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Abstract

Reductive single electron transfer is one of the most fundamental elementary steps in the
synthesis of organic molecules and because of its importance, there are a myriad of strategies to
induce this reactivity. Despite the development of chemical, electrochemical, and photochemical
platforms for reductive SET, a significant discrepancy remains between the reductive potency of
a system and its chemoselectivity. The work in this dissertation details the development of a new
catalytic platform for reductive SET that addresses the challenge of promoting deeply reducing
reactions with tolerance for sensitive functional groups and selectivity for radical reactivity.
Leveraging the underexplored reductive potency of excited state radical anion catalysts enabled
the reduction of various arene and alkyne substrates that are inert under traditional photoredox
catalysis. Notably, this work revealed that both electrochemistry and photoreduction with a
formate terminal reductant could promote this powerful reactivity, demonstrating the versatility of
electron-primed photoredox catalysis as a reductive platform. The development of this platform is
expected to enable mild and selective SET reductions across a broad range of synthetic
applications as well as inform future studies in expanding and improving electron-primed

photoredox catalysis as a reductive strategy.
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Chapter 1: Introduction to Reductive Single Electron Transfer Strategies



1.1 Introduction

1.1.1 Introduction to Reductive SET

Organic radicals are important intermediates in synthesis due to their unique reactivity
patterns that enable a wide range of transformations'-3 complimentary to those carried out under
polar reaction manifolds. Precise control over the formation of these radical intermediates is
crucial to engaging them in organic synthesis to their fullest potential.* One of the most extensively
explored strategies for initiating radical reactivity is reductive single electron transfer (SET)>

where a donor species transfers an electron to an organic acceptor (Figure 1.1). The

electron o
0 - — . @
transfer
versatile
intermediate

Figure 1.1. Basic single electron transfer between a donor species (D) and an acceptor (A).
resulting radical anion of the acceptor can be engaged in a myriad of downstream transformations
and bond forming reactions.® There are several mechanistic challenges associated with reductive
SET that are directly correlated to the identity of the electron donor. One such challenge is
balancing the potency of the reductant with selectivity in the electron transfer. There are a wide
range of challenging electron rich substrates that are desirable to engage in reductive SET

reactions but require very negative reduction potentials for activation®

cl CN N 0
0
,"O/ ©/ ©/\ EtOJ\/ Br

Boc™ 5 90 -2.43 -1.93 -1.08

-2.80 -2.28

Figure 1.2. Reduction potentials of a select range of organic substrates



(Figure 1.2). Unfortunately, powerful reductants capable of activating these substrates tend to
have poor chemoselectivity and functional group tolerance which limits their use in synthesis
(Figure 1.3). Additionally, radical intermediates can easily be over reduced to an anion'%-'2
preventing radical reactivity in the presence of strong reductants. Developing systems with
reductive potency to activate challenging substrates while retaining selectivity for functional
groups as well as radical intermediates has been a focus in reductive SET research in recent
years.

strong reductant
poor selectivity

Reductant
Strength

weak reductant
high selectivity

\

Selectivity
Figure 1.3. Opposing reductive potentcy versus selectivity trends.

1.1.2. The Scope of this Overview

The identity of an electron donor is a key factor in designing reductive SET systems and
is directly tied to the advantages and limitations of the platforms that will be discussed in this
overview. The scope of this overview will include a discussion of classic reductive SET reactions
and systems as well as their fundamental challenges and limitations. Additionally, alternative
platforms that have been developed for reductive SET will be presented with a critical evaluation
of their effectiveness at addressing the reductive potency versus selectivity challenge.
1.2 Classic Reductive SET

1.2.1 Metal Reductants

Metals are classic single electron reductants for activation of organic molecules. There
are several metals used for reductive SET with discreet redox potentials (Figure 1.4) such as

zinc'®' or manganese''® for more mild transformations, magnesium'-'° and samarium?®2" for



Li Na® : Mg° Smi/HMPA @ Mn° Zn°
-3.3 -30 1 -26 -1.8 .14 -1.0
- L : I | 1 | I |
o ! D ! ' |
3 5 2 : 1 0
harsh reductants moderate reductants mild reductants V vs SCE

Figure 1.4. Metal reductants and their reduction potentials

more challenging single electron reductions, and the most aggressive metals, sodium and
lithium,?%-2* for activation of electron rich substrates requiring very negative reduction potentials.
While these metals together offer a range of redox potentials, the variety is still limited, and the
potential is inherent to the identity of the metal offering very little tunability in the reductive potency
of a system. In addition to a limited range of redox potentials, metal reductants are used in
stoichiometric or super stoichiometric quantities. This often leads to poor tolerance for radical
intermediates due to the facile nature of over reduction of radicals to anions. For example, an
arene radical generated through reductive SET followed by mesolytic cleavage, possesses a
reduction potential of +0.05 V vs SCE'® leading to rapid over reduction in the presence of a
stoichiometric reductant and preventing radical reactivity. The aggressive nature of the reductants
coupled with stoichiometric quantities results in this strategy having poor functional group
tolerance and being limited to mostly hydrogenation reactions.

1.2.2 Dissolving Metal Conditions

The most regularly used metal reductants are sodium and lithium due to their negative
potentials capable of reducing a wide range of functional groups. These reactions proceed via a
solvated electron mechanism in liquid ammonia®™ under reaction parameters referred to as
“dissolving metal conditions”. These aggressive dissolving metal conditions were first disclosed
as early as 1903 by Bouveault and Blanc?® where sodium was leveraged in absolute ethanol to

hydrogenate esters to primary alcohols (Figure 1.5). Since then, these metals have received



Bouveault and Blanc, 1903

(0] NaO
O)LO/\Me — > ()7OH + HO Me
EtOH
Fgure 1.5. First example of dissolving metal conditions
widespread application in challenging reduction reactions. A well-known reaction involving
dissolving metal conditions is the Birch reduction?? first disclosed in 1944 (Figure 1.6). This
reaction dearomatizes arene substrates via hydrogenation and has been extensively studied and
applied to synthesis in the last eighty years.?¢?” The Birch reduction proceeds via a sequential
electron transfer, proton transfer (ETPT) mechanism and since this reaction is heavily dependent

on protonation of radical anion intermediates, the Birch reduction has rarely been extended

beyond hydrogen bond forming transformations. Additionally, the difficulty

Birch, 1944 Additional dissolving metal reactions
NaP or Li®

HH
© t-BuOH O" Na© or Li® OH
liquid NH; ; ROH, liquid NH5 S
H H :
e” Na© or Li®
T o O—=0 > O/\/O
XH

' ROH, liquid NH3
© . H H H H !
H - : X 0 or Li0
; . S ROH, liquid NHs

X=0,NR

Figure 1.6. Reactions promoted using dissolving metal conditions

involved in dearomatizing arenes and the unselective nature of lithium and sodium metal
reductants has led to a very poor scope for the Birch reduction, limited to substrates with
reductively robust functional groups. Additional reactions that use dissolving metal conditions
(Figure 1.6) include transformations like E-selective semi-hydrogenation of alkynes,?®%° reduction
of ketones® to alcohols, as well as aziridine®' and epoxide®? ring openings. Like the Birch
reduction, there are very few examples of these reactions being engaged in transformations

beyond hydrogenation.



Dissolving metal conditions represent some of the most powerfully reducing conditions
available in the literature capable of promoting SET reduction of most functional groups. However,
the highly reactive nature of sodium and lithium metals makes them very poorly selective and
indiscriminate in reducing functional groups and radical intermediates. These harsh reaction
conditions typically require dissolving metal reductions to either be carried out early in a synthetic
sequence?® or after extensive protection of installed functional groups.®® Furthermore, super
stoichiometric quantities of the metal reductant make over reduction of radical intermediates a
significant challenge and prevents meaningful development of radical transformations under

dissolving metal conditions.

Koide, 2021
Li®
X N2 H’? NH
R—./ > CO---I'_i"——
t-BuOH, THF
room temperature key binding

Figure 1.7. Improved conditions for the Birch reduction.

In addition to the difficulty of controlling the reactivity of dissolving metal conditions, there
are also practical challenges associated with handling sodium and lithium metals. Their
pyrophoric nature introduces significant hazards to the reaction setup and most dissolving metal
reactions leverage liquid ammonia as the solvent,* requiring cryogenic temperatures. Koide and
coworkers® recently disclosed improved conditions for the Birch reduction (Figure 1.7) via the
addition of ethylenediamine as a promoter which allowed arene reductions to be conducted in
tetrahydrofuran at room temperature. While these improvements negate the need for cryogenic
temperatures and enables the Birch reduction to be conducted on scale, lithium metal remains a
hazardous reductant with a poor selectivity profile. Despite the limitations in selectivity and the
hazards associated with pyrophoric metals, dissolving metal conditions continue to be leveraged
in both academic?®2 and industrial®* contexts (Figure 1.8) as reductive SET on electron rich

substrates is a valuable synthetic strategy. Developing alternative engines for reductive SET that



negate the use of harsh stoichiometric reductants has been an area of interest and extensive
research in the last several decades.

Industry: Pfizer, 2005

IMe H
N 1. Li% NHj3 “Me
t-amyl alcohol N
N 2. H,0 HN'&O
BnN—'&
(0] PNU-95666
Academic Total Synthesis: Dias, 2003
Me Me 0]

TBS o
I ome Jd opmB Na
NHs, -78 °C —>

Me l\:/le Et

(-)-Pironetin

Figure 1.8. Examples of dissolving metal conditions in industry and academic synthetic routes.

1.3 Reductive SET via Electrochemistry

1.3.1 Introduction to Electrochemical Reduction

Electrochemistry as a tool to promote single electron reduction offers a flexible and
greener alternative to classic chemical reductants and has been used to promote numerous
valuable organic transformation.®¢=*® This flexibility originates in the tunability of the applied
potential at the cathode offering a wide range of values with a high degree of precision.*® Another
significant advantage of electrochemistry is the ability to decouple the cathodic potential from the
identity and potential of the terminal reductant enabling the use of electron sources like Zn(0) or
tertiary amines that are too weak to activate the substrate alone.*® Furthermore, the use of a
divided cell prevents detrimental interactions between chemical reductants and key substrates,
intermediates or catalysts.*' A significant consequence of the presence of terminal reductants is
back electron transfer between reduced radical intermediates generated after SET reduction and
oxidation radical cation byproducts (Figure 1.9(a)).*> Removing these radical cation byproducts

with a divided cell prevents back electron transfer and increases the concentration of key reduced



intermediates. Another common side reaction is associated with terminal reductants such as
stoichiometric trialkylamines with weak and labile C-H bonds.** When exposed to carbon centered
radical intermediates, these amines can easily undergo hydrogen atom transfer (HAT) resulting
in overreduction of the intermediate to a C-H bond (Figure 1.9(b)).***% Separating the anode and
cathode chambers removes these amine reductants from the reaction solution which avoids

overreduction pathways via HAT and enables radical transformations.

@ peart red) : (®)

. R
: +

O o0 " T T
: H

back electron transfer hydrogen atom transfer

Figure 1.9. Detrimental side reactions from the presence of a terminal reductant in a reaction solution. (a)
Back electron transfer between key radical anion intermediates and terminal reducant oxidized byproducts.
(b) Hydrogen atom transfer to alkyl radical intermediates when the terminal reductant is a trialkylamine.

1.3.2 Direct Electrolysis

The simplest way to use electrochemical reduction to activate molecules is through direct
electrolysis. In this reaction regime, electron transfer to substrates occurs directly at the electrode
surface (Figure 1.10(a)) and can either be driven at a constant current or through a constant
applied potential.*'#¢ While this strategy retains all the general benefits of electrochemistry, there
are still significant synthetic drawbacks with respect to selectivity. Firstly, challenging substrates
that require negative potentials will require applied potentials either as equally negative or with a
significant overpotential when electron transfer kinetics are poor (Figure 1.10(b)).#”*® This
requirement leads to having a very reducing surface in the reaction solution that is unable to
differentiate electron transfer to different functional groups. As a result, direct electrolysis often
has poor functional group tolerance akin to dissolving metal conditions despite being more tunable

and a much less hazardous approach to reductions. Additionally,



@ e (b)) A
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d :
e be— !

L su . reaction coordinate

Figure 1.10. (a) Direct electrolysis where substrate reduction occurs on the surface of the electrode. (b) i.
Applied potential of the cathode is the same as the potential of the substrate - efficient electron transfer
kinetics. ii. An overpotential is necessary - inefficeint electron trasfer kinetics.

the hydrogen evolution reaction (HER) becomes increasingly competitive at more negative
potentials,*® not only consuming proton sources often required for net reductive reactions but also
preventing necessary substrate SET. Negative electrode potentials can also lead to corrosion of
the electrode surface®®®! or degradation of the supporting electrolyte.5? Baran and Minteer®? report
a significant advance in designing direct electrolysis systems to avoid undesired electrode
passivation and electrolyte reduction in reactions similar to classic dissolving metal reductions
(Figure 1.11). Inspired by lithium-ion battery chemistry,®* tris(pyrrolidino)phosphoramide was
added as an overcharge protection reagent to prevent undesired corrosion and enabled a set of

general, safe and scalable conditions for direct

Baran and Minteer, 2019 0
1]
/P\
TPPA H H ¢ N7 NQ
X DMU zN:

A LiBr in THF
electrolysis H H TPPA
overcharge protection

scaled up to 100g

Figure 1.11. A direct electrolysis method under constant current for calssic deeply reducing reactions
electrolysis reductions. Despite advances, direct electrolysis is still an unselective method for
promoting radical reactivity. The highly reducing environment at the electrode surface coupled
with the ease of radical overreduction results in rapid anion formation that outcompetes the rate

of diffusion away from the electrode surface.®® Work from Shono and coworkers'" (Figure 1.12)
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shows this behavior in the formation of an anionic ring opened product resulting from
overreduction of an alkyl radical intermediate formed in close proximity to the cathode. Additional
work from Pinson and Andrieux'® (Figure 1.12) studied the potentials of aryl radical intermediates
formed via SET reduction followed by mesolytic cleavage of aryl diazonium salts and found the
radical/anion redox couple to be a facile +0.05 V vs SCE. The selectivity challenges inherent to
highly reducing cathodic reduction with respect to functional group tolerance and radical
overreduction make direct electrolysis a poor strategy to promote chemoselective radical

transformations.

Shono, 1979
OMs ring opening
—_— —_— Of —0Mm— —
(@] - OMS (0] 0] H + OH
over reduction

Andrieux and Pinson, 2003

NN o
©/ — © — © E,.q = +0.05 V/ vs SCE
- N2

over reduction

Figure 1.12. Over reduction of alkyl and aromatic radicals to anions.

1.3.3 Mediated Electrolysis

An alternative method for electrochemical reduction that circumvents many of the
challenges associated with direct electrolysis is achieved by the addition of a catalytic or
stoichiometric homogeneous redox mediator.*6*° Mediated electrolysis enables overall lower
cathode potentials and promotes substrate reduction in the bulk reaction solution away from the
cathode surface (Figure 1.13(a)).*¢ This spatial separation of SET generated radical
intermediates and the cathode surface facilitates a wider range of radical transformations by
dramatically decreasing undesired overreduction to anionic intermediates.’® To serve as an
effective redox mediator, a structure must fulfill a restrictive set of requirements.*®%° The most

notable and challenging requirement demands that the mediator be stable upon cathodic
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reduction so as not to decompose yet also reactive enough to undergo SET with the substrate
(Figure 1.13(b)).>%¢" This results in a limit in the potential difference between what is applied at

the cathode and the potential of the substrate. The most facile mediations will be exergonic from

@ |e (b) A
¢ reactive but unstable
c @ sub o A
()] ' . .

a 5 — +energetic window
! 5 med*~ '  for mediators
h
o)
d @ stable but unreactive
e . med

sub *— o

reaction coordinate

Figure 1.13. (a) Generic mechanism for SET reduction via mediated electrolysis. (b) The energetic
requirements for a mediator's radical anion to be used for SET reduction.

the cathode to the substrate but mediators are also capable of driving mildly endergonic electron
transfers.®8%%62 Some of the most common metal-based mediators to initiate radical reactivity via
SET are titanium or chromium metal salts that are electrochemically reduced to reactive low valent
redox states.®6%85° Nickel or cobalt salen based structures®°°¢* are another common class of
metal-based mediators, however, these catalysts more commonly use electrochemical reduction

of the metal to promote elementary steps such as oxidative addition rather than SET reduction of

S8 oo

pyrelene 4-methoxybenzophenone anthracene pyrene
-1.7V -1.8V 20V 21V

o " g

benzonitrile chrysene naphthalene biphenyl
22V -23V 25V 2.7V

Figure 1.14. Common organic aromatic compounds used as electrochemical mediators for SET redcutions.
(Potentials are E 4, values versus SCE)
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the substrate. Aromatic organic compounds®®%4-%7 are by far the most extensively explored and
effective class of mediators to promote SET reductions. Delocalization of the radical anion over
an extended aromatic surface provides the stabilization required for these structures to act as
effective mediators between the cathode and the substrate. Figure 1.14 summarizes several
common organic mediators that have been explored for SET reduction.%® Unfortunately, despite
a range of reported structures, highly reducing mediations are challenging because the more
negative the potential required for SET, the more unstable and prone to decomposition the
reduced mediator becomes. For example, Lund and Simonet® observe alkylation byproducts
(Figure 1.15) of a deeply reducing naphthalene mediator (-2.5 V vs SCE) from coupling between
alkyl radical intermediates (generated from

Lund and Simonet, 1975

H R H R H R H R
H H
R0 -0 CO - CO - OO
DMF, "Bu,N|
H H R H

electrolysis
R = Bu, "Bu, Cy, 'Pr

Figure 1.15. Alkylation byproducts of a naphthalene mediator from functionalization of the naphthalene
radical anion.

reduction of alkyl halides) and the reactive naphthalene radical anion. In addition to there being a
very limited number of mediators suitable for deeply reducing reactions, chemoselectivity also
becomes increasingly poor with more negative potentials as the cathode still presents a highly
reducing surface that can degrade reductively sensitive functional groups. An example of a
mediated system for a deeply reducing reaction was reported by Kariv-Miller®® (Figure 1.16)
where aliphatic ketones were reduced and the subsequent ketyl radical intermediates were
engaged in radical cyclization reactions. This system relied on the use of dimethylpyrrolidinium
salts as mediators which allowed the applied cathodic potential to be lowered from -3.0 V under
direct electrolysis to -2.7 V (vs SCE) and improved selectivity for radical cyclization products.

Unfortunately, precise control over the applied potential was still required to prevent overreduction
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pathways via competitive direct electrolysis and the negative applied potentials led to very poor
functional group tolerance. While mediated electrolysis enables radical transformations by
promoting SET reductions away from the electrode surface, it also remains constrained in driving
more reducing reactions because of the inherent limitations in mediator stability and the negative
cathodic potentials that are still required.

Kariv-Miller, 1988 Me \\OH

direct electrolysis Me . M Me

-3.0Vvs SCE OH
MMe ] MeN,Me
o Q BF, Me, OH
mediated electrolysis ©,Me . MMe

Y

45% 35%

Y

-2.7 Vvs SCE OH
72% not observed
. Me, OH Me OH
scope: HO‘\Me T e 3 Me oy
Ij-\Me 6:

quant. 72% 80% 85%

Figure 1.16. Mediated electrolysis at negative applied potentials with selectivity for radical cyclization.

1.4 Visible-Light Photoredox Catalysis

1.4.1 Introduction to Photoreduction

The use of light as an energy source to drive SET has been widely explored and developed
in the last fifteen years.”>"®> One of the primary advantages of reductions via visible-light
photoredox catalysis is the excellent selectivity profile that arises from generating a low
concentration of active reductant in solution.”® These low concentrations attenuate overreduction
pathways of radical intermediates and have enabled extensive development of radical based
transformations in organic synthesis. Two mechanisms are generally proposed for SET substrate
reductions, both of which rely on photon absorption by a photoactive catalytic species followed

by either oxidative or reductive quenching.”’6® The first mechanism proceeds via oxidative
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quenching between the photocatalyst excited state and the substrate of interest generating both
the desired substrate radical anion and a one electron oxidized catalyst intermediate which
undergoes turnover by SET with a terminal reductant. Photocatalysts that are best suited to

substrate reduction

sub sub : [red] [red] *T

© © o _©

oxidative ' reductive
uenchin, ! uenchin,
q ] [red] q 9 sub
hv hv substrate
@ ' @ reduction
[red] "t ; sub’”
mechanism 1: excited state reductant mechanism 2: excited state oxidant

Figure 1.17. General mechanisms for substrate SET reduction by photoredox catalysis.

promote this mechanism typically possess strongly reducing excited states”-8' or are capable of
pre-associating with the substrate prior to excitation. In contrast, the second mechanism
commonly proposed for SET reductions proceeds via reductive quenching of the photocatalyst
excited state by a terminal reductant. The resulting one electron reduced catalyst intermediate is
the active reductant that engages the substrate in SET reduction leading to both formation of the
desired substrate radical anion and catalyst turnover. The photocatalysts that are most effective
for this mechanism have both an oxidizing excited states as well as a stable and highly reducing
ground state radical anion.®%#2 Regardless of the mechanism used to drive SET reduction, either
by oxidative or reductive quenching, the ultimate source of the energy for these radical initiations
comes from visible light. While blue light has a significant amount of energy (440 nm provides 2.8
eV of energy)® that could theoretically promote SET reduction to substrates with very negative
redox potentials, these challenging substrates are inactive under classic photoredox catalysis

conditions.® This is due to the significant amount of energy that is lost photophysical processes
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such as intersystem crossing or vibrational relaxations in the photocatalyst excited state (Figure
1.18).8083-86 These energetic losses have severely limited the substrates that can be engaged

under visible-light photoredox catalysis to those that are activated for SET reduction.

A
A-NCIIlllD vibrational
JfiiiNgn refaxation | total energy
S, . ' lost to excited
1 intersystem . state
E crossing '
hv Y
2.8eV T
’ effective energy
for SET reduction
SO -

Figure 1.18. Pathways for energy loss in the excited state through vibrational relaxation and intersystem crossing
1.4.2 Classic Visible-Light Photoredox Reactions
The earliest work in activating organic molecules with reductive photoredox catalysis
comes from Kelloggs’ seminal report®” in 1978 where a known photoactive ruthenium tris-

bipyridine salt was used to reduce alpha-keto sulfonium salts. This report was soon followed by

Kellogg 1978

o0 Me [Ru(bpy)sICl,
é Hantzsch ester
+Ph >
©)J\/ Dg-acetone or CD;CN
BF4 room light

[Ru(bpy)s]Cl,

Figure 1.19. Early report of SET reduction of an organic substrate promoted by visible-light photoredox catalysis
a myriad of studies investigating various photoactive molecules as single electron reductants to
generate open-shell organic compounds throughout the 1980s and 1990s.88-°3 However, it wasn’t
until the late 2000s that the generality of photoredox catalysis was fully explored and applied to
synthetic organic transformations. A new era of developing reductive photoredox catalysis began
with three seminal reports from MacMillan,* Yoon,* and Stephenson® (Figure 1.20) where

carbon centered radicals were effectively generated via photoreduction and then engaged in an
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MacMillan 2008
Me
) [Ru(bpy);]Cl2 ) Os_N Me
0 R organocatalyst o R Do
J\/R1 + - 6Me
H Br”  FG - H FG [ me” N Me
2,6-lutidine, DMF R H
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> 90% ee
Yoon 2008
[Ru(bpy)s]Cl, o Q
o o) i-ProNEt Ph Ph
LiBF,
Ph Ph > H H
MeCN
visible light
>10:1d.r.
Stephenson 2009
[Ru(bpy)s]Cl>
Br R i-ProNEt H R
HCO,H
N. > N
PG \
H H DMF N H PG
fluorescent bulb
[Ru(bpy)s]Cl>
o i-Pr,NEt o
R2 HCO,H or Hantzsch ester R?2
Y - Y
Cl DMF H

fluorescent bulb

X = Evans oxazolidinone, OR3

Figure 1.20. Early examples of visible light photoredox catalysis for radical organic transformations

array of bond forming reactions. These reports demonstrate the power of photoredox catalysis to

initiate radical coupling reactions across a range of diverse substrate structures as well as its

compatibility with highly diastereoselective and enantioselective transformations. In the last fifteen

years, extensive progress has been made in e

xpanding visible light photoredox catalysis as a

synthetic tool for radical initiation as well as redox neutral and net reductive transformations,

however, photoredox catalysis remains limited to substrates that are activated for SET reduction.

This is a fundamental limitation that arises from

both the finite energy of a single blue photon and

the significant loss of that energy in photocatalyst excited states.
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1.4.3. Improving Photocatalysis Through Catalyst Design

One of the primary strategies leveraged to minimize energetic losses has been the
extensive investigation and design of catalyst structures to better conserve energy upon excitation
and to prolong the lifetime of the excited state.8"8297-192 While much of the early literature for
synthetic photochemistry relies on a Ru(bpy)s catalyst,®:8890-%3 this work was quickly followed by
development of a series of additional photoactive ruthenium and iridium complexes (Figure
1.21(a)) with a variety of excited state and ground state redox potentials.2%1%%1% Computation and
photophysical studies revealed that these families of structures are effective photocatalysts due
to metal to ligand charge transfer (MLCT) character where an electron is excited from a metal
bound d orbital to a ligand =n* orbital (Figure 1.21(b)).'%-""% The spatial separation of the ground
state orbital and the excited state orbital is proposed to be responsible for prolonging the excited

state lifetimes and increasing the potency of ruthenium and iridium complexes as

F F
[Ru(bpy)s] 2* [Ru(phen)s] #* fac-Ir(ppy)s [Ir(dF(CF3),ppy)(dtbbpy)] *
M/M ™~ =-133V MM~ =-136V MM~ =-219V MM~ =-137V
MY/M* =-0.81V M*/M*=-0.87V MY/M*=-173V M*/M*=-0.89 V
B —l o4 *
N z |
“ N’l,'l |”|‘\\\N NS
oxidant ,Ru
/7
NS
&
' reductant

Figure 1.21. (a) Common ruthenium and iridium based photocatalysts used in synthesis and thier reductive
redox potentials. (b) Electron localization during metal to ligand charge transfer (MLCT).
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photoreductants. A complementary direction of catalyst development has centered on designing
photoactive organic molecules for reductive SET. Many of the most powerful and versatile
structures possess a spatial separation between the ground state and excited state orbitals
mimicking the MLCT character of metal based photocatalysts.'"" This property is referred to as
donor-acceptor character''?-''* and is most commonly achieved with a twisted catalyst core
structure. This twisted property can be seen in the myriad of xanthene structures’>'51¢ available
for reductive transformations as well as in the widely used acridinium based catalysts developed
and derivatized by Fukuzumi'” as well as Nicewicz.®® Another powerful class of organic
photocatalysts are substituted cyanoarene structures®?'1".116.118 that were developed to optimize
donor-acceptor character for OLED applications and have recently been leveraged in a variety of
organic transformations.’®'20 One of the most powerfully reducing organic photocatalyst
scaffolds are the N-aryl phenothiazine structures'?'-'2* first applied to radical polymerization and
other organic transformations by Hawker and de Alaniz.'?® Despite being one of the strongest
reducing organic photocatalyst families, N-aryl phenothiazines are ineffective for reduction events
more negative than -2.5 V vs SCE which highlights the practical energetic limitations of visible
light photochemical reduction. While photoredox catalysis offers one of the most radical selective

Xanthenes Acridiniums Isophthalonitriles Phenothiazines

Fluorescein (FL) [X,Y =H] Mes-Acr-Me* [R = Me, X = H] 4CzIPN [NR, = Cz] N-Phenyl Phenothiazine
PC*/PC*=-1.07 V PC*/PC* = N/A PC*/PC*=-1.04V (PTH)
PC/PC =-1.17V PC/PC™=-0.49 V PC/PC =-1.21V PC*/PC*=-2.50 V
Eosin Y (EY) [X,Y =Br]  Mes-Acr-Ph [R = Ph, X=0OMe] 4DPAIPN [NR, = NPh,] PC/PC™=N/A
PC*/PC*=-1.15V PC*/PC*=N/A PC*/PC*=-1.28 V
PC/PC™=-1.08 V PC/PC™ =-0.84V PC/PC™=-1.52V

Flgure 1.22. Some classic organic photoredox catalyst structures that have donor-acceptor character and their redox
potentials as both ground state and excited state reductants.
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and functional group tolerant strategies for promoting single electron reduction, it remains limited
in reductive potency and many desirable substrates are inert to visible light photoreduction.®
Despite the advances in catalyst design to improve the redox potentials accessible with
photocatalysis, it still falls significantly short in energetic potential when compared to dissolving
metal conditions or electrochemical reductions.
1.5. Electron-Primed Photoredox Catalysis

1.5.1. Photoactivity of Radical Anion Structures

Designing a system for reductive SET that addresses the discrepancy between reductive
potency and selectivity has been an area of interest and innovation in recent years. The most
successful systems have relied on supplementing the energy harnessed from photoredox
catalysis with a secondary energy source in the form of an SET reduction event to generate
photoactive radical anions (Figure 1.23)."26-'2¢ The use of radical anions as photoreductants

A (b) electron-primed
photoredox

(a) traditional 5 PC
photoredox .

energy

PC*
A

PC*™

PC SET
reduction

Y

reaction coordinate

Figure 1.23. (a) The energy pathway and active excited state for traditional photoredox cataysis where energy
is harnessed from light alone. (b) The energy pathway for electron-primed photoredox catalysis where energy
is harnessed from both reduction and excitation

would effectively combine the energy inputs of the SET reduction event and the excitation to
overall achieve more negative redox potentials while maintaining the selectivity profile
characteristic of photoredox catalysis. Photophysical studies from the 1970s through the 1990s
reveal that some radical anions generated via SET reduction are photoactive and can potentially

be used to promote reduction of organic substrates (Figure 1.24). For example, Lund and
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Carlsson'?® demonstrated via cyclic voltammetry that pyrene was photoactive upon SET reduction
and could promote catalytic reduction of m-chlorotoluene. Work from Eriksen and Lund™° as well
as Eggins™' showed that additional radical anions of small molecules such as dicyanoanthracene
or various quinones'™' undergo fluorescence quenching by a range of unactivated arene
substrates. Importantly, Wasielewski's'? investigation of various diimide catalyst structures
revealed that electrochemical reduction followed by excitation results in powerfully reducing
excited state radical anions. These studies taken together not only support the proposal that
visible light excitation of radical anions can produce highly reducing excited state catalysts but

also suggest that these catalysts can be leveraged to promote SET reduction of organic

substrates.

CN (0] (0]

&5 SOCIEES
n

CC

CN (0] (0]

Pyrene 9,10-dicyanoanthracene Anthraquinone Benzoquinone
Lund and Carlsson, 1978 Eriksen and Lund, 1983 Eriksen and Lund, 1983 Naphthaquinone

Eggins and Robertson, 1994 Eggins and Robertson, 1994

- R I 8
SR S e S
o) 0] 0] 0) @) 0]

Perylene diimide Perylene monoimide naphthalene diimide naphthalene monomide

Ar = 2 5-di-tert-butylphenyl
Wasielewski, 2000

Figure 1.24. Organic catalyst structures that have been shown to be photoactive radical anions through CV studies or
fluorescence quenching studies.

1.5.2. Reductive SET via Photoexcited Radical Anions

While it has been established that numerous radical anion structures are active as
photoreductants, they have rarely been applied to synthetic organic transformations. Seminal
work from Konig in 2014'3 reported the use of pyrelene diimide as a radical anion photoreductant
(Figure 1.26) to promote SET reduction of aryl. This transformation was achieved via a

consecutive photoinduced electron transfer (conPET) mechanism (Figure 1.25) where the active
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Figure 1.25. Mechanism for consecutive photoinduced electron transfer (conPET)

photoreductant is generated by a photoreduction event with a terminal reductant to provide the
catalyst radical anion ground state. The radical anion then undergoes a second excitation event
which produces a highly reducing excited state to promote SET with aryl halide substrates
generating aryl radicals via mesolytic cleavage. Following this work, a conPET mechanism was
leveraged by numerous groups'* including Pérez-Ruiz,"® Wickens,'® and Nicewicz'*” (Figure
1.26) to promote challenging reductions of aryl halides with a variety of structurally diverse
photocatalysts. ConPET systems have also been applied to substrates beyond aryl halides such
as the reduction and cleavage of aliphatic tosyl amines from Nicewicz'*” (Figure 1.26), as well as
Birch reduction of unactivated arenes from Miyake'™® (Figure 1.26). In these reports, the
substrates engaged in reductive SET possess difficult reduction potentials that are well outside
the range of traditional photoredox catalysis. Despite this, overreduction of radical intermediates
is not an observed competitive pathway and radical couplings are carried out with good functional
group tolerance suggesting that conPET reduction could be a broad and powerful platform for
reductive chemistry. Unfortunately, this platform presents challenges in designing new catalyst
structures or applications to new organic reactions. A conPET strategy requires that both
oxidation states of a catalyst be photoactive and able to engage in SET events under a single set
of reaction conditions. Additionally, both catalyst ground states as well as any reactive substrate

derived intermediates must be compatible with a terminal reductant and any of its oxidation
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Figure 1.26. Reports of electron-primed photoredox catalysis reactions promoted by conPET mechanisms.
Ar = 2,6-diisopropylphenyl.

byproducts. These requirements introduce significant restrictions and complexity to developing
new conPET reactions. Using electrochemistry to access photoactive radical anions offers an

attractive alternative to photoreduction as it removes many of the restrictions required for a
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Figure 1.27. Mechanism for electrochemically driven radical anion photocatalysis.
conPET mechanism.'?® Electrochemical catalyst reduction (Figure 1.27) not only offers versatility
in the applied potential to study numerous catalytic structures under the same reaction conditions,
but also requires only a single excitation event to generate the active excited radical anion
reductant. Furthermore, use of a divided cell negates the compatibility requirement between
terminal reductants or byproducts and the catalytic cycle. The fewer design requirements for the
catalytic cycle makes electrochemistry an ideal exploratory tool for expanding the field of radical
anion photocatalysis. Indeed, several studies in the last five years have shown electrochemistry
to be valuable for rapidly studying numerous catalytic structures as potent photoreductants.
Lambert and Lin'™° (Figure 1.28) revealed improved reactivity for a 9,10-dicyanoanthracene
catalyst in promoting aryl halide reductions compared to a conPET system'® by forming the
radical anion via electrochemistry rather than photoreduction. Concurrent work from Wickens'?
(Figure 1.28) also showed that electrochemical reduction enabled potent photoreductant activity
of a naphthalene monoimide radical anion catalyst that had previously been known to be
photoactive'? but had not been applied to reductive SET on challenging substrates. Additional
work from Wickens™' (Figure 1.28) leveraged electrochemistry to expand electron-primed
photoredox catalysis and revealed that many known catalytic structures have radical anionstates
with unreported potent photoreductant activity. A particularly effective catalyst, ADPAIPN,'? was

discovered to promote SET reduction of previously inert trialkylarylammonium salts #2143 as well
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Figure 1.28. Reports of electron-primed photredox catalysis reactions promoted by electrochemical reduction.
as aryl phosphate esters'** and engage them in radical coupling reactions. Barham and Konig'®
(Figure 1.28) expanded the application of an electrochemical catalytic platform beyond arene
substrate reduction by showing that a naphthyl imide catalyst can be used to activate conjugated
phosphinates for mesolytic cleavage under electrophotochemical conditions. Taken together,
these reports demonstrate the value of electrochemistry as a versatile tool for catalyst discovery

and reaction development. Despite the challenging reduction potentials of the substrates reduced
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in these electrochemical studies, excellent functional group tolerance was observed as well as a
preference for radical pathways.

The work that has been done to develop the field of electron-primed photoredox catalysis,
both by conPET or electrochemical reduction mechanisms, has proven this system to be both
powerful for reductive SET but also selective toward radical transformations and sensitive
functional groups.'?® While this field is still being developed, it is already showing great promise
as a solution to reconciling deeply reducing conditions with reaction selectivity which is a
significant obstacle in dissolving metal conditions, electrolysis, and classic photoredox catalysis.
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21. Abstract

We describe a new catalytic strategy to transcend the energetic limitations of visible light
by electrochemically priming a photocatalyst prior to excitation. This new catalytic system is able
to productively engage aryl chlorides with reduction potentials hundreds of millivolts beyond the
potential of Na® in productive radical coupling reactions. The aryl radicals produced via this
strategy can be leveraged for both carbon-carbon and carbon—-heteroatom bond-forming
reactions. Through direct comparison, we illustrate the reactivity and selectivity advantages of this
approach relative to electrolysis and photoredox catalysis.
2.2. Introduction

Activation of organic molecules through single electron transfer (SET) is a pillar of
preparative chemistry. New strategies to induce redox events have the potential to significantly
impact organic synthesis.' In the past decade, visible-light photoredox catalysis has enabled a
tremendous array of carbon—-carbon and carbon-heteroatom bond forming reactions.®"!
Unfortunately, blue light (440 nm) possesses sufficient energy for a maximum driving force of only
2.8 eV, and the available energy is further diminished by nonradiative pathways and intersystem
crossing.'? Thus, despite catalyst design improvements,’*2° many desirable substrates remain
inert to visible-light photoredox catalysis.?! As a result of this limitation, dissolving metal
conditions,??2® which employ reactive alkali metals in condensed ammonia, remain uniquely
potent reductants in the synthetic arsenal®**?> and are still commonly used despite significant
hazards and poor chemoselectivity.?6-2° Aiming to provide safer and more scalable conditions for
challenging reductions, recent efforts have exploited overcharge protection to unlock deeply
reducing cathodic potentials for electroorganic synthesis.*® However, the requisite electrode
overpotentials intrinsically limit the functional group tolerance. Furthermore, radical intermediates
generated at a cathode are prone to reduction to anions.'3? Overall, a new catalytic paradigm to
access extremely reducing potentials under mild conditions and without reduction of radical

intermediates would address a long-standing challenge in organic synthesis (Figure 2.1).
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Figure 2.1. Strategies to induce SET reduction- All potentials provided relative to
SCE. PTH = 10-phenylphenothiazine.

To overcome the energetic limitations of blue photons, Konig and co-workers recently
introduced an appealing approach designed to drive challenging SET events using the energy of
two photons rather than one.®*-3¢ This strategy relies on the light-mediated generation and
subsequent photochemical excitation of catalytic radical anion intermediates. Although these
systems push the limits of photoredox catalysis, they remain many orders of magnitude less
reducing than alkali metals. Inspired by photophysical studies suggesting that other organic
radical ions can serve as potent photoreductants,®”*' we questioned whether an alternative
means of priming a photoredox catalyst with an electron prior to excitation could provide a general
catalyst design platform to transcend the energetic limitations of visible light.

We hypothesized that electrochemistry*?=*” could offer a more flexible approach than
photoreduction to generate electron-primed photoredox catalysts. In addition to providing access
to new catalysts, this approach eliminates the complications*® that can arise from the terminal

reductants commonly used in photoredox catalysis, such as EtsN. This strategy builds on both
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long-standing*®*%® and recent*®" pioneering efforts combining electrochemistry with
photochemistry.®® The majority of these examples take advantage of the desirable features of
electrochemistry to generate known photochemically active intermediates or catalysts. However,
electrochemical generation of new families of photocatalysts for organic synthesis remains largely
unexplored. Recently, Lambert and co-workers reported a new and highly oxidizing photocatalyst
(with a calculated potential of +3.3 V vs SCE) that is electrochemically accessible under a mildly
oxidizing potential.>” Concurrently, we were exploring the use of electrochemistry to access new,
electronically destabilized photocatalysts for challenging reductions. Herein we demonstrate that
electrochemistry is a viable strategy to generate highly reducing electron-primed photoredox
catalysts (Figure 2.1). We exploit this approach to identify an aryl imide photocatalyst capable of
engaging substrates with reduction potentials on par with alkali metals in SET-initiated radical
coupling reactions under otherwise mild conditions. To explore this idea, we targeted the reductive
generation of aryl radicals from unactivated precursors. These reactive intermediates are known
to participate in a range of synthetically useful carbon-carbon and carbon-heteroatom bond-
forming reactions; however, they are typically generated from diazonium salts or aryl iodides using
modern photoredox catalysts.®*° With the most reducing visible-light photoredox catalysts, aryl
bromides are suitable radical precursors.®-%* Unfortunately, aryl chlorides comprise over half of
the commercially available aryl halides®® yet are inert under conventional visible-light photoredox
catalysis unless they bear electron-withdrawing groups.33°%66-69 Thijs [imitation is a result of the
combination of thermodynamically challenging SET and the low fragmentation rate due to the
relatively strong C(sp?)-Cl bond.*?
2.3. Results and Discussion

To assess the viability of the proposed electrophotocatalytic approach, we investigated
the dehalogenation of 4-bromobiphenyl (1) because of its reduction potential beyond the standard
range of photoredox catalysts (-2.4 V vs SCE) and rapid fragmentation after reduction, as this

provides a high fidelity readout for successful SET.*? Using this model reaction, we assessed a



39

series of aryl imides for activity under visible-light irradiation and an appropriate electrochemical
potential to reductively activate the imide (Table 2.1). The radical anion derived from perylene
diimide (PDI) can act as an electron-primed photoredox catalyst under two-photon conditions®?
and is also well-behaved electrochemically.”® Unfortunately, PDI proved ineffective in the
dehalogenation of under these conditions. Photophysical studies have indicated that naphthlene-
based analogues (NPDI and NpMI) are more potent photoreductants after they are primed with
an electron,*® but they have yet to be leveraged in synthesis. Excitingly, under
electrophotocatalytic conditions both NPDI and NpMI promoted the dehalogenation of 1, despite
significant electrochemical underpotentials in each case (1.6 and 1.1 V vs SCE respectively).
While both NpMI and NPDI are sufficiently potent photoreductants to reduce 1, NpMI promoted
dehalogenation significantly more efficiently. However, further stripping down the aromatic core
to a phthalimide derivative, PhMI, resulted in a less effective photocatalyst than NpMI. On the
basis of these data, we selected NpMI for further study after verifying that no significant
conversion was observed in the absence of an applied voltage, light, or the catalyst.

/@/Br [imide catalyst] (10 mol%) H
Ph constant potential (E;eq) g h/©

P

1 (Ereq =—2.4V) blue LEDs (kessil)

SO m ¢ n )
Ar—NN—Ar Ar—N Q N—Ar Ar—N Q Ar—Nij@
(0) 0 (0] 0] (0] (0]

PDI (E,q = -0.4 V) NPDI (Ereg=—0.8V) NPMI (Ereq=—~1.3V) PhMI (E;eq=—1.4V)

< 5% yield 15 % yield 68% yield 10% yield

Table 2.1. Catalyst evaluation. All redox potentials are vs. SCE. Ar = 2,2-diisopropylphenyl. Reactions were
run on a 0.4 mmol scale in DMF (0.1 M BuysNPFg) with 2,4,6-tri-tert-butylphenol (10 mol%) and 2-propanol (1
equiv). See the Sl for more details.
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Having identified a promising electrochemically accessible photocatalyst, we explored
whether this system could engage abundant but much more challenging aryl chlorides in radical
coupling reactions. We first probed the viability of a photo-Arbuzov process,’”' a classic
carbon-heteroatom bond-forming reaction that proceeds through an aryl radical intermediate
(Table 2.2). For these studies, we employed more convenient constant-current conditions (see
Sl for details). We found that under simultaneous electrolysis and irradiation, NpMI induced the
high-yielding coupling of aryl chlorides with reduction potentials at and beyond the limits of
conventional visible-light photoredox catalysis (2-3). To identify the limits of this catalytic system,
we next evaluated increasingly electron-rich aryl chloride substrates. Excitingly, aryl

Table 2.2. Scope of aryl chiroide phosphonylation

NpMI (5 mol%) @

| A P(OEY)5 (5 equiv) | X [ -OEt
> OEt
R/ G TBAPFg, MeCN A
RVC(+) | RVC(-), 0.8 mA R
blue LEDs
challenging reductions functional group compatibility
K
'Fl>\ P~0Et P\OEt P\OEt
O OEt OEt OFt OFt
EtO,C
2(=2.2V) 3t (—2.8V)
89% yield 76% yieId 68% yleld 8% yield
Me (l?
P~ogt Me P\OEt P\OEt P\OEt
OEt OEt OEt /©/0Et
BocHN Bpm
4(-28YV)
73% yield 6° (—2.8 V)© 57% yleld 52% yleld
65% yield
q @
P\OEt tBu P~0Et F>\OEt ~y L ~OFEt
OFt OEt OFt S.__| OEt
tBu 13
5° (2.9 V) 79 (3.4 V)° 62% yleld 57% yield
71% vyield 51% vyield

All potentials versus SCE. ?Reactions conducted on 0.4 mmol scale and run for 8h. EtzN (2 equiv) in
the anode was the counter See Sl for further experimental details. Preaction run 14 h. °E,eq determined
by differential pulse voltammetry 90.4 mA current.
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chloride substrates bearing electron-donating groups still underwent efficient SET induced
phosphorylation (4-7) even though they possess reduction potentials comparable to that of Na°
(-2.9 V vs SCE). Notably, an exceptionally electron-rich aryl chloride (-3.4 V vs SCE) (see Sl for
details) was successfully reduced to produce 7. This result indicates that these conditions provide
potency comparable to that of Li° (-3.3 V vs SCE). To our delight, despite the presence of such
a potent reductant, aryl chloride substrates bearing potentially sensitive functional groups,?' such
as esters (8), nitriles (9), carbamates (10), organoboron reagents (11), and heterocycles (12 and
13) all underwent productive SET-induced radical phosphorylation, and the corresponding
products were isolated in good to excellent yields. Having established the viability of
carbon-heteroatom bond-forming reactions from diverse aryl chlorides, we next aimedto intercept
the aryl radical intermediate with a heterocycle to form a new carbon-carbon bond (Table 2.3).
We found that the aryl radical intermediates generated under these conditions

Table 2.3. Scope of aryl chloride (hetero)arylation
NpMI (5 mol%)

| 2y (het)Ar—H (50 equiv) _ @/(het)Ar
AP TBAPFg, DMSO Y
R RVC(+) | RVC(-), 0.4 mA R

blue LEDs

challenging reductions

Me
Me, Me, Me Me\N \ N N\
NN N NN me <) tBu ~
N S N
MeO
MeO MesN Me +-Bu
14 15 16 17 18
53% yield 56% vyield 41% yield 47% vyield 47% vyield
ArCl with reducible functional groups

Me Me. Me
~ = =
NC BocHN MeO,C
19 2

20 1
81% yield 65% yield 82% yield

@Reactions conducted on 0.4 mmol scale and run for 27h. Et3N (2 equiv) was employed in the anode
as the counter reaction. See the Sl for further experimental details.
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from neutral to electron-rich aryl chlorides (14-18) could be effectively coupled to N-
methylpyrrole, a classic radical trap.”? Again, reductively sensitive functional groups were well-
tolerated despite the potency of the photoreductant employed (19-21). With a new catalytic
strategy in hand, we next compared its efficacy to those of traditional photochemical and
electrochemical approaches for the reductive activation of aryl chlorides (Figure 2.2). To this end,
we investigated the relative yields of N-methylpyrrole coupling and dehalogenation within a subset
of aryl chloride substrates ranging from electron deficient to electron-rich. When the electron-
primed photoredox system was used, each substrate delivered the desired product with excellent
selectivity for radical coupling over dehalogenation. In contrast, 10-phenylphenothiazine (PTH),
an exceptionally reducing photoredox catalyst (-2.1 V vs SCE),®? could only induce the coupling
of the electron deficient aryl chloride. The neutral and electron-rich substrates were unconverted

by PTH, consistent with the energetic limitations of visible-light photoredox. Direct electrolysis,

AN
@ Electron- prlmed photoredox NN\
Cl X S N H
1
R.—'/ — ° Classic photoredox — |// + |//
R R
Direct electroly3|s Product A Product B
] [radical coupling] [overreduction]
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Figure 2.2. Comparison of reduction methods. Yields of coupling and dehalogenation measured relative to an
internal standard. Electron-primed photoredox conditions from Table 2.3. Photoredox conditions employ PTH

as a photocatalyst. Several direct electrolysis conditions were attempted and reported conditions provided
highest yield of A. For further details see the SI.
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on the other hand, provided significantly diminished selectivity for coupling of the electron-
deficient substrate (2:1) and the other two substrates yielded in exclusively dehalogenation.
These results are consistent with over-reduction at the electrode surface that precludes radical
coupling reactions at the requisite potentials for aryl chloride reduction. We next subjected radical
clock 22 to both electron-primed photoredox and direct electrolysis conditions to probe the
presence of an aryl radical intermediate and benchmark the rate of its over-reduction (Scheme
1). The aryl radical derived from 22 undergoes radical cyclization with a rate of 8 x 10° s™'.7® As
anticipated, NpMI under blue-light irradiation and constant-current electrolysis delivered selective
cyclization (54% vyield, 220:1 selectivity for cyclization over dehalogenation and aryl anion-
derived” isomerization products). This result is fully consistent with the proposed intermediacy of
NpMI (5 mol%)
(o) IPA (1 equiv) - O
@: \I\ TBAPF,, DMF 54%
Cl RVC(+) | RVC(-), 0.8 mA
blue LEDs

22
O  Keyo=8x109s~" 0
—_—
\I\

aryl anion derived products
@EQ @(OJ

H Cl
exclusive products of direct electrolysis

not observed with electron-primed photoredox

Scheme 2.1. Comparison of radical clock outcomes. reactions conducted on 0.4 mmol scale for 20h.
an aryl radical intermediate and high selectivity for radical chemistry instead of over-reduction.
Direct electrolysis, however, provided no observable cyclization and generated only
dehalogenation and isomerization products consistent with anionic intermediates. This indicates
that under the direct electrolysis conditions investigated, any radical reactions with rate constants

lower than 10° s™! will not be viable because of competitive electrochemical reduction of the
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radical. This is consistent with the facile reduction of aryl radical intermediates at electrode
surfaces (phenyl radical Ereq = +0.05 V vs SCE).”® Finally, we aimed to gain preliminary insight
into the promising chemoselectivity observed with this potent catalytic reductant. Notably, classic
photoredox approaches are sensitive to not only the reduction potential of the substrate but also
the fragmentation rate of the radical anion formed via SET.%® This is likely due to competition
between back electron transfer and the productive fragmentation and coupling. Although back
electron transfer can be a hindrance,’® we suspect that this feature also contributes to the
excellent chemoselectivity profiles observed in photoredox catalysis. Thus, we wanted to
ascertain whether the exceptionally potent photoreductant explored herein exhibited analogous
reactivity or whether SET was irreversible.

To this end, we conducted a series of one-pot intermolecular competition experiments
between bromo- and chlorobiphenyl (Figure 2.3). These halogen congeners possess the same
reduction potential (-2.4 V vs SCE), but their radical anions exhibit significantly different
fragmentation rates.®2’” We subjected a 1:1 mixture of the two aryl halides to NpMI under

two step aryl radical generation

X
X X
Q- 00
SET fragmentaton
Ph—@—Br Ph—@—CI
VS,
Ereq =—2.4 V vs. SCE Ereq =—2.4 V vs. SCE
SET strategy Intermolecular kg
Electron-primed 8
photoredox
Direct electrolysis 2
Photoredox 15

Figure 2.3. Comparison of one pot competition experiments. k.o is given as kg/kc, and was
measured by gas chromatography based on reactions run to low conversion (<20%). See the S| for
experimental details.
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simultaneous irradiation and a working potential of -1.3 V vs SCE. We found that the initial rate
of C(sp?)-Br cleavage was significantly higher than that of C(sp?)-Cl cleavage (k. = 8) despite
the fact the two aryl halides possess identical reduction potentials. This observation excludes that
conversion is based exclusively on the reduction potential. In stark contrast, the two substrates
are converted at similar rates under direct electrolysis conditions (k. = 2).”® Consistent with prior
work in photoredox catalysis, PTH promoted the dehalogenation of bromobiphenyl more rapidly
than that of the chloride (ke = 15). Taken together, these data indicate that productive conversion
is not governed exclusively by the reduction potential under either electron-primed or conventional
photoredox catalysis. This observation provides a plausible rationale for the promising
chemoselectivity observed under the conditions reported herein relative to deeply reducing direct
electrolysis, which predominantly commits to product formation on the basis of the substrate
reduction potential.
24 Conclusions

Overall, we have demonstrated that electrochemical stimulation is a viable strategy to
generate catalytic photoreductants capable of transcending the limits of modern photoredox
catalysis. We report effective radical couplings of substrates hundreds of millivolts more
challenging to reduce than previous photoredox strategies, including substrates with reduction
potentials well beyond that of Na® and more negative than that of Li® . Crucially, despite accessing
such negative potentials, the reactions possess functional group tolerance profiles more
consistent with traditional photoredox catalysis than direct electrolysis and result in high selectivity
for radical coupling over dehalogenation. Beyond unlocking electronically diverse aryl chlorides
as aryl radical precursors, these data lay the foundation for a new catalyst design paradigm. We
anticipate that electrochemically priming photocatalysts prior to excitation will allow much more
challenging reductions than are feasible with blue light alone and will result in a myriad of

transformations inspired by what is feasible under dissolving metal conditions and beyond.
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2.7. Supplemental Information
2.7.1 General Methods and Materials

Unless otherwise noted, reactions were performed under an inert N2 atmosphere in an
anhydrous solvent thoroughly degassed by freeze-pump-thaw. MeCN and DMF were dried by
passing through activated alumina columns. Anhydrous DMSO was purchased from Sigma-
Aldrich and stored under N2. All tetra-butylammonium electrolyte salts were recrystallized from
hot ethyl acetate prior to use. Triethylphosphite was distilled from NaO under vacuum. All
heterocycles and amines were distilled from NaO or CaH2 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, CAM, p-anisaldehyde, 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). Purified materials were dried in vacuo (0.050 Torr) to remove trace solvent. 1 H, 13 C, 31
P Spectra were taken using a Bruker Avance-400 with a BBFO Probe or a Bruker Avance-500
with a DCH Cryoprobe. NMR data are reported relative to residual CHCI3 (1 H, & = 7.26 ppm),
CDCI3 (13 C, 5 =77.16 ppm). Data for 1 H NMR spectra are reported as follows: chemical shift
(® 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. GC
traces were taken on an Agilent 7890A GC with dual DB-5 columns (20 m x180 pyum x 0.18
pum), 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.

2.7.2 Electrochemical Equipment and Experimental Set-Up

All cyclic voltammetric, chronoamperometric and chronopotentiometric measurements
were performed at room temperature using a Pine WaveNowXV. The CV experiments were
carried out in a three-electrode cell configuration with a glassy carbon (GC) working electrode (3
mm diameter, unless otherwise stated) and a platinum wire counter electrode.
Chronoamperometric and chronopotentiometric measurements were carried out in divided cells
with RVC (15 x 3 x 5mm) as working and counter electrodes affixed to stainless steel wire. The
potentials were measured versus an Ag/AgNO3 (0.01 M in MeCN with 0.1M Bu4N+PF6)
reference electrode (all electrodes from Pine Research). Bulk constant current electrolysis
experiments were performed in divided H cells with RVC (15x3x5mm) as working and counter
electrodes affixed to stainless steel wire and driven with a custom—made low current power
supply (see Scheme below) 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 £0.01-9.99 mA, tunable by analog input, delivering power to
multiple banana socket pairs. The power supply is limited to £15 V for bulk electrolyses and is
powered by an 18 V wall wart. Circuitry is housed within an aluminum enclosure.
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X X X X

H-cells and electrode assembly fabrication:

PTFE tubing

y

\ rubber /

septa

Polytetrafluoroethlyene (PTFE) tubing purchased from Cole-Parmer; 1/32” ID, 1/16” OD, item
number EW-06407-41. 14/20 Rubber septa purchased from VWR, item number 89064-940.
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Stainless steel wire purchased from Grainger; stainless steel lockwire, 0.025" diameter, item
number 16Y043. Reticulated vitreous carbon (RVC) purchased from SELEE Corporation; 80
ppi, 04-07 g/cc, cut into 15%x3x5 mm pieces.

Divided cell fabricated in-house. Porosity E glass filter disc purchased from Ace Glass; 8 mm
diameter, part number 7176-21

Assembled cell. RVC attached by piercing with stainless steel wire.
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Anode and cathode leads connected to low-current power supply. Kessil lamps; A160WE Tuna
Blue.

2.7.3 Electrochemical Characterization

External Standard—ferrocene in DMSO vs Ag/AgNO3 in MeCN(0.1 M LiCIO4)

A

150 S0 250 450

E(mV) vs. Ag/Ag+
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Cyclic Voltammetry— DMSO (0.1 M LiCIO4)

I{pA
B
P=3

E(mV) vs. Ag/Ag+

Cyclic Voltammetry—5-chloro-m-xylene in DMSO (0.1 M LiCIO4)

I

ArX/ArX™

LivLi*
E (V) vs. Ag/Ag+

Eonset= —2.6 V (2.9 V vs Ag/Ag+)
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Differential Pulse Voltammetry—>5-chloro-m-xylene in DMSO (0.1 M LiCIO4)

100

I (nA)

150
200 f ?

250
=) -3.5 -3 2.5 -2 -15 -1
E (V) vs. Ag/Ag+

E12=-2.76 V vs SCE (-3.11 V vs Ag/Ag+)

Cyclic Voltammetry—4-chloro-2,6-di-tert-butylanisole (S1)

Wy

ArX“/ArX

1000

E (V) vs. Ag/Ag+

Eonset = —3.3 V (—36 V vs Ag/Ag+)
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Differential Pulse Voltammetry—4-chloro-2,6-di-tert-butylanisole (S1)

160
140
120
100
80
60 ? ?

40 ArX/ArX™

I (pA)

20

-4.5 -4 -3.5 -3 -5 -2 -1.5
E (V) vs. Ag/Ag+

E12=-3.40 V vs SCE (-3.75 V vs Ag/Ag+)

Cyclic Voltammetry—4-chloro-N,N-dimethylaniline

100

100
ArX/ArX™

-200

1 {uA)

-400

-500

-600

-4.25 -375 35 275 225 175 125

[~
~J
Vv

E (mV) vs. Ag/Ag+
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Cyclic Voltammetry—4-Chlorophenylboronic acid pinacol ester

ArX/ArX™

2.7.4 Synthesis of Non-Commercial Substrates

OMe

cl s

4-chloro-2,6-di-tert-butylanisole or “super anisole” (S1) was donated by the Weix group at UW-

Madison as material from their previous methodological studies (JACS 2019, 141, 28, 10978).
Prior to use, the material was recrystallized from MeCN/H20.

SAN

Allyl (2-chlorophenyl) ether (25) was prepared by literature procedure. (Tetrahedron, 2003, 59,
43, 8525). 1 H NMR (500 MHz, CDCI3) 6 7.37 (dd, J = 7.8, 1.6 Hz, 1H), 7.20 (ddd, J = 8.2, 7.5,
1.6 Hz, 1H), 6.93 (dd, J = 8.3, 1.4 Hz, 1H), 6.90 (td, J = 7.6, 1.4 Hz, 1H), 6.08 (ddt, J = 17.3,

10.4, 5.1 Hz, 1H), 5.47 (dq, J = 17.3, 1.6 Hz, 1H), 5.31 (dq, J = 10.5, 1.5 Hz, 1H), 4.62 (dt, J =
5.1, 1.6 Hz, 2H) consistent with reported spectra.
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2.7.5 Preparation of Imide Catalysts

(o]
2 6-diisopropylaniline 0

O o (2.9 equiv)
- N
(o) EtCO,H, reflux ‘
16h O o)

NpMI-Suspend 1,8-naphthalic anhydride (6.73 g, 34.0 mmol, 1.00 equiv) in propanoic acid (100
mL). Add 2,6-diisopropylaniline (19.0 mL, 17.9 g, 100 mmol, 2.9 equiv). Reflux mixture for 16h.
Cool to ambient temperature. Dilute with DI H20 (100 mL) and collect precipitate by filtration.
Wash precipitate with DI H20 (2x25 mL) followed by Hexanes(3x25 mL). Dry precipitate in
vacuo. Recrystallize crude material from hot CHCI3 (150 mL)/Hexanes (175 mL) slowly cooled
to -20 °C overnight to yield an off-white crystalline product, pure by NMR (11.21 g, 92% vyield).
For best results, a second recrystallization of the aryl imide was performed. Recrystallization
from CHCI3 (100 mL) and Hexanes (200 mL) by layer diffusion at -20 °C provided pure product
(8.28 g, 23.2 mmol, 68% yield). 1 H NMR (500 MHz, CDCI3) 6 8.67 (dd, J = 7.2, 1.1 Hz, 2H),
8.30 (dd, J = 8.3, 1.1 Hz, 2H), 7.81 (dd, J = 8.2, 7.2 Hz, 2H), 7.47 (t, J = 7.8 Hz, 1H), 7.33 (d, J =
7.8 Hz, 2H), 2.75 (p, J = 6.8 Hz, 2H), 1.16 (d, J = 6.8 Hz, 12H). 13 C NMR S13 (126 MHz,
CDCI3) 6 164.35, 145.82, 134.31, 131.99, 131.88, 131.00, 129.63, 128.98, 127.18, 124.16,
122.94, 29.27, 24.13. HRMS (ESI+) Calc: [M+H]+ (C24H23N02) 358.1802; measured:
358.1802 = 2.0 ppm difference.

2 6-diisopropylaniline
(6.7 equiv)

AcOH, reflux
16h

NpDI-Suspend 1,4,5,8-naphthalene-tetracarboxylic dianhydride (1.34 g, 5.0 mmol, 1.00 equiv)
in acetic acid (70 mL). Add 2,6-diisopropylaniline (6.32 mL, 5.94 g, 33.5 mmol, 6.7 equiv).
Reflux mixture for 16h. Cool to ambient temperature. Dilute with DI H20 (70 mL) and collect
precipitate by filtration. Wash precipitate with DI H20 (2x20 mL) followed by Hexanes(3x%20
mL). Dry precipitate in vacuo. Recrystallize crude material from CHCI3/Hexanes to yield an off-
white solid (2.59 g, 4.41 mmol, 88% yield). 1 H NMR (500 MHz, CDCI3) 6 8.89 (s, 4H), 7.52 (t, J
=7.8 Hz, 2H), 7.36 (d, d = 7.8 Hz, 4H), 2.71 (p, = 6.8 Hz, 4H), 1.17 (d, J = 6.9 Hz, 24H),
consistent with reported spectra (Org. Lett., 2010, 12, 15, 3460).

o 2 B-diisopropylaniline -

0 (3.0 equiv) .
EtCO.H, reflux N
(o) 16h
(0]
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PhMI-Suspend phthalic anhydride (741 mg, 5.0 mmol, 1.00 equiv) in propanoic acid (15 mL).
Add 2,6-diisopropylaniline (2.83 mL, 2.66 g, 15 mmol, 3.0 equiv). Reflux mixture for 16h. Cool to
ambient temperature. Dilute with DI H20 (70 mL) and collect precipitate by filtration. Wash
precipitate with DI H20 (2x20 mL) followed by Hexanes(3x20 mL). Dry precipitate in vacuo.
Recrystallize crude material from CHCI3/Hexanes to yield an off-white solid (1.10 g, 3.58 mmol,
72% vyield). 1 H NMR (500 MHz, CDCI3) 6 7.98 (dd, J = 5.5, 3.0 Hz, 2H), 7.82 (dd, J = 5.5, 3.1
Hz, 2H), 7.46 (t, J = 7.8 Hz, 1H), 7.29 (d, J = 7.8 Hz, 3H), 2.72 (p, J = 6.8 Hz, 2H), 1.17 (d, J =
6.9 Hz, 13H), consistent with reported spectra (J. Org. Chem., 2018, 83, 1, 104).

N,N'-Bis(2,6-diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic diimide is commercially
available, purchased from TCI chemicals, and used as received.

2.7.6 General Procedures for Electron-Primed Photocatalysis
General Procedure A— Dehalogenation

Add imide catalyst (0.040 mmol, 10 mol %), tri-tert-butylphenol (10.2 mg, 0.040 mmol, 10 mol
%), and 4-bromobiphenyl (93.2 mg, 0.40 mmol, 1.0 equiv) to the cathodic chamber of the
divided cell. Add Bu4N+PF6 (195 mg, 0.50 mmol) to both the anodic and cathodic chambers.
Add a stir bar to each chamber. Wrap reference cell with teflon tape, affix a three electrode
assembly, and seal the cell. Purge cells with nitrogen for 10 minutes; inlet needle into cathodic
chamber, outlet needle into anodic chamber. Add isopropanol (30 uL, 0.40 mmol, 1 equiv), and
DMF (5.0 mL) to the cathode. Add triethylamine (110 uL, 0.8 mmol, 2 equiv), and DMF (5.0 mL)
to the anode. Connect electrodes to potentiostat. With fan cooling, electrolyze at —1.3 V vs SCE
and irradiate with a blue Kessil lamp for 16h.

For GC analyses: Add mesitylene (28 pL, 0.20 mmol, 0.50 equiv) to crude reaction and remove
a 0.2 mL aliquot. Dilute with diethyl ether (4.0 mL), filter off precipitated electrolyte, and further
dilute the filtrate (0.2 mL) with diethyl ether (1.0 mL).

General Procedure B— Phosphorylation

Add NpMI (7.1 mg, 0.020 mmol, 5 mol %) to the cathodic chamber of the divided cell. If a solid,
add the aryl chloride (0.40 mmol, 1.0 equiv) to the cathodic chamber. Add Bu4N<PF6 (155 mg,
0.40 mmol) to both the anodic and cathodic chambers. Add a stir bar to each chamber. Affix the
electrode assembly and seal the cell (see H-cells and electrode assembly fabrication). Purge
cells with nitrogen for 10 minutes; inlet needle into cathodic chamber, outlet needle into anodic
chamber. If a liquid, add aryl chloride (0.40 mmol, 1.0 equiv) to the cathodic chamber. Add
triethylphosphite (340 L, 2.0 mmol, 5.0 equiv), and MeCN (4.0 mL) to the cathode. Add
triethylamine (110 uL, 0.80 mmol, 2.0 equiv), and MeCN (4.0 mL) to the anode. Connect steel
electrodes to a low-current power supply. With fan cooling, electrolyze at 0.8 mA and irradiate
with a blue Kessil lamp for 14h (1 F/mol) or 8h (0.6 F/mol).

Crude cathode and anode solution extracted from NaHCO3 (50 mL) with EtOAc (3x25mL).
Organic layer washed with brine (50 mL) and dried over MgSO4. Concentrate crude material
and dilute with 1:1 EtOAc/Hexanes (10 mL) to precipitate excess electrolyte, filter off solid and
wash precipitate with 1:1 EtOAc/Hexanes. Concentrate crude product and purify by flash
chromatography with silica.
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General Procedure C— Heteroarylation

Add NpMI (7.1 mg, 0.020 mmol, 5 mol %) to the cathodic chamber of the divided cell. If a solid,
add the aryl chloride (0.40 mmol, 1.0 equiv) to the cathodic chamber. Add Bu4N<PF6 (155 mg,
0.40 mmol) to both the anodic and cathodic chambers. Add a stir bar to each chamber. Affix the
electrode assembly and seal the cell (see H-cells and electrode assembly fabrication). Purge
cells with nitrogen for 10 minutes; inlet needle into cathodic chamber, outlet needle into anodic
chamber. If a liquid, add aryl chloride (0.40 mmol, 1.0 equiv) to the cathodic chamber. Add N-
methylpyrrole (1.77 mL, 20.0 mmol, 50 equiv) and DMSO (0.3 mL) to the cathodic chamber.
Add triethylamine (110 L, 0.8mmol, 2 equiv) and DMSO (2.0 mL) to the anodic chamber. Place
cells so that the cathodic chamber is touching the Kessil lamp. Connect the cell to the a low-
current power supply via the stainless steel leads. Irradiate and cool with a fan while
electrolyzing at 0.4 mA for 24h (0.9 F/mol).

Combine the contents of the cathodic and anodic chambers and extracted from NaHCO3 (50
mL) with EtOAc (3x25mL). Wash combined organic layers with brine (2x50mL) and dry over
MgSO4. Filter and concentrate crude product for purification by flash chromatography with
silica.

2.7.7 Radical Clock Experiment and Competition Experiment
Radical Clock Experiment

Electron-Primed Photocatalysis—Intramolecular Radical Cyclization

O/\/ NpMI (5 mol%) o)
cl IPA (1 equiv) . Me
DMF (0.1 M TBA-PFg)
RVC (+) | RVC(-), 0.8 mA

[divided cell], blue LED 54% yield
20h, 1.5 F/mol (10% RSM)
[anode): NEt, (2 equiv)

Add NpMI (7.1 mg, 0.020 mmol, 5 mol %) to the cathodic chamber of the divided cell. Add
Bu4N-PF6 (155 mg, 0.40 mmol) to both the anodic and cathodic chambers. Add a stir bar to
each chamber. Affix the two electrode assembly and seal the cell. Purge cells with nitrogen for
10 minutes; inlet needle into cathodic chamber, outlet needle into anodic chamber. Add allyl 2-
chlorophenyl ether (67.4 mg, 0.40 mmol, 1.0 equiv) to the cathodic chamber via tared 100 uL
microsyringe. Add isopropanol (30 pL, 0.40 mmol, 1 equiv), and DMF (5.0 mL) to the cathode.
Add triethylamine (110 uL, 0.8 mmol, 2 equiv), and DMF (5.0 mL) to the anode. Connect steel
electrode leads to a low-current power supply. With fan cooling, electrolyze at 0.8 mA and
irradiate with a blue Kessil lamp for 20h (1.5 F/mol).

Crude cathode and anode solution extracted from NaHCO3 (50 mL) with EtOAc (3%x25 mL).
Organic layer washed with brine (50 mL). Dry combined organics over MgS0O4, concentrate. 1:1
EtOAc/Hexanes (10 mL) to precipitate excess electrolyte, filter off solid, and wash precipitate
with 1:1 EtOAc/Hexanes. Concentrate crude material and remove base-line impurities on silica
a mixture of cyclized product and starting material (38.1 mg, 76 wt% pdt, 0.21 mmol, 54% yield)
see annotated 1 H NMR below.



63

Radical Clock —Electron-Primed Photocatalysis
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Direct Electrolysis—Isomerization of Radical Clock Substrate
0/\/

Me Me
cl IPA (1 equiv) . O\/ . O\y‘
DMF (0.1 M TBAPFg)
RVC (+) | RVC(-), 0.8 mA Cl Cl

[divided cell]

20h, 1.5 F/mol 14 5 10

[anode]: NEt, (2 equiv)
The direct electrolysis of the radical clock was performed analogously, excluding the addition of
NpMI and direct irradiation with blue light. Add tri-tert-butylphenol (10.2 mg, 0.040 mmol, 10 mol
%) to the cathodic chamber of the divided cell. Add Bu4N+PF6 (155 mg, 0.40 mmol) to both the
anodic and cathodic chambers. Add a stir bar to each chamber. Affix the electrode assembly
and seal the cell. Purge cells with nitrogen for 10 minutes; inlet needle into cathodic chamber,
outlet needle into anodic chamber. Add allyl 2-chlorophenyl ether (67.4 mg, 0.40 mmol, 1.0
equiv) to the cathodic chamber via tared 100 yL microsyringe. Add isopropanol (30 pL, 0.40
S18 mmol, 1.0 equiv), and DMF (5.0 mL) to the cathode. Add triethylamine (110 pL, 0.8 mmol, 2
equiv), and DMF (5.0 mL) to the anode. Connect steel electrode leads to a low-current power
supply. With fan cooling, electrolyze at 0.8 mA, excluding light, for 16h (1.1 F/mol).

Crude cathode and anode solution extracted from NaHCO3 (50 mL) with EtOAc (3%x25 mL).
Organic layer washed with brine (50 mL). Partially concentrate combined organics to 25 mL and



dry over MgSO4. Dilute organic layer with hexanes (75 mL) filter through silica plug, rinsing
thoroughly with 25% EtOAc in Hexanes. 1 H NMR analysis shows a 1.4:1 mixture of chlorinated

(D) and dehalogenated (C) olefin isomer products.

Radical Clock — Direct Electrolysis
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No cyclized product is observed under direct electrolysis, consistent with the rapid reduction of
the putative aryl radical at the electrode surface. Isomerization of allyl 2-chlorophenyl ether
during reductive electrolysis is consistent with a previous report by Kimura et al. (J. Org. Chem.,

1990, 55, 3897), proposed to proceed by aryl anion—mediated deprotonation at the allylic site.

Proposed Mechanism of Olefin Isomerization under Direct Reductive Electrolysis

Ar-Cl
2o‘l-Cl'

Ar-  Ar-H

@01 \/‘
Y =

Y=ClL H

RO-H RO™

\_/

e

X

oS

Y



65

Radical Clock —Electron-Primed Photocatalysis vs Direct Electrolysis
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Overlay of the reactions profiles highlights the distinct selectivity between reductive electron-
primed photoredox catalysis and direct electrolysis.

Competition Experiments

Starting and ending mmol quantities for each reaction component were ascertained by GC
relative to internal mesitylene standard. Each sample was analyzed by GC in triplicate to
minimize instrumental error. Both conversion of each substrate and overall yield of biphenyl was
determined to ensure

NpMI (10 mol%)
tri-tert-butylphenol (10 mol%)

Cl Br H
/@’ /©/ isopropanol (1 equiv.) /@
* =
Ph Ph TBAPFg, DMF Ph
RVC(+) | RVC(-), -1.3V vs SCE
[divided cell], blue LED
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run | Starting Starting Ending Ending Relative rate
chlorobiphenyl | bromobiphenyl | bromobiphenyl | chlorobiphenyl
(mmol) (mmol) (mmol) (mmol)

1 0.05 0.05 0.03343 0.04769 8.6

2 0.05 0.05 0.03286 0.04736 7.7

3 0.05 0.05 0.03339 0.04754 8.0

These data provide an average krel of 8.

Direct electrolysis was conducted using two procedures:

Procedure 1: Omit catalyst and light from General Procedure A and apply a constant current of
0.20 mA for 3 hours (0.23 F/mol).

run Starting Starting Ending Ending Relative rate
chlorobiphenyl | bromobiphenyl | bromobiphenyl | chlorobiphenyl
(mmol) (mmol) (mmol) (mmol)

1 0.05 0.05 0.03818 0.03890 1.07

2 0.05 0.05 0.03902 0.03971 1.07

3 0.05 0.05 0.03750 0.03828 1.06

These data provide an average krel of 1.

Procedure 2: Procedure followed from a recent dehalogenation report in the literature.
Electrolysis at 5 mA stopped after 8 minutes (0.25 F/mol) (Chem. Eur. J., 2019, 25, 6911).

run Starting Starting Ending Ending Relative rate
chlorobiphenyl | bromobiphenyl | bromobiphenyl | chlorobiphenyl
(mmol) (mmol) (mmol) (mmol)

1 0.05 0.05 0.03375 0.04056 1.9

2 0.05 0.05 0.03388 0.04002 1.7

3 0.05 0.05 0.03366 0.04030 1.8

These data provide an average krel of 2.



Procedure 3: Photoredox procedure followed from a recent literature report. (J. Org. Chem.

2016, 81, 7155).
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run | Starting Starting Ending Ending Relative rate
chlorobiphenyl | bromobiphenyl | bromobiphenyl | chlorobiphenyl
(mmol) (mmol) (mmol) (mmol)

1 0.05 0.05 0.04149 0.04941 15.8

2 0.05 0.05 0.04184 0.04942 15.3

3 0.05 0.05 0.04192 0.04940 14.6

These data provide an average krel of 15.

GC Calibration Curves
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2.7.8 Comparison of Methods for Reductive Activation

N\
@ Electron-primed photoredox NTY
Cl vs = H
R©/ ° Classic photoredox - + @
R R

vs

° Direct electrolysis Product A Product 8
[radical coupling] [overreduction]
MeO._O 100 _ 100
75 o 75
A +Bu +Bu
50 B 50 A
B
Cl ci 25 I o 25 I I
23V A8 A . A8 A

OI ou‘

“Yields of coupling and dehalogenation measured relative to an Internal standard. Electron-primed photoredox conditions from as Table 3. Photoredox
conditions followed pyrrole coupling procedures from the literature employing PTH as a photocatalyst. Several direct electrolysis conditions were attempted.
Reported conditions provided highest yleld of A and were standard reaction conditions from Table 3 without catalyst. For further detalls see SI.

Electron-primed photoredox results obtained from General Procedure C. Reaction results were
determined by NMR relative to an internal mesitylene standard for 4-chloro-methylbenzoate and
3,5-ditertbutyl-4-chloroanisole. Reaction products of chlorobenzene were analyzed by GC

relative to an internal mesitylene standard.

NpMI (5 mol%) N
| ! 1-methyl pyrrole (50eq) N7\
- ~
N TBAPFs, DMSO
RVC(+) | RVC(-), 0.4 mA
R=COOE, H, [divided cell]
OMe/tBu blue LED

Classic photoredox results were obtained using two procedures:

Procedure 1: The reaction was conducted following a procedure from a recent literature report
for coupling aryl radicals employing a 10-phenylphenothiazine photocatalyst (J. Org. Chem.
2016, 81, 7155-7160) and an Ir(ppy)3 photocatalyst (Chem. Lett. 2013, 42, 1203-1205).

PTH (5 mol%)
1-methyl pyrrole (50eq) \N
@/C' BuN (5equiv) \
3= ~
R DMSO, 50h
blue LED
R=COOEt, H,
OMe/tBu

Procedure 2: The reaction was conducted following a procedure from a recent literature report
for coupling aryl radicals employing an an Ir(ppy)3 photocatalyst (Chem. Lett. 2013, 42, 1203-

1205).
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Ir(ppy)s (1 mol%)

N
(o] 1-methyl pyrrole (50eq) N7
@r t SN
R MeCN, 16h
blue LED
R=COOEt, H,
OMe/tBu

Direct electrolysis results were obtained using two procedures:

Procedure 1: The reaction was conducted following General Procedure C except catalyst and
light were omitted.

Cl 1-methyl pyrrole (50eq) N A\
o S
TBAPFg, DMSO
R RVC(+) | RVC(-), 0.4 mA
R=COOEt, H, [divided cell]

OMe/tBu

Procedure 2: The reaction was conducted following a procedure from a recent literature report
for generation of aryl radicals (Chem. Eur. J. 2019, 25, 6911 — 6914).

1-methyl pyrrole (50eq) N

Cl BusN (2 equiv.) N7
o S
R TBABF4, MeCN
Graphite(+) | Graphite(-), 15 mA

R=COOEt, H, [undivided cell]
OMe/tBu

Yields under the above described conditions are described below:
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Electron-Primed Photoredox

Substrate % pdt % Dehalogenation % RSM
Cl methyl benzoate 79 0 -
Chlorobenzene 63 0 6
Cl Superanisole - <2 45

Direct electrolysis-procedure 1

Substrate % pdt % Dehalogenation % RSM
Cl methyl benzoate 48 23 0
Chlorobenzene 0 38 47
Cl Superanisole 0 30 45

Direct electrolysis-procedure 2

Substrate % pdt % Dehalogenation % RSM
Cl methyl benzoate 0 13 1
Chlorobenzene 0 39 13

Cl Superanisole 0 75 20

Photoredox-procedure 1

Substrate % pdt % Dehalogenation % RSM
Cl methyl benzoate 54 12 0
Chlorobenzene 0 0 100
Cl Superanisole 0 0 21

Photoredox-procedure 2

Substrate % pdt % Dehalogenation % RSM
Cl methyl benzoate 0 0 97
Chlorobenzene 0 0 100
ClI Superanisole 0 0 100

2.7.9 Constant Current Control Experiments

Over the course of our experimentation, we found that to maintain a constant current part way
through an experiment, the voltage of the working electrode become more reducing. We
suspect that this is due to catalyst decomposition but further investigation is necessary.

Although our data are inconsistent with direct electrolysis, we conducted a series of experiments
to demonstrate that the reaction still requires both electrolysis and blue light irradiation and that
product is formed before the working potential decreases.

NpMI (5 mol%) .
Cl 1-methyl pyrrole (50eq) N
I S
©/ TBAPFg, DMSO
RVC(+) | RVC(-), 0.4 mA
[divided cell]

blue LED
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Reaction 1 (no changes):

General Procedure C was followed except a WavenowXV Potentiostat was employed. No other
changes. This delivered 53% yield, 6% proteo-dehalogenation and recovered 27% starting
material (determined by GC relative to mesitylene internal standard).

Reaction 1: No Change

(=]

Potential (V vs
-
n [\

me (hr)

Reaction 2 (reaction stopped early):

General Procedure C was followed except a WavenowXV Potentiostat was employed and the
reaction was stopped upon a lowering of the potential (more reducing) after 8.4 hours. This
delivered 16% yield, 4% proteo-dehalogenation and recovered 73% starting material
(determined by GC relative to mesitylene internal standard).

Reaction 2: Reaction Stopped Early

tential {
po fan .
"

me (hr)

Reaction 3 (electrolysis stopped early):

General Procedure C was followed except a WavenowXV Potentiostat was employed and the
electrolysis was stopped upon a lowering of the potential (more reducing) after 5.19 hours but
the reaction was stirred for the full time under visible light irradiation. This delivered 10% yield,
2% proteo-dehalogenation, and recovered 70% starting material (determined by GC relative to
mesitylene internal standard).
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Reaction 3: Electrolysis Stopped Early

CE)

Potential (V vs.S

Time (hr)

Reaction 4 (photolysis stopped early):

General Procedure C was followed except a WavenowXV Potentiostat was employed and blue
light irradiation was stopped upon a lowering of the potential (more reducing) after 5.15 hours
but the reaction was stirred for the full time under constant current electrolysis. This delivered
5% vyield, 12% proteo-dehalogenation and recovered 30% starting material (determined by GC
relative to mesitylene internal standard).

Reaction 4: Photolysis Stopped Early

]
0 ? 10 15 20 25 30
-05 :
'
— ]
g 4 :
b : i Time of decrease
£ 15 : ' in potential
2
g 5
=
-
6 -25
o

Time (hr)

A direct comparison of reaction 1 and reaction 4 show that upon stopping photolysis and
entering into a direct electrolysis regime, the working potential becomes increasingly reducing
conditions to maintain a constant current.
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Comparison of Reaction 1 and Reaction 4

Reaction 4:

Photolysis

1
0 ‘SE 10 15 20 25 30
-0.5 |
1
_ ' E Time of decrease
o 1 2 ! in potential
N N 1
@ %
> -15 N
> 1
E X 5 ‘;——_., * Reaction 1: No
2 = | change potential
9 i trace
o -25 '
o i
1
1
1
1
1
1
1

stopped early

: potential trace
Time (hr)

The product yields of reaction 4 compared to reaction 1 indicate that the catalytic system,
despite lowering of the applied potential, does not behave only as an electrochemical mediator
and that light is still necessary for productive chemistry.

All four of these experiments taken together show that product can be formed under the initial,
low potential regime and that both light and electrochemistry are required to maintain productive
chemistry.

2.7.10 Product Isolation and Characterization

(I)[t
O=P-0OEt

Diethyl (naphthalen-1-yl)phosphonate (2): 99.5 mg obtained following General Procedure B
as an intractable mixture with triethylphosphate (8 mol% triethylphosphate). This corresponds to
94.3 mg (89% yield) of product '"H NMR (400MHz, CDCI3) 5 8.54 (d, J = 8.5 Hz, 1H), 8.27 (dd, J
=16.3, 7.1 Hz, 1H), 8.1 (d, J = 8.4 Hz, 1H), 7.91 (d, J = 8.1 Hz, 1H), 7.63 (ddd, J = 8.5, 6.8, 1.5
Hz, 1H), 7.57 (m, 2H), 4.22 (m, 2H), 4.10 (m, 2H), 1.33 (t, J = 7.0 Hz, 6H); '3C NMR and *'P
NMR consistent with reported spectra (Org. Lett., 2015, 17, 23, 5906-5909).

o)
W OEt
b

\
©/ OEt

Diethyl phenylphosphonate (3): 73.5 mg obtained following General Procedure B as an
intractable mixture with triethylphosphate (16 mol% triethylphosphate). This corresponds to 64.7
mg (76% yield) of product 1 H NMR (400MHz, CDCI3) & 7.74 (dd, J = 13.3, 6.9 Hz, 2H), 7.48 (t,
J=7.3Hz, 1H), 7.39 (td, J = 7.6, 4.2 Hz, 2H), 4.05 (m, 4H), 1.25 (t, J = 7.1 Hz, 6H); 13 C NMR
and 31 P NMR consistent with reported spectra (Org. Lett., 2013, 15, 20, 5362-5365).
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O, OEt
P\
o

Diethyl (2-methylphenyl)phosphonate (4): 73.2 mg obtained following General Procedure B
as an intractable mixture with triethylphosphate (12 mol% triethylphosphate). This corresponds
to 66.6 mg (73% vyield) of product 1 H NMR (400MHz, CDCI3) 6 7.89 (dd J = 14.4, 8.0 Hz, 1H),
7.40 (t, J=7.4 Hz, 1H), 7.23 (m, 2H), 4.09 (m, 4H), 2.56 (s, 3H), 1.31 (t, J = 7.1 Hz, 6H); 13 C
NMR and 31 P NMR consistent with reported spectra (Chem. Comm., 2017, 53, 5, 956-958).

O, _oEt

P\
/©/ OEt
0

Diethyl 4-methoxyphenylphosphonate (5): 69.0 mg (71% yield) obtained as a brown oil
following General Procedure B. 1 H NMR (400MHz, CDCI3) & 7.67 (dd, J = 12.8, 8.7 Hz, 2H),
6.89 (dd, J = 8.6, 3.3 Hz, 2H), 4.01 (m, 4H), 3.77 (s, 3H), 1.24 (t, J = 7.1 Hz, 6H); 13 C NMR
and 31 P NMR consistent with reported spectra (Org. Lett., 2018, 20, 14, 4164-4167).

0 Ot

Ps

~OFEt

Diethyl (3’,5’-dimethyl)phenylphosphonate (6): 63.2 mg (65% yield) obtained following
general procedure B. 1 H NMR (400MHz, CDCI3) 6 7.34 (d, J = 13.6 Hz, 2H), 7.10 (s, 1H), 4.02
(m, 4H), 2.27 (s, 6H), 1.25 (t, J = 7.1 Hz, 6H); 13 C NMR and 31 P NMR consistent with
reported spectra (Org. Lett., 2018, 20, 14, 4164-4167).

Q. okt

R

OEt
MeO

Diethyl (4-methoxy-3,5-di-tert-butylphenyl)phosphonate (7): 73.3 mg (51% yield) obtained
as a colorless oil following a modified procedure B with a 0.4 mA constant current. 1 H NMR
(500 MHz, CDCI3) 6 7.66 (d, J = 14.2 Hz, 2H), 4.20 — 4.03 (m, 4H), 3.70 (s, 3H), 1.43 (s, 18H),
1.33 (t, J =7.1 Hz, 6H). 13 C NMR (126 MHz, CDCI3) & 163.40 (d, J = 3.9 Hz), 144.38 (d, J =
15.1 Hz), 130.47 (d, J = 11.6 Hz), 122.06 (d, J = 191.4 Hz), 64.53 (d, J = 1.2 Hz), 62.08 (d, J =
5.4 Hz), 36.06, 32.06, 16.52 (d, J = 6.4 Hz). 31 P NMR (162 MHz, CDCI3) 6 20.65. HRMS
(ESI+) Calc: [M+H]+ (C19H3404P) 357.2189; measured: 357.2184 = 1.4 ppm difference.
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O, OFt

F)\
OEt
EtO

O

Diethyl (4-ethoxycarbonylphenyl)phosphonate (8): 78.0 mg (68% yield) obtained as a
colorless following procedure B. 1 H NMR (400MHz, CDCI3) & 8.06 (dd, J = 8.3, 3.9 Hz, 2H),
7.82 (dd, J = 13.0, 8.3 Hz, 2H), 4.34 (q, J = 7.1 Hz, 2H), 4.06 (m, 4H), 1.34 (t, J = 7.1 Hz, 3H),
1.26 (t, J = 7.0 Hz, 6H); 13 C NMR and 31 P NMR consistent with reported spectra (Org. Lett.
2019, 21, 17, 6835-6838).

Qv _OEt

R
/©/ OEt
NC

Diethyl (4-cyanophenyl)phosphonate (9): 55.1 (58% yield) obtained as a yellow oil following
procedure B. 1 H NMR (400MHz, CDCI3) & 7.85 (dd, J = 13.1, 8.4 Hz, 2H), 7.69 (dd, J = 8.5,
3.6 Hz, 2H), 4.08 (m, 4H), 1.77 (t, J = 7.0 Hz, 6H); 13 C NMR and 31 P NMR consistent with
reported spectra (Angew. Chem., 2017, 129, 12892 - 12896).

O, OEt

P\
" O OFEt
OC\N

H

Tert-butyl (4-(diethoxyphosphoryl)phenyl)carbamate (10): 74.7 mg (57% yield) obtained as
an off white solid following procedure B. 1 H NMR (500MHz, CDCI3) & 7.75 (dd, J = 12.8, 8.6
Hz, 2H), 7.49 (dd, J = 8.5, 3.5 Hz, 2H), 6.67 (s, 1H), 4.10 (m, 4H), 1.55 (s, 9H), 1.33 (t, J = 7.1
Hz, 6H); 13 C NMR (500MHz, CDCI3) 6 152.2, 142.3, 133.1 (d, J = 10.8 Hz), 122.0 (d, J =
193.2 Hz), 117.7 (d, J = 15.4 Hz), 81.3, 62.0, 28.3, 16.3 (d, J = 6.6 Hz); 31 P NMR (400MHz,
CDCI3) 6 19.11 ppm; HRMS (ESI+) Calc: [M+H]+ (C15H25NO5P) 330.1465; measured:
330.1460 = 1.5 ppm difference.

Qv _OEt

P
Q/ VEt
Bpin

Diethyl [4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl]phosphonate (11): 70.1 mg
(52% vyield) obtained as a colorless crystalline solid following procedure B. 1 H NMR (400MHz,
CDCI3) 6 7.89 (dd, J=7.9,4.5 Hz, 2H), 7.70 (dd, J = 13.2, 8.1 Hz, 2H), 4.09 (m, 4H), 1.35 (s,
12H), 1.30 (t, d = 7.0 Hz, 6H); 13 C NMR and 31 P NMR consistent with reported spectra (J.
Am. Chem. Soc. 2017, 139, 23, 7745 - 7748).
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. O\\P,OEt

| Y et
-

Diethyl 2-pyridylphosphonate (12): 53.2 mg (62% yield) obtained as a yellow oil following
procedure B. 1 H NMR (400MHz, CDCI3) 6 8.82 (d, J = 4.0 Hz, 1H), 8.00 (t, J = 6.0 Hz, 1H),
7.82 (tdd, J=7.6,5.7, 1.7 Hz, 1H), 7.44 (dddd, J = 7.8, 4.8, 2.3, 1.3 Hz, 1H), 4.25 (m, 4H), 1.37
(t, J=7.0 Hz, 6H); 13 C NMR and 31 P NMR consistent with reported spectra (Org. Lett. 2019,
21, 5,1301-1305).

S

Q
_OEt

o s
EtO \O

Diethyl (thiophen-3-yl)phosphonate (13): 50.0 mg (57% yield) obtained as a pale yellow oil
following procedure B. 1 H NMR (400MHz, CDCI3) & 7.96 (ddd, J = 8.2, 2.9, 1.1 Hz, 1H), 7.40
(dt, J=5.1, 3.1 Hz, 1H), 7.31 (ddd, J = 5.0, 4.0, 1.1 Hz, 1H), 4.09 (m, 4H), 1.30 (t, J = 7.0 Hz,
6H); 13 C NMR and 31 P NMR consistent with reported spectra (Chem. Comm., 2014, 50, 66,
9343-9345).

Me,

1-methyl-2-phenyl-1H-pyrrole (14): 33.3 mg (53% yield) obtained following procedure C. 1 H
NMR (500 MHz, CDCI3) 6 7.42 — 7.37 (m, 4H), 7.32 — 7.28 (m, 1H), 6.72 (dd, J = 2.6, 1.9 Hz,

1H), 6.23 (dd, J = 3.5, 1.8 Hz, 1H), 6.21 (dd, J = 3.6, 2.7 Hz, 1H), 3.67 (s, 3H); consistent with
reported spectra (Chem. Eur. J., 2017, 23, 7900).

Me,

@
~
MeO

1-methyl-2-(4-methoxyphenyl)-1H-pyrrole (15): 41.8 mg (56% yield) obtained as an off-white
solid following procedure C. 1 H NMR (500 MHz, CDCI3) 6 7.32 (d, J = 8.8 Hz, 1H), 6.94 (d, J =
8.7 Hz, 2H), 6.69 (dd, J = 2.7, 1.9 Hz, 1H), 6.18 (dd, J = 3.6, 2.7 Hz, 1H), 6.15 (dd, J = 3.5, 1.8
Hz, 1H), 3.84 (s, 3H), 3.63 (s, 3H); consistent with reported spectra (J. Org. Chem., 2019, 84,
16, 9946-9956)

Me,

O/N@
x
Me,N

1-methyl-2-(4-dimethylaminophenyl)-1H-pyrrole (16): 32.8 mg (41% yield) obtained as an
off-white solid following procedure C. 1 H NMR (500 MHz, CDCI3) 6 7.28 (d, J = 8.8 Hz, 2H),
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6.76 (d, J = 8.8 Hz, 2H), 6.67 (m, 1H), 6.18 (t, J = 3.1 Hz, 1H), 6.12 (dd, J = 3.5, 1.8 Hz, 1H),
3.63 (s, 3H), 2.98 (s, 6H). consistent with reported spectra (Tetrahedron, 2008, 64, 46, 10605-
10618)

Me

1-methyl-2-(3,5-dimethylphenyl)-1H-pyrrole (17): 35.1 mg (47% yield) obtained following
procedure C. 1 H NMR (500 MHz, CDCI3) & 7.05 (d, J = 1.6 Hz, 2H), 6.98 (s, 1H), 6.72 (t, J =
2.2 Hz, 1H), 6.25 -6.19 (m, 2H), 3.68 (s, 3H), 2.38 (s, 6H); consistent with reported spectra (J.
Org. Chem., 2019, 84, 16, 9946-9956).

Bu x

1-methyl-2-(4-methoxy-3,5-di-tert-butylphenyl)-1H-pyrrole (18): 55.7 mg (47% yield)
obtained following procedure C. 1 H NMR (500 MHz, CDCI3) & 7.26 (s, 2H), 6.70 (t, J = 2.3 Hz,
1H), 6.20 (t, J = 3.1 Hz, 1H), 6.18 (dd, J = 3.6, 1.8 Hz, 1H), 3.73 (s, 3H), 3.65 (s, 3H), 1.46 (s,
18H); 13 C NMR (126 MHz, CDCI3) & 158.70, 143.53, 135.52, 127.75, 127.41, 123.10, 108.02,
107.69, 64.34, 35.96, 35.13, 32.28; HRMS (ESI+) Calc: [M+H]+ (C20H30NO) 300.2322;
measured: 300.2321 = 0.3 ppm difference.

Me,
NTY

NC

4-(1-methyl-1H-pyrrol-2-yl)benzonitrile (19): 58.9 mg (81% yield) obtained following
procedure C. 1 H NMR (500 MHz, CDCI3) 6 7.67 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 8.4 Hz, 2H),
6.83 —-6.73 (m, 1H), 6.35 (dd, J = 3.7, 1.8 Hz, 1H), 6.23 (dd, J = 3.7, 2.6 Hz, 1H), 3.72 (s, 3H);
consistent with reported spectra (Org. Lett. 2016, 18, 3, 544-547).

Me,
N7

=~
BocHN

Tert-butyl (4-(1-methyl-1H-pyrrol-2-yl)phenyl)carbamate (20): 71.2 mg (65% yield) obtained
following procedure C. 1 H NMR (500 MHz, CDCI3) & 7.39 (d, J = 8.3 Hz, 2H), 7.35 - 7.29 (m,
2H), 6.69 (t, J = 2.3 Hz, 1H), 6.52 (s, 1H), 6.25 - 6.12 (m, 2H), 3.63 (s, 3H), 1.54 (s, 9H); 13 C
NMR (126 MHz, CDCI3) & 152.89, 137.24, 134.37, 129.46, 128.36, 123.45, 118.63, 108.39,
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107.80, 80.79, 35.10, 28.49; HRMS (ESI+) Calc: [M+H]+ (C16H21N202) 273.1598; measured:
273.1593 = 1.8 ppm difference.

\N\

MeO
0

1-methyl-2-(4-(methoxycarbonyl)phenyl)-1H-pyrrole (21): 70.6 mg (82% yield) obtained
following procedure C. 1 H NMR (500 MHz, CDCI3) 6 8.06 (d, J =8.4 Hz, 2H), 7.48 (d, J=8.4
Hz, 2H), 6.76 (dd, J = 2.7, 1.8 Hz, 1H), 6.34 (dd, J = 3.7, 1.8 Hz, 1H), 6.23 (dd, J = 3.6, 2.7 Hz,
1H), 3.94 (s, 3H), 3.72 (s, 3H); consistent with reported spectra (Synlett, 2013, 24(4), 507-513).
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2.7.11 NMR Spectra
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Chapter 3: Electrochemical Activation of Diverse Conventional Photoredox Catalysts

Induces Potent Photoreductant Activity

This work is published: Chernowsky, C.P.; Chmiel, A.F.; Wickens, Z.K.; Angew. Chem. Int. Ed.
2021, 60, 21418 — 21425
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3.1. Abstract

Herein, we disclose that electrochemical stimulation induces new photocatalytic activity
from a range of structurally diverse conventional photocatalysts. These studies uncover a new
electron-primed photoredox catalyst capable of promoting the reductive cleavage of strong
C(sp?)-N and C(sp?)-O bonds even when reduction potentials hundreds of mV more negative
than Li° are required. We illustrate several examples of the synthetic utility of these deeply
reducing but otherwise safe and mild catalytic conditions. Finally, we employ electrochemical
current measurements to perform a reaction progress kinetic analysis. This technique reveals that

the improved activity of this new system is a consequence of an enhanced catalyst stability profile.
3.2. Introduction

Reductive activation of organic molecules through single electron transfer (SET) is a
fundamental elementary step at the heart of a myriad of synthetically useful transformations.' In
recent years, photoredox catalysis has emerged as a mild and chemoselective method to induce
redox events.5'° Unfortunately, while 400 nm light possesses sufficient energy for a maximum
driving force of 3.1 eV, this energy is diminished by 25-50% through vibrational relaxation, internal
conversion, and intersystem crossing.'" As a consequence, many abundant but
thermodynamically stable molecules remain inert to photoredox activation.>'® Indeed, in the
context of reductions, alkali metals have remained reductants of unparalleled potency for over a
century. These reagents continue to be used in both academic''® and industrial'® settings despite
their implicit hazards, poor chemoselectivity, and inextricable chemical waste. To address this,
the development of new strategies to deliver extreme reduction potentials (significantly more
negative than —2 V vs. SCE) with the safety and chemoselectivity profile of photoredox catalysis

is an emerging area of considerable contemporary interest.'"17-22
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R
fundamental challenges
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Figure 3.1. Established catalysts known to promote reductive SET events through electron-primed
photoredox catalysis. Ar = 2,6-diisopropylphenyl. R = p-OMePh. R' = 2-ethylhexyl.

Over the past several years, numerous groups,?=2® including ours,?® have examined
catalytic systems designed to leverage mildly reducing radical species as a new family of
photocatalysts (Figure 3.1). We have dubbed these reductively activated species electron-primed
photoredox catalysts to distinguish them from more conventional photocatalytic reductants.
Pioneering work from Koénig used a consecutive photoinduced electron transfer (conPET)
approach to photochemically generate an electron-primed photocatalyst, albeit one that did not
possess an excited state reduction potentials more negative than —2 V vs. SCE.?° The conPET
strategy requires a carefully balanced system; both catalyst oxidation states must engage in
excited state intermolecular SET under a single set of reaction conditions.' Additionally, the
byproducts of catalyst activation, which are typically reactive amine radical cations and easily
reduced iminium ions, must not deactivate the catalyst or interfere in subsequent steps.*® These
fundamental challenges associated with catalyst generation and turnover have resulted in only a
small collection of electron-primed photocatalytic systems being identified in the subsequent
years?%3' despite photophysical studies establishing that numerous persistent radical anions

absorb visible light.32-36
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We envisioned that electrochemistry would offer a flexible approach to generate electron-
primed photoredox catalysts as cathodic reduction is highly tunable and divided cell electrolysis
excludes interfering oxidized byproducts.’”~*® Indeed, we previously used this approach to
introduce a novel electron-primed photocatalyst capable of reducing aryl chloride substrates with
Ea On par with Li°.?®6 Contemporaneous efforts by Lambert and Lin disclosed that 9,10-
dicyanoanthracene, an electron-primed photoredox catalyst previously accessed via conPET,?’
exhibits enhanced reactivity towards aryl chloride substrates when driven electrochemically.?®
However, while these two discoveries validated the use of electrochemistry to generate potent
photoreductants, both of these electrophotocatalysts remained structurally analogous to
established conPET-based photocatalysts. While rapid progress has been made in net-oxidative
electrophotocatalytic transformations,*%*8 electrophotocatalytic reductions remain comparatively
underdeveloped.*®° Herein, we employ cathodic reduction to elicit new photocatalytic activity
from numerous organic and inorganic structures (Figure 3.2). These studies reveal a new
electron-primed photoredox catalyst that enables cleavage of strong C(sp?)-N and C(sp?)-O

bonds.

E,q determined by

@ ®_ A determined by @._ o

CV measurement photocurrent assay

b @x@@” ®@- 00
( &

o™ 00

expanded library « cleavage of strong bonds « improved stability

D QOO IT~0O0O

Figure 3.2. Electrochemistry-enabled discovery of new photoreductan 4DPAIPN.
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3.3. Results and Discussion

The generation of aryl radical intermediates is a well-established arena to benchmark new
photoreductants. Bench-stable®'-%* trialkylanilinium salts and activated phenols are readily
accessible and can be reductively cleaved to aryl radical intermediates through deeply reducing
direct electrolysis or alkali metal reductants, however, they remain difficult to activate under
photocatalytic conditions.%®°¢ Within the past year, Larionov and Konig illustrated that anilide and
thiolate photocatalysts are capable of promoting the borylation of anilinium salts and activated
phenols via photoreduction.®”*® However, boron plays a non-innocent role in these processes and
photochemical net-reductive transformations of these substrates remains limited. Reductive
defunctionalization is a powerful synthetic tactic to leverage aniline and phenol activating groups
in a traceless manner.*%2 Current methods to remove these directing groups rely on harsh
dissolving metal conditions®3%* or palladium catalysis.®>%® We envisioned that cleavage of these
strong bonds was a perfect arena to explore new potent reductants given recently reported
halogen-atom transfer strategies, which in some cases can circumvent deeply reducing
potentials,®” are unlikely to be amenable to the cleavage of these less polarizable

heteroatoms.58%°

We initiated our studies with the reductive cleavage of an N,N,N-trimethyl anilinium salt, 1
(Table 3.1). We anticipated that the thermodynamic and kinetic challenges presented by aryl
C(sp?)-N bond cleavage would expose the limitations of current electron-primed photocatalysts.
We found that NpMI, the electron-primed photoredox catalyst we recently reported,?® could cleave
the C(sp?)-N bond in 42% yield under a constant cathodic potential and visible light irradiation.
This result validated that an electron-primed photoredox system is capable of engaging this
substrate but also highlighted the need for improved catalysts. We next evaluated a collection of
structures related to the NpMI core. Electrochemistry facilitated rapid catalyst evaluation in two

primary ways: (1) cyclic voltammetry studies established the minimum cathodic potential to
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generate the radical anion photocatalyst and (2) evaluation of wavelength dependent
photocurrent established the optimal irradiation wavelength (see Sl for details).”® These studies
revealed that various derivatives of NpMI including NpDI, PMI, and Nplmz each provided the
defunctionalized product, albeit in reduced yield relative to NpMI. Given these data, we concluded
that a fundamentally different catalyst scaffold was likely necessary to efficiently promote these
challenging reductions.

Table 3.1. Evaluation of Electrochemically-Generated Persistant Radical Anions for Photocatalytic Activity

photocatalyst (10 mol%)
©,NM93| 2-propanol (1 equiv.) ©,H
constant cathodic potential

1 visible light irradiation 2

imide-based persistent radical anions metal-based scaffolds

(0] O, (o] 0 0
O N—Ar Ar—N O N—Ar O O N—Ar O L
@ W= O~ O T
(6] (¢] (¢] 6} N
Z~N
=~ 1
NpMI? NpDI? PMI? Npimz
Eed=-13V  Eeq=-04V Ereq=-08V Ereq =-12V
405 nm 390 nm 405 nm 405 nm (Ru-1) (Ir-1)
42% vyield 1% yield 16% yield 41% yield Ereq=-13V, 427 nm  E,oq=-1.4V, 427 nm
9% yield 25% yield
persistent organic radical anions isophthalonitrile scaffolds
0 )
COOH
" O‘O
N
S0 >
N % : @ @
HO (@) [¢]
PZ FL FC
Eea=-12V FEreg=-13V Eeg=-12V Ereq = -0 9V
440 nm 405 nm 405 nm 405 nm 4- CzIPN 4-DPAIPN
36% yield 45% yield 34% yield 10% yield | Erea=-1.3V,390nm  Ereq =-1.6V, 405 nm
65% yield 98% yied

Yields provided are of 2, determined by GC analysis. All redox potentials reported vs SCE. 2 Ar = 2 6-diisopropylphenyl.
See the S| for further details.

We next targeted more structurally diverse persistent radical anion precursors that have
not been explored as electron-primed photocatalysts.3¢"'-"* We found that phenazine, fluorenone,

and fluorescein each promote reduction of 1 in comparable yields to NpMI under appropriate
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electrophotocatalytic conditions. Control reactions revealed that no conversion is observed in the
absence of electrolysis indicating that the photoactivity of the neutral structures is insufficient to
drive defunctionalization of 1. These data suggest that electrochemical reduction can coax potent
photocatalytic activity out of a much broader range of molecules than previously appreciated.
Next, we recognized that nearly all photoredox catalysts, by design, undergo reversible redox
events and many possess persistent radical anion congeners.®”'° We questioned whether the
structural features that render molecules effective as conventional photoredox catalysts would
translate to the electron-primed photoredox manifold.?>7%78 Intriguingly, we found that electrolysis
at the Erq of several commonly employed photoredox catalysts Ru(bpy)s,’” Ir(dF-CF3-
ppy)2(dtbpy),”” and 4CzIPN’® turned on photocatalytic activity in this challenging reduction.”
While there is a sole report proposing photochemical activity of the reduced congener of an Ir-
based photoredox catalyst,®® these are the first data consistent with either Ru-based or
isophthalonitrile structures acting as electron-primed photoredox catalysts. Given that cathodic
reduction of 4CzIPN resulted in a meaningful improvement in photochemical deamination vyield,
we examined other isophthalonitrile catalysts. This investigation revealed that 4DPAIPN?
promotes the reduction of model substrate 1 in nearly quantitative yield under
electrophotocatalytic conditions. Overall, the structural diversity of the potent photocatalysts
identified through these studies suggest that reductively induced photoactivity is a general

phenomenon and provides a clear link between catalyst structure and reaction outcome.

We next evaluated whether 4DPAIPN was promoting this reaction through excitation of a
cathodically generated species. Under electrochemical stimulation 4DPAIPN acts as a far more
potent photoreductant than anticipated by its established redox potentials (E12 PC*/PC*) = —1.3
V and E1, (PC/PC ") = -1.5V vs. SCE)®' (Figure 3.3). First, we conducted a series of control
experiments and found that catalyst, electrolysis, and light were all required for product formation.

Next, we examined whether electrochemical reduction of 4DPAIPN was necessary to promote
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the defunctionalization reaction. Inspired by an elegant experiment conducted by Lambert and
Lin,?> we measured the defunctionalization yield at varied cathodic potentials. Overlaying these
data with the cyclic voltammogram of 4DPAIPN illustrates that reactivity is observed only when a
sufficient potential to reduce 4DPAIPN is applied. These data are fully consistent with cathodic
catalyst reduction and subsequent excitation as necessary steps for this difficult reductive

transformation.®?

reactivity onset upon catalyst reduction

©,NMe3I 4DPAIPN (10 mol%) H
> © , . 100
-1.6 Vvs. SCE ® reaction yield

25
1 405 nm 2
- - . cyclic voltammogram? &
entry variation yield < o
=10 =
| o~
1 none 96% = 50 5
[}] -
2 no 4-DPAIPN <5% E . o
O 5 =
3 no irradiation <5% 25
3 no irradiation, 50 °C <5% &
_20 —» - . - 0
4 no electrolysis <5% 0.5 1 1.5 2

Working potential (—V vs. SCE)

Figure 3.3. Control experiments to probe the mode of reactivity of the catalyst. ?CV is of 4-DPAIPN. See
the Sl for experimental details.

We next probed the scope of this catalytic C(sp?)-N cleavage process (Table 3.2). We
found ethers (4), free alcohols (5), esters (6), and amides (7) as well as heterocycles such as
piperazine (7), pyrrolidine (8), and morpholine (9) were all well-tolerated. Notably, this reaction
enables a molecular editing strategy wherein an N-aryl ring can be replaced by an alkyl group
through an alkylation/reductive cleavage sequence as both aryl and amine fragments can be
recovered after C(sp?)-N reduction. Given the promising activity of this catalytic system in the
cleavage of anilinium salts, we turned our attention to more difficult to reduce C(sp?)-O bonds.
Phenol derivatives (e.qg. triflates and phosphates) possess deep reduction potentials (typically <—
2.7 V vs. SCE).8*% Despite the energetic demands of C(sp?)-O cleavage, phosphate ester

substrates bearing a range of functional groups such as esters (13), amides (14), ethers (15),
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benzylic amines (16), unprotected alcohols and tertiary amines (18) as well as heterocycles such
as imidazole (17) and piperazine (19) each underwent productive C(sp?)-O cleavage. While each
of these reactions are conducted far below the cathodic potential required to reduce the substrate,
we questioned whether deeply reducing electrolysis could recapitulate this electrophotocatalytic
activity. To probe this, we carried out direct electrolysis reactions on two substrates bearing

functional groups to investigate the role of the catalyst in preserving chemoselectivity. Under

Table 3.2. Scope of Aryl C(sp?)-N and C(sp?)-O Bond Cleavage

@,X 4-DPAIPN (10 mol%) & H
o > R—L
A 0.1 M "BusNPFg, DMF X
1.6V vs. SCE
405 nm

Aryl C-N bond cleavage?

NM63
S “ U
NM63 NM63
8% 95% >98% 80% 50%
O CL © r
N

+ y /\ !

e 2. 4-DPAIPN

5 § ; electrolysis/light
Cc
7 ; 8 ) 9 ) 10 50% 1
54% 84% 83% (2 steps)

Aryl C-O bond cleavage

FaCO
©\ ,OEt ,OEt \©\ \ OFt \©\ \ OEt

15¢
79% 46% 82% 73%
NMe,
Ac<
,OEt Q/N N/\l
/OEt Q ,OEt O OFEt
OEt - \/
OE‘ 19° O OEt
68% 97% 59% 80%

@ The counter ion is OTf unless otherwise noted. 1 used as the iodide salt. ° NMR vyield. ¢ GC yield. See the
Sl for experimental details.
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constant current conditions in the absence of catalyst, 16 and 19 showed significant conversion
to an intractable mixture containing <20% product. By promoting reduction through a
photocatalytic mediator under mild electrochemical potentials, chemoselectivity and functional

group tolerance can be vastly improved compared to direct electrolysis conditions.

Phenols are electron-donating groups that enable a wide range of reactions at the arene
core.?0 We envisioned that the scope of products accessible using these processes could be
expanded through a chemoselective excision of the phenolic activating group via an
electrophotocatalytic system (Figure 3.4). For example, this strategy allows selective formation
of meta-substituted products inaccessible via direct Friedel-Crafts reactions.® To illustrate this
strategy, we prepared a suite of meta-substituted arene products from simple precursors using a
phenol-directed alkylation-defunctionalization sequence (20-23). As a direct comparison, we
subjected 23 to constant current conditions in the absence of catalyst and observed high
conversion with substantially diminished yield. To demonstrate the value of a phenol-directed
alkylation-defunctionalization approach, we targeted the synthesis of a tricyclic resorcinol
derivative that was developed as a conformationally restricted cannabinoid agonist. The route,
devised by Makriyannis,®? hinged on phenol-enabled Friedel-Crafts alkylation followed by a Li°-
promoted excision of the phenol activating group. In our hands, the Friedel-Crafts process and
subsequent phosphorylation proceeded smoothly to deliver tricyclic intermediate 24. Gratifyingly,
electron-primed photoredox C(sp?)-O cleavage furnished intermediate 25 despite a nearly 2 V
underpotential supplied at the cathode. Global demethylation furnished 26 in 18% yield over 4
steps. These data demonstrate how this new catalytic platform can directly fit into synthetic
sequences and circumvent the need for more hazardous chemical reductants in the preparation

of complex biologically active molecules.
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e Me Me
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Figure 3.4. Phenol as a traceless directing group enabled by electron-primed photoredox catalysis. @ Yields
reported are for the phosphate defunctionalization step. ® NMR yield. € Isolated yield. (a) 70% aq MeSO3H, 70
°C, 12 h (45% yield). (b) CIP(O)(OEt),, DABCO, MeCN, 18 h (70% vyield). (¢) BBr3, DCM, -78°C, 12 h, (91%
yield). Conversion of 24 to 25 was accomplished under conditions analogous to those in Table 2. See the SI
for experimental details.

We next questioned whether the aryl radical intermediates generated upon reductive
cleavage of anlinium salts and phosphate esters could be intercepted by classic aryl radical traps.
We investigated several aryl radical coupling reactions: phosphonylation, borylation, and
heteroarylation (27-29). We found that both C(sp?)-N and C(sp?)-O radical precursors were

amenable to each of these radical coupling reactions (Figure 3.5).
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phosphonylation

Q _oEt

X 4-DPAIPN (5 mol%) R
© + P(OEt), > O OEt
0.1 M "BuyNPFg, MeCN
Sequiv. 56 mA 1.0 F/mol 27

X = NMel: 75%
405 3
nm X = OP(O)(OEt),: 63%

borylation
4-DPAIPN (5 mol%)

X DMAP (20 mol%) Bpin
+ BzPinz -

0.1 M "BuyNPFg, MeCN 28

2 equiv.
-0.6 mA, 1.0 F/mol X = NMesl: 75%
405 nm X = OP(O)(OEt)y: 57%
heteroarylation
Me
Me  4-DPAIPN (5 mol%) N
X N > =
@ ' E/) 0.1 M "Bu,NPFs, MeCN
_ 0.6 mA, 1.0 F/mol 29
50 equiv. 405 nm X = NMejsl: 61%®

X = OP(O)(OEt),: 42%
Figure 3.5. Redox neutral coupling reactions from aryl C(sp?-N and C(sp?)-O bonds. All reactions

conducted on a 0.2 mmol scale and reported as NMR yields. °NMR yield. °Catalyst loading was 2.5 mol%.
See the SI for details.

Having established that 4DPAIPN is a broadly effective electron-primed photoredox
catalyst with immediate synthetic utility, we next aimed to understand the origin of the improved
performance of 4DPAIPN relative to prior electron-primed photoredox catalysts. Specifically, we
questioned whether 4DPAIPN possessed enhanced reactivity, superior catalyst stability,® or
both. To address this question, we envisioned that electrochemical current could be employed
as a non-invasive in situ rate monitoring technique to unlock tools from reaction progress kinetic
analysis (RPKA).** This method can reveal phenomena such as catalyst decomposition and
product inhibition typically invisible to classic initial rate kinetics because the analysis is conducted
under typical preparative conditions. We conducted a "same excess” experiment with both our
previously reported electron-primed photocatalyst, NpMI, and 4DPAIPN to compare the extent of

catalyst deactivation in each case (Figure 3.6). We selected aryl chloride 30 as the model
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substrate because both catalysts can engage this substrate under constant potential conditions
and preliminary investigations indicated it exhibited a well-behaved kinetic profile.%>% We carried
out two separate constant potential experiments for NpMI at different initial concentrations of 30
(traces a and b). When the conversion rate of 30 is plotted as a function of, the two curves do not
overlay. This indicates either catalyst death or product inhibition.®” Inhibition by the arene product

was excluded by addition of 31, which did not restore overlay between the curves. Furthermore,

O Cl Photocatalyst (10 mol%) O H
O 0.5 M LiCIO,, DMF O
-1.6 Vvs. SCE

30 405 nm 31

D
o

IS
o

Trace a ®

Conversion Rate of 30 (mM/h)

20
Trace b @
Trace ¢
0
0 20 40 60 80
[30] (mM)

=
fa

.,
=
X

Traced ®

Conversion Rate of 30 (mM/h)

15 Tracee ®
Trace f
0 20 40 60 80

[30] (mM)

Figure 3.6. Reaction progress kinetics analysis to study catalyst decomposition. Trace a and d: [ArCl], =
0.08 M (standard reaction concentration), Trace b and e: [ArCl]y = 0.052 M, Trace ¢ and f: [ArClI], = 0.052
M, [ArH]o = 0.028 M. See the SI for details.
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NpMI exhibited an unusual kinetic profile consistent with decomposition into a new catalytically
active species that subsequently decomposes. These data implicate rapid deactivation of NpMI
under these conditions. In stark contrast, an analogous “same excess” experiment with 4DPAIPN
resulted in clean first order reaction profiles that nearly overlay. These data are consistent with
turnover limiting photoreduction of 30 and minimal catalyst decomposition or product inhibition
(see Sl for details). As with NpMI, addition of 31 excluded product inhibition and suggests
4DPAIPN decomposition occurs®-"°" but is attenuated relative to NpMI. These data indicate that
the improved performance of 4DPAIPN can be attributed to it forming a more robust electron-
primed photoredox catalyst. Indeed, the initial rate of dehalogenation promoted by NpMI is faster
than 4DPAIPN but rapid decomposition of this catalyst renders it ineffective for more challenging
substrates that are slower to fragment following reduction.

3.4. Conclusion

Overall, we have demonstrated that electrochemistry is an effective tool to explore
structurally diverse electron-primed photoredox catalysts. These investigations revealed
electrochemical reduction can induce potent photoreductant behavior from structurally diverse
catalyst precursors. Among these, a common photoredox catalyst, 4DPAIPN, is an exceptionally
reducing electron-primed photoredox catalyst. This discovery enabled a new catalytic system to
promote the reductive cleavage of diverse C(sp?)-N and C(sp?)-O bonds, which we anticipate
will enable an array of synthetic sequences that previously would have mandated alkali metal
reductants. Finally, we illustrated how principles from RPKA could be directly employed in
electrophotocatalysis, using electrochemical current to monitor reaction rate in situ throughout a
reaction. We anticipate radical anions will serve as a structurally diverse family of photoredox
catalysts for challenging reductive processes and that these studies will provide a roadmap for

the use of electrochemistry to both drive and interrogate such systems.
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3.7. Supplemental Information
3.7.1 General Methods and Materials

Unless otherwise noted, reactions were performed under an inert N2 atmosphere in an
anhydrous solvent thoroughly degassed by freeze-pump-thaw. DMF was dried by passing
through activated alumina columns. All tetra-butylammonium electrolyte salts and lithium
perchlorate electrolyte salts were recrystallized from hot ethyl acetate 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, CAM, p-anisaldehyde, or KMnQ, staining. Flash
chromatography was performed with a Biotage Isolera One automated chromatography system
with re-packed silica columns (technical grade silica, pore size 40 A, 230-400 mesh particle
size, 40-63 particle size). Purified materials were dried in vacuo (0.050 Torr) to remove trace
solvent. 'H, 3C, 3'P Spectra were taken using a Bruker Avance-400 with a BBFO Probe or a
Bruker Avance-500 with a DCH Cryoprobe. NMR data are reported relative to residual CHCI3
("H, 8 =7.26 ppm), CDCl; (*C, & = 77.16 ppm). Data for '"H NMR spectra are reported as
follows: chemical shift (& 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. EPR spectra were taken using a Bruker EleXsys E500 instrument with the
following parameters:

Microwave power = 0.6325 mW
Center Field = 3497.8 G

Sweep Width =100.0 G

Receiver Gain = 40.0 dB
Modulation frequency = 100.0 kHz
Modulation amplitude = 1.000 G
Time Constant = 1.28 ms
Conversion Time =5.12 s
Resolution = 1024 points

GC traces were taken on an Agilent 7890A GC with dual DB-5 columns (20 m x180 um x 0.18
pum), dual FID detectors, and hydrogen as the carrier gas.

3.7.2 Electrochemical Equipment and Experimental Set-Up

All cyclic voltametric and controlled potential measurements were performed at room
temperature using a Pine WaveNowXV. The CV experiments were carried out in a three-
electrode cell configuration with a glassy carbon (GC) working electrode (3 mm diameter, unless
otherwise stated) and a platinum wire counter electrode. CV experiments were carried out with
a 0.1 M "BusNPFs in DMF solution. Bulk constant potential experiments were carried out in
divided H cells with RVC (10 x 5 x 5mm) as working and counter electrodes affixed to stainless
steel wire. The potentials were measured versus an Ag/AgNO3 (0.01 M in MeCN with 0.01M
"BusNPFs) reference electrode (all electrodes from Pine Research). LEDs (PAR20-18W LG 405
nm) used in this study were purchased from HepatoChem (PAR20-18W LG 405 nm) and Kessil
(KSPR160L-390, KSPR160L-427, KSPR160L-440).
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Polytetrafluoroethlyene (PTFE) tubing purchased from Cole-Parmer; 1/32” ID, 1/16” OD, item

number EW-06407-41. 14/20 Rubber septa purchased from VWR, item number 89064-940.
Stainless steel wire purchased from Grainger; stainless steel lockwire, 0.025" diameter, item
number 16Y043. Reticulated vitreous carbon (RVC) purchased from SELEE Corporation; 80

ppi, 04-07 g/cc, cut into 15%x3x5 mm pieces.
H-Type Cell Fabrication:

Divided cell fabricated in-house (FUSION, Journal of the ASGS, 2020, 67, 4, 19-26). Porosity E

glass filter disc purchased from Ace Glass; 8 mm diameter, part number 7176-21.
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Standard reaction setup:

3.7.3 Catalyst Exploration
Synthesis of Non-Commercial Catalysts

2-(2,6-diisopropylphenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (NpMI)

O 2,6-diisopropylaniline O
(2.9 equiv) \
EtCO5H, reflux O e

16 h

o7 o
Y

NpMI

A flame dried RBF was charged with 1,8-naphthalic anhydride (6.73 g, 34.0 mmol, 1 equiv) and
propanoic acid (100 mL) under nitrogen atmosphere. The solution was stirred at room
temperature and 2,6-diisopropylaniline (19.0 mL, 17.9 g, 100 mmol, 2.9 equiv) was added.
Solution was stirred at reflux for 16 hours and then cooled to room temperature. Mixture was
diluted with water (100 mL) and the precipitate was collected by vacuum filtration and washed
with water (2x25 mL) and hexanes (3x25 mL). Precipitate was dried in vacuo and the crude
product was recrystallized from hot CHCIs (150 mL)/hexanes (175 mL) mixture, slowly cooled to
-20°C overnight to yield an off-white crystalline product pure by NMR (11.21 g, 92% vyield). For
best results, the aryl imide product was recrystallized a second time from CHCI; (100 mL) and
hexanes (200 mL) by later diffusion at -20 °C to provide pure product as a white crystalline solid
(8.28 g, 23.2 mmol, 68% yield). '"H NMR (500 MHz, CDCI3) & 8.67 (dd, J = 7.2, 1.1 Hz, 2H),
8.30 (dd, J = 8.3, 1.1 Hz, 2H), 7.81 (dd, J = 8.2, 7.2 Hz, 2H), 7.47 (t, J= 7.8 Hz, 1H), 7.33 (d, J =
7.8 Hz, 2H), 2.75 (p, = 6.8 Hz, 2H), 1.16 (d, J = 6.8 Hz, 12H). *C NMR (126 MHz, CDCI3) d
164.35, 145.82, 134.31, 131.99, 131.88, 131.00, 129.63, 128.98, 127.18, 124.16, 122.94, 29.27,
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24.13. HRMS (ESI+) Calc: [M+H]* (C24H23NO2) 358.1802; measured: 358.1802 = 2.0 ppm
difference.

2,7-bis(2,6-diisopropylphenyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H, 7H)-tetraone (NpDI)

Q O P 2 6-diisopropylaniline (o) o)
6.7 equiv
g Y Jcc &
> N N
AcOH, reflux
(0] 0]
(@]

16 h o)

NpDI

A flame dried RBF was charged with 1,4,5,8-naphthalene-tetracarboxylic dianhydride (1.34 g,
5.0 mmol, 1 equiv) and acetic acid (70 mL) under nitrogen atmosphere . The solution was
stirred at room temperature and 2,6-diisopropylaniline (6.32 mL, 5.94 g, 33.5 mmol, 6.7 equiv)
was added. Solution was stirred at reflux for 16 hours and then cooled to room temperature.
Mixture was diluted with water (70 mL) and the precipitate was collected by vacuum filtration
and washed with water (2x25 mL) and hexanes (3x25 mL). Precipitate was dried in vacuo and
the crude product was recrystallized from hot CHCI3 (150 mL)/hexanes (175 mL) mixture, slowly
cooled to -20°C overnight to yield an off-white crystalline solid (2.59 g, 4.41 mmol, 88% yield).
"H NMR (500 MHz, CDCI3) & 8.89 (s, 4H), 7.52 (t, J = 7.8 Hz, 2H), 7.36 (d, J = 7.8 Hz, 4H), 2.71
(p, d =6.8 Hz, 4H), 1.17 (d, J = 6.9 Hz, 24H), consistent with reported spectra (Org. Lett., 2010,
12, 15, 3460).

2-(2,6-diisopropylphenyl)-1H-benzo[10,5]anthra[2, 1,9-deflisoquinoline-1,3(2H)-dione (PMI)

2,6-diisopropylaniline (3 equiv)
dibutyl ethanolamine (1.2 equiv)

0 o] O
O O Zn(OAc); (1.8 equiv) O O
{IHLILS - MO
0 waee )~

(o]

o) 230°C, 8 h o

PMI

To a flame dried round bottom flask was added perylene anhydride (4.0 g, 10.0 mmol, 1 equiv.)
and zinc acetate (3.4 g, 19.0 mmol, 1.8 equiv). Quinoline (15 mL, distilled) was added to the
mixture under a nitrogen atmosphere followed by dibutyl ethanolamine (2.4 mL, 12.0 mmol, 1.2
equiv) and diisopropylaniline (5.7 mL, 30.0 mmol, 3.0 equiv). The solution was heated to 230 °C
and stirred under nitrogen for 8 hours. The reaction mixture was then poured into ethanol (500
mL) and the precipitate was collected. The solid crude mixture was then dispersed in a mixture
of ethanol (20 mL) and 20% sulfuric acid (4 mL) and filtered again. The crude solid was dried
before dissolving in chloroform and washing with 1 M HCI followed by brine. The organic layer
was dried over MgSOQy, filtered and concentrated. The crude reaction mixture was then further
purified by column chromatography to yield a red solid (2.9 g, 60%). '"H NMR (500 MHz, CDCI3)
o 8.68 (d, J = 8.0 Hz, 2H), 8.50 (t, J = 7.5 Hz, 4H), 7.94 (d, J = 8.1 Hz, 2H), 7.67 (t, J = 7.8 Hz,
2H), 7.51 - 7.44 (m, 1H), 7.34 (d, J = 7.7 Hz, 2H), 2.77 (p, d = 6.9 Hz, 2H), 1.18 (d, J = 6.8 Hz,
12H), consistent with reported spectra (J. Org. Chem. 2018, 83, 10, 5339-5346).
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7H-benzo[de]benzo[4,5]imidazo[2, 1-aJisoquinolin-7-one (NpImz)

O N
L O
S g
O HoN EtCO,H, reflux O

0]

16 h o]
A flame dried RBF was charged with 2-aminoaniline (2.5 g, 23 mmol, 1 equiv) and propanoic
acid (70 mL) under nitrogen atmosphere. The solution was stirred at room temperature and 1,8-
naphthalic anhydride (9.2 g, 46 mmol, 2 equiv) was added. Solution was stirred at reflux for 16
hours and then cooled to room temperature. Mixture was diluted with water (70 mL) and the
precipitate was collected by vacuum filtration and washed with hexanes (3x25 mL). Precipitate
was diluted in CHCI3 and remaining water was separated. Crude product was purified by column
chromatography on silica gel (EtOAC:10%hexanes/CHCIz). Product was collected and an
orange impurity was oiled out by adding hexanes and EtOAc/CHCIs. Enriched product solution
was decanted off and concentrated to yield a bright yellow solid (5.1 g, 18.9 mmol, 82%). 'H
NMR (500 MHz, CDCI3) 6 8.96 (d, J = 7.5 Hz, 1H), 8.85 (dd, J = 7.3, 1.2 Hz, 1H), 8.61 (dd, J =
6.5, 2.9 Hz, 1H), 8.21 (d, J = 8.2 Hz, 1H), 7.97 — 7.91 (m, 1H), 7.57 — 7.50 (m, 2H), 7.15 (dd, J =
8.1, 1.5 Hz, 1H), 7.00 — 6.93 (m, 2H). consistent with reported spectra (J. Org. Chem. 2019, 84,
12, 8337-8343).

2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4-CzIPN)

NG CN H NaH (7 equiv

|
F F ’ O N THF, 60 °C g " -
; Q 14 h

A flame dried RBF was charged with NaH (60% dispersion, 3.0 g, 75 mmol, 7 equiv) and placed
under nitrogen atmosphere and THF (100 mL) was added to the flask. In a separate flask, 1-H-
carbazole (8.4 g, 50 mmol, 5 equiv) was dissolved in THF (25 mL) and the solution was added
dropwise to the reaction flask and the solution was heated to 60 °C and stirred for 1 hour. In a
separate flask, 2,4,5,6-tetrafluoroisophthalonitrile (2.0 g, 10 mmol, 1 equiv) was dissolved in
THF (25 mL) and the solution was added dropwise to the reaction vessel and the solution was
cooled and stirred at 40 °C overnight. Reaction was cooled to room temperature and excess
NaH was quenched by adding isopropanol dropwise. Water (200 mL) was added to precipitate
crude product. Precipitate was collected by filtration and washed with water and dried in vacuo.
Crude product was purified by dissolving in DCM passing through a silica plug and recrystallized
from DCM/hexanes to provide pure product as a bright yellow solid (6.5 g, 8.2 mmol, 82 %). 'H
NMR (500 MHz, CDCI3) 6 8.24 (d, J = 7.8 Hz, 2H), 7.73 (m, 8H), 7.51 (ddd, J = 8.0, 6.7, 1.5 Hz,
2H) 7.35 (m, 2H), 7.25 (dd, J = 7.8, 1.4 Hz, 4H), 7.11 (it, J = 7.4, 5.8 Hz, 8H), 6.85 (m, 4H), 6.65
(td, d =7.7, 1.2 Hz, 2H), consistent with reported spectra (Chem. Eur. J. 2016, 22, 4889-4898).
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2,4,5,6-tetrakis(diphenylamino)isophthalonitrile (4-DPAIPN)

NaH (7 equiv)

— QO

NC:@(CN ©N© _ NC CN
+ >
DMF, 60 °C
] F " 14 h % N '\L@

A flame dried RBF was charged with NaH (60% dispersion, 3.0 g, 75 mmol, 7 equiv) and placed
under nitrogen atmosphere and DMF (100 mL) was added to the flask. In a separate flask,
diphenylamine (8.5 g, 50 mmol, 5 equiv) was dissolved in DMF (25 mL) and the solution was
added dropwise to the reaction flask and the solution was heated to 60 °C and stirred for 1 hour.
In a separate flask, 2,4,5,6-tetrafluoroisophthalonitrile (2.0 g, 10 mmol, 1 equiv) was dissolved in
DMF (25 mL) and the solution was added dropwise to the reaction vessel and the solution was
cooled and stirred at 40 °C overnight. Reaction was cooled to room temperature and excess
NaH was quenched by adding isopropanol dropwise. Water (200 mL) was added to precipitate
crude product. Precipitate was collected by filtration and washed with water and dried in vacuo.
Crude product was purified by dissolving in DCM passing through a silica plug and recrystallized
from DCM/hexanes to provide pure product as a yellow solid (5.2 g, 6.6 mmol, 66%). 'TH NMR
(500 MHz, CDCI3) 6 7.35 - 7.24 (m, 4H), 7.15 - 7.07 (m, 12H), 7.07 — 7.01 (m, 2H), 6.97 — 6.86

(m, 8H), 6.75—-6.69 (m, 10H), 6.58 (d, J = 7.5 Hz, 4H). Consistent with reported spectra
(Angew. Chem. Int. Ed. 2019, 131, 8266-8270).

Cyclic Voltammograms

All CV measurements were conducted in DMF against Ag/AgNO3 (0.01 M in MeCN) reference
cell and 0.1 M "BusNPFs supporting electrolyte. Analyte was measured in 10 mM concentration.

Conversion from the Ag/AgNQOs reference used for measurements to standard SCE reference
was obtained by measuring the ferrocene redox couple and using standard conversion values
between ferrocene and SCE.

Ferrocene vs. Ag/AgNO3

0.0003
B
£ 0.0002
3
S 0.0001
£
— U
$0.6 0.4 -0.2 0.4 0.6
= -0.0001
35
Q

-0.0002

V vs. Ag/AgNO3

Fc/Fc* E12=0.17 V vs. Ag/AgNOs (Ag/AgNOsto SCE conversion = 300 mV)
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Napthyl Diimide CV
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PhNMe3l| CV
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Catalyst defunctionalization screening

catalyst (10 mol%)

NMex| H
'
©/ 0.1 M "BuyNPFg, DMF ©/

RVC (-) | RVC (+)
constant potential electrolysis
wavelength

Each catalyst was studied under a constant applied potential equal to that of the Erq found via
cyclic voltammetry.

The optimal wavelength was found for each catalyst studied by observing the current response
on the potentiostat computer when subjected to different wavelengths of light. Since current is a
measure of rate of electrons being passed and proportional to the rate of catalysis, the
wavelength that resulted in the highest magnitude current readout was selected as the
irradiation wavelength for each catalyst.

Example: three separate reaction mixtures with 4-DPAIPN catalyst were prepared and each
was subjected to a different wavelength of light and the current magnitude provided by the
potentiostat computer was observed. The three trials under 427 nm, 405 nm, and 390 nm
revealed a local maximum in rate at 405 nm and this wavelength was selected as the optimal
wavelength for all reactions using 4-DPAIPN as the catalyst.



4-DPAIPN Wavelength Initial Rates

10 15

dark

20 25

427 nm
390 nm

405 nm

Time (mins)

The results for each catalyst tested at their peak reduction potential and under optimal
wavelength irradiation are summarized below:

Ered (V vs. Optimal Wavelength Yield
Catalyst SCE) (nm) (%)
NpMI -1.3 405 42
NpDI -0.4 390 11
PMI -0.8 405 16
Nplmz -1.2 405 41
FL -1.2 440 36
FC -1.3 405 45
PZ -1.2 405 34
AQ -0.9 405 10

No photocurrent

PP -0.4 | observed 0
Ru(bpy)3 -1.3 427 25
Ir(dF-CF3-
ppy)2(dtbpy)(PFe)* -1.4 427 9
4-CzIPN -1.3 390 65
4-DPAIPN -1.6 405 98

*Iridium photocatalyst run at 1 mol % catalyst loading

B.3.4 Control Reactions
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We recognized that several of the catalysts tested herein possessed reduction potentials negative
enough to potentially drive reactivity through electrochemical mediation. These catalysts were
tested under standard reaction conditions according to general procedure C but in the absence
of irradiation. The results are summarized below:



©/NMe3I catalyst (10 mol%)
0.1 M "BusNPFg, DMF

>

RVC (+) | RVC (-)
constant potential electrolysis

—

dark
Ered (V vs. Yield

Catalyst SCE) (%)
4-DPAIPN 1.6 0
4-CzIPN 13 0
Ru(bpy)s -1.3 0
Ir(dF-CF3-

ppy)2(dtbpy)(PFe)* -1.4 0

*Iridium photocatalyst run at 1 mol % catalyst loading
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We further recognized that numerous photocatalysts tested are competent singlet/triplet manifold
photocatalysts that could potentially drive reactivity without an initial reduction event. These
catalysts were tested under the following reaction conditions:

To a 10 mL Schlenk flask was added a stir bar, N,N,N-trimethyl phenyl ammonium salt (52.6 mg,
0.2 mmol, 1 equiv.), and catalyst (0.02 mmol, 10 mol%). The flask was placed under vacuum and
backfilled with nitrogen 3 times before isopropanol (15.3 uL, 0.2 mmol, 1 equiv) and DMF (2.5
mL) was added under a positive N2 pressure. The flask was sealed under N2 and irradiated at the
optimal wavelength for each catalyst for 12 hours. The reaction was analyzed by GC analysis with
a mesitylene standard. The results are summarized below:

catalyst (10 mol%)

©/NMe3I isopropanol (1 equiv.

) H
- @(

DMF, 12 h
blue LEDs
Catalyst Wavelength (nm) Yield (%)

Pz 405 0
FL 405 0
FC 405 0
AQ 405 0
Ru(bpy)s 427 0
Ir(dF-CF3- 427 0
ppy)2(dtbpy)(PFe)*
4-CzIPN 390 0

* Iridium photocatalyst run at 1 mol % catalyst loading

The lack of reactivity observed under just irradiation confirms that reduction of all of these

catalysts to their radical anion congeners is necessary to generate a reductant potent enough to

activate phenyl trimethylammonium iodide.
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To confirm that both light and electricity are necessary for obtaining product with 4-DPAIPN both
substrate classes studied in this report were subjected to general procedure C but with systematic
exclusion of reaction components. The results are summarized below:

©/NMe3I 4-DPAIPN (10 mol%) ©/H

0.1 M "BusNPFg, DMF
RVC (+) | RVC ()

-1.6 Vvs. SCE
405 nm
Variation Yield (%)
none 96
no 4-DPAIPN <5
no irradiation <5
no irradiation, 50 °C <5
no electrolysis <5

_ QEt

O 4-DPAIPN (10 mol%) H
S - O
o)

0.1 M "BusNPFg, DMF
RVC (+) | RVC (-)

-1.6 Vvs. SCE
405 nm
Variation Yield (%)

none 79
no 4-DPAIPN <5
no irradiation <5
no irradiation, 50 <5
°C

no electrolysis <5

To confirm that reactivity observed with 4-DPAIPN was a result of the radical anion, the applied
potential was varied and the yield of the reaction measured under the same reaction conditions
according to procedure C. Under standard conditions with an applied potential of -1.6 V vs. SCE,
the reaction showed completion after 4 h. All subsequent reactions at lower potentials were also
carried out for 4 h. The results are summarized below:

©/NMe3I catalyst (10 mol%) ©/H

0.1 M "BuyNPFg, DMF
RVC (+) | RVC (-)
varied applied potential
irradiation
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Eapplied (V vs.

SCE) Yield (%)
-0.64 0
-0.94 0
-1.14 0
-1.34 0
-1.44 7
-1.54 38
-1.64 98

The potential vs. yield data collected was plotted with a cyclic voltammogram of 4-DPAIPN to
compare the potential where reactivity turns on with the onset of current on the reduction wave:

Plotting these data together reveal that conversion of starting material to product only occurs
once a potential that is reducing enough to convert 4-DPAIPN to the radical anion is applied.

All the control data taken together are consistent with the reactivity observed for
defunctionalization of trimethylanilinium resulting from excited state DPAIPN radical anion
reducing substrate.

3.7.4 Characterization of 4DPAIPN radical anion
Electro-UV-Vis Sample preparation

To the oven-dried electrochemical cell with stir bars was added "BusPFs (200 mg, 0.05 M) to
each the anode and cathode. A three-electrode setup was assembled with a RVC cathode, a
platinum sacrificial anode, and a reference cell wrapped in Teflon. The divided cell was
equipped with the electrode assembly, sealed with septa and purged with a flow of Ar for 10
minutes. While under Ar, degassed DMF (8 mL, 0.05 M) was added to the cell. In a separate
flame-dried vial, 4-DPAIPN (16 mg, 20 umol) was added then flushed vial with Ar for 5 minutes.
DMF (1 mL) was added to the vial of catalyst.
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Electrochemical reduction and UV/Vis measurements

A fiberoptic dip-probe was inserted through the septum and into the electrolyte solution. After
measuring a blank UV/Vis of the electrolyte solution, 4-DPAIPN stock solution (25 uL, 0.5 umol)
was added to the cell. A UV/Vis measurement was taken of neutral 4-DPAIPN. Finally, the
solution was electrolyzed at -1.6 V vs. SCE until the yellow solution turned black. A
measurement was taken of the solution to reveal the UV/Vis spectrum of 4-DPAIPNe-.

4-DPAIPN UV/vis

13 ‘;.. Y © 4-DPAIPN
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To confirm that the change in spectrum features was a result of formation of 4-DPAIPNe- rather
than decomposition, the above experiment was repeated followed by re-oxidation of the solution
at +0.50 V vs. SCE until current fell below 100 microamps. An additional UV-Vis spectrum was
then taken and showed complete recovery of the features present in the initial spectrum of
neutral 4-DPAIPN. The return of the spectrum features to neutral 4-DPAIPN confirms that the

changes in the spectrum observed upon electrochemical reduction are a result of reversible
formation of 4-DPAIPNe-.
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4-DPAIPN Electro-UV/Vis
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Additionally, UV-Vis spectra were collected on a reaction mixture to confirm that the same 4-
DPAIPN radical anion features are present during the course of a reaction with an arene
substrate. A standard reaction was prepared according to procedure C with phenyl
trimethylammonium iodide in the glovebox. A UV-Vis spectrum was collected of the reaction
mixture prior to electrolysis by removing a 20 microliter aliquot into an air free cuvette and
dilution to 0.5 mM. Electrolysis and irradiation were carried out on the reaction solution to 25%
conversion of substrate and an additional UV-Vis spectrum was collected with an additional 20
microliter aliquot.
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UV-Vis of Reaction Mixture
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The spectra collected revealed the presence of neutral 4-DPAIPN prior to electrolysis and
irradiation and after the solution had been electrolyzed and irradiated changes occurred in
features consistent with 4-DPAIPN radical anion. This is consistent with formation of 4-DPAIPN

radical anion during the course of the reaction to defunctionalize phenyl trimethylammonium
iodide.

EPR Measurement of 4-DPAIPN:

To the cathode of an H-type divided cell in the glovebox was added "BusNPFgs (96 mg, 0.25
mmol) and 4-DPAIPN (8 mg, 0.01 mmol). To the anode was added "BusNPF¢ (96 mg, 0.25
mmol. To the cathode and anode was added DMF (2.5 mL) and the solution was mixed until
homogeneous. A 15 microliter aliquot was removed in a capillary tube and sealed on either end.
An EPR spectrum was collected and showed no peak consistent with no unpaired electrons.

EPR Spectrum of neutral 4-DPAIPN
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The remaining solution was electrolyzed at -1.6 V vs. SCE until current dropped below 100
microamps. Another 15 microliter aliquot was collected and sealed in a capillary tube. An EPR
spectrum was collected and showed the presence of a single unpaired electron peak. This
reveals that electrochemical reduction at the E.q of 4-DPAIPN produces a radical species,
consistent with one electron reduction of the catalyst to the radical anion.
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EPR Spectrum of 4-DPAIPN e—
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Stability of 4-DPAIPN Radical Anion:

To probe the stability of the 4-DPAIPN radical anion on the timescale of a CV, five cycles of
measurements were taken in succession. The results are shown below:

5 CV scans of 4-DPAIPN
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The lack of variation with each voltammogram cycle measured is consistent with a radical anion
structure that is not decomposing under the reaction conditions on the timescale of a CV
measurement.

3.7.5 Synthesis of non-commercial substrates
B.5.1 Aryl ammonium salts
General Procedure A — aryl quaternary ammonium salt synthesis

Me
|
N< 2 equi NMezOTf
R—/ | Me MeOTf(12equnv)‘ R—/ | e30
X Et,0:DCM (1:1) X
rt, 12 h
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To a flask was added aryl amine (2.0 mmol, 1 equiv) and 50:50 Et,O:DCM (5 mL). The solution
was cooled to 0 °C and methyl trifluoromethanesulfonate (2.4 mmol, 1.2 equiv) was added
dropwise. After stirring for 1 hour, the reaction mixture was warmed to room temperature and
stirred overnight. If precipitate formed, the precipitate was collected and washed with diethyl
ether to provide pure product. If no precipitate formed, the solution was concentrated and then
washed with diethyl ether to yield pure product.

N,N,N-trimethylnaphthalen-1-aminium triflate (3)

NMe;OTf 3 was prepared according to general procedure A (2.0 mmol) to give a white
solid (584 mg, 87%). '"H NMR (400 MHz, DMSO) 5 8.63 (d, J = 8.8 Hz, 1H),
8.27 - 8.19 (m, 2H), 8.12 (d, J = 8.0 Hz, 1H), 7.81 (ddd, J = 8.7, 6.9, 1.6 Hz,
1H), 7.75 (ddd, J= 7.9, 6.8, 1.0 Hz, 1H), 7.70 (t, J = 8.1 Hz, 1H), 3.92 (s, 9H).
consistent with reported spectra (Chem. Comm., 2016, 52, 10894-10897)

&

3-methoxy-N,N,N-trimethylbenzenaminium ftriflate (4)

OMe 4 was prepared according to general procedure A (2.0 mmol) to give a white
solid (630 mg, 99%). '"H NMR (400 MHz, DMSO) & 7.56 (t, J = 8.2 Hz, 1H),
7.53—-7.47 (m, 2H), 7.21 - 7.14 (m, 1H), 3.86 (s, 3H), 3.59 (s, 9H); 3*C NMR

NMe;OTf (126 MHz, DMSO) & 165.32, 153.52, 136.15, 120.35, 117.31, 112.57, 61.62,
61.16. ; HRMS (ESI+) Calc: [M+H]" (C11H16NO) 166.2; measured: 166.1.

O

53-hydroxy-N,N,N-trimethylbenzenaminium triflate (5)

5 was prepared according to general procedure A (2.0 mmol) to give a purple

solid (183 mg, 30%). "H NMR (400 MHz, DMSOQ) & 10.26 (s, 1H), 7.42 (t, J =

8.2 Hz, 1H), 7.35 (dd, J = 8.4, 2.6 Hz, 1H), 7.28 (t, J = 2.4 Hz, 1H), 6.97 (dd, J
NMe;OTf = 8.0, 2.1 Hz, 1H), 3.55 (s, 9H). "*C NMR (126 MHz, DMSO) 5163.64,

136.06, 121.91, 115.71, 112.98, 61.52. HRMS (ESI+) Calc: [M+H]* (C1oH-
14aNO) 152.2; measured: 152.1.

e

4-(methoxycarbonyl)-N,N, N-trimethylbenzenaminium triflate (6)
0 6 was prepared according to general procedure A (2.0 mmol) to give
a white solid (645 mg, 94%). "H NMR (400 MHz, DMSO) & 8.16 (q, J
MeO = 8.6 Hz, 4H), 3.91 (s, 3H), 3.64 (s, 9H): 3C NMR (126 MHz, DMSO)
NMe,OTf © 170.12, 155.72, 136.29, 135.99, 126.58, 61.61, 57.92; HRMS
(ESI+) Calc: [M+H]* (C12H16NO2) 194.3; measured: 194.1.

4-acetyl-1-(4-hydroxyphenyl)-1-methylpiperazin-1-ium triflate (7)

HO 7 was prepared according to general procedure A (2.0 mmol) to
Me give a light pink solid (440 mg, 57%). '"H NMR (400 MHz, DMSQO) )
+r{1 10.26 (s, 1H), 7.73 (d, J = 9.2 Hz, 2H), 6.96 (d, J = 9.1 Hz, 2H), 4.29
“OTf K/N Me (t,J=15.3 Hz, 2H), 4.09 (d, J=15.5 Hz, 1H), 3.89 (dt, J = 37.5,
\[r 14.1 Hz, 3H), 3.51 (d, J = 17.4 Hz, 1H), 3.44 (s, 3H), 3.31 (d, J =
O 11.3 Hz, 1H), 2.05 (s, 3H).; *C NMR (126 MHz, DMSO) & 174.02,
163.56, 139.65, 128.07, 121.69, 66.00, 65.72, 61.55, 41.11, 26.15; HRMS (ESI+) Calc: [M+H]*
(C13H19N202) 235.3; measured: 235.1.

1-methyl-1-phenylpyrrolidin-1-ium triflate (8)
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8 was prepared according to general procedure A (2.0 mmol) to give an off-
white solid (620 mg, 99%). '"H NMR (400 MHz, DMSO) 6 7.88 (dd, J=7.7, 1.9
©_ <:| Hz, 2H), 7.64 (td, J=7.2, 6.3, 1.5 Hz, 2H), 7.61 — 7.55 (m, 1H), 4.29 (ddd, J =
mé 9.9,7.4,4.4Hz 2H), 3.93 (qd, J = 8.7, 8.0, 3.1 Hz, 2H), 3.38 (s, 3H), 2.33 —
2.12 (m, 4H). Consistent with reported spectra (J. Am. Chem. Soc., 2020, 142, 3, 1603-1613).

4-methyl-4-phenylmorpholin-4-ium triflate (9)

TOTf 9 was prepared according to general procedure A (2.0 mmol) to give a white
/_\ solid (539 mg, 82%). 'TH NMR (400 MHz, DMSO) & 7.94 (d, J = 8.1 Hz, 2H),
/\_/ 769 (t, J=7.8Hz 2H),7.62 (t, J=7.1 Hz, 1H), 4.42 — 4.29 (m, 2H), 4.07 (t, J
=12.3 Hz, 4H), 3.71 (dd, J = 13.7, 8.2 Hz, 2H), 3.52 (s, 3H). Consistent with
reported spectra (J. Org. Chem. 2018, 83, 8417-8425).

B.5.2 Aryl Phosphate Substrates

General Procedure B — aryl phosphate synthesis

_~_OH o DABCO (1.5 equiv) P O\P/OEt
R-— I + Cl—l?—OEt > R I O/, “OEt
A OEt MeCN A
rt, 4h
1.5 equiv

To a flame tried flask was added phenol substrate (1 equiv) and 1,4-diazabicyclo[2.2. 2]octane
(1.5 equiv) and the flask was placed under a nitrogen atmosphere. Acetonitrile (0.3 M) was
added to the flask and stirred for 5 minutes. Chlorodiethylphosphate (1.5 equiv) was added to
the solution dropwise and a white precipitate formed. The solution was stirred at room
temperature for 12 hours after which the solution was diluted with DCM (25 mL) and water (50
mL). The organic layer was extracted and the aqueous layer was washed with additional DCM
(2x25). The organic layers were combined and washed with brine, dried over MgSO4 and
concentrated to yield a crude oil. The crude product was purified by column chromatography on
silica gel (EtOAc:Hexanes). (procedure adapted from the literature Synlett, 2012, 23, 18, 2667-
2671).

Diethyl phenyl phosphate (12)

o. OEt 12 was prepared according to general procedure B (6.00 mmol) to give a
©/ 4 NOEt colorless oil (1.1 g, 78%). '"H NMR (400 MHz, CDCI3) & 7.33 (dd, J= 8.6, 7.2
O Hz, 2H), 7.24 - 7.19 (m, 2H), 7.16 (t, J = 7.2 Hz, 1H), 4.29 — 4.14 (m, 4H),
1.34 (id, J=7.1, 1.1 Hz, 6H). Consistent with reported spectra (Synlett. 2012,
23, 2667-2671).

methyl 4-((diethoxyphosphoryl)oxy)benzoate (13)

O. OEt 13 was prepared according to general procedure B (5.00 mmol) to
p ~OEt give a colorless oil (1.27 g, 88%). '"H NMR (400 MHz, CDCI3) 5 7.96
MeO d (d, J=8.2Hz, 2H), 7.21 (d, J = 8.3 Hz, 2H), 4.16 (h, J= 8.1, 7.7 Hz,
o 4H), 3.83 (d, J = 3.3 Hz, 3H), 1.28 (t, J = 7.1 Hz, 6H); '*C NMR (126
MHz, CDCI3) 6 166.25, 154.38, 131.56, 126.87, 119.83, 64.87,

52.16, 16.10; *'P NMR (400 MHz, CDCI3) & -6.9 ppm; HRMS (ESI+) Calc: [M+H]" (C12H1706P)
289.24; measured: 289.1.
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4-acetamidophenyl diethyl phosphate (14)

O. OEt 14 was prepared according to general procedure B (5.00 mmol) to
0 /©/ Puop; give a colorless oil (431 mg, 30%). 'H NMR (400 MHz, CDCI3) 5
Me)LN o 9.02 (s, 1H), 7.42 (d, J = 8.9 Hz, 2H), 7.04 — 6.97 (m, 2H), 4.16
H (ddd, J=8.4,7.2, 1.5 Hz, 4H), 2.06 (s, 3H), 1.34 — 1.27 (m, 7H)
Consistent with reported spectra (J. Org. Chem. 1996, 61, 7633-
7636).

diethyl (4-(trifluoromethoxy)phenyl) phosphate (15)

O OEt 15 was prepared according to general procedure B (10.0 mmol) to
/©/ Pop; 9ive acolorless ol (3.8 g, 98%). 'H NMR (400 MHz, CDCI3) 5 7.27
CF3\O o (dd, J=9.3, 1.1 Hz, 2H), 7.21 (d, J = 8.8 Hz, 2H), 4.29 — 4.19 (m,
4H), 1.38 (td, J = 7.1, 1.1 Hz, 6H); '*C NMR (126 MHz, CDCI3) &
149.10, 145.92, 122.42, 121.27, 64.78, 16.04.; "°F NMF (400 MHz, CDCI3) & -58.3 ppm ; HRMS
(ESI+) Calc: [M+H]* (C11H14F30sP) 315.20; measured: 315.0.

tert-butyl (4-((diethoxyphosphoryl)oxy)-2-methoxybenzyl)carbamate (16)

Boc,O (1 equiv) /OEt

OH . OH  general o)
NaHCO3 (3 equiv) H procedure A H ’/P\OEt
HoN > Boc’N Boc’N ©
THF:H,0 (1:1)

OMe 65 °C. 16 h OMe OMe

To a flask was added 4-(aminomethyl)-3-methoxyphenol (1.53 g, 10 mmol, 1 equiv) and sodium
bicarbonate (2.52 g, 30 mmol, 3 equiv) and the mixture was placed under a nitrogen
atmosphere. A mixture of THF:H-O (1:1 v:v) was added to the flask and the solution was cooled
to 0 °C. To the solution was added di-tert-butyl dicarbonate (2.3 mL, 2.18 g, 10 mmol, 1 equiv)
dropwise via syringe. After stirring at 0 °C for 10 minutes the solution was warmed to room
temperature and then heated to 65 °C and stirred for 16 hours. Ethyl acetate (50 mL) and water
(50 mL) was added to the mixture and the organic layer was extracted. The aqueous layer was
washed with additional EtOAc (3x20 mL). Crude product was obtained upon concentration and
used without further purification.

16 was prepared according to general procedure B (7 mmol) to give a colorless, viscous oil that
crystallized upon standing and cooling (1.39g, 37% total yield over two steps). 'TH NMR (400
MHz, CDCI3) 6 7.10 (d, J = 8.1 Hz, 1H), 6.80 (s, 1H), 6.69 (dd, J = 8.1, 2.1 Hz, 1H), 5.32 (s,
1H), 4.19 — 4.07 (m, 6H), 3.73 (s, 3H), 1.35 (s, 9H), 1.25 (t, J = 7.1 Hz, 6H); 3C NMR (126 MHz,
CDCI3) 6 155.89, 150.77, 139.17, 136.77, 121.31, 119.59, 112.02, 64.55, 55.96, 44.46, 28.40,
16.05; 3'P NMR (400 MHz, CDCI3) & -6.02 ppm; HRMS (ESI+) Calc: [M+H]* (C17H2sNO-P)
390.38; measured: 390.2

4-(1H-imidazol-1-yl)phenyl diethyl phosphate (17)

N 17 was prepared according to general procedure B (5.0 mmol) to give

@ a yellow oil (1.04 g, 70%). "H NMR (400 MHz, CDCI3) 5 7.87 (s, 1H),
\©\ O, ogt 7-42-7.33(m, 4H), 7.27 —7.20 (m, 2H), 4.26 (dqd, J = 10.3, 7.1, 2.0

\

oR Hz, 4H), 1.39 (td, J = 7.1, 1.1 Hz, 6H); *C NMR 5 149.85, 135.69,
OEt
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134.32, 130.56, 122.98, 121.46, 118.44, 64.85, 16.08; 3'P NMR (400 MHz, CDCI3) & -6.3 ppm;
HRMS (ESI+) Calc: [M+H]* (C13H17NO4P) 297.26; measured: 297.1

4-(2-(dimethylamino)-1-(1-hydroxycyclohexyl)ethyl)phenyl diethyl phosphate (18)

| 18 was prepared according to general procedure B (1.9 mmol) to

NG give a colorless, viscous oil (194 mg, 64%). '"H NMR (400 MHz,
OH CDCI3) 5 7.10 — 6.99 (m, 4H), 4.15 (p, J = 7.3 Hz, 4H), 3.29 (s,
Q _ort 1H), 2.96 (d, J=11.5Hz, 1H), 2.30 (s, 6H), 1.71 - 1.55 (m, 3H),
oR 1.48 (m, 3H), 1.29 (t, J= 7.0 Hz, 6H), 1.18 (q, J = 9.2, 8.3 Hz, 2H),

OEt  0.96 —0.71 (m, 3H); '3C NMR (126 MHz, CDCI3) 5 149.44, 137.41,
130.38, 119.40, 74.11, 64.54, 61.03, 51.89, 45.48, 38.11, 31.17, 25.97, 21.58, 21.30, 16.12; 3'P
NMR (400 MHz, CDCI3) 6 -6.2 ppm; HRMS (ESI+) Calc: [M+H]* (C20H34NOsP) 400.47;
measured: 400.2

4-(4-acetylpiperazin-1-yl)phenyl diethyl phosphate (19)

(@) 19 was prepared according to general procedure B (3.1 mmol)
)L to give a pink oil (720 mg, 65%). 'TH NMR (400 MHz, CDCI3) &
Me N/\ 7.07 (d, J=9.1 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 4.13 (dqd, J

(N o = 8.0, 7.1, 2.7 Hz, 4H), 3.74 — 3.67 (m, 2H), 3.55 (t, J = 5.0 Hz,
\©\ "R Ot 2H), 3.04 (dt, J = 13.3, 5.1 Hz, 4'H), 2.07 (s, 3H), 1.28 (t, J =

0" OEt 7.1 Hz, 6H)."3C NMR (126 MHz, CDCI3) 5 169.01, 148.34,

144.60, 120.71, 117.99, 64.48, 50.32, 49.94, 46.24, 41.35,
21.33, 16.09; *'P NMR (400 MHz, CDCI3) & -5.78 ppm; HRMS (ESI+) Calc: [M+H]* (C1eH-

2sN205P) 357.36; measured: 357.1.
3.7.6 Defunctionalization Reactions
General Procedure C — Defunctionalization

An oven dried, H-type divided cell with a glass frit was equipped with stir bars and arene
substrate (0.2 mmol), 4-DPAIPN (0.02 mmol, 0.1 equiv., 15.9 mg), and "BusPF¢ (0.25 mmol, 97
mg) were added to the cathodic chamber while "BusPF¢ (0.25 mmol, 97 mg) was added to the
anodic chamber. A three-electrode setup was assembled with a RVC cathode and anode and a
reference cell wrapped in Teflon. The divided cell was equipped with the electrode assembly,
sealed with septa and purged with a flow of N3 for 10 minutes (inlet needle in the anode, outlet
needle in the cathode). To the anode and then cathode was added DMF (2.5 mL) and
triethylamine (220uL, 1.6 mmol, 4 equiv) was added to the anode. Electrodes were connected to
a WaveNow potentiostat and electrolyzed at -1.6 V vs. SCE and irradiated with HepatoChem
405 nm LEDs for 12 hours. Temperature was maintained by electric fans cooling.

For GC analyses: Mesitylene (18uL, 0.13 mmol) was added to crude reaction mixture and a 0.2
mL aliquot was removed. The aliquot was diluted with diethyl ether (2 mL) and electrolyte was
filtered off through a silica pipette plug and the plug was rinsed with additional diethyl ether (1.0
mL). This ether solution (1 pyL) was injected on a GC for analysis.

For NMR analyses: The crude reaction mixture was poured into 10% LiCl aqueous solution
(100 mL) and extracted with EtOAc (3x75mL). The organic layers were combined, washed with
brine and dried over MgSOs4. The crude reaction mixture was concentrated and
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dibromomethane (7L, 0.1 mmol) was added. An NMR spectrum in CDCI; was obtained of the
mixture to gain an analytic yield.

Aryl ammonium defunctionalization:

N,N,N-trimethylbenzenaminium (1)
1 was defunctionalized according to general procedure
> C and 98% yield was obtained by GC analysis.
NMe3

N,N,N-trimethylnaphthalen-1-aminium (3)

NMe 3 was defunctionalized according to general
3 procedure C and 95% yield was obtained by GC

“ “ anaIySIS

3-methoxy-N,N,N-trimethylbenzenaminium (4)

MeO NMe; MeO H 4 was defunctionalized according to general
3 procedure C and >98% yield was obtained by
GC analysis.

3-hydroxy-N,N,N-trimethylbenzenaminium (5)

OH OH 5 was defunctionalized according to general procedure

© > C and 80% yield was obtained by GC analysis.
NMe3 H
4-(methoxycarbonyl)-N,N, N-trimethylbenzenaminium (6)
0 0 6 was defunctionalized according to

M general procedure C with the following

€0 . > MeO deviations: electrolyte loading was

NMes increased to 0.5 M TBAPFs and MgCIO4

(45 mg, 0.2 mmol, 1 equiv.) was added to
the cathode. 51% yield was obtained by GC analysis.

4-acetyl-1-(4-hydroxyphenyl)-1-methylpiperazin-1-ium (7)

O .
Me HO Me<
lll{\| * NK/)\I Me
K,N Me H T
bl 0
O
7 was defunctionalized according to general procedure C with the following deviations:

electrolysis was halted once 28 coulombs of charge had been passed through the system (< 12
h). 54% yield was obtained by GC analysis of the phenol product.
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1-methyl-1-phenylpyrrolidin-1-ium (8)

O —= Orv -+

8 was defunctionalized according to general procedure C and 84% yield was obtained by GC
analysis of the benzene product.

4-methyl-4-phenylmorpholin-4-ium (9)

O+ —— OvwS
IN_/

9 was defunctionalized according to general procedure C and 83% yield was obtained by GC
analysis of the benzene product.

1-phenyl-1-propylpyrrolidin-1-ium (10)

I/\/ (5 equiv)
A - (D
MeCN, reflux §

1-phenyl-1-propylpyrrolidin-1-ium was prepared according to the following procedure adapted
from the literature (Med. Chem. 2015, 11, 1, 21-29). To a dried round bottom flask was added
N-methyl pyrrolidine (552 pL, 3.0 mmol, 1 equiv) and 1-iodopropane (1.47 mL, 15.0 mmol, 5
equiv) in acetonitrile (5 mL) and heated at reflux for 24 hours. The solution was cooled to room
temperature and diethyl ether (20 mL) was added to the solution and precipitate was filtered,
washed with ether and dried to yield pure product as an off white solid (714 mg, 75%). '"H NMR
(400 MHz, DMSO) &6 7.88 — 7.82 (m, 2H), 7.67 — 7.56 (m, 3H), 4.26 — 4.16 (m, 2H), 4.03 (q, J =
5.7 Hz, 2H), 3.69 — 3.59 (m, 2H), 2.23 (d, J = 7.4 Hz, 2H), 2.05 (s, 2H), 1.33 — 1.19 (m, 2H),
0.77 (t, J = 7.3 Hz, 3H). *C NMR (126 MHz, DMSO) & 143.71, 130.58, 122.66, 65.92, 64.00,
20.59, 17.26, 10.68; HRMS (ESI+) Calc: [M+H]* (C13H20N) 190.3; measured: 190.1

@g@ —

10 was defunctionalized according to general procedure C with the following deviations:
electrolyte was changed from 0.1 M TBAPFgto 0.1 M LiCIO4 to improve visualization of the
product by NMR and electrolysis was halted after 25 C had been passed through the system (3
hours). 67% yield was obtained by NMR analysis of the crude reaction mixture. Signals were
consistent with reported spectra (J. Am. Chem. Soc. 2015, 137, 40, 12796-12799).
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Aryl phosphate defunctionalizations:
diethyl phenyl phosphate (12)

12 was defunctionalized according to general
procedure C and 79% yield was obtained by GC
OP(O)(OEt),

H analysis.
methyl 4-((diethoxyphosphoryl)oxy)benzoate (13)

o) 0 13 was defunctionalized according to

MeG general procedure C and 21% vyield
MeO > © was obtained by GC analysis. Yield
OP(0) H was improved to 46% by using the

(OEt),
following deviations in reaction
conditions: catalyst loading was decreased to 5 mol% (7.9 mg, 0.01 mmol) and MgClO4 (45.0
mg, 0.2 mmol, 1 equiv.) was added to the cathode.

4-acetamidophenyl diethyl phosphate (14)

H H 14 was defunctionalized according to
\n/N\© _— \n/N\© general procedure C and 28% vyield
0O 0O was obtained by NMR analysis of the
OP(O)(OEt), H crude reaction mixture. Yield was
improved to 82% by using the following deviations in reaction conditions: electrolyte loading was
increased to 0.5 M TBAPFs and magnesium perchlorate, MgCIlO4 (44 mg, 0.2 mmol, 1 equiv)
was added to the cathode.

diethyl (4-(trifluoromethoxy)phenyl) phosphate (15)

general procedure C and 73% yield was
H obtained by NMR analysis (NMR standard
used was 0.13 mmol Mesitylene (18 uL)).

CF30 CF3O\(:| 15 was defunctionalized according to

OP(O)(OEt),

tert-butyl (4-((diethoxyphosphoryl)oxy)-3-methoxybenzyl)carbamate (16)

Boc< Boc< 16 was defunctionalized
H — > ” according to general procedure
OP(O)(OEt), H C and 30% yield was obtained
OMe OMe by NMR analysis of the reaction
mixture after addition to 10%
LiCl in water and extraction with DCM and purification by column chromatography. Yield was

improved to 68% by using the following deviations in reaction conditions: the applied potential
was lowered to -1.55 V vs. SCE for the course of the reaction.

4-(1H-imidazol-1-yl)phenyl diethyl phosphate (17)

N= N— 17 was defunctionalized according to
= = )

Q\/N - &,N general procedure C and 97% yield
Q,

was obtained by NMR analysis of the
OP(O)(OEt),
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crude reaction mixture after addition to 10% LiCl in water and extraction with diethyl ether.
diethyl (4-( 1-(1 -hydroxycyclohexyl)-2—(trimethyl—l4-azaneyl)ethyl)phenyl) phosphate (18)

18 was defunctionalized

according to general

procedure C and 59% yield

was obtained by NMR
J(OEY), analysis of the crude

reaction mixture.
4-(4-acetylpiperazin-1-yl)phenyl diethyl phosphate (19)

(0] 19 was defunctionalized

/lOL /U\N /\l according to general

procedure C except with 81.0

N
|\/)\1 —_— I\/N mg (0.227 mmol) of 19 and
\© 80% vyield was obtained by
OP(O)(OEt)2 H NMR.analysis of the crude
reaction mixture.

Direct Electrolysis Comparisons:

We recognized that direct electrolysis is a viable method for reductively defunctionalizing
molecules. We hypothesized that under the extreme potentials required to activate many of the
substrates studied herein, functional group tolerance and molecule integrity would be
compromised. To investigate this hypothesis and gain insight into the chemoselectivity gained
through using electron-primed photoredox catalysis, we carried out direct electrolysis reactions
on several substrates bearing more sensitive functional groups under the following conditions:

05M nBU4NPF6
O. ,OEt DMF

H
X P - X
|, _J & oEt O
Y 10 mA, 3 F/mol WP

R R

An oven dried, H-type divided cell with a glass frit was equipped with stir bars and arene
substrate (0.2 mmol) and "BusPFs (1.25 mmol, 484 mg) were added into the cathodic chamber
while "BusPFs (1.25 mmol, 484 mg) was added to the anodic chamber. An electrode setup was
assembled with RVC on stainless steel cathode and anode. The divided cell was equipped with
the electrode assembly, sealed with septa and purged with a flow of N2 for 10 minutes (inlet
needle in the anode, outlet needle in the cathode). DMF (2.5 mL) was added to the cathode and
triethylamine (220uL, 1.6 mmol, 4 equiv.) and DMF (2.5 mL) was added to the anode.
Electrodes were connected to a Doctor Meter and electrolyzed at a constant current of 10 mA
for 1.6 hours for a total of 3 F/mol. The cathode solution was added to 10% LiCl (aq) solution
(100 mL) and extracted with Et2O (3x60mL) and EtOAc (50 mL). The ether layers were
combined, dried with brine and MgSO., and filtered. The EtOAc was also dried and added to the
ether layers after filtration. Product mixtures were analyzed by crude reaction mixture and
identifiable products were isolated by column chromatography.

The results are summarized below:
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Substrate Yield (%) RSM (%)
Boc<

N

H/\Q\ 8 16

OP(O)(OEt)»
OMe

P

N

I\/)\I\Q\ 20 31

OP(0)(OEt),
OP(O)(OEt),
MeO N/\I 36 10
O

While these experiments revealed that product could be obtained via direct electrolysis, the
yield is significantly reduced compared to the yield obtained through electron-primed photoredox
catalysis. Furthermore, high conversion of the starting material was observed leading to a
product mixture of unidentifiable byproducts and poor mass balance. We concluded that direct
electrolysis can achieve the reduction potentials required to defunctionalize difficult substrates,
however, chemoselectivity and functional group tolerance is drastically diminished compared to
defunctionalization by electron-primed photoredox catalysis.

3.7.7 Gas Chromatography Calibrations

Mesitylene:Benzene calibration

GC ratio (std:analyte)
o N ~ (o)) (0]

0

y = 1.5506x
R?=0.9997 ®

molaryatio (std:anajyte)

Mesitylene:Anisole Calibration

GC ratio (std:analyte)

.9
y = 1.435x - 0.0063 e
R2=0.9999 .-

2 4
molar ratio (std:analyte)

GC ratio (std:analyte)

o

N H )]

o

GC ratio (std:analyte)

o

Mesitylene:Phenol Calibration

y = 1.5488x + 0.0439 i J

R?=0.9997

molar ratio (std:analyte)

Mesitylene:4-Chlorobiphenyl

calibration

y =0.7655x-0.0121 PY
R?=0.9998

2 4
molar ratio (std:analyte)
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Mesitylene: Naphthalene Mesitylene:Methyl Benzoate
— Calibration 6
g6 = |y=10587x+02809 .- e
© y =0.7501x + 0.1278 54 R?=09933 .7
c 4 2 ..Q =% e
© R2=0.9992 .- e
B e © e
L2 | e T2 | e
ke W T 2 .o
- 2 d
G 0 2 4 6 [
1G] S 0 2. 4 6
molar ratio (std:analyte) 1G] molar ratio (std:analyte)

3.7.8 Reaction Progress Kinetics Analysis

Starting and ending mmol quantities for 4-chlorobiphenyl were obtained by GC analysis relative
to internal mesitylene standard.

Reaction equipment included a 10 mL H-type cell with septa and carbon felt (1 mm x 7 mm x 6
mm) cathode supported by a platinum spike secured into a glass rod through the cathodic
septum to create a rigid setup with reproducible electrode placement. Anodic electrode was
constructed of carbon felt (1 cm x 1 cm x 6 mm) supported by a steel wire through the anodic
septum.

A standard reference cell was used wrapped in Teflon tape and then Teflon taped to the
cathode glass rod such that the frit of the reference electrode was level with the top of the
cathode carbon felt electrode. A rigid placement and regular spatial setup between the working
electrode and reference electrode was found to be crucial for obtaining reproducible rate data.
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Data transformation process:

Cl 4-DPAIPN (10 mol%) H
g - L
O 0.5 M LiCIO4, DMF O
carbon felt (-) | carbon felt (+)

-1.6 V vs. SCE
405 nm

Current vs. time data for the above reaction was exported from the potentiostat computer as an
excel file. The following data transformations were done to the data set:

1. Current values were transformed into mol/s by dividing by Faraday’s constant (96485.33
C/mol)

2. Mol/s rate data was transformed into positive values via the absolute value function and
then converted to Molarity/s by dividing by the reaction volume
3. Moles of ArCl consumed at a given time point was found by using a trapezoid integration
method between two consecutive data points according to the equation:
(the1-tn) * (Rn + Rnsq) )
2
where t = time (s) and R = rate (mol/s).

((tn+1 'tn)*Rn+1) + (
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4. Moles of ArCl remaining in the reaction solution at time t was found by subtracting the
instantaneous ArCl moles consumed at time t (divided by a scalar correction factor to
account for imperfect faradaic efficiency) from the moles of ArCl remaining at the
preceding time point according to the equation:

(th+1-tn) * (R + Rpsy) )

((tn+1 - t)"Rneq) + <
2

(ArClymo at tneq) =

Correction factor x

where t = time (s) and R = rate (mol/s).

5. Moles of ArCl at time t was converted to [ArCl] (M) at time t by divided by the reaction
volume.

6. Rate (M/s) values were corrected to account for imperfect faradaic efficiency by dividing
by a correction factor.

7. Corrected [ArCl] (M) was plotted against corrected Rate (M/s) to observe and compare
kinetic rate data

Finding Scalar Correction Factor:

A scalar correction factor for each data set was applied to ArCl (mol) at time t and Rate (M/s)
data points to account for imperfect faradaic efficiency.

The raw data was transformed as stated above and ArCl (mol) at time t [column G, below] was
plotted against time (s) [column A, below] and the correction factor was found by adjusting the
scalar value until the terminal data point on the ArCl (mol) vs. time (s) matched the remaining
ArCl mol measured by GC at the end of the reaction.

mol ArCl vs. time with a correction factor of 1.7

4.5E-04
4.0E-04

3.5E-04
Mol of ArCl

measured at the
end of the reaction
=0 mol.

3.0E-04
2.5E-04
2.0E-04
1.5E-04

ArCl (mol)

1.0E-04
5.0E-05

0.0E+00
_5.0E-05 0 5000 10000 15000 20000 25000 30000 35000 40000 45000
time (s)



Representative data set transformation:

A

time (s)

859.57
1074.57
1289.57
1504.57
1719.57
1934.57
2149.57
2364.57
2579.57
2794.57
3009.57
3224.57
3439.57
3654.57
3869.57
4084.57
4299.57
4514.57
4729.57
4944 .57
5159.57
5374.57
5589.57
5804.57
6019.57
6234.57
6449.57
6664.57
6879.57
7094.57
7309.57
7524.57
7739.57
7954.57
8169.57
8384.57

B

current
(A)

-0.0002
-0.0077
-0.0086
-0.0084
-0.0085

-0.008
-0.0078
-0.0075
-0.0073

-0.007
-0.0067
-0.0063
-0.0061
-0.0064
-0.0059
-0.0057
-0.0055
-0.0054
-0.0052

-0.005
-0.0048
-0.0047
-0.0043
-0.0042

-0.004
-0.0041
-0.0039
-0.0038
-0.0038
-0.0038
-0.0034
-0.0036
-0.0033
-0.0032
-0.0032
-0.0031

C

Conversion
Rate (mol/s)
[B2/96485.33]

-2.5E-09
-8.0E-08
-9.0E-08
-8.7E-08
-8.8E-08
-8.3E-08
-8.1E-08
-7.8E-08
-7.6E-08
-7.2E-08
-7.0E-08
-6.5E-08
-6.3E-08
-6.7E-08
-6.1E-08
-6.0E-08
-5.7E-08
-5.6E-08
-5.4E-08
-5.1E-08
-5.0E-08
-4.8E-08
-4.4E-08
-4.3E-08
-4.1E-08
-4.2E-08
-4.1E-08
-3.9E-08
-4.0E-08
-3.9E-08
-3.5E-08
-3.8E-08
-3.4E-08
-3.4E-08
-3.3E-08
-3.2E-08

D

Absolute
value of
Rate (mol/s)
[Abs(C2)]

2.5E-09
8.0E-08
9.0E-08
8.7E-08
8.8E-08
8.3E-08
8.1E-08
7.8E-08
7.6E-08
7.2E-08
7.0E-08
6.5E-08
6.3E-08
6.7E-08
6.1E-08
6.0E-08
5.7E-08
5.6E-08
5.4E-08
5.1E-08
5.0E-08
4.8E-08
4.4E-08
4.3E-08
4.1E-08
4.2E-08
4.1E-08
3.9E-08
4.0E-08
3.9E-08
3.5E-08
3.8E-08
3.4E-08
3.4E-08
3.3E-08
3.2E-08

E

Rate (M/s)
[D2/0.005]

5.1E-07
1.6E-05
1.8E-05
1.7E-05
1.8E-05
1.7E-05
1.6E-05
1.6E-05
1.5E-05
1.4E-05
1.4E-05
1.3E-05
1.3E-05
1.3E-05
1.2E-05
1.2E-05
1.1E-05
1.1E-05
1.1E-05
1.0E-05
1.0E-05
9.7E-06
8.8E-06
8.7E-06
8.3E-06
8.4E-06
8.1E-06
7.9E-06
8.0E-06
7.9E-06
7.1E-06
7.5E-06
6.8E-06
6.7E-06
6.6E-06
6.3E-06

F

ArCl (mol) consumed at
time t
[((A3-A2)*D30)+(((A3-
A2)*(D2-D3))/2)]

8.9E-06
1.8E-05
1.9E-05
1.9E-05
1.8E-05
1.8E-05
1.7E-05
1.7E-05
1.6E-05
1.5E-05
1.4E-05
1.4E-05
1.4E-05
1.4E-05
1.3E-05
1.3E-05
1.2E-05
1.2E-05
1.1E-05
1.1E-05
1.1E-05
1.0E-05
9.4E-06
9.1E-06
9.0E-06
8.9E-06
8.6E-06
8.5E-06
8.5E-06
8.0E-06
7.9E-06
7.7E-06
7.3E-06
7.2E-06
7.0E-06
6.8E-06

G

ArCl at t (mol)
[G2-(F3/(faradaic
efficiency
correction factor))]

4.0E-04
3.9E-04
3.8E-04
3.7E-04
3.6E-04
3.5E-04
3.4E-04
3.3E-04
3.2E-04
3.1E-04
3.0E-04
2.9E-04
2.8E-04
2.7E-04
2.7E-04
2.6E-04
2.5E-04
2.5E-04
2.4E-04
2.3E-04
2.3E-04
2.2E-04
2.2E-04
2.1E-04
2.0E-04
2.0E-04
1.9E-04
1.9E-04
1.8E-04
1.8E-04
1.7E-04
1.7E-04
1.7E-04
1.6E-04
1.6E-04
1.5E-04

H

[ArCI] (M)
att
[G2/0.005]

8.0E-02
7.8E-02
7.6E-02
7.3E-02
7.1E-02
6.9E-02
6.7E-02
6.5E-02
6.3E-02
6.2E-02
6.0E-02
5.8E-02
5.7E-02
5.5E-02
5.3E-02
5.2E-02
5.1E-02
4.9E-02
4.8E-02
4.7E-02
4.5E-02
4.4E-02
4.3E-02
4.2E-02
4.1E-02
4.0E-02
3.9E-02
3.8E-02
3.7E-02
3.6E-02
3.5E-02
3.4E-02
3.3E-02
3.2E-02
3.2E-02
3.1E-02
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|
M/s corrected
[E2/faradaic
efficiency
correction
factor]

3.0E-07
9.4E-06
1.1E-05
1.0E-05
1.0E-05
9.8E-06
9.5E-06
9.2E-06
8.9E-06
8.5E-06
8.2E-06
7.6E-06
7.4E-06
7.8E-06
7.2E-06
7.0E-06
6.7E-06
6.6E-06
6.4E-06
6.1E-06
5.9E-06
5.7E-06
5.2E-06
5.1E-06
4.9E-06
5.0E-06
4.8E-06
4.6E-06
4.7E-06
4.6E-06
4.2E-06
4.4E-06
4.0E-06
3.9E-06
3.9E-06
3.7E-06
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Calibrating in situ current monitoring by GC aliquots (validating scalar correction method)

A flame dried large H-cell was equipped with stir bars and lithium perchlorate (266 mg, 2.5
mmol) was added to the anode and cathode chambers. 4-chlorobiphenyl (75.5 mg, 0.40 mmol),
4-DPAIPN (31.9 mg, 0.04 mmol) and mesitylene (18 pL, 0.13 mmol) were added to the cathode.
The cell was equipped with a three electrode setup and purged with a balloon of argon.
Freeze/pump/thawed DMF (5.0 mL) was added to the cathode chamber with a reusable glass
syringe at the same time as DMF (5.0 mL) was added to the anode under an argon atmosphere.
Triethylamine (300 pL) was added to the anode. The reaction was electrolyzed at -1.6 V vs.
SCE in the dark and with an aluminum foil shield until current magnitude decreased > -200 pA
after which the aluminum foil shield was removed and the reaction was irradiated at 405 nm for
12 hours. Aliquots (20 uL) were removed for GC analysis at t = 0 min, 25 min, 60 min, 143 min,
268 min, 404 min, and after the reaction was terminated.

The current data was transformed as described above and ArCl (mol) at time t was plotted
against time (s). The conversion measured at various timepoints by GC was plotted over the
theoretical conversion data. By applying a scalar correction factor of 2.0 to each data point of
ArCl (mol) at time t as determined by current passed, the two data sets overlayed. This
confirmed that faradaic efficiency was imperfect but constant throughout the reaction course
and that by applying a correction factor to each data set gathered via potentiostat, current could
be used as a proportional measurement of conversion over time.

Theoretical conversion vs. Measured conversion

0.0005
0.00045
0.0004

_0.00035 Scalar correction of
S 0.0003 .
E ——— @ conversion 2.0 app“ed to
c U o by current conversion values
s o
measured b

0.00015 conversion t y

0.0001 by GC curren

0.00005

0
0 10000 20000 30000 40000 50000

time (s)

This also confirmed that a unique correction factor could be found for each reaction profile
without needing timepoints throughout by measuring ArCl by GC after the reaction was
terminated and applying a value that made the ending ArCl (mol) according to current passed
overlap with ArCl (mol) measured by GC.

Reproducibility of the assay:

A flame dried large H-cell was equipped with stir bars and lithium perchlorate (266 mg, 2.5
mmol) was added to the anode and cathode chambers. 4-chlorobiphenyl (75.5 mg, 0.40 mmol),
4-DPAIPN (31.9 mg, 0.04 mmol) and mesitylene (18 pL, 0.13 mmol) was added to the cathode.
The cell was equipped with a three electrode setup and purged with a balloon of argon.
Freeze/pump/thawed DMF (5.0 mL) was added to the cathode chamber with a reusable glass
syringe at the same time as DMF (5.0 mL) was added to the anode under an argon atmosphere.
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Triethylamine (300 pL) was added to the anode. The reaction was electrolyzed at -1.6 V vs.
SCE in the dark and with an aluminum foil shield until current magnitude decreased > -200 pA
after which the aluminum foil shield was removed and the reaction was irradiated at 405 nm for
12 hours. After 12 hours GC analysis showed complete conversion of 4-chlorobiphenyl.

Altering electrolyte identity to lithium perchlorate as well as increasing electrolyte concentration
significantly improved reproducibility of current traces of both 4-DPAIPN and NpMI with little to
no impact on substrate conversion or product yield.

Two additional trials of this reaction were carried out and the rate data for all three trials were
transformed as stated above and compared to assess reproducibility of the developed assay:

0.000012 Assay Reproducibility

0.00001
z 0.000008 );)‘

% 0.000006 ./“’

at
N\

© 0.000004 . e Trial 1
o Trial 3
0.000002 o Trial 2
0 ¢ :
0 0.02 0.04 0.06 0.08 0.1
[ArCl] (M)

Reaction assay was found to be suitably reproducible.
Same Excess Experiment for 4DPAIPN

Stock solution A — A 4.0 M solution of 4-Chlorobiphenyl in DMF was prepared in a 1 mL
volumetric flask

Stock solution B — 0.008 M 4DPAIPN, 0.5 M LiCIO4 in DMF was prepared in a 25 mL volumetric
flask and transferred to a schlenk tube and degassed by 3 freeze/pump/thaw cycles and stored
wrapped in tin foil.

General Procedure D: A flame dried large H-cell was equipped with stir bars and lithium
perchlorate (266 mg, 2.5 mmol) was added to the anode chamber and an appropriate stock
solution (see experiment details below) was added to the cathode. The cell was equipped with a
three electrode setup and purged with a balloon of argon. Stock solution B (5.0 mL) was added
to the cathode chamber with a reusable glass syringe at the same time as DMF (5.0 mL) was
added to the anode under an argon atmosphere. Triethylamine (300 uL) was added to the
anode. The reaction was electrolyzed at -1.6 V vs. SCE in the dark and with an aluminum foil
shield until current magnitude decreased > -200 pA after which the aluminum foil shield was
removed and the reaction was irradiated at 405 nm for 12 hours. Temperature was maintained
by electric fans cooling. After 12 hours GC analysis showed complete conversion of 4-
chlorobiphenyl.

Experiment 1 [ArCI] = 0.08 M — 100 L of stock solution A, carried out according to general
procedure D
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Experiment 2 [ArCI] = 0.052 M — 60 uL of stock solution A, carried out according to general
procedure D

Experiment 3 [ArCl] = 0.052 M — 60 uL of stock solution A and biphenyl (21.6 mg, 0.14 mmol),
carried out according to general procedure D

Ending ArCl Correction
Experiment (mmol) factor
1 0 1.72
2 0 2.2
3 0 2.08

The [ArCl] vs. Rate data for all three experiments were overlayed:

45 4-DPAIPN Same Excess Experiment

30

15

Conversion Rate of ArClI
(mM/h)

0 20 40 60 80
[ArCI] (mM)

Perfectly overlapping traces indicates that the same amount of catalyst is active at a given
concentration regardless of how many turnovers have taken place previously and it reveals that
there is no catalyst decomposition taking place over the course of the reaction. A lack of overlay
between rate traces from different starting concentrations suggests that there are different
amounts of catalyst present at the same concentration despite both reactions starting with the
same moles of catalyst. A different amount of active catalyst suggests that there is consumption

of the catalyst throughout the reaction either through decomposition or through inhibitory effects
from the formation of product.

In the above experiment, when substrate concentration is varied between standard reaction
conditions (0.08 M) and a lower starting concentration (0.052 M) overlay of the rate profiles is
very close. This suggests that there is some minor catalyst inhibition occurring in the reaction.
When the profile for experiment three is compared to the previous two profiles, it does not
overlap with experiment 1 indicating that the presence of product is not inhibiting the catalyst
and that the lack of overlay is occurring due to minor catalyst decomposition.
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Different Excess Experiment for 4DPAIPN

Experiment 4 [ArCI] = 0.10 M — 125 uL of stock solution A, carried out according to general
procedure D

Experiment 5 [ArCI] = 0.08 M — 100 uL of stock solution A, carried out according to general
procedure D

Experiment 6 [ArCl] = 0.0562 M — 60 uL of stock solution A, carried out according to general
procedure D

Ending ArCl Correction
Experiment (mmol) factor
4 0 1.72
5 0 2.2
6 0 1.55

The [ArCl] vs. Rate data (obtained and transformed as described above) for all three
experiments were overlayed:

50 4-DPAIPN Different Excess
T 4
< 4
(@]
c 35
‘% < 30
—
g S 25
§ \g 20 B Exp 4
s 15 < Exp5
g 10 < Exp 6
& 5

0

0 20 40 60 80 100 120
[ArCl] (mM)

The nearly linear nature of the traces when plotted according to [ArCI] as well as the closeness
to overlaying is consistent with minor catalyst decomposition and the reaction being first order in
aryl chloride substrate.

Same Excess Experiment for NpMI:

Stock solution C —0.008 M NpMI, 0.5 M LiCIO4 in DMF was prepared in a 25 mL volumetric
flask and transferred to a schlenk tube and degassed by 3 freeze/pump/thaw cycles and stored
wrapped in tin foil.

General Procedure E: A flame dried large H-cell was equipped with stir bars and lithium
perchlorate (266 mg, 2.5 mmol) was added to the anode chamber and an appropriate stock
solution (see experiment details below) was added to the cathode. The cell was equipped with a
three electrode setup and purged with a balloon of argon. Stock solution C (5.0 mL) was added
to the cathode chamber with a reusable glass syringe at the same time as DMF (5.0 mL) was
added to the anode under an argon atmosphere. Triethylamine (300 uL) was added to the
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anode. The reaction was electrolyzed at -1.3 V vs. SCE in the dark and with an aluminum foil
shield until current magnitude decreased > -200 pA after which the aluminum foil shield was
removed and the cathode was irradiated at 405 nm for 12 hours. Temperature was maintained
by electric fan cooling. After 12 hours GC analysis showed incomplete consumption of ArCl
however current had dropped to a negligible rate so electrolysis was stopped.

Experiment 7 [ArCI] = 0.08 M — 100 uL of stock solution A, carried out according to general
procedure E

Experiment 8 [ArCl] = 0.052 M — 60 uL of stock solution A, carried out according to general
procedure E

Experiment 9 [ArCl] = 0.052 M — 60 uL of stock solution A and biphenyl (21.6 mg, 0.14 mmol),
carried out according to general procedure E.

Ending ArCI Correction
Experiment (mmol) factor
7 0.117 0.8
8 0.045 0.95
9 0.042 0.8

The [ArCl] vs. Rate data (obtained and transformed as described above) for all three
experiments were overlayed:

_ 80 NpMI Same Excess
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[ArCI] (mM)

The lack of overlay observed between standard reaction conditions (0.08 M) and lower starting
material concentration (0.052 M) indicates that there is a severe amount of catalyst death
occurring in the reaction. Since adding biphenyl in to a reaction with a lower starting ArCl
concentration does not restore overlay with standard reaction conditions, catalyst deactivation is
occurring due to decomposition and not from inhibition by biphenyl.

The reaction rate profile obtained for NpMI was unusual and to confirm that it was reproducible
and a result of NpMI’s reactivity and not due to an error in electrochemical setup, replicate
reactions were carried out to confirm the observed behavior’'s reproducibility. The unusual
reaction profile shape was found to be reproducible.
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NpMI Rate Behavior Reproducibility
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The absence of overlay observed for the NpMI substrate is significantly more pronounced than
what was observed for 4-DPAIPN suggesting that catalyst death and decomposition is a much
more inhibitory problem for NPMI than for 4-DPAIPN. This increased proneness to
decomposition could explain why reactivity with a challenging anilinium substrate was moderate
for NpMI.

3.7.9 Syntheses using phenol as a traceless directing group

EtO< //
OH 'BuOH C|p )(OEY), EtO 4-DPAIPN
MeO OMe MesoaH MeO DABCO MeO OMe 0.1 M "BusPFg MeO OMe
R
5o°c 3h MeCN rt DMF
rt, 12 h 24 h -1.6 V vs SCE
405 nm

20

To a round bottom flask was added 2,6-dimethoxyphenol (1.54 g, 10.0 mmol, 1 equiv), tert-
butanol (949 L, 10.0 mmol, 1 equiv) and methane sulfonic acid (2 mL). The reaction mixture
was stirred at 50 °C for three hours after which the reaction was cooled to room temperature
and stirred overnight. The reaction mixture was poured into ice water and extracted with
dichloromethane (3x50 mL). The organic layers were combined and washed with brine and
dried over MgSO.. Solvent was removed in vacuo and the crude reaction mixture to yield crude
product as a yellow oil. The crude product mixture was purified by column chromatography to
yield a colorless oil (1.73 g, 82%). '"H NMR (400 MHz, CDCI3) 5 6.63 (s, 2H), 5.39 (s, 1H), 3.92
(s, 6H), 1.33 (s, 9H), consistent with reported spectra (J. Org. Chem. 1982, 47, 8, 1576-1578).

Aryl phosphate was obtained according to general procedure B with 1.73 g (8.2 mmol) phenol
limiting reagent. Product was a white solid (2.48 g, 87%). '"H NMR (400 MHz, CDCI3) 56.61 (s,
2H), 4.33 (p, J = 7.2 Hz, 4H), 3.88 (s, 6H), 1.41 (t, J = 7.0 Hz, 6H), 1.32 (s, 8H), consistent with
reported spectra (J. Org. Chem. 1982, 47, 8, 1576-1578).

20 was obtained according to general procedure C on a 0.200 mmol scale with the following
alterations: electrolyte loading was increased to 0.5 M TBAPF¢(53% by NMR with a
dibromomethane internal standard). 'THNMR spectrum consistent with reported spectra (J. Am.
Chem. Soc., 2020, 142, 22, 9938-9943).
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CIP(O)(OEt), 4-DPAIPN Me
©)\ AICl3 ‘)\(Me DABCO ‘)\(Me 0.1 M "Buy4PFg Me
i :OH neat, rt OH  MeCN, rt DMF ‘ ‘
18 h 60% 24h 87%  O= P OEt -1.6 V vs. SCE 21
OEt 405 nm

A flame dried 10 mL schlenk flask was charged with o-cresol (757 mg, 7.0 mmol, 1 equiv) and
(1-chloroethyl)benzene (1.18g, 8.4 mmol, 1.2 equiv) and placed under a flow of N2. Aluminum
trichloride (93 mg, 0.7 mmol, 0.1 equiv) was added under a positive pressure of nitrogen and
the mixture was stirred at room temperature with the cap opened slightly to a flow of nitrogen for
1 hour to vent HCI gas buildup. The reaction tube was then sealed and stirred for 24 hours. The
reaction mixture was quenched by pouring into ice water and extracting with ether (3x50 mL).
The organic layer was washed with brine and dried over MgSO4, concentrated and purified by
column chromatography (hexanes:acetone) to yield pure product as a colorless oil (899 mg,
60%). 'TH NMR (400 MHz, CDCI3) 8 7.35 - 7.27 (m, 2H), 7.26 — 7.15 (m, 3H), 7.00 (d, J = 2.3
Hz, 1H), 6.96 (dd, J = 8.2, 2.3 Hz, 1H), 6.72 (d, J = 8.1 Hz, 1H), 4.09 (q, J = 7.2 Hz, 1H), 2.24
(s, 3H), 1.63 (d, J = 7.3 Hz, 3H), consistent with reported spectra (Org. Lett., 2016,18, 19, 5034
—5037).

Aryl phosphate was obtained according to general procedure B with 899 mg (4.2 mmol) phenol
limiting reagent. Product was a colorless oil (1.29 g, 87%). '"H NMR (400 MHz, CDCI3) & 3C
NMR (126 MHz, CDCI3) & 147.49, 147.44, 146.25, 142.86, 130.51, 128.98, 128.92, 128.36,
127.56, 126.06, 119.49, 64.43, 44.13, 21.95, 16.49, 16.09. ;*'P NMR (400 MHz, CDCI3) 6 -5.8
ppm; HRMS (ESI+) Calc: [M+H]" (C19H2504P) 348.38; measured: 349.2

21 was obtained according to general procedure C on a 0.200 mmol scale (55% by NMR with a
dibromomethane internal standard). "THNMR spectrum consistent with reported spectra (Angew.
Chem. Int. Ed. 2018, 57, 2, 461-464).

EtO. //

NaOH CIP(O)(OEY), MeEéo 4-DPAIPN
\©\/\HCI cyclohexanone DABCO 0.1M nB”4PF6
H,  EtOH, H,0 z“fﬁ?':t DMF
90°C, 6 h 1.6V vs. SCE N
405 nm
22

To a flask was added 5-(2-aminoethyl)-2-methoxyphenol-HCI (1.28 g, 7.0 mmol, 1 equiv.),
sodium hydroxide (280 mg, 7.0 mmol, 1 equiv.), ethanol (7 mL) and water (1 mL). The solution
was stirred until all of the sodium hydroxide had dissolved (10 minutes) and cyclohexanone
(1.30 mL, 12.6 mmol, 1.8 equiv.) was added to the reaction mixture. The reaction mixture was
stirred at 90 °C for six hours. The solution was cooled to room temperature and then added to a
separatory funnel with water (100 mL). The aqueous layer was extracted with EtOAc (3x70 mL).
The organic layers were washed with brine, dried over Mg>SOy, filtered and concentrated in
vacuo. The crude product was purified by triturating with Et2O and drying under vacuum for 48
hours. Pure product was obtained as an off-white solid (1.35 g, 78% yield). '"H NMR (400 MHz,
CDCI3) 66.64 (s, 1H), 6.53 (s, 1H), 3.81 (s, 3H), 2.96 (t, J = 5.9 Hz, 2H), 2.60 (t, J = 5.8 Hz, 2H),
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1.75-1.56 (m, 9H), 1.23 (q, = 6.0, 5.2 Hz, 1H), consistent with reported spectra (J. Org.
Chem., 2010, 75, 24, 8542-8549).

Aryl phosphate was obtained according to general procedure B with 1.30 g (5.3 mmol) phenol
limiting reagent. Product was a white solid (1.49 g, 74% yield). 'TH NMR (400 MHz, CDCI3) &
6.87 (s, 1H), 6.72 (s, 1H), 4.18 (pd, J = 7.2, 2.6 Hz, 4H), 3.78 (s, 3H), 2.93 (t, J = 5.8 Hz, 2H),
2.59 (t, J = 5.8 Hz, 2H), 1.74 — 1.54 (m, 9H), 1.29 (t, J = 7.1 Hz, 6H), 1.26 — 1.12 (m, 1H), *C
NMR (126 MHz, CDCI3) 6 171.13, 155.56, 153.60, 152.48, 137.01, 109.03, 107.96, 64.63,
63.96, 60.39, 56.40, 45.43, 21.04, 16.01, 14.20; *'P NMR (400 MHz, CDCI3) & -5.76 ppm;
HRMS (ESI+) Calc: [M+H]" (C19H30NOsP) 383.42; measured: 384.2

22 was obtained according to general procedure C on a 0.300 mmol scale with the following
alterations: electrolyte loading was increased to 0.5 M TBAPFe. Reaction solution was
transferred to a separatory funnel with diethyl ether (50 mL) and 5 M HCI aqueous solution (60
mL). The aqueous layer was collected and the ether layer was washed with additional 5 M HCI
(2x60 mL). The aqueous layers were combined and basified with concentrated NaOH solution
until pH was 12. The basic aqueous layers were added to the separatory funnel and extracted
with ether (3x50 mL). The ether layers from the basic extraction were combined, washed with
brine, dried over Mg>SO, and filtered. The solvent was removed in vacuo to give crude product
mixture. The crude product was further purified by column chromatography to yield pure product
as a colorless oil (43.0 mg, 62% yield). '"H NMR (400 MHz, CDCI3) & 7.04 — 6.98 (m, 1H), 6.83
(d, J=2.7 Hz, 1H), 6.72 (dd, J = 8.4, 2.7 Hz, 1H), 3.82 (s, 3H), 3.05 (t, J = 5.9 Hz, 2H), 2.73 (t, J
= 5.8 Hz, 2H), 1.86 — 1.64 (m, 9H), 1.33 (ddd, J = 21.6, 13.2, 7.3 Hz, 1H). '*C NMR (126 MHz,
CDCI3) & 157.69, 146.06, 129.93, 127.25, 111.59, 111.21, 55.30, 54.76, 38.44, 37.86, 30.10,
25.73, 21.70. HRMS (ESI+) Calc: [M+H]* (C1sH21NO) 231.34; measured: 232.2.

L

Et
OH  HcoH OH CIP(O)(OEY), o 4-DPAIPN
MeO morpholine MeO N/\ DABCO EtO 0.1 M "BuyPFg
[E— . K/O 3 MeO N
EtOH MeCN, rt (o “ow K/O
100°C, 3 h 24 h -1.6 Vvs. SCE
405 nm

To a round bottom flask was added morpholine (1.48 g, 17.0 mmol, 1.7 equiv), ethanol (10 mL)
and 36% aqueous formaldehyde (1.4 mL, 17.0 mmol, 1.7 equiv) followed by 2-methoxyphenol
(1.12 mL, 10.0 mmol, 1 equiv). The solution was refluxed for 3 hours. The reaction mixture was
cooled to room temperature and the solvent was removed in vacuo to give crude product
mixture as a yellow oil. The crude product was purified by column chromatography to give the
ortho alkylated arene as the major product as a colorless oil (1.36 g, 61%). "H NMR (400 MHz,
CDCI3) 6 6.84 (dd, J = 8.1, 1.6 Hz, 1H), 6.77 (td, J = 7.8, 1.7 Hz, 1H), 6.63 (dd, J = 7.6, 1.7 Hz,
1H), 3.90 (d, J = 1.7 Hz, 3H), 3.76 (d, J = 4.9 Hz, 4H), 3.74 (d, J = 1.7 Hz, 2H), 2.60 (s, 4H),
consistent with reported spectra (J. Am. Chem. Soc., 2017, 139, 36, 12390 — 12393).

Aryl phosphate was obtained according to general procedure B with 1.35 g (6.05 mmol) phenol
limiting reagent. Product was an off-white solid (1.54 g, 71%). "H NMR (400 MHz, CDCI3) &
7.16 —7.04 (m, 2H), 6.87 (dd, J = 7.8, 1.9 Hz, 1H), 4.37 — 4.20 (m, 4H), 3.88 (s, 3H), 3.76 —
3.69 (m, 4H), 3.66 (s, 2H), 2.53 — 2.46 (m, 4H), 1.39 (td, J = 7.1, 1.2 Hz, 6H). *C NMR (126
MHz, CDCI3) 6 151.16, 139.05, 131.04, 125.24, 122.33, 111.22, 67.09, 64.38, 56.82, 55.98,
53.61, 16.16; *'P NMR (400 MHz, CDCI3) 5 -6.0 ppm; HRMS (ESI+) Calc: [M+H]* (C16H2sNOgP)
359.36; measured: 360.2
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23 was obtained according to general procedure C on a 0.200 mmol scale with the following
alterations: electrolyte loading was increased to 0.5 M TBAPFs, MgClO4 (45 mg, 0.2 mmol, 1
equiv) was added to the cathode and the applied potential was lowered to -1.55 V vs. SCE
(60% by NMR with a dibromomethane internal standard). "HNMR was consistent with reported
spectra (Tetrahedron, 2014, 70, 4, 880-885).

3.7.10 Synthesis of a tricyclic resorcinol derivative

OMe OMe
HO ~OH  70% MeSO;H  HO
+ O —
70°C,12h

MeO MeO

To a flame dried 250 mL RBF with stir bar, added 2,6-dimethoxyphenol (1.7 g, 11 mmol, 1
equiv) and (-)-3-pinanol (2.0 g, 13.3 mmol, 1.2 equiv). The flask was capped with a septum and
purged with an argon balloon. While under an Ar atmosphere, 70% aqueous methane sulfonic
acid (51 mL, 0.2 M) was added. (70% solution was made from DI water and neat methane
sulfonic acid. The solution was cooled to rt before adding to the reaction flask). The mixture was
heated to 70 °C and stirred for 12 h. The reaction mixture was cooled to rt and poured into 150
mL ice cold water. Ice chips were added until the reaction cooled (Note: Adding water causes
reaction to exotherm. Ensure reaction has cooled before adding ether). The product was
extracted with diethyl ether (2x100 mL) followed by additional diethyl ether washes (2x50 mL).
The organic layers were combined and washed with 100 mL brine and dried over Na;SO4. The
dried organic layers were filtered and concentrated in vacuo to give crude product as a yellow
oil. The crude product was purified by column chromatography (5-20% EtOAc in hexanes, Rf =
0.5 in 5:1 EtOAc:hexanes, stains blue with vanillin) to yield a white solid (1.46 g, 45%). 'TH NMR
(400 MHz, CDClz) 6 6.61 (s, 1H), 5.38 (s, 1H), 3.88 (s, 3H), 3.87 (s, 3H), 2.88 (s, 1H), 1.97 (dt, J
=13.0, 3.2 Hz, 1H), 1.80 (ddt, J = 12.7, 9.9, 4.3 Hz, 2H), 1.74 — 1.65 (m, 2H), 1.57 (q, J= 3.4
Hz, 1H), 1.41 - 1.36 (m, 1H), 1.33 (s, 3H), 1.24 (s, 3H), 1.19 (d, J=7.2 Hz, 3H), 0.98 (d, J =
13.6 Hz, 1H).

OMe CIP(O)(OE), OMe
HO DABCO (Et0)2(O)PO
—>
MeCN, rt
MeO 18 h MeO

Aryl phosphate was obtained according to general procedure B. The crude product was purified
by column chromatography (15-25% acetone in hexanes, Rf = 0.47 in 25% acetone in hexanes,
stains blue with vanillin) to yield a colorless oil (1.44 g, 70%). '"H NMR (600 MHz, CDCls) & 6.65
(s, 1H), 4.26 (pd, J=7.1, 4.6 Hz, 4H), 3.85 (s, 3H), 3.83 (s, 3H), 2.85 (s, 1H), 1.95 (dt, J = 13.1,
3.1 Hz, 1H), 1.80 — 1.64 (m, 4H), 1.56 (t, J = 3.5 Hz, 1H), 1.40 — 1.30 (m, 10H), 1.22 (s, 3H),
1.16 (d, J =7.1 Hz, 3H), 0.96 (d, J = 13.4 Hz, 1H).

OMe : OMe -
(Et0),(0)PO 4DPAIPN (10 mol %) . H
0.5 M TBAPFg, DMF
MeO -1.6 V vs SCE MeO

405 nm
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Phenol defunctionalization was obtained according to general procedure C except with 0.5 M
"BusPFs in anode and cathode. After 12 h, the contents from the cathode and anode were
transferred to a separatory funnel with 70 mL 10% LiCl aq solution. Product was extracted with
diethyl ether (3x50 mL). The organic layers were combined and washed with 100 mL 1M HCI
and 100 mL brine and dried over Na>SO4. The organic layers were filtered and concentrate in
vacuo. The crude product was purified by column chromatography (1-20% acetone in hexanes,
Rf = 0.73 in 15% acetone in hexanes) to yield a white solid (34 mg, 62%). '"H NMR (400 MHz,
CDCI3) 66.49 (d, J = 2.5 Hz, 1H), 6.29 (d, J = 2.4 Hz, 1H), 3.81 (s, 3H), 3.77 (s, 3H), 2.92 (s, J
= 3.7 Hz, 1H), 1.96 (dt, J = 13.2, 3.2 Hz, 1H), 1.84 — 1.66 (m, 4H), 1.58 (t, J = 3.5 Hz, 1H), 1.45
—1.39 (m, 1H), 1.34 (s, 3H), 1.26 (s, 3H), 1.17 (d, J = 7.2 Hz, 3H), 0.98 (d, J = 15.7 Hz, 1H).

Differential Pulse Voltammetry of 24:

24 DPV

¢ ol
t
IS

=35 -3 -2.5 -2 -15

/

-40

-80

Current (microamps)

L3
24 : -100

Li/Li*
Potential (V vs SCE)

-120

Ered = '3. 54 V VS. SCE

OoMe 1 OH
H BBr3
—_—
DCM
MeO 8¢ Ho
resorcinol

To a 2-dram vial was added 25 (34 mg, 0.124 mmol, 1 equiv) with a stir bar and a septum-lined
cap. The vial was evacuated and backfilled with N2 three times. While under active N,
anhydrous DCM (1.35 mL, 0.1 M) was added and the solution was cooled to -78 °C using dry
ice/acetone bath. To the solution was added slowly 1M BBr3; in DCM (300 uL, 0.300 mmol, 2.4
equiv). The reaction solution was stirred overnight with gradual warming. The crude product was
purified by column chromatography (30-50% diethyl ether in hexanes) to yield a white solid (28
mg, 91%). 'H NMR (600 MHz, CDCl3) 5 6.42 (d, J = 2.5 Hz, 1H), 6.16 (d, J = 2.4 Hz, 1H), 4.84
(s, 2H), 2.76 (s, J = 3.1 Hz, 1H), 1.98 (dt, J = 13.1, 3.2 Hz, 1H), 1.83 — 1.66 (m, 4H), 1.58 (p, J =
3.f6 Hz, 1H), 1.39 — 1.35 (m, 1H), 1.30 (s, 3H), 1.23 (s, 3H), 1.19 (d, J=7.2 Hz, 3H), 1.01 (d, J
=13.7 Hz, 1H).

3.7.11 Redox neutral coupling reactions

To confirm that the aryl radical intermediate generated during the reaction can be intercepted by
classic radical trapping agents, we carried out several coupling reactions from the phenyl
trimethylammonium iodide and phenyl diethyl phosphate ester.
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Phosphonylation:
Q _oEt
X 4-DPAIPN (5 mol%) R
© + P(OEt)3 > OFEt
. 0.1 M "BusPFg, MeCN
5 equiv.
X = NMej| -0.6 mA, 1.0 F/mol 27
X = OP(O)(OEt), 405 nm

To the cathode of an H-typed divided cell was added tetrabutylammonium hexafluorophosphate
(96 mg, 0.25 mmol, 1.2 equiv), 4-DPAIPN (8.0 mg, 0.01 mmol, 0.05 equiv.), and either
phenyltrimethylammonium iodide (52.6 mg, 0.200 mmol, 1 equiv) or phenyl diethyl phosphate
ester (46.0 mg, 0.200 mmol, 1 equiv). To the anode was added tetrabutylammonium
hexafluorophosphate (96 mg, 0.25 mmol, 1.2 equiv). The cell was equipped with an electrode
setup of RVC mounted on stainless steel. The cell was purged with a flow of N> for 10 minutes.
To the cathode chamber was added triethylphosphite (172 uL, 1.00 mmol, 5 equiv.) and
degassed acetonitrile (2 mL) was added to both the anode and cathode. Triethylamine (100 L,
3.5 equiv.) was added to the anode and the electrode leads were connected to a potentiostat
and electrolyzed at -0.6 mA for 9 hours (1 F/mol) and the cathode was irradiated with 405 nm
LEDs.

After electrolysis, dibromomethane (7 uL, 0.1 mmol) was added to the cathode as an internal
standard. A 100 pL aliquot was removed and added to 0.5 mL of a 10% LiCl aqueous solution
and extracted into 200 yL CDCls. An NMR spectrum was obtained of the organic extract to give
an analytical yield:

X Yield of 27
NMesl 75
OP(O)(OEt), 63

Borylation:

4-DPAIPN (5 mol%) CPJ%
0, B\
DMAP (20 mol%) __ ©, o
0.1 M "BuyPFg, MeCN 28

-0.6 mA, 1.0 F/mol
405 nm

X
© + BzPinz

2 equiv.
X = NMejsl
X = OP(O)(OEt),

To the cathode of an H-typed divided cell was added tetrabutylammonium hexafluorophosphate
(96 mg, 0.25 mmol, 1.2 equiv), 4-DPAIPN (8.0 mg, 0.01 mmol, 0.05 equiv.),
dimethylaminopyridine (4.9 mg, 0.04 mmol, 0.20 equiv.), bis(pinacolato)diboron (102 mg, 0.400
mmol, 2 equiv.) and either phenyltrimethylammonium iodide (52.6 mg, 0.200 mmol, 1 equiv) or
phenyl diethyl phosphate ester (46.0 mg, 0.200 mmol, 1 equiv). To the anode was added
tetrabutylammonium hexafluorophosphate (96 mg, 0.25 mmol, 1.2 equiv). The cell was
equipped with an electrode setup of RVC mounted on stainless steel. The cell was purged with
a flow of Nz for 10 minutes. To the cathode and anode chambers was added degassed
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acetonitrile (2 mL). Triethylamine (100 pL, 3.5 equiv.) was added to the anode and the electrode
leads were connected to a potentiostat and electrolyzed at -0.6 mA for 9 hours (1 F/mol) and the
cathode was irradiated with 405 nm LEDs.

After electrolysis, dibromomethane (7 uL, 0.1 mmol) was added to the cathode as an internal
standard. A 100 pL aliquot was removed and added to 0.5 mL of a 10% LiCl aqueous solution
and extracted into 200 uL CDCls;. An NMR spectrum was obtained of the organic extract to give
an analytical yield:

X Yield of 28
NMesl 75
OP(O)(OEt), 57
Heteroarylation:
Me\N
(j 3 ' N\
X [\] e 4-DPAIPN (5 mol%) .~ g
+
E/) 0.1 M "Buy4PFg, MeCN
50 equiv. -0.6 mA, 1.0 F/mol 29
X = NMejl 405 nm

X = OP(O)(OEt),

To the cathode of an H-typed divided cell was added tetrabutylammonium hexafluorophosphate
(96 mg, 0.25 mmol, 1.2 equiv), 4-DPAIPN (8.0 mg, 0.01 mmol, 0.05 equiv.), and either
phenyltrimethylammonium iodide (52.6 mg, 0.200 mmol, 1 equiv) or phenyl diethyl phosphate
ester (46.0 mg, 0.200 mmol, 1 equiv). To the anode was added tetrabutylammonium
hexafluorophosphate (96 mg, 0.25 mmol, 1.2 equiv). The cell was equipped with an electrode
setup of RVC mounted on stainless steel. The cell was purged with a flow of N> for 10 minutes.
To the cathode chamber was added N-methylpyrrole (888 uL, 10.0 mmol, 50 equiv.) and
degassed acetonitrile (1 mL) cathode. Triethylamine (100 pL, 3.5 equiv.) and degassed
acetonitrile (2 mL) was added to the anode and the electrode leads were connected to a
potentiostat and electrolyzed at -0.6 mA for 9 hours (1 F/mol) and the cathode was irradiated
with 405 nm LEDs.

After electrolysis, dibromomethane (7 uL, 0.1 mmol) was added to the cathode as an internal
standard. A 100 pL aliquot was removed and added to 0.5 mL of a 10% LiCl aqueous solution
and extracted into 200 yL CDCls. An NMR spectrum was obtained of the organic extract to give
an analytical yield:

X Yield of 29
NMesl 61
OP(O)(OEt), 42
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3.7.12 NMR spectra
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Chapter 4: Non-innocent Radical lon Intermediates in Photoredox Catalysis: Parallel
Reduction Modes Enable Coupling of Diverse Aryl Chlorides
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41. Abstract

We describe a photocatalytic system that elicits potent photoreductant activity from
conventional photocatalysts by leveraging radical anion intermediates generated in situ. The
combination of an isophthalonitrile photocatalyst and sodium formate promotes diverse aryl
radical coupling reactions from abundant but difficult to reduce aryl chloride substrates.
Mechanistic studies reveal two parallel pathways for substrate reduction both enabled by a key

terminal reductant byproduct, carbon dioxide radical anion.
4.2. Introduction

Reductive activation of organic molecules via single electron transfer (SET) is a
fundamental elementary step that underpins diverse and powerful synthetic transformations.’
Photoredox catalysis promotes SET through conversion of energy from visible light into chemical
redox potential and has enabled a suite of carbon—carbon and carbon-heteroatom bond-forming
reactions.>° When considering whether a substate will be suitable for photoredox reduction, two
primary catalyst parameters are initially considered: (1) E12(PC*/PC*) and (2) E42(PC/ PC™").7.10.1
These values reflect redox potentials bounded by the energy of photons in the visible region, a
limitation compounded by energy losses to intersystem crossing.'? As a result, many abundant
but challenging to reduce substrates are excluded from photoredox activation based on these
guidelines (Figure 4.1.(a)).">"®

Aryl radicals are reactive intermediates that engage in a myriad of synthetically valuable
transformations.'®'® Classically, aryl radical intermediates are generated from aryl diazonium
salts, iodides, or bromides.'®2° Aryl chlorides are rarely used as radical precursors despite the
fact they comprise over two-thirds® of commercially available aryl halides (Figure 4.1.(b)).3'-*°
This is a consequence of their resistance to reductive activation,' and high C(sp?)-Cl BDE.*637
Kdnig recently pioneered an elegant strategy, termed consecutive photoinduced electron transfer

(conPET), wherein a photochemically generated radical anion is subsequently excited.*=° This
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(@ underexplored reduced PC traditional photoredox catalyst criteria:
E,»(PC/PC™?) E»(PC*/PC* E,(PC/PC")
L |
' 1
-3.0 -2.0 -1.0 0
V vs. SCE

e H* H
cl / or H Ej
©/ 6 [@ ] dehalogenation

red——28V red—+005V\ O

radical coupling

Figure 4.1. (a) Energy limitations for photoredox catalysis and electron-primed photoredox catalysis.
(b) Aryl chlorides reactivity as aryl radical precursors. All V vs. SCE.

approach primes the photocatalyst with an electron prior to excitation and, in principle, can
generate much deeper reduction potentials through E12(PC/PC ™). Indeed, later implementations
of this conPET strategy unlocked exceptionally challenging reductions.**#' However, all recent
advances in visible light photoredox methods that reduce electronically diverse chloroarenes have
been limited to proteodefunctionalization and borylation reactions.*424%  Recent
electrophotocatalytic*®**°® approaches have directly generated these electron-primed
photocatalysts cathodically.>®%" While this strategy has begun to expand the range of radical
coupling reactions that engage aryl chlorides, a general approach to leverage the expansive pool
of aryl chloride substrates in radical couplings has remained elusive and the need for
electrochemical equipment remains a barrier in some settings.5?°® In particular, net-reductive
radical coupling processes, such as alkene hydroarylation,>-°¢ have remained elusive for aryl
chloride substrates for all modern methods. We suspect that the paucity of net-reductive
processes is a consequence of the intrinsic challenges of circumventing premature reduction of
the aryl radical intermediate (Ereq(Ph/Ph™) =+0.05 V vs SCE)% in the presence of a stoichiometric

reductant.
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Our group recently used electrochemistry to examine a diverse set of organic radical
anions for photocatalytic activity in the reductive cleavage of strong C(sp?)-O and C(sp?)-N
bonds.®® These experiments revealed that numerous radical anions, including those derived from
commonly employed photoredox catalysts, can serve as potent photocatalytic reductants upon
cathodic reduction. These data fit into a growing body of literature from our group®® and others*%:6°
that suggest photocatalyst-based redox events can engender more potent activity from
conventional photocatalysts. Taken together, these data led us to consider whether we could
redesign a photocatalytic system to favor formation of photoactive radical anion intermediates to
elicit deeply reducing potentials and expand the repertoire of coupling reactions available from
aryl chlorides under operationally simple conditions (Figure 4.2.). Herein, we disclose that
selection of an appropriate reductant to generate and maintain an active electron-primed
photoredox catalyst in situ enables reduction potentials far beyond those expected from
conventional catalyst selection criteria. These new reduction conditions promote a diverse array
of intermolecular coupling reactions, including net-reductive coupling processes, from readily

available aryl chloride substrates.

red
*
red™
* substrat ith Ereq <—-3.4V
Electron-Primed substrates With Ered
hv Ty — @’_* + general Ar+ coupling from ArCl
underexplored—— . . -
* simple reaction conditions
red™ _
» commercial photocatalyst
red

key consideration:
appropriate reductant to generate & maintain electron-primed photocatalyst

Figure 4.2. Exploiting non-innocent radical anion intermediates in photoredox cycles (this work)
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4.3. Results and Discussion

We first evaluated a suite of organic compounds recently found to possess
photocatalytically active radical anion congeners® for activity in the dehalogenation of PhCl (Ereq
= -2.8 V vs SCE). Considering only conventional photoredox catalyst selection parameters
(PC/PC~ and PC*/PC™), this reduction would be exceedingly endothermic (>1 V) for the
photocatalysts under investigation. Therefore, activity in this assay would implicate in situ
formation of a distinct and potent reductant. Initially, we examined a range of trialkylamine
reductants because these are common reductants in photoredox catalysis, including in conPET

strategies (Figure 4.3).384%6" We found that each catalyst modestly promoted this energetically

o photocatalyst 4-DPAIPN  4-CzIPN Fluorenone Phenazine
reductant H
NEt 17 16 il 8
CySH 3
> NBuj 13 16 1 4
DMSO, hv .
1 2 EtN(iPr), 35 | 14 2 7
28V NaCHO, 70 33 35 6

(o}

fluorenone
: i = / i : Eq PC*PC™ = -0.61V
@ @ E1/2 PC/PC~=-130V
N
CCO
4-DPAIPN 4-CzIPN N7

Eqp PC*PC*=-128V  Eq, PC*PC™* =-1.06 V phenazine
E1/2 PC/PC™=-152V E1/2 PC/PC™=-1.16 V E1/2 PC/PC™=-1.18V

Figure 4.3. Unlocking radical anion photocatalyst reactivity by evaluation of reductant for catalyst activation.
Reactions were conducted on 0.1 mmol scale with 10 mol % 4DPAIPN and 3 equiv NaCHO,. All V vs. SCE.

demanding dehalogenation reaction. The isophthalonitrile catalysts, which are both excellent
neutral chromophores® as well as electron-primed photoredox catalysts,* promoted the reaction
most efficiently albeit still in poor yield. To exclude halogen atom transfer (XAT) aryl radical
generation,%*%5 we examined the reductive defunctionalization of anilinium and aryl phosphate

salts (Table 4.1). These are each challenging reductive cleavage reactions®%” of nonpolarizable
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leaving groups unlikely to undergo XAT processes. We found both substrates underwent

productive defunctionalization, albeit in diminished yield (Figure S13).

A broader survey of reductants less commonly employed in photoredox catalysis (Figure
S14) revealed that sodium formate substantially enhanced the photoreductant activity of
4DPAIPN (Figure 4.3). We suspect this improvement occurs because formate salts undergo a
second-order hydrogen atom transfer (HAT) process upon oxidation®® that results in formic acid
and carbon dioxide radical anion.®®72 As a consequence, a second reducing equivalent is
liberated from formate after initial oxidation. We suspect that the carbon dioxide radical anion can
either reduce another equivalent of photocatalyst or promote the reaction by direct reduction of
substrate (E12(CO2/CO, ") = -2.2 V vs SCE).” In each mechanistic manifold, the SET is rendered

irreversible by the release of CO2 gas. This scenario contrasts starkly with the trialkylamine

Table 4.1. Evaluation of catalytic system.®P¢

4-DPAIPN

X NaCHO, H
DMSO, 405 nm

X = —Cl, =NMes|, —OP(O)(OEt),

Evaluation of reductive potency

Ereq=—-28V red-—zsv Ereq=—29V red-—34v
3: 70%¢ 4: 64% 5: 67% 6: 92%

increasingly difficult reduction

Non-halide reductions Radical cyclization
OEt
NMeg| Osp ot 0 52% 0
OGN \—
0 cl
7: 70%¢ 8: 66%%° 9 H

@Reactions were run on 0.1 mmol scale with 10 mol % 4-DPAIPN, 3 equiv NaCHO,
and 5 mol % CySH. PAll V vs. SCE. °NMR yield. GC yield. ®15 mol % 4-DPAIPN.
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reductants, which result in oxidizing amine radical cation intermediates (E12(NR3*/NR3) = <1V vs
SCE) that could deactivate the radical anion photocatalyst via back electron transfer (Figure

4.4).61 ;74,75

potent photoreductant e ductant key by-products

reductant ST ArCl
by-products .. '
R’N_\ - > R—N—\ oxidant
R R -e R R +0.8V
/ \ j\ o + HCO,™ (|)|\ ° reductant
ﬁ B
reductant Are H” SO — HCO,H 0 22V

—e

Figure 4.4. Overview of key considerations for chemical reducants as catalyst activators. All V vs. SCE.

We next evaluated the potency of this new catalytic system. Having established that
chlorobenzene could be reduced (-2.8 V vs SCE), we probed dehalogenation of increasingly
electron rich aryl chlorides. These experiments revealed that substrates with reduction potentials
as low as -3.4 V vs SCE are efficiently reduced. Additionally, these conditions promoted the
challenging reductive cleavage of both an anilinium and aryl phosphate substrate. Taken together,
these data clearly implicate processes beyond a conventional photoredox manifold. For example,
the reduction of 6 would be predicted to be endothermic by nearly 2 V (>40 kcal/mol at room
temperature) based on the most reducing conventional redox couple of 4DPAIPN (E(PC/PC™)
= -1.5 V vs SCE).”® We next attempted to validate the intermediacy of an aryl radical in this
formate driven system. As anticipated, these conditions furnished the five-membered ring product
9 in high selectivity for radical cyclization. Despite its exceptionally reducing potentials, we
suspected that this operationally simple procedure would be amenable to high-throughput
techniques widely employed in medicinal chemistry. To this end, we rapidly evaluated the
tolerance of complex drug-like scaffolds using a commercially available informer plate designed

to challenge modern cross-coupling technology. We found that not only was photocatalytic activity
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retained in the well-plate format but that several of these functional group rich molecules were

effectively transformed (Figure $16).

Although, in principle, aryl radicals are highly versatile synthetic intermediates, premature
reduction precludes radical coupling reactions in many cases. This is particularly problematic
when potent reductants are required. To evaluate selectivity for radical coupling, we targeted
redox-neutral photo-Arbuzov and radical borylation processes. These established aryl radical
transformations produce biologically relevant aryl phosphonates’” and versatile organoboron
products.” In both cases, we found that chloroarene substrates readily underwent the desired
radical coupling process.” We found that both difficult to reduce electron-rich aryl chlorides and
substrates bearing potentially reducible functional groups such as esters and amides were well-
tolerated (Table 4.2). Furthermore, the catalytic system tolerated medicinally relevant

heterocycles.

Next, we evaluated the reductive hydroarylation of alkenes. This challenging aryl radical
reaction requires precise control over the relative rates of radical coupling versus
proteodehalogenation. HAT is mechanistically required to furnish product and cannot be simply
suppressed. Initially, we targeted the synthesis of arylethylamines via hydroarylation. Recently,
Jui and co-workers reported that aryl radical intermediates productively couple with vinyl
carbamates to produce the arylethylamine pharmacophore.® Although one of the most reducing
conventional photocatalysts was employed, the majority of the reaction scope was composed of
aryl iodide substrates and only aryl chloride substrates bearing withdrawing groups were viable.
Intriguingly, we found that although the vinylcarbamate substrate is thermodynamically easier to
reduce than most chloroarenes (Ere.s = —2.2 V vs SCE), these potent reductive conditions
selectively transformed chlorobenzene into N-Boc phenethylamine in high yield. Even as the gap
between the chloroarene and vinyl carbamate coupling partner widens, synthetically useful

arylethylamine yields are still observed. Similar to the other radical couplings, we found aryl
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Table 4.2. Intermolecular couplings from challenging aryl chloride precursors.?

Cl 4-DPAIPN @
Q@ =5
405 nm

Phosphonylation®
0
OFEt OFEt OEt MeO OFEt
OOEt /O (j\/@oa ¢ OFt
10: 55% 11: 63% 12: 69% 13- 90%
Borylation®

©,Bpm /@,Bpm j\ /@,Bpm(\NQ Bpin

o

14: 80%° 15: 67% 16: 92%" 17: 51%
Hydroarylation
NHBoc NHBoc NHBoc
MeO Bpin
18: 60%' 19: 50%" 20: 64%P°f
/©/\|/NHBOC /©/\|/NHBOC o NHBoc
1]
H H ,P
F NC EtO OF
21: 66%' 22: 64%f 23: 60%f
n-Hex OH n-Hex
H NC
24: 79%°9 25: 80%°9 26: 61%P9

@Reactions were run on 0.4 mmol scale. Isolated yield unless otherwise noted. °"NMR yield. °GC yield. 9Reactions
were run with 4-DPAIPN (12-15 mol %), NaCHO, (3 equiv), P(OEt)s (5 equiv). °*Reactions were run with 4-DPAIPN
(5 mol %), NaCHO, (3 equiv), Bopin, (3 quiv) and Cs,CO3 (3 equiv). Reactions were run with 4-DPAIPN (6 mol %),
NaCHO, (3 equiv), N-vinyl carbamate (2.5 equiv) and CySH (5 mol %). ®Reactions were run with 4-DPAIPN (6 mol
%), NaCHO, (3 equiv), alkene (5 equiv) and CySH (5 mol %).
chlorides bearing reductively sensitive functional groups were tolerated. We also found these
conditions promoted the coupling of aryl chlorides and unactivated alkenes despite the fact that
such a hydroarylation remains challenging with any aryl radical precursor.?® Finally, we

questioned whether formate was uniquely effective for each of these radical coupling reactions or

whether alkylamines were suitable terminal reductants (Table 4.3). While EtN(i-Pr). and
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Table 4.3. Reductant Impact on Selectivity®

Cl' 4.DPAIPN
— NaCHO, -—» — H orH'/e™—»
405 nm
premature
reduction
P(OEt); B,pin
NHB 0oC n -Hex
p OEt Bpin NHBoc n-Hex
O OFt H H
14 18 24

100 T EtN(iPr), NaCHO,

14 24

% yield

product distribution

Reactions were run on 0.4 mmol scale. Isolated yield. 2Reactions were run with 4-DPAIPN (12-15 mol %),
NaCHO, (3 equiv), P(OEt); (5 equiv). PReactions were run with 4-DPAIPN (5 mol %), NaCHO, (3 equiv), B,pin,
(3 quiv) and Cs,CO3 (3 equiv). °Reactions were run with 4-DPAIPN (6 mol %), NaCHO, (3 equiv), N-vinyl
carbamate (2.5 equiv) and CySH (5 mol %). dReactions were run with 4-DPAIPN (6 mol %), NaCHO, (3 equiv),
alkene (5 equiv) and CySH (5 mol %). ®Reactions were run with conditions a-d, using either EtN(iPr), or NaCHO,
as the reductant. See the SI for details.

4DPAIPN promote photoreduction of chlorobenzene, both reactivity and radical selectivity were
diminished in each coupling reaction. Of note, competitive proteodehalogenation nearly precluded
net-reductive hydroarylation when alkylamines were used.®?’

Having established a generally applicable catalytic system to engage aryl chloride
substrates in radical coupling reactions, we next conducted a preliminary mechanistic
investigation into the process. First, we probed whether an electron-primed photoredox

mechanism—wherein the 4DPAIPN radical anion is generated and subsequently excited-was
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feasible under these conditions. We irradiated a mixture of 4DPAIPN and sodium formate while
monitoring speciation by absorption spectroscopy (Figure 4.5). This resulted in a decrease in
4DPAIPN features and growth of new features consistent with electrochemically reduced

4DPAIPN (Figure S20). Next, we probed the photoreduction of aryl chlorides. Chlorobenzene

A 4-DPAIPN= forms upon irradiation of 4-DPAIPN with sodium formate

1.5

Absorbance (AU)
=

0.5

0
273 325 375 425 473 325 375

—— 4-DPAIPN + formate (dark) ~ ———4-DPAIPN + formate (light)
Wavelength (nm)

B 4-DPAIPN returns upon irradiation of 4-DPAIPN+— with PhCI

. -

ArCl

=
in

Are

@
4

275 325 375 425 475 525 375

Absorbance (AU)
=

o
in

L)

—— 4-DPAIPN=— + PhCl (dark) ~ == 4-DPAIPNe— + PhCl (light)
Wavelength (nm)

Figure 4.5. (A) UV-vis spectrum demonstrating 4-DPAIPN+— generation in the presence of sodium formate
and light. (B) UV-vis spectrum demonstrating that 4-DPAIPN-— reverts to 4-DPAIPN upon exposure to PhClI
and subsequent irradiation.
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was added to the reaction mixture and, upon irradiation, the absorption features of 4DPAIPN were
restored (Figure 4.5). As expected based on the >1 V underpotential, no return of 4DPAIPN was
observed upon addition of chlorobenzene to 4DPAIPN radical anion in the absence of light.
Consistent with this mechanistic picture, Stern—Volmer analysis resulted in no measurable
quenching of excited 4DPAIPN by chlorobenzene. In contrast, formate salts did quench the
excited state. Cyclohexanethiol, which was added to the net-reductive transformations as an HAT
cocatalyst, also quenches the excited state and likely mediates the electron-transfer events in
these systems by an analogous mechanism (Figure S18). Taken together, these experiments
are consistent with our working hypothesis that photooxidation of formate results in the 4DPAIPN
radical anion, which can be subsequently excited to photoreduce chlorobenzene and return
4DPAIPN.

While the UV-vis experiments indicate that an electron-primed photoredox mechanism is
feasible, we recognized that carbon dioxide radical anion is sufficiently reducing (Erd(CO2/CO2™)
= -2.2 V vs SCE)" to promote reductive fragmentation of some of the aryl chloride substrates
studied without the intervention of an electron-primed photoredox manifold. To evaluate the
relative contribution of direct substrate reduction by CO,"~, we attempted to generate this radical
anion directly by homolysis of (PhS), under 370 nm light in the absence of 4DPAIPN.® We
envisioned thiyl radical could abstract a hydrogen atom from formate to directly generate CO,"~ in
situ (Figure S23).7'88 These conditions resulted in quantitative conversion of 4-
chlorobenzonitrile (Ereqs = —=2.1 V vs SCE). However, only 9% conversion of chlorobenzene (Ereq =
-2.8 V vs SCE) and <5% conversion of chloroanisole (Erq4 = -2.9 V vs SCE) were observed under
these photocatalyst-free conditions. In contrast, all three of these substrates are dehalogenated
in comparable efficiency through use of the 4DPAIPN conditions. We suspect both mechanisms
operate in parallel for substrates within the bound of the potency of CO.™ (-2.2 V vs SCE) but
that an electron-primed photoredox manifold supports more thermodynamically demanding

reductions. In both cases, the CO,~ reductant byproduct plays an active role either (a) reducing
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the substrate directly or (b) reducing the photocatalyst to reactivate it without requiring persistent

multiphoton excitation (Scheme 4.1).

4.4.

Scheme 4.1. Plausible mechanism for aryl chloride reduction and the roles of
formate and its by-products.

{ initiation I
0] o (l?\ 0]
2x + @ —hv @ + Lo +
HJ\Oe (0] HJLOH
mild potent
photooxidant photoreductant
CO, @_\/ ArCl CHS,
catalyst . substrate
. . A% .
reactivation reduction
CHO, Are co,
parallel reductive modes HCO, \K cHO;
CO, ~ reactivates catalyst
CO, ™ reduces substrate ArH

Conclusions

Overall, we have illustrated that use of a formate-based terminal reductant in combination

with an isophthalonitrile photocatalyst can engage aryl chlorides in diverse synthetically useful

coupling reactions. We anticipate that these operationally simple reaction conditions comprise a

broadly useful approach to photochemically induce difficult reductive processes. Beyond the

immediate synthetic utility, these results are important because they challenge the notion that the

terminal reductant can be viewed as merely an electron-source to turn over the photocatalyst.

These data fit within a growing body of literature that suggests terminal reductant byproducts can

play a non-innocent role in photoredox catalysis.®*57* We suspect that these results could also

offer an alternative explanation for recent examples wherein isophthalonitrile catalysts have

appeared to reduce substrates beyond their expected redox potentials®*° and, more broadly,

illustrate the importance of radical ion intermediates in photoredox catalysis.
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4.7. Supplemental Information
4.7.1 General Methods and Materials

Unless otherwise noted, reactions were performed under an inert N2 atmosphere in anhydrous
DMSO thoroughly degassed by freeze-pump-thaw. Anhydrous DMSO was purchased from
DriSolv. 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, CAM, p- anisaldehyde, 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). Purified materials were dried in vacuo (0.050
Torr) to remove trace solvent. 1 H, 13 C, 31 P Spectra were taken using a Bruker Avance-400
with a BBFO Probe or a Bruker Avance-500 with a DCH Cryoprobe. NMR data are reported
relative to residual CHCI3 (1 H, & = 7.26 ppm), CDCI3 (13 C, 8 = 77.16 ppm). Data for 1 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, g = quartet, m = multiplet, br = broad. GC traces were taken on an Agilent 7890A GC with
dual DB-5 columns (20 m x180 pum x 0.18 um), dual FID detectors, and hydrogen as the carrier
gas.

4.7.2 Experimental Set-Up

LEDs used in this study were purchased from HepatoChem (PAR20- 18W LG 405 nm) and Kessil
(KSPR160L-390, KSPR160L-440, KSPR160L-370).

Standard Reaction Set-Up

Figure S1. Standard setup for photoredox reactions with either 1 or 2 LEDs depending on the
transformation. See General Experimental Procedures for Photoredox Reductions for
details.
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4.7.3 Preparation of Catalysts and Starting Materials
2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4-CzIPN)

NC CN H NaH (7 equiv)
e
E E O THF, 60 °C
F 14 h #

To a flame-dried flask under N2, NaH (60% dispersion, 3.0 g, 75 mmol, 7 equiv) was added and
evacuated then backfilled with N2 three times. THF (100 mL) was added to the flask followed by
1-H-carbazole (8.4 g, 50 mmol, 5 equiv) in THF (25 mL). The carbazole solution was slowly added
to the flask then heated to 60 °C and stirred for 1 hour. 2,4,5,6-tetrafluoroisophthalonitrile (2.0 g,
10 mmol, 1 equiv) in THF (25 mL) was slowly added to the reaction mixture. The solution was
then cooled and stirred at 40 °C overnight. After cooling the reaction to room temperature, excess
NaH was quenched with isopropanol. Water (200 mL) was then added to precipitate the crude
product. The precipitate was filtered then washed with excess water and dried in vacuo. The crude
product dissolved in DCM then filtered through a silica plug and recrystallized from DCM hexanes
to provide pure product as a yellow solid (6.2 g, 8.2 mmol, 82 %). '"H NMR (500 MHz, CDCI3) &
8.24 (d, J = 7.8 Hz, 2H), 7.73 (m, 8H), 7.51 (ddd, J = 8.0, 6.7, 1.5 Hz, 2H) 7.35 (m, 2H), 7.25 (dd,
J=7.8,14Hz 4H), 7.11 (i, J = 7.4, 5.8 Hz, 8H), 6.85 (m, 4H), 6.65 (id, J = 7.7, 1.2 Hz, 2H),
consistent with reported spectrum (Chem. Eur. J. 2016, 22, 4889-4898).

F ) "N’
NG CN H NaH (7 equiv) NG CN
+ o
. . () () DMF, 60 °C @N \
E 14 h j N i

To a flame-dried flask under N2, NaH (60% dispersion, 3.0 g, 75 mmol, 7 equiv) was added and
evacuated then backfilled with N2 three times. THF (100 mL) was added to the flask followed by
diphenylamine (8.5 g, 50 mmol, 5 equiv) in THF (25 mL). The diphenylamine solution was slowly
added to the flask then heated to 60 °C and stirred for 1 hour. 2,4,5,6-tetrafluoroisophthalonitrile
(2.0 g, 10 mmol, 1 equiv) in THF (25 mL) was slowly added to the reaction mixture. The solution
was then cooled and stirred at 40 °C overnight. After cooling the reaction to room temperature,
excess NaH was quenched with isopropanol. Water (200 mL) was then added to precipitate the
crude product. The precipitate was filtered then washed with excess water and dried in vacuo.
The crude product dissolved in DCM then filtered through a silica plug and recrystallized from
DCM hexanes to provide pure product as a yellow solid (5.0 g, 6.2 mmol, 62%). '"H NMR (400
MHz, CDCI3) 6 7.31 — 7.23 (m, 4H), 7.14 — 6.97 (m, 14H), 6.95 — 6.83 (m, 8H), 6.73 — 6.65 (M,

2,4,5,6-tetrakis(diphenylamino)isophthalonitrile (4-DPAIPN)
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10H), 6.59 — 6.51 (m, 4H), consistent with reported spectrum (Angew. Chem. Int. Ed. 2019, 131,
8266-8270).

(0]
/\” JLOtBu
tert-butyl vinyl carbamate: Compound was synthesized according to a previous report (J. Am.

Chem. Soc. 2019, 141, 9, 4147-4153) and 70% vyield was obtained as a white crystalline solid.
"H NMR (400 MHz, CDCI3) & 6.66 (s, 1H), 6.28 (s, 1H), 4.40 (d, J = 15.7 Hz, 1H), 4.21 (d, J=8.8

Hz, 1H), 1.47 (s, 9H).
O.__OEt
P ~OEt
(@]

diethyl phenyl phosphate: Compound was synthesized according to a previous report
(Chernowsky, Colleen; Chmiel, Alyah; Wickens, Zachary (2021): Photocatalytic Activity of Diverse
Organic Radical Anions: Catalyst Discovery Enables Cleavage of Strong C(sp2)-N and C(sp2)-
O Bonds. ChemRxiv. Preprint. https://doi.org/10.26434/chemrxiv.14710398.v1) and 68% yield
was obtained as a colorless oil. '"H NMR (400 MHz, CDCI3) & 7.33 (dd, J = 8.6, 7.2 Hz, 2H), 7.24
—7.19 (m, 2H), 7.16 (t, J = 7.2 Hz, 1H), 4.29 — 4.14 (m, 4H), 1.34 (td, J = 7.1, 1.1 Hz, 6H).

4.7.4 General Experimental Procedures for Photoredox Reductions

General Procedure A — Dehalogenation

4-DPAIPN (10 mol %)
NaCHO, (3 equiv)

X CySH (5 mol %) H
DMSO (0.08 M), 20 h,

405 nm, fan

To an oven-dried 10 mL schlenk tube equipped with a stir bar, 4-DPAIPN (0.01 mmol, 10 mol %)
and sodium formate (0.3 mmol, 3 equiv) were added. The tube was evacuated and backfilled with
N2 three times. While under active N2, cyclohexylthiol (0.005 mmol, 5 mol %) and chlorobenzene
(0.1 mmol, 1 equiv) were added to the schlenk tube followed by DMSO (1.25 mL, 0.08 M). The
schlenk tube was sealed under N2 then stirred and irradiated with a 405 nm LED (3.5 cm from
glass surface with fan cooling for 20 hours.

For GC analyses: After reaction completion, mesitylene (14 uL, 0.1 mmol, 1 equiv) was added
as the internal standard to the crude mixture. 0.1 mL aliquot was removed from the crude and
quenched with 1 mL water then extracted with 1 mL diethyl ether. Diethyl ether layer was filtered
through a silica pipette plug then ran on the GC.

For NMR analyses: Added CH2Br2 as the internal standard (7 uL, 0.1 mmol, 1 equiv) to crude
reaction mixture. Took 0.1 mL aliquot and quenched with 1 mL water then extracted with 1 mL
CDCI3. Reactions were analyzed via '"H NMR of the CDCI3 layer.
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General Procedure B — Phosphonylation

4-DPAIPN (12 mol %) o
cl NaCHO, (3 equiv) _P~0Et
& o - @
) DMSO (0.1 M), 20 h,
5 equiv two 405 nm, fan

To an oven-dried 10 mL schlenk tube equipped with a stir bar, 4-DPAIPN (0.048 mmol, 12 mol
%) and sodium formate (1.2 mmol, 3 equiv) were added. Aryl chloride (0.4 mmol, 1 equiv) and
triethyl phosphite (2.0 mmol, 5 equiv) were added to the schlenk tube followed by DMSO (4 mL,
0.1 M). The reaction mixture was freeze-pump-thawed then sealed under N2 and stirred and
irradiated with two 405 nm LEDs (4.5 cm from glass surface on each side of the tube with fan
cooling) for 20 hours. After reaction completion, the reaction was quenched with 50 mL NaHCO3
(aq) and extracted with 30 mL EtOAc three times. The combined EtOAc layer was washed with
50 mL brine then dried over Na2S04. The mixture was filtered and concentrated in vacuo then
purified by flash chromatography with silica.

For NMR analyses: After reaction completion, CH2Br2 was added as the internal standard to
crude reaction mixture. 0.1 mL aliquot was removed and quenched with 1 mL water then extracted
with 1 mL CDCI3. Reactions were analyzed via '"H NMR of the CDCI3 layer.

General Procedure C — Borylation

4-DPAIPN (5 mol %)
NaCHO, (3 equiv)

c Cs2C03 (3 equiv) _Bpin
+  Bopiny > @
DMSO (0.2 M), 20 h,

3 equiv 405 nm, fan

To an oven-dried 10 mL schlenk tube equipped with stir bar, 4-DPAIPN (0.01 mmol, 2.5 mol %),
sodium formate (1.2 mmol, 3 equiv), B2pin2 (1.2 mmol, 3 equiv), and Cs2C0O3 (1.2 mmol, 3 equiv)
were added. The tube was evacuated and backfilled with N2 three times. While under active N2,
aryl chloride (0.4 mmol, 1 equiv) was added to the schlenk tube followed by DMSO (2 mL, 0.2 M).
The schlenk tube was sealed under N2. Stirred and irradiated with two 405 nm LEDs (4.5 cm from
glass surface on each side of the tube with fan cooling) for 20 hours total. At the 6 hour mark, an
additional 2.5 mol % 4-DPAIPN was added as a stock solution (2.5 mol % 4-DPAIPN dissolved
in 400 uL DMSO — then to the reaction vessel, evacuated and backfilled with N2 on the side arm
then while under active N2, added the stock solution). The tube was resealed under N2 and stirred
while irradiating for the remaining 14 hours. After reaction completion, the reaction was quenched
with 50 mL NaHCO3 (aq) and extracted with 30 mL EtOAc three times. The combined EtOAc
layer was washed with 50 mL brine then dried over Na2SO4. The mixture was filtered and
concentrated in vacuo then purified by flash chromatography with silica.

For NMR analyses: After reaction completion, CH2Br2 was added as the internal standard to
crude reaction mixture. Took 0.1 mL aliquot and quenched with 1 mL water then extracted with 1
mL CDCI3. Reactions were analyzed via 'H NMR of the CDCI3 layer.
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General Procedure D — Hydroarylation of Vinyl Carbamate

4-DPAIPN (6 mol %)

ol NaCHO, (3 equiv) NHB
CySH (5 mol % oc
+ 7 NHBoc ySH ) - Xl\l/
_ DMSO (0.2 M), 28 h, H
2.5 equiv two 405 nm, fan

To an oven-dried 10 mL schlenk tube equipped with a stir bar, 4-DPAIPN (0.012 mmol, 3 mol %),
sodium formate (1.2 mmol, 3 equiv), and vinyl carbamate (1.0 mmol, 2.5 equiv) were added. The
tube was evacuated and backfilled with N2 three times. While under active N2, added
cyclohexylthiol (0.02 mmol, 5 mol %) and aryl chloride (0.4 mmol, 1 equiv) to vial then DMSO (2
mL, 0.2 M). The tube was sealed under N2 then stirred and irradiated with two 405 nm lamps (4.5
cm from glass surface on each side with fan cooling) for 28 hours total. At the 6 hour mark, an
additional 3 mol % 4-DPAIPN was added as a stock solution (3 mol % 4-DPAIPN dissolved in
400 uL DMSO — then to the reaction vessel, evacuated and backfilled with N2 on the side arm
then while under active N2, added the stock solution). The tube was resealed under N2 and stirred
while irradiating for the remaining 22 hours. After reaction completion, the reaction was quenched
with 50 mL NaHCO3 (aq) and extracted with 30 mL EtOAc three times. The combined EtOAc
layer was washed with 50 mL brine then dried over Na2SO4. The mixture was filtered and
concentrated in vacuo then purified by flash chromatography with silica.

General Procedure E — Hydroarylation of Unactivated Alkenes

4-DPAIPN (6 mol %)
NaCHO, (3 equiv)

Cl
Cs2C03 (5 mol %) ’ R
o - @Y
DMSO (0.2 M), 28 h, H

5 equiv two 405 nm, fan

To an oven-dried 10 mL schlenk tube equipped with a stir bar, 4-DPAIPN (0.012 mmol, 3 mol %)
and sodium formate (1.2 mmol, 3 equiv) were added. The tube was evacuated and backfilled
with N2 three times. While under active N2, cyclohexylthiol (0.02 mmol, 5 mol %), aryl chloride
(0.4 mmol, 1 equiv), and alkene (2.0 mmol, 5 equiv) were added to the vial then DMSO (2 mL,
0.2 M). The tube was sealed under N2 then stirred and irradiated with two 405 nm lamps (4.5 cm
from glass surface on each side with fan cooling) for 28 hours total. At the 6 hour mark, an
additional 3 mol % 4-DPAIPN was added as a stock solution (3 mol % 4-DPAIPN dissolved in
400 uL DMSO — then to the reaction vessel, evacuated and backfilled with N2 on the side arm
then while under active N2, added the stock solution). The tube was resealed under N2 and stirred
while irradiating for the remaining 22 hours.

For GC analyses: After reaction completion, mesitylene was added as the internal standard to the
crude mixture. 0.1 mL aliquot was removed from the crude and quenched with 1 mL water and
extracted with 1 mL diethyl ether. The diethyl ether layer was filtered through a silica pipette plug
then ran on the GC.
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For NMR analyses: CH2Br2 was added as the internal standard to crude reaction mixture. 0.1
mL aliquot was removed and quenched with 1 mL water then extracted with 1 mL CDCI3. Took
Reactions were analyzed via '"H NMR of the CDCI3 layer.

4.7.5 Reaction Optimization
Dehalogenation

Following General Procedure A on 0.1 mmol scale, the following parameters were evaluated
during optimization of this reaction. Reactions were analyzed via GCMS.

4-DPAIPN
NaCHO2 (3 equiv)

Cl CySH H
©/ DMSO, 405 nm, 3.5 cm, B ©

fan 20 h
0.1 mmol
PhH %
0.2 M DMSO, 5 mol % 4-DPAIPN (two 2.5 mol % batches) 62
0.08 M DMSO, 5 mol % 4-DPAIPN 62
0.08 M DMSO, 10 mol % 4-DPAIPN 74
0.2 M DMSO, 5 mol % 4-DPAIPN (two 2.5 mol % batches), no CySH 57
0.2 M DMF, 5 mol % 4-DPAIPN, no CySH 14
0.2 M THF, 5 mol % 4-DPAIPN (two 2.5 mol % batches), no CySH 0

Figure S2: Dehalogenation optimization.
Phosphonylation

Following General Procedure B, the conditions below were used as the initial standard conditions.
The following parameters were evaluated during optimization of this reaction. Reactions were
analyzed via '"H NMR using CH2Br2 as the internal standard.

4-DPAIPN (5 mol %) %

cl NaCHO, (3 equiv) lIIDI\OEt
+ P(OEY); o @oa
DMSO (0.2 M), 20 h,

0.1 mmol 5 equiv 405 nm, 3.5 cm, fan




prdt
standard 30
2.5 mol % 4-DPAIPN 33
0.1 M DMSO, 2.5 mol % 4-DPAIPN 25
0.1 M DMSO, 5 mol % DPA (no batch addition) 40
0.1 M DMSO, 10 mol % DPA 55
0.1 M DMSO, 10 mol % DPA, FPT 53
10 eq phos, 2.5 mol % 4-DPAIPN 36
15 eq phos, 2.5 mol % 4-DPAIPN 36
0.067 M DMSO, 10 mol % 4-DPAIPN 30
0.1 M DMSO, 10 mol % 4-DPAIPN, 10 eq phos 50
0.067 M DMSO, 10 mol % 4-DPAIPN, 10 eq phos 46
0.1 M, 5 mol % 4-DPAIPN, 10 eq phos (no batch addition) 37

Figure S3: Phosphonylation optimization.
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The remainder of optimization for the phosphonylation was performed on 0.4 mmol scale with
the following standard conditions.

Borylation

cl 4DPAIPN (10 mol %) P(O)(OE),
©’ + P(OEY, NaCHO (3 eq.) ©’
0.1 M DMSO, 405 nm

3.5¢cm, fan, 20 h

0.4 mmol 5eq.
prdt
standard 51
2 lights 55
photobox 51
12 mol % DPA 60
15 mol % DPA 61
12 mol % DPA, 0.08 M 50
15 mol % DPA, 0.08 M 63
12 mol % DPA, 0.05 M 47
15 mol % DPA, 0.05 M 52

Figure S4: Phosphonylation optimization on 0.4 mmol scale.

Following General Procedure C on 0.1 mmol scale, the following parameters were evaluated
during optimization of this reaction. Reactions were analyzed via 'H NMR using CH2Br2 as the

internal standard.

4-DPAIPN (5 mol %)
NaCHO, (3 equiv)

a pyridine (0.05 equiv) Bpin
+ nging >
DMSO (0.2 M), 20 h,

0.1 mmol 2 equiv 405 nm, fan




prdt PhH prdt/PhH
standard 60 20 3
2.5 mol % 4-DPAIPN 50 15 3.33333333 |
0eqpyr 50 1.78571429 |
0.05 eq pyr 68 | 27 2.51851852
0.5 eq pyr 68 22 3.09090909
1 eq B2pin2 54 18 3
3 eq B2pin2 67 25 2.68
4 eq B2pin2 67 1 6.09090909 |
5 eq B2pin2 70 15 4.66666667
0.1 M, 10 mol % 4-DPAIPN, 3 eq B2pin2, no batch 60 23 2.60869565
0.15 M, 5 mol % 4-DPAIPN, 3 eq B2pin2 68 19 3.57894737
DMF 15 0 15

Figure S5: Borylation optimization.

The remainder of borylation optimization was performed with chloroanisole as the substrate

because electron-rich substrates were more challenging.

prdt Ar-H rsm  |prdt/Ar-H
standard 57 20 2.85
0.5 eq pyridine 54 22 2.45455
0.5 eq DMAP 58
no fan, 5 eq B2pin2, 0.5 eq pyridine 41

10 mol % 4-DPAIPN, 0.08 M DMSO, 0.05 eq pyridine

10 mol % 4-DPAIPN, 0.08 M DMSO, 1 eq pyridine

10 mol % 4-DPAIPN, 0.08 M DMSO, 1 eq DMAP

50

45

10 mol % 4-DPAIPN, 0.08 M DMSO, 1 eq Cs2C03 51 30

10 mol % 4-DPAIPN, 0.08 M DMSO, 1 eq tBuOK 41 29

10 mol % 4-DPAIPN, 0.08 M DMSO, 1 eq K3PO4 37 24 I
10 mol % 4-DPAIPN, 0.08 M DMSO, 1 eq pyridine, 5 eq B2pin2 34 9 54 [3.77778 |
0.5 eq Cs2CO3 41 23 21 | 1.78261
1eq Cs2C03 49 20 18 2.45

2 eq Cs2C03 61 23 11 |2.65217
3 eq Cs2C03 67 29 [ 0 [231034
4 eq Cs2C04 66 0 | 2

3 eq Cs2C0O3 with Cs formate 63 0 [1.90909

Figure S6: Borylation optimization with chloroanisole as the substrate.

Hydroarylation of Vinyl Carbamate
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Following General Procedure D on 0.1 mmol scale, the following parameters were evaluated
during optimization of this reaction. Reactions were analyzed via GCMS.

4-DPAIPN (5 mol %)

Cl thiol (5 mol %)
©/ + /\NHBOC NaCHO; (3 eq.)

DMSO (0.1 M), 20 h,
0.1 mmol 25eq. 405 nm, (3.5 cm), fan

©/\/NHBOC
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catalyst product % |product/PhH| conversion
NpMI (427 nm) 10 42
NpDI (467) NA

DCA (525 nm) NA

4-CzIPN (390 nm) 14 32
tBu-4-CzIPN 16 5.2 24
4-DPAPN 22 5.1 41
4-DPATPN 17 3.4 32
3-CN-3-Ph NA

4-DPAIPN 4.2

Figure S7. Catalyst evaluation for hydroarylation.
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NpMI NpDI DCA 4-CzIPN tBu-4-CzIPN
cN CN I NPh,
PhuN CN PhzN NPh; NC. O CN NC CN
PhN NPh, PhN NPh, O O PhoN NPh,
NPh, CN CN NPh;
4-DPAPN 4-DPATPN 3-CN-3-Ph 4-DPAIPN

acetone

Figure S9: Solvent evaluation for hydroarylation. All solvents tested were run 1:1 with DMSO.
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prdt/PhH | conversion

no HAT
2,6-di-tBu-4-OMe-PhOH
PhSH

4-OMe-PhSH
decanethiol

alkyl thiols |CySH
tert-dodecylthiol

thiophenols

reductant (3 equiv)
DIPEA

NPh3
Na-ascorbate
Li-formate
Cs-formate
K-formate
Na-formate

formic acid + NBu3
tBuOH

iPrOH

H20

Figure $11: Reductant evaluation for hydroarylation.
4.7.6 Photocatalyst and Reductant Evaluation

photocatalyst (10 mol %)
reductant (3 equiv)

©/C‘ CySH (5 mol %) ©/H
DMSO (0.08 M), light

3.5cm, fan, 20 h

4-DPAIPN | 4-CzIPN | Fluorenone | Phenazine
NEt; 17 16
NBu; 13 16
EtN(iPr), 35

Figure S12. Catalyst and reductand matrix to unlock potent radical anion reactivity.

Following General Procedure A except varying the photocatalyst, reductant, and wavelength, the
following yields were obtained via GC analysis using mesitylene as the internal standard. The
light used for irradiation (4-DPAIPN = 405 nm, 4-CzIPN = 390 nm, fluorenone = 405 nm,
phenazine = 440 nm) was determined from the optimal wavelength for the reduced congener of
each photocatalyst, discovered in {Chernowsky, Colleen; Chmiel, Alyah; Wickens, Zachary
(2021): Photocatalytic Activity of Diverse Organic Radical Anions: Catalyst Discovery Enables
Cleavage of Strong C(sp2-N and C(sp2)-O Bonds. ChemRxiv. Preprint.
https://doi.org/10.26434/chemrxiv.14710398.v1}.
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4.7.7 Evaluation of Leaving Groups not Susceptible to XAT

4-DPAIPN (10 mol %)
reductant (3 equiv)

©/x CySH (5 mol %) © H
DMSO (0.08 M), 20 h,

405 nm, fan

©x ©NMe3I ©0P(0)(05t)2

EtN(iPr), =26% PhH  EtN(iPr), = 23% PhH
NaCHO, =70% PhH  NaCHO, = 46% PhH
NaCHO, (15 mol % 4-DPAIPN) = 66% PhH

Figure $13. Testing non-halide leaving groups to rule out an XAT mechanism.

Following General Procedure A, the following yields were obtained via GC analysis. The alkyl
amine promoted the desired reduction of the anilinium and phosphate in modest yields, supporting
an electron-primed mechanism rather than halogen atom transfer (XAT). Furthermore, we see
that the reduction becomes much more efficient upon employing sodium formate as the redox
activator. Conversion of the phosphate can be increased by employing higher catalyst loading.

4.7.8 Reductants Evaluated with 4-DPAIPN

Below is a complete list of reductants that were tested with 4-DPAIPN as the photocatalyst, using
General Procedure A. For reductants that lacked an H-atom (PPh3, 4-OMe-NPh3, Mn(0)),
dimethylformamide was used as a co-solvent to act as an H-atom donor to the aryl radical that
would be generated upon single electron reduction.

% prdt
sodium oxalate 2
PPh3 7
4-OMe-NPh3 3
Mn(0) 1
sodium ascorbate 2
NEt3 17
NBu3 13
EtN(iPr)2 35
NaCHO2 70

Figure S14. Reductants tested with 4-DPAIPN for the dehalogenation of chlorobenzene.
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4.7.9 Control Experiments

Cl 4-DPAIPN (10 mol %) H
©/ NaCHO, (3 eq.) ©
0.08 M DMSO, 405 nm

3.5¢cm, fan, 20 h

alterations prdt rsm
none 71 18
no light <2 99
no cat <2 94
no formate not detected 98

The following control experiments were run using General Procedure A with the following
deviations mentioned above. We see that light, catalyst, and formate are required.

4.7.10 Radical Clock Experiment

4-DPAIPN (5 mol %)
NaCHO2 (3 equiv)

@OL CySH (5 mol %) 0
Cl X DMSO (0.2 M), 20 h,

405 nm, fan
H

Figure S$15. Radical clock experiment to support aryl radical intermediate.

To an oven-dried 10 mL schlenk tube equipped with a stir bar, 4-DPAIPN (0.0025 mmol, 2.5 mol
%) and sodium formate (0.3 mmol, 3 equiv) were added. The flask was evacuated and backfilled
with N2 three times. While under active N2 (if N2 pressure is too low, then the reaction mixture
was freeze-pump-thawed after addition of all reagents), added cyclohexylthiol (0.005 mmol, 5 mol
%) and aryl chloride (0.1 mmol, 1 equiv) to vial then DMSO (0.5 mL, 0.2 M). Sealed tube under
N2. The reaction mixture was stirred and irradiated with a 405 nm lamp (3.5 cm from glass surface
with fan cooling) for 20 hours total. At the 6 hour mark, an additional 2.5 mol % 4-DPAIPN (for a
total of 5 mol % photocatalyst) was added as a stock solution (2.5 mol % 4-DPAIPN dissolved in
100 uL DMSO — then to the reaction vessel, evacuated and backfilled with N2 on the side arm
then while under active N2, added the stock solution). The tube was resealed under N2 and the
mixture stirred under irradiation for the remaining 14 hours. CH2Br2 (7 uL, 0.1 mmol, 1 equiv)
was added as the internal standard to crude reaction mixture. 0.1 mL aliquot was removed and
quenched with 1 mL water then extracted with 1 mL CDCI3. 52% yield was obtained via '"H NMR.
NMR consistent with reported spectrum (J. Org. Chem. 2018, 83, 16, 9381-9390).
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4.7.11 High-Throughput Experimentation with Aryl Halide Informer Plate

Informer Plate was run at Merck.

X 4-DPAIPN (10 mol %) H
CsCHO, (3 equiv) R
DMSO, 395 nm

product detected
no product detected

X1 X2 X3 X4 X5 X6 °

CO,Me

X13 X14 X15 X

X K oo NI o OO
HNTNT F T\)—J |—< >>:N/>_> ::,s%

Figure S16. Aryl halide informer plate used in high-throughput experimentation to test the 4-
DPAIPN and formate system, in collaboration with Merck.

16 9\ 4 X17 X18 X
o o /> ~
‘ )
e o s
cl "

cl

To a 4 mL vial equipped with a stir bar, 4-DPAIPN (23.9 mg, 0.03 mmol) and cesium formate (0.9
mmol, 3 equiv) were added. Under active N2, DMSO (3.75 mL) previously sparged with nitrogen
for 5 min was added. The resulting suspension was vigorously stirred for 5—10 min. In a nitrogen
inertion box, to each reaction well of a custom plated kit containing 10 ymol of the commercially
available informers was added 125 L of the suspension containing 4-DPAIPN (0.8 mg, 1 pmol),
cesium formate (5.3 mg, 30 pmol). The reaction block was sealed, and the kit was stirred (by
action of a tumble stirrer) under an active stream of nitrogen and irradiated with a 395 nm LED
plate (Lumidox Il, stage 3, 190 mW/well) equipped with an active cooling base for 8 hours. After
completion, each reaction vial was analyzed on an LCMS. The HTE screen afforded hits as
depicted in the following graphic showing conversion to the reduction product.
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An advantage of using chemical reductants to generate electron-primed catalysts is that it allows
for an operationally simple reaction setup as well as allows use of photoredox high-throughput
experimentation technology. We demonstrated this using an aryl halide informer plate that
contains a unique densely functionalized substrate in each well. Dehalogenation was chosen as
the target reaction due to its analytical simplicity. We learned that this electron-primed system can
reduce a variety of medicinally-relevant compounds using high-throughput experimentation.
These compounds were detected as significant products via LCMS. HTE plate: Lumidox Gen Il
24-Position LED Arrays, part no. LUM296DA395. Aryl halide informer plate:
https://www.sigmaaldrich.com/US/en/tech-docs/paper/970033

To confirm the aforementioned hits, these reactions were repeated on a 0.1 mmol scale using a
modified General Procedure A conducted with a Penn PhD Photoreactor M2 equipped with a
405 nm light source without cyclohexylthiol unless otherwise noted. See compounds 27-35.

Additionally, a single informer (X2) was reacted on a 0.1 mmol scale using a modified General
Procedure E conducted with a Penn PhD Photoreactor M2 equipped with a 405 nm light source.
See compound 36.

4.7.12 Cyclic Voltammetry
N-vinyl carbamate (0.1 M TBAPF¢) -- Ereq = -2.25 V vs SCE

I (mA)

E (V) vs Ag/AgNO3

Sodium formate (0.1 M TBAPF6) -- Eox = +1.25 V vs SCE
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4.7.13 Gas Chromatography Calibration Curves

PhH calibration curve
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4-CN-PhClI Calibration Curve
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Ph-octane Calibration Curve
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4.7.14 Stern Volmer and UV-Vis Data

Stern Volmer

In the glovebox, a 25 uM solution of 4-DPAIPN in DMSO was prepared with a given concentration
of the quencher. The samples were irradiated at 435 nm and emission peak was measured at
525 nm. Quenching of 4-DPAIPN* was observed with tetrabutylammonium (TBA) formate and
cyclohexylthiol, however no quenching was observed with chlorobenzene.

Note: TBA-formate was used instead of Na-formate because of poor solubility of the sodium
counter ion. TBA-formate was tested as a reductant in the hydroarylation of the vinyl carbamate
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(General Procedure D) to validate its reactivity. Lower conversion was observed (65% conversion)
with undesired over-reduction (PhH) as the major by-product (55%).

4-DPAIPN quenching with TBA-formate

1.16
1.14 o
1.12 -

1.1
9 y=0.0014x + 1

1.08 R? = 0.9931

0/1

0.98
0 20 40 60 80 100 120

TBA-formate concentration (uM)
Figure S17. Stern-Volmer quenching of 4-DPAIPN with tetrabutylammonium formate.

4-DPAIPN quenching with CySH

12
1.15
@, .0

| e
|~ O oottt " YD "
(5- '''''''' v=00077x+1

1.06 Pt R*=0.983

N
0 5 10 15 20

CySH concentration (uM)

Figure $18. Stern-Volmer quenching of 4-DPAIPN with cyclohexylthiol.
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4-DPAIPN quenching with PhCl

1.05

=2E-05x +1
1.03 ¥
R? = 0.6086

lo/1
*
o
»
H

0.97

0.95
0 20 40 60 80 100
Phcl concentration (uM)

Figure $19. Stern-Volmer quenching of 4-DPAIPN with chlorobenzene.
UV-Vis

Under argon, a 25 uM solution of 4-DPAIPN and sodium formate in DMSO was prepared. The
first UV/vis spectrum was taken. To the sample cuvette, a 405 nm LED was used to irradiate the
mixture for 15 seconds while shaking. Following irradiation, the second UV/vis spectrum was
taken which showed 4-DPAIPN-— features grow in. Next, chlorobenzene was added to the cuvette
through the septum cap to give a 100 uM solution of chlorobenzene with the catalyst and formate
mixture. The third UV/vis spectrum was recorded which showed no change in features,
suggesting that 4-DPAIPN-— does not react on this time scale with chlorobenzene in the dark.
Finally, the mixture was irradiated for 15 seconds with a 405 nm LED while shaking. The fourth
UV/vis spectrum was taken and showed the 4-DPAIPN features grow in while the 4-
DPAIPN-— features shrunk, suggesting that light is required for 4-DPAIPN-—to reduce
chlorobenzene and revert to 4-DPAIPN.

L
& e
2 o, ——4-DPAIPN + formate (dark)
. ——4-DPAIPN + formate (light)
L4
. * 4-DPAIPNe—
1.5
=)
<
8
 —
o
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<C
0.5

275 325 375 425 475 525 575
Wavelength (nm)
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Figure S20. UV/vis of 4-DPAIPN+— generated with formate + light, and electrochemically.
For electrochemically generated 4-DPAIPN:

An oven-dried divided electrochemical cell under N2 was equipped with an electrode assembly
consisting of rubber septa as caps with stainless steel wire and RVC for the cathode, a sacrificial
zinc anode, and Ag/AgNOs reference electrode. TBAPF6 (0.1 M in DMF) was added to the cell
followed by 4-DPAIPN to make a 25 uM solution. Using a dip-probe, the solution was electrolyzed
at -2 V vs Ag/AgNO3. The solution changed from bright yellow to dark green/brown/black. The
UV/vis spectrum was then recorded.

4.7.15 NMR Experiment for 4-DPAIPN-— Generation

In the glovebox, 4-DPAIPN (8 mg, 1 umol) and sodium formate (0.7 mg, 1 umol) were added to a
J-young tube, followed by D6-DMSO (0.4 mL) to give a bright yellow solution. The NMR tube was
wrapped in foil during transport then the first NMR spectrum was recorded. The NMR tube was
then irradiated with a 405 nm LED and shaken for 45 seconds until the solution turned
brown/black. The NMR spectrum was recorded and revealed significant broadening on the
catalyst signals, indicative of a radical species being generated. Finally, the NMR tube was
opened to air to presumably oxidize the 4-DPAIPN«— back to neutral 4-DPAIPN. The solution
returned to bright yellow and the NMR spectrum was recorded, revealing the neutral 4-DPAIPN
features had returned.
M y (dark)

“J"‘ k .W \ "i

4DPAIPN + formate

4DPAIPN + formate
(45 sec light)

4DPAIPN + formate
H (air after 45 sec light)

S U —

Figure S21: NMR experiment revealing evidence of 4-DPAIPN«— generation in the presence of
formate and light.



4.7.16 Plausible Mechanism for CO2+— Generation from Thiyl Radical
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Figure $22. Mechanism of thiol generating CO2+—

4.7.17 Probing Substrate Reduction by CO2—

electron-primed CO,~ mediated

4-DPAIPN (10 mol %)
NaCHO, (3 equiv)
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—_ D <
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Based on quenching in Stern-Volmer experiments, a plausible mechanism when thiol is present
in the net-reductive reactions could be oxidation of the thiol by the 4-DPAIPN* followed by
electron-transfer/proton-transfer (ETPT) to generate a thiyl radical. That thiyl radical could then
abstract an He atom from formate to generate the CO2+— that can promote the reaction as shown
in Scheme 1.
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Figure $23. Evidence for CO2*— promoting substrate reduction at milder substrate E.q and
electron-primed catalysis promoting substrate reduction at more challenging substrate Eieq.

In an attempt to discriminate reduction of substrate via 4-DPAIPN radical anion excited state vs.
CO; radical anion, the homolysis of the S-S bond of phenyl disulfide was explored as an
alternative route to access COz— from formate. Conditions similar to the 4-DPAIPN-promoted
reaction (General Procedure A) were used, replacing 4-DPAIPN with phenyl disulfide (2 equiv)
and using 370 nm irradiation to homolyze the S-S bond, instead of 405 nm. The reactions were
analyzed by measuring conversion of the aryl chloride via GCMS.

'

from PhCI

4.7.18 Product Characterization

Benzene (3): 70% was obtained following General Procedure A, analyzed via GC analysis.

>[ H
Tert-butylbenzene (4): 64% was obtained following General Procedure A, analyzed via 'H NMR
analysis. NMR consistent with reported spectrum (J. Am. Chem. Soc. 2013, 135, 2, 624-627).

o
MeO

Anisole (5): 67% was obtained following General Procedure A, analyzed via '"H NMR analysis.
NMR consistent with reported spectrum (Angew. Chem. Int. Ed. 2018, 57, 12906 —12910).

tBu H
MeO ;
tBu

1,3-di-tert-butyl-2-methoxybenzene (6): 92% was obtained following General Procedure A,
analyzed via '"H NMR analysis. NMR consistent with reported spectrum (Tetrahedron, 69, 3, 2013,

1105-1111).
©,P(0>(0Et)2

diethyl phenylphosphonate (10): 47 mg (55%) was obtained as a colorless oil following General
Procedure B. Product was isolated via flash chromatography on silica using 2:1 hexanes/acetone.
"H NMR (400 MHz, CDCI3) 5 7.81 — 7.67 (m, 2H), 7.51 — 7.43 (m, 1H), 7.39 (tdd, J = 8.3, 4.2, 1.0
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Hz, 2H), 4.19 — 3.90 (m, 4H), 1.25 (t, J = 7.1 Hz, 6H), consistent with reported spectrum (Org.

Lett. 2013, 15, 20, 5362-5365).
/@9& P(O)(OEt),

diethyl p-tolylphosphonate (11): 58 mg (63%) was obtained as a colorless oil following General
Procedure B with the modification that 15 mol % 4-DPAIPN was used, first with the addition of 10
mol % photocatalyst followed by a batch of 5 mol % after 20 hours, giving a total 36 hour reaction
time. Product was isolated via flash chromatography on silica using 2:1 hexanes/acetone. '"H NMR
(400 MHz, CDCI3) 6 7.63 (dd, J = 13.2, 8.1 Hz, 2H), 7.32 — 7.10 (m, 2H), 4.19 — 3.88 (m, 4H),
2.33 (s, 3H), 1.24 (t, J = 7.1 Hz, 6H), consistent with reported spectrum (Org. Lett. 2018, 20, 14,

4164-4167).
@/Q/ P(O)(OEY),
SN

diethyl (4-(pyridin-2-ylmethyl)phenyl)phosphonate (12): 84 mg (69%) was obtained as a pale
yellow oil following General Procedure B with the modification that 15 mol % 4-DPAIPN was used,
first with the addition of 10 mol % photocatalyst followed by a batch of 5 mol % after 20 hours,
giving a total 36 hour reaction time. Product was isolated via flash chromatography on silica using
20% MeOH in DCM. 'H NMR (400 MHz, CDCI3) & 8.55 — 8.49 (m, 1H), 7.76 — 7.66 (m, 2H), 7.57
(td, J=7.7,1.9 Hz, 1H), 7.33 (dd, J = 8.0, 3.9 Hz, 2H), 7.09 (dd, J = 7.8, 2.5 Hz, 2H), 4.16 (s, 2H),
4.15-3.96 (m, 4H), 1.27 (t, J = 7.1 Hz, 6H). 3*C NMR (101 MHz, CDCI3) 5 159.83, 149.51, 144.26
(d, J=3.2Hz),136.73, 132.11 (d, = 10.3 Hz), 129.18 (d, J = 15.3 Hz), 126.17 (d, J = 189.7 Hz),
123.28, 121.57,62.03 (d, J = 5.4 Hz), 44.60, 16.31 (d, J = 6.5 Hz). *'P NMR (162 MHz, CDCI3) &
19.05. HRMS (ESI*) Calc: [M+H]" (C16H20NO3P) 306.1253; measured 306.1247 = 2.0 ppm
difference.

_-P(O)(OEY),

MeO
MeO™ ~O

methyl 5-(diethoxyphosphoryl)-2-methoxybenzoate (13): 109 mg (90%) was obtained as a
pale yellow oil following General Procedure B. Product was isolated via flash chromatography on
silica using 30-60% acetone in hexanes. '"H NMR (400 MHz, CDCI3) 6 8.15 (dd, J = 13.4, 2.1 Hz,
1H), 7.85 (ddd, J = 12.5, 8.6, 2.1 Hz, 1H), 6.99 (dd, J = 8.6, 3.2 Hz, 1H), 4.15 - 3.95 (m, 4H), 3.89
(s, 3H), 3.83 (s, 3H), 1.25 (t, J = 7.1 Hz, 6H). '*C NMR (101 MHz, CDCI3) & 165.67, 162.03 (d, J
= 3.3 Hz), 137.28 (d, J = 11.1 Hz), 135.60 (d, J = 12.2 Hz), 120.32 (d, J = 15.5 Hz), 119.65 (d, J
=196.4 Hz), 111.93 (d, J = 15.8 Hz), 62.16 (d, J = 5.4 HZz), 56.19, 52.21, 16.32 (d, J = 6.5 Hz).
3P NMR (162 MHz, CDCI3) & 18.00. HRMS (ESI*) Calc: [M+H]" (C13H1906P) 303.0992; measured
303.0987 = 1.6 ppm difference.
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S

4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane (14): 80% was obtained following General
Procedure C, analyzed via '"H NMR analysis. NMR consistent with reported spectrum (Org. Lett.

2012, 14, 17, 4560-4563).
9J§<
o
MeO

2-(4-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (15): 63 mg (67%) was
obtained as a white solid following General Procedure C. Product was isolated via flash
chromatography on silica using 10 % ethyl acetate in hexanes. '"H NMR (400 MHz, CDCI3) 5 7.76
(d, J = 8.6 Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H), 3.83 (s, 3H), 1.34 (s, 12H), consistent with reported
spectrum (Org. Lett. 2012, 14, 17, 4560-4563).

9%

SO
S,
H A

tert-butyl (4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)carbamate (16): 92% was
obtained following General Procedure C, analyzed via 'H NMR analysis. NMR consistent with
reported spectrum (J. Am. Chem. Soc. 2020, 142, 5, 2087-2092).

N
o
4-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)morpholine (17): 59 mg (51%) was
obtained as a white solid following General Procedure C. Product was isolated via flash
chromatography on silica using 30% ethyl acetate in hexanes. 'H NMR (400 MHz, CDCI3) 5 7.73

(d, J = 8.6 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 3.92 — 3.78 (m, 4H), 3.34 — 3.17 (m, 4H), 1.33 (s,
12H), consistent with reported spectrum (Org. Lett. 2016, 18, 11, 2758-2761).

©¢/\/NHBOC

tert-butyl phenethylcarbamate (18): 53 mg (60%) was obtained following General Procedure
D. Product was isolated via flash chromatography on silica using hexanes ethyl acetate. '"H NMR
(400 MHz, CDCI3) &6 7.31 (dd, J = 8.0, 6.6 Hz, 2H), 7.20 (dd, J = 8.6, 7.1 Hz, 3H), 4.53 (s, 1H),
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3.38 (q, J = 6.8 Hz, 2H), 2.80 (t, J = 7.0 Hz, 2H), 1.44 (s, 9H), consistent with reported spectrum

(Org. Lett. 2019, 21, 8, 2818-2822).
O‘f\/NHBoc
MeO

tert-butyl (4-methoxyphenethyl)carbamate (19): 50 mg (50%) was obtained following General
Procedure D. Product was isolated via flash chromatography on silica using hexanes ethyl
acetate. 'TH NMR (400 MHz, CDCI3) & 7.11 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 4.52 (s,
1H), 3.79 (s, 3H), 3.33 (t, J = 6.8 Hz, 2H), 2.73 (t, J = 7.0 Hz, 2H), 1.43 (s, 9H), consistent with
reported spectrum (Org. Lett. 2019, 21, 8, 2818-2822).

_~_-\HBoc
&O\

tert-butyl (4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)phenethyl)carbamate
(20): 64% was obtained following General Procedure D. The product was partially purified on
silica using hexanes ethyl acetate to verify product identity. '"H NMR (400 MHz, CDCI3) & 7.08
(d, J =7.8 Hz, 2H), 7.01 (d, J = 7.7 Hz, 2H), 3.28 (d, J = 8.7 Hz, 2H), 2.66 (dt, J = 12.4, 7.5 Hz,
4H), 1.36 (s, 9H), 1.15 (s, 12H), 1.06 (t, J = 8.2 Hz, 2H). "*C NMR (126 MHz, CDCI3) 5 155.89,
142.50, 136.02, 128.61, 128.21, 83.09, 63.63, 41.83, 38.80, 35.73, 34.25, 29.53, 28.42, 24.80.
HRMS (ESI*) Calc: [M+Na]* (C21H34BNO4) 398.2477; measured 398.2469 = 2.0 ppm difference.

O _~_-NHBoc
F

tert-butyl (4-fluorophenethyl)carbamate (21): 66% was obtained following General Procedure
D and was analyzed via NMR analysis. The product was partially purified on silica using hexanes
ethyl acetate to verify product identity. '"H NMR was consistent with reported spectrum (Molecules

2016, 21(9), 1160).
: _~_NHBoc
NC

tert-butyl (4-cyanophenethyl)carbamate (22): 63 mg (64%) was obtained following General
Procedure D. Product was isolated via flash chromatography on silica using hexanes ethyl
acetate. '"H NMR (400 MHz, CDCI3) & 7.60 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 3.39 (d,
J=7.0Hz 2H), 2.87 (t, J = 7.0 Hz, 2H), 1.43 (s, 9H), consistent with reported spectrum (J. Med.
Chem. 2018, 61, 18, 8457-8467).

_~_-NHBoc
(Et0),(0) P\/©

O-w
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tert-butyl (4-((diethoxyphosphoryl)methyl)phenethyl)carbamate (23): 89 mg (60%) was
obtained following General Procedure D. Product was isolated via flash chromatography on silica
using hexanes ethyl acetate. '"H NMR (400 MHz, CDCI3) 6 7.24 (dd, J = 8.1, 2.5 Hz, 2H), 7.13 (d,
J =7.8 Hz, 2H), 4.51 (s, 1H), 4.10 — 3.95 (m, 4H), 3.36 (d, J = 6.7 Hz, 2H), 3.12 (d, J = 21.5 Hz,
2H), 2.77 (t, d = 7.1 Hz, 2H), 1.43 (s, 9H), 1.24 (t, J = 7.1 Hz, 6H), consistent with reported
spectrum (Angew. Chem. Int. Ed. 2021, 60, 2393 2397).

L/ n-Hex
SR
1-phenyloctane (24): 72% was obtained following General Procedure E and analyzed via GC.
_ OH
@ {\|!|/\/

4-phenylbutan-1-ol (25): 80% was obtained following General Procedure E and analyzed via

GC.
/@;\r n-Hex
NC H

4-octylbenzonitrile (26): 61% was obtained following General Procedure E and analyzed via
NMR analysis. Product confirmed with '"H NMR of partial purification, consistent with reported
spectrum (J. Org. Chem. 2013, 78, 15, 7436-7444). HRMS (ESI*) Calc: [M+H]* (C1sH21N)
216.1747; measured 216.1744 = 1.3 ppm difference.

CO,Me

r

(o)

N
N
H

methyl 2-(2,3-dioxo-2,3,6,7-tetrahydro-1H,5H-pyrido[1,2,3-de]quinoxalin-5-yl)acetate (27):
From X1, 16 mg (58%) was obtained following General Procedure A with the modification that a
Penn PhD Photoreactor M2 equipped with a 405 nm light source was used to irradiate and no
cyclohexylthiol was added. Product was isolated via mass-directed reversed phase
chromatography using MeCN/H20 with an NH4OH modifier. '"H NMR (600 MHz, DMSO-d6) &
11.82 (s, 1H), 7.09 — 7.05 (m, 1H), 7.03 — 7.00 (m, 1H), 7.00 — 6.98 (m, 1H), 5.16 — 5.08 (m, 1H),
3.62 (s, 3H), 3.00 — 2.89 (m, 1H), 2.82 — 2.74 (m, 1H), 2.67 — 2.56 (m, 2H), 2.15 - 2.07 (m, 1H),
1.91 (tt, J = 13.9, 4.6 Hz, 1H). *C NMR (151 MHz, DMSO-d6) & 170.77, 154.19, 153.55, 125.64,
124.41, 123.25, 123.10, 122.56, 113.46, 51.69, 47.04, 34.96, 22.75, 21.08. HRMS (ESI+) Calc:
[M+H]+ (C14H14N204) 275.1032; measured 275.1035 = 1.1 ppm difference.
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N (o]
.
H N,
(o]

ethyl 5-methyl-6-0x0-5,6-dihydro-4H-benzo[flimidazo[1,5-a][1,4]diazepine-3-carboxylate
(28): From X2, 13 mg (45%) was obtained as a white solid following General Procedure A with
the modification that a Penn PhD Photoreactor M2 equipped with a 405 nm light source was used
to irradiate and no cyclohexylthiol was added. Product was isolated via mass-directed reversed
phase chromatography using MeCN/H20 with an NH4OH modifier. '"H NMR (600 MHz, DMSO-
d6) & 8.37 (s, 1H), 7.93 — 7.89 (m, 1H), 7.76 — 7.72 (m, 2H), 7.61 — 7.55 (m, 1H), 4.98 (s, 1H),
4.47 (s, 1H), 4.32 (s, 2H), 3.10 (s, 3H), 1.33 (t, = 7.1 Hz, 3H); consistent with reported spectrum
(Organic and Biomolecular Chemistry, 2011, 9, 24, 8346-8355). 3C NMR (151 MHz, DMSO-d6)
0 165.74,162.37,136.42, 135.51, 132.68, 131.83, 131.73, 128.57, 128.16, 127.63, 122.82, 60.10,
42.00, 35.06, 14.22. HRMS (ESI+) Calc: [M+H]+ (C15H15N303) 286.1191; measured 286.1190

= —0.3 ppm difference.
G AO
o
& &

H

benzyl (S)-2-(1H-indole-3-carbonyl)pyrrolidine-1-carboxylate (29): From X5, 10 mg (22%)
was obtained as a white solid following General Procedure A with the modification that a Penn
PhD Photoreactor M2 equipped with a 405 nm light source was used to irradiate and 8 mol%
cyclohexylthiol was added. Product was isolated via mass-directed reversed phase
chromatography using MeCN/H20 with an NH4OH modifier. Compound is a roughly 1:1 mixture
of two rotamers with distinct NMR signals. Peaks observed are reported (not assigned). '"H NMR
(600 MHz, DMSO-d6) & 12.02 (d, J = 12.6 Hz, 1H), 8.44 (dd, J = 15.2, 3.1 Hz, 1H), 8.20 (dd, J =
30.8, 7.4 Hz, 1H), 7.51 = 7.47 (m, 1H), 7.38 (d, J = 4.6 Hz, 2H), 7.36 — 7.29 (m, 1H), 7.26 — 7.17
(m, 2H), 7.12 - 7.06 (m, 1H), 7.01 (t, d = 7.6 Hz, 1H), 5.22 (ddd, J = 30.3, 8.6, 3.5 Hz, 1H), 5.12
- 5.02 (m, 1H), 5.02 — 4.87 (m, 1H), 3.57 — 3.47 (m, 2H), 2.45 — 2.28 (m, 1H), 1.95 - 1.81 (m,
3H). *C NMR (151 MHz, DMSO-d6) d 193.65, 193.25, 153.83, 153.76, 137.17, 136.87, 136.54,
136.51, 133.87, 133.85, 128.40, 127.87, 127.75, 127.44,127.23, 126.67, 125.75, 125.68, 122.94,
122.91, 121.85, 121.79, 121.39, 121.35, 113.73, 113.63, 112.15, 112.14, 65.75, 65.59, 61.95,
61.53, 47.27, 46.61, 31.84, 30.77, 23.99, 23.18. HRMS (ESI+) Calc: [M+H]+ (C21H20N203)
349.1552; measured 349.1557 = 1.4 ppm difference.

Cl
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Ethyl-4-(8-chloro-5,6-dihydro-11H-benzo[5,6]cyclohepta[1,2-b]pyridin-11-ylidene)
piperidine-1-carboxylate (30): From X6, 13 mg (33%) was obtained as an off-white solid
following General Procedure A with the modification that a Penn PhD Photoreactor M2 equipped
with a 405 nm light source was used to irradiate and no cyclohexylthiol was added. Product was
isolated via mass-directed reversed phase chromatography using MeCN/H20 with an NH4OH
modifier. '"H NMR (600 MHz, DMSO-d6) & 8.34 (dd, J = 4.6, 1.3 Hz, 1H), 7.60 — 7.55 (m, 1H),
7.30 (d, J =2.0 Hz, 1H), 7.25 - 7.17 (m, 2H), 7.09 (d, J = 8.2 Hz, 1H), 4.03 (q, J = 7.1 Hz, 2H),
3.67 — 3.55 (m, 2H), 3.33 — 3.24 (m, 2H), 3.23 — 3.12 (m, 2H), 2.81 (dq, J = 13.2, 6.1 Hz, 2H),
2.37 — 2.24 (m, 2H), 2.23 — 2.11 (m, 2H), 1.17 (t, J = 7.1 Hz, 3H); consistent with reported
spectrum (Journal of Organic Chemistry, 1989. 54, 9, 2242-2244). *C NMR (151 MHz, DMSO-
d6) & 156.80, 154.54, 146.37, 140.18, 137.84, 137.48, 136.48, 133.47, 133.25, 131.62, 130.70,
128.96, 125.69, 122.39, 60.69, 44.39, 44.31, 30.96, 30.55, 30.28, 30.18, 14.60. HRMS (ESI+)
Calc: [M+H]+ (C22H23CIN202) 383.1526; measured 383.1533 = 1.8 ppm difference.

NH,

H /(le\N /©/CN

? H

CN

4-((6-amino-2-((4-cyanophenyl)amino)pyrimidin-4-yl)oxy)-3,5-dimethylbenzonitrile (31):
From X11, 22 mg (61%) was obtained following General Procedure A with the modification that a
Penn PhD Photoreactor M2 equipped with a 405 nm light source was used to irradiate and no
cyclohexylthiol was added. Product was isolated via mass-directed reversed phase
chromatography using MeCN/H20 with an NH4OH modifier. '"H NMR (600 MHz, DMSO-d6) &
9.54 (s, 1H), 7.71 (s, 2H), 7.65 (d, J = 8.3 Hz, 2H), 7.46 (d, J = 8.8 Hz, 2H), 6.77 (s, 2H), 5.46 (s,
1H), 2.12 (s, 6H); consistent with reported spectrum (Organic Process Research and
Development, 2010, 14, 3, 657-660). '*C NMR (151 MHz, DMSO-d6) & 168.16, 166.41, 158.86,
153.90, 145.32, 132.93, 132.52, 132.45, 119.63, 118.69, 117.99, 108.01, 101.66, 78.66, 15.81.
HRMS (ESI+) Calc: [M+H]+ (C20H16N60) 357.1464; measured 357.1474 = 2.7 ppm difference.

X o
thQ

OH

1-ethyl-8-(((1R,2R)-2-hydroxycyclopentyl)amino)-3-(2-hydroxyethyl)-7-(4-methoxybenzyl)-
3,7-dihydro-1H-purine-2,6-dione (32): From X12, 23 mg (53%) was obtained following General
Procedure A with the modification that a Penn PhD Photoreactor M2 equipped with a 405 nm light
source was used to irradiate and no cyclohexylthiol was added. Product was isolated via mass-
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directed reversed phase chromatography using MeCN/H20 with an NH4OH modifier. '"H NMR
(600 MHz, DMSO-d6) 6 7.23 (d, J = 8.3 Hz, 2H), 6.94 (d, J = 6.6 Hz, 1H), 6.87 (d, J = 8.2 Hz, 2H),
5.25 (s, 2H), 4.84 — 4.75 (m, 2H), 3.98 (t, = 6.4 Hz, 3H), 3.87 (dq, J = 13.8, 6.5 Hz, 3H), 3.70 (s,
3H), 3.62 (q, J = 5.9 Hz, 2H), 2.05 (dq, J = 13.4, 7.6 Hz, 1H), 1.84 (dq, J = 14.2, 6.8 Hz, 1H), 1.64
(ddt, J =21.7, 13.6, 7.4 Hz, 2H), 1.52 — 1.40 (m, 2H), 1.08 (t, J = 6.9 Hz, 3H). '*C NMR (151 MHz,
DMSO-d6) & 158.62, 153.45, 152.55, 150.42, 148.67, 129.22, 128.82, 113.86, 101.19, 76.10,
61.49, 57.80, 55.05, 44.63, 44.61, 35.13, 32.43, 29.90, 20.53, 13.34. HRMS (ESI+) Calc: [M+H]+
(C22H29N505) 444.2247; measured 444.2253 = 1.3 ppm difference.
(o)
NIJLOJ<
HNJ\N/

~r'™"o
H\s-

tert-butyl (S,Z)-(1,4-dimethyl-6-oxo0-4-(thiophen-2-yl)tetrahydropyrimidin-2(1H)-ylidene)
carbamate (33): From X13, 12 mg (38%) was obtained as a yellow oil following General
Procedure A with the modification that a Penn PhD Photoreactor M2 equipped with a 405 nm light
source was used to irradiate and no cyclohexylthiol was added. Product was isolated via mass-
directed reversed phase chromatography using MeCN/H20 with an NH4OH modifier. '"H NMR
(600 MHz, DMSO-d6) 6 10.05 (s, 1H), 7.46 (d, J = 5.0 Hz, 1H), 7.06 — 7.03 (m, 1H), 7.00 (dd, J =
4.9, 3.7 Hz, 1H), 3.24 — 3.12 (m, 2H), 3.04 (s, 3H), 1.70 (s, 3H), 1.43 (s, 9H). *C NMR (151 MHz,
DMSO-d6) 6 167.63, 163.12, 156.84, 148.47, 127.51, 125.37, 124.09, 78.57, 52.88, 44.54, 31.31,
29.64, 27.92. HRMS (ESI+) Calc: [M+H]+ (C15H21N303S) 324.1382; measured 324.1379 = —
0.9 ppm difference.

(R)-5-((1H-1,2,3-triazol-1-yl)methyl)-3-(3-fluorophenyl)oxazolidin-2-one (34): From X14, 16
mg (42%) was obtained as a white solid following General Procedure A with the modification that
a Penn PhD Photoreactor M2 equipped with a 405 nm light source was used to irradiate and no
cyclohexylthiol was added. Product was isolated via mass-directed reversed phase
chromatography using MeCN/H20 with an NH4OH modifier. Alternatively, on a 0.022 mmol scale,
2.9 mg (50%) was obtained as a white solid following General Procedure A with the same
modifications as mentioned above. '"H NMR (600 MHz, DMSO-d6) 5 8.17 (d, J = 0.8 Hz, 1H), 7.77
—7.75 (m, 1H), 7.46 — 7.39 (m, 2H), 7.26 (dd, J = 8.3, 1.5 Hz, 1H), 6.96 (id, J = 8.2, 2.3 Hz, 1H),
5.15(dq,J =10.9, 5.4 Hz, 1H), 4.84 (d, J = 5.2 Hz, 2H), 4.25 (t, J = 9.2 Hz, 1H), 3.91 (dd, J = 9.3,
5.7 Hz, 1H). *C NMR (151 MHz, DMSO-d6) & 162.22 (d, J = 241.8 Hz), 153.44, 139.78 (d, J =
11.0 Hz), 133.41, 130.65 (d, J = 9.5 Hz), 125.87, 113.73, 110.17 (d, J = 21.1 Hz), 105.07 (d, J =
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26.9 Hz), 70.93, 51.70, 47.02. HRMS (ESI+) Calc: [M+H]+ (C12H11FN402) 263.0944; measured
263.0945 = 0.3 ppm difference.

Vabad

N-(tert-butyl)-4'-((4-oxo-2-propylquinazolin-3(4H)-yl)methyl)-[1,1'-biphenyl]-2- sulfonamide
(35): From X15, 19 mg (39%) was obtained following General Procedure A with the modification
that a Penn PhD Photoreactor M2 equipped with a 405 nm light source was used to irradiate and
no cyclohexylthiol was added. Product was isolated via mass-directed reversed phase
chromatography using MeCN/H20 with an NH4OH modifier. '"H NMR (600 MHz, DMSO-d6) &
8.18 (d, J =7.9 Hz, 1H), 8.03 (d, J = 7.9 Hz, 1H), 7.83 (t, J = 7.7 Hz, 1H), 7.65 (d, J = 8.2 Hz, 1H),
761t J=74Hz 1H), 754 (q,d = 7.8 Hz, 2H), 7.38 (d, J = 6.9 Hz, 2H), 7.29 (d, = 7.6 Hz, 1H),
7.21 (d, J = 7.3 Hz, 2H), 6.54 (s, 1H), 5.45 (s, 2H), 2.77 (t, J = 7.0 Hz, 2H), 1.76 (h, J = 7.2 Hz,
2H), 0.96 — 0.94 (m, 9H), 0.94 — 0.91 (m, 3H). *C NMR (151 MHz, DMSO-d6) & 161.66, 157.31,
146.99, 142.07, 139.58, 138.80, 135.78, 134.54, 132.58, 131.76, 129.65, 128.05, 127.74, 126.89,
126.50, 126.45, 125.58, 119.85, 53.35, 45.39, 35.79, 29.30, 19.41, 13.56. HRMS (ESI+) Calc:
[M+H]+ (C28H31N303S) 490.2164; measured 490.2172 = 1.6 ppm difference.

N (0]
)
H o\
BocHN )\f N\
o

ethyl8-(2-((tert-butoxycarbonyl)amino)ethyl)-5-methyl-6-o0x0-5,6-dihydro-4H-benzo|[f]imid
azo[1,5-a][1,4]diazepine-3-carboxylate (36): From X2, 13 mg (29%) was obtained as a white
solid following General Procedure E with the modification that a Penn PhD Photoreactor M2
equipped with a 405 nm light source was used to irradiate and 8 mol% cyclohexylthiol was added.
In the reaction, an additional 4.4 mg (15%) of the reduction product was obtained as a white solid.
Product was isolated via mass-directed reversed phase chromatography using MeCN/H20 with
an NH40H modifier. '"H NMR (600 MHz, DMSO-d6) & 8.33 (s, 1H), 7.73 (s, 1H), 7.66 (d, J = 8.2
Hz, 1H), 7.59 — 7.53 (m, 1H), 6.93 (t, J = 5.4 Hz, 1H), 4.98 (s, 1H), 4.41 (s, 1H), 4.32 (s, 2H), 3.20
(9, J = 6.8 Hz, 2H), 3.10 (s, 3H), 2.81 (t, J = 7.1 Hz, 2H), 1.36 (s, 9H), 1.33 (t, J = 7.1 Hz, 3H). 3C
NMR (151 MHz, DMSO-d6) 6 165.75, 162.37, 155.57, 139.82, 136.31, 135.36, 132.97, 131.75,
130.06, 128.31, 127.54, 122.74, 77.61, 60.08, 42.01, 41.13, 35.09, 34.67, 28.23, 14.23. HRMS
(ESI+) Calc: [M+H]+ (C22H28N405) 429.2138; measured 429.2146 = 1.8 ppm difference.
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4.7.19 NMR Spectra
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Chapter 5: E-Selective Semi-Hydrogenation of Alkynes via Electron-Primed Photoredox
Catalysis

This work is unpublished: Chernowsky, C.P.; Sowin, J.A.; Wickens, Z.K.
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5.1 Abstract

E-selective semi-hydrogenation of alkynes is a valuable transformation often leveraged in
the synthesis of natural products and complex structures. Unfortunately, there is a lack of
strategies to promote this transformation outside of harsh sodium dissolving metal conditions.
Herein, we report a system that provides selective semi-hydrogenation of alkynes via electron-
primed photoredox catalysis. Preliminary data revealed that both aromatic and aliphatic alkynes
are reduced to their respective alkenes with an appropriate catalyst structure, however, a balance
is required to minimize affinity of the neutral catalyst structures for triplet energy transfer while
maintaining the reductive potency of the excited state radical anion.
5.2 Introduction

Reductive single electron transfer (SET) is a vital elementary step and is a cornerstone to
many important transformations.’= Classically, SET has been initiated through the use of harsh
stoichiometric metals such as lithium or sodium.®® While progress has been made in replacing
many of these hazardous techniques with more mild photochemical systems,®-'® dissolving metal
conditions remain a standard for numerous reductive reactions.'’~?2 These reactions include the
reduction of pi bonds such as semi-hydrogenation of alkynes which is carried out with sodium
metal reductants to afford E-alkenes as the main products (Figure 5.1 (a)).2>2?* To avoid the use
of harsh dissolving metal conditions, various strategies leveraging metal-hydride transfer25-3°
have been developed for alkyne semi-hydrogenation, however, these reactions are selective for
formation of Z-alkene products due to the key migratory insertion step of metal hydride species
into alkynes (Figure 5.1 (b)). In these reactions, the E isomer is often obtained via isomerization
of the initial Z-alkene products®'-*® and unfortunately, either scopes remain limited or the
isomerization step does not proceed to completion and leads to a mixture of diastereomers. A
semi-hydrogenation strategy that avoids an isomerization step and provides excellent E selectivity
was developed by Furstner leveraging ruthenium catalysis and hydrogen gas (Figure 5.1 (c)).

While these conditions are effective at promoting E-selective alkyne semi-hydrogenation, the
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(a) Classic E-selective Semi-Hydrogenation

Na® O/\/O O/%/O

ROH, liquid NH3 key intermediate
(b) Metal-Hydride Semi-Hydrogenation [M]
[M] N
O—=—0 > N
silane or H,
key intermediate
(c) E-selective Metal Hydride — Fiirstner (2013) E-selective Metal Hydride — Fiirstner (2018)
[Cp*Ru(cod)Cl] OR [Cp*Ru] OR
O—=—0 > O/\/O O—=< > O/\)\O
AgOTf b H, (1 bar)
H, (10 bar)

Figure 5.1. Established methods for alkyne semi-hydrogenation
scope remains limited as either a chelating directing group®-3? is required on the substrate or high
pressures of hydrogen gas*®*' are necessary for hydrogenation. Furthermore, metal hydride
catalysis is mechanistically distinct from radical based SET reduction strategies. Despite
advances in metal-hydride catalysis, reduction via dissolving metal conditions remains the primary
strategy for promoting E-selective semi-hydrogenation of alkynes and to date, no mild SET analog
to dissolving metal reductions has been reported for this transformation.

Our group,**** and several others,**~°2 have developed an electron-primed photocatalytic
strategy that leverages photoexcitation of radical anion catalysts to achieve highly reducing
excited states. This photocatalytic platform has proven a powerful method for single electron
transfer under mild conditions and has been successful at promoting reductive transformations
previously carried out with lithium metal.>® The reduction of various neutral catalyst structures to
their radical anions have been successfully engaged under both consecutive photoinduced
electron transfer (conPET)*346474950 a5 well as electrochemical reduction*?444851 offering
versatility in the design of a reductive SET system. Despite this versatility, previous reports from
our group have focused exclusively on the reduction and mesolytic cleavage of functionalized

arenes to generate aryl radical intermediates. We proposed that electron-primed photoredox
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catalysis would serve as an effective SET reductive strategy to engage alkyne substrates in E-
selective semi-hydrogenation. Additionally, this reaction would also provide a context in which to
expand the reactivity of electron-primed photoredox catalysis beyond arenes substrates that can
undergo mesolytic cleavage. Herein, preliminary studies are disclosed into developing a catalytic
platform for E-selective semi-hydrogenation of alkynes promoted by electron-primed photoredox

catalysis under constant potential electrolysis (Figure 5.2).

@~
4DPAIPN
O — O 2-propanol i O/\/O @._* O/%./O
electrolysis . :
blue LEDs @ / key intermediate
o0—=0

Figure 5.2. This work: electron-primed photoredox catalysis E-selective Semi-Hydrogenation

cathode

5.3 Results and Discussion

We initiated our studies to design a catalytic system for E-selective alkyne semi-
hydrogenation with 1-phenyl-1-propyne (1) as a model substrate. Several engines have been
developed in recent years to promote electron-primed photoredox catalysis®® and reduction of 1
was studied under each potential system with 4DPAIPN as the catalyst, selected for its success
as an electron-primed photocatalyst in previous studies conducted by our group (Figure 5.3).4344
Unfortunately, a conPET system with a trialkylamine reductant, DIPEA, was unsuccessful and
provided no desired semi-hydrogenation yield or conversion of 1. While exchanging the reductant
for a formate salt (previously shown to be a more efficient reductant than a trialkyamine*®) did
result in high conversion of 1, no semi-hydrogenation was observed. We hypothesized that the
majority of the mass was converting to an intractable mixture of carboxylated products due to the
generation of CO2"~ upon formate oxidation which was previously demonstrated by our group® to
readily add into styrenes and other activated pi bonds (see the Sl for mechanistic details).

Excitingly, attempting reduction of 1 with electrolysis at an applied potential equivalent to the Eeq
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Me 4DPAIPN (10 mol%)

4 2-propanol (1 equiv) ©/\/Me
1 electron-primed photoredox engine? 2
conPET - DIPEA reductant? conPET - formate reductant® electrochemical reduction?
DIPEA™* HCOO’

DIPEA f® HCOO™ jf®\fl

@

m\@{ ’”\®4/1

® o
e

1- 1 o—
©/\/Me ©/\/Me ©/\/Me
0% 0% 80%
no reaction 90% conversion >20:1 (E:2)

Figure 5.3. Testing different electron-primed photoredox engines for semi-hydrogenation. 2 all reactions irradiated
at 405 nm for 8 hr, NMR analysis. ® DIPEA (2 equiv), DMF (0.1 M). ¢ Na formate (3 equiv), CySH (5 mol%), DMSO
(0.08 M), dicarboxylation = 2-methyl-3-phenylsuccinate. ¢ 0.1 M n-BusNPFg, DMF (0.1 M), -1.6 V vs SCE.

of 4DPAIPN provided the desired styrene product (2) in 80% yield with an E:Z ratio of >20:1.
Control experiments revealed that indeed both electrolysis at the Eq of 4DPAIPN as well as
irradiation was required for reactivity, supporting the proposed electron-primed photoredox
mechanism (see the Sl for details). Semi-hydrogenation was the exclusive product observed
under these conditions, however, a switch in selectivity could be achieved to instead favor
exhaustive hydrogenation (3) when the amount of isopropanol added to the system was increased
from one equivalent to four (Table 5.1). This result was confirmed by subjecting 8-methyl styrene
to standard reaction conditions with four equivalence of isopropanol and observing the
hydrogenated propyl benzene product in 83% vyield. These results confirm that the extent of

hydrogenation can be modulated via simple variation in the alcohol equivalence.
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Me 4DPAIPN (10 mol%)
4 2-propanol ©/\/Me ©/\/Me
> +
. 0.1 M n-Bu,NPF4, DMF ) 3
-1.6Vvs SCE
405 nm

entry  2-propanol (equiv) 2 (%) 3 (%)

1 1 80 0

2 2 35 39

3 4 0 72
- Me 4DPAIPN (10 mol%) Me

©/\/ 2-propanol (4 equiv) ©/\/
2 0.1 M n-Bu,NPFg, DMF 3
-1.6 Vvs SCE 83%
405 nm

Table 5.1. Selectivity in degree of hydrogenation based on isopropanol equivalence. Reactions run on 0.2
mmol scale for 8 h and analyzed by NMR.

We next turned our attention to engaging aliphatic alkynes in semi-hydrogenation.
Unfortunately, adopting the reaction conditions developed for the reduction of 1 provided no
conversion of 1-phenyl-3-pentyne (4) and variations in reaction parameters with 4DPAIPN as the
catalyst were unsuccessful at promoting reactivity. However, when 4DPAIPN was exchanged for
a catalyst with a higher energy radical anion ground state, pyrene,>>% semi-hydrogenation was
observed in 27% yield (Figure 5.4) (see the Sl for catalyst screening details). While yields remain

low and further investigation is required, these initial data indicate that aliphatic alkynes

P Me pyrene (15 mol%) ‘O
74 2-propanol (4 equiv) ©/\/\/Me O‘
0.5 M n-BusNPFg, DMF

4 electrolysis 50 pyrene
blue LEDs 27% -2.1Vvs SCE
427 nm

Figure 5.4. Preliminary data on semi-hydrogenation of an aliphatic alkyne. Reaction run at constant
working potential for12 h and analyzed by NMR. (See the SI for catalyst screening details)
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are indeed a viable substrate class that can undergo semi-hydrogenation with electron-primed
photoredox conditions.

With reaction conditions in hand, we next investigated the scope for E-selective semi-
hydrogenation of aromatic alkynes (Table 5.2). Preliminary studies revealed that both electron
poor and electron rich substrates can be reduced to the alkene with tolerance for functional groups
like pendant alkenes (6), carboxylic acids (7), nitriles (7), and Boc amines (11). Saturated
heterocycles such as morpholine (10) or piperazine (11) were also well tolerated. While these
substrates were all successfully reduced, we noted that when the arene was electron rich,
diastereomeric ratios of the E and Z isomers were being formed (8 — 11). To gain insight into

4DPAIPN (7 mol%)

2-propanol (1 equiv) O/\fo
0.1 M n-BuyNPFg4, DMF

1.6V vs SCE
405 nm
©/\HW )(@/\,J\/\
a
52% 58% 6%
(>20:1) (>20:1) (1)

O @”’k e

MeO BocN\)

9 10 11
60% 64% 65%
4:1) (3:1) (3:1)

Table 5.2. Preliminary scope of alkyne semi-hydrogenation. Ratios given are for E:Z ratios. All

reactions conducted on a 0.2 mmol scale, run for 12 h and analyzed by H NMR. 2Run with 2 mol%

catalyst. °Run with 5 mol% catalyst.
when the undesired Z isomer was being formed, a time course was conducted that showed a
constant rate of Z alkene formation throughout the reaction. However, this time course also

revealed that over time, the desired E isomer formed early in the reaction slowly converted to the

undesired Z isomer resulting in a near 1:1 mixture of products at the end of the reaction (Figure
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5.5). We proposed that this isomerization occurs due to catalyst promoted triplet energy transfer®-
0 uypon prolonged exposure to irradiation. Triplet energy transfer is a pathway that has been
leveraged to convert E alkenes to their Z isomers®'-% via the alkene excited state and the literature
shows 4DPAIPN to be capable of catalyzing reactions that proceed through triplet energy transfer
pathways.®® Based on this precedent, we concluded that 4DPAIPN could be catalyzing a
background isomerization pathway in addition to the desired SET reduction pathway (see the SI

for details).

Formation of E and Z Isomers of 8
60

Cy  4DPAIPN
40
/©/ 2-propanol X CY o
Me -1.6 V vs SCE Me/©/\r" > 20 ° o E alkene

405 nm
22 h 8

Yield (%)

Z alkene

0 10 20 30
Time (h)

4DPAIPN entry 405 nm electrolysis 4DPAIPN  cis (%)

/@/\/ 2- propanol SN
1 . .
-16Vvs SCE MeO Me v v radical anion 4

trans 4255 rr1]m cis 2 v X neutral 59

Figure 5.5. Investigations into isomerization of alkene products. All reactions run on 0.200 mmol scale, with
0.1 M n-BuyNPFg, in DMF (0.1 M).

We next set out to test the hypothesis of 4DPAIPN promoted triplet energy transfer and
to determine if this pathway is a property of exclusively the neutral catalyst or if energy transfer
could also be promoted by the radical anion congener. We subjected (frans)-4-methoxy-3-
methylstyrene to standard reaction conditions where the catalyst is fully reduced to the radical
anion and obtained only 4% isomerization to the cis isomer (Figure 5.5). In contrast, when
electrolysis is absent and the catalyst remains neutral 4DPAIPN under irradiation, the trans
alkene is isomerized to the cis isomer in 59% vyield. Given these data, we concluded that the E:Z

isomerization observed was primarily due to the generation of neutral 4DPAIPN upon SET with
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substrate before the catalyst can be re-reduced at the electrode. Unfortunately, due to the nature
of the catalytic cycle, neutral 4DPAIPN will never be fully removed from the system and UV-Vis
experiments revealed that there is no wavelength of excitation where the radical anion congener
has a higher absorption than the neutral catalyst (see the Sl for details). We concluded from these
data that despite the effective reactivity for semi-hydrogenation, the challenges with E to Z
isomerization for electron rich substrates will persist with 4DPAIPN as the catalyst under the
current reaction conditions and further exploration is necessary for this system to reach its full
potential. Inspired by the range in the degree of stilbene isomerization that has been reported for
different nitrile photocatalysts,®® current efforts are centered on investigating alternative
phthalonitrile derivatives and isomers to identify a catalyst that has a lower affinity for triplet energy
transfer as the neutral structure but is still a potent photoreductant as the radical anion congener.
5.4. Conclusions

Overall, we have demonstrated that alkynes can undergo semi-hydrogenation to alkene
products under electron-primed photoredox conditions and selectivity can be modulated between
partial and exhaustive hydrogenation through controlled equivalence of a proton source. Initial
studies revealed that aromatic alkynes are reduced in the presence of 4DPAIPN in good yields
and preliminary data indicates that aliphatic alkynes are reduced when the catalyst is exchanged
for pyrene. While overall good yields were achieved for semi-hydrogenation products, unexpected
isomerization to Z isomers was observed for electron rich substrates due to a triplet energy
transfer pathway catalyzed by neutral 4DPAIPN. Future efforts to optimize away from this
isomerization pathway include investigation of alternative phthalonitrile structures that are poor
triplet energy catalysts as the neutral structure but are capable of difficult SET reductions from an
excited state radical anion.
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5.7 Supplemental Information
5.71. General Methods and Materials

Unless otherwise noted, reactions were performed under an inert N2 atmosphere in an
anhydrous solvent thoroughly degassed by freeze-pump-thaw. DMF was dried by passing
through activated alumina columns. DMSO was purchased anhydrous in sure-seal bottles. All
tetra-butylammonium electrolyte salts and lithium perchlorate electrolyte salts were
recrystallized from hot ethyl acetate 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, CAM, p-anisaldehyde, or KMnOy staining. Flash chromatography was
performed with a Biotage Isolera One automated chromatography system with re-packed silica
columns (technical grade silica, pore size 40 A, 230-400 mesh particle size, 40-63 particle size).
Purified materials were dried in vacuo (0.050 Torr) to remove trace solvent. 'H, °C, 3'P Spectra
were taken using a Bruker Avance-400 with a BBFO Probe or a Bruker Avance-500 with a DCH
Cryoprobe. NMR data are reported relative to residual CHCI; ('H, & = 7.26 ppm), CDCl; ('*C, 8
= 77.16 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.

5.7.2. Electrochemical Equipment and Experimental Set-Up

All cyclic voltametric and controlled potential measurements were performed at room
temperature using a Pine WaveNowXV. The CV experiments were carried out in a three-
electrode cell configuration with a glassy carbon (GC) working electrode (3 mm diameter, unless
otherwise stated) and a platinum wire counter electrode. CV experiments were carried out with
a 0.1 M "BusNPFs in DMF solution. Bulk constant potential experiments were carried out in
divided H cells with RVC (10 x 5 x 5mm) as working and counter electrodes affixed to stainless
steel wire. The potentials were measured versus an Ag/AgNO3 (0.01 M in MeCN with 0.01M
"BusNPFs) reference electrode (all electrodes from Pine Research). LEDs (PAR20-18W LG 405
nm) used in this study were purchased from HepatoChem (PAR20-18W LG 405 nm) and Kessil

(KSPR160L-390, KSPR160L-427, KSPR160L-440).

Electrode Assembly and Fabrication:
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Polytetrafluoroethlyene (PTFE) tubing purchased from Cole-Parmer; 1/32” ID, 1/16” OD, item
number EW-06407-41. 14/20 Rubber septa purchased from VWR, item number 89064-940.
Stainless steel wire purchased from Grainger; stainless steel lockwire, 0.025" diameter, item
number 16Y043. Reticulated vitreous carbon (RVC) purchased from SELEE Corporation; 80
ppi, 04-07 g/cc, cut into 15%x3x5 mm pieces.

H-Type Cell Fabrication:

Divided cell fabricated in-house (FUSION, Journal of the ASGS, 2020, 67, 4, 19-26). Porosity E
glass filter disc purchased from Ace Glass; 8 mm diameter, part number 7176-21.

Standard reaction setup:
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5.7.3. Catalyst Synthesis

2,4,5,6-tetrakis(diphenylamino)isophthalonitrile (4-DPAIPN)

NaH (7 equiv)

- QO

NC:¢[CN ©/N\© _ NC CN
+ >
DMF, 60 °C
] F " 14 h % N '\1@

A flame dried RBF was charged with NaH (60% dispersion, 3.0 g, 75 mmol, 7 equiv) and placed
under nitrogen atmosphere and DMF (100 mL) was added to the flask. In a separate flask,
diphenylamine (8.5 g, 50 mmol, 5 equiv) was dissolved in DMF (25 mL) and the solution was
added dropwise to the reaction flask and the solution was heated to 60 °C and stirred for 1 hour.
In a separate flask, 2,4,5,6-tetrafluoroisophthalonitrile (2.0 g, 10 mmol, 1 equiv) was dissolved in
DMF (25 mL) and the solution was added dropwise to the reaction vessel and the solution was
cooled and stirred at 40 °C overnight. Reaction was cooled to room temperature and excess
NaH was quenched by adding isopropanol dropwise. Water (200 mL) was added to precipitate
crude product. Precipitate was collected by filtration and washed with water and dried in vacuo.
Crude product was purified by dissolving in DCM passing through a silica plug and recrystallized
from DCM/hexanes to provide pure product as a yellow solid (5.2 g, 6.6 mmol, 66%). 'TH NMR
(500 MHz, CDCI3) 6 7.35 - 7.24 (m, 4H), 7.15-7.07 (m, 12H), 7.07 — 7.01 (m, 2H), 6.97 — 6.86

(m, 8H), 6.75—-6.69 (m, 10H), 6.58 (d, J = 7.5 Hz, 4H). Consistent with reported spectra
(Angew. Chem. Int. Ed. 2019, 131, 8266-8270).

5.7.4. Cyclic Voltammetry

All CV measurements were conducted in DMF against Ag/AgNO3 (0.01 M in MeCN)
reference cell and 0.1 M "BusNPFs supporting electrolyte. Analyte was measured in 10 mM
concentration. Conversion from the Ag/AgNOs; reference used for measurements to standard
SCE reference was obtained by measuring the ferrocene redox couple and using standard
conversion values between ferrocene and SCE.

Ferrocene vs. Ag/AgNO3

0.0003

=

3 0.0002

3

5 0.0001

£

= g

0.6 0.4 0.2 0.4 0.6
= -0.0001

>

(@]

-0.0002
V vs. Ag/AgNO3



Fc/Fc™ E12=0.17 V vs. Ag/AgNO3 (Ag/AgNOsto SCE conversion = 300 mV)
4DPAIPN

4-DPAIPN CV

60

Current (microamps)
o
U

Potential (V vs. SCE)

4DPAIPN Ereq = -1.64 V vs. SCE

Fluorenone

Fluorenone CV

100

Current (microamps)
%

-150

Potential (V vs. SCE)

Fluorenone Eeq = -1.28 V vs SCE

Literature values were used for the following structures:

Pyrene Ereq = -2.1 V vs SCE (Acta. Chem. Sca. B., 19787, 505-509)

Rubrene = -1.84 V vs SCE (J.Phys.Chem., 2022, 126, 40, 7147-7158)

Acridine Orange Eq = -2.4 V vs SCE (Chem.Rev., 2016, 116, 17, 10075-10166)
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5.7.5. Synthesis of Non-Commercial Substrates

1-phenyl-3-pentyne (4)
#Z 1. n-Buli (1 equiv), -78 °C, 1 h Z
>
2. MeOTf (1 equiv), 45 °C, 12 h

To a flame dried 50 mL round bottom flask was added 1-phenyl-3-butyne (2.8 mL, 20 mmol, 1
equiv) and diethyl ether (15 mL) and cooled to -78 °C and n-BuLi solution (6.7 mLofa2.2 M
solution in hexanes, 1 equiv) was added dropwise under and atmosphere of N,. The solution
was stirred for 1 hour. To the solution was added methyl triflate (2.2 mL, 20 mmol, 1 equiv)
dropwise and the solution was warmed to room temperature before heating to 45 °C overnight.
The reaction mixture was quenched with sat. NH4CI (5 mL) and diluting with water (50 mL). The
organic layer was extracted with hexanes (3x60 mL) and washed with 1 M HCI (20 mL) and
brine before drying over Mg(SQO.). and concentration. The crude product mixture was purified by
vacuum distillation (starting material distilled at 70 °C and product 4 distilled at 85 °C. Pure
product was recovered as a colorless liquid (1.16 g, 48%). '"H NMR (500 MHz, CDCI3) & 7.21
(dd, J=8.0,6.8 Hz, 2H), 7.13 (d, J = 7.1 Hz, 3H), 2.72 (t, J= 7.7 Hz, 2H), 2.34 (tq, J= 7.5, 2.5
Hz, 2H), 1.70 (t, J = 2.5 Hz, 3H). Consistent with reported spectra (J.Am.Chem.Soc. 2018, 140,
18, 6006-6013).

Me

Hept-6-en-1-ynylbenzene

#~  1.n-BuLi (1 equiv), -78 °C, 1 h FZ
o -
2. 5-bromopentene, Nal
To a flame dried 100 mL round bottom flask was added 1-phenyl-ethyne (1.10 mL, 10 mmol, 1.4
equiv) and THF (15 mL) and cooled to -78 °C. To the solution was added n-BuLi (2.9 mL of a
2.5 M solution in hexanes, 1 equiv) dropwise and stirred for 1 hour. To the solution was added
5-bromopentene (845 pL, 7.1 mmol, 1 equiv) and sodium iodide (53 mg, 0.3 mmol, 0.05 equiv)
and the solution was warmed to room temperature and stirred at 80 °C for 48 h. The reaction
mixture was quenched with sat. NH4Cl (56 mL) and diluting with water (50 mL). The organic layer
was extracted with hexanes (3x60 mL) and washed with 1 M HCI (20 mL) and brine before
drying over Mg(S0Q4), and concentration. The crude product mixture was purified by column
chromatography to give pure poduct as a colorless liquid (950 mg, 78%). 'H NMR (500 MHz,
CDCI3)57.45—-7.40 (m, 2H), 7.34 — 7.26 (m, 3H), 5.87 (ddt, J=17.0, 10.2, 6.7 Hz, 1H),
5.11 (dq, J =17.2, 1.7 Hz, 1H), 5.04 (ddt, J=10.2, 2.3, 1.2 Hz, 1H), 2.46 (t, J = 7.1 Hz, 2H),
2.31-2.21 (m, 2H), 1.74 (p, J = 7.2 Hz, 2H). Consistent with reported spectra (Org. Lett.
2019, 21, 16, 6552-6556).
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4-(5-cyanopent-1-yn-1-yl)benzoic acid

(PPh3),PdCl, (2.5 mol%) o)

0
Cul (6 mol%)
HO)‘\©\ : \/\/CN ( i > HO
I 1:1 THF:Et3N (30 mL)

t4h X CN

To a flame dried flask was added bis(triphenylphosphine)palladium (II) dichloride, copper iodide,
and 4-iodobenzoic acid and placed under an inert atmosphere. Nitrogen gas was bubbled
through THF and triethylamine for fifteen minutes and the degassed THF and EtzN were added
to the reaction flask followed by 5-hexynenitrile. The solution was stirred at room temperature
for four hours after which 1 M aqueous HCI (70 mL) was added and the mixture was extracted
with diethyl ether (3x50 mL). The organic layers were combined, washed with brine and dried
over MgSOQ.. The crude reaction mixture was purified by column chromatography followed by
recrystallization from DCM:hexanes to yield pure product as a pale yellow solid (489 mg, 69%
yield). ). 'TH NMR (500 MHz, CDCls) 5 8.06 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.2 Hz, 2H), 2.68 (,
J =6.8 Hz, 2H), 2.60 (t, J = 7.1 Hz, 2H), 2.02 (p, J = 7.0 Hz, 2H).

1-(cyclohexylethynyl)-4-methylbenzene

(PPha),PdCI (1 mol%)
/@/' , /O Cul (1 mol%) G
/ '

Me Z

1:1 EtzN:THF, 50°C, 4 h Me

To a 100 mL flame dried round bottom flask was added 4-iodotoluene (1.09 g, 5.00 mmol, 1
equiv), bis-(triphenylphosphino)-palladium chloride (35 mg, 0.05 mmol, 0.01 equiv), copper
iodide (9.5 mg, 0.05 mmol, 0.01 equiv) and THF (8 mL). To the solution was added
cyclohexylacetylene (653 pL, 5.00 mmol, 1 equiv) and triethylamine (8 mL) under a nitrogen
atmosphere. The mixture was stirred at 50 °C for 4 hours. The crude reaction mixture was
filtered with a short silica pad and concentrated. The residue was purified by column
chromatography to give the pure product as a colorless oil (900 mg, 90%). '"H NMR (400 MHz,
CDCl3) 6 7.31 (d, J=8.1 Hz, 2H), 7.10 (d, J = 7.9 Hz, 2H), 2.60 (it, J = 8.8, 3.8 Hz, 1H), 2.35
(s, 3H), 1.94 — 1.86 (m, 2H), 1.84 — 1.70 (m, 2H), 1.60 — 1.51 (m, 3H), 1.37 (p, J=7.0, 5.9
Hz, 3H). Consisted with reported spectra (J.Am.Chem.Soc., 2016, 138, 5, 1514-1517).

1-methoxy-4-(prop-1-yn-1-yl)benzene

7 Me
Z 1. n-BuLi, -78 °C, 1 h =
t
MeO
MeO

2. Mel, 12 h

To a flame dried 100 mL round bottom flask was added 4-methoxy phenyl acetylene (1.3 mL, 10
mmol, 1 equiv) and THF (20 mL) under and atmosphere of N2 and cooled to -78 °C. To the
solution was added n-BuLi (4.2 mL of a 2.5 M solution in hexanes, 1.05 equiv) dropwise and
stirred for 1 h. To the solution was added methyl iodide (685 pL, 11 mmol, 1.1 equiv) dropwise
and the solution was warmed to room temperature and stirred overnight. The reaction was
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quenched with saturated NH4ClI (5 mL), and diluted with water (50 mL). The organic layer was
extracted with hexanes (3 x 100 mL), washed with brine, dried over Mg(SO4),, and
concentrated. Crude product was purified by vacuum distillation and pure product was isolated
as a colorless oil (1.4 g, 99%). '"H NMR (500 MHz, CDCl;) & 7.35 (d, J = 8.8 Hz, 2H), 6.84

(d, J =8.8 Hz, 2H), 3.82 (s, 3H), 2.06 (s, 3H). Consistent with reported spectra
(J.Am.Chem.Soc., 2022, 144, 30, 13961-13972).

4-(4-(3,3-dimethylbut-1-yn-1-yl)phenyl)morpholine

(PPh3),PdCl, (2 mol%) Me, Me

|
Cul (2 mol%) = Me
/©/ Me, Me PPhs (2 mol%) Z
(\N . /<Me >
o EtsN, 6 h (\ N

o

To a 100 mL flame dried round bottom flask was added 4-iodophenylmorpholine (867 mg, 3.00
mmol, 1 equiv), bis-(triphenylphosphino)-palladium dichloride (42 mg, 0.04 mmol, 0.02 equiv),
copper iodide (11 mg, 0.04 mmol, 0.02 equiv) and EtsN (25 mL). To the solution was added tert-
butylacetylene (554 uL, 4.5 mmol, 1.5 equiv) under a nitrogen atmosphere and the mixture was
stirred at room temperature for 6 hours. The reaction was quenched with saturated NH4ClI (5
mL), and diluted with water (50 mL). The organic layer was extracted with ethyl acetate (3 x 50
mL), washed with brine, dried over Mg(SQ.)., and concentrated. Crude product was purified by
column chromatography to give pure product as a white solid (633 mg, 87%). '"H NMR (500
MHz, CDCl3) 6 7.32 (d, J = 8.9 Hz, 2H), 6.82 (d, J = 8.4 Hz, 2H), 3.95 - 3.81 (m, 4H), 3.23 —
3.13 (m, 4H), 1.33 (s, 9H).

tert-butyl 4-(4-(oct-1-yn-1-yl)phenyl)piperazine-1-carboxylate

| /@/\/\/\
/©/ (PPhy),PdCl
N Cul ‘/\

L

l/\ + N
Boc/N\) /\/\/\ 5:2 Et;N:THF, 18 h Boc’N\)

To a 50 mL flame dried round bottom flask was added tert-butyl-4-(4-iodophenyl)piperazine-1-
carboxylate (682 mg, 1.5 mmol, 1 equiv), bis-(triphenylphosphino)-palladium dichloride (10 mg,
0.015 mmol, 0.01 equiv), copper iodide (2.9 mg, 0.015 mmol, 0.01 equiv) and THF (2 mL). To
the solution was added 1-octyne (221 L, 1.5 mmol, 1 equiv) and EtsN (5 mL) under a nitrogen
atmosphere and the mixture was stirred at room temperature for 9 hours. Additional bis-
(triphenylphosphino)-palladium dichloride (10 mg, 0.015 mmol, 0.01 equiv) and copper iodide
(2.9 mg, 0.015 mmol, 0.01 equiv) was added under N2 and the reaction was stirred for an
additional 9 h. The reaction was quenched with saturated NH4CI (5 mL), and diluted with water
(50 mL). The organic layer was extracted with ethyl acetate (3 x 50 mL), washed with brine,
dried over Mg(S0Oa4)2, and concentrated. Crude product was purified by column chromatography
to give pure product as a white solid (351 mg, 63%). "H NMR (500 MHz, CDClz) 8 7.32 (d, J =
8.8 Hz, 2H), 6.88 — 6.78 (m, 2H), 3.59 (t, J = 5.1 Hz, 4H), 3.17 (t, J = 5.2 Hz, 4H), 2.40

(t, J=7.1 Hz, 2H), 1.60 (dd, J = 13.9, 6.3 Hz, 2H), 1.50 (m, 11H), 1.38 — 1.29 (m, 4H), 0.98
—0.88 (m, 3H).
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5.7.6. Screening Engines for Electron-Primed Photoredox Catalysis

conPET Systems

To a 10 mL Schlenk flask was added 1-phenyl-1-propyne (12.5 uL, 0.1 mmol 1 equiv),
4DPAIPN (8 mg, 0.01 mmol, 0.1 equiv), diispropylethylamine (35 pL, 0.2 mmol, 2 equiv), 2-
propanol (7.7 uL, 0.1 mmol, 1 equiv) and DMF (2 mL). The solution was degassed by freeze,
pump, thaw cycles (3x) and irradiated at 405 nm for 8 hours.

Aliquot workup: To the crude reaction mixture was added mesitylene (18 pL, 0.13 mmol) as an
internal standard. 0.1 mL of the reaction mixture was placed in a vial and diluted with brine (1
mL) before being extracted with deuterated chloroform for analysis by NMR.

4DPAIPN (10 mol%)
Me DIPEA ( 2 equiv)

Z 2-propanol (1 equiv) xMe
>
DMF, 405 nm

Electron-Primed engine:

Conditions adapted from J.Am.Chem.Soc., 2021, 143, 10882-10889:

To a 10 mL Schlenk flask was added 1-phenyl-1-propyne (12.5 uL, 0.1 mmol 1 equiv),
4DPAIPN (4 mg, 0.005 mmol, 0.05 equiv), sodium formate (20mg, 0.3 mmol, 3 equiv),
cyclohexane thiol (0.6 uL, 0.005 mmol, 0.05 equiv), 2-propanol (7.7 uL, 0.1 mmol, 1 equiv) and
DMSO (1.25 mL). The reaction solution was degassed by freeze/pump/thaw cycles (x3) and
irradiated at 405 nm for 16 hours.

Aliquot workup: To the crude reaction mixture was added mesitylene (18 pL, 0.13 mmol) as an
internal standard. 0.1 mL of the reaction mixture was placed in a vial and diluted with brine (1
mL) before being extracted with deuterated chloroform for analysis by NMR.
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4DPAIPN (10 mol%)
Na Formate (3 equiv)
Me CySH (5 mol%)

/
Z 2-propanol (1 equiv) ©/\/Me
>
DMSO, 405 nm

Electron-Primed engine:

High substrate conversion was observed but no product formation. We hypothesize that
the maijority of mass balance is going to a variety of carboxylated products that are not soluble
in the chloroform NMR solvent and were not observed in the crude NMR analysis. This
hypothesis comes from work published by our group (J.Am.Chem.Soc. 2021, 143, 33, 13022-
13028) showing that CO>"", generated when formate is used as a terminal oxidant, can add into
activated pi bonds via radical addition. The mechanism proposed in this work is below:

~Ss
e P A H AN AP
hv hy
-6~ —e~/-H*
[initiation A] [initiation B]
RN Y
(0] s - (? e 0O
HJLOH -kO@ Ar R/\/u\o@

| o

Possible carboxylated products derived from 1 could form by numerous mechanisms
including CO*"addition to the alkyne followed by HAT to give a mono-carboxylated styrene.
This intermediate could then undergo a second carboxylation to 2-methyl-3-phenylsuccinate.
Alternatively, semi-hydrogenation could be promoted and the styrene product could undergo
hydrocarboxylation. The possible pathways are summarized below:
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Me -0 (@)

/ *— *—
Z CcO, ~Me co, y
> - e
HAT “0” o HAT

- Me COZ._ Me
>
HAT 0" TO0
Electrochemical System

An oven dried, H-type divided cell with a glass frit was equipped with stir bars and 1-phenyl-1-
propyne (25 uL, 0.2 mmol, 1 equiv), 4DPAIPN (2.1 mg, 0.004 mmol, 0.02 equiv.), 2-propanol
(15.3 pL, 0.2 mmol, 1 equiv) and "BusPF¢ (0.2 mmol, 77 mg) were added to the cathodic
chamber while "BusPF¢ (0.2 mmol, 77 mg) was added to the anodic chamber. A three-electrode
setup was assembled with a RVC cathode and anode and a reference cell wrapped in Teflon.
The divided cell was equipped with the electrode assembly, sealed with septa and purged with a
flow of N2 for 10 minutes (inlet needle in the anode, outlet needle in the cathode). To the anode
and then cathode was added DMF (2 mL) and triethylamine (220uL, 1.6 mmol, 4 equiv) was
added to the anode. Electrodes were connected to a WaveNow potentiostat and electrolyzed at
-1.6 V vs. SCE and irradiated with HepatoChem 405 nm LEDs for 12 hours. Temperature was
maintained by electric fans cooling.

Aliquot workup: To the crude reaction mixture was added mesitylene (18 pL, 0.13 mmol) as an
internal standard. 0.1 mL of the reaction mixture was placed in a vial and diluted with brine (1
mL) before being extracted with deuterated chloroform for analysis by NMR.

P Me 4DPAIPN (2 mol%)
Z IPA (1 equiv) ©/\/Me
>
0.1 M TBAPFg, DMF
-1.6 V vs SCE, 405 nm 80%

(>20:1 E:2)

Electron-Primed engine:

PO

cathode
*

e
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5.7.7. Controlling the Degree of Hydrogenation
The amount of isopropanol added to a reaction was varied, following the following procedure:

An oven dried, H-type divided cell with a glass frit was equipped with stir bars and 1-phenyl-1-
propyne (25 pL, 0.2 mmol, 1 equiv), 4DPAIPN (2.1 mg, 0.004 mmol, 0.02 equiv.), 2-propanol
(varying amounts) and "BusPFs (0.2 mmol, 77 mg) were added to the cathodic chamber while
"BusPFs (0.2 mmol, 77 mg) was added to the anodic chamber. A three-electrode setup was
assembled with a RVC cathode and anode and a reference cell wrapped in Teflon. The divided
cell was equipped with the electrode assembly, sealed with septa and purged with a flow of N2
for 10 minutes (inlet needle in the anode, outlet needle in the cathode). To the anode and then
cathode was added solvent (2 mL) and triethylamine (220uL, 1.6 mmol, 4 equiv) was added to
the anode. Electrodes were connected to a WaveNow potentiostat and electrolyzed at -1.6 V vs.
SCE and irradiated with HepatoChem 405 nm LEDs for 12 hours. Temperature was maintained
by electric fans cooling.

Aliquot workup: To the crude reaction mixture was added mesitylene (18 pL, 0.13 mmol) as an
internal standard. 0.1 mL of the reaction mixture was placed in a vial and diluted with brine (1
mL) before being extracted with deuterated chloroform for analysis by NMR.

_ Me 4DPAIPN (2 mol%)
Z IPA (X equiv) . Me
. ©/\/
0.1 M TBAPFg, solvent
-1.6 V vs SCE, 405 nm
entry solvent IPA (equiv) 2 3
1 DMF 1 78 0
2 DMF 2 35 39
3 DMF 4 0 72
4 MeCN 1 51 1
5 MeCN 2 47 2
6 MeCN 4 0 53

To test the conditions that resulted in exhaustive hydrogenation, we repeated the experiment
but replaced 1-phenyl-1-propyne with trans-B-methylstyrene, following the same procedure.
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Reduction of styrene derivatives

4DPAIPN (2 mol%)

Xx-Me IPA (X equiv) Me
r
0.1 M TBAPFg, DMF

2 -1.6 V vs SCE, 405 nm 3
entry  IPA (equiv) 3
1 1 1
2 2 2
3 4 83

5.7.8. Semi-Hydrogenation of Aliphatic Alkynes

1-phenyl-3-pentyne was selected as the model substrate, however, standard reaction
conditions optimized for semi-hydrogenation of 1-phenyl-1-pentyne resulted in no conversion.
We conducted a screen of structurally diverse photocatalysts to attempt to uncover a more
effective system for aliphatic alkynes.

Me catalyst (10 mol%)
F H* source (10 equiv) . _Me
.
0.1 M TBAPFg, DMF ©/\/\/
4 constant working potential 5
irradiation

Each catalyst was studied under a constant applied potential equal to that of the Erq found via
cyclic voltammetry.

The optimal wavelength was found for each catalyst studied by observing the current response
on the potentiostat computer when subjected to different wavelengths of light. Since current is a
measure of rate of electrons being passed and proportional to the rate of catalysis, the
wavelength that resulted in the highest magnitude current readout was selected as the
irradiation wavelength for each catalyst.

All reactions run on a 0.200 mmol scale and analyzed by NMR.

The catalysts tested are listed below:
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a3 OC

fluorenone 0 0

rubrene

4DPAIPN
Me

! Ve ‘O
N N N\
- o0

acridine orange

pyrene
Entry Catalyst Optimal A (nm) | Erea(V vs SCE) | H* source | 5 (%)
1 4DPAIPN 405 -1.6 IPA 0
2 Fluorenone 405 -1.3 water 0
3 Rubrene 456 -1.5 IPA 0
4 Acridine orange 405 -2.0 water 4
5 pyrene 427 -2.1 water 18

We moved forward with pyrene as the optimal catalyst as it gave the highest semi-
hydrogenation yield. We next varied some of the reaction conditions including concentration,
catalyst loading and changed the H* source from water to IPA because this alcohol source was
uniformly better than water when optimizing aromatic alkyne semi-hydrogenation.

Reactions all conducted on a 0.200 mmol scale and analyzed by NMR.

Me pyrene (X mol%)
F IPA (4 equiv) S _Me
o
0.1 M TBAPFg, DMF (Y M)
4 2.1V vs SCE 5

427 nm
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entry [ 1(M) pyrene (mol %) 5 (%)
1 0.1 5 0
2 0.1 10 21
3 0.1 15 27
4 0.05 5 4
5 0.05 10 6
6 0.05 15 14

No further attempts to optimize this reaction were made at the time of writing this report.
5.7.9. Preliminary Scope Investigations

4DPAIPN (7 mol%)
S 2- (1 i
~ I = propanol (1 equiv) R_/ |
R _ 0.1 M n-BusNPFg, DMF A
-1.6Vvs SCE
405 nm

General Procedure:

An oven dried, H-type divided cell with a glass frit was equipped with stir bars and aryl alkyne
(0.2 mmol, 1 equiv), 4DPAIPN (11 mg, 0.014 mmol, 0.07 equiv.), 2-propanol (15.3 uL, 0.2
mmol, 1 equiv) and "BusPFs (0.2 mmol, 77 mg) were added to the cathodic chamber while
"BusPFs (0.2 mmol, 77 mg) was added to the anodic chamber. A three-electrode setup was
assembled with a RVC cathode and anode and a reference cell wrapped in Teflon. The divided
cell was equipped with the electrode assembly, sealed with septa and purged with a flow of N2
for 10 minutes (inlet needle in the anode, outlet needle in the cathode). To the anode and then
cathode was added DMF (2 mL) and triethylamine (220uL, 1.6 mmol, 4 equiv) was added to the
anode. Electrodes were connected to a WaveNow potentiostat and electrolyzed at -1.6 V vs.
SCE and irradiated with HepatoChem 405 nm LEDs for 15 hours. Temperature was maintained
by electric fans cooling.

Aliquot workup: To the crude reaction mixture was added mesitylene (18 pL, 0.13 mmol) as an
internal standard. 0.1 mL of the reaction mixture was placed in a vial and diluted with brine (1
mL) before being extracted with deuterated chloroform for analysis by NMR.

©/\~H\/\/

Hept-6-en-1-ynylbenzene underwent semi-hydrogenation according to the general procedure.
NMR analysis of the crude reaction mixture showed semi-hydrogenation in 52% yield with an
E:Z ratio of >20:1.

Hepta-1,6-dien-1-ylbenzene (6)
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4-(5-cyanopent-1-en-1-yl)benzoic acid (7)

X CN
HO
0

4-(5-cyanopent-1-yn-1-yl)benzoic acid underwent semi-hydrogenation according to the general
procedure with the following adjustments: 4DPAIPN loading was reduced to 5 mol% and overall
reaction concentration was reduced to 0.05 M. NMR analysis of the crude reaction mixture
showed semi-hydrogenation in 58% yield with an E:Z ratio of >20:1.

1-(2-cyclohexylvinyl)-4-methylbenzene (8)

/@/\/O
Me

1-(cyclohexylethynyl)-4-methylbenzene underwent semi-hydrogenation according to the general
procedure. NMR analysis of the crude reaction mixture showed semi-hydrogenation in 66%
yield with an E:Z ratio of 1:1.

1-methoxy-4-(prop-1-en-1-yl)benzene (9)

o
MeO

1-methoxy-4-(prop-1-yn-1-yl)benzene underwent semi-hydrogenation according to the general
procedure. NMR analysis of the crude reaction mixture showed semi-hydrogenation in 66%
yield with an E:Z ratio of 4:1.

4-(4-(3,3-dimethylbut-1-en-1-yl)phenyl)morpholine (10)
Me, Me

c

4-(4-(3,3-dimethylbut-1-yn-1-yl)phenyl)morpholine underwent semi-hydrogenation according to
the general procedure. NMR analysis of the crude reaction mixture showed semi-hydrogenation
in 64% vyield with an E:Z ratio of 3:1.

tert-butyl 4-(4-(oct-1-en-1-yl)phenyl)piperazine-1-carboxylate (11)

(\NO/\HW

Boc’N\)
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tert-butyl 4-(4-(oct-1-yn-1-yl)phenyl)piperazine-1-carboxylate underwent semi-hydrogenation
according to the general procedure. NMR analysis of the crude reaction mixture showed semi-
hydrogenation in 65% yield with an E:Z ratio of 3:1.

5.7.10. Investigation of Isomerization Mechanism
Time Course

The mixture of E:Z isomers observed for electron rich substrates could be forming by either a
constant ratio over the course of the whole reaction as a result of the outcome of the SET
reduction of alkynes or the E isomer can be slowly isomerizing to the Z product through an
energy transfer mechanism.

To determine when the undesired Z isomer is being formed and if it is coming from the reduction
or through isomerization, a time course was run of a standard reaction with an electron rich
substrate.

4DPAIPN (7 mol%) A
Z 2-propanol (1 equiv) A +
>
Me
0.1 M n-BugNPFg, DMF  Me
Me 1.6 V vs SCE E z
405 nm, 24 h

1-(cyclohexylethynyl)-4-methylbenzene was subjected to standard reaction conditions according
to the general procedure with the addition of mesitylene (18 pL, 0.13 mmol) as an internal
standard. Time points were taken throughout the reaction and analyzed by NMR. The data is
summarized below:

Entry | Time(h) | E(%) | Z(%) | Ratio (E:2)

1 1.25 0 0 0

2 2.18 21 6 3:1
3 4.80 49 10 5:1
4 6.10 51 12 41

5 22.0 31 27 1:1
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Formation of E and Z Isomers of 8

60
° o
__ 40
S
S o
° °
> °
20 O E alkene
o ° ® Z alkene
)
0
0 10 20 30

Time (h)

The NMR sepctra for the time points showing the region with the distinctive E and Z isomers are
shown stacked below:

‘ E Z T5 L5
B l'-\ .|!!_.l \L__.HJLL Al .UU.___,-"'IIJ'L -U! J'."l_
' ‘m | T4 L,
I LJU = .uu; I ___,‘_’_.W. JL;IL__M
T3
|| 3
el M L'-.....M'UL L, _..,..-|l'--n'\n..-\....-1-.,...-'“'“"L J'I'u..null"'ll-—
T2
r2
_,u\il"-i-'ua' 'JM‘._M_LL_‘M_*JM i J"&'. JAM
\lj T !
MMJ bﬁ‘u..,.. ERTUReySe—

0 69 68 6.7 66 65 64 63 6.2 6.1 6.0 59 58 57 56 55 54 53 52 51 5.0 49 48 4.7 46 45 44 43 4.2

f1 (ppm)
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Alkene Isomerization

We propose that alkene isomerization is occurring via triplet energy transfer catalysis.
We probed if the energy transfer is a characteristic of the neutral state of 4DPAIPN or of the
radical anion of 4DPAIPN or if both states of the catalyst are capable of catalyzing an energy
transfer pathway.

To test the amount of isomerization observed as a function of the catalyst speciation, we
subjected an electron rich styrene, (E)-1-methoxy-4-(prop-1-en-1-yl)benzene to irradiation with
no electrolysis where the catalyst distribution is exclusively neutral 4DPAIPN.

To test 4ADPAIPN radical anion we tested the same electron rich substrate under
irradiation but now at the E1» of 4DPAIPN where the catalyst distribution is 1:1 neutral
4DPAIPN and 4DPAIPN radical anion and at the Eq where the catalyst distribution is now
exclusively the radical anion.

General Procedure:
4DPAIPN (7 mol%)
X Me IPA (1 equiv)
O - N
Me
MeO 0.1 M TBAPFg, DMF MeO
trans electrolysis cis
405 nm

An oven dried, H-type divided cell with a glass frit was equipped with stir bars and (E)-1-
methoxy-4-(prop-1-en-1-yl)benzene (29.6 mg, 0.2 mmol, 1 equiv), 4DPAIPN (11 mg, 0.014
mmol, 0.07 equiv.), 2-propanol (15.3 uL, 0.2 mmol, 1 equiv) and "BusPFs (0.2 mmol, 77 mg)
were added to the cathodic chamber while "BusPFs (0.2 mmol, 77 mg) was added to the anodic
chamber. A three-electrode setup was assembled with a RVC cathode and anode and a
reference cell wrapped in Teflon. The divided cell was equipped with the electrode assembly,
sealed with septa and purged with a flow of N2 for 10 minutes (inlet needle in the anode, outlet
needle in the cathode). To the anode and then cathode was added DMF (2 mL) and
triethylamine (220uL, 1.6 mmol, 4 equiv) was added to the anode.

Reactions were either irradiated or electrolyzed and irradiated according to the experiments
described below.

Aliquot workup: To the crude reaction mixture was added mesitylene (18 pL, 0.13 mmol) as an
internal standard. 0.1 mL of the reaction mixture was placed in a vial and diluted with brine (1
mL) before being extracted with deuterated chloroform for analysis by NMR.

Experiment 1: electrolysis at the E1» of 4DPAIPN

4DPAIPN distribution: 50% neutral catalyst, 50% radical anion catalyst
Experiment 2: electrolysis at the E.q of 4DPAIPN

4DPAIPN distribution: 100% radical anion catalyst
Experiment 3: no electrolysis

4DPAIPN distribution: 100% neutral catalyst
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ent Potential 4DPAIPN trans (%) cis ratio hydrogenation
Y | (Vvs SCE) | distribution V(%) (E:2) (%)
1 -1.55 mixed 72 18 4 5
2 -1.64 radical anion 82 4 20:1 6
3 Non Neutral 16 59 1: 4 0

Significant isomerization is observed when 4DPAIPN remains as the neutral catalyst
while only a small amount of isomerization is observed when 4DPAIPN is electrolyzed to the
radical anion. Based on these observations we propose that energy transfer catalysis that is

responsible for the E:Z isomerization we observe with electron rich substrates is the result of
neutral 4DPAIPN in the reaction.

The proposed operative catalytic cycles are summarized below:

o hv

% . L. *
@ reduction @ isomerization @
cycle cycle

5.7.11. UV-Vis of 4ADPAIPN
Electro-UV-Vis Sample preparation

To the oven-dried electrochemical cell with stir bars was added "BusPFs (200 mg, 0.05 M) to
each the anode and cathode. A three-electrode setup was assembled with a RVC cathode, a
platinum sacrificial anode, and a reference cell wrapped in Teflon. The divided cell was
equipped with the electrode assembly, sealed with septa and purged with a flow of Ar for 10
minutes. While under Ar, degassed DMF (8 mL, 0.05 M) was added to the cell. In a separate
flame-dried vial, 4-DPAIPN (16 mg, 20 umol) was added then flushed vial with Ar for 5 minutes.
DMF (1 mL) was added to the vial of catalyst.
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Electrochemical reduction and UV/Vis measurements

A fiberoptic dip-probe was inserted through the septum and into the electrolyte solution. After
measuring a blank UV/Vis of the electrolyte solution, 4-DPAIPN stock solution (25 uL, 0.5 umol)
was added to the cell. A UV/Vis measurement was taken of neutral 4-DPAIPN. Finally, the
solution was electrolyzed at -1.6 V vs. SCE until the yellow solution turned black. A
measurement was taken of the solution to reveal the UV/Vis spectrum of 4-DPAIPNe-.

4-DPAIPN UV/vis

15 I 3 © 4-DPAIPN
;’ s,  4-DPAIPNe-
= 1 ¢ %
2 o ..
< e >
8 o .; e .
E 08 ¥ Y
5 . >
[o] .
38 06 LG - " S
< . h’..ﬂ ’..
g % ©
y W o™,
0.2
e
0 o

265 315 365 415 465 515 565

Wavelength (nm)



5.7.12. NMR Spectra
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Chapter 6: An Electrochemical Copper Strategy for Mild and Selective Nitrile Reduction

This work is unpublished: Chernowsky, C.P.; Wickens, Z.K.
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6.1. Abstract

Nitrile reduction is an important reaction in organic synthesis, however, reduction
strategies outside of harsh lithium aluminum hydride reagents are lacking, particularly for aliphatic
nitriles. Herein, an electrochemical strategy is developed for nitrile reduction that takes advantage
of both oxidative and reductive half reactions of an electrochemical cell. Copper anode oxidation
to generate homogeneous copper ions and cathodic hydrogen evolution enable reduction of both
aromatic and aliphatic nitriles with excellent selectivity for the primary amine product and
tolerance of reductively sensitive functional groups.

6.2. Introduction

Nitrile reduction is a valuable strategy to generate amines which are among the most
commonly occurring functional groups in organic molecules.’ Nitriles serve as an effective
protecting group for primary amines that can be unmasked via reduction and further derivatized
in late-stage synthesis.*” Additionally, cyanide is a competent nucleophile that can easily be
installed in molecules with numerous reactions®'" and can furnish aminated products upon
reduction.' Nitrile reduction is classically promoted with lithium aluminum hydride (LiAlH4),'14
which is a powerful but unselective hydride reagent capable of reducing carbonyls, halides, or
epoxide functional groups in addition to nitriles (Figure 6.1(a)).’>'" Challenges with functional
group compatibility are exacerbated by the stoichiometric or super-stoichiometric quantities that
are typically required. Additionally, LiAlH4 is a pyrophoric reagent that introduces significant safety
hazards™ to large scale synthesis. However, despite the hazards and selectivity challenges,
reductions with LiAlH4 are still routinely used in synthesis for nitrile reduction to amines.'%1920
While there has been progress in developing nitrile reduction strategies without the use of LiAlH4,
retaining selectivity for primary amine products and limitations in scope remain a challenge.?'
Metal catalysts including but not limited to ruthenium, iron, or cobalt have been successfully used
to facilitate hydride transfer from more mild reagents like hydrogen gas, silanes or borohydride

reductants (Figure 6.1(b)). 22-28Unfortunately, metal-hydride catalysis not only necessitates super
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(a) Classic nitrile reductions
_N 1. LiAIH, ,
Z - - poor functional group tolerance
> (7 NH, r functior i
2. H,0 - stoichiometric pyrophoric reagents

(b) Metal-hydride aromatic nitrile reduction

N [M] catalyst X
Z - ©/\ N [M] = Ru, Fe, Co
"hydride" X "hydride" = H,, HSiR3, HBpin

X =H, SiRs, Bpin

(c) Metal-hydride aliphatic nitrile reduction - Caddick, 2003

N NiC|2'6H20, NaBH4

Z Boc ]
z . - functional group tolerance
- N poor func group
O/ O/\H

Boc.O. MeOH - requires an extra deprotection step
20,

() = aryl, alkyl

Figure 6.1. Established methods for nitrile reduction

stoichiometric quantities of the hydride reagent or high pressures of hydrogen gas but is also
limited in scope to aromatic nitriles. In contrast, very few examples exist that engage a range of
aliphatic nitriles in hydride reduction. The most effective strategy for aliphatic nitriles engages a
nickel catalyst in conjunction with super-stoichiometric sodium borohydride?® (Figure 6.1(c)),
however, this catalytic system has many of the same chemoselectivity limitations as LiAlH4
reductions. Nitrile reduction presents an additional selectivity challenge that arises from the
nucleophilicity of the primary amine products and electrophilicity of imine intermediates resulting
in formation of secondary and tertiary amine byproducts.3%-32 Obtaining the desired primary amine
often necessitates in-situ trapping via borylation,?*-3% silylation,**" or Boc protection®® that
requires an additional deprotection step.?®

We proposed that electrochemistry could serve as an ideal alternate strategy to promote
selective reduction of a broad range of nitriles. An attractive advantage of electrochemistry is that
a hydride reductant can be generated in situ at the cathode from simple alcohol solvents via the

hydrogen evolution reaction (HER).%2° Additionally, leveraging HER to generate hydrogen gas
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enables slow addition of the hydride reagent over time and could improve functional group
tolerance. The limited exploration of electrochemical nitrile reduction in the literature has relied on
copper as the cathode material which enabled nitrile adsorption to the electrode in combination
with HER to generate a hydride reductant (Figure 6.2(a)).*°4' Nitrile coordination also prevented
secondary and tertiary amine byproduct formation due to the binding affinity of the primary amine
products to the copper cathode surface. While this strategy has been effective for the reduction
of acetonitrile solvent to ethylamine and a very limited scope of small molecule nitriles, it has not
been explored outside the context of bulk commodity chemical synthesis or hydrogen uptake
energy storage. We sought to adapt this appealing strategy to organic synthesis and enable
selective nitrile reduction of a broad range of aromatic and aliphatic nitriles under mild reaction
conditions with cheap and benign reagents (Figure 6.2(b)).

(a) Industrial reduction of acetonitrile

//Me H20 /Me Mi\ H20 Me H20 Me H
gy — g — T —
N = N7 u N7 H = N7 T W SO

-OH -
| | OH | |

I
copper foil cathode

(b) This work: electrochemical copper reduction of nitriles

hydride reagents generated in-situ
/N MeOH

o~ - . 5
> (" NH, 2 MeOH
Cu(+) | Cu(-) +
electrolysis L @ H, 4
cu®

undivided cell
cu®

safe and simple starting materials * primary amine selective * functional group tolerant

Figure 6.2. Electrochemcial reduction of nitriles
6.3. Results and Discussion
We investigated the reduction of an aliphatic nitrile, 4-phenylbutyronitrile, as a model
substrate. Unfortunately, conditions adopted from the literature* consisting of a divided cell with

a copper cathode and 1 M NaOH aqueous solvent resulted in no conversion of the substrate
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under constant current electrolysis. Using a more organic electrolyte, tetraethylammonium
hexafluorophosphate, in water was also unsuccessful in promoting reactivity. However, when the
reaction setup was altered to an undivided cell, selective nitrile reduction was observed in 10%
conversion to the primary amine product. A screen of alcohol solvents and organic co-solvents
revealed that methanol provided the best results, generating product in 46% vyield (see Sl for
screening details). Dilution of both the electrolyte and overall reaction concentration further
improved yield to 69%. Under these more dilute conditions, lengthening the electrolysis time
resulted in an increase in product formation to 83% (Table 6.1). Importantly, nitrile reduction
always vyielded the desired primary amine product with no secondary or tertiary side products
observed. The optimized reaction conditions could easily be applied to benzonitrile by reducing

the reaction time and resulted in 85% benzylamine product.

solvent
0.02 M TEAPFg NH,
N -
©/\/\\N . ©/\/\/
Cu(+) | Cu()
1 8 mA, undivided 2
entry solvent (M) conditions 2 (%) NH

1 water (0.1) 5 F/mol 10 < ©/\A72
2 MeOH (0.1) 5 F/mol 46 +
3 MeOH (0.1) 7 F/mol 57 N
4  MeOH (0.05) 7 F/mol 69
5 MeOH (0.05) 7 F/mol, 30°C 57 3
6 MeOH (0.05) 13 F/imol 82
7  MeOH (0.05) 13 F/mol, 10 equiv water 64

not observed

Table 6.1. Optimization of aliphatic nitrile reduction.

With optimized reaction conditions in hand, we next turned our attention to probing the
functional group compatibility, particularly with respect to carbonyl derivatives and other functional
groups that are incompatible with traditional LiAlH4 reaction conditions.' To this end, we carried
out a Glorius screen*? (Table 6.2) where several reactions were conducted under standard

conditions with one equivalent of an additional substrate containing a functional group of interest.
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Excitingly, reductively sensitive functional groups including styrene (3), esters (4), and amides (5)
were tolerated in near quantitative retention. While aromatic ketones (9) and aldehydes (10) were
consumed, we were excited to observe that an aliphatic ketone (6) was retained in high yields.
Surprisingly, alkyne containing substrates that are prone to reduction in the presence of copper
hydride species**#* were only partially consumed (7 and 8), however, when a pendent chelating
alcohol was present (13) the alkyne functionality was fully reduced. Overall, these data suggest
that electrochemical copper reduction of nitriles is a highly selective strategy that improves
functional group tolerance when compared to LiAlH. reduction or many of the established metal-
hydride catalytic systems. We attribute this selectivity to the high binding affinity of copper for
nitrogen over other coordinating functional groups like carbonyls, alkenes or alkynes.

additive (1 equiv)

NH,
X >
NN -
©/\/\ 0.02 M TEAPF,, MeOH ©/\/\/

1 Cu(+) | Cu() 2
8 mA, 7 F/mol
additive?
_Me 0 Q Q Me
oM N,Me M /\/\/
e \ e Me
Me
3 4 5 6 7
100% 98% 98% 85% 55%
P Me O O oM
e
Z Me H /\n/ Me/\/\
0] OH
8 9 10 11 12
41% 5% 0% 0% 0%

Table 6.2. A Glorius screen of additives under standard reaction conditions. ?Percentages given are the
percentage of the additive retained at the end of the reaction time.

Next, we investigated the proposed mechanism for electrochemical nitrile reduction. While
our initial hypothesis consisted of a heterogeneous reduction taking place on the surface of the
cathode in conjunction with HER, a control experiment where nitrile reduction was attempted in
the cathode of a divided cell yielded no conversion of the substrate even after 24 hours (Figure

6.3 (a)). This lack of reactivity suggests that the mode of reduction is more complex than simply
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cathodic adsorption and reduction. Additional undivided cell experiments revealed that the
cathode material can be exchanged for nickel foam, platinum or RVC with no effect on reactivity
(Figure 6.3 (b)). The material of the cathode in an undivided cell being interchangeable coupled
with the lack of conversion observed in a divided cell cathode led us to rule out a copper electrode
promoted heterogeneous mechanism. Surprisingly, when the anode material in an undivided cell
was changed from copper to an alternate sacrificial electrode material like zinc or magnesium, no
conversion was observed (Figure 6.3 (b)).

(a) Divided cell setup with substrate in the cathode

[cathode] [anode]
MeOH MeOH
\\ 0.1 M TEAPFg 0.1 M TEAPFg NH, 0% pdt
N > 90% RSM
Cu(-) RVC(-), EtsN

constant current, 24 h

(b) Variation of electrode material in an undivided cell setup

MeOH cathode 2 (%)
©/\/\\\N QO2MTEATe ©/\/\/NH2 Cu 46
o Ni foam 47
1 Cu(+) | cathode material RVC 43
8 mA, 5 F/mol undivided 2 Pt 14
MeOH S
O/\/\\\ 0.02 M TEAPF NH, anode 2 (%)
N =
anode material | Cu(-) ©/\/\/ gg 406
1 8 mA, 5 F/mol undivided 2 Mg 0
(c) Proposed mechanism
Cu'-OMe
//N 2 MeOH
M/ -MeOH| H, O/ | 3
e l Cyl-+ o h & 3
= | —N 2 \ H' =
° Cu-H $—> (O—=N — (37 —_— g X + 3
MeOH 2MeO "~
cu° cu®

Figure 6.5. Mechanistic investigations. See the Sl for experimental details

The importance of having a sacrificial copper anode suggests that generation of homogeneous

copper ions in solution is important to the mechanism of nitrile reduction. Additionally, analysis of
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the crude reaction mixture revealed that the amine products were coordinated to copper and the
complexes formed were homogeneous in solution. We hypothesized that this copper coordination
in solution is responsible for selective primary amine formation rather than our initial hypothesis
of adsorption on the electrode. The data from these preliminary mechanistic studies led us to a
new proposed mechanism summarized in Figure 6.3 (c) that relies on copper ions generated at
the anode and hydrogen gas generated via HER at the cathode.

6.4. Conclusion

Overall, we have developed a simple and safe system for nitrile reduction that is selective
for formation of primary amine products. Excitingly, this method circumvents the need for harsh
stoichiometric hydride reagents by taking advantage of both half reactions in an electrochemical
cell and generating the active reductants in-situ from simple copper wire and methanol solvent.
Both aromatic and aliphatic nitriles are efficiently reduced under these conditions and while more
thorough scope investigations are ongoing, initial studies into chemoselectivity reveal a high
selectivity for nitriles in the presence of functional groups prone to hydride reduction under
previously established methods. We anticipate electrochemical copper promote hydride reduction
to be a valuable synthetic tool for selectively reducing nitrile substrates to primary amines across

a wide range of diverse substrates.
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6.7. Supplemental Information
6.7.1. General Methods and Materials

Unless otherwise noted, reactions were performed with no efforts to exclude air or water.
Unless otherwise noted, other commercially-available reagents and solvents were used as
received. Flash chromatography was performed with a Biotage Isolera One automated
chromatography system with re-packed silica columns (technical grade silica, pore size 40 A,
230-400 mesh particle size, 40-63 particle size). 'H, 3C, *'P Spectra were taken using a Bruker
Avance-400 with a BBFO Probe or a Bruker Avance-500 with a DCH Cryoprobe. NMR data are
reported relative to residual CHCI; ('H, & = 7.26 ppm), CDCl; (*C, & = 77.16 ppm). Data for 'H
NMR spectra are reported as follows: chemical shift (& 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.

6.7.2. Electrochemical Equipment and Experimental Set-Up

All controlled potential measurements were performed at room temperature using a Pine
WaveNowXV. Bulk electrolysis experiments were carried out in divided H cells when requiring a
divided cell setup and 16x100 disposable test tubes when requiring an undivided cell.

Electrode equipment:

Cu — 20 gauge wire coiled to a length of 1 cm (coil made by wrapping around a 16G purple
disposable needle)

RVC — RVC (10 x 5 x 5 mm) affixed to stainless steel wire

Zn — 5 mm diameter zinc rods cut 3 cm in length affixed to stainless steel wire wrapped around
one end and secured with teflon tape

Mg — 10 mm diameter Mg rods cut 3 cm in length affixed to stainless steel wire wrapped around
one end and secured with teflon tape

Pt — Platinum plate (1 x 2 cm) affixed to stainless steel wire wrapped around one end and
secured with Teflon tape.

When a divided cell is specified the following cell is used:
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H-Type Cell Fabrication:

Divided cell fabricated in-house (FUSION, Journal of the ASGS, 2020, 67, 4, 19-26).
Porosity E glass filter disc purchased from Ace Glass; 8 mm diameter, part number 7176-21.

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.

6.7.3. Reaction Optimization
General Procedure:

To a 16x100 mm test tube was added potassium hexafluorophosphate (18 mg, 0.1 mmol, 0.5
equiv) and stir bar and 4-phenyl-1-butyronitrile (29.8 uL, 0.2 mmol, 1 equiv) and solvent (total
volume of 2 mL) with no attempts to exclude air or exogenous water. A 14/24 setpa equipped
with copper wire electrodes was affixed to the reaction vessel and the electrodes were
connected to a galvanostat set to deliver 8 mA. The reaction was electrolyzed at constant
current for 3.25 hours (to deliver 5 F/mol).

Workup: To the reaction solution was added mesitylene (18 pL, 0.13 mmol) as an internal
standard. A 0.2 mL aliquot of the reaction solution was transferred to a vial and diluted with 2
mL of a 25% EDTA aqueous solution. The mixture was stirred for 1 hour and deuterated
chloroform was added to the solution, mixed and extracted for NMR analysis.



Solvent and electrolyte dependence:

Solvent blends listed below are mixtures of 1:1 organic solvent:ROH.

N
WN

Cu(+) | Cu(-)
solvent NH,
o ©/\/\/
0.05 M KPFg
8 mA, 5 F/mol
entry organic solvent ROH yield (%)
1 none water 13
2 none MeOH 40
3 none EtOH 0
4 none iPrOH 0
5 none tAmylOH 0
6 none tBuOH 0
7 THF water 46
8 THF MeOH 20
9 THF EtOH 0
10 THF iPrOH 0
11 THF tAmylOH 0
12 THF tBuOH 0
13 DMF water 54
14 DMF MeOH 35
15 DMF EtOH 34
16 DMF iPrOH 14
17 DMF tAmylOH 14
18 DMF tBuOH 27
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While the combination of DMF:water gave the highest yield, these reaction conditions were not

selected moving forward as they resulted in an extremely viscous solution with inconsistent

reproducibility.



N
WN

Cu(+) | Cu(-)
solvent NH,
~ ©/\/\/
0.05 M Et4NPFg
8 mA, 5 F/mol
entry organic solvent ROH yield (%)
1 none water 10
2 none MeOH 46
3 none EtOH 0
4 none iPrOH 0
5 none tAmylOH 0
6 none tBuOH 0
7 THF water 27
8 THF MeOH 17
9 THF EtOH 0
10 THF iPrOH 0
11 THF tAmylOH 0
12 THF tBuOH 0
13 DMF water 22
14 DMF MeOH 24
15 DMF EtOH 20
16 DMF iPrOH 20
17 DMF tAmylOH 0
18 DMF tBuOH 0
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Methanol as the solvent with EtsNPFs were selected as the reaction conditions moving forward

for further optimization.
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Reaction concentration and electrolyte concentration:

Reaction time was extended to 7 F/mol

Cu(+) | Cu(-)
©/\/\\ MeOH (concentration) NH,
SN ©/\/\/
>
X M Et,NPFg
8 mA, 7 F/mol

entry rxn[](M) electrolyte [] (M) vyield (%)

1 0.067 0.05 60
2 0.1 0.05 54
3 0.13 0.05 53
4 0.1 0.02 57
5 0.1 0.1 55
6 0.1 0.15 53
7 0.067 0.02 57
8 0.05 0.02 69
9 0.04 0.02 57
10 0.05 0.01 50
11 0.05 0.005 29

Temperature (conditions compare to entry 8 in above table):

Cu(+) | Cu(-)

©/\/\\ MeOH (0.05 M) ©/\/\/NH2
SN
’

0.02 M Et;NPFg
8 mA, 7 F/mol 58 % yield
30°C
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Current versus F/mol:

Cu(+) | Cu(-)
©/\/\\ MeOH (0.05 M) ©/\/\/NH2
SN
>
0.02 M Et4NPFg
XmA, Y F/mol

entry current (mA) F/mol yield (%)

1 6 7 59
2 6 14 78
3 8 7 69
4 8 13 82
5 10 7 53
6 10 14 83

A lower current of 8 mA was selected over 10 mA in anticipation of lower current having better
selectivity for reductively sensitive functional groups.

Product Confirmation by isolation:

Crude reaction mixtures were combined to isolate amine product for structure
confirmation. Crude reactions were diluted with aqueous 25% EDTA solution and extracted with
DCM (3x50 mL), dried with brine and Mg(SQO.). and concentrated. Crude NMR analysis showed
both product and starting material present. The combined organic layers were taken up in DCM
again (50 mL) and 1 M HCI solution (70 mL) and the aqueous layer was washed with DCM (3 x
50 mL). The aqueous layer was basified with sodium bicarbonate and the organic product was
extracted with DCM (3x50 mL). The combined organic layers were dried with brine and Mg(SO-
4)2and concentrated. NMR analysis showed product present but the methylene signal alpha to
the nitrogen was suppressed. We attributed this signal suppression to be due to residual copper
coordination. An additional was with 25% EDTA aqueous solution removed the copper and the
alpha amine methylene signal was recovered by 'H NMR. '"THNMR (400 MHz, CDCI3) d 7.22 —
717 (m, 2H), 7.10 (dt, J=9.2, 3.0 Hz, 3H), 2.62 (t, J = 7.1 Hz, 2H), 2.55 (t, J = 7.6 Hz, 2H),
1.62 —1.51 (m, 2H), 1.40 (p, J = 7.2 Hz, 2H). Consistent with reported spectra
(J.Am.Chem.Soc. 2020, 142, 29, 12708-12714)
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'H NMR after an acid/base extraction:
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Aromatic Nitrile:

Reaction length was reduced to deliver 5 F/mol because reducing aromatic nitriles is an easier
reduction than aliphatic nitriles.

Cu(+) | Cu(-)
2N MeOH (0.05 M)
©/ o ©/\NH2
0.02 M Et,NPFg
8 mA, 5 F/mol

85% yield
9% RSM
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6.7.4. Glorius Screen

Substrates were chosen as additives that have one functional group of interest. A
standard nitrile reduction reaction was run with one of the additives added to it. Each additive
was studied in an independent reaction.

additive (1 equiv)

NH>
\\N >
0.02 M TEAPFg, MeOH

Cu(+) | Cu(-)
8 mA, 7 F/mol

General Procedure:

To a 16x100 mm test tube was added tetraethylammonium hexafluorophosphate (22 mg, 0.08
mmol, 0.4 equiv), a stir bar, 4-phenyl-1-butyronitrile (29.8 pL, 0.2 mmol, 1 equiv), an additive
(0.2 mmol, 1 equiv) and methanol (4 mL) with no attempts to exclude air or exogenous water. A
14/24 setpa equipped with copper wire electrodes was affixed to the reaction vessel and the
electrodes were connected to a galvanostat set to deliver 8 mA. The reaction was electrolyzed
at constant current for 4.7 hours (to deliver 7 F/mol).

Workup: To the reaction solution was added mesitylene (18 pL, 0.13 mmol) as an internal
standard. A 0.2 mL aliquot of the reaction solution was transferred to a vial and diluted with 2
mL of a 25% EDTA aqueous solution. The mixture was stirred for 1 hour and deuterated
chloroform was added to the solution, mixed and extracted for NMR analysis.

©/\/Me

Trans-B-methylstryene was studied in a nitrile reduction reaction according to the general
procedure and was retained in 100%, analyzed by crude reaction '"H NMR analysis of distinctive
signals.

Trans-B-methylstryene (3)
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Methyl benzoate (4)

OMe

Methyl benzoate was studied in a nitrile reduction reaction according to the general procedure
and was retained in 98%, analyzed by crude reaction '"H NMR analysis of distinctive signals.
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N,N-dimethylbenzamide (5)

|
Me

N,N-dimethylbenzamide was studied in a nitrile reduction reaction according to the general
procedure and was retained in 98%, analyzed by crude reaction '"H NMR analysis of distinctive
signals.
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4-phenyl-2-butanone was studied in a nitrile reduction reaction according to the general
procedure and was retained in 85%, analyzed by crude reaction '"H NMR analysis of distinctive
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4-octyne (7)

Me
/\/\/
Me
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4-octyne was studied in a nitrile reduction reaction according to the general procedure and was
retained in 55%, analyzed by crude reaction '"H NMR analysis of distinctive signals.
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1-phenyl-1-propyne (8)

Me
F

1-phenyl-1-propyne was studied in a nitrile reduction reaction according to the general
procedure and was retained in 41%, analyzed by crude reaction '"H NMR analysis of distinctive

signals.
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Acetophenone was studied in a nitrile reduction reaction according to the general procedure and
was reduced to the alcohol in 84%, the ketone was retained in 5%, analyzed by crude reaction
'H NMR analysis of distinctive signals.
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Benzaldehyde (10)

Benzaldehyde was studied in a nitrile reduction reaction according to the general procedure and
was reduced to the alcohol in 32%, the aldehyde was not retained, analyzed by crude reaction
'"H NMR analysis of distinctive signals.
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Methyl acrylate (11)

/\H/OMG

0]

Methyl acrylate was studied in a nitrile reduction reaction according to the general procedure
and was hydrogenated in 100% yield, the acrylate was not retained, analyzed by crude reaction
H NMR analysis of distinctive signals.
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3-hexynol (12)

Me/\/\
OH

3-hexynol was studied in a nitrile reduction reaction according to the general procedure and was
hydrogenated to the alkene in 100% vyield, the alkyne was not retained, analyzed by crude
reaction 'H NMR analysis of distinctive signals.
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6.7.5. Control Experiments
Divided cell experiments

Divided cell reactions were run to determine if nitrile reduction is purely a cathodic
reaction or is the oxidation half reaction of an undivided cell is important.

Cathode divided cell:
[cathode] [anode]
MeOH MeOH
~ 0.1 M TEAPFg 0.1 M TEAPFg4 NH,
Cu(-) RVC(-), EtsN 0% pdt
constant current, 24 h 90% RSM

An oven dried, H-type divided cell with a glass frit was equipped with stir bars and 4-
phenylbutyronitrile (28.9 uL, 0.2 mmol, 1 equiv), and EtsNPF6 (150 mg, 0.5 mmol, 2.7 equiv)
were added to the cathodic chamber while EtaNPFgs (150 mg, 0.5 mmol, 2.7 equiv) was added to
the anodic chamber. To the anode and then the cathode was added methanol (4 mL) and
triethylamine (220uL, 1.6 mmol, 4 equiv) was added to the anode. An electrode setup was
assembled with a copper wire cathode and an RVC anode. The divided cell was equipped with
the electrode assembly, sealed with septa. Electrodes were connected to a galvanostat and
electrolyzed at 8 mA for 24 hours.

Workup and analysis: To the reaction solution was added mesitylene (18 pL, 0.13 mmol) as an
internal standard. A 0.2 mL aliquot of the reaction solution was transferred to a vial and diluted
with 2 mL of a 25% EDTA aqueous solution. The mixture was stirred for 1 hour and deuterated
chloroform was added to the solution, mixed and extracted for NMR analysis.

Anode divided cell:

[anode] [cathode]
MeOH MeOH
©/\/\\ 0.1 MTEAPFg 0.1 M TEAPFg NH;
AN
. _ ©/\/\/
Cu(+) Cu(-)
0% pdt

constant current, 24 h 83% RSM

An oven dried, H-type divided cell with a glass frit was equipped with stir bars and 4-
phenylbutyronitrile (28.9 uL, 0.2 mmol, 1 equiv), and EtsNPF6 (150 mg, 0.5 mmol, 2.7 equiv)
were added to the anodic chamber while Et4NPFs (150 mg, 0.5 mmol, 2.7 equiv) was added to
the cathodic chamber. To the cathode and then the anode was added methanol (4 mL). An
electrode setup was assembled with a copper wire cathode and anode. The divided cell was
equipped with the electrode assembly, sealed with septa. Electrodes were connected to a
galvanostat and electrolyzed at 8 mA for 24 hours.

Workup and analysis: To the reaction solution was added mesitylene (18 pL, 0.13 mmol) as an
internal standard. A 0.2 mL aliquot of the reaction solution was transferred to a vial and diluted
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with 2 mL of a 25% EDTA aqueous solution. The mixture was stirred for 1 hour and deuterated
chloroform was added to the solution, mixed and extracted for NMR analysis.

Undivided Cell Experiments

Undivided cell experiments where the anode and cathode electrode materials were
altered to determine what copper components are necessary for the reaction.

Cathode material:
MeOH
©/\/\\ 0.02 M TEAPFg NH,
Y » ©/\/\/
Cu(+) | cathode material

8 mA, 5 F/mol undivided

Reactions were setup according to the general procedure except the cathode material was
systematically changed to other established electrode materials.

e Nickel Foam
¢ RVC on stainless steel
e Platinum

Standard reaction conditions under these electrolysis conditions using a copper cathode yields
46% amine product.

cathode pdt (%)

Cu 46
Ni foam a7
RvC 43
Pt 14

These results reveal that the cathode does not need to be copper for the reaction to proceed.
Anode material:
MeOH
©/\/\\ 0.02 M TEAPF¢ ©/\/\,NH2
N N v
anode material | Cu(-)

8 mA, 5 F/mol undivided

Reactions were setup according to the general procedure except the anode material was
systematically changed to other established sacrificial electrode materials.

e Zinc
e Magnesium

Standard reaction conditions under these electrolysis conditions using a copper cathode yields
46% amine product.
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anode pdt (%)

Cu 46
Zn 0
Mg 0

These results reveal that the reaction requires copper as an anode material and simply
exchanging for a different sacrificial anode material prevents the reaction from occurring



