders are inconsistent with conjugate-addition-type mechanisms, which have been observed
with alkenylthianthrenium salts in other synthetic context (see appendix B for details).3”*® To probe the
irreversibility of this key allylic deprotonation step, the allylic amination reaction was conducted with an
excess of deuterium oxide as a deuterium source (Scheme 3.3B).***° We reasoned that an irreversible allylic
deprotonation would give no deuterium incorporation into the corresponding alkenyl position of the allylic
amine product. Experimentally, no deuterium was detected in the site of initial C(sp®)-H bond breaking,
consistent with the allylic deprotonation being irreversible under allylic substitution conditions (Scheme
3.3B). Furthermore, this result is inconsistent with a Curtin-Hammett scenario involving rapid
isomerization between the alkenylthianthrenium salt and an allylic thianthrenium tautomer.*!

Having identified the rate-determining step of the allylic functionalization process, we next probed
each subsequent elementary step to establish a complete mechanistic picture. First, to probe the formation
of the ylide 3D intermediate, we examined the allylic amine product formed with the addition of deuterium
oxide to the reaction conditions. The site that corresponds to the generated allylic thianthrenium ylide
exhibited 53% deuterium incorporation (Scheme 3.3B).*> The approximately 50% incorporation is

consistent with irreversible ylide 3D protonation due to fast nucleophilic substitution of the resultant allylic

A allylic C(sp®)-H bond breaking occurs in the rate-determining step
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thianthrenium electrophile 3E. To further support this proposal, we subjected a-deuterated
alkenylthianthrenium salt 3.3-d to the allylic amination conditions (Scheme 3.3C). Allylic amine product
3.5-0a-d derived from deuterium-labelled alkenylthianthrenium salt 3.3-d shows no deuterium depletion at
the corresponding position. Taken together, these results are consistent with the non-stabilized allylic
thianthrenium salt** formed upon ylide protonation being rapidly and irreversibly trapped by the amine
nucleophile.

The elementary steps validated in this mechanistic study invoke the substitution of an allylic
thianthrenium electrophile despite no observation of branched allylic products that are common side
products for allylic halide substitution reactions. Notably, allylic amination of thianthrenium salts is
consistently regioselective for linear products, with only isolated exceptions with thianthrenium salts
derived from sterically hindered alkene precursors.** To evaluate whether substitution behavior of the
proposed allylic thianthrenium species is consistent with these observations,* we conducted dispersion-
corrected density functional theory (DFT) calculations (see appendix B for details). The DFT computations
support high regioselectivity for Sx2 over Sy2’ substitution for the Z-allylic thianthrenium electrophile
(Figure 3.4, AAG* = 3.2 kcal/mol).***’ These computational data are consistent with the experimental
observations and, accordingly, support the intermediacy of an allylic thianthrenium intermediate.

With a complete set of the elementary steps in hand,*® we wanted to build and validate a
computational model of the process with the ultimate goal of identifying the stereodetermining step. Our

computational studies predict that the allylic deprotonation has the highest energetic barrier, consistent with

Sn2 pathway is dominant for allylic thianthrenium electrophiles
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Figure 3.4. Computations to probe the nucleophilic substitution of postulated allylic thianthrenium intermediate.



54

experimental analyses that assign this as the rate-determining step (Figure 3.5). After deprotonation, the
subsequent elementary steps are each favorable and ultimately rendered irreversible by highly exergonic
nucleophilic displacement of the allylic thianthrenium intermediate. Intriguingly, these calculations indicate
that the deprotonation to form the allylic thianthrenium ylide occurs with Z-selectivities that are consistent
with experimental observations (AAG* = 2.3 kcal/mol). While the computational model appears to identify
ylide formation as stereodetermining, we recognized that this would be an unusual scenario because it
requires that the allylic anion is configurationally stable. However, in stark contrast to the low rotational
barriers of simpler allylic anions, our calculations predict an unsurmountable barrier (i.e. 56 kcal/mol) for
Z/E-isomerization of the allylic thianthrenium ylides. This high rotational barrier precludes isomerization
between 3C_Z and 3C_E at room temperature (Figure 3.5). The origin of this high barrier is the direct
consequence of localized alkene and ylide character as opposed to the anion being fully delocalized through
the m-system (see appendix B for details). Overall, these data indicate that allylic deprotonation of the
alkenylthianthrenium species sets the stereochemistry of the final allylic functionalized product. This
stereodetermining step is a rare example of Z-selective deprotonation that enables Z-alkene synthesis.

To establish the origin of Z-selectivity, we next took a closer look at the allylic deprotonation that
ultimately leads to the formation of Z-alkene or E-alkene. Given that the key deprotonation step is highly
endergonic (~15 kcal/mol uphill in energy), we reasoned that, according to Hammond’s postulate, the
energy of the late transition state would be controlled more by the factors influencing the allylic ylide
stability than the alkenylthianthrenium starting material. In fact, calculations show that the Z-isomer of the
allylic thianthrenium ylide is more thermodynamically stable than the E-allylic ylide.** This energetic
preference for the Z-isomer reflects the conformational landscape of simpler, freely-rotating allylic anions,
which have an established preference for the Z-conformation.>*** Previous studies into those systems have
put forward various explanations that invoke either electrostatic-based considerations*® or nonbonding

57-60 although other possibilities cannot be ruled out.®' Natural bond orbital (NBO) analysis of

interactions,
the competing ylide-forming transitions states (TS3-1_E and TS3-1 Z) revealed that the Z-forming

transition state has more overall stabilizing interactions than the E-forming transition state (Figure 3.6).
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Specifically, we identified several C—-H o to C—C ¢* or C—C n*non-bonding interactions that are present

only in the transition structure that leads to the Z-allylic ylide. Furthermore, the resultant Z-allylic ylide

product still possesses the majority of these NBO interactions. This suggests that the kinetic selectivity for
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Z-allylic ylide formation is intimately tied to the factors that influence stability of the Z-allylic

thianthrenium ylide.

3.4 Conclusion

In conclusion, we have outlined a detailed mechanistic model of the Z-selective allylic
functionalization in the context of amine nucleophiles and thianthrenium salts derived from aliphatic
alkenes. For the first time, the elementary steps of this reaction and the rate-determining step have been
elucidated through kinetic analyses and deuterium labelling. Upon rate- and stereodetermining allylic
deprotonation of the alkenylthianthrenium salt, a Z-allylic thianthrenium ylide is generated. Relative to an
all-carbon allylic system, the thianthrenium ylide stereochemistry is locked due to high barrier for C—C
double bond rotation. Protonation of the Z-allylic thianthrenium ylide affords an allylic thianthrenium
electrophile that is regioselectively trapped by a nucleophile. Mechanistic data are all consistent with the
allylic deprotonation being overall irreversible and stereodetermining. We anticipate these findings can lead
to design of allylation methodologies that improve the selectivity for other alkenes and nucleophile classes.

More broadly, we have uncovered a distinct way to enforce Z-selectivity. A typical mechanistic
manifold to impart high Z-selectivity is reagent or catalyst design that introduces a new steric clash to
disfavor the formation of E-alkene. In contrast, the origin of Z-selectivity of the allylic functionalization of
thianthrenium salts arises from a late transition state that exhibits the kinetic preference for Z-allylic
thianthrenium ylide formation. Given that the elements (e.g. allylic deprotonation,®? Z-allylic ylide
thermodynamic preference,® high allylic anion rotational barriers®*) are not unique to thianthrenium salts,
we anticipate the findings in this mechanistic study to be generalizable in controlling Z-selectivity of a
broader array of allylic functionalization reactions. These insights into a new origin of control are
anticipated to inspire the design of new reactions that add to toolbox of Z-selective transformations in alkene

synthesis.
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Chapter 4: General Z-Selective Allylic Functionalization of Alkenes via Thianthrenium Salts
A study by Targos, K.; Wickens, Z. K.

4.1 Abstract

The realization of a Z-selective allylic C—H functionalization is a long-standing challenge. Herein,
we have developed a collection of transformations to access various Z-allylic products based around
thianthrenium electrophiles prepared from alkenes. In our work, we leveraged this alkene activation for
allylic bond forming reactions with a range of acidic nucleophiles, such as sulfonamides and carboxylic
acids. We discovered base identity and slow addition of nucleophile was crucial for maintaining Z-
selectivity of this formal C—H allylic functionalization process. Overall, we have enabled a general allylic
functionalization platform that affords high Z-selectivity across diverse alkene and nucleophile classes to

furnish a suite of Z-allylic products.

4.2 Introduction

Allylic C—H functionalization of alkenes is an attractive transformation to streamline the organic
synthesis of versatile allylic moieties. Traditional allylic C—H functionalization reactions of alkenes involve
C-H activation to form an electrophilic metal-r-allyl complex, followed by nucleophilic substitution. '
While the synthetic utility of such methods is undisputed, stereochemical outcomes are dominated by
thermodynamic control, leading to the formation of products with E-selectivity.* In contrast, the realization
of a general Z-selective allylic C—H functionalization is challenging, and examples are rare.>”’ Recently, we
developed a strategy where electrogenerated dicationic adducts between aliphatic alkenes and thianthrene,
a safe and inexpensive reagent, are leveraged for the formal coupling of oxidatively sensitive secondary
amines with alkenes to furnish linear, tertiary allylic amine products with Z-selectivity.® The unusual
approach provides access to desirable Z-allylamine derivatives that are not directly accessible by other C—H
functionalization reactions.” However, our allylic amination provided poor-to-modest Z-selectivity
depending on alkene structure (Chapter 2). In fact, this stereoselectivity challenge persists across the

handful of reports that also leverage allylic functionalization from alkenylthianthrenium salts.'®!! Recently,
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our group has elucidated the elementary steps of this process in a detailed mechanistic study and we
revealed that allylic deprotonation of the alkenylthianthrenium species is rate- and stereodetermining during
the allylic functionalization process (Chapter 3). Given this key step does not involve the nucleophile, I
recognized that we could exploit this platform more broadly to develop a general, Z-selective allylic
functionalization of alkenes.

More broadly, we hypothesize that base selection to access anionic nucleophiles from weakly acidic
pronucleophiles is crucial for maintaining high Z-selectivity since the stereodetermining step of the allylic
functionalization process is dependent on base identity. We noted that reported methods for allylic C—H
amination using thianthrenium salts typically require nucleophilic nitrogen sources to maintain high Z-
selectivity (e.g. secondary aliphatic amines); use of acidic N—H pronucleophiles such as sulfonamides has
not been amenable to high Z-selective allylic functionalization.'® We posit this is due to these nucleophiles
requiring deprotonation prior to engaging with an electrophile. We envisioned that identifying appropriate

conditions for achieving high Z-selectivity with sulfonamides'? would inform the development of a general

Streamline Z-selective allylic C(sp®)-H functionalization
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Figure 4.1. Project overview. (A) Recently discovered Z-selective allylic functionalization reaction. (B) Variable Z-
selectivity challenges. (C) Stereoselective allylic deprotonation.
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Z-selective allylic functionalization of alkenes. Herein, we outline a detailed study to improve the Z-

selectivity across varying alkene structures and a broad range of nucleophiles.

4.3 Results and Discussion

We focused our study initially on the Z-crotylation'® of N-nucleophiles with the ultimate goal of
gaining insights to improve the Z-selectivity of this allylic C—H functionalization method beyond amination.
First, we wanted to map out which N-nucleophiles can be engaged in allylic functionalization with Z-
crotylation using alkenylthianthrenium salt 4.1 derived from 1-butene. Decoupling the nucleophilicity
versus basicity for allylic amination is important for establishing a system to study since base promotes the
stereoselective allylic deprotonation. We recognized that appropriate selection of an activating group for
primary amine and sulfonamide nucleophiles would not only eliminate aziridination pathways,'*!> but also
deactivate them for allylic functionalization without exogenous base. We found that trifluoroacetate-
protected amines can undergo allylic amination with 4.1 using Cs>COs3 base to afford protected secondary
allylic amine product 4.3 but with poor 2:1 Z:E. Although a wide range of sulfonamide-protected N-
alkylamines could also be engaged in allylic amination with 4.1 to afford Z-crotylsulfonamides 4.4—4.9 in
high yields (>90%), all optimization efforts did not improve the Z:E above 5:1 with 1-butene parent alkene.
Furthermore, the Z-selectivity of allylic sulfonamides 4.10—4.16 obtained using this nucleophile class was
even lower when employing alkenylthianthrenium salt 4.2 derived from 4-phenyl-1-butene. This
observation is consistent with alkene-dependence noted in our previous allylic amination protocol with
aliphatic secondary amines.® More acidic sulfonamides could be engaged with Cs,COs base or 1 equivalent
of i-Pr,NEt amine to furnish N-aryl (4.17, 4.18) and N-carbonyl (4.19-4.21) substituted allylic products.
We noted that in some instances, the Z-selectivity was higher with the trialkylamine base than carbonate.
Notably, we found that higher Z-selectivity with these sulfonamide nucleophiles could be achieved by
increasing the i-Pr,NEt loading; however, selectivity remained modest and yields were often diminished

compared to when using carbonate base (see Appendix C for details).
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Table 4.1. Scope of Allylic Amination of Alkenylthianthrenium Salts Using Acidic N-H Pronucleophiles.
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aReactions conducted using alkenylthianthrenium salt (0.05 mmol), nucleophile (0.05 mmol), 0.5 mL MeCN, 3 h. NMR yields and Z:E. See the appendix C for
further experimental details. 2Cs,CO3 (0.15 mmol). °Cs,CO3 (0.15 mmol) or i-ProNEt (0.05 mmol).

To further study this substitution reaction from alkenylthianthrenium salts and improve the Z-
selectivity, we selected BocNHTs as a differentially-protected ammonia surrogate and representative
nucleophile class to enable synthetically valuable preparation of Z-allylamines. We noted that 1-butene
worked decently with this nucleophile and excess i-Pr.NEt base already to give 4.21 in 93% yield, 7:1 Z:E
(see Appendix C). Thus, for these investigations, we opted to use a phthalimide-functionalized
alkenylthianthrenium salt 4.22, which under our allylic amination conditions gave low 2:1 Z:E for
allylamine. We hypothesized that the deprotonated sulfonamide might attenuate Z-selectivity by acting as
a poorly Z-selective base. Consistent with this proposal, when the potassium salt of the sulfonamide
nucleophile was used in the absence of exogenous base, the allylic sulfonamide product 4.23 exhibited
slight E-selectivity (Figure 4.2). One equivalent of with inorganic bases such as Cs>COs or trialkylamine
bases such as N(i-Pr)(+~-Bu)Me gave poor diastereoselectivity comparable to the sulfonamide anion itself.
Based on our allylic deprotonation model for achieving stereocontrol (Chapter 3), we hypothesized that

base identity was key for promoting the Z-selectivity. Indeed, our group and others have observed a base-

dependence on the Z-selectivity. For example, inorganic bases such as Cs,COs decrease Z-selectivity for
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Figure 4.2. Improving Z-selectivity of sulfonamide nucleophile by controlling base identity and concentrations.

secondary amine® and carboxylate'® nucleophiles compared to trialkylamine bases such as i-ProNEt. We
wondered if trialkylamine bases could promote allylic functionalization of sulfonamide nucleophiles in
high Z-selectivity. Our key insight was to mitigate the sulfonamide acting as a poorly Z-selective base by
(a) employing an excess of amine base, which improved the Z-selectivity of allylic product, and (b) the
addition of a potassium salt to decrease the anion solubility (Figure 4.3). Consistent with our proposal for

potassium decreasing the sulfonamide solubility, the yield and Z-selectivity could be recapitulated by slow
addition of sulfonamide nucleophile (Figure 4.2).

decreased solubility with K*
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poorly Z-selective base:
trialkylamine
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Figure 4.3. Experimental support for working model for improved Z-selectivity with anionic nucleophiles.

We next investigated the alkene structure impact on Z:E using either (a) isolated

alkenylthianthrenium salt with added KPFs salt, or (b) electrochemically-prepared alkenylthianthrenium
intermediates carried through basic quench without purification of KPFs electrolyte. Under either

conditions, allylic sulfonamides 4.23-4.27 in >5:1 Z:E were prepared from various alkenes and Boc-
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protected sulfonamides. Each alkene investigated showed a notable improvement in the Z-selectivity
compared to our allylic amination study with aliphatic secondary amines.® Notably, Z-crotylation of
BocNHTs using feedstock 1-butene derived alkenylthianthrenium salt 4.1 afforded the protected allylic
amine 4.28 in high >20:1 Z-selectivity. Furthermore, triflylsulfonamide-protected primary amines and
anilines were able to undergo Z-selective functionalization using trialkylamine base, enabling access to
secondary Z-allylamines upon deprotection. Complex N—H sulfonamides were amenable to the allylation
reaction using thianthrenium electrophiles in excellent 7:1 to 11:1 Z-selectivity (4.30, 4.31). Excitingly,
these principles were not unique to acidic N-nucleophiles; carboxylic acids undergo allylic functionalization
with alkenylthianthrenium salts to furnish allylic esters 4.32 and 4.33 in high 10:1 Z:E under these
optimized potassium salt and trialkylamine base conditions. Lastly, we found that water was a competent
nucleophile for the formation of synthetically useful Z-allylic alcohols from alkenylthianthrenium salts

(4.34).

Table 4.2. Z-Selective Allylation of Anionic Nucleophiles Using Alkenylthianthrenium Salts or
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4.4 Conclusion

Overall, we have expanded the scope of amenable N- and O-nucleophiles that can undergo base-
induced allylic functionalization with alkenylthianthrenium salts to furnish a suite of Z-allylic products. We
have found that anionic nucleophiles can act as poorly Z-selective bases for the overall allylation
transformation. Our key insight was that slow addition of nucleophile and use of trialkylamine bases enable
high Z-selectivity across a range of alkene structures. We anticipate this Z-selective net C—H allylic
functionalization of alkenes will streamline organic synthesis of versatile allylic moieties amenable for

further diversification.
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Chapter 5: Catalytic Base Enabled 1,2-Addition of N-Nucleophiles into Alkenylthianthrenium Salts

A collaboration with Dr. Céline Dorval, Adrian D. Matthews, Dylan E. Holst, Sara N. Alektiar, Tom Tan,
and Zachary K. Wickens; Dr. Rik Oost, Dr. José Enrique Gomez Pulido, Dr. Matthew Horwitz, Dr. Justin

Dicciann, Dr. Mikko Muuronen

5.1 Abstract

Recent synthetic advances have facilitated the transformation of alkenes into alkenylthianthrenium
electrophiles. From this one common intermediate, both allylic functionalization and net
heterofunctionalization reactions can be achieved. However, factors that dictate these reaction pathways are
not fully understood and achieving precise control remains a challenge. Herein, we describe catalytic base
conditions that divert reaction selectivity from elimination processes towards conjugate-like addition.
Under stoichiometric Cs,CO3 base conditions, sulfonamide nucleophiles react with alkenylthianthrenium
salts to form allylic products, while 5 mol % Cs,COs conditions promote addition of the sulfonamide into
the internal, [B-position to generate 1,2-sulfonamidosulfonium salts. Mechanistic studies using
stoichiometric proton-sponge (1,8-dimethylamino naphthalene) reveal an equilibrium mixture of
alkenylthianthrenium salt, sulfonamide nucleophile, and alkylthianthrenium product that is mediated by
facile proton transfers. Sulfonamide deprotonation is implicated as the rate-determining step of the 1,2-
addition transformation. These insights have been leveraged for N-alkylation of azoles. Catalytic base
conditions enable efficient single addition of azoles into alkenylthianthrenium salts to form 1,2-
azolothianthrenium electrophiles that can undergo subsequent substitution to prepare vicinal motifs.
Exquisite N-regioselectivity is achieved by the reversibility of the conjugate-type addition and sulfonium
ylide protonation sequence. This azole alkylation methodology was used to engage alkenylthianthrenium

salts derived from 1,2-disubstituted and 1,1-disubstituted alkenes.
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5.2 Introduction

Oxidative alkene functionalization reactions are a fundamental class of synthetic transformations
that rapidly increase molecular complexity.'? A unified strategy to provide different types of building blocks
from simple aliphatic alkenes would be an appealing approach for the modular synthesis of diverse
scaffolds. This building-block-oriented platform would ideally engage several nucleophile classes in a
simple protocol. Recent synthetic advances in the transformation of alkenes into thianthrenium electrophiles
have set the stage for a new approach to oxidative alkene functionalization.* The versatility of these

thianthrenium salts has unlocked distinct synthons formally accessible from alkenes via thianthrenation

Diversity-oriented approach to oxidative alkene functionalization
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Figure 5.1. Overview of a building-block approach to oxidative alkene functionalization. (A) Divergent reactivity of
alkenylthianthrenium Salts. (B) Allylic ylide pathway. (C) conjugate-addition pathway.
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(see Chapter 1). In particular, both vicinal dication and allyl cation reactivity have been revealed from a
common alkenylthianthrenium salt intermediate which has been leveraged for either allylic
functionalization and heterofunctionalization processes.”® We envision that alkenylthianthrenium
electrophiles could be a particularly well-suited reagent for a modular synthesis of a suite of building blocks
simply by changing reaction conditions that tap into these distinct reactivity manifolds (Figure 5.1A).
Conditions that promote allylic cation reactivity would generate Z-allylic motifs bearing an alkene for

further elaboration,”??

while conditions that enable vicinal dication reactivity would furnish net
heterofunctionalized products using two unique nucleophiles. However, while the synthetic utility of
alkenylthianthrenium salts is currently well-recognized, achieving precise control over product formation
remains largely underexplored.

The key to the diverse reactivity of alkenylthianthrenium salts lies in their ability to form two
distinct sulfonium ylides. For allylation pathways, we have found that allylic deprotonation of the
alkenylthianthrenium salt by a suitable base generates a Z-allylic thianthrenium ylide (Figure 5.1B, also see
Chapter 3). Upon protonation, the allylic thianthrenium electrophile undergoes irreversible Sx2 substitution.
Another distinct reactivity pattern of alkenylthianthrenium salts is difunctionalization. For this pathway,
1,2-addition of a first nucleophile into the internal, B-position of the alkenylthianthrenium salt generates a
sulfonium ylide (Figure 5.1C). Upon protonation, the resultant alkylthianthrenium electrophile can be
substituted by a second nucleophile. Recently, our group has shown thianthrenium salts can successfully
undergo this 1,2-addition mechanism with phthalimide as the first nucleophile.® Our hypothesis is that
treatment of electrogenerated dicationic adducts with potassium phthalimide generates a proton necessary
for the ylide quenching. In principle, this alkylthianthrenium intermediate could be accessed by conjugate-
type addition of alkenylthianthrenium species by any nucleophile. In practice, selective single addition into
alkenylthianthrenium salts of nucleophiles beyond phthalimide remains elusive. We have identified that the
difficulty in leveraging alkenylthianthrenium electrophiles for selective conjugate-type addition lies in
controlling the reactivity of the labile thianthrenium moiety which is prone to both over-substitution and

elimination pathways. We suspected that careful selection of reaction conditions may bias which sulfonium
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ylide is generated from alkenylthianthrenium reagents. If successful, nucleophilic substitution of the
resultant 1,2-alkylthianthrenium salts obtained with various polar nucleophiles would grant access to an
unexplored chemical space of vicinal motifs that are complementary to the those accessible via nucleophilic
opening of strained rings.**2® This chapter will focus on enabling selective conjugate-type addition of N-

nucleophiles into alkenylthianthrenium salts.

5.3 Results and Discussion
5.3.1 N-alkyl Sulfonamide Nucleophiles

We have gained some insights into reaction conditions that promote allylic functionalization
pathways (see Chapter 4). When alkenylthianthrenium salt 5.1 was treated with stoichiometric Cs,COj3 base
and N-methyltosylamine, allylic sulfonamide 5.2 was formed in quantitative yield and 4:1 Z:E (Figure
5.2A). We wondered if decreasing the equivalents of base would promote selective conjugate-type addition
of the sulfonamide nucleophile into the alkenylthianthrenium salt, or simply furnish allylic products in
lower yield. Our working model for how substoichiometric base could promote the 1,2-addition pathway
is as follows: (1) sulfonamide anion is initially formed in low concentration, (2) sulfonamide anion then
undergoes selective single addition into the alkenylthianthrenium salt, (3) the resultant sulfonium ylide
deprotonates more sulfonamide, (4) this deprotonation step re-generates competent anionic nucleophile for
selective single addition. Excitingly, we uncovered that use of certain weaker bases or substoichiometric
amounts of bases did indeed alter the reaction pathway to give 1,2-sulfonamidosulfonium salts rather than
allylic sulfonamides (Figure 5.2B). We hypothesize that because the overall base concentration is low under
these conditions, allylic functionalization is mitigated. This key insight of base loading control on
elimination versus conjugate-type addition pathways has had implications for more broadly manipulating
reaction selectivity from alkenylthianthrenium salts (vide infra). The observation of reaction selectivity of
sulfonamide nucleophiles under altered reaction conditions merited further study and is described below.
In this chapter, we describe an experimental investigation of the divergent reactivity of sulfonamide

nucleophiles with alkenylthianthrenium salts—with an emphasis on promoting 1,2-addition products—and
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attempt to extract generalizable aspects to aid in the design of new heterofunctionalization chemistry. These
findings have informed an ongoing project that expands the conjugate-type addition reactivity to azole
nucleophiles.

In the context of sulfonamide nucleophiles, we found catalytic base conditions with more
deactivated N-methylnosylamine afforded alkylthianthrenium product 5.4 in lower 49% yield and 11% of
the corresponding allylic sulfonamide side product (see Appendix D). Concurrent work in the Wickens
group leveraged proton-sponge (1,8-dimethylamino naphthalene) to promote regioselective addition of
pyrazole and imidazole to electrogenerated thianthrene-alkene dicationic adducts. We hypothesized that
replacing catalytic Cs,COs with proton-sponge would minimize the allylation pathway since we found it is
not an effective base for allylic functionalization of alkenylthianthrenium salts.?’ While no allylic
sulfonamide was detected when using one equivalent of proton-sponge, the yield of desired
alkylthianthrenium 5.4 did not increase (Figure 5.2C). Overall, base identity and concentration are key to

controlling selective single addition over base-induced allylic functionalization pathways.

A N
Ts<,  .Me
gs H (\/N\Ts
Me X S@ Me
TN Cs,CO0;3 (3.0 equiv.)
5.1 5.2: >98% (5:1 Z'E)

N e RE%
S
[©) H ©)
Me A S@ =
~TN Cs,C0; [X mol %] Me\)\/sﬁ

\J

5.1 5.3: 83%
entry  Cs,CO; (mol%) yield 5.3 (%) 5.3:5.2
1 40 45 1.2
2 20 69 3.5
3 10 75 7.5
4 5 83 >20:1
5 0 0 -
€ g My N M
Me\/\/sg proton-sponge (1.0 equiv.) Me\)\/S%
5.1 5.4: 46%

Figure 5.2. Initial observations of base dependent conditions for divergent (A) allylic functionalization, versus (B)
1,2-addition of sulfonamide nucleophiles with alkenylthianthrenium electrophiles using catalytic base and (C)
proton sponge.
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Table 5.1. Preliminary Scope of 1,2-Sulfonamidosulfonium Salts.”

0.0
0.0 @ N y
NG s ~ s
proton-sponge @ N S @
NP Ny mmme . @k S5 - .
\\/, V% O2N O\\P I'Pro\\/,o Me o0 Me O\\Ip Me
~N S\ M N ph\/S\ e
QM oA ('\,e H\’@ )\,e@ ('\,e H\’@
lPr
5.3: 95% 5.4: 91% 5.5. 79% 5.6. 56% 5.7. 67% 5.3. 27%, 70%®

gep o D M Iop P Bep o 7 Lo Lo

5.9: 37%; 81%° 5.10: 0% 5.11: 0% 5.12: 0% 5.13: 0% 5.14: 0%
\\" \\s"\ / Ph\/\\Sl'\ / e N Ph W A
ozN >y J)\/@ Jijj)ve I )J)\,e I j))\/@
5.15: 71% 5.16: >98%° 5.17: 60%7 5.18: 22%° 5.19: 16%° 5.20: 13%°

4Reactions conducted using alkenylthianthrenium salt (0.05-0.08 mmol), nucleophile (0.05-0.1 mmol), proton-sponge (0.05-0.08 mmol), 0.1-0.2 mL MeCN, 3 h.
NMR vyields. See the appendix D for further experimental details. yields. °5 mol % Cs2CO3 base. ¢ >2.0 equivalents of alkenylthianthrenium salt and 3.0
equivalents of proton sponge. 216 h.

With conditions to bias sulfonamide nucleophiles towards conjugate-type addition in hand, we
probed the preliminary scope of 1,2-sulfonamidothianthrenium products (Table 5.1). With
alkenylthianthrenium salt 5.1 derived from 1-butene, corresponding adducts were formed by selective
single addition of S-aryl sulfonamides with electron-donating (5.3), electron-withdrawing (5.4, 5.5), and
even exceptionally sterically-hindered groups (5.6). S-alkyl substitution on the sulfonamide nucleophile
was tolerated (5.7, 5.8). Replacing N-methyl with other N-alkyl substitutents rendered the sulfonamide
nucleophile ineffective in undergoing this addition reactivity with alkenylthianthrenium reagents. For
example, while N-benzyltosylamine could be engaged to form 5.9 in diminished 37% yield, N-
isopropyltosylsamine and N-phenyltosylamine did not react. Other N-protecting groups (e.g. TFA) were not
amenable under these conditions and no conversion of the alkenylthianthrenium salt was observed. When
using an alkenylthianthrenium salt derived from 4-phenyl-1-butene, conjugate-addition products (5.15-
5.17) were selectively formed using a variety of S-substituted sulfonamides. However, a similar sensitivity
to N-alkyl substituent of the sulfonamide was observed and alkylthianthrenium product yields suffered

(5.18-5.20). Overall, while the preliminary scope of sulfonamides appears to be broad for the formation of
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1,2-sulfonamidosulfonium salts, the yields suffer with N-alkyl substitution other than N-methyl
sulfonamides as well as when employing more complex alkenylthianthrenium salts.

We conducted mechanistic studies to understand the low reactivity of N-alkyl substituted
sulfonamide nucleophiles for 1,2-addition into alkenylthianthrenium salts. To this end, we monitored the
reaction of N-methylnosylamine and N-benzyltosylamine with alkenylthianthrenium salt 5.1 in the presence
of proton-sponge base (Figure 5.3A). The formation of N-benzyl substituted product 5.9 was notably
disfavored compared to N-methyl substituted sulfonamide 5.5. In both cases, the reaction profiles resembled
equilibration curves, which suggests product formation is dictated by an equilibrium mixture of
alkylthianthrenium adduct, sulfonamide, and alkenylthianthrenium salt mediated by facile proton transfers.
Consistent with this hypothesis, increasing the reaction concentration to drive the solution from bimolecular
towards unimolecular dramatically increased the yield of alkylsulfonium 5.3 (Figure 5.3B). Ongoing
projects in the Wickens group are developing systems that drive this equilibrium by introduction of a
subsequent irreversible reaction with the disfavored alkylthianthrenium intermediate. For example, a
variety of one-pot nucleophilic substitutions have been used to trap transient 1,2-sulfonamidothianthrenium
adducts and prepare a suite of saturated heterocycles (for an example, see Chapter 2).

To further probe the mechanism, we varied the relative concentration of each reaction component
and monitored the impact on the formation of 1,2-sulfonamidothianthreniuim salt 5.9 (Figure 5.3C, Table
5.2). We found that increasing the alkenylthianthrenium salt 5.1 concentration increased the overall yield
of 5.9 but not the yield after 3 hours (entries 1 and 3). Increasing the concentration of N-benzyltosylamine
increased the final 5.9 yield as well as the initial yield (entries 1, 4-5). Lastly, increasing the loading of
proton-sponge did not affect final yield but increased the initial rate of 5.9 formation (entries 1-2, 5-06).
Taken together, these data are consistent with deprotonation of sulfonamide being the overall rate
determining step in the formation of 1,2-sulfonamidosulfonnium products (Figure 5.3D). Using these
mechanistic insights, the yield of 5.9 was improved from 37% to 81% by driving the alkylthianthrenium
salt equilibrium with excess alkenylthianthrenium reagent and proton-sponge base (see appendix D). Given

the reversibility of alkylthianthrenium salt formation, future work in the Wickens group will elucidate the
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interplay of nucleophilicity and basicity for various nucleophile classes in order to understand and
manipulate the relative rates of the 1,2-addition reaction versus competitive base-induced allylic

deprotonation pathways.
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Figure 5.3. Mechanistic studies of 1,2-sulfonamidosulfonium salt formation. (A) Reaction profiles. (B)
Concentration optimization. (C) Reaction concentration components on initial and final yield. (D) Data are
consistent with an equilibrium solution with mediated proton transfers.
5.3.2 Azole Nucleophiles
The observations outlined above have informed a parallel project conducted by a postdoctoral
researcher that aims to develop a new azole N-alkylation platform. Azoles are essential scaffolds in the
pharmaceutical and agrochemical industries.*¢ However, medicinally relevant N-alkylated azoles are

notably limited to a handful of specific substructures despite the enormous potential for diversity of sp?

scaffolds.>”° We suspected that the restricted chemical space covered by N-alkylated azole products is a
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direct result of the limitations of established approaches to construct these motifs. While de novo ring
synthesis is effective for generating azole cores,***! these methods lack high modularity and prevent rapid
access to large N-alkylated azole libraries. In principle, the construction of a new C—N bond using the
nucleophilic nitrogen of readily accessible azoles should offer high modularity.*** In practice, this modular
substitution approach is hampered by the intrinsic substrate limitations of current N-alkylation methods.
For example, alkyl (pseudo)halide substitution only readily achieves primary N-alkylated azoles;**3
whereas, the Mitsunobu reaction fails at delivering alkylated pyrazoles and imidazoles, two of the most
prevalent azole classes.**** Additionally, efficient access to N-alkylated unsymmetrical azole products is
stymied by the variable N-regioselectivity of these methods. Accordingly, the development of modular
approaches that overcomes these limitations is poised to unlock uncharted N-alkylated azole chemical
space.

Given the wversatility of alkylthianthrenium salts, we envisioned N-alkylated azole
alkylthianthrenium salts would provide valuable building blocks for the preparation of previously
inaccessible azole sp? scaffolds (Figure 5.4A). A modular approach to access this sulfonium intermediate
leverages conjugate-type addition of azole nucleophiles into alkenylthianthrenium salts derived from alkene
precursors. Subsequent substitution of the 1,2-azolothianthrenium species enables access to secondary
vicinal N-azole constitutional isomers that are elusive using conventional substitution chemistry (e.g.
epoxide ring opening under basic conditions, Figure 5.4B). Excitingly, azole addition into
alkenylthianthrenium salts was rendered more efficient by taking advantage of catalytic base insights that
enabled alkylthianthrenium salt formation with sulfonamides. Analogous to prior studies described above,
we found that substoichiometric Cs,COs3 loading increased the selectivity of azole conjugate-addition over
base-induced elimination pathways (Figure 5.4C). To evaluate the N-regioselectivity of our N-alkylation
system, we chose ethyl 1H-pyrazole-3-carboxylate 5.21 as our model substrate since this unsymmetrical
azole typically exhibits moderate to poor N-regioselectivity in N-alkylation reactions using alkylhalides. A
new insight in this project was that the identity of catalytic base had a significant effect on N-regioselectivity

of the transformation. For example, when catalytic Cs,CO3 base was used, 5.24 was formed in high yield
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and >20:1 N’:N’(Figure 5.4C). Replacing Cs,COj; base with 10 mol % of i-Pr.NEt provided the same yield
outcome but with significantly diminished N-regioselectivity of 3:1 N':N? (see Appendix D for details). To
gain some mechanistic insights into the origin of high N-regioselectivity, the minor N*-isomer was isolated

and re-subjection to catalytic base. Under these conditions, the N°- isomer converted quantitatively to the
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Figure 5.4. Azole N-alkylation project overview. (A) Schematic overview of this work. (B) Net
heterofunctionalization of alkenylthianthrenium salts enable access to new N-alkylated azole chemical space. (C)
Catalytic base conditions engender selective conjugate-type addition and high N-regioselectivity. (D) Proposed
mechanism to achieve N-regioselectivity. (E) Selected scope examples.
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N'-regioisomer (see Appendix D for details). Based on these data, we propose that base identity controls
the relative rates of reversible conjugate-type addition and protonation sequences which renders the
transformation under either kinetic (NV’-selective) or thermodynamic (N'-selective) control (Figure 5.4D)."!
Overall, these studies lead to a general N-regioselective azole alkylation method that can engage a wide
range of heterocycle classes with excellent functional group tolerance and high N-regioselectivity (Figure
54E).

Inspired by the reversibility of alkylthianthrenium salt formation that gives rise to high N-
regioselectivity, we wondered if this thermodynamic control could be leveraged to achieve a
diastereoselective transformation. We hypothesized that nucleophilic addition into an alkenylthianthrenium
salt with a chiral center adjacent to the site of conjugate-type addition may be engender diastereoselectivity
if there is a thermodynamic energy difference between the two diastereomeric alkylthianthrenium products.
To probe this hypothesis, we prepared a series of such alkenylthianthrenium salts and treated them to
trifluoromethyl-substituted azole 5.33 under catalytic base conditions (Table 5.3). While alkylsulfonium

products 5.34-5.36 were formed in moderate-to-high yields, all exhibited low diastereoselectivity (up to

Table 5.3. Investigation of Diastereoselective Azole Addition.

FsC F1C.
N\
EQ 5.33 m
s : :
Ws% Cs,C03 (10 mol %) .\H\,s%

) :(j)\,sﬁ Og)\,s% o AT

5.34: 86% 5.35: 59% 5.36: 98%
(1:1dor; NT:N? 220:1) (2:1 d.r.; N:N? 220:1) (2:1dor; NT:N? 220:1)
Dynamic resolution of diastereomers®

F4C, F3C
N/ \ n-BugNBr N/ \
*N @s Cs,CO;3 (10 mol %) N
Me S% Me Br
NPhth NPhth
5.36 (2:1d.r.) 5.37: 83% (9:1d.r)

@Reactions conducted using alkenylthianthrenium salt (0.1 mmol), azole
(0.1 mmol), Cs,CO3 (0.01 mmol), 2 mL MeCN, 3 h. NMR yields. See the
appendix D for further experimental details. °DMF solvent.
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2:1 d.r.). We noted that addition of half an equivalent of bromide nucleophile to the diastereomeric mixture
of 5.36 consumed one diastereomer selectively over the other (see appendix D). We envisioned that, upon
addition of a second nucleophile, dynamic diastereomeric resolution facilitated by the reversibility of
alkylsulfonium formation would result in high diastereoselectivity of heterofunctionalization products.
Indeed, under optimized conditions, alkylsulfonium intermediate 5.36 (2:1 d.r) was converted to
disubstituted product 5.37 with improved diastereoselectivity (9:1 d.r., Table 5.3). We anticipate that the
thermodynamically controlled process can be exploited more broadly in new synthetic contexts.

In principle, conjugate-type addition of nucleophiles is not mechanistically limited to
alkenylthianthrenium salts derived from terminal alkenes. We next focused on engaging more sterically
hindered alkenylthianthrenium salts in this reactivity manifold. If successful, heterocycle conjugate-type
addition into these electrophiles would furnish densely functionalized scaffolds. First, we investigated the
reactivity of alkenylthianthrenium salts derived from symmetric 1,2-disubstituted alkenes with pyrazole
5.33 under catalytic base conditions (Table 5.4). Using a cyclic alkenylthianthrenium salt, product 5.38 was
formed in low 10% yield with high remaining alkenylthianthrenium starting material. The conjugate-
addition was more effective with acyclic alkenylthianthrenium salts and afforded products 5.39 and 5.40 in
up to ca. 50% yields.>* Taken together, these data suggest that conformational flexibility of the resultant
1,2-azolosulfonium salts is necessary for achieving high yields. As such, the equilibrium of
alkylthianthrenium product formation is disfavored when employing alkenylthianthrenium salts derived

Table 5.4. 1,2-Azolothianthrenium Salts from Internal Alkenes.
FaC

| N\ 5.33 >’_§
@S Cs,CO, (1% mol %) _ " %

=
S
.}

F3Cm >/_§ m g

N
N N S

N S ®

2 7
CaH7 H,;C
CgH7 CH3
from trans-2-octene from cis-2-butene

5.38: 10% 5.39: 49% 5.40: 42%

(1:1 d.r; NT:N2 220:1) (3:1 d.r.; NT:N2 220:1) (2:1d.r; N:N2 220:1)

@Reactions conducted using alkenylthianthrenium salt (0.1 mmol), azole (0.1
mmol), Cs,CO3 (0.01 mmol), 2 mL MeCN, 3 h. NMR yields.
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from internal alkenes. Nonetheless, in situ substitution with a second nucleophile may drive the formation
of difunctionalized products from these hindered alkylthianthrenium salts.>*%*

Next, we electrochemically prepared alkenylthianthrenium salt 5.41 derived from a 1,1-disubstited
alkene: isobutene. Excitingly, we found that heterocycles undergo efficient conjugate-addition with this
hindered alkenylthianthrenium salt to form a-tertiary azoles under either catalytic Cs,COj or stoichiometric
i-Pr,NEt conditions (Table 5.5). Preparation of this azole motif is exceptionally challenging with
conventional methods due to the sterically-hindered site of nucleophilic substitution. However, we observed
that these 1,2-azolosulfonium products are still prone to base-induced elimination pathways. Treatment of
N-alkyl azole 5.42 with stoichiometric Cs,COs base resulted in quantitative elimination to an allylic
functionalized azole (see appendix D). This irreversible allylic pathway was a dominant issue when
attempting substitution of the alkylsulfonium electrophile 5.41 with basic nucleophiles (e.g. acetate,
secondary aliphatic amine, Table 5.5). We found that non-basic nucleophiles were competent for
substitution of the 1,2-azolothianthrenium intermediates and 5.47, formed upon subsequent addition of a
thiolate nucleophile, was isolated in 88% yield with exceptional N-regioselectivity (>20:1 N':N?). We

anticipate future work in the Wickens group will explore thianthrenium structures that may promote

substitution pathways over elimination pathways to generate vicinal motifs.

Table 5.5. 1,2-Azolothianthrenium Salts and Second Substitution from 1,1-Disubstituted Alkenes.
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?Reactions conducted using alkenylthianthrenium salt (0.1 mmol), azole (0.1 mmol), Cs,CO3 (0.01 mmol), 2 mL MeCN, 3 h. NMR vyields. See the appendix D for
further  experimental  details. bn-BuyNBr (0.3 mmol). °n-BusNN; (0.1 mmol). PKOAc (0.1 mmol). “BnNHMe (0.1  mmol),
i-Pro,NEt (0.1 mmol). 2alkenylthianthrenium salt (0.2 mmol), azole (0.2 mmol), Cs,CO3 (0.02 mmol), 4 mL MeCN, 3 h; then thiolate (0.3 mmol), 48 h. Isolated yield.
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5.4 Conclusion

Overall, we have identified conditions that divert nucleophilic substitution of alkenylthianthrenium
salts towards net alkene heterofunctionalization reactions. While use of stoichiometric base often promotes
allylic functionalization, substoichiometric base loadings have enabled selective conjugate-type addition of
several nucleophile classes. Mechanistic studies revealed that 1,2-sulfonamidosulfonium formation is
dictated by a proton-transfer-mediated equilibrium solution of sulfonamide, alkenylthianthrenium salt, and
alkylsulfonium product. These insights were leveraged in the N-alkylation of azoles using
alkenylthianthrenium salts. Key to this new methodology was achieving base-dependent reversibility of the
conjugate-addition and ylide protonation sequence that renders the overall reaction highly N-regioselective.
We anticipate that this modular approach to generate vicinal motifs will find immediate application in
organic synthesis given the established importance of N-alkylated azoles in the pharmaceutical and
agrochemical industries. Moreover, continued examination of reaction conditions that promote conjugate-
type addition versus allylic functionalization is anticipated to dramatically expand the scope of engageable

nucleophiles that remain challenging to leverage in both reactivity manifolds.

5.5 Acknowledgements

K.T. performed the sulfonamide nucleophile experiments and collected the data. Z.K.W. and C.D.
designed the azole project. All authors performed the azole nucleophile experiments and collected the data.
C.D. designed and executed the azole mechanistic experiments. All authors contributed to writing the azole

manuscript in preparation.

5.6 References

(1) Patel, M.; Desai, B.; Sheth, A.; Dholakiya, B. Z.; Naveen, T. Recent Advances in Mono- and Difunctionalization
of Unactivated Olefins. Asian Journal of Organic Chemistry 2021, 10 (12), 3201-3232.

(2) Yao, H.; Hu, W.; Zhang, W. Difunctionalization of Alkenes and Alkynes via Intermolecular Radical and
Nucleophilic Additions. Molecules 2021, 26 (1), 105.



84

(3) Chen, J.; Li, J.; Plutschack, M. B.; Berger, F.; Ritter, T. Regio- and Stereoselective Thianthrenation of Olefins To
Access Versatile Alkenyl Electrophiles. Angewandte Chemie International Edition 2020, 59 (14), 5616-5620.

(4) Holst, D. E.; Wang, D. J.; Kim, M. J.; Guzei, 1. A.; Wickens, Z. K. Aziridine Synthesis by Coupling Amines and
Alkenes via an Electrogenerated Dication. Nature 2021, 596 (7870), 74-79.

(5) Wang, D. J.; Targos, K.; Wickens, Z. K. Electrochemical Synthesis of Allylic Amines from Terminal Alkenes and
Secondary Amines. J. Am. Chem. Soc. 2021, 143 (51),21503-21510.

(6) Liu, M.-S.; Du, H.-W.; Shu, W. Metal-Free Allylic C—H Nitrogenation, Oxygenation, and Carbonation of Alkenes
by Thianthrenation. Chem. Sci. 2021.

(7) Angyal, P.; Kotschy, A. M.; Dudas, A.; Varga, S.; So6s, T. Intertwining Olefin Thianthrenation with
Kornblum/Ganem Oxidations: Ene-Type Oxidation to Furnish o,B-Unsaturated Carbonyls. Angewandte Chemie
International Edition 2023, 62 (2), €202214096.

(8) Holst, D. E.; Dorval, C.; Winter, C. K.; Guzei, I. A.; Wickens, Z. K. Regiospecific Alkene Aminofunctionalization
via an Electrogenerated Dielectrophile. J. Am. Chem. Soc. 2023, 145 (15), 8299-8307.

(9) Johannsen, M.; Jorgensen, K. A. Allylic Amination. Chem. Rev. 1998, 98 (4), 1689-1708.

(10) Evans, P. A.; Robinson, J. E.; Nelson, J. D. Enantiospecific Synthesis of Allylamines via the Regioselective
Rhodium-Catalyzed Allylic Amination Reaction [ J. Am. Chem. Soc. 1999 , 121 , 6761-6762]. J. Am. Chem. Soc.
1999, 721 (51), 12214-12214.

(11) Weiner, B.; Baeza, A.; Jerphagnon, T.; Feringa, B. L. Aldehyde Selective Wacker Oxidations of Phthalimide
Protected Allylic Amines: A New Catalytic Route to B3-Amino Acids. J. Am. Chem. Soc. 2009, 131 (27), 9473-9474.

(12) Moosophon, P.; Baird, M. C.; Kanokmedhakul, S.; Pyne, S. G. Total Synthesis of Calystegine B4. Furopean
Journal of Organic Chemistry 2010, 2010 (17), 3337-3344.

(13) Carroll, A. W.; Savaspun, K.; Willis, A. C.; Hoshino, M.; Kato, A.; Pyne, S. G. Total Synthesis of Natural
Hyacinthacine C5 and Six Related Hyacinthacine C5 Epimers. J. Org. Chem. 2018, 83 (10), 5558-5576.

(14) Miller, K. E.; Wright, A. J.; Olesen, M. K.; Hovey, M. T.; Scheerer, J. R. Stereoselective Synthesis of (+)-Loline
Alkaloid Skeleton. J. Org. Chem. 2015, 80 (3), 1569-1576.

(15) Ichikawa, Y.; Ito, T.; Isobe, M. Stereoselective Allyl Amine Synthesis through Enantioselective Addition of
Diethylzinc and [1,3]-Chirality Transfer: Synthesis of Lentiginosine and Polyoxamic Acid Derivative. Chemistry — A
European Journal 2005, 11 (6), 1949-1957.

(16) Skoda, E. M.; Davis, G. C.; Wipf, P. Allylic Amines as Key Building Blocks in the Synthesis of (E)-Alkene
Peptide Isosteres. Org. Process Res. Dev. 2012, 16 (1), 26-34.

(17) White, J. D.; Kim, T.-S.; Nambu, M. Absolute Configuration and Total Synthesis of (+)-Curacin A, an
Antiproliferative Agent from the Cyanobacterium Lyngbya Majuscula. J. Am. Chem. Soc. 1997, 119 (1), 103—111.

(18) Gao, Y.; Klunder, J. M.; Hanson, R. M.; Masamune, H.; Ko, S. Y.; Sharpless, K. B. Catalytic Asymmetric
Epoxidation and Kinetic Resolution: Modified Procedures Including in Situ Derivatization. J. Am. Chem. Soc. 1987,
109 (19), 5765-5780.



85

(19) Jeong, J. U.; Tao, B.; Sagasser, I.; Henniges, H.; Sharpless, K. B. Bromine-Catalyzed Aziridination of Olefins. A
Rare Example of Atom-Transfer Redox Catalysis by a Main Group Element. J. Am. Chem. Soc. 1998, 120 (27), 6844—
6845.

(20) Herlé, B.; Spith, G.; Schreyer, L.; Fiirstner, A. Total Synthesis of Mycinolide IV and Path-Scouting for
Aldgamycin N. Angewandte Chemie International Edition 2021, 60 (14), 7893-7899.

(21) Hara, S.; Makino, K.; Hamada, Y. Total Synthesis of Halipeptin A, a Potent Anti-Inflammatory Cyclodepsipeptide
from a Marine Sponge. Tetrahedron Letters 2006, 47 (7), 1081-1085.

(22) Mikami, K.; Azuma, K.-I.; Nakai, T. [2,3]-Wittig Sigmatropic Rearrangement of Crotyl Propargyl Ether System.
An Emerging Tool for Control of Acyclic Stereochemistry. Tetrahedron 1984, 40 (12), 2303-2308.

(23) Thirumalaikumar, M. Ring Opening Reactions of Epoxides. A Review. Organic Preparations and Procedures
International 2022, 54 (1), 1-39.

(24) Curthbertson, E.; O’Brien, P.; Towers, T. D. Practical One-Step Synthesis of Koga’s Chiral Bases. Synthesis 2001,
2001 (5), 693—695.

(25) Moschona, F.; Savvopoulou, 1.; Tsitopoulou, M.; Tataraki, D.; Rassias, G. Epoxide Syntheses and Ring-Opening
Reactions in Drug Development. Catalysts 2020, 10 (10), 1117.

(26) Cheng, M.; De, B.; Almstead, N. G.; Pikul, S.; Dowty, M. E.; Dietsch, C. R.; Dunaway, C. M.; Gu, F.; Hsieh, L.
C.; Janusz, M. J.; Taiwo, Y. O.; Natchus, M. G.; Hudlicky, T.; Mandel, M. Design, Synthesis, and Biological Evaluation

of Matrix Metalloproteinase Inhibitors Derived from a Modified Proline Scaffold. J. Med. Chem. 1999, 42 (26), 5426—
5436.

(27) Hu, X. E. Nucleophilic Ring Opening of Aziridines. Tetrahedron 2004, 60 (12), 2701-2743.

(28) Akhtar, R.; Naqvi, S. A. R.; Zahoor, A. F.; Saleem, S. Nucleophilic Ring Opening Reactions of Aziridines. Mo/
Divers 2018, 22 (2), 447-501.

(29) The pKa of the conjugate acid of proton-sponge is 7.5 in DMSO.
(30) Maertens, J. A. History of the Development of Azole Derivatives. Clin Microbiol Infect 2004, 10 Supp! 1, 1-10.

(31) Kim, J. H.; Cheng, L. W.; Land, K. M. Advances in Antifungal Development: Discovery of New Drugs and Drug
Repurposing. Pharmaceuticals (Basel) 2022, 15 (7), 787.

(32) Kane, A.; Carter, D. A. Augmenting Azoles with Drug Synergy to Expand the Antifungal Toolbox.
Pharmaceuticals 2022, 15 (4), 482.

(33) Jargensen, L. N.; Heick, T. M. Azole Use in Agriculture, Horticulture, and Wood Preservation — Is It
Indispensable? Frontiers in Cellular and Infection Microbiology 2021, 11.

(34) Kerru, N.; Gummidi, L.; Maddila, S.; Gangu, K. K.; Jonnalagadda, S. B. A Review on Recent Advances in
Nitrogen-Containing Molecules and Their Biological Applications. Molecules 2020, 25 (8), 1909.

(35) Tran, T. N.; Henary, M. Synthesis and Applications of Nitrogen-Containing Heterocycles as Antiviral Agents.
Molecules 2022, 27 (9), 2700.



86

(36) Li, X.; Yu, Y.; Tu, Z. Pyrazole Scaffold Synthesis, Functionalization, and Applications in Alzheimer’s Disease
and Parkinson’s Disease Treatment (2011-2020). Molecules 2021, 26 (5), 1202.

(37) Shafiei, M.; Peyton, L.; Hashemzadeh, M.; Foroumadi, A. History of the Development of Antifungal Azoles: A
Review on Structures, SAR, and Mechanism of Action. Bioorganic Chemistry 2020, 104, 104240.

(38) Cernak, T.; Dykstra, K. D.; Tyagarajan, S.; Vachal, P.; Krska, S. W. The Medicinal Chemist’s Toolbox for Late
Stage Functionalization of Drug-like Molecules. Chem. Soc. Rev. 2016, 45 (3), 546-576.

(39) Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the Structural Diversity, Substitution Patterns, and
Frequency of Nitrogen Heterocycles among U.S. FDA Approved Pharmaceuticals: Miniperspective. J. Med. Chem.
2014, 57 (24), 10257-10274.

(40) Ameziane El Hassani, 1.; Rouzi, K.; Assila, H.; Karrouchi, K.; Ansar, M. Recent Advances in the Synthesis of
Pyrazole Derivatives: A Review. Reactions 2023, 4 (3), 478-504.

(41) Nandurkar, D.; Danao, K.; Rokde, V.; Shivhare, R.; Mahajan, U.; Kumari, P.; Patel, A. B. Pyrazole Scaffold:
Strategies toward the Synthesis and Their Applications. In Strategies for the Synthesis of Heterocycles and Their
Applications; IntechOpen, 2022.

(42) Chen, S.-J.; Golden, D. L.; Krska, S. W.; Stahl, S. S. Copper-Catalyzed Cross-Coupling of Benzylic C—H Bonds
and Azoles with Controlled N-Site Selectivity. J. Am. Chem. Soc. 2021, 143 (36), 14438—14444.

(43) Liang, Y.; Zhang, X.; MacMillan, D. W. C. Decarboxylative Sp3 C—N Coupling via Dual Copper and Photoredox
Catalysis. Nature 2018, 559 (7712), 83-88.

(44) Li, P.; Zbieg, J. R.; Terrett, J. A. The Direct Decarboxylative N-Alkylation of Azoles, Sulfonamides, Ureas, and
Carbamates with Carboxylic Acids via Photoredox Catalysis. Org. Lett. 2021, 23 (24), 9563-9568.

(45) Sheng, T.; Zhang, H.-J.; Shang, M.; He, C.; Vantourout, Julien. C.; Baran, Phil. S. Electrochemical
Decarboxylative N-Alkylation of Heterocycles. Org. Lett. 2020, 22 (19), 7594-7598.

(46) Huang, A.; Wo, K.; Lee, S. Y. C.; Kneitschel, N.; Chang, J.; Zhu, K.; Mello, T.; Bancroft, L.; Norman, N. J.;
Zheng, S.-L. Regioselective Synthesis, NMR, and Crystallographic Analysis of N1-Substituted Pyrazoles. J. Org.
Chem. 2017, 82 (17), 8864—-8872.

(47) Norman, N. J.; Bao, S. T.; Curts, L.; Hui, T.; Zheng, S.-L.; Shou, T.; Zeghibe, A.; Burdick, I.; Fuehrer, H.; Huang,
A. Highly Selective N-Alkylation of Pyrazoles: Crystal Structure Evidence for Attractive Interactions. J. Org. Chem.
2022, 87 (15), 10018-10025.

(48) Iskauskiené, M.; Ragaité, G.; Slek, F. A.; Sagkus, A. Facile Synthesis of Novel Amino Acid-like Building Blocks
by N-Alkylation of Heterocyclic Carboxylates with N-Boc-3-Iodoazetidine. Mol Divers 2020, 24 (4), 1235-1251.

(49) Swamy, K. C. K.; Kumar, N. N. B.; Balaraman, E.; Kumar, K. V. P. P. Mitsunobu and Related Reactions: Advances
and Applications. Chem. Rev. 2009, 109 (6), 2551-2651.

(50) Kim, E. J.; Ko, S. Y.; Dziadulewicz, E. K. Mitsunobu Alkylation of Imidazole: A Convenient Route to Chiral
Ionic Liquids. Tetrahedron Letters 2005, 46 (4), 631-633.

(51) Horvath, A. Catalysis and Regioselectivity in the Michael Addition of Azoles. Kinetic vs. Thermodynamic
Control. Tetrahedron Letters 1996, 37 (25), 4423-4426.



87

(52) Increasing the alkenylthianthrenium salt equivalents improved the yield up to 65%, but deleterious side reactions
remained problematic (see appendix D).

(53) Liu, M.-S.; Du, H.-W.; Cui, J.-F.; Shu, W. Intermolecular Metal-Free Cyclopropanation and Aziridination of
Alkenes with XH2 (X=N, C) by Thianthrenation**. Angewandte Chemie International Edition 2022, 61 (41),
€202209929.

(54) Shu, W.; Liu, M.-S.; Meng, H. Unified Metal-Free Intermolecular Heck-Type Sulfonylation, Cyanation,
Amination, Amidation of Alkenes by Thianthrenation. ChemRxiv July 3, 2023. https://doi.org/10.26434/chemrxiv-
2023-xsghl.



88

Chapter 6: Diastereoselective Synthesis of Cyclopropanes from Carbon Pronucleophiles and

Alkenes
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Min Ji Kim, Diana J. Wang, Karina Targos, Uriel A. Garcia, Alison F. Harris, Ilia A. Guzei, Zachary K.
Wickens. Diastereoselective Synthesis of Cyclopropanes from Carbon Pronucleophiles and Alkenes.

Angew. Chem. Int. Ed. 2023, ¢202303032.

6.1 Abstract

Cyclopropanes are desirable structural motifs with valuable applications in drug discovery and
beyond. Established alkene cyclopropanation methods give rise to cyclopropanes with a limited array of
substituents, are difficult to scale, or both. Herein, we disclose a new cyclopropane synthesis through the
formal coupling of abundant carbon pronucleophiles and unactivated alkenes. This strategy exploits
dicationic adducts derived from electrolysis of thianthrene in the presence of alkene substrates. We find that
these dielectrophiles undergo cyclopropanation with methylene pronucleophiles via alkenyl thianthrenium
intermediates. This protocol is scalable, proceeds with high diastereoselectivity, and tolerates diverse
functional groups on both the alkene and pronucleophile coupling partners. To validate the utility of this
new procedure, we prepared an array of substituted analogs of an established cyclopropane that is en route

to multiple pharmaceuticals.

6.2 Introduction

Cyclopropanes are important structural motifs with diverse applications as synthetic intermediates,
mechanistic probes, and design elements of bioactive molecules.!!° In the context of medicinal chemistry,
these three-membered carbocyclic rings are employed to increase potency, reduce off-target effects, and
fine-tune metabolic stability.!*'? Recognition of these strategic benefits has driven the number of approved

small molecule drugs containing cyclopropanes to double over the last ten years.'> Recently, other
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structurally rigid ring systems are emerging as an appealing design strategy to precisely control the 3D
molecular geometry of drug candidates.!"'*2° While in principle cyclopropanes offer a myriad of 3D
shapes, 64% of the cyclopropane rings in active pharmaceutical ingredients are substituted at only a single
carbon (Figure 6.1A)."%2! This overrepresentation of a narrow subset of possible substitution patterns is, in
part, due to the reactions used to construct cyclopropane rings. For example, cyclopropanes substituted at
one carbon are straightforward to access on large scale via enolate alkylation using 1,2-dihaloethane
dielectrophiles. However, vicinal dihalides bearing any additional substituents suffer inextricable
elimination reactions, limiting access to more substituted analogs through this intermolecular
disconnection.?? > The Corey—Chaykovsky reaction offers an alternative method for that allows synthesis
of more substituted cyclopropanes but requires activated electron-deficient n-systems (e.g. a,p-unsaturated
carbonyl compounds).?*? The most well-studied approach to prepare more substituted cyclopropanes from

a broader range of alkenes remains cyclopropanation based on metal carbenoid reactivity (Figure 6.1B).3%
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40 While indisputably effective, the modularity of these methods is limited by the requisite synthesis of
unique carbene precursors to deliver each distinct substituent. Furthermore, hazardous diazo compounds
are commonly required, which further complicates broad implementation due to safety concerns.* -’
Despite these varied approaches to prepare cyclopropanes, development of new approaches to prepare
cyclopropane products is an area of contemporary interest.>* %3 Overall, a modular annulative cyclopropane
synthesis that couples two abundant building blocks has remained elusive and is poised to substantially
impact synthetic chemistry.

A deceptively straightforward strategy to access cyclopropanes in a modular fashion would be
through the direct intermolecular oxidative coupling of carbon pronucleophiles and alkenes. Unfortunately,
this idealized reaction has remained elusive.®* In principle, the net transformation could be accomplished
through conversion of an alkene to a dielectrophile that undergoes iterative substitution with a methylene
pronucleophile rather than deleterious elimination. No established dielectrophile possesses the requisite
selectivity profile to accomplish this in a general fashion.

Recent work has begun to explore the diverse and unique electrophilic reactivity of thianthrenium
salts.®”7¢ Our group recently developed an electrochemical strategy to generate dicationic adducts between
unactivated alkenes and thianthrene (TT) that serve as dielectrophiles.®”-¢%77-772 Specifically, we found
these species underwent substitution by primary amine nucleophiles without deleterious elimination,
unlocking a new approach to prepare N-alkyl aziridine products.®**? Very recently, Shu and co-workers
reported a related method of preparing aziridines through the reaction of isolated alkenyl thianthrenium salt
with nitrogen nucleophiles.®® Additionally, this study extended the alkenyl sulfonium reactivity to
cyclopropane synthesis from a handful of malonates and similarly acidic carbon pronucleophiles.
Concurrently, we were exploring the use of alkene-derived thianthrenium salts to enable a new approach to
cyclopropanation. In contrast to Shu’s studies, however, our investigations focused on examining the
diastereoselectivity of such a process alongside the strategic advantages offered by such an approach in the
synthesis of heteroaryl-substituted cyclopropanes. Herein, we report the results of these investigations into

the reactivity of dicationic thianthrene-alkene adducts with carbon pronucleophiles (Figure 6.1C). This led
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to a modular and diastereoselective approach to prepare heteroaryl-substituted cyclopropanes from
abundant precursors as well as key insights into the dicationic adduct substitution mechanism that

transcends cyclopropanation processes.

6.3 Results and Discussion

We initiated our investigations using nitrile pronucleophile 6.3. This model pronucleophile was
selected for two primary reasons: (1) we suspected that sterically differentiated carbanion stabilizing groups
would maximize diastereoselectivity, and (2) basic nitrogen heterocycles are pervasive in medicinal
chemistry but their coordinating ability can challenge many established alkene cyclopropanation
procedures.?* 8 After initial optimization of reaction conditions (see appendix E for details), we found this
pronucleophile underwent base-promoted cyclopropanation with dicationic adducts (6.1 and 6.2) in high
yield (Scheme 6.1). Consistent with our hypothesis, small nitrile substituent promotes high
diastereoselectivity (>20:1 d.r.). Indeed, conducting the same procedure with an analog of 6.3, wherein the
nitrile is replaced with an ester, furnished the product in diminished diastereoselectivity (2:1 d.r., see
appendix E for details). Although these initial conditions were effective, they required a substantial excess
of Cs»CO; base (10 equiv.) to favor the desired cyclopropane over the elimination product, an
alkenylthianthrenium salt (6.5). Given that initially we anticipated increased formation of elimination
byproducts upon increasing base equivalents, we suspected that a more complex mechanistic pathway
might be occurring rather than simple iterative substitution.

To investigate the mechanism of cyclopropanation, we monitored the substitution of dicationic
adducts by 'H NMR (Scheme 6.1). Intriguingly, the dicationic adducts are rapidly consumed to form
alkenylthianthrenium salt 6.5. This elimination product is subsequently converted to cyclopropane product
6.4. Overall, this time course analysis suggests that an alkenylthianthrenium 6.5 is a key intermediate en
route to cyclopropanation. This proposal is consistent with prior work on vinylsulfonium salts, which
undergo cyclopropanation reactions with malonates and related pronucleophiles. However, these previously

reported transformations have been predominantly limited to unsubstituted vinylsulfonium salts.®’** Only
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@Electrogenerated adducts were prepared using alkene (0.15 mmol), thianthrene
(0.225 mmol), 3 mL of MeCN-d3 (0.2 M KPFg); then pronucleophile (0.15 mmol),
Cs,C0O3 (1.5 mmol), 2.5 h. See appendix E for further details.

Scheme 6.1. Initial experiments investigating cyclopropanation.®
a handful of alkenylsulfonium salts have been found to undergo cyclopropanation.® % Given the relatively
limited examples of cyclopropanation from unactivated alkenylsulfonium salts similar to 6.5, we validated
this potential mechanism by isolating 6.5 and resubjecting it to the substitution conditions. This experiment
afforded the cyclopropane product 6.4 in 89% yield, validating the kinetic competency of this species as an
intermediate in cyclopropanation. This electrophilic elimination product also offers a plausible explanation
for the distinct reactivity profile of the dicationic adducts relative to conventional dihalide dielectrophiles,
since alkenylhalides do not undergo addition with nucleophiles. With this mechanism in mind, we
streamlined access to the key alkenylthianthrenium intermediate by passing the dicationic adduct solution
through a short pad of basic alumina prior to addition of the pronucleophile and base. This modified
procedure furnished the desired cyclopropane product 6.4 in 81% yield relative to alkene as a single

diastereomer using one equivalent of pronucleophile and two equivalents of Cs>COs.
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With an optimized procedure in hand, we next examined the scope of this new cyclopropanation
protocol. We found that this process enabled the formal coupling of a wide range of carbon pronucleophiles
and unactivated alkenes (Table 6.1). First, we probed a range of nitrile pronucleophiles substituted with a
second strong electron withdrawing group. Alkylnitriles bearing amide (6.6, 6.7), ester (6.8), sulfone (6.9),
benzophenone imine (6.10), and phosphonate (6.11) a-substituents each underwent efficient
cyclopropanation. High diastereoselectivity was observed across the majority of these substrates and in
several cases relative configuration was unambiguously verified by X-ray crystallography.!® These
stereochemically defined cyclopropane building blocks each bear distinct synthetic handles for further
diversification. Furthermore, acidic cyclic pronucleophiles were converted into a range of architecturally
complex spirocyclic building blocks (6.12—6.14) from simple precursors. Symmetrical pronucleophiles

such as malonate and malononitrile were also suitable coupling partners and afforded the expected

Table 6.1. Scope of Cyclopropanation via Electrogenerated Sulfonium Dielectrophiles.”
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aReactions were conducted using alkene (0.4 mmol), thianthrene (0.6 mmol), 8 mL of MeCN (0.2 M n-BusyNPFg); then pronucleophile (0.4 mmol), Cs,CO3 (1.0
mmol), 2 h. Yields and d.r. are of the purified product as a racemate unless otherwise noted. See appendix E for further experimentla details. bNMR yield. °Alkene
(0.6 mmol), thianthrene (0.9 mmol), 8 mL of MeCN (0.2 M n-BusNPFg). “Alkene (0.8 mmol), thianthrene (1.2 mmol), 8 mL of MeCN (0.2 M n-Bu,NPFg).
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cyclopropane products (6.15, 6.16). We next explored the scope of this methodology with respect to less
acidic pronucleophiles bearing diverse and medicinally-relevant (hetero)arenes as secondary withdrawing
groups. We found that alkylnitrile pronucleophiles substituted with pyridines (6.17, 6.18), pyrimidines
(6.19), thiophenes (6.20), thiazoles (6.21), and trifluorotoluene derivatives (6.22) each underwent efficient
and diastereoselective cyclopropanation. Of note, established carbene-transfer-based approaches to related
products deliver the opposite relative stereochemistry.®® Hetereoarene substituted pronucleophiles with an
ester instead of a nitrile furnished the final cyclopropane product in high yield, albeit with diminished
diastereoselectivity (6.23). We also found that nitromethane, an inexpensive commodity chemical, could be
employed to prepare 1,2-disubstituted cyclopropane (6.24) with high selectivity for the trans product. Less
acidic pronucleophiles bearing a weaker single electron withdrawing group failed to deliver more than
traces of cyclopropane products (see appendix E for details). Throughout these studies, we found that
variation of the alkene coupling partner provided access to cyclopropane building blocks bearing diverse
pendant functional groups, such as acetates (6.12), carbonates (6.22), nitriles (6.14), phthalimides (6.6,
6.13), and sulfonamides (6.8). Additionally, steric hindrance about the alkene was well tolerated (6.10, 6.14,
6.16, 6.18, 6.20). Notably, unconjugated dienes (6.7, 6.9) and ene-ynes (6.21) both underwent selective
cyclopropanation at a single site, leaving a pendant unsaturated m-system for subsequent derivatization. An
alkene substrate containing an o,p-unsaturated ester (6.17, 6.24) underwent selective cyclopropanation at
the more electron-rich alkene. This demonstrates high selectivity both in the generation of the key
electrophilic alkenyl thianthrenium intermediate as well as for cyclopropanation over enolate 1,4-addition.
Taken together, these data validate that this modular cyclopropanation strategy is amenable to the synthesis
of diverse and complex cyclopropanes that would have been difficult to prepare using more conventional
methods.

We next evaluated the viability of performing this process on preparative scale (Scheme 6.2). We
synthesized product 6.25 on multigram scale (3.3 g, 72% yield, 7.9 mmol, >20:1 d.r.) using a 1:1
stoichiometry of the alkene and pronucleophile coupling partners. This representative example is illustrative

of the power of this protocol in the synthesis of versatile cyclopropane building blocks. Specifically,
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Scheme 6.2. Preparative scale cyclopropanation.”

compound 6.25 bears orthogonal handles for further functionalization using robust reactions, such as SNAr
and Grignard addition. Of note, this practical batch electrolysis reaction setup is comprised of a DC power
supply, inexpensive electrodes, and a divided cell and does not require any precautions to exclude air or
moisture. Combined with the low cost,'%? low toxicity,'®* and recyclability®” of the thianthrene promoter,
these results demonstrate the scalability of this electrochemical cyclopropanation protocol.

We recognized that use of feedstock alkenes would enable access to cyclopropane building blocks
from exceptionally inexpensive starting materials. Anodic oxidation of thianthrene under 1 atm of ethylene,
propene, 1-butene, and 2-methyl-1-butene each delivered dicationic adducts that could be subsequently
converted to the desired cyclopropane products (Table 6.2). When relevant, these reactions proceeded with

Table 6.2. Cyclopropane building blocks from feedstock alkenes.
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MeCN (0.4 M n-BugNPFg); then pronucleophile (0.4 mmol), Cs,CO3 (1.0 mmol),
14-16 h. Yields and d.r. are of the purified product.See appendix E futher details
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high diastereoselectivity even in the case of propene (6.27, 6.29, 36.0), which bears a relatively small methyl
substituent. These data illustrate how the high functional group tolerance of this method can be leveraged
to prepare diverse cyclopropane building blocks for drug discovery from simple precursors.

We envisioned that this newly realized oxidative cyclopropanation methodology would have
immediate utility through both the preparation of established cyclopropane targets as well as previously
unknown derivatives. As an illustrative example, we prepared cyclopropane 6.34 from a commercially
available benzylic nitrile and ethylene (1 atm) in high yield (Scheme 6.3). Compound 6.34 is an established
intermediate in the synthesis of two distinct small molecule components in the most common cystic fibrosis
drugs (lumacaftor and tezacaftor; total sales in 2021 amounted to $6.9 B USD).!% The established route to
6.34 constructs the cyclopropane ring through an enolate dialkylation using 1,2-dihaloethane.!%:!% While
circumventing this carcinogenic dihalide may offer strategic advantages in synthesis of 6.34, we anticipated
that the true power of this oxidative coupling route would lie in the synthesis of new structural analogs to
this key intermediate. Indeed, no analogs of intermediate 6.34 bearing additional substituents on the
cyclopropane moiety have been previously reported, presumably due to the limitations associated with

substituted dihalide dielectrophiles. To this end, we prepared a series of substituted analogs of 6.34 by
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6.34: 87% 6.35: 75% (220:1 d.r.) 6.36: 66% (220:1 d.r.) 6.37: 74% (220:1 d.r.)
from dihalide: 88-100% yield from dihalide: <5% yield from dihalide: <5% yield from dihalide: <5% yield

(Vertex patent)

4Gaseous alkene reactions were conducted using alkene (1 atm), thianthrene (1.0 mmol), 4 mL of MeCN (0.4 M n-BusNPFg); then pronucleophile (0.4 mmol),
Cs,CO03 (1.0 mmol), 14—16 h. Reactions with non-gaseous alkenes were conducted using alkene (0.4 mmol), thiathrene (0.6 mmol), 8 mL of MeCN (0.2 M n-
Buy4NPFg); then pronucleophile (0.4 mmol), Cs,CO3 (1.0 mmol), 2 h. Yields and d.r. are of the purified product.See the appendix E for further experimental details.

Scheme 6.3. Synthesis of drug intermediate and analogs.”
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varying the alkene coupling partner (6.35—6.37). This approach enabled both large structural changes, such
as replacement of a cyclopropyl hydrogen with a piperidine ring (6.35), as well as small perturbations,
accessing methylated analog 6.37. Attempts to access the same products from analogous vicinal dihalide
starting materials resulted in at most trace product. Taken together, these results illustrate how this new

technology can impact the cyclopropane compounds prepared and studied in medicinal chemistry.

6.4 Conclusion

Overall, we have developed a modular procedure to prepare cyclopropanes from abundant carbon
pronucleophiles and alkenes via electrochemically-generated thianthrenium salts. Mechanistic studies
revealed that the dicationic adducts underwent rapid elimination under the reaction conditions to form an
alkenylthianthrenium salt, which serves as a key electrophilic intermediate en route to cyclopropanes. This
approach is amenable to generation of diverse cyclopropanes bearing medicinally-relevant functional
groups and handles for further elaboration. This cyclopropanation strategy allows for highly
diastereoselective synthesis of nitrile-substituted cyclopropanes and furnishes complementary relative
stereochemistry when compared to conventional metal-catalyzed approaches. This method expands the
scope of readily accessible cyclopropane building blocks using inexpensive coupling partners and reagents.
We anticipate that this new transformation will find broad application in organic synthesis given the

growing interest in cyclopropanes in medicinal chemistry and beyond.
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Chapter 7: Electrochemical Z-selective C(sp?)—H Functionalization of Alkenes

A collaboration with Peter J. Varardi, Tetsuya Inagaki, Remy F. Lalisse, Poulami Mukherjee,

Osvaldo Gutierrez, and Zachary K. Wickens

7.1 Abstract

Herein, we describe the development of an electrochemical system that achieves Z-selective net
alkene C(sp?)-H functionalization. This oxidative transformation proceeds via electrochemical generation
of Z-alkenylthianthrenium salts from thianthrene and unactivated alkenes. These stereodefined electrophiles
can be engaged in a suite of stereoselective cross coupling reactions to furnish Z-alkene products.
Mechanistic studies are consistent with base-induced elimination of electrogenerated thianthrene-alkene
dicationic adducts being the stereodetermining step. Progress is ongoing in the exploration of the scope of
alkenes and coupling partners for these overall Z-selective transformations, as well as rationalization of the

origin of Z-selectivity.
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Figure 7.1. Project overview. (A) Alkene Z/E geometry controls stereochemical outcomes. (B) Z-alkenes in synthesis.
(C) Idealized transformation to access Z-alkenes. (D) Representative established Z-selective alkene C(sp?)-H
functionalization. (E) Schematic overview of this work.
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7.2 Introduction

Alkenes are versatile building blocks in the preparation of valuable small molecules such as
agrochemicals, pharmaceuticals, and fragrances. Control over stereochemistry of the final products is
intimately tied to the geometrical (E/Z) configuration of the alkene starting material (Figure 7.1A)."* For
example, E/Z control is paramount in the enantioselective synthesis of Disparlure, the primary sex
pheromone of the globally invasive insect species, Gypsy Moth.’ The two enantiomers of Disparlure exhibit
different biological properties: the (+) enantiomer is bioactive and therefore a valuable pesticide, whereas
the (-) enantiomer exhibits no bioactivity. The (+) enantiomer is prepared selectively from a Z-alkene,
whereas the (-) enantiomer is prepared from its E-isomer (Figure 7.1B). Exploitation of these geometric
properties in such a synthetic context requires precise stereocontrol over the alkenylation event. While
olefination reactions are a cornerstone of organic synthesis, there are notably fewer methods amenable to
the preparation of Z-alkenes.® An ideal yet unrealized approach to form structurally-diverse Z-alkenes is the
Z-selective C(sp?)-H functionalization of terminal alkenes in metal-catalyzed cross-couplings (Figure
7.1C).” However, achieving high Z-selectivity from unactivated alkenes a formidable challenge due to: (1)
electronic similarities between the two pro-stereogenic hydrogens of the alkene, and (2) the requirement to
place the activating group in a position that results in significant 1,3-allylic strain, ultimately leading to the
formation of the less thermodynamically favorable product. To address these challenges, state-of-the-art
approaches to C(sp*)—H functionalization utilize directing groups to differentiate hydrogens and enforce Z-
selectivity (Figure 7.1D).5'2 While effective, these directing group approaches fundamentally limit the pool
of available alkene substrates for C(sp?)-H functionalization; to-date, no general Z-selective C(sp*)-H
functionalization of aliphatic alkenes exists.

A step towards the ideal transformation would be Z-selective installation of a thianthrenium moiety
on an unactivated alkene precursor. Growing reports have established alkenylthianthrenium reagents as
versatile electrophiles in a variety of alkenylation reactions (see Chapter 1). In particular, the Ritter group
has developed a powerful net C(sp’)-H functionalization of aliphatic alkenes in which

alkenylthianthrenium electrophiles—prepared with near-perfect E-selectivity—are subsequently engaged
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in a suite of stereospecific metal-catalyzed cross coupling.!® Curiously, we noticed a discrepancy in the E:Z
stereochemistry of alkenylthianthrenium salts generated from thianthrene S-oxide deoxygenation versus
electrochemical oxidation of thianthrene protocols. In this chapter, we describe the study of electrochemical
parameters that favor Z-selectivity. Based on these insights, we questioned whether electrochemical cell
design could divert thianthrenium adduct selectivity to develop a net Z-selective C(sp?)-H alkenylation
reaction that proceeds via a Z-alkenylthianthrenium electrophile that can be used in stereoselective
couplings (Figure 7.1E). Realization of this approach encompasses two key challenges: (1) Z-selective
preparation of alkenylthianthrenium salts from alkenes, (2) preservation of the stereochemistry in
subsequent coupling reactions with these new Z-electrophiles. If these challenges are successfully
addressed, this innovative method is poised to dramatically expand the scope of engageable terminal
alkenes for Z-selective cross-coupling-based olefinations and preparation of valuable Z-alkene building
blocks. Herein, we describe the discovery of this stereoselective transformation and mechanistic

experiments to elucidate the stereodetermining step of the process.

7.3 Results and Discussion

Our development of a Z-selective C(sp?)-H alkenylation process began with an unexpected
observation during the study of our allylic amination reaction. We found that upon exposure to base, the
electrogenerated mixture of dicationic adducts 7.1 and 7.2 was transformed into a mixture of E- and Z-
alkenylthianthrenium salt 7.3 in poor E:Z (Figure 7.1A; also see Chapter 2). We noted that mono-dicationic
adduct has been shown to convert with high E-selectivity (>20:1 E:Z) to the alkenylthianthrenium salt upon
treatment with base.'*!'* Thus, we suspected that the Z-isomer of 7.3 was a consequence of the elimination
of electrogenerated bis-dicationic adduct 7.2. A working model for the formation of these two dicationic
adducts has previously been proposed.'*!>!® Upon anodic oxidation of thianthrene (TT), iterative
thianthrene radical cation (TT"") addition to the alkene substrate generates bis-adduct (Figure 7.2B). In a
divided cell, enough charge may be passed to oxidize all the neutral thianthrene (TT) to its radical cation

congener TT™". At low TT concentrations, kinetically-relevant disproportionation of TT™ to form
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thianthrene dication (TT*") takes place in which the resultant TT*" undergoes fast and irreversible
cycloaddition with alkene to generate mono-adduct (Figure 7.2C)."7

With this mechanistic model in hand, we investigated divided cell electrochemical parameters to
favor bis-adduct 7.5 formation (Figure 7.2D), which we posit ultimately leads to the formation of Z-
alkenylthianthrenium salt 7.6. The greatest impact on dicationic adduct distribution was thianthrene
loading. When doubling the thianthrene loading to 3 equivalents, the mono:bis selectivity of the dicationic
adduct mixture 7.4 and 7.5 was inverted from mono-selective (5:1 mono:bis) to bis-selective (1:2 mono: bis).
We noted that, upon treatment with base, bis-dominant adduct solutions resulted in Z-selective mixtures of
alkenylthianthrenium salt 7.6.'* Decreasing the electrolysis current from 0.45 mmol e/hour to 0.14 mmol
e/hour led to an increase in the bis-selectivity of the two adducts formed. Lastly, using excess thianthrene
under slow constant current electrolysis, dilution of the electrochemical reaction decreased the overall
reaction rates to give lower yield of adducts 7.4 and 7.5 but with comparable mono.bis. These data are all
consistent with the working model for adduct generation. Taken together, changes to divided cell parameters
that led to an increase in the bis-selectivity of the adducts can be rationalized by favoring the generation of
TT* and promoting the radical reactivity with alkene.

Given these divided cell insights, we hypothesized two crucial elements of undivided cell
electrolysis would keep neutral TT concentration high and maximize contributions from radical pathways
that favor formation of bis-adduct intermediate: (1) bis-adduct elimination by electrogenerated base to
liberate TT, and (2) access to cathodic reduction of TT?" or TT*". We first compared the electrochemical
setup with 1-butene, for which the divided cell conditions afforded alkenylthianthrenium species 7.3 in 1:1
Z:E when meta-stable dicationic adducts 7.1 and 7.2 were treated with base. Gratifyingly, adapting
electrolysis of 1-butene to an undivided cell generated alkenylthianthrenium 7.3 in 72% yield and 3:1 Z:E
(Figure 7.3). However, we were worried the modest Z-selectivity may be unique to the small substituent of
I-butene given our prior observations in Z-selective allylic functionalization (see Chapters 2 and 4).
Excitingly, the Z-selectivity of this electrochemical process translated to 4-phenyl-1-butene to furnish 7.6

in 81% yield with comparable 3:1 Z:E. An attractive feature of undivided cell electrolysis is the scalability.
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Accordingly, these conditions were performed on 13.00 mmol (1.7 g) scale to prepare Z-
alkenylthianthrenium salt 7.6 in 28% yield and >20:1 Z:E (Figure 7.3). While the isolation procedure
requires further optimization, the purified Z-alkenylthianthrenium electrophile has been demonstrated to

engage in a suite of stereoselective coupling reactions (e.g. Suzuki, Negishi, Heck couplings). This initial
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sodium trifluoroacetate (1.0 mmol), 5 min. NMR yields and Z:E. See the appendix F for additional experimental details.

Figure 7.2. Background context for the project. (A) Observation of Z-alkenylthianthrenium salt formation. (B) Bis-
adduct formation mechanism. (C) Mono-adduct formation mechanism. (D) Dicationic pool studies observing
mono:bis impact on E:Z after base treatment.”
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Figure 7.3. Summary of data that inspired the electrochemical Z-selective C(spz)fH functionalization of alkenes.

undivided cell reactivity is being further investigated and optimized by a current graduate student in the
Wickens group as an ongoing project to establish the scope of these new stereodefined reagents.

Next, we sought to identify the stereodetermining step in the electrochemical generation of £- and
Z-alkenylthianthrenium salts. Upon completion of electrolysis in an undivided cell setup, no dicationic
adducts are observed. We presume that base electrogenerated upon proton reduction for the cathodic counter
reaction may eliminate the dicationic adducts in situ to the alkenylthianthrenium product. Indeed, when
employing an acid that lacks a competent conjugate base (e.g. HBF,4), low amounts of unreacted dicationic
adducts were detected. Thus, we propose that alkenylthianthrenium salt formation proceeds via
electrochemical dicationic adduct generation and elimination.'® To study the stereoselectivity of the
thianthrene-alkene adduct elimination, meta-stable dicationic adduct 7.4 and 7.5 solutions were pooled
using divided cell electrolysis and subsequently treated with trifluoroacetate to afforded
alkenylthianthrenium species 7.6. We observed that in all cases, the E:Z ratio of these elimination products
roughly corresponds to the original mono:bis ratio of the dicationic adduct mixtures (Figure 7.2D). The
stereoselectivity of this base-induced elimination was insensitive to solvent identity (see Appendix F for
details). Lastly, the apparent selectivity of the elimination step is base-dependent. Adducts mono.bis ratio
was well-preserved in the alkenylthianthrenium species E:Z ratio when using weaker bases for the
elimination whereas erosion of Z-selectivity was observed with stronger bases such as carbonate (see
Appendix F for details). This could be a consequence of either changing the stereoselectivity of the
elimination step, or isomerization of Z-isomer to E-isomer via reversible conjugate addition of nucleophilic

bases (see Chapter 5), and more mechanistic experiments will need to be conducted to distinguish the two
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Figure 7.4. Identification of stereodetermining step and working model for E-selective mono-adduct elimination
and Z-selective bis-adduct elimination.

possibilities. Taken together, these data support that base-induced elimination of the dicationic adducts is
the stereodetermining step, in which mono-adduct eliminates with >20:1 E-selectivity and bis-adduct
eliminates with >20:1 Z-selectivity (Figure 7.4).

With a working model in hand for the observed stereoselective formation of alkenylthianthrenium
salts, we wanted to build and validate a computational model of the process that rationalizes the bis-adduct
elimination with Z-selectivity. Preliminary calculations by the Gutierrez group support a Curtin-Hammett
scenario of the bis-adduct elimination out of the higher energy gauche conformation that leads to Z-
alkenylthianthrenium salt formation (AAG* = 2.2 kcal/mol; Figure 7.4). To rationalize this, we have formed
a preliminary hypothesis that the kinetic selectivity for deprotonation of this higher-energy conformation
may arise form a gauche effect of the polarized C—S o* hyperconjugation with the two ¢ C—H bonds that
stabilize the Z-alkene forming transition state.!*** Continued efforts in validating the computational model

and explaining the kinetic selectivity of the gauche elimination is underway.
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With the stereodetermining step identified as dicationic adduct elimination, we next investigated
the impact of alkene structure on the stereoselectivity of alkenylthianthrenium salt formation (Table 7.1).
For these studies, divided cell electrolysis conditions that have favored bis-adduct formation were used to
generate the dicationic adduct mixtures. After near-quantitative adduct quenching by subsequent treatment
with trifluoroacetate, the bis-adduct elimination Z-selectivity was determined by back-calculating the E£-
alkenylthianthrenium salt yield arising from mono-adduct elimination (>20:1 E-selectivity). For example,
adducts 7.10 and 7.11 derived from allylcyclohexane in 1:1.1 bis:mono eliminated quantitatively to
alkenylthianthrenium salt 7.12 in comparable 1:1.1 Z:E, indicating >20:1 Z-selectivity for the bis-adduct
elimination. We found that steric effects were not the major factor promoting the overall Z-selectivity;
adducts 7.16 and 7.17 (1.3:1 bis:mono) derived from propylene—the smallest alkene with a substituent that
could give stereoselectivity—furnished alkenylthianthrenium salt 7.18 in 1.8:1 Z:E selectivity. Curiously,
this Z-enrichment of the alkenylthianthrenium product indicates that mono-adduct elimination may be
stereoselective rather than stereospecific. We found that with more hindered a-methiene the Z-selectivity

Table 7.1. Dication Pool to Study Alkene Structure on the Elimination Stereoselectivity.”
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2Reactions were conducted using alkene (0.2 mmol), thianthrene (0.6 mmol), 2 mL MeCN (0.4 M KNPFg), | = 6.0 mA, 2.2 h (2.5 F mol™" alkene); then sodium
trifluoroacetate (1.0 mmol), 5 min. NMR yields and Z:E. Reactions were conducted using alkene (1 atm), thianthrene (1.0 mmol), 4 mL MeCN (0.15 M KPFg), | =

60.0 mA, 45 min (1.7 F mol™" thianthrene); then sodium trifluoroacetate (1.0 mmol), 5 min.
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was obliterated; adducts 7.13 and 7.14 prepared from vinylcyclohexane afforded the corresponding
alkenylthianthrenium salt 7.15 with an extrapolated 1:1 Z: E selectivity of the bis-adduct quenching. Lastly,
bis-dominant mixtures of adducts derived from alkenes bearing both distal and proximal electron-
withdrawing groups undergo stereoselective elimination with high Z-selectivity. Taken together, these
studies indicate that electronics and modest steric effects are not crucial for achieving Z-selectivity, and that
stereoselectivity of the elimination process is inherent to the thianthrenium moieties. However, reactivity
with thianthrene radical cation significantly diminishes as alkenes with proximal polar functionalities
become more deactivated.

Next, we studied divided cell dicationic adduct formation with thianthrene analogs to understand
how to possibly favor bis-selectivity, and the subsequent elimination stereoselectivity (Table 7.2).%!
Compared to parent thianthrene, a sterically-hindered tetramethyl-substituted analog generated dicationic
adducts 7.28 and 7.29 in high mono-selectivity (>20:1 mono:bis). We suspect that the steric hindrance of
the tetrasubstituted thianthrenium core disfavors the radical addition pathway leading to bis-adduct
formation. These adducts eliminate to the corresponding alkenylsulfonium salts 7.30 in 9:1 £:Z, indicating
that steric bulk of the thianthrenium motif decrease stereoselectivity of the mono-adduct elimination. A
dimethoxy-substituted thianthrene analog performed comparably to thianthrene for dicationic adduct
generation. Curiously, the E:Z ratio of the resultant alkenylsulfonium salt 7.33 is significantly greater than
the mono:bis of electrogenerated adducts 7.28 and 7.29, which is consistent with a decrease in bis-adduct
elimination Z-selectivity. Lastly, a fluorinated analog of thianthrene furnished adducts 7.34 and 7.35 in
higher mono:bis compared to parent thianthrene. This result was unintuitive since we anticipated that bis-
adduct formation would be favored due to this thianthrene radical cation to be more electrophilic for radical
addition with alkene. To rationalize the high mono-adduct selectivity with the fluorinated thianthrene, we
hypothesize that the rate of disproportionation of fluorinated thianthrene radical cation to fluorinated
thianthrene dication is increased relative to parent thianthrene, which would favor mono-adduct formation.
The impact of thianthrene structure on disproportionation and dicationic adduct formation is an ongoing

investigation in the Wickens group. The diminished 4.5:1 E:Z of alkenylsulfonium salt 7.36 upon base
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Table 7.2. Sulfonium Activating Group Structure on Dicationic Adduct Generation and Stereoselectivity of
Subsequent Elimination to Alkenylsulfonium Species.”
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@Reactions were conducted using alkene (0.15 mmol), sulfide heterocycle (0.225 mmol), MeCN (0.4 M KPFg), | = 6.0 mA, 2.2 h (2.5 F mol™' alkene); then i-ProNEt
(1.2 mmol), 5 min. NMR yields and Z:E.

addition to the electrogenerated adducts 7.34 and 7.35 (13:1 mono:bis) suggests that the E-selectivity of
the fluorinated analog mono-adduct is lower than that of parent thianthrene. Overall, these data do not
indicate a clear direction for optimal electronics and steric of thianthrene analogs that could provide a
straightforward solution to selective bis-adduct generation coupled with high Z-selective elimination for
alkenylthianthrenium salt preparation.

We wondered if replacing thianthrene with phenoxathiin would promote the desired transformation
with high Z-selectivity by removing the cycloaddition pathway for mono-adduct formation. Indeed, divided
cell electrolysis with phenoxathiin in the presence of 4-phenyl-1-butene exclusively furnished exclusively
bis-adduct 7.37 (Table 7.2). Surprisingly however, this bis-adduct eliminated to (10-
phenoxathiiniumyl)alkene 7.38 with poor Z-selectivity (2:1 Z:E). This observation is consistent with prior
studies of phenoxathiin radical cation by the Shine group,** as well as the same poor stereoselectivity (2:1
Z:E) for alkenylphenoxathiinium species acquired in undivided cell electrolysis. Unlike thianthrenium

dicationic adducts, the elimination stereoselectivity of these charged dicationic salts could be notably
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impacted by solvent (see Appendix F for details). The poor Z-selectivity of phenoxathiine bis-dicationic
adducts led us to question if this Z-selective transformation is unique to thianthrene, or if it could be
extended to other sulfonium salts. To further probe the stereoselectivity of bis-sulfonium adduct
elimination, we employed phenothiazine as another sulfur-heterocycle that would, in principle, only
generate bis-adduct. Under divided cell electrolysis conditions, N-phenylphenothiazine formed bis-adduct
7.39 with 4-phenyl-1-butene in low 22% yield. Excitingly, this adduct eliminated to Z-alkenylsulfonium
salt 7.40 in >20:1 Z:E. Taken together, these results indicate Z-selective elimination is not unique to
thianthrenium bis-adducts, and that sulfonium structures that afford exclusive bis-adducts may be able to
furnish Z-alkenylsulfonium electrophiles in high Z-selectivity. Future work in this electrochemical Z-
alkenylation project area will be to explore sulfonium structures to favor bis-adduct formation during
undivided cell electrolysis while maintaining high Z-selectivity upon elimination to furnish Z-

alkenylsulfonium reagents.

7.4 Conclusion

Overall, we have developed an -electrochemical preparation of Z-alkenylthianthrenium
electrophiles from aliphatic alkenes that can be engaged in a suite of stereoselective coupling reactions.
This represents the first example of net Z-selective C(sp?)-H functionalization of terminal alkenes without
the need for directing groups on the substrate. Key to this strategy was electrochemical cell design in which
undivided cell electrolysis was crucial to (1) promote radical pathways that favor the generation of bis-
adduct, and (2) electrogenerate an in situ base for the elimination of adducts to the Z-alkenylthianthrenium
species. Divided cell electrolysis studies revealed the stereodetermining step to be elimination of bis-
dicationic adducts to Z-alkenylthianthrenium species. Preliminary computations suggest a Curtin-Hammett
scenario is operative in achieving stereocontrol for this Z-selective process. We anticipate that this new
electrochemical transformation will find immediate application in organic synthesis given the established

utility of Z-alkenes. Moreover, we anticipate continued examination of reaction conditions that favor bis-
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adduct generation will dramatically expand the scope of engageable alkenes for Z-selective cross-coupling-

based olefinations that remain challenging to accomplish via more conventional approaches.
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Chapter 8: Unveiling Potent Photooxidation Behavior of Catalytic Photoreductants
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8.1 Abstract

We describe a photocatalytic system that reveals latent photooxidant behavior from one of the most
reducing conventional photoredox catalysts, N-phenylphenothiazine (PTH). This aerobic photochemical
reaction engages difficult to oxidize feedstocks, such as benzene, in C(sp?)-N coupling reactions through
direct oxidation. Mechanistic studies are consistent with activation of PTH via photooxidation and that
Lewis acid co-catalysts scavenge inhibitors formed upon catalyst activation.
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Figure 8.1. (A) Overview of redox potentials in photoredox catalysis. (B) Overview of reduced doublet photocatalysts
accessed through conPET. Full catalyst structures available in appendix G. (C) Overview of research described herein.
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8.2 Introduction

Reactions driven by single electron transfer (SET) are pervasive in organic chemistry.
Consequently, new strategies to induce redox events are poised to profoundly impact synthetic chemistry.!~
* Photoredox catalysis has unlocked a broad range of attractive new transformations through conversion of
energy from readily accessible LEDs into chemical redox potential.>® However, only a portion of this
energy’ can be harnessed due to inevitable energy losses from vibrational relaxation, internal conversion,

10-17 excited state

and intersystem crossing.!® Despite tremendous effort in photoredox catalyst design,
potentials beyond roughly —2 and +2 V vs. SCE remain difficult to achieve using conventional photocatalyst
design principles wherein a single photon from commercial LEDs is used as the primary energy source
(Figure 8.1A).'322 Unfortunately, this redox window excludes numerous abundant hydrocarbon feedstocks
from facile photoinduced electron transfer.?

To overcome the energetic limitations intrinsic to conventional photoredox catalysis, Konig and
coworkers recently designed a photocatalytic system that drives challenging reductive SET events using
the energy of two photons rather than one. This consecutive photoninduced electron transfer (conPET)?*?°
strategy relies on a catalytic photooxidant and sacrificial reductant that, upon irradiation, result in a potent
radical anion photoreductant (Figure 8.1B). Despite its mechanistic complexity, this approach is practical
and operationally simple; it leverages inexpensive and safe LEDs to accomplish reactions that otherwise
require UV photoreactors or harsh chemical reductants. Following proof-of-concept aryl halide
reductions,?**¢3* this approach has enabled photochemical alternatives to alkali metal reductants in
reactions such as Birch reductions* and sulfonamide cleavage.?

In contrast to the progress in photoreductions, oxidations driven by the consumption of multiple
photons have remained elusive. We suspect that this is the consequence of two inextricable challenges: (1)
the catalyst must be a competent photocatalyst in both the closed shell and radical cation states®?* and (2)

the terminal oxidant must efficiently activate the catalyst but not otherwise interfere with the reaction

(Figure 8.1C).*® Given the difficulty applying multiple photons towards a challenging SET oxidation,
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photoredox reactions initiated by SET oxidation are typically limited to electron-rich hydrocarbon
substrates.?” 4%

We questioned whether conventional photoreductants, which typically possess persistent radical
cation states, could be repurposed as strong photooxidants using a conPET strategy.* We hypothesized
photochemical conditions designed to drive these photocatalysts towards their oxidized congeners could
reveal potent photooxidation behavior. To probe this hypothesis, we targeted cyclic triarylamine

photoreductants. These are a well-established and modular family of photocatalysts?!#

and photophysical
studies conducted by Wasilewski and coworkers indicate that their radical cation congeners exhibit
photochemical activity.* Furthermore, intriguing studies from Wagenknecht and coworkers have
implicated photoexcitation of triarylamine radical cations formed via SFs reduction in alkene
pentafluorosulfonylation processes.***” We envisioned that photochemically accessing these radical cations
using a bystanding oxidant would offer an ideal avenue to explore the potency of these radical cation
photooxidants.

We selected the Nicewicz-type*! oxidative coupling of arenes and N-heterocyclic nucleophiles as a
model reaction. This synthetically valuable transformation is representative of the general challenges in
oxidative photoredox catalysis. It has been predominantly limited to electron-rich arene substrates, such as
anisole derivatives*® and also requires a bystanding terminal oxidant. Difficult to oxidize arene substrates,
such as benzene, typically mandate high energy UV light (UVB or shorter)'® or strong ground state oxidants
(e.g. DDQ) that absorb visible light.*** Recent progress by Lambert and coworkers has introduced an
alternative electrophotocatalytic approach that employs electrochemistry and photochemistry in concert to
accomplish this energetically demanding oxidation.’!">* However, while electrophotocatalysis is an exciting
emerging area of research,’!23463 these reactions require specialized electrochemical equipment (e.g.
divided cells, electrodes, and power supplies) and are technically complex relative to purely photochemical
processes.*® Thus, we envisioned that promoting this transformation using a bench stable and commercially
available photocatalyst simply with inexpensive LEDs would be a synthetically useful complement to

existing methods. Accordingly, this constitutes an appealing context for our proof-of-concept experiments.
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8.3 Results and Discussion

First, we examined three distinct photoreductants?!:6>-66

and a range of oxidants for activity in the
oxidative coupling of benzene (Eox = 2.5 V vs. SCE)*” and pyrazole 8.1 (Table 8.1). We initially aimed to
generate the catalyst radical cation congener via photoreduction of reagents that undergo irreversible
decomposition after SET to avoid catalyst deactivation via back electron transfer (BET). Excitingly, these
data revealed that N-phenylphenothiazine (PTH), the most reducing photocatalyst of the series, could
promote this challenging oxidative coupling in low yield using organohalides as the oxidant. A sufficiently
strong oxidant to oxidize each catalyst to the corresponding radical cation without additional energy from
light, NOPFs, provided low yield of benzene oxidation products using all three catalysts. However, under
one atmosphere of O,, PTH promoted oxidative coupling in promising yield (14%). Given the enhanced
stability of radical cations in fluorinated alcohol solvents,!*336°7! we substituted acetonitrile (MeCN) for

trifluoroethanol (TFE). This resulted in a modest increase in reaction yield with PTH but only traces of

product with the other two catalysts. Of note, while most photoredox catalysts undergo rapid intersystem

Table 8.1. Survey of Oxidants and Photoreductants.**

oLt CO,Et
2
© . Fg [catalyst] //
> N-
HN~N/ LED irradiation N
[oxidant]
8.1 8.2

100

00 o0, O

PTH PC-8.1 PC-8.2
50 C-8 C-8

yield (%)

25

4Reactions were conducted on a 0.05 mmol scale in 1:1 MeCN:PhH for 24 h, unless noted
otherwise, using 2.0 equiv oxidant or 1 atm O,. Ar' = 4-biphenyl. Ar? = 2-naphthyl. bpTH
irradiated using 390 nm Kessil lamp. °PC-8.1 and PC-8.2 irradiated using Tuna Blue Kessil
lamp. 91:1 TFE:PhH.
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crossing to a long-lived triplet,>!* PTH is a singlet excited state reductant.” This property circumvents
photocatalyst deactivation by triplet-triplet annihilation with O».

We suspected that BET between PTH radical cation and superoxide” might attenuate reactivity
under these conditions (Figure 8.2).”* Indeed, when synthetically prepared PTH radical cation is treated

with KO,, we observe a rapid color change and reformation of PTH by 'H-NMR. Given that superoxide

working model

photoreduction of O, activates catalyst
hv
PTH + 0, =—= PTH.® + O;@
BE

BET deactivates catalyst

l’L MNQ”L

I

pH® + o

O

85 8.0 75 7.0 65  ppm
Figure 8.2. '"H NMR spectroscopic evidence supporting working model for catalyst deactivation pathways.

generation is inextricable from aerobic catalyst activation, this observation could account for the modest
reactivity of this catalytic system (Table 8.2, entry 1). As expected, addition of 5 mol % KO, to the reaction
mixture completely suppressed product formation (entry 2). We hypothesized that additives capable of
sequestering or scavenging this inhibitor would enhance the observed reactivity. Guided by this model, we
found addition of one equivalent of an inexpensive, redox innocent Lewis acid, LiClO4, dramatically
improved the yield of oxidative coupling product (entry 3). Reduction of the LiClO4 loading to a
substoichiometric quantity (20 mol %) retained the benefits of the additive, suggesting a co-catalytic role
for LiClOs rather than it purely sequestrating stoichiometric byproducts (entry 4). In principle, the lithium
co-catalyst could mitigate BET by promoting superoxide disproportionation.”>’® Consistent with this
proposed Lewis acidic role, alkylammonium salts had no impact on the reaction (entry 5); whereas, other

Lewis acidic lithium salts retained the catalytic effect (entries 6 and 7). Final tuning of the reaction



124

Table 8.2. Reaction Optimization.”

CO,Et
CO,Et PTH (5 mol%) —
© .\ Fg [additive] _ N‘N/

HN< 390 nm LEDs ©/

8.1 05 (1 atm) 8.2

entry additive yield (%)
1 none 31
2 KO, (5 mol %) <2
3 LiClO4 (1 equiv) 86
4 LiCIO4 (20 mol %) 73
5 Nn-BugNCIO4 (20 mol %) 29
6 LiPFg (20 mol %) 64
7 LiOTf (20 mol %) 56
8 LiCIOy4 (20 mol %)° 89
9 PC-8.1 (5 mol %), LiClO4 (20 mol %)>°¢ <2
10 PC-8.2 (5 mol %), LiClO4 (20 mol %)>°¢ <2
1" Ir(ppy)s (1 mol %), LiCIO4 (20 mol %)>° <2

4Reactions were conducted on a 0.05 mmol scale in 1:1 TFE:PhH for 24 h. See appendix
G for details. £9:1:10 TFE:HFIP:PhH solvent mixture. °Tuna Blue Kessil lamp irradiation.

parameters revealed adjusting the solvent mixture to include a small amount of hexafluoroisopropanol
(HFIP) delivered the desired product in 89% yield (entry 8). Substitution of PTH with other triarylamine
photoreductants or a classic metal-based photoreductant, Ir(ppy)s, resulted in only trace yield of oxidation
product under these otherwise optimal conditions (entries 9-11).

Having identified a promising catalytic system, we examined the scope of this new process (Table
8.3). Pyrazole nucleophiles bearing a range of electron-withdrawing moieties, including ketones (8.3),
aldehydes (8.4), nitriles (8.5), and trifluoromethyl groups (8.6) were oxidatively coupled to benzene.
Halogenated pyrazoles (8.7 and 8.8) were also productively coupled despite the fact that PTH is a potent
photoreductant. Prior approaches capable of oxidizing benzene have not been readily amenable to the
arylation of neutral heterocyclic substrates.”” In contrast, we observed coupling of both parent pyrazole
(8.9) and even an electron-rich analog (8.10), albeit in diminished yield relative to the electron deficient
heterocyclic coupling partners. In addition to pyrazole derivatives, we found that 1,2,3-triazoles (8.11 and
8.12) were amenable to oxidative coupling with benzene. Even an exceptionally challenging to oxidize
electron-deficient arene, chlorobenzene, could be engaged in productive C(sp?)-N coupling via arene
photooxidation (8.13). To probe the limits of what this catalytic system can oxidize, we evaluated

acetophenone as an arene substrate and detected at most traces of oxidative coupling products. This result



125

Table 8.3. Scope of Arene C-H Amination.**

PTH (5 mol%) ﬁ PTH Fh
| N, N// ‘ﬁ\ LiClO4 (20 mol%) @z “N @ND
/ °N 390 nm LED Z
./ N nm LEDs ./ a

9:1 TFE:HFIP, O, (1 atm)

Q
CO,Et ’/z—Me CHO CN CF3 cl Br
o~ or or or or ogr g
8.2: 81% 8.3 88%° 8.4: 71% 8.5: 87% 8.6:70% 8.7: 58%° 8.8: 45%°

Me CO,Me CO,Et CO,Et

A\ =, =

(@)
I/ziMe
® = \ { 4 = 4
N\N N\N N\N 1N\N 3 | N N\N | N N\N | N N\N
2 Uz KA KA

Cl Me Me’
8.9: 38%°" 8.10: 22%9 8.11: 38%" 8.12: 55% 8.13: 26%" 8.14: 77% 8.15: 61%/
(N4:N3:N3 = 4:1:9) (p:0 =3:1) (p:0 =2:1) (p:o =2:1)
Q

Q.
CN COEt Me CO,Et Me
/4& Me ,4& Me = Me ,4> Me ﬁg Me =
1 V 1 V, 1 V, Vi V.
N N\N/ i@N\N i@,N\N i@N\N /@N\N /@N\N
Z Me Me Me Me Me Me Me

8.1: 72%' 8.17: 74%/ 8.18: 72%)¢ 8.19: 38%/ 8.20: 78%* 8.21: 70%*
(p:0=2:1) (C1:Co=4:1) (C4:Co=5:1) (C1:Co=14:1)

5
\_

4Reactions conducted using 0.4 mmol of heterocycle, 8 mL of arene, and irradiated with two 390 nm Kessil lamps for 24 h with fan cooling. See the appendix G for further
experimental details. Plsolated yields. °20 mol % LiPFg. 91:1 HFIP:PhH solvent. ®NMR yield. 0% pyrazole starting material remaining. 931% pyrazole starting material
remaining.’1:1:2 MeCN:HFIP:arene solvent with 10 mol % t-dodecyl mercaptan. /10.0 equiv. arene, 0.1 M in 1:1 MeCN:HFIP, 10 mol% t-dodecyl mercaptan. ¥5.0 equiv. arene,
0.1 Min 1:1 MeCN:HFIP, 10 mol % t-dodecyl mercaptan.

indicates that this arene is too electronically deactivated for oxidation under these conditions. We
recognized that benzylic C—H bonds could be a liability under these aerobic conditions; however, we found
reasonable C(sp?)-N coupling yields could be obtained from toluene using our standard conditions and
these yields could be further improved by tuning the reaction conditions to mitigate benzylic oxidation
processes.’® Under these modified conditions, PTH promoted the photochemical coupling of toluene, m-
xylene, and mesitylene with pyrazole derivatives in high yield (8.14 to 8.21). The oxidation of m-xylene
and mesitylene could be achieved using a smaller excess of arene, presumably due to the significantly lower
oxidation potential relative to benzene” Of note, while the scope and reagent stoichiometries required for
this approach are similar to prior electrophotocatalytic systems, these photocatalytic conditions exclusively
require commercially available catalysts and no specialized equipment outside of LED lamps. Furthermore,
this simple photocatalytic system delivers coupling products with substantially shorter reaction times.
Overall, these data illustrate that the scope of this photochemical process described herein is on par with

complementary electrophotocatalytic approaches.’!*2
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CO,Et
CO,Et PTH (5 mol%) =
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@Reactions were conducted on a 0.05 mmol scale in 9:1:10 TFE:HFIP:PhH.
See the appendix G for overlays of total irradiation time.

Scheme 8.1. Light-dependence on induction period and product formation regimes: (A) standard reaction profile
with continuous irradiation; (B) suspended irradiation during induction period; (C) suspended irradiation during
product formation.”

Next, we aimed to uncover preliminary mechanistic insight into this new and unusually oxidizing
photocatalytic system. First, we collected the full reaction profile by monitoring the yield of coupling
product 8.2 as a function of time (Scheme 8.1A). These data revealed an induction period, wherein only a
trace amount of product is formed, followed by 0™ order formation of product that continues until nearly
all of the pyrazole is consumed (see appendix G for complete reaction profile). If irradiation is temporarily
suspended during the induction period, the onset of product formation is correspondingly delayed (Scheme
8.1B). Similarly, when irradiation is halted during the product-forming regime, the reaction ceases until

irradiation resumes (Scheme 8.1C). Overall, these data are consistent with a mechanism involving an initial
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CO,Et
CO,Et PTH (5 mol %) —
© lég vary [LiClO,] N ?
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4Reactions were conducted on a 0.05 mmol scale in 9:1:10 TFE:HFIP:PhH.

Scheme 8.2. Saturation in lithium co-catalyst.”

photochemical catalyst activation step (e.g. photooxidation of PTH to the radical cation) followed by a
product-forming regime with either rate-limiting catalyst oxidation or benzene oxidation, given both
benzene and O, are present in excess throughout the reaction. Additionally, we determined the O»
stoichiometry of the reaction by measuring gas consumption within a sealed reaction vessel equipped with
a pressure transducer (Figure G16).3! These data indicate that just over two equivalents of O are consumed
over the course of the reaction, consistent with O, acting as only a one-electron oxidant.®* As anticipated,
we found that only minimal oxygen is consumed during the induction period.

Given the initially unanticipated co-catalytic role of LiClO4 in this system, we next carefully
investigated the origin of its impact on the reaction. Omission of this additive resulted in a modest
elongation of the induction period and, subsequently, slower product formation (see appendix G for details).
Systematic variation of the concentration of LiClO4 revealed that the impact of this reaction component on
rate saturates at roughly 20 mol % (Scheme 8.2). These data are consistent with our working model wherein
LiClOy catalytically scavenges inhibitory reactive oxygen species produced through photochemical O»
reduction. Once the inhibitor is scavenged at a sufficiently rapid rate, its steady state concentration will
approach zero and additional increase in co-catalyst loading is expected to have no impact on the process.

When the reaction is charged with 5 mol % KO, shortly after the induction period, we observe that the
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reaction halts thereafter in the absence of LiClOs. In stark contrast, a reaction containing 2 equivalents of

LiClO4 was unperturbed by direct addition of this inhibitor (Scheme 8.3).%3

CO,Et
CO,Et PTH (5 mol%) =
= [w/ or wio LiClO4] N Z
+ P > N
HN< [then add KO,]
390 nm LEDs
8.1 0, (1 atm) 8.2
- a o/ \b
100 0w/ LiClO, conditions yield (%)
w/o LiClO, nolLi 3
75 no Li 14
0,
add 5% KO2 |3 equivLi 84
< : °
T 50 : °
2 ; °
> e
.: °
25 '
° '
o ®
°

0 5 10 15
time (h)

4Reactions were conducted on a 0.05 mmol scale in 9:1:10 TFE:HFIP:PhH.
See the appendix G for further details. bfinal yield after 22 h.

Scheme 8.3. Impact of added substoichiometric KO, on rate with and without LiCl1O4.

Based on the data presented herein, we have constructed a plausible mechanistic model, which
involves: (1) initial oxidative activation of PTH via photoreduction of O,; (2) photoexcitation of a
triarylamine radical cation to oxidize the arene substrate;**** (3) trapping of arene radical cation with
pyrazole nucleophile. While lithium salts are not mechanistically necessary to promote the photocatalytic
transformation, we suspect that these Lewis acidic co-catalysts accelerate the reaction by promoting the
disproportionation of superoxide, an inhibitor inextricably formed in the aerobic catalyst activation step.

We envision the lithium co-catalyst is turned over by protonation of Li»O, by HFIP.%

8.4 Conclusion

Overall, we have identified a catalytic system that unlocks potent photooxidant behavior from one
of the most reducing conventional photoredox catalysts, PTH. This approach enables oxidative C(sp?)-N
coupling via photooxidation of arene substrates outside of the redox window of reported photoredox

approaches. Preliminary mechanistic studies are fully consistent with photocatalyst activation via
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photoreduction of O,. Intriguingly, we found that Lewis acid co-catalysts could promote and maintain
catalyst activation. Beyond providing the first example of purely photochemical benzene oxidation using
inexpensive LEDs, this study provides a roadmap to exploit known photocatalysts in new and
unconventional ways. We anticipate that continued examination of reaction conditions that force
photocatalysts into destabilized oxidation states will dramatically expand the scope of oxidative photoredox

catalysis.?” %
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Appendix A: Supporting Information for Chapter 2 (Electrochemical Synthesis of Allylic Amines
from Terminal Alkenes and Secondary Amines)

Al. General Methods and Materials

MeCN, DMF, and DCM were dried by passing through activated alumina columns. Tetrabutylammonium
hexafluorophosphate was recrystallized three times from EtOAc prior to use. All liquid amines were
distilled from CaH, prior to use. Thianthrene was recrystallized from acetone prior to use. Unless otherwise
noted, other commercially-available reagents were used as received. Crude mixtures were evaluated by
thin-layer chromatography using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm) and were
visualized by UV, Seebach, and/or KMnOyj staining. Flash chromatography was performed with a Biotage
Isolera One automated chromatography system with re-packed silica columns (technical grade silica, pore
size 60 A, 230-400 mesh particle size, 40-63 particle size) or pre-packed Biotage SNAP Ultra and Biotage
Sfar Silica HC columns unless otherwise noted. Purified materials were dried in vacuo (0.050 Torr) to
remove trace solvent. 'H, '*C, '°F Spectra were taken using a Bruker Avance-400 with a BBFO Probe, a
Bruker Avance-500 with a DCH Cryoprobe. NMR data are reported relative to residual CHCl; ('H, 8 =
7.26 ppm), CDCl; (*C, 6 = 77.16 ppm). Data for 'H NMR spectra are reported as follows: chemical shift
(6 ppm) (multiplicity, coupling constant (Hz), integration). Multiplicity and qualifier abbreviations are as
follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. All NMR yields were
determined via reference against an internal standard (dibromomethane or mesitylene for 'H NMR). Mass
spectrometry data was collected on a Thermo Scientific Q Exactive Plus Mass Spectrometer and a Waters
Acquity™ LCMS.

Abbreviations: Bn—benzyl, Boc—tert-butyl carbamate, -Bu—tert-butyl, DCM—dichloromethane,
DIPEA—N,N-Diisopropylethylamine, DMF—dimethyl formamide, EtOAc—ethyl acetate, MeCN—
acetonitrile, MeOH—methanol, RVC—reticulated vitreous carbon, Ph—phenyl, TEA—triethylamine,
TFA—trifluoroacetic acid.

Electrochemical Methods and Materials

All chronoamperometric and chronopotentiometric measurements were performed at room temperature
using a Pine WaveNowXV. Chronoamperometric and chronopotentiometric measurements were carried
out in divided cells with RVC (8 x 6 x 6 mm, Ultramet, 80 ppi) as working electrodes affixed to a graphite
pencil/silver wire assembly and with nickel foam (1.4 mm x 1.4 mm, MTI Corporation, Surface density:
350g/m?) as counter electrodes affixed to stainless steel wire (see below). The potentials were measured
versus an Ag/AgNO; (0.01 M in MeCN with 0.1 M n-BusN<PF) reference electrode (all electrodes from
Pine Research) and externally referenced via the ferrocene/ferrocenium couple. Bulk constant current
electrolysis experiments were driven with a Dr. Meter HY3005M-L DC Power Supply or a custom—made
low current power supply (see Scheme below) which was externally calibrated with a multimeter using a
10 or 1-Ohm resistor.

Divided cell fabricated in-house. Glass frit purchased from Ace Glass (7176-36). Anode electrode
assembled via affixing end of the silver wire (Belden Hook-Up wire, item no. 83005 007100) around the
pencil (JuneGold 2B graphite 2 mm) using conductive graphite adhesive (Alfa Aesar, 42465), wrapping in
teflon tape to prevent exposure, then piercing RVC with pencil. Solvent exposed electrode surface area (2.1
cm?) was calculated via manufacturer-supplied surface area/volume ratio measurements. PTFE tubing
(Cole-Parmer; 1/32” ID, 1/16” OD, item number EW-06407-41) connects both sides of the divided cell to
normalize pressure. Septa inner diameter 16 mm. Stainless steel purchased from Grainger; stainless steel
lockwire, 0.025" diameter, item number 16Y043.
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Low-current Power Supply: Original design and fabrication by Dr. Blaise J. Thompson. Provides an
operational range of £0.01— 14.99 mA, tunable by variable resistor, delivering power to banana socket pair.
The power supply is limited to +15 V for bulk electrolysis and is powered by an 18 V wall wart. Circuitry
is housed within an aluminum enclosure. For additional specifications, see: J. Am. Chem. Soc. 2020 142,
2093-2099 and Nature 2021 596, 74-79.

A2. Reaction Optimization

Experimental Procedure — To an oven-dried divided electrochemical cell equipped with magnetic stir
bars was added thianthrene (48.7 mg, 0.225 mmol, 1.5 equiv) to the anode compartment and n-BusNPFs
(232 mg, 0.6 mmol) to both compartments. The cell was equipped with two septa containing a stainless
steel wire/Ni foam cathode assembly and a pencil/RVC anode assembly connected together with a teflon
tubing to equalize pressure. MeCN (3 mL) was added to the cathode and anode compartments. Alkene (0.15
mmol, 1 equiv) was added to the anode compartment. Trifluoroacetic acid (116 pL, 1.5 mmol, 10 equiv)
was added to the cathode compartment and both sides of the cell were stirred at ambient temperature and
electrolyzed under a constant current of 4.0 mA (5.8 mA/cm?) for 2.5 h (2.5 F/mol). At completion of
electrolysis, the electrode leads were disconnected, septa removed, and the anode RVC was pushed off the
pencil into the reaction mixture. Base (1.05 mmol, 7 equiv) was added to the anode compartment followed
by amine (either 0.4 mmol, 1 equiv or 0.8 mmol, 2 equiv). To the anode compartment was added a septum
pierced with a needle to prevent pressurizing. After pressure equilibration, the needle was removed, and the
cathode solution was removed from the cell via pipette. The anode solution was stirred in the cell for 16 h.
For NMR analyses — Following electrolysis, add dibromomethane internal standard to the anodic
compartment. Upon substitution reaction completion, take up the solution in an NMR tube. Allylic amine
coupling product yield was determined via '"H NMR using dibromomethane as an internal standard.
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TT (1.5 equiv) Me
MeCN (0.05 M), TBAPFg (0.2M) % N‘Bn
A RVC (+) | Nifoam (-), 12.0mA, 2.5 F/mol -
then add DIPEA (5 equiv)
N-methylbenzyl amine (X equiv)
0.40 mmol 1 equiv amine: 62% yield (5:1 Z:E)

2 equiv amine: 69% yield (5:1 Z:E)
2 equiv amine, 7 equiv DIPEA:
71% (5:1 Z:E)

Scheme Al. Amine nucleophile and base equivalent optimization for limiting alkene 0.40 mmol scale
reactions.

Internal Alkene Adduct Formation and Attempted Allylic Amination
TT (1.5 equiv)

®
MeCN (0.05 M), TBAPFs (0.2M) QS
RVC (+) | Ni (), 12.0mA, 2.5 Fimol __ oy
.\/\/Q » @ +

0.40 mmol H
mono

MeMMe

mono: 55% mono: 9%
bis: 29% bis: 49%

Fig. A2. 1,2-Disubstituted alkenes, which can form both mono- and bis- adduct under electrolysis in the
presence of thianthrene, give intractable mixtures of products or eliminate to the internal vinylthianthrenium
salt but do not react further when subjected to standard allylic amination conditions. Reactions performed
on 0.4 mmol scale.

A3. Substrate Preparations

BnO” "X

((but-3-en-1-yloxy)methyl)benzene (A1). To a suspension of NaH (60 % dispersion in mineral oil, 1.49
g, 37.2 mmol, 2 equiv) in DMF (30 mL) at 0°C was added but-3-en-1-o0l (1.34 g, 15.0 mmol, 1.60 mL, 1
equiv) under inert atmosphere. After stirring for 45 min, (bromomethyl)benzene (2.5 g, 16.5 mmol, 2.43
mL, 1.1 equiv) was added dropwise. The temperature was slowly increased to room temperature and the
reaction was stirred overnight (16 h). The reaction was then quenched with saturated NH4Cl solution (~30
mL), diluted with water (~80 mL), and extracted with Et,O (2x ~80 mL). The combined organic layer were
washed with brine solution (~50 mL), dried over anhydrous MgSO4, filtered, and concentrated under
reduced pressure. The residue was purified via flash column chromatography (EtOAc/hexanes) to give 1.92
g (64% yield) of Al as an oil. '"H NMR (500 MHz, CDCl5) § 7.39 (m, 4H), 7.32 (ddd, J = 8.7, 4.6, 2.2 Hz,
1H), 5.95 - 5.82 (m, 1H), 5.16 (dq, J = 17.2, 1.9 Hz, 1H), 5.13 — 5.07 (m, 1H), 4.57 (s, 2H), 3.58 (td, J =
6.7, 1.5 Hz, 2H), 2.43 (qd, J = 6.8, 1.6 Hz, 2H); consistent with reported spectra (J. Am. Chem. Soc. 2018,
140, 49, 16976-16981).



139

N/\/\

(0)

2-(but-3-en-1-yl)isoindoline-1,3-dione (A2). To a mixture of potassium phthalimide (741 mg, 4.0 mmol,
1 equiv) in DMF (8 mL) was added 4-bromo-1-butene (406 pL, 4 mmol, 1 equiv). The reaction mixture
was heated to 60 °C and stirred overnight (16 h). At completion, the mixture was cooled to rt and poured
into a saturated aqueous NaCl solution (~50 mL). The aqueous layer was extracted with Et20 (3 x 100 mL).
The combined organic layers were washed with aqueous 10% LiCl solution (2 x 10 mL), dried over
anhydrous MgSO4, filtered, and concentrated under reduced pressure. The residue was purified via flash
column chromatography (EtOAc/hexanes) to give 492 mg (61% yield) of A2 as a solid. '"H NMR (500
MHz, CDCl5) 6 7.84 (dd, ] = 5.4, 3.1 Hz, 2H), 7.71 (dd, ] = 5.4, 3.0, 2H), 5.79 (ddt, J = 17.2, 10.2, 6.9 Hz,
1H), 5.07 (dd, J = 17.1, 1.7 Hz, 1H), 5.02 (dd, J = 10.3, 1.7 Hz, 1H), 3.77 (t, J = 7.1 Hz, 2H), 2.45 (q, J =
7.0 Hz, 2H); consistent with reported spectra (J. Am. Chem. Soc. 2017, 139, 12153—-12156).

Me
N-methyl-N-(pent-4-en-1-yl)-4-(5-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl)benzenesulfonamide
(A3). 4-(3-(p-tolyl)-5-(trifluoromethyl)-3H-214-pyrazol-2-yl)benzenesulfonamide (765 mg, 2.0 mmol, 1.0
equiv), 5-bromopent-1-ene (328 mg, 2.2 mmol, 261 pL, 1.1 equiv), K>COj3 (553 mg, 4.0 mmol, 2.0 equiv)
were combined and placed under an atmosphere of nitrogen. The solids were then dissolved in acetone (2
mL) and reaction mixture was stirred at 60 °C. Upon completion of the reaction (12 h), the solution was
cooled to room temperature, filtered, rinsed with EtOAc, and concentrated under reduced pressure. The
residue was purified via flash column chromatography (EtOAc/hexanes) to give 620.5 mg (69% yield) of
N-(pent-4-en-1-yl)-4-(3-(p-tolyl)-5-(trifluoromethyl)-3H-214-pyrazol-2-yl)benzenesulfonamide as a solid.
"H NMR (500 MHz, CDCls) & 7.86 — 7.82 (m, 2H), 7.51 — 7.43 (m, 2H), 7.20 — 7.15 (m, 2H), 7.13 — 7.08
(m, 2H), 6.74 (s, 1H), 5.71 (ddt, J =17.0, 10.2, 6.7 Hz, 1H), 5.00 (dq, J = 12.2, 1.5 Hz, 1H), 4.98 —4.96 (m,
1H), 4.40 (t, J = 6.2 Hz, 1H), 3.03 —2.91 (m, 2H), 2.38 (s, 3H), 2.17 — 1.96 (m, 2H), 1.65 — 1.53 (m, 2H);
consistent with reported spectra (J. Am. Chem. Soc. 2021, 143, 29, 11251-11261).
N-(pent-4-en-1-yl)-4-(3-(p-tolyl)-5-(trifluoromethyl)-3H-214-pyrazol-2-yl)benzenesulfonamide (430 mg,
957 umol, 1.0 equiv) was dissolved in DMF (3.2 mL) and potassium carbonate (264 mg, 1.9 mmol, 2.0
equiv) was added, followed by methyl iodide (149 mg, 1.1 mmol, 65.5 uL, 1.1 equiv). The solution was
heated to 50 °C in a vial without a vent and stirred at that temperature overnight (16 h). Upon completion,
the reaction mixture was partitioned between 20 mL water and 10 mL EtOAc. The layers were separated,
and the aqueous phase was extracted with EtOAc. The combined organic phases were washed 3x with 10%
LiCl solution, dried over MgSQOs4, and concentrated under reduced pressure. The residue was purified via
flash column chromatography (EtOAc/hexanes) to give 421.2 mg (95% yield) of A3 as a solid. '"H NMR
(500 MHz, CDCls) 6 7.94 — 7.89 (m, 2H), 7.66 — 7.60 (m, 2H), 7.35 — 7.29 (m, 2H), 7.28 — 7.22 (m, 2H),
6.90 (s, 1H), 5.93 (ddt, ] = 16.9, 10.2, 6.6 Hz, 1H), 5.19 (dq, J = 17.1, 1.7 Hz, 1H), 5.14 (dq, J = 10.2, 1.4
Hz, 1H), 3.18 — 3.12 (m, 2H), 2.87 (s, 3H), 2.53 (s, 3H), 2.28 — 2.20 (m, 2H), 1.78 (p, J = 7.4 Hz, 2H). 13C
NMR (126 MHz, CDCls) 6 145.41, 144.26 (q,J =38.5 Hz), 142.56, 139.95, 137.40, 129.88, 128.85, 128.45,
125.80, 125.73, 121.20 (q, J = 269.1 Hz), 115.65, 106.35, 106.33, 49.81, 34.80, 30.66, 26.94, 21.45. 'F
NMR (377 MHz, CDCls) 6 -62.44. HRMS (ESI+) Calc: [M+H]" (C23H25F3N30,S) 464.1614; measured:
464.1609 = 1.1 ppm difference.
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EtO;C)\O

1-ethoxy-1-oxopropan-2-yl hex-5-enoate (A4). A mixture of hex-5-enoic acid (970 mg, 8.5 mmol, 1.00
mL, 1 equiv), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (2.12 g, 11.1 mmol, 1.3
equiv), and 4-(dimethylamino)pyridine (104 mg, 0.85 mmol, 0.1 equiv) in DCM (32 mL) was stirred at 0
°C for 20 min. Ethyl (R)-2-hydroxypropanoate (1.20 g, 10.2 mmol, 1.17 mL, 1.1 equiv) was added and the
reaction mixture was allowed to warm to room temperature. At completion as monitored by TLC, the
mixture was diluted with DCM and extracted with 1M HCI solution (~80 mL). The organic layer was
washed with brine solution (~50 mL), dried over anhydrous MgSO4, filtered, and concentrated under
reduced pressure. The residue was purified via flash column chromatography (EtOAc/hexanes) to give 1.17
g (64% yield) of A4 as an oil. 'H NMR (500MHz, CDCls) § 5.76 (ddt, J =17.0, 10.2, 6.7 Hz, 1H), 5.04
(q, J=7.1 Hz, 1H), 5.01 (dq, J = 16.4, 1.6 Hz, 1H), 4.97 (ddt, ] = 10.2, 2.1, 1.2 Hz, 1H), 4.18 (qd, J = 7.2,
1.0 Hz, 2H), 2.45 — 2.30 (m, 2H), 2.10 (dtt, ] = 7.9, 6.6, 1.4 Hz, 2H), 1.80 — 1.68 (m, 2H), 1.46 (d,J ="7.1
Hz, 3H), 1.25 (t, J = 7.1 Hz, 3H). ¥C NMR (126 MHz, CDCl;) § 173.02, 170.95, 137.71, 115.51, 68.58,
61.38, 33.29, 33.02, 24.04, 17.01, 14.18. HRMS (ESI+) Calc: [M+H]" (Ci1H1904) 215.1278; measured:
215.1275 = 1.3 ppm difference.

F AN

Q\r"f

F O

Pent-4-en-1-yl 2,4-difluorobenzoate (AS). A mixture of 2,4-difluorobenzoic acid (1.11 g, 7.0 mmol, 1
equiv), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (1.74 g, 9.1 mmol, 1.3 equiv),
and 4-(dimethylamino)pyridine (86 mg, 0.7 mmol, 0.1 equiv) in DCM (28 mL) was stirred at 0 °C for 20
min. Pent-4-en-1-0l (724 mg, 8.4 mmol, 0.87 mL, 1.1 equiv) was added and the reaction mixture was
allowed to warm to room temperature. At completion as monitored by TLC, the mixture was diluted with
DCM and extracted with 1M HCI solution (~80 mL). The organic layer was washed with brine solution
(~50 mL), dried over anhydrous MgSO4, filtered, and concentrated under reduced pressure. The residue
was purified via flash column chromatography (EtOAc/hexanes) to give 1.14 g (72% yield) of AS as an oil.
'H NMR (500MHz, CDCls) 6 7.95 (td, J =8.5, 6.5 Hz, 1H), 6.91 (dddd, ] = 8.7, 7.6, 2.5, 1.0 Hz, 1H), 6.85
(ddd,J=11.1, 8.9, 2.5 Hz, 1H), 5.82 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.05 (dq, J=17.1, 1.7 Hz, 1H), 5.01
—4.96 (m, 1H), 4.32 (t,J = 6.5 Hz, 2H), 2.24 — 2.15 (m, 2H), 1.84 (dq, J = 8.1, 6.6 Hz, 2H). *C NMR (126
MHz, CDCls) 6 165.74 (dd, J = 256.1, 11.9 Hz), 163.64 (d, ] = 4.2 Hz), 162.92 (dd, J = 263.2, 12.6 Hz),
137.43,133.97 (dd, J = 10.4, 2.4 Hz), 115.51 (dd, J = 10.5, 3.7 Hz), 115.49, 111.60 (dd, J = 21.5, 4.0 Hz),
105.27 (dd, J = 26.2, 25.2 Hz), 64.82, 30.13, 27.87. *’F NMR (377 MHz, CDCl3) & -102.21 (d, J = 12.6
Hz), -103.89 (d, J = 12.3 Hz). HRMS (ESI+) Calc: [M+H]" (C12H13F20,) 227.0878; measured: 227.0875
= 1.4 ppm difference.
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Ad. General Experimental Procedures
LN
TT (1.5 equiv) [ ® X
MeCN (0.05 M). TBAPF (0.2M) S S% H /. s _ &)
RVC (#) | Ni (-}, 12.0mA, 2.5 Fimel 1 5 (1 or 2 equiv) M
b —ee—— -
.\/\ ® s Z ie)
H H Q +PraNEt (7 equiv)
0.40 mmol L H H
.0
TT (2.5 equiv) B )
MeCN (0.05 M), TBAPF g (0.2M) CSD He H ,
RVC (+) | Ni (-}, 80.0mA, 2.5 Fimal n/_@ (0.4 mmol. 1 equiv) N
o - O Q e
H/z’\, QS +PraNEt (8 equiv) Me
1 atm . H™ H

Fig. A3. Limiting amine (bottom, General Procedure B, 1-butene as representative alkene) and limiting
alkene (top, General Procedure A) conditions for tertiary allylic amine formation.

CAUTION: Although there is no known toxicology data on these dicationic adducts and no issues were
encountered during these experiments, we suspect, based on analogy to other dielectrophiles, that these
adducts are extremely toxic. Isolation or storage of the adducts was avoided, and all substitutions were
carried out in sifu.

Note on reproducibility of conditions: undistilled DIPEA was used for substitution reactions. We found
distilling both base and amine nucleophile resulted in quantitative conversion of alkene adduct to vinyl
thianthrenium with no detected allylic amine product. Addition of 1 equivalent of water to distilled
materials can recapitulate reactivity. We hypothesize that the role of water involves quenching of excess
thianthrene radical cation. Mechanistic studies are ongoing.

General Procedure A: Limiting Alkene

To an oven-dried divided electrochemical cell equipped with magnetic stir bars was added thianthrene (130
mg, 0.6 mmol, 1.5 equiv) to the anode compartment and n-BusNPFs (620 mg, 1.6 mmol) to both
compartments. The cell was equipped with two septa containing a stainless steel wire/Ni foam cathode
assembly and a pencil/RVC anode assembly connected together with a teflon tubing to equalize pressure.
MeCN (8 mL) was added to the cathode and anode compartments. Alkene (0.4 mmol, 1 equiv) was added
to the anode compartment. Trifluoroacetic acid (308 uL, 4.0 mmol, 10 equiv) was added to the cathode
compartment and both sides of the cell were stirred at 30 °C and electrolyzed under a constant current of
12.0 mA (5.8 mA/cm?) for 2.2 h (2.5 F/mol). Average cell resistance = 0.9 kQ. At completion of electrolysis,
the electrode leads were disconnected, septa removed, and the anode RVC was pushed off the pencil into
the reaction mixture. DIPEA (488 uL, 2.8 mmol, 7 equiv) was added to the anode compartment followed
by amine (0.8 mmol, 2 equiv). To the anode compartment was added a septum pierced with a needle to
prevent pressurizing. After pressure equilibration, the needle was removed, and the cathode solution was
removed from the cell via pipette. The anode solution was stirred in the cell for 16 h. At completion, either
workup A or workup B was followed to yield the pure allylamine product.

General Procedure B: Limiting Amine

To an oven-dried divided electrochemical cell equipped with magnetic stir bars was added thianthrene (216
mg, 1.0 mmol, 2.5 equiv) to the anode compartment and #n-BusNPFs (310 mg, 0.8 mmol) to both
compartments. The cell was equipped with two septa containing a stainless steel wire/Ni foam cathode
assembly and a pencil/RVC anode assembly connected together with a teflon tubing to equalize pressure.
In a separate 25 mL-round bottom flask, MeCN (8mL) was sparged with a balloon of gaseous alkene for 8
mins. Alkene-saturated MeCN (4mL) was delivered to the cathode and anode compartments via Teflon
cannula. Trifluoroacetic acid (460 puL, 6.0 mmol, 15 equiv) was added to the cathode compartment and both
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sides of the cell were stirred at ambient temperature and electrolyzed under a constant current of 60.0 mA
(29 mA/cm?) for 45 min (1.7 F/mol TT). Average cell resistance = 1.6 kQ. At completion of electrolysis,
the electrode leads were disconnected, septa removed, and the anode RVC was pushed off the pencil into
the reaction mixture. DIPEA (560 uL, 3.2 mmol, 8 equiv) was added to the anode compartment followed
by amine (0.4 mmol, 1 equiv). To the anode compartment was added a septum pierced with a needle to
prevent pressurizing. After pressure equilibration, the needle was removed, and the cathode solution was
removed from the cell via pipette. The anode solution was stirred in the cell for 3 h. At completion, two
different workup procedures were followed depending on product sensitivity to acid.

Hydrochloride salts of amines (with an additional equivalent of DIPEA) were also used directly for
substitution of electrochemically generated dicationic adducts.

Workup A:

The reaction mixture was diluted with ether (100 mL) and 6M HCI (30 mL). The organic layer was washed
with 6M HCI (20 mL x 2). The combined aqueous layers were neutralized slowly with NaOH and extracted
with DCM (60 mL x 3). The combined organic layers were dried with anhydrous MgSQ,, filtered, and
concentrated under reduced pressure. The residue was purified via flash column chromatography to yield
the pure allylamine product.

Workup B:

The reaction mixture was diluted with DCM (~60 mL) and 1M NaOH (150 mL). The aqueous layer was
extracted with DCM (60 mL x 3). The combined organic layers were dried with anhydrous MgSQO., filtered,
and concentrated under reduced pressure. The residue was purified via flash column chromatography to
yield the pure allylamine product.

Workup C:

The reaction mixture was diluted with DCM (~60 mL) and sat. NaHCO3 (150 mL). The aqueous layer was
extracted with DCM (60 mL x 3). The combined organic layers were dried with anhydrous MgSOy, filtered,
and concentrated under reduced pressure. The residue was purified via flash column chromatography to
yield the pure allylamine product.

General Procedure C: Limiting Alkene NMR Yield
Following General Procedure B, but with the following modification: following stirring with N-
benzylmethylamine and DIPEA for 16 h, allylamine product yield was determined via '"H NMR using
mesitylene or dibromomethane as an internal standard.

General Procedure D: Limiting Amine NMR Yield

Following General Procedure A, but with the following modification: following stirring with amine and
DIPEA for 3 h, allylic amine product yield was determined via NMR using dibromomethane as an internal
standard.
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Determination Z:E Selectivity — reported selectivity ratios were determined by 'H NMR analysis of
isolated or partially isolated compounds. See details below regarding assignment of major stereoisomer.

mapr isomer allylic protons {
|

I mnor 1Isomer allybc pfO(OnS l
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Fig. A4. Assignment was validated by *C-'"H NMR experiments using the correlation of the allyic protons
to allylic carbon signal for which syn y-substitutent effects of allylic carbon signals from cis isomers of
alkenes are lower frequency (upfield). For a theoretical analysis see: Kleinpeter, E.; Seidl, P. R. J. Phys.
Org. Chem. 2005, 18, 272.

Additionally, authentic (Z)-N-benzyl-N-methylnon-2-en-1-amine was synthesized following literature
precedent (J. Am. Chem. Soc. 2001, 123 (39), 9525-9534.).
[Ir(cod)Cl], (2 mol%)

Methy! chloroformate (2.0 equiv.) P(OPh); (8 mol%) l\|/|e
A~CH Pyridine (3.0 equiv.) _ A0~ OMe MeNHBn (5 equiv.) _ ~Neg,
CeH1s DCM CeHiz O MeNO, CeH1s
0 O,
0°C to RT, 16hrs 144 ¢ 50°C, 16hrs 250 mg
85% yield 29% yield
>20:1 Z.E >20:1 Z.E

The synthesized authentic sample was doped into a crude reaction mixture of thianthrene promoted allylic
amination coupling nonene and N-methylbenzylamine. Via '"H NMR, observation of growth of major allylic
signal confirms (Z)-allylic amine as major stereoisomer formed (see Figure A5).
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Crude mixture
Crude mixture doped with synthesized
(Z)-allylic amine product

(Z)-allylic amine
Me

z B

CeHi3

Bn

(E)-allylic amine

l\lde
H”Cs\/\’N‘Bn

'3.05 3.00 2.95 2.90 2.85 2.80 2.

Fig. AS. Doping exp-e‘rir;lent to confirm Z-selective allylic amination.
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AS. Allylamine Product Isolation and Characterization

Qﬁ“ﬁ

(Z)-N-(tert-butyl)-4-phenylbut-2-en-1-amine (2.3). Prepared from but-3-en-1-ylbenzene and tert-
butylamine; 62% NMR vyield (3:1 Z:E) obtained by following General Procedure C (using excess fert-
butylamine in place of DIPEA). HRMS (ESI+) Calc: [M+H]" (C14H2:1N) 204.1747; measured: 204.1744 =
1.5 ppm difference.

Me

)
N
= “Bn

(Z)-N-benzyl-N-methyl-4-phenylbut-2-en-1-amine (2.4). Prepared from but-3-en-1-ylbenzene and N-
methyl-1-phenylmethanamine; 67.8 mg (67% yield, 5:1 Z:E) obtained as an oil following General
Procedure A and Workup B. "TH NMR (500 MHz, CDCls) § 7.29 — 7.14 (m, 7H), 7.14 — 7.04 (m, 3H), 5.72
—5.64 (m, 1H), 5.64 — 5.57 (m, 1H), 3.44 (s, 2H), 3.33 (d, ] = 7.2 Hz, 2H), 3.07 (dd, ] = 6.6, 1.4 Hz, 2H),
2.15 (s, 3H). Distinct minor (E)-isomer signals observed at & 5.57 — 5.49 (m, 1H), 3.40 (s, 2H), 3.30 (d, J =
6.8 Hz, 2H), 2.92 (dd, J = 6.6, 1.2 Hz, 2H), 2.10 (s, 3H). 3C NMR (126 MHz, CDCI3) & 140.79, 139.19,
131.17,129.21, 128.57, 128.44, 128.35, 128.10, 127.09, 126.08, 62.06, 54.09, 42.42, 33.90. Distinct minor
(E)-isomer signals observed at & 140.57, 139.21, 132.65, 128.97, 128.64, 128.53, 128.32, 127.04, 126.13,
61.85, 59.62, 42.22, 39.04. HRMS (ESI+) Calc: [M+H]" (CisH2,N) 252.1747; measured: 252.1744 = 1.1
ppm difference.

Me

I
N
= “Bn

Br

(Z)-N-benzyl-4-(3-bromophenyl)-N-methylbut-2-en-1-amine (2.7). Prepared from 1-bromo-3-(but-3-
en-1-yl)benzene and N-methyl-1-phenylmethanamine; 95.9 mg (73% yield, 5:1 Z:E) obtained as an oil
following General Procedure A and Workup A. 'TH NMR (500 MHz, CDCI3) & 7.28 — 7.23 (m, 6H), 7.19
(td, J=5.8,5.1, 2.8 Hz, 1H), 7.10 — 7.00 (m, 2H), 5.70 — 5.60 (m, 2H), 3.45 (s, 2H), 3.32 (d, ] = 5.7 Hz,
2H), 3.06 (d, J = 5.2 Hz, 2H), 2.17 (s, 3H). Distinct minor (E)-isomer signals observed at 6 5.59 — 5.52 (m,
2H), 3.42 (s, 2H), 3.28 (d, J = 6.6 Hz, 2H), 2.95 (dd, J = 6.5, 1.2 Hz, 2H), 2.13 (s, 3H). 3C NMR (126
MHz, CDCls) 6 13C NMR (126 MHz, CDCI3) & 143.12, 139.08, 131.54, 130.22, 130.11, 129.23, 129.22,
128.85, 128.39, 127.16, 127.10, 122.66, 62.11, 54.00, 42.45, 33.49. Distinct minor (E)-isomer signals
observed at 8 142.92,139.10, 131.73, 131.67, 130.09, 129.76, 129.29, 128.36, 127.32, 122.63, 61.90, 59.49,
42.25, 38.61. HRMS (ESI+) Calc: [M+H]" (CisH21BrN) 330.0852; measured: 330.0847 = 1.5 ppm
difference.
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(Z)-N-benzyl-N-methylhex-2-en-5-yn-1-amine (2.8). Prepared from hex-1-en-5-yne and N-methyl-1-
phenylmethanamine; 48.0 mg (60% yield, >20:1 Z:E) obtained as an oil following General Procedure A
and Workup A. '"H NMR (500 MHz, CDCls) 8 7.37 — 7.30 (m, 4H), 7.29 — 7.22 (m, 1H), 5.73 — 5.53 (m,
2H), 3.51 (s, 2H), 3.06 (d, J = 6.2 Hz, 2H), 2.98 (dd, ] = 6.0, 2.4 Hz, 2H), 2.22 (s, 3H), 2.00 (t, ] = 2.7 Hz,
1H). Distinct minor (E)-isomer signals observed at & 5.95 — 5.80 (m, 2H), 2.21 (s, 3H). *C NMR (126
MHz, CDCls) 6 139.02, 129.27, 129.20, 128.37, 127.15, 126.67, 82.44, 68.41, 61.97, 53.79, 42.37, 17.34.
Distinct minor (E)-isomer signals observed at 6 129.70 128.34, 70.30, 61.86, 59.20, 42.22. HRMS (ESI+)
Calc: [M+H]" (C14sH;sN) 200.1434 measured: 200.1433 = 0.5 ppm difference.
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(Z)-N-benzyl-N-methylhexa-2,5-dien-1-amine (2.9). Prepared from hexa-1,5-diene and N-methyl-1-
phenylmethanamine; 48.5 mg (69% yield, 5:1 Z:E) obtained as an oil following General Procedure A and
Workup A. "TH NMR (500 MHz, CDCl3) § 7.31 —7.26 (m, 4H), 7.24 — 7.17 (m, 1H), 5.86 — 5.71 (m, 1H),
5.00 (dq, J=17.2, 1.8 Hz, 1H), 4.95 (dq, J = 10.2, 1.7 Hz, 1H), 5.08 — 4.85 (m, 2H), 3.45 (s, 2H), 3.02 (d,
J=6.0 Hz, 2H), 2.79 (t, ] = 6.3 Hz, 2H), 2.16 (s, 3H). Distinct minor (E)-isomer signals observed at § 2.97
(d, J=5.8 Hz, 2H), 2.15 (s, 3H). *C NMR (126 MHz, CDCls) § 139.21, 136.60, 129.80, 129.21, 128.32,
128.31, 128.22, 128.17, 127.06, 115.03, 61.97, 53.97, 42.35, 31.89. Distinct minor (E)-isomer signals
observed at & 139.25, 136.92, 131.50, 128.64, 127.02, 115.34, 61.81, 59.70, 42.16, 36.67. HRMS (ESI+)
Calc: [M+H]" (Ci4H20N) 202.1590; measured: 202.1590 = <0.1 ppm difference.

I
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(E)-N-benzyl-N-methylpenta-2,4-dien-1-amine (2.10). Prepared from penta-1,4-diene and N-methyl-1-
phenylmethanamine; 57% NMR yield (1:3 Z:E) obtained by following General Procedure C and Workup
B. Peaks assigned partial isolation and 'H-"H COSY NMR analysis; stereochemistry determined using vinyl
proton Jun coupling values and *C-'H HSQC NMR analysis. HRMS (ESI+) Calc: [M+H]" (CiHsN)
188.1434; measured: 188.1432 = 1.1 ppm difference.

z N‘Bn
NC

(Z)-6-(benzyl(methyl)amino)hex-4-enenitrile (2.11). Prepared from hex-5-enenitrile and N-methyl-1-
phenylmethanamine; 66.0 mg (77% yield, 3:1 Z:E) obtained as an oil following General Procedure A and
Workup B. "H NMR (500 MHz, CDCl3) § 7.33 — 7.27 (m, 4H), 7.26 — 7.21 (m, 1H), 5.76 — 5.64 (m, 1H),
5.64 —5.49 (m, 1H), 3.48 (s, 2H), 3.03 (dd, J = 6.9, 1.6 Hz, 2H), 2.41 —2.29 (m, 4H), 2.19 (s, 3H). Distinct
minor (E)-isomer signals observed at & 3.02 — 2.98 (m, 2H), 2.18 (s, 3H). *C NMR (126 MHz, CDCls) &
138.90, 130.80, 129.11, 128.34, 128.11, 127.15, 119.29, 62.06, 53.78, 42.36, 23.62, 17.43. Distinct minor
(E)-isomer signals observed at & 138.96, 131.08, 129.12, 128.31, 127.07, 61.84, 59.21, 42.17, 28.26, 17.50.
HRMS (ESI+) Calc: [M+H]" (C14H19N3) 215.1543 measured: 215.1541 = 0.8 ppm difference.
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(Z)-5-(benzyl(methyl)amino)pent-3-en-1-yl acetate (2.12). Prepared from pent-4-en-1-yl acetate and N-
methyl-1-phenylmethanamine; 65.7 mg (66% yield, 4:1 Z:E) obtained as an oil following General
Procedure A and Workup B. "TH NMR (500 MHz, CDCI3) & 7.30 — 7.23 (m, 4H), 7.23 — 7.18 (m, 1H), 5.69
—5.60 (m, 1H), 5.57 — 5.46 (m, 1H), 4.03 (t, J = 6.9 Hz, 2H), 3.45 (s, 2H), 3.01 (dd, ] = 6.8, 1.6 Hz, 2H),
2.45 —2.30 (m, 2H), 2.15 (s, 3H), 1.98 (s, 3H). Distinct minor (E)-isomer signals observed at & 4.07 (t, J =
6.9 Hz, 2H), 3.44 (s, 2H), 2.98 —2.92 (m, 2H), 2.13 (s, 3H). BC NMR (126 MHz, CDCl5) § 171.12, 139.08,
130.02, 129.15, 128.32, 127.64, 127.08, 63.79, 61.97, 54.03, 42.29, 27.23, 21.02. Distinct minor (E)-isomer
signals observed at & 130.38, 129.02, 128.30, 127.04, 63.84, 61.71, 59.56, 42.09, 31.89, 23.69, 19.67.
HRMS (ESI+) Calc: [M+H]" (CisH22NO>) 248.1645 measured: 248.1643 = 0.8 ppm difference.

(Z)-N-benzyl-4-(benzyloxy)-N-methylbut-2-en-1-amine  (2.13). Prepared from  ((but-3-en-1-
yloxy)methyl)benzene (S1) and N-methyl-1-phenylmethanamine; 58.5 mg (52% yield, 2:1 Z:E) obtained
as an oil following General Procedure A and Workup B. 'TH NMR (500 MHz, CDCls) & 7.43 — 7.23 (m,
10H), 5.89 — 5.73 (m, 2H), 4.52 (s, 2H), 4.10 (d, J = 5.4 Hz, 2H), 3.49 (s, 2H), 3.05 (d, J = 5.7 Hz, 2H),
2.21 (s, 3H). Distinct minor (E)-isomer signals observed at 6 4.53 (s, 2H), 4.05 (d, J = 5.2 Hz, 2H), 3.52 (s,
2H), 3.07 (d, J = 5.8 Hz, 2H), 2.22 (s, 3H). *C NMR (126 MHz, CDCl;) & 138.91, 138.30, 130.48, 129.67,
129.10, 128.43, 128.26, 127.80, 127.66, 127.05, 72.31, 65.90, 61.88, 54.06, 42.24. Distinct minor (E)-
isomer signals observed at & 139.00, 138.37, 131.15, 129.67, 129.16, 129.08, 128.41, 127.78, 127.61,
127.00, 72.07, 70.46, 61.79, 59.19, 42.19. HRMS (ESI+) Calc: [M+H]" (C19H24NO) 282.1852 measured:
282.1852 = <0.1 ppm difference.

(Z)-2-(4-(benzyl(methyl)amino)but-2-en-1-yl)isoindoline-1,3-dione (2.14). Prepared from 2-(but-3-en-
1-yl)isoindoline-1,3-dione (A2) and N-methyl-1-phenylmethanamine; 63% NMR yield (2:1 Z:E) obtained
by following General Procedure C and Workup B. Peaks assigned by analogy to 2.13.
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(Z)-N-benzyl-3-cyclohexyl-N-methylprop-2-en-1-amine (2.15). Prepared from allylcyclohexane and N-
methyl-1-phenylmethanamine; 56.8 mg (58% yield, 2:1 Z:E) obtained as an oil following General
Procedure A and Workup A. 'TH NMR (500 MHz, CDCls) § 7.32 — 7.20 (m, 4H), 7.20 — 7.14 (m, 1H), 5.40
—5.28 (m, 2H), 3.42 (s, 2H), 2.98 (d, J = 5.7 Hz, 2H), 2.22 — 2.15 (m, 1H), 2.13 (s, 3H), 1.63 (ddt, J = 12.9,
6.8, 3.2 Hz, 2H), 1.59 — 1.49 (m, 2H), 1.25 — 1.14 (m, 3H), 1.13 — 1.05 (m, 1H), 1.05 — 0.93 (m, 2H).
Distinct minor (E)-isomer signals observed at 6 5.56 — 5.40 (m, 2H), 3.41 (s, 2H), 2.90 (d, ] = 6.3 Hz, 2H),
2.10 (s, 3H). BC NMR (126 MHz, CDCl;, mixture of major and minor stereoisomers) & 140.40, 139.13,
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138.99, 129.21, 129.14, 128.21, 128.20, 126.95, 126.93, 124.75, 124.29, 61.74, 61.48, 59.78, 54.15, 42.20,
41.92, 40.55, 36.55, 33.16, 33.01, 26.22, 26.06, 26.03, 25.89. HRMS (ESI+) Calc: [M+H]" (Ci7H26N)
244.2060 measured: 244.2058 = 0.7 ppm difference.
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N-benzyl-2-cyclohexylidene-N-methylethan-1-amine (2.16). Prepared from vinylcyclohexane and N-
methyl-1-phenylmethanamine; 48.4 mg (53% yield) obtained as an oil following a modified General
Procedure A (4.0 mA instead of 12.0 mA current, and add 2 equiv of TFA to the anodic chamber) and
Workup B. "TH NMR (500 MHz, CDCl;) 8 7.36 — 7.27 (m, 4H), 7.27 — 7.22 (m, 1H), 5.25 (tt, J = 7.1, 1.2
Hz, 1H), 3.49 (s, 2H), 3.00 (d, J = 7.1 Hz, 2H), 2.18 (s, 3H), 2.15 (ddd, J = 14.7, 7.3, 3.3 Hz, 4H), 1.67 —
1.46 (m, 6H). ®C NMR (126 MHz, CDCls) 6 143.24, 139.39, 129.13, 128.17, 126.85, 118.39, 61.81, 54.02,
42.12, 37.35, 28.97, 28.67, 27.70, 26.86. HRMS (ESI+) Calc: [M+H]" (CisH24N) 230.1903 measured:
230.1901 = 1.0 ppm difference.
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N-benzyl-N-methylprop-2-en-1-amine  (2.17). Prepared from propene and N-methyl-1-
phenylmethanamine; 47.9 mg (74% yield) obtained as an oil following General Procedure B and Workup
B.'H NMR (500 MHz, CDCl;) 8 7.37 — 7.30 (m, 4H), 7.25 (m, J = 5.4, 4.2, 3.6 Hz, 1H), 5.92 (ddt, J =
16.8, 10.2, 6.4 Hz, 1H), 5.21 (m, 1H), 5.16 (ddt, J = 10.2, 2.2, 1.2 Hz, 1H), 3.50 (s, 2H), 3.04 (d, J = 6.5
Hz, 1H), 2.20 (s, 3H). *C NMR (126 MHz, CDCl;) § 139.18, 136.09, 129.21, 128.35, 127.08, 117.59,
61.82, 60.68, 42.22. HRMS (ESI+) Calc: [M+H]" (Ci1HsN) 162.1277; measured: 162.1275 = 1.2 ppm
difference.
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N-benzyl-N,2-dimethylprop-2-en-1-amine (2.18). Prepared from isobutene and N-methyl-1-
phenylmethanamine; 43.3 mg (62% yield) obtained as an oil following General Procedure B and Workup
B. 'TH NMR (500 MHz, CDCls) 8 7.37 — 7.29 (m, 4H), 7.28 — 7.21 (m, 1H), 4.93 (dd, J = 2.3, 1.1 Hz, 1H),
4.90 — 4.82 (m, 1H), 3.45 (s, 2H), 2.90 (s, 2H), 2.14 (s, 3H), 1.79 (s, 3H). *C NMR (126 MHz, CDCls) &
143.82, 139.62, 128.82, 128.17, 126.80, 112.69, 64.62, 61.75, 42.24, 20.73. HRMS (ESI+) Calc: [M+H]*
(Ci2H3N) 176.1434; measured: 176.1434 = <0.1 ppm difference.
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(Z)-N-Benzyl-N-methyl-1-buten-1-ylamine (2.19). Prepared from butene and N-methyl-1-
phenylmethanamine; 47.9 mg (68% yield, 12:1 Z:E) obtained as an oil following General Procedure B and
Workup A. '"H NMR (500 MHz, CDCls) 4 7.27 — 7.22 (m, 4H), 7.34 — 7.28 (m, 4H), 5.69 — 5.53 (m, 2H),
3.50 (s, 3H), 3.05 (dt, J = 6.7, 1.2 Hz, 2H), 2.20 (s, 3H), 1.66 — 1.62 (m, 3H). Distinct minor (E)-isomer
signals observed at ¢ 3.48 (s, 3H), 2.97 (dd, J = 6.4, 1.31 Hz, 2H), 2.17 (s, 3H), 1.70 — 1.72 (m, 3H). C
NMR (126 MHz, CDCls) 6 139.24, 129.27, 128.32, 127.73, 127.13, 127.05, 61.94, 53.72, 42.29, 13.27.
Distinct minor (E)-isomer signals observed at ¢ 135.71, 128.86, 128.83, 128.52, 127.80, 127.59.83, 01,
61.76, 42.11, 17.96. HRMS (ESI+) Calc: [M+H]" (Ci12Hi7N) 176.1434; measured: 176.1433 = 0.6 ppm

difference.
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(Z)-N,N-dibenzylbut-2-en-1-amine (2.20). Prepared from butene and dibenzylamine; 71.6 mg (71% yield,
10:1 Z:E) obtained as an oil following General Procedure B and Workup A. "TH NMR (500 MHz, CDCl;)
0740 (d,J=6.6 Hz,4H), 7.33 (t,] = 7.6 Hz, 4H), 7.25 (ddt, ] = 8.8, 6.7, 1.5 Hz, 2H), 5.69 — 5.58 (m, 2H),
3.59 (s, 4H), 3.10 (d, J = 6.2 Hz, 2H), 1.60 (dd, J = 6.2, 1.2 Hz, 3H). Distinctive minor (E)-isomer signals
observed at 6 3.57 (s, 4H), 3.03 (d, J = 6.2 Hz, 2H), 1.72 (dd, ] = 5.9, 1.1 Hz, 3H). *C NMR (126 MHz,
CDCl3) 6 139.96, 128.96, 128.27, 127.91, 127.08, 126.89, 58.09, 49.783 13.33. Distinctive minor (E)-
isomer signals observed at & 140.03, 128.91, 126.85, 57.80, 55.63, 18.02. HRMS (ESI+) Calc: [M+H]"
(Ci3H21N) 252.1747; measured: 252.1744 = 1.2 ppm difference.
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(Z)-N-methyl-N-neopentylbut-2-en-1-amine (2.21). Prepared from butene and N,2,2-trimethylpropan-1-
amine; 38% NMR yield (10:1 Z:E) obtained by following General Procedure D and Workup A. HRMS
(ESI+) Calc: [M+H]" (C1oH21N) 156.1747; measured: 156.1746 = 0.6 ppm difference.
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(Z)-N-methyl-N-(pyridin-2-ylmethyl)but-2-en-1-amine (2.22). Prepared from butene and N-methyl-1-
(pyridin-2-yl)methanamine; 62% NMR vyield (9:1 Z:E) obtained by following General Procedure D and
Workup A. HRMS (ESI+) Calc: [M+H]" (C11H;6N2) 177.1386; measured: 177.1385 = 0.6 ppm difference.
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tert-butyl (Z)-4-(but-2-en-1-yl(methyl)amino)piperidine-1-carboxylate (2.23). Prepared from butene
and tert-butyl 4-(methylamino)piperidine-1-carboxylate; 56% NMR yield (9:1 Z:E) obtained following
General Procedure D and Workup B. HRMS (ESI+) Calc: [M+H]" (CisH2sN20,) 269.2224; measured:
269.2219 = 1.9 ppm difference.
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(Z)-8-(but-2-en-1-yl)-1,8-diazaspiro[4.5]decan-2-one (2.24). Prepared from butene and 1,8-
diazaspiro[4.5]decan-2-one HCl salt; 71.1 mg (85% yield, >20:1 Z:E) obtained as an oil following General
Procedure B and Workup C. '"H NMR (500 MHz, CDCl;) § 7.20 (br s, 1H), 5.61 — 5.53 (m, 1H), 5.43 —
5.36 (m, 1H), 3.27 (dt, J = 8.8, 5.6 Hz, 2H), 3.01 — 2.91 (m, 2H), 2.84 (d, J = 10.3 Hz, 1H), 2.59 (d, J=11.1
Hz, 1H), 2.25 (ddd, J = 13.4, 8.0, 5.7 Hz, 1H), 2.05 (d, J = 11.1 Hz, 1H), 2.01 — 1.92 (m, 2H), 1.65 — 1.54
(m, 6H), 1.48 — 1.42 (m, 1H). *C NMR (126 MHz, CDCls) 6 181.71, 127.38, 126.91, 58.58, 55.09, 54.00,
53.48, 44.60, 39.27, 31.82, 30.71, 22.33, 13.19. HRMS (ESI+) Calc: [M+H]" (C12H20N>O) 209.1648;
measured: 209.1645 = 1.4 ppm difference.
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Methyl (Z)-but-2-en-1-yl-L-prolinate (2.25). Prepared from butene and methyl L-prolinate; 45.3 mg
(62% yield, 10:1 Z:E) obtained as an oil following General Procedure B and Workup C. "TH NMR (500
MHz, Acetone-ds) 6 5.48 — 5.28 (m, 2H), 3.50 (s, 3H), 3.24 — 3.14 (m, 1H), 3.06 (dd, J = 8.9, 5.6 Hz, 1H),
3.02-2.97 (m, 1H), 2.87 (ddd, J = 8.7, 7.3, 3.7 Hz, 1H), 2.28 (dt, ] =8.7, 7.7 Hz, 1H), 1.98 — 1.85 (m, 3H),
1.82 — 1.55 (m, 3H), 1.55 — 1.41 (m, 3H). Distinctive minor (E)-isomer signals observed at ¢ 3.49 (s, 3H).
13C NMR (126 MHz, CDCls) 6 174.71, 128.54, 126.78, 65.43, 58.52, 53.56, 51.53, 50.47, 23.87, 13.12.
Distinctive minor (E)-isomer signals observed at & 129.72, 128.07, 65.35, 56.72, 51.50, 29.80, 17.81.
HRMS (ESI+) Calc: [M+H]" (C10H17NO,) 184.1332; measured: 184.1331; 0.5 ppm difference.

R8s

(Z)-N-((1-(but-2-en-1-yl)pyrrolidin-2-yl)methyl)aniline (2.26). Prepared from butene and (S)-N-
(pyrrolidin-2-ylmethyl)aniline; 66.8 mg (73% yield, >20:1 Z:E) obtained as an oil following General
Procedure B and Workup C. "TH NMR (500 MHz, CDCls) & 7.25 — 7.15 (m, 2H), 6.72 (tt, J = 7.3, 1.1 Hz,
1H), 6.68 — 6.58 (m, 2H), 5.75 - 5.51 (m, 2H), 4.27 (s, 1H), 3.41 (dd, J = 13.7, 5.9 Hz, OH), 3.30 — 3.11 (m,
3H), 3.02 (dd, J = 13.6, 7.2 Hz, 1H), 2.76 (dtd, ] = 8.9, 5.4, 3.0 Hz, 1H), 2.39 — 2.25 (m, 1H), 2.06 — 1.88
(m, 1H), 1.87 — 1.74 (m, 3H), 1.71 — 1.64 (m, 3H). 3C NMR (126 MHz, CDCls) 6 148.97, 129.36, 127.57,
126.61, 117.01, 112.86, 62.61, 54.43, 50.24, 45.46, 28.83, 22.90, 13.21. HRMS (ESI+) Calc: [M+H]"
(CisH2N») 231.1856; measured: 231.1853; 1.3 ppm difference.
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(1R 4R)-5-((Z)-but-2-en-1-yl)-2-oxa-5-azabicyclo[2.2.1]heptane (2.27). Prepared from butene and
(1R,4R)-2-o0xa-5-azabicyclo[2.2.1]heptane HCI salt; 32.4 mg (53% yield, 9:1 Z:E) obtained as an oil
following General Procedure B and Workup B. '"H NMR (500 MHz, Acetone-d¢) 8 6.06 — 5.98 (m, 1H),
5.78 = 5.68 (m, 1H), 4.76 (t, ] = 2.1 Hz, 1H), 4.59 (t, J = 2.3 Hz, 1H), 4.30 (dd, J =10.0, 1.1 Hz, 1H), 4.18
(dd, J=13.8, 7.3 Hz, 1H), 4.02 (dd, J = 13.7, 7.3 Hz, 1H), 3.89 (dd, J = 10.0, 2.0 Hz, 1H), 3.48 — 3.39 (m,
1H),2.50 (d,J=11.9 Hz, 2H), 2.22 (dt, ] =11.9, 2.6 Hz, 1H), 1.78 (dd, J = 7.0, 1.8 Hz, 3H). Distinct minor
(E)-isomer signals observed at § 2.43 (d, J=12.1 Hz, 2H). 3C NMR (126 MHz, CDCl;) § 135.21, 127.94,
118.52, 114.09, 74.72, 63.79, 63.73, 55.61, 13.52. Distinct minor (E)-isomer signals observed at & 119.49,
61.75, 56.12, 12.58. HRMS (ESI+) Calc: [M+H]" (CoH1sNO) 154.1226; measured: 154.1226 = <0.1 ppm
difference.
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tert-butyl (1R,5S)-8-((Z)-but-2-en-1-yl)-3,8-diazabicyclo[3.2.1]octane-3-carboxylate (2.28). Prepared
from butene and fert-butyl (1R,5S)-3,8-diazabicyclo[3.2.1]octane-3-carboxylate; 85.6 mg (80% yield, 12:1
Z:E) obtained as an oil following General Procedure B and Workup B. "TH NMR (500 MHz, CDCls) § 5.63
—5.53 (m, 1H), 5.52 -5.42 (m, 1H), 3.70 (d, J = 12.5 Hz, 1H), 3.57 (d, J = 12.4 Hz, 1H), 3.16 (s, 1H), 3.10
(s, 1H), 3.02 (d, J =12.4 Hz, 1H), 2.97 (dt, J = 6.8, 1.2 Hz, 2H), 2.93 (d, ] = 12.4 Hz, 1H), 1.95 - 1.78 (mm,
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2H), 1.61 — 1.56 (m, 5H), 1.41 (s, 9H). Distinct minor (E)-isomer signals observed at 8 2.86 (d, J = 6.0 Hz,
2H). 3C NMR (126 MHz, CDCl;) & 156.10, 127.86, 126.81, 79.42, 58.48, 58.47, 50.93, 49.77, 49.19,
28.52, 25.34, 25.16, 13.23. Distinct minor (E)-isomer signals observed at 6 128.56, 128.48, 58.17, 55.17,
30.40, 29.77, 17.88. HRMS (ESI+) Calc: [M+H]* (C1sH27N20,) 267.2067; measured: 267.2064 = 1.1 ppm
difference.

Me
(Z)-11-(1-(but-2-en-1-yl)piperidin-4-ylidene)-8-chloro-6,11-dihydro-5H-benzo|5,6] cyclohepta|1,2-
b]pyridine (2.29). Prepared from butene and Desloratadine; 68% NMR yield (10:1 Z:E) obtained by
following General Procedure D and Workup A. HRMS (ESI+) Calc: [M+H]" (C23H2sCIN,) 365.1779;
measured: 365.1776 = 0.8 ppm difference.
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(Z)-N-methyl-N-(5-morpholinopent-3-en-1-yl)-4-(5-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazol-1-
yl)benzenesulfonamide  (2.30). Prepared from  N-methyl-N-(pent-4-en-1-yl)-4-(5-(p-tolyl)-3-
(trifluoromethyl)-1H-pyrazol-1-yl)benzenesulfonamide (A3) and morpholine; 58% NMR yield (1:1 Z:E)
obtained by following General Procedure C and Workup B. HRMS (ESI+) Calc: [M+H]" (C27H31F3N4O3S)
549.2142 measured: 549.2140 = 0.4 ppm difference.

e

(\/N \/‘\/o NH
l (J
(Z)-1-((9H-carbazol-4-yl)oxy)-3-(but-2-en-1-yl(2-(2-methoxyphenoxy)ethyl)amino)propan-2-ol

(2.31). Prepared from butene and Carvedilol; 103.3 mg (56% yield, 10:1 Z:E) obtained as a powder
following General Procedure B and Workup C. "TH NMR (500 MHz, CDCl5) 6 7.77 (d, J = 8.3, 1H), 8.26
(s, 1H), 7.39 — 7.33 (m, 2H), 7.29 (t, ] = 8.0, 1H), 7.20 (ddd, J = 8.0, 5.8, 2.5 Hz, 1H), 7.00 (d, J = 8.1 Hz,
1H), 6.87 — 6.98 (m, 4H), 6.65 (d, J = 7.9 Hz, 1H), 5.53 — 5.73 (m, 2H), 4.28-4.34 (m, 2H), 4.21-4.26 (m,
1H), 4.11 —4.18 (m, 2H), 3.83 (s, 3H), 3.38 (d, J = 6.7Hz, 2H), 3.15 (dt, J = 13.8, 6.1 Hz, 2H), 2.95 - 3.03
(m, 2H), 2.90 (dd, J=13.0, 8.5 Hz, 1H), 1.64 — 1.68 (m, 3H). Distinctive minor (E)-isomer signals observed
at 8 3.32 (d, J = 5.8 Hz, 2H). *C NMR (126 MHz, CDCl3) 6 155.36, 149.61, 149.58, 148.30, 141.06,
138.85, 129.49, 127.72, 126.88, 126.68, 123.13, 122.65, 121.45, 120.93, 119.56, 113.49, 112.74, 111.97,
111.91,111.89, 110.08, 103.82, 101.12, 70.23, 67.37, 67.21, 57.69, 55.83, 53.43, 51.52, 13.23. Distinctive
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minor (E)-isomer signals observed at 6 124.94, 127.47,123.07, 121.40, 119.60, 113.41,70.27,67.27, 57.55,
53.12, 17.90. HRMS (ESI+) Calc: [M+Na]* (CsH32N204) 469.2098; measured: 469.2021; 1.4 ppm
difference.

OH

er

l/\/ N Br

Me NH,

(1R, 4R)-4-((2-amino-3,5-dibromobenzyl)((Z)-but-2-en-1-yl)amino)cyclohexan-1-o0l (2.32). Prepared
from butene and Ambroxol HCI; 38% NMR yield obtained by following General Procedure D and Workup
C. No distinct minor isomers signals were observed by NMR spectroscopy. However, approximate
selectivity of (8:1 Z:E) was determined using LC-MS analysis. HRMS (ESI+) Calc: [M+H]"
(C17H24Br:N>0) 431.0328; measured: 431.0322 = 1.4 ppm difference.

f\llle
2SSt
e CF,

(Z)-N-methyl-N-(3-phenyl-3-(4-(trifluoromethyl)phenoxy)propyl)but-2-en-1-amine (2.33). Prepared
from butene and Fluoxetine HCI salt; 97.3 mg (67% yield, 10:1 Z:E) obtained as an oil following General
Procedure B and Workup A. "TH NMR (500 MHz, CDCl3) & 7.34 (d, J = 8.5 Hz, 2H), 7.30 — 7.21 (m, 4H),
7.21-7.13 (m, 1H), 6.82 (d, J = 8.6 Hz, 2H), 5.56-5.46 (m, 1H), 5.41-5.33 (m, 1H), 5.22 (dd, J = 8.3, 4.8
Hz, 1H), 2.96 (d, ] = 6.9 Hz, 2H), 2.54-2.47 (m, 1H), 2.44-2.38 (m, 1H), 2.17 (s, 3H), 2.15 — 2.05 (m, 1H),
1.99 — 1.86 (m, 1H), 1.53 (dd, J = 6.9, 1.7 Hz, 3H). Distinctive minor (E)-isomer signals observed at 6 2.88
(t, J=7.4 Hz, 2H), 2.16 (s, 3H). 13C NMR (126 MHz, CDCls) 6 160.73, 141.18, 128.75, 127.81, 127.40,
126.83, 126.71 (q, J = 3.77 Hz), 125.88, 124.43 (q, J =271.07Hz), 122.72 (q, J = 32.7 Hz), 115.81, 78.52,
53.90, 53.20, 41.98, 36.48, 13.10. Distinctive minor (E)-isomer signals observed at 6 78.42, 59.97, 52.79,
41.85, 36.29, 13.57. ’F NMR (377 MHz, CDCls) § -61.56. HRMS (ESI+) Calc: [M+H]" (C21H24FsNO)
364.1883; measured: 364.1877 = 1.6 ppm difference.

K‘NBn
' O "
EtOZC/l\O

1-ethoxy-1-oxopropan-2-yl (Z)-6-(4-benzyl-1,4-diazepan-1-yl)hex-4-enoate (2.34). Prepared from 1-
ethoxy-1-oxopropan-2-yl hex-5-enoate (A4) and 1-benzyl-1,4-diazepane; 80.4 mg (50% yield, 4:1 Z:E)
obtained as an oil following General Procedure A (using 0.4 mmol, 1 equiv amine) and Workup B. 'H
NMR (500 MHz, CDCl3) & 7.31 — 7.25 (m, 4H), 7.23 (dt, J = 7.0, 2.9 Hz, 1H), 5.78 — 5.67 (m, 2H), 4.97
(q, J=7.1 Hz, 1H), 4.12 (qd, J = 6.9, 3.6 Hz, 2H), 3.67 (s, 2H), 3.61 — 3.51 (m, 2H), 3.37 — 2.63 (m, 8H),
2.54 —2.28 (m, 4H), 2.28 —1.80 (m, 2H), 1.41 (d, J =7.0 Hz, 3H), 1.20 (t, J = 7.1 Hz, 3H). Distinct minor
(E)-isomer signals observed at § 5.86 —5.78 (m, 2H), 3.44 (d, J = 7.1 Hz, 2H). '3C NMR (126 MHz, CDCl5)
6 172.02, 170.64, 136.84, 136.25, 129.19, 128.65, 127.87, 120.95, 68.85, 62.26, 61.44, 54.31, 53.99, 53.52,
52.35, 49.81, 32.89, 23.83, 22.73, 16.90, 14.13. Distinct minor (E)-isomer signals observed at 6 171.93,
170.73, 129.15, 68.75, 61.37,59.41, 52.35, 32.96, 22.23, 14.06. HRMS (ESI+) Calc: [M+H]" (C23H35N204)
403.2591 measured: 403.2585 = 1.5 ppm difference.
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Q\(JNJ oW

F 0

(Z2)-5-(4-(bis(4-fluorophenyl)methyl)piperazin-1-yl)pent-3-en-1-yl ~ 2.4-difluorobenzoate  (2.35).
Prepared from pent-4-en-1-yl 2,4-difluorobenzoate (A5) and 1-(bis(4-fluorophenyl)methyl)piperazine;
145.1 mg (71% yield, 2:1 Z:E) obtained as an oil following General Procedure A and Workup B. "H NMR
(500 MHz, CDCls) 6 7.96 (qd, J = 8.7, 6.5 Hz, 1H), 7.34 (ddd, J = 8.5, 5.4, 2.8 Hz, 4H), 7.01 — 6.95 (m,
4H), 6.94 — 6.87 (m, 1H), 6.87 — 6.79 (m, 1H), 5.71 — 5.58 (m, 2H), 4.36 (td, J = 6.6, 4.0 Hz, 2H), 4.22 (s,
1H), 3.06 (d, J = 5.3 Hz, 2H), 2.57 (q, J = 6.5 Hz, 1H), 2.68 — 2.09 (m, 7H), 1.68 (s, 2H). Distinct minor
(E)-isomer signals observed at 8 4.21 (s, 1H), 2.97 (dd, J = 3.9, 1.6 Hz, 2H). *C NMR (126 MHz, CDCl5)
0 165.70 (dd, J = 256.5, 12.0 Hz), 163.49 (d, J = 4.1 Hz), 162.83 (dd, J = 263.3, 12.7 Hz), 162.79, 160.84,
138.25 (d, J =3.3 Hz), 133.85 (dd, J = 10.5, 2.3 Hz), 129.24 (d, J = 7.8 Hz), 129.07, 127.86, 115.38 (d, ] =
21.3 Hz), 111.55 (dd, ] =21.5, 4.0 Hz), 105.23 (dd, J = 25.7 Hz), 74.47, 64.55, 54.95, 53.34, 51.70, 31.86,
29.71, 27.16. Distinct minor (E)-isomer signals observed at 6 165.67 (dd, J =256.5, 12.0 Hz), 163.40 (d, J
=4.1 Hz), 115.34 (d, J =21.3 Hz), 111.52 (dd, ] = 21.5, 4.0 Hz), 64.47, 60.63, 53.19, 51.62, 34.13, 30.33.
F NMR (377 MHz, CDCl;) 6 -101.78 (dd, J = 38.9, 12.3 Hz, 1F), -103.78 (dd, J = 17.2, 12.4 Hz, 1F), -
115.75 (d, J = 9.6 Hz, 2F). HRMS (ESI+) Calc: [M+H]" (C290H29F4N>0,) 513.2160 measured: 513.2157 =
0.6 ppm difference.

FsC

B 9,
N
//S\\
OO0

Me
1-(4-((3-(pyrrolidin-1-ylmethyl)pyrrolidin-1-yl)sulfonyl)phenyl)-5-(p-tolyl)-3-(trifluoromethyl)-1H-
pyrazole (2.36). Prepared from N-(but-3-en-1-yl)-4-(5-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazol-1-
yl)benzenesulfonamide and pyrrolidine; 90% NMR yield obtained by following General Procedure C and
Workup B. Peaks assigned by analogy to 2.38.

FaC
\N
(e}
1SV S
&
Me

4-((1-((4-(5-(p-tolyD)-3-(trifluoromethyl)-1H-pyrazol-1-yl)phenyl)sulfonyl)piperidin-3-
y)methyl)morpholine (2.37). Prepared from N-(pent-4-en-1-yl)-4-(5-(p-tolyl)-3-(trifluoromethyl)-1H-
pyrazol-1-yl)benzenesulfonamide and morpholine; 90% NMR yield obtained by following General
Procedure C and Workup B. Peaks assigned by analogy to 2.38.

z-Z
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l)/le
(0] N

Bn

N-benzyl-N-methyl-1-(tetrahydrofuran-2-yl)methanamine (2.38). Prepared from ((pent-4-en-1-
yloxy)methyl)benzene and N-methyl-1-phenylmethanamine; 56% NMR vyield obtained by following
General Procedure C and Workup B. Product was obtained as an oil for partial characterization. '"H NMR
(500 MHz, CDCl3) 6 7.28 —7.11 (m, 5H), 3.98 (qd, J =7.0, 4.9 Hz, 1H), 3.77 (dt, ] = 8.3, 6.7 Hz, 1H), 3.66
(dt, J=8.3, 6.9 Hz, 1H), 3.57 — 3.47 (m, 1H), 3.47 — 3.34 (m, 1H), 2.45 (dd, J = 12.8, 6.9 Hz, 1H), 2.41 —
2.27 (m, 1H), 2.20 (s, 3H), 1.96 — 1.84 (m, 1H), 1.83 — 1.70 (m, 2H), 1.52 — 1.38 (m, 1H); consistent with
reported spectra (Tetrahedron 2006, 62 (25), 5986—5994).

A6. Alkenylthianthrenium Salt Mechanistic Studies

)
PFs
S

Me\/\/é\@

5-(but-1-en-1-yl)-SH-thianthren-5-ium hexafluorophosphate (2.39). Prepared from butene following
procedure A except with no amine was added. Reaction was complete within 5 mins; 133.2 mg (32% yield,
1:1 E:Z) obtained as an oil. 'H NMR (500 MHz, CDCls) 6 8.16 (dt, J = 7.9, 1.7 Hz, 2H), 7.84 (dt,J = 7.9,
1.4 Hz, 2H), 7.75 (qd, J = 7.6, 1.4 Hz, 2H), 7.64 (tdd, J = 7.7, 4.4, 1.3 Hz, 2H), 7.20 (dt, J = 14.8, 6.3 Hz,
1H), 1H), 6.53 (dt, J = 14.8, 1.7 Hz, 1H), 2.29 (qdd, J = 7.4, 6.2, 1.7 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H).
Distinctive minor (Z)-isomer signals observed at 6 6.79 (q, J = 8.0 Hz, 1H), 6.59 (dt, ] = 8.6, 1.4 Hz), 2.73
(pd, J=7.5, 1.4 Hz, 2H), 1.10 (t, ] = 7.5 Hz, 2H). 3C NMR (126 MHz, CDCls) & 158.77, 135.62, 134.69,
133.09, 130.38, 130.35, 120.24, 108.70, 53.55, 26.70, 11.29. Distinctive minor (Z)-isomer signals observed
at 8 157.20, 135.74, 134.58, 132.65, 130.58, 130.36, 120.85, 110.67, 24.01, 12.68. ’F NMR (377 MHz,
CDCl;) 6 -71.95, -73.83. HRMS (ESI+) Calc: [M]* (Ci6Hi5S2) 271.0610; measured: 271.0605; 1.8 ppm
difference.

Subjecting alkenyl TT+ salt intermediate 2.39 to Substitution Reaction Conditions (Eq. 2.1)
Dissolved 5-(but-1-en-1-yl)-5H-thianthren-5-ium hexafluorophosphate (2.39) (1 equiv) in MeCN (0.05M).
Added DIPEA (7 equiv), followed by N-methylbenzylamine (2 equiv). Let stir at room temperature for 3
hrs. Added in CH,Br; as an internal standard and took an NMR aliquot to quantify NMR yield.
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Appendix B: Supporting Information for Chapter 3 (Unraveling the Mechanism of Z-selective Allylic
Functionalization via Thianthrenium Salts)

B1. General Methods and Materials

Unless otherwise noted, reactions were performed under air in an anhydrous solvent. MeCN and i-ProNEt
were purchased as a sureseal bottle and used as is. All liquid amines were distilled from CaH; prior to use.
KPF¢ was dried under vacuum prior to use. Purity of 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium
hexafluorophosphate was verified prior to kinetic analysis, using "H NMR and "°F NMR spectroscopy.
Unless otherwise noted, other commercially-available reagents were used as received. Crude mixtures were
evaluated by thin-layer chromatography using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm)
and were visualized by UV, Seebach, ninhydrin, or KMnOj staining. Flash chromatography was performed
with a Biotage Isolera One automated chromatography system with re-packed silica columns (technical
grade silica, pore size 60 A, 230-400 mesh particle size, 40-63 particle size) or pre-packed Biotage Sfir
Silica HC Duo 20um 25g - High Capacity Column columns unless otherwise noted. Purified materials were
dried in vacuo (0.050 Torr) to remove trace solvent. 'H, '*C, '°F Spectra were taken using a Bruker Avance-
400 with a BBFO Probe, a Bruker Avance-500 with a DCH Cryoprobe, or Bruker Avance III HD-500 with
a TXO Cryoprobe. NMR data are reported relative to residual CHCI; (‘H, & = 7.26 ppm), CDCl; ('3C, & =
77.16 ppm) or residual CHD,CN ('H, & = 1.96 ppm), CD;CN (*C, & = 118.26 ppm). Data for 'H NMR
spectra are reported as follows: chemical shift (6 ppm) (multiplicity, coupling constant (Hz), integration).
Multiplicity and qualifier abbreviations are as follows: s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, br = broad. All NMR vyields were determined via reference against an internal standard
(dibromomethane or mesitylene for 'H). Mass spectrometry data was collected on a Thermo Scientific Q
Exactive Plus Mass Spectrometer.

Abbreviations: Boc—tert-butyl carbamate, CFL—compact fluorescent lamps, CV—cyclic voltammetry,
DCM—dichloromethane, DC—direct current, DFT—density functional theory, DMF—dimethyl
formamide, DMSO—dimethylsulfoxide, Et—ethyl, EtOAc—ethyl acetate, i-Pr—isopropyl, Me—methy],
MeCN—acetonitrile, MeOH—methanol, NBO—natural bond orbital, KIE—kinetic isotop effect, n-Bu—
butyl, n-Pr—propyl, RVC—reticulated vitreous carbon, PFs—hexafluorophosphate, Ph—phenyl, PTFE—
polytetrafluoroethylene, ¢-Bu—tert-butyl, =~ THF—tetrahydrofuran, TEA—triethylamine, TFA—
trifluoroacetic acid, TLC—thin layer chromatography

Electrochemical Methods and Materials

All chronoamperometric and chronopotentiometric measurements were performed at room temperature
using a Pine WaveNowXV. Chronoamperometric and chronopotentiometric measurements were carried
out in divided cells with RVC (8 x 6 x 6 mm, Ultramet, 80 ppi) as working electrodes affixed to a graphite
pencil/wire assembly and with nickel foam (1.4 mm x 1.4 mm, MTI Corporation, Surface density: 350g/m?)
as counter electrodes affixed to stainless steel wire (see below). The potentials were measured versus an
Ag/AgNO; (0.01 M in MeCN with 0.1 M n-BusNe<PFe) reference electrode (all electrodes from Pine
Research) and externally referenced via the ferrocene/ferrocenium couple. Bulk constant current
electrolysis experiments were driven with a Dr. Meter HY3005M-L DC Power Supply or a custom—made
low current power supply which was externally calibrated with a multimeter using a 10 or 1-Ohm resistor.

Low-Current Power Supply: Original design and fabrication by Dr. Blaise J. Thompson. Provides an
operational range of +0.01— 14.99 mA, tunable by variable resistor, delivering power to banana socket pair.
The power supply is limited to =15 V for bulk electrolysis and is powered by an 18 V wall wart. Circuitry
is housed within an aluminum enclosure. For additional specifications, see: J. Am. Chem. Soc. 2020 142,
2093-2099 and Nature 2021 596, 74-79.



187

¥

Figure B1. Dided cell with electrodes.

Divided Cell Set-up: Original design and fabrication by Tracy O. Drier. Porosity E diameter glass frit
purchased from Ace Glass (7176-21). For additional specifications, see: J. Am. Chem. Soc. 2020 142,2093—
2099 and Fusion, Journal of the ASGS, November 2020 issue, 19-26. Anode electrode assembled via
affixing end of the metallic wire (Belden Hook-Up wire, item no. 83005 007100) around the pencil
(JuneGold 2B graphite 2 mm) using conductive graphite adhesive (Alfa Aesar, 42465), wrapping in teflon
tape to prevent exposure, then piercing RVC with pencil. Solvent exposed electrode surface area (2.1 cm?)
was calculated via manufacturer-supplied surface area/volume ratio measurements. PTFE tubing (Cole-
Parmer; 1/32” ID, 1/16” OD, item number EW-06407-41) connects both sides of the divided cell to
normalize pressure. Septa inner diameter 16 mm. Stainless steel purchased from Grainger; stainless steel
lockwire, 0.025" diameter, item number 16Y043.

B2. Supplemental Data

General Procedure for Allylic Amination of Alkenylthianthrenium Salt: To a threaded vial equipped
with a magnetic stir bar was added alkenylthianthrenium salt (0.05 mmol, 1.0 equiv.) and MeCN (0.5 mL).
Then the amine nucleophile (0.05 mmol, 1.5 equiv.) followed by i-ProNEt (45 pL, 0.25 mmol, 5.0 equiv.)
were added. The reaction mixture was capped with a PTFE seal and stirred at room temperature until
completion of the reaction (6 hours).

For NMR analyses — Reactions carried out using the above protocol were analyzed by 'H NMR
spectroscopy. Allylic amine product yield and Z:E were determined via '"H NMR using CH»Br; as an
external standard.
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B2.1. Monitoring Thianthrenium Salts During Allylic Amination (Scheme 3.1)

'"H NMR Monitoring of Dicationic Adduct Elimination: To an oven-dried divided electrochemical cell
equipped with magnetic stir bars was added thianthrene (65 mg, 0.3 mmol, 1.5 equiv.) to the anode
compartment and KPFe (147 mg, 0.8 mmol) to both compartments. The cell was equipped with two septa
containing a stainless steel wire/Ni foam (12 x 6 mm) cathode assembly and a pencil/RVC (5 x 5 x 7 mm)
anode assembly connected together with a teflon tubing to equalize pressure. CD3;CN (2 mL) was added to
the cathode and anode compartments. But-3-en-1-ylbenzene (26 mg, 29.5 uL, 0.2 mmol, 1.0 equiv.) was
added to the anode compartment. Trifluoroacetic acid (153 pL, 2.0 mmol, 10 equiv.) was added to the
cathode compartment and both sides of the cell were stirred and electrolyzed under a constant current of
6.0 mA for 2.2 h (2.5 F/mol alkene). At completion of electrolysis, the electrode leads were disconnected,
septa removed, and the anode RVC was pushed off the pencil into the reaction mixture. CH,Br» (14.0 pL,
0.2 mmol, 1.0 equiv.) was added as an internal standard. To an oven-dried NMR tube was added 500 pL of
the adduct solution (Figure B2).

thianthrene (1.5 equiv.)

RVC(+) || Ni foam(-) Q@ s% ! Ph
o 6.0 mA, 2.2 h, 2.5 F/mol alkene . %ﬁ @S%S%

0.20 mmol H H 3.1+3.2

transfer 500 ulL to NMR tube

i-ProNEt
(8.0 equiv.)
then add
= Me BnNHMe (1.5 equiv.) S
Ph_g‘_\_N' 3 A S®

\ Ph/\,ﬂ"\/

Bn
3.4 3.3

Figure B2. Reaction scheme for dicationic adducts 3.1 + 3.2 generation, base quench to 3, and allylic
amination to 3.4.

Five initial '"H NMR scans were taken over the course of five minutes before the addition of i-Pr,NEt (70
puL, 0.40 mmol, 5.0 equiv.). Then the reaction was monitored by taking a spectrum every 15 seconds using
1 scan with a 1 second relaxation delay. Approximately five minutes after dicationic adducts were observed
to be fully quenched, N-benzylmethylamine (9.7 puL, 0.075 mmol, 1.5 equiv.) was added and the reaction
was monitored by taking a spectrum every 20 seconds using 1 scan with a 1 second relaxation delay.

Signals used for dicationic adducts 3.1 and 3.2 =4.53 ppm (mono-adduct 3.1; qd, ] = 7.9, 5.6 Hz, 1H), 4.39
ppm (mono-adduct 3.1; dd, J = 13.6, 8.6 Hz, 1H), 4.22 — 4.15 ppm (bis-adduct 3.2; m, 1H), 4.10 ppm (bis-
adduct 3.2; dd, J = 13.6, 2.3 Hz, 1H), 3.87 ppm (bis-adduct 3.2; dd, J = 13.6, 9.9 Hz, 1H), 3.73 ppm (mono-
adduct 3.1; dd, ] = 13.6, 5.4 Hz, 1H); 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium hexafluorophosphate
3.3 (alkenylTT)= 6.37 ppm (E-isomer; dt, J = 14.8, 1.4 Hz, 1H) and 6.69 ppm (Z-isomer; dt, ] = 8.6, 1.4
Hz, 1H); N-benzyl-N-methyl-4-phenylbut-2-en-1-amine 3.4 (allylic amine product) = 5.81 — 5.53 ppm (m,
2H); and internal standard CH»Br, = 5.10 ppm (s, 2H). See Figure B3.
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S Q
H- Ph HH 2%
H”H Q
* % *
) *% ¥
. M
Add i-Pr,NEt base only (no BnNHMe):
CH,Br,
Monitored alkenyITT signals = *
’ @s:
After BnNHMe addition: Monitored product signals = *
A
Ph N
‘84 80 76 72 68 64 60 56 52 48 44 40 3.6 ' 24

f1 (ppm)

Figure B3. Example of "H NMR spectrum collected for monitoring the conversion of electrogenerated
dicationic adducts 3.1 and 3.2 to alkenylTT 3.3 and subsequent formation of allylic amine product 3.4.

CH;Br; was used as an internal standard

(5.10 ppm, s, 2H).

Table B1. Data from Monitoring the Reaction using '"H NMR Spectroscopy.

time (min) [adducts 3.1 + 3.2] (mM)

0.00 80.00
1.07 77.00
2.13 78.00
3.18 77.00
4.25 78.00
5.30 77.00
6.03 0.00

6.40 0.00

Post-Electrolysis Solution

Add i-Pr:NEt Base

0.00

0.00

0.00

0.00

0.00

0.00

70.18

71.93

[alkenyITT 3.3] (mM)

[allylic amine 3.4] (mM)

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00



6.72
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7.50
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8.93

9.55

10.02

11.49

13.47

14.47

14.87

15.25

15.64

16.42

16.80

17.19

17.97

19.14

20.32

21.49

22.65

23.87

25.00

26.95

28.90

30.89

32.80

34.80

36.75

39.52

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

71.93
71.05
71.05
69.30
71.05
69.30
68.42
Add BnNHMe Nucleophile
65.79
60.09
51.75
49.12
48.25
46.05
43.86
44.74
43.42
42.11
40.35
39.04
37.28
35.53
34.21
32.46
30.70
29.39
27.63
26.32
25.00
23.25

21.49

0.00

0.00

0.00

0.00

0.00

0.00

0.00

5.26

9.65

13.16

14.91

15.79

17.11

17.54

18.86

19.74

21.05

23.68

25.44

27.19

28.95

30.70

32.46

34.21

36.40

38.60

39.91

41.67

42.98

44.74
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4229 0.00 16.67 46.05
45.02 0.00 14.04 4737
4775 0.00 12.28 48.68
49.69 0.00 11.40 49.12
! :add i-Pr,NEt (base) ¢ [dication adducts 1 + 2]
tee
75 |[*°¢ q'h ;add BaNHMe (nucleophile) ® [alkenylTT 3]
| O.Q: o A [allylic amine 4]
I |
z A
= 50 | | LY A A 44
3 | ' el ° N :
o | I % A A
= | ' ®eo, 2
S I | A A [ ] Y
= 25 | I AA ® o
8 | | A °
| : A"‘ ¢ ® ™
| I a ¢
| : A
0 B L LML EEEEE S 6 4+ b s+ &
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time (min)

Figure B4. Data graphed from monitoring the dicationic adducts 3.1 and 3.2, alkenylthianthrenium salt 3.3,
and allylic amine product 3.4 formation using 'H NMR spectroscopy during sequential addition of reaction
components (see Figure B2) for allylic amination. The decrease in [3.3] relative to [3.1 + 3.2] is due to the
increased solution volume upon i-Pr,NEt addition.

®
S
Q@‘;@
S - AG* = 13.1 kcalimol @s H
H;Z\/ e + i—PerEt Me\/\/sg + I'-PI'Q%E'(

H H

0 kecal/mol -28.5 kcal/mol
Figure BS. DFT calculations support that formation of alkenylthianthrenium salt from dicationic adducts
is fast, exergonic, and irreversible. Transition state barrier AG! for adduct deprotonation to
alkenylthianthrenium salt is 13.1 kcal/mol (t1» approx. 4.5 x 10 second) while the reverse AG* for adduct
reformation is 41.6 kcal/mol (t1» approx. 1.1 x 10'? years). See Appendix B11 for computational details.

Conclusions: alkenylthianthrenium salt 3.3 is the only thianthrenium species detected by 'H NMR
spectroscopy during the allylic amination reaction. No detectable steady-state concentration of other
thianthrenium species was observed. Experimental and computational data support the exothermic
elimination step of dicationic adducts to alkenylthianthrenium salt under basic conditions. Furthermore, the
rate of elimination from adducts to alkenylthianthrenium species is faster than allylic amination (see Figure
B4). Based on these data, we chose to use alkenylthianthrenium salts to simplify subsequent mechanistic
studies.
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B2.2. Comparison of Aliphatic and Aryl Amine as Model Nucleophiles (Scheme 3.2)

The purpose of these experiments was to distinguish the ability of aliphatic and aryl amines to act as bases
in allylic amination of thianthrenium salts. The reactivity of N-benzylmethylamine (aliphatic secondary
amine) and N-methylaniline (aryl secondary amine) were evaluated by following the General Procedure for
Allylic Amination of Alkenylthianthrenium Salts, with the specified modification: in addition to conducting
the reactions with exogenous i-ProNEt base, a set of control reactions were executed without the addition
of i-ProNEt.

Bn\H,Me (1 equiv)) Ve
I
% S [base] _ = N\Bn
MeCN (0.1 M), 6 h Ph
no i-Pr,NEt:
52% yield; 5:1 Z.E
aliphatic amines are nucleophilic aliphatic amines are basic
o0 o9
Hi @ H\oy H

Figure B6. Secondary aliphatic amine convolutes kinetics analysis because it can be both a nucleophile
and a base. For example, first order rate dependence on [BnNHMe] is observed, see Figure B15.

Ph. .M .
H © (1 equiv.) I\Ille
% : [base] o Z N\ph
MeCN (0.1 M), 6 h Ph
no added i-Pr,NEt:
0% yield; 98% alkenyITT r.s.m.
with i-Pr,NEt (5 equiv.):
57% yield; 5:1 Z.E
aryl amine nucleophilic addition aryl amines are not sufficiently basic
S e Q. e
N + N ®
H. @ H sy H

Figure B7. Secondary aryl amine nucleophile is sufficiently deactivated from acting as a base, but still
undergoes allylic nucleophilic substitution with exogenous base. As such, secondary aryl amines clarify
mechanistic investigation of allylic amination from alkenylthianthrenium salts. For example, zeroth order
rate dependence on [PhNHMe] is observed, see Figure B19. r.s.m. = recovered starting material.
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B2.3. Light Impact on Z-selectivity

One classic mechanism to induce Z-selectivity is contrathermodynamic photoisomerization that exploits
photophysical differences between FE-alkenes and Z-alkenes. Since alkenylthianthrenium salts have a
conjugated m-system that can absorb visible light (for a UV-vis spectrum of vinylthianthrenium salt, see: J.
Am. Chem. Soc. 2021, 143,33, 12992—-12998), we questioned whether light (e.g. overhead from fume hood)
could explain the observed Z-selectivity for allylic functionalization of thianthrenium-based intermediates.
To this end, the General Procedure for Allylic Amination of Alkenylthianthrenium Salts was performed
with the specified modifications in Figure B8 and the results are summarized in Table B2.

Ph\N_Me
H
@ (1.5 equiv.) Me
e S FPryNEt (5 equiv.) ‘ Z\,N\Ph
PR NN ﬁ lirradiation] Bh
3.3 MeCN (0.1 M), 6 h 3.5

Figure B8. Allylic amination procedure conducted under various irradiation conditions.

Table B2. Influence of Light Source and Temperature on Z-selectivity of Allylic Amination.

Entry Modification Allylic amine 3.5 (%) Z:E
1 None (fume hood, no precautions) 72 6.0:1
2 Dark (Al foiled) 70 6.0:1
3 CFL irradiation 71 6.0:1
4 40 °C (dark) 68 5.2:1

Conclusions: We observed no difference in reactivity or Z-selectivity in the dark or under CFL irradiation
(Table B2, entries 1-3). Furthermore, heating the reaction resulted in an observable decrease in Z-selectivity
(entry 4); this temperature dependence on Z:E is consistent with a kinetically-controlled process for the
observed Z-selectivity.
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B3. Reaction Kinetics

General Procedure for '"H NMR Reaction Monitoring (for Kinetics and KIE Analyses): A stock
solution of 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium hexafluorophosphate 3.3 (0.1 M), N-
methylaniline (0.15 M), and CH;Br; internal standard (0.1 M) in MeCN-d; was prepared. To an oven-dried
NMR tube was added 500 pL of the stock solution. An initial '"H NMR scan was taken before the addition
of i-Pr,NEt (45 puL, 0.25 mmol, 5.0 equiv.) and then the reaction was monitored by taking a spectrum every
15-120 seconds using 1 scan with a 1 second relaxation delay. CH,Br, was used as an internal standard and
integrations compared to 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium hexafluorophosphate 3.3 and
product 5. In each case, the reactions were monitored using several distinct signals for starting material and
product. However, for clarity, a single signal shown throughout this appendix, however same outcome was
observed for each signal. Signals wused for 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium
hexafluorophosphate 3.3 (alkenylTT) = 8.01 ppm (dd, J = 8.0, 1.3 Hz, 2H) and 6.37 ppm (dt, J = 14.8, 1.4
Hz, 1H); N-methyl-N-(4-phenylbut-2-en-1-yl)aniline 3.5 (allylic amine product) = 5.82 — 5.68 ppm (m,
1H), 5.60 — 5.47 ppm (m, 1H), 4.08 ppm (Z-isomer; d, J = 6.8 Hz, 2H), 3.90 ppm (E-isomer; d, J = 5.4 Hz,
2H), 3.51 ppm (Z-isomer; d, J = 7.6 Hz, 2H), and 3.35 ppm (E-isomer; d, J = 6.9 Hz, 2H); and internal
standard CH,Br; = 5.10 ppm (s, 2H). See Figure B9.
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Figure B9. Example of '"H NMR spectrum collected for monitoring the conversion of alkenylTT 3.3 and

formation of allylic amine product 3.5. CH,Br, was used as an internal standard (5.10 ppm, s, 2H).
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Figure B10. Example of '"H NMR spectra collected over the course of the reaction monitoring the
conversion of alkenylTT 3.3 and formation of allylic amine product 3.5.
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Figure B11. To evaluate the reproducibility of the initial reaction rate, stock solutions were prepared on
separate days using the general procedure and replicates were found to have reproducible reaction rates.
Monitoring allylic amine product 3.5 formation using the 5.82 —5.68 (m, 1H) signal. Similar reproducibility
was observed using other product signals e.g. 5.60 — 5.47 (m, 1H).



196

testing reproducibility of 1H NMR reaction monitoring at <15% conversion
100

® stockl-runl
® stockl -run2
® stockl-run3
® stock2-runl

® stock2 - run2

y=-2.147x+87.501 y=-1.9697x+87.846 y=-2.0897x+87.702 " Linear (stockl - runl
R*=0.9158 R?=0.8955 R?=0.8522 @ s Linear (stockl - run2

concentration (mM)

50

.123 y =-2.0407x + 88.357
R2=0.9538 «eeeeeee Linear (stock2 - runl

)
)
- Linear (stockl - run3)
)
40
)

~~~~~~~~~ Linear (stock2 - run2

30

time (min)

Figure B12. Stock solutions prepared on separate days using the general procedure led to reproducible
reaction rates. Monitoring alkenylTT 3.3 conversion using the 8.01 ppm (dd, J = 8.0, 1.3 Hz, 2H) signal.
Similar reproducibility was observed using other starting material signal 6.37 ppm (dt, J = 14.8, 1.4 Hz,
1H). The conversion rate of alkenylTT 3.3 is slightly higher than the rate of the formation of allylic amine
product 3.5. This observation is consistent with other minor pathways available to decompose the
alkenylTT salt. Consequently, allylic amine product 3.5 formation rates will be used for quantitative
analysis.

Error Propagation

For linear fit of a single trial, standard error of the slope (e.g. initial rate, rate constant extrapolation) was
calculated using the Analysis ToolPak Regressions in Excel Data Analysis.

Fractional error was calculated for the average initial rates acquired from triplicate experiments. See J. Am.
Chem. Soc. 1995, 117, 36, 9357-9358; J. Am. Chem. Soc. 2017, 139, 16, 5965-5972.

B3.1. Determination of the Reactant Order in N-Benzylmethylamine

The purpose of these experiments was to determine if the rate of allylic amination of thianthrenium salts is
dependent on the secondary amine nucleophile (see, J. Am. Chem. Soc. 2021, 143,21503-21510). Reaction
monitoring was conducted using the General Procedure for 'H NMR Reaction Monitoring with the specified
modifications: N-benzylmethylamine was not added to the 0.1 M 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-
5-ium hexafluorophosphate (alkenylTT) 3.3 stock solution. Instead, N-benzylmethylamine (6.5 pL, 0.05
mmol, 1 equiv.; 13.0 pL, 0.10 mmol, 2 equiv.; or 19.0 puL, 0.15 mmol, 3.0 equiv.) was added via
microsyringe to the NMR tube followed by i-Pro.NEt (45 pL, 0.25 mmol, 5.0 equiv.). Signals used for N-
benzyl-N-methyl-4-phenylbut-2-en-1-amine 3.4 (allylic amine product): 5.83 — 5.69 ppm (m, 1H) and 5.67
—5.53 ppm (m, 1H).
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Table B3. Data from Monitoring the Reaction Using 'H NMR Spectroscopy for Varying
Concentrations of BnNHMe.

0.0901 M BnNHMe

time (min) [alkenylTT 3.3] (mM) [allylic amine 3.4] (mM)
0.00 87.04 0.00
3.30 76.16 10.88
5.00 69.81 13.60
6.10 67.09 15.87
7.15 63.46 18.59

0.1792 M BnNHMe

time (min) [alkenylTT 3.3] (mM) [allylic amine 3.4] (mM)
0.00 86.02 0.00
3.58 67.20 17.47
4.75 63.62 17.47
5.30 59.14 19.71
6.75 52.87 25.99
0.2660 M BnNHMe
time (min) [alkenylTT 3.3] (mM) [allylic amine 3.4] (mM)
0.00 81.56 0.00
3.23 58.51 20.83
3.52 54.96 21.28
3.78 54.08 22.61
4.07 52.30 23.94

4.35 50.53 24.82
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Figure B13. Data graphed from monitoring the allylic amine product 3.4 formation using 'H NMR
spectroscopy for varying concentrations of BnNHMe nucleophile.
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Figure B14. Data graphed from monitoring the alkenylTT 3.3 conversion using '"H NMR spectroscopy for
varying concentrations of BaNHMe nucleophile.
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Table B4. Initial Rate Data for Varying Concentrations of BnNHMe.

using allylic amine 3.4 formation

[BnNHMe] (M)

0.09066

0.1792
0.26596

initial rate (mM/min)

1.97998
2.80013
3.80866

using alkenylTT 3.3 conversion

[BnNHMe] (M)

0.09066
0.1792
0.26596

initial rate (mM/min)

initial rate (mM/min)

-3.30371
-4.9424
-7.21659

graph of initial rates vs. [BhNHMe]

® intial rates of product formation

--------- Linear (intial rates of product formation)

y = 10.428x+ 1.0005
. R?=0.9957

0.1 0.2 0.3
[BANHMe] (M)

Figure B15. Linear fit (R? = 0.9957) for initial rate of allylic amine product 3.4 formation versus varying
concentrations of BnNHMe nucleophile. First order rate dependence determined for BaNHMe during
allylic amination.
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graph of initial rates vs. [BhANHMe]

® intial rates of alkenyITT conversion

--------- Linear (intial rates of alkenylTT conversion)

0
- 0 0.05 0.1 0.15 0.2 0.25 0.3
c
£
S~~~
= 3 ke y =-22.308x- 1.1699
E |00 e _ R? =0.9902
L
E S
2| e
c °
-9

[BhNHMe] (M)

Figure B16. Linear fit (R*> = 0.9902) for initial rate of alkenylTT 3.3 conversion versus varying
concentrations of BnNHMe nucleophile. Qualitatively consistent with Figure B15 monitoring product
formation: first order rate dependence determined for BnNHMe during allylic amination. The conversion
rate of alkenylTT 3.3 is slightly higher than the rate of the formation of allylic amine product 3.4. This
observation is consistent with other minor pathways available to decompose the alkenylTT salt.
Consequently, allylic amine product 3.4 formation rates will be used for quantitative analysis.

B3.2. Determination of the Reactant Order in N-Methylaniline Nucleophile (Figure 3.3A)

The purpose of these experiments was to determine if the rate of allylic amination of thianthrenium salts is
dependent on the secondary aryl amine nucleophile. Reaction monitoring was conducted using the General
Procedure for '"H NMR Reaction Monitoring with the specified modifications: additional N-methylaniline
(2.7 uL, 0.025 mmol, 0.5 equiv.; 5.4 puL, 0.05 mmol, 1.0 equiv.) was added via microsyringe to the NMR
tube prepared from the stock solution described in the general procedure. A second stock solution with 0.1
M alkenylTT salt 3.3 and 0.1 M N-methylaniline was prepared and used according to the General Procedure
for 'TH NMR Reaction Monitoring.
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Table B5. Data from Monitoring the Reaction Using 'H NMR Spectroscopy for Varying
Concentrations of PhNHMe Nucleophile.

0.0917 M PhNHMe
Runl Run2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine
(mM) (mM) 3.5] (mM)

0.00 92.05 0.00 0.00 91.58 0.00 0.00 94.29 0.00
3.30 86.42 6.37 342 86.76 6.37 4.50 81.99 7.97
3.98 79.02 6.54 4.05 79.64 6.64 5.27 75.92 8.68
4.37 78.59 7.23 4.45 78.78 7.45 5.57 76.06 9.11
4.77 77.87 8.03 4.83 78.27 8.03 5.87 75.61 9.82
5.17 76.81 8.69 5.22 77.28 8.68 6.17 75.40 10.18
5.55 76.12 9.02 5.60 76.20 8.94 6.47 74.96 10.14
5.93 75.56 9.81 5.98 76.08 9.85 6.77 74.05 11.09
6.32 75.10 10.33 6.37 75.00 10.63 7.10 73.30 11.22
6.70 74.33 11.24 6.75 74.34 10.61 7.40 72.75 11.72
7.10 73.52 10.88 7.13 73.95 11.28 7.70 71.86 11.85
7.48 72.95 11.43 7.55 72.98 11.23 8.02 71.66 12.29
7.88 72.27 11.60 7.93 72.38 12.19 8.33 71.46 13.08
8.27 71.49 11.98 8.33 71.51 12.48 8.65 70.59 12.75
8.67 70.59 12.54 8.73 70.86 13.29 8.97 70.00 13.45
9.05 70.24 13.05 9.13 70.24 13.73 9.27 69.99 13.81
9.45 69.41 13.71 9.52 70.17 13.52 9.57 69.74 14.32
9.83 69.00 13.79 9.90 69.01 14.18 9.87 68.59 14.47
10.22 68.36 14.18 10.28 68.64 14.48 10.17 68.29 14.59
10.60 67.87 14.52 10.68 68.09 15.08 10.48 67.65 14.49
10.98 67.09 15.34 11.07 67.21 15.36 10.8 67.06 15.44
11.38 66.28 15.68 11.45 66.57 15.72 11.10 66.67 15.57

11.78 65.79 16.26 11.83 66.17 15.87 11.40 66.46 15.45
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0.1376 M PhNHMe

Runl Run2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)
0.00 96.25 0.00 0.00 91.66 0.00 0.00 89.59 6.49
3.10 87.57 6.04 3.35 86.79 6.57 3.20 85.82 7.10
3.83 80.85 6.71 4.22 79.74 7.27 4.12 78.34 7.80
4.22 80.03 7.54 4.60 79.31 8.11 4.50 77.66 8.45
4.62 79.04 7.95 5.00 78.72 8.63 4.88 77.14 9.12
5.00 78.44 8.67 5.38 77.86 9.26 5.27 76.45 9.64
5.38 77.71 9.15 5.78 76.93 9.86 5.65 75.70 10.36
5.77 76.68 9.95 6.18 75.67 10.54 6.05 75.01 10.96
6.15 76.27 10.62 6.57 75.42 11.14 6.43 74.32 11.47
6.53 75.57 11.04 6.95 74.74 11.76 6.83 73.55 12.09
6.92 74.87 11.94 7.33 74.47 12.17 7.22 72.73 12.72
7.33 73.95 12.75 7.73 73.07 12.64 7.62 72.27 13.15
7.73 73.46 13.38 8.13 72.13 13.41 8.00 71.64 13.44
8.13 72.65 13.49 8.52 71.99 14.18 8.38 70.76 14.17
8.52 71.92 13.31 8.92 71.45 14.32 8.78 70.11 14.69
8.90 71.22 14.64 9.30 70.89 14.99 9.17 69.32 15.07
9.30 70.80 15.22 9.68 69.82 15.16 9.55 68.97 15.52
9.68 70.08 15.60 10.08 69.51 16.07 9.93 68.55 15.81
10.08 69.11 15.39 10.47 68.73 15.86 10.32 67.43 16.40
10.48 68.66 16.79 10.87 68.18 16.50 10.70 67.00 17.02
10.88 68.00 17.18 11.27 67.23 16.93 11.10 66.41 17.29
11.28 67.08 16.79 11.67 67.05 17.41 11.50 65.93 17.22

11.68 66.82 17.56 12.03 66.02 17.86 11.90 65.02 17.63
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0.1826 M PhNHMe

Runl Run2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)
0.00 91.11 0.00 0.00 90.09 0.00 0.00 89.85 0.00
3.17 86.95 6.14 3.25 86.06 6.29 3.13 85.72 6.03
3.77 79.94 6.41 3.95 78.67 7.00 3.80 78.98 6.72
4.15 79.08 7.18 433 77.56 7.56 4.22 78.05 7.39
4.53 78.46 7.77 4.72 77.59 8.34 4.60 77.46 7.96
4.93 77.73 8.51 5.10 76.64 8.92 4.98 76.64 8.79
5.32 77.05 9.03 5.48 76.04 9.61 5.37 76.01 9.45
5.72 75.77 9.93 5.87 74.83 10.13 5.75 74.93 10.01
6.10 75.25 10.35 6.25 74.74 10.77 6.15 74.82 10.65
6.50 74.69 11.03 6.65 74.15 11.47 6.53 74.14 11.24
6.88 74.28 11.69 7.05 73.25 11.84 6.93 73.01 11.91
7.27 73.35 12.31 7.43 72.87 12.55 7.32 72.43 12.39
7.65 72.57 12.85 7.83 71.67 13.07 7.72 71.88 13.10
8.05 71.66 13.32 8.23 71.40 14.03 8.12 70.87 13.74
8.45 70.91 13.79 8.62 70.73 14.61 8.50 70.64 14.05
8.83 70.68 14.31 9.02 69.63 14.71 8.90 69.75 14.85
9.22 70.15 14.71 9.40 69.20 15.49 9.28 69.44 1543
9.60 69.21 15.40 9.78 68.99 15.84 9.67 68.73 15.47
9.98 68.84 15.68 10.17 68.10 16.25 10.07 68.08 15.94
10.37 68.21 16.21 10.55 67.41 16.85 10.47 67.33 16.74
10.77 67.67 16.59 10.93 66.76 17.44 10.85 66.91 17.05
11.15 66.85 17.30 11.33 66.10 18.19 11.23 66.33 17.38

11.53 66.19 17.61 11.72 65.67 18.12 11.62 65.65 17.74
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0.2271 M PhNHMe

Runl Run2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)
0.00 90.12 0.00 0.00 90.69 0.00 0.00 91.98 0.00
3.15 85.43 6.28 3.23 86.24 6.32 3.27 86.41 6.49
3.92 79.32 6.95 3.98 79.13 7.00 4.05 79.58 7.18
4.30 78.87 7.55 4.40 78.36 7.60 4.43 79.48 7.81
4.70 78.04 8.38 4.78 77.70 8.34 4.82 77.93 8.40
5.08 77.53 8.95 5.17 76.69 9.01 5.20 77.20 9.09
5.47 76.43 9.57 5.57 76.47 9.70 5.65 76.88 9.64
5.87 76.05 10.30 5.95 75.60 10.35 6.03 76.24 10.48
6.25 74.78 1091 6.33 74.66 10.87 6.43 75.71 11.16
6.65 74.28 11.43 6.72 74.21 11.62 6.83 74.46 11.87
7.03 73.72 11.98 7.12 73.24 12.19 7.23 74.06 12.38
7.42 72.90 12.75 7.50 7291 12.92 7.62 73.49 12.95
7.80 72.52 13.28 7.88 72.26 13.43 8.02 72.84 13.56
8.18 71.34 13.85 8.30 71.44 13.99 8.40 71.83 14.00
8.57 71.42 14.38 8.68 70.68 14.52 8.80 71.75 14.90
8.97 70.53 14.78 9.07 70.10 15.07 9.18 70.77 15.40
9.35 69.83 15.58 9.45 69.44 15.76 9.57 70.13 1548
9.73 69.01 15.93 9.83 68.94 16.05 9.95 68.93 16.25
10.12 68.25 16.59 10.22 68.20 16.78 10.35 68.89 16.65
10.50 67.74 16.95 10.60 67.77 17.52 10.73 68.02 17.58
10.88 67.14 17.35 10.98 67.06 17.50 11.13 67.83 17.52
11.27 66.24 17.93 11.38 66.57 18.29 11.52 66.88 18.07

11.65 66.09 18.27 11.77 65.60 18.38 11.90 66.33 18.96
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Figure B17. Data graphed from monitoring the allylic amine product 3.5 formation using 'H NMR

spectroscopy for varying concentrations of PhNHMe nucleophile.
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Figure B18. Data graphed from monitoring the alkenylTT 3.3 conversion using '"H NMR spectroscopy for

varying concentrations of PhNHMe nucleophile.



Table B6. Initial Rate Data for Varying Concentrations of PhNHMe Nucleophile.

[PhNHMe] (M)
0.0917
0.1376
0.1826
0.2271

[PhNHMe] (M)

using allylic amine 3.5 formation

runl
1.6114+0.0621
1.5413+0.0431
1.5846+0.0300
1.6054+0.0263

initial rate (mM/min)

run2
1.6229+0.0531
1.5464+0.0343
1.5960+0.0268
1.6176+0.0240

run3
1.5801+0.0495
1.5363+0.0358
1.6001+0.0272
1.6142+0.0280

using alkenylTT 3.3 conversion

runl

initial rate (mM/min)

run2

run3

averageterror
1.6048+0.0954
1.5413+0.0657
1.5936+0.0486
1.6124+0.0453

averageLerror

206

0.0917 -2.1489+0.1565 -2.1263+0.1597 -2.3225+0.1848 -2.1992+0.2891
0.1376 -2.4696+0.0247 -2.2616+0.0237 -2.2050+0.0259 -2.3121+0.0431
0.1826 -2.3104+0.1500 -2.2166+0.1424 -2.2263+0.1316 -2.2511+0.2449
0.2271 -2.1765+0.1076 -2.2491+0.1310 -2.2796+0.1277 -2.2351+0.2117
graph of initial rates vs. [PhNHMe]
3 initial rates of product formation
--------- Linear (initial rates of product formation)
=i
£ 2
s
E ; S ——— B ;
0]
©
= 1 y =0.1633x+ 1.5619
=] R?=0.0879
=
0
0.0 0.1 0.2 0.3
[PhNHMe] (M)

Figure B19. No linear fit (R> = 0.0879) for initial rate of allylic amine product 3.5 formation versus varying
concentrations of PhNHMe nucleophile. Zeroth order rate dependence determined for PhNHMe
nucleophile during allylic amination.
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graph of initial rates vs. [PhNHMe]

e initial rates of alkenyITT conversion
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Figure B19. No linear fit (R? = 0.0178) for initial rate of alkenylTT 3.3 conversion versus varying
concentrations of PhANHMe nucleophile. Consistent with Figure B18 monitoring product formation: zeroth
order rate dependence determined for PhANHMe nucleophile during allylic amination. The conversion rate
of alkenylTT 3.3 is slightly higher than the rate of the formation of allylic amine product 3.5. This
observation is consistent with other minor pathways available to decompose the alkenylTT salt.
Consequently, allylic amine product 3.5 formation rates will be used for quantitative analysis.

B3.3. Determination of the Reactant Order in Alkenylthianthrenium Salt 3 (Figure 3.3B)

Reaction monitoring was conducted using the General Procedure for "H NMR Reaction Monitoring with
the specified modifications: prepared separate stock solutions of 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-
5-ium hexafluorophosphate (alkenylTT) 3.3 (0.05 M, 0.1 M, 0.15 M, and 0.2 M), N-methylaniline (0.15
M), and CH,Br; internal standard (0.1 M) in MeCN-ds.

Table B7. Data from Monitoring the Reaction Using 'H NMR Spectroscopy for Varying
Concentrations of AlkenylTT 3.3.

0.0467 M alkenyITT 3.3
Runl Run?2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min)  3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)
0.00 45.92 0.00 0.00 46.88 0.00 0.00 47.25 0.00
3.07 43.67 3.13 3.35 43.86 3.22 2.95 43.87 2.94
4.45 39.69 3.58 3.85 40.59 3.62 4.13 40.70 3.16
5.27 39.28 4.41 4.15 39.77 4.21 4.95 39.92 3.94
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0.0467 M alkenyITT 3.3
Runl Run2 Run3
6.07 38.44 5.03 5.95 38.89 4.89 5.75 39.17 4.64
6.88 37.70 5.61 6.77 38.31 5.50 6.55 38.35 5.28
7.68 36.93 6.25 7.58 37.52 6.20 7.37 37.79 5.97
8.48 36.41 6.85 8.38 36.64 6.98 8.18 37.01 6.51
9.3 35.60 7.44 9.18 36.00 7.41 9.00 36.29 7.05
0.0914 M alkenyITT 3.3
Runl Run2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)

0.00 91.33 0.00 0.00 91.07 0.00 0.00 91.66 0.00
3.13 87.89 5.45 3.23 85.96 6.41 3.35 86.79 6.57
3.37 82.56 5.50 3.65 79.89 6.90 4.22 79.74 7.27
3.80 79.81 6.24 3.95 79.65 7.11 4.60 79.31 8.11
4.10 79.83 7.15 4.27 79.06 7.93 5.00 78.72 8.63
4.33 80.09 7.93 4.63 78.23 8.63 5.38 77.86 9.26
4.62 79.16 8.52 5.00 77.34 9.25 5.78 76.93 9.86
4.98 77.96 9.27 5.48 76.05 9.82 6.18 75.67 10.54
5.30 77.38 8.87 5.93 75.49 1091 6.57 75.42 11.14
5.53 77.42 9.94 6.18 75.42 11.23 6.95 74.74 11.76
6.52 76.15 10.45 7.23 74.24 11.77 7.33 74.47 12.17
7.32 74.35 11.80 8.05 72.21 12.73 7.73 73.07 12.64
8.12 72.79 12.96 8.87 71.14 14.16 8.13 72.13 13.41
8.93 71.27 14.09 9.68 70.05 15.52 8.52 71.99 14.18
9.73 70.18 15.39 10.48 68.07 16.36 8.92 71.45 14.32
10.53 68.86 16.54 11.28 67.38 17.48 9.30 70.89 14.99

11.37 67.26 17.53 12.10 65.82 17.32 9.68 69.82 15.16
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0.1371 M alkenyITT 3.3

Runl Run2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)

0.00 134.65 0.00 0.00 137.77 0.00 0.00 138.71 0.00
3.12 128.56 8.13 3.22 132.05 9.13 32 129.49 8.76
3.35 121.99 8.43 3.42 125.07 9.39 3.35 125.42 9.20
35 122.44 8.78 3.63 123.23 10.14 3.63 121.01 9.91
3.72 120.93 9.19 4.02 120.40 10.93 3.9 120.42 10.52
3.88 121.10 9.80 4.18 122.34 11.23 4.27 118.42 11.60
4.07 120.22 10.11 4.6 118.50 12.17 4.55 117.98 11.82
4.3 119.06 10.59 4.72 122.00 12.74 5.18 116.26 13.45
4.58 117.03 11.28 5.02 117.97 13.13 5.5 115.61 13.53
4.93 115.56 12.09 5.28 117.74 13.65 6.27 112.50 15.34
5.25 115.38 12.57 5.62 115.86 13.75 6.55 113.07 16.30
5.43 115.87 13.14 5.9 115.79 14.69 6.9 111.80 16.53
5.65 115.42 13.64 6.23 114.24 15.48 7.5 109.71 17.64

0.1874 M alkenyITT 3.3

Runl Run2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min)  3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)
0.00 187.61 0.00 0.00 187.91 0.00 0.00 185.29 0.00
3.38 173.52 12.36 3.28 176.36 12.22 3.17 175.94 11.52
3.68 164.93 13.24 3.55 166.32 12.21 3.68 161.58 13.16
3.92 162.88 13.74 3.78 165.29 13.29 4.10 159.43 14.75
4.15 162.55 14.36 4.08 163.50 13.95 4.47 159.57 15.96

4.35 161.70 15.16 4.33 162.33 14.85 4.75 159.60 16.86
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1H NMR monitoring for product formation for varying [alkenyITT 3]

® 0.0467 M -runl

y =2.3601x+0.403 y =2.4684x+ 0.707 y =2.4441x+0.6734 ® 0.0467 M -run2
R*=0.9965 el =

R?=0.9859 R? =0.9881 ® 0.0467 M -run3
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y = 1.5374x+0.7268 & 00214 M-runs
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-+ Linear (0.0467 M - run1)
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Figure B20. Data graphed from monitoring the allylic amine product 3.5 formation using 'H NMR
spectroscopy for varying concentrations of alkenylTT 3.3.
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Figure B21. Data graphed from monitoring the alkenylTT 3.3 conversion using '"H NMR spectroscopy for
varying concentrations of alkenylTT 3.3.



Table B8. Initial Rate Data for Varying Concentrations of AlkenylTT 3.3.

using allylic amine 3.5 formation

initial rate (mM/min)

[alkenylTT 3.3] (M) runl run2 run3 averageterror
0.0467 0.7809+0.0261  0.7554+0.0376  0.7736+0.0274 0.7766+0.0533
0.0914 1.5374+0.0536  1.516140.0639  1.5464+0.0343 1.5333+0.0905
0.1371 2.3601+0.0405  2.4684+0.0932  2.4441+0.0949 2.4242+0.1377
0.1874 3.5022+0.0828  3.4515+0.1234  3.4239+0.1575 3.4592+0.2175

using alkenylTT 3.3 conversion

initial rate (mM/min)

211

[alkenylTT 3.3] (M) runl run2 run3 averageterror
0.045872 -0.9839+0.1460  -1.1795+0.0837  -1.1267+0.1643  -0.7634+0.2410
0.091743 -2.1214+0.1502  -2.0972+0.1416  -2.2616+0.1271  -2.1601+0.2437
0.137615 -3.7332+£0.2948  -3.5129+0.4057 -4.3867+0.4037  -3.8776+0.6493
0.183486 -6.0146+£0.8349  -5.8939+0.5168  -5.6124+0.6105  -5.8403%+1.1503

graph of initial rates vs. [alkenyITT 3]
4 ® initial rates of product formation
--------- Linear (initial rates of product formation) }

- 3
€ y =19.1200x - 0.1628
S R?=0.9982 b
£,
b
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£ 1
£ s

0

0.0 0.1 0.2

[alkenylTT 3] (M)

Figure B22. Linear fit (R? = 0.9982) for initial rate of allylic amine product 3.5 formation versus varying
concentrations of alkenylTT 3.3. First order rate dependence was determined for alkenylTT 3.3 during
allylic amination.
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graph of initial rates vs. [alkeny|TT 3]
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Figure B23. Linear fit (R*> = 0.9837) for initial rate of alkenylTT 3.3 conversion versus varying
concentrations of alkenylTT 3.3. Consistent with Figure B22 monitoring product formation: first order rate
dependence determined for alkenylTT 3.3 during allylic amination. The conversion rate of alkenylTT 3.3
is slightly higher than the rate of the formation of allylic amine product 5. This observation is consistent
with other minor pathways available to decompose the alkenylTT salt. Consequently, allylic amine product
3.5 formation rates will be used for quantitative analysis.

B3.4. Determination of the Reactant Order in N, N-Diisopropylethylamine Base (Figure 3.3C)

The purpose of these experiments was to determine if the rate of allylic amination of thianthrenium salts is
dependent on the trialkylamine base. Reaction monitoring was conducted using the General Procedure for
"H NMR Reaction Monitoring with the specified modifications: i-ProNEt (13.5 uL, 0.075 mmol, 1.5 equiv.;
27.0 uL, 0.15 mmol, 3 equiv.; 45.0 uL, 0.25 mmol, 5 equiv.; or 62.0 puL, 0.345 mmol, 6.9 equiv.) was added
via microsyringe to the NMR tube.

Table B9. Data From Monitoring the Reaction Using 'H NMR Spectroscopy for Varying
Concentrations of i-Pr,NEt Base.

0.1461 M i-Pr2NEt

Runl Run? Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min)  3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)
0.00 97.06 0.00 0.00 97.41 0.00 0.00 97.05 0.00
2.77 90.68 2.12 2.28 93.52 1.79 2.23 91.73 1.71

332 88.58 2.56 3.10 89.94 222 2.73 89.89 2.08
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0.1461 M i-Pr2NEt

Runl Run2 Run3
4.03 87.16 2.84 3.78 89.13 2.65 3.37 88.32 2.59
4.80 86.89 3.33 4.30 88.74 3.08 3.87 89.36 2.75
5.75 86.82 3.88 5.00 87.57 3.51 4.28 88.58 3.10
8.03 86.65 4.23 5.68 87.43 4.19 4.85 87.96 3.60
10.12 84.11 5.61 6.23 87.06 4.52 5.45 87.79 3.89
12.18 82.63 6.68 7.15 86.58 5.02 6.07 86.64 4.32
14.23 81.78 8.53 9.47 86.14 5.84 6.78 86.39 4.63
16.28 80.06 9.62 11.52 84.76 6.68 9.08 86.90 5.00
18.33 78.76 10.81 13.58 83.07 8.49 11.13 84.66 6.21
20.40 77.89 11.80 15.65 81.89 9.68 13.18 83.26 7.40
22.45 76.69 12.76 17.72 80.17 10.03 15.23 82.26 8.65
24.50 75.26 13.73 19.78 78.60 11.76 17.30 80.88 10.57
26.57 74.53 14.68 21.83 77.49 13.03 19.38 79.37 11.63
28.62 73.30 15.87 23.88 76.04 14.10 21.43 78.35 11.86
30.67 72.36 16.71 25.93 75.23 15.11 23.50 76.94 13.81
32.75 70.30 17.35 28.02 74.07 16.11 25.55 76.22 14.94
34.80 69.71 18.21 30.08 72.31 17.10 27.62 74.46 15.99

0.2846 M i-Pr:NEt

Runl Run2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)
0.00 94.46 0.00 0.00 95.09 0.00 0.00 95.06 0.00
3.08 87.29 3.83 2.73 89.60 3.64 3.15 90.68 4.16
3.53 81.79 4.35 333 84.07 4.25 3.38 87.29 4.31
4.15 80.98 4.95 3.80 84.12 4.86 3.97 84.47 4.88
4.88 79.96 5.94 4.60 81.90 5.64 4.45 83.68 5.26
5.47 78.98 6.36 5.15 82.00 6.36 4.95 83.46 6.05

6.05 78.98 6.93 5.98 81.11 7.06 533 82.59 6.83
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0.2846 M i-Pr2NEt

Runl Run2 Run3
7.53 78.24 7.69 6.75 80.10 8.69 5.85 82.36 7.04
8.60 77.15 8.92 7.53 79.34 8.96 6.37 80.86 7.69
9.65 75.64 9.98 8.37 77.42 9.56 6.82 81.11 8.56
10.72 74.43 10.66 9.67 77.51 10.78 7.28 80.27 9.01
11.78 73.61 11.97 10.72 75.95 10.93 7.68 79.95 9.56
12.83 72.04 13.07 11.78 74.98 12.81 8.13 78.96 9.30
13.90 70.96 14.80 12.85 74.04 12.96 8.52 79.07 10.47
14.98 70.04 14.95 13.90 72.77 13.97 9.12 78.31 11.14
16.05 68.43 16.55 14.95 70.57 15.86 10.53 77.36 11.73
17.10 67.53 17.48 16.00 69.86 16.76 11.58 75.88 12.64
18.17 66.79 18.50 17.05 68.53 17.55 12.63 75.22 13.76
19.22 65.55 19.35 18.12 68.03 18.61 13.70 73.74 14.63
20.28 65.19 20.25 19.18 67.15 19.51 14.75 72.60 15.79

0.4587 M i-Pr:NEt

Runl Run2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)

0.00 91.35 0.00 0.00 91.93 0.00 0.00 93.06 0.00
3.37 82.35 6.07 3.20 83.30 5.80 2.70 79.28 4.95
3.73 78.49 6.59 3.73 79.20 6.61 3.13 78.50 5.39
4.25 75.95 7.28 4.10 78.38 7.34 3.60 77.33 6.55
4.72 75.59 7.96 4.43 78.03 7.67 4.15 77.27 7.27
5.27 74.69 9.23 4.90 76.73 8.42 4.82 76.54 8.29
5.68 73.85 9.56 5.32 76.80 8.97 5.57 75.83 10.22
6.35 73.13 10.33 5.75 75.39 9.47 6.17 74.10 10.51
6.95 71.56 11.19 6.27 74.05 10.17 6.67 73.70 10.97
7.42 70.47 12.95 6.77 73.86 10.94 7.22 72.49 12.81

8.95 69.77 12.75 8.08 73.21 12.68 8.77 71.74 13.10
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0.4587 M i-Pr2NEt

Runl Run?2 Run3
10.00 67.55 15.03 9.13 72.02 14.13 9.82 68.95 14.50
11.05 65.86 15.47 10.18 69.32 15.50 10.88 68.07 16.53

0.6139 M i-Pr2NEt

Runl Run? Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min)  3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)

0.00 88.64 0.00 0.00 89.35 0.00 0.00 89.07 0.00
3.28 78.60 7.28 3.38 78.28 7.19 2.95 77.38 6.78
3.52 75.76 7.74 3.65 74.53 7.74 3.20 76.35 6.90
3.75 74.55 8.20 3.87 74.83 7.83 3.55 75.04 7.99
3.98 74.11 8.84 4.10 74.39 8.42 3.87 74.39 7.88
433 72.94 9.43 4.30 73.57 8.86 4.30 73.35 9.61
4.55 73.02 10.04 4.50 72.74 9.34 4.77 72.39 9.56
4.80 71.76 10.48 4.68 73.03 9.70 5.17 70.86 11.25
5.08 71.31 11.14 4.90 72.29 10.02 5.62 70.63 12.26
5.43 70.18 11.48 5.13 71.98 10.60 6.35 69.94 12.92
6.38 68.85 12.49 6.03 69.64 11.32 6.92 68.94 14.02
6.93 67.78 13.27 6.58 68.23 12.88 7.48 67.05 14.82
7.48 66.73 14.48 7.13 67.27 12.94 8.03 66.25 15.62
8.05 65.52 15.27 7.70 66.44 14.95 8.58 63.93 16.39

8.62 64.10 16.49 8.23 64.87 15.89 9.13 63.36 17.51
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1H NMR monitoring for product formation for varying [i-Pr,NEt] base
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Figure B24. Data graphed from monitoring the allylic amine product 3.5 formation using 'H NMR
spectroscopy for varying concentrations of i-ProNEt base.
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Figure B25. Data graphed from monitoring the alkenylTT 3.3 conversion using '"H NMR spectroscopy for
varying concentrations of i-Pr.NEt base.



Table B10. Initial Rate Data for Varying Concentrations of i-Pr,NEt Base.

[i-Pr-NEt] (M)
0.1461
0.2846
0.4587
0.6139

using allylic amine 3.5 formation

runl
0.5461+0.0095
0.9743+0.0204
1.4584+0.0774
1.8311+0.0769

initial rate (mM/min)

run2
0.5637+0.0097
0.9971+0.0321
1.4763+0.0396
1.8427+0.0556

run3
0.5562+0.0100
1.0384+0.0279
1.4856+0.0805
1.9299+0.0651

using alkenylTT 3.3 conversion

initial rate (mM/min)

averagexerror
0.5553+0.0168
1.0033+0.0471
1.4734+0.1185

1.8679+0.1153

[i-Pr,NEt] (M) runl run2 run3 averagexerror
0.1461 0.5461+0.0449 0.5637+0.0458 0.5562+0.0375 0.5553+0.0740
0.2846 0.9743+0.1198 0.9971+0.1132 1.0384+0.0997 1.0033+0.1931
0.4587 1.4584+0.2220 1.4763+0.2029 1.4856+0.0805 1.4734+0.3058
0.6139 1.8311+0.1802 1.8427+0.1666 1.9299+0.2018 1.8679+0.3199

graph of initial rates vs. [i-Pr,NEt]
3 ® initial rates of product formation
--------- Linear (initial rates of product formation)
€
£ 2
= y=27896x+0.1766 e i
E R?=0.9973 e
. ¢
S
=, o
=
o
0
0.0 0.2 0.4 0.6

[i-Pr,NEt] (M)

Figure B26. Linear fit (R = 0.9973) for initial rate of allylic amine product 3.5 formation versus varying
concentrations of i-ProNEt base. First order rate dependence determined for i-ProNEt base during allylic
amination.



218

graph of initial rates vs. [i-Pr,NEt]
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Figure B27. Linear fit (R*> = 0.9983) for initial rate of alkenylTT 3.3 conversion versus varying
concentrations of i-Pr,NEt base. Consistent with Figure B26 monitoring product formation: first order rate
dependence determined for i-ProNEt base during allylic amination. The conversion rate of alkenylTT 3.3 is
slightly higher than the rate of the formation of allylic amine product 3.5. This observation is consistent
with other minor pathways available to decompose the alkenylTT salt. Consequently, allylic amine product
3.5 formation rates will be used for quantitative analysis.

B3.5. Determination of the Reactant Order in /NV,/N-Diisopropylethylamine Conjugate Acid (Figure
3.3D)

The purpose of these experiments was to determine if the rate of allylic amination of thianthrenium salts is
dependent on the conjugate acid of the trialkylamine base. Reaction monitoring was conducted using the
General Procedure for 'H NMR Reaction Monitoring with the specified modifications: the stock solution
was prepared with the specified concentration of N-ethyl-N-isopropylpropan-2-aminium
hexafluorophosphate(V) (i-Pr,NHEtPFg).

Table B11. Data from Monitoring the Reaction Using 'H NMR Spectroscopy for Varying
Concentrations of i-Pr,NHEtPFs.

0 M i-Pr.NHEtPFs
Runl Run2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)

0.00 96.25 0.00 0.00 91.66 0.00 0.00 89.59 0.00

3.10 87.57 6.04 3.35 86.79 6.57 3.20 85.82 6.49

3.83 80.85 6.71 4.22 79.74 7.27 4.12 78.34 7.10

4.22 80.03 7.54 4.60 79.31 8.11 4.50 77.66 7.80
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0 M i-Pr2NHEtPF

Runl Run2 Run3
4.62 79.04 7.95 5.00 78.72 8.63 4.88 77.14 8.45
5.38 77.71 9.15 5.38 77.86 9.26 5.27 76.45 9.12
5.77 76.68 9.95 5.78 76.93 9.86 5.65 75.70 9.64
6.15 76.27 10.62 6.18 75.67 10.54 6.05 75.01 10.36
6.53 75.57 11.04 6.57 75.42 11.14 6.43 74.32 10.96
6.92 74.87 11.94 6.95 74.74 11.76 6.83 73.55 11.47
7.33 73.95 12.75 7.33 74.47 12.17 7.22 72.73 12.09
7.73 73.46 13.38 7.73 73.07 12.64 7.62 72.27 12.72
8.13 72.65 13.49 8.13 72.13 13.41 8.00 71.64 13.15
8.52 71.92 13.31 8.52 71.99 14.18 8.38 70.76 13.44
8.90 71.22 14.64 8.92 71.45 14.32 8.78 70.11 14.17
9.30 70.80 15.22 9.30 70.89 14.99 9.17 69.32 14.69
9.68 70.08 15.60 9.68 69.82 15.16 9.55 68.97 15.07
10.08 69.11 15.39 10.08 69.51 16.07 9.93 68.55 15.52

0.0459 M i-Pr.NHEtPF

Runl Run2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)

0.00 94.06 0.00 0.00 91.28 0.00 0.00 96.16 0.00
3.32 89.09 6.02 3.18 87.78 6.72 3.20 90.73 6.09
4.45 80.14 7.24 3.95 87.12 7.49 4.00 88.43 6.94
4.87 79.84 7.98 433 86.26 8.18 4.40 87.69 7.77
5.25 79.24 8.53 4.72 85.34 8.78 4.80 86.30 8.54
5.63 78.30 9.26 5.10 84.59 9.47 5.20 85.79 9.19
6.03 77.92 9.67 5.50 83.60 10.14 5.58 85.35 9.68
6.45 76.95 10.51 5.88 82.71 10.67 5.97 83.76 10.27
6.83 76.30 10.90 6.28 82.48 11.33 6.37 83.00 10.72

7.22 75.84 11.52 6.67 81.43 12.11 6.75 83.24 11.74
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0.0459 M i-Pr.NHEtPFs

Runl Run2 Run3
7.60 75.31 11.85 7.07 81.23 12.82 7.15 81.88 11.84
7.98 74.51 12.24 7.47 80.26 13.29 7.55 81.34 12.71
8.37 74.13 12.82 7.87 79.10 13.88 7.93 80.09 13.22
8.75 73.03 13.31 8.25 78.38 14.49 8.32 82.50 14.19
9.15 72.71 14.18 8.65 77.98 14.97 8.70 78.98 14.64
9.55 71.61 14.24 9.03 77.21 15.03 9.10 78.05 15.35
9.93 71.18 14.66 9.42 76.55 15.26 9.48 77.43 14.98
10.32 70.63 15.77 9.80 76.40 15.95 9.87 76.78 15.53

0.0917 M i-Pr.NHEtPF

Runl Run2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)

0.00 91.08 0.00 0.00 88.20 0.00 0.00 90.05 0.00
3.57 87.05 6.24 3.27 83.44 5.19 3.53 83.05 6.06
4.32 80.60 6.99 3.80 81.01 5.60 4.48 76.98 6.86
4.70 79.88 7.37 4.18 79.18 6.11 4.87 76.97 7.29
5.10 79.17 8.20 4.57 77.99 7.12 5.27 76.97 7.71
5.48 78.79 8.89 4.97 76.90 7.63 5.65 77.60 8.79
5.88 78.51 9.60 5.35 77.29 7.87 6.03 75.90 9.28
6.28 76.96 9.81 5.75 75.52 8.67 6.42 76.21 10.13
6.67 76.59 10.29 6.13 75.88 9.16 6.80 75.54 10.69
7.07 76.06 10.97 6.53 75.35 10.15 7.18 75.19 11.18
7.47 74.89 11.40 6.92 73.49 10.44 7.60 74.00 11.85
7.87 74.26 12.48 7.32 73.85 11.31 7.98 73.81 12.34
8.25 73.68 13.09 7.70 72.56 11.41 8.38 72.56 13.01
8.63 73.14 13.11 8.10 71.76 12.23 9.17 71.75 14.30
9.03 72.20 14.13 8.48 71.89 12.87 9.57 71.00 14.77

9.42 71.57 14.64 8.88 71.10 12.99 9.95 70.04 15.05
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0.0917 M i-Pr.NHEtPFs

Runl Run?2 Run3
9.80 71.24 14.61 9.27 70.16 13.83 10.33 69.74 15.58
10.20 70.52 15.12 9.67 6991 14.46 10.73 69.18 16.08

0.1376 M i-Pr.NHEtPFs

Runl Run? Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min)  3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)
0.00 94.74 0.00 0.00 95.83 0.00 0.00 91.67 0.00
3.30 90.34 6.57 3.35 88.06 6.11 3.35 86.52 6.28
3.97 84.46 6.75 3.98 83.23 6.48 4.05 80.82 6.53
4.37 84.21 7.37 4.38 82.05 7.01 4.43 80.24 7.11
4.70 83.44 8.01 4.78 81.33 7.48 4.83 80.28 7.84
5.15 82.14 8.55 5.18 81.30 8.24 5.22 78.86 8.26
5.55 81.65 9.19 5.58 79.93 8.85 5.62 78.92 8.82
5.93 81.25 9.69 5.98 79.13 9.33 6.02 77.29 9.55
6.33 80.27 10.20 6.38 78.09 9.94 6.42 76.60 9.93
6.72 79.63 10.84 6.77 77.86 10.58 6.80 75.80 10.51
7.12 78.60 11.44 7.17 76.91 11.04 7.18 75.49 11.09
7.52 77.84 11.83 7.57 76.77 11.71 7.58 7491 11.56
7.90 77.74 12.52 7.95 76.08 12.13 7.97 74.01 12.11
8.30 75.92 12.94 8.33 75.46 12.53 8.37 73.38 12.58
8.68 75.70 13.48 8.73 7437 13.14 8.75 72.68 13.04
9.08 75.12 13.85 9.13 73.49 13.53 9.13 72.00 13.50

0.1835 M i-Pr.NHEtPFs

Runl Run?2 Run3
Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min)  3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5] (min) 3.3] (mM) amine 3.5]
(mM) (mM) (mM)
0.00 95.60 0.00 0.00 91.32 0.00 0.00 93.77 0.00

3.10 91.33 6.75 3.57 86.06 7.15 3.82 88.05 5.57
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0.1835 M i-Pr2NHEtPF¢
Runl Run2 Run3
3.80 85.48 7.00 4.48 78.93 8.00 4.63 84.24 6.24
4.18 84.77 7.37 4.87 79.40 8.54 5.02 81.71 6.96
4.57 83.80 8.04 5.27 78.91 9.20 5.42 81.40 7.27
497 83.36 8.89 5.65 77.81 9.87 5.82 80.69 7.94
5.35 82.70 9.44 6.07 76.29 10.49 6.20 79.73 8.82
5.73 81.88 10.03 6.45 76.72 10.93 6.60 79.48 9.59
6.13 81.00 10.53 6.83 75.78 11.60 6.98 78.46 10.02
6.53 81.60 11.24 7.22 75.52 12.35 7.37 77.73 10.42
6.93 79.52 11.68 7.60 73.79 12.73 7.77 77.05 11.24
7.33 78.77 12.28 8.00 73.16 13.22 8.15 77.85 12.17
7.73 78.26 12.97 8.38 72.60 13.81 8.53 75.44 12.36
8.12 78.11 13.56 8.77 71.85 13.99 8.92 75.08 12.83
8.52 76.62 13.92 9.15 71.23 14.89 9.32 74.56 13.57
8.90 76.14 14.21 9.53 71.58 15.18 9.72 73.72 14.53
30 1H NMR monitoring for product formation for varying [i-Pr,NHEtPF] acid
® O0OM- 1
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Figure B28. Data graphed from monitoring the allylic amine product 3.5 formation using 'H NMR
spectroscopy for varying concentrations of i-Pr.NHEtPFg.
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Figure B28. Data graphed from monitoring the alkenylTT 3.3 conversion using '"H NMR spectroscopy for
varying concentrations of i-Pr,NHEtPF.

Table B12. Initial Rate Data for Varying Concentrations of i-Pr,NHEtPFs.

using allylic amine 3.5 formation

initial rate (mM/min)

[i-Pr,NHEtPFg] (M) runl run2 run3 averageterror
0 1.5413+0.0431 1.5464+0.0343 1.5363+0.0358  1.5413+0.0657

0.0459 1.4504+0.0302 1.6151+0.0475 1.5760+0.0364  1.5472+0.0662
0.0917 1.5188+0.0283 1.4879+0.0191 1.5323+0.0248  1.5130+0.0421
0.1376 1.4765+0.0395 1.4531+0.0297 1.5323+0.0341  1.4873+0.0600
0.1835 1.5532+0.0464 1.5664+0.0423 1.4755+0.0282  1.5317+0.0683
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Figure B29. No linear fit (R = 0.2646) for initial rate of allylic amine product 3.5 formation versus varying
concentrations of i-ProNHEtPFs acid. Zeroth order rate dependence is determined for i-Pr,NHEtPF¢ acid

during allylic amination.
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Figure B30. No linear fit (R*? = 0.0007) for initial rate of alkenylTT 3.3 conversion versus varying
concentrations of i-Pro.NHEtPFs acid. Consistent with Figure B29 monitoring product formation: zeroth
order rate dependence is determined for i-Pr,NHEtPFs acid during allylic amination. The conversion rate
of alkenylTT 3.3 is slightly higher than the rate of the formation of allylic amine product 3.5. This
observation is consistent with other minor pathways available to decompose the alkenylTT salt.
Consequently, allylic amine product 3.5 formation rates will be used for quantitative analysis.

B3.6. Summary of Rate Law for Allylic Amination
To confirm the accuracy of the kinetics data, we compared the calculated rate constants, k, for the
experiments and summarized the rate law for allylic amination of alkenylthianthrenium salts with i-ProNEt

base.

Zeroth order dependence was determined for PANHMe nucleophile. The linear fit from these kinetic
experiments afforded the equation:

initial rate y, mM/min = [0.1633 mM/(M*min)]*(x aniline concentration, M) + 1.5619 mM/min
As such, the y-intercept and first order dependence on alkenylTT 3.3 and i-ProNEt base—where under the
standard reaction conditions, [alkenylTT]=0.0917 M and [i-ProNEt] = 0.4587 M—can be used to determine
the rate constant & for the allylic amination reaction. Where initial rate is kobs
kobs = k[alkenyl TT][i-ProNEt]
rate (M/min) = k * y-intercept = k(1.5619 x 10 M/min) = k{alkenylTT][i-ProNEt] =

k=3.7x 102 M'min"
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This value is consistent with the & values obtained from order determination in alkenylTT salt, i-ProNEt
base, and i-Pr,NHEtPF¢ conjugate base (Table B13).

In the experiments varying [alkenylTT] or [i-Pr.NEt], the slope rather than the y-intercept from the linear
fit was used to determine the rate constant, k. A representative example:

initial rate y, mM/min = [19.1200 mM/(M*min)]*(x alkenylTT, M) + 0.1628 mM/min

Where,
slope = A[i-ProNEt]

So under standard conditions where [i-Pr,NEt] = 0.4587 M,
k = slope/[i-Pr_NEt] = 4.2 x 102 M 'min’!

Fractional errors were calculated using the errors for the average initial rates used to determine the linear
fit equation.

Summary of rate law for allylic amination:

rate = (3.7 = 0.8) x 10> M'min™! [alkenyl TT][i-ProNEt]

Table B13. Summary of Kinetics Equations and Rate Constants Obtained from Order Determination
in Reaction Components.

using allylic amine 3.5 formation

Component Order Linear fit equation k (M'min™)
PhNHMe Oth y=0.1633x + 1.5619 (3.7£0.3) x 1072
alkenylTT 3.3 st 3= (19.1200£0.5806)x - (0.1628+0.0737)  (4.2+0.5) x 102
i-PrNEt st = (2.789620.1028)x + (0.1766+0.0427)  (3.1£0.4) x 102
i-Pr;NHE{PF, 0th y=-0.1724x + 1.5399 (3.7+0.3) x 102

averageterror (3.7+0.8) x 1072
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B4. Kinetic Isotope Effect (KIE) Experiments
Initial Rates Analysis and Error Propagation

For linear fit of a single trial, standard error of the slope (i.e. initial rate) was calculated using the Analysis
ToolPak Regressions in Excel Data Analysis.

Fractional error was calculated for the average initial rates acquired from triplicate experiments. The error
for kinetic isotope effects was calculated via propagation of these errors of the averaged initial rates. See J.
Am. Chem. Soc. 1995, 117, 36, 9357-9358; J. Am. Chem. Soc. 2017, 139, 16, 5965-5972.

B4.1. Allylic Deprotonation Intermolecular KIE Effect via Initial Rates — Two Parallel Reactions
(Scheme 3.3A)

The purpose of these experiments was to determine the KIE at the allylic C-H bonds of
alkenylthianthrenium salts, for which allylic deprotonation is implicated as the rate determining step in
allylic amination. Reaction monitoring was conducted using the General Procedure for '"H NMR Reaction
Monitoring with the specified modifications: in addition to the standard reaction, a second separate stock
solution was prepared using 5-(4-phenylbut-1-en-1-yl-3,3-d2)-5H-thianthren-5-ium
hexafluorophosphate(V) (alkenylTT-d,) 3.3-d; instead of 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium
hexafluorophosphate (alkenylTT) 3.3.

PhNHMe (1.5 equiv.) H

76 B i-Pr,NEt (5.0 equiv.) _)=\_ Me
N ﬁ > Ph N
Ph/?g\’ MeCN-ds (0.1 M) o

3.3 3.5

PhNHMe (1.5 equiv.) D

2

® -Pr,NEt (5.0 equi M

A Sﬁ i-Prp (5.0 equiv.) . — Me

PR Y > ph N
DD

MeCN-d (0.1 M)

3.3-d 3.5-y-d

Figure B31. Reaction scheme for the two parallel experiments that compares the KIE of the allylic C-H/D
bond deprotonation of alkenylthianthrenium salts.

Table B14. Data from Monitoring the Reaction Using '"H NMR Spectroscopy for Allylic Amination
of AlkenylTT 3.3 (Parallel Reactions Experiment).

Runl Run?2 Run3

Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3] (mM) amine 3.5] (min) 3.3](mM) amine3.5] (min) 3.3](mM) amine 3.5]

(mM) (mM) (mM)
0.00 91.35 0.00 0.00 91.93 0.00 0.00 93.06 0.00
3.37 82.35 6.92 3.20 83.30 6.66 2.70 79.28 5.51
3.73 78.49 7.05 3.73 79.20 6.97 3.13 78.50 6.03

4.25 75.95 7.73 4.10 78.38 7.57 3.60 77.33 6.86
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Runl Run2 Run3
4.72 75.59 8.45 4.43 78.03 8.12 4.15 77.27 7.80
5.27 74.69 9.28 4.90 76.73 8.80 4.82 76.54 8.81
5.68 73.85 9.95 5.32 76.80 9.42 5.57 75.83 10.02
6.35 73.13 10.91 5.75 75.39 10.28 6.17 74.10 10.95
6.95 71.56 11.75 6.27 74.05 10.88 6.67 73.70 11.58

Table B15. Data from Monitoring the Reaction Using '"H NMR Spectroscopy for Allylic Amination
of AlkenylTT 3.3-d, (Parallel Reactions Experiment).

Runl Run?2 Run3

Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3-d2] amine 3.5- (min) 3.3-d2] amine 3.5- (min) 3.3-d2] amine 3.5-

(mM)  y-d] (mM) (mM)  y-d] (mM) (mM)  y-d] (mM)
0.00 91.79 0.00 0.00 92.41 0.00 0.00 92.63 0.00
3.02 92.35 0.32 2.95 93.47 0.61 2.97 93.00 0.29
7.03 86.61 0.67 6.50 87.26 0.73 6.55 87.51 0.45
10.10 85.88 1.38 8.55 86.03 1.29 9.62 86.29 1.32
13.00 84.89 1.91 12.60 85.68 1.91 12.67 85.02 1.92
16.20 83.49 2.54 15.65 84.56 247 15.72 84.63 2.40
19.27 83.09 3.04 18.72 83.84 2.98 18.77 84.16 2.98
22.32 82.21 3.71 21.78 82.92 3.46 21.83 83.10 4.15
24.37 81.72 4.24 24.85 82.39 4.01 24.88 82.21 4.01
28.42 81.26 5.36 27.92 81.82 5.51 27.95 81.59 4.71
31.47 80.18 5.96 30.98 81.29 6.13 31.02 80.62 5.95
34.53 79.47 6.73 34.07 79.98 6.69 34.07 80.14 6.56
37.60 78.89 7.06 37.13 79.37 7.19 37.13 79.54 7.25
40.67 78.25 7.68 43.25 78.28 8.34 40.18 78.85 7.78
46.78 76.97 9.01 46.32 77.58 8.80 43.25 78.33 8.30
49.85 76.35 9.34 49.37 76.99 9.24 46.30 77.54 8.68
52.92 75.95 9.90 52.42 75.92 10.00 4935 77.16 9.34

55.98 75.28 10.41 55.48 75.77 10.34 52.40 76.30 9.84
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1H NMR monitoring for product formation for two-pot KIE (allylic position)

11 , y = 1.4003x + 1.9364 y =1.4613x+ 1.7009 ® alkenylTT-d2 - runl
- RZ = 0.9898 -9 ® alkenylTT-d2 - run2
3 = 93907 ' Y ® alkenylTT-d2 - run3
S ¢ y =1.5904x+ 1.1496 & ®  alkenylTT - runl
\E, 5 Rz = 0.9993 ”,-' ®  alkenylTT - run2
— 8 _:;44"," ® alkenylTT-run3
§ ’ “:;::’~ --------- Linear (alkenylTT-d2 - runi)
_8 ’ '5:4" --------- Linear (alkenylTT-d2 - run2)
oY & ‘;::“:-- --------- Linear (alkenylTT-d2 - run3)
) [ \;ﬁ‘r --------- Linear (alkenylTT - run1)
£ 5 ;" .;=‘:::; --------- Linear (alkenylTT - run2)
% ;; _Q:;:"‘:‘ = 0'12'978)( ~04852 Linear (alkenylTT - run3)
o ';;:;,;v.o R?=0.9955
= £ g :‘;:“
= F -y y=0.1985x-0.3881 Y =0.2006x-0.5176
=2 i R?=0.9913 R?=0.9926
: '.’
";!
° ',ﬁ‘
.,xl""
o
_IO.bO 10.00 20.00 30.00 40.00 50.00 60.00
time (min)

Figure B32. Data graphed from monitoring the allylic amine product 3.5 or 3.5-y-d formation using 'H
NMR spectroscopy with alkenylTT 3.3 or 3.3-d,, respectively (two parallel reactions). We have noted in
our kinetic experiments that the conversion rate of alkenylTT 3.3 is slightly higher than the rate of the
formation of allylic amine product 3.5. This observation is consistent with other minor pathways available
to decompose the alkenylTT salt. Consequently, allylic amine product 3.5 or 3.5-y-d formation rates will
be used for quantitative analysis.

Table B16. Initial Rate Data for Two Parallel Reactions KIE at the Allylic Position

using allylic amine 3.5 or 3.5-y-d formation

initial rate (mM/min)

alkenylTT salt runl run2 run3 averageterror
33 0.1978+0.0033 0.1985+0.0048 0.2006+0.0043  0.1990+0.0073
3.3-d; 1.4003+0.0606 1.4613+0.0605 1.5904+0.01896  1.4840+0.0907

kw/kp 7.46+0.53
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B4.2. Allylic Deprotonation Intermolecular KIE Effect — Intermolecular Competition

The purpose of these experiments was to determine and validate the KIE at the allylic C—H bonds of
alkenylthianthrenium salts, for which allylic deprotonation is implicated as the rate determining step in
allylic amination. Reaction monitoring was conducted using the General Procedure for '"H NMR Reaction
Monitoring with the specified modifications: the stock solution was prepared with 5-(4-phenylbut-1-en-1-
yl-3,3-d2)-5H-thianthren-5-ium hexafluorophosphate(V) (alkenylTT-d,) 3.3-d> (0.05 M) and 5-(4-
phenylbut-1-en-1-yl)-5H-thianthren-5-ium hexafluorophosphate (alkenylTT) 3.3 (0.05 M).

CH,Br, PhNHMe

[
|

|
|
|

* only

e}

6.5 60 55 50 45 40 3.5 3.0 25 20 1.5 1.0 05 00 -0.5

f1 (ppm)
Figure B33. Representative "H NMR spectrum of the 1:1 alkenylTT 3.3: 3.3-d; stock solution prepared for
the one-pot intermolecular KIE competition experiment. CH>Br, was used as an internal standard (5.10

ppm, s, 2H).
l: @;S H
A Sg — Me

PhNHMe (1.5 equiv.) Ph
3.3 FPryNEt (5.0 equiv.) 3.5

@@;s MeCN-ds (0.1 M)
S D
Phw g —)=\_ Me
) Ph N

3.3-dy 3.5-y-d
Figure B34. Reaction scheme for the one-pot intermolecular KIE competition for the allylic C—-H/D bond
deprotonation of alkenylthianthrenium salts. Concentration of 3.5-y-d was determined by subtraction of the
annotated C—H signal of 3.5 (5.82 — 5.68 ppm, m, 1H) from the adjacent alkenyl proton signal common to
both 3.5 and 3.5-y-d (5.60 — 5.47 ppm, m, 1H).

1.04-

10.5 10.0 9.5 9.0 8.5

\
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Table B17. Data from Monitoring the Reaction Using '"H NMR Spectroscopy for Allylic Amination
of AlkenylTT 3.3 and 3.3-d; (Intermolecular Competition).

Runl

Time (min) [alkenylTT 3.3 + 3.3-d2] (mM) [allylic amine 3.5] (mM) [allylic amine 3.5-y-d] (mM)

0.00 87.29 0.00 0.00
3.18 85.96 2.92 0.00
4.05 81.14 3.09 0.00
4.60 80.14 3.59 0.00
5.17 79.49 4.01 0.11
5.73 79.17 4.36 0.15
6.30 78.32 4.85 0.13
6.85 77.56 5.25 0.23
7.40 77.39 5.61 0.24
7.97 76.67 5.87 0.49
8.52 76.42 6.51 0.19
9.07 75.53 6.79 0.36
9.63 75.36 7.06 0.55
10.18 74.88 7.24 0.73
10.75 74.31 7.40 0.75
11.32 74.15 8.13 1.31
Run?

Time (min) [alkenylTT 3.3 + 3.3-d2] (mM) [allylic amine 3.5] (mM) [allylic amine 3.5-y-d] (mM)

0.00 90.02 0.00 0.00
3.32 86.83 2.97 0.00
4.17 81.28 3.06 0.00
4.75 81.35 3.71 0.00
5.30 80.08 4.03 0.00
5.85 79.43 4.40 0.09
6.40 79.11 4.88 0.25
6.95 78.09 5.23 0.33

7.52 77.98 5.64 0.37
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0.00
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1H NMR monitoring for product formation for one-pot KIE (allylic position)

11
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Figure B35. Data graphed from monitoring the allylic amine product 3.5 or 3.5-y-d formation using 'H
NMR spectroscopy with 1:1 alkenylTT 3.3 and 3.3-d», respectively (intermolecular competition). We have
noted in our kinetic experiments that the conversion rate of alkenylTT 3.3 is slightly higher than the rate of
the formation of allylic amine product 3.5. This observation is consistent with other minor pathways
available to decompose the alkenylTT salt. Consequently, allylic amine product 3.5 or 3.5-y-d formation
rates will be used for quantitative analysis.

Table B18. Initial Rate Data for Intermolecular Competition KIE at the Allylic Position

using allylic amine 3.5 or 3.5-y-d formation

initial rate (mM/min)

alkenylTT salt runl run2 run3 averageterror

33 0.6888+0.0175 0.7109+.0135 0.7040+0.0223  0.7012+0.0314

3.3-d; 0.0976+0.0089 0.1009+0.0097 0.0891+0.0089  0.0959+0.0159
kwkp 7.31+1.26

Conclusion: Both the two parallel reactions and intermolecular one-pot competition experiments exhibit a
large primary KIE of ~7. These data are consistent with breaking the C—H/D bond in the transition state
structure of the rate determining step i.e. allylic deprotonation of the alkenylthianthrenium salt. See Angew.
Chem. Int. Ed. 2012, 51 (13), 3066—3072. Furthermore, the large primary KIE of 7.46+0.53 obtained from
the two parallel reactions nears the maximum primary KIE (within error) for C-H bond dissociation at
room temperature. This is consistent with high degree of C—H bond breaking in the late transition state for
endothermic allylic deprotonation, see Appendix B11 for computational details.
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B4.3. Intermolecular KIE Effect at Ylide Position via Initial Rates — Two Parallel Reactions

The purpose of these experiments was to determine the KIE at the ylide formation position of
alkenylthianthrenium salts. Reaction monitoring was conducted using the General Procedure for 'H NMR
Reaction Monitoring with the specified modifications: in addition to the standard reaction, the stock solution
was prepared using 5-(4-phenylbut-1-en-1-yl-1-d)-5H-thianthren-5-ium  hexafluorophosphate(V)
(alkenylTT-d) 3.3-d instead of 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium hexafluorophosphate

(alkenylTT) 3.3.
@ PhNHMe (1.5 equiv.)
76 > i-ProNEt (5.0 equiv.) — Me
~ = e/
P Y MeCN-ds (0.1 M) Ph ¥ N\Ph
33 35
@S PhNHMe (1.5 equiv.)
SG@ i-ProNEt (5.0 equiv.) _/=>_ Me
S > Ph N
PN MeCN-dj (0.1 M) ™
3.3-d 3.5-a-d

Figure B36. Reaction scheme for the two parallel experiments that compares the KIE of the alkenyl C—
H/D bond that generates an ylide upon allylic deprotonation of alkenylthianthrenium salts.

Table B19. Data from Monitoring the Reaction Using '"H NMR Spectroscopy for Allylic Amination
of AlkenylTT 3.3 (Parallel Reactions Experiment).

Runl Run?2 Run3

Time [alkenylTT [allylic Time [alkenylTT [allylic Time [alkenylTT [allylic
(min) 3.3](mM) amine3.5] (min) 3.3](mM) amine3.5] (min) 3.3] (mM) amine 3.5]

(mM) (mM) (mM)
0.00 86.97 0.00 0.00 87.36 0.00 0.00 86.80 0.00
3.47 81.43 5.57 3.02 83.10 4.92 3.53 82.44 5.92
4.13 75.77 6.69 3.67 77.50 5.93 3.92 76.44 6.52
4.37 76.06 7.00 4.03 76.93 6.82 4.55 74.91 7.35
4.65 75.10 7.33 4.52 75.93 7.36 4.78 75.34 7.70
5.07 74.14 8.18 5.08 74.79 8.23 5.32 73.38 9.13
5.45 73.31 9.35 5.58 74.06 9.12 5.85 72.31 9.78
5.85 72.43 9.85 6.12 72.67 10.37 6.38 71.26 10.65
6.28 71.64 9.99 6.68 71.63 10.34 6.83 70.85 11.45
6.55 71.70 10.44 7.12 70.84 11.14 7.22 69.65 11.89
6.93 70.91 10.86 7.52 70.28 11.34 0.00 86.80 0.00

7.32 69.80 11.33 8.12 69.14 13.16 3.53 82.44 5.92
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Table B20. Data from Monitoring the Reaction Using '"H NMR Spectroscopy for Allylic Amination
of AlkenylTT 3.3-d (Parallel Reactions Experiment).

Time
(min)
0.00
2.97
3.32
3.60
4.00
4.37
4.63
4.93

5.83

12

[allylic amine product] (mM)

Runl

[alkenyl TT [allylic Time
3.3-d] amine 3.5-  (min)
(mM) o-d] (mM)
87.70 0.00 0.00
82.47 4.62 3.37
7737 5.32 3.62
76.58 5.89 4.02
75.37 6.32 4.50
75.10 7.20 4.82
74.65 7.60 5.25
74.58 8.17 5.67
72.37 9.95 6.23
69.84 11.98 6.78

Run2

[alkenylTT

3.3-d] amine 3.5-

[allylic

Time

(mM) o-d] (mM)

87.05

82.39

77.91

76.18

74.88

74.83

73.82

73.12

72.00

70.86

0.00

6.37

5.65

6.72

7.70

8.55

9.02

9.22

10.53

11.46

0.00

2.97

3.62

4.05

4.48

5.02

5.33

5.95

6.45

6.83

(min)

Run3
[alkenyl TT [allylic
3.3-d] amine 3.5-
(mM) a-d] (mM)
87.52 0.00
83.33 4.64
76.70 5.66
76.05 6.48
75.31 7.86
74.13 8.59
73.93 8.36
72.41 9.99
71.66 10.90
71.24 11.30

1H NMR monitoring for product formation for two-pot KIE (alkenyl position)
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Figure B37. Data graphed from monitoring the allylic amine product 3.5 or 3.5-a-d formation using 'H
NMR spectroscopy with 1:1 alkenylTT 3.3 and 3.3-d», respectively (intermolecular competition). We have
noted in our kinetic experiments that the conversion rate of alkenylTT 3.3 is slightly higher than the rate of
the formation of allylic amine product 3.5. This observation is consistent with other minor pathways
available to decompose the alkenylTT salt. Consequently, allylic amine product 3.5 or 3.5-a-d formation
rates will be used for quantitative analysis.
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Table B21. Initial Rate Data for Two Parallel Reactions KIE at the Alkenyl Position.

using allylic amine 3.5 or 3.5-a-d formation

initial rate (mM/min)

alkenylTT salt runl run2 run3 averageterror

33 1.5807+0.0438 1.5836+0.0451 1.6772+0.0296  1.6138+0.0702

3.3-d 1.6914+0.0396 1.6757+0.0611 1.6880+0.0513  1.6850+0.0891
kwkp 0.96 +0.07

Conclusion: a minimal inverse secondary KIE that is within error of no KIE (ku/kp = 1) is observed at the
position corresponding to the site of ylide formation. One potential rationalization for lack of KIE is
minimal hybridization at the C—H bond upon allylic deprotonation of the alkenylthianthrenium salt, see
Appendix B11 for computational details.

BS. Deuterium Oxide Labeling Experiments
BS.1. Stability of the Allylic Amine Product 3.5 Under Basic Conditions

To a threaded vial equipped with a magnetic stir bar was added N-methyl-N-(4-phenylbut-2-en-1-yl)aniline
5 (5.9 mg, 0.025 mmol, 1.0 equiv.) and MeCN (0.25 mL). Deuterium oxide (13.5 puL, 0.75 mmol, 30 equiv.)
followed by i-ProNEt (17.5 pL, 0.10 mmol, 4.0 equiv) were then added. The reaction mixture was capped
with a PTFE seal and stirred at room temperature until completion of the reaction (6 hours). The reaction
was analyzed by 'H NMR spectroscopy using CH>Br; as an external standard (Figure B38). The results and
analysis are summarized in Figure B39.

" i

After treatment with excess D,0 and i-PrNEt base: .
i-Pr,NEt

" #0 base

Me
N Me CH,Br,
“Ph )
§P sty
Ph™™

Major isomer Minor isomer

=2.01 total

61 59 57 55 53 51 49 47 45 43 41 39 37 35 33 31 2
f1 (ppm)
Figure B38. '"H NMR spectrum of allylic amine 3.5 after treatment with i-Pr,NEt base and DO.
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0% D-incorporation

Me [D20] ¢ Me
/{YN\Ph i-Pr,NEt (4 equiv.) N )/\QN‘Ph
H H - H H
Ph MeCN (0.1 M), 6 h Bh
99% r.s.m.

Figure B39. No deuterium incorporation is observed at the allylic position a to the N-amine (N-allylic
signal) under the i-ProNEt basic conditions used in the allylic amination of thianthrenium salts. r.s.m. =
recovered starting material.

Conclusion: This control supports that the allylic position is stable upon product formation and that any
incorporation of deuterium during allylic amination of thianthrenium salts can be attributed to deuteration
of reaction intermediates.

B5.2. Probing the Deuteration of Reaction Intermediates (Scheme 3.3B)

The General Procedure for Allylic Amination of Alkenylthianthrenium Salts was performed with the
specified modifications: the reaction was scaled to 0.20 mmol in alkenylthianthrenium salt 3.3 and
deuterium oxide (119 pL, 6.6 mmol, 33 equiv.) was added prior to N, N-diisopropylethylamine addition.
The reaction was first analyzed by 'H NMR spectroscopy using CH,Br; as an external standard, the yield
and Z:E are summarized in Figure B40.

Upon completion, the reaction solution was then concentrated under reduced pressure. The residue was
purified via flash column chromatography (hexanes/ethyl acetate) to afford allylic amine product 3.5 as an
oil. For %H quantitation, six "H NMR (500 MHz) spectra were acquired with the following parameters:
relaxation delay = 10 seconds, number of scans = 8 scans. Standard deviations of the integration averages
are reported. Fractional error for percent deuterium incorporation was calculated via propagation of the
average integration errors. The results and analyses are summarized in Table B22, Figure B42, and Figure
B47.

Ph., .M
H e
; Me
S P (:\é equiv.) N 'H NMR signals:
Ph/\/\,s(?ﬁ FProNEL (5 equiv) > ﬁ@@”@ “Ph alkenyl signal #1
D,0 (33 equiv.) Ph alkenyl signal #2

MeCN (0.1 M), 6 h N-allylic signal

3.3 3.5: 74% yield

6.0:1 ZE
Figure B40. Deuterium labeling experimental results using D,O. Protons being investigated for deuterium
incorporation are annotated.
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Figure B41. Example "H NMR spectrum of purified allylic amine product 3.5 for deuterium incorporation
analysis. The benzylic (2.00 H) and N-methyl (3.00 H) signals were used for validation and comparison to
determine the percent loss in proton signal of potentially reactive sites.

Table B22. '"H NMR Integration Data for Alkenyl Signals and N-Allylic Signals. Integrations are
Relative to 2.00 for the Benzylic Signal and 3.00 for the N-Methyl Signal.

Entry Alkenyl Signal #1 Alkenyl Signal #2 N-allylic Signal
5.71 = 5.61 ppm, 1H 5.51 -5.44 ppm, 1H 3.97 —3.73 ppm, 2H

1 1.00 1.00 0.95
2 1.01 1.00 0.95
3 1.00 0.99 0.94
4 1.01 1.01 0.96
5 1.00 1.00 0.94
6 1.00 1.00 .94
Average+StdDev 1.00+0.01 1.00+0.01 0.95+0.01
Percent Deuterium (%) 0.00£0.01 0.00£0.01 52.67+£0.45

First, we looked at the deuterium incorporation at the N-allylic position (3.97 — 3.73 ppm, 2H) of the amine
product 3.5. Based on the proton signal of 0.95+0.01 for the expected 2H, the percent deuterium
incorporation was calculated to be 52.67+0.45%. Mechanistically, either the ammonium conjugate acid
(lower pKa) or D,O (used in excess) can serve as the deuterium source. Since deuterium is incorporated
into the site of sulfonium ylide formation, this supports the stipulation that deuterium from D,O may wash
into the conjugate acid of the amine base and that deuteration of anionic intermediates is feasible under
these conditions.
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Curiously, we observed lower deuterium incorporation for the E-isomer of the allylic amine product 5 than
in the Z-isomer (Figure B42). This observation was found to be reproducible.

55% deuterium 39% deuterium
Ph\N'Me incorporation incorporation
@S (15 :quiv.)' ¢ Me ¢ Ne
Ph/\/\/s ® 1; i-Pr,NEt (5 equiv.) . f\@N\Ph PhM\@N‘Ph
D,0 (33 equiv.) Ph
3.3 MeCN (0.1 M), 6 h Z-3.5 E-3.5

53% total deuterium incorporation

Figure B42. Deuterium labeling experimental results using D,O. Protons being investigated for deuterium
incorporation are annotated. Total deuterium incorporation for combined 74% yield (6.0:1 Z:E) of 3.5 is
53%. Greater deuterium incorporation was observed for Z-3.5 than E-3.5.

Identifying the Source of Deuterium Incorporation Discrepancy for Z- and E-Isomers

We considered a scenario in which the allylic protons of the alkenylthianthrenium salt are giving rise to this
observation. To probe this, General Procedure for Allylic Amination of Alkenylthianthrenium Salts was
performed with the specified modifications: using 5-(4-phenylbut-1-en-1-yl-3,3-d2)-5H-thianthren-5-ium
hexafluorophosphate(V) (alkenylTT-d,) 3.3-d; instead of 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium
hexafluorophosphate (alkenylTT) 3.3. The reaction was first analyzed by 'H NMR spectroscopy using
CH:Br; as an external standard, the yield and Z:E are summarized in Figure B43.

Upon completion, the reaction solution was concentrated under reduced pressure. The residue was purified
via flash column chromatography (hexanes/ethyl acetate) to afford allylic amine product 3.5-y-d as an oil.
For %H quantitation, "H NMR (500 MHz) parameters: relaxation delay = 10 seconds, number of scans = 8
scans. The results and analyses are summarized in Figures B44 and B45.

Ph{, -M
N e

H Me "H NMR signals:
@@58 ' (1.5 equiv.) . D N\Ph alkenyl signal #1
Phwsﬁ i-ProNEt (5 equiv.) - aiRenyl eignaile2

DD MeCN (0.1 M), 24 h N-allylic signal

3.3-d, 3.54-d: 71% yield
56:1 ZE

Figure B43. Deuterium labeling experimental results using alkenylTT-d, salt 3.3-d,. Protons being
investigated for deuterium incorporation are annotated.




240

Me
5 lll Me N-allylic signal V4
“Ph Ph/\®@® Neph H
Z-
Ph D o —
Major isomer Minor isomer 2.00 H total for 3.00 H total for

— benzylic protons methyl protons

Q© alkenyl
signal #2
alkenyl
signal #1 L E
o I __J1&5% JU& JUL—
174 4 b PYRTY &
e 9 n o @ ! Q
T T T T = IH T T T T T T T 'I-"-‘OI T HI = T T ﬂ? T T
6.4 6.2 6.0 58 56 54 52 50 48 46 44 42 40 3.8 3.6 34 3.2 3.0 28 2.6 24

f1 (ppm)
Figure B44. 'H NMR spectrum of isolated allylic amine 3.5-y-d derived from allylic amination of
alkenylTT-d; 3.3-dy The benzylic and N-methyl signals were used for validation and comparison to
determine the percent loss in proton signal of potentially reactive sites.

Ph. .Me 16% deuterium 47% deuterium
H incorporation incorporation
§:Z (1.5 equiv.) ¢ ¢
) . M M
S S% i-Pr,NEt (5 equiv.) D '{le '{le
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Ph/?g\/ MeCN (0.1 M), 6 h j/\@ /T\@
Ph
3.3-d, Z-3.54-d E-3.5+y-d
only deuterium source 19% total deuterium incorporation

Figure B4S5. Deuterium labeling experimental results using alkenylTT-d, 3.3-d,. Protons being investigated
for deuterium incorporation are annotated. Total deuterium incorporation for combined 71% yield (5.6:1
Z:F) of 3.5 is 19%. Lower deuterium incorporation was observed for Z-3.5-y-d than E-3.5-y-d.

Based on the N-allylic (3.97 — 3.73 ppm, 2H) signal of 1.63 for the expected 2H (see Figure B44), the total
percent deuterium incorporation was calculated to be 19%. This total %D value was found to be less than
statistical, which we attribute to proton contributions from exogenous water that may be present since no
precautions to dry the reagents were taken. A similar analysis was applied to determine the %D in the Z-
and E-isomers of 3.5-y-d. Importantly, this experiment shows that the Z-isomer of 3.5-y-d exhibits 16%
deuteration while the E-isomer has significantly more at 47% deuteration. These results are the near inverse
of observations made in the earlier experiment (Figure B40) and validates that the proton source in a sea of
deuterium was coming from the alkenylthianthrenium salt 3.3 (Figure B42). We have formed a preliminary
model to explain the difference in deuterium incorporation for the Z- and E-allylic products. Molecular
dynamics computations suggest that allylic deprotonation of the E-alkene forming transition state may have
contributions from a non-classical trajectory, see Appendix B11 for more details.
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Evaluating the Reversibility of Allylic Deprotonation

Next, we looked at the alkenyl signals of the allylic amine product to determine if the allylic deprotonation
of the alkenylthianthrenium salt was reversible or irreversible:

probing reversibility of allylic C—H bond breaking step

H H/D
washing in? H
I\Ille
If reversible: expect to observe deuterium incorporation into product. N\Ph
If irreversible: expect to observe no deuterium incorporation into product. g\/

Figure B46. Mechanistic hypothesis tested by D,O deuterium labelling experiment.

alkenyl signal #1:
0% deuterium

Ph\N,Me incorporation
H
(1.5 equiv.) ¢ e
gs i-ProNEt (5 equiv.) Npp,
/\/\/8@ . >
Ph D20 (33 equiv.) Ph R alkenyl signal #2:
3.3 MeCN (0.1 M), 6 h 3.5 0% deuterium

incorporation
Figure B47. Deuterium labeling experimental results using D,O. Protons being investigated for deuterium
incorporation are annotated. Total deuterium incorporation for combined 74% yield (6.0:1 Z:E) of 3.5 is
0% at both alkenyl positions.

Since no deuterium incorporation is observed into the alkenyl positions (5.71 — 5.61 ppm, 1H and 5.51 —
5.44 ppm, 1H) of the allylic amine product 3.5, this experiment supports irreversible deprotonation under
allylic amination reaction conditions.

B5.3. Irreversibility of Allylic Deprotonation Under Reaction Conditions (Scheme 3.3C)

The purpose of this experiment was to validate the irreversibility of the allylic deprotonation during allylic
amination conditions. To this end, the General Procedure for Allylic Amination of Alkenylthianthrenium
Salts was performed with the specified modification: using 5-(4-phenylbut-1-en-1-yl-1-d)-5H-thianthren-5-
ium hexafluorophosphate(V) (alkenylTT-d) 3.3-d instead of 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-
ium hexafluorophosphate (alkenylTT) 3.3. The reaction was first analyzed by 'H NMR spectroscopy using
CH:Br; as an external standard, the yield and Z:E are summarized in Figure B48.

Upon completion, the reaction solution was concentrated under reduced pressure. The residue was purified
via flash column chromatography (hexanes/ethyl acetate) to afford allylic amine product 3.5-a-d as an oil.
For %H quantitation, 'H NMR (500 MHz) parameters: relaxation delay = 10 seconds, number of scans = 8
scans. Standard deviations of the integration averages are reported. Fractional error for percent deuterium
incorporation was calculated via propagation of the average integration errors. The results and analyses are
summarized in Table B23 and Figure B50.
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Figure B48. Deuterium labeling experimental results using alkenylTT-d 3.3-d. Protons being investigated
for deuterium incorporation are annotated.
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Figure B49. Example 'H NMR spectrum of purified allylic amine product 3.5-a-d for deuterium
incorporation analysis. The benzylic and N-methyl signals were used for validation and comparison to
determine the percent loss in proton signal of potentially reactive sites.

Table B23. 'H NMR Integration data for Alkenyl Signals and N-Allylic Signals. Integrations are
Relative to 2.00 for the Benzylic Signal and 3.00 for the N-Methyl Signal.

Entry Alkenyl signal #1 Alkenyl signal #2 N-allylic signal
5.71 = 5.61 ppm, 1H 5.51 — 5.44 ppm, 1H 3.97 — 3.73 ppm, 2H

1 1.00 1.00 1.01
2 1.00 0.99 1.01
3 1.00 1.00 1.02

4 1.00 1.00 1.02
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Entry Alkenyl signal #1 Alkenyl signal #2 N-allylic signal
5.71 = 5.61 ppm, 1H 5.51 — 5.44 ppm, 1H 3.97 - 3.73 ppm, 2H
5 1.00 1.00 1.02
6 1.00 1.01 1.02
Average+StdDev 1.00+0.00 1.00+0.01 1.02+0.01
Percent Deuterium (%) 0.00+0.00 0.00+0.01 49.17+£0.25
alkenyl signal #1: N-allylic signal:
0% deuterium 49% deuterium
Ph\N,Me incorporation
I oyue

H
@és (1.5 equiv.) Nepy

Ph/\/\(sﬁ i-ProNEt (5 equiv.) o Q

Ph alkenyl signal #2:

D MeCN (0.1 M), 24 h :
0% deuterium
3.3d 3.5-v-d incorporation
Figure B50. Deuterium labeling experimental results using alkenylTT-d 3.3-d. Protons being investigated

for deuterium incorporation are annotated. Total deuterium incorporation for combined 74% yield (5.7:1
Z:E) of 3.5-a-d is 0% at both alkenyl positions, and there is 49% deuterium at the N-allylic position.

Conclusions: Given that the deuterium content of the alkenylTT-d 3.3-d starting material is 98%, the 49%
deuterium detected at the N-allylic position (3.97 — 3.73 ppm, 2H) of the amine product 3.5-a-d indicates
a 0% loss in deuterium. Taken together, these deuterium labelling experiments are consistent with
irreversible allylic deprotonation under allylic amination conditions.

Be6. Detection of an Allylic Thianthrenium Electrophile

During our in situ reaction monitoring of the allylic amination of alkenylthianthrenium salt (alkenylTT) 3.3
with N-methylaniline using i-ProNEt base, no thianthrenium species other than alkenylTT 3.3 were
detected. We questioned whether an allylic thianthrenium intermediate could be detected when using a
bulkier nucleophile to decrease the rate of the substitution step. To this end, we utilized i-ProNEt as both
the base and nucleophile since we have observed allylic ammonium B7 formation in the absence of a
secondary amine. Reaction monitoring was conducted using the General Procedure for 'H NMR Reaction
Monitoring with the specified modifications: no N-methylaniline was added to the stock solution; then, i-
ProNEt (54.0 pL, 0.30 mmol, 6 equiv.) was added via microsyringe to the NMR tube.
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Figure BS1. Reaction scheme for allylic amination using bulky i-Pr.NEt as base and nucleophile.

Table B24. Data from Monitoring the Reaction Using '"H NMR Spectroscopy for Allylic Amination
of AlkenylTT 3.3 (Allylic Ammonium B7 Formation).

Time [alkenyITT 3.3] [al{ylic Allyli‘c [allylic unknown] (mM) Z:E of
(i) (mM) ammonium B7] ammonium 4.73 ppm & unknown
(mM) Z:E 4.57 ppm
0.00 91.16 0.00 -- 0.00 --
3.00 86.64 3.16 71.43 2.71 83.33
5.60 79.42 5.87 69.23 2.71 83.33
6.70 77.62 7.22 75.00 3.16 85.71
7.75 75.81 8.57 78.95 3.16 85.71
8.80 73.10 9.93 81.82 3.16 85.71
9.90 71.30 12.18 77.78 3.16 85.71
11.00 70.40 13.54 80.00 3.16 85.71
12.00 68.59 14.89 81.82 3.16 85.71
13.00 66.79 16.25 83.33 3.16 85.71
14.00 64.98 17.15 84.21 2.71 83.33
15.10 64.08 19.40 81.40 2.71 83.33
16.25 62.27 20.76 82.61 2.26 80.00
21.50 55.96 27.08 83.33 2.26 80.00
26.80 50.54 32.49 86.11 2.26 80.00
32.10 45.13 37.45 85.54 1.81 75.00
37.40 40.61 4242 85.11 1.81 75.00
42.75 37.00 46.03 86.27 1.81 75.00
48.00 33.39 49.64 85.45 1.35 66.67
53.30 29.78 52.80 86.32 1.35 66.67

58.50 27.08 56.41 85.60 1.35 66.67
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Figure B52. Data graphed from monitoring the allylic ammonium product B7 formation using 1H NMR
spectroscopy with alkenylTT 3.3 and i-ProNEt. Unknown allylic intermediate is initially formed in low but
detectable concentrations, then is fully consumed during the allylic amination.
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Figure B53. '"H NMR detection of an allylic intermediate indicated by doublets at 4.57 and 4.73 ppm
corresponding to potential Z- and E-isomers. Use of bulky i-Pr.NEt as base and nucleophile gives rise to
observation of this transient intermediate during allylic ammonium B7 formation.

Conclusions: The coupling constants obtained for the new allylic intermediate signals (doublets at 4.57 and
4.73 ppm) correspond to those of the Z- and E-allylic ammonium product B7. Based on these J-values, the
Z:E of the allylic intermediate corresponds to that of the allylic ammonium product B7. This species is
detected in < 4% yield during the course of allylic amination with i-Pr,NEt and is absent upon completion
of the reaction. Lastly, the detection of new aryl thianthrenium signals that shoulder those of the alkenylTT
3.3 correspond to the detection of the unknown allylic signals. Taken together, we propose this allylic
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intermediate corresponds to the allylic thianthrenium electrophile that is formed with Z-selectivity upon
allylic deprotonation of the alkenylthianthrenium salt and protonation of the resultant ylide.

Stabilized allylic sulfonium salts are readily prepared (see Chem. Lett. 2003, 32 (7), 626—627) and have
been shown to undergo allylic substitution (see Angew. Chem. Int. Ed. 2023, 62 (2), €202214096.). To the
best of our knowledge, this marks the first report of detection of an unstablized allylic thianthrenium species

with any stereochemical configuration (for studies regarding unsubstituted 5-allylthianthrenium salt, see J.
Org. Chem. 1990, 55 (9), 2702-2713).

B7. Discussion of Hypotheses Inconsistent with Mechanistic Data

B7.1. Inconsistent with Dication Formation from Alkenylthianthrenium Salt

S
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Nu—H S
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S ) @ DY path a
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path b Nu H Nu
base {\,Sg base {\/

Figure B54. Potential pathways envisioned from dicationic adduct formation from alkenylthianthrenium
salt that afford allylic functionalized products.

“Pathway a” is ruled out by the combination of a large primary KIE at the allylic C—H bonds of the
alkenylITT salt rules and the reactant orders determined through kinetic experiments. This is because the
primary KIE suggests the last step is the highest energetic barrier but, in this scenario, a second order in
base as well as first order in nucleophile would be expected. However, experimentally a first order in i-
ProNEt base and zeroth order in PANHMe nucleophile is observed.

On the other hand, “pathway b” is consistent with first order in base and zeroth order in nucleophile.
However, a first order in acid would be expected since ylide protonation in “pathway b” occurs prior to rate
determining allylic deprotonation, and this is inconsistent with experimentally determined zeroth order in
i-Pro,NHEtPF acid.

While DFT calculations discussed prior (see Figure B5) indicate that mechanistic proposals involving the
formation of dicationic adducts from alkenylthianthrenium salts, i.e. ylide formation (1) and protonation in
Figure S54, are highly improbably at room temperature, we were motivated to experimentally exclude this
sequence using phenoxathiin-derived alkenylsulfonium salt B8. Indeed, preparation of this
alkenylsulfonium salt via sulfoxide de-oxygenation protocols that proceed through mono-adduct formation
are ineffective (see Angew. Chem. 2020, 132 (14), 5665-5669). We were able to preparc B8
electrochemically in which exclusively bis-adduct via sulfur radical cation reactivity was detected.
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probing mono-adduct formation requirement using phenoxathiin

Figure B55. Mechanistic hypothesis tested by alkenylphenoxathiinium salt experiment.

With alkenylphenoxathiinium salt B8 in hand, we were curious about the Z-selective allylic
functionalization being unique to the thianthrene moiety, or if other sulfonium structures could be engaged
in reactivity. General Procedure for Allylic Amination of Alkenylthianthrenium Salts was performed with
the specified modifications: using 10-(4-phenylbut-1-en-1-yl)-10H-phenoxathiin-10-ium
hexafluorophosphate(V) (alkenylPT) B8 instead of 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium
hexafluorophosphate (alkenylTT) 3.3. The yield and Z:E are summarized in Figure B56.

Ph\N,Me
H
0 (1.5 equiv.)
® i-ProNEt (5 equiv.) — Me
ph/\/\/sﬁ > Ph—/_\—N\
MeCN (0.1 M), 24 h Ph
B8 3.5: 78%

281ZE
Figure B56. Allylic amination results using alkenylPT B8. Phenoxathiin is a competent sulfonium structure
for Z-selective alyllic functionalization.

The purpose of these next experiments was to investigate the relative rates of allylic functionalization of
the different alkenylsulfonium structures. Reaction monitoring was conducted using the General Procedure
for 'TH NMR Reaction Monitoring with the specified modifications: in addition to the standard reaction, the
stock  solution was  prepared using  10-(4-phenylbut-1-en-1-yl)-10H-phenoxathiin-10-ium
hexafluorophosphate(V) (alkenylPT) B8 instead of 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium
hexafluorophosphate (alkenylTT) 3.3.

Table B25. Data From Monitoring the Reaction Using "TH NMR Spectroscopy for Varying
Alkenylsulfonium Structures.

Thianthrene Phenoxathiin
Time (min) [alkenyl TT [allylic amine Time (min) [alkenylS* B8] [allylic amine

3.3] (mM) 3.5] (mM) (mM) 3.5] (mM)

0.00 9491 0.00 0.00 91.18 0.00

3.10 86.76 5.62 2.93 86.56 4.71

3.83 81.26 6.21 3.82 82.24 5.67

4.22 80.20 7.42 4.2 81.84 6.25

4.62 79.59 8.04 4.58 81.01 7.00

5.00 78.65 7.81 4.97 79.83 7.46
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Thianthrene Phenoxathiin
78.12 8.62 5.37 79.42 8.01
76.38 9.69 5.77 78.48 8.65
76.62 10.33 6.15 78.02 9.18
75.69 11.11 6.55 77.55 10.03
75.02 11.68 6.95 76.54 10.56
73.78 12.43 7.35 75.83 11.07
73.63 12.95 7.75 74.93 11.20
72.66 13.44 8.15 74.54 12.09
71.64 14.17 8.53 73.92 12.71
71.22 14.59 8.93 73.66 12.94
70.60 15.17 9.32 72.87 13.86

1H NMR monitoring for product formation for sulfonium stuctures
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Figure B57. Data graphed from monitoring the allylic amine product 3.5 formation using 'H NMR
spectroscopy during allylic amination of alkenylTT 3.3 or alkenylPT BS.
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1H NMR monitoring for alkenylS+ conversion for sulfonium structures
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Figure B58. Data graphed from monitoring the alkenylTT 3.3 or alkenylPT B8 conversion using '"H NMR
spectroscopy during allylic amination of alkenylTT 3.3 or alkenylPT BS.

Table B26. Initial Rate Data for Alkenylsulfonium Structures.

Sulfonium Structure = Thianthrene Phenoxathiin

Kkops (mM/min) 1.6356+0.0285 1.4616+0.0181

Conclusion: Allylic amination of alkenylPT salt B8 proceeds with comparable yield of allylic amine
product 5 and diminished Z-selectivity compared to alkenylTT 3.3. Furthermore, the rate of allylic
amination of alkenylPT salt S8 is the same order of magnitude as that of alkenylTT 3.3, with the rate of
latter being slightly faster (1.1x). Taken together, these data suggest that alkenylsulfonium salts derived
from phenoxathiin and thianthrene proceed through the same elementary steps for Z-selective allylic
functionalization with amine nucleophiles. Altogether, we have excluded mechanistic hypotheses that
invoke the formation of dicationic adduct from alkenylsulfonium salts and favor the proposed model in
Figure 3.2.
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B7.2. Inconsistent with Conjugate-type Addition Mechanisms

Recently, our group has developed a net diamination platform from electrogenerated dicationic adducts
between thianthrene and alkenes (J. Am. Chem. Soc. 2023, 145 (15), 8299-8307). Mechanistic studies
revealed that adducts undergo elimination by potassium phthalimide to alkenylthianthrenium salt. Then,
phthalimide anion engages with the alkenylthianthrenium intermediate by a conjugate-type addition then
protonation sequence to generate a 1,2-phthalimidosulfonium salt. Furthermore, studies conducted within
our lab demonstrated that, under certain basic conditions, this alkylthianthrenium salt can furnish Z-allylic
products. We wondered if this conjugate-type addition reactivity could be operative for the allylic
functionalization of alkenylthianthrenium salts.

o &% o x &k s
S X ® H ® base @ Nu—H N
oSy g T f\e/SZj — f\/stj — f\/stj M f\/ u

Figure B59. Potential pathways envisioned from conjugate-type addition into alkenylthianthrenium salt
that afford allylic functionalized products.

At first glance, this hypothesis is consistent with large primary KIE at the allylic C—H bonds of the
alkenylTT and first order in i-ProNEt base. However, a first order in acid would be expected since ylide
protonation occurs prior to rate determining deprotonation, and this is inconsistent with experimentally
determined zeroth order in i-Pro,NHEtPF acid.

In our initial allylic amination disclosure, treatment of 1:1 E:Z alkenylTT salt furnished allylic amine in
comparable yields and Z-selectivity as the one pot electrochemical protocol from adducts (J. Am. Chem.
Soc. 2021, 143 (51), 21503-21510). During studies in our group, we observed rapid isomerization of this
mixture of E- and Z-alkenylTT salts upon addition of BaNHMe secondary amine. We propose the Z>E
isomerization occurs through reversible conjugate-type addition into the alkenylTT that generates the
thermodynamically favored E-isomer (vide infra Figure B62).

Along this line of reasoning, with regards to potential identities of X for the conjugate-type addition, we
excluded PhNHMe amine since the reaction was experimentally determined to be zeroth order in PhNHMe
nucleophile and the alkylthianthrenium salt was not detected during allylic amination, which excluded it as
the lowest energy thianthrenium species. This would leave i-Pr.NEt as X and, based on the large primary
KIE, a second order dependence would be expected for steps involving i-Pr.NEt prior to deprotonation,
which is inconsistent with the experimentally determined first order in i-Pr,NEt base.

We were curious to probe the ability of i-Pr.NEt to engage in conjugate-type addition with
alkenylthianthrenium salts. To this end, we prepared a 1:1 E:Z mixture of alkenylTT salt B9 using the
electrochemical conditions in our previous allylic amination study. We hypothesized that if reversible
conjugate-addition was occurring, then Z-> F isomerization would be observed faster than the rate of allylic
functionalization. Reaction monitoring was conducted using the General Procedure for '"H NMR Reaction
Monitoring with the specified modifications: the stock solution was prepared using 5-(but-1-en-1-yl)-5H-
thianthren-5-iumhexafluorophosphate(V) B9 instead of 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium
hexafluorophosphate 3.3 and no N-methylaniline was added; then, i-Pr.NEt (12.0 pL, 0.20 mmol, 2 equiv.)
was added via microsyringe to the NMR tube. Allylic ammonium product derived from alkenylTT B9 was
assigned based on analogy to B7.
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Figure B60. Reaction scheme for allylic amination of an £:Z alkenylTT mixture using i-ProNEt as base
and nucleophile.

Table B27. Data from Monitoring the Reaction Using '"H NMR Spectroscopy for Allylic Amination
of AlkenylTT B9 (E:Z mixture).

Time (min) [alkenylTT E-B9] (mM) [alkenylTT E-B9] (mM) Ao )|

(mM)
0.00 46.54 46.22 0.00
3.00 50.12 45.57 0.00
5.00 48.82 4231 0.65
7.00 48.17 41.66 1.46
9.00 46.87 41.66 2.44
11.00 46.22 41.33 3.25
13.00 4491 41.01 4.23
15.00 43.61 41.01 5.04
17.00 42.96 41.01 5.86
19.00 41.99 40.68 6.83
21.00 41.01 40.68 7.65
23.00 40.03 40.36 8.30
25.00 39.38 40.03 9.11
27.00 38.41 39.71 9.93
29.00 37.75 39.71 10.58
31.00 37.10 39.38 11.39
33.00 36.13 39.38 11.88
35.00 35.48 39.38 12.53
37.00 34.50 39.06 12.86
39.00 33.85 39.06 13.51
41.00 32.87 38.73 14.16
43.00 32.22 38.73 14.81
45.00 31.57 38.73 15.30

47.00 30.92 38.73 15.95
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Time (min) [alkenyITT E-B9] (nM) [alkenylTT E-B9] (mM) [allylic ammonium]

(mM)
49.00 30.59 39.06 16.27
51.00 29.62 38.41 17.09
53.00 28.97 38.41 17.74
55.00 28.32 38.41 18.23
57.00 27.66 38.41 18.71
59.00 27.34 38.41 19.37
91.00 37.75 19.53 26.85
119.00 37.10 14.97 31.73
149.00 36.45 11.07 35.80
181.00 35.80 8.14 39.22
211.00 3548 6.18 41.66
241.00 34.83 4.56 43.45
269.00 34.17 3.25 4491
301.00 33.52 2.28 46.22
329.00 32.87 1.63 47.03
353.00 32.55 1.30 47.68
388.00 31.57 0.98 48.33
423.00 30.92 0.65 48.98
453.00 30.59 0.65 49.63
483.00 30.27 0.33 49.96

513.00 29.62 0.33 50.28
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70 1H NMR monitoring of allylicamination with 1:1 E:Z alkenyITT
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Figure B61. Data graphed from monitoring the 1:1 E:Z alkenyl TT B9 using '"H NMR spectroscopy during
allylic amination with i-Pr,NEt as base and nucleophile.
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Figure B62. No alkenylTT Z->E isomerization is observed upon addition of i-Pr,NEt, indicating that
conjugate-addition is unlikely.

Conclusions: KIE and kinetics data are inconsistent with mechanistic hypotheses that invoke conjugate-
type addition of base or amine nucleophiles into the alkenylthianthrenium species. Additionally, we have
found that conjugate-type addition of bulky i-ProNEt into alkenylthianthrenium salts is unlikely given the
lack of Z>E isomerization, which is observed with less hindered secondary amine nucleophiles. These
analyses rules out ammonium ylide formation or Hoffman elimination to explain the allylic
functionalization of thianthrenium salts. In conclusion, we disfavor conjugate-addition mechanisms and
favor the proposed model in Figure 3.2.
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BS. Substrate Preparation

S
©: :@ (1.0 equiv.)
S

TFAA (2.0 equiv.), HOTf (1.2 equiv.) @S
MeCN (0.25 M), 010 25 °C, 1.5 h

P NN

Y
Cg/

M

O:'EIG)

then NaHCO; (aq.)

~59 i
15.0 mmol then KPFg (~5% Wt in H,0) 62% yield

5-(4-phenylbut-1-en-1-yl)-SH-thianthren-5-ium hexafluorophosphate(V) (3.3). Under ambient
atmosphere, to a 250-mL round bottom flask equipped with a magnetic stir bar was added but-3-en-1-
ylbenzene (1.98 g, 2.25 mL, 15.0 mmol, 1.0 equiv.), thianthrene S-oxide (3.59 g, 15.5 mmol, 1.0 equiv.;
prepared according to literature procedure: Nature 2019, 567, 223), and MeCN (60 mL). After cooling to
0°C, 2,2,2-trifluoroacetic anhydride (6.30 g, 4.19 mL, 30.0 mmol, 2.0 equiv.) was added slowly, followed
by dropwise addition of trifluoromethanesulfonic acid (2.70 g, 1.61 mL, 18.0 mmol, 1.2 equiv.). After
stirring the resultant solution at 0 °C for 60 min followed by stirring at 25 °C for 30 min, the reaction
mixture was concentrated under reduced pressure and subsequently diluted with DCM (200 mL). The DCM
solution was poured slowly onto a saturated aqueous NaHCOj; solution (200 mL). The combined mixture
was poured into a separatory funnel, and the layers were separated. The DCM layer was collected, and the
aqueous layer was further extracted with DCM (2 x 200 mL). The combined DCM solution was washed
with aqueous KPFs solution (3 x 200 mL, 5% w/w). The DCM layer was dried over Na>SOs, filtered, and
the solvent was removed under reduced pressure. The residue was diluted in a minimum amount of DCM
and precipitated with EtOAc. The mixture was filtered and the solid was dried in vacuo to afford 3.3 as a
solid (E:Z>20:1, 7.39 g, 9.3 mmol, 62% yield).

"H NMR (500 MHz, CDsCN) & 8.02 (dd, J = 8.0, 1.4 Hz, 2H), 7.93 (dd, J = 7.9, 1.3 Hz, 2H), 7.82 (td, J =
7.7, 1.4 Hz, 2H), 7.71 (td, ] = 7.7, 1.4 Hz, 2H), 7.25 — 7.18 (m, 2H), 7.18 — 7.12 (m, 1H), 7.11 — 7.05 (m,
2H), 6.86 (dt, J = 14.5, 7.1 Hz, 1H), 6.39 (dt, ] = 14.8, 1.4 Hz, 1H), 2.75 (t, ] = 7.2 Hz, 2H), 2.65 — 2.56 (m,
2H). Distinct minor Z-isomer signals observed at 6 6.71 (dt, J = 8.6, 1.3 Hz, 1H), 3.02 (q, J = 7.2 Hz, 2H),
2.87 (t, J = 7.0 Hz, 2H); '3C NMR (126 MHz, CD;CN) & 155.74, 140.88, 136.31, 135.38, 133.67, 131.24,
130.79, 129.38, 127.21, 121.25, 111.56, 35.02, 33.87; ’F NMR (377 MHz, CDsCN) § -71.85, -73.72; 3'P
NMR (162 MHz, CD3;CN) 6 -144.58 (hept, J = 706.6 Hz). HRMS (ESI+) Calc: [M]" (C22H10S2") 331.1151,
measured: 331.1150; 0.3 ppm difference.

©
Me HPFg ca. 60% Wt in H,0 Me, PFe
i |
Me” N Me (1.0 equiv) > Me” “Ng Me
P Et,0 (0.35 M), 1 h
Me Me Me Me
90% yield

N-ethyl-N-isopropylpropan-2-aminium hexafluorophosphate(V) (B1). To a 100 mL round bottom flask
charged with a magnetic stir bar was added Et,O (20 mL) and N-ethyl-N-isopropylpropan-2-amine (905
mg, 1.22 mL, 1.0 equiv., 7.00 mmol). Hexafluoro-17-phosphane (1.76 g, 1.76 mL, 60% Wt, 1.0 equiv., 7.23
mmol) was slowly added. The solution was stirred under ambient conditions for an hour after which the
reaction mixture was diluted with Et,O (80 mL), filtered, and washed with excess Et,O. The precipitate was
dried under high vacuum to obtain 1.71 g (90% yield) of the desired ammonium salt B1.

"H NMR (500 MHz, CD;CN) § 6.21 (broad t, J = 50.6 Hz, 1H), 3.68 (ddt, J = 9.5, 6.7, 2.8 Hz, 2H), 3.16
(qd, J=7.4,4.4 Hz, 2H), 1.60 — 1.12 (m, 15H); 3C NMR (126 MHz, CD;CN) 8 56.01, 43.98, 18.61, 17.24,
12.88; ’F NMR (377 MHz, CD;CN) 8 -71.83, -73.71; 3P NMR (162 MHz, CD;CN) & -144.60 (hept, J =
706.3 Hz). HRMS (ESI") Calc: [M]* (CsH20N") 130.1590, measured: 130.1589; 0.8 ppm difference.
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DMAP (10 mol %) 97%D
N > AN
Ph 0 D,0 (50% Viv) Ph o
100 °C, 1 h D D
20.0 mmol 37% yield

3-phenylpropanal-2,2-d; (B2). Distilled 3-phenylpropanal (2.68 g, 2.63 mL, 20.0 mmol, 1.0 equiv.) was
added to a 25-mL round bottom flask charged D,O (2.60 mL; 1 mL per 1 mL of aldehyde) and 4-
(dimethylamino)pyridine (244 mg, 2.00 mmol, 0.1 equiv.). The mixture was heated to 100 °C for 1 hour.
After the solution had cooled, biphasic solution was poured into a separatory funnel and extracted with
DCM (2 x 20 mL). The combined DCM layers were washed with 1 M HCI (2 x 50 mL), saturated aqueous
NaHCOs solution (50 mL), and brine (50 mL). The organic layer was dried over Na,SOs, filtered, and the
solvent was removed under reduced pressure. The resulting crude was resubjected to the above procedure
an additional two times. The product was purified via short path high-vacuum distillation to afford B2 as
an oil (1.02 g, 7.5 mmol, 37% yield; 97% total deuterium incorporation).

'"H NMR (500 MHz, CDCls) & 9.83 (s, 1H), 7.33 — 7.28 (m, 2H), 7.25 — 7.18 (m, 3H), 2.96 (s, 2H);
consistent with reported spectra (J. Am. Chem. Soc. 2018, 140, 39, 12476—12483).

©\ /@ Mel (1.2 equiv.) ©\M§©
P > P,

THF (0.5 M) ® o
reflux, 3 h |
40.0 mmol 97% yield

Iodo(methyl)triphenyl-15-phosphane (B3). To a solution of triphenylphosphine (10.49 g, 40.0 mmol, 1.0
equiv.) in THF (80 mL) was added iodomethane (6.813 g, 2.99 mL, 48.0 mmol, 1.2 equiv.). The solution
was refluxed (THF b.p. = 66 °C) for 3 hours, after which the reaction was allowed to cool to ambient
temperature and stirred overnight. The reaction solution was filtered and the resultant precipitate was
generously washed with toluene, followed by pentanes. The solid was collected and dried under high
vacuum to provide iodo(methyl)triphenyl-15-phosphane B3 (15.76 g, 39.0 mmol, 97% yield).

"H NMR (500 MHz, CDCl3) & 7.89 — 7.66 (m, 15H), 3.21 (d, J = 13.2 Hz, 3H); *'P NMR (162 MHz,
CDCls) 6 21.54; consistent with reported spectra (Tetrahedron, 2023, 135, 133321).

©\Mg© n-BuLi (2.5 M in hexanes; 0.9 equiv.)
p 97%D

® o THF (0.4 M), -78t025°C, 1 h
I

oD
Ph%o 5.9 mmol:

D D 1.0 equiv.

6.2 mmol; 1.1 equiv. 69% yield

—781t025°C, 17 h
(but-3-en-1-yl-2,2-d2)benzene (B4). A solution of iodo(methyl)triphenyl-15-phosphane B3 (2.49 g, 6.17
mmol, 1.1 equiv) in THF (14.7 mL) was cooled to -78 °C. While stirring, #-butyllithium (352 mg, 2.20 mL,
2.5 molar in hexanes, 5.50 mmol, 0.9 equiv.) was added dropwise over 5 minutes. The ylide solution was
stirred at -78 °C for 15 min, then warmed to room temperature (~22 °C) and stirred for an additional 50
min. The reaction mixture was cooled back down to -78 °C and 3-phenylpropanal-2,2-d, B2 (800 mg, 785
uL, 5.87 mmol, 10 equiv.) was added dropwise over 5 minutes. After 1 hour, the solution was allowed to
warm to room temperature and stirred for 16 hour. Upon completion, pentanes (~60 mL) was added to the
reaction solution and the resultant mixture slurry was filtered. The residue was rinsed generously with
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pentanes. The organic layer was concentrated in vacuo then purified by a short silica plug (100% pentanes)
to afford B4 as an oil (541 mg, 4.0 mmol, 69% yield; 97% total deuterium).

'"H NMR (400 MHz, CDCl3) 8 7.35 — 7.28 (m, 2H), 7.25 — 7.16 (m, 3H), 5.92 — 5.83 (m, 1H), 5.07 (dd, J
=17.2, 2.0 Hz, 1H), 5.01 (dd, J = 10.2, 2.0 Hz, 1H), 2.73 (s, 2H); consistent with reported spectra (ACS
Catalysis 2022, 12, 1, 527-535).

SO o

TFAA (2.0 equiv.), HOTf (1.2 equiv.) 97%D @s
MeCN (0.25 M), 0 to 25 °C, 1.5 h 9 )
Ph% - Phw PFg
D D then NaHCOg3 (aq.) D D

then KPFg (~5% Wt in H,0)

4.0 mmol 62% yield
5-(4-phenylbut-1-en-1-yl-3,3-d;)-SH-thianthren-5-ium hexafluorophosphate(V) (3.3-d;). Under
ambient atmosphere, to a 50-mL round bottom flask equipped with a magnetic stir bar was added (but-3-
en-1-yl-2,2-d;)benzene B4 (541 mg, 4.0 mmol, 1.0 equiv.), thianthrene S-oxide (965 mg, 4.15 mmol, 1.0
equiv.; prepared according to literature procedure: Nature 2019, 567, 223), and MeCN (16 mL). After
cooling to 0°C, 2,2,2-trifluoroacetic anhydride (1.69 g, 1.1 mL, 8.1 mmol, 2.0 equiv.) was added slowly,
followed by dropwise addition of trifluoromethanesulfonic acid (726 mg, 432 uL, 4.8 mmol, 1.2 equiv.).
After stirring the resultant solution at 0 °C for 60 min followed by stirring at 25 °C for 30 min, the reaction
mixture was concentrated under reduced pressure and subsequently diluted with DCM (100 mL). The DCM
solution was poured slowly onto a saturated aqueous NaHCO3; solution (100 mL). The combined mixture
was poured into a separatory funnel, and the layers were separated. The DCM layer was collected, and the
aqueous layer was further extracted with DCM (2 x 100 mL). The combined DCM solution was washed
with aqueous KPFs solution (3 x 100 mL, 5% w/w). The DCM layer was dried over Na>SOs, filtered, and
the solvent was removed under reduced pressure. The residue was diluted in a minimum amount of DCM
and precipitated with EtOAc. The mixture was filtered and the solid was dried in vacuo to afford 3.3-d; as
a solid (£:Z>20:1, 1.31 g, 2.5 mmol, 62% yield; 97% total deuterium).

'"H NMR (500 MHz, CD;CN) 8 8.02 (dd, J= 7.9, 1.3 Hz, 2H), 7.93 (dd, J = 7.9, 1.3 Hz, 2H), 7.81 (td, ] =
7.7, 1.3 Hz, 2H), 7.71 (td, J = 7.7, 1.3 Hz, 2H), 7.22 — 7.18 (m, 2H), 7.18 — 7.13 (m, 1H), 7.10 — 7.05 (m,
2H), 6.85 (d, J = 14.8 Hz, 1H), 6.39 (d, J = 14.9 Hz, 1H), 2.74 (s, 2H); *C NMR (126 MHz, CDsCN) §
155.66, 140.85, 136.28, 135.37, 133.66, 131.23, 130.79, 129.37, 127.18, 121.23, 111.62, 34.34 (t, ] = 20.2
Hz), 33.73; ’F NMR (377 MHz, CD;CN) § -71.78, -73.66; *'P NMR (162 MHz, CD;CN) & -144.56 (hept,
J=706.7 Hz). HRMS (ESI+) Calc: [M]" (C22H1sDS:") 348.0986, measured: 348.0984; 0.6 ppm difference.

>99%D

. CD;
©\ Q CDsl (1.2 equiv.) \ Q
P > P@
THF (0.5 M) o
@ reflux, 3 h @ |

40.0 mmol 98% yield
Iodo(methyl-d;)triphenyl-15-phosphane (B5). To a solution of triphenylphosphine (10.49 g, 40.0 mmol,
1.0 equiv.) in THF (80 mL) was added iodomethane-ds (6.96 g, 3.00 mL, 48.0 mmol, 1.2 equiv.). The
solution was refluxed (THF b.p. = 66 °C) for 3 hours, after which the reaction was allowed to cool to
ambient temperature and stirred overnight. The reaction solution was filtered and the resultant precipitate
was generously washed with toluene, followed by pentanes. The solid was collected and dried under high
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vacuum to provide iodo(methyl-d3)triphenyl-15-phosphane BS (15.89 g, 39.0 mmol, 98% yield; >99% total
deuterium).

'"H NMR (400 MHz, CDCl;) & 7.86 — 7.65 (m, 15H); 3P NMR (162 MHz, CDCl;) 21.58; consistent with
reported spectra (J. Am. Chem. Soc. 2015, 137, 25, 8054—8057).

CD
@LO n-BuLi (2.5 M in hexanes; 1.0 equiv.) 97%D

3
@ ° THF (0.4 M), =78 to 25 °C, 35 min 5
@ | ——— then ——> Ph/\/\/

P Ny  10.0mmol; D
1.0 equiv.
10.0 mmol; 1.0 equiv. -78t025°C, 16 h 71% yield

(but-3-en-1-yl-4,4-d;)benzene (B6). A solution of iodo(methyl-d;)triphenyl-15-phosphane S5 (4.07 g, 10.0
mmol, 1.0 equiv.) in THF (25 mL) was cooled to -78 °C. While stirring, n-butyllithium (641 mg, 4.0 mL,
2.5 molar in hexanes, 10.0 mmol, 1.0 equiv.) was added dropwise over 5 minutes. The ylide solution was
stirred at -78 °C for 15 min, then warmed to room temperature (~22 °C) and stirred for an additional 20
min. The reaction mixture was cooled back down to -78 °C and distilled 3-phenylpropanal (1.34 g, 1.32
mL, 10.0 mmol, 1.0 equiv.) was added dropwise over 5 minutes. After 20 min, the solution was allowed to
warm to room temperature and stirred for 16 hours. Upon completion, pentanes (~60 mL) was added to the
reaction solution and the resultant mixture slurry was filtered. The residue was rinsed generously with
pentanes. The organic layer was concentrated in vacuo then purified by a short silica plug (100% pentanes)
to afford B6 as an oil (956 mg, 7.1 mmol, 71% yield; 97% total deuterium incorporation).

'"H NMR (400 MHz, CDCls) & 7.33 — 7.28 (m, 2H), 7.25 — 7.18 (m, 3H), 5.92 — 5.82 (m, 1H), 2.78 — 2.69
(m, 2H), 2.45 — 2.35 (m, 2H); consistent with reported spectra (J. Am. Chem. Soc. 2015, 137, 25, 8054—
8057).

(0]
1l
S
©: :@ (1.0 equiv.)
S
TFAA (2.0 equiv.), HOTf (1.2 equiv.) 98%D @s
MeCN (0.25 M), 0 to 25 °C, 1.5 h © S
Ph/\/\'/D > Ph/\/\rsﬁ PFg
D then NaHCO3 (aq.) D
then KPFg (~5% Wt in H,0)
7.1 mmol 55% yield

5-(4-phenylbut-1-en-1-yl-1-d)-5SH-thianthren-5-ium hexafluorophosphate(V) (3.3-d). Under ambient
atmosphere, to a 50-mL round bottom flask equipped with a magnetic stir bar was added (but-3-en-1-yl-
2,2-d>)benzene S6 (956 mg, 7.1 mmol, 1.0 equiv.), thianthrene S-oxide (1.70 g, 7.3 mmol, 1.0 equiv.;
prepared according to literature procedure: Nature 2019, 567, 223), and MeCN (28 mL). After cooling to
0°C, 2,2,2-trifluoroacetic anhydride (2.99 g, 1.99 mL, 14.2 mmol, 2.0 equiv.) was added slowly, followed
by dropwise addition of trifluoromethanesulfonic acid (1.28 g, 764 pL, 8.55 mmol, 1.2 equiv.). After
stirring the resultant solution at 0 °C for 60 min followed by stirring at 25 °C for 30 min, the reaction
mixture was concentrated under reduced pressure and subsequently diluted with DCM (100 mL). The DCM
solution was poured slowly onto a saturated aqueous NaHCOj3 solution (100 mL). The combined mixture
was poured into a separatory funnel, and the layers were separated. The DCM layer was collected, and the
aqueous layer was further extracted with DCM (2 x 100 mL). The combined DCM solution was washed
with aqueous KPF¢ solution (3 x 100 mL, 5% w/w). The DCM layer was dried over Na,SOs, filtered, and
the solvent was removed under reduced pressure. The residue was diluted in a minimum amount of DCM
and precipitated with EtOAc. The mixture was filtered and the solid was dried in vacuo to afford 3.3-d as
a solid (£:Z2>20:1, 1.93 g, 3.9 mmol, 55% yield; 98% total deuterium).
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TH NMR (500 MHz, CD;CN) & 8.03 (dd, J = 8.0, 1.4 Hz, 2H), 7.94 (dd, J = 7.9, 1.3 Hz, 2H), 7.82 (td, ] =
7.7,1.4 Hz, 2H), 7.72 (s, 1H), 7.24 — 7.19 (m, 2H), 7.19 — 7.14 (m, 1H), 7.10 — 7.07 (m, 2H), 6.86 (tt, J =
7.2,2.1 Hz, 1H),2.76 (t, J =7.2 Hz, 2H), 2.61 (q, J = 7.4 Hz, 2H). Distinct minor Z-isomer signals observed
at 8 3.02 (q, J = 7.3 Hz, 2H), 2.87 (t, J = 7.0 Hz, 2H); *C NMR (126 MHz, CD;CN) & 155.64, 140.88,
136.30, 135.38, 133.66, 131.24, 130.79, 129.38, 127.21, 121.25, 111.27 (t, ] = 29.3 Hz), 34.98, 33.87; F
NMR (377 MHz, CD;CN) § -71.85, -73.72; 3'P NMR (162 MHz, CD;CN) § -144.58 (hept, J = 706.6 Hz).
HRMS (ESI+) Calc: [M]* (C22H17D2S2") 349.1048, measured: 349.1046; 0.6 ppm difference.

@i :@ (2.0 equiv.)

RVC(+) || Ni foam(-)
48.0 mA, 2.2 h, 2.5 F/mol alkene

0O
KPFg (0.4 M),MeCN (0.1 M), 30 °C @ ©

then NaHCOg3 (8 equiv.)
then K,CO3 (1 equiv.)
DMAP (7 mol %)
10-(4-phenylbut-1-en-1-yl)-10H-phenoxathiin-10-ium hexafluorophosphate(V) (BS).
Experimental procedure: To an oven-dried divided electrochemical cell (for fabrication details, see J. Am.
Chem. Soc. 2023, 145, 15, 8299-8307) equipped with magnetic stir bars was added phenoxathiine (641 mg,
3.2 mmol, 2.0 equiv.) to the anode compartment and KPF¢ (1.18 g, 6.4 mmol, 4.0 equiv.) to both
compartments. The cell was equipped with two septa containing a stainless steel wire/Ni foam (1.6 x 1.2
cm) cathode assembly and a pencil/RVC (9 x 9 x 7 mm) anode assembly connected together with a teflon
tubing to equalize pressure. MeCN (16 mL) was added to the cathode and anode compartments. But-3-en-
1-ylbenzene (212 mg, 240 pL, 1.6 mmol, 1.0 equiv.) was added to the anode compartment. Trifluoroacetic
acid (1.824 g, 1.2 mL, 16.0 mmol, 10.0 equiv.) was added to the cathode compartment and both sides of
the cell were stirred at 30 °C and electrolyzed under a constant current of 48.0 mA for 2.2 h (2.5 F/mol). At
completion of electrolysis, the electrode leads were disconnected, septa removed, and the anode RVC was
pushed off the pencil into the reaction mixture. Solid NaHCO3 (1.08 g, 12.8 mmol, 8.0 equiv.) was added
to quench the anode compartment and the solution was stirred for 15 min. Then, K,COs3 (221 mg, 1.6 mmol,
1.0 equiv.) and 4-(dimethylamino)pyridine (14 mg, 0.1 mmol, 0.07 equiv.) were added and the reaction was
stirred for another 15 min.
Purification: The anode solution was transferred to a flask and concentrated under reduced pressure. The
crude residue was diluted with ~60 mL DCM, filtered, and concentrated under reduced pressure. The
residue was purified via flash column chromatography (DCM/3:1 EtOAc:EtOH) to afford B8 (E:Z=11:1,
250 mg, 0.57 mmol, 35% yield) as a solid.
"H NMR (500 MHz, CDsCN) & 7.87 (ddd, J = 8.6, 7.4, 1.6 Hz, 2H), 7.83 (dd, J = 8.0, 1.6 Hz, 2H), 7.58
(dd, J=8.5,1.2 Hz, 2H), 7.55 (td, J = 7.8, 1.2 Hz, 2H), 7.23 (dd, ] = 8.2, 6.8 Hz, 2H), 7.19 — 7.13 (m, 1H),
7.14—-17.07 (m, 2H), 7.04 (dt, J=14.5, 7.2 Hz, 1H), 6.34 (dt, ] = 14.6, 1.4 Hz, 1H), 2.77 (t, ] = 7.2 Hz, 2H),
2.57 (q, J = 7.1 Hz, 2H). Distinct minor )-isomer signals observed at & 7.46 (td, J = 7.7, 1.2 Hz, 2H), 7.41
(dd, J=8.0, 6.1 Hz, 2H), 7.37 (dd, J = 6.8, 1.5 Hz, 2H), 7.34 (dt, ] = 8.1, 1.7 Hz, 3H), 6.76 (q, J = 8.0 Hz,
1H), 6.45 (dt, ] =8.4, 1.4 Hz, 1H), 3.16 (q, J = 7.4 Hz, 2H), 2.98 (t, ] = 6.8 Hz, 2H); *C NMR (126 MHz,
CDs;CN) 6 154.72,152.10, 140.84, 137.45,131.82, 129.40, 129.39, 127.88, 127.22, 121.06, 120.84, 106.32,
34.92,33.78. Distinct minor Z-isomer signals observed at 6 153.30, 152.26, 141.06, 137.40, 131.46, 129.90,
129.83, 127.91, 127.70, 121.69, 121.15, 106.05, 34.45, 32.98; ’F NMR (377 MHz, CDsCN) § -71.82, -
73.70; 3P NMR (162 MHz, CD3sCN) 8 -144.57 (hept, J = 706.7 Hz). HRMS (ESI+) Calc: [M]" (C22H190S")
347.0923, measured: 347.0921; 0.6 ppm difference.

1.6 mmol 35% yield
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M XN 1atm
RVC(+) || Ni foam(-) S
©:S:© 240 mA, 45 min, 25 F/mol TT Me\‘\,ﬂ\/s [©) (I?F
> 6
S KPFg (0.68 M), (MeCN (0.28 M)

then NaHCO3 (2 equiv.) 32% yield (1:1 E:2)

4.5 mmol
5-(but-1-en-1-yl)-SH-thianthren-5-iumhexafluorophosphate(V) (B9).
Experimental procedure: To an oven-dried divided electrochemical cell (for fabrication details, see J. Am.
Chem. Soc. 2023, 145, 15, 8299-8307) equipped with magnetic stir bars was added thianthrene (973.4 mg,
4.5 mmol, 1.0 equiv.) to the anode compartment and KPFs (1.99 g, 10.8 mmol, 2.4 equiv.) to both
compartments. The cell was equipped with two septa containing a stainless steel wire/Ni foam (1.6 x 1.2
cm) cathode assembly and a pencil/RVC (9 x 9 x 7 mm) anode assembly connected together with a teflon
tubing to equalize pressure. MeCN (16 mL) was added to the cathode and anode compartments, then the
anode side was sparged with a balloon for 1-butene gas for 10 minutes. Trifluoroacetic acid (3.079 g, 2.1
mL, 27.0 mmol, 6.0 equiv.) was added to the cathode compartment and both sides of the cell were stirred
at under ambient conditions and electrolyzed under a constant current of 240.0 mA for 45 min (2.5 F/mol).
At completion of electrolysis, the electrode leads were disconnected, septa removed, and the anode RVC
was pushed off the pencil into the reaction mixture. Solid NaHCOs3 (756.1 m g, 9.0 mmol, 2.0 equiv.) was
added to quench the anode compartment and the solution was stirred for 15 min.
Purification: The anode solution was transferred to a flask and concentrated under reduced pressure. The
crude residue was diluted with ~60 mL DCM, filtered, and concentrated under reduced pressure. The
residue was purified via flash column chromatography (DCM/3:1 EtOAc:EtOH) to afford B9 (E:Z = 1:1,
240 mg, 1.44 mmol, 32% yield) as a solid.
'"H NMR (500 MHz, CDsCN) 6 8.13 (ddd, J = 8.1, 6.8, 1.4 Hz, 2H), 7.97 (ddd, J = 8.9, 7.9, 1.3 Hz, 2H),
7.83 (tdd, J =7.8, 3.0, 1.4 Hz, 2H), 7.73 (tdd, J = 7.7, 4.2, 1.3 Hz, 2H), 6.97 (dt, J = 14.8, 6.4 Hz, 1H), 6.53
(dt,J=14.8, 1.6 Hz, 1H), 2.34 — 2.27 (m, 2H), 1.01 (t, J = 7.4 Hz, 3H). Distinct Z-isomer signals observed
at 6 6.84 (q, J = 8.0 Hz, 1H), 6.67 (dt, J = 8.6, 1.4 Hz, 1H), 2.68 (pd, J = 7.5, 1.4 Hz, 2H), 1.09 (t, ] =7.5
Hz, 3H); consistent with reported spectra (J. Am. Chem. Soc. 2021, 143 (51), 21503-21510).

B9. Product Characterization

= Me

Ph—/_\—N:
Ph

(Z)-N-methyl-NV-(4-phenylbut-2-en-1-yl)aniline (3.5). Prepared from 5-(4-phenylbut-1-en-1-yl)-5H-
thianthren-5-ium hexafluorophosphate(V) (5) and N-methylaniline following General Procedure for 'H
NMR Reaction Monitoring. The crude reaction mixtures were combined, the solvent removed, and the
residue purified via flash column chromatography (hexanes/ethyl acetate) to afford the allylic amine 3.5 as
an oil. '"H NMR (500 MHz, CDCl;) & 7.39 — 7.34 (m, 2H), 7.32 — 7.19 (m, 5H), 6.90 — 6.73 (m, 5H), 5.88
—5.79 (m, 1H), 5.69 — 5.59 (m, 1H), 4.11 (d, J = 5.9 Hz, 2H), 3.56 (d, ] = 7.5 Hz, 2H), 2.99 (s, 3H). Distinct
minor E-isomer signals observed at & 3.95 (d, J = 5.7 Hz, 2H), 3.42 (d, J = 6.8 Hz, 2H), 2.97 (s, 3H);
consistent with reported spectra (Chem. Sci., 2022, 13, 1003).
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(Z)-N-ethyl-N,N-diisopropyl-4-phenylbut-2-en-1-aminium tetrafluoroborate (B7). To a threaded vial
equipped with a magnetic stir bar was added 5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium
tetrafluoroborate salt metathesized 3 (261 mg, 0.6 mmol, 1.0 equiv.) and MeCN (3 mL). Then the i-Pr.NEt
(323 uL, 1.80 mmol, 2.0 equiv.) was added. The reaction mixture was capped with a PTFE seal and stirred
at room temperature until completion of the reaction (6 hours). The solvent was then removed, and the
residue purified via flash column chromatography (hexanes/DCM) to afford the allylic ammonium B7 as
an oil. "H NMR (500 MHz, CD;CN) & 7.40 — 7.32 (m, 2H), 7.30 — 7.22 (m, 3H), 6.13 — 6.04 (m, 1H), 5.80
(dtt, J=11.0, 7.3, 1.8 Hz, 1H), 4.04 (dd, J = 7.2, 1.6 Hz, 2H), 3.97 (hept, ] = 6.6 Hz, 2H), 3.57 (dd, J = 7.7,
1.7 Hz, 2H), 3.42 (q, J = 7.3 Hz, 2H), 1.50 — 1.45 (m, 12H), 1.41 — 1.33 (m, 3H). Distinct minor E-isomer
signals observed at & 6.26 — 6.17 (m, 1H), 5.77 — 5.70 (m, 1H), 3.92 — 3.82 (m, 3H), 3.71 (pd, J = 6.6, 3.9
Hz, 1H), 3.50 (d, J = 6.9 Hz, 2H), 3.35 (q, J = 7.3 Hz, 2H), 3.19 (qd, ] = 7.4, 4.5 Hz, 1H), 1.45 — 1.41 (m,
12H); consistent with reported spectra of Z-allylic ammonium salts (Chem. Sci. 2022, 13 (4), 1003—-1008).

B10. NMR Spectra
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B11. Computational Details

All geometry optimizations of intermediates and transition states were achieved using spin-restricted
RB3LYPR.D3Re2/def2-SVPRBmethod, in acetonitrile solvent using the CPCM solvent model®™ with
“opt=noeigen” and “guess=mix” keywords as implemented in Gaussian16®5, Frequency calculations were
also conducted at the same level of theory to obtain vibrational frequencies to determine the identity of
stationary points as intermediates (no imaginary frequencies) or transition states (only one imaginary
frequency), as well as obtaining the thermochemistry: enthalpy (DH) and free energy (DG) at the
temperature of 298 K. Single point calculations on the important structures were performed to ensure
consistency in the energetic profile irrespective of the method employed. The methods employed for the
single point calculations are: a) (RB3LYP-D3-def2tzvpp-CPCM(CH3CN)//RB3LYP-D3/def2svp-
CPCM(CH3CN)) b) {RB3LYP-D3-6-311+G(d,p)-CPCM(CH3CN)//RB3LYP-D3/def2svp-
CPCM(CH3CN)} c) [RB3LYP-D3-aug-cc-pvtz-CPCM(CH3CN)//RB3LYP-D3/def2svp-
CPCM(CH3CN)]. All structural figures were generated with CYLview.®*®™ Distances in structural figures
are shown in A and energies are in kcal/mol.
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RB3LYP-D3/def2svp-CPCM( CH;CN)
AG in kcal/mol
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Figure B63. Conformational Analysis of species 3B in its E configuration at RB3LYP-d3/def2-svp-
CPCM(CH3CN) level of theory. Gibbs free energies are in kcal/mol.
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Figure B64. Conformational Analysis of species 3B in its Z configuration at RB3LYP-d3/def2-svp-
CPCM(CH3CN) level of theory. Gibbs free energies are in kcal/mol.
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RB3LYP-D3/def2svp-CPCM( CH3CN)
AG in kcal/mol

TS1_E-s-C1 TS1_E-s-C2 TS1_E-s-C3 TS1_E-s-C4 TS1_E-s
218 19.7 18.6 19.6 18.2

TS1_Z-s-C1 TS1_Z-s-C2 TS1_Z-5-C3 TS1_Z-s-C4 TS1_Z-5-C5
20.4 18.3 18.0 18.2 18.6

Figure B65. Conformational Analysis of species TS3-1 leading to E and Z ylides using NMe; as the base
at RB3LYP-d3/def2-svp-CPCM(CH3CN) level of theory. Gibbs free energies are in kcal/mol.

RB3LYP-D3/def2svp-CPCM(CH,CN)
AG in keal/mol

TS1E TS1_E-C1 TS1_E-C2 TS1_E-C3 TS1_E-C4
200 208 229 230 226

1.49

o} s — N
?/ ‘J,
TS1_E-C5 TS1 E-C6
204 210

Figure B66. Conformational Analysis of species TS3-1 leading to E-ylide (Species 3C_E) using DIPEA
as the base at RB3LYP-d3/def2-svp-CPCM(CH3CN) level of theory. Gibbs free energies are in kcal/mol.
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RB3LYP-D3/def2svp-CPCM(CH;3CN)
AG in kcal/mol

TS1_2C1 TS1 202 TS1_2-C3 _ TS1_2C5
19.9 22,0 206 . 19.9

Figure B67. Conformational Analysis of species TS3-1 leading to Z-ylide (Species 3C_Z) using DIPEA
as the base at RB3LYP-d3/def2-svp-CPCM(CH3CN) level of theory. Gibbs free energies are in kcal/mol.

RB3LYP-D3/def2svp-CPCM( CH;CN)
AG in kcal/mol
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TS3_2.C5 TS3'.Z TS3'_2-C1 TS3_2-C2
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Figure B68. Conformational Analysis of species TS3-1 and TS3-1’ leading to Sn2 vs Sx2’ product using
N-Methyl-aniline as the nucleophile at RB3LYP-d3/def2-svp-CPCM(CH3CN) level of theory. Gibbs free
energies are in kcal/mol.
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RB3LYP-D3-def2tzvpp-CPCM(CH;CN)//RB3LYP-D3/def2svp-CPCM(CH;CN)

(AE) [AH] AG
1,2-Strain 1,2-Strain 1,2-Strain
*k ( \)( %
PN N
‘K‘l 3-Strai 1,3-Strain
H H ,3-Strain H H
HeC o AN N N N
7N _—ex\ z N
H ° H CHz H H H CH, H
2-E 22 3-E 3-Z
(2.8) [2.7] 2.5 (0.0) [0.0] 0.0 (3.2) [3.1] 3.0 (0.0) [0.0] 0.0
1,2-Strain 1,2-Strain 2 . 5
g _SD=¢
)} - 1,2-Strain 1,2—Stfam
\ |
1,3-Strain +

H H
1,3-Strain +
Hscj)A\(SCHs H._A__-SCHs Y ’ A
Z @ N ,—e\ \’/(:)\\/e 7] e N

H H CHy H
4-E 4-Z C_E-s C Zs
1.7)[1.711.8 (0.0) [0.0] 0.0 (0.1)[0.1]1 1.4 (0.0) [0.0] 0.0

Figure B69. Thermodynamic feasibility analysis of E vs Z ylides of simple carbon systems and systems
containing S hetero atoms at RB3LYP-D3/de2tzvpp-CPCM(CH3;CN)//RB3LYP-d3/def2-svp-
CPCM(CH3CN) level of theory. Gibbs free energies are in kcal/mol.
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Figure B70. Rotation barrier between E and Z ylides of a) Five-membered simple carbon system and b)
System containing S hetero atom ¢) NBO visualization of the orbitals containing the negative charge for
species 3-Z d) NBO visualization of the orbital containing the negative charge for species 4-Z interacting
with the C-S ¢" at RB3LYP-D3/de2tzvpp-CPCM(CH3CN)//RB3LYP-d3/def2-svp-CPCM(CH;CN) level
of theory. Gibbs free energies are in kcal/mol.
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Figure B71. Rotation barrier between E and Z ylides of a) Cationic S system and b) Thianthrenium system
¢) NBO visualization of the orbital containing the negative charge for species 3C_Z-s interacting with the

C-S 6" at RB3LYP-D3/de2tzvpp-CPCM(CH;CN)//RB3LYP-d3/def2-svp-CPCM(CH;CN) level of theory.
Gibbs free energies are in kcal/mol.
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RB3LYP-D3/def2svp-CPCM(CH5CN)
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Figure B72. Deprotonation step of species 3B, leading to E and Z ylide using NMej as the base calculated

at different levels of theory. Gibbs free energies are in kcal/mol.
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RB3LYP-D3/def2svp-CPCM(CH,CN)
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Figure B73. Deprotonation step of species 3B, leading to E and Z ylide using DIPEA as the base calculated

at different levels of theory. Gibbs free energies are in kcal/mol.
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(RB3LYP-D3-def2tzvpp-CPCM( CH;CN)//RB3LYP-D3/def2svp-CPCM(CH,CN))
(AE) [AH] AG

Sn2-E SN2-Z
(-4.9) [-3.9] 8.0 (-3.2) [-2.0] 10.6

Sn2'-E S\2'-Z
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Figure B74. Barriers for Sx2 vs Sx2” using DIPEA as the nucleophile calculated at RB3LYP-D3/def2tzvpp-
CPCM(CH3CN)//RB3LYP-D3/def2svp-CPCM(CH3CN) level of theory. Gibbs free energies are in
kcal/mol.
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Appendix C: Supporting Information for Chapter 4 (General Z-Selective Allylic Functionalization of
Alkenes via Thianthrenium Salts)

Cl1. General Methods and Materials

Unless otherwise noted, reactions were performed under air in an anhydrous solvent. MeCN and i-Pr,NEt
were purchased as a sureseal bottle and used as is. KPFs was dried under vacuum prior to use. Unless
otherwise noted, other commercially-available reagents were used as received. Crude mixtures were
evaluated by thin-layer chromatography using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm)
and were visualized by UV, Seebach, ninhydrin, or KMnO4 staining. Flash chromatography was performed
with a Biotage Isolera One automated chromatography system with re-packed silica columns (technical
grade silica, pore size 60 A, 230-400 mesh particle size, 40-63 particle size) or pre-packed Biotage Sfir
Silica HC Duo 20um 25g - High Capacity Column columns unless otherwise noted. Purified materials were
dried in vacuo (0.050 Torr) to remove trace solvent. 'H, 1*C, '°F Spectra were taken using a Bruker Avance-
400 with a BBFO Probe, a Bruker Avance-500 with a DCH Cryoprobe, or Bruker Avance III HD-500 with
a TXO Cryoprobe. NMR data are reported relative to residual CHCI3 ('H, & = 7.26 ppm), CDCl; (°C, & =
77.16 ppm) or residual CHD,CN ('H, § = 1.96 ppm), CDsCN ("3C, § = 118.26 ppm). Data for 'H NMR
spectra are reported as follows: chemical shift (6 ppm) (multiplicity, coupling constant (Hz), integration).
Multiplicity and qualifier abbreviations are as follows: s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, br = broad. All NMR vyields were determined via reference against an internal standard
(dibromomethane or mesitylene for 'H). Mass spectrometry data was collected on a Thermo Scientific Q
Exactive Plus Mass Spectrometer.

Abbreviations: Ac—acyl, Bn—benzyl, Boc—tert-butyl carbamate, t-Bu—tert-butyl, Cy—cyclohexyl,
DCM—dichloromethane, DIPEA—AN,N-Diisopropylethylamine, = DMAP—4-dimethylaminopyridine,
DMF—dimethyl formamide, EtOAc—ethyl acetate, i-Pr—isopropyl, Me—methyl, MeCN—acetonitrile,
MeOH—methanol, Ms—mesyl, n-Pr—propyl, NPhth—phthalimido, Ns—nosyl, RVC—reticulated
vitreous carbon, Ph—phenyl, TEA—triethylamine, Tf—triflyl, TFA—trifluoroacetic acid, Ts—tosyl.

Preparation of Sulfonamide Nucleophiles

If not commercially available, the N-alkyl and N-aryl sulfonamides used in this study were prepared
according to literature procedures using either (1) the corresponding sulfonyl chloride and amine, or (2)
alkylation of the NH, sulfonamide by the corresponding halide. The resultant sulfonamides were purified
via flash column chromatography to yield the desired product. All "H NMR were consistent with reported
spectra for the isolated compounds.

0.0 0.0 0.0
\// Y \Y
9 :> LN -or- o
./S\N NH, ./S\C| or ./S\NH2 X
H
+ overalkylation
Figure C1. Sulfonamides were prepared using two synthetic strategies.
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N-boc sulfonamides were prepared from the NH, sulfonamide and Boc,O. Upon completion of the reaction
mixture, the heterogeneous solution was filtered, and the collected solids were dried in vacuo to afford the
desired compound in >95% mass purity. The most common impurity for this procedure was the di-Boc-
protected sulfonamide. Alfernative purification: a column can be performed to obtain >95% purity
sulfonamide. All '"H NMR were consistent with reported spectra for the isolated compounds.

10% DMAP
2.0 equiv. Et3N Boc
HoN< ,,o (Boc)20 (1.2 equiv.) HN. ,,o
d’ R J DCM (0.83 M),0°Cto 25°C,4 h 6’ A J

Figure C2. Preparation of N-boc sulfonamides.

N-triflyl sulfonamides were prepared according to literature procedures. See J. Am. Chem. Soc. 2018, 140,
3202-3205. All '"H NMR were consistent with reported spectra for the isolated compounds.

Electrochemical Methods and Materials

All chronoamperometric and chronopotentiometric measurements were performed at room temperature
using a Pine WaveNowXV. Chronoamperometric and chronopotentiometric measurements were carried
out in divided cells with RVC (8 x 6 x 6 mm, Ultramet, 80 ppi) as working electrodes affixed to a graphite
pencil/silver wire assembly and with nickel foam (1.4 mm x 1.4 mm, MTI Corporation, Surface density:
350g/m?) as counter electrodes affixed to stainless steel wire (see below). The potentials were measured
versus an Ag/AgNO; (0.01 M in MeCN with 0.1 M n-BusN<PF) reference electrode (all electrodes from
Pine Research) and externally referenced via the ferrocene/ferrocenium couple. Bulk constant current
electrolysis experiments were driven with a Dr. Meter HY3005M-L DC Power Supply or a custom—made
low current power supply (see Scheme below) which was externally calibrated with a multimeter using a
10 or 1-Ohm resistor.

j.,,

Figure C3. Died cell ih electrodes.
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Divided cells were fabricated in-house. Glass frit purchased from Ace Glass (7176-36). Anode electrode
assembled via affixing end of the silver wire (Belden Hook-Up wire, item no. 83005 007100) around the
pencil (JuneGold 2B graphite 2 mm) using conductive graphite adhesive (Alfa Aesar, 42465), wrapping in
teflon tape to prevent exposure, then piercing RVC with pencil. Solvent exposed electrode surface area (2.1
cm?) was calculated via manufacturer-supplied surface area/volume ratio measurements. PTFE tubing
(Cole-Parmer; 1/32” ID, 1/16” OD, item number EW-06407-41) connects both sides of the divided cell to
normalize pressure. Septa inner diameter 16 mm. Stainless steel purchased from Grainger; stainless steel
lockwire, 0.025" diameter, item number 16Y043.

Low-current Power Supply: Original design and fabrication by Dr. Blaise J. Thompson. Provides an
operational range of +0.01—- 14.99 mA, tunable by variable resistor, delivering power to banana socket pair.
The power supply is limited to =15 V for bulk electrolysis and is powered by an 18 V wall wart. Circuitry
is housed within an aluminum enclosure. For additional specifications, see: J. Am. Chem. Soc. 2020 142,
2093-2099 and Nature 2021 596, 74-79.

General Procedure for Allylic Functionalization of Alkenes via Electrochemical Thianthrenation

To an oven-dried divided electrochemical cell equipped with magnetic stir bars was added thianthrene (64.9
mg, 0.3 mmol, 3.0 equiv) to the anode compartment and KPF (110 mg, 0.6 mmol) to both compartments.
The cell was equipped with two septa containing a stainless steel wire/Ni foam cathode assembly and a
pencil/RVC anode assembly connected together with a teflon tubing to equalize pressure. MeCN (2 mL)
was added to the cathode and anode compartments. Alkene (0.2 mmol, 2.0 equiv) was added to the anode
compartment. Trifluoroacetic acid (153 pL, 2.0 mmol, 20.0 equiv) was added to the cathode compartment
and both sides of the cell were stirred at 30 °C and electrolyzed under a constant current of 6.0 mA (5.8
mA/cm?) for 2.2 h (2.5 F/mol alkene). At completion of electrolysis, the electrode leads were disconnected,
septa removed, and the anode RVC was pushed off the pencil into the reaction mixture. Dibromomethane
was added as an internal standard to the anodic compartment. The solution was thoroughly stirred, and 50
pL of mixture was added to an NMR tube and diluted with MeCN-d3.

The cathode solution was removed from the cell via pipette. The anode solution was filtered over a pad of
basic alumina (4 g, activated, basic, Brockmann I). The cathode compartment was washed with MeCN (2
mL) and pushed across the frit to rinse the frit. The anode compartment was further washed with MeCN (5
x 1 mL). The alumina pad was washed with MeCN (2 x 8 mL), taking care to fully disperse the alumina in
solution using a spatula. The filtrate was concentrated in vacuo and then resuspended in MeCN (0.33 mL).
Mesitylene was added as an internal standard to the resultant alkenylthianthrenium solution. The solution
was thoroughly stirred, and 10 pL of mixture was added to an NMR tube and diluted with CDCls.
Nucleophile (0.10 mmol, lequiv.) was added to the reaction mixture followed by the (i-Pr)(z-Bu)NMe base
(101 pL, 0.600 mmol, 6.0 equiv.). The solution was stirred for 3 h.

For NMR analyses — Reactions carried out using the above protocol were analyzed by 'H NMR
spectroscopy. NMR samples were prepared by diluting an aliquot of the reaction mixture in CDCl; and the
allylic product yield were determined via '"H NMR using mesitylene as an internal standard.

Preparation of Alkenylthianthrenium Salts

Alkenylthianthrenium salts were prepared by either (1) deoxygenative activation of thianthrene S-oxide, or
(2) anodic oxidation of thianthrene in the presence of the corresponding alkene. See (1) Angewandte Chemie
International Edition 2020, 59, 5616-5620, and (2) Nature 2021, 596, 74-79. Upon reaction completion,
KPF¢ was used to prepare the alkenylthianthrenium PF¢ salts. The resultant alkenylthianthrenium salts were
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purified either by flash column chromatography (DCM/3:1 EtOAc:EtOH) or dilution in a minimum amount
of DCM followed by precipitation with EtOAc. All 'TH NMR were consistent with reported spectra for the
isolated compounds. Purity of alkenylthianthrenium salts were verified using '"H NMR and '"F NMR
spectroscopy.

@
TFAA H+ S @
%);O base d 2
.\/\ -or- — - O g
©
H PFo
G)

2PFeg
[anodlc OX|dat|on

Figure C4. Preparation of isolated alkenylthianthrenium salts used in this study.

General Procedure for Allylic Functionalization of Alkenylthianthrenium Salts

To a threaded vial equipped with a magnetic stir bar was added alkenylthianthrenium salt (0.05 mmol, 1.0
equiv.) and MeCN (0.5 mL). Then the nucleophile (0.05 mmol, 1.5 equiv.) followed by either Cs.COj3 (49
mg, 0.15 mmol, 3.0 equiv.) or trialkylamine base (specified equiv. via microsyringe) were added. For
investigation of the allylic functionalization with improved Z-selectivity, nucleophile was either added by
slow addition using a syringe pump or by salt metathesis with KPF¢ (28 mg, 0.15 mmol, 3.0 equiv.). The
reaction mixture was capped with a PTFE seal and stirred at room temperature until completion of the
reaction (3 to 6 hours).

For NMR analyses — Reactions carried out using the above protocol were analyzed by 'H NMR
spectroscopy. NMR samples were prepared by diluting an aliquot of the reaction mixture in CDCl; and the
allylic product yield and Z:E were determined via "H NMR using CHBr; as an external standard.
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Figure C5. Example of 'H NMR spectrum collected for allylic functionalization of alkene-derived
thianthrenium salts. CH>Br» (5.10 ppm, s, 2H) or mesitylene (6.82 ppm, s, 3H) was used as a '"H NMR
standard. r.s.m. = recovered starting material.
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C2. Trialkylamine Base Concentration Impact on Z-selectivity
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Figure C6. Higher Z-selectivity with acidic sulfonamide nucleophiles could be achieved by increasing the
i-ProNEt loading; however, selectivity remained modest, and yields were often diminished compared to
when using carbonate base.
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Appendix D: Supporting Information for Chapter 5 (Catalytic Base Enabled 1,2-Addition of N-
Nucleophiles into Alkenylthianthrenium Salts)

D1. General Methods and Materials

Unless otherwise noted, reactions were performed under air in an anhydrous solvent. MeCN and i-ProNEt
were purchased as a sureseal bottle and used as is. KPFs was dried under vacuum prior to use. Unless
otherwise noted, other commercially-available reagents were used as received. Crude mixtures were
evaluated by thin-layer chromatography using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm)
and were visualized by UV, Seebach, ninhydrin, or KMnO#4 staining. Flash chromatography was performed
with a Biotage Isolera One automated chromatography system with re-packed silica columns (technical
grade silica, pore size 60 A, 230-400 mesh particle size, 40-63 particle size) or pre-packed Biotage Sfér
Silica HC Duo 20um 25g - High Capacity Column columns unless otherwise noted. Purified materials were
dried in vacuo (0.050 Torr) to remove trace solvent. 'H, 3C, °F Spectra were taken using a Bruker Avance-
400 with a BBFO Probe, a Bruker Avance-500 with a DCH Cryoprobe, or Bruker Avance 111 HD-500 with
a TXO Cryoprobe. NMR data are reported relative to residual CHCI3 ('H, & = 7.26 ppm), CDCl; ("*C, 6 =
77.16 ppm) or residual CHD>CN ('H, & = 1.96 ppm), CD;CN (*C, & = 118.26 ppm). Data for 'H NMR
spectra are reported as follows: chemical shift (6 ppm) (multiplicity, coupling constant (Hz), integration).
Multiplicity and qualifier abbreviations are as follows: s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, br = broad. All NMR vyields were determined via reference against an internal standard
(dibromomethane or mesitylene for 'H). Mass spectrometry data was collected on a Thermo Scientific Q
Exactive Plus Mass Spectrometer.

Abbreviations: Bn—benzyl, Boc—tert-butyl carbamate, ~Bu—tert-butyl, Cy——cyclohexyl, DCM—
dichloromethane, DIPEA—AN,N-Diisopropylethylamine, DMF—dimethyl formamide, EtOAc—ethyl
acetate, i-Pr—isopropyl, Me—methyl, MeCN—acetonitrile, MeOH—methanol, Ns—nosyl, RVC—
reticulated vitreous carbon, Ph—phenyl, TBA—tetrabutylammonium, TEA—triethylamine, TFA—
trifluoroacetic acid, Ts—tosyl.

Preparation of Alkenylthianthrenium Salts

Alkenylthianthrenium salts were prepared by either (1) deoxygenative activation of thianthrene S-oxide, or
(2) anodic oxidation of thianthrene in the presence of the corresponding alkene. See (1) Angewandte Chemie
International Edition 2020, 59, 56165620, and (2) Nature 2021, 596, 74—79. Upon reaction completion,
KPF¢ was used to prepare the alkenylthianthrenium PF¢ salts. The resultant alkenylthianthrenium salts were
purified either by flash column chromatography (DCM/3:1 EtOAc:EtOH) or dilution in a minimum amount
of DCM followed by precipitation with EtOAc. All 'H NMR were consistent with reported spectra for the
isolated compounds. Purity of alkenylthianthrenium salts were verified using 'H NMR and "F NMR

spectroscopy.
CL0
TFAi, H* Q/gf@ @s

.\/\ -or- —

e :
S 2PFg

[anodic oxidation]

Figure D1. Preparation of isolated alkenylthianthrenium salts.
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D2. Studies with Sulfonamide Nucleophiles
Preparation of Sulfonamide Nucleophiles

If not commercially available, the N-alkyl and N-aryl sulfonamides used in this study were prepared
according to literature procedures using either (1) the corresponding sulfonyl chloride and amine, or (2)
alkylation of the NH; sulfonamide by the corresponding halide. The resultant sulfonamides were purified
via flash column chromatography to yield the desired product. All 'TH NMR were consistent with reported
spectra for the isolated compounds.

0.0 0.0 0, 0

\// \Y \Y4

< — S -or- S
o \H/. NH, @~ ~cl 2 \NH2 X/.
+ overalkylation

Figure D2. Sulfonamides were prepared using two synthetic strategies.
General Procedure for the Formation of N-sulfonamide-substituted Alkylthianthrenium Salts

To threaded vial equipped with a magnetic stir bar was added alkenylthianthrenium salt (0.05 mmol, 1.0
equiv.), sulfonamide (0.05 mmol, 1.0 equiv.) and cesium carbonate (1.0 mg, 0.0025 mmol, 0.05 equiv.) or
proton sponge (10.7 mg, 0.05 mmol, 1.0 equiv.). MeCN (0.1 mL) was added and the reaction mixture was
capped with a PTFE seal and stirred at room temperature until completion of the reaction (3 hours).

For NMR analyses — Reactions carried out using the above protocol were analyzed by 'H NMR
spectroscopy. NMR samples were prepared by diluting an aliquot of the reaction mixture in CDCls and the
sulfonamidoalkylthianthrenium product yield was determined via 'H NMR using CH>Br; as an external
standard.

Ph

e,

@
Mes ST
I \)*\*/* f / r s
J / J / J s
Diagnostic multiplet and two dd
Diagnostic from nucleophile addition
doublet, aryl

signal of
alkyITT salt

*

]
MEWS%

+ additional signals
that integrate for
expected product

Region for alkeny! signals

U alkenylTT r.s.m. of allylic side product
T |
i) "
3 & RS § 38 5 a
T T T T T T
8 7 6 5 4 3

f1 (ppm)
Figure D3. Representative 'H NMR spectrum of crude reaction for NMR analyses of 1,2
sulfonamidosulfonium salt formation. CH,Br» (5.10 ppm, s, 2H) was used as an external 'H NMR standard.
r.s.m. = recovered starting material.
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Mex, -Ts Me Me« -Ts

+ N ! N + *
Me O H y> AN Me_ MO
Tbase] Me(\/ s Me\)\/g
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100 100 100 100 100
75 75 75 75 75
50 50 50 50 50
25 25 25 25 25
. A B C 0 A B C 0 A B C 0 A B C 0 A B C
40% Cs,CO;, 20% Cs,CO, 10% Cs,CO4 5% Cs,CO4 no base

Figure D4. Catalytic base optimization for selective conjugate-type addition of sulfonamides into
alkenylthianthrenium salts.
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Figure D5. The proposed mechanism for catalytic base enabled 1,2-addition of sulfonamides into
alkenylthianthrenium salts. Allylic functionalization pathway is ordered in base while conjugate-type
addition is not. Selective addition of sulfonamides into alkenylthianthrenium salts can be achieved by
considering optimal proton balance.

Me
oSV
\Y
Me\ ,S Ns<. .
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+ N" Y% N + N
z N
Me\/\/e H Mo M(\, Ns
e

[base]
Cs,CO0; (5 mol %): 49% 1%
proton-sponge (1 equiv.): 46% 0%

Figure D6. Stoichiometric proton-sponge base for acidic sulfonamides minimizes allylic pathways.
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Key finding: proposed equilibrium in half adduct formation
Q.0

o = 2 .

N\ ~

N /\ ,0 . P % —_ o >N @és
H o > proton transfers .)\/30

RDS = deprotonation

pushing equilibrium Ph

ks
Bne TS . m ©) H* sponge (3 equiv.) %
N + Me A Sg >
N ~ X MeCN (0.5 M), Me\)\/s

(3 equiv.) 23 h 81% yield

Figure D7. Equilibrium optimization of 1,2-sulfonamidosulfonium salt formation.

D3. Studies with Azole Nucleophiles
General Procedure for the Formation of N-heterocycle-substituted Alkylthianthrenium Salts

Experimental procedure: To threaded vial equipped with a magnetic stir bar was added
alkenylthianthrenium salt (0.10 mmol, 1.0 equiv.), N-heterocycle nucleophile (0.10 mmol, 1.0 equiv.) and
cesium carbonate (3.3 mg, 0.01 mmol, 0.1 equiv.). MeCN (2 mL) was added and the reaction mixture was
capped with a PTFE seal and stirred at room temperature until completion of the reaction (3 hours).

For NMR analyses — Reactions carried out using the above protocol were analyzed by 'H NMR
spectroscopy. NMR samples were prepared by diluting an aliquot of the reaction in CD3CN and the N-
alkylated azole product yield and N-regioselectivity (by 'F NMR if applicable) were determined via 'H
NMR using CH;Br; as an external standard.

Diagnostic doublets, downfield A/_N\ s
aryl signals of alkyITT salt e
,!
'/‘/ (‘ /
/U/ i ‘/ y / J J(
* Diagnostic multiplet and two dd
MesH (3H total) from azole addition
®
TT\/\/\@\
region of Cl
alkenyITT r.s.m.
Region of allylic or alkenyl
elimination side pdts
J X
XX
TSR, i___(il«. Ty e ) s gl M
©©©oYND S 0
o IC) o O - — ?

4.2 4.0 3|8 36 34 32 30 28 2624

O O =}
8.0 7.8 76 74 72 70 6.8 6.6 6.4 62 60 58 56 54 52 50 48 46 44
f1 (ppm)
Figure D8. Representative "H NMR spectrum of crude reaction for NMR analyses of 1,2-azolosulfonium
salt formation. CH>Br» (5.10 ppm, s, 2H) or mesitylene (6.82 ppm, s, 3H) was used as an external 'H NMR
standard. r.s.m. = recovered starting material.
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Figure D9. Optimization of catalytic base loading for asymmetric azole nucleophiles. Lower base loadings
minimize base-induced elimination pathways such as allylic functionalization and azole vinylation (from
deprotonation of 1,2-azolosulfonium product).
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Figure D10. Optimization of base identity reveals base-dependence on N-regioselectivity.
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Figure D11. 'H NMR time course of conjugate-type addition of asymmetric -CO,Et azole into
alkenylthianthrenium salt. Rapid and quantitative product formation occurs within the first minute of the
reaction. Furthermore, complete conversion of the N’-isomer in the ca. 3:1 N':N° regioisomeric mixture to
the favored N’-isomer is observed over time to achieve high >20:1 N’: N’ regioselectivity.
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Figure D12. Addition of 0.5 equiv bromide to a diastereomeric mixture of 1,2-azolosulfonium salts. One
diastereomer is selectively converted. Equilibration between diastereomers via reversible azole addition
into alkenylthianthrenium salt enables a slight boost in final difunctionalized product d.r. compared to the
alkylsulfonium intermediate d.r. This initial reactivity has been optimized to achieve up to 9:1 d.r. of the

final bromo-substituted product.
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Figure D13. Studies of 1,1-alkenylthianthrenium salt reactivity for 1,2-azolosulfonium product formation.
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Figure D14. Treatment of a-tertiary azole sulfonium products with stoichiometric base. Outcome is
quantitative elimination to allylic azole arising from reversible alkenylthianthrenium formation and allylic
deprotonation and substitution by liberated azole nucleophile.

Preparation and Characterization of Alkenylthianthrenium Salts

©pFs
5-(2-methylprop-1-en-1-yl)-5SH-thianthren-5-ium hexafluorophosphate(V) (5.41).
Experimental procedure: To an oven-dried 50-mL three-neck flask equipped with a magnetic stir bar was
added KPFs (2.76 g, 15.0 mmol, 3.0 equiv) to the undivided cell. The side necks were equipped with two
septa containing a stainless steel wire/Ni foam cathode assembly (2.9 x 1.6 cm) and a pencil/RVC anode
assembly (1.6 x 0.6 x 0.7 cm). MeCN (36 mL) was added to the flask and sparged with a balloon of gaseous
isobutene for 30 min. Thianthrene (1.08 g, 5.00 mmol, 1.0 equiv.) was added, followed by trifluoroacetic
acid (2.82 mL, 50.0 mmol, 10.0 equiv) and trifluoroacetic anhydride (1.0 mL, 7.2 mmol, 1.4 equiv, 2% v/v)
and the solution was stirred and electrolyzed under a constant current of 420 mA for 1.8 h (8.8 F/mol). The
electrolysis was visually monitored until the solution turned from deep purple to light red.
Purification: At completion of electrolysis, the electrode leads were disconnected, septa removed, and the
anode RVC was pushed off the pencil into the reaction mixture. The anode solution then was concentrated
under reduced pressure. The crude residue was diluted with ~60 mL DCM, transferred to a separatory
funnel, and quenched with saturated NaHCOs3 solution (150 mL) (Caution: excessive bubbling may occur).
The aqueous layer was extracted with DCM (50 mL x 3) and the combined organic layers were washed
with aqueous KPF¢ solution (3 x 100 mL, 5 % w/w), dried with anhydrous Na,SO, filtered, and
concentrated under reduced pressure. The residue was purified via flash column chromatography (DCM/3:1
EtOAc:EtOH). The collected fractions were triturated with DCM to afford 973.0 mg (47% yield) of 5.41.
Alternative purification: a second column can be performed to obtain >95% purity alkenylthianthrenium
salt.
'"H NMR (500 MHz, CD;CN) § 8.08 (dd, J = 8.1, 1.3 Hz, 2H), 7.96 (dd, J = 7.9, 1.3 Hz, 2H), 7.80 (td, ] =
7.7,1.4 Hz, 2H), 7.71 (td, J = 7.7, 1.3 Hz, 2H), 6.52 (t, ] = 1.3 Hz, 1H), 2.32 (d, J = 1.2 Hz, 3H), 2.04 (d, J
= 1.3 Hz, 3H); ¥C NMR (126 MHz, CD;CN) §13C NMR (126 MHz, CD3CN) 8 166.66, 135.99, 134.94,
132.54, 131.35, 130.74, 122.99, 105.07, 26.24, 21.67; ’F NMR (377 MHz, CDsCN) § -71.85, -73.72; 3'P
NMR (162 MHz, CD3;CN) 6 -144.61 (hept, J = 706.7 Hz). HRMS (ESI+) Calc: [M]" (Ci¢Hi5S2") 271.0610,
measured: 271.0606; 1.5 ppm difference.



299

Characterization of 1,2-Azolothianthrenium Salt 5.42

CF,

PFs Hﬂ‘e"e

S
0

S
5-(2-methyl-2-(3-(trifluoromethyl)-1H-pyrazol-1-yl)propyl)-SH-thianthren-5-ium
hexafluorophosphate(V) (5.42). Prepared from 3-(trifluoromethyl)-1H-pyrazole and
5-(2-methylprop-1-en-1-yl)-5SH-thianthren-5-ium hexafluorophosphate(V) (5.41) 85% NMR yield (>20:1
N!:N?) obtained by following the general procedure with the following modification: 16 h reaction using i-
ProNEt base (1 equiv.) instead of Cs>COs. Peaks were assigned by partial isolation; regioselectivity
determined by '"F NMR.
Purification: The mixture was then filtered over a pad of celite and MeCN was removed under vacuum.
The residue was diluted with DCM (~75 mL), filtered over a pad of celite and concentrated under vacuum.
The residue was dissolved with a minimum amount of DCM, a stir bar added, and Et20 (~200 mL) was
slowly added to precipitate a solid. If necessary, the mixture was left to stir overnight to ensure full
precipitation. The precipitate was then filtered, the solid rinsed with Et20 (2x) and pentane (1x). The solids
were collected into a vial and dried under high vacuum to afford the desired product. The funnel was rinsed
with further portions of DCM, concentrated under reduced pressure, and collected into a vial to ensure
complete collection of material.
"H NMR (500 MHz, CDsCN) & 7.97 (dd, J = 8.1, 1.5 Hz, 2H), 7.95 (dd, J = 8.1, 1.3 Hz, 2H), 7.84 — 7.81
(1H), 7.78 (td, J = 7.7, 1.4 Hz, 2H), 7.64 (td, J = 7.7, 1.3 Hz, 2H), 6.60 (d, J = 2.5 Hz, 1H), 4.38 (s, 2H),
1.75 (s, 6H); C NMR (126 MHz, CDsCN) & 142.79 (q, J = 37.8 Hz), 137.71, 135.47, 134.45, 131.63,
130.77, 130.62, 122.23 (q, J = 268.0 Hz), 119.81, 106.24 (q, J = 2.2 Hz), 62.02, 54.50, 27.34; ’F NMR
(377 MHz, CD3CN) § -62.07 (s, 3F), -71.96 (s, 3F), -73.83 (s, 3F); 3'P NMR (162 MHz, CD;CN) § -144.62
(hept, J = 706.3 Hz). HRMS (ESI+) Calc: [M]" (C20H1sF3N2S,") 407.0858, measured: 407.0854; 1.0 ppm
difference.

©

Characterization of Heterofunctionalization Products

®
T A gf:e
Cs,CO0O3 (0.1 equiv.) N
Cl

cl
" MeCN (0.05 M), 3 h 5
[ \> —————— then add —————
N cl

Cl

SH
0.40 mmol @[ (1.5 equiv.) 130.9 mg, 80% yield
cl

iProNEt (1.5 equiv.)
24 h
1-(4-(4-chlorophenyl)-1-((2,6-dichlorophenyl)thio)butan-2-yl)-1H-imidazole (5.21).
Experimental procedure: To threaded vial equipped with a magnetic stir bar were added 5-(4-(4-
chlorophenyl)but-1-en-1-yl)-5H-thianthren-5-ium hexafluorophosphate(V) (210.8 mg, 0.40 mmol, 1.0
equiv.), imidazole (27.23 mg, 0.40 mmol, 1.0 equiv.), and cesium carbonate (13.03 mg, 0.04 mmol, 0.1
equiv.). MeCN (8 mL) was added and the reaction mixture was capped with a PTFE seal and stirred at room
temperature until completion of the reaction (3 h). Then 2,6-dichlorobenzenethiol (107.4 mg, 0.60 mmol,
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1.5 equiv.) followed by DIPEA (105 uL, 0.60 mmol, 1.5 equiv.) were added and the reaction mixture was
allowed to stir for 24 h.

Purification: At completion, the reaction mixture was diluted with DCM (~60 mL) and washed with water
(150 mL). The aqueous layer was then extracted with DCM (50 mL x 3). The combined organic layers were
dried over Na,SQOs, filtered and concentrated under reduced pressure. The residue obtained was then
purified by flash column chromatography (DCM/acetone) to obtain 130.9 mg (80% yield) of 5.21.

'"H NMR (500 MHz, CDCls) § 7.52 (s, 1H), 7.32 (d, J = 8.1 Hz, 2H), 7.21 — 7.13 (m, 3H), 7.04 (s, 1H),
6.94 (d, ] = 8.4 Hz, 2H), 6.89 (s, 1H), 4.00 (dt, J = 8.8, 3.4 Hz, 1H), 3.33 (dd, J = 13.9, 7.4 Hz, 1H), 3.15
(dd, J = 14.0, 6.0 Hz, 1H), 2.45 — 2.37 (m, 1H), 2.37 — 2.24 (m, 2H), 2.10 — 2.00 (m, 1H); *C NMR (126
MHz, CDCls) & 140.72, 138.30, 136.55, 132.04, 131.58, 130.24, 129.63, 129.60, 128.82, 128.62, 116.17,
57.69, 40.61, 35.99, 31.19. HRMS (ESI+) Calc: [M+H]" (Ci9HisCI3N2S) 411.0251, measured: 411.0247;
1.0 ppm difference.

Me
® S)
TT\/kMe PF5

(1 equiv.) R Br
Br Cs,CO3 (0.10 equiv.) 2/ \<N
F. MeCN (0.05M), 3 h Ph N’
\ \
| N ————— then add ————— N S\/kMe
N o N T Me
H \ N—N
N SNa
0.20 mmol N ,
N-N 69.9 mg, 88% yield
(1.5 equiv.) >20:1 N:N2
48 h

5-((2-(3-bromo-4-fluoro-1H-pyrazol-1-yl)-2-methylpropyl)thio)-1-phenyl-1H-tetrazole (5.47).
Experimental procedure: To threaded vial equipped with a magnetic stir bar were added 5-(2-methyl-2-
(3-(trifluoromethyl)-1H-pyrazol-1-yl)propyl)-5H-thianthren-5-ium hexafluorophosphate(V) (5.41). (83.3
mg, 0.20 mmol, 1.0 equiv.), 3-bromo-4-fluoro-1H-pyrazole (33.0 mg, 0.20 mmol, 1.0 equiv.), and cesium
carbonate (6.52 mg, 0.02 mmol, 0.1 equiv.). MeCN (4 mL) was added and the reaction mixture was capped
with a PTFE seal and stirred at room temperature until completion of the reaction (3 h). Then sodium 1-
phenyl-1H-tetrazole-5-thiolate (60.1 mg, 0.30 mmol, 1.5 equiv.) was added and the reaction mixture was
allowed to stir for 48 h.

Purification: At completion, the reaction mixture was concentrated under reduced pressure. The residue
obtained was then purified by flash column chromatography (DCM/ethyl acetate) to obtain 69.9 mg (88%
yield, >20:1 N':N?) of 5.47. Regioisomer was determined using *C-'"H HSQC and *C-'H HMBC NMR
analysis.

'"H NMR (500 MHz, CD;CN) § 7.67 — 7.61 (m, 4H), 7.61 — 7.54 (m, 2H), 3.93 (s, 2H), 1.64 (s, 6H); 1*C
NMR (126 MHz, CDs;CN) & 154.95, 147.33 (d, J = 245.7 Hz), 134.43, 131.49, 130.83, 125.45, 116.94 (d,
J=27.4Hz),112.30(d,J=16.3 Hz), 63.61, 45.07, 26.45; ’F NMR (377 MHz, CDsCN) § -175.46. HRMS
(ESI+) Calc: [M+H]" (C1sH;sBrFNeS) 397.2041, measured: 397.2037; 1.0 ppm difference.
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D4. NMR spectra
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Appendix E: Supporting Information for Chapter 6 (Diastereoselective Synthesis of Cyclopropanes
from Carbon Pronucleophiles and Alkenes)

El. General Methods and Materials

Unless otherwise noted, reactions were performed under air in an anhydrous solvent. MeCN and toluene
were purchased as sureseal bottles and used as is. THF, DMF, DMSO, and DCM were dried by passing
through activated alumina columns. Thianthrene was recrystallized from acetone prior to use. #n-BusNPFe
was recrystallized three times from EtOAc prior to use. All liquid carbon pronucleophiles were distilled
from CaH, prior to use. Unless otherwise noted, other commercially available reagents were used as
received. Aluminum Oxide (activated, basic, Brockmann I) was purchased from Sigma-Aldrich and used
for filtration. Crude reaction mixtures were evaluated by thin-layer chromatography using EMD/Merck
silica gel 60 F254 pre-coated plates (0.25 mm) and were visualized by UV and/or Seebach, ninhydrin, or
KMnO, staining. Flash chromatography was performed with a Biotage Isolera One automated
chromatography system with re-packed silica columns (technical grade silica, pore size 60 A, 230 - 400
mesh particle size, 40 - 63 particle size) or pre-packed Biotage Sfér Silica HC Duo 20um 50g - High
Capacity Column columns. Purified materials were dried in vacuo (0.050 Torr) to remove trace solvent. 'H,
1BC, UF, and *'P spectra were taken using a Bruker Avance-400 with a BBFO Probe, a Bruker Avance-500
with a DCH Cryoprobe, a Bruker Avance III HD-500 with a TXO Cryoprobe, or a Bruker Avance-600 with
a TCI-F cryoprobe. NMR data are reported relative to residual CHCls (1 H, 6 = 7.26 ppm), CDCl; (13 C, &
=77.16 ppm) or residual CsHs (1 H, 6 = 7.16), C¢Hg (13C, 8 = 128.06 ppm). Data for 'H NMR spectra are
reported as follows: chemical shift (6 ppm) (multiplicity, coupling constant (Hz), integration). Multiplicity
and qualifier abbreviations are as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br
= broad. All NMR yields were determined via reference against an internal standard (dibromomethane or
mesitylene for 1 H). Mass spectrometry data was collected on a Thermo Scientific Q Exactive Plus Mass
Spectrometer. The crystal evaluation and data collections were performed on a Bruker D§ VENTURE
PhotonlIl four-circle diffractometer with Cu Ka (A = 1.54178 A) radiation with the detector to crystal
distance of 4.0 cm (Bruker-AXS (2018). APEX3. Version 2018.1-0. Madison, Wisconsin, USA.). The
reflections were indexed by an automated indexing routine built in the APEX3 program. Mercury was used
for structural visualization.!

Abbreviations: OAc—acetate, Aq—aqueous, Boc—tert-butyl carbamate, tBu—tert-butyl, DBU—1,8-
Diazabicycl[5.4.0Jundec-7-ene, DC—direct current, DCM— dichloromethane, DMF—dimethyl
formamide, DMSO—dimethylsulfoxide, Et—ethyl, EtOAc—ethyl acetate, EtOH—ethanol, Me—methyl,
MeCN—acetonitrile, MeOH—methanol, NBS—AN-bromosuccinimide, NPhth—phthalimide, Ph—phenyl,
PTFE—polytetrafluoroethylene, RVC—reticulated vitreous carbon, n-Bus—tetrabutyl, n-Octy4—tetraoctyl,
TBAB—tetrabutylammonium bromide, TEA—triethylamine, TFA— trifluoroacetic acid, THF—
tetrahydrofuran, TLC—thin layer chromatography, TT—thianthrene.

Electrochemical Methods and Materials

Bulk constant current electrolysis experiments were driven with a Dr. Meter HY3005M-L DC Power
Supply or a custom—made low current power supply which was externally calibrated with a multimeter
using a 10 Ohm resistor. Original design and fabrication of low current power supply created by Dr. Blaise
J. Thompson. Provides an operational range of = 0.01 — 9.99 mA, tunable by variable resistor, delivering
power to banana socket pair. The power supply is limited to + 15 V for bulk electrolysis and is powered by
an 18 V wall wart. Circuitry is housed within an aluminum enclosure. For additional specifications, see: J.
Am. Chem. Soc. 2020 142, 2093-2099 and Nature 2021 596, 74-79.
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Divided cell fabricated in house by Tracy Drier. Glass frit purchased from Ace Glass (7176-36). Anode
electrode assembled via affixing end of the silver wire (Belden Hook-Up wire, item number 83005 007100)
around the pencil (JuneGold 2B graphite 2 mm) and wrapping in teflon tape to prevent exposure, then
piercing RVC (8 x 7 x 7 mm, Ultramet, 80 ppi) with pencil. Solvent exposed electrode surface area (22.4
cm?) was calculated via manufacturer-supplied surface area/volume ratio measurements. Cathode electrode
assembled via affixing nickel foam (1.4 x 1.4 cm, or 1.5 x 0.9 cm, MTI Corporation, Surface density:
350g/m?) to the end of stainless steel wire (Grainger, stainless steel lockwire, 0.025” diameter, item number
16Y043). PTFE tubing (Cole-Parmer; 1/32” ID, 1/16” OD, item number EW-06407-41) connects both sides
of the divided cell to normalize pressure. Septa inner diameter 16 mm.

Figure E1. Picture of standard electrochemical H-cell used with electrode setup attached.

E2. Supplemental Data
E2.1. Cyclopropanation Comparison with Substitution of Vicinal Dihalide Starting Materials

A literature survey of different conditions varying base, solvents, and use of phase transfer reagents for
cyclopropanation of dihaloethanes was found and applied to (3,4-dibromobutyl)benzene as a starting
material. Results show minimal formation of cyclopropane product with mass balance favoring elimination
side-products. For comparison, substitution of the 4-phenylbutene-derived dicationic adduct results in 85%
yield for the desired cyclopropanation product.

Dimethyl malonate
(1 equiv.)
Br Base MeO,C Br

Br Additive o CO,Me
- > e Br
Time @/\/\ﬂ\

X equiv. A B C
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Table E1. Substitution of conventional vicinal dibromide dielectrophile for cyclopropanation.
Entry  Base X Additive  Solvent (M) Time A B C SM  Source

(equiv.) equiv. (equiv.) h ) () (%) (%)

1 Cs:CO; 1.0 - MeCN (0.3) 2 0 0 0 98* Our
(2.5) work

2 NaOH 1.5 TBAB  Toluene:H,O 4 0 54 82 0 Ref. 2
(11) (0.2) (1:1, 0.6)

3 NaH 1.5 - DMSO (0.3) 16 0 63 80 0 Ref. 3
3.0

4 K>CO; 1.4 TBAB DMF (0.3) 16 15 21 26 56 Ref. 4
(2.5) (0.05)

5 NaOH 1.5 BnEts;NCI  HO0 (0.5) 16 2 39 54 55 Ref.5
(25) (1)

* No further conversion was observed even after stirring overnight (16 h).

E2.2. Cyclopropanation of Vicinal Dibromide Dielectrophiles for Drug Intermediate Analog
Substitution conditions were taken from patent literature prepped by Vertex Pharmaceuticals® for the
synthesis of 1-(2,2-difluorobenzo[d][1,3]dioxol-5-yl)cyclopropane-1-carbonitrile and applied to vicinal
dibromide analogs of alkenes showcased in Scheme 6.3.

n-Oct4NBr (2 mol%)
cl O 50% Aq. KOH (5 equiv) _ ><
o X
Br F™% CN 70°C, 1h

88 - 100% vyield

1.5 equiv 1.0 equiv
Scheme E1. Patented procedure for cyclopropanation of vicinal dihalide with 2-(2,2-
difluorobenzo[d][1,3]dioxol-5-yl)acetonitrile.

n-OctyNBr (2 mol%)
X F O 50% Aqg. KOH (5 equw) >< X
X\)\ * >< )\
R F" % CN 70°C, 4 h R

1.5 equiv 1.0 equiv c

Table E2. Cyclopropanation of vicinal dibromide dielectrophiles targeting drug analog synthesis
featured in Scheme 6.3.
Entry Substrate A(%) B(%) C(%) SM (%)
1 Br 0 32 95 0

2% o Fo0 33 28 31
Br\)\/\/OYQ/

Br\AMe

*Ester suffered from hydrolysis under basic conditions.
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E3. Reaction Optimization
E3.1. Experimental Procedures with Cs;CO3; Quench

To an oven-dried divided electrochemical cell equipped with magnetic stir bars was added thianthrene (48.7
mg, 0.225 mmol, 1.5 equiv.) to the anode compartment and KPFs (110 mg, 0.6 mmol) to both compartments.
The cell was equipped with two septa containing a stainless steel wire/Ni foam cathode assembly and a
pencil/RVC anode assembly connected together with a teflon tubing to equalize pressure. MeCN (3 mL)
was added to the cathode and anode compartments. 4-phenylbutene (23 pL, 0.15 mmol, 1 equiv.) was added
to the anode compartment. TFA (116 pL, 1.5 mmol, 10 equiv.) was added to the cathode compartment and
both sides of the cell were stirred at 30 °C and electrolyzed under a constant current of 4.5 for 2.5 h (2.5
F/mol). At completion of electrolysis, the electrode leads were disconnected, septa removed, and the anode
RVC was pushed off the pencil into the reaction mixture.

Following electrolysis, dibromomethane was added as an internal standard to the anodic compartment. The
solution was thoroughly stirred, and 50 pL of mixture mixture was added to an NMR tube prefitted with a
glass-sealed NMR insert filled with MeCN-d3. The NMR tube was diluted with 0.2 mL MeCN and an
NMR of adduct was taken.

The cathode solution was removed from the cell via pipette and a fresh septum was added to the cathode
department to prevent equilibration. 2-(6-chloropyridin-3-yl)acetonitrile (22.9 mg, 0.15 mmol, 1 equiv.)
was added to the anode compartment followed by Cs>COs (varying equiv.). To the anode compartment was
added a septum pierced with a needle to prevent pressurizing. After pressure equilibration, the needle was
removed, and the anode solution was stirred in the cell for 2.5 h.

Following the Cs>CO3 quench, upon substitution reaction completion, the reaction mixture was taken up in
an NMR tube for NMR yield.

thianthrene Qﬁ _O_/
[electroly5|s] 7)\
/\R ®S\/\
% 052003 (X eq) Z R
R = CH,CH,Ph H

6.1+6.2 6.4 6.5

Table E3. Base equivalence screening yields.
Cs;CO3  6.1+6.2 64 6.5
(equiv.) (%) (%) (%)

1 88 0 90
2 81 0 83
3 &9 5 80
4 &5 19 56
5 83 32 43
6 84 67 0
8 78 71 0

p—
<

86 80 0
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Figure E2. Base equivalence screening for cyclopropanation yield via dication pool.
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E3.2. Experimental Procedures for Reaction Time Course Study for Substitution

To an oven-dried divided electrochemical cell equipped with magnetic stir bars was added thianthrene (48.7
mg, 0.225 mmol, 1.5 equiv.) to the anode compartment and KPFs (110 mg, 0.6 mmol) to both compartments.
The cell was equipped with two septa containing a stainless steel wire/Ni foam cathode assembly and a
pencil/RVC anode assembly connected together with a teflon tubing to equalize pressure. MeCN-d3 (3 mL)
was added to the cathode and anode compartments. 4-phenylbutene (23 pL, 0.15 mmol, 1 equiv.) was added
to the anode compartment. TFA (116 pL, 1.5 mmol, 10 equiv.) was added to the cathode compartment and
both sides of the cell were stirred at 30 °C and electrolyzed under a constant current of 4.5 mA for 2.5 h
(2.5 F/mol). At completion of electrolysis, the electrode leads were disconnected, and dibromomethane was
added as an internal standard and the reaction was stirred for an additional minute. Then, 0.5 mL of the
anode solution was transferred to an oven-dried NMR tube directly using a syringe. Initially, the
concentration of thianthrenium dicationic adducts was quantified via '"H NMR using dibromomethane as
an internal standard (NS = 1, Bruker Avance 600, TCI-F cryoprobe) with shimming. (Note: the reaction
time was tracked relative to collection of the first spectrum.) Following initial scans, the NMR tube was
removed from the spectrometer, and 2-(6-chloropyridin-3-yl)acetonitrile (0.025 mmol, 3.81 mg, 1 equiv.
relative to solution in NMR tube) was added to the NMR tube. After a couple shakes, the NMR tube was
placed in the NMR spectrometer and a series of spectra were gathered (NS = 1, no lock, no shimming). The
NMR tube was again removed from the spectrometer, and Cs>CO3 (0.250 mmol, 81.5 mg, 10 equiv. relative
to solution in NMR tube) was added to the NMR tube through a glass pipette to prevent solid sticking to
the side of the tube. Without mixing, the solid was allowed to sink to the bottom, and the NMR tube was
placed in the NMR spectrometer and a series of spectra were gathered (NS = 1, no lock, no shimming).
Starting around 18 minutes after initial spectrum was taken, the NMR tube was removed from the
spectrometer and mixed by hand in increasing increments of time (0.5, 1, 2, 4 mins). Spectra were collected
after each mixing event (NS = 1, no lock, no shimming). Starting around 35 minutes after initial spectrum
was taken, the NMR tube was removed from the spectrometer and mixed attached to a rotary evaporator
and spun at lowest setting (approximately 10 full revolutions per minute). At varying times during the
reaction, mixing was stopped, and spectra were collected to determine the concentration of
alkenylthianthenium salt and final cyclopropane product using dibromomethane as an internal standard.
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Figure E3. Reaction profile of substitution step with 10 equiv. of Cs>COs. (R = CH,CH,Ph).

Table E4. Full time course data for cyclopropanation via dication pool.

Time

(mins) 1+2 5 4
0 99 0 0
9 100 0 0
15 19 79 0
16 14 87 0
18 9 91 0
22 0 96 0
25 0 94 0
29 0 91 0
35 0 91 0
53 0 88 10
79 0 71 22
109 0 47 45
140 0 26 66
170 0 13 78
214 0 1 90

This '"H NMR time course supports facile elimination of adducts 1 and 2 to form alkenyl thianthrenium 5,
which serves as a key intermediate en route to cyclopropane product 4. Similarly, mechanistic studies for
other transformations via the dication pool also support alkenyl thianthrenium as competent intermediates
for both aziridination’ (see below for data) and allylic amination.?
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|

Z 1. TT, [anodic oxidation] BnN ®S
then + =z
2. BnNH,, DIPEA

A B
Table ES. Time course of aziridination via the dication pool.
Time (h) A B
0.5 17 48
3 23 53
18 0 83

E3.3. Testing Effect of Nitrile vs Ester Groups on Diastereoselectivity

To a 1 dram vial was added a stir bar and (FE)-5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium
hexafluorophosphate (43.4 mg, 0.100 mmol) followed by MeCN (2 mL). Then either 2-(6-chloropyridin-
3-yl)acetonitrile (15.3 mg, 100 umol, 1 equiv.) or ethyl-2-(6-chloropyridin-3-yl)acetate (20.0 mg, 15.5 pL,
100 pmol, 1 equiv.) was added, followed by Cs>COs (65.2 mg, 200 umol, 2 equiv.). The solution was stirred
for 2.5 h. Dibromomethane was added as an internal standard and an aliquot for NMR yield was taken.
Cyclopropane coupling product yield and d.r. was determined via '"H NMR. See Reaction Optimization
section for characterization of products.

N
S% X I R cl— \ e
QS\/\/\Q Cs,CO5 (2 equiv.)'

R = CN; 89% yield (220:1 d.r.)
R = CO,Et; 56% yield (2:1 d.r.)

Scheme E2. Cyclopropanation of alkenyl-TT" as starting material. Distinct d.r. is observed based on
steric profile for substituents on acidic methylene carbon pronucleophile.

CN
C|_<‘:\>""§\/\Ph

1-(6-Chloropyridin-3-yl)-2-phenethylcyclopropane-1-carbonitrile  (6.4): Following procedures
outlined above afforded an NMR yield of 81% yield, mixture of diastereomers, >20:1 d.r. Structural
configuration assigned via analogy with compound 6.25. '"H NMR (500 MHz, CDCl;) § 8.23 (d, J = 2.6
Hz, 1H), 7.49 (dd, J = 8.4,2.7 Hz, 1H), 7.29 (dd, /= 8.0, 6.3 Hz, 3H), 7.24 — 7.18 (m, 3H), 3.01 —2.76 (m,
2H), 2.16 — 2.00 (m, 2H), 1.61 (dd, J = 8.0, 4.7 Hz, 1H), 1.58 — 1.49 (m, 2H). Distinct minor diastereomer
signals observed at 6 8.17 (d, J= 2.7 Hz, OH), 2.58 (td, /= 7.9, 4.2 Hz, 1H), 1.74 (dd, /= 9.3, 6.3 Hz, OH),
1.43(dd,J=7.2,5.3 Hz, 0H), 1.33 (dd, J=7.4,5.9 Hz, 1H). 3C NMR (126 MHz, CDCl;) § 150.88, 147.18,
140.52, 136.67, 131.74, 128.76, 128.66, 126.52, 124.37, 119.64, 34.90, 33.09, 30.34, 24.20, 17.80. HRMS
(ESI+) Calc: [M+H]" (C17H15CIN,) 283.0997, measured: 283.0994; 1.1 ppm difference.
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CO,Et
C| / \ |lu§\/\
N= Ph

Ethyl 1-(6-chloropyridin-3-yl)-2-phenethylcyclopropane-1-carboxylate (E1): Following procedure
outlined above afforded an NMR yield of 56% yield, mixture of diastereomers, 2.4:1 d.r. Structural
configuration assigned via analogy with compound 6.29. '"H NMR (500 MHz, CDCl;) § 8.27 (d, J = 2.4
Hz, 1H), 7.51 (dd, /= 8.2, 2.6 Hz, 1H), 7.30 (dd, /= 8.2, 6.9 Hz, 2H), 7.25 — 7.18 (m, 4H), 4.19 — 4.04 (m,
2H), 2.75 (td, J="7.4, 2.4 Hz, 2H), 2.08 — 1.93 (m, 2H), 1.66 (dd, J=7.5,4.7 Hz, 1H), 1.55 — 1.45 (m, 1H),
1.28 (dd, J=9.0, 4.7 Hz, 1H), 1.17 (t, J = 7.1 Hz, 3H). Distinct minor diastereomer signals observed at o
8.27(dd,J=2.5,0.7 Hz, 1H), 7.51 (dd, /= 8.2, 2.4 Hz, 1H), 7.29 — 7.22 (m, 3H), 7.20 — 7.13 (m, 1H), 7.10
—7.04 (m, 2H), 4.16 — 4.00 (m, 2H), 2.75 — 2.62 (m, 2H), 1.91 (tdd, /=9.2, 6.9, 4.9 Hz, 1H), 1.79 (ddd, J
=9.0,4.4,0.7 Hz, 1H), 1.67 (dddd, J = 13.6, 8.7, 6.8, 4.8 Hz, 1H), 1.16 (t, /= 7.1 Hz, 3H), 1.06 (dd, J =
6.9, 4.4 Hz, 1H), 0.83 (dtd, J = 13.9, 9.0, 6.6 Hz, 1H). HRMS (ESI+) Calc: [M+H]" (Ci9H20CINO>)
330.1255, measured: 330.1253; 0.6 ppm difference.

E3.4. Experimental Procedures with Basic Alumina Filtration Quench

To an oven-dried divided electrochemical cell equipped with magnetic stir bars was added thianthrene (130
mg, 0.600 mmol, 1.5 equiv.) to the anode compartment and KPFs (294 mg, 1.60 mmol) to both
compartments. The cell was equipped with two septa containing a stainless steel wire/Ni foam cathode
assembly and a pencil/RVC anode assembly connected together with a teflon tubing to equalize pressure.
MeCN (8 mL) was added to the cathode and anode compartments. 4-phenylbutene (60 pL, 0.400 mmol, 1
equiv.) was added to the anode compartment. TFA (308 pL, 4.00 mmol, 10 equiv.) was added to the cathode
compartment and both sides of the cell were stirred at 30 °C and electrolyzed under a constant current of
12.0 mA for 2.25 h (2.5 F/mol alkene). At completion of electrolysis, the electrode leads were disconnected,
septa removed, and the anode RVC was pushed off the pencil into the reaction mixture.

Following electrolysis, dibromomethane was added as an internal standard to the anodic compartment. The
solution was thoroughly stirred, and 50 uL of mixture mixture was added to an NMR tube pre-fitted with a
glass-sealed NMR insert filled with MeCN-d3. The NMR tube was diluted with 0.2 mL MeCN and an
NMR of adduct was taken.

The cathode solution was removed from the cell via pipette and a fresh septum was added to the cathode
department to prevent equilibration. The anode solution was filtered over a pad of basic alumina (8 g,
activated, basic, Brockmann I). The cathode compartment was washed with MeCN (2.0 mL) and pushed
across the frit to rinse the frit. The anode compartment was further washed with MeCN (5 x 1.2 mL). The
alumina pad was washed with MeCN (2 x 8 mL), taking care to fully disperse the alumina in solution using
a spatula. The filtrate was concentrated in vacuo and then resuspended in MeCN (1.5 mL). 2-(6-
chloropyridin-3-yl)acetonitrile or (61.0 mg, 0.400 mmol, 1 equiv.) was added to the reaction mixture
followed by Cs>CO;3 (261 mg, 0.800 mmol, 2 equiv.). The solution was stirred for 2.5 h.

® S% N A CN
thianthrene Qéw 3 & ] % C'_Q_/ N\ SN
o~ [electrolysis] % 7)\ % - = C|_Q....§\
Z "R H;SZ\R * H “H S® basic alumina @S\/\R Cs,C03 (2 equiv) = R
y S filtration

R = CH,CH,Ph H
85% adduct yield 82% yield 81% yield

Scheme E3. Cyclopropanation via the dication pool using a basic alumina quench.
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E4. Substrate Preparation

=z
NTs

1-Tosyl-4-vinylpiperidine (E3) — prepared in three steps according to Angew. Chem. Int. Ed. 2018, 57,
13096-13100.

Step 1: synthesis of ter-Butyl 4-vinylpiperidine-1-carboxylate (E2): An oven-dried round bottom flask
under N, was charged with MePPhsl (28.9 g, 71.5 mmol, 1.3 equiv.) and THF (275 mL, 0.2 M). KOtBu
(8.64 g, 77.0 mmol, 1.4 equiv.) was added to the suspension at 0 °C. The resulting mixture was allowed to
warm to room temperature and stirred for 1 h. The yellow suspension was then cooled to 0 °C and tert-
butyl-4-formylpiperidine- 1-carboxylate (11.7 g, 55.0 mmol, 1 equiv.) was added. The reaction was allowed
to warm to room temperature and stirred overnight. Following completion monitored via TLC, the reaction
mixture was concentrated under reduced pressure and then diluted with ether (~ 100 mL) to precipitate
triphenylphosphine oxide. The mixture was filtered, and the solid was washed 5x with ether. The filtrate
was collected, concentrated under reduced pressure, and the reside was purified via flash column
chromatography (EtOAc/hexanes) to give 11.1 g (96%) of E2 as a liquid. "H NMR (400 MHz, CDCl;) &
5.77(ddd, J=17.0, 10.5, 6.4 Hz, 1H), 4.98 (m, 2H), 4.08 (m, 2H), 2.72 (m, 2H), 2.11 (m, 2H), 1.68 (d, J =
13.2, Hz, 2H), 1.45 (s, 9H), 1.28 (m, 2H). '3C NMR consistent with reported spectra (Angew. Chem. Int.
Ed. 2018, 57, 13096-13100).

Step 2: synthesis of 1-Tosyl-4-vinylpiperidine (E3): An oven-dried round bottom flask was charged with
E2 (9.80 g, 46.4 mmol, 1 equiv.) and 1:1 DCM:TFA (60 mL, 0.8 M). The reaction was stirred at room
temperature and monitored for completion via TLC (~ 1 h). Then NEt; (70mL), DMAP (567 mg, 4.64
mmol, 0.1 equiv.), and tosyl chloride (10.6 g, 55.7 mmol, 1.2 equiv.) were added to the reaction mixture.
The mixture was stirred at room temperature for 16 h. The mixture was then quenched with water (250 mL).
The organic layer was separated, and the aqueous layer was extracted with DCM (3 x 250 mL). The
combined organic layers were dried over anhydrous Na,SOs, filtered, and concentrated under reduced
pressure. The residue was purified via flash column chromatography (conditions) to give 10.1 g (82% yield)
of E3 as a solid. '"H NMR (400 MHz, CDCl;) 6 7.64 (d, J = 8.3 Hz, 2H), 7.32 (d, ] = 7.9 Hz, 2H), 5.71 (ddd,
J=17.1,10.5, 6.4 Hz, 1H), 4.96 (m, 2H), 3.76 (dt, J = 11.9, 3.3 Hz, 2H), 2.43 (s, 3H), 2.28 (td, J = 11.9,
2.6 Hz, 2H), 1.88 (m, 1H), 1.74 (m, 2H), 1.49 (m, 2H). 3*C NMR consistent with reported spectra (4ngew.
Chem. Int. Ed. 2018, 57, 13096-13100).

N

NN/SO/Br
H

3-bromo-N-(but-3-en-1-yl)benzenesulfonamide (E4): To a solution of 3-bromobenzenesulfonyl chloride
(2.56 g, 10.0 mmol, 1.1 equiv.) in DCM (10 mL) at 0 °C was added NEt; (1.4 mL, 10.0 mmol, 1.1 equiv.)
followed by 3-buten-1-amine (0.84 mL, 9.09 mmol, 1 equiv.). The mixture was allowed to warm to room
temperature overnight. 1 N HCI (~20 mL) was added to the reaction mixture and the layers were separated.
The aqueous layer was extracted with DCM (~40 mL x3). The combined organic layers were dried with
anhydrous Na,SQO,, filtered, and evaporated under reduced pressure. The residue was purified via flash
column chromatography (EtOAc/hexanes) to give 2.00 g (76 % yield) of E4 as a white fluffy solid. 'H
NMR (400 MHz, CDCl3) 6 8.01 (t, J= 1.9 Hz, 1H), 7.79 (ddd, J =7.9, 1.8, 1.0 Hz, 1H), 7.71 (ddd, J = 8.0,
1.9, 1.0 Hz, 1H), 7.40 (t, ] = 7.9 Hz, 1H), 5.63 (ddt, J = 17.1, 10.3, 6.9 Hz, 1H), 5.16 — 5.01 (m, 2H), 4.47
(t, J=6.4Hz, 1H), 3.07 (q, J = 6.4 Hz, 2H), 2.28 — 2.20 (m, 2H). '3*C NMR consistent with reported spectra
(Nature 2021, 596, 74-79).
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2-(pent-4-enyl)-isoindoline-1,3-dione (ES5): To a mixture of potassium phthalimide (11.11 g, 60.0 mmol,
1.5 equiv.) in DMF (80 mL) was added 5-brompent-1-ene (4.74 mL, 40.0 mmol, 1 equiv.). The reaction
mixture was heated to 60 °C and stirred overnight (18 h). At completion, the mixture was cooled to room
temperature and poured into a saturated brine solution (~200 mL). The aqueous layer was extracted with
Et,0 (3 x 150 mL). The combined organic layers were washed with aqueous 10% LiCl solution (2 x 20
mL), dried over anhydrous Na,SOs, filtered, and concentrated under reduced pressure. The residue was
purified via flash column chromatography (EtOAc/hexanes) to give 4.66 g (54% yield) of ES as a solid. 'H
NMR (500MHz, CDCls) 6 7.82 (dd, J = 5.4, 3.0 Hz, 2H), 7.69 (dd, J = 5.5, 3.0 Hz, 2H), 5.80 (ddt, J = 16.9,
10.2, 6.6 Hz, 1H), 5.03 (dd, J = 17.1, 1.7 Hz, 1H), 4.96 (dd, ] = 10.3, 1.4 Hz, 1H), 3.68 (t, J = 7.4 Hz, 2H),
2.14-2.06 (m, 2H), 1.77 (ddd, J = 14.7, 8.1, 6.8 Hz, 2H); *C NMR consistent with reported spectra (JACS
2009, 131, 9670-9685).

F F
/\/\/o\": C

O

Pent-4-en-1-yl 2,4-difluorobenzoate (E6). A mixture of 2,4-difluorobenzoic acid (1.11 g, 7.0 mmol, 1
equiv.), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (1.74 g, 9.1 mmol, 1.3 equiv.),
and 4-(dimethylamino)pyridine (86 mg, 0.7 mmol, 0.1 equiv.) in DCM (28 mL) was stirred at 0 °C for 20
min. Pent-4-en-1-ol (724 mg, 8.4 mmol, 0.87 mL, 1.1 equiv.) was added and the reaction mixture was
allowed to warm to room temperature. At completion as monitored by TLC, the mixture was diluted with
DCM and extracted with IN HCI solution (~80 mL). The organic layer was washed with brine solution
(~50 mL), dried over anhydrous MgSO4, filtered, and concentrated under reduced pressure. The residue
was purified via flash column chromatography (EtOAc/hexanes) to give 1.14 g (72% yield) of E6 as an oil.
'H NMR (500MHz, CDCl3) 6 7.95 (td, J = 8.5, 6.5 Hz, 1H), 6.91 (dddd, J =8.7, 7.6, 2.5, 1.0 Hz, 1H), 6.85
(ddd, J=11.1, 8.9, 2.5 Hz, 1H), 5.82 (ddt, ] = 16.9, 10.2, 6.6 Hz, 1H), 5.05 (dq, J =17.1, 1.7 Hz, 1H), 5.01
—4.96 (m, 1H), 432 (t, J = 6.5 Hz, 2H), 2.24 — 2.15 (m, 2H), 1.84 (dq, J = 8.1, 6.6 Hz, 2H). *C NMR
consistent with reported spectra (JACS 2021, 143, 21503-21510).

/\/\/\H/O\/
(0]

(E)-ethyl hepta-2,6-dienoate (E7): In a flame-dried 1L round-bottom flask, oxalyl chloride (9.77 g, 6.8
mL, 77.0 mmol, 1.1 equiv.) was dissolved in DCM (240 mL). The reaction mixture was cooled to -78 °C.
DMSO (13.1 g, 11.9 mL, 168 mmol, 2.4 equiv.) was added, and the reaction was stirred at -78 °C for 10
min. Pent-4-en-1-0l (6.03 g, 7.2 mL, 70.0 mmol, 1 equiv.) was added dropwise, and the reaction was stirred
at -78 °C for 30 min before warming to room temperature. (Carbethoxymethylene)triphenylphosphorane
(36.6 g, 105 mmol, 1.5 equiv.) dissolved in DCM (55 mL) was added. The reaction was stirred at room
temperature for 2 h. Water (100 mL) was added to the reaction mixture and the layers were separated. The
aqueous layer was extracted with DCM (50 mL x 3). The combined organic layers were washed with brine
(40 mL), dried with anhydrous MgSQO,, filtered, and evaporated under reduced pressure. The residue was
purified via flash column chromatography (EtOAc/hexanes) to give 8.53 g (79 % yield) of E7 as an oil. *H
NMR (400 MHz, CDCl3) § 6.96 (dt, J = 15.6, 6.7 Hz, 1H), 5.87 — 5.74 (m, 2H), 5.09 — 4.97 (m, 2H), 4.18
(9, J =7.1 Hz, 2H), 2.35-—2.36 (m, 2H), 2.25 — 2.18 (m, 2H), 1.28 (t, J = 1.3 Hz, 3H). *C NMR consistent
with reported spectra (Australian Journal of Chemistry 2000, 53, 659-664).
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4-vinyltetrahydro-2H-pyran (E8): Sodium hydride (60% oil dispersion, 973 mg, 24 mmol, 1.2 equiv.)
was washed with 3 portions of hexanes under an inert atmosphere to remove oil. THF (82 mL) was then
added followed by methyltriphenylphosphonium iodide (9.8 g, 24 mmol, 1.2 equiv.). The reaction mixture
was then heated to reflux for 2 h. The solution was then cooled to room temperature. Tetrahydro-2H-pyran-
4-carbaldehyde (2.3 g, 20 mmol, 1.0 equiv.) was slowly added and the reaction was allowed to stir for an
additional 24 h. Upon reaction completion, saturated aqueous NaHCO3; (40 mL) was added and the mixture
was extracted with Et;O (80 mL). The organic layer was then washed with water and brine, dried over
MgSOs, and concentrated. (Note: Due to the volatility of the product, the rotavap bath was kept at 0 °C.)
The product was purified via column chromatography (Et,O/pentane) to yield 800 mg (35% yield) of the
E8 as an oil. '"H NMR (500 MHz, CDCl3) 8 5.78 (ddd, J = 17.0, 10.4, 6.3 Hz, 1H), 5.00 (dt,J =17.3, 1.6
Hz, 1H), 4.96 (dt, J = 10.5, 1.5 Hz, 1H), 3.97 (ddd, J = 11.5, 4.6, 2.0 Hz, 2H), 3.42 (td, J = 11.7, 2.2 Hz,
2H), 2.26 — 2.15 (m, 1H), 1.63 (ddq, J = 13.2, 4.2, 2.2 Hz, 2H), 1.46 (dtd, J = 13.3, 11.6, 4.4 Hz, 2H). 1*C
NMR (126 MHz, CDCI3) & 142.81, 112.71, 67.70, 38.70, 32.21. HRMS (ESI+) Calc: [M+H]" (C7H130)
113.0961, measured: 113.0960.

/\/\@\

Cl

1-(but-3-en-1-yl)-4-chlorobenzene (E9): Allylmagnesium bromide (1 M in THF, 25.8 mL, 25.8 mmol,
1.29 equiv.) was added to a solution of 4-chlorobenzyl bromide (4.11 g, 20 mmol) in Et20 (30 mL) at 0 °C
under an inert atmosphere. The reaction was allowed to come to room temperature and stirred for 2 h. Upon
reaction completion, the reaction was quenched with saturated aqueous NH4Cl. The aqueous layer was
extracted with DCM, and the combined organic layers were dried over MgSQ, filtered through celite, and
concentrated. The crude mixture was purified via flash column chromatography followed by distillation to
yield 2.04 g (61% yield) of E9 as an oil. '"H NMR (400 MHz, CDCl;) § 7.27 (dt, J= 9.0, 2.1 Hz, 2H), 7.18
—7.10 (m, 2H), 5.85 (ddt, J=16.9, 10.2, 6.6 Hz, 1H), 5.10 — 4.96 (m, 2H), 2.70 (dd, J = 8.8, 6.7 Hz, 2H),
2.37 (tdt, J = 7.8, 6.5, 1.4 Hz, 2H). '*C NMR consistent with reported spectra (Chem. Commun. 2013, 49
(95), 11230-11232).

z I 0
OEt

Ethyl 2-(6-chloropyridin-3-yl)acetate (E10): (6-chloropyridin-3-yl)acetonitrile (1.00 g, 6.55 mmol) was
added to a mixture of EtOH (12.2 mL) and concentrated sulfuric acid (4.54 mL, 85.2 mmol), and the mixture
was stirred under reflux for 45 h. The reaction mixture was slowly added dropwise while stirring to a
mixture of NaHCO; (16.0 g, 190 mmol) and water (100 mL). The aqueous phase was extracted with DCM
(5x200 mL). The combined organic phases were dried over Na,SOs, filtered, and evaporated under reduced
pressure. The crude mixture was purified via column chromatography (EtOAC/hexanes) to yield 1.15 g
(88% yield) of the E10 as an oil. "H NMR (500 MHz, CDCl;) § 8.31 — 8.27 (m, 1H), 7.62 (dd, J = 8.2, 2.6
Hz, 1H), 7.30 (dd, J = 8.2, 0.6 Hz, 1H), 4.17 (q, J = 7.1 Hz, 2H), 3.60 (s, 2H), 1.26 (t, J = 7.2 Hz, 3H). 13C
NMR consistent with reported spectra (Chem. Med. Chem. 2018, 13 (10), 988—1003).

Br

BrW\Q

(3,4-Dibromobutyl)benzene (S11): 4-Phenylbutene (5.3 mL, 35.0 mmol, 1.0 equiv.) and DMSO (3.0 mL,
42.0 mmol, 1.2 equiv.) were dissolved in EtOAc (140 mL). The reaction mixture was heated to 60 °C.
Aqueous HBr (48%, 9.6 mL, 84.0 mmol, 2.4 equiv.) was added. The reaction was stirred at 60 °C for 30
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min. After cooling to room temperature, the reaction mixture was concentrated under reduced pressed. The
crude mixture was purified via column chromatography (EtOAc/hexanes) to yield 9.96 g (98% yield) of
S11 as an oil. '"H NMR (500 MHz, CDCl3) & 7.33 (m, 2H), 7.25 (m, 3H), 4.13 (tdd, J = 9.6, 4.5, 3.0 Hz,
1H), 3.87 (dd, J = 10.3, 4.4 Hz, 1H), 3.66 (t, ] = 10.0 Hz, 1H), 2.96 (ddd, J = 13.9, 0.3, 4.7 Hz, 1H), 2.78
(ddd, J=13.8,9.2,7.2 Hz, 1H), 2.50 (dddd, ] = 14.7,9.2, 7.2, 3.0 Hz, 1H), 2.11 (dtd, J = 14.3, 9.3, 4.7 Hz,
1H). '*C NMR consistent with reported spectra (Green Chem. 2015, 17, 3285-3289.)

Br

Br
NTs

4-(1,2-Dibromoethyl)-1-tosylpiperidine (E12): N-Bromosuccinimide (1.07 g, 6.00 mmol, 3.0 equiv.) and
DMSO (0.43 mL, 6.00 mmol, 3.0 equiv.) were dissolved in DCM (24 mL), and the reaction mixture was
let stir until NBS completely dissolved. 1-Tosyl-4-vinylpiperidine (S3) was added, and the reaction mixture
was stirred at room temperature for 30 min. The crude mixture was purified via column chromatography
(EtOAc/hexanes) to yield 510 mg (60% yield) of E12 as a solid. "H NMR (500 MHz, CDCls) 8 7.65 (d, J
= 8.3 Hz, 2H), 7.33 (d, ] = 8.1 Hz, 2H), 4.11 (dt, ] = 9.7, 4.2 Hz, 1H), 3.93 — 3.85 (m, 2H), 3.82 (dd, J =
10.7,4.7 Hz, 1H), 3.66 (d, J = 10.7, 9.7 Hz, 1H), 2.42 (s, 3H), 2. 28 (dtd, J = 15.1, 12.1, 2.9 Hz, 2H), 1.88
—1.70 (m, 3H), 1.67 — 1.53 (m, 2H). *C NMR (126 MHz, CDCI3) § 143.75, 133.25, 129.83, 127.86, 57.01,
46.07,45.95, 37.90, 33.72, 30.13, 25.78, 21.67. HRMS (ESI+) Calc: [M+H]" (Ci4H19Br.NO,S) 423.9576,
measured: 423.9571; 1.2 ppm difference.

Br F
Br\)\/\/O
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4,5-Dibromopentyl 2,4-difluorobenzoate (E13): N-Bromosuccinimide (1.07 g, 6.00 mmol, 3.0 equiv.)
and DMSO (0.43 mL, 6.00 mmol, 3.0 equiv.) were dissolved in DCM (24 mL), and the reaction mixture
was let stir until NBS completely dissolved. Pent-4-en-1-yl 2,4-difluorobenzoate (S6) was added, and the
reaction mixture was stirred at room temperature for 30 min. The crude mixture was purified via column
chromatography (EtOAc/hexanes) to yield 368 mg (48% yield) of E13 as an oil. '"H NMR (500 MHz,
CDCl;3) 6 8.00 — 7.94 (m, 1H), 6.96 — 6.90 (m, 1H), 6.90 — 6.84 (m, 1H), 4.42 — 4.34 (m, 2H), 4.25 - 4.19
(m, 1H), 3.87 (dd, J = 10.3, 4.3 Hz, 1H), 3.63 (t, J = 10.2 Hz, 1H), 2.43 — 2. 31 (m, 1H), 2.13 — 2.02 (m,
1H), 1.98 — 1.85 (m, 2H). 3C NMR (126 MHz, CDCI3) 8 165.85 (dd, J = 256. 4, 12.0 Hz), 163.60 (d, J =
4.2 Hz), 162.97 (dd, J = 263.4, 12.7 Hz), 134 (dd, J = 10.5, 2.3 Hz), 115.25 (dd, ] = 9.9, 3.7 Hz), 111.74
(dd, J = 21.6, 3.9 Hz), 105.38 (t, J = 25.7 Hz), 64.42, 52.04, 36.02, 32.85, 26.26. ’F NMR (377 MHz,
CDCl3) & -101.73 (d, J = 12.5 Hz, 1F), -103.58 (d, J = 12.6 Hz, 1F). HRMS (ESI+) Calc: [M+H]"
(Ci12H12Br2F20,) 384.9245, measured: 384.9240; 1.3 ppm difference.
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ES. General Experimental Procedures

CAUTION: Although there is no known toxicology data on these dicationic adducts and no issues were
encountered during these experiments, we suspect, based on analogy to other dielectrophiles, that these
adducts are toxic. Isolation or storage of the adducts was avoided.

General Procedure A: Electronically Neutral Alkenes

To an oven-dried divided electrochemical cell equipped with magnetic stir bars was added thianthrene (130
mg, 0.6 mmol, 1.5 equiv.) to the anode compartment and #-BusNPFs (620 mg, 1.6 mmol, 4 equiv.) to both
compartments. The cell was equipped with two septa containing a stainless steel wire/Ni foam cathode
assembly and a pencil/RVC anode assembly connected together with a teflon tubing to equalize pressure.
MeCN (8 mL) was added to the cathode compartment and the glass frit was allowed to become saturated
(<1 min). MeCN (8 mL) was added to the anode compartment, followed by alkene (0.4 mmol, 1 equiv.).
(Electrode depth: 2 cm). TFA (306 uL, 4.0 mmol, 10 equiv.) was added to the cathode compartment and
both sides of the cell were stirred at 30 °C and electrolyzed under a constant current of 12 mA for 2.25 h
(2.5 F/mol). At completion of electrolysis, the electrode leads were disconnected, septa removed, and the
anode RVC was pushed off the pencil into the anode reaction mixture. To the anode compartment was
added a septum pierced with a needle to prevent pressurizing. After pressure equilibration, the needle was
removed, and the cathode solution was removed from the cell via pipette. The anode solution was filtered
through activated basic alumina (8 g, Brockmann I). The cathode compartment was washed with MeCN (1
mL) and pushed across the frit to rinse the frit. The anode compartment was further washed with MeCN (5
x 1 mL). The alumina pad was washed with MeCN (3 x 8 mL), taking care to fully disperse the alumina in
solution using a spatula. The filtrate was concentrated under reduced pressure. Then a stir bar and MeCN
(1.5 mL) was added to the flask, followed by carbon pronucleophile (0.4 mmol, 1 equiv.) then Cs>COs (326
mg, 1.0 mmol, 2.5 equiv.). The solution was stirred for 2 h. At completion, the mixture was diluted with
DCM (60 mL) and water (150 mL). The aqueous layer was extracted with DCM (50 mL x 3). The combined
organic layers were washed with saturated NaCl solution (40 mL), dried with anhydrous Na,SOs, filtered,
and concentrated under reduced pressure. The residue was purified via flash column chromatography to
yield the pure cyclopropane product.

General Procedure B: Electron Deficient Alkenes
Followed General Procedure A but modified electrolysis by stirring both sides of the cells and electrolyzing
under a constant current of 14.4 mA for 2.25 h (3.0 F/mol). Otherwise, procedure A was followed as written.

General Procedure C: Gaseous Alkenes

To an oven-dried divided electrochemical cell equipped with magnetic stir bars was added thianthrene (216
mg, 1.0 mmol, 2.5 equiv.) to the anode compartment and n-BusNPFs (620 mg, 1.6 mmol) to both
compartments. The cell was equipped with two septa containing a stainless steel wire/Ni foam cathode
assembly and a pencil/RVC anode assembly connected together with a teflon tubing to equalize pressure.
In a separate 10 mL-round bottom flask, MeCN (8 mL) was sparged with a balloon of gaseous alkene for
10 min. Alkene-saturated MeCN (4 mL) was transferred to the cathode and anode compartments via Teflon
cannula. TFA (460 uL, 6.0 mmol, 15 equiv.) was added to the cathode compartment and both sides of the
cell were stirred at ambient temperature and electrolyzed under a constant current of 30.0 mA for 1.5 h (1.7
F/mol TT). At completion of electrolysis, the electrode leads were disconnected, septa removed, and the
anode RVC was pushed off the pencil into the reaction mixture. To the anode compartment was added a
septum pierced with a needle to prevent pressurizing. After pressure equilibration, the needle was removed,
and the cathode solution was removed from the cell via pipette. The anode solution was filtered through
activated basic alumina (8 g, Brockmann I). The cathode compartment was washed with MeCN (1 mL) and
pushed across the frit to rinse the frit. The anode compartment was further washed with MeCN (5 x 1 mL).
The alumina pad was washed with MeCN (2 x 8 mL), taking care to fully disperse the alumina in solution
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using a spatula. The filtrate was concentrated under reduced pressure. Then a stir bar and MeCN (1.5 mL)
was added to the flask, followed by carbon pronucleophile (0.4 mmol, 1 equiv.) then Cs,CO; (261 mg, 0.8
mmol, 2.0 equiv.). The solution was stirred for 16 h. At completion, the mixture was diluted with DCM (60
mL) and water (150 mL). The aqueous layer was extracted with DCM (50 mL x 3). The combined organic
layers were washed with saturated NaCl solution (40 mL), dried with anhydrous Na,SO,, filtered, and
concentrated under reduced pressure. The residue was purified via flash column chromatography to yield
the pure cyclopropane product.

General Procedure D: Ethylene
Followed General Procedure C but modified substitution by using DBU (121 uL, 0.8 mmol, 2.0 equiv.)
instead of Cs,COs, Otherwise, procedure C was followed as written.

General Procedure E: NMR Yield

Following General Procedure A, but with the following modification: following stirring with carbon
pronucleophile and Cs,COs for 2 h, cyclopropane product yield was determined via 'H NMR using
mesitylene or dibromomethane as an internal standard.

Ee6. Adduct/alkenyl-TT*/Product Yield Breakdown

thianthrene % EWG
e LSSt _ lelectrolysis] Q@ @ % >)K % S% ~EWG ; f
Z basu: alumina

@
S Base
/Z\. % filtration \/\.

H "H

Table S6. Telescoped yields for adduct, alkenyl-TT", and cyclopropane yield for each substrate. All
yields reported relative to carbon pronucleophile as limiting reagent.
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“1.5 equiv. alkene used; 5.0 equiv. alkene used; ‘1 atm alkene used.

Unsuccessful Substrates

Alkenes that failed to form dicationic adduct under electrolysis conditions.
z 0 F
0 (0] CN
F

Alkenes that formed adduct but failed to cleanly eliminate to a alkenylthianthrenium salt upon basic workup.

A A" AeN

/\/O\g/ /\/\)?\N/\

o
Alkenes that smoothly converted to alkenyl thianthrenium salts but resulted in poor yield of cyclopropane

product under substitution conditions.
A °
AN
0

AF

0
Carbon pronucleophiles that failed to deliver cyclopropane products under substitution conditions.

Me NH
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Fig. E4. Alkene and carbon pronucleophile coupling partners that presented challenges for the dication
pool.
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E7. Product Characterization

0 CN

>\""§\/\/Nphth

0

2-(3-(1,3-dioxoisoindolin-2-yl)propyl)-1-(pyrrolidine-1-carbonyl)cyclopropane-1-carbonitrile (6.6).
Following General Procedure B afforded one detectable diasterecomer in 98.3 mg (70% yield, >20:1 d.r.) as
an oil. Ry=0.14 (20% acetone/hexanes). Structural configuration assigned via analogy with compound 27.
"H NMR (500 MHz, CDCls) 8 7.82 (dd, J = 5.4, 3.0 Hz, 2H), 7.70 (dd, J = 5.5, 3.0 Hz, 2H), 3.82 (dt, J =
10.2, 7.0 Hz, 1H), 3.74 (td, J = 7.1, 1.7 Hz, 3H), 3.45 (t, J = 7.0 Hz, 2H), 2.00 (p, J = 6.8 Hz, 2H), 1.95 —
1.79 (m, 6H), 1.77 — 1.68 (m, 1H), 1.67 — 1.58 (m, 1H), 1.23 (q, J = 2.6 Hz, 1H). 3C NMR (126 MHz,
CDCls) 6 168.41, 162.75, 134.06, 132.14, 123.33, 118.65, 47.74, 47.66, 37.37, 27.85, 27.82, 27.72, 26.55,
24.06, 22.82, 19.83. HRMS (ESI+) Calc: [M+H]" (C20H22N303) 352.1656, measured: 352.1654; 0.6 ppm
difference.

(@)
N’N>\“"M

/H\)‘Me
Me
2-(but-3-en-1-yl)-1-(3,5-dimethyl-1H-pyrazole-1-carbonyl)cyclopropane-1-carbonitrile 6.7).
Following General Procedure E with KPF¢ instead of n-BusNPFs afforded an NMR yield of 68%. Structural
configuration assigned via analogy with compound 6.27. "H NMR (500 MHz, CDCl;) & 5.95 (d, J = 1.1
Hz, 1H), 5.79 (ddt,J=17.1, 10.2, 6.8 Hz, 1H), 5.00 (dq, J=17.1, 1.7 Hz, 1H), 4.94 (ddd, /=10.2, 2.1, 1.0
Hz, 1H), 2.41 (s, 3H), 2.45 - 2.18 (m, 2H), 2.22 (s, 3H), 2.03 (dd, /=9.0, 5.0 Hz, 1H), 1.90 — 1.72 (m, 3H),
1.37(dd,J=7.3,4.7 Hz, 1H). HRMS (ESI+) Calc: [M+H]+ (C14H17N30) 244.1444, measured: 244.1442;
0.8 ppm difference.

(@) CN
>I &\/\ Y4
' \//
MeG N,S Br
H

Methyl 2-(2-((3-bromophenyl)sulfonamido)ethyl)-1-cyanocyclopropane-1-carboxylate (6.8).
Following General Procedure B using 1.5 equiv. alkene and 21.6 mA for 2.25 h (3.0 F/mol) afforded one
detectable diastereomer in 124.5 mg (54% yield, >20:1 d.r.) as an oil. R = 0.12 (20% acetone/hexanes).
Structural configuration assigned via NOESY. 'H NMR (500 MHz, CDCls) § 8.00 (t, J = 1.9 Hz, 1H), 7.79
(ddd, J=7.8,1.8, 1.0 Hz, 1H), 7.71 (ddd, J = 8.0, 1.9, 1.0 Hz, 1H), 7.41 (t,J =7.9 Hz, 1H), 5.06 (t, J=6.4
Hz, 1H), 3.81 (s, 3H), 3.15 (q, J = 6.6 Hz, 2H), 1.99 (dtd, J = 8.9, 7.8, 6.4 Hz, 1H), 1.93 — 1.83 (m, 2H),
1.79 (ddt,J=14.4,7.9, 6.5 Hz, 1H), 1.39 (dd, ] = 7.9, 4.9 Hz, 1H). *C NMR (126 MHz, CDCls) 6 167.93,
141.85, 135.98, 130.93, 130.02, 125.68, 123.32, 117.26, 53.76, 42.02, 30.77, 28.48, 24.76, 19.36. HRMS
(ESI+) Calc: [M+NH4]" (C1sH19BrN304S) 404.0274, measured: 404.0273; 0.2 ppm difference.

o\,? CN

N\
Sm&\/\/
PH F

2-(but-3-en-1-yl)-1-(phenylsulfonyl)cyclopropane-1-carbonitrile (6.9). Following General Procedure A
afforded one detectable diastereomer in 77.0 mg (74% yield, >20:1 d.r.) as an oil. Ry = 0.34 (20%
acetone/hexanes). Structural configuration assigned via NOESY. 'H NMR (500 MHz, CDCls) & 7.96 (dd,
J=8.4, 1.3 Hz, 2H), 7.78 — 7.70 (m, 1H), 7.66 — 7.59 (m, 2H), 5.72 (ddt, J = 17.0, 10.3, 6.7 Hz, 1H), 5.08
—4.90 (m, 2H), 2.20 (dtd, J =9.5, 8.1, 6.2 Hz, 1H), 2.11 (dddd, ] = 13.2, 8.1, 6.6, 1.4 Hz, 2H), 2.07 — 2.01
(m, 1H), 1.74 (ddt, J = 14.5, 8.0, 6.6 Hz, 1H), 1.55 (dtd, J = 14.3, 8.0, 6.2 Hz, 1H), 1.43 (dd, J = 7.9, 5.6
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Hz, 1H). BC NMR (126 MHz, CDCls) & 137.35, 136.22, 134.92, 129.70, 128.84, 116.44, 114.94, 38.38,
32.17,29.24,27.72,22.25. HRMS (ESI+) Calc: [M+NH4]" (C14H19N20,S) 279.1162, measured: 279.1157,
1.8 ppm difference.

CN

Nitee
ph—¢ &\C‘
Ph o

1-((diphenylmethylene)amino)-2-(tetrahydro-2H-pyran-4-yl)cyclopropane-1-carbonitrile (6.10).
Following General Procedure A afforded 89.9 mg (68% yield, mixture of diastereomers, 2:1 d.r.) as a solid.
Rf = 0.27 (10:1:89 ethyl acetate:NEts:hexanes). Structural configuration assigned via analogy with
compound 6.18. "TH NMR (500 MHz, CDCls) & 7.55 (m, 5H), 7.43 (m, 1H), 7.35 (m, 4H), 4.04 (m, 2H),
3.47 (tdd, J=11.6, 6.7, 2.4 Hz, 2H), 1.95 (m, 1H), 1.89 (1H), 1.75 (dd, J = 9.3, 5.1 Hz, 1H), 1.63 (m, 4H),
1.27 (dd, J =7.6, 5.1 Hz, 1H). Distinct minor diastereomer signals observed at & 3.98 (dddd, J = 13.5, 11.7,
4.7,2.1 Hz, 2H), 3.37 (tdd, J = 11.7, 5.0, 2.4 Hz, 2H), 1.83 (m, 1H), 1.38 (m, 1H), 1.33 (m, 1H). *C NMR
(126 MHz, CDCl3) 6 171.91, 139.56, 135.95, 130.83, 129.89, 128.63, 128.60, 128.27, 67. 92, 67.69, 37.52,
37.16,34.49,32.42,32.04, 25.03. Distinct minor diastereomer signals observed atd 171.16, 139.39, 136.03,
130.80, 129.81, 128.59, 128.57, 128.19, 67.70, 67.52, 37.13, 36.66, 34.20, 31.90, 31.73, 26.34. HRMS
(ESI+) Calc: [M+H]" (C22H22N20) 331.1805, measured: 331.1798; 2.1 ppm difference.

Q  CN F F
\Pl..M
EtO~
EtO o\": :

0]
3-(2-cyano-2-(diethoxyphosphoryl)cyclopropyl)propyl 2,4-difluorobenzoate (6.11). Following General
Procedure B afforded separable diastereomers, providing 89.2 mg of major diastereomer as an oil and 19.7
mg of minor diastereomer as an oil, 108.9 mg total isolated (68% yield, 5:1 d.r.). Structural configuration
assigned via analogy with compound 6.9.

Major diastereomer: Re=0.19 (20% acetone/hexanes). "H NMR (500 MHz, CDCl5) § 7.98 (td, J = 8.5, 6.5
Hz, 1H), 6.98 — 6.91 (m, 1H), 6.87 (ddd, J =11.0, 8.8, 2.5 Hz, 1H), 4.40 (t, J = 6.2 Hz, 2H), 4.26 — 4.16 (q,
J=17.1 Hz, 4H), 2.07 — 1.92 (m, 2H), 1.91 — 1.81 (m, 2H), 1.79 — 1.70 (m, 2H), 1.39 (t, J = 7.1 Hz, 6H),
1.29 (ddd,J=9.1, 6.7, 4.7 Hz, 1H). 3C NMR (126 MHz, CDCls) § 165.91 (dd, J = 256.5, 12.0 Hz), 163.64
(d, J=4.2 Hz), 163.01 (dd, J=263.2, 12.7 Hz), 134.12 (dd, J = 10.6, 2.3 Hz), 117.48 (d, ] =4.4 Hz), 115.25
(dd, J=9.9,3.7Hz), 111.79 (dd, J = 21.5, 3.8 Hz), 105.40 (dd, J = 26.0, 25.9 Hz), 64.39, 64.02 (d, ] = 6.8
Hz), 63.97 (d,J = 6.8 Hz), 27.72, 27.11 (d, J = 1.3 Hz), 25.46 (d, J = 2.3 Hz), 20.67 (d, ] = 3.0 Hz), 16.45
(d,J=1.9 Hz), 16.47 (d, ] = 1.9 Hz), 10.71 (d, J = 200.2 Hz). 3'P NMR (162 MHz, CDCls) 6 18.64. ¥F
NMR (377 MHz, CDCl3) 6 -101.76 (d, J = 12.5 Hz), -103.78 (d, J = 12.7 Hz). HRMS (ESI+) Calc: [M+H]"
(Ci3H23F2NOsP) 402.1276, measured: 402.1270; 1.5 ppm difference.

Minor diastereomer: Re=0.16 (20% acetone/hexanes). "H NMR (500 MHz, CDCl;) § 7.98 (td, ] = 8.5, 6.5
Hz, 1H), 6.93 (dddd, J = 8.8, 7.6, 2.5, 1.0 Hz, 1H), 6.87 (ddd, J = 11.1, 8.8, 2.5 Hz, 1H), 4.37 (q, J = 6.0
Hz, 2H), 4.23 (ddt,J=15.2,8.2, 7.0 Hz, 4H), 2.07 — 1.83 (m, 5H), 1.72 (ddd, J = 8.3, 7.0, 4.5 Hz, 1H), 1.58
(ddd, J = 14.4,7.2, 4.7 Hz, 1H), 1.41 (t, ] = 7.1 Hz, 3H), 1.38 (t, J = 7.1 Hz, 3H). *C NMR (126 MHz,
CDCl3) 6 165.88 (dd, J =256.4, 12.0 Hz), 163.67 (d, ] = 4.1 Hz), 162.99 (dd, J = 263.2, 12.5 Hz), 134.10
(dd, J =10.6, 2.4 Hz), 119.79 (d, J = 4.6 Hz), 115.33 (dd, J = 9.9, 3.7 Hz), 111.78 (dd, J = 21.5, 3.8 Hz),
105.27 (dd, J = 26.2, 25.2 Hz), 64.73, 63.88 (d, J = 6.1 Hz), 63.60 (d, J = 6.9 Hz), 29.24 (d, J = 2.4 Hz),
28.17,24.55(d,J = 3.5 Hz), 20.96 (d, J = 2.1 Hz), 16.47 (d, ] = 6.2 Hz), 16.39, 9.67 (d, J = 199.8 Hz). *'P
NMR (162 MHz, CDCl;) § 17.87. F NMR (377 MHz, CDCl3) 6 -102.91 (d, J = 12.0 Hz), -104.88 (d, ] =
12.3 Hz). HRMS (ESI+) Calc: [M+H]" (CisH23F2NOsP) 402.1276, measured: 402.1273; 0.7 ppm difference.



326

0,
e
UTH
OAc

(2-Oxo0-2H-spiro[benzofuran-3,1'-cyclopropan]-2'-yl)methyl acetate (6.12). Following General
Procedure A using 2.0 equiv. alkene and 29 mA for 2.25 h (3.0 F/mol) afforded 49.7 mg (54% yield, mixture
of diastereomers, 6:1 d.r.; estimated 4:1 d.r. in crude 'H NMR spectrum prior to purification) as an oil. R¢
= 0.30 (20% acetone/hexanes). Structural configuration of major diastereomer assigned via NOESY. 'H
NMR (500 MHz, CDCl3) 6 7.35 —7.27 (m, 1H), 7.24 — 7.12 (m, 2H), 6.87 (dd, J = 7.5, 1.3 Hz, 1H), 4.70
(ddd, J =12.0, 6.0, 1.5 Hz, 1H), 4.38 (ddd, J = 12.0, 8.8, 1.1 Hz, 1H), 2.36 (qd, J = 8.5, 5.8 Hz, 1H), 2.04
(s, 3H), 1.92 (d, J = 8.1 Hz, 2H). Distinct minor diastereomer signals observed at 6 7.03 (dd, J = 7.6, 1.4
Hz, 1H), 4.52 (dd, J = 12.3, 6.5 Hz, 1H), 4.21 (dd, J = 12.3, 8.3 Hz, 1H), 2.10 (dd, J = 9.3, 5.0 Hz, 1H),
1.99 (s, 3H), 1.65 (dd, J = 7.8, 5.0 Hz, 1H). BC NMR (126 MHz, CDCl5) 6 175.30, 171.04, 153.40, 128.83,
127.98, 124.22, 118.87, 110.80, 61.09, 32.26, 28.29, 24.72, 20.97. Distinct minor diastereomer signals
observed at 6 176.75, 170.88, 154.04, 128.19, 125.79, 124.14, 121.09, 111.11, 61.74, 31.37, 29.17, 23.41,
20.83. HRMS (ESI+) Calc: [M+Na]" (Ci3H1204Na) 255.0628, measured: 255.0622; 2.4 ppm difference.

Q\M,Nphth
3

2-(3-(Spiro[2.4]hepta-4,6-dien-1-yl)propyl)isoindoline-1,3-dione (6.13). Following General Procedure
B afforded 50.4 mg (45% yield) as a solid. Ry= 0.29 (26% Ether/Hexanes). 'H NMR (500 MHz, CDCl;) &
7.83 (dd,J=5.5, 3.1 Hz, 2H), 7.70 (dd, /= 5.5, 3.1 Hz, 2H), 6.54 (ddd, /=5.2, 2.1, 1.4 Hz, 1H), 6.42 (ddd,
J=5.0,2.3,1.4Hz, 1H), 6.22 (ddd, J=5.2, 2.1, 1.4 Hz, 1H), 6.05 (dt, J=5.0, 1.8 Hz, 1H), 3.72 - 3.61 (m,
2H),2.16 —2.06 (m, 1H), 1.79 (dd, J=8.6,4.0 Hz, 1H), 1.78 — 1.67 (m, 3H), 1.64 — 1.58 (m, 1H), 1.57 (dd,
J=17.3,4.0 Hz, 1H). B3C NMR (126 MHz, CDCl5)  168.39, 139.83, 135.31, 133.90, 132.15, 130.62, 128.04,
123.19, 42.94, 37.52, 30.04, 28.48, 27.73, 19.98. HRMS (ESI+) Calc: [M+H]" (CisHi7NO>) 280.1332,
measured: 280.1330; 0.7 ppm difference.

Ph~p N Me

o%
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4-(4-(4-methyl-7-0x0-6-phenyl-5,6-diazaspiro[2.4] hept-4-en-1-yl)cyclohexyl)benzonitrile (6.14).
Following General Procedure A afforded 105.5 mg (69% yield, mixture of diastereomers, 3:1 d.r.) as a
solid. Rf = 0.24 (20% ethyl acetate/hexanes). Structural configuration assigned via x-ray crystallography.
"H NMR (500 MHz, CDCl5) & 7.94 (dd, J = 8.8, 1.2 Hz, 2H), 7.57 (t, ] = 8.8 Hz, 2H), 7.42 — 7.37 (m, 2H),
7.29 (d,J=8.4Hz, 1H), 7.27 (d, ] = 8.4 Hz, 1H), 7.17 (td, J = 7.4, 1.1 Hz, 1H), 2.51 (tt, J = 12.2, 3.4 Hz,
1H), 2.14 - 2.07 (m, 1H), 2.04 — 1.98 (m, 1H), 1.96 (s, 3H), 1.88 (dd, J =8.5,3.7 Hz, 1H), 1.85-1.73 (m,
3H), 1.72 - 1.60 (m, 1H), 1.52 (dqd, J = 23.3, 12.8, 3.5 Hz, 2H), 1.36 (tt, ] = 12.3, 6.3 Hz, 2H), 1.17 (qd, J
=12.7, 3.5 Hz, 1H). Distinct minor diastereomer signals observed at 6 7.95 (dd, J = 8.8, 1.1 Hz, 2H), 2.58
(td, J = 11.5, 9.8, 5.6 Hz, 1H). *C NMR (126 MHz, CDCl3) § 171.53, 159.65, 152.76, 138.95, 132.36,
128.92, 127.77, 124.85, 119.21, 118.89, 109.91, 44.55, 39.88, 37.14, 33.58, 33.47, 33.20, 33.10, 32.96,
32.73, 24.32, 12.60. Distinct minor diasterecomer signals observed at & 172.58, 158.57, 152.31, 138.80,
132.40, 128.95, 127.72, 119.13, 118.65, 110.10, 44.15, 42.82, 38.61, 38.02, 33.50, 33.23, 32.94, 25.70,
16.01. HRMS (ESI+) Calc: [M+H]" (C2sH26N30) 384.2070, measured: 384.2065; 1.3 ppm difference.
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2-(3-bromophenethyl)cyclopropane-1,1-dicarbonitrile (6.15). Following General Procedure A afforded
73.7 mg (67% yield) obtained as an oil. "H NMR (400 MHz, CDCl;) § 7.42 — 7.34 (m, 2H), 7.21 (t, J=7.6
Hz, 1H), 7.17 - 7.12 (m, 1H), 2.84 (tt, /= 14.0, 7.6 Hz, 2H), 2.03 — 1.87 (m, 4H), 1.50 (td, /= 5.4, 1.3 Hz,
1H). 3C NMR (126 MHz, CDCl5) 6 141.93, 131.63, 130.51, 130.05, 127.26, 122.98, 115.36, 113.76, 33.91,
31.83, 30.51, 24.73, 4.03. HRMS (ESI+) Calc: [M+H]" (Ci3HiBrNy) 275.0178, measured:
275.0175; 1.1 ppm difference.

CO,Me
MeO,C

NTs

Dimethyl 2-(1-tosylpiperidin-4-yl)cyclopropane-1,1-dicarboxylate (6.16). Following General
Procedure B afforded 116.7 mg (74% yield) as a solid. R¢ = 0.22 (20% acetone/hexanes). "H NMR (500
MHz, CDCl3) 6 7.60 (d, J=8.2 Hz, 2H), 7.30 (d, ] = 8.0 Hz, 2H), 3.77 - 3.73 (m, 1H), 3.71 —3.67 (m, 1H),
3.69 (s, 3H), 3.68 (s, 3H), 2.42 (s, 3H), 2.20 (td, J = 11.8, 2.7 Hz, 1H), 2.11 (td, J=11.8, 2.7 Hz, 1H), 1.82
—1.66 (m, 3H), 1.59 — 1.45 (m, 2H), 1.34 (ddd, J = 20.5, 8.4, 4.7 Hz, 2H), 0.74 (qt, J = 11.1, 3.7 Hz, 1H).
3C NMR (126 MHz, CDCl3) 6 170.36, 168.71, 143.59, 133.05, 129.70, 127.74, 52.76, 52.62, 46.15, 46.02,
35.37, 33.79, 33.26, 31.14, 30.84, 21.56, 19.88. HRMS (ESI+) Calc: [M+H]" (Ci9H26NOgS) 396.1475,
measured: 396.1471; 1.0 ppm difference.
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Ethyl (E)-5-(2-(6-chloropyridin-3-yl)-2-cyanocyclopropyl)pent-2-enoate (6.17). Following Following
General Procedure B afforded one detectable diastereomer with an NMR yield of 54%. Structural
configuration assigned via analogy with compound 6.25. "H NMR (500 MHz, CDCl;) 6 8.27 (d, J = 2.7
Hz, 1H), 7.56 (dd, J = 8.4, 2.7 Hz, 1H), 7.31 (d, J = 8.5 Hz, 1H), 7.01 — 6.92 (m, 1H), 5.86 (dq, J = 15.6,
1.5 Hz, 1H), 4.17 (q, J = 7.1 Hz, 2H), 2.54 — 2.38 (m, 2H), 1.96 — 1.88 (m, 2H), 1.74 — 1.61 (m, 1H), 1.60
—1.48 (m, 2H), 1.27 (t, ] = 7.1 Hz, 3H). Distinct minor diastereomer signals observed at 6 6.77 (m, 1H),
5.75 (m, 1H). HRMS (ESI+) Calc: [M+H]" (CisH14CIN3) 305.1051, measured: 305.1049; 0.7 ppm
difference.

CN
0]

2-(Tetrahydro-2H-pyran-4-yl)-1-(5-(trifluoromethyl)pyridin-2-yl)cyclopropane-1-carbonitrile (6.18).
Following General Procedure B afforded one detectable diasterecomer in 74.7 mg (63% yield, >20:1 d.r.) as
a solid. Ry= 0.26 (10% acetone/hexanes). Structural configuration assigned via x-ray crystallography. "H
NMR (500 MHz, CDCl3) ¢ 8.73 — 8.69 (m, 1H), 7.92 (dd, J = 8.3, 2.5 Hz, 1H), 7.83 (d, /= 8.2 Hz, 1H),
4.03 (ddd, J=11.6, 4.6, 2.4 Hz, 1H), 3.97 (ddd, J=11.3, 4.3, 2.4 Hz, 1H), 3.49 — 3.39 (m, 2H), 2.06 (dd,
J=28.7,4.4 Hz, 1H), 1.98 — 1.91 (m, 1H), 1.87 (dq, /= 9.6, 2.3 Hz, 1H), 1.80 — 1.73 (m, 1H), 1.69 — 1.58
(m, 2H), 1.58 — 1.46 (m, 2H). *C NMR (126 MHz, CDCls) § 158.94, 146.78 (q, J = 4.1 Hz), 134.11 (q, J
= 3.5 Hz), 125.21 (q, J = 33.2 Hz), 123.53 (q, J = 272.2 Hz), 120.51, 119.93, 67.73, 67.60, 38.49, 38.09,
32.20, 32.02, 26.02, 21.42. F NMR (377 MHz, CDCl3) & -62.28. HRMS (ESI+) Calc: [M+H]
(Ci5HisF3N»0) 297.1209, measured: 297.1206; 1.0 ppm difference.
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2-(4-Chlorophenethyl)-1-(pyrimidin-2-yl)cyclopropane-1-carbonitrile (6.19). Following General
Procedure A afforded one detectable diastereomer in 84.8 mg (75% yield, >20:1 d.r.) as an oil. Rf=0.29
(30% EtOAC/Hexanes). Structural configuration assigned via analogy with compound 6.18. "H NMR (500
MHz, C¢Ds) 6 7.97 (d, J=4.9 Hz, 2H), 7.03 (d, J = 8.4 Hz, 1H), 6.70 (d, /= 8.3 Hz, 2H), 6.11 (t, J=4.9
Hz, 1H), 2.46 (ddd, J = 14.0, 8.6, 5.6 Hz, 1H), 2.33 (ddd, /= 13.7, 8.2, 6.6 Hz, 1H), 1.82 — 1.60 (m, 4H),
1.04 (dd, J = 6.7, 4.2 Hz, 1H).). Distinct minor diastereomer signals observed at & 6.53 (d, J = 8.3 Hz,
1H). BC NMR (126 MHz, CDCls) 8 166.10, 156.95, 139.67, 132.14, 130.17, 128.79, 128.25, 128.06,
127.87, 119.04, 118.87, 34.18, 32.68, 32.24, 26.37, 24.23. HRMS (ESI+) Calc: [M+H]" (Ci¢Hi4CIN3)
284.0949, measured: 284.0944; 1.8 ppm difference.

@.... CN
NTs

1-(Thiophen-2-yl)-2-(1-tosylpiperidin-4-yl)cyclopropane-1-carbonitrile (6.20). Following General
Procedure B afforded separable diastereomers, providing 101.9 mg of major diastereomer as a solid and
12.4 mg of minor diastereomer as a solid, 114.3 mg total isolated (74% yield, 8:1 d.r.). Structural
configuration assigned via analogy with compound 6.22.

Major diastereomer: Re=0.22 (20% acetone/hexanes). "H NMR (500 MHz, CDCls) § 7.68 — 7.60 (m, 2H),
7.37-17.29 (m, 2H), 7.19 (dd, J=5.2, 1.2 Hz, 1H), 6.99 (dd, J= 3.6, 1.3 Hz, 1H), 6.93 (dd, /= 5.2, 3.7 Hz,
1H), 3.85 (ddd, J= 7.0, 4.7, 2.4 Hz, 2H), 2.44 (s, 3H), 2.25 (dtd, /= 22.1, 12.1, 2.8 Hz, 2H), 2.12 (d, J =
13.4 Hz, 1H), 1.84 (d, J=13.3 Hz, 1H), 1.70 — 1.57 (m, 3H), 1.46 — 1.35 (m, 2H), 1.15 - 1.03 (m, 1H). C
NMR (126 MHz, CDCls) 6 143.83, 140.25, 132.85, 129.84, 127.86, 127.42, 126.02, 120.25, 46.31 (d, J =
1.9 Hz), 38.51, 36.15, 30.81, 30.58, 24.56, 21.66, 15.72. HRMS (ESI+) Calc: [M+NH4]" (C20H22N20,8S>)
404.1461, measured: 404.1460; 0.2 ppm difference.

Minor diastereomer: Ry=0.20 (20% acetone/hexanes). 'H NMR (500 MHz, CDCl;) & 7.58 (d, J= 8.2 Hz,
2H), 7.28 (d, /= 8.2 Hz, 2H), 7.21 (dd, J= 5.2, 1.4 Hz, 1H), 6.99 (dd, J = 3.5, 1.4 Hz, 1H), 6.94 (dd, J =
5.2,3.5 Hz, 1H), 3.72 (dtd, J=11.7, 3.9, 1.9 Hz, 1H), 3.64 (dtd, /= 11.7, 3.9, 1.9 Hz, 1H), 2.41 (s, 3H),
2.16 (td, J=11.7, 3.1 Hz, 1H), 1.99 (td, /= 11.8, 2.9 Hz, 1H), 1.81 (dd, /=9.3, 5.6 Hz, 2H), 1.70 — 1.46
(m, 4H), 1.31 (dd, J=7.5,5.6 Hz, 1H), 0.58 (dtd, J=15.1, 11.1, 4.0 Hz, 1H). 3C NMR (126 MHz, CDCl5)
6 143.65, 135.73, 133.37, 129.78, 128.62, 127.49, 126.18, 122.22, 45.96, 45.70, 34.90, 34.44, 30.72, 30.45,
20.38, 14.12. HRMS (ESI+) Calc: [M+H]" (C2H22N>0,S) 387.1196, measured: 387.1194; 0.5 ppm
difference.

N CN
‘ \>§\/\
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2-(But-3-yn-1-yl)-1-(4-(pyridin-4-yl)thiazol-2-yl)cyclopropane-1-carbonitrile ~ (6.21).  Following
General Procedure A afforded an NMR vyield of 61% (5:1 d.r.). Structural configuration assigned via
analogy with compound 6.18. 'H NMR (500 MHz, CDCls) & 8.66 (d, J = 5.4 Hz, 2H), 7.71 (d, J= 6.1 Hz,
2H), 7.61 (s, 1H), 2.48 (tdd, /= 6.9, 2.6, 1.0 Hz, 2H), 2.37 — 2.25 (m, 1H), 2.22 (m, 1H), 2.11 — 1.99 (m,

N/
|
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2H), 1.99 — 1.89 (m, OH), 1.82 — 1.68 (m, 1H). HRMS (ESI+) Calc: [M+H]" (CicHisN3S) 280.0903,
measured: 280.0902; 0.4 ppm difference.

CN
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O

(2-Cyano-2-(4-(trifluoromethyl)phenyl)cyclopropyl)methyl ethyl carbonate (6.22). Following General
Procedure A using 2.0 equiv. alkene and 29 mA for 2.25 h (3.0 F/mol) afforded one detectable diastereomer
in 88.4 mg (70% yield, >20:1 d.r.) as an oil. Ry = 0.24 (20% acetone/hexanes). Structural configuration
assigned via NOESY. '"H NMR (500 MHz, CDCl;) & 7.62 (d, J = 8.1 Hz, 2H), 7.42 (d, ] = 8.1 Hz, 2H),
4.55 (dd, J =12.0, 6.0 Hz, 1H), 4.29 (dd, J = 12.0, 8.4 Hz, 1H), 4.23 (q, J = 7.1 Hz, 2H), 2.10 — 2.01 (m,
1H), 1.77 — 1.70 (m, 2H), 1.32 (t, J = 7.2 Hz, 3H). 1*3C NMR (126 MHz, CDCl5) 6 154.93, 139.33 (q, J =
1.5 Hz), 130.50 (q, J = 32.9 Hz), 126.40, 126.17 (q, J = 3.7 Hz), 123.87 (q, J = 272.2 Hz), 119.15, 67.40,
64.62, 28.45, 22.05, 19.82, 14.32. F NMR (377 MHz, CDCl;) § -62.73. HRMS (ESI+) Calc: [M+Na]*
(Ci5sH14F3NOsNa) 336.0818, measured: 336.0813; 1.5 ppm difference.

CO,Et
N \>""§\/\
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Ethyl 2-phenethyl-1-(pyridin-4-yl)cyclopropane-1-carboxylate (6.23). Following General Procedure A
afforded 77.8 mg (66% yield, mixture of diastereomers, 3:1 d.r.) as an oil. R=10.31 (20% acetone/hexanes).
Structural configuration assigned via analogy with compound 6.29. "TH NMR (500 MHz, CDCl;) § 8.54 —
8.51 (m, 2H), 7.37 - 7.13 (m, 7H), 4.16 (dddd, J = 17.9, 10.9, 7.1, 3.8 Hz, 2H), 2.81 — 2.73 (m, 2H), 2.05 -
1.93 (m, 2H), 1.67 (dd, J = 7.4, 4.7 Hz, 1H), 1.59 (dq, J = 9.1, 7.2 Hz, 1H), 1.29 (dd, J = 8.9, 4.7 Hz, 1H),
1.23 —1.10 (m, 3H). Distinct minor diastereomer signals observed at 6 8.58 — 8.56 (m, 2H), 7.09 — 6.99 (m,
2H), 4.10-4.05 (m, 1H), 2.72 - 2.63 (m, 2H), 1.74 (dd, ] = 9.0, 4.5 Hz, 1H), 1.13 (dd, /= 6.9, 4.5 Hz, 1H),
0.89 (dtd, J=13.9,9.0, 6.7 Hz, 1H). *C NMR (126 MHz, CDCl5) § 171.09, 149.90, 149.65, 141.53, 128.55,
128.54,126.14,124.88, 61.42, 35.69, 34.05, 29.56, 29.12, 20.79, 14.31. Distinct minor diastereomer signals
observed at 6 173.02, 149.56, 145.47, 141.43, 128.49, 128.46, 126.50, 126.10, 35.34, 33.39, 32.33, 28.42,
20.67, 14.19. HRMS (ESI+) Calc: [M+H]" (Ci9H22NO») 296.1645, measured: 296.1642; 1.0 ppm
difference.

ON

WCOgEt

Ethyl (E)-5-(2-nitrocyclopropyl)pent-2-enoate (6.24). Following General Procedure B afforded one
detectable diastereomer in 41.9 mg (49% yield) obtained as an oil and afforded an NMR yield of 55%.
Structural configuration assigned via NOESY. 'H NMR (400 MHz, CDCls) 6 6.92 (dt, J = 15.6, 7.0 Hz,
1H), 5.85 (dt,J=15.7,1.6 Hz, 1H), 4.19 (q, /= 7.2 Hz, 2H), 4.10 — 4.03 (m, 1H), 2.35 (qd, /= 7.3, 1.6 Hz,
2H), 1.99 (dqd, /= 10.2, 7.3, 2.9 Hz, 1H), 1.86 (ddd, /= 10.2, 5.8, 3.5 Hz, 1H), 1.66 — 1.41 (m, 3H), 1.29
(t,J=7.1 Hz, 3H), 1.08 (td, J = 7.3, 5.8 Hz, 1H). *C NMR (126 MHz, CDCls) 5166.46, 146.77, 122.79,
60.56, 59.79, 31.22, 29.91, 25.60, 18.54, 14.44. HRMS (ESI+) Calc: [M+Na]" (C1oHisNO4) 236.0893,
measured 236.0890; 1.3 ppm difference.

/ \ e CN
C|_(N:>
NTs

1-(6-chloropyridin-3-yl)-2-(1-tosylpiperidin-4-yl)cyclopropane-1-carbonitrile ~ (6.25). Following
scaleup setup and procedures afforded 3.3 g (72% yield, >20:1 dr.) as solid. Ry = 0.32 (15%
EtOAC/Hexanes). Structural configuration assigned via NOESY. '"H NMR (500 MHz, CDCl3) 6 8.28 (d, J
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= 2.7 Hz, 1H), 7.63 (d, ] = 8.3 Hz, 2H), 7.52 (dd, ] = 8.4, 7.8 Hz, 1H), 3.92 — 3.79 (m, 2H), 2.44 (s, 3H),
2.25(dtd, J=15.0, 12.0, 2.8 Hz, 2H), 2.11-2.04 (m, 1H), 1.90-1.83 (m, 1H), 1.68-1.55 (m, 3H), 1.49 (dd, J
=7.4,59 Hz, 1H), 1.35 (ddd, J = 10.1, 8.7, 7.4 Hz, 1H), 1.15 (ddt, J = 15.3, 11.4, 5.8 Hz, 1H). Distinct
minor diastereomer signals observed at 6 8.26 (d, J = 2.8 Hz, 1H), 7.69 (dd, ] = 8.3, 2.7 Hz, 1H), 7.55 (d, J
= 8.2 Hz, 2H), 3.73 (d, ] = 12.2 Hz, 1H), 3.59 (d, J = 12.0 Hz, 1H), 2.41 (s, 3H). ¥C NMR (126 MHz,
CDCl5) 6 151.22, 147.43, 143.89, 136.66, 132.80, 131.17, 129.85, 127.83, 124.57, 119.56, 46.26, 46.21,
38.60, 35.23, 30.84, 30.60, 23.04, 21.65, 17.26. HRMS (ESI+) Calc: [M+Na]* (C2;H22CIN30,S) 438.1013,
measured: 438.1011; 0.5 ppm difference.

tBu

(1-(4-(tert-butyl)benzoyl)cyclopropyl)(4-methoxyphenyl)methanone  (6.26). Following General
Procedure D afforded 102.3 mg (76% yield) obtained as an oil. Ry= 0.27 (5% EtOAc/hexanes). "H NMR
(500 MHz, CDCls) 6 7.81 (d, J = 8.9 Hz, 2H), 7.76 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 8.6 Hz, 2H), 6.76 (d, J
= 8.9 Hz, 2H), 3.77 (s, 3H), 1.66 (s, 4H), 1.24 (s, 9H). 3C NMR (126 MHz, CDCl3) & 197.80, 196.42,
164.30, 157.65, 135.72, 132.13, 131.46, 129.74, 126.41, 114.66, 56.35,41.44,36.01, 31.94, 16.43. HRMS
(ESI+) Calc: [M+H]" (C22H2403) 359.1618, measured: 359.1612; 1.7 ppm difference.

O>\"" CN

HaN Me

1-cyano-2-methylcyclopropane-1-carboxamide (6.27). Following General Procedure C afforded one
detectable diastereomer in 36.8 mg (74% yield, >20:1 d.r.) obtained as an white solid. Ry = 0.25 (50%
EtOAc/hexanes). Structural configuration assigned via x-ray crystallography. "H NMR (500 MHz, CDCl;)
0 6.42 (brs, 1H), 6.21 (br s, 1H), 1.95 (ddq, J = 8.8, 7.7, 6.2 Hz, 1H), 1.83 (dd, J = 8.8, 4.3 Hz, 1H), 1.36
(d, J= 6.2 Hz, 3H), 1.25 (dd, J = 7.8, 4.4 Hz, 1H). 3C NMR (126 MHz, CDCl3) 6 168.17, 119.00, 25.62,
25.27, 20.31, 15.22. HRMS (ESI+) Calc: [M+H]" (CsHsN,O) 147.0529, measured: 147.0527; 1.4 ppm
difference.

Q
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tert-Butyl 4-(1-(ethoxycarbonyl)cyclopropane-1-carbonyl)piperidine-1-carboxylate (6.28). Following
General Procedure D afforded 123.3 mg (95% yield) obtained as an oil. Ry = 0.29 (10% EtOAc/hexanes).
TH NMR (500 MHz, CDCl3) § 4.17 (q, J = 7.2Hz, 2H), 4.04 (br s, 2H), 3.29 (tt, J = 11.3, 3.6Hz, 1H), 2.75
(t, ] =12.7Hz, 2H), 1.80 (d, J = 13.2Hz, 2H), 1.48 (dtd, J = 13.4, 11.8, 4.3Hz, 1H), 1.40 (s, 9H), 1.24 (t, J
=7.1Hz, 3H). 3C NMR (126 MHz, CDCl;) § 206.71, 171.00, 154.62, 79.46, 61.26, 47.12, 33.76, 28.37,
18.18, 14.07. HRMS (ESI+) Calc: [M+H]" (C17H27;NO2) 326.1962, measured: 326.1955; 2.1 ppm
difference.

0]
OEt
N</ \>
— Me
Ethyl 2-methyl-1-(pyridin-4-yl)cyclopropane-1-carboxylate (6.29). Following General Procedure C
afforded 70.76 mg (67.7% yield, mixture of diastereomers, 4:1 d.r.) as an oil. Ry=0.21 (70% EtO/hexanes).

Structural configuration assigned via NOESY. "TH NMR (500 MHz, CDCl5) 8 8.51 (m, 2H), 7.21 (m, 2H),
4.14 (m, 2H), 1.60 (m, 2H), 1.30 (d, J = 5.8 Hz, 2H), 1.26 (m, 1H), 1.19 (t, J = 7.1 Hz, 3H). Distinct minor
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diastereomer signals observed at & 8.56 (m, 2H), 7.18 (m, 2H), 4.06 (m, 2H), 1.93 (m, 1H), 1.75 (dd, J =
9.0,4.4 Hz, 1H), 1.15 (t, J=7.1 Hz, 3H), 1.08 (dd, ] = 6.8, 4.4 Hz, 1H), 0.80 (d, J = 6.3 Hz, 3H). ®*C NMR
(126 MHz, CDCIl3) & 171.04, 150.05, 149.79, 124.61, 61.32, 34.32, 23.57, 14.38, 13.12. Distinct minor
diastereomer signals observed at & 173.29, 149.65, 145.48,126.71,61.37,33.36, 23.13,22.00, 15.32, 14.23.
HRMS (ESI+) Calc: [M+H]" (C12H5NO3) 206.1176, measured: 206.1176; <0.1ppm ppm difference.

1-(6-chloropyridin-3-yl)-2-methylcyclopropane-1-carbonitrile (6.30). Following General Procedure C
afforded one detectable diastereomer in 73.3 mg (95% yield, >20:1 d.r.) obtained as an oil. Rf=0.25 (10%
acetone/hexanes). Structural configuration assigned via analogy with compound 25. 'TH NMR (500 MHz,
CDCls) 6 8.39-8.36 (m, 1H), 7.65 (dd, J = 7.6, 2.2Hz, 1H), 7.27-7.23 (m, 1H) 1.59-1.48 (m, 5H), 1.48-1.43
(m, 1H). *C NMR (126 MHz, CDCls) & 153.40, 149.54, 139.68, 131.34, 122.66, 119.20, 23.13, 23.09,
19.12, 15.62. HRMS (ESI+) Calc: [M+H]" (Ci0HoCIN;) 193.0527, measured: 193.0527; <0.1 ppm
difference.

Cl
N
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1-(2-chloropyridin-3-yl)-2-ethylcyclopropane-1-carbonitrile (6.31). Following General Procedure C
afforded one detectable diastereomer in 82.1 mg (99% yield, >20:1 d.r.) obtained as an oil. Ry=10.23 (15%
acetone/hexanes). Structural configuration assigned via analogy with compound 25. '"H NMR (500 MHz,
CDCl3) 6 8.31 (dd, J =4.8, 1.9Hz, 1H), 7.62 (dd, J = 7.6, 1.9Hz, 1H), 7.21 (dd, J = 7.6, 4.7Hz, 1H), 1.84
(dq, J = 14.4, 7.2Hz, 1H), 1.66 (tt, J = 14.2, 7.3Hz, 1H), 1.52-1.39 (m, 3H), 1.16 (t, J = 7.4Hz, 3H). *C
NMR (126 MHz, CDCl3) 8 152.99, 149.49, 139.93, 131.24, 122.78, 119.35, 29.90, 24.41, 22.34, 18.71,
13.03. HRMS (ESI+) Calc: [M+H]" (CoH;CIN,) 207.0684, measured: 207.0681; 1.4 ppm difference.

O>_é8
EtO

tert-butyl 4-(1-(ethoxycarbonyl)cyclopropane-1-carbonyl)piperidine-1-carboxylate (6.32). Following
General Procedure C afforded 67.1 mg (68% yield) obtained as an oil. Ry=0.39 (5% acetone/hexanes). 'H
NMR (500 MHz, CDCIs) & 7.90 (dt, J = 8.1, 0.9Hz, 1H), 7.86 (dt, J = 7.9, 1.0Hz, 1H), 7.43 (ddd, J = 8.3,
7.2,1.3Hz, 1H), 7.34 (ddd, J =8.2, 7.2, 1.2Hz, 1H), 4.27 (q, J =7.1Hz, 2H), 1.94 (m, 4H), 1.31 (t, J=7.1Hz,
3H). 3C NMR (126 MHz, CDCls) & 171.86, 168.75, 151.86, 135.94, 125.72,124.52, 122.44,121.21, 61.57,
27.89, 22.76, 14.14. HRMS (ESI+) Calc: [M+H]" (C13H13NO,S) 248.0740, measured: 248.0734; 2.4 ppm
difference.

0]
/ l\{ OEt
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Ethyl 1-(7-bromoimidazo[1,5-a]pyridin-3-yl)-2-isopropylcyclopropane-1-carboxylate (6.33).
Following General Procedure C afforded one detectable diastereomer in 70.76 mg (50% yield, >20:1 d.r.)
obtained as a solid. R = 0.28 (20% EtOAc/hexanes). Structural configuration assigned via analogy with
compound 6.18. '"H NMR (500 MHz, CDCls) 8 8.23 (dd, J = 2.0, 0.9 Hz, 1H), 7.74 (d, J = 7.7, 0.7 Hz, 1H),
742 (dt,J=9.5,0.9 Hz, 1H), 7.17 (dd, ] = 9.5, 1.9 Hz, 1H), 4.15 (m, 2H), 1.81 (dd, J = 7.5, 4.1 Hz, 1H),
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1.75(dd,J=9.1, 4.1 Hz, 1H), 1.67 (td, ] =9.3, 7.5, 1H), 1.23 (t, J = 7.1 Hz, 3H), 0.97 (t, ] = 6.3 Hz, 3H),
0.91 (m, 1H), 0.80 (d, J = 6.3 Hz, 3H). '3C NMR (126 MHz, CDCl3) & 173.59, 143.13, 142.22, 127.35,
125.43,118.05, 113.64, 106.79, 61.10, 39.50, 29.18, 28.01, 22.47,21.78, 20.41, 14.36. HRMS (ESI+) Calc:
[M+H]" (C16H19BrN20,) 351.0703, measured: 351.0699; 1.1 ppm difference.

oo

1-(2,2-difluorobenzo[d][1,3]dioxol-5-yl)cyclopropane-1-carbonitrile (6.34). Following General
Procedure D afforded 82.9 mg (87% yield) obtained as an white solid. R¢= 0.25 (40% EtO/hexanes). 'H
NMR (500 MHz, CDCl;) 6 7.08 (dd, J = 8.4, 1.9 Hz, 1H), 7.03 (m, 2H), 1.73 (m, 2H), 1.37 (m, 2H). BC
NMR (126 MHz, CDCls) 6145.18, 144.28, 133.31, 132.66 (t, ] = 256.4Hz), 123.03, 110.67, 108.98, 18.86,
14.81. F NMR (376 MHz, CDCls) & -49.90. HRMS (ESI+) Calc: [M+H]" (CiiH7F2NO») 224.0518,
measured: 225.0515; 1.3 ppm difference.

NTs
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1-(2,2-Difluorobenzo|d][1,3]dioxol-5-yl)-2-(1-tosylpiperidin-4-yl)cyclopropane-1-carbonitrile (6.35).
Following General Procedure B afforded one detectable diastereomer in 138.2 mg (74% yield, >20:1 d.r.)
as a solid. R¢= 0.34 (20% acetone/hexanes). Structural configuration assigned via NOESY. 'H NMR (500
MHz, CDCl3) § 7.64 (d, J= 8.4 Hz, 2H), 7.36 — 7.31 (m, 2H), 7.05 - 6.97 (m, 2H), 6.96 (d, /= 1.7 Hz, 1H),
3.86 (dddt, /=9.3, 6.6,4.1,2.4 Hz, 2H), 2.44 (s, 3H), 2.25 (dtd, J=20.3, 12.1, 2.7 Hz, 2H), 2.10 (ddd, J =
13.0,3.7,2.1 Hz, 1H), 1.86 (ddd, J=13.1, 3.8, 2.2 Hz, 1H), 1.68 — 1.57 (m, 2H), 1.55 (dd, /= 5.6, 3.1 Hz,
1H), 1.40 (dd, J= 7.2, 5.7 Hz, 1H), 1.29 (ddd, /= 10.2, 8.7, 7.3 Hz, 1H), 1.12 (tdt, J=11.6, 9.9, 3.7 Hz,
1H). ¥C NMR (126 MHz, CDCls) & 144.38, 143.87, 143.51, 133.86, 132.82, 132.36, 131.82, 129.85,
129.77, 127.86, 122.14, 120.50, 109.93, 108.19, 46.33, 46.29, 38.57, 34.96, 30.93, 30.66, 22.80, 21.66,
19.70. YF NMR (377 MHz, CDCls) & -49.83. HRMS (ESI+) Calc: [M+H]" (C23H22F2N2O4S) 461.1341,
measured: 461.1335; 1.3 ppm difference.

'Iz>< CN
3-(2-cyano-2-(2,2-difluorobenzo|d][1,3]dioxol-5-yl)cyclopropyl)propyl 2.,4-difluorobenzoate (6.36).
Following General Procedure B afforded one detectable diastereomer in 110.9 mg (66% yield, >20:1 d.r.)
as a solid. Ry=0.43 (20% acetone/hexanes). Structural configuration assigned via analogy with compound
6.35. "TH NMR (500 MHz, CDCI3) 6 7.98 (td, J = 8.6, 6.5 Hz, 1H), 7.07 — 6.98 (m, 3H), 6.93 (dddd, J = 8.8,
7.6,2.4,1.0Hz, 1H), 6.86 (ddd, J=11.1, 8.8, 2.5 Hz, 1H), 4.43 (td, ] = 6.2, 1.0 Hz, 2H), 2.08 (dtd, J = 14.0,
6.4, 2.3 Hz, 1H), 2.05 — 1.98 (m, 1H), 1.96 — 1.84 (m, 2H), 1.62 — 1.54 (m, 2H), 1.52 — 1.45 (m, 1H). BC
NMR (126 MHz, CDCls) § 165.92 (dd, J = 256.6, 12.0 Hz), 163.71 (d, J = 4.2 Hz), 162.98 (dd, J = 263.2,
12.5 Hz), 144.35 (t,J = 1.1 Hz), 143.33 (t, J = 1.1 Hz), 134.11 (dd, J = 10.5, 2.3 Hz), 132.85, 131.81 (t, ] =
256.4 Hz), 121.88, 120.43, 115.24 (dd, J = 9.9, 3.7 Hz), 111.81 (dd, J = 21.5, 3.8 Hz), 109.81, 107.87,
105.40 (dd, J = 26.2, 25.7 Hz), 64.68, 30.04, 28.16, 27.90, 24.08, 20.18. Y’F NMR (377 MHz, CDCl;) §
49.89, -101.67 (d, J = 12.7 Hz), -103.75 (d, J = 12.5 Hz). HRMS (ESI+) Calc: [M+NH4]" (C21H19F4N>04)
439.1276, measured: 439.1270; 1.4 ppm difference.
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1-(2,2-difluorobenzo|d][1,3]dioxol-5-yl)-2-methylcyclopropane-1-carbonitrile  (6.37).  Following
General Procedure C afforded 72.0 mg (74% yield, >20:1 d.r.) obtained as an oil. Structural configuration
assigned via analogy with compound 6.35. Ry = 0.25 (40% Et,O/hexanes). '"H NMR (500 MHz, CDCl3) &
7.05 (dd, J = 8.4, 1.8Hz, 1H), 7.02 (d, J = 7.0Hz, 1H), 6.99 (d, ] = 1.9Hz, 1H), 1.59-1.52 (m, 2H), 1.48 (d,
J =5.6Hz, 3H), 1.43-1.37 (m, ] = 1H). *C NMR (126 MHz, CDCl;) 5144.17, 143.07, 133.05, 131.66 (t, J
= 256.3Hz), 121.59, 120.40, 109.59, 107.65, 25.08, 25.00, 20.43, 15.92. ’F NMR (376 MHz, CDCl3) § -
49.95. HRMS (ESI+) Calc: [M+H]" (C12HoF2NO>) 238.0674, measured: 238.0670; 1.7 ppm difference.

ES. Scale-Up Batch Electrolysis Setup and Procedures

Flgure E4 Left Large scale divided cell batch assembly prior to addltlon of solvent. Right: Large scale
divided cell batch assembly 5 minutes into electrolysis.

cl cl

+ | X
TT 4+ filter through -+ NC N &
) N
7 [electrolysis] basic alumina 4 Z —
> __asicaumina___ E—" R
NTs NTs NTs Cs,CO3 NC=-
11 mmol 79% yield 78% yield _DUTS

72% yield (220:1 d.r.)
3.3 g (7.9 mmol)

Scheme E4. Scale-up reaction for cyclopropanation via dication pool.

Procedure (11 mmol scale) - To an oven-dried large scale divided electrochemical cell equipped with
magnetic stir bars was added thianthrene (3.57 g, 16.5 mmol, 1.5 equiv.), 1-tosyl-4-vinylpiperidine (2.92 g,
11 mmol, 1 equiv.), and n-BusNPF¢ (17.0 g, 44.0 mmol, 4.0 equiv.) to the anode compartment and »-
BusNPF¢(8.50 g, 22 mmol, 2.0 equiv.) to the cathode compartment. The cell was equipped with two septa
containing a large scale stainless steel wire/Ni foam cathode assembly (electrode dimensions: 8x4.5 cm,
rolled into a tube) and a pencil/RVC anode assembly (electrode dimensions: 8.5x1x1 cm) connected
together with a teflon tubing to equalize pressure. MeCN (46 mL) and TFA (8.5 mL, 110 mmol, 10 equiv.)
was added to the cathode compartment at the same time that MeCN (110 mL) was added to the anode
compartment as to equalize solvent level in both compartments. The cathode septa was pierced with an
outlet needle to avoid pressurization from hydrogen evolution. Both sides of the cell were then stirred at
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30 °C and electrolyzed under a constant current of 175 mA for 5.1 h (3.0 F/mol). At completion of
electrolysis, the electrode leads were disconnected, septa removed, and the anode RVC was pushed off the
pencil into the reaction mixture. Dibromomethane was added as an internal standard and an NMR aliquot
was taken to assess adduct formation. To the anode compartment was added a septum pierced with a needle
to prevent pressurizing. After pressure equilibration, the needle was removed, and the cathode solution was
removed from the cell via pipette. The anode solution was filtered through activated basic alumina (110 g,
Brockmann I). The cathode compartment was washed with MeCN (40 mL) and pushed across the frit to
rinse the frit. The anode compartment was further washed with MeCN (5 x 40 mL). The alumina pad was
washed with MeCN (3 x 320 mL), taking care to fully disperse the alumina in solution using a spatula. The
filtrate was concentrated under reduced pressure until ~50mL MeCN remains. Mesitylene was added as an
internal standard and an NMR aliquot was taken to assess alkenyl-TT+ yield. Then a stir bar was added to
the flask, followed by 2-chloro-5-(cyanomethyl)pyridine (1.68 g, 11.0 mmol, 1 equiv.) then Cs,COs3 (8.96
g, 27.5 mmol, 2.5 equiv.). The solution was stirred for 16 h. At completion, the mixture was diluted with
DCM (200 mL) and water (600 mL). The aqueous layer was extracted with DCM (200 mL x 3). The
combined organic layers were dried with anhydrous Na,SOs, filtered, and concentrated under reduced
pressure. The residue was purified via flash column chromatography to yield the pure cyclopropane product.

Figure E5. Gram-scale synthesis of cyclopropane via dication pool.

E9. X-Ray Diffraction Data

Data Collection (6.18)

A colorless crystal with approximate dimensions 0.18 x 0.18 x 0.15 mm? was selected under oil under
ambient conditions and attached to the tip of a MiTeGen MicroMount©. The crystal was mounted in a
stream of cold nitrogen at 100(1) K and centered in the X-ray beam by using a video camera.

The crystal evaluation and data collection were performed on a Bruker D8 VENTURE PhotonlII four-circle
diffractometer with Cu Ko, (A = 1.54178 A) radiation and the detector to crystal distance of 4.5 cm.’

The initial cell constants were obtained from a 180° ¢ scan conducted at a 20 = 50° angle with an exposure
time of 1 second per frame. The reflections were successfully indexed by an automated indexing routine
built into the APEX3 program. The final cell constants were calculated from a set of 9394 strong reflections
from the actual data collection.
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The data were collected by using a full sphere data collection routine to survey reciprocal space to the extent
of a full sphere to a resolution of 0.78 A. A total of 24922 data were harvested by collecting 22 sets of
frames with 1.0° scans in ® and ¢ with exposure times of 0.75—4 sec per frame. These highly redundant
datasets were corrected for Lorentz and polarization effects. The absorption correction was based on fitting
a function to the empirical transmission surface as sampled by multiple equivalent measurements. '’

Structure Solution and Refinement (6.18)
The systematic absences in the diffraction data were uniquely consistent for the space group P2i/c that
yielded chemically reasonable and computationally stable results of refinement. !¢

A successful solution by intrinsic phasing provided most non-hydrogen atoms from the E-map. The
remaining non-hydrogen atoms were located with an alternating series of least-squares cycles and
difference Fourier maps. The atomic structure factors were determined by DFT calculations, using the
B3LYP hybrid functional and the 6-31G(d) basis set, in the NoSpherA2 extension of the olex2.refine
program.'”! All atoms were refined with anisotropic displacement coefficients.

In the stereoisomer shown in Figure 1 both chiral centers (C7 and C10) are R. The S,S-stereoisomer is also
present in the crystal structure. The R, R molecule was chosen arbitrarily.

The final least squares refinement of 325 parameters against 3021 data resulted in residuals R (based on F?
for I>20) and wR (based on F? for all data) of 0.0216 and 0.0478, respectively. The final difference Fourier
map was featureless.

Data Collection (6.14)

A colorless crystal with approximate dimensions 0.168 x 0.08 x 0.076 mm? was selected under oil under
ambient conditions and attached to the tip of a MiTeGen MicroMount©. The crystal was mounted in a
stream of cold nitrogen at 100(1) K and centered in the X-ray beam by using a video camera.

The crystal evaluation and data collection were performed on a Bruker D8 VENTURE PhotonlII four-circle
diffractometer with Cu Ko (A = 1.54178 A) radiation and the detector to crystal distance of 4.5 cm.’

The initial cell constants were obtained from a 180° ¢ scan conducted at a 26 = 50° angle with the exposure
time of 1 second per frame. The reflections were successfully indexed by an automated indexing routine
built in the APEX3 program. The final cell constants were calculated from a set of 9365 strong reflections
from the actual data collection.

The data were collected by using the full sphere data collection routine to survey the reciprocal space to the
extent of a full sphere to a resolution of 0.80 A. A total of 128377 data were harvested by collecting 34 sets
of frames with 0.9° scans in ® and ¢ with an exposure time 1-6 sec per frame. These highly redundant
datasets were corrected for Lorentz and polarization effects. The absorption correction was based on fitting
a function to the empirical transmission surface as sampled by multiple equivalent measurements. '’

Structure Solution and Refinement (6.14)
The systematic absences in the diffraction data were uniquely consistent for the space group P2:/n that
yielded chemically reasonable and computationally stable results of refinement. !¢

A successful solution by intrinsic phasing provided most non-hydrogen atoms from the E-map. The
remaining non-hydrogen atoms were located in an alternating series of least-squares cycles and difference
Fourier maps. All non-hydrogen atoms were refined with anisotropic displacement coefficients. All
hydrogen atoms were included in the structure factor calculation at idealized positions and were allowed to
ride on the neighboring atoms with relative isotropic displacement coefficients.
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The compound crystallizes as a racemate. The enantiomer shown in Figure 1 (C8 — S, C12 — S) was chosen
arbitrarily.

There are two symmetry-independent molecules with identical compositions, handedness, and very similar
conformations in the asymmetric unit.

The final least-squares refinement of 525 parameters against 8466 data resulted in residuals R (based on F?
for I>20) and wR (based on F? for all data) of 0.0371 and 0.0990, respectively. The final difference Fourier
map was featureless.

Data Collection (6.27)

A colorless crystal with approximate dimensions 0.09 x 0.07 x 0.06 mm? was selected under oil under
ambient conditions and attached to the tip of a MiTeGen MicroMount©. The crystal was mounted in a
stream of cold nitrogen at 100(1) K and centered in the X-ray beam by using a video camera.

The crystal evaluation and data collection were performed on a Bruker D§ VENTURE PhotonllI four-circle
diffractometer with Cu Ko, (A = 1.54178 A) radiation and the detector to crystal distance of 4.5 cm.’

The initial cell constants were obtained from a 180° ¢ scan conducted at a 20 = 50° angle with an exposure
time of 1 second per frame. The reflections were successfully indexed by an automated indexing routine
built into the APEX3 program. The final cell constants were calculated from a set of 9522 strong reflections
from the actual data collection.

The data were collected by using a full sphere data collection routine to survey reciprocal space to the extent
of a full sphere to a resolution of 0.80 A. A total of 11798 data were harvested by collecting 20 sets of
frames with 0.9° scans in ® and ¢ with exposure times of 10-30 sec per frame. These highly redundant
datasets were corrected for Lorentz and polarization effects. The absorption correction was based on fitting
a function to the empirical transmission surface as sampled by multiple equivalent measurements'”

Structure Solution and Refinement (6.27)
The systematic absences in the diffraction data were uniquely consistent for the space group P2i/n that
yielded chemically reasonable and computationally stable results of refinement. !¢

A successful solution by intrinsic phasing provided most non-hydrogen atoms from the E-map. The
remaining non-hydrogen atoms were located with an alternating series of least-squares cycles and
difference Fourier maps. All atoms were refined with anisotropic displacement coefficients. The atomic
form factors were computed with NoSpherA2!” at the B3LYP/def2-SVP level of theory.

This compound crystallizes as a racemate. The molecule shown in the first diagram was chosen arbitrarily,
with chiral atoms C2 and C4 in the S,S conformation. However, the R,R enantiomer is also present in the
structure.

The final least-squares refinement of 154 parameters against 1309 data resulted in residuals R (based on F?
for I>20) and wR (based on F? for all data) of 0.0157 and 0.0393, respectively. The final difference Fourier
map was featureless.
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Figure E6. A molecular drawing of the asymmetric unit in compound 6.18 shown with 50% probability

ellipsoids.

Table E7. Crystal data and structure refinement for (6.18)
Identification code wickens06
Empirical formula Ci5sHi5F3N2O
Formula weight 296.294
Temperature/K 100.00

Crystal system monoclinic

Space group P2i/c

a/A 6.1884(5)

b/A 9.2955(10)

c/A 24.5282(19)

a/° 90

/e 91.250(5)

v/° 90

Volume/A3 1410.6(2)

Z 4

Pealeg/cm’ 1.395

pw/mm’! 0.993

F(000) 618.5

Crystal size/mm? 0.18 x 0.18 x 0.15
Radiation Cu Ka (A =1.54178)
20 range for data collection/° 7.2 to 158.26

Index ranges -7<h<7,-11<k<11,-31<1<27
Reflections collected 24922

Independent reflections 3021 [Rine = 0.0236, Rgigma = 0.0151]
Data/restraints/parameters ~ 3021/0/325

Goodness-of-fit on F? 1.101

Final R indexes [[>=2c (I)] R;=10.0216, wR, =0.0475

Final R indexes [all data] Ri=0.0221, wR, = 0.0478

Largest diff. peak/hole / e A= 0.36/-0.26
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Figure E7. A molecular drawing of the first symmetry-independent molecules of compound 6.14 shown
with 50% probability ellipsoids.

Figure E8. A superposition of the two symmetry-independent molecules of compound 6.14 shown with
50% probability ellipsoids. The second molecule is green.



Table E8. Crystal data and structure refinement for (16.4).

Identification code Wickens07
Empirical formula CusH2sN30

Formula weight 383.48
Temperature/K 100.00

Crystal system monoclinic

Space group P2i/n

a/A 15.3630(10)

b/A 10.4765(6)

c/A 26.2845(17)

a/° 90

p/e 99.916(5)

v/° 90

Volume/A3 4167.3(5)

Z 8

Pealcg/cm’ 1.222

p/mm’! 0.593

F(000) 1632.0

Crystal size/mm? 0.168 x 0.08 x 0.076
Radiation Cu Ko (A =1.54178)
20 range for data collection/® 6.236 to 149.198
Index ranges -19<h<19,-13<k<12,-32<1<32
Reflections collected 128377

Independent reflections 8466 [Rint = 0.0331, Rsigma = 0.0126]

Data/restraints/parameters ~ 8466/0/525
Goodness-of-fit on F? 1.086

Final R indexes [[>=2c (I)] R;=0.0371, wR, =0.0974
Final R indexes [all data] R:=0.0393, wR> = 0.0990
Largest diff. peak/hole / € A= 0.28/-0.21
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Figure E9. A molecular drawing of the molecule in compound 6.27 shown with 50% probability ellipsoids.
The molecule shown was chosen arbitrarily, with chiral atoms C2 and C4 in the S,S conformation. However,
this compound crystallizes as a racemate, thus the R,R enantiomer is also present.
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Figure E10. A packing diagram of compound 6.27 shown along the a axis with 50% probability ellipsoids.
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Figure E11. A packing diagram of compound 6.27 shown along the b axis with 50% probability ellipsoids.



Table E9. Crystal data and structure refinement for compound 6.27.

Identification code wickens08
Empirical formula CsHsN,O
Formula weight 124.143
Temperature/K 100.00

Crystal system monoclinic

Space group P2i/n

a/A 7.4137(7)

b/A 6.1089(6)

c/A 14.7286(14)

a/° 90

p/e 104.550(4)

v/° 90

Volume/A3 645.66(11)

Z 4

Pealcg/cm’ 1.277

p/mm’! 0.740

F(000) 264.9

Crystal size/mm? 0.09 x 0.07 x 0.06
Radiation Cu Ko (A =1.54178)
20 range for data collection/® 12.34 to 149.06
Index ranges 9<h<9,-7<k<7,-18<1<18
Reflections collected 11382

Independent reflections 1309 [Rint = 0.0259, Rigma = 0.0180]
Data/restraints/parameters ~ 1309/0/154

Goodness-of-fit on F? 1.296

Final R indexes [I>=26 (I)] R:i=0.0157, wR, =0.0389

Final R indexes [all data] R =0.0165, wR,=10.0393

Largest diff. peak/hole / € A= 0.11/-0.08
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Appendix F: Supporting Information for Chapter 7 (Electrochemical Z-selective C(sp?)-H
Functionalization of Alkenes)

F1. General Methods and Materials

Unless otherwise noted, reactions were performed under air in an anhydrous solvent. MeCN and i-Pr,NEt
were purchased as a sureseal bottle and used as is. KPFs was dried under vacuum prior to use. Unless
otherwise noted, other commercially-available reagents were used as received. Crude mixtures were
evaluated by thin-layer chromatography using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 mm)
and were visualized by UV, Seebach, ninhydrin, or KMnO4 staining. Flash chromatography was performed
with a Biotage Isolera One automated chromatography system with re-packed silica columns (technical
grade silica, pore size 60 A, 230-400 mesh particle size, 40-63 particle size) or pre-packed Biotage Sfir
Silica HC Duo 20um 25g - High Capacity Column columns unless otherwise noted. Purified materials were
dried in vacuo (0.050 Torr) to remove trace solvent. 'H, '*C, '°F Spectra were taken using a Bruker Avance-
400 with a BBFO Probe, a Bruker Avance-500 with a DCH Cryoprobe, or Bruker Avance III HD-500 with
a TXO Cryoprobe. NMR data are reported relative to residual CHCI; (‘H, & = 7.26 ppm), CDCl; ('3C, & =
77.16 ppm) or residual CHD,CN ('H, & = 1.96 ppm), CDsCN ("3C, § = 118.26 ppm). Data for 'H NMR
spectra are reported as follows: chemical shift (6 ppm) (multiplicity, coupling constant (Hz), integration).
Multiplicity and qualifier abbreviations are as follows: s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, br = broad. All NMR yields were determined via reference against an internal standard
(dibromomethane or mesitylene for 'H). Mass spectrometry data was collected on a Thermo Scientific Q
Exactive Plus Mass Spectrometer.

Abbreviations: Ac—acyl, Bn—benzyl, Cy——cyclohexyl, DCM—dichloromethane, DIPEA—AN,N-
diisopropylethylamine, DMAP—4-dimethylaminopyridine, DME—dimethoxyethane, DMF—dimethyl
formamide, DMSO—dimethyl sulfoxide, EtOAc—ethyl acetate, HER—hydrogen evolution reaction,
HFIP—hexafluoroisopropanol, H+ sponge—1,8-bis(dimethylamino)naphthalene, i-Pr—isopropyl, Me—
methyl, MEK—methyl ethyl ketone, MeOH—methanol, MeCN—acetonitrile, NPhth—phthalimido,
RVC—reticulated vitreous carbon, Ph—phenyl, TFA—trifluoroacetic acid, TFAA—trifluoroacetic acid
anhydride, THF—tetrahydrofuran.

Electrochemical Methods and Materials

All chronoamperometric and chronopotentiometric measurements were performed at room temperature
using a Pine WaveNowXV. Chronoamperometric and chronopotentiometric measurements were carried
out in divided cells with RVC (8 x 6 x 6 mm, Ultramet, 80 ppi) as working electrodes affixed to a graphite
pencil/silver wire assembly and with nickel foam (1.4 mm x 1.4 mm, MTI Corporation, Surface density:
350g/m?) as counter electrodes affixed to stainless steel wire (see below). The potentials were measured
versus an Ag/AgNO; (0.01 M in MeCN with 0.1 M n-BusNe<PFs) reference electrode (all electrodes from
Pine Research) and externally referenced via the ferrocene/ferrocenium couple. Bulk constant current
electrolysis experiments were driven with a Dr. Meter HY3005M-L DC Power Supply or a custom—made
low current power supply (see Scheme below) which was externally calibrated with a multimeter using a
10 or 1-Ohm resistor.

Divided cells were fabricated in-house. Glass frit purchased from Ace Glass (7176-36). Undivided cell was
prepared using an anode electrode assembled via affixing end of the silver wire (Belden Hook-Up wire,
item no. 83005 007100) around the pencil (JuneGold 2B graphite 2 mm) using conductive graphite adhesive
(Alfa Aesar, 42465), wrapping in teflon tape to prevent exposure, then piercing RVC with pencil. Solvent
exposed electrode surface area (2.1 cm?) was calculated via manufacturer-supplied surface area/volume
ratio measurements. PTFE tubing (Cole-Parmer; 1/32” ID, 1/16” OD, item number EW-06407-41) connects
both sides of the divided cell to normalize pressure. Septa inner diameter 16 mm. Stainless steel purchased
from Grainger; stainless steel lockwire, 0.025" diameter, item number 16Y043.
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i

Figure F3. Divided cell electrolysis for dicationic adducts studies.

Low-current Power Supply: Original design and fabrication by Dr. Blaise J. Thompson. Provides an
operational range of £0.01— 14.99 mA, tunable by variable resistor, delivering power to banana socket pair.
The power supply is limited to 15 V for bulk electrolysis and is powered by an 18 V wall wart. Circuitry
is housed within an aluminum enclosure. For additional specifications, see: J. Am. Chem. Soc. 2020 142,
2093-2099 and Nature 2021 596, 74-79.
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F2. Development of Undivided Cell Electrolysis
General Procedure for Undivided Electrolysis Studies

Limiting thianthrene with gaseous alkenes:

To an oven-dried 25-mL three-neck flask equipped with a magnetic stir bar was added KPFs (552 g, 3.0
mmol, 3.0 equiv) to the undivided cell. The side necks were equipped with two septa containing a stainless-
steel wire/Ni foam cathode assembly (2.9 x 1.6 cm) and a pencil/RVC anode assembly (1.6 x 0.6 x 0.7 cm).
MeCN (10 mL) was added to the flask and sparged with a balloon of gaseous alkene for 10 min. Thianthrene
(216 mg, 1.0 mmol, 1.0 equiv.) was added, followed by trifluoroacetic acid (0.77 mL, 10.0 mmol, 10.0
equiv.) and trifluoroacetic anhydride (0.2 mL, 2% v/v, 1.0 mmol, 1.0 equiv.) and the solution was stirred
and electrolyzed under a constant current of 84 mA for 3.75 h (11.8 F/mol). The electrolysis was visually
monitored until the solution turned from deep purple to light red. At completion of electrolysis, the electrode
leads were disconnected, septa removed, and the anode RVC was pushed off the pencil into the reaction
mixture. Dibromomethane was added as an internal standard to the anodic compartment. The solution was
thoroughly stirred, and 50 pL of mixture was added to an NMR tube and diluted with MeCN-d5.

Limiting alkene:

To an oven-dried 16 x 100 mm fraction tube equipped with magnetic stir bars was added thianthrene (86.5
mg, 0.4 mmol, 2.0 equiv) and dried KPFs (110 mg, 0.6 mmol, 3.0 equiv.). The cell was equipped with a
septum containing a stainless-steel wire/Ni foam cathode assembly (7 x 8 mm) and a pencil/RVC anode
assembly (9 x 3 x 3 mm) connected together with a teflon-wrapped, hollowed 1mL syringe body to prevent
the electrodes from making contact (electrode depth: 1 cm, electrode distance 0.5 cm). The cell was placed
under active N, atmosphere and degassed MeCN (2 mL) was added. Alkene (0.2 mmol, 1.0 equiv.) was
added to the undivided cell followed by trifluoroacetic acid (153 uL, 2.0 mmol, 10.0 equiv.) and
trifluoroacetic anhydride (40 pL, 2% v/v, 0.3 mmol, 1.4 equiv.). The cell were stirred at ambient
temperature and electrolyzed under a constant current of 7.4 mA for 17 h (23.5 F/mol alkene). At
completion of electrolysis, the electrode leads were disconnected, septa removed, and the anode RVC was
pushed off the pencil into the reaction mixture. Dibromomethane was added as an internal standard to the
anodic compartment. The solution was thoroughly stirred, and 50 pL of mixture was added to an NMR tube
and diluted with MeCN-ds.

Diagnostic peaks for alkenylTT product
(doublets; J,= 8.5 Hz, J. = 14.9 Hz)

{ /) @8@ o) |/ I X
AN
S 6.54 alkene r.s.m. I @

6.68 not detected

Me\/\
é o Typical region for dicationic adducts
83414.87|

Corresponding

aryl signals of A,
alkenyITT l g E
_~,.._.~_.~Lw)§\ L»,_/\._L_,‘_. s ) Ly b

NN —
S o2 o - w2
—e st
8.88.6848.280787.67.47.27.06.86.6646.26.05.85.65.45.25.04.84.64.44.24.03.83.63.43.23.02.82.624

f1 (ppm)
Figure F4. Example of 'H NMR spectrum collected after undivided cell electrolysis to prepare
alkenylthianthrenium salts with Z-selectivity. CH,Br, (5.10 ppm, s, 2H) was used as a 'H NMR standard.
r.s.m. = recovered starting material.
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Figure F5. Coupling constant analysis of '"H NMR alkenyl signals of alkenylthianthrenium salts to assign
the Z- and E-isomers.

Me A
X Me,
(1 atm) s Y \ :

(0]
RVC (+) | Ni foam (-) ©) R I
OO0 L GNN L) - (r0
> P! @ + +
s trifluoroacetic acid (10 equiv.) HH QS

trifloroacetic anhydride (2% v/v)
KPFg (0.3 M), MeCN (0.25 M)

/

not detected 72% (3.4:1 Z:E) not detected
Figure F6. Initial undivided cell reactivity for in situ dicationic adduct formation and elimination to afford
alkenylthianthrenium salts. Z-selectivity was observed for gaseous 1-butene derived alkenyITT salt.

thianthrene (2.0 equiv.)
RVC (+) | Ni foam (-)

7.4 mA, 20.8 Fimol, 15 h 8
PN >
trifluoroacetic acid (10 equiv.) S
trifloroacetic anhydride (2% v/v) X
81% yield
KPFg (0.3 M), MeCN (0.1 M) 3011 2 E

Table F1. Translation of undivided cell reactivity and Z-selectivity to limiting alkene electrolysis
conditions.

none 3.0:1

2 “fast” electrolysis 81 2.9:1 10
18 mA, 21.3 F/mol (6.6 h)

3 2.7 V constant cell potential (15 h) 77 2.9:1 13
4 No TFAA 63 3.1:1 31
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NaTFA (1.0 equiv.)

-O,".
NaTFA (1.0 equiv.)
S TFA (5.0 equiv.) o S
> ®
Ph/\,w\,S% MeCN (0.1 M), 2 days Ph/\pﬂ«\,Sﬁ
251EZ 100% RSM; 2.5:1 E:Z

Figure F7. Trifluoroacetate base does not isomerize or react with alkenylthianthrenium salt. This anion is
the electrogenerated base in undivided cell electrolysis. RSM = recovered starting material.

oy

S
@

@o@
in situ base

S
;/i\ @ : +mono
QS adduct

Figure F8. Proposed mechanism for alkenylthianthrenium salt formation in an undivided cell. Anodic
oxidation of thianthrene leads to dicationic adduct formation with alkene substrate. Cathodic HER of TFA
generates trifluoroacetate which acts as an electrogenerated base to eliminate adducts in sifu, generating
alkenylTT salt with observed Z-selectivity. Unlike divided cell electrolysis, undivided cell enables Z-
selective preparation of alkenylTT salts through the liberation of thianthrene from bis-adduct deprotonation
and cathodic reduction of oxidized thianthrenium species, both of which keep neutral thianthrene
concentration high to promote selective bis-adduct formation via radical pathways.
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F3. Dicationic Adduct Elimination Studies
General Procedure for Dicationic Adduct Pool Studies

To an oven-dried divided electrochemical cell equipped with magnetic stir bars was added thianthrene (64.9
mg, 0.3 mmol, 3.0 equiv) to the anode compartment and KPF (110 mg, 0.6 mmol) to both compartments.
The cell was equipped with two septa containing a stainless steel wire/Ni foam cathode assembly and a
pencil/RVC anode assembly connected together with a teflon tubing to equalize pressure. MeCN (2 mL)
was added to the cathode and anode compartments. Alkene (0.2 mmol, 2.0 equiv) was added to the anode
compartment. Trifluoroacetic acid (153 pL, 2.0 mmol, 20.0 equiv) was added to the cathode compartment
and both sides of the cell were stirred at 30 °C and electrolyzed under a constant current of 6.0 mA (5.8
mA/cm?) for 2.2 h (2.5 F/mol alkene). At completion of electrolysis, the electrode leads were disconnected,
septa removed, and the anode RVC was pushed off the pencil into the reaction mixture. Dibromomethane
was added as an internal standard to the anodic compartment. The solution was thoroughly stirred, and 50
pL of mixture was added to an NMR tube and diluted with MeCN-d3. The dicationic adduct yield and
mono:bis were determined via "H NMR using dibromomethane as an external standard.
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To a threaded vial equipped with a magnetic stir bar was added 1 mL of the dicationic adduct solution
followed by sodium trifluoroacetate (54 mg, 0.4 mmol, 4.0 equiv.). Rapid quenching of purple thianthrene
radical cation was observed upon addition of base and an NMR sample was prepared within a minute of
the quench. NMR samples were prepared by diluting an aliquot of the reaction solution in CD3;CN or CDCl;
and the alkenylthianthrenium salt yield and E:Z were determined via '"H NMR using dibromomethane as
an internal standard.

® ,g
thianthrene Q(éw 3 ®S>B£ base] d”"’\l
p + s - S_g S
S i S8 (0
[anodic oxidation] H” “H

electrochemically pooled species

Figure F9. General reaction flow for mono- and bis- dicationic adduct generation studies and subsequent
addition of base for adduct elimination to alkenylthianthrenium salts with E.Z stereochemistry.

® *
¢ S
thianthrene Qéw % H®
5 :
5 . Q 7)\8&

A HAC* H,H 5
[anodic oxidation] H % H *
electrochemically pooled species s, B pp— - S
TT*
CH,Br, Diagnostic region for
T2 dicationic adducts
alkene r.s.m.
_M ) JL . 4M n‘ﬁmwe ?ﬂﬂg ;mﬂt.,_

8 | 2 882 || 832 3888 >
i S : : : — ; oo e — = e —

8.5 8.0 7:5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5

fl
Mono-adduct aryl signals of TT?* peaks = downfield (4H) (ppm)

Bis-adduct aryl signals of TT* peaks = upfield (various doublets)

Figure F10. Example of '"H NMR spectrum collected after divided cell electrolysis to prepare mono- and
bis-dicationic adducts between thianthrene and alkene substrate. CH,Br, (5.10 ppm, s, 2H) was used as a
"H NMR standard. r.s.m. = recovered starting material.

iz S

Hl

mono
mono

Tl JL

.7 45 43 41 39 3.7 3.5
f1 (ppm)

Figure F11. Analysis of '"H NMR alkyl sulfonium signals of dicationic adducts to assign the mono- and
bis-adducts. Each peak in this 3.5 to 4.8 ppm region corresponds to 1H, where each adduct has 3H
alkylthianthrenium signals in total. If possible, these signals are correlated to the aryl region >8.5 ppm to
support the assignment of the mono-adduct. See Figure F10 above.
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Corresponding aryl

signals of alkenyITT Thianthrene

(4H_each) Ph/\% r”
Diagnostic peaks for alkenyITT product (?)
(doublets; J,= 8.5 Hz, J, = 14.9 Hz) CH,Br,
S
J =87 Hz
di=i14.8 Hz alkene r.s.m.
‘ Ul ’,Nm M m M
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Figure F12. Example of "TH NMR spectrum collected after base addition to quench mono- and bis-dicationic
adducts electrogenerated from thianthrene and alkene substrate in divided cell electrolysis. The result is
elimination to alkenylthianthrenium salt with a mixture of £- and Z-stereochemistry. CH»Br; (5.10 ppm, s,
2H) was used as a '"H NMR standard. r.s.m. = recovered starting material.

F3.1. Solvent Screen for Z-selectivity of Bis-adduct Elimination

For solvent screen experiments, dicationic adducts were prepared according to the general procedure for
divided cell electrolysis with the corresponding sulfur heterocycle. Then the resultant electrochemical
solution was transferred into separate vials (1 mL, 0.1 M) and concentrated in vacuo. When all the MeCN
solvent was removed based on visual inspection, the crude residue was re-dissolved in 1 mL of the specific
solvent and NaTFA base was added. For thianthrene-based adducts, the bis-adduct Z-selectivity was
calculated assuming >20:1 E:Z of alkenylthianthrenium derived from the mono-adduct elimination. See
Angewandte Chemie International Edition 2020, 59, 5616-5620.

Table F2. Solvent screen data for thianthrene-based dicationic adducts.

: \ )
3 &) H . Q@S/—O NaTFA as base .’N\|
%S%sfﬁ + S : (~5eq. to alkene) _ %
-, ® »
S
ZE

H H S [solvent swap]

H H
@ =-(CHy),Ph

51% adduct;
67-68:33-32 bis:mono
45% alkene RSM

solvent Z:E calc' bis Z-selectivity solvent Z:E calc' bis Z-selectivity
diMeCarbonate 71:29 220:1 Z.E MeCN 68:32 >20:1 ZE
THF 66:34 >20:1 Z.E MeNO, 66:34 >20:1 Z.E
DCM* only Z detected* >20:1 ZZE MEK 68:32 >20:1 ZZE
5:1 DCM*:MeCN 69:31 >20:1 Z.E DMF 69:31 >20:1 Z.E
MeOH 68:32 >20:1 Z.E PhCN 73:27 >20:1 Z.E

*note that NaTFA & dicationic adducts insoluble

Generally the bis:mono translates to Z:E, suggesting that bis-adduct elimination Z-selectivity seems high
across solvents for thianthrenium salts. Sometimes, the Z-isomer ratio is notably higher (>5% out of 100)
than bis-adduct max (PhCN & dimethyl carbonate), suggesting that mono-adduct may be less E-selective
(6:1t09:1 E:Z) in these solvents. Other sources of errors for the increased %Z such as analytical, or slightly
different solubilities of Z- and E-alkenylTT cannot be excluded.
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Table F3. Solvent screen data for phenoxathiin-based dicationic adducts.
solvent Z:E solvent Z:E

% Ph diMeCarbonate 3.2:1 MeCN 1.9:1

] H —/ NaTFA as base AN THF 2.4:1 PhNO2 19:1
s Ph I

@S%SQ (~5 eq. to alkene) . M\é DME 24:1 MeNO2 1.7 :1

% - 9:1 PhCl:MeCN 2.4 :1 MEK 1.6:1

H H Q@i 5 [solvent swap] @(DD DCMe 2.1:1 DMF 1 2 1

o chloroform* 2.0-2.4:1* PhCN 14:1

MeOH 21:1 DMSO 14:1

*signal intensity low, solubility issues? HFIP 1.4:1

F3.2. Base Screen for Z-selectivity of 1-Butene-Dervied Dicationic Adducts Elimination

For base screen experiments, electrogenerated dicationic adducts (mixture of mono- and bis-species) were
prepared using 1-butene gas. For literature procedure, see J. Am. Chem. Soc. 2021, 143, 51, 21503-21510.
Exclusive mono-adduct was prepared by thianthrene S-oxide activation in the presence of 1-butene alkene
substrate. For literature procedure, see J. Am. Chem. Soc. 2021, 143, 33, 12992—-12998. Then the resultant
adduct solutions were transferred into separate vials (1 mL, 0.1 M) and the specified base was added.

Table F4. Base screen data for quenching of electrogenerated 1-butene-derived dicationic adducts.
? sg My @
Qé? @S X e BRI 2
3 Me * %S& ~ 5 equiv. - O g
H g :
H H S
H”H % EZ

generated via electrolysis
1.4:1 m:b

Cs,CO; K,CO; K,PO, Al quench KOH NaHCO;
3.6:1 E:Z 24:1EZ 22:1EZ 4.0:1EZ 1.4:1E2Z 13:1E2Z
NaHCO; (aq) i-Pr,NEt pyridine 2,6-lutidine DMAP  H*sponge
1.2:1E2Z 1.5:1E2Z 1.5:11E2Z 14:1E2Z 2.6:1E£2Z 1.5:11EZ

85% half adduct

Table F5. Base screen data for quenching of S-oxide prepared 1-butene-derived mono-adduct.

- E:Z
generated via Ritter
only mono detected
NaHCO; (aq) i-Pr NEt pyridine H* sponge
220:1 E:Z 220:1 E:Z 220:1 E:Z 5.7:1E:Z

Mono-adduct elimination appears to be highly E-selective. Curiously, the apparent selectivity of the
elimination step is dependent on the identity of the base. Adducts mono.bis ratio typically translate to the
alkenylthianthrenium species E:Z ratio when using weaker bases for the elimination whereas erosion of Z-
selectivity was observed with stronger bases such as carbonate. This could be a consequence of either (1)
changing the stereoselectivity of the elimination step, or (2) isomerization of Z-isomer to E-isomer via
reversible conjugate addition of nucleophilic bases. More mechanistic experiments will need to be
conducted to distinguish the two possibilities. Out studies show with i-ProNEt base, the stereoselectivity of
the mono:bis elimination occurs with high fidelity to the E:Z of the alkenylTT, and that this hindered
trialkylamine base does not isomerze the alkenylTT.
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F3.3. Dicationic Adduct Interconversion and Elimination Time Courses

For adduct time course studies, dicationic adducts were prepared using the general procedure for divided
cell electrolysis. Adduct conversion was monitored by taking an aliquot of the solution to prepare an NMR
sample at the specific time point. For the in situ quenching to alkenylthianthrenium salts, the adduct solution
was electrolyzed in CD3CN. Then 0.5 mL of the solution was transferred to an NMR tube. After acquiring
a 'H NMR spectrum of the meta-stable adducts, solid NaTFA (approx 20 mg) was added to the NMR

sampel. Spectra were immediately collected approx. every 10-15 s using the following "H NMR parameters:
1 scan, 1 s relaxation delay.

dication pool generated via electrolysis

Y ih = 2 e

H” H

® mono adduct ® bis adduct total adduct
100
° o e
[ ]
— &
§ 50
it [ ]
0 ° L4 °
0 40 80 120
time (h)

Figure F13. While bis-adduct converts quantitatively to mono-adduct over extended period (several days),
minimal interconversion within 3 hours. The origin of this interconversion is not fully understood. Light
promoted interconversion has been excluded since this bis- to mono-adduct conversion is still observed
when the solution is kept in the dark, and the rate is minimally impacted when the solution is intentionally
irradiated. Two alternative potential explanations include (1) the formation of mono-adduct is

thermodynamically favorable, or (2) insolubility of thianthrene drives the equilibrium to favor mono-adduct
formation.
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Figure F14. Dicationic adduct quenching with trifluoroacetate is fast. Qualitatively, mono-adduct appears
to quench at a slightly faster rate than bis-adduct. The formation of E-alkenylTT salt is slightly faster than
that of Z-alkenylTT salt. These data are consistent with mono-adduct eliminating with E-selectivity and bis-
adduct eliminating with Z-selectivity.

F3.4. Evaluation of Sulfonium Activating Group Structures

Thianthrene derivatives were prepared according to literature procedures. All 'TH NMR were consistent
with reported spectra for the isolated compounds.

Dicationic adducts with thianthrene derivatives were generated according to the general procedure for
divided cell electrolysis with the specified modification: alkene concentration was 0.05 M instead of 0.1
M, and i-Pr,NEt base (8 equiv. to alkene) was used instead of NaTFA. We have observed that this sterically
hindered trialkylamine base does not impact the mono:bis to E:Z conversion of 1-butene derived adducts.
The dicationic adducts and alkenylsulfonium salts of thianthrene derivatives were assigned by analogy to
those of parent thianthrene using 'H NMR spectroscopy, described in Figures 10-12.

(S ) Ph

activating group @ H —/

@ —‘ i-ProNEt (8 equiv.) <)
2 > ph/\ﬂ""\/@

[anodic oxidation]

pooled species

Figure F15. General reaction flow for mono- and bis- dicationic adduct generation studies and subsequent
addition of base for adduct elimination to alkenylsulfonium salts with £:Z stereochemistry.
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Characterization of Z-Alkenylthianthrenium Salt 7.6

A PFG'
.0
S

(2)-5-(4-phenylbut-1-en-1-yl)-5H-thianthren-5-ium hexafluorophosphate (7.6): H-NMR (500
MHz, CD3CN) § 7.95 (dd, J = 7.95, 1.26 Hz, 2H), 7.84 (dd, J = 7.97, 1.32 Hz, 2H), 7.80 (td, J = 7.70,
1.37 Hz, 2H), 7.67 (td, ) = 7.73, 1.29 Hz, 2H), 7.35 - 7.24 (m, 5H), 6.92 (dt, J = 8.66, 7.83 Hz, 1H),
6.72 (dt, ) = 8.58, 1.36 Hz, 1H), 3.03 (m, 2H), 2.88 (t, J = 7.01 Hz, 2H). 13C-NMR (125 MHz, CD;CN)
6 155.42, 140.49, 135.80, 134.86, 132.62, 131.10, 130.55, 129.30, 129.28, 127.21, 121.65,

112.42, 33.84, 32.62. F-NMR (500 MHz, CD5CN) & -72.85 (d, J = 706.59, 6F). 31P-NMR (500 MHz,
CD3CN) & -144.61 (hept, J = 706.56, 1P).
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Appendix G: Supporting Information for Chapter 8 (Unveiling Potent Photooxidation Behavior of
Catalytic Photoreductants)

G1.  General Methods and Materials

Unless otherwise noted, reactions were performed under 1 atm O, in an anhydrous solvent. MeCN was
dried by passing through activated alumina columns. Unless otherwise noted, commercially-available
reagents were used as received. LiClO4 was recrystallized from MeCN and dried under vacuum. Irradiation
of photochemical reactions was carried out using Kessil LED lamps (390 nm [KSPR160L-390]; Tuna Blue
[A160WE]). Crude mixtures were evaluated by thin-layer chromatography using EMD/Merck silica gel
60 F254 pre-coated plates (0.25 mm) and were visualized by UV. Flash chromatography was performed
with a Biotage Isolera One automated chromatography system with re-packed silica columns (technical
grade silica, pore size 60 A, 230-400 mesh particle size, 40-63 particle size). Purified materials were dried
in vacuo (0.050 Torr) to remove trace solvent. '"H and '*C Spectra were collected using a Bruker Avance-
400 with a BBFO Probe, Bruker Avance-500 with a DCH Cryoprobe, or a Bruker Avance-600 with a TCI-
F Cyroprobe. NMR data are reported relative to residual CHCl; (‘H, 8 = 7.26 ppm), CDCl; (**C, § = 77.16
ppm), DMSO-ds ('H, § = 2.50 ppm), CsDs ('H, 8 = 7.16 ppm), or MeCN-d; (‘H, & = 1.94 ppm). Data for
"H NMR spectra are reported as follows: chemical shift (5 ppm) (multiplicity, coupling constant (Hz),
integration). Multiplicity and qualifier abbreviations are as follows: s = singlet, d = doublet, t = triplet, q =
quartet, m = multiplet, br = broad. All NMR yields were determined via reference against an internal
standard (dibromomethane for '"H NMR). GC traces were taken on an Agilent 7890A GC with dual DB-5
columns (20 m X180 pum % 0.18 um), dual FID detectors, and hydrogen as the carrier gas. A sample volume
of 1 uL was injected at a temperature of 300 °C and a 100:1 split ratio. The initial inlet pressure was 20.3
psi but varied as the column flow was held constant at 1.8 mL/min for the duration of the run, FID
temperature was 325 °C.

Abbreviations: BET-back electron transfer, DCM—dichloromethane, EtOAc—ethyl acetate, HFIP—

1,1,1,3,3,3-hexafluoro-2-propanol, MeCN-acetonitrile, Mes—mesityl, Ph—phenyl, PTH—10-phenyl-10H-
phenothiazine, TFE-2,2, 2-trifluoroethanol, TFA—trifluoroacetate, GC—gas chromatography.
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Figure G1. Established multi-photon photoreductants; complete catalyst structures for Figure 8.1.
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Scheme G1. Proposed mechanism for pyrazole N-arylation under photooxidation conditions.
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G2.  Photochemical Experimental Set-Ups

Figure G2. Photochemical experimental set-up for reaction optimization experiments using a HepatoChem
EvoluChem™ PhotoRedOx Box [HCK1006-01-016] fitted with a Kessil LED lamp and compressed air
cooling.
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Figure G3. Homemade photobox for scaling up reactions. Circular cut-out in front “door” and triangular
slits on side and top for fan cooling and air flow; two circular openings fit Kessil LED lamps for side-on
irradiation; angled mirrors at top to reflect light downwards; rectangular opening in back wall for clamp to
hold reaction tube; circular hole on top for balloon needle.

Figure G4. Scale up photobox in action. End reactions measure ca. 35°C.
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G3.  Preparation of Ester Pyrazole 8.1

O~ _OEt 0~ _OEt
NaHCO; (2.0 equiv.)
7 H,0, 16h &
HCle HN—N HN—-N
8.1
99% yield

Ethyl 1H-pyrazole-4-carboxylate hydrochloride (2.649 g, 15.0 mmol, 1.0 equiv.) and sodium bicarbonate
(2.520 g, 30.0 mmol, 2.0 equiv) were dissolved in water (160 mL). The reaction mixture was stirred under
ambient conditions for 16 h. The aqueous phase was extracted with 3 x 200 mL DCM. The combined
organic phases were dried over Na>SOy, filtered, and the solvent evaporated to afford ester pyrazole 8.1 as
a white solid (2.0877 g, 99%). '"H NMR (500 MHz, CDCI3) & 11.68 (br s, 1H), 8.09 (s, 2H), 4.33 (qd, J =
7.1,0.8 Hz, 2H), 1.36 (td, J="7.1, 0.9 Hz, 3H). Consistent with reported spectra (Synthetic Communications,
2008, 38, 5, 674 - 683).

G4.  Preparation of Photocatalysts

(P

IO

10-phenyl-10H-phenothiazine (PTH) — prepared according to Beilstein J. Org. Chem. 2019, 15, 52-59.
10H-phenothiazine (1.49 g, 7.50 mmol, 1.0 equiv), potassium tert-butoxide (1.09 g, 9.67 mmol, 1.29 equiv),
tri-tert-butylphosphoniumtetrafluoroborate (131 mg, 450 umol, 0.06 equiv), and
bis(dibenzylideneacetone)palladium (129 mg, 225 pmol, 0.03 equiv) were combined and placed under an
atmosphere of nitrogen. The solids were then dissolved in anhydrous toluene (14 mL). Bromobenzene (1.44
g, 964 uL, 9.15 mmol, 1.22 equiv) was added. The reaction mixture was stirred under reflux for 20 h. After
reaching room temperature, the reaction contents were filtered, then 200 mL EtOAc and 100 mL water
were added to the reaction mixture. After phase separation, the aqueous phase was extracted additionally
with 3 x 200 mL EtOAc followed by 1 x 100 mL brine. The combined organic phases were dried over
Na»S0Os, the solvent evaporated, and the crude product purified by column chromatography (2.01 g, 97%);
"H NMR (400 MHz, DMSO) 6 7.67 (t,J = 7.6 Hz, 2H), 7.54 (t, J= 7.5 Hz, 1H), 7.45 — 7.38 (m, 2H), 7.08
(dd, J=17.5, 1.6 Hz, 2H), 6.93 (ddd, J = 8.4, 7.3, 1.7 Hz, 2H), 6.89 — 6.81 (m, 2H), 6.16 (dd, /= 8.1, 1.3
Hz, 2H); consistent with reported spectra (Eur. J. Org. Chem., 2019: 5807-5811)

T
sadil s

3,7-di([1,1'-biphenyl]-4-yl)-10-(naphthalen-1-yl)-10H-phenoxazine (PC-8.1) — prepared in three steps
according to J. Am. Chem. Soc. 2016, 138, 35, 11399-11407.
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Step 1: Synthesis of 1-Naphthalene-10-phenoxazine — A stir bar was placed into a 100 mL storage flask,
flame dried under vacuum and then back filled with nitrogen three times. The flask was then charged with
10H-phenoxazine (500 mg, 2.73 mmol, 1.0 equiv), sodium tert-butoxide (525 mg, 5.46 mmol, 2.0 equiv,),
2-dicyclohexylphosphino-2’,6’-diisopropoxybiphenyl (RuPhos, 38.2 mg, 81.9 pmol, 0.03 equiv), (2-
dicyclohexylphosphino-2',6'-diisopropoxy-1,1'-biphenyl)[2-(2'-amino-1,1'-biphenyl) ]palladium(II)
methanesulfonate (RuPhos Pd G3, 68.5 mg, 81.9 umol, 0.03 equiv), 1,4-dioxane (3 mL), and 1-
bromonaphthalene (1.13 g, 764 uL, 5.46 mmol, 2.0 equiv). The flask was heated at 130 °C while stirring
for 48 hours. The flask was then cooled to room temperature, diluted with CH»Cl,, and the solution was
washed with water three times, brine once, dried over MgSO4 and purified by recrystallization from CH>Cl,
layered with hexanes on top at -25°C to yield the product as yellow crystals (615 mg, 73% yield). "H NMR
(400 MHz, CDClIs) 6 8.08 (dt, J=8.2, 1.0 Hz, 1H), 8.02 — 7.95 (m, 2H), 7.65 (dd, J= 8.3, 7.2 Hz, 1H), 7.59
—7.51 (m, 2H), 7.47 (ddd, /= 8.2, 6.8, 1.3 Hz, 1H), 7.26 (s, 1H), 6.73 (dd, J=7.9, 1.5 Hz, 2H), 6.63 (td, J
=17.7,1.5 Hz, 2H), 6.49 (td, J= 7.7, 1.5 Hz, 2H), 5.70 (dd, J = 8.0, 1.5 Hz, 2H); consistent with reported
spectra (J. Am. Chem. Soc. 2016, 138, 35, 11399-11407)

Step 2: Synthesis of 3,7-Dibromo-1-Naphthalene-10-phenoxazine — 10-(naphthalen-1-yl)-10H-
phenoxazine (515 mg, 1.66 mmol, 1.0 equiv) was dissolved in chloroform (51.5 mL). Acetic acid (51.5
mL) was then added to the stirring mixture. Aluminum foil was thoroughly wrapped around to cover the
reaction vial, blocking out light. In the dark, powdered N-bromosuccinimide (607 mg, 3.41 mmol, 2.05
equiv) was added in small portions over a 20 minute period. After 2 hours at room temperature the reaction
mixture was concentrated under vacuum. The resulting solid was washed three times with water, brine, then
dried with MgSO4. A light tan powder (688 mg, 88% yield) was collected. This was used for the Suzuki
coupling without further purification. 'H NMR (400 MHz, C¢Ds) & 7.82 (d, J = 8.4 Hz, 1H), 7.58 (dd, J =
19.0, 8.2 Hz, 2H), 7.20 (d, /= 7.4 Hz, 1H), 7.13 — 7.07 (m, 2H), 6.90 (d, /= 7.2 Hz, 1H), 6.84 (d, /= 2.3
Hz, 2H), 6.37 (dd, J = 8.6, 2.3 Hz, 2H), 5.31 (d, J = 8.4 Hz, 2H); consistent with reported spectra (J. Am.
Chem. Soc. 2016, 138, 35, 11399-11407)

T
ST Ve

Step 3: Synthesis of 3,7-Di(4-biphenyl) 1-Naphthalene-10-Phenoxazine (PC-8.1) — A 200 mL schlenk
flask was flame dried, filled with nitrogen, and equipped with a stir bar and reflux condenser before 3,7-
dibromo-10-(naphthalen-1-yl)-10H-phenoxazine (225 mg, 482 pmol, 1.0 equiv), [1,1'-biphenyl]-4-
ylboronic acid (382 mg, 1.93 mmol, 4.0 equiv) was added, then dissolved in 20 mL of THF. 6 mL of
aqueous K,CO3 (2M) was syringed into the solution and then heated to 80 °C and stirred for 20 minutes.
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After which, tetrakis(triphenylphosphine)-palladium(0) (167 mg, 144 umol, 0.3 equiv) in a 20 mL solution
of THF was added then heated to 100 °C and left to run for 24 hours. Once complete, the reaction was
concentrated under vacuum, dissolved in DCM, and washed with water two times, brine, then dried with
MgSOs. A bright yellow powder was collected (128 mg, 43% yield) after recrystallization in DCM/MeOH.
"H NMR (400 MHz, C¢Ds) & 8.18 (d, J = 8.3 Hz, 1H), 7.69 (d, J = 8.6 Hz, 2H), 7.68 — 7.63 (m, 1H), 7.61
—7.54 (m, 1H), 7.54 — 7.49 (m, 4H), 7.46 (s, 8H), 7.36 (d, J = 2.0 Hz, 2H), 7.25 (td, /= 7.8, 7.3, 4.9 Hz,
8H), 6.73 (dd, /= 28.3, 2.1 Hz, 2H), 5.88 (d, J = 8.3 Hz, 2H); consistent with reported spectra (J. Am. Chem.
Soc. 2016, 138, 35, 11399-11407).

O‘

L
N

N,N-5,10-di(2-naphthalene)-5,10-dihydrophenazine (PC-8.2) — Commercially available material from
MilliporeSigma was used. For preparation, see Science, 2016, 352, 6289, 1082-1086.

[9,9-dimethyl-10-phenyl-9,10-dihydroacridine] (PC-8.3) — In a three-neck flask, bromobenzene (0.23
mL, 2.2 mmol, 1.1 equiv), 9-dimethyl-9,10-dihydroacridine (419 mg, 2.0 mol), and sodium tert-butoxide
(577 mg, 6.0 mol, 3.0 equiv) were introduced. Everything was kept under an inert atmosphere and the solids
were dissolved in 10 mL of toluene. The catalyst was prepared in a flask, by mixing Pd(dba), (73.3 mg,
0.08 mmol, 0.04 equiv) and HP(tBu)s BF4 (46.4 mg, 0.16 mmol, 0.08 equiv) in 2 ml of toluene. This catalyst
solution was added to the reaction medium and heated overnight at reflux. After complete conversion, the
reaction medium was filtered through a celite pad and the solvent was removed under vacuum. The crude
product purified by column chromatography (550 mg, 96%); '"H NMR (400 MHz, CDCl;) § 7.63 (t,J=7.6
Hz, 2H), 7.51 (t, J=17.5 Hz, 1H), 7.46 (dd, J= 7.5, 1.8 Hz, 2H), 7.34 (d, /= 7.0 Hz, 2H), 6.97 (td, J= 8.0,
7.6, 1.8 Hz, 2H), 6.92 (td, J=7.4, 1.5 Hz, 2H), 6.26 (dd, J= 7.9, 1.5 Hz, 2H), 1.70 (s, 6H); consistent with
reported spectra (Organic Electronics 2018, 57, 327-334).

Ir(ppy); - sample generously donated from the Yoon group. For preparation see J. Am. Chem. Soc. 2003,
125, 24, 7377-7387.
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GS5.  Preparation of PTH*PF, Radical Cation

Preparation adapted from ChemCatChem 2018, 10, 2955 —2961. In a Schlenk tube 82.5 mg (0.300 mmol,
1.00 equiv) 10-phenyl-10H-phenothiazine was dissolved in 1mL anhydrous MeCN. Then the mixture was
cooled to 0 °C and 47.2 mg (0.270 mmol, 0.90 equiv) NOPFs was slowly added to the mixture as a
concentrated MeCN solution. The mixture turned deep red immediately and was stirred for a further 20
min. The mixture was freeze-pump-thawed for three cycles to remove the generated NO. Then the mixture
was let come to room temperature and the solvent removed. The solid was then dissolved in DCM. A red
solid precipitated upon addition of hexanes. The red solid was washed with hexanes three times to remove
excess PTH then dried under reduced pressure. PTHePF¢radical cation was characterized by its absorption
spectrum.

25
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Spectrum and distinct feature at 520 nm is consistent with literature (Bulletin of the Chemical Society of
Japan, 1999, vol. 72, # 2, p. 253 - 257). 'H NMR confirmed no residual PTH, although a trace amount of
PTH S-oxide is observed.
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Figure G5. 'H NMR (600 MHz, MeCN-d5) spectrum shows no residual PTH.

G6. General Experimental Procedures for Redox-Primed Photocatalysis

General Procedure A — Add PTH (5.5 mg, 0.02 mmol, 5 mol %) and LiClO4 (1.1 mg, 0.08 mmol, 20 mol
%) to a 16x150 mm fraction tube equipped with a stir bar. If a solid, add pyrazole (0.4 mmol, 1.0 equiv.)
to the tube. Add arene (8 mL), TFE (7.2 mL), and HFIP (0.8 mL) to the tube. Affix the reaction vessel to
the photoreactor (see fig. G3 and G4 photobox description). Sparge the solution for 20 minutes with oxygen
from a balloon (1 atm). If liquid, add pyrazole (0.4 mmol, 1.0 equiv.) to the tube. Irradiate using two 390
nm Kessil lamps for 20 h under 1 atm O, and with fan cooling. Concentrate crude product for purification
by flash chromatography with silica.

General Procedure B — Following General Procedure A, but with the following modification: following
irradiation, concentrate crude product. Add dibromomethane internal standard to the residue and dilute with
CDCls. Take up the solution in an NMR tube. Cross coupling product yield was determined via 'H NMR
using dibromomethane as an internal standard.

General Procedure C — Add PTH (5.5 mg, 0.02 mmol, 5 mol %) to a 16x150 mm fraction tube equipped
with a stir bar. If a solid, add pyrazole (0.4 mmol, 1.0 equiv.) to the tube. Add arene (8 mL), MeCN (4 mL),
and HFIP (4 mL) to the tube. Affix the reaction vessel to the photoreactor (see fig. S3 and S4 photobox
description). Sparge the solution for 20 minutes with oxygen from a balloon (1 atm). If liquid, add pyrazole
(0.4 mmol, 1.0 equiv) to the tube. Add #-dodecyl mercaptan (9.4 puL, 0.04 mmol, 10 mol %) to the tube.
Irradiate using two 390 nm Kessil lamps for 20h under 1 atm O, and with fan cooling. Concentrate crude
product for purification by flash chromatography with silica.
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General Procedure D — Add PTH (5.5 mg, 0.02 mmol, 5 mol %) to a 16x150 mm fraction tube equipped
with a stir bar. If a solid, add pyrazole (0.4 mmol, 1.0 equiv) to the tube. Add MeCN (2 mL) and HFIP (2
mL) to the tube. Affix the reaction vessel to the photoreactor (see fig. G3 and G4 photobox description).
Sparge the solution for 7 minutes with oxygen from a balloon (1 atm). If liquid, add pyrazole (0.4 mmol,
1.0 equiv) to the tube. Add #-dodecyl mercaptan (9.4 uL, 0.04 mmol, 10 mol %) to the tube. Irradiate using
two 390 nm Kessil lamps for 20h under 1 atm O, and with fan cooling. Concentrate crude product for
purification by flash chromatography with silica.

G7. Reaction Optimization and Control Experiments (Tables 8.1 and 8.2)

Add solid reaction components (catalyst, pyrazole, co-catalyst) to a 1-dram vial equipped with a stir bar.
Add arene (1 mL) and solvent (1 mL) to the vial. Seal with a septum-containing cap. Pierce septum with a
needle attached to a balloon filled with the gas of choice and purge the headspace of the vial for two minutes.
Tighten the cap and place the vial into the photobox, which itself is on a magnetic stirring plate. Commence
the reactions by turning on the Kessil lamp and compressed air cooling. Experiments performed on a 0.05
mmol scale with the pyrazole as the limiting reagent.

For NMR analyses — Following irradiation, concentrate crude product. Add dibromomethane internal
standard to the residue and dilute with CDCl;. Take up the solution in an NMR tube. Oxidative coupling
product yield was determined via 'H NMR using dibromomethane as an internal standard.

For GC analyses — Following irradiation, add dodecane internal standard to crude reaction and remove a

0.1 mL aliquot. Filter the aliquot through a celite plug pre-wetted with EtOAc to remove solids and dilute
the filtrate (0.2 mL) with ethyl acetate (1.0 mL).

oo ?@

X C e, ‘.

PC-8.2

Ir(ppy)s

Figure G6. Catalysts used for reaction development.
CO,Et

CO,Et //
/4& [catalyst] . N< N
T OHNGY solvent, 24 h
LED irradiation, [oxidant]
8.1 8.2

Table G1. Optimization of photocatalyst and terminal oxidant for oxidative coupling of benzene with
pyrazole 8.1.7

PTH (5%) MeCN none

2 PTH (5%) MeCN PhI (2 equiv) n.d.



21

23

24

25
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PTH (5%)
PTH (5%)
PTH (5%)
PTH (5%)
PTH (5%)
PTH (5%)
PTH (5%)

PC-8.1 (5%)

PC-8.1 (5%)

PC-8.1 (5%)

PC-8.1 (5%)

PC-8.1 (5%)

PC-8.1 (5%)

PC-8.1 (5%)

PC-8.1 (5%)

PC-8.2 (5%)

PC-8.2 (5%)

PC-8.2 (5%)

PC-8.2 (5%)

PC-8.2 (5%)

PC-8.2 (5%)

PC-8.2 (5%)

PC-8.2 (5%)

PC-8.2 (5%)

PC-8.2 (5%)

PC-8.2 (5%)

PC-8.2 (5%)

MeCN
MeCN
MeCN
MeCN
MeCN
TFE

9:1 TFE:HFIP

MeCN

MeCN

MeCN
TFE

9:1 TFE:HFIP

MeCN

MeCN

MeCN
TFE

9:1 TFE:HFIP

MeCN

MeCN
TFE

9:1 TFE:HFIP

PhBr (2 equiv)
CH»Br; (2 equiv)
NOPFs (2 equiv)

Cu(TFA), (2 equiv)
0, (1 atm)
0O (1 atm)
0, (1 atm)

PhI (2 equiv)
PhBr (2 equiv)
CH»Br; (2 equiv)
NOPFs (2 equiv)
Cu(TFA); (2 equiv)
0O (1 atm)

0, (1 atm)

02 (1 atm)

PhI (2 equiv)
PhBr (2 equiv)
CH2Br; (2 equiv)
NOPFs (2 equiv)
Cu(TFA); (2 equiv)
0O (1 atm)

02 (1 atm)

0, (1 atm)
NOPFs (2 equiv)
0, (1 atm)

0O (1 atm)

0, (1 atm)
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31te PC-8.3 (5%) MeCN O: (1 atm) 37%
% hek(%) MeN PhQequ) nd

33 Ir(ppy)3 (1%) MeCN PhBr (2 equiv) n.d.

34 Ir(ppy)s (1%) MeCN CH»Br; (2 equiv) <2%

35 Ir(ppy)3 (1%) MeCN NOPFs (2 equiv) 6

36 Ir(ppy)s (1%) MeCN Cu(TFA), (2 equiv) n.d.

37 Ir(ppy)3 (1%) MeCN 0O, (1 atm) n.d.

38 Ir(ppy)3 (1%) TFE 0O (1 atm) n.d.

39¢ Ir(ppy)s (1%) 9:1 TFE:HFIP O: (1 atm) <2%

*PTH irradiated using 390 nm Kessil lamp; PC-8.1, PC-8.2, and Ir(ppy)s irradiated using Tuna Blue Kessil
lamp. °Conducted under an argon atmosphere (1 atm) unless noted otherwise. °GC yields. %n.d. = not
detected. 20 mol % LiClOs. 390 nm Kessil lamp used. €10% ¢-dodecyl mercaptan.

CO,Et

CO,Et PTH (5 mol%) =
[additive]

/
[4& - N\N
+ HN- )/ TFE, 24 h

8.1 390 nm LED, O (1 atm)

Table G2. effect of superoxide and optimization of Li additive.?

1 none 31
2 KOs (5 mol %) <2%
3 LiClOs4 (1 equiv) 86
4 LiClO4 (20 mol %) 73
5 TBACIO4 (20 mol %) 29
6 LiPFs (20 mol %) 64
7 LiOTf (20 mol %) 56
8P LiClO4 (20 mol %) 89

3GC yields. *9:1 TFE:HFIP solvent.
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CO,Et PTH (5 mol%) =

/4& LiCIO4 (20 mol %) N~/
© T OHNSY 9:1 TFE:HFIP, 24 h @
390 nm LED, O5 (1 atm)
8.1 8.2

Table G3. control experiments for optimized reaction condition.*”

1 no change 89
2 no catalyst n.d.
3 no irradiation n.d.
4o no oxidant n.d.
5 air instead of O, balloon 21
6° no LiClO4 33
7 0.1 M instead of 0.025 M 45

“NMR yields. ®n.d.=not detected. °GC yield using dodecane internal standard. Conducted under an argon
atmosphere (1 atm).

CO,Et
CO,Et PTH (5 mol%) == (0]
additive; Y
Me fg [ 1 . Ny . 9y
HN< solvent, 24 h |/ _
390 nm LED, O, (1 atm) Me
8.1 8.14 PhCHO

Table G4. optimization oxidative coupling of toluene as model alkyl arene.”

9:1 TFE:HFIP LiClO4 (20%) 70 (1:1)
2 1:1 MeCN:HFIP LiCIO4 (1 equiv) 73 (1:1) 55
3 1:1 MeCN:HFIP t-dodecyl mercaptan (10%) 75 (1:1) 31

*Reactions conducted using 0.4 mmol of pyrazole 1, 8 mL of toluene, and irradiated with two 390 nm Kessil
lamps for 24h with fan cooling. "NMR yields. °Relative to pyrazole 1.

The optimized conditions for benzene applied to alkyl arenes afforded significant oxygenation of the
benzylic position (Table G10, entry 1). We found increasing the LiClO4 to stoichiometric quantity and
adjusting the solvent system decreased undesired reactivity in the presence of O, atmosphere (entry 2).
However, we wondered if other additives might serve the co-catalytic role of Li in catalyzing the
decomposition of reduced O, byproducts arising from catalyst photooxidative activation. Addition of co-
catalytic thiol decreased benzylic oxygenation side products while retaining oxidative coupling product
yield (entry 3). Superoxide may undergo HAT with thiol to generate hydroperoxy radical and thus prevent
BET to deactivate catalyst. The resulting thiyl radical may formally abstract a hydrogen atom from the
distonic radical cation adduct between pyrazole and benzene to regenerate the thiol co-catalyst and form
the final product. Alternative roles of thiol are also possible.
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G8. BET 'H NMR Experiment (Figure 8.2)

Add PTH<PFs (9.0 mg, 0.021 mmol) and KO, (3.3 mg, 0.046 mmol, 2.2 equiv) to a 1-dram vial equipped
with a stir bar. Add MeCN-d; (2 mL) and stir for 40 min. Transfer 0.5 mL of the solution to an NMR tube.
"H NMR spectra were acquired 5 h after sample preparation.

600 MHz, relaxation delay = 1s, number of scans = 64 il :220
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Figure G7. '"H NMR spectrum of prepared PTH*PF¢ shows that paramagnetic PTH radical cation is 'H
NMR silent. The observed and integrated signals were assigned as the PTH S-oxide formed from residual
water. 'H NMR (600 MHz, CDsCN) & 8.00 (d, J = 7.4 Hz, 2H), 7.76 (t, ] = 7.3 Hz, 1H), 7.69 (t, ] = 7.6 Hz,
1H), 7.47 (t, J = 7.7 Hz, 1H), 7.41 (d, J = 7.4 Hz, 1H), 7.29 — 7.23 (m, 1H), 6.71 (d, J = 8.5 Hz, 1H);
consistent with reported spectra (J. Chem. Soc., Perkin Trans. 1, 1995, No. 8, 1057-1064).
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400 MHz, relaxation delay = 25s, number of scans = 4

5h after addition of KO,to PTH radical cation in MeCN-d5 —1300
1100
900
700
500
| 300
JﬁL . J J 5100
89825589332 100
0 90 80 70 60 50 40 30 20 1.0 00

Figure G8. Formation of closed-shell PTH from PTH<PF¢ in MeCN-d3 upon addition of KO,.

S
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Figure G9. 'H NMR spectroscopic evidence supporting the working model for catalyst deactivation
pathways by superoxide.
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GY9. Time Course Experiments

Add ester pyrazole 8.1 (7.0 mg, 0.05 mmol, 1.0 equiv.), PTH (0.7 mg, 0.0025 mmol, 5 mol %), and
LiClO4 (1.1 mg, 0.01 mmol, 20 mol %) to a 1-dram vial equipped with a stir bar and septum-containing
cap. Add benzene (1 mL), TFE (0.9 mL), and HFIP (0.1 mL). Piece the septum with a needle attached to
an O, balloon. Purge the headspace for 2 min by partially opening the cap of the vial while stirring the
solution. Add dodecane (10 pL, 0.044 mmol) via microsyringe and tighten the cap to maintain an O»
atmosphere. Place vial into a HepatoChem EvoluChem™ PhotoRedOx Box [HCK1006-01-016] and
irradiate with a 390 nm Kessil lamp for the duration of the time course experiment.

For GC analyses — Remove 10 puL of reaction solution via microsyringe through the septum cap.
Filter the aliquot through a celite plug pre-wetted with EtOAc to remove salts and dilute the filtrate (0.2
mL) with ethyl acetate (1.0 mL).

~< .

Figure G11. reaction vial in designated position for reproducibility.
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testing reproducibility in same position
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Figure G12. Three trials prepared on separate days using the general procedure led to reproducible reaction
rates and final yields.

G10. Light Dependence Experiments (Scheme 8.1)

The procedure for time course experiments was followed, except for the following: during the designated
“dark” time points, the reaction vial was wrapped in aluminum foil and kept in the photobox. After the dark
period, the foil was removed, and the reaction was allowed to proceed with irradiation.

0)

yield (9

fe)
0Oe L L 4 L

0 200 400 600 800 1000
time (min)
Figure G13. 200 min of dark time during the induction period. Reactions shielded from light between 100
min and 300 min. The induction period lengthened accordingly.
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Figure G14. 200 min of dark time during product formation. Reactions shielded from light between 500
min and 700 min. The percent yield of the coupling product did not increase without irradiation.
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Figure G15. When accounting for total irradiation time (by subtraction of the dark periods), the dark control
experiments during the induction period and product forming phase overlay with the standard reaction
profile during which irradiation is continuous. This indicates both the induction period and product
formation involve light dependent processes.
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G11. Oxygen Uptake Experiment

Oxygen uptake experiments were performed on an apparatus developed by the Stahl lab — A stock solution
of ethyl 1H-pyrazole-4-carboxylate (0.025 M) and LiClO4 (0.005 M) in 9:1:10 TFE:HFIP:benzene was
prepared as well as a stock solution of PTH in benzene (0.00125 M). A heavy walled tube equipped with a
stir bar of known volume was attached to a pressure transducer, evacuated and refilled with 1 atm O2 three
times, and then pressurized to 1 atm. The tube was clamped above a stir plate and 2 mL of the ethyl 1H-
pyrazole-4-carboxylate stock solution (0.05 mmol) was added to the tube through a thick rubber septum.
Magnetic stirring and fan cooling were begun and the 390 nm Kessil lamp was turned on to allow for
thermal equilibration over 20 min. Pressure monitoring was commenced, then 0.1 mL of PTH containing
stock solution (0.0025 mmol PTH) was injected into the tube through the septum. To facilitate analysis, the
uptake was normalized after the 0.1 mL catalyst injection. After pressure monitoring, the final yield of the
reaction was measured via gas chromatography using dodecane as an internal standard. The data points
were plotted over time to determine the amount of O2 consumed during different phases of the reaction.

20

0 A
0 200 400 600 800 1000 1200

®
-20

A pmol gas

-100

-120
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Figure G16. Change in umol of O, over the course of the reaction.

The reaction was run on a 50 pmol scale. 46.5 pmol of product was determined via GC, and 106 pmol of
O, were consumed during the reaction. Collectively, this indicates that approximately 2.3 equivalents of O;
are consumed relative to product. Furthermore, this experiment reveals that there is minimal change in
pressure during the induction period. However, due to the slightly positive slope (consistent with modest
heating from the light source and the system thermally equilibrating), precise quantification of how much
O, is consumed during catalyst activation is not feasible. Drawing analogy to time course experiments, O2
is only significantly consumed during the product forming phase of the reaction.
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G12. Lithium Saturation Curve Experiments (Scheme 8.2)

The general procedure for time course experiments was followed, except for the following: LiClO4
concentrations lower than 0.005 M (20 mol%) were prepared from stock solutions.

® o o. @ 2 o
...' .... @
o
o® °®
00.0 o * *
. o

Figure G17. Reaction profiles for varying LiClO4 concentrations (0 to 40 mol % loading).
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Figure G18. Linear fit of zeroth order product formation regime for varying LiCIO4 concentrations (0 to
40 mol % loading). Slope is the rate of the reaction.
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Table G5. Reaction rate for varying Li concentrations. Li = LiClO..

mol % Li* [Li"] (mM) rate (10 M*s™)
40 10 2.701
20 5 2.677
10 2.5 2.485
5 1.25 2.264
2.5 0.625 1.962
0 0 1.233
30
® <
© [ J
P o
22| e
o
L]
9 ©
© 10
0
0 2.5 5 T 10

[LICIO,] (mM)

Figure G19. Plot of Li* concentration versus reaction rate reveals saturation in Li* co-catalyst.
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G13. Superoxide Inhibition (Scheme 8.3)

The general procedure for time course experiments was followed, except for the following: working
quickly, prepare a stock solution of KO, (0.05 M) in TFE and immediately add 50 uL via microsyringe to
the reaction solution that was irradiated for 9.3h (560 min). Continue monitoring the reaction using GC
aliquots. No change in reaction outcome is observed due to addition of 50 uLL TFE.
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Liclo4 i
|
75 ® no LiClO4 : *
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o 50 added °
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.
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o
0 o -0 —0-0° _ !
0 500 1000 1500
time (min)

Figure G20. Addition of 5% KO2 shows an inhibitory effect on product formation (red points vs. grey
dash). The presence of sufficient LiCIO4 protects the reaction from KO, inhibition (blue points).
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Figure G21. A reaction with no LiClOs present is stalled by addition of 5% KO, compared to when no
KO, is added (grey dash); the addition of LiClO4 restarts the reaction and recovers product formation
(blue points).
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GC Calibration Curves
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G14. Investigation of Charge Transfer Complex Formation via UV-Vis

All absorbance spectra were measured on a Varian Cary 50 UV-Vis spectrophotometer instrument using
quartz cuvettes. Baseline corrections were made using blanks containing solvent only.

A 50 uM solution of PTH*PFs in TFE was prepared and its absorbance spectrum collected. Absorbance
spectra of the same sample were sequentially measured after addition of 100, 1000, and 10000 equivalents
of benzene (1.34, 12, 120 uL). The spectra in Figure S22 did not provide definitive evidence of a charge
transfer complex between PTH radical cation and benzene. The observed decrease in absorbance is more
consistent with either dilution or medium effects than a discrete complex between PTH radical cation and
benzene.
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Figure G22. Absorption spectra of PTH radical cation with increasing equivalents of benzene.

Next, to control for dilution, two cuvettes containing a 50 uM PTH*PFs in TFE solution were prepared. To
one was added 10000 equivalentes of benzene (134 uL), and to the other an equal volume of TFE. A third
cuvette containing a 50 uM PTH<PFs solution in 1:2 TFE:benzene was also prepared. Under these
conditions, no clear feature consistent with a charge transfer complex was observed (Figure S23). Based on
these data, we conclude that the observed spectral changes are most consistent with a change in solvation.
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Figure G23. Absorption spectrum of 50 uM PTH radical cation in the presence (orange trace) and absence
(blue trace) of benzene. Absorption spectrum of PTH radical cation with benzene as a co-solvent (grey

trace).
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Finally, UV-Vis spectra of PTH radical cation and mesitylene were collected given that a smaller excess of
mesitylene was amenable in the reaction. A 50 pM stock solution of PTHPFsin MeCN was prepared. To
one cuvette was added 10 equivalents of mesitylene (1.50 pmol), via stock solution, and to the other an
equal volume of MeCN. No significant change was observed upon addition of mesitylene (Figure S24).
Overall, these data (Figures S22—24) are inconsistent with an exergonic association between PTH radical
cation and the arene substrates.
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Figure G24. Absorption spectrum of 50 uM PTH radical cation in the presence (orange trace) and absence
(blue trace) of mesitylene.
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G15. Product Isolation and Characterization

CO,Et

—

VY,
o

Ethyl 1-phenyl-1H-pyrazole-4-carboxylate (8.2): Prepared from benzene and ethyl 1H-pyrazole-4-
carboxylate; 86.5 mg (81% yield) obtained following General Procedure A. TH NMR (500 MHz, CDCls)
0 8.41 (s, 1H), 8.10 (s, 1H), 7.74 — 7.68 (m, 2H), 7.52 — 7.44 (m, 2H), 7.36 (td, J = 7.4, 1.3 Hz, 1H), 4.34
(q,J=17.2 Hz, 2H), 1.38 (t, /= 7.1 Hz, 3H); consistent with reported spectra (4ngew. Chem. Int. Ed., 2019,
58, 13318-13322).

(0]
Me

——

V,
™

1-(1-phenyl-1H-pyrazol-4-yl)ethanone (8.3): Prepared from benzene and 1-(1H-pyrazol-4-yl)ethanone;
66.0 mg (88% yield) obtained following General Procedure A using 20 mol % LiPFs. "TH NMR (500 MHz,
CDCl3) 6 8.32 (s, 1H), 8.03 (s, 1H), 7.67 — 7.62 (m, 2H), 7.46 — 7.40 (m, 2H), 7.33 — 7.28 (m, 1H), 2.44 (s,
3H); consistent with reported spectra (Angew. Chem. Int. Ed., 2019, 58, 13318-13322).

CHO

—

/
S

1-phenyl-1H-pyrazole-4-carbaldehyde (8.4): Prepared from benzene and 1H-pyrazole-4-carbaldehyde;

49.2 mg (71% yield) obtained following General Procedure A using 1:1 HFIP:PhH solvent mixture. 'H

NMR (500 MHz, CDCls) 6 9.96 (s, 1H), 8.44 (s, 1H), 8.16 (s, 1H), 7.74 — 7.68 (m, 2H), 7.50 (t, ] = 8.0 Hz,

2H), 7.42 —7.35 (m, 1H); consistent with reported spectra (4ngew. Chem. Int. Ed., 2019, 58, 13318-13322).
CN

g

V7,
o

1-phenyl-1H-pyrazole-4-carbonitrile (8.5): Prepared from benzene and 1H-pyrazole-4-carbonitrile; 58.6
mg (87% yield) obtained following General Procedure A. "TH NMR (500 MHz, CDCl;) § 8.32 (s, 1H), 8.00
(s, 1H), 7.71 — 7.65 (m, 2H), 7.52 (dd, J = 8.7, 7.3 Hz, 2H), 7.42 (td, J = 7.2, 1.3 Hz, 1H); consistent with
reported spectra (Org. Lett., 2015, 17, 2886—2889).

CF,

—

/
Cr

1-phenyl-4-(trifluoromethyl)-1H-pyrazole (8.6): Prepared from benzene and 4-(trifluoromethyl)-1H-
pyrazole; 59.0 mg (70% yield) obtained following General Procedure A. "H NMR (500 MHz, CDCls) §



434
8.19 (s, 1H), 7.92 (s, 1H), 7.72 — 7.66 (m, 2H), 7.50 (dd, ] = 8.6, 7.4 Hz, 2H), 7.39 (td, = 7.3, 1.3 Hz, 1H);
"H and '°F NMR are consistent with reported spectra (RSC Advances, 2019, 9, 30952-30956).
Cl

>

°N

o

4-chloro-1-phenyl-1H-pyrazole (8.7): Prepared from benzene and 4-chloro-1H-pyrazole; 58% yield
obtained following General Procedure B; consistent with reported spectra (Angew. Chem. Int. Ed., 2019,
58, 13318-13322).

Br

o
™
4-bromo-1-phenyl-1H-pyrazole (8.8): Prepared from benzene and 4-bromo-1H-pyrazole; 40.2 mg (45%
yield) obtained following General Procedure A using 20 mol % LiPFs. '"H NMR (500 MHz, CDCl;) § 7.94

(s, 1H), 7.68 (s, 1H), 7.67—7.62 (m, 2H), 7.51 — 7.42 (m, 2H), 7.35 — 7.31 (m, 1H); consistent with reported
spectra (Chem. - Eur. J., 2015, 21, 11976-11979).

"
™
1-phenylpyrazole (8.9): Prepared from benzene and pyrazole; 38% yield obtained following General

Procedure B; consistent with reported spectra (Tetrahedron, 2013, 69 (30), 6230-6233).
Me

=
o
4-methyl-1-phenyl-1H-pyrazole (8.10): Prepared from benzene and 4-methyl-1H-pyrazole; 13.6 mg (22%
yield) obtained following General Procedure A. "H NMR (500 MHz, CDCl;)  7.71 (s, 1H), 7.70 — 7.63

(m, 2H), 7.54 (s, 1H), 7.48 — 7.40 (m, 2H), 7.29 — 7.22 (m, 1H), 2.17 (s, 3H); consistent with reported
spectra (Chemistry — A European Journal, 2019, 26 (1), 155-159).

1-phenyl-1,2,3-triazole (8.11): Prepared from benzene and 1,2,3-triazole; 22.1 mg (38% yield) obtained
following General Procedure A. '"H NMR (500 MHz, CDCl3) 4 8.00 (d, /= 1.1 Hz, 1H), 7.86 (d, J = 1.1
Hz, 1H), 7.80 — 7.72 (m, 2H), 7.58 — 7.50 (m, 2H), 7.49 — 7.42 (m, 1H); consistent with reported spectra
(Angew. Chem. Int. Ed. 2020, 59, 1181).
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=N

N N "/>‘CO;,Me N
N

NN’ \2
CO,Me
8.12a; 8.12b; 8.12¢

Methyl 1-phenyl-1H-1,2,3-triazole-4-carboxylate (8.12a), methyl 2-phenyl-2H-1,2,3-triazole-4-
carboxylate (8.12b), and methyl 1-phenyl-1H-1,2,3-triazole-5-carboxylate (8.12¢): Prepared from
benzene and methyl 1,2,3-triazole-4-carboxylate; 45.9 mg (55% combined yield, 4:1:9 8.12a to 8.12b to
8.12¢ ratio) obtained as a separable mixture following General Procedure A.

8.12a: '"H NMR (500 MHz, CDCls) & 8.52 (s, 1H), 7.79 — 7.73 (m, 2H), 7.62 — 7.53 (m, 2H), 7.53 — 7.47
(m, 1H), 4.00 (s, 3H); consistent with reported spectra (Green Chem., 2016, 18, 2534-2541).

8.12b: 'H NMR (500 MHz, CDCl3) & 8.25 (s, 1H), 8.18 — 8.12 (m, 2H), 7.55 — 7.47 (m, 2H), 7.46 — 7.39
(m, 1H), 4.01 (s, 3H); consistent with reported spectra (J. Org. Chem., 2014, 79, 6105—6112).

8.12¢: '"H NMR (500 MHz, CDCls) § 8.27 (s, 1H), 7.57 — 7.51 (m, 3H), 7.51 — 7.46 (m, 2H), 3.85 (s, 3H);
consistent with reported spectra (4dv. Synth. Catal. 2018, 360, 3117).

CO,Et CO,Et

= Cl =

N., 7 4
o o8
Cl 8.13a; 8.13b

Ethyl 1-(4-chlorophenyl)-1H-pyrazole-4-carboxylate (8.13a) and ethyl 1-(2-chlorophenyl)-1H-
pyrazole-4-carboxylate (8.13b): Prepared from chlorobenzene and ethyl 1H-pyrazole-4-carboxylate; 21.8
mg (22% combined yield, 3:1 8.13a to 8.13b ratio) obtained as a separable mixture following General
Procedure A.
8.13a: 'TH NMR (400 MHz, CDCl3) 6 8.37 (s, 1H), 8.09 (s, 1H), 7.70 — 7.62 (m, 2H), 7.49 — 7.39 (m, 2H),
4.34 (q,J=17.1 Hz, 2H), 1.38 (t, J= 7.1 Hz, 3H).; consistent with reported spectra (4dngew. Chem. Int. Ed.,
2020, 59, 658).
8.13b: "H NMR (400 MHz, CDCls) & 8.35 (s, 1H), 8.13 (s, 1H), 7.63 — 7.50 (m, 2H), 7.46 — 7.34 (m, 2H),
4.34 (q, J = 7.2 Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H); consistent with reported spectra (ChemRxiv 2020,
https://doi.org/10.26434/chemrxiv.13140053.v1).

CO,Et CO,E

- Me =

N7 4
oo
Me 8.14a; 8.14b

Ethyl 1-(4-methylphenyl)-1H-pyrazole-4-carboxylate (8.14a) and ethyl 1-(2-methylphenyl)-1H-
pyrazole-4-carboxylate (8.14b): Prepared from toluene and ethyl 1H-pyrazole-4-carboxylate; 71.1 mg
(77% yield, 2:1 8.14a to 8.14b ratio) obtained as an intractable mixture following General Procedure C.
8.14a: "TH NMR (500 MHz, CDCls) 6 8.29 (s, 1H), 8.01 (s, 1H), 7.53 — 7.47 (m, 2H), 7.32 — 7.17 (m, 2H),
4.26 (q,J=17.1 Hz, 2H), 2.32 (s, 3H), 1.30 (t, J = 7.1 Hz, 3H); consistent with reported spectra (Org. Lett.,
2015, 17, 872-875).

8.14b: 'H NMR (500 MHz, CDCls) 8 8.03 (s, 1H), 8.01 (s, 1H), 7.55—7.49 (m, 1H), 7.51 — 7.46 (m, 1H),
7.37 (t,J=7.8 Hz, 1H), 7.18 (d, J = 7.6 Hz, 1H), 4.26 (q, /= 7.1 Hz, 2H), 2.17 (s, 3H), 1.30 (t, /= 7.1 Hz,
3H); consistent with reported spectra (Org. Lett., 2015, 17, 872-875).
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0 0
Me Me

- Me —
V/,

o o
Me 8.15a; 8.15b

1-[1-(4-methylphenyl)pyrazol-4-yl]ethanone (8.15a) and 1-[1-(2-methylphenyl)pyrazol-4-yl]ethanone
(8.15b): Prepared from toluene and 1-(1H-pyrazol-4-yl)ethanone; 49.2 mg (61% yield, 2:1 8.15a to 8.15b
ratio) obtained as an intractable mixture following General Procedure C. '"H NMR (500 MHz, CDCls,
mixture of 15a and 15b) & 8.31 (s, 1H), 8.06 (s, 1H), 8.03 (s, 2H), 7.57 — 7.50 (m, 2H), 7.36 — 7.20 (m, 6H),
2.45 (s, 6H), 2.36 (s, 3H), 2.21 (s, 3H). *C NMR (126 MHz, CDCl;, mixture of 8.15a and 8.15b) § 192.23,
192.15, 141.42, 141.05, 139.08, 137.85, 137.14, 133.76, 133.09, 131.57, 130.22, 130.16, 129.36, 129.05,
128.49, 126.86, 126.03, 125.51, 124.85, 119.73, 77.36, 77.10, 76.85, 28.10, 28.08, 21.06, 18.02. HRMS
(ESI+) Calc: [M+H]" (C12H13N20) 201.1028; measured: 201.1022 = 0.6 ppm difference.
CN CN

F/g Me fg

N. /
oo n

Me 8.16a; 8.16b

1-(4-methylphenyl)-1H-pyrazole-4-carbonitrile (8.16a) and 1-(2-methylphenyl)-1H-pyrazole-4-
carbonitrile (8.16b): Prepared from toluene and 1H-pyrazole-4-carbonitrile; 52.8 mg (72% yield, 2:1 8.16a
to 8.16b ratio) obtained as an intractable mixture following General Procedure C.
8.16a: '"H NMR (500 MHz, CDCls) 8 8.26 (s, 1H), 7.98 (s, 1H), 7.60 — 7.54 (m, 2H), 7.34 — 7.29 (m, 2H),
2.42 (s, 3H).
8.16b: '"H NMR (500 MHz, CDCls) 8 8.29 (s, 1H), 7.99 (s, 1H), 7.54 —7.50 (m, 1H), 7.46 (dd, J=7.8,2.3
Hz, 1H), 7.39 (t, J= 7.8 Hz, 1H), 7.23 (ddt, /= 7.5, 1.7, 0.9 Hz, 1H), 2.45 (s, 3H).
3C NMR (126 MHz, CDCls, mixture of 8.16a and 8.16b) & 143.20, 143.13, 140.18, 138.54, 136.66, 131.90,
131.75, 130.37, 129.66, 129.19, 120.77, 119.97, 117.08, 113.22, 113.16, 94.32, 94.18, 77.35, 77.10, 76.85,
21.52, 21.11. HRMS (ESI+) Calc: [M+H]" (CiiHioN3) 184.0875; measured: 184.0869 = 0.6 ppm
difference.

CO,Et CO,Et

Me — Me —

Y 4
Me Me

8.17a; 8.17b
Ethyl 1-(2,4-dimethylphenyl)-1H-pyrazole-4-carboxylate (8.17a) and ethyl 1-(2,6-dimethylphenyl)-
1H-pyrazole-4-carboxylate (8.17b): Prepared from m-xylene (490 pL, 4 mmol, 10.0 equiv) and ethyl 1H-
pyrazole-4-carboxylate; 72.1 mg (74% yield, 4:1 8.17a to 8.17b ratio) obtained as an intractable mixture
following General Procedure D.
8.17a: "H NMR (500 MHz, CDCls) & 8.11 (s, 1H), 8.07 (s, 1H), 7.21 (d, J = 8.0 Hz, 1H), 7.18 — 7.14 (m,
1H), 7.10 (dd, J = 8.0, 2.0 Hz, 1H), 4.35 (q, /= 7.1 Hz, 2H), 2.39 (s, 3H), 2.21 (s, 3H), 1.37 (t, f/="7.1 Hz,
3H); consistent with reported spectra (Org. Lett., 2015, 17, 872-875).
8.17b: 'H NMR (500 MHz, CDCls) & 8.16 (s, 1H), 7.98 (s, 1H), 7.29 (t, J = 8.0 Hz, 1H), 7.18 — 7.14 (m,
2H), 4.36 (q, J = 7.2 Hz, 2H), 2.04 (s, 6H), 1.38 (t, J = 7.1 Hz, 3H); consistent with reported spectra
(ChemRxiv 2020, https://doi.org/10.26434/chemrxiv.13140053.v1).
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0 0
Me Me
Me — Me —
/ 7
Me 8.18a; Me 8.18b

1-[1-(2,4-dimethylphenyl)pyrazol-4-yl]ethanone (8.18a) and 1-[1-(2,6-dimethylphenyl)pyrazol-4-
yl]lethanone (8.18b): Prepared from m-xylene (490 pL, 4 mmol, 10.0 equiv) and 1-(1H-pyrazol-4-
yl)ethanone; 75% yield (4:1 8.18a to 8.18b ratio) obtained following General Procedure B; peaks assigned
by analogy to 8.17a and 8.17b.

Me = Me —
o &
“N °N
Me 8.19a; Me 8.19p
1-(2,4-dimethylphenyl)-1H-pyrazole (8.19a) and 1-(2,6-dimethylphenyl)-1H-pyrazole (8.19b):
Prepared from m-xylene (490 puL, 4 mmol, 10.0 equiv) and pyrazole; 26.5 mg (38% yield, 14:1 8.19a to
8.19b ratio) obtained as an intractable mixture following General Procedure D.
8.19a: '"H NMR (500 MHz, CDCl5) 8 7.70 (d, J = 1.8 Hz, 1H), 7.56 (d, J = 2.3 Hz, 1H), 7.20 (d, J= 7.9
Hz, 1H), 7.12 (d, J= 2.1 Hz, 1H), 7.10 — 7.04 (m, 1H), 6.42 (t, /= 2.1 Hz, 1H), 2.37 (s, 3H), 2.19 (s, 3H);
consistent with reported spectra (Angew. Chem. Int. Ed., 2019, 58, 13318-13322).
8.19b: 'H NMR (500 MHz, CDCls) & 7.74 (d, J= 1.9 Hz, 1H), 7.46 (d, J = 2.3 Hz, 1H), 7.25 — 7.22 (m,
2H), 7.14 (s, 1H), 6.45 (t, J = 2.1 Hz, 1H), 2.01 (s, 6H); consistent with reported spectra (4Angew. Chem.
Int. Ed., 2019, 58, 13318-13322).
CO,Et

Me —

V/,
Me Me

Ethyl 1-mesityl-1H-pyrazole-4-carboxylate (8.20): Prepared from mesitylene (278 pL, 2 mmol, 5.0
equiv) and ethyl 1H-pyrazole-4-carboxylate; 80.5 mg (78% yield) obtained following General Procedure
D. TH NMR (500 MHz, CDCls) 8 8.13 (s, 1H), 7.94 (s, 1H), 6.96 (s, 2H), 4.34 (q, J = 7.1 Hz, 2H), 2.35 (s,
3H), 1.99 (s, 6H), 1.38 (t, J = 7.1 Hz, 3H); consistent with reported spectra (Angew. Chem. Int. Ed., 2019,
58, 13318-13322).

Me

Me —

/
Me Me

1-(1-mesityl-1H-pyrazol-4-yl)ethanone (8.21): Prepared from mesitylene (278 uL, 2 mmol, 5.0 equiv)
and 1-(1H-pyrazol-4-yl)ethanone; 63.7 mg (70% yield) obtained following General Procedure D. "H NMR
(500 MHz, CDCIl3) & 8.12 (s, 1H), 7.93 (s, 1H), 6.96 (s, 2H), 2.50 (s, 3H), 2.34 (s, 3H), 1.98 (s, 6H);
consistent with reported spectra (4Angew. Chem. Int. Ed., 2019, 58, 13318-13322).
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